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ARTICLE INFO ABSTRACT

Nucleic acid aptamers have emerged as an attractive class of carrier molecules due to their ability to bind with
high affinity to specific ligands; their high chemical flexibility; as well as tissue penetration capability. RNA G-
quadruplex (rG4) sequences have been described as structures with high stability and selectivity towards cancer
cells. Recently, precursor microRNAs (pre-miRNAs) have been described as new G4 forming molecules. Surface
nucleolin (NCL) is a known target of aptamer G4 AS1411 and is overexpressed on prostate cancer cells when
compared with normal cells. We have shown that the sequence 5 GGGAGGGAGGGACGGG 3’ found in pre-miR-
149 forms a rG4 parallel structure, which can bind NCL. Also, another rG4 sequence with a longer loop was
evaluated in terms of G4 formation, stabilization and binding affinity to NCL.

Both rG4s sequences were studied as supramolecular carriers for the cancer-selective delivery of acridine
ligand Cg. The rG4s-Cg complexes showed high affinity (Kp = 107°M) and stabilization (T,, > 30 °C). The
affinity of the rG4s-Cg complexes against NCL was in the low nanomolar range, indicating that Cg did not affect
NCL binding. Noteworthy, the short loop rG4-Cg complex showed selective antiproliferative effects in prostate
cancer cells when compared with normal prostatic cells. The stability and nuclease resistance of rG4 and rG4-Cg
complex were evaluated in biological conditions and revealed the maintenance of G4 structure and complex
stability. Furthermore, confocal microscopy studies confirmed the potential of rG4s-Cg complexes in the tar-
geting of prostate cancer cells.

Overall, it is here demonstrated that the rG4 found in pre-miR-149 can be used as a cancer-selective delivery
carrier of Cg to prostate cancer cells.
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1. Introduction

In recent years, the use of oligonucleotides as therapeutic agents has
received the interest of researchers [1-3]. However, the efficacy of
oligonucleotide-based therapies is highly impaired due to their sus-
ceptibility to degradation by nucleases and poor cellular internalization
[4,5]. A way to potentially overcome these limitations is by using G-
quadruplex (G4) structures. These structures are assembled through the
interactions between four guanines that are organized in a cyclic
Hoogsteen hydrogen-bonding arrangement [6], and have been shown
to display favorable intrinsic features such as higher stability, higher
resistance to nucleases and enhanced cellular uptake [7].

RNA G-quadruplexes (rG4s) are much more stable than DNA G4s. In
addition to important structural advantages related to the thermo-
dynamically stability and less hydration [8], the presence of the 2’-OH
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group of the ribose sugar locks the RNA in an anti-conformation,
thereby favoring the parallel topology [9]. Consequently, rG4s have less
topological diversity than DNA homologous [9]. Together, the high
stability displayed by rG4s and the conserved parallel topology makes
them very interesting molecules for drug development.

rG4s play an important regulatory role on a wide range of biological
events and they are distributed in important regions of genome such as
messenger RNAs (mRNAs) and non-coding RNAs [such as microRNAs
(miRNAs)] [10]. In mRNAs, the presence of G4s mainly regulate the
translation and the G4s found in non-coding RNAs have functional
regulatory roles in pre- and post-transcriptional gene expression [10].
Taking this into account, several precursor microRNAs presenting G4
structures (pre-miRNAs-G4s) emerged as regulatory biologically re-
levant structures in RNA. The ability of pre-miR-149 [11], pre-miR-92b
[12,13] and pre-miR-let-7e [14] to form G4 structures and regulate
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Dicer-maturation levels was recently studied. The presence of the G4
structure in pre-miRNAs has influence in miRNA biogenesis at the
Dicer-maturation levels by competing with double-stranded stem-loop
formation [13,15]. Under certain conditions, such as the presence of
salts and/or ligands, the pre-miRNAs sequences can adopt the G4
structure avoiding the Dicer-mediated maturation and leading to sub
expression of miRNA levels [11,13]. The G4 sequence 5 GGGAGGGA
GGGACGGG 3’ (rG4) found in pre-miR-149 was reported as a G4 par-
allel sequence [16]. Previously it was demonstrated that pre-miR-149
produces miR-149-5p and miR-149-3p, which act as antitumor miRNAs
through the targeting of several oncogenic genes in several cancers,
namely prostate cancer [17,18]. The rG4 sequence partially overlaps
with miR-149-3p, a well-known tumor suppressive miRNA [11]. Se-
quences with the potential to form G4s are attractive NCL binders since
NCL has high affinity to G4s [16] and is overexpressed in prostate
cancer cells [19,20]. Recently, it was described that the loop length of
G4 structures is a fundamental feature recognized by NCL [16,21]. Via
binding to cell surface NCL, rG4 can gain intracellular access by en-
docytosis and benefit of NCL shuttling to the nucleus. Based on that,
1G4 can bind NCL while carrying ligands for an intracellular targeted
delivery with anticancer effect.

Acridine derivatives have been extensively studied due to its an-
ticancer properties [22], namely BRACO-19 that is one of the most
studied G4 ligands and the first to prove anticancer activity in vivo [23].
Recently the binding of acridine orange derivatives to DNA G4s has
been reported using a variety of biophysical and biological experiments
[22]. However, their potential to bind rG4s has not been yet unraveled.

Considering these evidences, we performed biophysical and biolo-
gical studies to evaluate the formation and stabilization of rG4 found in
pre-miR-149, and to assess the formation of its supramolecular complex
with the acridine orange derivative Cg and its precursor Cg-NH, (Fig.
S1). A long loop rG4 sequence (5-GGGAUUGGGAUUUUUGGGAUC
GGG-3’) was also studied to assess the influence of loop length to NCL
binding. The rG4s-Cg complexes were evaluated in terms of in vitro
stability, cellular uptake and localization, and cytotoxic activity to
prostate cancer versus normal cell lines.

2. Materials and methods
2.1. Oligonucleotides and ligands

All oligonucleotides were obtained from Eurogentec (Belgium) or
STAB VIDA Genomics (Portugal) with HPLC-grade purification. The
rG4 sequences used are 5-GGGAGGGAGGGACGGG-3’ with loop length
112 and 5-GGGAUUGGGAUUUUUGGGAUCGGG-3’ with loop length
363. Stock solutions of approximately 1 mM were prepared using nu-
clease free water and stored at —80 °C until used. The concentration of
oligonucleotide samples was determined from the absorbance at
260 nm by using the molar extinction coefficient. Annealing of oligo-
nucleotide sequences was performed by heating the samples for 10 min
at 95 °C and slowly cooling on ice for 30 min before the experiments.
Synthesis and purification of Cg and Cs-NH;, ligands were performed as
previously described [24]. Stock solutions of the compounds were
prepared as 10 mM solutions in DMSO and their subsequent dilution
was done using nuclease free water. Recombinant NCL peptide (par-
tially RBD 2 and 3) was purchased from Cloud-Clone Corp. (Texas,
USA). Stock solutions of approximately 1 mM were prepared using
nuclease free water and stored at —80 °C.

2.2. Thermal difference spectroscopy (TDS) experiments

The TDS experiments were performed in an Evolution™ 220 UV/
visible spectrophotometer (Thermo Scientific, USA). The TDS spectrum
was obtained by subtracting the absorbance spectrum at 20 °C from the
one at 90 °C. The spectrum at 90 °C was recorded after heating the
sample at 90 °C for a few minutes, whereas the spectrum at 20 °C was
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recorded after annealing. TDS was carried out at 10 uM oligonucleotide
strand concentration, in a lithium cacodylate buffer (10 mM) at pH 7.2,
containing 0.1 or 5mM KCl, using 1 cm path-length quartz cells. The
UV TDS factors were determined according to the ratios AA240nm/
AA295nm, AA255nm/AA295nm and AA275nm/AA295nm, where AAA
is the difference between the absorbance at 90 °C and at 20 °C at a given
A.

2.3. Circular dichroism spectroscopy

CD spectra were acquired in Jasco J-815 spectrometer (Jasco, USA),
using a Peltier temperature controller (model CDF-426S/15). rG4s were
annealed by heating at 95 °C for 10 min, following by slowly ice cooling
in ice for 30 min. Otherwise stated, a 1 mm path-length quartz cuvette
was used with an rG4 concentration of 10 uM in 10 mM lithium caco-
dylate at pH 7.2 containing 0.1 or 5mM KCl. The required volume for
the titrations was added directly in the quartz cell.

The CD melting experiments were performed in the temperature
range 20-100 °C, with a heating rate of 2 °C/minute by monitoring the
ellipticity at 263 nm. Spectra acquisition was performed in the absence
and presence of 2M equivalents of ligands. The ligands used were Cg
and Cg-NH,. Data was converted into fraction folded () plots using the
following equation:

CD - CDyin

Dy — cppin m

where CD is the ellipticity of the monitored wavelength at each tem-
perature and CDJ™" and CD{"™ are the lowest and highest ellipticity,
respectively. Data points were then fitted to a Boltzmann distribution
(OriginPro 2016) and the melting temperatures were determined from

the two-state transition model using the first derivative method.
2.4. Fluorescence spectroscopy titrations

All steady-state fluorescence measurements were collected at 25 °C
on a FluoroMax4 (Horiba, Japan) equipped with a Peltier-type tem-
perature control system. Samples and references were scanned using
1 cm path length quartz microvolume cuvettes with an optimal volume
of 700 pL. All spectra were scanned with an integration time of 0.5 s, an
emission and excitation slit width of 2nm and step size of 1 nm. The
association between rG4 sequences and ligands/NCL was followed by
titrating the oligonucleotides/NCL, respectively, and measuring the
change in fluorescence. The titration was performed by adding pre-
viously annealed rG4 sequences or NCL stock solutions, followed by
3 min for equilibration. The obtained data was converted into fraction
of bound ligand (a) plots using the following equation:

I—-1 }]free
e @
where I is the fluorescence intensity of each ligand/rG4 or rG4/NCL
ratio and I and I2** are the fluorescence intensity of the free and
fully bound ligand, respectively. Data points were then fitted to a hy-
perbolic function (OriginPro 2016) and Kp values were determined
from the following saturation binding model.

_ [rG4 or nucleolin]
Kp + [rG4 or nucleolin]

3

where « is the fraction of ligand bound and [rG4 or nucleolin] is the
oligonucleotide or NCL concentration. The saturation binding Hill slope
model was used.

_ [rG4 or nucleolin]”
Kp + [rG4 or nucleolin]”

4

where h is the Hill constant which describes cooperativity of ligand
binding.
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2.5. Viability/Proliferation assays

Human prostatic adenocarcinoma (PC-3) and human prostatic
(PNT1A) cell lines were grown in Roswell Park Memorial Institute
medium (RPMI) supplemented with 10% (m/v) fetal bovine serum
(FBS), and 1% (m/v) penicillin-streptomycin. Cultures were maintained
at 37°C in a humidified atmosphere containing 5% CO,. Cells were
harvested, counted using the trypan blue exclusion method and seeded
in 48-well plates (1 x 10*cells/well and 1 x 10> cells/well for com-
pounds and rG4/rG4-Cg complex, respectively) and after 24 h these
were incubated with the compounds (Cg and Cg-NH,), rG4 or rG4-Cg
complex. The concentrations tested for the compounds ranged from
100nM to 10uM for incubation times of 12, 24, 48 and 72h. The
concentration used for rG4 and rG4-Cg was 15uM for an incubation
time of 7 days. Wells containing untreated cells were used as a control.
At the end of incubation, the media was replaced with fresh serum-free
medium  containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide salt (MTT) and further incubated at 37 °C for 2h.
Finally, MTT containing medium was removed, formazan crystals were
dissolved in DMSO and absorbance was recorded in a Bio-Rad xMark™
microplate reader (Bio-Rad, USA) at 570 nm. Cell viability data were
expressed as mean = SEM from at least three different experiments in
comparison with untreated cells.

2.6. Nuclease stability assay

Nuclease stability assays of rG4 (20 uM) and rG4-Cg complex were
conducted firstly in RNase H solution (0.3-U/uL) (NZYtech, Portugal)
and then in cell culture medium RPMI supplemented with 10% (m/v)
FBS and 1% (m/v) penicillin-streptomycin for 1, 3, 12, 24 and 48 h at
37 °C. A stock solution of each sequence was prepared in 10 mM lithium
cacodylate buffer and 0.1 mM KCl, pH 7.2. For nuclease stability assays
a molar ratio of 1:1 of rG4:Cg was prepared. Thereafter, rG4 and rG4-Cg
complex were annealed by heating to 95 °C for 10 min, following by a
slowly cooling in ice for 30 min. 10 uL of each mixture was used for
agarose gel electrophoresis, which was carried out using 1% agarose gel
stained with 0.01% Green Safe in 1 X TAE buffer (Tris-acetate-EDTA).
The degradation patterns on the gel were visualized through UV light.

2.7. Confocal microscopy studies

PC-3 and PNT1A cell lines were grown in RPMI medium supple-
mented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin.
Cultures were maintained in a humidified chamber at 37 °C and 5%
CO,. The cell lines were subsequently harvested, counted using the
trypan blue exclusion method and seeded in p-Slide 8-well flat bottom
imaging plates (Ibidi GmbH, Germany) at a plating density of
5 x 10 cells/well and incubated for cell attachment for 24 h at 37 °C
and 5% CO,. Thereafter, cells were incubated with the primary anti-
NCL polyclonal antibody (Thermo Scientific, USA) for 2h at 37 °C.
Following primary antibody incubation, cells were washed 3 x with
fresh serum-free medium and incubated with secondary antibody anti-
rabbit IgG conjugated with Alexa Fluor® 647 (Thermo Scientific, USA)
for 1 h at 37 °C. Thereafter, cells were washed 3 x with fresh serum-free
medium and stained with Hoechst 33342 nuclear probe (1 pM) for
10 min. Subsequently, the cells were incubated with Cg (1 uM), rG4-
Cy3.5 (1 uM) and rG4-Cg complexes (1:1 ratio). Thereafter, the cells
were transferred to a Zeiss LSM 710 confocal laser scanning microscope
(CLSM; Carl Zeiss SMT Inc., USA) equipped with a plane-apochromat
63 x /DIC objective and processed in Zeiss Zen (SP2, 2010), in order to
evaluate the cellular uptake. The fluorescence images were obtained at
63 X magnification.

475

European Journal of Pharmaceutics and Biopharmaceutics 142 (2019) 473-479

3. Results and discussion
3.1. Binding and stabilization of the rG4s

The human precursor microRNA 149 (pre-miR-149) was identified
by the SHALIPE approach, revealing the formation of a rG4 structure in
this non-coding RNA with parallel topology, thermally stable, and
conserved in mammals [11]. Herein, we studied the formation and
topology of the rG4 found in pre-miR-149 (5-GGGAGGGAGGGAC
GGG-3’) by circular dichroism (CD) and UV/Vis spectroscopy, namely
by the use of thermal difference spectroscopy (TDS). The TDS spectrum
confirms that a G4 structure is adopted displaying two positive peaks at
245 and 275nm and a negative peak at 295 nm (Fig. S2A) [25]. The
TDS factors AAsso/AAsgs, AAsss/AAsgs, AAsys/AAsgs were determined
and revealed values of 4.4, 7.1 and 3.8, respectively. These magnitudes
are characteristic of a parallel G4 topology [26]. The CD spectrum
shows typical CD signature of parallel G4 topology (Fig. S2B), with a
positive peak at around 260 nm and a negative peak at around 240 nm.
Altogether, these data show that the pre-miR-149 sequence adopts a
parallel G4 structure in 0.1 mM KCl.

The stabilization through ligand binding is required to decrease the
unfolded or partially folded intermediate states. The ligand Cg was
previously described as DNA intercalator [24] and DNA G4 binder/
stabilizer of promoter and telomeric G4s with high affinity
Kp=10""M™1) and stabilizing ability (AT, > 30°C) [22]. Herein,
we used a non-covalent strategy to associate the ligand Cg and its
precursor Cg-NH, with rG4s of pre-miR-149 in an attempt to bind and
stabilize the G4 structure. The formation of stable complexes was as-
sessed and characterized by CD and fluorescence spectroscopy. CD ti-
trations were first performed to evaluate complex formation and/or
structural modifications of the G4 structure upon ligand binding. The
CD spectra of rG4 upon addition of Cg and Cg-NH,, showed no relevant
variations on RNA ellipticity, suggesting an overall conservation of the
parallel G4 topology (Fig. 1A and B).

The influence of ligands Cg and Cg-NH, on the thermal stability of
the rG4 was investigated by thermal denaturation using CD melting
experiments. The ellipticity of parallel rG4 was monitored at 260 nm
and distinct temperatures in the presence of KCl, allowing to determine
the effect of the acridine orange derivatives in the melting temperature
(T) of rG4 (51.8 £ 0.1) (Fig. 1C). In general, we observed that Cg and
Cg-NH, at 2 M equivalents led to an increase of more than 30 °C and
18.5 + 0.4 in rG4 Ty, respectively.

The effect of the loop length in terms of rG4-Cg complex formation
and stability was also evaluated by TDS and CD experiments. The se-
lected sequence was 5-GGGAUUGGGAUUUUUGGGAUCGGG-3” with
loop length 363.

The TDS and CD spectra of the long loop showed that sequence
adopts a parallel rG4 in presence of 5mM KCl (Fig. S2C and D). The
stabilization through Cg and Cg-NH, at 2 M equivalents is similar to the
obtained with the short loop, with T, > 30°C and 20.0 = 0.5°C for
Cg and Cg-NH,, respectively (Fig. S3A, B and C).

3.2. Fluorescence binding studies with rG4 sequences

The binding strength of Cg and Cg-NH, to rG4 sequences with loops
112 and 363 in the parallel conformation was investigated by fluores-
cence titrations. The fluorescence spectra of rG4 with loop 112 are
presented in Fig. 2A and B and rG4 with loop 363 in Fig. S4A and B. The
fraction of bound ligand (a) at each point of the titration was calculated
following fluorescence changes at the maximum of intensity and was
plotted as a function of the rG4 concentration to obtain an isotherm
binding curve. The curve was fitted to a saturation binding model (Eq.
(4), Section 2) and the apparent dissociation constants (Kp) were de-
termined. The Kp values of rG4 with loop 112 with Cg and Cg-NH,, are
1.0 = 0.1pM and 0.9 = 0.1 uM, respectively, and for rG4 with loop
363 are 0.8 = 0.4puM and 0.7 = 0.1uM, for Cg and Cg-NH,,
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Fig. 1. CD titration spectra of short loop (112) rG4 at 10 uM with increasing concentrations of (A) Cg and (B) Cg-NH,. Spectra acquisitions were performed at 20 °C in
10 mM lithium cacodylate and 0.1 mM KCI; (C) CD melting curves at 10 uM in the absence and presence of 2 M equivalents of ligands in 10 mM lithium cacodylate
and 0.1 mM KCl, respectively. Data points were recorded at 263 nm. Temperature corresponds to the temperature set by the Peltier system.

respectively. For both sequences the Ky, values are in the low micro-
molar range, indicating high affinity, being similar to those previously
reported for other G4 ligands, such as BRACO-19 [27] or pyridostatin
[28].

3.3. Fluorescence binding studies with NCL

Then, we assessed the binding strength of NCL to rG4s (short and
long loop rG4) and rG4s-Cg complexes by fluorescence titrations. The
fluorescence experiments were performed with rG4s labelled with
Cy3.5. Fluorescence emission spectra of rG4s-Cy3.5 and rG4s-Cy3.5-Cg
complexes were recorded at 577 nm, in the absence and presence of
increasing amounts of NCL RBD 2,3. The saturation binding plots were
obtained by non-linear regression analysis and are presented in Fig. 3
and S5 for short and long loop sequences, respectively. The Ky, values
for the binding interaction between the short loop (112) rG4 and its
rG4-Cg complex with NCL were 309 + 45nM and 30 + 22nM, re-
spectively. For the NCL interaction with the long loop (363) rG4 and its
rG4-Cg complex, the Kp values were 35 + 14nM and 2 + 1nM, re-
spectively, indicating an increase in NCL binding upon loop extension.
For both cases, the Ky values of complexes is in the low nanomolar
range, in agreement with those previously reported for aptamer AS141,
and thereby binds specifically to NCL [29]. This indicates that Cg does
not prevent the recognition of the NCL by the rG4.

3.4. Cytotoxic profile and antiproliferative effect of the complexes

The cytotoxicity effect of ligands Cg and Cg-NH, in prostate cancer
cell line PC-3 and an epithelial cell line derived from normal prostatic
epithelium, PNT1A, was determined by the MTT assay. The results
showed that the cytotoxicity of the Cg and Cg-NH, increased with
concentration and incubation time (Fig. S6). The relative cell viability
of PC-3 and PNT1A cells, incubated for 72h with free Cg and Cg-NH,
(Fig. S6), showed indistinct cytotoxic effect for these compounds. In
fact, they induced a similar antiproliferative effect in PC-3 and PNT1A
cells with ICso values in the ranges 0.3-0.5uM and 4.3-9.1 uM for Cg
and Cg-NH,, respectively (Fig. S7). These ICsy values are lower than
that obtained with G4 ligand BRACO-19 in DU145 cells after 96 h, with
an ICso value of 22.3 + 0.8uM [30]. In light of these results, we
proceeded with the biological evaluation of Cg that showed the highest
antiproliferative activity and studied the possibility to enhance its
cancer selectivity by exploring its supramolecular delivery by rG4
structures. Due to similar Ty, and Ky, values for long and short loop rG4
sequences, the antiproliferative effect of complex rG4-Cg was evaluated
only using short loop rG4 by MTT assay against PC-3 and PNT1A, to
study if the supramolecular delivery strategy would lead to tumour-
selective properties. The results are presented in Fig. 4. The rG4 showed
reduced and similar cytotoxicity towards the PC-3 and the non-malig-
nant PNT1A cells (75% mean viability). However, after mixing 15 uM
rG4 with 1 uM Cg to allow complex formation, the Cg toxicity remained
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Fig. 2. Fluorescence emission spectra of (A) Cg and (B) Cg-NH, at 5 pM with different concentrations of short loop (112) rG4 in 10 mM lithium cacodylate buffer and
0.1 mM KCl. Insets: fraction of ligand bound plots fitted to the saturation binding equation.
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Fig. 3. Plots of the fraction of bound NCL to (A) short loop rG4-Cy3.5 and (B) short loop rG4-Cy3.5-Cg complex at 1 pM in 10 mM lithium cacodylate buffer and

0.1 mM KClL.

quite pronounced against the PC-3 cells (25% mean viability) but was
strongly reduced in the non-malignant cells (75% mean viability). This
result suggests a cancer-selective antiproliferative effect of complex
rG4-Cg. The lower cytotoxicity of Cg towards non-malignant cells when
complexed with rG4 may be due to the mechanism involved in the
selective accumulation of oligonucleotides in cells. It has been proposed
that DNA aptamer AS1411 is gradually cleared from normal cells by
efflux or exocytosis 24-72h post-treatment [31]. Additionally, normal
cells have increased lysosomal activity in comparison with AS1411-
treated cancer cells. Therefore, if the rG4-Cg complex is capable of re-
sisting cellular trafficking it may be cleared from normal cells by ly-
sosomal degradation, thus promoting Cg efflux and reducing its effects.
In the case of PC-3 cells, the NCL-mediated disruption of rG4-Cg traf-
ficking and efflux might lead to Cg entrapping inside the cancer cells
[31].

3.5. Stability of rG4-Cg complex

Since the rG4-Cg complex (short loop rG4) exhibited a noteworthy
antiproliferative activity, its resistance in biological environments was
also evaluated through a degradation assay by incubation of the

A) PC-3

-
N
iy

hkkk

100+

133 ~
e ¢

% Cell viability/proliferation
N
&

o
I

complexes, firstly with RNase H solution (0.3 U/pL) and then with
culture medium supplemented with 10% FBS. Thus, the stability and
resistance of the rG4 and rG4-Cg complex were evaluated through gel
agarose electrophoresis analysis (Fig. S8), after 1, 3, 12, 24 and 48 h of
incubation, which is a crucial issue in its development as a potential
therapeutic agent. The electrophoretic profile of rG4 and rG4-Cg
showed that both structures were completely resistant after 48 h in the
presence of culture medium supplemented with 10% FBS. The elec-
trophoretic profile of the rG4 in presence of RNase H (0.3 U/uL) showed
the degradation of rG4. However, an increase in band intensities was
observed when Cg is complexed with rG4, suggesting a stabilizing effect
of Cg.

We have also checked by CD spectroscopy during the 7 days if the
rG4 parallel topology (Fig. SO9A) was maintained in cellular medium
and in the presence of Cg (Fig. S9B). No significant changes in the el-
lipticity were noticeable in both cases.

3.6. In vitro cellular uptake and intracellular distribution of the rG4s-Cg
complex

The subcellular localization and cellular uptake of the rG4s-Cg

PNT1A

2

- -
o N
e 9

754

% Cell viability/proliferation

Fig. 4. Relative cell viability of (A) PC-3 and (B) PNT1A cell lines incubated for 7 days with short loop (112) rG4, and rG4-Cg complex at Cg and rG4 concentrations of
1 uM and 15 pM, respectively. Untreated cells were used as negative controls for cytotoxicity. Mean percentage values relative to untreated cells and standard error of

the mean in 3 independent experiments are shown. The bars represent the mean and the lines represent the SEM associated.
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P < 0.0001 (one-way ANOVA).
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B)

Hoescht NCL

Merged

0 min

20 min

40 min

60 min

Fig. 5. Confocal laser scanning microscopy images showing the intracellular uptake of short loop rG4-Cg complex from 0 to 60 min. For each panel, images showed
the cells with nuclear staining by Hoechst 33342® (1 pM, blue); rG4 Cy3.5-Cg complex (1:1 ratio, yellow); Cg (1 uM, green); and NCL (red). NCL was labeled with the
primary anti-NCL polyclonal antibody (1:100) and detected with the secondary antibody against IgG conjugated with Alexa Fluor® 647 (1:1000). (A) Representative
z-stacks data showing PC-3 cell line and (B) Representative z-stacks data showing PNT1A cell line.

complexes (short and long loop rG4) in PC-3 and PNTA1 cells were
evaluated by fluorescence confocal microscopy. We intend to evaluate
if the loop length affects the uptake, intracellular distribution and NCL
binding. The rG4s were labeled with Cy3.5 and, taking advantage of the
intrinsic fluorescence of Cg, the distribution of the rG4s-Cg complexes
were visualized in the mentioned cell lines. The primary anti-NCL an-
tibody conjugated with the secondary antibody AlexaFluor 647°® was
used to localize cell surface NCL. We have hypothesized that NCL is the
cell surface target of rG4 and rG4-Cg and may be a key transporter from
the membrane through to the nucleus. As seen in Figs. 5 and S10, the
complexes rG4-Cg are able to penetrate cell membrane and localize in
the cytoplasm of PC-3 cells. Cg can be seen in the nucleoli in a free state
which may suggest partial decomplexation and localization of the nu-
cleolus as described for the ligand [22]. After 1h of rG4-Cg complexes
incubation, changes in cell morphology consistent with the cytoplasmic
vacuolation are observed, but less pronounced for long loop rG4-Cg
complex. The cytoplasmic vacuolation observed is similar to that seen
for higher concentrations of the AS1411 in several cancer cells [32-34].
A more modest uptake of both rG4-Cg complexes were detected in the
cytoplasm of PNTA1 cells in agreement with the cytotoxic results
(Fig. 5).

Overall, our study indicates that the rG4-Cg complexes have tu-
mour-selective properties, which are favourable features for its use as a
potential cytotoxic agent [35]. Moreover, the observed cell specificity
for PC-3 cells together with the enhanced antiproliferative activity ex-
hibited by rG4-Cg on cultured cells, in the absence of any transfection
agent, suggest a mechanism of internalization mediated by NCL, which
is more expressed in prostate cancer cells than in normal prostatic cells.

4. Conclusions

Herein, we have studied the rG4 found in pre-miR-149 as a drug
delivery carrier of an acridine-based G4 ligand, Cg, with known antic-
ancer properties. We demonstrated the formation of the rG4-Cg com-
plex, showing that Cg has a high affinity to the rG4 and stabilizes the
1G4 structure in more than 30 °C. We also evaluated a long loop of rG4
sequence and its Cg complex in terms of stability and binding to NCL.
Both rG4s-Cg complexes bound NCL with high affinity (Kp = 102 M),
suggesting that Cg complexation did not affect the recognition of NCL,
which is necessary to obtain selective biological effects. Consistently, it
was observed that rG4-Cg has an augmented cytotoxic activity in PC-3
cells when compared with non-malignant cells.

The nuclease stability assay performed in biological conditions
showed that the structure of rG4 and rG4-Cg remain stable after in-
cubation at 37 °C for 48 h in the presence of cell culture medium. This is
a very favorable feature as many therapeutic oligonucleotides are
highly unstable and thus easily degraded by nucleases.

Finally, the experiments performed with confocal microscopy in-
dicated that complexes rG4s-Cg internalized cancer cells and were
partially maintained during cell internalization and trafficking to the
nucleus; Cg localized nucleoli in a free state which may suggest partial
decomplexation.

Overall, the results suggest that rG4-C8 complex can be used for the
development of delivery system to prostate cancer cells.
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