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Abstract

Lung-cancer cells harbor the various gene mutations in the mRNA sequence of the Epidermal

Growth Factor Receptor (EGFR), especially mutations of exon19del E746-A750, T790M, and L858R.

This results in cancer progression and resistance to anticancer drugs (tyrosine kinase inhibitor; TKI).

Therefore, the imaging analysis of EGFR mutations is required for the treatment planning for non-

small cell lung-cancers. This study focused on the imaging analysis of a single nucleotide substitute

in EGFR mutated cancer cells. We developed three novel peptide nucleic acid (PNA)-DNA probes for

recognizing and detecting the following three gene mutations in EGFR gene mutations. The PNA-

DNA probes consist of fluorescein isothiocyanate (FITC) conjugated PNA as a detection probe and

Dabcyl conjugated DNA as a quencher probe. The PNA-DNA probes were used to validate the

feasibility for detecting three EGFR mutated sequences: exon19del E746-A750, T790M, and L858R.

The three probes emitted fluorescent dose-dependent signals against three target DNA and RNA.

Using the three PNA-DNA probes, we succeeded in discriminating three kinds of lung-cancer cell

lines (H1975, PC-9, and A549) which have different EGFR mutation distinguished using the by

fluorescence in situ hybridize (FISH) method.
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1. Introduction

The tyrosine kinase inhibitor (TKI), represented by Gefitinib, is a molecular targeting anticancer

drug that binds to the tyrosine kinase domain of the Epidermal Growth Factor Receptor (EGFR)

protein'2. Gefitinib inhibits the signal transduction of the EGF signal and induces cell death’. It is

reported that the cancer cells that have the EGFR gene mutation (in particular, exon19del E746-A750

and L858R) respond to the Gefitinib3>-¢. However, long-term administration of Gefitinib induces TKI

resistance cells. These TKI resistant cells frequently possess the T790M gene mutation (more than 50

%)’-2. T790M mutated EGFR protein loses binding affinity to Gefitinib and gains recalcitrance against

TKI'. Therefore, the analysis of the DNA or RNA sequences of mutated EGFR is necessary for

diagnosis and efficient treatment of the lung-cancer!!. In recent, next-generation sequencers have been

intensively developed and provide accurate whole-genome sequencing of cancer cells!2. However, to

sequence the genome accurately, it is necessary to obtain more than few thousand target cells (50 ng~

DNA). Therefore, it is difficult to preemptively diagnose EGFR mutated cells with next-generation

sequencers using only a few gene-mutated cells that have been collected from the small amount of

lung-cancerous tissues. For early diagnosis of EGFR gene-mutated cancer cells, a new detection

system needs to be developed at the single cell level. In order to analyze single cell gene mutations,

we have developed novel probes for the imaging analysis of three EGFR mutated genes (exon19del

E746-A750, L858R, and T790M). Various imaging probes using DNA, like Molecular Beacon et al.!3-
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21 were reported to work for the imaging analysis of target DNA or target RNA. However, some DNA-

based probes possess large molecular weight, therefore present difficulty when attempting to introduce

these probes into target cells. Furthermore, it is quite difficult to specifically detect single nucleotide

substitution for mutated genes such as T790M and L858R. Other methods for conducting single

nucleotide polymorphism (SNP) analysis were also reported to use DNA-based probes?>24. However,

these methods basically need the extracted DNA from dissolved cells, making it quite difficult to

conduct in situ analysis at the single cell level. In addition, classical DNA probes have not enough

affinity and specificity for high sensitive SNP detection?.

In present study, we have developed peptide nucleic acid (PNA)?¢-2°- DNA probes (Fig. 1A) in

effort to conduct imaging analysis of single nucleotide substitution in EGFR mutated cells. We

considered that the PNA based probe is suited in SNP detections using fixed cells and even living

cells, which is compatible with target recognition ability and small molecular weight. Because PNA

has high target binding ability due to PNA’s lack of electronic charge in the backbone and has the high

specificity?®3!. Small DNA probes make us easy to induce cells, while it normally reduces the target's

recognition specificity caused by non-specific binding by lower melting temperature. In fact, some

PNA based beacons were reported for target bacterial DNA detection®?34. Also Wang’s group

reported®® that even inducible nitric oxide synthase (iNOS) mRNA in mouse macrophage cells is

detected by PNA probes. These PNA probes are expected to be more suitable than DNA probes when
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it comes to gene mutation analysis of single nucleotide substitution. However, to further facilitate

introduction into cells, PNA probes with lower molecular weight are required.

In this study, we developed novel small molecular FITC-PNA and quencher-DNA hybridized

imaging probes (PNA-DNA probes; Fig. 1A) to be compatible with high specificity and easy to induce

cells for gene mutation analysis of single nucleotide substitution. We designed and constructed the

novel three PNA-DNA probes for recognizing and detecting the three following EGFR mutated genes;

exonl9del E746-A750, T790M, and L858R (Fig. 1B). Using the three PNA-DNA probes, we

examined the feasibility for detecting different types of EGFR gene mutations. These mutated cell act

as models of anticancer drug resistant cells through the use of lung-cancer cell lines: H19753¢ and PC-

937,38

2. Experimental

Design and construction of PNA-DNA probes

Table 1 shows the sequences of synthetic FITC conjugated PNA (FITC-PNA; Panagene, Daejeon,

South Korea), quencher conjugated DNA (Q-DNA; Integrated DNA Technologies, Coralville, 1A,

USA). And Table 2 shows the sequences of synthetic DNA for model target (Eurofins Genomics,

Brussels, Belgium) used in this study. Three PNA-DNA probes were constructed by hybridization of

the synthesized FITC-PNA and Q-DNA. FITC-PNA and Q-DNA (5 uM final) were mixed in a PBS

solution and self-assembled with annealing program as follow. The mixed reagent was heated at 95°C

5
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for 5 minute for denature. To hybridize the FITC-PNA and Q-DNA, the temperature was gradually

decreased at rate of -1.38°C / min to 30°C. Finally, the mixture was incubated at 30°C for 10 min, and

kept at 10°C. The product was directly used in further experiments.

Production of model EGFR target mRNA

EGFR mRNA was cloned from human lung-cancer cell lines; H1975, PC-9, A549 (ATCC, Manassas,

VA, USA). Total RNA was extracted using a RNeasy Mini Kit (Qiagen, Venlo, Netherlands) by

following manufacturer’s instructions. A cDNA library was then constructed using a cDNA Synthesis

Kit (Takara Bio, Shiga, Japan) according to the manufacturer’s protocol. This library was subjected to

PCR amplification using the primers “forward; 5°- GGG CTC GAG ATG CGA CCC TCC GGG ACG

GCC GGG G -3 and “reverse; 5°’- GGG TCT AGA TCA TGC TCC AAT AAATTC ACTGCTT

-3’7, in addition to KOD-Plus-Ver.2 polymerase (Toyobo, Osaka, Japan). The amplified gene was

cloned into Xhol and Xbal restriction sites of the pTNT vector (Promega, Madison, WI, USA) after

restriction enzyme digestions. The transcripts of EGFR mRNA were produced with a vector using

ScriptMAX Thermo T7 Transcription Kit (Toyobo) according to the manufacturer’s instructions. The

purity of the translated RNA product was confirmed by denaturing gel electrophoresis (Data not

shown).

For the sequencing analysis involving EGFR mRNA of H1975, PC-9, and A549, the synthesized
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cDNA library was subjected to PCR amplification using the primers “forward; 5’- CCA ACC AAG

CTC TCT TGA GG -3"” and “reverse; 5°- TTC TTT CAT CCC CCT GAA TG -3’7, in addition to

KOD-Plus-Ver.2 polymerase. The amplified partial sequence of EGFR containing exon19del E746-

A750, T790M, and L858R were directly adopted into sequence analysis (DNA sequencing Service;

Eurofins Genomics).

Fluorescence measurement for PNA-DNA probes reacting with target DNA and RNA

PNA-DNA probes (500 nM final) were either mixed with each concentration of model EGFR target

DNA (Table 2) or transcribed EGFR RNA in vitro in a PBS solution for 2 h at 37°C. FITC fluorescence

intensity at 518 nm was measured using an infinite M200 multiple reader (TECAN, Ménnedorf,

Switzerland) in a 96-well format with a 50 pL mixture by 460 nm excitation. The fluorescence of

PNA-DNA probes with each concentration of target DNA or RNA were divided by the fluorescence

with the target omitted.

Fluorescence in situ hybridization (FISH) analysis for EGFR mutated cancer cells

Human lung-cancer cell lines (H1975, PC-9, A549) were maintained in a RPMI1640 culture medium

(Nacalai Tesque, Kyoto, Japan) with a 10% (v/v) heat-inactivated fetal bovine serum (Sigma—Aldrich,
q Y 1Y

St. Louis, MO, USA), 100 units/mL of penicillin, and 100 pg/mL of streptomycin (Thermo Fisher
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Scientific, Waltham, MA, USA) in a 5% CO, atmosphere at 37°C. The cells cultured on Nunc Lab-

Tek Chamber Slide Systems (Thermo Fisher Scientific) were first washed with a PBS buffer and fixed

with 3.7% formaldehyde for 10 min. The slides were washed twice with PBS buffer, followed by a

70% ethanol treatment for 2 h at 4°C to permeabilize the cellular membrane. The PNA-DNA probes

(60 nM final) in Hybridization buffer [10% dextran sulfate (Nacalai Tesque), 0.02% RNase free BSA

Promega), 2 mM vanadyl ribonucleoside complex (New England Biolabs, Ipswich, MA, USA), 10%
( ga), y plex (N g ,Ip , MA, ),

formamide (Nacalai Tesque), 1.25 U ribonucleic acid, transfer from Escherichia coli (Sigma—Aldrich),

2x SSC Buffer (Nacalai Tesque)] was added to the cells and left overnight at 30°C, after which they

were washed with 10% formamide. The cells were further washed with 10% formamide, 15%

formamide, and 20% formamide, for 30 min at 30°C each. Finally, the cells were washed three times

with a 2 X SSC buffer. The anti-fade solution, ProLong Diamond Anti-fade Mountant with nuclear

staining dye; DAPI (Thermo Fisher Scientific)—was added to the sample. Fluorescent images were

then taken using an Olympus FV3000 confocal laser microscope (Olympus, Tokyo, Japan). The FITC

image was taken with a 488 nm laser and a variable barrier filter set at 500-600 nm. The DAPI image

was obtained with a 405-nm laser and a variable barrier filter set at 430-470 nm.
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3. Results and Discussion

Construction and characterization of PNA-DNA probes

To attain a proper diagnosis of anticancer drug (e.g., TKI) resistance, it is necessary to develop

sensitive and accurate detection methods for single nucleotide mutations in EGFR mRNA.

Furthermore, detection probes which have small molecular weight are desired for efficient delivery

into target cancer cells at the single cell level. Therefore, this study sought to design and develop novel

PNA-DNA probes that have high specificity and small molecular weight (for exon19del E746-A750;

6.81 kDa, T790M; 6.84 kDa, and L858R; 6.79 kDa) for EGFR gene mutation analysis of lung-cancer

related mutations, exonl19del E746-A750 and L858R, and TKI resistant related mutation, T790M. The

most important detection points of target mutations were set in the middle of PNA sequences as a first

prove design. The developed PNA-DNA probes are the hybrid of FITC-PNA and Q-DNA (Fig.1 A,

B). PNA has complementary sequences of target EGFR mutated mRNA sequences (Table 1).

Fluorescence intensity of the PNA-DNA probe was assumed to increase due to recognition of the

target mRNA, which accompanies dissociation of Q-DNA from FITC-PNA. Therefore, by introducing

the PNA-DNA probes into cancer cells, EGFR gene mutations can be detected by FITC fluorescence

imaging analysis. The melting temperatures were calculated as 47.5°C (exonl9del E746-A750),

58.2°C (T790M), 66.3°C (L858R) in PNA-DNA full-complementary-duplexes. In the other hands,

melting temperatures were calculated as 24.0°C (exon19del E746-A750), 30.0°C (T790M), 38.0°C

(L858R) in DNA-DNA full-complementary-duplexes. Therefore, since PNA-DNA has the higher

9
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melting temperature than that of DNA-DNA, PNA probes appear to be suitable to detect target genes

and SNPs. Using human lung-cancer cell lines—H1975, PC-9, and A549—we discuss the feasibility

of three PNA-DNA probes for the imaging analysis of EGFR mutated DNA, mRNA, and cancer cells.

First, we examined the ability of PNA-DNA probes to recognize target mutated sequences. The

fluorescent intensities of FITC-PNA were measured with either a wild type or mutated DNA sequence

(Table 2) of exonl9del E746-A750, T790M, and L858R acting as model target genes. The

fluorescence intensities were dose-dependently increased using all three probes following the addition

of the target DNA with three mutated sequences (Fig. 2 A-C). These results indicate that all the three

PNA-DNA probes recognize the target sequences, respectively. However, in the case of using PNA-

DNA probes for L858R (Fig. 2C), fluorescent intensities were slightly increased using wild type target

DNA. This is speculated to be caused by a GC-rich sequence in L858R. Although few FITC-PNA

probes slightly bound to wild type sequence, the differences in L858R fluorescent intensity between

the wild type sequence and mutated target sequence were significant enough in order to discriminate

from each other (Fig. 2C). Although the increases in fluorescence were observed to be unstable in the

PNA-DNA probe, the fluorescence intensities were clearly increased dose-dependently when

compared with the wild type sequence in every cases (Fig. 2A-C). We will continue to improve the

probe design in future to strengthen detection stability. Thus, we concluded that the three different

mutated EGFR sequences can be easily and accurately detected by using the three PNA-DNA probes.

10
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Identification of EGFR mutated cells using PNA-DNA probes

We evaluated the feasibility of using PNA-DNA probes to detect three different mutated EGFR

mRNA sequences (exonl19del E746-A750, T790M, L858R). In this study, lung-cancer cell lines—

H1975 and PC-9—were employed as the models of EGFR mutated cancer cells. The A549 lung-cancer

cell line which has no EGFR mutation gene, was also used as the negative control cell. First, we

confirmed the EGFR mRNA sequences of H1975 and PC-9. The EGFR mRNA sequences were

analyzed by using the reverse transcriptional-based PCR method. The results showed that H1975 has

two T790M and L858R mutations, while PC-9 has one exon19del E746-A750 mutation (Fig. 3). The

A549 control cell has no mutation. These results are consistent with previous reports’”-*. For the

examination of target recognition ability of PNA-DNA probes against target EGFR mRNA, target

RNA were synthesized by in vitro transcription using extracted EGFR sequences from H1975, PC-9,

or A549. PNA-DNA probes for exonl9del E746-A750 showed the dose-dependent fluorescence

increases against RNA of the PC-9 cell (Fig. 4 A). However, in the case of the EGFR RNA of either

H1975 or A549 cells, the fluorescent intensities did not increase. Whereas, PNA-DNA probes for

T790M and L858R showed increases in fluorescent intensities against the EGFR RNA of H1975 cells

only (Fig. 4 B, C). All PNA-DNA probes did not show increase fluorescent intensities against the

EGFR RNA of A549 cells (control) (Fig. 4A-C). These results indicate that three PNA-DNA probes

11



oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

Analyst

can be used that recognize target mutated RNA sequences. We have concluded that the result of the

target recognition analysis of the developed probes against DNA and RNA (Fig. 2, Fig. 4) demonstrate

that the three PNA-DNA probes can be used to discern the three specific target sequences.

Next, we confirmed the affinity of PNA-DNA probes to recognize native mRNA inside different

types of cancer cells by using fluorescence in situ hybridization (FISH) analysis. H1975, PC-9 cells,

and A549 cells were inoculated onto a chamber slide glass and the three PNA-DNA probes reacted

following the fixation of the cells. The fluorescent images were obtained using a lase-confocal

microscope (Fig. 5A). Using a PNA-DNA probe for exon19del E746-A750 detection, only the PC-9

cells showed strong fluorescence of FITC, while the H1975 cells showed only slight fluorescence (Fig.

5 A, B). The fluorescence intensity of PC-9 was more than three times the fluorescence intensity of

the control A549 cell (Fig. 5B). Whereas, in the cases of using the PNA-DNA probes for T790M or

L858R, only H1975 cells showed strong fluorescence of FITC, while PC-9 cells showed only slight

fluorescence intensity (Fig. SA, B). The fluorescence intensity of H1975 was more than 2-4 times

higher than that of the control cell A549 (Fig. 5B). Whereas, the fluorescent intensities of PC-9 against

T790M and L858R showed nearly the same intensity as those of A549 (Fig. 5B). It was reported that

PC-9 has the amplified the EGFR gene*® and have the higher expression level of EGFR than those of

the H1975. However, the fluorescence intensity of PC-9 induced the PNA-DNA probe for exon19del

E746-A750 was lower than the case of H1975 induced the PNA-DNA probes for T790M or L858R.

12
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This might be caused by the efficiency of the probe induction into the cancer cells or binding affinities

against each target sequences. A549 cells used as the negative control showed only slight fluorescence

intensity when using all types of PNA-DNA probes (Fig. 5A, B). In this stage, we succeeded to

distinguish the three gene mutant cancer cells using developed PNA-DNA probes. The results of the

mRNA sequence analyses displayed in Fig. 3 show that the H1975 cell has T790M and L858R mutated

EGFR mRNA, while the PC-9 cell has the exon19del E746-A750 mutated EGFR mRNA. The results

of sequencing and FISH imaging are not contradictory. In the FISH imaging analysis, the fluorescence

signals were stably observed (Fig. 5B). However in vitro analysis (Fig. 2B), especially results of

T790M probe showed more unstable fluorescence signal than those of other probes. These unstable

results are considered to be caused by the weak binding with PNA and target DNA, induced by the

binding formation between adenine and thymine (change from C-G to T-A) as a result of SNP mutation.

On the other hands, in the FISH analysis, fluorescence images were clearly observed due to the

optimization of hybridization temperature and washing procedures after hybridization step. These

operations are also considered to be contribute to the stability in FISH analysis. We will further

improve the probe design for stable analysis in homogeneous assay conditions. These imaging results

clearly indicate that the FITC-PNA probe dissociated from the Q-DNA probes and hybridized with

target mutated EGFR mRNA within the cancer cells. On the other hands, FITC-PNA and Q-DNA

were not dissociated in the cells whose EGFR mRNA do not have the target mutations. It means that

13
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the only PNA-DNA probes which has the fill-complementary sequences showed the significant

fluorescent intensities. Therefore, we concluded that different types of EGFR mRNA mutated cells

are able to be detected and discriminated by executing imaging analysis techniques that use the three

specified PNA-DNA probes. One of major previous mutation analysis methods, full genome

sequencing via next-generation sequencers required the destruction of more than few thousand cells

and 10-24 hours of analysis time. In contrast, the FISH-based mutation analysis with PNA-DNA

probes developed in this study is able to detect the small number of EGFR mutated cells more rapidly

and easily while using smaller amount of cell samples. Furthermore, the developed method could be

applied as a new diagnostic method since the mutation types or existing ratio of EGFR mutated cells

can be analyzed in tissue section samples.

In this study, we showed the potential for simple and rapid detection method of EGFR gene-mutated

lung-cancer cells, which can lead toward improving anticancer drug resistance diagnosis by using

novel PNA-DNA probes at the cellular level without the need for DNA sequencing. Although more

functional improvements of the PNA-DNA probes are necessary in order for detection at the single

living cell level, these methods overall will be an effective tool for providing quick and accurate

analysis; also to be used for diagnosis of EGFR mutations in tissue section collected from patients in

near future.
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4. Conclusions

In this study, we developed three novel PNA-DNA probes for as an easy and rapid detection system

for three EGFR gene mutations, such as exon19del E746-A750, T790M, and L858R. The three PNA-

DNA probes showed increases in fluorescence intensity against dose-dependent, in vitro target EGFR

mutated sequences, which indicates that FITC-PNA probes are separated from Q-DNA probes, and

specifically bind to the target sequence of mutated EGFR mRNA. Furthermore, three different mutant

cancer cells were successfully identified using three types of PNA-DNA probes during FISH analysis.

Thus, in the future it is strongly suggested that developed PNA-DNA probes could be adopted in the

rapid detection of EGFR mutations in cancer tissue samples from cancer patients.

Corresponding Author

Hajime Shigeto
Phone No: +81-87-869-3550
Fax No: +81-87-869-3553

Email: hajime.shigeto@aist.go.jp

Shohei Yamamura
Phone No: +81-87-869-3583
Fax No: +81-87-869-3553

Email: yamamura-s@aist.go.jp

15



oNOYTULT D WN =

Analyst

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

This work was supported by JSPS KAKENHI Grant Numbers 17H07400 and 18K 15299, and JST

CREST Grant Number JPMJCR15G4. We would like to thank Enago (www.enago.jp) for their help

of English language editing.

16

Page 16 of 32



Page 17 of 32 Analyst

1

2

3

4

5

? 1 References

8

9 2

10 3 1 A. G. Pallis, D. Mavroudis, N. Androulakis, J. Souglakos, C. Kouroussis, V. Bozionelou, 1. G.
:; 4 Vlachonikolis and V. Georgoulias, Lung Cancer, 2003, 40, 301-307.

13 5 2 D. Cella, R. S. Herbst, T. J. Lynch, D. Prager, C. P. Belani, J. H. Schiller, A. Heyes, J. S. Ochs,
12 6 M. K. Wolf, A. C. Kay, M. G. Kris and R. B. Natale, J. Clin. Oncol., 2005, 23, 2946-2954.

16 7 3 Y. Kobayashi and T. Mitsudomi, Cancer Sci., 2016, 107, 1179-1186.

1573 8 4 T. J. Lynch, Daphne W. Bell, R. Sordella, S. Gurubhagavatula, R. A. Okimoto, B. W. Brannigan,
19 9 P. L. Harris, S. M. Haserlat, J. G. Supko, Frank G. Haluska, D. N. Louis, D. C. Christiani, J.

3(1) 10 Settleman and Daniel A. Haber, N. Engl. J. Med., 2004, 350, 2129-2139.

22 11 5 J. G. Paez, P. A. Janne, J. C. Lee, S. Tracy, H. Greulich, S. Gabriel, P. Herman, F. J. Kaye, N.
;i 12 Lindeman, T. J. Boggon, K. Naoki, H. Sasaki, Y. Fujii, M. J. Eck, W. R. Sellers, B. E. Johnson
25 13 and M. Meyerson, Science (80-.)., 2004, 304, 1497-1500.

;? 14 6 S. Yoshikawa, M. Kukimoto-Niino, L. Parker, N. Handa, T. Terada, T. Fujimoto, Y. Terazawa,
28 15 M. Wakiyama, M. Sato, S. Sano, T. Kobayashi, T. Tanaka, L. Chen, Z. J. Liu, B. C. Wang, M.
gg 16 Shirouzu, S. Kawa, K. Semba, T. Yamamoto and S. Yokoyama, Oncogene, 2013, 32, 27-38.
31 17 7 M.-S. T. Erin L. Stewart1,2, Samuel Zhixing Tanl,3, Geoffrey Liul,2,4, Transl Lung Cancer Res,
gg 18 2015, 4, 67-81.

34 19 8 M. G. Denis, A. Vallée and S. Théoleyre, Clin. Chim. Acta, 2015, 444, 81-85.

22 20 9 W. Pao, V. A. Miller, K. A. Politi, G. J. Riely, R. Somwar, M. F. Zakowski, M. G. Kris and H.
37 21 Varmus, PLoS Med., 2005, 2, 0225-0235.

;S 22 10 S. Kobayashi, T. J. Boggon, T. Dayaram, P. A. Janne, O. Kocher, M. Meyerson, B. E. Johnson,
40 23 M. J. Eck, D. G. Tenen and B. Halmos, N. Engl. J. Med., 2005, 352, 786-792.

2; 24 11 L. Sholl, Transl. Lung Cancer Res., 2017, 6, 560-569.

43 25 12 D. De Biase, M. Visani, U. Malapelle, F. Simonato, V. Cesari, C. Bellevicine, A. Pession, G.
jg 26 Troncone, A. Fassina and G. Tallini, PLoS One, 2013, 8, 1-13.

46 27 13 S.TyagiandF. R. Kramer, Nat. Biotechnol., 1996, 14, 303-308.

2573 28 14 W. Tan, K. Wang and T. J. Drake, Curr. Opin. Chem. Biol., 2004, 8, 547-553.

49 29 15 P. Santangelo, N. Nitin and G. Bao, Ann. Biomed. Eng., 2006, 34, 39-50.

g? 30 16 C.Y. Tay, L. Yuan and D. T. Leong, ACS Nano, 2015, 9, 5609-5617.

52 31 17 M. Wang, X. Hou, C. Wiraja, L. Sun, Z. J. Xu and C. Xu, ACS Appl. Mater. Interfaces, 2016, 8,
;31 32 5877-5886.

55 33 18  C.Wiraja, D. C. Yeo, M. S. K. Chong and C. Xu, Small, 2016, 12, 1342-1350.

g? 34 19 H. Funabashi, H. Shigeto, K. Nakatsuka and A. Kuroda, Analyst, 2015, 140, 999-1003.

gg 35 20 H. Shigeto, K. Nakatsuka, T. Ikeda, R. Hirota, A. Kuroda and H. Funabashi, Anal. Chem., 2016,
60

17



oNOYTULT D WN =

O 0 I O n B~ W N =

W W W W N NN NN NN == = e e e e e e
W NN = O O 00 NN LA WD RO LV NN RN W N~ O

34

35

21
22

23
24

25

26

27

28

29

30

31
32

33

34
35

36

37
38

39

40

Analyst Page 18 of 32

88, 7894-7898.

K. Nakatsuka, H. Shigeto, A. Kuroda and H. Funabashi, Biosens. Bioelectron., 2017, 94, 729.

B. S. Gaylord, M. R. Massie, S. C. Feinstein and G. C. Bazan, Proc. Natl. Acad. Sci., 2005, 102,
34-39.

K. Kerman, M. Saito and E. Tamiya, Anal. Bioanal. Chem., 2008, 391, 2759-2767.

L. Dahan, L. Huang, R. Kedmi, M. A. Behlke and D. Peer, PLoS One, ,
DOI:10.1371/journal.pone.0072389.

Y. Xiao, K. J. L. Plakos, X. Lou, R. J. White, J. Qian, K. W. Plaxco and H. T. Soh, Angew.
Chemie - Int. Ed., 2009, 48, 4354—4358.

F. Pellestor and P. Paulasova, Eur. J. Hum. Genet., 2004, 12, 694—700.

P. E. Nielsen, Appl. Biochem. Biotechnol. - Part B Mol. Biotechnol., 2004, 26, 233-248.

J. Wang, Biosens. Bioelectron., 1998, 13, 757-762.

T. Vilaivan, Beilstein J. Org. Chem., 2018, 14, 253-281.

U. Giesen, W. Kleider, C. Berding, A. Geiger, H. @rum and P. E. Nielsen, Nucleic Acids Res.,
1998, 26, 5004-5006.

F. Pellestor and P. Paulasova, Chromosoma, 2004, 112, 375-380.

K. E. Mach, A. M. Kaushik, K. Hsieh, P. K. Wong, T. H. Wang and J. C. Liao, Analyst, 2019,
144, 1565-1574.

H. Kuhn, V. V Demidov, J. M. Coull, M. J. Fiandaca, B. D. Gildea and M. D. Frank-
Kamenetskii, J. Am. Chem. Soc., 2002, 124, 1097-1103.

Y. Kam, A. Rubinstein, A. Nissan, D. Halle and E. Yavin, Mol. Pharm., 2012, 9, 685-693.

Z. Wang, K. Zhang, K. L. Wooley and J. S. Taylor, J. Nucleic Acids, ,
DOI:10.1155/2012/962652.

R. Sordella, I. Vanni, V. Rossella, A. Truini, D. Lazarevic, M. G. D. Bello, A. Alama, M. Mora,
E. Rijavec, C. Genova, D. Cittaro, F. Grossi and S. Coco, Science (80-. )., 2004, 305, 1163-1167.
F. Koizumi, T. Shimoyama, F. Taguchi, N. Saijo and K. Nishio, Int. J. Cancer, 2005, 116, 36—44.
J. Hamamoto, H. Yasuda, K. Aizawa, M. Nishino, S. Nukaga, T. Hirano, I. Kawada, K. Naoki, T.
Betsuyaku and K. Soejima, Oncol. Lett., 2017, 14, 3559-3565.

H. Wu, A. Wang, W. Zhang, B. Wang, C. Chen, W. Wang, C. Hu, Z. Ye, Z. Zhao, L. Wang, X.
Li, K. Yu, J. Liu, J. Wu, X.-E. Yan, P. Zhao, J. Wang, C. Wang, E. L. Weisberg, N. S. Gray, C.-
H. Yun, J. Liu, L. Chen and Q. Liu, Oncotarget, 2015, 6, 31313-31322.

T. Okabe, I. Okamoto, K. Tamura, M. Terashima, T. Yoshida, T. Satoh, M. Takada, M. Fukuoka
and K. Nakagawa, Cancer Res., 2007, 67, 2046-2053.

18



Page 19 of 32

oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

Analyst

Fig. legends

Fig.1 Principle of target mutated EGFR mRNA detection with three new PNA-DNA probes. (A) When

the FITC-PNA probes recognize their target RNA, the hybridized Q-DNA is detached from the PNA-

DNA probes. Far from the Q-DNA, the distance between the FITC and Dabcyl changes, and this

produces a fluorescence signal. (B) The anticancer drug (TKI)-resistance lung-cancer cells have the

high frequently gene mutation of exon19del E746-A750, T790M, and L858R. The three PNA-DNA

probes developed bind to three mutated sequences of EGFR mRNA and showed fluorescent signals.

Table 1 The sequences of FITC-PNA and Q-DNA probes.

Table 2 The sequences of model target DNA used in this study.

Fig. 2 Dose-response of three PNA-DNA probes against model target mutated DNA. (A) The

fluorescence intensities of PNA-DNA probe for detect exonl9del E746-A750 mutation. (B) The

fluorescence intensities of PNA-DNA probe for detect T790M mutation. (C) The fluorescence

intensities of PNA-DNA probe for detect L§58R mutation. The blue dotted lines indicate the wild type

DNA sequences. The red solid lines indicate the mutated DNA sequences. The results of the figures

are shown as means =+ standard error of three replicates.
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Fig. 3 Partial sequencing of exon19del E746-A750, T790M, and L858R in EGFR mRNA of the

lung-cancer cell line, H1975, PC-9. (A) The sequences without mutation. (B) The sequences of

H1975 cell line. (C) The sequences of PC-9 cell line.

Fig. 4 Dose-response of three PNA-DNA probes against in vitro transcribed target EGFR RNA from

three types of lung-cancer cells. (A) The fluorescence intensities of PNA-DNA probe for detect

exonl9del E746-A750 mutation. (B) The fluorescence intensities of PNA-DNA probe for detect

T790M mutation. (C) The fluorescence intensities of PNA-DNA probe for detect L858R mutation.

The blue lines (closed circle) indicate the EGFR mRNA transcribed from H1975. The red lines (closed

square) indicate the EGFR mRNA transcribed from PC-9. The green lines (closed triangle) indicate

the EGFR mRNA transcribed from A549. The results of the figure are shown as means + standard

error of three replicates.

Fig. 5 (A) FISH images of H1975, PC-9, and A549 cells stained with three PNA-DNA probes after

fixation. H1975 cells (left images), PC-9 cells (middle images) and A549 cells (right images) stained

with DAPI or PNA-probes for exonl9del E746-A750, T790M, or L858R. (B) The analysis of

fluorescence intensities in EGFR mutated cancer cells; H1975 (blue), PC-9 (red), A549 (green). The

20
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1 fluorescence intensities were divided by cell area. The results of the figure are shown as means =+

oNOYTULT D WN =

2 standard error of cells.
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Graphical abstract

The PNA-DNA probes for detecting different types of EGFR mRNA harboring single nucleotide gene

mutation were developed. (17 words)
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43 Figure1

45 Fig.1 Principle of target mutated EGFR mRNA detection with three new PNA-DNA probes. (A) When the FITC-
46 PNA probes recognize their target RNA, the hybridized Q-DNA is detached from the PNA-DNA probes. Far
47 from the Q-DNA, the distance between the FITC and Dabcyl changes, and this produces a fluorescence
signal. (B) The anticancer drug (TKI)-resistance lung-cancer cells have the high frequently gene mutation of

exonl9del E746-A750, T790M, and L858R. The three PNA-DNA probes developed bind to three mutated
49 sequences of EGFR mRNA and showed fluorescent signals.
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intensities of PNA-DNA probe for detect exon19del E746-A750 mutation. (B) The fluorescence intensities of
PNA-DNA probe for detect T790M mutation. (C) The fluorescence intensities of PNA-DNA probe for detect
L858R mutation. The blue dotted lines indicate the wild type DNA sequences. The red solid lines indicate the
mutated DNA sequences. The results of the figures are shown as means + standard error of three replicates.
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Fig. 3 Partial sequencing of exon19del E746-A750, T790M, and L858R in EGFR mRNA of the lung-cancer cell
line, H1975, PC-9. (A) The sequences without mutation. (B) The sequences of H1975 cell line. (C) The
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Fig. 4 Dose-response of three PNA-DNA probes against in vitro transcribed target EGFR RNA from three
types of lung-cancer cells. (A) The fluorescence intensities of PNA-DNA probe for detect exon19del E746-
A750 mutation. (B) The fluorescence intensities of PNA-DNA probe for detect T790M mutation. (C) The
fluorescence intensities of PNA-DNA probe for detect LB58R mutation. The blue lines (closed circle) indicate
the EGFR mRNA transcribed from H1975. The red lines (closed square) indicate the EGFR mRNA transcribed
from PC-9. The green lines (closed triangle) indicate the EGFR mRNA transcribed from A549. The results of
the figure are shown as means + standard error of three replicates.
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43 Figure5

45 Fig. 5 (A) FISH images of H1975, PC-9, and A549 cells stained with three PNA-DNA probes after fixation.

46 H1975 cells (left images), PC-9 cells (middle images) and A549 cells (right images) stained with DAPI or

47 PNA-probes for exon19del E746-A750, T790M, or L858R. (B) The analysis of fluorescence intensities in EGFR

mutated cancer cells; H1975 (blue), PC-9 (red), A549 (green). The fluorescence intensities were divided by
cell area. The results of the figure are shown as means £ standard error of cells.
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Sequence Name

exonl19del E746-A750

FITC-PNA T790M
L858R
exon19del E746-A750
Q-DNA T790M
L858R
Table 1

Page 28 of 32



Page 29 of 32 Analyst

Sequece (N'-C' or 5'-3")

fluorescein-O-Linker-PNA(ATGTTTTGAT)-k-k

fluorescein-O-Linker-PNA(CTGCATGATG)-k-k

fluorescein-O-Linker-PNA(TGGCCCGCCC)-k-k
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CAAAACAT-Dabcyl

TCATGCAG-Dabcyl
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—_
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GCGGGCCA-Dabcyl
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Sequence Name

exonl9del E746-A750 wild

exonl9del E746-A750 mutant

T790M wild
T t DNA
arge T790M mutant
L858R wild
L858R mutant
Table 2
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Sequece (5'-3')

ATCAAGGAATTAAGAGAAGCAACAT

ATCAAAACAT

CATCACGCAG
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