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ABSTRACT
21A is an Alu non-coding (nc) RNA transcribed by RNA polymerase (pol) III. While investigating the
biological role of 21A ncRNA we documented an inverse correlation between its expression level and the
rate of cell proliferation. The downregulation of this ncRNA not only caused a boost in cell proliferation,
but was also associated to a transient cell dedifferentiation, suggesting a possible involvement of this RNA
in cell dedifferentiation/reprogramming. In this study, we explored the possibility to enhance proliferation
and dedifferentiation of cells of interest, by 21A down-regulation, using a mixture of chemically modified
Anti-21A RNAs. Our results confirmed the validity of this approach that allows the amplification of specific
cell populations, in a controlled manner and without inducing permanent effects. In addition to induce
cell proliferation, the procedure did not decrease the tissue regeneration potential of progenitor cells in
two different cell systems.

KEYWORDS
Alu; antisense RNAs; cell
proliferation; differentiation;
mesenchimal stem cells; non-
coding RNAs

Introduction

Recent advances in mammalian genome studies highlight the
occurrence of a widespread transcription of non-coding (nc)
RNAs, mostly devoted to the regulation of the expression of pro-
tein coding genes.1-3 In this scenario, a significant fraction of
RNA molecules is ascribable to the Alu class of repetitive
sequences that represents about one-tenth of the whole human
genome.4 Up to date, a long series of biological roles have been
attributed to Alu short transcripts5 including RNA editing,6

alternative splicing regulation,7 chromosomal recombination,8

gene-expression regulation,9 cell stress response,10,11 putative
miRNA targets.12 Notably, the observation that the transcription
of Alu elements is dependent on RNA polymerase (pol) III high-
lights a previously unexpected role in gene-expression regulation
of this machinery that deserves further investigations.2

In a previous study, a computer search for upstream pol III
promoter elements of small nuclear RNA transcriptional units
allowed us to identify a novel set of approximately 30 ncRNA
elements mostly mapping within protein-coding regions and/or
sharing a high sequence homology (either in sense or antisense
configuration) with pol II–transcribed genomic regions. On
these basis, we proposed a synergic mechanism of gene expres-
sion control, in which pol III elements might act as trans-locus
regulators of their correspondent pol II target genes by interfer-
ing with their mRNA maturation or translation.2 In the recent
years we defined the transcriptional role of several of these
ncRNA.13–19 While investigating the biological role of one of

these transcription units (named 21A), we documented an
inverse correlation between the expression level of 21A ncRNA
and the rate of cell proliferation.2 Indeed, the transfection of
cells with a construct expressing 21A ncRNA in antisense con-
figuration led to a marked increase of cell proliferation. This
finding suggested the possibility that, using a controlled inter-
ference with 21A RNA expression, one could promote, in a con-
trolled manner, the proliferation of poorly proliferating cells or
of cells existing in a limited number for different biotechnologi-
cal applications including therapeutical purposes. Since the
transfection of plasmid DNA in cells intended for cell therapy
procedures is per se unsafe, a possible reduction of 21A expres-
sion might be obtained transfecting transiently chemically-
modified anti-21A dsRNAs whose half-life in the cell is less
than 48 hours. However, since proliferation and differentiation
are known to be inversely correlated in the cell, it was reason-
ably expected that the increased proliferation driven by anti-
21A RNA transfection, might be also accompanied by effects
on the cell differentiation, thus suggesting a further investiga-
tion of this aspect.

Here, we report that a specific mixture of chemically modi-
fied, 32 to 38 nt-long, anti-21A RNAs induced a transient/
recoverable increase of cell proliferation in vitro. This treat-
ment, tested in neuron-like differentiated neuroblastoma cells,
reproducibly led to a boost of cell proliferation, while main-
taining their susceptibility to differentiation stimuli. We also
showed that the cell treatment with chemically modified anti-
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21A RNAs induced the proliferation of human bone-marrow
derived mesenchymal stem cells (MSC) without reducing their
osteogenic potential and avoiding the permanent activation of
undesired pathways that might lead to adverse effects including
tumorigenesis.

Results

Definition of a safe protocol to down-regulate 21A RNAs
in cells

In a previous work we documented a remarkable increase of
HeLa cell proliferation as a consequence of 21A ncRNA down-
regulation and/or silencing.2 This finding suggested that the
induction of a transient and controlled “boost” of cell prolifera-
tion and the associated partial de-commitment, might be of rel-
evant interest for the in vitro expansion of poorly proliferating
cells or of cells limited in number and intended for biotechno-
logical applications including cell therapy. In order to define a
safe protocol for the down-regulation of 21A RNAs, we
excluded the use of a plasmid DNA harboring 21A transcrip-
tional region in antisense (AS) configuration as it might be det-
rimentally integrated in the genome of the host cell. In
addition, in our experimental plan we also considered that
RNA:RNA pairing of long antisense RNA molecules (more
than 40 nts) most likely would induce interferon responses.20

Therefore, to overcome the above issues we synthesized three
chemically-stabilized (orthomethylated) short ssRNAs (38nt-,
38nt- and 32nt-long, hereafter referred to as a, b and g respec-
tively), each of them matching a specific region of 21A tran-
script sequence and possibly folded in different secondary
structures with peculiar susceptibility to degradation (see sup-
plementary material online 1).

To investigate the molecular details of the anti-21A RNAs-
dependent cell proliferation increase, we transfected a geneti-
cally modified neuroblastoma cell line SKNBE2-S113 character-
ized by a reduced cell proliferation rate and a partially
differentiated phenotype. This cell line tool was appropriate
not only to highlight the effects of anti-21A RNAs transfection
on the proliferation of more mature cells, but also to identify
possible effects on the cell differentiation status.13,21

First, we tested the kinetics of decay of an equimolar mixture
(2 £ 10¡3 picomols/cell) of a, b and g anti-21A RNAs (hereaf-
ter referred to as anti-21A RNAs mix) in the cells. Given their
increased stability, orthomethylated RNA molecules were cho-
sen to exert prolonged effects, but not long enough to lead to a
permanent perturbation of the gene expression profile of the
transfected cells. In order to determine the degradation rate of
the orthomethylated RNAs, we transfected SKNBE2-S1 cells
with anti-21A RNAs mix marked with Platinum Bright 570
Red/Orange and monitored the fluorescence of the cells at dif-
ferent times. The red fluorescence signal was clearly detected
on the green fluorescence background of SKNBE2-S1 cells 24
and 48 hours after transfection, but it became undetectable
after 72 hours. Since, because of their short half-life in the cells,
the RNA molecules were not likely to induce permanent per-
turbations of the gene expression, the Anti-21A RNAs mix was
considered a good candidate also for transfection of cells
intended for clinical applications (Fig. 1A).

To assure that the administration of nucleic acids did not exert
toxic effects, we measured the induction of interferon-gamma
(IFN g and of the interferon-induced antiviral biomarker oligoa-
denylate synthetase 3 (OAS3), 24 hours after transfection. The
transfection of anti-21A RNAs in SKNBE2-S1 cells did not
induce the expression of these proteins, confirming the safety of
the chemically modified 32 to 38 nt-long RNAs mix (Fig. 1B).

The transient transfection of the anti-21A RNAs mix led to
an increased proliferation rate of the neuroblastoma cell line.

Next, we determined the extent of the proliferation boost
induced by anti-21A RNAs in transfected cells by cell counting
and/or the xCELLigence RTCA DP technology. Twenty-four
hours after transfection, the number of cells was approximately
doubled as compared to the control cells. A preliminary analy-
sis of the xCELLigence growth curves showed that the increase
of the proliferation rate occurred within the first 24 hours,
whereas, over a longer time, cells recovered the physiological
population doubling time (data not shown). Indeed, by cell
counting we showed that, after the initial proliferation boost of
the 21A-AS RNAs-treated cell, the doubling trend of trans-
fected and un-transfected cells proceeded in parallel during the
32 day-long period of analysis (Fig. 1C). In agreement with this
finding, 20 d after the treatment (and after several in vitro pas-
sages) cells transfected with anti-21A RNAs and mock trans-
fected control cells, collected by trypsin digestion and replated
in new culture dishes at the same cell concentration, presented
superimposable population doubling time (inset in Fig. 1C).
Altogether these results evidenced that the transfection with
anti-21A RNAs mix promoted a transient increase in cell pro-
liferation in vitro and that the gain of an additional cell duplica-
tion was promptly followed by the resumption of the
physiological proliferation rate.

The proliferation increase driven by anti-21A RNAs in vitro
is coincident with neuroblastoma cell dedifferentiation.

We investigated if the increase in cell proliferation induced
in neuroblastoma cells by anti-21A RNAs was accompanied by
a transient reversion of the neuron-like differentiated pheno-
type inducing a de-committed stage toward a de-differentiation
process. To assess the possible alterations in the expression of
genes that play critical roles in the cell cycle and/or differentia-
tion/stemness regulation, we measured, by real time RT-PCR,
the expression level of a panel of onco-suppressors, oncogenes
and genes related to pluripotency 24, 48, and 168 hours after
transfection. We observed a moderate increase of expression of
the cell cycle-related/cancer markers c-Myc (after 24 and
48 hours from the transfection) and c-Fos (after 48 hours) with
a return to control levels after 7 d. This profile of overexpres-
sion suggested that the transience of the anti-21A effects did
not promote any permanent cell transformation. In agreement
with this finding, we observed a concurrent slight increase in
the expression of two onco-suppressors (TP53 and Rb) after
24–48 hours, followed by a return to levels close to the ones of
control cells after 1week (Fig. 2A).

We investigated the possible acquisition of a tumorigenic
potential by SKNBE2-S1 cells treated with anti-21A RNAs ana-
lyzing their capacity to form colonies on methylcellulose. We
found that anti-21A RNAs did not alter the clonogenic poten-
tial of these cells that was retained in both anti-21A-transfected
and control cells (Fig. 2B).
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Next, we investigated possible variations of cell migration
capacity induced by anti-21A-treatment by means of the xCEL-
Ligence migration assay.22 As shown in figure 2C, in line with
the above described data, no differences were observed between
transfected and control cells.

We also searched for possible changes in protein secretion
driven by anti-21A RNA transfection. Supernatants of 21A
RNA-treated and control cells were analyzed using a Human
Cytokine detection kit (Luminex technology). We measured
the amount of released cytokines that play a relevant role in the
nervous system and are characteristically produced by
SKNBE2-S1 cells.21 We found, after anti-21A RNAs transfec-
tion, a 30 to 70% of observed inhibition of protein release,
including PAI-1 (plasminogen activator inhibitor-1),23 the pro-
tease cathepsin D,24 the chemokine RANTES (CCL5),25 the
MPO (myeloperoxidase),26 and the N-CAM (neural cell adhe-
sion molecule, CD56), (Fig. 2D). In addition, in agreement
with the postulated dedifferentiation induced by anti-21A
RNAs mix, we found that the secretion of N-CAM (neural cell

adhesion molecule, CD56), a hemophilic binding glycoprotein
involved in cell-cell adhesion, neurite outgrowth and synaptic
plasticity,27 was decreased in anti-21A RNA-transfected cells,
thus providing a possible molecular basis for the observed
decrease in cell adhesion capacity. In agreement with the loss of
neuron-like traits, PDGF-AA (platelet-derived growth factor
AA), a neuron-secreted factor28 playing fundamental role in
the development of the central nervous system,29 while effec-
tively released in control cells, was not detected in the condi-
tioned medium of SKNBE2-S1 cells after anti-21A transfection.

However, since one could have expected that the induction
of the SKNBE2-S1 cell proliferation was sustained by the loss
of the differentiated neuron-like phenotype and the acquisi-
tion of stemness traits, we measured, by real time RT-PCR,
the expression level of two stemness-specific markers (Nanog
and Oct4) in both the cells treated with anti-21A RNAs and
the control cells. We observed an increased expression of these
two genes 24 hours post-transfection, followed by a prompt
return to levels closed to the basal, after 48 hours (Fig. 2E).

Figure 1. Anti-21A RNAs transfection leads to a transient cell proliferation boost. (A) Quantification of red-labeled Anti-21A RNAs signal in S1 neuroblastoma cells at differ-
ent time points (seven microscope fields were averaged for each time point). Microscope fields here reported represent S1 cells 24 hours after Anti-21A RNAs transfection.
Scale bar: 200 mm. (B) Real time RT-PCR analysis of interferon response biomarkers in S1 cells transfected with Anti-21A RNAs or with water as control; gene expression
levels are presented as normalized to GAPDH. Bulk Natural Killer population (NK) was used as positive control. (C) Population doubling of S1 cells transfected with
Anti-21A RNAs or water as control, calculated in cell counting experiment. The inset represents the Population Doubling of S1cells replated 20 d after transfection with
Anti-21A RNAs or water as control. (���p < 0.001).
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Anti-21A AS/RNAs drive transient proliferation boost
in cultures of mesenchymal stem cell (MSC), as paradigm
of primary cells expanded in vitro and intended for cell
therapy

As human MSCs are the cells currently most frequently used
for cell therapy applications30 these cells were chosen to test the

efficiency of the proliferation boost of primary cells induced by
the transfection of different combinations of the AS RNAs. Cell
proliferation rate was measured by [3H]-thymidine incorpo-
ration assay. In the MSCs transfected with an equimolar
amount of the three Anti-21A RNAs, after 3 d in culture, DNA
synthesis, was increased up to 1.8-folds, without side effects on
cell viability (Fig. 3A, B).

Figure 2. Anti-21A RNAs-dependent proliferation boost does not lead to the acquisition of tumorigenic potential. (A) Real time RT-PCR analysis of oncogenes and oncosuppressors in
S1 cells transfected with Anti-21A RNAs; results (gray columns) are normalized to the water-transfected samples (black columns). (B) Colony-forming potential in Methocult of S1 cells
transfectedwith Anti-21A RNAs and/or water (control). Scale bar: 1000mm. (C) Real-timemonitoringmigration and invasion of S1 cells transfectedwith Anti-21A RNAs using the xCEL-
Ligence Migration and invasion assay. Blue, Huvec FBS- cells; green, S1 FBS-, Azure, S1 Anti-21A RNAs-transfected FBS-; magenta, HUVEC FBSC; violet, S1 FBSC; orange, S1 Anti-21A
RNAs-transfected FBSC. Cells were seeded and theirmigrationwasmonitored for 24 hours. Cellsmaintained in serum-freemedia served as a control. (D) Analysis of secreted cytokines
in S1 cells transfected with Anti-21A RNAs (empty bars) or water control (full bars) by MILLIPLEX technology; the amount of cytokines secreted after a 2� treatment of Anti-21A are
reported (striped bars). (E) Real time RT-PCR expression analysis of stemnessmarkers; results are reported as Anti-21A/water control ratio. (�p< 0.05; ��p< 0.01).
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Figure 3. Anti-21A RNAs-transfected MSCs implanted in vivo drive the differentiation of an increased portion of compact fibrous tissue. A) [3H]-thymidine incorporation
assay of hMSCs transfected with different combination of a, b and g Anti-21A RNAs and B) effects on cell proliferation of different concentrations of the equimolar mix
(a Cb Cg) of Anti-21A RNAs. C) Reconstituted Hematoxilin/Eosin (H/E)-stained skelite sections of different implant conditions and their 10x respective magnifications.
D) 10x magnification of Hematoxilin/Eosin-stained sections analyzed under transmitted light (T/L) and under polarized light (P/L). Scale bar: 250 mm. E) Picrosirius red/
Fast green-stained skelite sections analyzed under transmitted light (T/L) microscopy and polarized light (P/L) microscopy. Mature collagen type I is stained in red, col-
lagen type I in the maturation process in yellow, and collagen type III in light green in polarized light. All samples were obtained 45 d post-implantation. Scale bar:
250 mm.
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The pre-treatment with Anti-21A RNAs did not decrease
the osteogenic potential of MSC in a mouse model
of ectopic bone formation

Given that the increased expression of Nanog and Oct-4 RNAs,
here observed in anti-21A-transfected cells, is usually associated to
a cell reprogramming, we hypothesized that the anti-21A RNAs
might exert a possible transient dedifferentiating effect on MSCs.
We wanted to test if anti/21A-transfected MSCs exhibited a modi-
fied susceptibility to microenvironmental stimuli, thus being
altered in their tissue regeneration potential. We selected the
ectopic mouse model of bone regeneration, in which human bone
marrow-derived MSCs seeded on a suitable ceramic scaffold are
subcutaneously implanted in the back immunocompromised
mice.31 In particular, we investigated whether the treatment with
anti-21A RNAs induced differences in bone formation in terms of
quantity and/or quality of the engineered tissue. Considering that
the treatment with anti-21A RNAs resulted in a 1.8-fold increase in
the number of MSCs, we seeded the scaffolds with two different
amounts of cells: i) 2 £ 106 non-transfected MSCs (standard cell
concentration in this type of assay); ii) 1.17 £ 106 for anti-21A
transfected and non-transfected control MSCs (resulting from the
ratio between the standard cell concentration and the population
doubling increase induced by anti-21A RNAs). The histological
analysis of implanted scaffolds extracted after 45 d showed that
transfected MSCs did not induce an increase in bone matrix depo-
sition in comparison to the negative control (Fig. 3C and supple-
mentary material online 2). Interestingly, by histomorphometric
analysis of the hematoxylin/eosin stained sections and by the analy-
sis of organized collagen fibers observed under polarized light
(Fig. 3C, D), we found an increase in the content of compact
fibrous tissue, potentially prone to differentiate toward bone.

To better characterize the phenotype of the observed compact
tissue, sections derived from the three experimental groups were
stained with picrosirius red/fast green dye, in order to define the
thickness of fibers and to discriminate the collagen fibers at different

stages of maturation.32,33 The compact tissue present within the
pores of scaffolds seeded with transfected MSCs was characterized
by a predominant yellow-staining of fibers as expected for collagen
type I in the maturation process. On the contrary, the green-stained
collagen fibers (characteristic of collagen type III) were more abun-
dant in standard and negative controls, indicating that the transfec-
tion of the implanted cells led to increased quantity of compact
tissue in thematuration stage (Fig. 3E).

Next, in light of the above results, we investigated the effects of
the transfection of anti-21A RNAs during a prolonged implanta-
tion time, to allow a more complete osteogenic differentiation of
the compact tissues within the scaffolds. In order to avoid individ-
ual variability in our experimental setting, each mouse was
implanted with 3 scaffolds loaded with i) the standard control
(2 £ 106 cells untreated), ii) the negative control (1.17 £ 106 cells
untreated) and iii) the transfected cells (1.17 £ 106 cells) respec-
tively. Mice were sacrificed 60 d after implantation and serial sec-
tions of the scaffolds were examined. Although the histological
analysis showed mineralized tissue in all the experimental groups,
the bone thickness distribution analysis showed a statistically sig-
nificant increase of bone thickness in implants seeded with trans-
fected cells (Fig. 4A and Supplementary material online 3A). In
particular, scaffolds seeded with anti/21A-transfected MSCs exhib-
ited a remarkable increase of mineralized areas with the highest
thickness distribution in the range between 100 and 200 mm and
over (Fig. 4B and Supplementary Material online 3B). On the
whole, these results show that the MSC treatment with anti-21A
RNAs favors the deposition of mineralized bone after their implan-
tation in vivo.

Anti-21A RNAs enhance the efficiency of tube formation in
a model of angiogenesis in vitro

To additionally validate the use of anti-21A RNAs as a tool for
regenerative medicine, we investigated its capacity to boost a

Figure 4. An increased bone mineralized area thickness is detected in implants from Anti-21A RNAs-transfected MSCs. (A) Reconstituted Hematoxilin/Eosin-stained skelite
sections of different implant conditions and their respective magnifications. (B) Thickness distribution of mineralized tissue bone matrix deposition area. (SC: standard
control group; NC: negative control group; Anti-21A/Tr: Anti-21A RNAs-transfected group).
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different tissue regeneration system, such as the formation of
three-dimensional tubular structures by endothelial cells in vitro.

To this aim we plated primary cultures of human umbilical
vein endothelial cells (HUVECs) onto a layer of Matrigel (com-
posed by laminin and specific growth factors) that promotes cell
adhesion, migration and drives cells to differentiate to tube-
shaped structures, a process that recapitulates blood vessel for-
mation. Cells plated on Matrigel, treated with anti-21A RNAs or
vehicle (control cells), were incubated for 20 hours to allow
tubule formation. The determination of the average tube length
in treated and control cells showed a remarkable increase
(C14%) in anti-21A RNAs-treated cultures with respect to the
controls (Fig. 5A, B). This result strengthen the possible applica-
tion of Anti-21A RNAs as enhancer of the tissue regeneration
potential in cells intended for biomedical practices.

The proliferation increase driven by anti-21A RNAs in vitro
is not associated to the acquisition of a tumorigenic
potential

We ruled out the acquisition of a tumor promoting phenotype
inoculating subcutaneously 3 £ 106 anti-21A RNA-treated or
untreated MSCs in nude mice. After 6 months we did not
observe tumor formation in both mice groups, confirming that
the treatment did not lead to the acquisition of anti-21A RNA-
dependent tumorigenic properties (data not shown).

Discussion

In a recent work we documented an inverse correlation between
the expression of 21A ncRNA and cell proliferation rate. Indeed,

whereas the overexpression of 21A ncRNA led to a reduction of
cell proliferation, its decrease (obtained by a siRNA-mediated
silencing or by antisense technology) resulted in a dramatic
increase of cell proliferation. These findings suggested the possi-
bility to use anti-21A RNAs to increase cell proliferation rate in
culture of poorly proliferating cells or when the number of avail-
able cells become limiting such as in different biotechnological
applications including cell therapy.

To this aim we used equimolar mixture of three chemically-
modified anti-21A RNAs to promote a controlled and transient
increase of cell proliferation. We demonstrated that for every
cycle of transfection of anti-21A RNAs the cells gained an addi-
tional doubling in 24/48 hours. Notably, despite a transient
increase of oncogenes and oncosuppressors observed in the first
few hours after transfection, the physiological control of the cell
cycle in anti/21A-transfected cells was promptly recovered in
the next few hours and the cells do not acquire tumorigenic
potential. Interestingly, the transient upregulation of c-myc is
in agreement with the contribute of this gene to the process of
somatic cells reprogramming to Induced Pluripotent Stem
Cells, and is also corroborated by the enhanced expression of
Oct4 and Nanog, two key components of cell stemness and
reprogramming. This result is also strengthen by the analysis of
proteins secreted after anti-21A treatment, that does not sup-
port the activation of tumorigenic pathways and by the tran-
sience of the changes of expression of stemness genes observed
after cell booster transfection. Therefore, these results suggest
the possible use of this procedure for biomedical purposes.

Next, taking advantage of a model of bone regeneration we
have shown that MSCs transfected with anti-21A RNAs
increase their osteogenic potential in vivo, leading to an

Figure 5. Effect of Anti-21A RNAs treatment on HUVEC’s tubule formation potential in vitro. (A) Tubule forming HUVECs plated onto Matrigel, 20 hours after treatment
with Anti-21A RNAs (or water as control). (B) Quantitative analysis of tube length.
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increased osteoid thickness. Next, in order to extend the use of
Anti-21A RNAs in different tissue engineering contexts, we
have demonstrated an increased angiogenic potential of Anti-
21A RNAs-treated endothelial cells suggesting a potential wide-
spread application of anti-21A RNAs as tool to increase regen-
erative capacity of different cell types.

In summary, the results presented here point out the possi-
ble use of this procedure to expand and amplify in vitro cell
populations of interest and/or to increase the regenerative
potential of progenitor cells in tissue engineering procedures.

Materials and methods

Anti-21A RNAs mixture

Anti-21A RNAs equimolar mixture was composed by the fol-
lowing Ortho-methylated synthetic antisense RNAs (GE
Healthcare Dharmacon Inc., Lafayette, CO, USA):

a, 50-ugggcucaagugauccuccugccucagccucccaaagu-30;
b, 50-AGAUGAGGUCUCACUAUGUUGCCCAAGCUGGU

CUCAAA-30;
g, 50-GACCACAGGUGUGCACUACCACACCCAGCUA

A-30.

Cell cultures and transfection

SKNBE2 human neuroblastoma cells were grown in RPMI 1640
(Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10%
FBS (fetal bovine serum; Gibco� Life Technologies,
Carlsbad, CA, USA), L-glutamine (2mM; Euroclone, Milano,
Italy) penicillin/streptomycin (100 U/ml/ 100 mg/ml; Euroclone,
Milano, Italy) (SKNBE2-complete medium). Cells were trans-
fected using polyethylenimine (PEI, P3143; Sigma-Aldrich, St.
Louis, MO, USA) with p_EGFPN1-NDM29 (hereafter referred to
as NDM29). G418 (Geneticin; InvitrogenTM Life Technologies,
Carlsbad, CA, USA) was used in culture medium as mean of
selection up to 1000 mg/ml, until resistant clones were identified.
After selection, the clones were preserved in 200 mg/ml G418 in
standard culture conditions. One or two d prior microporation,
SKNBE2-NDM29 cells were transferred into flask with fresh
medium in order to obtain 70–90% confluency on the day of the
experiment. Cells were detached with 0.05% trypsin in 0.01 %
EDTA (Sigma-Aldrich, St. Louis, MO, USA), washed with PBS
(phosphate-buffered saline, pH 7.2) and resuspended in Buffer R
at a final density of 3.5 £ 106 cells/ml for microporation with
10 ml Tip (NeonTM Transfection System, 10 ml Kit; InvitrogenTM

Life Technologies). Microporation was performed using a Micro-
porator MP-100 (InvitrogenTM Life Technologies, Carlsbad, CA,
USA). Anti-21A (AS/RNAs equimolar mixture or water as con-
trol) (2mM) were added prior microporation. The optimal pulse
condition were previously set for SKNBE-NDM29 cell line fol-
lowing procedures for the fast optimization of electric parameters.
After the pulse, cells were transferred immediately into pre-
warmed SKNBE2-complete medium deprived of penicillin/
streptomycin.

Bone marrow derived mesenchymal stem cells (MSCs) were
obtained from iliac crest marrow aspirates of 3 healthy donors
(age range: 18–38 years). All the procedures were approved by
the Institutional Ethical Review Committee. Bone marrow

samples were washed twice with PBS (phosphate-buffered
saline, pH 7.2) and mononucleated cells were counted using
nuclear staining (0.1% methyl violet in 0.1 M citric acid). Bone
marrow cells were then cultured in Coon’s modified Ham’s F12
medium (Biochrom, Berlin, Germany) supplemented with 10%
FCS (fetal calf serum; InvitrogenTM Life Technologies, Carls-
bad, CA, USA) L-glutamine (2mM; Euroclone, Milano, Italy),
penicillin/streptomycin (100 U/ml/ 100 mg/ml; Euroclone,
Milano, Italy) and 1 ng/ml FGF-2 (Peprotech EC, London, UK)
(MSCs-complete medium) and plated at 2–5 £ 106 cells/100-
mm dish. Medium was changed 3 d after plating and twice a
week thereafter. Cells from confluent cultures (20–25 d in cul-
ture) were detached with 0.05% trypsin in 0.01% EDTA
(Sigma-Aldrich, St. Louis, MO, USA), counted and frozen. For
microporation cells were thawed and plated at 5 £ 105 cells/
100-mm dish. Medium was changed twice a week and cells
from confluent cultures were detached with 0.05% trypsin in
0.01 % EDTA (Sigma-Aldrich, St. Louis, MO, USA), washed
with PBS (phosphate-buffered saline, pH 7.2) and resuspended
in Buffer R at a final density of 5 £ 106 cells/ml for micropora-
tion with 100 ml Tip (NeonTM Transfection System, 100 ml Kit;
InvitrogenTM Life Technologies, Carlsbad, CA, USA). Anti-21A
RNAs cocktail or water as control were added to cell suspension
prior microporation. The pulse condition were set as suggested
in microporator cell database. After the pulse, cells were trans-
ferred immediately into pre-warmed MSC-complete medium
deprived of penicillin/streptomycin. This transfection tech-
nique does not affect the proliferative, differentiative or migra-
tory activity of the cells.34

Optical microscope imaging

Transmission images of control and transfected cells were cap-
tured using EVOS fl microscope (Advanced Microscopy
Group, Bothell, WA, USA), at 20x magnification.

RNA synthesis labeling and transfection optimization

Anti-21A RNAs were synthetized by Thermo Scientific. Different
Anti-21A RNAs conditions were tested on MSCs (a; b; g;
aC g; aC b; gC b; gC bCa) (see Fig. 3A). Different aCbC g

anti-21A RNAs concentration conditions were tested (1 mM and
5 mM) (see Fig. 3B). To test the decay kinetics of the anti-21A
RNA cocktail, SKNBE-NDM29 cells were microporated with Red
labeled anti-21A RNAs (Platinum Bright 570 Red/Orange nucleic
acid labeling kit; Leica Biosystems KreatechTM Inc., Nussloch,
Germany) or water as control and seeded in 96-well culture plate
black (Thermo Fischer Scientific, Waltham, MA, USA). After 24
and 48 hours the plate fluorescence was measured using a fluo-
rimeter (Genios Pro reader, Tecan Group AG, M€annedorf,
Switzerland).

Proliferation assays

A) For cell counting assay, control or anti-21A RNA trans-
fected SKNBE2-S1 cells were seeded in 6-well culture plates at
the concentration of 10.5 £ 104 cells/well, incubated in
SKNBE2-standard medium, counted with a hemocytometer
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after 24 hours and expanded. Cell were counted and expanded
in triplicate at different time points.

B) For [3H]-thymidine incorporation assay, control or anti-
21A RNA transfected MSCs were plated in 24-well plates; cells
were incubated in standard medium for 24 hours and pulsed
with [3H]-thymidine (0.3 m Ci/500 ml/well) (GE Healthcare,
New York, NY, USA) for the last 14 hours. We calculated the
average proliferation rate based on the thymidine uptake.

C) Cell proliferation was also assessed by xCELLigence RTCA
MP System (Roche, Penzberg, Germany) that monitors cellular
events in real time by measuring electrical impedance across inter-
digitated gold micro-electrodes integrated on the bottom of tissue
culture plates. The impedance measurement provides quantitative
information about the biological status of the cells, including cell
number, viability, and morphology. Cell-sensor impedance is
expressed as an arbitrary unit called Cell Index (CI). In order to
determine the Cell Index, 104 cells were seeded into 100mL of stan-
dard medium in 96£microtiter plates (E-Plate; Roche, Penzberg,
Germany). Background impedance was determined using 50 ml of
standard medium. Cell attachment, spreading and proliferation
were monitored every 15 min using the xCELLigence system.
Experimental results were performed using RTCA Software 1.2
that calculated the population doubling by fitting the curve to an
exponential equation.35

Migration assay

Cell migration was analyzed on control or anti-21A RNA trans-
fected SKNBE2-S1 cells by the new technique of real-time migra-
tion monitoring, using the CIM-Plate 16 and xCELLigence System
RTCA DP Instrument (E-Plate; Roche, Penzberg, Germany).
HUVEC cells were used as positive control for the cell migration
assay. The day before the assay, cells were plated in starvation
medium (standardmediumwith a reduced concentration of FBS to
0.5%). After 24 hours, 4£ 104 cells, suspended in 100ml of serum-
free medium, were seeded in the upper chamber of a CIM-Plate 16.
The upper chamber was then placed on the lower chamber of the
CIM-Plate 16 containing growth medium supplemented with 20%
FBS as an attractant, or without FBS (negative control). Time-
dependent cell migrationwasmonitored up to 18 hours, and exper-
imental results analyzed using RTCA Software 1.2, considering the
interval of 0–6 hours. Traces show the average of triplicatewells.

Methylcellulose colony formation assay

The clonogenic assay for SKNBE2-S1 cells was performed using
a methylcellulose medium consisting of RPMI 1640 with 0.9%
methylcellulose (Methocult H4100; StemCell Technologies,
Vancouver, BC, Canada), 10% FBS, 100 U/ml penicillin/strep-
tomycin and 2 mM L-glutamine. Cells were plated at a density
of 400 cells in 2 ml volume of methylcellulose medium in
humidified 6-well plates. For each assay, suspension cells were
plated in triplicate. Colonies were counted at 12 d for 14 d after
plating.

Cytokine/Chemokine immunoassay

To quantify cytokine and chemokine production, SKNBE2-S1
cells (106 cells) transfected with anti-21A RNAs or water as

control were cultured in SKNBE2-complete medium. After
48 hours of incubation, culture supernatants were collected and
analyzed using MILLIPLEX Human Neurodegenerative Panel 3
kit (Millipore, St Charles, MO, USA), that allows the simulta-
neous quantification of 10 human cytokines: brain-derived neu-
rotrophic factor (BDNF); soluble vascular cell adhesion molecule
1 (sVCAM-1); soluble inter-cellular adhesion molecule 1
(sICAM-1); neural cell adhesion molecule (NCAM); the chemo-
kine RANTES (CCL5); myeloperoxidase (MPO); plasminogen
activator inhibitor-1 (PAI-1; total); Cathepsin D; platelet-derived
growth factor (PDGF)-AA; PDGF-AB/BB. The analysis was per-
formed according to manufacturer’s recommended protocols.
Data were normalized to cell number and expressed in pg/mL.

Real time quantitative RT-PCR analysis

Total RNAs from samples were extracted using TRIzol reagent
(InvitrogenTM Life Technologies, Carlsbad, CA, USA) according
to the manufacturer’s protocol, DNAse I-digested and subjected
to reverse transcription by Transcriptor High Fidelity cDNA Syn-
thesis Kit (Roche, Penzberg, Germany) following manufacturer’s
instructions. Total RNA from samples was measured by real-time
quantitative RT-PCR using the 7500 Fast Real-Time PCR System
(Applied Biosystems� Life Technologies, Carlsbad, CA, USA)
and SybrGreen method as described (Castelnuovo et al., 2010).
The sequences of forward and reverse primers were: gINF, for-
ward 50-CCAGGACCCATATGTAAAAG-30 and reverse 50-T
GGCTCTGCATTATTTTTC-30 (Cupedo et al., 2009); OAS3, for-
ward 50-AGAGACGGGACATCTGTGCAG-30 and reverse 50-G
GTTGGGCTGGAGAAATTCA-30; c-Myc, forward 50-CGACCA
CAAGGCCCTCAGTA-30 and reverse 50-TTGGAGGAG-
GAACGCCGCTT-30; Rb, forward 50-GCGCTCTTGAGGTTG-
TAATGG-30 and reverse 50-CCATGGGAAAGACAAATCTGT
TC-30; p53, forward 50-GCTGCCCCCACCATGAG-30 and
reverse 50-CCTTCCACTCGGATAAGATGCT-30; c-Fos, forward
50-CGAGCGCAGAGCATTGG-30 and reverse 50-CCTTCGGAT
TCTCCTTTTCTCTT-30; Nanog, forward 50-CCAGCAGATG-
CAAGAACTCTCC-30 and reverse 50-GGCCAGTTGTTTTTCT
GCCA-30; Oct4, forward 50-ACTGCAGCAGATCAGCCACA-30
and reverse 50-CTGGCGCCGGTTACAGAAC-30. For endoge-
nous control, the expression of Glyceraldehyde 3 phosphate
dehydrogenase (GAPDH) was examined. The sequences for
human GAPDH primers were 50-GAAGGTGAAGGTCGGA
GTC-30 and 50-GAAGATGGTGATGGGATTTC-30. Relative
transcript levels were determined from the relative standard curve
constructed from stock cDNA dilutions, and divided by the target
quantity of the calibrator following manufacturer’s instructions.

Tube formation assay

Matrigel was used to coat 96-wells plates (50 ml/well) and
allowed to solidify at 37�C for 30 minutes. HUVECs were
microporated with Anti-21A RNAs (at the final concentration
of 2 mM) or water (control) as described above, and seeded
onto the Matrigel-coated wells at the concentration of 20 £
104 cells/well. HUVECs were incubated with M199 media
(Euroclone, Milano, Italy) supplemented with 10% FBS (fetal
bovine serum; Gibco� Life Technologies, Carlsbad, CA, USA),
L-glutamine (2mM; Euroclone, Milano, Italy), and with
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growth factors according to manufacturer’s instructions
(S.S. Banca Biologica e Cell Factory, IRCCS AOU San Martino
– IST, Genova, Italy), for up to 20 hours. In order to quantify
tube-shaped structures formation we captured images at low
magnification (4x) and total wells were reconstructed with
photomerge function of Adobe Photoshop CS 8.0 software
(http://www.adobe.com). The total length of tube- shaped
structures, the averages and the standard deviations observed
were worked out for each well using NIH ImageJ software
(http://rsb.info.nih.gov/ij/).

Ectopic bone formation assay

Bioceramic scaffolds (SkeliteTM) were 100% synthetic calcium
phosphate multiphase biomaterials containing 67% silicon sta-
bilized tricalcium phosphate (TCP). These scaffolds had 60–
65% porosity and were produced by Octane Medical Group
(Kingston, Ontario, Canada). All scaffolds were cubes of about
4 £ 4 £ 4 mm dimensions. After microporation, MSCs were
washed in serum-free medium, and suspended in aliquots at
different cell number (2£ 106 cells, standard cell concentration;
1.17 £ 106 cells, anti-21A transfected and not transfected con-
trol cells) per 20 ml fibrinogen (2.5 mg/mL; Baxter, Deerfield,
IL, USA). Each aliquot was seeded onto a scaffold to which
20 ml of murine thrombin (500 IU/mL; Baxter, Deerfield, IL,
USA) were then applied. Recipient Nude/Nude mice were sub-
cutaneously implanted with the MSCs/bioscaffold constructs.
In the first preliminary experiment, nine mice received one
ectopic implant (three mouse for condition) and were sacrificed
after 45 d post-implantation. In the second experiment, six
mice were used. Each mouse was implanted with 3 scaffolds
and each scaffold was loaded with cells from one of the three
experimental conditions above described. Location of the
implants of each experimental group was rotated in the differ-
ent mice and the mice were sacrificed after 60 d.

Histological analysis of the ectopic implants and bone
quantification

Formalin-fixed scaffolds were processed as previously
reported.36 Briefly, samples were decalcified with Osteodec
(BIO OPTICA, Milano, Italy) and embedded in paraffin using
standard histological techniques. Four-micrometer serial sec-
tions were cut. Sections were stained with hematoxylin and
eosin (H/E) to reveal bone tissue and with Picrosirius Red/Fast
Green (SR/FG) and counterstained with hematoxylin of
Weigher to distinguish between collagen and non-collagenous
proteins and to reveal collagen distribution under polarized
light microscopy. Images were captured by transmitted light
microscopy with a Zeiss Axiovert 200M inverted microscope
(Zeiss, Jena, Germany) and processed by using Axio Vision 4.8
software (Zeiss, Jena, Germany). Stained sections were analyzed
under polarized light microscopy with a microscope Eclipse 80i
(Nikon, Tokyo, Japan).

For H/E staining, images were captured at 10x magnifica-
tion and total implant sections were reconstructed with pho-
tomerge function of Adobe Photoshop CS 8.0 software
(www.adobe.com). Bone matrix deposition areas and bone
thickness were quantified using NIH ImageJ software (http://

rsb.info.nih.gov/ij/). In the second experiment, from the Picro-
siriusred/Fast Green stained sections, 7 images for section were
captured at 20x magnification and the proportion of different
colored collagen fibers was determined using ImageJ software.32

Images were converted in HSB (Hue Saturation Brightness) and
threshold manually adjusted using the following hue definition:
orange 10–38, yellow 39–51, green 52–128. The number of pix-
els within each hue range was determined and expressed as a
percentage of the total number of collagen pixels.

In vivo tumorigenicity assay

A cell suspension of MSCs (3 £ 106 cells in 200 ml di PBS) was
subcutaneously injected into 5 NOD/SCID mice for each exper-
imental group. Mice were observed weekly for the development
of tumors at injection sites. After six months mice were sacri-
ficed and autopsies performed.

Statistical analysis

Data are reported as mean values § standard error (SE). Statis-
tical significance of observed differences among different exper-
imental groups was examined using the unpaired Student’s
t-test, as reported.37
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