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Pathological detection using immunohistochemistry (IHC) has become an indispensable process in the
diagnosis confirmation of various cancers. However, the production of monoclonal antibodies is always
very complex, expensive and time-consuming, and the batch differences are significant due to the
corporeity and health statuses of animals may be different. In this work, an aptamer-based
histochemistry (aptahistochemistry) assay was developed using a DNA aptamer for specific diagnosis
of clinical breast cancer tissue sections. This aptahistochemistry assay can specifically distinguish
Luminal A breast cancer molecular subtype from Luminal B (HER2+), HER2-enriched, and triple-negative
breast cancer molecular subtypes, as well as para-carcinoma tissue, mastitis tissue and normal breast
tissue. The accuracy of this aptahistochemistry assay for the diagnosis of Luminal A breast cancer was as
high as 80%, which showed a great potential for clinical pathological diagnosis applications.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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In the clinical medicine, pathological detection using immu-
nohistochemistry (IHC) has become an indispensable process in
the diagnosis confirmation of various cancers [1–3]. To conduct
IHC, monoclonal antibodies are usually employed to bind with the
cell-specific biomarkers expressed in the tumor cells of formalin-
fixed paraffin-embedded (FFPE) tissue sections. However, the
production of monoclonal antibodies is always very complex,
expensive and time-consuming, and the batch differences are
significant due to different corporeity and health statuses of
animals used [4,5]. Therefore, to surmount those shortcomings of
monoclonal antibodies, many efforts have been exploited to
synthesize new cell-specific molecular probes to replace the
monoclonal antibodies used in the IHC.
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The emergence of aptamers has lighted the hope to establish
novel and progressive aptamer-based histochemistry (aptahisto-
chemistry) assays for more precise and low-cost pathological
detection of tumor biomarkers in the cancer cells of FFPE tissue
sections of cancer patients. Aptamers are functional short single-
stranded non-coding RNAs or single-stranded DNAs developed by
the systematic evolution of ligands by exponential enrichment
(SELEX) method in vitro, which have the ability to specifically
recognize various targeting molecules by forming various second-
ary structures [6–11]. They are figuratively called “chemical
antibodies” due to their generation by chemists and similar
molecular functions to monoclonal antibodies. Moreover,
aptamers also display several advantages over antibodies such
as higher specificity and affinity, better stability, easier modifica-
tion, and non-immunogenicity [12–18]. Therefore, aptamer selec-
tion and applications have been one of the hottest researchfields in
the past years, which have attracted great attention in bioanalysis
[19–25], molecular diagnosis [26–28], bioimaging [29–31], drug
delivery [32–36] and even tissue engineering [37–39]. In addition,
aptamers have also been employed for pathological detection
based on histochemistry or fluorescence staining [40,41], which
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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show a great potential in the pathological diagnosis of cancer
tissue sections.

In our previous work, a DNA aptamer MF3Ec specifically
targeting Luminal A breast cancer molecular subtype was
developed [42], which showed a great potential for the precise
discrimination of Luminal A breast cancer molecular subtype by
direct fluorescence staining. However, the results showed that
there were strong background signals, and its non-specific binding
to the nucleus is significant. Herein, to further decrease the
background signals and increase the signal-to-noise rates, and
exploringmethods to reduce the non-specific binding of aptamers,
aptamer MF3Ec was employed for the establishment of an
aptahistochemistry assay to replace the monoclonal antibody
with respect to achieve precise and accurate pathological diagnosis
of Luminal A breast cancer molecular subtype. Meanwhile, the
specific detection ability of this aptahistochemistry assay among
breast cancer molecular subtypes, para-carcinoma tissue, mastitis
tissue, and normal tissue was also systematically evaluated. Those
results demonstrated that this aptamer MF3Ec-basd aptahisto-
chemistry assay was able to distinguish Luminal A breast cancer
subtype from the Luminal B (HER2+), the HER2-enriched, the
triple-negative, para-carcinoma tissue, mastitis tissue, and normal
tissue, despite its limited ability in the differential diagnosis
between Luminal A and Luminal B (HER2�) breast cancer
subtypes. Collectively, aptamer MF3Ec was demonstrated to be a
promising molecular probe to establish an aptahistochemistry
assay for clinical pathological diagnosis of Luminal A breast cancer
molecular subtype.

To conduct the experiments, 140 cases of clinical FFPE breast
cancer tissue sections from patients ranging from 40 to 60 years
old, including 30 cases of Luminal A, 20 cases of Luminal B
(HER2�), 20 cases of Luminal B (HER2+), 20 cases of HER2-
enriched, 20 cases of triple-negative,10 cases of breast cancer para-
carcinoma tissue, 10 cases of mastitis tissue sections and 10 cases
of normal breast tissue sections, were used. All those tissue
sections were obtained from the First Affiliated Hospital of Nanjing
Medical University (Nanjing, China) with signed informed con-
sents obtained from either the patients or from the next of kin.
Biotin-labeled aptamer MF3Ec (50-biotin-ACGACCCGATAAGTG-
CATTAGCACGTCCGAGAAAGGCCAGACGGGTCACACAGAGTTA-30)
and random library (50-biotin-ACG-rN (r = 52)-TTA-30) were
purchased from Sangon Biotech, Shanghai, CN to bind with the
cell targets of FFPE tissue sections. HRP-conjugated streptavidin
(Sangon Biotech, Shanghai, China) was used for specific binding to
the biotin-labeled aptamer or random library. Bovine serum
albumin (BSA, Sangon Biotech, Shanghai, China) was used for
blocking. The binding buffer used in those experiments was
phosphate buffered saline (PBS, pH 7.4) supplemented with 4.5 g/L
glucose, 5mmol/L MgCl2, 0.1mg/mL yeast tRNA, and 1mg/mL BSA,
[(Scheme_1)TD$FIG]

Scheme 1. Schematic illustration of the aptahistochemistry as
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and thewashing bufferwas phosphate buffered saline (PBS, pH 7.4)
supplemented with 0.05% Tween-20.

As illustrated in Scheme 1, the tissue sections were deparaffi-
nized 3 times in xylene for 20min and washed with a graded
ethanol series and distilled water for 5min respectively. Subse-
quently, the tissue sections were heated in 0. 01mol/L boiling
citrate buffer (pH 6.0) for 4min and washed with PBS buffer for
antigen retrieval. Then, the tissue sections were incubated with 3%
hydrogen peroxide for 20min to block endogenous peroxidase.
Afterwards, PBS buffer containing 5mg/mL of BSAwas applied and
incubated with the tissue sections at 37 �C for 60min to reduce
non-specific staining, followed by incubating with 250 nmol/L of
biotin-labeled aptamer probe or random library in binding buffer
at 4 �C for 30min. The tissue sections were then washed with
washing buffer for 3 times and incubated with 200mL of the HRP-
conjugated streptavidin at room temperature for 30min before
being treated with 200mL of 3,30-diaminobenzidine (DAB)
peroxidase substrate solution at room temperature for 3min.
Finally, hematoxylin solution was added for counterstaining of the
cell nucleus in the tissue sections, after which the sections were
sealed, and observed by a fluorescence microscope (Olympus
BX51).

Fig. 1 showed the specific pathological diagnosis ability of this
aptamer MF3Ec-based aptahistochemistry assay among different
breast cancer molecular subtypes. For tissue sections treated with
biotin-labeled aptamer MF3Ec, there were significant strong
brown signals exhibited on the cytomembranes of Luminal A
breast cancer tissue sections, while there was no or negligible
brown signals displayed on the cytomembranes of Luminal B
(HER2+), HER2-enriched, triple-negative breast cancer tissue
sections. However, there were also some strong brown signals
displayed on the tumor cytomembranes of Luminal B (HER2�)
breast cancer tissue sections. As negative controls, all those tissue
sections treated with biotin-labeled random library displayed no
obvious brown signals on the tumor cytomembranes. Those results
indicated that aptamer MF3Ec was able to distinguish clinical
Luminal A breast cancer subtype from Luminal B (HER2+), HER2-
enriched and triple-negative breast cancer tissue sections by this
established aptahistochemistry assay, despite its inability to
differentiate Luminal A and Luminal B (HER2�) breast cancer
subtypes.

We hypothesize that part of Luminal B (HER2�) breast cancers
also express the same biomarker expressed on the tumor
cytomembranes of Luminal A breast cancers. Due to the high
heterogeneity of breast cancer, breast cancer can be classified into
four major molecular subtypes: Luminal A, Luminal B, HER2-
enriched and triple-negative [43]. However, the current biomark-
ers are not enough for further depth subtyping of breast cancer and
each of those four major molecular subtypes can also be further
say for specific diagnosis of clinical breast cancer tissues.
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Fig.1. Specific diagnosis of breast cancer tissue sections of differentmolecular subtypes. (a) Tissue sectionswere selectedwith hematoxylin and eosin stain formorphological
confirmation. (b) Tissue sections were incubated with aptamer MF3Ec. (c) Tissue sections were incubated with random library. All pictures were taken under a fluorescence
microscope with �400 magnification. Scale bar = 100mm.
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classified intomore secondary subtypes. Therefore, additional cell-
specific biomarkers for the classification of breast cancer molecu-
lar subtypes are needed to be discovered and identified. As a
paradigm, Poudel et al. stratified Luminal A breast cancer into five
subtypes by well-characterized and cancer-associated heterocel-
lular signatures including stem, mesenchymal, stromal, immune,
and epithelial cell types [44]. Most recently, triple-negative breast
cancer was reported to be further classified into five molecular
subtypes by evaluating the expression patterns of androgen
receptor (AR), CD8, FOXC1, and DCLK1 biomarkers using IHC
[45]. Besides, part of Luminal A breast cancers can also be
reclassified as Luminal B [46]. Therefore, to further identify
Luminal A and Luminal B (HER2�) breast cancer molecular
subtypes, the most important is to discover more cell-specific
biomarkers for further depth and more precise subtyping of both
breast cancer subtypes. Cell-SELEX can generate cell-specific
aptamers without knowing of the specific targets in advance on
the cell membranes, which can contribute to the biomarker
discovery and identification by aptamer-based biomarker discov-
ery technology [47,48]. Finally, owing to the limited specificity of
[(Fig._2)TD$FIG]

Fig. 2. Differentiating Luminal A breast cancer molecular subtype from para-carcinom
hematoxylin and eosin stain formorphological confirmation. (b) Tissue sectionswere inc
All pictures were taken under a fluorescence microscope with �400 magnification. Sc
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biomarkers, multiplex aptamers are strongly suggested to be used
in combination to achieve better classification.

To further evaluate the pathological diagnosis ability of this
aptamer MF3Ec-based aptahistochemistry assay among Luminal A
breast cancer molecular subtype and para-carcinoma tissue,
mastitis tissue, and normal tissue, those tissue sections were
treated as described above. Fig. 2 showed that only Luminal A
breast cancer tissue sections treated with biotin-labeled aptamer
MF3Ec exhibited prominent brown signals on the tumor cyto-
membranes, other tissue sections including all the negative
controls treated with biotin-labeled random library only displayed
negligible brown signals on the tumor cytomembranes. Those
results indicate that this aptamer MF3Ec-based aptahistochemis-
try assay also has the ability to differentiate Luminal A breast
cancer tissue from para-carcinoma tissue, mastitis tissue, and
normal tissue.

Statistical analysis was conducted to validate the accuracy of
this aptahistochemistry assay for the precise pathological diagno-
sis of breast cancer tissues. As shown in Fig. 3 and Table 1, the
Luminal A breast cancer tissue sections treated with aptamer
MF3Ec have a positive rate of 80%, which was significantly higher
a tissue, mastitis tissue, and normal tissue. (a) Tissue sections were selected with
ubatedwith aptamerMF3Ec. (c) Tissue sectionswere incubatedwith random library.
ale bar = 100mm.
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Fig. 3. Statistical analysis of the aptahistochemistry assay for specific diagnosis of
clinical breast cancer tissues. *P < 0.05, [2_TD$DIFF]***P < 0.001.

Table 1
Statistical analysis of the aptahistochemistry assay for specific diagnosis of breast
cancer tissues.

Name Tissue section Number of sample Positive rate (%)

Aptamer MF3Ec Luminal A 30 [3_TD$DIFF]80%
Luminal B (HER2�) 20 50%
Luminal B (HER2+) 20 [4_TD$DIFF]20%
HER2-enriched 20 25%
Triple-negative 20 15%
Para-carcinoma 10 [5_TD$DIFF]30%
Mastitis tissue 10 20%
Normal tissue 10 20%

Library Luminal A 30 26.67%
Luminal B (HER2�) 20 20%
Luminal B (HER2+) 20 [6_TD$DIFF]30%
HER2-enriched 20 25%
Triple-negative 20 25%
Para-carcinoma 10 [7_TD$DIFF]20%
Mastitis tissue 10 30%
Normal tissue 10 20%
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than those treated with random library whose positive rate was
only 26.67%. While Luminal B (HER2+), HER2-enriched, triple-
negative breast cancer tissue sections, para-carcinoma tissue
sections, mastitis tissue sections and normal breast tissue sections
treated with aptamer MF3Ec exhibited positive rates of lower than
30%, which were comparable to those treated with random library.
For Luminal B (HER2�) breast cancer tissue sections, the positive
rate (50%) of tissue sections treated with aptamer MF3Ec was
considerably higher than those treated with random library (20%).
Those results indicate that this aptamer MF3Ec-based aptahis-
tochemistry assay can achieve specific diagnosis of Luminal A
breast cancer tissue section from Luminal B (HER2+), HER2-
enriched, triple-negative breast cancer tissue sections, para-
carcinoma tissue sections, mastitis tissue sections and normal
breast tissue sections.

Compared with previously reported aptahistochemistry assays
for the pathological diagnosis of tumor tissue sections, who
displayed limited specificity and could not achieve differential
diagnosis among cancer molecular subtypes [40,41,49,50], this
aptahistochemistry assay exhibited preferable selectivity and can
achieve specific diagnosis of Luminal A breast cancer subtype
among different breast cancer molecular subtypes. However, the
performances of this aptahistochemistry assay need to be further
improved compared with clinical used IHC, despite its favorable
potential application for Luminal A breast cancer diagnosis. Firstly,
its accuracy for Luminal A breast cancer tissue sections is 80%,
which was slightly lower than the clinical used IHC, meaning there
is a false negative rate of 20%. Besides, the false positive rate of
random library is as high as 26.67%. We hypothesize that this is
attributed to the non-specific binding of single-stranded DNA
1729
oligonucleotides, despite the prominently decreased background
signals and non-specific binding of this established aptahisto-
chemistry assay, when comparedwith the previous reported direct
fluorescence staining tests. However, due to the fast penetration
and electrostatic forces between aptamers and nucleoproteins,
there is still some weak non-specific binding to the cell nucleus.
Therefore, how to circumvent the nonspecific-binding of aptamers
in clinical tissue testing is one of the great challenges for the
clinical applications and industrialization of aptamers. To further
reduce the non-specific binding of aptamers, one strategy is to
achieve themodified and functionalized aptamers to improve their
structure stability in complex clinical samples and maintain their
specific recognition ability. Another strategy is to develop new
blocking methods to strongly inhibit the non-specific interaction
between aptamers and nucleoproteins [15,51,52]. Finally, to
decrease the non-specific binding and improve the diagnosis
accuracy of aptahistochemistry assays, the most important is to
improve the specificity and binding affinity of aptamers, which in
turn requires the development of advanced and high-efficient
SELEX methods.

In conclusion, aptamer MF3Ec was employed to establish an
aptahistochemistry assay for specific diagnosis of clinical breast
cancer tissues of different molecular subtypes in this work. The
aptamer MF3Ec-based aptahistochemistry assay can specifically
distinguish Luminal A breast cancer molecular subtype from
Luminal B (HER2+), HER2-enriched, and triple-negative breast
cancer molecular subtypes, as well as para-carcinoma tissue,
mastitis tissue and normal breast tissue with increased signal-
noise rates, low background, decreased non-specific binding and
comparable high accuracy of 80% for the diagnosis of Luminal A
breast cancer compared with the previously reported direct
fluorescence staining methodology. In addition, this aptahisto-
chemistry assay is more specific, faster and cheaper than the
traditional IHC,which can be accomplishedwithin 4 h. Collectively,
all those results demonstrate that this aptamer MF3Ec-based
aptahistochemistry assay is a high-efficient and low-cost method
for the clinical pathological diagnosis of breast cancer molecular
subtypes.
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