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Glioblastoma (GBM) is the most frequent and aggressive
primary brain tumor in adults, and despite advances in
neuro-oncology, the prognosis for patients remains dismal.
The signal transducer and activator of transcription-3
(STAT3) has been reported as a key regulator of the highly
aggressive mesenchymal GBM subtype, and its direct silencing
(by RNAi oligonucleotides) has revealed a great potential as an
anti-cancer therapy. However, clinical use of oligonucleotide-
based therapies is dependent on safer ways for tissue-specific
targeting and increased membrane penetration. The objective
of this study is to explore the use of nucleic acid aptamers as
carriers to specifically drive a STAT3 siRNA to GBM cells
in a receptor-dependent manner. Using an aptamer that
binds to and antagonizes the oncogenic receptor tyrosine
kinase PDGFRb (Gint4.T), here we describe the design of a
novel aptamer-siRNA chimera (Gint4.T-STAT3) to target
STAT3. We demonstrate the efficient delivery and silencing
of STAT3 in PDGFRb+ GBM cells. Importantly, the conjugate
reduces cell viability and migration in vitro and inhibits tumor
growth and angiogenesis in vivo in a subcutaneous xenograft
mouse model. Our data reveals Gint4.T-STAT3 conjugate
as a novel molecule with great translational potential for
GBM therapy.
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INTRODUCTION
Glioblastoma (GBM) is the most frequent and aggressive primary
brain tumor in adults, classified as grade IV by the World Health
Organization.1,2 Treatments for GBM patients consist of tumor resec-
tion, radiotherapy, and chemotherapy. However, despite advances in
surgical andmedical neuro-oncology, the prognosis for GBM patients
remains dismal.

A number of transcription factors and micro-RNAs governing tumor
cell spreading, proliferation, and immune-surveillance escape appear
to play a critical role in maintaining the malignant phenotype charac-
terized by the deregulation of different signaling pathways, such as
phosphoinositide-3 kinase, AKT, mitogen-activated protein kinases
(MAPK), and the Rho family of GTPases.3–5 Among other factors,
expression and activation of the signal transducer and activator of
transcription-3 (STAT3) has been reported as a key regulator of the
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highly aggressive mesenchymal GBM subtype6–8 and of survival
and propagation of glioma stem-like cells (GSCs).9,10

In response to signaling initiated by specific interleukins and growth
factor receptors, including the interleukin-6 (IL-6) and the epidermal
growth factor (EGF) receptors, STAT3 becomes phosphorylated and
translocates into the nuclei, where it regulates the expression of genes
involved in the cell cycle, survival, hypoxia, angiogenesis, invasion,
and immune response.11–13 Indeed, the deregulation of STAT3
expression and activation has been implicated not only in GBM but
also in other cancer types, including leukemias and colon, renal,
and breast cancers.14,15

Several promising STAT3 antagonists have been recently developed,
including short interfering RNAs (siRNAs), antisense oligonucleo-
tides (ASO), and decoy DNAs, as well as small molecules and peptides
that act either as direct inhibitors of STAT3 phosphorylation and
dimerization or indirect regulators of Janus or receptor kinases.16

However, despite STAT3’s potential as a therapeutic target, to date
none of the STAT3 inhibitors have been approved for clinical use.17

DNA and RNA oligonucleotides directed against STAT3 offer exqui-
site specificity and potency, but their poor cell membrane penetrance
and the lack of effective tissue-targeting selective carriers remain ma-
jor weaknesses that limit their use in the majority of solid tumors.18,19

Moreover, the presence of the tight cerebrovascular endothelium,
which constitutes a physical barrier to therapeutic macromolecules,
makes targeting of intracranial tumors highly challenging.20

Aptamers are short, single-stranded oligonucleotides that assume
three-dimensional shapes to bind a given target molecule.21 Gener-
ated through an evolutionary combinatorial process named SELEX
(systematic evolution of ligands by exponential enrichment),22 they
provide high-affinity ligands and potential antagonists of disease-
associated proteins. In recent years, aptamers have been identified
Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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as highly promising agents for the selective delivery of secondary re-
agents, including therapeutic siRNAs or microRNA, nanoparticles,
chemotherapeutic cargos, or molecular imaging probes, demon-
strating a broad applicability both in vitro and in vivo.23–29 Recently,
aptamer-mediated STAT3 siRNA delivery has been applied to human
T cell lymphomas and B cell lymphoma therapy with promising
results.30,31 In previous studies, we reported the generation of
20-F-Pyrimidines (20F-Py) nuclease-resistant RNA 33-mer aptamer,
the Gint4.T, which binds and antagonizes the activity of the
platelet-derived growth factor receptor b (PDGFRb).32 Further, we
have recently shown that Gint4.T is able to cross a tri-culture
in vitromodel of hematoencephalic barrier, and that can act as target-
ing carrier to drive in a PDGFRb-dependent manner therapeutic
miRNA-based molecules to GBM cancer stem-like cells. Treatments
with the aptamer-miRNA chimera results in the functional uptake of
the miRNA and therapeutic target inhibition.33 Therefore, in order to
antagonize STAT3 in GBM cells, here we took advantage of Gint4.T
for the design of a novel therapeutic aptamer-siRNA chimera (AsiC).
We demonstrate the efficient delivery and silencing of STAT3 AsiC
in vitro and in vivo in PDGFRb-expressing GBM cell lines. We found
that the conjugate combines the inhibitory action of the aptamer on
PDGFRb activity with silencing of STAT3, inducing a pronounced in-
hibition of cancer cell survival and migration. Most importantly, it
effectively inhibited tumor growth in a xenograft model of GBM,
thus representing a promising tool for GBM management.
RESULTS
Functional Delivery of STAT3-siRNA

By using the Gint4.T aptamer, we developed a PDGFRb AsiC for the
delivery of a previously characterized STAT3-specific siRNA antago-
nist.30 To this end, we adopted the stick-based approach33–36 for the
design of the two-component conjugate (Figure S1A) and demon-
strated that in the context of the chimera, the binding ability of
Gint4.T (Figure S1B) as well as the STAT3 silencing function medi-
ated by the siRNA (Figure S1C) are preserved. We thus assessed
whether the Gint4.T aptamer may act as delivery moiety for the con-
jugated siRNA to GBM-derived cell lines. To this end, we used two
GBM cell lines (U87MG and T98G) that both are positive for
PDGFRb expression and show comparable STAT3 protein levels
and susceptibility to STAT3 silencing (Figures S2A and S2B). Both
cell lines show a good uptake of the conjugate that reach about 64%
and 73% of internalization following 1 hr of incubation in U87MG
and T98G, respectively (Figures S2C and S2D). To assess AsiC-medi-
ated STAT3 silencing, cells were treated for 72 hr with Gint4.T-
STAT3 AsiC, and the levels of STAT3 mRNA were determined by
Figure 1. Gint4.T-Mediated Delivery of STAT3 siRNA

(A–D) U87MG (PDGFRb+, A),T98G (PDGFRb+, B), LN-229 (C), or A549 cells (PDGFRb�,
Gint4.T, Gint4.T-STAT3, control aptamer (CtrlApt), or control chimera (CtrlApt-STAT3). A

Treat, treatment; Transf., transfection. Statistics were calculated using Student’s t test,

treated for 96 hr with 400 nmol/L Gint4.T or CtrlApt or with indicated concentration of G

pS(705)-STAT3, anti-STAT3, and anti-vinculin (used as a loading control) antibodies.

asterisk) normalized on the loading control signals. (G) T98G cells were left untreated

munoblotted with anti-STAT3 and anti-p53 (used as a positive control) antibodies. Qua
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qRT-PCR. As compared to treatment with Gint4.T aptamer, treating
cells with the STAT3 AsiC at 400 nmol/L resulted in a significant
decrease of STAT3 mRNA levels in both cell lines (to approximately
60% in U87MG and 40% in T98G) at comparable levels found upon
transfection with the STAT3 siRNA moiety (Figures 1A and 1B).

To confirm that inhibition was mediated by the aptamer-dependent
recognition of the PDGFRb, we analyzed STAT3 mRNA levels
upon Gint4.T-STAT3 treatment in the LN-229 GBM cell line and
in the A549 non-small-cell lung cancer (NSCLC) cells that both ex-
press low levels of PDGFRb (Figure S2A). As shown (Figures 1C
and 1D), AsiC treatment did not change STAT3 mRNA levels that
were instead reduced upon transfection of the siRNA moiety in
both cell lines. This result indicates that AsiC-mediated STAT3
silencing is receptor-dependent both in GBM and NSCLC-derived
cells.

Then, STAT3 protein levels were analyzed in U87MG and T98G
(PDGFRb+) cells and we found a reduction of approximately 40%
at 400 nmol/L treatment. Furthermore, since phosphorylation in
Tyr 705 is required for STAT3 translocation to nucleus and gene
transactivation,37,38 we also determined the effects of AsiC treatment
on pY(705)-STAT3. As shown, the pY(705)-STAT3 protein levels
were strongly decreased (by approximately 70%–80% at 400 nmol/L
treatment) (Figures 1E and 1F). In contrast, the levels of STAT3
proteins phosphorylated on Ser-727 (pS(727)-STAT3) remain more
stable (Figures 1E and 1F). We also determined the half-life of total
STAT3 protein in T98G cells in the presence of the protein synthesis
inhibitor, cycloheximide (CHX). As shown, the STAT3 protein levels
decrease with time for up to 6 hr, then remained stable until 24 hr,
with an apparent half-life of 3 hr (Figure 1G), indicating the presence
in this cell line of protein pools with different stabilities with a more
stable pool of approximately 30% of total STAT3.

Together, these experiments show that the AsiC effectively delivers
in vitro functional STAT3 siRNA into GBM target cells, downregulat-
ing STAT3.
Gint4.T-STAT3 AsiC Acts as a Cell-Selective Inhibitor of Survival

and Motility

STAT3 acts as a key oncogenic factor regulating different cellular
functions, including survival, proliferation, migration, and inva-
sion.11,39 We thus determined whether the AsiC was able to reduce
cell viability in vitro. As assessed by MTT assay, treatment of
PDGFRb-expressing T98G and U87MG cells with 400 nmol/L
D) cells were transfected with 100 nmol/L siSTAT3moiety or treated with 400 nmol/L

fter 72 hr, STAT3 mRNA was quantified by qRT-PCR. Error bars depict mean ± SD.

*p < 0.05 (versus untreated). (E and F) Cell lysates from U87MG (E) or T98G (F) cells

int4.T-STAT3 AsiC were analyzed by immunoblotting with anti-pY(705)-STAT3, anti-

Values below the blots indicate quantization relative to untreated (�, labeled with

or treated with CHX (10 mg/mL) for the indicated times, and cell lysates were im-

ntization relative to untreated (labeled with asterisk) are indicated below the blots.
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Gint4.T-STAT3 strongly reduces cell viability (Figure 2A). To
confirm that inhibition was mediated by the aptamer-dependent
recognition of the PDGFRb, we analyzed by (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) the effects of
AsiC treatment on A549 cells that express low levels of PDGFRb (Fig-
ure S2A). As shown in Figure 2B, the A549 cell viability was not
affected by treatment with STAT3 AsiC but was instead strongly
reduced upon transfection of either the AsiC or the siRNA moiety
alone. Remarkably, no cytotoxicity was observed by treating the three
cell lines with the unrelated control aptamer conjugated or not to
STAT3 siRNA. These data indicate that the AsiC functionally regu-
lates STAT3 in a receptor-dependent manner.

In order to further investigate the molecular mechanism that
reduces cell viability, we monitored the expression of apoptosis
markers following AsiC treatments in PDGFRb-expressing cell
lines. We analyzed the levels of full-length Poly (ADP-ribose) poly-
merase (PARP), whose activation by cleavage is involved in cell
death, and of Bcl-XL, a downstream target of STAT3 that negatively
regulates the apoptosis. We found that the AsiC reduces the levels of
PARP and Bcl-XL proteins in both U87MG and T98G cells (Fig-
ure 2C). These data correlate with the increase of caspase-3/7 activ-
ity upon AsiC treatment (Figure 2D). Accordingly, as assessed by
flow cytometry, Gint4.T-STAT3 determines an increase in the
percent of double-labeled Annexin V/propidium iodide (PI)+ cells
(Figure 2E), suggesting that Gint4.T-STAT3 treatment decreases
cell survival by triggering programmed cell death. No changes in
distribution of cell cycle phases were found upon STAT3 AsiC treat-
ment (data not shown).

STAT3 activation has been reported to be implicated also in the regu-
lation of cell migration and metastatic potential of cancers.39,40 Thus,
we next determined whether STAT3 AsiC could impair GBM cell
migration. As shown in Figures 3A and 3B, treating T98G and
U87MG cells with Gint4.T-STAT3 strongly reduced cell migration
as compared with the control aptamer or conjugate, cooperating
with Gint4.T moiety function to produce a synergistic effect on cell
motility.32 In accordance with the dependence of STAT3 AsiC func-
tional activity from the aptamer recognition of the PDGFRb, we
found that the AsiC has no effects on A549 (PDGFRb�) cell migra-
tion (Figure 3C). In addition, by wound-healing assay, we detected
a significant delay of wound closure in the presence of Gint4.T-
STAT3 AsiC treatment compared with control in both U87MG and
T98G PDGFRb+ cells (Figure 3D).
Figure 2. Gint4.T-STAT3 Functional Effects on Cell Viability and Apoptosis

(A and B) Cell viability of U87MG, T98G (PDGFRb+, A), or A549 (PDGFRb�, B) cells treate
as indicated, was measured and expressed as percent of viable cells with respect to

treatment; Transf., transfection. (C) Cell lysates from U87MG or T98G cells treated for 9

Gint4.T-STAT3were immunoblotted with anti-PARP, anti-Bcl-XL, and anti-vinculin (used

to untreated (�, labeled with asterisk) normalized on the loading control signals. (D) The

U87MG or T98G cell treatment with 400 nmol/L of Gint4.T, Gint4.T-STAT3 AsiC, or co

staining was analyzed by flow cytometry in U87MG or T98G treated with indicated ap

Student’s t test, *p < 0.05; **p < 0.01; ***p < 0.001 (versus untreated).
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Collectively, these results suggest that upon AsiC treatment, STAT3 is
selectively downregulated in PDGFRb-expressing cells that, conse-
quently, become less viable, undergo apoptosis, and show impairment
in cell motility.

In Vivo Activity of Gint4.T-STAT3 AsiC

One of the key aspects for therapeutic RNA clinical translation is their
resistance to enzymatic degradation. We thus evaluated serum stabil-
ity of Gint4.T AsiC by incubating the conjugate in 80% human serum
for increasing times. Serum-RNA samples were analyzed by nonde-
naturing PAGE. As shown in Figure 4A, we found that the conjugate
possesses an acceptable serum stability, not being visibly degraded up
to 24 hr and then starting to be gradually hydrolyzed (cleaved).

To assess the effect of Gint4.T STAT on tumor growth in vivo, we
injected U87MG cells in athymic nude mice. Tumor-bearing mice
were treated with Gint4.T aptamer or Gin4.T-STAT3 AsiC (1,600
pmol/injection, i.e. 0.5–1 mg/kg) by intraperitoneal administration
basing on previously published AsiC in vivo study.24 Tumor volumes
were measured at various times. As shown (Figure 4B), treatment
with Gint4.T-STAT3 induces a more significant reduction of tumor
growth rate as compared to the Gint4.T aptamer alone. Twenty
days after tumor cell implantation, mice were euthanized and tumor
growth was evaluated by tumor weight and histopathology. A repre-
sentative image of resected tumors highlights that the group of mice
treated with Gint4.T-STAT3-developed tumors smaller in size than
the control and Gint4.T-treated group (Figure 4C). Tumors from
the Gint4.T-STAT3 group had a lower weight than those from control
and Gint4.T, with a mean of 120mg, compared to 550mg and 300mg
of the two other groups, respectively (n = 5; *p < 0.05) (Figure 4D).

The role of Gint4.T-STAT on tumor growth was further investigated
by immunohistochemistry (IHC). As shown in Figure 4E, cellular
density was significantly reduced in xenografts exposed to Gint4.T-
STAT3 compared to Gint4.T (p < 0.05) (higher panels). Furthermore,
the control xenografts showed the presence of extensive areas of cells
positive for Ki67 (approximately 50%, lower panels), a nuclear anti-
gen associated with tumor cell proliferation. Gint4.T slightly reduced
the areas of Ki67+ cells relative to control. In contrast, in tumors
from the Gint4.T-STAT3-treated group, Ki67+ cells was reduced to
approximately 25%.

Next, we determined by qRT-PCR the expression levels in tumors
derived from AsiC-treated mice of STAT3 and STAT3 downstream
d (at 400 nmol/L concentration) or transfected (at 100 nmol/L concentration) for 72 hr

untreated cells (�). Error bars depict mean ± SD. Ctrl, transfection control; Treat.,

6 hr with 400 nmol/L Gint4.T or control aptamer or with indicated concentration of

as a loading control) antibodies. Values below the blots indicate quantization relative

Caspase 3/7 activation was measured by Caspase-Glo 3/7 assay following 96 hr of

ntrol conjugate (CtrlApt-STAT3). Bars show the mean ± SD values. (E) Annexin V/PI

tamers or conjugates for 96 hr. In (A), (B), and (D), statistics were calculated using
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targets actively involved in cell growth and proliferation in many
cancer types. As shown, treatment resulted in reduced levels of
STAT3 (Figure 5A) and STAT3 target genes (cMyc, MCL-1, Bcl-2,
HIF-1a, and Bcl-XL; Figure 5B),41,42 probably as the consequence
of reduced levels of phospho-STAT3 (Tyr 705) (Figure 5C).

In accordance with in vitro results (Figure 2), we also observed a
reduction of pro-caspase 3, PARP, and Bcl-XL anti-apoptotic protein
levels in tumor masses from mice treated with Gint4.T-STAT3, indi-
cating the activation of the apoptotic process (Figure 5C). In addition,
we analyzed the levels of Programmed cell death ligand 1 (PDL1)
whose upregulation on tumor cells has been found to correlate
JAK/STAT3 oncogenic signaling and play a crucial role in the
immune escape in several cancers, including gliomas.43 As shown
(Figure 5D), Gint4.T-STAT3-treated tumors showed reduced levels
of PDL1 mRNA and protein as compared to Gint4.T-treated or un-
treated samples, suggesting the potential development of the
STAT3 AsiC as an immune-sensitizing approach for GBM.

Because GBM are highly vascularized tumors, we also studied the
ability of tumor cells to transdifferentiate into endothelial cells in vivo
by measuring the relative amount of vessels of human origin. Tumor
sections stained with human CD31 antibody that marks mature ves-
sels detected several vascularized areas in control group mice (n = 5)
particularly evident at 200� magnification. Sections from Gint.4T-
treated mice showed a decrease (2-fold lower than untreated mice)
of vessels number that appear as strong brown circles. Gint4.T-
STAT3 group showed a number of vessel comparable to Gint.4T con-
trol group (40 ± 10 vessels/section versus 30 ± 8 vessels/section),
although the CD31 staining was very faint, suggesting the presence
of immature vessels (Figure 5E). Indeed, the largest difference among
tumor vascularization was observed withWilms’ tumor gene 1 (WT1)
antibody able to detect early and immature vessels (neoangiogene-
sis).44 Sections from Gint4.T-STAT3-treated tumors were stained
with WT1 antibody at 3-fold lower intensity than controls (Figures
5E and 5F). These data indicate that human tumor cells support or
at least contribute to neoangiogenesis of xenografts and Gint4.T-
STAT3 treatment reduced both tumor cells proliferation and
neovascularization.

DISCUSSION
In the present study, we addressed STAT3 gene silencing by aptamer-
siRNA chimera to selectively target GBM.45 In order to drive the
siRNA to GBM tumors, we used an aptamer (Gint4.T) that binds
and inhibits the PDGFRb, a receptor tyrosine kinase (RTK)
frequently overexpressed in GBM and implicated in neovasculariza-
Figure 3. Gint4.T-STAT3 Functional Effects on Cell Migration

(A–C) Cell motility of U87MG (A), T98G (PDGFRb+, B), or A549 (PDGFRb�, C) was ana

representative microphotographs are shown. Right, results were quantified and expre

control. Vertical bars indicate the SD values. (D and E) Confluent monolayers of U87M

chimera were subjected to scratch assay, and wound closure was measured after 24 h

was calculated and expressed relative to the starting time (T0). (A–E) Magnification 10�
(versus untreated).
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tion.46–48 A number of aptamers for transmembrane receptors have
been previously reported to be effective targeting moieties of
AsiC.49 Accordingly, we have recently developed the Gint4.T aptamer
for the specific delivery of miRNAs and miRNA inhibitors to GBM
cells.33,36 Further, by using an ex vivo tri-culture model, we have
shown that Gint4.T either alone or conjugated was able to cross the
blood-brain barrier (BBB) likely by using a receptor-mediated
mechanism.33

In this study, the Gint4.T aptamer was conjugated to a siRNA specif-
ically targeting STAT330 to generate a fully modified 20F-Py nuclease-
resistant RNA conjugate. Our results demonstrated that upon AsiC
treatment, STAT3 gene is silenced as assessed by the downregulation
of STAT3 mRNA levels and by the consistent reduction of pY(705)-
activated STAT3 protein (Figure 1). Yet, we found that upon the AsiC
treatment, total STAT3 protein levels are less drastically reduced, as
compared to the pY(705)-STAT3, suggesting the presence of a
more stable fraction in the protein pool. Indeed, this is also indicated
by the observation that upon CHX treatment, only a portion of
STAT3 is rapidly degraded, while a fraction remains quite stable,
with 30% of total protein levels lasting for several hours. However,
the STAT3 fraction that is not phosphorylated in Y(705) looks to
be poorly implicated in promoting cell growth and migration that
are instead well inhibited by the AsiC treatment (Figures 2 and 3).
Notably, STAT3-specific siRNA transfection inhibits cell viability
and migration irrespective of the PDGFRb expression, whereas treat-
ments with Gint4.T AsiC lead to selective functional effects only on
cells that express high levels of the PDGFRb.

Furthermore, as we previously reported, the unconjugated Gint4.T
aptamer inhibiting the target PDGFRb activity is able to reduce by
its own cell migration and tumor growth.32 Here, we show that the
Gint4.T AsiC effectively hampers in vitro cell migration, further
enhancing the functional effect of the Gint4.T aptamer moiety.
Most importantly, we addressed the in vivo potential of the AsiC by
using, as a model, mice with tumor xenograft from U87MG cells.
The systemic in vivo treatments with the AsiC leads to the drastic
inhibition of tumor burden that results from the combination in
the chimera of the PDGFRb inhibition by Gint4.T with the STAT3
downregulation by the siRNA (Figure 4). On the other hand, GBM
is an infiltrative tumor characterized by intense vascularization. We
therefore also addressed the intra-tumor vascular response to AsiC
administration and show that treatments are able to reduce the pres-
ence of human CD31- and WT1-expressing cells (Figure 5), as an
indication of the inhibition of neovascularization.50 Since WT1 has
been reported as key regulator of cancer growth by modulating tumor
lyzed following 24 hr of indicated treatments (Treat.) or transfections (Transf.). Left,

ssed as percent of migrated with respect to untreated cells (�). Ctrl, transfection

G (D) or T98G (E) cells treated with Gint4.T-STAT3 AsiC or CtrlApt-STAT3 control

r. Left, phase-contrast microscopy images are shown. Right, the wound dimension

. Statistics were calculated using Student’s t test, *p < 0.05; **p < 0.01; ***p < 0.001
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vascularization, immune response and metastasis formation in
several cancer types,44 the evidence that the AsiC conjugate is able
to efficiently reduce WT1-expressing cells reinforces its potential as
candidate for GBM treatment. In addition, we show that AsiC-treated
tumors have reduced levels of the immune checkpoint protein PDL1,
whose expression has been correlated with the activation of JAK/
STAT3 oncogenic signaling.51,52 Although a direct regulation by
STAT3 in GBM has not yet been demonstrated, it has been shown
that PDL1 expression is upregulated in high-grade GBM and associ-
ated with mesenchymal subtype markers.53,54 By binding its target,
the programmed cell death protein-1 (PD1), PDL1 plays a pivotal
role in the escape of immune surveillance. Consequently, its targeting
is reputed a highly promising therapeutic strategy for several cancer
types including GBM. Therefore, the downregulation of PDL1 by
the AsiC treatment, likely mediated through the STAT3 silencing,
suggests a potential immunostimulatory application in GBM for the
chimera.

Although the ability of the AsiC to successfully penetrate into intra-
cranial models of GBM and functionally downregulate STAT3 to
reduce tumor growth remains to be determined, recent evidence
supports the ability of the targeting moiety, Gint4.T, to drive molec-
ular carriers to the tumor site through the BBB.33,55

Taken together, our findings indicate that the STAT3 AsiC has the
potential to selectively target cancer cells that overexpress the
PDGFRb and to interfere with multiple processes including cell
survival, migration, and angiogenesis.

Collectively, our study represents a proof of principle for the develop-
ment of a novel AsiC-based therapeutic to target GBM tumors.

MATERIALS AND METHODS
Aptamers and Conjugates

Gint4.T, 50-UGUCGUGGGGCAUCGAGUAAAUGCAAUUC
GACA-30;

Gint4.T stick, 50-UGUCGUGGGGCAUCGAGUAAAUGCAAUU
CGACAXXXXGUACAUUCUAGAUAGCC-30;

control aptamer (indicated as CtrlApt),

50-UUCGUACCGGGUAGGUUGGCUUGCACAUAGAACGUG
UCA-30;
Figure 4. Gint4.T-STAT3 Serum Stability and Efficacy on Tumor Growth Inhibit

(A) Serum stability of Gint4.T-STAT3 AsiC (seeMaterials andMethods for details). (B–D) N

PBS (�) or 1,600 pmol of Gint4.T or Gint4.T-STAT3 AsiC (on days 0, 2, 5, 7, and 9). Mice

caliper and experimental raw data were interpolated with curve fitting or regression ana

Statistics calculated using two-way ANOVA versus Gint4.T are shown, *p < 0.05; **p < 0

9, and 12; Gint4.T, p < 0.001 at days 9 and 12. (C) Representative picture of tumors

recovered at the end of the in vivo experiment. Mean values ± SEM are indicated. One-w

staining of mice tumors treated with PBS, Gint4.T, or Gint4.T-STAT3 AsiC as reported

cells/field. Data report the mean value of Ki67 staining per field in four fields scored pe

*p < 0.05, ***p < 0.001.
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control aptamer stick (used in the control conjugate),

50-GCCGCUAGAACCUUCUAAGCGAAUACAUUACCGC
XXXXGUACAUUCUAGAUAGCC-30;

human STAT3 antisense strand stick (STAT3 antisense [AS]-stick),

50-UUAGCCCAUGUGAUCUGACACCCUGAAGGCUAUCUA
GAAUGUAC-30;

human STAT3 sense strand (STAT3 SS), 50-CAGGGUGUCAGAU
CACAUGGGCUAA-30

All RNA sequences were purchased from Tebu-bio srl (Magenta,
Milan, Italy) and contained 20-F-Pyrimidines (20-F-Py). Stick
sequences consisting of 20-F-Py and 20-oxygen-methyl purines is
underlined. The italic X indicates a three-carbon linker ((CH2)3)
spacer. Before each treatment, aptamers were subjected to a short
denaturation-renaturation step by incubating 5 min at 85�C,
3 min on ice, 10 min at 37�C. To prepare Gint4.T or control
conjugates, STAT3 AS stick and STAT3 SS were annealed by incu-
bating in annealing buffer (20 mM 2-[4-(2- hydroxyethyl)piperazin-
1-yl] ethane sulfonic acid [HEPES; pH 7.5], 150 mM NaCl, 2 mM
CaCl2) at 95�C for 10 min, 55�C for 10 min, and then at 37�C
for 20 min. The AS-SS duplex was then incubated with refolded
stick aptamer at 37�C for 30 min. The annealing was evaluated as
the appearance of a shifted band on a 12% non-denaturing poly-
acrylamide gel.
Cells and Transfection

Human glioma U87MG and T98G cells or NSCLC A549 cells were
provided by ATCC (American Type Culture Collection, Manassas,
VA). Growth media used were as follows: DMEM (Sigma-Aldrich,
St. Louis, MO, USA) for U87MG and T98G cells and RPMI
(Sigma-Aldrich, St. Louis, MO, USA) for A549, both supplemented
with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO,
USA).

Transfections were performed using serum-free Opti-MEM and
Lipofectamine 2000 reagent (Invitrogen, Waltham, MA, USA) ac-
cording to the manufacturer’s protocol. Cells were transfected with
100 nmol/L (where indicated) of annealed STAT3 siRNA (duplex
of STAT3 AS-stick-STAT3 SS) or conjugate.
ion

OD/SCID nudemice bearing U87MG (PDGFRb+) were injected intraperitoneally with

were scarified at day 12 for further analyses. (B) Tumor volumes were measured by

lysis. Error bars depict mean ± SEM (n = 10). Day 0 marks the start of treatments.

.01. Statistics versus untreated are as follows: Gint4.T-STAT3, p < 0.001 at days 7,

(n = 5) recovered at the end of the in vivo experiment. (D) Weight of tumors (n = 5)

ay ANOVA was applied for statistics, **p < 0.01; ***p < 0.001. (E) Left, H&E and Ki67

in Figure 3. Magnifications are indicated. Right, plot reporting percentage of Ki67+

r section (n = 5 per group). Statistics performed with Student’s t test are indicated,
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Immunoblot and RT-PCR Analysis

The day before conjugate treatment or transfection, cells were seeded
in 3.5-cm plates (1� 105 cells/plate). For CHX treatment, T98G cells
were seeded in 6-well plates (1.4 �� 105 cells/well) and treated with
10 mg/mL CHX (Sigma, St. Louis, MO) from 0 to 24 hr.

Cell lysates were prepared in JS buffer (50 mM HEPES [pH 7.5],
50 mM NaCl, 1% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 5mM
EGTA, 1 mM Na3VO4, protease inhibitors), boiled in sodium do-
decyl sulfate/b-mercaptoethanol sample buffer, and separated by
electrophoresis. Gels were blotted onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA) and subjected to immu-
noblotting. Primary antibodies used were as follows: anti-PDGFRb,
anti-pY(705)-STAT3, pS(727)-STAT3, anti-STAT3, anti-PARP,
anti-BCL-XL, anti-caspase3, p53, anti-Vinculina (Cell Signaling
Technology Inc., Danvers, MA, USA); anti-a-tubulin, anti-actin
(Santa Cruz Biotechnology, CA, USA); anti-PDL1 (Novus Biologicals,
Littleton, CO, USA).

RNAs were extracted with TRiZol (Invitrogen, Waltham, MA, USA).
To analyze gene mRNA level, 1 mg of total RNA was reverse
transcribed with iScript cDNA Synthesis Kit. For real-time PCR,
amplification was performed with IQ-SYBR Green supermix (Bio-
Rad, Hercules, CA, USA). Relative mRNA quantization was analyzed
by using theDDCtmethod applying the equation 2�DDCt. PCR ampli-
fication of PDL1 was made with FIREPol DNA Polymerase
(Microtech, Naples, Italy). PCR products were loaded on 10% non-
denaturing polyacrylamide gel and visualized by UV exposure after
ethidium bromide staining.

The specific primers used were as follows: STAT3 Fw, 50-ACC
TGCAGCAATACCATTGAC-30; STAT3 Rev, 50-AAGGTGAGGG
ACTCAAACTGC-30; b-actin Fw, 50-CAAGAGATGGCCACGGCT
GCT-30; b-actin Rev, 50-TCCTTCTGCATCCTGTCGGCA-30; Myc
Fw, 50-GTCAAGAGGCGAACACACAAC-30; Myc Rev, 50-TTGG
ACGGACAGGATGTATGC-30; MCL-1 Fw, 50-TGCTTCGGAAA
CTGGACATCA-30; MCL-1 Rev, 50-TAGCCACAAAGGCAC
CAAAAG-30; Bcl-2 Fw, 50-GGTGGGGTCATGTGTGTGG-30; Bcl-2
Rev, 50-CGGTTCAGGTACTCAGTCATCC-30; Bcl-XL Fw, 50-GAGC
TGGTGGTTGACTTTCTC-30; Bcl-XL Rev, 50-TCCATCTCCGATT
CAGTCCCT-30; HIF-1a Fw, 50-CATCTCCATCTCCTACCCACA-30;
HIF-1a Rev, 50-CTTTTCCTGCTCTGTTTGGTG-30; PDL1 Fw,
Figure 5. Gint4.T-STAT3 In Vivo Analyses

(A and D) Tumor masses from NOD/SCID nude mice bearing U87MG (PDGFRb+) tre

processed for RNA or protein extraction. (A and B) The levels of STAT3, indicated STAT

by qRT-PCR in pooled RNAs. Vertical bars indicate SD on experimental replicates. (C)

Bcl-XL, and anti-actin (used as a loading control) antibodies of pooled lysates. (D) Left, P

RT-PCR. Samples from 40 PCR cycles were loaded on non-denaturing polyacrylamide

quantization relative to untreated (�, labeled with asterisk) normalized on Actin signals

antibodies of pooled lysates. (C and D) Right, values below the blots indicate quantizat

signals. (E) Representative staining with CD31 and WT1 antibody in PBS-, Gint4.T-, o

vessels. (F) Graph reporting WT1+ cells/field. Data report the mean value of four fields s

**p < 0.01 (versus PBS-treated mice).
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50-GCTTTTCAATGTGACCAGCA-30; PDL1 Rev, 50-TGGCTCC
CAGAATTACCAAG-30.
Cell Viability and Caspase Assay

Cells were seeded in 96-well plates (2 � 103 cells/well) and left
untreated, transfected, treated with aptamers, or conjugated, as indi-
cated. CellTiter 96 Proliferation Assay (Promega, Madison, WI) was
used to analyze cell viability. Caspase-Glo 3/7 luminescent Assay
(Promega, Madison, WI) was used to measure caspase-3 and -7
activities, according to the manufacturer’s instructions.
Flow Cytometry Analysis

For the Annexin V-fluorescein isothiocyanate (FITC)/PI apoptosis
flow cytometry detection assay, cells were seeded in 3.5-cm plates
(1 � 105 cells/plate) and treated with aptamers or chimeras
(400 nmol/L). Cells were centrifuged for 5 min, washed twice with
1 mL of cold 1� PBS and then suspended in 1� binding buffer
(1 � 106 cells/mL). Annexin V-FITC/PI staining was performed by
using Annexin V apoptosis kit (Novus Biologicals, Littleton, CO,
USA) following manufacturer’s recommendations. Flow cytometry
analysis was performed with BD Accuri C6 (BD Biosciences, Franklin
Lakes, New Jersey, USA).
Transwell Migration and Wound-Healing Assays

For Transwell migration assay, cells were seeded in 3.5-cm plates
(1.4 � 105 cells/plate) and transfected or treated with aptamers
or chimeras (400 nmol/L), as indicated. After 24 hr, 1 � 105 cells
were plated into the upper chamber of a 24-well transwell (Corning
Incorporate, Corning, NY) in serum-free DMEM and exposed to
10% FBS as inducers of migration (0.6 mL, lower chamber) for
an additional 24 hr. Staining with 0.1% crystal violet in 25% meth-
anol was performed to visualize migrated cells, and pictures were
acquired with Leica Application Suite. To quantify the percentage
of migrated cells, crystal violet was evaluated with 1% sodium
dodecyl sulfate, and the absorbance at 594 nm wavelength was
measured.

For wound-healing assay, cells were plated in six-well plates
and grown to confluence. Cells were serum starved overnight in
the absence or in the presence of 400 nmol/L Gint4.T-STAT3
or the control conjugate and then scraped to induce a wound.
ated with PBS (�), Gint4.T, or Gint4.T-STAT3 AsiC as reported in Figure 3 were

3 downstream target genes, or Actin (used for normalization) mRNA were measured

Immunoblot with anti-pY(705)-STAT3, anti-STAT3, anti-caspase3, anti-PARP, anti-

DL1 or Actin (used for normalization) mRNA levels were analyzed in pooled RNAs by

gel. M, 100-bp molecular markers; N, PCR� controls. Values below the gel indicate

. Right, immunoblot with anti-PDL1 and anti-g-tubulin (used as a loading control)

ion relative to untreated (�, labeled with asterisk) normalized on the loading control

r Gint4.T-STAT3-treated tumors. Magnification is indicated. Black arrows highlight

cored per section (n = 5). Statistical analyses were performed with Student’s t test:
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Culture medium with 1% FBS with/without treatments was
added, and the wounds were observed using phase-contrast
microscopy.
Stability in Human Serum

Gint4.T-STAT3 conjugates were incubated at 4 mM in 80% human
serum (Type AB Human Serum provided by Euroclone) for
increasing time points (from 1 hr to 72 hr). At each time point,
4 mL (16 pmoles RNA) was recovered and incubated for 1 hr at
37�C with 0.5 mL of proteinase K solution (600 mAU/mL) in order
to remove serum proteins. Then, 4.5 mL 1 � Tris-borate-EDTA
(TBE) and 1 mL gel loading buffer (Invitrogen, Waltham, MA,
USA) were added to each sample before storing at �80�C. All time
point samples were loaded on 10% non-denaturing polyacrylamide
gel. The gel was visualized by UV exposure after ethidium bromide
staining.
In Vivo Animal Study

U87MG cells (5 � 106/mouse) were injected subcutaneously into
two flanks of 6- to 8-week-old NOD/SCID nude mice (Charles
River). After 7 days, mice were divided into three groups of five.
One group received intra-peritoneal injections of Gint4.T-STAT
(1,600 pmoles/injection/mouse in 100 mL/injection). The other
control groups received PBS and Gint4.T (1,600 pmoles/injection/
mouse in 100 mL/injection), respectively, allowed by local Ethics
Committee guidelines. Tumor size was determined by microcal-
lipers and calculated according to the following formula: tumor
volume (mm3) = L � W2/2, where L is the length and W is the
width. After 12 days from the starting of the treatment, the mice
were sacrificed by CO2 asphyxiation. Tumors were excised, weighed,
lysed for RNA/protein extraction, or stored in 10% paraffin for
following IHC. For histological examinations, sections of 4–5mm
of tumors were deparaffinized and stained with H&E and then
with CD31 (JC/70) and WT1 (6F/H2 Ventana Medical Systems)
and Ki67 (Dako). All the antibodies were used at dilution 1:100.
The sections were then stained using avidin-biotin complex by im-
munoperoxidase technique. Labeling index and number of the total
of nuclei in each field were scored, and the ratio of two values was
calculated by Image-Pro Plus 6.0 software automatically under Leica
microscope.

The animal experiments were approved by the Animal Ethics
Committee of the Italian Ministry of Health (764/2016-PR).
Statistical Analyses

Statistical analyses were performed by t test or ANOVA with
GraphPad Prism v.6.0, as indicated.
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