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Table 2. Mouse GEM array (Incite/Genome Systems) results: sorted by balanced differential expression in descending order

Differential
expression

Kusa-Al Kusa-O Gene name
signal signal
18153 3573 Tissue inhibitor of metalloproteinase 3 (IMAGE:580753)
2254 516 Myocyte enhancer factor 2C (IMAGE:777101)
6829 1778 Alkaline phosphatase 2, liver (IMAGE:535409)
1963 542 ESTs (IMAGE:735883)
12133 3631 Tenascin C (IMAGE:736372)
803 241 Mus musculus neural precursor cell expressed developmentally;
downregulated Nedd9 (Nedd9) mRNA, complete cds (IMAGE:404536)
15184 5181 Procollagen, type V, alpha 2 (IMAGE:467107)
8897 3222 Procollagen, type V, alpha 2 (IMAGE:445075)
1071 409 ESTs (IMAGE:597280)
3927 1544 ESTs (IMAGE:419146)
1683 667 ESTs (IMAGE:479709)"
5265 2152 Procollagen, type XI, alpha 1 (IMAGE:423028)
2616 1069 Public domain EST (IMAGE:597342)
6241 2702 Public domain EST (IMAGE:439362)
1737 749 Kinesin family member 5B (IMAGE:760837)
829 362 Mus musculus major histocompatibility complex region NG27, NG28, RPS28,
NADH oxidoreductase, NG29, KIFC1, Fas-binding protein, BING1, tapasin,
RalGDS-like, KE2, BING4, beta 1,3-galactosyl transferase, and RPS18
genes, complete cds (IMAGE:329741)
2778 1226 Sprouty homolog 1 (Drosophila) (IMAGE:425005)
2866 1314 ESTs (IMAGE:466255)
2214 1006 ESTs, weakly similar to plexin 1 (M.musculus) IMAGE:735903)
1339 609 Adducin 3 (gamma) (IMAGE:620815)
5249 2434 Alkaline phosphatase 2, liver (IMAGE:465052)

*IMAGE:479709 clone was similar to Mus musculus MADS box transcription enhancer factor 2, polypeptide C (myocyte enhancer factor 2C)

Table 3. Mouse GEM array (Incyte/Genome Systems) results: sorted by balanced differential expression in ascending order

Differential
expression

=53
—4.5
-4.5

-4.4
-4

-39
-3.7
=37
-3.6
-34
-33
-3

-2.9
—2.8
-28
=27
-26
-2.6

—2.6
-2.5

=25
-2.4
-24

~2.4

Kusa-Al Kusa-O Gene name
signal signal
951 5080 Stromal cell-derived factor 1 (IMAGE:533003)
205 929 ESTs (IMAGE:779168)
156 708 ESTs, weakly similar to cDNA EST EMBL:D75506 comes from this gene
(C.elegans) (IMAGE:334182)
220 963 ESTs (IMAGE:445426)
1303 5260 Secreted phosphoprotein 1 (IMAGE:571759)
362 1408 Four and a half LIM domains 1 (IMAGE:477066)
456 1671 Fibrillin 2 (IMAGE:617885)
218 809 Complement component 1, T subcomponent (IMAGE:617816)
830 3021 Mus musculus OSF-2/periostin mRNA, complete cds (IMAGE:403071)"
1204 4149 ESTs (IMAGE:617992)
324 1060 Complement component 1 subcomponent (IMAGE:676176)
507 1535 Calpain 6 (IMAGE:478504)
812 2315 Mus musculus mRNA for dickkopf-3 (dkk-3 gene) (IMAGE:536577)
1076 3010 Phosphodiesterase 7A (IMAGE:314384)
366 1007 Public domain EST (IMAGE:314509)
731 1939 ESTs (IMAGE:536526)
1044 2672 Chloride channel 2 (IMAGE:407704)
291 768 ESTs, weakly similar to proline-rich protein MP4 (M.musculus)
(IMAGE:458992)
274 708 Insulin-like growth factor 1 (IMAGE:313322)
2177 5462 ESTs, weakly similar to similarity to yeast D-lactate dehydrogenase
(C.elegans) (IMAGE:748228)
280 693 Public domain EST (IMAGE:479159)
2279 5428 Procollagen, type VI, alpha 1 (IMAGE:334132)
992 2350 ESTs, highly similar to hypothetical 25.7-kD protein in MSH1-EPT1 intergenic
region (Saccharomyces cerevisine) (IMAGE:337654)
329 787 Public domain EST (IMAGE:338162)

*Periostin, originally called OSF-2 (fasciclin I-like), is mainly detected in the periosteum and may play a role in the eoruitment and attachment
of osteoblast precursors (22)
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Fig. 7. MEF2C and Periostin expression in Kusa-Al (gray bars) and
Kusa-O (white bars). Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) confirmed the data obtained by microarray
(Table 2). In Kusa-Al, MEF2C was highly expressed, but Periostin
expression was low. On the other hand, in Kusa-O, MEF2C expression
was low, but Periostin expression was high

non-inducing condition, neither of these cell lines exhibited
calcium deposits. These results imply that the recruitment
of inorganic phosphate by ALP is a necessary but not suffi-
cient condition to induce calcium deposition.

The differential expression of the osteogenic markers,
osteocalcin and osteopontin, in Kusa-Al and Kusa-O indi-
cates their stage of osteogenesis. Osteocalcin, a kind of
bone “gla” (gamma carboxy-glutamic acid) protein (BGP),
is the major non-collagenous extracellular protein of bone
tissue, and is thought to play an important role in bone
mineral deposition with its gamma caboxy-glutamic acid
residues [25]. Osteopontin is another osteogenic marker
expressed in the middle stage of osteoblast differentiation
in vitro. In this study, Kusa-A1l showed osteocalcin expres-
sion within 1 day after confluency in the inducing condition
and 5 days after confiuency in the non-inducing condition.
But Kusa-O did not exhibit osteocalcin expression in either
the inducing condition or the inducing condition. On the
other hand, osteopontin expression was rather constant
through the experimental time course in Kusa-O, but was
high only in the inducing condition in Kusa-A1l. To summa-
rize these results, Kusa-Al could be classified as a more
mature stage of osteoblast than Kusa-O, a classification
which is compatible with their osteogenesis/mineralization
abilities in vivo and in vitro.

For Kusa-Al, some specific conditions have induced its
differentiation into various types of cells. For example,
Makino et al. [5] showed that Kusa-Al differentiated into
adipocytes or myotubes with S-aza cytidine treatment.
Moreover, the introduction of noggin, a suppressor of bone
morphogenic protein (BMP) induced active neurons from
Kusa-Al [8]. These results indicate that Kusa should be
considered as a kind of stem cell or progenitor cell, not as a
simple osteoblastic cell line. We examined the expression of
Notch signal-related genes that could be important for the
regulation of various types of stem/progenitor cells. Notch
signaling in stem cells models is often demonstrated as lat-
eral inhibition or lateral specification [26,27]. These models
well explain the “salt-and-pepper pattern” seen in the dif-
ferentiation of stem cells [28], in which an active Notch
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signal creates reciprocal patterns in neighboring cells. Our
high-magnification view of calcified deposits in Kusa-Al
indicated this salt-and-pepper-like pattern, which may cor-
respond to an activated Notch signal. In contrast, the ob-
scure pattern of calcification in Kusa-O may indicate an
inactive state of Notch signaling, In fact, our previous study
demonstrated that a constitutively active form of Notchl
influenced the osteogenesis/mineralization ability of Kusa
[29]. But Northern blot analysis showed that HESI, a down-
stream gene in the Notch signal pathway, changed its
expression level only in Kusa-Al, in the non-inducing
condition. The Notch signal has many different downstream
factors, such as nuclear factor kappaB, p-300, Deltex, and
mitogen-activated protein kinase (MAPK), other than the
Epstein-Barr virus (EBV) latency C promoter binding
factor 1 (CBF1)/hairy and enhancer of split 1 (HES1) path-
way and employs them differentially. HESI may not be
involved in the Notch signal pathway of Kusa.

Actually, the analysis of 588 cDNAs is not sufficient
to use the term “global”, but, with this small-number
microarray, we detected that gross downregulation oc-
curred in the inducing condition in both Kusa-A1l and Kusa-
O. This indicates that “master gene expression” is not
necessarily associated with osteogenesis/mineralization in
Kusa, and conversely, the gross downregulation may carve
out specific networks of signal pathways, resulting in the
unidirectional differentiation of osteogenesis/mineraliza-
tion. This hypothesis is a concept that is completely oppo-
site to the “master gene theory”, and further verification
with other types of cell lines should be performed to test this
hypothesis.

The high-throughput microarray (GEMarray), which
was carried on Kusa-Al and Kusa-O in the non-inducing
condition, revealed a relatively high expression of periostin
in Kusa-O cells. Periostin was identified from the screening
of MC3T3-E1-specific genes, and sequence similarity analy-
sis has revealed that it is homologous to fasciclin {30], a type
of homophilic binding molecule [31,32]. Periostin is
specifically expressed in the periosteum and the periodontal
ligament [24]. The function of periostin remains to be eluci-
dated, but recent reports indicate a relationship with cell
attachment [33-36]. As compared with Kusa-A1l, MC3T3-
El in the non-inducing condition should be classified as
showing a rather immature state of osteogenesis, and Kusa-
O should also be included in this category. The high level of
expression of periostin in MC3T3-El and Kusa-O may
imply its role in the early stage of osteogenesis, although
further investigation remains to be done to specify the
molecular basis of this role.

In contrast to periostin expression in Kusa-Al, MEF2C
showed enhanced expression. MEF2C is a basic/helix-loop-
helix (bHLH) transcriptional factor and is known to be a
late-stage regulator of myogenesis, under the control of
MyoD, Myf5, and some other early myogenic genes [37-39].
However, we could not find upregulation of any other myo-
genic genes with the GEMarray microarray analysis. Re-
cently, further roles and relationships of MEF2C have been
found, such its action as an apoptotic factor in neurogenesis
[40,41] and stem cell regulation, in the context of Notch
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signaling, in both vertebrates and invertebrates [42]. As
mentioned, it was difficult to find the direct involvement of
HES! in the Notch pathway of Kusa, though activation of
the Notch signal has been shown to suppress the differentia-
tion of Kusa-Al [29]. The Notch signal seems to employ
some pathway(s) other than its classical one, and MEF2C
could be a candidate. CCN3 is a positive regulator of the
Notch signal and its high expression in Kusa may be related
to this kind of non-classical pathway of the Notch signal.

In conclusion, we investigated two sublines of Kusa from
several different aspects and clarified their specific charac-
teristics. Kusa seems to be a useful cell line, considering its
high osteogenesis/mineralization activity; investigation of
the molecular basis of this activity will give new insights for
the technical development of osteogenic restitution.
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Human umbilical cord blood-derived mesenchymal stem cells (UCBMSCs) are expected to serve as an excellent alterna-
tive to bone marrow-derived human mesenchymal stem cells. However, it is difficult to study them because of their
limited life span. To overcome this problem, we attempted to produce a strain of UCBMSCs with a long life span and to
investigate whether the strain could maintain phenotypes in vitro. UCBMSCs were infected with retrovirus carrying the
human telomerase reverse transcriptase (WTERT) to prolong their life span. The UCBMSCs underwent 30 population
doublings (PDs) and stopped dividing at PD 37. The UCBMSCs newly established with hTERT (UCBTERTS) proliferated
for >120 PDs. The pl16'N%%3/RB braking pathway leading to senescence can be inhibited by introduction of Bmi-1, a
polycomb-group gene, and human papillomavirus type 16 E7, but the extension of the life span of the UCBMSCs with
hTERT did not require inhibition of the p16'N*42/RB pathway. The characteristics of the UCBTERTs remained unchanged
during the prolongation of life span. UCBTERTSs provide a powerful model for further study of cellular senescence and

for future application to cell-based therapy by using umbilical cord blood cells.

INTRODUCTION

Human mesenchymal stem cells (hMSCs) can be a useful
source of cells for transplantation for several reasons: they
have the ability to proliferate and differentiate into meso-
dermal tissues, and they entail no ethical or immunological
problems (Caplan, 1991; Prockop, 1997; Caplan and Bruder,
2001). hMSCs have been studied extensively over the past 3
decades, and numerous independent research groups have
successfully isolated hMSCs from a variety of sources, most
commonly, from the bone marrow (Owen, 1988; Umezawa
et al., 1992; Jaiswal et al., 1997; Makino et al., 1999; Pittenger
et al., 1999; Sekiya et al., 2004). Umbilical cord blood (UCB)
contains circulating stem/progenitor cells, and the cells con-
tained in UCB are known to be distinct from those contained
in bone marrow and adult peripheral blood (Mayani and
Lansdorp, 1998). Isolation, characterization, and differentia-
tion of clonally expanded hMSCs derived from UCB
(UCBMSCs) have been reported (Goodwin et al., 2001; Lee ef
al., 2004), and UCBMSCs have been found to have multipo-
tency, and the immunophenotype of the clonally expanded
cells is consistent with that reported for bone marrow mes-

This article was published online ahead of print in MBC in Press
(http:/ /www.molbiolcell.org/ cgi/doi/10.1091/mbc.E04-07-0652)
on January 12, 2005.

B} The online version of this article contains supplemental material
at MBC Online (http:/ /www.molbiolcell.org).

Address correspondence to: Akihiro Umezawa (umezawa@1985 jukuin.
keio.acjp).

© 2005 by The American Society for Cell Biclogy

enchymal stem cells. Even now, most UCB is regarded as
medical waste in the delivery rooms. Aspirating bone mar-
row from patients is, however, an invasive procedure, and
the proliferation and differentiation capacity of hMSCs de-
creases with the donor age (D'Ippolito et al., 1999). There-
fore, the applications of UCB should be further expanded.

UCBMSCs will be useful sources for cell transplantation,
however, it is difficult to study and apply them because of
their limited life span. One of the reasons for this is that
normal human cells undergo a limited number of cell divi-
sion in culture and then enter a nondividing state called
“senescence” (Hayflick, 1976; Campisi, 1997). Human cells
reach senescence or cease to divide after a limited number of
cell replications, and the average number of hMSC popula-
tion doublings (PDs) has been found to be ~40 (Takeda et al.,
2004), implying that it would be difficult to obtain enough
cells to restore the function of a failing human organ. Large
numbers of cells must be injected into damaged tissues to
restore function in humans, and cells sometimes need to be
injected throughout entire organs.

To resolve these problems, the life span of hMSCs from
bone marrow can be extended by retroviral transduction of
human telomerase reverse transcriptase (hTERT) (Black-
burn, 2000a,b, 2001) and human papillomavirus type 16
(HPV16) E6 and/or E7 (Sekiguchi et al., 1999; Burk et al.,
2003; Takeda et al., 2004). Both p16™¥4a/RB inactivation
with E7 and telomerase activation with E6 are required to
extend the life span of human mammary epithelial cells
(Kiyono et al., 1998). E6 also accelerates degradation of p53,
which induces the cdk inhibitor p21 (Sekiguchi and Hunter,
1998). This system in which p16™¥42/RB is inhibited and
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telomerase is activated is highly efficient in extending the life
span of hMSCs (Okamoto et al., 2002).

In the present study, we investigated the growth regula-
tory mechanism of UCBMSCs and attempted to establish
UCBMSCs with hTERT (UCBTERTS) to overcome their lim-
ited life span. Introduction of hTERT alone was sufficient to
extend the life span of UCBMSCs in vitro, and this technique
for prolonging the life span of UCBMSCs will be a useful
tool. UCBTERTSs with the extended life span provide a pow-
erful model for further study of cellular senescence and
application to transplantation therapy in the future.

MATERIALS AND METHODS
Isolation and Cell Culture of UCBMSCs

UCB was collected on delivery with informed consent. UCB mononuclear
cells were obtained as per the manufacturer’s instructions, followed by Ficoll-
Paque (Amersham Biosciences, Piscataway, NJ) density gradient centrifuga-
tion (1.077 g/cm?®), and plated in tissue culture dishes (BD Biosciences, San
Jose, CA) in DMEM medium (Sigma-Aldrich, St. Louis, MO) and 10% fetal
bovine serum (FBS) (Vitromex, Geilenkirchen, Germany). All cultures were
maintained at 37°C in a humidified atmosphere containing 95% air and 5%
CO,. A few colonies were found in the culture dish 1 mo after the collected
cells were cultured in DMEM with 10% FBS. One colony was trypsinized
using a colony cylinder and then diluted and plated on 12-well plates (BD
Biosciences) in mesenchymal stem cell growth medium (MSCGM, PT-3001;
Cambrex Bio Science Walkersville, Walkersville, MD) at a final density of
~4 X 10° celis/well in a 12-well plate. MSCGM was used in all culture
procedures after harvesting the colony. The cells were passaged at a density
of ~1 X 105 cells/100-mun dish (1:4), and the original cells were regarded as
being PD 0 (day 0). When the cultures reached subconfluence, the cells were
harvested with 0.25% trypsin and 1 mM EDTA and replated with one-half of
the harvested cells. Cells were allowed to adhere overnight, and nonadherent
cells were washed out with medium changes. Medium changes were carried
out twice weekly thereafter. The cells were cultured for further experiments
under the approval (approval nos. 7 and 55) of the Ethics Committee of
National Research Institute for Child Health and Development, Tokyo.

Infection with Recombinant Retroviruses

The cells were prepared for infection with recombinant retroviruses express-
ing the E6, E7, and hTERT, as described previously (Takeda et al., 2004). Stably
transduced cells with an expanded life span were designated UCBE6E7-20
and UCBTERT-21 cells.

Senescence-associated-B-gal (SA-B-gal) Staining

The SA-B-gal assay was performed as described previously (Dimui et al.,
1995). Cells were washed in phosphate-buffered saline (PBS), fixed for 3-5
min at room temperature in 2% formaldehyde/0.2% glutaraldehyde (or 3%
formaldehyde), washed, and incubated at 37°C with fresh SA-B-gal stain
solution: 1 mg of 5-bromo-4-chloro-3-indolyl B-p-galactosidase per milliliter
(stock is 20 mg of dimethylformamide/ml), 40 mM citric acid/sodium phos-
phate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide,
150 mM NaCl, and 2 mM MgCl,. Staining was evident in 2-4 h and maximal
in 12-16 h.

Cell Transplantation

Freshly collected confluent cells (10¢ cells) were subcutaneously and intra-
muscularly injected into BALB/c¢ nu/nu mice (Sankyo Laboratory,
Hamamatsy, Japan). Animals were monitored for malignant transformation
of the injected cells for 3 mo after inoculation and then killed by cervical
location.

Flow Cytometric Analysis

Cells were stained for 30 min at 4°C with primary antibodies and immuno-
fluorescent secondary antibodies. The cells were then analyzed on a FACScan
(BD Biosciences), and the data were analyzed with the CELLQUEST software
(BD Biosciences). Antibodies against human CD13, CD14, CD29, CD31, CD34,
(D44, CD45, CD50, CD55, CD539, CD90, CD117, and CD133 were purchased
from Beckman Couiter (Fullerton, CA), mmunotech (Marseille, France), Cy-
totech (Hellebaek, Denmark), and BD Biosciences PharMingen (San Diego,
CA).

Western Blot Analysis

Cells were seeded at a density of 3 X 10° cells/100-mm culture dish and
harvested at subconfluence. Cell lysates were prepared by sonication by using
ultrasonic homogenizer VP-55 in WE16th lysis buffer (Gewin ef al., 2004).
Equal amounts of protein (20 ug) were loaded on SDS-polyacrylamide gels
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and blotted on Immobilon-P membranes (Millipore, Bedford, MA) by using a
semidry transfer system (Atto, Tokyo, Japan). The primary antibodies used
were as follows: G3-245 for retinoblastoma (RB) protein and G175-405 for
pl6NKéa (BD Biosciences PharMingen), DO-1 for p53 (Oncogene Science,
Cambridge, MA), F-5 for p21 and I-19 for actin (Santa Cruz Biotechnology,
Santa Cruz, CA), affinity-purified anti-phospho-ataxia telangiectasia mutated
kinase (p-ATM) (Ser1981) (600-401-400; Rockland, Gilbertsville, PA), and
phospho-p53 (p-p53) (Ser15) antibody (9284; Cell Signaling Technology, Bev-
erly, MA). Blots were probed with horseradish peroxidase-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA),
anti-rabbit IgG (New England Biolabs, Beverly, MA), or donkey anti-goat IgG
(Santa Cruz Biotechnology), and visualized using an enhanced chemilumi-
nescence detection kit (Roche Diagnostics, Indianapolis, IN).

Telomere Length Assay

Total genomic DNA was isolated from cultured cells by proteinase K diges-
tion. The lengths of telomere in each sample were determined by Southern
blot analysis as described previously (Vaziri et al., 1994). Briefly, 1 pg of
genomic DNA extracted from each sample was digested with both Hinf I and
Rsal and electrophoresed in 0.8% agarose gels for 16 h, transferred onto a
Hybond N membrane (Amersham Biosciences), and hybridized with digoxi-
genin (DIG)-labeled (TTAGGG); probe. The membrane was incubated with
anti-DIG alkaline phosphatase {ALP) antibody, and detection was performed
with chemiluminescence solution.

Telomerase Activity

Telomerase activity in each sample was detected by the telomeric repeat
amplification protocol (TRAP) assay by using the TRAPeze kit (Intergen,
Purchase, NY) according to the manufacturer’s instruction.

Karyotype Analysis

Fixation and chromosome preparation were performed according to the
standard procedure described previously (Sasaki, 1975). For each sample, >50
cells were scored for their chromosome number.

Differentiation-Induction Experiments

The multidirectional differentiation potential of each cell line was assessed by
the differentiation-induction protocols described below.

Histochemical Staining

After 21 d of culture, cells were rinsed twice with PBS and then fixed with 10%
buffered formalin for 10 min at room temperature. The fixed cells were
stained with 0.3% Oil-Red-O (Nakarai Tesque, Kyoto, Japan) for the adipo-
genic differentiation assay and with 5% silver nitrate (Nakarai Tesque) for von
Kossa staining in the osteogenic differentiation assay (Tsuchiya et al., 2004).

Osteogenic Differentiation

Cells were seeded at a density of 5 X 10* cells/cm? in tissue culture dishes and
cultured with MSCGM containing 100 nM dexamethasone, 50 uM ascorbic,
acid 2-phosphate, and g-glycerophosphate. The cultures were maintained for
4 wk, and the cultured medium was replaced every 3 d.

Adipogenic Differentiation

Cells were seeded at a density of 3 X 10% cells/cm? in tissue culture dishes.
When the cells were confluent, the adipogenic differentiation was initiated by
three cycles of induction/maintenance culture. Each cycle consists of 3 d of
culture in the induction medium (DMEM with 10% FBS, 1 uM dexametha-
sone, 0.2 mM indomethacin, 10 pg/ml insutin, and 0.5 mM 3-isobutyl-1-
methylxanthine) followed by 2 d of culture in the maintenance medium
(DMEM with 10% FBS and 10 pg/ml insulin).

RESULTS

Establishment of UCB-derived Cells with an Extended
Life Span

UCBMSCs regarded as being PD 0, or day 0, were fibroblast-
like in morphology, indistinguishable in appearance from
the marrow-derived MSCs, and relatively larger in size than
rapidly self-renewing stem cells (Prockop et al.,, 2001) and
multipotent adult progenitor stem cells (Jiang et al., 2002)
(Figure 1A). The cells from PD 9 to PD 31 rapidly prolifer-
ated in culture, and propagated continuously (Figure 1, B
and C). No SA-B-gal activity was detected histoenzymologi-
cally in the UCBMSCs in the growth phase on day 59. The
UCBMSCs stopped replicating, became broad and flat, and
exhibited SA-B-gal activity as indicated by blue staining of
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In vitro growth and SA-B-gal activity of UCBMSCs, UCBE6E7-20 cells, and UCBTERT-21 cells. (A) Morphology of human

UCBMSCs (left, day 0; right, day 2; original magnification, 10x). (B) Morphological changes and SA-g-gal activity of UCBMSCs. UCBMSCs
were a broad and flat, ceased to proliferate, and exhibited high SA-B-gal activity as indicated by their cytoplasm staining blue at PD 32 (14
passages at day 98), suggesting senescence. No SA-B-gal activity was detected in the UCBMSCs in the growth phase at PD 24 (10 passages
at day 59 in left column). Bar, 250 um in the upper column and 100 pm in the lower column. (C) Population doublings of UCBMock cells
(yellow circles), UCBE6E7-20 cells (red squares), and UCBTERT-21 cells (blue triangles) are shown. UCBMSCs were infected with recom-
binant retroviruses carrying E6 and E7 or hTERT or were treated with polybrene alone at PD 29 (indicated as an arrow). UCBTERT-21 cells
proliferated for >120 PDs and for >250 d and exhibited persistent growth. UCBE6E7-20 cells exhibited a prolonged cell life span in culture,
reached 38 PDs, and then entered crisis. UCBMock cells stopped growing and entered senescence at 32 PDs. (D) Morphological changes (top
column) and SA-B-gal activity (middle and bottom column) of UCBMock cells, UCBE6E7-20 cells, and UCBTERT-21 cells. No staining was
detected in UCBTERT-21 cells at PD 41 (left column, 16 passages at day 98) with the SA-B-gal stain (middle and bottom columns). A few
UCBESGEY cells were positive with SA--gal stain at PD 37 (middle column, 15 passages at day 98). UCBMaock cells were broad and flat at PD

32 (right column, 14 passage at day 98), indicating senescence.

their cytoplasm at PD 32 or day 98, indicating that they had
entered senescence (Figure 1, B and C). The morphological
changes and SA-$-gal activity of UCBMSCs are PD dependent.
To extend the cells’ life span and obtain a large number of cells,
two different types of cells were obtained by transferring a
combination of HPV16 E6 and E7 or hTERT at 29 PDs or 12
passages (Figure 1C, indicated as an arrow). UCBMSCs trans-
duced with a combination of E6 and E7 were designated
UCBE6E7-20 cells, and UCBMSCs transduced with hTERT
were named UCBTERT-21 cells. UCBTERT-21 cells success-
fully proliferated >120 PDs, and continued to grow. The cells
were found to have an extended life span (Figure 1C, UCB-
TERT-21 cells, blue triangles). The UCBE6E7-20 cells, which
had been transduced with E6 and E7, had a prolonged cell life
span in culture, and underwent global cell death at 38 PDs,
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when the cells entered a “crisis” period. This implies that the
E6 and E7 are capable of prolonging cell life span but that their
effect is limited (Figure 1C, UCBE6E7-20 cells, pink squares).
Mock infection (polybrene treatment alone) did not extend cell
life span, and the cells reached senescence or cessation of
growth at PD 32 (Figure 1C, UCBMock, yellow circles). SA-B-
gal staining was performed to determine the proportions of
cells that had entered senescence, and positive staining was
observed in 0% of the UCBTERT-21 cells at PD 41, 2% of the
UCBE6E7-20 cells at PD 37, and 100% of the UCBMock cells at
PD 32 (Figure 1D). The low percentage of SA-B-gal-positive
UCBE6E7-20 cells at PD 37 or day 98 is probably attributable to
global cell death by crisis (Figure 1D, middle column). UCB-
Mock cells exhibited a typical senescence-associated morphol-
ogy, i.e., they were broad and flat and exhibited strong SA--
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Figure 2. Flow cytometric analysis of cell surface markers of UCBMSCs and UCBTERT-21 cells. UCBMSCs (A) displayed the same pattern
of surface markers as UCBTERT-21 cells (B). No difference in cell surface markers was found between UCBMSCs and UCBTERT-21 cells as
summarized in the table (C). Both were positive for CD29 (integrin 1), CD44 (Pgp-1/1ly-24), and CD5Y, and negative for CD31 (PECAM-1),
CD34, CD45 (leukocyte common antigen), CD90 (Thy-1), CD117 (c-kit), and CD133.

gal activity enzyme cytochemically at PD 32 (Figure 1D, right
column).

The cells did not undergo malignant transformation. They
stopped dividing after reaching confluence, and they did not
form any foci after confluence in vitro. Nor did the cells
grafted into the subcutaneous and muscle tissue of nude
mice (n = 6) produce tumors, at least during the monitoring
period (>100 d). Injected UCBTERT-21 cells survived but
did not proliferate at the injection sites.

Unchanged Surface Markers of UCBMSCs after
Prolongation of Their Life Span

Expression of UCBMSCs and UCBTERT-21 cell surface
markers was evaluated by flow cytometric analysis (Figure
2). The results showed that both cells were positive for CD29
(integrin 1), CD44 (Pgp-1/ly-24), CD55, and CD59, and
negative for CD13, CD14 (a marker for macrophages and
dendritic cells), CD31 (platelet-endothelial cell adhesion
molecule-1, PECAM-1), CD34, CD45 (leukocyte common
antigen), CD50 (intercellular adhesion molecule-1, [CAM-1),
CDY0 (Thy-1), CD117 (c-kit), and CD133. Primary UCBMSCs

displayed the same pattern of surface markers as UCB-
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TERT-21 cells, implying that the surface marker expression
was unaffected by the exogenously expressed hTERT.

Absence of p16!N¥4 in Parental UCBMSCs

Expression of p16NK42/RB premature senescence-associ-
ated proteins (Figure 3A) and telomere/p53 replicative se-
nescence-associated proteins (Figure 3B) was analyzed in
UCBMSCs, UCBTERT-21, and UCBE6E7-20 cells. pl6!™NhI«

" was not detected in the UCBMSC lanes until the senescence

stage; pl6'™NK4e was not detected until PD 53 and started to
be expressed in UCBTERT-21 cells at a low level at PD 69,
and p16'™K3e was detected in UCBEGE7-20 cells at PD 37,
immediately before the crisis stage. The protein levels of p53
and p21 in UCBMSCs became up-regulated as the number of
PDs increased, but the protein levels of p53 and p21 became
down-regulated in UCBE6GE7-20 cells, implying that exog-
enously introduced E6 targets p53 for proteolytic degrada-
tion. ATM in UCBE6E7-20 cells was phosphorylated, prob-
ably because of DNA damage or telomere length shortening
(Figure 3B, lane 8). p53, phosphorylated p53, and p21 were
induced by H,0,, a physiological stressor, in UCBTERT-21
cells (Figure 3B, lane 9). The hypophosphorylated forms of
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Figure 3. Time-course analysis of cell cycle-associated protein lev-
els in UCBMSCs, UCBE6E7-20 cells, and UCBTERT-21 cells. UCBM-
SCs, UCBE6E7-20 cells, and UCBTERT-21 cells were analyzed by
Western blotting for cell cycle-associated p16'N<42, RB, p-ATM
(Ser1981), phospho-p53 (p-p53) (Ser15), p53, p21 and -actin protein
levels. (A) “p16'™NK4-RB” senescence (premature senescence) path-
way-associated protein levels, i.e., p16'N** and RB. The hyperphos-
phorylated and hypophosphorylated forms of RB were indicated as
a single asterisk and double asterisks, respectively. (B) Telomere
shorten-p53’ senescence (replicative senescence) pathway-associ-
ated protein levels, ie, p-ATM, p-p53, p53, and p21. Cells were
cultured for the PDs indicated and assayed. Expression of S-actin
protein was monitored as a loading control.

RB became dominant and the hyperphosphorylated forms
decreased with passage of UCBMSCs (Figure 3A, lanes 1-3),
correlating to the increase in p53 and p21 (Figure 3B, lanes
1-3) and to the decrease in cell growth. Transduction of
hTERT transiently and markedly increased the hyperphos-
phorylated form (Figure 3A, lane 4), corresponding to the
sudden recovery in proliferation and to a shorter doubling
time. Finally, both hyper- and hypophosphorylated forms of
RB remained at steady-state levels (Figure 3A, lanes 5-7),
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although the hypophosphorylated form seemed dominant at
PD 53 (Figure 3A, lane 6), perhaps due to the higher cell
density at collection of cell lysate. The protein level of RB
was down-regulated in E7-overexpressing UCBE6OE7-20 cells
(Figure 3A, lane 8), probably as a result of enhanced prote-
olysis by E7.

Increase in Telomerase Activity and Maintenance of
Telomere Length in Cells Transduced with the h'TERT

Telomerase activity is revealed by the characteristic six base
pair ladder of bands detected by TRAP assay (Figure 4A).
No telomerase activity was detected in UCBMSCs at any
PDs tested, UCBEGE7-20 cells, UCBMSCs infected with the
vector-alone or CHAPS buffer, or mock infected. By contrast,
the cells transduced with the hTERT exhibited significant
levels of telomerase activity, comparable to HeLa cells as a
positive control and to TSR8, which is a synthetic template
of eight telomeric repeats used as a polymerase chain reac-
tion (PCR)-positive control.

Average telomere length was longer in the UCBTERT-21
cells than in UCBMSCs. Telomere length in UCBMSCs de-
creased with the number of PDs, whereas it remained the
same in UCBTERT-21 cells, regardless of the number of P’Ds.
The telomere length of UCBEGE7-20 cells was shorter than
that of the parental UCBMSCs at senescence.

Normal Diploid Karyotypes with XY Sex Chromosomes in
UCBMSCs and UCBTERT-21 Cells

Karyotypic analyses of UCBMSCs were performed at PD 5
(2 passages) and of UCBTERT-21 cells at PD 32 (14 pas-
sages). UCBMSCs and UCBTERT-21 cells were found to be
diploid and not to exhibit any significant chromosomal ab-
normalities (Figure 5, A and B). The chromosome number of
both UCBMSCs at PD 5 and UCBTERT-21 cells at PD 35 was
46, except for one UCBTERT-21 celi, which contained 47
chromosomes (Figure 5C). No UCBTERT-21 cells containing
abnormal numbers of chromosome were found on further
analysis. The sex chromosomes were found to be XY, indi-
cating that the cells were of fetal origin.

Osteogenic and Adipogenic Differentiation Potentials of
UCBMSCs and UCBTERT-21 Cells

The multipotency of UCBMSCs and UCBTERT-21 cells was
assessed by conventional protocols. The osteogenic differen-
tiation potential of UCBMSCs and UCBTERT-21 cells was
assessed based on their morphology and von Kossa staining
after 3 wk of induction (Figure 6). Multiple small Oil-Red-
O-puositive fat droplets had accumulated in UCBMSCs and
UCBTERT-21 cells after 3 and 2 wk, respectively, of adipo-
genic induction. Adipocyte differentiation was estimated by
counting 2000 cells per dish. The results of triplicate exper-
iments showed that 5.0 and 5.4% of the UCBMSC and UCB-
TERT-21 cells became positive for fat droplets with Oil-Red
stain as a result of adipogenic induction and >90% of the
cells were positive on ALP staining after osteogenic induc-
tion. We also induced these cells to differentiate into multi-
ple lineages by the methods for neural (Kohyama ¢t al,
2001), cardiomyogenic (Makino et al., 1999; Takeda ¢t al,
2004), and chondrogenic (Imabayashi et al., 2003) lineages;
however, the UCBMSC and UCBTERT-21 cells were not
induced to differentiate into these lineages in vitro.

DISCUSSION

This study was undertaken to obtain human UCB-derived
fetal cells that retain critical cell functions, the same as bone
marrow-derived mesenchymal stem cells, mammary gland
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Figure 4. Telomerase activity and telomere
length of UCBMSCs, UCBE6E7-20 cells, and
UCBTERT-21 cells. (A) Analysis of telomerase
activity by the PCR assay in UCBMSCs,
UCBEGE7-20 cells, and UCBTERT-21 cells. Te-
lomerase activity is revealed by the character-
istic six-base pair ladder of bands. No telom-
erase activity was detected in the UCBMSCs
at PD 13, 21, or 32 (lanes 4, 5, and 11, respec-
tively), the UCBEGE7-20 cells at PD 37 (lane
8), the UCBMSCs infected with the vector
alone (lane V), the CHAPS buffer alone (lane
2) or Mock infected cells (lane 10). By contrast,
the UCBTERT-21 cells at PD 38 and 53 exhib-
ited significant telomerase activity (lanes 6
and 7, respectively) that was comparable with
that of the HeLa cells (lane 3) and TSRS (lane
1} as positive controls. (B) Telomere length of
UCBMSCs, UCBEGE7-20 cells, and UCB-
TERT-21 cells. Telomere length was longer in
the UCBTERT-21 cells than in the parental
UCBMSCs. The telomere length of UCBMSCs
at PD 13, 21, and 32 decreased as the number
of PDs increased (lanes 3-5). The telomere
length of UCBTERT-21 cells was maintained,
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irrespective of the number of PDs (lanes 6 -8). The telomere length of UCBEGE7-20 cells at PD 37 (lane 9) was shorter than that of the parental
UCBMSCs at D 32 (lane 5). Lanes 1 and 2 are control DNAs of short length and long length, respectively.

epithelial cells, skin keratinocytes, and pigmented epithelial
cells. It may be possible to use human UCB- and bone
marrow-derived stem cells in the future clinically to supply
defective enzymes to patients with genetic metabolic dis-
eases, such as neuro-Gaucher disease, Fabry disease, and
mucopolysaccharidosis, whose prognosis is poor, and is
sometimes lethal. To achieve this, we attempted to prolong
the life span of UCB-derived cells or to endow them with
immortality without transformation, defining “immortality”
simply as indefinite cell division.

Is Successful Prolongation of UCBMSCs Life Span
without Inhibition of the p16'N*4/RB Pathway
Attributable to a Lack of Ex Vivo Culture Stress?

In contrast to our previous study by using bone marrow-
derived cells (Takeda et al., 2004), surprisingly, the success-
ful prolongation of the life span of the UCB-derived fetal
cells obtained in this study did not require inhibition of the
pla!NKt/RB pathway or premature senescence-associated
pathway. Immortalization of some human cell types re-
quires inhibition of the p16'™K4e/RB pathway in addition to
activation of telomerase (Kiyono ¢f al., 1998; Ishikawa, 2003).
Human mammary epithelial cells, endometrial glandular
cells, skin keratinocytes, and marrow-derived cells require
inhibition of the p16!'™N&4/RB pathway for immortalization,
but foreskin fibroblasts du not. Activation of telomerase
alone is sufficient for immortalization of human foreskin
fibroblasts. HHPV16 E6 and E7 have been used to inhibit p53
and RB, respectively, to prolong the life span of marrow-
derived MSCs (Okamoto et al.,, 2002; Takeda et al., 2004),
endometrial gland cells (Kyo et al., 2003), mammary epithe-
lial cells, and keratinocytes (Kiyono et al,, 1998). Bmi-1 also
has been used to inhibit p16™*!* transcription to prolong
the life span of marrow-derived MSCs. One function of this
pl6INK4da protein is to maintain pRB in a hypophosphory-
lated active form, which inhibits cell cycle progression.
Our present findings that UCB-derived cells can be im-
mortalized without inhibition of the p16™N&14/RB pathway
is consistent with the results in regard to foreskin tibroblasts.
This successful immortalization of UCB-cells by hTERT
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alone can be explained by lack of ex vivo culture stress
under the culture condition used in this study. Alternatively,
only cells insensitive to ex vivo culture stress or lacking
pletNEt induction may be expanded by hTERT alone. Pri-
mary UCB-derived cell culture succeeded in 94% of the
attempts (15 of 16 trials), and the cells were passaged only
two or three times before reaching premature senescence (13
of 15 primary UCB-derived cell cultures); however, only two
cell strains (UCBMSCs) were established from them (2 of 15
primary UCB-derived cell cultures; see Materials and Meth-
ods. “Isolation and Cell Culture of UCBMSCs”). Based on the
results of this study by using one of the two cell strains, the
establishment of these strains (UCBMSCs) can be explained
by 1) lack of p16'™8* in primary cultured UCB-derived cells
or 2) selection of cells that do not express p16!"™N®4e from a
heterogeneous population. We cannot exclude either possi-
bilities, and we did observe two different types of cells, ie.,
rapidly growing cells and quiescent cells in the primary
culture of cord blood cells. If the alternative explanation is
true, these quiescent cells, in which pl6'™N® may be ex-
pressed at a high level, can be efficiently expanded by intro-
duction of E7, the inhibitor of RB, or Bmi-1, the down-
regulator of pl6NK - We also performed  additional
experiments by using newly obtained specimens from um-
bilical cord to determine whether infection of the primary or
first passage cells generates long-term strains routinely and
efficiently. We generated other cells, UCB408 cells, and
found that generation of long-term strains was reproducible
(Supplementary Figure A). The UCBE6E7-31 and UCBE7-32
cells proliferated for >30 PDs and exhibited persistent
growth. The UCBTERT-30 cells exhibited a prolonged cell
life span in culture and reached DD 19, but they failed to be
immortalized. The success of immortalization of UCBMSCs
may still be low, probably due to expression of plaiNtte
premature senescence-associated proteins in the early pas-
sage of the UCB408 cells. Because the 5 CpG island of the
ple!NKie promoter based on published genome sequences
(GenBank accession no. AF022809, U12818, and AC0O00048)
has been found to be methylation-free by the bisulfite
method  (Supplementary Figures B and C), the lack of
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C

Chromosome 44 45 46 47 48
number
UCBMSCs, PD5 0 0 50 0] 0
Number of cells
UCBTERT-21, PD35 0 0 49 1 0

Figure 5.

Karyotypic analysis of UCBMSCs and UCBTERT-21 cells. Comprehensive karyotyping (left side, reverse DAPD, right side, SKY),

UCBMSCs at PD 5 (A) and UCBTERT-21 cells at PD 35 (B). Normal diploidy is seen in the UCBMSCs and UCBTERT-21 cells. Both cells were
analyzed for chromosome number (C). None of the 50 UCBMSCs tested showed any abnormal numbers of chromosomes. Of the 50
UCBTERT-21 cells tested, 49 exhibited normal diploidy and one cell contained 47 chromosomes. No UCBTERT-21 cells with an abnormal

chromosome number were found on further analysis.

p16!NK32 expression in rapidly growing cells is not due to
methylation of the p16'™<1* promoter, unlike human mam-
mary epithelial cells (Umezawa et al., 1997; Foster ¢t al., 1998;
Wong ¢t al., 1999).

UCB-derived Cells Are of Mesenchymal Origin
The differentiation capacity of UCB-derived cells was unaf-
fected during establishment of a plate-adhering population
of cells from UCB. The cells established from UCB can be
extensively and clonally expanded in vitro while retaining
their potential to differentiate into osteoblasts that produce
mineralized matrices and adipocytes that accumulate lipid
vacuoles under in vitro conditions. This differentiation poten-
tial of the UCB-derived cells is the same as that reported for
bone marrow MSCs (Goodwin ef al., 2001; Lee ¢t al., 2004).
The surface markers of the UCB-derived cells examined in
this study are exactly the same as those of previously re-
ported UCB-derived cells (Lee ¢t al., 2004). Most of the
surface markers are the same as those detected in their bone
marrow counterparts (Takeda ef al., 2004), with both UCB-
and bone marrow-derived cells being positive for CD29,
CD44, CDS5, and CD59, and negative for CD34 and CD117.
The CDY0 and CD133 markers, on the other hand, can be
used to distinguish UCB-derived cells from bone marrow-
derived cells, because they are both expressed in multipo-

Vol. 16, March 2005

tent marrow-derived cells (Takeda et al., 2004) and not in
UCB-derived cells (Figure 2) (Lee ¢t al., 2004).

This. technique allows the applications of UCB to be fur-
ther extended and permits it to be used as an alternative to
bone marrow as a source of hMSCs; however, this study
puts the controversy to rest and substantiates that UCB does
contain hMSCs. We believe that the “UCBMSCs” are mes-
enchymal stem cells derived from UCB, as designated. How-
ever, it is difficult to exclude the possibility that the UCBM-
SCs were derived from mesenchymal cells embedded in the
Wharton's jelly of the umbilical cord during insertion of the
needle into the vessels through the umbilical cord.

Can primary UCB-derived cell “culture” contribute to
cell-based therapy or regenerative medicine? The problems
involved in cell-based therapy with human UCB-derived
cells are the finite cell life span of the ceils and the difficulty
of obtaining a large enough number of cells. The technique
that alfows human cells to escape senescence used in this
study may be used to obtain a large number of cells and to
overcome these problems of a short life span.
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