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Abstract. Breast cancer is the most common cancer in women
worldwide. Despite recent developments in breast cancer
detection and treatment, 1.38 million women each year are
still affected. Breast cancer heterogeneity at the population
and single‑cell level, complexity and developing different
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metastases are setting several challenges to develop efficient
breast cancer therapies. RNA interference (RNAi) represents
an opportunity to silence gene expression and inhibit specific
pathways in cancer cells. In order to reap the full advantages
of RNAi‑based therapy, different pathways that sustain cancer
cells growth have been targeted using specific siRNAs. The
present study investigated the ability of a set of cytotoxic
siRNAs to inhibit growth of breast cancer cells. These siRNAs
are targeting eukaryotic elongation factor 2 (EEF2), polo‑like
kinase 1 (PLK1), G protein‑coupled receptor kinase 4 (GRK4)
and sphingosine kinase interacting protein (SKIP5). To
facilitate their targeted delivery, the human epidermal growth
factor receptor‑3 (HER3)‑specific aptamer A30 was used. The
in vitro results described in this work indicate that combining
the highly specific HER3 aptamer with cytotoxic siRNAs
targeting (EEF2, PLK1, GRK4 and SKIP5) can inhibit its
activity and ultimately suppress proliferation of HER3 positive
breast cancer cells.
Introduction
Breast cancer is the second most common malignancy worldwide accounting up to 29% of all new cancers in women and
the leading cause of cancer‑related mortality in women. In the
last years, significant reduction in breast cancer mortality has
been achieved in the developed world through implementing
breast cancer screening methods, particularly mammography,
and developing new therapeutic strategies. However, there
are still 522,000 annual cases of death attributed to breast
cancer (1).
Breast cancer is a complex and heterogeneous disease
encompassing five distinct molecular subtypes. These
include luminal A and B, human epidermal growth factor
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receptor 2 (HER2) positive, basal‑like (lacking hormone
receptor and HER2 expression and therefore also called
'triple‑negative'), and normal breast‑like subtypes (2). In the
last two decades, several molecular targeting therapies against
estrogen receptor (ER), HER2 and vascular endothelial growth
factor (VEGF) have been developed (3). However, the absence
of these receptors in some breast cancer subtypes, inherent and
acquired resistance to endocrine and/or cytostatic treatments
as well as the breast cancer intra‑tumor heterogeneity make it
unlikely that targeting of a single pathway will be suitable for
developing efficient and long‑term breast cancer therapy (4).
RNA interference (RNAi) holds great promise for
improving cancer management through inhibiting the pathways that promote or sustain the growth of cancer cells by
degrading corresponding mRNAs in a sequence‑specific
manner (5). For the application of RNAi in cancer therapy, one
major aim is to inhibit the expression of genes that are crucial
for cell viability, allowing specific elimination of diseased
cells (6) as well as to overcome multidrug resistance of cancer
cells against chemotherapy and radiotherapy (7).
Due to the heterogeneity of breast cancer, we have selected
a panel of siRNAs that can inhibit four vital pathways in
cancer cells and enable the specific tailoring of therapies for
particular, patient‑specific needs. The siRNAs described have
the ability to inhibit vital cell pathways by silencing the gene
expression of eukaryotic elongation factor 2 (EEF2), Polo‑like
kinase 1 (PLK1), G‑protein coupled receptor kinase 4 (GRK4),
and sphingosine kinase interacting protein (SKIP5).
The activity of EEF2 is tightly regulated by a specific
calmodulin‑dependent protein kinase. ADP ribosylation of
EEF2 by diphtheria toxin or Pseudomonas A toxin was shown
to inhibit protein biosynthesis efficiently and thus induce
apoptosis (8). These toxins are effective in various cell types
and have been used for the development of targeted anti‑cancer
agents, so‑called immunotoxins (8).
Several studies have reported elevated PLK‑1 level in
breast cancer cells (9), whereas it is solely overexpressed in
healthy proliferative tissues (10). PLK1 is the best‑characterized member of the human PLK family, which plays a pivotal
role in mitotic entry, spindle assembly, and DNA damage
response (11).
GRKs regulate the activity of G‑protein coupled receptors (GPCRs) via phosphorylation of their intracellular domains
after release and activation of their associated G‑proteins (12).
GRKs regulate cell signaling by phosphorylating heptahelical receptors, thereby promoting GPCR interaction with
β‑arrestins.
Sphingosine kinases (SKs) are conserved lipid kinases
catalysing the formation of Sphingosine‑1‑phosphate (S1P)
from the precursor sphingolipid, sphingosine. S1P is characterized as a signalling molecule with dual function. On one
hand, it binds to five different S1P receptors that are coupled to
a variety of G‑proteins allowing to regulate diverse biological
functions, on the other hand it appears to act as an intracellular second messenger but potential binding partner are still
unknown (13). Inhibiting these pathways will reduce the cell
viability and promote cell apoptosis.
Considering the high therapeutic potential of RNAi,
the inefficient systemic delivery of siRNAs sets a real challenge in the development of RNAi‑based cancer therapies

in general (14). Incorporating siRNAs into different kind of
nanocarriers has improved siRNA cell internalization and
facilitate siRNA accumulation in tumor tissues passively due
to the enhanced permeability and retention effect (EPR) (15).
Using aptamers to deliver siRNA to specific target cells
is one of the promising approaches due to some advantages
compared to nanocarriers and other ligands. For example,
aptamers can be generated against any target including
toxins and non‑immunogenic targets through an in vitro
chemical process. Furthermore, they are generally generated
by chemical synthesis which reduces the structural variation
from batch to batch and allows the chemical modification of
aptamer molecules as well as unlimited shelf life (16).
In the present study, we have used the RNA aptamer A30
that binds to the extracellular domain of human epidermal
growth factor receptor‑3 (HER3) to deliver the described
siRNAs into breast cancer cells. HER3 is a member of
receptor tyrosine kinases (RTKs) family. These receptors are
frequently overexpressed on the surface of several cancers
including breast cancer cells, and are involved in several cell
growth and differentiation pathways (17).
The RNA aptamer A30 binds to the extracellular domain
of HER3 and does not compete with heregulin (HRG) binding
or inhibit HRG‑dependent HER2 phosphorylation (18).
However, it does reduce cell proliferation by inhibiting HRG
signaling. We set out to enhance the anti‑cancer activity of the
aptamer by using it to deliver cytotoxic siRNAs specifically to
HER3‑expressing breast cancer cells (19, 20).
We found that the combined siRNAs against EEF2,
PLK‑1, GRK4 and SKIP5 with aptamer A30, were taken up
specifically by HER3‑expressing breast cancer cells, induced
target‑specific gene silencing and ultimately suppress cell
proliferation. The limited immunogenicity and minimal
off‑target effects achieved by the specific targeting of tumor
cells suggest that these aptamer‑siRNA chimeras could represent an option for cancer therapy.
Materials and methods
siRNA preparation. Synthetic 21‑nt RNAs were purchased
from Qiagen GmbH (Hilden, Germany) in their deprotected,
desalted and annealed form. The EEF2‑specific siRNA
sequences were: sequence siEEF2‑1, 5'‑AGG CCU AUC UGC
CCG UCA AdTdT (sense) and 5'‑UUG ACG GGC AGA UAG
GCC UdTdG (antisense); sequence siEEF2‑2, 5' GCG CCA
UCA UGG ACA AGA AUU dTdT (sense) and 5' UUC UUG
UCC AUG AUG GCG CGG dGdG (antisense). The PLK1,
GRK‑4 and SKIP5‑specific siRNA sequences were provided
by the Department of Molecular Biology, Max Planck Institute
for Infection Biology (Berlin, Germany). siPLK1‑1, 5'‑CCA
UAU GAA UUG UAC AGA AdTdT (sense 1) and 5'‑UUC
UGU ACA AUU CAU AUG GdTdG (antisense 1); siPLK1‑2,
5'‑GGA UCA AGA AGA AUG AAU AdTdT (sense 2) and
5'‑UAU UCA UUC UUC UUG AUC CdGdG (antisense 2).
siGRK‑4‑1, 5'‑GGA UGU UAC UCA CCA AGA AdTdT
(sense) and 5'‑UUC UUG GUG AGU AAC AUC CdTdG
(antisense); siGRK4‑2, 5' GGG UGU UUC AAA GAC AUC
AdTdT (sense) and 5' UGA UGU CUU UGA AAC ACC
CdGdG (antisense). The siSKIP5 sequences, 5'‑CGU CUG
GCU GCU GAU GGA AdTdT (sense) and 5'‑UUC CAU CAG
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CAG CCA GAC GdTdT (antisense). Non‑silencing controls
were also purchased from Qiagen GmbH, with the following
sequences: 5'‑UUC UCC GAA CGU GUC ACG UdTdT
(sense) and 5'‑ACG UGA CAC GUU CGG AGA AdTdT (antisense). The siTOX siRNA (GE Healthcare Dharmacon, Inc.,
Lafayette, CO, USA) was used as a toxicity control.
Cell lines. The human HER3+ mammary adenocarcinoma
cell line MCF‑7 (ATCC HTB‑22) (21‑23) was cultured in
GIBCO™ RPMI 1640 medium (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with
10% heat‑inactivated fetal bovine serum (FBS; Invitrogen;
Thermo Fisher Scientific, Inc.), 100 µg/ml penicillin and
100 µg/ml streptomycin (Invitrogen; Thermo Fisher Scientific,
Inc.). HER3 – mammary carcinoma cell line MDA‑MB‑231
(HTB‑26) (21‑23) was maintained in DMEM tissue culture
medium (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml
streptomycin. The cells were maintained at 37˚C in a humidified 5% CO2 atmosphere.
Transfections. All transfections were carried out using
RNAifect (Qiagen GmbH) following the manufacturer’s
recommendations. Briefly, RNAifect (1.5 µl) was mixed with
50 µl RPMI medium containing the appropriate concentration
of siRNA and incubated for 10 min at room temperature, then
added dropwise in 96‑well plates (Greiner Bio-One GmbH,
Frickenhausen, Germany). Approximately 1‑3x104 cells/well
were seeded on top of the siRNA drop and grown overnight
(final volume 100 µl). The cells were harvested after 12, 24 or
48 h incubation for gene silencing analysis. Cell viability was
assayed after 24 or 48 h.
Gene silencing assay. Gene silencing was assessed by quantitative RT‑PCR (qRT‑PCR), with a Lightcycler Faststart DNA
Master SYBR Green I (Roche Applied Science, Penzberg,
Germany) and a Roche Lightcycler 1.0 system. The reaction
volume was 20 µl. The primers for human GAPDH were:
GAPDH forward, 5'‑CTC ACT GGC ATG GCC TTC CGT
G‑3'; GAPDH reverse, 5'‑GTA CTC CAG GTG GTG GGA
CAA CG‑3'. The primers for EEF2 were: EEF2 forward,
5'‑ATG GTG AAC TTC ACG GTA GAC‑3'; EEF2 reverse,
5'‑GAC TTG ATG GTG ATG CAA CGG ACT TGA TGG
TGA TGC AA CG‑3'. Primers for GRK‑4, SKIP‑5 and PLK‑1
were the same as shown above. Briefly, 1‑3x104 MCF‑7 and
MDA‑MB‑231 cells were seeded in 96‑well plates (Greiner
Bio-One GmbH) and incubated overnight at 37˚C. Cells were
transfected the following day with 200 nM non‑silencing
siRNA or varying amounts of siRNA (15–150 nM for siRNA
sequences 1 and 2) using RNAifect Reagent (Qiagen GmbH)
following the manufacturer’s recommendations. Cells were
lysed after 12 h. Total RNA was extracted using the RNeasy
kit (Qiagen GmbH) and treated with DNase I (Qiagen
GmbH). RNA was eluted with 30 µl of RNase‑free water.
Equal amounts of RNA were used for cDNA synthesis using
random hexamer primers and Superscript III RNA polymerase
(Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer’s recommendations. Appropriate amounts of
cDNA (2 µl) were used for qRT‑PCR. The relative amount of
target gene mRNA was normalized to GAPDH mRNA by the
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method (24). The specificity of amplified PCR products
was verified through melting curve analysis.
ΔΔCq

Cell proliferation and viability assay. Cell proliferation and
viability was assessed using the CellTiter 96® AQueous One
solution cell proliferation assay (MTS; Promega GmbH,
Mannheim, Germany). This assay contains a tetrazolium
compound (MTS) and an electron coupling reagent, phenazine ethosulfate (PES). MTS can be bioreduced by cells
into formazan, which is soluble in cell culture medium. The
quantity of the formazan product as measured spectrophotometrically is directly proportional to the number of viable
cells. The assay measures dehydrogenase enzyme activity
found in metabolically active cells. MCF‑7 or MDA‑MB‑231
cells were seeded in 96‑well plates at a density of 1‑3x104 cells
per well in 100 µl RPMI 1640 medium, and incubated overnight at 37˚C. The cells were washed 2 times with PBS then
different concentration (10, 25, 50,75, 100, 250, 500, 1000 nM)
of siRNAs were mixed with 1.5 µl RNAifect (Qiagen GmbH)
and added at a final volume of 100 µl per well. After 48 h,
the Aqueous One Solution containing MTS/PES was added
and the optical density was measured at 490 nm using an
ELx808 microplate reader (BioTek Instruments GmbH, Bad
Friedrichshall, Germany) after 6 h. This experiment was
performed in triplicate wells. The absorbance measured
from control siRNA (siNON) treatment was normalized to
100% viability.
Predicting RNA secondary structure. The RNA structure
program MFOLD (http://unafold.rna.albany.edu/?q=mfold/
download-mfold) was used to predict the secondary structures
of aptamer A30 and aptamer‑siRNA transcripts. The negative
control A30‑siGFP was designed accordingly. The most stable
structures with the lowest free energies for each construct
were compared.
In vitro RNA transcription. The template DNAs for the
aptamer‑siRNA transcripts were synthesized by assembly‑PCR
using six overlapping primer sequences (Table I) as described
by Rydzanicz et al (25). The aptamer (A30) and the aptamer‑siRNA
transcripts (Table II) were synthesized by in vitro transcription
from a dsDNA template containing a T7 RNA polymerase
promoter. Transcriptions were performed in a 100‑µl reaction
volume using T7 RNA transcription kit (Agilent Technologies
GmbH, Waldbronn, Germany). Reactions were carried out overnight at 37˚C and then treated with DNaseI for 20 min at 37˚C.
The RNA products were purified by denaturing (7 M urea) gel
electrophoresis on an 8% polyacrylamide gel. RNA bands were
excised, and RNA was eluted in 0.3 M sodium acetate for 1 h at
60˚C and recovered by ethanol precipitation.
Fluorescence labeling of RNA. In order to fluorescently
labeling the 5'‑ends of generated RNAs, 25 mM guanosine‑5'‑O‑monophosphothioate (GMPS) was added to the
transcription reaction. After DNase I digestion the thiol group
of GMPS was reduced using 100 mM DTT and incubated
for 1 h. Then, 1.5 nmol of RNA transcript was incubated
with 0.5 mg/ml 5'‑iodoacetamidofluoresceine (IAF), 10 mM
EDTA, 1 M urea, 100 mM Tris‑HCl (pH 7.4) and 10% v/v
dimethylformamide s(DMF). The reaction was incubated at

2404

NACHREINER et al: APTAMER-siRNAs ELIMINATE HER3-POSITIVE BREAST CANCER CELLS

Table I. DNA sequences of synthetic oligonucleotides for RNA transcripts.
Primer name
A30
5' A30
3' A30
A30-1

Sequence (5'-3')

A30-2
A30-3

TAA TAC GAC TCA CTA TAG GGA ATT CCG CGT GTG CC
GAG GAT CCC GAA CGG ACC GCC
GGG AAT TCC GCG TGT GCC AGC GAA AGT
TGC GTA TGG GTC ACA
ACG GAC CGC CCA GAT GAC ATG TGC CTG CGA TGT GAC CCA TAC GCA ACT T
CAT CTG GGC GGT CCG TTC GGG ATC CTC

A30-EEF2-4

5' A30
CCG CGC CAT CAT GGA CAA GAA GAA GC
GGG AAT TCC GCG TGT GCC AGC GAA AGT TGC GTA TGG GTC ACA
ACG GAC CGC CCA GAT GAC ATG TGC CTG CGA TGT GAC CCA TAC GCA ACT T
CAT CTG GGC GGT CCG TTC GGG ATC CTC
GAA GCT AGC GCC ATC ATG GAC A
ATG GAC AAG AAG AAG CTT CAA TTC TTG TCC ATG ATG GCG CTA G

A30-siEEF2
5' A30-EEF2
3'A30-EEF2
A30-EEF2-1
A30-EEF2-2
A30-EEF2-3
A30-siGRK4
5' A30-GRK4-1
3' A30-GRK4-1
A30-GRK4-1-1
A30-GRK4-1-2
A30-GRK4-1-3
A30-GRK4-1-4
5' A30-GRK4-2
3' A30-GRK4-2
A30-GRK4-2-1
A30-GRK4-2-2
A30-GRK4-2-3
A30-GRK4-2-4
A30-siPLK1
5' A30-PLK1-1
3' A30-PLK1-1
A30-PLK1-1-1
A30-PLK1-1-2
A30-PLK1-1-3
A30-PLK1-1-4
5' A30-PLK1-2
3' A30-PLK1-2
A30-PLK1-2-1
A30-PLK1-2-2
A30-PLK1-2-3
A30-PLK1-2-4
A30-siSKIP5
5' A30-SKIP5
3' A30-SKIP5
A30-SKIP5-1
A30-SKIP5-2
A30-SKIP5-3
A30-GFP
5’ A30-GFP
3’ A30-GFP

5' A30
CAG GAT GTT ACT CAC CAA GAA GAA GC
A30-EEF2-1
A30-EEF2-2
CAT CTG GGC GGT CCG TTC GGG ATC CTC GAA GCT AGG ATG TTA CTC ACC A
CTC ACC AAG AAG AAG CTT CAA TTC TTG GTG AGT AAC ATC CTA G
5' A30
CCG GGT GTT TCA AAG ACA TCA GAA GC
A30-EEF2-1
A30-EEF2-2
CAT CTG GGC GGT CCG TCC GGG ATC CTC GAA GCT AGG GTG TTT CAA AGA C
CAA AGA CAT CAG AGG CTT CAA TTC TTG GTG AGT ACC ATC CAT G
5' A30
CAC CAT ATG AAT TGT ACA GAA GAA GC
A30-EEF2-1
A30-EEF2-2
CAT CTG GGC GGT CCG TTC GGG ATC CTC GAA GCT ACC ATA TGA ATT GTA C
ATT GTA CAG AAG AAG CTT CAA TTC TGT ACA ATT CAT ATG GT G
5' A30
CCG GAT CAA GAA GAA TGA ATA GAA GC
A30-EEF2-1
A30-EEF2-2
CAT CTG GGC GGT CCG TTC GGG ATC CTC GAA GCT AGG ATC AAG AAG AAT G
AAG AAT GAA TAG AAG CTT CAA TAT TCA TTC TTC TTG ATC CTA G
5' A30
AAC GTC TGG CTG CTG ATG GAA GAA GC
A30-EEF2-1
A30-EEF2-2
CAT CTG GGC GGT CCG TTC GGG ATC CTC GAA GCT ACG TCT GGC TGC TGA T
5’ A30
CGG CAA GCT GAC CCT GAA GTT CCA AGC
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Table I. Continued.
Primer name

Sequence (5'-3')

A30-GFP-1
A30-GFP-2
A30-GFP-3
A30-GFP-4

A30-EEF2-1
A30-EEF2-2
CAT CTG GGC GGT CCG TTC GGG ATC CTC GGA AGC TTG CAA GCT GAC CCT G
CTG AAG TTC CAA GCT TCA TGA ACT TCA GGG TCA GCT TGC AAG C

Table II. Sequences of RNA constructs.
Aptamer
A30
A30-siEEF2
A30-siPLK1-1
A30-siPLK1-2
A30-siSKIP5
A30-siGRK4-1
A30-siGRK4-2

Sequence (5'-3')
GGGAAUUCCGCGUGUGCCAGCGAAAGUUGCGUAUGGGUCACAUCGCA
GGCACAUGUCAUCUGGGCGGUCCGUUCGGGAUCCUC
GGGAAUUCCGCGUGUGCCAGCGAAAGUUGCGUAUGGGUCACAUCGCA
GGCACAUGUCAUCUGGGCGGUCCGUUCGGGAUCCUCGAAGCUAGCGC
CAUCAUGGACAAGAAUUGAAGCUUCUUCUUGUCCAUGAUGGCGCGG
GGGAAUUCCGCGUGUGCCAGCGAAAGUUGCGUAUGGGUCACAUCGCA
GGCACAUGUCAUCUGGGCGGUCCGUUCGGGAUCCUCGAAGCUAGGGU
GUUUCAAAGACAUCAUUGAAGCUUCUGAUGUCUUUGAAACACCCGG
GGGAAUUCCGCGUGUGCCAGCGAAAGUUGCGUAUGGGUCACAUCGCA
GGCACAUGUCAUCUGGGCGGUCCGUUCGGGAUCCUCGAAGCUAGGAU
CAAGAAGAAUGAAUAUUGAAGCUUCUAUUCAUUCUUCUUGAUCCGG
GGGAAUUCCGCGUGUGCCAGCGAAAGUUGCGUAUGGGUCACAUCGCA
GGCACAUGUCAUCUGGGCGGUCCGUUCGGGAUCCUCGAAGCUACGUC
UGGCUGCUGAUGGAAUUGAAGCUUCUUCCAUCAGCAGCCAGACGUU
GGGAAUUCCGCGUGUGCCAGCGAAAGUUGCGUAUGGGUCACAUCGCA
GGCACAUGUCAUCUGGGCGGUCCGUUCGGGAUCCUCGAAGCUAGGAU
GUUACUCACCAAGAAUUGAAGCUUCUUCUUGGUGAGUAACAUCCUG
GGGAAUUCCGCGUGUGCCAGCGAAAGUUGCGUAUGGGUCACAUCGCA
GGCACAUGUCAUCUGGGCGGUCCGUUCGGGAUCCUCGAAGCUAGGGU
GUUUCAAAGACAUCAUUGAAGCUUCUGAUGUCUUUGAAACACCCGG

4˚C in the dark overnight. Labeled transcripts were purified by
ethanol precipitation, washed several times with 70% ethanol
and then resuspended in RNase free water.
Cell surface binding studies of aptamer‑siRNA transcripts.
Specific binding of the aptamer transcripts to HER3+ cells
was determined by flow cytometry. Briefly, IAF‑labeled
RNA transcripts were first heated to 80˚C for 3 min and
then incubated at 37˚C for 10 min in binding buffer (20 mM
HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, pH
7.4). HER3+ MCF‑7 cells and HER3– MDA‑MB‑231 cells
were washed twice in ice‑cold PBS and resuspended in
binding buffer, then 2-5x105 cells were incubated at 4˚C for
1 h with the IAF‑labeled aptamer A30 at a concentration of
100 nM or aptamer‑siRNA transcripts at a concentration of
10 and 100 nM, respectively. After an additional washing
step, FACS profiles were acquired based on the analysis of
at least 10,000 events in a FACSCalibur (Becton Dickinson,
Heidelberg, Germany). Data analysis was performed with
CellQuest Software (Becton Dickenson). HER3– control cell

lines were treated as described above using RNA transcript
concentrations of 100 nM.
Internalization assay. HER3+ MCF‑7 and MDA‑MB‑231
control cells (2x105) were washed with 500 µl HEPES binding
buffer and incubated with 100 nM FITC‑labeled aptamer‑siRNA
in binding buffer supplemented with 16 mM glucose. The
'non‑internalization' controls for each transcript were kept on
ice. All other samples were incubated in the dark at 37˚C for
30-120 min. Thereafter, cells were cooled in ice for 5 min. In
order to remove aptamer‑siRNA transcripts bound to HER3
on cell surface, 0.5 mg/ml proteinase K was added to the cells
in HEPES binding buffer. For the '100% internalization' value
of each transcript, the proteinase K treatment was omitted so
that the maximum number of internalized transcripts reflected
the amount of bound fluorescence. After 15 min, cells were
collected, washed twice, resuspended in 400 µl binding buffer
and analyzed by flow cytometry. For each transcript, data were
normalized to the untreated samples (100% internalization)
and the no internalization controls (0% internalization).
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Aptamer‑siRNA transcripts‑mediated cytotoxicity. Cell proliferation and viability assay was performed using MTS assay
as described before. Briefly, Approximately, 2x104 MCF‑7 or
MDA‑MB‑231 cells were seeded in 96‑well plates, and allowed
to attach overnight at 37˚C. The cells were washed 2 times
with PBS then the cells were treated with increased concentrations (10, 25, 50, 75, 100, 250, 500, 1000 nM) of A30‑siRNAs.
After 48 h, the Aqueous One Solution containing MTS/PES
was added and the optical density was measured at 490 nm
using an ELx808 microplate reader after 6 h. The absorbance
measured from control siRNA (siNON) treatment was normalized to 100% viability.
Interferon assay. In order to analyze the aptamer‑siRNA
immunogenicity, the secretion of interferon β into the supernatant of MCF‑7 cells was examined. This was done after
treating the cells with the aptamer‑siRNA chimera using the
human interferon β ELISA kit (PBL Biomedical Laboratories,
New Jersey, United States). Briefly, 1x104 MCF‑7 cells were
seeded in 96‑well plates and incubated overnight at 37˚C.
Thereafter, 1 µM of A30 or aptamer‑siRNA was added to
the cells and incubated for a further 48 h. Then 100 µl of the
supernatant was transferred to a pre‑coated ELISA plate and
as a positive control different concentration (25, 50, 500, 1000
and 2000 pg/ml) of human IFNβ have been used and incubated
for further 24 h at room temperature. Interferon β was detected
using an antibody specific to human Interferon β following the
manufacturer’s recommendations.
Data analysis. GraphPad Prism software v5.00 for Windows
(GraphPad Software, San Diego, California, USA) was used
for statistical analyses and curve fitting. Data represent the
average of triplicates ± SEM. The Student’s t‑test and and
two‑way repeated‑measure ANOVA followed by Sidak’s
multiple comparisons test were used to assess the significance
of independent experiments. P<0.05 was considered to indicate a statistically significant difference.
Results
Silencing potency of selected siR NAs. RNAi‑based
genome‑wide screens have provided a powerful tool for the
identification of cytotoxic siRNAs. We have recognized
siRNAs that induced the knock‑down of PLK1‑1 (83.6 ± 8.6%),
PLK1‑2 (91.5 ± 1.3%), and SNW1‑5 (86.9 ± 1.2%) in HeLa
cells (data not shown). A further target, GRK4, was discovered by phenotypic analysis of different cell lines (data not
shown). Short interfering RNA sequences targeting EEF2,
PLK1, GRK4 and SNW1 mRNA were designed by Qiagen
GmbH, using their HP OnGuard siRNA Design algorithm.
Their silencing activity in MCF‑7 and MDA‑MB‑231 human
mammary adenocarcinoma cells was evaluated at two concentrations (15 and 150 nM). The corresponding mRNA levels
were monitored by quantitative real time RT‑PCR (qPCR) 12 h
post‑transfection, to ensure that any knock‑down effects were
siRNA‑specific and not artifacts caused by interferon‑induced
apoptosis. At 150 nM, all the tested siRNAs significantly
reduced the expression of their target mRNAs with the exception of the non‑silencing control (siNON). Among them, the
siPLK1‑1 and siSNW1‑5 constructs were the most potent,

Table III. IC50 values of cytotoxic siRNAs.
siRNA
siSKIP-5
siPLK1-1
siGRK4-1
siPLK1-2
siGRK4-2
siEEF2
siTOX
siNON

IC50
79 nM
129 nM
130 nM
131 nM
140 nM
158 nM
126 nM
--

resulting in up to 80% knock‑down of target mRNA levels.
Transfection of siEEF2 and siGRK4‑1 reduced the target
mRNA levels up to 75% (Fig. 1A).
siRNA toxic activity. The potent ability of six selected
siRNAs to eliminate breast cancer cells was determined by
analyzing the cell proliferation and viability of treated cells.
To determine the cytotoxicity of selected siRNAs to MCF‑7
and MDA‑MB‑231 cells, cell proliferation and viability assay
was performed 48 h after transfection. The viability of treated
cells was reduced significantly, in a concentration‑dependent
manner. The IC50 values ranged from 79 nM for SKIP‑5 to
158 nM for siEEF2. Exposing MCF‑7 and MDA‑MB‑231
cells to negative control siRNA had no effect on cell viability,
while universally cytotoxic siTOX siRNA (Dharmacon,
Chicago, USA) showed comparable toxic effect on treated
cells (Table III and Fig. 1B).
Design of aptamer‑siRNA transcripts. The predicted
secondary structure of the A30 aptamer using the MFOLD
web server showed that the full‑length aptamer folded into
four main stem loop structures (Fig. 2). No significant alteration of predicted secondary structure of the A30 aptamer has
been observed after adding siRNA sequence to the 3' end
of the aptamer as a short hairpin RNA (Fig. 3). The putative stabilization loop (Fig. 3B) has been shown to have an
important impact for functional folding of both the (Fig.
3A) aptamer domain and (Fig. 3C) shRNA stem loop. A
non‑silencing control construct was generated with a siRNA
sequence against GFP (siGFP).
Binding and cellular uptake of aptamer‑siRNA transcripts. The
binding properties of A30 aptamer to HER3 positive MCF‑7
cells and MDA‑MB‑231 negative cells were analyzed using
flow cytometry. We observed specific binding of IAF‑labeled
aptamer‑siRNA transcripts to the HER3+ MCF‑7 cells, as
shown exemplarily for A30‑siEEF2 transcripts (Fig. 4). The
binding activity of IAF‑labeled aptamer‑siRNA transcripts was
increased in a dose‑dependent manner. This was confirmed by
using two different RNA concentrations of 10 and 100 nM.
Furthermore, IAF‑labeled RNA transcripts were solely bound
to HER3 receptor as no fluorescence signal has been detected
using the antigen‑negative MDA‑MB‑231 cells.
To determine whether aptamer‑siRNA transcripts were
taken up by HER3+ MCF‑7 cells, the rate of aptamer‑siRNA
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Figure 1. Gene silencing activity of cell‑death promoting siRNAs. (A) RT‑qPCR analysis of MCF‑7 and MDA‑MB‑231cells transfected with siRNA. Both cell
lines were transfected with 15 and 150 nM siRNA against different target genes (EEF2, PLK1, GRK4 and SNW1 mRNA). A siNON was used as the negative
control and reference for normalisation. After 12 h, total RNA was isolated and cDNA synthesized using random hexamer primers (Invitrogen; Thermo Fisher
Scientific, Inc.). The mRNA levels were normalized to GAPDH mRNA. Error bars represent SEM (n=3). (B) Toxic activity of cell‑death promoting siRNAs.
The cytotoxicity of siEEF2, siPLK1‑1, siPLK1‑2, siSKIP5, siGRK4‑1 and siGRK4‑2, was evaluated against MCF‑7 and MDA‑MB‑231 cells using different
concentrations (10, 25, 50,75, 100, 250, 500, 1000) nM of each siRNA. A siNON was used as the negative control and the siTOX as the positive control at
the same concentrations. EEF2, eukaryotic elongation factor 2; PLK1, polo‑like kinase 1; GRK4, G protein‑coupled receptor kinase 4; siNON, non‑silencing
siRNA; siTOX, toxic siRNA

Figure 2. Representative RNA secondary structure prediction of the A30 aptamer using the MFOLD server. (A) The potential aptamer binding domain and
(B) the putative minor stabilization stem loop are depicted by frames.

internalization was studied. Here, proteinase K was used to
remove the HER3 extracellular domain and attached transcripts, allowing to detect only internalized IAF‑labeled RNA

transcripts. The results of this experiment revealed that the
amount of internal A30‑siRNA increased steadily until 60%
was internalized (Fig. 5). This indicates that the aptamer‑siRNA
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Figure 3. Representative RNA secondary structure prediction of the A30‑siEEF2 construct. (A) represent the potential aptamer binding domain, (B) represent
the putative minor stabilization stem loop and (C) the major shRNA stem loop.

Figure 4. Flow cytometric binding analysis of HER3‑targeting RNA transcripts. (A) HER3+ MCF‑7 cells and (B) HER3- MDA‑MB‑231 cells (filled red curve)
were incubated with 10 nM (blue curve) and 100 nM (green curve) IAF‑labeled A30‑siEEF2 transcript.

transcripts were internalized via a receptor‑mediated endocytosis process in HER3+ cancer cells.

Figure 5. Representative analysis of HER3‑receptor internalization using
flow cytometry. HER3+ MCF‑7 (black columns) and HER3- MDA‑MB‑231
cells (white columns) were incubated with 100 nM IAF‑labeled A30‑siEEF2
for 30, 60, 90 and 120 min at 37˚C. Additionally cells were treated with
proteinase K to remove bound RNA allowing only internalized RNA to be
detected by flow cytometry. The diagram shows the percentage of internalized RNA against time. Students t‑test indicated that P<0.05 at 60, 90
and 120 min, i.e., the differences were statistically significant. *P<0.05 and
****
P<0.0001.

Aptamer‑siRNA‑mediated cellular cytotoxicity. The ability of
A30‑siEEF2, A30‑siPLK1, A30‑siSKIP5 and A30‑siGRK4
to inhibit HER3+ cell proliferation was analyzed using a
MTS‑based colorimetric cell proliferation assay with the
HER3+ cell line MCF‑7 and Her3‑ MDA‑MB‑231 cells as a
negative control. The cell viability of HER3+ MCF‑7 cells
was found to decrease significantly in a concentration dependent manner after incubation with the different A30‑siRNA
constructs. The IC50 values were 89 nM for A30‑siSKIP‑5,
125 nM for A30‑siPLK1‑1, 199 nM for A30‑siEEF2 and
501 nM for A30‑siGRK4‑1, respectively (Fig. 6A and
Table IV). MDA‑MB‑231 cells remained unaffected even
when treated with 1000 nM of the aptamer‑siRNA transcripts (Fig. 6B). Furthermore, neither A30‑siGFP nor A30
aptamer alone exerted any cytotoxicity to both tumor cell
lines.
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Figure 6. Toxic activity of cell‑death promoting aptamer‑siRNA transcripts. The cytotoxicity of A30‑siEEF2, A30‑siPLK1‑1, A30‑siPLK1‑2, A30‑siSKIP5,
A30‑siGRK4‑1 and A30‑siGRK4‑2 was evaluated by cell viability assays using (A) HER3+ MCF‑7 cells and (B) HER3- MDA‑MB‑231 cells. As a negative
control siRNA against GFP (siGFP) and untreated cells were used.

Figure 7. Induction of Interferon β production assay using sandwich interferon β ELISA kit. (A) Positive control: MCF‑7 cells treated with different concentrations of poly(I:C) RNA; (B) MCF‑7 cells were incubated for 48 h with 1 µM aptamer‑siRNA transcripts. Students t‑test indicated that no significant differences
were observed in Interferon β production after treating the cells with aptamer‑siRNA transcripts at P<0.05.

Discussion

Table IV. IC50 values of aptamer-siRNA transcripts.
siRNA
A30-siSKIP-5
30-siPLK1-1
A30-siGRK4-1
A30-siPLK1-2
A30-siEEF2
siGFP

IC50
89 nM
125 nM
501 nM
316 nM
199 nM
--

Interferon assay. A major safety concern regarding the use
of siRNA‑based therapy is the induction of nonspecific
inflammatory responses and subsequent cellular cytotoxicity.
Therefore, we determined the interferon β level after treating
MCF‑7 cells with all aptamer‑siRNA transcripts for 24 h. The
interferon β levels in treated cells were lower than the background levels observed in untreated cells, indicating that under
our experimental conditions the aptamer‑siRNA transcripts
did not trigger a type I interferon response (Fig. 7).

Since the first description of the RNAi process by
Fire et al (26), significant progress has been made in understanding the technical details and in selecting siRNA against
a wide range of target genes. The use of siRNA has several
therapeutic advantages compared to conventional drugs.
RNAi is an endogenous natural process generally used
by cells to selectively down‑regulate gene expression or as
defense mechanism against viral infection (27,28). As cancer
diseases are associated with the up‑regulation of specific
genes, their specific knock down in cancer cells with the
help of siRNA emerged as a highly promising therapeutic
option. Furthermore, siRNA‑based therapies have the ability
to overcome multidrug resistance of cancer cells against
chemotherapy, photodynamic therapy and radiotherapy.
Remarkable progress has been made to select siRNA against
target genes (27).
Due to breast cancer heterogeneity at the population and
single‑cell level, its complexity and its metastasizing potential (29), targeting different pathways that could inhibit growth
and invasion of cancer cells is essential for developing effec-
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tive therapies. Here we have tested several siRNAs targeting
not only one but a set of different pathways to allow tailored
development of siRNA‑based therapeutic agents to ideally
hit the vast majority of breast cancer cells and subtypes. As
promising siRNAs candidates against four gene products
overexpressed and/or sustaining cancer cell growth have been
investigated. The corresponding toxic siRNAs are directed
against PLK‑1 (30‑32) and EEF‑2 (33), as well as GRK4 and
SKIP‑5 (34). All tested siRNAs induced toxic effect in breast
cancer cells, however siSKIP‑5 was two times more toxic than
other tested siRNAs. Recent reports indicated that sphingosine
kinase is overexpressed in breast cancer cells and serve as an
oncogene in tumorigenesis by enhancing tumor cell growth
and invasion and reducing cell apoptosis (35).
As described in previous studies, siSKIP‑5 was able to
reduce the sphingosine kinase expression level and induce cell
death in HER3+ breast cancer cells (36). Although, this could
reflect the high toxic activity of siSKIP‑5 comparing to other
siRNAs, several reasons could also play an essential role in
knock down experiments.
The inefficient systemic delivery of siRNAs, due to their
hydrophilicity, negative charge and sensitivity to nucleases,
poses challenges in the development of RNAi‑based cancer
therapies in general (14). To solve the aforementioned problems, siRNAs have been armed with several classes of specific
cell receptor ligands to direct them to the target cells. These
ligands include folic acid, aptamers, monoclonal antibodies
and their fragments (37‑39).
Over the past years, several studies have reported that arming
of siRNAs with aptamers could significantly improve therapeutic efficacy and pharmacokinetic properties of siRNA (31).
In the present study, we chose the HER3-specific aptamer
A30 for the cell type‑specific delivery of novel cytotoxic
siRNAs. HER3 is a member of the EGFR family, and is overexpressed in diverse human cancers; it is associated with poor
prognosis in breast, lung and ovarian cancer (40,41). Several
publications emphasize the therapeutic potential of HER3
targeting, particularly for the treatment of drug‑resistant
tumors (42). Here, several RNA transcripts have been developed by fusing the HER3‑specific aptamer A30 to different
cytotoxic siRNAs. The resulting transcripts maintained
high binding activity for cell‑surface HER3. In comparison
to aptamer A30 alone, aptamer‑siRNA conjugates showed
an increased binding to target cells. This improved binding
activity might be due to potential alterations in their RNA
secondary structure that increased duplex stability and
nuclease resistance and thus prevents degradation by RNases.
However, the binding specificity of A30 and A30‑siRNA was
confirmed using MDA‑MB‑231 cells which express very low
levels of HER3. The binding specificity need to be further
determined after knocking down HER3 gene in MCF‑7 cells.
A30 aptamer‑siRNA constructs were rapidly taken up
specifically into HER3+ MCF‑7 cells even in the absence
of heregulin (HRG), which is normally required to trigger
receptor mediated endocytosis of HER3 (43). Furthermore,
the inhibition of HRG signaling in vivo by aptamer A30 could
have synergistic antitumor effects thus increasing its therapeutic potential (18).
The A30‑siRNAs specifically reduced the mRNA levels of
four different target genes to the same extent as the transfected

siRNAs indicating that the siRNAs also retained their activities as part of a fusion transcript. In HER3+ MCF‑7 cells, the
knock‑down of each target mRNA was sufficient to reduce
the cell viability whereas HER– MDA‑MB‑231 cells were not
affected. The IC50 values for the overall cytotoxicity varied from
89 nM for SKIP‑5 to 501 nM for GRK4‑1, which was comparable to previous reports with other cytotoxic siRNAs, and a
previously reported aptamer‑siRNA targeting PSMA (31,33).
In the cell viability assay only MCF‑7 cells were affected, and
the toxicity was dose‑dependent. To confirm that these effects
reflected specific RNAi and not simply the binding of A30 to
the cell surface, we also analyzed A30 without a siRNA fusion
and A30 fused to a non‑silencing siRNA. Cytotoxic effects
were observed only in cells incubated with RNA transcripts that
containing cytotoxic siRNA.
Furthermore, simultaneous targeting of HER family
members might represent a promising therapeutic option to
overcome the heterogeneity of breast cancer. Nucleic acid
aptamer‑siRNA constructs targeting HER2 and HER3 have
recently demonstrated their promising therapeutic properties
in vivo against different breast cancer cell lines. Therefore,
combining siRNAs targeting different gene transcripts with
dual targeting aptamers could allow the development of novel
therapeutic options especially for breast cancer patients (44).
Cell type‑specific siRNA delivery is particularly important for cytotoxic siRNAs because nonspecific uptake could
also kill healthy cells. HER3 is therefore a promising target
for cell‑specific drug delivery because it is predominantly
expressed on breast, ovarian and lung cancer cells. Although
more work is clearly required to further confirm these results
in vivo, these initial experiments suggest that combining the
highly specific HER3 aptamer with cytotoxic siRNAs allows
the development of highly efficient agents for selective elimination of HER3‑expressing malignant cells.
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