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Abstract

After a decade of work to address cellular uptake, the principal obstacle to RNAi-based 

therapeutics, there is now well-deserved, renewed optimism about RNAi-based drugs. Phase I and 

II studies have shown safe, strong, and durable-gene knockdown (80–90 %, lasting for a month 

after a single injection) and/or clinical benefit in treating several liver pathologies. Although 

promising, these studies have also highlighted the need for robust delivery techniques to develop 

RNAi therapeutics for treating other organ systems and diseases. Conjugation of siRNAs to cell-

specific, synthetic RNA ligands (aptamers) is being proposed as a viable solution to this problem. 

While encouraging, the extended use of RNA aptamers as a delivery tool for siRNAs awaits the 

identification of RNA aptamer sequences capable of targeting and entering the cytoplasm of many 

different cell types. We describe a cell-based selection process for the rapid identification and 

characterization of RNA aptamers suited for delivering siRNA drugs into the cytoplasm of target 

cells. This process, termed “cell-internalization SELEX (Systematic Evolution of Ligands by 

Exponential Enrichment),” entails the combination of multiple sophisticated technologies, 

including cell culture-based SELEX procedures, next-generation sequencing (NGS), and novel 

bioinformatics tools.
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1 Introduction

Aptamers are synthetic, structural oligonucleotides that bind particular target molecules with 

high affinity and specificity [1]. Aptamers have several advantages as therapeutic reagents, 

including that they (1) can be chemically synthesized, (2) can be chemically conjugated to 

secondary reagents using well-defined and site-specific covalent coupling mechanisms, (3) 

have low immunogenicity (due to chemical modifications), (4) bind their targets (usually 

proteins) with affinities comparable to antibody/antigen interactions, and (5) often impair 

the function of their protein target (e.g., function as receptor antagonists) [2]. The clinical 
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potential of aptamers is highlighted by the FDA approval of an aptamer-based drug for 

macular degeneration [3, 4] and by clinical trials that demonstrate the safety and efficacy of 

systemically administered RNA aptamers [5]. Aptamers that bind the extracellular domains 

of cell surface receptors have previously been used to deliver secondary reagents to cells 

that express the targeted receptor (i.e., cell type-specific delivery [6–9]). Various aptamer 

conjugates have been explored with this basic approach, including aptamer-drug [5, 7, 10] 

and aptamer-nanoparticle conjugates [11]. We previously pioneered the cell type-specific 

delivery of siRNAs with RNA aptamers using a simple all-RNA reagent [12]. This approach 

leverages the power of both the aptamer and RNAi platforms to yield a simple means of 

downregulating the expression of virtually any gene in the genome in a cell type-specific 

manner. The single-component makeup (all RNA) of aptamer-siRNA chimeras (AsiCs) also 

reduces the future regulatory hurdles in the drug approval process and the likelihood that the 

reagents will exhibit toxicity. The promise of this technology for clinical applicability is 

further highlighted by the demonstrations by several groups of low-dose efficacy in diverse 

animal disease models [13–17].

1.1 Aptamer Identification via SELEX

The SELEX (Systematic Evolution of Ligands by EXponential enrichment) process by 

which aptamers for a chosen target are identified is distinct from other ligand development 

platforms and provides important advantages for the aptamer platform [18, 19]. SELEX is a 

powerful ligand identification process capable of screening combinatorial nucleic acid 

sequence libraries with vast complexities (typically 1012–1014 distinct sequences are 

screened). SELEX does not necessitate expression of aptamers or their derivatives in cells or 

organisms (e.g., as with antibody development), which can lead to loss of potential 

“winning” sequences due to expression difficulties. Furthermore, the essential information 

needed to identify and regenerate each aptamer is encoded in the aptamer (through PCR 

amplification) itself. This property is at the heart of the SELEX process and it enables the 

easy adaptation of SELEX to a wide variety of contexts such as cells in culture and even 

entire organisms. It also enables the construction of selection schemes that favor isolation of 

aptamers that exhibit particular properties (e.g., cell internalization) beyond basic target 

binding.

1.2 Cell-Internalization SELEX

Internalization into a cell is an essential property of RNA aptamers that are to be used to 

deliver secondary reagents, such as siRNAs. Many ligands of cell surface proteins are 

efficiently internalized after binding their protein targets on the cell surface. We recently 

used the versatility of SELEX to selectively identify RNA aptamers that not only bind a 

particular target protein on the surface of cells, but are also subsequently internalized into 

the cell [20–22]. The process we developed, termed “cell-internalization SELEX” (Fig. 1), 

involves addition of a combinatorial sequence library to the culture media of live cells that 

express a targeted cell surface receptor and incubation at 37 °C for a period of time. 

Unbound aptamers and aptamers that remain on the surface of the cells are removed with a 

stringent wash and the internalized sequences are recovered and amplified with RT-PCR for 

generation of the subsequent selection round. Importantly, an initial “pre-clearing” step is 

used to remove sequences that are internalized by cell surface components other than the 
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target receptor. This step is ideally carried out with control cells that are identical to the 

target receptor-expressing cells, except that they lack the target receptor. Using this 

approach, together with next-generation sequencing of resulting sequence pools, we 

identified cell-internalizing RNA aptamers specific for two distinct receptor tyrosine kinases 

[20, 22].

1.3 SELEX with Next-Generation Sequencing (NGS) and Bioinformatics Analysis

Identification of the sequences that emerge after several rounds of SELEX was previously 

accomplished by cloning and sequencing <100 individual sequences from the PCR 

amplification step. While this often provided a sufficient number of winning sequences to 

proceed with aptamer characterization, the number of sequences that were analyzed was 

quite small in comparison with the sequence complexity of evolved oligonucleotide pools. 

We and others recently sought to evaluate more sequences within evolved SELEX sequence 

pools in order to generate a more complete picture of the winning sequences that emerge 

from a selection [20–28]. For this, we used NGS technology to determine the sequences of 

thousands of individual aptamers recovered at various stages of several SELEX protocols 

[20–23]. Importantly, these data, when coupled with appropriate bioinformatics analyses, 

enabled us to identify winning aptamer sequences at earlier selection rounds and thereby 

reduced the time and resources needed to complete aptamer identification. Here we provide 

detailed methods for performing the cell-internalization SELEX protocol and for identifying 

winning sequences with NGS and bioinformatics analysis.

2 Materials

2.1 Primers

Primers should be resuspended at 100 µM in PCR-grade H2O and aliquoted.

Sel2 5′-primer: 5′-TAATACGACTCACTATAGGGAGGACGATGCGG-3′.

Sel2 3′-primer: 5′-TCGGGCGAGTCGTCTG-3′.

Sel1 5′-primer: 5′-GGGGGAATTCTAATACGACTCACTATA 

GGGAGAGAGGAAGAGGGATGGG-3′.

Sel1 3′-primer: 5′-GGGGGGATCCAGTACTATCGACCTCTGGGTTATG-3′.

2.2 Sel2 N20 Library ssDNA Template Oligo

The ssDNA template oligo should be PAGE purified for better results.

Sel2 N20 ssDNA template oligo: 5′-TCGGGCGAGTCGTCTG-N20-

CCGCATCGTCCTCCC-3′.

2.3 Sel1 Processing Control Aptamer (M12–23) [29]

M12-23: 5′-

GGGAGAGAGGAAGAGGGAUGGGCGACCGAACGUGCCCUUCAAAGCCGUU

CACUAACCAGUGGCAUAACCCAGAGGUCGAUAGUACUGGAUCCCCCC-3′.
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2.4 SELEX Reagents, Solutions, and Supplies

1. 1.0 M Tris–HCl pH 8.0 (Sigma SLBF9645).

2. Taq DNA polymerase (Denville Scientific Choice Taq 5 units/µL).

3. 10× buffer Taq DNA polymerase buffer (Denville Scientific).

4. 10 mM dNTP mix (Invitrogen 4893).

5. DNA miniprep kit (Qiagen 27106).

6. T7 RNA polymerase 5× buffer: 20 % w/v PEG-8000 (Sigma P5413), 200 mM 

Tris–HCl pH 8.0 (Life Technologies 15568-025), 60 mM MgCl2 (Sigma M8266), 5 

mM spermidine HCl (Sigma 233994), 25 mM DTT (Sigma 646563).

7. 10× rNTP mix: 30 mM 2′F-C/U (2′F-CTP: TriLink N-1008-013008; 2′F-UTP: 

TriLink N1010-T1MH01A); 10 mM 2′OH-G/A (2′OH-ATP Roche 14470220; 

2′OH-GTP Roche 14611221).

8. IPPI (Roche 13529722).

9. Y639F T7 RNA polymerase [30].

10. DNAse I 10 units/µL (Roche 04716728001).

11. Chloroform (Mallinckrodt Chemicals 4440-04).

12. 2× Formamide RNA loading dye: 0.01 g Xylene Cyanol (Sigma Aldrich 

X4126-10G), 0.01 g Bromophenol Blue (Sigma Aldrich B5525-10G), 500 µL 10× 

TBE (rpi, T32024-4000), 10 mL Formamide (Amresco 0464-500 mL).

13. Acrylamide gel solution: 115 g Urea (rpi U20200-1000), 62.5 mL 40 % 

acrylamide:bis 29:1 (Bio-Rad 161-0146), 12.5 mL 10× TBE (rpi, T32024-4000) 

and bring to 250 mL with dH2O. Filter and store at 4 °C.

14. 0.5× TBE (rpi, T32024-4000).

15. 10 % APS (Sigma 248614).

16. TEMED (Sigma Aldrich T9281).

17. 20 × 20 cm Vertical Electrophoresis System (Fisher Biotech FB-VE20-1).

18. Fluor-coated TLC plate (Ambion 10110).

19. 0.5 M EDTA (Ambion AM9260G).

20. 0.1 mM EDTA 10 mM TE pH 7.5 (Affymetrix 75793).

21. 0.2 µm cellulose acetate Centrex MF filter (Whatman 10467013).

22. 10 kDa MWCO regenerated cellulose centrifugal filter (Millipore UFC801024).

23. Linear acrylamide 5 mg/mL (Ambion AM9520).

24. 10 M ammonium acetate: 770 g ammonium acetate (Amresco 01023-2.5KG) in 1 L 

dH2O. Solution should be filter-sterilized.

Thiel et al. Page 4

Methods Mol Biol. Author manuscript; available in PMC 2015 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Cell culture medium (e.g., Opti-MEM, DMEM).

26. tRNA block: Resuspend yeast tRNA (Invitrogen 15401-018) to 10 mg/mL with 

PCR-grade H2O.

27. Ice-cold PBS (GIBCO 14040).

28. Ice-cold 0.5 M NaCl PBS: Add 50 mL 5 M NaCl to 450 mL PBS (GIBCO 14040).

29. TRIzol (Invitrogen 15596-018).

30. Superscript III and supplied 10× FS buffer (Life Technologies 18080-044).

31. RNase A 10 mg/mL (Fermentas EN0532).

32. Phenol/chloroform/isoamyl alcohol (Roche 03117979001).

33. iQ SYBR green 2× supermix (Bio-Rad 170-8882).

34. RNase/DNase-free 1.5 mL microfuge tubes.

35. 15 and 50 mL conical tubes.

36. Cell culture dishes (15 cm) and plates (6-well).

37. Cryo vials.

2.5 Equipment

1. Swinging bucket centrifuge.

2. Microfuge tube centrifuge.

3. PCR machine.

4. Real-time PCR machine.

5. Handheld 254 nm UV lamp.

6. Heat block.

7. Cell culture incubator.

8. UV spectrometer or NanoDrop.

3 Methods

3.1 Making the Sel2 N20 dsDNA Library

1. Annealing step: Combine 9 µL 100 mM Tris–HCl pH 8.0, 2 nmol of Sel2 5′-

primer, and 1 nmol Sel2 N20 ssDNA template oligo. Bring these to 90 µL total 

volume with H2O and aliquot into five PCR tubes at 18 µL/tube. Run an annealing 

program on a PCR machine using the following protocol: (1) 95 °C for 5 min; (2) 

25 °C for 20 min; and (3) 4 °C hold.

2. Extension step: Combine 50 µL 10× Taq DNA polymerase buffer (with MgCl2), 10 

µL 10 mM dNTP mix, and 20 units of Taq DNA polymerase to a total volume of 

410 µL with PCR-grade H2O. Aliquot 82 µL per PCR tube containing the annealed 
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template oligo and Sel2 5′-primer. Run an extension program on a PCR machine 

using the following protocol: (1) 72 °C for 30 min; (2) 25 °C for 10 min; and (3) 4 

°C hold.

3. Purification step: The dsDNA library should be purified using DNA miniprep 

columns or PCR purification columns as directed in the supplier’s manual. To 

confirm the presence and quality of the Sel2 N20 DNA library, load 5–10 µL of the 

purified material on a 2–3 % agarose gel. Determine the concentration of the Sel2 

N20 dsDNA library by UV spectrometry. The molecular weight of the Sel2 N20 

dsDNA library is approximated to be MW 41,600.

3.2 Making the Sel2 N20 RNA Library

1. In vitro transcription step (125 µL reaction): Combine 25 µL T7 RNA polymerase 

5× buffer, 12.5 µL 5× rNTP mix, 1.25 units IPPI, 62.5 pmol Sel2 N20 dsDNA 

template, and 1–5 µL Y639F T7 RNA polymerase [30] (see Note 1) and bring up to 

a total volume of 125 µL with PCR-grade H2O. Incubate at 37 °C overnight. Add 1 

µL DNase and incubate at 37 °C for 20 min. Chloroform-extract RNA by adding 

500 µL chloroform to the 125 µL in vitro RNA transcription reaction, vortex, and 

centrifuge at maximum rpm for 10 min at room temperature. Carefully pipette top 

aqueous phase only into a fresh microfuge tube. Add one volume of 2× formamide 

RNA loading dye. Heat the RNA-dye solution to 65 °C for 10 min prior to loading 

onto the acrylamide gel.

2. Gel purification step: Pour 10 % acrylamide gel by combining 25 mL acrylamide 

gel solution with 75 µL 10 % APS and 25 µL TEMED. Assemble gel apparatus and 

fill with 0.5× TBE. Preheat polymerized gel at 24 W for 20–30 min. Wash each 

well with 0.5× TBS to remove urea. Load RNA into the pre-washed wells and run 

at 24 W for approximately 30–40 min. Carefully remove the gel from the plates and 

place on a sheet of Saran Wrap. Detect the RNA aptamer library by UV shadow 

using a handheld UV lamp with fluor-coated TLC plates. Excise the RNA band 

using clean razor blades. Elute RNA from the excised acrylamide band in 4 mL 0.1 

mM EDTA 10 mM TE pH 7.5 for >1 h at 37 °C while rotating. Transfer eluted 

RNA to 0.2 µm cellulose acetate Centrex MF filter and centrifuge at ~2,000 ×g to 

remove any gel fragments. Transfer flow-through to 10 kDa MWCO regenerated 

cellulose centrifugal filter, centrifuge at ~4,000 ×g for 10–15 min, and discard 

flow-through. Repeat the elution from the gel a second time using the same Centrex 

MF filter and 10 kDa MWCO filter. Wash RNA by adding 4 mL 0.1 mM EDTA 10 

mM TE pH 7.5 to the 10 kDa MWCO filter and centrifuge at ~4,000 ×g for 10–15 

min. The concentration of the Sel2 N20 RNA library should be determined by UV 

spectrometry.

3. RNA folding step: The RNA library should be heated and refolded at a 

concentration of 1–3 µM in cell culture medium without supplements or FBS: (1) 

1The volume of the Y639F T7 RNA polymerase used for in vitro transcription is determined experimentally by testing the efficiency 
of transcription using different dilutions of the enzyme.
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95 °C for 5–10 min; (2) 65 °C for 10–15 min; and (3) 37 °C for 20 min. Folded 

RNA can be stored at −20 °C and then thawed at 37 °C for 20 min.

3.3 Cell-Internalization SELEX

The Cell-Internalization SELEX protocol is intended for adherent cells. Cells that are non-

adherent or detach easily will need to have the protocol adjusted accordingly. The cell-

internalization SELEX protocol is entirely dependent on the quality/viability of the cells 

used. Thus, proper culture conditions are paramount to the success of the selection. This 

protocol has been used to identify aptamers that internalize into specific cell types (e.g., 

vascular smooth muscle cells vs. endothelial cells) [21] or cells that express specific cell 

surface receptors (e.g., HER2 or TrkB) [20, 22]. A well-characterized target cell line 

(positive selection step) and at least one nontarget cell line (negative selection step) need to 

be available prior to beginning the selection. Throughout the selection process, selection 

conditions (e.g., temperature, salt concentration, ratio of RNA to cells) can be altered in 

order to increase or decrease the selection pressure. Selection conditions need to be 

determined empirically for any given selection. The cell passage number should be kept 

consistent (within 1 or 4 passages) throughout the selection process to minimize variability 

due to passage number. This is particularly important for those selections performed on 

primary cells. Prior to starting a selection, cells should be tested for the desired phenotype/

genotype (e.g., HER2 positivity) [20]. In addition, cells should be screened for mycoplasma 

contamination as this bacterium has been shown to secrete nucleases capable of degrading 

2′-fluro-modified RNA aptamers [31].

1. Prepare nontarget and target cells: On day 1, seed both target and nontarget cells 

on 15 cm plates. For the selection, cells should be plated at >90 % confluence to 

minimize contact of RNA aptamers with plastic. All incubations are done at 37 °C 

and at 5 % CO2, unless otherwise specified.

2. Pre-clear aptamer library against nontarget cells: On day 2, dilute RNA aptamer 

to working concentration (~150 nM) in 12 mL of serum-free cell culture medium or 

Opti-MEM and add tRNA to 100 µg/mL. Wash nontarget cells twice with 15 mL of 

cell culture medium. This step will remove unattached/dead cells, which could lead 

to nonspecific binding of the RNA library. Block the nontarget cells with 15 mL of 

100 µg/mL tRNA in cell culture media at 37 °C for 15 min. Discard the tRNA 

block, add the folded Sel2 N20 RNA library to the nontarget cells, and incubate for 

15 min at 37 °C. Collect the pre-cleared Sel2 N20 RNA library containing media 

from the nontarget cells and centrifuge at 2,000 ×g for 5 min to pellet cell debris.

3. Incubate pre-cleared aptamer library with target cells: Wash target cells 2× with 

cell culture medium. Proceed to block the target cells with 15 mL tRNA for 15 min 

at 37 °C. Remove tRNA block and add the pre-cleared Sel2 N20 RNA library 

containing media to the target cells. Incubate at 37 °C for 30 min. Swirl media 

gently at least one time during the 30-min incubation.

4. Remove unbound and surface-bound RNAs: Wash the target cells 1× with 15 mL 

ice-cold PBS. Wash one time with 15 mL cold 0.5 M NaCl PBS (short wash), 

followed by one time 5-min wash with 15 mL cold 0.5 M NaCl at 4 °C. Wash one 
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time with 15 mL ice-cold PBS. Tilt plates for ~30 s and aspirate to minimize 

residual PBS.

5. Recover internalized RNAs: Lyse cells with 4 mL TRIzol. Allow TRIzol to lyse 

cells completely by incubating at room temperature for 3–5 min. Collect as much 

TRIzol as possible using a cell scraper and pipette TRIzol-lysed samples into clean 

microfuge tubes (~4 tubes). Samples can be stored frozen at −80 °C at this step.

6. TRIzol extraction step: If necessary, thaw samples and proceed to shear DNA by 

vortexing samples for ~1 min. Add 200 µL chloroform per 1 mL TRIzol and vortex 

for 30 s. Centrifuge at room temperature at 15,000 ×g for 15 min. Transfer as much 

of the aqueous phase (400 µL) to a clean 1.5 mL microfuge tube being careful not 

to transfer any of the organic phase. Add 8–10 µL RNase A, mix carefully, and 

incubate at 37 °C for 30 min. The RNase treatment will degrade endogenous RNA 

but not the 2′-fluoro-modified RNA aptamers, thereby eliminating amplification of 

non-aptamer sequences during the PCR step. Add 1× volume (~600 µL) phenol/

chloroform/isoamyl alcohol and vortex. Centrifuge at room temperature at 15,000 

×g for 10 min. Transfer as much of the aqueous phase (400 µL) to a clean 

microfuge tube. Add 1× volume (~600 µL) chloroform and vortex. Centrifuge at 

room temperature at 15,000 ×g for 10 min. Transfer as much of the aqueous phase 

(400 µL) to a clean microfuge tube. Divide the aqueous phase into four microfuge 

tubes. For each microfuge tube, ethanol precipitate the RNA aptamer by adding 5 

µL linear acrylamide as a carrier, 1/10 volume 10 M ammonium acetate (30 µL), 

and 2× volume 100 % ice-cold ethanol (600 µL). Incubate at −80 °C overnight to 

precipitate RNA. Centrifuge at 4 °C for 30 min at 15,000 ×g to pellet precipitated 

RNA. Discard supernatant and wash pellet with 300 µL of 95 % ice-cold ethanol. 

Vortex and centrifuge at room temperature at 15,000 ×g for 10 min. Discard 

supernatant and air-dry pellet at 65 °C for 30 min or until no ethanol is present. 

Resuspend RNA pellet in 25 µL PCR-grade H2O. Incubate at 65 °C for 10–20 min 

to ensure that the RNA is completely dissolved. Pool samples and store at −80 °C. 

This RNA sample represents a single round of selection. Proceed with the RT and 

PCR steps to generate the RNA aptamer library for the next round of selection.

7. Generate the RNA aptamer library for the next round of selection: RT-PCR is 

performed to amplify the recovered RNA. We routinely perform a two-step RT-

PCR protocol as follows: Anneal the Sel2 3′ primer to the recovered RNA. 

Combine: 10 µL 5× FS buffer, 1 µL 0.1 M DTT, 1 µL 100 µM Sel2 3′-primer, 31 

µL PCR-grade H2O, and 5 µL recovered aptamer RNA. Incubate samples at (1) 65 

°C for 5 min; (2) 22 °C for 5 min; and (3) 25 °C hold. Initiate reverse transcription 

by adding 1 µL 10 mM dNTP mix and 1 µL Superscript III reverse transcriptase. 

Run a Superscript III reverse transcriptase protocol: (1) 55 °C for 60 min; (2) 72 °C 

for 15 min; and (3) 4 °C hold. Use the RT in a PCR reaction. Combine 50 µL 10× 

Taq polymerase buffer; 20 µL 10 mM dNTP mix; 5 µL 100 µM Sel2 5′-primer; 5 

µL 100 µM Sel2 3′-primer; 25 units of Taq polymerase; and 25 µL of the RT 

reaction; bring to 500 µL with PCR-grade H2O. Aliquot 100 µL of the PCR mix per 

PCR tube. Run a PCR amplification protocol: (1) 95 °C for 2 min; (2) 95 °C for 30 

s; (3) 55 °C for 30 s; (4) 72 °C for 5 s; (5) repeat steps 2–4 for 25 cycles; (6) 72 °C 
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for 5 min; and (7) hold at 4 °C. Clean the PCR product as outlined in Subheading 

3.1, step 3. To generate the RNA for the next round of selection follow the in vitro 

RNA transcription protocol outlined in Subheading 3.2.

3.4 Assess the Progress of the Cell-Internalization Selection

Tracking the progress of the cell-internalization SELEX process is crucial for the success of 

the selection and for identifying cell-specific internalizing RNA aptamers. This information 

is necessary to appropriately adjust the selection pressure (e.g., increase no. of washes, 

increase RNA:cell ratio during selection, introduce an additional pre-clear step, and reduce 

incubation time of RNA with target cells), and determine when to stop a selection.

1. DNA melt assay: The DNA melt assay allows for a rapid assessment of the progress 

of the SELEX process. This assay is used to assess the overall sequence complexity 

in a given round. A decrease in sequence complexity is indicative of library 

convergence. To 33 µL of 0.5 µM dsDNA (from a selection round) add 33 µL of 

SYBR green supermix. Pipette 20 µL of dsDNA/SYBR green mix into a qPCR 

plate in triplicate wells. Run a reverse DNA melt program on a real-time PCR 

machine using the following protocol: (1) 95 °C for 15 min; (2) 95 °C for 15 s; (3) 

95–25 °C ramp over 20 min; (4) 25 °C for 15 s; and (5) 4 °C hold. Average 

triplicate data for each melt curve and plot temperature (65–95 °C) on the X-axis 

against fluorescence on the Y-axis. A shift to the right in the melt curve (higher 

temperatures) from round to round is indicative of a decrease in sequence 

complexity of the RNA pool.

2. Cell-internalization assay: All incubations are done at 37 °C and at 5 % CO2, 

unless otherwise specified. On day 1, target and nontarget cells should be seeded in 

6-well plates. Cells should be >90 % confluent after 24 h. The following day, dilute 

the RNA aptamer pool or individual aptamer sequence to the working 

concentration (1 nM to 1 µM) in serum-free medium and add tRNA to 100 µg/mL. 

Wash cells 2× with 2–3 mL cell culture media. Block the cells with 1 mL of 100 

µg/mL tRNA in cell culture media at 37 °C for 15 min. Discard tRNA block and 

add folded RNA aptamer to each well for 30 min at 37 °C. Swirl media every 15 

min. Discard unbound RNA aptamer. Wash cells as outlined in Subheading 3.3, 

step 4. Lyse cells with 1 mL TRIzol that contains 5 × 10−3 pmol/mL of control 

Sel1 RNA. Incubate the TRIzol solution on cells for 3–5 min. Pipette TRIzol-lysed 

samples into clean microfuge tubes. Samples can be frozen and stored at −80 °C at 

this step. TRIzol extraction should be performed as outlined in Subheading 3.3, 

step 6 (see Note 2). The recovered RNA is quantified by RT-qPCR using SYBR 

green supermix as appropriate during the PCR detailed in Subheading 3.3, step 7. 

For each RNA sample perform two independent RT and PCR reactions: one with 

the Sel2 primers (Sel2 PCR) and one with the Sel1 primers (Sel1 PCR). The Sel1 

PCR is used as a normalization control for sample processing. Proper processing 

should result in similar Sel1 PCR values (CT values) for each sample. Any samples 

that are excessively low or high should be flagged as possibly problematic due to 

2The remaining TRIzol organic phase may be used to isolate total protein or total DNA.
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issues with the TRIzol extraction. Average the triplicates of the Sel2 samples and 

normalize these data to the corresponding Sel1 samples. Data analysis from this 

point forward should be done as appropriate for the experiment, including 

calculation of experimental error and statistical tests.

3.5 Next-Generation Sequencing (NGS) of RNA Aptamer Pools

The following protocol is based on Illumina Sequencing technology, although other NGS 

methods can also be used.

1. The DNA or RNA from any given round of selection can be used for NGS. If using 

RNA, first perform an RT reaction using superscript III, but substitute the Sel2 3′-

primer with the appropriate NGS primer (e.g., reverse or 3′-primer). The reverse-

transcribed RNA or dsDNA from a given selection round may then be used for 

PCR amplification as done during the SELEX process with Taq DNA polymerase 

using the appropriate NGS primers instead of the Sel2 primers. A water control 

should be run with each sample as a control. If rounds of selection are going to be 

multiplexed for NGS the forward or 5′-NGS primer should contain a unique 

barcode.

2. The resulting PCR reaction should be run on a 1 % agarose gel along with the 

corresponding water control. The appropriate band should be excised and gel 

purified and an accurate sample concentration determined. Samples can be 

combined at an equal molar ratio if multiplexing.

3. The sample can be submitted for NGS and will undergo a separate quality/size 

analysis prior to processing. Sequencing from both ends of the PCR product should 

be chosen if the option is available.

3.6 Processing RNA Aptamer Library High-Throughput Sequencing Data

The Galaxy web server (https://usegalaxy.org/) provides all of the online tools necessary to 

do the following initial bioinformatics analysis of next-generation sequencing data. A brief 

outline of the steps is shown below:

1. Raw reads need to be parsed for quality (eng. intact 5′ and 3′ constant regions, “N” 

sequencing read errors).

2. Multiplexed data needs to be separated by barcode.

3. Constant regions can be filtered to give only the variable region.

4. Unique reads need to be determined and the number of each unique reads 

calculated by collapsing the data. The number of unique reads and the number of 

total reads can be used to determine the sequence enrichment of a selection round 

using the following equation: % sequence enrichment = 1 − (unique/total).

5. For an in-depth bioinformatics analysis several different strategies exist for 

examining RNA aptamer selection data including fold enrichment, percent 

enrichment, sequence relatedness, and predicted structure similarity.
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Fig. 1. 
Cell-internalization SELEX (Systematic Evolution of Ligands by EXponential enrichment). 

The starting RNA aptamer library is pre-cleared by incubating the library with nontarget 

cells. Those RNAs that do not bind or internalize into the nontarget cells are then transferred 

to the target cells. Unbound and surface-bound RNAs are discarded and internalized RNAs 

recovered. The recovered RNAs are amplified using PCR and the resulting amplified 

dsDNA in vitro transcribed for the subsequent round of selection. The selection is 
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terminated when the library has reached ~80–90 % sequence convergence (~6–10 rounds of 

selection) as measured by NGS technologies
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