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ABSTRACT

Different growth kinetics occurring between the sensitive and T790M-containing
cells may result in the repopulation of tumor cells over time. Little information has
\HW EHHQ XQFRYHUHG RQ ZKHWKHU UHELRSV\ WLPLQJ LQAXHQFHV WKH 7
rate. We enrolled a total of 98 epidermal growth factor receptor (EGFR)-mutant lung
adenocarcinoma patients, who had a history of acquired resistance to EGFR-tyrosine
kinase inhibitor (TKI) and available rebiopsy tumor specimens for reassessment of
EGFR PXWDWLRQV 5HELRSV\ ZDV SHUIRUPHG DW WKH WLPH RI ¢UVW (*)5 7., SURJ
54 patients (55.1%0); for the other 44 patients (44.9%0), rebiopsy was done with an
LQWHUYDO IURP ¢UVW (*)5 7., SURJUHVVLRQ PHGLDQ GD\V UDQJH G
2XU UHVXOWYV LQGLFDWHG WKDW UHELRSV\ WLPLQJ GLG QRW LQAXHQFH WK
7 0 DQG WKDW WKH PXWDWLRQ FRXOG EH LGHQWL{HG LQ SDWLHQWYV ZLWK I
free interval. For patients without suitable lesions for rebiopsy at the time of EGFR-
TKI progression, an attempt to rebiopsy should be considered during the subsequent
treatment courses.
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INTRODUCTION

Lung cancer is the leading cause of cancer-related
death worldwide [1]. Over a recent decade, its treatment
has been focused on the personalization of lung cancer
therapy, which depends on patient-specific characteristics,
including the histological and molecular typing [2, 3].
Epidermal growth factor receptor (EGFR) mutation is
the most common oncogenic driver in East Asians with
lung cancer [4, 5]. As EGFR-tyrosine kinase inhibitor
(TKI) can provide a better efficacy and quality of life to
the patients, it has emerged as one of the most important
therapies among non-small cell lung cancer (NSCLC)
patients harboring activating EGFR mutations [6-8].

Although most of the NSCLC patients who have
sensitive EGFR-mutations initially experience a good
response to EGFR-TKI, acquired resistance inevitably
occurs which leads to a progression of the disease [9, 10].
Various mechanisms have been identified to be associated
with acquired resistance, where the most common is a
secondary EGFR mutation that involves a substitution
of threonine to methionine at codon 790 (T790M),
which accounts for 50-60% of the acquired resistance
mechanisms [11, 12]. Currently, rebiopsy is recommended
to confirm the emergence of T790M mutation because of
its important role in the prediction of subsequent outcome
and the efficacy of third generation EGFR-TKIs [13, 14].

Most previous studies analyzed the T790M mutation
at the time that resistance was acquired [11, 12, 15]. Since
the T790M-containing resistant cells are believed to
grow more slowly than the sensitive cells, repopulation
of tumor cells with different growth kinetics, along with
restoration of EGFR-TKI sensitivity may occur after
EGFR-TKI withdraw [16]; hence, many studies reported
that the presence of T790M mutation is associated with
a more favorable outcome among patients with acquired
resistance to EGFR-TKI [13, 17, 18]. It is still unknown
whether rebiopsy timing and the phenomenon of tumor
cells repopulation will influence the detection rate of
T790M. We conducted this study in order to evaluate
the association between patients’ characteristics and the
T790M mutation rate, which focused on the impact of
rebiopsy timing.

RESULTS

Patient demographics

Between February 2014 and February 2016, a total
of 98 lung adenocarcinoma patients who had experienced
acquired resistance to EGFR-TKI and undergone tumor
rebiopsy were enrolled for analysis. The baseline
characteristics, including the condition of EGFR-TKI
treatment and rebiopsy, are shown in Table 1. The median
age of the patients was 57.5 years. Sixty-one patients
(62.2%) were female and 74 patients (75.5%) were non-

smokers. Exon 19 deletions (19Del) and exon 21 L858R
were the most common mutation types. Another 4 patients
(4.1%) harbored other mutation types and 2 of those were
complex mutations involving 19Del or L858R. Most
patients (83.7%) received EGFR-TKI as the first line of
therapy and 29 patients (29.6%) received more than 1
EGFR-TKISs before rebiopsy.

Rebiopsy was performed at the time of first EGFR-
TKI progression in 54 patients (55.1%), while for the
other patients (44.9%), rebiopsy was performed with an
interval from first EGFR-TKI progression (median 470.5
days, range 46-1742 days). Seventy-eight patients (79.6%)
were still receiving EGFR-TKI at the time of rebiopsy
and of those, 58 patients were under the first EGFR-
TKI treatment (including 4 patients kept EGFR-TKI
beyond progression with add-on chemotherapy) and 20
patients were with EGFR-TKI retreatment. Rebiopsy was
performed via metastatic sites in 69 patients (70.4%). The
location of rebiopsy involved lesions within the thorax,
which meant that the rebiopsy results came from the
primary lung tumor or the M1a metastatic lesions, in 70
patients (71.4%). The types of rebiopsy specimens were
histological in 57 patients (58.2%) and cytological in 41
patients (41.8%).

Initial and rebiopsy EGFR mutation status

The initial and rebiopsy £EGFR mutation status are
summarized in Table 1 and Figure 1. 19Del and L858R
accounted for 59.2% and 36.7% of baseline EGFR
mutations, respectively. Other mutations included 1
G719S, 1 L861Q, and 2 complex mutations (19Del +
G719S and 19Del + L858R). In the rebiopsy specimens,
54 patients (55.1%) were found to be positive for T790M
mutation. Of which, all 54 patients contained original
mutations with an acquisition of T790M, while 2 of them
obtained one more other mutations (1 with add-on G719A
and 1 with add-on Ins20). Thirty-three patients (33.7%)
only harbored original mutations and 11 patients (11.2%)
were EGFR-wild type.

T790M mutation and EGFR-TKI treatment
condition

Univariate analyses with regards to the patients’
characteristics along with the condition of EGFR-TKI
treatment are summarized in Table 2. Neither patients’
characteristics nor the efficacy of EGFR-TKI treatment
were significantly associated with the emergence of T790M
mutation. Of note, patients with L§58R mutation and those
treated with erlotinib initially displayed a trend towards
a lower T790M mutation rate. However, their P values
were not significant (P = 0.118 and 0.164, respectively).
In the present study, 29 (29.6%) patients have received
more than 1 EGFR-TKI treatment before rebiopsy. In the
subgroup analysis on the remaining 69 patients, who have
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Table 1: Patients’ demographic data and characteristics

Characteristics n=98

Age, median (range) (yrs) 57.5 (30-83)
Gender, n (%)

Male 37 (37.8)

Female 61 (62.2)
Smoking status, 7 (%)

Non-smokers 74 (75.5)

Former and current smokers 24 (24.5)
Baseline EGFR mutations, n (%)

Exon 19 deletions 58 (59.2)

Exon 21 L858R 36 (36.7)

Others? 4 (4.1)
First EGFR-TKI regimen, n (%)®

Gefitinib 55 (56.1)

Erlotinib 39 (39.8)

Afatinib 4(4.1)
Initial EGFR-TKI treatment, n (%)°

First line 82 (83.7)

Second line or later 16 (16.3)
Total EGFR-TKI(s) treatment, #n (%)

1 69 (70.4)

2o0r3 29 (29.6)
Rebiopsy timing (1), n (%)°

At first EGFR-TKI PD 54 (55.1)

With interval from first EGFR-TKI PD 44 (44.9)
Rebiopsy timing (2), n (%)

With EGFR-TKI treatment at rebiopsy 78 (79.6)

Without EGFR-TKI treatment at rebiopsy 20 (20.4)
Rebiopsy location (1), n (%)

Primary tumor 29 (29.6)

Metastatic site(s) 69 (70.4)
Rebiopsy location (2), 7 (%)

Within thorax 70 (71.4)

Out of thorax 28 (28.6)
Rebiopsy specimens, 7 (%)

Histology 57 (58.2)

Cytology 41 (41.8)

- Fluid -35(85.4)

- Not-fluid - 6(14.6)

EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; PD, disease progression.

‘Include complex mutations involving 19Del or L858R.

*Denote the 1st treated EGFR-TKI; 29 (29.6%) patients have received more than 1 EGFR-TKISs treatment before rebiopsy.
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only received 1 EGFR-TKI, there were still no signs of a
significant association between the T790M mutation rate
and EGFR-TKI regimens (P = 0.203).

T790M mutation and rebiopsy condition

Univariate analyses with regards to the rebiopsy
condition are summarized in Table 3. Our results suggested
that the rebiopsy timing, location, and types of specimens
did not significantly influence the T790M mutation rate.
In the case of rebiopsy timing, we evaluated the interval
between rebiopsy and progression to initial EGFR-TKI,
the best response to treatments after initial EGFR-TKI
progression, and whether or not patients continued
receiving EGFR-TKI treatment at the time of rebiopsy. We
discovered that none of them were significantly associated
with the T790M detection rate (P = 1.000, 1.000, and
0.802, respectively).

Long-term existence of T790M after progression
to initial EGFR-TKI treatment

Figure 2 demonstrates the treatment course and
serial EGFR mutation status of a 66 year-old man
experiencing advanced lung adenocarcinoma. The patient
achieved a partial response with gefitinib treatment and
T790M was “acquired” at the time of disease progression.
Second line therapy with chemotherapy also achieved a
partial response and the progression-free survival (PFS)
was 13.6 months. At the time of disease progression to
chemotherapy, a recheck of EGFR mutation status over
right pleural effusion still yielded T790M mutation,
despite a long EGFR-TKI-free period (409 days) and
an experience of objective response to chemotherapy.
This phenomenon suggested that T790M might exist in
the long-term even for patients experiencing an interval
from progression to EGFR-TKI and who lack the

continuing selection pressure of EGFR-TKI treatment. In
the present study, a total of 20 patients were not under
EGFR-TKI treatment at the time of rebiopsy and their
median interval from the progression to initial EGFR-TKI
treatment was 325 days (range 74—818 days). The best
responses to treatment during this period were 4 with
partial response, 14 with stable disease, and 2 with
progressive disease. The T790M detection rate among
this subgroup was 60.0%, which was similar to that of the
overall population. The median EGFR-TKI free interval
was 221 days (range 38—657 days). There were 9, 3, and
1 patient(s) having detectable T790M after an EGFR-TKI
free interval more than 180, 360, and 540 days (longest as
657 days), respectively. In multivariate analysis (Table 4),
rebiopsy timing did not influence the detection rate of
T790M mutation, either in the overall population or in
the subgroup patients who received only 1 EGFR-TKI
(P =0.612 and 0.862, respectively). Similarly, the arca
under curve (AUC) in ROC curve analysis regarding the
association between the length of rebiopsy interval and
T790M detection rate (Supplementary Figure 1) was only
0.453 and 0.425, respectively. All these results suggested
that there is no significant association between the
rebiopsy timing and the detection rate of T790M mutation.

Dynamic T790M status in patients with more
than 1 rebiopsy specimens

In our study, there were 24 patients (24.5%) with
more than 1 rebiopsy specimens after progression to
first EGFR-TKI. The interval and treatment between
rebiopsies, type of specimens, and the dynamic
T790M status are summarized in Supplementary
Table 1. Rebiopsies were performed through the same
location in 11 patients (45.8%) and most of them were
pleural effusions. Of them, 18 patients (75.0%) had
identical T790M status between rebiopsies. Among the

G719S > G719S + G719A + T790M
19Del > 19Del + T790M + Ins20

G7198

19Del + G719S

19Del + L858R Othel’f, 2
L861Q 2.0%

Rebiopsy

T790M (%)
0 20

40 60

At 1st TKI PD

With interval

With TKI at
rebiopsy

Without TKI at
rebiopsy

Figure 1: Rebiopsy epidermal growth factor receptor (EGFR) mutation status and the association with rebiopsy timing
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Table 2: Univariate analysis of the association of rebiopsy T790M mutation with patients’
characteristics and the condition of EGFR-TKI treatment

Characteristics n T790M mutation (%) P value®
Age (yr) 0.839
<60 53 56.6
>60 45 53.3
Gender 1.000
Male 37 54.1
Female 61 55.7
Smoking status 0.159
Nonsmokers 74 59.5
Current/former smokers 24 41.7
Baseline EGFR mutations 0.118
Exon 19 deletions 58 62.1
Exon 21 L858R 36 41.7
Others® 4 75.0
Initial EGFR-TKI treatment® 0.280
First line 82 52.4
Second line or later 16 68.8
First EGFR-TKI regimen® 0.164
Gefitinib 55 61.8
Erlotinib 39 43.6
Afatinib 4 75.0
First EGFR-TKI response®¢ 0.767
PR 81 543
Durable SD 13 61.5
First EGFR-TKI PFS¢ 0.223
> 10 months 52 61.5
< 10 months 46 47.8
Total EGFR-TKI(s) treatment 0.824
1 69 56.5
2o0r3 29 51.7

EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; PR, partial response; SD, stable disease; PFS,

progression-free survival.
“By Fisher’s exact test.
®Include complex mutations involving 19Del or L858R.

‘Denote the 1st treated EGFR-TKI; 29 (29.6%) patients have received more than 1 EGFR-TKIs treatment before rebiopsy.

dExclude 4 patients with only evaluable disease.

6 patients with discordant T790M results, T790M became
undetectable in 4 patients and became detectable in
2 patients. Of note, 2 patients (patient #1 and #10) had
rebiopsies before and after AZD9291 treatment. Both
of them harbored 19Del+T790M before treatment. One
patient still had T790M mutation after AZD9291 treatment
but another patient did not have detectable T790M at

repeated rebiopsy. Locations of rebiopsy before and after
AZD9291 treatment were different in both patients.

DISCUSSION

As EGFR-TKI resistance in patients with EGFR-
mutant NSCLC is one type of a “therapy-dependent”
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Table 3: Univariate analysis of the association of rebiopsy T790M mutation with rebiopsy condition

Characteristics n T790M mutation (%) P value®
Rebiopsy timing (1) 1.000
At first EGFR-TKI progression 54 55.6
With interval from first EGFR-TKI PD 44 54.5 1.000¢
- Post-PD best response PR - 11 - 545
- Post-PD best response SD/PD -33 —54.5
Rebiopsy timing (2) 0.802
With EGFR-TKI treatment at rebiopsy 78 53.8
Without EGFR-TKI treatment at rebiopsy 20 60.0
Rebiopsy location (1) 0.266
Primary tumor 29 44.8
Metastatic site(s) 69 59.4
Rebiopsy location (2) 0.509
Within thorax 70 52.9
Out of thorax 28 60.7
Rebiopsy specimens 0.681
Histology 57 52.6
Cytology 41 58.5 0.373¢
- Fluid —-35 —543
- Non-fluid - 6 —83.3

EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitor; PD, disease progression; PR, partial response; SD,

stable disease.
“By Fisher’s exact test.

®Denote the association with 1st treated EGFR-TKI; 29 (29.6%) patients have received more than 1 EGFR-TKIs treatment

before rebiopsy.

‘Compare the yield rate of rebiopsy T790M mutation among subgroup with interval from EGFR-TKI PD, which were
stratified according to the best response to treatments between EGFR-TKI progression and rebiopsy.
dCompare the yield rate of rebiopsy T790M mutation among cytology subgroup.

clinical condition, acquired resistance is defined as
being progressive “while” receiving EGFR-TKI [9, 19].
Therefore, rebiopsy was done at the time of disease
progression in most studies [11, 12, 15], and the results
revealed that T790M has accounted for 50-60% of the
resistance mechanisms. Previous studies have shown the
different growth kinetics between EGFR-TKI sensitive and
resistant cells, which implies that the T790M-containing
resistant cells would grow more slowly. Based on the
“tumor cells repopulation” hypothesis, several clinical
phenomenons were reported, including the restoration of
EGFR-TKI sensitivity after EGFR-TKI withdrawal [15],
disease flare after discontinuation of EGFR-TKI [20], and
a better outcome for T790M-mutant patients [17]. Since
the cancer genome is heterogencous, can evolve over
time, and also interacts with different treatments [21]; it
remains unclear whether rebiopsy timing will influence
the detection rate of T790M. In the present study, our
results provided the evidence that there was no significant

association between the rebiopsy timing and the T790M
detection rate.

T790M can confer a substantial enhancement of
kinase activity when combined with the characteristic
EGFR activating mutations [22, 23]. In animal
models, mice expressing the T790M mutation in type
II pneumocytes alone were shown to develop lung
adenocarcinoma [24]. Moreover, germline T790M
mutation was reported to be associated with an inherited
susceptibility to lung adenocarcinoma in a family with
multiple members suffering from lung cancer [25].
Recently, the promising efficacy of the third generation
EGFR-TKIs also bolstered T790M as an actionable
driver [14, 26]. In the present study, we showed that
T790M mutation may exist long-term even in patients
experiencing a long EGFR-TKI-free interval. All these
data suggest that T790M is not only a cause of acquired
resistance of EGFR-TKI but also offers significant
oncogenic activity.
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Little is known about the T790M mutagenesis and
it remains doubtful whether T790M previously existed
as a minor clone before treatment or evolved during the
course of EGFR-TKI treatment. Several studies have
independently identified pre-treatment T790M and
suggested that it is a poor outcome predictor of EGFR-TKI
treatment [27-29]. A study by Hata et al. suggested that
T790M could both pre-exist and evolve from the drug-
tolerant cells, and that the different mechanisms may
result in distinct efficacy of third generation EGFR-TKI
treatment [30]. Despite the promising efficacy of third
generation EGFR-TKIs in T790M-mutant patients [14, 26],
primary resistance did exist, which hinted that T790M
is not a homogeneous status and can coexist with other
resistance mechanisms [31, 32]. Cancer genomes can vary
over time. Although T790M mutation can be detected in
various timings, how it interferes with the outcome of
third generation EGFR-TKI treatment requires further
investigation.

The T790M mutation rate in our cohort was 55.1%,
which was similar to that of previous studies [11-13, 17].
By comparison, our cohort was relatively homogeneous
because of the pure adenocarcinoma histology and Asian
ethnicity. Similarly, in the study by Hata et al., there was
also no significant difference in the T790M mutation rate,
whether the rebiopsy was performed within 4 months
of EGFR-TKI failure or not [13]. Herein, we further
disclosed that the T790M detection rate would not be
reduced even for patients experiencing an objective
response to post-EGFR-TKI therapies, or in patients not

120%

100%

19Del: E746_A750

(neck lymph node)

19Del + T790M
(pleural effusion)

continuing selection pressure of EGFR-TKI treatment. For
patients without suitable lesions for rebiopsy at the time of
EGFR-TKI progression, an attempt to rebiopsy should be
considered during the subsequent treatment courses.

In the present study, we also evaluated the role of
the patients’ demographics and the EGFR-TKI treatment
condition in the prediction of T790M mutation and
disclosed that all of the patient characteristics, baseline
EGFR mutation types, EGFR-TKI regimens, EGFR-TKI
efficacy, line of EGFR-TKI treatment, and total EGFR-TKI
exposures did not affect the T790M detection rate. These
results were similar to that of previous studies [13, 17],
and suggested that T790M mutation cannot be predicted
solely through clinical characteristics. As T790M can
serve as an important prognostic factor, while also
predicting the efficacy of third generation EGFR-TKI,
rebiopsy should be considered for all patients experiencing
disease progression to EGFR-TKI treatment.

Our previous study has demonstrated that plasma
EGFR mutation status can be dynamically assessed and also
serve as an independent outcome predictor of EGFR-TKI
therapy [33]. Theoretically, this concept can also be
applied in both T790M detection and third generation
EGFR-TKI therapy. By now, only a small subset of
patients are considered feasible for rebiopsy due to the
limitation of anatomical locations, risk of rebiopsy, and
limited medications that can be directed by rebiopsy [34];
hence, liquid biopsy is a better alternative for obtaining the
information on the dynamics of T790M status. Recently,
studies by Sueoka-Aragane et al. and Zheng et al. both

19Del + T790M
(pleural effusion)
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Figure 2: Case presentation demonstrated the long-term existence of T790M after an objective response to
chemotherapy and a long EGFR-TKI-free period (PR, partial response; PFS, progression-free survival).
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Table 4: Multivariate analysis of the rebiopsy timing and T790M mutation

Rebiopsy timing Odds ratio 95% CI P value®
All patients (n = 98)
Univariate analysis
At first EGFR-TKI PD vs. with interval 1.04 0.47-2.32 0.920
Multivariate analysis
At first EGFR-TKI PD vs. with interval 1.23 0.50-3.01 0.651°
1.58 0.27-9.09 0.612¢
Patients received only 1 EGFR-TKI (n = 69)
Univariate analysis
At EGFR-TKI PD vs. with interval 1.20 0.38-3.84 0.759
Multivariate analysis
At EGFR-TKI PD vs. with interval 1.21 0.32-4.56 0.774¢
1.13 0.29-4.41 0.862¢

PD, disease progression.
“By logistic regression analysis model.

®Adjusted by smoking status, baseline EGFR mutations, line of first EGFR-TKI treatment, EGFR-TKI PFS, and rebiopsy

location.

‘Adjusted by all factors regarding with patients’ characteristics, rebiopsy condition, and EGFR-TKI treatment condition
(EGFR-TKI regimen was not included because 29.6% patients have been treated with 2 or more EGFR-TKIs).
4Adjusted by smoking status, baseline EGFR mutations, EGFR-TKI regimen, line of first EGFR-TKI treatment, EGFR-TKI

PFS, and rebiopsy location.

¢Adjusted by all factors regarding with patients’ characteristics, rebiopsy condition, and EGFR-TKI treatment condition.

disclosed that T790M can be detected in plasma before
and after clinical progression to EGFR-TKI and act as a
poor prognostic factor [35, 36]. However, the detection
sensitivity is not at a high enough level and the correlation
with the efficacy of third generation EGFR-TKI treatment
was lacking. The impact on the outcome of upcoming
third generation EGFR-TKI therapy era due to the
discrepancy between plasma and rebiopsy tumor T790M
status requires further evaluation.

In the present study, the rebiopsy EGFR status of
11.2% patients were wild type, which meant that some
of the EGFR mutations could disappear after EGFR-TKI
treatment. This phenomenon could also be observed during
the T790M-targeted therapy. In a study by Piotrowska et al.,
half of T790M-mutant NSCLC patients were T790M-wild
type upon progression to rociletinib treatment [37], which
underlies the importance of tumor heterogeneity.

The major limitation we have encountered is the
retrospective nature of the present study. Rebiopsy could
be performed in only 14% of progression patients even
within a prospective, observational study [35]. In clinical
practice, the results from a small number of patients who
are able to receive rebiopsy might not completely reflect
the actual conditions of general population. Previous
studies have suggested the “wax and wane” nature of
T790M mutation [11, 31, 38], and part of our patients also
had discordant T790M status between repeated rebiopsies.
By now, much remained unknown about the nature of

T790M mutagenesis. Because of the potential limitations
caused by various sensitivity of detection methods,
quality of rebiopsy specimens, and the effect of tumor
heterogeneity, further prospective studies are needed to
clarify whether the T790M mutation is “gain-and-loss” or
“detectable-and-undetectable” during the treatment course.
Although our data were collected retrospectively, we tried
to ensure the validity of patients’ characteristics, along
with the correlation between treatment course and T790M
mutation status.

In conclusion, our results showed that rebiopsy
timing did not influence the detection rate of T790M and
that the mutation could be identified in patients with a long
EGFR-TKI-free interval. We suggested that T790M could
exist long-term after progression to EGFR-TKI therapy,
while serving as a significant oncogenic driver.

MATERIALS AND METHODS

Patients

We retrospectively analyzed lung cancer patients
who were diagnosed and treated at Taichung Veterans
General Hospital (TCVGH) between February 2014 and
February 2016. To be eligible for participation in the study,
patients were required to have pathologically confirmed
advanced stage lung adenocarcinoma, known sensitive
EGFR mutations (including exon 18 G719X, exon 19
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deletions, exon 21 L858R, and exon 21 L861Q) in pre-
EGFR-TKI treatment tumor specimens, a history of EGFR-
TKI therapy, and available rebiopsy tumor specimens for
re-assessment of their EGFR mutation status. Moreover,
all patients had to fall into the clinical definition of
acquired resistance to EGFR-TKI [9]. Patients were
excluded if they had lung tumor with doubtful origin, other
active malignancies, a primary resistance to EGFR-TKI,
or T790M mutation in pre-EGFR-TKI treatment tumor
specimens.

Clinical data for analysis included patients’ age,
gender, smoking status, EGFR-TKI and chemotherapy
treatment condition, rebiopsy condition, and EGFR
mutation status. Unidimensional measurement as defined
by the Response Evaluation Criteria in Solid Tumors
(Version 1.1) was implemented in this study [39].

EGFR mutation analysis

Tumor specimens were collected and procured for
EGFR mutation analysis as previously described [28, 40].
The detection method used in this study was Matrix-
Assisted-Laser-Desorption-Ionization Time-of-Flight mass
spectrometry (MALDI-TOF MS). The detection spectrum
of MALDI-TOF MS is summarized in Supplementary
Table 2. We performed the testing according to the
instructions provided by the MassARRAY® system
(Sequenom, San Diego, CA). With respect to the
biochemical reaction, PCR was used to amplify the region
containing the tyrosine kinase domain of the EGFR exons
18, 19, 20, and 21. A single nucleotide extension was then
performed by primers and corresponding detection probes
to amplify the region containing each target mutation. After
SpectroClean Resin clean up, samples were loaded onto
the matrix of SpectroCHIP® by Nanodispenser (Matrix)
and then analyzed by Bruker Autoflex MALDI-TOF MS.
Data was collected and analyzed by Typer4 software
(Sequenom, San Diego, CA). All the tests were performed
by ISO15189-certified TR6 Pharmacogenomics Lab
(PGL), National Research Program for Biopharmaceuticals
(NRPB), at the National Center of Excellence for Clinical
Trial and Research of NTUH.

Statistical methods

Univariate analysis by Fisher’s exact test was
conducted on the frequency of T790M mutation in order to
evaluate the effects of clinical factors relating to patients’
characteristics, the EGFR-TKI treatment condition,
and rebiopsy condition. With regard to rebiopsy timing,
patients who had received treatment other than EGFR-TKI
between the first EGFR-TKI progression and rebiopsy
were defined as “with interval from first EGFR-TKI
progression” and vice versa. Patients who had continued
receiving EGFR-TKIs treatment within 1 month before
rebiopsy, were defined as “with EGFR-TKI treatment at

rebiopsy” and vice versa. A logistic regression model was
used to evaluate the impact of rebiopsy timing and the
T790M mutation rate. A receiver-operating characteristic
(ROC) curve was constructed to evaluate the impact of
the interval between the first EGFR-TKI progression
and rebiopsy in the predicting of T790M mutation. All
statistical tests were done with SPSS 15.0 (SPSS Inc.,
Chicago, IL, USA). Two-tailed tests and p values < 0.05
for significance were used.

ACKNOWLEDGMENTS

The study was conducted by the members of
Taiwan Clinical Trial Consortium for Lung Cancer. We
would like to thank the Comprehensive Cancer Center
of Taichung Veterans General Hospital for assisting with
data collection and management and also thank the NRPB
Pharmacogenomics Lab and the NCFPB Integrated Core
Facility for Functional Genomics for their technical support.

CONFLICTS OF INTEREST

We declare no conflicts of interest.

GRANT SUPPORT

Supported by grants from Ministry of Science
and Technology (MOST), Taiwan, R.O.C., MOST104-
2325-B-002-034, MOST103-2325-B-002-023, and
MOST103-2325-B-002-026 (S.L.Y, GCC).

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA
Cancer J Clin. 2015; 65:5-29.

Reck M, Heigener DF, Mok T, Soria JC, Rabe KF.
Management of non-small-cell lung cancer:
developments. Lancet. 2013; 382:709-719.

Rosell R, Bivona TG, Karachaliou N. Genetics and
biomarkers in personalisation of lung cancer treatment.
Lancet. 2013; 382:720-731.

HsuKH, Ho CC, Hsia TC, Tseng JS, SuKY, Wu MF, ChiuKL,
Yang TY, Chen KC, Ooi H, Wu TC, Chen HJ, Chen HY, et al.
Identification of five driver gene mutations in patients with

recent

treatment-naive lung adenocarcinoma in Taiwan. PloS one.
2015; 10:e0120852.

5. Shi Y, Au JS, Thongprasert S, Srinivasan S, Tsai CM,
Khoa MT, Heeroma K, Itoh Y, Cornelio G, Yang PC.
A prospective, molecular epidemiology study of EGFR
mutations in Asian patients with advanced non-small-cell
lung cancer of adenocarcinoma histology (PIONEER).
Journal of thoracic oncology. 2014; 9:154-162.

Lee CK, Brown C, Gralla RJ, Hirsh V, Thongprasert S,
Tsai CM, Tan EH, Ho JC, Chu da T, Zaatar A, Osorio

www.impactjournals.com/oncotarget

48067

Oncotarget



10.

11.

13.

14.

15.

Sanchez JA, Vu VV, Au JS, et al. Impact of EGFR inhibitor
in non-small cell lung cancer on progression-free and
overall survival: a meta-analysis. Journal of the National
Cancer Institute. 2013; 105:595-605.

. Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, Saijo N,

Sunpaweravong P, Han B, Margono B, Ichinose Y,
Nishiwaki Y, Ohe Y, Yang JJ, et al. Gefitinib or carboplatin-
paclitaxel in pulmonary adenocarcinoma. The New England
journal of medicine. 2009; 361:947-957.

Thongprasert S, Duffield E, Saijo N, Wu YL, Yang JC,
Chu DT, Liao M, Chen YM, Kuo HP, Negoro S, Lam KC,
Armour A, Magill P, et al. Health-related quality-of-life in
a randomized phase III first-line study of gefitinib versus
carboplatin/paclitaxel in clinically selected patients from
Asia with advanced NSCLC (IPASS). Journal of thoracic
oncology. 2011; 6:1872—1880.

Jackman D, Pao W, Riely GJ, Engelman JA, Kris MG,
Janne PA, Lynch T, Johnson BE, Miller VA. Clinical
definition of acquired resistance to epidermal growth factor
receptor tyrosine kinase inhibitors in non-small-cell lung
cancer. Journal of clinical oncology. 2010; 28:357-360.

West H, Oxnard GR, Doebele RC. Acquired resistance to
targeted therapies in advanced non-small cell lung cancer:
new strategies and new agents. American Society of
Clinical Oncology educational book. 2013; doi: 10.1200/
EdBook AM.2013.33.e272.

Sequist LV, Waltman BA, Dias-Santagata D, Digumarthy S,
Turke AB, Fidias P, Bergethon K, Shaw AT, Gettinger S,
Cosper AK, Akhavanfard S, Heist RS, Temel J, et al.
Genotypic and histological evolution of lung cancers
to EGFR
translational medicine. 2011; 3:75ra26.

acquiring resistance inhibitors. Science

. Yu HA, Arcila ME, Rekhtman N, Sima CS, Zakowski MF,

Pao W, Kris MG, Miller VA, Ladanyi M, Riely GJ. Analysis
of tumor specimens at the time of acquired resistance to
EGFR-TKI therapy in 155 patients with EGFR-mutant lung
cancers. Clinical cancer research. 2013; 19:2240-2247.

Hata A, Katakami N, Yoshioka H, Takeshita J, Tanaka K,
Nanjo S, Fujita S, Kaji R, Imai Y, Monden K, Matsumoto T,
Nagata K, Otsuka K, et al. Rebiopsy of non-small cell lung
cancer patients with acquired resistance to epidermal growth
factor receptor-tyrosine kinase inhibitor: Comparison
between T790M mutation-positive and mutation-negative
populations. Cancer. 2013; 119:4325-4332.

Janne PA, Yang JC, Kim DW, Planchard D, Ohe Y,
Ramalingam SS, Ahn MJ, Kim SW, Su WC, Horn L,
Haggstrom D, Felip E, Kim JH, et al. AZD9291 in EGFR
inhibitor-resistant non-small-cell lung cancer. The New
England journal of medicine. 2015; 372:1689-1699.
Arcila ME, Oxnard GR, Nafa K, Riely GJ, Solomon SB,
Zakowski MF, Kris MG, Pao W, Miller VA, Ladanyi M.
Rebiopsy of lung cancer patients with acquired resistance
to EGFR inhibitors and enhanced detection of the T790M
mutation using a locked nucleic acid-based assay. Clinical
cancer research. 2011; 17:1169-1180.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Chmielecki J, Foo J, Oxnard GR, Hutchinson K, Ohashi K,
Somwar R, Wang L, Amato KR, Arcila M, Sos ML,
Socci ND, Viale A, de Stanchina E, et al. Optimization
of dosing for EGFR-mutant non-small cell lung cancer
with evolutionary cancer modeling. Science translational
medicine. 2011; 3:90ra59.

LiW,Ren S, LiJ,LiA, Fan L, Li X, Zhao C, He Y, Gao G,
Chen X, Li S, Shi J, Zhou C, et al. T790M mutation
is associated with better efficacy of treatment beyond
progression with EGFR-TKI in advanced NSCLC patients.
Lung cancer. 2014; 84:295-300.

Oxnard GR, Arcila ME, Sima CS, Riely GJ, Chmielecki J,
Kris MG, Pao W, Ladanyi M, Miller VA. Acquired
resistance to EGFR tyrosine kinase inhibitors in EGFR-
mutant lung cancer: distinct natural history of patients with
tumors harboring the T790M mutation. Clinical cancer
research. 2011; 17:1616-1622.

Oxnard GR, Arcila ME, Chmielecki J, Ladanyi M, Miller VA,
Pao W. New strategies in overcoming acquired resistance to
epidermal growth factor receptor tyrosine kinase inhibitors in
lung cancer. Clinical cancer research. 2011; 17:5530-5537.

Chaft JE, Oxnard GR, Sima CS, Kris MG, Miller VA,
Riely GJ. Disease flare after tyrosine kinase inhibitor
discontinuation in patients with EGFR-mutant lung cancer
and acquired resistance to erlotinib or gefitinib: implications
for clinical trial design. Clinical cancer research. 2011;
17:6298-6303.

Sabaawy HE. Genetic Heterogeneity and Clonal Evolution
of Tumor Cells and their Impact on Precision Cancer
Medicine. Journal of leukemia. 2013; 1:1000124.

Godin-Heymann N, Bryant I, Rivera MN, Ulkus L, Bell DW,
Riese DJ, 2nd, Settleman J, Haber DA. Oncogenic activity
of epidermal growth factor receptor kinase mutant alleles is
enhanced by the T790M drug resistance mutation. Cancer
research. 2007; 67:7319-7326.

Mulloy R, Ferrand A, Kim Y, Sordella R, Bell DW, Haber DA,
Anderson KS, Settleman J. Epidermal growth factor
receptor mutants from human lung cancers exhibit enhanced
catalytic activity and increased sensitivity to gefitinib.
Cancer research. 2007; 67:2325-2330.

Regales L, Balak MN, Gong Y, Politi K, Sawai A, Le C,
Koutcher JA, Solit DB, Rosen N, Zakowski MF, Pao W.
Development of new mouse lung tumor models expressing
EGFR T790M mutants associated with clinical resistance to
kinase inhibitors. PloS one. 2007; 2:e810.

Bell DW, Gore I, Okimoto RA, Godin-Heymann N,
Sordella R, Mulloy R, Sharma SV, Brannigan BW,
Mohapatra G, Settleman J, Haber DA. Inherited
susceptibility to lung cancer may be associated with the
T790M drug resistance mutation in EGFR. Nature genetics.
2005; 37:1315-1316.

Sequist LV, Soria JC, Goldman JW, Wakelee HA, Gadgeel SM,
Varga A, Papadimitrakopoulou V, Solomon BJ, Oxnard GR,
Dziadziuszko R, Aisner DL, Doebele RC, Galasso C, et al.

WWw

.impactjournals.com/oncotarget

48068

Oncotarget



27.

28.

29.

30.

31.

32.

33.

Rociletinib in EGFR-mutated non-small-cell lung cancer. The
New England journal of medicine. 2015; 372:1700—1709.

Chen LY, Molina-VilaMA, Ruan SY, SuKY, Liao WY, YuKL,
Ho CC, Shih JY, Yu CJ, Yang JC, Rosell R, Yang PC.
Coexistence of EGFR T790M mutation and common
activating mutations in pretreatment non-small cell lung
cancer: A systematic review and meta-analysis. Lung
cancer. 2016; 94:46-53.

Su KY, Chen HY, Li KC, Kuo ML, Yang JC, Chan WK,
Ho BC, Chang GC, Shih JY, Yu SL, Yang PC. Pretreatment
epidermal growth factor receptor (EGFR) T790M mutation
predicts shorter EGFR tyrosine kinase inhibitor response
duration in patients with non-small-cell lung cancer. Journal
of clinical oncology. 2012; 30:433—440.

Yu HA, Arcila ME, Hellmann MD, Kris MG, Ladanyi M,
Riely GJ. Poor response to erlotinib in patients with tumors
containing baseline EGFR T790M mutations found by
routine clinical molecular testing. Annals of oncology.
2014; 25:423-428.

Hata AN, Niederst MJ, Archibald HL, Gomez-Caraballo M,
Siddiqui FM, Mulvey HE, Maruvka YE, Ji F, Bhang HE,
Krishnamurthy Radhakrishna V, Siravegna G, Hu H,
Raoof S, et al. Tumor cells can follow distinct evolutionary
paths to become resistant to epidermal growth factor
receptor inhibition. Nature medicine. 2016; 22:262-269.
Hata A, Katakami N, Yoshioka H, Kaji R, Masago K, Fujita S,
Imai Y, Nishiyama A, Ishida T, Nishimura Y, Yatabe Y.
Spatiotemporal T790M Heterogeneity in Individual Patients
with EGFR-Mutant Non-Small-Cell Lung Cancer after
Acquired Resistance to EGFR-TKI. Journal of thoracic
oncology. 2015; 10:1553—-1559.

Suda K, Murakami I, Sakai K, Tomizawa K, Mizuuchi H,
Sato K, Nishio K, Mitsudomi T. Heterogeneity in resistance
mechanisms causes shorter duration of epidermal growth
factor receptor kinase inhibitor treatment in lung cancer.
Lung cancer. 2016; 91:36—40.

Tseng JS, Yang TY, Tsai CR, Chen KC, Hsu KH, Tsai MH,
Yu SL, Su KY, Chen JJ, Chang GC. Dynamic plasma EGFR
mutation status as a predictor of EGFR-TKI efficacy in
patients with EGFR-mutant lung adenocarcinoma. Journal
of thoracic oncology. 2015; 10:603—-610.

34.

35.

36.

37.

38.

39.

40.

Jekunen AP. Role of rebiopsy in relapsed non-small cell
lung cancer for directing oncology treatments. Journal of
oncology. 2015; 2015:809835.

Sueoka-Aragane N, Katakami N, Satouchi M, Yokota S,
Aoe K, Iwanaga K, Otsuka K, Morita S, Kimura S,
Negoro S, Hanshin-Saga Collaborative Cancer Study G.
Monitoring EGFR T790M with plasma DNA from lung
cancer patients in a prospective observational study. Cancer
science. 2016; 107:162-167.

Zheng D, Ye X, Zhang MZ, Sun Y, Wang JY, Ni J, Zhang HP,
Zhang L, Luo J, Zhang J, Tang L, Su B, Chen G, et al.
Plasma EGFR T790M ctDNA status is associated with
clinical outcome in advanced NSCLC patients with
acquired EGFR-TKI resistance. Scientific reports. 2016;
6:20913.

Piotrowska Z, Niederst MJ, Karlovich CA, Wakelee HA,
Neal JW, Mino-Kenudson M, Fulton L, Hata AN,
Lockerman EL, Kalsy A, Digumarthy S, Muzikansky A,
Raponi M, et al. Heterogeneity Underlies the Emergence
of EGFRT790 Wild-Type Clones Following Treatment of
T790M-Positive Cancers with a Third-Generation EGFR
Inhibitor. Cancer discovery. 2015; 5:713-722.

Kuiper JL, Heideman DA, Thunnissen E, Paul MA, van
Wijk AW, Postmus PE, Smit EF. Incidence of T790M
mutation in (sequential) rebiopsies in EGFR-mutated
NSCLC-patients. Lung cancer. 2014; 85:19-24.

Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH,
Sargent D, Ford R, Dancey J, Arbuck S, Gwyther S,
Mooney M, Rubinstein L, Shankar L, Dodd L, et al. New
response evaluation criteria in solid tumours: revised
RECIST guideline (version 1.1). European journal of
cancer. 2009; 45:228-247.

Tseng JS, Wang CL, Huang MS, Chen CY, Chang CY,
Yang TY, Tsai CR, Chen KC, Hsu KH, Tsai MH, Yu SL,
Su KY, Wu CW, et al. Impact of EGFR mutation detection
methods on the efficacy of erlotinib in patients with
advanced EGFR-wild type lung adenocarcinoma. PloS one.
2014; 9:¢107160.

www.impactjournals.com/oncotarget

48069

Oncotarget



