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ABSTRACT: Long noncoding RNA (lncRNA) differentiation antagonizing
noncoding RNA (DANCR) is a proven oncogenic lncRNA across multiple
cancer types. Its effects on cancer cell migration and invasion position it as a
potential target for therapy on multiple levels of gene regulation. DANCR is
overexpressed in non-small cell lung cancer (NSCLC), the most common lung
cancer subtype with poor patient survival. To effectively deliver small
interfering RNA (siRNA) against DANCR for NSCLC therapy, we used
arginine-glycine-aspartic acid (RGD)-poly(ethylene glycol) (PEG)-(1-amino-
ethyl)-iminobis[N-oleicylcysteinyl-1-aminoethyl)propionamide] (ECO)/
small interfering RNA against DANCR (siDANCR) nanoparticles to transfect A549 and NCI-H1299 cells. Over 90% DANCR
silencing was observed along with inhibition of cell migration, invasion, and spheroid formation relative to transfection with negative
control siRNA in RGD-PEG-ECO nanoparticles. DANCR knockdown further showed efficacy in reducing migration and invasion of
epidermal growth factor receptor (EGFR)-inhibitor resistant NSCLC along with resensitization to the inhibitor. RGD-PEG-ECO/
siDANCR demonstrated silencing for up to 7 d following a single transfection. The results suggest nanoparticle-mediated RNA
interference against DANCR as a potential approach for NSCLC treatment by regulating cell migration and invasion in addition to
improving EGFR inhibitor response.

1. INTRODUCTION

In the United States, 228 820 new cases and 135 720 lung
cancer deaths are anticipated in 2020.1 Lung cancer is the
second leading cause of new cases and first overall in deaths for
both men and women. While the incidence and mortality rates
have declined due to improved screening and reduced cigarette
smoking rates, the overall five-year relative survival rate is only
19%.1 Approximately 85% of cases are non-small cell lung
cancer (NSCLC), which is normally treated with surgical
resection of the tumor if diagnosed at an early stage where the
cancer has not spread to other regions of the body.1 At an
advanced stage, NSCLC treatment involves chemotherapy,
radiation, immunotherapy, or a combination of multiple
strategies. With these approaches there may be initial
remission, but cancer recurs in 30−50% of patients in a form
that is resistant to further treatment.2 Molecularly targeted
therapies, which are designed to target proteins abundantly
expressed on cancer cell surfaces used for cell growth and
division, can also become ineffective as cellular reliance on
these proteins shifts to new ones. There is no single cure for
NSCLC that works for all patients, and treatments aim instead
to prolong survival if the disease is at an advanced stage.
Chemotherapy requires sustained high doses to achieve

therapeutically effective concentrations within the tumor.3

Repeated doses are required to treat cells in different cycles of
growth and overcome barriers presented by solid tumor
heterogeneity. Chemotherapy that kills rapidly dividing cancer

cells also has significant toxicity to healthy cells.4 Obstacles
associated with therapeutic efficacy and cancer recurrence
during chemotherapy arise from the rapidly adapting biology of
cancer cells. Lung cancer develops new compensatory
mitogenic pathways to adapt to chemotherapy and conven-
tional targeted therapies. Therapies against new molecular
targets involved in unique NSCLC pathways are thus required.
To overcome the limitations of conventional anticancer
therapeutics, regulation of oncogenes is proposed as an
alternative. Long noncoding RNAs (lncRNAs) regulate gene
expression on multiple levels, including DNA, RNA, protein,
and epigenome,5 and they have varied biological roles, but a
subset is oncogenic. Because oncogenic lncRNAs are overex-
pressed in cancer, they are a suitable target for modulating
multiple oncogenic pathways with few adverse effects on
healthy tissue. lncRNAs cannot be downregulated with
traditional pharmacological strategies and require the use of
RNA interference. Targeting multiple oncogenic pathways via
lncRNA can be achieved with small interfering RNA (siRNA).6
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Differentiation antagonizing noncoding RNA (DANCR)
was discovered and named for its function in suppressing
epidermal progenitor cell differentiation.7 It is upregulated
across multiple cancer types and plays a key role in regulating
cancer cell proliferation, invasion, metastasis, and drug
resistance.8 DANCR physically interacts with microRNAs,
mRNAs, or proteinsdepending on the specific cancer type
to exert oncogenic effects. Its targets normally suppress tumor
progression but are inactivated upon interacting with DANCR.

Silencing DANCR can overcome multiple oncogenic pathways
with one type of treatment. In NSCLC, DANCR was reported
to increase cell proliferation and migration and promote
metastasis by sponging the microRNAs 214 and 138.9,10 These
microRNAs normally regulate proteins that promote migration
and metastasis, but DANCR contains complementary binding
sites that “sponge” the microRNAs. Downregulating DANCR
frees these microRNAs to once again inhibit proteins involved
in pathways of proliferation and metastasis. Contrary to

Figure 1. Formation and characterization of RGD-PEG-ECO/siRNA nanoparticles. (A) Structure of ECO and scheme of RGD-PEG-ECO/siRNA
formation. (B) Gel encapsulation assay shows strong entrapment of siDANCR and siNS in RGD-PEG-ECO nanoparticles with free siRNA as
controls. RGD-PEG-ECO nanoparticles have uniform size (C) and zeta potential distributions (D) as measured with dynamic light scattering. The
measured size is 119 nm for RGD-PEG-ECO/siDANCR nanoparticles and 116 nm for RGD-PEG-ECO/siNS nanoparticles; zeta potential is ca.
+14 and +13 mV, respectively. (E) Confocal images (20× magnification) taken after 24 h blocking with excess free RGD peptide show reduced
RGD-PEG-ECO nanoparticle uptake. Ratio of AF647 to Hoechst 33342 signal intensity is higher when no free RGD peptide is present in the
transfection media (−RGD) compared to when excess RGD peptide is added (+RGD). Red: AF647; blue: Hoechst 33342 (n = 3). NC represents
the negative control siRNA, siNS. siD represents siDANCR. Error bars denote standard error of measure; scale bars in all panels = 100 μm. ** p <
0.01, and *** p < 0.005 using unpaired t-test.
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conventional chemotherapies, multiple oncogenic pathways
can be simultaneously inhibited with RNA interference
(RNAi) with siRNA. To achieve the same result with
conventional treatments, multiple chemotherapeutic drugs
with different mechanisms of action must be used.11 Such a
combination of nonselective drugs leads to sides effects that
extend recovery time and are associated with cancer relapse.11

RNAi presents a strategy that is more specific to the genetic
composition of a patient’s cancer and achieves a comparable
outcome as conventional therapy with less toxicity. Silencing
overexpressed oncogenes, including oncogenic lncRNA, offers
a targeted approach that chemotherapy or radiation fail to
deliver.
DANCR has been successfully silenced across multiple

cancer types using siRNA.12 Our group previously developed a
multifunctional lipid carrier termed (1-aminoethyl)-iminobis-
[N-oleicylcysteinyl-1-aminoethyl)propionamide] (ECO)13

that forms stable nanoparticles with therapeutic nucleic acids.
Nanoparticles form by electrostatic complexation of the ECO
with negatively charged siRNA and hydrophobic condensation
of the oleic acid tails. ECO nanoparticles protect siRNA from
nuclease degradation and allow efficient siRNA delivery into
the cytosol through pH-sensitive amphiphilic endosomal
escape and reductive cytosolic delivery (PERC).14 The
nanoparticles can be modified with poly(ethylene glycol)
(PEG) to prolong circulation time and minimize immune
response. PEG can be further conjugated with cyclic arginine-
glycine-aspartic acid (RGD) peptide to improve uptake in lung
cells.
We previously reported that DANCR was upregulated in

triple negative breast cancer (TNBC) and found silencing with
RGD-PEG-ECO/siDANCR reduced cell proliferation and
invasion and inhibited tumor growth.15 Here, we evaluated
the efficacy of silencing DANCR with RGD-PEG-ECO/

Figure 2. DANCR expression and downstream effects of silencing. (A) The NCI-H1299 cell line expresses DANCR mRNA at a 1.5× greater level
relative to the A549 cell line as determined with a qRT-PCR analysis (n = 3). (B) Treatment with RGD-PEG-ECO/siDANCR nanoparticles
silence DANCR expression over 90% relative to control (n = 3). (C) DANCR silencing in the NCI-H1299 cell line persists over the course of 6 d,
with strongest silencing observed at 2 d post-transfection (n = 3). (D) Markers of epithelial-to-mesenchymal transition (EMT) are reduced on the
mRNA level following DANCR silencing with ECO/siDANCR nanoparticles as shown with qRT-PCR (n = 3). (E) On the protein level, the same
markers as in (D) similarly show reduced expression after silencing DANCR (n = 3). Quantification of western blot images shown as a ratio of the
band of interest normalized to the loading control, β-actin. Error bars denote standard error of measure, * p < 0.05, ** p < 0.01, and *** p < 0.005
using unpaired t-test.
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siDANCR nanoparticles for inhibition of lung cancer cell
migration and invasion. We assessed the effects of DANCR
silencing in two NSCLC cell lines that overexpress DANCR.
Transfection with tumor-targeted RGD-PEG-ECO/siDANCR
nanoparticles showed significant and sustained DANCR
knockdown that inhibited cell migration, invasion, and
spheroid formation in vitro. Because DANCR is associated
with promoting drug resistance in other cancer types,16 we
further investigated the role of DANCR in epidermal growth
factor receptor (EGFR)-inhibitor resistant NSCLC. Drug-
resistant NSCLC expressed DANCR at higher levels than
parental cells, but silencing DANCR resensitized the cells to
treatment and similarly inhibited cell migration and invasion.

2. RESULTS
2.1. Formation and Characterization of RGD-PEG-

ECO/siDANCR Nanoparticles. The RGD-PEG-ECO/si-
DANCR nanoparticles were formulated by the self-assembly
of ECO and siDANCR at N/P = 8 after reaction of ECO with
2.5 mol % of RGD-PEG-MAL (MAL = maleimide). RGD-

PEG-ECO/siNS (non-specific siRNA)nanoparticles were
similarly formulated as a nonspecific control. Figure 1A
shows the structure of ECO and a schematic representation
of how it forms nanoparticles with siRNA. The nanoparticles
were characterized using an agarose gel encapsulation assay,
which revealed complete encapsulation of siRNA in nano-
particles and no free siRNA bands below the wells (Figure 1B).
Free siRNA, in comparison, was not retained in the well and
traveled down the agarose gel. Nanoparticle formulation was
further characterized with dynamic light scattering. RGD-PEG-
ECO/siDANCR nanoparticles were found to be 119 nm in
size with zeta potential +14 mV, and RGD-PEG-ECO/siNS
nanoparticles were 116 nm in size with zeta potential +13 mV
(Figure 1C,D).
The role of RGD targeting was evaluated in blocking

experiments using RGD-PEG-ECO nanoparticles containing
AllStars Negative Control siRNA labeled with AF647 with and
without the presence of an excess of free RGD peptide. AF647
fluorescence intensity was observed around the nuclei 24 h
post-transfection in both cell lines, indicating RGD-PEG-ECO

Figure 3. ECO/siDANCR nanoparticles inhibit lung cancer cell migration and invasion in Transwell assays. Across both A549 (A) and NCI-
H1299 (C) cell lines (n = 3), cell migration (without Matrigel coating) and invasion (with Matrigel coating) are reduced upon silencing DANCR
expression. Counting the number of stained cells migrating or invading across the Transwell membrane quantifies the reduction in migration and
invasion for A549 (B) and NCI-H1299 (D) cells. Wound-healing assays revealed slower migration after DANCR knockdown in A549 (E) and
NCI-H1299 (G) (n = 3). Quantification of wound-healing assay images as distance migrated relative to the original boundary positions over the
course of the experiment for both A549 (F) and NCI-H1299 (H). (I) 3D growth on Matrigel after 5 d revealed smaller spheroid size after DANCR
knockdown (n = 3). (J) Staining of the spheroids in (I) with ZD2-Cy5.5 (red) and Hoechst 33342 (blue) and subsequent confocal imaging showed
the relative expression of EDB protein in the extracellular matrix. (K) Ratio of Cy5.5 maximum intensity to Hoechst maximum intensity in staining
from (J) was reduced with DANCR silencing. Error bars denote the standard error of measure; scale bars in all panels = 100 μm. “NC” represents
negative control RGD-PEG-ECO/siNS, “siD” represents RGD-PEG-ECO/siDANCR. * p < 0.05, ** p < 0.01, and *** p < 0.005 using unpaired t-
test.
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nanoparticle uptake and cytosolic siRNA delivery. The AF647

fluorescence intensity was compared to that of nuclei stained

with Hoechst 33342, and it was revealed that blocking with

excess free RGD peptide significantly reduced the uptake of

RGD-targeted nanoparticles relative to the group without

blocking (Figure 1E). This result supports the use of RGD
targeting in NSCLC to improve siRNA delivery.

2.2. DANCR is Overexpressed in NSCLC and Can Be
Downregulated by RGD-PEG-ECO Nanoparticles.
DANCR was previously shown to be overexpressed in
NSCLC cell lines relative to normal human bronchial epithelial

Figure 4. Drug-resistant NSCLC cells respond to DANCR silencing. (A) mRNA expression of the drug transporter MDR1, DANCR, and ECM
protein EDB fibronectin are elevated in drug-resistant cells relative to parental cells (n = 3). (B) Cell viability relative to untreated control shows
significant reduction in gefitinib IC50 following transfection with RGD-PEG-ECO/siDANCR (n = 3). The IC50 was initially 50 μM gefitinib for
both A549-DR and NCI-H1299-DR but was reduced to 25 μM gefitinib for NCI-H1299-DR with RGD-PEG-ECO/siDANCR transfection. (C)
Transwell migration and invasion assays (n = 3) show significant reduction in the number of migrated and invaded cells, respectively, following
DANCR knockdown relative to transfection with control siRNA in both cell lines. (D) Quantification of number of cells migrated or invaded in
A549 DR or NCI-H1299 DR cells from (C). (E) Smaller 3D spheroid growth was observed with DANCR silencing relative to control siRNA
transfection (n = 3). Error bars denote standard error of measure, scale bars in all panels = 100 μm. * p < 0.05 and ** p < 0.01 using unpaired t-test.
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Figure 5. DANCR silencing with RGD-PEG-ECO/siDANCR is sustained over time. (A) RGD-PEG-ECO/siDANCR nanoparticles showed a
functional effect in reducing cell viability after transfection relative to RGD-PEG-ECO/siNS nanoparticles or untreated control groups in both
NCI-H1299 and A549 cells (n = 3). Viability was expressed relative to untransfected cells. (B) A single 48 h transfection with RGD-PEG-ECO/
siDANCR was sufficient to reduce DANCR expression in A549 and NCI-H1299 cells for 7 d relative to a single 48 h transfection with RGD-PEG-
ECO/siNS (n = 3). (C) Cell migration and invasion (n = 3) assessed 7 d following the initial transfection performed in (B) showed a greater
reduction in NCI-H1299 cells than in A549 cells, where DANCR expression recovered to 20% and 50%, respectively. (D) Quantification of the
number of cells migrated or invaded in A549 DR or NCI-H1299 DR cells. (E) In drug-resistant NSCLC cells, a single transfection of RGD-PEG-
ECO/siDANCR showed a reduction in DANCR expression lasting for 7 d and fully recovering to pretransfection level at 10 d (n = 3). Error bars
denote standard error of measure, scale bars = 100 μm. * p < 0.05, ** p < 0.01, and *** p < 0.005 using unpaired t-test.
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cells.17,18 As measured by qRT-PCR, NCI-H1299 cells express
DANCR at a level 1.5 times greater than A549 cells (Figure
2A). A549 was chosen as a less aggressive model relative to the
NCI-H1299 cells. When each was transfected with RGD-PEG-
ECO/siDANCR nanoparticles for 48 h, over 90% silencing of
DANCR expression was observed for both cell lines as
measured by qRT-PCR relative to the corresponding cells
treated with RGD-PEG-ECO/siNS nanoparticles (Figure 2B).
After a single 48 h transfection, cells were collected at 2 d
intervals, and RNA was extracted. DANCR silencing persisted
over the course of 6 d (Figure 2C). This is expected, as cells
divide and recover from transient knockdown. We hypothesize
that, with repeated doses, cells will sustain DANCR silencing
for longer periods of time. DANCR was previously shown to
influence cell migration and invasion in triple negative breast
cancer.15 Markers associated with lung cancer aggressiveness
and epithelial-to-mesenchymal transition were examined
following DANCR silencing without targeted nanoparticles.
On the mRNA level, there was significant downregulation of
EMT markers ZEB1 and EDB-fibronectin (EDB-FN), the
antiapoptosis marker survivin, and the Wnt-signaling tran-
scription factor β-catenin in A549 cells following siDANCR
transfection as compared to the nonspecific control. NCI-
H1299 cells showed similar downregulation in the same
markers in addition to reduction of N-cadherin (Figure 2D).
Western blot results confirmed some downregulation of the
proteins in both cells lines following transfection with
siDANCR relative to negative control transfection (Figure 2E).
2.3. RGD-PEG-ECO/siDANCR Suppresses NSCLC Cell

Migration and Invasion. To assess the efficacy of down-
regulation of DANCR expression beyond gene and protein
expression, we performed functional assays to investigate cell
migration and invasion. Transwell migration and invasion
assays were performed with each cell line transfected with
RGD-PEG-ECO/siDANCR or RGD-PEG-ECO/siNS. Trans-
fection with RGD-PEG-ECO/siDANCR significantly reduced
migration and invasion for both A549 (Figure 3A) and NCI-
H1299 cells (Figure 3E). Treatment with RGD-PEG-ECO/
siDANCR reduced the number of migrated A549 cells by 63%
and the number of invaded A549 cells by 78% relative to the
control (Figure 3B). Treatment of NCI-H1299 with RGD-
PEG-ECO/siDANCR reduced the number of migrated cells by
21% and the number of invaded cells by 60% (Figure 3F). The
effect of DANCR silencing on cell migration was also assessed
by a scratch wound healing assay. The wound healed
completely for both cell lines treated with RGD-PEG-ECO/
siNS transfection within 48 h but did not close for the cells
treated with RGD-PEG-ECO/siDANCR transfection (Figure
3C,G). Quantifying the wound healing revealed significant
reduction in the migration distance when either cell line was
transfected with siDANCR (Figure 3D,H). Together with
Transwell assay results, this evidence suggests treatment with
siDANCR reduces NSCLC cell invasion and migration relative
to transfection with the negative control siRNA.
To assess tumor formation potential, we plated cells on a

layer of Matrigel to observe three-dimensional (3D) growth.
A549 cells formed spheroids with control RGD-PEG-ECO/
siNS, while NCI-H1299 cells grew in networks. Following
transfection with RGD-PEG-ECO/siDANCR, spheroids and
networks were smaller in size for A549 and NCI-H1299,
respectively (Figure 3I). Knockdown of siDANCR limited the
tumor spheroid formation ability of NSCLC cells in vitro.
Spheroids were stained with ZD2-Cy5.5, an EDB-FN specific

fluorescence probe, to assess expression of EDB and marginally
higher staining intensity in NCI-H1299 cells over A549 cells
(Figure 3J). Quantification of this expression by comparing the
ratio of Cy5.5 staining intensity to Hoechst staining intensity
showed a reduction upon treatment with RGD-PEG-ECO/
siDANCR relative to the negative control nanoparticles
(Figure 3K).

2.4. DANCR is Upregulated in Drug-Resistant NSCLC.
Because NSCLC is frequently detected at a late stage, it is
prone to metastasis and drug resistance.19 To study whether
DANCR is involved in NSCLC drug resistance, we developed
gefitinib-resistant versions of the A549 and NCI-H1299 cell
lines. EGFR inhibitors are commonly used in NSCLC
treatment, and the cell lines express EGFR.20 EGFR inhibition
is a common clinical treatment strategy. Gene expression of
drug-resistant cells was compared to their parental lines using
qRT-PCR. MDR1, DANCR, and EDB-FN are observed to be
overexpressed in aggressive cancers.21 DANCR and EDB-FN
were significantly overexpressed in A549-DR relative to
parental A549, while MDR1 was slightly overexpressed in
A549-DR but not significantly. The expression of MDR1,
DANCR, and EDB-FN was significantly greater in NCI-
H1299-DR (drug resistant) relative to parental NCI-H1299
(Figure 4A). Transfection with RGD-PEG-ECO/siDANCR
significantly lowered the half-maximal inhibitory concentration
(IC50) of NCI-H1299-DR relative to RGD-PEG-ECO/siNS
and nontransfected groups, from an initial IC50 of 50 μM
gefitinib down to 25 μM gefitinib (Figure 4B). The difference
was not significant between treatment and control groups for
the A549-DR cells, suggesting these cells did not develop the
same level of gefitinib resistance or relied on different pathways
for drug resistance.22 Functional effects of DANCR silencing
were observed in drug-resistant cells in the same manner as
they were in the parental cells. Both A549-DR and NCI-
H1299-DR cells exhibited significant reduction in cell
migration and invasion in Transwell assays (Figure 4C).
Drug-resistant cells appeared to have increased levels of
migration relative to their parental lines, consistent with the
observation that drug-resistant cells are more likely to have
metastasized and be more aggressive.23,24 Tumor spheroid
formation was assessed, and smaller spheroids were observed
with the RGD-PEG-ECO/siDANCR-treated cells relative to
the control-treated cells (Figure 4D).

2.5. Kinetics of DANCR Silencing. To further examine
effects of RGD-PEG-ECO/siDANCR treatment, we studied
the impact of silencing on DANCR expression over time. The
viability of untreated cells was compared to those transfected
with siDANCR or siNS negative control nanoparticles. The
relative viability of cells was measured using the CCK-8 assay
and normalized to the untreated cells. After 24 h post-
transfection, there was no difference in viability of cells
between siDANCR and negative control transfection. After 48
h, however, siDANCR-treated cells exhibited greater reduction
in viability relative to the siNS-treated cells (Figure 5A). A
subsequent analysis of DANCR expression over time following
initial transfection revealed the greatest silencing after 2 d with
partial recovery of expression by 7 d (Figure 5B). Additionally,
functional effects of the single transfection were still observed
after 7 d, Figure 5C. In NCI-H1299 cells, where DANCR
silencing was maintained at 70% following the initial
transfection, cell migration and invasion were both significantly
reduced relative to the control. For A549 cells, where 55%
silencing was maintained after the initial transfection, cell
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invasion, but not migration, was significantly different relative
to the control. This suggests that a single transfection is
sufficient to cause a reduction in cell migration and invasion
for time beyond the initial transfection period depending on
cell types.
DANCR silencing kinetics were also monitored in drug-

resistant cells. With a single transfection, cells were cultured
and collected at different time points to extract RNA for qRT-
PCR. DANCR knockdown was lowest following the initial 2 d
transfection and maintained at 50% in A549-DR and 25% in
NCI-H1299-DR. Expression returned to pretransfection levels
by 10 d (Figure 5D).

3. DISCUSSION
We have shown here the potential of lncRNA DANCR as a
target for non-small cell lung cancer therapy. Using RGD-PEG-
ECO/siDANCR nanoparticles, we achieved over 90%
reduction in DANCR expression in two different NSCLC
cell lines (Figure 2B). Significant inhibition of cell migration
and invasion was observed following DANCR silencing, along
with a reduction in the oncogenic markers EDB-FN, ZEB1,
survivin, and N-cadherin. Because DANCR has also been
found to promote drug resistance, we further investigated its
role in EGFR inhibitor-resistant NSCLC. DANCR expression
was elevated in gefitinib-resistant versions of A549 and NCI-
H1299 cells, and DANCR knockdown similarly reduced
migration and invasion in these cells. More importantly,
resensitization to gefitinib was observed in the NCI-H1299
cells following transfection with RGD-PEG-ECO/siDANCR
nanoparticles.
Nanoparticles were formulated with RGD given the high

expression of integrin αvβ3 in cancer cells resulting from
neovascularization associated with NSCLC tumor growth.25

Human NSCLC tumors were reported to express greater levels
of αv-family integrins relative to healthy lung tissue.26 The
A549 and NCI-H1299 cell lines have been further shown to
have elevated expression of these integrins,27 suggesting RGD-
targeted nanoparticles are expected to show improved uptake
over nontargeted nanoparticles. Previous studies using RGD-
targeted PET imaging agents for NSCLC demonstrated higher
accumulation in lung tumor tissue compared to scrambled
peptide agents.28,29 Nanoparticles formed effectively and
consistently with the RGD-PEG targeting ligand (Figure 1B).
Characterization revealed efficient siRNA entrapment along
with uniform size and zeta potential distributions (Figure
1C,D). Sizes below 200 nm and positive charge less than 50
mV provide optimal siRNA delivery with minimal toxicity.14,30

RGD peptide blocking during transfection with RGD-PEG-
ECO nanoparticles limited uptake of the targeted nano-
particles, as seen with confocal imaging (Figure 1E). The free
RGD peptide competitively binds to the same receptors as the
targeted nanoparticles, thus reducing the ability for siRNA
uptake into the cytosol of cells. Our previous studies
demonstrated improved nanoparticle uptake using RGD-
PEG-ECO in triple negative breast cancer and, further, showed
nanoparticles formulated with nontargeted control RAD-PEG-
ECO did not achieve the same level of uptake.31,32 We
similarly evaluated siRNA entrapment and release from RGD-
PEG-ECO nanoparticles33 and expect the same behavior using
siDANCR in RGD-PEG-ECO nanoparticles.
NCI-H1299 cells exhibited higher expression of DANCR

relative to A549 cells (Figure 2A). RGD-PEG-ECO showed
superior silencing efficiency compared to other reported

transfection agents, which typically reach only 50% silencing
compared to over 90% observed here (Figure 2B),34 and
silencing was maintained for up to one week (Figure 2C). The
high level of DANCR silencing affected multiple downstream
oncogenic pathways and markers of epithelial-to-mesenchymal
transition (Figure 2D,E). DANCR knockdown presents an
alternative to therapies targeting only one pathway that may
lead to eventual tumor recurrence. Reductions in cell migration
and invasion support the conclusion that DANCR knockdown
has functional effects in preventing cancer spread. These effects
persisted as long as DANCR expression was downregulated.
Depending on the cell growth rate, downregulation by
siDANCR lasted up to 7 d and still demonstrated reductions
in migration and invasion. lncRNAs are a diverse group of
molecules, and differences between cell lines are expected, as
seen with variations in both functional behavior and expression
analysis of the two cell lines. NCI-H1299 cells originated from
a lymph node metastatic site of a patient receiving radiation
therapy, while A549 cells were derived from a primary tumor.35

These inherent variations between the two cell lines may
explain differences in DANCR expression and the responses
associated with silencing it. DANCR expression is elevated in
NCI-H1299 relative to A549, and DANCR potentially
contributes more toward the oncogenic processes of this cell
line. Beyond the molecular changes associated with DANCR
silencing, functional effects reveal strong inhibition of cell
migration and invasion (Figure 3). Inhibiting these functions is
a critical step toward preventing the spread of metastatic
cancer cells. Systemic delivery of various siRNAs against
lncRNAs has successfully inhibited tumor progression in
mouse models across multiple cancer types,36 and targeting
DANCR will provide a novel treatment approach for non-small
cell lung cancer in vivo.
DANCR has been previously implicated in the development

of drug resistance across multiple cancers.37−39 In gastric
cancer, DANCR was reported to promote multidrug resistance
by upregulating expression of MDR1 and MRP1.40 We
developed gefitinib-resistant NSCLC cell lines to determine
the role of DANCR on drug resistance in these cells. EGFR
inhibitors are initially successful in the treatment of NSCLC
when EGFR is overexpressed, but most patients develop
resistance to treatment.41 Once NSCLC cells became gefitinib-
resistant, DANCR expression was significantly increased
(Figure 4A). Expression of the drug transporter MDR1 was
elevated in NCI-H1299-DR cells but not A549-DR, suggesting
that NCI-H1299-DR could have developed greater resistance
or that A549-DR relies on different pathways to maintain
resistance. DANCR knockdown allowed resensitization to
gefitinib from an IC50 concentration of 50 to 25 μM for NCI-
H1299-DR but not A549-DR. At doses higher or lower than 50
μM the effect was not distinguishable between treatment and
control groups (Figure 4B). High doses of inhibitor potentially
overwhelm cellular drug elimination mechanisms and thus are
not impacted by combination with transfection, while low
doses are insufficient to impact cell viability. Drug-resistant cell
migration, invasion, and tumor spheroid formation ability was
reduced consistent with the trend observed in parental cell
lines (Figure 4C−E).
To better characterize the response to RGD-PEG-ECO/

siDANCR transfection, silencing effects were monitored over
the course of 10 d. Maximum silencing was achieved 48 h
following a single transfection, and the cytotoxic effects of
siDANCR relative to siNS were similarly highest at 48 h
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(Figure 5A). Uptake of ECO/siRNA nanoparticles was
previously reported as soon as 4 h but peaked over 72 h.42

Nanoparticles containing siDANCR are expected to have the
same release and uptake behavior. While DANCR recovers to
original levels after 7−10 d, functional effects are observed
after 48 h. Because of varying cell growth rates, we noticed
RGD-PEG-ECO/siDANCR transfection in NCI-H1299 cells
maintained a 75% DANCR knockdown even at 7 d following
initial transfection, whereas expression in A549 cells returned
to 50% (Figure 5B,C). As a result, inhibition of cell migration
and invasion was still noticed at 7 d in NCI-H1299 but only
inhibiting invasion in A549. The effects of repeated RGD-
PEG-ECO/siDANCR transfection on cell response remain to
be explored but could more closely replicate the effects of an in
vivo or clinical treatment regimen.

4. CONCLUSION

Tumor-targeted RGD-PEG-ECO/siDANCR nanoparticles
achieve effective silencing that decreases migration, invasion,
and spheroid formation in two NSCLC cell models. lncRNA
DANCR is a potential target in the treatment of NSCLC and
prevention of metastasis that overcomes limitations of
traditional therapies targeting single oncogenic pathways.
The in vitro results presented in this study create a foundation
for a future in vivo evaluation of systemic NSCLC treatment
through regulation of oncogenic lncRNA. Silencing oncogenic
lncRNA DANCR is a promising strategy for treating and
overcoming EGFR-inhibitor resistance in NSCLC.

5. METHODS

5.1. Cell Lines and Reagents. Multifunctional pH-
sensitive amino lipid ECO and targeting ligand RGD-PEG-
MAL were synthesized as previously described (Cyclo(Arg-
Gly-Asp-D-Phe-Lys), Vivitide, Gardner, MA, and Mal-PEG-
NHS, 3.4k, Nanocs).33 A549 and NCI-H1299 cells were
acquired from American Type Culture Collection (ATCC)
and cultured according to manufacturer’s instructions in
Dulbecco’s Modified Eagle’s Medium and Roswell Park
Memorial Institute 1640 Medium, respectively, supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
(Life Technologies). Cells were maintained in a humidified
incubator at 37 °C with 5% CO2. The siDANCR duplex [sense
5′-GGU CAU GAG AAA CGU GGA UUA CAdCdC-3′ and
antisense 5′-GGU GUA AUC CAC GUU UCU CAU GAC
CUC-3′] and negative control siLuciferase (referred to as
siNS) duplex [sense 5′-UUA GCG UAG AUG UAA UGU
GdTdT-3′and antisense 5′-CAC AUU ACA UCU ACG CUA
A-3′] were purchased from IDT. The EDB-FN-specific
fluorescent probe ZD2-Cy5.5 was synthesized as previously
described.43

5.2. Nanoparticle Formulation and Transfection.
RGD-PEG-ECO/siRNA nanoparticles were formulated as
previously described.32 ECO at stock concentration of 50
mM in ethanol was diluted to 5 mM with nuclease-free water
and mixed under gentle agitation with RGD-PEG-MAL (RGD-
PEG/ECO = 2.5 mol %) in nuclease-free water at room
temperature (RT) for 30 min. Subsequent complexation with
siDANCR or siNS in nuclease-free water (25 μM) was
achieved by mixing for an additional 30 min to obtain targeted
ECO/siRNA nanoparticles at N/P = 8 and final siRNA
concentration of 100 nM upon formulation. For transfection,
cells were first washed three times with Dulbecco’s phosphate-

buffered saline (DPBS). Nanoparticle formulations were mixed
with cell culture media to a final volume of 1.5 mL and added
to cells in six-well plates grown to 60% confluence.
Nanoparticles were allowed to transfect for 48 h.

5.3. Nanoparticle Characterization. Agarose gels (1%
w/v) were prepared in Tris/borate/ethylenediaminetetraacetic
acid (EDTA) buffer with ethidium bromide added for a gel
retardation assay. A nanoparticle formulation (10 μL) was
added to 2 μL of DNA gel loading dye (6X, Life Technologies)
and run at 100 V for 20 min. The gel was imaged with the
ChemiDoc XRS system (BioRad). Nanoparticle size and zeta
potential were measured with dynamic light scattering on the
Anton Paar Litesizer.

5.4. RGD Peptide Competitive Binding and Nano-
particle Uptake. A549 or NCI-H1299 cells (50 000) were
seeded in each well of an Ibidi four-well μ-Slide (Ibidi GmbH)
and allowed to grow overnight. RGD-PEG-ECO nanoparticles
were prepared as described above using AllStars Negative
Control siRNA AF647 (Qiagen). Nanoparticles were added to
media with or without a 10-fold molar excess of free RGD
peptide and transfected onto cells for 24 h. The transfection
medium was replaced with a medium containing Hoechst
33342 (1:2000 dilution, Invitrogen, Waltham, MA) for 25 min.
Cells were washed three times with DPBS and then imaged
using an Olympus FV1000 confocal microscope (Olympus
Life Science).

5.5. RNA Extraction and qRT-PCR Analysis. Cells were
transfected with nanoparticles mixed in culture medium and
added to plated cells for 48 h. Total RNA was extracted from
cells using the RNEasy Plus Mini Kit (Qiagen). Reverse
transcription was performed using the miScript RT II kit
(Qiagen), and qPCR was performed using the SyBr Green
PCR Master Mix (Life Technologies). Gene expression was
analyzed by the 2−ΔΔCt method with 18S expression as the
control. Primer sequences were as follows: DANCR: Fwd 5′-
GCGCCACTATGTAGCGGGTT-3′ and Rev 5′-TCAATGG-
CTTGTGCCTGTAGTT-3′; 18S: Fwd 5′-TCAAGA-
ACGAAAGTCGGAGG-3′ and Rev 5′-GGACATCTAAGGG-
CATCACA-3′.

5.6. Western Blot. Total protein was extracted from cells
using 1:1 complete protease inhibitor (Roche Diagnostics) in
PBS and Laemmli buffer. Lysates were incubated at 100 °C for
10 min and centrifuged at 13 200 rpm at 4 °C for 15 min.
Protein concentration was determined using the RC DC
Protein Assay Kit (Bio-Rad). 40 μg of protein was separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel at 100 V and then transferred to a
nitrocellulose membrane at 60 V. The membrane was blocked
with 5% milk in Tris-buffered saline with TWEEN 20 (TBST)
for 1 h, then washed three times before the following
antibodies were added at 1:1000 dilution with an overnight
incubation at 4 °C: anti-ZEB1, anti-N-cadherin, and anti-β-
actin monoclonal antibodies (Cell Signaling Technology) as
well as anti-EDB G4 clone (Absolute Antibody). The
membranes were incubated for 1 h with antirabbit IgG, HRP
linked secondary antibody (Cell Signaling Technology) diluted
1:2000, then developed with Signal Fire Plus ECL Kit (Cell
Signaling Technology) and imaged on the ChemiDoc XRS+
Imager (Bio-Rad). Images were quantified using FIJI (FIJI is
just ImageJ) software by measuring protein band intensity
corrected for background signal, then normalized to β-actin
loading control.
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5.7. Transwell Migration and Invasion Assay. Cells
were transfected for 48 h with targeted ECO/siDANCR or
ECO/siNS nanoparticles and cultured in serum-free medium.
Starved cells (100 000) were seeded onto ThinCert Cell
Culture Inserts (Greiner Bio-One) either uncoated or coated
with 0.28 mg/mL Matrigel Membrane Matrix (Corning). The
transwell invasion assay included a layer of Matrigel to simulate
cell invasion through the basement membrane, while the
migration assay did not. After 24 h the inserts were swabbed to
remove unmigrated cells. The inserts were fixed with 10%
formalin for 10 min and then stained with 0.05% crystal violet
for 20 min. After they were dry, the inserts were imaged using a
Moticam T2 camera (Motic Microscopes).
5.8. Scratch Wound Assay. NSCLC cells (1 × 106) were

plated in a six-well plate and allowed to grow to confluence for
24 h. A 10 μL pipet tip was used to create a scratch along the
center of the plate. Cells were washed with DPBS to remove
unattached cells and transfected with RGD-PEG-ECO/
siDANCR or RGD-PEG-ECO/siNS. The scratch wound was
monitored for 48 h until closure, and images were taken with
the Moticam T2 camera.
5.9. 3D Culture and Confocal Imaging. To an eight-well

μ-Slide (Ibidi), 200 μL of Matrigel membrane matrix was
added and allowed to solidify for 30 min at 37 °C. 100 000
cells were seeded in each well and were allowed to grow for 48
h before imaging. Spheroids were stained with ZD2-Cy5.5
(125 nM) and Hoechst 33342 (1:2000 dilution) for 25 min,
then washed three times with DPBS. Images were obtained
using an Olympus FV1000 confocal microscope. Images were
analyzed in FIJI by calculating staining intensities. The average
signal intensity for ZD2-Cy5.5 and Hoechst staining were
calculated, and the ratio between average signals was found.
5.10. Development of Drug-Resistant Cells and

Cytotoxicity Testing. Gefitinib-resistant cells were developed
by culturing cells in media containing gefitinib (Sigma-Aldrich)
dissolved in dimethyl sulfoxide (DMSO). Cells were
maintained in media containing gefitinib for 72 h and allowed
to recover in gefitinib-free media for 48 h. Drug exposure was
repeated in this manner over time, and the shift in the IC50
concentration of gefitinib was used as a metric of confirming
drug resistance.
To assess the level of drug resistance, 5000 cells were seeded

in wells of a 96-well culture plate. After they were allowed to
adhere for 24 h, these cells were treated with increasing
concentrations of gefitinib for 48 h. Wells were washed with
PBS, and a medium containing CCK-8 assay solution was
added according to the manufacturer’s instructions (Dojindo
Molecular Technologies). Plates were incubated at 37 °C for
2−4 h, and then the absorbance at 450 nm was measured with
a microplate reader (Molecular Devices). Cell viability was
determined by normalizing to the absorbance of control cells.
5.11. Statistical Analysis. All experiments were inde-

pendently performed at least three times. A statistical analysis
was done with GraphPad Prism 9, and p < 0.05 was considered
statistically significant. Data between two groups was
compared using the unpaired Student’s t-test. Data between
three or more groups was compared using a one-way analysis
of variance (ANOVA) test.
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