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Discussion

This study shows molecular characteristics of lung cancers in
never-smokers and smokers: (i) changes in expression of a
relatively small number of miRNAs are involved in lung carci-
nogenesis in never-smokers; (i) EGFR mutations may reinforce
some of these changes in miRNA expression, e.g., an increase in
miR-21; (iii) miR-138 on 3p21.33, a chromosomal region carry-
ing a long-sought lung cancer suppressor gene, is down-regulated
preferentially in never-smoker cases; and (iv) miR-21 is one of
the most aberrantly increased miRNAs in both never-smoker
and smoker cases. There was no significant difference in the
expression levels of miR-21 when stage I cases (n = 21) were
compared with stage II, ITI, and IV cases (n = 7) (data not
shown), suggesting that increased miR-21 expression is an early
event in lung carcinogenesis. These findings identified miR-21 as
a major miRNA that may play an oncogenic role in lung
carcinogenesis and prompted us to choose it as a candidate for
molecular targets in treatment of lung cancers in never-smokers
as well as in smokers. Given the relationship between EGFR
mutations and miR-21 up-regulation, we also hypothesized that
this miRNA might have implications in improving EGFR-TKI
therapy, whose effectiveness is correlated with EGFR gene status
and smoking history of the patients (2, 4-6, 31).

Although high levels of miR-21 expression have been reported in
various types of human tumors (19, 30, 32), including lung cancer
from both smokers (18) and never-smokers (this study), the mech-
anism that up-regulates miR-21 during carcinogenesis is not well
understood. In addition to the miRNA microarray data showing
higher levels of miR-21 in EGFR-mutant cases (Table 3), the in
vitro analyses using NSCLC cell lines showed that the activated
EGFR signaling up-regulates miR-21 expression. A statistically
significant positive correlation was observed between miR-21 ex-
pression levels and p-EGFR levels in NSCLC cell lines (Fig. 1B).
Furthermore, the treatment with the EGFR-TKI (AG1478) inhib-
ited miR-21 expression in 2 NSCLC cell lines with elevated p-
EGFR, EGFR-mutant H3255 (Fig. 2) and EGFR wild-type H441
(Fig. S4), providing a mechanistic link between the activated EGFR
signaling pathway and the aberrant up-regulation of miR-21 and a
therapeutic basis for inhibition of miR-21 in lung cancers with
EGFR activation. STAT3 reportedly signals IL-6—induced up-
regulation of miR-21 in multiple myeloma cells (33). However,
siRNA-mediated knockdown of endogenous STAT3 expression did
not affect miR-21 levels in H441, H1650, and H1975 cells (data not
shown), suggesting that STAT3 does not play a primary role in the
EGFR signaling-induced up-regulation of miR-21 in NSCLC cells.
It remains to be examined whether activator protein-1 (AP-1),
which is activated by the EGFR signaling (34) and activates the
miR-21 transcription through the binding to the promoter (35), is
responsible for the increased expression of miR-21 in NSCLC cells.
Nevertheless, there also should be EGFR-independent mecha-
nisms to control miR-21 expression, because miR-21 was expressed
abundantly in A549 cells without EGFR mutation or p-EGFR (Figs.
1A and S3B), and no increased miR-21 expression was observed in
H1650 cells with EGFR mutation and increased p-EGFR (Figs. 14
and S3C). An increased copy number or amplification of the
chromosomal region carrying miR-21 (17q23.1) (36) may be an
EGFR-independent mechanism.

Antisense oligonucleotide-mediated knockdown of miR-21 in-
duced or enhanced apoptotic responses in 2 NSCLC cell lines,
H3255 and H441 (Fig. 3) probably recapitulating some lung cancer
cases from never-smokers. H3255 and H441 both expressed ele-
vated levels of miR-21 (Fig. 1.4) but had biologically and genetically
different features. H3255 was highly responsive to EGFR-TKI (Fig.
1A), expressed high levels of p-EGFR (Figs. 24 and S3C), and had
mutated and amplified EGFR (Fig. 14) (37). H441 was less
responsive to EGFR-TKI (Fig. 14), expressed low levels of p-
EGFR (Fig. S3B), and had wild-type EGFR (Fig. 14). As previ-

Seike et al.

ously reported in other types of human cancer cells (32, 33), the
antisense inhibition of miR-21 by itself led to increased apoptotic
response in H441 cells (Fig. 3 C and D), suggesting that miR-21 also
can be a therapeutic target in lung cancers. Importantly, in both cell
lines, anti-miR-21 significantly enhanced the apoptotic response
induced by AG1478 (Fig. 3 B and C). The lack of effect of
anti-miR-21 alone in H3255 cells (Fig. 3B) may indicate that the
combinational use of anti-miR-21 and EGFR-TKI is required to
attenuate effectively the constitutively activated EGFR signaling
pathway to cell survival, which is evidenced by the highest levels of
p-EGFR (Fig. S3C) and miR-21 (Fig. 14). Although EGFR-TKIs
are in wide clinical use for lung cancer (38), and inhibition of
oncogenic miRNAs is a new promising approach in cancer therapy
(39), this study reveals that the combination of these 2 therapeutic
strategies can be significantly more effective than either alone. The
finding is of particular importance in developing better treatment
for lung cancer patients of non-Asian ethnicity, who tend to be less
responsive to the current EGFR-TKI therapy (40). This study also
has potential clinical implications in preventing and rescuing ac-
quired EGFR-TKI resistance in NSCLC, an issue with important
clinical relevance. Besides a secondary T790M mutation (41) and
acquired MET amplification (42), selection of an EGFR wild-type
subpopulation on a background of wild-type/mutant mixture leads
to acquired EGFR-TKI resistance in NSCLC (43). The combina-
torial use of EGFR-TKI and anti-miR-21 could prevent and rescue
such acquired resistance caused by the selection for wild-type
EGFR, because anti-miR-21 is effective on both EGFR wild-type
and mutant tumor cells. Successful i.v. administration of a locked
nucleic acid-modified antisense miRNA in primates (44) supports the
feasibility of in vivo targeting miRNAs in therapy of human diseases.

Last, our lists of dysregulated miRNAs (Tables 2 and 3) include
a number of other miRNAs that may have an oncogenic or
tumor-suppressive role in lung carcinogenesis, e.g., up-regulated
miR-141 (45), up-regulated miR-210 (46), down-regulated miR-126
(47), and down-regulated miR-486 (48). Further studies will address
the roles of other individual miRNAs in lung carcinogenesis and a
possible therapeutic relevance of overexpression and/or knockdown
of multiple miRNAs.

In conclusion, lung cancers in never-smokers have a characteristic
profile of miRNA expression. MiR-21 is a downstream effector of the
activated EGFR signaling pathway and can be a therapeutic target in
lung cancers with and without EGFR mutations. Antisense inhibition
of miR-21 may improve clinical response to EGFR-TKI therapy.

Materials and Methods

Clinical Samples and Cell Lines. Lung cancer tissues and corresponding noncan-
cerous tissues were obtained from never-smokers who had undergone surgical
resection between 2000 and 2004 at the University of Maryland Medical Center
(n = 15) orthe Mayo Clinic (n = 7) in United States or at the Hamamatsu University
School of Medicine (n = 6) in Japan (Tables 1 and S1). Institutional review board
approval and written informed consent from all patients were obtained at each
collection site. H3255 was provided by Dr. Bahar of the National Cancer Institute.
A549, H23, H441, H1650, H1975, H157, and H1299 were purchased from Amer-
ican Type Culture Collection (ATCC). hTERT-immortalized normal human bron-
chial epithelial cells (HBET2) were established in our laboratory.

Microarray Analysis. Microarray analysis was performed as previously described
(21, 49). Briefly, 5 ng of total RNA was used for hybridization on miRNA microar-
ray chips containing 389 probes in triplicate (Ohio State microRNA microarray
version 3.0). Processed slides were scanned using a PerkinElmer ScanArray XL5K
Scanner. With statistical software R (http:/mww.r-project.org/), only spot values
that were not flagged by the image quantification software GenePix Pro 6.0.1.00
(www.moleculardevices.com/pages/software/gn_genepix_pro.html) and whose
foreground intensities were larger than background intensities were used. The
remaining spots then were normalized by locally weighted scatterplot smooth-
ing (LOESS), and duplicate spots were averaged. The preprocessed and normal-
ized data then were imported into BRB-ArrayTools version 3.5.0 (http://
linus.nci.nih.gov/BRB-ArrayTools.html). Finally, 291 miRNAs with non-missing log
values present in more than 75% of the samples were selected. More information
is available in S/ Materials and Methods.
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Real-Time RT-PCR Analysis. Expression of mature miRNAs was examined by
gRT-PCR analysis using a TagMan Human MicroRNA Assay kit and a PRISM 7700
Sequence Detector System (Applied Biosystems). RNU6B was an endogenous
control (#4373381, Applied Biosystems). Gene expression data (mean * SD from
triplicate samples) were shown as 2-4ACT (50),

Cell Treatment and Growth Inhibition Assay. To evaluate the effect of AG1478
onthe EGFR signaling pathway and miR-21 expression levels, lung cancer cell lines
were serum starved for 24 h, incubated in the presence or absence of AG1478 (2
1M or 10 uM; Calbiochem) for 2 h, and then for an additional 15 min in the
presence or absence of EGF (20 ng/mL; Promega). Growth inhibition was assessed
by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)
2H-tetrazolium, inner salt (MTS) assay (Dojindo). Cells (5,000Avell) were seeded
into 96-well plates, and increasing concentrations of AG1478 (0, 0.4, 2.0, 10, and
50 uM) were added. After incubation for 72 h at 37 °C, MTS was added and
incubated for 2 h at 37 °C; then absorbance at 450 nm was measured. The ICsp
value was defined as the concentration needed for 50% reduction of the growth.

Western Blot Analysis. Cells were lysed in buffer containing 50 mM Tris-HCl, pH
7.6, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40, and 0.5% sodium-deoxycholate.
Ten pg of proteins were separated by gel electrophoresis on 10% gels, transferred
to nitrocellulose membranes, and detected by immunoblotting using a chemilumi-
nescence system (GE Healthcare Bio-Sciences Corp.). The images were quantified
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using National Institutes of Health ImageJ1.40g (http://rsb.info.nih.gov/ij/). Antibod-
ies are in S/ Materials and Methods.

Oligonucleotide Transfection and Apoptosis Assay. Cells were transfected with
the oligonucleotides (at a final concentration of 40 nM) using LipofectAMINE
2000 reagent (Invitrogen). After 72 h, the cells were incubated in the presence or
absence of 0.2 uM of AG1478 for 24 h (H3255) or 10 uM of AG1478 for 72 h (H441).
Activities of caspase-3 and caspase-7 were analyzed using ApoONE Homoge-
neous Caspase 3/7 Assay (Promega). Each experiment was done in triplicate and
at least 4 times independently. The data were shown as mean + SD. Oligonucle-
otide sequences are in S/ Materials and Methods.

Statistical Analysis. The paired t-test identified miRNAs that were differentially
expressed in lung cancer tissues and normal lung tissues (P < 0.01, FDR < 0.15). We
also identified miRNAs that were differently expressed in EGFR-mutant and
wild-type lung cancers using the F-test (P < 0.01, FDR < 0.15). The paired t-testwas
used to analyze differences in miRNA expression in tumors and corresponding
normal tissues for qRT-PCR data. Graphpad Prism v5.0 (Graphpad Software Inc.)
analysis was used for the Pearson’s correlation. All statistical tests were 2-sided,
and statistical significance was defined as P < 0.05.
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Identification and characterization of a novel germline p53 mutation
in a patient with glioblastoma and colon cancer
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Germline mutations in the p53 tumor suppressor gene have been
identified in patients with Li-Fraumeni syndrome (LFS) and
patients with Li-Fraumeni-like syndrome (LFL). However, to
date, germline p53 mutations in patients not fulfilling the criteria
of LFS or LFL have been reported only very rarely. In our study,
a novel germline ¢.584T>C (p.Nle195Thr) mutation of the p53 gene
was found in a 21-year-old male with a glioblastoma and colon
cancer. He had no family history of cancer within second-degree
relatives, and loss of the wild-type p53 allele and overexpression of
p53 protein were observed in both tumors. Functional analyses
revealed transactivation and growth suppressive function activ-
ities of the Thr195-type p53 to be impaired. These results suggest
germline p53 mutations to possibly be responsible for a subset of
young adult patient with multiple malignant tumors, even those
not meeting the clinical criteria for LFS or LFL.
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Li-Fraumeni syndrome (LFS) is an inherited cancer predisposi-
tion syndrome charactcnzed by a wide spectrum of neoplasms
occurring at a young age. ! Germline mutations in the p53 tumor
suppressor gene have been identified in panents w1th LFS and
patients with Li-Fraumeni-like syndrome (LFL).>® However, to
date, germline p53 mutations in patients not fu]ﬁ]hnc the criteria
of LFS or LFL have been reported only very rarely. In the present
study, we identified a novel germline p53 mutation in a patient
with a glioblastoma and colon cancer, whose family history was
not consistent with either LFS or LFL, examined p53 allelic status
and p53 protein expression in the tumors and evaluated the func-
tional activities of the novel mutant p53.

Material and methods
Samples, cell lines and ethical considerations

Samples of the patient’s colon, brain tissue and blood were
obtained at surgery at Hamamatsu University Hospital. DNA was
extracted from all samples. The human H1299 cell line was pur-
chased from the American Type Culture Collection (Manassas,
VA). The research protocol was approved by the Institutional
Review Board of Hamamatsu University School of Medicine.

Polymerase chain reaction (PCR) and sequencing analysis

Fragments covering all coding exons and boundary regions of
the p53 gene were amplified by PCR and sequenced as described
previously.”

Genotyping of the ¢ 584T>C mutation

The ¢.584T>C mutation was genotyped by PCR-restriction
fragment length polymorphism (RFLP) analysis using the Aval
enzyme.
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Loss of heterozygosity analysis

Fluorescence-based PCR was used to examine the loss of heter-
ozygosity (ILOH) at the p53 locus as described previously.”

Immunohistochemical analysis

Tissue slices were stained with hematoxylin-eosin or immuno-
stained with DO-7 (DAKO, Kyoto, Japan), an anti-p53 monoclo-
nal antibody.'®

Luciferase reporter assay

p53-null human H1299 cells were transiently cotransfected with
the pS53 expression vector, firefly luciferase reporter vector
pGLA4.10 (Promega, Madison, WI) containing a fragment of the

p21 (CDKNI1A), BAX or MDM?2 promoter and a Renilla luciferase

reporter vector pGLA4.74 (Promega), and 24 hr after transfection,
luciferase activity was measured by a Dual-Luciferase Reporter
Assay System (Promega) as described prcviously.7

Colony formation assay

p53-null H1299 cell lines were transfected with the p53 expres-
sion vector using Lipofectamine 2000 reagent (Invitrogen, Carls-
bad, CA), followed by selection in media containing G418 antibi-
otics at 1 mg/ml for 2 weeks. Colonies were fixed, stained and
counted.

Statistical analysis

Statistical comparisons were performed by the two-tailed Stu-
dent’s ¢ test with Excel software (Microsoft Corp., Redmond,
WA).

Results and discussion

A male patient was diagnosed with a glioblastoma at 20 years
of age and died of colon cancer at 21 years of age (Fig. 1a). First,
we considered the possibility of an inherited abnormality of mis-
match repair genes and performed a microsatellite instability anal-
ysis of tissue from both tumors. However, both tumors were found
to be microsatellite-stable (data not shown), suggesting no
involvement of mismatch repair gene abnormalities. Next,
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Ficure 1 - Identification  of  the
¢.584T>C (p.Ile195Thr) germline muta-
tion of the p53 gene in a patient with glio-
blastoma and colon cancer. (a) Pedigree of
the patient’s family. Square, male; circle,
female. Solid symbols represent cancer
patients. Symbols with a slash indicate
deceased individuals. The arrow points to

-3 1v-2

the proband. (b) Detection of a germline
pS53 mutation in blood DNA from this
case. Direct sequencing analysis of exon 6
of the p53 gene revealed a heterozygous
mutation with an ATC allele and ACC al-
lele at codon 195. (¢) Genotyping of the

e 195

p.Ile195Thr mutation in blood DNA from
patient and his relatives by PCR-RFLP

analysis. Individuals I11-2, III-3, IV-1 and

195 195

although his family did not meet LFS or LFL criteria (Fig. 1a), we
screened the patient for germline p53 mutations by sequencing
analysis and a heterozygous ¢.584T>C mutation was found at the
p53 gene locus. The ¢.584T>C mutation was located in exon 6
and was associated with an amino acid substitution of threonine
for isoleucine at codon 195 (Fig. 1b). The ¢.584T>C mutation has
been registered as a somatic mutanon on the TARC TP53 mutation
database (http://www-p53.iarc.fr/),'" and had not previously been
registered as a germline mutation, indicating the ¢.584T>C muta-
tion to be a novel germline mutation. The mutant allele was not
detected in his parents or his brother by PCR-RFLP analysis (Fig.
1¢), suggesting the ¢.584T>C mutation to be a de novo germline
mutation.

LOH analysis using the microsatellite marker at the p53 locus
showed the presence of LOH at the p53 locus in both glioblastoma
and colon cancer (Fig. 1d), and in addition, further sequencing
analysis revealed loss of the wild-type (wt) p53 allele, but not the
mutant allele (Fig. le). Immunohistochemical analysis showed
p53 protein to be highly expressed in both glioblastoma and colon
cancer, but not in the corresponding normal tissue (Fig. 1f). These

AC AC ACC

I

IV-2 are shown in (a). M, DNA size
marker. The size of the PCR product was
527 bp. A mutant allele was digested into
2 fragments of 333 bp and 194 bp with an
Aval restriction enzyme, but the wt allele
was not. (d) LOH analysis at the p53 locus
using a TP53 microsatellite marker. Fluo-
rescent PCR products were analyzed using
an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems). The arrow indicates
loss of 1 allele. (¢) LOH analysis at the
p53 gene locus by sequencing of the muta-
tion site at codon 195. Electropherograms
of normal colonic mucosa, colon cancer
and glioblastoma are shown at the left,
middle and right, respectively. The arrow
indicates loss of the wt allele. (f) Immuno-
histochemical analyses of p53 protein in
the glioblastoma and colon cancer. (a, ¢),
normal brain; (b, f) glioblastoma; (¢, g)
normal colon; (d, h) colon cancer. (a—d)
Hematoxylin-eosin staining; (e-h) p53 im-
munostaining.

results suggest that the Thr195-type p53 protein had accumulated
in the glioblastoma and colon cancer tissues.

To evaluate the functional effect of the p.Ile195Thr mutation,
we first examined the transcriptional activation potential of
Thr195-type p53 by luciferase assay. p21-, BAX- and MDM2-lu-
ciferase activities were significantly lower in cells transfected with
the Thr195-type p53 expression vector, Alal43-type p53 (a well-
known mutant having no apparent transactivation function) vec-
tor'? or empty vector than in the cells transfected with the wt pS3
vector (Fig. 2a), suggesting that Thr195-type p53 lacks the trans-
activation function in relation to a subset of p53-responsive pro-
moters. We next examined the ability of the Thr195-type p53 to
suppress cell growth. In the G418-resistant colony formation
assay, the wt p53 cxprcqsion vector efficiently suppressed colony
formation in comparison with an empty vector, whereas Thrl95»
type p53 and the Alal43-type p53 vector (a negative control)'?
did not (Fig. 2b), suggesting that Thr195-type p53 has no or
extremely low ability to suppress cell growth. Thus, the luciferase
and colony formation assays both indicated that Thr195-type p53
is functionally inactivated.
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ARTICLE INFO ABSTRACT

Article history: A method to detect an enzymatic reaction in a single living cell using an atomic force microscope equipped
Received 25 March 2009 with an ultra-thin needle (a nanoneedle) and a fluorescent probe molecule was developed. The nanonee-
Received in revised form 22 May 2009 dle enables the low-invasive delivery of molecules attached onto its surface directly into a single cell.
Accepted 28 May 2009

We hypothesized that an enzymatic reaction in a cell could be profiled by monitoring a probe immo-
bilized on a nanoneedle introduced into the cell. In this study, a new probe substrate (NHGcas546) for
caspase-3 activity based on fluorescent resonance energy transfer (FRET) was constructed and fixed on a

Available online 6 June 2009

;‘;ﬁz ;d:t;le nanoneedle. The NHGcas546-modified nanoneedle was inserted into apoptotic cells, in which caspase-3
AFM is activated after apoptosis induction, and a change in the emission spectrum of the immobilized probe
Single cell could be observed on the surface of the nanoneedle. Thus, we have developed a successful practical
FRET method for detecting a biological phenomenon in a single cell. We call the method MOlecular MEter with
Caspase-3 activity Nanoneedle Technology (MOMENT).

MOMENT © 2009 Elsevier B.V. All rights reserved.

1. Introduction

The direct manipulation and delivery of molecules into a single
living cell would provide a novel technology that could be useful
in biology, biotechnology, and medicine (Lamontagne et al., 2008;
Voldman, 2006). There are two main applications of such molecular
manipulation techniques: One is to regulate cell states (e.g., cell
differentiation, cell reprogramming), and the other is to reveal the
state or the type of a cell; the latter can be currently accomplished
by investigating the operation of biological activities by analysing
gene expression levels in the cell. For the advancement of these
applications, molecular handling techniques with more spatial and
temporal precision are required.

We have developed a novel molecular handling technique for a
single cell using the atomic force microscope (AFM), which accu-
rately measures the displacement and force exerted on a cantilever,
and an ultra-thin needle (nanoneedle) to penetrate the cell mem-

* Corresponding author at: Research Institute of Cell Engineering, National Insti-
tute of Advanced Industrial Science and Technology, Central 4, 1-1-1 Higashi,
Tsukuba, Ibaraki 305-8562, Japan. Tel.: +81 29 861 2445; fax: +81 29 861 3049.

E-mail address: chikashi-nakamura@aist.go.jp (C. Nakamura).

0956-5663/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi: 10.1016/j.bios.2009.05.036

brane with minimal cell damage. Penetration with nanoneedles
smaller than 400 nm in diameter does not cause lethal damage to
the plasma membrane; because of their low invasiveness, the nee-
dles can be maintained inside the cell for more than 1 h for analysis
(Han et al., 2005). Insertion of a nanoneedle through the plasma
membrane can be monitored by determining the force exerted on
the nanoneedle (Obataya et al., 2005c). This procedure allows us
to deliver molecules that are attached onto the nanoneedle surface
into the cell (Han et al., 2005; Obataya et al., 2005a).

Many kinds of fluorescent probes have been used to detect
enzymatic activity (Miyawaki, 2003; Tsien, 2005). The sensing
mechanism of such probes is usually based on fluorescent reso-
nance energy transfer (FRET) between green fluorescent protein
(GFP) and its colour variants for applications in the fields of cell
biology, molecular biology, and developmental biology (Miyawaki,
2003; Pollok and Heim, 1999). In many cases, this system requires
a construct such that an enzyme sensitive sequence is placed
between two fluorescent proteins. Recently, a FRET-based sys-
tem using an engineered GFP with a chemical FRET partner was
reported. This chimeric FRET-based system aims to place the chem-
ical fluorophore considerably close to and suitably oriented to
GFP for efficient FRET using a site-directed mutagenesis approach
(Suzuki et al,, 2003, 2004).
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Fig. 1. Structure of the NHGcas546 probe. (A) Schematic diagram of the new biosensor for intracellular enzyme assay. A nanoneedle carrying immobilized probe molecules is
inserted into a cell and the probe on the nanoneedle reacts with the enzyme inside the cell. The immobilized NHGcas546 probe emits at 572 nm upon excitation at 488 nm;
after digestion with caspase-3 in an apoptotic cell, the immobilized NHGcas546 emits at 510 nm. (B) Primary structure of NHGcas. NHGcas was constructed using mutated
GFP, a caspase-3 recognizable sequence (DEVD), and a Cys modified with Alexa Fluor 546. NHGcas has a (His)g tag at its N-terminus. (C) Emission spectra of NHGcas546 during
digestion with recombinant caspase-3. NHGcas546 was incubated with caspase-3 for 120 min in solution. Excitation was at 488 nm. The fluorescence emission spectrum of
the probe changed in caspase-3 solution and the intramolecular FRET signal was abolished in a time-dependent manner.

For the procedure, these fluorescent probes need to be expressed
or introduced into the cells after fabrication by chemical or physio-
logical methods. However, those introduction strategies have some
restrictions on applicable cell types and growth conditions, and suf-
fer from reduced viability after invasive damage. It is often difficult
to employ these techniques in primary cultured cells or normal
human cells. We have developed a molecular manipulation tech-
nique for a single cell that might have the potential to deliver
many types of molecule into various cell types, including normal
human cells, without invasive damage (Han et al., 2008). To com-
bine this technique with the use of fluorescent chimeric probes, it
is necessary to adapt the probes to function on the surface of the
nanoneedle inside the cell. This combination scheme is based on
the concept of a biosensor for real-time monitoring of biological
phenomena in a single living cell (Fig. 1A).

In this study, a FRET-based probe (NHGcas546) functioning on
a nanoneedle surface was developed to quantify the activity of
caspase-3, a key enzyme of apoptosis. NHGcas546 consists of an
engineered GFP with an N-terminal (His)g tag, a sequence (Asp-
Glu-Val-Asp) recognizable by caspase-3 (Thornberry et al., 1997),
and a cysteine for site-directed modification with an Alexa Fluor
546 dye at its C-terminus (Fig. 1B). The NHGcas546 was attached
to the surface of the silicon cantilever by chelate bonding of the
(His)g tag. This probe on an AFM cantilever was demonstrated
to change its FRET signal as a result of cleavage by recombinant
caspase-3. The NHGcas546 immobilized on a nanoneedle was then

inserted into a single apoptotic cell assumed to express caspase-3
and a change in the emission spectrum was observed. Thus, the
development of a new device like a micro-biosensor to investi-
gate enzymatic activity in a single cell has been accomplished.
We named the new method MOlecular MEter with Nanoneedle
Technology (MOMENT). MOMENT allows the measurement of the
activity of a desired molecule in a cell at that moment.

2. Materials and methods
2.1. Materials

AFM silicon cantilevers (CONT and ATEC-CONT) were pur-
chased from Nanosensors (Neuchatel, Switzerland). The BCA
protein assay kit and Halt EDTA-free protease inhibitor cock-
tail were purchased from Pierce Biotechnology (Rockford,
IL). 2-Methacryloyloxyethyl phosphorylcholine (MPC) and p-
nitrophenyloxycarbonyl poly(ethylene glycol) methacrylate
(MEONP) were synthesized using previously reported methods
(Ishihara et al., 1991; Konno et al., 2004). 3-Methacryloxypropyl
triethoxysilane (MTES) was purchased from Shin-Etsu Chemical Co.
Ltd. (Tokyo, Japan). Alexa Fluor 546 C5 maleimide was purchased
from Invitrogen (Carlsbad, CA). TALON Metal Affinity Resin and
Escherichia coli BL21(DE3)pLysS were purchased from Takara Bio
Inc. (Shiga, Japan). NAP-10 desalting columns were purchased
from GE Healthcare Life Sciences (Buckinghamshire, England).
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Active human caspase-3 was purchased from Medical & Biological
Laboratories Co. Ltd. (Nagoya, Japan). AB-NTA was purchased from
Dojindo laboratories (Kumamoto, Japan). Other reagents were
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan)
or Sigma-Aldrich (St. Louis, MO).

2.2. Plasmid construction

The protein part of the probe, called NHGcas, was derived from
the GFP variant UV5casS02tag (Suzuki et al., 2005). The construc-
tion detail is described in Supplementary methods. The resulting
construct was named pNHGcas.

2.3. Purification of NHGcas

E. coli BL21(DE3)pLysS was transformed with pNHGcas.
LB medium supplemented with 34 pg/mL chloramphenicol,
100 pg/mL ampicillin, and 0.5-mM IPTG was inoculated with trans-
formed E. coli in the growth phase and cultured at 26°C for 3 h.
The cells were harvested by centrifugation at 8000 x g for 15 min
and resuspended in PBS. The cell suspension was suspended and
vortexed with lysis buffer: PBS containing 10% glycerol, 0.5% Triton-
X-100, and an EDTA-free protease inhibitor cocktail. The resulting
lysate was sonicated and centrifuged at 8000 x g for 15 min. The
supernatant was applied to a TALON Metal Affinity resin column.
After serial washing with lysis buffer and modified lysis buffer sup-
plemented with 2-mM imidazole, the NHGcas bound to the resin
through its (His)g tag was eluted with lysis buffer containing 100-
mM imidazole. The eluted protein was desalted on a NAP-10 gel
permeation column. The desalted NHGcas was collected to deter-
mine its concentration with the BCA kit. Purified and quantified
NHGcas was analyzed by 10% SDS-PAGE. The schematic structure
of NHGcas is shown in Fig. 1B.

2.4. Preparation of the caspase-3 activity sensor probe

The caspase-3 sensor probe, NHGcas546, was prepared from
NHGcas by chemical modification with Alexa Fluor 546. An aliquot
of purified NHGcas dissolved in PBS containing 10% glycerol, 0.5%
Triton-X-100, and 1-mM DTT was kept at room temperature for
15 min; thereafter, the remaining DTT was removed using a NAP-10
gel permeation column equilibrated with PBS. An aliquot of elu-
ate was immediately mixed with 10 equivalent amounts of Alexa
Fluor 546 C5 maleimide solution and incubated at 37°C for 3h.
Excess fluorescent dye was removed by dialysis against PBS. The
concentration of prepared NHGcas546 was determined using the
BCA kit.

2.5. Preparation of nanoneedle

The nanoneedle was prepared by focused ion beam (SMI3050,
SII Nanotechnology Co. Ltd., Chiba, Japan) etching as described
previously (Obataya et al., 2005b). The pyramidal silicon AFM tip
(ATEC-CONT, spring constant is about 0.2 N/m) was fabricated to a
needle shape of approximately 400nm in diameter and 10 wm in
length with a flat-ended cylindrical edge.

2.6. Detection of caspase-3 activity in a single apoptotic cell

HelLa cells were maintained in DMEM containing 10% FBS, and
antibiotics (100 units/mL penicillin G, 100 pg/mL streptomycin sul-
phate). Apoptosis was induced with 10 pg/mL cycloheximide and
100 ng/mL TNF-a.. We performed Annexin V assays to confirm
the induction of apoptosis (data not shown). Apoptotic Hela cells
were manipulated using a combination of confocal laser scanning
microscopy (CLSM)(IX81/FV1000, Olympus, Tokyo, Japan)and AFM

(Nanowizard I, JPK Instruments AG, Berlin, Germany). The NHG-
cas546 immobilized nanoneedle was inserted into an apoptotic
cell aimed toward the centre of the cell by manual operation. The
nanoneedle was maintained inside the cell for 60 min and then
retracted. The fluorescence of NHGcas546 on the nanoneedle was
examined by CLSM before and after the nanoneedle insertion. The
images obtained were analyzed using Image] software (National
Institutes of Health, Bethesda, MD, USA). The Young’s modulus of
the cell was calculated in accordance with the Hertz model (Obataya
et al., 2005c¢). The force-distance curve (z-scan speed of 6 um/s) at
the region of indentation was fitted to the Hertz model. The follow-
ing equation is used in the Hertz model of indentation for cylindrical
material:

2aE
F=——1I,
(1-v?)
where F=force, I=depth of indentation, a=radius of nanoneedle,
v=Poisson’s ratio (0.5), and E=Young’s modulus.
All other methods used in this work are described in
Supplementary methods.

3. Results and discussion

3.1. Design of a FRET-based probe for measuring caspase-3
activity on a silicon surface

A highly sensitive fluorescent probe that can function on a
nanoneedle should be a powerful tool for in situ characterization of
enzymatic activity in a single living cell. Since the nanoneedle was
prepared from a single silicon AFM cantilever, the fluorescent probe
should have a solid surface binding site and an enzyme-sensitive
site. Thus, a new FRET-based probe composed of fluorescent pro-
tein and dye to measure caspase-3 activity was devised in this study
(Fig. 1A).

This probe was attached to the nanoneedle via the N-terminus
of the protein part to detect the activity of caspase-3 as a change in
the emission spectrum of the probe; the protease sensitive site was
located at the C-terminus of the protein part (Fig. 1B). We used GFP
as the protein part and Alexa Fluor 546 as the fluorescent dye, as
shown in Fig. 1B. This probe contained the DEVD sequence between
GFP and Alexa Fluor 546, which is mainly cleaved by caspase-3
(Thornberry et al., 1997).

Fig. 1C shows the changes in emission profile of NHGcas546
digested with caspase-3 in solution. The emission around 510 nm
from GFP clearly increased and the emission around 570 nm from
Alexa Fluor 546 simultaneously decreased in a time-dependent
manner (Fig. 1C). This suggests that NHGcas546 was cleaved by
caspase-3 to abolish intramolecular FRET. The ratio of the fluores-
cence intensities at 572 and 510 nm was 1.83 at 0 min and 0.247
after 120 min after caspase-3 action. This gave a 7.4-fold alteration
of the ratio by caspase-3 digestion. The alteration of the corre-
sponding ratio on UV5casS22tag modified with Alexa Fluor 532 was
6.4 (Suzuki et al., 2005). Alexa Fluor 532 can be weakly excited at
488 nm, producing an unfavourable background for this analysis,
but Alexa Fluor 546 is scarcely excited at this wavelength. Thus,
NHGcas546 is a very effective probe of caspase-3 activity for further
study.

3.2. Modification of a silicon surface with NHGcas546

Many points must be considered when building a probe on a
nanoneedle surface to function in the interior of a cell. One con-
sideration is the activity of the molecular probe on the nanoneedle
surface for effectively sensing enzymatic activity. Another consid-
eration is nonspecific adsorption onto the nanoneedle surface that
would be an obstacle to molecular sensing. To overcome these
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issues, a MPC polymer was used to modify the silicon surface
(Kihara et al., 2007). The surface of MPC polymers has abundant
free water molecules (Ishihara et al., 1998; Kitano et al., 2003).
Thus, proteins are exposed to circumstances similar to a solution,
meaning that their conformation does not change on the MPC poly-
mer surface. Moreover, the surface of the MPC polymer has low
protein adsorption. MPC is often used as a surface-modification
polymer for various materials that come in contact with tissue or
blood (Goda et al., 2006; Moro et al., 2004). For this study, because
silicon surface bonding groups and active ester groups for immobi-
lizing biomolecules were required in the polymer chain, MPC, MTES,
and MEONP were copolymerized (Supplementary Fig. 1). MTES is
a monomer for silane coupling and MEONP is a monomer with a
reactive ester group (Konno et al., 2004).

First, the silicon AFM cantilever was modified with the MPC
polymer by silane coupling. Thereafter, the p-nitrophenyl ester
group was reacted with the amino group of AB-NTA to produce NTA
groups on the surface. NTA is one of the most useful matrices for
immobilized metal-affinity chromatography. A Ni2* was chelated to
the NTA group. The Ni2*-NTA group can tightly bind a (His)s tagged
protein. NHGcas546 was then supposed to attach to the Ni2*-NTA
group on the silicon AFM cantilever.

The silicon cantilever modified with NHGcas was observed
by CLSM, and successful binding of the protein was confirmed
(Supplementary Fig. 2). The amount of attached NHGcas was about
3 x 10# molecules/pm?, or approximately 3 per 10-nm square. The
diameter of the GFP barrel structure is about 24 A (Ormo et al., 1996;
Yang et al., 1996). Thus, it is estimated there could be approximately
20 closely packed molecules in each 10-nm square; the occupied
fraction of NHGcas was about 15%. The surface area of the nanonee-
dle was 13 wm? at 400 nm diameter. Hence, about 4 x 10° molecules
of NHGcas546 could be on the surface of the nanoneedle.

3.3. Cleavage of NHGcas546 with caspase-3 on the silicon surface

To evaluate the performance of the attached NHGcas546 probe
on the silicon surface, the NHGcas546-modified silicon cantilever
was treated with recombinant caspase-3 and was then observed by
CLSM (LSM510-META) at 488 nm laser excitation and 511-599 nm
emission.

The emission spectrum of NHGcas546 on the cantilever surface
showed two distinct peaks: one from fluorescent protein and one
from Alexa Fluor dye (Fig. 2a). The NHGcas546 on the surface of the
cantilever clearly showed an intramolecular FRET spectrum pat-
tern. When the probe was incubated with buffer alone, the emission
spectrum of the NHGcas546 probe did not demonstrate signifi-
cant change. However, the intensity of the fluorescence gradually
decreased by sequential observation every 5 min (Fig. 2a). This sug-
gests that the structure of NHGcas546 might be maintained on the
MPC polymer-modified solid surface but its fluorescence would be
bleached by continuous excitation.

Upon treatment with 1unit of caspase-3 at room temper-
ature, the emission of the NHGcas546 on the silicon surface
clearly decreased around 570 nm (Fig. 2b). This indicated that
the NHGcas546 was digested by caspase-3, thereby cancelling the
intramolecular FRET signal.

Fig. 2c shows the time-dependent changes in the ratio of
emission intensities of Alexa Fluor 546 (577-599 nm)/fluorescent
protein (513-534 nm) on the silicon cantilever. The emission ratio
was normalized by defining the baseline ratio at 0 min of caspase-3
treatment. The rate constant of 1 unit caspase-3 action on the NHG-
cas546 attached to the silicon cantilever was 5.4 x 1074/s. The ratio
of the fluorescence intensity of Alexa Fluor 546/fluorescent pro-
tein after treatment with caspase-3 was 0.59. This gave a 1.7-fold
alteration of the ratio by caspase-3 digestion.
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Fig. 2. Time course of caspase-3 digestion of NHGcas546 immobilized on the silicon
surface. The fluorescence spectra of the immobilized NHGcas546 are overlaid (a, b).
Immobilized NHGcas546 was incubated with (b) or without (a) 1 unit of recombinant
caspase-3 for 60 min at room temperature on the silicon surface in 100-p.L reaction
solution. The fluorescence intensity of the immobilized NHGcas546 decreased in
buffer solution alone (a). In contrast, the fluorescence intensity of Alexa Fluor 546
decreased in a time-dependent manner in caspase-3 solution (b). (c) First-order
kinetic plot of the data from (a) and (b). The normalized ratio of the emission inten-
sities for Alexa Fluor 546 (577-599nm) and fluorescent protein (513-534nm) is
plotted. The points represent experimental data and the line shows the theoretical
reaction kinetics determined by nonlinear least-squares regression fit to a first-order
kinetic equation. Grey triangles indicate the ratio of the immobilized NHGcas546
in buffer solution, and the closed circles and black line indicate the ratio of the
immobilized NHGcas546 treated with caspase-3 on the silicon surface.

The alteration of the ratio by caspase-3 digestion was larger
when the NHGcas546 was free in solution (Fig. 1C, 7.4-fold) than
when it was immobilized on the solid surface (Fig. 2c, 1.7-fold).
One possible reason may be dysfunction of the NHGcas546 on the
silicon surface caused by some denaturation during binding, which
would decrease donor protein emission and consequently the effi-
ciency of intramolecular FRET. A second possible reason may be
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bleaching of the donor fluorescent protein by long-term continu-
ous laser radiation of the target held on the solid surface, which
could have a different effect than irradiation of the target in solu-
tion by the same laser. If we knew the critical point to detect some
enzymatic reaction in the cell cycle or after some stimulation of the
cell under study, we could avoid repeated visualization of the fluo-
rescent probe. A third possible reason might be restricted access
of caspase-3 to the immobilized NHGcas546 substrate by steric
hindrance.

Next, we investigated the effect of caspase-3 concentration on
the digestion of NHGcas546 on the silicon surface by changes in
the ratio of donor and acceptor fluorescence emission as a routine
indicator. The NHGcas546-modified silicon cantilever was treated
with various amounts of caspase-3 in the reaction buffer for 30 min
at 30°C and observed by CLSM (LSM510-META) at 488 nm excita-
tion and 513-599 nm emission. The normalized ratios of emission
intensity of Alexa Fluor 546 (577-599 nm) to fluorescent protein
(513-534 nm) were plotted against caspase-3 concentration (Fig. 3).
The results suggested that the decay in the ratio of donor and accep-
tor emission intensities in response to enzyme concentration would
be an adequate sensing system.

3.4. Detection of caspase-3 activity in a single apoptotic cell

Hela cells were treated with cycloheximide and TNF-a to induce
apoptosis. After 2-3 h, the shape of the treated cells changed from
oval to round, and apoptosis was initiated in the cells. The apoptotic
cells were observed using CLSM (IX81/FV-1000) and the nanonee-
dle was moved toward an apoptotic cell using AFM (Fig. 4A).

Penetration of a cell with the nanoneedle can be monitored
by observing a decrease or relaxation of the exerted force. Just
after the nanoneedle comes in contact with the cell surface, the
force on the nanoneedle increases due to resistance from indenta-
tion of the cell membrane and then suddenly decreases, indicating
passage through the cell surface (Obataya et al., 2005c). After
the nanoneedle travelled several pm, the force exerted on the
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Fig. 3. Concentration-dependent caspase-3 digestion of immobilized NHGcas546
on the silicon surface. Immobilized NHGcas546 was treated with various amounts
of caspase-3 for 30 min at 30°C in 100-.L reaction solution. The normalized ratios
of the emission intensities of Alexa Fluor 546 (577-599 nm) and fluorescent protein
(513-534 nm) are plotted. Each mark indicates an individual experiment, and two
or three experiments were performed for each caspase concentration. The line is
the theoretical exponential curve derived by non-linear least-square regression fit
to the plots.

NHGcas546-modified nanoneedle slightly increased and then flat-
tened in the apoptotic cell (Fig. 4B). The force decreased further by
about 1 nN and then flattened again. This result indicates that pen-
etration of the probe-modified nanoneedle into an apoptotic cell
was similar to penetration of a normal cell and was successfully
done. The Young’s modulus of the apoptotic cell was about 3.6 kPa;
this value was less than the Young’s modulus of normal Hela cells
(about 10kPa). The probability of the nanoneedle being inserted
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Fig. 4. Detection of caspase-3 activity in a single apoptotic cell. (A) Transmitted light image of cell manipulation using AFM. A round apoptotic cell was manipulated with
the nanoneedle. (B) Force-distance curve of the nanoneedle during insertion into an apoptotic cell. The mechanical detection point and the point of penetration of the
cell membrane by the nanoneedle are indicated. (C) The fluorescence ratio of NHGcas546 immobilized on the nanoneedle after insertion of the nanoneedle into a normal
or apoptotic cell relative to the ratio before insertion. The NHGcas546-modified nanoneedle was maintained in the cell for 60 min at room temperature. The ratios of the
normalized emission intensities of Alexa Fluor 546 (575-620 nm) and fluorescent protein (490-540 nm) are plotted.
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into an apoptotic HelLa cell was over 90%. Thus, although the apop-
totic cells became elastic, the probability of nanoneedle insertion
was not affected by apoptosis.

To evaluate the activity of caspase-3 in apoptotic cells, the
NHGcas546-modified nanoneedle was maintained inside an apop-
totic cell for 60 min and the fluorescence ratios of the NHGcas546
on the nanoneedle were compared before and after insertion. The
insertion of a nanoneedle with 400 nm diameter for more than
60 min does not induce lethal damage to the plasma membrane
(Han et al., 2005). The fluorescence ratio decreased when the
nanoneedle was inserted into apoptotic cells, but not normal cells
(Fig.4C). This result indicates successful detection of caspase-3 acti-
vation by apoptosis in a single cell using NHGcas546 immobilized
on a nanoneedle.

Although we have succeeded in detecting the difference
between normal and apoptotic cells by changes in the ratio, the
decline of the ratio was smaller than in a previous study using
chemically derived Alexa Fluor 532-modified UV5casS22tag incor-
porated into a single apoptotic HeLa cell, where they obtained a
value which would be comparable to 0.6 in Fig. 4C (Suzuki et al.,
2005). We need to consider several disadvantages of our immobi-
lized probe system. As described in the previous section, the action
of caspase-3 on the NHGcas546 probe free in solution produced a
larger change in the fluorescence ratio than treatment of the same
probe fixed on thessilicon surface. In this study, a protein-based FRET
probe was used because such probes could be highly applicable to
detect many types of biological phenomena, including proteinase,
kinase, or phosphatase action and changes in ion concentrations,
pH, etc (Miyawaki, 2003; Sakaue-Sawano et al., 2008; Sato, 2006;
Tsien, 2005). We will thus establish immobilization procedures that
do not denature a protein-based probe and overcome bleaching of
probes on the nanoneedle caused by continuous excitation.

The most commonly used methods for detecting apoptotic cells
are the Annexin V assay and the TUNEL (TdT-mediated dUTP-biotin
Nick End Labeling) assay. These methods can be used to detect
apoptosis but not to continuously trace a single cell over time.
FRET-based probes specific to caspase have been developed for
detecting specific signal transduction during apoptosis (Takemoto
et al,, 2003; Tyas et al., 2000). These probes allow real-time moni-
toring of the enzyme activity in a single cell. However, the methods
by which they are introduced into cells may cause invasive dam-
age to the cells and cannot be applied to all cell types. Our newly
devised MOMENT method involving the use of a micro-biosensor
can be used for single cell analysis. Further, it can be used to specif-
ically detect many types of biomolecules within various types of
cells without causing invasive damage to the cells. In the future, we
will refine this method so that it applications can be extended to
many types of biomolecules.

4. Conclusions

As the demand for precise single cell manipulation to examine
sequences of signal transduction increases, AFM has been inten-
sively exploited as powerful tool in cellular and molecular biology
(Lamontagne et al., 2008). In particular, AFM has been proposed to
be useful for stimulation and for monitoring cellular homeostasis by
introducing or extracting specific molecular entities from the cyto-
plasm of individual cells (Chen et al., 2007; Cuerrier et al., 2007;
Han et al., 2005, 2008; Osada et al., 2003; Uehara et al., 2004).
An AFM equipped with a nanoneedle would be a practical device
to minimize the invasiveness of cell manipulation. This technique
combined with fluorescent probes has great potential to reveal cel-
lular states through investigating various intracellular phenomena.

We have named this approach ‘MOMENT". To assess the feasibil-
ity of this approach, a new fluorescent probe for caspase-3 activity
suitable for the AFM system was developed and used to detect
caspase-3 activity induced in a single cell model system. Successful
detection of enzymatic activity according to the cellular state sug-
gested that this combination could be expanded to monitor many
types of intracellular phenomena.
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By using the time lapse of both phase-contrast and fluorescent images, we examined the morphology of cells and the
dynamics of gene expression (EGFP). We applied k-means clustering to the time course data of fluorescent intensity of EGFP

and successfully found four subpopulations.

Discriminating the appropriate clusters and investigating the details of them, we found that almost all cells express the
transfected gene after cell division and also found there is a strong correlation between onset timing and cell division. This
result suggested that it is possible to. normalize the dynamics of gene by arranging the onset timing of gene expression or by

arranging the cell division.

© 2009, The Saociety for Biotechnology, Japan. All rights reserved.
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Functions of cells such as differentiation, apoptosis, and tumori-
genesis are the result of the systematic and dynamic reactions of intra-
cellular molecules. Computational modeling, if possible, enables to
predict the behavior of cells and to reproduce and design the cellular
functions. Cellular dynamics, time-dependent change of interactions
of intra-cellular molecules (1-6), the synthesis, degradation and
interactions of intra-cellular molecules that include small mole-
cules, DNAs, RNAs, proteins and lipids are the key themes of systems
biology (7).

Cellular dynamics has conventionally been investigated by
measuring the entire population of cells in the well that means
superimposed value for a population of cells. Data superimposed,
which are taken from the entire population of cell, do not always
represent the behavior of a single cell. Even in the isogenic popula-
tion, the behavior of gene expression in each cell differs from each
other (8). It suggests that the measurement of gene expression of the
entire population of cells as the component of cellular system has a
limitation to uncover the cellular system. Although behavior of
every gene is unique in each cell, they have the same behaviors
against drugs (6).

We suppose there is a regulatory system to stabilize the response
against the diversity of reactions (homeostasis). To understand the
mechanism how the system should be organized is a key for the
application of cell technologies.

* Corresponding author. Department of Bicengineering, School of Engineering, The
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Takyo 113-8656, Japan. Tel./fax: +813
5841 1791.
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Single-cell studies are the key, especially in the non-genetic varia-
tion, to elucidating the cellular dynamics. Bengtsson et al. developed
the method for single-cell RT-qPCR and revealed the differences of the
amount of mRNAs in the cell (9). Hirai et al. reported the monitoring
of the morphology of cell and evaluating the velocity of cell spreading
(10). Feinerman et al. reported the difference of protein expression
between single T cells and revealed that this difference generated
dispersion in responsiveness (11). Sigal et al. reported that they
developed the method to extract cell cycle dependent nucleic protein
by using single cell analysis (12). Although they open up the method
for cellular dynamics by single cell time-course analysis, problems
still remain: it is difficult to elucidate the onset timing of cellular
dynamics.

Although recent advances enhanced our understanding of cellular
dynamics, two questions still remain. First of all, almost all cellular
reaction occurs in the cell but conventional biclogical methods only
allow us to deal in not single cell but the entire population of cells. It
means that conventional methods provide the superimposed data of
cellular dynamics. Superimposed data implies that all cells in the
population are of the same character and the same behaviors. Instead
of the implication described above, recent study reveals cellular
heterogeneity, which was caused by genetic and/or non-genetic
variation (13). It suggests that the dynamics observed, which were
obtained by analyzing the entire population of cells, were not always
consistent with the dynamics of single cells. To elucidate cellular
dynamics, it is necessary to observe a single cell and collect a vast
number of them to analyze statistically. Secondly, because almost all
reactions in the cell occur sequentially, the onset timing of each
reaction is a key to understand target reaction. Furthermore, onset
timing of these reactions is different in each cell. Considering the
above two points, we anticipate that it is possible to observe intrinsic

1389-1723/$ - see front matter © 2009, The Society for Biotechnology, Japan. All rights reserved.
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aspects of cellular dynamics and to discriminate between cellular
states without receiving influences from genetic and/or non-genetic
diversity. To understand cellular dynamics, it is necessary to develop a
method that can measure the onset timing of gene expression in each
cell.

In this study, to develop the method for measuring the onset
timing of gene expression, we observed the above two issues; the time
dependent morphological change of single cells and the time course of
intensity of fluorescence of gene expression. We found the strong
correlation between the cell division and onset timing of gene ex-
pression and showed that there is a common manner in the popu-
lation of cells — that they have quite different behaviors.

MATERIALS AND METHODS

Cultivation and transfection of cells  Hela cells were obtained from com-
mercial sources and were cultivated in an incubator at 37 °Cin an atmosphere of 5% CO,
in air. For the reporter assay, Hela cells were seeded at 2 x 10* cells per well in 24-well
culture plates. Cells were transfected with pEGFP-N1, which encodes EGFP under the
control of the CMV promoter, in the presence of Lipofectamine™ LTX (Invitrogen,
Carlsbad, CA). After transfection, fluorescent intensity was measured immediately with
a Programmable Cellular Image Tracer, which had been co-developed with Olympus
(Olympus, Tokyo, Japan). Since Tseng et al. and Cohen et al. identified a correlation
between uptake of plasmid, which was controlled by CMV promoter, into individual
cells and GFP expression by those cells (14, 15), we used CMV as a promoter in this
study.

Data processing for in silico isolation and synchronization of cells  After
transfection with pEGFP-N1, phase-contrast and fluorescent images of cells in each well
of 24-well culture plates were recorded at intervals of 15 min for two days, and their
exposure times were 350 ms and 35 ms, respectively. In our long-term analysis of the
fluorescent images of cells, each cell was independently recognizable and its
fluorescence was measurable with our software, which had been co-developed with
Olympus (Olympus, Tokyo, Japan). At first, fluorescent images were smoothed by
Gaussian filter and their backgrounds were corrected by rolling ball method. In the next,
images were binarized by threshold (intensity of object was at least 16 times higher
than that of background), which was heuristically decided by comparing fluorescent
image. The value of the threshold depends on the experimental condition and time of
exposure, it should be optimized again in each experiment. We extracted the following
three parameters for data preprocessing with the newly developed software:

Start time = Time of onset of expression of EGFP;
Last time = Last time thatthe software recognized the cell; (1
RT = Last time — Start time.

“Start time” was defined as the first time that the intensity of fluorescence from EGFP
exceeded the optimized threshold for detection. “Last time” was defined as the first
time that the software failed to recognize a cell. “RT" was calculated from the above
definitions. Using these three parameters, we selected cells that satisfied the equation
RT>2x interval time. Next, we standardized the intensity of fluorescence from each cell
as follows:

Ii(t) — min(l)

max(l;) — min(l;)’ @

If(t)srd =
where [i(t)qq is the i-th cell with the standardized intensity of fluorescence at time
t. I(t) is the i-th cell with a certain intensity of fluorescence at time t {16, 17).

The timing of cell division was determined from phase-contrast images. At the M
phase, since a parent cell detached from the culture dish before dividing into two
daughter cells, it was easy to distinguish dividing cells from other cells.

To extract features of the time course of changes in fluorescence due to EGFP, we
applied “k-means clustering” to our time-course data and defined the center of cluster
as a superimposed intensity of the fluorescence of cluster member. The silhouette value
was used to evaluate the appropriate number of clusters (18). In this study, we used the
Euclidean distance as the dissimilarity. The silhouette value s(i) was defined as the
dissimilarity between clusters. For example, take any object i in the data set, and
stipulate that this object belongs to cluster A. When cluster A contains objects apart
from i, we calculate

a(i) = average dissimilarity of i to all other objects in cluster A. 3)

Next, cluster C is considered, and we calculate

d(i, C) = average dissimilarity of i to all other objects in cluster C. (4)

After we have calculated d(i, C) for all clusters where C# A, b(i) is defined as fallows:

b(i) = mind(i,C). (5)
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Using a(i) and b(i), s(i) is defined as follows:

b(i) - a(i) ®)

*0= Tnax{a, b}

The silhouette value is between —1 and 1 and, as it approaches 1, the objective data
belong to a more appropriate cluster.

RESULTS AND DISCUSSION

The behavior of a population of cells and that of each individual cell
in the population are quite different. To confirm the necessity of
single-cell analysis, we investigated this difference in a population of
Hela cells (Fig. 1). As we expected, the time courses of changes in
fluorescent intensity due to EGFP of individual cells were very
different from that of the entire population of cells, even though all
cells have been transfected and cultured under the same conditions.
Thus, clonal cells exhibited heterogeneity and their dynamics were
obviously influenced by both their cellular state and their environ-
ment, for example, adhesion to adjacent cells.

To elucidate the cellular dynamics of individual cells, we analyzed
a large number of time courses of changes in fluorescence of single
cells and extracted their common features. Fig. 2 shows the
schematic diagram of our method. We recognized 18,570 individual
cells and recorded the respected time courses. Then, we selected
9163 cells that provided data for more than 100 min. To extract the
features for these cells, we performed k-means clustering (9163 cells;
k=2 through 10), and then we evaluated the results by calculating
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FIG. 1. (A) Superimposed intensity of fluorescence from EGFP. Superimposed intensity
of fluorescence was calculated from data obtained with Hela cells. Data were recorded
for 15 min for two days. The abscissa and ordinate show the time and the standardized
intensity of fluorescence from EGFP, respectively (n=70 cells). (B) Time course of
changes in fluorescence from single cells. Each line shows the time course of changes in
the intensity of fluorescence from EGFP in a single cell. Data were calculated using
Eq. (2) in Materials and methods (n=70 cells).
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Phase-contrast image

Fluorescent image

Measurement of
intensity of fluorescence
cell size, cell location

Time series data

Extraction of features

Analysis of characteristic cluster centers

Elucidation of cellular dynamics

FIG. 2. Schematic diagram of data processing for in silico identification and extraction of
the dynamics of cells.

silhouette values. Fig. 3A shows the distributions of silhouette values
for each cluster (k value). The abscissa and the ordinate represent,
respectively, the silhouette value and the number of cells. When the
number of clusters was 4 (k=4), the mean of the distribution of the
silhouette value had the highest value. Our analysis implied that
there are at least four subpopulations in the entire population of cells
that we examined, in particular, our analysis indicated that there are
four characteristic time courses (k=4).

The profiles of four centers of cluster at various times were shown
in Fig. 3B. In this study, since cells were transfected with the EGFP-
expression plasmid and EGFP mRNA was transcribed from a CMV
promoter, we expected that transcriptional activity would be
continuous throughout the cell cycle, and the intensity of fluorescence
from EGFP would increase gradually. The profiles of the center of
cluster 1 and cluster 4 showed that their time course of fluorescent
intensity increased gradually. Because the center of cluster 1
fluorescent intensity increased more rapidly than that of cluster 4,
we focused on the center of cluster 1 and the members around the
center of cluster 1 as cells with an ideal and most characteristic
pattern of gene expression.

Phase-contrast and fluorescent images for members of cluster 1
concurrently in every 15 min for two days were shown in Figs. 4A
and B. In the majority of cells in cluster 1, the onset timing of
expression of EGFP was observed after cell division, suggesting that
the timing of the onset of expression of the gene for EGFP and cell
division were closely correlated.

Confirming statistically about this correlation, we recorded cell
division and the onset timing of expression of EGFP (Fig. 5). In the
scatter plots of the timing of the onset of gene expression versus that
of cell division (Fig. 5A), linear regression analysis suggested a strong
correlation between the timing of cell division and the timing of onset
of gene expression (multiple correlation coefficient, R>=0.9238,
P=0.01). Fig. 5B shows distribution of the time lag between the
onset timing of expression of the gene for EGFP and cell division. The
distribution is unimodal, with a peak at approximately 80 min,
which was the time when the intensity of fluorescence from EGFP in

J. Biosci. BIOENG.,

most cells exceeded the optimized threshold for detection of such
fluorescence.

Other members of clusters (k=4) with different features were
investigated. First, we focused on the cells around the center of cluster
2, from which the intensity of fluorescence due to EGFP remained high
for 90 min. But, 53 cells (52%), whose fluorescence might have been
derived from non-degraded EGFP, were dying or already dead on our
initial phase-contrast images. When we monitored the fluorescence
from spherical cells, which were generated as a result of cell death or
cell division, the fluorescence from EGFP in each cell tended to
increase. In fact, almost all spherical cells, in which the intensity of
fluorescence was enhanced in this way, seemed to be dying just after
the initial measurements had been made. The intensity of fluores-
cence due to EGFP in cells was maintained, without decay, for at least
90 min. Thus, cells in cluster 2 were seriously damaged and seemed
unable to express EGFP normally.

In the case of cells in cluster 3, where the intensity of fluorescence
decreased gradually, 33 cells (33%) were dead within 90 min. We were
aware of a steady decrease in the fluorescence from each cell with the
fragmentation of cells that occurred after they died. Thus, cells in
cluster 3 were also damaged like the cells in cluster 2 and seemed
unable to express EGFP normally.

The changes in the intensity of fluorescence in the case of cells in
cluster 4, remained small for 90 min, but the intensity did increase
gradually. When we investigated the correlation between the timing
of cell division and the onset timing of expression of EGFP in this case,
we obtained a high multiple correlation coefficient (R?=0.8454,
P=0.01). This result suggests that cells in both cluster 1 and cluster 4
might belong to the same biological group and had been successfully
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FIG. 3. (A) Distributions of silhouette values for each value of k. Each distribution of
silhouette values was calculated for a specific cluster number (k=2 through 10). Each
symbol refers to the results for a different value of k. The abscissa and ordinate represent
the silhouette value and the number of cells, respectively. The mode of the silhouette
value of each distribution was highest in the case of k =4 (thick line). (B) Time course of
each center of cluster (k=4; see text for details). The abscissa and ordinate show the
time course after transfection and standardized intensity of fluorescence from EGFP,
respectively.
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FIG. 4. Typical images of cell, which expressed EGFP after cell division. Series of sequential phase-contrast and fluorescent images of Hela cells that had been transfected with a plasmid
that encoded EGFP and images were taken immediately after transfection. These images were recorded every 15 min for 150 min and showed every 30 min. (A) Phase-contrast images

and (B) fluorescent images. t=time in minutes; scale bar =25 pm.

transfected without adverse effects, even though the intensity of
fluorescence from EGFP in the cells in cluster 4 was lower than that in
the cells in cluster 1. The difference between two clusters is thought
that the copy number of transfected gene of the EGFP is different.
Cohen et al. and Tseng et al. reported that fluorescent intensity of
transfected gene was strongly correlated with intra-cellular plasmid
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FIG. 5. (A) Correlation between the timing of cell division and the onset timing of
expression of EGFP. The abscissa represents the first time that intensity of fluorescence
from EGFP exceeded the optimized threshold value. The ordinate represents the timing
of the start of cell division. The thick line is the regression line. The equation and R?
represent the regression equation and the multiple correlation coefficient (n=221
cells). (B) Distribution number of cells of the time lag between the onset of expression
of EGFP and the start of cell division (time in minutes) (n=>512 cells).

copy number (14, 15). On the contrary Chang et al. reported that flow
cytometric analysis of a multipotent mouse haematoic cell line
revealed an approximately 1000-fold range in the level of the
constitutively expressed stem-cell-surface marker Sca-1 among
individual cells derived from clonal cell population (19). These reports
suggested that fluorescent intensity derived from transfected gene
highly depends on the copy number of plasmid and their heteroge-
neity. It is difficult to discriminate whether the influence on the
intensity of fluorescence is the difference of copy numbers of the
plasmid or the heterogeneity. In this study, although we were able to
discriminate the difference of the time course of fluorescent intensity
by using single cell analysis, it is necessary to investigate the
relationship between the copy number of plasmids and the hetero-
geneity to elucidate the quantitative dynamics of fluorescent intensity.

The numbers of members in each cluster are 2049 (cluster 1;
22.4%), 1219 (cluster 2; 13.3%), 1047 (cluster 3; 11.4%) and 4848
(cluster 4; 52.9%), respectively (k=4). The sum of the percentages of
cells in cluster 1 (22.4%) and cluster 4 (52.9%) is 75.3%, corresponding
to the efficiency of transfection of HeLa cells (80%, unpublished data).
It seems plausible, therefore, that cells in cluster 1 and cluster 4 were
transfected without adverse effects and that EGFP was expressed
appropriately.

In this study, we investigated the common manner in the
population of cells that each cell has quite different behaviors.
Although single cells in the same population have quite different
behaviors, onset timing of expression of transfected gene has a strong
correlation with cell division. In the case of EGFP encoded by a
plasmid, our results show that onset of expression of the transfected
gene occurred after cell division. It suggests that the transfected gene
was only transferred to the cytoplasm by endosomes without any
movement into the nucleus, because movement of a plasmid into the
nucleus is prevented by the nuclear membrane. At M phase and, in
particular, at prophase, when the nuclear membrane is temporarily
disassembled (20), the transfected plasmid can easily move into the
nucleus. Then, when the nuclear membrane has re-formed, gene on
the plasmid can be transcribed to yield mRNA. Our results reflect the
previous report, by Escriou et al. (21), that the nuclear import of
plasmids is greatly facilitated by mitosis and vice versa, transfection
efficiency of G1 arrested cells by aphidicolin, which arrest cell cycle at
S phase, was 20-fold lower than that of control asynchronous cells
(22).In Fig. 5, there are few cells plotted away from the regression line
and only one cell expressed the EGFP before cell division. It suggested
that the mechanism of transportation into nuclear without cell
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division was a minor route and was not expected to transport plasmid
into nuclear before cell division. This manner means that the onset
timing of gene expression is highly dependent by cell division, it is
possible to discriminate the onset timing of gene expression.

In the case of non-dividing cells, because transporting gene to
nuclear is difficult by using cell division, it is necessary to develop a
method that can transport genes to nuclear. To transport gene to the
nuclear without cell division, Miller et al. reported that 176 bp portion
of the smooth muscle y-actin (SMGA) promoter can mediate plasmid
nuclear import specifically in smooth muscle cells (23). By the pro-
motion of cytoplasm-to-nuclear recruitment and enhancement of
transcription, Epstein-Barr nuclear antigen 1 (EBNA1) and oriP
sequence accelerate the gene delivery and expression (24). Both
methods exploit the specific sequences, which are SMGA and oriP,
respectively and these sequences are bound by serum response factor
(SRF) and EBNAT1 then bound by importin a then transported into
nuclear by exploiting nuclear pore (23,25). These reports suggested
that, by using nuclear pore, plasmid can be transported independently
of cell division. Our result suggested that developing the transfection
method by exploiting nuclear pore might be the main target to
improve transfection efficiency of non-dividing cells.

We focused on the time lag between the onset of gene expression
of EGFP and cell division, as shown in Fig. 2B. Remington reported
that the maturation of GFP takes 30 min (26), Tsien et al. also reported
that the time constant of S65T-GFP is 0.45 h (27, 28) and, in Hela cells,
it is generally accepted that the M phase lasts about 60 min. These
observations suggest that the time required for the initiation of
fluorescence from EGFP after cell division is approximately, at least,
90 min, and they also support our observation of a peak around 80 min
after cell division. This conclusion was also valid when we used
another constitutive promoter, namely, that of SV40 (data not shown).

In this study, we found that almost all cells express the transfected
genes after cell division and we showed that this manner had a strong
correlation, It suggests that the dynamics of genes in each cell can be
normalized by arranging the onset timing of gene expression or by
arranging the cell division. By using single cell time-course analysis,
we can extract an accurate time course of gene expression. Extracting
and normalizing the expression of genes make it possible to
understand and predict the cellular dynamics. We are currently
investigating the potential of expanding our method by the various
cell lines.
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International network of cancer genome projects

The International Cancer Genome Consortium”

Abstract

The International Cancer Genome Consortium (ICGC) was launched to coordinate large-scale cancer
genome studies in tumors from 50 different cancer types and/or subtypes that are of clinical and
societal importance across the globe. Systematic studies of over 25,000 cancer genomes at the
genomic, epigenomic, and transcriptomic levels will reveal the repertoire of oncogenic mutations,
uncover traces of the mutagenic influences, define clinically-relevant subtypes for prognosis and
therapeutic management, and enable the development of new cancer therapies.

The genomes of all cancers accumulate somatic mutations!. These include nucleotide

substitutions, small insertions and deletions, chromosomal rearrangements and copy number
changes that can affect protein-coding or regulatory components of genes. In addition, cancer
genomes usually acquire somatic epigenetic “marks” compared to non-neoplastic tissues from
the same organ, notably changes in the methylation status of cytosines at CpG dinucleotides.

A subset of the somatic mutations in cancer cells confers oncogenic properties such as growth
advantage, tissue invasion and metastasis, angiogenesis, and evasion of apoptosis2. These are
termed “driver” mutations. The identification of driver mutations will provide insights into
cancer biology and highlight novel drug targets and diagnostic tests. Knowledge of cancer
mutations has already led to the development of specific therapies, such as trastuzumab for
HER2/neu positive breast cancers? and imatinib, which targets BCR-ABL tyrosine kinase for
the treatment of chronic myeloid leukemia*>. The remaining somatic mutations in cancer
genomes that do not contribute to cancer development are called “passengers”. These mutations
provide insights into the DNA damage and repair processes that have been operative during
cancer development, including exogenous environmental exposures®’. In most cancer
genomes, it is anticipated that passenger mutations, as well as germline variants not yet
catalogued in polymorphism databases, will substantially outnumber drivers.

Large-scale analyses of genes in tumors have revealed that the mutation load in cancer is
abundant and heterogeneous®13. Preliminary surveys of cancer genomes have already
demonstrated their relevance in identifying new cancer genes that constitute potential
therapeutic targets for several types of cancer, including PIK3CA!4, BRAF!3, NF110,
KDR!0, PIK3R 1%, and histone methyltransferases and demethylases!6:!7. These projects have
also yielded correlations between cancer mutations and prognosis, such as IDHI and TDH2
mutations in several types of gliomas!3:13. Advances in massively parallel sequencing
technology have enabled sequencing of entire cancer genomes 1922,

Following the launch of comprehensive cancer genome projects in the United Kingdom
(Cancer Genome Project)23 and the United States (The Cancer Genome Atlas)24, cancer
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genome scientists and funding agencies met in Toronto (Canada) in October 2007 to discuss
the opportunity to launch an international consortium. Key reasons for its formation were: (1)
the scope is huge; (2) independent cancer genome initiatives could lead to duplication of effort
or incomplete studies; (3) lack of standardization across studies could diminish the
opportunities to merge and compare datasets; (4) the spectrum of many cancers is known to
vary across the world; (5) an international consortium will accelerate the dissemination of
datasets and analytical methods into the user community.

Working groups were created to develop strategies and policies that would form the basis for
participation in the ICGC. The goals of the Consortium (Box 1) were released in April 2008
(http://www.icgc.org/files/ICGC_April_29_2008.pdf). Since then, working groups and initial
member projects have further refined the policies and plans for international collaboration.

Bioethical Framework

ICGC members agreed to a core set of bioethical elements for consent as a precondition of
membership (Box 2). The Ethics and Policy Committee has created patient consent templates
for both prospective collection and retrospective use of samples and data for ICGC projects.
Differences in project-specific requirements and national legal frameworks may require some
local amendments, while still reflecting the core principles of ICGC.

The ICGC recognizes a delicate balance between protecting participants' personal data and
sharing these data to accelerate cancer research. Data access policies have been drawn up that
are respectful of the rights of the donors, while allowing ICGC data derived from samples to
be shared ethically among a wide research community. Two levels of access have been
implemented. For data that cannot be used to identify individuals, “Open access™ datasets are
publically available. These include data such as gender, age range, histology, normalized gene
expression values, epigenetic datasets, somatic mutations, summaries of germline data, and
study protocols. “Controlled access” datasets contain germline genomic data and detailed
clinical information that are associated to a unique individual whose personal identifiers have
been removed. To access controlled datasets researchers must seek authorizations by
contacting the Data Access Compliance Office (DACO) (http://www.icgc.org/daco). An
independent International Data Access Committee (IDAC) oversees the work of the DACO
and provides assistance with resolving issues that arise.

Pathology and Clinical Annotation

Large-scale genomic studies of human tumors rely on the availability of fresh frozen tumor
tissue. To address the paucity of samples that meet ICGC standards, many projects have
initiated prospective collections of high quality source material. Accordingly, the ICGC
recommended procedures to promote consistency of sample processing throughout the
Consortium and ensure a series of quality features such as high tissue integrity and tumor cell
content. Each project will need to include diverse data types such as environmental exposures,
clinical history of participants, tumor histopathology, and clinical outcomes.

Tumors display considerable clinical and biological heterogeneity which has resulted in a
variety of tumor classifications. Within the ICGC, special measures are taken to promote the
consistency of diagnosis. These include the coordination of diagnostic criteria among groups
investigating tumors that are related, and policies that all samples will be reviewed by at least
two independent reference pathologists. Furthermore, images of the stained tumor sections (or
blood smear or cytospins for hematological neoplasias), from which diagnoses were made, will
be stored and made available to the community.
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Although different tumor types may require specific procedures for tumor acquisition or
compilation of clinical and environmental data, ICGC has set guidelines regarding the use of
common definitions and data standards. This will allow ICGC data users to identify correlations
between tumor-specific molecular changes with clinical and histopathological data including
prognosis, prediction of therapy response and tumor classification schemes for diagnosis.

Study Design and Statistical Issues

To identify cancer-related genes, one needs to detect genes that are mutated at a higher
frequency than the background mutation rate. Given that several driver genes have been found
to be mutated at low frequencies, ICGC will identify somatic mutation observed in at least 3%
of tumors of a given subtype. ICGC determined that 500 samples would be needed per tumor
type (although for rare tumor types, a smaller sample size may be justified). In practice, the
degree of heterogeneity of a given tumor type is difficult to know in advance, such that some
particularly heterogeneous tumor types may require larger sample collections.

Cancer Genome Analyses

High-quality catalogues of somatic mutations from whole cancer genomes will ultimately be
the ICGC standard. Shotgun sequencing employing second generation technologies can detect
all classes of somatic mutation implicated in cancer. Moreover, if the level of coverage is
sufficient, comprehensive high quality catalogues of somatic mutations from individual cancer
genomes can be acquired with >90% sensitivity and >95% specificity. In order to achieve this,
it will be necessary to sequence both the genome of the cancer and of a normal tissue from the
same individual to distinguish germline variants. Although a few genomes of this standard
have already been generated, the cost and the continuing technology development will mean
that interim analyses of particularly informative sectors of the genome will be carried out, for
example of all coding exons and microRNAs.

For each individual cancer genome, the catalogue of somatic mutations will be supplemented
by genome-wide information on the state of methylation of CpG dinucleotides. The optimal
strategies and technologies to achieve this are not yet clear. Moreover, the genomes of
individual cancers will be accompanied, where possible, by analyses of the transcriptome.
Although conventional array-based approaches currently predominate, it is preferable that
RNA sequencing becomes the standard as sequencing has a greater dynamic range? and
provides additional information including novel transcripts and sequence variants26.

ICGC Datasets

The distributed nature of the Consortium coupled with the large size of the datasets makes it
cumbersome to store all data in a single centralized repository. For this reason, the ICGC has
adopted a “franchise” database model for integrating the information and making it available
to the public. Under this model, each member project releases tumor information by copying
it into its local franchise database after it has been quality checked. Each franchise database
shares a common schema to describe the specimens, the associated clinical information, and
their genome characterization data. ICGC primary data files, including sequencing traces, are
sent to the National Center for Biotechnology Information (NCBT) and/or the European
Bioinformatics Institute (EBI) for archiving, while interpreted data sets, such as somatic
mutation calls, are stored in franchise databases. The ICGC franchise databases and web portal
use BioMart27, a data federation technology originally developed for use in Ensembl28, and
since adopted for use by multiple model organism and genome databases. The management of
the ICGC data flow is the responsibility of the ICGC Data Coordination Center (DCC) located
at the Ontario Institute for Cancer Research.
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