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The application of aptamers in biomedicine is emerging as an essential technology in the field of cancer research. As

small single-stranded DNA or RNA ligands with high specificity and low immunogenicity for their targets, aptamers provide

many advantages in cancer therapeutics over protein-based molecules, such as antibodies. Vimentin is an intermediate

filament protein that is overexpressed in endothelial cells of cancerous tissue. High expression levels of vimentin have

been associated with increased capacity for migration and invasion of the tumor cells. We have selected and identified

thioated aptamers with high specificity for vimentin using human ovarian cancer tissues. Tentative binding motifs were

chosen for two vimentin aptamers based on predicted secondary structures. Each of these shorter, tentative binding

motifs was synthesized, purified, and characterized via cell binding assays. Two vimentin binding motifs with high fidelity

binding were selected and further characterized via cell and tissue binding assays, as well as flow cytometric analysis.

The equilibrium binding constants of these small thioated aptamer constructs were also determined. Future applications

for the vimentin binding aptamer motifs include conjugation of the aptamers to synthetic dyes for use in targeted imaging

and therapy, and ultimately more detailed and precise monitoring of treatment response and tumor progression in ovarian

pathology. 
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1. Introduction

Aptamers are single-stranded nucleic acids with defined tertiary structures for selective binding to target molecules by

utilizing complementary shape interactions. The secondary structures of aptamers can be predicted from their sequences

. Many programs have been developed to identify and study aptamer binding motifs, including AptaTRACE  for

identifying sequence-structure binding motifs in high-throughput systematic evolution of ligands by exponential enrichment

(HT-SELEX) data. Aptamotif  and APTANI  also identified sequence-structure motifs in SELEX-derived aptamers using

an ensemble-based approach. As only a small fraction of the sequence is involved in direct contact with the target,

aptamer truncation can be used to find the minimum sequence while maintaining selective binding activity. Ultimately,

aptamer truncation will help to reduce the material cost of aptamer synthesis, enable material quality assurance and

prevent unexpected toxicity . Many studies have demonstrated effective aptamer truncations in different ways.

Truncations on the stem-loop regions showed a significant increase in the binding affinity for the VEGF-165 . Aptamer

acquisition from a random region has shown successful identification of 15 nt  or 20 nt  aptamers. Moreover, a 14

nucleotides aptamer was reported as the smallest functional unit of the transferrin receptor aptamer with enhanced

binding affinity to the transferrin receptor .

Vimentin is an extracellular matrix protein that is part of the intermediate filament protein family . Overexpression of

vimentin may be associated with increased metastatic capacity through the epithelial to mesenchymal transformation

(EMT) of ovarian tumor cells . Studies have shown that increased expression of vimentin correlates to decreased

survival rate in a variety of cancers such as colorectal, cervical, breast, gastric, and non-small cell lung cancers, to name

a few . There are limited studies, however, exploring the relationship between vimentin expression and ovarian

tumor prognosis. A recent study by Szubert et al.  showed a prolonged overall survival rate with an increased rate of

vimentin expression in the ovarian tumor cells. While this relationship is contrary to that seen in other tumor pathologies, it

remains evident that a relationship exists between vimentin and overall tumor prognosis, and a marker for vimentin would

serve as an invaluable tool in assessing tumor prognosis, as well as potentially serving as a marker for targeted molecular

imaging. Currently, there are aptamers against vimentin for isolation of circulating tumor cells undergoing epithelial

mesenchymal transition . Zamay et al. used aptamer NAS-24 which binds to vimentin for intracellular targeting of

mouse ascites adenocarcinoma cells in vitro and in vivo . We have identified two phosphorothioated aptamers,

thioaptamers, V3 and V5 that have high affinity and specificity binding to vimentin through our innovative morphology-

based tissue aptamer selection (Morph-X-Select) method . The secondary structure prediction suggests that those

aptamers would form 3–4 stem-loop structures. The originally selected V3 and V5 aptamers were 74-mer in length and
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had high affinities to vimentin (Kd = 42.46 nM, Kd = 95.22 nM, respectively). As the recognition-based binding activity

between the DNA aptamer and vimentin protein is dependent on the secondary structure of the vimentin aptamer, we

further analyzed predictive secondary structures of the aptamers to identify sequence features and patterns by Mfold ,

and conducted a few truncations on the stem-loop regions to achieve improved binding affinity with the truncated

aptamers.

2. Analysis on Results

2.1. Identification of Potential Aptamer Binding Motifs

To improve upon the binding affinity of the vimentin binding aptamers that were identified in previous work by Wang et al.

, the secondary structures of two vimentin binding aptamers (V3 and V5) were analyzed by Mfold to estimate short

binding motifs. As the stems and loops structures are central to target molecule recognition, we conducted aptamer

truncation on the stem-loop regions and generated seven truncated motifs. The selected secondary structures of V3 and

V5 with their respective tentative binding motifs are shown in Figure 1. After identifying the binding motif sequences, we

synthesized those binding motifs individually with modification of monothioated phosphates on their 3′ sides of adenines.

Figure 1. Secondary structures of selected (V3) and (V5) thio-aptamers. Proposed binding motifs are shown in red.

2.2. Screening of Synthesized Aptamer Motifs

After synthesis and purification of all seven aptamer motifs, the binding affinity of each motif was assessed using the

ovarian tumor IGROV cell line. Vimentin expression of IGROV cells was evaluated and confirmed using anti-human

vimentin antibody before screening the motifs binding affinity (Figure 2C).

Figure 2. Screening of synthesized aptamer motifs. Synthesized biotinylated motifs of V3 and V5 were incubated with

IGROV cells. Fluorescein isothiocyanate (FITC) conjugated streptavidin is used to detect biotinylated motifs. The binding

affinity of the aptamer motifs was assessed based on the fluorescence intensity using flow cytometry. Histogram graphs

demonstrated the fluorescence intensity of V3 aptamer motifs (A), and V5 aptamer motifs (B) binding to IGROV cells.

Vimentin expression was evaluated and confirmed using an anti-human vimentin antibody before screening the binding

affinity of motifs (C). A scrambled aptamer was used as a control.
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Afterward, cells were incubated with the vimentin-aptamer motifs and their binding affinity was assessed using flow

cytometry. Based on the fluorescence intensity of each motif binding to the cells, the V3 aptamer motif 2 (V3M2) (Figure
2A) and the V5 aptamer motif 2 (V5M2) (Figure 2B) that have the highest fluorescent intensity of each group were

selected for future experimentations and their sequences are listed in Table 1.

Table 1. Selected short binding motifs.

Name Sequences

V3M2 (40 mer) 5'-ACCTCTTCAAGAACATCCCTGTCACGGATCCTCTAGAGCA-3'

V5M2 (41 mer) 5'-TAGACCCAGCTGGTCCGGAAAATAAGATGTCACGGATCCTC-3'

Scrambled Control (40
mer) 5'-CCCACTTATCGTCCCTTAATGAGTTTACTCGCACACCGGA-3'

2.3. Binding Affinity of Selected V3M2 and V5M2

To quantitatively evaluate the binding affinity of the selected V3M2 and V5M2, filter-binding assays were performed with

vimentin protein. The spot intensities of chemiluminescent signals were measured to establish saturation binding curves

as shown in Figure 3A, lower panel. The equilibrium dissociation constants, Kd, were derived from these curves and are

determined as V3M2 = 18.94 nM and V5M2 = 47.35 nM, respectively. Representative spot image demonstrated that

biotinylated V3M2 and V5M2 bind with vimentin protein retained on the nitrocellulose membrane, while non-binding

aptamers stained on nylon membrane (Figure 3B). Furthermore, the binding affinity of the short motifs V3M2 and V5M2

to vimentin protein was better than the binding affinity of the original V3 and V5 thioaptamers (Kd = 42.46 nM, Kd = 95.22

nM, respectively) (Figure 3A, upper panel).

Figure 3. The binding affinity of V3, V5, selected motifs and their equilibrium dissociation constant. Filter-binding assays

were performed with the biotinylated V3, V5, V3M2, V5M2 thioaptamers and purified vimentin protein. Chemiluminescent

detection of spot intensities on the nitrocellulose membranes was used to quantitate the thio-aptamer binding affinity. (A)

Saturation binding curves were generated and the equilibrium dissociation constants, Kd, were calculated from the

equation Y = Bmax × X/(Kd + X), assuming a single binding site. Bmax represents the maximum binding capacity of

aptamer bound to vimentin protein. X is the protein concentrations and Y is the calculated spot intensity. (B)

Representative spot image of biotinylated V3M2 and V5M2 binding with vimentin protein retained on the nitrocellulose

membrane. Non-binding motifs stained on a nylon membrane.

2.4. Dose Response of V3M2 and V5M2

To quantitatively evaluate the binding affinity of selected V3M2 and V5M2 further, vimentin expressing IGROV cells were

incubated with biotin conjugates motifs at various concentrations (31, 125, 500 nM for V3M2, and 41, 166, 666 nM for

V5M2), followed by streptavidin-FITC staining. The binding affinity of V3M2 and V5M2 at various concentrations was

determined by mean fluorescence intensity using flow cytometry. Histograms of the fluorescence intensity above the

background for V3M2 and V5M2 are shown in Figure 4A,B, respectively. These data demonstrated that the binding of

both V3M2 and V5M2 to IGROV cells occurs in a dose-dependent manner. Moreover, at the same aptamer concentration,

V3M2 showed better binding with higher fluorescence intensity than the binding of V5M2 to IGROV cells. This result is

also consistent with the results of filter binding analysis in Figure 3.



Figure 4. Dose-dependent binding of selected motifs. Biotin conjugated V3M2 and V5M2 were incubated with vimentin-

expressing IGROV cells at various concentrations and followed by streptavidin-FITC staining. Their binding affinity was

analyzed by flow cytometry. Histograms presenting the fluorescence intensity above the background were shown for

V3M2 (A) and V5M2 (B). A scrambled control aptamer with non-specific and low binding affinity is also assessed (C).

2.5. Validation of Selected Motifs with Human Cells

To evaluate the binding efficiency and specificity, the performance of V3M2 and V5M2 binding to IGROV cells were

compared with anti-human vimentin antibodies. Vimentin expressing IGROV cells were incubated with either V3M2,

V5M2, or anti-human vimentin antibodies. The binding proficiency of V3M2, V5M2, or vimentin antibody was examined by

fluorescence microscopy and quantified by normalizing fluorescence intensity of pixel per area (intensity of motif/intensity

of DAPI) and are presented as a bar graph with mean ± SE of three replicates (Figure 5).

Figure 5. Validating specific binding of selected motifs with the human cell line. Vimentin-expressing IGROV cells were

incubated with biotinylated V3M2, V5M2, anti-human vimentin antibody (VIM Ab) or scrambled control (SA) aptamer.

Fluorescein isothiocyanate (FITC) conjugated streptavidin was used to detect biotinylated aptamers. The binding

proficiencies were determined by fluorescence intensity using fluorescence microscopy. Fluorescence intensity is

quantified by normalizing the fluorescence intensity of pixel per area (intensity of motif/intensity of DAPI) and presented as

a bar graph with mean ± SE of three replicates. Hoechst 33342 was used to stain the cell nuclei (blue).

Both V3M2 and V5M2 demonstrated similar binding affinity to vimentin expressing IGROV cells, compared to the binding

intensity of vimentin antibody. Specific bindings of V3M2 and V5M2 were confirmed by minimal fluorescence detection

from scrambled control aptamer incubated with IGROV cells.

2.6. Validation of Selected Motifs with Human Ovarian Tumor

After confirming aptamer binding in IGROV cells, the binding of the aptamers was further assessed in human ovarian

tissue samples. Each aptamer was evaluated in both normal ovarian tissue samples and ovarian tumor tissue samples as

displayed in Figure 6. The top row represented the strong binding of V3M2, V5M2 and anti-vimentin antibodies in human

ovarian tumor tissue, while the bottom panel represented the weak binding of V3M2, V5M2 and anti-vimentin antibody in

normal human ovarian tissue. All aptamers in this assay were used at a concentration of 250 nM. Images are

representative of three samples of ovarian tumor or normal ovarian tissue. Fluorescence intensity is quantified by

normalizing the fluorescence intensity of pixel per area (intensity of motif/intensity of DAPI) and presented as a bar graph

with mean ± SE of three replicates. This observation is consistent with other studies that reported increased vimentin

expression in various tumor cell lines and tissues including ovarian cancers , endometrial cancer  and many other

tumors .
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Figure 6. Detection of vimentin expression in human ovarian tumor tissue. Tissue sections of human ovarian tumor or

normal ovarian tissue were incubated with biotinylated V3M2 or V5M2 at a concentration of 250 nM, followed by

streptavidin-FITC to detect their binding affinity. Anti-human vimentin antibody was also used as a positive control for both

ovarian tumor tissue and normal ovarian tissue. Images are representative of three samples of ovarian tumor or normal

ovarian tissue. Fluorescence intensity is quantified by normalizing the fluorescence intensity of pixel per area (intensity of

motif/intensity of DAPI) and presented as a bar graph with mean ± SE of three replicates. Hoechst 33342 was used to

stain the cell nuclei (blue).

3. Current Insights

Aptamer truncation is an important approach to lower the material cost of synthesis, improve on-target binding, and

reduce non-target interactions of an aptamer. Based on secondary structure prediction, one can identify potential aptamer

binding motifs as a way of truncating the sequence while maintaining selective binding activity. As the stems and loops

structures are central to target molecule recognition, truncation on the stem-loop regions has demonstrated improved

accessibility of targets to the aptamer, resulting in stronger aptamer-target binding . Therefore, we conducted aptamer

truncation on the stem-loop regions based on analysis of their predicted secondary structures of our identified V3 and V5

aptamers, and generated seven truncated motifs. The shortened motifs with fewer thiophosphate modifications can also

reduce the non-specific binding against both target and non-target proteins compared with the normal phosphodiester

bond . By screening the binding affinity of the seven truncated motifs with vimentin expressing IGROV cells, we

selected V3M2 and V5M2 based on their highest fluorescence intensity among truncations of V3 and V5 groups,

respectively. When examining the sequences and secondary structures of the V2M2 and V5M2, we found both of them

are the longest sequence in their truncated groups. Considering the stem-loop structures of V3M2 and V5M2, it is

possible that the longer sequence contributes to the bigger loop and leads to better binding to the target protein. In fact,

Armstrong et al. reported that the highest binding affinities were observed with full exposure of the aptamer sequence in

the loop, while duplex formation reduced binding affinity most likely due to the thermodynamics of DNA base pairing .

This implies that the optimal motif selection might be to choose those motifs that have a long sequence size of the hairpin

loop to accommodate both stem interactions and loop stability.
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