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Abstract In addition to their differentiation potential, self-
renewal capability is an important characteristic of stem cells.
The limited self-renewal activity of mesenchymal stem cells is
the greatest obstacle to the application of stem cell therapy in
regenerative medicine. The human TERT gene enhances the
self-renewal of MSCs, but the mechanism of self-renewal and
the interactions among TERT-gene-related molecules remain
unknown. The objectives of this study were to generate im-
mortalized MSCs derived from MSCs isolated from placenta
(naive) by human TERT gene transfection with the AMAXA
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gene delivery system, to compare their characteristics, and to
investigate whether increased TERT expression affected the
pituitary tumor transforming gene (PTTGI; also known as
securin), which is involved in chromosome segregation during
mitosis. TERT-immortalized cells (TERT+) with a prolonged
life span displayed high PTTG1 expression. TERT+ cells also
retained the stemness capacity and multipotency of naive cells
and displayed high PTTGI1 expression. However, down-
regulation of PTTG1 by treatment with short interfering
RNA induced cell senescence and decreased telomerase
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activity. Moreover, TERT bound to PTTG1 formed com-
plexes with chaperones such as Ku70 and heat shock protein
90. Thus, placental MSCs immortalized by TERT gene trans-
fection display differentiation potential and exhibit enhanced
self-renewal through a balanced interaction of PTTG1 and
chaperones. The interaction between TERT and PTTGI by
association of Ku70 might be important for the enhancement
of the limited self-renewal activity of MSCs and for under-
standing the regulatory mechanisms of self-renewal.

Keywords PTTGI1 - hTERT - Mesenchymal stem cells
(MSCs) - Placental MSCs - Self-renewal - Senescence -
Human

Introduction

Human mesenchymal stem cells (hMSCs), which can be
isolated from a variety of organs, are attractive for use in
regenerative medicine because they have the potential for
self-renewal and can differentiate into multiple lineages under
specific culture conditions (Pittenger et al. 1999). Although
MSCs have the capacity for self-renewal, they generally have
limited self-renewal activity and exhibit an average life span
of less than 20 population doublings making the cells difficult
to study for potential clinical use. Normal human cells under-
go limited cell division when cultured before entering a non-
dividing state known as “senescence” (Campisi et al. 1996).
Replicative senescence, originally described by Hayflick
(1969), is a state of arrested growth and altered function that
occurs in normal somatic cells after a finite number of cell
divisions.

Recently, human placenta-derived MSCs (PDSCs) have
been identified as an alternative to traditional MSCs, including
bone-marrow-derived MSCs (BM-MSCs). PDSCs have the
potential for self-renewal activity and differentiation into mul-
tiple lineages and advantages such as easy acquisition, ethical
acceptability, and strong immunomodulatory effects (Igura
et al. 2004). We have previously characterized several types
of PDSCs found in normal-term placentas based on placental
anatomy (Kim et al. 2011). The self-renewal activity of cho-
rionic plate-derived MSCs (CP-MSCs) and Whaton’s Jelly-
derived MSCs (WJ-MSCs) is higher than that of other types of
PDSCs. However, even though self-renewal activity is higher
than that of traditional MSCs, the average life span of CP-
MSC and WIJ-MSC is 21 population doublings, limiting the
ability to obtain sufficient cells for use in clinical applications.

Senescent cells are arrested in the G1 phase of the cell cycle
and display a large flattened morphology. Although senescent
cells are metabolically active, they are unable to synthesize
DNA, even in response to stimulation with growth factors
(Fridman et al. 2006). This is because these cells have one or
more short dysfunctional telomeres and lack telomerase
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expression as a result of continuous sub-culturing (Harley
et al. 1990). Cell-cycle-related factors have been reported to
be closely involved in the self-renewal activity of MSCs
(Napolitano et al. 2007). Therefore, many researchers have
attempted to transfect the human telomerase reverse transcrip-
tase (TERT) gene into MSCs to overcome their senescence
(Tsai et al. 2010). The human TERT gene might enhance the
proliferation of MSCs when ectopically expressed (Batista
et al. 2011; Bodnar et al. 1998; Tsai et al. 2010). However,
gene delivery systems involving viral vectors are limited by
recent findings that these cells undergo neoplastic transforma-
tion. In addition, a strong link between telomerase expression
and many types of cancer has been observed (Miura et al.
20006). Primary cells can be induced to grow indefinitely
in vitro by genetic manipulation through a process known as
ex vivo immortalization (Okamoto et al. 2002). However,
limitations still hamper this technique, including difficulties
in expanding adult stem cells to obtain large numbers of cells
and the safety of this technique for clinical application.

Pituitary tumor-transforming gene-1 (PTTG1), also known
as securin, was isolated from rat pituitary tumor cells in 1997
(Pei and Melmed 1997). It regulates sister-chromatid separa-
tion during mitosis (Zou et al. 1999). PTTG1 is overexpressed
in rapidly proliferating cells and various primary tumors and
tumor cell lines and functions in cell replication, cell cycle-
progression, appropriate cell division (Heaney et al. 2000;
Saez et al. 1999; Tong et al. 2007; Wang et al. 2001), chro-
mosomal stability (Jallepalli et al. 2001), and cell senescence
(Chesnokova et al. 2007). Levels of PTTG1 expression are
correlated with tumor invasiveness, recurrence, and poor
prognosis, and PTTG1 has been identified as a key gene
associated with tumor metastasis (Ramaswamy et al. 2003).
However, no reports of a correlation between TERT and
PTTGI in the self-renewal of MSCs are available.

In the present study, we have established immortalized
PDSCs (TERT+ cells) by transfection of the TERT gene into
PDSCs (naive cells) by using the AMAXA system with a
nucleofactor kit and compared the characteristics of naive
cells and TERT+ cells. Furthermore, we have characterized
the function of PTTGI1 and the self-renewal mechanism of
immortalized MSCs by down-regulation of PTTG1 with short
interfering RNA (siRNA) in TERT+ cells. Finally, we have
demonstrated the interaction between PTTGI1 and TERT in
the self-renewal of immortalized PDSCs.

Materials and methods
Cell culture
Placentas were considered normal when the pregnancy was

free of medical, obstetrical, and surgical complications, and
delivery occurred at term (gestation>37 weeks). All women
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who contributed to this study provided written informed con-
sent prior to sample collection. The samples and their subse-
quent utilization for research purposes were approved by the
Institutional Review Board of CHA General Hospital, Seoul,
Korea. Naive PDSCs were harvested as described previously
(Lee et al. 2010). Briefly, the amnion and the innermost
membrane from the chorion and decidua of the placenta were
removed. Cells scraped from the membrane were treated with
0.5 % collagenase IV (Sigma, St. Louis, Mo., USA) for
30 min at 37 °C. The harvested cells were cultured at 2x 10°
cells/em? in T25 flasks (BD Biosciences, San Jose, Calif.,
USA) in Ham’s F-12/DMEM supplemented with 10 % fetal
bovine serum (FBS) and 1 % penicillin/streptomycin (P/S; all
from GIBCO-BRL, Grand Island, N.Y., USA). Otherwise,
TERT cells were immortalized (TERT+ cells) by using gene
delivery systems with an AMAXA system. All cell culture
media contained DMEM/F12 (GIBCO-BRL) supplemented
with penicillin (100 U/ml), streptomycin (100 pg/ml),
25 ng/ml fibroblast growth factor 4 (FGF4; Peprotech, N.J.,
USA), 1 pg/ml Heparin (Sigma), and 10 % FBS (GIBCO-
BRL).

Generation of immortalized PDSCs by hTERT gene
transfection

To induce the overexpression of the TERT gene, naive PDSCs
(610" cells/em?) were harvested and transfected by using the
AMAXA system with a Human MSC nucleofactor kit (Lonza,
N.J., USA). After electroporation of the hTERT gene into the
naive PDSCs, we changed the medium every other day and
observed changes in cell morphology. The cells were then
maintained for 3 months and analyzed.

Analysis by reverse transcription plus the polymerase chain
reaction

Total RNA was extracted from cells growing in 6-well plates
with RNeasy plus mini kits (QIAgen, Valencia, Calif., USA).
cDNA was synthesized by reverse transcription (RT) from
total RNA (1 pg) with SuperScript III reverse transcriptase
(Invitrogen, Carlsbad, Calif., USA) according to the manufac-
turer’s instructions. Polymerase chain reaction (PCR) ampli-
fication was performed with specific primers (Table 1) in
25-ul reaction volumes containing 100 ng cDNA template,
2.5 U/ul DNA polymerase (Solgent, South Korea), and
200 uM dNTP. 3-Actin was used as an internal control.
cDNA was subjected to 35 cycles of amplification (20 s at
95 °C, 40 s at the appropriate annealing temperature as given
in Table 1, and 1 min at 72 °C). Amplified PCR products were
electrophoresed on 1.2 % agarose gels containing 1.5 pg/ml
ethidium bromide and visualized under UV light.

Analysis of cell growth and cell cycle

To analyze the cell cycle, fluorescence-activated cell sorter
(FACS) analysis was performed for naive PDSCs and TERT+
cells (1x 10° cells). After being harvested, the cells were fixed
in 70 % ethanol at room temperature for 10 min. RNase
(0.5 pg/ml) and propidium iodide (50 pg/ml) were added to
the cells, which were then incubated for 30 min at 37 °C. The
treated cells were analyzed with a BD FACS Vantage SE Cell
Sorter equipped with Becton and Dickson ModiFit LT soft-
ware (BD Bioscience).

FACS analysis

To detect cell-surface antigens, we harvested naive PDSCs
and TERT+ cells by using TrypLE Express with Phenol Red
(GIBCO-BRL). Harvested cells were incubated in 100 pl
phosphate-buffered saline (PBS) containing either mouse im-
munoglobulin G as a reference or specific concentrations of
fluorescein isothiocyanate (FITC) or phycoerythrin (PE)-con-
jugated antibodies (Table S1) at room temperature for 30 min.
The samples were analyzed with a BD FACSVantage SE Cell
sorter (Becton & Dickinson). The results were analyzed by
using Cell-Quest software (Becton & Dickinson).

Differentiation of naive and immortalized PDSCs
into adipogenic and hepatogenic lineages

Adipogenic differentiation To induce adipogenic differentia-
tion, naive PDSCs and TERT+ cells were plated at a density of
5x10° cells/cm? in adipogenic induction medium containing
1 uM dexamethasone, 0.5 mM isobutyl methylxanthine,
0.2 mM indomethacin, 1.7 uM insulin (all from Sigma-
Aldrich), 10 % FBS, and 1x penicillin-streptomycin. The
growth medium was replaced twice each week. After 21 days,
the cells were fixed with 4 % paraformaldehyde and incubated
for 1 h with Oil Red O (Sigma-Aldrich), which stains lipids, in
order to visualize lipid vesicles. Nuclei were counterstained
with Mayer’s hematoxylin (Sigma-Aldrich) for 1 min.

Hepatogenic differentiation To induce differentiation of naive
PDSCs and TERT+ cells into hepatocytes, the cells were
plated at a density of 2x10* cells/cm® in basal medium
(60 % DMEM-LG, 40 % MCDB201, 2 % FBS, 1 %
penicillin-streptomycin) containing 20 ng/ml epidermal
growth factor and 10 ng/ml basic FGF (bFGF) and grown to
60 % confluency. When the cells were 70—80 % confluent, the
culture medium was replaced with early inducing medium to
permit hepatic differentiation. For initiation, the cells were
incubated for 7 days in basal medium supplemented with
10 ng/ml BMP4, 20 ng/ml HGF, 10 ng/ml bFGF, and
0.61 g/l nicotinamide. To progress to the maturation step, the
cells were treated for another 2 weeks with maturation
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Table 1 Primers used for analysis by reverse transcription plus the polymerase chain reaction

Markers Gene Sene/antisense Sequence (5'—3") Size (bp) Temperature (°C)
Stemness Oct-4 Sense AGT GAG AGG CAA CCT GGA GA 273 54
Antisense GTG AAG TGA GGG CTC CCATA
Nanog Sense TTC TTG ACT GGG ACC TTG TC 300 54
Antisense GCT TGC CTT GCT TTG AAG CA
Sox-2 Sense AGA ACC CCA AGATGC ACA AC 200 52
Antisense GGG CAG CGT GTA CTT ATC CT
NF-68 Sense GAG TGA AAT GGC ACG ATA CCTA 700 58
Antisense TTT CCT CTC CTT CTT CTT CAC CTT C
Cardiac Sense GGA GTT ATG GTG GGT ATG GGT C 500 58
Antisense AGT GGT GAC AAA GGA GTA GCC A
AFP Sense ATG CTG CAA ACT GAC CAC GC 500 55
Antisense GCT TCG CTT TGC CAATGC TT
HLA-G Sense GCG GCTACT ACA ACC AGA GC 900 58
Antisense GCA CAT GGC ACG TGT ATC TC
Adipogenic Lipoprotein lipase Sense GTC CGT GGC TAC CTG TCAT 717 59
Antisense AGC CCT TTC TCA AAG GCT TC
PPAR-R Sense GGA AAG ACA ACA AAC AAATCA C 414 59
Antisense TGC ATT GAA CTT CAC AGC AAA C
Hepatogenic AFP Sense ATG CTG CAA ACT GAC CAC GC 200 55
Antisense GCT TCG CTT TGC CAATGC TT
Albumin Sense CCC CAA GTG TCA ACT CCA AC 450 55
Antisense CCA GAA GAC ACC CTC CAA AGG AC
TAT Sense AAC GAT GTG GAG TTC ACG G 288 59
Antisense GAC ACATCC TCA GGA GAATGG
PTTG series PTTG1 Sense AAG GAA AAT GGA GAA CA GGC 237 55
Antisense GCT TGG CTG TTT TTG TTT GAG G
PTTGI1 Sense CTG ATC TAC GTT GAT AAG GAA 334 55
Antisense CTATTT CTG GAT AGG CGT CAT CTG
Internal control [3-actin Sense TCC TTC TGC ATC CTG TCA GCA 300 58
Antisense CAG GAG ATG GCC ACT GCC GCA

medium, which contained basal medium supplemented with
2 % FBS, 1 pmol/l dexamethasone, 1x ITS+ premix (insulin,
transferrin, selenous acid, bovine serum albumin, linoleic
acid), and 20 ng/ml oncostatin M. After incubation in the
terminal medium for 7 days, hepatic differentiation was con-
firmed via indocyanine green (ICG) uptake by the
hepatogenic induced cells. Subsequently, the hepatic induced
cells were harvested to analyze hepatocyte-specific gene ex-
pression by RT-PCR.

Western blotting

Cells were washed with PBS and lysed in 100 pl cold RIPA
buffer (Sigma) with a protease inhibitor cocktail (Roche,
Mannheim, Germany). The cell lysate was centrifuged at
13,000¢ for 15 min at 4 °C. The supernatant was harvested,
and its protein concentration was measured with a BCA
protein assay kit (Pierce, Rockford, Ill., USA). For electro-
phoresis, 40 pg protein was dissolved in sample buffer
(50 mM TRIS-HCI pH 6.8, 2 % SDS, 10 % glycerol, 1 %
[3-mercaptoethanol, 12.5 mM EDTA, 0.02 % bromophenol
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blue), boiled at 90 °C for 5 min, and separated on an 8 % SDS
reducing gel. The separated proteins were transferred onto
polyvinylidene difluoride membranes (Bio-rad, Hercules,
Calif., USA) by using a trans-blot system (Bio-rad). The blots
were blocked for 1 h in PBS containing 8 % non-fat dry milk
(BD, Sparks, Md., USA) and 0.05 % Tween 20, at room
temperature, and incubated at 4 °C overnight with primary
antibodies (Table S2) in PBS plus Tween 20 (PBS-T) contain-
ing 2 % non-fat dry milk. The blots were incubated for 1 h
with horseradish-peroxidase-conjugated secondary antibodies
(1:10,000 dilution; Bio-rad) in PBS-T containing 2 % non-fat
dry milk at room temperature. Then, the proteins were visu-
alized with an enhanced chemiluminescence detection system
(Amersham, Piscataway, N.J., USA).

Immunoprecipitation

The cells were scraped off the culture dish with 200 ul cold
RIPA buffer (Sigma) containing protease inhibitor cocktail
(Roche). The cell lysate was centrifuged at 13,000g for
15 min at 4 °C. The supernatant was harvested, and its protein
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concentration was measured with a BCA protein assay kit. For
immunoprecipitation, 300 pg protein in RIPA buffer was
incubated with an antibody at 2 pg per 300 pg total protein
for 3—4 h at 4 °C. Then, a pre-mixture of protein and antibody
was incubated with 20 pl of a 50 % slurry of protein-G-
agarose beads (GenDEPOT) overnight at 4 °C with constant
rotation. After centrifugation at 1000 rpm for 1 min at 4 °C,
the supernatant was discarded, and the agarose-bead pellets
were washed with PBS. After a final wash, the agarose-bead
pellets were resuspended in a final volume of 20 pl with
sample buffer (50 mM TRIS-HCI pH 6.8, 2 % SDS, 10 %
glycerol, 1 % {3-mercaptoethanol, 12.5 mM EDTA, 0.02 %
bromophenol blue) and boiled at 90 °C for 5 min. Then, the
agarose beads were removed by brief centrifugation, and the
supernatant was loaded immediately onto an 8 % SDS-
polyacrylamide reducing gel. Next, Western blotting was per-
formed as described above.

ICG uptake assay

After the cultured cells had been washed with PBS, an ICG
solution (100 mg/ml) was added to the plates at a final con-
centration of 1 mg ml™' and incubated at 37 °C for 90 min.
The plates were then rinsed with PBS and refilled with
DMEM containing 10 % FBS. ICG was completely eliminat-
ed from the cells 72 h later.

TRAP assay

Telomerase activity was measured by using a PCR-based
technique with a modified telomerase repeat amplification
protocol (TRAP), which induces highly specific amplification
of telomerase-mediated elongation products; the products
were visualized by ethidium bromide staining. This technique
permits highly specific amplification of telomerase-mediated
elongation products under the following conditions: denatur-
ation at 90 °C for 3 min, followed by 31 cycles of denaturation
at 94 °C for 45 s, annealing at 53 °C for 45 s, and extension at
72 °C for 1 min. The product was loaded on polyacrylamide
gels. After electrophoresis, the gel was stained with SYBR
Green 1. The sequences of the primers were as follows: TS
primer, 5'-AATCCGTCGAGCAGAGTT-3'; CX primer, 5'-
CCCTTACCCTTACCCTTACCCTAA-3'

Transfection of sSiRNA-PTTG1

For PTTG1 knock-down, 5x 10° cells were plated in a 10-cm
culture dish and cultured with 5 % CO, at 37 °C. At 24 h later,
the medium was removed from the culture dish, and 4 ml
OPTI-MEM was added. The Lipofectamine 2000 (Invitrogen)
protocol was followed for the next step. The cells were
transfected with 100 nM siRNA-PTTG1 to down-regulate

the PTTGI gene and incubated for 48 h. Finally, the cells
were harvested for analysis.

SA-{3-galactosidase staining

The cells were washed with PBS, fixed for 3—5 min in 4 %
formaldehyde, and incubated with fresh SA-3-gal staining
solution containing 1 mg ml™' X-gal, 40 mM citric acid,
40 mM sodium phosphate (pH 6.0), 5 mM potassium ferro-
cyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and
2 mM MgCl, at 37 °C for 12-16 h.

Statistics

The results are presented as means + SD. Statistical signifi-
cance was measured by multiple comparisons by using
Student’s #-test with a significance level of P<0.05.

Results

Characterization of immortalized PDSCs depends on TERT
gene transfection

PDSCs immortalized by overexpression of hTERT (TERT+
cells) were generated with an AMAXA-nucleofactor kit
(Lonza) for electroporation. After transfection of the TERT gene
into naive PDSCs, their spindle-shape morphologies were altered
into cuboidal shapes (Fig. 1a). Telomerase activity was not
observed in naive PDSCs, similar to the negative control; how-
ever, the TERT+ cells exhibited strong telomerase activity at the
same level as the positive control via the TRAP assay (Fig. 1b).
Nevertheless, no differences in the expression of stemness
markers were identified by RT-PCR analysis (Fig. 1c).
Furthermore, the expression of surface markers of TERT+ cells
was similar to that of naive PDSCs, although the percentages
differed slightly. The analysis was negative for hematopoietic
markers (e.g., CD34, CD45, and HLA-DR) and positive for non-
hematopoietic markers (e.g., CD90, CD105, HLA-ABC, and
HLA-G; Fig. 14, e).

By cell cycle analysis, the proportion of naive PDSCs and
TERT+ cells in S-phase increased from 17.9 % to 41.1 %,
respectively (Fig. 1f). Furthermore, the TERT+ cell count was
significantly higher than the naive PDSC count after culture for
the same length of time (P<0.005, Fig. 1g). These results indi-
cated that the overexpression of the hTERT gene in TERT+ cells
allowed the cells to retain the properties of stem cells while
exhibiting greater proliferation than naive cells.

In addition, TERT+ cells differentiated into adipocytes by
incubation with adipogenic differentiation medium for 21 days
after which time the adipocytes were detected by Oil-red O
staining (Fig. 2a). The expression of lipoprotein lipase and
PPAR-gamma, which are specific markers for adipocytes in

@ Springer



150 Cell Tissue Res (2014) 357:145-157
a b c
<@
R <
S ) X
0 F & 5L
2 2° 0 ¥ &

Q7 QY X7 K < O O Q&
® o O Y MR
< F oL PSR ¥ S

A o L NP
. o SOy TR
E — Naive T — cmm—
i f— — —— -
| . TERT+ | — — i
d e
. Naive . TERT+ Naive TERT+
< g 120 , 120 0.11%
Dz .M. < % 71.54%
Q38 % 3 301 M1 O 1504 61 9 150 i
@) D ]
o 0. g%}
10° 10! 102 103 104 10° 10! 10:’E103 104 <| H 60
© 301 { b
150 150 5 0 ;
0 »120 2120 I 100 10 102 10° 10 10° 10" 102 10% 10¢
< 59 0.64 % S 90 —1.24% FITC
3 60 L S 60
S VANITI M_ x
0 0
10° 10" 102 10° 10¢ 100 10" 102 10° 10¢ A 120
FiTC p o 028%
o —
o 150 95 54% 138 99 32% 5 © 30
120 2 ' ' 0 :
® £ S 9 L 10° 10" 10t 0% 10¢ 109 10' 102 10° 10¢
O 30 -/\g. ' 3 60 /‘\ FITC
30 30
© %10 1o 1o 10° 104 %107 7o 1042 103 To¢ O 150 150
PE 1205 5.67% W 120 23.87%
150 5 150 0 G A m < % M1
8 2120 1 AT15%, g1 . 88.57 % T 8w 8 20
3 E 0 ol 0
5 3% Saf\/\ M T
0 - 0 -
© 100 10' 102 10° 10¢ 10° 10" 102 10° 10¢
FITC FITC
Naive TERT+ 5 w5 7 e Naive *
2 | G1:622%| g G1:423% ! § 4 1 = TERT+ 5..--§
LS S :17.9%| , o S 411% €. 3
£5 G2:199%| € 8 G2:17.7% 2o
3 g M :2% 88 M :2% c+=2
R 7 S o X 1
o P O~
0 40 80 120 160 0 30 60 90 120 ~0

Channels (FL2-A-FL2-A) Channels (FL2-A-FL2-A)

Fig. 1 Comparison of the characteristics of naive placenta-derived mes-
enchymal stem cells (PDSCs; Naive) and PDSCs immortalized by over-
expression of the hTERT (human telomerase reverse transcriptase) gene
(TERT+). a Morphology of TERT+ cells was changed by immortaliza-
tion. Bars 50 pm. b In vitro telomerase activities of naive PDSCs and
TERT+ cells. TERT+ cells exhibited in vitro telomerase activity to the
same extent as the positive control according to the telomere repeat
amplification protocol (TRAP) assay. ¢ Reverse transcription plus poly-
merase chain reaction (RT-PCR) analysis of stemness markers. 3-Actin
was used as an internal control. Both naive PDSCs and TERT+ cells
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0 24 48 72 96 120h
exhibit a similar pattern of gene expression. d Immunophenotypes for
hematopoietic and mesenchymal stem cells of naive PDSCs and TERT+
cells by flow cytometry. e Immunophenotypes for HLA-ABC, DR, and G
of naive PDSCs and TERT+ cells by flow cytometry. The percentages of
cells positive for the various cell surface markers were calculated by
comparing the target protein signals with those in the isotype controls. f
Cell cycle analysis by fluorescence-activated cell sorter (FACS) scan. S-
phase, a criterion of proliferation, was increased in TERT+ cells com-
pared with naive PDSCs. g Growth curve of naive PDSCs and TERT+
cells
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differentiated TERT+ cells, also increased compared with naive
PDSCs (Fig. 2b). Furthermore, TERT+ cells that were differen-
tiated into hepatocytes were capable of detoxifying toxins as a
representative hepatic function when they were exposed to ICG
solution (Fig. 2c). By RT-PCR analysis, the expression of
hepatocyte-related genes, including albumin and TAT
(transactivator of transcription), increased after hepatogenic dif-
ferentiation in naive PDSCs; however, no difference was seen in
the expression of albumin and TAT between undifferentiated
cells and differentiated cells. The expression of AFP (o-
fetoprotein) in TERT+ cells decreased after hepatogenic differ-
entiation (Fig. 2d). Although the efficiency with which TERT+
cells differentiated into hepatocytes was lower than that of naive
PDSCs, we expect that TERT+ cells retain the potential to
differentiate.

Correlation between cell survival and cell death
in immortalized cells by TERT gene transfection

Important phenomena underlie the balance between cell sur-
vival and cell death including proliferation and differentiation.
Therefore, we analyzed the roles of survival and death in cells
immortalized by TERT through the analysis of several
markers for stemness, cell cycle, and death. The expression
of TERT and stemness markers including Oct-4 and Nanog
was increased in TERT+ cells compared with naive PDSCs
(Fig. 3a), even though the karyotype of the TERT+ cells was

a b

changed by the insertion of hTERT genes (Fig. S1). However,
no difference was seen in the expression of SCF (stem cell
factor). Compared with naive PDSCs, the expression of Cdk-4
and PTTGI was increased in TERT+ cells, and the expression
of p53, p21, and cyclin E1 was decreased. Interestingly, the
expression of PTTG1 but not homologous PTTG2 was dra-
matically increased in TERT+ cells (Fig. 3b).

As shown in Fig. 3c, the expression of pro-apoptotic genes
(e.g., Bax and Caspase-9) was decreased in TERT+ cells, except
for the cleavage form PARP. The expression of Bel-2, which is a
representative anti-apoptotic factor, was dramatically increased
(Fig. 3c). In addition, the expression of active type II of the
lipidation of microtubule-associated protein light chain 3
(LC3), leading to the formation of a double membrane-limited
autophagic vacuole or autophagosome in TERT+ cells was
decreased via increased levels of phosphorylated mTOR (mam-
malian target of rapamycin), which is a negative regulator of type
II LC3 (Fig. 3d). These findings indicate that immortalized
PDSCs induce self-renewal activity through the enhancement
of stemness and the cell cycle and decreases in cell death
pathways, including apoptosis and autophagy.

Effect of down-regulation of PTTGI1 by siRNA
on the self-renewal activity of MSCs

As shown above, the expression of PTTG1 was dramatically
increased in TERT+ cells. PTTGI regulates the cell cycle by

. Naive TERT+
Naive TERT + -+ - + Adipogenic
LPL | |717 bp
PPAR-r[ == == <. 414 bp

c d

Fig. 2 Differentiation of naive and TERT+ cells into adiopogenic and
hepatogenic lineages. a Accumulation of oil droplets in differentiated
naive PDSCs and TERT+ cells, as determined by Oil-Red O staining.
Cells were counterstained with hematoxylin (undifferentiated states not
shown). Bars 50 um. b Adipogenic differentiation of naive PDSCs and
TERT+ cells was confirmed by the detection of mRNA encoding the

B-actin| wm e wm s |300 bp

Naive TERT+
- + - + Hepatogenic
AFP| 1200 bp
Albumin| -~ e=s ®=|450 bp
TAT | | 288 bp

B-acCtin [wws == e=e «=|300 bp

adipocyte markers lipoprotein lipase and PPAR-r. ¢ Hepatogenic differ-
entiation of naive PDSCs and TERT+ cells was revealed by the uptake of
indocyanine green (undifferentiated states not shown). Bars 50 pm. d
Hepatogenic differentiation of naive PDSCs and TERT+ cells was con-
firmed by RT-PCR (AFP, albumin, and TAT). (3-Actin was used as an
internal control
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Fig.3 Analysis of the expression a
of self-renewal, cell cycle, anti-
apoptotic, and autophagic
proteins in naive PDSCs and

Naive TERT+

TERT+ cells. a Expression of TERT '
self-renewal markers was similar
or increased in TERT+ cells OCt-4 ‘
compared with naive PDSCs. b In —
TERT+ cells, cell-cycle-related -
proteins were increased, and Nanog —._
tumor-suppressing proteins were
decreased. ¢ In TERT+ cells, the SCF w
anti-apoptotic protein Bcl-2 was
increased, and apoptotic proteins GAPDH | a—
were decreased. d Autophagic
proteins phospho-mTOR and
LC3 were increased in TERT+
cells. D-glyceraldehyde-3-
phosphate dehydrogenase
(GAPDH) was used as an internal
control
C
Naive TERT+
PARP-F | e @D
PARP-C -
Bcl-2 -
Casp-9| il . .
Bax| e
GAPDH | «———

preventing separins from promoting sister chromatid separa-
tion during metaphase. To assess whether enhanced prolifer-
ation activity attributable to the overexpression of TERT was
correlated with PTTGI1 expression, both naive PDSCs and
TERT+ cells were treated with sSiRNA-PTTG1, and the effect
of PTTG1 was analyzed. To confirm the down-regulation
PTTGI caused by the treatment with siRNA, the expression
of PTTGI in both types of cells was analyzed. As shown in
Fig. 4, the expression of PTTGI in both types of cells was
decreased by siRNA-PTTG] treatment, and the expression of
PTTG2 was also down-regulated by treatment with siRNA-
PTTG1, because PTTG2 is homologous to PTTG1 (Fig. 4a).
As shown in Fig. 1b, the telomerase activity of TERT+ cells
was increased compared with naive PDSCs. To confirm the
effect of PTTG1 on telomerase activity, cells were treated with
siRNA-PTTGI, and their telomerase activity was analyzed.
Telomerase activity was decreased in TERT+ cells after treat-
ment with sSiRNA-PTTG1 compared with non-treated TERT+
cells (Fig. 4b, c). In addition, the expression of proliferation-
related factors such as Oct-4, heat shock protein 90 (HSP90),
and Ku70 was decreased in TERT+ cells because of the down-
regulation of PTTGI1. These results indicated that the
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expression of PTTG1 was closely related to telomerase activ-
ity and the control of proliferation in TERT+ cells. In addition,
the expression of Cyclin E1 and p53 as cell cycle regulators
was decreased by the knock-down of PTTG1; otherwise, the
expression of Cdk-4 and p21 (Chesnokova et al. 2008) as cell
cycle regulators was increased in TERT+ cells by the down-
regulation of PTTG1 (Fig. 4d). No difference was observed in
the expression of HSP70 in both types of cells, regardless of
the down-regulation of PTTG1 (Fig. S2B).

Next, we analyzed whether PTTG1 expression could con-
trol proliferation activity in naive PDSCs and TERT+ cells by
blocking apoptotic and autophagic pathways. No differences
were found in the expression of Bad and Bax regardless of the
down-regulation of PTTG1. However, the expression of cas-
pase 9 and caspase 3 increased when PTTGI1 was
knocked down in both types of cells. Furthermore, the
expression of Bcl-2 increased in cells treated with
siRNA-PTTG1 (Fig. 4e). Analysis of the autophagic
pathway revealed that the expression of phosphorylated
mTOR and ATG5-12 increased in both types of cells
when PTTG1 was down-regulated; however, type II
LC3, an indicator of autophagy activity, was decreased
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(Fig. 4f). From these results, we suggest that decreased
PTTGI1 induces apoptosis rather than autophagy.

Induction of senescence in MSCs by the down-regulation
of PTTGI

During serial expansion, aged MSCs are characterized by a
flattened phenotype and increased (3-galactosidase activity,
resembling cellular senescence. Down-regulation of PTTG1
induced cellular senescence in naive PDSCs and TERT+ cells
(Fig. 5a). To determine whether down-regulation of PTTG1 in
both cell types affects the cell cycle, we conducted cell cycle

Fig. 4 Effects of pituitary tumor a
transforming gene 1 (PTTGI)
expression in naive PDSCs and
TERT+ cells on the survival and
death of cells. a PTTGI and
PTTG2 expression were
decreased in cells treated with
siRNA-PTTGI, as assessed by
RT-PCR analysis. b Cells with
decreased PTTGI expression
were assayed for telomerase
activity via the TRAP assay. ¢
Expression of PTTG1, TERT, C
Oct-4, and Ku70 decreased

because of the down-regulation of

PTTGI, but expression of heat -
shock protein 90 (HSP90) was
unchanged. d Cell cycle factors
were decreased, and p21 was
increased by knock-down of
PTTGI. e Anti-apoptotic proteins
were unchanged or slightly
decreased in cells treated with
siPTTG1, and apoptotic proteins
were increased in cells treated
with siPTTG1. f Autophagy
activity was decreased after
treatment with siPTTG1

e
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analysis after treatment with siRNA-PTTG1. Down-
regulation of PTTGI induced a decrease of S-phase and
senescence. In addition, the fraction of sub-G1 TERT+ cells
was dramatically increased (Fig. 5b). To confirm the effect of
PTTGI on apoptosis, we assessed caspase-3/7 activity. No
difference was noted in caspase-3/7 activity in naive PDSCs
as a result of knock-down of PTTGI1. However, caspase-3/7
activity in TERT+ cells was increased (Fig. 5c). These results
indicate that PTTGI1 expression involves the cellular senes-
cence of MSCs and the apoptosis of immortalized MSCs
attributable to hTERT overexpression, and that the dual roles
of PTTG1 might be affected by its interaction with TERT.

b

Naive TERT+
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H b
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Fig. 5 Decreased PTTG1 results in the induction of cellular senescence.
a Senescence-associated f3-galactosidase activity at pH 6.0 (blue) was
used as a marker of replicative senescence. Decreased PTTG1 in cells
attributable to treatment with siPTTG1 eventually induced senescence.
Bars 50 um. b Cell cycle analysis by FACScan after treatment with
siPTTG1. The S-phase as a criterion of proliferation was decreased in
cells treated with siPTTG1. ¢ Apoptosis analysis by using a caspase3/7
enzyme-linked immunosorbent assay. No difference was apparent in
apoptotic activity in naive PDSCs following the down-regulation of
PTTG1. However, apoptotic activity was increased in TERT+ cells
treated with siPTTG1. *P value<0.05 compared with treatment of
siPTTG1

Fold change of
caspase 3/7 activity
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Fig. 6 Interaction of TERT and PTTG1 with HSP90 and Ku70 depends
on PTTG1 expression. a TERT interacts with PTTG1, HSP90, and Ku70,
as revealed by immunoprecipitation (/P) with an anti-TERT antibody. b
Ku70 interacts with TERT, PTTG1, and HSP90, as determined by im-
munoprecipitation with an anti-Ku70 antibody

Functional interaction between TERT and PTTG1

To confirm the interaction of PTTG1 and TERT, we conduct-
ed immunoprecipitation experiments utilizing an anti-TERT
antibody. TERT was found to interact with PTTG1 and
HSP90, Ku70, and HSP70 (Fig. 6a, Fig. S2C). HSPs had
previously been shown to interact with TERT (Haendeler
et al. 2003), but the interaction between TERT and PTTGI
has not been characterized. We hypothesized that mediators
between TERT and PTTGI influence the dual function of
PTTG1 in TERT+ cells. Interestingly, the Ku heterodimer
has been reported to be associated with telomerase via inter-
actions with hTERT and hPTTG (Chai et al. 2002). Based on
these results, we performed immunoprecipitation by using an
anti-Ku70 antibody and confirmed the interaction between
PTTGI1 and TERT. As shown in Fig. 6, the HSP90 and
Ku70 proteins were found to interact with TERT, regardless
of PTTGI expression (Fig. 6a). In addition, Ku70 was found
to interact with TERT, PTTG1, and HSP90 (Fig. 6b).
Therefore, Ku70, TERT, and PTTG1 comprise a complex that
affects cell cycle and self-renewal. Overexpression of TERT
induces the expression of PTTGI, and the cell cycle and self-
renewal activity are increased via the increased interaction
between TERT and PTTGI1. However, down-regulation of
PTTGI limits the potential for interaction with TERT.
Therefore, apoptosis and senescence occur in cells in which
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Fig. 7 Representation of the

regulatory mechanism of the
balance between TERT and
PTTGI through association with
Ku70. PTTG1 is overexpressed in
TERT+ cells and interacts with
TERT via Ku70. Changes in
PTTG1 expression regulate
cellular physiology, including
self-renewal, apoptosis, and
senescence, via the association of
PTTGI with Ku70 in TERT+
cells

maintenance

Cell cycle 1
Autophagy 1
Self-renewal 1

PTTGI1 is down-regulated (Fig. 7). Whether these phe-
nomena are attributable solely to the interaction between
these two proteins is not clear. Based on our results, we
suggest that Ku70 is a mediator between TERT and
PTTGI1, because Ku70 interacts with both TERT and
PTTGI.

Discussion

MSCs are able to self-renew and have the capacity to differ-
entiate into three germ layers in vitro, including osteoblasts,
adipocytes, and chondroblasts. Furthermore, MSCs are
known to have immunosuppressive effects through various
mechanisms, resulting in escape from the allogeneic host
immunosurveillance system (Koc et al. 2000). Recently,
other sources of MSCs have been isolated from other
organs or tissues, including placenta, adipose tissues,

Telomere ><

ApoptosisT Senescence 1

“‘Aging”

cord blood, and the liver (Campagnoli et al. 2001; In’t
Anker et al. 2004; Zuk et al. 2001). These sources have
been examined as better therapeutic sources. In particu-
lar, MSCs derived from the placenta, which is involved
in maintaining fetal tolerance, display immunomodulato-
ry properties. Thus, placenta-derived MSCs are promis-
ing candidates for cell-based tissue engineering to repair
or replace damaged tissues (Dennis et al. 2002).
However, their efficacy remains controversial because
of differences in the origins of MSCs and engraftment
into damaged tissues (Parolini et al. 2008). Moreover,
cell therapy by using MSCs, including BM-MSCs, is
restricted by their limited self-renewal activity, because
these cells are derived from adult organs and reflect the
age of the donor. Therefore, alternative MSCs derived
from other organs that are capable of overcoming the
limitation of BM-MSCs are necessary for the clinical
application of MSCs.
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Many researchers have reported strategies for overcoming
the limited self-renewal activity of MSCs by the manipulation
of specific genes (e.g., hTERT and Bmi-1; Zhang et al. 20006).
The human TERT gene, as a component of telomerase, main-
tains chromosomal integrity and genome stability through the
synthesis of specific DNA repeats (Blackburn 2001;
Nakamura and Cech 1998). Furthermore, it is the driving force
in maintaining telomeres, which are composed of a short
hexa-nucleotide sequence, TTAGGG. When hTERT is mutat-
ed, the resulting shorter telomere length is associated with
premature aging diseases (Tsang et al. 2012). Most mamma-
lian cells undergo limited cell division during long-term cul-
ture. This state of irreversible proliferative arrest is termed
“replicative senescence”(Hayflick 1965).

In the present study, in order to overcome the limited life
span and self-renewal activity of MSCs, we have established
immortalized cells, denoted TERT+ cells, by inserting the
hTERT gene into naive PDSCs by using the AMAXA gene
delivery system. We have also characterized naive PDSCs
compared with TERT+ cells. The characterization of TERT+
cells has revealed that proliferation, telomerase activity, and
the expression of cell-cycle-related factors and autophagic
makers in TERT+ cells are increased, whereas apoptosis is
decreased. In addition, no difference has been seen in the
differentiation potential between naive PDSCs and TERT+
cells, although TERT+ cells exhibit aneuploid karyotypes
(Fig. S1). Interestingly, PTTGI expression is significantly
increased in TERT+ cells. By down-regulating PTTGI, the
increase in cell-cycle-factors, self-renewal, and telomerase
activity is reduced; however, the expression of apoptotic genes
increases (Fig. 4). Furthermore, the decrease in PTTGI1 in-
duces cell senescence (Fig. 5). From these results, we con-
clude that PTTGI is not the sole regulatory factor in TERT+
cells, and that some regulatory mediator(s) might exist be-
tween PTTG1 and TERT.

Cell cycle arrest has been reported to promote senescence
through cyclin D, cyclin E (Liu et al. 2011), and cyclin-
dependent kinases (Cdks), and the up-regulation of cyclin
D1, Cdk-4, and Cdk-6 promotes the self-renewal of MSCs.
In particular, cyclins D1/E1 increase the self-renewal activity
of MSCs via the Ca®"/protein kinase C/mitogen-activated
protein kinase (MAPK) and phosphatidyl-inositol-3-kinase
pathways (Ryu et al. 2010). In the present study, we have
found that the expression of cyclin E1 is increased by siRNA-
PTTGI treatment in both naive PDSCs and TERT+ cells
(Fig. 4d).

PTTGI is a cell-cycle-related factor, and up-regulated
PTTGI promotes cell proliferation by increasing the number
of cells in S phase via the MAPK pathway; it regulates DNA
repair and apoptosis via interactions with p53 and Ku
(Romero et al. 2001). Functionally, PTTGI regulates telome-
rase activity through interaction with telomerase to induce the
proper assembly of the telomerase enzyme complex,
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including p23 (Forsythe et al. 2001). In addition, Ku is a
heterodimeric protein that is composed of a ~70 kDa subunit
and an ~80 kDa subunit and is involved in the regulation of
telomere maintenance through binding the telomeric proteins
TRF1, TRF2, and TERT (Tuteja and Tuteja 2000).
Furthermore, Chai et al. (2002) have reported that Ku regu-
lates telomerase activity by interacting with TERT. However,
the interaction between TERT and PTTG1 has not been pre-
viously characterized, although interactions are known among
TERT, HSP70, HSP90, and Ku70. We demonstrated an inter-
action between TERT and PTTG1 by immunoprecipitation
(Fig. 6). Our results indicate that the expression of HSP70 and
HSP90 is not altered in response to the down-regulation of
PTTGI in both cell types. These data indicate that PTTG1
does not directly affect the interaction among HSP70, HSP90,
and TERT. Nevertheless, the expression of Ku70 decreases
slightly when PTTG1 is down-regulated. These data indicate
that Ku70 plays an important role as a regulatory mediator
between PTTG1 and TERT. TERT interacts with Ku70, and
Ku70 interacts with PTTG1; the resulting complex is
translocated into the nucleus, leading to increases in the cell
cycle, autophagy, and self-renewal activity. By contrast, de-
creased PTTGI expression decreases the expression of Ku70
and HSP90. These environmental changes induce a change in
the binding affinity between Ku70 and PTTG1. Furthermore,
the interaction between TERT and Ku70 is also decreased by
the decreased expression of Ku70. These changes induce
apoptosis and cellular senescence as a phenomenon of aging.

Our findings suggest that the balance between TERT
and PTTGI attributable to efficient association with
Ku70 might be important for the enhancement of the
limited self-renewal activity of MSCs, although further
study of the regulatory mechanism of Ku70 is needed.
Moreover, this might facilitate the elucidation of the
regulatory mechanism of self-renewal.
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