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MicroRNAs (miRNAs) are key regulators of different human
processes that represent a new promising class of cancer thera-
peutics or therapeutic targets. Indeed, in several tumor types,
including non-small-cell lung carcinoma (NSCLC), the deregu-
lated expression of specific miRNAs has been implicated in cell
malignancy. As expression levels of the oncosuppressor miR-
34c-3p are decreased in NSCLC compared to normal lung, we
show that reintroduction of miR-34c-3p reduces NSCLC cell
survival in vitro. Further, in order to deliver the miR-34c-based
therapeutic selectively to tumor cells, we took advantage of a re-
ported nucleic acid aptamer (GL21.T) that binds and inhibits
the AXL transmembrane receptor and is rapidly internalized
in the target cells. By applying methods successfully used in
our laboratory, we conjugated miR-34c to the GL21.T aptamer
as targeting moiety for the selective delivery to AXL-expressing
NSCLC cells. We demonstrate that miR-34c-3p and the
GL21.T/miR-34c chimera affect NSCLC cell proliferation and
are able to overcome acquired RTK-inhibitor resistance by tar-
geting AXL receptor. Thus, the GL21.T/miR-34c chimera ex-
erts dual inhibition of AXL at functional and transcriptional
levels and represents a novel therapeutic tool for the treatment
of NSCLC.

INTRODUCTION
Despite years of research and progresses in medical treatments, lung
cancer remains the leading cause of cancer-related death worldwide.1

According to histology and molecular biology, lung cancer is divided
into two main groups: small-cell lung cancer (SCLC) and the more
frequent non-small-cell lung cancer (NSCLC), with an expected
5-year survival rate of about 15%.2 This is mainly due to the presence
of metastatic disease at the time of diagnosis in many patients. Thus,
improvements in survival require more effective therapies. Molecu-
larly targeted therapies in NSCLC patients were initially used in the
late 1990s with the introduction of a tyrosine kinase inhibitor
(TKI), gefitinib, targeting the epidermal growth factor receptor
(EGFR) in NSCLC harboring EGFR activating mutations.3
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However, many patients develop a resistance to target therapy, due to
newly acquired mutations or to the overexpression of different tyro-
sine kinase receptors such as AXL.4 It is therefore an urgent need to
develop new therapeutic approaches to further improve survival of
these patients.

MicroRNAs (miRNAs) are small non-protein-coding RNAs, 19–25
nucleotides in length that negatively regulate gene expression by
translational repression or inducing degradation of mRNA targets.5

miRNAs act in concert regulating the intracellular levels of key pro-
teins and have been shown to be deregulated in different human can-
cers, suggesting their crucial role in cancer pathogenesis.6,7 For their
capability to target many genes, they are emerging as promising RNA-
based therapeutics in different diseases, including cancer.8–11

The tumor-suppressive miR-34c and its cognate miRNAs, miR-34a
and miR-34b, have been shown to be regulated by and to mediate
p53 suppression of cell cycle entry in S phase, promoting damaged
cells to undergo apoptosis.12 Indeed, miR-34c and family members
have been consistently found downregulated in several tumors,
including NSCLC, allowing cell survival and resistance to
apoptosis.13–17 Despite the growing evidence of the potential of
miR-34 as an effective therapeutic for several kinds of cancer, the
lack of a selective delivery carrier remains today the key obstacle
that limits its translation to the clinic.18 In this regard, nucleic acid-
based aptamers represent a very promising tool as carriers for deliv-
ering RNA therapeutic molecules to target cells and tissues.19

Aptamers are short single-stranded oligonucleotides (DNA or
RNA), that, via assuming specific and complex three-dimensional
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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folding,20 bind with high affinity and specificity to their target mole-
cules.21,22 Aptamer ligands for transmembrane receptors have been
recently generated that are rapidly recycled, with the receptor serving
as selective targeting moieties.19,23

Currently, an increasing number of aptamers targeting cancer cell
surface epitopes have been successfully used for the specific delivery
of active drug substances both in vitro and in vivo, including nanopar-
ticles,24 anti-cancer therapeutics,25 toxins,26 enzymes,27 radionu-
clides,28 viruses,29 small interfering RNAs (siRNAs),30 and more
recently miRNAs.31

Here, we validated the therapeutic potential of miR-34c-3p for
NSCLC and addressed its specific targeted delivery by adopting a
non-covalent approach to conjugate a miR-34c mimic to a nucleic
acid aptamer, generating an aptamer-miRNA chimera. To this end,
we took advantage of a recently characterized 20-fluoro-pyrimidine-
containing RNA aptamer named GL21.T, that upon binding inhibits
the AXL receptor and is rapidly internalized into the target cell in a
receptor-mediated manner.32 As previously reported, GL21.T has re-
vealed to be an effective and safe mediator for the functional delivery
of miRNAs into lung cancer cells, promoting the inhibition of target
gene expression.33–35 Here, we adopted GL21.T for the selective deliv-
ery of miR-34c to AXL-expressing NSCLC patient-derived cells,
demonstrating a reduction of cell proliferation, migration, and sensi-
tivity to ionizing radiation. Moreover, the GL21.T aptamer-miR-34c
chimera induced a recovery of erlotinib resistance in resistant NSCLC
cell lines.

RESULTS
miR-34c Is Downregulated in NSCLC Tissues and Cell Lines

We analyzed miR-34c-5p and -3p expression in a large cohort of
NSCLC patients within the Cancer Genome Atlas (TCGA) database
(515 NSCLC and 46 normal lung samples) by bioinformatics analysis.
As shown, miR-34c levels resulted in significantly downregulated in
NSCLC compared to normal lung tissues, with a significantly lower
median value (Figure 1A). The log rank Mantel-Cox test showed
that patients with higher levels of miR-34c had a longer overall sur-
vival (OS), suggestive of a prognostic role for miR-34c (p < 0.05)
(Figure 1B).

Next, we analyzed miR-34c-3p expression levels in NSCLC cells
(A549, Calu-1, H460, and Calu-3), and in normal cells (patient-
Figure 1. miR-34c in Human NSCLC Tissues

(A) Significant increase of miR-34c expression was identified in normal lung versus adeno

Meier survival analysis for TCGANSCLC patients with high and lowmiR-34c expression.

miR-34c-3p in several tumor cell lines (Calu-1, A549, Calu-3, and H460) was lower c

expression was assessed by real-time PCR. The transcript level was normalized over RN

and the p value is calculated by using Student’s t test, **p < 0.01. (D) Calu-1 and (E

proliferation was analyzed byMTS assay 3, 4, 5, and 6 days after transfection (left). Bar gr

p < 0.005 compared to the non-transfected cells (Unt); Calu-1 and A549 cells were tra

inhibited colony formation (right). (F) MTS assay determined cell proliferation in MRC-5 c

SD and the p value is calculated by using Student’s t test, p < 0.01, compared to non-tra

miR-34c-3p on colony-forming ability in MRC-5 cell lines (right). Downregulation of miR-
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derived normal lung cell lines, 1N, 2N, 4N, 5N, and 9N) by qRT-
PCR. As shown in Figure 1C, intracellular levels of miR-34c in
NSCLC cell lines were significantly lower compared to normal lung
cells. These results indicated that miR-34c is consistently downregu-
lated in NSCLC tumors and tumor-derived cell lines, supporting a po-
tential role of this miRNA in NSCLC as a favorable prognostic
marker.

Overexpression of miR-34c Inhibits In Vitro Growth of NSCLC

Cells

Together with the cognate miRNAs, miR-34a, and miR-34b, miR-34c
has been reported to play a tumor-suppressive role in cancer. In order
to define the potential role of miR-34c-3p on NSCLC cell prolifera-
tion, we took advantage of two low-expressing miR-34c cell lines,
Calu-1 and A549. Cells were transiently transfected with either
miR-34c-3p or control miR (miR-NC) and analyzed by MTS and col-
ony formation assay. As shown in Figures 1D and 1E (left), increased
amounts of miR-34c (Figure S1A) led to reduced cell viability in both
cell lines as compared to negative controls (untreated or transfected
with miR-NC cells).

We then evaluated the long-term effects of miR-34c-3p on prolifera-
tion, performing a colony-formation assay. The colony number of
Calu-1 and A549 cells transfected with miR-NC was significantly
higher compared to the cells transfected withmiR-34c mimic (Figures
1D and 1E, right). To further confirm these data, we evaluated the ef-
fects of miR-34c-3p silencing in normal lung MRC-5 cells. As shown,
decreased miR-34c expression resulted in a significant increase of cell
proliferation and colony formation capability compared to control
cells (untreated or transfected with anti-miR-NC) (Figure 1F). All
together, these data demonstrated that miR-34c can effectively modu-
late cell growth.

AXL as a Direct Target of miR-34c

The transmembrane receptor tyrosine kinase, AXL, is a target of
miR-34a36,37 that has been recently shown to play a key role in ac-
quired resistance to EGFR inhibitors in NSCLC.4 We thus verified
whether it could be a target also of miR-34c-3p. By using miRNA
target prediction algorithms (RNA hybrid), we identified a putative
miR-34c-3p binding site located within the 30 UTR of AXL (Fig-
ure 2A). In order to validate the AXL transcript as a target of miR-
34c, we determined whether the binding of miR-34c-3p to its 30

UTR would result in the inhibition of AXL gene expression. To this
carcinoma tissues collected from the TCGA database (t test, p < 0,005). (B) Kaplan-

The survival data were compared using the log rank test (p < 0.05). (C) Expression of

ompared to normal primary lung cell lines (1N, 2N, 4N, 5N, and 9N). MiR-34c-3p

U6B expression, used as an internal reference. Bar graphs indicate mean value ± SD

) A549 cells were transfected with control miR (miR-NC) or miR-34c-3p, and cell

aphs indicatemean value ±SD and the p value is calculated by using Student’s t test,

nsfected with miR-NC or miR-34c-3p. Overexpression of miR-34c-3p significantly

ells following downregulation of miR-34c-3p (left). Bar graphs indicate mean value ±

nsfected cells (Unt); colony-formation assay determined the effect of downregulated

34c-3p in normal lung cells promotes cell proliferation and allows colony formation.



Figure 2. miR-34c Targets AXL-30 UTR and Regulates AXL Expression

(A) The predicted miR-34c-3p binding sites on the 30 UTR of AXL mRNA (predicted

by the RNA HYBRID program). (B) AXL expression was analyzed in Calu-1 cells,

untreated or transfected with miR-NC or miR-34c-3p for 72 hr, by western blot

analysis. b-actin was used as internal control. (C) A549 cells were transiently

transfected with AXL-30 UTR in the presence of miR-34c-3p or miR-NC. Luciferase

activity was evaluated 48 hr after transfection. Bar graphs indicate mean value ± SD

and the p value is calculated by using Student’s t test, **p < 0.01. (D) Western blot

analysis of AXL protein expression in A549 cells co-transfected with vector control

(VV) or AXL plasmid lacking the 30 UTR region (AXL) and miR-34c-3p or miR-NC.

b-actin was used as internal control.

www.moleculartherapy.org
end, we first examined AXL protein levels in Calu-1 cells upon 72 hr
of transfection with pre-miR-34c-3p. As shown in Figure 2B, exoge-
nous miR-34c-3p induced a clear reduction of AXL protein levels by
approximately 35% as compared to controls. In addition, in order to
validate whether miR-34c directly binds to its predicted site of AXL-30

UTR mRNA, we conducted a dual luciferase reporter assay for the 30
UTR of human AXL. To this end, we transiently co-transfected A549
cells with AXL-30 UTR together with miR-34c-3p. As shown in Fig-
ure 2, we observed a significant and consistent reduction in luciferase
activity (>50%) at 48 hr of transfection with miR-34c-3p, but not with
control miRNA (miR-NC) (Figure 2C).

The functional relationship between miR-34c-3p and AXL was
confirmed using a rescue strategy after transfection of A549 cells
with miR-34c and AXL cDNA plasmid lacking the 30 UTR
region. AXL protein levels were detected by western blot. Collec-
tively, AXL and miR-34c-3p, but not the 30 UTR deletion mutant,
rescued AXL protein levels (Figure 2D), suggesting that miR-34c-
3p may regulate, at least in part, cell growth of NSCLC cells by tar-
geting AXL.

Design and Folding of an Aptamer-miRNA Conjugate

The development of miRNA selective delivery strategy is a key aspect
for their therapeutic application. To address this issue, we generated,
via stick-end annealing, a molecular aptamer-miRNA chimera
(termed GL21.T-miR-34c) consisting of a duplex miRNA cargo and
a nucleic acid aptamer as delivery carrier. We fused the miR-34c to
the GL21.T aptamer that selectively binds and inhibits the AXL recep-
tor using complementary stick sequences linking the GL21.T aptamer
and the miRNA passenger strand. Finally, we annealed the guide
strand of miRNA to the template (Figure S1B). Based on our previous
report,34 we used as miRNA mimetic the distal stem portion of the
human miRNA-34c encompassing 24 bases of the 50 strand and 22
of the 30 strand, derived from the miR-34c precursor, rather than
the sequence of the mature miRNA. This would allow the introduc-
tion of internal partial complementarity and the production of a
more effective Dicer substrate.37

We first verified the correct annealing of the conjugate by the pres-
ence of a shifted band of migration by nondenaturing gel electropho-
resis analysis (Figure S1C, lane 4).

Then, we analyzed GL21.T-miR-34c binding ability on A549 (AXL+)
and, as shown in Figure S1D, the conjugate preserves the binding
capability compared to the GL21.T alone.

To test whether the aptamer-conjugated miRNA was recognized
and correctly processed by Dicer, we incubated GL21.T-miR-34c
conjugates in the presence or absence of recombinant human Dicer
and analyzed them with non-denaturing gel electrophoresis. As
anticipated, the conjugates were recognized and digested by Dicer,
producing two cleaved products of the expected molecular sizes,
corresponding to the cleaved miRNA and the aptamer alone
(Figure S1E).

GL21.T-Mediated Selective Delivery of Functional miR-34c

To investigate whether GL21.T aptamer could act as a selective car-
rier for the delivery of the conjugated miRNA, we performed
in vitro experiments with two different cell lines, Calu-1 and
MCF-7, expressing high and low levels of AXL protein, respectively
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 337
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Figure 3. Synergistic Effects of the GL21.T-miR-34c

Chimera

(A) Calu-1 and MCF-7 cells were treated with GL21.T or

GL21.T/miR-34c (400 nM). After 72 hr, miR-34c was quanti-

fied by RT-PCR. Bar graphs indicate mean value ± SD and the

p value is calculated by using Student’s t test, **p < 0.01. (B)

Calu-1 cells were transfected with si-AXL or siRNA control

(si-NC) for 48 hr; MCF-7 cells were transfected with AXL or

control vector (VV) for 24 hr and treated with GL21.T/miR-34c

for 72 hr. miR-34c levels were quantified by RT-PCR. Bar

graphs indicate mean value ± SD and the p value is calculated

by using Student’s t test, *p < 0.05. (C) Calu-1 cells were

treated as indicated, and AXL protein expression was

analyzed by western blot after 72 hr. b-actin was used as in-

ternal control.
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(Figure S2A). Calu-1 and MCF-7 cells were treated with GL21.T/
miR-34c for 72 hr. Treatment was performed at a concentration
of 400 nM since we have previously demonstrated that this concen-
tration assures an efficient and functional GL21.T-mediated miR
delivery.34 As expected, qRT-PCR showed that the GL21.T/miR-
34c conjugate increased intracellular miR-34c levels in Calu-1 cells
(AXL+) (Figure 3A, left panel) but not in MCF-7 cells (AXL) (Fig-
ure 3A, right panel).

To demonstrate receptor-dependent delivery of miR-34c, we silenced
AXL in Calu-1 (AXL+) cells with a specific si-AXL-RNA (Figure S2B,
right). Cell transfected for 48 hr with si-AXL-RNA, were incubated
with GL21/miR-34c (72 hr), and miR-34c levels transcripts were eval-
uated by qRT-PCR. As expected, no significant upregulation of miR-
34c was detected in Calu-1 cells following GL21.T/miR-34c in the
presence of si-AXL as compared to the control (Figure 3B, left).
Conversely, the forced expression of AXL in MCF-7 cells (Figure S2B,
left) induced an increase of miR-34c level upon chimera treatment
338 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
(Figure 3B, right). These results indicate that
GL21.T can deliver miR-34c inside the cells in an
AXL-dependent manner.

As shown above, miR-34c targets AXL-30 UTR.
Accordingly, GL21.T/miR-34c treatment, but not
the aptamer alone, suppressed the expression of
AXL protein (Figure 3C), establishing a negative
feedback loop on AXL expression.

GL21.T/miR-34c Effect on Cell Growth and

Migration

To further support the efficacy of the treatment, we
investigated whether miR-34c and the AXL aptamer
could cooperate to produce synergistic effects and
control cell growth. To this aim, we treated Calu-1
cells with GL21.T/miR-34c conjugate and then
analyzed the effects on proliferation. MTS assay
showed that cell proliferation of Calu-1 cells was in-
hibited by GL21.T/miR-34c treatment to almost the
same extent as observed after miR-34c transfection (Figure 4A, left
panel). Furthermore, the ability to form colonies was impaired when
Calu-1 cells were treatedwithGL21.T/miR-34c (Figure 4A, right panel).

Since cell lines may not fully recapitulate human cancer, we deter-
mined the effects of GL21.T/miR-34c aptamer-miRNA chimera in
primary cells obtained from surgical specimens from lung cancer pa-
tients. We first analyzed AXL protein levels in different primary lung
cancer cells to discriminate patients with high and low levels of AXL
expression (Figure S2C). Next, we analyzed the effect of the aptamer-
miRNA chimera on the proliferation of two primary lung cancer
models: AXL+ (#5T) and AXL� (#9T). Notably, only AXL+ cells dis-
played reduced cell proliferation when challenged with the aptamer-
miRNA chimera (Figure 4B).

To extend the functional characterization, we assessed the ability of the
conjugate to affect cell migration. As shown in Figure 4C, miR-34c
transfection and GL21.T/miR-34c treatment inhibited Calu-1 cell



Figure 4. Role of GL21.T/miR-34c on NSCLC Cell

Proliferation

(A) Calu-1 cells were treated with GL21.T/miR-34c and

GL21.T aptamer alone. Cell proliferation was analyzed by

MTS assay 3, 4, 5, and 6 days upon transfection (left).

p < 0.0001, compared to the non-transfected cells (Unt).

Cells were treated with GL21.T/miR-34c and GL21.T ap-

tamer alone and colony-formation assay was performed

(right). (B) #5T (AXL+) or #9T (AXL�) cells were treated with

GL21.T/miR-34c or GL21.T aptamer alone. Cell viability was

analyzed by MTS assay. Bar graphs indicate mean value ±

SD and the p value is calculated by using Student’s t test,

p < 0.001 and < 0.0001, respectively, compared to the non-

transfected cells (Unt). (C) Calu-1 cells were transfected with

miR-34c-3p or treated with GL21.T aptamer or GL21.T/miR-

34c conjugate. The cell migration capability was analyzed by

transwell migration assay using 10% FBS as migration

inducer. Migrated cells were stained with crystal violet and

photographed. ****p < 0.0001, compared to the non-trans-

fected cells (Unt). (D) Effect of GL21.T/miR-34c conjugate on

long-term survival of Calu-1 cells after irradiation at different

doses.
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migration by approximately 40% and 20%, respectively, compared to
untreated cells. Conversely, the migration of Calu-1 cells treated
with aptamer alone was similar to that of untreated cells. Moreover,
the results of the transwell migration assay showed that high levels
of miR-34c could significantly suppress the migration abilities of
Calu-1 cells. Since occurrence of radiation resistance is common in
NSCLCpatients, it is crucial to identifymolecules capable of increasing
radiosensitivity. Therefore, we evaluated the long-term irradiation ef-
fects on cell survival. In Calu-1 cells, overexpression of miR-34c-3p
increased the sensitivity of cells to all ionizing radiation doses when
compared to control cells. Moreover, GL21.T/miR-34c was able to in-
crease sensitivity to low exposure doses (Figure 4D).

Role of miR34c on Erlotinib Resistance

Recent reports suggest that in NSCLC, AXL overexpression and acti-
vation is associated with causal events for the acquired resistance to
Molecular The
the epidermal growth factor inhibitor (EGFR-
TKI), erlotinib.4 Therefore, we assessed the role
of miR-34c-3p and of the chimeric molecule on er-
lotinib sensitivity in parental HCC827 cells or er-
lotinib-resistant (ER3) HCC827 cells. AXL levels
were confirmed by western blot and by qRT-
PCR (Figure S3A). As expected, MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay revealed that ER3 cells did not show
any significant reduction of cell viability upon er-
lotinib incubation at different times and doses
(Figure S3B). AXL knockdown was able to
partially restore erlotinib sensitivity (Figures S3C
and S3D), suggesting that drug resistance is in
part due to AXL-mediated signaling. To assess
the putative role of miR-34c-3p in erlotinib sensitivity, ER3 cells
were transfected with miR-34c-3p (or miR-NC), and cell proliferation
was analyzed. As shown in Figure 5A, the number of viable cells was
reduced upon miR-34c transfection compared to control (untreated
cells or transfected with miR-NC), and these changes were further
increased after the erlotinib treatment.

The long-term effect on proliferation was then assessed with a col-
ony assay. ER3 cells transfected with miR-34c-3p and treated with
erlotinib exhibited lower numbers of colonies compared to negative
control cells (untreated cell and cell transfected with miR-NC)
(Figure 5B).

miR-34c Affects Cell Migration of ER3 Cells

As tumor invasion and metastatic potential are linked to cell migra-
tion, we then evaluated whether miR34c could affect erlotinib’s effects
rapy: Nucleic Acids Vol. 13 December 2018 339
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Figure 5. The Role of miR-34c on Erlotinib Resistance

(A) ER3 cells were transfected with miR-34c-3p or miR-NC.

After 72 hr, transfected ER3 cells were seeded in 96-wells

and treated or not with erlotinib. Cell proliferation was

measured by the MTT assay 1, 2, 3, and 6 days after

transfection. (B) ER3 cells were transfected with miR-

34c-3p or miR-NC. After 72 hr, transfected ER3 cells were

treated or not with erlotinib. Overexpression of miR-34c-3p

restores sensitivity to the drug by reducing cell proliferation

and colony formation. (C) Cell migration assay of ER3 cells

upon miR-34c-3p and erlotinib treatment. Cells transfected

with scrambled miRNA or miR-34c-3p were harvested after

72 hr and cultured on a membrane (8.0 mm pore size) in-

serted in the wells of a 24-well plate. Percentage of migrated

cells was evaluated by eluting crystal violet solution with 1%

SDS and reading the absorbance at 570 nm. Data were

obtained from three independent experiments and bar

graphs indicate mean value ± SD and the p value is calcu-

lated by using Student’s t test, *p < 0.05; **p < 0.01;

***p < 0.001 (over control). (D) Wound-healing assays. ER3

cells were transfected with miR-34c-3p for 72 hr and then

seeded into 6-well plates at 80%–90% confluence and

treated for 72 hr with GL21.T/miR-34c molecule. Bar

graphs indicate mean value ± SD and the p value is

calculated by using two-way ANOVA. *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001 (over control).
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on cell migration. We found that miR-34c-3p inhibited ER3 migra-
tion when compared to cells transfected with miR-NC (Figure 5C).
Moreover, when ER3 cells were treated with erlotinib, migration
was further reduced (�60%). These findings were confirmed with
multiple scratch assays (Figures 5D and S4).

GL21.T-mir34c Affects Erlotinib Resistance

Given the role of miR-34c-3p on erlotinib resistance, we tested
GL21.T/miR34c ability to preserve this function. To this end, AXL-
expressing ER3 cells were treated with GL21.T or with GL21.T/
miR34c chimera in the presence of erlotinib, and the effects on cell
proliferation determined. Compared to untreated cells, the number
of viable cells was reduced upon treatment with the anti-AXL
GL21.T aptamer and further reduced upon aptamer-miRNA chimera
treatment (Figure 6A). Next, we evaluated long-term effects of ap-
tamer-miRNA chimera treatment on proliferation of erlotinib-resis-
340 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
tant ER3 cells. As assessed by colony-formation
assay, erlotinib treatment could significantly
reduce the number of ER3 colonies in the
presence of GL21.T/miR-34c aptamer-miRNA
chimera (Figure 6B). Scratch assay confirmed
these findings (Figures 6C and S5).

Serum Stability of GL21.T-34c

An important feature for clinical translation of
new therapeutics is their stability in the circula-
tion. Therefore, to evaluate the resistance of
aptamer-miRNA chimera to degradation, we
incubated the conjugate with human serum at
different intervals, up to 96 hr. Serum-RNA samples were recovered
(0, 1, 2, 4, 8, 24, 48, 72, and 96 hr) and analyzed by non-denaturing
polyacrylamide gel electrophoresis (Figure S1F), demonstrating that
GL21.T-miR-34c conjugate is stable up to approximately 8 hr and
then is gradually degraded.

DISCUSSION
Treatment of NSCLC-expressing mutated EGFR with EGFR inhibi-
tors, although effective for most patients, is hampered by occurrence
resistant clones due to de novo or increased expression of alternative
RTKs, including AXL.38 Therefore, the development of RNA thera-
peutics that interfere with RTK expression, restoring drug sensitivity
specifically to target cancer cells, would increase the effectiveness of
NSCLC treatments. Yet, the biggest challenge in siRNA therapy
(siRNA and miRNA) remains efficient and specific delivery to the
desired target tissue. In this regard, nucleic acid-based aptamers



Figure 6. GL21.T/miR-34c Affects Erlotinib Resistance

(A) ER3 cells were treated with 400 nM of GL21.T aptamer or GL21.T/miR34c chimera for 72 hr and treated with erlotinib. Cell proliferation was measured by the MTT assay.

(B) ER3 cells were treated for 72 hr with 400 nM GL21.T or GL21.T/miR34c, renewing treatment after 72 hr and treated or not with erlotinib. Long-term proliferation was

determined by colony-formation assay. (C) A wound of approximately 1 mm in width was scratched with a 20-mL pipette tip. Wound closure was monitored at the indicated

time intervals and imaged with phase contrast microscopy on an inverted microscope (Olympus 1 � 51 using a 5 � phase contrast objective). Bar graphs indicate mean

value ± SD, and p is calculated by using two-way ANOVA. ****p < 0.0001 (over control).
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have been shown to be very promising tools for delivery of therapeutic
cargos.19

In this study, we deepen the role of miR-34c in NSCLC and an ap-
tamer-miRNA conjugate (GL21.T/miR-34c), non-covalently joining
GL21.T, an anti-AXL aptamer, to the tumor suppressor miR-
34c-3p. We demonstrate that the aptamer-miRNA chimera is able
to selectively target AXL-expressing cells, rescuing sensitivity of
NSCLC to erlotinib and leading to cell death.

Among all downregulated miRNAs reported for NSCLC,39–44 we
focused our attention onmiR-34c, a tumor suppressor miRNA largely
investigated in different types of cancers.17,45–47

We first evaluated miR-34c expression in NSCLC tissues compared to
non-tumor lung tissues, in data collected from TCGA database. MiR-
34c resulted in significantly less expressed in NSCLC samples
compared to normal lung. More importantly, in a cohort of NSCLC
patients (64 primary specimens from TCGA), statistical analysis re-
vealed that patients with higher expression of miR-34c showed signif-
icantly longer survival and better prognosis. Taken together, these
data suggest that miR-34c downregulation might be linked to poor
outcome. Further, we provided evidence for the first time in NSCLC
cells that AXL transcript is a direct target and its translation is regu-
lated by miR-34c-3p. This finding is of importance in light of recent
reports showing that elevated AXL levels induce acquired resistance
to treatment with EGFR inhibitors.4 Accordingly, we demonstrated
the ability of miR-34c-3p rescue sensitivity to erlotinib of NSCLC-
derived cells (ER3) that were selected for acquired resistance to erlo-
tinib.We showed that, likely by downregulating AXL, the miR-34c-3p
is able to restore sensitivity to erlotinib treatment, reducing ER3 cell
proliferation and migration.
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Despite the therapeutic potential of miR-based molecules, the
development of efficient delivery strategies is a key aspect for their
development.

We therefore designed an anti-AXL aptamer-miRNA chimera,
combining the targeting and antagonist functions of GL21.T with
the silencing potential of miR-34c.

As previously reported for other aptamer-miRNA chimeras with
anti-RTK aptamers, we show that GL21.T serves as a selective tar-
geting moiety for the intracellular uptake of miR-34c.48 Following
treatment with GL21.T/miR-34c, we observed miRNA uptake into
AXL-expressing target tumor cells (Calu-1), but not in cells that
do not express AXL (MCF-7). Aptamer-mediated miRNA overex-
pression resulted in AXL downregulation and in decreased cell pro-
liferation, as also observed in cells transfected with the miRNA.
Similar results on cell proliferation were also observed in experi-
ments performed in primary lung cancer cells obtained from human
lung biopsies. These results correlate with previous reports demon-
strating miR-34c-3p to function as tumor suppressor by inhibiting
multiple pathways involved in cancer growth. Zhou et al.13 demon-
strated that overexpression of miR-34c-3p suppressed cell prolifera-
tion and migration of A549 cells by targeting PAC1. Liu et al.49

demonstrated that miR-34c-3p expression was significantly reduced
in tissues and serum samples from NSCLC patients and in NSCLC
cell lines and was able to modulate cell proliferation and migration
by targeting eIF4E.

We also demonstrated that the conjugate acts in a cell-specific
manner. Indeed, we show that both the amounts of intracellular
miR-34c and the extent of target downregulation were dependent
upon the level of expression of AXL on the cell surface.

Most importantly, we showed that the aptamer-miRNA chimera
preserves as well the ability to restore sensitivity to erlotinib treat-
ment. Our results thus suggest the therapeutic potential of a novel
combined strategy in which the use of the aptamer-miRNA
chimera by downregulating miR-34c target gene including
AXL enhances the cell responsiveness of erlotinib. Consequently,
although the downregulation of AXL would reduce cell responsive-
ness to the aptamer-miRNA chimera treatment, the combined
protocol by restoring cell sensitivity to erlotinib can induce
cell death, ultimately leading to a complete inhibition of tumor
growth.

In conclusion, the GL21.T/miR-34c aptamer-miRNA conjugate is the
first example of selective targeted delivery of miRNAs able to over-
come acquired RTK-inhibitor resistance in NSCLC. In addition to
NSCLC, the occurrence of acquired resistance to EGFR inhibitors
and tumor relapse is frequent in other solid tumors, such as breast.
Therefore, the designed aptamer-miRNA chimera has a broader
applicability to several cancer types where it would be beneficial to in-
crease drug responsiveness while reducing toxicity associated with
systemic treatments.
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MATERIALS AND METHODS
TCGA miRNA Dataset and Patient Information

miR34c-5p and -3p expression data and corresponding clinical infor-
mation for NSCLC datasets were downloaded from the TCGA data
portal in June 2013 (https://tcga-data.nci.nih.gov/). The collection
of the data from the TCGA platform was compliant with laws and
regulations for the protection of human subjects, and necessary
ethical approvals were obtained.

The level 3 data for the 218 NSCLC patients were quantile normalized
and log2 transformed. Only patients with OS information were taken
into account.

The association between continuous miRNA expression and OS was
carried out using univariable Cox regression analysis. The difference
in the survival outcome between risk groups was estimated by log
rank Mantel-Cox test and plotted by Kaplan-Meier curve. The ana-
lyses were performed with BRB-Array Tools-R/BioConductor
(version 2.10). For the multivariable analysis, the Cox proportional
hazard model was applied, and a backward stepwise selection proced-
ure (Wald) was used to identify miRNAs with independent prog-
nostic value. All reported p values were two-sided. The analyses
were performed using SPSS (version 2.1).
Cell Lines

MRC-5, Calu-1, Calu-3, and MCF-7 cells were cultured under stan-
dard conditions in DMEM, while A549, H460, ER3, and HCC827
cells were grown in RPMI-1640 medium, all supplemented with
10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine,
and 100 U/mL penicillin/streptomycin. All media and supplements
were from Sigma-Aldrich (Milan, MI, Italy). Cells were maintained
at 37�C in a humidified atmosphere with 5% CO2. All NSCLC cell
lines were purchased from American Type Culture Collection
(ATCC). A549, MCF-7, and HCC827-ER3 cells were kindly provided
by Dr. Balazs Halmos (Columbia University Medical Center, New
York, NY, USA).
Isolation of Primary Cell Cultures from Human Lung Biopsies

Human lung biopsies (samples fromAzienda Ospedaliera Universita-
ria Primo Policlinico, Naples, NA, Italy) were cut by mechanical frag-
mentation with sterile scissors and tongs. Isolated cells were routinely
seeded onto 100-mm dishes and grown in DMEM-nutrient F12-Ham
(DMEM-F12). Media were supplemented with 10% heat-inactivated
FBS and 100 U/mL penicillin and streptomycin. All media and sup-
plements were from Sigma-Aldrich (Milan, MI, Italy). Primary cells
were maintained at 37�C in a humidified atmosphere with 5% CO2.

Ethical permission was obtained from the Ethics Committee of Fed-
erico II University, Naples, Italy.
Cell Transfection

For transient transfection with miRNA-34c cells were seeded in
6-well plates 1 day ahead, grown to 50%–70% confluence and then

https://tcga-data.nci.nih.gov/
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transfected with 100 nM (final concentration) of pre-miR-34c-3p
(cat. #MS00009548, Ambion, Life Technologies, Monza, MB, Italy),
pre-miR-negative control #1, anti-miR-34c or anti-control miR (Am-
bion, Life Technologies, Monza, MB, Italy, cat. #AM17000), using
Oligofectamine (Invitrogen, Life Technologies, Monza,MB, Italy), ac-
cording to the manufacturer’s protocol.

To transiently knock down AXL gene expression, si-AXL or siRNA
control (Santa Cruz Biotechnologies, D.B.A. Italia, Segrate, Milan,
MI, Italy) were transfected using oligofectamine at a final concentra-
tion of 50 nM (Santa Cruz Biotechnologies, D.B.A. Italia, Segrate, Mi-
lan, MI Italy). For transient overexpression of AXL cDNA TruClone
(4 mg, final concentration) (Origene, Rockville, MD, USA), or 30 UTR
AXL plasmid (InvivoGen), cells were transfected using Lipofectamine
2000 (Invitrogen, Life Technologies, Monza, MB, Italy), according to
the manufacturer’s protocol.

Aptamer-miRNA Chimera

The following sequences were used for chimera production: GL21.T
sticky, 50-AUGAUCAAUCGCCUCAAUUCGACAGGAGGCUCAC
XXXXGUACAUUCUAGAUAGCC-30; miR-34c guide, 50-AAUCA
CUAACCACACGGCCAGG-30; and miR-34c passenger sticky,
50-ACUAGGCAGUGUAGUUAGCUGAUUGC/GGCUAUCUAGA
AUGUAC-30.

All RNAs were modified with 20-F pyrimidines and synthesized by
TriLink Biotechnologies (San Diego, CA, USA). Stick sequences, con-
sisting of 20-F-Py and 20-OMe purines, are underlined. The italic X
indicates a covalent spacer, a three-carbon linker ((CH2)3).

Before each treatment, aptamer was subjected to a short denatur-
ation-renaturation step (5 min 85�C, 2 min on ice, 10 min at
37�C). To prepare GL21.T/miR34c, 5 mM of miR-34c strands (miR-
34c guide and miR-34c passenger sticky) were incubated at 95�C
for 15 min, 55�C for 10 min, and room temperature (RT) for
20 min, in Binding Buffer 10� (200 mM HEPES [pH 7.4], 1.5 M
NaCl, 20 mM CaCl2). 5 mM of sticky aptamer was then annealed by
incubation at 37�C for 30 min.

For all the experiments, treatments with GL21.T aptamer or GL21.T/
miR34c chimera were performed at 400 nM (final concentration).

Cell Binding by qRT-PCR

Cells were seeded in 3.5-cm plates and treated with 200 nmol/L of
GL21.T-34c or GL21.T, used as bond control, for 30 min at 37�C.
To check the cell binding, following three washes with PBS to remove
unbound RNA, the bound RNA was recovered by Trizol (Life
Technologies) containing 0.5 pmol/mL of CL4 aptamer (CL4,
50-GCCUUAGUAACGUGCUUUGAUGUCGAUUCGACAGGAG
GC-30), used as a reference control. The amount of bound RNAs was
determined by performing qRT-PCR, as reported,33 with the
following primers: GL21 (forward), 50-AGATCATGATCAATC
GCC-30; GL21 (reverse), 50-GTGAGCCTCCTGTCGA-30; CL4
(forward), 50-GCCTTAGTAACGTGCTTT-30; and CL4 (reverse)
50-GCCTCCTGTCGAATCG-30. The obtained data were normalized
to the CL4 reference control. The bond has been expressed as fold
change to GL21.T aptamer.

RNA Extraction and Real-Time PCR

Total RNAs (miRNA andmRNA) were extracted using Trizol reagent
(Invitrogen, Life Technologies, Monza, MB, Italy), according to pro-
tocols recommended by the manufacturer.

Reverse transcription of total miRNA was performed starting from
equal amounts of total RNA/sample (500 ng) using miScript reverse
transcription kit (QIAGEN, D.B.A. Italia, Segrate, MI, Italy). Quanti-
tative analysis of miR-34c and RNU6B (as internal reference) was per-
formed by real-time PCR using specific primers (QIAGEN, D.B.A.
Italia, Segrate, MI, Italy) and miScript SYBR Green PCR Kit
(QIAGEN, D.B.A. Italia, Segrate, MI, Italy). The reaction for detec-
tion of miRNAs was performed as follows: 95�C for 15’, 40 cycles
of 94�C for 15’’, 55�C for 30’’, and 70�C for 30’’.

For reverse transcription of mRNA SuperScript III Reverse Tran-
scriptase (Invitrogen, Life Technologies, Monza, MB, Italy) was
used. Quantitative analysis of AXL and b-actin (as internal reference)
was performed by real-time PCR using specific primers and iQ SYBR
Green Supermix (Bio-Rad, Segrate, MI, Italy). The reaction for detec-
tion of mRNAs was performed as follows: 95�C for 15’, 40 cycles of
94�C for 15’’, 57�C for 30’’, and 72�C for 30’’. All reactions for detec-
tion of mRNAs or miRNAs were run in a final 25 mL volume.

The threshold cycle (CT) was defined as the fractional cycle number
at which the fluorescence passes the fixed threshold. For quantization,
the 2(�DDCT) method was used.50 Experiments were carried out in
triplicate for each data point, and data analysis was performed with
Applied Biosystems StepOne Plus Real-Time PCR Systems.

Protein Isolation and Western Blotting

Cells were washed twice in ice-cold PBS and lysed in lysis buffer
(50 mM HEPES [pH 7.5], 150 mM NaCl, 1% glycerol, 1% Triton
X-100, 1.5 mMMgCl2, 5 mMEGTA, 1mMNa3VO4, and 1� protease
inhibitor cocktail).

Protein concentration was determined by the Bradford assay (Bio-Rad,
Segrate, MI, Italy) using BSA as the standard, considering that 5 mg of
BSA shows a value of absorbance of 0.333 at a wavelength of 595 nm.
Equal amounts of protein were denatured in sample buffer (10% SDS,
87% glycerol, 5% b-mercaptoethanol and 0.1% bromophenol blue) for
5 min at 100�C, and then analyzed by SDS-PAGE (10% acrylamide).

Gels were electroblotted onto nitrocellulose membranes (G&E
Healthcare, Milan, MI, Italy) and, after the transfer, membranes
were blocked for 1 hr with a solution of 5% non-fat dry milk in
Tris-buffered saline (TBS) containing 0.1% Tween 20.

Filters were probed with the primary antibodies with shaking over-
night at 4�C. Detection was performed by peroxidase-conjugated
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secondary antibodies using the enhanced chemiluminescence system
(Thermo Fisher, Life Technologies, Monza, MB, Italy). Primary
antibodies used were anti-AXL (R&D Systems, Milan, MI, Italy)
and anti-b-actin (Sigma Aldrich, Milan, MI, Italy).

In Vitro Proliferation Assay

Cell viability was evaluated with the CellTiter 96 AQueous One Solu-
tion Cell Proliferation Assay (Promega, Milan, MI, Italy), according
to the manufacturer’s protocol. The assay is based on reduction of
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium, inner salt (MTS) to a colored product that
is measured spectrophotometrically, as optical density.

Cells were transfected with miRNAs (or anti-miRNAs) or treated
with chimera or aptamer alone for 24 hr. Subsequently, cells were
trypsinized, plated in 96-well plates in triplicate, and incubated at
37�C in a 5% CO2 incubator.

Metabolically active cells were detected by adding 20 mL of MTS
reagent to each well. After 30 min of incubation, the plates were
analyzed on a Multilabel Counter (Bio-Rad, Segrate, MI, Italy). The
optical density is related to the percentage of viable cells.

Colony-Formation Assay

Colony-formation assay was performed for studying the ability of a
single cell to grow into a colony. Cells were first transfected with
miRNAs (or anti-miRNAs) or treated with chimera or aptamer alone
for 24 hr, and then they were plated in duplicate in 6-well plates. After
incubation for 1 week at 37�C in humidified 5% CO2, colonies
composed of at least 50 cells were visualized by staining with 0.1%
crystal violet in 25% methanol solution for 30 min at 4�C. Dishes
were washed with water and then left to dry on a bench.

Luciferase Reporter Assay

A549 cells (120,000 cells per well) were seeded in 6-well plates and
co-transfected with 1 mg of 30 UTR AXL plasmid (and miR-34c or
control miR), using Lipofectamine 2000. Both firefly and Renilla
luciferase expression was measured 48 hr post-transfection, using
the Dual Luciferase Assay (Promega, Milan, MI, Italy), according
to the manufacturer’s instructions. Three independent experiments
were performed in triplicate. 30 UTR AXL plasmid, in which the Re-
nilla luciferase gene was fused to the 30 of the AXL gene, was kindly
provided by Konrad E. Huppi (National Cancer Institute, Bethesda,
USA).36

Rescue Experiments

To determine whether AXL mediates the effects of miR-34c, rescue
experiments were performed overexpressing a deletion mutant of
AXL lacking the 30 UTR.

A549 cells were transfected with miR-34c and with the mutant AXL
lacking the 30 UTR using X-tremeGENE 9DNATransfection Reagent
(Roche), as described. Protein levels were then analyzed by western
blotting.
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In Vitro Dicer Assay

GL21.T or GL21.T/miR34c (1 mg) were left undigested or digested us-
ing Recombinant Human Turbo Dicer Kit (Genlantis, San Diego, CA,
USA) according to the supplier’s instructions. RNAs were then loaded
on a 15% non-denaturing polyacrylamide electrophoresis gel, stained
with ethidium bromide, and visualized with GEL.DOC XR (Bio-Rad)
gel camera.

Chimera Stability in Human Serum

GL21.T-miR34c chimera (4 mM) was incubated in 80% human serum
for 1 to 96 hr. Type AB Human Serum provided by Euroclone (Cat.
ECS0219D) was used. At each time point, 4 mL (16 pmol RNA) was
withdrawn and incubated for 1 hr at 37�C with 3 mL of proteinase
K solution (600 mAU/mL) in order to remove serum proteins that
interfere with electrophoretic migration. Following proteinase K
treatment, 9 mL TBE 1� and 2 mL gel loading buffer (Invitrogen,Wal-
tham, MA, USA) were added to samples that were then stored
at �80�C. All time point samples were separated by electrophoresis
on 10% non-denaturing polyacrylamide gel. The gel was stained
with ethidium bromide and visualized with a GEL.DOC XR
(Bio-Rad) gel camera.

Transwell Migration Assay

Transwell Permeable Supports, 6.5-mm diameter inserts, 8.0-mM
pore size, polycarbonate membrane (Corning Incorporated, Euro-
clone Spa, Pero, MI, Italy) were used to perform migration assay.

Cells were transfected or treated for 24 hr, re-suspended in serum-free
medium, and plated on the upper chamber of a 24-well transwell
(Corning Incorporated, Euroclone Spa, Pero, MI, Italy). The lower
chamber of the transwell was filled with 600 mL of culture medium
containing 10% FBS.

Cells were incubated at 37�C for 20–24 hr. The transwells were then
removed from the 24-well plates and stained with 0.1% crystal violet
in 25% methanol. Percentage of migrated cells was evaluated by
eluting crystal violet solution with 1% SDS and reading the absor-
bance at 570-nm wavelength.

Clonogenic Cell Survival Assay

The clonogenic assay was performed on Calu-1 cells (transfected or
treated), seeded in 6-well plates and incubated for 12 days after irra-
diation at different doses (0, 2, 4, and 6 Gy). Following the incubation,
media were removed and colonies with at least 50 cells were washed
with PBS and stained with 0.1% of crystal violet solution. Plate effi-
ciency (PE) was calculated by dividing the number of colonies formed
by the number of cells plated. The survival factor (SF) was calculated
by dividing the PE of irradiated samples by the PE of the respective
non-irradiated samples. SF values were plotted as a function of radi-
ation dose.

In Vitro Scratch Assay

Scratch assay was performed in 6-well plates. To analyze cell migra-
tion, cells were transfected with miRNAs (or anti-miRNAs) or treated
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with chimera or aptamer alone for 72 hr. 72 hr post-transfection, the
cells were seeded at a concentration of 5� 105 cells. Treated cells were
incubated again with chimera or aptamer and then treated with erlo-
tinib. A scratched wound was scraped with a 20-mL tip in each well
and then cells were continuously cultured in the media with 1%
FBS for 144 hr. Microscopy images of the cultures were taken at 0,
24, 48, 72, and 144 hr, using a 5� objective.

Statistical Analysis

All experiments were performed at least three times. Continuous vari-
ables are given as mean ± SD. For comparisons between two groups,
the Student’s t test was used to determine differences between mean
values for normal distribution. Comparisons among more than three
groups were determined by one-way ANOVA followed by Bonferro-
ni’s post-hoc testing.

NSCLC patient survival was illustrated by Kaplan-Meier curves;
survival differences between groups were examined with a log rank
test. Analyses were conducted with GraphPad Prism 6 software.
p values < 0.05 were considered statistically significant.
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