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Abstract
In the United States, breast cancer affects one in eight women, with mortality that is second only
to lung cancer. Although chemotherapy is widely used in breast cancer treatment, its side effects
remain a challenge. One way to address this problem is through drug delivery by the
internalization of cell type-specific probes. Although nucleic acid aptamers are excellent probes
for molecular recognition, only a few reports have demonstrated that aptamers can be internalized
into living cells. Therefore, in this work, we report the development of a cancer cell-specific DNA
aptamer probe, KMF2-1a. Using the cell-SELEX method, this aptamer was selected against breast
cancer cell line MCF-10AT1. Our results showed that KMF2-1a was internalized efficiently and
specifically to the endosome of target breast cancer cells. These results indicate that KMF2-1a is a
promising agent for cell type-specific intracellular delivery with both diagnostic and therapeutic
implications.
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Introduction
Breast cancer is by far the most frequently diagnosed cancer among women, with an
estimated 1.38 million new cancer cases in 2008 (23% of all cancers) and 458,503 deaths
worldwide (13.7% of cancer mortality in women). It is now the most common cancer with
an estimated 690,000 new cases in both developed and developing countries.[1]
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Among the newest tools in the fight against cancer, aptamers have gained increasing
research interest. Aptamers are single-stranded oligonucleic acids or peptides that bind to
specific targets with high affinity and specificity. Aptamers are derived from an iterative
process called SELEX (Systematic Evolution of Ligands by Exponential enrichment).[2,3]

Compared with the antibody approach, aptamers have high affinity, excellent specificity and
low toxicity. Moreover, they are stable and easy to synthesize, modify and manipulate.[4–7]

Although aptamers have been very effective in vitro, most aptamers cannot be directly taken
up by cells without external assistance.[8] Up to now, only a few aptamers have been
reported to be successfully internalized by cells, including anti-PSMA, targeting PSMA in
prostate cancer cells, and Sgc8, targeting PTK7 in acute leukemia cells.[9–11] Obviously,
internalization ability is very important for the application of aptamers in vivo, especially in
targeted drug delivery.

A key challenge confronting aptamer internalization is the limited number of aptamer
candidates available for cell-specific recognition. Our research group has developed the cell-
SELEX method to generate a panel of aptamers against several types of cancer cells,
including lymphocytic leukemia, myeloid leukemia, liver cancer, small cell lung cancer,
ovarian cancer and colon cancer.[12–15] These aptamers were selected using whole intact
cells as targets, while a related cell line was used as a negative control. This method enables
the generation of multiple aptamers for molecular recognition of the target cells, and these
aptamers could be used as excellent molecular recognition probes.

We recently used the cell-SELEX method to generate molecular probes for specific
recognition of breast cancer cells. Two cell lines were used: breast cancer cell line
MCF-10AT1, as target cells, and a non-cancer cell line, MCF-10A1, as negative
control.[16,17] We have now identified a panel of aptamers (KMF2-1a, KMF3, and KMF9b)
that specifically recognize the cancer cell line MCF-10AT1 with Kd’s in the nanomolar
range. One of these aptamers, KMF2-1a, binds specifically to target cells, and its binding
ability was shown to be very stable in our study. Furthermore, this aptamer can bind to
target cells at both 4°C and 37°C, extending itsuse for invivo experimentation.

In this paper, we present the results ofan internalization study of dye-labeled KMF2-1a by
flow cytometry and confocal imaging. The results show that this aptamer can be specifically
internalized to target breast cancer cells. Thus, it is anticipated that aptamer KMF2-1a will
be a suitable candidate for further study in targeted drug delivery, both in vitro and in vivo.

Results and Discussion
We first tested the binding ability of aptamer KMF2-1a under different time and temperature
conditions. As shown in Figure 1a, after incubation with aptamer KMF2-1a for 30 mins at
4°C, MCF-10AT1 cells were washed twice with washing buffer to remove the free
aptamers, and analyzed by flow cytometry. After further incubation at 4°C for 2h in binding
buffer without aptamer, flow cytometry confirmed identical results, indicating that the time
elapsed after removal of the aptamer did not affect the binding ability. It is well known that
the secondary structure of DNA aptamers can change under different temperatures,
explaining why some aptamers have lost their binding ability at 37°C. Therefore, aptamer
KMF2-1a was incubated with the target cell line at 37°C, and it showed binding ability
similar that at 4°C (Figure 1b), suggesting that KMF2-1a has potential for in vivo studies.
Importantly, MCF-10A1 cells, which were the negative control, could not bind to KMF2-1a
at 4°C, indicating that KMF2-1a could specifically bind to target cells (Figure 1c).

To exclude interference signals from outside the cell, the confirmation of aptamer
internalization requires that aptamers bound to the cell surface be removed. In previous
studies with aptamer sgc8, our group found that trypsin treatment is an easy method to
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achievethis goal.[18]Therefore, before flow cytometry and prior to the internalization study,
trypsin was used to remove cell surface-bound aptamers. We found that trypsin treatment
could also successfully eliminatespecific binding of KMF2-1a with target cells. Thus, at
4°C, the fluorescence signal which resulted from the binding of KMF2-1a-Biotin to the
membrane of MCF-10AT1 cells was entirely eliminated after trypsin treatment (Figure 1d).
Based on this finding, two conclusions can be drawn. First, the removal of specific binding
of KMF2-1a from target cell surfaces by trypsin treatment indicates that the molecular target
of this aptamer may be membrane protein(s). Second, once surface-bound aptamers have
been removed, the remaining fluorescence signals should arise only from aptamers that have
been taken up, i.e., internalized, by the target cell.

The internalization assay is shown schematically in Figure 2a. MCF-10AT1 is an adherent
cell line. Before starting the internalization study, we split cells into a 6-well plate and
cultured for another 24h to ensure that cell membrane proteins had recovered to a normal
level. The aptamer internalization study was carried out at 4°C and 37°C. The flow
cytometry results confirmed aptamer internalization. Even though the cells had been treated
with trypsin after aptamer application at 37°C, we could still detect the shift signal from the
37°C group, but not the 4°C group, after incubation for 2h with aptamer KMF2-1a. Since
trypsin had removed all the cell surface-bound aptamers, the signal detected from the 37°C
group must have originated from aptamers inside the cell. Similar to KMF2-1a internalized
by MCF-10AT1 assay, we used MCF-10A1 cells as a negative control, and no signal was
detected from the 37°C group. Thus, we concluded that KMF2-1a could be internalized
specifically into target MCF-10AT1 cells. We used confocal microscopy to further confirm
aptamer internalization. As shown in Figure 3, after 2h incubation with KMF2-1a-TAMRA,
we observed fluorescence signals from inside the MCF-10AT1 cells. On the other hand, no
fluorescence was observed inside the cells incubated with Lib-TAMRA, and no fluorescence
shift was observed from Lib-BIOTIN in flow cytometry under the same conditions as
KMF2-1a-TAMRA/KMF2-1a-BIOTIN. These results provided strong evidence that
KMF2-1a had been internalized by the MCF-10AT1 cells. We then studied the time
dependence of internalization by flow cytometry. The intensity at each time interval was
normalized to the fluorescence signal from the cell surface at 4°C. As shown in Figure 2c,
the internalization of KMF2-1a into the cells was constantly increasing during the 90-min
monitoring period.

In our internalization study, streptavidin-cy5.5 was used to monitor aptamer behavior.
Streptavidin is a 52,800 Dalton tetrameric protein purified from the bacterium Streptomyces
avidinii, and it can bind to biotin with an extraordinarily high affinity.[19] Our results
showed that the entirecomplex of streptavidin and biotin-labeled KMF2-1a could be
delivered into target breast cancer cells. This advantage could be further used for targeted
delivery of large molecules. Therefore, KMF2-1a may have the potential for aptamer-based
targeted drug delivery in breast cancer theragnosis. One aptamer that has already been
successfully used for targeted delivery is the anti-PSMA aptamer, which specifically binds
to prostate cancer cells. This aptamer has been used to deliver chemotherapy and other
cytotoxic agents, including gelonin, a ribosomal toxin that causes cell death by disrupting
protein synthesis,[20]and a quantum dot-doxorubicin conjugate.[21] Doxorubicin is the most
used drug in breast cancer chemotherapy, but it can cause many side effects. To overcome
this limitation, we have future interest in conjugating KMF2-1a with doxorubicin for breast
cancer targeted chemotherapy.

We were also very interested in the fate of KMF2-1a aptamer inside the target cells. By
using Alexa633-labeled transferrin as a tracker, it has been shown that aptamer Sgc8 was
taken up by endosomes in cells.[11] We also used this method to investigate the fate of the
KMF2-1a aptamer inside breast cancer cells.
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It has been reported that transferrin can be taken up by cells via receptor-mediated
endocytosis, and Alexa633-labeled transferrin is commonly used to localize in the
endosome.[22] Thus, co-localization of the aptamer with transferrin would indicate that most
internalized KMF2-1a aptamers have been taken up by the process of endocytosis (Figure
4). In the context of drug delivery, the endosomal compartment is usually acidic, and many
internalized extracellular molecules change their structures at low pH to release their bound
substance. As such, internalized aptamers could potentially respond to these conditions to
release their drug payloads. For example, one such acid-labile linkage was used by Yufen et
al. for the sgc8c-Dox conjugate. This aptamer-drug conjugate was cleaved inside the acidic
endosomal environment, resulting in Dox release.[23]

Conclusion
In conclusion, we have shown that a cell-specific aptamer, KMF2-1a, which was generated
against breast cancer cell line MCF-10AT1 by cell-SELEX, was specifically internalized
into the target cells without external assistance and delivered to the endosome. This aptamer
also delivered large molecules (streptavidin) into cells. As a molecular recognition probe,
KMF2-1a can be conjugated with other agents of interest, such as chemotherapeutic drugs or
siRNA, for specific intracellular delivery. This aptamer is anticipated to be widely used in
breast cancer research.

Experimental Section
Cell lines and regents

The MCF-10AT1/MCF-10A1 cell lines were maintained in DMEM-F12 medium (ATCC)
supplemented with 10μg/mL insulin, 0.5μg/mL hydrocortisone, 20ng/mL epidermal growth
factor (EGF), 100ng/mL cholera enterotoxin, 5% horse serum and 20U/mL penicillin-
streptomycin. Cells were washed after harvesting by using Non-enzymatic Cell Dissociation
Solution (1×) (Sigma) with the washing buffer (4.5g/L glucose and 5mM MgCl2 in
Dulbecco’s phosphate buffered saline with calcium chloride and magnesium chloride
(Sigma)). The binding buffer used for aptamer selection was prepared by adding yeast tRNA
(0.1 mg/mL) (Sigma) and BSA (1 mg/mL) (Fisher) to the washing buffer to reduce
nonspecific binding.

DNA synthesis and labeling
All DNA synthesis reagents were from Glen Research (Sterling, VA). KMF2-1a: 5’-AGG
CGG CAG TGT CAG AGT GAA TAG GGG ATG TAC AGG TCT GCA CCC ACT CGA
GGA GTG ACT GAG CGA CGA AGA CCC C-3’. Library aptamers: 5’-ATG AGA GCG
TCG GTG TGG TA-N40-TAC TTC CGC ACC CTC CTA CA-3’. All probes and DNAs
were synthesized with an ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster
City, CA). TAMRA, Biotin and CPG phosphoramidites were used for modification on
aptamer KMF2-1a in theDNA synthesizer. HPLC purification was performed on a ProStar
HPLC Station equipped with fluorescence and a photodioarray detector. A C-18 reverse
phase column was used with acetonitrile-TEAA as the mobile phase.

Trypsin treatment of cells
Cells were first washed with washing buffer (500μL) to remove the FBS (Fetal Bovine
Serum) in the binding buffer, which might quench the function of trypsin, and then
incubated with Trypsin (Fisher Biotech, 500μL, 0.05%)/EDTA (0.53mM) in HBSS at 37°C
for 15mins. After incubation, 50μL FBS was added, the cells were washed with washing
buffer (500μL) once again, and suspended in binding buffer (200μL with 0.1% NaN3) for
detection.
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FACS-based internalization assay
Flow cytometry analysis was performed on a FACScan (Becton Dickinson
Immunocytometry Systems, San Jose, CA) by counting 20,000 events, and the data were
analyzed with WinMDI software. For the KMF2-1a-Biotin binding experiment, cells were
detached by using Non-enzymatic Cell Dissociation Solution. Cells were first washed twice
with washing buffer (500μL) and then suspended in binding buffer (200μL, with 0.1%
NaN3). Next, aptamer KMF2-1a-Biotin and Lib-Biotin (200nM) were added for 30mins
incubation at 4°C and 37°C. After incubation, cells were washed twice with washing buffer
(500μL); then dye streptavidin-cy5.5 was added in binding buffer (200μL) for another
15mins of incubation at 4°C. Before the internalization study was carried out, 1×106 cells
were split into a 6-well plate for a 24-h cell culture to ensure that cell membrane proteins
recovered to normal level. Cells were separated into two groups,for experiments at 4°C and
37°C, respectively. After binding both groups of cells with KMF2-1a at 4°C, free aptamers
and dye were washed away, and then fresh medium was added. The 4°C cell group was
incubated at 4°C for 2h in medium, and the 37°C cell group was incubated for 10, 20,
30mins, 1, 1.5, and 2h in medium. Internalization was stopped by placing cells on ice. In
accordance with the trypsin (Fisher Biotech) treatment method described above, the two cell
groups were analyzed by flow cytometry. All experiments were repeated three times.

Confocal imaging
All cellular fluorescent images were collected on the FV500-IX81 confocal microscope
(Olympus America Inc., Melville, NY). Excitation wavelength and emission filters were as
follows: TAMRA, 543nm laser line excitation, BP580±20nm emission filter; Alexa633,
633nm laser line excitation, LP650 emissionfilter. Cells ware split into poly-D-lysine-coated
35mm glass bottom dishes (Mat Tek Corp.) for a 24-h cell culture. Cells were washed with
washing buffer and then incubated with KMF2-1a-TAMRA (200nM) in medium at 37°C for
2h. For the co-localization experiment, transferrin-Alexa633 (60nM) was added 30 minutes
before the termination of incubation. Experiments were repeated three times and analyzed
using the Fluoview analysis software.
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Abbreviations

SELEX Systematic Evolution of Ligands by Exponential Enrichment

PSMA Prostate Specific Membrane Antigen

PTK7 Protein Tyrosine Kinase 7

DMEM Dulbecco’s Modified Eagle Medium

TAMRA Tetramethy1-6-Carboxyrhodamine

FBS fetal Bovine Serum

BSA Bovine Serum Albumin
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Figure 1. Flow cytometry results of aptamer binding with MCF-10AT1 cells under different
conditions
All the aptamers were labeled with biotin. A: KMF2-1a shows stable binding to target cells
at 4°C. Red line: MCF-10AT1 cells. Green line: library aptamers as negative control. Blue
line: 30mins after KMF2-1a was incubated with target cells at 4°C. Purple line: 2h after
KMF2-1a was incubated with target cells at 4°C. B: KMF2-1a can still bind to target cells at
37°C. Red line: MCF-10AT1 cells. Green line: library aptamers as negative control. Blue
line: 30mins after KMF2-1a was incubated with target cells at 37°C. C: Negative control
MCF-10A1 cells could not bind with KMF2-1a. Red line: MCF-10A1 cells. Green line:
library aptamers. Blue line: MCF-10A1 cells incubated with KMF2-1a at 4°C for 30mins.
D: Trypsin removed specific binding of KMF2-1a. Red line: MCF-10AT1 cells. Green line:
library (negative control) incubated with target cells without trypsin treatment at 4°C. Blue
line: KMF2-1a incubated with target cells without trypsin treatment at 4°C. Purple line:
KMF2-1a-target cell incubation after trypsin treatment at 4°C.
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Figure 2. Internalization study showed that KMF2-1a can be internalized specifically into target
MCF-10AT1 cells
A: Schematic of internalization assay. MCF-10AT1 cells were split into 6-well plate. After
binding with KMF2-1a-Biotin at 4°C, streptavidin-cy5.5 dye was added. After washing
away all the free aptamers and dye and adding medium, one group was incubated at 4°C for
2h and another group was incubated at 37°C for 2h. Trypsin was used to detach and treat
cells. B: Internalization of KMF2-1a aptamer. Red line: MCF-10AT1 cells. Green line:
library aptamers (negative control) were not internalized. Blue line: Trypsin was applied to
remove the membrane-bound aptamers; fluorescence shift existed with KMF2-1a incubated
cells at 37°C, but not at 4°C. However, KMF2-1a could not bind to negative control cell
MCF-10A1 and could not be internalized by MCF-10A1 cells. C: Quantitative analysis of
KMF2-1a internalization with time. The fluorescence intensities of cells that had
internalized aptamers were normalized to those of cells at 4°C. Flow cytometry data showed
increasing fluorescence intensity inside target cells, indicating increasing internalization of
aptamers.
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Figure 3. Internalization study of KMF2-1a-TAMRA into MCF-10AT1 cells by confocal
microscopy
(Left: fluorescence signal; Right: overlay of transmitted and fluorescence signal.) A:
fluorescence signals were seen from inside the cells after incubation of KMF2-1a-TAMRA
with cells for 2 hours at 37°C. B: Lib-TAMRA could not be internalized into cells at 37°C,
even after an incubation of two hours.
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Figure 4. Co-localization of KMF2-1a and transferrin in endosomes
From left to right: Images for KMF2-1a-TAMRA, transferrin-Alexa633, overlay of the
fluorescence channels and bright-field channel.
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Scheme 1.
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