SHORTENING OF CELL LIFESPANBY pléink4a

TABLE |. Expression of growth factor and growth factor receptor genes in mesenchymal stem cells

H4-1 UE6E7T-12 UE7T-13

Probe set Description NV Flag Raw NV Flag Raw NV Flag Raw

Growth factor receptor
201983_s_at Epidermal growth factor receptor 1.08 P 2172 .18 P 313 0.47 P 2079
202273 _at Platelet-derived growth factor receptor, beta 333 P 4049 2.03 P 3252 0.79 P 2076
203131 _at Platelet-derived growth factor receptor, alpha 1.07 P 4990 .19 P 7328 0.52 P 5256
203627 _at Insulin-like growth factor 2.07 P 1437 1.03 P 938 0.97 P 1467
205051_s_at v-kit sarcoma viral oncogene 1.73 A 123 0.66 A 62 2.46 A 380
205876_at Transforming growth factor receptor 1.03 P 2749 0.66 P 2339 048 P 2785
20858 at Nerve growth factor receptor 1.32 A 19 1.07 A 20 2.19 A 68
208944 _at Met proto-oncogene 0.80 P 1333 1.00 P 2206 0.38 P 1376
210316_at Leukemia inhibitory factor receptor 1.00 P 114 1.60 P 239 0.80 M 197
211535 s_at Fibroblast growth factor receptor 131 P 3126 0.89 P 2803 0.35 P 1818

Growth factor
203085_s_at Transforming growth factor, beta 0.49 P 1134 1.00 P 3055 0.38 P 1904
204421 _s_at Fibroblast growth factor 2 2.12 P 3955 1.00 P 2454 0.43 P 1719
205016_at Transforming growth factor, alpha 7.66 P 522 0.43 A 38 0.88 A 131
205266_at Leukemia inhibitory factor 7.15 P 5039 0.49 P 456 0.46 A 710
205463_s_at Platelet-derived growth factor, alpha 1.07 P 750 .00 P 924 0.72 A 12
206254 _at Epidermal growth factor 0.41 A 21 1.59 A 106 0.63 A 70
206414_at Nerve growth factor 2.76 P 1865 0.81 P 722 1.00 P 1467
209540_at Insulin-like growth factor | 1.61 A 24 0.47 A 9 6.97 A 223
209960_at Hepatocyte growth factor 0.79 A 87 1.07 P 156 0.96 A 230
210512_s_at Vascular endothelial growth factor 2.09 P 7536 0.40 P 1913 0.23 P 1819
211124_s_at Kit ligand 0.31 A 89 1.95 P 739 1.23 P 703
216055_at Platelet-derived growth factor, beta .00 A 63 1.42 A 118 2.16 A 296

NV, normalized value; P, presence; A, absence; M, marginal.

phosphoethanolamine, {0 ng/mi PDGF-BB, and 10 ng/ml bFGF).
We then investigated the effect of the LS medium on primary
cultures of marrow-derived mesenchymal cells (Fig. 1B),
cartilage-derived chondrocytes (Fig. 1 C), and fat tissue-derived
preadipocytes (Fig. ID). All cell types tested grew at least
100-fold more rapidly in the combined growth medium than in
DMEM supplemented with 10% serum during 3 weeks after the
start of cultivation.

Cell life span and pléink4a expression in the LS medium

In light of the fact that chemically defined growth medium
containing growth factor(s) induces premature growth arrest
of foreskin fibroblasts (Ramirez etal., 2001), we investigated the
life span and p6ink4a induction of MF cells cultivated in LS
growth medium (Fig. 2A—-C). The cells proliferated more rapidly
in the LS growth medium than in the conventional medium.
However, the cells cultured in the LS growth medium stopped
growing and entered senescence or the growth arrest stage
after fewer population doublings (Fig. 2A). MF cells with

the broad and flat cytoplasm exhibited high SA-3-galactosidase
activity (Fig. 2B). p16ink4a, which induces premature
senescence and is a marker for cell stress, was induced after
fewer PDs in the LS growth medium than in the conventional
medium (Fig. 2C).

Reversibility of the induction of pléink4a expression
by the culture conditions

We tested whether pl6ink4a was induced during cellular aging
or increased population doubling or was induced by
unidentified molecule(s) in the LS medium (Fig. 2D,E). The MF
cells grown in the conventional medium or the LS medium were
passaged into two dishes; one was maintained in the same
growth medium and the other was cultured in a different
growth medium for analysis of pl6ink4a expression. The
expression level of pl 6ink4a gradually increased as the passage
number of the cells increased in the LS medium (Fig. 2D, lanes
8-10), but the expression level of p | 6ink4a in the cells cultured
in the conventional medium remained very low or was rather
decreased (Fig. 2D, lanes 1-3), implying that the induction of
pl6ink4a protein depended on cell cultivation in the LS medium.
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Surprisingly, the high-level p | 6ink4a expression returned to an
undetectable level when the cells were switched to culturing in
the conventional medium after culturing in the LS growth
medium (Fig. 2D, lanes | 1—-14) and vice versa: pl 6ink4a started
to be expressed when the growth medium was changed from
the conventional medium to the LS growth medium

(Fig. 2D, lanes 4-7), suggesting that the pl6ink4a expression
depended on the culture medium and was completely
reversible.

Identification of molecule(s) responsible for pl6ink4a
expression in the LS medium

To identify molecule(s) in the LS medium responsible for the
expression of pl6ink4a, we removed individual supplements to
test their influence on the expression of pléink4a protein
(Fig. 3A, Suppl. Fig. 2). The pléink4a protein level was
significantly decreased by removing PDGF-BB or bFGF from the
LS medium, and was decreased to an undetectable level by
removing both PDGF-BB and bFGF from the LS medium;
however, the medium without these growth factors did not
support cell growth sufficiently. Interestingly, the addition of
10% FCS restored the cell growth but did not up-regulate
pl6ink4a (Fig. 3B, lanes | and 4). We also added PDGF-BB and
bFGF at different concentrations to the LS medium without any
other growth factors and found that the induction of pl6ink4a
protein level depended on the concentration of both PDGF-BB
and bFGF (Fig. 3B, lanes 4-6). These results demonstrate that
both PDGF-BB and bFGF are key factors for the induction of
pléink4a protein expression in mesenchymal stem cells. The
expression level of pl6ink4a was also increased in a
concentration-dependent manner when the cells were cuitured
in the conventional medium supplemented with both PDGF and
bFGF (Fig. 3B, lanes 7-9).

Since cells become more sensitive to culture stress in
serum-free or low-serum medium, we cultured the cells in
different concentrations of serum or oxygen to see if low serum
and/or oxygen stress induced pléink4a expression in LS
medium (Fig. 3C, D) (Chen et al., 1995; Itahana et al., 2003;
Parrinello etal., 2003). Serum or oxygen concentration did not
affect the pl6ink4a level at all, implying that low serum and
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Fig. |. Accelerated growth of mesenchymal cells in the growth
medium supplemented with growth factors. A: The mean * SD from
triplicate determinations in cell growth. Growth rate of MF cells in
response to VEGF (10 ng/ml), EGF (10 ng/ml), bFGF (10 ng/mi), and
PDGF (10 ng/mi) in culture medium supplemented with 0.5% FCS.
Absorbance (450 nm) in the WST-| assay was measured as an
indicator of cell growth 4 days after the addition of growth factors.
The cell growth in the same culture conditions without growth factors
was regarded as equal to 100%. The statistically anallsis was
performed by ANOVA and Fisher’s t-test. *P<0.05; “*P <0.005.
B-D: Growth of marrow-derived mesenchymal cells (B), cartilage-
derived chondrocytes (C) and fat tissue-derived preadipocytes (D) in
primary culture in the combined growth medium (open circles and
open squares) and DMEM supplemented with 10% FCS (closed circles
and closed squares). The culture conditions, that is, the combined
growth medium (LS growth medium), are described in detail in Cells
and Cell Culture Section. The surgical specimens from irreversibly
de-identified donors are numbered #| and #2.

oxygen concentration were not responsible for the
up-regulation of pléink4a.

Involvement of PDGF-BB and PDGF receptor B-chain
(PDGFR) in induction of pléink4a protein

We performed flow cytometric analysis to investigate which
growth factor receptor(s) were expressed (Fig. 4). The analysis
clearly revealed that MF cells were positive for CD140b, a
PDGFRR, and negative for CD140a, a PDGFR a-chain
(PDGFRa) (Fig. 4A). PDGF is a dimer of two possible subunit
proteins, A-chain and B-chain; PDGF A-chain binds to PDGFRe,
while PDGF B-chain binds to either PDGFRa or PDGFRpB
(Fig. 4B) (Seifert etal., 1993). We then investigated the signaling
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Fig. 2. In vitro growth of marrow-derived MF cells and time course
analysis of pl6ink4a protein levels. A: The population doublings of MF
cells at 10 PDs cultured in the LS growth medium (open circles) and
conventional medium (closed circles) are shown (see Cells and Cell
Culture Section). Cell proliferative capacity was assessed by calculating
the total number of population doublings (population doubling level or
accumulative population doublings), using the formula log,, (total
number of cells/starting number of cells)/log,o2. The number of cells
was counted by ViCell (Beckman Coulter) at each passage. The cells
proliferated more rapidly in the LS growth medium than in the
conventional medium. However, the cells cultured in the LS growth
medium stopped growing and entered senescence or the growtharrest
stage after fewer population doublings. B: SA-B-galactosidase activity
of MF cells. a: No SA-B- galactosidase activity in the growth phase at PD
10. b: MF cells became broad and flat, ceased to proliferate, and
exhibited high SA-B-galactosidase activity as indicated by their
cytoplasm stainingblueat PD 19. C: pl 6ink4a, a marker for cell stresses
such as oxidative substances, ultraviolet light, and osmotic pressure, in
MF cells was analyzed by Western blotting. Cells cultured for the
periods indicated in the LS growth medium (L) and conventional
medium (C) were assayed. Expression of §-tubulin protein was
monitored as a loading control. D: p16inkda in MF cells cultured in the
sequential combinations indicated of LS growth medium (L) and
conventional medium (C) were assayed. Expression of 3-tubulin
protein was monitored as a loading control. The cells were cultured
until reaching semiconfluence in the growth mediumindicated (l.or C)
and examined for pl6inkda expression by Western blot analysis. The
cells proliferated more rapidly in the LS growth medium than in the
conventional medium. The cells at semiconfluence in each culture
condition were passaged and cultured in the growth medium indicated
(CC, CL, LC, or LL), and were assayed for pl6ink4a expression: for
example, "LC* indicates that the cells were cuitured until
semiconfluence in the LS growth medium and then cultured in the
conventional growth medium after passage. The cells were again
passaged from each condition and cultured in the growth medium
indicated, and were assayed for p1 6ink4a. E: Quantification of pl 6inkda
expression level. The numbers shown were obtained from the results
of Western blot analysis (part D). pl6ink4a level in MF cells in the
conventional medium (lane | of part D) were regarded as equal to 100.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 3. Effect of PDGF-BB and bFGF on plé6ink4a expression in MF
cells, A: MF cells were cultured for 7 days in LS medium (L), LS growth
medium supplemented with 10% FCS (L/10%FCS), without
PDGF-BB (-PDGF-BB), without bFGF (-bFGF), without PDGF-BB
and bFGF (-PDGF, bFGF), without PDGF-BB and bFGF, and
supplemented with 10% FCS (-PDGF, bFGF/10%FCS). Equal amounts
of protein extracts were separated by SDS-PAGE and analyzed by
Western blotting with anti-pl6ink4a and anti-B-tubulin antibodies.
pl6ink4a/B-tubulin expression of MF cells in LS medium (L) was
regarded as equal to 100%. The mean * SD is calculated from
triplicates of band densities as determined by Image } 1.38x (NiH,
USA). The statistic analysis was performed by ANOVA and Fisher’
s t-test, *P<0.05; **P <0.005. B: MF cells were cultured for 7 days in
growth factor-free LS medium (L(-GF)), growth factor-free LS
medium supplemented with 0% FCS (L(-GF)/10% FCS), or the
conventional medium (C), supplemented with the indicated
concentration of both PDGF-BB and bFGF. C: The effect of the serum
concentration in LS medium on the plbink4a expression level. The
MF cells were cultured for 7 days in LS medium supplemented with
the indicated concentration of FCS (lanes 1-6). Culturing in the
conventional medium (C) served a as a control (lane 7). D: Effect of
oxygen concentration on the pléink4a expression. The MF cells were
cultured for 7 days in the LS medium at 20% oxygen (lane 2) or

3% oxygen (lane 3). Culturing in the conventional medium (C) at
20% oxygen served as a control (lane 1).

effects of all three isoforms (PDGF-AA, PDGF-AB, and
PDGF-BB) for pl6ink4a protein expression. The protein level
of pl6ink4a was induced when MF cells were cultured with
PDGF-BB and PDGF-AB (Fig. 4C). PDGF-AA did not induce
p I 6ink4a, consistent with the results obtained from the FACS
analysis. These results suggest that PDGF B-chain induced
pl6ink4a protein through binding to its receptor, PDGF
receptor f3-chain, in MF cells. bFGF exhibited a synergistic
effect with PDGF-BB for the level of pl6ink4a induction

(Fig. 4C).

The effects of growth factors on the expression of
pléink4a and on cell growth in the marrow-derived
mesenchymal stem cells

To determine the relationship between p | 6ink4a induction and
cell growth, we investigated the expression level of pl6ink4a
protein in MF cells exposed to different combinations of various
growth factors, that is, aFGF, bFGF, EGF, VEGF, and PDGF-BB
(Schichor et al.,, 2006; Tamama et al,, 2006; Ng et al., 2008)
(Fig. 5A). Among them, PDGF-BB and bFGF significantly
induced pléink4a protein. YWe then examined cell growth in
cultures treated with combinations of the growth factors
(Fig. 5B). A positive correlation (R = 0.7) was observed
between the pléink4a expression and cell growth in the MF
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Fig. 4. Expression of pléink4a protein by PDGF B-chain. A: Flow
cytometric analysis using antibodies to CD140a and CD140b in MF
celis. B: PDGF A-chain binds to PDGFR« and PDGF B-chain binds to
either PDGFRa or PDGFR. The two PDGF receptor subunits

can form three types of PDGF receptors, and PDGF-BB can bind to
all three forms of the receptor. C: MF cells were cultured for 7 days in
LS medium supplemented with lane |: no growth factor;

lane 2: bFGF; lane 3: PDGF-AA; lane 4: PDGF-BB; lane 5: PDGF-AB;
lane 6;: PDGF-AA and bFGF; lane 7: PDGF-BB and bFGF; lane 8:
PDGF-AB and bFGF; or lane 9: PDGF-AA, PDGF-BB and bFGF. The
concentrations of PDGF-AA, PDGF-AB, PDGF-BB, and bFGF were
30 ng/ml, 30 ng/ml, 30 ng/ml, and 10 ng/ml|, respectively. Equal
amounts of protein extracts were separated by SDS~-PAGE and
analyzed by Western blotting with anti-p I 6ink4a (upper column) and
anti-B-tubulin (lower column) antibodies.

cells exposed to growth factors (Fig. 5C). Since the pl6ink4a
expression is known to be mediated by mitogen-activated
protein (MAP) kinases and blocked by their inhibitors (Lin etal.,
1998; Wang et al,, 2002; lwasa et al., 2003), we tested whether
p | 6ink4a was downregulated by PD98059, a specific inhibitor of
MEK | (Bébien et al., 2003; Williamson et al., 2004; Shimo et al.,
2007), and by SB203580, a specific inhibitor of p38 MAPK
(Bébien et al,, 2003; Williamson et al., 2004; Shimo et al., 2007).
Expression of pl6ink4a was inhibited by both PD98059 and
SB203580 (Fig. 5D), indicating that the induction of pléink4a
protein by growth factor stimulation is mediated via the ERK/
p38 MAPK signal pathway.

Discussion
Establishment of minimal conditions for
mesenchymal stem cells

Most animal cells can live, multiply, and even express
differentiated properties under appropriate surroundings in
tissue-culture dishes (Alberts, 2002). Primary cells dissociated
from tissues were cultured and analyzed biochemically the
effects of adding or removing specific molecules, such as
hormones or growth factors. Cell culture conditions vary in a
cell-specific manner and cells can therefore be categorized or
defined by their requirements. Mesenchymal cell biology is a
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Fig. 5. The effects of various growth factors on the expression of p | 6ink4a and the cell growth of marrow-derived MF cells. A: MF cells were
cultured in growth factor-free LS medium with the indicated growth factors for 7 days. B: MF cells were cultured in LS medium with the indicated
growth factorsfor 7 days after growth factor starvation for 24 hr. Cellnumberwas estimated by the WST-| colorimetricassay. The x-axis shows the
values of absorbance (450 nm) as an indicator of cell number. C: The correlation between the cell growth determined by the WST-|
colorimetricassay and the expressionlevel of pl §ink4aprotein. The correlationfactor (R) equals 0.7. D: The effect of MAPK inhibitorsinLS medium
on the pl6inkd4a expression of MF cells. The MF cells were cultured for 7 days in LS medium (lanes 1-2: L) supplemented with the indicated
concentration of PD98059 (lanes 3-5) or SB20358 (lanes 6-8). To maintain cell viability, FCS wasadded to afinal concentration of 1 0% (lanes 5 and 8).
Culturing in the conventional medium without (lane ) or with additional FCS (lane 2: Final FCS concentration was 10%) served as a control. Equal
amounts of protein extracts were separated by SDS-PAGE and analyzed by Western blotting with anti-p16ink4a (upper column) and

anti-B-tubulin (lower column D) antibodies.

complex, rapidly evolving field (Toyoda et al,, 2007). Much of
the confusion in this field results from the lack of universally
accepted defining characteristics of the mesenchymal stem cell.
A logical proposal for the definition of a marrow mesenchymal
stem cell would thus be “a putative marrow cell that cans
self-renew and gives rise to a one or more mesenchymal
tissues.” Murine and human marrow-derived mesenchymal
stem cells differentiate into osteoblasts (Ochi et al., 2003),
chondrocytes (Imabayashi et al., 2003), skeletal myocytes
(Umezawa et al., 1992), adipocytes (Umezawa etal., 1991), and
cardiomyocytes (Makino et al., 1999; Takeda et al., 2004) in
vitro, and bone marrow-derived mesenchymal cells are a useful
cell source for bone regeneration (Ochi et al,, 2003) and in vive
cardiovasculogenesis (Gojo et al,, 2003). However, marrow
derived mesenchymal cells, the population of cells within which
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the mesenchymal stem cell is thought to exist, can also
seemingly differentiate into tissues such as neurons (Kohyama
et al,, 2001) other than those that originate in the embryonic
mesoderm, raising questions about the appropriateness of the
term mesenchymal stem cell.

To what extent can the microenvironment, culture
conditions, or growth factors dictate the identity of
mesenchymal stem cells and their production of different
progeny! Serum plays a critical role in the growth of cells in vitro
by providing components such as amino acids, lipids, growth
factors, vitamins, hormones, and attachment factors, by acting
as a pH buffer, and by providing protease inhibitors (Alberts,
2002). Most culture media for mesenchymal cell culture include
a poorly defined mixture of macromolecules in the form of fetal
calf serum. However, usage of serum for mesenchymal stem cel!
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culture makes it difficult to know which specific
macromolecules a particular type of cell requires to survive and
to function normally. This difficulty led to the development of
serum-free, chemically defined media. In addition to the usual
small molecules, such defined media need to contain growth
factors that the mesenchymal stem cells require in culture. The
identification of PDGF, EGF, aFGF, LIF, and bFGF as factors
essential for the survival, development, and proliferation of
mesenchymal stem cells in this study may make it possible to
establish minimal conditions under which this cell type behaves
in a default state in cuiture.

Cell growth versus cell life span

We have successfully prolonged the mesenchymal cell life span
by introducing the Bmi-1, E6, E7, and TERT genes (Mori et al.,
2005; Terai et al,, 2005). However, it must be taken into
account that even when non-oncogenic genes were introduced
for cell-based therapy to increase cell growth and prolong the
cell life span. Inhibition of the pl6ink4a/Rb pathway is sufficient
to prolong the life span of cells in cultures of marrow-derived
stroma {Mori et al., 2005). The pl6ink4a/Rb pathway is
activated in marrow-derived mesenchymal cells in vitro, as in
mammary epithelial cells and hepatocytes, but not in foreskin
fibroblasts (Kiyono et al,, 1998; Simonsen et al,, 2002). The
development of an appropriate culture system without gene
transduction to neutralize the p | 6ink4a/Rb braking system, that
is, stress-free medium for expanding human mesenchymal cells
enables us to expand mesenchymal cells almost |00-fold more
effectively after 2 weeks of cultivation compared with
conventional medium, that is, DMEM supplemented with fetal
calf serum.

Growth factor-dependent acceleration of premature
senescence or growth arrest is rather unexpected and
unfavorable, analogous to pressing down on the gas pedal and
the brake pedal simultaneocusly (Ramirez et al.,, 2001; Raucci
etal,, 2004). Up-regulation of cell growth without affecting the
cell life span, a key future goal of any cell-based therapy, would
thus be an “antinomy” or “trade-off” and put us in a quandary.
This can now be achieved by inhibiting the pathway leading to
premature senescence without affecting cell proliferation:
Signaling from the PDGF receptors by exogenously added
PDGF-BB induced p|6ink4a protein through p38, and should
selectively inhibit the extension of the cell life span without
affecting growth factor-dependent cell proliferation through
the classical Mek-Erk MAPK pathway (Toyoda et al., 2007).
However, this is a challenge to be addressed in the future,
probably the not-too-distant future. It is noteworthy again that
excessive growth stimulation by growth factors could be one of
the cell senescence inducers, like oxidative stress and so-called
culture shock (Sherr and DePinho, 2000; Toussaint etal., 2000).
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POUSF1 (more commonly known as OCT4/3) is one of the stem cell markers, and affects direction
of differentiation in embryonic stem cells. To investigate whether cells of mesenchymal origin
acquire embryonic phenotypes, we generated human cells of mesodermal origin with
overexpression of the chimeric OCT4/3 gene with physiological co-activator EWS (product of the
EWSR1 gene), which is driven by the potent EWS promoter by translocation. The cells expressed
embryonic stem cell genes such as NANOG, lost mesenchymal phenotypes, and exhibited
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Introduction [1-4]. This phenotypic conversion requires the molecular repro-

Somatic stem cells have been shown to have a more flexible poten-
tial, but the conversion of mesenchymal cells to embryonic stem
(ES) cells has still been a challenge and requires gene transduction
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gramming of mesenchyme. Mesenchymal stem cells or mesenchy-
mal progenitors have been isolated from adult bone marrow [5],
adipose tissue [6], dermis |7}, endometrium [8], menstrual blood [8],
cord blood [9,10], and other connective tissues [11]. These cells are
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capable of differentiating into osteoblasts [12], chondrocytes [13],
skeletal myocytes, adipocytes, cardiomyocytes [14,15], and neural
cells {16]. However, most of the differentiation capability is limited
to cells of mesodermal origin. This is in contrast to ES cells derived
from the inner cell mass of the blastocyst that differentiate into cells
of three germ cell layers. ES cells are pluripotent and immortal, and,
therefore, ES cells provide an unlimited number of specialized cells.

Embryonic and adult fibroblasts have been induced to become
pluripotent stem cells (iPS cells) or ES-like cells by defined factors
including POU5F1 (also known as OCT4/3) [1-3]. OCT4/3 protein, a
member of the POU family of transcription factors, is related to the
pluripotent capacity of ES cells, and is thus a distinctive marker to
identify primordial germ and embryonic stem cells [17-21]. OCT4/
3 is down-regulated during oogenesis and spermatogenesis [22].
Furthermore, knocking out the OCT4/3 gene in mice causes early
lethality because of lack of inner cell mass formation [23], and
0CT4/3 is critical for self-renewal of ES cells {24]. During human
development, expression of OCT4/3 is found at least until the
blastocyst stage [25] in which it is involved in gene expression
regulation. OCT4/3 functions as a master switch in differentiation
by regulating cells that have, or can develop, pluripotent potential
by activating transcription via octamer motifs [26].

The EWS gene was originally identified at the chromosomal
translocation, and fused with the ets transcription factors in Ewing
sarcoma, as is the case of other sarcomas {27-30}.

We report here the generation of human cells that overexpress
the OCT4/3 gene with physiological co-activator EWS (translation
product of the EWS gene). In this study we show that the cells of
mesenchymal origin overexpressing OCT4/3 can be traced back to
cells with an embryonic phenotype.

Materials and methods
Cell culture

GBS6 cells were generated from primary or first passage cells of a
pelvic tumor [31], and cultured in tissue culture dishes (100 mm,
Becton Dickinson) in the G031101 medium (Med Shirotori, Tokyo).
All cultures were maintained at 37 °C in a humidified atmosphere
containing 95% air and 5% CO,. When the cultures reached
subconfluence, the cells were harvested with Trypsin-EDTA
Solution (cat# 23315, IBL) at 0.06% trypsin, and replated at a
density of 5 x 10° in a 100 mm dish. Medium changes were carried
out twice weekly thereafter. Both H4-1 and Yub10F were human
bone marrow cells. The 3F0664 were human bone marrow-derived
mesenchymal cells and were purchased from Lonza (PT-2501, Basel,
Switzerland). The H4-1, Yub10F and 3F0664 cells were cultured in
the mesenchymal-stem-cell-growth (MSCG)-Medium-BulletKit
(PT-3001, Lonza). The NCR-G1 (a human yolk sac tumor line),
NCR-G2 (a human embryonal carcinoma cell line from a testicular
tumor), NCR-G3 (a human embryonal carcinoma cell line from a
testicular tumor) and NCR-G4 (a human embryonal carcinoma cell
line) were cultured in the G031101 medium as previously described
[32]. In an experiment to inhibit cell adhesion, GBS6 and NCR-G3
cells were treated with anti-human E-cadherin, monoclonal (Clone
HECD-1) (M106, TAKARA BIO INC.) at 100 pg/mL. Treatment with
the demethylating agent, 5’-aza-2'-deoxycytidine (5azaC; A2385,
SIGMA), was performed on GBS6 cells. GBS6 cells were treated with
3 M of 5azaC for 24 h, and then cultured without treatment for

24 h, The 5azaC-traeated GBS6 cells were described as “GBS6-
5azaC”. MRC-5 human fetal lung fibroblasts were maintained in
POWEREDBY10 medium (MED SHIROTORI CO., Ltd, Tokyo, Japan).
We used these cells at between 17 and 25 PDs for the infection of the
retroviral vectors. 293FT cells were maintained in DMEM contain-
ing 10% FBS, 1% penicillin and streptomycin. iPS cells were main-
tained in iPSellon medium (007001, Cardio) supplemented with
10 ng/mL recombinant human basic fibroblast growth factor (bFGF,
WAKO, Japan). For passaging, iPS cells were washed once with PBS
and then incubated with Dulbecco's Phosphate-Buffered Saline
(14190-144, Invitrogen) containing 1 mg/mL Collagenase IV
(17104-019, Invitrogen), T mM CaCl,, 20% Knockout Serum
Replacement (KSR) (10828-028, Invitrogen), and 0.05% Trypsin-
EDTA Solution (23315, IBL) at 37 °C. When colonies at the edge of
the dish started dissociating from the bottom, DMEM/F12/collan-
genase was removed. Cells were scraped and collected into 15 mL
conical tubes. An appropriate volume of the medium was added,
and the contents were transferred to a new dish on irradiated MEF
feeder cells. The split ratio was routinely 1:3.

G-banding karyotypic analysis and spectral karyotyping
(SKY) analysis

Metaphase spreads were prepared from cells treated with Colce-
mid (Karyo Max, Gibco Co. BRL, 100 ng/mL for 6 h). We performed
a standard G-banding karyotypic analysis on at least 50 metaphase
spreads for each population. SKY analysis was performed on
metaphase-transduced cells according to the kit manufacturer's
instruction (ASI, Carlsbad, CA) and a previously published method
133).

RT-PCR

The cDNAs were synthesized with an aliquot (5 pg) of each total RNA
using Oligo-(dT)20 primer (18418-020, Invitrogen) and SuperScript
Il Reverse Transcriptase (18080-044, Invitrogen). Both the RNA
strand of an RNA-DNA hybrid and single-stranded DNA were
degraded by RNaseH (18021-071, Invitrogen). For the thermal
cycle reactions, cDNA was amplified by T3 Thermocycler (Biometra,
Goettingen, Germany) under the following reaction conditions:
30cycles of aPCR (94 °Cfor 305,55 °Cfor 30 s and 72 °Cfor 30 s) after
an initial denaturation (94 °C for 1 min). Primer sets used for PCR
reactions are described in Tables 1 and 2. As the same amount of
¢DNA template was used in all reactions, in comparison to the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) standard, the
expression levels were evaluated. The controls consisted of reactions
without reverse transcriptase in the process of cDNA synthesis.

Table 1 - PCR primers to detect the chimeric EWS-0CT4/3
gene and untranslocated 0CT4/3 gene.

Name Sequence

Symbol

A EWS exon6-F 5! TTA GAC CGC AGG ATG GAAAC Y

B EWS ex6 5! GTG GGG TIC ACTAT 3/
intron-F
POUSF1-1a-F 5" GAT CCT CGG ACC TGG CTAAG 3!
POUSFL-2-F 5 CFT GCI GCA GAA GTG GGT GGAGGA A 3!
POUSE1-1a-R 5/ TCA GGC TGA GAG GTCTCCAA 3/
POUSF1-3-R. 5/ CTG CAG TGT GGG TTT CCG GCA Y

— 50 —
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Table 2 - PCR primers for detection of gene transcripts.

Name Sequence Size

(bp)

Nanog Forward: 5 AGT CCC AAA GGC AAA CAACCCACTTC Y, 164
Reverse: 5’ ATC TGC TGG AGG CTG AGG TAT TTC TGT
CIcy

Sox2 Forward: 5’ ACC GGC GGC AAC CAG AAG AACAG 3! 253
Reverse: 5' GCG CCG CGG CCG GTATIT AT 3/

UTF1 Forward: 5 ACC AGE TGC TGA CCT TGA AC 3" 230
Reverse: 5’ TTG AAC GTA CCC AAG AACGA 3

GAPDH Forward: 5' GCT'CAG ACA CCATGG GGAAGG T3 474
Reverse: 5/ GTG GTG CAG GAG GCATIG CTGA 3/ :

Immunoblot analysis

Whole lysates of GBS6 or NCR-G3 cells were loaded on 10% SDS/
PAGE (40 pg total protein/lane) and transferred to a nitrocellulose
membrane. The blots were probed with antibodies against anti-
Oct3/4 (C-20 for the C-terminus of OCT4/3 of human origin; sc-
8629, Santa Cruz), developed with polyclonal rabbit anti-goat
Immunoglobulins/HRP antibody (P0160; Dako), and detected by

chemiluminescence following the manufacturer's protocol (ECL
Western Blotting Analysis System, Amersham).

Flow cytometric analysis

Cells were stained for 30 min at 4 °C with primary antibodies and
immunofluorescent secondary antibodies. The cells were then
analyzed on a Cytomics FC 500 (Beckman Coulter, Inc,, Fullerton,
CA, USA) and the data were analyzed with the FC500 CXP Software
ver.2.0 (Beckman Coulter, Inc,, Fullerton, CA, USA). Antibodies against
human CD9 (555372, PharMingen), CD13 (IM0778, Beckman), CD14
(6603511, Beckman), CD24 (555426, PharMingen), CD29 (6604105,
PharMingen), CD31 (IM1431, Beckman), CD34 (IM1250, Beckman),
CD44 (IM1219, Beckman), CD45 (556828, PharMingen), CD50
(IM1601, Beckman), CD55 (IM2725, Beckman), CD59 (IMK3457,
Beckman), CD73 (550257, PharMingen), CD81 (555676, PharMin-
gen), CDY0 (IM1839, Beckman), CD105 (A07414, Beckman), CD106
(IM1244, Beckman), CD117 (IM1360, Beckman), CD130 (555756,
PharMingen), CD133 (130-080-801, Miltenyi Biotec), CD135
(IM2234, Beckman), CD140a (556002, PharMingen), CD140b
(558821, PharMingen), CD157 (D036-3, IBL), CD166 (559263,
PharMingen), CD243 (IM2370, Beckman), ABCG2 (K0027-3, IBL),

Table 3 — Expression of human ES cell-associated genes.

A
Cell 0CT4/3 SOX2

DPPA4

GBS6 P A
. 2493 56
GBS6-5azaC P A
6620
NCR-G1 A A
45 67
NCR-G2 P A

NCR-G3 P P
NCR-G4 P P

H4-1 A A
83 13

3F0664 : A A
56 63

Yub10F A A
19 49

B

Gene symbol Probe set ID Gerne name

A
9.
A

POUSF1 208286 x at Octd/3

SOX2 213721 at . Sox2

NANOG 220184 at Nanog; Nanog homeobox
UTF1 208275.x at
TDGE1 206286 s at
ZICc3 207197 at
DPPA4 219651 at
MYC 202431 s at
KLF4 2202665 at

Zic3; odd-paired homolog

cmyc
Kif4; Kruppel-like factor 4

Utft; undifferentiated embryoric cell transcription factor 1
Tdgf1; teratocarcinoma-derived growth factor 1

Dppad; developmental pluripotency associated 4

A, Gene expression was examined with the Human Genome U133A Probe array (Affymetrix). Raw data values (Raw) for each gene expression are shown.
Flags: Gene expression was judged to be "P {present)” or ‘A (absent)" in each cell by the GeneChip Analysis Suite 5.0 computer program. GBS6-5azaC; GBS6
cells were exposed t0'3 uM 5'-aza-2’-deoxycytidine for 24 h, and then cultired without any treatment for 24 h,

B. Gene names fot each symbol. !
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Fig. 1 - Phase contrast micrograph of GBS6 cells, and expression of the translocated POU5F1/0CT4/3 gene. A cell line termed
“GBS6” was generated from primary or first passage cells of a pelvic tumor [31]. (A) GBS6 cell aggregate (GBS6 sup). Scale

bar: 100 pm. (B) GBS6 adherent cells (GBS6 btm). Scale bar: 100 um. (C) G-banding karyotypic analysis and Spectral karyotyping
(SKY) analysis of the translocated chromosomes. (D) Schematic representation of the EWS-0CT4/3 structure in the t(6;22)
tumor. EWS exons are represented by black boxes and OCT4/3 exons by open boxes. The 0CT4/3-1b exon is composed of an open
and gray box. The novel EWS-0CT4/3 chimeric exon is created by the fusion between EWS intron 6 and part of the exon of
OCT4/3 (Ala). The vertical arrows indicate each breakpoint on either chromosome 22 (EWS) or chromosome 6 (0CT4/3). The
horizontal arrows indicate the position and direction of primers for PCR (Table 1). (E) RT-PCR analysis of the translocated
0CT4/3 gene and the untranslocated 0CT4/3 gene in GBS6 cell, NCR-G2, NCR-G3, NCR-G4, and 3F0664 cells. NCR-G2, NCR-G3,

and NCR-G4 cells are embryonal carcinoma cells, and 3F0664 cells are mesenchymal cells. (F) Western blot analysis of
EWS-0CT4/3 in GBS6 cells. Western blot analysis was performed using anti-Oct4/3 antibody. EWS-0CT4/3 chimeric protein
(~58 kDa) was detected in GBS6 cells. The positions of prestained molecular markers (BIO-RAD) are indicated to the

left (kDa).
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HLA-ABC (IM 1838, Beckman), HLA-DR, DP, DQ (6604366, Beckman),
SSEA-1 (MAB4301, Chemicon), SSEA-3 (MAB4303, Chemicon),
SSEA-4 (MAB4304, Chemicon), STRO-1 (MAB1038, R and D
Systems), TRA-1-60 (MAB4360, Chemicon), and TRA-1-81
(MAB4381, Chemicon) were adopted as primary antibodies. PE-
conjugated anti-mouse Ig antibody (550589, Pharmingen), PE-
conjugated anti-mouse IgM antibody (555584, Pharmingen) and
PE-conjugated anti-rat Ig antibody (550767, Pharmingen) were used
as secondary antibodies. X-Mean, the sum of the intensity divided by
total cell number, was automatically calculated, and it was adopted
for the evaluation of this experiment.

Implantation of cells into mice

GBS6 cells (>1x107) were subcutaneously inoculated into an
immunodeficient, NOD/Shi-scid, IL-2Ry™" mouse (NOG mouse)
(CREA, Tokyo, Japan). Subcutaneous specimens were resected at
2 weeks after implantation. The operation protocols were accepted

by the Laboratory Animal Care and the Use Committee of the
National Research Institute for Child and Health Development,
Tokyo (approval number: 2003-002 and 2005-003).

Immunohistochemistry analysis

Immunohistochemical analysis was performed as previously
described [34-36] with antibodies to MIC2 (clone# 12E7, cat#
M3601, DAKO, Carpinteria, CA, USA), vimentin (clone# V9, cat#
M0725, DAKO, Carpinteria, CA, USA), neurofilament protein 70 kDa
(NF-L, clone# 2F11, cat# MO0762, DAKO, Carpinteria, CA, USA),
desmin (clone# D9, cat# 010031, Bio-Science Products AG, Emmen-
bruecke, Switzerland), smooth muscle actin (clone# 1A4, cat#
MO0851, DAKO, Carpinteria, CA, USA), and OCT4/3 (clone# C-10, cat#
s¢-5279, Santa Cruz Biotechnology, Inc,, CA, USA) in PBS containing
1% bovine serum albumin. As a methodological control, the primary
antibody was omitted. Immunohistochemical analysis of iPS cells
was performed according to the manufacturer's protocol [SCR002,
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CD140a [1— IgG3-PE cD105|[f  SSEA-4
5 ! CD29 l CD59
L
E £
3
z
intensity
B
Negative (y<0.1) Low (0.1<y<1} Positive (1<y)
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Fig. 2 - Cell surface marker analysis of GBS6 cells. (A) Flow cytometric analysis of cell surface markers in GBS6 cells. The results of
CD73, CD90, CD117, CD166 and SSEA-3 were compared with the result of their isotype control, PE-conjugated IgG1. The results of
CD140a and CD140b were compared with the result of PE-conjugated IgG2a. The results of CD105 and SSEA-4 were compared with the
result of PE-conjugated IgG3. The results of CD29, CD44 and (D59 were compared with the result of FITC-conjugated IgG1. X-axis
and Y-axis indicate the intensity and the cell number, respectively. (B) Summary of cell surface markers. “y” is “X-means” subtracted
by ‘a value of isotype control’; “y<0.1”, “0.1<y<1”, and “1<y” were determined “negative”, “low” and “positive”, respectively.
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Chemicon (Millipore)]. Primary antibodies included Oct-3/4 (C-10)
(diluted at 1:300, sc-5279, Santa Cruz), NANOG (diluted at 1:300,
RCABOOO3P, ReproCELL), SSEA-4 (diluted at 1:300, MAB4304,
CHEMICON), and TRA-1-60 (diluted at 1:300, MAB4360, CHEMI-
CON). Secondary antibodies used were Alexa Fluor 546 Goat Anti-
mouse IgG, 2 mg/mL (diluted at 1:300, A11003, Invitrogen), Alexa
Fluor 488 Goat Anti-rabbit IgG, 2 mg/mL (diluted at 1:300, A11008,
Invitrogen), and Alexa Fluor 488 Goat Anti-mouse 1gG, 2 mg/mL, F
(ab’)2 fragment (diluted at 1:300, A11017, Invitrogen). Nuclei were
stained with 1 pg/mL DAPI (40043, Biotium).

Quantitative RT-PCR

RNA was extracted from cells using the RNeasy Plus Mini kit
(Qiagen). An aliquot of total RNA was reverse transcribed by using
an oligo (dT) primer. For the thermal cycle reactions, the cDNA
template was amplified (ABI PRISM 7900HT Sequence Detection
System) using the Platinum Quantitative PCR SuperMix-UDG
with ROX (11743-100, Invitrogen) under the following reaction
conditions; 40 cycles of PCR (95 °C for 15 s and 60 °C for 1 min) after
an initial denaturation (95 °C for 2 min). Fluorescence was
monitored during every PCR cycle at the annealing step. The
authenticity and size of the PCR products were confirmed using a
melting curve analysis (using software provided by Applied
Biosystems) and a gel analysis. mRNA levels were normalized
using GAPDH as a housekeeping gene, POU5F1-2-F and POU5F1-3-R
primers were used to detect the OCT4/3 gene (see Table 1, D and F).

Chromatin immunoprecipitation (ChIP) assays

Chromatin immunoprecipitation was performed according to the
instructions of the EZ ChIP Chromatin Immunoprecipitation Kit
(17-371, Upstate Biotechnology Inc., Chicago, IL, USA). Histone and
DNA were cross-linked with 1% formaldehyde for 10 min at room
temperature and formaldehyde was then inactivated by the
addition of 125 mM glycine. The chromatin was then sonicated to
an average DNA fragment length of 200 to 1000 bp. Soluble
chromatin reacted with and without anti-acetylated Histone H3
(06-599, Upstate Biotechnology Inc., Chicago, IL, USA), and anti-
acetylated Histone H4 (06-866, Upstate Biotechnology Inc,,
Chicago, IL, USA). The immunocomplex was purified and collected
in elution buffer (0.1 M NaHCOs;, 1% sodium dodecyl sulfate).
Crosslinking was then reversed using elution buffer containing
RNase A (0.03 mg/mL) and NaCl (0.3 M) by incubation for 4 h at
65 °C. Supernatant obtained without antibody was used as the input
control. The DNA was treated with proteinase K for 1 h at 45 °C and
purified. For all ChIP experiments, quantitative PCR analyses were
performed in real time as described in this manuscript. Relative

occupancy values were calculated by determining the apparent
immunoprecipitation efficiency (ratios of the amount of immuno-
precipitated DNA to that of the input sample) and normalized to the
level observed at a control region. For all the primers used, each gave
a single product of the right size adult stem cell confirmed by agarose
gel electrophoresis and dissociation curve analysis. These primers
also gave no DNA product in the no-template control. The following
three primer sets for human OCT4/3, as previously described [26],
were adopted for real-time PCR to quantitate the ChIP-enriched DNA:
human POU5F1-A (-2613/-2396), 5'-GGG GAACCTGGAGGATGG-
CAAGCTGAGAAA-3' and 5'-GGCCTGGTGGGGGTGGGAGG AACAT-3;
human POU5F1-B (-1779/-1563), 5-CCTGCACCCCTCCACAAATCACTC
GC-3" and 5'-TGCAATCCCCTCAAAGACTGAGCCTCAGAC-3 ; human
POUSF1-C (-237/-136), 5-GAGGGGCGCCAGTTGTGTCTCCCGGTTTT-
3’ and 5-GGGAGGTGGG GGGAGAAACTGAGGCGAAGG-3',

DNA methylation analysis

The NCR-G2 (JCRB cell bank number; JCRB1167) [32], NCR-G3
(JCRB cell bank number; JCRB1168) [32], GBS6, and Yub636BM
(human bone marrow cells derived from an extra digit) cells were
prepared for this assay. Genomic DNA was isolated using DNeasy
Blood and Tissue Kit (69504, QIAGEN). Primers were selected from
the CpG island regions with homogenous CpG site methylation
patterns. The target region of the genes used for methylation
analysis and the primer sequences used for PCR amplification are
shown in Table 4. One of the two primers in the PCR amplification
of the target regions is tagged with a T7 promoter sequence:
cagtaatacgactcactatagggagaaggcet. The PCR reactions were carried
out in a total volume of 5 pL using 1 pmol of each primer, 40 pM
dNTP, 0.1 U HotStar Taq DNA polymerase (QIAGEN), 1.5 mM MgCl,,
5x PCR buffer (final concentration 1x), and bisulfite-converted
DNA. The reaction mix was preactivated for 15 min at 95 °C, The
reactions were amplified in 45 cycles of 95 °C for 20 s, 62 °C for
305, and 72 °C for 30 s followed by 72 °C for 3 min. Unincorporated
dNTPs were dephosphorylated by adding 1.7 L DNase-free water
and 0.3 U Shrimp Alkaline Phosphatase (SAP). The reaction was
incubated at 37 °C for 20 min and SAP was then heat-inactivated
for 10 min at 85 °C. Typically, 2 pL of the PCR reaction was directly
used as a template in a 6.5 pL combined transcription-cleavage
reaction. Twenty units of T7 polymerase (Epicentre) were used to
incorporate either dCTP or dTTP in the transcripts. Ribonucleotides
at 1 mM and the dNTP substrate at 2.5 mM were used. RNase A
(Sequenom) was included to cleave the in vitro transcript. The
mixture was then further diluted with water to a final volume of
27 yl. Conditioning of the phosphate backbone prior to MALDI-TOF
MS was achieved by the addition of 6 mg CLEAN resin (Sequenom).
The cleavage reaction samples (15 nL) were dispensed onto silicon

Fig. 3 - In vitro and in vivo characteristics of GBS6 cells. (A) Ca+ +-dependent, E-cadherin-independent adhesion of GBS6 cell
aggregates. GBS6 cells (a) were unaffected by the antibody te E-cadherin (b), but were dissociated by EDTA, Ca++ chelator (c).
In contrast, NCR-G3 cells (d), serving as a control since they are E-cadherin-dependent, were dissociated and induced to death by the
antibody to E-cadherin (e). Scale bar: 100 um. (B) Immunohistochemical analysis of GBS6 cells implanted into the subcutaneous
tissue of NOG mice. GBS6 cells at 2 weeks after implantation (a, b: hematoxylin and eosin stain, c: silver stain, d: PAS stain) were
examined for immunohistochemical analysis using antibodies to MIC2 (e), vimentin (f), neurofilament protein 70 kDa (g: NF-L),
desmin (h), and smooth muscle actin (i: SMA). Scale bars: 200 pm (a) and 50 pm (b-i). (C) Immunohistochemical analysis with
the anti-OCT4/3 antibody of GBS6 cells implanted into the subcutaneous tissue of NOG mice. GBS6 cells at 2 weeks after implantation
were examined for immunohistochemical analysis using antibodies to OCT4/3. The higher-magnification image of the region
enclosed by a square in “a” (b). Scale bars: 200 pm (a) and 20 pm (b).
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chips preloaded with matrix (SpectroCHIP, Sequenom). Mass For analysis of DNA methylation, we examined the methylation-
spectra were collected using a MassARRAY mass spectrometer dependent C/T sequence changes introduced by bisulfite treat-
(Sequenom). Spectra were analyzed using proprietary peak ment. Those C/T changes are reflected as G/A changes on the
picking and spectra interpretation tools (EpiTYPER, Sequenom). reverse strand and hence result in a mass difference of 16 kDa for
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each CpG site enclosed in the cleavage products generated from
the RNA transcript. The mass signals representing nonmethylated
DNA and those representing methylated DNA, built signal pairs,
which are representative for the CpG sites within the analyzed
sequence substring. The intensities of the peaks were compared,
and the relative amount of methylated DNA was calculated from
this ratio. The method yields quantitative results for each of these
sequence-defined analytic units referred to as CpG units, which
contain either one individual CpG site or an aggregate of
subsequent CpG sites,

Plasmid construction

Each open reading frame of human 0CT4/3 and SOX2 was amplified
by RT-PCR using the RNA extracted from NCR-G2 cells (JCRB cell
bank number; JCRB1167) [32], a complex-type germ cell tumor cell
line. Also, those of c-MYC and KLF4 were amplified by RT-PCR using
the RNA extracted from the bone marrow stromal cell line, UET13.
A Gateway cassette composed of an attR1/R2 flanked CmR and
ccdB (Invitrogen) was amplified by PCR and ligated into the Eco Rl/
Not I site of pMXs retroviral expression vector to create pMXs-
DEST [37]. PCR amplification was performed by using KOD-Plus-
DNA polymerase (KOD-201, TOYOBO). The constructs were
confirmed by sequencing.

Retroviral infection and iPS cell generation

293FT cells (Invitrogen) were plated at 2x 10° cells per 100 mm
dish and incubated overnight. The next day, the cells were co-
transfected with pMXs-0CT4/3, pMXs-S0X2, pMXs-c-MYC, pMXs-
KLF4, pCL-GagPol, and pHCMV-VSV-G vectors with TransIT-293
reagent (Mirus, Madison, WI). Twenty-four hours after transfec-
tion, the medium was replaced with a new medium, which was
collected after 48 h as the virus-containing supernatant. MRC-5
cells were seeded at 1x10° cells per 35 mm dish 1 day before
infection. The virus-containing supernatants were filtered through
a 0.45 um pore-size filter, ultracentrifuged at 8500 rpm for 16 h, and
then resuspended in DMEM (D6429, SIGMA) supplemented with
4 mg/mL polybrene (Nacalai Tesque). Equal amounts of concen-
trated supernatants containing each of the four retroviruses were
mixed, transferred to MRC-5 cells, and incubated for 8 h. The MRC-5
cells were cultured for 4 days and replated on an irradiated MEF
feeder layer in 100 mm dish. The medium was replaced with the

iPSellon medium supplemented with 10 ng/mL bFGF. One-half of
the medium was changed every day and the cells were cultured up
to 30 days after a day of infection. Colonies were picked up and
transferred into 0.2 mL of iPSellon medium when colonies
appeared. The colonies were mechanically dissociated to small
clumps by pipeting up and down or mechanically cut using a
STEMPRO EZPassage disposable passaging tool (23181010, Invitro-
gen). The cell suspension was transferred on irradiated MEF feeder
in 4-well plates [176740, Nunc (Thermo Fisher Scientific)]. We
define this stage as passage 1.

Teratoma formation

iPS cells were harvested by accutase treatment, collected into
tubes, and centrifuged, and the pellets were suspended in the
iPSellon medium. The same volume of Basement Membrane
Matrix (354234, BD Biosciences) was added to the cell suspension.
Cells (1x107) were implanted subcutaneously to a BALB/c-nu/nu
mouse (CREA, Japan) for 4 weeks. Tumors were dissected and fixed
with PBS containing 4% paraformaldehyde. Paraffin-embedded
tissue was sliced and stained with hematoxylin and eosin.

GeneChip expression analysis

Total RNA was extracted from cells using the RNeasy Mini Kit
(74104, Qiagen, Valencia, CA). Genomic DNA was eliminated by
DNase [ (2215A, TAKARA BIO INC.) treatments. From all RNA
samples, 5 ug of total RNA was used as a starting material for the
microarray sample preparation. Double-stranded ¢cDNA was
synthesized from DNase-treated total RNA, and the ¢cDNA was
subjected to in vitro transcription in the presence of biotinylated
nucleoside triphosphates using the Enzo BioArray HighYield RNA
Transcript Labeling Kit (Enzo Life Sciences, Inc., Farmingdale, NY),
according to the manufacturer's protocol (One-Cycle Target
Labeling and Control Reagent package). Human-genome-wide
gene expression was examined with the Human Genome U133A
Probe array (GeneChip, Affymetrix), which contains the oligonu-
cleotide probe set for approximately 23,000 full-length genes and
expressed sequence tags (ESTs), according to the manufacturer's
protocol (Expression Analysis Technical Manual and GeneChip
small sample target labeling Assay Version 2 technical note, http://
www.affymetrix.com/support/technical/index.affx) as previously
described [5]. Hierarchical clustering and principle component

Fig. 4 - Expression of the 0CT4/3 gene and histone modification of the OCT4/3 promoter in GBS6 cells. (A) Expression of embryonic
stem cell-enriched genes in GBS6, NCR-G2, NCR-G3, NCR-G4, and 3F0664 cells. GBS6 cells expressed the 0CT4/3 and NANOG genes,
but not the SOX2 and UTF1 genes. NCR-G2 cells expressed the 0CT4/3 and NANOG genes; both NCR-G3 cells and NCR-G4 cells expressed
the 0CT4/3, NANOG, SOX2 and UTF1 genes. 3F0664 mesenchymal cells did not express these four kinds of embryonic

stem cell-enriched genes. POUSF1-1a-F and POU5F1-1a-R (Table 1) were used to amplify the endogenous 0CT4/3 gene.

(B) Quantitative PCR analysis to assess the expression level of 0CT4/3 mRNA in GBS6. 0CT4/3 mRNA level is expressed relative to
3F0664 cells control. (C) Real-time PCR to quantitate the ChIP-enriched DNA using acetylated Histone H3 and acetylated Histone
H4 antibodies. Schematic of the location of the amplicons (A-C) used to detect ChiP-enriched fragments in 0CT4/3 shown
relative to the distal enhancer (DE)/CR4 region, to the proximal enhancer (PE), and to transcription start site (arrow) (a).

The relative levels of acetylated Histone H3 (b) and acetylated Histone H4 (c) modifications were detected in GBS6 cells and
3F0664 cell control. GBS6 cells are represented by black bars and 3F0664 cells by open bars. (D) DNA methylation analysis in the
promoter region of the OCT4/3 gene. The target regions of 0CT4/3 used for the quantitative DNA methylation analysis. Region ‘a’
and Region ‘b’ include 5 (— 706, — 532, — 497, — 475, —466) and 3 {— 108, + 60, + 75) CpG sites, respectively. The positions of

CpG sites are relative to the OCT4/3 transcription start site (gray triangle). (E) The relative amount of methylated DNA ratio (%) at

each CpG site is indicated as the black area in the pie chart.
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analysis were performed to group mesenchymal cells obtained
from bone marrow into subcategories (http://lgsun.grc.nia.nih.
gov/ANOVA/).

Results

Establishment of human cells of mesenchymal origin with
overexpression of the translocated POU5F1/0CT4/3 gene

To investigate whether cells of mesenchymal origin acquire an
embryonic phenotype, a novel human cell line termed GBS6 was
established from the pelvic bone tumor, of which histology shows
diffuse proliferation of undifferentiated tumor cells with oval
nuclei and scant but short spindle cytoplasm [31]. The generated
cells grew attached to the dish as a polygonal cell sheet with cell
aggregates forming in the center (Figs. 1A, B), and retained the
reciprocal translocation, t(6; 22), detected in the original tumor
(Fig. 1C). The EWS-OCT4/3 chimeric gene expression also
remained (Figs. 1D, E and Table 1). Embryonal carcinoma (EC)
cells, i.e., NCR-G2, NCR-G3, and NCR-G4, served as control cells
expressing the endogenous OCT4/3 gene. Immunoblot analysis
revealed that EWS-OCT4/3 fusion protein was expressed in GBS6
cells (Fig. 1F).

Cell surface markers of GBS6 cells

GBS6 cell surface markers were evaluated by flow cytometric
analysis (Fig. 2). The results showed that GBS6 cells were strongly
positive (Positive; Fig. 2B) for CD9, CD29 (integrin p1), (D44,
CD59, CD81, CD90 (Thy-1) and HLA-A,B,C (HLA class I); weakly
positive (Low; Fig. 2B) for CD73 and CD166 (ALCAM); negative
(Negative; Fig. 2B) for CD55, CD105 (endogrin), CD140a
(PDGFRa), and CD140b (PDGFRB). The lack of CD13, (D55,
CD105, CD106, CD140a, and CD140b in GBS6 cells suggests that
the surface markers of GBS6 cells are different from those of con-
ventional mesenchymal cells {10,38,39].

E-cadherin-independent growth of GBS6 cells

To investigate whether GBS6 cells survive dependent on E-
cadherin-like human embryonic cells, the cells were treated by an
inhibitory antibody to E-cadherin (HECD Ab) and EDTA (Fig. 3A).
GBS6 cell survival was unaffected by the E-cadherin antibody but
affected by EDTA (Fig. 3A-a, b, c). In contrast, NCR-G3 cells,
human embryonal carcinoma cells that proliferate in an E-
cadherin-dependent manner, were dissociated and induced to
apoptosis by the E-cadherin antibody (Fig. 3A-d, e).

Implantation of GBS6 cells into immunodeficient mice

To investigate an in vivo phenotype of GBS6 cells, the cells were
intramuscularly injected into immunodeficient NOG mice and
examined by histopathology and immunchistochemistry (Fig.
3B). The injected cells exhibited an undifferentiated phenotype
with oval nuclei and scant spindle cytoplasm (Fig. 3B-b), and
showed an alveolar configuration (Fig. 3B-c). The cells were
negative by the PAS stain (Fig. 3B-d). The cells were immunohis-
tochemically positive for MIC2 and vimentin (Fig. 3B-e, ), and
negative for neurofilament, desmin, and smooth muscle actin

(Fig. 3B-g, h, i). The cells retained OCT4/3 in their nuclei even
after implantation (Fig. 3C).

Expression of ES-enriched genes

To determine if GBS6 cells express ES cell-enriched genes, that is,
the OCT4/3, NANOG, SOX2, and UTFI genes, RT-PCR with specific
primer sets (Table 2) and gene chip analyses were performed. GBS6
cells expressed the endogenous OCT4/3 and NANOG genes like NCR-
G2, NCR-G3, and NCR-G4 embryonal carcinoma cells, but did not
express the SOX2 and UTF1 genes (Fig. 4A). The results of the
RT-PCR analysis were compatible with those of the gene chip
analysis (GSE8113, Table 3). To compare the expression level of
stem cell-specific genes in GBS6 cells, ES cells, and mesenchymal
cells, we performed a quantitative RT-PCR analysis. The expression
level of OCT4/3 was about half that of human EC cells, but was more
than twenty-five times that of 3F0664 mesenchymal cells (Fig. 4B).
The results show that the expression level of OCT4/3 is comparable
to that of human EC cell.

To determine if the cis-regulatory element of the OCT4/3 gene
has so-called open chromatin structure, we performed the chip
analysis using antibodies to acetylated H3 and acetylated H4
(Fig. 4C). The results show that acetylated histone levels which
the OCT4/3 promoter is wrapped around in GBS6 cells are
comparable with those in 3F0664 mesenchymal cells. We also
performed methylation analysis of the OCT4/3 gene in GBS6 cells
because the expression of OCT4/3 gene is regulated by methyla-
tion (Figs. 4D, E and Table 4). The promoter region of the 0CT4/3
gene was heavily methylated in GBS6 cells as compared with
human NCR-G3 embryonal carcinoma cells expressing the OCT4/
3 gene at a high level.

Cell reprogramming assay

To investigate if chimeric EWS-OCT4/3 induces iPS cells like
native OCT4/3, we performed Yamanaka's reprogramming assay
on MRC-5 human fetal lung fibroblasts (Fig. 5A), using the
chimeric EWS-0OCT4/3 construct with the KLF-4, SOX2, and c-MYC
genes according to the conventional protocol [40] with some
modifications. We failed to obtain iPS cells using the EWS-0CT4/
3, KLF-4, SOX2, and c¢-MYC constructs (Fig. 5B), albeit trials of
three independent experiments, whereas, for a control, we
successfully generated 101 clones of iPS cells from MRC-5 cells
using the OCT4/3, KLF-4, SOX2, and ¢-MYC constructs (Fig. 5C).
The iPS cells generated from MRC-5 cells expressed human ES
cell-specific surface antigens (Figs. 5D-G). In vivo implantation
analysis showed that iPS cells generated various tissues including
neural tissues (Fig. 5H: ectoderm), cartilage (Fig. 5I: mesoderm),

Table 4 - Primers used for PCR amplification of the bisulfite-
converted DNA. '

Name Sequence Size.
(bp)

Region ‘' Forward: 5' TIG GTT ATT GIG TITATG GTI GIT G 3' 437
Reverse: 5! TAA ACC AAA ACA ATC CTT.CTA €TCC 3!

Region'b' Forward: 5 TIT GGG TAATAA AGT GAGATTTIG. = 452
Reverse: 5 CTA ACC CTC CAA AAA AAC CTTAAAA Y
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Fig. 5 - Induction of iPS cells from MRC-5 cells and teratoma formation. (A) Morphology of MRC-5 cells. (B) Morphology of cells
using EWS-0CT4/3, KLF-4, SOX2, and c-MYC genes at Day 30 after infection. (C) Morphology of established iPS cell (clone 16: Fetch)
colony using 0CT4/3, KLF-4, SOX2, and c-MYC genes at Day 20 after infection. (D-G) Immunocytochemistry for OCT4/3 (D),
NANOG (E), SSEA-4 (F), and TRA-1-60 (G). Nuclei were stained with DAPL. Bars = 500 pm (A~C), and 200 pm (D~G). In addition,
chromosomal G-band analyses showed that human iPS cells from MRC-5 had a normal karyotype of 46XY (not shown). The analysis
of short tandem repeat shows that novel iPS cells from MRC-5 cells were not a result of cross-contamination. Hematoxylin and
eosin staining of teratoma derived from the generated iPS cells. Cells (1x 107) were implanted subcutaneously to a BALB/c-nu/nu
mouse for 4 weeks. Histological examination showed that the tumor contained various tissues, neural tissues (H; ectoderm),
cartilage (I; mesoderm), a gut-like epithelial tissue (J; endoderm), and a hepatic tissue (K; endoderm). Bars = 100 pm (H-K).

a gut-like epithelial tissue (Fig. 5]: endoderm), and a hepatic
tissue (Fig. 5K: endoderm). These results imply that the chimeric
EWS-0CT4/3 gene does not participate in reprogramming of
somatic cells.

Principle component analysis of global gene expression
in GBS6 cells

To determine whether GBS6 cells are categorized into embryonal
cells or mesenchymal cells, global gene expression patterns of
GBS6 cells, embryonal carcinoma cells (NCR-G2, NCR-G3, and
NCR-G4), yolk sac tumor cells (NCR-G1), and marrow stromal
cells (3F0664, H4-1, and Yub10F) were further analyzed by
principle component analysis (PCA), which reduces high-dimen-
sionality data into a limited number of principle components (Fig.
6). The first principle component (PC1) captures the largest
contributing factor of variation, which characterizes the differ-
ential expression of genes. As we were interested in the
differential gene expression component, we plotted the position
of each cell type against the PC1, PC2, and PC3 axis in three-
dimensional space by using virtual reality modeling language

(Fig. 6A). Close examination of the 3D model identified PC1 as the
most representative view of the 3D model. PC1 axis direction is
therefore used to characterize the differential gene expression
(Fig. 6B). In addition, hierarchical analysis of the cells analyzed
for global gene expression revealed that GBS6 cells are categor-
ized into embryonal carcinoma cells and yolk sac tumor cells, i.e.,
NCR-G1, -G2, -G3, and -G4 cells (Fig. 6C).

Discussion

In this study, we generated a cell line with a transitional form
between mesenchymal cells and embryonic stem cells. Loss of
mesenchyme-specific cell markers, i.e., CD13, CD55, CD105, CD106,
CD140a and CD140b, and modification of cell survival with the
calcium chelator indicate that GBS6 cells are no longer mesench-
ymal cells. Global and drastic differences in gene expression with
the GeneChip analysis support the conclusion that GBS6 cells no
longer exhibit the profile of mesenchymal cells. It is also
noteworthy that this transition phenotype is reliably inherited ex
vivo after a series of in vitro passages.

— 59 —
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Fig. 6 - Principal component analysis and hierarchical clustering of gene expression in GBS6 cells, embryonal carcinoma cells,
and bone marrow cells. (A) 3D-representation of principle component analysis. (B) Principal components of PC1 axis, negative

direction. (C) Hierarchical clustering analysis of averages.

0CT4/3 function and its physiological partner EWS in
embryonic transition

ES-like cells or iPS cells are generated from murine fibroblasts by
transfecting four genes, i.e., OCT4/3, SOX2, KLF-4 and ¢-MYC are
necessary for the mesenchymal-embryonic transition [1-3].
However, OCT4/3 alone is not sufficient to confer embryonic phe-
notypes to human bone marrow-derived cells, NIH3T3 cells (data
not shown) or embryonic fibroblasts [1]. EWS and OCT4/3 are
directly bound both in vitro and in vivo [41}; in other words, EWS is
a binding partner of OCT4/3. Therefore, the EWS-OCT4/3 protein in
GBS6 cells is considered a fusion between physiological partners.
EWS and OCT4/3 are co-expressed in the pluripotent mouse and
human ES cells. To investigate if the EWS-0CT4/3 has a transcrip-
tional activity, we performed the luciferase assay. The results show
that the chimeric EWS-OCT4/3 gene has comparable or higher
transcriptional activity than the native 0CT4/3 gene does (Supple-
mentary Fig. S1). Ectopic expression of non-chimeric EWS
enhances the transactivation activity of OCT4/3; the N-terminal
QSY domain of EWS and the C-terminal POU domain function as a
transcriptional activation and DNA binding, respectively [42,43].
The OCT4/3 gene is overexpressed under the cis-regulatory
element of the EWS gene [31], and the functional co-operation of
0OCT4/3 and EWS at a protein level to transcriptional activation may

lead to embryonic transformation in GBS6 cells. Converting
mesenchymal cells to embryonic cells opposes the usual direction
of ES cell differentiation [44]; and this is achieved by chimeric
0CT4/3 with physiological co-activator EWS driven by the potent
cis-regulatory element of the EWS gene [31]. This phenotypic
conversion requires the molecular reprogramming of mesenchy-
mal cells with new instructions.

Mesenchymal to embryonic “incomplete” transition by
overexpression of chimeric 0CT4/3

0CT4/3 fused to EWS not only participates in oncogenesis [29,31],
but also contributes to mesenchymal-embryonic transition, at
least in part from the viewpoint of global gene expression profiles
and cell surface markers (Figs. 2 and 6). GBS6 cells are subcate-
gorized into groups of cells derived from testicular germ cell
tumors (Fig. 6A, cells with embryonic phenotypes are shown in
pink), and the PC1 axis indicates transition from mesenchymal cell
group to embryonal cell group (Fig. 6B). This transition was,
however, incomplete; some of the ES-specific genes were not re-
activated. OCT4/3 is a member of the POU family of transcription
factors, is expressed in pluripotent ES cells, including primordial
germ cells [17-21], and functions as a master switch in differentia-
tion by regulating cells that have, or can develop, pluripotent
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potential. However, tight chromatin structure in GBS6 cells may
render OCT4/3 recognition sequences inaccessible [45]. The OCT4/
3 recognition sequences have been found in the cis-regulatory
elements of the FGF-4 and CD140a/platelet-derived growth factor
receptor-o gene [46], but GBS6 cells are indeed negative for
CD140a (Fig. 2B). Alternatively, the lack of other essential trans-
cription factors such as SOX2 and UTF1 (Fig. 4A, Table 3) and/or co-
factors may be a cause of “incomplete” transition. Interestingly,
this transition phenotype is reliably inherited ex vivo after a series
of in vitro passages, and this may also be attributed to the function
of OCT4/3 that is critical for self-renewal of embryonic stem cells
[24].

Mesenchymal to epithelial transition is observed in physiologi-
cal and pathological conditions {47-50]. In contrast, mesenchymal-
embryonic transition has been achieved in an artificial experimen-
tal condition in vitro [1-3]. Homogenous positive staining for
0CT4/3 in embryonal carcinoma cells supports the model that the
encoded protein is crucial, and the absence of OCT4/3 in non-
embryonal carcinoma cells is in agreement with the inability to
generate pluripotent stem cells [51]. The cell line generated in this
study with overexpression of chimeric OCT4/3, although this is just
one case of rare human immortalized cells, provides us with insight
into cell plasticity involving OCT4/3 that is essential for ES cell
maintenance and into the complexity required for changing cellular
identity.
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