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Abstract

Despite advances in glioblastoma (GBM) treatments, current approaches have failed

to improve the overall survival of patients. The oncogene BMI-1, a core member of the
polycomb group proteins, is a potential novel therapeutic target for GBM. To enhance
the efficacy and reduce the toxicity, PTC209, a BMI-1 inhibitor, was loaded into a PLGA-
PEG nanoparticle conjugated with CD133 antibody (Nano-PTC209) and its effect on
the behavior of human GBM stem-like cells (GSCs) and the human glioblastoma cell
line (UB7MG) was assessed. Nano-PTC209 has a diameter of ~ 75 nm with efficient drug
loading and controlled release. The IC50 values of Nano-PTC209 for GSCs and U87MG
cells were considerably lower than PTC209. Nano-PTC209 significantly decreased the
viability of both GSCs and U87MG cells in a dose-dependent manner and caused a
significant enhancement of apoptosis and p53 levels as well as inhibition of AKT and
INK signaling pathways. Furthermore, Nano-PTC209 significantly inhibited the migra-
tion ability, decreased the activity of metalloproteinase-2 and -9, and increased the
generation of reactive oxygen species in both GSCs and U87MG cells. Our data indicate
that PLGA-PEG nanoparticle conjugated with CD133 antibody could be an ideal nano-
carrier to deliver PTC209 and effectively target BMI-1 for potential approaches in the
treatment of GBM.
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Background

Glioblastoma multiforme (GBM), the most common malignant brain tumor, is a highly
aggressive cancer with extremely poor clinical outcomes (Hanif et al. 2017). Despite
advances in therapeutic strategies, current treatments have failed to improve the overall
survival of patients with GBM (Qazi et al. 2017). Human B cell-specific Moloney murine
leukemia virus integration site 1 (BMI-1), a key member of the polycomb repressive
complex 1 and a transcription regulator, maintains stem cell self-renewal and implicates
in a variety of human cancer types, including GBM (Wang et al. 2015; Di Croce 2013;
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Hong et al. 2015). The mean value of BMI-1 expression is markedly upregulated in GBM
and inhibits the activation of the tumor-suppressor signaling pathway (Yoshimoto et al.
2011). Furthermore, the expression of BMI-1 has considerably upregulated in glioblas-
toma stem-like cells (GSCs) and acts as a key regulator of their self-renewal and differ-
entiation (Hong et al. 2015). The selective inhibition of post-transcriptional regulation of
BMI-1 significantly impairs GSCs proliferation and differentiation in vitro and reduces
GBM growth in vivo (Kong et al. 2018). Furthermore, the expression of the CD133, a gly-
coprotein antigen, in GBM correlates with tumor progression and patient survival (Lim
et al. 2014). CD133 antigen is crucial for the oncogenic potential of GSCs as its silencing
inhibits GSC self-renewal and tumorigenic capacities (Shevchenko et al. 2020). BMI-1 is
expressed in human GBM tumors and highly enriched in CD133-positive cells (Abdouh
et al. 2009; Venugopal et al. 2012). The association of CD133 and BMI-1 functions and
their potential as targets for tackling GBM treatment-resistant cells have been reported
(Vora et al. 2019). Silencing BMI-1 led to the elimination of the tumor-forming capacity
of CD1331 GBM cells (Baxter et al. 2014).

PTC209, a potent and selective inhibitor of BMI-1, inhibits post-transcriptional regu-
lation of BMI-1, down-regulates BMI-1 production (Kreso et al. 2014), and exerts strong
antitumor effects on various cancer cells, including acute myeloid leukemia, biliary tract,
myeloma, squamous cell carcinoma, glioblastoma, lung, breast, colon, and GBM (Wang
et al. 2017; Kong et al. 2018). PTC209 inhibits tumor growth mainly through the induc-
tion of apoptosis and cell cycle arrest, particularly by action on CD133" tumor cells
(Wang et al. 2017; Kong et al. 2018; Sulaiman et al. 2019). However, high toxicity and
restricted transport across the blood—brain barrier could limit the potential therapeutic
utility of PTC209 (Pardridge et al. 2015; Srinivasan et al. 2017; Kong et al. 2018). Nano-
carrier-based drug delivery is a potential novel therapeutic strategy for GBM (Agarwal
et al. 2019; Liao et al. 2019; Sahab-Negah et al. 2020). Polymeric drug delivery systems
have been developed to enhance drug stability, decrease toxic side effects, promote tar-
geting ability, and improve the therapeutic efficacy in cancer therapy (Wait et al. 2015;
Senapati et al. 2018; Granz and Gorji 2020; Sahab-Negah et al. 2020). Polyethylene gly-
col-polylactic acid-co-glycolic acid (PEG-PLGA) copolymers exhibit promising poten-
tial in targeted drug delivery systems as tumor-targeting nanocarriers (Zhang et al. 2014;
Agarwal et al. 2019). The present study aimed to investigate the effect of PTC209 loaded
into a PLGA-PEG nanoparticle conjugated with CD133 antibody (Nano-PTC209) on
the survival, proliferation, migration, and invasive properties of human GSCs and the
human glioblastoma cell line (U87MG). Furthermore, the signal transduction pathways
mediating Nano-PTC209 effects on GSCs and U87MG cells were investigated.

Materials and methods

Study design and ethical statement

To improve the efficacy of PTC209, PLGA-PEG nanoparticles conjugated with anti-
CD133 monoclonal antibody was designed. As shown in Fig. 1, PTC209 was loaded
into the nanoparticles and the size of particles was measured by transmission electron
microscopy (TEM). In the next step, GSCs derived from GBM tissues of two patients
as well as U87MG cells were cultured and treated with Nano-PTC209. To determine
the anti-tumor effects of Nano-PTC209, tumor growth and migration/invasion ability
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Fig. 1 A schematic overview of experimental design. PTC209, a potent and selective BMI-1 inhibitor,

was loaded into the PLGA-PEG nanoparticle conjugated with CD133 monoclonal antibodies. The size of
nanoparticles was measured by transmission electron microscopy (TEM). TEM images showed particles
had an average size of ~ 75 nm. Antitumor effects of the Nano-PTC209 on the proliferation, viability, and
migration/invasion of glioblastoma stem-like cells (GSCs) and the human glioblastoma cell line (U87) were
assessed

of GSCs and U87MG cells were assessed in vitro. Ethical approval was obtained from
the Ethics Committee of Shefa Neuroscience Research Center, Tehran, Iran. All samples
were collected after informed written consent from patients.

Preparation of PTC209-loaded PLGA-PEG nanoparticle conjugated with anti-CD133
monoclonal antibody

The PLGA microsphere (50:50, 50.000-75.000, 430471—Sigma-Aldrich, Germany) was
prepared based on a double emulsion solvent evaporation approach using water-in-oil-
in-water at room temperature. Next, the PLGA (25 mg) was suspended in ethyl acetate
(5 ml) by 1 ml of phosphate buffer saline (PBS; pH="7.4) including N-cetyl-N,N,N-tri-
methyl ammonium bromide (Merck, USA) (0.2%, w/v) and then sonicated in 50 watts
and remained on Stirrer for 7 days to be solved appropriately. Thereafter, an appropri-
ate dose of PEG (3 k) based on a mixture of COOH- PEG-NH2 to PLGA-COOH was
added to the solvent in the presence of 2-ml methylene chloride to remove water from
the reaction. PLGA was dissolved by 1-ethyl-3-(3-dimethyl aminopropyl)-carbodiimide
(EDC) and dichloromethane. A combination of methanol-ethyl was added to the emul-
sion to remove excess EDC. The nanoparticle was stirred with CD133 monoclonal anti-
body for 1 week on a magnetic stirrer and cool condition. Then, PTC209 (Sigma-Aldrich,
Germany) was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, Germany) and
loaded into nanoparticles for 6 h. Finally, the prepared sample was filtered by a 0.22-um
filter to remove probable contaminations and stored at 4 °C until use.
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Characterization of Nano-PTC209

TEM and dynamic light-scattering (DLS) studies

Physicochemical features of Nano-PTC209, including the size and distribution of
particles, were analyzed by TEM and DLS methods. Analysis of nanoparticle mor-
phology was performed by TEM. Briefly, after diluting of nanoparticles suspension
with deionized water, 2% uranyl acetate was added to the suspension for 2 min. Then,
the suspension was sonicated in an ultrasound bath at room temperature for 1 min.
Next, the sample was placed on a copper mesh and dried at room temperature. Ulti-
mately, images were taken using a Philips CM10 TEM. We also measured the size
distribution of Nano-PTC209 using Zeta-sizer Nano ZS (Malvern Instruments Ltd.,
UK). Nano-PTC209 was diluted with deionized water (1:10) and the sample size was
assessed with the DLS method. The distribution of size was estimated by the polydis-
persity index.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was performed to evaluate the chemical interactions and the compatibility of
Nano-PTC209. Nano-PTC209 (2 mg) was poured on the KBr disc container. KBr

did not induce any peaks at the wave of 650-4000 cm™!

and is appropriate for the
spectroscopy of organic substances, including FTIR. The analysis was carried out by
recording the absorbance, which could lead to the appearance of different peaks. The
vibrational frequency of atoms in the functional groups of the compound was rep-
resented in the specific wavelength. FTIR assessment was performed using Nicolet

OMINIC Software (Thermo Fisher Scientific, Inc., Germany).

In vitro drug release

Drug release evaluation was performed with 100 mg of nanoparticles suspended in
1 ml PBS (pH 7.4, 0.1 M) containing 10% fetal bovine serum (FBS). PBS is one of
the most simple and common media for release kinetics studies (Abouelmagd et al.
2015). Nanoparticles (10 ml) were placed in a dialysis bag and the tubes were trans-
ferred into vials containing PBS with or without 10% FBS (Guo et al. 2017). Then the
microtubules were placed in a shaker incubator at 37 °C (100 rpm) and the amount of
released PTC209 in the dialysate was assessed at various intervals (1, 2, 4, 8, 12, 24,
48, 72, 96, and 120 h) by high-performance liquid chromatography. After centrifug-
ing the suspensions (12,000 g x 40 min) at 25 °C, the supernatant was subjected to be
assessed with an ultraviolet spectrophotometer at 562 nm. After each sampling, an
equal new buffer (PBS or PBS + 10% FBS) was added to the tubes.

GSCs and U87MG cell culture

Primary glioblastoma tissues were collected during tumor resection from two patients
who suffered from GBM. After mechanically and enzymatically digesting of tissues,
single cells were cultured in Dulbecco’s modified Eagle’s medium/F12 (Gibco, Ger-
many) composed of 0.5% N2 supplement (Gibco, Germany), 2 pg/ml heparin (Sigma-
Aldrich, Germany), 1% glutamine (Invitrogen, USA), 3% B27 supplement (Invitrogen,
USA), 20 ng/ml epidermal growth factor (Miltenyi Biotec, Germany), 10 ng/ml basic
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fibroblast growth factor (Millipore, Germany), and 1% penicillin/streptomycin
(Gibco, Germany). The U87MG cells were expanded in Eagle’s Minimum essential
medium with fetal bovine serum (10%). Cells used in all experiments were between
passage 5 and 8. Cells were incubated in a 37 °C humidified incubator of 5% CO,,.

Self-renewal capacity of GSCs

To detect self-renewal capacity, neurosphere assay and immunocytochemistry were per-
formed. The number of neurospheres was assessed for 3—5 culture passages. The prolif-
eration capacity was also evaluated by the expression of Ki67, nestin, and glial fibrillary
acidic protein (GFAP) (Santa Cruz, Germany). For this purpose, GSCs were fixed by 4%
formaldehyde for 30 min. After rinsing with PBS, permeabilization and blocking were
performed using Triton X-100 solution (0.1%) and incubated with 5% bovine serum
albumin at room temperature. Then, the primary antibodies (mouse anti-nestin, mouse
anti-GFAP, rabbit anti-Ki67) were incubated overnight at 4 degrees (Table 1). Sub-
sequently, the cells were washed with PBS and then incubated with goat anti-mouse
IgG (FITC) or goat anti-rabbit IgG (FITC) for 1 h at 4 °C. Nuclei were stained using
4/,6-diamidine-2-phenylidole dihydrochloride (DAPI). In control studies, the primary
antibody was replaced with mouse or rabbit control IgG. There was no immunoreactiv-
ity in these controls.

GSC characterization

The expressions of nestin (Santa Cruz, Germany), as a neural progenitor marker, and
GFAP (Santa Cruz, Germany), as a proliferative/developing astrocyte marker, were
assessed using flow cytometry. After passage 3, GSCs were collected using centrifuga-
tion, the cell pellet was washed with PBS and 1% bovine serum albumin and incubated
with the specific antibody at concentrations recommended by the manufacturers. The
antibodies were including FITC-conjugated anti-CD44, phycoerythrin (PE)-conjugated
anti-CD34, and FITC-conjugated anti-CD45. Finally, the cells were analyzed using Cell
Quest Software on FACS flow cytometry (Becton Dickinson, UK) (23). Relevant iso-
type controls and unstained samples were used for each antibody. FITC-conjugated

Table 1 Summary of antibodies used in immunocytochemistry and western blotting

Primary antibody Cell target Dilution Clonality = Host species Company Secondary
antibody

Ki67 Proliferation marker 1:100 Polyclonal  Rabbit Abcam Goat
Nestin Neural stem cells 1:50 Monoclonal  Mouse Santa Cruz Goat
GFAP Glial Tumor cells 1:300 Monoclonal  Mouse Sigma Goat
CD34 Endothelial cells 1:20 Monoclonal Human eBioscience  Mouse
CD44 Cancer progenitor 1:50 Monoclonal  Human eBioscience  Rat

cells
CD45 Hematopoietic stem 1:20 Monoclonal  Mouse eBioscience  Goat

cells
NF-kB-p65 Mammalian cells 1:1000  Polyclonal  Rabbit Abcam Goat
p-Akt Mammalian cells 1:1000  Polyclonal  Rabbit Cell signaling  Goat
p-SAPK/JNK Mammalian cells 1:1000  Polyclonal  Rabbit Cell signaling  Goat

1:1

B-Actin Mammalian cells 000  Monoclonal Rabbit Cell signaling Goat
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anti-CD44 and FITC-conjugated anti-CD45 were read separately for avoiding interfer-
ence between the two channels (Table 1).

Determination of the half-maximal inhibitory concentration (1C50)

To determine the IC50 of Nano-PTC209 on GSCs and U87MG cells, the MTT assay was
performed. The cells were seeded in a 96-well culture plate overnight at 37 °C. These
cells were exposed to Nano-PTC209 or PTC209 for 24 and 48 h. After adding the MTT
solution (10 pl) in PBS (5 mg/ml) for 4 h to each well, the supernatants were discarded,
and DMSO (100 pl) was used to dissolve the formazan crystals. Finally, the plates were
gently shaken for 60 min in a dark condition, and absorbance was measured at 545 and
630 nm using a plate reader (Stat FAX303). IC50 was calculated by linear regression
analysis (Sebaugh 2011).

Cell viability method

Evaluation of cell viability was performed by LIVE/DEAD Viability/Cytotoxicity Kit (Inv-
itrogen, USA) (Sahab Negah et al. 2020). Cells were cultured in 96 adherent’s well plates
and incubated at 37 °C with 5% CO,. Then, the cells were treated with Nano-PTC209
(130 and 260 nM for GSCs; 68.5 and 137 nM for U87MG) for 24 h. After treatment,
100 pl LIVE and DEAD reagent (containing 2 uM Calcein-AM and 4 pM of EthD-1 in
PBS) was added to cells in a dark condition for 30 min at 37 °C. To detect live/dead cells,
images were obtained by the ZEISS Axiovert fluorescent microscope (Zeiss, Germany).
The percentage of live cells was detected by Image] software.

Assessment of reactive oxygen species (ROS)

The production of ROS was visualized by the H2DCFDA cellular ROS detection assay
kit (Abcam, UK). The GSCs and U87MG cells were cultured on a poly-L-lysine coated
96-well plate. Then, the wells were treated with Nano-PTC209 (130 and 260 nM for
GSCs; 68.5 and 137 nM for U87MGQG) at the predetermined time points (4, 8, and 24 h).
Next, cells were washed with PBS and were kept in a dark condition with 100 pl of
H2DCEDA (25 uM) solution at 37 °C for 30 min. Images were visualized and analyzed
using the ZEISS Axiovert fluorescent microscope (Zeiss, Germany).

Apoptosis assay

To detect whether Nano-PTC209 can induce apoptosis and necrosis in GSCs and
U87MG, Annexin V/PI double-staining reagent (Cayman, USA) was applied in flow
cytometric analyses. The cells were cultured onto a 6-well plate at the density of 1 x 10°
and treated with IC50 concentration of Nano-PTC209 for 24 h. Then, cells after wash-
ing with 1 x binding buffer and centrifuging at 400 g for 5 min were treated with 50 pl
of annexin-V and propidium iodide (PI) in a dark condition at room temperature for
15 min in the falcon tubes (12 x 75 mm, polystyrene round-bottom) in 100 pl of suspen-
sion. Finally, the volume of cells was set at 250 pl with a 1X binding buffer. A FACSCAL-

IBUR ° FLOW CYTOMETER (Becton Dickinson, USA) was used to evaluate the cells.
The data were evaluated by the software FlowJo version 10 (Flowjo, USA).
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Cell cycle arrest

GSCs and U87MG cells were seeded and treated with different concentrations of
Nano-PTC209 in 6-well plates for 24 h and fixed in ethanol (70%) at —20 °C over-
night. Then, the cells were treated with RNase A (100 pl) for 30 min and incubated in
PI/Triton X-100 solution composed of 50 pg/ml PI, 1 mg/ml sodium citrate, and 0.1%
Triton X-100 for 30 min. Then, the cell cycle was evaluated for 1 x 10* cells by a FAC-

SCALIBUR " FLOW CYTOMETER (Becton Dickinson, USA). The data were assessed
by the software FlowJo version 10 (Flowjo, USA).

Quantitative real-time polymerase chain reaction (RT-PCR) assay

To assess the effect of Nano-PCT209 on the expression of p53, GSCs and U87MG
cells were cultured in 6-well plates (1 x 10®/well) and treated with the IC50 concentra-
tion of Nano-PCT209 for 24 h. Using the RNeasy® mini kit (Qiagen, Germany), total
RNA extraction was carried out. Next, the Revert-Aid First Strand cDNA Synthe-
sis (Thermo Fisher Scientific, Germany) was used for reverse transcription of RNA.
The quantitative RT-PCR (qRT-PCR) assessment was carried out using RealQ Plus
2X-MasterMix Green without Rox" (Amplicon, Denmark). qRT-PCR was performed
with selected primer for p53. The cDNA amplification was performed using the Light-
Cycler 96 real-time PCR system (Roche, USA). GAPDH was used for a housekeeping
gene. Using the Livak method, the relative expression of genes was assessed.

Western blotting analysis

The GSCs and US87MG cells (1 x 10° cells/well) were cultivated in a 6-well plate
and treated with the IC50 concentration of Nano-PTC209 for 24 h. Then, cells were
exposed to cell lysis buffer (0.1 M NaCl, 0.01 M Tris, and 0.1 mM EDTA) as well as
a protease inhibitor and centrifuged at 13 x 10® rpm for 15 min. Based on the stand-
ard Bradford method, the supernatant was utilized for the detection of total protein
concentration. To transfer protein into polyvinylidene fluoride (PVDF) membrane,
the gel containing the sample was located in a semi-dry Western blotting apparatus.
Then, the PVDF membrane was incubated in a shaker incubator with primary anti-
bodies (NF-kB p65, phospho-SAPK/c-Jun N-terminal kinases (JNK), phospho-Akt,
and B-actin; Table 1). Then, secondary antibody horseradish peroxidase conjugated
(1:1000; Santa Cruz, Germany) was used. Using the chemiluminescence kit (Fer-
mentase, Germany), western blot analyses were conducted. The intensity of each band
was evaluated by Image ] software and based on the percentage of existent bands
compared with the control bands.

Wound-healing assay

The migration assay was evaluated by a wound-healing approach. The GSCs and
U87MG cells were incubated in a 6-well plate and scratched with a sterile 100-pl
pipette. Next, non-adherent cells and debris were discarded. Then, the GSCs and
UB7MG were treated with different concentrations of Nano-PTC209. Finally, the
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wound closure of each group was photographed and analyzed under an inverted
microscope (ZEISS Axiovert 200, Zeiss, Germany) at 4, 24, 48, and 72 h (Sahab-
Negah et al. 2020).

Gelatin zymography

To detect the activity of the matrix metalloproteinases (MMP-9 and -2), gelatin zymog-
raphy was used. GSCs and U87MG were treated with IC50 and % IC50 concentrations
of Nano-PTC209 for 24 h. The cell culture supernatants containing 50 ug of total protein
were electrophoresed in a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel con-
taining 10 mg/ml of gelatin followed by washing in 2% Triton X-100 three times to omit
SDS. Next, to allow the digestion of the gelatin, the gel was incubated in a developing
buffer composed of 50 mM Tris—HCI, 5 mM CaCl,, and 0.2 M NaCl, 0.02% w/v NaNj,
pH 7.6,) at 37 °C for 1 day. Then, the gel was stained with Coomassie Brilliant Blue R-250
(0.5% Coomassie Brilliant Blue R-250, 20% methanol, 10% acetic acid in dH,0), and
de-stained with washing buffer (25% ethanol plus 10% acetic acid in dH,O). Finally, the
stained gel was photographed and analyzed by Image]J software.

Statistical analyses

Statistical analyses were conducted by Prism version 6. All data are shown as
mean + standard deviation. Statistical differences were analyzed by the one-way analysis
of variance (ANOVA) followed by the post hoc Tukey’s test. Two-way repeated-meas-
ures ANOVA with Tukey post hoc tests was performed for migration assay data. The
level of differences was regarded as significant at P<0.05.

Results

Characterization of Nano-PTC209

Both TEM and DLS were used to characterize Nano-PTC209. TEM images indicated
that the diameter of nanoparticles was about ~ 75 nm (Fig. 2a). Furthermore, the analysis
of DLS data indicated the mean size of 158.3 +5.8 nm (from 80 to ~ 1000 nm), the mean
intensity of 73.6 £4.9%, and the mean polydispersity index of 0.22+0.02 (Fig. 2b). The
zeta potential of Nano-PTC209 was ~ +0.1 mV. FTIR spectroscopy curves have shown
the variation of functional-group frequencies of Nano-PTC209. FTIR spectrum showed
a strong peak at 1655.50 cm ™! that exhibits the conjugated carbonyl group. The sharp-
ness of this peak indicates the appropriate conjugation of Nano-PTC209. The peak at
3434.21 cm™! depicts the -NH2 stretching band, which is related to PLGA as well as
conjugated antibody CD133 in this area. Furthermore, this peak shows amino acid den-
sity in the Nano-PTC209. The peaks range between 1014.28 and 1107.64 cm™! belongs
to C—O-C stretching, which is related to the ether structure of PEG in PLGA copolymer.
The peak at 666.47 cm™! is related to bromide, which exists in the structure of PTC209
(Fig. 2¢).

The in vitro pattern of PTC209 release from Nano-PTC209 was evaluated in PBS
with or without 10% FBS (Fig. 2d). The release of the drug was fast in the initial 12 h
(~50%). After 24 h, the cumulative release reached ~65% in PBS with FBS, while
similar to other intervals, the release pattern in PBS has shown a fewer amount
with approximately 58% of drug release. The release of the nanoparticles (~80%)
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Fig. 2 Characteristics of PTC209-loaded PLGA-PEG nanoparticle conjugated with anti-CD133 monoclonal
antibodies (Nano-PTC209). a Transmission electron microscopy (TEM) of Nano-PTC209. TEM images

have shown that the mean size of Nano-PTC209 was ~ 75 nm. b Dynamic light-scattering analysis of
Nano-PTC209 has indicated the mean size of 158.3 £ 5.8 nm, the mean intensity of 73.6 £4.9%, and the
mean polydispersity index of 0.22 £ 0.02. ¢ FTIR spectrum of Nano-PTC209 indicated four peaks at 1655.50,
3434.21,1014.28-1107.64, and 666.47 cm™', which were corresponding to the conjugated carbonyl group,
the =NH2 stretching band, C-O-C interactions, and bromide, respectively. d The PTC209 release pattern of
nanoparticles in PBS with and without 10% FBS. The comparison of the two groups was evaluated at different
time points. Data are expressed as the mean £ SD. * indicates P < 0.05

occurred in 96 h. PTC209 has exhibited similar sustained-release patterns that have
been observed in both released media with a total release amount of 94% and 90% in

PBS + 10 FBS and PBS, respectively, after 120 h (Fig. 2d).

Page 9 of 20
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Fig. 3 Self-renewal capacity and characterization of glioblastoma stem-like cells (GSCs) derived from

GBM tissues of patients. a The ability of GSCs in forming neurospheres under the serum-free medium was
evaluated by a bright-field invert microscope. The bar graph shows the mean number of spheres after each
passage. The proliferation capacity of GSCs was determined by the expression of Ki67. b Representative
immunocytochemistry images show the expression of neural stem cell markers nestin and GFAP. The
characterization of GSCs was also performed by flow cytometry. Representative dataset show the cells were

positive for cancer stem cell markers CD44 and CD45 and negative for a hematopoietic marker CD34

. 4
LT

Characterization and self-renewal of GSCs

The self-renewal capacity of GSCs was evaluated by neurosphere formation and the
expression of ki67 antigen, respectively. The spherical colonies formed from GSCs
within 5-7 days of cultivation, which could be passaged for 5 times (Fig. 3a). The pro-
liferation capacity of GSCs is further examined by the expression of Ki67. Our results
showed that the majority of GSCs expressed Ki67 (Fig. 3a).

Nestin and GFAP are common markers of GSCs and neural stem cells. Our results
showed that GSCs were positive for nestin and GFAP (Fig. 3b). To characterize the
GSCs, the specific markers, such as CD44, CD45, and CD34 were analyzed using flow
cytometry. The GSCs expressed cancer stem cell markers CD44 and CD45 but did not
express CD34, a hematopoietic marker (Fig. 3b).
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Nano-PTC209. The IC50 values of Nano-PTC209 on U87MG cells are shown. The data are presented as
means = SD. ***P < 0.001

Tumor growth

Effect of Nano-PTC209 on cell proliferation

The functional effects of different doses of PTC209 and Nano-PTC209 on cell prolif-
eration of the GSCs were tested using the MTT assay. The effects of PTC209 and
Nano-PTC209 on the proliferation of GSCs were compared. The cell proliferation was
evaluated after 24 and 48 h of GSC incubation with various doses of PTC209 or Nano-
PTC209 (Fig. 4a). Both PTC209 and Nano-PTC209 significantly suppressed cell prolif-
eration in a concentration- and time-dependent manner (P<0.001). However, loading
of PTC209 on the PLGA-PEG nanoparticle markedly increased the inhibitory effects
of the substance on GSCs. The IC50 value of PTC209 was 1.25 uM after 24 h, which
decreased to 1.12 uM after 48 h (Fig. 4a). The IC50 levels of Nano-PTC209 on GSCs
were 260 and 150 nM following 24 and 48 h, respectively (Fig. 4a). We also investigated
the effects of different concentrations of Nano-PTC209 on the proliferation of U87MG
cells (Fig. 4b). Following 24 and 48 h of the incubation of cells with Nano-PTC209, the
IC50 values were 137 and 43 nM, respectively (Fig. 4b).

Effect of Nano-PTC209 on cell viability

Using the live/dead assay, the effects of different concentrations of Nano-PTC209 on
the cell viability of GSCs and U87MG were assessed (Fig. 5). The cell viability of GSCs
treated with Nano-PTC209 at 130 and 260 nM for 24 h significantly reduced compared
with the non-treated cells (Fig. 5; P<0.01). Furthermore, the viability of U87MG cells
treated with Nano-PTC209 at 68.5 and 137 nM significantly reduced compared with the
control group (Fig. 5; P<0.01). We also observed that the IC50 values of Nano-PTC209
(260 nM for GSCs and 137 nM for U87MG) significantly inhibited cell viability of GSCs
and U87MG compared to % IC50 values.
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Fig. 5 The effects of Nano-PTC209 on the viability of glioblastoma stem-like cells (GSCs) and U87MG cells
(U87) were measured by Live/dead assay. The effects of Nano-PTC209 on GSCs (130 and 260 nM) and U87
cells (68.5 and 137 nM) were assessed after 24 h. Living cells are labeled green (Calcein-AM) and dead cells
are labeled red (ethidium homodimer). Bar diagrams represent the quantitative analyses of cell viability in
different groups. The data are expressed as mean £ SD. * and ** indicate P<0.05 and P<0.01, respectively
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Fig. 6 The effect of Nano-PTC209 on the production of reactive oxygen species (ROS) in glioblastoma
stem-like cells (GSCs) and U87MG (U87). Nano-PTC209-mediated ROS generation in GSCs and U87 cells was
determined using H2DCFDA, which is a fluorescent reagent to detect ROS in cells. ROS induction in the
GSCs and U87 cells following Nano-PTC209 treatment was detected by measuring fluorescent intensities in
a microplate reader at 4, 8, and 24 h. Data are presented as the mean = SD. * and *** indicate P<0.05 and
P<0.001, respectively
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Effect of Nano-PTC209 on ROS generation

The generation of ROS by GSCs and U87MG cells treated with Nano-PTC209 was meas-
ured. Nano-PTC209 induced a substantial increase in ROS levels in temporal- and dose-
dependent manners in both GSCs and U87MG cells. The ROS level was significantly
increased in the Nano-PTC209-treated GSCs at 130 and 260 nM after 8 (P<0.05) and
24 h (P<0.001) compared with the control groups (Fig. 6). The values of ROS were also
greater in U87MG cells treated with Nano-PTC209 at values of 68.5 and 137 nM after 4
(P<0.05),8 (P<0.05), and 24 h (P<0.001) compared with the non-treated cells (Fig. 6).

Effect of Nano-PTC209 on molecular signaling of apoptosis

To quantify necrotic and apoptotic cells, GSCs and U87MG cells were incubated with
different doses of Nano-PTC209 assessed by Annexin V-FITC-binding assay and PI
staining. Treatment with Nano-PTC209 significantly enhanced the percentage of
Annexin V-FITC-/Pl-positive cells. The percentage of necrotic GSCs after treatment
with Nano-PTC209 at 260 nM was ~76%. Furthermore, the number of late apoptotic
and necrotic U87MG cells increased to ~25 and ~46%, respectively, when treated with
Nano-PTC209 at 137 nM (Fig. 7a). We also examined cell cycle parameters in Nano-
PTC209-treated GSCs and U87MG cells. Cell cycle analysis revealed that the adminis-
tration of Nano-PTC209 at 137 nM resulted in a higher accumulation of U87MG cells in
the GO/G1 phase (Fig. 7b; P<0.05). Furthermore, the mRNA levels of P53 were evaluated
in both GSCs and U87MG cells after the application of Nano-PTC209. Nano-PTC209
at concentrations of 260 and 137 nM significantly increased the levels of P53 in GSCs
(P<0.001) and U87MG cells (Fig. 7¢; P<0.01).

NF-«B is an important transcription factor regulating tumor cell proliferation and
apoptosis and phosphorylation of AKT and JNK signaling pathways modulate the GBM
cell survival, growth, and migration (Engelman 2009). The application of Nano-PTC209
did not change the expression of NF-kB in GSCs compared with untreated cells. The
expression of NF-«B significantly increased in Nano-PTC209 group compared to the
control group (Fig. 8; P<0.05). However, western blotting results showed that Nano-
PTC209 significantly inhibited AKT and JNK phosphorylation in GSCs and U87MG
cells (Fig. 8; P<0.001).

Effect of Nano-PTC209 on migration and invasion

We assessed the effect of Nano-PTC209 on the migration ability of GSCs and U87MG
cells using scratch wound assay. The migration of GSCs was inhibited by Nano-PTC209
(32.5 nM and 65 nM) in a concentration-dependent manner following 24, 48, and 72 h
of treatment compared with the control group (Fig. 9a; P <0.01). Besides, Nano-PTC209
(17.12 and 34.25 nM) exerted a dose-dependent inhibitory effect on U87MG cell migra-
tion after 24 (P<0.001), 48, and 72 h (P<0.01) of treatment compared with the control
group (Fig. 9a).

To investigate whether Nano-PTC209 can suppress the secretion of MMP-2 and
MMP-9, gelatin zymography of serum-free culture medium of untreated and Nano-
PTC209-treated GSCs and U87MG cells were performed. The activation of both
MMP-9 was significantly reduced in GSCs and U87MG cells treated with Nano-PTC209
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Fig. 7 The effects of Nano-PTC209 on apoptosis and cell cycle in glioblastoma stem-like cells (GSCs) and
U87MG (U87). a Annexin V/propidium iodide (Pl) double-stained was used to determine the apoptosis of
GSCs and U87 cells treated with different concentrations of Nano-PTC209. Untreated cells were indicated

as control. Diagram quarters are corresponding to live cells (Q4), early apoptotic (Q3), late apoptotic (Q2),
and necrotic cells (Q4). Both GSCs and U87 cells treated with Nano-PTC209 exhibited a higher amount of
apoptotic and necrotic cells. b The effects of different concentrations of Nano-PTC209 on the cell cycle

of GSCs and U87 cells were assessed. The cells were stained with propidium iodide and the cell cycle was
measured using flow cytometry. Cell cycle analysis revealed that Nano-PTC209 at doses of 137 nM resulted in
a higher accumulation of U87 cells in the G0/G1 phase (P <0.05). ¢ Effect of Nano-PTC209 application on p53
MRNA expression in GSCs and U87 cells. Nano-PTC209 increased the expression of p53 in both GSCs and U87
cells. Data are expressed as the mean £ SD. ** and *** indicates P <0.01 and P <0.001, respectively
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Fig. 8 The effect of Nano-PTC209 on the expression of NF-RB, AKT, and JNK in glioblastoma stem-like cells
(GSCs) and UB7MG (U87) cells. Western blot analysis indicates a significant reduction of AKT and JNK proteins
in GSCs and U87 cells after Nano-PTC209 treatment. Data are expressed as the mean = SD. ** indicates
P<0.001, respectively

compared with the control groups (Fig. 9b; P<0.001and P < 0.01). The secretion of
active MMP-9 in GSCs significantly inhibited by Nano-PTC209 at 260 nM compared to
130 nM (P<0.01). Furthermore, Nano-PTC209 significantly decreased the secretion of
MMP-2 in GSCs and U87MG@ cells compared with the control group (P<0.01; Fig. 9b).

Discussion

The development of approaches targeting the GSCs may be a novel and promising thera-
peutic intervention in GBM (Eramo et al. 2006; Heddleston et al. 2009; Wang et al. 2017).
The present study revealed potent antitumor effects of Nano-PTC209 against GSCs and
U87MG cells. Nano-PTC209 decreased the viability and proliferation of GSCs isolated
from human GBM and U87MG cells via the induction of apoptosis, the enhancement
of p53 expression, the upregulation of ROS generation, and the regulation of the serine/
threonine-protein kinases AKT1 as well as JNK pathway. Furthermore, Nano-PTC209
considerably inhibited the GSCs and U87MG migration/invasiveness, presumably via
the inhibition of MMP-2 and MMP-9.

In keeping with our results, previous investigations revealed that the inhibition of BMI-1
by PTC209 reduces GBM cell behavior, such as proliferation, migration, and self-renewal
through the restoration of transcriptional factors changed by hyperactive BMI-1 activ-
ity (Kong et al. 2018). However, high toxicity as well as the restricted blood—brain bar-
rier permeability (due to high molecular weight and low liposolubility) could limit the
therapeutic utility of PTC209 in the clinic (Pardridge et al. 2015; Srinivasan et al. 2017;
Kong et al. 2018). Applying safe delivery systems in clinical use is considered a crucial
issue. Several nanoparticles improve drug solubility, delivery, stability, and safety for the
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Fig. 9 The effect of Nano-PTC209 on glioblastoma stem-like cells (GSCs) and U87MG (U87) cell migration/
invasion. a Cell migration was analyzed using a wound-healing assay. Representative images are presented
after 4, 24, 48, and 72 h of GSCs and U87 treatment with Nano-PTC209 at different doses. The cell migration
rate was estimated by the measurement of cell numbers within the wound region. b Effect of Nano-PTC209
on MMP-9 and MMP-2 secretions of GSCs and U8 cells. Areas and relative intensities of gelatin-digested
bands by MMP-9 and MMP-2 were quantified using densitometry and presented as relative MMP-9 (left) and
MMP-2 (right) activity compared with that of untreated cells. Data are presented as the mean £ SD. ** and ***
indicate P<0.01 and P<0.001, respectively

drug delivery-based approach for the treatment of GBM (Jain, 2007; Kim et al. 2015). The
challenge of delivering drugs to brain tumors and inadequate drug penetration from the
blood—brain barrier has led to the development of nanoparticles in different fields. In this
way, applying PLGA as an FDA-approved nanoparticle has been considerably enhanced to
treat glioblastoma in recent years (Mahmoud et al. 2020; Roberts et al. 2020; Zhou et al.
2013). To minimize the toxicity of PTC209 as well as to improve targeted drug delivery, we
designed PTC209-loaded PLGA-PEG nanoparticle conjugated with an anti-CD133 mono-
clonal antibody. To evaluate the antitumor activity of Nano-PTC209, primary glioblastoma
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stem cells derived from patients as well as U87MG cells were treated with Nano-PTC209.
The main rational reason to choose these cells was not only the evaluation of the hetero-
geneity between GBM cells but also the variability of cell response to the developed nano-
medicine. PLGA-PEG copolymers, a suitable drug delivery system as tumor-targeting
carriers, are promising biomaterials for the delivery and longer sustained and controlled
release of both hydrophilic and hydrophobic substances (Veronese and Pasut 2005; Zhang
et al. 2014; Xin et al. 2018). PEG has been mostly utilized as a component polymer in
copolymer synthesis to enhance the efficiency of PLGA, decrease mechanical strength,
and intensify degradable attribution (Guo et al. 2017). Using these copolymers decreases
drug toxicity, enhances drug efficacy and improves drug delivery across the blood—brain
barrier to the brain (Glaser et al. 2017; Velpurisiva et al. 2018; Hoyos-Ceballos et al. 2020).
Furthermore, the conjugation of CD133 antibody with various nanoparticles has been sug-
gested as an effective approach to enhance the efficacy and reduces the toxicity of different
anti-GBM drugs, such as Temozolomide (Raucher et al. 2018). In the present study, the
IC50 values of PTC209 for GSCs decreased from the micromolar range to the nanomolar
levels when loaded into the PLGA-PEG nanoparticle, pointing to a greater drug efficacy
with lower toxicity.

Our data revealed that targeting BMI-1 by Nano-PTC209 effectively inhibits GSCs
and U87MG viability and self-renewal via the regulation of apoptosis through the modu-
lation of p53 as well as the AKT1 and JNK pathways. The carcinogenesis of glioma is
strongly correlated with the expression of BMI-1 gene expression and silencing of BMI-1
gene expression inhibits cell proliferation and induces the apoptosis of CD133-posi-
tive GBM cells (Hong et al. 2015). Despite considerable genomic heterogeneity among
human GBM tumors, the main genetic events identified for GBM tumor formation
include inactivation of the p53 tumor-suppressor pathways, activation of the PI3 kinase/
AKT pathway, and augmentation and activation of receptor tyrosine kinase genes (Net-
work, 2008). The tumor-suppressor protein p53 regulates a variety of cellular responses
in GBM, including apoptosis, angiogenesis, and genomic stability, as well as the main-
tenance of the tumor microenvironment (Zhang et al. 2014). Dysregulation of the p53
pathway is reported in approximately 90% of patients with GBM, which is accompanied
by poor prognosis (Touat et al. 2017). BMI-1 deficiency resulted in the activation of the
p53 pathway (Chatoo et al. 2009). Higher BMI-1 expression in tumors activated the cell
proliferation through the inhibition of tumor-suppressor protein MEKI-stimulated
apoptosis as well as the activation of different apoptosis-associated mediators, includ-
ing p53 genes (Kim et al. 2018). Furthermore, JNK plays an important role in apoptosis
and cell death as well as migration/invasion of GBM cells and has crosstalk with the Akt
signaling pathway (Zhao et al. 2016). BMI-1-induced phosphorylation of Akt and JNK
plays a crucial role in BMI-1-mediated tumorigenesis and migration in GBM cells and
GSCs (Abdouh et al. 2009; Matsuda et al. 2012). Mutual interaction between the JNK
signaling pathway and the Akt pathway promotes tumorigenesis in GBM (Van Anh et al.
2014). The activation of JNK and AKT signaling pathways is implicated in GSCs survival
and correlated with poor outcomes in patients with GBM (Matsuda et al. 2012).

Furthermore, the expression of BMI-1 regulates ROS generation (Liu et al. 2009). The
cellular redox impairment facilitates GBM cell growth and invasion and the excessive ROS

production contributes to the induction of apoptosis and cell cycle arrest as well as the
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prevention of invasion/migration of GBM (Salazar-Ramiro et al. 2016; Rinaldi et al. 2016).
Besides, both MMP-2 and MMP-9 control the GBM cell proliferation and invasiveness
through the modulation of tumor angiogenesis (Du et al. 2008; Veeravalli et al. 2012). In
addition to cell proliferation, targeting BMI-1 by Nano-PTC209 may effectively inhibit the
migration/invasiveness of GSCs and GBM cells via the modulation of ROS and MMP.

Conclusion

Taken together, the present investigation is the first to study the effect of a BMI-1 inhibi-
tor loaded into the PLGA-PEG nanoparticles conjugated with an anti-CD133 mono-
clonal antibody on GSCs and GBM cells. Nano-PTC209 was suitably developed for the
delivery of PTC209 to GSCs and GBM cells. The IC50 value of Nano-PTC209 on GSCs
was remarkably lower than PTC209. Our data revealed that Nano-PTC209 effectively
inhibits the viability, proliferation, and migration/invasiveness of GSCs and U87MG cells
via several molecular mechanisms, including the induction of apoptosis and cell cycle
arrest, the enhancement of p53 mRNA expression and ROS generation, and the inhi-
bition of JNK and AKT phosphorylation. Furthermore, Nano-PTC209 targets the inva-
siveness of GSCs and U87MG via inhibition of MMP-9 and MMP-2 secretions. Further,
in vivo studies are required to investigate the anti-proliferative effect of Nano-PTC209
on GBM and to validate its anticancer potential in clinical settings. Furthermore, investi-
gations to evaluate Nano-PTC209 uptake mechanisms\pathways for understanding and
explanation of efficacy\efficiency of the drug are needed.
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