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SHORT ABSTRACT:  27 
A method for establishing afatinib-resistance cell lines from lung adenocarcinoma PC-9 cells 28 
was developed, and resistant cells were characterized. The resistant cells can be used to 29 
investigate epidermal growth factor receptor tyrosine kinase inhibitor-resistance 30 
mechanisms, applicable for patients with non-small cell lung cancer. 31 
 32 
LONG ABSTRACT:  33 
Acquired resistance to molecular target inhibitors is a severe problem in cancer therapy. Lung 34 
cancer remains the leading cause of cancer-related death in most countries. The discovery of 35 
“oncogenic driver mutations,” such as epidermal growth factor receptor (EGFR)-activating 36 
mutations, and subsequent development of molecular targeted agents of EGFR tyrosine 37 
kinase inhibitors (TKIs) (gefitinib, erlotinib, afatinib, dacomitinib, and osimertinib) have 38 
dramatically altered lung cancer treatment in recent decades. However, these drugs are still 39 
not effective in patients with non-small cell lung cancer (NSCLC) carrying EGFR-activating 40 
mutations. Following acquired resistance, the systemic progression of NSCLC remains a 41 
significant obstacle in treating patients with EGFR mutation-positive NSCLC. Here, we present 42 
a stepwise dose escalation method for establishing three independent acquired afatinib-43 
resistant cell lines from NSCLC PC-9 cells harboring EGFR-activating mutations of 15-base pair 44 
deletions in EGFR exon 19. Methods for characterizing the three independent afatinib-45 
resistance cell lines are briefly presented. The acquired resistance mechanisms to EGFR TKIs 46 
are heterogeneous. Therefore, multiple cell lines with acquired resistance to EGFR-TKIs must 47 
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be examined. Ten to twelve months are required to obtain cell lines with acquired resistance 48 
using this stepwise dose escalation approach. The discovery of novel acquired resistance 49 
mechanisms will contribute to the development of more effective and safe therapeutic 50 
strategies. 51 
 52 
INTRODUCTION:  53 
Five tyrosine kinase inhibitors, targeting epidermal growth factor receptor (EGFR), including 54 
gefitinib, erlotinib, afatinib, dacomitinib, and osimertinib are currently available for treating 55 
patients with EGFR mutation-positive non-small cell lung cancer (NSCLC). Over the past 56 
decade, therapies for such patients have undergone dramatic development with the 57 
discovery of new potential EGFR-TKIs. Among patients with lung adenocarcinoma, somatic 58 
mutations in EGFR  are identified in approximately 50% of Asian and 15% of Caucasian 59 
patients1. The most common mutations in EGFR are an L858R point mutation in EGFR exon 60 
21 and 15-base pair (bp) deletions in EGFR exon 192. In EGFR mutation-positive patients with 61 
NSCLC, EGFR-TKIs improve the response rates and clinical outcomes compared to the 62 
previous standard of platinum doublet chemotherapy3. 63 
 64 
Gefitinib and erlotinib were the first approved small molecule inhibitors and are generally 65 
referred to as first-generation EGFR TKIs. These EGFR TKIs block tyrosine kinase activity by 66 
competing with ATP and reversibly binding to ATP binding sites4. Afatinib is a second-67 
generation EGFR TKI that irreversibly and covalently binds to the tyrosine kinase domain of 68 
EGFR and is characterized as a pan-human EGFR family inhibitor5. 69 
 70 
Despite the dramatical benefit of these therapies in patients with NSCLC, acquired resistance 71 
is inevitable. The most common resistance mechanism against first- and second-generation 72 
EGFR TKIs is the emergence of the T790M mutation in EGFR exon 20, which is present in 50–73 
70% of tumor samples6-8. Other resistance mechanisms include bypass signals (to MET, IGF1R, 74 
and HER2), transformation to small cell lung cancer, and induction of epithelial-to-75 
mesenchymal transition, which occur pre-clinically and clinically9. The resistance mechanisms 76 
to EGFR TKIs are heterogeneous. By identifying novel resistance mechanisms in preclinical 77 
studies, it may be possible to develop novel therapeutics to overcome resistance. Optimal 78 
sequence therapies that maximize the clinical benefit to patients must consider the resistance 79 
mechanisms and therapeutic target. 80 
 81 
It is imperative to choose the right parental cell line, as it is the basis of all the subsequent 82 
experiments. The selection strategies begin with clinical relevance; it is necessary to choose 83 
a chemotherapy and radiation naïve cell line. Previous chemotherapeutic and/or radiative 84 
treatment may induce the alteration of resistance pathways and changes of the expression 85 
of drug resistance markers. In this study, PC-9 cells, carrying 15-bp deletions in EGFR exon 19, 86 
are employed for the establishment of acquired resistance to afatinib. This cell line was 87 
derived from a Japanese NSCLC patient, who did not receive prior chemotherapy and 88 
radiation.  89 
 90 
Because afatinib is administered orally on a daily basis, continuous in vitro treatment, where 91 
the cells are cultured constantly in the presence of afatinib would be clinically relevant. The 92 
dose of drugs used in the various steps of the experiment must be optimized for the parental 93 
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cell line selected. A cytotoxicity assay can be used for determining a suitable drug range, 94 
which should be comparable to the pharmacokinetic information of the drug. 95 
 96 
Throughout the selection process, the whole population of cells is maintained as a single 97 
group; cloning or other separation methods are not used. The cells are first continuously 98 
exposed to a low level of the drug. Subsequently, after the cells adapt to grow in the presence 99 
of the drug, the dose of the drug is slowly increased to the final optimal dose of drug10,11. 100 
Alternatively, a pulse drug-administration or mutagenesis can be used for selecting resistance 101 
cells, which are also performed prior to drug treatment 12,13.  Unfortunately, cases where drug 102 
resistance fails to develop are generally not reported. The selection strategies are developed 103 
with the aim of trying to mimic the conditions of cancer patients for rebuilding clinically 104 
relevant resistance. Sometimes, to identify molecular changes associated with mechanisms 105 
of drug resistance, a high drug concentration is used. This model becomes less clinically 106 
relevant.  107 
 108 
Here, we describe a method for establishing three independent afatinib-resistant cell lines 109 
from PC-9 cells harboring 15-bp deletions in EGFR exon 19 as well as the initial 110 
characterization of the afatinib-resistant cell lines. 111 
 112 
PROTOCOL:  113 
 114 
1. Establishment of three independent afatinib-resistant PC-9 cell lines 115 
 116 
1.1. Determination of the initial afatinib exposure concentration for PC-9 cells using the 3-117 
(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) assay 118 
 119 
1.1.1. Culture PC-9 cells in growth medium containing fetal bovine serum (10%), penicillin 120 
(100 U/mL), and streptomycin (100 µg/mL) in a cell-culture treated 10-cm dish in a 5% CO2 121 
incubator at 37 °C. 122 
 123 
1.1.2. Resuspend PC-9 cells at 4 × 104 cells/mL in growth medium and then seed at 50 µL/well 124 
in a 96-well microplate. The final concentration of cells is 2.0 × 103 cells/50 µL/well. Incubate 125 
overnight in a 5% CO2 incubator at 37°C. 126 
 127 
1.1.3. Add 50 µL of afatinib solution at different concentrations: 0, 0.002, 0.006, 0.02, 0.06, 128 
0.2, 0.6, 2, 6, and 20 µM to the wells containing the growth medium (50 µL). The final volume 129 
and concentrations of afatinib are 100 µL and 0, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 3, and 10 130 
µM, respectively.  131 
 132 
1.1.4. Incubate the 96-well plate for 96 h in a 5% CO2 incubator at 37 °C. 133 
 134 
1.1.5. Add 15 µL of the dye solution (see Table of Materials) to each well and incubate for 4 135 
h in a 5% CO2 incubator at 37 °C, and then add 100 µL of solubilization/stop-solution (see 136 
Table of Materials) to each well and incubate overnight in a 5% CO2 incubator at 37 °C. 137 
 138 
1.1.6. Measure the optical density at 570 nm (OD570) using a microplate reader (see Table of 139 
Materials). Prepare 6–12 replicates and repeat the experiments at least three times.  140 
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 141 
1.1.7. Use statistical software (see Table of Materials) to graphically plot these data as a semi-142 
log graph and calculate the IC50 value, which is the drug concentration that reduces response 143 
to 50% of its maximum (see Table of Materials). 144 
 145 
1.2. Continuous exposure of PC-9 cells to the irreversible EGFR-TKI, afatinib, by stepwise 146 
dose escalation in three independent 10-cm dishes 147 
 148 
1.2.1. Culture PC-9 cells in p100 dishes containing 10 mL of growth medium. When the PC-9 149 
cells reach the sub-confluent stage, transfer 1 mL of cell suspension into three new p100 150 
dishes, with 9 mL of growth medium. The 1:10 diluted PC-9 cells become sub-confluent in 3-151 
4 days, with a cell number of approximately 4-5 × 105 cells/mL. 152 
 153 
1.2.2. On the next day, add 1/10 of the IC50 value of afatinib into each of the three p100 dishes.  154 
 155 

NOTE: Afatinib is reconstituted in DMSO at stock concentrations of 1 M, 10 µM, 100 µM, 1 156 
mM, and 5 mM. 1 to 10 µL of afatinib-solution is added into 10 mL of growth medium in the 157 
culture, as per the required final concentrations. 158 
 159 
1.2.3. When the cells in the afatinib-containing p100 dishes become sub-confluent, mix well 160 
by aspiration with a 1-mL pipette and add 1 mL of the cell suspension to 9 mL of fresh growth 161 
medium in a new p100 dish. Next, add 10–20% higher concentrations of afatinib to the new 162 
culture. 163 
 164 

1.2.4. Increase the afatinib concentration of 0.1 nM to 1 M in the medium by the stepwise 165 
dose escalation with the afatinib concentration increased by 10–20% at each step over the 166 
period of 10-12 months. 167 
 168 
NOTE: When the afatinib concentration approaches the IC50 value, cell growth becomes quite 169 
slow. If the cells are split 1:9, they may not grow, as these cells are killed by higher 170 
concentrations of afatinib. Therefore, at higher afanitib concentrations, the cells can be split 171 
at a ratio of 1:2. The most resistant cells were grown in afatinib-contained medium for 3–14 172 
days, and the medium was not changed until the resistant cells needed to be passaged.  173 
 174 
1.2.5. Culture the afatinib-resistant cells for 2–3 months in 1 µM afatinib-containing growth 175 
medium. At an afatinib concentration of 1 µM, 10–12 months are required for developing 176 
resistance to afatinib in this model. Perform the MTT assay to confirm that the cells are 177 
resistant to afatinib. The three independently established afatinib resistance cell lines were 178 
named AFR1, AFR2, and AFR3.  179 
 180 
2. Characterization of three independent afatinib-resistant cells 181 
 182 
2.1. Determination of the growth curve of parental PC-9 cells and establishment of afatinib-183 
resistant cells 184 
 185 
2.1.1. Culture the PC-9, AFR1, AFR2, and AFR3 cells in growth medium in a 5% CO2 incubator 186 
at 37 °C.  187 
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 188 
2.1.2. Resuspend the cells at 5 × 103 cells/mL with growth medium, and seed 100 µL/well into 189 
a 96-well microplate, such that the final concentration of cells is 500 cells/100 µL/well.  190 
 191 
NOTE: The MTT assay is performed to measure the OD570 values at 0, 1, 2, 3, 5, and 7 days. 192 
Six 96-well microplates are required for each day. 193 
 194 
2.1.3. Perform the MTT assay every 24 h and then on days 0, 1, 2, 3, 5, and 7. Measure the 195 
OD570 values and prepare 6–12 replicates; repeat the experiments at least three times, and 196 
graphically plot the results using a statistical software (see Table of Materials). 197 
 198 
2.2. Identification of the genomic DNA alterations in EGFR by real-time PCR 199 
  200 
NOTE: Afatinib is a small molecule inhibitor that targets EGFR tyrosine kinase. The EGFR 201 
expression status is determined at the DNA and protein levels. 202 
 203 
2.2.1. Genomic DNA is isolated using a DNA purification kit (see Table of Materials) following 204 
the manufacturer’s instructions. Measure the concentration of the isolated genomic DNA 205 
with a spectrophotometer (see Table of Materials) and adjust all genomic DNA samples to 25 206 
ng/ µL. 207 
 208 
2.2.2. Amplify 50 ng of genomic DNA, which is equivalent to 2 µL of the 25 ng/µL stocks, using 209 
a SYBR Green master mix (see Table of Materials) and analyze the results using a 210 
fluorescence-based RT-PCR-detection system (see Table of Materials).  211 
 212 
NOTE: PCR cycling conditions began with an initial denaturation step at 95 °C for 20 s, 213 
followed by 40 cycles of 95 °C denaturation for 3 s, 60 °C annealing for 30 s. The specific primer 214 
sets are as follows: EGFR F: 5′-CAAGGCCATGGAATCTGTCA-3′, R: 5′-215 
CTGGAATGAGGTGGAGGAACA-3′. Normalization gene LINE-1 F: 5′-216 
AAAGCCGCTCAACTACATGG-3′, R: 5′-TGCTTTGAATGCGTCCCAGAG-3′. 217 
 218 
2.3. Evaluation of the effect of protein alterations on the EGFR level by western blot analysis 219 
 220 
2.3.1. Treat the cells with afatinib continuously prior to experiments for 24 h. Wash PC-9, 221 
AFR1, AFR2, and AFR3 cells twice with PBS and then seed them in growth media without 222 
afatinib. Wash PC-9, AFR1, AFR2, and AFR3 cells twice with 5 mL of ice-cold PBS.  223 
 224 
2.3.2. Lyse the cells in RIPA buffer containing 0.1% protease cocktail (see Table of Materials) 225 
and phosphatase inhibitor II and III (see Table of Materials) and incubate this solution at 4 °C 226 
for 30 min. Centrifuge the lysates for 10 min at 100 × g and 4 °C and collect the cleared lysates. 227 
 228 
2.3.3. Determine protein concentrations using the bicinchoninic acid assay (see Table of 229 
Materials), adjust all protein samples to 0.5 or 1 µg/µL using 4x sample buffer (500 mM Tris 230 
(PH 6.8), 40% glycerol, 8% SDS, 20% H2O, 0.02% bromophenol blue) and boil at 96 °C for 5 231 
min. Store these protein samples at -80 °C until western blot analysis is performed. 232 
 233 
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2.3.4. Separate equal amounts of protein samples, preferably 20–30 µL, by 8% SDS-page and 234 
transfer the proteins to a polyvinylidene fluoride (PVDF) membrane. 235 
 236 
NOTE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is commonly 237 
used in the lab for the separation of proteins based on their molecular weight.  238 
 239 
2.3.4.1. Clean glass plates with ethanol and assemble the glass plate and spacers. Prepare 8% 240 
poly-acrylamide gels containing 1.5 M Tris-HCl, pH 8.8, 40% Bis-acrylamide, 10% SDS, 10% 241 
APS, and TEMED. Polymerize for 30 min at room temperature.  242 
 243 
2.3.4.2. Subsequently, prepare a stacking gel containing 0.5 M Tris-HCl, pH 6.8, 40% bis-244 
acrylamide, 10% SDS, 10% APS, and TEMED. Add the stacking gel solution, insert the comb, 245 
and polymerize the gel for 20-30 min at room temperature. 246 
 247 
2.3.4.3. Place the gels in the electrophoresis apparatus and fill the tank with running buffer 248 
(0.25 M Tris, 1.92 M glycine, and 1% SDS). Load equal amount of protein samples (20-30 µL) 249 
and run the gel at 180 V. Stop electrophoresis once the dye front flows out of the gel, after 250 
approximately 60 min.    251 
 252 
2.3.4.4. Wash the gel for 1–2 min with TBST and then transfer the proteins on to a PVDF 253 
membrane by semi-dry blotting (see Table of Materials) for 1.5 h at a constant current of 300 254 
mA. 255 
 256 
2.3.5. Block the membranes with 5% of nonfat dry milk (see Table of Materials) diluted with 257 
TBST solution (see Table of Materials) for 1 h at room temperature, and then probe the 258 
membranes with anti-EGFR, anti-phospho-EGFR (Y1068), anti-HER2, anti-HER3, anti-MET, and 259 
anti-actin antibodies (diluted 1:3000 in TBST) (see Table of Materials) at 4 °C overnight. 260 
 261 
2.3.6. Wash the membranes with TBST three times for 10 min, and then expose the 262 
membranes to the secondary antibody (diluted 1:200 in TBST) for 1–1.5 h at room 263 
temperature.  Wash the membranes five times with TBST for 10 min at room-temperature, 264 
expose them to the ECL solution (see Table of Materials), and visualize the signals using films. 265 
 266 
2.4. Analysis of EGFR mutations by sequencing 267 
 268 
2.4.1. Amplify genomic DNA using specific primers for EGFR exons 19–21. The PCR cycling 269 
conditions begin with an initial denaturation step at 94 °C for 1 min, followed by 30 cycles of 270 
denaturation at 98 °C for 10 s, annealing at 55 °C for 30 s, and extension at 72 °C for 1 min. 271 
 272 
NOTE: The specific primers for EGFR exon 19: F: 5′-GCAATATCAGCCTTAGGTGCGGCTC-3′ R: 5′-273 
CATAGAAAGTGAACATTTAGGATGTG-3′, exon 20:  F: 5′-CCATGAGTACGTATTTTGAAACTC-3′, R: 274 
5′-CATATCCCCATGGCAAACTCTTGC-3′, and exon 21: F: 5′-ATGAACATGACCCTGAATTCGG-3′, R: 275 
5′-GCTCACCCAGAATGTCTGGAGA-3′. 276 
 277 
2.4.2. Purify the amplified PCR products using a PCR purification kit (see Table of Materials) 278 
and sequence the amplicons. 279 
 280 
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REPRESENTATIVE RESULTS:   281 
The schema for establishing three afatinib-resistance cell lines from PC-9 cells using a 282 
stepwise dose-escalation procedure is shown in Figure 1. Figure 2 shows a decrease in cell 283 
proliferation of parental PC-9 cells as the concentration of afatinib is increased, indicating that 284 
PC-9 cells are sensitive to afatinib exposure. Figure 3 shows the afatinib-resistance of the 285 
three cell lines. None of the three afatinib-resistant cell lines, AFR1, AFR2, and AFR3, showed 286 
suppression of cell proliferation under afatinib exposure. Figure 4 shows the cell-proliferation 287 
curves for PC-9, AFR1, AFR2, and AFR3 cells. The three afatinib-resistant cell lines exhibited 288 
significantly slower growth than the parental PC-9 cells. Figure 5 shows the expression levels 289 
of EGFR gDNA in PC-9 and the three afatinib-resistant cells, which indicate that afatinib-290 
resistant cells expressed significantly higher levels of EGFR gDNA than the parental PC-9 cells. 291 
Figure 6 shows the protein expression of EGFR in PC-9 and afatinib-resistant cells. At 292 
comparable gDNA expression levels, EGFR protein expression was higher in resistant cells 293 
than in parental PC-9 cells. Figure 7 shows that the sequencing results of EGFR exons 19 and 294 
20 in PC-9, AFR1, AFR2, and AFR3 cells. PC-9 cells showed 15-bp deletions in EGFR exon 19 295 
and wild-type EGFR in exon 20. However, AFR1 and AFR2 cells exhibited amplification of wild-296 
type EGFR exon 19. AFR3 cells contained 15-bp deletions in EGFR exon 19 as in PC-9 cells, but 297 
the point mutation T790M was observed in EGFR exon 20. 298 
 299 
FIGURE AND TABLE LEGENDS: 300 
Figure 1: Schema of the process used to establish three afatinib-resistant cell lines from PC-301 
9. First, PC-9 cells were separated into three p100 dishes and exposed to afatinib at 1/10 of 302 
the IC50 value. Next, afatinib concentrations in the growth medium were increased by 303 
stepwise dose escalation to 1 µM. After 10–12 months, three independent afatinib-resistant 304 
cell lines were established and named AFR1, AFR2, and AFR3. 305 
 306 
Figure 2: Parental PC-9 cells are sensitive to the irreversible EGFR TKI, afatinib. Cells were 307 
seeded into a 96-well microplate at 2 × 103 cells/well/50 µL of growth medium, and 308 
preincubated overnight. The cells were treated with the indicated concentrations of afatinib 309 
for 96 h. An MTT assay was performed, OD570 values were measured using a microplate reader 310 
(see Table of Materials) and expressed as a percentage of the value obtained for the control 311 
cells. Data are presented as mean ± SEM of values from 6–12 replicate wells. 312 
 313 
Figure 3: Established cells exhibited resistance to irreversible EGFR TKI, afatinib. Cells were 314 
seeded into a 96-well microplate at 2 × 103 cells/well/50 µL of growth medium and 315 
preincubated overnight. The cells were treated with the indicated concentrations of afatinib 316 
for 96 h. An MTT assay was performed, OD570 values were measured using a microplate reader 317 
(see Table of Materials) and expressed as a percentage of the value obtained for the control 318 
cells. Data are presented as mean ± SEM of values from 6–12 replicate wells. 319 
 320 
Figure 4: Afatinib-resistant cell lines showed slower proliferation than parental PC-9 cells. 321 
Cells were seeded into 96-well microplates at 5 × 102 cells/100 µL/well. MTT assay was 322 
performed, and OD570 values were measured on days 0, 1, 2, 3, 5, and 7 using a microplate 323 
reader (see Table of Materials) and expressed as a percentage of the value obtained for the 324 
control cells. Data are presented as mean ± SEM of values from 6–12 replicate wells. 325 
 326 
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Figure 5: Gene copy number of EGFR was elevated in afatinib-resistant cells. The elevation 327 
of the EGFR gene copy number was measured by quantitative PCR of genomic DNA isolated 328 
from PC-9, AFR1, AFR2, and AFR3 cells. 329 
 330 
Figure 6: Basal level of EGFR protein was increased in afatinib-resistant cells. Western blot 331 
analysis of phospho-EGFR, EGFR, HER2, HER3, and MET expression in PC-9, AFR1, AFR2, and 332 

AFR3 cells. -Actin was used as a loading control. 333 
 334 
Figure 7: DNA sequence reads in EGFR exons 19 and 20. Genomic DNA of PC-9, AFR1, AFR2, 335 
and AFR3 was amplified with specific primers for EGFR exon 19 and 21, and purified for 336 
sequencing.  337 
 338 
DISCUSSION: 339 
Here, we described a method for establishing three independent afatinib-resistant cell lines 340 
and characterized these cells by comparison to parental PC-9 cells. By stepwise dose 341 
escalation exposure, the parental PC-9 cells acquired resistance to afatinib over a period of 342 
10–12 months. Clinically, the resistance mechanisms to EGFR TKIs are heterogeneous, and 343 
therefore, after the initial treatment with afatinib, PC-9 cells were divided into three 344 
independent p100 dishes and exposed further to afatinib. Initially, cell growth was not 345 
significantly slowed, but as the drug concentration approached the IC50 value, cell 346 
proliferation was slowed. This is a critical step for obtaining cells with acquired resistance to 347 
inhibitors. The proliferating cells should be split and transferred to new p100 dishes at a ratio 348 
of 1:10 or 1:5. When PC-9 cells were cultured in a p100 dish, some adherence was observed, 349 
but most cells grew in suspension. As the concentration of afatinib was increased, the cells 350 
adhered to the bottom of the tissue culture treated dishes. If most cells are adherent, they 351 
can be detached with a cell-scraper. The final concentration of afatinib was 1 µM, which is 352 
about 5 times the maximum serum concentration (Cmax)14. To obtain clear differences 353 
between parental and resistance clones, the final concentration was set to be higher than 354 
Cmax. 355 
 356 
One serious concern during the procedure is bacterial contamination, even though RPMI-357 
1640 contains penicillin and streptomycin. To avoid this, two p100 dishes containing fresh 358 
growth medium can be prepared when the cells are split. When the cells reach the sub-359 
confluent stage, the cells in one p100 dish can be further split, while the cells in the other 360 
p100 dish can be stored at -80 °C in cryopreservation medium (see Table of Materials) as a 361 
backup, such that if one line is contaminated, the stored line can be used. 362 
 363 
It would be difficult to completely reproduce the acquisition of afatinib resistance in humans 364 
using cell culture. The emergence of the T790M mutation in EGFR exon 20 was reported as 365 
the dominant cause of resistance to afatinib. In our report, one resistant clone contained the 366 
T790M mutation11. Furthermore, the increase in wild-type EGFR, such as in AFR1 and AFR2 367 
cells, has been reported by us and other groups15,16. The loss of the EGFR mutation and 368 
increase in wild type EGFR is also reported in clinical samples from patients with acquired 369 
resistance to EGFR-TKIs 17,18.  Therefore, in vitro studies of our current model may reflect the 370 
molecular profiles of clinical specimens with acquired resistance.  371 
 372 
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This stepwise dose escalation method is considered the most reliable for obtaining acquired 373 
resistant cells lines. However, initial high-dose afatinib exposure in cultured cells would likely 374 
better reflect the effects of afatinib treatment in patients with cancer, although establishing 375 
resistant cells is more difficult. Not only floating cell lines, such as PC-9 but also adherent cell 376 
lines, such as HCC827, 11-18, or HCC4006, can be employed for this method. This stepwise 377 
dose escalation method is also useful for establishing clones resistant to other inhibitors, 378 
using other cell lines, representing other types of cancer. 379 
 380 
Exposure of parental cells to mutagenic agents, such as N-ethyl-N-nitrosourea, followed by 381 
selection of cells resistant to afatinib or osimertinib treatment has been reported to enable 382 
rapid acquisition of resistant clones 19,20. However, this artificial method tends to cause 383 
specific base substitutions, such as GC to AT transitions and AT to TA transversions. Moreover, 384 
EGFR TKI is not a mutagenic agent in patients with NSCLC. Therefore, the method of stepwise 385 
dose escalation is more representative than using mutagenic agents. 386 
 387 
Although EGFR TKIs are initially effective, cells eventually develop resistance to such single-388 
target drugs, making it difficult to cure cancer. Inhibitors that target multiple molecules are 389 
therefore essential to develop. To this end, it is necessary to obtain cells with acquired 390 
resistance to multi-target inhibitors and evaluate the mechanisms underlying drug resistance. 391 
 392 
ACKNOWLEDGMENTS:  393 
We thank the member of the Advanced Cancer Translational Research Institute for their 394 
thoughtful comments and Editage for their assistance with English language editing. This work 395 
was supported by JSPS KAKENHI (grant number: 16K09590 to T.Y.). 396 
 397 
DISCLOSURES:  398 
The authors have nothing to disclose. 399 
 400 
REFERENCES:  401 
1 Chan, B., A. Hughes, B. G. Targeted therapy for non-small cell lung cancer: current 402 

standards and the promise of the future. Translational Lung Cancer Research. 4 (1), 403 
36–54, doi:10.3978/j.issn.2218-6751.2014.05.01, (2015). 404 

2 Mitsudomi, T., Yatabe, Y. Mutations of the epidermal growth factor receptor gene and 405 
related genes as determinants of epidermal growth factor receptor tyrosine kinase 406 
inhibitors sensitivity in lung cancer. Cancer Science. 98 (12), 1817–1824, 407 
doi:10.1111/j.1349-7006.2007.00607.x, (2007). 408 

3 Yamaoka, T., Kusumoto, S., Ando, K., Ohba, M., Ohmori, T. Receptor tyrosine kinase-409 
targeted cancer therapy. International Journal of Molecular Science. 19 (11), 410 
doi:10.3390/ijms19113491, (2018). 411 

4 Marshall, J. Clinical implications of the mechanism of epidermal growth factor 412 
receptor inhibitors. Cancer. 107 (6), 1207-1218, doi:10.1002/cncr.22133, (2006). 413 

5 Hirsh, V. Managing treatment-related adverse events associated with egfr tyrosine 414 
kinase inhibitors in advanced non-small-cell lung cancer. Current Oncology. 18 (3), 415 
126–138 (2011). 416 

6 Arcila, M. E. et al. Rebiopsy of lung cancer patients with acquired resistance to EGFR 417 
inhibitors and enhanced detection of the T790M mutation using a locked nucleic acid-418 
based assay. Clinical Cancer Research. 17 (5), 1169–1180, doi:10.1158/1078-419 



 
  

Page 9 of 6  revised October 2016 

 

0432.CCR-10-2277, (2011). 420 
7 Sequist, L. V. et al. Genotypic and histological evolution of lung cancers acquiring 421 

resistance to EGFR inhibitors. Science Translational Medicine. 3 (75), 75ra26, 422 
doi:10.1126/scitranslmed.3002003, (2011). 423 

8 Yang, J. C. et al. Osimertinib in pretreated T790M-positive advanced non-small-cell 424 
lung cancer: AURA study phase II extension component. Journal of Clinical Oncology. 425 
35 (12), 1288–1296, doi:10.1200/JCO.2016.70.3223, (2017). 426 

9 Chong, C. R., Janne, P. A. The quest to overcome resistance to EGFR-targeted therapies 427 
in cancer. Nature Medicine. 19 (11), 1389-1400, doi:10.1038/nm.3388, (2013). 428 

10 Clynes, M., Redmond, A., Moran, E., Gilvarry, U. Multiple drug-resistance in variant of 429 
a human non-small cell lung carcinoma cell line, DLKP-A. Cytotechnology. 10 (1), 75-430 
89 (1992). 431 

11 Yamaoka, T. et al. Distinct afatinib resistance mechanisms identified in lung 432 
adenocarcinoma harboring an EGFR mutation. Molecular Cancer Research. 15 (7), 433 
915-928, doi:10.1158/1541-7786.MCR-16-0482, (2017). 434 

12 Liang, X. J., Shen, D. W., Garfield, S., Gottesman, M. M. Mislocalization of membrane 435 
proteins associated with multidrug resistance in cisplatin-resistant cancer cell lines. 436 
Cancer Research. 63 (18), 5909–-5916 (2003). 437 

13 Shen, D. W., Akiyama, S., Schoenlein, P., Pastan, I., Gottesman, M. M. Characterisation 438 
of high-level cisplatin-resistant cell lines established from a human hepatoma cell line 439 
and human KB adenocarcinoma cells: cross-resistance and protein changes. British 440 
Journal of Cancer. 71 (4), 676–683 (1995). 441 

14 Murakami, H. et al. Phase I study of continuous afatinib (BIBW 2992) in patients with 442 
advanced non-small cell lung cancer after prior chemotherapy/erlotinib/gefitinib 443 
(LUX-Lung 4). Cancer Chemotherapy and Pharmacology. 69 (4), 891–899, 444 
doi:10.1007/s00280-011-1738-1, (2012). 445 

15 Nukaga, S. et al. Amplification of EGFR wild-type alleles in non-small cell lung cancer 446 
cells confers acquired resistance to mutation-selective EGFR tyrosine kinase 447 
inhibitors. Cancer Research. 77 (8), 2078-2089, doi:10.1158/0008-5472.CAN-16-2359, 448 
(2017). 449 

16 Nakatani, K. et al. KRAS and EGFR amplifications mediate resistance to rociletinib and 450 
osimertinib in acquired afatinib-resistant NSCLC harboring exon 19 deletion/T790M in 451 
EGFR. Molecualr Cancer Therapy. 18 (1), 112–126, doi:10.1158/1535-7163.MCT-18-452 
0591, (2019). 453 

17 Piotrowska, Z. et al. Heterogeneity underlies the emergence of EGFRT790 wild-type 454 
clones following treatment of T790M-positive cancers with a third-generation EGFR 455 
inhibitor. Cancer Discovery. 5 (7), 713–722, doi:10.1158/2159-8290.CD-15-0399, 456 
(2015). 457 

18 Ortiz-Cuaran, S. et al. Heterogeneous mechanisms of primary and acquired resistance 458 
to third-generation EGFR inhibitors. Clinical Cancer Research. 22 (19), 4837–4847, 459 
doi:10.1158/1078-0432.CCR-15-1915, (2016). 460 

19 Kobayashi, Y. et al. Characterization of EGFR T790M, L792F, and C797S mutations as 461 
mechanisms of acquired resistance to afatinib in lung cancer. Molecular Cancer 462 
Therapy. 16 (2), 357–364, doi:10.1158/1535-7163.MCT-16-0407, (2017). 463 

20 Uchibori, K., Inase, N., Nishio, M., Fujita, N., Katayama, R. Identification of mutation 464 
accumulation as resistance mechanism emerging in first-line osimertinib treatment. 465 
Journal of Thoracic Oncology. 13 (7), 915–925, doi:10.1016/j.jtho.2018.04.005, (2018) 466 



PC-9

AFR1

Increasing concentration of afatinib to 1 μM

AFR2 AFR3

Split three independent dishes

Figure 1

Figure 1 Click here to access/download;Figure;JoVE Figure 1.ai

https://www.editorialmanager.com/jove/download.aspx?id=1001301&guid=3fe79cb0-96c6-4e4f-81ee-5b8859b7167d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001301&guid=3fe79cb0-96c6-4e4f-81ee-5b8859b7167d&scheme=1


PC-9

10-4 10-3 10-2 10-1 100 101
0

20

40

60

80

100

120

 Afatinib: μM

Su
rv

iv
al

 (%
) Afatinib

Figure 2

IC50: 1.2  nM

Figure 2 Click here to access/download;Figure;JoVE Figure 2.ai

https://www.editorialmanager.com/jove/download.aspx?id=1001302&guid=0bc3529b-1680-49e4-a352-cc0bbbf4b2bc&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001302&guid=0bc3529b-1680-49e4-a352-cc0bbbf4b2bc&scheme=1


Figure 3

10-3 10-2 10-1 100 101
0

20

40

60

80

100

120

Afatinib: μM

Su
rv

iv
al

 (%
)

PC-9AFR1
PC-9AFR2
PC-9AFR3

PC-9

Figure 3 Click here to access/download;Figure;JoVE Figure 3.ai

https://www.editorialmanager.com/jove/download.aspx?id=1001303&guid=5e8905bf-9c64-42ba-94cf-fbc6f15f1397&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001303&guid=5e8905bf-9c64-42ba-94cf-fbc6f15f1397&scheme=1


Growth Curve

0 1 2 3 4 5 6 7
0

500

1000

1500

2000

days

C
el

l P
ro

lif
er

at
io

n 
(%

) AFR1
AFR2

PC-9

AFR3

Figure 4

Figure 4 Click here to access/download;Figure;JoVE Figure 4.ai

https://www.editorialmanager.com/jove/download.aspx?id=1001304&guid=9e8c175d-51d4-4050-910d-5fec0779ffb7&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001304&guid=9e8c175d-51d4-4050-910d-5fec0779ffb7&scheme=1


EGFR gDNA

PC-9
AFR1

AFR2
AFR3

0
1
2
3
4
5
6
7
8
9

co
py

 n
um

be
r f

ol
d 

ch
an

ge

*

*

*

Figure 5

Figure 5 Click here to access/download;Figure;JoVE Figure 5.ai

https://www.editorialmanager.com/jove/download.aspx?id=1001305&guid=22f245c7-75bb-4041-a074-0086108ba1ae&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001305&guid=22f245c7-75bb-4041-a074-0086108ba1ae&scheme=1


Figure 6

EGFR

AFR3
AFR1

AFR2
PC-9

Actin

HER2

HER3

P-EGFR

MET

Figure 6 Click here to access/download;Figure;JoVE Figure 6.ai

https://www.editorialmanager.com/jove/download.aspx?id=1001306&guid=0090d1f2-da56-4a91-80f1-70a04b91f423&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001306&guid=0090d1f2-da56-4a91-80f1-70a04b91f423&scheme=1


EGFR Sequence

Figure 7

E
xo

n 
19

E
xo

n 
20

PC-9 PC-9AFR1 PC-9AFR2 PC-9AFR3

wild type

T790

wild typeE746-A750 del E746-A750 del

T790MT790T790

Figure 7 Click here to access/download;Figure;JoVE Figure 7.ai

https://www.editorialmanager.com/jove/download.aspx?id=1001307&guid=734fc898-80b1-45d6-9db3-d54cea97f30d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001307&guid=734fc898-80b1-45d6-9db3-d54cea97f30d&scheme=1


Name of Material/ Equipment Company Catalog Number Comments/Description

afatinib Selleck S1011

anti-EGFR monoclonal antibody cell signaling technology 4267S

bicinchoninc acid assay sigma B9643

cell-culture treated 10cm dish Violamo 2-8590-03

CELL BANKER1 TakaRa CB011 cryopreservation media

CellTiter 96 Promega  G4100

 Non-Radioactive Cell Proliferation Assay; Dye solution 

and Solubilization/Stop solution

DMSO Wako 043-07216

ECL solution Perkin Elmer NEL105001EA

FBS gibco 26140-079

GeneAmp 5700 Applied Biosystems fluorescence-based RT-PCR-detection system 

GraphPad Prism v.7 software GraphPad, Inc. a statistical software

NanoDrop Lite spectrophotometer Thermo spectrophotometer

Nonfat dry milk cell signaling technology 9999S

Pen Strep gibco 15140-163

phosphatase inhibitor cocktail 2 sigma P5726

phosphatase inhibitor cocktail 3 sigma P0044

Powerscan HT microplate reader BioTek

 Power SYBR Green master mix Applied Biosystems SYBR Green master mix

protease inhibitor cocktail sigma P8340

QIAamp DNA Mini kit Qiagen 51306 DNA purification kit

QIAquick PCR Purification Kit QIAGEN PCR purification kit

RPMI-1640 Wako 189-02025 with L-Glutamine and Phenol Red

TBST powder sigma T9039

Trans-Blot SD Semi-Dry 

Electrophoretic Transfer cell Bio-Rad semi-dry t4ransfer apparatus

96 well microplate Thermo 130188

Click here to access/download;Table of Materials;2018.3.01
JoVE_Materials.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1001308&guid=ee56d926-f727-4eae-9b85-1c4bbff86724&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001308&guid=ee56d926-f727-4eae-9b85-1c4bbff86724&scheme=1


Click here to access/download;Author License Agreement
(ALA);2019.03.01 Author License Agreement.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1001309&guid=8c2888bf-be73-4e8a-acf7-1d5da2cfb2ff&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001309&guid=8c2888bf-be73-4e8a-acf7-1d5da2cfb2ff&scheme=1






 

 1 

March 17, 2019 
 
Bing Wu, Ph.D. 
Editorial Board Members & Editor 
Journal of Visualized Experiments 
 
Dear Dr. Wu and Members of the JoVE Editorial Board: 
 
 

Thank you for reviewing our manuscript MS# JoVE59473, titled “ 

Establishment and characterization of three afatinib-resistant lung adenocarcinoma PC-9 

cell lines developed with increasing doses of afatinib”. We are delighted to know that the Editor 

is quite enthusiastic about this work. Our responses to the Scientific Review Editor are 

addressed in detail in the attached document. All changes to the revised manuscript are 

highlighted in yellow. 

 
We much appreciate your consideration of our revised report for publication in the Journal of 
Visualized Experiments. We believe that addressing the Scientific Review Editor’s comments 
has substantially improved the quality and impact of the manuscript. Please do not hesitate to 
contact us if you have further questions or points of clarification. 

 
 

We look forward to hearing from you. 
 
Sincerely, 
 

Toshimitsu Yamaoka, MD, PhD 

Advanced Cancer Translational Research Institute 

Showa University 

1-5-8 Hatanodai, Shinagawa-ku 

Tokyo 142-8555, Japan 

Phone: +81-3-3784-8146, Fax: +81-3-3784-2299 

E-mail: yamaoka.t@med.showa-u.ac.jp 

  

Response Letter Click here to access/download;Rebuttal Letter;2019.03.17
Response Letter JoVE59473.docx

https://www.editorialmanager.com/jove/download.aspx?id=1001311&guid=ce186367-0bee-42e2-b97e-9e1d1121905e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1001311&guid=ce186367-0bee-42e2-b97e-9e1d1121905e&scheme=1


 

 2 

Yamaoka et al. “Establishment and characterization of three afatinib-resistant lung 

adenocarcinoma PC-9 cells developed with increasing doses of afatinib” JoVE59473R1 

 

Response to the JoVE Scientific Review Editor's comments: 

 

     We thank the JoVE Scientific Review Editor for his/her overall evaluation and are pleased 

that the reviewer recommended changes to our protocol. 

 

Comments 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 

no spelling or grammar issues. 

Response: Thank you very much for your suggestion. We have used the English Editing 

service provided by Editage. They helped us proofread the manuscript thoroughly.  

 

 

2. Please avoid long steps/notes (more than 4 lines). 

Response: We agree with the Review Editor on avoiding long sentences and steps. We have 

revised and rearranged the protocols accordingly. 

 

 

3. Step 1.1.1: Please write this step in the imperative tense. 

Response: We have changed this sentence to imperative. 

 

 

4. 1.1.2: Please write this step in the imperative tense. 

Response: Thank you very much for your suggestion. We have changed this sentence to 

imperative. 

 

 

5. 1.2.2: Please write this step in the imperative tense. 

Response: Thank you very much for your suggestion. We have corrected the sentence. 

 

 

6. 1.2.5: Please write this step in the imperative tense. 

Response: We have changed this sentence to imperative. 

 

 

7. 2.4.1: Please write this step in the imperative tense. 

Response: We have changed this sentence to imperative. 

 

 

8. Figure 7: Please add a short description of the figure in Figure Legend. 

Response: We appreciate your suggestions. The legend to Figure 7 was added. 

 

 

9. Please do not abbreviate journal titles. 

Response: Thank you very much for your suggestion. We have made the required change. 

 

 
Thank you again for considering the publication of our revised report in the Journal of 
Visualized Experiments. We believe that by addressing the Scientific Review Editor’s comments 
we have substantially improved the quality and impact of the manuscript. Please do not hesitate 



 

 3 

to contact me if you have further questions or points of clarification 


