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TABLE 2. Distribution of Germline T790M Mutation Carriers
Stratified by Smoking Status, Gender, and Lung Cancer

Smoking Status Sex Case™® Control®

Ever smoker Male 1 5
Female 1 0

Never smoker Male 2 1
Female 9 3

“Out of 19 lung cancer cases, there are two cases with unknown sex and four cases
with unknown smoking status; overall, there are 13 cases with both sex and smoking
status known (Table 1). Although there are 10 mutation carriers, we do not know whether
the proband inherited the mutation from I:1 or I:2 (Figure 2), so we can confirm the
smoking status and gender in only nine controls.

#Case = Lung cancer arising in germiine T790M mutation carrier; control = germline
mutation carrier that has not developed lung cancer.

(ESs), which was significantly smaller (p = 6.2E-07) than the
expectation—a conservative estimate 0.81—in the general lung
cancer cases. The p-value remained significant (p = 7.4E-06)
even if the two cases of smokers with uncertain gender were
taken into account, that is, four out of 15 cases were ESs.

Prevalence of T790M Germline
Mutations in Lung Cancer Patients
and the General Population

We estimated the overall penetrance of the germline
mutation and its penetrance in both ESs and NSs without
regard to age by modeling the conditional probability of fam-
ily phenotypes and genotypes given the proband’s phenotype.
We estimate the penetrance to be 0.15 and 0.31 in ESs and
NSs, respectively, and the crude penetrance to be 0.23. We
examined 627 resected Japanese NSCLC lung cancers for the
presence of EGFR mutations before the onset of TKI or other
therapies. Of these cases, 553 were from frozen tissues (552
tumors, one malignant pleural effusion) and 74 from formalin-
fixed, paraffin-embedded materials of resected tumors. EGFR
mutations were detected in 209 of 627 samples (33.3%).
One patient harbored both L858R and an acquired T790M
mutation. We compared the reported prevalence of germline
T790M mutations in lung cancer patients in the United States
(5 of 503)"® with the prevalence in our Japanese cases (0 of
627) (Fisher’s exact test p-value = 0.017).

As germline T790M mutations predispose to the devel-
opment of lung cancer, the prevalence of germline muta-
tions in lung cancer cases may exceed the prevalence in the
general population. The T790M mutation was absent in the
1000 Genomes Project database? and in the genomes of 6503
individuals from the NHLBI GO Exome Sequencing Project
(http://evs.gs.washington.eduw/EVS/). Thus, without adjust-
ing for ethnicity, we estimate that the prevalence of germline
T790M mutations in the general population is less than 1 in
7500 subjects. Only one T790M germline mutation has been
identified during non-EGFR gene targeted sequencing—in a
patient with an unrelated malignancy.?®

DISCUSSION

As the rare germline T790M mutations predispose to
lung cancer, they represent a rare but interesting lung cancer
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familial predisposition gene. Based on the data learned from
our family, germline T790M is a major cancer predisposi-
tion gene, with an estimated 31% risk for lung cancer in NS
carriers. We report the investigation of several cases from a
single family, with the 29-year-old proband inheriting the
mutation maternally. As we obtained relevant family history
from several family members for five generations, and tested
for the germline mutation in members from three generations,
our family represents the most extensively studied pedigree
reported. We combined the family data with the scant pub-
lished literature data to summarize our current knowledge of
this familial form of lung cancer. Our review of the literature
was complicated by double reporting of some cases,*!” delib-
erate alteration of some patient data for confidentiality rea-
sons,'? and incorrect or difficult to interpret data from another
report (Supplemental data, Supplemental Digital Content,
http://links.lww.com/JTO/A545).2°

A comparison of lung cancers arising in patients with
sporadic activating mutations in the FGFR gene versus can-
cers arising in T790M carriers demonstrates similarities and
differences (Table 3). Germline T790M mutations are rare,
and, with the exception of family member testing, are almost
always detected during analysis of lung cancers for EGFR
mutations. As germline inheritance predisposes to lung can-
cer, the prevalence in lung cancer cases is likely to be higher
than in controls without cancer. Vikis et al.® sequenced the
probands of 237 families with predisposition to lung cancer,
but did not identify any germline T790M mutations, confirm-
ing that these mutations are very rare, even in families with
a genetic predisposition for lung cancer. Although approxi-
mately 1% of NSCLC cases have heterozygous germline
mutations, an analysis of public databases indicated that the
prevalence in the general population was probably less than
one in 7500. Although sporadic EGFR mutations are more
frequent in lung cancers arising in East Asian ethnicities, our
data from 627 Japanese cases indicated that the prevalence of
germline mutations in lung cancer cases in Japan was lower
than that reported for U.S. cases. To date, not a single case of
germline T790M mutation has been reported in East Asians.

Almost all of the lung cancers having acquired EGFR
mutations and those arising in T790M carriers have adeno-
carcinoma histology. While some sporadic adenocarcinomas
of the lung arise as multiple apparently independent tumors
and may be associated with multiple preinvasive lesions,*
these findings are characteristic of many inherited cancer syn-
dromes.?*32 We obtained computed tomography (CT) scans of
six of the germline mutation carriers, including the proband
and five unaffected carriers. The proband had multiple bilateral
ground glass and solid nodular lesions, histologically proven
to represent the entire spectrum of preneoplastic, preinvasive,
and microinvasive lesions associated with peripheral adeno-
carcinomas.”’ One or more subcentimeter solid or ground
glass nodules of uncertain etiology were identified in all the
unaffected carriers (Supplemental Table 2, Supplemental
Digital Content, http://links.lww.com/JTO/A545).

Females were overrepresented in the germline cases.
Female predominance is present in both lung cancers with
sporadic EGFR mutations and for germline T790M cases. Of
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the 22 lung tumors arising in 11 patients whose tumors had
EGFR gene sequencing, 16 (73%) had a second activating
mutation. Thus, the important gain-of-function properties of
these double mutants may explain their frequent presence in
lung cancers arising in T790M carriers. The median age of
the cancer cases was about 63 years, with our proband at 29
years being the youngest case identified. The median age for
the T790M cases is considerably higher than for breast cancer
development in BRCA carriers (median age, 40 yr), although
the age ranges are similar.*® Female predominance is present
in both lung cancers with sporadic EGFR mutations and for
germline T790M cases.

Perhaps the most interesting and unexpected finding of
our study was the effect of smoking status on the appearance
of lung cancer in germline carriers. The distribution between
smoking status in the germline carriers did not deviate from
the expected in the U.S. population. However, the distribu-
tion of smoking status among lung cancer cases indicated
a considerable, highly significant overrepresentation of NSs
(p = 3.2E-07), based on the expectation that 86% of lung
cancers in the United States arise in ESs.?* The calculations
are based on our proband being classified as an ES, even
though her lifetime tobacco exposure was 0.1 pack-years and
was highly unlikely to have contributed to the development
of her lung cancer. We estimated the penetrance to be 0.15

and 0.31 in ESs and NSs, respectively, and the crude pen- -

etrance to be 0.23. However, as we were unable to adjust for
age and given the small sample size, our estimates must be
interpreted with caution.

These findings are puzzling, as smoking is univer-
sally accepted as the major risk factor for lung cancer. Our
hypothetical explanation is illustrated in Figure 3. While the
T790M mutation is a weak oncogene by itself, when com-
bined with a common activating £GFR mutation such as
L858R, the oncogenic potential of both mutations is greatly
enhanced, and 73% of lung cancers arising in germline carri-
ers contained a second activating mutation. Multiple studies
have demonstrated that sporadic activating EGFR mutations
favor never smoking status and female gender.> KRAS muta-
tions, a major driver mutation in adenocarcinomas arising in
ESs, are mutually exclusive with EGFR mutations.>** Because
somatic mutations of EGFR and KRAS are mutually exclu-
sive, germline T790M mutations and KRAS mutations in ES
carriers may also be mutually exclusive. Thus, second acti-
vating £FGFR mutations in germline carriers may arise more
frequently in NSs and women and predispose to cancer devel-
opment. Of interest, both lung cancers with sporadic EGFR
mutations and the germline T790M cases favor female gen-
der, adenocarcinoma histology, and never smoking status.
However, one notable difference is the absence of reported
T790M germline mutations in those of East Asian ethnicity.

The management and prevention of lung cancers in
germline carriers present unusual and possibly controversial
options. The presence of the T790M mutation with or with-
out being accompanied by a more typical activating muta-
tion at presentation predicts for resistance to the standard
TKIs. The only germline cases reported to have received
TKI therapy were the two sisters reported by Tibaldi et al.,?
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FIGURE 3. Hypothetical mutation-driven pathways to NSCLC development in patients with and without germline T790M
mutations. In subjects without the germline mutation, the major pathways are via EGFR mutations (in NS) or via KRAS mutations
(in ES), although other driver mutations may occur in either group. Subjects with germline T790M mutations, a weak driver
mutation, usually require one or more other driver mutations for NSCLC development. In NS, the second mutation is usually
another EGFR mutation although other pathways may occasionally be activated. In ES, the presence of the germline EGFR gene
mutation and the smoking status decrease or preclude the possibility of developing a KRAS mutation, although alternative driver
mutations may occasionally occur. ES, ever smoker; NS, never smoker; NSCLC, non-smali-cell lung cancer.
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TABLE 3. Comparison of Lung Cancers Associated with Sporadic and Germline Mutations of EGFR Gene

Feature Sporadic Germline
Frequency Relatively common Exceedingly rare

Lung cancer type Mostly adenocarcinoma Mostly adenocarcinoma

Ethnic preference East Asian White?

Gender preference Female Female

Smoking status More frequent in never smokers More frequent in never smokers

Field cancerization effects Occasional

Presence of T790M Rare at initial diagnosis
Presence of second activating EGFR mutation Rare at initial diagnosis
Inheritance Not applicable
Penetrance Not applicable
Response to TKIs

Frequent initial response

Occasional®

Present at initial diagnosis (by definition)
Frequent at initial diagnosis

Dominant

May vary with smoke exposure®
Predicted to be resistant®

“Given the exceedingly rare prevalence of germline T790M mutations, several of the observations are tentative and need confirmation by study of further cases.

TKI, tyrosine kinase inhibitor.

who had partial responses. Thus, in the absence of another
known or suspected molecular target, conventional chemo-
therapy seems to be the preferred first-line therapy option.
Several newer third- and even fourth-generation TKIs have
entered clinical trial, and some were designed to overcome
T790M-mediated resistance®?> and offer the possibility of
effective targeted therapy in the future. Regular CT scans are
one method for the early detection of lung cancers develop-
ing in carriers, and the carriers in the family of our proband
are being offered this option. Clearly, optimal management
and prevention strategies will require more information
obtained from observation, prevention, and therapy of many
more carriers and cases. For these reasons, The Dana-Farber
Cancer Institute has initiated the “INHERIT EGFR study:
Investigating the hereditary risk from T790M” (http://clini-
caltrials.gov/ct2/show/NCT01754025).

CONCLUSIONS

Germline T790M mutations result in a very rare and
unique lung cancer hereditary syndrome that targets female
NSs. The risk of lung cancer development in never smoking
carriers is greater than the risk of heavy smokers with or with-
out the mutation. Unaffected carriers with this mutation are
at increased risk for developing lung cancer irrespective of
their smoking status and should be followed by increased sur-
veillance including low-dose CT scans. The resultant cancers
share several features with lung cancers containing sporadic
EGFR mutations and known or suspected differences.
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Abstract. The T790M mutation in the epidermal growth
factor receptor (EGFR) gene is known to be associated with the
acquired resistance of lung adenocarcinoma patients to EGFR-
tyrosine kinase inhibitors (EGFR-TKIs). The minor T790M
mutant allele is occasionally detected in EGFR-TKI-naive
tumor samples, yet findings concerning the clinical impact
of the minor T790M mutation vary among previous studies.
In the present study, we assessed the clinical impact of the
minor T790M mutation using a novel, highly sensitive assay
combining high-resolution melting (HRM), mutant-enriched
PCR and co-amplification at a lower denaturation temperature
(COLD)-PCR. We determined the T790M mutational status in
146 surgically resected lung adenocarcinomas without a history
of EGFR-TKI treatment using mutant-enriched COLD-HRM
(MEC-HRM) and standard HRM assays. The sensitivities
of the MEC-HRM and standard HRM assays for the detec-
tion of T790M-mutant alleles among wild-type alleles were
0.01 and 10%, respectively. Although the T790M mutation
was not detected using a standard HRM assay, we identified
19 (13%) T790M mutations using the MEC-HRM assay and
defined these 19 mutations as minor T790M mutations. The
proportion of T790M alleles was <0.1% in 17 (84%) of the 19
samples. Multivariate analyses revealed that a minor T790M
mutation was significantly associated with the presence of
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Abbreviations: HRM, high resolution melting; EGFR, epidermal
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polymorphism; COLD-PCR, CO-amplification at lower denaturation
temperature PCR; MEC-HRM, mutant-enriched COLD-HRM

Key words: T790M mutation, high resolution melting analysis,
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EGFR exon 19 deletions or the L858R mutation (both of which
are drug-sensitive EGFR mutations) (P=0.04). In conclusion,
the minor EGFR T790M mutations were present in 13% of
EGFR-TKI-naive surgically resected lung adenocarcinomas
and were associated with drug-sensitive EGFR mutations.

Introduction

Activating mutations of the epidermal growth factor receptor
(EGFR) gene are characteristic genetic alterations in non-
small lung cancer (NSCLC) patients, particularly in those with
lung adenocarcinomas (1-3). EGFR exon 19 deletions or the
exon 21 L858R mutation account for more than 90% of all
EGFR mutations (4,5). Of particular importance, these muta-
tions are known as predictors of a favorable clinical outcome
in response to treatment with EGFR-tyrosine kinase inhibi-
tors (EGFR-TKIs) (1,2). Although ~80% of NSCLC patients
with drug-sensitive EGFR mutations such as EGFR exon 19
deletions or the exon 21 L858R mutation initially show satis-
factory responsiveness to EGFR-TKI treatment (1,2), acquired
resistance to EGFR-TKIs occurs in most cases (6). Half of all
resistance to EGFR-TKIs is caused by an acquired T790M
mutation in exon 20 of the EGFR gene (7-9). The T790M
mutation has been reported to cause EGFR-TKI resistance by
sterically hindering the binding site of gefitinib and erlotinib,
two first-generation EGFR-TKIs (7), thereby causing a relative
decrease in binding with EGFR-TKIs (10).

The T790M mutation has been detected in some patients
who have not been treated with EGFR-TKIs (11-16). Since the
incidence of a T790M mutation has been reported to range
from 0.02 to 0.05% in all surgically resected NSCLC patients
based on studies using direct sequencing (2,17), it is difficult to
clarify the association due to the T790M mutation and clinico-
pathological factors because of the limitation in the number of
cases. Using highly sensitive assays, the clinical impact of the
minor T790M mutation in NSCLC patients with EGFR-TKI
treatment has been previously investigated (11,14,15). However,
the impact on EGFR-TKI-naive NSCLC patients has not been
adequately investigated (12,13,16). Recently, various therapies
to overcome the T790M mutation are being developed. These
include next generation EGFR-TKIs (18) and combination
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Figure 1. (A) Principle of the mutant-enriched COLD-HRM (MEC-HRM) assay. In the first step (left box), the upper box indicates the conventional PCR step
for the amplification of EGFR exon 20, including codon 790. The mismatched site of the AS1 primer to introduce the CGCG sequence (framed) is emphasized
with light gray shading. The exchanged bases are emphasized with bold print. An asterisk indicates the SNP site. The lower box indicates the step for the
selective digestion of the wild-type amplicon. The crosses are applied on reduced amplicons. After digestion, the product that includes the mutant amplicon
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the template product. The mismatched site of the S2 primer to diminish the influence of SNP is emphasized in light gray shading. The lower box indicates the
second step, which is a COLD-PCR step for the selective amplification of the mutant. The Td (78.0°C) was lower than Tm of the wild-type amplicon; thus, they
were not denatured and the primers were not annealed. The final products were analyzed using an HRM analysis.

therapies (19). Minor T790M mutated clones are enriched by
EGFR-TKI treatment (12,16); thus, early detection of a minor
T790M mutation using a highly sensitive assay may be useful
for predicting the cause of resistance to EGFR-TKIs and for
selecting optimum therapeutic strategies.

In the present study, we determined the T790M mutational
status using high-resolution melting (HRM) analysis combined
with mutant-enriched (12,20) and co-amplification at lower
denaturation temperature (COLD)-polymerase chain reactions
(PCRs) (21-24) to investigate the relationship between the
presence of minor T790M mutations and clinicopathological
factors in EGFR-TKI-naive lung adenocarcinoma patients
with pulmonary resection.

Materials and methods

Clinical samples, cell lines and DNA extraction. We studied
146 patients with lung adenocarcinomas who underwent
surgical resection without a preoperative history of EGFR-TKI
treatment at our institute between 2006 and 2009. Approval of
the Institutional Review Board and the informed consent of
each patient were obtained. After pulmonary resection, fresh
tissue was immediately frozen and stored at -80°C. DNA was
extracted from the frozen tissue using proteinase K treatment
followed by phenol-chloroform extraction (25). We also used
a human bronchial epithelial cell line (HBEC-5KT) harboring
the wild-type EGFR gene and the NCI-H1975 cell line
(H1975) harboring the EGFR mutations L.858R and T790M
as negative and positive controls, respectively. These cell lines
were kindly provided by Dr Adi F. Gazdar (The University
of Texas Southwestern Medical Center at Dallas, Dallas, TX,

USA). DNA of the cell lines was extracted using the DNeasy
Blood & Tissue kit (Qiagen, Hilden, Germany).

Plasmids containing exon 20 of the EGFR gene. We used a
plasmid containing EGFR exon 20 with the T790M mutation,
which is one of the standardized plasmids containing each
of the EGFR mutations occurring in the exons, and was used
in a study by Goto et al (26). We also constructed a plasmid
containing wild-type EGFR exon 20 using the TOPO TA
Cloning Kit (Invitrogen, Carlsbad, CA, USA) as previously
reported by us (27). The sequences of each plasmid were
confirmed by direct sequencing.

Detection of EGFR exon 19 deletions and the LE58R mutation.
EGFR exon 19 deletions and the exon 21 L858R mutation were
examined using a restriction fragment length polymorphism
(RFLP) assay without the enrichment of mutant alleles, as
previously reported by us (20). We defined these EGFR exon
19 deletions and the exon 21 L858R mutation as drug-sensitive
EGFR mutations.

Detection of the EGFR T790M mutation. Mutant-enriched
COLD-HRM (MEC-HRM) is a two-step PCR-based assay
combining a standard HRM assay with a mutant-enriched
PCR (12,20) that enriches the mutant allele by the intermittent
restriction digestion of the wild-type allele and a COLD-PCR
(21) that enriches the mutant allele by means of the difference in
melting temperatures between the mutant and wild-type alleles.
The principle of the MEC-HRM assay is shown in Fig. 1A.

As the first step, conventional PCR was performed to
amplify the target region (129 base pairs), including codon 790
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Figure 1. Continued. (B) Principle of standard HRM assay. The box indicates the real-time PCR step using the S2 primer (forward) and the AS1 primer
(reverse). The real-time PCR conditions are as follows: an initial denaturation step at 95°C for 10 min, and .an amplification step for 55 cycles (95°C for 15 sec,
60°C for 60 sec). The final products are analyzed using HRM analysis. (C) Principle of COLD-HRM assay. The upper box indicates the first step of 18 cycles
of real-time PCR for the amplification of the template product, and the lower box indicates the second step, which is a COLD-PCR step, for the selective
amplification of the mutant allele. In the second step, the denaturing temperature (Td) is decreased to 78°C and amplification is performed for 30 cycles. The
final products are analyzed using HRM analysis. (D) Principle of mutant-enriched HRM assay. In the first step (left box), conventional PCR and digestion are
performed, similar to that shown in the left box of (A). The second step (right box) is performed in the same manner as standard HRM (B) using the products
from the first step. Forty cycles are used for the mutant-enriched HRM assay, instead of 55 cycles for the standard HRM assay.

of the EGFR gene, using the GeneAmp® 9700 thermal cycler
(Applied Biosystems, Foster City, CA, USA). The forward
primer sequence was 5'-"ACTGACGTGCCTCTCCCTCC-3'
(S1). The reverse primer sequence was 5'-CGAAGGGCATG
AGCC*GC-3' (AS1), harboring one mismatched site (* T to C)
to introduce the CGCG sequence into the amplicon of the
wild-type. The final volume of the PCR mixture was 10 ul
contained 100 ng of sample DNA, 150 nmol of deoxynucleo-
tide triphosphate, 2 pmol of each primer, and 1 unit of
HotStarTaq DNA Polymerase Plus (Qiagen). The PCR condi-
tions were as follows: an initial denaturation step at 95°C for
5 min, followed by 35 cycles of 94°C for 20 sec, 60°C for
30 sec, and 72°C for 20 sec. Diluted PCR products (100-fold
dilution with distilled water) were treated with the restriction

enzyme BsfUI (New England BioLabs, Ipswich, MA, USA),
which digests the wild-type allele but not the mutant allele, for
16 h at 60°C, resulting in the enrichment of the mutant alleles,
as previously reported by us (12).

After the first step, the second step (COLD-PCR, including
melting curve analysis) was performed using the StepOnePlus™
real-time PCR system (Applied Biosystems). The forward
primer sequence was 5'-CCTCCACCGTGCAC*CTCATC-3'
(S2). Since one SNP site (rs1050171 A/G) exists in the S2
primer sequence, we designed a mismatched-base (* C) at the
SNP position to diminish the influence of the SNP (28). We
used the ASI1 primer as a reverse primer. The final volume of
the PCR mixture was 20 ul, containing 10 ul of MeltDoctor™
Master Mix (Applied Biosystems), 12 pmol of each primer and
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Figure 2. Sensitivity of MEC-HRM assay and representative clinical samples. (A) Difference plot showing the sensitivity of the MEC-HRM assay. We selected
wild-type DNA (HBEC-5KT) for the standard of difference plots (horizontal line). Each percentage indicates the proportion of T790M-mutant DNA out of
wild-type DNA. Consequently, the MEC-HRM assay was able to detect a T790M-mutant DNA (H1975) level of 0.01% among wild-type DNA (HBEC-5KT).
(B) The red curves indicate a DNA mixture containing 0.01% H1975 DNA among HBEC-5KT DNA. The green curves indicate the clinical samples deter-
mined as T790M-negative, and the blue curves indicate the samples determined as T790M-positive. Case 1 contains a 0.01-0.1% proportion of T790M clones,

and case 15 contains a 0.1-1% proportion of T790M clones.

1 ul of the first-step product. The real-time PCR conditions
were as follows: an initial denaturation step at 95°C for 10 min,
18 cycles for the first round of standard amplification (95°C for
15 sec, 60°C for 60 sec), and 30 cycles for the second round of
amplification to enrich the mutant-amplicons (78°C for 15 sec
and 60°C for 60 sec). The denaturing temperature (Td) of the
COLD-PCR step (78°C) was determined using a melting curve
analysis of the standard HRM [the melting temperatures (Tm)
of the mutant-type and wild-type amplicons were 78°C and
79.2°C, respectively] and an evaluation of the sensitivity of
COLD-PCR from Td 79.2 to 78°C every 0.2°C. After the
amplification step, a melting curve was generated and analyzed
using HRM software ver. 3.0.1 (Applied Biosystems).

We also performed standard-HRM, COLD-HRM and
mutant-enriched HRM assays. The principles of these three
assays are provided in Fig. 1B-D. All the samples, including
the standard DNA mixtures, were analyzed in triplicate in all
the assays. The sensitivities of all four assays were determined
using multiple DNA mixtures of T790M mutant and wild-type
alleles (0.01,0.05,0.1, 1, 10,20 or 50% of T790M mutant allele).

Statistical analysis. Chi-square tests or Fisher's exact tests
were used to examine the differences in categorical factors
across groups, as appropriate. The multivariate logistic regres-
sion model was used to identify clinicopathological factors
that might independently predict the presence of T790M
mutations.

After pulmonary resection, imaging studies were repeated
every 3 months for atleast 2 years and every 6 months thereafter
for 3 years. After 5 years, medical examinations were repeated
every year. The progression-free survival (PFS) was calculated
from the date of surgery until confirmed disease recurrence or
death. The overall survival (OS) was calculated from the date
of surgery until the date of death or the last follow-up. The
survival curve was calculated using the Kaplan-Meier method,
and the difference between groups was compared using the
log-rank test. Multivariate analyses were performed using the
Cox proportional hazard model. All the data were analyzed
using JMP, version 9.0.0 (SAS Institute Inc., Cary, NC, USA).

All the statistical tests were two-sided, and probability values
(P) <0.05 were considered statistically significant.

Results

Sensitivity of each assay for the detection of the T790M muta-
tion. The MEC-HRM assay was able to detect the T790M
mutant allele in the sample with a mutant allele content of
0.01%. In other words, it detected the mutant allele in the
presence of a 10,000-fold background of wild-type allele
(Figs. 2 and 3). Meanwhile, the detection limits of standard
HRM, COLD-HRM and mutant-enriched HRM assays were
a mutant allele content of 10, 1 and 0.1%, respectively (Fig. 4).
Based on these data, we investigated the T790M mutation in
146 clinical samples using the standard HRM using a DNA
mixture with T790M content of 10% as a positive control, and
the MEC-HRM assays using a DNA mixture with T790M
content of 0.01% as a positive control. Clinical samples and
positive controls were investigated in the same plate in tripli-
cate. When all three signals from a clinical sample exceeded
the maximal signal from the control, the sample was identified
to be positive for the T790M mutation (Fig. 2).

EGFR mutations in the clinical samples. Drug-sensitive EGFR
mutations were found in 54 (37%) of the 146 lung adenocar-
cinomas (26 exon 19 deletions and 28 L858R mutations).
Drug-sensitive EGFR mutations were significantly associated
with females (P<0.01) and never-smokers (P<0.01).

Although standard HRM did not detect any EGFR T790M
mutations, EGFR T790M mutations were detected in 19 (13%)
of the 146 lung adenocarcinomas using the MEC-HRM assay.
Thus, these 19 patients were defined as harboring minor
T790M mutations. We confirmed that these 19 tumor samples
had a tumor cell composition of at least 20% by examining the
proportion of tumor cells in the tissue using hematoxylin and
eosin staining. Next, we determined the dosage of the T790M
mutant allele in 19 mutant samples by reanalyzing these
samples and comparing them with 10, 1, 0.1 and 0.01% stan-
dard T790M mutant DNA mixtures. We subcategorized the
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Figure 3. Comparison of sensitivities between plasmid and genomic DNA mixes. (A) The MEC-HRM assay was able to detect the T790M mutant allele at
a level of 0.01% among wild-type alleles using the plasmid mixture. (B) The MEC-HRM assay showed similar sensitivities for the genomic DNA mixtures
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Figure 4. Sensitivities of standard HRM, COLD-HRM and mutant-enriched HRM assays. The difference plots for all three assays are shown. Wild-type DNA
was used as a negative standard, and the percentages in each figure indicate the proportion of T790M-mutant DNA out of wild-type DNA. Consequently,
the (A) standard HRM, (B) COLD-HRM and (C) mutant-enriched HRM assays were able to detect T790M-mutant DNA at levels of 10, 1 and 0.1% among

wild-type DNA, respectively.

19 minor T790M mutations into groups with T790M mutant
DNA levels corresponding to 0.01-0.1%, 0.1-1% and 1-10%. As
shown in Table I, 17 of the 19 patients (84%) had a T790M
mutant allele proportion of <0.1%.

The details of the 19 patients harboring minor T790M
mutations and the relationships between a minor T790M
mutational status and clinicopathological factors are shown
in Tables I and II, respectively. Minor T790M mutation was
not significantly associated with age, gender, pathological
stage, smoking history or drug-sensitive EGFR mutations in
univariate analyses. However, drug-sensitive EGFR mutations
are considered to be associated with age, gender and smoking
status (27,29,30); thus, a multivariate analysis was performed
to identify independent factors associated with a minor T790M
mutation. Consequently, the minor T790M mutation was found
to be independently associated with drug-sensitive EGFR
mutations (OR, 3.0; 95% CI, 1.0-9.0; P=0.04) (Table III).

Regarding the prognostic impact of the minor T790M
mutation, it was not associated with either the OS or the PFS
in our cohort (Table IV).

Discussion

In the present study, we determined the T790M mutational
status using our newly developed, highly sensitive assay, the
MEC-HRM assay. We previously developed a mutant-enriched
PCR assay (sensitivity, 0.1%) and found that the T790M muta-
tion was detected in 3.8% of NSCLC patients without a history
of treatment with EGFR-TKIs (12). Su et al (16) found that
the T790M mutation was present in 25.2% of EGFR-TKI-
naive NSCLC patients using matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF
MS) (sensitivity, 1.5%), and Oh et al (13) found that the T790M
mutation was present in 8.2% of EGFR-TKI-naive NSCLC



150

HASHIDA et al: MINOR T790M MUTATION IN LUNG ADENOCARCINOMAS

Table I. Details of the 19 T790M-positive patients.

Age Pathological Drug-sensitive Proportion of T790M
Case (years) Gender Smoking history stage EGFR mutation clones
1 59 Male Never-smoker I ex19 del. 0.01-0.1%
2 75 Male Never-smoker I ex19 del. 0.01-0.1%
3 75 Female Never-smoker I L858R 0.01-0.1%
4 75 Female Never-smoker I L858R 0.01-0.1%
5 79 Female Never-smoker I L858R 0.01-0.1%
6 60 Female Never-smoker I WT 0.01-0.1%
7 60 Male Never-smoker 11 WT 0.01-0.1%
8 66 Male Smoker I ex19 del. 0.01-0.1%
9 57 Female Smoker I ex19 del. 0.1-1%
10 76 Male Smoker I ex19 del. 001-0.1%
11 82 Male Smoker I L858R 0.01-0.1%
12 58 Male Smoker I L858R 0.01-0.1%
13 56 Male Smoker I WT 0.01-0.1%
14 32 Female Smoker I WT 0.1-1%
15 59 Female Smoker I WT 001-0.1%
16 78 Female Smoker I WT 0.01-0.1%
17 68 Male Smoker I WT 0.01-0.1%
18 74 Male Smoker I WT 001-0.1%
19 84 Female Smoker 1I L858R 1-10%

ex19 del., exon 19 deletion; WT, wild-type. Drug-sensitive EGFR mutations include detection of exon19 deletions and the L858R mutation.

Table II. Relationship between minor T790M mutations and clinicopathological factors.

T790M-positive (n=19)

T790M-negative (n=127)

Subsets (n=146) n, (%) n, (%) P-value

Age (median; range) (68; 32-87 years)
<68 (n=72) 9474) 63 (49.6) 0.9
>68 (n=74) 10 (52.6) 64 (50.4)

Gender (male vs. female)
Male (n=71) 10 (52.6) 61 (48.0) 0.7
Female (n=75) 9474) 66 (52.0)

Smoking history
Smoker (n=74) 12 (63.2) 62 (48.8) 02
Never-smoker (n=72) 7 (36.8) 65 (51.2)

Pathological stage
I (n=103) 17 (89.5) 86 (67.7) 0.06
II (n=12) 1(53) 11 (8.7) (I vs. others)
I (n=21) 1(5.3) 20 (15.7)
IV* (n=10) 0(0.0) 10(7.9)

Drug-sensitive EGFR mutation
Mutant (n=54) 10 (52.6) 44 (34.6) 0.1
Wild (n=92) 9(47.4) 83 (654)

Stage IV includes 4 recurrent patients.

Drug-sensitive EGFR mutations include detection of exonl9 deletions and the L858R mutation.
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Table III. Multivariate analysis of the minor T790M mutation-
related factors.

Variables OR (95% CI) P-value
Age (years)

(<68 vs. =268) 1.0 (04-2.6) 1.0
Gender

(Male vs. female) 0.6 (0.2-2.5) 05
Smoking history

(Smoker vs. never-smoker) 3.8(0.9-18) 0.08
Drug-sensitive EGFR mutation

(Mutant vs. wild) 30(1.0-9.0) 0.04

OR, odds ratio; CI, confidence interval. Drug-sensitive EGFR muta-
tion include detection of exon19 deletions and the L.858R mutation.

patients using peptide nucleic acid (PNA)-clamping PCR with
a melting curve analysis (sensitivity, 0.01%). The present study
revealed that the MEC-HRM assay could detect the T790M
mutation in 13% of EGFR-TKI-naive adenocarcinomas. Of
note, our standard HRM assay (10% sensitivity) did not detect
any T790M-positive specimens, and we considered all the
T790M mutations that were detected using the MEC-HRM
assay to be minor mutations (2,17).

As novel findings, the minor T790M mutation was signifi-
cantly associated with drug-sensitive EGFR mutations in a
multivariate analysis. Previous reports have described that
drug-sensitive EGFR mutations and the T790M mutation
generally occur in cis (31-33), although the statistical relation-
ship between minor T790M mutation and drug-sensitive EGFR
mutations has never been revealed in clinical samples. Our
present study is, to the best of our knowledge, the first report
to confirm that the minor T790M mutation was significantly
associated with drug-sensitive EGFR mutations in lung adeno-

Table I'V. Multivariate analysis for recurrence and mortality.

carcinomas. To understand this situation, two issues should be
discussed: i) the relationship between drug-sensitive EGFR
mutations and the T790M mutation, and ii) the presence of the
T790M mutation as a minor population. Regarding the first
issue, while the reason for this association is unknown, lung
cancers with germ-line EGFR mutations such as T790M (31),
V8431 (34), and R776H (35) are accompanied by additional
EGFR mutations in the development of lung cancer, suggesting
that EGFR mutations themselves cause genetic instability,
thereby predisposing cells to additional mutations within the
gene (34). The second issue can be explained by the following
hypothesis. During the carcinogenic process of EGFR-mutant-
related lung cancer, drug-sensitive EGFR mutations occur first
in the progenitor cells of lung cancer, followed by the T790M
mutation. At this stage, the tumor consists of a heterogeneous
population of drug-sensitive EGFR mutant cells with or
without the T790M mutation. Previous studies have reported
that drug-sensitive EGFR mutant cells with an additional
T790M mutation exhibit an indolent progression, indicating
that the possession of the T790M mutation is a disadvantage
for cell proliferation (36). This fact suggests that cancer cells
with only drug-sensitive EGFR mutations may be dominant in
tumors, in addition to those with T790M and drug-sensitive
EGFR mutations as a minor population.

Our study also suggested that the T790M mutation
tended to be associated with a smoking history in this study.
Drug-sensitive EGFR mutations are known to be frequent
in never-smokers with NSCLCs. However, drug-sensitive
EGFR mutations themselves have not been reported to be
associated with a never-smoking habit (30). Matsuo ef al (30)
indicated that EGFR mutations presumably occur in both
smokers and never-smokers with a similar incidence, but other
smoking-related mutations such as TP53 or KRAS mutations
preferentially occur in smokers resulting in the enrichment
of the prevalence of EGFR mutations in never-smokers. In
fact, the average mutation frequency has been reported to
be >10-fold higher in smokers than in never-smokers (37).
Considering these observations, the EGFR mutation at codon

PES oS
Variables HR (95% CI) P-value HR (95% CI) P-value
Age (<68 vs. =68 years) 0.3 (0.1-0.6) <0.01 0.3(0.1-09) 0.02
Gender (Male vs. female) 0.7(02-1.9) 04 1.0 (0.3-3.6) 09
Smoking history 2.3(0.8-7.3) 0.1 2.1 (0.6-8.5) 03
(Smoker vs. never-smoker)
Pathological stage (I vs. II-IV) 0.2 (0.09-0.4) <0.01 0.2 (0.05-04) <0.01
Drug-sensitive EGFR mutation 1.0(04-22) 1.0 05(0.1-14) 02
(Mutant vs. wild)
T790M mutation 0.5 (0.08-1.8) 03 1.7(0.4-5.9) 04

(Mutant vs. wild)

PES, progression-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval. Drug-sensitive EGFR mutations include detec-

tion of exon19 deletions and the L858R mutation.
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790, unlike drug-sensitive EGFR mutations, might be suscep-
tible to tobacco-related carcinogens.

In conclusion, we revealed an association between the

minor T790M mutation and clinicopathological factors in
surgically resected lung adenocarcinoma patients without
a history of EGFR-TKI treatment using our novel, highly
sensitive assay. Minor T790M mutations are independently
associated with drug-sensitive EGFR mutations.
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Abstract

Purpose We retrospectively evaluated the outcomes of
lung cancer patients presenting with ground-glass opacity
(GGO) who received radiofrequency ablation (RFA).
Methods Sixteen patients (5 men and 11 women; mean
age, 72.6 years) with 17 lung cancer lesions showing GGO
(mean long axis diameter, 1.6 cm) underwent a total of 20
percutaneous computed tomography (CT) fluoroscopy-
guided RFA sessions, including three repeated sessions for
local progression. Lung cancer with GGO was defined as a
histologically confirmed malignant pulmonary lesion with
a GGO component accounting for >50 % of the lesion on
high-resolution CT. Procedure outcomes were evaluated.
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Results There were no major complications. Pneumo-
thorax occurred in 15 of 20 treatment sessions: 14 were
asymptomatic, and 1 required chest tube placement but
resolved satisfactorily within 48 h. Minor pulmonary
hemorrhage occurred in two and mild pneumonitis in one.
The median tumor follow-up period was 61.5 (range
6.1-96.6) months. The effectiveness rates of the primary
and secondary techniques were 100 and 100 % at 1 year,
93.3 and 100 % at 2 years, and 78.3 and 92.3 % at 3 years,
respectively. The median patient follow-up period was 65.6
(range 6.1-96.6) months. One patient died owing to
recurrent other cancer 11.7 months after RFA, whereas the
other 15 remained alive. Overall survival and disease-
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specific survival rates were 93.3 and 100 % at 1 year and
93.3 and 100 % at 5 years, respectively.

Conclusions RFA for lung cancer with GGO was safe
and effective, and resulted in promising survival rates.

Keywords Radiofrequency ablation - Lung -
Cancer

Introduction

With recent advances in diagnostic imaging technologies,
such as computed tomography (CT), pulmonary lesions with
ground-glass opacity (GGO) often are detected incidentally
by chest CT. Lesions with GGO cannot be ignored, even if
they are small, because some of them may have malignant
potential. Usually, small lesions with GGO are followed up
with periodic CT. Indications of malignancy, such as size
progression and/or the appearance of solid components, are
occasionally found on follow-up CT scans [1]. In such
lesions, pathological confirmation is required to determine
whether they are malignant or benign. Surgical resection is
performed for lesions with GGO that are histologically
diagnosed as malignant, but the preferred type of surgery
(lobectomy vs. limited resection) is controversial.
Percutaneous radiofrequency ablation (RFA) has been
used to locally treat both primary and secondary lung
cancers, mainly for patients who are not candidates or who
are considered high-risk patients for surgery. Several
studies have shown mid- or long-term results. Hiraki et al.
[2] and Okuma et al. [3] reported that the overall control
rates for tumors <2 cm were 89 and 77 % at 1 year and 66
and 73 % at 2 years, respectively. A study by de Baere
et al. [4] found that the overall control rate at 18 months
was 95 % for tumors <2 cm and 87 % for tumors >2 cm.
In a multicenter, prospective, clinical trial, overall survival
was 70 % at 1 year and 48 % at 2 years in patients with
non-small cell lung cancer [5]. RFA appears to be an
appropriate local therapy for lung cancer with GGO with-
out lymph node metastasis. In this study, we retrospec-
tively evaluated outcomes of RFA in these patients.

Materials and Methods

Our institutional review board approved this retrospective
study and waived the informed consent requirement for the
use of medical data from these patients.

Patients and Tumors

GGO was defined as homogeneous visualization on high-
resolution CT (HRCT) with hazy increased attenuation of
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the lung and preservation of bronchial and vascular mar-
gins [6, 7]. The percentage of the GGO component was
calculated as follows: (DGGO — D)/DGGO x 100, where
DGGO is the greatest diameter of the lesion (including
GGO area), and D is the greatest diameter of the lesion
without GGO [6, 7].

Patients who met the following criteria were included in
the study: (1) a pulmonary lesion with a GGO component
>50 % on HRCT images before RFA (definition of HRCT
is 1 mm or sub mm slice thickness), (2) histological
diagnosis of malignancy, and (3) unsuitability for or patient
refusal of surgery. Exclusion criteria included the presence
of regional lymph node metastasis or distant metastasis.

Between July 2001 and October 2013, 556 patients with
1,489 lung tumors underwent RFA under CT fluoroscopic
guidance at our institution. From this group, 16 patients (5
men and 11 women; mean age, 72.6 years £ 8.4; range
58-88 years) with 17 tumors were included in this study.
The mean lesion size was 1.6cm & 0.6 (range
0.7-3.3 cm). Seventeen tumors showed no contrast
enhancement and/or could not be detected on CT scans in
the mediastinal window setting. Tumor location was
described as central (tumor center located in the inner half
of the lungs on the axial CT images obtained before RFA;
n = 5) or peripheral (tumor center located in the outer half
of the lungs on the axial CT images obtained before RFA;
n = 12). CT-guided lung biopsies confirmed that all 17
tumors were histologically adenocarcinoma. A total of 20
ablation sessions were performed, including three repeated
sessions for local tumor progression. Twelve tumors had a
GGO component >90 % (lung cancer with pure GGO).
Tumors were incidentally detected on chest CT scans
(n = 4) or were detected by follow-up CT after surgical
resection of previous lung cancers (n = 7) or treatment for
other types of cancers (n = 6).

Positron emission tomography (PET)/CT scanning was
performed in 11 patients 24.5 days (mean) before RFA,
and there was no abnormal accumulation of 18F-fluoro-
deoxy glucose. Eleven lung cancers with pure GGO in 10
patients and 5 tumors with non-pure GGO in 5 patients
were included in our previous publication that reported the
results of 50 patients with stage I non-small cell lung
cancer between July 2002 and September 2009 [8].

Radiofrequency Ablation Technique

The detailed technical aspects of our institution’s RFA
procedure have been described previously [9]. Briefly,
RFA was performed percutaneously using CT fluoroscopy
(Asteion or Aquilion; Toshiba, Tokyo, Japan) in all
sessions.

After the administration of local anesthesia with lido-
caine, an electrode connected to a generator was introduced
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into the tumor, and then ablation started. The electrodes
used for ablation included a multi-tined expandable elec-
trode (LeVeen; Boston Scientific, Natick, MA) with an
array diameter of 2 cm (n = 7), 3 cm (n = 10), or 3.5 cm
(n = 1), and a single internally cooled electrode (Cool-tip;
Covidien, Mansfield, MA, USA) with a 3cm (n = 2)
noninsulated tip. The procedure aimed at ablation of tumor
plus at least 5-mm margin. The mean total ablation time
per tumor was 26.8 min = 11.0 (range 10.0-54.5 min).

Immediately after RFA, chest CT with 5-mm thickness
was performed to evaluate the ablation zone and procedural
complications. Chest radiographs were obtained 3 h after
completion of RFA and the following morning to check for
complications.

Follow-Up Examinations

Patients were followed up whenever possible at 1, 3, 6, 9,
and 12 months after RFA with contrast-enhanced chest CT
with 5-mm thickness to assess local efficacy. Thereafter,
follow-up visits were conducted every 6 months.

The tumor is considered to be completely treated when
the entire ablation zone is not contrast-enhanced (i.e.,
enhancement <15 HU) or when the ablation zone exhibits
contrast enhancement that is peripheral, concentric, sym-
metric, and uniform, which was considered to correspond
to the ablated marginal parenchyma [10, 11]. Thereafter,
local efficacy was evaluated by comparing the size and
geometry of the ablation zone in the previous CT images.
In contrast, local progression of the tumor was indicated by
the appearance of an irregular, scattered, nodular, or
eccentric enhancement focus in the ablation zone or when
the ablation zone was circumferentially enlarged [11, 12].
Although PET/CT was not included in routine follow-up,
eight patients underwent PET/CT examinations to evaluate
the outcomes of RFA.

Statistical Analysis

Technique effectiveness was defined as the complete
ablation of the macroscopic tumor at imaging follow-up
[13]. The primary and secondary technique effectiveness
rates were calculated by Kaplan—Meier analysis. The pri-
mary effectiveness rate was defined as the percentage of
the tumor that was successfully eradicated after the initial
procedure [13]. The secondary effectiveness rate was
defined as the percentage of the tumor that underwent
successful repeated ablation after identification of local
tumor progression [13]. Patient survival rates were esti-
mated using Kaplan—Meier analysis.

Seventeen tumors and 17 initial sessions were divided
into 2 groups according to the occurrence of local pro-
gression after initial RFA and complications, respectively.

Age, sex, tumor size, tumor location (central or peripheral),
GGO type (pure or non-pure), total ablation time, and
electrode type (multi-tined expandable or internally
cooled) were compared between the two groups by using
the Mann—Whitney U test for numerical values and by
using Fisher’s exact test for categorical values.

P value <0.05 was considered statistically significant.
Statistical analysis was performed using the Statistical
Package for the Social Sciences software (version 11.0;
SPSS Inc, Chicago, IL, USA).

Results
Local Tumor Control

The mean and median follow-up periods were 55.1 and
61.5 months (range 6.1-96.6 months), respectively. Fol-
low-up CT scan was performed 3-19 times (median, 12
times). Periodic follow-up CT showed that completely
treated tumors increased in size from baseline and then
after a gradual decrease in size, remained stable. Although,
in 1 tumor, the ablation zone exhibited peripheral contrast
enhancement 1 month after RFA, 14 completely treated
tumors showed no contrast enhancement (Fig. 1). In the 3
cases of lung cancer with pure GGO (17.6 % of 17 cases),
local progression was observed at 18.3, 28.2, and
31.2 months after RFA (Fig. 2). CT images of these tumors
showed that GGO with (n = 1) or without nodular
enhancement focus (n = 2) appeared adjacent to the
ablated tumor and continued to increase in size. Two of
these three patients underwent PET/CT scanning, and 18F-
fluorodeoxy glucose did not accumulate in two tumors
diagnosed with local progression by CT. The primary
technique effectiveness rate was 100 % at 1 year, 93.3 %
at 2 years, and 78.3 % at 3 years. Two of the three tumors
with local progression were retreated with RFA. One
showed a complete response while the other showed local
progression again 25.4 months after the second RFA. This
tumor underwent a third RFA, but local progression
occurred again 12.6 months after the third RFA. The
remaining patient was treated with subsequent partial
resection, not repeated RFA. The secondary technique
effectiveness rates were 100.0 % at 1 year, 100.0 % at
2 years, and 92.3 % at 3 years.

There were no significant risk factors for local pro-
gression (Table 1).

Procedural Complications
The definition of major complication was an event that lead

to substantial morbidity and disability, increasing the level
of care, or results in hospital admission or substantially
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Fig. 1 Lung cancer with GGO was incidentally detected in a
79-year-old man on follow-up CT after treatment of hepatocellular
carcinoma and histologically proven adenocarcinoma. A CT image
before RFA in the lung field window setting shows a tumor, 1.3 cm in

diameter, located in the left lower lung (arrow). B CT fluoroscopic
image during RFA shows that an electrode is inserted in the tumor.
C CT image 53.1 months after RFA in the lung window setting shows
involution of the ablated tumor (arrow), indicating complete ablation

Fig. 2 Lung cancer with GGO was detected on follow-up CT in an
82-year-old woman after right lung lower lobectomy for lung cancer,
histologically confirmed as adenocarcinoma. A CT image before RFA
in the lung window setting shows a tumor, 1.5 cm in diameter, located

lengthened hospital stay; all other complications were
considered minor [13].

There were no major complications. Pneumothorax
occurred in 15 of 20 treatment sessions: 14 were asymp-
tomatic, and 1 required chest tube placement but resolved
satisfactorily within 48 h. Minor pulmonary hemorrhage
occurred in two and mild pneumonitis in one. None of the
patients died from the procedure. For the 17 initial ses-
sions, male sex was a significant risk factor for complica-
tions (Table 1).
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in the right upper lung (arrow). CT images 28.2 months (B) and
39.7 months (C) after RFA in the lung window setting shows that the
GGO inside the ablated tumor is increasing in size (arrow), indicating
local progression

Patient Survival and Outcome

By the end of the study, 1 patient died due to recurrence of
other cancer 11.7 months after RFA; the remaining 15
patients were alive when this report was written. The mean
and median follow-up periods were 58.4 and 65.6 months
(range 6.1-96.6 months), respectively. The overall survival
and disease-specific survival rates were 93.3 and 100 % at
1 year and 93.3 and 100 % at 5 years (mean survival time
90.9 months), respectively. Of the 15 patients who
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Table 1 Results of analyses of multiple variables to determine factors for local progression and complication

Local progression Complication
No Yes No Yes
Variable (n=14) (n=3) P value (n=26) (n=11) P value
Age (year)
Mean =+ SD 735 £ 8.0 73.7 £ 11.2 0.768 75.0 £ 11.0 71.8 £ 6.7 0.462
Sex
Male/female 5/9 172 1.000 0/6 6/5 0.043
Tumor size (mm)
Mean £+ SD 17.1 £ 6.1 120 £ 44 0.300 17.8 £33 153+ 7.1 0.078
Tumor location
Central/peripheral 4/10 12 1.000 1/5 4/7 0.6
GGO type
Pure/nonpure 10/4 2/1 1.000 4/2 8/3 1.000
Total ablation time (min)
Mean £+ SD 29.0 £ 11.9 16.8 = 5.9 0.197 25.8 £ 12.0 274 £ 12.5 0.884
Electrode type
Multitined expandable/internally cooled 1272 3/0 1.000 5/1 10/1 1.000

SD standard deviation

survived, 11 are cancer-free. Two patients who had had a
contralateral lung cancer treated prior to ablation of the
GGO, developed recurrence in the contralateral hemitho-
rax—a hilar node and a chest wall mass. The distribution of
disease was much more in keeping with recurrence from
the contralateral cancer rather than the GGO. These
patients are now being treated with chemotherapy and/or
other therapy. New lung cancer with GGO occurred in 1
patient, and a treatment strategy is currently undecided.
One patient who had failure of the third RFA received
stereotactic radiation therapy (SRT) 4 months before the
end of the study.

Discussion

In 1995, Noguchi et al. [14] reported the histological
classification of 236 surgically resected peripheral-type
adenocarcinomas (<2 cm in diameter) into 6 groups
(Noguchi types A-F) according to tumor growth pattern.
Noguchi type A and B tumors without foci of active
fibroblastic proliferation are less invasive, do not display
lymph node metastasis, and are associated with an excel-
lent prognosis (100 % 5-year survival rate). Thus, these
types of tumors represent in situ adenocarcinoma, and
limited surgical resection is adequate. In contrast, Noguchi
type C tumors with foci of active fibroblastic proliferation
resemble small adenocarcinoma with regard to both the
rate of lymph node metastasis (24.5 %) and prognosis
(74.8 % 5-year survival rate).

Recently, pulmonary lesions with GGO have become a
great concern for thoracic surgeons and physicians because
of their increased incidental detection by chest CT. As a
result, many studies have assessed the radiological-patho-
logical correlation in pulmonary lesions with GGO. Small,
well-circumscribed pure GGO on HRCT often is consid-
ered to represent either atypical adenomatous hyperplasia
or Noguchi type A or B tumors. Mixed-typed GGO on
HRCT often is considered indicative of Noguchi type C
tumors in which a presumptive preoperative diagnosis of
in situ adenocarcinoma can be made [15].

Although patients with lung cancer with GGO usually
undergo surgical resection, the mode of surgical resection
(limited resection vs. lobectomy) is still controversial.
Current ongoing prospective studies are evaluating out-
comes of limited resection. Asamura et al. [16] demon-
strated that 28 patients with 28 lung cancer lesions showing
GGO <2 cm in diameter had no recurrence during a
median follow-up period of 1,436 days after surgery (12
wedge resections, 3 segmentectomies, and 13 lobectomies).
The 5-year disease-free survival rate of these patients was
100 %. Nakao et al. [17] studied the long-term outcomes of
prospective limited resection for 50 pulmonary lesions with
GGO <2 cm in diameter, including 2 Noguchi type A, 23
Noguchi type B, 15 Noguchi type C, and 10 benign tumors.
None of the patients had recurrence within 5 years after
surgery.

SRT also is sometimes used as a local treatment for non-
small cell lung cancer, mostly for patients unfit for surgery.
Hamamoto et al. [18] reported that the 2-year local failure-
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free rate after SRT was 96 % in 28 patients mainly with
GGO lung cancer. Their short-term result was similar to
ours.

The reported overall and long-term survival rates after
RFA are promising as follows: 78 and 94 % at 1 year, 36
and 40 % at 3 years, and 27 and 25 % at 5 years for 75 and
57 patients with stage I non-small cell lung cancer [19, 20].
Our results (93.3 % 5-year overall survival rate) are better
than those of previous reports. This likely reflects our
exclusive focus on small GGO type malignancy which
carries a better prognosis.

Follow-up CT appearances of completely ablated lung
cancer with GGO, including both the morphological and
enhancement pattern, were similar to those of solid lung
tumors [11, 21]. In all three locally progressed tumors,
GGO was observed adjacent to the ablated tumor and
continued to increase in size. These appearances were
judged as local progression although the histology was not
confirmed. This might be a characteristic recurrent pattern
of lung cancer with GGO after RFA.

In 17 initial sessions, male sex was a significant risk
factor for complications. This may be because of smoking,
although we did not evaluate the smoking history in all
patients. Pneumothorax occurred in 10 of 11 sessions with
complications. We speculated that the man had more
smoking related lung damage.

There are some differences between RFA for lung
cancer with GGO and RFA for solid lung tumors. First, the
contour of the target lesion becomes unclear on CT
immediately after ablation because of the emergence of
ground-glass attenuation around the ablated tumor.
Anderson et al. [22] suggested that lack of a circumfer-
ential ground-glass halo at the time of treatment may be an
early predictor of treatment failure. Difficulty evaluating
the ablation zone surrounding the lesion may result in
treatment failure. Coregistration of CT images before and
after RFA would be effective in overcoming this disad-
vantage and reducing the recurrence rate because of the
possibility of a more accurate evaluation of the ablation
region (both GGO lung cancer and the margin) [23, 24].
Second, clear detection of recurrence on CT takes more
time because these tumors grow slowly. The mean volume
doubling times for tumors with pure GGO and partial GGO
with a solid central component are 813 and 457 days,
respectively [25]. In our three tumors, local progression
was observed 18 months or later after the initial RFA.
Third, PET is not usually useful for evaluating therapeutic
efficacy of RFA for lung cancer with GGO, unlike solid
lung cancer [26].

RFA has some potential advantages over other therapies.
RFA can be performed under local anesthesia, and the
associated mortality and morbidity are low [27], although
RFA often is performed in patients who are unfit for
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surgery. Repeated RFA is possible after detection of local
progression, unlike conventional external beam radiation
therapy or SRT [28]. Repeated RFA significantly improves
overall local control outcomes [28]. In our study, the local
tumor control rate at 3 years also was improved from 78.8
to 92.3 % by repeated RFA.

This study showed that the local progression rate after
RFA was 17.6 %. Thus, we suggest that the use of RFA for
lung cancer with GGO should be limited to inoperable
patients or patients who refuse to undergo surgery, because
RFA has lower local efficacy than surgical resection.
However, we anticipate that we can reduce the likelihood
of local tumor progression by scrupulous attention to the
GGO margin. If local tumor progression rates can be
reduced then RFA will become the preferred therapeutic
modality, as preservation of lung parenchyma is so
important in these patients who are likely to develop new
primary cancers.

This retrospective study was limited to a single-institu-
tion study and included a small sample size. Furthermore,
our study was not designed to compare the outcomes of
RFA and other treatments such as surgery or SRT. How-
ever, the results of this study, including the lack of major
procedure-related complications or deaths and the high
survival rates, suggest that RFA is a therapeutic option for
nonsurgical candidates or patients with a history of prior
treatment with radiation therapy.

In conclusion, RFA for lung cancer with GGO was safe
and effective, and resulted in promising survival rates.
Therefore, RFA may be a treatment option for nonsurgical
candidates.
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Review

Drug Resistance to EGFR Tyrosine Kinase Inhibitors for
Non-small Cell Lung Cancer

Kazuhiko Shien®’, Hiromasa Yamamoto®, Junichi Soh’,
Shinichiro Miyoshi®, and Shinichi Toyooka%?*

Depariments of “Clinical Genomic Medicine, and ®General Thoracic Surgery and Breast and Endocrinological Surgery,
Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, Okayama 700-8558, Japan

Non-small cell lung cancer (NSCLC) harboring an activating mutation within the epidermal growth
factor receptor (EGFR) was defined as a clinically distinct molecular group. These lesions show onco-
gene addiction to EGFR and dramatic responses to the EGFR tyrosine kinase inhibitors (TKIs).
Several large Phase III trials have shown that EGFR-TKIs improved the progression-free survival of
patients with EGFR mutant NSCLC compared to conventional chemotherapy. However, the long-term
effectiveness of EGFR-TKISs is usually limited because of acquired drug resistance. To overcome this
resistance to EGFR-TKIs, it will be essential to identify the specific mechanisms underlying the resis-
tance. Many investigators have attempted to identify the mechanisms using preclinical models and
drug-resistant clinical samples. As a result, several mechanisms have been showed to be responsible
for the resistance, but not all of the relevant mechanisms have been uncovered. In this review, we
provide an overview of mechanisms underlying drug-resistance to EGFR-TKIs, focusing on results
obtained with preclinical models, and we present some possible strategies to overcome the EGFR-TKI
resistance.

Key words: non-small cell lung cancer, EGFR mutation, tyrosine-kinase inhibitor, drug resistance, cancer
stem cell

ung cancer continues to be the leading cause of

death among patients with malignant tumors
worldwide [1]. Many patients are diagnosed after the
cancer has already spread to distant sites or directly
beyond the primary site, resulting in an inoperable
stage. In 2004, mutations in the epidermal growth
factor receptor (EGFR) that cause oncogene addiction
to EGFR were discovered in non-small cell lung can-
cer (NSCLC) [2, 3]. Because these mutations are
strongly associated with sensitivity to EGFR-tyrosine
kinase inhibitors (TKIs), a great deal of knowledge
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has been uncovered in regard to both EGFR and other
genes in the EGFR family and their downstream
genes.

EGFR-TKIs have exhibited significant antiprolif-
erative effects against NSCLC with EGFR-activating
mutations in preclinical studies [2, 3] and their use in
the treatment of NSCLC patients has also resulted in
prolonged progression-free survival (PF'S) in random-
ized Phase III studies [4-7]. However, patients with
EGFR mutations who initially respond to EGFR-TKIs
eventually acquire resistance, which is a critical
problem in the treatment of patients with advanced
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