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ARTICLE INFO ABSTRACT

Objectives Advantes in the molecilar proﬁlln} of hing ddenocarcinoma over the past detade have fed to
2 paradigm shift s diagnosis ‘and treatment. However, there are very few reports on the roleciifar
profiles of siall cell Tung cancefs {SCLCS). We thereforé conducted the present: Shizuoka Lung Cancer
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Acc?i’te“?’ I‘ebrualy.2014 . Mutation Study to analyze genomic aberrations in patients with thoracke malighancies:
- - —— ‘Materials and metliods: We collected samples of SCLC fronya biobank system and: analyzed theirmolecular
’ég:{l"éfs“"mg cancer profiles, We assessed 23 mutations in iine geries (EGFR, KRAS, BRAF, PIK3CA, NRAS, MEK1, AKT1, PTEN, and

HER2) using pyrosequencing plus.capillary.electyophoresis. We also amplified LGFR, MET; PIK3CA, FGFR1,
and FGFR2 using quantitative real-time polymerase chain reaction {PCR) and the fusion genes ALK, ROST,
and RET using reverse transcription PCR.

Molecular profiling
Genomic aberration

Driver mutation .
PIK3CA . . Results: Between July 2011 and January 2013. 60 SCLC patlents weére eurolled in the study, Samples
EGFR . included eight surgically resected ap-frozen samp]es, 50 formalin-fixed parafﬁn-embadded samples,

. ‘and seven pleural. effusion sam We detected 13 genomic aberrations int ning cases (15%), including
\ G719A),4 KRAS mutation {n=1,G12D), PIK3CA mutatmns {n=3, E542K, ES45K,
¢ T1mi f{n=1,E1 71(). aMET ampliﬁcahon (n=1 ),and PIK3CA ampllﬁcaaons (n =6}, EGFR
and KrAS mutat:ons were found-in patients with combined SCLC and adenocarc¢inoma, No stgmﬁcant
. differences were detected in the characteristics of patients with and without genomic aberrations. How-
) ever, serum neuron-spec;ﬁc enolase and progastrin-releasing peptide levels were significantly higher in
i T patients without genomic abeirations than In those with aberrations (p=0,01 dnd 0.04, respectively).
Conclusion: Gepomic aberrations were found fn 15% SCLC patients, with PIK3GA amplifications most
frequently observed. To Jurther our understanding of the molecular profiles of SCLC, comprehensive
mutational analyses should bé conducted using massive parallel Seduencing, .
S ©.2014 Elseyier Ireland Ltd, Al nghts reserved,

1. Introducnon : apmoxxmately 60~70% patients havmg dissemmated disease at

dlagnosxs Although SCLC shows hxgh sensitivity to chemother: apy

Lungcancer is the mcst common cause of cancer~related deaths.
anid smali cell lung cancér (SCLC) accounts for approximateiy 12%
of all lung cancers [1]. it follows a very aggressive cou_rse.,witl)

* Comesponding authorat. Dlv}slan of Fhoracle Oncotogy, Shizuoka Cancer Center
Hospital, 1007 Shimonagakubo, Nagalzumi-cho, Suntou-gun, Shizuoka 411:8777,
Japan, Teli +81 55 989 5722; fax: +81 55 989 5634,

E-mail address; hikenmotsu@scehr.jp (K. Wakuda)

hitp:fjdx. dal; L13/10.3016/ - lyngran. 2014 02.0!3
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and z‘adxotherapy. the median survival time.for extended-disease
8-13-months, and the 2-year survival rate is only 5% [2].

uldr abrormalities have been discovered in'patients with
nonr CLC over the last decade, and these dlSCOVEI'lES have led to
a paradngrn shift in its diagnosis and treatment, For example, a

relationship between activating epidermal growth factor receptor
{EGFR) mutations and response to gefitinib' was reported in 2004
{3.4]. Subsequently, a number of randomized studies showed that
patierits with activating EGFR mutations were highly résponsive to
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EGFR tyrosine kinase inhibitors such as gefitinib and erlotinib [ 5-8].
Currently, itis essential that lung adenocarcinomas ave classified on
the basis of genomic aberrations to ensure that patients are treated
with the appropriate molecular-targeted drugs [9,10]. Analyses
of genomic aberrations and the development of new molecular-
targeted drugs are ongoing for lung adenoccarcinoma. In contrast,
there have been few innovations in the treatment of SCLC, despite
extensive basic and clinical research over the past 30 years,

There have been few molecular profiles of SCLC, and, till date, no
molecular-targeted drugs have shown clinical activity against SCLC
{11}, ldentification of genomic aberrations linked to SCLC would
facilitate the identification of potential therapeutic targets,

We conducted the present Shizuoka Lung Cancer Mutation
Study to assess genomic aberrations in patients with thoracic
malignancles. A bicbank system was established in collaboration
with a clinic pathology lab In July 2011. Mutational data were
communicated to clinicians and utilized for assigning patients to
appropriate therapy and/or enrolling them in clinical trials, Here
we report the genomic aberrations identified in patients with SCLC
in the Shizuoka study.

2. Matertals and methods
2.1, Patients

We collected samples of SCLC from a biobank system and ana-
lyzed these to determine their molecular profiles, To evaluate the
relationships between any genomic aberrations and patient charac-
teristics, we collected patient demographic and clinical data from
medical records. All patients who participated in this study pro-
vided their written informed consent, .

Pathological diagnoses were made by institutlonal pathologlists
according to the 2004 World Health Organization classification
based on morphology (uniferm round to spindle-shaped small
cells, sparse cytoptasm, high snitoticindex, and necroticareas). The
diagnosis of SCLC was confirmed when necessary by immunohis-
tochemical analyses of neuroendocrine markers (synaptophysin,
chromogranin A, and CD56). And when it is difficult to diagnose
samples as SCLC, we additionally performed immunohistochem-
istry with makers, such as CAM5.2, TTF-1 and Keratin, If more
than 10% of a sample comprised adenocarcinoma, the patlent
was diagnosed with combined SCLC and adenocarcinoma, Surgi-
cally resected samples were macrodissected before nucleic acid
extraction and tumor biopsy samples with 10% or more tumor cell
component were tested for mutational profiling [12], All of pleural
effusion samples were confirmed that malignant cells were present
in each pleural effusion by cytology and we analyzed the cytologi-
cally confirmed pleural effusion spectmens subsequently.

Smokers were defined according to the Brinkman index (BI) as
fight (Bl value <600) or heavy (Bl value>600) smokers, Limited
stage-disease was defined as disease confined to one hemithorax,
the ipsilateral supraciavicular fossa, or both. Disease not meet-
ing these criteria was defined as extended-stage disease. Serum
netron-specific enolase (NSE) levels were measured using a solid~-
phase radicimmunoassay {RIA) method {SRL Inc,, Tokyo, Japan},
and progastrin-releasing peptide (Pro-GRP) levels were measured
using an enzyme-linked immunosorbent assay (ELISA) kit (FUJIRE-
BIO Inc,, Tokvo, Japan).

22, Clinical genotyping
We developed a multiplexed tumor genotyping platform to

assess 23 mutations in nine genes {EGFR, KRAS, BRAF, PIK3CA, NRAS,
MEK1, AKTT, PIEN, and HER2), EGFR, MET, PIK3CA, FGFR1, and FGFR2

Tahfe 1
Multiplexed tumor genotyping panel.
Gene name Position AA mutant Nircleotide mutant
EGFR G719 G719 2155G>T/A
G719A 2156G>C
exon 19 Deletion
T790 T780M 2369C>T
exon 20 Insertion
1858 L858R 25737>G
1861 1861Q 2582T>A
KRAS G12 G12¢/S/R 34G>T/AC
GI2VIAID 3I5G>TICIA
Gi3 G13CJS/R 37G>TAIC
G13D/A 38G>AJC
Q61 Q61K 181C>A
QBIR/L 182A>GfT
Q81H 183AST/C
BRAF . G466 G486V 1397G>T
G469 GAB9A 1406G>C
1597 1597v 1788C>G
V600 V6OOE 1798T>A
FIK3CA E542 E542K 1624G>A
ES45 ES45KfQ. 1633G>A[C
H1047 H1G47R 3140A>G
NRAS Qs1 Q61K 181C>A
QB1LR 182A>T)G
MEK1 (MAP2K1) Q56 Q56p 167A>C
K57 K57N 171G>T
Ds7 DE7N 198G>A
AKT] E17 E17K A9G>A
PTEN R233 R233* 697C>T
HER2 exon 20 Insertion

amplifications, and EML4-ALK, KIF5B-RET, CD74-R0OS1, and SLC34A2-
ROS1 fusion genes (Table 1).

2.3. Nucleic acid sample preparation

DNA samples were extracted from surgically resected tissues,
body cavity flulds, and tumor biopsy sections using a QJAamp DNA
mini kit (QJAGEN, Hilden, Germany) or a QlJAamp DNA formalin-
fixed paraffin-embedded (FFPE) tissue kit (QJAGEN). The DNA
concentration was measured using a Quant-iT PicoGreen dsDNA
assay kit (Invitrogen, Carisbad, CA), Total RNAs were isolated with
an RNeasy Mini kit (QIAGEN) and measured using a spectropho-
tometer (NanoDrop 2000C; Thermo Scientific, Wilmington, DE).

24. Pyrosequencing

Pyrosequencing was used to detect single base substitution-
type mutations. An internal fragment of each gene was amplified
by polymerase chain reaction (PCR) using primers specific for each
gene and a PyroMark PCR kit (QIAGEN). The resulting PCR products
were sequenced with the PyroMark Q24 (QJIAGEN) pyrosequencer
using PyroMark Goid Q96 reagents (QIAGEN) and sequencing
primers specific for each gene,

2.5, Fragment analysis

Insestion/deletion-type mutations were identified by sizing the
PCR-amplified products using capillary electrophoresis (QJAxcel,
QIAGEN),

2.6. Gene copy number analysis

Copy number was evaluated by quantitative real-time PCR (qQRT-
PCR)} performed on a StepOnePlus Real time PCR system (Applied
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Biosystems) using SYBR® Premix Ex Tag™ Il (Tli RNaseH Plus)
(TAKARA BIO) and PCR primers for each gene. If the gene copy
pumber from the samples was more than double that of the cell line
known t6 be normal human genomic DNA, it was considered as evi-
dence of amplification. Detailed methods are described previously
{12}

2.7. Screening for transcripts of fusion genes

Fusion genes were detected by multiplex RT-PCR, Synthesis of
¢DNA templates was performed with total RNA (1 pug) using Oligo
(dT)i2-1a Primer (Invitrogen) and Onniscript RT (QJAGEN) Kits,
EML4-ALK and ROS1 fuston genes were-detected according to the
methods of Sun et al. |13} and Li et al. | 14}, respectively, Methods
for the detéction of KIF5B-RET fusions were kindly provided by Dr.
Takashi Kohno {National Caricer Center, Tokyo),

2.8, Statistical analysis

All categorical variables were ana]yzed by the ¢hi-square test or
Fisher's exact test, as appropriate, Continuous variables, including
turor markers, were apalyzed using the Mann~-Whitney test, All

p-values were reported to be two-sided, and values of <0.05 were
considered statistically significant. Al statistical analyses were per-
formed using JMP version 9.0 software (SAS Institute Inc,, Cary, NC,
USA). Our study was approved by the Institutional Review Board,

3. Results
3.1. ‘Patient characteristics

Between July 2011 and January 2013, SCLC samples from 60
patients were assessed for genomic aberrations. The patient char-
acteristics are shown in Table 2. The median age (range) was 69
(43-82)years. and most patients were male(83%)and heavy smok-
ers (80%). Only two patients were never-smokers, A total of 57
patients were diagnosed with SCLC, while three were diagnased
with eombined SCLC and adenocarcmoma. Thirty-one patients
had limited-stage disease and 29 had extended-stage disease. We
analyzed eight surgically resected snap-frozen samples, 50 FFPE
samples, and seven pleural effusion samples, Five patients provided
two specimens: three provided both FFPE and surgically resected

Tahle 2
Patients characteristics that were analyzed in our study (overall, N=60).
NGO %
Median age (years) 69
Range 43-82
Gender. )
Male., . - : [ 50 By
f'emate I 10 7
ught(snsoo) . R | B 17 -
Heavy(B.l_ AT N L gp
Histology. - R T T
Smancelicarcmama o Y A 95
Disease extent i v : G
Limited Stage - o S 31 R
Extendeﬁstage TRl 280 L 48
50

Abbreviation; B.J., Brinkmau index; FFPE, Fornialin-fixed paratfin-einbedded,

PIK3CA amp,

A EGFR mt
=4 -

+MET amp
*PiK3CA4 amp
n=1

B

PIK3CA amp )
- METamp
AKTI |
PIK3CA
KRAS
EGER |

10 (%)

1 2 3 4 S 6 7 8 9

Fig 1. Relative proportions of genomic aberrations in small cell lung cancer(N=60}).
(A) ple chart shows relative proportions of genomic aberrations. (B) Bar chart shows
relativé proportions of genomic aberrations, Abbreviations: mt: mutation; amp:
amplification.

snap-frozen samples and two provided both FFPE and pleural effu-
sion samples (Table 3},

3.2, Genomic aberrations

We detected 13 genomic aberrations in nine cases (15%); an
EGFR mutation{n =1, G719A),a KRAS mutation{n=1,G12D), PIK3CA
mutations (n=3; E542K, E545K, E545Q), an AKT! mutation (n=1,
E17K}, a MET amplification (n=1), and PIK3CA amplifications (n=6;
Fig. 1A and B),

Table 4 shows the individual characteristics of the SCLC patients
who harbored genomic aberrations, Eight of the nine patients with
genomicaberrations were male, and all were smokers, Two patients
were diagnosed with SCLC combined with adenocarcinoma; an
EGFR mutation was detected in one patient and & KRAS mutation
in-another, The patient with the EGFR mutation provided both FFPE
and surgically resected snap-frozen samples, but the EGFRmutation
was detected only in the snap-frozen samples. Genomi¢ aberratlons
were ( detected in nine of the 50 FFPE samples, one of, exght surgi-
cally’ resected snap—frozen sampies. and nigne of the seveil pleural
eﬂ‘u ion sampies

33 Comparison of pat:ent characteristics and genomzc
abermtmns

Patient éharacteristics are classified by genoinic abetration sta-
tus in Table 4. No s:gmﬁcam dlfferences in age, sex, disease extent
at diagnosis, or stnoking status were' found betweeu pahants with
and wtthout genomic aberrations accordmg to univariate analysis,
However, secum NSE and Pro-GRP Jevéls at dxagnosxs Were signifi-
eantlyhrgherin patsents without genomicaberrationsthanin those
with genomic aberrations (p=0.02 and p=0.04, respecfively),
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Table3
Patients characteristics that genomic aberrations were detected,
Age Gender B Disease TNM stage Samples Pathology Genomic aberrations
. . extent
1 73 Male 2760 1S 1A FFPE Small cell carcinoma PIK3CA amp (3.14)
2 69 Male 1880 s HA FFPE Smail cell carcintoma PIK3CA amp {4.42)
3 82 Mala 1500 15 HA FEPE Small cell carcinoma PIK3CA amp (2.65)
4 58 Male 1000 ES v FFPE Smail cell cardnoma PIK3CA (E545K)
5 63 Male 940 [ A FFPE Smalf cell carcinoma AKT1 (E17K), PHGCA
amp{2.45)
6 66 Male 840 ES Hs FFPE Small cell carcinoma PIK3CA (E542K), MET
amp (4.13), PIK3CA
amp (3.62)
7 73 Male 795 is 33 FFPE, snap- Small cell carcinoma EGFR(G719A), FIK3CA
frozen combined with (E545Q)
samples adenocarcinoma
8 74 Male 590 ES v FFPE Small cell carcinoma KRAS {G12D)
combined with
adenocarcinoma
9 80 Fernale 500 is A FFPE Small cell carcinoma PIK3CA amp (2,78)
Abbreviarions: 1S, limited stage; ES, extended stage; FFPE, formalin-fixed paraffin-embedded,
Tahleq
Patients characteristics classifled by genomic aberration status,
Genomic aberration Pvalue
Datected Not detected
N(%} 9(15%) 51 {B5%)
Age at diagnosis (years) 026
Median 73 ) 69
Range 58-82 43-82
Gender, n (%) 0.63
Male 8(89%) 42 (82%)
Female 1{11%) a(18%)
Disease extent at diagnosis, n (%) 032
Limited stage 6{67%) 25{49%)
Extended stage 3(33%) 26 (51%)
Smoking status 078
Never 1] 2
Light {Bl. <600) 2 8
Heavy (Bl > 600) 7 41
Serum neunon-specific enolase (NSE) level at diagnosls . 0.02
o] 9 48
Median 14 371
Range 7.8-34 6.4-334
Serum pro-gastrin releasing peptide {Pro-GRP) level at dlagnosis 0.04
n 3 47
Median 75.5 738
Range 43.1~1500 26,4-65900

Abbreviation: B.1., Brinkman index.

4. Discussion

As per our knowledge, this was the first molecular profiling
report of Asian patients with SCLC, wherein we detected genomic
aberrations in 15% patients, PII3CA amplifications were detected in
10% of all samples assessed, while PIK3CA mutations were detected
in 5%. PIK3CA genomic aberrations were detected in eight of the
nine patients with genomic aberrations. Recently, twoindependent
comprehensive genomic studies of SCLC were published {15,16].
Peifer et al, [14] analyzed 99 SCLC specimens using 6.0 SNP amray
analyses and exome, transcriptome, and genome sequencing. They
detected TP53 and RBY alterations in 88% and 66% cases, sespec-
tively, MYC family member and FGFR1 amplifications in 16% and
6% cases, respectively, and CREBBP and EP300 and PTEN muta-
tions in 18% and 10% cases, respectively. They did not detect any
PIK3CA aberrations, Rudin et al. [15] analyzed 80 SCLC samples,

including SCLC cell lines, using multiple exome sequencing, single
genome analysis, genome-wide copy-number analysis, and whole-
transcriptome sequencing and detected TP53 and RBT muitations in
77% and 31% samples, respectively, a SOX2 amplification in 27%, and
arecurrent RLE-MYCLT fusion in 9%, In their study, PIK3CA mutation
was detected in 2 of 30 primary SCLC tumor samples by exome cap-
ture followed by next generation sequencing (Rudin’s report online
methods), Recently, Umemura et al. undertook a comprehensive
genomic analysis of SCLC in Japanese patients {17§ They analyzed
51 surgically resected SCLC samples using whole exome sequencing
and copy-number analysis, Genetic alterations in the PI3K pathway
{PIK3CA, PYEN, AKT2, AKT3, RICTOR, mTOR)} were detected in 17 of 47
samples (36%). PIK3CA mutations were detected in three of the 47
samples (6%), which Is consistent with the findings from our study.

Okudela et al. reported that PIK3CA amplification was detected
in 1 of 3 samples (33.3%) and PI(3CA gene mutation was detected in
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1 of 5 samples (20%) in Japanese patients with SCLC [18). Although
PIK3CA mutation is the major genomic aberration in Japanese SCLC
patients, the larger study, such as our study and Umemura’s report,
detected it in approximately 5% of SCLC samples. Based on these
results, there does not seem to be significant ethnic differences in
the prevalence of PIK3CA mutation and PIK3CA mutation may be
one of the major genomic alterations for the SCLC patients. The
PI3K pathway plays a central role in ceil proliferation and survival
in hurnan cancer [19]. The PIK3CA gene encodes a class JA PI3K cat-
alytic subunit p110a and is frequently mutated in some of the most
common human tumnors [20]. Wajtalla et al. showed that approx-
imately 25% primary SCLC tissue samples overexpress the PI3K
isoform p110a [21]. They also reported that targeting PI3K p110u
affected the proliferation of SCLC cells in vitro and in vivo and that
p110a inhibition led to impaired SCLC tumor formation and vas-
cufarization in vivo. Many drugs targeting class IA PI3K have been
developed §22), and preclinical studies have shown these to have
potent antitumor activity. Some have led to a decrease in advanced
solid tumors in phase I studies {23,24]; therefore, PIK3CAmay be a
suitable target for the treatment of SCLC.

EGFR and KRAS mutations were detected in the patients with
combined SCLC and adenocarcinoma in our study, Tatematsa et al.
analyzed 122 SCLC patients and detected EGFR mutations in 5
(4%} [25]. Their study included 15 combined subtype patients,
and 20% of these had EGFR mutations. Compared with conven-
tional SCLC, EGFR mutations are found significantly more frequently
in the combined subtype. Fukui et al. retrospectively studied six
patients with combined SCLC and adenocarcinoma and analyzed
the EGFR mutation status in the microdissected SCLC and ade-
nocarcinoma components of their resected samples [26). In their
report, one of six patients had a missense mutation in EGFR(L858R),
and both the SCLC and adenocarcinoma components shared the
same mutation, Gene mutation status in tissue samples from SCLC
with other histology component remain an open question. There-
fore it is necessary to perform microdissection in the future study,
To the best of our knowledge, there has been ne previous report
of KRAS mutations in SCLC. In our study, a KRAS mutation was
detected in one patient with combined SCLC and adenccarci-
noma.

No significantly different characteristics were found between
patients with and without genomic aberrations in the present
study. Although the associations between serum tumor markers
and genomic aberrations were unclear, serum NSE and pro-GRP
levels at diagnosis were significantly Jower in the patients with
genomic aberrations, Pujol et al. reported that pro-GRP levels did
not have any independent prognostic significance (27|, while NSE
levels have been shown to have better prognostic value [28), We
could not detect an association between prognosis and genomic
aberration status (data not shown). Further studies are needed to
clarify the relationships between genomic aberrations and serum
tusnor marker vaiues.

In this study, genomic aberrations were detected in 18%
FFPE samples and 13% surgically resected snap-frozen samples.
The National Comprehensive Cancer Netwerk {NCCN) guideline
recommends that surgery should only be considered for patients
with stage I SCLC. However, another report stated that only 5%
patients with SCLC have true stage 1 SCLC {29], Because surgery
is not performed in most patients with SCLC, FFPE samples play a
key role in detecting genomic aberrations. Kenmotsu et a, reported
on the concordance between FFPE samples and surgically resected
snap-frozen samples in multiplexed molecular profiling of lung
cancers {30}, Complete concordance of driver mutations was shown
for 65% FFPE and snap-frozen samples. These findings indicate that
it may be better to analyze FFPE samples to identify SCLC molecular
profiles and treat patients with molecular-targeted drugs such as
PI3K inhibitors.

Our study had several limitations, First, we analyzed SCLC
genomic aberrations using a nine-gene tumor genotyping panel,
not a comprehensive panel, In addition, we did not include some
known driver mutations such as TP53 and RBT mutations in the
panel. However, the objectives of our study were not only to assess
the frequency of genomic aberrations but also to detect genomic
aberrations that are treatable with targeted drugs, and our multi-
plexed tumor genotyping platform includes almost all kniown gene
aberrations that are targeted by drugs. And detection of gene ampli-
fication may also require consideration of incorporating FISH for
future studies. Second, we only analyzed 60 SCLC patients because
we only began to analyze genomic aberrations in july 2011, How-
ever, other reports have also included a small number of samples.
We continue to analyze SCLC samples and utilize the findings for
targeted therapy of patients with SCLC,

5. Conclusions

In conclusicn, genomic aberrations were found in 15% SCLC
patients, with PIK3CA amplifications being frequently detected, We
previously reported our massive paralle] sequencing findings for
non-SCLC [31}, and we plan to undertake a similar analysis of SCLC
samples. A larger study is necessary to further our understanding
of the molecular profiles of SCLC.
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;characterlzation of rare tumor cells in blood
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Abstract

Background: Pe{sonahzed canhcer treatment relies on the accirate detect fon of actionab!e genomic aberrations in
turnor cells, Girculating tumer cells (CTCs) could provide an alternative genéticiresource for diagnosis; however, the
‘technical difficuities In isolating and analyzing fare CTCs have limited progress to date. In this preclinical study, we
aimed fo develop.an improved capture system for-molecular character zation of CTCs based .on a.novel cell sorting
technology.

Methods: We developed a cell capture platform using On~chap Sort: (Gn-Chip Biotechnologies), a novel bench-top
cell sorterequipped with a dlsposabte microfluidic chip: Spike<in experiments comprising a series of jung cancer cell
fines with varying epithelial cell ddhesion molecule (EpCAM) expression levels were conducted to assess the capttre”
and purification efficiency of the platform Samples were negatively efiriched tsirig anti-CD45-Coated magnetic bedds
to remove white Blood cells, followed by sample fiation and labeling. The ehtiched and labeled samples were then
sorted by On-chip Sort based on cytokeratin, vimenitin, and CD45 éxpréssion, Captlited célls were zmmedlatety
subjected to whole genomie amplification followed by mutation analysis using deep targeted séquencing, and
copy number arialysis using quant tative polymerase ¢hain reaction (gPCR). "~

Results: Splke-in experiments revealed an éxcellent overall mean capture rate: of 70.9%. A 100% success rate in the
detectron of EGFR, KRAS and BRAF mutations from captured cells was achieved using pyrosequencing and deep
sequencing. The militant variant détection rates were markedly higher than those obtained with the CeliSearch
profile kit, qPCR analys&s of ampl:f ed DNA demonstrated reproduab e detectton of copy number changes of the
EGFR in captured turnor cells

Conclusions: Using a novel cell sorter, we, estabiished an effqent and conven lent piatform for the capture of
CTCs. Results of.a proof- -of ~principle. precixmcal study indicated that this platform has potential for the molecular
charactenzatlon of captured CICs from patients, .
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Background

Recent advances in molecularly targeted cancer therapy
have offered up a wide variety of therapeutic strategies,
The presence or absence of various actionable genomic
aberrations has been shown to predict response to molecu-
larly targeted treatments [1]. In some cases, identification
of genetic aberrations is a pretequisite for commencing
treatment; for example, identification of EGFR-activating
mutations in patients with non-small cell lung cancer is
required prior to starting treatments with EGFR tyrosine
kinase inhibitors [2]. However;, kinase inhibition frequently
leads to the appearance of drug resistance mutations
within the target kinase itself, such as the EGFR T790M
mutation [3].

In addition to identifying gene mutations, there is also
a need for detection of protein expression and gene
amplification of targeted molecules on primary tumor
cells for forther stratification of patients [4], To optimize
treatment, real-time monitoring of tumors over the couzse
of the treatment, especially at the point of treatment fail-
ure, is necessary, However, rebiopsy remains challenging,
mainly because of the invasiveness of the procedure,

Circulating tumor cells (CTCs) could potentially serve
as an alternative to tumor tissue as a source of material
for the detection of genetic alterations, an approach that
is termed “liquid biopsy” [5-11) owing to its minimal inva-
siveness, To date, the CellSearch system (Veridex LLC,
Raritan, NJ, USA) is the only United States Food and Drug
Administration-approved CTC enumeration system for
the provision of prognostic information regarding survival
[12-17]. However, the isolation of the rare CTCs for
molecular analysis remains technically challenging. Most
of the currently available capture methods retain a
considerable number of white blood cells (WBCs} and
cell loss during sample handling, Various methods to
overcome this issue have béen under development and
evaluation [18-28],

The conventional cell sorting device is a well-established
cell capture system and it has previously been used to
enrich CTCs from whole blood [29], Howevey, it is report-
edly difficult to efficiently carry out this isolation when
using blood samples with a low CTC count together with
a conventional fluorescence-activated cell sorter [20].

Recently, we have established a protocol for CTCs
enumeration uslng a newly-developed flow cytometry
FISHMAN-R [30]. The results of preclinical study showed
superior sensitivity of their system in detecting EpCAM-
negative tumor cells in direct comparison with the
standard method, This protocol also enables a detection
of EpCAM-/CK~ cells and epithelial-mesenchymal transi-
tion (EMT)-induced tumor cells using the incorporation
of an EMT marker [30]. The system and protocol have
been evaluated and validated for the enumeration of CTCs
in clinical feasibility study [31,32].
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In this study, we introduced a new approach for the
characterization of CTCs captured by On-chip Sort cell
sorter. This novel cell sorter is an integrated sorting unit
with FISHMAN-R, allowing the detection and isolation
of rave tumor cells for subsequent molecular analyses,
Here we evaluate the feasibility of mutation analysis of
the isolated rare cell in blood after immunomagnetic
enrichment and fluorescence-activated cell sorting. This
is an efficient and convenient platform based on a cell
sorting system, and promising preclinical results were
obtained for possible future clinical application.

Methods

Cell lines and culture

The tumor cell lines A431, A549, H292, HCC827, H1975,
and H1755 were obtained from the American Type
Culture Collection {ATCC; Lockville, MD). The breast
cancer cell line Hs578T was kindly gifted by Dr. Tohru
Mochizuki (Shizuoka Cancer Center Research Institute,
Japan). A549, H292, HCC827, H1975, and H1755 cells were
cultured in RPMI-1640 (Invitrogen, Carlsbad, CA) contain-
ing 10% fetal bovine serum (Gibco, Life Technologies,
Grand Island, NY). A431 and Hs578T cells was cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen)

-containing 10% FBS, Cell lines were cultured under

humidified 5% CO,/95% air at 37°C,

Blood spiking experiments

Blood samples of 4 mL each were spiked with 5-25 cells of
the above-mentioned cell lines and were used for the isola-
tion of tumor cells for mutation and gene copy number
analysis, Bleod samples were collected from healthy volan-
teers working at Shizuoka Cancer Center who consented to
donatlon. This study was approved by the independent

" insttutional review board of Shizuoka Cancer Center.

Tumor cells were harvested by incubation with 0.26%
trypsin/EDTA (Gibeo) solution for several minutes at 37°C,
and then washed and xesuspended in T-buffer {05% bovine
serurn.albumin (Nacalal Tesque Inc, Kyoto, Japan) and
2 mM. ethylenediaminetetraacetic. acid (EDTA; Sigma-
Aldrich, St. Louis, MO), and 0.5% Through Path Plus
{(On-Chip Biotechnologies, Tokyo, Japan) in phosphate-
buffered saline (PBS, Invitrogen)} to obtain a final concen-
tration of 10% cells/100 pL. From this suspension, tumor
cells were individually picked up using a micropipette
under an inverted microscope, and subsequently added to
the 4 mL healthy blood sample, These spiked samples
were then processed immediately via immunomaghetic
enrichment as described below.

tmmunomagnetic entichment and sample staining
procedures

Immunomagneti¢ enrichment and sample staining of
cells were described previously [30]. Briefly, samples
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were negatively enriched using Dynabeads. coated with
anti-CD45 monoclonal antibody (vitrogen) to remove
white blood cells, :followed by fixation and labeling
with the fluorescein isothiocyanate (FITC)-conjugated
anti-CK mAb CK3-6H5 (1:25 dilution; Miltenyi Blotec,
Bergisch-Gladbach, Germany), the PE-conjugated anti-
vimentin mAb D21H3 (1:50 dilution; -Cell Signaling
Technology, Danvers, MA), and the Alexa Fluor 700-
conjugatéed anti-CD45 mAb F10-89-4 (1:20 dilution; AbD
Seratec, Oxford, UK), Samples were incabated overnight
at 4°C in the dark, followed by stzined with 1 jig/mL
Hoechst 33342 (Slgma—Aldm:h -St. Louls, MO) for 10 min
at RT in the dark.

On-chip Sort cell sorter
The novel cell sorter used in this study, On-chip -Sort
(On-Chip Biotechnologies, Tokyo, Japan), is‘a bench-top
size sorter that is compatible with -operation in most bio-
safety cabiriets (Figire ‘1A). As shown in Eigure 1B, the
disposable microfluidic hip contains all fluidic and -optical
paths within 2 single, closed systeri, which is intended to
realize cross contamination-frée, biosdfety adherent, lossless
whole volume sorting. This system therefore provides suit-
able condlitions for the captare of CTCs in‘a ¢linical Setting,
The principle of sorting will be described elsewhere.

The On-chip-Sort of this paper has two éxcitation ldsers
(blue; 473 nm, 10 mW and red; 640 nm, 30 mW) and four
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detection chanitels, PL2 (509-552 nm), FL3 (565~605vinm),
FL4 (576-620 un), FLS (658--695 nm), and FL6 (>700 nin).
Signals for FITC; PE, Alexa Fluor 647, and Aléexa Fluot 700

were collected through these detection channels, Voltages

of each light sensor module of each channel are optimized
for CTC detection (FSC: gain Low, SSC:-0.25 V, FL2:
0.35 V, FL3: 0.33 V, FL40.35 V, FL5: 0.48 V, and FL6:
0,35 V). On-chip Sort software version 24.1 (On-Chip Bio-
teclinologies) was used for signal acquisition, Data analysis
was perfored usmg Flowjo software v7.6.5 (Tree Star,
Inc, Ashland OR). :

Enuiriération and sorting procedures
Enuriiétation and sorting of cells weré performed by On-
chip- Sort according to the manufacturer’s instructions.
Briefly, the flow path wds pre-washed with the 1 x Through
Path Plus (On-Chip Biotechnologies) and the On-chip sam-
ple buffer (1 x Through Path Plus with 1.5% polyvinylpyr-
roltdone, On:Chip Biotechnologies). Stained samiples were
dissolved in 25 iL to 100 WL of Onschip sample buffer and
theri 4 flow rate was up to 150 events/sec {about 1 ly/min:
1.8 kPa in the On-chip Sort setting). Total events were
approximately 1 % 10% to 10° events. The sortinig time
reqiired for ‘all the samples was approximately 30 to
120 minutes depending oh the final sample volume;’
“The sorted cells gated into the cytokeratin andfor vimen-
tin positive and CD45 negative channels were collected into

T
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Figure 1 Cell sorter Instrument and gating mechanism for tumor cells, (A) lmage of the On-ch|p Sort. cell sorter, (B) tmage of the disposable
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Is shown in the inset or:the ight. {G). Sorting gates for-spiked tumor-célls, Tumor-cells gated as cytokeratin +and/or vimentin+/CD45- were sorted,
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the collection reservoir, and then observed under a fluor-
escence microscope (Biorevo BZ-9000: Keyence, Osaka,
Japan) to confirm that the cells were nucleated (nuclear
stain-positive), cytokeratin and/or vimentin positive and
CD45 negative. All steps were carrled out at room
temperature,

Whole genome amplification

Sorted cells were transferred from the collection reservoir
to a 200 L polymerase chain. reaction (PCR) tube and
rinsed the collection reservoir with sheath solotion twice.
After centrification (600 x g for 10 min), the supernatant
was carefully aspirated to leave ~1 uL, which comprised
the starting volume of the whole genome amplification
(WGA) procedure. WGA was performed using the Amplil
WGA kit {Silicon Biosystems, Bologna, Italy) following. the
manufacturer’s protocol, The AMPure XP PCR Purification
Kit (Beckman Coulter, Beverly, MA)} was used to clean up
the amplified DNA, and DNA concentrations were deter-
mined using a NanoDrop spectrophotometer (NanoDrop
Technologies, Waltham, MA, USA). Quality control checks
of the WGA. product were performed using the Amplil
QC Kit (Silicon Biosystems). Only samples positive for four
PCR products were considered to contain successfully
amplified genomic material suitable for mutation analysis,
Amplified DNA product of 2, 20 or 250 ng was subjected
to mutation analysis using quantitative real-time-PCR
(qPCR) amplification, pyrosequencing, ar deep sequencing,
respectively.

Pyrosequencing

The amplification primers for mutations in EGFR, KRAS,
and BRAF are described in Additional file 1: Table S1. Py-
rosequencing PCR was pecformed following the manufac-
turer’s instructions,

Deep sequencing using the TruSeq Amplicon Cancer Panel
A total of 48 genes frequently mutated in cancer according
to the COSMIC database (Catalogue Of Somatic Mutations
In Cancer), were sequenced using a TruSeq Amplicon
Cancer Panel (TSACP; llumina, San Diego, CA) following
the manufacturer’s instructions, Variant call analysis was
performed with Amplicon Viewer (Hlumina). Coverage in-
formation was obtained using CLC genomics Workbench
6.0 (CLC Blo, Aarhus, Denmark),

Mutatlon analysis of lung tumor cells enriched with the
CellSearch profile kit.

To compare the cell capture performance of the On-chip
Sort platform versus the CellSearch platform (Veridex
LLC), nine tubes (three regular 5 mL bloed collection
tubes confaining EDTA} of blood were collected from a
healthy volunteer, H1975, A549 or H1755 tumor cells were
spiked into the 5 mL of blood to a final concentration of 10
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cells/mL. Two blood collection tubes (total of 10 mL blood)
were delivered to an independent medical laboratory
{Genetic Lab, Sapporo, Japan). There, tumor cell capture
was performed using the CellSearch profile kit (Veridex
LLC) or the On-chip Sort in parallel concurrently. Cap-
tured samples using the CeliSearch profile kit were stored
in a CellSave Preservative Tube (Veridex LLC) and sent
back to our Jaboratory. After a single wash with T-buffer,
samtples were stalned as described above, Captured sam-
ples using the On-chip Sort were stored at 4°C until the
initiation of WGA in parallel with returned CellSearch
samples, Bath samples were subjected to WGA concur-
rently, followed by mutation analysis,

Gene copy number analysis for EGFR

gPCR amplification of the EGEFR was performed on the
StepOnePlus Real-timne PCR system (Applied Biosystems,
Foster City, CA} using SYBR Premix Ex Taq II (Tli RNase
H Plus; Takara Bio, Shiga, Japan). The amplification primers
used are described in Additional file 1: Table S1.

immunoblot analysls and Immunoflucrescence staining
Immunoblot analysis was as described previously {33].
Briefly, the cultured tumor cells were harvested and lysed
in lysis buffer (50 mM Tris-HCH, pH 74, 50 mM NaCl,
1% Nonidet P-40, 2 mM EDTA, 10 mM NaF, 2 mM so-
diwm orthovanadate and protease inhibitor cocktail).
Whole cell lysate was electrophoresed on a 12% SDS-
PAGE gel, transferred to nitrocellulose membrane (Bio-Rad
Laboratories Inc, Hercules, CA) and immunoblotted with
the a the phospho-EGFR (Tyrl068, D7A5; Cell Signaling),
the EGFR (D38B1; Cell Signaling), or a-tubulin (YL1/2;
Mitlipore, Temecula, CA), The intensity of the bands was
quantified with Image] (Wayne Rasband, NIH, MD).

The cultured tumor cells were harvested and fixed,
After washing with T-buffer once, the cell pellet was dis-
solved in a staining solution containing the PE-conjugated
ant-CD326 (EpCAM) mAb 9C4 (1:25 dilution, BioLegend,
San Diego, CA) or Alexa Fluor 647-conjugated anti-EGFR
mAb D38B1 (Cell Signaling Technology). Samples were in-
cubated overnight at 4°C in the dark. Unbound antibodies
were removed via washing with 2 mL of T-buffer followed
by centrifugation. Flow cytometry was performed using the
On-chip Sort. Data analysis was performed using FlowJo
software v7.6.5.

Statistical analysis

Prism software {GraphPad Software, Inc, La Jolla, CA)
was used for statistical analyses. Statistical significance of
difference was determined using the unpaired Student’s
f-test.
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Results

Assay development for CTC detection and capture after
negative depletion enrichment

To capture CTCs in whole blood, we used a novel cell
sorter, On-chip Sort (Figure 1). Discrimination of CTCs
from the bulk of the blood cells was achieved by negative
enrichment using anti-human CD45 microbeads [30]. A
typical example for the full gating strategy is shown in
Figure 1C. Gating of the CTCs by On-chip Sort was car-
ried out using the CK-FITC staining vs. the vimentin-PE
staining density plot (Figure 1C, left). The lower limit of
the gate that discriminates CTC signals from WBCs
autofluorescence as well as from debris was determined
by several runs of non-spike experiments using healthy
donor control bloods {Additional file 2: Figure S1). The
CK+ andfor vimentin+ events were then subjected to
CD45 negative gating to distinguish tumor cells from
WBCs and/or debris. Tumor cell events that appeared
in the CD45-Alexa Fluor 700 vs. FL5 density plot (FL5 is a
detection channel adjacent to that for Alexa Fluor 700)
were easily distinguished from the WBCs and debris
population (Figure 1C, middle).

Immunoflucrescence staining of the On-chip Sort sorted
cells identified these cells as nuclei, CK and/or vimentin-
positive and CD45-negative under the fluorescent micro-
scope, confirming these cells to be tumor cells, Tumor
cells were easily distinguished from WBC, which were
CD45-positive and CK-negative {Figure 1C, right). Five
healthy donor control samples were processed with
above settings (Additional file 2: Figure $1). On average
these samples have 1.2 + 1.3 events in the CTC gate.
However no sorted tumor cells (CK+ and/or vimentin+,
CD45— cells) were observed.

Evaluation of captured tumor cells from spiked blood
samples

To assess the performance of our method, low numbers
(ie. 5, 13, or 25 cells) of various non-small cell lung
tumor H1975, A549 or H1755 cells expressing varying
levels of EpCAM were spiked into 4 mL of normal blood,
and processed according to our protocol for tumor cell
isolation with the On-chip Sort system. As shown in
Figure 24, H15975 cells displayed high EpCAM expres-
sion, whereas A549 cells exhibited partial EpCAM
expression, H1755 cells did not appear to express any
EpCAM.

Results of the sorting experiments are summarized
in Figure 2B and in Additional file 3: Table 52, Overall,
the mean percentages of cells detected into the gate as
shown in Figure 1C were 86.9%  8.6%, 84.7% + 9.3%,
and 83.4% + 12.4% for H1975, A549, and H1755 cells,
respectively (n =9). These detection rates are compar-
able to those obtained in the previous report using
FISHMAN-R [30]. Captured cells into collecting reservoir
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were confirmed to be tumor cells using microscopy of cell
morphology and positive CK and vimentin fluorescent
labeling, while contaminating cells were identified by cell
morphology and positive CD45 staining (Additional file 4:
Figure $2). Overall mean percentages of cells captured
were 68.5% +9.2%, 69.8% +9,9%, and 74.5% £12.7% for
11975, A549, and H1755 cells, respectively. Observation
of CD45-positive cells under the fluorescent microscope
yielded a purity of captured tumor cells after cell isolation
with On-chip Sort of 78.4% + 13.9%, 69.8% + 18.5% and
704% £ 124% for H1975, A549, and H1755 cells,
respectively.

Regression analysis of the number of detected tumor
cells versus the number of expected tumor cells produced
a cotrelation coefficient (R?) of 0.9978, 0.9967 and 0.9965
for H1975, A549, and H1755 cells, respectively (Figure 2C,
blue line). The number of captured tumor cells was also
highly linear, with a correlation coefficient of R* =0.9928,
0.9985 or 0.9963 in H1975, A549, or H1755 cells, respect-
ively (Figure 2C, red line),

Valldatlon of mutation detection methods

Prior to performing mutation analysis on tumor cells
captured with On-chip Sort, we tested whether WGA
products are usable for sequencing by pyrosequencing
and deep sequencing methods. The H1975 human lung
tumor cell line harboring known mutations in the EGFR
was used. Two single cells and two groups of ten cells
each were analyzed for the presence of two different
mutations in the EGFR; using both pyrosequencing and
deep sequencing subsequent to the WGA procedure.
Both mutations were reliably detected by pyrosequencing
even in single cells, as well as in both unamplified and
amplified H1975 genomic DNA carried out as a positive
control (Table 1). These EGFR mutations were not de-
tected in any of the amplified WBC samples carried out as
a negative control (Table 1),

Amplicon libraries were generated using the TSACP
followed by deep sequencing with an Illumina MiSeq
sequencer. Significant single nucleotide variants (occurring
in>1% of DNA in the sample) were found in both the
small groups of cells as well as in the single cells with satis-
factory sequence coverage depth (Table 1). Similarly, A549
and H1755 human lung tumor cell lines harboring known
mutations in the KRAS and BRAF were also reliably called
with sufficient variant frequency when using small numbers
of cells as well as in single cells (Additional file 5: Table $3).

Analytical sensitivities of pyrosequencing and deep se-
quencing were analyzed by titration studies using normal
leukocyte and EGFR mutant H1975 cells. One or ten
mutant cells were mixed with wild-type cells (normal
leukocytes) in dilutions of 20, 5, and 1% of mutant cells.
All cell mixtures were subjected to WGA, followed by
sequencing with pyrosequencing and deep sequencing.
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Table 1 Mutation analysis of single or small groups of tumor cells

Cells Template EGFR mutation Var, Freq. Var. Freq. by MiSeq Coverage min, = 10X
by Pyro, Var, Freq. Total read {212 amplicons)

H197% Unarnplified gDNA L858R (25731>G) 5% 782% 13070 1000%
T790M (2365C>T) 74% 79.5% 11,044

H1975 Amplified gDNA L858R 73% 65.9% 372 96.7%
T790M 72% 75.2% 10013

H1975 10 cells L858R 71% 88.8% 4475 92.0%
T790M 79% 84.1% 27,539

H1975 10 cells L858R 73% 90.1% 601 93.5%
T790M 7% 80.9% 35070

H1975 1 cell LB58R 68% 77.1% 109 90.6%
T790M 79% 870% 31312

H1975 ¥ cell LBS8R 69% 78.2% 368 80.2%
T790M 61% 63.8% 27341

WBC from healthy donor 10 cells L858R 2% N/A 3596 81.4%
T790M 0% N/A 18497

WBC from healthy donor 1 cell L856R 3% N/A 36 88.7%
T790M % N/A 256

Footnote: Tumor cefls or normal WBCs were fixed and stained followed by Ampill WGA. WGA products were sequenced using a pyrosequencer or the llumina
MiSeq sequencer. Varant frequendies of two different mutatlons in the £GFR and the coverage distribution of WGA products using the TSACP are shown. Pyro,

psyrosequence Var, Freq, varlant frequency. Coverage min, coverage minimum,

WGA, and profiled by deep sequencing with sufficient
depth.

We further evaluated whether On-chip Sort was capable
of capturing very low number of tumor cells in blood. ¢
mL blood samples containing one or two H1975 cells
were processed with On-chip Sort in 6 independent tests
(Additional file 7: Table S4). The results demonstrated a
sensitivity threshold for On-chip Sort platform detecting
close to one tumor cell per 4 mL of blood, In addition,
tumor cells were not detected from healthy donor blood
containing no tumor cells. Therefore, CTCs could be de-
tected and isolated form patients who have 21 CTCs per ¢
mL of blood by the On-chip Sort platform and they could
be genotyped utilizing isolated CTCs,

We also found that EpCAM/CK double-negative
Hs578T cells spiked into healthy blood were successfully
isolated with On-chip Sort and profiled by mutation ana-
lysis (Additional file 8: Figure §4); the resulting mutation
profiles showed the expected genomic mutation in p53
known to be present in Hs578T. These results strongly
suggest that our CTC capture assay is advantageous for
capturing and characterizing both EpCAM-paositive and
EpCAM-negative tumor cells.

Comparative analysis of On-chlp sort versus the CellSearch
profile kit

We next performed a comparative analysis of On-chip
Sort versus the CellSearch profile kit in terms of mutation

detection of tumor cells spiked into blood samples. Cells
isolated using On-chip Sort or the CellSearch profile kit
were processed by WGA followed by mutation analysis
with pyrosequencing or deep sequencing. In On-chip
Sort-isolated samples, specific mutations in each tumor
cell line were reliably detected by both pyrosequencing
and deep sequencing (Figure 3, left). In CellSearch profile
kit-isolated samples however, specific mutations in H1975
cells expressing high EpCAM levels were detected by deep
sequencing only and not by pyrosequencing (Figure 3,
right), In both experiments, genomic DNA was suc-
cessfully amplified according to Amplil end-point PCR
criteria in all of the samples (Additional file 9: Figure S5).
Details of the mutation analysis are shown in Additional
file 10: Table $5. These data suggest that the On-chip
Sort assay provides superior sensitivity compared
with the CellSearch profile kit for subsequent mutation
detection,

Assessment of EGFR expression and copy number
amplification in captured tumor cells

Owing to the multichannel detection capability of the sys-
tem, EGFR expression levels on single CTCs are measur-
able and semi-quantifiable using an anti-EGFR antibody
in the FL5 channel of On-chip Sort. We first performed
experiments to demonstrate that EGFR immunostaining
on On-chip Sort could be correlated to EGFR expression
and gene amplification status as determined by western
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blot analysis and qPCR using WGA products from various
cell lines. To distinguish different levels of EGFR protein
expression and EGFR amplification, we used the EGFR-
over-expressing and/or EGFR-amplified cell lines H292,
A431, and HCCB27 (Figure 4A, C). Very low-level EGFR-
expressing A549 cells with a single EGEFR copy setved as a
negative control (Figure 44, C).

Ab49 .cells were either weakly positive or negative,
whereas H292 cells also revealed moderate EGFR ex-
pression (Figure 4B). In A431 and HCC827 cells, strong
intensities of EGFR specific immunofluorescence were
observed (Figure 48)., These EGFR expression levels
correlated with those determined by immunoblot analysis
{Figure 4A). CTCs with moderate to strong intensities of
EGFR-specific immunofluorescence were assumed to be
EGFR-positive (H292, A431, and HC827), whereas CTCs
with negative or only weak intensities of EGFR-specific im-
munofluorescence were considered to be EGFR-negative
(A549) (Figure 4B).

EGFR expression levels determined using On-chip
Sort were consistent with the mean gene amplifications
determined by qPCR carried out on DNA extracts of the
corresponding cell lines (Figure 4C, black bars; A549,

Li8-fold; H292, 1.69-fold; A431, 6.32-fold; HCCB27,
25.37-fold). In line with these results, the analysis of
Amplil WGA products of genomic DNA (1 ng) and of
small numbers of cells including single cells, by EGFR
gPCR, revealed comparable mean values in the respective
cell lines (Figure 4C, grey bars). The mean gene amplifica-
tions of pure tumor cell samples (Figure 4C, grey bars)
and of those isolated by On-chip Sort (Figure 4C, blue
bars) were compared, and found to be reasonably similar
to that observed in the cell lines with strong expression
levels of EGFR (A431 and HC827; Figure 4C), whereas no
significant amplification was detected in H292, which ex-
presses moderate levels of EGFR (Figure 4C). The results of
these sorting experiments are summarized in Additional
file 11: Table S6.

Discussion

In this study, we have described a new approach for the
capture of rare tumor cells from immunomagnetically
pre-enriched blood samples. We provided proof-of-
principle demonstrating the feasibility of this approach
by using it to capture between one and ten tumor
cells from spiked blood samples for subsequent
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molecular characterization at the genomxc level using
deep sequencing.

In addition, we investigated the apphcabllity of using
WGA products obtained from single CTCs with the
Amplil WGA kit, This WGA kit is the only commenrcially
available kit compatible with analysis of a single fixed cell,
Fixation is a crucial step for the staining of cytokeratin
and vimentin thh ﬂumescent probes, and cytokeratm
positivity Is included to gold standard criteria for CTC de-
tection. The WGA/sequencing procedure described in this
study was shown to be serviceable for thé detection of a
broad ¥ange of somatic mutations in 48 cancer-related
genes in small nambers of cells, as well as in single cells
for the first time, A coverage depth of 10-fold was
achieved even for single cells af ¥30% of the nucleotide
positions, Next-generation sequencing-based diagnostics
may therefore hold the potential fo provide clinically
relevant information using single CTCs.

Tatal CTC capture yield is important in genotyping as
well as in other applications, such as prognostic and
drug response measurements. The overall mean percent-
age of cells captured was 70. 9%1106 {1 =27), The
percentage of cell loss attributed to the negative enrich-
ment procedure and: sorting was about 20% and 10%,
respectively, The estirnated capture limit of the humber
of tumor cells captured by our system was 146+ 0,22

CTCs/4 mL blood. The cut-off number of CTC events
detected by the On-chip Sort method was 3 events/4 mL
blood (Additional file 2: Figure S1}, suggesting that the
CTC capture efficiency of our system to detect mutation
might be ‘sufficient for low CTC cohort numbers: In
fact, we were able to detect specific mutations from
blood samples containing one tumor cell, -

In a low CTC cohoit (<15 CTCs/7.5 mL), the rate of
successful: subsequent WGA was reported to be 23.5%
(1n=34) after isolation using a conventional cell sorter
{20].. Cell loss during sample handling is a critical issue
in CTC isolation when using CéliSearch [21,28]. Unlike
conventional cell sorters and CellSearch, the On-chip Sort
systern employs-a lossless whole volume sorting approach,
and as a- result, displays 100% successful -subsequent
WGA as well 45 mutation detection of spiked blood sam-
ples aslow as five tumor cells.in 4 mL blood {1 =9).

- Pusity -of isolated CTCs is also crucial for obtaining
high sensitivity in. mutation detection. The On-chip Sort
systemn Isolated tumor-cells at a purity of >60%, which is
sufficient for mitation detection using pyrosequencing
methods that hayve a: sensitivity of approximately 10%.
“When directly comparing mutation detection sensitivity
of our system with that of the CeliSearch system and
profile kit, our systemi was observed to be significantly
more sensitive at low CTC numbers (<10 CTCs/mkL).

~ 253 —



© Watanabe et al. Joumnal of Translational Medicine 2014, 12:143
http//wnw transtational-medicine.com/content/12/1/143

Detection of variant frequency of EGFR mutations in
high EpCAM-expressing H1975 cells after our sorting
procedure was approximately 68%, which was sufficient
to call the mutations. Howeves, in the same samples using
the CellSearch system, variant frequency was approxi-
mately 3%, which s insufficlent for unambiguous variant
identification. These results suggest that our system dis-
plays superior purification efficiency for the detection of
mutations using the relatively low-sensitivity downstream
pyrosequencing method,

The use of EMT markers, e.g, vimentin, facilitated the
capture of EpCAM/CK double-negative tumor cell in
petipheral blood. The loss of EpCAM and/or CK in
tumor cells has been reported previously {34-39]. This
loss of eplthelial cell properties is related to Epithelial-
to-Mesenchymal Transition (EMT). Our multicolor cell
gorting system allows us to capture a CTC.-positive
marker and an EMT-related marker in parallel, suggesting
that a population of CTCs that has been missed by current
platforms might be able to capture and characterize using
our system. However, vimentin is also expressed on
mesenchymal stromal cells which normally circulate
{40]. Criteria for vimentin+ CTCs must be carefully defined
and evaluated in future clinical studies. We also consider
using other EMT-related makers such as N-cadherin or
twist in addition to vimentin staining to detect and cap-
ture CTCs which show mesenchymal phenotype [34,38].
Our multicolor cell sorting system equipped with multila-
ser has the potential to capture CTCs multiple EMT
markers. In addition to CTC markers, nuclear staining
positivity is regarded one of the golden standard criteria
to detect CTCs. It is important to incorporate nuclear
positivity in sorting gates to classify the events as CTCs
or not in the case of clinical samples. On-chip Sort can
be equipped with violet laser for detection of DAPI
staining. Further improvement of equipment is needed
to be a robust diagnostic tool for cancer patients,

While the use of Amplil technology has previously
been reported for PCR-based mutation analysis on single
cells [21,22], gPCR to determine copy number of single
cells using the Amplil kit has not yet been evaluated, In
our study, the mean gene amplification rates within various
tumor cells determined by qPCR on DNA. exiracts were
similar to those determined with Anplil WGA. products
when using both DNA. extracts as well as small numbers
of cells, including single cells, The amplification of the
EGFR could also be observed in captured samples, sug-
gesting our system might be capable for detecting gene
amplification on CTCs. Such analyses may assist in
predictive biomarker studies in cases where expression
levels of therapeutic targets may be predictive of thera-
peutic activity. For example, High EGFR expression of
tumor cells was shown to predict the benefit of anti-EGFR
therapy such as cetuximab [41].
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Evaluation of the clinical feasibility of phenotypic analysis
in captured CTCs by evaluating target gene expression
is still ongoing. The DETECT III trial assesses the use
of antl-HER2 treatments in HER2-negative breast can-
cer patients selected on the basis of CTC detection/
characterization [42], www.detect-studien.de. Results of
this trial will give an insight into the relevance of CTCs
in cancer treatment strategies. Oux system has clear ad-
vantages over conventional systems when carrying out
longitudinal analyses of CTC dynamics in terms of protein
expression as well as of mutation status.

Conclustons

We have provided the first report on the performance of
the On-chip Sort system, a novel bench-top cell sorter that
allows the capture of low numbers of cells from human
blood samples, We have described the analytical charac-
teristics of the system and provided proof-of-principle
showing its feasibility in the capture and molecular
characterization of low numbers of tumor cells in blood.
Ongoing improvement of CTC enrichment processes from
whole blood and integration of single-cell technologies may
help to establish CTCs as a pivotal diagnostic tool for can-
cer patients towards enabling better-personalized therapies,
The data shown in this study imply the potential of the
On-chip Sort cell capture system and further evaluation
with dlinical samples should be conducted,

Additional files

( Additional fila 1; Takle $1. Primers used for pyrosequencing and
quantitative PCR {qPCR). *1: 5" ends of the amplification primers were
blotinytated,

Additional fila 2: Figure S1, Detectlon and sorting data of healthy
donor control samples. A typical example of healthy control ssmples
analyzed with On-chlp Sort, On avetage five healthy danor control
samples have 1.2 13 events (n="5) In the CTC gate {CK+ and/or
vimentln+/CD45~), but no tumor cells were observe In the collecting
resenvolr,

Additional file 3: Table 52, Detalls of mutation analysis of captured
cells. This table provides detafls of DNA from captured tumor cells shown
in Flgure 2, which was amplifled using Amplit WGA followed by
mutation detection with both a pyrosequencer and an lllumina MiSeq
sequencer, Variant frequencles of two different EGFR mutations and
single KRAS and BRAF mutations, as well as coverage distibution of WGA
products in the TruSeq Amplicon Cancer Panel are shown, Var, Freq,
varlant frequency, Coverage min, coverage minimum,

Additionatl file 4; Flgura 52, Gallery of H1975 cells captured by
Qn-chip Sort In the collection reservalr, Captured cells are shown with
binding to Ruorescently-labeled antibodies targeting cytokeratin,
vimentin, and CD45, The images allowed for Identification of tumor cells
{attow) and hematologic cells (rrowheads).

Additional fite 5: Table 53, Mutation analysis of single or small groups
of A549 and H1755 cells. Tumor cells werg fixed and stalned followed by
Ampiit WGA. WGA products were sequenced using a pyrosequencer or
an llumina MiSeq sequencer, Variant frequency of KBAS or SRAF
mutations and WGA coverage distribution In the TruSeq Amplicon
Cancer Panet ate shown, Var. Freq, varant frequency. Coverage miln,

| coverage minimum,
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Additional file 6: Flgure $3, Analytical sensttivity of mutation
detection, Diutions of EGFR mutant 11975 cells splked Into healthy
donor WBCs were analyzed by both pyrosequencing and deep
sequencing for detection of T790M and L858R mutations. Variant
frequencies of £GFR mutatlons detected by the pyrosequencer (A) or
MiSeq sequencer (B) are graphically represented. The horizontal axis
shows the expected fraction of mutant £GFR cells. The vertical axls shows
the observed percentage of varfant frequency. The variant frequencies of
the T700M mutation (diamonds) and of the LB58R mutation (squares) are
indicated, Blue marks indicate dilutions of stngte H1975 cell into WBC
samples and green marks Indicate dilutions of ten H1975 cells into WBC
samples. The line represents the fower limit of detection of the method
{10% For pyrosequencing and 19% for deep sequencing). Data shown here
are fepresentative of two Independent experiments for each assay.

Additional file 7: Table $4, Eveluation of sensitivity of On-chip Sort
platform for mutation detection, One or two cultured H1975 cells were
Individuatly picked up using a micropipette under an Inverted mikcroscope,
spiked into 4 mL afiquots of healthy donor blood, and the resulting blood
samples were processed using the On-chip Soit platform in 6 separate tests.
Captured samples were analyzed for the presence of spedfic mutations in
each cell {ine using pyrosequencing.

Addttional file 8: Figure $4, Capture and mutation profiting of
CK—/EpCAM ~ breast cancer cells. (A) Histograms of CK, EpCAM, and
vimentin expression in HsS78T cells. Fluorescence histograms of the
fsotype control {gray} and of the EpCAM antibody {red). (8} CTC gates of
spiked Hs578T cells and gallery of Hs578T cells captured by On-chip Sort.
The images allowed for identification of Hs578T cells {arrow), (Q Detalls
of sorting results and mutatlon analysis using deep sequending. DNA
from captured HsS78T cells was amphified using Amplit WGA followed by
rautation detection with an flumina MiSeq sequencer. Variant frequencies
of p53 mutation and covarage distribution of WGA products in the TSACP
are shown, Var. Freq, verlant frequency. Coverage min, coverage
minimum.

Additlonal file 9: Figura 5. Composite gel images of Ampfi1 QC
end-point PCR products. Genomic DNA of experimental samples was
consldered to be successfully amplified if all four of the contro}
genomic DNA sequences were detected, No amplification product was
obtained in either of the negative contro! samples (NTC and Buffes), All of
the captured samples obtained using either On-chip Sort or the CellSearch
Profite kit passed the Amplit amplification check NTC, no terplate control;
gDNA, 1 ng of H1975 GDNA as a positive control for Amph QG Buffer,
negative control for WGA.

Additional fite 10: Table S5, Detalls of mutation analysis of captured
tumor cells using On-chip Sort or the CeliSearch profile kit. This table
provides detalls of the captured sample In Figure 3 that were subjected to
mutation analysfs. DNA from captured tumor cells were amplified using
Amplil WGA followed by mutation detection using both the pyrosequencer
and the Hiumina MiSeq sequencer. Variant frequencies of two different £GFR
mitations, single KRAS and BRAF mutations, and coverage distribution of
WGA products in the TruSeq Amplicon Cancer Panel are shown, Var. Freq,
vaitant frequency. Covefage min, coverage minimum,

Additional file 11: Tabla $6. Capture efficiencles and purity of tumor
celis spiked into 4 ml. of normal blood, This table provides detalls of the
caplured samples show in Figure 4 that were subjected to copy number
analysts. The number of captured tumor cells was counted as the
number of tumor cells found in the collection reservoir. Purlty was
caleulated as the number of captured tumor cells divided by the number
of captured tumor cells plus the number of white blood cells counted In
L the collection reservolr {1=22),
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Efficacy of Rechallenge Chemotﬁerapy in Patients With
Sensitive Relapsed Small Cell Lung Cancer

Kazushige Wakuda, MD,* Hirotsugu Kenmotsy, MD* Tateaki Naito, MD, PhD,*
Hiroaki Akamatsuy, MD,* Akira Ono, MD* Takehito Shukuya MD* Yukiko Nakamura MD*
Asuka Tsuya MD PhD* Horuyasu Murakami MD, PhD* Toshiaki Takahashi MD, PhD*
Masahiro Endo, MD, PhD, | Takashi Nakajima MD, PhD,} and Nobuyuki Yamamoto, MD, PhD*

Objectives: To evaluate the efficacy of rechallenge with current
induction regimens for sensitive-relapse small celf lung cancer (SCLC)
patients,

Methods: We defined sensitive relupse as treatmentfres interval
(TR = 904d). Sensitive-relapse SCLC patients who mecived second-
line chemotherapy were separated into those treated with rechallenge
chemotherapy (rechailenge group) and those treated with other
regimens (other group). The endpoints were overall survival (OS),
prograssion-free survival, and toxdsity,

Resalts: Sixty-five patients (19 rechallenge gronp and 456 other group)
were assessable for efficacy and safety evaluation, No significant dif-
ferences in age, sex, ECOG performance status at relapse, disease
extent at diagnosis, or response to first-line treatment were found
betwesn the 2 groups, but TFI was significantly longer in the rechal-
lengs group. Twenty-one patients of the other group recsived amm-
bicin, There was no significant diffsrence in OS between the 2 groups
fmedian survival time MST): rechallenge group, 14.4 mo; other geoup,
13.1mo; P==0.51]. In the patients treated with amrubicin, MST was
12,6 months. “Compering the rechallenge group with the patients
treated with amrubicin, there was alse no significant difference in OS.
{P=0.38). Both the rechallenge and other group included 11 patients
with ex-gensitive relapse (TFI > 180 d). There was no significant dif-
ference in OS between the 2 groups (MST 15,7 vs, 26.9mo, P=0.46).

Conclusions: Rechallenge chemotherapy did not prove superior to
other chemotherapies, suggesting that monotherapy, such as amrubicin,
might be reasonsble as second-line chemotherapy for sensitive-relapse
SCLC pafients,

. Key Words: smell cell lung cancer, rechallenge chemotherapy,
second-line, sensitive relapse, amrubicin

{Am J Clin Oncol 2013;00:000-000)

ung cancer is the most common cause of cancer-related
death, Small cell g cancer (SCLC) accounts for
approximately 12% of hmg cancers.! SCLC has a very
aggressive course, with approximately 60% to 70% of patients
having disseminated disease at diagnosis. Although SCLC
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shows high sensitivity to chemotherapy and madiotherapy,
about 80% of limited-disease patients and virtnally all patients
with extensive disease will develop disesse relapse or pro-
gression.? The prognosis of relapsed SCLC patients is 2 to
4 months without treatment.3
* 4 Second-line chemotherapy may produce fumor regres-
sjfon, but the evidence of a clinical benefit is limited. In » phase
1 trial comparing oral fopotecan with best supportive care, the
edian survival time (MST) was 25.9 weeks for patients
eceiving topotecan and 13.9 weeks for these receiving best
supportive care (HR, 0.64; 95% CI, 0.45-0.90; P=0.0104).4
Thus the efficacy of second-line chemotherapy for relapsed
SCLC was demonstrated. However, selectable dmgs are lim-
ited and topotecan is cuirently the only drug approved for the
treatment of relapsed SCLC patients in the United States.+5
Previous reports have shown that sensitive-relapse SCLC
patients have a good chance of responding to the same
induction chemotherapy (rechallenge chemotherapy).® Giac-
cone and colleagnes reported the efficacy of rechallenge che-
motherapy in 13 relapsed SCLC patients for whom the median
treatment-free interval (TFI) was 30 weeks and the overall
response rate {ORR) was 50%. Postmus and colleagues ana-
Iyzed 37 relapsed SCLC patients and reported that the ORR of
rechallenge chemotherapy was 62% (median TFI was 34 wk).
Although these results suggest the effectiveness of rechallenge,
the reported induction regimens ware CAYV (cyclophosphamide,
doxorubicin, vincristine) or CDE (cyclophosphamide, doxo-
rabicin, etoposide), which are not standard regimens at this
time, 1t is unclear whether rechallenge with the curmrently
standard regimens is effective. Therefore, to evaluate the effi-
cacy of rechallenge with current induction regimens, we per-
formed a retrospective analysis of second-line chemothernpy
for sensitive-relapse SCLC patients.

MATERIALS AND METHODS

Patients

We collected data between September 2002 and May
2011 from the medical records of the Shizuoks Cencer Center,
In this study, we defined TFI 2s the period from the date of
completion of first-line treatment to the first relapse. When
sequential radiotherapy or prophylsctic cranial irradiation
(PCY) was performed as firat-line treatment, the date of comple-
fion of first-line treatment was defined as the last day of these
treatments, We defined sensitive relapse as TFI> 90 days,
based on the definition in several previous trials.>!} Patients
with TFI > 180 duys were considered as “ex-sensitive relapse,”
based on the NCCN guideline recommendation for rechalienge
chemotherapy.
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