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Abstract

Molecular subtyping of breast cancer is of considerable interest owing to its potential for personalized
therapy and prognosis. However, current methodologies cannot be used for precise subtyping, thereby
posing a challenge in clinical practice. The aim of the present study is to develop a cell-specific
single-stranded DNA (ssDNA) aptamer-based fluorescence probe for molecular subtyping of breast
cancer.

Methods: Cell-SELEX method was utilized to select DNA aptamers. Flow cytometry and confocal
microscopy were used to study the specificity, binding affinity, temperature effect on the binding ability
and target type analysis of the aptamers. In vitro and in vivo fluorescence imaging were used to distinguish
the molecular subtypes of breast cancer cells, tissue sections and tumor-bearing mice.

Results: Six SK-BR-3 breast cancer cell-specific ssDNA aptamers were evolved after successive in vitro
selection over 21 rounds by Cell-SELEX. The Kd values of the selected aptamers were all in the
low-nanomolar range, among which aptamer ské showed the lowest Kd of 0.61 % 0.14 nM. Then, a
truncated aptamer-based probe, sk6Ea, with only 53 nt and high specificity and binding affinity to the
target cells was obtained. This aptamer-based probe was able to 1) differentiate SK-BR-3, MDA-MB-231,
and MCF-7 breast cancer cells, as well as distinguish breast cancer cells from MCF-10A normal human
mammary epithelial cells; 2) distinguish HER2-enriched breast cancer tissues from Luminal A, Luminal B,
triple-negative breast cancer tissues, and adjacent normal breast tissues (ANBTs) in vitro; and 3)
distinguish xenografts of SK-BR-3 tumor-bearing mice from those of MDA-MB-231 and MCF-7
tumor-bearing mice within 30 min in vivo.

Conclusion: The results suggest that the aptamer-based probe is a powerful tool for fast and highly
sensitive subtyping of breast cancer both in vitro and in vivo and is also very promising for the identification,
diagnosis, and targeted therapy of breast cancer molecular subtypes.
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Introduction

Breast cancer is a highly heterogeneous tumor  types,i.e, Luminal A, Luminal B, HER2-enriched, and
conventionally classified into four molecular sub- triple-negative breast cancer, the latter of which has
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become the most frequently diagnosed life-threat-
ening cancer among women [1-5]. In clinical practice,
precise molecular subtyping of breast cancer is a
powerful approach for preventing its progression and
plays a vital role in the delivery of personalized
medicine. Currently, the most commonly used
method for the clinical classification of breast cancer
molecular subtypes is based on immunohistochem-
istry (IHC). Although IHC is the gold standard for
pathological diagnosis [6], the antibodies used in IHC
are highly heterogeneous, costly, and unstable, thus
limiting their applications [7]. Molecular imaging can
contribute to breast cancer subtyping due to its high
sensitivity, ease of operation, and noninvasive nature
[8-10]. However, specific probes for molecular imag-
ing are extremely scarce, thus limiting the utility of
this method for precise molecular subtyping of breast
cancer. Therefore, the development of novel and
highly specific molecular probes for precisely differ-
entiating breast cancer molecular subtypes is needed.

Aptamers, often termed “chemical antibodies”,
are single-stranded DNA or RNA oligonucleotides
evolved from a wide range of targets, such as
proteins, small molecules, ions, cells, and even tissues
[11-16]. Aptamers have been widely applied in
various biomedical fields, such as biosensors [17, 18],
molecular imaging [19, 20], disease detection and
diagnosis [21-23], drug delivery [24, 25], targeted
therapy [26-28], and tissue engineering [29].
Compared with antibodies, aptamers have several
advantages, such as high specificity, high binding
affinity, low molecular weight, low toxicity, rapid
tissue penetration, low immunogenicity, simple and
reproducible synthesis, good stability, and ease of
modification [30-32]. Although aptamers evolved
from protein targets perform well in in wvitro
applications, they do not recognize native protein
targets effectively in vivo owing to the fact that the
protein targets used for aptamer selection are mostly
purified proteins or epitope peptides [33, 34], which
differ from native proteins. Cell-based systematic
evolution of ligands by exponential enrichment
(Cell-SELEX) is a relatively new method for develop-
ing aptamers that specifically bind to whole living
cells. Although aptamers have been evolved through
Cell-SELEX to recognize various kinds of cancer cells
[35-42] and other cell types have been widely
investigated, aptamer evolution for the molecular
subtyping of human breast cancer has not been
realized. Moreover, as reported aptamers were all
evolved from one cancer molecular subtype through
positive selection without negative counter selection
or with only a single negative control cell for negative
counter selection, they can only distinguish cancer
molecular subtypes from control cells and cannot

differentiate among cancer cells of various molecular
subtypes due to the lack of specificity. For example,
Gijs et al. [43] developed two novel DNA aptamers
targeting the HER2 receptor using an adherent
whole-cell SELEX approach with five rounds of
positive selection. Although both of the aptamers
were able to bind to HER2-overexpressing cells
(SK-BR-3 and SKOV3 cells) and HER2-positive tumor
tissue samples, they could not distinguish Luminal B
and HER2-enriched breast cancer among the four
breast cancer molecular subtypes very well. More-
over, protein heterogeneity can also affect aptamer
specificity, thus further limiting the clinical value of
aptamers. To overcome such problems, multiple
negative counter selection using several cancer cells is
essential to develop aptamers with excellent
specificity and high binding ability to their targets for
breast cancer molecular subtyping applications.
Herein, we developed an excellent cell-specific
single-stranded DNA (ssDNA) aptamer-based
fluorescence probe for precise molecular subtyping of
breast cancer via an improved Cell-SELEX method.
As shown schematically in Figure 1, SK-BR-3 breast
cancer cells were chosen as the target cell, while
MCF-7 and MDA-MB-231 breast cancer cells and
MCF-10A human normal mammary epithelial cells
were utilized as negative control cells. After 21
successive rounds of selection, six ssDNA aptamer
probes capable of specifically binding to SK-BR-3
breast cancer cells were identified. The specificity and
binding affinity of these aptamers were systematically
investigated, demonstrating that aptamer sk6
exhibited both the best specificity and the highest
binding affinity among the six aptamer candidates.
Due to the fact that the recognition domain of an
aptamer is usually composed of only a few
nucleotides [44], aptamer sk6 was subsequently
truncated and optimized. Consequently, a new
aptamer probe, sk6Ea, composed of only 53 nt and
exhibiting similar recognition ability to that of sk6,
was obtained. The specificity, binding affinity, effects
of temperature, target-type, and ability of sk6Ea to
differentiate breast cancer molecular subtypes were
also systematically investigated. The results indicated
that the aptamer sk6Ea had higher specificity against
SK-BR-3 breast cancer cells and could not only
distinguish breast cancer molecular subtypes both in
vitro and in vivo but also differentiate SK-BR-3 breast
cancer cells from other cancer cells and normal cells
when compared with other aptamers correlated with
breast cancer. To the best of our knowledge, sk6Ea is
the first aptamer-based probe for the molecular
subtyping of breast cancer and is a promising
candidate for the identification, diagnosis, and
targeted therapy of breast cancer molecular subtypes.
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Figure 1. Schematic illustration of selection of aptamers for molecular subtyping of breast cancer using Cell-SELEX method. Cell-SELEX
procedures: First, the initial ssDNA pool was incubated with SK-BR-3 cells for positive selection. Then, the binding sequences were eluted and PCR-amplified for
secondary pool preparation, followed by incubation with MCF-7, MDA-MB-231, and MCF-10A cells for counter selection to remove nonspecific binding sequences.
Finally, sequences specifically binding to SK-BR-3 cells were eluted and PCR-amplified for DNA cloning and sequencing to obtain aptamer candidates.

Methods

Materials and reagents

SK-BR-3, MCF-7, and MDA-MB-231 human
breast cancer cell lines as well as the MCF-10A human
normal mammary epithelial cell line were obtained
from the American Type Culture Collection. All cell
lines were cultured at 37 °C in a humid atmosphere
with 5% CO». MCF-7 and SK-BR-3 cells were cultured
in RPMI-1640 (Gibco, USA) supplemented with 10%
fetal bovine serum (Gibco, USA). MDA-MB-231 cells
were cultured in Dulbecco’s modified Eagle's
medium (Gibco, USA) supplemented with 10% fetal
bovine serum. MCF-10A cells were cultured in
MEGM (Lonza, Switzerland) supplemented with 100
ng/mL cholera toxin (Sigma, USA). The Cell-SELEX
library and primers were purchased from Sangon
Biotech Co., Ltd. (Shanghai, China). The library
contained a randomized region of 40 nt flanked by
two constant regions of 23 nt on both sides for primer
annealing and PCR amplification (5'-AGCAGAGTT
CACGACCCGATAAG-N40-GAGTTACATACCAAT
CGTCGCAG-3'). For PCR amplification, the forward
primer was labeled with FAM at the 5 end
(5'-FAM-AGCAGAGTTCACGACCCGATAAG-3") to
monitor the enrichment of the library pool by flow
cytometry (ACEA NovoCyteTM Series, ACEA, USA),
and the reverse primer was labeled with biotin at the
5" end (5'-biotin-CTGCGACGATTGGTATGTAACTC
-3') to isolate the sense strands using streptavidin-
coated magnetic nanoparticles (SA@MNPs) for
subsequent selection rounds. The SA@MNPs were
synthesized according to our previous report [45]. The
agarose used for electrophoretic analysis was

purchased from Sangon Biotech Co., Ltd. (Shanghai,
China). The binding buffer utilized in the Cell-SELEX
process was prepared with phosphate-buffered saline
(PBS, pH 7.4) supplemented with 4.5 g/L glucose, 5
mM MgCl,, 0.1 mg/mL yeast tRNA, and 1 mg/mL
bovine serum albumin. The washing buffer was
prepared with PBS supplemented with 4.5 g/L
glucose and 5 mM MgCl..

Cell-SELEX procedures

In this Cell-SELEX process, SK-BR-3 breast
cancer cells were used as target cells. The initial DNA
library (10 nmols) was thoroughly dissolved in 500 pL
of pure water, followed by denaturation at 95 °C for 5
min and immediate cooling on ice for 10 min. Then,
the initial library was uniformly mixed with 2x
binding buffer before incubation with about 9x10¢
SK-BR-3 cells (cell viability was measured at about
92% using flow cytometry) cultured in a 100-mm cell
culture dish on a rotary shaker at 4 °C for 1 h. After
incubation, the cells were washed thrice with 3 mL of
washing buffer. Afterwards, 500 pL of TE buffer
(Sangon Biotech Co., Ltd., Shanghai China) was
added, and SK-BR-3 cells were harvested with a cell
scraper and transferred to a 1.5-mL centrifuge tube.
Then, the target cell-binding ssDNA sequences were
extracted by heating the solution in a boiling water
bath for 10 min and subsequently centrifuging at
15,000 rcf for 5 min. The collected ssDNA sequences
were amplified by PCR with FAM-labeled forward
primer and biotin-labeled reverse primer (14-22
cycles of 5 min at 95 °C, 30 s at 95 °C, 30 s at 64 °C, and
30 s at 72 °C, followed by 5 min at 72 °C) to prepare
the evolved aptamer pool. Then, electrophoretic
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analysis of the PCR products was performed after
each Cell-SELEX round to guarantee the successful
enrichment of the aptamer pool. Thereafter, the
double-stranded DNA products were purified by
incubation with SA@MNPs for 30 min and denatured
with 0.2 M NaOH, followed by acid neutralization
and desalting. The separated FAM-labeled ssDNA
sequences were used as a new aptamer pool for the
next round of selection.

After four rounds of successive selection with
the target cells, counter selection was performed to
remove nonspecific binding sequences after the fifth
selection round. The aptamer pool (about 265.1 pmol)
was first successively incubated with about 9x106
negative cells (MCF-7, MDA-MB-231, and MCF-10A),
followed by subsequent incubation with the target
SK-BR-3 cells (about 9x10°) using the unbound
ssDNA sequences in the supernatant solution for
positive selection. To improve the specificity and
binding affinity of aptamers, the positive incubation
time was decreased from 60 min to 15 min, while the
negative incubation time was increased from 30 min
to 90 min (for incubation with all negative cells); the
washing time was increased gradually from 5 min to
30 min as the number of selection rounds increased.
Meanwhile, the amount of the aptamer pool used in
the selection rounds was also gradually decreased
from 10 nmol to 30 pmol.

Flow cytometry was used to monitor the
enrichment of the selected pools. For each selected
pool, 250 nM of FAM-labeled ssDNA pools were
incubated with 1x105 target or negative cells in 200 pL
of binding buffer at 4 °C for 15 min. After incubation,
the cells were washed twice with 1 mL of washing
buffer, followed by resuspension in 500 pL of washing
buffer. Finally, 1x10* target cells were counted with a
FACScan cytometer (ACEA NovoCyte™ Series,
ACEA, USA) in triplicate to measure fluorescence
intensity on the cell surface. Meanwhile, target cells
incubated with the FAM-labeled initial library pool
and target cells only were used as the negative control
and blank control, respectively.

When the fluorescence signal of the target cells
incubated with the last two pools was dramatically
stronger than that of the target cells incubated with
the initial pool with no further increase, the
enrichment process of the library was completed. The
last pool was then PCR-amplified for cloning and
sequencing. In total, 30 random positive clones were
selected and sequenced (Sangon Biotech Co., Ltd.,
Shanghai China). A multiple sequence alignment and
secondary structures of the resulting 30 sequences
were analyzed by DNAMAN software [12]. Finally,
the aptamers were identified and chemically labeled
with FAM or Cyb5 for further analysis.

Selectivity analysis of the selected aptamers

The target SK-BR-3, MCF-7, and MDA-MB-231
breast cancer cells; MCF-10A human normal breast
epithelial cells; HepG2 hepatocellular carcinoma cells;
L02 normal hepatic cells; A549 lung cancer cells; HeLa
cells; and A375 melanoma cells were cultured and
incubated with the selected aptamers to investigate
their specificity using a FACScan cytometer, as
described above. In detail, a total of 1x105 cells were
washed with cold washing buffer, followed by
incubation with FAM-labeled aptamers (250 nM) in
200 pL of binding buffer at 4 °C for 15 min. Then, the
cell/aptamer complexes were washed twice with 1
mL of washing buffer, followed by resuspension in
500 pL of washing buffer. Finally, 1x104 cells were
counted with a FACScan cytometer (ACEA
NovoCyte™ Series) to measure fluorescence intensity
on the cell surface.

Binding affinity analysis of the selected
aptamers

To measure the binding affinity of the selected
aptamers, as determined by their dissociation
constant (Kd) wvalues, 1x105 SK-BR-3 cells were
washed with cold washing buffer, followed by
incubation with FAM-labeled aptamers at various
concentrations in 200 uL of binding buffer at 4 °C for
15 min. After incubation, the cell/aptamer complexes
were washed twice with 1 mL of washing bulffer,
followed by resuspension in 500 pL of washing buffer.
Finally, 1x10* SK-BR-3 cells were counted with a
FACScan cytometer (ACEA NovoCyte™ Series) to
measure fluorescence intensity on the cell surface. All
binding assays were performed in triplicate. Relative
fluorescence intensity was obtained by subtracting the
background fluorescence from SK-BR-3 cells alone,
followed by mathematical fitting of the dependence of
fluorescence intensity of SK-BR-3 cells on probe
concentration according to the following equation:

Y = Bmax x X / (Kq + X),
using Origin software (OriginLab) [36].

Confocal microscopy

SK-BR-3, MCF-7, and MDA-MB-231 breast
cancer cells and MCF-10A human normal breast
epithelial cells were seeded in 20-mm glass-bottom
cell culture dishes at 1x105 cells and cultured at 37 °C
in a humid atmosphere with 5% CO; for 24 h. After
washing with cold washing buffer, the cells were
incubated with FAM-labeled aptamers or library (250
nM) in 200 pL of binding buffer at 4 °C for 15 min.
Then, the cells were washed thrice with 1 mL of
washing buffer, followed by imaging using a Leica
TCS SP8 confocal microscope (Leica, Germany).
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Effect of temperature on binding ability

Since aptamer sk6Ea was selected at 4 °C, it was
important to evaluate its recognition ability at room
temperature and physiological temperature. There-
fore, the binding affinity of aptamer sk6Ea with
SK-BR-3 target cells was investigated at reaction
temperatures of 4 °C, 25 °C, and 37 °C.

Target-type analysis

Although aptamer sk6Ea can specifically bind to
target cells, the specific target type was unknown.
Therefore, either 0.25% trypsin or 0.1 mg/mL
proteinase K was used to dissociate target SK-BR-3
cells for 5 min, followed by incubation with 250 nM of
aptamer sk6Ea in 200 pL of binding buffer at 4 °C for
15 min. After incubation, the cell/aptamer complexes
were thoroughly washed with washing buffer and
analyzed by flow cytometry.

Fluorescence staining of breast cancer tissue
sections

We then investigated whether aptamer sk6Ea
could identify breast cancer tissue sections of different
subtypes. Formalin-fixed paraffin-embedded breast
cancer tissue sections, including Luminal A, Luminal
B, triple-negative/basal-like, HER2-enriched, and
adjacent normal breast tissues (ANBTs), were
supplied by the Third Xiangya Hospital (Changsha,
China); signed informed consent was obtained from
either the patient or from the next of kin. The
embedded tissue sections were pretreated as
described previously [46, 47]. Briefly, tissue sections
were deparaffinized in xylene (3 x 10 min) and then
rehydrated using a graded ethanol series (100%,
100%, 95%, 85%, and distilled water for 5 min each).
After washing with PBS (pH 8.0), the hydrated tissue
sections were heated in boiling EDTA buffer (0.1 M,
pH 8.0) at high pressure for 2 min, followed by
cooling to room temperature to retrieve antigens.
Then, the prepared tissue sections were blocked with
a binding buffer containing 0.05% tRNA for 60 min,
followed by incubation with 250 nM FAM-labeled
aptamer skoEa or library in 100 pL of binding buffer at
4 °C for 15 min. Afterwards, the sections were washed
thrice with PBS, dehydrated, stained with DAPI, and
sealed. Finally, fluorescence microscopy (Olympus
BX51, Japan) was used to analyze the sections.

In vivo and ex vivo organ imaging

To evaluate the in vivo applications of aptamer
sk6Ea, in vivo and ex vivo imaging of different breast
cancer xenograft-bearing mice was carried out
according to the animal management guidelines of the
Ministry of Health of the PRC and the guidelines for
the care and use of animals of the Southeast

University Laboratory Animal Center. Five-week-old
female athymic BALB/c (BALB/c-nude) mice were
purchased from Shanghai Lingchang Biotechnology
Co., Ltd (China). The nude mice were subcutaneously
injected with 5x10¢ SK-BR-3, MCF-7, or MDA-MB-231
cells in the side of the neck. Afterwards, the tumors
were allowed to grow for about 20 to 30 days until
they reached 0.5-1.5 cm in diameter.

For in vivo fluorescence imaging, tumor-bearing
BALB/c nude mice were anesthetized with both a
tranquilizer and an anesthetic, followed by intrave-
nous injection with 200 pL of physiological saline
containing 2 nmol of Cy5-labeled aptamer ské6Ea or
library via the tail vein. Then, an IVIS Lumina XRMS
Series Il (PerkinElmer, USA) was used to obtain
fluorescence images of live mice at different time
points. For ex wvivo fluorescence imaging, tumor-
bearing mice were intravenously injected with 2 nmol
of Cyb5-labeled aptamer sk6Ea or library, after which
the mice were sacrificed by cervical dislocation under
narcosis at 30 min post-injection. Following
dissection, fluorescence images of the dissected tumor
tissues were collected with the IVIS Lumina XRMS
Series Il in vivo imaging system, as described above.

Results

Selection of aptamers against SK-BR-3 breast
cancer cells

For the Cell-SELEX procedure, the initial ssDNA
pool was incubated with SK-BR-3 cells alone for
positive selection to ensure the binding of ssDNA
sequences to the target cells. From the fifth round of
selection onward, negative control cells were
introduced for counter selection to remove
nonspecific binding sequences, after which the
unbound sequences were incubated with the target
cells for positive selection. Finally, the ssDNA
sequences bound to the target cells were eluted and
amplified using PCR for the next round of selection.
In total, 21 rounds of successive selection were
conducted before the Cell-SELEX process was finally
completed. The PCR result of each selection round
was monitored by electrophoresis, and the
electrophoretogram demonstrated that the length of
the target band was about 86 bp, equal to that of the
initial library (Figure S1). Meanwhile, flow cytometry
was used to monitor the enrichment of the ssDNA
pool. As shown in Figure 2, the fluorescence signal of
the target cells incubated with FAM-labeled ssDNA
pools from the 21t round was significantly stronger
than that of cells incubated with the initial library and
cells alone. However, the fluorescence signal was
approximately constant between the 20t and 21st
round of selection and did not increase thereafter.
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Compared with the negative control cells incubated
with the FAM-labeled initial ssDNA pool, no
significant increase in fluorescence intensity was
observed among the negative control cells (MCF-7,
MDA-MB-231, and MCF-10A) after incubation with
FAM-labeled ssDNA pools from the 20t and 21st
rounds. Moreover, confocal microscopy of the cells
incubated with the FAM-labeled ssDNA pool from
the 21st round also showed that this ssDNA pool was
capable of binding to SK-BR-3 target cells with high
binding affinity and specificity (Figure S2). These
results demonstrated that the enrichment of the target
cell-binding ssDNA pool had terminated by the 21st
round of selection and that counter selection had
successfully removed unbound sequences. Finally,
the ssDNA pool of the 215t round was PCR-amplified,
cloned, and sequenced.

In total, 30 random positive clones were selected
for sequencing. A total of six ssDNA aptamer probes
with a length of 86 nt were identified using multiple
sequence alignment analysis by DNAMAN software.
Considering the important role that secondary
structures play in the recognition capacity of aptamers
[48, 49], the secondary structures of the six selected
aptamer probes were also analyzed and found to be
composed of various stem-loop and hairpin structures
(Figure S3). Probes sk1, sk2, sk3, sk4, sk5, and sk6
accounted for 50%, 3.3%, 13.3%, 16.7%, 13.3%, and
3.3% of all positive clones, respectively (Table 1). All
six probes were then synthesized and labeled with
FAM for further study and analysis.

Selectivity of the selected aptamer candidates

The selectivity of each of the six probes was
determined by flow cytometry and confocal
microscopy. First, the specificities of the probes to
breast cancer cells were investigated. All six
FAM-labeled probes were incubated with SK-BR-3,
MCEF-7, MDA-MB-231, and MCF-10A breast cancer
cells individually, followed by monitoring of the
fluorescence signal using flow cytometry and confocal
microscopy. The FAM-labeled initial library was
utilized as a negative control under the same
conditions. When incubated with SK-BR-3 cells, all six
FAM-labeled probes exhibited markedly higher
fluorescence intensities than that of the FAM-labeled
initial library. By contrast, when incubated with
MCEF-7, MDA-MB-231, and MCF-10A cells, all six
FAM-labeled aptamers showed fluorescence intensit-
ies similar to that of the initial library, indicating
significantly weaker binding compared to that of
SK-BR-3 cells (Figure 3 and Figure S4-S7). These
results indicate the high specificity of the selected
aptamer probes for SK-BR-3 target cells, while the
probes bound only weakly or not at all to the negative

control MCF-7, MDA-MB-231, and MCF-10A cells. To
further investigate the specificity of the six probes in
the presence of other cancer cells, five other tumor
cells, including HepG2 hepatocellular carcinoma cells,
L02 normal hepatic cells, A549 lung cancer cells, HeLa
cells, and A375 melanoma cells, were incubated with
all FAM-labeled aptamers individually. Again, the
fluorescence intensities of the cell-aptamer complexes
were monitored by flow cytometry. Probes sk1, sk2,
sk4, and sk5 all showed some nonspecific binding to
A375 cancer cells compared with the initial library,
while probes sk3 and ské6 showed almost no binding
to all eight types of negative control cells (Figure 3).
These results indicated that probes sk3 and ské
exhibited higher specificity for SK-BR-3 target cells
than for other aptamer candidates, indicating their
potential for discriminating SK-BR-3 breast cancer
cells from other breast cancer cell subtypes and other
cancer cells.

Table 1. Sequences of identified aptamers.

Aptamer Sequence (5’-3") Rate

skl AGCAGAGTTCACGACCCGATAAGGGGAAAACACAT 50%
TTCGGATCTCCGTTGTCGCCCTGATACCGAGTTACAT
ACCAATCGTCGCAG

sk2 AGCAGAGTTCACGACCCGATAAGGGCGATGCCGATC 3.3%
CCTGTGGCCGTAGGGACAGTCCCGCTAGAGTTACATA
CCAATCGTCGCAG

sk3 AGCAGAGTTCACGACCCGATAAGGGGAAAACACAT 133
TTCGGATCTCCGTTGTCGCCCTGGTACCGAGTTACAT %
ACCAATCGTCGCAG

sk4 AGCAGAGTTCACGACCCGATAAGGGGAAAATACAT 16.7
TTCGGATCTCCGTTGTCGCCCTGATACCGAGTTACAT %
ACCAATCGTCGCAG

sk5 AGCAGAGTTCACGACCCGATAAGGGGAAAATACAT 133
TTCGGATCTCCGTTGTCGCCCTGGTACCGAGTTACAT %
ACCAATCGTCGCAG

sk6 AGCAGAGTTCACGACCCGATAAGGGCGATGCCGATC 3.3%
CCTGTGGCCGTAGGGGCAGTCCCGCTAGAGTTACATA
CCAATCGTCGCAG

SK-BR-
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Figure 2. Binding ability of enriched pools to different cells.
Fluorescence intensities of SK-BR-3 and negative control cells incubated with
FAM-labeled ssDNA pools from the initial library and the 20th and 21st rounds,
as well as that of non-incubated cells. The final concentration of both enriched
pools and initial library was 250 nM.
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Binding affinity of the selected aptamer
candidates

To determine the binding affinity of each of the
selected probes, SK-BR-3 cells were incubated with all
six FAM-labeled probes in different concentrations,
followed by measurement of their relative fluoresc-
ence intensity using flow cytometry. The Kd values of
the six probes were all below 4 nM. However, ské6
showed better binding affinity to SK-BR-3 cells than
the other five probes, with a Kd of 0.61 + 0.14 nM
(Figure 4). The above results indicated that the
binding affinity and specificity of probe ské6 for
SK-BR-3 cells were stronger than those of the other
five probes. Therefore, probe sk6 was chosen for
further analysis.

Sequence truncation of the aptamer and its
identification

To make the probe sequence shorter, a total of
seven truncated aptamer probes were obtained from
probe ské6 by removing nucleotides not involved in
the formation of the stem-loop or hairpin structures
(Table S1). SK-BR-3, MCF-7, and MDA-MB-231 breast
cancer cells and MCF-10A human normal breast
epithelial cells were incubated with all FAM-labeled
truncated probes, followed by flow cytometry

analysis. Except for probe skéd, all six of the other
truncated probes were able to bind to SK-BR-3 cells
(Figure 5A-B). However, probe sk6Ea, with a length
of 53 nt and three typical stem-loop structures (Figure
6A), showed the best selectivity for SK-BR-3 cells
among the seven truncated probes, as it bound only to
SK-BR-3 cells, with much weaker binding to MCE-7,
MDA-MB-231, and MCF-10A cells (Figure 5A-B).
Other cancer cells, including HepG2 hepatocellular
carcinoma cells, L02 normal hepatic cells, A549 lung
cancer cells, Hela cells, and A375 melanoma cells,
were also incubated with FAM-labeled probe sk6Ea to
investigate its selectivity. However, the fluorescence
signal in the presence of these cell types was
significantly weaker than that in the presence of
SK-BR-3 target cells, indicating the high selectivity of
probe sk6Ea (Figure 7). Next, the binding ability of
probe sk6Ea was subsequently assessed using flow
cytometry after incubating the target cells with
FAM-labeled probe sk6Ea at different concentrations.
The Kd of probe sk6Ea was 49.32 + 14.53 nM (Figure
6B), which was somewhat higher than that of
full-length probe sk6. Nonetheless, probe sk6Ea still
showed good specificity and favorable binding ability
to the target cells, making it ideal for the recognition
of SK-BR-3 breast cancer cells.

Influence of temperature on the

1 SK-BR-3 MCE-7 MDA-MB-231 binding ability of aptamer skéEa
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e~ o - 100 ,AA',,_ three temperatures were very
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28 A. = ad -f . 28 —A. = These results indicated that probe
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» nize SK-BR-3 cells at 4 °C, 25 °C, and

37 °C, further suggesting its potential

Fluorescence intensity

Figure 3. Selectivity of six aptamer candidates. Fluorescence intensities of SK-BR-3 and negative
control cells incubated with six FAM-labeled aptamers or initial library. The final concentration of both

aptamers and initial library was 250 nM.

for future applications involving in
vitro detection and in vivo diagnostics
and targeted therapy.
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Target-type determination of aptamer skéEa

Moreover, the specific target of probe sk6Ea was
investigated. To do this, FAM-labeled probe sk6Ea
was incubated with trypsin- or proteinase K-treated
SK-BR-3 cells and then analyzed using flow
cytometry. Both treatments resulted in a dramatic
decrease in the probe’s ability to recognize SK-BR-3
breast cancer cells compared with that of non-treated
SK-BR-3 cells (Figure 6D), suggesting that the binding
target of probe sk6Ea is likely to be a cytomembrane
protein.

Molecular subtyping of breast cancer cells

The utility of aptamer-based probe sk6Ea for
molecular subtyping of breast cancer was
systematically studied. Firstly, SK-BR-3, MCF-7, and
MDA-MB-231 breast cancer cells and MCF-10A
human normal breast epithelial cells were incubated
with FAM-labeled sk6Ea or FAM-labeled library and
assessed using confocal microscopy. The fluorescence
signal in the presence of SK-BR-3 cells was
significantly greater than that emitted by probes in the
presence of MCF-7, MDA-MB-231, and MCF-10A cells
(Figure 8A). As a negative control, all cells incubated
with FAM-labeled library showed no, or negligible,
fluorescence signal under the same conditions (Figure
S8). These results indicate that probe sk6Ea is able to

MDA-MB-231 and MCF-7 breast cancer cells, as well
as MCF-10A human normal mammary epithelial cells.

Molecular subtyping of breast cancer tissues

Next, to assess the ability of probe sk6Ea to
distinguish breast cancer tissues of different
molecular subtypes, fluorescence microscopy was
applied to analyze FAM-labeled sk6Ea- or FAM-
labeled library-stained breast cancer tissues, while
DAPI was used to visualize the cell nucleus. In total,
66 cases of clinical human breast cancer tissue
sections, including 19 cases of HER2-enriched, 17
cases of triple-negative, 10 cases of Luminal A, and 10
cases of Luminal B breast cancer tissues, as well as 10
cases of ANBTs, were systematically tested and
statistically analyzed (Table 2). The fluorescence
signal on the cytomembrane of HER2-enriched breast
cancer tissue sections (arrow) was significantly
stronger than that on Luminal A, Luminal B, and
triple-negative breast cancer tissue sections and
ANBTs (Figure 8B). As a negative control,
FAM-labeled library staining was performed on the
four subtypes of breast cancer tissue sections and
ANBTs, and all exhibited negligible fluorescence
signal on the cytomembrane (Figure 8C). Statistical
analysis of these results showed that the positivity
rate for HER2-enriched tissues was 78.95%, which
was significantly higher than that of the initial library
(10.53%). Meanwhile, the positivity rates for
FAM-labeled ské6Ea-stained Luminal A,
Luminal B, and triple-negative breast cancer
tissues and ANBTs were no higher than
23.53% and were thus lower than that of
FAM-labeled library-stained tissues (30%)
(Table 2). Therefore, the positive results in

sk6Ea-stained Luminal A, Luminal B, and
triple-negative breast cancer tissues and
ANBTs might represent nonspecific binding.
These results indicate that probe sk6Ea is able
to distinguish HER2-enriched breast tissues
from Luminal A, Luminal B, and
triple-negative breast cancer tissues and
ANBTs to some extent. However, when

distinguish SK-BR-3 breast cancer cells from
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performing breast cancer tissue staining with
aptamers, there is considerable nonspecific
binding, which can be difficult to deal with
despite the existence of various blocking
measures. We speculate that the nonspecific
binding of aptamers to formalin-fixed
paraffin-embedded breast cancer tissue
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01-$
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sections may result from a change in

Aptamer concentration (nM)

Figure 4. Dissociation constants (Kd) of the selected aptamers.

cytomembrane permeability, which limits the
selectivity of the probe. Therefore, to promote
tissue staining applications using aptamers,

new effective blocking methods are essential.
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Table 2. Molecular subtyping of breast cancer tissues using
aptamer sk6Ea.
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Figure 6. Secondary structure (A), Kd (B), effects of temperature
(C€), and target-type analysis (D) of aptamer skéEa.

ssDNA Tissue section Number of Positivity rate
samples

FAM-labeled HER2-enriched 19 78.95%

sk6Ea Luminal A 10 10%
Luminal B 10 20%
Triple-negative 17 23.53%
ANBTs 10 20%

FAM-labeled HER2-enriched 19 10.53%

library Luminal A 10 30%
Luminal B 10 20%
Triple-negative 17 17.65%
ANBTs 10 30%

In vivo and ex vivo molecular subtyping of
breast cancer xenografts

Furthermore, to determine whether probe sk6Ea
could recognize breast cancer molecular subtypes in
vivo, Cy5-labeled sk6Ea was injected into nude mice
xenografts of SK-BR-3, MDA-MB-231, and MCF-7
cells through the tail vein. Fluorescence images were
taken to detect the fluorescence intensity at the tumor
sites at different time points post-injection. As shown
in Figure S9-S11, at 30 min after injection with
Cyb5-labeled sk6Ea, the fluorescence signal at the
tumor sites in SK-BR-3 tumor-bearing mice increased
significantly compared to that in MDA-MB-231 and
MCEF-7 tumor-bearing mice post-injection. Fluoresc-
ence in SK-BR-3 tumor-bearing mice continued to
increase until 1 h post-injection and significantly
decreased at 3 h post-injection. As a negative control,
injection of Cy5-labeled library resulted in almost no
significant fluorescence signal at the tumor sites in
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SK-BR-3 tumor-bearing mice and only very weak  xenografts of MDA-MB-231 and MCEF-7 tumor-
fluorescence signal at the tumor sites in MDA-MB-231  bearing mice in vivo within 30 min post-injection,
and MCF-7 tumor-bearing mice at 30 min post- suggesting that probe sk6Ea has significant potential
injection (Figure 8D-E). Collectively, these results for applications involving the molecular subtyping,
demonstrate that probe sk6Ea specifically targeted the  diagnosis, and targeted therapy of breast cancer.
xenografts of SK-BR-3 tumor-bearing mice but not the

>
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m
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Figure 8. Application of aptamer sk6Ea for molecular subtyping of breast cancer. (A) Molecular subtyping of breast cancer cells. Scale bar =20 pm. (B)
Molecular subtyping of breast cancer tissues. (C) FAM-labeled library-stained breast cancer tissues of different subtypes. All pictures were taken under a fluorescence
microscope at X400 magnification. Scale bar = 50 ym. (D) In vivo molecular subtyping of breast cancer cells xenografted into mice. (E) Ex vivo imaging of xenograft
tumors from mice bearing different breast cancer cells.
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Discussion

Although the aptamer sk6Ea has potential for the
molecular subtyping of breast cancer, there are still
some challenges to be addressed before the
development of aptamer sk6Ea-based theranostic
tools for breast cancer. First, while aptamer sk6Ea can
distinguish HER2-enriched breast cancer from three
other breast cancer subtypes and ANBTs, it lacked the
ability to further differentiate among Luminal A,
Luminal B, and triple-negative breast cancer. To
achieve this purpose, additional breast cancer molec-
ular subtype-specific aptamers should be developed.
The use of a combination of several aptamers for
detection, namely aptamer-based multicolor imaging
[50, 51], could enable simple identification of breast
cancer molecular subtypes. In addition, new
biomarkers should be developed for breast cancer,
especially for triple-negative breast cancer, which
currently has no suitable biomarkers and is increasing
in incidence among patients; this could also be
realized using the Cell-SELEX method. The second
challenge is that the target of aptamer sk6Ea still
needs to be validated and is still being systematically
studied. Although the above results indicate that the
target of sk6Ea may be the HER2 protein, no
competition was observed between sk6Ea and
anti-HER2 polyclonal antibodies (Poly-anti-HER?2)
(Figure S12). In consideration of the heterogeneity of
proteins, additional evidence and tests are still
required. Third, while aptamer sk6Ea shows strong
potential for breast cancer diagnostics and therapy, it
exhibits instability in vivo and is excreted 4-5 h
post-injection. This is likely because: 1) aptamers are
highly sensitive to nucleases in vivo and can be
degraded very easily [52]; and 2) the small size and
molecular mass of aptamers allow them to be
eliminated rapidly via the kidneys [41]. To address
these problems, chemical modifications of aptamers
with fluoro-, amino-, O-methyl, and other groups, are
usually applied [28, 53-55]. Moreover, spiegelmers
(L-aptamers), which are the enantiomers of wild-type
RNA aptamers (D-aptamers), have been reported to be
intrinsically insensitive to nucleases and thus to
possess better physiological stability in vivo [56-58].
Finally, aptameric structural modulation was recently
reported to improve the physiological stability of
aptamers for in vivo applications. For instance, Tan et
al. [59, 60] developed a circular bivalent aptamer for
cancer cell recognition and in vivo tumor imaging.
Thereafter, they further used a supramolecular
approach to modulate the interaction of the circular
bivalent aptamer with molecular therapeutics for
enhanced delivery of intracellular proteins for target-
ed cancer therapy. The above methods designed to
improve the physiological stability of aptamers may

provide effective strategies for accelerating the clinical
application of aptamer sk6Ea-based theranostics.

In summary, we have developed a new
aptamer-based probe for molecular subtyping of
breast cancer, both in vitro and in vivo. The probe is
able to distinguish SK-BR-3 breast cancer cells from
MDA-MB-231 and MCF-7 breast cancer cells, as well
as MCF-10A human normal mammary epithelial cells.
It is also able to distinguish HER2-enriched breast
cancer tissues from Luminal A, Luminal B, and
triple-negative breast cancer tissues and ANBTs, as
well as xenografts of SK-BR-3 tumor-bearing mice
from those of MDA-MB-231 and MCEF-7 tumor-
bearing mice in vivo. These results indicate that probe
sk6Ea may be an ideal candidate for molecular
subtyping, diagnosis, and targeted therapy of human
breast cancer in clinical practice.

Abbreviations

ANBTs: adjacent normal breast tissues; Cell-
SELEX: cell-based systematic evolution of ligands by
exponential enrichment; D-aptamers: wild-type RNA
aptamers; IHC: immunohistochemistry; L-aptamers:
spiegelmers; Poly-anti-HER2: anti-HER2 polyclonal
antibodies; ssDNA: single stranded DNA.
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