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Glioblastoma multiforme (GBM) is the most common brain cancer in adults. GBM starts from a small fraction of poorly

differentiated and aggressive cancer stem cells (CSCs) responsible for aberrant proliferation and invasion. Due to

extreme tumor heterogeneity, actual therapies provide poor positive outcomes, and cancers usually recur. Therefore,

alternative approaches, possibly targeting CSCs, are necessary against GBM.
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1. Introduction

Glioblastoma Multiforme (GBM) is the most lethal brain tumor in adults, with a survival time of 12–15 months after initial

diagnosis . The highly resistant nature of GBM is largely due to extreme intra-tumoral heterogeneity . As

demonstrated in several cancers, GBM is thought to arise from cancer stem cells (CSCs), representing a small

percentage of all cancer cells responsible for tumor development and progression . These cells, characterized by

a complex mixture of genetic alterations , express high levels of stem markers involved in self-renewal and are

intrinsically resistant to standard therapies (such as radiotherapy and chemotherapy), causing tumor spread. CSCs are

consequently responsible for tumor relapses .

Notably, the canonical CSC paradigm has been recently revised, and it is now widely accepted that the CSC phenotype is

characterized as a dynamic cellular state rather than a fixed population. CSC phenotypic heterogeneity arises from

reversible cell state transitions in response to varying intracellular/extracellular signals . Lineage tracing experiments in

many solid tumors clearly demonstrated the continuous turnover of CSCs that under epithelial mesenchymal transition

can convert from non-CSCs . The dynamic and bidirectional transition states among epithelial, mesenchymal and

one or more hybrid epithelial/mesenchymal phenotypes , called “epithelial mesenchymal plasticity,” show a dynamic

reversible nature in cancer cells and have a strong impact on cancer progression .

In light of this complex scenario, new therapies to treat highly aggressive and heterogeneous GMB are required and

remain a main challenge in current oncologic research. Recently, ultra-short pulsed electric fields (PEF) of high amplitude

(from few to hundreds of kV/m) and short duration (from a few milliseconds to few microseconds) have emerged as a very

powerful physical agent provoking cell reversible or irreversible cell electropermeabilization, both tested in anti-cancer

therapies . Indeed, electrically mediated treatments using PEF are rapidly increasing through selective tumor

cells targeting using a non-thermal process, resulting in the reversible or irreversible destabilization of cell plasma

membranes. In the reversible case, cell membrane permeabilization allows the entrance of toxic drugs (i.e.,

electrochemotherapy). In irreversible applications, electric pulses disrupt cell homeostasis and consequently cause cell

death (irreversible electroporation IRE, or the more recent high-frequency irreversible electroporation H-FIRE approach)

. The non-thermal nature of these electric signals preserves the healthy tissues surrounding the tumors,

therefore enabling the treatment of localized masses, including in delicate anatomical locations.

The impact of PEF was recently investigated on GBM cell lines, suggesting these electric stimuli are an extremely

promising glioma therapy . It also demonstrated that the use of PEF as a novel GBM therapy is related to the fact that it

facilitates temporary blood–brain barrier disruption, allowing easy and effective penetration of therapeutic reagents ,

as well as the induction of immunogenic cell death for prolonged antitumor immunity . In addition to these important

aspects, due to GBM heterogeneity, the characterization of GBM CSCs’ response to these electric pulses represents a

new and poorly investigated concept in search of new GBM therapies.
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2. Expression Pattern of Stemness/Differentiation Genes in U87 ML and
U87 NS Cells

First, researchers explored the potential differences in gene signature by looking at the stemness/differentiation pathways

in U87 ML (Figure 1a) and U87 NS (Figure 1b) and evaluating, by qPCR, the expression levels of CD133, CD15 and β-III
TUBULIN. They found a significantly higher level of stemness markers in U87 NS cells compared to U87 ML cells. CD133
and CD15 expression levels were 2.8- and 33.1-fold higher in U87 NS versus U87 ML cells, respectively (Figure 1c,d).

On the contrary, U87 NS showed a statistically significant lower level of β-III TUBILIN (Figure 1e). These results

confirmed the dynamic phenotypic state of GBM cells that can modulate their phenotypic features according to specific

cell culture conditions.

Figure 1. Analysis of stemness/differentiation markers in U87 ML and U87 NS. (a) Representative images of U87 cells

grown in standard medium as a monolayer. (b) Neurospheres grown for 7 days in a selective medium. (c,d) CD133 and

CD15 mRNA expression levels, considered stemness markers, and (e) β-III TUBULIN, a well-known marker of neuron

differentiation in U87 ML and NS cells. Data are shown as relative expression compared to U87 ML. p values were

determined using a two-tailed t test, **** p < 0.0001.

3. Membrane Permeabilization and ROS Production after PEF-5 Exposure

To verify the efficacy of PEF-5 to induce cell membrane permeabilization in U87 ML and U87 NS, the uptake of the

fluorescent Yo-Pro-1 dye was evaluated by flow cytometry. Graphs in Figure 2a show the percentage of permeabilized

cells immediately (T = 0 h) and 3 h (T = 3 h) after exposure. Researchers found 91% of permeabilized cells immediately

after exposure in U87 ML compared to 28% in U87-NS cells. This permeabilization phenomenon is transient, as at T = 3 h

the dye uptake markedly decreased in both culture conditions (Figure 2a). Nonetheless, U87 NS cells, richer in CSCs,

were more resistant to permeabilization. Following cell permeabilization, ROS levels were evaluated by DHE uptake at T

= 0 h or at T = 3 h after PEF-5 exposure (Figure 2b). In U87 ML cells, a statistically significant ROS increase was

observed after electric pulse exposure exclusively 3 h after exposure. On the contrary, in exposed U87 NS cells, ROS

levels were significantly higher at T = 0 h, remaining stable at T = 3 h post-exposure. These results highlighted an

overproduction of ROS that clearly indicated cellular stress in response to this exposure.



Figure 2. Membrane permeabilization, ROS production, cell survival and cell cycle. (a) Yo-pro-1 uptake at T = 0 h and at T

= 3 h after PEF-5 exposure in U87 ML and U87 NS cells. (b) ROS levels after PEF-5 exposure at T = 0 h and T = 3 h. The

histogram shows the ratio between the mean fluorescence intensity (MFI) of exposed and sham-exposed cells in both cell

culture conditions. (c–e) Bar graphs of sham-exposed and exposed U87 ML and NS cells 24 h after PEF-5 exposure for

cell death quantification (Trypan blue assay). (d–f) Cell proliferation evaluated at different time points (0, 24 and 48 h)

after PEF-5 exposure in U87 ML and U87 NS. (g–j) Cell cycle phases in U87 ML and NS at 24 h after PEF-5 exposure. p
values were determined using a two-tailed t test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

4. Survival, Proliferation and Cell Cycle Perturbation

By trypan blue assay, researchers assessed the cell viability in both U87 ML and NS after PEF-5 exposure to verify the

level of cell survival following reversible cell permeabilization (Figure 2a,b). As shown in Figure 2c,e, U87 ML and NS

cells reported a similar (22% and 24%) statistically significant decrease in cell viability 24 h after exposure to PEF-5,

suggesting that PEF-5-mediated cell perturbations (i.e., transient permeabilization and ROS generation) did not induce

massive death in GBM cells, regardless of their CSC content. Furthermore, as shown in Figure 2d,f, PEF-5 exposure

induced a 2.5- or 4.7-fold lower proliferation rate in U87 ML surviving cells compared to the 1.3- and 2.0-fold decrease

observed in U87 NS at 24 and 48 h after exposure, respectively.

In order to more deeply understand the reason for changes in cell proliferation, researchers analyzed the cell cycle

(Figure 2g–j). The exposure of U87 ML cells did not induce differences in any phase of the cell cycle compared to the

sham-exposed cells (Figure 2g,i). Instead, in the enriched CSC population, U87 NS, the exposure to PEF-5 induced a

statistically significant increase of G0/G1 with a significantly high decrease in the G2/M phases (Figure 2h,j). In U87 ML

cells, the proliferation reduction may be due to a generalized slowdown of all phases of the cell cycle; on the contrary, in

the heterogeneous U87 NS cells, there is an imbalance in the different phases of the cycle and an accumulation of cells in

G1.



5. Transcriptomic Profiles of U87 ML and NS Cells and Validation of mRNA
Expression

5.1. Affymetrix Gene Chip Analyses

Following the observed PEF-5 effects in terms of ROS generation, survival and cell cycle changes, to more widely screen

significantly deregulated genes, the gene profile of both U87 ML and NS was examined by Clarion S Affymetrix Gene Chip

analyses, after 24 h from PEF-5 exposure. Genes were considered differentially expressed by Significance Analysis of

Microarray (SAM) with FDR < 0.05. Relative heat maps with hierarchical clustering generated by normalization of CEL

files, derived from whole transcriptional analysis, are shown in Figure 3a. The comparison between sham-exposed and

PEF-5-exposed U87 ML cells allowed the identification of 156 differentially expressed transcription clusters (TCs; 115

upregulated and 41 downregulated TCs). In the same way, analysis of RNA derived from U87 NS cells disclosed 60 TCs

as differentially expressed between sham and exposed cells (39 upregulated and 21 downregulated; Figure 3a,b). As

shown by the Venn diagram in Figure 3b, fewer genes were modulated in U87 NS compared to ML cells (60 vs. 156 TCs

observed in U87 ML). Of note, only a few commonly deregulated genes were identified after PEF-5 exposure. In

particular, three upregulated genes, i.e., Hyaluron synthase 2 (HSA2), proline rich protein 2A (SPRR2A) and 2D
(SPRR2D), were the same as U87 ML and NS cells (box in Figure 3b). These genes have been described as

components of the plasmatic membrane, having a role in membrane integrity, cell survival and inflammatory responses

even post radiation and stressful environmental conditions .

Figure 3. Transcriptomic analysis. (a) Heat maps displaying differentially expressed genes in U87 ML and NS cells. (b)

Venn diagram depicting the number of significantly downregulated and upregulated genes in ML and NS U87 cells, as well

as the name of commonly upregulated genes. (c,d) Bar graphs displaying the positive (red) and negative (blue)
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transcriptional enrichments in MSigDB gene sets of differentially expressed genes between sham-exposed and PEF5-

exposed U87 ML and U87 NS cells. (e) Enrichment maps displaying transcriptional enrichments in cellular remodeling and

inflammation processes in U87 ML cells and in DNA repair and RNA processing and post-transcriptional modification in

U87 NS cells.

In order to identify the potential pathways and intracellular signaling affected by pulse exposure, the gene lists have been

analyzed for their enrichment in pathways reported in multiple MSigDB gene sets, including Hallmarks and C2cp

(common pathways). In particular, U87 ML cells displayed significant overactivation of multiple hypoxia-dependent targets,

with biological processes involved in the response to intracellular oxidation, positive perturbation of P53/cell cycle and

alterations of NFkB and TNFα-dependent inflammation signaling (Figure 3c). On the contrary, PEF-5 exposure negatively

affected different processes involved in cellular remodeling and in regulation of the mTOR signaling pathway, known to be

involved in tumor metabolism . Moreover, U87 ML PEF-5-treated cells showed a clear enrichment of apoptosis and

interleukin and cytokine-induced senescence secretory phenotype  (Figure 3c,e). Analysis of differentially expressed

genes in U87 NS cells displayed a similar modulation of genes involved in hypoxia, intracellular oxidation, inflammation

and in P53/cell cycle deregulation (Figure 3d). In particular, interleukin 6 (IL-6) with a significant alteration of NFkB/TNFα-

dependent inflammation pathways may suggest a common signature between cell types. Moreover, in U87 NS PEF-5-

exposed cells, a significant enriched deregulation of DNA repair processes and the upregulation of gene transcription and

RNA processing seems to occur (Figure 3e).

5.2. qPCR Validation of Transcriptome Data for Selected Genes

With the aim of validating the transcriptomic data, researchers evaluated the expression levels of genes involved in the

most deregulated pathways 24 h after PEF-5 exposure i.e., cell cycle (Figure 4a,b) and hypoxia-inflammation signaling

(Figure 4c,d). In Figure 4a,b, they observed a significant increase of P53 and P21, the damage sensor proteins, in both

U87 ML (P53 = +0.2 fold, p = 0.005; P21 = +0.4 fold, p = 0.008) and U87 NS cells (P53 = +0.4 fold, p = 0.003; P21= +0.5

fold p = 0.002), in agreement with the transcriptomic analysis. Due to the involvement of P53 in cell cycle regulation,

researchers verified whether PEF-5 exposure altered the levels of different cell cycle components that might have

contributed to G1 arrest in U87 NS cells.
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Figure 4. Cell cycle checkpoint, hypoxia/inflammation and stemness/differentiation markers. (a,b) Relative mRNA

expression levels of genes associated with cell cycle, i.e., P53, P21, CYCLIN D1, GADD45, CDK2 and CDK4. (c,d)

Relative mRNA expression levels of genes associated with hypoxia/inflammation processes, i.e., IL6, CCL20, COX2,
iNOS and β-CATENIN. (e,f) Relative mRNA expression levels of genes associated with stemness/differentiation

processes, i.e., NANOG, OCT4, SOX2, CD133, CD15 and β-III TUBULIN. p values were determined using a two-tailed t
test. * p < 0.05; ** p < 0.01; *** p < 0.001.

The expression levels of the two cyclin-dependent kinases, CDK2 and CDK4, were significantly affected in both cell

conditions (CDK2 −0.6 fold, p = 0.02 and −0.5 fold, p = 0.05 in U87 ML and NS, respectively; CDK4, −0.6 fold, p = 0.002;

−0.6 fold, p = 0.04 in U87 ML and NS, respectively). On the other hand, in U87 ML cells, no significant change was

observed in CYCLIN D1 mRNA level (Figure 4a), while it was upregulated in U87 NS cells (+0.6 fold, p = 0.04; Figure
4b). In the same way, researchers observed an inverse behavior in the GADD45 levels, a gene involved in cell cycle

progression, downregulated in U87 ML cells (−0.5 fold, p = 0.009) and upregulated in U87 NS (+0.4 fold, p = 0.03; Figure
4a,b). These data demonstrated that PEF-5 exposure induces a complex cell cycle perturbation, possibly enabling a

consequent cell-dependent fate alteration. The significant alteration in many genes involved in cell cycle progression

(Figure 4b), such as CYCLIN D1 (+0.6 fold, p = 0.04), GADD45a (+0.4 fold, p = 0.03) and CDK4 (−0.6 fold, p = 0.04),

may explain the cell accumulation in the G1/G0 phase and the G2/M phase reduction observed in Figure 2j. Indeed, the

complex of CYCLIN D1 with P21, concurrently with a selective decrease of both CDK2 and CDK4, appears responsible

for the decrease of cell proliferation and cell cycle arrest (Figure 2f,j). To further validate the transcriptomic analysis,

hypoxia/inflammation signaling was analyzed by mRNA expression levels of interleukin-6 (IL6) and chemokine (C-C motif)

ligand 20 (CCL20), cyclooxygenase (COX)-2 and inducible nitric oxide synthase (iNOS), all downstream genes of NF-KB

signaling (Figure 4c,d). Data showed a significant upregulation of IL6 mRNA (+4.0 fold, p = 0.006 and +0.4 fold, p = 0.001

in U87 ML and NS, respectively) and CCL20 (+3.9 fold, p = 0.03 and +0.6 fold, p = 0.0008 in U87 ML and NS,

respectively). Furthermore, COX-2 (+9.6 fold, p = 0.0003 in U87 ML) and iNOS (+5.0 fold, p = 0.02 and +0.3 fold, p = 0.03

in U87 ML and NS, respectively) were significantly overexpressed compared to sham-exposed cells in both cell lines. Of

note, the alteration of all genes analyzed was modest in U87 NS cells compared to U87 ML cells.

Furthermore, deregulation of β-CATENIN mRNA expression, observed in both U87 ML (−0.5 fold, p = 0.03) and U87 NS

cells (+0.4 fold, p = 0.02), together with iNOS upregulation demonstrated the ability of PEF-5 to induce changes in

oxygen-sensitive transcriptional regulators, including NF-kB and WNT/β-Catenin , thus providing support to the

evidence of ROS generation after PEF-5 exposure.

5.3. Effects of PEF Exposure on the Stemness/Differentiation Status of GBM Cells

To verify if PEF-5 could affect self-renewal and possibly differentiation processes extremely important in CSCs’ fate,

researchers also investigated the gene expression of NANOG, OCT4 and SOX2 24 h after the exposure. In U87 ML cells,

researchers found a statistically significant downregulation of SOX2 (−0.24 fold, p = 0.05; Figure 4e). Notably, in U87 NS

cells, all genes were upregulated (NANOG= +1.24 fold, p = 0.0048; OCT4 and SOX2= +0.5 fold, p = 0.01; Figure 4f). To

evaluate whether PEF-5 could also change the balance between stemness and differentiation in GBM cells, researchers

evaluated the expression of stemness (CD133 and CD15) and differentiation (β-III TUBULIN) markers. PEF exposure did

not induce perturbation of CD15, CD133 and β-III TUBULIN in U87 ML cells compared to their unexposed counterparts

(Figure 4e). Notably, exposure to PEF-5 induced a significant decrease in CD133 (−0.4 fold, p = 0.001) and CD15 (−0.6

fold, p = 0.0003) and a significant increase of β-III TUBULIN (+ 0.2 fold, p = 0.03) in U87 NS cells (Figure 4f), suggesting

selective action of PEF exposure toward cells with a more undifferentiated status.

6. Functional testing after PEF-5 exposure

6.1. Clonogenic survival assay and IR combined treatment

To assess possible influence of PEF-5 on GBM clonogenic capacity, the survival clonogenic assay was performed on both

first neurospheres derived from U87 ML (U87 NS1) and second generation neurospheres, derived from U87 NS cells

(U87 NS2). As shown in Figure 5, exposure to PEF-5 efficiently decreased the clonogenic capacity in both neurosphere

generations (about 2-fold lower than sham-exposed cells; p < 0.0001 in U87 ML and p < 0.001 in U87 NS). These results

again suggested a strong ability of PEF-5 to modify the stem phenotype of CSCs decreasing their self-renewal capacity

(Figure 5a-d). As radiosensitivity increases with cell differentiation status, researchers tested the effectiveness of a

combined protocol, irradiating U87 ML and U87 NS cells with increasing IR doses (2, 5, 8 Gy), 3 hours after PEF-5
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exposure, as suggested in the previous work. As shown in Figure 5a-d, the combined treatment of PEF-5 and IR was

able to reduce clone formation as function of delivered doses, suggesting an additive effect between these two physical

agents.

Figure 5. Survival clonogenic assay. (a-b) Representative images of primary and secondary neurospheres after PEF-5

exposure and IR treatments. (c-d) Quantitative analysis revealed a significant decrease in the clonogenic capacity

between sham- and PEF-5 exposed cells, regardless of culture conditions. The combined treatment (PEF-5 + IR) reduced

clone formation as function of delivered radiation doses.

6.2. Invasion assay after PEF-5 exposure

As invasiveness is another pathophysiological feature of human malignant gliomas, the effects of PEF-5 on the

invasiveness and migration of GBM cells were checked in vitro by Transwell Matrigel invasion assay. As shown in Figure
6(a-d), the invasiveness of U87 ML and NS cells exposed to PEF-5 was strongly reduced compared with the control

groups. U87 ML PEF-5 exposed cells showed a corresponding decrease of the invasion of 34% and U87 NS cells of 47%.

This finding indicates the capacity of PEF-5 alone to inhibit the invasive ability of GBM cells in vitro. Also, for this assay, a

combined protocol, PEF-5 + IR, was carried out using increasing IR doses (2, 5, 8 Gy) delivered 3 h after PEF-5

treatment. No further decrease in invasion ability was observed in only irradiated U87 ML samples (Figure 6c), instead, a

decrease of 28% (p = 0.006) and of 29% (p = 0.009) was observed in U87 NS cells irradiated with 5 and 8 Gy,

respectively (Figure 6d). This result may point out a migration response mediated by the cell types, and the specific

delivered radiation dose. After the combined protocol of exposure, no significant changes were observed in migration and

invasion abilities of these two cell types compared to those observed in the PEF-5 only treated groups. This result

highlights the radio-resistance of GBM cells in both culture conditions. Notably, PEF-5 treatment alone was as effective as

the combined treatment with radiations at all the delivered doses in both U87 ML (PEF vs 2Gy, -41% p = 0.04; PEF vs

5Gy, -32% p=0.0096; PEF vs 8Gy, -25% p=0.016), and U87 NS cells (PEF vs 2Gy, -41% p = 0.04).



Figure 6. Invasion and migration assay. Representative images of transmigrated cells for (a) U87 ML and (b) U87 NS

cells. (c-d) Percentage of invasiveness in U87 ML and NS cells evaluated 24 hours after PEF-5 exposure and IR

combined treatment.
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