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STAT3 silencing by an aptamer-based strategy
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The identification of new effective therapeutic options for non-
small-cell lung cancer (NSCLC) represents a crucial challenge
in oncology. Recent studies indicate that cancer-associated
fibroblasts (CAFs) participate in tumor progression by estab-
lishing a favorable microenvironment that promotes cancer
progression. Therefore, the development of strategies inhibit-
ing the interplay between CAFs and cancer cells is considered
a winning approach for the development of effective anti-can-
cer drugs. Among other factors, the signal transducer and acti-
vator of transcription-3 (STAT3) has been reported as a key
mediator of CAF oncogenic actions, representing a promising
therapeutic target. Here, we applied an aptamer-based conju-
gate (named Gint4.T-STAT3), containing a STAT3 siRNA
linked to an aptamer binding and inhibiting the platelet-
derived growth factor receptor (PDGFR)b, to obtain STAT3-
specific silencing and interfere with CAF pro-tumorigenic
functions. We demonstrated that this molecule effectively de-
livers the STAT3 siRNA in NSCLC cells, and blocks CAF-
induced cancer cell growth and migration and reduced
spheroid dimension. In addition, we found that Gint4.T-
STAT3 alters CAF phenotype, thus functioning as a double-
acting molecule able to inhibit the entire tumor bulk. Our
data provide a proof of principle for the targeting of CAF
pro-tumor functions through an aptamer-based drug, and
can open innovative horizons in NSCLC therapy.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related death in the world,
with non-small-cell lung cancer (NSCLC) representing approxi-
mately 80% of all lung cancers. Patients with NSCLC have a median
survival time after diagnosis generally less than 1 year, and often show
tumor relapses due to drug resistance.1

An important limit of conventional anti-cancer strategies is that they
do not consider the presence of a complex tumor microenvironment
(TME), which is recognized to play a crucial role in tumor progres-
sion.2 Key components of the TME are cancer-associated fibroblasts
Molecular T
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(CAFs). CAFs are proliferative heterogeneous cells with a myofibro-
blast phenotype overexpressing specific biomarkers, such as
a-smooth muscle actin (a-SMA) and fibroblast activation protein
(FAP). They are able to regulate malignant progression and drug
resistance through the secretion of various growth factors, cytokines,
matrix remodeling proteins, and through the induction of the epithe-
lial-mesenchymal transition in several cancer types, including
NSCLC.3 Therefore, the development of therapeutic molecules
hampering the interactions between tumor cells and CAFs, while pre-
serving normal cells, offers the possibility to enhance the effectiveness
of the treatment and the patient outcome.

Despite the mechanisms of tumor-CAF crosstalk are still to be uncov-
ered, some candidate players have recently emerged. Among
them, the activation of the signal transducer and activator of
transcription-3 (STAT3) has been reported as a key point of conver-
gence in CAF-tumor cell interplay. STAT3 acts as a pro-oncogenic
factor in different cancers, including NSCLC, controlling the expres-
sion of specific genes involved in cell cycle progression, cell survival,
angiogenesis, and immune response regulation.4 Recent studies re-
vealed that STAT3 activation in tumor cells occurs via the CAF
release of interleukins (ILs), as IL6 and IL11, and mediates CAF-
induced tumor cell proliferation, migration, and drug resistance.5–8

These data suggest that STAT3 inhibition could render NSCLC cells
irresponsive to CAF pro-tumor signals. STAT3 silencing in cancer
cells by the use of a specific small interfering RNA (siRNA) has
been addressed.9 However, a major challenge for the development
herapy: Nucleic Acids Vol. 32 June 2023 ª 2023 The Author(s). 111
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2023.03.003
mailto:s.catuogno@ieos.cnr.it
mailto:c.esposito@ieos.cnr.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2023.03.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

0

50

100

150

- CAF#16-CM CAF#17-CM

C
el

lv
ia

bi
lit

y
(%

)

0

50

100

150

- NF#16-CM NF#17-CM

C
el

lv
ia

bi
lit

y
(%

)

D
CAF#17-CM

NF#16-CM MC-71#FN-

CAF#16-CM-

0

50

100

150

200

250

M
ig

ra
tio

n
(%

)

***
***

0

1

2

3

4

5

6

7

NF#16 CAF #16 NF#17 CAF#17

FA
P 

re
la

tiv
e

le
ve

ls

*

*

0

1

2

3

4

5

NF#16 CAF#16 NF#17 CAF#17

-S
M

A
re

la
tiv

e
le

ve
ls

*

*

B WI38 CAF#17CAF#16 71#FN61#FN

D
A

PI
-F

A
P

D
A

PI
-

SM
A

*
*

0

50

100

150

C

(legend on next page)

Molecular Therapy: Nucleic Acids

112 Molecular Therapy: Nucleic Acids Vol. 32 June 2023



www.moleculartherapy.org
of safe and reliable RNA-based therapeutics is the design of selective
delivery strategies able to restrict their therapeutic action on target tu-
mor cells, strongly reducing the occurrence of unwanted off-target ef-
fects. To address this issue, we and others have developed siRNA de-
livery targeted systems based on the use of nucleic acid aptamers as
carriers.10–13 Aptamers are short oligonucleotides, which bind with
high affinity and specificity to their target by acquiring a peculiar
structured folding.14 They are very promising as antagonists of can-
cer-associated proteins and as selective carriers for the delivery of sec-
ondary reagents to target cells.15–17 Specifically, it has been shown
that aptamer conjugates may internalize in a receptor-mediated
manner often through the natural receptor recycling process. Despite
the mechanism of conjugate processing within the cells has not been
completely clarified, it has been demonstrated that once internalized
aptamer-siRNA construct (AsiC) may escape from the endosome and
be processed by the interference RNA machinery allowing the effi-
cient release of the siRNA cargo.18

In the present work, we applied a previously characterized STAT3 tar-
geting AsiC, named Gint4.T-STAT3,10,11 to alter CAF-NSCLC cell
crosstalk. The AsiC contains a STAT3 siRNA linked to a cell-targeted
and therapeutic aptamer (Gint4.T) binding and inhibiting the
platelet-derived growth factor receptor (PDGFR)b,19 overexpressed
in many tumors, including NSCLC.20

We found that NSCLC cell treatment with the conjugate effectively re-
duces STAT3 levels and renders the cells not responsive to the pro-tu-
mor effects of primary CAFs on cell growth andmigration. Further, we
revealed a good efficacy of the conjugate to alter key CAF functions as
well, and impair three-dimensional (3D) spheroids derived from
NSCLCcells orCAF-NSCLChybrid cultures, reducing their dimension.

This study represents the first proof of principle demonstrating the
efficacy of an AsiC in inhibiting NSCLC-CAF interplay. It provides
new insight in the therapeutic applicability and efficacy of STAT3
pathway targeting in NSCLC, offering a new therapeutic tool with
the potential to target both CAFs and tumor cells.

RESULTS
CAF primary cultures isolated from human NSCLC tissues

We isolated primary cultures of cancer fibroblasts from two NSCLC
patient tissues (indicated as #16 and #17). Patient-derived CAF cultures
were first characterized for the expression of epithelial (E-cadherin)
and fibroblast (fibronectin and vimentin) markers, whose levels indi-
cated that these cells show a fibroblast phenotype (Figures S1A–
S1C). We then analyzed the expression of the activated myofibroblast
marker a-SMA and FAP. Results were compared with normal fibro-
Figure 1. CAF primary cultures

(A and B) Levels of CAFmarkers FAP and a-SMAweremeasured by RT-qPCR (A) or con

were grown in CAF or NF CMs and cell viability was measured following 72 h. (D) Calu-1

then migration was analyzed by Boyden chambers (8-mm pore size) using the corres

migrated cells are shown; right panel, migrated cells were quantified and expressed relat

values (n = 2). Statistics by t test are reported: *p < 0.05; ***p < 0.001.
blasts (NFs) derived from the human tissues (at least 5 cm away
from the tumor). As expected, we found higher mRNA levels of these
markers in CAFs with respect to NFs (Figure 1A). Marker expression
was confirmed by confocal microscopy comparing CAFs with primary
NFs and commercial normal human lung fibroblast cells, WI-38 (Fig-
ure 1B). Further, we analyzed CAF pro-tumor effects on NSCLC cell
viability and migration in vitro. To this end, Calu-1 NSCLC cells
were grown in conditioned medium (CM) derived from CAFs or
NFs and cell viability or migration were measured. We found that
CAF CM significantly induced Calu-1 NSCLC cell survival (Figure 1C)
andmigration (Figure 1D). No significant effect was instead detected in
the presence of CM from primary NFs. Further, in accordance with
already published results,5–8 reporting that IL6 and 11 released by
CAFs induce STAT3 activation, we observed that CAF CM, but not
NF-CM, increases STAT3 phosphorylation levels in NSCLC cells (Fig-
ure S1D), confirming this transcription factor as a key mediator of
CAF-tumor cells interplay. Accordingly, higher levels of IL6 and 11
were found in the CM derived from CAFs, as compared with that
from normal human lung fibroblast cells (Figure S1E).

Collectively, these data show that CAFs derived from primary cell cul-
tures will retain features and properties of CAFs.

Delivery of STAT3 siRNA in NSCLC cells

In order to interfere with CAF pro-tumor effects, we addressed STAT3
inhibition in NSCLC cells by using a multifunctional complex
(Gint4.T-STAT3) containing the Gint4.T aptamer, a PDGFRb antago-
nist,19 linked to a STAT3 siRNA (Figure 2A). This conjugate has been
previously generated by us conjugating the 34-mer Gint4.T aptamer
to a 25-mer STAT3 siRNA through the extension of the 30-ends of
the aptamer and the siRNAantisense strandwith complementary sticky
sequences of 17 nucleotides. We previously proved that this conjugate
specifically binds and delivers STAT3 siRNA to PDGFRb-positive glio-
blastoma cells without affecting PDGFRb-negative cells and producing
upon treatment a silencing efficacy comparable to those obtained upon
siRNA transfection.10,11 In addition, the complex is highly stable in hu-
man serum, remaining undigested up to 24 h in 85% serum.10 As a first
attempt, we analyzed whether the AsiC efficiently delivered the STAT3
siRNA inNSCLC cells. To this end, Calu-1 NSCLC cells overexpressing
PDGFRb aptamer target (Figure S2), were treated withGint4.T-STAT3
AsiC at 400 nM concentration basing on our previous report10,11

without any transfection reagents. Following treatment, the analyses
of STAT3 expression level was performed by both quantitative reverse
transcription polymerase chain reaction (RT-qPCR) and immunoblot-
ting.Obtained results revealed that the conjugate treatment gives an effi-
cient down-regulation of STAT3 both at mRNA and protein levels
(Figures 2B and 2C). Notably, the levels of STAT3 were not affected
focal microscopy (B) in the indicated cell lines. Scale bar in (B), 50 mm. (C) Calu-1 cells

cells were grown in 1% FBS medium (�) or in 1% FBS CAF or NF CMs for 24 h and

pondent medium as chemoattrattant. Left panels, representative photographs of

ive to cells grown in 1% FBS. In (A), (C), and (D), error bars are standard deviation (SD)
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Figure 2. Gint4.T-mediated delivery of STAT3 siRNA

in NSCLLC cells

(A) Scheme of Gint4.T-STAT3 conjugate. (B and C)

Calu-1 NSCLC cells (PDGFRb+) were left untreated (NT)

or treated with 400 nmol/L Gint4.T, Gint4.T-STAT3 or

control chimera (CtrlApt-STAT3) or transfected with

STAT3 siRNA duplex (siSTAT3) for 72 h as indicated.

STAT3 mRNA (B) or protein (C) levels were analyzed by

RT-qPCR or immunoblotting, respectively. Ctrl indicates

the control with lipofectamine-2000 alone. In (B), error

bars depict the mean ± SD (n = 2). (D) A549 NSCLC

cells (PDGFRb-) were left untreated (NT) or treated with

400 nmol/L aptamers or conjugates or transfected with

STAT3 siRNA duplex (siSTAT3) for 72 h. STAT3 protein

levels were analyzed by immunoblotting. In (C) and (D),

Vinculin antibody was used as protein loading control.

Treat: Treatment; Transf.: transfection. Statistics were

calculated by t test (vs. NT): *p < 0.05.
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in cells treated with a control complex containing an unrelated scram-
bled aptamer linked to siSTAT3 (CtrlApt-STAT3). Further, silencing
efficacy was comparable to those obtained upon siRNA transfection
and no effect was detected upon conjugate treatment of no/low
PDGFRb expressing A549 cells,19 confirming AsiC specificity
(Figure 2D).

These results confirm Gint4.T-STAT3 ability to effectively deliver
STAT3 siRNA in PDGFRb-positive NSCLC cells.

Gint4.T-STAT3 inhibits NSCLC cell viability and migration

induced by CAF CM

Next, we investigated whether AsiC-dependent STAT3 inhibition
rendered NSCLC cells unresponsive to CAF pro-tumor functions. To
this end, we evaluated the effects of CM from primary CAF#16 and
#17 on Calu-1 NSCLC treated with the AsiC. First, we checked the ef-
fect of CAF CMon the expression of the aptamer target that is required
for the conjugate function and we found that CAF CM enhance
PDGFRb levels in Calu-1 NSCLC cells (Figure S3). Therefore, Calu-1
NSCLC cells were grown in CM from either CAF#16 or #17 in the
114 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
absence or in the presence of 400 nM Gint4.T
aptamer, Gint4.T-STAT3, or CtrlApt-STAT3
control complex. First, the levels of phospho-
STAT3 and STAT3 were analyzed by immuno-
blotting (Figure 3A). As expected, both CAF-
derived CM induced the activation of STAT3
as assessed by the significant increase of STAT3
tyrosine phosphorylation. Notably, Gint4.T-
STAT3 AsiC treatment hampered this induction
by reducing STAT3 levels. The efficacy of
silencing was comparable to those obtained
uponAsiCNSCLC treatment in normalmedium
(Figure 2C), with slight differences likely due to
the different experimental protocol.
Then, we looked at the functional effects on NSCLC cell viability and
migration. Cell viability of NSCLC Calu-1 cells grown in CM from
either CAF#16 or #17 in the absence or in the presence of Gint4.T-
STAT3 or controls was monitored by MTT analyses. We found that
Calu-1 cells grown in CAF CM showed a significant increase in cell
viability that is completely blocked by the treatment with
Gint4.T-STAT3, as compared with the cells left untreated or treated
with the control complex (Figure 3B). In addition, we analyzed cancer
cell migration by transwell assay. To this end, Calu-1 cells were treated
with either CAF#16 or #17 CM in the absence or in the presence of ap-
tamer or conjugates for 24 h and then cell migration was monitored by
using the corresponding CAF CM as chemoattractant stimulus. As
shown (Figures 3C and 3D), the boosted effects of both CAF-derived
CMs on NSCLC cell migration ability was significantly interfered by
Gint4.T-STAT3 treatment. Indeed, Calu-1 migration rate increased
withCAF#16and#17CM, as comparedwith the controlmedium,while
remained closer to the basal when cells were treated with
Gint4.T-STAT3. No changes were found, instead, in the presence of
the control complex. In accordance with the already described Gint4.T
functional ability,10,11,19 a reduction of about 25% was detected when
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cells were treated with the aptamer alone. This reduction was further
enhanced up to 40% to 50% in the context of the AsiC, in which the
aptamer function is combined with STAT3 siRNA effects. In addition,
we found that theGint4.T-STAT3 also strongly suppresses cell invasion
ability induced by CAFs enhancing aptamer inhibitory action
(Figures 3E and 3F).

Taken together, these data indicate that, by inhibiting STAT3,
Gint4.T-STAT3 interferes with the enhanced viability and migration
mediated by CAF-derived CM in NSCLC cells.
Gint4.T-STAT3 blocks the pro-tumor effects of CAFs in co-

culture with NSCLC cells

In order to further investigate the therapeutic usefulness of
Gint4.T-STAT3, we established transwell co-cultured systems of
CAFs and NSCLC cells. Calu-1 cells were seeded in the lower chamber
and left untreated or treated with Gint4.T aptamer or complexes before
the addition of CAFs. Following 24 h, primary CAFs (#16 or #17) were
added in the upper chamber by using transwell insert with pore size of
0.4 mm (Figure 4A). Cells were left to grow for 72 h. First, we confirmed
that STAT3 activation was increased in Calu-1 cells when co-cultured
with either CAF#16 or #17, and reduced by the treatment with
Gint4.T-STAT3 (Figure 4B). STAT3 levels were significantly decreased
even ifwith a different silencing efficacy as comparedwith previous data
(Figures 2C and 3A), likely due to the experimental protocol and the in-
fluence of CAF presence. Then, by measuring cell viability in co-
cultured systems, we showed that the survival rate of Calu-1 NSCLC
cells was significantly higher when they were co-cultured with CAFs,
and this increase was prevented by the Calu-1 treatment with
Gint4.T-STAT3 AsiC (Figure 4C). Indeed, as compared with the con-
trols, the complex treatment allowed the maintaining of a survival
rate similar to that of Calu-1 cells grown in monoculture.

Next, CAF ability to promote the migration of NSCLC cancer cells
was deepened by performing a transwell assay, in which Calu-1
NSCLC cells left untreated or treated with Gint4.T aptamer or
AsiC, were seeded in the upper chamber (insert pore size of 8 mm)
and exposed to CAF#16 or #17 (lower chamber) (Figure 4D). To
analyze the consequence of STAT3 inhibition induced by the treat-
ment with the AsiC, Calu-1 cells were left untreated or treated with
Gint4.T-STAT3 for 24 h and then allowed to migrate under CAF
exposure. We found that cancer cells migrated much better when
co-cultured with CAFs. Importantly, CAF-mediated induction of
migration was significantly reduced by the pretreatment of NSCLC
cells with Gint4.T-STAT3 (Figures 4E and 4F).
Figure 3. Gint4.T-STAT3 inhibits NSCLC cell viability and migration induced by

(A and B) Calu-1 cells were grown in 1% FBS medium (�) or in 1% CM from CAF#1

Gint4.T-STAT3, or CtrlApt-STAT3. (A) Cell lysates were analyzed by immunoblot with p

control. (B) Cell viability was measured and expressed relative to cells grown in 1% FBSm

FBS medium (�) or in 1% FBS CAF CMs for 24 h and then allowed to migrate using usin

and F) using the correspondent medium as chemoattrattant. (C and E) Representative ph

to cells grown in 1% FBS medium (�) is reported. Error bars are SD values (n = 2). In (B
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These results confirm the complex ability to interfere with CAF pro-
moting effects on cell viability and migration, because of STAT3 in-
hibition in NSCLC target cells.

Gint4.T-STAT3 inhibits CAF-pro-tumor effects on NSCLC

primary cultures

In order to extend Gint4.T-STAT3 functional characterization, we
determined its effects on the crosstalk between CAFs and PDGFRb
positive primary NSCLC cell lines (NSCLC#18 and #16) obtained
from surgical specimens of lung cancer patients (Figure S2). In
both cell lines, Gint4.T-STAT3 treatment reduced STAT3 levels (Fig-
ure S4). Patient-derived NSCLC cells were thus grown in either
CAF#16 or #17 CM in the absence or in the presence of Gint4.T ap-
tamer, Gint4.T-STAT3, or the control complex. The effects on cell
viability and migration were then analyzed. The cell viability rate of
both NSCLC #16 and #18 was strongly induced by CAF CM, as
compared with cells grown in normal medium, with a fold increase
of about 1.4 and 1.8, when grown in CAF#16-CM or CAF#17-CM,
respectively. Gint4.T-STAT3 complex drastically opposed this effect
(Figures 5A and 5B) in all the conditions tested, almost restoring
the basal conditions. In addition, CM from CAF#16 and #17 signifi-
cantly enhanced cell migration of both primary NSCLC cells. Despite
the different extent, likely related to patient-specific responses, cancer
cell treatment with Gint4.T-STAT3 greatly inhibited or completely
blocked CAF CM-induced cell migration in all the cases
(Figures 5C and 5D).

The results were next confirmed by co-culture systems. We demon-
strated that the presence of CAFs significantly enhanced primary
NSCLC#18 and #16 cell viability (Figures 6A and 6B) and migration
(Figures 6C and 6D), confirming the potent CAF pro-tumor func-
tions. Importantly, we validated Gint4.T-STAT3 ability to prevent
these effects. Indeed, pretreating NSCLC cells with the STAT3 target-
ing complex before the addition of CAFs, results in a significant
reduction of CAF-mediated pro-survival (Figures 6A and 6B) and
pro-migratory (Figures 6C and 6D) consequences.

Collectively, these data strongly confirm Gint4.T-STAT3 as a prom-
ising tool to block the network of communication between CAF and
tumor cells in NSCLC.

Gint4.T-STAT3 direct effects on CAFs

As previously reported,21 CAFs express high levels of PDGFRb (Fig-
ure S5A), thus we wondered whether Gint4.T-STAT3 could have a
direct therapeutic effect on this population. We first confirmed that
the conjugate was able to reduce STAT3 levels in PDGFR positive
CAF CM

6 or #17 for 72 h in the absence (NT) or in the presence of 400 nmol/L Gint4.T,

STAT3 and STAT3 antibodies. bActin or Vinculin antibodies were used as loading

edium (�). Error bars depict SD values (n = 2). (C–F) Calu-1 cells were grown in 1%

g Boyden chambers (8 mm pore size) uncoated (C and D) or coated with matrigel (E

otographs are shown. (D and F) The percentage of migrated cells expressed relative

), (D), and (F), statistics by t test are reported: *p < 0.05; **p < 0.01; ****p < 0.0001.
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primary CAFs by immunoblot and RT-qPCR (Figures S5B and S5C).
Then, we analyzed the consequence of Gint4.T-STAT3 treatment on
CAF viability, migration, and contraction ability. Notably, we found
that upon AsiC treatment there is a significant reduction of both
CAF#16 and #17 cell viability (Figure 7A) and migration (Figure 7B).

Most importantly, since contractility is a major hallmark of CAFs, we
monitored this feature by measuring fibroblast-mediated collagen
contraction. CAFs were pretreated for 72 h with aptamers or
Gint4.T-STAT3, and then seeded in a type 1 collagen matrix to
examine their contraction ability. As shown in Figures 7C and 7D,
despite a different contraction ability was detected for CAF#16 and
CAF#17, STAT3 AsiC strongly impairs collagen contraction in
both cell lines. Results suggest the conjugate capacity to directly alter
CAF phenotype. This property was also confirmed by the reduced
levels of specific CAF markers (i.e., FAP and a-SMA) detected
upon Gint4.T-STAT3 treatment (Figure 7E).

Altogether, these data indicate that Gint4.T-STAT3 affects not only
tumor cells, but also CAF population showing the potential to permit
an improved targeting of the entire tumor bulk.
Gint4.T-STAT3 effects on 3D spheroid cultures

Three-dimensional cell in vitro models are attractive tools for investi-
gating relevant cancer therapeutics since they recapitulate human
tumor biology better than 2D cultures.22,23 Thus, we tested Gint4.T-
STAT3 effects on spheroid formation. First, we analyzed homotypic
cultures of Calu-1 NSCLC cells. Cells were left untreated or treated
with Gint4.T-STAT3 and spheroids were formed using the hanging
drop method in the absence or in the presence of the conjugate. As
shown by the distribution range of spheroid diameters in Figure 8A,
we found that the AsiC treatment hampers spheroid formation,
reducing themedian size of the spheres (>50 mmdiameter) with no sig-
nificant change of spheroid number (not shown).Most importantly, we
then tested 3D hybrid spheroid formation, by mixing Calu-1 NSCLC
cells with CAFs in the absence or in the presence of Gint4.T-STAT3.
In accordance with previous reports,23 when cancer cells are mixed
with CAFs, spheroids resulted in bigger round and steric aggregates
(Figure 8B). Notably, in the presence of Gint4.T-STAT3, spheroid
dimension resulted almost equal to that obtained from cancer cells
alone. These data suggest the therapeutic potential of Gint4.T-STAT3
conjugate.
Figure 4. Gint4.T-STAT3 inhibits viability and migration of NSCLC cells co-cult

(A) Scheme of Calu-1 cells and CAFs co-cultures by Boyden chambers (pore size 0.4 m

with CAFs in 5% FBSmedium in the absence or in the presence of 400 nmol/L Gint4.T,

Immunoblot for pSTAT3, STAT3 was performed. bActin or Vinculin antibodies were us

expressed relative to cells grown in the absence of CAFs (�). (D) Scheme of Calu-1 cells

(E and F) Calu-1 cells were left untreated or treated with 400 nmol/L Gint4.T, Gint4.T-STA

and exposed to 1% FBS medium (�) or to CAFs grown in 1% FBS medium (lower ch

panels, migrated cells were quantified and expressed relative to (�) samples. In (C), (E), a

**p < 0.01; ***p < 0.001; ****p < 0.0001.
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DISCUSSION
In the present study, we provide a proof of principle of the ability of an
AsiC targeting STAT3 (Gint4.T-STAT3) to impair the interplay be-
tween CAFs and NSCLC cells. By using both stable and primary
NSCLC cultures, we found that cancer cell treatment with Gint4.T-
STAT3, by reducing STAT3 levels, prevents primary CAF pro-tumor
effects on cell viability and migration.

It is largely accepted that tumor formation and progression is a com-
plex process involving the cooperation of cancer cells with the
surrounding stroma that becomes activated and develops tumor-sup-
porting functions.24 Key components of the tumor stroma are CAFs,
for which a crucial role in triggering tumor progression, promoting
drug resistance, tumor dissemination, metastasis, and recurrence
has been described in several cancers, including NSCLC.25–28 It has
been demonstrated that CAFs regulate the malignant progression
through the secretion of various growth factors, cytokines, and matrix
remodeling proteins.29 However, therapeutic approaches aimed at
targeting the interactions between tumor cells and CAFs are still a
challenge, and can greatly enhance the effectiveness of the treatments.

Here, to address this issue, we use an aptamer-based conjugate specif-
ically inhibiting STAT3. In addition to its pro-oncogenic functions,
STAT3 pathway has been reported to be activated by ILs (as IL6
and 11) released by CAFs,5–8 suggesting its inhibition in tumor cells
can render them irresponsive to CAF-tumor-supporting functions
in cancer. To this purpose, IL neutralizing antibodies or specific in-
hibitors of JAK2/STAT3 have been applied to block the induction
of EMT, migration, and drug resistance mediated by CAFs.6,8

In our previous studies,10,11 we addressed STAT3 silencing by the use
of a specific siRNA and developed a specific aptamer-based siRNA
delivery system. We have generated a stable RNA conjugate
(Gint4.T-STAT3), containing a STAT3 siRNA linked to the inhibi-
tory anti-PDGFRb aptamer as a carrier, and reported its ability in spe-
cifically inhibiting STAT3 pathway in PDGFRb-positive cancer cells,
both in vitro and in vivo. Importantly, since we used an inhibitory ap-
tamer, Gint4.T-STAT3 can act as a multifunctional molecule
combining PDGFR signaling inhibition, mediated by the aptamer,
and the siRNA-dependent STAT3 suppression.

In the present study, we explored the use of this molecule to alter the
interplay between CAFs and tumor cells in NSCLC. First, we
ured with CAFs

m) used for immunoblot and cell viability assays. (B and C) Calu-1 were co-cultured

Gint4.T-STAT3 or CtrlApt-STAT3 (see materials and methods for details) for 72 h. (B)

ed as loading control. (C) Cells were recovered and cell viability was measured and

and CAFs co-cultures using Boyden chambers (pore size 8 mm) to test cell migration.

T3, or CtrlApt-STAT3 and following 24 hwere seeded in the Boyden upper chamber

amber). Left panels, representative photographs of migrated cells are shown; right

nd (F), error bars depict SD values (n = 2). Statistics by t test are reported: *p < 0.05;



A

B

C

D

(legend on next page)
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demonstrated that the treatment of Calu-1 NSCLC cells with Gint4.T-
STAT3, by interfering with STAT3 expression, efficiently reverts
primary CAF-mediated STAT3 activation. Consequently, the in-
crease of cancer cell viability and migration mediated by primary
CAF CM or co-cultures is revoked. Results were also confirmed by
using two primary cultures derived from NSCLC biopsies. Notably,
the multifunctional properties of Gint4.T-STAT3 were evident on
cell migration/invasion where the inhibitory function of Gint4.T
was further enhanced by the presence of STAT3 siRNA. In addition,
we found that Gint4.T-STAT3 directly alters CAF phenotype and im-
pairs the formation of 3D spheroids derived from NSCLC cells or
CAF-NSCLC cell hybrid cultures, reducing the median size of the
spheres.

Collectively, our study provides a new AsiC as a tool to impair the
interplay between CAFs and tumor cells in NSCLC, providing a first
evaluation of its efficacy in vitro.

As compared with small molecules or peptide-based inhibitors, our
AsiC offers several advantages as therapeutic agent, including that
(1) it can be produced by chemical synthesis; (2) it is stable for several
days in serum; and (3) it can provide an effective strategy for tumor-
specific gene knockdown in vivo, minimizing the toxicity on normal
cells.18,30 Obtained results give new insight in the therapeutic applica-
bility of STAT3 targeting in NSCLC, and provide the rationale for a
subsequent in vivo experimentation of the described conjugate.

Up to date, aptamers have been largely developed for cancer immu-
notherapy,31 whereas their application to alter CAF effects is poorly
described. Of note, it has been shown that PDGFRb is highly ex-
pressed also by CAFs3,21,32 and that Gint4.T aptamer inhibits the
trans-differentiation of bone marrow-derived mesenchymal stem
cells into CAFs and reduces their pro-tumor action in triple negative
breast cancer.33 In addition, it has been demonstrated that STAT3
inhibitors have an anti-cancer activity affecting not only tumor cells,
but also stromal cells.34–36 Accordingly, here we show that
Gint.4-STAT3 has a direct effect on CAFs, suggesting its potential
to revert also CAF phenotype, thus providing a double-acting mole-
cule able to completely impair stromal component effects.

In conclusion, we present one of the first attempts in targeting
the CAF-NSCLC cell interplay using aptamers and therapeutic oli-
gonucleotides providing an AsiC-based bio-drug with the prospec-
tive to open innovative horizons in the field of NSCLC anti-cancer
therapy.
Figure 5. CAF CM effects on NSCLC primary cultures

(A and B) Indicated primary NSCLC cells were grown in 5% FBSmedium (�) or in 5% FBS

L Gint4.T, Gint4.T-STAT3, or CtrlApt-STAT3. Cell viability was measured and expressed

and D) Migration of primary NSCLC cells grown in 5% FBS medium (�) or in 5% FB

correspondent medium as chemoattractant. Left panels, representative photographs o

grown in 5% FBS medium (�). Error bars: SD values (n = 2). In (A)–(D), statistics by t te
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MATERIALS AND METHODS
Cell cultures

Calu-1 and A549 NSCLC cells were obtained from American Type
Culture Collection (ATCC) and cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) or RPMI medium, respectively, supple-
mented with 1% penicillin/streptomycin solution (Sigma-Aldrich)
and 10% fetal bovine serum (FBS) (Sigma-Aldrich).

Primary cultures of tumor epithelial and fibroblast cells or NFs
(at least 5 cm away from the tumor) were prepared from resected
lung tissues of NSCLC patients provided by Prof. A. Fiorelli from
the Department of Thoracic Surgery Unit, "Luigi Vanvitelli" Univer-
sity. Tissues were mechanically fragmented with sterile scissors and
subjected to digestion with collagenase (Sigma-Aldrich). Epithelial
cell pellets were obtained by centrifugation at 500 rpm for 5 min.
Fibroblasts that remained in suspension were collected by centrifuga-
tion at 1,200 rpm for 5 min. Primary cells were maintained in
DMEM/Nutrient F12-Ham (DMEM-F12) supplemented with 1%
penicillin/streptomycin solution (Sigma-Aldrich) and 10% FBS
(Sigma-Aldrich).

CAF CMs were obtained by growing cells in medium with 1% or 5%
FBS for 72 h. CMs were collected and centrifuged at 1,000 � g for
10 min to remove cell debris before the use. One percent or 5%
FBS CMs were used to grow Calu-1 cells or primary NSCLC cells,
respectively. STAT3 siRNA duplex transfection was performed at
100 nmol/L siRNA with lipofectamine-2000 (Thermo Fisher Scienti-
fic) according to the manufacturer’s instructions.
Aptamers and conjugates

The following aptamer and AsiC oligos were used and purchased
from TriLink Biotech or produced by the DNA/RNA Synthesis Lab-
oratory, Beckman Research Institute of the City of Hope.

Gint4.T, 50-UGUCGUGGGGCAUCGAGUAAAUGCAAUUCGACA-30;

Gint4.T stick,

50-UGUCGUGGGGCAUCGAGUAAAUGCAAUUCGACAXXXXG
UACAUUCUAGAUAGCC-30;

Control aptamer (indicated as CtrlApt),

50-UUCGUACCGGGUAGGUUGGCUUGCACAUAGAACGUGUCA-30;
CM fromCAF#16 or #17 for 72 h in the absence (NT) or in the presence of 400 nmol/

relative to cells grown in 5% FBSmedium (�). Error bars depict SD values (n = 2). (C

S CAF CMs was analyzed by Boyden chambers (8-mm pore size) containing the

f migrated cells; right panels, quantization of migrated cells expressed relative to cell

st are reported: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Control aptamer stick (used in the control conjugate),

50-GCCGCUAGAACCUUCUAAGCGAAUACAUUACCGCXXXX
GUACAUUCUAGAUAGCC-30;

Human STAT3 antisense strand (AS) stick,

50-UUAGCCCAUGUGAUCUGACACCCUGAAGGCUAUCUAGA
AUGUAC-30;

Human STAT3 sense strand (SS), 50-CAGGGUGUCAGAUCAC
AUGGGCUAA-30.

All RNAs were modified with 20-F-Pyrimidines (20-F-Py). Stick se-
quences (underlined) were modified with 20-F-Py and 20-oxygen-
methyl purines. The X indicates a three-carbon linker ((CH2)3)
spacer. Before the use, aptamers were incubated at 85�C for 5 min,
ice for 3 min, and 37�C for 5 min to allow the correct folding by dena-
turation-renaturation. STAT AsiC was prepared by a two-step
annealing: (1) incubating in the annealing buffer (20 mM 2-[4-(2-
hydroxyethyl)piperazin-1-yl] ethane sulfonic acid [HEPES; pH 7.5],
150 mM NaCl, 2 mM CaCl2) the AS and SS oligos at 95�C for
10 min, 55�C for 10 min, and 37�C for 20 min; and (2) incubating
the AS-SS duplex with refolded stick aptamer at 37�C for 30 min.
The correct formation of the AsiCs was coinfirmed on a 12% non-
denaturing polyacrylamide gel.
Immunofluorescence

Cellswere grownonglass coverslips in 24-well plates (4� 104 cells/well)
in completemedium. A day after, cells were washed in Tris-buffered sa-
line and fixed for 10 min at �20�C with a freshly prepared ice-cold
Acetone/Methanol mix (1:1). Once nonspecific sites were blocked
with 1% bovine serum albumin and 0.3%Triton X-100 in Tris-buffered
saline for 15min at room temperature, cellswere incubatedwith the pri-
mary antibody 1 h at room temperature. Cells were then washed and
incubated for 1 h at room temperature in the dark with the fluoro-
phore-conjugated secondary antibody. The coverslips were mounted
withProlongDiamondantifade reagentwithDAPI (ThermoFisher Sci-
entific) and the cells were visualized by confocal microscopy (Zeiss
LSM700). Primary antibodies used were as follows: a-smooth muscle
actin (D4K9N) XP Rabbit mAb (Cell Signaling) used 1:100; FAP anti-
body (SS-13) mouse (Santa Cruz Biotechnology) used 1:50. Secondary
antibodies used were as follows: anti-mouse Alexa fluor
488-conjugated and anti-rabbit Alexafluor 647-conjugated, used 1:500
(Thermo Fisher Scientific).
Figure 6. CAF co-cultures with NSCLC primary cells

(A and B) NSCLC primary cells were co-cultured with CAFs in 5% FBSmedium in the ab

Boyden chambers (0.4-mmpore size). Cells were recovered and cell viability was measur

NSCLC primary cells were left untreated or treated with 400 nmol/L Gint4.T, Gint4.T-STA

(8-mm pore size) and exposed to 5% FBS medium (�) or to CAFs grown in 5% FBS m

are shown; right panels, migrated cells were quantified and expressed realtive to (�
reported: *p < 0.05; **p < 0.01.
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Protein extraction and western blot

Cells were grown in 3.5-cm plates (1.4 � 105 cells/plate) in normal
medium or CAF CM either in the absence or in the presence of ap-
tamers or chimeras (400 nmol/L) for 72 h.

For co-culture assays, cells were grown in a co-culture transwell appa-
ratus with a 0.4-mm pore membrane (six-well plate; Greiner Bio-one).
Calu-1 or primary NSCLC cells (1 � 105 cell/well) were seeded in the
lower chamber of the transwell and treated with aptamers or conjugates
(400 nmol/L). After 24 h, CAF cells (1 � 105 cell/well) were added to
the upper chamber. Following an additional 48 h of incubation, co-
cultured epithelial cells were harvested for western blot analysis.

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,
5 mM EGTA, 1 mM Na3VO4, protease inhibitors). To monitor IL6
and IL11 levels, CAF or NF CMs were obtained by cells grown in
5% FBS medium for 72 h and were concentrated with Amicon col-
umns (10 kDa NMWCO; Millipore). Proteins (50 mg) from CMs
were analyzed by western blot.

All samples were boiled in sodium dodecyl sulfate/b-mercaptoetha-
nol sample buffer, and separated by electrophoresis. Gels were blotted
onto polyvinylidene difluoride membranes (Millipore) and subjected
to immunoblotting. The following primary antibodies were used:
anti-PDGFRb, anti-pY(705)-STAT3, anti-STAT3, anti-Vinculin
(Cell Signaling Technology), anti-Actin, anti-IL6, and anti-IL11
(Santa Cruz Biotechnology).

RT-qPCR analysis

RNAs were extracted with TRiZol (Invitrogen). Onemicrogram of to-
tal RNA was reverse transcribed with iScript cDNA Synthesis Kit. For
real-time PCR, amplification was performed with IQ-SYBR Green
supermix (Bio-Rad, Hercules). Relative mRNA quantization was
analyzed by using the DDCt method applying the equation 2�DDCt.
The following specific primers were used:

STAT3 Fw, 50-ACCTGCAGCAATACCATTGAC-30; STAT3 Rev,
50-AAGGTGAGGGACTCAAACTGC-30; bactin Fw, 50-CAAGA
GATGGCCACGGCTGCT-30; bactin Rev, 50-TCCTTCTGCATCCT
GTCGGCA-30; E-Cad Fw, 50- GGAGGAGAGCGGTGGTCAAA-30;
E-Cad Rev, 50-TGTGCAGCTGGCTCAAGTCA-30; Vimentin Fw,
50-GACAATGCGTCTCTGGCACGTCTT-30; Vimentin Rev, 50-TCC
TCCGCCTCCTGCAGGTTCTT-30; Fibronectin Fw, 50-CAGTGG
GAGACCTCGAGAAG-30; Fibronectin Rev, 50-TCCCTCGGAA
CATCAGAAAC-30; FAP Fw: 50-TACGTTTCATCACTGGCCCT-
sence or in the presence of 400 nmol/L Gint4.T, Gint4.T-STAT3, or CtrlApt for 72 h in

ed and expressed relative to cells grown in the absence of CAFs. (C and D) Indicated

T3, or CtrlApt-STAT3 and following 24 hwere seeded in the Boyden upper chamber

edium (lower chamber). Left panels, representative photographs of migrated cells

) samples. In (A)–(D) error bars depict SD values (n = 2). Statistics by t test is
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30; FAP Rev, 50-CATCTGCTGTTCCGTGGATG-30; a-SMA Fw,
50-ACCCAGCACCATGAAGATCA-30; a-SMA Rev, 50-AGAGACA
GAGAGGAGCAGGA-30.
Transwell migration and invasion assay

For transwell migration assay with CAF CM, cells were seeded in
3.5-cm plates (1.4 � 105 cells/plate) in medium or CAF CM either
in the absence or in the presence of aptamers or chimeras
(400 nmol/L).

Following 24 h, 1� 105 cells were plated into the upper chamber of a
24-well transwell (Corning Incorporate, pre size 8 mm) in serum-free
DMEM and exposed to the correspondent medium (0.6 mL, lower
chamber) as stimulus of migration. Invasion assay was performed
with the same protocol using upper chambers previously coated
with a 20% Matrigel matrix (BD Biosciences).

For co-cultures, cells (1 � 105/point) pretreated for 24 h with
400 nmol/L aptamers or chimeras in complete DMEM, were plated
into the upper chamber of a 24-well transwell (Corning Incorporate,
pre size 8 mm) in serum-free DMEM and exposed to CAFs seeded
in the lower chamber a day before (1 � 105 in 0.6 mL, lower
chamber).

In all the experiments, migrated cells were stained with 0.1% crystal
violet in 25% methanol and pictures were acquired with Leica appli-
cation suite. To quantify the percentage of migrated cells, ImageJ soft-
ware was used.
Cell viability

For CM assays, cells were seeded into 96-well plates (3 � 103 cells/
well) in CAF CMs in the absence or presence of aptamers or chimeras
(400 nmol/L). Following 72 h, cell viability was measured with
CellTiter 96 Proliferation Assay (Promega).

For co-culture assays, cells were grown in co-culture transwell appa-
ratus with a 0.4-mmpore membrane (six-well plate; Greiner Bio-one).
Cells (1 � 105 cell/well) were seeded in the lower chamber of the
transwell and treated with aptamers or conjugates (400 nmol/L).
After 24 h, CAF cells (1 � 105 cell/well) were added to the upper
chamber. Following additional 48 h of incubation, co-cultured epithe-
lial cells were harvested and trasferred in 96-well plates to measure
cell viability with CellTiter 96 Proliferation Assay (Promega).
Figure 7. Gint4.T-STAT3 direct effect on CAFs

(A) Indicated CAFs were left untreated (NT) or treated with 400 nmol/L Gint4.T, Gint4.T-

NT. (B) CAFs were left untreated (NT) or treated with 400 nmol/L Gint4.T, Gint4.T-STAT

(8-mm pore size) and exposed to 10% FBS medium (lower chamber). Left panels, repres

quantified and expressed relative to NT. In (A) and (B), error bars depict SD values (n = 2).

Collagen contraction ability of CAFs left untreated (NT) or treated as indicated. Left pane

measured by ImageJ and expressed as fold over untreated samples. Means and SD of

*p < 0.05; **p < 0.01. (E and F) Indicated CAF markers were analyzed by RT-qPCR in pr

values (n = 2). Statistics by t test are reported: *p < 0.05; **p < 0.01.
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Contraction assay

CAFs (1 � 105 cells/well in six-well plates) were left untreated or
treated with 400 nmol/L control aptamer, Gint4.T, or Gint4.T-
STAT3 for 72 h. Collagen mix was prepared by suspending type 1
collagen (Corning) in acetic acid (5 mM) and minimum essential
Eagle’s medium (Sigma) to a final concentration of 1 mg/mL and
adding NaOH (1 M) drop by drop to restore the neutral pH.

Pretreated cells were counted and 4� 104 cells/point were suspended
in 75 mL of FBS, mixed with 625 mL of collagen mix, and seeded in
24-well plates. Collagen was left to polymerize by incubating for 3 h
at 37�C, collagen plugs were detached from the walls of the wells,
and 5% DMEM-F12 medium (300 mL with or without treatments)
was added to each well. Images of the collagen plugs were acquired
at the beginning (0) and after 24 and 48 h with a scanner and plug
areas were measured with ImageJ software.

Spheroid formation assay

Spheroidswere formedusing thehangingdropmethod.22,23Calu-1 cells
(1 � 105/well in six-well plates) were left untreated or treated for 24 h
with 400 nmol/L Gint4.T-STAT3 in complete medium. Cells were
then recovered, counted, and suspended in aminimalmedium contain-
ing 20 ng/mL EGF and 10 ng/mL bFGF (Life technologies) optimized
for non-adherent spheroid growth37 in the absence or in the presence
of 400 nmol/L Gint4.T-STAT3. For homotypic cultures, drops
(20 mL) containing 1 � 104 Calu-1 cells were seeded on the top cover
lip of a 100-mmplate. For CAF-NSCLC cell hybrid cultures, pretreated
Calu-1 cells weremixedwithCAF#17 (ratio 1:4) and drops (20mL) con-
taining 2� 103 Calu-1 cells and 8� 103CAF#17were seeded on the top
cover lip of a 100-mm plate. PBS was added in the plate to avoid evap-
oration. Spheroids were left to form for 96 h and then transferred in a
96-well plate (1 drop/well), photographed using Leica application suite,
and measured (considering spheroids with a diameter >50 mm).

Statistical analysis and reproducibility

Statistics were analyzed as indicated in the figure legends. p < 0.05 was
considered significant. We applied Student’s t test for general capar-
ison between the one time effects of two groups and two-way
ANOVA for the measures of gel area at different time points in the
contraction assay (Figures 6C and 6D); for spheroid diameter distri-
bution analyses, we used nonparametric Mann-Whitney U test for
comparison between the two groups in Figure 8A and Kruskal-
Wallis test with multiple comparison correction in Figure 8B. Exper-
iments shown are representative of two independent replicates.
STAT3, or CtrlApt for 72 h and cell viability was measured and expressed relative to

3, or CtrlApt-STAT3 and following 24 h were seeded in the Boyden upper chamber

entative photographs of migrated cells are shown; right panels, migrated cells were

Statistics by t test (vs. NT) are reported: *p < 0.05; **p < 0.01; ***p < 0.001. (C and D)

ls, Representative pictures of plugs at different time points; right panels, plug areas

two independent experiments are reported. Statistics by two-way ANOVA (vs. NT):

imary CAFs treated with 400 nmol/L CtrlApt or Gint4.T-STAT3. Error bars depict SD
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Figure 8. Gint4.T-STAT3 effect on spheroid cultures

(A) Spheroids were derived from Calu-1 cells left

untreated or treated with 400 nmol/L Gint4.T-STAT3.

(B) Spheroids were derived from Calu-1 cells (�) or

Calu-1 mixed with CAF#17 (ratio 1:4) in the absence or

in the presence of 400 nmol/L Gint4.T-STAT3. In

(A) and (B), left panels, representative photographs are

shown; right panel, boxplots showing the range of

spheroid diameter distribution (>50 mm) with median

size. Statistics reported: (A) ***p < 0.001 by

nonparametric Mann-Whitney U test; (B) *p < 0.05;

***p < 0.001 by nonparametric Kruskal-Wallis test with

multiple comparison correction.
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Supplemental materials: 

 

 

 

 

Figure S1. (a-c) Levels of E-cad, fibronectin and vimentin were measured by RTqPCR in the 
indicated cells. (d) Levels of phoshpo-STAT3 (pSTAT3) and STAT3 were analysed by immunoblot 
in Calu-1 cells grown in 1% FBS medium (-) or 1% FBS CAF or NF CMs for 72 hours. (e) 
Immunoblott analyses of IL6 and IL11 levels in CMs derived from indicated CAFs or NFs.  
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Figure S2. PDGFRβ levels were analyzed by immunoblot in the indicated cell lines. β-Actin anti-
bodies were used as loading control.  
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Figure S3. PDGFRβ levels were analyzed by immunoblot in Calu-1 cells grown in 1% FBS medium 
(-) or 1% CMs from the indicated cell lines. βActin antibodies were used as loading control.  
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Figure S4. STAT3 levels were analyzed by immunoblot in NSCLC#16 and NSCLC#18 primary cells 
upon Gint4.T.STAT3 treatment (400nmol/L). βActin antibodies were used as loading control.  
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Figure S5. (a) PDGFRβ levels in the indicated cell lines. (b, c) STAT3 levels were analyzed by 
immunoblot (left panels) or RT-qPCR (right panels) in CAF#16 and CAF#17 primary cells left un-
treated or treated with 400 nmol/L CtrlApt, Gint4.T or Gint4.T-STAT3 as indicated.  In (a-c) Vinculin 
antibodies were used as loading control 
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