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Aptamers generated by two approaches, from purified protein and whole cell 

surface selections, have the potential to serve as detection and therapeutic agents against 

prostate cancer.  In addition, aptamers generated from the purified viral protein NS1  

have been shown to inhibit influenza virus replication in cell culture.  Anti-prostate 

specific membrane antigen aptamer A9 was used with high specificity for common 

detection methods such as flow cytometry and confocal microscopy and for novel 

detection methods such as proximity dependent ligation assay.  Moreover, the PSMA 

aptamer was shown to function as a delivery vehicle for siRNA and toxin.  Cell-type 

specific GAPDH and lamin A/C gene knockdown were demonstrated using streptavidin 

as a bridge to connect biotin-conjugated aptamers to biotin-conjugated siRNA.  

Cytotoxicity assays also revealed that aptamers were able to specifically deliver the 

recombinant plant toxin rGelonin specifically to LNCaP cells when conjugated with the 

toxin.  Furthermore, aptamers were generated from whole cell surface selections of the 

prostate cancer cell lines LNCaP and PC3.  This suggested that anti-PC3 aptamers could 

target cell surfaces through indirect immunostaining and images taken by confocal 

microscopy. Membrane binding assays, FACS, and proximate dependent ligation assays 

also revealed that the aptamers were able to distinguish with great sensitivity and 

specificity the two non-prostate cancer cell lines, A549 and H526 as well as LNCaP and 

PC3 cells from DU145, another common prostate cancer line.  More importantly, these 

experiments demonstrated that aptamers could be designed to have specificities to a 

certain subtype of cancer cells or to the general population. In other studies, aptamers 
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were also generated from purified NS1 protein encoded by the influenza virus. The 

calculated Kd for these aptamers was in the range of 10 nM for the full length NS1 

protein. Competition and binding assays suggested that the aptamers also targeted the 

dsRNA binding domain of the NS1 protein. Transfecting aptamers to human lung cancer 

cells, A549, infected with influenza virus revealed that the aptamers were able to inhibit 

the replication of both the human and avian strains of influenza virus in cell cultures.  

These findings strongly demonstrated the broad range and effectiveness of aptamers as 

tools for detection, diagnostics, and therapeutics. 
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Chapter 1: Overview of aptamer 

 
1.1 Introduction:  

Cancer diagnosis is traditionally based on the morphology of tumor tissues, 

however, it is not the suitable for early cancer detection or for evaluating the complex 

molecular alternation during cancer progression.  Detecting cancer based on molecular 

features can be more precise and sensitive especially combined with signal transduction 

and amplification methods. The identification of molecular signatures for cancer is a 

challenge due to the lack of effective probes to identify and recognize these. Furthermore, 

identifying molecular signatures between subtypes of cancer, based on current 

technology, has proved to be even harder. Likewise, new and improved methods are 

urgently needed for cancer diagnosis and therapeutics.   

 

Aptamers are synthetically prepared single-stranded DNA or RNA molecules that 

fold up into unique three-dimensional shapes and exhibit a high affinity for their targets 

with K d values ranging from nanomoles to picomoles. Following the discovery of 

aptamers in 1990 (Ellington & Szostak, 1990; Tuerk & Gold, 1990), they were generated 

against a wide variety of targets  including small molecules, peptides, amino acids, and 

cell membrane proteins(Hicke et al., 2001; Lupold et al., 2002), many of which are 

currently in clinical trials for a variety of purposes. (Table 1.2) (Jayasena, 1999; Hicke & 

Stephens, 2000; Bianchini et al., 2001; Hemann et al., 2001; Mi et al., 2005; Nimjee et al., 

2005b; Pendergrast et al., 2005; Hicke et al., 2006).  In theory, an aptamer can be 

generated from sequence libraries of 1015 molecules.  Such libraries are easily produced 

and manipulated in the lab.  Each molecule of the library generates a uniquely folding 

species and, if enough of the unique species are present, then presumably an RNA 

molecule with the proper fold will bind almost any target (Ellington & Szostak, 1990). 

 

In addition, aptamers have a tendency to bind to functional domains of the target 

protein and in some cases also analogues and key intermediate structures of enzymes that 

may alter their catalytic activity (Bunka & Stockley, 2006) and thus make the aptamer 

very valuable.  Aptamers retain binding potential even after their immobilization onto 
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carrier materials (Farokhzad et al., 2004).  Aptamers have also been used successfully in 

different areas of biotechnology for delivery into animals (Nimjee et al., 2005b), labeling 

with various functional groups (Bunka & Stockley, 2006), target validation (Pardridge, 

2002), drug discovery (Chu et al., 2006a; Chu et al., 2006d) }, diagnostics (Chu et al., 

2006c; Lee et al., 2006), and therapy (Nimjee et al., 2005b) . 

 

1.2 Aptamer isolation process:  

The selection and enrichment process: 

DNA or RNA aptamers can be routinely isolated from synthetic combinatorial 

nucleic acid libraries by in vitro selection (Ellington & Szostak, 1990).  The process is 

initiated by incubating a large pool of oligonucleotides with targets, either proteins, or in 

our case, cells.  During the process, a small fraction of individual sequences may interact 

with the target, and the unbound oligonucleotides are separated away from the aptamers 

bound to the targets, followed by amplification of the template and a transcription 

reaction to generate a slightly higher-affinity pool for the next round of the process. 

Subsequent selection rounds further enrich the pool, as pressure is applied to yield only 

high-affinity interactions. Typically, fifteen to eighteen rounds of selection are required 

for completion, determined by a plateau in affinity for the target.  Chemically modified 

oligonucleotide pools with 2′-fluoro- or 2′-amino-substituted primitives (Gold et al., 1995)  

or 2′-O-methyl nucleotides (Burmeister et al., 2005) are often introduced to enhance the 

stability of the aptamer (Figure 1.1).  In practice, the typical population of a 

combinatorial oligonucleotide library obtained from 1-µmol scale solid-phase DNA 

synthesis is limited to 1014 to 1015 individual sequences, although hypothetically, a 

library containing a 40-nucleotide random region is represented by 1.2 x 1024 individual 

sequences (420 = 1.2 x 1024). The final pool can be subsequently cloned, sequenced, and 

characterized to obtain individual clones. The selection process is typically completed 

within months. 

The Ellington group has led advancements in automating the selection process, 

reducing the isolation process from several months to a few days (Cox et al., 2002). Other 

developments have also been made yielding more efficient and high through-put 
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selection processes as well as enhancing the properties of aptamers. Techniques such as 

surface Plasmon resonance (Misono & Kumar, 2005) as well as capillary electrophoresis 

have been used to separate free protein or nucleic acids in a single round of selection for 

RNA and DNA aptamers respectively (Berezovski et al., 2005).  

1.3 Engineering for stability and bioavailability:

There has been significant improvement in the key areas of aptamer biostability 

and bioavailability. Incorporation of  2'-amino-modified or 2'-fluoro-modified 

pyrimidines using T7 RNA polymerase allows isolation of aptamers with greatly 

improved biostability (Pieken et al., 1991). 2'-modification of aptamers is crucial to 

maintain stability and low binding to serum proteins, which allows aptamers to be 

targeted specifically to tissue epitopes. RNAs containing 2'-F and 2'-NH2 modified 

pyrimidines are at least 1,000-fold more resistant to degradation in plasma than 

unmodified RNA (Pieken et al., 1991). 

The 4'-thio modification of pyrimidines has also been demonstrated to enhance 

RNA-stability. 3'–3' linked dinucleotide caps and circularization or disulphide 

crosslinking have also been shown to improve aptamer stability (Hicke & Stephens, 

2000).  Further nuclease stabilization is achieved by substitution of 2'-OCH3 for 2'-OH at 

purine positions. In general, most of the 2'-OH purines can be substituted without loss of 

binding activity, however, at some locations purines cannot be substituted without loss of 

affinity.  The 3' nucleotide can also be inverted to form a new 5'-OH, with a 3'-3' linkage 

to the penultimate base to protect against 3' exonuclease activity, as well as to protect the 

RNA against endonucleases.  Flexibility for attachment or other desirable modifications 

also allows for the incorporation of nucleophilic amines or thiols during synthesis (Bunka 

& Stockley, 2006).  The ease of availability of aptamers makes them an important 

diagnostic and therapeutic tool. Attachment of polyethylene-glycol, cholesterol or biotin–

streptavidin groups to the 5' or 3' ends of aptamer or surrounding aptamers with 

lipoproteins are common approaches to reduce clearance and thus increase the half life of 

the aptamer in the system.  
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Fig. 1.1 General scheme of the aptamer selection procedure:  

A pool of 2’F modified, random RNAs flanked by constant primer sites was 

incubated with the target, either cells or protein ligand, and this was followed by the 

separation of non-binding sequences. The binding sequences were eluted from the target, 

amplified by RT-PCR, and transcribed to yield an enriched pool with enhanced binding 

to the corresponding target. Over iterative rounds, this highly refines the pools and 

specific aptamers can be cloned, sequenced and characterized. 
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1.4 Applications of aptamers: 

1.4.1 Aptamers and antibodies:  

The urgency of devising new and efficient assays that can assist existing 

treatments for current and emerging diseases is increasing, and aptamers could potentially 

be applied as promising molecular tools in these assays.  When aptamers are compared to 

antibodies with regards to their status and applicability as diagnostic tools, aptamers 

prove to be highly competitive and in many cases better and more efficient (Table 1.1).  

In general, aptamers are smaller than antibodies, which makes them easier to handle and 

use.  Additionally, the selection process by which aptamer clones are generated is 

completely in vitro and is not dependent on the physical condition of an animal, as is the 

case with antibodies. Once selected, aptamers retain their integrity, unlike antibodies that 

are prone to in vivo variations, making antibody production and usage restricted by in 

vivo parameters and many external outliers. Also, antibodies can only be generated 

against targets that the animal body can trigger an immune response against, which 

highly limits the number of targets (e.g. some hybridomas used for monoclonal antibody 

production are very difficult to grow). Furthermore, aided by automation, the selection 

process of aptamers can be reduced to weeks compared to antibodies that take months to 

generate and test (Proske et al., 2005).   

Aptamers can be made synthetically in mass amounts with ease, assuring quality 

along with quantity. Aptamers are very stable whereas antibodies are sensitive to 

temperature and undergo irreversible denaturation and have a limited shelf life (Halin et 

al., 2001; Sanz et al., 2005). 

Aptamers can be easily manipulated to attatch desired groups onto the aptamer or 

stick the aptamer onto preferred locations as required for the specific application. 

Antibodies on the other hand are not easily adaptable to these kinds of applications. 

Additionally there are no reports indicating that aptamers are immunogenic, which is not 

the case with antibodies that often show significant immunogenicity following a short 

period of treatment (Hicke & Stephens, 2000; Nimjee et al., 2005b; Yan et al., 2005).   
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Clinical studies from Eyetech Study Group have confirmed that there is a very low to no 

immune response against aptamers. (2002; 2003) 

1.4.2 Aptamers for Diagnostic Assays: 

The high affinity and specific nature of aptamers against their target makes them 

extremely valuable for diagnostic applications.  Aptamers can easily be customized by a 

variety of modifications and be adapted to numerous applications, as outlined below by 

several examples.   

1.4.2.1 Flow cytometry and microscopy: 

Flow cytometry is a very powerful tool that allows the measurement of target 

properties based on size and color using a very small amount of material.  This 

technology has been adapted in basic research and in clinical diagnosis as well.  Aptamer 

can be directly 5’ end fluorescently labeled  during in vitro transcription (Huang et al., 

2003) or chemically labeled at the 3’end following transcription. Assays can be carried 

out by a spectrum of fluorescently labeled aptamers, resulting in an efficient and 

multiplexed diagnostic system using flow cytometry.   

Quantum-dot is a unique light-emitting nanocrystal that can be used as a 

fluorescent probe for in vivo biomolecular and cellular imaging (Gao & Nie, 2004).  

Aptamers have been linked to quantum dots by biotin-streptavidin chemistry for target-

specific cell imaging (Chu et al., 2006c). We have described a method using aptamers 

coupled with quantum dots that specifically target the prostate cancer cell line LNCaP. 

These assays were conducted using commercially available quantum dots as well as those 

obtained from our collaboraters. The specificity and sensitivity of aptamer and quantum-

dot complexes have enormous potential as an early warning system for disease detection 

by specific targeting of the diseased cell or tissue.  This application may also be extended 

for simple, rapid detection of illegal substances such as LSD, cocaine etc.  

 

 6



 
Stages Aptamer Antibody 

Target any protein or any site in 

vitro, in theory, and can design 

for a desired diagnostic 

condition 

Limited by physiologic conditions, 

the immune system for example, and 

difficult to generate for toxins or 

non-immunogenic targets  

Selection 

process 

Available for robotic high 

throughput  

Time consuming generation and 

screening 

Characteristics Small (ca. 10,000 MW) and 

Kd’s in the sub-nanomolar to 

nanomolar range.  

Uniform activity and easily 

synthesized in milligram or 

greater quantities 

Binding affinity in low nanomolar to 

picomolar range 

Activity varies from batch to batch 

Expensive for monoclonal antibodies

Wide variety of chemical 

modifications to molecule for 

diverse functions and stability 

Limited modifications of molecule 

Unlimited shelf-life, stable Limited shelf-life, temperature 

sensitive and undergoes irreversible 

denaturation. 

No evidence of immunogenicity Significant immunogenicity 

Application 

Antidote can be developed to 

reverse the inhibitory activity of 

the drug 

Not available 

 
Table 1.1 comparison of Aptamer with antibody. 
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Proximity ligation assay (PLA) 

The Proximity ligation assay was first described  as a method of detecting small 

amounts of protein (Fredriksson et al., 2002) and subsequently modified for detection of 

more complex targets such as spores (Pai et al., 2005). In this report, we describe the 

enhancement of PLA by combining it with specific target binding aptamers to detect the 

target by using real-time PCR. The sensitivity of real-time quantitative PCR depends on 

the close proximity of two aptamer bound to different targets and extended on their free 

3’ or 5’ ends to bind two sets of PLA probes.  When the two targets are in close 

proximity to one another, they can be ligated enzymatically with the help of a connector 

nucleotide termed as the “splint.” The ligated probes can than be amplified by two 

primers, each specific for the probes for specific aptamers (Figure 1.2).  This assay not 

only enhznces the sensitivity and specificity of target detection but also provides new 

insights to the arrangement of cell surface markers during development.    

Aptamer as biosensors and molecular switches: 

Aptamer can also be used as an excellent sensor by binding to targets of interest and 

signaling aptamers can be recognized as on basis of their sequence. (Stojanovic & 

Kolpashchikov, 2004).  This system does not require modification of the recognition 

aptamer thus preventing the alteration of aptamer structure and maintaining its 

functionality.  Aptamer can also be empolyed with molecular beacons (Marras et al., 

2006), fluorophore molecular beacons and quencher are attached at either end of hairpin-

loop when no target is present and thus fluorescence is quenched by the quencher.  When 

there is target specific interaction ,the formation of intermolecular hybrid unfolds the 

fluorophore from the quencher thus resulting in the emission of fluorescence from beacon. 
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Figure 1.2  Figure 1.2  CCeellll--ssuurrffaaccee  Proximity ligation assay:  

Aptamers specific to cell surface targets with either 3’ or 5’ extensions were 

allowed to bind specific cell surface marker(s) along with the PLA probes coupled to the 

extended aptamers. When the two probes are in close proximity, enzymatic ligation can 

occurr with the help of a splint.  Probe specific primers were then employed along with a 

PLA full-length template specific TaqMan probe for real-time PCR quantitation.  

  

 

p

splint 

F primer PLA Tq Mn 
PLA probe  PLA probe  

3’ extension  R primer 5’ extension 

Aptamer 
    Aptamer 

Cell marker (s) Cell marker (s) 

Cell Surface 
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1.4.3 Aptamers as therapeutics 

Aptamers can fill the roles of many therapeutic agents, such as small organic 

molecules, which block the surface of macromolecules, thus altering their interactions 

with other proteins or molecules.  Further more, aptamers can also fit in to the gap of 

targets to act as interaction networks between two molecules.  These aspects can greatly 

increase the potential therapeutic usage of aptamers.   

Aptamers can be designed to adapt to specific physiological or pathological 

conditions such as pH or factors specific to the target, such as cells, during the in vitro 

selection process, thus making them stable for in vivo usage.  Major aptamer applications 

currently involve local delivery such as injecting aptamer directly to the target site as well 

as cellular delivery as a whole.  Furthermore, the stability of aptamers has improved over 

time mainly in part due to a variety of available modifications such as 2′-fluoro 

pyrimidine modifications, 2′-O-methyl nucleotides, and 3′ end cap modification of RNA 

aptamers (Burmeister et al., 2005). Thesemodifications have made aptamer usage in 

therapeutic purposes very convenient.  Macugen, Pegaptamib, Pfizer, and Eyetech 

demonstrated the first aptamer drug approved by the Food and Drug Administration at 

the end of 2004, proving the pharmaceutical viability of aptamers.   

The long-term systemic application of aptamers with drug concentration 

remaining constant in the diseased area is also feasible after solving the problems of 

stability and bioavailability.  Modifications to enhance stability have already been 

discussed above, and studies have shown that the bioavailability of aptamers has been 

enhanced by adding cholesterol or polyethylene glycol as anchor groups (Rusconi et al., 

2002; Rusconi et al., 2004).  Systemic administration has been demonstrated in an animal 

model (Nimjee et al., 2005a).  Cost issues may also be solved by increasing the demand 

and accelerating development.  Furthermore, the application in diagnosis and target 

validation requires significantly smaller amounts of aptamers, which make it cost-

effective.  Table 1.2 highlights the current development of aptamers used in therapeutic 

purposes and their clinical study status.     
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Clinical value Ligand Nucleic acid [kD(nM)] Trial 

HIV-1 Tat RNA [0.12]  
HIV-2 Tat RNA  
HIV-1 Rev response element RNA [IC50 3-8] Phase I 
Hepatitis C virus NS3 RNA  
∆NS3 RNA [10]  
Trypanosoma cruzi RNA [172]  
Prion protein PrPSc RNA  
Anticoagulation α-thrombin RNA [2.8]& DNA [25-

200] 
Monkey & 
Canine 

Factor VIIa RNA [11]  

Anti-viral& 
anti-infective 

Factor IXa RNA [0.58]  
Vascular endothelial growth 
factor 

RNA [0.05-0.15] Phase I&II 

Extracellular signal-regulated 
kinase-2 (ERK2) 

DNA [0.2]  

Anti-
angiogenesis 

Angiopoietin-2 RNA [2.2]  
Human neutrophil elastase RNA [5] Rat 
Platelet-derived growth factor DNA [0.1] Rat 
P-selectin RNA [0.019-0.039]  
L-selectin DNA [1.8]  
Sialyl Lewis X RNA [0.085]  
Human nonpancreatic secretory 
phospholi-pase A2

RNA [1.7] Guinea Pig

Nuclear factor κ-B DNA Rat &Mice 

Anti-
inflammatory 

Complement C5 RNA [0.02-0.04]  
transcription factor E2F RNA [4] & DNA Rat 
prostate-specific membrane 
antigen 

RNA [2.1]  

sPLA2 RNA [2]  
TGFβ1 and 2 RNA [0.03-2]  
Inegrin αvβ3 RNA [8]  

Anti-
proliferation 

Tenascin-C RNA [5]  
Anti-insulin receptor MA20 RNA [30]  
Monoclonal antibody to 
acetylcholine receptor 

RNA [6-60]  

Immunoglobulin E RNA [30] & DNA[9]  
CD4 antigen RNA [0.5]  
Interferon-γ RNA [2.7]  

Immune 
modulation 

Cytotoxic T cell antigen-4 RNA [10] Mouse 
 
Table 1.2 Aptamers generated for clinical purposes.   
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1.4.3.1 Aptamers for delivery:  

Aptamers can be delivered to both intracellular and extracellular targets.  

Synthetic ribozyme targeting the VEGF receptor mRNA demonstrated RNA aptamers 

can be readily distributed throughout the body and uptaken by cells simply when 

administered intravenously or subcutaneously (Sandberg et al., 2000).  Aptamers can also 

be delivered by being incorporated into liposome vesicles or expressed via viral vectors 

(Dzau et al., 1996).  Another group has also shown the use of conjugated carrier 

molecules that can deliver RNA to cell culture in vitro (Chaloin et al., 2002).   

Aptamer-siRNA chimeras are a novel method for cell type-specific delivery of 

functional siRNA to cells, where the siRNA can target a specific gene and cause the 

depletion of siRNA target proteins (McNamara et al., 2006).  Our group developed a 

more generalized approach towards aptamer-siRNA delivery.  Using biotin conjugation, 

aptamers and siRNAs can be bridged via streptavidin. This approach enables one to target 

specific cells by modulation of the aptamer and the desired siRNA for target protein 

depletion without the complication of mixes with liposome transfection reagents (Chu et 

al., 2006d).   

Furthermore, anti-PSMA aptamer conjugated with the recombinant plant toxin 

gelonin can deliver toxin to specific prostate cancer cells, LNCaP, that overexpress the 

biomarker PSMA.  Aptamer-toxin conjugates demonstrated increased potency of at least 

600 fold relative to cells that do not express PSMA(Chu et al., 2006a).  These results 

suggest that aptamers can be very useful for target-specific treatment in cancer therapy.   

1.4.3.2 Combating infectious agents:  

Aptamers can be potentially used as target-specific anti-infectious agents.  They 

can selectively inhibit a crucial protein or disrupt membrane functions (Rusconi et al., 

2004).  RNA decoys for HIV TAR RNA were shown to prevent HIV replication 

(Sullenger et al., 1990).  Other groups have also targeted gp-120 of HIV, which is 

sterically inaccessible to antibodies (Dey et al., 2005a; Dey et al., 2005b).  In addition, 

aptamers targeted against the HCV non-structural protein NS3, the RNA-dependent RNA 
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polymerase NS5b,  the highly conserved internal ribosome entry site (IRES),, and the 

apical loop of IRES domain IIId of hepatitis C virus (HCV), the causative agent of 

chronic hepatitis, liver cirrhosis and hepatocellular carcinoma, has also been reportedly 

shown to inhibit HCV (Bunka & Stockley, 2006). 

Besides the anti-viral aptamers selected against HIV and HCV, the isolation of 

aptamers against a range of viral targets, such as human influenza virus, has also been 

described (Misono & Kumar, 2005).  RAN aptamer was selected against hemagglutinin 

(HA) of human influenza virus using surface plasmon resonance, although it failed to 

yield aptamers with high affinity.  However, our group targeted the non-structural protein, 

NS1, of influenza virus and data suggested that aptamers bind to NS1 with high affinity 

and effectively inhibit the replication of influenza virus in human lung cancer cells.  

These aptamers not only inhibit the replication of the common strain of human influenza 

but can also inhibit the avian strain of influenza virus, H5N1.  Furthermore, these 

aptamers have been shown to bind to the double stranded RNA binding region of NS1 

protein. This serves as a valuable tool for the development of small molecule drugs that 

target this region.   

 

1.4.3.3 Aptamers for target validation 

The growing requirements for the validation of protein function, the identification 

of appropriate disease-causing targets, and determination of the accessibility of a target 

protein for therapeutic intervention led to the commencement of large scale projects such 

as genome sequencing and proteomics.  In general, validations are carried out by gene 

knockouts, antisense oligonucleotides, ribozymes, or RNA interference, but they only 

yield limited information due to the complexity of the gene and its respective function. 

Although development of specific antibodies was very helpful, the lengthy generation 

time, quality control issues, and physical limitations of these entities makes them a highly 

volatile tool. Their specific binding and antagonist characteristics make aptamers an 

excellent choice as ligands for target validation, and in many ways they are better than 

anitbodies.  Different functional groups such as radiolabeled isotopes, fluorescent dyes, 

and enzymatically added groups can be further added on to aptamers, and assay 
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quantitation can be easily carried out using measurements of fluorescence, fluorescence 

resonance energy transfer, fluorescence polarization, fluorescence lifetime, radioactivity, 

and enzyme-linked reaction readouts.  This concept was first demonstrated to compete 

with small molecules in biochemical displacement assays (Green et al., 2001).  Other 

intracellular as well as extracellular targets of aptamers include platelet-derived growth 

factor (Floege et al., 1999), tenascin-C (Hicke et al., 2001), ERK-2 (Bianchini et al., 

2001), NFATc(Bae SJ, 2002), RET receptor tyrosine kinase (Cerchia et al., 2005) and 

many other intracellular and extracellular targets (Proske et al., 2005).  

 

1.4.4 Other applications using aptamers:  

1.4.4.1 Protein purification:  

Conventional protein purification methods involve the modification of targeting 

protein with tags (such as glutathione S-transferase (GST) and His) but subsequent tag-

cleavage steps often affect the folding, structure, function, and yields of target protein.  

Purification of natural forms of proteins can be achieved with aptamers with fewer steps 

and with high specificity and affinity for the protein .   A single step purification process 

using anti-selectin aptamer yielding a recovery of  83% and 15000 fold purification for 

recombinant protein from Chinese hamster ovary cells was reported (Romig et al., 1999).  

Large scale purification of native spliceosomes have also been reported purified using 

aptamers (Hartmuth et al., 2004).   

1.4.4.2 Capillary electrophoresis 

Capillary electrophoresis (CE) offers a rapid and sensitive assay allowing for 

small volume flexibility and the ease of automation for multiplex analysis.  Unlabeled 

target competes with the same target labeled with a fluorophore for binding to a limited 

amount of ligand. Alternatively, a large excess of fluorescently labeled ligand can  

interact with an unlabeled target.  The robust character of an aptamer is particularly 

suited for the repeated denaturating and renaturating cycles of the process, which would 

be very challenging if antibodies were being used.   Furthermore, the ability of aptamers 

to fold into a desired tertiary structures with specified conditions make aptamers very 
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useful when complicated conditions are required for target validation (Bunka & Stockley, 

2006).    

 

1.4.4.3 Aptamer arrays 

The presence of aptamers that recognize proteins with high affinity and specificity 

allows the detection of proteins immobilized on a membrane by an oligonucleotide.  

Aptamers are potentially very powerful tools for diagnosis. Gold and coworkers have 

developed an improved aptamer-based microarray  allowing immobilized aptamers to be 

cross-linked with target protein using UVlight (Bock et al., 2004).  Further modification 

of aptamers has enabled the production of a diagnosis chip yielding high sensitivity that 

is tolerant of harsh conditions such as washing steps for the removal of nonspecific bound 

proteins after cross-linking with aptamers via UV light(Petach & Gold, 2002). A more 

recent report from the Ellington group indicated that aptamers on the microarray can 

retain their specificity and can capture target protein in a dose dependent manner(Collett 

et al., 2005a; Collett et al., 2005b).  This has made it possible for the microarray system 

to detect a range of proteins at various concentrations including low amounts and greatly 

reduced false-positive signals. 

 

1.5 Future Perspectives: 

Aptamers have been introduced and adapted to diagnosis, detection systems for 

analytical applications, target validation, drug discovery, delivery vehicles, and applied 

directly as therapeutic agents. As many applications of aptamers enter the diagnosis and 

therapeutic area, new species of aptamers are going to be used as drugs or for diagnosis 

purposes.  The future holds much promise for the continuation of aptamer selections and 

the exploration of aptamers against intracellular targets in the therapeutic field.   Aptamer 

usage studies should now proceed from cell culture to animal models in order to test for 

the viability and efficiency of these nucleic acid decoys in future clinical studies. This 

data will be valuable in the continuation of the quest for new aptamer species designed 

based on the knowledge gained from  previously collected data.  Figure 1.3 depicts the 

various applications of aptamers in detection for diagnosis and therapeutic purposes using 

aptamers generated from selections against purified protein or the whole cell surface. 
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Aptamer 
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Figure 1.3 Applications for detection and therapeutics using aptamers. 

Aptamers can be labeled chemically, in vitro transcribed or bridged via biotin 

with fluorescenct tags for cell microscopy and flow cytometry.  Extended aptamers with 

3’ and 5’end extensions allow the adaptation of aptamers to  the proximity dependent 

ligation assay using quantitative real-time PCR.  Aptamers can also be conjugated with 

toxins directly or conjugated to streptavidin using biotin linkage and aid in bringing 

siRNA into specific cancer cells.  Aptamers targeted to NS1 protein of influenza virus 

inhibits replication of the influenza virus.   
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Chapter 2 Labeling tumor cells with fluorescent nanocrystal–aptamer 

bioconjugates 
 

2.1 Abstract: 

Aptamers that bind to prostate specific membrane antigen (PSMA) were 

conjugated to luminescent CdSe and CdTe nanocrystals for cell-labeling studies. The 

aptamer–nanocrystal conjugates showed specific targeting of both fixed and live cells that 

overexpressed PSMA. More importantly, aptamers were able to label cells dispersed in a 

collagen gel matrix simulating tissue. The specific binding abilities and synthetic 

accessibility of aptamers combined with the photostability and small size of 

semiconductor nanocrystals offers a powerful and general tool for cellular imaging 
 

 

2.2 Introduction: 

Prostate cancer is the second leading cause for cancer death among males in 

America in 2002 (Jemal et al., 2005).  Early detection for prostate cancer is the key to 

treating prostate cancer.  The 5-year survival rate for prostate cancer decreases from 

100% to 34% if the cancer spreads to distant parts of the body.  Survival of normal 

prostate and early stage prostate cancers depend on androgen (Heinlein & Chang, 2004; 

Yang et al., 2005).  Progression from androgen dependence to independence is often 

associated with an increases of invasive and malignant phenotype (Feldman & Feldman, 

2001).  Systematic oligonucleotides termed  aptamers (Ellington & Szostak, 1990), 

generated from selection processes (Connell et al., 1993), have been developed to detect 

prostate specific membrane antigen, PSMA (Lupold et al., 2002), which offers an 

alternative to antibodies in imaging, diagnosis, and therapy.   

 

2.2.1 Prostate specific membrane antigen (PSMA) 

PSMA is a type II membrane glycoprotein with a molecular weight around 

100 kD.  The first 18 amino acids of PSMA are intracellular segments, which are 

followed by a transmembrane segment (amino acids 19-43) and an extracellular 
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domain (amino acids 44-750) (Fair et al., 1997).  The human PSMA gene was first 

found and cloned in chromosome 11p11-12 from the prostate cancer cell line, LNCaP 

(Israeli et al., 1993; Israeli RS et al., 1994; Fair et al., 1997).  There are similarities 

between PSMA and other proteins.  The PSMA gene is homologous to 

neuropeptidase, and NAALADase, which represses the neurotransmitter glutamate 

from neuropeptide NAAG and human glutamate hydrolase, which is capable of 

folylpoly- -glutamate hydrolysis. PSMA has two unique enzymatic functions: 

NAALADase activity (cleaving the terminal glutamate from the neuro-dipeptide, N-

acetyl-aspartyl-glutamate, NAAG) and folate hydrolase activity (cleaving the 

terminal glutamate from -linked poly glutamates) , which cleaves the terminal 

glutamates from -linked poly glutamates (Gala et al., 2000) (Figure 2.1). 

PSMA plays a very important role in prostate carcinogenesis and progression.  

PSMA is up-regulated in prostate cancers, metastatic disease, and hormone-refractory in 

prostate cancers. The expression is correlated to the androgen level and can serve as a 

detecting agent for metastatic foci of primary cancer and can be used to detect prostate 

cells in the circulation or lymphatics. PSMA can also serve as a target for the delivery of 

therapeutic agents such as cytotoxins or radionuclides (Ghosh et al., 2005). 
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Figure 2.1 Structure of PSMA.  
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2.2.2 Role of PSMA in diagnostics and therapeutics: 

In cancer, the dead or dying cells release their stored folate as poly- -glutamated 

folate.  PSMA enables cells to acquire this poly- -glutamated folate and take it  into cells.  

PSMA is expressed about 1000 fold greater than the minimal expression from other 

tissues, and has a large extracellular target, making PSMA an ideal target for both 

imaging and therapeutic purposes (Chang et al., 2000).  There have been attempts using 

antibodies to target PSMA.  There have been different results from various groups for 

therapeutics such as the delivery of radionuclides and toxin in clinical trails (Chang et al., 

1999; Fong & Small, 2003; Schulke et al., 2003; Vallabhajosula et al., 2004; Rajasekaran 

et al., 2005).  Furthermore, high levels of PSMA are present in neovascular tumor tissue 

and abnormal vasculature in solid tumor tissue.  The property of high PSMA association 

with increased vasculature lends itself well to anti-PSMA targeting and therefore may be 

advantageous in future imaging and therapeutic techniques (Postma & Schroder, 2005; 

Slovin, 2005). 

 

Prostate cancer affects approximately 1 in 11 men and it is the second leading 

cause of cancer deaths among American males (Greenlee et al., 2001). As with all 

cancers, early detection offers the best prospects for patient survival. Prostate cancer 

screening currently relies on rectal examinations to detect anomalies in the prostate gland, 

along with blood tests for up-regulated prostate specific antigen (PSA) levels (Nelson, 

2002). However, rectal examinations are invasive, and blood tests can sometimes be 

inconclusive, as PSA levels in the blood may be heightened by factors other than 

carcinoma (Untergasser et al., 2005). Taken as a whole, these diagnostic methods are 

prone to significant false-positive rates and exhibit relatively poor sensitivity (Postma & 

Schroder, 2005). In contrast to PSA, prostate specific membrane antigen (PSMA), a 

membrane-bound glycoprotein, is overexpressed in many prostate cancers (Nelson, 2002). 

More specifically, high levels of PSMA have been found in patients with hormone-

insensitive prostate cancer cells (Kawakami & Nakayama, 1997; Bostwick et al., 1998)  

as well as in the neovasculature associated with other solid malignant tumors (Liu et al., 

1997). This well-characterized, integral membrane protein has therefore been identified 

as a good indicator of cancer growth and metastases. In fact, a variety of anti-PSMA-
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based therapies are currently under investigation (Chang, 2004; Tricoli et al., 2004; 

Slovin, 2005).  

 

2.2.3 Quantum Dot 

Quantum dots are nanocrystals with a 10-15 nm radius that can be bioconjugated  

to molecules such as peptides, antibodies, nucleic acids, or small-molecule ligands, 

depending on the application.  Quantum dots may act as fluorescent probes without many 

of the limitations inherent in the use of organic dyes and fluorescent proteins.  Quantum 

dots are especially suitable for optical multiplex detection due to their broad excitation 

profile and narrow emission spectra. This is why quantum dots are often referred to as 

tunable fluorescence emitters, as the dots emit from visible to infrared wavelengths, have 

large absorption coefficients across a wide spectral range, and have very high levels of 

brightness and photostability (Michalet et al., 2005).  Quantum dots also provide 

significant surface area to link with multiple diagnostic (Han et al., 2001) and therapeutic 

agents (Chattopadhyay et al., 2006).  Quantum dots have been used for mapping lymph 

nodes in living animals, for real-time imaging and tracking single receptor molecules on 

cell surfaces, in  living cells, and for targeting specific disease sites on live animals (Gao 

et al., 2004; Smith et al., 2004).

 

One approach for PSMA detection is to use fluorescent markers to tumors via 

monoclonal antibodies (Barren et al., 1998; Liu et al., 2002). While nanocrystal–antibody 

conjugates against PSMA have previously been used to image cancer cells implanted in 

live mice (Gao et al., 2004), the large size and immunogenicity of antibodies may limit 

their pharmacological value. Humanized antibodies, antibody fragments, and short 

peptides isolated from processes such as phage display are also possible affinity reagents, 

but are similarly susceptible to peptidase fragmentation and immune response (Jayasena, 

1999).  

 

Selected nucleic acid binding species (aptamers) are alternative affinity reagents  

(Jayasena, 1999). Aptamers have previously been selected against a variety of targets 

ranging from small molecules to proteins to cell surfaces. Aptamers typically bind their 

 21



targets with nanomolar or better affinities and have specificities comparable to those of 

monoclonal antibodies (Jenison et al., 1994). Moreover, modified nucleotides can be 

introduced into aptamers that render them highly resistant to nuclease digestion 

(Beigelman et al., 1995). Finally, aptamers can be chemically synthesized in bulk. Taken 

together, these features may make aptamers an ideal choice for cancer diagnosis and 

therapy.   

 

In this regard, aptamers have already been selected to bind to prostate specific 

membrane antigen and the fluorescently labeled anti-PSMA aptamer, A10, has been 

shown to specifically bind PSMA-expressing prostate tumor cells (LNCaP cells; (Lupold 

et al., 2002)). Little or no labeling was observed with a non-PSMA-expressing prostate 

tumor cell line (PC3 cells; (Lupold et al., 2002)). More recently, the same anti-PMSA 

aptamer has been used to localize polylactate/PEG nanoparticles to the surface of PSMA-

expressing tumor cells (Farokhzad et al., 2004). Localization was associated with 

internalization of the nanoparticle, demonstrating a potentially novel therapeutic 

application for aptamer:nanoparticle conjugates.  

 

Quantum dots offer a number of significant advantages over traditional 

fluorophores. Compared to organic dyes, which generally have low photostabilities, 

narrow excitation spectra, and broad emission bands, quantum dots have relatively good 

photostabilities and tunable color with narrow emission spectra (Lim et al., 2003; 

Michalet et al., 2005). These properties potentially make quantum dots useful reagents 

for multispectral in vivo diagnostic imaging of cells, tissues, and living animals. We now 

demonstrate the use of anti-PSMA aptamer:quantum dot conjugates for the specific 

labeling of PSMA-expressing prostate tumor cells both in cell culture and in simulated 

tissue samples using the alternate anti-PSMA aptamer A9 (Lupold et al., 2002). In all 

cases, binding was found to be sensitive and specific for cell lines overexpressing the 

PSMA antigen.  

 

2.3. Methods and materials  

2.3.1 Cell culture  
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LNCAP cells (ATCC CRL-1740) and PC3 cells (ATCC CRL1435) were 

purchased from ATCC. LNCaP cells were incubated in RPMI 1640  media (Gibco) 

supplemented with 2 mM l-glutamine, 1.5 g/L glucose, 10 mM Hepes, 1.0 mM sodium 

pyruvate, and 10% FBS. PC3 cells were incubated in HAM’s F12K media (ATCC) 

supplemented with 2 mM l-glutamine, 1.5 g/L sodium bicarbonate, and 10% FBS. Cells 

were incubated at 37 
◦
C in 10 mL media until 90% confluence. Cells were trypsinized and 

subcultured at a split ratio of 1:6 to 1:10. LNCaP and PC3 cells were used between 

passage 4 and 40 for experiments with approximately 1 million cells adhered as a 

monolayer to a 0.5 mm depth coverwell (Fisher Scientific). 

 

2.3.2 Aptamer synthesis and preparation of QD525 conjugates  

The selection and characterization of anti-PSMA aptamers has previously been 

described (Lupold et al., 2002). All RNAs were synthesized by runoff transcription from 

double stranded DNA templates bearing a T7 promoter. All transcriptions contained 2F-

UTP and 2F-CTP. For conjugation to quantum dots, the anti-PSMA aptamers were 

oxidized at the 3’
’  

end using sodium periodate followed by reaction with biotin hydrazide 

(Qin & Pyle, 1999). Biotinylated anti-PSMA aptamer was complexed with Quantum dot 

525 streptavidin conjugates (Quantum Dot Corporation, CA), followed by blocking with 

excess free biotin. As a control, a RNA pool that contained 30 random sequence positions 

(N30; (Lato et al., 1995)) was also biotinylated and used to label quantum dots. 

 

 

2.3.3 Determination of the apparent dissociation constant for A9 aptamer  

Increasing concentrations of aptamer A9 were incubated with 3 × 10
5 
LNCAP 

cells for 30 min in PBS. The cells were pelleted and washed three times with PBS. The 

bound aptamer was recovered from labeled cells by adding 300 µl trizol to lyse the cells, 

followed by the addition of 300 ml of 25:24:1 phenol:chloroform:isoamyl alcohol, 

followed  with ethanol precipitation and resuspension in 30 µl of water. Collected 

aptamers were used as template in reverse-transcription PCR reactions. Two primer 

sequences were applied (TTCTAATACGACTCACTATAGGGAGGACGATGCGG, 
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TCGGGCGAGTCGTCTG), followed by heating at 70 
◦
C for 30 min and then cooling to 

room temperature prior to the addition of Taq DNA polymerase and reverse transcriptase. 

Reverse-transcription was performed at 50 
◦
C for 10 min followed by 12 PCR cycles at 

94 
◦
C for 15 s, 45 

◦
C for 15 s, and 72 

◦
C for 30 s.  An additional extension was performed 

at 72 
◦
C for 2 min after the PCR cycles.  PCR products were analyzed on a native 8% 

polyacrylamide gel. The gels were stained with SybrGold (Invitrogen) and the intensity 

of the bands corresponding to full length product was determined using a Molecular 

Imager FX Pro Plus MultiImager System and Quantity One 1-D Analysis Software (Bio-

Rad, Hercules, CA). 

 

2.3.4 Aptamer:QD525 conjugate cell labeling  

Cells were grown to 80% confluence in a T25 flask followed by trypsin treatment 

at 37 
◦
C for 5 min. Cells were then washed with media plus 10% FBS to neutralize the 

trypsin and then three times with PBS. 3 × 10
5 
cells were used for each test. Cells were 

then fixed with 4% formaldehyde plus 0.01% sodium azide in PBS followed by a wash in 

PBS three times for 5 min each. To block the cell surface, about 80 µg/ml BSA in PBS 

was added. Three microliters of biotinylated anti-PSMA aptamer:QD525:streptavidin 

complex was added to a 5 nM final concentration and then incubated on ice for 60 min. 

Unbound aptamer was removed by washing three times with PBS. DAPI nucleic staining 

was performed by adding DAPI to 1 µg/ml final concentration at room temperature for 

10 min followed by washing three times with PBS. Cells were then mounted with 30% 

glycerol in PBS.  Images were taken using a Zeiss (Germany) Axioplan2 microscope 

with filters for FITC (excitation BP450-490, emission BP515-565) and DAPI (excitation 

D360/40, emission D460/50).  

 

2.3.5 CdTe nanocrystal synthesis  

CdTe nanocrystals were made using standard airless procedures on a Schlenk line 

under nitrogen. In a three-neck flask on a Schlenk line, 0.11 g CdO (0.88 mmol, 99.5%, 1 

µm powder, Aldrich) and 0.43 g tetradecylphosphonic acid (TDPA) (1.5 mmol, 97%, 

Alfa Aesar) were added to 7 g triocytlphosphine oxide (TOPO) (180 mmol, 99%, Aldrich) 
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and purged with nitrogen for 2 h at 65 
◦
C. In a separate flask, 0.13 g tellurium powder (1 

mmol, 99.8%, Aldrich) was dissolved in 5 mL of triocytlphosphine (TOP, 20 mmol, 

technical grade 90%, Fluka) at 120 
◦
C under nitrogen. The CdO:TDPA:TOPO mixture 

was then heated to 340 
◦
C to ensure Cd–TDPA complexation. The Cd–TDPA complex 

forms at temperatures as low as 290 
◦
C, however, the most crystalline, luminescent, and 

size-monodisperse nanocrystals form when the CdO:TDPA:TOPO mixture is first heated 

to 340 
◦
C and then cooled to the desired Te precursor injection temperature. The CdO 

precursor mixture was cooled to 300 
◦
C and the tellurium precursor solution was rapidly 

injected under rapid stirring. Immediately following injection of the tellurium precursor, 

the reaction flask was removed from the heating mantle and allowed to cool. At 65 
◦
C, 5 

mL of chloroform was injected into the reaction flask to help prevent further nanocrystal 

growth. 

 

2.3.6 CdTe nanocrystal ligand exchange, PEGylation and aptamer conjugation  

The hydrophobic capping ligands, TDPA, TOP, and TOPO, were exchanged with 

mercaptopropionic acid (MPA) under nitrogen in the reaction flask immediately after 

cooling the crude nanocrystal preparation to room temperature without purification. After 

adding the 5 mL of chloroform to quench the reaction, 10–20 mL of 0.5 M MPA (Fluka) 

in methanol with a 20 mol% excess of KOH, relative to the MPA mole concentration, 

was added to achieve a final concentration of approximately 1:40 mole excess of MPA to 

cadmium molecules (Wuister et al., 2003). The mixture was stirred overnight under 

nitrogen at 60
◦
C. The nanocrystals were then isolated as a precipitate by centrifugation at 

7500 rpm for 10 min at 15 
◦
C. The nanocrystals were further purified by redispersion in 5 

mL deionized water, followed by the addition of 20 mL isopropyl alcohol as an anti-

solvent to form a turbid solution. The dispersion was stored for 4 h at 4 
◦
C, and then 

centrifuged at 7500 rpm for 10 min at 15 
◦
C to isolate the nanocrystals. Precipitated 

nanocrystals readily dispersed in water, indicating successful ligand exchange. For 

storage, the MPA-capped nanocrystals were redispersed in deionized water and aliquoted 

into 1 mL vials and lyophilized. The nanocrystals were stored under nitrogen until needed.  
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MPA-capped CdTe nanocrystals were PEGylated using a single-step partial 

ligand exchange with equimolar concentrations of thiolated-polyethylene glycol (HS-

PEG, MW 2000) and biotinylated–thiolated polyethylene glycol (HS-PEG-biotin, MW 

3400) (Nektar therapeutics). Lyophilized MPA-capped CdTe nanocrystals were 

resuspended in 1× PBS (phosphate buffered saline, Aldrich) using the following 

nanocrystal concentrations on a Cd atomic basis: 30 nM CdTe nanocrystals for 

monolayer cell labeling and 300 nM CdTe nanocrystals for tissue phantom labeling. SH-

PEG-biotin and SH-PEG in 1× PBS were added to the nanocrystal dispersions to a final 

concentration of 10 µM for monolayer cell labeling and 100 µM for tissue phantom 

labeling. The PEG/nanocrystal solutions were rocked for 1 h at room temperature.  

 

Biotinylated PEGylated-CdTe nanoparticles were conjugated to anti-PSMA 

aptamers using streptavidin linking. LNCaP cells grown on an 8 chamber slide (VWR 

62407-335), 270 nM of Biotinylated PEGylated-CdTe nanopartical, 90nM of streptavidin 

(Promega), and 90nM of biotinylated aptamer were incubated at room temperature for 30 

min.  Cells were washed with 100 ul of PBS and incubated with 

aptamer/streptavidin/CdTe dot mix at a final aptamer concentration of 45 nM * 150 ul in 

0.5% BSA/PBS for 60 minutes at room temperature.  Cells were washed 3 times with 

PBS and imaged on a microscope using a TRITC filter (534/590). 

 

2.3.7 Gel shift assay  

A gel shift assay was done with 1 pmole of aptamer and 10 pmole of streptavadin 

(Promega).  The aptamer and target were incubated together and then run on a native 8% 

acrylamide gel.  The gel was stained with SyberGold (Invitrogen) and then imaged.   

 

 

2.4 Results and discussion: 

Cell binding studies utilized the anti-PSMA aptamer A9, a modified 70-mer RNA 

aptamer that contained 2’-fluoropyrimidine residues to stabilize it against serum 

nucleases. Previous studies used a different anti-PSMA aptamer (A10) with 
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approximately 10-fold lower binding affinity to PSMA (Lupold et al., 2002). While A9 

was known to bind tightly to PSMA, it was not known whether it could bind to cell 

surfaces expressing PSMA. As a prelude to labeling experiments, we used conventional 

molecular biology assays to confirm binding. LNCaP and PC3 prostate tumor cell lines 

were incubated with the aptamer, washed, and the aptamer was recovered by cell lysis 

with trizol. Bound aptamers were then amplified via reverse-transcription and PCR. As 

shown in Figure 2.2, small amounts of aptamer were recovered from PC3 cells, but much 

more was recovered from LNCaP cells, as expected given that PSMA over expression 

occurs in this cell line.  

 

Having demonstrated specific binding to the cell surface, we then quantified the 

A9 binding affinity by varying the aptamer concentration from 0.1 nM to 2 µM, while 

keeping the number of LNCap cells constant at 3 × 10
5 
per 50 µl. As shown in Figure 2.3, 

the amount of RNA recovered increases linearly with concentrations between 1 and 32 

nM, suggesting the Kd for whole cells is ∼5-fold lower than the Ki measured for the free 

protein (2.1 nM; (Lupold et al., 2002)). At 100 nM, the binding curve levels off 

suggesting saturation of cell surface binding sites. Assuming 100% binding efficiency of 

the aptamer to the target, this corresponds to ∼10
6 
sites on the surface of each cell.  Given 

that A9 has a strong binding affinity to PSMA on the surface of LNCaP cells, we 

explored cell surface labeling with aptamer:quantum dot conjugates. Aptamer A9 was 

synthesized by in vitro transcription and was biotinylated at its 3’-end by periodate 

oxidation and conjugation to biotin hydrazide (Qin & Pyle, 1999). The biotinylated 

aptamers were in turn immobilized on streptavidin-coated CdSe and CdTe nanocrystals 

and tested for labeling of both fixed and live cells.  
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Figure 2.2 RT-PCR of cell lysate from binding assay:  

From left to right: Lane 1, 10 bp marker; Lane 2, pure PSMA aptamer; Lane 3, lysate of 

PC3 cells not incubated with PSMA aptamer; Lane 4, lysate of LNCAP cells not 

incubated with PSMA aptamer; Lane 5, lysate of PC3 cells incubated with PSMA 

aptamer; Lane 6, lysate of LNCAP cells incubated with PSMA aptamer; Lane 7, buffer 

only.  
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Initial binding studies were conducted using commercially available CdSe 

nanocrystals to make aptamer:QD525 (Quantum Dot corporation) conjugates, which 

were then exposed to fixed cells. Biotinylated aptamers were incubated with streptavidin-

coated quantum dots in a 1:1 ratio. After conjugation, the remaining biotin binding sites 

on the streptavidin-coated quantum dots were blocked with an excess of free biotin 

(figure 2.4). LNCaP and PC3 adherent cells (3 × 10
5 
cells) were prepared for labeling by 

growing them to 80% confluence and then suspending them following treatment with 

trypsin at 37 
◦
C for 5 min. The cell suspensions were centrifuged and the cells were 

washed with media plus 10% FBS (to neutralize trypsin) and three times with PBS. Cells 

were then fixed with 4% formaldehyde plus 0.01% sodium azide in PBS, washed with 

PBS 3 additional times, and then resuspended in 50 µl PBS. To reduce non-specific 

nanocrystal binding, the cells were first blocked with BSA (80 µg/ml) in PBS. The 

biotinylated anti-PSMA aptamer:QD525 complex (3 µl; 5 nM final concentration) was 

added to the cells and the labeling reaction was incubated on ice for 60 min. Unbound 

aptamer was removed by 3 washes with PBS. In some cases, cell nuclei were also stained 

with DAPI (1 µg/ml final concentration). For microscopic analysis, cells were mounted 

on a slide with 30% glycerol in PBS.  

 

For each labeling experiment, two sets of tissue culture cells were used: one was 

labeled with DAPI prior to further treatment, and one was not. Cells with blue nuclear 

DAPI staining could then be mixed with cells without DAPI staining to serve as a visual 

reference for direct comparison of labeling efficiency (figure 2.5). In the first experiment,  
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Figure 2.3 PSMA aptamer binding curve: 

LNCAP cells were incubated with increasing concentrations of aptamer A9. After 

washing, the cells were treated with trizol. Recovered aptamers were reverse transcribed, 

amplified by 12 cycles of PCR and analyzed by gel electrophoresis. Relative binding was 

determined by comparing the fluorescent intensity of the PCR products on the gel. 
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Figure 2.4 Quantum dot conjugation and PSMA binding scheme.  
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we compared the binding of non-conjugated quantum dots with anti-PSMA aptamer:QD 

conjugates. LNCaP cells with nuclear DAPI staining were exposed to non-conjugated 

nanocrystals and LNCaP cells without DAPI staining were exposed to the aptamer:QD 

conjugates in separate tubes. After washing to remove any unbound label, the cells were 

mixed for visualization and comparison. As shown in figure 2.5, the DAPI-stained 

LNCaP cells treated with the nonspecific nanocrystals showed almost no signal 

corresponding to the quantum dot (blue nuclei, with no green halo), while LNCaP cells 

treated with the anti-PSMA aptamer:QD conjugate showed specific labeling (no blue 

nuclei, but diffuse green staining).  

 

In the second experiment, we further evaluated binding specificity by comparing 

the binding of quantum dots bearing nonspecific RNA molecules with the anti-PSMA 

aptamer:QD conjugates (Fig. 2.5). Non-specific RNA QD conjugates were generated 

using a random sequence RNA pool as opposed to a specific aptamer. DAPI-stained 

LNCaP cells were incubated with the pool:QD conjugate and mixed with cells labeled 

with the anti-PSMA aptamer:QD conjugate for direct comparison. As shown in Figure 

2.5, the DAPI-stained LNCaP cells exposed to pool:QD conjugates exhibit no observable 

labeling. The observed binding of the aptamer:QD conjugates appears to relate to the 

specific biomolecular recognition between the aptamer binding sequence A9 and PSMA, 

with little non-specific interaction between PSMA and the random nucleic acid sequences 

of the pool.  

 

Finally, to confirm that A9 aptamer:QD conjugate labeling was directed towards 

PSMA, PC3 cells, which do not overexpress PSMA, were exposed to the aptamer:QD 

conjugates to determine if labeling would occur. PC3 cells were treated with DAPI and 

then exposed to anti-PSMA aptamer:QD conjugates. LNCaP cells (without DAPI 

staining) were treated only with the conjugates (Fig. 2.5). While some labeling was 

observed with PC3 cells (light green halo around blue), it was much less than the 

fluorescent labeling observed for the LNCaP cells, as expected.  
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All of the previous experiments were carried out with trypsinized cells to ensure 

uniform labeling in solution and thus avoid surface artifacts. However, when adherent, 

non-trypsinized LNCaP cells were labeled with anti-PSMA aptamer:QD conjugates 

excellent labeling was also observed (Fig. 2.5) and normal adherent cell shape could 

easily be made out. 
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Figure 2.5 Labeling of cell lines with aptamer:QD525 conjugates: 

(A) LNCAP cells labeled with PSMA-aptamer biotin quantum dot conjugates then mixed 

with LNCAP cells labeled with quantum dots only and DAPI nuclear staining. (B) 

LNCAP cells (PSMA positive cells) labeled with PSMA-aptamer biotin quantum dot 

conjugates mixed with LNCAP cells labeled with random sequence aptamer and DAPI 

nuclear staining. (C) LNCAP cells (PSMA positive cells) labeled with PSMA–aptamer 

biotin quantum dot conjugates mixed with PC3 cells labeled with PSMA–aptamer biotin 

quantum dot conjugates and DAPI nuclear staining. (D) LNCAP cells in cell culture 

conditions without suspension labeled with PSMA–aptamer biotin quantum dot 

conjugates.  
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While CdSe nanocrystals are commercially available and serve as a good starting 

point for studying nanocrystal–aptamer conjugates, these nanocrystals emit too far in the 

blue for in vivo diagnostic applications. Tissue scatter constrains both the excitation and 

emission wavelengths of optical probes to the far-red and near-infrared regions of the 

visible spectrum, making the narrower band gap exhibited by CdTe nanocrystals better 

suited for in vivo imaging than CdSe (Lim et al., 2003). Therefore, we conducted 

additional labeling experiments with relatively bright (QY = 21%) 4 nm diameter CdTe 

nanocrystals emitting at 650 nm (with λexc = 550 or 543 nm).  

 

Recent synthetic advances have led to water dispersible CdTe nanocrystals that 

can emit with efficiencies nearly as high as those of CdSe nanocrystals. CdTe 

nanocrystals were synthesized by injecting TOP:Te into a hot (320 
◦
C) 

TOPO/TDPA/CdO solution (Peng & Peng, 2001). The hydrophobic ligands were 

exchanged with mercaptopropionic acid (MPA) to increase aqueous dispersibility and 

then PEGylated with a combination of thiolated polyethylene glycol (HS-PEG, MW 2000) 

and thiolated biotinylated PEG (HS-PEG-biotin). The HS-PEG reduced non-specific 

binding and HS-PEG-biotin provided docking sites for aptamer bioconjugation. 

Biotinylated-CdTe nanocrystals were first conjugated to streptavidin, which was in turn 

coated with the biotinylated anti-PSMA aptamer. Streptavidin was initially added in large 

excess to the nanocrystals in order to minimize cross-linking between particles prior to 

adding the biotinylated aptamer. Finally, excess biotin was added to block any remaining 

streptavidin binding sites on the nanocrystals.  

 

Labeling experiments with aptamer:CdTe conjugates were carried out with live 

LNCaP and PC3 cells. Aptamer:QD525 conjugates were used as a positive control. 

PSMA-positive (LNCaP) and PSMA-negative (PC3) control cell lines were seeded onto 

poly-l-lysine coated glass cover slides in 0.5 mm depth wells and grown for 1 day to a 

monolayer consisting of approximately 1 × 10
6 
cells per well. Cells were blocked with 

0.05% BSA in PBS for 1 hour at room temperature and then rinsed with PBS once before 

incubation with the nanocrystals. After exposure to nanocrystals, the cells were washed 

3× with PBS and made ready for imaging on a deconvolution microscope.  
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As was also observed with the aptamer:QD525 conjugates, the aptamer:CdTe 

conjugates exhibited good labeling of live LNCaP cells. The cells exposed to PEGylated 

CdTe quantum dots and QD525 without aptamer conjugation exhibited almost no 

fluorescence (Fig. 5B and D). The negative control cell line, PC3, showed no appreciable 

binding to either quantum dot:aptamer conjugates or to quantum dots themselves (Fig. 5E 

and F). Similar to the PC3 studies, random sequence aptamer control studies were also 

negative, indicating selectivity of the anti-PSMA aptamer for its target (data not shown).  

 

One long-term goal of these in vitro labeling experiments is to determine the 

potential for success of biomarker labeling by aptamer:nanocrystal conjugates in animal 

models. Towards this end, the CdTe:aptamer bioconjugates were tested for their ability to 

label “tissue phantoms” of LNCaP cells. Tissue phantoms are three-dimensional 

organotypic (RAFT) cultures of cells dispersed in a collagen gel matrix. The growth, 

differentiation, and morphology of cells cultured in monolayers can differ fundamentally 

from those cultured in three-dimensional environments (Miller et al., 1989). Cells plated 

on culture dishes are not supported by their normal extracellular matrix (ECM) and 

instead interact with the two-dimensional surface of the substrate, which causes them to 

flatten out (Song et al., 2000), concomitantly altering cell morphology and function 

(Folkman & Moscona, 1978; Gospodarowicz et al., 1978; Hoffman, 1991). In living 

tissue, cells also interact with each other, maintaining biochemical and mechanical 

functionality and homeostasis (Ingber et al., 1994; Schaper & Ito, 1996). Tissue 

phantoms have been shown to mimic in vivo tissues in function and growth (Yang et al., 

1979; Gruber & Hanley, 2000). Tissue phantoms of both LNCaP and PC3 cell lines were 

studied to determine: (1) the efficacy of aptamer:CdTe nanocrystal cell labeling and (2) 

the extent of non-specific binding in the tissue-like network of cells (Chu et al., 2006c).  

 

Figure 2.6 shows fluorescence and bright-field optical microscopy images of 

tissue phantoms of LNCaP and PC3 cells exposed to aptamer:CdTe nanocrystal 

conjugates. The pictures shown in Fig. 6 are composite overlays of several images taken 

on a Leica SP2, AOBS confocal microscope at different focal depths in the sample. The 
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fluorescence images were acquired using a TRITC optical filter with an excitation 

wavelength of 543 nm and a long bandpass emission filter of 590 nm. 
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LNCaP Cell culture labeling using Aptamer-Cd-Te dot

DAPI Aptamer-QDot

 

Figure 2.6 Aptamer:quantum dot labeling of live LNCaP cells: 

CdTe–PSMA aptamer; CdTe nanoparticles–PSMA aptamer. Deconvolution microscopy 

was performed using a Zeiss KS-400 with a TRITC optical filter with an excitation 

wavelength of 543 nm and a long bandpass emission filter of 590 nm.  
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2.5 Conclusions:  

The A9 aptamer:quantum dot conjugates exhibited specific in vitro labeling of the 

cell surface marker, prostate specific membrane antigen (PSMA), for fixed and live cells 

and live cells embedded in a collagen matrix (a tissue phantom). The specific binding 

abilities and synthetic accessibility of aptamers combined with the photostability and 

small size of semiconductor nanocrystals offers a powerful and general tool for cellular 

imaging. This approach has particular promise in animal model systems to dynamically 

visualize and understand tumorigenesis at the cellular and molecular level and to screen 

and study targeted therapeutics. These studies also indicate that aptamer:nanocrystal 

conjugates may be suitable for in vivo labeling applications in patients. However, many 

additional hurdles must be overcome in order to reach this goal, including understanding 

toxicity and conjugate biodistribution, as well as potential limitations of in vivo imaging 

techniques themselves in terms of light penetration and optical detectability. If the 

toxicity of CdTe poses a problem for in vivo imaging, alternative nanocrystal chemistry, 

such as biocompatible passivation chemistry or an alternative material such as silicon 

perhaps, would be needed.  
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Chapter 3 Aptamer as delivery agent for siRNA and toxin for prostate 

cancer 
 

3.1 Abstract  

Nucleic acids that bind to cells and are subsequently internalized could prove to 

be novel delivery reagents. An anti-prostate specific membrane antigen aptamer that has 

previously been shown to bind to prostate tumor cells was coupled to siRNAs via a 

modular streptavidin bridge.  The resulting conjugates could be simply added onto cells 

without any further preparation, and were taken up within 30 minutes.  The siRNA-

mediated inhibition of gene expression was as efficient as observed with conventional 

lipid-based reagents, and was dependent upon conjugation to the aptamer. These results 

suggest new venues for the therapeutic delivery of siRNAs and for the development of 

reagents that can be used to probe cellular physiology.  Furthermore, we have used RNA 

aptamer:gelonin conjugates to target and specifically destroy cells overexpressing the 

known cancer biomarker prostate specific membrane antigen (PSMA).  Aptamer:toxin 

conjugates have an IC
50

 of 27nM and display an increased potency of at least 600-fold 

relative to cells that do not express PSMA.  The aptamer not only promotes uptake into 

target cells, but decreases the toxicity of gelonin in non-target cells.  These results 

validate the notion that ‘escort aptamers’ may be useful for the treatment of specific 

tumors expressing unique antigen targets.  
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3.2 Introduction  

The prostate-specific membrane antigen (PSMA) is a type 2 integral membrane 

glycoprotein expressed on the surface of prostate carcinoma and the neovascularture of 

most other solid tumors.  The antigen is abundantly expressed at all stages of the cancer 

(Rajasekaran et al., 2005) and is therefore an attractive target for cancer immunotherapy 

and imaging.    

 

3.2.1 Endocytic Function of PSMA 

 

Many ligands and receptors are internalized by receptor mediated endocytosis 

such as  clathrin coated pits. Antibody-antigen complexes on the cell surface often results 

in internalization through a pathway closely resembling the receptor mediated 

endocytosis of peptide hormones, growth factors, and natural ligands (Tsui et al., 2005).   

 

PSMA enable cells to capture the folate by removing the -linked glutamates, 

the free folate can the then betaken in to cells by folate binding protein or folate 

transporting system.  Therefore it is important for tumor neovasculature to express 

PSMA for lack lymphatics inside tumors, and the cell death in hypoxic region, where 

PSMA facilitating re-capture the poly- -glutamated folates being released from dead 

and dying cells. Furthermore, PSMA internalize and has some transport property for 

poly- -glutamated folates (Fair et al., 1997; Ghosh et al., 2005).  Filamin a (FLNa) 

plays a vital role in the stabilization of many receptors at the plasma membrane, 

cytoplasmic tail of PSMA interacts with FLNa.  The association of FLNa is crucial 

for PSMA localization to recycling endosomal compartment, disassociation of FLNa 

leads binding of cytoplasmic tail of PSMA binds to adaptor proteins thus endocytosis 

(Rajasekaran et al., 2005).  PSMA has upregulated in prostate cancer and its 

expression is suppressed by androgen.  Studies has shown PSMA undergoes 

internalization constitutively through clathrin coated pits an similar internalization 

pathway of Tfr and finally end up in the lysosome (Liu et al., 1998; Gala et al., 2000; 

Tsui et al., 2005). 
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3.2.2 Delivery of anticancer agents 

Anticancer drugs generally act on metabolically active or rapidly proliferating 

cells, and cannot distinguish between cancer and normal cells; thus, toxicities to normal 

cells limit the dose of drugs that can be given to patients. Therefore, much research has 

focused on development of more specific therapeutic strategies to reduce toxicity to 

normal cells. One of these strategies is monoclonal antibody-directed pretargeting 

technology. 

The discovery of RNA interference (RNAi) enabled switch off given gene even 

after transcription in fruit flies and nematodes (Bartel & Chen, 2004) made possible for a 

rapid discovery and validation of gene function.  Double-stranded RNA (dsRNA) 

functions as key intermediates in viruses which is not usually found in eukaryotics 

therefore responds when exposed to dsRNA such as interferons are a major antiviral 

defense responds in higher eukaryotics.  In contracts to mammalian cells, plants, 

nematodes and insects are unable to produce interferon responds and thus use RNA 

interference (RNAi) in animals and post-transcriptional gene silencing (PTGS) in plants 

(Cullen, 2002).   

Eukaryotics respond to dsRNA by induce a range of sequence-specific gene 

silencing responds.  dsRNA first processed into 21 to 26 nucleotide by RNase II enzyme 

Dicer known as small interfering RNA (siRNA)(Carmell & Hannon, 2004).    The siRNA 

then selectively incorporated into a large protein complex termed RNA induced silencing 

complex (RISC) and degraded (Matzke & Birchler, 2005).  RISC undergoes ATP-

dependent activation to unwind dsRNA and targets to homologous mRNA (Cullen, 2002).  

Artificial siRNA can also be incorporated into RISC and induce targeted mRNA 

degradation and RNAi induced by synthetic siRNAs has been used for a wild range of 

gene functional studies.  MicroRNAs (miRNA) are the other example of small RNA gene 

silencing targeting mRNA.  These processes are processing by Dicer foring RNA 

hairpins and miRNAs are then incorporated into RISC like complex and then targeted to 

mRNA.   

One of the key problems facing the development of siRNA and other small molecule 

therapeutics is delivery, both systemic and to specific cell or tissue types (Sioud, 2005; 

Xie et al., 2006).  A variety of small molecules, lipids, peptides, and proteins have 
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previously been examined as potential delivery vehicles and vectors for nucleic acids.  

For example, the non-specific uptake of cholesterol labeled siRNAs has been 

demonstrated to be effective for delivery to cells grown in culture as well to liver, heart, 

kidney, and lung tissue in mice (Soutschek et al., 2004).  Similarly, a portion of the HIV-

1 gp41 protein fused to a nuclear localization sequence (NLS) has been demonstrated to 

be an effective means for the general delivery of siRNAs in tissue culture (Simeoni et al., 

2003, 2005).     

 Peptides have also been utilized for the cell-specific delivery of siRNAs.  For 

example, Shchiffelers et al. utilized PEGylated  polyethyleneimine and an integrin-

binding RGD peptide to direct siRNA uptake to tumor neovalsulature (Schiffelers et al., 

2004).  More recently, the tissue-specific delivery of siRNAs has been achieved using 

fusions between protamine and antibodies.  In this system, siRNAs were bound by the 

basic protamine and then targeted to tumor cells via antibodies.  In one example,  by 

using a fusion to an anti-ERbB2-specific single chain antibody, siRNAs could be targeted 

to tumor cells expressing the epidermal growth factor receptor ERbB2 (Hu-Lieskovan et 

al., 2005).  

 Selected nucleic acid binding species (aptamers) are frequently viewed as non-

protein based alternatives to antibodies and are thus also potential targeting agents for the 

delivery of siRNA cargoes (Song et al., 2005).  In addition to possessing high affinity and 

specificity for their targets, aptamers can be synthesized chemically and thus are 

attractive reagents for use in therapeutic and other applications where quality control is 

critical.  Aptamers targeting surface antigens as well as whole cells have previously been 

selected (Hicke & Stephens, 2000; Blank et al., 2001; Daniels et al., 2003; Cerchia et al., 

2005).  

Previous efforts to selectively destroy cancer cells have generally focused on the 

use of antibodies to deliver toxic payloads (Wu & Senter, 2005).  In particular, the 

ribosomal toxin gelonin, a small N-glycosidase protein with a molecular weight of 28 

KDa causes cell death by cleaving a specific glycosidic bond in ribosomal RNA and 

thereby disrupting protein synthesis.  However unlike other ribosomal toxins such as ricin 

and abrin, gelonin lacks a translocation domain, and thus does not efficiently get into 
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cells at significant concentrations (IC
50

 = 5 µM) (Better et al., 1994; Rosenblum et al., 

1999; Rosenblum et al., 2003).    

 Gelonin is also useful because it can be expressed as a recombinant protein (rGel) 

in bacteria (Better et al., 1994; Veenendaal et al., 2002).  Like gelonin, rGel is not 

efficiently internalized into cells and has very little nascent toxicity.  rGel can be 

chemically conjugated or genetically fused to targeting and delivery moieties at either its 

N- or C-terminal ends, or via introduced cysteine residues (Famulok, 1999; Veenendaal 

et al., 2002; Nimjee et al., 2005b).  For example, cytokine vascular endothelial growth 

factor (VEGF) has been coupled to gelonin and the conjugate has been shown to 

specifically kill cancer cells overexpressing the VEGF receptor FLT-1 (Cerchia et al., 

2005).    

 Aptamers have previously been selected to bind a variety of targets ranging from 

small molecules (Morris et al., 1998) to proteins (Jayasena, 1999) and whole cells 

(Lupold et al., 2002; Farokhzad et al., 2004). The nucleic acid binding species offer a 

number of significant advantages over antibodies, including greater stability, ease of 

synthesis and lower production costs, making them attractive alternatives for use in both 

diagnostic and therapeutic applications (Jayasena, 1999; Chu et al., 2006c).  More 

importantly, it has recently been reported that nucleic acids selected to bind to a cell 

surface marker, prostate specific membrane antigen, can themselves be internalized.  

These anti-PSMA aptamers have been shown capable of carrying a nanoparticle into cells 

expressing this antigen (Morris et al., 1998).   

Building on these findings, we wished to determine if anti-PSMA aptamers could 

also deliver functional siRNA molecules to a cell.  To do this we have generated an 

aptamer:streptavidin:siRNA conjugate.  Delivery using these aptamer conjugates was 

found to be efficient and specific for cells expressing the PSMA antigen.  In addition,  we 

have utilized a RNA aptamer that specifically binds PSMA to escort gelonin into prostate 

tumor cells that express PSMA on their surfaces.    The toxin conjugate specifically 

destroys PSMA positive prostate cancer cells with an IC
50

 of 27nM  and displays an 

increase in toxicity of at least 600-fold when compared to cells that do not express PSMA.  

 

3.3 Methods and Materials  
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3.3.1 Aptamer synthesis  

The selection and characterization of anti-PSMA aptamers has previously been 

described (Yan et al., 2005).  All RNAs were synthesized by runoff transcription from 

double-stranded DNA templates bearing a T7 RNA polymerase promoter. The sequence 

of the RNA aptamer (A9) used was: 5’ 

GGGAGGACGAUGCGGACCGAAAAAGACCUGACUUCUAUACUAAGUCUACG

UUCCCAGACGACUCGCCCGA.  All transcription reactions were carried out using the 

Y639F mutant T7 RNA polymerase.  Typcial reactions (20uL) were carried out for 8 hrs 

at 37° C and contained 1X transcription buffer (10 mM Tris pH 8.4, 50mM KCl, 16 mM 

MgCl
2
, 0.5% acetamide, and 0.05% NP40), 1 mM ATP and GTP, 2 mM of 2' F dCTP 

and 2' F dUTP (TriLink Biotech, CA) and 2 ug dsDNA template.  Following transcription, 

samples were treated with DNase for 10minutes at 37° C and the RNA was purified on a 

denaturing (7M urea) 8% polyacrylamide gel.  Gel slices containing the RNA product of 

the appropriate size were eluted overnight in H
2
O, and the RNA was recovered by 

ethanol precipitation.  

3.3.2 Toxin conjugation  

To a 1.6 ml solution of PBS containing (129 µM) anti-PSMA aptamer a five-fold 

molar excess of the cross-linker SPDP (N-succinimidyl-3-(2-pyridylodithio)propionate; 

Pierce, Rockford, IL) was added and allowed to react for 30 minutes at room temperature.  

Excess, unreacted SPDP was removed by gel filtration using Sephadex G-25 (Amersham 

Biosciences, Uppsala, Sweden) gel chromatography. Recombinant gelonin (five-fold 

molar excess versus aptamer) was reduced by adding 2 mM dithiothreitol (DTT; Sigma, 

St. Louis, MO) and stirring for 30 minutes at room temperature.  Excess, unreacted DTT 

was removed by Sephadex G-25 gel chromatography.  Aptamer-SPDP was slowly added 

to the rGelonin-DTT, with stirring, and the conjugation was allowed to proceed overnight 

(20 hours) at 4
o 
C, under N

2
 gas.  Iodoacetamide (Sigma) was then added to a 

concentration of 2 mM in order to block any remaining, unconjugated aptamer.  The 

concentration of NaCl was reduced to < 10 mM by dilution, and the conjugate applied to 

a Blue Sepharose (Amersham) column.  Unconjugated aptamer was eluted by washing 

with  PBS (10 mM sodium phosphate, 150 mM NaCl, pH 7.2), and the conjugate was 
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eluted with 10 mM sodium phosphate, 1000 mM NaCl.  Unconjugated rGelonin was 

removed by passage through a Superose S-75 FPLC column (Amersham).  Purified 

conjugate was concentrated using an Amicon Ultra filter (Millipore, Billerica, MA).   

 3.3.3 Cytotoxicity assays  

LNCaP (psma positive) or PC3 (psma negative) cells were grown to 70% 

confluency in 96 well culture plates.  Cells were then incubated in 100 µl culture media 

that contained from 8 to 0 µM (8, 2, 0.5, 0.125, 0.032, 0.008, 0.002, 0.0005, 0.00013, or 0 

µM) free gelonin or aptamer:gelonin conjugate for 72 hours.  The viability of cells was 

then examined using a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
 

bromide (MTT) assay (CellTiter 96 Nonradioactive Cell Proliferation Assay, Promega, 

Madison WI). The color change was measured at 490 nm after 1 hour of incubation.  

Each data point represents the mean
 
OD

540
 ± standard error.  

 3.3.4 Western blot analysis  

LNCAP  and PC3 cells were grown to 80% confluence, after which the media 

was replaced with PBS and the cells incubated with, free aptamer, aptamer/rGel 

conjugate or free rGel at 5 nM.  Cells were then harvested and lysed by the addition of 

0.5 mLs of CHAPS buffer (0.5% CHAPS, 10 mM Tris-HCl pH 7.5, 1 mM MgCl
2
, 1 mM 

EGTA, 10% glycerol, 5 mM beta-mercaptoethanol, and 0.1 mM AEBSF).  The lysate 

(20uL) was run on a polyacrylamide 4-20% gradient gel, transferred to a nitrocellulose 

membrane, and the membrane was probed with an anti-gelonin antibody (rabbit origin, 

Rosenblum Lab) or an anti-PSMA antibody (Zymed Laboratories Inc., San Francisco, 

CA).  An anti-beta-actin antibody (clone AC-15, Sigma-Aldrich, St. Louis MO) served as 

an internal control.  Staining was carried out with secondary IgG-AP conjugates.   

 3.3.5 Immunostaining of cells   

LNCaP cells were grown to 80% confluence in chambered slides, and then 

incubated with 1 nM aptamer:gelonin conjugate in media for 1 hr at room temperature. 

The cells were fixed with 4% formaldehyde for 10 minutes followed by washing three 

times with PBS.  The RNA portion of the aptamer conjugate was detected using a 

quantum dot-labeled antisense oligonucleotide (B-CGCATCGTCCTCCC, where B is a 

5’ biotin; IDT, Coralville, IA).   Streptavidin-coated quantum dots (Qdot 605; Qdot 

corporation, Hayward, CA) were pre-incubated with the biotinylated oligonucleotide for 

 46



30 minutes at a molar ratio of 1:1 prior to cell labeling.  Fluorescent labeling of the 

gelonin portion of the conjugate was achieved using the rabbit anti-rGel antibody and 

anti-rabbit PE-labeled IgG.    

 3.3.6 Confocal microscopy  

Single images and image z-stacks were collected using a Leica TCS SP2 AOBS 

confocal system (Leica Integrated Systems Division, Malvern, PA) with a 63X oil lens 

(HCX PL APO 1.4-.60 NA Blau CS).  The image shown in Figure 3 represents a single 

section taken at a depth of 7 µm, roughly halfway through the cell.   The Z-stack was 

reconstructed using the Leica Confocal Software Lite package.  Sequential images were 

acquired from 7 to 14 µm in 20 sections (0.37 µm each).  DAPI-staining was imaged by 

excitation at 351nm (AR/UV) and emission was monitored at 440-480 nm.  FITC-

labeling was imaged by excitation at 488 nm (Ar/HeNe) and emission was monitored 

from 505 nm to 530 nm.  The Qdot 605 was excited at 543 nm and the emission was 

monitored from 590 nm to 620 nm.   

3.3.7 Aptamer biotinylation  

Purified aptamer (150 nM) was oxidized in 100 mM NaOAc, pH 5.0, and 100 

mM NaIO
4
 for 90 minutes at room temperature in the dark.  The reaction was stopped by 

the addition of an equal volume of 50% glycerol (1 mL) and the RNA was precipitated 

with ethanol.  The oxidized RNA was then reacted with 200 pmoles of freshly prepared 

biotin-hydrazide (Pierce, Rockford, IL) in 500uL of 100 mM NaOAc, pH 5.0.  The 

reaction was allowed to proceed for 3 hours at room temperature and the free biotin 

hydrazide was removed using a NAP 5 column (Amersham Biosciences, Pittsburg, PA).  

The modified RNA was gel-purified, and the extent of biotinylation was confirmed by 

gel-shift analysis on a denaturing (7M urea, 8% polyacrylamide) gel (Padilla & Sousa, 

1999).  Typical yields of biotinylated RNA were ~50-60%.  

3.3.8 siRNA synthesis  

The sequence of the anti-Lamin A/C siRNA used was 5’ 

GGAACUGGACUUCCAGAAGAACAUCUA (sense) and 5’ 

UAGAUGUUCUUCUGGAAGUCCAGUUCC (antisense).   

The non-biotinylated sense strands were purchased from IDT (Corriville, IA).  The 5’-

biotinylated antisense 27-mer RNA (B-RNA) and 5’-biotinylated antisense 27-mer RNA 
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with a disulfide linker (BSS-RNA) were synthesized on an Expedite 8909 DNA 

synthesizer (Applied Biosystems, Foster City, CA) using TOM phosphoramidites.  All 

synthesis reagents were purchased from Glen Research (Sterling, VA).  The 5’ biotin was 

added to the RNA using a 5’ biotin phosphoramidite.  The 5’ biotin with a disulfide 

linker was synthesized via the addition of a C6 S-S thiol modification during synthesis 

followed by the addition of the 5’ biotin phosphoramidite.  RNA oligonucleotides were 

deprotected for 24 hours in 3:1 NH
4
OH:ethanol at room temperature.  Following 

lyophilization, the RNA was deprotected in NMP/TEA/THF for 1.5 hours at 65
o
 C and 

recovered by butanol precipitation.  The bioinylated RNA was purified by reverse phase 

HPLC on an Xterra C18 MS 2 µm column at 60° C in 100 mM TEAA, pH 7, with a 

gradient of 5-35% acetonitrile over 30 minutes.  After lyophilization the biotinylated 

RNA was further purified on a denaturing (7M urea, 10% polyacrylamide) gel.  RNA was 

eluted from the gel in water and recovered by ethanol precipitation.  

 

3.3.9 Aptamer and siRNA conjugation to streptavidin  

Sense and antisense strands of siRNA (40 µM) were annealed in 100 mM KOAc, 

30 mM HEPES-KOH, pH 7.4, and 2 mM MgOAc.  Samples were heated to 94
o 
C for 30 

seconds and then cooled stepwise in 30 second increments to 72, 52 32, 22, 12, and 4° C.  

Aptamer:siRNA complexes were assembled by mixing 200 pmole double-stranded 

siRNA and 200 pmole biotin-aptamer conjugate with 100 pmole of streptavidin (Promega, 

Madison, WI).  The complex was allowed to equilibrate for a minimum of 10 minutes 

and was then stored on ice until used.  Aptamer:streptavidin:siRNA conjugates were 

added directly to media at final concentration of 22.5 nM.  

  

3.3.10 Transfections  

LNCAP cells (ATCC CRL-1740) and PC3 cells (ATCC CRL-1435) were 

purchased from ATCC.  LNCaP cells were incubated in RPMI 1640 (Gibco) media 

supplemented with 2 mM L-glutamine, 1.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium 

pyruvate, and 10% FBS.  PC3 cells were incubated in HAM's F12K media (ATCC) 

media supplemented with 2mM L-glutamine, 1.5g/L sodium bicarbonate, and 10% FBS.  
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For transfections and conjugate delivery, cells were grown to 70% confluence in 12 well 

plates.   For aptamer mediated siRNA delivery, aptamer:streptavidin:siRNA conjugates 

were added directly to the media (500 uL) at a final concentration of 45 nM siRNA or 

22.5 nM conjugate (average of 2 siRNAs / conjugate).  Cells were harvested 72 hrs after 

the addition of the conjugate and monitored for gene expression inhibition by real-time 

PCR.   Alternatively, Oligofectamine (2 µl; Invitrogen, Carlsbad, CA) was mixed with 

100 µl of media and added to 100ul of media containing 22.5 pmole 

aptamer:streptavidin:siRNA conjugate.  After incubating for 10 minutes at room 

temperature, the mixture was diluted to 1 mL with media (without FBS) and 300 µl was 

added to cells.  Transfections were incubated for 4 hours at 37
o 
C  after which the media 

was removed and replaced with 400 µl of fresh media containing 10% FBS. Cells were 

harvested 72 hrs after the addition of the conjugate and monitored for gene expression 

inhibition by real-time PCR.  

 

3.3.11 Real-time PCR  

Total cellular mRNA from each well was extracted with Trizol (400 µl; 

Invitrogen, Carlsbad, CA).  After incubation for 5 minutes, the samples were diluted with 

300 µl water and extracted with phenol/chloroform/isoamylalcohol (700 µl).  The RNA 

was recovered from the aqueous phase by ethanol precipitation.  The pelleted RNA was 

resuspended in 20 µl of water.    

  

Lamin A/C expression was analyzed by real-time PCR.  The mRNA for GAPDH 

served as an endogenous control.  The primers and probes used were as follows:  Lamin 

A/C forward primer, 5’ ATGATCGCTTGGCGGTCTAC; lamin A/C reverse primer, 5’ 

GCCCTGCGTTCTCCGTTT; lamin A/C probe 5’ FAM-

TCGACCGTGTGCGCTCGCTG-TAMRA; GAPDH forward primer, 5’ 

GAAGGTGAAGGTCGGAGT, GAPDH reverse primer, 5’ 

GAAGATGGTGATGGGATTTC, GAPDH probe, 5’ Joe-

CAAGCTTCCCGTTCTCAGCC-BHQ.    
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Extracted RNA (~200 ng) was reverse-transcribed in a 10 uL reaction containing 

1µl 10X First Strand Synthesis Buffer (Ambion, Austin, TX), 0.2 mM dNTPs, 0.4 µl 

RNasin Plus (Promega, Madison WI), 0.4 µl MMLV RT (Ambion, Austin, TX), and 1 

uM reverse primers.  Reactions were carried out at 42° C for 30 minutes followed by 10 

minutes at 94° C.  Real-time PCR reactions (25 µl) contained 10 mM Tris pH 8.3, 50 mM 

KCl, 1.5 mM MgCl
2
, 0.25 U Taq (NEB, Cambridge, MA), 450 nM forward and reverse 

primers, and 125 nM probe, and 1 uL of the reverse transcription reaction.  

  

All reactions were conducted on either an ABI 7900 or ABI 7300 real-time PCR 

machine (Applied Biosystems, Foster City, CA) using the following cycling parameters, 

95° C for 2 minutes, followed by 45 cycles of 95° C for 15 seconds, 60° C for 1 minute.  

The amounts of lamin A/C mRNA in treated and control cells were determined in 

comparison with the endogeneous GAPDH control mRNA.  All data represent the 

average of three replicates except for those in Figure 3.7, which are the average of two 

replicates.  Error bars represent +/- one standard deviation from the mean.  

 

  

3.4 Results  

Anti-PSMA aptamers that contained the modified, nuclease-resistant pyrimidines 

2’ F UTP and 2’ F CTP were synthesized from dsDNA templates by runoff transcription.  

Following purification, the 3’ ends of the aptamers were oxidized by sodium periodate 

(Rusconi et al., 2002)and reacted with the bifunctional linker SPDP, which contains an 

aldehyde-reactive hydrazide group and a thiol-reactive pyridyldisulfide  group.  The 

RNA:linker conjugates were subsequently incubated with purified rGel and reaction with 

surface cysteines yielded aptamer:gelonin conjugates as previously described (Nimjee et 

al., 2005b).  

  

Cytotoxicity assays were performed using a PSMA-expressing prostate tumor cell 

line (LNCaP) and a non-PSMA expressing prostate tumor cell line (PC3; Figure 3.1).  

The aptamer conjugate had an I.C.
50

 of 27 nM with LNCaP cells and showed a 600-fold 
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increase in toxicity when compared to PC3 cells (I.C.
50

 of ~15 µM; Figure 3.1; open 

triangles and open diamonds).  The toxin conjugate also showed a ~180-fold increase in 

toxicity with LNCaP cells when compared to free gelonin.  Interestingly, when the 

aptamer conjugate was assayed with PC3 cells, it was found to be ~3-fold less toxic than  

 51



  

 

 

 

  

Figure 3.1.  Cytotoxicity assays: 

Cytotoxicity assays with LNCaP (PSMA positive) and PC3 (PSMA positive) prostate 

cancer cell lines.  Assays were performed using either free gelonin or the aptamer:gelonin 

conjugate.  With LNCaP cells, the aptamer:gelonin conjugate had an IC
50

 of 27 nM and 

showed a toxicity increase of  > 600-fold when compared with PC3 cells (IC
50

 = ~15 

µM).  The toxin conjugate also showed a 180-fold increase in toxicity when compared 

with free gelonin (IC
50

 = 5 µM).   
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Figure 3.2.  Western blots of cell extracts following aptamer treatments.   

Gelonin was only detected in LNCaP (PSMA positive) cells after treatment with the 

aptamer:toxin conjugate. From left to right the lanes are:  LNCaP cells incubated with 

PBS only, free aptamer, aptamer:rGel conjugate, free rGel; PC3 (PSMA negative) cells 

incubated with PBS only, free aptamer, aptamer:rGel conjugate, and free rGel.  
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rGel alone, suggesting that the aptamer may actually inhibit non-specific uptake or 

presentation of the toxin.    Moreover, the efficacy of the aptamer conjugates may in fact 

be larger than 600-fold, since toxicity in PC3 cells essentially leveled off at the highest 

concentrations tested with no indications that further increases would lead to additional 

toxicity.  By fitting the data without assuming additional increases in toxicity to PC3 cells, 

aptamers show a 10,000-fold increase in LNCaP cells relative to PC3 cells.  Toxin-

targeting with aptamers is at least as good as that previously observed with antibodies 

(Veenendaal et al., 2002; Nimjee et al., 2005b), while the chemical or enzymatic 

synthesis of aptamers should allow for much better quality control of reagent production.  

  

In order to confirm that the observed cell death was indeed due to the uptake of 

the aptamer:gelonin conjugates, we preformed both Western blot and 

immunofluorescence analyses on both LNCaP and PC3 cells treated with the 

aptamer:gelonin conjugate.  Consistent with the cytotoxicity results in Figure 3.1, only 

the PSMA-positive LNCaP cells treated with the aptamer:gelonin conjugate yielded 

detectable gelonin (Figure 3.2).  No gelonin signal was observed for LNCaP cells treated 

with same concentration of free rGel.  Additionally, no gelonin signals were observed in 

any of the PSMA-negative PC3 cells.    

  

Further confirmation of internalization was obtained by in situ 

immunofluorescence microscopy.  Assays were performed with LNCaP cells grown to 

80% confluence in chambered slides and incubated with or without 1 nM of the 

aptamer:rGel conjugate.  A relatively low concentration of aptamer conjugate was used in 

these experiments because higher concentrations led to a loss of cells from the slide 

during the wash steps prior to fixation.  Cells were permeablized and probed with either a 

phycoerythrin-labeled anti-gelonin antibody or a biotinylated oligonucleotide 

complementary to a portion of the anti-PSMA aptamer.  The biotinylated oligonucleotide 

was fluorescently-labeled by conjugation to a streptavidin-coated quantum dot.    

  

As shown in Figure 3.3, both the aptamer and gelonin portions of the conjugate 

were observed and coincident within the cell.  The positions of the fluorescent signals 
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within cells were further confirmed by taking a series of images along the z-axis.  Cells 

treated with gelonin alone showed no detectable internalization of the toxin (data not 

shown).   The exogenous delivery of 21-mer and more recently 27-mer RNA duplexes 

has been shown to be a highly effective means of reducing gene expression in eukaryotic 

cells (Pagratis, 1996; Elbashir et al., 2001).  In addition, inhibition of expression has been 

mediated by the delivery of short helical RNAs (shRNAs) to cells (Kim et al., 2005).    

  

Sequence extensions of siRNAs have previously been found to compromise the 

processing and function of these molecules.  Therefore, it was possible that extending 

siRNA sequences in order to couple them to aptamers might have impeded siRNA 

function.  In contrast, some non-nucleotide modifications of siRNAs have been shown to 

have little effect on function.  For example, a fluorescent reporter appended to the 5’ end 

of the sense strand of a 21-mer siRNA had little or no effect on the ability of the siRNA 

to inhibit gene expression (Chiu & Rana, 2002; Harborth et al., 2003).  Similarly, 

fluorescent modifications of a 27-mer siRNA still allowed for processing by Dicer and 

for inhibition of gene expression in vivo (Elbashir et al., 2001).    
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Figure 3.3.  Internalization of aptamer conjugates.  

Fixed LNCaP cells were stained using either a quantum dot-labeled antisense 

oligonucleotide complementary to the aptamer portion of the toxin:conjugate or an anti-

gelonin antibody (followed by a PE-labeled secondary antibody).  Following merging of 

the images, the observed fluorescence from these separate stains was found to be 

coincident throughout the cell.  The image shown represents a single section taken at a 

depth of 7 µm.  Blue, upper left:  DAPI-stained nuclei of LNCaP cells.  Green upper right:  

treatment with anti-gelonin antibody followed by a secondary antibodyPE-conjugate.  

Red, lower left:  treatment with anti-aptamer antisense oligonucleotide conjugated to 

Qdot 605.  Merged image, lower right:  Co-localized areas appear yellow.   
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Bearing this in mind, we chose to utilize 27-mer siRNAs in our design.  In 

addition, we chose to couple the aptamers and siRNAs using a modular strategy in which 

the RNAs were first biotinylated and then non-covalently joined to one another via the 

protein streptavidin (Figure 3.4).  Since it was possible that the bulky streptavidin 

substituent might inhibit siRNA processing in vivo, we designed two different 

biotinylated sense strands, one containing a 5’ biotin (Figrure 3.4; B-siRNA) and one 

containing a disulfide linkage to biotin (Figrure 3.4; BSS-siRNA).  The disulfide linkage 

in the latter construct should be cleaved upon entering the reducing environment of the 

cell, releasing the siRNA for processing or fucntion.  RNA conjugation to streptavidin 

and subsequent cleavage of the BSS-siRNAs were confirmed by gel-shift analysis 

(Figure 3.5).  Only the biotinylated siRNA constructs were shifted in the presence of 

streptavidin, and only the disulfide-containing BSS-siRNA was released from 

streptavidin upon treatment with DTT.  

  

Previous studies of nanoparticle delivery had relied an anti-PSMA aptamer known 

as A10 (Morris et al., 1998).  However, another aptamer (A9) appeared to bind more 

tightly to PSMA (Harborth et al., 2003), and thus we chose to use it for the development 

of aptamer delivery reagents.  The anti-PSMA aptamer A9 delivery reagent was 

synthesized by runoff transcription and was oxidized at its 3’-end using sodium periodate.  

The resultant dialdehyde was biotinylated by incubation with biotin-hydrazide.  A 27-mer 

siRNA was designed based on the 21-mer sequence used by Elbashir et at. (2001) and 

was used as a ‘cargo’ for the internalizing, anti-PSMA aptamer.  As a positive control, 

the 27-mer was transfected into cells with Oligofectamine and gene inhibition was 

analyzed by both real-time PCR and Western blot analysis (data not shown).  Similarly,  
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Figure 3.4.  Design of aptamer:siRNA conjugates.   

27-mer siRNAs (siRNA) were synthesized as either biotin conjugates (B-siRNA), or with 

a cleavable biotin linker (BSS-siRNA).  Conjugates were assembled by incubation with 

streptavidin and on average each conjugate should have contained two siRNAs and two 

anti-PSMA aptamers.  
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Figure 3.5.  Gel-shift analysis of siRNA:streptavidin conjugates.   

In the presence of streptavidin, only the biotinylated siRNAs are shifted.  The addition of 

DTT results in the reduction of the disulfide bond in the BSS-siRNA construct, releasing 

the 27-mer duplex from streptavidin. 
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when the B-siRNA or BSS-siRNA were transfected into cells, the observed level of 

inhibition was similar to that seen with the unmodified siRNA, confirming that 5’ 

modification of the sense strand did not significantly affect siRNA function.  

  

The siRNAs and biotinylated siRNAs (sense strands) were synthesized using 

standard phosphoramidte chemistry.  The aptamer:streptavidin:siRNA conjugates were 

generated by incubating the biotinylated anti-lamin A/C siRNA, biotinylated anti-PSMA 

aptamer, and streptavidin in a 2:2:1 ratio for 10 minutes. Aptamer:siRNA conjugates at a 

final concentration of 22.5 nM (45 nM siRNA, average of 2 siRNAs / conjugate) were 

added directly to media containing (PSMA positive) LNCaP cells.  It should be noted that 

this procedure demonstrates one of the potential advantages of aptamers as delivery 

reagents:  no additional components or preparations were necessary to initiate 

experiments to assess the inhibition of gene expression.  After 72 hrs treated cells were 

harvested, the RNA was extracted with Triazol, and the extent of gene inhibition was 

determined by real-time PCR.    

  

While all of the Oligofectamine transfected samples containing either biotinylated 

or non-biotinylated siRNA resulted in efficient inhibition of expression (Figure 3.6a, 

blue), in the absence of Oligofectamine, significant inhibition of expression was only 

observed when both the biotinylated siRNA and biotinylated anti-PSMA aptamer were 

present and joined to one another (Figure 3.6a, yellow arrows). No inhibition of 

expression was observed in the absence of an aptamer targeting domain, when the 

biotinylted aptamer as replaced with a biotinylated random sequence RNA (Figure 3.6a; 

N30), or when streptavidin was not included in the reaction mixture (data not shown).  

Surprisingly, the presence of the bulk streptavidin molecule seemed to have little of no 

effect on the ability of the attached siRNAs to function; Oligofectamine and aptamer-

mediated transfections included identical amounts of siRNA and gave comparable results.    
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Figure 3.6.  Aptamer-mediated inhibition of expression of lamin A/C.   

LNCaP cells (upper) or PC3 cells (lower) were incubated with streptavidin conjugates 

containing either:  (i) no aptamer, a biotinylated anti-PSMA aptamer (PSMA) or a 

biotinylated random RNA pool (N30); and (ii) either a biotinylated siRNA (B-siRNA), a 

cleavable biotinylated siRNA (BSS-siRNA), or a non-biotinylated siRNA (siRNA).  All 

samples contained streptavidin.  Inhibition of gene expression was only observed for 

PSMA-positive LNCaP cells when the biotinylated PSMA aptamer and biotinylated 

siRNAs were connected to one another via streptavidin (yellow arrows).  Positive control 

transfections were carried with same conjugates and Oligofectamine (blue).  
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The inhibition of expression was not only efficient, but specific.  Similar results 

were observed when GAPDH mRNA was targeted instead of lamin A/C (data not shown).  

The level of GAPDH mRNA was not affected by siRNAs directed against lamin A/C. 

Specificity was also observed with respect to cell type as well as target.  A similar assay 

using the anti-lamin A/C siRNA was carried out using PSMA-negative PC3 cells, but in 

this instance only cells transfected via Oligofectamine showed inhibition of gene 

expression (Figure 3.6b).   

  

PSMA endoctyosis in LNCaP cells is thought to proceed predominantly via 

clathrin-coated pits.  The rate of internalization has previously been measured using both 

anti-PSMA aptamers (Morris et al., 1998) and anti-PSMA antibodies (Lupold et al., 

2002), and has been shown to take place within  hours.  These results suggested that 

efficient inhibition of gene expression might be quickly achieved following only a brief 

exposure to aptamer:siRNA conjugates.  To test this hypothesis, we performed a series of 

reactions in which we varied the incubation time with aptamer:siRNA conjugates from 30 

min to 72 hr.  After incubation the media was removed and replaced with fresh media 

containing no conjugate.  All treated cells were then harvested after 72 hrs and the extend 

of gene expression inhibition was determined by real-time PCR.  As shown in Figure 3.7, 

inhibition was observed after only a 30 minute exposure and no increase in the level of 

inhibition was observed when the exposure time was increased.  These results also 

suggest a reason why aptamer:siRNA conjugates are as effective as Oligofectamine 

amalgams.  Even though the aptamers and siRNAs are essentially ‘naked’ to serum 

nucleases, they are taken up into the cell so quickly that no real protection (such as being 

ensconced in Oligofectamine) is necessary. 
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Figure 3.7.  Effect of incubation time on aptamer-mediated gene inhibition by 

siRNA.  

 LNCaP cells were incubated with aptamer:siRNA conjugates targeting lamin A/C 

mRNA for the times indicated.  After incubation, the aptamer:siRNA conjugates were 

removed by changing the media.  All cells were harvested at 72 hrs post-transfection.   
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 3.5 Discussion  

The development of nucleic acid reagents that can be used to internalize 

biomolecular cargoes is not only novel, but extremely practical.  Unlike lipid amalgams, 

nucleic acids can target specific cell types.  Unlike peptides, conjugation chemistry 

between nucleic acid partners can potentially involve either simple hybridization or co-

synthesis.  While the simplification of conjugation chemistry may not initially seem to be 

a great advantage, quality control is one of the most time and labor intensive portions of 

pharmaceutical production, and any simplification at this step should result in great 

savings throughout the process.  

  

Aptamers selected to bind isolated prostate specific membrane antigen have also 

been shown to bind PSMA-expressing prostate tumor cells.  For example, Lupold et al. 

used a truncated variant of the anti-PSMA-aptamer A10 to specifically label LNCaP cells 

(Yan et al., 2005).  Additionally, Langer and his co-workers have shown that multiple 

A10 aptamers can specifically deliver polylactate/PEG  nanoparticles to LNCaP cells 

(2003).  More recently, we generated quantum dot conjugates with a slightly different 

anti-PSMA aptamer (A9, the same aptamer used in the current studies) and used these 

conjugates to label both LNCaP cells grown in tissue culture and LNCaP cells grown in a 

tissue phantom (collagen matrix; (Hicke & Stephens, 2000)).  We have now significantly 

extended this work by showing that a single A9 anti-PSMA aptamer can specifically and 

therapeutically deliver a toxin payload.     

  

There are also advantages to modular conjugation via a streptavidin bridge that 

we have developed here.  For example, the use of streptavidin may provide a convenient 

platform for further dissecting siRNA and microRNA processing machinery in vivo.  It 

seems likely that the siRNAs must be removed from streptavidin prior to entry into RNA-

initiated silencing complexes (RISC).  By varying the linker length and chemistry 

between the biotin moiety and the siRNA, it may be possible to probe the initial 

processing steps for siRNAs separate from downstream assembly steps and gene 

regulation.  Moreover, nanoparticles coated with streptavidin and siRNA conjugates may 
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provide a means of physically manipulating (i.e., via optical tweezers) the localization of 

siRNAs within a given cell.  

  

More importantly, since streptavidin is a tetramer and has four functional binding 

sites for biotin, internalizing and therapeutic nucleic acids can be mixed and matched.  

This will be especially important for the future development of siRNA therapeutics and 

reagents.  By using the streptavidin bridge and a judicious mixture of siRNAs, the 

uniform delivery of multiple different siRNA sequences to a given cell can be ensured.  

Moreover, it seems that the development of simple transfection reagents for use in 

systems biology applications may now be a realistic possibility.  Aptamers could be pre-

appended to streptavidin, and these conjugates in turn mixed with any set or library of 

biotinylated siRNAs in order to make a one-step, ready-to-use transfection reagent.  The 

simplicity of such a method relative to current procedures (such as frequently 

irreproducible transfections with lipid reagents or series of complex packaging steps with 

viral vectors) would greatly expand the use of large siRNA sets in many molecular 

biology applications.  Finally, since aptamers can be selected to bind a wide variety of 

cells (Hicke & Stephens, 2000; Blank et al., 2001; Daniels et al., 2003; Cerchia et al., 

2005), we envision that additional, cell-specific transfection reagents will be developed 

and that the method described here for prostate tumor cells may become a general 

strategy for the specific delivery of siRNA to almost any cell type.    

 

Although the development of modern in vitro selection methods took place >10 

years ago, it is only recently that the therapeutic use of aptamers has begun to be shown 

( for a review, see ref. (Yan et al., 2005)). For example, the efficacy of an aptamer that 

binds and inhibits the coagulation factor IXa has been shown in animal models (Rusconi 

et al., 2002). More recently, the first aptamer-based drug Macugen has been approved by 

the Food and Drug Administration. These demonstrations are likely the first of many, as 

it seems that aptamers are largely nonimmunogenic and nontoxic (2003). Thus, our 

demonstration that aptamers can act in an ‘‘escort’’ capacity for therapeutics is timely 

and significant (Hicke & Stephens, 2000), especially because aptamers can be directly 
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selected against tumor cells and tissues (Blank et al., 2001; Daniels et al., 2003; Cerchia 

et al., 2005) and have binding specificities on par with antibodies. That said, the cost of 

goods for the production of nucleic acid therapeutics remains relatively high, especially 

for long nucleic acids, such as aptamers. Improvements in chemical synthesis that should 

lead to the introduction of small interfering RNA therapeutics will also prove relevant to 

the development of aptamer therapeutics (Jayasena, 1999).  
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Chapter 4 aptamers selected from cell surface 
 

4.1 Abstract: 

Prostate cancer is the second leading cause of death amongst males in America. 

Diagnosis and prognosis of prostate cancer is heavily based upon cell morphology and 

the levels of prostate specific antigen (PSA), two factors that are prone to false negatives 

and misdiagnosis.  The identification of molecular alternatives to the detection of all 

tumors in general as well as cell specific markers to specific tumor types can be very 

useful. Nucleic acid aptamers serve as excellent detection tools due to their affinity for 

the target they are selected against as well their versatile nature that allows them to be 

coupled to molecules such as siRNA, DNA tags, quantum dots, and peptides. We have 

now directly selected aptamers against prostate cancer biomarker molecules on the 

surfaces of cultured prostate cancer cell lines, LNCaP and PC3.  These cell lines differ in 

the expression of the tumor marker prostate specific membrane antigen (PSMA), a very 

promising cell surface biomarker. LNCaP cells over-express this surface marker and are 

androgen dependent while PC3 cells  have very little PSMA on their surface and are 

androgen independent. Two aptamers, LN101 and LN104, selected against LNCaP cells 

and two aptamers, PC301 and PC304, selected against PC3 cells specifically were 

generated from negative selection while four aptamers, LP702, LP705, LP719, and 

LP720 were generated through positive selections. In a membrane binding assay, the 

resulting aptamers were able to distinguish specifically the two non-prostate cancer cell 

lines, A549 and H526, as well as LNCaP and PC3 cells, from DU145, another common 

prostate cancer line. The sensitive nature of these aptamers as cancer diagnostic tools was 

demonstrated by FACS, confocal microscopy, and a novel technique called the Proximity 

Ligation Assay (PLA).  

 

4.2 Introduction:  

Prostate is the second leading cause of cancer death among males in America in 

2002 (Jemal et al., 2005).   Normal prostate development as well as prostate diseases are 

regulated by androgen and androgen receptors; survival of normal prostate and early 

stage prostate cancers are dependent on androgen (Heinlein & Chang, 2004; Yang et al., 
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2005).  Androgen ablation therapy for prostate cancer, in conjunction with chemotherapy 

or surgery (Baldi et al., 2003), are often disrupted by the progression from androgen 

dependence to independence, which occurs in patients treated with endocrine therapies 

(Heinlein & Chang, 2004) and is often associated with increases of invasive and 

malignant phenotype (Feldman & Feldman, 2001).  Studies in nude mice and transfection 

studies also shows androgen independent cells such as PC3 and DU145 are much more 

invasive compared with androgen dependent cell lines such as LNCap (Zhau et al., 1996; 

Cinar et al., 2001; Evangelou et al., 2002).  These results suggested it is important to 

develop a new breed of marker that detects androgen independent cells.  Monoclonal 

antibodies for detection and therapies for cancer have been reported (von Mehren et al., 

2003; Adams & Weiner, 2005).  Using a monoclonal antibody such as prostate specific 

membrane antigen (PSMA) (Chang et al., 1999) for detection or for radioimmunotherapy 

(Vallabhajosula et al., 2004) has also been demonstrated.   

 

In addition, prostate cancer diagnosis and prognosis assessment based heavily on 

morphology in clinical practice can often be misleading in determining the clinical 

outcome. (Luo et al., 2003; Postma & Schroder, 2005)  The identification of molecular 

alterations in all tumors in general, as well as signals that are specific to a subcategory of 

tumors can be useful in many ways, such as diagnosis, design of a treatment regime, 

monitoring therapeutic response, and detection of residual disease (Gong et al., 2000; 

Sander, 2000; Barry, 2001).  Systematic oligonucleotides termed aptamers (Ellington & 

Szostak, 1990), generated from the processes of repeating ligand binding and 

amplification (Connell et al., 1993), have also been developed to detect PSMA  which 

offers an alternative to antibodies for imaging, diagnosis and therapy (Chu et al., 2006a; 

Chu et al., 2006c; Chu et al., 2006d).  

 

Single-stranded DNA aptamer generated from selection against rat endothelial 

cells immortalized with adenovirus proven to be specific for glioblastoma has been 

demonstrated (Blank et al., 2001). Aptamers selected against the leukemia cell line 

CCRF-CEM have been shown to specifically recognize leukemia cells when mixed  in 
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with normal human bone marrow, and can recognize cancer cells related to the target cell 

line (Shangguan et al., 2006).   

We now directly select aptamers against prostate cancer biomarker molecules on 

the surfaces of cultured prostate cancer cell lines, LNCaP and PC3.  The lines differ in 

the presence of the tumor marker prostate specific membrane antigen (PSMA): LNCaP 

cells overexpress this surface marker while PC3 cells have very little PSMA on their 

surfaces (Chang et al., 1999) (for other differences see Table 4.1). 

 

Aptamers are very effective tools that can be applied in the form of small-

molecular detection probes, target inhibitors, or target binders. Their relatively small 

nature allows for easy manipulation and complementation of aptamers with other 

molecules such as quantum dots, oligonucleotides, nanoparticles, and siRNA 

(Dwarakanath et al., 2004; Farokhzad et al., 2006). As such, aptamers also serve as 

excellent biomarker sensors due to their highly specific nature (Famulok et al., 2000). We 

have applied the sensitive nature of aptamers to the detection of tumor cell surface 

markers coupled with a unique and high-throughput technique called the “Proximity 

Ligation Assay (PLA).” The principle of PLA involves the use of two affinity tags on the 

surface of the target, which when in proximity to one another can ligate in the presence of 

a connector nucleotide (splint), and the amplicon generated is detected via real-time PCR 

(Fredriksson et al., 2002; Gullberg et al., 2003)(fig 4.8). 

 

In this report, we used a 2’F modified RNA aptamer pool with 40 nucleotides in a 

random region to select against the whole cell surface of the androgen independent 

prostate cell line, PC3, first for 8 initial rounds of selection. This was followed by 8 

rounds of exclusive selection first against the androgen dependent prostate cancer cell 

line, LNCaP, followed by selection of the aptamer that did not bind LNCap cells against 

the PC3 cells again.  This selection procedure yielded two aptamers that label the PC3 

cell surface under the microscope.  Moreover, in FACS as well as binding assays, we are 

able to demonstrate that these aptamers are able to specifically bind to PC3 cells in 

comparison to LNCaP cells, another prostate cancer line, DU145, and two lung cancer 

lines, A549 and H526.   In addition, confocal microscopy and PLA have also been 
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demonstrated using aptamers generated against the cell surface.  These results may open 

a new page for aptamer generation as well as the utilities aptamers can achieve.   

 

 

 

Name 

ATCC# 

Androgen 

receptor EGFR PSMA Cancer Type 

A549 

CCL-185 + + - Lung 

H526 

CRL-5811 - - - Lung 

DU145 

HTB-81 - + - Prostate 

LNCaP 

CRL-1740 + + + Prostate 

PC3 

CRL-1345 - very low - Prostate 

 

Table 4.1 Expression of surface markers: 

Expression of surface markers: On three prostate cancer cell lines, DU145, 

LNCaP and PC3 plus two lung cancer cell lines, A549 and H526 by 

western and FACS using antibodies available in our facility. 
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4.3 Method and materials:  

4.3.1 Cell lines: 

A549 (ATCC CCL-185), DU145 (ATCC HTB-81), H526 (ATCC CRL-5911), 

LNCaP (ATCC CRL-1740), HeLa (ATCC CCL-13) and PC3 (ATCC CRL-1435) cells 

were obtained from the American Type Culture Collection, ATCC (Rockville, MD) and 

cultured according to ATCC specifications. 

4.3.2 In vitro transcription of aptamers and purification: 

The aptamer library of DNA with a random insert of 40 nucleotides was 

synthesized (GATAATACGACTCACTATAGGGAGGACGATGCGGTATG-40N-

GTCCTATTCGCACCTG) with a calculated 1.1 x 1014 sequences.  The in vitro 

transcription was carried out by Y639F T7 RNA polymerase with 1 mM ATP and GTP, 4 

mM 2'Fluorine-CTP (2’F-CTP), and 2'Fluorine-UTP (2’F-UTP) (TriLink Biotech, CA) in 

transcription buffer (40 mM Tris pH 8.0, 12 mM MgCl2, 5 mM DTT, 1 mM spermidine 

chloride, 4% (w/v) polyethylene glycol 8000, and 0.002% Triton X-100) at 42°C 

overnight.   DNA templates were digested by DNase at 37°C for 10 minutes after 

transcription.  The product was purified by denaturing gel (8% polyacrylamide with 7 M 

urea) and the band with the appropriate size was cut, eluted in water at 37°C overnight, 

and recovered by ethanol precipitation.  Radiolabeled, modified RNA, was generated by 

supplementing transcription reactions with 20 µCi of α-32P-labeled GTP (PerkinElmer, 

Boston, MA).  5’-labeled, modified RNA was generated using the T7 phi 2.5 promoter to 

initiate transcription.  Reactions were conducted as described above, but contained 4 mM 

5’ fluorescein-AMP or Cy3-AMP (AdeGenix, Inc, Monrovia, CA) and 0.25 mM ATP. 

GATAATACGACTCACTATTAGGGAGGACGATGCGGTATG-40N-

GTCCTATTCGCACCTG, and we also reduced ATP from 1 mM to 0.25 mM and used 4 

mM of fluorescein AMP (AdeGenix, Inc, Monrovia, CA) for fluorescein initiated 

transcription under the T7 2.5 promoter (Huang et al., 2003).  The PSMA aptamer, 

xPSM-A9 was described previously (Lupold et al., 2002) 

 

4.3.3 Aptamer selection: 

A DNA library containing 40 random positions 

(5’GATAATACGACTCACTATAGGGAGGACGATGCGGTAT G-N40-

 71



GTCCTATTCGCACCTG, T7 promoter region underlined) was generated by solid phase 

DNA synthesis with phosphoramidite ratios that avoid skewing of composition(Jack 

Pollard, 2000).  The DNA pool was PCR-amplified with primers 18.40 (5’ 

CAGGTGCGAATAGGACTT) and 38.40 (5’ 

GATAATACGACTCACTATAGGGAGGA CGATGCGGTATG), purified, and 

transcribed to yield modified RNA.  The starting RNA pool contained approximately 1.1 

x 1014 unique sequences. 

 

Positive selections were carried out against either LNCaP or PC3 cells.  All cells 

were grown to ~80% confluence and then treated with trypsin for 5 min at 37o C.  

Trypsinized cells were washed once with media plus 10% FBS (Gibco, Carlsbad, CA), 

then 3 times with PBS (2.67 mM KCl, 137.93 mM KH2PO4, 1.47 mM NaCl, , 8.06 mM 

Na2HPO4-7H2O).  Cells were counted using a hemocytometer (Hausser Scientific, PA).  

For each round of selection, 3 ×105 cells were incubated with 3 µg of 2’-F modified RNA 

aptamer pool in 50 ul of selection buffer (PBS + 5mM MgCl2) for 30 min at room 

temperature.  Following incubation, the cells were pelleted by centrifugation at 1,000 rpm 

for 5 min and the supernatant removed.  The cell pellet was then washed 3 times by 

gently re-suspending the cells in 100 ul of selection buffer followed again by 

centrifugation.  The recovered cells were lysed in 300 ul of Trizol (Invitrogen, CA) for 5 

min at 37° C, and extracted with 300 ul of 25:24:1 phenol:chloroform:isoamyl alcohol.  

Total RNA was recovered from the aqueous phase by ethanol precipitation and re-

suspended in 50 µl of ddH2O.   

 

Recovered aptamers were amplified by reverse transcription (RT) followed by 

PCR.  In short, total RNA was added to a 200 uL RT-PCR reaction containing RT-PCR 

buffer (2 mM Tris pH 8.4; 100 mM KCl; 32 mM MgCl2; 1% Acetamide; 0.1% Non-idet 

P40; and 400 nM dNTPs) containing 0.4 uM forward (38.40 ) and reverse (18.40) 

primers.  RNA was heat denatured at 70o C for 5 min and cooled to room temperature, 

then AMV Reverse Transcriptase (10 U, USB Corporation, Cleveland, Ohio) and Taq 

DNA Polymerase (20 U, Invitrogen, Carlsbad, CA) were added.  Reverse transcription 

proceeded for 10 min at 50o C followed by 20 thermal cycles (15 sec at 94o C, 15 sec at 
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45o C and 1 min at 72o C).  PCR products were precipitated, re-suspended in 20 uL of 

ddH2O and dsDNA templates were quantitated on a 4% NuSieve 3:1 agarose gel 

(Cambrex, East Rutherford, New Jersey) relative to concentration standards.  1 ug of 

dsDNA was transcribed and the RNA was purified for the next round of selection and 

amplification. 

For Rounds 9 through 16 a negative selection step was introduced prior to each 

round of positive selection.  For selections against LNCaP cells, PC3 cells served as the 

negative targets and vice versa.  During the negative selection step, the 2’-F modified 

RNA pool (3 ug) was incubated with 3 ×105 cells in 50 uL of selection buffer for 30 min 

at room temperature.  The negative target cells were pelleted by centrifugation at 5000 

rpm for 10 min and the supernatant was carefully removed and transferred to 3 x105 

positive target cells.  The positive selection step was then carried out as described above. 

 

PCR products from Round 16 pools were cloned into the pCR2.1 vector 

(Invitrogen, Carlsbad, CA).  Aptamer templates from individual colonies were amplified 

using the M13 F(-40) and M13 R(-27) primers, purified on a 96 well Montage PCR 

cleanup plate (Millipore, Bedford MA), and directly sequenced. 

  Binding assays.  Cell surface binding was quantitated using a dot-blot based 

binding assay.  RNA molecules were transcribed with 32P α-GTP and purified as 

described above.  Cells were grown to ~80% confluence and prepared as described above.  

For each data point, 3x105 cells were combined with 0.5 pmole 32P-labeled aptamer in 50 

ul of selection buffer at room temperature for 30 min.  After incubation, the cells were 

pelleted by centrifugation (1,000 rpm for 5 min), the supernatant was removed and the 

cells were gently washed three times with 100 ul of selection buffer.  The washed cells 

were finally re-suspended in 100 µl of selection buffer and filtered through a Hybond-N+ 

nylon transfer membrane (Amersham Pharmacia Biotech, CA) on a Minifold I filtration 

manifold ( Schleicher & Schuell, Keene, NH).  The amount of captured radiation was 

quantitated using a PhosphorImager SI (GE Healthcare, Piscataway, NJ) and the fraction 

of the RNA that bound to cells was determined.  Kd values were obtained in a similar 

manner except that the concentration of aptamer was varied at a fixed number of cells. 
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PLA reactions.  For all PLA reactions cells were grown to ~80% confluence and 

trypsinized as described above.  Cells were pelleted by centrifugation at 1500 rpm for 5 

min at 4º C, washed with 1 ml of PBS + 0.5 mM CaCl2, and re-suspended in 1 ml of PBS 

+ 0.5 mM CaCl2, and titered using a haemocytometer.  Cell dilutions were made that 

contained 1,000 cells, 100 cells or 10 cells per microliter.  Either 5’ or 3’ extensions were 

added to aptamer templates by PCR.  The transcription products were purified and 

hybridized to DNA probes, creating 5’- and 3’-PLA probes.  

Generation of PLA probes.  The 5’ extended aptamers were assembled using 

two consecutive PCR reactions.  A Qiagen PCR purification kit (Qiagen, Valencia, CA) 

was used to clean up the first PCR reaction.  For 5’-extended aptamer PC301 and 5’-

extended aptamer PC304, the DNA templates encoding the aptamers were amplified 

using the primer set:  5.PC3.1F:  5’-

gggagaatattgaaatataaatGGGAGGACGATGCGGTATG (lowercase letters are the 

extension) and the reverse primer for the pool (18.40).  Following purification of the PCR 

products, the extended templates were further amplified using the primer set:  5.extPC3.F:  

5’-TTCTAATACGACTCACTATAGGGAGAATATTGAAATATAAAT (T7 promoter 

underlined) and 18.40.   

In the case of the anti-PSMA aptamer, A9, the 5’ extended aptamer was 

assembled using the following primer sets:  5.PSMA.1F:  5’-

gggagaatattgaaatataaatGGGAGGACGATGCGGACC (lowercase letters are the 

extension) and PSMA.R:  5’-TCGGGCGAGTCGTCTG, followed by amplification with 

5.ext.F and PSMA.R.  The 3’ extended aptamers required only a single PCR reaction to 

add the extension.  For 3’-extended PC301 and 3’-extended PC304, the DNA templates 

encoding the aptamers were amplified using the forward primer for the N40 pool, 38.40, 

which contains the T7 promoter and the following reverse primer:  3.extPC3.R:  5’-

ctggtcatggcgggcatttaattcCAGGTGCGAATAGGACTT.  For 3’-extended A9 the DNA 

template encoding the aptamer was amplified with A9PSMA.F:  5’-

GGGAGGACGATGCGGACC and the reverse primer 3.extA9PSMA.R:  5’-

ctggtcatggcgggcatttaattcTCGGGCGAGTCGTCTG. 
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Flowing amplification, the 5’ or 3’ extended aptamers were transcribed and 

purified as described above.  The overall sequences of the extended aptamers used in this 

study were:  5’PC301:  5’-ggagaauauugaaauauaaauGGGAGGACGAUGCGGUAUG 

UUGGGGCAUCGGAGCGUGCGAUUGUGAGUGACUAUGAAGGAAAGUCCU

AUUCGCACCUG;  3’PC301:  5’- GGGAGGACGAUGCGGUAUG 

UUGGGGCAUCGGAGCGUGCGAUUGUGAGUGACUAUGAAGGA 

AAGUCCUAUUCGCACCUGgaauuaaaugcccgccaugaccag; 5’PC304: 5’-

gggagaauauugaaauauaaau GGGAGGACGAUGCGGUAUG 

UUCAGGGGGGAAUAGGACUUGGGGACGAUGGAUAAUUAGGAUGGA 

AAGUCCUAUUCGCACCUG; 3’PC304: 5’-GGGAGGACGAUGCGGUAUG 

UUCAGGGGGGAAUAGGACUUGGGGACGAUGGAUAAUUAGGAUGGA 

AAGUCCUAUUCGCACCUGgaauuaaaugcccgccaugaccagg; 5’A9PSMA:  5’-

gggagaauauugaaauauaaauGGGAGGACGAUGCGGACCGAAAAAGACCUGACUUC

UAUACUAAGUCUACGUUCCCAGACGACUCGCCCGA;  3’A9PSMA: 5’-

GGGAGGACGAUGCGGACCGAAAAAGACCUGACUUCUAUACUAAGUCUAC

GUUCCCAGACGACUCGCCCGAgaauuaaaugcccgccaugaccag 

 

PLA probes were assembled by mixing equimolar amounts of the extended 

aptamers with the appropriate DNA extension at a final concentration of 1 uM each.  The 

DNA extensions that were used were:  3’ hybridization probe:  5’-

atttatatttcaatattctccCGTGACTTCGTGGAACTATCTAGCGTGTACGTGAGTGGGCA

TGTAGCAAGAGG; 5’hybridization probe:  5’phosphate-

GTCATCATTCGAATCGTACTGCAATCGGGTATTctggtcatggcgggcatttaattc; where 

the lower case regions hybridized to the aptamer extensions.  Mixtures were thermally 

equilibrated for 5 min at 65° C and then stored on ice.  Hybridization efficiency was 

determined to be >50% by native gel electrophoresis.  

 

 PLA reactions were carried out by mixing equal concentrations of the 5’- and 3’-

PLA probes (0.1 pM to 1 nM final concentrations) with 1 ul of cells in a final volume of 

11 ul of PBS(+) and 10mM MgCl2 .  The reactions were incubated for 1 hr at room 

temperature prior to the addition of  T4 DNA ligase (0.4 U, Invitrogen, Carlsbad, CA), 80 

 75



uM ATP, and splint oligonucleotide (typically 400 pM).  The final volume of the ligation 

reaction was 30 ul.  After 5 min the ligation reaction was terminated and cells lysed by 

heating to 95° C for 5 min.  PCR reagents (Amplitaq PCR buffer (Applied Biosystems, 

CA), 4 mM MgCl2, 500 nM primers, 75 nM TaqMan probe, 0.2 mM dNTPs, and 1.5 U 

AmpliTaq polymerase (Applied Biosystems, CA) were added to a final volume of 50 uL 

and the PLA reaction was amplified by heating to 95º C for 10 min and thermal cycling 

50 times at 95º C for 1 min and 60º C for 1 min.   

 
All real-time PCR amplifications were performed in a 7300HT Real-time PCR 

system (Applied Biosystems, CA) as previously described(Pai et al., 2005).  The 

fluorescence intensity of the reactions were measured at the end of each cycle and 

represented as a cycle threshold value.  PLA signals were represented as delta cycle 

thresholds C(T), which were calculated by subtracting the cycle threshold values of 

samples with cells from C(T) values of samples with no cells.  All reactions were carried 

out in triplicate a minimum of three independent times (at least nine total replicates).  

 

4.3.5 Flow cytometric analysis 

For each FACS analysis, 3 x 105
 
cells (A549, LNCaP or PC3) were incubated 

with 10 nM 5’-fluorescein-labeled aptamer in 100 ul of FACS binding buffer (PBS + 10 

mM MgCl2 and 10% FBS) at room temperature for 30 min.  Following incubation, cells 

were pelleted by centrifugation (1000 rpm for 5 min) and were washed three times with 

100 ul of PBS by gentle resuspension with a pipettor followed again by centrifugation.  

Cells were finally resuspended in 300 µl of PBS and the amount of bound fluorescence 

was determined using FL1 filter (Ex 488 nm Em 530/30 nm) on a FACScan cytometer 

(Becton Dickinson Immunocytometry Systems, San Jose, CA); 10,000 events were 

counted.  

 

FACS analyses were also carried out with mixtures of cell types.  For these 

experiments 3x 105 A549, LNCaP, or PC3 cells, either individually or mixed, were 

combined with a mixture of PE-conjugated anti-PSMA antibody (0.5 ug; Invitrogen, 

Carlsbad, CA) and 10nM 5’ fluorescein-labeled aptamer in 100 uL FACS binding buffer.  

Reactions were incubated for 30 min and washed as described above.  The cells were 
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resuspended in 300 µl of PBS and the amounts of bound fluorescein and PE were 

determined using FL1 filter for flourescein and FL2 filter for PE (Ex 488 nm Em 585/42 

nm). 

 

4.3.6 Confocal images 

PC3 cells were grown to a confluence of ~80% in 8 chambered tissue culture 

slides (Nalgene Nunc International, Rochester, New York) at 37o C.  The cells were 

washed with 100 µl of PBS and then fixed with 4% formaldehyde for 10 min at room 

temperature.  Following fixation, the cells were incubated with 20 nM of fluorescein-

labeled or Cy-3 labeled aptamer in 100 µl of PBS containing 10 mM MgCl2, 10% BSA, 

and 10 µg/ml of 4'-6-diamidino-2-phenylindole (DAPI) (Sigma, St Louis, MO). All 

reactions were incubated at room temperature for 30 min in a final volume of 50 uL.  

Labeled cells were washed three times with 100 ul of PBS to remove unbound aptamers 

and were mounted in 20 µL of PBS.  Images were taken using the Leica TCS SP2 AOBS 

confocal microscope under the 40X oil immersion objective lens (HCX PL APO 1.25-

.75NA CS).  Filter sets that were used included DAPI 358/461, CY3 550/570 and 

Fluorescein 490/530 and these were introduced as per the original settings on the 

microscope.  Images were viewed and analyzed using Leica confocal software (Leica 

Microsystems Heidelberg, GmbH). 
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4.4 Results: 

A random 2’-fluoropyrimidine modified aptamer pool was applied to cultured 

cells.  Two practices were performed: negative selection to generate aptamer that is 

specific to a certain cell type that does not recognize other cell types, and positive 

selection to generate aptamer that targets a general cell surface biomarker.  For negative 

selection (Figure 4.1A), the aptamer pool was first applied to non-targeted cells, for 

instance LNCaP cells, and the non-binding aptamer species were then collected and 

applied to the target cells, for instance PC3 cells. The tightly bound aptamer species were 

recovered by lysing the cells with trizol, extracting RNA by standard phenol/chloroform 

extraction, reverse transcription, PCR, and then in vitro transcription to produce aptamer 

for the next round of selection..  For positive selection (Figure 4.1B) the aptamer pool 

was first applied to PC3 cells, then the aptamer was extracted, followed by PCR and 

transcription. Aptamer was then applied to LNCaP cells for the next round of selection 

and this process was repeated until a satisfactory binding assay was attained. 

 

After 15 cycles of negative or positive selection, the binding affinity of aptamers 

was confirmed using a membrane binding assay by measuring the level of radioactive 

labeled aptamers that bind to the target cells.  The aptamer pool was then TA cloned, 

sequenced, and confirmed once again individually to bind to a different cancer cell line.  

The binding assay was carried out as follows. The DNA generated from selection was 

cloned and sequenced as previously described (Cox & Ellington, 2001).  3x105 cells in 50 

µl of PBS with 5mM MgCl2 were incubated with 32P-labeled aptamer for 30 minutes at 

room temperature, followed by washing three times with 100 µl of PBS with 5mM 

MgCl2.    
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Initial poolInitial pool

Transfer the unbound Aptamer from Transfer the unbound Aptamer from 
negative selection to target cellsnegative selection to target cells

RT/PCR and amplification of RT/PCR and amplification of 
bound Aptamersbound Aptamers

Clone, sequence and confirm Clone, sequence and confirm 
binding from final selectionbinding from final selection..

..

.. ..

Negative selection cyclesNegative selection cycles

.. ..

Incubate aptamer with Incubate aptamer with 
none target cellsnone target cells

Wash and discard the Wash and discard the 
Unbound AptamerUnbound Aptamer

..

..
..

   
 

Figure 4.1A Negative selection schemes:  

1A  Negative selection: aptamer was applied to non-targeted cells, the non-binding 

aptamer was recovered and applied to target cells, and the bound aptamer was then 

extracted, followed by RT-PCR and in vitro transcription for the next round of selection. 
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Initial poolInitial pool
RT/PCR and amplification of RT/PCR and amplification of 

bound Aptamersbound Aptamers

Clone, sequence and confirm Clone, sequence and confirm 
binding from final selectionbinding from final selection..

..

..
..

Positive selection cyclesPositive selection cycles

Wash and discard the Wash and discard the 
Unbound AptamerUnbound Aptamer

..
..

Wash and discard the Wash and discard the 
Unbound AptamerUnbound Aptamer

RT/PCR and amplification of RT/PCR and amplification of 
bound Aptamersbound Aptamers

..

 
Figure 4.1B Positive selection: aptamer was first applied to either PC3 or LNCaP cells, 

the bound aptamer was then extracted, followed by RT-PCR, in vitro transcription and 

then application to the other cells lines. 
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Cells were resuspend with 100 µl of PBS with 5mM MgCl2 and filtered through a 

filtration manifold (Minifold I filtration manifold, Schleicher & Schuell, Keene, NH) 

with Hybond-N+ nylon transfer membrane (Amersham Pharmacia Biotech).   The 

binding ability of each aptamer was computed by using a PhosphorImager SI (Amersham 

Pharmacia Biotech) to compare the radiation intensity from the original concentration 

with that of the cell suspension that resulted on the nylon membrane (figure 4.2).   

Two aptamers, LN101 and LN104, specific to LNCaP cells and two aptamers, 

PC301 and PC304, specific to PC3 cells were generated from negative selection, while 

four aptamers, LP702, LP705, LP719, and LP720 were generated from positive selection 

to bind both LNCaP and PC3 cells.  To confirm the binding specificity, the membrane 

binding assay was performed using radioactive labeled aptamer against two prostate 

cancer cell line, LNCaP and PC3, in addition to two lung cancer cell lines, A549 and 

H526 (figure 4.3).   

 

4.4.1 Aptamers from positive selection 

The results show that the aptamers generated from negative selection, LN101 and 

LN104, are specific to LNCaP cells while PC301 and PC304 bind specifically to PC3 

cells. When compared to a N40 random pool, aptamers generated from positive selection 

bind to both cell types.   Also, the aptamers generated from positive selection show a 

general binding character to both LNCaP and PC3 cells, while they show various low-

level binding to the two other non-targeted cancer cell lines, A549 and H526.  It would be 

interesting to further explore whether the aptamers generated from positive selection will 

bind to other cell types in general, or even with a specific signature for each cell type.  It 

would be useful to generate more aptamers to create a pattern for each cell type using 

aptamers as indicators.   

 81



 

 

 
Figure 4.2. Characterization of individual clones   

Using a membrane binding assay, cells were incubated with radioactive labeled aptamer 

and washed with binding buffer, then the mixture of cells bound with aptamer and the 

aptamer only mixture were both passed through a nylon membrane and the radiation 

intensity was measured. 
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Figure 4.3.  Binding assay using aptamers. 

Aptamer were checked for specificity against several different cancer cell lines: two lung 

cancer cell lines, A549 and H526, and three prostate cancer cell lines, LNCaP, PC3, and 

DU145. The membrane binding assay was used to determine binding for the LNCaP 

specific aptamers LN101 and LN104, the PC3 specific aptamers PC301 and PC304, and 

the general binding aptamers LP702, LP705, LP719, and LP729, expressed as fold 

greater binding than the original N40 random aptamer pool as a control. 
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4.4.2 Aptamers from negative selection 

We further tested the PC3 specific aptamers’, PC301 and PC304 (sequences and 

predictive structure shown on figure 4.4.), binding specificity against the prostate cancer 

cell lines DU145, LNCaP, and PC3 (igure 4.5).  A total of five cell lines were tested, 

three prostate cancer cells lines, DU145, LNCaP and PC3, as well as two lung cancer cell 

lines, A549 and H526.  PSMA aptamer was used as positive control for LNCaP cells.  

Once again PC301 and PC304 show no binding to the lung cancer cell lines, A549 and 

H526.  Figure 5 shows that PC301 and PC304 bind very specifically to the prostate 

cancer cell line PC3, and they do not bind to LNCaP, which is the cell line used to apply 

negative selection to exclusively select aptamers targeting PC3 cells.  Surprisingly, 

PC301 and PC304 do not bind to Du145, which is a prostate cancer cell line that was not 

included in the selection pressure during the selection.  This may indicate the advantage 

of negative selection for selecting aptamer to the specifically targeted cell type.  Further 

examination may be needed to test whether they can distinguish normal prostate cells 

from prostate cancer in normal tissue.   

 

In addition, by comparing the binding of PC301 and PC304, which were 

generated from the live cell surface, with the PSMA aptamer, which was generated from 

purified protein (Figure 5), we can see that the data suggests that aptamers generated 

against the cell surface can immediately be put to use and result in the same, if not better, 

binding than that generated from purified protein.  Another advantage of aptamer is that it 

may offer a solution for the problem that monoclonal antibodies generated from mice can 

later develop a human antimouse antibody response (Khazaeli et al., 1994). 
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PC301 (N40)
gggaggacgaugcgguaugUUGGGG
GGAG G G GA G GAG GA

GAAGGA

CAUC
C U C UU U U

CUAU aaguccuauucgcaccug
PC301

PC304PC304(N40)
gggaggacgaugcgguaugUUCA UA UU
AC U UAAUUA U aaguccuauucgcaccug

Lower case indicate the constant region and upper case 
shows the random region

GGGGGGAA GGAC GGGG
GA GGA GGA GGA

 

Figure 4.4.  Sequences and predicted structure of aptamer PC301 and PC304 
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Figure 4.5.  Binding assay of anti-psma aptamer:  

Two lung cancer cell lines, A549 and H526, along with three prostate cancer cell lines, 

DU145, LNCaP, and PC3, were used for a membrane binding assay with the PC3 

specific aptamers, PC301 and PC304, and the anti-PSMA aptamer, with the N40 random 

aptamer pool as acontrol. 
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4.4.3 Specific detection PC3 cells in cell mixture using PC301 and PC304 

4.4.3.1 Flow cytometric analysis 

To monitor the enrichment of aptamers after selection, fluorescein-labeled aptamers were 

incubated with 3 x 105 

cells in 100 µl of binding buffer containing 10mM MgCl2 and 10% 

FBS in PBS at room temperature for 30 minutes. Cells were washed three times with PBS 

and then suspended in PBS. The fluorescence was determined with a FACScan cytometer 

(Becton Dickinson Immunocytometry systems, San Jose, CA) by counting 10000 events.  

A549, LNCaP, and PC3 cells were incubated with anti-PSMA antibody plus either 5’ end 

fluorescently labeled PC301 or PC304, individually or as a mixture of all three cell lines.  

The results clearly show that with 5’ labeling the PC301 as well as PC304 cells could still 

distinguish PC3 cells from a mixture of A549, LNCaP, and PC3 cells.  This result 

suggests a possible future application for cancer cell detection using multiple aptamers 

even in a mixture of multiple cell types as the background. 
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Cell only: Gray
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PC304: Green line

A549

LNCaP

PC3

 
Figure 4.6. FACS results: 

FACS using 5’labeled PC301 (top) and PC304 (bottom) aptamers for detecting A549, 

LNCaP, and PC3 cells individually or in a cell mixture. 
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4.4.3.2 PC3 aptamers for imaging 

To show an immediate application of aptamers generated against the cell surface, 

confocal imaging was performed by incubating cells in a 8 chambered slide until 80% 

confluence, washing once with PBS, fixing with 4% formaldehyde for 10 minutes at 

room temperature, and washing once with PBS. The cells were then incubated with 20 

nM of  5’fluorescein-labeled aptamers in 100 µl of 10mM MgCl2, 10% BSA, and DAPI 

in PBS at room temperature for 30 minutes, followed by washing three times with PBS 

and mounting in PBS.  The image was collected using  a Leica TCS SP2 AOBS confocal 

microscope with a 40X oil objective(HCX PL APO 1.25-.75NA CS) and Leica confocal 

software (Leica Microsystems Heidelberg, GmbH).  The image also suggested that the 

aptamers were bound to the cell surface. 
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2’F, AF aptamer Nuclei (DAPI stain)

Merge Merge

2’F, AF aptamer Nuclei (DAPI stain)

PC 304PC 301

 
Figure 4.7.  Confocal images:    

Using 5’ fluorescent labeled PC301 and PC304 to stain PC3 cells. 
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Figure 4.8.  PLA Scheme: 

A schematic of the Proximity Ligation Assay variation used. The binding assay was used 

to confirm that the aptamer with the extension still binds to the cell surface.  This PLA 

assay could be used with multiple PLA aptamers targeting multiple cell surface targets. 
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Figure 4.9 PLA result: Adapted from Supriya’s real-time PCR result 

A. Top Binding assay of PC3 aptamer and extensions. Binding of PC301, PC304 3’ and 

5’ end extension has been confirmed by a binding assay.   

B: Middle, Proximity ligation assay detects as low as 1000 PSMA positive LNCaP cells 

with almost 500-1000 time the sensitivity when compared to PSMA negative PC3 cells 

(according to the real time PCR result dCT=9.27, or a 29.27 fold copy number 

difference).  

C. Bottom, PLA can detect 10 PC3 cells from a 100,000 Hela cell background (1:104) 

using the anti-PC3 aptamer PC304. 
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4.4.3.3 Proximity dependent ligation assay 

This work was done in collaboration with Supriya Pai, who did all the real-time 

PCR work.  To facilitate the transition of aptamers to this arrangement, a five-piece PLA 

system was created where aptamers were annealed to specific 3’and 5’ DNA probes via 

specific RNA linkers or extensions that had been chosen based on their ability to leave 

the aptamer structure intact (fig 4.9). This was needed for aptamers are modified RNA 

molecules that cannot be ligated using T4 DNA ligase, an essential step for PLA. The 

adjacent binding of the two aptamer:DNA conjugates on a cell surface enabled ligation 

upon the addition of a splint, and subsequent generation of a signal amplicon that could 

be detected by real-time PCR. We have employed this scheme for the PLA detection of 

two major prostate cancer cell lines, LNCaP cells and PC3 cells. LNCaP cells 

overexpress the cell surface marker prostate specific membrane antigen (PSMA) while 

PC3 cells express very little to no PSMA. Anti-PSMA aptamer A9 previously selected 

(Lupold et al., 2002) was used in the detection of LNCaP cells, while anti-PC3 aptamers 

(PC301 and PC304) selected by Ted Chu, Ellington lab, were used in the detection of 

PC3 cells. In order to ensure binding of the extended aptamers to their targets, a filter 

binding assay as described previously was employed. The LNCaP cell line was always 

used as a negative control in all the assays performed with the anti-PC3 aptamers, while 

PC3 cells served as negative controls for assays performed with anti-PSMA aptamers 

(Fig 4.9A).  Binding assays for the extended anti-PSMA aptamer confirmed that the 

aptamer still bound LNCaP cells while binding to the PSMA negative PC3 cells was not 

very significant. Similar results were observed for binding assays with anti-PC3 aptamers, 

with efficient binding observed for PC3 cells while LNCaP cells showed weak to no 

binding to these aptamers. These extended aptamers were then annealed to the PLA 

probes and used for cell surface PLA.  

 

The aim for cell surface PSMA aptamer PLA was that the presence of a target cell, 

i.e. PSMA expressing cell, would lead to the localization of the PSMA aptamer-probes on 

the PSMA protein epitopes expressed by PSMA positive cells (LNCaP), and when in 

proximity to one another, the addition of a connector nucleotide and ligase would lead to 

the formation of an amplicon easily detected by real-time PCR. Use of PSMA negative 
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PC3 cells would aid in testing the specificity and sensitivity of this five-piece set up since 

the absence of this protein would ensure that any ligation events that occur would only be 

a chance occurrence (data not shown).  

    

Cell specific positive signals were analyzed as a function of cycle threshold C(T), 

which is the cycle at which the fluorescence of the sample crosses the background 

fluorescence. Delta C(T) values  were calculated by subtracting the C(T) values of 

samples with cells from the C(T) values of samples without cells.   For the assay 

conducted with 1000 LNCaP and PC3 cells and a splint concentration of 400 pM, LNCaP 

cell specific signals were observed at almost all the aptamer-probe concentrations. The 

best signal was observed at 1 pM of aptamer-probe with a Delta C(T) value of about 9 

cycles (fig 4.9B). This shift is very substantial relative to most signals observed in real-

time PCR assays with very small analyte concentrations. 

 

Additionally, we also attempted to detect a small number of LNCaP cells against 

a background of non-cognate HeLa cells. Since HeLa cells do not express PSMA, 

detection of Hela cells on their own was not feasible using the anti-PSMA aptamer. In 

order to test this, 1000 LNCaP cells were mixed with 105 HeLa cells and tested using the 

five-piece PLA system to assess the sensitive nature of this system. Samples consisting of 

only 105 HeLa cells served as a negative control whereas samples consisting of 1000 

LNCaP cells with no other added cells were used as a positive control. Assays were 

conducted in triplicates and repeated a minimum of three times. For every aptamer-probe 

tested, real-time PCR was successfully able to detect the 1000 LNCaP cells from a 

mixture of the non-cognate and non-PSMA expressing HeLa cells. The sensitivity of 

detection for samples containing mixtures of cells was not only comparable to that of the 

positive controls but was in many cases even better, with delta C(T)s as high as 7 (fig 

4.9C). Non-cognate HeLa cells on their own were not detected by PLA.  
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4.5 Discussion: 

4.5 Discussion: 

Prostate cancer is the second leading causeof cancer death among males in 

America (Jemal et al., 2005). Diagnosis and prognosis of prostate cancer are heavily 

based on morphology and prostate specific antigen (PSA), which often misguides the 

clinical outcome (Luo et al., 2003; Postma & Schroder, 2005).  The identification of 

molecular alterrations in all tumors in general as well as cell markers specific to tumor 

types could be useful (Gong et al., 2000; Sander, 2000).   Prostate-specific membrane 

antigen (PSMA) represents a good alternative because it correlated to a more aggressive 

biological behavior (von Mehren et al., 2003).  Previously, we used PSMA aptamer A9 

(Lupold et al., 2002) generated from purified PSMA to specificly label the cancer cell 

line LNCaP using quantum dot (Chu et al., 2006c),  and used it as a delivery vehicle for 

carrying siRNA (Chu et al., 2006d) and toxin (Chu et al., 2006a).   

Aptamers are excellent reagents for the study, diagnosis, and even therapeutics for 

cancer because of their ability to bind specifically to a complex target (Cerchia et al., 

2005).  RNA and DNA aptamers generated from purified protein have been shown to 

bind to specific cancer cells surfaces on tumors (Blank et al., 2001; Hicke, 2001; Lupold 

et al., 2002) .  On the other hand, obtaining suitable amounts of cancer surface markers, 

besides the challene of defining the marker and maintaining its native state makes 

selection a very difficult task.   

Aptamers can be directly designed to select against a heterogenous mixture of 

target such as whole trypanosomes (Homann & Goringer, 2001).  A selection that 

targeted the variant surface glycoprotein (VSG)  led to aptamers that bind specifically to 

the surface of a parasite (Lorger et al., 2003).  Other examples include aptamers to detect 

surfaces such as the Rous sarcoma virus (RSV) and  red blood cell (RBC) membranes 

(Morris et al., 1998).  In this report, we have directly selected aptamers against prostate 

cancer biomarker proteins on cultured mammalian cell surfaces.  We have employed this 

scheme in the selection of two sets of aptamers that bind specifically to one of two 

different prostate tumor lines, LNCaP and PC3 cells.   

  A random RNA sequence pool (with 2’-fluoropyrimidine modified pyrimidines) 

was applied to a cellular monolayer.  Following incubation, non-specific binding species 
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were removed by washing.  Bound RNA species were recovered, extracting the RNA 

with phenol/chloroform extraction, reverse transcription, PCR, and then in vitro 

transcription to produce RNA for the next round of selection.  To recover aptamers that 

could distinguish between cell types, the RNA pool was first applied to the PC3 cell line 

(negative selection). Non-binding RNA species were then collected and applied to the 

LNCaP cell line (positive seletion).   

After several cycles of negative selection, positive selection, and amplification, 

filter binding assays were employed using a radiolabeled pool.   Individual aptamers were 

assayed for their ability to bind to cells using both the radiolabel assay just described and 

by fluorescently-labeling the aptamers and assaying binding via FACS.  Data is shown 

for aptamers selected to bind to PC3 cells (negative selection against LNCaP cells); 

comparable data exists for aptamers selected to bind to LNCaP cells (negative selection 

against PC3 cells) and for aptamers selected to bind to both cell types.  As this data 

shows, aptamers bind with high specificity to the cells they were selected against, and can 

bind at relatively low (nanomolar) concentrations. 

    

Concurrently with our cell surface aptamer selections, we have been developing 

fluorescence detection methods that can be adapted to aptamer ligands for the specific 

detection of tumor cells.  These studies employed aptamers that specifically bind to PC3 

generated by negative selection.  The PLA data shows that it is very specific and sensitive.   

Internalization of aptamers also serves as an interesting direction of aptamer 

generation.  As data from the previous chapter has shown, aptamers are capable of 

carrying siRNA or toxin into specific cells.  On the other hand, it may still be helpful if 

an aptamer can bring siRNA or toxin just close and stay near the cell surface long enough, 

and this could increase the chance of a desired material to pass into cells.   

Furthermore, specific delivery to a certain cancer type could serve a diagnostic 

purpose. The non-toxicity and very low immune response makes aptamers useful in 

functioning as a general delivery reagent.  Aptamers lack the downside of common 

transfection reagents, such as lipid based and cation based, as well as electroporation, 

which always cause some damages to cells, not to mention several steps of washing and 
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changing media.  For aptamer delivery siRNA can be mixed directly with media and 

incubated with cells for a long time, which also increases the efficiency.   

More aptamers from specific cancer types are needed for future finger printing of 

cells for cancer diagnosis.  It is very crucial for probe libraries of tumor tissues to 

determine the correlations between aptamers against specific targets or lines and the types 

of tumors that these aptamers bind.  The aptamers derived from selections against 

individual targets or transformed cells or tissues will be fluorescently-labeled and used as 

histochemical stains for arrays of tumor tissues.  In this way, we can ultimately identify 

exactly which targets are expressed in which types of tumors, and can identify 

overlapping or differential patterns of protein expression in different tumors.  The ability 

of aptamers generated from prostate cancer lines from this reports shows it is not only 

possible to generate aptamer for a specific subgroup of a specific cancer type, but that it 

is also possible to generate aptamers that bind to that specific cancer in general.  This 

leads to the detection of certain cancer cells while leaving healthy cells alive.   

Our data clearly demonstrated aptamers selected against the whole cell surface 

cannot only specifically recognize a specific cell type, they can also be applied to various 

detection methods, such as FACS, microscopic imaging, and proximity dependent 

ligation assay.  The detection specificity can be determined by using the desired selection 

conditions.  

As we accumulate data about transcription factor expression and specificity in a 

wide variety of tumor types, it should become possible to identify principle components 

that are common between numerous tumors and to also identify components that specify 

individual tumor types.  This information will be of great use in cancer diagnosis, and can 

be used to craft specialized chips that could eventually be used in clinical labs for typing 

biopsies.  It should also be possible to more completely define the regulatory networks 

that are perturbed during oncogenesis. 
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Chapter 5 Aptamers for antiviral applications 
 

5.1 Abstract: 

Five aptamers were selected against the full length NS1 protein encoded by the 

udorn influenza A virus. The calculated Kd value of these five aptamers for the dsRNA 

binding domain of the NS1 protein ranged around 10 nM. Interestingly, the calculated Kd 

values of aptamer NS611 to NS1 proteins from the Udorn strain and the Hong Kong 

strain are 52 and 39 nM, in contrast to the binding of the aptamer NS612 to NS1 proteins 

from the Udorn strain and the Hong Kong strain with Kds of 124 and 7 nM. This data 

implies that the NS1 protein from the human and H5N1 strains share different 

characteristics or that the structure and functional folding is different. Later, the A549 

cell line was transfected with the aptamer, which specifically binds to NS1 protein, and 

then the cells were infected with both human and avian influenza A virus. Our data 

strongly suggests that docking of the NS1 protein by the aptamers inhibits influenza A 

virus replication. Furthermore, a competition assay shows that aptamers out competed 

dsRNA in binding to the dsRNA binding region of NS1A protein.   

 

5.2 Introduction: 

5.2.1. Influenza Virus: 

 

 Influenza A viruses cause pandemics that result in high mortality rates.  Three 

pandemics occurred in the twentieth century, in 1918, 1957, and 1968.  Pandemics are 

often caused by re-assortment with the currently circulating human strain or via direct 

transmission of the avian virus from birds or from an intermediate host.  Avian influenza 

virus, H5N1, is currently circulating widely in Asia, and is a prime candidate for the next 

pandemic (Seo et al., 2002).  Influenza viruses are enveloped, negative-stranded viruses 

which contain segmented, single-stranded RNA genomes belonging to the 

Orthomyxoviridae family. There are three groups: influenza A, B, and C based on the 

antigenic differences between their nucleocapsid (NP) and viral matrix (M1) proteins, 

with only A and B found to be associated with severe diseases (Lamb & Krug, 2001).  
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Vaccines could provide the best defense against possible flu pandemics, however, 

it is difficult to streamline their production for a rapidly spreading pandemic like H5N1 

(Ferguson et al., 2003).  As a result, antiviral drugs would be needed as an initial line of 

defense to stem the spread of the virus. There are only two classes of antiviral drugs 

available for  influenza virus: inhibition of the viral M2 ion channel protein (amantadine 

and rimantadine), and inhibitors of the viral neuraminidase inhibitor (zanamivir and 

oseltamivir) (Wright, 2001).   The emergence of influenza A viruses resistant to the M2 

inhibitors occurs at high frequency in treated patients (Cox & Subbarao, 1999; Suzuki et 

al., 2003). In fact, most of the human isolates of H5N1 viruses are already resistant to 

these inhibitors (Puthavathana et al., 2005). In addition, a recent study has shown 

influenza A viruses resistant to the neuraminidase inhibitor oseltamivir occurred in 20% 

of the children treated with this drug (Le et al., 2005). The emergence of influenza A 

viruses resistant to these two classes of antiviral drugs highlights the need for additional 

antiviral drugs.    

 

Influenza A viruses contains eight single-stranded genomic RNA segments 

(figure 5.1), biphospholipid envelopes from the plasma membranes of the host cells when 

the progeny virus particles bud out, and three distinct viral proteins, neuraminidase (NA), 

hemagglutinin (HA) and ion channel protein (M2) all of which are on the envelope 

projecting outward over the surface. Segment 8 encodes two proteins: NS1 and NS2. NS1 

is the only nonstructural protein of the virus and plays an important role in the virus’ 

capture of the cellular transcription and translation machinery (Lamb and Krug, 2001).  

 The NS1A protein contains 202-237 amino acid residues (26,000KDa), is the 

smallest genomic RNA segment, and the only nonstructural protein which is synthesized 

in infected cells, and not incorporated into the virion.  NS1 is a multifunctional protein 

and it plays a very important role in viral invasion of the host: 1) NS1 inhibits export of 

cellular mRNAs (Qian et al., 1994); 2) binds to the 30kD subunit of the cleavage and 

polyadenylation specificity factor (CPSF) and poly(A)-binding protein (PABII) thus 

preventing cellular pre-mRNA splicing and 3’ end processing; 3) prevents the activation 

of PKR kinase by non-specifically binding to double-stranded RNAs (dsRNAs) (Lu et al., 

1995) as well as reduces the dsRNA-induced stress response signaling pathway by the 
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inhibition of Jun-N-terminal kinase and AP-1 transcription factor activation (Ludwig et 

al., 2003). 

 

There are two functional domains in the NS1 protein, the RNA binding domain in 

the N-terminus and the effector domain in the carboxyl terminus of the NS1 protein.  The 

RNA binding domain sequesters viral dsRNA away from the endogenous cellular PKR 

kinase (Lu et al., 1994; Qiu et al., 1995; Nemeroff et al., 1998; Bergmann et al., 2000).  

The second domain of NS1A protein, the effector domain, extends from the end of the 

RNA-binding domain to the carboxyl terminal amino acids (Chen & Krug, 2000) and 

inhibits the functions of two cellular proteins which are required for the 3’ end processing 

of the cellular pre-mRNAs: the 30kDa subunit of the cleavage and polyadenylation 

specificity factor (CPSF), and poly (A)- binding protein II (PABII) (Chen et al., 1999) 

resulting in the uncleaved pre-mRNAs remained in the nucleus (Nemeroff et al., 1998). 

 

Aptamers can be generated for a variety of targets, ranging from small organics, 

peptides, and proteins to viruses and tissues (Brody & Gold, 2000; Hesselberth et al., 

2000; Nimjee et al., 2005b).  Aptamers generated from non-structural protein 3 of 

hepatitis C virus have been shown to bind to the functional domain of NS3 and inhibit the 

function of NS3 (Umehara et al., 2005). Aptamers against hemagglutinin of human 

influenza B virus have been reported to inhibit hemagglutinin-mediated membrane fusion 

(Gopinath et al., 2006).  Furthermore, expressing aptamers selected against cell death 

inhibitor CED-9 demonstrated an induction of cell killing effect in Caenorhabditis 

elegans (Yang et al., 2006).  In this report we selected aptamers against NS1 from 

influenza A virus and found the resulting aptamers bind to full length NS1 from the 

H3N2 strain of influenza A, as well as to the double stranded RNA binding domain of 

NS1 protein.  Further study indicates these aptamers can also bind to NS1 of the avian 

influenza virus H5N1 strain. In addition, cell cultures transfected with this aptamer show 

inhibition in reproduction of both the avian and the human strain of influenza virus.  
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5.3 Methods and materials: 

5.3.1 NS1 expression and purification: 

Full length NS1A/Hong Kong/483/97(H5N1), full length NS1A/UDORN/72 

(H3N2) and dsRNA binding domain (1-73 AA) of NS1A/UDORN/72 (H3N2) were 

cloned in pGEX-4T1 (Amersham Pharmacia Biotech, Piscataway, NJ) and expressed in 

BL21-DE3 using standard procedures.  NS1 proteins were then purified using glutathione 

sepharose 4B (Amersham Pharmacia Biotech, Piscataway, NJ) according to the 

recommended conditions.  GST cleavage was done using a thrombin cleavage kit 

(Novagen, EMD BioSciences, San Diego, CA)  

 

5.3.2 Aptamer transfection and Virus infection: 

Aptamer transfections were done by mixing 10 µl of lipofectamine 2000 in 200 µl 

of culture media without FBS and antibiotics with a solution containing 1 µM of 

aptamers with 10 µl in 200 µl of culture media without FBS and antibiotics, and 

incubating at room temperature for 20 minutes.  Cells were rinsed once with media 

without FBS, 600 µl of fresh media without FBS was added to the cells, then 400 µl of 

aptamers-transfection reagent was added to 600 µl of fresh media without FBS, to total a 

1000 µl culture volume and a 10 nM final aptamer concentration. Cells were incubated at 

37°C for 4 hours followed by the infection with virus.   

 

Stocks of viruses were diluted into desired MOI and added to cell culture after 

cells were rinsed once with media. The mixture was incubated at 37°C for 30 minutes, 

shaking gently every 10 minutes to make sure the virus was distributed well.  Media was 

added with N-acetylated trypsin (sigma # T6763), A549 (0.5 µg/ml) or CK (2.5 µg/ml).  

Cells were incubated at 37°C for 36 hours and cells were harvested every 4 hours. 

 

5.3.3 Plague assay: 

MDCK cells were grown in DMEM plus 10%FBS until 100% confluent, and 

virus was diluted in 1XDMEM (without FBS) with 1% BSA (Calbiochem #126626, 30% 

aqueous solution) in a derail dilution.  800 µl virus solutions were incubated with 60 mm 

of 100% confluent MDCK cells at 37oC for 1 hour.  The virus solution  was aspirated, 
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then overlaid with 8 ml of soft agar containing 1 volume of 2X DMEM (NO BSA) with 1 

volume of 2% agarose, final 2.5 µg/ml of NAT, N-acetylated trypsin (sigma # T6763). 

 

5.3.4 Aptamer selection and characterization: 

Beads were prepared by rinsing the beads with PBS 3 times and resuspending 

with an equal amount of PBS to the bead volume to yield 50% beads. The selection 

performed first was negative selection. First 100 µl of 50% beads in PBS were spun 

down, and  2 µg of GST in 50 µl PBS was added to the beads and they were incubated at 

room temperature for one hour. They were washed 3 times with PBS, then 2 µg of N40 in 

PBS with 10 mM MgCl2 was added, and they were incubated at room temp for 30 

minutes.  The supernatant with unbound aptamers was taken, ethanol precipitated, and 

resuspended with 50 µl PBS with 10 mM MgCl2 for positive selection. For positive 

selection, 100 µl of 50% beads in PBS were spun down, 2 µg of NS1-GST in 50 µl PBS 

with 10 mM MgCl2 was added, and they were incubated at room temperature for one 

hour. They were washed 3 times with PBS.  The pool collected from negative selection 

was incubated with 10 µg of tRNA at room temperature for 30 minutes and then washed 

three times with 100 µl PBS.  Aptamer pools were collected, RT-PCR was performed, 

and they were transcribed for the next round of selection, until the desired binding 

affinity using a membrane binding assay (Figure 5.1) was attained.  Aptamer pools were 

finally cloned and sequenced for individual clones. 

 

An aptamer library of DNA with a random insert of 30 nucleotides was 

synthesized (GGGAAuGGAuCCACAuCuACGAATTC-30N-

CACuGCAGACuuGACGAAGCuu 

) with an estimated size of about 1.1 X 1014 sequences.   The 2'F-RNA library was 

transcribed by T7 in vitro transcription in transcription buffer (4% (w/v) polyethylene 

glycol 8000, 40 mM Tris-HCL (pH 8.0), 12 mM MgCl2, 5 mM DTT, 1 mM spermidine 

chloride, and 0.002% Triton X-100) with 4 mM  of 2'Fluorine-CTP (2’F-CTP) and 

2'Fluorine-UTP (2’F-UTP) (TriLink Biotech, CA), 1 mM ATP and 1 mM GTP, and 

Y639F T7 RNA polymerase.   PCR primers for the pool are 24.309 

(AAGCTTCGTCAAGTCTGCAGTGAA) and 41.30 

 105



(GATAATACGACTCACTATAGGGAATGGATCCACATCTACG). After transcription 

the DNA templates were digested by adding DNase.  The aptamer pool was purified by 

8% polyacrylamide (7 M urea) gel electrophoresis, the appropriate size products were cut 

from the gel, eluted in water at 37°C overnight, ethanol precipitated, then resuspended in 

water and measured at A260 according to extinction coefficient.  For radiolabeled 

aptamers, 5 µCi of α-32P-labeled GTP was added to the transcription reaction.   

 

Calculations of kD were performed as follows. Varied concentrations of protein 

(1000, 800, 400, 200, 50, 20, 8, 4, 2, 0.5, 0.2, and 0 nM) were suspended in 30 ul of 10 

mM MgCl2 in PBS and mixed with 0.2 nM of  32P labeled 2’F modified  aptamer,also 

suspended in 30 ul of MgCl2 with PBS.  The mixture was incubated at room temperature 

for 30 minutes then filtered using a Minifold I filtration manifold (Schleicher & Schuell, 

Keene, NH) that sandwiched a Protran pure nitrocellulose membrane (Schleicher & 

Schuell) and a Hybond-N+ nylon transfer membrane (Amersham Pharmacia Biotech, 

Piscataway, NJ).  The binding mixture was filtered through the filtration manifold and 

washed with binding buffer to disrupt nonspecific binding.  Percentages of bound nucleic 

acids were computed using a PhosphorImager SI (Molecular Dynamics, Sunnyvale, CA). 

Dissociation constants were determined by assaying the binding ability.  To calculate 

equilibrium dissociation constants, the program Kaleidagraph (Abelbeck Software, 

Reading, PA) was used to fit the data to the equation f=C* [L]/([L]+Kd) where f is the 

fraction of the aptamer bound, C is the binding capacity of the aptamer, and [L] is the 

concentration of protein, by the least squares method. [bound aptamer]/[aptamer] = 

−(1/Kd) × [bound aptamer] + ([T]tot/Kd). 
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Figure 5.1 Selection scheme 
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5.3.5 dsRNA competition and gel shift assay: 

RNA assembly and 32P labeling were performed as follows:16-mer RNA  

CCAUCCUCUACAGGCG and  CGCCUGUAGAGGAUGG (Chien et al., 2004) were 

mixed in 50 mM Tris, 100 mM NaCl, pH 8.0 buffer, heated to 90 C for 2 min, and then 

slowly cooled to room temperature to anneal the duplexes. They were then treated with or 

without 1 µl of 50 mM TCEP and incubated at 37°C for 60 min with 1 µl of Antarctic 

Phosphatase (NEB #M0289) in reaction buffer (50 mM Bis-Tris-Propane-HCl, 1 mM MgCl 0.1 mM ZnCl

pH 6.0 at 25°C).  

2, 2, 

32P labeling was done by using the reaction mix from above,  adding 1 µl 

of T4 Polynucleotide Kinase (NEB# M0201S), and incubating with [γ- P] ATP in reaction 

buffer (70 mM Tris-HCl, 10 mM MgCl 5 mM dithiothreitol, pH 7.6 at 25°C) at 37°C for 60 minutes. 

32

2, 

 

Gel-shift assay was performed using NS1A(1-73) at a final concentration of 0.4 

µM, which was added to each of the four double-stranded nucleic acids at a 1 nM final 

concentration in 20 µl of binding buffer (50 mM Tris, 50 mM glycine, 1% glycerol, 1 

mM dithiothreitol, 50 ng/ µl tRNA).  The reaction mixture was incubated on ice for 30 

minutes.  The protein-nucleic acid complexes were resolved from free ds or ss oligomers 

by 15% nondenaturing PAGE with a 39:1 cross link. The gel was then dried and analyzed 

by autoradiography.  

 

The NS1 dsRNA aptamer competition assay against dsRNA was performed using 

NS1A (1-73) at a final concentration of 20 nM and NS601, NS604, NS611, and NS612 

aptamer at a 0.1 nM final concentration.  Reactions were incubated with 0, 50, 100, 500, 

1000, 5000, 10,000 and 50,000 nM of dsRNA on ice for 30 minutes.  Reactions were 

applied to a nitrocellulose/nylon membrane, washed with 100 µl three times, and the 

intensity of radiation was measured using a PhosphorImager SI (Amersham Pharmacia 

Biotech). Binding was calculated using the formula: Binding (%) = (bound)/ (bound + 

unbound) *100.   
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5.4 Results: 

5.4.1 Selection and Binding assay: 
A modified RNA pool which contains 30 random sequence residues (N30) was 

applied to selection for those with pyrimidine residues and then the pyrimidines were 

substituted during transcription with a 2’-fluoropyrimidine to prevent degradation. After 

15 cycles of selection and amplification, the population was assayed for the enrichment 

of binding species by radiolabeling the aptamers and determining which fraction of the 

population bound to the NS1 protein.  The aptamer pool was TA cloned, sequenced and 

NS1A protein binding was confirmed.   

Five aptamers, with only the random regions shown, were generated: NS30601 

(AAAGCUGCAUCUACU GAUGACCUGGCCUGC), NS30604 

(AAAGCUGCAUCCAUUGAUGACGCGU CCUCC), NS30611 

(ACGUGUGCAUCUACUGAUGAUGUGGCCUGC), NS30612 

(UCCAAGCUCAAGUCGUAGAUGUGGAUCCA) and NS30605 (CACAC 

ACGUACCAUGCACUAAGCCUCCGCC).   

The affinity of aptamers for full length NS1 protein was first examined using a 

membrane binding assay. Two versions of the full length NS1 protein were used, the 

Udorn (H3N2 human influenza virus A) and the Hong-Kong (H5N1 avian influenza 

virus), along with GST and BSA as a control.  The aptamers used were: NS30601, 

NS30604, NS30605, NS30611, and NS30612, as well as the N30 and N40 random pools 

(figure 5.2).  In general, aptamers bind several fold better when compared to the N30 

random pool.  Interestingly, although NS30612 was selected against the full length Udorn 

strain and binds relatively better in comparison to other aptamers, it binds even better to 

NS1 from the avian strain.   

We further examined the binding affinity of each aptamer using a wide range of  

concentrations to calculate the Kd of the aptamer, which yielded the following estimated 

Kds: NS30601, 9.62 nM; NS30604, 6.83 nM; NS30611, 5.45 nM; NS30612, 4.95 nM; 

N30, 605 nM (Figure 5.3).  Furthermore, the calculated Kd against full length NS1 

(around 50 to 100 nM) shows higher than that against the dsRNA binding region of NS1 

protein (around 10 nM), suggesting that the aptamer may bind to the dsRNA binding 

region. 
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Figure 5.2 Membrane binding assay of aptamers: 

A membrane binding assay was performed for five aptamers, NS30601, NS30604, 

NS30605, NS30611, and NS30612, and the N30 and N40 random pools, against BSA, 

GST, and full length NS1 from the Udorn strain (H3N2) and the Avian Hong Kong strain 

(H5N1).  The small figures show the predicted structure of each aptamer under the 

binding conditions.   
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Figure 5.3 Binding assay for udorn NS1 (1-73) to aptamers  
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5.4.2 Different binding affinity: 

There were interesting results from the comparison of aptamer binding to the full 

length NS1 protein encoded by human influenza virus (H3N2, Udorn) (figure 5.3 A) with 

full length NS1 protein encoded by avian influenza virus (H5N1, Hong Kong) (Figure 5.3 

B). Our data shows that the NS30611 aptamer has about the same affinity to both the 

human and avian NS1 proteins (Kd to human NS1 protein is 52 nM and to avian NS1 

protein is 39 nM).  However, the affinity of NS30612 to avian influenza virus NS1 

protein (calculated Kd about 7nM), is more than 10 fold better compared to that of human 

influenza virus NS1 protein (calculated Kd around 124nM). These results suggest that 

further investigation is needed. 

 

5.4.3 Viral replication inhibited by aptamer: 

To investigate the effect of aptamer on viral replication, aptamers NS30601, 

NS30604, NS30611, and NS30612, double stranded RNA, as well as a N30 random pool 

as control, were transfected into A549 cells using lipofectamine (Invitrogen). This was 

followed by infection with human influenza virus A (H3N2), and viral particles in the 

supernatant were collected every 4 hours.  The results shown in Figure 5.4 indicated that 

the control group dsRNA and random pool show no difference in viral reproduction 

compared to cells without transfection.  On the other hand, cells transfected with 

aptamers exhibited a 2 log decrease in viral reproduction.  
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Figure 5.3 Affinity binding of full length Udron and HK strain NS1. 

A. (Left). Kd for NS130611 to NS1-Udorn (human flu) and NS1-HK (Avian flu): 

Calculated Kd for NS1-Udorn = 52+/- 1nM ; NS1-HK = 38.9 +/- 1 nM.  

B. (Right)  Kd for NS130612 to NS1-Udorn (human flu) and NS1-HK (Avian flu): 

Calculated Kd for NS1-Udorn = 124+/- 1nM ; NS1-HK = 7 +/- 1 nM.  
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Figure 5.4 Viral replication curve in A549 after transfection with Aptamer 

 114



5.4.4 Aptamers also inhibit replication of the avian strain of influenza virus: 

Since binding data suggested that aptamers can bind to both human and avian 

strains of influenza NS1 protein, we further investigate viral reproduction for both human 

and avian flu.  A549 cells were cultured and transfected with aptamer using lipofectamine 

(Invitrogen).  After transfection, cells were then infected with influenza A viruses at MOI 

of 0.001 and incubated for 30 hours.  Cells were then harvested and western blot was 

performed to detect the presence of virus. The viruses used in this study were: Udorn 

H3N2 virus (Figure 5.6A), H5N1/Udorn (Figure 5.6B) and H5N1/97 NS recombinant 

virus with udorn backbone (Figure 5.6C). In this study, we used beta actin as the internal 

loading control. Our data shows that the aptamers used in general reduced viral growth to 

about 20% of that of the control. Both H3N2 and recombinant H5N1 viral growth were 

inhibited when cells were transfected with aptamers. 

 

5.4.5 Competition between aptamers and dsRNA to the NS1A protein:  

To further examine whether aptamers bind to the dsRNA domain of the NS1A 

protein more strongly than dsRNA, we used a gel shift assay. We incubated 0.1 nM of 

radiolabeled NS30601, NS30604, NS30611, and NS30612 aptamers with 20 nM of the 

dsRNA binding domain of the NS1A protein. Several different concentrations of dsRNA 

(0, 50, 100, 500, 1000, 5000, 10,000 and 50,000 nM) were added, the mixture was 

incubated on ice for 30 minutes, and then it was passed through a nitrocellulose (bound 

aptamer with protein)/nylon membrane (unbound washed off aptamer) sandwich. Bind 

was calculated using the following formula: binding (%) = (bound)/ (bound + unbound) 

*100%.  Our results suggested that more than 100 nM of dsRNA was needed to reduce to 

50% the binding of NS1 to aptamers at the concentration of 0.1 nM (Figure 5.7).  We also 

performed the binding assay with mutant (R38A) with a mutation of the dsRNA binding 

site, however, the data shows no difference in aptamer binding, which indicated that 

aptamers are not targeted to this position (figure 5.7).  The binding assay also indicated 

that these aptamers may not be binding at the 38th amino acid of NS1 protein (figure 5.8).
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Figure 5.5 Aptamer inhibition of virus. 

A. (top): Udorn NS1/Udorn virus (Udorn NS1 in H3N2 virus) reproduction in A549 cells.  

B. (bottom left): Aptamer inhibition of HK NS1/H3N2 virus reproduction in A549 cells.  

C. (bottom right): Aptamer inhibition of HK NS1/HK virus (avian flu virus carry avian 

flu NS1, although HA,NA still human version for safety issue) reproduction in A549 

cells. 
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Figure 5.6 Membrane bindings assay of NS1 aotamers in competition of dsRNA 
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Figure 5.7 Binding assay of NS1 aptamer to R38A mutant to WT 
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5.4 Discussion: 

 

H3N2 and H1N1 human influenza viruses are thought to be non-lethal influenza 

strains, and H5N1 is the first strain that has been documented to be able to transmit from 

chicken to human, causing a worldwide threat of human death. H5N1 would be the next 

pandemic flu if it acquired the ability for human-to-human transmission (Harper et al., 

2005; Smith, 2006). This has led to recent intense study where people have tried to find a 

distinguishable signature separation between human and H5N1 influenza virus, using 

either computer predictions or bench work data accumulation (Smith, 2006). 

 

Studies have indicated several factors that help to determine the virulence of the 

influenza virus, such as the PB2 subunit of the viral polymerase (Braam-Markson et al., 

1985; Detjen et al., 1987; Li et al., 2001; Shinya et al., 2004), HA, and NS1 protein 

(Etkind et al., 1977; Krug et al., 2003; Chien et al., 2004; Min & Krug, 2006; Twu et al., 

2006). Until recently, it was thought that virulence was polygenically determined,  

requiring two or more genes to undergo specific interactions with each other or the 

combination of several viral genes. The NS1 protein has a size of 26kDa, and plays a 

large role in countering the host cell antiviral defense and is expected to play an 

important role in viral virulence (Twu et al., 2006) (Noah et al., 2003). For example, in 

1997, the H5N1 produced a huge amount of IFN, resulting in the death of 6 out of 18 

infected people (Hengel et al., 2005; Kash et al., 2006). Moreover, it has been thought 

that this virulence is due to the NS1 protein. 

 

Reports of the increase of influenza A viruses resistant to the few available 

antiviral drugs pointed to the urgent need for additional antiviral agents (Regoes & 

Bonhoeffer, 2006).  A recent report showed that inhibiton of viral replication of the 

influenza A virus , but not the influenza B virus, occurred in a stable cell line 

constitutively expressing a peptide that blocks NS1, indicating that blocking of NS1 

binding sites could be a potential target for antiviral drugs against influenza A virus (Twu 

et al., 2006).   The ability of aptamers to inhibit the replication of influenza virus further 
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suggested that the interaction of NS1 with other proteins is very crucial for viral 

reproduction.   

A previous study showed that a recombinant H3N2 A/Udorn/72 (A/Udorn) virus 

expressing a R38A mutant NS1A protein, that does not bind dsRNA, is attenuated 1000-

fold (Min & Krug, 2006). The RNA-binding domain of human influenza A viruses is 

conserved, thus those viruses may share the same dsRNA-binding function.  Furthermore, 

one of the functions of NS1 is protein-mediated inhibition of the 3’ end processing of 

cellular pre-mRNAs, such as IFN-β pre-mRNA, which occurs in the nucleus (Shimizu et 

al., 1999; Noah et al., 2003).  Therefore, inhibition of the dsRNA-binding site could also 

effectively block nuclear import of NS1.  Our data suggested that the aptamers bind 

strongly to the NS1 dsRNA-binding site, which makes them potential targets for viral 

inhibition.  Therefore the aptamers generated in this study may potentially disrupt the two 

functions of NS1.    

 

 

 120



Chapter 6 Summary 

 
Given the large variety of tumors and tumor antigens that have been discovered in 

the recent past, reagents capable of recognizing vast amounts of transformed cells and 

tumor antigens are needed in short order.  We show that aptamers selected against a wide 

range of tumor-specific protein targets are a viable answer to this problem.  Aptamers can 

recognize a wide range of tumor antigens and are useful in analysis of proteomic 

phenotypes associated with cellular transformation since they bind cognate protein targets 

with dissociation constants in the nanomolar range and can readily discriminate between 

even closely related proteins.   

 

In this work, we demonstrate how aptamers selected against prostate specific 

membrane antigen (PSMA) are useful as target-signaling reagents in three diagnostic 

formats:  by directly labeling the aptamer with fluorescently modified nucleotides, by 

indirectly labeling the aptamer via a biotin-streptavidin bridge to a nano-particle quantum 

dot, and in the novel, sensitive and quantitative context of proximity ligation assay (PLA).  

Furthermore, we demonstrate that the same aptamers are also capable of delivering toxic 

siRNA’s specifically to prostate cancer cells.  In addition, we have selected aptamers 

directly against whole cell surfaces in either positive or negative selections yielding 

aptamers which bind specifically to prostate cancer cell subtypes as well as to prostate 

cancer cells in general.  These experiments demonstrate the variety of applications to 

which aptamers are applicable.  

 

Example uses of aptamers selected from purified protein for detection and 

therapeutics: 

Fluorescent dyes and nanoparticles: 

Quantum dots are useful reagents for multispectral in vivo diagnostic imaging of 

cells, tissues, and living animals.  Quantum dots offer a number of significant advantages 

over traditional fluorophores due to their relatively good photostabilities and tunable 

color with narrow emission spectra.  We demonstrated the use of anti-PSMA 

aptamer:quantum dot conjugates for the specific labeling of PSMA-expressing prostate 
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tumor cells both in cell culture and in simulated tissue samples using the anti-PSMA 

aptamer as well as cells dispersed in a collagen gel matrix simulating tissue (Chu et al., 

2006b).  We also demonstrated 5’end fluorescent labeled aptamers can also work in 

FACS.   

 

Proximity Ligation Assay (PLA)   

Proximity Ligation Assay (PLA) – based on the adjacent binding of two affinity 

reagents on a protein surface – leads to the ligation of oligonucleotide tags appended to 

those affinity reagents, followed by the generation of  signal amplicons that can be 

detected by real-time PCR (Fredriksson et al., 2002; Gullberg et al., 2003; Gullberg et al., 

2004; Gustafsdottir et al., 2005).  The amplicon is based on the quarternary structure 

wherein two separate, unique affinity reagents (aptamers) bind to protein, then the 

affinity reagents are hybridized together in a short duplex by a “splint” oligonucleotide 

that templates ligation.  This ligation event is then amplified and can be monitored in real 

time via PCR.  Background is extremely low and sensitivity is correspondingly high.  

Protein concentrations in the zeptomolar range can be readily detected using this so-

called proximity ligation assay (PLA). 

 

  

We have have adapted our aptamers, selected to bind the common prostate tumor 

marker PSMA, to the proximity ligation assay format.  The anti-PSMA aptamer A9 was 

extended during chemical synthesis with new sequences at either the 5’ or 3’ end, and 

DNA oligonucleotides complementary to these extensions and able to hybridize to both 

the extensions, thus “splinting” them together.  In this way, if two aptamer:DNA 

conjugates are bound adjacent to one another on a cell surface, they could be ligated 

together using T4 DNA ligase, then amplified creating a novel amplicon detectable by 

real-time PCR.  This six-part system in which a cell (1), presenting two substrates (+2) to 

which two aptamers (+2) specifically bind and are then splinted (+1), ligated together (= 

6) and their extension sequences amplified, yields an extremely specific signal and is 

associated with a very low background signal.  Moreover, the ability to generate PLA 

probes by extension and hybridization is much simpler and more generalizable than by 
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chemical conjugation.  PSMA-positive LNCaP cells showed a delta C(T) of up to 10 

cycles, which is an extremely large shift relative to most signals seen in real-time PCR 

assays with small analyte concentrations.  

 

Selection of aptamers that bind to the cell surface: 

Very few selections are targeted directly to heterogeneous whole cell surfaces and 

thus the parameters that influence the selection are not well understood.  Our studies, 

carried out using two subsets of prostate cancer cell lines with both positive and negative 

selections, provide many directive clues for future work.  The importance of PSMA as a 

tumor antigen was previously summarized in Chpater 2.  Selection experiments with 

modified RNA have already been carried out against isolated PSMA (Lupold et al., 2002).    

We have shown in Chapter 4 the specificity of cell surface aptamer selection, by setting 

selection conditions such that the aptamers yielded are specific for a subset of prostate 

cancer cells, such as PC301 and PC304, and specifically bind only those prostate cancer 

lines and show no binding to either DU145 or LNCaP cells.  Moreover, aptamers can also 

be specifically selected to target a certain cancer type in general but not other cell lines of 

different cancer types.  For instance, aptamers selected to bind generally to LP7 prostate 

cancer cell lines, including LNCaP and PC3 cells, do not bind to lung cancer derived 

A549 or H526 cells. 

 

Aptamers generated to bind cell surfaces reveal a similar level of efficacy in 

cancer detection and diagnosis as they do in the context of purified PSMA protein.  

PC301 and PC304 for example show high specificity in flow cytometry experiments, and 

also work well in the context of confocal microscopy experiments.  Moreover, in the PLA 

experiments, our PC3 series aptamers show high sensitivity even in a 1 to 10000 

background when compared with HeLA cells (10 PC3 cell in a 100,000 Hela cell mix).  

These results all point to a wide range of utilities using aptamers selected against cell 

surfaces. 

 

Future studies: 
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It is important to have a wide variety of aptamers to suit the vast number of molecular 

characteristics in the process of cancer development, hence more aptamers are needed.  It 

will also be useful to minimize the size of known aptamers, for example the PSMA 

aptamer or PC301, to decrease their production cost and limit possible immune reactivity.   

Internalization is also a potentially powerful use for aptamers and may present a viable 

substitute for current delivery methods.  Automation of the process of selection can 

greatly increase the speed of aptamer development.  And finally, aptamer microarrays 

containing a variety of aptamers against a range of cancer cell types and subtypes on one 

chip that could specifically signal the presence of unique cellular characteristics would be 

an excellent diagnostic tool. 
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