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A grouped detection method was developed to reduce the workload and allow quick

identification of any of the six common EGFR exon 19 deletion types. Sequencely,

EGFR exon 19 mutation types of lung cancer patients were indentified successfully

after PCR amplification and Lambda exonuclease (A-ex0) assisted SSDNA generation.

Highlights

e e Electrochemical biosensor for genotyping of common EGFR mutations.

e e Influence of non-complementary location on discrimination ability.

e e Capture probe with non-complementary location in its middle part has the
highest hybridization specificity

e e Agrouping approach realizes faster identification of specific mutations.

e e Genotyping of common EGFR mutations for lung cancer patients.

Abstract

In this study, we constructed a sandwich-type biosensor to identify six common
types of mutations in exon 19 of the epidermal growth factor receptor (EGFR) gene,
and tested them using tissue samples from patients with non-small cell lung
carcinomas. Considering the characteristics that different locations of
non-complementary in DNA probes resulting in different hybridization efficiency, we
investigated the design of DNA capture probes with varying non-complementary
sequence locations in an effort to optimize the selectivity of the biosensor. Our results
revealed that non-complementary sequences located in the middle of a capture probe
allow excellent hybridization specificity and achieve the strongest discrimination
between mutations that differ by a single nucleotide. Based on this finding, we

designed capture probes to identify six common types of EGFR mutations (del1-del6)
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successfully. Further, we proposed a grouped testing approach to reduce workload and
rapidly identify mutation types. Subsequently, EGFR exon 19 hotspot deletion types
in real samples were discriminated by this method. RT-PCR products from lung
cancer patients were digested with A-Exo and analyzed using electrochemical
biosensors. The results of our grouped testing approach with optimized biosensors
were consistent with that of direct sequencing, suggesting that our proposed protocol
can be excellent candidate for genotyping of EGFR mutations in lung cancer patients.
Keywords: electrochemical biosensors; genotyping; epidermal growth factor

receptor; mutation; non-small cell lung carcinoma; grouped testing approach

1. Introduction

Mutation of the epidermal growth factor receptor gene (EGFR) is an important
predictor of tumor response to small molecule tyrosine kinase inhibitors (TKISs),
which exert efficient effect for EGFR mutation-positive lung cancer. EGFR mutations
are found in 10-40% of non-small cell lung cancer (NSCLC) patients [1]. Exon 19 of
EGFR encodes part of its tyrosine kinase domain. Mutations of exon 19 facilitate the
binding of TKIs within the ATP binding pockets in the tyrosine kinase domain of
EGFR, thus preventing EGFR from binding ATP. Consequently, downstream
signaling is blocked, cellular proliferation and differentiation are inhibited, and
apoptosis is induced [2]. There are six common types of hotspot mutations in EGFR
exon 19, which are mostly located in the sequence encoding the 746" to the 753

amino acids, and are primarily deletions affecting the 3 strand or the aC helix [3-6].



The sensitivity of EGFR to TKIs depends on specific mutations [7, 8]. Therefore, it is
important to distinguish mutation genotypes of EGFR exon 19 in the clinical setting,
to inform treatment and improve patient prognoses.

In recent years, an impressive number of electrochemical DNA sensors have been
developed and employed to detect specific nucleotide sequences [9-24]. Among them,
the sandwich-type strategy, which involved a pair of DNA probes (capture and
reporter probes) that flanked the target DNA sequence, processes significantly
improved signal-to-noise ratio, thus enabling the reliable detection of as low as
picomolar DNA targets [25]. The high sensitivity of electrochemical transducers, as
well as their compatibility with modern microfabrication and miniaturization
technologies makes such devices promising solution for the point-of-care diagnostics.
The key to identifying common mutations in DNA is to improve the detection
specificity of DNA biosensors. DNA hybridization efficiency is inversely correlated
with specificity, as confirmed by our preliminary studies [26]. A more favorable
environment for hybridization leads to higher hybridization efficiency, but results in
reduced hybridization specificity. Inevitably, a sandwich-type DNA biosensor based
on high-efficiency DNA hybridization would have a lower specificity. Studies have
shown that for regular liquid-phase DNA hybridization, the location of
non-complementary sequences within the DNA affects hybridization efficiency due to
differences in the continuity and stability of the formed double-stranded DNA
(dsDNA) [27-30]. Gotoh et al. stated that for a DNA probe fixed to a solid surface,

changing the location of a fixed number of mismatched bases can cause up to a



seven-fold change in the hybridization equilibrium association constant (Ka) [29]. For
sandwich-type electrochemical biosensors which undergo heterogeneous
hybridization on electrode surfaces, there are no relevant studies on the influence of
the non-complementary sequence location on the hybridization efficiency and
biosensor specificity.

Our preliminary studies have confirmed that sandwich-type DNA electrochemical
biosensors can effectively distinguish wild-type EGFR from EGFR containing
deletions [26]. In addition, the hybridization between non-complementary sequences
taken place in a heterogeneous environment on electrode surface results in low
hybridization efficiency and high biosensor specificity. Based on our preliminary
findings, this study aimed to improve the identification of six common EGFR exon 19
deletions and to achieve rapid discrimination between them using sandwich-type
DNA electrochemical biosensors. In order to optimize probe specificity, we first used
two deletions (dell, del2) that had only one base difference to investigate the
influence of non-complementary sequence location within a probe. Next, we
attempted to expand the use of the approach we established to differentiate between
other deletion types. Importantly, we developed a grouped detection method that
reduced the workload and allowed quick identification of any of the six common
EGFR exon 19 deletion types. Finally, we demonstrated the application of our
grouped detection method by successfully identifying EGFR exon 19 mutations in

tissue samples from lung cancer patients.



2. Material and methods
2.1. Reagents

The 3,3°,5,5’-tetramethylbenzidine (TMB) substrate (Neogen K-blue low-activity
substrate) was from Neogen (Lansing, USA). Avidin-horseradish peroxidase (HRP)
was from Roche Diagnostics. Bovine serum albumin was obtained from Roche
Diagnostics (Mannheim, Germany) and used without further purification. A-Exo was
from New England Biolabs (Ipswich, USA). The buffer solutions used in this study
were as follows: The DNA immobilization buffer contained 10 mM Tris-HCI, 1 mM
ethylenediaminetetraacetic acid, and 1 M NaCl (pH 8.0). The hybridization buffer was
a 10 mM phosphate buffer (PB) solution containing 1 M NaCl (pH 7.4). A-Exo
reaction buffer contained 67 mM Glycine-KOH, 2.5 mM MgCl>, and 50 pg/ml BSA
(pH 9.4). All solutions were prepared with Milli-Q water (18 MQ cm resistivity) from
a Millipore system.
2.2. Nucleotide sequences

Human EGFR mRNA sequence information was extracted from the NCBI
GenBank database (http://www.ncbi.nlm.nih.gov/genbank/, accession number
Ay588246). Six sequences (dell-del6) were designed to correspond to the most
prevalent mutations of exon 19 reported in the literatures [3-6]. All oligonucleotides
were synthesized and purified by TaKaRa Inc. (Dalian, China), and the sequences are
listed as follows:

Capture probe:

CapA: 5’-SH-tttt-ttccttgttggcetttcggagatgtc-3°



CapB: 5’-SH-tttt-tcggagatgtcttgatagcgacggg-3’

CapC: 5’-SH-tttt-cttgatagcgacgggaattttaact-3’

Cd1: 5’-SH-tttt-tcggagatgttttgatagcgacggg-3’

Cd2: 5’-SH-tttt-tcggagatgtcttgatagcgacggg-3’

Cda3: 5’-SH-tttt-atgttggttccttgatagcgacggg-3’

Cd4: 5°-SH-tttt-gagatggttccttgatagcgacggg-3’

Cdb5: 5°-SH-tttt-ctttcggttccttgatagcgacggg-3°

Cde6: 5°-SH-tttt-ctttcggaaccttgatagcgacggg-3’

Reporter probe:

5’-ttctcaccttctgggatccagagte-3’

Target:

dell:
5’-gactctggatcccagaaggtgagaaagttaaaattcccgtegetatcaaaacatctccgaaagccaacaaggaa-3’

del2:
5’-gactctggatcccagaaggtgagaaagttaaaattcccgtcgetatcaagacatctccgaaagccaacaaggaa-3’

del3:
5’-gactctggatcccagaaggtgagaaagttaaaattcccgtegetatcaaggaaccaacatctccgaaagccaacaag
gaa-3’

del4:

5’-gactctggatcccagaaggtgagaaagttaaaattcccgtegetatcaaggaaccatctccgaaagcecaacaagga



5’-gactctggatcccagaaggtgagaaagttaaaattcccgtegetatcaaggaaccgaaagccaacaaggaa-3’

del6:
5’-gactctggatcccagaaggtgagaaagttaaaattcecgtegetatcaaggttccgaaagecaacaaggaa-3’
2.3. Electrochemical biosensor preparation

A CHI660D electrochemical analyzer (Shanghai, China) was used to perform the
amperometric experiments, which was connected to a conventional Au disk working
electrode (2 mm diameter), an Ag/AgCl reference electrode, and a Pt wire auxiliary
electrode. The BSA-based biosensor was fabricated according to a protocol developed
previously [31]. Briefly, the polished Au electrode was incubated with 0.1% BSA for
15 min at room temperature. A 3 pL volume of 1 uM capture probe DNA solution
was dropped on the BSA-modified gold electrode and incubated for 1 h at room
temperature. Finally, the electrode was thoroughly rinsed with water and dried under
nitrogen.
2.4. DNA hybridization detection

The DNA detection protocol involved a sandwich-type hybridization assay and the
capture of the HRP enzyme tag. Different concentrations of the DNA target were
mixed with the biotinylated reporter probe (20 nM) in the hybridization buffer. Then
the mixture was incubated with capture probe which had been immobilized on
electrode surface. A 3 uL volume of avidin-HRP (0.5 U/mL) was dropped on the
electrode surface and incubated for 15 min at room temperature. Finally, the electrode
was extensively rinsed and subjected to electrochemical measurements.

Amperometric detection was performed in TMB substrate, and the current was



sampled at 100 s. Each experiment was repeated at least three times.
2.5. PCR amplification of EGFR from real samples

The real samples came from lung cancer patients who accepted neoplasms
resection operation. All patients were from the Chest Surgery Department of First
Affiliated Hospital of Fujian Medical University (Fujian, China). Genomic DNA was
extracted from liquid-nitrogen-frozen tumor tissue of patients by using Trizol as per
manufacturer’s instructions (Invitrogen) and DNA was quantified by UV-visible
spectrophotometry at 260 nm (SpectrumbLab 752S, China). PCR amplification
reaction was set up in 50 uL volume consisting of 5.0 uL 10X buffer (10 mM Tris-HCI,
50mM KCI, and 1.5mM MgCl,), 0.2mM dNTPs, 20 pmol of each primer, 1 pg
genomic DNA, and 1.5 uL Taq (Takara, Japan). Amplification was performed on a
thermal cycler instrument (MyGenie32, Bioneer, Korea). The reaction comprised
initial denaturation at 94 °C for 5 min, followed by 35 cycles of denaturation 94 °C
for 30 s, annealing at 57 °C for 30 s, and extension at 72 °C for 30 s. Final extension
was carried out at 72 °C for 5min. The PCR products were diluted and then their
optical densities (OD) at 260 nm and 280 nm wavelengths were measured using a UV
spectrophotometer. The PCR product concentrations were calculated using the
Beer-Lambert law (A = egb-c). Aliquots of 5 puL of the PCR products were
electrophoresed on 1.5 % agarose gels containing EB for 1-1.5 h. The GeneRuler 100
bp DNA ladder (Fermentas) was used as a marker. The gels were then visualized
under an ultraviolet transilluminator and photographed. At the same time, the PCR

amplification products were detected by the proposed electrochemical biosensor.



2.6. sSDNA preparation

The A-Exo was used to generate sSDNA from PCR amplification products. The
digestion procedure was performed as the manufacturer’s protocol. Reaction was
carried out at 37 °C for 30 min in 1 x reaction buffer containing 0.02 U/uL of A-Exo0
and 10 nmol of dsDNA with a final volume of 100 puL. The enzyme was then heat

inactivated at 75 °C for 10-20 min.

3. Results and discussion
3.1. Sequence design strategy

The main purpose of our study was to distinguish between six common EGFR
deletions. The differences between any two of the six deletion types vary in the range
of 1-11 bases. Considering that only one base is different between dell and del2,
sequence design strategy was demonstrated by these two deletion types. The design
strategy of target sequences was based on six common EGFR exon 19 deletions along
with our preliminary findings to allow heterogeneous hybridization between
non-complementary sequences on the electrode surface [26]. Three different DNA
capture probes (CapA, CapB, and CapC) with sequences complementary to del2 were
designed in order to improve biosensor specificity and optimize discrimination
between dell and del2. The difference among the three capture probes was the
location of a single cytosine, which is complementary to del2 but non-complementary
to dell. Relative to the mercapto (SH) end of the probe or the electrode, this cytosine

was located in the distal section, the middle section, and the proximal section of CapA,
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CapB, and CapC, respectively.

Subsequently, the specificity of the biosensors established based on CapA, CapB,
and CapC was compared with each others. As shown in Fig. 1, the biosensors
established in this study had satisfactory specificities, and allowed us to clearly
distinguish a completely complementary hybridization from an incompletely
complementary hybridization. Among the three capture probes, the one with the
single base mismatch for dell in the middle of its sequence (CapB) exhibited the most
significant difference in current generation between dell and del2 hybridization. In
contrast, the probes with mismatches close to (CapC) or far away from (CapA) the
electrode did not achieve satisfactory discrimination between dell and del2, showing
that they had less specificity than the CapB-based biosensor.

The hybridization between a capture probe and a target sequence is solid-liquid
heterogeneous hybridization, in which the capture probe is fixed on a solid surface
(the electrode) and thus has limited molecular motion. During such hybridization,
intermolecular collisions are mainly generated by the molecular motion of target
sequences, and the overall rate of inter-strand binding between DNA molecules is
lower than that of liquid-phase hybridization. Nevertheless, hybridization follows
similar principles under the two conditions. Temporary structural intermediates
containing 2-3 base pairs are formed through intermolecular collisions, and if no
additional bases are paired adjacent to the contact site, the two strands of DNA may
dissociate due to molecular motion. However, if some bases are paired near the initial

contact site, a more stable dsDNA intermediate may form, allowing the rest of the
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complementary bases to bind together one by one like the teeth of a closing zipper to
form a stable double-stranded fragment. The dissociation of a dsDNA intermediate is
faster than the propagation of base-pairing when the base-pairing adjacent to the
contact site is discontinuous, and thus the base pairs neighboring the intermediate’s
contact site play an important role in the subsequent formation of a stable
double-stranded structure [27, 28]. Therefore, in hybridization reactions, the
continuity (length) of a complementary sequence is of great significance to the
hybridization Kinetics [29]. Compared to a DNA probe where a non-complementary
sequence is located near one end, the probability that an intermediate’s neighboring
bases do not match is greater for a DNA probe where a non-complementary sequence
is located near the middle. Thus, mismatches in the middle of a DNA probe are more
likely to hinder the formation of dsDNA, and reduce the efficiency of hybridization.
The location of a mismatch within a probe also affects the stability of the dSDNA
structure. A dsDNA fragment with mismatches in the middle is less stable than a
dsDNA fragment with mismatches at one end. This is because breaks in the middle of
helical structures disrupt base-pair stacking and hydrogen bonding [30]. The less
stable the dsDNA structure is, the more likely the strands will dissociate. This higher
probability of dissociation further reduces the hybridization efficiency. Hence,
whether the sequence in the middle section is complementary is more critical to
hybridization efficiency than whether the sequence is complementary at the ends [30].
Gotoh et al. used an optical surface plasmon resonance biosensor to study DNA-DNA

interactions. They found that the equilibrium association constants (Ka) for a
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complementary hybridization and a hybridization with a single base mismatch
differed maximally when the mismatch was in the middle of the DNA sequence [29].
The results of this study verify that, in a sandwich-type structure, when the
non-complementary sequence is located in the middle of a capture probe, the
hybridization efficiency is low and the hybridization specificity is high. Therefore,
electrochemical biosensors designed to detect mismatches in the middle of their
capture probes will have higher detection specificity.

Different capture probes were combined with the same reporter probe and
hybridized separately with dell and del2 targets. Relative to the electrode, CapA,
CapB, and CapC have their single dell-mismatched bases at the distal end, in the
middle, and at the proximal end, respectively.

3.2. Discrimination between EGFR deletion mutations

The six EGFR deletion mutants (del1-del6) were each hybridized with six different
capture probes (Cd1-Cd6) and the resulting signals were compared. As shown in Fig.
2, hybridization of each target sequence with each capture probe generated a unique
current signal. As expected, each probe produced the highest current when hybridized
with its complementary target (i.e. Cdl with dell, Cd2 with del2, etc.). For all other
pairings, a higher degree of sequence similarity between the target sequence and the
capture probe correlated with a higher current being generated by hybridization. For
example, for the Cdl probe, hybridization with del2 generated the second highest
current, because del2 differs from dell by only one base. Other target sequences that

differed more strongly from dell (del3-del6), behaved similarly and produced lower
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currents than del2 when hybridized with Cd1. Likewise, for the remaining probes
(Cd3-Cd6), the similarity between probe sequence and target sequence correlated well
with the current generated following hybridization.

Based on the intensities of the signals and the similarities between the DNA
sequences, the six deletions were divided into three groups: Group | (dell and del2),
Group Il (del3 and del4), and Group |1l (del5 and del6). To identify which group an
unknown target sequence carrying one of the six deletions belongs to, it is only
necessary to hybridize it with a representative probe from each group, instead of with
all six capture probes. Subsequently, further discrimination can be achieved by
comparing the signals to identify the exact deletion type. Use of this method of
grouping deletions based on signal similarity can reduce the workload and facilitate
quick identification of the general deletion type. Any of the six common EGFR
deletions can be roughly identified by hybridizations with three probes in one step,
and precisely determined by hybridization with a fourth probe in a subsequent step.

Three deletion mutant samples (dA, dB, and dC) were used as target sequences for
testing with the proposed grouping approach. First, three probes Cd2 (Group I), Cd4
(Group 1), and Cd6 (Group I11) were used for hybridization and the resulting currents
were compared (Fig. 3). For the dA sample, the highest current value was obtained
following hybridization with Cd2, whereas lower currents were obtained when it was
hybridized with Cd4 or Cd6. This result suggests that dA belongs to Group I, and has
either a dell or del2 mutation. Next, the capture probe Cd1 was used for intra-group

discrimination, which yielded a current of 7894.6 nA, far smaller than 10138 nA
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generated by Cd2. Therefore, the dA sample was identified to be the del2 mutation.
The dB sample was similarly tested using this procedure, and was found to belong to
Group Il in the first step, then identified as a del4 mutation in a second step. Using the
same approach, the dC sample was determined to have the del5 mutation, from Group
I1l. Therefore, by comparing the currents generated by different capture probes,
EGFR sequences containing one of six common deletions (del1-del6) can be precisely
identified. The results were all confirmed to be correct, showing that this grouped

step-by-step method is effective for precise identification of the common deletion

types.

3.3. Precise identification of exon 19 deletions in the EGFR genes of lung cancer
patients

Fig. 4 shows the results of gel electrophoresis of the reverse transcription PCR
(RT-PCR) amplification products of EGFR mRNA extracted from lung cancer patient
tissues. Bright bands migrating at approximately 90 bp are seen in all lanes containing
amplification products of samples from eight patients (P1-P8). Based on the results, it
can be inferred the success of amplification of 90 bp high purity products, as evident
from the clear single bands without tailing.

The OD2so and ODogo of the RT-PCR products from the eight patient samples were
measured using a UV spectrophotometer. The ratio OD260/OD2go Was greater than 1.8
for all products. The RT-PCR product concentrations were calculated, and the samples

were subsequently diluted to a concentration of approximately 10 nM by addition of
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sterile water. Lastly, the products were digested with A-Exo into single strands before
electrochemical biosensor testing.

First, wild type and deletion types were distinguished. Based on our previous study,
the optimal probe pair for wild-type EGFR detection (capture probe 5’-cggag atgtt
gcttc tctta attcc-3” and reporter probe 5°-ttgat agcga cggga atttt aactt-3”) was used to
test the eight RT-PCR products [26]. As shown in Fig. 5, the RT-PCR products from
patients P1, P2, P4, P5, P6, and P7 yielded relatively high currents of over 3000 nA,
which were similar to those of the synthesized wild-type DNA by using the same
DNA probe in our previous study [26]. These results inferred that these six samples
were from patients who had a wild-type EGFR gene, which were further confirmed by
sequencing. The currents observed from the P3 and P8 samples were considerably
small, suggesting these two patients had deletions in their EGFR genes.

The P3 and P8 samples were further investigated using the grouped testing method.
The Cd2, Cd4, and Cd6 probes were used in the first step screening. As shown in
Figure 6, the P3 sample generated the highest current when hybridized with the Cd2
probe, suggesting that it belongs to Group | (dell or del2). The strongest signal was
observed from the P8 sample after hybridization with Cd6, indicating that P8 likely
belongs to Group I11 (del5 or del6).

After P3 was classified as being in Group I, and P8 as being Group Ill, the next
step was to identify their exact deletion types. The Cdl capture probe from Group |
and the Cd5 from Group I11 were used for intra-group discrimination. As shown in Fig.

6, the current generated by the P3 sample hybridizing with the Cd1 probe was smaller
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than the current generated by the P3 sample hybridizing with the Cd2 probe. This
suggests that patient P3 has an EGFR gene with a del2 type mutation. The current
generated by combining the P8 sample with the Cd5 probe was greater than that
generated by combining it with the Cd6 probe, suggesting that patient P8 has an
EGFR gene with a del5 type mutation. The above results were all consistent with
subsequently obtained sequencing results (Fig. 7), proving that this approach is
capable of distinguishing deletion types.
4. Conclusions

The main objectives of this study were to improve electrochemical biosensor
specificity, and to effectively distinguish between six common deletion variants of
EGFR exon 19 using these sensors. Based on preliminary studies, we investigated the
influence of the location of a non-complementary sequence within a DNA capture
probe on the hybridization specificity. Different probes were tested in a heterogeneous
hybridization environment on the surface of an electrode. The results revealed that a
probe with the non-complementary sequence located in its middle part has the highest
hybridization specificity, and can even differentiate between two sequences that differ
by only one base. Based on this finding, capture probes were designed to detect six
common deletions within exon 19 of the EGFR gene. Further, based on the observed
patterns of signal intensities, a grouping approach was proposed to reduce the
workload, simplify the operation, and realize faster identification of specific
mutations. The grouping method was used to analyze the RT-PCR products from lung

cancer patients. The identification results were consistent with sequencing results,
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confirming the applicability of the proposed method.
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Fig. 1. Influence of non-complementary base location on biosensor specificity.
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Fig. 2. Analysis of the hybridization of deletion mutants with different capture probes.
The graph shows currents measured after hybridizations between the six EGFR

deletion mutants (del1-del6) and six different capture probes (Cd1-Cd6).
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Fig. 3. Identification of mutation types using a grouped-testing approach.
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Fig. 4. Analysis of the RT-PCR amplicons by gel electrophoresis in a 1.5 % agarose

gel containing 0.5 ug/mL ethidium bromide. Lanes 1-8: PCR products of patients

P1-P8. Lane 9: marker.
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Fig. 5. Current generated by the digested RT-PCR products of EGFR mRNA from

eight patient samples using probe pair for wild-type EGFR.
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Fig. 6. Mutation type identification of real samples using the grouped testing method.

P3 AARGGTGEAGARAGTTARAATT CCCGTCGCTATCAARGACATCTCCEARAAGCCAACARGGAARAT CC
UMMMMHM;mldumIMMW&UN]WW.‘M
P8 AAGGTGAGAARAGTTAAAATT CCCETCGCTAT CRAAGGAAC CEARAAGCCRAACARGGARARTCCTCG

Wt

Fig. 7. Chromatograms showing partial sequencing results from the RT-PCR products

from actual patient samples P3 and P8.
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