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Abstract

The high frequency of hTERT-promoting mutations and the
increased expression of hTERT mRNA in anaplastic thyroid
cancer (ATC) make TERT a suitable molecular target for the
treatment of this lethal neoplasm. In this study, we encapsulated
an anti-hTERT oligonucleotide in biocompatible nanoparticles
and analyzed the effects of this novel pharmaceutical prepara-
tion in preclinical models of ATC. Biocompatible nanoparticles
were obtained in an acidified aqueous solution containing
chitosan, anti-hTERT oligoRNAs, and poloxamer 188 as a stabi-
lizer. The effects of these anti-hTERT nanoparticles (Na-siTERT)
were tested in vitro on ATC cell lines (CAL-62 and 8505C) and
in vivo on xenograft tumors obtained by flank injection of
CAL-62 cells into SCID mice. The Na-siTERT reduced the viabi-
lity and migration of CAL-62 and 8505C cells after 48-hour

incubation. Intravenous administration (every 48 hours for
13 days) of this encapsulated drug in mice hosting a xenograft
thyroid cancer determined a great reduction in the growth of
the neoplasm (about 50% vs. untreated animals or mice receiv-
ing empty nanoparticles), and decreased levels of Ki67 associ-
ated with lower hTERT expression. Moreover, the treatment
resulted in minimal invasion of nearby tissues and reduced the
vascularity of the xenograft tumor. No signs of toxicity appeared
following this treatment. Telomere length was not modified by
the Na-siTERT, indicating that the inhibitory effects of neo-
plasm growth were independent from the enzymatic telomerase
function. These findings demonstrate the potential suitability
of this anti-TERT nanoparticle formulation as a novel tool for
ATC treatment. Mol Cancer Ther; 17(6); 1187–95. �2018 AACR.

Introduction
An increased prevalence of thyroid cancer has been observed

in the past decade (1, 2). Although the majority of these
neoplasms are differentiated thyroid carcinomas (DTC) and
have a good prognosis, poorly differentiated (PDTC) and ana-
plastic thyroid cancers (ATC), which are often present with
recurrent and metastatic lesions, are responsible for the mor-
tality rate still observed for these tumors (1). Indeed, the current

treatment (surgery and radioiodine administration) is effective
only for those DTCs able to concentrate the radioiodine (3),
so other strategies are currently under investigation and have
shown promising results in patients with DTCs unresponsive to
radioiodine, but a lesser degree of success has been had in the
treatment of PDTCs and ATCs (4–6).

In the search for novel molecular targets, valid help comes
from the genomic analysis of a large number of human tumors.
Studies on ATCs have revealed that telomerase reverse tran-
scriptase (TERT) gene alterations are the most frequent event
detected in this type of neoplasia (5, 7–10). In addition,
overexpression of TERT has been reported in thyroid carcino-
mas, lymph node metastases, and, more recently, even in ATCs
(11, 12). Thus, hTERT has been proposed as an optimal target
for the treatment of thyroid cancer, and in vitro studies have
shown that the silencing of hTERT by oligoRNAs (siRNA) was
able to reduce the growth, invasion, and migratory ability of
ATC cells, which did not depend on whether or not they were
carrying hTERT promoter mutations (12, 13). For potential
application of this strategy in clinical practice, however, it is
crucial that the rapid degradation of siRNA by extracellular
RNases be avoided (14); so, various strategies have been tested
to entrap genetic material within biocompatible systems
able to promote efficient cellular uptake while preserving its
pharmacologic activity (15).

In this study, an anti-hTERT oligonucleotide was encapsu-
lated in biocompatible nanoparticles made up of poly(D,L-
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lactide-co-glycolide) (PLGA) and chitosan, which were able to
efficiently deliver this genetic material to cancerous thyroid
cells. The effects of this novel formulation on the viability and
migratory properties of ATC cells were analyzed both in vitro
and in vivo in a xenograft model of thyroid cancer induced in
SCID mice.

Materials and Methods
Materials

PLGA 75:25 (molecular weight 66.000–107.000 Da), rhoda-
mine, and xylene were purchased from Sigma Aldrich. Chitosan
[low molecular weight, <10.000 Da, copolymer of b (1!4)
linked 2-acetamido-2-deoxy-b-D-glucopyranose and 2-amino-2-
deoxy-b-D-glucopyranose, degree of deacetylation, 85%] was
provided by Acef s.p.a. Poloxamer 188 (Pluronic PE 6800) was
obtained from BASF (Aktiengesellschaft). RPMI1640, DMEM,
TRIzol, Platinum Sybr Green QPCR supermix, random exapri-
mers, MMLV reverse transcriptase, mouse polyclonal anti-
GAPDH antibody, and the hTERT-a-specific siRNA (sequences
50 to 30: AGGCACUGUUCAGCGUGCUCAACUA) were pur-
chased from Thermo Fisher Scientific; transwell inserts with
8-mm pores were obtained from Costar, Euroclone; anti-hTERT
and anti-Ki67 antibodies, and 3-3 diaminobenzidinetetrahy-
drochloride (DAB) were provided by Abcam. ECL Plus and
Mayer hematoxylin were purchased from PerkinElmer and
Carlo Erba Reagents s.r.l., respectively. Ventilated (high-efficien-
cy particle-arresting filtered air) sterile microisolator cages were
purchased from Techniplast. Horseradish peroxidase (HRP)–
conjugated anti-rabbit or anti-mouse antibody by Transduction
Laboratories and PVDF membranes were purchased from VWR.

Preparation and characterization of hTERT-specific
siRNA-loaded nanoparticles

PLGA/chitosan nanoparticles containing hTERT-specific
siRNA (Na-siTERT-a) were prepared as described previously
(15). Briefly, 6 mg of PLGA was solubilized in acetone and
mixed with an aqueous solution containing chitosan (0.006%
w/v) and poloxamer 188 (1% w/v) by an ultraturrax (Ultra-
turrax T25, IKA Werke) running at 24,000 rpm for 1 minute.
Various amounts of genetic material (100–500 mg) were added
to the aqueous phase to evaluate their influence on the phys-
icochemical properties of the colloidal systems. Successively,
the suspension was properly purified and characterized as
reported previously (15). The morphology of the nanospheres
was evaluated using a transmission electron microscope
(Philips), while the investigation of the stability profiles of
nanoplexes as a function of the temperature was performed
using the Turbiscan Lab analyzer according to procedures
described elsewhere (16, 17).

Thyroid cell lines, hTERT-silencing, proliferation, and
migration assay

Human anaplastic thyroid carcinoma cell lines, 8505C (18),
purchased from Sigma-Aldrich, and CAL-62 (19), purchased
from DSMZ (Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures), were cultured in RPMI1640
or DMEM, as described previously (20). Both cell lines have
been tested for being mycoplasma free, and short tandem repeat
analysis was performed to check the genomic stability. Cells
were seeded in 6- (130 � 103/well) or in 96- (3.5 � 103/well)

well plates, and the next day, the medium was incubated
with the nanoparticles containing siRNA anti-hTERT 10 and
20 nmol/L (Na-siTERT-a) for 6 hours. Then, the medium was
replaced, and after a further 48 hours, the cell viability was
evaluated by means of MTT assay (21).

For the cell migration assay, transwell inserts having 8-mm
pores were used. Forty-eight hours after incubation with
Na-siTERT-a 20 nmol/L, 60 � 103 cells suspended in serum-free
medium containing 1% BSA were plated in the upper chamber
of the inserts, and after 6 hours of incubation, we analyzed the
migrated cells as described previously (22). In all experiments,
untreated cells (Ctrl) and cells treated with unloaded nanoparti-
cles (e-Nano) were used as controls.

Extraction of RNA and gene expression studies
TRIzol reagent was used to isolate the RNA from tumor tissues

and thyroid cancer cell lines (22), after which cDNA synthesis was
performed on 500 ng of the total RNA and reverse-transcribed
using random exaprimers and MMLV reverse transcriptase. The
mRNA levels of E-cadherin and fibronectin-1 were assessed in
tumor tissues by real-time PCR using Platinum Sybr Green QPCR
supermix and the ABI Prism 7300 Sequence Detection Systems
(Applied Biosystems). The DDCt method, by means of the SDS
software (Applied Biosystems), was used to calculatemRNA levels
using b-actin as the endogenous control. Oligonucleotide primers
were purchased from Sigma-Aldrich, and their sequences are
available upon request.

Western blot analysis
Total proteins were extracted from whole-cell lysates as

described previously (12). Twenty micrograms of proteins was
run on a 9% SDS-PAGE gel, transferred to PVDF membranes
blockedwith TTBS/milk (TBS, 1% Tween 20, 5%nonfat drymilk)
for 1 hour at room temperature, and then incubated overnight
with rabbit monoclonal anti-hTERT (1:500) and mouse poly-
clonal anti-GAPDH antibodies (1:40,000). The membranes were
washed in TTBS and incubated with HRP-conjugated anti-rabbit
or anti-mouse antibody in TTBS/milk, diluted 1:5,000 or
1:30,000, respectively. The proteins were visualized by means of
chemiluminescence using the Western blot ECL Plus detection
system.

Xenograft model development and treatments
Five-week-old male NOD/SCID (n ¼ 30) mice were obtained

from the University of Perugia (Perugia, Italy). The mice were
maintained under specific pathogen-free conditions in sterile,
ventilated microisolator cages at a constant temperature (24–
26�C), constant humidity (30–50%), and a 12-hour light/dark
cycle. Sterilized food and tap water were given ad libitum. A total
of 1 � 107 CAL-62 cells were injected subcutaneously into the
flanks of the mice. Treatment was initiated when the tumors
reached an average volume of approximately 100 mm3. The mice
were then randomly divided into the following groups: con-
trols treated with NaCl 0.9% (Ctrl) and animals treated with
unloaded nanoparticles (e-Nano) or nanoparticles containing
2.4 mg/kg of anti-hTERT siRNA (Na-siTERT-a). The treatment
was carried out every other day by means of tail vein injections
over the course of 13 days. Tumor volume was measured at the
start of the treatment and then at 2-day intervals using a caliper,
and tumor volumes were calculated using the following equa-
tion: Vt¼ 0.5�Dd2 (23). The bodyweight, feeding behavior, and
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motor activity of the mice were used as indicators of general
health. At sacrifice, tumor, liver, kidney, heart, spleen, intestine,
and lung tissues were excised, weighed, and stored respectively in
liquid nitrogen for RNA isolation and in formalin 10% for IHC.
All experiments involving animals were performed according to
the guidelines of the Ethical committee of the University of
Perugia and the European Communities Council Directive
2010/63/EU.

Histopathologic study and IHC
Tissue samples were formalin fixed and subsequently pro-

cessed with an automated tissue processor (Leica ASP 6025).
For each case, 4 mm–thick serial sections were obtained from a
block of paraffin-embedded tissue, mounted on coated glass
slides, and heated at 60�C for 60 minutes: one section was
hematoxylin- and eosin-stained for light microscopy analysis.
For the vascularity evaluation, a numerical score was assigned
to each section on the basis of the percentage of new vessels it
contained (vascular endothelial structures: tumor mass); 0:
absence of new vessels, 1: 1%–15%, 2: 16%–30%, 3: >30%.
Other sections were used for IHC, and standard protocol was
applied (24). Tissue sections were incubated for 1 hour at room
temperature with the polyclonal anti-hTERT antibody (1:300
dilution) and anti-Ki67 antibody (1:500), and after washing,
treated with biotinylated goat anti-polyvalent antibody. Final-
ly, staining was visualized using DAB. The sections were
slightly counterstained with Mayer hematoxylin, and the anal-
ysis was performed using a digital image-capture computer
system with the microscope (Leica LDM108). A semiquantita-
tive analysis was performed evaluating both percentages of
positive cells and staining intensities (percentage and intensi-
ty-based approaches), using the score system by Allred and
colleagues, modified (25). A percentage-based approach was
used to estimate the proportion of positively stained tumor
cells (0: none, 1: 1%–5%; 2: 6%–20%; 3: >20%). Average
estimated intensity of staining in positive cells was assigned
as an intensity score (0: none, 1: low, 2: intermediate, 3: high).
The immunoreactive score was obtained by the sum of per-
centage and intensity of staining.

Telomere length analysis
Genomic DNA was isolated from tumor tissues by the

Gentra Puregene Cell Kit (Qiagen), according to the manufac-
turer's protocol. The mean telomere length was evaluated by
using the TeloTAGGG Telomere Length Assay Kit (Hoffmann-
La Roche Ltd.), as described previously (12). Briefly, 2 mg of
genomic DNA was digested with restriction enzymes HinfI and
RasI for 2 hours at 37�C and then separated on 0.8% (w/v)
agarose gel. The DNA fragments were then transferred to a
nitrocellulose membrane (GE Healthcare) and, after UV-cross-
linking, the membrane was hybridized with a DIG-labeled
probe specific for telomeric repeats and incubated with a
DIG-antibody coupled to alkaline phosphatase. The signal
was detected using the chemiluminescent substrate CDP-star.
Telomere length was calculated using the UVITEC Alliance LD
(UVITec Limited) with the SuperSignal Technology (Thermo
Fisher Scientific Inc). Telomere length was expressed as
telomere restriction fragment (TRF). Calculation of mean TRF
length was defined as mean TRF ¼ S (ODi)/S (ODi/Li), where
ODi is the chemiluminescent signals and Li is the length of TRF
at position i.
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Figure 1.

Physicochemical features of nanoparticles.A,Evaluation of the surface chargeof
nanosystems as a function of the amount of genetic material used. The results
are shown as the mean � SD of three independent experiments. B, TEM
micrograph of Na-siTERT-a.Scale bar, 200 nm. C, Profiles of TSI of empty
nanosystems and Na-siTERT-a at 20�C obtained by using Turbiscan Lab.
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Statistical analysis
The data gathered during cell proliferation experiments

were analyzed by one-way ANOVA followed by the Tukey–
Kramer multiple comparisons test. Statistical significance of
differences among different groups of continuous data was
assessed by using the Tukey–Kramer multiple comparisons test.
All results were expressed as mean � SD, and P values lower
than 0.05 were considered statistically significant. All statistical
analyses were performed using GraphPad Prism version 5.0 sta-
tistical software (GraphPad Software Inc.).

Results
Physicochemical characterization of nanosystems

We first constructed the anti-hTERT siRNA (Na-siTERT-a)
nanoparticles and analyzed their physicochemical proper-
ties through dynamic light scattering. After the addition of
Na-siTERT-a, a significant decrease in the particle size (collo-
idal mean diameter from �170 nm up to �130 nm) and a
reduced surface charge of the nanosystems as a function of
the amount of siRNA added during the preparation of sam-

ples (50 mV vs. 30 mV when 500 mg were used) was obtained,
as a consequence of the saturation of the positive residues of
chitosan promoted by the genetic material (Fig. 1A). More-
over, transmission electron microscope (TEM) analysis
evidenced the spherical shape of the colloidal systems
containing anti-hTERT (Fig. 1B). The physical stability
of Na-siTERT-a was demonstrated by assessing the turbi-
scan stability index (TSI), which showed similar profiles
between the Na-siTERT-a and the empty formulations, thus
confirming the absence of unfavorable physical phenomena
promoted by the genetic material (Fig. 1C). Altogether, these
results evidence the potential impact of this formulation as
an efficient anti-hTERT siRNA delivery system to be used in
preclinical investigations.

Effects of siTERT-loaded nanoparticles on in vitro growth and
migration of ATC cells

The activity of the biocompatible formulations contain-
ing anti-hTERT siRNA was tested on the 8505C and CAL-62
ATC cell lines. Na-siTERT-a (20 nmol/L) determined a de-
crease in the expression levels of hTERT (Fig. 2A), paralleled
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Figure 2.

Effect of Na-siTERT-a on hTERT
expression, viability, and migration of
ATC cells. A, Silencing of hTERT was
performed using nanoparticles
containing siRNA anti-hTERT 10 and 20
nmol/L (Na-siTERT-a) in CAL-62 and
8505C cells, as described in Materials
and Methods. The picture shows one
representative of three Western blot
experiments for the hTERT protein;
GAPDH was used as loading control. B,
Na-siTERT-a 20 nmol/L reduced
cellular viability and migration of CAL-
62 and8505C. Results aremean�SDof
three independent experiments
performed in octuplicate and triplicate
for MTT and migration assays,
respectively. Statistical analysis was
performed using the Tukey–Kramer
multiple comparisons test. �� , P < 0.01,
��� , P < 0.001 versus unloaded PC-PLA
nanoparticles (e-Nano).
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by a significant reduction of cell viability (about 40% vs.
cells treated with e-Nano) in both cell lines after 48 hours
(Fig. 2B).

Moreover, Na-siTERT-a induced a significant reduction in cell
migration of approximately 40% in 8505C and approximately
60% in CAL-62 versus controls (P < 0.001; Fig. 2C).

Effects of siTERT-loaded nanoparticles on thyroid cancer
cells in vivo

Next, we tested the ability of the Na-siTERT-a (concentration
of 2.4 mg/kg) to inhibit ATC cell growth in vivo. After the injec-
tion of 1 � 107 CAL-62 cells into the flanks of our experimental
SCID mice, the intravenous administration of Na-siTERT-a,
e-Nano, or physiologic solution was started when the tumors
reached a diameter of approximately 100 mm3. The volumes of
the tumors, measured at regular intervals, showed significant
differences among the various groups, with a decrease of the
tumormass in themice treatedwithNa-siTERT-a, which appeared
after 7 days and was more evident at the end of the treatment
(Fig. 3A). As shown in Fig. 3B and C, after 2 weeks, the e-Nano
mice had obviously larger tumors with greater weights than
those that had received the nanodrug. Accordingly, IHC analysis
of the tumors showed a significant reduction of the levels
of hTERT protein, as well as Ki67 in the tumors treated with
Na-siTERT-a (Fig. 4A and B, respectively). Similar results were
obtained when using a second anti-hTERT siRNA (Na-siTERT-b)

and a nontargeting siRNA as control (s-Nano; Supplementary
Fig. S1). No ill effects on body weight, feeding behavior, or
motor activity were observed in any of the groups of mice.
Histologic analysis of other tissues, including liver, intestine,
lung, kidney, heart and spleen, and blood counts, did not reveal
any evidence of toxic effects of the treatments (Supplementary
Fig. S2; Supplementary Table S1).

In addition, we noted that the tumors of the control groups
were particularly aggressive, manifesting infiltration of the
surrounding stroma. This was absent in the animals treated
with Na-siTERT-a (Fig. 5A), so we checked the expression of
some of the representative markers of the epithelial–mesen-
chymal transition. The analysis of the mRNA levels of fibro-
nectin and E-cadherin showed significant differences in the
expression of these two markers, which was consistent with an
inhibitory effect of Na-siTERT-a on the invasiveness of the
tumor cells (Fig. 5B). Finally, a decreased rate of vasculariza-
tion was also observed in the Na-siTERT-a group versus the
controls (Fig. 6).

To investigate whether effects of TERT silencing were asso-
ciated to a telomere length decrement, we performed the
measure of telomere length in mice treated with unloaded
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nanoparticles or TERT-targeting siRNA loaded nanoparticles,
e-Nano and Na-siTERT-a, respectively. As shown in Fig. 7,
telomere length was not significantly modified after nano-
particle treatment (p: 0.735), suggesting that TERT may act as
an oncogene in a manner independent from the enzymatic
telomerase function, as already shown in other experimental
settings (10, 26) and also detected in vitro in ATC cell lines (12).

Discussion
The treatment of ATCs is still a major clinical challenge

today. Most patients have a very poor prognosis, mainly
because they are refractory to radioiodine therapy and poorly
responsive to chemo- and radiotherapy, accounting for approx-
imately one third of the deaths caused by thyroid cancer (1, 5,
6, 27). Targeted therapies are therefore being explored in
patients with ATC, but, at present, promising results have been
reported in only a few of the recent single-case studies
(reviewed in ref. 8). In the search for novel therapeutic strat-
egies, the elucidation of some key genomic aberrations con-
sidered responsible for the development of ATCs has suggested
novel potential molecules to target with novel therapeutics
(5, 7–10, 28). However, most of the clinical trials performed
in ATC patients have been mutation-specific studies conduct-
ed with the available compounds targeting BRAF, PIK3CA,
HRAS, and ALK (6), although these mutations do not occur
very frequently in ATCs (5, 7–10, 28). Other ongoing trials are

investigating combinations of antioncogenic pathway agents,
inhibitors of vascularization, or various types of immunothera-
pies (6). In contrast, only preclinical studies have focused on
targeting TERT (12, 13), despite the great frequency of muta-
tions in the hTERT promoter detected in ATCs (5, 7–10, 28).
In ATCs as well as in various other neoplasia (11, 12, 29–31),
the mutation-driven activation of hTERT transcriptional activity
determines an overexpression of hTERT correlated with a great-
er degree of telomerase activity, described as a hallmark of
several types of cancer cells (32). In previous studies, the key
role of TERT expression in ATC cells was demonstrated by
silencing the hTERT gene in vitro, when a reduction in cell
proliferation, together with the migratory and invasive proper-
ties of the cancer cells, was induced by transfection of the anti-
hTERT oligonucleotides (12, 13). In accordance with those
results, the in vivo silencing of hTERT exerted its effect in a
manner independent from modification of telomere length.
The notion that TERT may exert effects not mediated by the
enzymatic telomerase activity is well established (33, 34). In
addition, we have already demonstrated that the effects of
hTERT silencing on proliferation and invasive properties of
ATC cells are not associated with modification of telomere
length (12).

Although the siRNA approach is effectively used to investi-
gate the role of single genes in biological functions, before
considering it a valid therapeutic strategy in human patients,
the availability of suitable vehicles able to protect the genetic
material from enzymatic degradation is essential, in order to
avoid rapid renal filtration as well as entrapment by phago-
cytes, and to assure the passage from the bloodstream to the
tumor cells.

Various viral-based delivery systems (i.e., adenoviruses, len-
tiviruses, and adeno-associated viruses) have been used in the
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mg/kg (Na-siTERT-a). Arrows indicate the new vessels. Magnification, �20.
B, A score assigned on the basis of the percentage of new vessels, as
described in Materials and Methods.
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past to circumvent the aforementioned unfavorable effects
related to the systemic administration of genetic materials, but
the consequences of interference with host genome activity (e.g.,
through insertional mutagenesis), the activation of the immune
system, and the high costs of large-scale production have
prohibited the efficacious use of this approach (35). The use
of suitable materials able to physically interact with genetic
material and induce its endosomal escape as a consequence of
the so-called "proton sponge" effect is a valid tool for an
efficacious delivery of miRNAs. Our research team recently
developed a biocompatible gene delivery system made up of
chitosan and PLGA that increased the cell uptake of miR-34a
and thus its anticancer efficacy against multiple myeloma cells
(15). In the current work, a similar preparation was adopted

to encapsulate an anti-hTERT oligonucleotide with a demon-
strated anticancer effect tested in vitro (12), and to check the
effect of this novel formulation. Our results showed the ability
of Na-siTERT-a to reduce the viability and migration of human
ATC CAL-62 and 8505C cells. This same activity was also
confirmed in vivo. In fact, intravenous administration of Na-
siTERT-a in mice with a xenograft thyroid cancer was found to
determine a great reduction in the growth, invasion capacity,
and vascularization of the neoplasm, without apparent signs
of toxicity. Other examples of miRNA/siRNA delivered by
using nonviral vectors into cancer cells confirm the validity
of such an approach that combines the more advanced dis-
covery of nanotechnology with the information provided
by the genetic and epigenetic characterization of a neoplasm
(36–39). An additional advantage of this nanomedicine is the
use of fitting materials such as PLGA, poloxamer 188, and
chitosan, which have already been approved by the FDA and
the EMA for pharmaceutical application and recognized as
GRAS compounds (www.fda.gov; www.ema.europa.eu). More-
over, despite the cationic nature of the colloidal formulation,
the lack of toxicity in healthy tissues represents a valid starting
point for the clinical application of this nanomedicine.

Interestingly, recent studies have reported that the copresence
of BRAF and hTERT promoter mutations correlates with the
aggressiveness of a certain percentage of papillary thyroid car-
cinomas (30, 40–45), suggesting that this group of tumors, less
rare than ATCs, are also potential candidates for targeting by
such an innovative nanoformulation. The identification of
molecular markers for starting targeted therapy in an early phase
of the management of the patient is considered particularly
important in the attempts to influence the prognosis of thyroid
cancer (46). In this regard, the detection of hTERT mutations/
overexpression in an early stage of thyroid cancer diagnosis, as
well as the genetic analysis of FNAB materials (47), could be
useful in view of targeting TERT in these patients.

In conclusion, our findings demonstrate the preclinical effi-
cacy of Na-siTERT, suggesting its potential suitability for clin-
ical trials for the treatment of ATC.
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