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A B S T R A C T

The high morbidity and mortality of hepatocellular carcinoma (HCC) is mostly due to the limited efficacy
of the available therapeutic approaches. Here we explore the anti-HCC potential of an aptamer targeting
the elongation factor 1A (eEF1A), a protein implicated in the promotion of HCC. As delivery methods, we
have compared the effectiveness of cationic liposome and cholesterol-mediated approaches.
A75 nucleotide long aptamer containing GT repetition (GT75) was tested in three HCC cell lines, HepG2,

HuH7 and JHH6. When delivered by liposomes, GT75 was able to effectively reducing HCC cells viability
in a dose and time dependent fashion. Particular sensitive were JHH6 where increased apoptosis with no
effects on cell cycle were observed. GT75 effect was likely due to the interference with eEF1A activity as
neither the mRNA nor the protein levels were significantly affected. Notably, cholesterol-mediated
delivery of GT75 abrogated its efficacy due to cellular mis-localization as proven by fluorescence and
confocal microscopic analysis. Finally, liposome-mediated delivery of GT75 improved the therapeutic
index of the anticancer drugs bortezomib and idarubicin.
In conclusion, liposome but not cholesterol-mediated delivery of GT75 resulted in an effective delivery

of GT75, causing the impairment of the vitality of a panel of HCC derived cells.

1. Introduction

Hepatocellular carcinoma (HCC) has a worldwide diffusion and
it is characterized by high morbidity and mortality, mainly because
the disease is often diagnosed at a late stage (Ferlay et al., 2015;
Jemal et al., 2011). Moreover, available therapeutic approaches

Among the novel drugs with potential therapeutic value for
HCC, nucleic acid based drugs (NABDs) are emerging as very
attractive molecules (Grassi et al., 2013; Scaggiante et al., 2011,
2013a). Particularly interesting are aptamers, short single-strand-
ed sequences of DNA or RNA able to bind a specific target with high
affinity. Aptamers can fold into several secondary and tertiary
have limited efficacy and systemic chemotherapy is poorly
effective due to the general HCC resistance to anticancer agents
(Azmi et al., 2015). Thus, the development of novel therapeutic
approaches and delivery systems for HCC are urgently necessary
(Scaggiante et al., 2014b).
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different structural elements that eventually confer the ability to
bind the target molecule in a fashion different from the Watson-
Crick base pairing. Aptamers have many advantages compared to
antibodies as they are smaller, easier to select, can be directed
against any target, are cheaper to produce, are more stable and are
not immunogenic (Scaggiante et al., 2013a).

As delivery tools for our aptamer, we concentrated on cationic
lipids and cholesterol. Cationic lipids (Burnett et al., 2011; Kanasty
et al., 2013; Li and Szoka, 2007; Oh and Park, 2009; Whitehead
et al., 2009; Wu and McMillan, 2009; Yin et al., 2014; Zhou et al.,
2013) have been frequently used as NABD delivery systems. This is
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mostly due to their ability to form complexes with NABD, to protect
them against degradation in the biological environment and to
promote their cellular internalization (Barba et al., 2015; Bochic-

2. Materials and methods

2.1. UV crosslinking
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chio et al., 2015). Moreover, our previous experience (Farra et al.,
2011) demonstrated that cationic lipids have the ability to deliver
NABD homogeneously within the hepatic cells showing the
tendency of a nuclear accumulation. This is a desirable feature
for our study as eEF1A, the target chosen in this work (see below),
mostly localize in the nuclear/cytoskeleton compartment. As an
alternative option, we have considered the cholesterol-mediated
delivery. Cholesterol was chosen because it can increase the uptake
of oligonucleotides by cells equipped with cholesterol receptor, as
it is the case of liver cells, thus conferring a certain degree of
targeting specificity. Moreover, cholesterol is known to improve
the oligonucleotide pharmacokinetic properties (Healy et al., 2004;
Krutzfeldt et al., 2005; Manoharan, 2002), a useful feature for
future studies in animal models. Finally, cholesterol-conjugated
NABD form particles in the nano-size range that can be embedded
into micro-size carriers amenable for arterial delivery to the tumor
mass in vivo (Piscaglia and Bolondi, 2010).

The target of our aptamer is the eukaryotic elongation factor 1A
(eEF1A), a protein involved in the elongation step of protein
synthesis (Scaggiante et al., 2014a). The major isoforms of eEF1A
proteins consist of the ubiquitous eEF1A1 and the tissue-
specialized eEF1A2, whose expression is mostly confined to
skeletal muscle, heart and nervous system. Beside the role in
translation, considered the “canonical function” of eEF1As, both
isoforms possess “non-canonical functions” essential for cellular
homeostasis such as the involvement in the nuclear protein export
(Mickleburgh et al., 2006), the regulation of RNAs stability (Yan
et al., 2008), and the regulation of cell cycle and apoptosis
(Lamberti et al., 2004). Both eEF1A proteins play a role in solid and
hematologic human tumors, mainly due to the dysregulation of
their non-canonical functions (Abbas et al., 2015) as described for
many human tumors including HCC (Scaggiante et al., 2014a). We
have observed that in human HCC cell lines, eEF1A1 and
eEF1A2 are overexpressed and that this overexpression relates
with cancer cell growth and differentiation phenotype (Grassi
et al., 2007a). Moreover, eEF1A2 overexpression was detected in
about half of HCC human tumor specimens suggesting a role in
HCC etiology (Schlaeger et al., 2008a).

In this work, we explore the effects of eEF1A targeting by a
single stranded DNA aptamer containing GT repetitions in HCC cell
lines. We have previously demonstrated that GT aptamers
containing either 27 (GT27) or 51 GT (GT51) repetitions can
specifically bind to the eEF1A protein derived from the nuclear/
cytoskeletal-enriched compartment of a variety of leukemic cells
(Dapas et al., 2003a; Morassutti et al., 1999; Scaggiante et al.,
2006a, 2013b, 1998). Notably, eEF1A targeting resulted in a
remarkable impairment of cell vitality showing a potent antitumor
effect in leukemic cells. Here, we investigate the effectiveness of a
novel aptamer targeting eEF1A containing 75 GT repetitions
(GT75). A longer aptamer is used as we observed (unpublished
results) that in cell lines derived solid tumors, longer GT aptamers
have an improved effectiveness compared to shorter ones. In
addition, we explore the ability of GT75 to improve the therapeutic
index of clinically used anticancer drugs. It has been suggested that
the combination of different drugs can ameliorate the outcome of
HCC patients (Cabibbo et al., 2012; Di Costanzo and Tortora, 2015).
As clinically employed anticancer drugs, we have considered
bortezomib and idarubicin. Bortezomib, a proteasome inhibitor
indicated for the treatment of multiple myeloma and cell
lymphoma, is also potentially active in inhibiting HCC cell growth
(Baiz et al., 2014; Chen et al., 2015). Idarubicin, an inhibitor of
topoisomerase II, is under evaluation as a locally delivered anti HCC
drug (transarterial chemoembolization (Favelier et al., 2013)).

2

In a final volume of 20 ml, 3 mg of total nuclear extract were
incubated in 20 mM Hepes pH 7.9, 420 mM NaCl, 1.5 mM MgCl2,
0.2 mM EDTA, 25% glycerol containing proteases and phosphatases
inhibitors, 2 ng GT75 or GT27 labelled by (g-32P)ATP and different
fold molar excess of non-labelled GT27/CT27/GT75/CT75 and poli
(dI-dC), as competitors. After 25 min incubation at room tempera-
ture, the samples were irradiated for 10 min at 302 nm utilizing a
trans illuminator UV (BioRad Laboratorie). Then, 3 ml Laemmli
sample buffer were added and the mixture was boiled for 5 min.
The denatured samples were then loaded and resolved on a SDS-
polyacrylamide gel.

2.2. Cell cultures

The human HCC derived cell lines HepG2, HuH7 and JHH6 were
cultured as described (Farra et al., 2010, 2011) and assigned to high,
medium and low hepatic differentiation grade on the base of the
capacity to synthesize albumin and ferritin (Grassi et al., 2007b),
known markers of hepatic differentiation.

2.3. Aptamer transfection and uptake studies

The sequence of the specific anti eEF1A aptamer GT-75
(Eurofins MWG Operon, Ebersberg, Germany) was:
TGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGT
TTGTTTGTTTGTTTGTTTGTTTGT; the sequence of the control
aptamer CT-75 was: TCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTT
CTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCT.

The day before transfection, 3 �104 HCC cells were seeded at a
density of 6 � 103 cells/cm2 in six well microplate in the presence
of 3 ml of 10% fetal calf serum-containing medium. Transfections
were performed either using the GT75 aptamer labelled at the 50

end by FITC (uptake studies), or the unlabeled GT75 and the
CT75 control aptamer (functional studies). Optimal transfection
conditions were obtained by using Lipofectamine 2000 (1 mg/ml)
at a weight ratio aptamer-transfectant of 1:3, 1:1 and 1:1 for
HepG2, HuH7 and JHH6, respectively. At the aptamer-transfectant
ratios of 1:3, 1:1 and 1:0.5, Lipofectamine 2000 was able to bind
and thus retard the run of the aptamer of 90, 60 and 30%
respectively, compared to the naked aptamer (Supl. mat 1).

The mixture Lipofectamine-aptamer was then administered to
the cells for 4 h at 37 �C in the presence of serum-free medium.
Afterwards, transfection medium was removed, cells were washed
with 3 ml of PBS, trypsinized, re-suspended in 500 ml of PBS and
the number of fluorescein-positive cell evaluated by flow
cytometry (FACScanto, Becton Dickinson, DIVA software).

GT75 and CT75 cholesterol conjugated molecules (Eurogentec,
Liege, Belgium) carried the cholesterol moiety on the 30 end. For
uptake studies, the GT75 aptamer, double conjugated with
cholesterol (30 end) and FITC (50 end) and either non-complexed
or complexed with Lipofectamine, was administered to JHH6,
seeded on glass cover-slips 24 h in advance. After 4 h transfection,
the medium was removed, the cells were washed with phosphate
buffer saline solution (PBS) and fixed with 4% paraformaldehyde in
PBS for 30 min at RT and then washed again for three times with
PBS. Coverslips were mounted on microscope slides with a
medium containing the DAPI stain (Vector Laboratories Inc.,
Burlingame, CA, USA). Cells were then incubated for 30 min at 37 �C
protected from light.

For confocal microscopic analysis, following transfection, the
membrane and the cytosckeleton of cells in suspension were
stained by the vital dye FastDiITM (Molecular Probes, Eugene, OR,



USA) according to manufacturer instructions. All images were
acquired using a Nikon C1si confocal microscope, equipped with a
488 nm argon laser and 561 nm diode laser. Light was delivered to

2.4. Cell necrosis, viability and cell cycle analysis

Cell viability, evaluated by MTT test, was performed as

270 B. Scaggiante et al. / International Journal of Pharmaceutics 506 (2016) 268–279
the sample with an 80/20 reflector. The system was operated with a
pinhole size of one Airy disk (30 mm). Electronic zoom was kept at
minimum values for measurements to reduce potential bleaching.
60X Plan Apo objective was used, collecting series of optical images
at 0.15 mm z resolution step size. Images were processed for z-
projection by using ImageJ 1.44 m (NIH, Bethesda, USA). The
staining quantification was performed and analyzed by the ImageJ
tool ROI manager. Quantitative data were collected on all optical
slices describing the selected subcellular structure and normalized
for the relative area stack by stack. Quantitative analysis refers to at
least three different experiments in which about 100 measures per
condition were made.
Fig. 1. GT27 and GT75 UV crosslinking assay. (A) P32 labelled GT27 was mixed with total 

of increasing amount of non-labelled GT27; similarly, P32 labelled GT75 was mixed with t
6–8) of increasing amount of non-labelled d GT27. The arrows indicate the formation of th
nuclear extracts of CCRF-CEM, HepG2 and JHH6 alone (/) and in the presence of either 

expected sizes were observed (arrow); additionally, non-labelled GT27 but not non-labell
nuclear extracts of HepG2, HuH7 and JHH6 alone (/) and in the presence of either non-
expected sizes were observed (arrow); additionally, non-labelled GT75 but not non-labell
nuclear extracts of HepG2, HuH7 and JHH6; complexes of the expected sizes (arrow) we
extract of JHH6 alone (/) or in the presence of increasing amounts of cold GT75; non-labe
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described (Baiz et al., 2009) seeding 1.5 �103, 2.5 �103 and
1 �103 cells of HepG2, HuH7, JHH6, respectively, in 96 microplate.
In JHH6, cell necrosis was evaluated by lactate dehydrogenase
(LDH) assay kit according to manufacturer instructions (BioVision
Prod., Mountain View CA) as described (Baiz et al., 2009); apoptosis
was performed as described (Baiz et al., 2009; Dapas et al., 2009).
For cell cycle analysis, 3 �104 JHH6 cells were cultured in 6 well
plates and pulsed with bromodeoxyuridine (BrdU, 10 mM) 12 h
before harvesting as described (Grassi et al., 2005) except that
resuspension in ice cold 70% ethanol was protracted overnight, the
treatment with 1 M HCl 0.5% BSA was prolonged to 1 h and
incubation with fluorescein-isothiocyanate (FITC)-conjugated
mouse monoclonal antibody (BD PharMigen) anti BrdU was
protein nuclear extracts of CCRF-CEM in the absence (lane 1) or presence (lanes 2–4)
otal protein nuclear extracts of CCRF-CEM in the absence (lane 5) or presence (lanes
e complexes of the expected sizes. (B) P32 labelled GT27 was mixed with total protein
non-labelled GT27 or the control non-labelled CT27; in all cases, complexes of the
ed CT27 displaced the complexes. (C) P32 labelled GT27 was mixed with total protein
labelled GT75 or the control non-labelled CT75; for all cell lines, complexes of the
ed CT75 displaced the complexes. (D) P32 labelled GT75 was mixed with total protein
re visualized in all cases. (D) P32 labelled GT75 was mixed with total protein nuclear
lled GT75 was able to displace the complexes (arrow) in a dose-dependent manner.



extended to 1 h. Finally, propidium Iodide (Sigma) and RNAsi
(Sigma) were added one hour before flow-cytometry.

amplification conditions for eEF1A were as described (Scaggiante
et al., 2012). The relative amounts of the target mRNA were
normalized by 28S rRNA content.

He
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2.5. QRT-PCR

Total RNA was extracted, quantified and the quality evaluated as
reported (Farra et al., 2011). Reverse transcription was performed
using 500 ng of total RNA in the presence of random hexamers and
MuLV reverse transcriptase (Applera Corporation, USA). The
primers (MWG Biotech, GA, 300 nM) and the Real-Time
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Fig. 2. Effects of GT75 on cell viability. Increasing amounts of GT75 and of the control CT75
viability were evaluated by MTT test 10 days after aptamer delivery. The results are r
*p < 0.004, compared to NT.
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2.6. Western blotting

Protein extraction was performed as described (Scaggiante
et al., 2012). Briefly, thirty mg of protein extract were resolved onto
12% SDS-PAGE and blotted onto a 0.22 mm nitrocellulose mem-
brane (Schleicher & Schuell, Keene, NH). The rabbit monoclonal
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ration nM
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tion nM

125 250

Lipfectamine

CT75
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*
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250 500
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GT
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 were delivered by lipofection to 96-well-plate cultured HCC cells; the effects on cell
eported as% of non-treated cells (NT); data are expressed as means � SEM, n = 8.



antibody anti-eEF1A1 (AbCam, Cambridge, UK) and the rabbit
polyclonal antibody anti-eEF1A2 (Santa Cruz, CA, USA) were used.
In the same membrane, the loaded control protein GAPDH (Santa

HuH7 (data not shown). Notably, a molar excess of non-labelled
GT27 but not of the control CT27 (unspecific aptamer containing CT
repetition) displaced the complex. Moreover (Fig. 1C), the same

272 B. Scaggiante et al. / International Journal of Pharmaceutics 506 (2016) 268–279

5

Cruz) was probed. Blots were developed using the corresponding
secondary horseradish peroxidase antibodies (Santa Cruz, CA, USA)
by enhanced chemiluminescence detection system (Pierce, Rock-
ford, IL, USA) and exposed to Kodak film (Sigma-Aldrich, St. Louis,
MO, USA).

2.7. Circular dichroism

Oligonucleotides were resuspended in buffer 150 mM
NaCl, 10 mM K2HPO4/KH2PO4, 1 mM EDTA, pH 7.0 at concentration
of 10 mm. After denaturation at 100 �C and renaturation overnight,
the samples were diluted in 2 ml of buffer at the final concentration
of 0.5 mM. The spectra from 220 to 320 nm wavelength were
recorded by Jasco JT-710 equipped with software Spectra
ManagerTM.

2.8. Combined aptamer/anti-cancer drug experiments

BZB (Velcade1, Janssen-Cilag International N.V., 0.09 mg
Bortezomib/1 mg Velcade, w/w), was resuspended in phosphate
buffer saline solution (PBS) and used at the indicated concen-
trations. Idarubicine (idarubicin hydrochloride, Pfizer, NY, USA)
was resuspended in physiologic solution. For protocol 1, the drug
was administered at day one after cell seeding followed the day
after (two days after cell seeding) by aptamer transfection; MTT
was then evaluated at day ten after cell seeding. For protocol 2,
aptamer transfection was performed at day one after cell seeding
followed by drug administration at day three after cell seeding;
MTT was then evaluated at day ten after cell seeding.

2.9. Statistical analysis

P values were calculated by the GraphPad InStat tools (Graph-
Pad Software, Inc., La Jolla, CA, USA) using the unpaired t-test with
or without Welch correction and the Mann-Whitney Test, as
appropriate. P values < 0.05 were considered statistically signifi-
cant.

3. Results

3.1. GT75 aptamer binds to eEF1A as aptamer GT27

To demonstrate that the novel GT75 aptamer can bind the
same target of GT27, i.e. eEF1A, UV-crosslinking were performed
mixing labelled aptamers and proteins derived from total
nuclear/cytoskeleton-enriched extracts. In T-lymphoblastic
CCRF-CEM cells (Fig. 1A), previously employed to study
GT27 effects (Scaggiante et al., 2006a, 2005, 1998), we confirm
the formation of the expected 50 kDa complex using the
GT27 labelled aptamer (Fig. 1A lane 1). Using the GT75 labelled
aptamer, a complex near to 85 kDa was detected (Fig. 1A lane 5).
This molecular weight (MW) is compatible with the combination
of the MW of eEF1A protein and of the 75 long aptamer GT75.
Importantly, the GT27-50 kDa and the GT75-85 kDa bands were
efficiently displaced by a molar excess of the non-labelled GT27
(Fig. 1A lanes 2–4 and 6–8, respectively). This supports the
conclusion that in CCRF-CEM cells, GT75 targets eEF1A as
GT27 does.

We then tested in the HCC cell lines here considered, i.e. HepG2,
HuH7 and JHH6, the ability of GT27 and GT75 to bind eEF1A. By
using a labelled GT27, in the HCC cell lines HepG2 and JHH6 we
observed the same complex as in CCRF-CEM (Fig. 1B). Comparable
results were observed in the third HCC cell line here considered, i.e.
occurred also in the presence of a molar excess of non-labelled
GT75 but not of the non-labelled control CT75 (unspecific aptamer
containing CT repetition). Finally, by using a labelled GT75, it was
possible to obtain in the HCC cell lines considered, a complex
comparable in weight to that observed in CCRF-CEM (compare
Fig. 1A lane 5 with Fig. 1D). Importantly, in JHH6 the complex was
displaced by a molar excess of non-labelled GT27. Comparable
results were obtained for the other two HCC cell lines HepG2 and
HuH7 (data not shown). Together, these observations support the
concept of a specific GT75 binding to eFF1A in the HCC cell lines
considered.

3.2. GT75 aptamer impairs the vitality of HCC cells

As models of HCC, we have considered HepG2, HuH7 and
JHH6 as these cell lines display different phenotypes and thus
phenotypic-related effects of eEF1A targeting by our aptamer can
be studied. In particular, HepG2, HuH7 and JHH6 can be assigned to
high medium and low hepatic differentiation grade, respectively,
on the base of the proliferation rate, morphology and on the
capacity to synthesize albumin/ferritin, known markers of hepatic
differentiation (Grassi et al., 2007b).

After having verified that the aptamer transfection efficiencies
were similar among the different cell lines (Supl. mat 2), we
evaluated the effects of GT75 on cell viabilitycompared to the control
aptamer CT75. In all cell lines, GT75 effect was time dependent (data
not shown) reaching its maximum at day ten after transfection in 96-
well-plate cultured cells. At this time point, a dose dependent effect
was observed in all cell lines (Fig. 2). Interestingly, the less
differentiated JHH6 appeared to be the most sensible to GT75 as
they displayed a specific sensibility already at the concentration of
125 nM; in contrast, in the more differentiated HuH7 and HepG2,
optimal effects were visible at 250 and 500 nM, respectively.

Because of the sensitivity to low GT75 dose, JHH6 were chosen
for further testing. The viability data were asseded also by cell
counting (Fig. 3) confirming the ability of GT75 to reduce the
expansion of this HCC cell type at a relative low dose. To obtain a
precise cell counting, this test was performed in six-well-plates
cultured cells. The fact that under this condition cells grew faster
compared to the cells cultivated in 96 well, explains why GT75
effect was detectable earlier (days 3–6) compared to the viability
test performed in 96-well-plate cultured cells.

Interestingly, GT75 effect was independent from the transfec-
tion reagent used (lipofectamine) as its administration as naked
molecule to 96-well-plate cultured cells, maintained the ability to
reduce cell vitality (Fig. 3B). In this case, however, a much higher
concentration was required; additionally, the most evident effects
were visible earlier (3–6 days from administration) compared to
GT75 delivered by liposome in 96-well-plate cultured cells. Finally,
in JHH6 we confirmed our previous observation that in cell lines
derived from solid tumors, GT27 and GT51 have far less
effectiveness compared to GT75 (Supl. mat 3).

3.3. Effect of GT75 on cell cycle, apoptosis and necrosis in JHH6 cells

To understand the mechanism(s) ruling GT75 effect on
JHH6 vitality, we evaluated the possible interference with the cell
cycle in cells cultured in 6 well plate. Compared to controls, no
relevant influences on the distribution of the cells in the different
phases of the cell cycle were observed both after 3 (Fig. 4A) and 6
(Fig. 4B) days from GT75 administration at 125 nM; similar results
were observed at higher GT75 concentration (data not shown). In
contrast, a significant induction of apoptosis was observed (Fig. 4C)



3 days after GT75 administration, compared to control. Notably,
6 days after aptamer treatment, apoptosis rate did not differ from
control (Fig. 4D) indicating that at this time point the aptamer-

GT75-chol-FITC did not efficiently reach the nucleus, as this cellular
compartment was perfectly visible (Fig. 7B, nuclear DAPI staining).
We can be sure that GT75-chol-FITC entered the cells as confocal

Fig. 3. Effects of GT75 in JHH6. (A) Effect on cell number of 125 nM-GT75 delivered
by lipofection to six-well-plate cultured JHH6 compared to the control CT75 treated
cells. The results are reported as% of non-treated cells (NT); data are expressed as
means � SEM, n = 6. *p < 0.009, compared to CT75 treated cell. (B) Effects (MTT) on
cell viability of GT75 administered as naked molecule (5 mM) to 96-well-plate
cultured JHH6; the results are reported as% of non-treated cells (NT); data are
expressed as means � SEM, n = 6. +p < 0.028, compared NT.
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induced apoptotic effect was over. Finally, no significant induction
of cell necrosis was observed (Fig. 4E).

3.4. Effect of GT75 on eEF1A expression levels in JHH6 cells

The important effect on cell vitality of GT75, prompted us to
verify whether this was dependent on any variations in the
intracellular levels of the eEF1A isoforms. Our data revealed no
significant variation at the mRNA levels both three (Fig. 5A and C)
and six days (data not show) following aptamer transfection. At the
protein level, only a tendency towards a slight reduction was
observed three (Fig. 5B and D) and six days (data not show)
following aptamer transfection.

3.5. Effect of GT75 conjugated with cholesterol in JHH6

Disappointingly, the conjugation of GT75 with cholesterol (GT75-
chol) did not show any specific effect on JHH6 viability at all the
different time points (Fig. 6A) and concentration tested (125–
500 nM, data not shown). As CD analysis excluded a cholesterol-
induced mis-folding of the aptamer (Fig. 6B), we investigated the
uptake properties of GT75-chol conjugating the compound with
fluorescein (GT75-chol-FITC). Interestingly, GT75-chol-FITC gave
origin to a rather spotted cellular pattern with a certain degree of
accumulation in defined cellular regions of the cell (Fig. 7A). Notably,

6

microscopy showed the green FITC signal inside the cell (Fig. 7C and
Supl. mat 4). We thus concluded that a possible reason for the lack of
GT75-chol activity could be due to the segregation in cellular
compartments, which prevented GT75-chol to reach the target
protein. To prove this hypothesis we transfected GT75-chol-FITC in
the presence of lipofectamine (GT75-chol-FITC/LF) used to transfect
GT75. The GT75-chol-FITC/LF gave origin to an even cytoplasmic
distribution with nuclear localization (Fig. 7E, I-II-III), substantially
resembling the pattern obtained by GT75-FITC/LF (Fig. 7D, I-II-III).
Interestingly, the restoration of the proper cellular distribution was
paralleled by the reestablishment of GT75-chol activity (Fig. 7F),
strongly supporting the concept that the lack of activity was mainly
due to the segregation in defined cellular compartments.

3.6. GT75 increases the therapeutic index of bortezomib and idarubicin

The combination of different drugs as a strategy to improve the
outcome of HCC patients has drawn wide attention in recent years.
Thus, we studied the effect of GT75 administered in combination
with the anticancer drugs bortezomib and idarubicin. Two
different experimental schemes were used: in the first, the drug
was administered to JHH6 before GT75 delivery via lipofection
(protocol 1), in the second (protocol 2) after. To investigate
whether GT75 could increase the therapeutic index of bortezomib
and idarubicin, sub-toxic doses of the two anti-neoplastic agents
were employed (Fig. 8, grey columns). Moreover, a
GT75 concentration of 125 nM was used, as at this aptamer
concentration cell vitality is not completely abrogated (see Fig. 2C).
This left the possibility to detect any further drug (bortezomib or
idarubicin) effects on cell vitality.

The combination drug/GT75 (protocol 1) markedly improved
bortezomib/idarubicin effects on cell vitality (Fig. 8A and C)
compared to the drug combined with the control CT75. Notably,
also drug/GT75 effects were superior to GT75 alone (significant for
10 nM bortezomib and 2,5–5 ng/ml idarubicin). Interestingly, the
potentiating effect of the two drugs was maintained also adminis-
tering first GT75 and then the drugs (Fig. 8B and D, protocol 2),
supporting the solidity of the combined effects of drug/aptamer.
Notably, the combination GT75/drug was always superior to the
effects of the control CT75/drugs. Only in the case of idarubicin
administeredat10 ng/ml, thiswasnot the case, thus indicating under
this condition the prevalence of a non-specific effect.

4. Discussion

The lack of effective therapies, especially for the advanced form
of HCC, makes the identification of novel therapeutic approaches
extremely urgent. Here we explore the targeting of eEF1A by
means of the GT75 aptamer, showing a great therapeutic potential
for this molecule.

GT75 derives from a shorter aptamer version (GT27) shown to
be effective in reducing the viability of a variety of leukemic cells
(Dapas et al., 2003a; Morassutti et al., 1999; Scaggiante et al.,
2006a, 2013b, 1998). Here we provide evidences (Fig. 1) that both
aptamers GT75 and GT27 can form the expected complexes in the
HCC cell lines tested, thus indicating the ability to specifically
binding eEF1A. Despite this, in JHH6, the effectiveness of
GT75 delivered by lipofectamine was definitively superior to that
of GT27 (Suppl mat 3). We can exclude significant differences in the
cellular internalization as GT27-FITC and GT75-FITC resulted in
comparable cellular uptake (data not shown). As we have not
deeply investigated the biochemistry of GT75 and GT27 binding to
eEF1A, we cannot complete exclude differences in the binding



affinity. It is also possible that, being longer, GT75 has an extended
cytoplasmic half-life thus resulting in a prolonged interaction with
eEF1A. Cell-dependent mechanisms can also concur to determine

eEF1A1 compared to HuH7 and HepG2 (Grassi et al., 2007a)
may indicate that this cell line is more dependent on
eEF1A1 canonical and non-canonical functions for its survival.
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Fig. 4. Effects of GT75 on the cell cycle, apoptosis and necrosis induction in JHH6. (A) Cell cycle phase distribution was studied by the double staining DNA procedure 3 (A) and
6 (B) days after lipofection of 125 nM of GT75 to six-well-plate cultured JHH6; the data are reported as the% of total cells; data are expressed as means � SEM, n = 6. (C)
Apoptosis was evaluated by annexin V test 3 and 6 days after GT75 lipofection to six-well-plate cultured JHH6; the results are reported as% of total cells in each treatment; data
are expressed as means � SEM, n = 5. P = 0.008, compared to CT75 treated cells. (D) Cell necrosis induction was evaluated by LDH assay at different time points after
GT75 lipofection to 96-well-plate cultured JHH6; triton X-100 (1% of final concentration): positive control; the results are reported as% of non-treated cells (NT); data are
expressed as means � SEM, n = 6.
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the different biological effectiveness as GT27 was very effective in
leukemic cells (Dapas et al., 2003a; Morassutti et al., 1999;
Scaggiante et al., 2006a, 2013b, 1998) but not in HCC cell lines.

Our data (Fig. 2) indicate that GT75 delivered by lipofectamine
can efficiently affect the viability of a panel of HCC cell lines, thus
showing its broad potential effectiveness against different HCC
phenotypes. Notably, the less differentiated HCC cell line JHH6,
appears to be the most sensitive to the aptamer action. We can
exclude significant differences in the cellular uptake as GT75-FITC
internalization is comparable in all HCC cell lines (Sup mat 2). In
contrast, the fact that JHH6 have the highest level of
Another reason for the increased JHH6 sensibility to GT75 may
depend on the occurrence of post-translational modifications of
eEF1A, which promote the affinity to GT75. In this regard, we have
observed (Scaggiante et al., 2013b) that the effectiveness of GT27 in
the leukemic cell line CCRF-CEM was strictly dependent on the
presence of a post-translational modified form of eEF1A.

The involvement of eEF1A in cell proliferation and apoptosis
(Ruest et al., 2002; Scaggiante et al., 2012; Talapatra et al., 2002)
prompted us to verify whether these biological events could have
been affected by the GT75 targeting eEF1A. In JHH6, no relevant
influences were observed at the cell cycle level (Fig. 4A and B), a



fact that may apparently be in contrast with a previous work by
Schlaeger et al. (2008b). In this case, the siRNA mediated silencing
of the eEF1A2 isoform, resulted in a clear impairment of HCC cell

better define this aspect and to dissect the molecular pathway(s)
responsible for the potent suppression of cell vitality we observed.

The phenotypic effects of GT75 most likely depend on the direct

Fig. 5. Effects of GT75 on the expression level of eEF1A. (A and C) 125 nM of GT75 were delivered by lipofection to six-well-plate cultured JHH6; the levels of eEF1A1 and
eEF1A2 mRNAs were evaluated three days after delivery; the results are reported as% of non-treated cells (NT); data are expressed as means � SEM, n = 5. (B and D) 125 nM of
GT75 were delivered by lipofection to six-well-plate cultured JHH6; the levels of eEF1A1 and eEF1A2 proteins were evaluated three days after delivery (representative
western blotting); GAPDH was used as normalizator.
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proliferation. This apparent discrepancy may be explained by the
substantial different approach employed to target eEF1A, i.e siRNA
mediated silencing in Schlaeger et al. (2008b) and aptameric
targeting (our work). Whereas the siRNA-based approach
represses the synthesis of eEF1A2, thus reducing both the
cytoplasmic and the cytoskeletal-nuclear fractions of the protein,
our aptameric-based approach mainly interacts with the cytoskel-
etal/nuclear fraction (Dapas et al., 2003b; Scaggiante et al., 2006b).
Additionally, our GT75 may preferentially target the
eEF1A1 isoform (see below). It is thus conceivable that targeting
different sub cellular fractions of the eEF1A protein and probably
different isoforms, the results at the phenotypic levels can be
divergent. In spite of the apparent discrepancy at the cell cycle
level, the GT75 treatment significantly increased the apoptotic rate
(Fig. 4D), in agreement with the work of Schlaeger et al. (2008b).
Given the described anti-apoptotic role of eEF1A in different tumor
cell type (Chang and Wang, 2007; Ruest et al., 2002; Talapatra et al.,
2002), it is reasonable to hypothesize that in JHH6 the impairment
of eEF1A functions can destabilize its anti-apoptotic properties.
Notably, the extent of apoptosis induction is more contained
(Fig. 4C) compared to the reduction of cell viability (Fig. 2). This
opens the possibility that other cell death mechanisms may concur
to determine the marked reduction in cell viability induced by
GT75. Among these, however, our data exclude cell necrosis
(Fig. 4E). Future investigation are required (work in progress)

8

interaction with the eEF1A protein. This is supported by the fact
that GT75 treatment neither grossly affects the mRNA (Fig. 5A and
C) nor the protein levels (Fig. 5B and D) of the eEF1A isoforms.
Thus, it is conceivable that GT75 may impair/prevent eEF1A
interactions with other partners. It remains to be clarified whether
or not GT75 can bind to both eEF1A isoforms. The GT27 aptamer,
from which GT75 has been derived, was able to bind to eEF1A
protein (Dapas et al., 2003a; Morassutti et al., 1999; Scaggiante
et al., 2006a). Additionally, binding assay we performed (Scag-
giante et al., unpublished results) using adult rat muscle cell
extract expressing only the eEF1A2 isoform (99% identity with
human protein), suggested that GT75 has low affinity for eEF1A2.
Further in vitro testing are required to better characterize
GT75 affinity for eEF1A2.

With the aim to explore in the future the effectiveness of
GT75 in in vivo HCC models, in this work we investigated the
possibility to conjugate our aptamer with cholesterol. Cholesterol
has the potentiality to drive the aptamer to hepatic cells that
possess cholesterol receptor (Healy et al., 2004; Krutzfeldt et al.,
2005; Manoharan, 2002), thus favoring a liver-targeted delivery.
This in principle allows the localization of the therapeutic
molecule at the desired site minimizing possible side effect due
to cell mis-targeting. Despite being effective in promoting cell
internalization of GT75 (Fig. 7A–C, Suppl mat 4), cholesterol
induced the compartmentalization in discrete vesicles in the



cytoplasm of GT75 with the exclusion of the nucleus. This
segregation resulted in a complete abrogation of GT75 activity.
Notably, the activity loss is not attributable to a different

particularly important as eEF1A1 tend to be localized in these cell
regions where it is involved, for example, in the nuclear export of
heat shock proteins (HSP) (Vera et al., 2014), often upregulated in

Fig. 6. Effects of cholesterol-conjugated GT75 on JHH6 viability. GT75 conjugated with cholesterol (GT75-chol, 125 nM) was administered to 96-well-plate cultured JHH6 at
different concentrations (A) with the effects on viability (MTT) being evaluated ten days after administration. The results are reported as% of non-treated cells (NT); data are
expressed as means � SEM, n = 5. (B) Circular dichroism of 0.5 mM GT75 and cholesterol-conjugated GT75 (GT75-chol) in phosphate buffer, pH7.0 at 220–320 nm. Blue = GT75;
Green = GT75chol. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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conformation of the GT75 induced by the presence of the
cholesterol molecule. Indeed, the CD analysis did not show
differences among positive and negative peaks in GT75 and
GT75-cholesterol samples (Fig. 6B). Moreover, the delivery of
GT75-Chol by lipofectamine (compare Fig. 7E with D), restored
both the proper intracellular distribution and the aptamer activity
(Fig. 7F). We believe that the nuclear/cytoskeletal localization is
HCC (Lu et al., 2009; Yang et al., 2015). Moreover, our previous
works showed that the shorter GT aptamers, from which the
present GT75 is derived, can bind to the eEF1A protein present in
the nuclear/cytoskeletal-enriched cell compartment (Dapas et al.,
2003a; Morassutti et al., 1999; Scaggiante et al., 2006a, 2013b,
1998) but not that present in the soluble cytosolic compartment.
Thus, our data indicate the relevance of the proper subcellular



Fig. 7. JHH6 uptake of cholesterol-conjugated GT75 and cholesterol-conjugated GT75 delivered by lipofection. (A and B) Cholesterol-conjugated GT75 labelled by fluorescein
(GT75-chol-FITC) was delivered at 125 nM to six-well-plate cultured JHH6; 4 h after delivery, cells were fixed and the nucleus stained by DAPI; (C) 4 h after JHH6 transfection
by GT75-chol-FITC, cells were collected and stained by the vital dye FastDiITM (red) which stains the cellular membrane and the cytoskeleton. Afterword the red and green
fluorescence intensities were measured by confocal microscopy in multiple cell sections. (D and E) Comparison of cell distribution for GT75-FITC-LF (D) and GT75-chol-
FITC-LF (E) in fixed JHH6 4 h after transfection; I, II and III corresponds to section stained in green (aptamer-FITC), in blue (DAPI) and the overlay, respectively. LF:
lipofectamine. (F) Effects on cell vitality of GT75/CT75 with and without conjugation with cholesterol (chol) and delivered in the presence or absence of the LF (day 10 after
transfection, [125 nM]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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localization for our aptamer to be biologically effective. This
observation is in line with the knowledge that aptamers and more
in general of nucleic acid based drugs (Grassi et al., 2005, 2010;

2012), suggests that the targeting of multiple tumorigenic molecules
can result in a more effective control of HCC expansion. Our data
(Fig. 8) indicate that liposome-delivered GT75 can remarkably
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Fig. 8. Improvement of the therapeutic index of bortezomib and idarubicin by
GT75. 96-well-plate cultured JHH6 were either (A) treated by bortezomib first and
then lipofected by 125 nM GT75 or (B) vice versa; cell viability was measured by MTT
ten days after the beginning of the treatment. The grey columns indicate the
treatment by bortezomib alone. The results are reported as% of non-treated cells
(NT); data are expressed as means � SEM, n = 6. *p < 0.03, compared to bortezomib-
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was used.
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Scaggiante et al., 2011), need to reach the appropriate cellular
compartment for optimal activity. Moreover, our observation
suggests caution with regard to the use of cholesterol-bound
aptamers, despite the reported advantages of this delivery
approach for the liver.

The highly heterogeneous nature of HCC, mostly dependent on
the activation of multiple cancer promoting genes (Cabibbo et al.,
increase the therapeutic index of bortezomib and of idarubicin.
Notably, the effect is independent from the administration protocol,
i.e first the drug and then GT75 or vice versa. This demonstrates the
robustness of the therapeutic interaction observed. Moreover, the
fact that GT75 can improve the therapeutic index of drugs with
completely different mechanism of action (proteasome inhibitor,
bortezomib and topoisomerase I inhibitor, idarubicin), demon-
strates its pleiotropic ability to synergize with conventional
antineoplastic drugs, similarly to what observed for GT27 (Dapas
et al., 2002). Thus, our findings indicate GT75 as a molecule with the
potential to be effectively used in combination with conventional
anticancer drugs in the treatment of HCC.

Although not at the same extent of GT75/lipofectamine, also
CT75/lipofectamine seems to potentiate the effects of bortezomib
and idarubicine. Given that CT75 cannot bind eEF1A (see Fig. 1C),
we believe this mostly depends on a non-specific toxicity exerted
by lipofectamine. Indeed lipofectamine per se has a detrimental
effect on cell vitality (see Fig. 2C, 125 nM). Moreover,
CT75 administered in the naked form has negligible effects on
cell vitality (Fig. 3B). Thus, it is convincible that in the CT75/
lipofectamine complex, the effect of lipofectamine combines with
the effects of the two drugs resulting in a non-specific potentiation
of drug action.

In conclusion, the lipofectamine-mediated but not the choles-
terol-mediated delivery of GT75 was effective in delivering GT75,
resulting in the impairment of the viability of HCC derived cells.
Additionally, the lipofectamine-mediated delivery of
GT75 markedly improved the therapeutic index of the anticancer
drugs bortezomib and idarubicin. Together our findings strongly
support the great therapeutic potential of GT75.
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