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High levels of apoptosis are induced in human glioma
cell lines by co-administration of peptide nucleic
acids targeting miR-221 and miR-222

ELEONORA BROGNARA'!, ENRICA FABBRI!, GIULIA MONTAGNER!, JESSICA GASPARELLO',
ALEX MANICARDI?, ROBERTO CORRADINI?, NICOLETTA BIANCHI', ALESSIA FINOTTI',
GIULIA BREVEGLIERI!, MONICA BORGATTI', ILARIA LAMPRONTI!, ROBERTA MILANT',

MARIA CRISTINA DECHECCHI®, GIULIO CABRINI® and ROBERTO GAMBARI'

1Department of Life Sciences and Biotechnology, University of Ferrara, Ferrara; 2Department of Chemistry,

University of Parma, Parma; 3Laboratory of Molecular Pathology, University-Hospital of Verona, Verona, Italy

Received August 7,2015; Accepted September 4, 2015

DOI: 10.3892/ij0.2015.3308

Abstract. The biological activity of a combined treatment of
U251, U373 and T98G glioma cell lines with two anti-miR
PNAs, directed against miR-221 and miR-222 and conjugated
with an ocataarginine tail (R8-PNA-a221 and R8-PNA-a222)
for efficient cellular delivery, was determined. Apoptosis
was analyzed, and the effect of the combined treatment of
glioma cells with either or both PNAs on the reversion of
drug-resistance phenotype was assessed in the temozolomide-
resistant T98G glioma cell line. Selectivity of PNA/miRNA
interactions was studied by surface plasmon resonance (SPR)-
based Biacore analysis. Specificity of the PNA effects at the
cellular level was analyzed by RT-qPCR. These experiments
support the concept that the effects of R§-PNA-a221 and
R8-PNA-a222 are specific. The studies on apoptosis confirmed
that the R8-PNA-a221 induces apoptosis and demonstrated the
pro-apoptotic effects of R§-PNA-a222. Remarkably, increased
pro-apoptotic effects were obtained with the co-administration
of both anti-miR-221 and anti-miR-222 PNAs. In addition,
co-administration of R8-PNA-a221 and R8-PNA-a222
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induced apoptosis of TMZ-treated T98G cells at a level
higher than that obtained following singular administration of
R8-PNA-a221 or R8-PNA-a222.

Introduction

Peptide nucleic acids (PNAs) are DNA analogues in which
the sugar-phosphate backbone has been replaced by N-(2-
aminoethyl)glycine units (1-5). These very interesting
molecules were described for the first time by Nielsen et al (1)
and, despite a radical structural change with respect to DNA
and RNA, they are capable of sequence-specific and efficient
hybridization with complementary DNA and RNA, forming
Watson-Crick double helices (1). In addition, they are able to
generate triple helix formation with double stranded DNA
and perform strand invasion (2-4). Accordingly, they have
been used as very efficient tools for pharmacologic alteration
of gene expression, both in vitro and in vivo (1-5). PNAs and
PNA-based analogues were proposed as antisense molecules
targeting mRNAs, triple-helix forming molecules targeting
eukaryotic gene promoters, artificial promoters, decoy mole-
cules targeting transcription factors (4-10). Recently, PNAs
have been shown to be able to alter biological functions of
microRNAs, both in vitro and in vivo (11-18). Cheng et al, for
instance, demonstrated that attachment of a peptide-(anti-miR)
PNA construct is able to target the tumor microenvironment
and to transport the anti-miR PNA across plasma membranes
under acidic conditions such as those found in solid tumors.
This treatment led to an efficient inhibition of the target
oncomiR in a tumor mouse model (18).

MicroRNAs (miRNAs or miRs) are short non-coding
RNA molecules, which act as gene regulators by repressing
translation or by inducing the cleavage of target RNA tran-
scripts (19). Emerging evidence suggests that the altered
expression of miRNA may be involved in the pathogenesis
of cancer (20-25). Therefore, in the case of oncomiRNAs
and metastamiRNAs, approaches based on the targeting of
microRNAs can be designed to inhibit tumor cell growth and
metastasis, and to counteract the resistance of tumor cells
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to anticancer drugs. Chan er al demonstrated that sequence-
specific functional inhibition of oncomiR-138 in malignant
gliomas prevents tumor sphere formation in vitro and impedes
tumorigenesis in vivo (26). In addition, Wagenaar et al were
able to deregulate the transcriptional network in hepatocel-
lular carcinomas by targeting miR-21 with sequence-specific
antagomiRs, thus inducing a significant de-repression of direct
targets of miR-21 which led to loss of viability in the majority
of hepatocarcinoma cell lines tested (27). In another example
Ma et al reported that therapeutic silencing of the oncogenic
miR-10b inhibits metastasis in a mouse model of mammary
tumor (28). In this context, the use of PNAs directed against
oncomiRNAs might be of great interest (20).

Among the possible microRNA targets involved in
cancer, the cluster miR-221/222 plays a very important role
(29-34). Lee et al found that high levels of miR-221/222 cause
increased cell invasion and poor prognosis in glioblastomas
(33). Accordingly, co-suppression of miR-221/222 is associ-
ated with inhibition of cell growth, increased expression of
the miR-221/222 targets, in particular of the pS3-upregulated
modulator of apoptosis (PUMA), and activation of apoptosis
(35). Enforced expression of miR-221/222 induces cell survival
whereas knockdown of miR-221/222 stimulates cellular
apoptosis. Interestingly, the miR-221/222 cluster is also
involved in sensitization of glioma cells to anticancer drugs
(34). Accordingly, downregulation of miR-221/222 sensitizes
glioma cells to temozolomide, regulating apoptosis (34).

We have recently designed and studied a peptide nucleic
acid targeting miR-221 (R8-PNA-a221) (36), bearing an
oligoarginine peptide (R8) to facilitate uptake by glioma
cells (11,12). The effects of the R8-PNA-a221 were analyzed
in U251, U373 and T98G glioma cells and found to strongly
inhibit miR-221. In addition, the effects of R8-PNA-a221
on p27%P! (a target of miR-221) were analyzed in U251 and
T98G cells by RT-qPCR and by western blotting. We found
an increase of p27%P' mRNA and of p27%"®! protein in cells
treated with R8-PNA-a221 (36).

The present study was aimed at determining the biological
activity of a combined treatment of glioma cell lines with
two PNAs, directed against miR-221 and miR-222 and conju-
gated to octaarginine for cellular delivery. Apoptosis was
analyzed to determine whether co-administration of the two
PNAs is important to obtain the highest effects. The effects
of the combined treatment of glioma cells on the reversion of
drug-resistance phenotype were assessed in the temozolomide-
resistant T98G glioma cell line.

Materials and methods

Synthesis and characterization of PNAs. The synthesis and
characterization of anti-miR-221 PNAs have been previously
reported (36), the new anti-miR-222 PNAs synthesis was
performed using standard Fmoc-based automate peptide
synthesizer (Syro II, MultiSynTech GmbH, Witten, Germany),
using a ChemMatrix-RinkAmide resin loaded with Fmoc-
Gly-OH (0.2 mmol/g) as first monomer and using commercially
available monomers (Link Technologies, Bellshill, UK) with
HBTU/DIPEA coupling. After purification the PNAs were
characterized by UPLC-MS on a Water Acquity System
equipped with Acquity UPLC BEH C18 (1.7 ym, 2.1x50 mm).
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Gradient: 100% A for 0.9 min, then from 0 to 50% B in
5.7 min at 0.25 ml/min flow (A, water + 0.2% formic acid; B,
acetonitrile + 0.2% formic acid).

R8-PNA-a222: R, = 2.70 min; calculated mw, 6,226.3 g/
mol; m/z found: 1,246.5 [M+5H]**, 1,039.0 [M+6H]%*, 890.4
[M+7H]™,779.5 [M+8H]*,693.0 [M+9H]%*,623.8 [M+10H]'"*,
567.2 [M+11H]'™,

R8-PNA-a222-MUT: R, = 2.70 min; calculated mw,
6,226.34 g/mol; m/z found: 1,246.2 [M+5H]**, 1,038.7 [M+6H]°*,
890.3 [M+7H]™,779.1 [M+8H]?*, 692.8 [M+9H]°*.

Bioinformatic tools for molecular interaction studies.
Predicted interactions between microRNAs and target
mRNA sequences were determined using the following tools:
a) the ViennaRNA Web Services (Institute of Theoretical
Chemistry, Vienna University), webRNAfold and WebServer
(http://rna.tbi.univie.ac.at/), which predict minimum free
energy secondary structures and base pair probabilities from
single stranded RNA sequences; b) the UCSC (University of
California Santa Cruz) Genome Browser (https:/genome.ucsc.
edu/) Gene Sorter, which shows expression, homology and
other information on genes, and it was used for the 3'-UTR base
sequence; ¢) the microRNA database miRBase (University of
Manchester, http:/www.mirbase.org/), for published miRNA
sequences and annotation.

Biospecific interaction analysis (BIA) with the Biacore X100.
All procedures were performed at 25°C and at a 5-ul/min flow
rate, by using HBS-EP (0.01 M HEPES pH 74, 0.15 M NaCl,
3 mM EDTA, 0.005% v/v Surfactant P20) (GE Healthcare) as
running buffer. CM5 sensor chips (GE Healthcare) containing
PNAs were obtained by the amine coupling chemistry, exploiting
the terminal amine group of the PNA. To this aim, the Amine
Coupling kit (GE Healthcare) was used: briefly, carboxyl groups
on the sensor chip surface were first activated with a 1:1 mixture
of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and 0.1 M N-hydroxysuccinimide (NHS) to give reac-
tive succinimide esters; the R8-PNA-a221, R§8-PNA-a222,
R8-PNA-a221-MUT and R8-PNA-a222-MUT were then passed
over the surface at the concentration of 50 yg/ml for 10 min, in
order to form a covalent bond; finally, 1 M ethanolamine-HCl
at pH 8.5 was injected to quench the excess of reactive groups.
Hybridization to pre-miR-221 and pre-miR-222 were performed
in 10% HBS buffer, followed by washing with HBS and a 1-min
pulse of 50 mM NaOH for regeneration of flow cells. Biacore
X100 Control Software and Biacore X100 Evaluation Software,
version 2.0.1 (GE Healthcare) were used for operation and data
analysis, respectively (37,38).

Glioma cell lines and culture conditions. U251, U373 and
T98G cells (39-41) were cultured in humidified atmosphere
of 5% CO,/air in RPMI-1640 medium (Life Technologies,
Monza, Italy) supplemented with 10% fetal bovine serum
(FBS, Celbio, Milan, Italy), 100 U/ml penicillin and 100 mg/ml
streptomycin. To verify the effect on proliferation, cell growth
was monitored by determining the cell number/ml using a Z2
Coulter Counter (Coulter Electronics, Hialeah, FL, USA).

RNA extraction. Cultured cells were tripsinized and collected
by centrifugation at 1,500 rpm for 10 min at 4°C, washed
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with PBS, lysed with Tri-reagent (Sigma-Aldrich, St. Louis,
MO, USA), according to the manufacturer's instructions. The
isolated RNA was washed once with cold 75% ethanol, dried
and dissolved in nuclease free pure water before use.

Quantitative analyses of miRNAs. For miRNA quantification
using real-time RT-qPCR reagents, the primers and probes
(hsa-miR-221, TM:000524, hsa-miR-222, TM:000525) were
obtained from Applied Biosystems. Reverse transcriptase
(RT) reactions were performed using the TagMan MicroRNA
Reverse Transcription kit (Applied Biosystems, Foster City,
CA, USA); real-time PCR was performed according to
the manufacturer's protocols (36). Twenty nanograms per
sample were used for the assays. All RT reactions, including
no-template controls and RT-minus controls, were performed
in duplicate using the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). The relative expression
was calculated using the comparative cycle threshold method
and U6 snRNA (TM:001973) and hsa-let-7c (TM:000379)
were used as references to normalize all RNA samples, since
they remain constant in the assayed samples by miR-profiling
and quantitative RT-PCR analysis, as previously reported (36).

Analysis of apoptosis. Annexin V and Dead Cell assay
on T98G cells, untreated and treated with temozolomide
(Sigma-Aldrich) (36) and different concentrations of PNAs,
were performed with Muse (Millipore Corp., Billerica, MA,
USA) method, according to the instructions supplied by the
manufacturer. This procedure utilizes Annexin V to detect PS
(phosphatidylserine) on the external membrane of apoptotic
cells. A dead cell marker is also used as an indicator of cell
membrane structural integrity. It is excluded from live, healthy
cells, as well as early apoptotic cells. Four populations of cells
can be distinguished in this assay. Cells were washed with
sterile 1X PBS, trypsinized, suspended and diluted (1:2) with
the one step addition of the Muse Annexin V & Dead Cell
reagent. After incubation of 20 min at room temperature in the
dark, samples were analyzed. Data from prepared samples are
acquired and recorded utilizing the Annexin V and Dead Cell
Software Module (Millipore) (36).

Statistical analyses. Results are expressed as mean + standard
deviation (SD). Comparisons between groups were made by
using paired Student's t test. Statistical significance was defined
with p<0.05 (significant) and p<0.01 (highly significant).

Results

Design of the PNA molecules targeting miR-221 and miR-222.
We first demonstrated that the human glioma cell lines
U251, U373 and T98G express at high levels both miR-221
and miR-222 (Fig. 1). The structure of pre-miR-221 and
pre-miR-222, together with their possible site of interaction
within the 3'-UTR sequences of PUMA, one of the major
mRNA targets of miR-221 and miR-222, is depicted in Fig. 2.
The sequences of the PNAs utilized in the present study are
reported in Table I. In particular the design and synthesis of the
a221 PNAs were already reported (36), while the a222 PNAs
were designed to be complementary to the seed region of
the mature miR-222 (full complementarity to nt 1-18). Full-
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Figure 1. Expression of miR-221 and miR-222 in the human glioma cell lines
used in the present study. RNA was isolated from cells cultured for 4 days
and RT-qPCR performed. Results are presented as relative values (average
+ SD in three independent experiments).

matched PNAs are expected to bind to both pre-miR-221 and
pre-miR-222 as well as to mature miR-221 and miR-222. An
octaarginine peptide (R8) has been conjugated to the PNAs,
since it has been reported that this peptide displays optimal
uptake, while shorter oligoarginine sequences (R2, R4, R6)
give poorer results (11,12,36,42,43). In order to verify the
selectivity of the observed effects, PNAs containing four
mismatches were also synthesized, and their design was
carried out in order to avoid possible complex formation of
the off target sequences.

Validation of the PNA molecules targeting miR-221 and
miR-222: a Biacore study. The ability of the R8-PNA-a221 and
R8-PNA-a222 to specifically interact with pre-miR-221 and
pre-miR-222 has been validated by SPR-based analysis using
the Biacore X100 biosensor. Fig. 3A shows representative data
obtained by injecting 50 ng of pre-miR-221 on sensor chips
to which R8-PNA-a221, R8-PNA-a222, R8-PNA-a221-MUT
and the R8-PNA-a222-MUT have been immobilized. The
hybridization between pre-miR-221 and R8-PNA-a221
occurs within seconds (and the dissociation is very slow,
leading to persistence of high RUres values). On the contrary,
pre-miR-221 binds weakly to immobilized R8-PNA-a222
sensor chip. Importantly, the binding of pre-miR-221 to sensor
chips on which R8-PNA-a221-MUT and R8-PNA-a222-MUT
were immobilized is very low. This experiment suggests that
the binding of pre-miR-221 to the R8-PNA-a221 is selective.
Similar conclusions can be drawn from the experiment shown
in Fig. 3B, which demonstrates that pre-miR-222 binds to
R8-PNA-a222 immobilized on the sensor chip much more
efficiently than to R8-PNA-a221. However, a certain degree
of cross-binging was observed for pre-miR-221 on R8-PNA-
222 chip (higher than that of R8-PNA-a221-MUT), and for
pre-miR-222 on R8-PNA-221 sensor chips. As expected, no
binding of pre-miR-210 was found to either R§-PNA-a221 or
R8-PNA-a222 (Fig. 3C). Table II summarizes the results of
RUfin and RUres obtained when pre-miR-221 and pre-miR-222
were injected in sensor chips to which normal and mutated
anti-miR-221 and anti-miR-222 PNAs were immobilized.
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Figure 2. Structures of miR-221, miR-222 and the 3'-UTR sequence of human PUMA mRNA, showing the interactions between miR-221/miR-222 miRNAs
and the PUMA 3'-UTR mRNA. In the lower panel, the base-pairing between miR-221, miR-222 and the miR-221/222 PUMA binding site is shown.
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Figure 3. Biospecific interaction analysis. (A) Hybridization between injected pre-miR-221 and sensor-chips to which R§-PNA-a221, R8-PNA-a222, R8-PNA-
a221-MUT and R8-PNA-a222-MUT were, as indicated, immobilized. The SPR-based Biacore X100 was used. (B and C) BIA showing the hybridization
between injected pre-miR-222 (B) and pre-miR-210 (C) and sensor-chips to which R8-PNA-a221 or R8-PNA-a222 were, as indicated, immobilized. RUi,
initial RU, i.e., resonance unit (RU) values before the injection; RUfin, final RU after injection; RUres, residual RU after sensor-chip washing with HBS buffer;
a, analyte injection step; b, washing step. Time, seconds.
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Table I. Sequences of PNA used in the present study.

PNA Sequence

R8-PNA-a221 H-R8-AAA CCC AGC AGA CAA TGT-Gly-NH,
R8-PNA-a221-MUT H-R8-AAT CCC ACC AGA GAA AGT-Gly-NH,
R8-PNA-a222 H-R8-CAG TAG CCA GAT GTA GCT-Gly-NH,
R8-PNA-a222-MUT H-R8-CAC TAG CGA GAA GTT GCT-Gly-NH,

Boldface letters indicate mutated bases.

Table II. Biacore analysis of the hybridization between injected pre-miRNAs and PNAs immobilized on the sensor-chips.

Injected pre-miRNAs

pre-miR-221 pre-miR-222
Immobilized PNAs RUfin RUres RUfin RUres
R8-PNA-a221 301.2+35.1 300.1£21.2 163.3+18 4 144.2+12.1
R8-PNA-a221-MUT 87.4+7.1 57.2+6.5 129.8+9.7 100.1£9.1
R8-PNA-a222 160.3x12.5 141.2+16.1 225.1x19.2 22044212
R8-PNA-a222-MUT 54.2+4.1 423431 140.7+11.5 126.1+11.2

Results represent the average + SD of three independent experiments.
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Figure 4. Effects of treatment of U251 cells with 2 M R8-PNA-a221, R8-PNA-a222, R8-PNA-a221-MUT, R8-PNA-a222-MUT and the combination of
R8-PNA-a221 and R8-PNA-a222 (2 uM). After 48 h the RNA from untreated and PNA-treated cells was isolated and RT-qPCR performed using AB kits
amplifying miR-221 (A) and miR-222 (B) sequences. Data are normalized to the miR-221 (A) and miR-222 (B) levels in untreated cells. Results represent the
average + SD in three independent experiments.

R8-PNA-a221 and R8-PNA-a222: inhibitory effects on miR-221  strate that the miR-221 signal was strongly reduced only when
and miR-222 in glioma cell lines. When the glioma cell line U251  RNA was isolated from U251 glioma cells cultured for 48 h in the
was cultured in the presence of the four PNAs, very different  presence of R8-PNA-a221, while no major effects were observed
effects were obtained, as shown in Fig. 4A. The results demon- ~ with R8-PNA-a222. Furthermore, no inhibitory effects were
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Figure 5. (A) Increase of apoptotic cells in U251, U373 and T98G glioma cell lines treated for 48 h with 4 yM R8-PNA-a221, with 4 yM R8-PNA-a222 and
with 2 uM R8-PNA-a221 plus with 2 uM R8-PNA-a222, as indicated. (B) Summary of the results obtained. The effects of the treatments described in (A) are
reported for U251 (white boxes), U373 (grey boxes) and T98G (black boxes). Data represent the sum of the proportion of early and late apoptotic cells (average
+ SD in three different experiments). The apoptosis was determined using the Annexin V and Dead Cell kit with Muse (Millipore Corp.).

observed using R8-PNA-a221-MUT and R8-PNA-a222-MUT.
In agreement Fig. 4B shows that miR-222 specific hybridiza-
tion signal is reduced in samples isolated from U251 cells
treated in the presence of R8-PNA-a222, either used alone or in
combination with R8-PNA-a221, while no variation is observed
after treatment with R8-PNA-a221, R8-PNA-a221-MUT and
R8-PNA-a222-MUT. Altogether these experiments support the
concept that the effects of R§-PNA-a221 on miR-221 and of
R8-PNA-a222 on miR-222 are sequence-specific. The highest

effect was obtained after co-treatment with R8-PNA-a221 and
R8-PNA-a222.

Co-treatment of U251, U373 and T98G glioma cell lines with
R8-PNA-a221 and R8-PNA-a222: effects on apoptosis. When
the glioma cell lines U251, U373 and T98G were cultured
in the presence of singularly administered R8-PNA-a221 or
R8-PNA-a222 a significant and dose-dependent increase of
early and late apoptotic cells was observed. Fig. 5A shows
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Figure 6. (A) Effects of increasing concentrations (10-400 yM) of TMZ on T98G cell growth. Cells were cultured for 72 h in the different experimental condi-
tions described and then the number of cells/ml counted. (B and C). Lack of pro-apoptotic effects of TMZ. T98G cells were cultured for 48 h without (B) or

with (C) 400 xM TMZ and then the induction of apoptosis determined.

representative results obtained after treatment of U251, U373
and T98G glioma cell lines with 4 yuM R8-PNA-a221, 4 uM
R8-PNA-a222, or combined treatment with 2 M R8-PNA-a221
plus 2 uM R8-PNA-a222, confirming the pro-apoptotic effects
of R8-PNA-a221 [as published by our group (36)] and demon-
strating the pro-apoptotic effects of R8-PNA-a222 and the
remarkable increased effect obtained with the co-administra-
tion of the two PNAs. This effect is superior, especially in the
percentage of late apoptotic cells, to that obtained using singu-
larly administered 4 uM R8-PNA-a221 and R8-PNA-a222. The
full set of data obtained in three independent experiments are
comparatively presented in Fig. 5B.

Co-treatment of T98G glioma cells with RS-PNA-a221 and
R8-PNA-a222 in the presence of temozolomide (TMZ):
effects on apoptosis. As shown in Fig. 6, the T98G cell line
is resistant to temozolomide (TMZ) (Fig. 6A) and no increase
of apoptosis was observed when these cells were treated with
TMZ (Fig. 6B and C). We have previously reported that when
TMZ-treatment was conducted in the presence of R§-PNA-a221
a pro-apototic effect was observed much higher than the
effect of singularly administered R8-PNA-a221, supporting
a possible synergistic effect of TMZ and R8-PNA-a221
on apoptosis of T98G cells (36). Therefore, in our study
T98G cells were treated with 2 and 4 uM R8-PNA-a221 or
R8-PNA-a222 in the presence of 400 uM TMZ. The data were

compared with the results obtained after 2 yM R8-PNA-a221
plus 2 uM R8-PNA-a222 treatment in the presence of TMZ.
The remarkable results obtained show that co-administration
of R8-PNA-a221 and R8-PNA-a222 induced apoptosis of
TMZ-treated T98G cells at a level higher than that obtained
following singular administration of R8-PNA-a221 or
R8-PNA-a222. Representative data are shown in Fig. 7A, the
full set of data obtained in three independent experiments are
comparatively presented in Fig. 7B.

Discussion

Gliomas express miR-221 at high levels, promoting malignant
progression through activation of the Akt pathway and inhibition
of p27%"?! (44-46); in addition, miR-221 mediated downregula-
tion of other genes such as PUMA (35), ICAM-1 (47), TIMP-3
(48) and PTEN (49) might be associated with glioma onset and
progression. Therefore, miR-221 appears to be a specific target
for treatments against gliomas (29-35). We have previously
reported that a PNA targeting the miR-221 can be internalized
by glioma cells when it is linked to an octaarginine tail (RS),
leading to inhibition of miR-221 (36). No inhibitory effects
were observed on miR-222; moreover, the mutant R8-PNA-
a221-MUT was inactive in inhibiting miR-221, using RT-qPCR
as the validation assay. This effect of anti-miR-221 PNA was
associated with the activation of the apoptotic pathway.
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Figure 7. Effects of combined administration of R§-PNA-a221 and R8-PNA-a222 on temozolomide-treated T98G cells. (A) Representative examples of the
apoptotic profile obtained in cells treated for 48 h as indicated and analyzed for Annexin V release. (B) Effects on T98G cells of 2 and 4 yM anti-miR PNAs
treatments in the presence of temozolomide (TMZ). T98G cells were treated with 400 uM TMZ in the absence (left white box) or in the presence of the
indicated concentrations of R8-PNA-a221 (grey columns) and R8-PNA-a222 (black columns). In the white column of the right side of the panel the result
obtained after combined treatment with R8-PNA-a221 and R8-PNA-a222 is shown. Results represent the average + SD in three independent experiments.

However, the same site recognized by miR-221 in the
3'-UTR of target mRNAs can be also identified by miR-222
(see the example of molecular interactions we have reported in
Fig. 2 using PUMA 3'-UTR mRNA as model system). Results
very similar to those reported in Fig. 2 can be obtained using
3'-UTR sequences of other miR-221 target mRNAs, such
as p27%®, PTEN and TIMP-3 (data not shown). Therefore,
targeting of miR-221 with anti-miRs, including PNA-based
anti-miR, might not be sufficient to obtain full suppression of

miR-221 biological activity due to the presence of miR-222 in
target cells. Since miR-221 and miR-222 belong to a same tran-
scriptional unit and are, as expected, co-expressed in glioma
cell lines, including those used in the present report, we were
interested to determine whether co-administration of anti-miR
peptide nucleic acids recognizing miR-221 and miR-222 leads
to more efficient inhibitory activity on miR-221/222 dependent
functions, promoting pro-apoptotic effects on brain tumor
cells.
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The major results of the present investigation are the
following: a) R8-conjugated PNAs show biological activity
against miR-221 (R8-PNA-a221) and miR-222 (R8-PNA-a222);
b) SPR-BIA analysis shows that the recognition of R§-PNA-a221
is selective for miR-221 sequences and that of R8-PNA-a222
is selective for miR-222, with only partial cross-binding; ¢) no
interactions of miR-221 and miR-222 occurs with mutated
R8-PNA-a221-MUT and R8-PNA-a222-MUT, respectively;
d) when R8-PNA-a221 and R8-PNA-a222 are singularly
administered to glioma cells, specific inhibition of hybridization
to miR-221 and miR-222, respectively, are obtained following
RT-qPCR analysis; e) both R8-PNA-a221 and R8-PNA-a222
induce apoptosis of U251, U373 and T98G glioma cell lines;
f) the treatment of T98G cells with R8-PNA-a221 and
R8-PNA-a222 reversed the resistance of the cells to apoptosis
induced by temozolomide (TMZ); g) when the R8-PNA-a221
and R8-PNA-a222 are co-administered the pro-apoptotic
effects on U251, U373 and T98G cells and the reversion of TMZ
resistance in T98G cells are much more evident.

In conclusion, our results support the concept that anti-
miR strategy led to therapeutic relevant inhibition of miRNA
dependent effects (18,20,21,25-28) and that PNA-based anti-
miR molecules are very promising reagents to regulate tumor
cell growth; further research on PNA analogues to increase
efficiency of delivery, stability and control of intracellular distri-
bution for specific targets, i.e., mature miRNA, pre-miRNA or
pri-miRNA, are further steps for the selection of best candidate
drugs. Finally, our study strongly indicates that the combined
treatment of tumor cells with PNAs targeting both miR-221
and miR-222, or, more generally, multiple miR targets, might
lead to significant improvement in the efficacy of the treatment.
This last conclusion supports also the concept of designing
multifunctional PNA-containing systems or nanocarriers (50),
enabling to perform targeting of different miRNA sequences.
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