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A B S T R A C T

The imidazobenzoxazin-5-thione MV1035, synthesized as a new sodium channel blocker, has been tested on
tumoral cells that differ for origin and for expressed NaV pool (U87-MG, H460 and A549). In this paper we focus
on the effect of MV1035 in reducing U87 glioblastoma cell line migration and invasiveness. Since the effect of
this compound on U87-MG cells seemed not dependent on its sodium channel blocking capability, alternative
off-target interaction for MV1035 have been identified using SPILLO-PBSS software. This software performs a
structure-based in silico screening on a proteome-wide scale, that allows to identify off-target interactions.
Among the top-ranked off-targets of MV1035, we focused on the RNA demethylase ALKBH5 enzyme, known for
playing a key role in cancer. In order to prove the effect of MV1035 on ALKBH5 in vitro coincubation of MV1035
and ALKBH5 has been performed demonstrating a consequent increase of N6-methyladenosine (m6A) RNA. To
further validate the pathway involving ALKBH5 inhibition by MV1035 in U87-MG reduced migration and in-
vasiveness, we evaluated CD73 as possible downstream protein. CD73 is an extrinsic protein involved in the
generation of adenosine and is overexpressed in several tumors including glioblastoma. We have demonstrated
that treating U87-MG with MV1035, CD73 protein expression was reduced without altering CD73 transcription.
Our results show that MV1035 is able to significantly reduce U87 cell line migration and invasiveness inhibiting
ALKBH5, an RNA demethylase that can be considered an interesting target in fighting glioblastoma aggres-
siveness. Our data encourage to further investigate the MV1035 inhibitory effect on glioblastoma.

1. Introduction

Glioblastoma (GBM, grade IV glioma) represents the most ag-
gressive brain neoplasm and patients with GBM have a poor prognosis.
Despite various combinations of surgery, chemotherapy and radio-
therapy, GBM is characterized by frequent recurrence and very high
lethality. In fact, patients with GBM show a median survival of only
15months after diagnosis.1 The greatest challenge in developing a
therapy able to arrest GBM invasiveness is represented by glioblastoma
stem cells (GSCs) that are very heterogeneous and are responsible for
GBM chemoresistance and radio resistance as well as for the ability of
GBM to infiltrate neighbouring healthy brain tissue. Moreover drug

delivery to GBM is difficult due to the complex structure of the blood
brain tumor barrier (BBTB).2–4 Until now surgical resection followed by
radiotherapy and temozolomide (TMZ) treatment represent the stan-
dard strategy for GBM.5,6 However almost all patients manifest re-
sistance and are subject to relapses more aggressive than the primary
tumors.1

Among the various strategies that could be followed to limit the
aggressiveness of GBM, we figured out if targeting sodium channels
could have been a suitable approach. Our hypothesis was based on the
fact that several studies reported the role of Voltage-Gated Sodium
Channels (VGSCs or NaV) in cancer cells, where they seem associated
with cell migration and invasiveness.7–9
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In particular NaV are macromolecular protein complexes that are
present in both excitable and non-excitable cells. They are involved in
the generation of action potential, but also in different physiological
processes.10–12

Moreover, NaV are widely expressed in various cancers, including
small-cell lung cancer, non-small-cell lung cancer, prostate cancer,
melanoma, breast cancer, neuroblastoma, mesothelioma, cervical
cancer, ovarian cancer and gliomas.13–18

Literature data bring evidence regarding the implication of ion
channels in GBM.19–21 Since NaV1.1, NaV1.2, NaV1.3 and NaV1.6 are the
isoforms mainly expressed in the CNS,22 we have investigated the ef-
fects of some sodium channel blockers, previously synthesized by us,
with a documented blocking capability against NaV, on GBM cell pro-
liferation, migration and invasion.

Among the compounds tested (data not shown) the 2-methyl-3-propyl-
5H-imidazo[1,2-c][1,3]benzoxazin-5-thione (MV1035)23 showed a pecu-
liar activity on glioblastoma cells that, unexpectedly, seemed not related
with the sodium channel blockade (see results). In order to identify a
molecular mechanism able to justify MV1035 effect we used SPILLO po-
tential binding sites searcher (SPILLO-PBSS)24,25 to perform an in silico
screening of the human structural proteome publicly available in the RCSB
Protein Data Bank.26,27 SPILLO-PBSS is an innovative software designed to
identify target proteins of any small molecule on a proteome-wide scale.
Their putative binding sites are successfully recognized even within really
strongly distorted protein conformations.24,25

Among the top-ranked potential targets for MV1035 provided by the
in silico analysis, we focused our attention on the RNA demethylase
ALKBH5 (α-ketoglutarate-dependent dioxygenase alkB homolog 5),
which catalyses the conversion of N6-methyladenosine (m6A) to ade-
nosine in mRNA, in the presence of 2-oxoglutarate, molecular oxygen,
and iron(II).28 It is widely demonstrated that m6A RNA methylation
represents a post transcriptional modification crucial for modulating
expression of proteins involved in tumor initiation and progression.29

Interestingly, Zhang et al. have demonstrated that ALKBH5 is over-
expressed in glioblastoma stem-like cells (GSCs) being fundamental to
maintain GSCs tumorigenicity. Moreover investigating the ALKBH5
target mRNA, they have identified the gene encoding for CD73.30

Ecto-5′-nucleotidase (ecto-5′-NT, NT5E or CD73) is an extrinsic
protein linked to the extracellular surface of the plasma membrane
through glycosylphosphatidylinositol (GPI). Besides its enzymatic ac-
tivity CD73 acts as adhesive and signalling molecule influencing inva-
siveness and metastatic properties of cancer cells.31 Furthermore it has
been demonstrated that extracellular adenosine influences glioma
proliferation32 and CD73 promotes glioma cell line growth.33,34

Here we show, integrating cellular, molecular and in silico techni-
ques, that MV1035 reduces GBM cell line U87 migration and inva-
siveness, targeting the SPILLO-PBSS recognized RNA N6-methylade-
nosine (m6A) demethylase ALKBH5 activity and ultimately inducing a
decrease in CD73 expression.

2. Material and methods

2.1. Biological evaluation

2.1.1. Cell lines
The choice of cell lines was based on the expression of Nav: U87-MG

and H460 cells express functionally active Nav, on the contrary A549
cells lack functional Nav.

A549 (ATCC® CCL-185™) and H460 (ATCC® HTB-177™) human
non-small lung cancer cell lines were cultured in RPMI 1640 medium
supplemented with 10% Fetal Bovine Serum (FBS), 1% L-Glutamine and
1% Penicillin/Streptomycin (Euroclone, Italy). U87-MG glioblastoma
cell line U87-MG (ATCC® HTB14™) was cultured in DMEM-Low Glucose
medium supplemented with 10% Fetal Bovine Serum (FBS), 1% L-
Glutamine and 1% Penicillin/Streptomycin (Euroclone, Italy). Cells
were incubated at 37 °C and 5% CO2 in a humidified incubator.

MV1035 was solubilized (10mM) in DMSO and then it was diluted
directly into culture medium to working concentrations.

2.1.2. MTT assay
Cells were seeded in 96-well plates at a density of 104 cells/well.

After 24 h, cells were treated for further 24 h with increasing con-
centrations of MV1035, tetrodotoxin (TTX) or EN300. At the end of the
treatment, cells were washed with PBS Ca++/Mg++ and a solution of
MTT 0.5mg/ml in DMEM without phenol red was added (Sigma
Aldrich, USA). After 2 h of incubation at 37 °C, cells were washed with
PBS Ca++/Mg++ and MTT formazan salt was solubilized with 100%
ethanol. Optical density of the MTT solution was measured using a
multiplate reader at a 570 nm wavelength (BMG Labtech, Germany).

2.1.3. SRB assay
Cells were seeded and treated as described in MTT assay section.

After 24 h of treatment, cells were fixed with trichloroacetic acid for 1 h
at 4 °C. Cells were then washed with tap water and stained with
Sulforhodamine B (SRB) solution. After washing with 1% acetic acid,
SRB was solubilized with 10mM Tris(Hydroxymethyl)aminomethane.
The optical density of the solution was quantified using a multiplate
reader at a 540 nm wavelength (BMG Labtech, Germany).

2.1.4. Scratch wound healing assay
Cells were seeded in 6-well plates at high density. When cells

reached a confluence of 90–100%, complete culture medium was re-
placed with serum-free medium. After 24 h, a scratch was made on cell
monolayer using a plastic tip. Wells were washed with PBS to remove
detached cells and debris and complete culture medium, with or
without MV1035, TTX or EN300, was added. Micrographs were taken
immediately after the scratch and after 6 h (U87-MG) or 24 h (A549 and
H460). Different time points (6 or 24 h) have been decided considering
different cell lines migration capacity. Cell migration area was mea-
sured using ImageJ software.

2.1.5. Boyden chamber assay
The lower compartments of the Boyden chamber were filled with

complete culture medium (with 10% FBS used as chemoattractant). In
the upper compartment of the Boyden chamber, cells resuspended in
serum-free medium, with or without MV1035, TTX or EN300, were
placed at a density of 104 cells/well. A gelatine coated polycarbonate
membrane with 8 µm pores was placed between the two compartments
(Biomap, Italy).

After 24 h of incubation at 37 °C, the membrane was removed and
cells on the upper side of the membrane were removed with a plastic
blade. Cells on the lower surface of the membrane were fixed with
methanol and stained with DiffQuick staining solution (Biomap, Italy).
Micrographs were taken under a light microscope and the number of
cells that go through the membrane were counted using ImageJ soft-
ware.

2.1.6. Western blotting
Cells were seeded in 6-well plates at density of 2.5x105 cells/well

and treated with MV1035. After 1, 2, 4, 6 and 24 h of treatment total
protein extracts were obtained using lysis buffer (50mM Hepes pH 7.5,
150mM NaCl, 10% glycerol, 1% Triton X100, 1.5 mM MgCl2, 5 mM
EGTA, 4mM PMSF, 1% Aprotinin, 10mM sodium orthovanadate and
20mM sodium pyrophosphate) and mechanical scraping. Protein so-
lution was clarified with a centrifuge at 18,000g for 15min at 4 °C and
protein content was quantified using Bradford method. Proteins were
then loaded in SDS-page polyacrylamide gel after chemical and thermal
denaturation. After electrophoresis, proteins were transferred to ni-
trocellulose filters and immunoblotting analysis was performed fol-
lowing manufacturer instructions. Briefly, antibodies against CD73
(1:1000, BD biosciences, USA) and beta actin (1:1000, Santa Cruz
Biotechnology, USA) were used. After incubation with primary
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antibodies, membrane was washed and then incubated with appro-
priate horseradish peroxidase-conjugated secondary antibodies
(1:2000) (anti-mouse, Chemicon, USA; anti-rabbit, PerkinElmer, USA).
Immunoreactive proteins were visualized using an ECL chemilumines-
cence system (Amersham, USA).

2.1.7. RNA demethylation assay
4 µM active recombinant ALKBH5 protein (Active Motif), 80 µM

M6A-ssRNA (sequence GG-m6A-CU) (Ella Biotech, Germany), 150 µM

α-ketoglutarate, 150 µM ammonium iron sulphate hexahydrate, 2 mM
L-ascorbate, 50mM Hepes pH 7.5 (Sigma Aldrich, USA) were mixed in a
microtube and incubated at 4 °C for 30min. The reaction was stopped
by adding 20% formic acid (Sigma Aldrich, USA). 2 µl of reaction so-
lution were placed on a nitrocellulose membrane and a dot blot against
m6A-RNA was performed following manufacturer's instructions.
Primary antibody against m6A-RNA (1:250, Sigma Aldrich, USA) and
secondary antibody anti mouse (1:2000, Jackson Immuno Research,
UK) were used.

Fig. 1. MV1035 effect on cell viability of A549, H460 and U87-MG. MTT and SRB assay of A549 (A and B), H460 (C and D) and U87-MG (E and F) cells treated with
increasing concentrations of MV1035 (1–50 µM) and TTX (10–30 µM). Graphs represent the average percentage ± SD of viable cells of three independent ex-
periments compared to untreated control cells (CTRL, 100%) (* p < 0.05 vs CTRL).
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2.1.8. RT-PCR
Cells were seeded and treated as described in western blotting

paragraph. Total RNA was isolated from cells with TriPure isolation
reagent. The quality of RNA extracts was assessed with spectro-
photometer (BMG Labtech, Germany). 1 µg total RNA was reverse
transcribed and obtained cDNA was amplified and analysed using
specific CD73 primers (Hs 00159686m1, Thermofisher, USA).

2.1.9. Statistics
Data are reported as the average ± standard deviation (SD) from at

least three independent experiments. Statistical analysis was performed
using GraphPad Prism 3 software. The differences between control and
treated cells were evaluated using One Way ANOVA analysis of var-
iance followed by Dunnett's multiple comparison test. Statistical sig-
nificance was set at p < 0.05.

2.2. Materials and Methods

2.2.1. Protein database preparation
The protein database used for SPILLO-PBSS screening is kept con-

stantly updated as the number of protein 3D-structures publicly

available in the Protein Data Bank (PDB)26 increases. For this work we
used a database (update September 2017) that included 14537 human
holo- and apo-protein 3D-structures, experimentally solved by either X-
ray diffraction or solution NMR, excluding 100% sequence identity
redundancies.

Biological assemblies for proteins showing multimeric structures
were generated by the MakeMultimer program,56 according to the
BIOMT transformation matrices included into the PDB files. For multi-
model PDB files from solution NMR experiments, only the first model
was included in the database. No further protein structure refinements
were needed to improve the quality of protein structures in the data-
base.

2.2.2. RBS generation
The reference binding site (RBS) used by SPILLO-PBSS to search the

proteins of the database for similar potential binding sites (PBSs) for
MV1035 included 15 amino acid residues directly interacting with
MV1035, without any water mediated contact. It was generated by
molecular modelling techniques and the standard RBS generation pro-
tocol described in SPILLO-PBSS paper.24 The full list of amino acid
residues included in the RBS, along with their weights representing the

Fig. 2. Migration of cells treated with MV1035 and TTX – Representative images of scratch wound healing assay of U87-MG cells not-treated (CTRL) or treated with
MV1035 50 µM or TTX 30 µM, after 0 and 6 h (A). Graphs represent U87-MG (B), A549 (C) and H460 (D) cell migration quantification after treatment with increasing
concentrations of MV1035 (1–50 µM) or TTX (10–30 µM). Data are represented as the average percentage ± SD of three independent experiments compared to
untreated controls (CTRL, 100%) (* P < 0.05 vs CTRL).

A. Malacrida, et al. Bioorganic & Medicinal Chemistry xxx (xxxx) xxxx

4



relative stabilizing contribution to the ligand binding is reported in
Supplementary Table S1.

2.2.3. In silico screening and ranking of the protein database
A systematic and unbiased search for the MV1035 PBSs within all

protein 3D-structures included in the database was carried out by
SPILLO-PBSS. Calculations were performed using a rotation step of 30°
and a grid spacing of 2.0 Å, with a geometric tolerance set to the default
value of 5.5 Å. For each protein, a ranking of the PBSs for MV1035 was
obtained and stored by the program. Finally, the whole protein data-
base was ranked according to the highest PBS score, representing the
highest similarity to the RBS, obtained from each analysed protein 3D-
structure.

3. Results and discussion

3.1. Chemistry

2-Methyl-3-propyl-5H-imidazo[1,2-c][1,3]benzoxazin-5-thione

(MV1035) was synthesized, isolated and characterized as previously
described.35,36

3.2. Biological evaluation

3.2.1. Cytotoxicity assays
In order to evaluate MV1035 cytotoxicity effect on U87-MG, A549

and H460 cells MTT and SRB assays were performed.
Cells were treated for 24 h with increasing concentrations of

MV1035 (1–50 µM). The effect of well-known voltage-gated sodium
channels inhibitor, tetrodotoxin (TTX, 10–30 µM) was also evaluated as
positive control. Untreated cells represented negative controls.

As shown in Fig. 1, MV1035 slightly impairs cell viability of A549 in
a dose dependent manner while has no statistical significant effect on
H460 and U87-MG cells viability. TTX treatment does not affect via-
bility in all the cell lines evaluated, except for a 25% reduction observed
when tested at 30 µM concentration on A549 and H460 cells in the SRB
assay. These results were in line with what we expected regarding the
effect of sodium channel blockers on cell viability.

Fig. 3. Invasiveness of cells treated with MV1035 and TTX – Representative images of Boyden chamber assay of U87-MG cells not-treated (CTRL) or treated with TTX
30 µM or MV1035 (10–25 µM) (A). Graphs represent U87-MG (B), A549 (C) and H460 (D) cell invasion quantification after treatment with increasing concentrations
of MV1035 (1–50 µM) or TTX (10–30 µM). Data are represented as the average percentage ± SD of three independent experiments compared to untreated control
cells (CTRL, 100%) (* P < 0.05 vs CTRL).
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3.2.2. Migration test
Scratch wound healing assay was performed to evaluate the effect of

MV1035 on cell migration of U87-MG, A549 and H460 cells. A scratch
was caused on cell monolayer and cells were then treated for 24 h (6 h
for U87-MG) with increasing concentrations of MV1035 (1–50 µM) or
TTX (10–30 µM). Untreated cells represented controls.

MV1035 impairs cell migration of U87-MG and H460 cells in a dose
dependent manner. On the contrary MV1035, only at 25 µM slightly
increases A549 cellular migration.

10 µM TTX is not able to impair cell migration of all the cell lines
considered. Contrariwise, 30 µM TTX increases the migration of U87-
MG and A549 cells (Fig. 2).

3.2.3. Invasiveness test
In order to evaluate invasiveness of U87-MG, A549 and H460,

Boyden chamber assay was performed. Cells were treated for 24 h with
increasing concentrations of MV1035 (1–50 µM) or TTX (10–30 µM).
Untreated cells represented controls.

MV1035 reduces invasiveness of U87-MG, A549 and H460 cells in a
dose dependent manner. In particular MV1035 25 µM and 50 µM re-
duce U87-MG invasiveness by around 90%. On the contrary TTX is not
able to reduce the invasiveness of U87-MG and A549 at both con-
centrations evaluated (10 and 30 µM). Instead, TTX impaired invasion
ability of H460 cells in a dose dependent manner (Fig. 3).

These results were unexpected, in particular the effectiveness of
MV1035 on migration and invasiveness of U87-MG cells seemed not
related with its ability to block the sodium channels. This conclusion
was supported by the fact that TTX was ineffective on U87-MG cells.

Considering the particular efficacy of MV1035 on glioblastoma
migration and invasiveness and the crucial role of them on glioblastoma
malignancy we have focused in depth molecular analysis on U87-MG
cells.

3.3. SPILLO-PBSS screening

3.3.1. Protein database ranking
In order to identify a MV1035 target (different from NaV) that could

correlate to MV1035-induced reduction of U87 glioblastoma cells mi-
gration and invasiveness, we proceeded with the screening and ranking
of the whole protein database carried out by SPILLO-PBSS. This analysis
led to the non-linear plot reported in Fig. 4, whose points correspond to
proteins ranked in decreasing order according to their scores. Inter-
estingly, the non-linearity of the curve highlights the presence of a
minority of proteins with scores clearly higher than all others, corre-
sponding to the potential targets of MV1035.

3.3.2. ALKBH5 as potential off-target of MV1035
A first-level visual 3D-analysis of the 20 top ranked (out of 14537)

potential targets of MV1035 was performed in order to classify the
results into two different levels of accuracy: (i) likely true positives, and
(ii) ambiguous hits. In particular, target proteins have been classified as
likely true positives when the PBS identified by SPILLO-PBSS was lo-
cated in a region corresponding to an already known binding site of the
protein (e.g., because of the presence of another co-crystallized ligand),
or in a region close to it. Unlike what happens with the traditional in
silico techniques (e.g., molecular docking simulations), the results are
considered acceptable even when they include steric clashes (see
Supplementary Video S2 and the next paragraphs for more details).
Instead, when the PBS fell in a protein region that was unlikely to be a
binding site (e.g., because buried inside the protein), the proteins were
classified as ambiguous hits. Based on this criteria, 13 of the 20 top

Fig. 4. SPILLO-PBSS screening and ranking of the available human structural
proteome - Plot resulting from the in silico screening and ranking carried out by
SPILLO-PBSS on the available human structural proteome (14537 protein 3D-
structures retrieved from the RCSB Protein Data Bank in September 2017, ex-
cluding 100% sequence identity redundancies). Proteins are ranked in de-
creasing order according to their score. Potential target proteins of MV1035
show score values clearly higher than all others: they correspond to the 'target
zone' (in red) on the left side of the line passing through the point of maximum
upward concavity of the curve.

Fig. 5. ALKBH5 enzymatic reaction and competi-
tive inhibition hypothesis. The enzymatic reaction
(A) catalyzed by ALKBH5 is reported, along with
the positions of 2-oxoglutarate (B) and MV1035 (C)
within their corresponding binding sites, as ob-
tained by x-ray diffraction (PDB code: 4oct) and
SPILLO-PBSS calculation, respectively. The partial
overlapping between the binding sites of 2-ox-
oglutarate and MV1035 is shown, which implies a
competition between the two molecules for the
same binding region, leading to the inhibition of
the catalytic activity of the enzyme (drawings ren-
dered using VMD39,40).
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ranked proteins were classified as likely true positives.
After performing a literature search it emerged that 6 likely true

positives were involved in cancer. In particular, we considered worthy
of further investigation the RNA demethylase ALKBH5 enzyme (PDB
code: 4oct). ALKBH5 catalyses the conversion of N6-methyladenosine
(m6A) to adenosine in mRNA, in the presence of 2-oxoglutarate, mo-
lecular oxygen, and iron(II) (Fig. 5A)28 and is involved in cancer and
glioblastoma.37,38 These findings pointed us towards ALKBH5 as im-
portant actor in MV1035-induced biological effect observed in U87
cells.

3.3.3. Competitive inhibition hypothesis
A potential binding site (PBS) for MV1035 was identified within the

ALKBH5 3D-structure, which turned out to partially overlap with the
catalytic site of the enzyme, specifically with the region occupied by the
carboxylate group of 2-oxoglutarate. This allowed us to hypothesize an
inhibition of the catalytic activity of the enzyme by MV1035 through
the competition with 2-oxoglutarate for the same binding region
(Fig. 5B and C).

3.3.4. SPILLO-PBSS ability in identifying closed binding sites
The identification of the ALKBH5 target protein was made possible

by SPILLO-PBSS ability in recognizing PBSs independently on the par-
ticular conformation assumed by the protein (e.g., in the crystal
structure). In fact, the novel PBS for MV1035 within ALKBH5 was

identified despite its conformation that, in the analysed protein crystal
structure, was almost completely closed and inaccessible to the mole-
cule (Fig. 6). The innovative approach used by SPILLO-PBSS does not
need the protein to be already in a suitable conformation for the
binding. This allows SPILLO-PBSS to recognise putative binding sites
that could not be found by traditional structure-based approaches (e.g.,
molecular docking simulations). For traditional methods atomic over-
laps between the ligand and the protein are strongly forbidden, as they
lead to extremely high repulsion energies and non-realistic situations.
On the contrary, once SPILLO-PBSS recognizes a target binding site,
even “inaccessible”, it is possible to hypothesise that, under physiolo-
gical conditions, both the protein and the ligand undergo local con-
formational rearrangements aimed at reproducing the stable situation
represented by the RBS (see Supplementary Table S1 for a direct
comparison between the MV1035 RBS and PBS).

3.4. Off-target validation

3.4.1. Dot blot
Dot blot analysis of methylated RNA was performed to evaluate the

SPILLO-PBSS-predicted inhibition of active recombinant ALKBH5 by
MV1035. ALKBH5 protein was mixed with m6A-RNA (CTRL) or with
m6A-RNA and MV1035 (10 or 25 µM). Dot blotted methylated RNA
significantly increases in a dose dependent manner in the presence of
MV1035, reaching an increase of three fold compared to control

Fig. 6. The closed binding site for MV1035 identi-
fied by SPILLO-PBSS. The PBS for MV1035 (in
yellow) identified by SPILLO-PBSS within the
ALKBH5 protein crystal structure (PDB code: 4oct,
chain A) is almost completely closed and buried
inside the protein. Both surface (A) and cartoons
(B) representations of ALKBH5 are provided. To
make the closure of the binding site more percep-
tible, a visualization of the protein’s cavities (as
obtained by metaPocket 2.041,42 filled by probe
spheres (in blue) is also provided, as opposed to
semi-transparent regions, which represent parts of
the protein occupied by protein’s atoms. As can be
noted, only a few atoms of MV1035 fall within a
protein cavity, while the largest part of the mole-
cule overlaps the atoms of the protein. The PBS
identified by SPILLO-PBSS is apparently “in-
accessible” and thus not detectable by traditional
structure-based approaches (drawings rendered
using VMD39,40).

Fig. 7. Dot blot analysis of ALKBH5 demethylase activity - Dot blot analysis for the detection of m6A-RNA after the inhibition of ALKBH5 with MV1035 10 or 25 µM
(A) or EN300 50 µM (B). The inserts show a representative image of m6A-RNA dot blot. Data are represented as the average percentage ± SD compared to controls
without MV1035 or EN300 (CTRL, 100%). (* p < 0.05).
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(Fig. 7A).
EN300, a known inhibitor of ALKBH5, was used as positive control.

As shown in Fig. 7B EN300 50 µM inhibits ALKBH5 and the level of
methylated RNA is increased of 50% compared to the control.

These results confirmed the prediction made by SPILLO-PBSS that
MV1035 is able to directly inhibit ALKBH5.

3.4.2. ALKBH5 and CD73
In order to evaluate the downstream effect of MV1035-induced

ALKBH5 inhibition in U87-MG cells, CD73 protein expression was
analysed. In fact, CD73 mRNA represents one of the main targets of
ALKBH5 demethylase activity and its demethylation promotes CD73
protein expression.

U87-MG cells were treated with MV1035 10 or 25 µM. At different
time points (1–24 h) total protein extracts were obtained and anti-CD73
immunoblotting analysis was performed (Fig. 8A). As shown in Fig. 8B,
MV1035 reduces CD73 protein expression in a dose dependent manner.
10 µM MV1035 significantly reduces CD73 starting from 2 h of treat-
ment, while the 25 µM MV1035 is already effective after 1 h of treat-
ment.

In order to exclude that the CD73 protein expression reduction
could be due to a MV1035-induced CD73 mRNA transcription decrease,

CD73 RT-PCR was performed. Cells were treated for 1, 2, 4 and 6 h with
MV1035 10 and 25 µM. As shown in Fig. 8C, MV1035 treatment does
not induce a significant alterations of CD73 RNA levels compared to
untreated controls.

These results as well as excluding any direct interaction between
MV1035 and CD73 reinforced our theory that MV1035 targets pre-
ferentially ALKBH5 and this inhibition led to a downregulation of CD73
that could be useful in treating glioblastoma.

4. Conclusions

In the present work we show that MV1035, a compound based on
the imidazobenzoxazin-5-thione scaffold, is able to reduce U87 GBM
cells migration and invasiveness, targeting m6A demethylase ALKBH5.
The strength of the data presented is due both to the crucial role in
glioblastoma transformation of the identified MV1035 target but also to
the innovative technique through which identification was made pos-
sible. In particular we used SPILLO-PBSS, a powerful software for
identifying targets and off-targets of any small molecule on a proteome-
wide scale, through an efficient identification of their binding sites.
SPILLO-PBSS overcomes the traditional protein flexibility issue as it is
able to identify the binding sites not only when they are in a suitable

Fig. 8. Western blot and RT-PCR analysis in U87-MG cells. Representative images of CD73 western blotting (A) and respective graphs (B). Cells were treated for 1, 2,
4, 6 and 24 h with MV1035 10 or 25 µM. Graphs represent the average percentage ± SD of CD73 expression, normalized to actin and compared to untreated control
cells (CTRL, 100%). (C) RT-PCR analysis of CD73 mRNA in U87-MG cells treated with MV1035 10 and 25 µM for 1, 2, 4 and 6 h. Data are represented as the average
percentage ± SD compared to respective controls without MV1035 (CTRL, 100%).
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conformation for the binding, like other software do, but also when
they are strongly distorted, or even fully closed.

SPILLO-PBSS was able to point our attention on a pool of 20 possible
targets. After a first-level visual 3D analysis 13 of them were classified
as likely true positive; 6 of them turned out to be involved in cancer
(from literature data).

Among the 6 likely true positive proteins involved in cancer we
investigated m6A demethylase ALKBH5 considering its crucial role in
maintaining the tumorigenicity of glioblastoma stem like cells.30 In fact
evidence is growing regarding the role of m6A methylation state in gene
regulation.44–46 There are many data underlying the correlation be-
tween this post translational modification and cancer.29,47 In particular
m6A RNA methylation influences RNA stability, translational efficiency,
secondary structure, subcellular localization and splicing.44 Moreover
aberrant expression of writers, erasers and readers of m6A methylation
have been evidenced in tumorigenesis.37 In particular ALKBH5 over-
expression has been demonstrated in glioblastoma38 and in breast
cancer cells.48 Noteworthy, SPILLO-PBSS showed how MV1035 binding
site within ALKBH5 partially overlaps with the binding site of 2-ox-
oglutarate [see Supplementary Video S2] which, in turn, is necessary
for the demethylation reaction to take place. Therefore, we were able to
hypothesize that MV1035, competing with the substrates of ALKBH5,
could inhibit the catalytic activity of this enzyme.

Biological evaluation performed in different cancer cell lines con-
firmed our hypothesis underlying that the MV1035 anti migration and
anti invasiveness effect is independent from its ability to bind to sodium
channels.

The compound was in fact originally tested trying to inhibit sodium
channels in different cancer cell lines (with different NaV expression
profiles), following the rationale that blocking these channels in Nav
overexpressing tumors, usually leads to a remarkable decrease of their
aggressiveness.15,43 Experimental evidence, and the fact that TTX, a
reference sodium channel blocker, showed no effect on migration and
invasiveness of U87 cell line led us to hypothesize that MV1035 ef-
fectiveness could be based on a different mechanism of action.

We were then able to demonstrate that MV1035 directly inhibits
active recombinant ALKBH5 protein and, consequently, negatively
regulates CD73 protein expression without affecting CD73 mRNA
transcription.

The results obtained are even more interesting considering the
downregulation of CD73 expression. In fact, CD73 overexpression has
been demonstrated in several cancer cell lines and tumor biopsies.33,49

Moreover, CD73 is co-overexpressed in GBM with Multiple drug pro-
tein-1 (Mrp1). Quezada et al. have demonstrated that in GBM, in-
hibiting CD73 activity or knocking down CD73 expression, vincristine
resistance is reversed through the reduction of Mrp1 expression.50

Moreover among the different mechanisms that regulate CD73 ex-
pression there are also epigenetic modifications and in particular CpG
island methylation has been correlated with several cancers.51–53

In this context, as further studies, it would be interesting to in-
vestigate the possible MV1035-induced modulation of Mrp1 and the
effect of this compound as co-treatment with antineoplastic drugs for
which GBM shows a high resistance. It is in fact also true that the effect
of the methylating agent temozolomide, the golden standard for GBM
treatment, is limited by chemoresistance, principally due to ATP
binding cassette (ABC) transporters to which Mrp1 belongs.54

In perspective, MV1035 could result even more interesting because
another top target recognized by SPILLO-PBSS (currently under in-
vestigation) is the DNA repair protein AlkB homolog 2 (ALKBH2),
abundantly expressed in GBM cell lines, and demonstrated to be re-
sponsible for temozolomide resistance.55 If so MV1035 could act on
multiple targets belonging to the same disease-relevant target network
both by inhibiting GBM migration and invasiveness and inactivating
DNA repair mechanisms that concur to GBM resistance to temozolo-
mide.

The described results, besides being important for studying glio-
blastoma molecular pathways and for developing new antineoplastic
strategies, allowed us to identify a brand new ALKBH5 inhibitor.
Furthermore they bring an additional value as we were able to validate
experimentally SPILLO-PBSS in silico prediction.
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