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Introduction

Members of the tumor necrosis factor (TNF) superfamily of 
cytokines bind to cognate receptors, called death receptors, 
on the surface of cells. Since their first discovery, more than 
20 human TNF ligands and more than 30 corresponding 
receptors have been identified.1 Members of this superfamily 
have a wide tissue distribution and regulate broad physiologi-
cal processes such as immune responses, hematopoiesis, 
morphogenesis, and cell death, thus playing a key role in 
homeostasis, up to their role in tumorigenesis.2 Key members 
of this family include TNF, CD95L (FasL), and TNF-related 
apoptosis-inducing ligand (TRAIL).

The clinical application of TNF ligands as cytotoxic agents 
for cancer is limited due to their toxicity. For example, TNF 
induces systemic toxicity.3 In vivo use of CD95L is also limited 
by its lethal hepatotoxicity resulting from massive hepatocyte 
apoptosis.4,5 TRAIL, instead, has been developed as a prom-
ising antitumor agent because it induces apoptosis in several 
tumor-derived cell types, but not in normal cells.6,7 However, 
tumors often develop resistance to TRAIL monotherapy. 
Resistance to drug treatment is mainly due to deregulation 
of apoptosis-related proteins such as PED, a death effector 
domain (DED) family member of 15 KDa having a variety of 
effects on cell growth and metabolism.8 PED has a broad 
anti-apoptotic function, being able to inhibit both the intrinsic 
and the extrinsic apoptotic pathways. In the extrinsic pathway, 
its interaction with Fas-associated protein with death domain 
(FADD) and pro-caspase-8 acts as competitive inhibitor of 
these pro-apoptotic molecules during the assembly of the 

death-inducing signaling complex (DISC).9–13 PED has been 
shown to be overexpressed in TRAIL-resistant human non-
small cell lung cancer (NSCLC) cells.14 An important mecha-
nism of protein expression regulation involves microRNAs 
(miRNAs).15,16 Toward this end, we found that miR-212 nega-
tively modulates PED expression and sensitizes NSCLC cells 
to TRAIL-induced apoptosis. In fact, miR-212 levels in resis-
tant cell lines of NSCLC were downregulated and inversely 
correlated with PED levels.17 Consistently, transfection of a 
miR-212 mimic resulted in sensitization of resistant cancer 
cells to TRAIL-induced apoptosis. This occurred, at least in 
part, through PED downregulation.17

A major obstacle to the translation of RNAi drugs (e.g., 
miRNA mimics) into the clinic is the absence of an effective 
targeted delivery system. In addition to their ability to inhibit 
the function of their targets, in the past decade much atten-
tion has been focused on aptamers as delivery vehicles for 
targeted therapy.18–20 Aptamers are highly structured single-
stranded RNA molecules that bind to their cognate molecu-
lar targets (including transmembrane receptors) with high 
affinity and selectivity.21,22 Aptamers have been successfully 
adapted for the targeted delivery of active molecules both 
in vitro and in vivo, including anticancer drugs, toxins, radio-
nuclides, siRNAs, and, more recently, miRNAs.23-25 Aptamer-
siRNA or aptamer-miRNA chimeras are characterized by low 
immunogenicity, easy chemical synthesis and modification, 
and superior target selectivity.23,26–28

In previous studies, an internalizing RNA aptamer 
(GL21.T)29 has been identified, through a cell-SELEX (sys-
tematic evolution of ligands by exponential enrichment) 
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TNF-related apoptosis-inducing ligand (TRAIL) is a promising antitumor agent for its remarkable ability to selectively induce 
apoptosis in cancer cells, without affecting the viability of healthy bystander cells. The TRAIL tumor suppressor pathway 
is deregulated in many human malignancies including lung cancer. In human non-small cell lung cancer (NSCLC) cells, 
sensitization to TRAIL therapy can be restored by increasing the expression levels of the tumor suppressor microRNA-212 (miR-
212) leading to inhibition of the anti-apoptotic protein PED/PEA-15 implicated in treatment resistance. In this study, we exploited 
a previously described RNA aptamer inhibitor of the tyrosine kinase receptor Axl (GL21.T) expressed on lung cancer cells, as 
a means to deliver miR-212 into human NSCLC cells expressing Axl. We demonstrate efficient delivery of miR-212 following 
conjugation of the miR to GL21.T (GL21.T-miR212 chimera). We show that the chimera downregulates PED and restores TRAIL-
mediate cytotoxicity in cancer cells. Importantly, treatment of Axl+ lung cancer cells with the chimera resulted in (i) an increase 
in caspase activation and (ii) a reduction of cell viability in combination with TRAIL therapy. In conclusion, we demonstrate that 
the GL21.T-miR212 chimera can be employed as an adjuvant to TRAIL therapy for the treatment of lung cancer.
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methodology.30 GL21.T aptamer is able to bind and inhibit 
the signaling of Axl receptor, belonging to the TAM family of 
tyrosine kinase receptors. Axl family members are activated 
by growth-arrest-specific gene 6 (GAS6), a member of the 
vitamin K–dependent protein family, that resembles blood 
coagulation factors rather than typical growth factors.31 Axl 
overexpression has been reported in many human cancers 
and is associated with invasiveness and/or metastasis in 
lung,32 prostate,33 breast,34 gastric,35 and pancreatic cancers,36 
renal cell carcinoma,37 as well as glioblastoma.38 Importantly, 
we have recently described the combinatorial potential of a 
chimera composed of GL21.T aptamer and a miRNA com-
bining the clinical benefits of both moieties.24 Here, we dem-
onstrate selective delivery of miR-212 to Axl+ lung cancer 
cells with GL21.T resulting in restoration of TRAIL-mediated 
sensitivity in NSCLC cells. Treatment of Axl+ cells with the 
GL21.T-miR212 chimera resulted in caspase activation and in 
a concomitant reduction of cancer cell viability. In conclusion, 

we describe a novel aptamer-miRNA chimera as a means to 
sensitize lung cancers to TRAIL therapy.

Results
Chimera design
To conjugate GL21.T aptamer and miR-212, a molecular chi-
mera (termed GL21.T-miR212) was designed using the RNA 
structure 5.3 program. GL21.T is a 34-mer truncated version 
of the original GL21 aptamer, corresponding to the functional 
portion of the aptamer able to bind to and to antagonize Axl 
receptor.29 GL21.T was used as a delivery carrier of human 
miR-212. For this purpose, the GL21.T sequence was elon-
gated at its 3′ end, by a covalent bond, with the sequence 
of the passenger strand of miR-212, and annealed to the 
guide strand. Even if full complementary miRNA sequences 
have been shown to be sufficient for targeted gene silenc-
ing,27,28 several recent reports on the use of molecular 

Figure 1  Chimeras structure prediction and binding and internalization analysis. Secondary structure prediction of chimeras using RNA 
structure 5.3 program. (a) GL21.T aptamer; (b) GL21.T-miR212; (c) GL21.Tscr-miR212. MiR mature sequence is indicated with an asterisk. 
(d) Internalization assay for the 5′-[32P]-labeled GL21.Tscr-miR212 and GL21.T-miR212 chimeras performed on A549 (Axl+) and MCF7 
(Axl−) cells. The percentage of the RNA internalized over bound was obtained subtracting the counts relative to the scrambled chimera GL21.
Tscr-miR212 used as negative control. Each bar shows the mean ± SD values from three wells. (e) Internalization analysis of GL21.T, GL21.
Tscr-miR212, and GL21.T-miR212 was monitored using quantitative RT-PCR (qRT-PCR) and normalizing to an internal RNA reference control 
for the PCR. The percentage of internalization has been expressed as the amount of internalized RNA relative to total bound RNA. Statistics 
were calculated using Student’s t-test, ****p < 0.0001; ***p < 0.001. Each bar shows the mean ± SEM values from three wells.
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aptamer-siRNA chimeras have shown that silencing efficacy 
and specificity can be improved by introducing internal par-
tial complementarities and increased length extension with 
respect to the mature sequence in order to obtain a more 
effective Dicer substrate.26,39,40 Therefore, in order to encour-
age correct strand selection and thereby encourage target 
specificity, passenger and guide strands presented an imper-
fect pairing, consisting in a portion of stem-loop structure 
making the double strand similar to the pre-miR. A scrambled 
chimera, GL21.Tscr-miR212, was also designed, with the 
GL21.T sequence substituted by an unrelated sequence of 
the same length elongated with the miR-212 mimic passen-
ger strand and annealed to the full complementary miR-212 
guide strand. In both types of chimera, the antisense strand 
presented two overhanging bases (UU) at 3′ end necessary 
for Dicer processing (Figure 1). Since, based on its predicted 
structure, the folding of GL21.T appears to be preserved also 
in the context of the chimera, we experimentally assessed 
the selective binding and the internalization potential of 
GL21.T-miR212 on Axl-expressing cells. Binding and inter-
nalization assays were performed using A549 (Axl+) cells, 
while MCF7 cells were used as negative control since they 

do not express Axl. As shown in Figure 1, GL21.T-miR212 
was able to bind to and internalize into A549 respect to the 
scrambled chimera used as control, but not in MCF7 cells, 
as assessed by two different methods (Figure 1d,e). Note-
worthy, a similar percentage of internalization was obtained 
comparing GL21.T-miR212 and GL21.T alone (Figure  1e). 
These results indicate that, as previously reported for the 
GL21.T aptamer,29 in the GL21.T-miR212 conjugate, the 
binding specificity of the GL21.T aptamer moiety is pre-
served and the conjugate is internalized into target cells in a 
receptor-dependent manner.

Dose–response effects and dicer processing of GL21. 
T-miR212 chimera
In order to characterize the effects of the chimera treatment 
on the miR-212 target, PED protein, A549 cells were treated 
with increasing amounts of GL21.T-miR212 and of control, 
GL21.Tscr-miR212, for 48 hours (Figure  2a). By western 
blot, we observed that PED levels were reduced in a dose–
response manner by a concentration of 200 nM.

To test the specificity of the GL21.T-miR212 chimera and 
simultaneously evaluate the broad applicability of our delivery 

Figure 2  MiR-212 effect, aptamer-mediated specific delivery, and Dicer processing of GL21.T-miR212 chimera. (a) A549 cells 
were treated with different final concentrations (50, 100, 200, and 300 nM) of chimera and scrambled chimera for 48 hours. (b) A549 cells 
were incubated with GL21.T-miR340, GL21.T, and GL21.T-miR212 or alternatively were transfected with pre-miR-212 and pre-miR-340. 
(c) A549 cells were transfected with the aptamer alone, GL21.Tscr-miR212 and GL21.T-miR212. (d) A549 cells were transfected with control 
scrambled or pre-miR-212 or treated with the aptamer alone or GL21.T-miR212 in presence or absence of Dicer-siRNA. After 48 hours, the 
efficiency of si-Dicer transfection (left panel) was controlled by immunoblotting using anti-Dicer and anti-α-tubulin antibodies. The effect on 
the downregulation of target protein (right panel) was analyzed by immunoblotting with anti-PED and anti-β actin antibodies. Values below 
the blots indicate signal levels relative to (a) scrambled chimera-treated cells, arbitrarily set to 1 (with a different number of asterisks for each 
dose), or (b,d) to untreated cells (indicated as “WT”), and (c) to GL21.T-treated cells arbitrarily set to 1 (with asterisk). Intensity of bands was 
calculated using ImageJ (v1.46r). For a, b, and c, cell lysates were immunoblotted with anti-PED and anti-β actin antibodies.
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platform, we conjugated the Axl aptamer to a different miR, 
miR-340. We have recently described that miR-340 has an 
onco-suppressive role in NSCLC by targeting PUM1, PUM2, 
and SKP2. The downregulation of these three genes was 
inversely correlated to p27 expression.41 Treatment of A549 
cells with GL21.T-miR340 resulted in an increase in miR-340 
expression levels suggesting the proper internalization of the 
chimera. The effect on SKP2 downregulation, as well as on 
the increase of p27 levels, confirmed the effectiveness of the 
conjugate (Supplementary Figure S1). This effect was simi-
lar to that observed with transfection of A549 cells with miR-
340 (used as positive control). In contrast, as anticipated, 
the aptamer alone and the aptamer conjugated to miR-340 
(GL21.T-miR340) did not reduce PED protein levels under 
the same experimental conditions. By western blot, results 
showed that GL21.T-miR340 was not able to modify PED 
levels, thus indicating that PED downregulation was merely 
dependent on miR-212 moiety (Figure 2b).

To demonstrate that GL21.Tscr-miR212 was not functional 
due to the aptamer portion and not to inactivation of the miR 
sequence, A549 cells were transfected with the aptamer 
alone, GL21.Tscr-miR212 and GL21.T-miR212. As shown, 
following transfection, the scrambled chimera was as effec-
tive as the GL21.T-miR212 at downregulating PED protein 
levels (Figure 2c).

In order to investigate the mechanism by which the chimera 
was functional, A549 cells were transfected with a Dicer-specific 
siRNA and, then, treated with GL21.T-miR212. The co-transfec-
tion of pre-miR-212 was used as positive control. The efficiency 
of si-Dicer transfection and the effect on the downregulation of 
target protein were determined by immunoblotting (Figure 2d). 
As shown, in the presence of a Dicer-specific siRNA, GL21.T-
miR212 was not able to reduce PED protein level, suggesting 
that Dicer was necessary for chimera processing.

Cell-type specificity of chimera treatment
To test whether PED downregulation was cell-type specific, 
A549 (Axl+) and MCF7 (Axl-) cells were treated with GL21. 
T-miR212 and GL21.Tscr-miR212. Transfection of pre-
miR-212 and treatment with GL21.T aptamer were used as 
positive and negative controls, respectively. In A549 cells, 
GL21.T-miR212 downregulated PED both at mRNA level 
(measured using qRT-PCR) and protein level (assessed by 
immunoblotting with specific antibodies). As expected, no 
effect of the chimeras on PED expression was observed in 
MCF7 (Axl-negative) cells (Figure 3a,b). To confirm that the 
effects on PED protein levels were mediated by miR-212 
upregulation, the same samples were evaluated by qRT-PCR 
to analyze miR-212 expression (Figure  3c). GL21.T deliv-
ered miR-212 inside the target cells, resulting in miR-212 

Figure 3  Cell-type specificity of chimera treatment. (a) A549 and MCF7 cells were treated with 300 nM of GL21.T-miR212 for 48 hours. 
GL21.Tscr-miR212 and GL21.T aptamer were used as negative controls, whereas transfection with 100 nM of pre-miR-212 was used as 
positive control. Control scrambled was used to assure transfection efficiency. Cell lysates were immunoblotted with anti-PED and anti-β actin 
antibodies for PED protein levels while (b) PED expression levels were analyzed by qRT-PCR. (c) The same samples were subjected to qRT-
PCR for miR-212 expression levels analysis. Bands’ intensity has been calculated as in Figure 2. In b and c each bar shows the mean ± SD 
values from three wells. Statistics were calculated using Student’s t-test, ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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upregulation. Furthermore, despite the fact that the intra-
cellular levels of miR-212 were lower in cells treated (no 
transfection reagent used) with GL21.T-miR212 compared 
with cells transfected with the pre-miR, the effects on PED 
downregulation were comparable. Results indicate that the 
efficiency of the conjugate to deliver functional miR-212 and 
thus modulate the expression of miRNA target genes is simi-
lar to that observed with transfection. We also validated the 
effect of GL21.T-miR212 on PED downregulation in other 
NSCLC Axl+ cell lines, Calu-1 and HCC827-ER3 (Figure 4).

Receptor-dependent internalization of GL21.T-miR212 
chimera
To confirm receptor-dependent internalization of GL21. 
T-miR212 chimera, we silenced Axl  levels in A549 cells 
with RNAi. Following 48 hours of si-Axl  transfection, we 
tested the binding and internalization potential of GL21. 
T-miR212. As expected, we observed a statistically signifi-
cant decrease in bound/internalized GL21.T aptamer and 
chimera in A549 (siAxl)-treated cells. In contrast, no dif-
ferences in binding/internalization were observed for the 

scrambled chimera (Figure  5a). The efficiency of si-Axl 
transfection and the effect on the downregulation of target 
protein were determined by immunoblotting (Figure  5b). 
Alternatively, Axl  levels were transiently upregulated 
transfecting Axl  cDNA. Following Axl  overexpression, the 
treatment with GL21.T-miR212 increased miR-212 levels 
by twofold compared with parental A549. Simultaneously, 
the conjugate decreased PED levels to the same extent in 
parental and transfected A549 cells (Figure 5c). Thus, we 
conclude that the functional delivery of miR-212 is depen-
dent on the amount of Axl on the cell surface and that the 
additional miR-212 delivered is not necessary to increase 
the effect on PED downregulation. We next assessed 
whether internalization of the conjugate was Axl mediated. 
MCF7 cells were transiently transfected with Axl cDNA 
and levels of miR-212 evaluated following treatment with 
the conjugate. As predicted, miR-212 levels were higher in 
cells treated with GL21.T-miR212, compared with the treat-
ment with GL21.Tscr-miR212 or the aptamer alone, thus 
indicating that internalization of GL21.T-miR212 chimera is 
receptor dependent (Supplementary Figure S2).

Figure 4  Effects of GL21.T-miR212 on additional Axl+ non-small cell lung cancer (NSCLC) cell lines. (a,d) Calu-1 and HCC827-ER3 
cells were treated with 300 nM of GL21.T-miR212, GL21.Tscr-miR212, and GL21.T aptamer or, alternatively, transfected with 100 nM of pre-
miR-212. After 72 hours for Calu-1 or 48 hours for HCC827-ER3, cells were collected and cell lysates were immunoblotted with anti-PED and 
anti-β actin antibodies for PED protein levels. (b) The same samples of HCC827-ER3 were subjected to qRT-PCR for miR-212 and (c) for 
PED expression levels analysis. In a,d values below the blots indicate signal levels relative to untreated cells (indicated as “WT”), arbitrarily 
set to 1 (with asterisk). Bands’ intensity has been calculated as in Figure 2. In b and c each bar shows the mean ± SD values from three wells. 
Statistics were calculated using Student’s t-test, ****p < 0.0001; ***p < 0.001; *p < 0.05.
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GL21.T-miR212 regulates TRAIL-induced cell death
We have previously shown that the TRAIL-resistant pheno-
type in NSCLC is related to aberrant elevated levels of PED. 
Furthermore, we showed that ectopic expression of miR-
212 (achieved with a miR mimic) downregulates PED and 
re-establishes sensitivity to TRAIL.14,17 To investigate whether 
treatment with the chimera induced sensitivity to TRAIL, we 
treated A549 cells with GL21.T-miR212. GL21.Tscr-miR212 
and transfected pre-miR-212 were included as negative and 
positive controls, respectively. Caspase-8 activation was 
evaluated following treatment with TRAIL for 3 hours by west-
ern blot (Figure 6a). As shown, cleavage of caspase-8 was 
evident in cells treated with GL21.T-miR212 or, alternatively, 
transfected with pre-miR-212, but not with the GL21.Tscr-
miR212, and accompanied by the activation of caspase 3/7, 
assessed by Caspase-Glo® 3/7 Assay (Figure  6b). Thus, 
sensitization to TRAIL upon treatment with the chimera was 
selective for Axl-expressing cells as demonstrated by the 
activation of caspase 3/7. To further confirm that the chimera 
sensitizes cancer cells to TRAIL-induced apoptosis, we eval-
uated the percentage of apoptotic cells after TRAIL treatment 
(Figure  7a). Transfected or treated cells were labeled with 

Annexin V-FITC and propidium iodide and analyzed using 
flow cytometry. GL21.T-miR212 increased the percentage of 
apoptotic (Annexin V—positive, PI—negative) cells following 
TRAIL treatment, as miR-212 was used as positive control. 
In addition, we measured cell viability using an MTT assay 
that showed the same results (Figure 7b). GL21.T-miR340 
treatment did not produce any gain in TRAIL sensitivity 
(Figure 7c). In summary, the GL21.T-miR212 chimera was 
able to increase the activation of caspase3/7 and, conse-
quently, TRAIL-induced cell death in A549 cells, but not in 
MCF7 cells. TRAIL sensitization mediated by GL21.T-miR212 
treatment was also confirmed on additional NSCLC cell lines, 
Calu-1 and HCC827-ER3, which display a TRAIL-resistant 
phenotype (Figure 8).

Discussion

NSCLC represents about 80% of all lung cancers and is 
mostly diagnosed at an advanced stage (either locally 
advanced or metastatic disease). Because of resistance 
to therapeutic drugs, standard treatment of this tumor has 

Figure 5  Receptor-dependent internalization of GL21.T-miR212 chimera. (a) A549 cells were transfected with si-Axl or siRNA control for 
24 hours and, then, treated with GL21.T-miR212, the scrambled chimera or with the aptamer alone to perform the binding (upper panel) and 
internalization (lower panel) assays. Each bar shows the mean ± SEM values from three wells. (b) The efficiency of si-Axl transfection and 
the effect on the downregulation of target protein were evaluated after 48 hours of treatment by immunoblotting with anti-Axl and anti-tubulin, 
in the upper panel, and with anti-PED and anti-β actin antibodies, in the lower panel. Values below the blots indicate signal levels relative to 
untreated cells (indicated as “WT”), arbitrarily set to 1 (with asterisk). Bands’ intensity has been calculated as in Figure 2. (c) A549 (Axl+) 
cells, following 24-hour transfection with Axl TruClone (Axl), were treated with 300 nM of GL21.T-miR212, GL21.Tscr-miR212, or GL21.T for 
additional 48 hours. miR-212 (upper panel), PED and Axl (lower panel) levels were quantified by RT-qPCR. Each bar shows the mean ± SD 
values from three wells. Statistics were calculated using Student’s t-test, ****p < 0.0001; **p < 0.01.
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only a 20% to 30% positive clinical response. Over the last 
years, the discovery of the pivotal of epidermal growth fac-
tor receptor (EGFR) in tumorigenesis has opened the way to 
a new class of targeted therapeutic agents: the EGFR tyro-
sine kinase inhibitors (EGFR TKIs). Since their introduction 
in therapy, in advanced NSCLC patients harboring EGFR 
mutations, the use of EGFR TKIs in first-line treatment has 
provided an unusually large progression-free survival ben-
efit with a negligible toxicity when compared with cytotoxic 
chemotherapy. Nevertheless, resistance invariably occurs.42 
In this setting, TRAIL emerged as a novel therapeutic agent. 
TRAIL (ApoL/TNF-related apoptosis-inducing ligand) is a rel-
atively new member of the tumor necrosis factor (TNF) ligand 
family, which induces apoptosis in a variety of cancers.

Initial promising studies demonstrated its remarkable speci-
ficity in inducing apoptosis in tumor cell lines, but not in nor-
mal cells both in vitro and in vivo.7 This unique property makes 
TRAIL an attractive candidate for targeted cancer therapy.43,44 
However, resistance to TRAIL-induced apoptosis poses a 
challenge for effective anticancer strategies. To overcome this 
problem, drug cocktails in combination with TRAIL therapy 
have been proposed in order to induce synergism or sensitize 
resistant cancer cells. Toward this end, a number of combinato-
rial treatments with chemotherapeutic agents are in phase 1/2 
of clinical studies.45–47 More recently, aptamer-siRNA/miRNA 
chimeras have been proposed as novel adjuvants to standard 
chemotherapy.48,49 Unlike nontargeted drugs, the advantage of 
these new class of biodrugs is that they are specifically deliv-
ered into target cells where they release their therapeutic cargo, 
thus limiting toxicity to normal cells.

In this study, we designed a chimera composed of a RNA 
aptamer to Axl (GL21.T) and miR-212 as a means to deliver 
functional miR-212 into TRAIL-resistant Axl+ A549 cells, but 
not into Axl- MCF7 cells. Indeed, GL21.T-miR212 selectively 
sensitizes the A549 cells to TRAIL-induced apoptosis, prov-
ing to be a unique tool to synergize with TRAIL in mediating 
cell death.

To increase specificity and facilitate large-scale chemical 
synthesis,24,26,50 we conjugated a truncated version of the GL21 
aptamer (GL21.T) to the tumor suppressor miR-212 duplex 
sequence. We demonstrated that in the context of the chimera, 
the active sequence (sequence required for binding to Axl) of 
GL21 is preserved, thus providing high binding affinity and the 
subsequent selective internalization of the conjugate into Axl+ 
cells. The miRNA moiety is a 25/27mer duplex having two over-
hanging bases (UU) at the 3′ end of the passenger strand, thus 
adopting the conformation described as Dicer substrate for 
duplex siRNAs.51 By using a similar approach with miRNAs, we 
have recently shown that nonperfect duplex miRNAs are cor-
rectly processed by Dicer, increasing the gene target specificity 
of the miRNA moiety.24 Indeed, the optimal loading of the guide 
strand into RNA-induced silencing complex (RISC) is thought 
to reduce off-target effects that result from inappropriate incor-
poration of both miRNA strands into the silencing complex.52

A major limitation to the use of RNA-based drugs in vivo is 
the rapid degradation (within few minutes) of natural RNAs in 
serum or blood. As previously described, in order to protect the 
GL21.T aptamer from degradation, it was generated as a 2′-F-
Py containing RNA.29 Therefore, in order to increase the stabil-
ity of the entire GL21.T-miR212 molecule, we substituted the 

Figure 6  Caspases activation induced by GL21.T-miR212. (a) A549 cells were transfected with 100 nM of pre-miR-212 or alternatively 
treated with 300 nM of GL21.T-miR212 for 48 hours. Scrambled miR and scrambled chimera were used as negative controls. Cells were, then, 
treated for 3 hours with TNF-related apoptosis-inducing ligand (TRAIL) 50 ng/ml, and cell lysates were immunoblotted with anti-caspase-8 
antibody (upper panel). Band intensity is represented in the diagram of the lower panel as a ratio of cleaved over total caspase-8, both 
quantization normalized over β-actin. (b) A549 and MCF7 cells were transfected with pre-miR-212 or treated with the unconjugated aptamer, 
the scrambled chimera and GL21.T-miR212 for 48 hours and then incubated with 50 ng/ml of TRAIL for 6 hours. The activation of caspase 3/7 
was measured by Caspase-Glo® 3/7 Assay. Each bar shows the mean ± SD values from three wells. Statistics were calculated using Student’s 
t-test, ****p < 0.0001; ***p < 0.001; **p < 0.01.
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pyrimidines with 2′-F-Py at all positions. This modification is well 
characterized in humans and is reported to be well tolerated 
with little toxicity.53 RNA aptamers with this modification have 
already been approved for their use in humans (Macugen), 
with many more quickly moving through the clinical pipeline.54 

Although we cannot completely rule out potential intracellular 
toxicity of 2′-F-Py-modified RNAs leading to nonspecific immu-
nostimulation, experiments in vivo demonstrated that problem-
atic toxicity in humans is not expected.24,26

The silencing moiety of the chimera is constituted by the 
miR-212, a tumor suppressor miRNA that acts by negatively 
modulating PED expression, an onco-protein with a broad 
anti-apoptotic action. Indeed, the presence of elevated cel-
lular levels of PED has been shown to contribute to resis-
tance to TRAIL-induced cell death in several human tumors, 
including breast and lung cancer.17,55 The DED domain of 
PED acts as a competitive inhibitor for pro-apoptotic mole-
cules during the assembly of a functional DISC and inhibiting 
the activation of caspase-8, which take place following treat-
ment with different apoptotic cytokines (CD95/FasL, TNF-α, 
and TRAIL). These data demonstrate that GL21.T-miR212 is 
a functional molecule that upon internalization, downregu-
lates PED in a dose-dependent manner, reaching a plateau 
at around 200 nM. In turn, target cells become sensitive to 
TRAIL and upon treatment undergo apoptosis following cas-
pase-8 and caspase-3 activation.

Based on the suppressive action of miR-212 on PED 
expression as a means to sensitize cancer cells to TRAIL, 
here we demonstrated that GL21.T-miR212 chimera can 
sensitize target cells in a high selective manner. Specifically, 
exogenous miR-212 delivered by GL21.T aptamer led to 
TRAIL sensitization via activation of the apoptotic cascade 
selectively in A549, NSCLC Axl+ cells. In conclusion, the 
approach presented in this work indicates an innovative tool 
for a combined therapy that makes use of an aptamer-based 
molecular chimera to selectively sensitize TRAIL-resistant 
target tumor cells.

Materials and methods

Cell lines and transfection. A549 and HCC827-ER3 cells 
were grown in RPMI 1640 while MCF7 and Calu-1 cells were 
grown in Dulbecco's modified Eagle's medium. A549, MCF7, 
and Calu cells were from American Type Culture Collection, 
while HCC827-ER3 were kindly provided by Dr. Balazs Hal-
mos (Columbia University Medical Center, New York, NY). 
Their media were supplemented with 10% heat-inactivated 
fetal bovine serum, 2 mM of glutamine, and 100 U/ml of peni-
cillin/streptomycin. For miRNAs transient transfection, cells 
were transfected with 100 nM (final concentration) of miRNA 
stem-loop precursor hsa-miR212, hsa-miR340, or negative 
control 1 (Ambion, Foster City, CA) using Oligofectamine (Invi-
trogen, Carlsbad, CA). Also si-control and si-Axl (Santa Cruz 
Biotechnology, Santa Cruz, CA) were transfected using Oligo-
fectamine (Invitrogen), according to the manufacturer’s proto-
col. For aptamer and chimeras transient transfection, cells were 
transfected with 100 nM (final concentration) of RNAs, using 
Lipofectamine 2000 (Invitrogen). Also Axl TruClone (Origene, 
Rockville, MD) and si-Dicer (Cell Signaling Technology, Beverly, 
MA) were transfected with Lipofectamine 2000, according to 
the manufacturer’s protocol.

Aptamer-miRNA chimeras. The following sequences were used 
for the chimera production: GL21.T-miR212 passenger strand: 

Figure 7  TNF-related apoptosis-inducing ligand (TRAIL) 
sensitization induced by GL21.T-miR212. (a) A549 cells were 
transfected with pre-miR-212 and control scrambled or treated 
with the chimera, the scrambled chimera and the unconjugated 
aptamer for 48 hours. Cells were, then, incubated with TRAIL for 24 
hours, and the percentage of apoptotic cells was evaluated by flow 
cytometry. (b) A549 and MCF7 cells were treated with 300 nM of 
GL21.T-miR212 and GL21.Tscr-miR for 48 hours and were exposed 
to TRAIL for 24 hours at 50 ng/ml as final concentration. (c) A549 
cells were treated with the unconjugated aptamer, GL21.T-miR212 
or GL21.T-miR340 for 48 hours and were exposed to TRAIL for 24 
hours at 50 ng/ml as final concentration. For b and c cell viability 
was evaluated with MTT assay. In a, b, and c each bar shows the 
mean ± SD values from three wells. Statistics were calculated using 
Student’s t-test, ****p < 0.0001; **p < 0.01.
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5 ′GGGAUGAUCAAUCGCCUCAAUUCGACAGGAGG 
CUCACGGUACCUUGGCUCUAGACUGCUUACUUU. miR- 
212 guide strand: 5′ AGUAACAGUCUCCAGUCACGGCC 
ACC. GL21.Tscr-miR212 passenger strand: 5′GGGUUCGU 
ACCGGGUAGGUUGGCUUGCACAUAGAACGUGUCAGG 
CCGUGACUGGAGACUGUUAUU. miR-212 (1g) guide  
strand: 5′ UAACAGUCUCCAGUCACGGCC. GL21.T: 5′ GGG 
AUGAUCAAUCGCCUCAAUUCGACAGGAGGCUCAC. 
GL21.T-miR340 passenger strand: 5′GGGAUGAUCAAUCG 
CCUCAAUUCGACAGGAGGCUCACAAUCAGUCUCA 
UUGCUUUAUAAUU. miR-340 guide strand: 5′ UUAUAAA 
GCAAUGAGACUGAUU.

All RNAs were custom synthesized by TriLink Biotechnolo-
gies (San Diego, CA) as 2′-fluoropyrimidine RNAs. UU in 
bold are 3′-overhang. The control conjugate is composed of 
an unrelated aptamer sequence linked to the fully comple-
mentary miR-212 duplex. In the context of the control conju-
gate, it was necessary to use a fully complementary miR-212 
to stabilize the functional miR duplex and prevent unwanted 
intramolecular interactions with the scrambled aptamer 
sequence.

To prepare GL21.T-miR212, GL21.Tscr-miR212, and 
GL21.T-miR340, 5 µM of aptamer-passenger RNA strand 

was denatured at 98 °C for 20 minutes, combined with 5 µM 
of the appropriate guide strand at 55 °C for 10 minutes in 
binding buffer 10× (200 mM N-2-Hydroxyethylpiperazine-N'-
2-Ethanesulfonic Acid, pH 7.4, 1.5 M NaCl, 20 mM CaCl

2) and 
then warmed up to 37 °C for 20 minutes.

Cell binding and internalization assays. Aptamer binding and 
internalization have been assessed by two different methods, 
by radioactivity labeling or by quantitative reverse transcrip-
tion-PCR (qRT-PCR)

Radioactivity labeling. A549 and MCF7 cells were plated in 24 
multiwell plates in triplicate. RNAs were 5′-[32P]-labeled and 
incubated at 200 nM as final concentration on cells at 37 °C for 
15 minutes. After several washings, the amount of 32P-labeled 
RNA recovered in SDS 1% was determined by scintillation 
counting. In contrast, to check the endocytosis rate, after the 
incubation with radiolabeled chimeras, the cells were subjected 
to a stringent high-salt wash, with High Salt phosphate-buffered 
saline (PBS; 0.5 M NaCl), to remove any unbound RNAs or 
RNAs bound to the cell surface. Following 5-minute treatment 
at 4 °C, the amount of 32P-labeled RNA internalized was recov-
ered in Sodium Dodecyl Sulfate  1% and determined by scintil-
lation counting. In both assays, results were normalized for cell 

Figure 8.  TNF-related apoptosis-inducing ligand (TRAIL) sensitization induced by GL21.T-miR212 in additional Axl+ non-small cell 
lung cancer (NSCLC) cell lines. Calu-1 and HCC827-ER3 cells were transfected with pre-miR-212 or treated with the unconjugated 
aptamer, the scrambled chimera and GL21.T-miR212. (a,b) After 72 hours for Calu-1 or 48 hours for HCC827-ER3 of treatment or 
transfection, cells were incubated with TRAIL (100 ng/ml in Calu-1 and 50 ng/ml in HCC827-ER3) for 6 hours. The activation of caspase 3/7 
was measured by Caspase-Glo® 3/7 Assay. (c) The same samples of HCC827-ER3 were exposed to TRAIL for 24 hours, and cell viability 
was evaluated with MTT assay. Each bar shows the mean ± SD values from three wells. Statistics were calculated using Student’s t-test, 
****p < 0.0001; ***p < 0.001; *p < 0.05.
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number. The background values obtained with the scrambled 
chimera were subtracted from the values obtained with GL21.T-
miR212. Finally, the resulting recovered RNAs were plotted as 
percent of RNA internalized over RNA bound.

qRT-PCR method. Target (A549) and nontarget (MCF7) cells 
were incubated with 100 nM of aptamer or chimeras for 15 
minutes at 37 °C with 5% CO2. Cells were washed with ice-
cold PBS or incubated with High Salt PBS (0.5 M NaCl) at 
4 °C for 5 minutes, and RNA was recovered using TRIzol 
reagent (Invitrogen). Samples were normalized to an inter-
nal RNA reference control. Specifically, 0.5 pmol per sample 
CL4 aptamer56 was added to each sample along with TRIzol 
as a reference control. Recovered RNAs were quantitated 
using Reverse Transcriptase M-MuLV (Roche Life Science, 
Basel, Switzerland) with SYBR Green (BioRad) with a Biorad 
iCycler. All reactions were done in a 25-ml volume in trip-
licate with specific primers (GL21.T 5′: TAATACGACTCAC-
TATAGGGATGATC; 3′: GTGAGCCTCCTGTcGAAT; GL21.
Tscr 5′: TTCGTACCGGGTAGGTT; 3′: TGACACGTTCTAT-
GTGCA) and CL4 reference control (CL4 5′: TAATACGACT-
CACTATAGGGGCCTTA; 3′: GCCTCCTGTCGAATCG).

For each cell line, the percentage of internalization has 
been expressed as the amount of internalized RNA relative 
to total bound RNA without normalizing for background. The 
same protocol was used for the experiment on A549 cells 
upon transfection with si-control and si-AXL.

Protein isolation and immunoblotting. Cells were treated with 
chimeras for 48 hours, or alternatively Calu-1 for 72 hours, and 
then were washed twice in ice-cold PBS and lysed in Lysis buf-
fer (50 mM N-2-Hydroxyethylpiperazine-N'-2-Ethanesulfonic 
Acid pH 7.5 containing 150 mM NaCl, 1% GLYCEROL, 1% 
Triton 100×, 1.5 mM MgCl

2, 5 mM ethylene glycol tetraacetic 
acid, 1 mM Na3VO4 and 1X protease inhibitor cocktail). Protein 
concentration was determined by the Bradford assay (Bio-
Rad, Hercules, CA) using bovine serum albumin as the stan-
dard, and equal amounts of protein were analyzed by Sodium 
Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (15% 
acrylamide). Gels were electroblotted onto nitrocellulose mem-
brane (Merck Millipore, Billerica, MA). For immunoblot experi-
ments, membranes were blocked for 1 hour with 5% non-fat 
dry milk in tris-buffered saline containing 0.1% Tween-20 and 
incubated at 4 °C overnight with primary antibody. Detection 
was performed by peroxidase-conjugated secondary anti-
bodies using the enhanced chemiluminescence system (GE 
Healthcare Life Sciences, Pittsburgh, PA). Primary antibodies 
used were anti-PED,57 anti-Caspase-8, anti-p27, and anti-Dicer 
from Cell Signaling Technology, anti-α tubulin from Santa Cruz 
Biotechnology, anti-β actin from Sigma-Aldrich (St. Louis, MO), 
and anti-Axl from R&D Systems (Minneapolis, MN).

RNA extraction and Real-time PCR. Cells were treated with 
300 nM of chimeras for 48 hours, and then total RNAs (miRNA 
and mRNA) were extracted using TRIzol (Invitrogen) accord-
ing to the manufacturer’s protocol. Reverse transcription of 
total miRNA was performed starting from equal amounts of 
total RNA/sample (1 µg) using miScript reverse Transcription 
Kit (Qiagen, Hilden, Germany). Quantitative analysis of miR-
NAs and RNU6B (as an internal reference) was performed by 
real-time PCR using specific primers (Qiagen) and miScript 

SYBR Green PCR Kit (Qiagen). The reaction for detection 
of miRNAs was performed as follows: 95 °C for 15 minutes, 
40 cycles of 94 °C for 15 seconds, 55 °C for 30 seconds, 
and 70 °C for 30 seconds. All reactions were run in triplicate. 
For reverse transcription of mRNA, we used SuperScript® 
III Reverse Transcriptase (Life Technologies). Quantitative 
analysis of PED, AXL, and actin (as an internal reference) 
was performed by real-time PCR using specific primers and 
iQTM SYBR Green Supermix (BioRad). The threshold cycle 
(CT) is defined as the fractional cycle number at which the 
fluorescence passes the fixed threshold. For quantization 
has been used the 2(-ΔCT) method, where ΔCt is the differ-
ence between the amplification fluorescent thresholds of the 
miRNA of interest and the miRNA of U6 used as an internal 
reference. Instead, fold changes were calculated with 2(-ΔΔCT) 
method as previously described.58 Experiments were carried 
out in triplicate for each data point, and data analysis was 
performed by using software (Bio-Rad).

Cell death quantification. A549, MCF7, and HCC827-ER3 cells 
were treated with GL21.T-miR212 and GL21.Tscr-miR212 
300 nM for 3 hours. Then, cells were plated in 96 multiwell 
plates in triplicate for 48 hours and incubated with TRAIL (Vinci-
Biochem, Firenze, Italy) at a final concentration of 50 ng/ml for 
24 hours. Cell viability was assessed with CellTiter 96 Aque-
ous One Solution Cell Proliferation Assay (Promega, Madison, 
WI). Metabolically active cells were detected by adding 20 µl 
of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) to each well, and plates were 
analyzed in a Multilabel Counter (BioTek, Winooski, VT).

Caspase 3/7 assay. The assay was performed with the use of 
Caspase-Glo ® 3/7 Assay (Promega) according to the manu-
facturer’s protocol. Briefly, A549, MCF7, and HCC827-ER3 
cells were before transfected with pre-miR-212 or treated with 
GL21.T, GL21.Tscr-miR212, GL21.T-miR212 for 48 hours, or 
alternatively Calu-1 for 72 hours, and, then, incubated for 6 
hours with TRAIL. An equal volume of Caspase-Glo 3/7 reagent 
was added to each well for 30 minutes in the dark, and lumi-
nescence was measured by luminometer (Turner BioSystems-
Promega). The ratio of caspase 3/7 activity over control was 
calculated normalizing treated samples over untreated ones.

Flow cytometry. Apoptosis was analyzed via Annexin V-FITC 
Apoptosis Detection kit I (BD Biosciences, San Diego, CA). 
A549 cells were transfected with pre-miR-212 or treated with 
GL21.T, GL21.Tscr-miR212, GL21.T-miR212 for 48 hours 
and, then, incubated for 24 hours with TRAIL. The cells were 
washed in PBS, resuspended in binding buffer 10×, and 
labeled with Annexin V-FITC and propidium iodide accord-
ing to the manufacturer’s protocol. After incubation at room 
temperature for 15 minutes in the dark, cells were analyzed 
with a BD AccuriTM C6 Flow cytometry (BD Biosciences). To 
calculate the percent of apoptotic cells, the gate was placed 
on annexin V-positive, PI-negative cells, and thus double pos-
itive cells were excluded from the analysis.

Supplementary material

Figure S1. GL21.T-miR340 characterization.
Figure S2. Internalization of the GL21.T-miR212 conjugate 
in MCF7 exogenously expressing Axl.
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