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ARTICLE INFO ABSTRACT

Human mesenchyxﬁal stem cells (hMSCs) derived from bone marrow are multipotent stem cells that can
regenerate mesenchymal tissues such as adipose, bone or muscle, It is thought that hMSCs can be utilized
as a cell resource for tissue engineering and as human models to study cell differentiation mechanisms,
such as adipogenesis, ostecoblastogenesis and so on. Since it takes 2-3 weeks for hMSCs to differentiate
into adipocytes using conventional culture methods, the development of methods to induce faster differ-
entiation into adipocytes is required. In this study we optimized the culture conditions for adipocyte
induction to achieve a shorter cultivation time for the induction of adipocyte differentiation in bone mar-
row-derived hMSCs. Briefly, we used a cocktail of dexamethasone, insulin, methylisobutylxanthine (DIM)
plus a peroxisome proliferator-activated receptor y agonist, rosiglitazone {DIMRo) as a new adipogenic
differentiation medium. We successfully shortened the period of cultivation to 7-8 days from 2-3 weeks.
We also found that rosiglitazone alone was unable to induce adipocyte differentiation from hMSCs
in vitro. However, rosiglitazone appears to enhance hMSC adipogenesis in the presence of other hormones
and/or compounds, such as DIM. Furthermore, the inhibitory activity of TGF-B1 on adipogenesis could be
investigated using DIMRo-treated hMSCs. We conclude that our rapid new culture method is very useful
in measuring the effect of molecules that affect adipogenesis in hMSCs.
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1. Introduction

Adipocytes store surplus dietary energy mainly as triglycerides
[1,2]. In addition, adipocytes regulate glucose and lipid metabolism
through the secretion of adipokines such as adiponectin and leptin
{3-5]. Hypertrophy, an increase in the size of adipocytes, and
hyperplasia, an increase in their number, cause obesity [6]. As
obesity is associated with an increased risk of type Il diabetes,
hyperlipidemia and cardiovascular disease, it is one of the main
public health problems, with the pathological condition referred
to as ‘metabolic syndrome’. The control of obesity is important
for treating the deleterious condition of metabolic syndrome. So
far, mouse cell lines (e.g. 3T3-L1, 3T3-F442A, ST2) or mouse embry-
onic fibroblasts (MEFs) have mainly been used as progenitor cells
to study adipocyte differentiation and they have been useful for
the elucidation of the molecular mechanism involved [7]. Using
these cell lines, it was demonstrated that key regulators such as
CCAAT/enhancer binding proteins (C/EBPs) and peroxisome prolif-
erator-activated receptor y (PPARY) induce adipocyte differentia-
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tion [8-10). In addition, they were used to show that
transforming growth factor-p (TGF-B), Wnt, interleukin-1 (IL-1)
and tumor necrosis factor-o (TNF-o1) signaling suppress adipogen-
esis through the downstream transcription factors Smad2/3, B-
catenin and NF-KB, respectively [11-15].

To understand human diseases and to explore possible cures for
the associated diseases, it is important to study the molecular
mechanism using human cells. A candidate for the adipocyte pro-
genitor cells in humans is the mesenchymal stem cell (hMSC) de-
rived from adult bone marrow. hMSCs contribute to the
regeneration of mesenchymal tissues, such as adipose tissue, bone,
cartilage or muscle [16]. It is thought that hMSCs can be utilized as
a cell resource for tissue engineering and as human models to
study cell differentiation such as adipogenesis and osteoblastogen-
esis [17]. Other than hMSCs, adipose tissue stromal cells have also
been used to study adipogenesis, although it takes 2-3 weeks for
these cells to differentiate into adipocytes [18,19]. The long period
of time necessary for cells to differentiate into adipocytes from
hMSCs has hampered.the study of adipocyte differentiation using
human cells (for example, in the search for adipogenesis inhibitory
factors like TGF-B1 or inhibitory compounds).

In this study, we developed a new rapid culture method that in-
duces differentiation of hMSCs into adipocytes efficiently in only
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7-8 days by optimizing the composition of the differentiation
cocktail and the period of induction. The new culture method for
hMSCs would serve as a good human cell model for research into
adipocyte differentiation.

2. Materials and methods
2.1. Reagents

Rosiglitazone was purchased from Alexis Biochemicals (San
Diego, CA), dexamethasone {DEX) was purchased from Wako (To-
kyo, Japan), insulin was purchased from Invitrogen Corporation
(Paisley, UK), methylisobutylxanthine (MIX) was purchased from
Nacalai Tesque (Kyoto, Japan). TGF-p1 was purchased from R & D
Systems (Minneapolis, MN). The anti-ct/B-tubulin antibody was ob-
tained from Cell Signaling (Boston, MA).

2.2, Cell culture and new protocol that rapidly induces to differentiate
hMSCs into adipocytes

Human bone marrow-derived MSCs (hMSCs) were obtained
from Cervex Bio Science Walkersville Inc. (Walkersville, MD).
hMSCs were cultured in o-minimum essential medium (o-MEM)
(Nacalai Tesque) supplemented with 10% heat-inactivated fetal bo-
vine serum (FBS; Biological Industries, Ashrat, Israel) and penicillin
(100 units/ml) and streptomycin (P/S) (100 pg/ml) (called normal
medium). All incubation procedures were performed with 5% CO,
in humidified air at 37 °C. For new rapid adipogenic induction on
hMSCs, a-MEM supplemented with 10% FBS and P/S containing
250 nM DEX, 0.5 mM MIX, 5 pg/ml insulin (called DIMRo medium)
plus 1 uM rosiglitazone was used. At first, postconfluent hMSCs
were incubated with DIMRo medium for 3 days, moreover the cul-
ture medium was replaced with fresh DIMRo medium for 3 days,
then the culture medium was replaced every 3 days with fresh nor-
mal medium. For the conventional adipogenic induction, the con-
ventional differentiation medium (CDM), a-MEM supplemented
with 10% FBS and P/S containing 1 uM DEX, 5 pg/ml insulin and
60 uM indomethacin was used. Briefly, postconfluent hMSCs were
incubated with CDM for 3 days, then the culture medium was re-
placed every 3 days with fresh CDM.

2.3. Oil Red O staining

For Oil Red O staining, cells were fixed with 4% formaldehyde in
PBS for 60 min and rinsed in PBS, water, and isopropanol sequen-
tially. The cells were then stained with Oil Red O (0.3% in 60% iso-
propanol) for 20 min and rinsed three times with water.

2.4. RNA extraction and real-time quantitative RT-PCR (Q-PCR)
analysis

Total RNA was isolated from hMSCs using Trizol reagent (Invit-
rogen). Q-PCR was performed as previously described {20]. In brief,
total RNA was reverse-transcribed by Bioscript Reverse Transcrip-
tase (Bioline, Luckenwalde, Germany) with oligo (dT),s primers.
The reverse transcripts were used as templates for analysis of gene
expression levels using Mx3000P (Stratagene; La Jolla, CA) and
Power SYBR Green PCR Master Mix {Applied Biosystems; Warring-
ton, UK) according to the manufacturer’s instructions, RT-PCR anal-
yses were performed using the following primers:

FABP4 (NM001442) Fwd, 5'-AACCTTAGATGGGGGTGTCC-3;
FABP4 Rev, 5'-GTGGAAGTGACGCCTTTCAT-3;

LPL (NM000237) Fwd, 5'-CTCTTGGGATACAGCCTTGG-3';
LPL Rev, 5-GGGGCTTCTGCATACTCAAA-3;

PPARG (NM005037) Fwd, 5'-CCAGAAAGCGATTCCTTCAC-3/;
" PPARG Rev, 5'-GAGAGATCCACGGAGCTGAT-3’;

GAPDH (NMO002046) Fwd, 5'-ACACCCACTCCTCCACCTIT -3';

GAPDH Rev, 5’-ATGAGGTCCACCACCCTGT-3".

Data were normalized PPARG expression of non-treatment
hMSCs using the DDCr method as detailed in the manufacturer's
guidelines of Applied Biosystems [20].

2.5. Western blot analysis

Nuclear extracts were prepared using the NE-PER nuclear and
cytoplasmic extraction reagents (Thermo) according to the manu-
facture's protocol. Nuclear extract were subjected to Western blot
as described [20]. The antibody for PPARY [21] and the antibody for
o/ -tubulin were used as primary antibodies. The horseradish per-
oxidase-conjugated mouse anti-rabbit IgG were used as secondary
antibodies (Promega. Madison, WI). The blots were then incubated
with the ECL plus reagents (Amersham Biosciences, Piscataway, NJ)
and finally analyzed to LAS-1000 (Fujifilm, Tokyo, Japan).

3. Results

3.1. DIM plus rosiglitazone (. DlMRo ) treatment efficiently induces
differentiation of bone marrow-derived hMSCs into adipocytes

DIM (a cocktail of dexamethasone, insulin, and methylisobutyl-
xanthine) or rosiglitazone alone can induce adipogenesis of mouse
3T3-L1 cells [7.22,23]. Fajas et al. have shown that DIM plus rosig-
litazone (DIMRo) induced more efficient adipocyte differentiation
of MEFs compared with DIM [22]. As we would like to establish a
culture method which induces differentiation of bone marrow-de-
rived hMSCs into adipocytes in a shorter period of time, we exam-
ined the adipogenic effect of DIM, rosiglitazone alone or DIMRo
using hMSCs. DIMRo-treated hMSCs accumulated lipid droplets
in only 7-8 days (Fig. 1A) and in greater levels than DIM-treated
cells (Fig. 1A). Interestingly, there were no Oil Red O-positive cells
in hMSCs that were treated with rosiglitazone alone for 14-
18 days, similar to the control cells (Fig. 1A). Corresponding with
the results of the Oil Red O staining, DIMRo-treated hMSCs
strongly expressed the adipogenic marker genes PPARG, fatty acid
binding protein 4 (FABP4) and lipoprotein lipase (LPL), while DIM-
treated hMSCs had modest expression compared with DIMRo-trea-
ted cells (Fig. 1B). As expected, rosiglitazone-treated hMSCs did not
induce expression of these genes (Fig. 1B). Furthermore, to assess
the effect of these adipogenic inducers on hMSCs, we elucidated
the expression level of PPARy proteins by Western blot analysis.
DIMRo-treated cells strongly expressed both PPARY1 and PPARY2;
DIM-treated cells had milder expression of both these proteins;
while control and rosiglitazone-treated cells did not express these
proteins (Fig. 1C). Taken together, DIMRo treatment efficiently in-
duces differentiation of bone marrow-derived hMSCs into adipo-
cytes displaying characteristics similar to differentiated MEFs,

3.2. DIMRo medium rapidly induces the accumulation of lipid droplets
in bone marrow-derived hMSCs

To optimize the DIMRo medium cultivation conditions, we
investigated the length of the DIMRo stimulation period required
to induce adipocyte differentiation. After DIMRo treatment for 2,
4, 6 or 8 days, the medium was replaced with normal medium
and lipid accumnulation using Oil Red O staining assessed at day
8. A 6 day treatment with DIMRo most efficiently led to the accu-
mulation of oil droplets {data not shown), so this stimulation time
was used in further experiments,
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Fig. 1. The adipogenic effect of DIMRo, DIM and rosiglitazone on hMSCs. A, hMSCs were cultured with normal medium (control), rosiglitazone (1 pM), DIM or DIM plus
rosiglitazone {DIMRo) for 6 days and were additively cultured with normal medium for 1 day. At day 7 after induction, hMSCs were stained by Oil Red O staining (left) and
visualized by light microscopy (right). Scale bar, 100 pm. B, hMSCs were processed for Q-PCR analysis at'day 7. The expression level of the adipogenic markers PPARG, FABP4
and LPL, was examined by Q-PCR. Error bars represent the means % SD of triplicate determinations. Expression levels were normalized to GAPDH expression. C, Seven days
after induction, nuclear extracts were prepared and subjected to Western biotting. The expression level of PPARY protein was examined with anti-PPARy and anti-o/g-tubulin

antibodies. Each arrowhead represents the PPARy1 and PPARY2 isoform, respectively,

To assess the beneficial effect of this new method on the adipo-
genesis of hMSCs, we compared it with the traditional method
using conventional differentiation medium (CDM, see materials
and method). DIMRo-treated hMSCs accumnulated lipid in only 7-
8 days, while CDM-treated cells failed to do so (Fig. 2A and B). At
14 days after induction with CDM, a small number of cells began
to accumulate oil droplets (Fig. 2B), while after 18 days, large num-
bers of CDM-treated cells became lipid-loaded cells, similar to
DIMRo-treated cells (Fig. 2B). Taken together, DIMRo-treated
hMSCs rapidly accumulate lipid droplets in a shorter period of time
compared with CDM-treated cells.

A B
Contro’ COnU’O'
DIMRo DIMRBo
cDM CoM

Day 7

3.3. DIMRo treatment rapidly induces expression of adipogenic
marker genes in hMSCs

To determine whether DIMRo treatment induces expression of
the adipogeric marker genes PPARG, FABP4 and LPL in hMSCs
{24], we examined mRNA levels by Q-PCR. In DIMRo-treated
hMSCs, expression of PPARG mRNA was strikingly increased at
day 4, maintained at day 7 and decreased at day 14 (Fig. 3A). In
CDM-treated hMSCs, expression of PPARG was only modestly in-
duced at day 14, as was observed in DIMRo-treated cells
(Fig. 3A). In DIMRo-treated cells, expression of FABP4 and LPL

Day 14 Day 18

Fig. 2. The new culture method rapidly induces lipid accumulation in hMSCs. A, hMSCs were induced to differentiate using DIMRo medium or conventional adipogenic
differentiation medium (CDM). DIMRo-treated ceils were cultured with DIMRo medium for 6 days and then cultured with normal medium, CDC-treated cells were cultured
continuously in CDC medium. Medium was changed every 3 days, After 7 days, hlM5Cs were examined by Oil Red O staining. B, At the indicated days, cells were stained by 0il

Red O and visualized under the microscope. Scale bar, 100 pm.
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Fig. 3. DIMRo-treated hMSCs expressed adipogenic marker genes. A, hMSCs were cultured with normal medium, CDM or DIMRo medium and induced to differentiate into
adipocytes. hMSCs were processed for Q-PCR analysis at days 4, 7 and 14. The expression level of the adipogenic iarkers PPARG, FABP4 and LPL was examined by Q-PCR as in
Fig. 1B. Error bars represent the means * SD of triplicate determinations. B, Expression of PPARY proteins during adipocyte differentiation of hMSCs was examined by Western
blotting as in Fig. 1C. Nuclear extracts were prepared and subjected to Western blot analysis. Each arrowhead represents PPARy1 and PPARY2 isoform, respectively.

mRNA was increased at day 4, increased further at day 7 and sim- level of PPARY, a key transcription factor of adipocyte differentia-
ilar to PPARG, decreased at day 14 (Fig. 3A). In CDM-treated hMSCs, tion by Western blotting. At day 2, DIMRo-treated but not control
expression levels of FABP4 and LPL mRNA were very low at day 7 or CDM-treated cells expressed PPARY1 (Fig. 3B). At days 4 and 7,
and increased at day 14 (Fig. 3A). We further analyzed the protein DIMRo-treated cells also expressed PPARY2 in addition to PPARY1,
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Fig.4. DIMRo-treated hMSCs are sensitive to TGF-B1, an inhibitory factor of adipogenesis. A, hMSCs were cultured with normal medium (control), TGF-1 {2.5 ng/ml), DIMRo
or DIMRo plus TGF-B1 (2.5 ng/ml). At day 7, hMSCs were stained by Oil Red O staining and visualized under a light microscope. Scale bar, 100 pum. B, hMSCs were cultured
with normal medium (control), TGF-B1 (2.5 ng/mt), DIMRo or DIMRo plus TGF-1 at the indicated concentrations (ng/ml). At day 7, hMSCs were processed for Q-PCR analysis.
The expression level of the adipogenic markers PPARG, FABP4 and LPL was examined by Q-PCR as in Fig. 1B, Error bars represent the means % SD of triplicate determinations.
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while CDM-treated cells only modestly expressed PPARy1 but not
PPARY2 (Fig. 3B). Taken together, DIMRo treatment induces differ-
entiation of hMSCs more rapidly into adipocytes compared with
CDM-treated cells. The efficient induction of PPARY2 proteins in
DIMRo-treated cells dramatically enhances adipogenesis of hMSCs.

3.4. DIMRo-treated hMSCs are sensitive to TGF-$1, an inhibitory
factor of adipogenesis

Since we wished to estimate the inhibitory effect of growth fac-
tors or cytokines (e.g. TGF-p and TNF-o) on the adipogenesis of
hMSCs, we developed and optimized a new rapid culture method.
DIMRo-treated hMSC cultures were treated with or without TGF-
B1, an inhibitor of adipogenesis {11,12] and then examined using
0il Red O staining. TGF-B1 alone treated hMSCs did not accumulate
lipid droplets, whereas DIMRo-treated hMSCs exhibited lipid accu-
mulation in the absence of TGF-81, a process that was inhibited by
TGF-p1 (Fig. 4A). We further examined the expression of adipo-
genic marker genes by Q-PCR. Expression of adipogenic marker
genes was markedly induced in DIMRo-treated hMSCs in the ab-
sence of TGF-p1 (Fig. 4B), but dose-dependently inhibited in the
presence of TGF-B1 (Fig. 4B). These results demonstrate that DIM-
Ro-treated hMSCs respond to inhibitory factor(s) of adipogenesis,
such as TGF-B1.

4. Discussion

In this study, we have developed an efficient and rapid culture
method for adipocyte differentiation of human bone marrow-de-
rived MSCs. We have improved the culture conditions of the con-
ventional method in two ways. First, we used DIMRo medium as
an adipogenic induction cocktail. Second, we considered the opti-
mal time period for induction of adipocyte differentiation of hMSCs
by the adipogenic cocktail (data not shown). Consequently, the
new culture method can accomplish adipocyte differentiation of
hMSCs in only 7-8 days, compared with 2-3 weeks using the con-
ventional method (Fig. 2). So far, although several studies have re-
ported hMSC adipocyte differentiation using a similar adipogenic
cocktail {16,18,19], the culture conditions were not adequately
optimized.

In DIMRo-treated hMSCs, the mRNA expression of the adipogenic
marker genes PPARG, FABP4 and LPL were expressed 4 days after
induction and increased remarkably at day 7 (Fig. 3A). DIMRo-trea-
ted cells but not DIM- and CDM-treated cells expressed PPARY2 pro-
tein at day 4 and 7 (Figs. 1C and 3B). Since DIMRo treatment
significantly induces the expression of PPARY2 protein in hMSCs,
DIMRo appears to rapidly enhance adipocyte differentiation.

Thiazolidinediones (TZDs; e.g. rosiglitazone and pioglitazone)
are agonists of PPARY and are widely used in type Il diabetes ther-
apy. But over the past decade, animal studies have demonstrated
that treatment of rodents with TZDs increased bone marrow adipo-
cytes and consequently decreased bone formation and bone mass
124,25], Recently, several clinical studies have also reported the ad-
verse skeletal actions of TZDs in women {26,27]. Significantly, our
data showed that rosiglitazone alone does not have a strong adipo-
genic activity on hMSCs because rosiglitazone-treated hMSCs did
not accumulate lipid droplets even after 14 days or ekpress adipo-
genic marker genes at day 7 (Fiz. 1A and B). Rosiglitazone, how-
ever, did enhance the adipogenic effect of DIM (Fiz. {A and B).
These results suggest that rosiglitazone induces adipogenesis of
hMSCs by combining with other hormone(s) and/or compound(s).
Using this new culture method, studying the mechanism of action
of TZDs or other drugs will become more feasible. In addition, the
new culture method can efficiently screen the effects of inhibitory
factors of adipogenesis, such as TGF-p1 (Fig. 4).

-163-

Overall, the differentiation method developed here will save
time and money for researchers investigating the adipogenesis of
hMSCs. This method will also provide an efficient system for the
screening of inhibitors or modifiers of adipocyte differentiation
that might be candidates for drugs aimed at metabolic syndrome
or patients with lipodystrophy.
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Abstract. Existence of cancer stem cells (CSCs) is still
hypothetical and their practical marker is not available yet
in lung cancer. To verify the possible existence of CSCs and
to find their markers in lung cancer, we compared the pl6/Rb
and telomerase status in 83 lung cancer tissues and 15 lung
cancer cell lines, since inactivation of p16/Rb pathway is
considered to be a prerequisite for normal somatic cells to
become immortal cancer cells. We found that 7 of 14 adeno-
carcinoma, but not squamous cell carcinoma, tissues with
high telomerase activity and 3 adenocarcinoma cell lines
likely had intact p16/Rb. Such cell lines showed higher colony
formation capacity in soft agar compared with inactivated
ones with similar growth rate. Moreover, cisplatin-resistant
cell line PC9/CDDP with intact p16/Rb, but not PC14/CDDP
with its inactivation, increased the colony formation capacity
compared with the parent cells. Since CSCs are considered to
be resistant to conventional anticancer drugs, they could have
been concentrated as long as CSCs existed. We propose
that half of immortal lung adenocarcinomas are derived from
innately telomerase-positive stem cells, which might be the
origin of CSCs, and that high telomerase activity with intact
pl16/Rb could be a marker of stem cell origin.

Introduction

The new concept describes a cancer stem cell (CSC) as a cell
within a tumor that is able to self-renew and to produce the
heterogenous lineages of cancer cells that comprise the tumor
(1). Cancer stem cells have been speculated to be the source of
many solid tumors including lung cancer (2}, and be resistant
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to conventional chemo- and radio-therapy. Thus, identification
of CSCs and their biomarkers in fung cancer is urgent to
improve patient prognosis. Previousty, CD133 (PROM/:
prominin-1) positive cells (2.3), side population cells that
extrude Hoechst 33342 dye (4), or aldehyde dehydrogenase
positive cells (5) have been demonstrated to be the fractions
of putative CSCs in malignant tumors including lung cancer,
but they are still not conclusive (6).

Tt is widely accepted that CSCs have telomerase activity and
are immortal so that they can produce cancer cells indefinitely
(7-9). But it is not clear yet whether CSCs originate from
normal stem cells or from differentiated somatic cells. Since
human somatic cells are required to inactivate pl6/Rb pathway
to overcome cellular senescence and become immortal cancer
cells concomitant with activation of telomerase (10,11), we
hypothesized that immortal cancer cells without inactivation
of pl6/Rb pathway could not be derived from usual somatic
cells, but be originated from innately telomerase-positive cells,
i.e., stem cells. We previously found that all examined
squamous cell carcinoma and small cell lung cancer (SCLC)
tissues with high telomerase activity. meaning immortal cancer
cells, had aberrations in RBI and/or TP53 genes. However, in
lung adenocarcinomas with high telomerase activity, neither
gene was found in half of the samples (12). To verify this
hypothesis, we examined pl6 status in 83 lung cancer tissues
and 15 lung cancer cell lines, and compared the relationship
between the pl6/Rb pathway status and the telomerase
activity levels or colony formation capacities.

Materials and methods

Tumor samples. A total of 83 surgically resected primary lung
cancer tissues, including 42 adenocarcinomas, 30 squamous
cell carcinomas, 4 adenosguamous cell carcinomas, and 7
SCLCs, were obtained from chemotherapy-naive patients. as
well as the corresponding adjacent non-cancer lung tissue
samples as controls. All tissues had been provided by the
Department of Pathology and Department of Molecular and
Internal Medicine, Hiroshima University between 1991-1996.
Their pathological stages had been assessed according to the
International Staging System (13) and telomerase activity,
RB1 loss of heterozygosity (LOH), TP53 LOH, and chromo-
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some 1p deletion mapping were previously reported (12,14-16).
Written informed consent was obtained from all patients before
surgery, and this study was approved by our Institutional
Ethics Committee.

Cell lines. The SCLC cell line PC-6 and its SN-38- and CPT-
[ 1-resistant variants (SN2-5 and DQ2-2), a lung squamous
cell carcinoma cell line LC-S, and lung adenocarcinoma cell
lines PC-9 and PC-14 and their CDDP-resistant variants
(PC-9/CDDP and PC-14/CDDP, respectively) as well as
A549 were prepared and examined for CDDP sensitivity as
previously described (17). The remaining 6 lung adeno-
carcinoma cell lines, RERF-LC-MS, VMRC-LCD, PC-3,
RERF-LC-Ad1, RERF-LC-Ad2, and RERF-LC-KJ, and
control fibroblast strain TIG-1 were obtained from the Health
Science Research Resources Bank (Osaka, Japan).

Colony formation assay with soft agar. Anchorage-dependency
of 11 lung adenocarcinoma cell lines was evaluated by conven-
tional colony formation assay with soft agar in triplicate, as
previous reported (18). Briefly, 5x10% cells were cultured in
0.4% SeaPlaque GTG agarose (Bioproducts), and after {4 and
21 days of culture at 37°C with 5% CO,, colony number was
counted under microscopy for slow-growing cells (colonies
containing >5 cells were counted) and macroscopically
with crystal violet staining for rapid growing cells (colonies
macroscopically visible were counted).

Preparation of DNA and RNA. For tissue samples, genomic
DNA had been prepared previously (15). For cell lines genomic
DNA and total RNA were extracted from the frozen cell pellets
using QTAamp™ DNA Mini kit (Qiagen Inc., Valencia,
CA) and Qiagen RNeasy™ mini kit (Qiagen), respectively,
according to the manufacturer's protocols.

Real-time RT-PCR for evaluation of mRNA levels. For cell
lines, 2 1g of total RNA was reverse-transcribed using High-
Capacity ¢cDNA Archive™ Kit (Applied Biosystems, Foster
City.CA, USA). An aliquot of the cDNA (equivalent to 10 ng
total RNA) was subjected to each real-time RT-PCR using
Universal Probe Library (UPL, Roche Diagnostics, Tokyo,
Japan) for CDKNZA (pl6). PROMI, BMI!, and ABCG2,
TagMan Gene Expression Assays for RB/ (Hs00153108_ml
targeting exons 24-23, Applied Biosystems), and Pre-
Developed TagMan Assay Reagents (Applied Biosystems)
for ACTB as an internal control. Each reaction was caried
out in duplicate or triplicate using ABI PRISM™ 7900HT
Sequence Detection System (Applied Biosystems) and relative
gene expression levels calculated as ratio to ACTB expression
level were standardized using a pooled cDNA derived from 17
various cancer cell lines, The UPL primers (final concentration
200 nM each) and MGB-probe (final concentration 100 nM)
sets are as follows: CDKN2A-F: 5-GTGGACCTGGCTGAG
GAG-3'. CDENZA-R: 5'-CTTTCAATCGGGGATGTCTG-3'.
CDEKN2A-probe: UPL no. 34 (Roche). PROM |-F. 5-AACCT
TACACGAGCAAGGAATTA-3". PROMI-R: 3-AAACTTG
TTCAAAAGTGAGCTTCAT-3. PROM/-probe: UPL no. 48
(Roche). BMII-F: 5-TTCTTTGACCAGAACAGATTGG-3'".
BMII-R: 3-GCATCACAGTCATTGCTGCT-3'". BMli-probe:
UPL no. 63 (Roche). ABCG2-F: - TGGCTTAGACTCAAG
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CACAGC-3'. ABCG2-R: 5-TCGTCCCTGCTTAGACA
TCC-3'. ABCG2-probe: UPL ne. 56 (Roche).

Real-time PCR for quantitation of DNA amounts. Homozygous
deletion of CDKN2A was determined by TagMan™ quantita-
tive real-time PCR system with TagMan Universal PCR master
mix and the ABI PRISM™ 7900HT Sequence Detection
System (Applied Biosystems) using TFRC as control gene
amount (12). Using a 384-well reaction plate (Applied Bio-
systems), 20 ng of genomic DNA and 2 sets of primers (final
concentration 200 nM each for CDEN2A and 300 and 900 nM
for TFRC forward and reverse primers, respectively) and
fluorescent-probes (final concentration 100 nM for FAM-
labeled CDKEN2A and 200 oM for VIC-labeled TFRC) were
mixed in a 10-ul reaction mixture. The primer and probe set
for TFRC was previously reported (12) and that for CDKN2A
is as follows: CDKN2A-F: 5'-AGCTTCCTTTCCGTCA
TGC-3'. CDKN2A-R: 5-TCATGACCTGCCAGAGAGAA-3'",
C DI(N2A~probe: UPL no. 21 (Roche). Threshold cycle (Ct)
for each gene was determined using thermocycler software
and the average of 3 independent Cts was calculated. Standard
DNA was prepared by mixing genomic DNAs derived from
two samples, non-cancer cells with intact CDKN2A and a
cancer cell line with homologous deletion, at 10:0 (STD-
100%), 8:2 (-80%), 6:4 (-60%), 4:6 (-40%), 2:8 (-20%), and
0:10 (0%).

Fragment analysis for detection of LOH. LOH of CDKN2A
was evaluated by fragment length analysis using microsatellite
marker D951748. The FAM-labeled forward primer (5'-
CACCTCAGAAGTCAGTGAGT-3" and a non-labeled
reverse primer (5“GTGCTTGAAATACACCTTTCC-3") were
mixed with 20 ng of genomic DNA and subjected to PCR
followed by fragment analysis using ABI PRISM 310 Genetic
Analyzer and GeneScan™ software as previously described
(12). The adjacent non-cancer lung tissue samples were used
as controls of peak height ratio of the corresponding repeat
numbers.

Fragment analysis for quantitative methylarion-specific PCR
(gMSP). MSP was carried out to evaluate the CDKN2A (p16)
CpG island methylation status according 1o a previous report
(19) with quantitative modification. The bisulfite-treated
genomic DNA was first amplified with outside non-flunorescent
primers (35 cycles, annealing at 60°C) and then nested PCR
was carried out using FAM-labeled methylated or HEX-
labeled unmethylated allele-specific primers with annealing
temperature at 65°C. Then, 0.5 yl each of methylated (FAM
labeled) and unmethylated (HEX labeled) PCR products were
mixed and subjected to ABT PRISM 310 Genetic Analyzer
(Applied Biosystems). The methylation ratio was calculated
as (area of FAM peak)/(areas of FAM peak + HEX peak).

Direct sequence analysis for RBI ¢cDNA. cDNAs derived from
the 15 lung cancer cell lines were subjected to PCR using 2
sets of primers amplifying exons 10-26 that cover almost all
naturally occurring RB/ mutations. The PCR condition was
95°C for 15 min followed by 40 cycles of 95°C for 30 sec,
38°C for 1 min, and 72°C for 90 sec. Sequence analyses were
carried out using Big Dye Terminator vi.1 Cycle Sequencing
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Table I. The genetic aberrations in 83 primary lung cancers.
CDKN2A
No. Gender  Age Stage Tel® TP53¢ RBI* Ip34¢  HD/LOH  gMSP pl6/Rb
inactivation
Adenocarcinoma
1 F 6l I Low Hetero  Hetero  Hetero Hetero 1.0 +
2 M 69 I Low Hetero  Hetero  Hetero Hetero 1.0 +
3 M 75 I Low Hetero  Hetero  Hetero Hetero 1.0 +
4 M 62 1 Low Hetero  Hetero  Hetero Hetero 1.0 +
5 M 66 I Low Hetero  Hetero  Hetero Hetero 10 +
6 F 67 I Low Hetero  Hetero  Hetero Hetero 0.80 +
7 F 67 I Low Hetero  Hetero  Hetero Hetero 10 +
8 M 76 IIIA Low Hetero  Hetero  Hetero Hetero 0.99 +
9 M 61 IMA  Low Hetero  Hetero  Hetero NI 1.0 +
10 M 60 1B Low Hetero  Hetero  Hetero Hetero 0.27 +
11 F 64 1AY Low Hetero  Hetero  Hetero HD 0 +
12 F 56 v Low Hetero  Hetero  Hetero NI 0.59 +
13 F 57 MA  Low Hetero  Hetero LOH NI 1.0 +
14 M 60 v Low Hetero  Hetero LOH Hetero 1.0 +
15, F 65 v Low Hetero  Hetero LOH LOH 0.88 +
16 F 62 I Low Hetero LOH LOH Hetero 0.28 +
17 F 60 I Low NI Hetero  Hetero Hetero 0.90 +
18 M 48 I Low NI Hetero LOH NI 1.0 +
19 F 51 HTa Low NI Hetero Hetero Hetero 1.0 +
20 F 57 I Low LOH Hetero LOH LOH 0.69 +
21 M 58 v Low LOH Hetero  Hetero Hetero 1.0 +
22 F 56 v Low LOH Hetero  Hetero Hetero 1.0 +
23 M 66 v Low LOH Hetero  Hetero Hetero 1.0 +
24 F 72 IITA Low LLOH LOH Hetero Hetero 0.97 +
25 M 67 [ Low LOH LOH LOH Hetero 0.94 +
26 M 77 I Low LOH L.LOH LOH NI 0.11 +
27 M 64 I Low LOH LOH LOH Hetero 0.84 +
28 M 62 MA Low LOH LOH LOH NI 0.10 +
29 F 78 I High  Hetero  Hetero  Hetero Hetero 0 -
30 M 69 I High  Hetero Hetero  Hetero Hetero 0.87 +
31 M 62 I High  Hetero Hetero  Hetero Hetero 0.11 -
32 M 75 1 High  Hetero Hetero  Hetero NI 0 -
33 F 62 I High  Hetero  Hetero  Hetero Hetero 0 -
34 F 69 IMTA  High  Hetero Hetero = Hetero Hetero 0.07 -
35 F 77 v High  Hetero Hetero  Hetero HD 0 +
36 F 80 I High  Hetero LOH Hetero Hetero 0 +
37 F 59 MIA  High LOH Hetero  Hetero Hetero 0.13 -
38 M 76 [MA  High LOH Hetero LOH Hetero 0.15 -
39 M 55 1 High LOH LOH LOH HD 0 +
4 M 68 I High LOH LOH LOH Hetero 0.10 +
41 M 66 v High L.OH LOH Hetero Hetero .12 +
42 M 50 HIB  High LOH LOH LOH Hetero 0 +
Adenosquamous
cell carcinoma
43 M 75 A Low Hetero  Hetero  Hetero HD 0 +
44 M 42 I Low NI LOH Hetero NI 1.0 +
45 M 75 v Low LOH LOH Amp LOH 1.0 +
46 M 69 IMA  High LOH LLOH LOH HD 0.21 +
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Table 1. Continued.

CDKN2A
No. Gender Age  Stage Tels TP53* RBI* 1p34® HD/ALOH  gMSP pl6/Rb
inactivation
Small cell Jung
cancer
47 M 75 1 Low LOH Hetero LOH Hetero 0 -
48 F 79 It High LOH Hetero  Hetero Hetero 0 -
49 M 56 I High LOH LOH Amp Hetero 0 +
50 M 71 A High LLOH LOH Amp Hetero 0.28 +
51 M 77 A High LOH LOH Hetero Hetero 0 +
52 M 74 I High LOH L.OH LOH HD 0 +
‘ 53 M 74 iI High LOH LOH LOH Hetero 0 +
| Squamous cell
carcinoma
54 M 74 | Low  Hetero Hetero  Hetero NI 0 -
55 F 62 I Low Hetero  Hetero LOH Hetero 0 -
56 M 70 i Low Hetero  Hetero  Hetero NI 0 -
57 M 69 i Low  Hetero  Hetero  Hetero NI -0 -
58 M 63 1T Low  Hetero  Hetero  Hetero Hetero 0 -
59 M 52 HIA Low Hetero  Hetero  Hetero Hetero 0 -
60 M 79 A Low Hetero  Hetero  Hetero Hetero 0 -
61 M 70 A Low Hetero  Hetero  Hetero LOH 0 +
62 M 69 IITA Low Hetero LOH Hetero LOH 0 +
63 M 77 1B Low  Hetero LOH LOH Hetero 0 +
64 M 61 I Low NI Hetero LOH Hetero 0 -
65 M 72 1 Low LOH Hetero Hetero Hetero NI -
66 M 67 1 Low LOH Hetero  Hetero LOH 0 +
67 M 60 v Low LOH Hetero LOH NI 0 -
68 M 71 I Low LOH Hetero LOH HD 0 +
69 M 73 I Low LOH LOH Hetero HD 0 +
70 M 87 I Low LOH LOH Hetero Hetero 0 +
71 M 65 IITA Low LOH LOH Hetero LOH 0 +
72 F 71 I Low LOH LOH LOH Hetero 0 -+
73 M 63 1 Low LOH LOH LOH LOH 0 +
74 M 64 1IA Low [LOH LOH LOH HD NI +
75 M 73 v Low LOH NI Hetero Hetero 0 -
76 M 66 1 Low LOH NI LOH Hetero 0 -
77 M 65 HIA Low LOH NI LOH LOH 0.02 -
78 M 72 B High  Hetero LOH LOH LOH 0 +
79 M 62 B High  Hetero LOH LOH Hetero 0 +
80 M 67 1A High L.OH Hetero LOH H 0 +
81 M 62 iA High LOH LOH Hetero HD 0 +
82 M 53 v High LOH LOH LOH NI 0 +
83 M 71 I High LOH NI LOH HD NI +
“Previously analyzed for Tel (telomerase activity level), TP53 (LOH in TP53). RBI (LOH in RBI), 1p34 (deletion within tp34 to pter)
(12,14-16). qMSP, (methylated allele peak)/(methylated + unmethylated allele peaks) area ratio >0.25 was considered as methylated; HD,
hornologous deletion; NI, not informative.
Kit™ and ABI PRISM 310-or PRISM 3100 Genetic Analyzer  5-CTAATGGACTTCCAGAGGTTG-3". RB/setlex20-R:
{Applied Biosystems). The 2 set primers are: RB/setlex9-F: 5-CGGAGATAGGCTAGCCGATA-3'. RB/set2ex19-F:
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Figure 1. Detection of homologous deletion of pl6 by quantitative real-time PCR for CDKN2A using control gene TFRC in representative samples (all
adenocarcinoma tissues with high telomerase activity and lung adenocarcinoma cell lines). Tissue samples were classified as having homologous deletion
when C(TFRC)-CH{CDKN24) in each sample < STD-60% (= 0, smiooth line). and cell lines when < STD-20% (= -2.25, dotted live). Ct. threshold cycles;
Hatched bar, standard DNA for guantitation; Closed bar, classified as homologous deletion: Open bar, classified as retaining at least one allele.

5'-TACTGCAAATGCAGAGACAC-3'. RBIset2ex27-R:

 5'-GAAGAGGAAACAATCTGCTA-3'.

Telomerase activity and other genetic aberrations. Among
the genetic aberrations in the tissue samples summarized in
Table I, we previously evaluated and reported the telomerase
activity level by TRAP assay (14), 1p34 LOH by deletion
mapping using 12 polymorphic markers (16), and LOH of
TP53 and RBI genes using 5 and 4 polymorphic markers,
respectively (12,15).

Statistical analysis. Al statistical tests were performed using
StatView version 5.0 software (SAS Institute Inc., Cary, NC,
USA), and the Student's t-test, %*, or Fisher's exact test was
used to determined the P-value. Differences of P<0.03 were
considered statistically significant.

Results

Telomerase activity levels and LOH of TP53, RBI, and 1p34
locus in the lung cancer tissues have been evaluated previously
(12,14-16) and summarized in Table T with the present data.

P16 inactivation. Persistent type inactivation of pl6 was
evaluated by the existence of CDKN2A homozygous deletion,
LOH, and/or promoter methylation in 83 lung cancer tissues.
and by CDKN2A homozygous deletion or complete promoter
wethylation in 15 lung cancer cell lines.

Homozygous deletion, {threshold cycles (Ct) of TFRCI-(Ct
of CDKN2A) was smaller in a sample than that of 60% (for
tissue samples) or 20% (for cell lines) standards in real-time
PCR considering the existence of contaminated non-cancer
cells in tissue samples, was found in 3 adenocarcinoma. 6
sguamous cell carcinoma, 2 adenosquamous cell carcinoma.
and | SCLC tissues and 6 adenocarcinoma cell lines (Fig. D

and 1 squamous cell carcinoma cell line, LC-S. LOH, i.e., the
calculated peak height ratio of the 2 alleles was <70% or
>150% of that in normal counterpart in fragment analysis,
wus found in 10 tissue samples (Fig. 2). Cell lines could not
be analyzed for LOH due to the lack of normal counterpart.

For evaluating CDKNZ2A promoter methylation, we con-
sidered it methylated when the methylated allele ratio,
(methylated allele peak areua)/(methylated and unmethylated
allele peak areas), was >25%, and complete methylation
when the ratio was >80% (Fig. 3). The CDKN2A promoter
methylation was detected in 61.9% (26/42) of adenocarcinoma,
but none of squamous cell carcinomas. For lung cancer cell
lines, RERF-LC-MS was completely methylated among the
8 cell lines that retained CDKN2A gene. Thus, pl6 inactivation
by deletion or promoter methylation is summarized in Tables
IT and 111, and such inactivation in adenocarcinoma tissues
revealed to be highly associated with low/nil telomerase
activity (P=0.0001).

Rb inactivation. Inactivation of Rb was evaluated by the
existence of RB/ LOH (analyzed for | RFLP and 3 micro-
satellite loci) in 83 lung cancer tissues and by the existence
of genetic aberrations in RBI cDNA (sequence analysis of
exons 10-27, that cover the mutation hot-spot region) or
absence of RBI mRNA detection (real-time RT-PCR) in the
15 lung cancer cell lines.

For the 83 lung cancer tissue samples. we previously
analyzed and reported that RBI 1.OH was found in 26 (34.2%)
of 76 non-small cell lung cancer (NSCLC) and 5 (71.4%) of
7 SCLC tissues (12.15). Among the 15 lung cancer cell
lines examined, RB/ expression could not be detected in |
adenocarcinoma cell line, RERF-LC-KJ (Fig. 4A). Also by
sequence analysis of RB] ¢DNA. only this cell line was
revealed to have an aberration. an inframe deletion of 174
nucleotides by splicing out the entire exons 24 and 25.

-169-



1222 ARIFIN et al: TMMORTAL CANCER CELLS WITHOUT p16/Rb INACTIVATION

Normal Tumor
Tumor peak height ratio .
Case ? Normal peak height ratio
1.1
19 {Heterozygous)
- A/\ N
Peak height ratio = 0.62 066
0.28
20 A Lass of long allele
A /\A A\ o\ A
Peak height ratio = 0.65 0.18 '
52
73 Loss of short allele

Peak height ratio = 0.60

Figure 2. Detection of LOH of p16 by fragment analysis in representative sumples. LOH. in cancer tissues was defined when the peak height ratio of heterozygous
bands was <0.7 or >1.5 of expected ratio calculated from the normal counterpart. Deleted allele demonstrating low peak possibly derived from contaminated
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Figure 3. Quantitative evaluation of promoter methylation of pl6 by
fragment analysis in representative adenocarcinoma tissues. Methylaied
allele was labeled with FAM (closed arrow) and unmethylated allele was
tabeled with HEX {open arrow). The methviation ratio was calculated as
(area of FAM peak)/(sum of weas of FAM & HEX peaks). and >23% was
considered 1o be methylated and >80% as completely methylated.
Arrowhead. size marker,

Inactivation of p16/Rb patinvay. Combining above, inactivation
of pl6/Rb pathway, i.e., deletion/methylation of p16 and/or
LOH of RBI, among the 83 lung cancer tissues was found
in all 28 (100%) with low/nil telomerase activity but in only
7 of 14 (50%) with high telomerase activity (P=0.0001) in
adenocarcinomas, whereas this relationship was the
opposite in the remaining histology tumors (P=0.0309)
(Table IT). The p16 inactivation was inversely correlated with
RB/ LOH in adenocarcinoma tissues (P=0.0488).

Among the 15 lung cancer cell lines, the Rb inactivated
cell line RERF-LC-KJ showed intact pl6 as expected. Among
the 11 adenocarcinoma cell lines, the pl6/Rb pathway was
considered to be intact in PC-9, its CDDP resistant variant
PC-9/CDDP, and RERF-LC-Ad2 (p16/Rb pathway intact
group) and inactivated in the remaining 8 cell lines (inactivated
group). Then, cellular growth rate and colony formation
capacity were carried out between these 2 groups.

Expression of cancer stem cell markers. As known cancer
stem cell markers, we evaluated mRNA expression levels of
PROMI (CD133), BMI{, and ABCG2 by real-time RT-PCR
in the 15 lung cancer cell lines. While the expression levels
of BMI1 and ABCG2 genes were comparable among the all
cell lines except for ABCG2 in the drug resistant SCLC clones,
PROM1I was highly expressed in RERF-LC-Ad2, in which
the pl6/Rb pathway was considered to be intact (Fig, 4B).

Growth rate of adenocarcinoma cell lines. We tound that the
[1 adenocarcinoma cell lines can be divided into 2 groups
according to their growth rates: >20 times multiplied at day 3
(rapid growth group. Fig. 5A) and less than that (slow growth
group, Fig. 5B). The pl&/Rb-intact cell lines PC-9 and PC-9/

~170-



INTERNATIONAL JOURNAL OF ONCOLOGY 36: 1217-1227, 2010 1223

Table I1. Inactivation of p16/Rb in 83 lung cancer tissues.

Histology Telomerase RBI LOH? pl6 pl6 and/or Rb
activity® inactivation inactivation

Adenocarcinoma .
High (n=14) 5(35.7%) 321A4A%) 7 (50%)

Low/nil (n=28) 6 (21.4%) 26 (92.9%) 28 (100%)
Adenosquamous cell carcinoma

High (n=1) 1 (100%) I (100%) 1 (100%)

Low/il (n=3) 2 (66.7%) 3 (100%) 3 (100%)
Squamous cell carcinoma

High (n=06) 4 (66.7%) 4 (66.7%) 6 (100%)

Low/nil (n=24) 8 (33.3%) 9 (37.5%) 12 (50.0%)
Small cell lung cancer

High (n=06) 5(83.3%) 2(33.3%) 5(833%)

Low/nil (n=1) 0 (0%) 0 (0%) 0(0%)

*Previously analyzed for telomerase activity level and RBJ LOH (12.14-16).

Table III. Inactivation of pl6/Rb in lung cancer cell lines.

Rb inactivation pl6 inactivation
Histology RT-PCR*? Deletion HD gqMSP p16/Rb inactivation
Adenocarcinoma
PC-9 - - - 046 -
PC-9/CDDP - - - 040 -
PC-14 - - + NI +
PC-14/CDDP - - + NI +
A3549 - - + NI +
RERF-LC-MS - - - 1.0 +
VMRC-LCD - - + NI +
PC-3 ' - : - + NI +
RERF-LC-Ad! - - + NI +
RERF-LC-Ad2 - - - 0 -
RERF-LC-KIJ + + - 0 +
Squamous cell carcinoma
LC-S - - + NI +
Small cell lung cancer
PC-6 - - - 0.01 -
SN2-5 - - - 0.04 -
DQ2-2 - - - 0.16 . -

“RT-PCR +, not detectable by real-time RT-PCR; gMSP. methylation ratio >0.8 was considered as completely inactivated: HD, homologous
deletion; NI, not informative.

CDDP in the former group and RERF-LC-Ad2 in the latter  Colony formation assay with soft agar. While the colonies in
group did not show accelerated growth compared to the  the rapid growth group were evaluated macroscopically after
inactivated ones in each group. crystal violet staining (Figs. 5C and 6), those in the slow
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Figure 4. mRNA expression levels in all 15 cell lines evaluated by real-time RT-PCR using ACTB as imternal control. RB/ was not detected in RERF-LC-KT (A).
PROM1 (open bar) was highly expressed in RERF-LC-AdZ, while the expression levels of BMII (closed bar) and ABCG2 (hatched bar) genes were comparable
except for the drug resistant SCLC clones for ABCG2 (B). Cell lines inactivated for pl6/Rb pathway (homologous deletion or complete methylation of p16 or
complete inactivation of RB/) are indicated by asterisk. TIG-1 is a non-cancer control human tibroblasts.
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Figure 3. Growth rate and colony numbers in colony formation assay for the 11 lung adenocarcinoma cell lines. In each 60-mm dimmeter dish, 10% cach of
rapid growth cell lines (A) or slow growth cell tines (B) were cultured. and cell number was calculated every day for | week in triplicate. Colony numbers of
the rapid growth cell lines were evaluated macroscopically after crystal violet siaining (C) while those of the slow growth cell lines were evaluated
microscepically (D). pl6/Rb intact cell lines (open box) did not show higher growth but showed increased colonies (open bar) in soft agar compared to
PI6/Rb inactivated cell lines (closed bar) in cach group. "P<0.01: * P<0.001: N.5.. not significant,
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A549 PC-8

PC-8/CDOP

Figure 6. Colony formation assay for representative adenocarcinoma cell lines with rapid growth. Macroscopically visible colonies shown after crystal violet
staining are pl 6/Rb inactivated cell line A549 < pl6/Rb intact PC-9 < CDDP resistant PC-9 variant PC-9/CDDP.
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Figure 7. Our hypothesis of lung carcinogenesis. Immortal lung cancer cells might be derived from either of the two pathways: developed from telomerase positive
normal cells, i.e., stem cells, through cancer stem cells or from telomerase negative somatic cells through multiple clonal selections acquiring genetic aberrations
including TP53, CDKN2A, and RB/ inactivations and telomerase activation, but not necessarily through cancer stem cells. Half of lung adenocarcinomas with
high telomerase activity may develop from the former pathway, while most of squamous cell carcinomas develop from the latter pathway. M1, mortality stage 1:

M2. mortality stage 2.

growth group were evaluated microscopically before staining,
since they were small and macroscopically invisible in general
even after 3 weeks (Fig. 5D). The plo/Rb intact cell lines,
PC-9 and PC-9/CDDP in the rapid growth group and RERF-
LC-Ad2 in the slow growth group. showed significantly
higher colony formation capacity than the pl6/Rb inactivated
cell lines in each group (P<0.01-P<0.0001). Moreover, CDDP-
resistant clone with intact pl6/Rb (PC-9/CDDP). but not that
with pl16/Rb inactivation (PC-14/CDDP), showed significantly
higher colony formation capacity than the parent clone

(P<0.001, Figs. 5C and 6).
Discussion

Most malignant tumors must have a mechanism for bypassing
senescence to acquire the unlimited proliferative capacity that
is required for advanced cancers. Human somatic cells are
considered to have two stages of checkpoint befére acquiring
imumortality (two-stage model for cellular senescence):
mortality stage 1 (M1) that can be overcome by inactivation
of pl6/Rb and p33 pathways and mortality stage 2 (M2), that
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requires activation of telomerase to be overcome (11,20). In
fact, we previously found that all examined lung squamous
cell carcinoma and SCLC tissues with high telomerase activity
had aberrations in RBI and/or TP53 genes. However, in lung
adenocarcinomas with high telomerase activity, neither gene
was found in half of them (12). We also showed that cancer
tissues with high telomerase activity consisted of predomi-
nantly telomerase positive cells, i.e., immortal cancer cells,
while those with low telomerase activity consisted of
predominantly telomerase negative cells (21), and lung
cancer cell lines always showed high telomerase activity
(14). In addition, we confirmed full-length type TERT
mRNA expression in all 15 lung cancer cell lines used in the
present study by real-time RT-PCR, which had been
confirmed to correlate with telomerase activity (22). Since
we previously found that fung cancers which might have
originated from telomerase positive bronchial epithelia
always showed high telomerase activity (23). lung cancers
with high telomerase activity. consist of predominantly
immortal cancer cells, and immortal tung cancer cell lines
might have been derived from either of the two pathways:
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developed from telomerase positive normal cells, i.e., stem
cells, or from telomerase negative somatic cells through
multiple clonal selections acquiring genetic aberrations
including TP53, CDKN2A, and/or RB] inactivation and
telomerase activation.

To confirm this hypothesis, we examined incidence of
persistent type pl6 inactivation (deletion and/or methylation
of CDKNZ2A) in the tissue samples as well as p16/Rb status
and colony formation capacity in cell lines in the present
study. It has been reported that the inactivation of pl6 occurs
most prominently through promoter methylation or homo-
zygous deletion and less often through mutation in lung cancers
(24). As we speculated, persistent inactivation of pl6/Rb
pathway, deletion of CDKN2A or RBI or methylation of
CDKN2A promoter, was found in all adenocarcinoma tissues
with low/nil telomerase activity, while neither was found in half
of adenocarcinomas with high telomerase activity (P=0.0001).
For other genetic aberrations, we previously reported that the
RBJ LOH was associated with TP53 and [p34 LOH but not
with EGFR aberrations (12). In the present study, 5 of 7
pl6/Rb intact adenocarcinomas with high telomerase activity
also lacked the 7P53 LOH and 4 of them lacked both TP53
and Ip34 LOH (Table I), indicating that these cases have
escaped the M stage without persistent inactivation of pl6/Rb
pathway, p53 pathway, and the unknown pathway involving
{p34 locus. The importance of the pl6/Rb and p53 pathways
in lung epithelial cells is known by the high incidence of
their defects in any histological type of lung cancer (25),
and the adenocarcinomas without their persistent inactivation
may have come without these checkpoints.

It has been indicated that only a small proportion of the
tumor cells are able to form colonies in an in vitro colonogenic
assay (26), and we found that adenocarcinoma cell lines
without persistent inactivation of p16/Rb pathway had higher
colony formation capacity in soft agar. Moreover, CDDP-
resistant clone with intact pl6/Rb (PC-9/CDDP), but not
one with inactivation (PC-14/CDDP), showed higher colony
formation capacity than the parent clones. Although the
evidence is not sufficient yet, this could be explained that
the former contained CSCs and enriched them in the CDDP-
resistant clone, because CSCs are considered to be resistant
to conventional chemotherapeutic drugs (2), while the latter
did not contain CSCs originally and could not enrich the
resistant clone. We also examined the expression levels of
the known cancer stem cell markers, PROMI (2), BMII (T),
and ABCG2 (27) in 15 lung cancer cell lines, and found that
the pI6/Rb intact cell line RERF-LC-Ad2 showed markedly
high expression of PROMI, supporting our hypothesis that
the pl6/Rb intact immortal cancer cells may have derived
from stem cells, and none of the presently available CSC
markers is sufficient for all types of lung cancer,

Taken together, the present data indicate that 7 (50%) of
14 lung adenocarcinoma tissues with high telomerase activity
(indicating they are predominantly consist of immortal cancer
cells) and 3 of 11 (or 2 of 9 parent) lung adenocarcinoma cell
lines, PC-9. PC-9/CDDF, and RERF-LC-Ad2, may have
developed from M1 escaped cells, ie., innately telomerase-
positive stem cells, which are considered to be the origin of
CSCs. Some of SCLC may have derived from such cells,
because | of 6 SCLC tissues with high telomerase activity

and | original (PC-6) as well as its 2 drug-resistant cell clones
showed intact pl6/Rb pathway (Fig. 7). However, for
squamous cell carcinoma, no tissue with high telomerase
activity nor the cell line examined showed intact pl6/Rb
pathway, indicating that it is always required to overcome the
M1 stage to become immortal squamous cell carcinoma cells
and that the telomerase-negative somatic cells may be of
such origin. This speculation may be partly supported by the
facts that squamous cell carcinoma often demonstrates
evidence of multistep carcinogenesis, i.e., hyperplasia, meta-
plasia, dysplasia, carcinoma in siti, and invasive cancer, while
adenocarcinoma and SCL.C often lack such precancerous
lesions indicating de novo carcinogenesis. Thus, we propose
that there are two distinct pathways in lung carcinogenesis:
one from primarily telomerase-positive cells, i.e., stem cells,
independent of pl6/Rb checkpoint mechanism in M1 stage,
while the other from telomerase-negative somatic cells over-
coming the M! stage by inactivation of the pl16/Rb and p53
pathways.

In conclusion, our study showed new important insights
into lung CSCs. In particular, high telomerase expression
without pI6/Rb aberration possibly is a marker of cancer
stem cells in lung cancers. Although further experiments are
necessary to confirm our hypothesis, it could be an important
key to study the molecular mechanisms of lung carcino-
genesis and clinical implications.
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Despite extensive efforts, treatment of gastric cancer by chemotherapy, the globally accepted standard, is yet
undetermined, and uncertainty remains regarding the optimal regimen. Recent introduction of active “new
generation agents” offers hope for improving patient outcomes. Current chemotherapeutic trials provided
several regimens that may become a possible standard treatment, including docetaxel/cisplatin/5-FU (TCF)
and cisplatin/S-1 for advanced and metastatic cancer and S-1 monotherapy in the adjuvant setting. Along
with the development of novel active regimens, individual optimization of cancer chemotherapy has been
attempted in order to reduce toxicity and enhance tumor response. Unlike the rare and limited contribution
of pharmacokinetic studies, pharmacogenomic studies are increasing the potential to realize the therapeutics
against gastric cancer. Despite the limited data, pharmacogenomics in gastric cancer have provided a number
of putative biomarkers for the prediction of tumor response to chemotherapies and of toxicity.
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1. Introduction

Gastric cancer is the fourth most common cancer and the second
most frequent cause of cancer-related mortality worldwide, ac-
counting for approximately 930,000 new cases and 700,000 deaths
annually {1.2]. In gastric cancer, radical surgery remains the stan-

* This review is part of the Advanced Drug Delivery Reviews theme issue on “Recent
advances in Cancer Chemotherapy: Current Strategies, Pharmacokinetics, and
Pharmacogenomics”.
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dard form of therapy that has curative intent, although chemother-
apy has been intensively studied in a variety of settings as a most
potent treatment option to improve the poor survival rate [3-5]. A
series of trials has produced evidence that chemotherapy increases
survival, but a globally accepted standard chemotherapy is yet
undetermined, and uncertainty remains regarding the choice of the
optimal regimen. '
Recently, several active agents have been introduced to gastric
cancer therapy: the taxanes, irinotecan (CPT-11), oxaliplatin, S-1,
capecitabine, and, more recently, biological agents such as cetuximab
and bevacizumab {3-7]. The advent of new regimens of these new
generation agents offer hope for improving patient outcomes, and
rapid advances in genomics present the opportunity to establish a
novel chemotherapeutic strategy, personalized medicine, which
would allow the selection of optimal therapy and dose for each
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Table 1
Current chemotherapettic option and supporting Phase Il study in gastric cancer,

Treatment Phase [ study (Pts.No) Main results

Neoadjuvant setting
ECF {11] ~ MAGIC trial (503)
Adjuvant setting

© Higher PFS and higher likelihood of OS in ECF group (vs. surgery alone)

45 Gy radiation + 5-FU/FA |10} INT-0116/SWOG 9008 study3 (556) ® Higher RFS and OS in stage IB to stage IV (M0) patients underwent complete rsection (vs. surgery alone)

S-1 monotherapy [ 12} ACTS-GC (1059)

@ Higher RFS and OS in stage H/HI patients who underwent complete resection with

D2 dissection vs. surgery alone)
® Less Grade 3/4 toxicity than other regimens.

Metastatic stage
TCF [17,18] V-325 study
S-1 monotherapy [20] JCOG 9912

O Higher RR, TTP and OS {vs, CF)
@ Higher likelihood of OS to continuous 5-FU

© Compatible OS with CPT-11/cisplatin and significant less Grade 3/4 toxicity

S-1/cisplatin |21} SPIRITS trial

® Higher PFS and OS (vs. S-1 monotherapy)

ECF, epirubicin/cisplatin/5-FU combination; TCF, doceraxel/cisplatin/5-FU combination; OS, overall survival; RFS, relapse-free survival; RR, response rate; TTP, time to tumor

progression; PFS, progression-free survival,

individual based on molecular profiles of both the tumor and the
patient {8,9].

2, Current chemotherapeutic strategies for gastric cancer

Although personalized medicine is an attractive strategy with great
potential, at present, establishment of the first golden standard regimen

takes priority over the development of novel therapeutics against gastric

cancer. A great deal of effort has been directed towards development of
the best regimen in various treatment settings (Table 1) {3-7].

2.1. Adjuvant chemotherapy

In the US, chemoradiation therapy (CRT) has been evaluated as the
focus for an adjuvant treatment. The Phase Il Intergroup trial (INT-
0116/SWOG 9008 study3) is noteworthy among the conducted trials
[ 10], This study demonstrated that adjuvant 45 Gy radiation therapy
with combined chemotherapy of 5-fluorouracil (5-FU) and folinic acid
(FA) improved relapse-free survival (RFS) and overall survival (0S) in
556 patients with completely resected stage IB to stage IV (MO)
adenocarcinoma of the stomach and gastroesophageal junction. Based
on the results,-CRT after potentially curative surgery for node-positive
patients is now regarded as a standard treatment in the US.

Perioperative (pre- and post-operative) chemotherapy without
radiation therapy has also been intensively studied. In UK, a large
phase 11 study, The Medical Research Council Adjuvant Gastric
Infusional Chemotherapy (MAGIC) trial, was conducted to evaluate
the efficacy of ECF combination regimen (epirubicin, cisplatin, and
continuous infusion of 5-FU) as a perioperative adjuvant therapy
(before and after surgery) [11]. The study, in which 503 patients with
stage Il or higher adenocarcinoma of the stomach or of the lower third
of the esophagus were enrolled, demonstrated a significantly higher
progression-free survival (hazard ratio [HR] for progression, 0.66; 95%
confidence interval [ClI], 0.53-0.81; P<0.001) and OS (HR for death,
0.75; 95% (1, 0.60-0.93; P = 0.009) in the perioperative chemotherapy
group compared with the group of patients who have undergone
surgery alone, The study also validated the feasibility of the regimen in
a preoperative adjuvant setting, which led to the current European
recognition of neoadjuvant chemotherapy as a standard treatment
option in gastric cancer. Neoadjuvant CRT remains under clinical
evaluation.

The recent Phase [Il studies also supported the role of post-
adjuvant chemotherapy in gastric cancer. The ACTS-GC conducted in
Japan, in which a total of 1,059 patients were enrolled, evaluated the
adjuvant efficacy of 5-1 monotherapy compared with surgery alone,
with OS as the primary end point, and showed the benefit of 5-1
monotherapy as postoperative adjuvant chemotherapy for stage 1/
patients who underwent D2 dissection {12!, Three-year OS after 5-1
monotherapy was 81.1%, while that of the surgery alone group was
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70.1% (P=10.0015), and Grade 3/4 adverse events were less frequent
than other regimens. RFSs after a 3-year follow-up of S-1 and of the
surgery alone group were 72.2% and 60.1%, respectively (P =0.0001).
The feasible and effective adjuvant therapy with S-1 monotherapy
after curative surgery is regarded as the standard of care of stage 1I/1Il
gastric cancer patients in Japan. The Italian Gruppo Oncologico
dell'ltalia Meridionale (GOIM) study also found positive results for
epirubicin/etoposide/5-FU/FA) in patients who underwent D1, D2
dissection {13].

2.2. Chemotherapy in advanced, metastatic, and recurrent gastric cancer

For advanced, metastatic, and recurrent gastric cancer, 5-FU- and/or
cisplatin-based combinations remain the mainstay of treatment {3-7]. A
meta-analysis by Wagner et al. showed that conventional cytotoxic
chemotherapy (n= 103) can improve OS (HR=0.39, 95%Cl: 0.28-0.52,
P<0.00001), quality of life (HR=2.07, 95% CI: 1.31-3.28, P==0.002) and
symptom-free period (HR = 2.33,95% CI: 1.41-3.87, P=0.001) compared
with Best Supportive Care (BSC) (n = 81). The analysis also demonstrated
a survival benefit of cytotoxic combinations (n=836) over single-agent
(n=636) chemotherapy (HR=10.83, 95% Cl: 0.74-0.93, P=0.001) and
an advantage of cisplatin based on OS [14]. Indeed, both CF (cisplatin/5-
FU) and ECF (epirubicin/cisplatin/5-FU) are regarded as the most potent
treatment option in various countries, especially in the US and Europe.

Nevertheless, with these “classical” combinations, median survival
time (MST) does not exceed 7-10 months. Current studies have
focused on “new generation agents,” such as the taxanes (paclitaxel
and docetaxel), irinotecan, oxaliplatin, new oral fluoropyrimidines,
and biological agents [3-7]. Several combinations of these agents,
with response rates of up to 65% reported in phase If studies, have
been investigated in randomized phase II/11I studies [15,16].

To date, docetaxel combinations, especially a docetaxel/cisplatin/
5-FU (TCF) regimen, are likely crucial in various regimens. In the
phase Il V-325 study, the triple agent therapy was superior to CF in
terms of response rate {37% vs. 25%; 95% Cl: 30.3-43.4 vs. 19.9-31.7,
chi-square P=0.0106), time to progression (TTP; 5.6 months vs.
3.7 months; HR =147, 95% CI: 1.19-1.82, risk reduction 32%, log-rank
P == 0.0004), and survival (risk reduction 23%, HR=1.25,95% C}: 1.0~
1.6, log-rank P=0.0201) in patients with metastatic gastric cancer
{17218], TCF triplet is recognized as a new reference regimen for
advanced gastric cancer in the US and Europe, However, the triplet
regimen appeared to be highly toxic compared with other regimens.
The optimizing studies of the original regimen, in terms of both the
efficacy and safety, are currently in progress {19].

New oral 5-FU analogs and prodrugs such as S-1 and capecitabine
are also attractive alternative agents for combination with other
anticancer agents. Recent phase I trials have focused on the use of
oral 5-FU, especially for S-1, and demonstrated these pivotal activities. A
three arm Phase [l study [Japan Clinical Oncology Group (JCOG) 9912]



