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Abstract

We reported previously that mesenchymal progenitor cells derived from chorionic villi of the human placenta could differentiate into
osteoblasts, adipocytes, and chondrocytes under proper induction conditions and that these cells should be useful for allogeneic regen-
erative medicine, including cartilage tissue engineering. However, similar to human mesenchymal stem cells (hMSCs), though these pla-
cental cells can be isolated easily, they are difficult to study in detail because of their limited life span in vitro. To overcome this problem,
we attempted to prolong the life span of human placenta-derived mesenchymal cells (WPDMCs) by modifying hTERT and Bmi-1, and
investigated whether these modified hPDMCs retained their differentiation capability and multipotency. Our results indicated that the
combination of hTERT and Bmi-1 was highly efficient in prolonging the life span of hPDMCs with differentiation capability to osteo-
genic, adipogenic, and chondrogenic cells in vitro. Clonal cell lines with directional differentiation ability were established from the
immortalized parental APDMC/hTERT + Bmi-1. Interestingly, hPDMC/Bmi-1 showed extended proliferation after long-term growth
arrest and telomerase was activated in the immortal hPDMC/Bmi-1 cells. However, the differentiation potential was lost in these cells.
This study reports a method to extend the life span of hPDMCs with hTERT and Bmi-1 that should become a useful tool for the study of
mesenchymal stem cells.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Placenta; Mesenchymal cells; Immortalization; Differentiation; Telomerase; Bmi-1

i

Human mesenchymal stem cells (hMSCs) from various
sources are able to differentiate into different cell lineages
under specific culture conditions [1,2], and have generated
a great deal of interest because of their potential use in
regenerative medicine. Recently the human placenta,
umbilical cord, and amnion have received attention as pos-
sible sources of hMSCs ‘because of their easy acquisition
with few ethical problems compared to other types of cells

* Corresponding author. Fax: +81 3 5449 5452,
E-mail address: takahasi@ims.u-tokyo.acjp (T.A. Takahashi).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/5.bbrc.2006.10.125

[3-6]. Since information necessary for cord blood trans-
plantation (i.e., HLA typing, viral screening, contamina-
tion by microorganisms, and examination of diseases in
donors and their families) is routinely obtained by cord
blood banks, the placenta and cord blood should be two
of the safest sources of allogeneic mesenchymal cells for
regenerative medicine. In this study, we chose chorionic vil-
1i from the fetal part of the human placenta as the mesen-
chymal cell source.

We have reported that mesenchymal progenitor cells
derived from the chorionic villi of the human placenta
can differentiate into osteoblasts, adipocytes, chondrocytes,
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and neural cells under specific induction conditions [6].
These cells can be used for chondrogenic tissue engineering
[7], suggesting that hPDMCs could potentially represent a
useful cell source for regenerative medicine. However, like
hMSCs; hPDMCs proliferate slowly with an average-life
span of 21 population doublings, which makes the cells dif-
ficult to study in detail for possible clinical use. Normal
human cells undergo limited cell division in culture and
then enter a nondividing state called “senescence’ [8]. It
is generally accepted that normal human cells senesce
because they acquire one or more short dysfunctional telo-
meres and lack telomerase expression [9]. It has also
become clear that other factors such as DNA damage
and oxidative stress cause cell growth arrest with a senes-
cent phenotype, independent of telomere length and struc-
ture [10]. However, through a process known as ex vivo
immortalization, it has become possible to induce primary
cells to grow indefinitely in vitro by genetic manipulation
[11]. Those processes represent an attractive means of pro-
ducing large quantities of cells for experimental and thera-
peutic purposes.

In this study, we investigated life span extension of
hPDMCs by lentiviral-mediated hTERT and Bmi-1 trans-
duction. The results indicated that immortalization of
hPDMCs required both activation of telomerase and
down-regulation of pl6 INK4a expression. The hPDMCs
with an extended life span could differentiate into osteogenic,
adipogenic, and chondrogenic cells in vitro. Eight clonal cell
lines were established from immortalized parental \PDMC/
hTERT + Bmi-1 and their capabilities for directional differ-
entiation were examined. Interestingly, hPDMC/Bmi-1
showed an extended period of proliferation after long-term
growth arrest and telomerase was activated in the immortal
hPDMC/Bmi-1 cells; however, the differentiation ability was
lost in those cells. Our data suggest that (PDMCs have mul-
tipotential differentiation capability and also that transduc-
tion with hTERT + Bmi-1 provides a useful method to
overcome the short life span of hPDMCs.

Materials and methods

Production of lentiviral vector. To obtain the hTER T-coding lentiviral
plasmid pHIV-TERT, a fragment containing hTERT cDNA was excised
from PGRN145b (Geron Corp, Menlo Park, CA) with Kpnl and Sall, and
subcloned into Nhel and Xhol sites of pCS-CDF-ChG, which coding
humanized the R. reniformis GFP (hrGFP) gene. Next, the full-length
Bmi-] ¢cDNA was generated by RT-PCR using primers (forward):
5'.-GCTAGCAGAAATGCATCGAACAACGAGAATC-3' (underlined:
Nhel site) and (reverse): 5-CTCGAGT. ATCAACCAGAAGAAGTTGC
TGA-3' (underlined: Xhol site) from total RNA extracted from WI-38
cells. The Bmi-1 PCR product was cloned into pCR4Bblunt-TOPO vector
using a Zero blunt TOPO PCR cloning kit (Invitrogen, Carlsbad, CA).
After confirming the Bmi-1 sequence, the fragment excised with Nhel and
Xhol was ligated to pCS-CDF-ChG-PRE digested with Nhel and Xhol
(pHIV-Bmi-1). The lentiviral vector stock was produced and the titer was
measured as described previously [12].

Isolation, culture, and vector transduction of hPDMCs. The study was
approved by the Internal Review Board of our institute. Mesenchymal
cells were isolated from chorionic villi by the explant culture method
described previously [6]. The migrated cells were regarded as population

doubling 0 (PD 0). The hPDMCs were isolated without contamination by
maternal cells, which was confirmed by XY chromosome analysis using
fluorescence in situ hybridization (FISH) as described previously [6].
hPDMCs at PD 8 were inoculated with the hTERT expression lentiviral
vector (WTERT-LV) or Bmi-1 expression lentiviral vector (Bmi-1-LV), ora

combination of these two-vectors-at-a-multiplicity of infection (MOT) of

2.8 for 3h to generate hPDMC/hTERT, hPDMC/Bmi-1 or hPDMC/
hTERT + Bmi-1 cells.

Telomerase activity and telomere length assay. The telomerase activity
was assessed by using a telomere repeat amplification protocol (TRAP) kit
(Roche, Mannheim, Germany) according to the manufacturer’s instruc-
tions. The telomere length was determined by using a Telo TAGGG
Telomere Length Assay (Roche) as per the manufacturer’s instructions.

Immunohistochemical staining of Bmi-1. The control and transduced
cells at PD 10 were fixed with 4% paraformaldehyde and incubated with
anti-Bmi-1 monoclonal antibody F6 {Upstate Inc., Lake Placid, NY)
(1:200) overnight at 4 °C and Bmi-1 was detected using a diaminobenzi-
dine tetrahydrochloride (DAB) substrate kit (Dako, Kyoto, Japan).

Western blot analysis. Western blotting was performed as described
previously [11). Equal amounts of protein (30 ug) were used for detection.
The primary antibodies used were anti-Bmi-1 F6 and anti-B-actin (loading
control) (Santa Cruz Biotech, Santa Cruz, CA).

Quantitative PCR. Total RNA was isolated using an RNAeasy mini kit
(Qiagen, Tokyo, Japan). Following the manufacturer’s protocol, cDNAs
were synthesized from 1 pg aliquots of total RNA with Superscript I1.
Reverse Transcriptase (Invitrogen) using the oligo (dT) primer (Invitro-
gen) in a total volume of 20 pl. Quantitative PCR was done as follows:
95 °C for 10 min, 50 cycles of PCR (95 °C for 15 s and 58 °C for 2 min)
using 12.5 ul of 2x TagMan Master (Roche), each primer at 0.6 uM, a
0.6 uM probe, 1yl of the RT product, and H,O to 25 pl. The level of
mRNA was normalized by using GAPDH as an internal control. Every
reaction was performed in duplicate. The results were analyzed using ABI
PRISM 7700 program EDTECTOR 1.6. PCR. Sequences of primers and
probes were as follows: hTERT (forward): 5-ACGGCGACATGGAGA
ACAA-3, (reverse): 5'-CACTGTCTTCCGCAAGTTCAC-3, probe:
CTCCTGCCTITGGTGGATGATTTCTTGTTG; plé (forward): 5'-G
CCCAACGCACCGAATAGT-3, (reverse): 5-CGCTGCCCATCATC
ATGC-3, probe: ACGGTCGGAGGCCGATCCA,; pl4 (forward): 5'-CC
TCGTGCTGATGCTACT-3, (reverse): 5-CGCTGCCCATCATCA
TGC-3, probe: TCTAGGGCAGCAGCCGCTTC; GAPDH (forward):
5".GAAGGTGAAGGTCGGAGTC-3', (reverse): 5-GAAGATGGTG
ATGGGATTC-3', probe: GGCTGAGAACGGGAAGCTTG.

Culture of immortalized clonal cells. One hundred hPDMC/
hTERT + Bmi-1 cells at PD 20 were plated in a 100-mm diameter dish,
and the cultures were maintained in the culture medium until well-defined
clones were formed. Then the clones were harvested using sterile cloning
rings and replated in a 100-mm diameter dish to form clones again. The
clones were harvested and expended for analysis. Eight clonal cell lines
were analyzed for osteogenic, chondrogenic, and adipogenic potential.

Osteogenic, chondrogenic, and adipogenic differentiation of hPDMCs.
The differentiation potential of prolonged-culture cells was examined
using the differentiation-induction protocol and differentiation assay
described previously [6].

Results

Characteristics of hPDMCs transfected with hTERT, Bmi-
1, or hTERT + Bmi-1

As described previously [6], the hPDMCs had fibroblast-
like morphology as shown in Fig. 1Aa. By the FISH assay,
100% XY and 0% XX signals were detected in 500 migrated
cells from the placenta of a male baby, indicating that these
cells derived from the fetal part of the placenta, i.e., the
chorionic villi, without contamination by the maternal part.
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Fig. 1. Morphology and growth change. (A) Morphology of hPDMCs. (a) The control cells at PD 8. (b) The control cells at PD 15. (c) hPDMC/hTERT
at PD 15. (d) hPDMC/hTERT+Bmi-1 at PD 20. (¢) hAPDMC/Bmi-1 at PD 22. Arrowheads indicate smaller, mitotically active cells among large cells. (f)
hPDMC/Bmi-1 at PD 40. Magnification 100x. (B) Proliferation curves of control and transduced cells. Control cells (blue), hPDMC/hTERT (yellow),
hPDMC/Bmi-1 (green), and hPDMC/hTERT+Bmi-1 (red) are shown. (For interpretation of the references in color in this figure legend, the reader is

referred to the web version of this article.)

At PD 8, the hPDMCs were inoculated with hTERT-LV
and/or Bmi-1-LV at an MOI of 2.8. The transduction effi-
ciency of hrGFP-LV under the same conditions was shown
to be almost 100% by FCM. Until PD 15, the growth rates
of these transductants and untransduced hPDMCs were
almost the same (Fig. 1B). The controland hPDMC/hTERT
cells became broad, flat and stopped replicating (Fig. 1Ab
and Ac) indicating that these cells had entered senescence.
On the other hand, the cells transduced with
hTERT + Bmi-1 and Bmi-1 escaped the replication crisis
and proliferated continuously. During the following culture,
the proliferation rate of hPDMC/hTERT + Bmi-1 acceler-
ated and the cells became smaller (Fig. 1Ad). The prolifera-
tion rate of hPDMC/Bmi-1 became slow at approximately
PD 20. However, smaller, mitotically active cells that existed
among large cells proliferated when the hPDMCs/Bmi-1
were cultured continuously (Fig. 1Ae). The shape of
hPDMC/Bmi-1 became uniform with increasing numbers
of passages (Fig. 1Af), indicating that these cells had
bypassed the replication crisis. The same results were
obtained when the transduced cells at the Ist passage were
cultured repeatedly to exclude the possibility that the results
were caused by contamination by other types of cells during
cell processing. Both hPDMC/hTERT + Bmi-1 and
hPDMC/Bmi-1 were maintained in culture for more than
1 yr and continued to proliferate to more than PD 100, sug-
gesting that these cells were immortal (Fig. 1B).

Telomerase activity and telomere length in transduced cells

Telomerase activity was undetectable in control and
hPDMC/Bmi-1 cells at PD 15 (Fig. 2A). In contrast,

telomerase activity was observed in hPDMC/hTERT at
PD 15, and in hPDMC/hTERT + Bmi-1 at PD 15 and 30.
Telomerase activity was detected in hPDMC/Bmi-1 at PD
30, indicating that telomerase was induced in hPDMC/
Bmi-1 cells after they bypassed growth arrest (Fig. 2B).
Telomere length in the control cells decreased with increases
of PD, whereas it remained the same in the hPDMC/
hTERT, regardless of the increase of PD. Telomeres in
hPDMC/Bmi-1 at PD 20 were shorter than in control cells
at PD 15, but became longer at PD 30 after bypassing the
growth crisis. In APDMC/hTERT + Bmi-1 telomeres were
longer at PD 20 and 30, than at PD 10. Quantitative PCR
of telomerase gene expression agreed with the results of the
TRAP assay (Fig. 2C). That is, the control cells and
hPDMC/Bmi-1 at PD 15 and 20 did not express the hnTERT
gene, but it was detected in hPDMC/hTERT at PD15 and
in hPDMC/hTERT + Bmi-1 at all PDs. In hPDMC/
Bmi-1, the hTERT gene was detected at PD 30 and
continued to appear at PD 50 (Fig. 2C). These data indicated
that activation of telomerase was by activating hTERT
transcription in hPDMC/Bmi-1.

Overexpression of Bmi-1 in transduced cells

Overexpression of Bmi-1 was examined by immunohis-
tochemical staining and Western blotting. The nuclei of
cells transduced with hTERT + Bmi-1 and Bmi-1 were
stained intensely with monoclonal antibody F6 against
Bmi-1 (Fig. 3Aa and Ab). Slight nuclear staining in the
control cells and hTERT-transduced cells at PD 10 was
attributed to endogenous protein (Fig. 3Ac and Ad). The
results of Western blotting showed overexpression of
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Fig. 2. Detection of telomerase activity. (A) Telomerase activity detected by TRAP assay. No control cells or hPDMC/hTERT cells were harvested at the
stage of PD 30. (B) Telomere lengths of control and transduced cells. (C) Quantitative PCR assay shows the expression of hTERT. X, not detected.
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Fig. 3. Detection of overexpressed Bmi-1 and expression of p16 and pl4 in hPDMCs. (A) Localization of Bmi-1. Cells at PD 10 were stained with mouse
monoclonal antibody. APDMC/hTERT+Bmi-1 (a) and hPDMC/Bmi-1 (b) were strongly stained in nuclei. Slight nuclear staining in control cells (c) and
hPDMC/hTERT (d) was attributable to endogenous protein. Magnification 100x. (B) Western blotting of Bmi-1. No clear band is seen for control cells or
hPDMC/hTERT at the senescent stage of PD 15. (C) Expression of pl6 detected by quantitative PCR. (D) Expression of pl4 detected by quantitative

PCR. GAPDH served as an internal control.

Bmi-1 in hPDMC/Bmi-1 and hPDMC/hTERT + Bmi-1 at
different PDs. No clear band was observed in the control
cells or hPDMC/hTERT at PD 15, which was the senes-
cent stage (Fig. 3B), indicating that expression of Bmi-1
declined in senescent cells. A similar result was shown for
WI-38 fibroblasts in a previous report [13].

Down-regulation of pl6 extended the life span of hPDMCs,
but pi4 did not

Bmi-1 is known to down-regulate the expression of two
key tumor suppressors, pl6 and pl4 (pl9 in the mouse),
which are encoded by a single locus, INK4a [14]. By quan-
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titative PCR analysis, we found that pl16 expression was
up-regulated in the control cells and hPDMC/hTERT at
the senescence stage of PD 15 compared to that in the pro-
liferating and young control cells at PD 10. In hPDMC/
Bmi-1, the expression of pl6 was low at PD 15 but
increased at PD 20, then decreased at PD 30 and continued
to be down-regulated at PD 50. On the other hand, the
expression of pl6é was low in hPDMC/hTERT + Bmi-1
at all PDs. However, the level of pl6 expression increased
as the PD increased (Fig. 3C). The expression level of pl14
was the same in the control and transduced cells (Fig. 3D)
indicating that extension of the life span of hPDMCs by
transduction with Bmi-1 was caused by suppression of
the expression of pl6, but not pl4.

Differentiation potentials of immortalized hPDMCs

Differentiation potentials of hPDMC/hTERT + Bmi-1
and hPDMC/Bmi-1 after prolonged culture were exam-
ined. The pellets of hPDMC/hTERT + Bmi-1 cultured
for 3 weeks in chondrogenic induction conditions became
larger, white, and opaque with glistening and transparency
compared to those cultured without induction medium
(Fig. 4A, top). The pellets of hPDMCs were positive for
toluidine blue and type II collagen (Fig. 4Ba and Bb). Oste-
ogenic differentiation was confirmed by mineralization
(Fig. 4Bc) and adipogenic differentiation by lipid vesicles
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(Fig. 4Bd). However, hPDMC/Bmi-1 showed minimal dif-
ferentiation potential after bypassing replicative senescence
as demonstrated by the pellet size at each PD (Fig. 4A bot-
tom), and no distinct osteogenic or adipogenic differentia-
tion was observed at PD 25 or 30 (data not shown),
indicating that the differentiation potential was lost in the
cells with extended life spans.

Among eight clonal cell lines, there were four cell lines
that showed bi-directional differentiation potential
(Fig. 4D), one cell line showed only chondrogenic differen-
tiation, and three cell lines showed no differentiation poten-
tial. However, no clonal cell lines differentiated into an
adipocyte.

Discussion

In this study, we found that telomerase activity was not
sufficient to immortalize hPDMCs. The hPDMCs at PD
15, the senescent stage, showed high expression of pl6
compared to younger cells at PD 9. Combination of
hTERT and Bmi-1 was shown to be highly effective to
extend the life span of hPDMCs (Fig. 1B), indicating that
the down-regulation of p16 was the first step necessary for
the immortalization of the cells. hPDMC/Bmi-1 went
through a long-term growth crisis, after which proliferation
started (Fig. 1B). Activation of telomerase was observed in
hPDMC/Bmi-1 cells that escaped from the replicative crisis

Clones 1 2 3 45 678
Chondrocyte + + + - + - + -

Differential
ability Osteoblast + - + - + - + -
Adipocyte - e e e e e .

Fig. 4. Pellet culture of immortalized cells at 3 weeks of induction. (A) Top: pellet cultures of hPDMC/hTERT+Bmi-1 at PD 15, 25, 30, and 40, and the
induction control (\lPDMC/hTERT + Bmi-1 at PD 15). Bottom: pellet cultures of hPDMC/Bmi-1 at PD 15, 20, 25, and 30, and the induction control
(APDMC/Bmi-1 at PD 15). A 1-mm scale ruler is shown. (B) Differentiation potential of hPDMC/hTERT + Bmi-1 at PD 40. Histochemical evidence for
chondrogenic ((a) toluidine blue staining, (b) type II collagen immunohistochemical staining), osteogenic ((c) von Kossa staining), and adipogenic ((d) Oil-
red-O staining) differentiation. Magnification 100x. (C) Differentiation potential of hPDMC/hTERT + Bmi-1 clone 1. Histochemical evidence for
differentiation in two directions, chondrogenic ((a) toluidine blue staining, (b) type II collagen immunohistochemical staining) and osteogenic
differentiation ((c) von Kossa staining). Magnification 100x. (D) Differentiation ability of eight clonal cell lines derived from hPDMC/hTERT + Bmi-1 at

PD:20.
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and were immortalized. Such immortalization may occur in
the growth arrest period, probably through the selection of
cells that escape from the growth crisis, as reported previ-
ously for MRC-5 human lung fibroblasts [15].

We found that hAPDMC/hTERT at PD 15 maintained
telomere length compared to that in the control cells (PD
10 and 15). Itis known that telomerase contributes to the sta-
bilization and/or elongation of telomeres in immortal cells
and cancer cells [16]. Telomerase function is regulated by
TERT-associated protein and extension cannot be easily
achieved if longer telomeres exist in cells [17]. Why telomere
length was maintained but not elongated in hPDMC/
hTERT at PD 15 may be explained by the long telomere or
low function of telomerase in those cells. The expression of
pl6 was dramatically increased in hPDMC/Bmi-1 at PD
20 and then decreased at PD 30. We assume that many of
the cells went into replicative senescence and crisis even
though the cells were transfected with Bmi-1; but some
infected cells escaped from the crisis, and in these cells the
expression of p16 was down-regulated. There are many pos-
sible reasons why pl6 increased at the crisis stage of
hPDMC/Bmi-1, including overexpression of specific genes
to induce p16, or no function of Bmi-1 for down-regulation
of p16 during the replicative senescence and growth crisis,
but we do not have evidence of the cause. A similar phenom-
enon of pl6 down-regulation in immortal hPDMC/Bmi-1
cells was reported for MRC-5 fibroblasts [15]. There was
no difference in cell-surface markers of APDMCs transduced
with Bmi-1 and those with a combination of hTERT and
Bmi-1 (data not shown). Regarding tumorigenicity, trans-
duced hPDMCs with an extended life span did not form
any foci in vitro, and cell division stopped after they reached
confluence. They were in the normal cell cycle and had dip-
loid karyotypes (data not shown) indicating that malignant
transformation did not occur.

The other purpose of this study was to determine
whether cells with a prolonged life span could retain their
differentiation potential. Our results showed that the differ-
entiation potential of APDMC/hTERT + Bmi-1 was main-
tained after prolonged culture (Fig. 4A, top and B).
However, a gradual decrease of differentiation potential,
particularly after prolonged culture (>PD 40), was
observed in the pellets, i.e., decreases of size and alkaline
phosphatase activity under conditions for chondrogenic
and osteogenic differentiation, respectively (data not
shown). There is a possibility that the decrease was caused
by the long-term culture itself reported previously [18,19].
hPDMC/Bmi-1 did not differentiate after bypassing repli-
cative senescence without any change in cell-surface marker
of the mesenchymal cells (data not shown). The reason for
this limitation is not known, but the possibility that a sub-
tle mutation might have occurred in these cells and inacti-
vated some critical master regulators of differentiation
should be considered. Another possibility is that hPDMCs
are heterogeneous in their potential for differentiation and
only precursor hPDMCs/Bmi-1 cells with low differentia-
tion ability were able to bypass replicative senescence.

Clonal analysis revealed that the differentiation poten-
tial was different in the clonal cell lines of hPDMC/
hTERT + Bmi-1 (Fig. 4C). The existence of clonal cell lines
with directional differentiation proved that the hPDMCs
were likely mesenchymal stem cells. However, no cell lines
could differentiate into adipocytes, and this was likely
caused by long-term culture, similar to extensively cultured
bone marrow-derived MSC that lost the ability to differen-
tiate into adipocytes [20].

Our results show that extension of the life span of
hPDMCs requires both activation of hTERT and down-
regulation of pl6. hPDMCs with an extended life span
should be useful to study the use of cells for tissue engineer-
ing, as well as the mechanism of differentiation.
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