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Abstract

Background Neuroblastoma (NB) is the most frequently diagnosed extracranial solid tumor among the pediatric popula-
tion. It is an embryonic tumor with high relapse rates pertaining to the presence of dormant slowly dividing cancer stem
cells (CSC) within the tumor bulk that are responsible for therapy resistance. Therefore, there is a dire need to develop new
therapeutic approaches that specifically target NB CSCs. Glycogen synthase kinase (GSK)-3f is a serine/threonine kinase
that represents a common signaling node at the intersection of many pathways implicated in NB CSCs. GSK-3p sustains the
survival and maintenance of CSCs and renders them insensitive to chemotherapeutic agents and radiation.

Methods In our study, we aimed at evaluating the potential anti-tumor effect of Tideglusib (TDG), an irreversible GSK-3f
inhibitor drug, on three human NB cell lines, SK-N-SH, SH-SY5Y, and IMR-32.

Results Our results showed that TDG significantly reduced cell proliferation, viability, and migration of the NB cells, in a
dose- and time-dependent manner, and also significantly hindered the neurospheres formation eradicating the self-renewal
ability of highly resistant CSCs. Besides, TDG potently reduced CD133 cancer stem cell marker expression in both SH-SYSY
cells and G1 spheres. Lastly, TDG inhibited NB tumor growth and progression in vivo.

Conclusion Collectively, we concluded that TDG could serve as an effective treatment capable of targeting the NB CSCs
and hence overcoming therapy resistance. Yet, future studies are warranted to further investigate its potential role in NB and
decipher the subcellular and molecular mechanisms underlying this role.
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Introduction

Neuroblastoma (NB) is the most frequently diagnosed
extracranial solid tumor in the pediatric population [1]. It
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accounts for around 15% of all cancer types diagnosed in
children less than 15 years of age in the United States (US)
[2]. It is a common tumor of the youngsters that arises from
neural crest cells in the embryo, from which the sympathetic
nervous system develops [3, 4]. This disease has variable
clinical stages based on the patient’s clinical characteristics
and presentation, pathological and imaging parameters, as
well as response to therapy and disease course [5]. Whereas
some patients have their tumors spontaneously regress after
treatment, others develop resistance to conventional chemo-
radiotherapy and progress to metastatic disease stages [4,
6]. Current therapeutic approaches in NB rely on surgery,
radiation therapy, and/or chemotherapy [7]. Despite the high
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rates of overall 5-year survival among NB patients in the
US, reaching up to 80% [8], almost half of those having
high-risk disease (i.e. stage 4, amplified MYCN) will suffer
from tumor recurrence and unfortunately might not survive
long [5, 6].

It has been postulated that tumor relapse after clinical
remission in NB and many other tumor types is attributed
to the presence of a subpopulation of cells within the bulk
of the tumor, known as cancer stem cells (CSC) [9]. These
cells are characterized by self-renewal, multipotency, lim-
itless proliferation, and angiogenic and immune evasion
features [10]. Conventional therapy usually fails to com-
pletely eradicate those therapy-resistant cells and are thus
responsible for tumor relapse due to the expression of DNA
repair mechanisms, detoxifying enzymes, anti-apoptosis
proteins and multiple drug resistance transporters [11, 12].
Indeed, it is hypothesized that those cells play a central role
in the initiation, growth, and recurrence of many cancers
[13]. Several studies showed that CSCs play a crucial role
in NB disease progression, relapse, and poor prognosis [14].
High-risk NBs consist of small populations of cells with
preserved stemness characteristics that exhibit the abil-
ity to form highly resistant tumorospheres and have high
metastatic potential [15]. NB-CSCs are identified based on
morphology, cell efflux property, cell surface markers, and
tumorosphere formation in in vitro conditions. Identifying
specific surface markers is useful for characterization of
CSCs and therapeutic targeting. Several markers have been
used for NB-CSCs including CD133, frizzled class receptor
6 (FZD6), leucine rich repeat containing GPCR 5 (LGRSY),
aldehyde dehydrogenase (ALDH), ALDH1A2, ALDH1A3,
cluster of differentiation 114 (CD114), and cluster of dif-
ferentiation 117 (C-kit) [16—18]. Henceforth, there is a dire
need to come up with novel targeted therapies capable of
eradicating NB-CSCs in order to overcome therapy resist-
ance and subsequently prevent tumor relapse.

In NB, various signaling pathways have been shown to
contribute to tumor formation and progression, including but
not limited to “canonical” and “non-canonical” Wnt signal-
ing, PI3K/AKT cell survival, hedgehog (SHH) signaling,
NF-kB, and MAPK [19], many of which are implicated in
the maintenance of CSC [20]. Glycogen Synthase Kinase 3
beta (GSK-3p), which is an active proline-directed serine/
threonine kinase, is a key player and common node at the
intersection of many of the aforementioned pathways [21].
However, different research studies have demonstrated its
controversial role in cancer. For example, GSK-3f has mul-
tifaceted roles in Wnt signaling: while its inhibition medi-
ates P-catenin phosphorylation and activates Wnt/p-catenin
signaling, roles of GSK3-f in the p-catenin-independent
signaling pathway demonstrate differential effects [22].
Also, although GSK-3f has been long appreciated as a
tumor suppressor, such as in colon cancer where it activates
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adenomatous polyposis coli (APC)-p-catenin destruction
complex, recent studies have highlighted its potential role
as a target protein for other tumor types, including pancre-
atic adenocarcinoma and acute myeloid leukemias [23-26].
Evidence suggests that GSK-3f is a tumor promoter in gli-
oma where its inhibition has been associated with decreased
proliferation, inhibited cell survival, enhanced tumor cell
apoptosis and differentiation, impaired formation of neuro-
spheres, and reduced clonogenicity [27]. GSK-3f activation
was also identified as a key element in maintaining stem
cell-like characteristics in a subset of glioma cells, providing
these cells with a higher self-renewal capacity. These find-
ings suggest that GSK-3p inhibitors might serve as poten-
tial treatment modalities for NB.

Inhibition of GSK-3p has been previously tackled in NB
where various inhibitors have been shown to induce apop-
tosis of NB cells via activating the canonical Wnt signaling
pathway in a p53-independent manner [28]. However, no
studies have been conducted yet to test the effect of GSK-3f
on NB-CSCs specifically. Herein, we aimed to assess the
anti-tumor effects of Tideglusib (TDG), a specific GSK-3p
inhibitor, on NB-CSCs in vitro and in vivo (Fig. 1). This
drug was specifically chosen among many other inhibitors
since it is well-tolerated and causes an irreversible non-ATP
competitive GSK-3p inhibition [29]. In addition, it was pre-
viously clinically assessed and shown to have promising
therapeutic advantages in treating neurological disorders,
such as Alzheimer’s disease and progressive supranuclear
palsy [30-32]. Our results showed that treating human NB
cell lines with TDG inhibited cell viability, reduced migra-
tion, and further hindered 3D neurosphere formation and
propagation over sequential generations of neurospheres
in vitro. Besides, TDG potently reduced NB tumor growth
and progression in vivo.

Materials and methods
Cell culture and treatment

In our study, three NB cell lines were used: SK-N-SH
(ATCC® HTB-11™, USA; RRID:CVCL_0531) [33], SH-
SY5Y (ATCC® CRL-2266™, USA; RRID:CVCL_0019)
[34, 35], and IMR-32 (ATCC® CCL-127™, USA;
RRID:CVCL_0346) [36]. Cells were cultivated and main-
tained in Dulbecco’s Modified Eagle Media (DMEM) Ham’s
F12 (Sigma-Aldrich; cat #D8437) medium, supplemented
with 10% of heat inactivated fetal bovine serum (FBS)
(Sigma-Aldrich; cat #F9665), 1% Penicillin/Streptomycin
(Biowest; cat #.0022-100) and Plasmocin™ prophylactic
(Invivogen; cat #ant-mpp). By checking the cell lines using
the “International Cell Line Authentication Committee”
(ICLAC) database of cross-contaminated or misidentified
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Fig. 1 Schematic illustrating potential anti-tumor effect of Tideglusib
(TDG), an irreversible GSK-3p inhibitor drug, on targeting neuroblas-
toma tumor

cell lines, we confirmed that the three cell lines are not misi-
dentified or contaminated. Cells were incubated at 37 °C in a
humidified incubator containing 5% CO,. Tideglusib (TDG)
was purchased from Sigma-Aldrich (cat #SML0339-10MG;
Lot # 123M4615V and 016M4605V) and reconstituted in
dimethyl suldoxide (DMSO; Amresco; cat #0231-500ML),
per manufacturer’s instructions.

MTT/cell proliferation assay

To measure the in vitro anti-proliferative effects of Tide-
glusib (TDG) on the used cell lines, MTT ([3-(4, 5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) (Sigma-
Aldrich; cat #M5655-1G) cell proliferation assay was used
and manufacturer’s instructions were followed [37-39].
This tetrazolium reduction assay was the first homogeneous

cell viability assay developed [38], where MTT reacts with
NADH or similar reducing molecules through specific mito-
chondrial enzymes within the viable cells having active
metabolism. This allows for transfer of electrons to MTT
that subsequently converts from a yellow colored agent into
a purple colored formazan product [40].

Cells were seeded at a density of 6 x 10* cells in 100 pL
full media, per well, in three 96-well culture plates (one for
every time point: 24 h, 48 h and 72 h) and incubated over-
night at 37 °C and 5% CO,. Three wells were prepared for
each treatment condition and randomly distributed across
the different conditions (Control: media only, Vehicle:
Media+0.1% DMSO, treatment groups: 5 uM, 25 uM, and
50 uM TDG in full media). At every time point, media was
removed and replaced with fresh media along with 10uL of
MTT yellow dye (5 mg/mL in DMSO) per well. Cells were
then incubated for 4 h and 100uL of the solubilizing agent
was added to each well. The plates were incubated overnight
at room temperature, and the absorbance intensity of every
well was measured by the microplate ELISA reader (Mul-
tiscan EX) at 595 nm. The percentage of cell proliferation
was presented as an optical density (OD) ratio of the treated
to the untreated cells (control).

Trypan blue/cell viability assay

To further validate the anti-tumor effects of TDG on cell
viability in vitro, trypan blue assay was used as previously
described [41]. This assay is a simple method to measure
cell viability in cell culture based on counting the number of
viable cells using the trypan blue dye. Since non-viable dead
cells in culture with disrupted cell membranes allow trypan
blue dye to be taken up, only viable cells can be visualized
under the microscope as white cells while non-viable dead
cells are stained blue [41].

SH-SYSY and SK-N-SH cells were seeded in three dif-
ferent 12-well culture plates (one for each time point: 24 h,
48 h, and 72 h) at a density of 60 x 10° cells/well in 500 uL
full media. Cells were incubated overnight at 37 °C and 5%
CO,. Wells were prepared, in duplicate, and randomly dis-
tributed across the same treatment conditions as described in
the previous section under ‘MTT/Cell Proliferation Assay’.
At every time point, cells from each well were detached
using trypsin—EDTA solution (Sigma-Aldrich; cat #T4049),
then fresh growth medium was added to neutralize trypsin
and viable cells were counted on a hemocytometer under
an inverted light microscope after staining cell suspen-
sion with Trypan blue. The percentage of cell viability was
determined as a ratio of viable cells counted in treated to
untreated conditions.
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Wound healing assay

Wound healing assay was then used to assess the effects of
TDG on cell migration. Wound healing cell migration assay
is also known as scratch assay and it is a simple method to
assess directional cell migration in vitro. It is one of the ear-
liest developed methods that resemble cell migration occur-
ring in the process of wounds’ healing in vivo [42].

In our study, SH-SY5Y and SK-N-SH cells were seeded
in 6-well culture plates at a density of 5 x 10° cells/well and
incubated at 37 °C and 5% CO, until they reached 90% con-
fluence. Cells were then treated with 5 mg/mL of Mitomycin
C (Sigma-Aldrich; cat #M0503-5x2MG) for 1 h to block
cellular proliferation and to assure that closure of the wound
is a function of cellular migration and not cellular prolifera-
tion. Two uniform scratches of the same width were made
per well in each monolayer using a sterile 200 pL. micropi-
pette tip and the plates were then washed twice with dul-
becco’s phosphate buffered saline (D-PBS) (Sigma-Aldrich;
cat #D8537-500ML) to remove the detached cells and any
cell debris. The remaining cells were cultured in complete
growth media with or without treatment. Three conditions
were considered here: control (full media), vehicle (full
media+ 0.1% DMSO), and treatment (25 uM TDG in full
media). Markings were created thereafter on the backside
of the plate using a marker, to serve as reference points in
order to obtain the same field during image taking process.
Pictures of the scratches were taken using an inverted light
microscope at the following time points: O h, 6 h, 12 h, 24 h,
and 48 h. At every selected time point, wells were washed
once with PBS to remove any dead and floating cells. The
distance travelled by the cells was measured using Zen
Microscope Software (Zen 2.3). The distance traveled by
the cells was computed from the closure of the wounds and
expressed as percentage of the wound closure upon treat-
ment compared to the control.

3D culture and sphere-formation assay

The sphere formation assay was performed as previously
reported by our group [43-46]. In brief, single SH-SY5Y
and SK-N-SH cell suspensions were seeded in growth factor-
reduced Matrigel™/serum free DMEM Ham’s F-12 (1:1) at
a density of 2 x 10° cells/well. The solution was then plated
gently around the rim of individual wells of 24-well culture
plate (50 pL per well). The Matrigel™ (Corning Life Sci-
ences; cat #354230) was allowed to solidify for 1 h at 37 °C
in a humidified incubator. Different culture conditions were
used here: control, 0.1 M, 1 pM, and 5 pM TDG. Complete
media (+5% FBS) at a volume of 500 uL/well was gently
added to the center of each well and changed regularly every
2-3 days. At day 9-14 after plating, spheres were pictured
and counted. Same protocol was applied on IMR-32 cells.
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SH-SYSY spheres were further harvested for propagation.
Several published papers have shown the effects of different
drugs, targeting specific signaling pathways, on sphere for-
mation ability of presumably putative CSCs [43-52].

For spheres propagation, the medium was aspirated
from the center of the wells. Matrigel™ was digested with
0.5 mL of 1 mg/mL Dispase II solution (ThermoFisher; cat
#17105-041) dissolved in serum-free DMEM Ham’s F-12
for 1 h at 37 °C in a humidified incubator. SH-SY5Y and
SK-N-SH spheres were collected and incubated in warm
trypsin—EDTA solution at 37 °C for 5 min; trypsin—-EDTA
solution was used to dissociate spheres into single cell sus-
pensions. Cells were counted and re-seeded at the same
density as used in the first generation (G1) of 2x 10° cells/
well. The propagation of the spheres was repeated over 4
generations. The sphere forming unit (SFU) was calculated
as the ratio of the number of spheres counted at day 9-14 to
the number of cells originally seeded. Bright field images of
the spheres were obtained using Axiovert microscope from
Zeiss at 5 X magnification.

Western blotting analysis

SH-SYS5Y cells were seeded at a density of 5 x 10° cells/well
and cultured in 6-well plates until they reached 80% cell con-
fluence. Wells were treated, in triplicates, with 25 uM TDG
for 48 h, while other wells were taken as control. Cells were
then washed with ice-cold D-PBS. SH-SYS5Y spheres (G1)
were also treated with 5 pM TDG while others were taken
as control. G1 spheres were then collected and washed with
ice-cold D-PBS. Cells/spheres were treated and lysed using
radioimmunoprecipitation (RIPA) buffer (0.1% sodium
dodecyl sulfate (SDS) (v/v), 0.5% sodium deoxylate (v/v),
150 mM sodium chloride (NaCl), 100 mM EDTA, 50 mM
Tris—HCI (pH 8), 1% Tergitol (NP40) (v/v), 1 mM PMSF,
and protease and phosphatase inhibitors [one tablet of each
in 10 mL buffer, Roche, Germany)], scraped off the plates,
transferred into micro-centrifuge tubes and incubated on
ice for 30 min. Sonication was used to maximize the pro-
tein yield. Lysates were then centrifuged at 13,600 rpm for
15 min at 4 °C, to pellet the cell debris.

Quantification of the protein concentrations of the col-
lected supernatants was done using DC™ Protein Assay
(Bio-Rad). For immunoblotting, 50 pg of proteins were
electrophoresed in 8% or 12% polyacrylamide gel and then
transferred to PVDF membranes (Bio-Rad Laboratory, CA,
USA) overnight. Then, 5% bovine serum albumin (BSA)
(v/v) (Amresco; cat #0332-100G) was added for 2 h to
block the membranes after which they are blotted at 4 °C
overnight with primary antibodies as follows: rabbit anti-
GSK-3p (1/1000 dilution; Cell Signaling Technology; cat
#9315; RRID:AB_490890), rabbit anti-phospho-GSK-3f
(Ser9) (5B3) (1/500 dilution; Cell Signaling Technology;
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cat #9323; RRID:AB_2115201), and mouse anti-GAPDH
(1/5000 dilution; Novus Biologicals; cat #NB300-221;
RRID:AB_10077627). The next day, membranes were
washed and incubated at room temperature for 2 h with the
appropriate HRP-conjugated secondary antibodies as fol-
lows: mouse anti-rabbit (1/1000 dilution; Santa Cruz Bio-
technology; cat #sc-2357; RRID:AB_628497) and mouse
IgGxk BP (1/1000 dilution; Santa Cruz Biotechnology; cat
#sc-516102; RRID:AB_2687626). Finally, bands were
detected using Lumi-Light Western Blotting Substrate
(Roche; cat #12015200001) and visualized using autoradi-
ography. Quantification of the protein expression was done
relative to the expression of GAPDH (housekeeping gene
that is equally expressed in treated and non-treated cells/
spheres) using Image Lab software (RRID:SCR_014210).
Band intensities were digitized and analyzed using ImageJ
software (RRID:SCR_003070).

Immunofluorescence staining

Indirect immunofluorescence (IF) analysis was pursued to
assess the effect of TDG on CD133 stem cell marker expres-
sion in neuroblastoma cells and spheres. Two-dimensional
(2D) cells were grown on coverslips and treated with 25 uM
TDG for 48 h. Then, adherent cells were fixed using 4%
PFA (v/v) in PBS for 20 min and permeabilized with 0.5%
Triton X-100 (v/v) in PBS for 20 min. In order to block non-
specific sites, cells were incubated in blocking buffer (0.1%
BSA (v/v), 0.2% Triton X-100 (v/v), 0.05% Tween-20 (v/v)
and 10% NGS (v/v) in PBS) for one hour (bovine serum
albumin (BSA) (v/v) (Amresco; cat #0332-100G), normal
goat serum (NGS) (v/v) (ThermoFisher; cat #16210064),
Tween-20 (Sigma-Aldrich; cat #P1379), and Triton X-100
(v/v) (Sigma-Aldrich; cat #19284)).

To perform the IF on spheres in suspension, G1 SH-
SYSY spheres untreated and treated with 5 uM TDG were
collected. Matrigel™ was dissolved using ice-cold medium.
After that, the pellet was fixed in 4% PFA (v/v) for 30 min.
Then spheres were permeabilized with 0.5% Triton X-100
(v/v) for 30 min at room temperature, followed by a blocking
buffer for 1 h at room temperature as previously described.

Cells and spheres were then incubated overnight with
specific primary antibody at 4 °C. The next day, cells and
spheres were washed with PBS containing 0.1% Tween-20
(v/v), and incubated with the corresponding secondary anti-
body, then washed gently and mounted with anti-fade reagent
Fluoro-gel II with DAPI (Electron Microscopy Sciences; cat
#17985-51). Fluorescent signals were captured using a Zeiss
LSM 710 laser scanning confocal microscope (Zeiss, Ger-
many) and images were processed using the Zeiss ZEN 2012
image-analysis software. The following antibodies were
used: mouse monoclonal anti-CD133 (1/100 dilution; Cell

Signaling Technology; cat #5860; RRID:AB_2797621) and
secondary Alexa Fluor 568 goat anti-mouse IgG (1/200 dilu-
tion; ThermoFisher; cat #A-11004). Fluoro-gel II with DAPI
(Electron Microscopy Sciences, PA) was used for mounting.

Mouse neuroblastoma xenografts

Prior to commencement of any experiments on animals, all
applicable international, national, and institutional guide-
lines that are specific to animal care and use were followed.
Approval of the Institutional Animal Care and Utilization
Committee (IACUC) of the American University of Beirut
was also obtained. In our study, we followed the ARRIVE
guidelines (https://www.nc3rs.org.uk/arrive-guidelines) for
animal researches. Neuroblastoma xenografts were gen-
erated using mouse SH-SYSY cells. Cells were injected
at a density of 1.2x 10 cells in 100 pL total volume of
Matrigel™/serum free DMEM Ham’s F-12 (1:1) using a
27 G needle subcutaneously, into the flanks of NOD-SCID
male mice (6—8 weeks old) [53]. When a palpable tumor
(approximate size Imm?®) was detected, mice were intraperi-
toneally injected 3 times per week with 20 mg/kg TDG or
vehicle only (Lipofundin/DMSO) for a period of 2 weeks.
Tumor volumes were measured every 3 days by direct physi-
cal measurements using a digital caliper (Model DC150-
S). Weight of the mice was determined at the beginning
of the experiment and at the time of sacrifice of mice. To
assess tumor volume, the following formula was applied:
V=(3.14/6) x LXx Wx H; where V is the tumor volume in
mm?, L is the tumor length in mm, W is the tumor width
in mm, and H is the tumor height in mm. Measurements
were performed until the termination of the animal experi-
ments. Data represent an average of n=3 mice. The data are
reported as mean + SEM.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
7 software (RRID:SCR_002798). Data significance was
determined using either student ¢ test or two-way ANOVA
statistical test, followed by multiple comparisons using Bon-
ferroni post-hoc analysis. For the in vivo experiments, Wil-
coxon matched-pairs signed rank test was used. P values of
p<0.05 (*), p<0.01 (**) and p <0.001 (***) were labeled
significant, highly significant, and very highly significant,
respectively.
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Results

Expression patterns of GSK-3 mRNA in human
neuroblastoma tissues

We first surveyed a publicly available dataset (Neale Multi-
cancer Statistics, 60 samples; data retrieved from Oncomine
Research Platform; URL: https://www.oncomine.org;
RRID:SCR_007834) to assess the mRNA expression pat-
terns of GSK-3f gene in human NB tumor tissues compared
to cancer tissues from other body organs. Results demon-
strated high mRNA expression of GSK-3/ in NB tumor tis-
sues relative to tumor tissues in three out of four probes of
the dataset (fold change =1.639; p=4.06E—4) (Figs. 2, S1).

TDG reduced cell viability and cell proliferation
of SH-SY5Y, SK-N-SH, and IMR-32 cells

We then assessed the in vitro anti-tumor effect of TDG on
cell proliferation and viability of human NB cell lines, SK-
N-SH and SH-SYS5Y, using MTT (Fig. 3a, b) and Trypan
Blue (Fig. 3c, d) assays, respectively. Results revealed that
treatment with TDG significantly reduced the proliferative
ability of SH-SYS5Y and SK-N-SH cells in a dose-depend-
ent manner. A 50% inhibitory effect of TDG was achieved
at a concentration of 25 uM for both cell lines after 72 h
(Fig. 3a, b). For further validation, we observed a significant

inhibitory effect of TDG treatment on cell viability using
trypan blue exclusion assay (Fig. 3c, d). As a proof of prin-
ciple, effect of TDG was assessed on proliferation of another
human NB cell line, IMR-32, revealing significant dose- and
time-dependent inhibition upon treatment for 72 h (Figure
S2).

TDG hindered cell migration of human NB cells
in vitro

Knowing that neuroblastoma could be exceptionally aggres-
sive in nature and tend to infiltrate the nearby tissues and
metastasize [54, 55], we investigated the effect of TDG on
cell migration of NB cell lines SH-SYS5Y and SK-N-SH
using wound healing assay. In the control conditions, cells
were able to migrate and almost close the wounds com-
pletely within 48 h. However, upon treatment with 25 uM
TDG, the wound made in SH-SY5Y and SK-N-SH monolay-
ers remained patent by 60% and 70%, respectively (Fig. 4).
This shows that TDG effectively impedes migration of NB
cells in vitro.

TDG reduced the neurosphere formation
of SH-SY5Y, SK-N-SH, and IMR-32 cells

SH-SYSY cells were cultivated, by single cell suspensions,
in Matrigel™-based 3D cultures under non-adherent condi-
tions for 9—14 days and allowed to form neurospheres. Sphere

Expression levels of GSK-38 mRNA
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Fig.2 Expression levels of GSK-3 mRNA were assessed in an array
set comprised of human pan-tumor samples (Neale Multi-cancer
Statistics, Reporter 226183_at is presented; the remaining probes
of the dataset are presented in Figure S1: Reporters 209945_s_at,
226191_at, and 242336_at). Expression within tumor tissues was pre-
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were obtained using #-tests (Neale Multi-cancer Statistics, 60 sam-
ples; data retrieved from Oncomine Research Platform; URL: https
J/[www.oncomine.org; RRID:SCR_007834). Analysis revealed that
mRNA expression of GSK-3f gene was the highest among neuro-
blastoma tissues relative to other organ specific tumor tissues (fold
change=1.639; p=4.06E—4)
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Fig.3 Tideglusib significantly decreases cell proliferation and cell
viability of human neuroblastoma cells. a The effect of TDG on cell
proliferation was determined using the MTT assay. Tideglusib sig-
nificantly decreases cell proliferation of SK-N-SH (two-way ANOVA;
treatment F, ;,=143, p<0.001; time F,;,=2.02, p=0.15; interac-
tion Fg3,=1.29, p=0.2858) and SH-SY5Y (two-way ANOVA; treat-
ment F, 3,=>50.78, p<0.001; time F,3,=5.801, p=0.0074; interac-
tion Fg3,=1.738, p=0.1303) cells in dose-dependent manner, as
determined by MTT. b The effect of TDG on cell viability was deter-

formation was examined daily using an inverted light micro-
scope, and pictures were taken to assess the size and shape of
formed neurospheres. Sphere formation assay is a functional
assay used herein to study the stem/progenitor cells subpopu-
lation within SH-SY5Y cells. Treating cells that are embed-
ded in Matrigel™ with TDG significantly hindered neuro-
spheres formation and decreased the SFU (one-way ANOVA,
p=0.0037) (Fig. 5a, b) and average sphere volume (one-way
ANOVA, p<0.001) (Fig. 5c) in a dose-dependent manner.
Noteworthy, much lower concentrations of the drug were suf-
ficient to instigate an inhibitory anti-tumor effect in 3D cul-
tures compared to functional assays in 2D monolayers. For
further validation, spheres formation assay was performed on

SK-N-SH
g Il Control
L L
- e 3 Vehicle
EJ TDG 5uM
1 TDG 25uM
EE TDG 50puM
24 48 72
Time (hrs)
SK-N-SH
Il Control
ki 1 1 )
3 Vehicle
E TDG 5uM
3 TDG 25uM
B TDG 50puM
24 48 72
Time (hrs)

mined using the trypan blue assay. Tideglusib significantly decreases
the percentage of viable cells in SK-N-SH (two-way ANOVA; treat-
ment F,;,=248.5, p<0.001; time F,;,=2.791, p=0.0773; inter-
action Fg3,=2.002, p=0.0808) and SH-SYSY (two-way ANOVA;
treatment F, 3,=25.22, p<0.001; time F, ;,=2.16, p=0.1329; inter-
action Fg3,=0.524, p=0.8289) cells in dose-dependent manner, as
determined by MTT. The data are reported as mean+ SEM of three
independent experiments. Bonferroni post-hoc analysis was done to
determine simple factor effects. (¥p < 0.05, *¥p <0.01, ***p <0.001)

SK-N-SH cells and results were consistent with that observed
with SH-SY5Y. Indeed, we observed a significant decrease
in SFUs at G1 spheres in a dose-dependent manner (one-way
ANOVA, p<0.001) (Figure S3A). As a principle of proof,
effect of TDG was assessed on sphere formation ability of
IMR-32 human NB cells showing a significant dose-dependent
decrease in SFU at G1 spheres (Figure S4).
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Fig.4 Tideglusib inhibits cell migration of SK-N-SH and SH-
SYS5Y human neuroblastoma cells. Representative figures show-
ing the scratch made in SK-N-SH (a) and SH-SYS5Y (b) cell lines at
five different timepoints: 0 h, 6 h, 12 h, 24 h and 48 h. These fig-
ures show closure of the wound after 48 h in control and vehicle
treated conditions as opposed to the TDG (25 uM) treated conditions.
Scale=200 pm in a and 100 um in b. A scratch was made to cells
seeded in 6-well plates at 7=0 h using a 200uL pipet tip; distances
between cells were assessed at the different timepoints to determine
the drug’s effects on cellular migration. The data are reported as per-
centages of the distance between cells relative to original wound size

TDG inhibited the self-renewal ability of NB
by targeting an enriched population of SH-SY5Y
and SK-N-SH cancer stem/progenitor cells

To investigate the self-renewal ability (which is a major
characteristic of CSCs largely responsible of cancer recur-
rence) of stem/progenitor cells, we assessed the effect of
TDG on the neurosphere forming capability by propa-
gating SH-SYS5Y and SK-N-SH spheres over multiple
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at 7=0 h. Tideglusib (25 pM) significantly inhibited cell migration
of SK-N-SH (c¢) (two-way ANOVA with repeated measures: treat-
ment F,¢= 1659, p<0.001; time F4,24=454.3, p<0.001; interac-
tion Fg,,=38.83, p<0.001) and SH-SYSY (d) (two-way ANOVA
with repeated measures: treatment F,=80.98, p<0.001; time
F4,4=340.8, p<0.001; interaction Fg,,=19.29, p<0.001) cell
lines, in a dose- and time- dependent manners. The data are reported
as mean+SEM of three independent experiments. Bonferroni post-
hoc analysis was done to determine simple factor effects. (¥**p <0.01,
*#%p <(0.001 when compared to control)

generations. Cells taken from one generation of spheres
were isolated into single cell suspensions and seeded again
in Matrigel™-based 3D cultures. Propagating spheres into
consecutive generations is thought to enrich the cancer
stem/progenitor cells subpopulation, by accentuating their
anchorage-independent growth ability [48]. Figures 5d and
S3B demonstrate the experimental design and results of
experiments performed in triplicates for SH-SY5Y and
SK-N-SH neurospheres, respectively. Notably, treating G4
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Fig.5 Tideglusib effectively decreases the percentage of self-forming
units and volume of spheres and targets an enriched cancer stem/pro-
genitor subpopulation in the sphere formation assay on SH-SY5Y
cells. a Representative images taken of SH-SYSY spheres under
different conditions (control, 0.1 uM TDG, 1 uM TDG and 5 uM
TDG) using inverted light microscopy showing the gradual decrease
in size of spheres in treatment dose-dependent manner. b Tideglusib
decreases the percentage of SFUs in SH-SYSY cell suspensions in a
dose-dependent manner (one-way ANOVA followed by Bonferroni
multiple comparisons: treatment F; ¢=10.6, p=0.0037). ¢ TDG treat-
ment decreases the volume of the formed spheres in a dose-dependent
manner (one-way ANOVA followed by Bonferroni multiple com-
parisons: treatment Fj;54=66.27, p<0.001). The data are reported

TDG 5uM

Control TDG 5pM

as mean=+SEM of three independent experiments. Bonferroni post-
hoc analysis was done to determine simple factor effects (*p <0.05,
**p <0.01 and ***p <0.001 when compared to control). d Schematic
summarizing the experimental design and results of serial propaga-
tion of spheres across 4 generations. Spheres from control and treated
conditions were isolated, dissociated into single cell suspensions and
seeded under non-adherent conditions. Wells were then randomly dis-
tributed into treated and non-treated conditions to assess the effect of
treatment across generations. The numbers shown represent the aver-
age percentage of SFUs as obtained from three independent experi-
ments. The data was analyzed using multiple independent ¢ tests
across each generation
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spheres—that have acquired an enriched stem/progenitor
subpopulation of cells—with 5 uM of TDG significantly
reduced SFU by around 95% for SH-SYSY cells (student
independent 7 test, p < 0.001, Figure S5A) and 80% for SK-
N-SH cells (student independent ¢ test, p <0.001, Figure
S5B).

In our experiments, we went a step further with SH-
SYS5Y neurospheres that were treated with TDG where we
tested their self-renewal ability by propagating them into
two conditions, control and treated, at each subsequent gen-
eration (as shown in Fig. 5d). Results revealed that after a
single exposure to 5 uM of TDG at G1, SFU significantly
dropped to 1.13% compared to 6.21% in control conditions
(student independent ¢ test, p <0.0001) (Fig. 5d). However,
when those treated neurospheres at G1 were propagated
into G2 but under untreated condition, cells were found to

A.

SH-SY5Y
MW (kDa) (cells)
- p-GSK-38
46 . - (Ser 9)
47 |- - -— GSK-3pB
37/ S | GAPDH
Control TDG
25uM
B.
SH-SY5Y
MW (kDa) (G1 Spheres)
p-GSK-38
46«{ S — o)

47 w— — | GSK-3p

37— — ‘ GAPDH

TDG
25uM

Control

Fig.6 Tideglusib selectively inhibits GSK-3p by increasing expres-
sion of its inhibited form, phosphorylated at Serine 9 (p-GSK-3p
Ser 9). After treating SH-SYSY cells with 25 pM TDG (for 48 h)
(a) and G1 spheres with 5 pM TDG (b), proteins were extracted
using RIPA buffer, and used to detect differences in expression of
the phosphorylated form of GSK-3p (Ser 9). Bands were detected
by enhanced chemiluminescence (ECL) using ChemiDoc MP Imag-
ing System. Protein expression was quantified using Image Lab soft-
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successfully regain their self-renewal ability (SFU=4.73%).
Moreover, consecutive propagation of neurospheres indi-
cated that it takes at least two treatment regimens over two
subsequent generations to completely abolish spheres forma-
tion, i.e. single cell suspensions from neurospheres previ-
ously treated over two successive generations will fail to
form any spheres thereafter (Fig. 5d).

TDG inhibited GSK-3 at protein levels

Since TDG acts by specifically targeting GSK-3p and
inhibiting it at a subcellular level, we sought to validate
its direct effect at a protein level using western blotting.
We evaluated the differences in protein expression between
cellular lysates in TDG-treated vs. non-treated SH-SYSY
cells and G1 spheres. Inhibition of GSK-3f is established
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ware (RRID:SCR_014210), relative to the expression of GAPDH, a
housekeeping gene equally expressed in treated and non-treated cells/
spheres. Results are expressed as relative ratio to control. Analy-
sis of p-GSK-3f (Ser 9) protein level was done after normalization
with total GSK-3f protein levels. Data represent an average of three
independent experiments. The data are reported as mean+SEM.
(*p<0.05; treatment compared to control, student independent ¢ test)
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by its phosphorylation at Serine 9 and hence an increase
in the levels of expression of the inhibited form, p-GSK-3f
(Ser 9). Our results revealed that treating SH-SYSY cells
with 25 uM of TDG significantly increased the expression
of p-GSK-3p (Ser 9) by 2.62 times (p =0.0102) compared
to the untreated (control condition) (Fig. 6a), signifying
GSK-3p inhibition. In addition, treating first generation
SH-SYS5Y neurospheres with 5 uM of TDG significantly
increased p-GSK-3p (Ser 9) protein expression by 1.15
times (p =0.0445) compared to the control (Fig. 6b). Den-
sitometry readings/intensity ratio of each band in addition
to whole blot (uncropped blots) are included in Figures S6
(cells) and S7 (G1 spheres).

Immunofluorescence examination of SH-SY5Y cells
and spheres for CD133 stem cell marker expression
upon TDG treatment

To validate the inhibitory effect of TDG on neuroblastoma
CSCs, we subjected SH-SYS5Y cells and G1 spheres to
immunofluorescence analysis of CD133 stem cell marker
expression (Fig. 7a). Our data revealed that CD133 expres-
sion was significantly reduced in both SH-SYS5Y cells and
spheres (G1) when treated with TDG (Fig. 7b).

Control TDG

SH-SY5Y cells

SH-SY5Y spheres (G1)

Fig.7 TDG treatment reduces expression of CD133 stem cell marker
in SH-SYSY cells and spheres. a Immunofluorescent images of
SH-SYS5Y two-dimensional (2D) cells and three-dimensional (3D)
spheres (G1) untreated or treated with TDG and stained for CD133
(cancer stem cell marker) and DAPI (nuclear counterstain). Scale
bar=50 pm. b Quantification of CD133 expression revealing sig-
nificant reduction in CD133 expression in both SH-SYS5Y cells and

TDG inhibited neuroblastoma growth in vivo

To this end, we determined the significant anti-tumor
effect of TDG on NB cells in 2D and 3D cultures in vitro.
Next, we attempted to assess the potential effect of the
drug on NB tumor growth in vivo. So, we injected SH-
SYSY cells subcutaneously into the flanks of NOD-SCID
mice in order to generate NB xenografts (Fig. 8a). Average
weight of the experimental mice was monitored and was
found to be maintained within a normal range, signifying
that TDG treatment was well tolerated (Fig. 8b). Treating
mice with 20 mg/kg of TDG prompted a robust decrease
in NB xenograft tumor growth, reflected by a reduction in
tumor volume after 15 days of treatment (Fig. 8c). This
shows that TDG reduces NB tumor cell growth in xeno-
graft mouse models.

Discussion

The current study was designed to assess the anti-tumor
effects of Tideglusib, an irreversible inhibitor of GSK-3,
on NB-CSCs in vitro and in vivo.

Neuroblastoma is an embryonal solid tumor of the auto-
nomic nervous system that originates from precursor cells
of the neural crest tissues and generally affects young chil-
dren with a median age at diagnosis of 17 months [6, 56,
57]. Treatment strategies that represent the standard of
care for most NB patients include surgical resection and
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spheres (G1) when treated with TDG. Fluorescent signals were cap-
tured using a Zeiss LSM 710 laser scanning confocal microscope
(Zeiss, Germany) and images were processed using the Zeiss ZEN
2012 image-analysis software. Stain intensity was normalized to area
and reported as mean =+ SD. Data represent an average of at least three
independent experiments (¥*p<0.05; **¥p<0.001; treatment com-
pared to control, student independent ¢ test)
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Fig.8 TDG treatment drastically reduces neuroblastoma tumor bur-
den in xenograft mouse models. 1.2x 10® SH-SY5Y cells were sub-
cutaneously transplanted in 6- to 8-weeks-old NOD-SCID mice. a
Images of the subcutaneously generated neuroblastoma xenografts
in the control condition vs. treatment with 20 mg/kg TDG. b Aver-
age weight of mice throughout the experiment was recorded. ¢ Tumor
size measurements were initiated upon the detection of a palpa-
ble tumor post-cell injection. Tumor volume was assessed by direct

chemoradiotherapy [56]. However, in many cases, conven-
tional treatments fail and the tumor recurs due to the pres-
ence of dormant slowly dividing cancer stem cells (CSCs)
that reside within the tumor bulk. Several studies have iden-
tified that CSCs play a crucial role in NB disease progres-
sion, relapse, and poor prognosis. A number of pathways
have been postulated to contribute to NB-CSC maintenance
and chemoresistance including WNT/B-catenin and NOTCH
[14, 57]. Therefore, identifying new therapeutic approaches
that specifically target NB-CSCs and its related molecular
pathways [58] is of high importance to prevent relapse.[9,
58, 59].

Interestingly, GSK-3p represents a common signaling
node at the intersection of many of the pathways implicated
in NB tumor initiation and progression including Wnt,
PI3K/Akt/mTOR, MAPK, NF-xB, and TP53 among others
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physical measurements of the tumors at the primary site of injection,
every 3 days, until the termination of the experiment. The following
general formula was applied: V=(3.14/6) X Lx WX H; where V is the
tumor volume in mm?, L is the tumor length in mm, W is the tumor
width in mm, and H is the tumor height in mm (Wilcoxon matched-
pairs signed rank test; data represent an average of n=3 mice; data
are reported as median with interquartile range)

[24, 28, 44]. Studies suggest a conflicting role of GSK-3f
in various human cancers, either as a tumor suppressor or
tumor promoter [60]. In NB, it has been shown to provoke
an oncogenic role where its inhibition induced cell apopto-
sis via activating the canonical Wnt signaling pathway in a
TP53-independent manner [28]. In line with this study, we
showed that GSK-3f was significantly overexpressed in NB
tissues relative to other tumor tissues, with a fold change of
1.639, using a publicly available dataset via “Oncomine”
research platform (the Neale Multi-cancer Statistics dataset).
Various GSK-3f inhibitors have been developed as poten-
tial therapeutics for several serious pathologies, including
Alzheimer’s disease, bipolar disorders, chronic inflamma-
tory processes, and cancer. TDG is a potent, selective and
irreversible small molecule non-ATP-competitive GSK-3f
inhibitor [22]. Our results showed that TDG significantly
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inhibited the proliferation and survival of human NB SH-
SYS5Y and SK-N-SH cells, in a dose- and time-dependent
manner. Results were further validated on IMR-32 human
NB cells as well showing consistent inhibitory effect. TDG
also significantly reduced migratory ability of SH-SY5Y and
SK-N-SH cells. In accordance, Mathuram et al. have previ-
ously demonstrated that TDG induced NB cell apoptosis via
sub-GO/G1 accumulation and ROS generation [61].

No studies have yet tackled the effect of GSK-3f on NB-
CSC:s. Since targeting CSCs is essential to overcome therapy
resistance, we sought to assess the ability of TDG to target
the sub-population of cancer stem/progenitor cells in SH-
SYSY and SK-N-SH cells using 3D Matrigel™-based neu-
rospheres formation assay in vitro [44, 46]. We showed that
TDG exhibits a strong inhibitory effect on the self-renewal
potential of CSC populations enriched from SH-SYS5Y, SK-
N-SH and IMR-32 cells suggesting that CSCs are selectively
and effectively targeted by TDG. This reduction in sphere-
forming ability correlated with the observed decrease in
the expression of the stem cell marker CD133. CD133 is a
pentaspan transmembrane protein expressed in neural stem
cells and its expression was inversely correlated with overall
survival of NB patients [62]. CD133 has been indicated as a
marker for tumor-initiating cells and silencing CD133 was
shown to decrease NB cell colony formation and prolifera-
tion, increase differentiation in vitro, and decrease tumor
burden in vivo [63]. Studies have shown that CD133+ NB
cells efficiently develop tumorospheres, which exhibited
high resistance to doxorubicin, cisplatin, carboplatin and
etoposide treatment with up-modulation of ABCG2 trans-
porter [14]. Henceforth, we concluded that TDG might serve
as an effective therapy in targeting the self-renewal ability
of CSCs, a hallmark of cancer progression. Consistent with
the in vitro data, SH-SYS5Y cells treated with TDG in vivo,
drastically reduced the tumorigenic potential of tumor cells.

The anti-tumor role of TDG and its ability to target CSCs
could be due to the blockade of the GSK-3p-mediated upreg-
ulation of NF-kB-mediated gene transcription [26]. In this
context, NF-xB is known to mediate resistance to radiation
and chemotherapy in cancer [64, 65]. A study by Dufty et al.
showed that GSK3 inhibitors induce apoptosis of NB cells
and reduce MYCN mRNA levels [28]. Accordingly, GSK-3p
inhibitors including TDG could be instigating their efficient
anti-tumor role via targeting multi-drug resistant NB cells,
and CSCs particularly, and might further re-sensitize those
cells that are resistant to conventional therapies. To mention,
TDG is now under Phase II Clinical Trials for Alzheimer’s
disease and for patients with progressive supranuclear palsy.
Minimal adverse effects have been reported among patients
under study and thus we hypothesized that this drug might
carry hope as a novel potential CSCs-targeted therapy for
patients suffering from NB [30, 66].

Limitations

We believe our study has several limitations pertaining to
the methodology and experimental design. First, we used a
limited number of cell lines as in vitro models representing
NB and thus more human cell line models for NB could be
acquired and tested in future experiments to validate the
inhibitory effect of TDG. Also, it is important to assess the
effect of TDG on normal neural cells. Second, we mainly
relied in our study on experimental assays that serve as
functional reporters of the progenitor activity of NB cell
lines, as well as the differentiation and self-renewal abil-
ity of the stem/progenitor cell population. More studies
should follow to evaluate the inhibitory effect of TDG, at
a molecular level, and decipher the mechanisms denot-
ing different GSK-3f-related signaling pathways that are
entangled in the pathophysiology of NB and its CSCs.
This is particularly important since GSK-3p has a dou-
ble role in pro- and anti-apoptotic pathways [67]. Third,
in our study, we studied the inhibitory effect of TDG on
neuroblastoma CSCs by subjecting SH-SYSY cells and
G1 spheres to immunofluorescence analysis of CD133
stem cell marker expression. Nevertheless, other stem cell
markers are worth considering to be assessed in future
studies, such as BMI1. Fourth, the in vivo experiments
that we performed are constricted to single time point of
treatment commencement. Such experimental design pro-
vides only partial information regarding the effectiveness
of the drug on different stages of the disease. Henceforth,
this point is important to be addressed in future studies.

Conclusion

Conclusively, TDG proved to be effective in inhibiting
in vitro and in vivo NB cell growth. It may hence serve as
a potential adjuvant therapeutic agent for this aggressive
nervous system tumor. Our study supports the notion that
targeting NB CSCs via specifically inhibiting GSK-33 may
be crucial to halt NB tumor progression.
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