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ABSTRACT: HER2 overexpression is identified on 20−30% breast cancer and
other cancers at different levels. Although HER2 targeted monoclonal antibody
combined with chemical drugs has shown improved outcomes in HER2
expressing patients, drug resistance and toxicity have limited their efficacy. To
overcome drug resistance, cotargeting multiple HER receptors was proven to be
effective. EGFR/HER2 dimerization can active PI3K/AKT pathway, and
resistance to HER2-targeted drugs is associated with upregulation of EGFR.
Here, we developed a novel HER2/EGFR targeted nucleic acid therapeutic to
address current drug limits. The new therapeutic is constructed by fusing HER2
aptamer-EGFR siRNA sense strand with HER2 aptamer-EGFR siRNA antisense
strand into one molecule: a bivalent HER2 aptamer-EGFR siRNA aptamer
chimera (HEH). In breast cancer cell lines, HEH can be selectively taken up into
HER2 expressing cells and successfully silence EGFR gene and down regulate
HER2 expression. In breast cancer xenograft models, HEH is capable of
triggering cell apoptosis, decreasing HER2 and EGFR expression, and suppressing tumor growth. The therapeutic efficacy of
HEH is superior to HER2 aptamer only, which suggests that HEH has synergistic effect by targeting HER2 and EGFR. This
study demonstrated that HEH has great potential as a new HER2 targeted drug to address toxicity and resistance of current
drugs and may provide a cure for many HER2 positive cancers.
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■ INTRODUCTION

Overexpression of HER2 was found in 20−25% of breast
tumor patients and associated with increased rate of relapse,
poor prognosis, and short overall survival.1,2 HER2 is also
overexpressed in other cancers like ovary,3 stomach,4 prostate,5

lung,6 colon,7 and head and neck.8 Although HER2 targeted
therapies have significantly improved outcomes of HER2
overexpressing breast cancer, resistance to these therapies
remains a clinical challenge. It has been identified that
amplification of EGFR correlates with increased metastasis
and trastuzumab resistance in breast cancer.9 Dual-targeting
approaches by inhibiting EGFR and HER2 have shown
remarkably higher antitumor activity than the administration
of single agents. For example, trastuzumab in combination with
lapatinib (a small molecule dual inhibitor of EGFR and HER2)
has significantly improved efficacy in HER2-positive breast
cancer,10,11 and synergy has been observed. It is well
characterized that the HER family network influences tumor
cell growth and response to therapy. Blockade of one HER
receptor can often be functionally compensated by another
HER family member.12,13 Combinatorial strategies to target
multiple HER family members have been increasing interests

in cancer treatment.14−16 Many therapies that target HER2 and
other HER member receptors are in clinical development for
HER2-positive metastatic breast cancer.17 As targeted
therapies, monoclonal antibodies and tyrosine kinase inhibitors
have significantly improved the life span of HER2-postive
breast cancer patients. However, drug resistance and toxicity
have hindered the further use these therapies.18−20 To
overcome drug resistance and decrease toxicity, there is a
compelling need to investigate new types of targeted therapy.
Aptamer-siRNA chimera (AsiC) has emerged as a new type

of targeting therapeutics with low immunogenicity, ease of
production, and tumor targeting capability.21,22 Aptamers, as
nucleic acid antibodies, have shown the efficacy in vivo disease
treatment.23,24 By using living cells as targets, cell-specific
aptamer can be selected.25 Cell type- and receptor-specific
aptamer not only can block cell surface receptors, but also can
deliver therapeutic agents into cells.26 AsiCs can be generated
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by chemically synthesis27,28 or by in vitro transcription29 with
low cost and less batch-to-batch variation compared with
antibody production.
In this study, we have developed a bivalent HER2 aptamer-

EGFR siRNA chimeras that can interfere the functions of
HER2 and EGFR receptors and induce HER2 positive breast
cancer cell apoptosis. In previous studies, we have developed a
platform technology by using bivalent aptamer to deliver two
siRNAs into prostate cancer.30 We have proved that bivalent
aptamer has antibody-like properties and enables cross-linking
cell surface receptors and inducing cell activation, thereby
enhancing siRNA internalization. Built on established
approach for bivalent aptamer-siRNA chimera construction,
in this investigation, we have constructed a bivalent HER2
aptamer-EGFR siRNA chimera. The results demonstrated that
new bivalent aptamer chimera is capable of effectively
delivering EGFR siRNA into HER2 expressing cells and
reducing both HER2 and EGFR protein expression. It is
promising that the new chimera alone or by combination with
other drugs will provide a new type of tumor targeted
treatment for HER2 overexpression cancers.

■ MATERIALS AND METHODS

Materials. Antibodies were from Cell Signaling Technology
(Danvers, MA). Single stranded DNAs were synthesized by
Integrated DNA Technologies (IDT, Coralville, IA). Tran-
scriptAid T7 High Yield Transcription Kits were purchased
from Thermo Fisher Scientific. PCR reagents were from
Sigma- Aldrich (St Louis, MO). LysoTracker Green DND-26
and Alexa Fluor 488 Annexin V/Dead Cell Apoptosis kits were
from life Technologies (Carlsbad, CA). 2′-Fluoro-2′-deoxy-
cytidine-5′-triphosphate, 2′-fluoro-2′-deoxyuridine-5′-triphos-
phate, and Cy5-labeled 2′-fluoro-labeled aptamers were
purchased from TriLink Biotechnologies (San Diego, CA).
2′-Fluoro-modified pyrimidines RNAs were ordered from GE
Dharmacon (Chicago, IL).
Cell Culture. BT474, SKBR3, MDA-MB-231, MCF7, and

Hs578 T cells were obtained from American Type Culture
Collection (Manassas, VA). Cell lines were used within 6
months of receipt from ATCC or resuscitation after
cryopreservation in early passages. ATCC uses short tandem
repeat (STR) profiling for testing and authentication of cell
lines. Cells were cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS), 100 units/mL
penicillin, and 100 units/mL streptomycin and maintained at
37 C in a humidified incubator with 5% CO2.
Mouse. All animal studies were approved by the Institu-

tional Animal Care and Use Committee at Augusta University.
Athymic nu/nu mice were purchased from Envigo. All animal
procedures and maintenance were conducted in accordance
with the institution approved guidelines of Augusta University.
Aptamer-siRNA Chimera Synthesis. The ssDNA

templates and primers were synthesized from IDT. For HEH
chimera synthesis, two RNAs (RNA1 and RNA2) were
generated separately.
RNA1: HER2 aptamer-EGFR sense siRNA.
RNA1 PCR template: 5′-AGCCGCGAGGGGAGGGAT-

A G G G T A G G G C G C G G C T A A A A C C T T A G C -
AGTCTTATCTAATT-3′.
RNA1 5′ primer: 5′-TAATACGACTCACTATA-

AGCCGCGAGGGGAGGGA-3′. The forward primer contains
T7 RNA polymerase promoter site (bolded) (P1).

RNA1 3′primer: 5′-AATTAGATAAGACTGCTA-
AGGTTTTA-3′. (P2)
RNA2: HER2 aptamer-EGFR antisense siRNA.
RNA2 PCR template: 5′-AGCCGCGAGGGGAGGGAT-

AGGGTAGGGCGCGGCTAAAATTAGATAAGACTGCTA-
AGGCA-3′.
RNA2 5′-primer: P1.
RNA2 3′-primer: 5′-TGCCTTAGCAGTCTTATC-

TAATTTTAGCCGCGCCCT-3′ (P3).
RNA1 and RNA2 were generated by in vitro transcription

with PCR products as templates. The PCR products were put
into T-A cloning pCR2.1 vector (Invitrogen) and sequenced.
Transcription was performed with Transcript Aid T7 High
Yield Transcription Kits. 2′ F-modified pyrimidines were
incorporated into RNAs to replace CTP and UTP. The
transcribed RNAs were purified with phenol/chloroform/
isoamyl alcohol (25:24:1) (Sigma-Aldrich), precipitated with
isopropanol (Sigma-Aldrich) followed by cold 70% ethanol
wash. The RNA pellets were dissolved in nuclease free water
(IDT). The purification procedures were used for all
transcribed RNAs. RNA1 and RNA2 were mixed at a molar
ratio of 1:1 and annealed to form one entity by heating at 94
°C for 3 min, followed by slowly cooling to room temperature.
For HER2 aptamer (RNA3) synthesis, RNA1 PCR template

and RNA1 5′-primer will be used as the above sequences, and
RNA3 3′-primer is 5′-AGCCGCGCCCTACCCTATCCCT-
3′ (P4).
For mutant HEH3 synthesis, RNA4 and RNA5 will be

separately synthesized and annealed together.
RNA4: mutant HER2 aptamer-EGFR sense siRNA.
RNA4 PCR template: 5′-AGCCAAACGAGGGGGGAG-

A G G G T G G GGG C G C C T G A A A A C C T T A G C -
AGTCTTATCTAATT-3′.
RNA4 5′ primer: 5′-TAATACGACTCACTATAA-

GCCAAACGAGGGGGGAGAGGGT-3′ (P5). RNA4 3′
primer: 5′-AATTAGATAAGACTGCTAAGGTTTTCA-3′
(P6).
RNA 5: mutant HER2 aptamer-EGFR antisense siRNA.
RNA5 PCR template: 5′-AGCCAAACGAGGGGGGAG-

AGGGTGGGGGCGCCTGAAAATTAGATAAGACTGCTA-
AGGCA-3′.
RNA5 5′-primer: P5.
RNA5 3′-primer: 5′-TGCCTTAGCAGTCTTATC-

TAATTTTCA-3′ (P7).
For HER2 aptamer-scrambled siRNA synthesis, RNA6 and

RNA7 will be separately synthesized and annealed together.
RNA 6: HER2-scrambled sense siRNA.
RNA 6 PCR template: 5′-AGCCAAACGAGGGGGGAG-

A G G G T G G G GG C G C C T G A A A A A A C A G T C -
GCGTTTGCGACTGG-3′.
RNA 6 5′ primer: P5.
RNA6 3′ primer: 5′-CCAGTCGCAAACGCGACT-

GTTTTTTCA-3′.
RNA 7: HER2-scrambled antisense siRNA.
RNA 7 PCR template: 5′-AGCCAAACGAGGGGGGAG-

A G G G T G GGGG CG C C T G A A A A C C A G T C G -
CAAACGCGACTGTT-3′.
RNA7 5′-primer: P5.
RNA7 3 ′pr imer : AACAGTCGCGTTTGCGAC-

TGGTTTTCA-3′.
Western Blot Analysis. Whole-cell protein was extracted

with RIPA lysis buffer containing 1x Halt Protease Inhibitor
Cocktails and quantitated with Bio-Rad Protein Assay. Protein
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(100 μg per sample) was resolved on 10% SDS-PAGE and
transferred to PVDF membrane. After blocking for 2 h at room
temperature in 5% milk in TBS/0.1% Tween-20, membrane
were incubated overnight at 4 °C with the indicated primary
antibodies (HER2, EGFR, Cleaved Caspase-3, GAPDH,
1:1000 dilution, Cell signaling), followed by incubation with
horseradish peroxidase-conjugated secondary antibodies for 2
h at room temperature. After ECL Western Blotting Substrate
(Pierce) was added onto membrane, the signals were captured
by the exposure to X-ray film.
Cytotoxicity Assay. Cellular cytotoxicity was quantified by

measuring WST-8 formazan using Cell Counting. Cells in
RPMI 1640 containing 5% fetal bovine serum were seeded into
96-well plate at a density 5 × 103 per well for 24 h at 37 °C,
and then cells were treated with HEH (1 μM), HER2 aptamer
(2 μM), EGFR siRNA (1 μM), HScH (1 μM), and muHEH
(1 μM) for 72 h at quadruplicate wells without transfection
reagents (e.g., Lipofectamine). CCK-8 solution (10 μ l)
(Dojindo, Japan) was added to each well and incubated at 37

°C for 4 h. Absorbance at 450 nm was measured using a plate
reader.

HEH Stability in Cell Culture Medium. 2′ F-modied
HEH (0.2 nmoles) were put into 40 μL of RPMI 1640
containing 5% fetal bovine serum, which was the condition for
chimera treatment, for different time periods. RNA integrity
was detected with 3% agarose gel electrophoresis. HEH
intensity was measured with ImageJ.

qRT-PCR Assay. Total RNA from BT474 and MDA-MB-
231 cells was extracted with RNAeasy plus kits (Qiagen). The
quantity of RNAs was determined by NanoDrop. cDNA was
generated with iScript cDNA synthesis kits (Bio-Rad). qRT-
PCR analyses were performed using SYBR Green Master Mix
(Bio-Rad) and further carried out on a CFX96 Real-Time
System (Bio-Rad).
EGFR primers: forward 5′-CCATGCCTTTGAGAACCT-

AGAA-3′, and reverse 5′-GAGCGTAATCCCAAGGAT-
GTTA-3′.

Figure 1. Construction and characterization of HEH. (A) Schematic illustration of HER aptamer-EGFR siRNA-HER2 aptamer chimera (HEH).
(B) Detection of HER2 and EGFR expression in breast cancer cell lines by Western blot. (C) Evaluation of the cytotoxicity of H2EH3. (D) Dose-
dependent cytotoxicity assay of HEH on different breast cancer cell lines. Data are the mean ± SE from three independent experiments. (E) HEH
stability in cell culture medium.
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GAPDH pr ime r s : f o rwa rd 5 ′ -GGTGTGAAC-
CATGAGAAGTATGA-3′, and reverse 5′-GAGTCCTTC-
CACGATACCAAAG-3′.
Detection of Apoptosis by Flow Cytometry. SKBR3

and BT474 cells were treated with HEH (1 μM) or HER2 apt
(2 μM) or muHEH for 48 h and 72 h. The cells were
harvested and washed in cold PBS. Cells were stained with
Alexa Fluor 488 annexin V−PI solution for 1 h at room
temperature. Cells were acquired by BD FACSCalibur and
analyzed using BD FACStation software.
Cellular Uptake Assay with Laser Scanning Confocal

Microscopy. Cells were seeded into 35 mm glass-bottom
Petri dishes for 24 h in RPMI 1640 supplemented with 5%
fetal bovine serum. Cy5-labeled HEH (1 μM), HER2 aptamer
(2 μM), or EGFR siRNA (1 μM) was added into culture for
12 h at 37 °C. At the same time, LysoTracker Green DND-26
(80 nM) and DAPI (10 μg/mL) were added to the culture
medium for imaging. Images were captured using confocal
laser scanning microscope (Zeiss 780 inverted). The internal-
ization of treatments was captured by “Z” stacking using an oil-
immersion lens (63× magnification). Data were analyzed with
Zeiss LSM image Browser.
Cell-type Binding Specificity. Cells including BT474,

SKBR3, MDA-MB-231, MCF7, and Hs578T were grown and
harvested. After washing, cells were incubated with Cy5-
labeled HEH (2 μM) or Cy3-labeled muHEH (2 μM) in the
presence of yeast tRNA (300 μ g/mL) and sperm DNA (500
μg/mL) for 1 h at 37 °C. Cell binding was detected using BD
FACSCalibur flow cytometry.
Biodistribution Assay. Athymic nude female mice were

implanted with 2 × 106 BT474 cells. After 4 weeks of
implantation, tumor-bearing mice (n = 3 per group) were
intravenously administered Cy5-labeled HEH (20 nmoles, 200
mL) or an equal mole amount of Cy5-labeled muHEH. The
whole-body images were obtained at 0.5 h, 3 h, 12 h, and 24 h
using the Xenogen IVIS100 imaging system by setting the
wavelength at an excitation of 640 nm and emission at 710 nm.
Mouse Xenograft Models and Drug Administration.

Athymic nude female mice (4−6-week old) were obtained
from Envigo. BT474 cells (2 × 106) were injected into the
flank of the mouse. Once tumor reached 100 mm3, mice were
randomly divided into three groups (n = 4). Mice were i.p.
injected with PBS (200 μL), HEH (10 nmoles, 200 μL), HER2
aptamer (20 nmoles, 200 μL) three times per week for 4
weeks. Tumor sizes were measured weekly and calculated with
the formula V = (L × W2)/2 (W, width; L, length; V, volume).
The animals were euthanized 2 days after the last treatment.
The tumors and organs were removed.
Histology Assay. Tumor tissue samples and major organs

were collected from xenografts and fixed in 10% neutral-
buffered formalin and paraffin-embedded. Sections (6 μ m)
were cut and mounted on the slides and then deparaffinized in
xylene and ethyl alcohol. Each block has a section for HE
staining. For immunohistochemistry assay, antigen retrieval
was performed in 10 mmol/L citrate buffer (pH6) at 95 °C for
30 min, and then sections were incubated in 3% normal goat
serum for 2 h and incubated with primary antibodies: caspase-
3 (1:200), HER2 (1:800), and EGFR (1:50). After washing,
the sections were incubated with biotinylated secondary
antibody (1:200) (Vector Laboratories, Burlingame, CA) for
1 h. Following washing, the sections were incubated with
VECTASTAIN ABC reagents for 30 min. The images were

captured with a Nuance fluorescence microscope with a bright
field imaging system.

Statistical Analysis. GraphPad Prism software was used to
perform all statistical analyses. The results were expressed as a
mean ± SE. All data were analyzed using two-tailed Student’s t
test by comparing with the control group, and P < 0.05 was
considered statistically significant.

■ RESULTS
Synthesis of Bivalent HER2 Aptamer-EGFR siRNA

Chimera and Comparison of Cytotoxicity. Bivalent
aptamer chimera was constructed with our previous established
methods.30 HER2 aptamer with 34 nucleic acids was selected
by Jeong’s group31 and was used in this investigation. We have
proven that this aptamer can specific bind to HER2 expressing
tumors in previous studies.32 Briefly, HER2 aptamer
containing EGFR sense strand was fused with HER2 aptamer
containing EGFR antisense strand to construct a HER2
aptamer-EGFR siRNA-HER2 aptamer chimera (HEH) as
shown in Figure 1A. Between aptamer and siRNA, 2−4
unpaired “A”s were added to maintain the flexibility of HER2
aptamer. 2′-Fluoro modified pyrimidines have been incorpo-
rated into RNA during transcription to enhance the resistance
to nuclease degradation. As shown in Figure 1E, in cell culture
medium, HEH has no detectable degradation after 6 h
incubation, keeps over 60% integrity after 12 h, and still has
over 30% integrity after 30 h incubation.
Next, the cytotoxicity of HEH was measured comparing

with HER2 aptamer only. Prior to cytotoxicity detection, we
have evaluated HER2 and EGFR expression among different
breast cancer cell lines. As shown in Figure 1B, SKBR3 and
BT474 show the high expression of HER2 and EGFR, and cell
lines including MDA-MB-231 and Hs578T are HER2 low
expression but with high EGFR expression. MCF7 cells are
HER2 low and EGFR negative.
Furthermore, cytotoxicity was measured after treated with

HEH (1.0 μM), HER2 aptamer (2.0 μM), mutant HEH
(muHEH) (1.0 μM), HER2 aptamer-scrambled siRNA-HER2
aptamer (HScH) (1.0 μM), and EGFR siRNA (1.0 μM) in the
above five cell lines. Because one HEH has two copies of
HER2 aptamer and one copy of EGFR siRNA, we have
adjusted aptamer and siRNA with the same amounts (i.e.,
moles) as HEH. After 72-h treatment, Cell Counting Kit-8
(CCK-8) reagents have been added into the cells. As shown in
Figure 1C, HEH shows the significant cytotoxicity to HER2
expressing SKBR3 and BT474 cells, but not to HER2 negative
MCF7, MDA-MB-231, and Hs578T, although both of MDA-
MB-231 and Hs578T have high EGFR expression. HER2
aptamer only also shows cytotoxicity to SKBR3 and BT474
cells, but much less efficient than HEH. HER2 aptamer can
reduce cell viability by 40% in SKBR3 cells and 35% in BT474
cells. However, HEH can reduce cell viability by 90% in
SKBR3 cells and 85% in BT474 cells. Notably, EGFR siRNA
and muHEH do not show any cytotoxicity to all detected cell
lines. That is not surprising since EGFR siRNA without
delivery vehicles cannot freely diffuse into cells and will not
play gene silencing functionality outside cells. Because of loss
of 3-D conformation of HER2 aptamer in muHEH, muHEH is
inactive in binding HER2 receptor and thus lost the
capabilities of blocking HER2 receptor and inducing EGFR
siRNA internalization. Bivalent HER2 aptamer with scrambles
siRNA (HScH) has shown the similar treatment effect as
HER2 aptamer only since scrambled siRNA does not target
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any human genes. These results suggest that HEH have cell
type- specific cytotoxicity, and bivalent HER2 aptamer-EGFR
siRNA has synergistic effect on HER2 positive breast cancer
and outperforms single-targeted HER2 aptamer only.
HEH Induced Cell Apoptosis. To test if HEH induced

cytotoxicity is through triggering apoptosis, HER2 positive
SKBR3 and BT474 cells were treated with HER2 aptamer (2
μM), HScH (1 μM), or HEH (1 μM) for 48 h and 72 h. Cell
apoptosis and death were measured with Annexin V-
Propidium Iodied (PI) staining. As shown in Figure 2,

HER2 aptamer, HScH, and HEH can cause time-dependent
cell apoptosis and followed by death in SKBR3 and BT474
cells. In SKBR3 cells, compared with untreated cells, upon
treatment with HER2 aptamer alone, the rates of apoptotic and
necrotic cells increased by 11.5% after 48 h and 16.04% after
72 h incubation, while upon treatment with HEH, apoptotic
and necrotic cells increased by 18.72% after 48 h and 39.63%
after 72 h incubation. Similar to SKBR3 cells, in BT474 cells,
compared with untreated cells, upon treatment with HER2,
apoptotic, and necrotic cells increased by 3.91% after 48 h and

Figure 2. Detection of cell apoptosis and death by flow cytometry. BT474 and SKBR3 cells were treated with HEH, HScH, and HER2 aptamer for
48 h and 72 h, and then cells were stained with Alexa Fluor 488 Annexin V-Propidium Iodide and analyzed by flow cytometry.
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24.33% after 72 h, whereas upon treatment with HEH, the
rates increase by 12.19% in 48 h and 41.30% in 72 h. HScH
showed the similar treatment efficacy as HER2 aptamer only.
Overall, HER2 aptamer and HEH can induce cell apoptosis
and death; HEH initiates higher levels of cell apoptosis and
death than HER2 aptamer only or HScH in both cell lines.
HEH Can Be Internalized into HER2 Expressing Cells

and Distribute Cross Cytoplasm. We expect that EGFR
siRNA between two HER2 aptamers is able to silence EGFR
gene. In previous studies,30 we have demonstrated that bivalent
aptamer, like antibody, can cross-link cell surface receptors and
active cells and thus induce significantly increased siRNA
internalization compared with monovalent aptamer counter-
parts. To validate if bivalent HER2 aptamer has driven EGFR
siRNA internalization and enables endosomal escape, which is
the prerequisite of siRNA silencing, Co-focal microscopy was
performed to evaluate internalization of Cy5-labled constructs.
BT474 cells were treated with Cy5 labeled HEH, HER2
aptamer, muHEH, and EGFR siRNA. Nuclei were stained with
DAPI (blue) and endosome/lysosomes were revealed by
Lysotracker (green). After 12-h incubation, confocal laser
scanning microscopy with Z-stack was performed to evaluate
subcellular distribution of treatments. From Z-stack imaging
shown in Figure3 and Supporting Information Figure S3,
EGFR siRNA treated cells showed marginal amount red Cy5-
EGFR siRNA into cells, whereas HEH treated cells showed
significantly increased Cy5-HEH that distributes across entire
cells. HER2 aptamer only also shows increased Cy5 signals
compared with EGFR siRNA. Quantitatively, about 60% HEH
(red fluorescence) has escaped from endosome entrapment,
while about 40% HEH (yellow dots) is still entrapped in
endosomes. Compared with bivalent HEH, HER2 aptamer
shows less overall Cy5 signals than HEH but with similar
percentage of endosomal escape as HEH. The results suggest

that bivalent HEH indeed can induce cargo internalization and
enables endosome escape. The z-stack imaging shows very low
amount Cy5 signals in EGFR siRNA treated cells because
naked EGFR siRNA cannot diffuse freely through cell
membrane. In HEH and HER2 aptamer treated cells, Cy5
signals show puncta pattern, which is the feature of
internalization through endocytosis. However, Cy5 signals
from EGFR siRNA almost evenly distribute in cytoplasm,
which means siRNA only has different uptake mechanisms
from HER2 receptor mediated endocytosis. SiRNA only
uptake has much lower efficiency than endocytosis. muHEH
showed similar Cy5 pattern as EGFR siRNA only, which
indicates mHEH can not enter to cells through endocytosis.
This study also emphasizes that an effective carrier is indeed
needed to aid siRNA cellular uptake and suggests that bivalent
aptamer is a potent carrier for cell-type specific siRNA delivery.
As a cell control, HER2 negative MDA-MD-231 cells were

treated with Cy5-HEH; as shown in Figure 3 and Figure S3,
there is very low amount of Cy5-HEH in cytoplasm, which
suggests that HEH has a high cell-type specific uptake.

HEH Is Capable of Reducing Expression Levels of
EGFR and HER2. Furthermore, we identify if HEH has
induced EGFR silencing and reduced EGFR protein level.
Western blot was performed to evaluate EGFR protein
expression. As shown in Figure 4A and B, HEH, but not
HER2 aptamer, can reduce EGFR expression after 72 h
treatment in SKBR3 and BT474 cells. HEH and HER2
aptamer can upregulate Cleaved Caspase-3 in SKBR3 and
BT474 cells, while HEH showed higher levels of Cleaved
Caspase-3 than HER aptamer only. Next, we tested if HER2
aptamer can behave like antibody. It has been well
documented that antibody upon binding to its cell surface
receptors can induce receptor-mediated endocytosis and
initiate degradation of bound receptors.33,34 As shown in

Figure 3. Detection of HEH internalization by Z-stack confocal microscopy. Cy5-labeled HEH, muHEH, HER2 aptamer, or EGFR siRNA was
added into BT474 cells for 12 h at 37 °C. Lysotracker Green and DAPI were added into cells at the same time as the chimeras. LysoTracker Green
was used to show lysosomes and endosomes. DAPI (blue) was used to display nucleus. Confocal laser scanning microscopy with z-stack was
performed to show cell binding and internalization.
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Figure 4C and D, after 72 h treatment, both HER2 aptamer
and HEH indeed can significantly reduce HER2 protein
expression. The results indicate that co-targeting EGFR and
HER2 with HEH enables down regulation of both EGFR and
HER2 and effective upregulation of apoptotic executioner
Caspase-3, which has translated into inhibit cell growth and
induce cell apoptosis on HER2 expressing cancer cell lines.
Through qRT-PCT shown in Figure S2, we also proved that

HEH can reduce EGFR mRNA in BT474 cells but not MDA-
MB-231 cells. That suggests that HEH indeed can cell-type
specific silence EGFR.

HEH Showed Cell Binding Specificity That Is
Correlated with HER2 Protein Expression. To explore if
HEH has different binding patterns on breast cancer cell lines,
breast cancer cells were incubated with Cy5-HEH or Cy5-
muHEH and detected with flow cytometry. As shown in Figure
5A, BT474 cells are all positive for HEH; SKBR3 has two
populations: one is HEH negative and other one is HEH high
expression. Interestingly, MDA-MB-231, MCF7, and Hs578 T
also have two cell populations: one is HEH negative and other
has certain amount HEH positive. As shown in Figure 1B,
indeed, MDA-MB-231, MCF7, and Hs578 T express low

Figure 4. Evaluation of protein levels by Western blot. (A) Detection of EGFR and Cleaved Caspase 3 in SKBR3 cells after treatment with HER2
aptamer and HEH for 48 h and 72 h. (B) Detection of EGFR and Cleaved Caspase 3 inBT474 cells after treament with HEH and HER2 aptamer
for 72 h. (C) Detection of HER2 in SKBR3 cells after treatment with HER2 aptamer and HEH for 72 h (D) Detection of HER2 in BT474 cells
after treatment with HER2 aptamer and HEH for 72 h Quantification of protein levels normalized by GPDH using ImageJ. The results are the
mean ± SEM from three independent experiments. ∗P < 0.05, ∗∗P < 0.01.
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Figure 5. Cell binding specificity and biodistribution of HEH. (A) Evaluation of cell binding specificity by flow cytometry. HER2 positive and
HER2 negative breast cancer cell lines were incubated with Cy5 labeled HEH or muHEH for 1 h at 37 °C, and detected with flow cytometry. Black
line, cell only; green line, muHEH; light purple, HEH. (B) Biodistribution assay. Athymic female mice were implanted with BT474 cells. After 4
weeks, tumor bearing mice were i.v. injected with Cy5-HEH or Cy5-muHEH. Cy5 fluorescence of whole body was captured at the time points of
0.5 h, 3 h, 12 h, and 24 h using Xenogen IVIS100.

Figure 6. HEH inhibits tumor growth in BT474 breast cancer xenografts. Mice with subcutaneous tumors were i.p. injected with HEH and controls
(PBS, HER2 apt) for 4 week. (A) Tumor growth curve. Tumor sizes were measured twice a week with digital calipers (n = 4). (B) Dissected
tumors after treatment. (C) Quantitation of dissected tumor size from (B) (n = 4). (D) Body weight were measured and averaged (n = 4). ∗p <
0.05; ∗∗p < 0.005. Data represent the mean ± SEM.
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amount HER2. Previous studies35 by immunohistochemistry
have shown that MDA-MB-231, MCF7, and Hs578 T indeed
express low HER2 but not null or absence of HER2. HEH can
differentiate SKBR3, MDA-MB-231, MCF7, and Hs578T into
two populations that may suggest bivalent aptamer is more
sensitive to detect HER2 expressing cells.
HEH Possesses High Tumor-Targeting Capability in

Vivo. To explore tumor-targeting capability and biodistribu-
tion of HEH in vivo, tumor-bearing mice (BT474 cell derived
xenografts) were i.v. injected with Cy5-HEH or Cy5-mHEH.
Biodistribution was monitored with Xenogen IVIS 100
imaging system. As shown in Figure 5B, after 3 h, in HEH
treated mice, Cy5 signals can be clearly visualized in tumor
sites. The Cy5-HEH signals can last for 12 h in tumor sites.
However, in muHEH treated mice, the signals of chimera in
tumor site are not clear in 3 h and muHEH chimera has been
cleared from the body after 12. The results showed that HEH
has tumor targeting capability and its half-life time in vivo can
reach 12 h. In HEH- and muHEH-treated groups, after 24-h

injection, Cy5 signals disappeared in main bodies except tails.
That also indicates that HEH and muHEH will have shorter
deposit time in vivo and may cause less side effect on the
normal organs than polymer-based siRNA delivery vehicles.

HEH Suppressed HER2 Expressing Breast Tumor
Growth. Because HEH can reduce protein expression of
HER2 and EGFR and trigger cell apoptosis in vitro, we next
evaluated if treatment efficacy can be demonstrated in vivo.
BT474 cells were implanted into one flank of athymic nude
female mice, after tumor size reach about 100 mm3, HEH (10
nmoles) was intraperitoneally injected into tumor bearing mice
three times per week for 4 weeks. Tumor growth was measured
weekly with digital caliper meter. As shown in Figure 6A−C,
HEH treatment showed pronounced tumor growth inhibition
compared with PBS- and HER2 aptamer-treated tumors. HEH
treatment has achieved 5−6-fold reduction in tumor sizes
compared with the PBS-treated tumors, and two-fold reduction
compared with HER2 aptamer treated tumors. HER2 aptamer
treatment has one-fold reduction of tumor size compare with

Figure 7. Histology analysis of tumor and detection of biomarkers by immunohistochemistry. Formalin-fixed paraffin-embedded sections of
xenograft tumors were analyzed with HE staining for detection of morphologic changes and IHC staining for detection of protein levels of EGFR,
HER2, and Cleaved Caspase-3. Scale bar, 50 μm.
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PBS controls. These results suggest that cotargeting of HER2
and EGFR has synergistic efficacy in treating HER2 expressing
tumors and is superior to HER2 single targeted treatment.
Through time-course measurement of body weight (Figure
5D), there is no any changes after HEH and HER aptamer
treatments compared with PBS controls.
HEH Is Capable of Reducing Protein Levels of HER2

and EGFR and Triggering Cell Apoptosis in Vivo. To
confirm treatment efficacy, HE staining on excised tumors was
performed. As shown in top panel of Figure 7, compared with
PBS control, HEH treated tumors were highly vacuolated and
contained highly condensed nucleus and cytoplasm. To
validate if the observed histological alteration correlated with
the occurrence of apoptosis, representative tumor samples
were analyzed by IHC to evaluate apoptosis maker, Cleaved
Caspase-3.
As shown in Figure 7 (bottom panel), the intensity of

cleaved caspase-3 was much increased in HEH-treated tumors
compared with PBS-and HER2 aptamer-treated groups.
Furthermore, to verify if treatments have reduced HER2 and
EGFR in vivo, tumors were examined by IHC staining for
detection of HER2 and EGFR expression. As shown in the
middle panels of Figure 7, HEH is capable of significantly
reducing HER and EGFR in tumor tissue, while HER aptamer
alone can reduce HER2 receptor but not EGFR receptor.
These findings are consistent with in vitro results in Figure 4.
These histology results suggest that HEH enables intervention
of EGFR/HER2 concomitantly and inducing apoptosis in vivo,
which is translated into significant suppression of tumor
growth in xenograft models.
There Is No Detectable Systemic Toxicity after HEH

Treatment in Xenografts. To evaluate potential systemic
toxicity, after 4-week treatment, we have performed HE
staining on major organs including brain, heart, intestine,
kidney, liver, lung, and spleen. There is no obvious histological
difference between PBS- and HEH-treated mice (Figure 8A).
IFNα and IL-6 in mouse sera have been evaluated with ELISA
shown in Figure 8B and C. No statistical difference was

identified for IFNα and IL-6 between PBS and HEH groups.
That indicates that HEH does not have acute toxicity and not
trigger innate immune response. That is consistent with the
evaluations from many RNA based chimeras in vivo
applications.27,36

■ DISCUSSION

Overexpression of EGFR or HER2 has been found in a wide
range of human tumors.37,38 Because of complex mechanisms
of HER family signaling pathway activation both inherent and
acquired, it is crucial to target multiple HER receptors to
achieve synergetic effects compared with targeting a single
receptor.15 Bifunctional small molecule tyrosine kinase
inhibitor (TKI) Laptinib, which targets both EGFR and
HER2, shows the enhanced therapeutic efficacy in HER2
positive breast cancer.39 Anti-HER2 antibody combinations
also show the improved treatment efficacy than one type of
HER2 antibody.40 It has been revealed that combination of
trastuzumab and pertuzumab (both target on HER2) shows
significantly increased therapeutic efficacy in trastuzumab-
resistant patients with metastatic breast cancer,41 although
pertuzumab does not have significant clinical activity as a single
agent. To overcome drug resistance and intercept cancer
pathway switch, combination treatment is essential and
desirable. However, current chemical drugs including TKIs
lack tumor targeting specificity and have high toxicity, while
antibodies have high immunogenicity and high cost. The need
remains for targeted therapeutic agents that are low toxic, low
cost, and capable of blocking multiple tumor support pathways.
AsiCs are cell type specific, low immunogenicity, ease of

production, thermostable, and less batch-to-batch varia-
tion.23,42 Therefore, AsiCs are emerging as a new potent
targeted therapeutic. AsiC as a single entity can be easily
administrated to patients and is expected to have less cost in
passing regulatory approval than multiple-drug combination. In
this study, we have used bivalent HER2 aptamer to deliver
EGFR siRNA into HER2 positive cells with the approach we
have established in previous studies in which bivalent PSMA

Figure 8. Assessment of systemic toxicity of HEH. (A) Histological examination of organ damage after HEH treatment with HE staining. Detection
of mouse serum (B) IFNα and (C) IL-6 with ELISA assay. The results are the mean ± SEM (N = 4).
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aptamer has successfully delivered two siRNAs (target on
EGFR and surivivn).30 We confirmed that bivalent HER2
aptamer, similar to bivalent PSMA aptamer, can effectively
introduce siRNA into cytoplasm and silence target gene. This
study shows that HEH has much better therapeutic efficacy
than HER2 aptamer. This suggests that targeting of HER2 and
EGFR has a synergistic effect on inhibition of HER2 expressing
breast cancer growth.
Without delivery aid, free EGFR siRNA does not have gene

silencing effect. By insertion into a chimera, an EGFR siRNA
was positioned between two HER2 aptamers; in this way,
EGFR siRNA can be delivered into cells and play silencing
effect. Notably, EGFR siRNA in HEH plays dual functions: as
a gene inhibitor and as an adaptor molecule. As an adaptor,
EGFR siRNA bridges two single HER2 aptamer together that
will increase overall chimera size. HEH molecular weight
(MW) is 40.12 KDa, which is much larger than HER2 aptamer
only (MW 11.56 kDa); therefore, HEH is supposed to have
increased circulation time versus HER2 aptamer only. Within
HEH, HER2 aptamer also plays dual functions: an antagonist
against HER2 signaling pathway and as a carrier to deliver
EGFR siRNA into HER2 expressing cells. In the xenograft
treatment, HEH efficacy is superior to HER2 aptamer only,
which may attribute longer circulation time of HEH. We will
further test this hypothesis in the next experiments.
We did not see any evidence of toxicity or weight loss in

HEH treated mice. Many studies have shown that nucleic acid-
based AsiCs do not stimulate innate immunity and not elicit
antibodies.36,43 Therefore, repeat administration may be
allowed for AsiCs. Compared with antibody (150 kDa),
HEH is much smaller and thus expected to have higher tissue
penetration capability. With chemical modification, RNA
serum stability can be easily improved by incorporation of
2′fluoro (F)-pyrimidines into RNAs during transcription. 2′ F-
modified RNA can keep stable in circulation for 24−48 h.44

Clinical Phase I and II studies demonstrated that siRNA
therapeutics can remain gene knockdown for several weeks in
liver and have not shown unacceptable toxicity.45

These studies provide a new tool to target HER2 and EGFR
with ease of production and low immunogenicity. By
combining with inhibitors to HER346 or IGFR,47 or
VEGF,48 HEH is promising to target a wide range of cancers
with upregulated HER2 and EGFR. Compared with our
previous chimera H2EH3 (HER2 aptamer-EGFR siRNA-
HER3 aptamer), which depends on HER2 and HER3
expressing to deliver EGFR siRNA, in HEH, EGFR siRNA
delivery will only need HER2 expression that may apply wider
cell types than H2EH3. We envision HEH will be a new tool in
the cancer-targeted therapeutic toolbox.
By using cell-type specific aptamer, AsiCs can avoid off-

target effect and has potential to silence virtually any gene.
Two major disadvantages of RNA therapeutics are sensitive to
the nuclease degradation and rapid renal clearance due to small
size. Fortunately, chemical modification has significantly
enhanced the resistance to nuclease and basically solved the
problem of serum stability.49 By adding PEG or cholesterol or
designing bivalent aptamer, AsiC size can be increased and
circulation time can easily reach 24 h to several days.36,50,51 To
further improve gene silencing potency of a siRNA in the
context of an AsiC, efforts should be put to enhance
endosomal escape. With the progress in solving all problems
related to aptamer application, AsiC is potential to treat
inherently challenging diseases (cancer and HIV) and reduce

side-effects inherent to traditional therapies. We envision that
RNA-based therapeutics will play dominant roles in future
medicine.
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