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Prostatic acid phosphatase (PAP) expression increases 
proportionally with prostate cancer progression, making it 
useful in prognosticating intermediate to high-risk prostate 
cancers. A novel ligand that can specifically bind to PAP 
would be very helpful for guiding prostate cancer therapy. 
RNA aptamers bind to target molecules with high specifici-
ty and have key advantages such as low immunogenicity 
and easy synthesis. Here, human PAP-specific aptamers 
were screened from a 2’-fluoropyrimidine (FY)-modified 
RNA library by SELEX. The candidate aptamer families 
were identified within six rounds followed by analysis of 
their sequences and PAP-specific binding. A gel shift as-
say was used to identify PAP binding aptamers and the 6N 
aptamer specifically bound to PAP with a Kd value of 118 
nM. RT-PCR and fluorescence labeling analyses revealed 
that the 6N aptamer bound to PAP-positive mammalian 
cells, such as PC-3 and LNCaP. IMR-90 negative control 
cells did not bind the 6N aptamer. Systematic minimization 
analyses revealed that 50 nucleotide sequences and their 
two hairpin structures in the 6N 2’-FY RNA aptamer were 
equally important for PAP binding. Renewed interest in 
PAP combined with the versatility of RNA aptamers, in-
cluding conjugation of anti-cancer drugs and nano-imaging 
probes, could open up a new route for early theragnosis of 
prostate cancer. 
 
 
INTRODUCTION 
1 
Prostate cancer (PC) is one of the most common non-skin 
cancers in men of the Western world and is a second leading 
cause of cancer death, behind lung cancer (Soares et al., 2013). 
Compared with other types of cancer, PC grows slowly, and 
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early PC often shows no symptoms, which increases the risk of 
death (Oesterling et al., 1993; Reiter et al., 2013; Wallace et 
al.,1975). However, use of biomarkers during PC screening 
and prognostication has revolutionized diagnosis and man-
agement of the disease. Some clinically important PC biomark-
ers include prostate-specific antigen (PSA), prostate-specific 
membrane antigen, and PAP, which is also known as prostate-
specific acid phosphatase. Although PSA has provided signifi-
cant advances in the diagnosis and prognosis of PC, it has 
limitations, such as lack of specificity and no safe level that 
confers a zero risk PC diagnosis (Thomson et al., 2004). Fur-
thermore, PSA is indiscriminately used, which allows for over-
diagnosis and over-treatment of low-risk PC that does not affect 
longevity or quality of life (Walter et al., 2006). These shortcom-
ings have led many researchers to investigate more optimized 
uses of PSA (Greene et al., 2013) and to develop novel bio-
markers (Cary and Cooperberg, 2013). 

There is renewed interest in PAP because it is a proportional 
measure of PC progression and is highly correlated with the 
morphological characteristics of PC (Azumi et al., 1991; Wang 
et al., 2005). Strong PAP expression observed in high Gleason 
score PCs (Gunia et al., 2009) and a cause-specific survival 
(CSS) study, which tested sera of 193 patients, suggested that 
PAP is a stronger predictor of CSS than PSA or Gleason score 
in men with higher risk PC treated with 103Pd brachytherapy and 
external beam radiotherapy (Fang et al., 2008). PAP is a signif-
icant prognostic factor for patients with intermediate- and high-
risk PCs and use of PAP should be reconsidered in these pa-
tients. PAP appears to be particularly valuable for predicting 
distant failure in higher-risk patients for whom high levels of 
local control have been achieved with initial aggressive local 
treatment (Taira et al., 2007). PAP was the first serum bio-
marker used for PC prior to the introduction of PSA, and preo-
perative PAP levels allowed risk stratification for the likelihood 
of lymph node-positive disease and the development of metas-
tatic disease (Whitesel et al., 1984). Despite the perceived 
limitations of PAP as a PC biomarker, such as elevation in 
patients with non-prostatic disease or benign conditions of the 
prostate and an artificial setting, it seems timely to re-evaluate 
the potential utility of PAP. 

An aptamer is an oligomer consisting of nucleotides (DNA or 
RNA) that bind to target molecules with high affinity and speci-
ficity. Secondary and tertiary structures of aptamers are impor-
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tant for target binding, specificity, and affinity (Chen et al., 2009; 
Mosing et al., 2005). In 1990, Szostak’s group (Ellington and 
Szostak, 1990) and Gold’s group (Tuerk and Gold, 1990) de-
veloped an in vitro aptamer selection process from random 
sequence pool. Aptamers bind to a wide range of targets, in-
cluding metal ions (Kawakami et al., 2000), metabolites (Bruno 
et al., 2008), proteins (Ruckman et al., 1998; Savla et al., 2011), 
and whole organisms, such as viruses (Tang et al., 2009), bac-
teria (Hamula et al., 2011) and mammalian cells (Chen et al., 
2009). Aptamers have advantages as recognition molecules. 
First, they can be synthesized chemically, and batch-to-batch 
variation can be minimized during production. They can also 
undergo reversible denaturation, making them a very versatile 
tool for drug loading and antidote applications (Bompiani et al., 
2012). Moreover, aptamers elicit little to no immunogenicity in 
therapeutic applications (Eyetech Study Group, 2002; Foy et al., 
2007; Zhu et al., 2012). Furthermore, many functional groups 
and/or nucleotide extensions can be introduced onto aptamers. 
Aptamers can be easily conjugated to therapeutic molecules, 
such as drugs, carriers, toxins, and siRNAs (Liu et al., 2012; 
Meng et al., 2012; Subramanian et al., 2012; Zhang et al., 
2011). Moreover, aptamers can be conjugated with imaging 
probes for molecular imaging applications (Hong et al, 2011; 
Song et al., 2013; Talbot et al., 2011; Zhang et al., 2012). 

Here, we generated an RNA aptamer against PAP using an in 
vitro selection method employing 2’-fluoropyrimidine (FY)-
modified RNA, which helps increase RNA stability in biological 
fluids. The selected RNA aptamer was characterized for binding 
specificity followed by minimization. The binding region was iden-
tified using truncated versions of the RNA aptamer. The results 
suggest that 50 nucleotide sequences and their two hairpin struc-
tures are important for PAP binding. Together with specific bind-
ing to PAP-expressing PC cells, these aptamer data should have 
implications for early theragnosis of PC based on RNA ligands. 
 
MATERIALS AND METHODS 
 
Animal cell culture 
Human prostate cancer (PC) cells, PC-3 (CRL-1435, ATCC) 
and LNCaP (CRL-1740, ATCC), were cultured in RPMI-1640 
(Welgene, Korea) medium containing 10% (v/v) fetal bovine 
serum (Welgene, Korea) and 1% (v/v) penicillin/streptomycin 
(Welgene, Korea) at 37 C in a humidified 5% CO2 atmosphere. 
Human normal lung fibroblast, IMR-90 (CCL-186), was main-
tained in Eagle’s Minimum Essential Medium (Welgene, Korea) 
supplemented with 10% (v/v) fetal bovine serum (Welgene, 
Korea) and 1% (v/v) penicillin/streptomycin (Welgene, Korea) at 
37 C in a humidified 5% CO2 atmosphere. 
 
Cloning and expression of PAP 
The total RNA isolated from PC3 cells by TRIzol (Invitrogen, 
USA) was reverse transcribed with oligo(dT)18 primer and M-
MuLV reverse transcriptase (Enzynomics, Korea). The cDNA 
was then amplified by PCR with hPAP-F primer (5 -CGG-
GATCCAAGGAGTTGAAGTTTGTGACTTTG-3 ) and hPAP-R 
primer (5 -CCCAAGCTTTTGATGGCTGTTTGTGGTC-3 ) to 
clone extracellular domain of human PAP. The PCR consisted 
of 35 cycles of denaturation (95 C for 30 s), annealing (58 C for 
30 s), and extension (72 C for 30 s). The resulting fragment 
was cloned into pQE-80L vector (Qiagen, USA) and expressed 
in Origami strain (Novagen, USA) for protein purification. 
 
Protein purification 
Overnight cultures of transformed E.coli were inoculated 1:100 

into Luria-Bertani media and grown with shaking at 37 C to 
purify the His-tagged PAP fusion proteins. Isopropyl -D-thioga-
lactopyranoside was added at a final concentration of 0.2 mM 
when a culture optical density (600 nm) of 0.5 was reached, 
and the cultures were grown at 30 C for 4 h. After induction, the 
cells were harvested, frozen at -80 C for 16 h, thawed, and 
resuspended in 20 ml lysis buffer (50 mM NaH2PO4 (pH 8.0), 
0.3 M NaCl, 10 mM imidazole, 20 mM -mercaptoethanol, 
0.5% (v/v) sarkosyl) containing lysozyme (2.5 mg/ml) followed 
by sonication. After centrifugation at 13,000 rpm for 30 min, the 
supernatant containing PAP protein was mixed with Ni-IDA 
silica beads (Macherey-Nagel) and incubated with shaking for 3 
h at 4 C. Then the pelleted Ni-IDA silica beads were washed 
twice with the lysis buffer and eluted with two consecutive load-
ing of 1.5 ml elution buffer (50 mM NaH2PO4 (pH 8.0), 0.3 M 
NaCl, 10, 20, 50, 100 mM imidazole). All eluates were dialyzed 
extensively against PBS and the concentrations determined by 
the Bradford assay (Bio-rad, USA). 
 
Preparation of 2 - fluoropyrimidine (FY) modified RNA library 
and in vitro transcription 
The starting DNA library was synthesized from Bionics (Korea). 
DNA library contained 40 nucleotides of random sequences 
(N40) which were flanked by constant regions. PCR was per-
formed with Sel-5  primer (5 -GGTAATACGACTCACTATA-
GGGAGAGCGGAAGCGTGCTGGG-3 ) and Sel-3  primer (5 -
GGGGGGATCCATCGACCTCTGGGTTATG-3 ) and the re-
sulting single-stranded DNA library was used as a template for 
in vitro transcription. The PCR conditions were same as above 
except that the cycle was repeated for 10 times. Five hundred 
nanogram of each PCR product was used as a template for in 
vitro transcription. To generate 2 -fluoropyrimidine RNA, Dura-
Scribe  (Epicentre, USA) was used following the manufactur-
er's instructions. Briefly, 5 mM of ATP, GTP, 2 -fluorine-dCTP 
and 2 -fluorine-dUTP (provided in the kit) were used for in vitro 
transcription. After incubating at 37 C for 16 h, the reaction 
mixtures were subjected to denaturing urea polyacrylamide gel 
electrophoresis (7 M urea, 8% (w/v) polyacrylamide, 1X TBE) to 
separate residual NTPs. Transcribed RNA was eluted in the TE 
buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0) for 16 h 
at 37 C. A four-fold excess of 5 -end biotin-modified GMP (4 
mM) compared to that of GTP (1 mM) was added to the reac-
tion mixture for in vitro transcription of 5 -end biotinylated 2 -FY 
RNA. The DuraScribe  kit was used for in vitro transcription. 
  
In vitro selection of RNA aptamers 
The systematic evolution of ligands by exponential enrichment 
(SELEX) was performed as described (Gopinath, 2007). RNA 
pools were heated to 95 C for 5 min during every round, and 
then slowly cooled to room temperature for refolding of RNA. 
The initial 210 pmol of the RNA pool was pre-cleared with Ni-
IDA silica beads in binding buffer (30 mM Tris-HCl, pH 7.5, 150 
mM NaCl, 1.5 mM MgCl2, 2 mM DTT, 1% (w/v) BSA) for 20 
min for the first round of selection. Then, target protein (105 
pmol) was added to the pre-cleared RNA pool and incubated 
for 20 min. Subsequently, fresh Ni-IDA silica beads were added 
and incubated for an additional 20 min. The bead bound pro-
tein-RNA complexes were separated with a quick spin mini-
centrifuge for 30 s. After 5 times of washing with binding buffer, 
the bound RNA was eluted by phenol/chloroform extraction. 
The recovered RNA pool was reverse transcribed and amplified 
by 20 cycles of PCR. From the second to the sixth rounds, the 
amounts of RNA and target protein added were 150 pmol and 
75 pmol, respectively. Competitor tRNA was added beginning 
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in the fourth round to increase the stringency of aptamer selec-
tion. After the six rounds, the amplified cDNAs were cloned into 
TA-cloning vector (Solgent, Korea) followed by sequencing and 
2D structure analysis using the Mfold program (Zuker, 2003). 
 
Real-time RT-PCR analysis of aptamer-PAP binding 
Thirty pmole of PAP was incubated with 300 fmole of RNA 
aptamer in binding buffer for 20 min at room temperature. Sub-
sequently, fresh Ni-IDA silica bead (MN, Germany) was added 
for binding of protein-RNA aptamer complex. After a 20 min 
incubation with occasional inversion, the unbound RNA apta-
mer was washed out. The bound RNA aptamer was recovered 
by phenol extraction and ethanol precipitation followed by re-
verse transcription for real-time PCR analysis by Rotor-Gene 
6000 (Corbett, USA) and SYBR Green I dye. Known amounts 
of the RNA aptamer (1,000 pg, 100 pg, and 10 pg) were used 
as real-time PCR standards. The PCR conditions were same 
as above and run for 40 cycles. The library RNA served as a 
negative control. 
 
Electrophoretic mobility shift assay (EMSA) 
Twelve pmole of PAP was mixed with 60 fmole of each RNA 
aptamer and 20 pmole of yeast tRNA (Sigma, USA) in EMSA 
binding buffer (30 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1.5 mM 
MgCl2, 2 mM DTT) and incubated for 20 min at room tempera-
ture. The reaction mixture was electrophoresed on an 8% (w/v) 
non-denaturing polyacrylamide gel (1X TBE, 10 mM MgCl2, 2% 
(v/v) glycerol) at 4 C. The bands were detected by Ambion Bright 
Star BioDetected Kit according to the manufacturer’s instruc-
tions. Briefly, the separated RNA aptamer was transferred to 
the nylon membrane for 1 h at 200 mA followed by UV cros-
slinking, blocking with the buffer provided in the kit, and hybridi-
zation with 5 -biotinylated probe (5 -CGCGGCCTTTTACTCACG-3). 
After washing, streptavidin-AP conjugate was added, and sub-
strate (CDP-star) was treated for visualization of bands. When 
the 5 -biotin labeled RNA aptamer was used, treatment of bioti-
nylated probe was omitted. For in vitro competition assay, 
twelve pmol of PAP and 60 pmol of biotinylated RNA aptamer 
and unlabeled RNA aptamer were incubated in binding buffer 
at room temperature for 20 min. The amount of unlabeled RNA 
aptamer was increased from 0 pmol to 600 pmol (0, 1, 2, 5, and 
10-fold). The library RNA was used as a negative control and 
Northern blot analysis was performed as described above. 
 
Mammalian cell binding assay 
PC-3, LNCaP and IMP-90 cells were seeded in 35 mm cell 
culture dish with corresponding medium and grown up to 90% 
confluence. The cells were treated with 10 pmol of 6N RNA 
aptamer or library RNA for 20 min at 37 C. After washing three 
times with PBS containing 0 or 150 mM NaCl for 5min, total 
RNA was isolated with TRI reagent (MRC, USA). The obtained 
RNA was reverse transcribed with M-MuLV reverse transcrip-
tase (Enzynomics, Korea) and the resulting cDNA was used for 
PCR reaction. In reverse transcription, Sel-3  primer was used 
to detect aptamer whereas oligo (dT)18 primer was used to 
estimate the level of GAPDH and prostatic acid phosphatase. 
In aptamer detection, Mini-1-F primer (5 -GGTAATACGACTC-
ACTATAGGGCTGTGTGAGAG-3 ) was used together with the 
Sel-3' primer. The PCR consisted of 35 cycles of denaturation 
(95 C for 30 s), annealing (63 C for 30 s [hPAP] or 66.3 C for 
30 s [aptamer]), and extension (72 C for 30 s). 
 
Aptamer-based fluorescence assay 
To amplify the fluorescence of RNA aptamer signal, tyramide 

signal amplification (TSA , PerkinElmer, USA) was used fol-
lowing the manufacturer's instructions. Briefly, PC-3 and LNCaP 
cells were grown up to 80 % confluence on cover slide, fol-
lowed by washing with PBS and fixing with 4% (w/v) parafor-
maldehyde for 20 min. Then, the cells were washed 3 times 
with M-PBS (PBS including 15 mM MgCl2) and treated with 
quenching solution (3% (v/v) H2O2, 15 mM MgCl2 in PBS) for 
20 min. The quenched cells were blocked with blocking buffer 
(provided in the kit, TNB buffer) for 30 min at room temperature, 
treated with aptamer or library RNA for 20 min at room temper-
ature (20 pmol), and washed 3 times with M-PBS to remove 
unbound RNA aptamers. Then, 5 -biotinylated probe (20 pmol) 
was treated for 20 min at room temperature followed by hybri-
dization with HRP-streptavidin (1:100 dilution) for 20 min at 
room temperature. The cells were then washed three times 
with M-PBS followed by treatment of TSA-Cy3 (prediluted 50-
fold in amplification solution provided in the kit) for 5 min at 
room temperature. The cells were mounted with Slowfade gold 
antifade reagent with DAPI (Invitrogen, USA) and fluorescence 
images were captured using confocal laser scanning microsco-
py (Carl Zeiss LSM710, Germany). 
 
Minimization of 6N RNA aptamer 
To synthesize the template for minimization of aptamer, primer 
dimer was generated by PCR and this was used as a template 
for in vitro transcription. Mini-1-M primer (5 -GGGCTGTGTGA-
GAGCCGTGAGTAAAAGGCCGCGAC-3 ) and Mini-1-F primer 
was used to get 6N-pM1 DNA (partial minimization version 1). 
Mini-1-R primer (5 -TAAAAGGCCGCGACAAAGATCGGACA-
TAACCC-3’) and Mini-1-F primer together with 6N-pM1 DNA 
were used to synthesize template for 6N-M1 RNA aptamer. 
Mini-2-F (5 -GGTAATACGACTCACTATAGGGTGTGTGAGA-
GCCGTGAGTAAA-3 ) and Mini-2-R (5 -GAGAGCCGTGAGT-
AAAAGGCCGCGACAAAGATCGGACATACC-3’) primer set, 
Mini-3-F (5 -GGTAATACGACTCACTATAGGGAGCCGTGA-
GTA-AA-3 ) and Mini-3-R (5 -GGGAGCCGTGAGTAAAAGG-
CCGCGACAAAGATCCC-3 ) primer set, and Mini-4-F (5 -
GGTAATACGACTCACTATAGGGCGTGAGTA-3 ) and Mini-4-
R (5 -TATAGGGCGTGAGTAAAAGGCCGCG-3 ) primer set 
were used for template of 6N-M2, 6N-M3 and 6N-M4 RNA 
aptamers, respectively. The PCR consisted of 35 cycles of 
denaturation (95 C for 30 s), annealing (55 C for 30 s [6N-pM1, 
6N-M2, 6N-M3 and 6N-M4] or 68.4 C for 30 s [6N-M1]), and 
extension (72 C for 30 s). The templates for in vitro transcrip-
tion of truncated versions of 6N-M2 RNA aptamer (6N-M2-RD, 
6N-M2-TD and 6N-M2-RTD) were generated by using 6N-M2-
RD-F (5 -GGTAATACGACTCACTATAGGGTGTGTGATAGC-
CGTG-3 ) and 6N-M2-RD-R (5 -GTGTGTGATAGCCGTGAG-
TAAAAGGCCTCGGACATACC-3 ) primer set, 6N-M2-TD-F 
(5 -GGTAATACGACTCACTATAGGGTGTGTGAGAGCCGC-
3 ) and 6N-M2-TD-R (5 -GGTGTGTGAGAGCCGCGGCAA-
AGACCGGAACATACCC-3 ) primer set, 6N-M2-RTD-F (5 -
GGTAATACGACTCACTATAGGGTGTGTGAGA-3 ) and 6N-
M2-RTD-R (5 -TATAGGGTGTGTGAGAGCCGCGGACATAC-
CC-3 ) primer set, respectively. The PCR conditions were same 
as above except that different setting (55 C for 30 s) was used 
for annealing. The DuraScribe  kit was used for in vitro tran-
scription. 
 
RESULTS 
 
RNA aptamer selection against the extracellular domain of 
human prostatic acid phosphatase (rhecdPAP)  
The extracellular domain (187A to 1227A, NM_001099.4) of the 
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human prostatic acid phosphatase (PAP) protein was chosen 
as the target because the catalytic site (active site) is located in 
the extracellular space. The cloned cDNA sequence (Supple-
mentary Fig. S1) indicated that the PAP clone was authentic 
PAP with the same amino acid sequence as the reported se-
quence (Supplementary Fig. S2). To select RNA aptamers 
against this extracellular domain of human PAP, six systematic 
evolution of ligands by exponential enrichment (SELEX) proce-
dure rounds were performed. A significant increase in total 
binding of the round 6 RNA pool (pool 6) was observed com-
pared to that in the initial RNA library, as measured by real-time 
quantitative RT-PCR and Electrophoretic mobility shift assay 
(EMSA) (Figs. 1A and 1B), indicating that the binding RNAs 
were enriched. To analyze the binding RNAs, the sixth RNA 
pool was amplified by RT-PCR and the resulting products were 
cloned into the pT-blunt vector. Seventeen clones were isolated, 
and their sequences were analyzed. The clones were classified 
into Group I, Group II, and Non-Group based on the sequence 
similarities of random sequence regions (Fig. 1C). 
 
2 -FY RNA aptamer clones bind to PAP 
To generate a nuclease-resistant RNA aptamer, transcription 
was performed using the 2’-FY RNA. The most representative 
RNA aptamers from each group (12 from Group I, 11N from 
Group II, and 19N from Non-Group) were chosen and eva-
luated for target binding capability using the EMSA. Although 
11N and 12 bound to PAP (RNA-protein complexes are 
marked with an asterisk), 19 from the Non-Group did not bind 
to PAP (Fig. 2A, lanes 4, 6, and 8). The EMSA was extended to 

all aptamers to confirm the binding ability of the clones that 
belong to each group. As shown in Figs. 2A and 2B, only clone 
12 in Group I bound to PAP. Clones 11N and 13 in Group II 
bound to the target protein (Fig. 2C, lanes 4 and 12). The Non-
Group clones 1N, 6N, and 24N also bound to PAP (Fig. 2D, 
lanes 4, 6 and 12). The apparent band intensities of the RNA 
aptamer-protein complexes suggested that the clones 11N and 
6N bound more strongly to PAP than 12, 13, 1N and 24N 
clones. To estimate binding capability of the 11N and 6N RNA 
aptamers, real-time RT-PCR was performed (Fig. 2E). The 
result showed that the 6N RNA aptamer bound to PAP with 
approximately three-fold higher affinity than that of the 11N 
RNA aptamer (% of input: 11N = 2.26% vs. 6N = 6.14%). 
These results indicate that the 6N RNA aptamer has better 
target binding capability than others (12, 13, 1N, 11N, and 24N). 
 
The 6N 2 -FY RNA aptamer specifically binds to PAP 
The 5 -end of the 6N 2 -FY RNA aptamer was biotinylated to 
confirm specific binding of the 6N 2 -FY RNA aptamer to PAP; 
thus, generating the B-6N 2 -FY RNA aptamer, which was used 
for a dose-dependent binding test and in vitro competition as-
say. As shown in the EMSA result (Fig. 3A, lanes 2-10), the B-
6N 2 -FY RNA aptamer successfully bound to PAP in a dose-
dependent manner. Furthermore, an increasing amount of 
unlabeled 6N 2 -FY RNA aptamer in the competition assay 
effectively inhibited the B-6N 2 -FY RNA aptamer-PAP interac-
tion in a dose-dependent manner (Fig. 3B, lanes 2 and 7-10). In 
contrast, the unlabeled library 2 -FY RNA did not show any 
competitive inhibition (Fig. 3B, lanes 2-6). These results dem-

Fig. 1. The sixth RNA pool that binds 
prostatic acid phosphatase (PAP) was 
enriched. (A) After six rounds of SELEX, 
the RNA ligands that bound PAP were 
enriched 3.52-fold using real-time RT-
PCR. (B) The electrophoretic mobility shift 
assay (EMSA) results showed that the 
sixth RNA pool bound to the target pro-
teins in a concentration-dependent man-
ner compared to that of library. (C) Seven-
teen RNA aptamer candidates were ob-
tained after a cloning and sequence anal-
ysis of the sixth RNA pool. These RNA 
aptamer candidates were classified into 
three groups according to their sequence 
similarities (Group I, Group II, and Non-
Group). Identical nucleotides are repre-
sented as a line.
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Fig. 3. The 6N 2 -fluoropyrimidine (FY) RNA aptamer specifically binds to PAP. (A) 6N 2 FY RNA aptamer binding to PAP increased in a dose-
dependent manner (RNA: protein = 1: 0, 4, 8, 16, 32, 64, 128, 256, 512, and 1024). The 5 -biotinylated end of the 6N 2 -FY RNA aptamer was 
used. (B) Competitive binding assay of the 6N 2 -FY RNA aptamer. The unlabeled 2 -FY RNA library did not affect binding of the biotinylated 
6N 2 -FY RNA aptamer (lanes 3-6, B-6N aptamer: library RNA = 1: 1, 2, 5 and 10, respectively). However, the unlabeled 6N 2 -FY RNA apta-
mer (6N aptamer) competitively disrupted the B-6N 2 -FY RNA aptamer-PAP interaction (lanes 7-10, B-6N aptamer: 6N aptamer = 1: 1, 2, 5 
and 10, respectively). The B-6N 2 -FY RNA aptamer:PAP ratio was 1:200 (lanes 2-10). (C) Real-time RT-PCR assay determined that binding 
affinity (Kd) of the 6N 2 -FY RNA aptamer was approximately 118 nM. 
 
 
 
onstrate that the 6N 2 -FY RNA aptamer specifically bound to 
PAP. The binding affinity (Kd value) of the 6N 2 -FY RNA ap-
tamer was 118 nM by real-time RT-PCR (Fig. 3C). 
 
The 6N 2 -FY RNA aptamer binds to PAP-expressing PC 
cells 
The 6N 2 -FY RNA aptamer was added to the cells, and its 
binding was analyzed by RT-PCR to examine whether the 6N 

2 -FY RNA aptamer against the rhecdPAP could bind naive 
human PAP expressing cells such as PC-3 (human prostatic 
adenocarcinoma) and LNCaP (human prostatic carcinoma). 
The PC-3 and LNCaP cells expressed PAP (Fig. 4, rows 2 and 
5), whereas IMR-90 (human normal lung fibroblast) cells, which 
were used as a negative control, did not express PAP (Fig. 4, 
row 8). Washing with PBS or PBS containing 150 mM NaCl did 
not affect PAP mRNA levels (Fig. 4, lanes 1-3). Non-specific

Fig. 2. The 6N RNA aptamer has the 
best target binding capacity among the 
six RNA aptamers. A binding assay was 
performed to determine which RNA 
aptamer candidates bound to PAP. (A) 
The EMSA results of representative 
RNA aptamers from each group (Group 
I: 12, Group II: 11N, and Non-Group: 
19N). (B) The EMSA result of the Group 
I aptamer candidates (clone 12 was 
excluded). (C) The EMSA result of the 
Group II aptamer candidates. (D) The 
EMSA result of the Non-Group aptamer 
candidates. (E) Two aptamer candi-
dates (11N and 6N) showed strong 
binding and were analyzed for their 
binding percentage using real-time RT-
PCR (2.26% and 6.14%, respectively).



RNA Aptamer for Human PAP 
Hoon Young Kong & Jonghoe Byun 
 

176  Mol. Cells http://molcells.org 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 6N 2 -FY RNA aptamer binding assay in the PAP-
expressing prostate cancer cells. A mammalian cell binding test 
was performed to explore 6N 2 -FY RNA aptamer binding to PAP-
positive cells. PAP expression was observed in prostate cancer 
cells (PC-3, 2nd row and LNCaP, 5th row). However, normal lung 
fibroblast cell (IMR-90) did not express PAP (8th row). Mock (lanes 
1-3), 2 -FY RNA library (lanes 4-6) and the 6N 2 -FY RNA aptamer 
(lanes 7-9) were added to mammalian cells. The aptamer bands 
were detected by RT-PCR assay after not washing (lanes 1, 4 and 
7) or washing with PBS (lanes 2, 5 and 8) or PBS containing 150 
mM NaCl (PBS + 150 mM NaCl, lanes 3, 6, and 9). Non-specific 
library RNA binding was detected in the no washed and/or PBS 
washed groups (1st and 7nd row). However, non-specific binding 
was completely eliminated by washing with PBS containing 150 
mM NaCl (lane 6). In contrast, binding of the 6N 2 -FY RNA apta-
mer was maintained in the aptamer-treated group (lanes 7-9), (first, 
fourth and seventh rows). NTC : non template control. 
 
 
 
RNA binding was observed in the PC-3 library-treated group 
(Fig. 4, lane 4), which was partially or completely eliminated by 
washing with PBS or PBS containing 150 mM NaCl (Fig. 4, 
lanes 5 and 6). The band corresponding to the 6N 2 -FY RNA 
aptamer was detected only in PC-3 and LNCaP cells (Fig. 4, 
rows 1 and 4), but not in PAP-negative cells (IMR-90) (Fig. 4, 
row 7). 6N 2 -FY RNA aptamer binding was not eliminated by 
washing with PBS or PBS containing 150 mM NaCl. These 
results demonstrate that the 6N 2 -FY RNA aptamer can bind 
only to PAP-expressing PC cells. 
 
The 6N 2 -FY RNA aptamer is localized on cell membrane 
regions of PAP-positive PC cells 
Next, 6N 2 -FY RNA aptamer binding to PC-3 and LNCaP cells 
was examined by amplifying the aptamer signal using fluores-
cence. Fluorescence signals were detected only in the 6N 2 -
FY RNA aptamer-treated groups compared to that in the probe 
and library control groups (Fig. 5). Interestingly, fluorescence 
signals were observed only in cell membrane regions, suggest-
ing that the 6N 2 -FY RNA aptamer binds to membrane regions 
of PC cells without being internalized. 
 
A 50 nucleotide sequence in the 6N 2 -FY RNA aptamer 
appears to be essential for PAP binding  
The 6N 2 -FY RNA aptamer is 92 nucleotides in length. How-
ever, RNA aptamer size should be < 60 nucleotides for cost-

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The 6N 2 -FY RNA aptamer binds to PAP-expressing pros-
tate cancer cells. An aptamer-based fluorescence assay was per-
formed to confirm binding of the 6N 2 -FY RNA aptamers to PAP-
positive cells. No non-specific binding was observed in the biotiny-
lated probe treated group (first column for each cell type). Strong 
binding was observed in the 6N 2 -FY RNA aptamer group in both 
PC-3 and LNCaP cells (3rd column of each cells) compared with 
little binding in the library group (second column for each cell type). 
Tyramide signal amplification (TSA ) was used (red: aptamer-
biotinylated probe-straptavidin-HRP-TSA-Cy3 complex; blue: DAPI 
stained indicating the nucleus) to amplify the aptamer fluorescence 
signals. All images were captured using confocal laser scanning 
microscopy. Twenty pmol of the RNA aptamer and a 5 -end biotiny-
lated probe were used. 
 
 
 
effectiveness of the chemical synthesis. Moreover, this size 
minimization approach must not affect target binding capacity. 
The secondary structures of the 6N 2 -FY RNA aptamer were 
predicted using M-fold software, and two different structures of 
the full length 6N 2 -FY RNA aptamer were obtained (Figs. 6A 
and 6B). A minimization scheme was developed based on 
these structures, considering the random sequences (marked 
with yellow background) and bulges. Four truncated versions 
(6N-M1, 6N-M2, 6N-M3, and 6N-M4) were generated and in-
vestigated. Interestingly, 6N-M1 and 6N-M2 had two different 
secondary structures (L-shape and Y-shape in Figs. 6A and 6B, 
respectively), whereas 6N-M3 and 6N-M4 had only one non-Y-
shaped structure. Next, binding capacity of each minimized 
version was examined using the gel shift assay (Fig. 6C). Only 
6N-M1 and 6N-M2 retained the ability to bind to PAP (Fig. 6C, 
lanes 4 and 6). 6N-M3 and 6N-M4 lost binding upon minimiza-
tion (Fig. 6, lanes 8 and 10). Densitometric analysis indicated 
that 25.8% of 6N RNA aptamer bound to PAP (lane 2), whe-
reas the portions of 6N-M1 and 6N-M2 RNA aptamer that 
bound to PAP (lanes 4 and 6) were 59.2%, 54.7%, respectively. 
These results suggest that a 50 nucleotide sequence and the 
Y-shaped structure (Fig. 6B, 6N-M2) may be essential for PAP 
binding.  

The 5 -end of the 6N-M2 aptamer was biotinylated to confirm 
the PAP-specific binding. Subsequently, an in vitro competition 
assay was performed using the B-6N-M2 2 -FY RNA aptamer. 
Unlabeled library 2 -FY RNA and the 6N-M2 aptamer served as 
competitors. Increasing amounts of unlabeled 6N-M2 aptamer 
(0, 1, 2, 5 and 10-fold excess competitor over the B-6N-M2 2 -
FY RNA aptamer) effectively disrupted the B-6N-M2 2 -FY RNA 
aptamer-PAP interaction in a dose-dependent manner (Fig. 6D, 
lanes 2 and 7-10). However, unlabeled library 2 -FY RNA (0, 1, 
2, 5, and 10-fold excess of competitor over B-6N-M2 2 -FY



RNA Aptamer for Human PAP 
Hoon Young Kong & Jonghoe Byun 

 

http://molcells.org  Mol. Cells  177 

A                    B 
 
 
 
 
 
 
 
 
 
 
 
 
 
C                   D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
rupted the B-6N-M2 2 -FY RNA aptamer-PAP interaction (lanes 7-10, hot:cold = 1:1, 2, 5 and 10, respectively). The B-6N-M2 2 -FY RNA 
aptamer:PAP ratio was 1:200 (lanes 2-10). 
 
 
 
A                            B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RNA aptamer) did not inhibit the interaction (Fig. 6D, lanes 2-6). 
These results demonstrate that the 6N-M2 aptamer binds spe-
cifically to PAP.  
 
The intact Y-shaped hairpin structure appears to be impor-
tant for PAP binding 
To examine in more detail which hairpin structure is important 
for binding in the minimized 6N 2’-FY RNA aptamer, 6N-M2 
aptamer were further truncated to give 3 deletion versions: 
deletion of right hairpin structure (Fig. 7A, 6N-M2-RD), deletion 
of top hairpin structure (Fig. 7A, 6N-M2-TD), and deletion of 
both hairpin structures (Fig. 7A, 6N-M2-RTD). Gel shift assay 

results showed that all truncated versions of 6N-M2 aptamer 
did not bind to PAP (Fig. 7B, lane 4, 6 and 8). This result sug-
gests that these two hairpin structures may be essential for 
PAP binding and that they might directly interact with PAP. 
 
DISCUSSION 
 
In this study, we report for the first time that a 2 -FY modified 
RNA aptamer can bind to human prostatic acid phosphatase 
(PAP) with a Kd value of 118 nM. This aptamer specifically bound to 
PAP-expressing prostate cancer (PC) cell lines and was suc-
cessfully minimized without impairing its target binding capability. 

Fig. 6. Minimizing the 6N 2’-FY RNA aptamer 
without loss of its target binding capability. (A, 
B) Predicted secondary structure of the 6N 2’-
FY RNA aptamer by Mfold program. Two poss-
ible 6N RNA aptamer structures are shown 
(6N). 6N-M1 and 6N-M2 can form L-shaped (A, 
6N-M1, and 6N-M2) and Y-shaped (B, 6N-M1, 
and 6N-M2) structures. 6N-M3 maintains only 
an L-shaped structure (A, 6N-M3) and 6N-M4 
is the shortest hairpin structure in (A). (C) The 
EMSA was performed to demonstrate the bind-
ing capability of the minimized 6N 2 -FY RNA 
aptamer against PAP. The 6N-M1 2 -FY RNA 
aptamer and the 6N-M2 2 -FY RNA aptamer 
bound to PAP (lanes 4 and 6) as strongly as 
that of the 6N 2 -FY RNA aptamer (lane 2). 
However, the 6N-M3 2 -FY RNA aptamer and 
the 6N-M4 2 -FY RNA aptamer lost binding 
capability (lanes 8 and 10). (D) A competition 
binding assay was used to confirm 6N-M2 2 -
FY RNA aptamer binding specificity. The 6N-
M2 2 -FY RNA aptamer competitively bound to 
PAP. The unlabeled library RNA (Library) did 
not affect binding of the biotinylated 6N-M2 2 -
FY RNA aptamer (B-6N-M2 aptamer, lanes 3-
6, hot:cold = 1:1, 2, 5 and 10, respectively). 
However, the unlabeled 6N-M2 2 -FY RNA 
aptamer (6N-M2 aptamer) competitively dis-

Fig. 7. Two hairpin structures in the 6N-M2 2 -
FY RNA aptamer appear to be important for 
PAP binding. Truncated versions of the 6N-M2 
2 -FY RNA aptamer were generated to ex-
amine the role of each hairpin structure in the 
6N-M2 2 -FY RNA aptamer important for PAP 
binding. (A) Structures of truncated versions of 
6N-M2 2 -FY RNA aptamer. The 6N-M2 2 -FY 
RNA aptamer had a Y-shaped structure (lane 
1, 6N-M2). Predicted structures of right-, top-, 
and right and top deleted versions are depicted 
(6N-M2-RD, 6N-M2-TD, and 6N-M2-RTD, 
respectively). (B) No RNA aptamer-PAP inte-
raction was observed in the truncated versions 
(lanes 4, 6, and 8).
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Systematic truncation studies suggested that two hairpin struc-
tures within a 50 nucleotide sequence were important for PAP 
binding. Despite the need for further validation of PAP specifici-
ty of the aptamer, including super-shift analyses with PAP-
specific antibodies or aptamer-based PAP immunoprecipitation, 
our 6N 2 -FY RNA aptamer should be useful for many PC stu-
dies as well as prognosis of PC and therapeutic applications. 

PAP is as an important prognostic marker for PC because its 
level increases proportionally during PC progression, and this 
correlation is consistent with the morphological characteristics 
of PC and is significantly higher than that of other PC biomark-
ers (Gunia et al., 2009; Madu and Lu, 2010). Moreover, PAP 
concentration is also correlated with cause-specific survival 
(Fang et al., 2008). These features are important because en-
hanced clinical predictions are increasingly needed, and the 
oncology field strives to improve clinical success rates. On the 
other hand, PAP belongs to a non-specific tyrosine phospha-
tase group (Hassan et al., 2010) and an authentic tyrosine 
phosphatase called cellular PAP functions as a negative growth 
regulator in PC cells (Chuang et al., 2010; Greene et al., 2013) 
Due to its dephosphorylation activity, RAF1 and PI3K signal-
ings are also inhibited, which leads to decreased prostate cell 
proliferation and survival, resulting in reduced tumorigenicity 
(Lin et al., 1998; 2001). These seemingly somewhat contradic-
tory results are due to the presence of different forms of PAP, 
such as cellular, secretory, and transmembrane PAPs. Howev-
er, no way to effectively distinguish the PAP isoforms at the 
protein level is available and the regulatory mechanisms for 
differential expression remain unclear. Nevertheless, PAP is an 
important therapeutic target for PC, as evidenced by the recent 
success of immunotherapy based on PAP. Provenge, which is 
based on PAP-charged autologous cells, has been FDA-
approved and commercialized (Gerritsen 2012; Kong and Byun, 
2013; Sims, 2012). Moreover, a PAP encoded DNA vaccine is 
currently undergoing clinical trials to prevent and treat PC (Lu-
baroff, 2012; McNeel et al., 2009)  

An RNA aptamer is similar to an antibody with a wide range 
of target recognition sites and a variety of applications. Howev-
er, RNA aptamers have key advantages over antibodies, such 
as tolerance to pH/temperatures that proteins cannot tolerate, 
low toxicity and immunogenicity, chemical modifications to im-
prove yield, custom tailored properties, easier synthesis, and a 
small size, which can lead to more target binding and improved 
transport properties allowing cell-specific targeting and im-
proved tissue penetration. Moreover, the effect of an RNA ap-
tamer can be modulated or reversed by utilizing an anti-dote 
composed of the antisense-sequence (Bompiani et al., 2012). 
Many factors can affect RNA aptamer binding capability includ-
ing the 2 -FY modification used in this study. Although 2 - subs-
titution is the most common strategy to increase RNA stability in 
biological fluids, RNA structure and binding capability may be 
affected. Therefore, additional modifications of the selected 
aptamer must be considered seriously before it is used for the 
intended function. In contrast, just one nucleotide change (Fig. 
1C, clone 8 vs. clone 12) can lead to loss of binding capability, 
as demonstrated in Fig. 2. 

Another caveat is that naïve human PAP has three glycosy-
lation sites, which could affect PAP binding to the aptamer. We 
speculate that the PAP aptamer binding site may not contain 
these glycosylation sites. However, further biochemical binding 
studies are needed to resolve this issue. The technical difficulty 
at the present is that the 2 -FY modification precludes a foot 
printing assay, which is important to determine the RNA apta-
mer binding site. However, truncation studies of secondary 

structures to determine the PAP interaction site of the 6N-M2 
RNA aptamer suggests that the two hairpin structures in the 
6N-M2 RNA aptamer are equally important for target binding 
(Fig. 7). Moreover, as many RNA aptamers have functional 
characteristics (Jayasena, 1999; Ray and White, 2010), the 
antagonistic and agonistic functions of the 6N-M2 RNA apta-
mer must be investigated. If the PAP RNA aptamer has an 
antagonistic function, it can be developed for PC therapeutics in 
the same way as Macugen (Pegaptanib), which is the first 
FDA-approved aptamer drug that inhibits VEGF165 (Rockey et 
al., 2011), was developed for age-related macular degeneration. 
In another application, non-functional RNA aptamers or neutral 
aptamers could be used as escort molecules by conjugation 
with other molecules, such as imaging probes, chemotherapeu-
tics, siRNA, or photosensitizers. Further mechanistic studies 
including sophisticated minimizations are warranted for suc-
cessful clinical applications of the PAP aptamer 

In conclusion, a novel 2 -FY RNA aptamer against human 
PAP was screened successfully from an RNA library, and the 
selected aptamer specifically bind to PAP and PAP-expressing 
PC cells. Systematic minimization and deletion analyses of 
secondary structures revealed that a 50 nucleotide sequence 
and two hairpin structures were important for PAP aptamer 
binding capacity. This PAP aptamer should provide a novel 
platform on which other theragnostic molecules, such as anti-
cancer drugs, imaging probes, and nanoparticles, can be con-
jugated. Despite the need for further characterization, our study 
opens up a new route for early theragnosis of PC. 
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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