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Glioblastoma (GBM) is a primary tumor in the central nervous system with

poor prognosis. It exhibits elevated glucose uptake and lactate production.

This metabolic state of aerobic glycolysis is known as the Warburg effect.

N6-isopentenyladenosine (iPA), a natural cytokine modified with an isopente-

nyl moiety derived from the mevalonate pathway, has well-established anti-

tumor activity. It inhibits cell proliferation in glioma cells, inducing cell death

by apoptosis and/or necroptosis. In the present study, we found that iPA

inhibits aerobic glycolysis in unmodified U87MG cells and in the same cell

line engineered to over-express wild-type epidermal growth factor receptor

(EGFR) or EGFR variant III (vIII), as well as in a primary GBM4 patient-

derived cell line. The detection of glycolysis showed that iPA treatment sup-

pressed ATP and lactate production. We also evaluated the response of iPA

treatment in normal human astrocyte primary cells, healthy counterpart cells

of the brain. Aerobic glycolysis in treated normal human astrocyte cells did

not show significant changes compared to GBM cells. To determine the

mechanism of iPA action on aerobic glycolysis, we investigated the expression

of certain enzymes involved in this metabolic pathway. We observed that iPA

reduced the expression of pyruvate kinase M2 (PKM2), which plays a key

role in the regulation of aerobic glycolysis, promoting tumor cell prolifera-

tion. The reduction of PKM2 expression is a result of the inhibition of the

inhibitor of nuclear factor kappa-B kinase subunit, beta/nuclear factor-kappa

B pathway upon iPA treatment. In conclusion, these experimental results

show that iPA may inhibit aerobic glycolysis of GBM in stabilized cell lines

and primary GBM cells by targeting the expression and activity of PKM2.
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Glioblastoma (GBM) constitutes a highly aggressive

brain tumor with a median survival rate between 12

and 24 months [1]. Histologically, the tumor is not

only predominantly characterized by the presence of

abnormal astrocytic cells, but also contains a mix

of different cell types (including blood vessels) and

areas of dead cells (necrosis) [2]. The current standard

of care is surgical resection to the extent feasible, fol-

lowed by adjuvant radiotherapy in combination with

cycles of temozolomide (Stupp protocol) [3]. However,

GBM patients develop resistance to therapy resulting

in tumor recurrence. The major determinant of thera-

peutic resistance is a result of intra- and intertumoral

heterogeneity and the presence in GBM of a subpopu-

lation of self-renewing and pluripotent GBM stem-like

cells responsible for GBM invasiveness and recurrence

[4,5]. GBM are characterized by a complicated genetic

profile and high variability genetic, forcing a reconsid-

eration of traditional therapy [6]. In this scenario, the

development of new drugs aiming to improve overall

survival time and quality of life for these patients is

important. GBMs have a high frequency in specific

molecular alteration, such as amplification and muta-

tion of the epidermal growth factor receptor (EGFR)

gene, encountered in up to 60% of GBMs, and espe-

cially the truncation of the EGFR protein extracellular

domain, EGFR variant III (vIII) that promotes prolif-

eration, angiogenesis, invasion and resistance to ther-

apy [7,8]. Moreover, GBM cells up-regulate glycolysis,

a phenomenon known as the Warburg effect [9,10]. In

this metabolic state, the glycolytic pathway is increased

to quickly produce ATP per mole of glucose, ensuring

the energy required by highly proliferating cancer cells,

particularly in a hypoxic environment. However, sev-

eral studies have found that GBM cells exhibit a vast

variability in mitochondrial respiration and glucose

dependency [11]. A key enzyme in the regulation of

cell metabolism is pyruvate kinase isoenzyme (PK). It

catalyzes the conversion of phosphoenolpyruvate to

pyruvate and ATP. The most studied isomeric forms

of PK are: PK type M1 (PKM1) and PK type M2

(PKM2). They have distinct expression patterns and

functions. PKM2 is expressed in highly proliferating

tissues and is overexpressed in several types of cancer,

including GBM, whereas PKM1 is expressed in normal

differentiated tissues [12–14]. The elevated expression

and activity of PKM2 is essential for the Warburg

effect, promoting the switch of the cell metabolism to

aerobic glycolysis [15]. Recently, it was reported that

activation of EGFR in glioma results in elevated glu-

cose uptake and lactate production, and the PKM2

levels correlated with levels of EGFR activity in

GBM. Moreover, PKM2 upregulation is dependent to

EGFR-induced nuclear factor kappa B (NF-jB)
activation during tumor progression [16]. N6-

isopentenyladenosine (iPA), a natural cytokinin con-

sisting of adenosine and an isopentenyl moiety, has

pleiotropic properties that are able to inhibit the

growth of several cancer cells through several mecha-

nisms of action, including the arrest of the cell cycle

and the induction of apoptosis in vitro and in vivo.

Recently, we observed that it inhibited the migration,

angiogenic process and vasculogenic mimicry of stabi-

lized GBM cell lines and patient-derived GBM cells

[17–22]. In another study, we demonstrated that iPA

treatment induced necroptosis in GBM cells through

the activation of receptor-interacting protein kinase 1

(RIPK1), receptor-interacting protein kinase 3

(RIPK3) and mixed lineage kinase domain-like pro-

tein, allowing the necrosome formation and the execu-

tion of necroptotic process [23]. Lastly, we have

reported that IPA treatment inhibited mitochondrial

respiration in U87MG cells and the same cells engi-

neered to over-express EGFR wild-type (U87MG-

EGFRwt) or EGFRvIII (U87MG-EGFR-vIII), as well

as in primary GBM patients-derived cells, by prevent-

ing the translocation of EGFR/EGFRvIII on the

mitochondria through the inhibition of Y845 phos-

phorylation of EGFR [24]. In the present study, we

observed that this natural compound inhibited aerobic

glycolysis in the GBM cells described above by target-

ing PKM2 expression.

Materials and methods

Drugs and reagents

For all of the experiments, the solutions were prepared

starting from stock solution. iPA was purchased from

Sigma-Aldrich (St Louis, MO, USA), solubilized in

dimethyl sulfoxide from a starting concentration of 10 mM,

and added to cell cultures growth medium in increasing

concentrations (0–10 lM) depending on the experiment.

DASA-58 was purchased from Sigma-Aldrich (SML2853)

and added to cell cultures growth medium at the final con-

centration of 20 lM. For each experiment, fresh dilutions

were made from the stock solution and added to cell cul-

tures in supplemented medium.

Cell culture

The GBM cell lines used for the present study are U87MG,

purchased from Elabscience (Elabscience, Houston, TX,

USA; catalog no. EP-CL-0238), as well as U87MG expres-

sing EGFRwt and U87MG expressing EGFRvIII were

kindly donated by F. B. Furnari of the Ludwig Institute
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for Cancer Research and the Moores Cancer Center (Uni-

versity of California, San Diego, La Jolla, CA, USA) [25].

All stabilized cell lines were cultured in Dulbecco’s modi-

fied Eagle’s medium (DMEM) (Gibco, Thermo Fisher Sci-

entific, Monza, Italy) supplemented with 10% heat

inactivated fetal bovine serum, 1% L-glutamine, 1%

sodium pyruvate, 1% non-essential amino acids (Lonza,

Rome, Italy) and 0.1% PlasmocinTM (InvivoGen, San

Diego, CA, USA).

Normal human astrocytes (NHA), purchased from Life

Sciences (Rome, Italy; Product Code: P10251), were grown

in astrocyte basal medium (ABMTM) supplemented with

astrocyte growth medium (AGMTM) SingleQuots Kit

(Lonza). All cell cultures were maintained at 37 °C in

humidified 5% CO2 atmosphere.

For primary cell line (here designed as GBM4), the

patients underwent tumor resection at the Neurosurgery

Service of ‘Antonio Cardarelli’ Medical Hospital (Napoli,

Italy). All tissue samples were collected in accordance with

the ethical standards of the Institutional Committee (DEL.

N°897, August 13, 2020). Informed consent in written form

was obtained from all subjects involved in the study. The

samples of brain tissue containing the tumor were pro-

cessed immediately to obtain cultured cells in accordance

with the previously described protocol [21].

For each tumor sample, Illumina EPIC ARRAY 850

Beads-Chip (850K) (Illumina, San Diego, CA, USA) was

used to evaluate the DNA methylation status of 850 000

CpG sites, in accordance with the manufacturer’s instruc-

tions, as previously described[20]. Similarly, for each tumor

sample, IDH1/IDH2 mutational status and MGMT meth-

ylation assessment were conducted as previously described

[20].

Ethical approval and consent to participate

The study was conducted according to the guidelines of the

Declaration of Helsinki and approved by the Ethics Com-

mittee of Neurosurgery Service of ‘Antonio Cardarelli’

Medical Hospital (Napoli, Italy) (DEL. N°897, August 13,

2020). Informed consent was obtained from all subjects

involved in the study. Written informed consent was

obtained from the patients to publish this paper.

Western blot analysis

Total protein lysates were extracted using RIPA lysis buffer

(50 mM Tris-HCl, 150 mM NaCl, 0.5% Triton X-100, 0.5%

deoxycholic acid, 10 mg�mL�1 leupeptin, 2 mM phenyl-

methylsulfonyl fluoride and 10 mg�mL�1 aprotinin; Sigma-

Aldrich) supplemented with phosphatase and protease

inhibitors. Equal amounts of lysate were resolved on

SDS/PAGE gel and transferred by blotting onto nitrocellu-

lose membranes. Upon saturation, membranes were

incubated with primary antibodies to probe the proteins of

interest and then probed with appropriate horseradish

peroxidase-conjugated secondary antibodies. Quantitative

estimation was performed by measuring densitometric band

intensity using IMAGEJ (NIH, Bethesda, MD, USA). For

western blot analysis, the antibodies used were: rabbit

monoclonal anti-PKM2 (Cell Signaling Technology, Den-

vers, MA, USA; #4053), rabbit polyclonal anti-IjB-a
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA; sc-371),

rabbit polyclonal anti-p-IjB-a (Ser32/S36) (Elabscience; E-

AB-20911), rabbit polyclonal anti-IKKb (Cell Signaling

Technology; #2678), rabbit polyclonal anti-phospho-IKK-

a/b (S176/180) (Elabscience; E-AB-68178), mouse monoclo-

nal anti- NF-jB (Cell Signaling Technology; #6956), mouse

monoclonal anti-phospho- NF-jB (Ser536) (Cell Signaling

Technology; #13346), mouse monoclonal anti-b-actin
(Santa Cruz Biotechnology, Inc.; sc-47778) and rabbit poly-

clonal anti-a-tubulin (Cell Signaling Technology; #2144).

Seahorse analysis

Metabolic profile was evaluated in GBM stabilized cell

lines (U87MG, U87MG-EGFRwt and U87MG-

EGFRvIII), as well as NHA and GBM primary cell line

(designed as GBM4), treated or not with iPA for 18 and

24 h. Real-time measurements of extracellular acidification

rate (ECAR) were performed using an XFe-96 Analyzer

(Agilent Technologies, Santa Clara, CA, USA), as previ-

ously reported with some adjustments [26]. Specifically,

cells were plated in XFe-96 plates (Agilent Technologies) at

a concentration of 2 9 104 cells/well and cultured with

DMEM medium. ECAR was measured in XF DMEM

medium (Agilent Technologies) in a basal condition and in

response to 10 mM glucose, 5 lM oligomycin and 100 mM

of 2DG (all from Sigma-Aldrich). Experiments with the

Seahorse were performed with the assay conditions: 3-min

mixture, 3-min wait and 3-min measurement. Parameters of

the glycolytic pathway were calculated from the ECAR

profile: glycolysis was calculated as the difference between

ECAR values before oligomycin injection and ECAR

values before glucose injection; glycolytic capacity was cal-

culated as the difference between ECAR values after oligo-

mycin injection and ECAR values before glucose injection;

and glycolytic reserve was calculated as the difference

between glycolytic capacity and glycolysis.

ATP assay

The CellTiter-Glo�Luminescent Cell Viability Assay kit

(Promega Italia s.r.l, Milano, Italy; product code: G7570)

was used to evaluate the ATP levels, in accordance with

the manufacturer’s instructions. For the execution of this

assay, 2.5 9 104 cells were seeded in 96-well plates. Briefly,

after equilibrating the plate at room temperature for
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approximately 30 min, 100 lL of CellTiter-Glo� Reagent

were added per well. After mixing the content for approxi-

mately 2 min to allow cell lysis, the plate was incubated at

room temperature for 10 min to stabilize the luminescent

signal, which was subsequently evaluated by BioTek’s

SynergyTM HT Luminometer (BioTek Instruments Inc.,

Winooski, VT, USA).

BrdU assay

For the BrdU assay, the experiment was performed using a

5-bromo-20-deoxyuridine ELISA kit (Roche, Basel, Switzer-

land) in accordance with the manufacturer’s instructions.

GBM cells were seeded in a flat bottom 96-well plates at a

density of 1 9 104 cells/well in 100 lL of culture medium

for 24 h. Cells were then incubated with iPA at the indi-

cated concentrations (from 0 to 10 lM) for 48 h. Subse-

quently, the cells were incubated for about 2 h with 10 lL
of BrdU/well, added to the medium at a concentration of

100 lM (BrdU Labeling Solution diluted 1 : 100 in sterile

medium). Culture medium was then removed and 100 lL
of FixDenant included in the kit was added per well. After

30 min of incubation, the FixDenant solution was

removed. Cells were then incubated for approximately

90 min with 100 lL/well of anti-BrdU-POD diluted in

accordance with the instructions. After the cells were

washed once with phosphate-buffered saline to remove the

unbound antibody, substrate solution (100 lL/well) was

added. The absorbance values were measured at a wave-

length of 450 nm using a Synergy HT Microplate Reader

(BioTek Instruments Inc.).

RNA isolation and quantitative real-time PCR

Total RNA extraction procedures were performed using

EuroGold Trifast reagent (EuroClone, Pavia, Italy; product

code: EMR507100) in accordance with the manufacturer’s

instructions. Before extraction, cells were seeded on p60

dishes at a density of 8 9 105 cells�cm�2 in supplemented

DMEM medium. The obtained RNA samples were mea-

sured using a NanoDrop spectrophotometer (Thermo

Fisher Scientific). Five hundred nanogram of purified RNA

were reverse transcribed into cDNA using SuperScript II

Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA).

Quantitative real-time PCR analysis was performed using

gene-specific primers and a SYBR Green I (Promega Italia

s.r.l) fluorescent dye. Quantitative real-time PCR reactions

were run in triplicate using the CFX Opus 96 Real-Time

PCR System (Bio-Rad Laboratories GmbH, Munich, Ger-

many) with the cycling conditions: initial denaturation step

at 95 °C for 5 min, followed by 44 cycles (95 °C for 15 s,

60 °C for 1 min). Data were analyzed using CFX MANAGER,

version 3.0 (Bio-Rad Laboratories GmbH) and a relative

quantification of gene expression was determined using the

ΔΔCt method. b-2-microglobulin mRNA was used as an

endogenous control. All primer sequences are reported in

Table 1.

Lactic acid assay kit

A L-lactic acid Colorimetric Assay Kit (Elabscience;

Cat.No.: E-BC-K044-S) was used to assess lactate content

in samples. This colorimetric assay was performed in tripli-

cate in a 96-well plate, whereas the absorbance, at the spe-

cific wavelength of 530 nm, was measured using a BioTek

SynergyTM HT Luminometer (BioTek Instruments Inc.).

Statistical analysis

Statistical analysis was performed using PRISM, version 9.0

(GraphPad Software Inc., San Diego, CA, USA). The data

are reported as the mean � SD and analyzed for statistical

significance using a two-tailed Student’s t-test for indepen-

dent groups or by one/two-way ANOVA followed by Bon-

ferroni correction for multiple comparisons. P < 0.05 was

considered statistically significant.

Results

iPA suppresses aerobic glycolysis of GBM cells

Recently [23], we observed that growing concentrations

of iPA ranging from 0 to 10 lM reduced the prolifera-

tion in U87MG, in U87MG-EGFRwt, in U87MG-

EGFRvIII and in primary cell line GBM4 after 48 h

of treatment, whereas no significant effect was showed

in the NHA (Fig. S1A). Furthermore, as shown in

Fig. S1B, 0–10 lM iPA showed no significant effect on

cell viability at 24 h of treatment (Fig. S1B). iPA treat-

ment at 10 lM for 48 h caused necroptosis in GBM

cells lines and GBM4 primary cell isolated by cancer

biopsy through the activation of necroptosis markers,

whereas, in treated NHA cells, apoptotic events were

irrelevant. Moreover, in a recent study, we demon-

strated that iPA interferes with mitochondrial bioener-

getic capacity in the same cells as those used in the

present study [24]. Given that aerobic glycolysis has a

key role for most tumor cells in the maintainance of

rapid growth and in metastasis, we tested whether IPA

inhibited tumor cell growth via blocking the aerobic

glycolysis in GBM cells. To verify this hypothesis, the

ECAR was assessed using a Seahorse Extracellular

Flux XFe-96 Analyzer in stabilized GBM cell lines

treated with iPA 10 lM for 24 h. The results shown in

Fig. 1 indicate that iPA treatment significantly

decreased ECAR parameters including the glycolytic

activity and capacity compared to the vehicle-treated

control group, indicating inhibition of the aerobic
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glycolysis (Fig. 1A–C). To obtain further insight into

this mechanism, we have also evaluated the response

of iPA treatment in NHA primary cells. The ECAR

analysis performed on NHA cells resulted in no signifi-

cant changes in the aerobic glycolysis as shown in

Fig. 2A. We also confirmed the reduction of ECAR

Table 1. Primers used for quantitative PCR analyses. GLUT1, glucose transporter 1; HK1, hexokinase 1; HK2, hexokinase 2; PKM2,

pyruvate kinase M2.

Primer ID Forward (50 to 30) Reverse (50 to 30)

GLUT1 50-CACCACCTCACTCCTGTTACTT-30 50-TCTCACTCCCATCCAAACCTC-30

HK1 50-GGACTGGACCGTCTGAATGT-30 50-ACAGTTCCTTCACCGTCTGG-30

HK2 50-CAAAGTGACAGTGGGTGTGG-30 50-GCCAGGTCCTTCACTGTCTC-30

PKM2 50-GAACATCCTGTGGCTGGACT-30 50-GCACCTTTCTGCTTCACCTG-30

b-2-microglobulin 50-CCT GAA TTG CTA TGT GTC TGG G-30 50-ACA CGG CAG GCA TAC TCA TC-30

Fig. 1. iPA suppresses aerobic glycolysis of GBM cells. Seahorse analysis showed a reduction in ECAR parameters after 24 h of iPA 10 lM

treatment. Upper: kinetic profile of ECAR of (A) U87MG, (B) U87MG-EGFRwt and (C) U87MG-EGFRvIII cells, treated or not with iPA for 18

and 24 h. Lower: parameters of the glycolytic pathway. Data are from three independent experiments in technical replicate. Data are

expressed as the mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test and one/two-way ANOVA).
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parameters in GBM4, a primary culture, as shown

in Fig. 2B. Moreover, to examine whether the glycolytic

activity was inhibited following iPA administration, lac-

tate and ATP production were determined (Fig. 3). We

observed a reduction of ATP (U87MG, 35 � 0.8%;

U87MG-EGFRwt, 37 � 0.8%; U87MG-EGFRvIII,

38 �0.75%; GBM4, 40 � 0.8%, compared to the

untreated group) (Fig. 3A) and lactate production

(U87MG, 0.75 � 1.8 mmol g protein�1; U87MG-

EGFRwt, 0.80 � 2 mmol g protein�1; U87MG-EGFR

vIII, 0.35 � 0.5 mmol g protein�1; GBM4, 0.45 � 0.25

mmol g protein�1, compared to the untreated group)

(Fig. 3B), suggesting that the suppressed glycolytic

activity occurred at an intracellular level. Because the

PKM2 is overexpressed in GBM [12–15] and its elevated

expression and activity are essential for the Warburg

effect, we have explored the functional relevance of

PKM2 in GBM cells. To this end, we have analyzed the

effect of specific small-molecule PKM2 activator,

DASA-58 [27], in GBM cells treated with iPA 10 lM.
DASA-58 activates PKM2 binding to the dimer–dimer

interface of PKM2 to permit its tetramerization. We

pre-treated the GBM cells with PKM2 agonist DASA-

58 for 12 h; we then added iPA for another 24 h, after-

wards ATP and lactate production was determined. We

observed that the parameters analyzed were partly

Fig. 2. iPA reduces aerobic glycolysis of GBM primary cell line but elicits no effects in NHA cells. Seahorse analysis showed that iPA 10 lM

decreases ECAR in GBM4 cell line after 24 h of treatment. The same treatment showed no effects in the GBM normal counterparts, NHA

cells. Upper: kinetic profile of ECAR of (A) NHA cells and (B) GBM4, treated or not with iPA for 24 h. Lower: parameters of the glycolytic

pathway. Data are from three independent experiments in technical replicate. Data are expressed as the mean � SEM. ***P < 0.001,

****P < 0.0001 (Student’s t-test and one/two-way ANOVA).

Fig. 3. iPA reduces ATP and lactate production in GBM cells. (A) Schematic representation of the measurement of cellular ATP content in

U87MG, U87MG-EGFRwt, U87MG-EGFRvIII and GBM4 cells. Twenty-four hours of iPA 10 lM reduced ATP production in all cell lines trea-

ted. (B) Schematic representation of lactate production in U87MG, U87MG-EGFRwt, U87MG-EGFRvIII and GBM4 cells. iPA 10 lM reduced

these parameters, thus impairing glycolytic activity in GBM cell lines. All data are presented as the mean � SD of at least three independent

experiments. **P < 0.01, ****P < 0.0001 (Student’s t-test and one/two-way ANOVA).
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reversed, suggesting that iPA treatment affects PKM2

enzymatic activity. In particular, we observed an

increase of approximately 50% in ATP and lactate pro-

duction in the GBM cells treated with DASA-58 + iPA

compared to those treated with iPA alone (Fig. 4A,B).

iPA reduces the expression of PKM2

To further investigate how iPA inhibits aerobic glycol-

ysis, we explored the effects of this drug on the expres-

sion of four rate-limiting enzymes: glucose transporter

1 (GLUT1), hexokinase-1 (HK1), hexokinase-2 (HK2)

and PKM2 of the glycolysis pathway. We observed

that iPA at 10 lM after 24 h attenuated the transcript

levels of PKM2 (Fig. 5A) in U87MG, as well as in

U87MG-EGFRwt and U87MG-EGFRvIII and pri-

mary GBM4 cells. The expression of GLUT1, HK1

and HK2 remained unchanged in U87MG, U87MG-

EGFRwt and GBM4, whereas, in U87MG-EGFRvIII,

GLUT1 and HK1 levels were increased (Fig. 5B–D).

Although these data could prove to be interesting in

the future, we decided to focus our analysis on the

modulation of PKM2. PKM2 has been shown to play

a critical role in switching tumor cell metabolism from

oxidative phosphorylation to aerobic glycolysis, con-

tributing to GBM genesis.

iPA suppresses PKM2 expression by regulating

the NF-jB signal pathway

Recently, it was demonstrated that EGFR activation

in human cancer cells results in increased glucose

uptake and lactate production in a PKM2 expression

dependent manner. Furthermore, EGF induced PKM2

upregulation is dependent on activation of a PLCc1--
PKCe-IKKb-RelA signaling cascade [16]. Thus, consid-

ering that higher levels of PKM2 expression correlate

with an elevated activity of EGFR and inhibitor of NF-

kB kinase subunit beta (IKKb)-dependent pathways in
human GBM cell lines, we decided to investigate iPA

effects on the phosphorylation state of IKKb-NF-kb
pathway in U87MG, U87MG-EGFRwt, U87MG-

EGFRvIII and GBM4 primary cells. NF-jB is the het-

erodimer of the p50 and p65 subunits that is responsible

for transcriptional activity [28]. Employing western blot

analysis, we tested the effect of iPA at 10 lM for 3, 6, 18

and 24 h on the levels of constitutively expressed

NF-jB/p65 nuclear protein in GBM cells. In these cells,

iPA did not cause a decrease in NF-jB/p65 protein

levels (Fig. 6), whereas we observed inhibition of phos-

phorylation of NF-jB in cells treated with iPA at 18 h,

compared to the control group. Then, we analyzed the

phosphorylation state of nuclear factor of kappa light

polypeptide gene enhancer in B-cells inhibitor, alpha

(IjB-a), which is a prerequisite for the entry of NF-jB
into the nucleus and its subsequent activation [28]. As

shown in Fig. 6, we observed the reduction of phosphor-

ylation of IjB-a following iPA treatment (Figs S2–S5).
Furthermore, because NF-jB is activated by IKKb [25],

which phosphorylates and thereby initiates signals

required for degradation of IjB-a, a negative NF-jB
regulator, we examined the iPA effect on IKKb phos-

phorylation. We observed that iPA significantly

decreased the phosphorylation of IKKb after 18 h of

treatment. These results suggest that iPA treatment

interferes with the NF-jB pathway.

Fig. 4. iPA effects on ATP and lactate production is rescued by DASA-58. (A) Schematic representation of the measurement of cellular ATP

content in U87MG, U87MG-EGFRwt, U87MG-EGFRvIII and GBM4 cells. When pre-treated with DASA-58 20 lM for 12 h, ATP production of

GBM cells was not reduced by 24 h of iPA 10 lM treatment. (B) Schematic representation of lactate production in U87MG, U87MG-

EGFRwt, U87MG-EGFRvIII and GBM4 cells. When pre-treated with DASA-58 20 lM, lactate production of GBM cells was not reduced by

iPA 10 lM treatment. All data are presented as the mean � SD of at least three independent experiments. *P < 0.05, **P < 0.01 (Student’s

t-test and one/two-way ANOVA).
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Fig. 5. iPA modulates the expression of key rate-limiting enzymes. Real-time PCR analysis of expression of genes belonging to the glyco-

lytic pathway. (A) After 24 h, iPA 10 lM reduced the expression of PKM2 enzyme, a critical regulator of the Warburg effect. (B–D) iPA

effects on GLUT1, HK1 and HK2 expression were different depending on the cell line analyzed. All data are presented as the mean � SD of

at least three independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test and one/two-way ANOVA).

Fig. 6. iPA suppresses PKM2 expression through the inhibition of NF-jB signal pathway. Representative images of western blot analysis of

key proteins belonging to the NF-jB signal pathway and of PKM2. Levels of phosphorylated proteins and of PKM2 were reduced after 24 h

of iPA 10 lM treatment. Densitometry analysis is showed in Figs S2–S5. Densitometry analysis is presented as the mean � SD of at least

three independent experiments.
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Discussion

In the present study, we have demonstrated that iPA

treatment at low micromolar concentrations (10 lM)
inhibited aerobic glycolysis of stabilized GBM cells

lines, as well a primary cell line (GBM4), reducing

PKM2 expression. Indeed, data from the ECAR analy-

sis indicated a strong reduction of the glycolysis and

the glycolytic capacity after 24 h of iPA treatment. To

obtain further insight into this mechanism, we also per-

formed ECAR analysis in NHA primary cells treated

with iPA at 10 lM. We did not observe significant

changes in the aerobic glycolysis in treated NHA cells

compared to the control groups. Metabolites linked to

glycolytic activity such as ATP and lactate production

[29] were reduced in GBM cells upon iPA treatment

for 24 h compared to control cells. These results sug-

gest that the suppression of growth of GBM cells

induced by iPA is a result of inhibition of the glycolytic

activity. Indeed, in our previously published data, we

observed that iPA treatment of GBM cells for 48 h at

10 lM exerts anti-tumor effects by inducing apoptosis

and necroptosis [21,23]. Here, to examine the mecha-

nism of iPA action on the glycolytic pathway, we ana-

lyzed the expression of some enzyme involved in this

pathway in the GBM cells. We observed that, in all

GBM cells treated with iPA, the PKM2 enzyme

expression and the protein levels were reduced. To cor-

roborate these data, we analyzed the effect of specific

small-molecule PKM2 activator, DASA-58 [30], in

GBM cells treated with iPA 10 lM. We noted that the

pre-treatment with DASA-58 partly reversed the inhib-

itory effect of iPA on the ATP and lactate production,

suggesting that the target of iPA action was the PKM2

enzyme. This enzyme regulates the glycolytic intermedi-

ates production playing a crucial role in cell energy

supply [31]. Some studies have reported that PKM2 is

overexpressed in glioma compared to control, while

glioma-adjacent tissues only showed a slight PKM2

overexpression, suggesting that PKM2 overexpression

could be an important trigger for glioma progression

[32]. Other studies have reported that the EGFR acti-

vation determined the nuclear translocation of PKM2,

but not PKM1. In addition, U87MG overexpressing

EGFRvIII mutant had a higher amount of nuclear

PKM2 than U87MG. In the nucleus, PKM2 binds to

c-Src-phosphorylated Y333 of b-catenin, promoting

cancer cells proliferation [33]. Moreover, EGFR activa-

tion caused a direct interaction between PKM2 and

histone H3, favoring cell proliferation and brain

tumorigenesis [34]. Recently, it was observed that

EGFR activation results in PKM2 upregulation depen-

dent on the IKKb- NF-jB pathway [16]. Another

study demonstrated that fenofibrate reduced aerobic

glycolysis through the inhibition of the transcriptional

activity of NF-jB/RelA and its association with hyp-

oxia inducible factor1 alpha required for the binding of

NF-jB/RelA to the PKM promoter [35]. Because, in

our previous studies, we demonstrated that iPA treat-

ment affected the activity of IKKb-NF-jB pathway

[36], the present study tested the phosphorylation state

of IKKb/NFKB pathway in GBM cells treated with

iPA. We observed that iPA treatment of GBM cells

inhibited the phosphorylation of IKKb, IjBa and

NF-jB, thus preventing the NF-jB interaction with

PKM promoter causing the reduction of PKM2

expression and proteins levels (Figs 5 and 6). Finally,

the expression of GLUT1, HK1 and HK2 was also

detected in the present study. HK is an enzyme that

regulates the first step of glycolytic pathway. Several

studies have confirmed that GLUT1, HK1 and HK2

expression is closely related to the progression of

malignant tumors [37]. We observed that these enzymes

did not vary significantly in GBM cells. More, we

observed that the expression of GLUT1 and HK1,

which phosphorylates glucose to glucose 6-phosphate,

the first rate-limiting step in glycolysis [38], was

increased in U87MG-EGFRvIII when treated with

iPA. Currently, we cannot explain these data; however,

it may be a compensatory mechanism implemented by

cells to respond to the lack of energy support. These

results demonstrate that iPA inhibits tumor growth by

inhibiting PKM2-mediated aerobic glycolysis in GBM

cells, suggesting the potential for using iPA in thera-

peutic developments. Currently, PKM2 is considered

as a potential therapeutic target for cancer treatment,

promoting the research of PKM2 inhibitors [39]. Sev-

eral studies have shown that inhibition of PKM2

expression by specific short hairpin RNA and micro-

RNA leads to the death of cancer cells, decreasing met-

abolic activity and reducing tumorigenesis. Moreover,

many small molecule inhibitors and hormones are able

to inhibit cell proliferation by targeting PKM2, leading

to the reduction of aerobic glycolysis in cancer cells

[40]. In the present study, we found that iPA inhibits

the expression and protein levels of PKM2, failing to

provide energy and metabolic intermediates for the

growth of GBM cells. These data suggest the potential

for using iPA in target therapy; however, more studies

are necessary to evaluate the efficacy and safety of iPA

in the treatment of GBM.
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Fig. S1. iPA effects on GBM cells proliferation and

viability. (A) BrdU assay showing the effects of scalar

doses of iPA (1–10 lM) after 48 h on NHA and GBM

cell lines. Notably, iPA did not elicit any effects on the

proliferation of NHA cells, the normal counterpart of

GBM cells. (B) MTT assay showing that iPA (1–
10 lM) after 24 h had no significant effects on GBM

cells and NHA viability. All data are presented as the

mean � SD of at least three independent experiments.

****P < 0.0001 (Student’s t-test and one/two-way

ANOVA).

Fig. S2. Western blot densitometry analysis of

U87MG. Histograms showing densitometry analysis of

p-IKKb/IKKb, p-IkBa/IkBa, p-NF-kB/NF-kB and
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PKM2/b-actin bands of the U87MG cell line. All data

are presented as the mean � SD of at least three inde-

pendent experiments. ****P < 0.0001 (Student’s t-test

and one/two-way ANOVA).

Fig. S3. Western blot densitometry analysis of

U87MG-EGFRwt. Histograms showing densitometry

analysis of p-IKKb/IKKb, p-IkBa/IkBa, p-NF-kB/NF-

kB and PKM2/b-actin bands of the U87MG-EGFRwt

cell line. All data are presented as the mean � SD of at

least three independent experiments. ****P < 0.0001

(Student’s t-test and one/two-way ANOVA).

Fig. S4. Western blot densitometry analysis of

U87MG-EGFRvIII. Histograms showing densitometry

analysis of p-IKKb/IKKb, p-IkBa/IkBa, p-NF-

kB/NF-kB and PKM2/b-actin bands of the U87MG-

EGFRvIII cell line. All data are presented as the

mean � SD of at least three independent experiments.

****P < 0.0001 (Student’s t-test and one/two-way

ANOVA).

Fig. S5. Western blot densitometry analysis of GBM4.

Histograms showing densitometry analysis of p-IKK-

b/IKKb, p-IkBa/IkBa, p-NF-kB/NF-kB and PKM2/b-
actin bands of the GBM4 cell line. All data are pre-

sented as the mean � SD of at least three independent

experiments. ****P < 0.0001 (Student’s t-test and

one/two-way ANOVA).
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