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Abstract 

Objectives: Non-small cell lung cancers （NSCLCs） that harbor activating mutations for epidermal growth 

factor receptor （EGFR） show remarkable initial response to EGFR-tyrosine kinase inhibitors （TKIs）, but 

inevitably acquire resistance, half of which are due to a T790M secondary mutation when first-generation 

（1G） or 2G EGFR-TKIs are used. Osimertinib, a 3G EGFR-TKI, is a standard of care in this situation, but 

eventually also evokes resistance, reportedly due to some tertiary EGFR mutations. However, the FLAURA 

trial showed the superiority of osimertinib over 1G EGFR-TKIs in treatment-naïve patients, thus providing 

an option of first-line osimertinib treatment. Resistance in this setting is also inevitable, but its mechanism 

is unclear. We investigated whether resistance mutations that emerged with T790M were responsible for 

the osimertinib resistance in the first-line setting; i.e. without T790M, and if so, what treatment option was 

available.

Materials and Methods: We used literature search to identify EGFR mutations at codons L718, G724, L792, 

G796, and C797 as mechanisms of osimertinib resistance in the presence of T790M. These mutations were 

introduced into Ba/F3 cells in cis with activating EGFR mutations but not with T790M; inhibitory effects of 

five EGFR-TKIs were evaluated.

Results: Only C797S conferred significant resistance against osimertinib when exon 19 deletion was the 

activating mutation. However, co-existence of L858R with C797S, C797G, L718Q, or L718V mutations all 

conferred resistance to osimertinib. Erlotinib showed the greatest activity for C797S-mediated resistance. 

However, 2G EGFR-TKIs （afatinib or dacomitinib） were effective for other resistance mutations. 

Conclusion: After first-line osimertinib failure, 1G or 2G EGFR-TKIs are effective, depending on combinations 

of secondary and activating mutations.

Key words： epidermal growth factor receptor mutations, osimertinib, acquired resistance, Ba/F3 models, 

personalized therapy
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１．Introduction

　Epidermal growth factor receptor （EGFR） tyrosine kinase inhibitor （TKI） monotherapy is the current 

standard of care for patients with metastatic or recurrent non-small cell lung cancer （NSCLC） with 

EGFR-activating mutations. However, the emergence of acquired resistance is almost inevitable after a 

median period of 9–13 months ［1］. The T790M secondary mutation ［2−4］ accounts for about half of resistance 

to first-generation （1G） or the 2G EGFR-TKIs. Osimertinib, a so-called 3G EGFR-TKI, was developed to 

inhibit T790M while sparing wild-type EGFR activity ［5］. Osimertinib is currently a standard of care for 

EGFR-mutated NSCLCs with acquired resistance to 1G or 2G EGFR-TKIs due to the T790M mutation, 

based on the AURA 3 trial ［5］. However, acquired resistance to osimertinib is also inevitable. Several tertiary 

EGFR mutations—including C797S mutation, which impairs covalent bond formation between EGFR and 

osimertinib—have been reported ［6］.

　In a recent phase-3 FLAURA trial ［7］, osimertinib led to significantly longer progression-free survival 

and promising overall survival than did 1G EGFR-TKIs as a first-line treatment for NSCLC patients with 

activating EGFR mutations. These results provide another option for the first-line treatment of patients with 

EGFR-activating mutations. However, acquisition of resistance in this setting is also inevitable. Some of above-

mentioned tertiary EGFR mutations may have roles in this resistance, but have not been systematically 

tested. In this study, we investigated whether resistance mutations that emerged with T790M were also 

responsible for osimertinib resistance in the first-line setting （i.e., without T790M） using the Ba/F3 system, 

and if so, what treatment option was available after osimertinib treatment failure.

２．Materials and Methods

2. 1 Cell culture and reagents

　The murine pro-B cell line Ba/F3 （RCB0805） and myelomonocytic, macrophage-like, Balb/C mouse 

leukemia cells （WEHI-3） were provided by the RIKEN Bio Resource Center （Tsukuba, Japan）. The Ba/

F3 cells were maintained in RPMI 1640 medium （Wako, Osaka, Japan）, supplemented with 10% fetal bovine 

serum （FBS, Gibco BRL, Grand Island, NY） and conditioned media from WEHI-3 （10%） as a source of IL-3, 

and cultured at 37℃ in a humid atmosphere with 5% CO2 
［8］. We purchased 1G EGFR-TKI （erlotinib）, 2G 

EGFR-TKIs （afatinib and dacomitinib）, 3G EGFR-TKI （osimertinib）, and a multi-kinase inhibitor that is 

also active against EGFR （brigatinib, ref. ［9］） from Selleck Chemicals （Houston, TX）. Each compound was 

dissolved in DMSO （Sigma-Aldrich, St. Louis, MO）. 

2. 2 Plasmid construction and viral production

　Viral particles that contained human EGFR open-reading frame with an activating mutation （either exon 

19 deletion （Del 19） or L858R） plus a potential osimertinib resistant mutation were generated as described 

previously ［10］. To establish the viral particles, pBABE with a full-length cDNA fragment of human EGFR 
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with Del 19 （E746_A750 del） and that with Del 19 plus T790M were purchased from Addgene （Cambridge, 

MA） as a template. For the viral particles with L858R mutation plus a point mutation, pBABE with a full-

length wild-type EGFR cDNA fragment （Addgene） was used. The intended point mutations were induced 

using the Prime STAR Mutagenesis Basal Kit （Takara, Otsu, Japan）. Sequences for primers that were used 

for mutagenesis PCRs in this study are summarized in Supplementary Table 1. All mutations were confirmed 

by direct sequencing technique as described elsewhere ［10, 11］. The pBABE constructs were co-transfected 

with a pVSV-G vector （Clontech, Mountain View, CA） to generate the viral envelope in gpIRES-293 cells 

using the FuGENE6 transfection reagent （Promega, Madison, Wisconsin） to produce viral particles. After 48h 

of transfection, the culture medium was collected, and the viral particles were concentrated by centrifugation. 

The viral pellet was re-suspended in DMEM （Sigma-Aldrich） and stored at −80℃.

Table 1．Summary of tertiary EGFR mutations found in osimertinib-resistant tumors

Mutations ［references］
Type of background activating mutation

Ba/F3 clones 
established in our 

experiment

Del 19 / T790M L858R / T790M Others / T790M Total Del 19 L858R

L718Q ［12, 15, 20］ 3 （6%）* 4 （16%）* 0 （0%） 7 （9%） Y

L718V ［13, 20］ 2 （4%） 3 （12%） 0 （0%） 5 （7%） Y Y

G724S ［14］ 2 （4%）* 0 （0%） 0 （0%） 2 （3%） Y

L792F ［15, 16, 20］ 7 （15%） 3 （12%） 1 （25%） 11 （14%） Y Y

L792H ［15, 16, 20］ 4 （9%） 3 （12%） 1 （25%） 8 （11%） Y Y

G796S ［16, 17, 20］ 1 （2%） 3 （12%） 0 （0%） 4 （5%）

C797G ［15, 16, 18, 20］ 4 （9%） 2 （8%） 1 （25%） 7 （9%） ** Y

C797S ［6, 15, 16, 19, 20］ 24 （51%） 7 （28%） 1 （25%） 32 （42%） Y Y

Total 47 （100%） 25 （100%） 4 （100%） 76（100%）

* Two patients with exon 19 deletions acquired either L718Q or G724S mutations as secondary mutations, and two 
patients with L858R acquired L718Q mutations as secondary mutations after osimertinib treatment failure. The other 
tumors harbored T790M mutations together with a tertiary EGFR mutation
** Although an IL-3 independent clone was established, the clone acquired an additional mutation to cause C797D mutation.

2. 3 Viral infection into Ba/F3 cells and the evaluation of IL-3 independency

　Re-suspended viral particles were added to Ba/F3 cells; the infected Ba/F3 cells were then cultured with 

conditioned media that contains IL-3. After 72 hours, the infected Ba/F3 cells were cultured without IL-3 for 

another 96 hours, and then cell growth were analyzed using the Cell Counting Kit-8 （Dojindo Laboratories, 

Kumamoto, Japan） as described below. Infected Ba/F3 cells that acquired IL-3 independency were used for 

further analyses. Ba/F3 cells transfected with some of the EGFR mutations did not acquire IL-3 independent 
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growth, and this result was confirmed by repeated experiments using newly generated viral particles.

2. 4 Cell growth inhibition assay

　We seeded 2000 transfected Ba/F3 cells in each well of 96-well plates, which were grown in RPMI 1640 

medium supplemented with 10% FBS for 24 hours. Then DMSO or TKIs at indicated drug concentrations 

were added, and the cells were cultured for another 72 hours. We used colorimetric assays to estimate the 

growth inhibition of each drug using the Cell Counting Kit-8 reagent （Dojindo Laboratories）, following the 

manufacturer’s protocol. Each experiment was performed three times in triplicate.

３．Results

3. 1 Identification of EGFR mutations that might confer osimertinib resistance

　We identified eight recurrent EGFR tertiary mutations that may confer osimertinib resistance in the 

presence of T790M through a literature search （Table 1）［6, 12−20］. C797S was the most common mutation （51% 

in tumors with Del 19 and 28% in those with L858R）. In addition, point mutations in the L718 position （L718Q/

V） or in the L792 position （L792F/H） were relatively common, especially in tumors with L858R mutation. 

We decided to evaluate the effects of these eight point mutations on sensitivity of Ba/F3 cells with Del 19 or 

L858R to osimertinib and other EGFR-TKIs.

3. 2 Some resistant mutations were not compatible with activating mutations

　Although we could introduce eight resistant mutations together with Del 19 or L858R into Ba/F3 cells 

（Supplementary Figure 1）, some did not become IL-3-independent. These Ba/F3 cells that failed to establish 

IL-3 independent growth were confirmed to have been successfully transfected by direct sequencing in the 

presence of IL-3. Those included G796S+Del 19 or L858R, L718Q+Del 19, and G724S+L858R despite repeated 

independent experiments （Figure 1A）. In the case of C797G+Del 19, although we finally established an IL-3-

independent clone after a long-term culture, this clone turned out to have C797D instead. As shown in Figure 

1B, the second nucleotide of CGC for glycine （G） was replaced with A to become GAC for aspartic acid （D）. 

The Ba/F3 cells with Del 19+C797D showed resistance to osimertnib （IC50: 695nM）. This phenomenon was 

reproducible three times. As a result, we decided to test the 5 resulting mutations （L718V, G724S, L792F, 

L792H, C797S）+Del 19 and 6 mutations （L718Q, L718V, L792F, L792H, C797G, C797S）+L858R for TKI 

sensitivities.

3. 3 Effects of secondary mutations on osimertinib sensitivity

　To determine the effect of each point mutation on osimertinib efficacy, growth inhibitory assays were 

performed for the Ba/F3 cells. When introduced together with Del 19, C797S was the only secondary 

mutation that conferred significant resistance to osimertinib （IC50 > 50 times higher than the activating 
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mutation alone; Figure 1C）. Ba/F3 cells remained relatively sensitive when other secondary mutations were 

introduced together with Del 19 and its IC50 values were far below than CTrough at the recommended dose in 

the phase I clinical trials ［21−25］. In contrast, C797S, C797G, L718Q, and L718V mutations conferred >100 times 

higher IC50 value when they were transfected with L858R （Figure 1D）. In addition, L792F and L792H also 

conferred moderate （>20 times） resistance if the activating mutation was L858R.

3. 4 Optimal EGFR-TKIs after osimertinib failure are based on the type of EGFR-activating mutations.

　To explore optimal treatment strategy to cope with resistance mediated by the above-mentioned secondary 

mutations, we determined their sensitivities to 1G （erlotinib）, 2G EGFR-TKIs （afatinib and dacomitinib）, and 

Figure 1． Establishment of osimertinib-resistant Ba/F3 cells and evaluation of sensitivity 
to osimertinib. （A） Growth curves of transfected Ba/F3 cells after IL-3 
starvation. The graph shows that Ba/F3 cells transfected with exon 19 deletion 
+ L718Q, G796S, or C797G, and those transfected with L858R + G724S or G796S 
failed to become IL-3-independent. （B） Although Ba/F3 cells transfected with 
exon 19 deletion + C797G acquired IL-3 independency after long culture, the 
established cells acquired C797D mutation. （C, D） Growth inhibition curves 
against osimertinib in Ba/f3 cells transfected with exon 19 deletion + a point 
mutation （C） and in those transfected with L858R + a point mutation （D）.



─ 6 ─

a multi-kinase inhibitor （brigatinib）. When Del 19 was the background mutation, erlotinib was efficacious 

for C797S （IC50 < 0.1% of CTrough）. However, dacomitinib or afatinib was moderately efficacious for C797S. 

Interestingly, Del 19 + G724S was even more sensitive than Del 19 alone to afatinib or dacomitinib （Figure 

2）. For Ba/F3 cells with L858R mutation, erlotinib also showed greatest efficacy against C797S secondary 

mutation （Figure 3）. However, for the other secondary mutations, 2G EGFR-TKIs, especially dacomitinib, 

showed greater efficacy than erlotinib. Brigatinib was ineffective for any of these secondary mutations （Figures 

2 and 3）.

Figure 2． EGFR-TKI sensitivities in transfected Ba/F3 cells （activating mutation: exon 19 
deletion）. （A） Growth inhibition curves against erlotinib, afatinib, dacomitinib, or 
brigatinib. （B） Comparison of CTrough of each TKI and IC50 of transfected Ba/F3 cells.
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４．Discussion

　In this study, we introduced potential osimertinib-resistance point mutations reported in the literature with 

Del 19 or L858R into Ba/F3 cells, to evaluate the magnitude of osimertinib resistance and to identify optimal 

EGFR-TKIs to overcome osimertinib resistance. Our experiments were based on the assumption that the 

presence of T790M mutation will not affect the binding of osimertinib to EGFR. Our results indicated that our 

Figure 3． EGFR-TKI sensitivities in transfected Ba/F3 cell （activating mutation: 
L858R）. （A） Growth inhibition curves against erlotinib, afatinib, dacomitinib, 
or brigatinib. （B） Comparison of CTrough of each TKI and IC50 of transfected 
Ba/F3 cells.
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assumption was in fact correct; many of the tertiary mutations identified in the second-line osimertinib setting 

conferred resistance to osimertinib even as a secondary mutation （Figure 1C and D）. We found that C797S 

was the most potent resistant mutation against osimertinib in the Del 19 background. Other mutations only 

conferred modest resistance. In contrast, L718Q, L718V, C797G conferred comparable resistance with C797S in 

the L858R background. These results are consistent with the clinical observation that the prevalence of C797S 

accounted for more than half of resistance mutations in the Del 19 background, whereas L718, L792, and C797 

were almost equally common in the L858R background （Table 1）. Previously, we proposed that the extent 

of resistance was determined by combinations of the original mutations, secondary mutations, and drugs, 

using an afatinib resistance system ［26］. For example, a very sensitive EGFR mutation （e.g., Del 19） needs a 

robust resistant secondary mutation （T790M）, whereas a weaker secondary mutations （L792F） could confer 

resistance for the weaker sensitizing mutation, delE709_T710insD ［26］. This is mirrored in our current results 

regarding osimertinib resistance. Together with a recent observation that median progression-free survival 

is longer in patients with Del 19 mutations （21 months） than those with L858R mutations （14 months） in the 

osimertinib FLAURA trial ［7］, we consider that the current study also supports our previous proposal. I.e., a 

robust resistance mutation （C797S） is necessary for Del 19, whereas weaker secondary mutations are able to 

cause resistance when the activating mutation is L858R.

　Among the 8 mutations that were reported to yield osimertinib resistance as tertiary mutations in 

addition to Del19 or L858R +T790M, five mutations did not yield IL-3-independent growth despite repeated 

experiments. The reason for this may be related to the fact that T790M was not present in our experiments 

because we intended to simulate the situation of first-line osimertinib treatment. For example, we could not 

obtain IL-3-independent Ba/F3 cells with Del 19 + L718Q. In a previous study ［27］, Ercan, et al. derived Ba/

F3 cells resistant to 3G EGFR-TKIs, including osimertinib, by ENU mutagenesis and L718Q was one of the 

resistant mutations in the background of Del 19 with T790M, but not of Del 19 without T790M. In contrast, 

L718Q conferred resistance to L858R irrespective of presence or absence of T790M with higher frequency 

in the L858R-alone background than in the L858R+T790M background when treated with another 3G TKI, 

WZ4002. To evaluate this hypothesis, we generated templates with T790M mutation together with one of five 

double EGFR mutations that could not confer IL-3 independent growth in our Ba/F3 models. We observed 

that Ba/F3 cells with Del 19 + T790M + L718Q and Del 19 + T790M + C797G acquired IL-3 independent 

growth, while the other three combinations failed. These results suggested that our hypothesis is partially 

correct. 

　Taken together, these findings indicate some interactions between amino acids within the EGFR molecule. 

Hence, some resistant mutations that are compatible with Del 19 + T790M may not be compatible with Del 

19 alone. Notably, in this context, Ba/F3 cells with Del19+ C797G acquired an additional spontaneous base 

substitution to result in C797D, when they become IL-3-independent （Figure 1B）. 

　We also observed that sensitivity to 1G or 2G EGFR-TKIs varied by both the secondary mutations and by 
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the type of activating mutations, highlighting the importance of their combination. We showed that the cells 

with C797S + Del 19 or L858R were sensitive to 1G EGFR-TKI, erlotinib. However, afatinib and dacomitinib 

showed greater efficacy than erlotinib on resistance mutations other than C797S/G in the L858R background. 

These results were reasonable, since 2G EGFR-TKIs covalently bind to EGFR via C797, however 2G EGFR-

TKIs are active against wide range of EGFR mutations including uncommon mutations ［28］.

　Based on our results considering the CTrough of each drug, we propose that erlotinib be given when 

secondary mutations are present in the Del 19 background, and afatinib or dacomitinib be given when 

secondary mutations other than C797S/G are present in the L858R background （Figure 4）. Although 

brigatinib combined with anti-EGFR antibody was effective in mice model with EGFR activating mutation 

+ T790M + C797S ［9］, our results indicated that brigatinib monotherapy could not overcome any secondary 

mutations after front-line osimertinib . 

　In conclusion, our results suggest that the effects of secondary mutations as osimertinib resistant 

mechanisms will differ by the type of activating EGFR mutations. 1G and/or 2G EGFR-TKIs will be effective 

after first-line osimertinib treatment failure, and their efficacy will be affected by both secondary point 

mutations and the type of activating EGFR mutations.
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Figure 4． Summary of sensitivities against various TKIs in our Ba/F3 models. Each 
mutation is classified as sensitive, intermediate or resistant to each drug.
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Supplementary Table 1．List of primers for mutagenesis PCR 

Forward primer Reverse primer

L718Q 5′ -AAAGTGCAGGGCTCCGGTGCGTTC-3′ 5′ -CACCGGAGCCCTGCACTTTGATCTTTTTGAATTC-3′

L718V 5′ -AAAGTGGTGGGCTCCGGTGCGTTC-3′ 5′ -CACCGGAGCCCACCACTTTGATCTTTTTGAATTC-3′

G724S 5′ -GCGTTCAGCACGGTGTATAAGGGACTC-3′ 5′ -ATACACCGTGCTGAACGCACCGGAG -3′

T790M 5′ -CTCATCATGCAGCTCATGCCCTTCGGCTGC-3′ 5′ -GAGCTGCATGATGAGCTGCACGGTGG-3′

L792F 5′ -CACGCAGTTCATGCCCTTCGGCTGCCT-3′ 5′ -GGCATGAACTGCGTGATGAGTTGCACGGTG -3′

L792H 5′ -CACGCAGCACATGCCCTTCGGCTGCCT-3′ 5′ -GGCATGTGCTGCGTGATGAGTTGCACGGTG -3′

G796S 5′ -CCCTTCAGCTGCCTCCTGGACTATG-3′ 5′ -GAGGCAGCTGAAGGGCATGAGCTGCG-3′

C797S 5′ -TTCGGCAGCCTCCTGGACTATG-3′ 5′ -AGGAGGCTGCCGAAGGGCATGAGCTGCGT-3′

C797G 5′ -TTCGGCGGCCTCCTGGACTATG-3′ 5′ -AGGAGGCCGCCGAAGGGCATGAGCTGCGT-3′

G796S * 5’ -TGCCCTTCAGCTGCCTCCTGGACTATG-3’ 5’ -GGCAGCTGAAGGGCATGAGCTGCATGATGAG-3’

C797G * 5’ -CCTTCGGCGGCCTCCTGGACTATGTCCGG-3’ 5’ -GGAGGCCGCCGAAGGGCATGAGCTG-3’

C797S * 5’ -CCTTCGGCAGCCTCCTGGACTATGTCCGG-3’ 5’ -GGAGGCTGCCGAAGGGCATGAGCTG-3’

L858R 5′ -GCGGGCCAAACTGCTGGGTGC-3′ 5′ -AGCAGTTTGGCCCGCCCAAAATCTGTGATCTTG-3′

* Primers used to induce each mutation after T790M induction.

Supplementary Table 2．IC50 value of each transfected Ba/F3 cells （exon 19 deletion） against each TKI 

IC50 （nM）

EGFR mutation Erlotinib Afatinib Dacomitinib Osimertinib Brigatinib

Del19 1.20 0.047 0.12 0.91 17.64

Del19+L718V 14.79 0.464 0.295 10.57 322.12

Del19+G724S 1.93 0.025 0.025 3.79 55.71

Del19+T790M 6685.99 143.95 270.66 0.70 289.85

Del19+L792F 3.31 0.30 0.19 4.01 155.08

Del19+L792H 11.61 0.57 0.073 11.95 140.74

Del19+C797S 3.33 4.78 5.88 925.37 70.24
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Supplementary Table 3．IC50 value of each transfected Ba/F3 cells （L858R） against each TKI 

IC50 （nM）

EGFR mutation Erlotinib Afatinib Dacomitinib Osimertinib Brigatinib

L858R 9.37 0.616 0.12 2.34 277.24

L858R+L718Q 424.56 3.37 1.99 533.04 629.40

L858R+L718V 184.93 0.703 0.229 167.90 793.86

L858R+T790M 5596.16 99.52 94.177 2.80 335.11

L858R+L792F 14.87 0.97 0.21 29.53 556.81

L858R+L792H 28.15 1.25 0.16 44.71 662.25

L858R+C797G 1.26 1.38 2.18 561.21 58.31

L858R+C797S 4.81 6.68 4.63 917.95 174.28

Supplementary Figure 1． Direct sequencing of activating EGFR mutations and osimertinib-
resistance point mutations introduced into Ba/F3 cells.（A）
Activating mutations　Del19　and　L858R.（B）Each osimertinib-
resistance point mutation.




