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ABSTRACT

Introduction: Although treatment with osimertinib confers
survival benefits in patients with lung cancer with the EGFR
T790M mutation, the mechanism of acquired resistance to
osimertinib remains poorly understood. We conducted a
prospective observational study to identify the mechanism
on the basis of repeated tissue biopsies.

Methods: Patients with EGFR-mutated advanced lung can-
cer with a T790M mutation detected on a tissue biopsy
underwent a rebiopsy after developing acquired resistance
to osimertinib. Nucleic acids extracted from the biopsy
samples were subjected to targeted resequencing (Onco-
mine Comprehensive Assay), and circulating cell-free DNA
(ccfDNA) was analyzed by CAncer Personalized Profiling by
deep Sequencing (AVENIO ctDNA Surveillance Kit).

Results: Between November 2016 and March 2020, a total
of 87 patients were screened. Among them, 44 developed
acquired resistance. Of these, 19 samples from rebiopsies
and 12 from preosimertinib biopsies were able to be
analyzed by an Oncomine Comprehensive Assay. A ccfDNA
analysis was performed in 16 patients. Regarding the
mechanisms of acquired resistance, structural change in
EGFR, namely, C797S, G796S, or L792V, was the most
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frequent alteration, being observed in 57.9% of the cases.
MET gain was observed in 31.6% of the cases, and gains in
cell cycle genes were observed in 26.3% of the cases. In
addition, we identified GAS6 gain and an ATM mutation in a
patient with small-cell transformation and a BRAF V600E
mutation in a patient with oligoprogressive disease.

Conclusions: A repeated tissue biopsy and a ccfDNA anal-
ysis were useful in analyzing the mechanisms underlying
acquired resistance. A long treatment history of EGFR TKIs
may result in a high percentage of EGFR structural change.

� 2021 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Keywords: Osimertinib; Targeted resequencing; Acquired
resistance; EGFR T790M
Introduction
Lung cancer is a leading cause of cancer death, with

1.76 million cases worldwide and 74,300 cases in
Japan.1,2 Recent advances in precision medicine using
genetic profiling of tumors have enabled patients with
advanced lung cancer with driver mutations to survive
for more than 1 year.3–7 EGFR tyrosine kinase inhibitors
(TKIs) have been developed for patients with advanced
lung cancer with EGFR-activating mutations, which are
the most frequent mutations, being found in up to 55%
of Japanese and 15% of non-Asian patients with lung
adenocarcinoma.8

In 2005, the EGFR T790M mutation was identified as a
mechanism of acquired resistance tofirst-generation EGFR
TKIs,9 and osimertinib was subsequently developed to
target the EGFR T790Mmutation. Osimertinib targets both
T790M and sensitive mutations, but it has minimal sensi-
tivity to wild-type EGFR.10,11 Furthermore, osimertinib has
substantial benefit not only for patients with advanced
lung cancer with the EGFR T790M mutation12–14 but also
for EGFR TKI-naive patients in clinical trials.15

Although a repeated tissue biopsy has been the most
effective and reliable procedure for clarifying mecha-
nisms underlying resistance and deciding on consequent
proper treatment, performing biopsy on heavily treated
tumors can be challenging, owing to the fibrous changes
in the tumor microenvironment.16

In this study, we explored the mechanisms underly-
ing acquired resistance to second-line osimertinib in
patients with lung cancer with EGFR T790M mutations
through repeated tissue biopsies. We also considered the
benefits of a circulating cell-free DNA (ccfDNA) analysis
in this setting.
Materials and Methods
Patients

Patients with advanced NSCLC with an EGFR mu-
tation who developed EGFR T790M after treatment
with first- or second-generation EGFR TKIs were
included. Hematoxylin and eosin (HE)-stained slides,
prepared from the same formalin-fixed, paraffin-
embedded (FFPE) blocks from which the T790M mu-
tation had been detected through routine clinical
practice usually with multiplex polymerase chain re-
action, were screened centrally by pathologists (KTag
and KN) to determine whether or not the samples were
adequate for next-generation sequencing (NGS) ana-
lyses. Cases were registered in the study when the
tissue area on the HE slide exceeded 5 mm2 and the
tumor cell counts exceeded 30% of the tissue. Cell
blocks from fluid samples were allowed if they met the
above-mentioned criteria. Patients were excluded if
they were EGFR TKI-naive or had already been treated
with osimertinib or if the patients’ EGFR T790M was
proven only by a liquid biopsy. The planned sample
size was 80 for this prospective observational
biomarker study, with 20 patients assumed to receive a
successful rebiopsy. The study (LOGIK1607) was con-
ducted at 25 institusions in the Lung Oncology Group
in Kyushu (LOGIK), and was organized by the Clinical
Research Support Center Kyushu (CReS-Kyushu),
Fukuoka, Japan.
Rebiopsy and Sample Collection
The registered patients were prospectively followed

during osimertinib treatment, and a rebiopsy was
planned once the patient developed progressive disease
after a durable response (acquired resistance) to osi-
mertinib. The definition of acquired resistance was re-
ported previously.17 The rebiopsy was performed after
receiving written informed consent and before the next
systemic therapy was implemented for lung cancer. Bi-
opsy on progressing lesions was done on a physician’s
decision. The HE slides of the rebiopsy specimen were
checked centrally again by the pathologists. The paired
unstained slides (from one block for which EGFR T790M
had been proven before treatment with osimertinib and
from another block obtained by a rebiopsy, both
mandatory), at least 10 slides per specimen, were then
collected for an NGS analysis. Corresponding EGFR TKI-
naive unstained slides were also collected in cases in
which tissue samples obtained at the diagnosis (before
any EGFR TKI treatment) were available (optional).
Plasma samples from 10 mL of blood were also collected
at the same time as the rebiopsy and subjected to a
ccfDNA analysis.
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NGS of FFPE Tissue Specimens and Plasma
Samples

Nucleic acids were extracted from the FFPE tumor
sections and plasma samples, and an NGS analysis for
tissues with ion PGM using an Oncomine Comprehensive
Assay (OCA), version (v) 1 or v3 (since September 2018)
(Thermo Fisher Scientific, Waltham, MA), was per-
formed at an institution certified with the Clinical Lab-
oratory Improvement Amendments (SRL Inc., Tokyo,
Japan). The OCA panel consisted of a DNA and RNA
panel capable of detecting 143 (v1) or 161 (v3) genetic
alterations, including single-nucleotide variations
(SNVs), indels, copy number variations (CNVs), and fu-
sions. The Torrent Suite software program (Thermo
Fisher Scientific) was used for the data alignment, and
binary alignment and matching files were analyzed us-
ing the ionReporter 5.12 software program (Thermo
Fisher Scientific). Filters equipped in ionReporter 5.12,
such as Oncomine extended 5.12, Confident Somatic
CNVs—CNVs only 5.12, and Default Fusions View 5.12,
were used to filter SNVs, CNVs, and fusions, respectively.
Filtered SNVs were visually inspected with an integrated
genomic viewer to exclude amplicon errors. The inte-
grated genomic viewer was also used to examine
whether or not the allelic location of EGFR T790M was
cis or trans to the C797S, G796S, or L792V mutation.
The ccfDNA analysis was performed with NextSeq
(Illumina, San Diego, CA) using the AVENIO ctDNA
Surveillance Kit (Roche Diagnostics, Basel, Switzerland)
at Kindai University (KS and KN). The panel was
developed to detect 197 genetic alterations, including
SNVs and copy number gains, using the CAncer
Personalized Profiling by deep Sequencing (CAPP-Seq)
technology and its algorithm to quantify small numbers
of reads while suppressing amplicon errors.18,19 SNVs
found at a rate exceeding 0.01% from the Exome Ag-
gregation Consortium, 1000 Genomes Project, Single
Nucleotide Polymorphism Database, or Human Genetic
Variation Database were excluded to filter out possible
germline mutations.
Statistical Analyses
Statistical significance between groups was deter-

mined using Fisher’s exact test and the Mann-Whitney U
test. Wilcoxon’s signed rank test with continuity
correction was used for pre- and postcomparisons
within the groups. A Muller plot was generated from
variant allele frequency data of nonsynonymous muta-
tions detected at each time point using the MullerPlot, R
package version 0.1.2, to reveal population and fre-
quency dynamics of mutations in case number 9. p
values less than 0.05 were considered to indicate sta-
tistical significance.
Ethical Statement
The authors are accountable for all aspects of the

work in ensuring that questions related to the accuracy
or integrity of any part of the work are appropriately
investigated and resolved. The study protocol
(UMIN00002529020) was approved by a central insti-
tutional review board (16-E11, Clinical Research
Network Fukuoka, Fukuoka, Japan) or local institutional
review boards, depending on the regulation of each
institution. Written informed consent was obtained from
all patients. The study was conducted in accordance with
the principles of the Declaration of Helsinki.
Results
Cases Analyzed

Between November 2016 and March 2020, a total of
87 patients from 25 institutions were registered. Among
the 72 eligible patients, 23 were still on osimertinib, and
44 had developed acquired resistance. The remaining
five patients experienced disease progression before
meeting the criteria of a durable response. Among the
44 patients who developed acquired resistance, 21 un-
derwent a rebiopsy (Fig. 1). There were no reported
complications from the rebiopsy. Furthermore, 20
paired tissue samples from rebiopsies and pre-
osimertinib (baseline) biopsies were subjected to an
OCA, and 19 samples (95%) from rebiopsies and 12
samples (60%) from baseline biopsies were able to be
analyzed by the OCA. The DNA analysis was not suc-
cessful in one case (case number 20), so that case was
not included in the analysis result. A ccfDNA analysis
was performed for all 16 patients who agreed to provide
a plasma sample (Table 1). Optional analyses performed
on the tissue biopsy sample obtained before any EGFR
TKI treatment were successful in two of the six samples
collected (33%, data not found). Nonsynonymous mu-
tations with the Catalogue of Somatic Mutations in
Cancer identifiers and CNVs of interest from each case
are also summarized in Table 1. Filtered variant call
format (VCF) data are available in Supplementary
Tables 1 to 3.

The background characteristics of the 19 cases
analyzed were as follows (Table 2): seven males and 12
females, median age 66 years old (range: 42–84 y old),
and exon 19 deletion (Del19) in 12 patients and L858R
in seven patients. The EGFR TKIs used before osimerti-
nib were gefitinib in 13 patients, erlotinib in eight pa-
tients, and afatinib in seven patients. Eight patients
received more than one EGFR TKI. The median duration
on osimertinib was 18.5 months (ranged from 8.8 to
29.1 mo), and the cumulative duration on any EGFR TKI
before osimertinib (median) was as long as 24.7 months
(ranged from 7.6 to 46 mo).



Tissue biopsy confirmed EGFR T790M+ pa ents on second line osimer nib :
87 pa ents

Ini al registra on: 72 pa ents

Ineligible: 15 pa ents

Developed acquired resistance :
44 pa ents

PD (innate resistance) :
5 pa ents

S ll on Osimer nib:
23 pa ents (as of Mar. 2020)

Tissue rebiopsy performed :
21 pa ents

Tissue rebiopsy not performed :
23 pa ents

Final registra on : 20 pa ents
Samples proceeded to analysis

HE slide screened by pathologists

HE slide screened by pathologists
Ineligible: one pa ent

Figure 1. Flow diagram of the study. A total of 87 patients from 25 institutions were screened. A total of 19 patients with
paired tumor tissue biopsy samples were analyzed. HE, hematoxylin and eosin; Mar., March; PD, progression disease.
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EGFR Alterations and Relationship With Clinical
Background Factors

All 12 patients had original EGFR-sensitizing muta-
tions and T790M mutations at the baseline (pre-
osimertinib) biopsy. Of 19 patients, 18 maintained the
original EGFR-sensitizing mutation at rebiopsy, and 13
still carried the T790M mutation, whereas the other five
lost the T790M mutation. One patient who did not have a
sensitizing mutation either in the rebiopsy tissue or in
the ccfDNA had T790M only from the ccfDNA analysis.
This patient was included in the T790M-maintained
group (total 14 patients, 73.7%). Additional EGFR mu-
tations, such as C797S, G796S, and L792V, were found in
those patients who maintained T790M mutations. C797S
was found in nine patients, and G796S or L792V was
found in one patient each, resulting in 11 patients who
developed additional EGFR mutations that caused
structural changes in the EGFR protein (57.9%). The
allelic locations of these mutations in relation with
T790M were cis in nine patients, trans in one patient,
and cis and trans in one patient. Additional EGFR mu-
tations of C797S, G796S, and L792V were not found in
the five patients who lost T790M (Table 1). Baseline
biopsy samples were available in three of five patients
who developed innate resistance. Among these three
patients, the OCA analysis was successful for two sam-
ples at baseline, in which only EGFR-sensitizing muta-
tions, not the T790M mutation, were detected (data not
found).
Several studies have reported that the existence of
EGFR T790M is more frequent in patients with EGFR
exon 19 deletion (Del19) than in those with EGFR L858R
and is associated with a longer treatment time with
EGFR TKIs.21 It is also reported that the tumor muta-
tional burden is related to the treatment efficacy of EGFR
TKIs.22 Therefore, we compared the patient background
characteristics between EGFR C797S, G796S, or L792V
positivity and negativity. Other than the fact that EGFR
C797S, G796S, or L792V only arose from patients in the
T790M-maintained group, there were no significant dif-
ferences regarding patients’ sex, age, duration of previ-
ous EGFR TKI treatment, duration of osimertinib
treatment, or number of concurrent genetic alterations
(nonsynonymous mutation and CNV) (Table 3 and
Fig. 2A).

Co-Occurring Mutations
Nonsynonymous mutations, aside from EGFR alter-

ations, were found in all cases with acquired resistance
to osimertinib. The TP53 mutation was the most
frequently observed co-alteration and was found in 11
patients (57.9%), followed by mutations in NOTCH1
(eight patients, 42.1%), CTNNB1, RB1, and NF1 (four
patients each, 21.1%) (Fig. 2A). The number of muta-
tions was higher in baseline biopsy samples (ranged
from 1 to 21, median ¼ 4.5) than in rebiopsy samples
obtained after acquiring resistance to osimertinib
(ranged from 0 to 9, median ¼ 4, p ¼ 0.022; Fig. 2B).



Table 1. Biopsy Data, Treatment History of EGFR TKIs, and Representative Genetic Alterations From Individual Cases

Case

EGFR TKI(s) Used
Before
Osimertinib

Osimertinib
Duration (m)

Tissue Biopsy

OCA
Ver.

Representative Genetic Alterations at Rebiopsy
(Tissue)

ccf DNA
(Plasma)

Representative Genetic Alterations at
Rebiopsy (Plasma)

EGFR
TKI(s)

Duration
(m) Baseline Rebiopsy

EGFR
Common T790M

C797S,
etc. SNV CN Gain

EGFR
Common T790M

C797S,
etc. SNV

CN
Gain

1 A 15.4 11.6 DR DR 1 Del19 þ C797Sa D Del19 þ C797S KEAP1 EGFR,
MET

2 G, E 27.1 11.1 DR DR 1 Del19 þ C797S NF1, GATA3 EGFR D Del19 þ C797S KRAS EGFR,
MET

3 A 20.6 12.6 DR DR 1 Del19 þ C797S EGFR D Del19 þ C797S ERBB2 EGFR,
MET

4 G 46 28.6 DR DR 1 L858R þ C797S EGFR D L858R þ C797S EGFR
5 A 40.7 29.1 DR DR 3 Del19 þ C797S MYCN D Del19
6 G, BE 18.9 17.6 DR DR 1 L858R þ G796S D L858R
7 G 31.6 19.8 DR DR 1 L858R þ C797S CDK6 NA
8 G 24.2 13.4 D DR 1 L858R EGFR, MET,

CDK4
D L858R EGFR,

MET
9 G 24.4 8.8 D DR 3 ND BRAF, IDH2 D ND þ
10 G, E, A 25.3 19.4 DR DR 3 Del19 CDK4b D Del19
11 G, BE 24.7 18.5 DR DR 1 L858R NA
12 G, E, A,

E, A
25.2 12.6 DR DR 1 L858R ATM GAS6 D L858R EGFR

13 G, A 18.6 19.8 X DR 3 Del19 þ C797Sc PTENd D Del19 þ C797S EGFR,
MET

14 G 7.6 22.9 X D 1 Del19 þ C797S CTNNB1,
SMAD4d

D Del19 þ C797S

15 G, E 19.4 24.3 X DR 3 L858R þ L792V EGFR,
CDK4d

D L858R þ L792V EGFR

16 G 11.7 17 R DR 3 Del19 þ C797S CDKN2A,
IDH2d

NA

17 S 27.9 18.2 X DR 3 Del19 þ D Del19 þ EGFR,
MET

18 E, INV 26.1 23.7 X DR 1 Del19 þ PIK3CAd D Del19 þ ERBB2
19 E 35.4 19.1 X DR 1 Del19 PIK3CAd CDK4,

CCND1d
D Del19

20 G 33.1 23.1 R R 1 NA
aCis/trans to T790M.
bAlso detected in baseline data.
cTrans to T790M.
dPossible mechanism, baseline data not available.
A, afatinib; BE, bevacizumab þ erlotinib; ccfDNA, circulating cell-free DNA; CN, copy number; D, DNA; Del19, exon 19 deletion; DR, DNA and RNA; E, erlotinib; G, gefitinib; INV, investigational agent; NA, not
available; ND, not detected; OCA, Oncomine Comprehensive Assay; R: RNA; SNV, single nucleotide variant; Ver., version; X: no data.
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Table 2. Patients’ Characteristics

Factors N

Sex
Male 7
Female 12

Age (y), median (range) 66 (42–84)
Smoking history

Positive 6
EGFR mutation before EGFR TKI

Del19 12
L858R 7

Median duration on osimertinib, mo (range) 18.5 (8.8–29.1)
TKI(s) before osimertinib

Gefitinib 13
Erlotinib 8
Afatinib 7

Received more than one TKI before osimertinib 8
Cumulative duration on TKI(s) before osimertinib 24.7 (7.6–46)

Del19, exon 19 deletion; TKI, tyrosine kinase inhibitor.
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Many of those mutation had already been present in the
baseline biopsy samples. Among them, mutations in
PIK3CA and the ATM signaling pathway, both of which
have been reported as negative predictors of EGFR TKI
treatment efficacy,23 were observed independent of
C797S, G796S, or L792V mutation, suggesting indepen-
dent mechanisms of resistance to osimertinib treatment.
Some of those mutations, such as NF1, ATM, BRAF,
GATA3, NADP(þ) (IDH)2, MTOR, and MYCN, were earned
after the tumor acquired resistance to osimertinib and
arose simultaneously in several individual patients
(Fig. 2B).

A BRAF V600E mutation was found in one patient
from a rebiopsy sample whose EGFR mutation had only
been found by ccfDNA at the rebiopsy. Although the pa-
tient had EGFR Del19 at the baseline, it was not detected
from either the rebiopsy sample or the ccfDNA; only EGFR
T790M was detected in ccfDNA. This patient is still on
osimertinib treatment for 10 months after having
received surgical resection for a solitary progressive
lesion, in which a BRAF V600E mutation had been
detected (case number 9; Table 1 and Fig. 2C and D).
Copy Number Variations
The copy number gain of MET, which was the first

reported mechanism of resistance to EGFR TKI,24 was
found in six cases after resistance to osimertinib had
been acquired. Furthermore, all patients with the MET
gain exhibited EGFR copy number gain, and four also had
a C797S mutation. ERBB2 gain was observed in one case
who had lost EGFR T790M (Table 1).

Copy number gain of genes related to the cell cycle,
CDK4, CDK6, and CCND1, was detected in five cases with
acquired resistance to osimertinib. Among them, one case
already had CDK4 gain before osimertinib treatment,
resulting in four cases possibly having copy number gain
in cell cycle genes that might be related to a mechanism
underlying acquired resistance to osimertinib (Table 1).

A copy number gain of GAS6, a ligand of AXL, was
detected in the patient with small-cell transformation
(Table 1). Although this patient had no evidence of ge-
netic alterations in TP53 or RB1, ATM Q2615R was ac-
quired after the patient developed resistance to
osimertinib.

Discussion

The overview of acquired resistance mechanisms to
osimertinib in this study is presented as a pie chart
(Fig. 3). Structural change in EGFR, namely, C797S,
G796S, or L792V, was the most frequent alteration,
observed in 57.9% of the cases. MET gain was the
second-most frequent alteration, observed in 31.6% of
the cases. Gains in cell cycle genes, CDK4, CDK6, and
CCND1, were observed in 26.3% of the cases. ERBB2 gain
and the PIK3CA mutation were also potential mecha-
nisms of acquired resistance. In addition, we identified
GAS6 gain and an ATM mutation in a patient with small-
cell transformation and BRAF V600E mutation in a pa-
tient with oligoprogressive disease.

The main mechanisms of acquired resistance to first-
and second-generation EGFR TKIs are as follows: (1) an
EGFR-dependent mechanism, represented by the EGFR
T790M mutation, which inhibits first- and second-
generation EGFR TKIs to compete adenosine triphos-
phate binding to EGFR-sensitive mutation9; (2) bypass
track alteration, in which cancer cells use alternate
pathways to bypass the EGFR pathway, for example,MET
or HER2 amplification24,25 and PTEN deleted from
chromosome 10 down-regulation26,27; and (3) morpho-
logic transformation, in which cancer cells have
morphologic changes, such as small-cell transformation
or epithelial-mesenchymal transformation.28

Recent studies have identified mechanisms of ac-
quired resistance to osimertinib. When osimertinib is
administered to EGFR T790M-positive patients, the
additional EGFR mutation C797S is the most frequently
found, being detected in 20% to 30% of patients.29–31

In contrast, when osimertinib is used in the first-line
setting, the C797S mutation is less common, and
various other mechanisms, including the KRAS muta-
tion or fusion driver alterations, are identified.32–34 In
this study, there were more cases with EGFR-
dependent resistance than were found in previous re-
ports. Because the EGFR T790M mutation is thought to
be a result of a durable response to first- and second-
generation EGFR TKIs,35 a C797S mutation may also
be a result of a durable response to osimertinib.29



Table 3. Relationship Between Patients’ Background and C797S Status at Re-bx

Factors C797Sþ (Range) C797S� (Range) p Value

EGFR T790M
Positive 11 78.6% 3 21.4%
Negative 0 0.0% 5 100% 0.01

EGFR common mutation
Del19 7 58.3% 5 41.7%
L858R 4 57.1% 3 42.9% NS

CN gain
EGFR 6 66.7% 3 33.3% NS
MET 4 66.7% 2 33.3% NS
Cell cycle 2 40.0% 3 60.0% NS

Age
Median 66 (42–82) 68 (60–84) NS

Sex
Male 3 42.9% 4 57.1%
Female 8 66.7% 4 33.3% NS

TKI durations (mo)
Osimertinib 19.8 (11.1–29.1) 18.35 (8.8–23.7) NS
Before osimertinib 19.4 (7.6–46) 25.25 (24.2–35.4) NS

TKI used
1 7 63.6% 4 36.4%
2< 4 50.0% 4 50.0% NS

Number of other mutations
Tissue at re-biopsy 4 (0–9) 3.5 (1–8) NS
ccfDNA after re-biopsy 4 (2–9) 5 (2–17) NS

Note: Including G796S and L792V. ccfDNA, circulating cell-free DNA; CN, copy number; Del19, exon 19 deletion; mut, mutation; NS, not significant; TKI,
tyrosine kinase inhibitor.
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Indeed, the patients included in this study had been
receiving osimertinib for a relatively long time.
Furthermore, all C797S mutation, including G796S, and
L792V mutations were detected along with the T790M
mutation, and in many cases, they occurred cis to
T790M. This suggests that the C797S mutation arises
more often from T790M mutations than wild types,
when tumors with EGFR T790M are still dependent on
the EGFR pathway.36,37

Coexisting genetic alterations are also important
when considering the resistance mechanisms. In a list of
recurrent genetic alterations from all 19 patients,
NOTCH1 and CTNNB1 mutations were relatively
frequently found, being noted in 8 and 4 patients,
respectively (Fig. 2A). Among the 12 patients with paired
biopsy data available, six already had NOTCH1 mutation,
and four already had CTNNB1 mutation before osi-
mertinib treatment (three had overlapping mutations,
Fig. 2C). Recently, genetic alterations related to NOTCH
and WNT, b-catenin signaling were reported to play an
important role in EGFR TKI resistance. EGFR-mutant
proteins, especially T790M mutant, bind to phosphory-
lated b-catenin and are reportedly stabilized by EGFR
TKI treatment.38,39 STAT3, located downstream of
NOTCH signaling, is also phosphorylated by EGFR TKI
treatment,40 which induces a stem cell-like phenotype or
epithelial-to-mesenchymal transition phenotype. These
findings indicate that pre-existing alterations in NOTCH
and CTNNB1 might be involved in resistance mecha-
nisms to EGFR TKI treatment. In fact, both patients
whose resistance mechanisms were unknown (T790M
lost; Fig. 3) exhibited NOTCH or CTNNB1 mutations in
their tissue before osimertinib treatment. Inactivation of
NF1 is also implicated in both intrinsic and acquired
resistance to EGFR TKI by activating the downstream
signaling of RAS-MEK-ERK.41

Similar to previous studies, MET gain, ERBB2 gain,
and PIK3CA mutation30,42,43 were also observed in this
study. Copy number gain in CDK4 and CDK6, which has
also been reported to be related to osimertinib resis-
tance, was found in one-fourth of the cases.44

Small-cell transformation has also been reported as a
mechanism of acquired resistance to osimertinib, often
accompanied by RB1 and TP53 alterations.30,45 We failed
to detect either RB1 or TP53 alteration in the present
study, but we did find an ATM mutation and GAS6 copy
number gain in the patient with small-cell trans-
formation. Patients with small-cell transformation
respond to chemotherapy directed at SCLC but not to the
extent found in patients with actual advanced small-cell
lung cancer. Therefore, adding molecular-targeted ther-
apy (e.g., ATM inhibitor and AXL inhibitor) to chemo-
therapy may be an option that should be tested in a
clinical setting.
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Figure 2. Co-occurring mutations were plotted. Nonsynonymous mutations in all 19 cases. Recurrent mutations observed
more than once were plotted. (A) The combined result from OCA and CAPP-Seq is illustrated in a cumulative bar plot ac-
cording to the presence or absence of an EGFR C797S mutation. (B) A comparison of nonsynonymous mutation count between
the baseline and rebiopsy is plotted from the data of 12 patients for whom paired tissue biopsy samples were available. The
OCA results are revealed in a cumulative bar plot according to the mutation appearance. The gray bar indicates mutations
observed only from a biopsy sample obtained before osimertinib treatment, and the white bar indicates the mutation
observed only in a sample obtained after acquiring resistance to osimertinib. (C) The black bar indicates that the mutation
was observed in both instances. A Muller plot generated using data from tissue biopsies of case # 9 reveals that BRAF V600E
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Figure 3. The mechanisms of AR to osimertinib. The over-
view of AR mechanisms to osimertinib is presented as a pie
chart. Structural change in EGFR was the most frequent
alteration, observed in 57.9% of the cases. MET gain was the
second-most frequent alteration, observed in 31.6% of the
cases. Gains in cell cycle genes, CDK4, CDK6, and CCND1,
were observed in 26.3% of the cases. ERBB2 gain and the
PIK3CA mutation were also potential mechanisms of AR. In
addition, we identified GAS6 gain and an ATM mutation in a
patient with small-cell transformation and BRAF V600E mu-
tation in a patient with oligoprogressive disease. *Possible
mechanism of AR (samples before osimertinib not available).
AR, acquired resistance.
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Overall, NGS using OCA panel from re-biopsied sam-
ple was feasible and useful to analyze resistance mech-
anisms, although some samples were too old to analyze
because they had been obtained by a biopsy several
years ago. Furthermore, a ccfDNA analysis using CAPP-
Seq covered almost all meaningful genomic alterations,
such as SNV and CNV gain. The CAPP-Seq technique is
one of the most promising techniques for detecting
genomic alterations from a small fraction of genomic
DNA.18 This technique is able to suppress sequencing
errors while maximizing mutation detection, which has
made it possible to detect somatic mutations in less than
0.02% of DNA.19 Because the spatial heterogeneity of the
tumor is one of the main mechanisms underlying resis-
tance to EGFR TKI,46,47 a ccfDNA analysis outperforms a
tissue biopsy with respect to detecting somatic muta-
tions from various lesions of a patient’s body. Our
finding that the number of nonsynonymous mutations
was smaller in the rebiopsy samples than in the baseline
samples also supports the idea of clonal selection by
osimertinib therapy.

A discrepancy was noted in the present study be-
tween the tissue and liquid biopsy findings in one pa-
tient with an EGFR T790M and G796S mutations. In that
patient, neither the EGFR T790M mutation nor the
G796S mutation was detected from the ccfDNA analysis.
Nevertheless, because the allele frequency of EGFR
L858R in the ccfDNA of that patient was as low as
0.46%, this result may have merely been a false negative
caused by the quantity of ccfDNA derived from
osimertinib-resistant cells being too low to evaluate
properly.

EGFR-sensitizing mutations Del19 and L858R were
found in all but one patient by both a tissue biopsy and
ccfDNA analysis. The exceptional case had oligoprog-
ression disease that was being treated by surgery and
was still on osimertinib treatment. EGFR mutations in
ccfDNA reportedly fall below the limit of detection soon
after the initiation of EGFR TKIs.48 Considering the tu-
mor burden the exceptional case had, it is not surprising
that an EGFR T790M mutation was barely detected in
ccfDNA (allele frequency: 0.10%). Because this patient
had a BRAF V600E mutation, which has been reported to
be a rare mechanism of osimertinib resistance,49 a
therapeutic strategy targeting BRAF (e.g., dabrafenib and
trametinib) may be a treatment option for this patient.
Considering the technical difficulty and invasiveness of a
rebiopsy, ccfDNA may come to replace a tissue biopsy
when evaluating the mechanisms underlying resistance
and deciding on further therapy.

Several ongoing clinical trials are attempting to
inhibit acquired resistance to osimertinib. For example,
the EGFR C797S mutation can be overcome by mutant-
selective allosteric inhibitors,50,51 and more interest-
ingly, by first-generation TKIs. Combination treatment
with osimertinib and gefitinib in EGFR TKI-naive pa-
tients is ongoing (NCT03122717). Because of the het-
erogeneity in the mechanisms of resistance to
osimertinib, a biomarker-directed phase 2 study is
ongoing (NCT03944772). This study includes an um-
brella trial for known resistant mechanisms allocating
savolitinib for MET amplification and necitumumab for
EGFR amplification. More recently, the fourth-generation
EGFR TKI BLU-945 was developed to target triple-
mutant EGFR harboring either the activating L858R or
Del19 mutations combined with the acquired T790M
and C797S mutations; it was reported to have antitumor
activity in vivo.52 The publication of the results of these
studies is awaited.

The major limitation of this study is the small number
of cases analyzed (n ¼ 19), which is caused by the dif-
ficulty of performing a tissue biopsy for heavily treated
patients with lung cancer. To resolve this issue, a ccfDNA
analysis may be useful. Furthermore, because a tissue
biopsy requires additional efforts to be made before
advancing to the next treatment approach, it is difficult
to perform a tissue biopsy in patients with rapid disease
progression. This may have resulted in patients who
undertook a biopsy include a series of patient with slow
progression of disease. Indeed, many patients had a long
treatment history of EGFR TKIs and had received osi-
mertinib for a long time.

In conclusion, we investigated the mechanisms un-
derlying acquired resistance to osimertinib in patients
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with EGFR T790M mutations from paired tissue biopsies.
EGFR structural change was the most common cause of
acquired resistance to osimertinib in patients with lung
cancer with an EGFR T790M mutation. ccfDNA analyses
may replace tissue biopsies for detecting mechanisms of
resistance.
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