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Glioma is currently the most aggressive CNS tumor. MicroRNA
(miRNA)675-5p is a hypoxic miRNA involved in promoting
and maintaining the hypoxia inducible factor (HIF)-lot
pathway, the driving force for glioma proliferation, migration
into surrounding tissue, and resistance. Its inhibition is effec-
tive in reducing HIF-1a and all pathways related to it. However,
the molecular mechanism through which miRNA inhibition is
effective has not yet been fully elucidated. The therapeutic effi-
cacy of the miRNA675-5p inhibitor was tested in a panel of
resistant glioma lines evaluating the cellular, molecular, and
biochemical rearrangement of the cells after treatment, with
particular attention to the oxidative stress imbalance.
miRNA675-5p inhibitor has a therapeutic efficacy on its own
in resistant cell lines, reducing HIF-1o and its related pathways.
The mechanism through which this occurs is the induction of
oxidative stress. Its impairment, in fact, reverses the cytotoxic
effect. Inhibitor-treated cells acquire metabolic characteristics
clearly distinct from untreated cells, triggering compensatory
mechanisms that must be considered for the secondary treat-
ment of glioma with temozolomide. The induction of oxidative
stress and metabolic rearrangement play key roles in the cyto-
toxic effect of the miRNA675-5p inhibitor, which could be pro-
posed as a new therapeutic approach in glioma.

INTRODUCTION

Glioma is the most common type of cancer of the CNS. The early
stages, grades I-II, are typically self-limiting and can be removed
through resection. However, grades III and IV are characterized by
a diffuse widespread invasion into the neighboring brain. Therefore,
the main problem of the IV degree, known as glioblastoma multi-
forme (GBM)), is the invasion of the surrounding tissue, which is fu-
eled by a high proportion of stem cells and by a strong angiogenic
and migratory potential, due to a hypoxic environment. All these fea-
tures fall back in the establishment of a resistance behavior to stan-
dard treatments, with 90% of patients suffering from early disease
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Temozolomide (TMZ) is the most used anti-tumor agent in the
treatment of GBM and it is typically associated with radiotherapy.
It is part of the STUPP protocol, considered the gold standard in
clinical practice. TMZ, is a second-generation imidazotetrazine lipo-
philic prodrug that acts as an alkylating agent causing lethal DNA
damage. As of now, O6-methylguanine-DNA methyltransferase
(MGMT) is the most well-established factor that causes TMZ resis-
tance in GBM, since it reverses the methylation-dependent cytotox-
icity guided by TMZ.* One of the downstream effectors of TMZ is the
generation of reactive oxygen species (ROS) that, generally, could
have a double effect: on one hand, they can determine tumor pro-
gression; on the other hand, in the case of TMZ, they increase the
cytotoxic effect of the drug itself.° In the first case, ROS such as su-
peroxide, hydrogen peroxide, and hydroxyl radical are involved in
the switching on of tyrosine kinases such as endothelial growth factor
receptor and vascular endothelial growth factor receptor pathways,
sustaining GBM progression.” On the contrary, as anti-tumoral
agents, ROS are involved in further DNA damage and in the
enhancement of the cytotoxic effects of TMZ.®

There is a strong connection between hypoxia and the pivotal regu-
lator of cell response to hypoxia, hypoxia inducible factor (HIF)-1a,
and oxidative stress. Hypoxia is a common feature of the tumor
microenvironment in almost all solid tumors, often leading to treat-
ment failure. Due to HIF-1a’s ability to modulate different molecular
pathways, it plays a role in supporting tumor growth and contrib-
uting to the onset of relapses.”"’

Several studies showed that hypoxia induces overexpression or
down-regulation of various microRNAs (miRNAs), known as
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hypoxamiRs.”' "' These play a significant role as emerging media-
tors in the response of tumor cells to the hypoxic microenvironment
in various human cancers. HypoxamiRs regulate the expression of
genes downstream of HIF-1a, affecting glioma biology. Therefore,
targeting the interplay between HIF-la and miRNAs holds thera-
peutic potential in glioma treatment. Strategies aimed at inhibiting
HIF-1a activity or modulating the expression of specific miRNAs
could disrupt tumor-promoting pathways and enhance the efficacy
of glioma therapies. miRNA675-5p was identified as a crucial hypox-
ic miRNA, capable of replicating all physiological changes resulting
from decreased oxygen pressure.”” Inhibition of this miRNA can
reduce HIF-1a and its associated pathways. Ultimately, the use of
the inhibitor was effective in reducing tumor growth in vitro and
in vivo in a TMZ-sensitive glioma model."* However, to date, there
is no experimental evidence that the inhibitor can be effective in
the treatment of TMZ-resistant gliomas.

To answer this latter question, this paper tested the efficacy of the
miRNA675-5p inhibition in a panel of GBM TMZ-resistant cells, sug-
gesting also a possible molecular and biochemical mechanism driving
the changes observed at the cellular and molecular levels. Further-
more, regarding the cells that survive after treatment, we speculated
about a metabolic rearrangement that could be useful to manage
the residual cells responsible for the relapse that often occurs in glioma
and makes the treatment of GBM still a challenge in the clinic.

RESULTS

The depletion of HIF-1a induced by the miRNA675-5p inhibitor
affects cell viability and aggressive behavior

The experimental setting was designed to include one TMZ-respon-
sive (U251) and three TMZ-resistant (T98, LN18, and U118) cell
lines. Intending to screen miRNA675-5p inhibitor efficacy in this
panel of glioma lines, first cell viability was assessed. U251 cells
have been already investigated observing a decrease in cell viability
with a concurrent switch-on of apoptosis-related genes after
miRNA675-5p inhibitor incubation."*

Similar to what was observed in the TMZ-responsive cells,"* all
the TMZ-resistant cell lines responded to the miRNA675-5p inhib-
itor treatment with a significant reduction both of cell number
(Figure 1A) and cell proliferation, proportional to ATP levels
(Figure 1B). Furthermore, an increase in the pro-apoptotic genes
BAX and BAD, as well as the down-regulation of the anti-apoptotic
gene BCL-2 (Figure 1C), has been observed (Figure 1C), as also sup-
ported by the induction of caspase-3/7 activity (Figure 1D).

Previous experiments have already highlighted the miRNA675-5p
key role in HIF-1a modulation, showing that miRNA675-5p should
induce per se the cellular, molecular, and biochemical events related
to hypoxia.'”

A study of the interactome (Figure 1E) also supported this hypothesis,

highlighting the idea of a relationship between miRNA675-5p and
HIF-1o. In particular, we hypothesized that many of the miRNA inhib-
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itor effects could be due to HIF-1a ineffectiveness. Therefore, the tran-
scriptional expression of HIF-Ia was analyzed by real-time PCR. Mo-
lecular data sustained the significant reduction of HIF-Ia transcript
after the miRNA675-5p treatment in U251"% and in T98, LN18, and
U118 cells (Figure 1F). Moreover, its nuclear localization was dimin-
ished by treatment with concurrent confinement of this transcription
factor in the cytoplasm, in accord with its inactive form (Figure 1G).

In addition, the TMZ-resistant cells treated with miRNA675-5p in-
hibitor showed a negative modulation of HIF-la upstream and
downstream elements. In particular, we evaluated the mitogen-acti-
vated protein kinase (MAPK) signaling cascade genes (Figure 2A),
and transforming growth factor § (TGF-p) (Figure 2B): Both path-
ways decreased after treatment with miR675-5p inhibitor, according
to a negative modulation of transactivation and reduced stabilization
of HIF-1a, respectively, also at the transcriptional level (Figure 2C).
Furthermore, considering that TGF-p regulates epithelial-to-mesen-
chymal transition (EMT), through MAPK signaling, we analyzed this
process by measuring the amount of tubulin in the cell cytoskeleton.
The immunofluorescence assay showed an alteration of the normal
cell architecture (Figure 2D), confirming the impact of the impair-
ment of HIF-1a, MAPK, and TGF-p.

Another finding about the influence of miRNA675-5p inhibition on
the EMT process comes from wounding assays and gene transcrip-
tion. In detail, all glioma cell lines showed a statistically significant
reduction of the migratory ability, analyzed by the wounding assay
(Figures 2E and 2F). Molecular analyses showed a contemporaneous
decrease in the expression of the SNAIL, SLUG, and ZEBI genes, with
an increase in the E-CAD gene, after miRNA675-5p inhibition in all
the cell lines (Figure 2G). Altogether, these data indicate a less
aggressive mesenchymal phenotype mediated by miRNA675-5p in-
hibitor treatment.

miRNAG675-5p inhibition drives its anti-tumoral effect by the
induction of ROS levels

Among the processes able to stabilize HIF-1a,'® we investigated the
release of ROS. We observed an increase of ROS levels in both the
sensitive and resistant cells after treatment with the miRNA675-5p
inhibitor (Figure 3A). In accordance, molecular assays showed
down-regulation of some of the genes involved in ROS detoxifica-
tion, such as Superoxide Dismutase 1 (SOD-1) and Catalase
(CAT-1) (Figure 3B). In addition, real-time PCR analysis supported
what we previously observed, reporting the significant down-regula-
tion of some anti-oxidant factors such as the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) and Nuclear factor
erythroid 2-related factor 2 (NRF2, NFE2L2) (with a concomitant,
significant increase in KEAP-1 transcriptional expression, which al-
lows the selective inhibition of NRF2 activity) (Figure 3C).

Therefore, we investigated whether the effect of the inhibitor was
principally mediated by the triggering of the oxidative stress switch
on. For this reason, we tried to block the miRNA675-5p inhibitor
ROS release by the mitochondrion by concomitantly treating cells
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Figure 1. miRNA657-5p inhibitor has an anti-proliferative effect mediated by HIF-1a down-regulation

(A) Viability of TMZ-resistant glioma cell lines (T98, LN18, and U118) cells, assessed by means of Trypan blue exclusion test, and expressed as the percentage of viable cells
compared with untreated cells after treatment with miRNA675-5p inhibitor for 18 h. **p < 0.01 vs. scramble-treated cells. (B) ATP level in T98, LN18, and U118 cells analyzed
by Cell Tox Green kit and expressed as relative fluorescence units compared with scramble-treated cells. ***p < 0.001 vs. control cells. (C) Gene expression analysis for BAX,
BAD, and BCL-2 analyzed by real-time PCR in T98, LN18, and U118 cells after treatment with miRNA675-5p inhibitor. Data were normalized to -ACTIN, and the AACt
values were expressed as fold of induction (FOI) of the ratio between treated and scramble-treated cells. *p < 0.05; **p < 0.01 inhibitor- vs. scramble-treated cells. (D)
Analysis of caspase 3/7 activity evaluated by Caspase-Glo 3/7 Assay and expressed as relative luminescent units. **p < 0.01 and ***p < 0.001 inhibitor- vs. scramble-treated
cells. (E) In silico analysis of an integrative map reconstructed after the public database (The Cancer Genome Atlas Program) interrogation based on protein-protein interaction
(called interactome). (F) Gene expression analysis for HIF-1a analyzed with real-time PCR in T98, LN18, and U118 cells after treatment with miRNAG75-5p inhibitor. Data
were normalized to f-ACTIN, and the AACt values were expressed as the FOI of the ratio between treated and scramble-treated cells. *“p < 0.01 inhibitor- vs. scramble-
treated cells. (G) ELISA-based HIF-1a nuclear (black columns) and cytoplasm (gray columns) quantification after miRNA675-5p inhibitor treatment. The data are expressed as
absorbance at 450 nm. **p < 0.01 and ***p < 0.001 vs. control cells in nuclear vs. cytoplasmatic localization.

Graphs represent mean values + SD of three independent experiments.

with the mitochondrial scavenger MitoTEMPO."” Unsurprisingly,
we observed a statistically significant restoration of ATP release
(Figure 3D) when the cells were treated with miRNA675-5p inhibitor
and MitoTEMPO. The increase of mitochondrial ROS is also related
to the induction of pro-apoptotic genes. Indeed, real-time PCR as-
says for apoptotic genes confirmed these data, showing a decrease
in the pro-apoptotic gene BAX and BAD and an increase in the
BCL-2 anti-apoptotic factor, in all the glioma cells treated with
miRNA675-5p inhibitor in the presence of MitoTEMPO (Figure 3E).

To validate these findings, we analyzed the level of the anti-
oxidant molecule glutathione (GSH) by a biochemical approach.

This assay reported a statistically significant GSH increase
after miRNA675-5p inhibition in all the treated cells (Figure
3F). The observed increase is higher in resistant T98 cells that
already have higher ROS levels. It is worth noting that, along
with the increase of the reduced form of GSH, we observe also
higher levels of its oxidized form (GSSG). The GSH/GSSG
ratio, a well-established marker of oxidative stress, increases in
U251 cells after treatment with the inhibitor, and remains un-
changed after the same treatment in the T98 cell line compared
with the control (Figures 3G and 3H). This further supporting
the hypothesis that miRNA675-5p inhibitor can alter anti-oxidant
defenses.
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Figure 2. miRNA675-5p inhibitor is efficacy effective in controlling on cell motility

(A) ELISA for human MAPK and (B) for human TGF-B. The concentration of the target substance (expressed as ng/mL), in scramble (CTRL) or miRNA675-5p inhibitor-treated
cells, is proportional to the OD450 value. ***p < 0.001 vs. scramble treated cells (CTRL); #p < 0.05 of U251 CTRL vs. resistant cell ine CTRL. (C) Gene expression analysis for
TGF-p and MAPK analyzed by real-time PCR in all cells. Data were normalized to g-ACTIN, and the AACt values were expressed as fold of induction (FOI) of the ratio between
treated and scramble-treated cells. **p < 0.001 of miRNA675-5p inhibitor-treated vs. control cells. (D) Images of U251 (left) and T98 (right) were acquired at oil 100x
magnification with a Nikon Eclipse 80i fluorescence microscope. The first line represents SNAIL staining (green); the second line shows E-CADERIN staining (green). Nuclei
are counterstained in blue with DAPI. Cell morphological analysis was performed by using the Imaged software (NIH). (E and F) Scratch tests were performed after treatments
in all glioma cell lines. The wound closure percentage compared with controls was analyzed and quantified (F) with Imaged software. *“p < 0.01 treated vs. scramble-treated
cells. (G) Gene expression analysis for EMT-related genes (SLUG, SNAIL, ZEB1, and E-CAD) analyzed by real-time PCR in all cells. Data were normalized to f-ACTIN, and the
AACt values were expressed as the FOI of the ratio between treated and scramble-treated cells. “o < 0.05 and **p < 0.01 of mIRNAG75-5p inhibitor-treated vs. control cells.
Graphs represent mean values = SD of three independent experiments.

Analysis of the metabolic and adaptive rearrangements after our group has largely characterized T98 cells in several published pa-
miRNA675-5p inhibition pers.'®*! Thus, we explored what happened in U251 and T98 cells
Since the three resistant cell lines, T98, LN18, and U118, had the  after treatment with miRNA675-5 inhibitor to explore their molec-
same behavior after treatment with the inhibitor, we chose T98 as  ular and metabolic rearrangements. The initial metabolic profiling
a reference cell line for the TMZ-resistant group, as well as because  of these cell lines was evaluated using liquid chromatography-mass
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Figure 3. miRNA675-5p inhibitor effect is due to oxidative stress

(A) Luminescent assay (ROS-Glo H202 Assay kit) was applied to measure H,Os levels in cell culture medium of different cell lines after treatment with scramble (as control)- or
miRNA675-5p inhibitor. Data were expressed as relative luminescence units (RLUs) obtained by luciferase counts normalized for the amount of total proteins quantified by
Bradford assay. ***p < 0.001 vs. control cells; #p < 0.05 U251 vs. average ROS level in T98, LN18, and U118 cells. (B) Gene expression analysis for detox-related genes
(SOD-1 and CAT-1) and (C) for HIF-1a-related genes (NRF-2, Nf-kb, and KEAP1T) analyzed by means of Real-time PCR in all cells. Data were normalized to g-ACTIN, and the
AACt values were expressed as the FOI of the ratio between treated and scramble-treated cells. *p < 0.05, **p < 0.01; ***p < 0.001 vs. scramble-treated cells. (D) ATP levels in
U251, T98, LN18, and U118 cells after treatment with MitoTEMPO, a ROS scavenger, and inhibitor analyzed by Cell Tox Green expressed as relative fluorescence units
compared with inhibitor-treated cells alone. *p < 0.01, **p < 0.001 vs. inhibitor-treated cells; ###p < 0.001 inhibitor + MitoTEMPO vs. inhibitor alone. (E) Gene expression
analysis of apoptosis-related genes (BAX, BAD, and BCL-2) by real-time PCR in all cells after inhibitor of inhibitor + MitoTEMPO treatment. Data were normalized to f-ACTIN,

(legend continued on next page)
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spectrometry (LC-MS) metabolomics analysis of control cells. Statis-
tical and enrichment analyses identified 30 metabolites that exhibited
statistically significant differences between the two cell lines at the
basal level. These metabolites are primarily associated with gluta-
mate metabolism, the Warburg effect, and ammonia recycling (as de-
picted in Figure S1). Subsequently, we analyzed the metabolic effects
of the treatment with miRNA675-5p inhibitor on the two cell lines.
In this set of experiments, we introduced the treatment with an
miRNA675-5p mimic, aiming to compare the metabolomic changes
driven by the presence of up-regulated miRNA675-5p. Hierarchical
clustering and principal component analysis for both T98 and U251
cells revealed a more similar metabolic signature between the mimic-
treated and scramble cells compared with the miRNA675-5p inhib-
itor-treated cells (Figure 4A). This observation suggests a significant
impact on metabolism in the inhibited cells, whereas the effect of the
mimic was minimal. Although the two untreated cell lines display
distinct metabolic characteristics (Figure S1), a detailed analysis of
the metabolic impact of the inhibitor reveals a reduction in the levels
of metabolites associated with the pentose phosphate pathway
(PPP) in both cell lines. Specifically, metabolites such as glucose
6-phosphate, ribulose 5-phosphate/xylulose 5-phosphate, and sedo-
heptulose 7-phosphate exhibit down-regulation (Figure 4B). Along
with PPP components, a dramatic reduction of amino acids associ-
ated with anti-oxidant machinery (specifically serine, glycine,
cysteine, and proline) was observed in inhibitor-treated cells
compared with control ones (Figure 4C).

Starting from the assumption that the uncontrolled growth and divi-
sion of the cells supports their ability to spread and migrate
throughout the body, changes in the cell cycle were studied in
U251 and T98 cells. Notably, cells responded to miRNA675-5p in-
hibitor with a reduction of S phase and an increase in the percentage
of cells in GO/G1 and G/2 phase, suggesting that the cells are thus less
cycling (Figure 4D).

Metabolic rearrangement in the residual cells to maintain redox
balance and cell survival after miRNA675-5p inhibitor treatment
miRNA675-5p inhibition influences not only the anti-oxidant ma-
chinery but also the level of several metabolites, producing a meta-
bolic rearrangement.

After treatment with the inhibitor, an up-regulation of glutamine
metabolism has been observed, with remarkably increased levels of
glutamine and glutamate in treated cells compared with the controls,
across both cell lines (Figure 5A). Additionally, an increase in the
levels of tricarboxylic acid (TCA) cycle intermediates has been
measured (Figure 5B). It is also noteworthy that there has been an
increase in lactate levels (Figure 5A), which is likely the result of glu-
taminolysis. The elevation in TCA cycle intermediates and lactate

Molecular Therapy: Nucleic Acids

levels is statistically significant in both cell lines but is markedly
more pronounced in the TMZ-resistant cell line. These adaptive re-
sponses may collectively represent an attempt to survive, character-
ized by this distinctive metabolic rearrangement.

miRNAG675-5p sensitizes resistant cells to subsequent TMZ
treatment

To better understand the molecular profile of T98 cells after treat-
ment with the inhibitor and how these changes may increase their
susceptibility to TMZ, we further explored one of the pathways iden-
tified by interactome analysis (Figure 1D), the one involving HIF-1a
and RPTOR.

The contribution of this protein in the U251 and T98 lines was
compared after inhibitor and TMZ treatment (Figures 6A and 6B).
U251 and T98 cells presented a different basal level of RPTOR pro-
tein, with a greater amount in T98 cells compared with U251 cells. In
both cell lines, TMZ failed to produce a statistically significant mod-
ulation of the RPTOR protein. miRNA675-5p inhibitor did not
modify RPTOR level in U251 cells, while it statistically reduced its
level in T98 cells. Combined treatment with TMZ and the inhibitor
only in U251 cells induced a statistically significant decrease in
RPTOR level while it induced no reduction in T98 cells.

Following, we treated TMZ-resistant T98 cells firstly with the inhib-
itor and then with TMZ after 24 h of maintenance in fresh medium.
Cell viability was then tested after 24 h TMZ treatment and, surpris-
ingly, in both cell lines the treatment showed a significant increase in
the percentage of dead cells compared with cells not treated with
TMZ (Figures 6C and 6D), and this finding is of particular interest
and importance in resistant cell lines. To support these data, gene
expression analysis for apoptosis highlighted an increase in the
pro-apoptotic genes BAX and BAD and a reduction in the anti-
apoptotic gene BCL-2 (Figure 6E). The data support the idea that
the inhibition of miRNA675-5p can sensitize T98 cells to chemo-
therapy to which they were previously refractory.

Since miRNA-675-5p is considered a hypoxic miRNA, we also pro-
ceeded to analyze the levels of this transcription factor. The study of
the expression of HIF-Ia on both U251 and T98 cells revealed that
the two lines have a differential expression of HIF-Ia at the basal
level, with a higher level in T98 compared with U251 cells. Treatment
with the miRNA675-5p inhibitor in T98 cells brought HIF-1a back
to a level comparable with that measured in U251 basally, thus mak-
ing the two lines similar from the point of view of HIF-Ia expression.
In contrast, a single treatment with TMZ in T98 cells increased this
level. Significantly, treating T98 cells with the inhibitor and then with
TMZ reduced the level of HIF-1a even more than with the inhibitor
alone (Figure 6F).

and the AACt values were expressed as the FOI of the ratio between MitoTEMPO plus inhibitor and inhibitor-treated cells. (F-H) Relative GSH (F) and GSSG (G) abundance
and GSH/GSSG ratio (H) in U251 and T98 cell line in control condition vs. inhibitor-treated cells obtained by LC-MS analysis (n = 9). ***p < 0.001 vs. scramble-treated cells;
#p < 0.05 and ###p < 0.001 U251 scramble-treated (control) cells vs. T98 scramble-treated (control) cells.

Graphs represent mean values + SD of three independent experiments.
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By evaluating the expression level of miRNA675-5p and HIF-1a in
T98 cells, we observed a statistically significant reduction of both
molecules after treatment with TMZ only when it occurred after in-
hibition treatment and refresh period (Figure 6G). In contrast, T98
cells directly treated with TMZ showed an increase in viability and
HIF-1a expression as well as activity after 24 h of treatment with
TMZ),'®"” supporting the idea that prior inhibition of miRNA675-
5p sensitized the cells to TMZ.

DISCUSSION

Treatment of glioma remains a challenge in oncology research. The
identification of new therapeutic strategies, aimed at overcoming the
inevitable establishment of resistance and the onset of relapses, is of
extreme importance. In fact, the first-line treatment for a newly diag-
nosed glioma, irrespective of histological grade, involves TMZ; how-
ever, resistance occurs, resulting in tumor growth and progression.
In addition, even if a large area beyond the tumor is usually included
in a maximally safe surgical resection,”” the extent of surgery is inev-
itably limited by the cerebral anatomy,”* and infiltrated residual cells
often give rise to recurrence.”

In this context, the work presented herein describes the efficacy of
miRNAG675-5p inhibition in a panel of GBM cell lines known to be
resistant to TMZ, also describing the molecular and metabolic re-
arrangement after treatment.

The effectiveness of this miRNA inhibitor has been already demon-
strated by our group in a TMZ-sensitive model both in vitro and
in vivo.'* Since the efficacy of this inhibitor was comparable with
that of TMZ, we studied its efficacy on resistant cell lines.

Three glioma lines, characterized to be resistant to TMZ and to have
similar genetic backgrounds but different percentages of MGMT
promoter methylation, were subjected to miRNA675-5p inhibition;
afterward cellular, molecular, and biochemical assays were per-
formed. Treatment with miRNA675-5p inhibitor reduced glioma
cell viability and cell ATP levels. Remarkably, the inhibition of
miRNA675 not only intervenes in a possible slowing of growth but
also promotes apoptosis, as supported by the negative modulation
of BCL-2, similar to that observed in several anti-tumor therapies.25

Resistance to therapies often manifests itself not only with a non-
reduction of HIF-1a but even with its induction.'® Herein, we
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demonstrated that treatment with the miRNA675-5p inhibitor
reduced HIF-1a expression and its nuclear translocation, which is
necessary for its activity. Contemporaneously, we observed that
both MAPK/extra-cellular signal-regulated kinase (ERK) and TGF-
B pathways are decreased, highlighting that miRNA675-5p inhibi-
tion acts up-stream to HIF-1a. This sheds light on the fact that the
inhibitor exerts its activity not in a direct way on the transcription
factor but through the inhibition of one of its activation molecules
and confirms that its activity plays a part, among other things, in
the proliferation processes of gliomas.”>*” In addition to the influ-
ence on proliferation, the MAPK/ERK pathways also regulate the
EMT, and we showed that the miRNA675-5p inhibitor is endowed
with the ability to modulate the migratory potential of cells as well.
Indeed, the inhibitor reduced the mesenchymal-like characteristics
associated with cell migration, since expression of pro-mesenchymal
genes such as SNAIL, SLUG, and ZEBI were significantly compro-
mised by the treatment. On the contrary, the epithelial phenotype
was favored by the increase in the expression and activity of E-cad-
herin.*® These modulations reduce cell mobility and migratory
ability.

Since tumor cells often exhibit a dysregulated redox balance
compared with normal cells, ROS modulation is an intriguing
approach for the treatment of glioma. For instance, the combina-
tion of ROS-modulating agents with traditional chemotherapy or
targeted therapy may overcome resistance mechanisms and
improve treatment outcomes.’”?" In our hands, the resistant
cell lines respond to the inhibitor with an increase in the release
of ROS and a concomitant slowdown, at the transcriptional
level, of the detoxification system mediators. In particular, it
should be noted that NRF2, the most well-known regula'[or“’32
of the oxidative stress-induced system, is negatively modulated
by the treatment, as supported by the literature.”> >’ Moreover,
recent studies have highlighted the negative prognostic role of
NRF2, since its inhibition could be considered as a strategy to
induce oxidative stress and processes related to cell death, also

ol 38,39
in glioma.

To study the leading role of oxidative stress within the effect of the
miRNAG675-5p inhibitor, we treated cells with a mitochondrial
ROS scavenger, MitoTEMPO. In TMZ-resistant cells, ROS scav-

enging with MitoTEMPO nullifies miRNA675-5p inhibitor activity.
This result suggests that the presence of ROS in the glioma cells,

Figure 4. Analysis of metabolic and adaptive rearrangements after miRNA675-5p inhibition

(A) (Left) Untargeted metabolic profiling shown as a hierarchical clustering heatmap containing significantly different intracellular metabolites as detected by LC-MS in U251
cells (top) or T98 cells (bottom) treated with scramble vs. inhibitor vs. mimic. Colors represent different levels that increase from blue to red. (Right) Principal component
analysis scores plot between the first two principal components in U251 cells (top) or T98 cells (bottom) treated with scramble vs. inhibitor vs. mimic. The explained variances
are shown in brackets on title axis. Heatmaps and PCAs were obtained by Metaboanalyst 5.0. (B and C) Relative abundance of metabolites involved in PPP pathway (B)
(glucose-6P, ribulose-5P and xylulose-5P ratio, and sedoheptulose-7P) and amino acids involved in redox metabolism (C) (serine, cysteine, proline, and glycine) in U251 and
T98 cells treated with scramble- vs. inhibitor-treated cells obtained by LC-MS (n = 9). **p < 0.001 vs. scramble-treated cells; ###p < 0.001 U251 scramble-treated (control)
cells vs. T98 scramble-treated (control) cells. (D) Cell cycle measured with propidium iodide labeling of scramble- or inhibitor-treated cells analyzed by FACSCalibur flow

cytometer (BD Biosciences) on U251 (top) and T98 cells (bottom).
Graphs represent mean values + SD of three independent experiments.

8 Molecular Therapy: Nucleic Acids Vol. 37 March 2025



www.moleculartherapy.org

A
L-Lactic Acid Glutamine Glutamate
= U251 =3 U251 =1 U251
40000 40000 =3 T98 150000 =3 T98
=3 T98 foiniad
g 8 xkk 3
S 30000 E 30000 T S ok ik
T T 100000
H T 3 20000 L M 3 -
2 20000 ] 3000 - s
(3 o HEE o
2 T £ 2000 ! £ 50000
> 100004 - 5 5
& o 1000 Ill 12 |=|
0- oL L T T 01— T T T
£ v £ $ $
& & & Qd & L 8 L O
FF & A A [AIFCOERAN
& RS & & & &
Citric Acid
U251
B
8
Malic Acid s
= U251 5
100000 *%% pm TO8 ﬁ
g 2
H k]
3 &
H
|
4 Acetyl CoA /
3 S
‘\ y \ AKG
C=) U251
\\rco .
Krebs Cycle ) g
, -] ——\ §
/ ©
Fumaric Acid s e 3
30000 ma U251 8
=a T98 FAD - Socck] Cok NADH 3
8
g \7(
2 20000 l ATP  ADP
5
H
]
°
2 10000
5
&
8000

o
=3
=3
=3

FN
S
=3
3

N
=1
=1
3

Relative abundance

Figure 5. Analysis of amino acid and TCA component levels after miRNA675-5p inhibition

(A) Relative abundance of the amino acids glycine (left), glutamate (center), and glutamine (right), and (B) TCA cycle components (citric acid, a-ketoglutarate [AKG]-succinic
acid, fumaric acid, and malic acid) in U251 and T98 cells treated with scramble or inhibitor obtained by LC-MS (n = 9). ***o < 0.001 vs. scramble-treated (CTRL) cells;
#p < 0.05 and ###p < 0.001 U251 scramble-treated (control) cells vs. T98 scramble-treated (control) cells.

Graphs represent mean values + SD of three independent experiments.

probably induced by miRNA675-5p inhibitor, is necessary for its
efficacy.

Another issue concerning GBM management is the ability of
those cells to adapt to anti-tumor treatments by implementing
cellular, molecular, and biochemical rearrangements, as well

as the reprogramming of several adaptative processes.*” This
metabolic and molecular plasticity observed in cells that survive
after miRNA675-5p inhibition can be studied to comprehend
how cells respond to the treatment and to develop efficient stra-
tegies to face these cells to limit minimal residual disease or
recurrences.
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Figure 6. miRNA675-5p sensitizes resistant cells to subsequent TMZ
treatment

(A and B) Representative images of immunoblots (A) and quantification histograms
(B) of regulatory associated protein of mtor complex 1 (RPTOR) expression. RPTOR
level was assessed in U251 (left) and T98 (right) scramble (black bars) cell lines,
treated with TMZ (light gray bars) miRNA675-5p inhibitor (gray bars), or inhibitor
followed by TMZ treatment (dark gray bars). Mean + SD. *Significant difference,
ANOVA and Tukey'’s test, n = 3, p < 0.05. (C) Viability of resistant glioma cell lines
(T98) cells, assessed by means of Trypan blue exclusion test, and expressed as live
or dead cells after miRNAG75-5p inhibition and subsequent TMZ challenge, in
absence or presence of the refresh period. **p < 0.01 dead vs. live cells; ##p < 0.01
dead cells in control vs. TMZ-treated cells. (D) Cytotoxicity evaluation of the average
of T98, LN18, and U118 cells analyzed by Cell Tox Green expressed as relative
fluorescence units (RFUs) compared with scramble-treated cells, in absence or
presence of the refresh period. (E) Gene expression analysis of apoptosis related
genes (BAX, BAD, and BCL-2) by real-time PCR in all cells after TMZ treatment
subsequent to MIRNAB75-5p inhibition. Data were normalized to -ACTIN, and the
AACt values were expressed as fold of induction (FOI) of the ratio between
inhibitor + TMZ- and scramble + TMZ-treated cells. **p < 0.01, **p < 0.001 of
inhibitor + TMZ- vs. scramble + TMZ-treated cells. (F) Comparison of HIF-1a
expression level between U251 basal level and T98 basal and treated cells. Data
were normalized to f-ACTIN, and the ACt values were depicted in the graph.
**p < 0.01 inhibitor alone vs. inhibitor + TMZ treatment. (G) Gene expression analysis
of HIF-1a and miRNAG675-5p levels by real-time PCR in all cells after TMZ treatment
subsequent to MIRNAG75-5p inhibition. Data were normalized to s-ACTIN or U6,
respectively housekeeping reference for gene and miRNA expression, and the
AACt values were expressed as FOI of the ratio between inhibitor + TMZ- and
scramble + TMZ-treated cells. *p < 0.05, **p < 0.001 inhibitor + TMZ-vs.
scramble + TMZ-treated cells.

Since we stated that an increase in the ROS level is fundamental in
the effect of miRNA675-5p inhibitor, the level of GSH, a leading
detoxification factor, was first evaluated. Cells respond to
miRNA675-5p inhibitor by trying to increase GSH levels. However,
the counterpart GSSG (deriving from oxidation of GSH) was also
increased, indicating that the cellular redox status was altered. This
supports the efficacy of the miRNA675-5p inhibitor and underscores
the importance of maintaining a balance between pro-oxidant and
anti-oxidant molecules. To note, the role of miRNA675-5p has
also been discussed in other pathologies characterized by an imbal-
ance in the redox potential. In fact, studies related to myopathies
due to gene modulations affecting skeletal muscle,"’ myocardial
ischemic injury,”” and diabetic cardiomyopathy® highlighted the
relationship between miRNA675-5p and oxidative stress.

For what concerns the metabolic changes in residual cells surviving
the treatment, it was evident that the miRNA675-5p inhibitor in-
duces significant metabolic alterations compared with those in
scramble- and mimic-treated cells. The metabolic profile is similar
between cells in which the presence of miRNA was not altered and
cells in which miRNA675-5p was up-regulated, supporting the
idea that miRNA675-5p acts to sustain cell viability and growth.
Conversely, the inhibition of miRNA675-5p generated a metabolic
switch in the residual cells.

In inhibitor-treated cells, we observed a decrease in PPP metabolites
and in several amino acids related to redox metabolism. The decrease
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in the PPP intermediates determines a reduction of nicotinamide
adenine dinucleotide phosphate (NADPH) production, leading to
a decrease in the reducing potential of the cells. This impairment
supports once again that miRNA675-5p inhibition exposes cells to
increased oxidative stress. Along with its role in supporting redox
homeostasis, PPP is a key pathway in nucleotides, lipids, cholesterol,
and amino acids synthesis, promoting rapid cell proliferation in glio-
blastomas.** It has been demonstrated that GBM exhibits elevated
levels of PPP precursors, including 6PG, R5P, X5P, and S7P, conse-
quent to hypoxia.*> Some evidence in the literature shows that the
enzymes of this pathway have already been used as pharmacological
targets in GBM,*® and miRNA675-5p inhibition can be included in
the framework of these treatments, which are aimed at down-regu-
lating this pathway. Regulation of redox homeostasis and hypoxia-
related metabolism is not limited to PPP but involves several other
actors, including amino acids. It has been demonstrated that the
serine synthesis pathway is up-regulated in several GBM cell lines
under hypoxic conditions, leading to increased levels of serine and
glycine within the cell.*’ The activation of this pathway has been
shown to enhance nucleotide synthesis and NADPH production,
thereby boosting the antioxidative capacity of the cell. In addition,
it has been demonstrated that both proliferation and survival are
impaired by serine pathway inhibition under nutrient and oxygen
deprivation.”” Cysteine is another essential amino acid in redox ho-
meostasis, as it is a key component of the primary anti-oxidant GSH
and also acts as a potent anti-oxidant on its own.** Cysteine has been
demonstrated to be a limiting factor in the proliferation and survival
of gliomas in vivo. This is due to the fact that gliomas are incapable of
synthesizing cysteine within the cell and thus are reliant on acquiring
cystine from the microenvironment.*” Also, proline has a role in
maintaining redox balance in cells, being involved through its syn-
thesis/degradation cycle in the net production of NADP/NADPH.”
All these amino acids result to have lower levels after miRNA675-5p
inhibition thereby reinforcing the role of this treatment in increasing
oxidative stress.

In addition to this panel of down-regulated metabolic pathways, which
lead to a decreased proliferative capacity of the tumor cells, our metab-
olomics approach also facilitated the identification of other pathways
impacted by the treatment. These may instead be linked to resistance
strategies that the cells are implementing for survival. In particular,
we observed a concomitant increase of TCA intermediates and gluta-
mine/glutamate levels, indicating a metabolism that could be sustained
by glutamine instead of glucose.”’ > The reduction measured in
glucose-6-phosphate and PPP could be due to the observed decreased
level of GLUT-3 expression (data not shown).”* Glucose deprivation
has been shown to stimulate compensatory pathways, including gluta-
minolysis. This pathway is responsible for the generation of cellular en-
ergy from the degradation of glutamine. The process thus enables the
replenishment of the TCA cycle through anaplerotic reactions to main-
tain cycle function.”® This alternative process has been already
described in glioma as a final escape attempt.***>>* The identification
of activation of these alternative pathways following treatment has the
potential to provide insights into the selection of combination therapy

that is more effective than current methods. This could involve the use
of a second drug that directly or indirectly targets the newly identified
pathways. For instance, the inhibition of glutaminase, the enzyme
responsible for converting glutamine into glutamate, has been shown
to effectively eliminate glioblastoma stem-like cells. These cells play a
critical role in therapy resistance and tumor recurrence, making their
eradication essential for improving treatment outcomes and prevent-
ing relapse.”® The combined use of miRNA675-5p and glutaminase in-
hibitors may be a promising approach that merits further investigation
in subsequent studies.

Metabolism and the cell cycle are strongly related, and there is a bidi-
rectional relationship between them. Indeed, after treatment with the
inhibitor, the percentage of cells in S phase was reduced, with a
greater percentage of cells confined in the GO/G1 phase of the cell
cycle. Generally, these cells are considered dormant and resist the ef-
fects of chemotherapy and radiotherapy, suggesting an escape mech-
anism of the cells.”” However, this status could also indicate senes-
cence, an irreversible status in which cells are arrested.”® This
status could be very interesting in the glioma because it could indi-
cate a lower probability of relapse of the disease. In both cases, com-
bination therapies that target both proliferating and surviving tumor
cells at different stages of the cell cycle may be more effective in erad-
icating glioma and preventing recurrence.

All these data provide clues about the establishment of a less aggres-
sive behavior or a more susceptible phenotype to TMZ therapy in re-
sidual cells treated with miRNA675-5p inhibitor, as demonstrated by
the analysis of RPTOR levels even in U251 cells that are already sen-
sitive to TMZ.

To note, RPTOR is required for the regulation of mTORCI1, whose
activation (influencing also HIF-la activity) has been associated

59-61

with malignancies.

These findings revealed compelling evidence even in previously
resistant cells. After treatment with the inhibitor, cells become sen-
sitive to TMZ treatment after a refresh period. This is corroborated
by a decrease in viability and an increase in cytotoxicity and in the
expression of BCL-2 and a concomitant increase in BAX and BAD
genes. Furthermore, after the refresh period, sensitized T98 cells
showed a HIF-1la expression comparable with that observed in sen-
sitive U251 cells. This could be of extreme importance in the man-
agement of glioma patients, since cells could be re-sensitized to
TMZ, permitting them to be treated again.

These findings therefore suggest a potential mechanism by which
resistant cells can rearrange themselves after treatment with the
miRNA675-5p inhibitor. However, further studies will be necessary
to definitively characterize how the inhibitor works and how cells
recover responsiveness to TMZ.

Considering all our results, it has been demonstrated that the
pathway related to oxidative stress and HIF-la is of extreme
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importance both in the induction of the primary cytotoxic effect and
in targeting the residual cells. Probably after having developed an
attack strategy, it will be necessary to re-modulate the therapeutic
strategy considering that the cells acquire different characteristics
and behaviors. Understanding the metabolic rearrangements driven
in glioma is crucial for developing targeted therapies aimed at dis-
rupting the different involved pathways.

By combining these approaches and continuously exploring new
therapeutic avenues, it may be possible to overcome resistance and
effectively target residual glioma cells, improving patient outcomes
and survival rates.

MATERIALS AND METHODS

Cell lines and reagents

U251 (ICLC, Ospedale San Martino, Genova, Italy), T98, LN18 and
U118 ATCC (American Type Culture Collection, Manassas, VA,
USA) were maintained in RPMI1640 (U251 and T98) or DMEM
High Glucose (LN18 and U118), both supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/mL penicillin and
100 mg/mL streptomycin, and 2 mM glutamine (all Euroclone, Mi-
lan, Italy) in a humidified atmosphere of 5% of CO, at 37°C.

Cell transfection

For cell transfection, Attractene Transfection Reagent (cat. number
1051531, Qiagen, Hilden, Germany) was used following the manu-
facturer’s indication. Briefly, for all the experiments glioma cells
were seeded at 10,000 cells/cm? and transfected with 15 pmol/mL
of hsa-mir675-5p inhibitor (custom made by Eurofins Genomics, Vi-
modrone, Milan, Italy), or scrambled negative control (custom made
by Eurofins Genomics). Eighteen hours after transfection, the me-
dium was collected and the cells were processed for the following
assays.

Cell viability, ROS, and caspase assays
The cytotoxicity of treatments was tested utilizing Cell ToxGreen
Cytotoxicity Assay kit and Cell Titer-Glo Luminescent Cell Viability
Assay (all Promega, Madison, WI, USA).

The ROS content after all treatments was tested by using ROS-Glo
H,0, Assay kit and the caspase 3 and 7 activity was evaluated by us-
ing the Caspase 3/7 Assay kit (both from Promega). All assays were
performed by using commercially available kits and were carried out
according to the manufacturer’s instructions.

RNA extraction and real-time PCR

Total RNA was isolated using TRIzol reagent (Life Technologies,
Carlsbad, CA, USA) and it was reverse transcribed to cDNA using
a High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Waltham, MA, USA) and the Mir-X miRNA First-Strand
Synthesis Kit (Takara Bio) for miRNA675-5p) following the manu-
facturer’s instructions. The cDNA was diluted and used for the
real-time PCR analysis. The real-time PCRs were performed in trip-
licate for each data point by using the Sybr Green technique; the ol-

12 Molecular Therapy: Nucleic Acids Vol. 37 March 2025

Molecular Therapy: Nucleic Acids

igonucleotides used are shown in Table 1. Target mRNA content
changes in relation to the -ACTIN or U6 for miRNA675-5p analysis
housekeeping gene were determined using the AACt method (repre-
sented as fold of induction and compared with control levels).”

HIF-1a quantification

An ELISA-based kit (TransAM Kit, Vinci-Biochem, Florence, Italy)
was used to detect and quantify HIF- 1o transcriptional factor activity
following the manufacturer’s instructions. Briefly, nuclear extracts
were firstly prepared using the Nuclear Extract Kit (Vinci-
Biochem) and 8 pg of the samples were added to the coated plate
and analyzed. Data were expressed as HIF-la protein content in
the total nuclear extract (absorbance).

Wounding assay

For the wound healing assay, at the end of the treatment, a wound
was created by manually scraping the confluent glioma monolayer
with a p200 pipette tip. Images at time zero (t = 0 h) were acquired
to record the initial area of the wounds, and the recovery of the
wounded monolayers due to cell migration toward the free area
was evaluated at 24 h (t = 24 h). The area of wound was quantified
by Java’s Image] software (http://rsb.info.nih.gov, National Institutes
of Health [NIH], Bethesda, MD, USA) and the migration of cells to-
ward the wounds was expressed as percentage of wound closure: % of
wound closure = [(A(t=0h) — A(t=24h))/A(t=0h)] x 100, where
A(t=0h) is the area of wound measured immediately after scratch-
ing, and A(t = 24 h) is the area of wound measured 24 h after
scratching.

Immunofluorescence

We seeded 10,000 cells/cm? GBM cells on adherence round glass
slides and cultured in with their own media and transfected with
hsa-mir675-5p inhibitor or scrambled negative control. Eighteen
hours after transfection, the cells were washed by PBS and fixed
for 30 min at 37°C with 4% paraformaldehyde. After that, the
round glass slides were further washed with PBS and permeabi-
lized with PBS/FBS 5%/Triton 0.3% solution for 10 min at 4°C.
After washing with PBS, the cells were incubated with a blocking
buffer composed of BSA 2% in PBS tween 0.1% for 30 min at
room temperature. The cells were incubated overnight at 4°C
with the following primary antibodies against Tubulin (sc-5286,
Santa Cruz Biotechnology, Dallas, TX, USA), or E-CADHERIN
(SAB4503751, Sigma-Aldrich, St. Louis, MO, USA). Thereafter,
cells were labeled with 488 Alexa Fluor-conjugated secondary an-
tibodies (Invitrogen, Waltham, MA, USA) for 30 min at room
temperature in the dark. Nuclei were blue counterstained with
DAPI (InVitrogen).

Next, cells were washed with PBS and slides were closed with glass
coverslips using a clear mount solution (Invitrogen). Images
were acquired at oil 100x magnification with a Nikon Eclipse
80i fluorescence microscope. Cell morphological analysis
was performed by using the Image] software (http://rsb.info.nih.

gov, NIH).
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Table 1. Primers details

Gene Forward 5'-3' Reverse 5'-3'

p-ACTIN TCAAGATCATTGCTCCTCCTG CCAGAGGCGTACAGGGATAG
BAD CCCAGAGTTTGAGCCGAGTG CCCATCCCTTCGTCGTCCT

BAX ATGGACGGGTCCGGGGAG ATCCAGCCCAACAGCCGC
BCL-2 GATTGTGGCCTTCTTTGAG CAAACTGAGCAGAGTCTTC
CAT-1 TAAGACTGACCAGGGCA CAAACCTTGGTGAGATCGAA
E-CAD GATCAAGTCAAGCGTGAGTCG AGCCTCT CAATGGCGAACAC
HIF-1a TGATTGCATCTCCATCTCCTAC GACTCAAAGCGACAGATAACACG
KEAP1 CAACTTCGCTGAGCAGATTGGC TGATGAGGGTCACCAGTTGGCA
NF-KB GCAGCACTACTTCTTGACCACC TCTGCTCCTGAGCATTGACGTC
NRF-2 CACATCCAGTCAGAAACCAGTGG GGAATGTCTGCGCCAAAAGCTG
SLUG CATGCCTGTCATACCACAAC GGTGTCAGATGGAGGAGG
SNAIL GCGAGCTGCAGGACTCTAAT CCCGCAATGGTCCACAAAAC
SOD-1 AACTGCAACAGCTGTGGG ACATTGCCCAGGTCTCCC

ZEB-1 GGCATACACCTACTCAACTACGG TGGGCGGTGTAGAATCAGAGTC

Primer sequences (forward and reverse) used to amplify the genes, listed in alphabetical order.

Metabolite extraction from cell culture for LC-MS

At the end of treatment, cells were washed with a 0.9% NaCl solution
(Sigma-Aldrich) and subsequently quenched with an ice-cold
mixture of 70:30 acetonitrile:water (both from Honeywell, Wabash,
IN, USA). The plates were then placed at —80°C for 10 min, followed
by collection through scraping and sonication (twice for 5 s each, at
70% power). After centrifugation at 12,000 g for 10 min, the super-
natant aqueous phases were collected in a glass insert and dried using
a centrifugal vacuum concentrator (Concentrator plus/Vacufuge
plus, Eppendorf, Hamburg, Germany) at 30°C for approximately
2.5 h. Finally, the samples were resuspended in 150 pL of H,O before
analysis.

LC-MS metabolic profiling

LC separation was conducted using an Agilent 1290 Infinity UHPLC
system with an InfinityLab Poroshell 120 PFP column (2.1 x 100 mm,
2.7 pm; Agilent Technologies, Santa Clara, CA, USA). The mobile
phase A consisted of water with 0.1% formic acid (both from Honey-
well), while mobile phase B comprised acetonitrile with 0.1% formic
acid. The injection volume was 10 pL, and the LC gradient conditions
were as follows: 0 min: 100% A; 2 min: 100% A; 4 min: 99% A; 10 min:
98% A; 11 min: 70% A; 15 min: 70% A; and 16 min: 100% A with a
2-min post-run period. The flow rate was 0.2 mL/min, and the column
temperature was maintained at 35°C. MS detection was performed us-
ing an Agilent 6550 iFunnel Q-TOF mass spectrometer equipped with
a Dual JetStream source, operating in negative ionization mode. The
specific MS parameters were as follows: gas temperature: 285°C; gas
flow: 14 L/min; nebulizer pressure: 45 psig; sheath gas temperature:
330°C; sheath gas flow: 12 L/min; VCap: 3700 V; Fragmentor: 175
V; Skimmer: 65 V; and Octopole RF: 750 V. Active reference mass
correction was achieved through a second nebulizer using masses
with m/z values of 112.9855 and 1,033.9881. Data acquisition spanned

the range of m/z 60-1,050. Subsequent data analysis and isotopic
natural abundance correction were carried out using Agilent’s
MassHunter ProFinder software, as described in Bonanomi et al.®®

Metabolomics statistical data analysis

Metabolomics data were analyzed using Metaboanalyst 5.0 (https://
www.metaboanalyst.ca/). The raw data underwent logarithmic
transformation (log10 scale) and normalization using Pareto scaling.
Subsequently, statistical analysis was conducted by applying an un-
paired t test or one-way ANOVA analysis with a significance
threshold (p value) set at 0.05. To account for multiple testing, Ben-
jamini and Hochberg false discovery rate correction was applied dur-
ing p value computation. Data visualization of significant entities was
achieved using a hierarchical clustering algorithm, allowing for the
visualization of normalized intensity values and the clustering of
both entities and conditions with similar metabolic fingerprints.
Principal component analysis results were visualized through 2D
score plots based on the first two components. Enrichment analysis
on significant entities was performed using over representation anal-
ysis against a metabolite set library from SMPDB, involving 99
metabolite sets, to identify over-represented metabolite sets based
on the hypergeometric test.

Cell cycle

Cell-cycle analysis was performed on 1 x 10° dissociated GBM:s fixed
in 70% ice-cold ethanol dropwise manner dispensed while mixing
gently on a vortex and incubated on ice for 1 h. The cells were incu-
bated with 50 pg/mL propidium iodide (Sigma-Aldrich), 3.8 mmol/L
sodium citrate (Sigma-Aldrich), and 10 pg/mL RNase (Sigma-
Aldrich) for 1 h in the dark and at room temperature. Samples
were acquired through a FACS Calibur flow cytometer (BD
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Biosciences, Franklin, NJ, USA). All data were analyzed using FlowJo
software (Tree Star, Ashland, OR, USA).

Immunoblotting

Protein extracts (50 pg) of T98 and U251 scramble cell lines, treated
with TMZ, treated with the miRNA675-5p inhibitor and treated with
the inhibitor followed by TMZ treatment were loaded in triplicate
and resolved on 7%-12% gradient polyacrylamide gels. The blots
were incubated with rabbit polyclonal anti-RPTOR antibodies
(Invitrogen, #42-4000; 1:1,000) and mouse monoclonal anti-p-actin
antibodies (Sigma, A1978; 1:3,000). After washing, the membranes
were incubated with secondary anti-rabbit antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA; 111-035-
003; 1:10,000) or anti-mouse (Jackson ImmunoResearch Labora-
tories, 115-035-003; 1:5,000) conjugated with horseradish peroxi-
dase. The signals were visualized by chemiluminescence using the
ECL Prime detection kit and the Image Quant LAS 4000 analysis sys-
tem (GE Healthcare, Chicago, IL, USA). Band quantification was
performed with Image Quant TL software (GE Healthcare), followed
by statistical analysis (ANOVA + Tukey; # = 3; p < 0.05). RPTOR
band intensities were normalized with respect to B-actin protein
levels.

Statistical analysis

The in vitro experiments were repeated three times and led to repro-
ducible results. The data are presented as the mean values + SD of
three independent experiments and were statistically analyzed using
a t test or one- or two-way ANOVA, followed by Dunnett’s or Bon-
ferroni’s multiple comparison and Prism 4 software (GraphPad Soft-
ware Inc., San Diego, CA, USA).
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