
INTRODUCTION

Designing molecular recognition elements (MoREs)

for theranostics involves, as the first step, investigating a

possibility of MoRE application for identification of

potential therapeutic targets; in our case, transmembrane

receptor of epidermal growth factor (EGFR, glioblastoma

tumor marker), in the tumor. At the second step, possibili-

ties to block the targeted receptor with the MoRE or recep-

tor-mediated delivery of tumor antiproliferation agents

using the MoRE are explored. The theranostics of human

glioblastoma multiforme (GBM) commonly uses mono-

clonal antibodies and their derivatives for EGFR identifi-

cation on the cell/tumor surface and suppression of prolif-

eration of EGFR-positive cells [1]. Recently, it was sug-

gested that the antibodies could be replaced with aptamers.

One of the chapters in the book Molecular Biology.

Ribosomes and Protein Synthesis by A. S. Spirin is titled
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Abstract—Conventional approaches for studying and molecular typing of tumors include PCR, blotting, omics, immuno-

cytochemistry, and immunohistochemistry. The last two methods are the most used, as they enable detecting both tumor

protein markers and their localizations within the cells. In this study, we have investigated a possibility of using RNA

aptamers, in particular, 2′-F-pyrimidyl-RNA aptamer ME07 (48 nucleotides long), specific to the receptor of epidermal

growth factor (EGFR, ErbB1, Her1), as an alternative to monoclonal antibodies for aptacytochemistry and aptahisto-

chemistry for human glioblastoma multiforme (GBM). A specificity of binding of FAM-ME07 to the receptor on the tumor

cells has been demonstrated by flow cytometry; an apparent dissociation constant for the complex of aptamer – EGFR on

the cell has been determined; a number of EGFR molecules has been semi-quantitatively estimated for the tumor cell lines

having different amount of EGFR: A431 (106 copies per cell), U87 (104 copies per cell), MCF7 (103 copies per cell), and

ROZH, primary GBM cell culture derived from patient (104 copies per cell). According to fluorescence microscopy, FAM-

ME07 interacts directly with the receptors on A431 cells, followed by its internalization into the cytoplasm and transloca-

tion to the nucleolus; this finding opens a possibility of ME07 application as an escort aptamer for a delivery of therapeutic

agents into tumor cells. FAM-ME07 efficiently stains sections of GBM clinical specimens, which enables an identification

of EGFR-positive clones within a heterogeneous tumor; and providing a potential for further studying animal models of

GBM.
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“Evolution of ancient RNA world through systematic

exponential enrichment” [2]. It starts with the following

paragraph: “In 1990, three research groups in the USA

(Gold and Tuerk, Ellington and Szostak, Robertson and

Joyce) simultaneously suggested a methodology for the

cell-free selection or cell-free evolution in a test tube that

allowed rapid targeted production of synthetic non-cod-

ing RNA with specified functional activities, such as

interactions with specific ligands (aptamers) or catalysis

of specific chemical reactions (ribozymes), and for

improving the functions of these RNAs. Repeated rounds

of RNA selection and amplification (Systematic

Evolution of Ligands by EXponential enrichment,

SELEX) is a cornerstone of the ‘evolution-in-a-test tube’

technology” [2].

Basically, the main goal is to select unique RNA ter-

tiary structures that would provide high affinity and speci-

ficity of aptamer irrespectively of the nature of targeted

molecule (low-molecular-weight dye [3] or protein [4])

or RNA molecule function (ribozyme) [5]. In this regard,

RNA molecules exhibit a high potential for the formation

of complex three-dimensional structures. The presence of

the 2′-hydroxyl group in each nucleotide provides a pos-

sibility of RNA interactions with multiple intramolecular

donors and acceptors of hydrogen bonds, which could

stimulate and define folding of RNA molecule, as well as

stabilize its 3D structure. That is why early SELEX stud-

ies used randomized libraries made of RNA.

On the other hand, the presence of 2′-hydroxyl

group has a negative impact, as it drives a susceptibility of

RNA molecules to hydrolysis, which is critical for future

applications of aptamers, for example, in tumor diagnos-

tics and therapy (theranostics, aptatheranostics).

Therefore, combinatorial libraries of RNAs with modi-

fied sugar residues have been used for aptamer selec-

tion [6]. Currently, the most popular derivatives are 2′-O-

methyl- and 2′-fluoro-derivatives and the so-called

locked nucleic acids (LNAs, also known as bridged

nucleic acids, BNAs) [7]. And finally, combinatorial

DNA libraries have nucleotides lacking the 2′-hydroxyl

group.

It has to be stressed that selection does not yield a

single molecule, but a family of molecules with similar

affinities. This provokes a number of questions. Firstly,

the finalists of selection, the aptamers, have different pri-

mary and spatial structures, even when belong to the same

family. How do these different structures provide a speci-

ficity of interactions with the same target? Secondly,

when structurally different aptamers from the same fami-

ly are selected against the same or several protein epi-

topes, do the complexes have different or the same inter-

faces? And, finally, how do the properties of aptamers,

derived by different selection processes, compare to each

other?

Some questions can be answered when structures of

both the target and the aptamers are known. One of this

kind of targets is the receptor of epidermal growth factor

(EGFR; Her1, ErbB1), for which a large number of RNA

and DNA aptamers and the modified derivative have been

selected. As a member of tyrosine kinase receptor family,

EGFR is a common target in many types of cancer. Many

antibodies against EGFR are available, both commercial

and therapeutic ones. At present, clinical trials are under-

way for some types of tumors including GBM [1]. Toxic

conjugates of therapeutic antibodies have been created

that are currently tested in clinical trials. Therefore,

EGFR is rather useful for investigating both theoretical

and practical aspects of aptamer application.

EGFR is a receptor tyrosine kinase oncogene com-

monly overexpressed in human malignant neoplasms. It is

activated by the binding of growth factors, resulting in the

initiation of intracellular signaling and stimulation of cell

migration, adhesion, invasion, proliferation, angiogene-

sis, and suppression of apoptosis [8]. This makes EGFR

an attractive target in the therapy of malignant tumors.

The level of expression of EGFR varies from thousands of

molecules per cell in healthy cells to millions of mole-

cules per cell in some tumor cell lines [9-11]. The most

common EGFR mutant is EGFRvIII, which lacks the

extracellular part of the receptor (residues 6 to 273, exons

2-7). This variant is expressed in gliomas, non-small cell

lung carcinomas, and breast carcinomas. It was estimated

by quantitative cytofluorimetric analysis of cells derived

from human glioma biopsy that the number of EGFRvIII

molecules could reached several hundred thousand

copies per cell [12].

The pioneer studies on the selection of RNA

aptamers for EGFR and on their properties have been

made by the Ellington group, although the structure of

the aptamers has not been examined. A 104-

nucleotide (nt) RNA aptamer (J18) for EGFR extracellu-

lar domain was generated by 12 rounds of selection using

the classic SELEX approach from an RNA library with a

very large 62-nt randomized region. J18 bound the target

with an apparent dissociation constant (aKD)

∼7 nM [13, 14], and it interacted with neither murine

EGFR, nor hErbB2 (Her2/neu).

J18 also bound to the native receptor within the

membrane of human epidermoid carcinoma A431 cells.

These cells contain extremely high amounts of the recep-

tor on the cell surface, 1-3 millions of molecules per

cell [10]. The complexes of cells with the phycoerythrin-

labeled aptamers were analyzed by flow cytometry. The

binding of J18 to A431 cells was inhibited by the thera-

peutic antibody against EGFR (Mab 225) [15, 16]. As

demonstrated by fluorescence microscopy, the binding of

J18 to A431 cells was blocked with a 10-fold excess of

human epidermis growth factor EGF (but not murine

EGF) and by Mab 225 antibody. Approximately ∼35%

aptamer was internalized after 30-min incubation at

37°C; while at low temperatures, all aptamer-receptor

complexes remained on the cell surface.
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Because of the high susceptibility of J18 to hydroly-

sis, next selection of RNA aptamers for EGFR was made

using 2′-F-pyrimidyl RNA derivatives (2′-F-Y-RNA)

[13]. Selection was performed against recombinant

chimeric protein – extracellular domain of the receptor

(L25–S645) fused to IgG1 Fc fragment (P100–K330)

with the peptide linker IEGRMD, yielding a high-affini-

ty 93-nt aptamer with aKD = 2.4 nM.

To introduce a fluorescent label into the aptamer, the

following approach was used. 24-nt oligonucleotide

probe labeled with 6-carboxyfluorescein (FAM) and

complementary to the sequence at the 3′-end extension of

the aptamer (anchoring sequence) was designed.

Hybridization for 10 min at 70°C followed by annealing

resulted in the formation of the hybrid that could be used

for fluorescent detection of EGFR. The anchoring

sequence was used for immobilization of the aptamer on

glass [13] or gold [14] surfaces.

To generate new aptamer variants, the following

strategy had been applied [17]. After selection from 2′-F-

Y-RNA-library, a new sub-library was synthesized using

the leader aptamer, E01, as a blueprint and randomizing

30% of nucleotides as described previously [18]. A series

of seven 2′-F-Y-RNA-aptamers, E01–E07, was selected

from the sub-library. The 92-nt aptamer E07 exhibited

aKD = 2.4 nM (compared to 36 nM for the murine recep-

tor, mEGFR). The anchoring probe was modified with

biotin that was then used to introduce streptavidin-conju-

gated fluorophore, phycoerythrin.

Aptamer E07 interacted with A431 cells; 23% of E07

was internalized, comparing with 28% for C225 antibody

and 71% for EGF.

E07 inhibited activation of the EGFR-dependent

phosphorylation cascade (initiated with 2 nM EGF) with

IC50 = 300 nM, vs. ICmax = 100 nM for C225 antibody [17].

E07 and its derivatives were used for studying prolif-

eration and migration in microchannels [19], electrical

detection of cellular EGFR in metal nanogaps [20], and

separation of EGFR-positive cells [21, 22].

The current directions in the studies of aptamers

against EGFR are quite diverse. One is a minimization of

the E series aptamers, for example, generation of the 47-

nt aptamer ME07 [23]. The affinity of ME07 for the

EGFR extracellular domain measured using bilayer inter-

ferometry was high (aKD = 0.3 nM), although its affinity

for the EGFRvIII mutant was 1000 times lower

(aKD = 0.3 µM) [24, 25]. Another direction is a genera-

tion of aptamer derivatives for the in vivo tumor visualiza-

tion for animal models. In particular, conjugates of hol-

low gold nanoparticles with E07 labeled with the gamma-

emitter 111In were used for the visualization of highly

malignant oral tumor OSC-19 in nude mice by the

method of single-photon emission computed tomogra-

phy. The aptamer conjugates accumulated in the tumor

two times faster than the antibody conjugates [26]. A431

tumor xenografts in mice were visualized by positron

emission tomography (PET) using 18F-benzoyl-ME07; in

the images, the tumor/blood signal ratio was 3.9, and the

tumor/muscles signal ratio was 8.7 [24, 25].

Internalization of complexes of E07 with cellular

EGFR support an idea that E07 could be an escort

aptamer for delivery of gemcitabine and its oligomeric

forms into the tumor cells [27]. Besides, aptamer-siRNA

chimera (AsiC) was used for a delivery of siRNAs into the

cells for gene knockdown. In particular, the chimera of

anti-HOTAIR siRNA (HOX antisense intergenic RNA)

with E07 was effectively internalized into the endosomes

of the triple negative breast cancer cells, followed by the

knockdown of the target gene [28]. Due to a small size,

aptamers, unlike the antibodies, could be used as unique

MoREs for a detection of single molecules in live cells by

the super-resolution microscopy [29-31].

In addition to the E series, other anti-EGFR RNA

aptamers [32, 33], DNA aptamers [34, 35], and

mixmers [36] with various functional properties, have

been generated, although comparative analysis of these

aptamers is difficult due to the lack of data on the epiapts

and paraapts, which is also true for epitopes and

paratopes of antibodies.

Targeted modification of aptamers with various fluo-

rophores, as well as a development of methods for fluo-

rescent detection, are important for gaining of funda-

mentally new information on mechanisms of aptamer

interactions with the cells, and a fate of the internalized

aptamers. These studies are required for a development of

aptamer-based theranostics, which will likely have a

higher clinical potential than immunotheranostics.

MATERIALS AND METHODS

Oligonucleotides. DNA oligonucleotides were syn-

thesized and HPLC-purified by Evrogen (Russia).

Fluorescently labeled 2′-F-RNA aptamer FAM-ME07

was synthesized and HPLC-purified by Sintol (Russia).

Minimized variant of RNA aptamer MJ18 was synthe-

sized with a MegaScript transcription kit (Thermo Fisher

Scientific, USA) using PCR-amplified double-stranded

DNA template containing the aptamer, primer, and RNA

polymerase T7 promoter sequences. Transcription proto-

col included treatment with DNase and purification by

repeated dissolution/precipitation. An additional 18-nt

fragment at the 3′-end of the RNA aptamer, complemen-

tary to the FAM-labeled DNA 18-mer (FAM-CATT-

TAGGACCAACACAA), was used for the introduction of

fluorescence label (table).

All buffer salts were of reagent grade (Biomedicals,

France). Oligonucleotide solutions (10 µM) were pre-

pared in phosphate buffered saline (PBS) (Thermo Fisher

Scientific) containing 5 mM MgCl2 (Sigma-Aldrich,

USA). The oligonucleotides were refolded in solution by

heating to 75°C followed by slow cooling to 25°C.
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Cell lines. Epithelial carcinoma A431, glioblastoma

U87, fibroblast dF, and breast cancer MCF7 cell lines

were purchased from the Institute of Cytology, Russian

Academy of Sciences, St. Petersburg, Russia. The cells

were cultured in modified Dulbecco medium (DMEM,

Gibco, USA) supplemented with 10% fetal bovine serum

(FBS, Thermo Fisher Scientific) in 5% CO2 at 37°C. The

ROZH cell line was obtained from the Burdenko

National Medical Research Center of Neurosurgery,

Russia. The cell culture derived from the glioblastoma

tumor tissue was used with the approval of the Ethics

Committee of the Burdenko National Medical Research

Center of Neurosurgery.

Culturing of tumor cells and cell lines. Cell liners and

primary cell cultures were cultured in DMEM/F12 medi-

um with sodium pyruvate (Gibco) supplemented with

10% FBS, 1% HEPES (Thermo Fisher Scientific), 1%

GlutaMAX (Thermo Fisher Scientific), and 1% antibiot-

ic/antimycotic solution (penicillin/amphotericin; Cytiva,

USA) in a CO2 incubator (BINDER GmbH, Germany)

at 37°C.

Flow cytometry of RNA aptamer MJ18. For intro-

duction of the fluorescent label, 1 µM solution of RNA

oligonucleotide MJ18 and FAM-DNA primer in PBS

containing 5 mM MgCl2 was heated for 3 min to 75°C

and then cooled to room temperature at a rate of

1°C/min.

For flow cytometry, the grown cells were suspended,

divided into 500,000-cell portions, washed three times

with the buffer, and resuspended in 500 µl PBS contain-

ing 100 nM duplex of MJ18 with FAM-Harm. Control

cells were incubated with FAM-Harm. For the positive

control, the cells were incubated with 1 µg/ml anti-

EGFR H11 antibody (Thermo Fisher Scientific) for 1 h

at room temperature in the dark; next, secondary anti-

mouse Cy-5-conjugated AffiniPure antibodies (dilution

1 : 200 in PBS; Jackson ImmunoResearch, United

Kingdom) were added and incubated for 1 h at 20°C. The

cells were washed three times with the buffer and ana-

lyzed with an Attune NxT flow cytometer (Thermo

Fisher Scientific); the fluorescence signal was measured

in the BL1 channel (488 nm, cut-off set at 10,000

events). The data were analyzed with the FACSDiva

ver. 02 software (Becton Dickinson, USA). Signals from

the cell debris were excluded based on the forward and

side scattering. The level of fluorescence was calculated

relative to the control cells incubated without the

aptamer.

Flow cytometry of 2¢-F-RNA aptamer FAM-ME07.

The cells were suspended, divided into 500,000-cell por-

tions, washed three times with the buffer, resuspended in

500 µl PBS containing required concentration of FAM-

ME07, and incubated for 1 h at room temperature in the

dark. Similar to the experiment with MJ18, control cells

were stained with anti-EGFR H11 antibody for 1 h at

4°C, and then incubated with Cy2-conjugated anti-

mouse AffiniPure secondary antibodies (dilution 1 : 200

in PBS) for 1 h at 20°C, washed three times with PBS,

and analyzed with an AccuriC6 flow cytometer

(BD Bioscience, USA). Fluorescence signal was record-

ed in the FL1 channel (488 nm, cut-off set at 10,000

events). The level of fluorescence was calculated relative

to the control cells incubated without the aptamer.

Fluorescence microscopy. Fluorescent cells were

screened with an inverted Eclipse Ti2-E microscope

(Nikon, Japan) equipped with a wide-range motorized

H139 stage (Prior Scientific, United Kingdom), autofo-

cus system based on the infrared laser Perfect Focus

System (Nikon), and an extensive dynamic range

sCMOS-camera Neo 5.5 (Andor Technologies, Ireland)

under control of the NIS-Elements ver. 5.11 software

(Nikon) with the automated screening module JOBS.

Fluorescence was excited with a 16-channel LED pE-

4000 (CoolLED, United Kingdom). Cell culture plates

were scanned with a PlanApo 10× (NA = 0.45) objective;

scanning of multi-well glass slides (8-well µ-Slide, IBIDI,

Germany) was carried out using a PlanApo 20×

(NA = 0.75) objective.

Name

J18

MJ18

MJ18h-arm

FAM-Harm

FAM-ME07

Oligonucleotide sequences

Primary structure

GGCGCUCCGACCUUAGUCUCUGCAAGAUAAACCGUGCUAUUGACCACCCUCAACA-
CACUUAUUUAAUGUAUUGAACGGACCUACGAACCGUGUAGCACAGCAGA

GGUGCUAUUGACCACCCUCAACACACUUAUUUAAUGUAUUGAACGGACCUACGAAC-
CGUGUAGCACC

GGUGCUAUUGACCACCCUCAACACACUUAUUUAAUGUAUUGAACGGACCUACGAAC-
CGUGUAGCACCUUGUGUUGGUCCUAAAUG

FАМ-CATTTAGGACCAACACAA

FАМ-GGACGGAUUUAAUCGCCGUAGAAAAGCAUGUCAAAGCCGGAACCGUCC

RNA/DNA

RNA

RNA

RNA

DNA

2′-F-pyri-
midyl-RNA
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Fluorescence microscopy experiments were per-

formed with FAM-ME07 aptamer (λex = 490 nm;

λem = 513nm).

The cells were screened in the automated mode; 8

fields of view were examined in each well of the 96-well

plates and 36 fields of view – in the multi-well glass slides.

The obtained results were analyzed with the ImageJ soft-

ware. For the automated analysis, a series of scripts were

developed that allowed automated counting of cells based

on DNA fluorescence and measurement of integral FAM

fluorescence after background subtraction. The results

are presented as the integral fluorescence intensity in

arbitrary units normalized to the number of cells in the

field of view.

Staining of fixed cell cultures with FAM-ME07. The

cells were seeded into 4-well plates (10,000 cells per well)

with inserted coverslips and incubated for 2 days at 37°C.

Next, the cells were fixed with 4% paraformaldehyde for

20 min at 4°C, washed 3 times for 5 min with phosphate

buffer, and incubated with 100 nM FAM-ME07 in PBS

containing 25 mM MgCl2 for 60 min at room tempera-

ture. The cells were then washed 3 times for 5 min in PBS,

and cell nuclei were stained with bisbenzimide (Hoechst

33342, Sigma-Aldrich, dilution 1 : 500 in PBS). The cells

were incubated in the polyvinyl alcohol-based Mowiol

mounting medium (Sigma-Aldrich, Germany) for 8 h

at 4°C and for 24 h at room temperature and then exam-

ined under an inverted Axiovert 200M microscope

equipped with a digital camera (Carl Zeiss MicroImaging

GmbH, Germany).

Simultaneous staining of cultured cells with anti-

EGFR antibodies and FAM-ME07. Cells cultured in

microplates or on multi-well slides (10,000 per well) were

incubated with 500 nM FAM-ME07 in PBS containing

25 mM MgCl2 for 60 min at room temperature. Next, the

cells were washed twice with 3 volumes of PBS (pH 7.2-

7.4) and fixed with 200 µl of 4% paraformaldehyde in

PBS for 30 min at 4°C. The cells were then washed three

times with 3 volumes of PBS, incubated with anti-EGFR

antibody H11 (dilution 1 : 100) for 1 h, washed with PBS

three times for 5 min, and incubated with Cy2-labeled

secondary antibodies (dilution, 1 : 100) for 60 min at

room temperature. Cell nuclei were stained with

Hoechst 33342 (dilution, 1 : 500 in PBS). The cells were

fixed by incubating in the Mowiol mounting medium

with 1% antioxidant DABCO (Sigma-Aldrich) for 8 h

at 4°C and for 24 h at room temperature and then exam-

ined under an inverted Axiovert 200M microscope

equipped with a digital camera (Carl Zeiss MicroImaging

GmbH).

Staining of cell cultures with FAM-ME07. Cells cul-

tured in microplates or on multi-well slides (10,000 cells

per well) were incubated with FAM-ME07 for 1 h,

washed twice with 3 volumes of PBS (pH 7.2-7.4), and

fixed with 200 µl of 4% paraformaldehyde in PBS for

30 min at 4°C, followed by washing three times with 3 vol-

umes of PBS. Cell nuclei were stained with

Hoechst 33342 (dilution, 1 : 500 in PBS), and the cells

were placed in Mowiol 4-88 mounting medium contain-

ing 1% DABCO.

Staining of non-fixed frozen human glioblastoma tis-

sues with FAM-ME07. Samples of human glioblastoma

tissue were obtained from patients during surgery. Tissue

sections (5-µm thick) were produced with a cryotome

from fragments of human glioblastoma tumors frozen in

liquid nitrogen. The sections were washed for 5 min in

PBS, dried, and incubated with 100 nM FAM-ME07 for

1 h at room temperature followed by washing twice for

5 min in PBS. Cell nuclei were stained with

Hoechst 33342 (dilution, 1 : 500 in PBS) for 5 min at

room temperature. The sections were washed for 5 min in

PBS and placed in Mowiol 4-88 mounting medium for

8 h at 4°C and for 24 h at room temperature. The sections

were examined under an inverted Axiovert 200M micro-

scope equipped with a digital camera (Carl Zeiss

MicroImaging GmbH).

RESULTS

Predicted structures of anti-EGFR RNA aptamers.

Possible secondary structures of RNA aptamers against

EGFR (J18, MJ18, and 2′-F-modified E07 and ME07)

are shown in Fig. 1. Such short (50-70 nt) structures

could be studied experimentally.

Flow cytometry of MJ18 and FAM-ME07 complexes

with cells expressing EGFR on their surface. The presence

of EGFR on the cell surface was confirmed using mono-

clonal H11 antibody labeled with the secondary Cy2-

conjugated antibody. 2′-Fluoro-pyrimidine-ME07 (2′-F-

Py-ME07) was synthesized by attaching fluorescein-

based fluorophore 5(6)-carboxyfluorescein (FAM) to the

5′-end of ME07.

EGFR-overexpressing human epidermoid carcino-

ma A431 cells produced a strong fluorescence signal after

incubation with fluorescently labeled H11 antibody

(Fig. 2a), which was characterized by the shift of the right

peak 2 along the abscissa axis relative to the peak of cell

autofluorescence (1). Moreover, the amplitude of the shift

was proportional to the fluorescence intensity, i.e., to the

amount of labeled ligand bound to EGFR. The complex

of MJ18 with the anchoring FAM-DNA duplex produced

a slightly weaker signal (Fig. 2b). The signal for the nega-

tive control (oligonucleotide with the non-aptamer

sequence) coincided with the autofluorescence signal

from the original cells (left peak 2 in Fig. 2c; right

peak 3 is ME07 signal).

The results of EGFR titration with FAM-ME07 on

the surface of A431 cells confirmed the specificity of this

aptamer toward the receptor. The shift along the abscissa

axis increased with the increase in the aptamer concen-

tration (Fig. 2, d and e), which allowed to estimate the
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apparent dissociation constant for the aptamer complex

with the receptor on the cell surface as ∼100 nM.

The data obtained for the typical cancer cell lines

expressing different EGFR amounts on the surface pro-

vided even more evidence. Human epidermoid carcino-

ma A431 cells were used a positive control. This cell line

overexpresses EGFR, with up to 3 × 106 receptor mole-

cules per cell [39] and normalized EGFR expression

value NX = 346 (https://proteinatlas.org). Human

glioblastoma U87 cells express hundred times less

EGFR molecules (2 × 104 molecules per individual cell)

[40], with the normalized expression value NX = 2.6

(https://proteinatlas.org). Human luminal breast ade-

nocarcinoma MCF7 cells express the minimal number

of receptors (2 × 103 molecules per cell) [41], with the

normalized expression value NX = 0.2 (https://

proteinatlas.org).

As seen in Fig. 2, the intensity of fluorescence signal

decreased with the decrease in the number of receptors

per cell and reached the value of cell autofluorescence in

MCF7 cells.

Therefore, flow cytometry can be used for semiquan-

titative evaluation of the abundance of EFGR molecules

on the cell surface.

Fluorescence microscopy can provide principally dif-

ferent information on the interaction of EGFR molecules

on the cell surface with antibodies and aptamers.

EGFR-overexpressing A431 cells were used as a pos-

itive control. The cells were treated simultaneously with

the FAM-ME07 and Cy2-labeled H11 monoclonal anti-

body. Figure 3a shows the image of A431 cells stained

with antibody H11 (red) and FAM-ME07 (green) (blue

staining, nuclei). Other panels in Fig. 3 show more

detailed images of a group of four A431 cells stained with

the H11 antibody (b), FAM-ME07 (c), and Hoechst

33342 (d). The merged image is shown in Fig. 3e, with

orange color indicating colocalization of FAM-ME07

(green) and H11 antibody (red).

Similar to the H11 antibody, FAM-ME07 localized

to the membrane of A431 cells. No competition between

the H11 antibody and FAM-ME07 aptamers was

observed. Unlike the H11 antibody, FAM-ME07 pene-

trated into the cell cytoplasm and nucleolus.

To examine localization of FAM-ME07 in A431

cells in more detail, the cells were stained with FAM-

ME07 (without the H11 antibody). The fluorescence of

FAM-ME07 could be clearly seen in the cell cytoplasm

and nucleolus (Fig. 4).

Very indicative data were obtained by comparison of

the FAM-ME07 interaction with cells expressing differ-

ent amounts of EGFR on the surface. The images of

A431 cells (positive control), primary ROZH cells derived

from a human GBM surgically removed from a patient,

and human fibroblasts stained with FAM-ME07 are pre-

sented in Fig. 5.

In order to visualize a small number of receptors on

the cell surface, the concentration of FAM-ME07 was

increased ten times (to 1 µM). At this aptamer concen-

tration, the staining of A431 cells was very intense. ROZH

cells were stained to a lesser degree, and FAM-ME07

localized predominantly to the cytoplasm. Despite the

high FAM-ME07 concentration, fibroblasts were virtual-

ly unstained.

These results were typical only for the frozen cells.

Fixation of A431 cells with formaldehyde resulted in an

uncharacteristic staining (Fig. 6).

The results of semiquantitative analysis of the pres-

ence of EGFR on the cell surface demonstrated the pos-

J18

104 nt

MJ18

67 nt

E07

92 nt

ME07

50 nt

Fig. 1. Predicted secondary structures of RNA aptamers against EGFR obtained by modeling with the RNAStructure algorithms [37] using the

minimum free energy rules. The results of modeling are visualized with the RNApdbee software [38]. RNA aptamer J18 was shortened to

67 nt (MJ18).
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sibility of aptamer application for visualization of EFGR-

positive cells in tumor tissues derived from GBM patients.

Tissue sections of GBM tumor derived from a biopsy of

surgically removed tumor and stained with FAM-ME07

are shown in Fig. 7. EFGR-positive cells represented a

significant fraction of the heterogenous tumor and were

brightly stained with FAM-ME07.

DISCUSSION

The pioneer studies on the generation of RNA

aptamers for EGFR and on their properties have been

performed by the Ellington group. First, the 104-nt RNA

aptamer J18 for the receptor extracellular domain with

the apparent dissociation constant of ∼7 nM was selected
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Fig. 2. Flow cytometry of aptamer and antibody complexes with cancer cells. Cell autofluorescence is shown in grey (1). Upper row) A431

cells with (a) H11 antibody (green, 2), (b) anchoring FAM-DNA duplex (orange, 2) or MJ18h and anchoring FAM-DNA duplex (blue, 3),

(c) anchoring FAM-DNA duplex (orange, 2) or FAM-ME07 (purple, 3). Middle row) titration of A431 cells with FAM-ME07: d) A431 cells

with different concentrations of FAM-ME07 (1 – 0 nM, 2 – 100 nM, 3 – 250 nM, 4 – 500 nM, 5 – 1000 nM); e) intensity of cell fluores-

cence for different FAM-ME07 concentrations. Bottom row) FAM-ME07 binding to cells with different number of EGFR copies (2) on the

cell surface: f) A431 cells, g) U87 cells, h) MCF7 cells.
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[13, 14]. Next, nuclease-stable 2′-F-pyrimidine-modi-

fied RNA aptamers (92-nt aptamer E07 and its mini-

mized 48-nt variant ME07) for chimeric protein – EGRF

extracellular domain fused with immunoglobulin con-

stant region, were selected [17, 19-22, 26, 27]. However,

even secondary structures of these aptamers have not

been studied.

Here, we analyzed possible secondary structures of

both original and 2′-F-modified RNA aptamers selected

by the Ellington group. A putative secondary structure of

ME07 predicted by us (Fig. 1) was different from the one

suggested by the authors, it allowed formation of coaxial

stacking interactions. Despite the difference in the pre-

dicted structures, the short variants of RNA aptamers

(MJ18) and 2′-F-pyrimidine RNA derivatives (ME07)

strongly interacted with EGFR on the cell surface (see

below).

By analogy with the terms ‘epitope’ and ‘paratope’,

commonly used for the antigenic determinant and recog-

nition site in the antibody, respectively, we suggest the

corresponding terms ‘epiapt’ and ‘paraapt’ for the

aptamers. Small sizes of RNA aptamers and possibility of

comparison of their structures can facilitate searching for

paraapts in the aptamers.

To apply these aptamers into theranostics, firstly, it is

required to check whether the aptamers detect EGFR on

the surface of tumor cells and within tissue samples.

Selection of aptamers for EGFR was made using isolated

recombinant proteins. A state of EGFR in the cell mem-

brane or in the tissue (including its conformation and

microenvironment) could be different, which could result

in different affinity and specificity of the aptamers. Other

factors could also influence interpretation of results; thus,

a standard technique of cell sample preparation from cell

cultures or tissues involves trypsinization, which could

effect EGFR. And, finally, a degree of tumor clonal het-

erogeneity could affect a detection of EGFR-positive

cells within tissues as well.

Typically, aptamers are selected from RNA libraries

because it is believed (and quite justifiably) that RNA

a a

b

b c

c

d e

Fig. 3. Fluorescence microscopy of A431 cells: a) whole field of

view. Cells are stained with (b) Cy2-labeled H11 antibody (red),

(c) FAM-ME07 (green), and (d) Hoechst 33342 (nuclei, blue);

e) merged images (b), (c), and (d) (orange color produced by the

overlay of red and green).

Fig. 4. Fluorescence microscopy of A432 cells (frozen sample)

stained with: a) FAM-ME07 (green); b) Hoechst 33342 (blue);

c) merged images (a) and (b).

10 mm

20 mm
20 mm
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molecules have more complex spatial structures com-

pared to DNA due to the presence of 2′-hydroxyl group.

Indeed, the first aptamer against EGFR (J18) was 104-

mer of RNA. We made a shortened variant of J18 (MJ18)

having 67 nt that retained the high affinity to the tumor

cells (Figs. 1 and 2).

However, the high susceptibility of RNA to nucleas-

es hydrolysis has forced researchers to switch to 2′-F-

derivatives of RNA. 2-F-pyrimidines (2′-F-Py) are used

to block the activity of pancreatic nucleases. Fluoro

derivatives of RNA not only lack the 2′-hydroxyl group

with its donor/acceptor properties, but it has a highly

Fig. 5. Fluorescence microscopy of cells with different levels of EGFR expression (frozen samples) stained with FAM-ME07 (green); nuclei are

stained with Hoechst 33342 (blue): a) A431 cells, b) primary culture of human glioblastoma ROZH cells; c) human fibroblasts.

Fig. 6. Fluorescence microscopy of paraformaldehyde-fixed A431 cells stained with (a) FAM-ME07 and (b) Hoechst 33342; c) merged images

(a) and (b).

Fig. 7. Fluorescence microscopy of non-fixed human glioblastoma tissue (patient 76, frozen sample) stained with (a) FAM-ME07 (green) and (b)

Hoechst 33342 (blue); c) merged images (a) and (b).
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hydrophobic substituent, F. This circumstance escapes

from researcher’s attention. Although the double-strand-

ed F-modified RNAs retain A-form conformation, the

increased hydrophobicity of the sugar-phosphate back-

bone results in a poorly predictable thermal stability and,

in some cases, higher affinity to proteins [42-44].

This could be the reason why some 2′-F-Py-RNA

aptamers used for the EGFR detection on the cell surface

exhibit an increased non-specific binding [45], which

requires a more thorough investigation of specificity of 2′-

F-Py-RNA aptamers being translated into theranostics

application. Some reported aptamers have not been test-

ed with the cells, which is also a common case for mono-

clonal antibodies. It is essential to use at least two nega-

tive controls, like oligonucleotide with the non-aptamer

sequence and cells with the minimal expression of EFGR

on the surface.

Flow cytometry. The number of EFGR molecules on

the surface of tumor cells was evaluated by flow cytome-

try using commercially available monoclonal antibody

H11 developed for a linear epitope in the receptor extra-

cellular domain (mainly in domain 3, amino acids 294-

543) [46]. This antibody was labeled with the Cy2-conju-

gated secondary antibody. The 2′-F-Py-RNA-based

aptamer ME07 was labeled with fluorescein amidite

(FAM) at the 5′-end during the synthesis.

As seen in Fig. 2a, EGFR-overexpressing A431 cells

provies a strong signal with the H11 antibody, which was

exhibited by the peak shift along the abscissa axis (right

peak 2) relatively to the peak of cell autofluorescence (left

peak 1). Fluorescently labeled aptamer 5′-FAM-ME07

also produced a strong signal (Fig. 2c, right peak 3); at the

same time, the signal from the negative control (FAM-

labeled oligonucleotide with the non-aptamer sequence)

is the same as the signal from the original cells (Fig. 2c,

left peak 2). These results are in a vein with the previous-

ly reported data [25].

For the first time in this study the following experi-

ments were performed, despite their obvious importance.

Titration of EGFR with FAM-ME07 on the surface

of A431 cells verified a specificity of aptamer interactions

with the receptor. The shift of the peak along the abscissa

axis increased with the increase of the aptamer concen-

tration (Fig. 2, d and e). As this shift was specific, it

enabled to estimate aKD for the FAM-ME07 interactions

with EGFR within A431 cells. The affinity of the aptamer

to the receptor within the cells was at least 100-fold lower

than for the free receptor: ∼100 nM vs. 1 nM, respective-

ly. Similar situation has been reported previously; in par-

ticular, for the E series aptamers that inhibited the protein

kinase activity of EGFR at a concentration of

∼300 nM [17].

Even more demonstrative data were obtained for

tumor cell lines expressing different amounts of EGFR

molecules on the surface. A431, which normally over-

expressing EGRF on the cell surface, was used as a posi-

tive control. This cell line over-expresses EGFR (up to

3 × 106 receptor molecules per cell) [39], with the nor-

malized EGFR expression value NX = 346 (https://

proteinatlas.org). U87 cells expressed hundred times less

EGFR molecules (2 × 104 molecules per cell) [40], with

NX = 2.6. Human MCF7 cells had the minimal number

of receptors (2 × 103 molecules per individual cell) [41],

with NX = 0.2.

The fluorescence signal shifted towards the cell aut-

ofluorescence signal while decreasing the number of

receptor molecules per cell (Fig. 2). Moreover, the fluo-

rescence signal for the MCF7 cells virtually the same as

the cell autofluorescence signal, which indicated possible

detection limit for the evaluation of the number of recep-

tors using fluorescein. Fluorescein is not the brightest flu-

orophore that can be applied for labeling of oligonu-

cleotides; for example, phycoerythrin provides ten times

higher sensitivity of detection [17].

Nevertheless, FAM-labeled ME07 aptamer could be

used for the semi-quantitative determination of the num-

ber of receptor copies on the cell surface using flow

cytometry.

Fluorescence microscopy. Fundamentally different

information on the interactions of both antibody and

aptamers with EGFR on the cells could be gained by flu-

orescence microscopy. A431 cells, which over-expressed

EGFR, were positive control, as described above. The

cells were treated simultaneously with FAM-ME07 and

monoclonal antibody H11, then H11 were stained with

secondary antibody conjugated with Cy2. As seen in

Fig. 3, FAM-ME07 can serve as an alternative to the anti-

EGFR antibody. Firstly, FAM-ME07 is located on the

membrane of A431 cells, similar to the H11 antibody.

But, unlike the complex of antibody with the receptor, the

aptamer-receptor complex is able to penetrate inside the

cell. The known potential of the EGFR-ligand complex

to endocytosis propounds that internalization occurs via

the receptor-mediated mechanism. Secondly, the lack of

the noticeable competition between the H11 antibody

and FAM-ME07 assumes that EGFR epitopes for the

antibody are different from epiapts for the aptamer. And,

finally, after 30-min incubation at room temperature,

FAM-ME07 was observed not only in cytoplasm, but also

in the nucleoli.

To verify this unusual localization of FAM-ME07 in

A431 cells, we performed the same experiment using

FAM-aptamer only, with no H11. Bright emission of the

FAM-ME07 both in the cytoplasm and the nucleoli can

be clearly seen in Fig. 4. These unique characteristics of

FAM-ME07 suggest that it could be used as an escort

aptamer for specific EGFR-mediated delivery of various

agents into the cells.

Similar to the flow cytometry experiments, the data

obtained by the comparison of various types of tumor

cells and fibroblasts, with different amounts of EGFR on

the cell surface, are very indicative. The images of cells
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stained with FAM-ME07 are presented in Fig. 5, showing

A431 cells (positive control), primary culture of ROZH

cells derived from a surgical biopsy from a GBM patient,

and human fibroblasts. To enhance an ability to detect

low numbers of receptor molecules on the cell surface,

the concentration of FAM-ME07 was increased 10-fold,

up to 1 µM. It is not surprising that the A431 cells were

stained so intensely, that the staining of the nuclei was

masked. ROZH cells were stained to a lesser degree, and

the aptamer localized predominately to the cytoplasm.

Fibroblast were virtually not stained, despite high FAM-

ME07 concentrations. 

Hence, it is clear that both in the case of flow cytometry

and fluorescence microscopy, the signal decreased with

the decreasing of number of receptor molecules on the

cell surface. Therefore, FAM-ME07 can be used for the

aptacytochemistry of EGFR. Moreover, ME07 could be

used as an escort aptamer for the delivery of reagent into

human GBM cells.

These results opened a way of developing aptamers

for aptahistochemistry in order to visualize EFGR-posi-

tive cells in tumor tissues derived from GBM patients.

The images of FAM-ME07-stained GBM sections

derived from a surgical samples of tumor (Burdenko

National Medical Research Center of Neurosurgery) are

presented in Fig. 7. The tumor is heterogenous, and

EFGR-positive cells, being a significant portion of the

tumore, are brightly stained with FAM-ME07.

Hence, the first step in the diagnostic of human

GBM translating into aptatheranostics – visualization of

EFGR-positive clones – has been a fortunate one. For

further improvement, a sensitivity of detection should be

enhanced by using other fluorophores. More efficient

aptamers and versatile methods for aptamer labeling

should be developed also, as well as new methods for the

introduction of various agents for both diagnostics

(e.g., PET) and targeted therapy against EGFR-positive

clones.

Further advances in aptatheranostics of EGFR-pos-

itive cells will allow targeted eradication of aggressive

clones from heterogenous GBM tumors.
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