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A B S T R A C T   

Fibrosarcoma is a serious malignant mesenchymal tumor with strong invasiveness, high recurrence, and poor 
prognosis. Currently, surgical resection is the main treatment for fibrosarcoma. However, due to the lack of 
specific biomarkers, the inability to accurately diagnose fibrosarcoma can lead to sub-optimal surgical outcomes 
and decreased survival. Here, we seek to address this translational barrier and we show that DNA aptamer S11e 
was able to recognize fibrosarcoma cells (HT1080) but not human embryonic lung fibroblast cells with Kd values 
in the nanomolar range. In addition, we found that S11e discerned tumors in HT1080 xenograft mouse models 
and tumor tissues from fibrosarcoma patients. Furthermore, we demonstrated that S11e internalized into 
HT1080 cells independent of the lysosome pathway and located in mitochondria. Moreover, we revealed that 
S11e promoted the apoptosis of HT1080 cells and inhibited HT1080 cell migration. Finally, we investigated the 
biologically functional cellular target of S11e using a mass spectrometry approach, and identified that Diablo/ 
SMAC protein is a cellular binding protein of S11e, by interacting to which S11e inhibited HT1080 cell migration 
and invasion. Taken together, these results provide the evidence that S11e may be useful for early diagnosis, 
targeted therapy, and prognostication of fibrosarcoma.   

1. Introduction 

In 2002, the World Health Organization (WHO) defined fibrosar-
coma as a cancer consisting of fibroblasts and variable collagen [1]. 
Fibrosarcoma is a type of malignant neoplasm, originating from 
mesenchymal cells; it can occur in every part of human body with 
fibrous tissue and can occur at any age. Fibrosarcoma is mostly highly 
invasive and has a high recurrence rate. Lung is the most frequent site of 
fibrosarcoma metastasis, followed by the skeletal structure, lymph 
nodes, brain, and subcutaneous tissue [2]. Infant fibrosarcoma occurs in 

children under 5 years of age. Adult fibrosarcoma mostly occurs in 
adults aged 30–60 years, with a high degree of malignancy and prone to 
metastasis [3]. The incidence rate of fibrosarcoma in males and females 
is roughly equal. While surgical resection is the primary treatment, re-
sidual satellite lesions are the main cause of fibrosarcoma recurrence. 
However, multiple operations may lead to the progression of tumors. At 
present, fibrosarcoma lacks clinical pathological probes or biomarkers 
for its early stage [4]. Therefore, to potentially address this clinical need, 
it is important to explore the molecular probes or biomarkers for the 
early diagnosis, targeted therapy, and accurate prognosis of 
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fibrosarcoma patients. 
Aptamers, which are usually screened by systematic evolution of li-

gands by exponential enrichment (SELEX), are single-stranded (ss) DNA 
or RNA sequences [5]. Aptamers are able to bind to specific targets with 
high affinity by forming a specific secondary or tertiary structure. 
Compared with antibodies, aptamers have good thermal stability, low 
immunogenicity, and high adaptability to a variety of targets, including 
peptides, proteins, cells, bacteria, etc. [6–8]. Aptamers have been 
studied in biomarker discovery, and anti-tumor drug delivery [9,10]. At 
present, 11 aptamers have entered the clinical trial stage, including 
pegaptanib, E10030, ARC1905, REG1, ARC1779, NU172, BAX499, 
AS1411, NOX-A12, and NOX-H94 [11–19]. Pegaptanib, which is the 
first aptamer drug and has been approved by The United States Food and 
Drug Administration (FDA), is used to treat age-related macular 
degeneration (AMD) [20]. REG1, ARC1779, NU172, and BAX499 are 
four aptamers for coagulation. AS1411 has been demonstrated to exhibit 
anti-tumor effects for a variety of cancer types, such as breast cancer, 
kidney cancer, and lung cancer [21,22]. NOX-A12 is another anti-tumor 
aptamer to treat chronic lymphoblastic leukemia, and multiple myeloma 
[18]. NOX-H94 and NOX-E36 are used to manage disease-induced 
inflammation [14,23]. 

Apoptosis is a conserved process of cell metabolism that plays a 
critical role in diseases. Apoptosis stimuli can lead to the release of 
several cell death inducers from the mitochondria, including cyto-
chrome c and SMAC (also known as DIABLO). Cytochrome c promotes 
the formation of a cytosolic protein complex that activates an initiator 
caspase, caspase-9. Diablo/SMAC is a mitochondrial intermembrane 
protein, which is also an activator of caspase [24]. They have a short 
region of similarity at their N-termini through which they can interact 
with inhibitors of apoptosis (IAP) proteins, and antagonizing IAP inhi-
bition of caspases to promote cell death, as well as affect tumor cell cycle 
and other pathways in cancer, which show that Diablo/SMAC may be an 

important player and potential therapeutic target in tumor therapy. 
In order to solve the current problems of cell-SELEX, we have applied 

a non-selective strategy to obtain an aptamer S11e to specifically 
recognize fibrosarcoma cells. Our work provides compelling evidence 
that S11e is a promising tool for fibrosarcoma diagnosis and therapy and 
opens the door as a paradigm for developing new strategies for fibro-
sarcoma therapy. 

2. Materials and methods 

2.1. Aptamer synthesis and labeling 

All of the ssDNA aptamers appeared in the experiments were syn-
thesized and labeled by Sangon Biological Technology Co., Ltd 
(Shanghai, China) and Hippo Biological Technology Co. Ltd (Huzhou, 
China). 

2.2. Cell culture 

Cell lines were cultured in sterile environment containing 5% CO2 at 
37 ◦C. HT1080 (Fibrosarcoma cells) (CAS, cell bank Shanghai, China) 
and MRC-5 (Human embryonic lung fibroblast cell) (CAS) were cultured 
in MEM medium supplemented with 10% fetal bovine serum (FBS). U-2 
OS (Osteosarcoma cells) (CAS) cells were cultured in McCoy’s 5a Me-
dium Modified supplemented with 10% FBS. 

2.3. Aptamer binding detection 

Washing buffer (WB) was Dulbecco’s phosphate buffered saline (D- 
PBS) mixed with 5 mM MgCl2 and 4.5 g/L glucose. Then, 0.1 mg/mL 
yeast tRNA and 1 mg/L BSA were added into the WB to form the binding 
buffer (BB). 

Fig. 1. Study on the characteristics of 
S11e. (A) The Kd of S11e for HT1080 
cells was measured by flow cytometry. 
(B) After incubating with proteinase K, 
trypsin or EDTA, the binding of S11e to 
HT1080 cells was measured by flow 
cytometry. A Library with randomized 
aptamer sequences was used as a nega-
tive control (each sequence in this Li-
brary includes a randomized sequence 
region and two prime regions). Blank: 
unstained negative control. (C) Bar graph 
showing the binding of four truncated 
S11e sequences to HT1080 cells analyzed 
by flow cytometry. The quantified fluo-
rescence intensities were shown by 
mean ± standard deviation calculated 
from multiple results. (Compared to full 
length S11e: *p < 0.05; ***p < 0.001; ns, 
not significant). (D) S11e′s secondary 
structure was predicted by The Nucleic 
Acid Package (NUPACK).   
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HT1080 or MRC-5 cells were cultured in 75-mm cell dishes. When 
the cell density reached 90%, cells were washed with D-PBS and 
digested with 0.2% EDTA. 3 × 105 cells were collected in a 1.5 mL 
Eppendorf (EP) tube and incubated with 250 nM FITC-labeled ssDNAs in 
BB for 1 h. Samples were washed with WB and the fluorescence signals 
were detected by BD FACSVerseTM Flow Cytometer (BD Biosciences, 
USA). All experiments in this study were repeated three times. 

2.4. Confocal microscopy imaging 

Cells were cultured in optical dishes (NEST Biological Technology 
Co., Ltd, China) for 24 h. Then, the cells were incubated with Cy5- 
labeled aptamers for 1 h. Before further assays, cells were washed 
several times with WB. The binding of aptamers to cells was monitored 
by confocal microscopy (Zeiss LSM510) and images were analyzed using 
FV10-ASW version 3.1 software. All experiments were repeated three 
times. 

2.5. Target type determination 

HT1080 cells were cultured in 35-mm cell dishes. After culturing and 
reaching a density of 90%, the cells were washed with WB. Then, 200 μL 

of 0.1 mg/mL of proteinase K or 0.25% trypsin was added for 1 min, and 
the complete medium was added to terminate the digestion. These cells 
were pipetted with WB and centrifuged at 1200 rpm for 4 min, and 
incubated for 1 h at 4 ◦C after 250 nM FITC-labeled aptamers were 
added. After the incubation, these cells were washed with WB and the 
fluorescence signals were detected by flow cytometry. The experiments 
were repeated three times. 

2.6. Affinity analysis 

The affinity analysis was conducted following the previously re-
ported methods [25]. 3 × 105 HT1080 cells were incubated with a 
concentration gradient of FITC-labeled aptamers or Library at 4 ◦C for 1 
h. The fluorescence intensity was tested by flow cytometry. The average 
fluorescence intensity was subtracted from that of the cells incubated 
with Library, and the curve of Kd was obtained from the equation of Y =
Bmax X/(Kd + X) (Y: relative fluorescence intensity; X: aptamer con-
centration). Finally, results were plotted with Graph Pad Prism 7.0. All 
experiments were repeated three times. 

Fig. 2. Identification of a DNA aptamer that can specifically bind to fibrosarcoma cells. (A) HT1080 cells were incubated with FITC-labeled S11e at 4 ◦C, the binding 
ability was analyzed by flow cytometry. The Cy5-labeled S11e (250 nM) binding to HT1080 cells was displayed by confocal microscopy, and Library: randomized 
sequences used as a control. Blank: unstained negative control. (B) Similarly, the ability of S11e binding to MRC-5 was monitored by flow cytometry at 4 ◦C. Images 
were captured by confocal microscopy. 
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2.7. Colocalization experiment 

HT1080 cells were seeded into a 35-mm optical vessel. After incu-
bation at 37 ◦C for 24 h, 500 μL of Cy5-labeled aptamer was appended at 
a total concentration of 250 nM. After incubation for 1 h, the superna-
tant was removed and 500 μL of Mito-tracker (C1048, Beyotime) solu-
tion or lysosome-tracker (C1046, Beyotime) was added at a final 
concentration of 200 nM at 37 ◦C for 30 min. Fluorescence signals were 
detected by Zeiss LSM510. All experiments were repeated three times. 

2.8. In vivo fluorescence imaging 

5–6 weeks old male athymic BALB/c (BALB/c-nude) mice were 

purchased from Hunan SLAC Experimental Animal Co., Ltd. 5 × 106 

HT1080 cells were injected subcutaneously into the back of nude mice. 
As soon as the tumor volume reached a diameter of 1.0 cm, 100 μL 
phosphorothioate (PS) modified Cy5-S11e (Cy5-S11e-PS) or PS modified 
Cy5-Library (Cy5-Library-PS) was injected into mice via tail vein, and 
the final concentration was 5.5 μM. At 5 min, 30 min, 1 h, 2 h, 3 h, 
fluorescent images were collected by the In vivo Imaging System (IVIS) 
Lumina II imaging system (Caliper Life Science, USA). After fluorescence 
imaging analysis, tumor-bearing mice injected with Cy5-S11e-PS or 
Cy5-Library-PS were sacrificed and dissected. Tumor tissue and visceral 
organs including spleen, kidneys, liver, heart and lung were then 
imaged. All animal experiments were performed in compliance with the 
regulations of Institutional Animal Care and Use and were approved by 

Fig. 3. Internalization of S11e in HT1080 cells. (A) HT1080 cells were incubated with Cy5-labeled S11e at 4 ◦C or 37 ◦C, then images were captured by confocal 
microscopy. (B) After incubating with Cy5-labeled S11e at 37 ◦C, the two-dimensional (2D) and three-dimensional (3D) images were captured by confocal mi-
croscopy. (C) Co-localization of the Cy5-S11e (red) and Mito-tracker (green). 
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Hunan Experimental Animal Center. The mice experiments were 
repeated three times. 

2.9. Human tissue microarray staining 

The slides of fibrosarcoma tissue array (SO2084) were purchased 
from Xi’an Elina Biotechnology Co., Ltd. These slides were preheated at 
60 ◦C for 30 min and then immersed in xylene for 30 min. They were 
sequentially immersed in a gradually decreasing ethanol solution for 
rehydration (100%, 95%, 90%, 80%, and 70%) at 5 min intervals. They 
were washed with WB, and placed in 0.01 M citrate (pH 6.0), heat for 20 
min. After naturally cooled down at room temperature, they were 
treated with pre-cooled blocking buffer (BB, 20% FBS and 0.1 mg/mL 
salmon sperm DNA) for 1 h. They were then incubated with 250 nM Cy5- 
labeled aptamer S11e and Library for 1 h at 4 ◦C, separately. Finally, the 
fluorescence images were captured by a Panoramic SCAN (3DHISTECH, 
Spain). Fluorescence intensity was calculated and marked as negative (–, 
<30,000), weak (+, 30,000–60000), moderate (++, 60,000–100000) or 
strong (+++, >100,000), respectively. 

2.10. Cytotoxicity assay 

Cells were seeded in 96-well plates at 5000 cells/well. After the cells 
were attached, a concentration gradient of Library or S11e was added 
and cultured at 37 ◦C for 24 h, 48 h, and 72 h, respectively. After su-
pernatant removal, these wells were washed with D-PBS and then CCK-8 
solution was added. After incubating at 37 ◦C for 1 h, the plates were 
then detected by Microplate Reader Synergy 2 (BioTek, USA). All ex-
periments were repeated three times. 

2.11. Scarification test 

HT1080 cells were seeded into 6-well plates for 24 h. Then, the cells 
in monolayer were vertically scratched. The floating cells were removed 
by D-PBS and cultured at 37 ◦C with 8 μM Library or S11e. Images were 
taken daily through an inverted microscope (EVOS f1, AMG Corpora-
tion, USA). 

2.12. Transwell assay 

HT1080 were seeded into 24-well plates, then 5 μM ssDNA was 
added and incubated with the cells for 0 h, 12 h, and 24 h. Transwell 
chamber (Merck Millipore Ltd, MCEP24H48) was placed in a new 24- 
well plate, and then solidified in an incubator for 4 h after Matrigel 
addition. 2 × 104 aptamer-treated cells were added into the chamber 
(200 μL cell suspension + 800 μL complete medium), and cultured for 
another 24 h. Cells were then fixed with 95% ethanol for 20 min and 
stained with Giemsa for 10 min. Resulting cells were photographed 
under an inverted microscope (EVOS f1, AMG Corporation, USA). 

2.13. Western blotting 

HT1080 cells were seeded in 75-mm dishes and incubated for 24 h. 
When the cells reached 70–80% confluency, they were washed with D- 
PBS and harvested by centrifugation. Then, the RIPA buffer (P0013B, 
Beyotime) with Protease Inhibitor Cocktail (4,693,159,001, Roche) was 
added to lyse cells. Proteins were separated using 10% SDS poly-
acrylamide gels (P2012, NCM Biological Technology Co. Ltd) and 
transferred to PVDF membranes (Merck Millipore Ltd, ISEQ00010). 

Fig. 4. Fluorescence Imaging of S11e in xenografted mouse models. (A) Fibrosarcoma tumor-bearing mice were intravenously injected with Cy5-labeled S11e (upper 
panel) or Cy5-labeled randomized Library (lower panel). Fluorescence images were taken by in vivo imaging system. (B) Optical and fluorescent images of organs 
isolated from fibrosarcoma tumor-bearing mice at 30 min after injection. 
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Membranes were then incubated with primary antibodies at 4 ◦C over-
night. The followings are the antibodies used in this study: anti-poly 
(ADP-ribose) polymerase (PARP) antibody (A19596, Company ABclo-
nal Inc.), anti-caspase-3 antibody (sc-56053, Santa Cruz Biotechnology), 
anti-caspase-9 (sc-56076, Santa Cruz Biotechnology) antibody, anti- 
Diablo/SMAC antibody (AF789-SP, Santa Cruz Biotechnology). After 
washing three times with Tris-buffered saline with 0.1% Tween 20 
(TBST), goat anti-rabbit secondary antibody (A9169, Sigma) was added 
to the membrane. The signal was detected with WesternBright™ ECL (K- 
12045-D50, Advansta) and visualized by ChemiDoc™ XRS Imager (Bio- 
Rad, USA). 

2.14. Apoptosis assay 

1 × 105 HT1080 cells were cultivated in a 35-mm dish, and unla-
beled S11e was added to the cells. After 72 h incubation at 37 ◦C, the 
supernatant was transferred to a 15 mL centrifuge tube. Cells were 
treated with EDTA-free trypsin and transferred to the same centrifuge 
tube. After centrifuged at 1300 rpm for 5 min. Cell apoptosis was 
analyzed using Annexin V-FITC (C1062 M, Beyotime) according to the 
manufacturer’s protocol. Fluorescent signals were detected by flow 
cytometry. Apoptosis assay was repeated three times. 

2.15. Mass spectrometry (MS) analysis 

Because the modification of biotin at the 5-terminal of S11e may 
decrease its binding efficiency, we used flow cytometry to test the 
binding ability of biotin-modified S11e to HT1080 cells. The result 
showed that biotin-modified aptamer could still bind HT1080 cells with 
high affinity. Next, HT1080 cells were washed three times with pre- 

cooled PBS buffer and incubated with 400 nM biotin-modified S11e or 
biotin-modified Library in 4 mL of BB containing protease inhibitors 
(0.1 mM PMSF) at 37 ◦C for 1 h. After incubation, the plasma membrane 
proteins of the HT 1080 cells were isolated by SM-005 Minute Plasma 
Membrane Protein Isolation and Cell Fractionation Kit (Invent biotech 
corporation, USA). Subsequently, the protein-Library or protein-S11e 
complex was captured by incubating with 2 mg (200 μL) of streptavi-
din beads at 4 ◦C for 45 min. After a collection by centrifugation, the 
proteins were eluted by heating in 30 μL of loading buffer and analyzed 
by SDS- PAGE gel and silver staining. The aptamer-purified protein 
bands were excised for digestion in situ and analyzed by liquid chro-
matography (LC)-MS/MS (APTBIO Co., Ltd, China). 

2.16. Aptamer-based pull-down assay 

The protein samples were prepared in the same manner as described 
for MS analysis. The captured proteins mixed with 40 μL of protein 
loading buffer (2 × ). The solution was heated at 95 ◦C for 5 min to 
denature the proteins. After centrifugation at 5500 rpm, 4 ◦C for 5 min, 
the solution was subjected to 12% SDS-page gel electrophoresis. Then, 
the gels were stained with Silver Stain Kit (Beyotime, Biotech P0017S) 
and scanned using a gel imaging system (Microtek, Bio-6000). 

2.17. Lentivirus-mediated RNA interference 

Lentivirus particles harboring a short hairpin RNA (shRNA) 
targeting Diablo/SMAC (shRNA1, 5ʹ-GATCCGCGTTG 
ATTGAAGCTATTACTTTCAAGAGAAGTAATAGCTTCAATCAACGCT 
TTTTTA-3ʹ; shRNA2, 5ʹ-GATCCGCGCAGATCAGGCCTCTATA 
ATTCAAGAGATTATAGAGGCCTGATCTGCGCTTTTTTA-3ʹ; shRNA3 

Fig. 5. S11e recognizes tumor cells in patient tissue samples. Fibrosarcoma tissue array were incubated with Cy5-labeled S11e or randomized Library. Fluorescence 
signals were detected with Panoramic scan. 
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Fig. 6. S11e promotes apoptosis of fibrosarcoma 
cells. (A) HT1080 and MRC-5 cells were incubated 
with the indicated 16 μM concentrations of S11e or 
randomized Library. After adding CCK-8, the cyto-
toxicity of 24 h, 48 h, and 72 h treatment was 
detected by microplate reader (Comparison, S11e vs 
Library: ***p < 0.001; ns, not significant). (B) 
Detection of apoptotic effects of aptamers on 
HT1080 cells and MRC-5 cells by flow cytometry. (C) 
Statistical evaluation of apoptotic flow cytometry 
results (Comparison, S11e vs Library: *p < 0.05; **p 
< 0.01; ns, not significant).   
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5ʹ-GATCCGCTGGCAGAAGCACAGATAGATTCAAGA-
GATCTATCTGTGCTTCTGCCAGCTTTTTTA-3ʹ) or a scramble negative 
control shRNA (5ʹ-GATCCGCGGCTTTTTTA-3ʹ), were purchased from 
Vigene Biosciences (Jinan, China). HT1080 cells were incubated with 
lentivirus particles for 24 h and subsequent selection was performed 
with puromycin treatment for 4 days. 

2.18. Statistical analysis 

All statistical analyses were conducted with Graph Pad Prism 7.0. 
Statistical significance analyses were performed with the t tests and p <
0.05 was deemed significant. 

3. Results 

3.1. Identification of ssDNA aptamers against fibrosarcoma cells HT1080 

Aptamers are generally obtained by time-consuming SELEX, with 
multiple rounds of screening and analysis. We here used our previously 
found aptamers with known sequences as a pool for our non-SELEX 
strategies (The sequences are listed in Table S1). The binding abilities 
of all aptamers in this pool to HT1080 cells were tested by flow 
cytometry. As a result, we successfully identified an aptamer S11e [26] 
that can bind to HT1080 cells (Fig. S1). We found that the equilibrium 
dissociation constant (Kd) was 177.7 ± 40.77 nM, indicating its high 

affinity for HT1080 cells (Fig. 1A). To determine which type of target 
molecule S11e binds to, HT1080 cells were treated with 0.2% EDTA, 
proteinase K or trypsin, respectively, and then incubated with S11e at 4 
◦C for 1 h. The fluorescence intensity was measured by flow cytometry. 
The result showed that the affinity of S11e binding to HT1080 cells 
decreased after treated with proteinase K or trypsin, 0.2% EDTA was 
used as control (Fig. 1B), suggesting that the S11e targeting molecule 
may be a protein. 

3.2. Sequence optimization 

The aptamers with fewer nucleotides, i.e., truncated aptamers, are 
more cost-efficient for chemical synthesis. They may have higher tissue 
permeability and lower immunogenicity than their original forms [27]. 
As shown in Table S2, four truncated sequences of S11e-a, S11e-b, 
S11e-c, and S11e-d were synthesized by deleting 5′ and 3′ bases of the 
aptamer S11e (45 nt, 1–45). The individual binding of each shortened 
aptamer to HT1080 cells was detected by flow cytometry. S11e-a (4–35 
nt), S11e-b (4–30 nt) and S11e-d (6–30 nt) partially retained their ability 
to bind HT1080 cells, while S11e-c (4–22 nt) lost the ability (Fig. 1C). 

The specificity of aptamers binding to tumor cells is a prerequisite for 
the potential clinical application. We tested the binding selectivity of 
S11e to HT1080 cells and MRC-5 cells (a negative control), respectively. 
These cells were treated with FITC-labeled S11e at 4 ◦C for 1 h and 
fluorescence intensity was detected by flow cytometry (Fig. 2A and B). 

Fig. 7. S11e regulates mitochondrial-mediated endogenous apoptotic pathway in HT1080 cells. Western blotting was used to analyze the expression of cleaved- 
PARP, cleaved-Caspase-9 and cleaved– Caspase-3 in HT1080 cells treated with S11e (A) or Library (B) for 0 h, 12 h, 24 h, 48 h. Quantified data of Western blot-
ting results in An under treatment by S11e (C) and Library (D) were analyzed statistically (Compared to 0 h: ***p < 0.001; ns, not significant). 
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The result showed that S11e binds to HT1080 cells but not MRC-5 cells 
(Fig. S3). Confocal images of HT1080 cells and MRC-5 cells incubated 
with Cy5-labeled S11e further demonstrated that S11e only binds to 
HT1080 cells, suggesting its binding selectivity to tumor cells (Fig. 2B). 

3.3. Internalization and intracellular localization 

To address the cellular localization of S11e after binding to 

fibrosarcoma cells, we conducted confocal experiment. HT1080 cells 
were treated with Cy5-labeled S11e for 1 h at 4 ◦C or 37 ◦C, respectively. 
The results showed that the fluorescence signals of S11e mainly 
appeared on the cell membrane at 4 ◦C, while most of the fluorescent 
signals of S11e were in the cytoplasm at 37 ◦C (Fig. 3A). It was further 
confirmed with the three-dimensional (3D) image captured by confocal 
Z-axis scanning (Fig. 3B). In contrast, no fluorescent signals were 
detected in MRC-5 cells at either 4 ◦C or 37 ◦C (Fig. S2). Together, these 

Fig. 8. S11e inhibits the migration and invasion of HT1080 cells. (A) The cell migration was monitored for 3 days, the representative images captured by an inverted 
microscope were shown here. (B) The number of invasive cells in a transwell chamber after treatment with S11e and Library for 24 h was observed by an inverted 
microscope. The representative images were shown here. (C) Statistically analyzed data of A (Comparison, S11e vs Library: ***p < 0.001). (D) Statistically analyzed 
data of B (Comparison, S11e vs Library: **p < 0.01; ***p < 0.001). 
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results indicated that S11e can be internalized into HT1080 cells 
specifically. 

In addition, we explored the internalization of S11e by colocalization 
analysis. Lysosome-tracker and Cy5-labeled S11e were co-incubated 
with HT1080 cells for 30 min, respectively, the fluorescent signals of 
lysosome-tracker and Cy5-labeled S11e were not overlapped (Fig. S5). 
After mitochondrial fluorescent probes Mito-tracker and Cy5-labeled 
S11e were used to co-incubate with HT1080 cells for 30 min, the fluo-
rescent signals of Mito-tracker and Cy5-labeled S11e were partially 
overlapped. However, they are both completely overlapped for 1 h-in-
cubation with HT1080 cells at 4 ◦C (Fig. 3C). We further test whether or 
not mitochondrial fluorescent probes are co-localized with Cy5-labeled 
S11e in MRC-5 cells. The results showed that only signals of mito-
chondrial fluorescent probes (green) were detected (Fig. S4), indicating 
no colocalization. Taken together, these results suggest that S11e can 
locate at the mitochondria in HT1080 cells. Our results also reveal that 
S11e can escape to mitochondria successfully without lysosomal inter-
nalization, making S11e an excellent potential carrier that can protect 
itself from degradation by various digestive enzymes in lysosomes. 

3.4. In vivo fluorescence imaging 

The ability of aptamers to recognize tumors in vivo is also important 
for clinical application. The stability of an aptamer affects its 

physiological condition, which is an important character to assess 
whether the aptamer can be clinically applied. However, when un-
modified aptamers enter cells in vivo, they can be easily degraded by 
nucleases. Therefore, we modified oligonucleotides of aptamers to 
strengthen their resistance to nuclease degradation. Five bases at the 5′

end and five bases at the 3′ end of S11e and Library sequences were 
phosphorothioate modified. As shown in Fig. S6, the modified S11e 
sustained a relatively high concentration after 24 h in the blood serum. 
Then S11e was injected into mice via tail vein. 

After the injection of S11e for 5 min, the fluorescence signal of S11e 
increased in the tumor sites, indicating that S11e aptamers accumulate 
rapidly in tumors. The fluorescence signal disappeared 2 h after injec-
tion, indicating that S11e can be excreted through kidney, liver and 
other metabolic organs (Fig. 4A). While after the injection of Library for 
2 h, no obvious fluorescent signal was observed at the tumor sites, 
indicating that Library does not accumulate in tumors in vivo. The bio-
logical distribution of Cy5-labeled S11e and Cy5-labeled Library in mice 
was photographed 30 min after injection (Fig. 4B). Compared with the 
control group, mice injected with Cy5-labeled S11e showed accumula-
tion of fluorescent signals in tumors. At the same time, fluorescent sig-
nals were observed in the kidney, liver, stomach and large intestine of 
the control group and the experimental group. Because of metabolism 
and rich of vessels, aptamers would induce some extent of wide distri-
bution. These results suggest that S11e has the ability to target 

Fig. 9. S11e-binding proteins were analyzed by mass spectrometry. (A) The binding of biotin-modified S11e and Library to HT1080 cells was measured by flow 
cytometry. (B) Silver-stained SDS-PAGE was used to analyze aptamer target purification. Lane Library, protein captured with Library-treated sample; Lane S11e, 
protein captured with S11e-treated sample. 

Fig. 10. Knockdown effects of Diablo/SMAC shRNAs. (A) HT1080 cells were infected with the indicated shRNAs. The infected cell extracts were analyzed using 
Western blotting with anti-Diablo/SMAC antibody. (B) Bar graph showing quantification of (A). (Comparison, shSMAC vs shNC: *p < 0.05; ns, not significant). NC: 
negative control. 
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Fig. 11. Diablo/SMAC is identified as a functional target for S11e. After HT1080 cells were treated with the indicated shRNAs (shSMAC 1 and shSMAC 2), cell 
scratch test and invasion assay were conducted. The representative images of scratch test (A) and invasion assay (B) were shown. (C) Bar graphs showing quan-
tification of triplicate results of A and B, respectively (Comparison, shSMAC vs shNC: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). NC: negative control. 
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fibrosarcoma in vivo. 

3.5. Imaging fibrosarcoma tissue array 

Above experiments have shown that S11e is able to recognize 
HT1080 fibrosarcoma cells in vivo and in vitro. Next, we speculated that 
S11e could also recognize tumor tissues of fibrosarcoma. Cy5-labeled 
S11e and Cy5-labeled Library were incubated with fibrous histopatho-
logical slides, respectively. These slides contain 20 malignant fibrous 
histiocytoma tissues, 20 malignant fibrosarcoma tissues, 25 Dermatofi-
brosarcoma protuberances, 1 fibroxanthoma tissues, 4 myofibroma tis-
sues, 4 fibrous histiocytoma tissues, 24 fibrous tissues, 4 fasciitis tissues 
and 2 normal tissues. The fluorescence results obtained by scanning with 
a Panoramic SCAN (3DHISTECH) are shown in Fig. 5. There was no red 
Cy5 fluorescence signal in normal tissues, while slight red fluorescence 
signal in benign cancer tissues and strong red fluorescence signal in 
malignant cancer tissues were observed. These results suggest that S11e 
can recognize fibrosarcoma tissue in vitro. Statistical analysis of fluo-
rescence signals obtained from the combination of S11e and Library on 
tissue microarray were summarized in Table S3. This analysis reveals 
that S11e has little recognition ability to normal tissues, mild recogni-
tion ability to inflammatory tissues (25%), moderate recognition ability 
to benign cancer tissues (45%) and the strongest recognition ability to 
malignant cancer tissues (74%). 

3.6. Biological function test 

To investigate the biological function of S11e, cytotoxicity experi-
ments were carried out. The 16 μM S11e and Library were added to 
HT1080 cells and treated for 24 h, 48 h and 72 h at 37 ◦C, respectively. 
After 24 h, the viability of HT1080 cells treated with S11e was lower 
than that of HT1080 cells treated with Library. 

After 48 h, the viability of HT1080 cells in S11e group decreased by 
about 25% compared with that in Library group. The viability of 
HT1080 cells was 49.08% or 93.42% after treated with S11e or Library, 
respectively, suggesting that S11e but not Library has a cytotoxic effect 
on HT1080 cells (Fig. 6A). 

As shown in Fig. 6B, the apoptosis was detected by flow cytometry 
using an Annexin V-FITC Apoptosis Detection Kit. The early apoptosis 
and late apoptosis ratios of HT1080 cells line treated with S11e 
increased to 9.08% and 9.79%, respectively, which were much higher 
than that of blank (0.443%, 0.00%) or Library (6.30, 1.01%). However, 
the early apoptosis and late apoptosis ratios of MRC-5 cells line treated 
with S11e were only 0.00% and 0.04%, respectively, which showed no 
significant difference compared with blank (0.00%, 0.07%) or Library 
(0.03%, 0.02%). Collectively, the results suggest that S11e effectively 
induces apoptosis in HT1080 cells indicating S11e′s potential thera-
peutic effect against tumor cells. 

Next, we studied the pathway of S11e inducing apoptosis in HT1080 
cells via Western blotting experiment. As shown in Fig. 7, the expression 
of cleaved-Caspase-9 (37 kDa), cleaved-Caspase-3 (17 kDa) and cleaved- 
PARP (89 kDa) increased in HT1080 cells after incubation with S11e. 
When Caspase-9 is activated, it activates Caspase-3, which further 
cleaves PARP, a key enzyme in apoptosis, and directly induces 
apoptosis. These results suggest that S11e specifically induces apoptosis 
through mitochondrial-mediated endogenous apoptotic pathway. 

HT1080 is a highly metastatic cell line, which is often used in cell 
migration and invasion studies. We used scratch test to measure the 
effect of S11e on tumor cell migration. Scratches of HT1080 cells treated 
with medium healed completely at the second day. Scratches of HT1080 
cells treated with Library healed 43% at the second day and almost 
healed completely at the third day. Scratches treated with S11e did not 
heal significantly even after 3 days (Fig. 8A). These results suggest that 
S11e significantly inhibits the migration of HT1080 cells (Fig. 8C). 

We also conducted cell invasion test experiments (Fig. 8B). In 
HT1080 cells treated with S11e, the number of cells crossing the 

transwell chamber (363.5) was significantly lower than that in cells 
treated with culture medium (596.5) or Library (579.5), which proved 
that S11e could inhibit the invasion of HT1080 tumor cells (Fig. 8D). 

3.7. Identification of S11e-binding protein through Mass Spectrometry 
Analysis 

We next focused on the identification of functional cellular proteins 
that S11e binds to. HT1080 cells were incubated with S11e for 1 h. Total 
membrane proteins of HT1080 cells were extracted and incubated with 
biotin-labeled S11e or biotin-labeled Library, respectively. After anal-
ysis via flow cytometry assay, we first confirmed that biotin modification 
of S11e did not affect its binding to HT1080 cells (Fig. 9A). The binding 
complex was then separated by using streptavidin-coated agarose gel 
beads and analyzed through SDS-PAGE gel. Intriguingly, two protein 
bands with molecular weights of ~85 kDa and ~20 kDa were specif-
ically detected in S11e treated cells, but not in Library-treated cells 
(Fig. 9B). The protein bands were then cut, trypsin digested and sub-
jected to LC-MS/MS QSTAR analysis. The MS results showed a list of 
protein hits, which were shown in Table S4. Among these candidates, we 
focused on proteins with molecular weight between 15-25 kDa and 
70–90 kDa, and then ranked them with the score ratio of S11e to Library. 
We found that Diablo/SMAC (21 kDa), which can be released from the 
mitochondrial intermembrane space to cytosol after an apoptotic 
trigger, ranked high compared to other hits. Therefore, we speculated 
Diablo/SMAC as a potential binding target of S11e. 

To further confirm Diablo/SMAC is a functional binding target of 
S11e, we performed a loss-of-function analysis using three independent 
Diablo/SMAC-specific shRNAs. As shown in Fig. 10, shSMAC 1 and 
shSMAC 2 showed more significant knockdown effects on Diablo/SMAC 
compared to the control samples (Mock or negative control shRNA). We 
also conducted cell scratch test and invasion assay of SMAC silenced 
HT1080 cells treated with S11e (Fig. 11A and B). The results showed 
that the inhibition of cell migration and invasion in HT1080 cells by 
S11e was profoundly abolished in samples treated with shSMAC 1 and 
shSMAC 2. This result supports that SMAC is a functional binding target 
of S11e in fibrosarcoma cells. 

4. Discussion 

In this study, with a non-selective strategy using a known sequence 
pool of ssDNA aptamers, we identified that S11e, which was previously 
obtained by SELEX for NSCLC [26], can bind to fibrosarcoma HT1080 
cells but not to human embryonic lung fibroblast MRC-5 cells. Also, S11e 
can recognize fibrosarcoma patient tissues in vitro and accumulate in the 
xenograft tumors in mice. Therefore, we report here an aptamer, i.e., 
S11e, that specifically recognizes fibrosarcoma. 

Some aptamers are reported to be degraded by lysosome after 
entering the cytoplasm [28]. Interestingly, we found in this study that 
S11e located in mitochondria but not lysosome via fluorescence confocal 
microscopy imaging technique. We speculated that S11e may locate in 
mitochondria through ATP/ADP or other non-lysosomal transport 
pathways. It makes S11e a promising tool for targeting mitochondrial in 
cellular instead of conventional mitochondrial targeting strategies, 
which can protect the loading-drugs from being degraded by lysosomes 
[29]. However, the internalization mechanism of S11e still remains to be 
further studied. 

In recent years, studies have shown that mitochondria play an 
important role in cell apoptosis [30]. When stimulated by apoptotic 
signals, mitochondria release cytochrome c into the cytoplasm and bind 
to Apaf-L to initiate the caspase cascade reaction. Cytochrome c/Apaf-1 
complex activates caspase-9, which in turn activates caspase-3 to induce 
apoptosis [31]. We found that Caspase-9, Caspase-3 and PARP were 
cleaved in S11e-treated HT1080 cells via Western blotting analysis. 
Diablo/SMAC is closely related with apoptotic pathways in mitochon-
dria [32], we hypothesize that Diablo/SMAC is involved in the apoptotic 
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function of S11e. However, Diablo/SMAC is immature in inner mito-
chondria and the mechanism that S11e induces apoptosis via Dia-
blo/SMAC will be an intriguing question to be further studied. 

Migration and invasion of malignant tumor cells is the obstacle for 
cancer treatment. The results of toxicity test and scratch test showed that 
S11e also could promote cell apoptosis and inhibit migration. Moreover, 
after Diablo/SMAC knockdown, the S11e inhibited migration and in-
vasion was abolished. However, further studies may explore the corre-
lation between Diablo/SMAC and migration-related pathways such as 
Akt pathway [33], which may provide new insights regarding the use of 
S11e as an effective prognostic tool in the clinical treatment of 
fibrosarcoma. 

To sum up, the bio-functional aptamer with both in vivo and in vitro is 
rarely obtained by conventional cell-SELEX or protein-SELEX. Herein, 
we show that S11e exhibits high binding affinity and specificity to 
fibrosarcoma HT1080 cells. In addition, S11e is internalized into 
HT1080 cells independent of lysosome pathway and located in mito-
chondria. Furthermore, S11e promotes the apoptosis and inhibits the 
migration of HT1080 cells. Finally, we demonstrate that Diablo/SMAC 
protein is a biologically functional cellular target of S11e, suggesting 
that Diablo/SMAC is a potential therapeutic target for fibrosarcoma. 
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