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Abstract
Epidermal growth factor receptor variant III (EGFRvIII) is a glycoprotein uniquely expressed in
glioblastoma, but not in normal brain tissues. To develop targeted therapies for brain tumors, we
selected RNA aptamers against the histidine-tagged EGFRvIII ectodomain, using an Escherichia
coli system for protein expression and purification. Representative aptamer E21 has a dissociation
constant (Kd) of 33×10−9 M, and exhibits high affinity and specificity for EGFRvIII in ELISA and
surface plasmon resonance assays. However, selected aptamers cannot bind the same protein
expressed from eukaryotic cells because glycosylation, a post-translational modification present
only in eukaryotic systems, significantly alters the structure of the target protein. By transfecting
EGFRvIII aptamers into cells, we find that membrane-bound, glycosylated EGFRvIII is reduced
and the percentage of cells undergoing apoptosis is increased. We postulate that transfected
aptamers can interact with newly synthesized EGFRvIII, disrupt proper glycosylation, and reduce
the amount of mature EGFRvIII reaching the cell surface. Our work establishes the feasibility of
disrupting protein post-translational modifications in situ with aptamers. This finding is useful for
elucidating the function of proteins of interest with various modifications, as well as dissecting
signal transduction pathways.
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Introduction
Human epidermal growth factor receptor (EGFR) is a type I receptor tyrosine kinase
expressed on the surface of a number of cell types (Baselga, 2002; Mendelsohn, 2002;
Jorissen et al., 2003). EGFR consists of an ectodomain, a transmembrane domain, and an
intracellular domain which contains a tyrosine kinase domain and a C-terminal tail. EGFR
ectodomain can be further divided into four subdomains: I and III share high homology; II
and IV are cystidine-rich. Domain II is crucial for EGFR homo-dimerization (Ogiso et al.,
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2002). Upon ligand binding, EGFR dimerizes, and cytoplasmic tyrosine kinase is activated,
which triggers a set of signal transduction pathways, including the Ras/Raf/mitogen-
activated protein kinase pathway [extracellular signal-regulated kinase (ERK) 1/2], the
phosphatidylinositol 3-kinase/Akt pathway, etc., resulting in cell survival, proliferation, and
differentiation (Jorissen et al., 2003).

EGFR overexpression has been detected in many human tumors. It is also the first cell
surface receptor identified as being amplified and mutated in glioblastoma, the most
frequently occurring and most malignant human brain tumor (Ohgaki and Kleihues, 2005).
EGFR acts oncogenically to stimulate cancer cell growth and spread. In addition to
overexpression, EGFR often undergoes rearrangements which make it constitutively active.
The most common mutant is variant III (EGFRvIII), which has an in-frame deletion of 801
base pairs, resulting in absence of domain II. EGFRvIII has been detected in brain, breast,
ovarian, and non-small cell lung cancers, but not in the corresponding non-malignant tissues
(Garcia de Palazzo et al., 1993; Moscatello et al., 1995; Kuan et al., 2001).

EGFR is a highly glycosylated protein, as its ectodomain contains 12 N-glycosylation sites.
Glycosylation is the most frequent protein modification in eukaryotic cells, proper
glycosylation being crucial in protein folding and stability (Durand and Seta, 2000; Martin-
Rendon and Blake, 2003). It is estimated that more than half of the proteins in eukaryotes
undergo this modification. During glycosylation, glycans are synthesized in the endoplasmic
reticulum, processed in the Golgi complex, and covalently linked to most plasma membrane
and secretary proteins. EGFRvIII undergoes glycosylation as well. Despite the deletion of
domain II, this variant retains eight glycosylation sites (Zhen et al., 2003), and proper
glycosylation on these sites is required for EGFRvIII translocation to cell membrane, where
it is constitutively activated.

The clear potential of EGFRvIII-targeted therapy for cancer has stimulated much research.
Antibodies have been developed that specifically recognize EGFRvIII. Such antibodies bind
EGFRvIII on the tumor cell and induce quick endocytosis. Once coupled with cytotoxic
reagent, these antibodies kill tumor cells efficiently (Reist et al., 1995; Wikstrand et al.,
1995). In practice, it is observed that EGFRvIII antibody injected intracranially may leak
and cause systemic toxicity (personal communication). So far, there is no effective method
to reverse antibody function. RNA aptamers can be viewed as oligonucleotide analogs of
antibodies in that they have similar high affinity and specificity for their cognate proteins
(Sullenger and Gilboa, 2002; Bunka and Stockley, 2006; Que-Gewirth and Sullenger, 2007).
Yet owing to their nucleic acid nature, aptamers offer great advantages over antibodies.
First, aptamers have smaller sizes (8–15 kDa), only half the molecular weight of the smallest
single-chain fragment variant of IgG, which enables rapid tumor penetration and blood
clearance. Second, aptamers have low to no immunogenicity. Third, aptamers can be bulk-
synthesized and easily modified to increase stability. Most importantly, aptamers can be
reversed by antidotes (Rusconi et al., 2002; Oney et al., 2007), which are typically 20–30
nucleotides long RNA oligonucleotides with complementary sequence to aptamers.

In this study, using the systematic evolution of ligands by exponential enrichment (SELEX)
technique, we developed RNA aptamers against the ectodomain of EGFRvIII as a
polyhistidine-tagged protein purified from Escherichia coli. We tested if these aptamers
could recognize their eukaryotic targets with post-translational modifications. Finally, we
explored the effects on cell viability of transfecting EGFRvIII aptamers into cells.
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Results
Selecting RNA aptamers for the purified EGFRvIII ectodomain

To obtain aptamers that specifically target EGFRvIII, we used E. coli-expressed, His-tagged
EGFRvIII ectodomain as the target for in vitro selection. The initial RNA pool consists of
1014 oligonucleotides, each containing a 40-nucleotide random region flanked by fixed
sequences. To improve stability, all the pyrimidines are 2′-fluoro modified. Initially,
nitrocellular membrane filtration was used to trap aptamer-protein complexes. After four
rounds, however, we found that aptamers were being inappropriately selected against the
polyhistidine tag on the protein likely as a result of charge-charge interactions. Selections
were then reinitiated via a bead-based approach, essentially consisting of pre-binding His-
tagged EGFRvIII to Ni-NTA beads (Qiagen, Valencia, CA, USA), incubating protein-bead
conjugate with oligonucleotides, washes to remove unbound oligonucleotides, and RT-PCR
amplification of the bound oligonucleotides. After 12 rounds of such bead-based selection,
the binding properties of the starting and final pools were compared. In sharp contrast to the
starting pool, which essentially showed no binding to EGFRvIII, round 12 pool exhibited
significantly increased affinity. The maximal binding was more than 80%, and the Kd value
was around 30×10−9 M (Figure 1). We further excluded the possibility that the affinity was
due to the His tag by showing that round 12 pool did not bind a His-tagged, but unrelated
protein (data not shown).

Sequencing of round 12 identified two predominant clones, E17 and E27 (Table 1), each
accounting for 54% and 10% of the pool, respectively. The rest of the aptamers can be
grouped into one family, sharing the consensus
TACCAAGATCCCACAACTAGCCGACCAN1–2-ATTGCCGGC. All EGFRvIII aptamers
have a Kd ranging from 33 to 59×10−9 M, in the same range as the round 12 pool. For further
study, we focused on E17, the predominant clone; and E21, a rare clone in the family, which
has the highest affinity.

When tested in the binding assay, E17 and E21 behaved quite similarly to the round 12 pool
(Figure 1). E21 had a slightly higher affinity for EGFRvIII than E17 (Table 1).

Aptamer-EGFRvIII interactions confirmed by ELISA and Biacore
Since EGFRvIII is a membrane protein, we speculated that epitopes exposed in solution may
not be accessible once the protein is immobilized. To determine whether EGFRvIII aptamers
can bind immobilized EGFRvIII, we performed an ELISA assay by probing with the
aptamers attached to a biotin-labeled oligonucleotide. Binding was monitored by addition of
streptavidin-HRP-TMB substrate reaction. As shown in Figure 2A, compared to the initial
pool, E21 shows more than an eight-fold increase in binding of EGFRvIII at 0.3 µM protein
concentration. The enhanced affinity is protein concentration dependent. In the absence of
EGFRvIII, no affinity difference between E21 and the starting pool was detected. Unlike
E21, E17 exhibits only a moderate increase in affinity relative to the library control.

The interaction between aptamer E21 and EGFRvIII protein was further characterized by
surface plasmon resonance analysis via Biacore 3000. As shown in Figure 2B and C, E21
binds EGFRvIII with a high Ka and a very low Kd, which indicates that once E21 binds
EGFRvIII, it hardly dissociates. This binding characteristic is ideal for drug delivery or
imaging purposes. In sharp contrast, library RNA showed a very low level of binding (<10
response units) to EGFRvIII (Figure 2B), which confirms the specificity of E21.
Interestingly, although E17 did not work as well as E21 in previous tests, it functioned
equally as well as E21 in the surface plasmon resonance assay (data not shown).
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EGFRvIII aptamers distinguish glycosylated vs. unglycosylated EGFRvIII protein
The EGFRvIII we used for SELEX is purified from E. coli, a prokaryotic system lacking
post-translational modifications. The same protein was expressed and purified from
baculovirus-infected insect SF9 cells, a eukaryotic system possessing post-translational
modifications. We compared these two proteins and tested if post-translational modification
exerts a negative effect on aptamer affinity. As expected, the same construct yields two
proteins with distinct molecular weight, as shown in Figure 3A. E. coli-produced EGFRvIII
is 40 kDa, as indicated by the bulky band below the 50 kDa marker. A better view is
achieved with lighter exposure (Figure 3A, left panel). SF9-produced EGFRvIII is
approximately 70 kDa, 30 kDa bigger than the one from E. coli. Since EGFRvIII is known
to be a glycosylated protein, we tested if the molecular weight difference is due to
glycosylation. Indeed, both the chemical removal of glycans by trifluoromethanesulfonic
acid and enzymatic digestion by PNGase F of baculovirus-produced EGFRvIII resulted in a
band of similar size of bacterial purified EGFRvIII, confirming that glycosylation accounts
for the molecular weight difference.

When tested for binding, aptamer E21 bound only E. coli-expressed EGFRvIII, and showed
no affinity for baculovirus-produced EGFRvIII (Figure 3B), which demonstrates that
glycosylation alters the binding surface of the aptamer on the protein and the interaction
between aptamer and protein is disrupted.

EGFRvIII aptamers reduce membrane-bound EGFRvIII when introduced intracellularly
The maturation process of EGFRvIII involves synthesis at the rough endoplasmic reticulum,
post-translational modification in the lumen of the Golgi complex, and export to the
membrane (Johns et al., 2005). If the protein does not undergo proper glycosylation, it could
be targeted for degradation (Ermonval et al., 2001). Since our aptamers specifically interact
with unglycosylated EGFRvIII, we hypothesized that the aptamers may bind newly
synthesized EGFRvIII in situ, block its glycosylation, cause its degradation, and reduce the
expression of cell surface EGFRvIII. To test this hypothesis, we transfected EGFRvIII
aptamers E17 and E21 into NR6M cells, a mouse cell line overexpressing EGFRvIII. Then,
28 h after transfection, membrane proteins were labeled with Sulfo-NHS-SS-biotin (Pierce,
Rockford, IL, USA), purified on streptavidin beads, and analyzed by gel electrophoresis and
Western blotting. Compared to control cells transfected with RNA library, membrane-bound
EGFRvIII is decreased by 50% and 90% in E17- and E21-trans-fected cells, respectively
(Figure 4), indicating that delivery of the aptamers into the cells can indeed reduce
EGFRvIII surface expression.

EGFRvIII aptamers induce apoptosis when introduced intracellularly
Cell surface expression of EGFRvIII confers cell growth advantage by constitutively
activating downstream signaling pathways (Kuan et al., 2001). A crucial quality control
exists at the Golgi complex to ensure properly glycosylated EGFRvIII reaches cell
membrane, while improperly glyosylated ones become degraded. Since our aptamers
specifically interact with unglycosylated EGFRvIII and reduce membrane-bound EGFRvIII,
we tested whether the aptamers can abolish EGFRvIII-dependent growth advantage.

NR6M cells were transfected with EGFRvIII aptamers, as well as RNA library as control.
Then, 28 h after transfection, cells were fixed and stained with Hoechst 33342. As shown in
Figure 5A, both E17 and E21 transfected cells exhibit condensed nuclei, a characteristic
morphological feature of apoptotic cells. Five different areas were then randomly picked,
and the percentage of apoptotic cells was calculated (Figure 5B). Compared to cells
transfected with RNA library, E17- and E21-trans-fected cells show a 4- and 5-fold increase
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in percentage of apoptotic cells, suggesting that transfected aptamers can indeed induce
apoptosis in a subpopulation of cells.

Discussion
A practical SELEX strategy for histidine-tagged proteins

In a search for novel therapies for glioblastoma, we developed RNA aptamers against
EGFRvIII ectodomain, a 40-kDa peptide that was polyhistidine tagged and expressed from
E. coli. We found that positively charged His tag non-specifically attracts negatively
charged RNA. After four rounds, selection is dominated by His tag binders that have no
affinity for the target of interest. By prebinding His-tagged protein with Ni-NTA beads, we
successfully blocked the His tag and directed selection toward the rest of the protein of
interest. Since polyhistidine is a widely used tag for protein purification, our work provides
a feasible SELEX strategy for His-tagged proteins.

Consideration of post-translational modification for successful SELEX
In the literature, there are reports of successful aptamers generation with prokaryotic system
expressed proteins. However, our work presented here clearly demonstrates that such an
approach is not feasible for EGFRvIII, a highly glycosylated protein. Glycosylation totals up
to 30 kDa molecular mass, which accounts for three-quarters of the molecular weight of
unmodified EGFRvIII ectodomain. This dramatic increase in molecular weight undoubtedly
alters EGFRvIII conformation. Aptamers rely strictly on conformation complementary for
target binding. When glycosylation adds significant molecular weight to a protein, the
complementary surface an aptamer recognizes is unavoidably disrupted, and aptamers lose
their affinity for the proteins. Our work on EGFRvIII reveals the pivotal role post-
translational modification can play on aptamer-protein interactions, and demonstrates that it
is not feasible to use prokaryotic system purified proteins for aptamer generation, especially
when the target protein undergoes excessive post-translational modifications.

Although glycosylation is a universal modification in eukaryotic systems, glycans vary
greatly among species. For our baculovirus-SF9 insect cell expressed EGFRvIII, glycans
add 30 kDa to the molecular mass. Taking into account that EGFRvIII ectodomain has eight
glycosylation sites, each glycan contributes 3.75 kDa of molecular mass. This glycan weight
is quite different from the 1–2.3 kDa reported by other research groups (Kim et al., 2005).
This might be due to different insect cells utilized for protein expression. We used SF9 cell,
while the other group used S2 cells from Drosophila melanogaster. In addition, the glycan
isoform changes according to whether conditions are normal or pathological (Durand and
Seta, 2000; Martin-Rendon and Blake, 2003). Therefore, to obtain a functional aptamer, it is
crucial to purify the target protein from the system where the aptamer will be applied
eventually.

A new area for aptamer application: targeting cytoplasmic post-translational modifications
To date, the aptamer field has focused mainly on using aptamers to target plasma proteins
and membrane receptors (Que-Gewirth and Sullenger, 2007). In 2004, the first aptamer-
based drug Pegaptanib (Macugen) was approved by the Food and Drug Administration for
the treatment of wet-age-related macular degeneration. A number of other aptamer drugs are
in the pipeline (Que-Gewirth and Sullenger, 2007). In most cases, related antibodies have
been produced earlier and stand in more advanced stages.

In contrast, targeting an intracellular protein is made possible only by aptamers. In 1999, the
Famulok group reported intracellular expression of aptamers (which they termed as
intramers) against integrin to block cell adhesion (Blind et al., 1999; Mayer et al., 2001).
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Later on, they simplified the expression procedure by directly transfecting intramers inside
cells. Without any stabilization, the unmodified intramers persist inside cells for at least 6 h
(Theis et al., 2004). They convincingly showed that by intramer technology, novel
biological functions can be assigned to protein or protein domains, and targeted modulation
of a signal transduction cascade can be achieved.

As a further advancement of intramer technology, our transfected EGFRvIII aptamers can
reduce the amount of mature EGFRvIII that reached the cell surface, suggesting that
transfected aptamers can reach cytoplasmic organelles and interfere with protein processing.
Recently, we have also identified an aptamer that can specifically block GluR1, a neuron
cell membrane receptor, site-specific phosphorylation and prevent its membrane
translocation (Liu et al., 2008). Our finding broadens the frontier of aptamer applications,
particularly for signal transduction studies. So far, more than 50 tyrosine kinase receptors
have been identified (Robinson et al., 2000). They share a common activation step that
involves their auto-phosphorylation, followed by the activity of a complex network of
adaptors, effectors, etc. It is difficult to disrupt one particular pathway in its natural context
to elucidate its function. Antibodies are inert under a cytoplasmic reducing environment.
Small molecular inhibitors lack specificity. Aptamers may represent the only solution. We
can develop aptamers against a specific cytoplasmic portion of a tyrosine kinase receptor
and study the effect of aptamers. Our study has demonstrated that aptamers can efficiently
interfere with a post-translational modification of protein, thereby its function, in an intact
cell.

A novel strategy for EGFRvIII-targeted therapy against glioblastoma
Currently, the standard treatment for patients with glioblastoma includes surgery to remove
the tumor, chemotherapy, and radiotherapy. Despite this effort, the median survival time is
only around 6 months (Ohgaki and Kleihues, 2005). It is imperative to develop more
specific, effective therapeutics. The fact that EGFRvIII is uniquely expressed only in brain
tumor cells makes it an ideal target for therapeutic interventions (Kuan et al., 2001).
Monoclonal antibody against EGFRvIII administered intracranially has effectively
destroyed gliomas (Riva et al., 1999). EGFR tyrosine kinase inhibitors, erlotinib (OSI-774,
Tarceva; Genentech, South San Francisco, CA, USA) and gefitinib (ZD1839, Iresssa; Astra-
Zeneca, Wilmington, DE, USA) have been developed and tested for activity against tumors
(Raizer, 2005). EGFRvIII is also being used as an antigen in a vaccine-based clinical trial
for glioblastoma multiforme. In these trials, there are two concerns that need to be
addressed. First, the blood-brain barrier represents a significant obstacle for successful
treatment of intro-central nervous system (CNS) tumors. Consistent with our observation
that intra-cranial administrated antibody leaks into the systemic circulation, there is a report
now suggesting that the anti-EGFR antibody administrated systematically might cross from
the systemic circulation into the CNS (Ramos et al., 2006). Moreover, EGFRvIII is resistant
to degradation, allowing for prolonged activity at the cancer cell surface (Han et al., 2006).
Resistance to the current generation of tyrosine kinase inhibitors may be mediated, in part,
by this effect. Our aptamer provides a good solution for both concerns. Firstly, administrated
with or without antidote, aptamer function can be refined in a desired region or in a
sequential manner. For example, EGFRvIII-specific aptamers can be intracranially injected.
Possible aptamer leakage through the blood-brain barrier can be neutralized by systematic
antidote administration. Secondly, since our aptamers directly target EGFRvIII biogenesis
and maturation, they represent a more potent inhibitor for a stable protein. With the
development of novel techniques, such as nanoparticle or polymer-mediated intra-cellular
delivery, our aptamers may provide potential for a novel therapy for glioblastoma.
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Materials and methods
Selection procedure

In vitro selection was carried out as described previously (Ishizaki et al., 1996), with
modifications. A random pool of RNA oligonucleotides of the sequence 5′-GGG AGG ACG
ATG CGG (N40) CAG ACG ACT CGC TGA GGA TCC GAG A-3′ (N40 represents 40
random nucleotides with equimolar A, G, C, U) was generated by in vitro transcription with
2′-fluoro CTP and UTP (TriLink Biotech, San Diego, CA, USA), 2′-hydroxy GTP and ATP,
and mutant T7 RNA polymerase that efficiently incorporates modified nucleotides (Sousa
and Padilla, 1995). EGFRvIII ectodomain was histidine (His)-tagged and expressed in E.
coli. Prior to each round of selection, His-tagged proteins were conjugated to Ni-NTA beads
(Qiagen, Valencia, CA, USA) and then incubated with RNA pools at 37°C for 15 min.
Bound RNA molecules were separated from unbound ones by centrifugation, phenol/
chloroform extracted, ethanol precipitated, and amplified by RT-PCR. Selection stringency
was increased by decreasing protein concentrations and increasing RNA-protein ratios. To
prevent selection of RNA molecules that bind Ni-NTA beads and nitrocellulose membrane
which is utilized in the binding assay, the pool was pre-bound to the beads and nitrocellulose
disc in the absence of target proteins. RNA molecules that were retained on the beads and
discs were discarded before each round of selection. For desired rounds, selected RNA
molecules were reverse transcribed, amplified, cloned, and sequenced as described
previously (Ishizaki et al., 1996).

Binding affinity assays
We determined RNA-protein equilibrium dissociation constants (Kd) by the double-filter,
nitrocellulose-filter binding method as described previously (Wong and Lohman, 1993). For
all binding assays, RNA molecules were dephosphorylated by using bacterial alkaline
phosphatase (Gibco BRL, Gaithersburg, MD, USA) and 5′-end labeled by using T4
polynucleotide kinase (New England Biolabs, Beverly, MA, USA) and [γ-32P]ATP. Binding
assays were carried out by incubating [32P]-labeled RNA at a concentration of less than 0.2
nM and protein at concentrations ranging from 0.01 to 1 µM in selection buffer F (20 mM

HEPES, pH 7.4; 150 mM NaCl; 2 mM CaCl2; 0.01% bovine serum albumin) at 37°C. The
fraction of RNA bound was quantified with a PhosphorImager (Molecular Dynamics,
Sunnyvale, CA, USA). Raw binding data were corrected for non-specific background
binding of radiolabeled RNA to the nitrocellulose filter as described previously (Wong and
Lohman, 1993).

ELISA
A 96-well plate was coated with EGFRvIII ectodomain at different concentrations (0–0.3
µM) in Dulbecco’s phosphate buffered saline (D-PBS) overnight. The plate was washed in 1×
PBS/0.05% Tween-20 and blocked in 1% bovine serum albumin in 1× PBS for 1 h. Next,
100 pmol aptamers, which were annealed to a biotin-labeled 39 oligonucleotide (5′-
[biotin]TCTCGGAT-CCTCAGC-3′) that recognize the fixed flanking region, were applied
to the proteins and incubated at 37°C for 2 h. After extensive washing, streptavidin-
horseradish peroxidase (HRP) was added and incubated for 20 min at room temperature in
the dark. HRP substrate was then added and the reaction stopped by 2N H2SO4 20 min later.
The optical density of each well was determined by a microplate reader at optical density
450 nm.

Affinity constant determination by surface plasmon resonance
Purified EGFRvIII ectodomain protein was immobilized on the surface of biosensor chips at
a level of 2×104 response units for analysis with the BIAcore™3000 (BIAcore, Inc.,
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Piscataway, NJ, USA). Coupling of antigen was achieved by using N-ethyl-N′-(3-
dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide according to the manufacturers’
instructions. The running buffer was 10 mM HEPES/150 mM NaCl/3.4 mM EDTA, pH 7.4.
The aptamer E21 and control samples were passed over the biosensor chip at concentrations
from 25 to 200 nM. Starting RNA pool was included as a negative control. The association
and dissociation rate constants (Ka and Kd) were determined by using the non-linear curve-
fitting BIAevaluation software (BIAcore, Inc.).

Western blotting
For Western blotting, 0.2 µg of E. coli and baculovirus-expressed EGFRvIII ectodomain, as
well as deglycosylated EGFRvIII were separated on a 10% Tris-HCl precast gel (Bio-Rad,
Hercules, CA, USA), transferred to a polyvinylidene fluoride (PVDF) membrane, and
probed as previously described (Mi et al., 2007). Deglycosylation was performed either by a
chemical (trifluoromethanesulfonic acid, TMFS; Chemical deglycosylation kit; Sigma, St.
Louis, MO, USA) or by an enzymatic digestion (PNGase F; New England Biolabs),
following the manufacturer’s protocol.

Cell culture and transfection
NR6M, a mouse cell line overexpressing EGFRvIII (Batra et al., 1995), was grown in
improved MEM Zinc option medium (Invitrogen Inc., Carlsbad, CA, USA) with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 µg/ml streptomycin at 37°C in 5% CO2. For
transfection, NR6M cells were plated on a 6-well plate at 8×105 cells/well, grown overnight,
and 100 nM EGFRvIII aptamers or RNA library were used, together with siPORT lipid
(Ambion, Austin, TX, USA). Then, 28 h after transfection, cells were analyzed as described
below.

Membrane protein isolation and detection
Transfected NR6M cells were rinsed with cytostatic factor (CSF) buffer (150 mM NaCl, 3 mM

KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, pH 7.4), and then incubated
at 10°C with 1 mM sulfo-NHS-SS-biotin in CSF buffer for 30 min and lysed with RIPA
buffer [0.15 mM NaCl; 0.05 mM Tris-HCl, pH 7.4; 10 µg/ml aprotinin; 0.5 mM

phenylmethylsulfonyl fluoride (PMSF); 1% sodium deoxycholate; 1% Triton X-100; 0.1%
SDS] after washing with ice-cold CSF (Man et al., 2007). Biotinylated surface proteins were
precipitated with immobilized streptavidin beads, and the membrane EGFRvIII expression
was probed with L8A4 antibody (Reist et al., 1995). GAPDH probing served as a loading
control.

Hoechst 33342 staining for apoptotic morphology
Transfected NR6M cells were fixed in methanol:acetic acid (3:1) for 5 min at 4°C and
washed three times with water. Subsequently, the cells were stained with Hoechst 33342 (5
µg/ml; Calbiochem, La Jolla, CA, USA) for 10 min at room temperature. Cells were washed
three times with water, and apoptotic nuclei were visualized by fluorescence microscopy.
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Figure 1. Bead selection for EGFRvIII ectodomain significantly increased RNA pool affinity
The affinity of the initial (R0) and final (R12) rounds RNA for EGFRvIII were compared in
a double filter binding assay. Representative clones E17 and E21 for EGFRvIII are included,
along with the pools.
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Figure 2. Aptamers bind their target proteins with high affinity
(A) ELISA assay showing in vitro aptamer-protein interaction. (B, C) The interaction
between protein EGFRvIII ectodomain and aptamer E21 is confirmed by surface plasmon
resonance (Biacore 3000). For E21, the determined constants are ka = 1×104 M

−1 S
−1; kd =

4×10−3 S
−1.
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Figure 3. EGFRvIII aptamers specifically bind unglycosylated EGFRvIII
(A) Western blot showing the different molecular masses of EGFRvIII from E. coli (E),
baculovirus (B), and two deglycosylated EGFRvIII. 1: chemical deglycosylation with
trifluoromethanesulfonic acid, 2: enzymatic deglycosylation with PNGase F. Left panel: a
light exposure to show EGFRvIII expressed from E. coli. (B) The binding assay revealed
that aptamer E21 binds only E. coli-expressed EGFRvIII and not baculovirus-expressed,
glycosylated EGFRvIII.

Liu et al. Page 13

Biol Chem. Author manuscript; available in PMC 2013 November 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. EGFRvIII aptamers reduce membrane EGFRvIII after transient transfection
(A) Representative Western blot to show that membrane EGFRvIII expression is reduced in
response to aptamer transfection. The same blot was stripped, and reprobed with anti-
GAPDH antibody to monitor loading. (B) Percent densitometric values of membrane
EGFRvIII protein levels demonstrated that membrane EGFRvIII levels were significantly
decreased in NR6M cells transfected with aptamer E17 or E21. *p<0.05 vs. library;
**p<0.01 vs. library; n=3 experiments.
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Figure 5. EGFRvIII aptamers induce cell apoptosis after transient transfection
(A) Hoechst 33342 staining of apoptotic nuclei. Condensed, bright nuclei exhibiting features
of apoptosis are indicated by arrows. (B) Percentage of apoptotic nuclei. Apoptotic nuclei
were counted from five different areas and averaged. *p<0.05 vs. library control. n=3
independent experiments.
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Table 1

Sequences and affinities of EGFRvIII ectodomain aptamers.

Aptamera % of poolb 5′-Sequence of random region-3′ Kd (nM)

Predominant clones

  E17 54 ACCAAAATCAACGCAAAGAGCGCGCCTGCACGTCACCTCA 50

  E27 10 GCCAGCATCCCGACTGGGCTCCCTCGATAACGAGTGCCCG 57

Family

  E1 12 CGTACCAAGATCCCACAACTAGCCGACCACAATTGCCGGC 41

  E40 12 CGTACCAAGATCCCACAACTAGCCGACCAGGATTGCCGGC 59

  E4 6 CGTACCAAGATCCCACAACTAGCCGACCAG----ATTGCCGGC N/D

  E21 3 TACCAAGATCCCACAACTAGCCGACCACAATTGCCGGCCA 33

Consensus TACCAAGATCCCACAACTAGCCGACCA----ATTGCCGGC

a
Aptamers from round 12 were grouped according to sequence similarity. For simplicity, the sequences at the 5′ and 3′ ends have been omitted.

Affinities for EGFRvIII were measured by a nitrocellulose filter binding assay.

b
% of pool is the aptamer representation in the pool from which it was cloned. Kd, N/D: not determined.
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