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    Chapter 16   

 Evolution of Cell-Type-Specifi c RNA Aptamers Via Live 
Cell-Based SELEX                     

     Jiehua     Zhou      and     John     J.     Rossi      

  Abstract 

   Live cell-based SELEX ( S ystematic  E volution of  L igand  EX ponential enrichment) is a promising approach 
for identifying aptamers that can selectively bind to a cell-surface antigen or a particular target cell popula-
tion. In particular, it offers a facile selection strategy for some special cell-surface proteins that are original 
glycosylated or heavily post-translationally modifi ed, and are unavailable in their native/active conformation 
after in vitro expression and purifi cation. In this chapter, we describe evolution of cell-type-specifi c RNA 
aptamers targeting the human CCR5 by combining the live cell-based SELEX strategy with high- throughput 
sequencing (HTS) and bioinformatics analysis.  

  Key words     Live cell-based SELEX  ,   Cell-type-specifi c RNA aptamer  ,   High-throughput sequencing 
(HTS)  ,   Human CCR5 protein  ,   Aptamer-mediated targeted siRNA delivery  

1      Introduction 

   Nucleic acid aptamers are single-stranded DNA  or   RNA molecules, 
which can be selected from a  combinatorial   DNA or RNA library 
through SELEX technology [ 1 ,  2 ]. Because of their superior 
 characteristics, such as small size, high stability (dehydrated form), 
lack of immunogenicity, facile chemical synthesis, and adaptable 
modifi cation, aptamer and aptamer-functionalized agents have been 
used extensively for targeted therapeutics, molecular diagnostics, 
in vivo imaging and tracking systems, biosensor systems, and bio-
marker discovery [ 3 – 5 ]. To select and  identify   cell-type-specifi c, 
nucleic acid aptamers, two typically selection procedures have been 
applied [ 2 ]: (1) traditional purifi ed membrane protein- based   SELEX 
and (2)    live cell-based SELEX. Although most cell- type- specifi c 
aptamers have been successfully generated using the purifi ed 
 protein-based selection procedure, it is largely limited to target some 
single pass receptors. It is challenging to develop aptamers for many 
multiple transmembrane spanning receptors, or some special  cell-surface 
proteins that are original glycosylated or heavily post-translationally 
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modifi ed, and are unavailable in their  native/active conformation 
after in vitro expression and purifi cation.    Live cell-based SELEX 
techniques have provided a promising alternative for generating 
aptamers that can recognize particular target membrane proteins 
under their native conditions [ 6 ,  7 ]. 

 In principle,    live cell-based SELEX methodology relies on the 
differences between the target cells population (positive cells that 
express the target of interest) and the control cell population (nega-
tive cells that do not express the target protein). Therefore, the 
selection procedure generally includes positive selection against the 
target cells and counter selection against related non-target cells to 
remove nonspecifi c binding [ 8 ]. For example, by using this method, 
Giangrande group successfully enriched for 2′- fl uoropyrimidine 
  RNA aptamers that could selectively bind and be internalized by 
breast cancer cells that expressed human EGFR2 (HER2) [ 9 ]. 

 One of the major challenges of cell- based   SELEX is the 
 nonspecifi c binding and/or uptake of nucleic acids to dead cells, 
resulting in the delay of target-specifi c sequence enrichment or 
even failure of aptamer selection [ 2 ,  5 ]. Selection procedures, espe-
cially those that adversely affect cell health and damage cells, such 
as cell culture, washing condition, and detachment of cells, should 
be carefully controlled in order to avoid causing damage or death 
to fragile cells. On the other hand, the complexity of target 
 cell- surface proteins or low expression of the desired targets gener-
ally increases the number of selection rounds needed (~14 cycles 
and up to 25 cycles) to achieve a high-affi nity aptamers. The 
 additional enzymatic amplifi cation steps can also introduce biases 
and artifacts. Previous studies have demonstrated that once maximal 
molecular enrichment is achieved, further selection rounds not 
only increase the cost and time but also attenuate the effi ciency of 
the selection as well as the effi cacy of the aptamers [ 2 ] 

 In this chapter, we describe detailed practical procedures  for   live 
cell-based SELEX. Considering the limited resource and the risk of 
changed conformation of purifi ed CCR5 protein after  purifi cation, 
we utilized live cell-based SELEX methodology for generating 
 cell-type-specifi c 2′- fl uoropyrimidine   RNA aptamers directed to 
human CCR5. Particularly, the tricky steps and problems often 
encountered in the selection are highlighted and  discussed in detail 
to improve the success and effi ciency of  the   SELEX.  

2     Materials 

       1.    U373-Magi cells, U373-Magi-CCR5E cells, CEM-NKr cells, 
CEM-NKr-CCR5 cells (AIDS Research and Reference Reagent 
Program).   

   2.    Complete medium for U373-Magi cells: 90 % DMEM 
(Dulbecco’s Modifi ed Eagle Medium) supplemented with 

2.1  Cell Culture 
and Cell-Surface 
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Detection by Flow 
Cytometry
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10 % FBS (Fetal Bovine Serum), 0.2 mg/mL G418 and 
0.1 mg/mL hygromycin B. Store at 4 °C.   

   3.    Complete medium for U373-Magi-CCR5E cells: 90 % DMEM 
supplemented with 10 % FBS, 0.2 mg/mL G418, 0.1 mg/mL 
hygromycin B and 1.0 μg/mL puromycin.   

   4.    Cell stripper solution (Cellgro, Mediatech Inc.). Store at 4 °C.   
   5.    Washing buffer: DPBS (Dulbecco’s Phosphate Buffered Saline) 

(Cellgro, Mediatech Inc.). Store in aliquots at 4 °C.   
   6.    Binding buffer: DPBS (pH 7.0–7.4) with Ca 2+  and Mg 2+  

(pH 7.0–7.4, 1 mM CaCl 2 ; 2.7 mM KCl; 1.47 mM KH 2 PO 4 ; 
1 mM MgCl 2 ; 136.9 mM NaCl; 2.13 mM Na 2 HPO 4 ) (Cellgro, 
Mediatech Inc.). Store in aliquots at 4 °C.   

   7.    APC-conjugated mouse Anti-human CD195 antibody (BD 
Pharmingen). Store at 4 °C.   

   8.    Flow cytometry instrument.      

       1.    The starting DNA library contained 20 nucleotides of random 
sequences (synthesized and obtained commercially). Make stock 
solution with water and store in aliquots at −20 °C ( see   Note 1 ).   

   2.    Taq PCR polymerase and buffer. Store in aliquots at −20 °C.   
   3.    dNTP. Make 10 mM dNTP mixture and store in aliquots at 

−20 °C.   
   4.    QIAquick Gel purifi cation Kit (QIAGEN).   
   5.    DuraScribe T7 transcription Kit (EPICENTRE Biotechnologies). 

Store at −20 °C ( see   Note 2 ).   
   6.    DNase I. Store at −20 °C.   
   7.    RNase free Bio-Spin 30 Columns (Bio-Rad). Store at 4 °C.   
   8.    Acid phenol:chloroform (5:1) solution (pH 4.5, Ambion). 

Phenol and chloroform are human health hazards. Take appro-
priate measures to prevent exposure.   

   9.    Chloroform:Isopropanol (24:1) solution.   
   10.    Glycogen (20 mg/mL). Store in aliquots at −20 °C.   
   11.    RNA refolding and binding buffer: DPBS (pH 7.0–7.4) with 

Ca 2+  and Mg 2+  (pH 7.0–7.4, 1 mM CaCl 2 ; 2.7 mM KCl; 
1.47 mM KH 2 PO 4 ; 1 mM MgCl 2 ; 136.9 mM NaCl; 2.13 mM 
Na 2 HPO 4 ) (Cellgro, Mediatech Inc.). Store in aliquots 
at 4 °C.   

   12.       Yeast tRNA. Make 10 mg/mL in water and store in aliquots at 
−20 °C.   

   13.    TRIzol reagent (Invitrogen). This reagent containing phenol 
and guanidine is a human health hazard. Take appropriate 
measures to prevent exposure. Store in aliquots at 4 °C.   

2.2  Preparation 
of RNA Library 
and Aptamer Selection

Live Cell Selection of CCR5 Aptamers
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   14.    ThermoScript RT-PCR system (Invitrogen) ( see   Note 3 ).   
   15.    2× iQ SyberGreen MasterMix (BIO-RAD) for PCR. Store at 

−20 °C.      

       1.    The relevant PCR primer. Prepare 5 mM stock solution in 
water and store in aliquots at −20 °C ( see   Note 4 ).   

   2.    Forty percent acrylamide/bis-acrylamide solution (AccuGel 
19:1, National Diagnostics). This is a neurotoxin when unpo-
lymerized. Take appropriate measures to prevent exposure.   

   3.     N,N,N,N' -Tetramethyl-ethylenediamine (TEMED). Store 
at 4 °C.   

   4.    Ammonium persulfate: prepare 10 % solution in water and 
immediately freeze in single use (150 μL) aliquots at −20 °C.   

   5.    10 × TBE.   
   6.    Running buffer (1 × TBE): dilute 10 × TBE with water. Store at 

room temperature.   
   7.    Illumina HiSeq2000 instrument.      

       1.    Silencer siRNA Labeling Kit (Ambion). Store at −20 °C.   
   2.    Trypsin/EDTA 1 × solution. Store in aliquots at 4 °C.   
   3.    Peripheral blood mononuclear cells (PBMCs) from healthy 

volunteers. Isolate PBMCs from whole blood by centrifuga-
tion through Ficoll-Hypaque solution (Histopaque-1077, 
Sigma) and deplete for CD8 T cells (cytotoxic/suppressor 
cells) using Dynabeads CD8 (Invitrogen, CA). Culture PBMCs 
in T-cell active medium (BioE) in a humidifi ed 5 % CO 2  incu-
bator at 37 °C.   

   4.    35 mm plates for live-cell confocal microscopy (Glass Bottom 
Dish, MatTek).   

   5.    Poly-lysine.   
   6.    Hoechst 33342 (Molecular Probes): prepare 0.15 mg/mL 

solution in water and store in aliquots at 4 °C.   
   7.    Zeiss LSM 510 Meta Inverted 2 photon confocal microscope.      

       1.    The CCR5 siRNA and relevant PCR primer. Prepare 5 mM stock 
solution in water and store in aliquots at −20 °C ( see   Note 5 ).   

   2.    Lipofectamine 2000 (Invitrogen).   
   3.    STAT-60 reagent (TEL-TEST). This reagent containing 

 phenol and guanidine is a human health hazard. Take appro-
priate measures to prevent exposure. Store in aliquots at 4 °C.   

   4.    DNA-free DNA removal kit (Ambion). Store at −20 °C.   
   5.    RNase inhibitor (Promega). Store at −20 °C.   

2.3   Illumina   High- 
Throughput 
Sequencing (HTS) 
and Data Analysis

2.4  Flow Cytometry 
and Live-Cell Confocal 
Microscopy

2.5  CCR5 
Knockdown 
Experiment
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   6.    Moloney murine leukemia virus reverse transcriptase 
(MML- RT) and random primers (Invitrogen). Store at −20 °C.   

   7.    2× iQ SyberGreen MasterMix (BIO-RAD) for PCR. Store at 
−20 °C.   

   8.    CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad).       

3    Methods 

 By combining  the   live cell-based SELEX strategy with 
 high- throughput sequencing (HTS) and bioinformatics analysis, 
2′-fl uoropyridine- modifi ed RNA aptamers directed to human 
CCR5 can be successfully isolated.  The   high-throughput 
sequencing (HTS) technology and bioinformatics analysis facili-
tate the rapid identifi cation of  individual   RNA aptamers and 
monitor the library evolution. Multiple SELEX libraries from 
different rounds of selection can simultaneously be analyzed by 
HTS. Millions of sequence reads obtained from each round can 
provide comprehensive and in-depth information, such as the 
basic sequences, total reads, the complexity of the library, the 
enrichment factor,  frequency of each unique sequences, and 
 distribution of each nucleotide at random region, which allow us 
to better understand the selection progression and the molecular 
evolution. One of the best candidates (G-3) effi ciently binds 
CCR5 and is internalized into human CCR5 expressing U373-
Magi-CCR5E cells, CEM-NKr- CCR5 cells, and primary PBMCs. 
The selection procedures, progression, and aptamer character-
ization are described in this section. 

       1.    Wash the adherent cell lines (U373-Magi cells and U373-
Magi- CCR5E cells) with pre-warmed DPBS, and detach cells 
with Cell stripper from the plates ( see   Note 6 ).   

   2.    After washing cells twice with 500 μL binding buffer containing 
DPBS (pH 7.0–7.4) and Ca 2+  and Mg 2+ , resuspend cell  pellets in 
binding buffer and incubate at 37 °C for 30 min. And then 
 pellet cells and resuspend in 100 μL of pre-warmed binding 
 buffer ( see   Note 7 ).   

   3.    Add APC mouse anti-human CD195 antibody for cell- 
surface staining ( see   Note 8 ). After incubation at room 
 temperature for 30 min in the dark, wash cells three times 
with 500 μL of  pre- warmed binding buffer, and resuspend 
cells in 350 μL of DPBS pre-warmed to 37 °C and immedi-
ately analyze by fl ow cytometry. An example result is shown 
in Fig.  1 .

3.1  Detection 
of the Cell- Surface 
Target Protein (CCR5)

Live Cell Selection of CCR5 Aptamers
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                 1.    Amplify the initial single-stranded DNA library pool (0.4 μM) 
by PCR using 3 μM each of 5′- and 3′-primers, along with 
2 mM MgCl 2  and 200 μM of each dNTP. Conduct 10 PCR 
cycles as follows: 93 °C, 3 min (the initial step); 93 °C, 1 min, 
63 °C, 1 min, 72 °C, 1 min; 72 °C, 7 min (the last step); 4 °C, 
keep! ( see   Note 9 ).   

   2.    Recover the resulting PCR products using a QIAquick Gel 
purifi cation Kit.   

   3.    Transcribe RNA library from its PCR-generated DNA tem-
plates using the DuraScription Kit. In the transcription reac-
tion mixture, replace CTP and UTP with 2′-F-CTP and 
2′-F-UTP ( please refer to  Subheading  2 ) to produce RNA that 
is resistant to RNase A degradation. Set up a 20 μL transcrip-
tion reaction, by mixing:
   (a)    1 μg of DNA template.   
  (b)    2 μL 10 × buffer.   
  (c)    2 μL ATP (50 mM).   
  (d)    2 μL GTP (50 mM).   
  (e)    2 μL 2′-F-dCTP (50 mM).   
  (f)    2 μL 2′-F-dUTP (50 mM).   
  (g)    2 μL DTT (100 mM).   
  (h)    2  μL   T7 RNA polymerase.    

3.2  Generation 
of RNA Library  by   In 
Vitro Transcription
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  Fig. 1    Cell-surface expression of CCR5 on U373-Magi-CCR5E cells and U373-Magi cells was measured by 
fl ow cytometry using non-permeabilized cells stained with CCR5 antibody conjugated to APC (APC anti-human 
CD195). (Reprinted from [ 17 ], Figure S1)       
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  Incubate at 37 °C for 6 h ( see   Note 10 ), and purify with 
 Bio-Spin 30 Columns following phenol extraction and ethanol 
precipitation. And resuspend RNA pellet into water.   

   4.    Remove the template DNA by DNase I digestion. Set up a 
200 μL reaction, by mixing:
   (a)    10 μg of the transcribed RNA pool.   
  (b)    20 μL 10 × reaction buffer.   
  (c)    5 μL DNase I.     
 Incubate at 37 °C for 1 h ( see   Note 11 ). After phenol extraction 
and ethanol precipitation, resuspend RNA pellet into RNase-
free water.   

   5.    Refold RNA pool in binding buffer containing DPBS (pH 7.0–
7.4) and Ca 2+  and Mg 2+ , by heating mixture at 65 °C for 5 min 
and then slowly cooling to 37 °C. Continue incubation at 37 °C 
for 10 min.      

         1.    In principle, perform a SELEX procedure as described by 
Tuerk and Gold [ 10 ]. In this case, conduct a modifi ed 
 cell-based SELEX described by Thiel et al. [ 9 ,  11 – 13 ]. The 
detailed selection procedure and conditions are summarized in 
Fig.  2  and Table  1  ( see   Note 12 ).

3.3     Live 
Cell- Based SELEX

5’- GGGAGGACGATGCGG  - N20  -   CAGACGACTCGCCCGA- 3’

Fixed (15 nt)         Random (20 nt)          Fixed (16 nt) 
ssDNA library sequence 

PCR 

T7 transcription 

2’-F  modified RNA pool

Negative cells 

Counter selection 

Removal of bound species 

Positive cells Positive selection 

Total RNA extraction 

Unbound
species 

Removal of unbound species 

Recovery of target
bound sequences

-
 

RT & PCR 

dsDNA pool 
After 5-10 cycles,
High-throughout sequencing 
(HTS) & bioinformatics analysis  

Individual aptamers

T7 transcription 

Live Cell-based SELEX

  Fig. 2    Schematic of live cell-based SELEX procedure for evolution of RNA aptamers. It consists of four main 
steps: (1) counter selection by incubating library with negative cells that do not express the target protein; (2) 
positive selection by incubating recovered unbound sequences with positive cells expressing the target pro-
tein; (3) recovery of target-bound sequences; and fi nally (4) re-amplifi cation of recovered species and make 
new RNA pool for next selection round. After 5–10 selection cycles, individual aptamer sequences are identi-
fi ed through barcode-based high-throughput, Illumina Deep Sequencing (HTS) and bioinformatics analysis. 
(Reprinted from [ 17 ], Fig.  1a )       
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        2.    For the fi rst cycle of selection, 24 h before selection, seed U373- 
Magi cells (CCR5-negative) and U373-Magi-CCR5E cells (CCR5-
positive) at equal density (5 × 10 6  cells per plate, respectively) on 
150 mm tissue culture dish with 25 mL  complete culture medium.   

   3.    On the day of selection, wash U373-Magi cells and U373- 
Magi- CCR5E cells with 15 mL pre-warmed binding buffer to 
remove dead cells, and add 15 mL pre-warmed binding buffer 
supplemented with 100 μg/ mL   yeast tRNAs ( see   Note 13 ).   

   4.    After 25 min incubation at 37 °C, remove the buffer from 
U373-Magi cells and add the refolded, initial RNA library 
(4 nmol of 0-RNA library in 15 mL refolding buffer). Incubate 
at 37 °C for 30 min and collect the supernatants from U373-
Magi cells. Discard the U373-Magi cells ( see   Note 14 ).   

   5.    Following  step 4 , after 25 min incubation at 37 °C, remove the 
buffer from U373-Magi-CCR5E cells and add the supernatants 

     Table 1  
  The selection condition. The numbers of cells, plate size, medium volume, the amount of RNA pool 
and tRNA, washing condition, and incubation time are indicated here. (Reprinted from [ 17 ], Table S1)   

 SELEX 
rounds 

 Positive cells 
(plate size and 
medium volume) 

 Negative cells 
(plate size and 
medium volume) 

 RNA pool 
(incubation 
time) 

 RNA work 
Con. 

 Competitor 
tRNA  Washing 

 1  3 × 10 6  cells 
(15 cm, 15 mL) 

 3 × 10 6  cells 
(15 cm, 15 mL) 

 4 nmol 
(30 min) 

 333 nM  0  2 × 12 mL 

 2  3 × 10 6  cells 
(15 cm, 15 mL) 

 3 × 10 6  cells 
(15 cm, 15 mL) 

 4 nmol 
(25 min) 

 333 nM  2.5 nmol  3 × 12 mL 

 3  1.5 × 10 6  cells 
(10 cm, 12 mL) 

 3 × 10 6  cells 
(10 cm, 12 mL) 

 2.5 nmol 
(25 min) 

 208 nM  5 nmol  4 × 12 mL 

 4  1.5 × 10 6  cells 
(10 cm, 12 mL) 

 3 × 10 6  cells 
(10 cm, 12 mL) 

 2.5 nmol 
(20 min) 

 208 nM  15 nmol  5 × 12 mL 

 5  7.5 × 10 5  cells 
(6 cm, 8 mL) 

 2.25 × 10 6  cells 
(10 cm, 8 mL) 

 1.5 nmol 
(20 min) 

 188 nM  15 nmol  6 × 8 mL 

 6  7.5 × 10 5  cells 
(6 cm, 8 mL) 

 2.25 × 10 6  cells 
(10 cm, 8 mL) 

 1.5 nmol 
(15 min) 

 188 nM  20 nmol  6 × 8 mL 

 7  3 × 10 5  cells 
(3.5 cm, 5 mL) 

 1.5 × 10 6  cells 
(6 cm, 5 mL) 

 0.8 nmol 
(15 min) 

 160 nM  20 nmol  7 × 5 mL 

 8  3 × 10 5  cells 
(3.5 cm, 5 mL) 

 1.5 × 10 6  cells 
(6 cm, 5 mL) 

 0.8 nmol 
(10 min) 

 160 nM  40 nmol  8 × 5 mL 

 9  1.5 × 10 5  cells 
(3.5 cm, 5 mL) 

 1.2 × 10 6  cells 
(6 cm, 5 mL) 

 0.5 nmol 
(10 min) 

 100 nM  40 nmol  9 × 5 mL 

  Note 
 To avoid nonspecifi c interaction between nucleic acids and the cell surface, the yeast tRNA (100 μg/mL) as a competi-
tor was fi rst incubated with non-targeted cells or targeted cells at 37 °C for 25 min and then ready for selection step 
 Counter-selection: RNA pool was incubated with U373-Magi negative cells at 37 °C for 30 min  

Jiehua Zhou and John J. Rossi
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from U373-Magi cells (15 mL from  step 5 ). Incubate at 37 °C 
for 30 min. Wash the U373-Magi-CCR5E cells twice with 
12 mL pre-warm binding buffer to remove unbound sequences 
and cell-surface RNAs with weak binding ( see   Note 15 ).   

   6.    Recover the cell-surface bound RNA with strong binding 
affi nity and internalized RNA sequences by TRIZol extraction. 
After ethanol precipitation, resuspend RNA pellet into RNase-
free water ( see   Note 16 ).   

   7.    Reversely transcribe the recovered RNA pool by using the 
ThermoScript RT-PCR system. Add 1 μL of 10 μM gene- 
specifi c primer (reverse primer) and 2 μL of 10 mM dNTP 
mixture into 9 μL of the recovered RNA, and heat at 65 °C for 
5 min. Immediately, chill the reaction on the ice. Subsequently, 
add the following reagents:
   (a)    4 μL 5 × First strand buffer.   
  (b)    1 μL 0.1 M DTT.   
  (c)    1 μL RNaseOut (40 U/μL).   
  (d)    1 μL ThermoScript RT (15 U/μL).   
  (e)    1 μL RNase-free water.     
 Incubate the reaction (total volume of 20 μL) at 50 °C for 60 min. 
Heat the mixture at 85 °C for 5 min to inactivate reverse transcrip-
tase and chill on ice. The cDNA is ready for PCR ( see   Note 17 ).   

   8.    Amplify the cDNA by PCR using 2 μM each of 5′- and 3′-prim-
ers, along with 2 mM MgCl 2  and 200 μM of each 
dNTP. Conduct 15 PCR cycles as follows: 94 °C, 5 min; 94 °C, 
1 min, 63 °C, 1 min, 72 °C, 1 min; 72 °C, 7 min; 4 °C, keep! 
Run 2.5 % agarose gel to verify PCR product ( see   Note 18 )   

   9.    Recover the resulting PCR products using a QIAquick Gel 
purifi cation Kit and transcribe it to new RNA pool as described 
in Subheading  3.2 .   

   10.    After purifi cation, refold the new RNA pool for the next  selection 
round (counter selection and positive selection) as described in 
Subheading  3.3  ( see   Note 15 )      

        1.    Apply quantitative real-time PCR (qRT-PCR) methods to 
monitor SELEX progress.   

   2.    24 h before selection, seed U373-Magi cells (CCR5-negative) 
and U373-Magi-CCR5E cells (CCR5-positive) at equal  density 
(3 × 10 4  cells per well, respectively) on a 48-well plate with 
250 μL complete culture medium.   

   3.    On the day of selection, wash U373-Magi cells and U373- 
Magi- CCR5E cells with 250 μL pre-warmed binding buffer to 
remove dead cells, and add 250 μL pre-warmed binding buffer 
supplemented with 100 μg/ mL   yeast tRNAs.   

3.4  Monitor 
the Progress  of   SELEX 
or Detect Binding 
Affi nity by qRT-PCR

Live Cell Selection of CCR5 Aptamers
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   4.    After 15 min incubation at 37 °C, remove the buffer from 
both cell lines and add the refolded RNA library or RNA 
aptamer candidate (0.1 nmol of RNA library in 250 μL refold-
ing buffer) supplemented with 1 nmol yeast tRNA.   

   5.    Incubate at 37 °C for 15 min. Wash the cells six times with 
250 μL pre-warmed binding buffer to remove unbound RNA 
and cell-surface RNAs with weak binding.   

   6.    Recover the cell-surface bound RNA with strong binding affi n-
ity and internalized RNA sequences by TRIZol extraction. And 
reversely transcribe those recovered RNA pools as described in 
Subheading  3.3 .   

   7.    Analyze the resulting cDNA by qRT-PCR using 2 × iQ 
SyberGreen Mastermix and specifi c primer sets at a fi nal con-
centration of 400 nM (triplex assay). An example result is 
shown in Fig.  3  ( see   Note 19 ).
   Add the following reagents in one 25 μL qPCR reaction:
   (a)    1 μL cDNA reaction mixture.   
  (b)    12.5 μL 2 × iQ SyberGreen Mastermix.   

SELEX progress (qRT-PCR)
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  Fig. 3    The progress of SELEX. Progression of the selection was monitored using quantitative RT-PCR (qRT-PCR) 
and normalizing to GAPDH gene. Nine rounds of live cell-based SELEX were performed to enrich for RNA 
aptamers that bind and internalize into U373-MAGI-CCR5E (CCR5 + ) cells. Nonspecifi c aptamers were removed 
by pre-clearing against U373-MAGI (CCR5 − ) cells. From the seventh selection round, selective binding/inter-
nalization of RNA pools was observed in U373-MAGI-CCR5E (CCR5 + ) cells. (Reprinted from [ 17 ], Fig.  1b )       
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  (c)    2 μL primer mixture (5 mM).   
  (d)    9.5 μL RNase-free water.     
 Standard PCR program: 1 cycle of 94 °C for 5 min; 35–40 cycles 
of 94 °C for 30 s; 55–62 °C (mostly 60) for 30 s; 72 °C for 
30 s; 1 cycle of 72 °C for 5 min.      

       1.    After nine rounds  of   SELEX, send the RNA libraries for selec-
tion rounds 5, 6, 7, 8, and 9 for  Illumina   high-throughput 
sequencing analysis.   

   2.    Reversely transcribe 1 μg of RNA library using RT primer and 
amplify the resulting cDNA by 8 PCR cycles. Gel purify the 
product and dilute with 1 mL of hybridization buffer. Use a 
fi nal DNA concentration of 10 pM for single read fl ow cell 
cluster generation ( see   Note 4 ).   

   3.    Bioinformatics analysis ( see   Note 20 ). Count unique reads in each 
sample and identify the most frequent 1000 unique sequences in 
each sample. For alignment and grouping analysis, classify the top 
40 unique sequences into six major groups (groups 1–6) based on 
the similarity in the sequences and  secondary structures. Predict 
their secondary structures by MFold RNA (  http://mfold.rna.
albany.edu/?q=mfold/RNA-Folding- Form    ). An example result is 
shown in Table  2  and Fig.  4 .

3.5   Illumina   High- 
Throughput 
Sequencing (HTS) 
and Data Analysis

     Table 2  
  Bioinformatics analysis of high-throughput sequence data from selection rounds. ( a ) The total reads and 
useful reads were defi ned as follows. The 3′-fi xed oligo sequence and 3′-Solexa adapter were identifi ed 
and trimmed from each reads. The reads with 20-base (random domain) after processing were considered 
as usable reads and retained for further analysis. The most frequent 1000 unique sequences were 
identifi ed and listed here for the clarity. The molecular enrichment at each round was calculated by the 
formula (total reads of top 1000 unique sequences at round X/round 5). ( b ) Bioinformatics analysis of RNA 
aptamers to identify related sequence and structure groups. After alignment of top 40 sequences, six 
groups of RNA aptamers were identifi ed. The representative RNA aptamers and the reads of each group 
are listed here. Only the random sequences of the aptamer core regions (5′–3′) are indicated. Groups 2, 4, 
and 5 (G-2, G-4, and G-5 aptamers) shared a conserved sequence, which is comprised of 10 nucleotides 
UUCGUCUG(U/G)G. (Reprinted from [ 17 ], Tables  1  and  2 )                       

 (a) 

 Round 5  Round 6  Round 7  Round 8  Round 9 

 Total reads  48,175,338  37,973,185  36,503,548  27,876,693  30,723,210 

 Useful reads  35,003,576  24,043,982  25,650,155  17,994,328  16,273,964 

 Total reads of top 1000 
unique sequences 

 1,553,154  8,877,699  18,721,730  15,831,299  15,473,124 

 Molecular enrichment 
(fold) 

 1  5.72  12.05  10.19  9.96 

(continued)

Live Cell Selection of CCR5 Aptamers

http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form


202

 (b) 

 Groups  RNA 
 20-nt random 
sequence  Reads of each group 

 Round 5  Round 6  Round 7  Round 8  Round 9 

 1  G-1  AUCGUCUAUUA
GUCGCUGGC 

 144,560  1,405,945  4,385,441  2,572,509  8,228,896 

 2  G-2  UCCUUGGCUU
 UUCGUCUGUG  

 447,271  2,700,796  5,191,611  4,572,814  3,151,265 

 3  G-3  GCCUUCGUUU
GUUUCGUCCA 

 409,975  2,033,703  3,150,589  3,452,540  1,427,892 

 4  G-4  UCCCGGCUCG
 UUCGUCUGUG  

 129,752  695,110  1,564,701  2,568,638  1,148,903 

 5  G-5  UUCGUCAU UU
 UUCGUCUG G G  

 208,652  1,282,740  3,133,297  1,591,731  701,763 

 6  G-6  CCUUUCGUCU
GUUUCUGCGC 

 69,760  158,855  233,840  159,454  94,378 

 Others  Orphan sequences  20,151  42,315  0  0  0 

 Total Reads of all 
groups 

 1,430,121  8,319,464  17,659,479  14,917,686  14,753,097 

Table 2
(continued)

  Fig. 4    Bioinformatics analysis of high-throughput sequence data from selection rounds. ( a ) Distribution of 
frequencies of top 1000 unique sequences at each round. The most frequent 1000 unique sequences were 
identifi ed at each selection round. From Round 7, enrichment saturation was observed. ( b ) The molecular 
enrichment at each round. The molecular enrichment at each round was calculated by the formula (total reads 
of top 1000 sequences in round X/round 5). From Round 5 to Round 9, the molecular diversity was signifi cantly 
converged, suggesting some specifi c sequences have been enriched. ( c ) Sequence logo for each select round. 
Bioinformatics analysis of RNA aptamers to identify related sequence and structure families. Through the 
alignment of primary sequences, the distributions within each round were identifi ed at the 20-nt random 
domain. From Round 7, highly represented sequences were observed. ( d ) The frequency of each group at each 
selection round. After alignment of top 40 sequences, six groups of RNA aptamers were identifi ed. The percent 
frequency of each group at each selection round was calculated by the formula (the reads of each group/the 
useful reads at each round). (Reprinted from [ 17 ], Figure S2a, b and Fig.  1c, d )         

 

Jiehua Zhou and John J. Rossi



203

Round 5

Lo
g 

10
 C

ou
nt

s

2

3

4

5

6

7

Round 6 Round 7 Round 8 Round 9

a

c

b

Round 5

Round 6

Round 7

Round 8

Round 9

0

2

4

6

8

10

12
Molecular enrichment

E
nr

ic
hm

en
t (

no
rm

al
iz

ed
 b

y 
ro

un
d 

5 
re

ad
s)

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

0 %

10 %

20 %

30 %

40 %

50 %

60 % Frequency of each group
d

Round 5

Round 6

Round 7

Round 8

Round 9

F
re

q.
 (

%
)

Live Cell Selection of CCR5 Aptamers



204

                 1.    Generate 2’-fl uoropurimidine  modifi ed   RNA aptamers (G-1, 
G-2, G-3, G-4, G-5, and G-6) as described in Subheading  3.2  
( see   Note 21 )   

   2.    Generate fl uorescent aptamers using the Silencer siRNA 
Labeling Kit ( see   Note 22 ). Add the following reagents in 
order:
   (a)    22.5 μL nuclease-free water.   
  (b)    5 μL 10 × Labeling Buffer.   
  (c)    15 μL RNA (5 μg).   
  (d)    7.5 μL Labeling Dye.    
  Incubate at 37 °C for 1 h.   

   3.    After incubation, add 5.0 μL (0.1 vol) 5 M NaCl and 125 μL 
(2.5 vol) cold 100 % EtOH, and mix thoroughly. Incubate at 
−20 °C for 60 min. And then centrifuge at top speed in a 
microcentrifuge (12,000 ×  g ) at 4 °C for 20 min. Remove 
supernatant and wash pellet with 175 μL of 70 % EtOH. Air 
dry pellet in the dark. And then suspend labeled RNA in 15 μL 
of nuclease-free water.   

   4.    Measure the absorbance of the labeled RNA at 260 nm and at 
the absorbance maximum for the fl uorescent dye (Cy3 at 
550 nm).   

   5.    Calculate the base:dye ratio and RNA concentration according 
to the calculator provided by   http://www.genelink.com/
tools/gl-BDratiores.asp     ( see   Note 23 ).   

   6.    Refold the mixture in refolding buffer as described above ( see  
Subheading  3.2 ).   

   7.    Cell-surface binding assay with adherent cell lines: Wash U373-
Magi cells or U373-Magi-CCR5E cells with pre- warmed 
DPBS, and detach cells with Cell stripper from the plates ( see  
 Note 6 ).   

   8.    Cell-surface binding assay with suspension cells: directly pellet 
the CEM-NKr cells, CEM-NKr-CCR5 cells, or PBMCs from 
the fl ask.   

   9.    After washing cells twice with 500 μL binding buffer containing 
DPBS (pH 7.0–7.4) and Ca 2+  and Mg 2+ , resuspend cell  pellets in 
binding buffer and incubate at 37 °C for 30 min. And then 
 pellet cells and resuspend in 100 μL of pre-warmed binding 
 buffer ( see   Note 7 ).   

   10.    Add the refolded Cy3-labeled experimental RNAs and incu-
bate at RT for 30 min in the dark ( see   Note 24 ).   

   11.    Wash cells three times with 500 μL of pre-warmed binding 
buffer, and resuspend cells in 350 μL of DPBS pre-warmed to 
37 °C and immediately analyze by fl ow cytometry. An example 
result is shown in Fig.  5 .

3.6  Cell-Surface 
Binding and 
Internalization Studies 
by Flow Cytometry

Jiehua Zhou and John J. Rossi
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  Fig. 5    Cell-type-specific binding and internalization studies of individual RNA aptamers. ( a ) Cell-type-
specific binding/internalization was evaluated by qRT-PCR. Six representative RNA aptamers from each 
groups were incubated with U373-Magi-CCR5E (CCR5 positive) cells or U373-Magi negative cells. The 
total RNA was isolated for cDNA synthesis followed by qPCR amplification. The RNA aptamers showed 
selective binding/internalization to CCR5 expressing cells. The 0-RNA pool was used as negative con-
trols. Data represent the average of three replicates. Cell-surface binding of Cy3-labeled RNAs was 
assessed by flow cytometry. The 0-RNA pool was used as negative control. Data represent the average 
of three replicates. ( b ) Cy3-labeled RNAs were tested for binding to U373-Magi-CCR5 positive cells and 
U373-Magi negative cells. The selected aptamers showed cell-type-specific binding affinity. APC-CD195 
antibody was used to stain cellular surface CCR5. ( c ) One of the best RNA aptamer, G-3, was chosen for 
further binding affinity test with PBMC-CD4+ cells, CEM-NKr-CCR5 positive cells, CEM negative cells. 
( d ) Cell-surface binding constant (K d ) of G-3 aptamer was evaluated. The U373-Magi-CCR5 positive 
cells, CEM-NKr-CCR5 positive cells, and CEM negative cells were incubated with the increasing amounts 
of Cy3-labeled G-3 aptamer. The binding affinity was analyzed by flow cytometry assay. The calculated 
K d  determinations are indicated. (Reprinted from [ 17 ], Fig.  2a, b, c  and  d )       
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              1.    Prepare and refold Cy3-labeled aptamers as described above 
( see  Subheading  3.6 ).   

   2.    For the adherent cell lines: Before one day of assay, grow the 
U373-Magi cells or U373-Magi-CCR5E cells in 35 mm plate 
pre-treated with poly-lysine seeding at 0.3 × 10 6  in 2 mL of 
complete medium to allow about 70–80 % confl uence in 24 h 
( see   Note 25 ). On the day of the experiments, wash cells with 
1 mL of pre-warmed binding buffer and then incubate with 
1.5 mL of pre-warmed complete growth medium for 
30–60 min in a humidifi ed 5 % CO 2  incubator at 37 °C.   

   3.    For the suspension cells: on the day of experiments, pellet the 
cells CEM-NKr cells, CEM-NKr-CCR5 cells, or PBMCs from 
the fl ask. Wash the cells twice with pre-warmed binding buffer 
and grow the cells in 35 mm plate pre-treated with poly-lysine 
seeding at 1 × 10 6  in 1.5 mL of complete medium. Incubate 
the cells for 30–60 min in a humidifi ed 5 % CO 2  incubator at 
37 °C for attaching on the dish surface.   

   4.    Add the Cy3-labeled aptamer at a 67 nM fi nal concentration 
into the media and incubate for live-cell confocal microscopy 
in a 5 % CO 2  microscopy incubator at 37 °C. Collect the 
images every 15 min using a Zeiss LSM 510 Meta Inverted 2 
photon confocal microscope system under water immersion at 
40 × magnifi cation.   

   5.    After 4–5 h of incubation and imaging, stain the cells with 
0.15 mg/mL Hoechst 33342 (nuclear dye for live cells) for 
15 min at 37 °C. Collect the images are as described above. An 
example result is shown in Fig.  6  . 

              1.    Transfect the CCR5 siRNA and control non-silencing siRNA 
NC-1 to U373-Magi-CCR5E cells using Lipofectamine 2000 
( see   Notes 5  and  26 ).   

   2.    After 48 h of transfection, isolate total RNAs with STAT-60, 
and then treat the total RNAs with DNase I to remove genomic 
DNA. 
 Mix the following reagents:
   (a)    8 μL nuclease-free water.   
  (b)    1.5 μL 10 × DNase Buffer.   
  (c)    4 μL RNA (2 μg).   
  (d)    0.5 μL RNain inhibitor.   
  (e)    1.0 μL RNase-free DNase I.     
 Incubate at 37 °C for 1 h, heat at 80 °C for 10 min to inacti-
vate DNase I, and immediately chill the reaction on the ice.   

   3.    Reversely transcribe the cDNA. Add 2 μL of 50 ng/μL  random 
primer and 1 μL of 10 mM dNTP into the reaction mixture, 

3.7  Cell-Surface 
Binding 
and Internalization 
Studies by Live-Cell 
Confocal Microscopy

3.8  Validate 
the Target Protein 
as Human CCR5

Jiehua Zhou and John J. Rossi



  Fig. 6    Internalization analysis. ( a ) U373-Magi-CCR5 positive cells, U373-Magi negative cells, CEM-NKr-CCR5 
positive cells, CEM negative cells, or ( b ) PBMC-CD4+ cells were grown in 35 mm plates treated with polylysine 
and incubated with a 67 nM concentration of Cy3-labeled G-3 aptamer in complete culture media for real-time 
live-cell confocal microscopy analysis. The images were collected using 40 × magnifi cation. ( c ) Localization 
analysis. (Reprinted from [ 17 ], Fig.  2f, g  and  h )         
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and heat at 65 °C for 5 min. Immediately, chill the reaction on 
the ice. Subsequently, add the following reagents:
   (a)    5 μL 5 × First strand buffer.   
  (b)    2.5 μL 0.1 M DTT.   
  (c)    0.5 μL RNasin inhibitor.   
  (d)    1.0 μL MMLV-RT.     
 Incubate the reaction (total volume of 27 μL) at 25 °C for 
10 min and at 37 °C for 1 h. Heat the mixture at 70 °C for 
15 min to inactivate reverse transcriptase and chill on ice. The 
cDNA is ready for qRT-PCR analysis.   

   4.    Analyze expression of the target genes by quantitative RT-PCR 
using 2× iQ SyberGreen Mastermix and specifi c primer sets at 
a fi nal concentration of 400 nM (triplex assay) as described in 
Subheading  3.4  ( see   Note 19 ). An example result is shown in 
Fig.  7 .

       5.    Analyze expression of the CCR5 protein by fl ow cytometry. 
After 48 h of transfection, wash the cells and detach with Cell 
stripper as described in Subheading  3.6 . An example result is 
shown in Fig.  7 .       

Fig. 6 (continued)

Jiehua Zhou and John J. Rossi
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4    Notes 

     1.    Common chemicals can be purchased from various reliable 
sources such as Sigma-Aldrich. Suppliers for some reagents are 
provided for convenience, and in most cases they can also be 
purchased from other reputable suppliers. Unless stated other-
wise, all solutions should be prepared in autoclaved water that 
has a resistivity of 18.2 MΩ-cm, which is referred to as “water” 
in the text.   

   2.    In order to obtain the best performance, avoid repeated 
freeze–thaw steps and finish the T7 transcription Kit within 
6 months which contains 2′-F-dCTP and 2′-F-dUTP. 
2′-F-dCTP and 2′-F-dUTP are 2′-fl uorine-2′-deoxyribonucleoside-5′-
triphosphates.   

   3.    This special reverse transcriptase is good for RNAs with highly 
secondary structures. The cDNA synthesis was conducted at a 
higher temperature (55–60 °C).   

   4.    The sample preparation and deep sequencing can be performed 
by a DNA sequencing core facility. The following is a protocol 
we often use: 1.0 μg of RNA pool is reverse- transcribed using 
RT primer (5′-CAG ATT GAT GGT GCC TAC AGT CGG 
GCG UGT CGT CTG-3′), and then is subjected to PCR 
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  Fig. 7    Knockdown of CCR5 reduced binding affi nity of aptamers. CCR5 siRNA was transfected into U373-Magi- 
CCR5 positive cells. After 48 h post-transfection, ( a ) CCR5 gene expression was detected by qRT-PCR and ( b ) 
cell-surface binding of Cy3-labeled G-3 aptamer was assessed by fl ow cytometry. A scrambled siRNA (NC1) 
was used as negative control. Data represent the average of three replicates. (Reprinted from [ 17 ], Figure S3e 
and Fig.  2e )       
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amplifi cation for 8 cycles using primers JH5 (5′-AAT GAT 
ACG GCG ACC ACC GAC AGG TTC AGA GTT CGA TCG 
GGA GGA CGA TGC GG-3′) and RT/index primer (5′-CAG 
ATT GAT GGT GCC TAC AGT CGG GCG UGT CGT 
CTG-3′). The PCR product is subjected to 6 % TBE PAGE gel 
purifi cation with size selection (for targeted smRNAs of 51 nt). 
The purifi ed library is followed by the second round of PCR 
amplifi cation for 4 cycles with primers PE-mi-index primer (5′-
CAA GCA GAA GAC GGC ATA CGA GAT  NNNNNN  CAG 
ATT GAT GGT GCC TAC AG-3′) and R2 (5′-AAT GAT 
ACG GCG ACC ACC GA-3′) then followed by 6 % TBE 
PAGE gel purifi cation with size selection (for targeted smRNAs 
of 51 nt). The purifi ed library is quantifi ed using qPCR with a 
forward primer (5′-CAA GCA GAA GAC GGC ATA CG-3′) 
and a reverse primer (5′-AAT GAT ACG GCG ACC ACC 
GA-3′). The quantifi ed, denatured PCR product from smRNA 
library is loaded in 1 mL of hybridization buffer to a fi nal DNA 
concentration of 10 pM then used for single read fl ow cell 
cluster generation and 40 cycle (40 nt) sequencing on an 
Illumina HiSeq2000.   

   5.    The CCR5 siRNA (sense: 5′ P-CUC UGC UUC GGU GUC 
GAA A dTdT-3′; Antisense: 5′ P-UUU CGA CAC CGA AGC 
AGA G dTdT-3′) has been demonstrated previously to knock-
down CCR5 expression. Primers are as follows: CCR5 forward 
primer: 5′-AAC ATG CTG GTC ATC CTC AT-3′; CCR5 
reverse primer: 5′-AAT AGA GCC CTG TCA AGA GT-3′. 
GAPDH expression is used for normalization of the qPCR 
data.   

   6.    To avoid the damage of the cells, the cells are gently and briefl y 
incubated with a small amount of Cell Stripper solution for 
detachment.   

   7.    Washing step: spin cells at 1000 rpm in a microcentrifuge for 
5 min at 25 °C.   

   8.    1 μL antibody should be enough for 2 × 10 5  cells in 100 μL 
reaction system.   

   9.    To preserve the abundance of the original DNA library, PCR 
was limited to 10 cycles. PCR Forward primer: 5′- TAA TAC 
GAC TCA CTA TAG GG A GGA CGA TGC GG-3′ (32 mer); 
PCR Reverse primer: 5′-TCG GGC GAG TCG TCT G-3′ (16 
mer). Initial DNA pool template: 5′-GGG AGG ACG ATG 
CGG - N 20 - CAG ACG ACT CGC CCG A-3′ (51 nt).   

   10.    Mix all the reagents at room temperature and fi nally  add   T7 
RNA polymerase. Increase the amount of DNA template (1 μg 
to 4 μg) and reaction time (overnight incubation) will improve 
yield of RNA.   

Jiehua Zhou and John J. Rossi
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   11.    The work concentration of RNA in the reaction is 50 ng/
μL. The template DNA pool should be completely removed to 
avoid its contamination  during   SELEX procedure.   

   12.    In principle, live cell-based SELEX methodology relies on the 
differences between the target cells population (positive cells 
that express the target of interest) and the control cell popula-
tion (negative cells that do not express the target protein) [ 8 ]. 
Therefore, the selection procedure generally includes positive 
selection against the target cells and counter selection against 
related non-target cells to remove nonspecifi c binding.   

   13.    Dead cells nonspecifi cally take up nucleic acids and cause 
 nonspecifi c binding and/or internalization of nucleic acids 
during cell- based   SELEX, thereby resulting in the delay of 
target- specifi c sequence enrichment or even failure of aptamer 
selection. In this study we therefore carefully controlled the 
selection procedures, especially those that would probably 
adversely affect cell health and damage cells, such as cell 
 culture, washing condition, detachment of cells, etc. For exam-
ple, the cells used for selection are healthy, with >95 % cells 
alive. A non-enzymatic cell disassociation solution is used here 
to detach a monolayer of cells. tRNA is used as a competitor to 
reduce nonspecifi c binding.   

   14.    This is a counter-selection step. Counter-selection step is 
 performed per cycle to minimize nonspecifi c binding with the 
non-targeted cells (negative cells). The supernatants with 
unbound sequences from negative cells plate are the pre- cleared 
0-RNA pool which is transferred to the targeted cells for posi-
tive selection.   

   15.    This is a positive selection step. In order to increase the strin-
gency of selection, the density and number of target cells and 
incubation time were reduced and competitor tRNA and wash-
ing times were progressively increased during the selection 
procedure. The selection conditions for each round are 
 summarized in Table  1 . In our study, we totally conducted 
nine selection rounds.   

   16.    In order to improve recovery yield, 1 μL of glycogen is added 
into ethanol precipitation step.   

   17.    A no-RT, negative control needs to be set up. The cDNA can 
be stored at −20 °C or used for PCR immediately.   

   18.    The amount of cDNA for PCR should be optimized to reduce 
nonspecifi c PCR product and increase PCR effi ciency. 
Generally, we use 2, 1, 0.5, 0.02, 0.002 μL of original cDNA 
reaction mixture for a 50-μL PCR reaction. Under our experi-
mental condition, 0.5 μL of original cDNA reaction mixture is 
optimal.   

Live Cell Selection of CCR5 Aptamers
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   19.    Allow all reagents to reach room temperature before use. Label 
test tubes to be used for the preparation of standards and speci-
mens. If the entire 96-well plate will not be used, remove 
 surplus strips from the plate frame. Place surplus strips and 
 desiccant into the Re-sealable plastic bag (provided by the 
manufacturer), seal and store at 4 °C. Primers were as follows: 
RNA pool Forward primer: 5′- TAA TAC GAC TCA CTA 
TAG GG A GGA CGA TGC GG-3′ (32 mer); RNA pool 
Reverse primer: 5′-TCG GGC GAG TCG TCT G-3′ (16 mer). 
GAPDH expression was used for normalization of the qPCR 
data. GAPDH forward primer: 5′-CAT TGA CCT CAA CTA 
CAT G-3′; GAPDH reverse primer: 5′-TCT CCA TGG TGG 
TGA AGA C-3′. Remember to include a non- template control 
(NTC), a standard positive control for quantifi cation (a 3–10-
fold dilution curve in duplicates) and a “no RT” negative 
 control for each cDNA sample.   

   20.    Reads processing and data analysis were conducted. In brief, 
the processing principles were as follows. Bases after Ns in each 
read were considered low quality and were removed. The 
3′-fi xed oligo and 3′-Solexa adapter were identifi ed and 
trimmed from each reads. The reads with 20-base after pro-
cessing were considered as usable reads and retained for  further 
analysis. Unique reads in each sample were counted. The most 
frequent 1000 unique sequences were identifi ed in each sam-
ple. The most frequent 1000 unique sequence in round 9 were 
obtained and matched to the other four samples (top 1000 
unique reads) and their frequencies were recorded. The con-
sensus sequence of round 9 was used to compare to the reads 
in each round. For alignment and grouping analysis, the top 
40 sequences were divided into 6 groups according to their 
predicted secondary structures by MFold RNA and QuickFold 
RNA.   

   21.     The   RNA aptamers sequences are listed in Table  2b .   
   22.    Fluorescent dye reagent and Cy3-labeled RNA are sensitive to 

light and should limit the exposure to light for the entire 
procedure.   

   23.    Detected by spectrophotometry, the base:dye ratio can be 
 calculated, which should be lower than 200. The lower the 
base:dye ratio, the more dye molecules are present on the RNA, 
indicating an effective labeling. Dye molecules (Cy3, Cy5, or 
fl uorescein) covalently attach to the guanine base of the 
RNA. The dye molecule can also attach to the adenosine base 
of RNA, however, this reaction is very rare.   

   24.    The different work concentrations (0–1600 nM) of Cy3- 
labeled experimental RNA aptamers are used for cell-surface 
binding experiment by fl ow cytometry. The dissociation 
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 constants were calculated using nonlinear curve regression 
with a Graph Pad Prism 6.0.   

   25.    The surface of the plate for confocal microscopy is very smooth 
and is treated with poly-lysine to increase the attachment of 
the cells on the dish.   

   26.    The siRNA transfection is performed in a 6-well plate accord-
ing to the manufacturer’s instruction. The CCR5 knockdown is 
confi rmed by fl ow cytometry (APC-CD195 antibody staining) 
and qRT-PCR assay. In parallel, the cells are stained with the 
Cy3-labeled G-3 aptamer  .         
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