
Biosensors and Bioelectronics 194 (2021) 113633

Available online 13 September 2021
0956-5663/© 2021 Elsevier B.V. All rights reserved.

Palindromic-assisted self-annealing transcription amplification for reliable 
genotyping of epidermal growth factor receptor exon mutations 

Rui Yuan a,b,c,1, Wanyan Tang a,1, Hong Zhang b,c,1, Wenxin You a,b, Xiaolin Hu b, 
Haiwei Zhang a, Ling Chen d, Weiqi Nian a,**, Shijia Ding d,***, Yang Luo b,* 

a Chongqing Key Laboratory of Translational Research for Cancer Metastasis and Individualized Treatment, Chongqing University Cancer Hospital, Chongqing, 400030, 
PR China 
b Center of Smart Laboratory and Molecular Medicine, School of Medicine, Chongqing University, Chongqing, 400044, PR China 
c College of Bioengineering, Chongqing University, Chongqing, 400044, PR China 
d Key Laboratory of Clinical Laboratory Diagnostics (Ministry of Education), College of Laboratory Medicine, Chongqing Medical University, Chongqing, 400016, PR 
China   

A R T I C L E  I N F O   

Keywords: 
Circulating tumor DNA 
Isothermal amplification 
Lung cancer 
Molecular diagnosis 
Palindromic structure 

A B S T R A C T   

Reliable discrimination of specific epidermal growth factor receptor (EGFR) gene mutations plays a critical role 
in guiding lung cancer therapeutics. Until now, convenient and accurate recognition of the specific deletion of 
EGFR exons has remained particularly challenging. Herein, we propose a palindromic-assisted self-annealing 
transcription amplification (PASTA) strategy for the reliable detection of circulating EGFR exon mutations. We 
designed a palindromic DNA hairpin nanorobot consisting of a palindromic tail, a T7 promoter, a target 
recognition region, and a transcription template. The nanorobot enabled prompt self-assembly into a target- 
hairpin/hairpin-target dimer in the presence of single-stranded DNA target and further triggered in vitro tran-
scription. In a proof-of-concept experiment for detecting circulating 15n-del EGFR mutation, a detection limit of 
0.8 fM and a linear detection range of 1 fM to 100 pM was achieved, and an accuracy of 100% was reached in 
clinical validation by analyzing 20 samples from clinical lung cancer patients. Empowered by the intrinsic 
sensitivity and selectivity, the proposed PASTA approach will lead to the development of a universal platform for 
reliable molecular subtyping.   

1. Introduction 

Lung cancer has the highest morbidity and mortality among cancer- 
related diseases (Bade et al., 2020; Bray et al., 2018). The epidermal 
growth factor receptor (EGFR), as its key driver, has become a vital 
diagnostic and therapeutic biomarker among circulating tumor DNA 
(ctDNA) for early clinical intervention. (Wu and Shih (2018); Isomoto 
et al., 2020; Keller et al., 2020). Although it has been demonstrated that 
ctDNA is easier to obtain than tissue biopsy in reflecting drug response, 
the accuracy of the EGFR genotyping is largely limited because of its low 
abundance (Campos-Carrillo et al., 2019; Qiu et al., 2020; Zhu et al., 
2020). Thus, it is necessary to propose new strategies with high sensi-
tivity and selectivity to genotype EGFR mutations. 

Current EGFR genotyping methods have some defects in practical 
applications. For instance, sequencing requires complicated library 
preparation process and labor-intensive bioinformatics analysis (Heider 
et al., 2020; Provencio et al., 2020; Wan et al., 2020); PCR-based tech-
nologies, such as digital PCR (Chen et al., 2021; Xiang et al., 2020), 
mutation-selected amplification-specific system PCR (Cohen et al., 
2020; Zhu et al., 2019), are prone to the detection of a class of muta-
tions; isothermal amplification strategies exemplified by DNA 
self-assembly (Liu et al., 2016; Wu et al., 2020), recombinase poly-
merase amplification (RPA) (Zhang et al., 2021), hybridization chain 
reaction (HCR) (Zhao et al., 2020), and CRISPR/Cas system (Gootenberg 
et al., 2017; Harrington et al., 2018), have been widely criticized for 
their low accuracy in subtype analysis, owing to the insufficient 
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sensitivity and inappropriate primer design (Wang et al., 2017). 
Recently, palindromic structure has been proposed as a novel tool to 

bolster the analytic sensitivity and specificity of current genotyping 
approaches. For example, Li et al. designed an intramolecular strand- 
displacement amplification by a molecular beacon with two palin-
dromic fragments (Li et al., 2019). Karami et al. fabricated a 
self-assembly system using a palindromic structure (Karami et al., 
2020). Most recent researches have focused on the combination of 
palindrome structures with enzyme recognition sites (Kim et al., 2020; 
Mikhailov et al., 2019; Wang et al., 2019). Although they could enhance 
the analytical sensitivity, such designs frequently lead to obvious de-
fects: i) inappropriate cascade amplification leads to the generation of 
numerous nonspecific products; ii) multiple reaction steps increase the 
complexity of the experiments; and iii) the compatibility problem of 
follow-up reactions. 

Inspired by previous work on palindrome structures, a simple and 
highly sensitive electrochemical sensoring approach was established, 
named palindromic-assisted self-annealing transcription amplification 
(PASTA). The specific recognition of hairpin probes by target DNA and 
the formation of targe-hairpin/hairpin-target dimers by self-annealing 
of probes are key steps that trigger subsequent transcription amplifica-
tion. Through the complementary binding of the capture probes 
immobilized on the electrode and the detective probes added to the 
reaction system, these numerous single-stranded RNA transcripts can be 
electrochemically read out after the chromogenic reaction with meth-
ylene blue (MB). Compared with classic strand displacement amplifi-
cation (Xu et al., 2020), the proposed PASTA approach has 
demonstrated enhanced specificity and efficiency by remarkably 
increasing the signal-to-noise ratio. 

Deletions of exon 19 (19-del) of EGFR, which account for 44.8% of 
the total mutations, are regarded as attractive biomarkers for the tar-
geted therapy of lung cancer (Kobayashi et al., 2016; Liang et al., 2020). 
An increasing number of studies have shown that lung cancer patients 
with 15n-del have longer progression-free survival than other subgroups 
when treated with Afatinib as the first-line monotherapy (Yu et al., 
2020), suggesting that detecting 15n-del is critical for the individualized 
treatment of lung cancer. Therefore, we took 15n-del EGFR mutation as 
a model to verify the practicability of the designed genotyping strategy. 
The results indicated that the designed electrochemical biosensing 
strategy presented a simple and pragmatic platform for ultrasensitive 
genotyping detection. 

2. Materials and methods 

2.1. Materials and reagents 

Klenow fragment (3′-5′exo− ) (KF exo− ), 10 × KF buffer (500 mM 
Tris-HCl, 50 mM MgCl2, 10 mM DTT, pH 8.0), T7 RNA Polymerase, 5 ×
Transcription buffer (200 mM Tris-HCl, 30 mM MgCl2, 50 mM DTT, 50 
mM NaCl, 10 mM spermidine, pH 7.9), dNTP mixture (10 mM), NTP 
mixture (10 mM), and DEPC-Treated Water (DEPC) were supplied by 
Fermentas Inc. (Ontario, Canada); 6-Mercapto-1-hexanol (MCH) was 
obtained from Sigma-Aldrich (USA); Gold-view, DL20 DNA Marker, and 
recombinant RNase inhibitor were purchased from TaKaRa (Dalian, 
China). All DNA oligonucleotides were synthesized and purified by 
Sangon Biotechnology Co., Ltd. (Shanghai, China) with high- 
performance liquid chromatography (HPLC), and their corresponding 
sequences were included in Table S-1. The buffer solutions used in this 
study were as follows: Tris-HCl buffer solution (50 mM Tris-HCl, 6 mM 
MgCl2, 10 mM NaCl, pH 7.5), and phosphate buffered solution (PBS) 
(Na2HNPO4 8 mM, NaCl 136 mM, KH2PO4 2 mM, KCl 2.6 mM, pH 
7.2–7.4). All solutions were prepared and diluted with RNase-free water. 

2.2. Apparatus 

Electrochemical experiments were performed on a CHI 660E 

electrochemical workstation (CH Ins., Shanghai, China). Electro-
chemical detections were employed with a three-electrode system 
including a gold electrode (GE) as the working electrode, a platinum 
wire electrode as the auxiliary and an Ag/AgCl electrode as the refer-
ence. Gel electrophoresis analyses were photographed by ChemiDoc 
Imaging System (Bio-Rad, California, USA). Scanning electron micro-
scopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were 
conducted on SU8020 eletron microscope (HITACHI, Tokyo, Janpan). 

2.3. ctDNA extraction from clinical specimens 

The blood samples of lung cancer patients for 15n-del genotyping 
were collected from Chongqing Cancer Hospital. Circulation tumor DNA 
was collected with a Streck Cell-Free DNA BCT tube (Novogene, Beijing, 
China) and extracted with an ADx® Circulating DNA Nucleic Acid 
Isolation Kit (AmoyDx, Xiamen, China). The detailed operation process 
is presented in Supporting Information S-3. 

2.4. PASTA protocol 

The hairpin probe (HNP) was heated in a water bath at 95 ◦C for 5 
min and then cooled to room temperature to ensure the formation of the 
hairpin structure. A 10 μL volume of an extension system containing 3 μL 
target DNA, 1 μM hairpin probe, 500 nM each dNTP, and 0.8 unit μL− 1 

KF exo− in KF buffer was vortexed thoroughly and incubated at 41 ◦C for 
1 h. Then, a 20 μL transcription solution was added to fulfill the tran-
scription amplification, specifically, 1 mM NTPs, 50 nM detection probe, 
0.4 unit μL− 1 T7 RNA polymerase, 0.8 unit μL− 1 RNase inhibitor in 
transcription buffer were added and the mix was incubated at 37 ◦C for 
2.5 h. 

2.5. Sensor fabrication 

After the GE was pre-treated (Supporting Information S-4), 10 μL of 
the resulting reaction mixture was dropped on the above prepared 
electrode, and the transcription products hybridized with the capture 
probes immobilized on the GE surface for 0.5 h at room temperature. 
Finally, the fabricated sensor was washed thoroughly with PBS three 
times and immersed in PBS containing 4 μM MB for 5 min. 

2.6. Electrochemical measurement 

Electrical impedance spectroscopy (EIS), square wave voltammetry 
(SWV) and cyclic voltammetry (CV) measurements were adopted to 
characterize the established electrochemical biosensor, which was car-
ried out in 0.4 M KCl containing 0.5 mM Fe (CN)6

3− /4-. The differential 
pulse voltammograms (DPV) were collected from − 0.6 to 0.1 V with an 
amplitude of 10 mV at a 50 mV s− 1 scan rate in PBS containing 4 μM MB. 

2.7. Statistical analysis 

All statistical tests were analyzed with SPSS version 20.0. One-way 
analysis of variance (ANOVA) was adopted for the comparison of mul-
tiple groups with a suitable post hoc test. p < 0.05 was considered sta-
tistically significant. 

3. Results and discussion 

3.1. Design of the PASTA strategy 

The schematic of the developed PASTA approach for accurate iden-
tification of EGFR mutation is illustrated in Scheme 1. Specifically, we 
designed a palindromic DNA hairpin nanorobot probe (HNP) that con-
sists of four regions: (i) a palindromic sequence (in green), (ii) a target 
recognition region (in orange), (iii) a T7 promoter sequence (in red), and 
(iv) a transcription template (in purple) (Scheme 1B, and Fig. S-1). The 
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designed 16 nt-long target recognition sequence is complementary to 
the target 15n-del EGFR sequence, as highlighted in orange in the box in 
Scheme 1A. The T7 promoter sequence is composed of two sections: one 
can hybridize with the palindromic sequence to form the stem-loop 
structure of the HNP, the other section is part of a single-stranded 
loop structure, which ensures that a subsequent transcription is not 
triggered, thus avoiding any potential background signals (Wang et al., 
2019). 

The introduction of the target 15n-del EGFR sequence opens the 
stem-loop structure of the HNP, by which the palindromic sequence is 
released allowing them to anneal to each other and form a target-HNP/ 
HNP-target dimer. Then the HNP extension reaction generates an HNP/ 
HNP duplex in the presence of KF exo− and dNTPs, while the released 
target triggers the next cycle of the HNP extension. Additionally, with 
the extension of HNP, a double-stranded T7 promoter forms automati-
cally. At this point, the exposed T7 promoter mediates the subsequent 
transcription amplification with the addition of T7 RNA polymerase, 
thus generating numerous single-stranded RNA transcripts (Scheme 1C). 
Finally, these RNA transcripts hybridize with the immobilized capture 
probes, and the residual sequence anneals the detection probes to extend 

the length of the duplex and increase the electrochemical signals in the 
presence of MB, allowing the accurate molecular mutation to be read out 
with a charge transfer from MB to dihydromethylene blue (MBH2) 
(Scheme 1D). 

3.2. Verification of the proposed strategy 

We first validated the feasibility of the proposed PASTA strategy 
using polyacrylamide gel electrophoresis (PAGE) (Fig. 1A). Clear bands 
representing HNP and the target-HNP/HNP-target complex were pre-
sented in lanes 1 and 2, respectively. Lane 3 displayed an ~130 bp long 
extension-induced target-HNP/HNP-target dimer band. A new band 
with a lower molecular weight was unexpectedly observed in lane 3, 
indicating that the extension reaction was insufficient and that a 
partially completed target-HNP/HNP-target dimer existed. After the 
addition of T7 RNA polymerase and NTPs, a new smear band with the 
lowest molecular weight band of ~25 bp appeared in lane 4, illustrating 
the successful transcription of the target-HNP/HNP-target complex (Tan 
and Ng 2020). In addition, no obvious amplification products were 
observed in the absence of the target, indicating that there was no 
non-specific reaction caused by self-opening between hairpins (Fig. S-2). 
These results jointly confirmed the validity of the PASTA strategy. 

We further validated this finding by measuring the DPV values of 
that target 15n-del sequence (Fig. 1B). The DPV measurements indicated 
that the complete PASTA procedure led to a remarkably increased 
oxidation peak of − 0.25 V for the target 15n-del sequence in curve 
d (5.2 μA vs. 1.2 μA), indicating the existence of ample RNA transcripts 
(Yu et al., 2019). Notably, slight electrochemical signals were observed 
in the controls in the absence of either an extension or transcription 
reaction after the PASTA amplification, which may be caused by a weak 
electrostatic binding between the single-stranded DNA (capture probe) 
and the MB (Li et al., 2018). 

The SEM with EDS mapping images of the electrode before and after 
modification were presented in Fig. 1C. The elemental mapping con-
taining C (b) and O (c) were distributed on the surface of the electrode 
after modification. The EIS, SWV and CV measurements were employed 
to characterize the modification of the electrode surface in 0.4 M KCl 
containing 0.5 mM Fe(CN)6

3− /4-. The semicircle diameter of the EIS 
curve is positively proportional to the electron transfer resistance (Ret), 
which was represented by the diameter of all Nyquist plots in Fig. 1D 

Scheme 1. The proposed PASTA strategy for genotyping EGFR mutation 
detection. (A) Schematic of targeted region of EGFR gene. The deleted bases are 
highlighted in red with a grey background. A 16 nt-long target recognition 
region is colored orange and boxed. Single-letter abbreviations for the amino 
acid residues are as follows: A, Ala; E, Glu; I, Ile; K, Lys; L, Leu; N, Asn; P, Pro; R, 
Arg; S, Ser; T, Thr; V, Val. (B) Design of a palindromic DNA hairpin nanorobot 
probe (HNP). (C) Schematic of PASTA strategy. (D) Electrochemical readout of 
the transcripts of the target: MB, methylene blue; MBH2, dihydro-
methylene blue. 

Fig. 1. Feasibility of the proposed PASTA assay for the identification of 15n-del EGFR mutation. (A) PAGE analysis of 1 μM hairpin probe (lane 1), hybridization 
product in the presence of 1 μM target 15n-del (lane 2), products of target 15n-del and hairpin probe after extension reaction (lane 3), transcription amplification 
(lane 4) and the low molecular weight ladders (lane M). (B) Typical DPV current curves of the biosensor responding to (a) blank control, (b) a target 15n-del with 
extension reaction only, (c) a target 15n-del with transcription reaction only, and (d) the whole PASTA procedure. (C) (a) SEM and EDS mapping images of (b) C and 
(c) O of the electrode before and after modification. (D) EIS, (E) SWV, and (F) CV for the (a) bare electrode, (b) electrode modified with capture probe, (c) modified 
with the MCH and BSA, and (d) after hybridization with transcriptional products and detection probe complex in 0.4 M KCl containing 0.5 mM Fe (CN)6

3− /4-, 
respectively. 
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(Xue et al., 2021). The results showed that the EIS Ret was increased by 
~1000 KΩ and ~1500 KΩ, respectively, after the capture probe (curve 
b) and MCH (curve c) were modified onto the bare GE (curve a). 
Meanwhile the SWV current was decreased by ~125 μA and ~42 μA, 
respectively, attributing to the obstruction of the electron transfer 
(Fig. 1D and E). The products of the RNA transcripts and detection 
probes subsequently yielded another increase of ~1000 KΩ for the EIS, 
while the peak current of SWV was decreased by an additional ~20 μA 
(curve d), owing to the occurrence of an electrostatic repulsion force 
from the negatively charged phosphate backbone of the oligonucleo-
tides. The CV results were in good accordance with the SWV measure-
ments (Fig. 1F). Accordingly, these results strongly suggested the 
successful fabrication of the proposed PASTA electrode. 

3.3. Optimization of experimental parameters 

To achieve the best performance of the prepared biosensor, several 
experimental conditions were investigated. Primarily, the concentration 
of KF exo− promoting the extension reaction was carefully evaluated 
using the peak current of DPV. As illustrated in Fig. 2A, the peak currents 
increased in proportion to the target concentration and reached a 
plateau of ~5.5 μA at the target concentration of 0.8 unit μL− 1. There-
fore, 0.8 unit μL− 1 KF exo− was employed for the following extension 
reaction. Additionally, we noticed that the peak current rose with time 
and reached its maximum at 2.5 h (Fig. 2B), which was subsequently set 
as the optimal time. We also observed that the peak current increased 
continually with the concentration of T7 RNA polymerase and leveled 
off after 0.4 unit μL− 1, indicating the optimal concentration of 0.4 unit 
μL− 1 for the following experiments (Fig. 2C). Finally, the hybridization 
temperature of 25 ◦C and incubation time of 30 min led to a maximum 
signal-to-noise ratio (Fig. 2D and Fig. S-3), as the collision probability of 
the probes and RNA products was significantly reduced at lower tem-
peratures, while less hybridization occurred at higher temperatures. 

3.4. Analytical sensitivity of the proposed biosensor 

The analytical performance of the developed PASTA biosensor was 
then evaluated. The results demonstrated that the DPV currents 
increased with the increasing concentration of the 15n-del mutation 

(Fig. 3A). There was a good linear correlation between the current signal 
and the logarithm of target ctDNA, fitted as I = 1.541 lgC15n-del + 0.460 
with a correlation coefficient of 0.9931. Furthermore, a limit of detec-
tion (LOD) of 0.8 fM was achieved within 4 h (Fig. 3B). The LOD was 
calculated by the average value of negative samples plus 3 SD (95% 
confidence level). In contrast to previously reported detection methods, 
the PASTA approach achieved better performance on comprehensive 
analysis (Table S-2 and Table S-3). First, the palindromic-assisted signal 
amplification system demonstrates high amplification potential by 
releasing the target to trigger the next cycle in the presence of the target. 
Second, the partially annealed T7 promoter sequence is elaborately 
embedded in the stem-loop structure of HNP, thus reducing background 
signals by avoiding nonspecific transcription reactions in the absence of 
target. Third, the T7 RNA polymerase precisely recognizes the unique 
double-strand promoter sequence and transcribes its downstream DNA 
sequence at a rate of approximately 100 bp/s, thereby contributing to 
high transcription efficiency. 

3.5. Specificity and reproducibility of the biosensor 

Several other subtypes of the EGFR gene with exon 19 deletion were 
also analyzed using the proposed PASTA strategy to evaluate its speci-
ficity. As expected, the target DPV response of E746_A750del (15n-del) 
was 10-fold greater than that of the other five deletion subtypes, with 
only a small nucleotide difference (E746_E749del, E746_T751del, 
E746del, E746_S752delinsD, and E746_S752del) (Fig. 4A and B). These 
results strongly suggested that the proposed PASTA system possesses 
inherently superior selectivity, possibly due to the target-dependent 
extension and specific recognition of T7 RNA polymerase. 

Next, we evaluated the reproducibility of this approach by detecting 
high and low concentrations of 15n-del samples for 20 duplicates. 
Similar DPV responses were observed for these duplicated tests with a 
relative standard deviation (RSD) less than 12.8% (Fig. 4C). Consis-
tently, all measured values were in the interval range of X ± 3 s with the 
classical Westgard multi-rule quality control method. Thus, the PASTA 
system indicated acceptable reproduction (Fig. 4D). 

Fig. 2. Optimization of various parameters. 
(A) Varied KF exo− reaction concentrations 
for the signal response. (B) Effects of T7 RNA 
polymerase transcription time. (C) Concen-
tration of the signal response; the peak of the 
reduction reaction is between − 0.3~− 0.2 V. 
(D) Optimized temperature for hybridization 
of transcription. The red column denotes 
positive signals and the blue column repre-
sents the blank control. Error bars represent 
standard derivation (n = 3). The concentra-
tion of target was 100 pM. (For interpreta-
tion of the references to color in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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3.6. Validation with clinical samples 

To validate the analytical reliability and application potential of the 
developed approach, a standard addition method was adopted to 
analyze the 15n-del mutation in diluted serum samples from healthy 
volunteers. A recovery range of 86.1–106.8% was observed for different 
amounts of 15n-del spiked in the serum. These results suggest a low 
matrix effect and great potential of the proposed method for sensitive 
detection of 15n-del in real samples (Table S-4). 

The proposed approach was then further applied to 15n-del geno-
typing of clinical blood samples (n = 20) from lung cancer patients after 
pre-amplification by PCR (Supporting Information S-8), and all test re-
sults were confirmed using commercial next-generation sequencing 
(NGS) assay, with 10 identified as positive and 10 as negative. This 
strategy was deemed positive when the detection value exceeded the 
threshold, i.e., the average value of negative samples plus 3 SD (95% 
confidence level). As shown in Fig. 5, we observed significantly higher 
DPV values in the mutation samples than in the threshold value (0.927 
μA) from the negative samples. The receiver operating characteristic 
curves (ROC) indicated a high predictive power with an area under the 
curve (AUC) of 1.00 (95% CI: 0.89 to 1.00, p < 0.0001). Therefore, it is 
concluded that the developed strategy provides a promising and prag-
matic tool for mutation detection in real clinical samples. 

4. Conclusion 

In summary, we successfully engineered a DNA nanorobot for ul-
trasensitive and reliable differentiation of complicated molecular mu-
tations. This DNA nanorobot, named palindromic-assisted self- 
annealing transcription amplification technology, demonstrated high 
sensitivity in recognizing low abundance circulating EGFR 15n-del 
mutation with an LOD as low as 0.8 fM. The specific recognition of 
hairpin probes by target DNA and the formation of targe-hairpin/ 
hairpin-target dimers by self-annealing of probes are key steps that 
trigger subsequent transcription amplification, after which the amplified 
signals could be conveniently read out using an electrochemical work-
station. The proposed PASTA approach has demonstrated enhanced 
specificity and efficiency by remarkably increasing the signal-to-noise 
ratio. Both the experimental and clinical samples analyses have vali-
dated the feasibility of the PASTA method. Despite that only single 
molecular mutation could be recognized once in the current format, it is 
highly possible multiplexed detection of a series of molecular subtypes 
could be enabled once the microfluidic technologies are integrated. 
Overall, the proposed PASTA strategy presents a convenient and prag-
matic platform for the accurate detection of various circulating ctDNA, 
laying the foundation for the development of robust tools for molecular 
genotyping. 

Fig. 3. Analytical performance of the PASTA strategy for 15n-del detection. (A) The DPV current curves of the proposed method responding to 0, 0.001, 0.01, 0.1, 1, 
10, 100 pM of target 15n-del (from a to g). (B) The linearity between the DPV peak current and logarithmic value of target 15n-del concentrations. The error bars 
represent the standard deviations of three different measurements for each concentration. 

Fig. 4. Specificity and reproducibility of the 
PASTA strategy. (A) Sequence information. 
The mutated bases are highlighted in red. 
(B) Responses of the PASTA system to 
different 19-del subtypes: (a) p. 
E746_A750del, (b) p. E746_E749del, (c) p. 
E746_T751del, (d) p. E746del, (e) p. 
E746_S752delinsD, (f) p. E746_S752del. The 
data denote the means ± SEM (n = 3). 
****p < 0.0001. (C) Reproducibility of the 
peak current among 20 replicated experi-
ments using samples with 10 fM and 1000 
fM of 15n-del mutation. (D) Levey-Jennings 
chart-based control for 10 fM and 1000 fM 
of 15n-del mutation. X represents the means 
of 10 fM and 1000 fM, and its corresponding 
standard deviation is s1 and s2. (For inter-
pretation of the references to color in this 
figure legend, the reader is referred to the 
Web version of this article.)   
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