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ABSTRACT

Cancer tissues contain cancer stem cells (CSCs), which play important roles in cancer me-
tastasis. However, the mechanisms through which cancer cells dedifferentiate into stem cells
have not yet been elucidated. In this study, the effects of high concentrations of polyamines
produced in cancer cells on dedifferentiation were examined. The results showed that when
normal human fibroblasts were cultured with high concentrations of spermine, the obtained
polyamine-induced cells expressed alkaline phosphatase and marker proteins of pluripotent
stem cells, although apoptosis occurred in most cells. In contrast, another polyamine-induced
stem (PIS) cell line (Spe-2 PIS cells), obtained by culture in medium containing Rock, p53,
and Bax inhibitors plus spermine, did not show signs of apoptosis. These Spe-2 PIS cells
expressed marker proteins of pluripotent stem cells and differentiated into cardiomyocytes,
brown adipocytes, and nerve cells. These results suggest that a high concentration of sper-
mine, which often induces apoptosis in normal cells, has the capacity to dedifferentiate so-
matic cells into pluripotent stem cells and may be associated with the dedifferentiation of
cancer cells, which continuously produce high concentrations of spermine. Moreover, the
procedure to obtain Spe-2 PIS cells, which is simple and efficient, may have potential ap-
plications in regenerative medicine.

1. INTRODUCTION

Polyamines are aliphatic amines containing more than two amino groups; putrescine, spermidine,
and spermine are the primary polyamines in mammals [1-3]. Polyamines bind to chromosomal DNA,
mRNA, and proteins and play important roles in translation, gene expression, protein phosphorylation,
and signal transduction [4, 5]. Moreover, polyamines have positive effects on proliferation when added to
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cell cultures [3, 6] and protect cells from the harmful effects of reactive oxygen species [7].

Because of their important physiological roles, the concentrations of polyamines are strictly con-
trolled in cells via various metabolic pathways [8]. For example, putrescine is synthesized from ornithine
by ornithine decarboxylase (ODC). Spermidine and spermine are synthesized from both putrescine and
decarboxylated S-adenosylmethionine via adenosylmethionine decarboxylase (AdoMetDC), spermidine
synthetase, and spermine synthetase. Spermidine and spermine are degraded to putrescine via
N-acetylspermine and N-acetylspermidine by spermine/spermidine N1-acetyl transferase (SAT) and po-
lyamine oxidase. The activities of AdoMetDC, ODC, and SAT are strictly controlled to maintain polya-
mines at low levels under normal conditions and are enhanced only when polyamines at higher levels are
necessary. However, these mechanisms are disrupted in cancer cells, which continuously produce high
amounts of polyamines, such as spermidine and spermine [9, 10]. Cancer cells then exploit the functions
of polyamines; for example, high concentrations of polyamines in cancer cells enhance proliferation and
inhibit the expression of CD44, a molecule that binds to the extracellular matrix, thereby enhancing mi-
gratory ability [11]. Consistent with this, patients with cancer exhibit high levels of acetylpolyamines in the
blood, and the levels of these compounds can be normalized after excision of the tumor.

Cancer stem cells (CSCs) contained in cancer tissues were recently found to be a major cause of re-
currence in cancer therapy [12-14], and researchers are currently evaluating the characteristics of CSCs.
However, the mechanisms through which cancer cells produce CSCs by dedifferentiation have not yet
been elucidated. I hypothesized that dedifferentiation may be induced by polyamines, since cancer cells are
exposed to high concentrations of spermidine and spermine in cancer tissues. Thus, in this study, the ef-
fects of high concentrations of spermine on cell dedifferentiation were examined. Normal somatic cells
were used for experiments in place of cancer cells because cancer cells secrete various components that
also affect the characteristics of cancer cells. The results provide important insights into the capacity of
polyamine-induced stem (PIS) cells to differentiate into various types of cells.

2. MATERIALS AND METHODS
2.1. Chemicals

Putrescine, spermidine, and spermine (product codes: 51799-100MG, S2626-25G, and S$3256-25G, re-
spectively; Sigma-Aldrich Japan, Tokyo, Japan) were used as polyamines. These compounds were dissolved
in distilled water at final concentrations of 20 and 100 mM, and the solutions were then sterilized with a
0.2-um membrane filter (Steradisc13; product code: S-1302; Kurabo Industries Ltd., Osaka, Japan). Y-27632
(CAS: 129830-38-2; product code: 039-24591; Wako Pure Chemical Industries, Ltd., Osaka, Japan) and thia-
zovivin (CAS: 5-11296-88-1; product code: 202-18011; Wako Pure Chemical Industries, Ltd.) were used as
Rho-associated kinase (Rock) inhibitors [15, 16]. Bax-inhibiting peptide V [17] (CAS: 579492-81-2; product
code: B1436-5MG; Sigma-Aldrich Japan) and the cyclic pifithrin-a-hydrobromide [18] (CAS: 511296-88-1;
product code: C2826; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) were used as Bax and p53 inhibitors
of apoptosis. Y-27632 and Bax inhibitor peptide V were dissolved in distilled water at final concentrations of
30 and 3.4 mM, and thiazovivin and cyclic pifithrin-a-hydrobromide were dissolved in dimethyl sulfoxide
(CultureSure DMSO; grade: cell culture; product code: 031-24501, Wako Pure Chemical Industries, Ltd.) and
99.5% ethanol (CultureSure Ethanol; grade: cell culture; product code: 039-24971; Wako Pure Chemical In-
dustries, Ltd.) at final concentrations of 10 and 4.0 mM. These inhibitors were sterilized with 0.2-pm mem-
brane filters. TrypLE Select (product code: 12563029; Thermo Fisher Scientific, Tokyo, Japan) and
STEM-CELLBANKER (GMP grade; product code: CB047; Takara Bio Inc., Shiga, Japan) were used for col-
lection and storage of PIS cells, respectively. Hoechst 33342 solution (product code: 346-07951; Dojindo La-
boratories, Kumamoto, Japan) and Actin Red 555 Ready Probes Reagent (product code: R37112; Thermo
Fisher Scientific) were used for the staining of chromosomes and F-actin, respectively.

2.2. Antibodies
Anti-human OCT4A and SOX2 rabbit monoclonal antibodies; anti-human SSEA-4, TRA-1-60, and
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TRA-81 mouse monoclonal antibodies; and anti-mouse SSEA-1 mouse monoclonal antibody (product
codes: ASA-0110, 0120, 0150, 0160, 0170, and 0135, respectively; Applied Stem Cell Inc., Milpitas, CA,
USA) provided by Human and Mouse ES/iPS Cell Characterization Kits were used for the detection of
pluripotent stem cells. Anti-human OTX2, anti-brachyury, and anti-SOX17 goat polyclonal antibodies
(product codes: part#967331, 967332, and 967330, respectively; R & D Systems, Inc., Minneapolis, MN,
USA) provided by StemXVivo kits were used for the detection of ectoderm, mesoderm, and endoderm,
respectively. Anti-human cardiac troponin T (cTnT) mouse monoclonal (troponin T, cardiac isoform
Ab-1 [clone 13-11]; product code: #MS-295-P0; Thermo Fisher Scientific); anti-sarcomeric alpha actinin
rabbit polyclonal (product code: bs-10367R; Funakoshi Co. Ltd., Tokyo, Japan); anti-human and mouse
uncoupling protein 1 (UCP1) rabbit polyclonal (product code: bs-1925R; Funakoshi Co. Ltd.); an-
ti-f-tubulin  III rabbit polyclonal, anti-myelin basic protein (MBP) rabbit polyclonal, and an-
ti-microtubule-associated protein (MAP2) rabbit polyclonal antibodies (product codes: T3952, M3821,
and M3696, respectively; Sigma-Aldrich Japan) were used for the detection of cardiomyocytes, brown
adipocytes, and nerve cells. Anti-rabbit IgG goat polyclonal antibodies conjugated with Cy-3 (product
code: AP132C; Merck, Osaka, Japan), anti-mouse IgG rabbit polyclonal antibodies conjugated with Alexa
Fluor 555 (product code: ab150126; Abcam Japan, Tokyo, Japan), and anti-goat IgG donkey polyclonal
antibodies conjugated with Alexa Fluor 555 (product code: ab150130; Abcam Japan) were used as second-
ary antibodies. Use of these secondary antibodies enables the visualization of proteins bound to primary
antibodies, which appear red under a fluorescent microscope (EVOS FL Auto Cell Imaging System;
Thermo Fisher Scientific).

2.3. Cells and Medium

TIG-1-20 fibroblasts acquired from the JCRB Cell Bank (cell number: JCRB0501, lot number:
0472015) [19] were used as a typical somatic cell line. TIG-1-20 fibroblasts represent normal human lung
fibroblasts obtained from a 5-year-old girl and established by the Tokyo Metropolitan Institute of Geron-
tology and they have been widely used for aging studies. These cells had a population doubling level (PDL)
of 23.5 when first obtained; the PDL of the cells used in this study was around 30-35. HepG2 cells were
acquired from the JCRB Cell Bank (cell number: JCRB1054, lot number: 05272013). HepG2 cells constitute
a human hepatocellular carcinoma cell line derived from a 15-year-old American male and established by
B. B. Knowless that has been widely used for cancer studies. HepG2 cells were used as representative can-
cer cells in this study. The cell lines of TIG-1-20 and HepG2 did not correspond to cross-contaminated
strains in the data base of International Cell Line Authentication Committee (ICLAC). To avoid
cross-contamination between TIG-1-20 and HepG?2 cells, the cell lines were cultured separately in two dif-
ferent CO, incubators, and the shape of TIG-1-20 cells on the culture plates was checked under a micro-
scope before dedifferentiation experiments to detect potential contamination by HepG2 cells. 3T3-1L24
murine white adipocytes constitute a cell line obtained by differentiation from 3T3-L1 murine
pre-adipocytes in my laboratory. The characteristics of these cells as mouse adipocytes were examined in
detail in a previous study [20], and these cells were used as representative mouse cells. The 3T3-L1 murine
pre-adipocytes were purchased from the ECACC Cell Bank (cell number: EC86052701) in 2005; this cell
line was established by H. Green et al. and has been widely used in adipose studies. ReproCardio 2 cardi-
omyocytes, purchased from ReproCell Co. Ltd. (code number: RCDCO001N, Yokohama, Japan) and pro-
duced by differentiation from induced pluripotent stem (iPS) cells, were used as a positive control for car-
diomyocytes.

Four basic media were used for culture. Modified Eagle’s medium with Earle’s salts and L-glutamine
without sodium bicarbonate (product code: 1010120; MP Biochemical Inc., Illkirch, France) containing
sodium bicarbonate (product code: S8761-100ML; Sigma-Aldrich Japan) was mixed with fetal bovine se-
rum (FBS) at a ratio of 9:1 (10% FBS). The mixture (MEM) was used for the culture of TIG-1-20 fibrob-
lasts and HepG2 cancer cells. Cellartis DEF-CSTM 500 Culture Medium (product code: Y30010; Takara
Bio Inc.) was used to grow human PIS cells. Plates or dishes were pre-coated with Coat-1, provided by the
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kit, before culture. Dulbecco’s modified Eagle’s medium (product code: 1033120; MP Biochemical Inc.)
containing sodium bicarbonate was mixed with FBS at a ratio of 9:1. The mixture (DMEM) was then used
for the culture of 3T3-L24 adipocytes. Stem Medium, a serum-free medium for mouse embryonic stem
(ES) cells (product code: DSRK100; DS Pharma Biomedical, Osaka, Japan) containing leukemia inhibitory
factor (StemSure LIF; grade: cell culture; product code: 199-16051; Wako Pure Chemical Industries, Ltd.),
was use for the culture of mouse PIS cells. Penicillin-streptomycin solution (grade: cell culture; product
code: 168-23191; Wako Pure Chemical Industries, Ltd.) was added to all media at a final concentration of
100 units/mL penicillin and 100 ug/mL streptomycin. Cells were cultured in CO, incubators (5.0% CO,) at
37°C.

2.4. Effects of High Spermine Concentrations on Fibroblasts

TIG-1-20 fibroblasts (5000 cells) were cultured in 24-well plates containing 2 mL/well MEM for 12 h.
Spermine solution was then added at a final concentration of 40 uM (value determined from preliminary
experiments), and cells were cultured for 1 day. Morphological changes in TIG-1-20 fibroblasts cultured
for 0, 12, and 24 h were observed under a microscope. Alkaline phosphatase (AP) activity in TIG-1-20 fi-
broblasts cultured in the same medium for 0, 12, and 24 h was determined using an AP Staining Kit
(product code: # AP100R-1; System Biosciences Inc., Palo Alto, CA, USA) according to the manufacturer’s
instructions. Cells expressing AP were stained red.

2.5. PIS Cells

Spe-1 PIS cells were obtained as follows. Briefly, TIG-1-20 fibroblasts (1 x 10’ cells) were cultured in
25-cm’ culture flasks containing 6 mL MEM + 40 uM spermine for 24 h. Many cells were suspended dur-
ing culture upon losing their adherent phenotype, and both suspended and weakly attached cells were
harvested by centrifugation (800 x g, 3 min). Cells were cultured in 6-well plates containing 4 mL Cellartis
DEF-CSTM 500 Culture medium for 2 - 3 days. Cells that were attached or weakly attached to the plates
were removed by pipetting or with TrypLE select and harvested by centrifugation (800 x g, 3 min). The
obtained strain was named “Spe-1”.

Spe-2, PIS-Hep2, and PIS-L24 cells were obtained as follows. Briefly, MEM (or DMEM) + 20 uM
Y27632 + 5 uM thiazovivin + 20 uM cyclic pifithrin-a hydrobromide + 30 pM BAX-inhibiting peptide V5
(Rock/apoptosis-inhibiting medium) was used as a basic medium for induction. TIG-1-20 fibroblasts (1 x
10° cells) were cultured in 25-cm? culture flasks containing 6 mL Rock/apoptosis-inhibiting medium for 16
h and were subsequently cultured for 1 day after adding 20 uM spermine. During culture, 40 - 60 pM
spermine was added every day (final concentration of 100 - 160 uM spermine). HepG2 hepatocellular car-
cinoma cells and 3T3-L24 white adipocytes (1 x 10° cells) were cultured in 25-cm” culture flasks contain-
ing 6 mL Rock/apoptosis-inhibiting medium for 16 h and were subsequently cultured with the addition of
50 uM spermine every day (final concentration of 100 uM spermine). The obtained PIS cells were removed
with TrypLE Select and harvested by centrifugation (800 x g, 3 min), and the resulting cells were cultured
in 6-well plates containing 4 mL/well Cellartis DEF-CSTM 500 Culture medium for 2 - 3 days. The three
obtained PIS cell lines induced from TIG-1-20, HepG2, and 3T3-124 cells were named Spe-2, PIS-Hep2,
and PIS-L24, respectively. These cell lines were directly used for subsequent experiments or stored with
STEM-CELLBANKER at -80°C until use.

2.6. Apoptosis of Spe-1 PIS Cells and Effects of Rock Inhibitors

TIG-1-20 fibroblasts were cultured in 24-well plates containing 2 mL/well MEM + 40 uM spermine
for 12 or 36 h. After culture for 12 h, cells were used for analysis of membrane dysfunction with an APO-
Percentage Apoptosis Assay kit (product code: A0500; Biocolor Ltd., Newtownabbey, Northern Ireland)
according to the manufacturer’s instructions. APOPercentage Dye, a red dye provided in the Apoptosis
Assay kit, can pass through cell membranes only in apoptotic cells that have lost flippase activity, staining
apoptotic cells pink. In cells cultured for 36 h, staining was carried out for detection of chromosomes and
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F-actin using Hoechst 33342 solution and Actin Red 555 Ready Probes Reagent, respectively. The stained
cells were observed with a fluorescence microscope (EVOS FL Auto Cell Imaging System). Rock inhibi-
tor-treated cells were obtained by culturing TIG-1-20 cells (1 x 10’ cells) in 25-cm” culture flasks contain-
ing 6 mL of MEM + 40 uM spermine or MEM + 40 pM spermine + 20 pM Y27632 + 5 pM thiazovivin for
2 days, and the inhibitory effects of spermine were examined by observation under a microscope.

2.7. Detection of Pluripotent Stem Cell Markers

The expression of marker proteins in TIG-1-20, HepG2, and PIS cells (Spe-1, Spe-2, and PIS-Hep2)
was examined. Cells (1 x 10*) were cultured on a cover glass (product code: C1100; 13 mm diameter; Ma-
tunami Glass Ind. Ltd., Osaka, Japan) inserted in 24-well plates containing 2 mL/well MEM (TIG-1-20
only) or Cellartis DEF-CSTM 500 Culture medium for 1 day. Because Spe-1 PIS cells were non-adherent,
immunostaining was performed in suspended cells in a 1.5-mL micro-cube. Immunostaining for
sex-determining region Y-box 2 (SOX2), POU domain class 5 (OCT3/4), stage-specific embryonic antigen
4 (SSEA-4), TRA1-60, and TRA1-81 proteins was performed using a hES/iPS Cell Characterization Kit
(product number: ASK-3006; Applied Stem Cell Inc.) according to the manufacturer’s instructions.

3T3-L24 and PIS-L24 cells were cultured on cover glasses inserted into 24-well plates containing
DMEM and Stem Medium for 1 day. Immunostaining for SOX2, OCT3/4, and SSEA-1 proteins was per-
formed with an mES/iPS Cell Characterization Kit (Product number: ASK-3005; Applied Stem Cell Inc.)
according to the manufacturer’s instructions. Anti-rabbit IgG goat antibodies conjugated with Cy-3 and
anti-mouse IgG rabbit antibodies conjugated with Alexa Fluor 555, which were diluted 1/400 with phos-
phate-buffered saline (PBS) containing 0.1% bovine serum albumin (BSA), were used as secondary anti-
bodies instead of the secondary antibodies provided by the kits. After immunostaining, cells were observed
with a fluorescence microscope. The expression levels of cMYC, SOX2, OCT3/4, and Kruppel-like factor 4
(KLF4) in TIG-1-20, Spe-2, HepG2, and PIS-Hep2 cells were also determined by real-time polymerase
chain reaction (PCR).

2.8. Analysis of DNA Methylation

Ratios of DNA methylation in TIG-1-20, Spe-2, HepG2, and PIS-Hep2 cells were examined. Chro-
mosomal DNA was extracted from cells with a NucleoSpin Tissue kit (product code: U0952A; Mache-
rey-Nalgen GmbH & Co., Diiren, Germany), and ratios of methylation in chromosomal DNA were deter-
mined with a Methylamp Global DNA Methylation Quantification Ultra Kit (product code: #P-1014B;
Epigentek Group Inc., Farmingdale, NY, USA). Percentages of DNA methylation were calculated using posi-
tive and negative controls provided by the kits. The expression of the DNA (cytosine-5)-methyltransferase 1
(DNMT1) gene in TIG-1-20, Spe-2, HepG2, and PIS-Hep2 cells was also determined by real-time PCR.

2.9. Differentiation of Spe-2 PIS Cells into Ectoderm, Mesoderm, and Endoderm

Differentiation of Spe-2 PIS cells into ectoderm, mesoderm, and endoderm was performed using a
StemXVivo Ectoderm Kit, StemXVivo Mesoderm Kit, and StemXVivo Endoderm Kit (product code:
#5C031B, #SC030B, and #SC019B; R & D Systems, Inc.), respectively. Spe-2 PIS cells (5000 cells) were
cultured in 24-well plates containing 2 mL/well Cellartis DEF-CSTM 500 Culture medium for 1 day. The
cells were further cultured with differentiation medium according to the manufacturer’s instructions. The
obtained cells were fixed in PBS containing 4% formaldehyde (product code: 163-20145; Wako Pure
Chemical Industries, Ltd.) for 30 min, washed twice with 2 mL PBS, incubated with PBS containing 0.3%
TritonX-100 and 1% BSA for 45 min, and washed twice with PBS. Anti-human OTX2, anti-brachyury, and
anti-SOX17 goat antibodies provided by the kits were diluted in PBS containing 0.3% TritonX-100 and 1%
BSA and were used as primary antibody solutions. Cells differentiated into ectoderm, mesoderm, and en-
doderm were incubated with 400 pL of each primary antibody solution for 16 h at 4°C. Anti-goat IgG
donkey antibody conjugated with Alexa Fluor 555, which was diluted 1/400 in PBS containing 0.1% BSA,
was used as secondary antibody solution. Cells were then washed with PBS four times and 400 puL second-
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ary antibody solution was added; cells were further incubated for 1 h and washed four times with PBS. Af-
ter immunostaining, cells were observed with a fluorescence microscope.

2.10. Differentiation into Cardiomyocytes

Differentiation into cardiomyocytes was performed with a PSdif-Cardio Cardiomyocyte Differentia-
tion Kit (product code: PC-STR; StemRD, Burlingame, CA, USA). A, B, C, and PSGro media provided by
the kit were used for the induction of mesendoderm, cardiac mesendoderm, and premyocardial cells and
for the culture of myocardial cells, respectively. Spe-2 cells cultured in 24-well plates were cultured in A, B,
or C media for 1, 2, or 3 days and then cultured in PSGro medium for 7 - 10 days. The obtained cells were
removed with TrypLE Select and cultured in 96-well plates containing ReproCardio 2 culture medium
(product code: RCD101; ReproCell Inc.). The morphological characteristics and movement of the cells
cultured in ReproCardio 2 culture medium were compared with those of human cardiomyocytes (Repro-
Cardio 2) under a microscope. The expression levels of 7NN2 and NK2 homeobox 5 (NKX2-5) genes in
cells cultured in ReproCardio 2 culture medium was examined by real-time PCR.

Cells cultured with PSGro medium for 2 days were used for immunostaining. Briefly, cells in 24-well
plates were fixed with PBS containing 4% formaldehyde for 30 min, washed twice with 2 mL PBS, incu-
bated with PBS containing 0.5% TritonX-100 and 1% BSA for 10 min, and washed twice with PBS. The
cells were then incubated with 1 mL PBS containing 1% BSA for 1 h at 30°C and washed twice with PBS.
Anti-cTnT monoclonal antibodies and anti-sarcomere a-actinin polyclonal antibodies, which were diluted
1:200 in PBS containing 0.1% BSA, were used as primary antibodies. Wells were washed four times with
PBS, and the cells were incubated with 400 pL of each primary antibody solution for 16 h at 4°C. An-
ti-rabbit IgG goat antibodies conjugated with Cy-3 and anti-mouse IgG rabbit antibodies conjugated with
Alexa Fluor 555, which were diluted 1:400 in PBS containing 0.1% BSA, were used as secondary antibody
solutions. Wells were then washed with PBS four times, and cells were incubated with 400 pL of the sec-
ondary antibody solution for 1 h at 30°C, followed by four washes with PBS. Finally, the cells were ob-
served by fluorescence microscopy.

2.11. Differentiation into Brown Adipocytes

Differentiation of Spe-2 PIS cells into brown adipocytes was performed with a PSdif-Cardio Brown
Adipocyte Differentiation Kit (product code: PB-STR; StemRD). A, B, C, and PSGro media provided by
the kit were used for the induction of mesoderm, hematopoietic precursors, brown adipocyte progenitors,
and mature brown adipocytes, respectively. Spe-2 PIS cells were cultured in 24-well plates containing 1
mL/well Cellartis DEF-CSTM 500 Culture medium for 1 day. The cells were then cultured in A, B, or C
media supplied by the kit for 1, 2, or 3 days and finally cultured in PSGro medium for 1 - 2 weeks.

The obtained cells were used for immunostaining. Briefly, cells (2000 cells) were cultured on cover
glasses inserted into 24-well plates containing 2 mL/well PSGro medium for 1 day. The procedures for
fixing, permeabilizing, blocking, and washing were the same as those described above for cells differen-
tiated into cardiomyocytes. Anti-UCP1 rabbit polyclonal antibodies and anti-rabbit IgG goat antibodies
conjugated with Cy-3, which were diluted 1:200 and 1:400 in PBS containing 0.1% BSA, were used as pri-
mary and secondary antibodies. Immunostained cells were observed with a fluorescence microscope. The
expression of the UCPI gene in the cells was examined by real-time PCR.

Accumulation of oil droplets was also examined. The obtained cells were cultured in 24-well plates
containing 4 mL/well MEM + 0.2 mM oleic acid for 16 h, and oil droplets were stained with Oil Red O
(product code: 154-02072; Wako Pure Chemical Industries, Ltd.), as follows. Briefly, Oil Red O saturated
in isopropanol was diluted to 60% with distilled water and filtered with a 0.2-um sterile filter (60% Oil Red
O solution). The cells were fixed in PBS containing 4% formaldehyde for 30 min, wash twice with 2 mL
PBS, and incubated with 60% isopropanol solution for 1 min. The cells were incubated with 60% Oil Red
O solution for 20 min and washed three times with PBS. Oil droplets in the cells (stained red) were ob-
served with a microscope.
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2.12. Differentiation into Nerve Cells

Poly-L-lysine-coated 35-mm dishes (product code: 400-040; AGC Techno Glass Co., Ltd., Shizuoka,
Japan) and 24-well plates precoated with 0.01% poly-N-ornithine solution (product code: A-004-M; Sig-
ma-Aldrich Japan) were used for the culture and immunostaining of human PIS cells, respectively. Spe-2
PIS cells were cultured in dishes or 24-well plates containing 2 mL/well STEMdiff Neural Induction Me-
dium (product code: #05835; Veritas Corp., Tokyo, Japan) for 2 weeks. For culture of PIS-L24 cells,
24-well plates were coated with StemSure 0.1% (w/v) gelatin solution (product code: 19010805; Wako Pure
Chemical Industries, Ltd.), and cells were cultured in 2 mL/well NDiff 227 (product code: Y40002; Takara
Bio Inc.) for 3 days, followed by culture with Complete NeuroCult NSC differentiation medium (mouse;
Veritas Corp.) for 7 days. The obtained cells were examined by immunostaining using the same proce-
dures for fixing, permeabilization, blocking, and washing as those described for cells differentiated into
cardiomyocytes. Anti-A-tubulin III, anti-MBP, and anti-MAP2 rabbit polyclonal antibodies, which were
diluted 1:200 in PBS containing 0.1% BSA, were used as primary antibodies, and anti-rabbit IgG goat an-
tibody conjugated with Cy-3, which was diluted 1:400 in PBS containing 0.1% BSA, was used as a second-
ary antibody. The cells were observed with a fluorescence microscope. Additionally, the expression of
S-tubulin III and MAP2 genes in cells cultured on poly-L-lysine-coated plates was examined by real-time
PCR.

2.13. Gene Expression

Real-time PCR was used to characterize PIS cells, owing to the high specificity of the DNA primers to
the target mRNA and accuracy in quantitative analysis of gene expression levels, using QuantiTect Primer
Assays (Qiagen, Hilden, Germany). TIG-1-20 fibroblasts, HepG2 cancer cells, PIS cells (Spe-1, Spe-2, and
PIS-Hep2), and cells differentiated into cardiomyocytes, brown adipocytes, and nerve cells were used for
gene expression analyses. Total mRNA (0.1 - 0.8 pg) was purified using an RNeasy Lipid Tissue Mini kit
(Qiagen), and cDNA was synthesized using a QuantiTect Reverse Transcription kit (Qiagen). Real-time PCR
was performed using a Rotor-Gene device (Qiagen). QuantiTect Primer Assays (Table 1) and a Ro-
tor-GeneSYBR Green PCR Kit was used as DNA primers and PCR solution, respectively. According to the
procedure of the kit, the reaction was carried out for 50 - 80 cycles of 95°C for 5 s and 65°C for 30 s. The

Table 1. List of DNA primers (QuantiTect Primer Assays) used for real-time PCR.

Symbol Official name Gene ID* Product code®
ACTB actin, beta 60 QT01680476
SOX2 SRY (sex determining region Y)-box 2 6657 QT00237601

OCT3/4 POU class5 homeobox 1 5460 QT00210840
KLF4 Kuppel-like factor 4 9314 QT00061033
c-Myc v-Myc avian myelocytomatosis viral oncogene homolog 4609 QT00035406

DNMT1 DNA (cytosine-5-)methyltransferase 1786 QT00034335
TNN2 cardiac troponin T type 2 7139 QT00089782

NKX2-5 NK2 homeobox 5 1482 QT00010619
UCP1 uncoupling protein 1 7350 QT00040915

TUBIII beta 3 tubulin 10381 QT00083713
MAP2 microtubule-associated protein 2 4133 QT00057358

*Gene ID from NCBI, "Product codes of QuantiTect Primer Assays (Qiagen).
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Ct value (threshold line 0.1) was determined using S-actin as a standard, and the AACt value was calcu-
lated using the ACt value of TIG-1-20 cells as a standard.

2.14. Statistical Analysis

More than three independent experiments were performed for each test to confirm the reproducibili-
ty of the results. Results are presented as means * standard deviations (SDs). Statistical evaluations were
conducted using two-sided t-tests, performed in Excel. Exposures of immunostaining images, taken under
a fluorescence microscope (EVOS FL Auto Cell Imaging System) under the same conditions, were ad-
justed using similar parameter values with Photoshop CS6 software.

3. RESULTS
3.1. Effects of High Spermine Concentrations on Fibroblasts

Concentrations of polyamines are maintained at low levels in normal cells, although cancer cells
produce high concentrations of polyamines [9, 10]. Accordingly, the effects of high concentrations of po-
lyamines on normal fibroblasts were examined. Preliminary experiments showed that the growth rate of
TIG-1-20 cells gradually decreased during approximately 2 months of subculture and finally plateaued at
PDL 50-55, suggesting that the TIG-1-20 cells used in this study were normal. Moreover, additional pre-
liminary experiments were performed to determine the optimal concentration of polyamines. The results
showed that cells cultured in the presence of high concentrations of putrescine, spermidine, and spermine
(10 - 60 uM) showed changes in shape, containing many small particles, and detached from the dishes;
such changes were not observed at lower concentrations. Spermine showed the strongest effect, while
putrescine had the weakest effect among the three polyamines. The minimum effective amount of sper-
mine required to induce a change in cell shape was 100 - 200 nmol per 1 x 10° cells. Accordingly,
TIG-1-20 fibroblasts and spermine were selected as the optimal cell line and compound for subsequent
experiments.

Next, the effects of high concentrations of spermine on morphological and physiological changes in
TIG-1-20 fibroblasts were examined in further detail. Morphological changes in cells cultured in MEM
containing 40 pM of spermine for 1 day are shown in Figures 1(A)-((a)-(c))). Notably, small particles
(around 0.2 - 0.5 pm in diameter) contained in cells (Figure 1(A)-(b)) gradually increased by 12 h of cul-
ture, and many of the cells containing these particles had detached from the dish by 24 h of culture owing
to the loss of adherent characteristics (Figure 1(A)-(c)). The AP activities of these cells were also ex-
amined, as various types of pluripotent stem cells, including ES and embryonic germ (EG) cells, show high
AP activity [21]. Cells with AP activity were stained red. As shown in Figure 1(A)-(d), TIG-1-20 fibrob-
lasts exhibited low AP activity. However, treatment with spermine increased AP activity (Figure
1(A)-(e)), and cells cultured for 24 h contained many small spheres showing high AP activity (Figure
1(A)-(f)). These results suggest that high concentrations of spermine induced the dedifferentiation of fi-
broblasts into stem cells; these cells were designated PIS cells.

3.2. Physiological Characteristics of PIS Cells

The physiological characteristics of PIS cells were further examined to determine whether PIS cells
showed characteristics similar to pluripotent stem cells. Through a procedure described above, Spe-1 PIS
cells were obtained from TIG-1-20 fibroblasts by culture with 40 uM spermine. Gene expression levels in
Spe-1 PIS cells were analyzed using real-time PCR. Figure 1(B) shows the ratios of SOX2, OCT3/4, and
KLF4 mRNAs expressed in Spe-1 PIS cells to those in TIG-1-20 cells (control). High expression of SOX2
and OCT3/4 is important in dedifferentiation into pluripotent stem cells [22, 23], and high expression of
KLF4 is important for inhibition of apoptosis [24]. Notably, the average expression values of OC73/4 and
SOX2 in Spe-1 PIS cells were much higher than those in TIG-1-20 cells, while that of KLF4 was much
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Figure 1. Dedifferentiation of TIG-1-20 fibroblasts into pluripotent stem cells induced by high con-
centrations of spermine. (A) Effects of high concentrations of spermine. TIG-1-20 fibroblasts were
cultured in MEM containing 40 pM spermine for 0, 12, or 24 h. Photographs in the upper and lower
panels show the features and AP activities of the cells, respectively. (B) Ratios of mRNAs in Spe-1
PIS cells to those in TIG-1-20 fibroblasts (control). Bars: means + SDs. **P < 0.01 and *P < 0.05
versus the control (n = 3). (C) Immunostaining of marker proteins of pluripotent stem cells in Spe-1
PIS cells. (D) Differentiation of Spe-1 PIS cells into cardiomyocytes. (a) Features of cells. ((b) and
(c)) Immunostaining with anti-cTnT antibody (b) and anti-sarcomere a-actinin antibody (c).

lower. These results suggest that Spe-1 PIS cells are pluripotent stem cells. The results were then confirmed
by analysis of SOX2, OCT3/4, SSEA-4, TRA-1-60, and TRA-1-81 protein expression. Figure 1(C) shows
immunostaining results. Importantly, the expression levels of SOX2, OCT3/4, SSEA-4, TRA-1-60, and
TRA-1-81 proteins in Spe-1 PIS cells were higher than those in TIG-1-20 fibroblasts.

The capacity of Spe-1 PIS cells to differentiate into cardiomyocytes was then examined (Figure 1(D)).
While more than 90% of cells died during culture, many of the surviving cells showed weak vibrations
(Figure 1(D)-(a)), although they did not beat with a constant rhythm and their movement was different
from that of ReproCardio 2 cardiomyocytes. The expression of cTnT and sarcomere a-actin (ACTN2) was
then examined in the surviving cells (Figure 1(D)-(b) and Figure 1(D)-(c)). ¢TnT is specifically ex-
pressed in myocardial fibers, and the antibody used was highly specific [25]. Notably, the cells expressed
cInT (Figure 1(D)-(b)). Additionally, sarcomeres are specifically present in myofibrils of muscles and
cardiomyocytes, and ACTN?2 is distributed at the Z-disc portion of sarcomeres [26]. The surviving cells
had sarcomere structures (Figure 1(D)-(c)). These results suggest that Spe-1 PIS cells have the capacity to
differentiate into cardiomyocytes, although the obtained cardiomyocytes may include cells that are not
well differentiated. Taken together, the results suggest that high concentrations of polyamines have the
capacity to induce the dedifferentiation of somatic cells into pluripotent stem cells.
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3.3. Apoptosis of PIS Cells and Effects of Rock and Apoptosis Inhibitors

High concentrations of polyamines have been shown to induce apoptosis (3). The results of the above
experiments showed that many Spe-1 PIS cells lost their adherent character during culture, suggesting that
apoptosis had occurred in Spe-1 PIS cells. Thus, the effects of spermine on apoptosis in Spe-1 PIS cells
were examined. Two types of Spe-1 PIS cells, which were obtained by culturing TIG-1-20 cells in medium
containing 40 uM spermine for 12 h and 36 h, were used for this experiment.

Figure 2(A) shows the staining of TIG-1-20 and Spe-1 PIS cells (12 h) with an Apoptosis Assay kit.
Spe-1 PIS cells showed evidence of cell membrane dysfunction, whereas TIG-1-20 cells did not, suggesting
early apoptosis of Spe-1 PIS cells. Figure 2(B) shows the chromosomes in TIG-1-20 cells and Spe-1 PIS
cells, which were stained using Hoechst 33342. Although few Spe-1 PIS cells cultured for 12 h exhibited
fragmented chromosomes (data not shown), many chromosomes were fragmented in Spe-1 PIS cells cul-
tured for 36 h, suggesting that apoptosis had proceeded. Thus, these findings suggest that apoptosis occurs
gradually in many Spe-1 PIS cells.

Moreover, the F-actin in Spe-1 PIS cells cultured for 36 h was compared with that in TIG-1-20 cells
(Figure 2(C)). Cell shrinking or the depolymerization of F-actin was observed in Spe-1 PIS cells. Several
studies have reported that shrinking occurs via activation of Rock and mDia proteins as Rho effectors [27,
28]. Thus, the effects of the Rock inhibitors Y-27632 and thiazovivin [16] were examined to confirm
whether the Rock pathway was related to cell shrinking. Figure 2(D)-(b) shows representative images of
cells cultured in medium containing Y-27632 and thiazovivin, in addition to spermine. Cell detachment
and shrinking were strongly inhibited by the addition of the Rock inhibitors. These results suggest that
high concentrations of spermine induce apoptosis and activation of the Rock pathway.

3.4. Construction of New PIS Cell Line by Culture in Medium Containing Rock
and Apoptosis Inhibitors

Next, both Rock and apoptosis were inhibited, and the effects on PIS cell survival were examined.
TIG-1-20 cells were cultured in Rock/apoptosis-inhibiting medium for 16 h before the addition of 40 uM
spermine and culture for another 2 days. As a result, most cells did not undergo apoptosis; however, the
obtained cells did not sufficiently express markers of pluripotent stem cells and did not have the capacity
to differentiate into various types of cells. These results were thought to be related to the increased number
of cells in the cultures, reducing the effective amount of spermine added per cell. Therefore, the addition
of higher concentrations may be necessary to produce PIS cells.

Accordingly, the optimal concentrations of spermine and treatment conditions were examined in
several experiments. From this, the following improved procedure was obtained. First, 1 x 10° cells
(PDL 30-35) were cultured in 6 mL Rock/apoptosis-inhibiting medium, and 20 uM spermine was added.
Cells were then cultured for 1 day, and 40 uM spermine was added every day until the cells contained
many small particles. The morphological characteristics of these cells were observed at lower (Figure
2(E)-(a)) and higher (Figure 2(E)-(b)) ratios of cell number to medium volume. Notably, PIS cells
contained small particles that moved around within the cells (Figure 2(E)-(c)). These cells also attached
to plate wells and grew in Cullartis DES-TM 500 Culture medium (Figure 2(E)-(d)). These newly ob-
tained PIS cells were designated Spe-2 cells. The obtained Spe-2 PIS cells, however, showed varying ex-
pression levels of markers of pluripotent stem cells because of differences in the initial growth rate of
TIG-1-20 cells; thus, five independent cell lines showing higher expression of the OC73/4 gene were fi-
nally selected from more than 10 cell lines obtained by the culture experiments and were used for sub-
sequent experiments.

To compare Spe-2 PIS cells with PIS cells derived from cancer cells, HepG2 hepatic cancer cells were
also induced with spermine, and the obtained cell line was designated PIS-Hep2. PIS-Hep2 cells showed
morphological characteristics similar to those of Spe-2 PIS cells (Figure 2(F)-(a) and Figure 2(F)-(b)).
Figure 2(F)-(c) shows the cells grown in Cullartis DES-TM 500 Culture medium for 2 days. Three inde-
pendent PIS-Hep2 cell lines obtained from four culture experiments were finally selected.
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Figure 2. Effects of spermine on apoptosis of Spe-1 PIS cells and induction of new PIS cells by inhi-
bition of apoptosis. (A) Dysfunction of the cell membrane in Spe-1 PIS cells. TIG-1-20 fibroblasts
and Spe-1 cells (after culture for 12 h) were stained with an apoptosis detection kit. (B) Fragmenta-
tion of chromosomes in Spe-1 PIS cells. Chromosomes of TIG-1-20 fibroblasts and Spe-1 PIS cells
(after culture for 36 h) were stained with Hoechst 33342. (C) Shrinking or depolymerization of
F-actin. Cells were stained with Actin Red 555 reagent. (D) Effects of Rock inhibitors on shrinking
or depolymerization of F-actin. (a) TIG-1-20 fibroblasts cultured in MEM + 40 mM spermine for 3
days. (b) TIG-1-20 fibroblasts cultured in MEM + 20 pM Y-27632 + 5 pM thiazovivin + 40 mM
spermine for 2 days. (E) New PIS cells formed by inhibition of Rock and apoptosis. ((a) and (b))
TIG-1-20 fibroblasts cultured in Rock/apoptosis-inhibiting medium containing 100 pM spermine.
Spe-2 PIS cells are indicated by arrows. (c) Morphological characteristics of Spe-2 PIS cells. (d)
Spe-2 PIS cells cultured in Cellartis DEF-CSTM 500 culture medium for 3 days. (F) PIS-Hep2 cells
derived from HepG2 cancer cells. (a) HepG2 cells. (b) Morphological characteristics of PIS-Hep2
cells. (c) PIS-Hep2 cells cultured in Cellartis DEF-CSTM 500 culture medium for 3 days.

3.5. Pluripotent Stem Cell Characteristics of Spe-2 PIS Cells

Next, the physiological characteristics of Spe-2 PIS cells were examined. First, the expression levels of
five markers (SOX2, OCT3/4, SSEA-4, TRA-1-60, and TRA-1-81) of pluripotent stem cells were deter-
mined (Figure 3(A)). The expression levels of these five proteins were higher in HepG2 cancer cells than
in TIG-1-20 cells; thus, the average exposure was decreased to equalize the band intensities. As shown in
Figure 3(A), the expression levels of SOX2, OCT3/4, SSEA-4, TRA-1-60, and TRA-1-81 in Spe-2 PIS and
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Figure 3. Characteristics of Spe-2 PIS and PIS-Hep2 cells as pluripotent stem cells. (A) Immunos-
taining of marker proteins of pluripotent stem cells in TIG-1-20, Spe-2, HepG2, and PIS-Hep2 cells.
(B) Ratios of mRNA levels of pluripotent stem cell marker genes in Spe-2 cells to those in TIG-1-20
cells (n = 5). (C) Ratios of mRNA levels of pluripotent stem cell marker genes in HepG2 and PIS-Hep2
cells to those in TIG-1-20 cells (n = 3). (D) Percentages of DNA methylation in TIG-1-20, Spe-2 PIS,
HepG2, and PIS-Hep2 cells (n = 3). Bars: means * SDs. *P < 0.05 versus TIG-1-20 (control).

PIS-Hep2 cells were higher than those in TIG-1-20 fibroblasts and HepG2 cancer cells, respectively.

The gene expression levels of markers of pluripotent stem cells (cMYC, SOX2, OCT3/4, and KLF4)
were also examined. Figure 3(B) and Figure 3(C) show the ratios of mRNAs expressed in Spe-2 PIS,
HepG2, and PIS-Hep2 cells to those in TIG-1-20 cells. The average expression levels of SOX2 and OCT3 /A4
in Spe-2 PIS cells were 4.5 and 6.9 times higher than those in TIG-1-20 fibroblasts, and these increases
were statistically significant (p = 0.049 and 0.042 respectively). However, the average expression levels of
cMYCand KLF4 in Spe-2 PIS cells were almost the same (1.3 and 1.4 times higher) as those in TIG-1-20
cells. The average expression levels of the five genes in HepG2 cancer cells were much higher than those in
TIG-1-20 cells, and the average expression levels of SOX2 and OC73/4 genes in PIS-Hep2 cells were high-
er than those in HepG2 cells.

DNA methylation ratios in pluripotent stem cells or undifferentiated cells are lower than those in
normal cells because DNA methylation plays a role in maintaining the phenotypes of highly differentiated
cells [29]. Thus, the DNA methylation ratios of the cell lines were examined (Figure 3(B) and Figure
3(D)). The average expression level of the DMNT1 gene, encoding DNA (cytosine 5)-methyltransferase 1,
and the DNA methylation ratio in Spe-2 PIS cells were 40% and 14% lower than those in TIG-1-20 cells,
respectively, suggesting that Spe-2 PIS cells were undifferentiated. In contrast, the methylated DNA ratios
in HepG2 and PIS-Hep2 cells were lower than that in TIG-1-20 cells (Figure 3(D)). These results suggest
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that Spe-2 PIS cells have the potential to act as pluripotent stem cells, although this potential is lower than
that of HepG2 and PIS-Hep2 cells.

3.6. Capacity of Spe-2 PIS Cells for Differentiation into Various Cell Types

The ability of Spe-2 PIS cells to differentiate into various types of cells was then examined to confirm
their potential as pluripotent stem cells. First, Spe-2 PIS cells were differentiated into ectoderm, meso-
derm, and endoderm lineages. Expression of OTX2, brachyury, and SOX17 proteins in the obtained cells
was confirmed using StemXVivo kits. The results of immunostaining showed that most cells differentiated
into ectoderm, mesoderm, and endoderm cells, showing strong red staining (Figures 4(A)-((a)-(c))). This
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Figure 4. Capacity of Spe-2 PIS cells to differentiate into various cell types. (A) Immunostaining of
cells differentiated from Spe-2 PIS cells. (a) Ectoderm. (b) Mesoderm. (c) Endoderm. (B) Characte-
ristics of Spe-2 PIS cells differentiated into cardiomyocytes. (a) Cells cultured in C medium. Diffe-
rentiated cells are indicated by arrows. ((b) and (c)) Cells differentiated into cardiomyocytes, and
immunostaining with anti-cTnT antibodies. (d) Cells cultured in ReproCardio 2 culture medium.
(C) Characteristics of Spe-2 PIS cells differentiated into brown adipocytes. (a) Cells differentiated
into brown adipocytes. (b) Immunostaining with anti-UCP1 antibodies. (c) Oil droplets stained by
the Oil Red O method. Differentiated cells were cultured in MEM + 0.4 mM oleic acid. (D) Charac-
teristics of Spe-2 PIS cells differentiated into nerve cells. (a) Spe-2 PIS cells differentiated into pro-
genitor nerve cells. ((b) and (c)) Immunostaining with anti-tubulin III (b) and anti-MAP2 (b) anti-
bodies. (E) Ratio of expression levels of cardiomyocyte, brown adipocyte, and nerve cell marker
genes in differentiated cells to those in TIG-1-20.fibroblasts (n = 3). Bars: means + SDs. **P < 0.01
versus the control (TIG-1-20).
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confirms that Spe-2 PIS cells have the capacity to differentiate into mesoderm, ectoderm, and endoderm
lineages.

Next, the capacity of Spe-2 PIS cells to differentiate into cardiomyocytes via mesendoderm was ex-
amined. Figure 4(B) shows the results of differentiation into cardiomyocytes. Notably, morphological
changes were observed as cells differentiated into cardiac progenitor cells (Figure 4(B)-(a)). In cells that
differentiated into primary cardiomyocytes, the expression of cTnT was observed (Figure 4(B)-(b)). Fur-
ther culture in differentiation medium and then growth medium for 10 days yielded cells with shapes that
were similar to those of control ReproCardio 2 cardiomyocytes. Monolayers of cells (Figure 4(B)-(d))
moved rhythmically and were considered cardiomyocytes, although they did not show perfect beating mo-
tions. The expression of the ZNMN2 and NKX2-5 genes, important markers of cardiomyocytes, was also
examined by real-time PCR. Figure 4(E) shows the ratios of mRNAs in the obtained cells to those in
TIG-1-20 cells. The average expression levels of 7NN2 and NKX2-5 genes in the cells were 21 and 23 times
higher than those in TIG-1-20 cells, respectively. The results in Figure 4(B) and Figure 4(E) suggest that
Spe-2 PIS cells have the ability to differentiate into cardiomyocytes.

Differentiation of Spe-2 PIS cells into brown adipocytes via mesoderm was then evaluated. Figure
4(C)-(a) shows cells differentiated into brown adipocytes, exhibiting brownish-stained sections. Next, the
expression of UCP1, a specific marker of brown adipocytes, was examined (Figure 4(C)-(b)). Notably, the
differentiated cells showed high expression of UCP1 protein. Similarly, evaluation of UCP1 gene expres-
sion (Figure 4(E)) showed that the average expression level of the UCP1 gene in the cells was much higher
than that in TIG-1-20 cells. Moreover, the capacity for triglyceride production in the cells was evaluated by
culture in medium containing 0.2 mM of oleic acid. Analysis with Oil Red O showed that unusually high
levels of triglycerides were observed in most differentiated cells (Figure 4(C)-(c)). Similar experiments
performed in TIG-1-20 fibroblasts showed that normal cells did not express UCP1 and showed reduced
accumulation of oil droplets. Thus, these results suggest that Spe-2 PIS cells can differentiate into brown
adipocytes [30].

Differentiation of Spe-2 PIS cells into nerve progenitor cells was then examined. As shown in Figure
4(D)-(a), after culture in neuronal differentiation medium, many cells showed axonal extensions and
dendrites, exhibiting a morphology similar to that of nerve cells. Additionally, immunostaining with an-
ti-f-tubulin III and anti-MAP2 antibodies (Figure 4(D)-(b) and Figure 4(D)-(c)) showed that differen-
tiated cells expressed S-tubulin III and partially expressed MAP2. In contrast, TIG-1-20 fibroblasts did not
express MAP2 and only weakly expressed tubulin III. Moreover, expression of the TUBB3 and MAP2
genes, encoding the S-tubulin IIT and MAP2 proteins, was examined (Figure 4(E)). Notably, the average
expression levels of TUBB3 and MAP2 were around 11 and 33 times higher than those in normal fibrob-
lasts, suggesting that Spe-2 PIS cells can differentiate into nerve progenitor cells.

In comparison, PIS-Hep2 cells exhibited higher differentiation activity than Spe-2 PIS cells, and phe-
notypes were unstable. For example, after culture of PIS-Hep2 cells in Cellartis DEF-CSTM 500 Culture
medium for more than 5 days, nerve-like cells spontaneously differentiated from PIS-Hep2 cells appeared
(data not shown). Cells similar to adipocytes were also identified. These results suggest that high concen-
trations of spermine may facilitate the dedifferentiation of cancer cells and production of CSCs.

3.7. Induction of PIS Cells from Mouse Adipocytes

Finally, to confirm that PIS cells could be obtained in another type of cell and/or in another species,
dedifferentiation of mouse adipocytes into PIS cells was examined. 3T3-L24 mouse adipocytes (20) were
used. This cell line was constructed by isolating single colonies of adipocytes differentiated from 3T3-L1
pre-adipocytes; mesenchymal stem cells were not present.

3T3-L24 adipocytes were cultured in Rock/apoptosis-inhibiting medium for 16 h, and 50 uM sper-
mine was added each day for 2 days (final concentration, 100 uM). After harvesting cells, the cells were
cultured in Stem Medium for 2 - 3 days, yielding PIS-L24 cells. Figure 5(A) shows 3T3-L24 white adipo-
cytes and PIS-L24 cells. PIS-L24 cells contained small particles, similar to Spe-2 PIS cells. The analysis of
pluripotent stem cell markers (Figure 5(B)) demonstrated that the expression levels of SOX2, OCT3/4,
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Figure 5. Induction of PIS cells from mouse white adipocytes. (A) 3T3-L24 white adipocytes and
PIS-L24 cells. (B) Immunostaining of marker proteins in 3T3-L24 and PIS-L24 cells. (C) Differen-
tiation of PIS-L24 cells into nerve cells. (a) Neurospheres. (b) Cells differentiated into nerve cells.
(D) Immunostaining of the differentiated cells with anti-tubulin III (a), anti-MBP (b), and an-
ti-MAP2 (c) antibodies.

and SSEA-1 proteins in PIS-L24 cells were much higher than those in 3T3-L24 adipocytes, suggesting that
induction into PIS cells occurred in mouse adipocytes.

The differentiation of PIS-L24 cells into nerve cells was then examined to confirm the pluripotency of
the cells. Following the differentiation protocol, almost all PIS-L24 cells were differentiated into neuros-
pheres (Figure 5(C)-(a)) and then into nerve cells (Figure 5(C)-(b)). Importantly, the differentiated cells
exhibited the typical shapes of nerve and/or glia cells. Furthermore, immunostaining with anti-tubulin III,
anti-MAP2, and anti-MBP antibodies (Figure 5(D)) showed that these marker proteins were strongly ex-
pressed in the differentiated cells. These results suggest that mouse PIS cells differentiated from mouse
adipocytes (PIS-L24 cells) have the capacity to differentiate into various cell types. Therefore, the proce-
dure used to produce PIS cells developed in this study may be applied to cells from various species.

4. DISCUSSION

The purpose of this study was to elucidate the way in which cancer cells produce stem cells, with high
concentrations of spermine used to investigate this mechanism. Normal somatic cells instead of cancer
cells were used as a basic strain for the tests to determine the specific characteristics of polyamines, as var-
ious unknown factors are produced in cancer cells. The results provide important insights into the effects
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of polyamines on pluripotency and dedifferentiation.

The effects of high concentrations of spermine on the differentiation of normal human fibroblasts
were first examined. The results showed that the expression levels of SOX2, OCT3/4, SSEA-4, TRA-1-60,
and TRA-1-81 in Spe-1 PIS cells were higher than those in TIG-1-20 fibroblasts (control cells), suggesting
that polyamine induced dedifferentiation of somatic cells into pluripotent stem cells. Many important
roles of polyamines have been reported in previous studies [3-7]. Cheryl ef al [31] reported that high level
of intercellular polyamines promoted chromatin hyperacetylation, and the results suggested that expres-
sions of various genes might be enhanced by high level of intercellular polyamines. However, this is the
first report describing the effects of high level of intercellular polyamines on dedifferentiation, highlighting
the novelty of these findings.

Next, the toxicity of high concentrations of spermine was examined. The results demonstrated that at
a high concentration, spermine activated the Rock pathway and induced apoptosis in normal fibroblasts.
The harmful effects of spermine were inhibited upon inhibition of the Rock pathway. Cancer cells are
known to be protected from apoptosis by the production of inhibitor of apoptosis proteins and/or by the
mutation of tumor-suppressor genes, which inhibit proteins such as p53 and Bax. In contrast, Rock is ac-
tivated in cancer cells or CSCs, facilitating the rebuilding of the cytoskeleton and enhancing invasive po-
tential. Therefore, Rock inhibitors are expected to have applications as drugs in cancer therapy [32, 33].
The results obtained in this study and the findings of other studies [32, 33] suggest that normal cells con-
stantly monitor levels of polyamines to determine whether cells are normal or abnormal, with cells con-
taining high concentrations of polyamine removed as abnormal cells. Cancer cells, however, survive this
surveillance through the production of several apoptosis inhibitors, even when cells are exposed to high
concentrations of polyamines. Additionally, polyamines activate the Rock pathway. Thus, cancer cells ob-
tain the potential for dedifferentiation, CSC production, and metastasis.

Finally, PIS cells that did not undergo apoptosis were constructed. Several studies have reported that
the inactivation of Rock enhances the survival of iPS cells [34, 35]; therefore, Rock inhibitors in addition to
apoptosis inhibitors were used for construction of the cells, yielding Spe-2 PIS cells. Spe-2 PIS cells ex-
pressed important pluripotent stem cell markers (SSEA-4, TRA1-60, and TRA1-80), although the expres-
sion of the SOX2 and OCT3/4 genes was only 4 - 8 times higher than that in control cells. The resulting
cells had the capacity to differentiate into various types of somatic cells. These results suggest that Spe-2
PIS cells may represent a novel type of pluripotent stem cells. Additionally, in a similar model in cancer
cells, PIS-Hep2 cells were found to spontaneously differentiate into other cell types, even when the me-
dium did not contain induction factors for differentiation. This suggests that undifferentiated and pluri-
potent characteristics may be induced in cancer cells by high concentrations of spermine.

Importantly, the procedure used to obtain Spe-2 PIS cells in this study may be useful for regenerative
medicine. iPS cells are essential for regenerative medicine [36], and several improved procedures, includ-
ing transdifferentiation into cardiomyocytes without the use of iPS cells [37], have recently been reported.
However, ratios of dedifferentiation remain low (1% - 3%) due to their dependence on the transduction
efficiency of gene manipulation [38]. This makes the practical application of regenerative medicine diffi-
cult. Notably, the procedure used to obtain Spe-2 PIS cells has three advantages: 1) the procedure is fast
and simple, 2) the ratio of dedifferentiation to PIS cells is much higher than that achieved using conven-
tional procedures with genetic manipulation, and 3) large amounts of PIS cells could be produced by using
adipocytes obtained from liposuction. Therefore, the procedure to obtain Spe-2 PIS cells may have re-
markable potential in practical applications, particularly regenerative medicine. However, as Sep-2 PIS
cells may exhibit reduced pluripotency compared to iPS cells, additional studies are necessary to enhance
the capacity for dedifferentiation by determining the optimal concentration of spermine. Moreover, it is
hypothesized that Spe-2 PIS cells maintain their characteristics as normal cells due to the limit of division.
However, further studies to confirm this may be necessary.
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