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ABSTRACT. This study explores interesting complementary approaches in cellbased hBMP7 gene delivery in order to mitigate the migration of glioblastoma cells
based on the idea that this human bone morphogenetic protein (hBMP7) has
enormous therapeutic potential in curing brain injuries as well as malignancies.
After physicochemical characterization, the non-viral cationic niosomes were
complexed with pUNO1-hBMP7 plasmids and used to transfect neuronal precursor
NT2 cells. Subsequently, the transfected cells were co-cultured with glioma C6 cells
to determine their antitumor effect in vitro. However the co-culture with either
untransfected/transfected NT2 cells may reduce the viability of C6 glioma cells, the
hBMP7-overexpressing NT2 cells hamper the migration of C6 glioma cells. These
results highlight the potential of NT2 cell-based delivery of hBMP7 for impeding the
metastasis of glioma cells.
1. Introduction
Glioblastoma multiforme (GBM), the most aggressive primary intracranial
tumor, is well-known for its high mortality rate and poor treatment outcomes [1].

The average survival time of patients following surgery combined with
chemotherapy and/or radiotherapy, is less than 12 months. Therefore, therapeutic
approaches are still needed to fight this devastating disease. During gliomagenesis,
the tumor-suppressive activity of transforming growth factor-β (TGF-β) signaling
pathway is generally perturbed, leading to malignant progression [2].
The human bone morphogenetic protein 7 (hBMP7), a member of the
transforming growth factor β superfamily, plays a pivotal role in the development of
bone, kidney and nervous tissues [3]. Interestingly, exposure to BMP7 can induce
canonical BMP signaling in stem-like glioblastoma cells, in vitro [4]. The ability of
BMP7 to induce the differentiation of brain tumor stem cells is accompanied by the
attenuation of stem-like marker expression and reduction of self-renewal.
Currently, the in vivo delivery methods of BMP7 are basically through multiple local
and/or intravenous injections of the recombinant hBMP7. Unlike some other growth
factors, BMPs have a short half-life, are not particularly soluble and seem to act
locally, so the aforementioned delivery routes are often ineffective [5], and need
multiple injections. Nevertheless, in sensitive tissues such as brain tissue, repeated
injections could lead to inevitable tissue damage. Therefore, alternative approaches
for supplying BMP7 to glioma cells are needed to circumvent the negative aspects
of conventional therapies. Amongst those promising alternatives are those based on
cell/gene delivery. More specifically, human neuronal precursor NT2 cells exhibit
two ideal characteristics for cancer gene therapy; they have tumor-selective
migratory capacity and they can be genetically manipulated to express selected
therapeutic genes [6]. As gene delivery systems, non-viral vectors have gained
attention over the years, in comparison to their counterparts, the viral-based
vectors [7,8]. Non-viral gene carriers are not as limited by the size of the
transferred genes and they have a lower immunogenicity and oncogenic profile.
These appealing features make non-viral gene carriers potential candidates for
commercialization because of how easy it is to produce them and also because
there are less hurdles to overcome in terms of meeting the regulatory standards.
As non-viral gene carriers, cationic niosomes are osmotically active selfassembled vesicles made up of cationic lipids and non-ionic surfactants. They are
better than liposomes in terms of cost effectiveness and chemical stability, and
have received increasing attention over time as potential gene delivery vehicles
[9,10].
In our recent study [11], we developed a novel cationic niosome gene
carrier based on chemical compounds (the cationic lipid 2,3-ditetradecyloxypropan1amine, the non-ionic surfactants poloxamer 188 and polysorbate 80)
demonstrating flattering properties for gene delivery applications [12]. Our
previous results obtained with reporter GFP plasmids, in vitro/vivo, have
encouraged us to proceed with the current study in which we aimed to provide a
proof-of-concept of whether NT2 cells could be used as a model for hBMP7 gene
expression in order to combat glioma cell migration. We initially transfected NT2
cells with DPP80- hBMP7 nioplexes and then we investigated their potential
“combined” antitumor effect on C6 glioma cell line, in vitro.
List of used abbreviations:
hBMP7 Human bone morphogenetic protein7
CM Conditioned media
GBM Glioblastoma multiforme
L2K Lipofectamine® 2000
OC Open circular
SC Supercoiled
SD Standard deviation
TGF-β Transforming growth factor-β

Fig. 1. Chemical structure of: A) Poloxamer 188 (P), B) Polysorbate 80 (P80), and C)
Cationic lipid [2,3-di(tetradecyloxy)propan-1-amine] (D).

2. Material and methods

2.1. Material
Human teratocarcinoma NTERA2/D1(NT2) (ATCC®−CRL, 1973) and the rat
glioma cell line (C6, CCL-107) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). C6 cells were grown in the ATCC-formulated
F-12K Medium (Catalog No. 30-2004). Dulbecco's Modified Eagle's Medium (DMEM,
ATCC 30 −2002), trypsin, Fetal bovine Serum (FBS) were purchased from Gibco®
(San Diego, California, US). Opti-MEM® reduced medium, Lipofectamine® 2000
transfection reagent, antibiotics [100 U/ml penicillin and 100 μg/ ml streptomycin
(Pen/Strep)] were acquired from Gibco® (Life Technologies S.A., Madrid, Spain).
Cell counting (CCK-8) viability/ proliferation assay and crystal violet were obtained
from Sigma Aldrich (Madrid, Spain). GelRed® solution was obtained from Biotium
(Hayward, California, USA), while other materials for gel electrophoresis were
obtained from Bio-Rad (Madrid, Spain). pUNO1-hBMP7 plasmid (0.5 mg/ml) was
obtained from InvivoGen (Toulouse, France). Sodium dodecyl sulfate (SDS),
DNaseI, polysorbate 80, poloxamer 188, and PBS were purchased from Sigma
Aldrich (Madrid, Spain). Uncoated Transwell® 24 well microplates with 8.0 μm pore
size (Costar-Corning, Corning, NY).

2.2. Preparation of niosome vesicles
The cationic lipid 2,3-di (tetradecyloxy)propan-1-amine hydrochloride (D)
was synthesized by slightly modifying the experimental protocol previously
described [13]. Afterward, niosomes were manufactured by modifying the reverse
phase evaporation technique as discussed earlier [14]. Briefly, the cationic lipid (5
mg) was dissolved in dichloromethane (1 ml), and then emulsified in 5 ml of nonionic surfactant “equal weight % of polysorbate 80 (P80) and poloxamer 188 (P).
The emulsion was obtained by sonication (Branson Sonifier 250®, Branson
Ultrasonics Corporation, Danbury, USA) at 45W for 30 s. After evaporating the
dichloromethane, the resulting niosomes were referred to as DPP80 (components
shown in Fig. 1).
2.3. Preparation of DPP80-hBMP7 nioplexes
The niosome/DNA complexes (nioplexes) were obtained by mixing an
appropriate volume of a stock solution of pUNO1-hBMP7 plasmid (0.5 mg/ml) with
different volumes of niosome suspensions (1 mg cationic lipid/ml) in order to obtain
different cationic lipid/DNA ratios (w/w). The mixture was incubated for 30 min at
room temperature to ensure electrostatic interactions.
2.4. Assessment of DPP80-hBMP7 nioplexes’ features
Dynamic light scattering (DLS) and Laser Doppler Velocimetry (LDV)
(Zetasizer Nano ZS, Malvern Instruments, UK) were used to determine the particle
size and zeta potential (ZP), respectively. Particle size was obtained using
cumulative analysis where all measurements were carried out in triplicate.
Nioplexes were examined by via cryo-TEM (TECNAI G2 20 TWIN), operating
at an accelerated voltage of 200 KeV in a bright-field and low dose image mode
[15]. The acquired digital images were used to assess the nioplexes' morphology.
The niosomes’ potential to condense, liberate and protect the pUNO1-hBMP7
plasmid DNA against enzymatic digestion was evaluated using an agarose gel
retardation assay. The naked and niosome-complexed DNA samples (200 ng of
plasmid/20 μl) were run on an agarose gel (0.8% w/v). The tris–acetate–EDTA
bufferimmersed gel was later exposed to 120 V for 30 min. In order to analyze the
release of DNA from nioplexes at different cationic lipid/DNA mass ratios, 20 μl of
the SDS solution (2%) were added/sample. The supposed nioplexes-induced
protection for DNA against DNase I enzymatic digestion was assessed by adding 1U
DNase I/2.5 μg DNA. Subsequently, mixtures were incubated at 37 °C for 30 min
followed by adding a SDS solution (like above) to release DNA from the nioplexes.
The resulting bands were stained with GelRed™ and visualized by ChemiDoc™ MP
Imaging System (Bio-Rad, Madrid, Spain).
2.5. In vitro culture and transfection of NT2 cells
NT2 cells (ATCC®−CRL, 1973) were cultured in a growth medium composed
of; Dulbecco's Modified Eagle's Medium (DMEM), 10% fetal bovine serum (FBS) and
antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin. The night before
transfection, NT2 cells were seeded in 24-well plates at an initial density of 8×104
cells/well and allowed to proliferate up to 70−80% confluence. The medium was
then replaced with serum-free Opti-MEM, and cells were exposed to the nioplexes
at a concentration of 1.25 μg of pUNO1-hBMP7/well. After 4 h of incubation, the
serum-free transfection medium was replaced with the growth medium. 24 h later,
conditioned media (NT2-CM) was collected, filtered (0.22 μm filters) and preserved
at −80 °C until ELISA was performed to determine the hBMP7 secreted. Cell
counting (CCK-8) viability/ proliferation assay was carried out as previously
reported [16]. The color development was read at 450 nm (Tecan M200 microplate
reader), corrected with reference wavelength at 690 nm, and normalized against
blank wells. The positive control, Lipofectamine® 2000 was prepared following the
manufacturer's transfection protocol.

2.6. In vitro culture and proliferation assay of C6 glioma cells
The rat glioma cell line (C6, CCL-107) was grown in the ATCCformulated F12K Medium (Catalog No. 30-2004). To make the growth medium (GM), fetal
bovine serum was added to a final concentration of 2.5%, horse serum to a final
concentration of 15%, 100 U/ml of penicillin, and 100 μg/ml of streptomycin. Cells
were maintained at a humidified atmosphere at 37 °C with 5% CO2 and were used
at the third passage.
In 24 multiple-well culture plates, C6 cells were seeded (100.000 cells/well)
overnight. The next day, GM was replaced with NT2-CM, both untransfected (+NT2)
and transfected (+NT2-hBMP7). The C6-CM was prepared as mentioned in section
2.4. After 24 h, cell proliferation was determined using CCK8 assay according to the
manufacturer's instructions. The wells where NT2-CM was added were compared to
“control” C6 glioma cells wells grown on C6-CM.
2.7. Co-culture and transwell migration assays
The glioma cell migration assay was carried out using uncoated Transwell®
24 well microplates with 8.0 μm pore size. About 80.000 NT2 cells (of
untransfected/transfected cultures (24 h post-transfection) were seeded in the
lower chambers and incubated at 37 °C for 4 h to ensure cell attachment. Then, C6
glioma cells (in 200 μl serum free media) were seeded in the upper Transwell insert
(100.000 cells/insert). 16 h later, the medium was aspirated, and non-migratory
cells were removed by swabbing the interior of the insert wells using cottontipped
swabs. The migrating C6 cells on the lower surface of the Transwell® membranes
were fixed in methanol, stained with crystal violet (0.09% crystal violet) and
counted under an inverted optical microscope (Nikon TSM). Five random fields were
counted for each membrane, and the mean values from three independent
experiments, performed in triplicate, were used.
2.8. Statistical analysis
Statistical differences between groups (significance levels of ˃95%) were
calculated using ANOVA and Student's t-test. The values of P < 0.05 were regarded
to be significant. Samples' normal distribution and homogeneity of the variance
were evaluated with the Kolmogorov-Smirnov and the Levene tests, respectively.
All numerical data were presented as mean ± SD.

Fig. 2. A) Particle size (nm) and Zeta potential (mV). Data represent mean ± SD (n=3). B)
Cryo-TEM micrographs of nioplexes at 6/1 cationic lipid/DNA mass ratio. Scale bar 500 nm

(inset, 100 nm). C) Gel retardation assay of nioplexes. Lanes 2, 5, 8, 11 and 14 depict
nioplexes treated with SDS, while lanes 3, 6, 9, 12 and 15 correspond to DNase I- and SDStreated nioplexes. OC and SC: open circular and supercoiled forms, respectively.

3. Results
3.1. Physicochemical features of niosomes/nioplexes
Fig. 2-A depicts both size and ZP assessment of DPP80-hBMP7nioplexes at
mass ratios 2/1 through 14/1. The size of nioplexes (bars) gradually decreased
from 190 nm to 90 nm at cationic lipid/DNA mass ratios of 2/1 and 14/1,
respectively. With regard to surface charge, ZP readings gradually increased from
−5.2 mV at 2/1 mass ratio to +35.5 mV at 10/1 mass ratio without any notable
change thereafter. As illustrated in Fig. 2-B, the cryo-TEM-examined nioplexes (6/1
mass ratio) depicted imperfect spherical particles. Fig. 2-C represents gel
retardation assay of nioplexes prepared at different cationic lipid/DNA ratios (4/1,
6/1, 8/1 and 10/1). Such nioplexes demonstrated satisfactory ability to hold DNA,
since most of the DNA signal was observed in the corresponding wells (4, 7, 10 and
13 lanes), and only faint SC bands were observed. Interestingly enough, the
restrained DNA was liberated upon adding SDS, since no clear bands were observed
in wells 5, 8, 11 and 14. Moreover, the DNA was protected from the DNase I
enzyme, since clear OC (open circular) and SC (supercoiled) bands were detected in
the 6th, 9th, 12th and 15th lanes, compared to the 3rd lane (free DNA).

Fig. 3. (A) hBMP7 secretion (ng⁄ml) at 24 h (bars). Values represent mean ± SD (n=3). *P
< 0.05 versus L2K. (B) Phase contrast micrographs of NT2 cells 24 h post-transfection (B1)
control, (B2) hBMP7-DPP80-transfected, (B3) hBMP7-L2K-transfected cells. (Scale bars=50
μm).

3.2. In vitro transfection of NT2 cells
The secretion of hBMP7 by transfected/untransfected NT2 cells at 24 h post
transfection is observed in Fig. 3-A (bars). Throughout the studied cationic
lipid/DNA mass ratios, the ratios of 6/1 and 8/1 depicted significant secretion of
hBMP7 in comparison to the untransfected “ctrl” cells (p < 0.05). The ratio of 6/1
was the highest transfection results (5.7 ng/ml), although it was still inferior to the
secretion obtained by L2K transfection (18 ng/ml, p < 0.05). On the other hand,
CCK8 assay demonstrated that cell viability was almost inversely related to the
mass ratio of cationic lipid/DNA (Fig. 3, line graph). At the mass ratio of 6/1, peak
of hBMP7 secretion, cell viability was still higher than that of L2K (63.6% and
59.5%, respectively, *p < 0.05). Control NT2 cells were epithelial-like adherent
cells (Fig. 3-B1). One-day post-transfection, cells treated with DPP80 or L2K
formulations, appeared more polyhedral with elongated processes (Fig. 3-B2 and 3B3, respectively).
3.3. In vitro proliferation assay of C6 glioma cells
In order to measure the functionality of secreted hBMP7 on glioma cells, rat C6
glioma cells were treated with the conditioned media of untransfected (NT2-CM)
and transfected (NT2-hBMP7-CM) cells. The NT2-CM significantly inhibited the cell
growth of C6 cells, whether transfected (+NT2-hBMP7-CM) or untransfected (+NT2CM) when compared to the C6-CM (*P < 0.05) (Fig. 4). However, the antiproliferative effect of the CM retrieved from transfected and untransfected NT2 cells
was almost the same (P > 0.05).

Fig. 4. In vitro viability assay of C6 glioma cells after incubation with; C6-CM, untransfected
NT2 cells and transfected NT2 cells. (*P < 0.05).

3.4. Transwell migration assay of C6 glioma cells
Subsequently, the effect of hBMP7 secretion on C6 glioma cell migration was
evaluated. As seen in Fig. 5, the migration of C6 cells was notably less (*P < 0.05)
when co-cultured with transfected NT2 cells (+NT2-hBMP7) compared to the
untransfected cells (+NT2).
4. Discussion

The high mortality rate and aggressiveness in GBM patients has necessitated
the search for novel, safe, and effective therapeutic approaches. Over the past few
years, both cell and gene therapies have offered great promise in this realm.
In this study, we aimed to investigate the effectiveness of the newly
synthesized cationic niosomes (DPP80) for transfecting NT2 cells, thus obtaining
hBMP7-overexpressing NT2 cells. Such cationic niosomes were electrostatically
complexed with the negatively charged pUNO1- hBMP7 plasmid rendering nioplexes
at different cationic lipid/DNA mass ratios. Despite the lack of consensus over the
optimal size of nonviral gene carriers, it is widely accepted that the particle size
clearly affects their performance. In the current work, the size of nioplexes was
clearly affected by the cationic lipid/DNA mass ratio (Fig. 2-A). At the mass ratio of
2/1, the size was almost 190 nm. Alongside higher mass ratios, the size gradually
decreased, and this was most likely due to the electrostatic interactions that
condense DNA plasmids more tightly. Not only their size, but the shape of non-viral
complexes can also affect their final performance in gene delivery [3]. Our
complexes were not perfectly regular in shape (Fig. 2-B) which could be due to the
incorporation of non-ionic surfactants on the surface of niosomes. As well, the
discrete morphology of nioplexes at 6/1 mass ratio (Fig. 2-B) may be attributed to
the high positive surface charge (˃ 29 mV), which in turn evades the particles’
aggregation through electrostatic repulsion [17]. The electrostatic interactions
between the DNA (negatively charged phosphate groups) and the cationic niosomes
(positively charged amine groups) play a crucial role during the transfection process
as a precise balance between DNA capture and release needs to be achieved [18].
To investigate that parameter, gel retardation assay was carried out (Fig. 2-C). We
selected nioplexes at cationic lipid/DNA mass ratios higher than 2/1 since the
values of ZP were within the positive range (Fig. 2-A, lines). Interestingly, at all
studied cationic lipid/DNA ratios, the niosomes were not only able to partially
condense and totally release DNA upon adding SDS in all the cationic lipid/DNA
mass ratios tested, but also to protect DNA against the enzymatic digestion, which
is of significance in relevant in vivo applications.

Fig. 5. Transwell migration assay of glioma C6 cells co-cultured with transfected NT2 cells
(+NT2-hBMP7) compared to the untransfected cells (+NT2)(*P < 0.05). C6 glioma cells on
the lower surface of Transwell inserts were stained with crystal violet (scale bar = 50 μm).

Thanks to the previously mentioned desirable characteristics of DPP80hBMP7 nioplexes, we went on to carry out an in vitro transfection study in order to
evaluate the capacity of nioplexes to deliver pUNO1-hBMP7 plasmid into NT2 cells.
Besides being regarded as a stable cell line suitable for transfection studies, NT2
cells have been reported to be a promising source of human cells in CNS-targeted
cell therapy applications [19]. Interestingly, NT2 cells have successfully induced
recovery in pre-clinical stroke models. Therefore, they have been endorsed in
several clinical trials [20]. In particular, their intrinsic glioma-tropism has opened
up new avenues for brain malignancy therapeutics. NT2 cells are advantageously
amenable to scale-up cell production, thus might represent a delivery vehicle for
cancer therapy [21]. The transfection data (Fig. 3) revealed the release of
significant amount of hBMP7 (5.7 ng/ml) at the mass ratio of 6/1 (cationic lipid/
DNA) where the cytotoxicity on NT2 cells was less compared to positive control L2K
(p < 0.05). These results suggest that the BMP7-secreting NT2 cells could be used
as an interesting platform for further in vivo studies on the nervous tissue as well
as other tissues where the production of BMP7 is desired. Despite the comparatively
low level of hBMP7 secretion (5.7 ng/ml) by transfected NT2 cells, a markedly low
dose of hBMP7 (1 ng/ml) could increase SMAD phosphorylation 5–6 fold, thus
having a significant therapeutic effect [5]. A low, yet continuous dose of hBMP7
expression could be both neuroprotective and differentiation-inductive [22].
Similarly, our research team has recently reported a marked impact of hBMP7
production, even at much lower expression values, to induce spontaneous

osteogenic differentiation of mesenchymal stem cells [3]. Interestingly, a dose of
1.3 ng/ml of hBMP7 was enough to enhance the alkaline phosphatase activity and
osteogenic matrix deposition, suggesting the effectiveness of such low
concentrations of hBMP7 to achieve appropriate biological activities [5]. We then
proceeded to evaluate the outcome of NT2-expressed hBMP7 on glioma cells. C6
glioma cells are stable, in vitro and in vivo, and express glioma-specific markers
[23]. Thereafter, they are widely used in experimental studies for the treatment of
gliomas [24]. An indirect co-culture system by culturing tumor C6 cells in the CM of
NT2 cells was adopted to avoid the drawbacks of the direct co-culture system. In
particular, the difficulty to evaluate the effect of one type of cells on another type.
The overexpression of hBMP7 can alter the NT2 gene expression and suppress their
own tumorigenicity, making them a safe candidate for in vivo studies [25].
Moreover, activation of BMP7 signaling in glioma cells could render them more
vulnerable, and thereby more sensitive to low doses of chemotherapeutic drugs
[26].
In accordance with Li and colleagues [27], the anti-glioma effect of NT2-CM
could be mediated by the inactivation of mitogen activated protein kinase (MAPK)
pathway. On the other hand, we observed (Fig. 4) that the overexpression of
hBMP7 “per se” did not add any inhibitory effect on the viability of C6 cells. This
effect could most probably be attributed to the presence of anti-BMP signals in the
remaining serum content of NT2-CM, such as cytokines, noggin or chordin. The
main goal of most antitumor drugs is to reduce cancer cell viability. However,
because of the hyper-mutability of GBM cells, adjuvant anti-migration strategies are
also desirable.
Among others, Chirasani and co-workers [28] have reported, in agreement
with our findings, the ability of BMP7-expressing neural precursor cells to attenuate
the tumorigenicity of glioblastoma cells as well as to induce glioma stem cell
differentiation [29]. Regarding the observed suppression of migration effect, it
should be noted that BMP7 may have contradictory effects depending on the cell
line being investigated [30]. The discerned anti-migratory effects of hBMP7transfected NT2 cells (Fig. 5) could be attributed to the negative effect of hBMP7 on
cell motility (across uncoated Transwell filters) [31] or to the induction of tumor
stem cell differentiation/senescence [26]. Thus, further studies on the exact
mechanism are still required.
This study represents a proof of concept that NT2 cells could be transfected
with hBMP7 expression plasmids using the DPP80 cationic niosome gene carrier.
Subsequently, the tumor-suppressive effects of hBMP7-expressing NT2 cells were
investigated on the glioma cell line C6. The current preliminary data suggest that
the NT2 cell-based gene delivery of hBMP7 could be further explored in animal
models as a novel therapeutic approach to inhibit the proliferation and migration of
gliomas. Adequate understanding of the underlying mechanisms is necessary for
the development of effective cellular delivery vehicles for glioma therapy.
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