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Reproducibility of Histopathological Diagnosis

Basaloid carcinoma was described in 1992. The cardi-
nal histopathologic features distinguishing this tumor from
the other NSCLCs are a lobular growth pattern of small
cells with moderately hyperchromatic nuclei without promi-
nent nucleoli, and with scant cytoplasm, a high mitotic rate,
and peripheral palisading.?® This pattern could be present in
a pure form or mixed with SqCC and was associated with
a poor prognosis in stage [ cases when compared to other
NSCLCs.?" When the prognosis of basaloid carcinomas is
compared to poorly differentiated SqCCs, however, no differ-
ences were found, although the case numbers in these studies
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FIGURE 2. Example of consen-
sus squamous cell carcinoma. A,
Overview, x20 (B), example of
spindle cells in diffuse architecture
(no nests or fields) (C), consensus
score for lymphocytic infiltrate
between the tumor cells (D), For
palisading, no consensus was
obtained: 25% of the pathologists
called this palisading (£), detailed
images with around the centered
cell in at least part of the perime-
ter features of intercellular bridges
(F, G), detailed images with three
examples of intercellular gaps
(called by most pathologists)
(H-/), example of intracytoplasmic
vacuole (arrow, consensus by all
the pathologists) (K).

were relatively small.?»% In many instances, the differential
diagnosis includes SCLC small-cell lung cancer and large cell
neuroendocrine carcinoma (LCNEC).**?7 Additional staining
showing positive 34BE12 and p63 may suggest a diagnosis of
basaloid SqCC. Taking the additional information from this
study into account, arguments exist to consider basaloid carci-
noma as a variant of SqCC. In this instance, IHC is superim-
posable with this interpretation.

Limitations of this study are that (1) the reader had
only one section in images to examine, whereas the submis-
sion diagnosis was based on all the sections on glass slides
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available; (2) IHC outcome was used and not the reproduc-
ibility of THC interpretation; (3) images were scanned at x20
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Objective: Several clinical studies have demonstrated the efficacy and safety of adjuvant
chemotherapy in patients with completely resected small cell lung cancer for a selected limited
stage. However, it is unclear whether adjuvant chemotherapy is feasible in clinical practice. The
objective of this study was to analyze the efficacy and safety of adjuvant chemotherapy for
small cell lung cancer patients retrospectively in clinical practice.

Methods: From January 2002 to March 2012, 56 small cell lung cancer patients underwent
surgery as initial therapy in our institute. Of these, 26 patients received adjuvant chemotherapy.
The clinical data of patients who received adjuvant chemotherapy were retrospectively
analyzed.

Results: The chemotherapy regimens were cisplatin and irinotecan in 16 patients, cisplatin and
etoposide in 1 and carboplatin and etoposide in 9. Median follow-up time was 44.8 months.
Nineteen (73%) patients received the full course of chemotherapy. Median recurrence-free sur-
vival was 21.4 months. Median survival time was not reached. There was no treatment-related
death.

Conclusion: Adjuvant chemotherapy may be generally safe and efficacious in selected small
cell lung cancer patients.

Key words: small cell lung cancer — surgery — adjuvant chemotherapy

INTRODUCTION additional chemotherapy after surgery in clinical practice to

Small cell lung cancer (SCLC) accounts for approximately
15% of lung cancers. It is a virulent, rapidly growing, early
metastasizing and invasive cancer. At diagnosis, approxi-
mately 90% of patients with SCLC already have regional or
distant spread (1). Furthermore, it is difficult to diagnose SCLC
presenting as a solitary small nodule of the lung by transbron-
chial lung biopsy. As a result, SCLC presenting as a solitary
small nodule is often diagnosed at the time of therapeutic
surgical resection. In these cases, we commonly administer

control micro metastases. A previous clinical study, case
series and a meta-analysis showed that adjuvant chemotherapy
might be feasible and reduce the risk of recurrence in SCLC
patients (2—4). In addition, Tsuchiya et al. (5) reported that
surgical resection followed by cisplatin and etoposide chemo-
therapy was feasible. The European Society for Medical
Oncology (ESMO) and American College of Chest Physicians
(ACCP) guidelines recommend adjuvant chemotherapy for
SCLC patients. However, it was unclear that adjuvant

© The Author 2014. Published by Oxford University Press. All rights reserved.
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chemotherapy for SCLC patients was efficacy and safety in clin-
ical practice. Therefore, the efficacy and safety of adjuvant
chemotherapy for SCLC patients were retrospectively analyzed.

PATIENTS AND METHODS

The current study included 56 consecutive patients with his-
tologically proven SCLC who underwent complete resection
at the National Cancer Center Hospital (NCCH) from January
2002 to March 2012. The medical records of SCLC patients
who received adjuvant chemotherapy were retrospectively
reviewed. Patients who had post-operative recurrence before
starting adjuvant chemotherapy, patients who had difficulty
with adjuvant chemotherapy due to complications, and
patients who refused were excluded. No patients had received
any treatment such as chemotherapy or irradiation before
surgery. Histological diagnoses and tumor grades were deter-
mined in accordance with TNM staging (seventh edition) (6).
The following data were extracted: (i) patients’ characteristics:
age, sex and Eastern Cooperative Oncology Group Performance
Status (ECOG PS) at the start of adjuvant chemotherapy, clin-
ical stage before surgery, pathological stage after surgery and
histological diagnosis before and after surgery; (ii) type of
chemotherapeutic agents administered, dose, treatment cycle,
relative dose intensity and toxicity; and (iii) patterns of recur-
rence, recurrence-free survival time (RFS) and overall sur-
vival time (OS) data. All the patients gave their written
informed consent to analyze their medical records after treat-
ments. This study was approved by the Institutional Review
Board of NCCH.

TREATMENT SCHEDULE

The chemotherapy regimens were cisplatin and irinotecan
(IP), cisplatin and etoposide (EP) and carboplatin and etopo-
side (CE). The doses of the chemotherapeutic agents were:
cisplatin (60 mg/m?® on Day 1) and irinotecan (60 mg/m? on
Days 1, 8 and 15) repeated every 4 weeks; cisplatin (80 mg/m?
on Day 1) and etoposide (100 mg/m? on Days 1—3) repeated
every 3 weeks; and carboplatin (AUC = 5 on Day 1) and eto-
poside (80 mg/m? on Days 1—3) repeated every 3 weeks. All
regimens consisted of a total of four cycles. The efficacy and
safety of each regimen has been established in previous clinic-
al trials (5,7,8).

ASSESSMENT AND ANALYSIS

Safety and tolerability were assessed during the adjuvant
chemotherapy. Adverse events were graded according to the
NCI Common Terminology Criteria for Adverse Events
(CTCAE) version 4.0. RFS and OS were measured from the
date of surgery until recurrence and death or the final day of
the follow-up period, and median survival was calculated using
the Kaplan—Meier method. STATA version 12 (StataCorp LP,
College Station, TX, USA) was used for all analyses.
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Table 1. Patients’ characteristics

Characteristic N

Twenty-six patients received adjuvant chemotherapy

Total 26
Sex
Male/female 1917
Age
Median (range) 67 (46—84)
ECOG PS
0/1 21/5

Clinical stage

1 (TINOMO/T2aNOMO0) 22(17/5)
I (TINIMO/T2aN1MO/T3NOMO) 4(1/2/1)
1 o
Pathological stage
1 (TINOMO/T2aNOMO) 10 (6/4)
11 (T2bNOMO/TINIMO/T2NIMO/T3NOMO) 9 (1/2/4/2)
I (TIN2MO/T2N2MO/T3N2M0) 7(4/2/1)
Pathological histology
Small cell carcinoma 18
Combined small cell carcinoma
With adenocarcinoma 4
With large cell carcinoma 4
Thirty patients received surgery alone
Total 30
Sex
Male/female 25/5
Age
Median (range) 71(57-89)
ECOG PS
0/1 13/17
Clinical stage
1 (TINOMO/T2aNOMO) 25(21/4)
I (TINIMO/T2N1MO) 4(2/2)
1 (T3NIMO) 1)
Pathological stage
1 (TINOMO/T2aNOMO) 18(15/3)
1T (TINIMO/T2N1MO/T3NOMO) 7(3/2/2)
I (TIN2MO/T2N2MO/T3N2MO/T4N2MO/T3N3MO) S(1/1/1/11171)
Pathological histology
Small cell carcinoma 19
Combined small cell carcinoma
With adenocarcinoma 4
With large cell carcinoma 4
With squamous cell carcinoma 3

ECOG PS, Eastern Cooperative Oncology Group Performance Status; N, number of
patients.
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RESULTS
PATIENT CHARACTERISTICS

A total of 56 consecutive patients with SCLC were sampled
from the hospital-based registry of the NCCH between
January 2002 and March 2012. The characteristics of the
patients are listed in Table 1. All patients underwent surgery
as initial treatment. The surgical procedures were pulmonary
lobectomy in 55 patients and partial resection in one patient.
Thirty patients were excluded for reasons such as death not
relevant to surgery (n = 1), early post-operative recurrence
(n = 2), thoracic empyema after surgery to need antibiotics
for long periods (n = 2), severe complications (n = 4) and
poor general condition including old age (n = 5) (Fig. 1). Asa
result, 26 patients who received adjuvant chemotherapy were
reviewed in this study.

DiscrREPANCY BETWEEN CLINICAL AND PATHOLOGICAL
HisToLOGY FINDINGS AND STAGES

Only 9 patients had a confirmed diagnosis of SCLC and 13
patients did not have a confirmed diagnosis before surgery. On
the other hand, in four patients, the confirmed diagnosis was
changed to SCLC. Their pre-operative diagnoses included one
adenocarcinoma, one squamous cell carcinoma, one large cell
carcinoma and one carcinoma not otherwise specified, respect-
ively. As a consequence of surgery, combined SCLC types with
adenocarcinoma or squamous cell carcinoma were found in
8 (30.8%) patients. Twenty-two patients had pre-operative clin-
ical Stage I disease and four had Stage 1l disease. However,

Jpn J Clin Oncol 2014,44(9) 837

post-operative pathological Stage I, II and 111 disease was found
in 10, 9 and 7 patients, respectively (Table 1).

CHEMOTHERAPY REGIMENS

The chemotherapy regimen was selected by each physician.
Sixteen patients received IP, one received EP and nine received
CE (Table 2). The median age of the patients who received IP
was 65 years (range, 47—72 years), while that of patients who
received CE was 75 years (range, 62—84 years). Most patients
who were 70 years of age or older received CE (88.9%).

TREATMENT DELIVERY AND RELATIVE DOSE INTENSITY

The median duration from surgery to starting chemotherapy
was 51 days (range, 26—78 days). Table 3 shows treatment de-
livery for each regimen. Nineteen (73%) patients received
four cycles of chemotherapy. Seven (27%) patients did not

Table 2. Regimen selected

Number of paticnts Median age (range) ECOG PS 0/1 (V)
P 16 65 (47-72) 10/6
EP 1 46 10
CE 9 75 (62—84) 4/5

IP, cisplatin and irinotecan; EP, cisplatin and etoposide; CE, carboplatin
and etoposide.

Fifty-six patients diagnosed

/Thirty patients excluded

/

pathologically as having SCLC after surgery
from January 2002 to March 2012 Death not relevantto surgery n=1
Early post-operative recurrence n=2
Thoracic empyema after surgery n=2
Adjuvant chemotherapy
at another hospital n=z2
Follow-up at another hospital n=3
Severe complications n=4
Twenty-six patients received Old age, poor condition n=5
adjuvant chemotherapy at NCCH Patient’s choice n=8
Unspecified reasons nz3 /
- l— N 7 I ™ l ™
CDDP + CPT-11 n=16 CDDP + ETP n=1 CBDCA +ETP n=9
+No recurrence n=10 *No recurrence n=1 *No recurrence n=4
*Recurrence =z 6 *Recurrence n=5
. J \_ . J . J
) N\ ™\
sAlive n=8 sAlive n=1 *Alive n=3
*Died n=5 *Died n=0 *Died n=3
sLost follow-up n=3 sLost follow-up n=0 sLost follow-up n=3
- J y J

Figure 1. Follow-up of the study patients by treatment group after surgery.
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complete the initially planned chemotherapy because of
adverse events (AE). The relative dose intensity was 83.6% in
IP, 87.5% in EP, and 86.8% in CE.

SAFETY ANALYSIS

Chemotherapy-related toxicity is shown in Table 4. Grade 4
AEs were found in 14 (53.8%) patients: neutropenia in 11
patients, thrombocytopenia in 2 patients and febrile neutropenia
in 1 patient. Adjuvant chemotherapy for completely resected
SCLC patients was feasible. All AEs were manageable, and
there was no treatment-related death. We had to stop or change
chemotherapy regimens due to AEs in four patients received
IP and three patients received CE. In IP, two patients were
changed to EP due to hepatic toxicity, one patient was changed
to CE due to kidney failure and one patient could not continue
to receive chemotherapy due to brain bleeding. In CE, all three
patients discontinued chemotherapy due to fatigue and allergy.
These three patients were over the age of 70 years (Table 3).

EFFICACY ANALYSIS

Of the 26 patients, 18 (69.2%) were still alive after the median
follow-up of 44.8 months (range, 2.8—78.1 months). The

Table 3. Treatment delivery

Number of P EP CE Total
treatment cycles (N = 16) (N=1) (N=9) (N =26)
4 12 (75%) 1 (100%) 6 (67%) 19 (73%)
3 - - 1(11%) 1 (4%)
2 - - 1(11%) 1(4%)
1 4 (25%) - 1(11%) 5(19%)
Table 4. Chemotherapy-related toxicity by CTC-AE ver. 4.0

Grade
Toxicity 1 2 3 4 3/4
Anemia 10 3 2 0 2(8)
Neutropenia 1 0 3 11 14 (54)
Febrile neutropenia 0 0 2 i 3(12)
Thrombocytopenia 1 3 3 2 5(19)
Nausea 12 3 1 0 1(4)
Appetite loss 11 5 0 0 0(0)
Diarrhea 7 5 1 0 1(4)
Fatigue 8 2 1 0 1(4)
Hepatic dysfunction 1 0 2 0 2(8)
Renal failure 1 1 0 0 0(0)
Valucs arc N (%).
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median RFS of all patients was 21.4 months (95% CI: 14.6—
41.3 months); the median RFS was 17.8 months (95% CI:
12.8—46.5 months) with IP and 23.0 months with CE (95%
CIL: 10.2—61.9 months) (Fig. 2A). The median survival time
of all patients could not be calculated due to the insufficient
follow-up time. The estimated 3-year and 5-year survivals
were 68.9% (95% Cl: 42.3—-84.6%) and 51.7% (95% CI:
24.0—73.2%), respectively (Fig. 2B). On the other hand, the
estimated 3-year and 5-year survivals of 30 patients received
surgery alone were 60.5% (95% CI: 39.9—76.0%) and 45.4%
(95% CI: 25.0—63.8%), respectively.

PATTERNS OF RECURRENCE

Recurrence was confirmed in 10 (38.5%) patients, and the initial
recurrence site was mediastinal lymph nodes in three patients,
lung in three, bone in three and abdominal lymph node in one.
Recurrence was found in two patients with pathological Stage 1,
four patients with Stage 11, and four patients with Stage IIIA.

DISCUSSION

Although the standard treatment for most cases of limited
SCLC is considered to be chemoradiotherapy, clinical T1 and
T2 SCLC without evidence of lymph node involvement (N0)
can be considered for surgical resection. Previous reports sug-
gested that these selected patients might benefit from surgery
expecting radical cure (9—11). In addition, combination
surgery and adjuvant chemotherapy or post-operative irradi-
ation has a 5-year survival of approximately 40—70% (2—5).
However, it is difficult to diagnose T1 and T2 SCLC present-
ing as a solitary pulmonary nodule prior to surgery despite de-
velopment of less invasive diagnostic methods such as
transbronchial lung biopsy, endobronchial ultrasonography
and CT-guided lung biopsy (12). As a result, SCLC presenting
as a solitary pulmonary nodule is often diagnosed at the time
of therapeutic resection. In the present analysis, 13 patients
underwent surgery with uncertain pathological diagnoses.
Furthermore, four patients had a diagnosis of NSCLC before
surgery. According to previous reports, approximately 5—10%
of patients diagnosed with SCLC will have other pathologies
such as adenocarcinoma or squamous cell carcinoma within
the surgically resected specimens (13,14). As a consequence
of surgery, combined SCLC types with adenocarcinoma or
squamous cell carcinoma were found in 8 (30.8%) patients.
We have no defined treatment strategy for combined SCLC
(containing any other NSCLC component). However, it has
been reported that there is no difference in the prognosis
between SCLC and combined SCLC (15). In our perspective,
surgery would be the best treatment choice for early stage
combined SCLC.

There have been no Phase I trials of adjuvant chemotherapy
for SCLC. A previous clinical study, a case series, and a
meta-analysis showed that adjuvant chemotherapy including cis-
platin may be feasible and reduce the risk of recurrence in SCLC
patients (2—4). The feasibility of EP after surgical resection has
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Figure 2. (A) Recurrence-free survival among the study patients. Kaplan—Meier curves for recurrence-free survival are shown for the recurrence-free survival
population. (B) Overall survival among the study patients. Kaplan—Meier curves for overall survival are shown for the overall survival population.

been reported from Japan (2,5). Therefore, it remains unclear
which regimen is appropriate. According to previous clinical
trials of extensive disease-SCLC (7,8), EP, IP and CE were
selected for adjuvant chemotherapy regimens. In the present
analysis, the choice of regimen was left to the physician by refer-
ence to previous clinical trials (5,7,8). Regarding efficacy, we
consider that IP and CE were not apparently inferior to EP in a
previous Phase II study (JCOG 9101) in which the estimated
3-year and S-year survivals were 61 and 57%, respectively.

The CE regimen has been used in elderly or poor-risk
patients with extensive disease-SCLC (8). In the present ana-
lysis, CE had acceptable toxicities and reproducible efficacy
in this population. In the period of the present analysis,
surgery was performed as initial therapy for 56 SCLC patients
at the NCCH. Of these, 30 patients could not receive adjuvant
chemotherapy for any reason. Therefore, those who received
surgery and adjuvant chemotherapy in this study were highly
selected. Thirty patients received surgery alone tended to be
in higher median age and in poor PS compared with these
received adjuvant chemotherapy. But, we could not show
clearly-defined cut-off line of adjuvant chemotherapy. It is the
limitation of this retrospective study.

A phase 111 trial of EP versus IP for adjuvant chemotherapy
(UMIN 000010298) is now ongoing in patients diagnosed
with high-grade pulmonary neuroendocrine carcinoma (large
cell neuroendocrine carcinoma and small cell lung cancer) by
the Japan Clinical Oncology Group (JCOG).

Adjuvant chemotherapy of selected SCLC patients may be
generally safe and efficacious. Further studies should be con-
sidered to evaluate the therapeutic possibility of adjuvant
chemotherapy in SCLC patients.
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Therapeutic Priority of the PI3K/AKT/mTOR Pathway
in Small Cell Lung Cancers as Revealed by a
Comprehensive Genomic Analysis
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Introduction: The information regarding therapeutically relevant
genomic alterations in small cell lung cancer (SCLC) is not well
developed. We analyzed the SCLC genome using an integrative
approach to stratify the targetable alterations.

Methods: We performed whole exon sequencing (n = 51) and copy
number analysis (n =47) on surgically resected tumors and matched
normal tissue samples from treatment-naive Japanese SCLC patients.
Results: The demographics of the 51 patients included in this study
were as follows: median age, 67 years (range, 42-86 years); female, 9
(18%); history of smoking, 50 (98%); and pathological stage I/11/111/
1V, 28/13/9/1, respectively. The average number of nonsynonymous
mutations was 209 (range, 41-639; standard deviation, 130). We
repeatedly confirmed the high prevalence of inactivating mutations
in TP53 and RB1, and the amplification of MYC family members. In
addition, genetic alterations in the PI3K/AKT/mTOR pathway were
detected in 36% of the tumors: PIK3CA, 6%; PTEN, 4%; AKT2, 9%;
AKT3, 4%; RICTOR, 9%; and mTOR, 4%. Furthermore, the indi-
vidual changes in this pathway were mutually exclusive. Importantly,
the SCLC cells harboring active PIK3CA mutations were potentially
targetable with currently available PI3K inhibitors.
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Conclusions: The PI3K/AKT/mTOR pathway is distinguishable in
SCLC genomic alterations. Therefore, a sequencing-based compre-
hensive analysis could stratify SCLC patients by potential therapeu-
tic targets.

Key Words: Lung cancer, Small cell, Genome, Comprehensive,
PI3K/AKT/mTOR.

(J Thorac Oncol. 2014;9: 1324-1331)

mall cell lung cancer (SCLC) comprises approximately

15% of all lung cancers,' and it is an exceptionally aggres-
sive malignancy with a high proliferative index and an unusu-
ally strong predilection for early metastasis.? Despite extensive
basic and clinical research over the past 30 years, little prog-
ress has been made? in treating this disease.

A better understanding of the genomic changes in SCLC
is essential to identify new therapeutic targets. Genomic analyses
have revealed genetically altered therapeutic targets in lung ade-
nocarcinoma®* and squamous cell lung carcinoma.’ However, a
systematic genomic analysis of SCLC is difficult because this
cancer subtype is rarely treated surgically, resulting in the lack of
suitable tumor specimens for comprehensive analysis.

Two reports regarding the comprehensive genomic
analysis of SCLC with a relatively small number of samples
have been published recently. These reports suggested that
transcriptional deregulation (i.e., via RBI, SOX2, MYC family
members and chromatin modifiers) might play a role in SCLC
biology.”® However, to date, attempts to develop targeted
therapies toward these transcriptional deregulations have had
limited success.

Activating alterations to oncogenes, such as receptor
tyrosine kinases (RTKSs) and PI3K/AKT/mTOR pathway pro-
teins,®> are regarded as successful therapeutic targets. We
conducted a comprehensive genomic study in over 50 SCLC
cases, and we found a higher penetrance of activating altera-
tions of the PI3K/AKT/mTOR pathway that act in a mutually
exclusive manner.
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PATIENTS AND METHODS

Samples

This study was approved by the Institutional Review
Board (IRB) of the National Cancer Center, Japan (IRB num-
ber: 2011-201). All data used in this study were obtained from
a database at the Division of Thoracic Oncology, National
Cancer Center Hospital East, Kashiwa, Japan.

From July 1992 to March 2012, we consecutively col-
lected 1042 SCLC cases at our hospital. Fifty-five of these
cases were included in the current study based on the fol-
lowing criteria: a surgical resection or mediastinoscopy was
performed; a re-review confirmed a pathological diagnosis of
SCLC; the tumor specimens contained a minimum of 70%
tumor cells; enough tissue was obtained for a comprehen-
sive analysis; the patient did not receive any neoadjuvant
treatment; and the corresponding normal tissue, which was
obtained from paraffin-embedded blocks of resected Iung tis-
sue that was microscopically free of cancer cells, was also
available for analysis. We analyzed the exomes of these 55
samples to assess their mutational burden.

Depending on the tissue size, three to six sections (10
um thickness) were cut. For the tumors showing a combined
SCLC and other histology, only the SCLC compartment was
dissected and used for analysis. Total DNA was obtained from
formalin- (n = 43) or methanol-fixed (n = 12) paraffin-embed-
ded tumors and matched normal tissue samples. All patients
(100%) were Japanese.

Among these 55 cases, four exome data sets did not meet
the sequence quality requirement and were excluded from fur-
ther analyses. In addition, 48 samples received copy number
analysis using single nucleotide polymorphism array data.

Procedures

The detailed experimental procedures are described in
the Supplemental Information section (Supplemental Digital
Content 1, http://links.lww.com/JTO/A625)

Whole Exon Sequencing and
Copy Number Analysis

The Absolutely RNA FFPE kit (modified protocol for
DNA extraction, Agilent Technologies, Santa Clara, CA)
was used to prepare the DNA. Using 1 pg of dsDNA, quan-
tified by Quant-iT PicoGreen dsDNA Reagent and Kits (Life
Technologies, Carlsbad, CA), the exome-sequencing libraries
were prepared. All exomes were captured using the SureSelect
Human All Exon V4+UTRs Kit (Agilent Technologies) (71 mb).
The exome capture libraries were sequenced by HiSeq 2000
(Illumina, San Diego, CA) to generate 100-bp paired-end data.

The Illumina HumanOmniExpress-FFPE BeadChip
assay was used to analyze the genotype, DNA copy num-
ber, and loss of heterozygosity (LOH) in 48 primary-normal
paired samples. All samples, except for 1 (n = 47), passed our
quality control metrics for sample identity and data quality.
A subset of 693,000 high-quality single nucleotide polymor-
phisms was selected for all analyses (Supplemental Figure 1,
Supplemental Digital Content 2, http:/links.lww.com/JTO/
A626). A gene was considered copy number amplified if the

Copyright © 2014 by the International Association for the Study of Lung Cancer

121

calculated copy number in a sample was more than or equal to
4, and a gene was considered copy loss if the copy number in
a sample was 0. Recurrent genomic regions with DNA copy
gain and loss were identified using GISTIC, version 2.0.1415

Identification of Significantly Mutated Genes
Significantly mutated genes were identified according to
a previously reported protocol.'® The length of the total coding
sequence regions was represented as N (approximately 39.8
mb). When a patient (patient /) harbored a total of m, single
nucleotide variants (SNVs), the probability that the patient
harbored SNVs in gene ¢ (length: n) was calculated as follows:

P, =1-(1-m/N)®

The sum of P, in 51 samples was represented as the
expected number of cases with SNVs in gene #:

51
P =3 (1-(1-m/N)"")
i=1

The p values of the observed number were calculated
using the binomial probability function with R pbinom.

Cancer Census Genes and Analysis
of Hot Spot Mutations

We defined the cancer census genes as follows: 487
genes listed in the Catalogue of Somatic Mutations in Cancer
(COSMIC) database (release version 64; http://cancer.sanger.
ac.uk/cancergenome/progects/cosmic/) and 13 genes reported
by Peifer et al.” were considered candidate driver genes. To
analyze hot spot mutations, mutation data from the SCLC
cases were downloaded from the COSMIC database (release
version 64 or 68).

Cell Lines and Assays

The cell lines were cultured in RPMI-1640 supple-
mented with 10% fetal bovine serum (FBS) or hydrocorti-
sone, insulin, transferrin, estradiol, and selenium (HITES)
medium with 5% FBS. Then, 10,000 cells were plated in three
replicates into 96-well plates. After 72 hours incubation with
inhibitors, cell viability was analyzed with a WST-8 assay and
a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Western
blotting was performed as described in the Supplemental
Information section (Supplemental Digital Content 1, http:/
links.lww.com/JTO/A625).

RESULTS

Patient Characteristics

The characteristics of the available patient exome data
(n = 51) are summarized in Table 1 and Supplemental Table 3
(Supplemental Digital Content 3, http://links.lww.com/JTO/
A627). Fifty patients received surgical resections and one patient
received a mediastinoscopy. Forty-two patients were male and
nine were female. The median age at the time of surgical resec-
tion was 67 years (range, 42-86 years). Of the 51 patients, 50
(98%) had a history of smoking, and the pathological stages
were distributed as follows: stage I, 28 patients; stage II, 13
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TABLE 1. Patient Characteristics
Characteristic No. of Patients
Total 51
Gender

Male/female 42/9
Age, years :

Median (range) 67 (42-86)
Performance status

0/1/2 35/15/1
Smoking status

Never/ever 1/50
Pack years

Median (range) 47 (0-98)
Histology

Pure SCLC/combined SCLC 40/11
Pathological stage

/HIv 28/13/9/1
Vascular invasion

Absent/present 8/43
Lympbhatic invasion

Absent/present/unknown 31/19/1
Pleural invasion

Absent/present/unknown 31/19/1
Tumor diameter

Median (range) 2.5(1.1-13.0)

patients; stage III, nine patients; and stage IV, one patient. All
patients were positive for at least one of the following neuro-
endocrine markers: CD56, chromogranin A, or synaptophysin.

Somatic Point Mutations

The exome capture, sequencing, and analysis of the 51
SCLC tumor-normal tissue pairs identified 10,640 protein-
altering somatic mutations, including 9376 missense, 707
nonsense, and 557 protein-altering insertions and/or dele-
tions (INDEL) (Supplemental Table 4, Supplemental Digital
Content 3, http:/links.Iww.com/JTO/A627). The SCLC
tumors had an average of 209 protein-altering SNVs (range,
41-639) per case, with a mean nonsynonymous mutation
rate of 6.15 mutations per mega-base (Supplemental Figure
2, Supplemental Digital Content 2, http:/links.lww.com/
JTO/A626). Significantly mutated genes are determined as
Supplemental Table 5 (Supplemental Digital Content 3, http:/
links.lww.com/JTO/A627). Overall, 414 genes had a p value of
less than 0.01 and 1321 genes had a p value of less than 0.05.

A description of the significantly mutated cancer census
genes (p value <0.05 in our data set) is provided in Table 2.
Notably, 7P53 was the most frequently mutated gene (muta-
tion frequency of 80%, p value of 5.81E—69). The mutation
frequencies and p values of cancer census genes were 39% and
6.42E-22, 16% and 0.00019, 10% and 0.0017 for RBI, ROSI,
and RET, respectively. Mutations of histone modifiers were
also recurrently identified in this study; CREBBP was mutated
in 6% of the patients, and £P300 was mutated in 4% of the
patients (Fig. 1). Recently reported candidate driver genes were
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also recurrently identified in the PI3K/AKT/mTOR signaling
pathway. Three patients (6%) had mutations in PIK3CA (one
E545K, two others), and two patients (4%) had mutations in
the PTEN C2 domain (Supplemental Figure 3, Supplemental
Digital Content 2, http:/links.lww.com/JTO/A626).

To validate the whole exon sequencing data, we performed
Sanger sequencing for the variants including four SNVs of
PIK3CA and ROS! and a deletion of KIT in five individual tumor
samples. All the variants detected using whole exon sequenc-
ing were reproduced using conventional Sanger sequencing
(Supplemental Figure 4, Supplemental Digital Content 2, http://
links.lww.com/JTO/A626). Furthermore, we designed a custom
target-capturing panel containing all the coding exons of 244
genes. Four tumor samples were applied to the target resequenc-
ing, and all 41 SNVs or indels in these tumor genomes were
reproducibly identified (Supplemental Table 6, Supplemental
Digital Content 3, http://links.lww.com/JTO/A627).

Copy Number Analysis

Next, we applied a novel algorithm to identify the signif-
icant somatic copy number alterations (Supplemental Figure
5, Supplemental Digital Content 2, http://links.lww.com/JTOQ/
A626). A description of frequently amplified cancer census
genes (GISTIC ~log,, q score 21.50) is provided in Table 3.
MYC family members were frequently amplified (GISTIC
q scores were 2.50, 1.65, and 1.57 for MYCL1, MYCN, and
MYC, respectively). The amplifications affected MYCLI (4/47
cases), MYC (1/47 cases), and MYCN (1/47 cases). All MYC
family member amplifications (13% of cases) were mutually
exclusive (Fig. 1). In addition, gene amplifications were fre-
quently found in the PI3K/AKT/mTOR signaling pathway
(GISTIC q scores were 2.45 and 1.22 for AKT2 and RICTOR,
respectively). The gene amplifications in PI3K/AKT/mTOR
signaling were observed in AKT2 (4/47 cases) and RICTOR
(3/47 cases), and they were also mutually exclusive (Fig. 1).
Previously reported amplifications involving SOX2 (1/47
cases) and KIT (1/47 cases) were also identified.

Recurrent Mutations at the Same Position

Forty genes with recurrent somatic mutations at the
same position were identified in this study and the COSMIC
database (Table 4). TP53, the well-characterized tumor sup-
pressor gene, had 29 different positions that mutated more
than or equal to two times (total recurrent samples, 134). RB]
had four different positions that mutated two or three times.
The remaining 38 genes had one position that mutated two or
three times. Well-established activating mutations in PIK3CA,
the catalytic subunit of phosphoinositide-3 kinase (E545),
were also detected in another SCLC cohort.

PI3K/AKT/mTOR Pathway Alteration

Because of the large number of somatic point mutations
and focal amplifications found in the PI3K/AKT/mTOR sig-
naling pathway (e.g., PIK3CA4, PTEN, AKT2, and RICTOR),
we focused our investigation on the changes in the PI3K/AK T/
mTOR pathway. We observed that the PI3K/AKT/mTOR
pathway was altered in 17/47 (36%) of the SCLC tumors
(Fig. 1), and all altered genes in the PI3K/AKT/mTOR path-
way were mutually exclusive. There was no difference in the
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TABLE 2. Significantly Mutated Cancer Census Genes (*p < 0.05 in This Study)

This Data Set (n = 51) COSMIC Database
Mutation Mutation
Symbol Mutated Case Frequency (%) p Value* Mutated Case/Total Frequency (%)
P53 4] 80 5.81E~69 235/308 76
RB1 20 39 6.42E-22 99/181 55
ROSI 8 16 0.00019 7165 11
RET 5 10 0.0017 4/147 3
IKZF1 4 8 0.0017 0/57 0
CD79B 2 4 0.0042 0/61 0
PAX7 3 6 0.0074 3/63 5
HIPI 4 8 0.0076 1/62 2
CDHI11 4 8 0.0086 0/62 0
MNI 4 8 0.014 1/61 2
PTEN 2 4 0.017 39/309 13
ERBB2 4 8 0.018 1/167 1
LPP 3 6 0.019 0/62 0
MLL2 6 12 0.021 7157 12
BCLIIB 3 6 0.022 0/63 0
LMO1 1 2 0.023 0/62 0
NR4A43 3 6 0.028 1/56 2
ZNF52] 4 8 0.031 10/62 16
PIK3CA 3 6 0.034 38/272 14
WT1 2 4 0.040 1127 1
TRIM33 3 6 0.041 1/62 2
PBRM1 4 8 0.042 1/61 2
FUS 2 4 0.043 0/62 0
ABLI 3 6 0.044 2/63 3
RPNI 2 4 0.045 0/57 0
BTGI 1 2 0.045 0/62 0

*p value., P binom.

clinical characteristics, such as smoking status, gender, and
age, between the PI3K/AKT/mTOR pathway-affected group
(Group A) and the PI3K/AKT/mTOR pathway-unaffected
group (Group B). The frequencies of TP53 and RB/ mutations
were identical between Group A and Group B. However, more
MYC family genes tended to be amplified in Group B; Group
A did not harbor KRAS or BRAF mutations, and most patients
in Group A did not have MAPK/ERK pathway changes.

The correlation between the PI3K/AKT/mTOR path-
way changes and RTKs is shown in Supplemental Figure 6
(Supplemental Digital Content 2, http:/links.lww.com/JTO/
A626). The changes in various targetable RTK genes were
detected, such as FRBB2 (n = 4), KIT (n = 2), PDGFRA
(n=3), PDGFRB (n =2), KDR (n =3), MET (n = 1), ROS!
(n=28), and RET (n = 5). However, none of these genes showed
a recurrent mutation at the same point in this data set or the
COSMIC database. The PI3K/AKT/mTOR pathway status did
not correlate with the RTK changes.

Drug Sensitivity
To further investigate whether the PI3K/AKT/mTOR
pathway could be a feasible therapeutic target in SCLC, we
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tested the in vitro drug sensitivity of the SCLC cell lines using
the clinically developed compounds targeting this pathway
(Fig. 2 and Supplemental Figure 7, Supplemental Digital
Content 2, http:/links.Iww.com/JTO/A626). We selected
three SCLC cell lines with genetic alterations in the PI3K/
AKT/mTOR pathway: H446 (PTEN-loss, MYC-amplified),
H1048 (PIK3CA mutation), and H1694 (AKT3-amplified).
We also examined H82 (MYC-amplified) and H209, which
do not display activation of the PI3K/AKT/mTOR pathway.
Using these cell lines, we assessed the efficacy of four com-
pounds that inhibit the PI3K/AKT/mTOR pathway and are in
on-going phase I/II trials: BEZ235 (PI3K and mTOR inhibi-
tor), BKM120 (PI3K inhibitor), INK128 (mTOR inhibitor),
and MK2206 (AKT inhibitor), as well as one cytotoxic agent,
cisplatin. None of the cell lines showed apparent cytotoxic-
ity in response to doses up to 1 uM cisplatin. Conversely,
all PI3K/AKT/mTOR inhibitors significantly impaired the
proliferation of the SCLC cell lines. H1048, which harbors
a PIK3CA mutation (H1047R), was the most sensitive to all
of the PI3K/AKT/mTOR inhibitors, with IC50 values of 3.8,
5.4, 99.9, and 195.4nM for INK128, BEZ235, MK2206,
and BKM120, respectively. BEZ235 was the most effec-
tive compound to specifically inhibit H1048 cell growth
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FIGURE 1. An overview of the key driver mutations and major associated clinical features of 47 SCLC samples. The number
of events per gene is noted on the left. The genes are displayed as rows, and the samples are displayed as columns, with major

associated clinical features.

PY, PACK YEARS; MYC FAMILY*, MYC FAMILY ALTERED SAMPLES.

TABLE 3. Frequently Mutated Cancer Census Genes (-log,,
g score 21.5)

This Data Set (n = 47)

Symbol —log,, (q score)
MYB ' 3.40
MYCLI 2.50
AKT2 245
CLTCL1 2.34
LIFR 221
IL7R 2.13
THRAP3 2.09
ETVS5 2.05
BCL6 1.99
EIF4A2 1.93
LPP 1.89
PAXS 1.89
ZNF384 1.86
ARIDIA 1.65
MYCN 1.65
FANCG 1.65
MYC 1.57
MDS2 1.52
1328

(IC50 = 5.4), with an IC50 value greater than 10-fold lower
than that of H82 (IC50 = 58.3 nM) and fivefold lower than that
of H209 (IC50=29.7nM). In contrast, H446 (IC50 = 33.3nM)
and H1694 cells (IC50 = 52.5nM) were relatively resistant to
BEZ235 treatment.

The impact of BEZ235 on AKT phosphorylation in
SCLC cells was investigated using Western blot analysis. AKT
was activated in the H446 and H1048 cells under these culture
conditions, and it was effectively inhibited after being treated
with 10nM BEZ235. Conversely, constitutive phosphorylation
of AKT was not observed in H1694 cells, even when pan-AKT
was over-expressed. In addition, AKT phosphorylation was not
detected in the H82 and H209 cells. Regarding factors located
downstream of mTOR, S6RP was phosphorylated in all five
SCLC cell lines. Especially, the phosphorylation level was
high in AKT-activated H446 and H1048 cells. BEZ235 signifi-
cantly reduced the phosphorylation of S6RP in all the cells.

To evaluate the contribution of PI3K/AKT/mTOR sig-
naling to SCLC cell proliferation, we used RNA interfer-
ence (RNAI) to down-regulate the expression of PIK3CA in
H1048 cells. The transient silencing of PIK3CA impaired the
phosphorylation of AKT and S6RP (Supplemental Figure 8,
Supplemental Digital Content 2, http:/links.lww.com/JTO/
A626). In addition, PIK3CA silencing induced a decrease in
the proliferation of H1048 cells.
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TABLE 4. The Recurrent Mutations Detected at the Same Position in This Study and the COSMIC Database

No. in
This No. in
Data COSMIC
Gene Recurrent in This Study (no.) Set Recurrent in COSMIC Database (no.) Database Total
TPS53 Q38 (1) TI55(1) VIS7(1) R158(2) A159 (1) M160 (1) 37 Q38(1) TIi55(4) V1(57) R158 (3) A159 (1) M160(1) 97 134
11
Al6l (1) Y163 (2) R175(1) C176 (2) H179 (1) Q192 (1) A161 (1) Y163 (2) R175(4) C176 (2) H179 (7) Q192 (2)
D208 (1) R209 (1) R213 (1) S215(2) Y220 (1) R248 (1) D208 (1) R209(2) R213 (3) S215(1) Y220 (8) R248(7)
R249 (2) 1265 (1) G266 (2) R273 (1) R283 (2) E286 (1) R249 (11) L265 (1) G266 (3) R273 (8) R283 (1) E286 (5)
E294 (1) E298 (1) Q317 (1) R337 (2) R342 (1) E294 (3) E298(2) Q317 (1) R342 (1)
RB1 T543 (2) W78 (1) W195 (1) E322 (1) 5 W78(1) WI95(2) E322(1) 4 9
ABRA S276 (2) 2 0 2
AP3M2 T72(2) 2 0 2
CLEC4G R23(2) 2 0 2
DACT1 V481 (2) 2 0 2
DPP6 Q345 (2) 2 0 2
DUSP27 D886 (2) 2 0 2
GPR149 R540(2) 2 0 2
KIAA2022 Q738 (2) 2 0 2
OR9G! C168 (2) 2 0 2
PCDHGAS5 E782 (2) 2 0 2
PDE4C P39 (2) 2 0 2
PJAL E182 (2) 2 0 2
ZFP1 Q287 (2) 2 0 2
B2M MI (1) 1 M@ 2 3
PIK3CA  ES45(1) 1 E545(2) 2 3
AFF2 D506 (1) 1 D506 (1) 1 2
ASTNI1 R184 (1) 1 RI184(1) 1 2
BEND3 G263 (1) 1 G263 (1) 1 2
[62.7:N R438 (1) 1 R438(1) 1 2
CREB3L3 P82(1) 1 P82(1) 1 2
CST4 R46 (1) 1 R46(1) 1 2
DEFB112 RI112(1) 1 RI112(1) 1 2
GPR139  T322(1) 1 T322(1) 1 2
HCNI Q772 (1) 1 Q772 (1) 1 2
ITGA4 R481 (1) 1 R481(1) 1 2
JAM3 Y31 (1) 1 Y31(1) 1 2
KCNJ12  R261(1) 1 R261(1) 1 2
LIFR Q978 (1) 1 Q978(1) 1 2
LRRC52 A258(1) 1 A258(1) 1 2
MED23  N1095(1) 1 NI1095 (1) 1 2
MUC6 P27 (1) 1 P27(1) 1 2
OPN4 C303 (1) 1 C303(1) 1 2
OR10S1  A283 (1) 1 A283 (1) 1 2
OR2W1 1206 (1) 1 1206 (1) 1 2
ORSF1 $265 (1) 1 S265(1) 1 2
ORS5L1 $267 (1) 1 8267(1) 1 2
SLC28A3 Q261 (1) 1 Q261(1) I 2
ZNF382  C278(1) 1 C278(1) 1 2
no., number Recurrent (no.), positions with recurrent mutations (no. of instances).
Copyright © 2014 by the International Association for the Study of Lung Cancer 1329
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FIGURE 2. (A) The concentration-response cell survival

curves of SCLC cell lines with or without genetic alteration in
the PI3K/AKT/mTOR pathway in response to BEZ235 (nM)
and Cisplatin (nM). The PIK3CA mutation positive cell line,
H1048, is relatively sensitive to BEZ235. The H82 and H209
cell lines are negative controls. (B) Western blotting was used
to investigate the impact of BEZ235 on AKT phosphoryla-
tion and S6RP phosphorylation in the SCLC cells. AKT was
activated in H446 and H1048 cells, and it was inhibited after
being treated with 10nM BEZ235. AKT was amplified but
not constitutively phosphorylated in the H1694 cells. AKT
phosphorylation was not detected in the negative control cell
lines, H82 and H209. With regard to factors located down-
stream of mTOR, S6RP was phosphorylated in all five SCLC

- cell lines. Especially, the phosphorylation level was high in
AKT-activated H446 and H1048 cells. BEZ235 significantly
reduced the phosphorylation of S6RP in all the cells.

DISCUSSION

We performed an integrative genomic analysis of SCLC
in Japanese patients. The SCLC tumors had a significantly
high mutation rate. An analysis of the base-level transitions
and transversions showed that G-to-T transversions were
predominant (Supplemental Figure 2, Supplemental Digital
Content 2, http:/links.lww.com/JTO/A626), which was con-
sistent with the demonstrated effects of tobacco smoke carcin-
ogens on DNA.3'7 A high prevalence of inactivating mutations
in 7P53 and RBI and recently reported candidate driver genes,
including the mutations of histone modifiers (CREBBP’ and
EP3007), were recurrently observed along with the amplifica-
tion of MYC family members.™'*!8" These data indicate that
the genomic landscape of SCLC is equivalent between Asian
and Caucasian populations.”®!7:18

SCLC is characterized by aggressive growth and a poor
prognosis, and no single molecular targeted drug has shown
any clinical efficacy over an extended period. A number of
inhibitors targeting changes in RTKs are currently used in
clinical use. Alterations in well-known, targetable RTK
genes, such as ERBB2, KIT, PDGFRA, PDGFRB, KDR,
MET, ROS1, and RET, were detected in this study. However,
these alterations did not overlap with previously reported
activating mutations.
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The PI3K/AKT/mTOR signaling pathway is involved
in the survival, proliferation, and migration of SCLC cell
lines.”” We confirmed the activation of the PI3K pathway in
the SCLC-derived cell lines. AKT protein overexpression was
observed in the AKT3-amplified H1694 cells, and phosphor-
ylated-AKT and S6RP were increased in the PTEN-lacking
H446 cells and PIK3CA-mutated H1048 cells. In addition, the
significant decrease in the proliferation of H1048 cells induced
by PIK3C4 silencing suggested that the proliferation of these
cells was strongly dependent on the PI3K/AKT/mTOR path--
way (Supplemental Figure 8, Supplemental Digital Content
2, http://links.lww.com/JTO/A626). Consistently, genetic
changes in the PI3K/AKT/mTOR pathway were detected
in approximately 40% of our clinical samples. In addition
to high penetrance, these alterations occurred in a mutually
exclusive manner. A similar trend was observed in another
Japanese cohort of primary SCLC (Supplemental Table 7,
Supplemental Digital Content 3, http:/links.lww.com/JTO/
A627). In addition to SCLC, a significant exclusion pattern
among PI3K pathway molecules was observed in the system-
atic analysis of breast cancer genomes.? Together, these data
suggest indispensable roles for this pathway in tumorigenesis.

Two specific inhibitors of mTORCI, everolimus'®
and temsirolimus,'' were tested against SCLC in a Phase
IT study. However, single-agent antitumor activity was lim-
ited in unselected patients; the response rate in these studies
was less than 10%. To improve the response to these inhibi-
tors, the addition of PI3K inhibition has been suggested.
The dual inhibition of PI3K and mTOR might be advanta-
geous over single inhibition by suppressing a S6K feedback
loop that leads to the pathway reactivation.?! Based on this
idea, an on-going phase I study of the PI3K and mTORC1/2
dual inhibitor, BEZ235, was designed for the patients with
advanced solid tumors harboring PIK3CA or PTEN alteration
(NCT01195376). In this study, we showed that the survival of
the cisplatin-resistant SCLC cell lines was well suppressed
by BEZ235, accompanied by the suppression of S6RP phos-
phorylation. Notably, the effect was most significant against
H1048 cells, which harbor a PIK3CA-activating mutation.

However, we found that not all SCLC cell lines harbor-
ing PI3K/AKT/mTOR pathway alterations exhibited a similar
sensitivity to BEZ235. Although AKT phosphorylation was
significantly inhibited by BEZ235 in both the H446 cells and
H1048 cells, the sensitivity of the H446 cells was less than that
of the H1048 cells. MYC gene amplification reportedly evades
PI3K-targeted therapy.”? MYC amplification was demonstrated
in H446 cells,* and this co-alteration could be one cause of
the observed low sensitivity. Thus, to determine the most benefi-
cial concentrations for patients, both direct target molecules and
other interfering signaling pathways should be simultaneously
assessed. In this study, no surgically resected tumors harbored
co-alterations of the PI3K/AKT/mTOR pathway and MYC gene
amplification. However, the sample size of this study and other
published systemic analyses remained small, and many of the
samples were obtained from relatively early-stage tumors. We
should expand the sample size and further analyze samples of
advanced tumors using biopsy, necropsy, and autopsy specimens
to clarify the coexistence of oncogenic alterations in SCLC.

Copyright © 2014 by the International Association for the Study of Lung Cancer
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Although further large-scale validation studies are
needed, our data suggest that evaluating the genetic status of
molecules that modify the PI3K/AKT/mTOR signaling path-
way, such as MYC family and MAPK pathway molecules, is
essential to select patients with potential sensitivity to PI3K/
AKT/mTOR inhibitors. In other words, enriching the study
population by performing the integrative genomic analysis
is essential when performing phase studies of PI3K/AKT/
mTOR inhibitors in SCLC.

In conclusion, the SCLC genome possesses distin-
guishable genetic features in the PI3K/AKT/mTOR pathway.
Genetic alterations in the PI3K/AKT/mTOR pathway were
noted as a top therapeutic priority in SCLC. In addition to sur-
gically resected samples, advanced tumors should be exam-
ined for comprehensive genomic analysis.
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Abstract

Purpose: To examine the clinical utility of intratumor mictoRNAs (miRNA) as a biomarker for predicting
responses to platinum-based doublet chemotherapy in patients with recurring lung adenocarcinoma
(LADC).

Experimental Design: The expression of miRNAs was examined in LADC tissues surgically resected from
patients treated with platinum-based doublet chemotherapy at the time of LADC recurrence. Microarray-
based screening of 904 miRNAs followed by quantitative reverse transcription-PCR-based verification in 40
test cohort samples, including 16 (40.0%) responders, was performed to identify miRNAs that are
differentially expressed in chemotherapy responders and nonresponders. Differential expression was
confirmed in a validation cohort (n = 63 samples), including 18 (28.6%) responders. An miRNA signature
that predicted responses to platinum-based doublet chemotherapy was identified and its accuracy was
examined by principal component and support vector machine analyses. Genotype data for the TP53-
Arg72Pro polymorphism, which is associated with responses to platinum-based doublet chemotherapy,
were subsequently incorporated into the prediction analysis.

Results: A signature comprising three miRNAs (miR1290, miR196b, and miR135a*) enabled the
prediction of a chemotherapeutic response (rather than progression-free and overall survival) with high
accuracy in both the test and validation cohorts (82.5% and 77.8%). Examination of the latter was
performed using miRNAs extracted from archived formalin-fixed paraffin-embedded tissues. Combining
this miRNA signature with the TP53-Arg72Pro polymorphism genotype marginally improved the predictive
power.

Conclusion: The three-miRNA signature in surgically resected primary LADC tissues may by clinically
useful for predicting responsiveness to platinum-based doublet chemotherapy in patients with LADC
recurrence. Clin Cancer Res; 20(18); 4784-93. ©2014 AACR.
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Lung adenocarcinoma (LADC) is the most common type
of non-small cell lung cancer (NSCLC) and is a leading
cause of cancer mortality worldwide (1). Surgical resection
is the best curative treatment for NSCLC; however, patients
that experience recurrence after surgery and those with
advanced disease receive chemotherapy to slow tumor
growth and improve survival. LADCs harboring an EGFR
mutation or an ALK fusion are primarily treated with
specific tyrosine kinase inhibitors (TKI), with response rates
of approximately 60% (2, 3). Other oncogene aberrations,
such as BRAF, HER2, RET, and ROS1, are also taigeted by
specific TKIs (4-6), but a major barrier to curative treatment
of LADC using TKIs is innate and acquired drug resistance
(7, 8). Furthermore, more than 60% of USA/European and
more than 30% of Japanese LADC cases do not harbor the
oncogene aberrations listed above (9, 10). Such resistant
and oncogene-negative LADC cases are treated with
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miRNAs Predict Chemosensitivity in Lung Adenocarcinoma

; Transla’uonai Helevance

" The use of biomarkers to. 1dent1fy patients. that wxl]
respond . to platmum based doublet - chemotherapy
before treatment is a critical strategy for improving the
efficacy - of chemotherapy for lung adenocarcmoma
(LADC). Here, we report that the expression profile of
“three miRNAs in surgtcally resected primary tissues.is
clinically useful for predicting responsiveness, to plau-
‘num-based - doublet chemotherapy- in  patients with
LADC recurring - after initial surgical -resection. -This
three-miRNA signature may be useful for the clinical
management of LADC

chemotherapy. The standard regimens comprise platinum-
based doublets, that is, a combination of platinum and
another agent; the drugs paired with platinum (cisplatin or
carboplatin) include microtubule-targeted agents (paclitax-
el, docetaxel, or vinorelbine) and DNA-damaging agents
(gemcitabine or irinotecan). A series of trials in unselected
patients revealed that the efficacy of each combination is
similar, with response rates of 30% to 40% (11-13); thus,
identifying biomarkers that can discriminate between
patients that will respond to platinum-based doublet che-
motherapy and those who may not before treatment will
help improving the efficacy of chemotherapy for LADC.

microRNAs (miRNA) are small noncoding RNAs that
posttranscriptionally regulate the translation of target
genes; these miRNAs show altered expression in a variety
of cancers and can modify the malignant properties of
cancer cells, including the response to DNA damage
(14-16). In fact, functional studies in LADC cell lines have
identified a number of miRNAs that modulate sensitivity to
platinum-based agents (17-23). Furthermore, miRNAs are
stable in formalin-fixed parafin-embedded (FFPE) tissues,
that is, materials used for daily pathologic diagnosis (24,
25). Indeed, intratumor miRNA expression is a promising
prognostic marker in patients that have undergone surgical
resection (26-31), but few studies have examined the utility
of miRNAs as a predictor of chemotherapeutic responses
(32). To the best of our knowledge, only two such studies
have been reported: one shows that a two-miRNA signature
(miR149 and miR375) is associated with responses to
platinum-based chemotherapy in NSCLC (n = 38), and
the other shows that miR92a-2* expression is associated
with chemoresistance in small-cell lung cancer (n = 34;
refs. 33, 34).

Here, we investigated the utility of intratumor miRNAs as
a biomarker for predicting responses to platinum-based
doublet chemotherapy. We examined the expression of
miRNAs in 103 surgically resected specimens obtained from
patients who received platinum-based chemotherapy upon
LADC recurrence to ascertain whether miRNA expression in
primary tumors could predict responses to platinum-based
doublet chemotherapy in patients who experienced LADC
recurrence after surgery. First, a two-step screening process

involving 904 miRNAs was performed to identify an miRNA
signature with predictive value. The first step was performed
using a test cohort comprising 40 frozen tumor samples from
which RNAs were isolated, and the second step was per-
formed using a validation cohort comprising 63 cases, for
which RNAs from FFPE tissues were available. We identified a
three-miRNA signature that predicted responses to platinum-
based doublet chemotherapy with an accuracy of >75%.

Materials and Methods

Materials

Of note, 103 surgically resected LADC tissues were exam-
ined in the present study (Fig. 1A). Briefly, 643 Japanese
patients with NSCLC received platinum-based doublet che-
motherapy at the National Cancer Center Hospital (NCCH;
Tokyo, Japan), between 2000 and 2008, and the therapeutic
response was evaluated using the Response Evaluation
Criteria In Solid Tumors (RECIST) guidelines (35). None
of the patients had received prior treatment with platinum-
based chemotherapy. Of the 643 cases, 118 were recurrent
cases that had undergone surgical resection at NCCH, and
all were pathologically diagnosed with adenocarcinoma.
Tumor tissues for RNA extraction were available for 103 of
118 cases; these cases were examined in the present study.
Information regarding age, gender, pathologic TNM stage
(the 7th classification), smoking habits, postoperative che-
motherapy regimens and responses to platinum doublet

Microarray analysis
for 904 miRNAs

qRT-PCR
examination

Figure 1. Patients and treatment strategy. A, selection of eligible cases,
that is, 103 surgically resected cases that received platinum-based
doublet chemotherapy upon LADC recurrence. B, identification and
evaluation of a three-miRNA signature for the prediction of responses to
chemotherapy.
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therapy, and performance status (PS) were retrospectively
collected. RNAs isolated from fresh-frozen tissues were
available for 40 of 103 cases; these were defined as the test
cohort. The RNAs from the test cohort were subjected to
miRNA microarray analysis followed by verification by
quantitative reverse transcriptase-PCR (qQRT-PCR) analysis.
RNAs from FFPE tissues were available for the remaining 63
cases; these were defined as the validation cohort. In addi-
tion, patients were classified into two categories according
to RECIST guidelines: those that responded to platinum-
based doublet chemotherapy [complete response (CR) or
partial response (PR)] and those that did not [stable disease
(SD) or progressive disease (PD)].

RNA extraction

RNA was extracted from snap-frozen tissues (test cohort)
using TRizol reagent (Thermo Fisher Scientific). The quality
and quantity of the RNAs were examined using a Bioana-
lyzer (Agilent). All RNA samples showed an RNA integrity
number RIN >6.0; therefore, they were subjected to micro-
array analysis. For the validation cohort, RNA was isolated
from three unstained FFPE sections (5-pm thick). The area
of the carcinoma in the three unstained sections was out-
lined by referring to a sequential section that was stained
with hematoxylin and eosin. Each marked area was macro-
dissected using a sterile disposable scalpel and RNA was
isolated using the RecoverAll Total Nucleic Acid Isolation
Kit (Ambion). Total RNA was quantified using a NanoDrop
ND-1000 spectrometer (Thermo Fisher Scientific). The
optical density (OD) 260/280 and OD 260/230 ratios were
used for quality control.

Microarray experiments

The Human miRNA Microarray Kit release 14 (8 x 15 K;
Agilent Technologies), covering 904 miRNAs, was used to
screen for miRNAs in the test cohort samples (n = 40). Data
were normalized and analyzed using GeneSpring GX soft-
ware (version 12.5; TOMY Digital Biology). The fold change
in expression was defined as the ratio of expression in
responders to that in nonresponders. Normalized and raw
expression data were deposited in the Gene Expression
Omnibus at the National Center for Biotechnology Infor-
mation (GSE56264).

Examination of driver oncogene aberrations

All 40 test cohort samples were also screened for oncogene
fusions (EML4- and KIF5B-ALK, KIF5B- and CCDCG6-RET;
and CD74-, EZR-, and SLC34A2-ROS1) by reverse tran-
scription-PCR as previously described (4, 36). Genomic DNA
was extracted from fresh or frozen samples from all 103
subjects using a QIAamp DNA Mini Kit (QIAGEN) and then
analyzed for EGFR, KRAS, BRAF, and HER2 hot spot muta-
tions using the high resolution melting method (37, 38).

gRT-PCR analysis

qRT-PCR of mature miRNA was performed using TagMan
MicroRNA assays (Thermo Fisher Scientific) and the 7900
HT Fast Real-Time PCR System (Thermo Fisher Scientific).

cDNA was synthesized using miRNA-specific primers and a
TagMan MicroRNA Reverse Transcription Kit (Thermo Fish-
er Scientific). RNA (40 ng) was reverse transcribed ina 20 uL
reaction containing gene-specific RT probes. All assays were
performed in triplicate and investigators were blinded to the
clinical outcome. All TagMan probes were purchased from
Thermo Fisher Scientific: hsa-miR135a-3p (ID 002232),
hsa-miR196b-5p (ID 002215), hsa-miR1181 (Assay ID
241045_mat), hsa-miR31-5p (ID 002279), hsa-miR31-3p
(ID 002113), hsa-miR1290 (ID 002863), hsa-miR598
(ID 001988), hsa-miR1 (ID 002222), hsa-miR144-5p (ID
002148), hsa-miR628-5p (ID 002433), hsa-miR449a
(ID 001030), and hsa-miR34b-3p (ID 002102). RNU66
(ID 001002) was used as a normalization control. Relative
expression of miRNAs was calculated using RQ manager 1.2
(Thermo Fisher Scientific).

Statistical analysis

Differences in miRNA expression levels between respon-
ders and nonresponders were tested by the Mann-Whitney
U'test using Graphpad Prism v5.0 (Graphpad Software Inc).
Spearman correlation analysis was used to examine the
correlation between microarray and qRT-PCR data (Graph-
pad Prism v5.0). Linear discriminant analysis was per-
formed for each cohort to distinguish responders from
nonresponders (JMP 10 software; SAS Institute) based on
miRNA expression (i.e., the miRNA signature). Continuous
expression values for a single miRNA or for plural miRNAs,
that is, AC, values obtained by qRT-PCR against RNUGG,
were included as variables in the analysis. Receiver operat-
ing characteristic (ROC) curves were generated to evaluate
response sensitivity and the area under the curve (AUC) was
calculated (JMP 10). Principal component analysis (PCA)
of the expression of three miRNAs (miR1290, miR196b,
and miR135a*) was performed using JMP 10.

Resulis

Sample selection

The aim of this study was to identify biomarkers in
patients with metastatic LADC who relapsed following
potential curative surgical resection. Therefore, surgically
resected primary tumor tissues from 103 LADC patients
who were treated with platinum-based doublet chemother-
apy upon recurrence were selected for miRNA profiling (Fig.
1A). The cases were assigned to a test cohort (n = 40; RNAs
from frozen tissue available) or a validation cohort (n = 63;
RNAs from FFPE tissues available) according to the avail-
ability of tumor tissue samples. Patients in both cohorts
were classified as responders (CR and PR) or nonresponders
(SD and PD) to platinum-based doublet chemotherapy
according to the RECIST criteria (Materials and Methods;
Supplementary Table S1). In this study, platinum-based
doublet chemotherapy includes several different regimens.
The cohorts were similar in terms of clinicopathologic
characteristics such as age, gender, smoking habits, patho-
logic stage, representative oncogene mutations, therapeutic
regimen, and therapeutic response (Table 1). The samples
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Table 1. Clinicopathologic characteristics on surgically resected primary lung ADC
Test cohort Validation cohort
(n = 40) (n = 63) P
Age, y 0.20
Mean (range) 59 (47-67) 59 (32-72)
Gender number (%)
Male 23 (58) 28 (44) 0.23
Female 17 (42) 35 (56)
Smoking (pack year) number (%)
Never smoker 16 (40) 33 (52) 0.09
<20 38 10 (16)
>20 21 (52) 20 (32)
TP53 genotype number (%) 0.49
Arg/Arg 20 (50) 24 (38)
Arg/Pro 16 (40) 33 (52)
Pro/Pro 4 (10) 6 (10)
Driver oncogene mutation number (%)
Negative 14 (35) 28 (44) 0.34
Positive 26 (65) 35 (56)
EGFR mutation 19 28
KRAS mutation 3 7
HER2 mutation 3 0
BRAF mutation 1 0
Driver oncogene fusion number (%)
Negative 36 (90) NE
Positive 4(10) NE
ALK fusion 2 NE
RET fusion 0 NE
ROST fusion 2 NE
TNM stage at initial diagnosis number (%) 0.83
1A 6 (15) 5(8)
B 5(13) 12 (19)
A 4 (10) 10 (16)
11=] 2 (5) 23
A 18 (45) 26 (41)
nB 2 (5) 0
v 3(8) 8 (13)
TNM stage at recurrence number (%) 0.32
1A 0 0
B 0 0
HA 0 0
B 0 0
A 0 0
nB 2 (5) 3(5)
v 38 (95) 60 (95)
Recurrent portion 1
Local/regional 25 3(5)
Metastasis 38 (95) 60 (95)
Mia 22 28
Mi1b 16 32
Platinum-based regimens number (%) 0.44
Platinum + paclitaxel 30 (75) 42 (67)
Platinum + gemcitabine 9 (23) 14 (22)
(Continued on the following page)
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