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Ifig. 6. In vivo chondrogenesis of KUMS cells. A: Macroscopic
* view (top), hematoxylin ‘and eosin_ stain (HE) (middle) and
toluidine blue stain (TB) (bottom) analysisat 1, 2, 3, and 4 week
(w)-cultivation in’ vivo after direct injection of KUMS5. cells.

. B: KUMS chondrogenic nodules, that were generated after pellet-

* culture for 7 days in the CM supplemented with TGF-83 and
BMP2, were implanted just beneath the cutaneous muscle in the
subcutaneous tissue and were cultivated in vivo for 3 weeks.
Panels c and d are higher magnifications of a and b, respectively.

To determine the chondrogenic activity of
OP9 cells in vivo, we directly injected them
into the subcutaneous tissue. The OP9 cells

without any induction did not. generate carti- -

lage. We then implanted the OP9 chondrogenic
micromass after the pellet culture into the
subcutaneous tissue just beneath the cutaneous
muscle - (Fig. 7A,B). The OP9 cartilage was
formed at 2 and 4 weeks, and abundant

metachromatic matrix was observed with the

toluidine blue stain. The immunohistochemical
ana]y51s shows that OP9 cartilage stains posi-
“tive for the chondrocyte- spemﬁc typell collagen
(Fig. 70C).

" Sorting of Chondroblasts by Chondrocyte-Specnflc
Cis-Regulatory Element of the Collagen
a2(X1) Gene . -

Although the KUMS5 cells used in this study
were derived from a single-cell origin or clone, it
‘could be argued that both cells responsive and
non-responsive to chondrogemc 1nduct10n were

C: Expression of chondrocyte-spiecifié type Il collagen. The

- KUMS5 chondrogenic nodules were sectioned after 2 week-in
_vivo cultivation” and stained with collagen type ll-specific

antibody. D,E: Ultrastructural analysis (TEM) of KUMS implants.
KWUMS cells were implanted into the subcutaneous tissue of Balb/
¢ nu/nu mice, and the generated cartilage was resected 2 weeks
after implantation. Scale bars: 2 mm (A, top row), 100 um (A,
middle and bottom row), 100 pm'(B), 2 ym (D), 1 pm (E). -

_present (Ko et al., 1990]. In this sense, KUM5

cells might have been a largely heterogeneous
cell population. Even cells derived from a single
clone have béen shown to be heterogeneous in
terms of differentiation capacity and. stages
[Muraglia et al., 2000]. To validate the chon- .
drogenic differentiation observed here, a homo-
genous population of committed cell obtained
after induction should be isolated. Therefore,
for the. purpose of sorting chondrogenically
committed cells, we transfected KUMS5 cells
with a Venus-expression vector under the
control of the Col a2(XI) promoter, analyzed
the transfected cells, and collected Venus-.

-positive cells (Fig. 8A-D). The sorted cells were

assessed for in vitro (Fig. 9A<F) and in vivo
chondrogenesis (Fig. 9G-I). The’ cells again

- showed metachromatic chondrogenic micro-

masses with toluidiné blue staining in vitro
(Fig. 9B). Direct injection of the cells resulted in
the cartilage formation within 1 .week.and
obvious enchondral ossification at the periphery



Fig. 7. In'vivo chondrogenesis of OP9 cells. In vivo chondro-
. genesis was examined by implantation of OP9 chondrogenic
nodules. OP9 chondrogenic nodules, which were generated

after pellet culture for 7 days in the CM supplemented with TGF-
B2 and BMP2, were implanted just beneath th

muscle in the subcutaneous tissue and were cultivated in vivo for
the number of weeks indicated. A: Macroscopic view of OP9
cartilage after 2 (a), 4 (b), and 8 (c)-week-in vivo cultivation. B:

Fribanasis -
eianted just oenealn tne Culanedus

Histologiéal analysis of OoP9 cartilage after 2 (a,d,g,j), 4 (b,e,h k),
and 8 (cfi)-week-in vivo cultivation. (a,b,c,gh,i), HE stain;
(d,e,f,j.k,1), TB stain. Panels g1 are higher magnifications of a-f,

_respectively. C: Immunohistochemical analysis of the in vivo

0P chondrogenic nodules. The GPS chondrogenic noduies
after 2-week-in vivo cultivation stained positive for type Il
collagen, Scale bars: 2 mm (A), 500 pm (Ba-f), 100 um (Bg-1).
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' Fig. 8. Isolation of KUM5 chondroblasts using the chondro-

blast-specific’ cis-regulatory, element. A: The p742-Venus- -Int .

plasmid containing the fluorescent Venus gene driven by the cis-
regulatory elements of the «2(X1) collagen gene. B: The number of.
fluorescent KUMS cells (upper) after transfection with the p742-
Venis-Int plasmid or pCS2-Venus containing the Venus gene
driven by the CMV-promoter. Fluorescent photomicrograph of

KUMS cells after the first 'sorting (lower). €: Flowcytometric

analysns of KUM5 cells aftertransfectuon with the p742-Venus-Int

of the cartilage at 4 weeks (Fig. 9G). Again,
ultrastructural analysis revealed that KUM5
chondrocytes implanted into the subcutaneous
-tissue of nude xmce were embedded in’ the
hypertrophic chondrocytes and had abundant
“endoplasmic reticulum and a small number of
mitochondria (Fig. 9H,I). The post-mitotic
daughter cells in the cell nest, which are often

observed in- cartilage, were also detected -

(Fig. 9D).

DISCUSSION

In this study, we focus on the chondrogemc

differentiation in vitro and in vivo using thetwo -

cell lines, KUM5 and OP9. The chondrogenic,
process is determined by the sequential expres-
sion of matrix component, and the differential
response of differentiating cells to the growth

factors may be attributed to the differentiating -

stages that depend on the expression patterns of

the gene set as. is the case for hematopoietic’

cells. The' process of the chondrogemc differ-
entlatlon is influenced by a number of growth

factors including TGF-p and/or BMPs. Three .

isoforms of TGF-P have been known to have the
ability to induce the chondrogenic differentia-
tion. Both TGF-B2 and -B3 are more effective

than TGF-pl in promoting chondrogenesis,

p‘le-Venus

c

_Cell nu_mbé_r '

Intensity

. plasmld (top); The ﬂuorescence—posntlve cells were sorted,

propagated, and analyzed (middle). Again, the. propagated
ﬂuorescence-posmve cells were sorted, propagated, and ana-
lyzed (bottom). The ““gate’’ for sorting is shown by the horizontal
bar in the upper and middle panels. More than 80% of cells
became positive after the final sorting. D: Phase contrast
micrograph (upper) and fluorescent photomicrograph (lower) of

.the flnally sorted cells (the Iower panel of C).

“and TGF-p3 accelerates'production of cartilagi-

nous extracellular matrix in differentiating
mesenchymal stem cells [Barry et al.; 2001].
This study was undertaken to obtain
mesenchymal stem. cells with chondrogenic
potential that retain critical in vivo cell func-
tions, as. do mammary gland epithelial cells,.
skin keratinocytes, and. pigmented epithelial
cells. To achieve thls, we attempted to identify
marrow-derived cells with chondrogenic nature
and immortality without transformation among
the cells obtained by the limiting-dilution
method [Umezawa et al., 1992], defining

-“mmortality” simply as indeﬁmte cell division.

OP9 cells are known to serve as a niche or a
specific microenvironment for the regulatlon of
self-renewal ‘and differentidtion of stem cells
[Nakano, 1996], and the question js raised of
whether marrow stromal cells or marrow-
derived mesenchymal. cells with chondrogenic
potential are capable of constituting a micro-
environment for stem cells. It is inconceivable
that cartilage can form a niche for cells in
the living body based on structural and mor-
phological considerations; however, a cell with

‘ chondrogemc or. adipo-chondrogenic potential

may serve as a niche not only in the case of OP9

- cells but also as a general concept, at least

in vitro.



Fig. 9. Invitroand in vivo chondrogenesis of KUMS cells sorted
according to the activity of the chondrocyte-specific cis-
regulatory element. A,B: Macroscopic view of the chondrogenic

nodules which were generated after pellet culture of the finally

sorted KUMS5 cells for 1-4 weeks in the CM supplemented with
growth factors as indicated (A) and toluidine blue stained section
(B). C—F: Ultrastructural analysis of the micromasses of KUMS
cells sorted according to the activity of the Col a2(XI) cis-
‘regulatory element (KUM5-Venus) after culturing in the CM

supplemented with TGF-B3 for 3 weeks. (C,D), SEM; (E,F), TEM.”

The sequence of enchondral or perichondral
ossification by KUM5 and OP9 cells was as
follows: deposition of homogeneous matrix
surrounding the small nests of the injected cells
" that subsequently became positive for type II
collagen and exhibited metachromasia with
toluidine blue staining, trapping them in the
secreted homogeneous matrix, and the appear-

ance of small nests of isogenous chondrocytes .

that probably resulted from repeated cell divi-
sion. At a later stage, that is, 4—-8 weeks after
injection, the peripheral region of the generated
cartilage became ossified. Importantly, the
chondrogenesis by KUM5 and OP9 cells was
irreversible and reproducible, and: the
“implanted cells never transformed into malig-
nant cells, formed any abnormal extracellular
matrices, or induced any significant inflamma-
tory reactions. It is again noteworthy that the
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G: In vivo chondrogenesis was examined 1—4 weeks after direct- '
injection of the finally sorted KUMS cells. From top to bottom:
Macroscopic view, histological analysis, HE stain; histological
analysis, HE stain; histological analysis, TB stain. ‘H,I: Ultra-
structural analysis (TEM) of the sorted KUMS5 cartilage. The sorted
KUMS cells were implanted into the subcutaneous tissue of Balb/
¢ nu/nu mice, and the generated cartilage was resected 2 weeks
after implantation. Scale bars: 5 mm (A), 500 pm (B), 2 mm (G,

" top row), 500 pm (G, 2nd row), 100 um (G, 3rd and bottom row).

]

osteogenesis by these two different lines of cells
was mediated by chondrogenesis, and it was
therefore considered to be chondral ossification.
Thus, the unique characteristics of these two
cell lines provide an opportunity to analyze the
process of enchondral or perichondral ossifica-
tion in an experimental system in detail.

In fetal life, primary ossification centers form
by one of two processes: enchondral ossification

_ or membranous ossification. Enchondral ossifi-

cation refers to bony replacement of cartilage
and is the mode of formation of the long bones.
During membranous ossification mesenchymal
cells form membranes within which ossification
occurs and this is.the mode of formation of the
scapula and skull and, in part, of the clavicle:
and pelvis., After birth, bone growth continues
by both enchondral and membranous ossifica-
tion. Further enchondral ossification occurs in



~

Hyaline Cartilage Formation by\M&irrdw‘ Stromal Cells , 1253

the physes and results in continuous long-
itudinal growth of the long bones until skeletal
maturity. KUM5 and OP9 cells were obtained
from long bone and calvaria, respectlvely, and
showed enchondral ossification. We have also
reported that KUSA-Al cells form bone by
membranous ossification in vivo, and thus we
have three different types of cells showing
distinctive in vivo characteristics. The process
of chondrogenesis or: enchondral ossification
may also serve as a model for chondromatosis
and osteochondromatosis in a joint cavity. -

The expre‘ssion pattern of chondrocy'te"speci-
fic genes in OP9 and KUMS5 cells is different
from that in ATDCS5 cells, which are a mouse
embryonal carcinoma-derived chondrogenic
cell line. ATDCS5. cells’ exhibit a multistep

" differentiation process encompassing the stages
* from chondrogenesis to enchondral ossification
[Shukunami et al., 1996]. Early- phase differ-
entiation is characterlzed by the expression of
type II collagen, followed by induction of the

aggrecan gene. Late stage differentiation is
characterized by the start of expression of -

short-chain collagen type X genes. By contrast,

marrow-derived mesenchymal  stem cells’
express the aggrecan genes at an early stage

and then type II collagen during chondrogenic
differentiation [Pittenger et al., 1999]. Surpris-
ingly, gene expression pattern determined by
the gene chip analysis was consistent with
protein levels of cell surface molecules; this

consistency indicates that the expression profil- .

ing is valid. Expression of “structural proteins”
on Gene Ontology, including the extracellular
- matrix, was much higher by OP9 and KUM5
cells than by non-chondrogenic cells such as

KUSA-A1 "osteoblasts, H-1/A preadipocytes, .

and 9-15¢ mesenchymal stem cells, implying
- that the OP9 and KUMS5 'cells are mainly
engaged in synthesizing extracellular matrix.
Can we inhibit enchondral or perichondral
ossification after the completion of chondrogen-
esis? This is a challenge for the future, probably
the not-too-distant future. We could not prevent
the generated hyaline cartilage from ossifying

at present even after selection based on the.

chondrocyte-specific cis-regulatory element of
the collagen o2(XI) gene, probably due to the
inability to inhibit vasculogenesis from the
- neighboring éonnective tissue. However, these
established murine marrow-derived mesenchy-
mal cells with in vivo chondrogenic activity and
expression profiles provide a powerful model for

studies of chondrogenic differentiation and
our further understanding of cartilage regen-

_ eration. Bone marrow-derived chondroblasts

with chondrogenic potentlal are useful candi-

. date cell sources in addition to dedifferentiated
_chondrocytes obtained from cartilage for trans-

plantation in osteoarthrltls and rheumatoid -
arthritis. :
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Abstract The dental follicle is a mesenchymal tissue that
surrounds the developing tooth germ. During tooth root
formation, periodontal components, viz., cementum, peri-
odontal ligament (PDL), and alveolar bone, are created by
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dental follicle progenitors. Here, we report the presence of
PDL progenitors in mouse- dental follicle (MDF) cells.
MDF cells were obtained from mouse_incisor tooth germs
and immortalized by the expression of a mutant human
papilloma virus type 16 E6 gene lacking the PDZ-domain-

- binding motif. MDF cells expressing the mutant EG gene

(MDFZ5E5FP cells) had an extended life span, beyond 150
population doublings (PD). In contrast, normal MDF cells
failed to proliferate. beyond. 10 PD. MDFZSE6FF cejls
expressed tendon/ligament phenotype-related genes such as

Scleraxis (Scx), growth and differentiation factor-5, EphA4,
" Six-1, and type I collagen. In addition, the expression. of

periostin was observed. To elucidate the differentiation
capacity of MDFESEYFF cells in vivo, the cells were
transplanted into severe combined immunodeficiency mice.
At 4 weeks, MDF®5£5FP cell transplants had the capacity
to generate a PDL-like tissue that expressed periostin, Scx,
and type XII collagen and the fibrillar assembly of type I.
collagen. Our findings suggest that MDFZ%ECFP cells can

-act as PDL progenitors, and that these. cells may be a useful

research tool for studying PDL formation and for develop-
ing regeneration therapies.

_ l(eywords- Dental follicle - Progenltof, . Developm’ent .

Immortalization - Periodontal ligament - Mouse (ICR)

Introduction -

The ' periodontal ligathent (PDL), which surrounds the
tooth root, absorbs occlusal forces and functions as a
sense organ (Ten Cate 1994). In periodontitis, a chronic

is irreversibly damaged.

inflammatory disease, the PDL
Despite-a number of novel "approaches, no one has yet

succeeded. in reliably forming PDL (D’Errico et al. 1999).

@ Springer
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Hence, there is considerable interest in the developmental
mechanisms of PDL. ,
The PDL originates from dental follicle cells formed

' during the cap stage of tooth germ development by an -

“ectomesenchymal progenitor cell populdtion originating
from cranial neural crest cells (Chai et al. 2000). Progen-

itors in the dental follicle are thought to contribute to the

formation of all periodontal tissues, namely cementum;
PDL, and alveolar bone (Bosshardt and Schroeder 1996).
After the formation of tooth root dentin, cementoblast

progenitors in the dental follicle migrate onto the tooth root

surface and differentiate into cementoblasts (Bosshardt and
Schroeder 1996). Almost sunultaneously, PDL progenitors
within the dental follicle cells differentiate into PDL cells.
- Finally, both bone- and PDL-derived fibers coalesce in the
PDL to form the intermediate plexus. Although a ‘specific
marker for PDL is not available, tendon/ligament pheno-
type-related genes are thought to be involved in the
" differentiation of PDL progenitors. Growth and differenti-
ation factors (GDFs)-5, 6, and 7 are members of the bone
morphogenetic protein family that regulate tendon/ligament
formation (Wolfman et al. 1997) and have been shown to
be expressed by both dental follicle and PDL cells
* (Morotome et al. 1998; Nakamura et al. 2003;'Se_na et al.
12003). Screlaxis (Scx), a basic helix-loop-helix transcription
factor that serves as a tendon progenitor marker gene, has
also been found to be expressed by PDL stem cells (Brent
et al. 2003; Seo et al. 2004). Non-collagenous extracellular
matrix has been shown to be involved in the formation of
"PDL (Matias et al. 2003). Periostin is a. marker for
preosteoblasts- but is also found in the periosteum and
PDL (Horiuchi et al. 1999). During tooth germ develop-
ment, periostin is initially ‘expressed in the dental- follicle
cells and is then restricted to postnatal PDL cells during
tooth root formation (Kruzynska-Frejtag et al. 2004).
Periostin-/- mice develop a periodontal-disease-like pheno-
type within 3 months of birth, suggesting that this protein
plays a critical role in maintenance of the PDL (Rios et al.
2005). These findings suggest that both tendon/ligament
phenotype-related genes and extracellular matrices, which
are highly expressed in PDL, are involved in PDL
formation and maintenance. However, details of the

mechanisms involved in PDL formation are yet to be °

clarified, because of the scar01ty of PDL progenitor culture
systems.

Recently, we have demonstrated the presence of cement-
oblast progenitors in bovine dental follicle cells (Handa et
al. 2002). A cementoblast progenitor cell line, designated as
- BCPb8, has the capacity to form PDL- and cementum-like
tissue when transplanted into severe combine immunodefi-
ciency (SCID) mice (Saito et al. 2005). Although BCPbS is
a clonal cell line useful for the study of dental follicle
progenitors, the use of these cells derived from a bovine

@ Springer

species is restricted, because the ¢cDNA database is
inadequate, and because antibodies are limited. Thus, little
is known about the biological properties of dental follicle
progenitors or the mechanisms that regulate their differen-
tiation. Investigations directed at addressing these key
questions are essential if we are to understand the
developmental mechanisms of PDL; In this study, we have
attempted to establish immortalized mouse dental follicle
(MDF) cells for the study of progenitors in dental follicle
cells

Materials and methods
Ti§sue culture

MDF cells were isolated from the dental follicle tissue of
the incisor tooth germs of 1-day postnatal (P1) ICR mice.
Briefly, mouse dental follicle tissue was mechanically
stripped from the lingual posterior region of mouse incisor
and placed onto a 24 multi-well plate. The tissues were then
incubated with o-minimum essential medium (o-MEM:
Sigma, St. Louis, USA) containing 10% fetal bovine serum
(FBS; BioWhittaker, Maryland, USA), 50 pg/ml ascorbic
acid, 100 U/ml streptomycin and penicillin, in a humidified
atmosphere of 5% CO; at 37°C. When the cells reached
approximately 80% confluence, they were passaged with
0.25% trypsin/l mM EDTA and maintained as MDF cells.
These cells were plated into six wells at a density of 3x10*
cells/ml, and the medium was changed every 2 days.

Infectlon of retrovirus constructs and estabhshment
of MDFESECFP cejlg

The construction of pCLXSN-16E62146151 and the pro-
duction of LXSN-16E624615! retrovirus have been de-
scribed previously (Kyo et al. 2003). An aliquot of 1 ml
producer cell cuiture fluid was added to MDF cells (passage
1) in the presence of polybrene (8 ug/ml), and the cells
were subsequently selected in the presence of G418
(100 pg/ml). Transduced cells were maintained in’ the
medium described above. Following infection with LXSN-
16E62146151  MDF cells were .transduced with EGFP
lentivirus under the control of a CMV promoter to obtain
stably expressed EGFP (MDFES-£GFPy,

Osteogenic differentiation

Cells were plated into six wells at a density of 3x10* cells/ml
and cultured in the medium described above supplemented
with 100 nM dexamethasone, 50 pg/ml ascorbic acid,
10 mM P-glycerophosphate. The culture medium was
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replaced every 2 days, and the cells were maintained for
3 weeks. . -
Alkaline phosphatase activity and alizarin red staining

To eva]uate alkaline phosphatase (ALP) activity,
MDFM'GFP cells were fixed with 4% paraformaldehyde
for 20 min at 21°C. After being washed with PBS, the cells

were incubated for 20 min in a mixture of 0.1 mg/ml

naphthol AS-MX phosphate (Sigma), 0 5% N-N dimethyl
formaniide (Sigma), 2 mM MgCl;. 0.6 mg/m] Fast Blue BB
salt (Sigma) in 0.1 M TRIS-HCI (pH 8. 5) at room
temperature. Calcium accumulation was. detected by, stainz
ing preparations with 2% alizarin red S (pH 6.4) (Sigma).

MC3T3E1 (purchased from RIKEN, BioResource Center

Japan) and NIH3T3 were used as controls
\Probes for 1 m s1tu hybndrzatlon '“

: The cDNA of mouse osteopontm open readmg frame
(885 bp),” mouse "Scx’ 3' untranslatéd region (UTR
291 bp), or mouse type XII collagen (500 bp) reglon was
amplified by reverse transcription/polymerase cham ‘reac-

- tion' (RT-PCR) by using the following primers: osteopontm
5'-ATGAGATTGGCAGTGATTTG-3' and 5' -GTTGACCT
CAGAAGATGAAC-3"; Sex, 5 -AAGAGGT GATGCCAC

TAGTG-3'and 5'-TATACAAAATTTCCA GACTTTAT"

ATTATCAT-3'; typ
GAACAGACC-3'
CAAAGG-3'. The amplicons for osteopontin and Scx were

type XII collagen, 5!'- TCCCCATCAAA

subsequently cloned into the pCRH vector (Invitrogen,
Carlsbad, Calif,, USA), and. those for fype XII collagen’

were cloned into pCR 4-TOPO (Invitrogen):” A . 623-bp

mouse periostin cDNA fragment was isolated by'bgT"PC_R o

with partial T7 and T3 promoter-containing primers (below,
in italics) at the 5' end and the 3 end, respectively: T7: 5'-
CACTATAGGGCGGCTGAA GATGGTTCCTCTC-3', and

and 5-TGACTGCTGGATGA

-

T3: 5'-CACTAAAGGGC CATGTGGCTGTGTAAGG-M

CATTC-3". These cDNA fragments were ‘further amplified
by using the following adaptor prirners to install full T7 and
T3 promoter sequences into the fragments: 5'-GTAATAC
GACTCAC TATAGGGC-3' for T7, and 5'-AAT
TAACCCTCAC TAAAGG-3' for T3.

In sifu hybridization,

To generate antlsense and sense dlgoxygemn-labeled ribo-
. probes linearized osteopontin, Scx, and. type XII. collagen
plasmids and periostin cDNA ﬁagments (see previous
section) were transcribed by T7, T3, or Sp6 RNA
polymerase as described elsewhere (Wilkinson 1995).
‘Heads of P1 C57BL/6 mice were embedded in OCT
" compound (Sakura Fmetechmcal Tokyo Japan), and

. sense" 5'- CATGAGGACCCTCTCTCTGC 3,

'TTGAAGGTGTCCCGSCTTC 3,
' TCGTTCTTCCCGAGTC 3,

10-pm-thick sagittal 'sections were cut. Mandibles of P35
mice were ﬁxed in 4% paraformaldehyde at 4°C overnight,
decalcified in>12.5% EDTA containing 2.5% paraformal-
dehyde for 6 weeks, and then embedded in OCT com-
pound.. In situ hybridization was carried out on these
sections as previously described with some modification

_(Iseki et al. _1999). Polyvinyl alcohol was used as buffer

during the color reaction.

K RNA preparatlon and RT-PCR

Total RNA was 1solated from cells by using ISOGEN

- (Nippon; Gene Tokyo, Japan) as described prev10usly
’ '(Handa etal. 2002). cDNAs’ were synthesized from 1 pg
total RNA in a 20-pl reaction volume containing 10x
‘reaction’; buffer, -1 mM dNTP mixture, 1 U/ul RNase
lnhlbltOI‘ 0. 25 U/ul reverse transcriptase (M-MLV reverse
: transcnptase Invitrogen), and-0.125 puM random 9-mers ~

(Takara, Tokyo, Japan). Amplification was performed in a
PCR Thermal Cycler SP. (Takara, Tokyo, Japan) for 25
cycles with the following reaction profile: 94°C for 1 min,
60°C for 30 s, and: 72°C for 30 s. Synthesized cDNA served
as a_template for subsequent PCR amplification with
mousé-specific primers: bone sialoprotein (BSP): sense
5':AGGGAACTGACCAGTGTTGG-3', antisense 5.-
TCGTTGCCTGTTTGTTCGTA-3'; osteocalcin (OC):
antisense
5'-GCCGGAGTCTGTTCACTACC 3'; osteopontin: sense
5'-TGCACCCAGATCCTATGACC-3', antisense 5'-
TGTGGTCATGGCTTTCATTG-3"; periostin: sense 5'-
antisense 5'-TGAT
Sex: sense 5'-CTTTCTTC

CACAAGCGGTCGT 3', antisense 5'- TGTCACGGTCTT

5 TGCTCAAC 3" and glyceraldehyde— -phosphate dehydro-
'genase (GAPDH)

7sense 5'-TGTTCCTACCCCCAA
TTGTGT-3', antisense 5'-AGGAGACAACCTGGTCC
TCA-3'. Specific primers for six-1, EphA4, GDF-3,
collagen I (Coll), ‘and osterix have been described previ-
ousl§ (Salingcarnboriboon et al. 2003).

In vivo differentiation assay
The differentiation potential of MDFE¥£G*P cells was

assessed by transplantation of the cells into SCID mice as
described previously (Handa et al. 2002). Briefly, cells were

_inoculated subcutaneously into 5-week-old male CB-17

scid/scid (SCID) mice (Nlhoncrea, Tokyo, Japan) after
incubation of 1:5x10°% cells in a mixture of 40 mg
hydroxyapatite powder (Osfenon Olympus, Tokyo, Japan)
and fibrin clot (mixture of mousé fibrinogen and thrombin:
both from Sigma). Transplantation analysis was carried out
three tlmes .and three transplants were prepared per group.
The rruce were sacrificed after 4 weeks and subjected to

@ Springer
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Fig. 1 In situ hybridization for

. periostin and osteopontin
mRNA in newborn mice - °

" (4 alveolar bone, D dentin,
E dental epithelium). Sagittal
sections of the incisor in the
lower jaw of P1 mouse (a) were
examined by hematoxylin and’
eosin staining (a—¢) or in sitw’
hybridization for periostin (d, e) .
or osteopontin (f, g). Higher
magnifications of the anterior
(b, d, f) and posterior (c, e, g)
regions of the lingual side of the
incisor are shown. Intense ex-
pression of periostin is seen in

" the developing PDL in the an-

- terior region (d, arrows), with
little expression in the posterior
region (e, arrows). Osteopontin
is expressed strongly throughout -
the alveolar bone (f, g, arrow--
heads) and in the differentiated
cementoblasts in the anterior
region (f, asterisks). No expres-
sion of osteopontin is observed
in the dental follicle tissue in the’

" posterior region (g). Bars
100 pm-

histochemical anaiysis with’ immunohistochemical staining

or in situ hybridization as described below. NIH3T3 cells

were used for comparison.

Histochemical analysis
. The 'transplants. were fixed -in 4% paraformaldehyde for

1 day, decalcified with 12.5% EDTA' containing 2.5%
paraformaldehyde for 3 days, and then embedded in OCT
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compound for the production of frozen sections. Subse-
quently, 30 serial sections of 5 pum in thickness were cut per
implant and analyzed histochemically. Morphology was
examined by hematoxylin and eosin staining. Observation
by fluoréscence microscopy (Axio imager, Carl Zeiss,

" Germany) was performed to distinguish between the cells

of donor origin and host tissue. Expression of mRNA for
periosotin and Scx was examined by in situ hybridization as
_describeq above. For immunohistocemical analysis, the
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Fig. 2 ALP activity and mineralization potential of MDFES£GP cells
in vitro. MDFE*E%FF cells were grown for 21 days in osteogenic
differentiation medium in order to analyze ALP activity (a—c) and
mineralization potential (d—f). High ALP activity by MDFZ-EGFF
cells and MC3T3EI (a, c) cells was apparent, whereas no activity was

sections were blocked with 1% bovine serum albumin and
probed with goat anti-type I collagen polyclonal antibody
(Southern Biotech, Birmingham, Ala, USA) for 1 h.
Sections were then probed with donkey anti-goat Alexa
555 (Invitrogen). After several washes, fluorescence in the
sections was observed by fluorescence microscopy.

_ Results

Localization of periostin mRNA in the incisor tooth

Sequential developmental process of the dental follicle was
observed "in a sagittal section (in an anterior-posterior
direction) of the P1 mice incisor (Fig. la). Immature cells
were located posteriorly (Fig. lc,e,g), and differentiation
" progressed toward the anterior region (Fig. 1b,d,f). To
locate immaturc dental follicle cells, we first investigated
the expression pattern of a PDL marker gene, periostin, and
a cementoblast/osteoblast marker, osteopontin, in the lower

observed for NIH3T3 cells (b). Alizarin red staining showed no
mineralized nodule formation for MDF**E%*F cells and NIH3T3 cells
(d, e), whereas mineralized deposits were readily apparent for
MC3T3E] cells (f)

incisor tooth germ of P1 mice. In a section stained with

hematoxylin and eosin, dentin was seen in the anterior
region (Fig. 1b), and invaginating dental epithelium was
observed lingually in the posterior region (Fig. 1c). Intense
expression of periostin was observed in the dental follicle
cells close to the dentin layer in the anterior region (Fig. 1d,
arrows). In contrast, only patchy expression of periostin
was observed in the dental follicle cells in the posterior
region (Fig. le, arrows). Osteopontin was expressed
intensely throughout the alveolar bone (Fig. 1f,g, arfow-
heads). In accordance with the periostin expression
pattern, osteopontin was expressed in the cementoblast
adjacent to the dentin-forming layer in the anterior region
(Fig. If, asterisks), but not in the posterior region (Fig: 1g).
These data confirmed that the dental follicle cells in the
posterior region were in an immature stage, whereas
those in the anterior region were differentiated. We thus
dissected dental follicle cells from the posterior region in
order to establish a dental follicle progenitor cell culture
system.

@ Springer



Cell Tissqe Res

Fig. 3 RT-PCR analysis of MDFE¥ESFP cells. Expression of
osteoblastic phenotype-related genes such as bome sialoprotein
(BSP), osteocalcin (OC), osteopontin (OPN), and osterix (a), and
PDL and tendon/ligament phenotype-related genes, such as periostin,
. scleraxis (Scx), Six-1, EphA4, growth and differentiation factor 5

' Characterization of MDFESECF? celis

MDF cells were isolated from the posterior region of the
‘incisor tooth germ, and their life span was extended by
using a retrovirus-expressing human papillomavirus type 16
(HPV16) E6 gene lacking the PDZ-domain-binding motif
(E6AME-15Ty together with a lentivirus expressing EGFP
for fluorescence detection. After viral infection, the expres-

sion of E6°14615! was confirmed by RT-PCR analysis (dva.ta‘

"not shown). MDF**#%** cells maintained their original
morphology and-cell proliferation activity, ‘even when the
cells were cultured beyond population doubling (PD) 150,
indicating that they had overcome replicative senescence.
In contrast, normal MDF cells were only able to propagate
until PD 10 (data not’ shown) We thus used MDFZEGFP
cells for further analysis.

To assess the osteogenic potential of IVHDFE6'EGF ® cells,

" the cells were treated with osteogenic differentiation

medium supplemented with ascorbic acid, 3-glycerophos-

phate, and dexamethasone for 21 days. ALP. activity was
observed in MDFESECTP cells (Fig. 2a) and in osteoblast-
like MC3T3E1 cells (Fig. 2c). Mineralized nodule forma-

tion by the MDFE4ECFF cells was not observed (Fig. 24),

whereas MC3T3El cells were able to deposit mineralized

nodules (Fig. 2f). Neither ALP activity nor mineral
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(GDF5), and type I collagen (Coll, b) were examined by RT-PCR
analysis. Cells were cultured with osteoblastic differentiation (a) or
normal medium (b), and total RNA was extracted (arrows strong
expression of Scx and GDF-§ in MDFESBOFP compared with NIH3T3
cells or MC3T3E] cells)

deposition was observed in the fibroblastic cells (NIH3T3
cells; Fig. 2b,e). RT-PCR analysis was performed to

‘characterize the MDFESECTT cells by using primers for

osteoblast phenotype-related genes BSP, OC, and osterix. .
MDFZ%ECFP cells expressed all of these osteoblast marker
genes, with a similar expression pattern to that of
MC3T3E]1 cells. In contrast, no expression of osteoblast
phenotype-related genes was observed in NIH3T3 cells,
except for BSP. From these data, we ‘considered that
osteoblastic populations were present in MDFESEFP cellg
(Fig. 3a).

To characterize the PDL- formmg propertles of

MDFESECFFP celis, gene expression of periostin and
tendon/ligament phenotype-related genes encoding Scx,
EphA4, Six-1, GDF-5, and Coll were examined by RT-
PCR analysis. MDFF%E%FF cells expressed all of these
genes suggesting that they possessed PDL and tendon cell
properties (Fig. 3b). Stronger expression of Scx and GDF-5
was observed in MDF5E9FP cells than in NIH3T3 cells or
MC3T3EL1 cells (Fig. 3b, arrows). Expression patterns of
Sex and periostin mRNA were examined in postnatal (P35)
mouse molar PDL (Fig. 4a) by in situ hybridization. Intense
expression of periostin was observed throughout the PDL
(Fig. 4b, arrows), and Scx was also expressed in the PDL
(Fig. 4c, arrowheads).
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. “In vivo charactenzatlon of MDFE&EGFP cells

To mvesugate the 'dlfferentlanon potentxal of MDFE‘S EGF .

'cells the! cells : were 1mp1anted into SCID : mice; Aﬁer i

4 weeks, MDFE6-EGFP cell transplants formed PDL- hke
_ fibrous.’ tlssue (Fig.” "5a-a) mcludmg ‘scattered bone-like
j‘tlssue formation’ (F1g 5a-b). The' PDL-hke tlSSllCS rese
: "bled the ‘stricture of, PDL:with' sheet—hke
“a-d arrows) Cells W1thm the PDL- and bo: _
were strongly posmve for EGFP (Flg 5a—d a-e) In
contrast, no such tissues were formed- in the transplants
without mouse cells (HAP transplants; Fig. 5a-f). Immuno-
histochemical staining revealeddense type I collagen ﬁbnl
assembly in the PDL-like tissue (Fig. 5b-a), whereas type I
collagen fibril assembly was not evident in the NIH3T3 cell
- or HAP transplants (Fig. 5b-b, b-c). To validate the capacity
of MDFECECGFP ¢ells to differentiate into PDL in vivo, the

expression of periostin and’ Scx was . examined in the -

transplants by in situ hybridization. Expression of type XII
" collagen has been shown in the PDL during tooth root
formation; therefore, we also examined the expression of
" this gene in the transplants (MacNeil et al. '1998). As
expected, the expression of periostin, Scx, and Hype XU
collagen was observed in- MDFESECFP cells (Fig. 6a,d,g,
arrows), whereas these genes. were not expressed in the
NIH3T3 cell transplants (Fig. 6b,e,h) or HAP transplants
(Fig. 6¢c,£i). All the transplants except HAP transplants

n\rhrahng that cells within the

AnQicatilll wias LCiis PRS0 i gy ie

were EGFP-“OSI"I‘!P

MDFESECFP and NIH3T3 transplants had originated from
the donor (Fig. 6j,k]). '

. Dlscussmn

:_seen w1thm, DL, (b arrows)
ghout the PDL (c arrowheads)

s _Y:We have nnmortahzed dental folhcle cells from cells 1solated
"'jfrom micé incisor tooth germs These cells express Sex,
GDF:-5, EphA4 Six-1, and ColI whlch are expressed in a

developmg tendon (Bonnm et al.-2005; Brent et al. 2003;

2 Luukko et'al. 2005; Sétfle’ et al. 2003). Our findings ‘also
N suggest that MDFE6'EGF P cells act’ as PDL progemtors since
thiey form a PDL-hke structire that expresses penostm Scx,

and Bjpe XII collagen and that is capable of producing dense

vcollagen fibril assembly in vivo.:

-In the present study, MDFE6ECFE 2" cells have been

isolated from the undifferentiated dental follicle region of

the incisor in which there is minimal expression of periostin
and no expression of osteopontin. Our findings indicate that
MDFE&EGF ? cells act as PDL progenitors, ‘as shown by
their capacity to generate PDL-like tissue in vivo. MDFZ5 £GP
cells are similar to tendon progenitors with respect to their -
expression of Scx and GDF-5, a marker for tendon/ligament,
Since PDL is morphologically similar to the tendon/ligament
in vivo, dental follicle cells may have a similar phenotypé as
tendon: progenitors. The expression of Scx by mouse PDL has
been seen in‘the presént study, suggesting that the PDL has-

'some characteristics similar to tendon. Salingcarnboriboon and

coworkers (2003) have reported that a tendon-derived cell line
isolated from mouse. Achilles tissue shows expression of Scx,

‘and that these cells are able to form tendon-like tissue when

they are implanted-into a mouse tendon-defect model

MDFESECEF celis show a similar phenotype to these cells,

and the transplants form PDL-like tissues comprising cells

@ Springer
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Flg 5 Differentiation potent1a1 of MDFE SEGFP cells in vivo.
a Representative sections of MDF**£%¥ cell transplants (a-a, a-b,
a-d, and a-e) and transplants without mouse cells (HAP transplants;
a-¢, a-f). The transplant was stained with hematoxylin and eosin (a~a
to a-c) or viewed for EGFP fluorescence (a-d to a-f). PDL-like fibrous
tissues (a-a, a-d, arrows) and bone-like tissues (a-e) are visible in the

with sheet-like extensions surroundmg a densely packed,
collagen fibril assembly Onur data are also coincident with
. previous findings that human PDL cells are able to form
PDL-like tissue upon implantation into immunodeficient
mice for 4 weeks, suggesting that the differentiation
potential of MDFF%E5*F j5 comparable with these cells

(Grzesik et al. 2000; Seo et al. 2004). In the present study,’

the PDL differentiation of MDFF5X%" cells has been

assessed by the expression of periostin, Scx, and type XII .

collagein (Bohme et al.- 1995;-Karimbux and Nishimura
1995). The expression- of periostin is.observed in both
alveolar bone cells' and dental follicle cells on P1.
.However, previous findings and our data have shown that
the expression of periostin is limited to the adult
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FE&EGF P transplants. Cells within the MDF“‘EGF ? transplants are
positive for EGFP (a-d, 2-e). b Immunohistochemical staining with
anti-type I collagen polyclonal antibody in the MDFZ5-ESFP trans-
plants (b-a), NIH3T3 cell transplants (b-b), or HAP transplants (b-c)
are shown. Dense type I collagen fibril assemblies are seen in the
MDFE“EGFP transplants. Bars 50 pm :

periodontal ligament, indicating that it could be lispd as a
marker for differentiasted PDL (Kruzynska-Frejtag et al.,
2004). In the case of MDFE6fEGF P transplants, they form
PDL-like tissue expressing periostin, Scx, and type XII
collagen; thus indicating that the tissue is almost identical
to PDL. From these findings, we suggest that the MDFF6-5CFF
cells have PDL progenitors able to differentiate into PDL in
vivo. Although the role of the tendon/ligament related genes
in PDL development is not clear, these data strongly support
our hypothesis that MDFESESP cells possess PDL pmgen—

- itors that resemble tendon progenitors.

Progenitors for cementoblasts, PDL cells, and osteo-

" blasts are generally believed to be present in dental follicle

cells (Ten Cate 1994), and we have previously shown that
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Fig. 6 In situ hybridization for periostin, Scx, and type XII collagen
mRNA in MDF®%ECFF" cell . transplants. Representative sections of
MDFESEGFF el transplants (a, d, g, j), NIH3T3 cell transplants (b, e,
h, k), and transplants without mouse cells (HAP transplants; c, {, i, I)
were analyzed by in situ hybridization for periostin (a—¢), Scx (d-f),

cementoblast progenitors can be obtained from bovine
r]enfal follicle ﬁgﬁueﬂ manda et al_ 2@02). Cempnfnklncf

UETikAL TOGIE 115> S, (T Aa il Ulao

differentiation does mot occur in MDFESEGFP et trans-
plants. This discrepancy may be explained by the isolation

g

I

il .

or type XI collagen (g-i), or viewed for EGFP fhiorescence (j-I).
Expression of periostin, Scx, ‘or type XII collagen is seen in the
MDFES-ECFF transplants (a, d, g, arrows). Cells within the
MDFZ¢-EGFF and NIH3T3 transplants are positive for EGFP (j, k).
Bar 100 ym )

i

technique used for MDFEE5FP cells. The cells grown from

‘dan : 1 ave hose ameelacend o sl
mouse dental follicle tissues have been employed in this

study, whereas in a previous study, we isolated bovine
dental follicle cells by bacterial collagenase digestion; this

@ Springer
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suggests that isolation of cementoblast progenitors requires
enzyme digestion (Handa et al. 2002). We have also found

that MDFZ*E%*P cells can -act as osteoblast progenitors, -

since they form bone-like tissue in vivo. Although MDF?5£6#P
cells express an array of osteoblast marker genes, they
cannot form mineralized nodules in vitro, as described
previously for bovine dental follicle cells (Handa et al.
2002)..This may be because the difference in tiime required
for thé calcification of MDFZ%27CF. The timing and extent
of mineralization varies substantially depending on the
origin of the cells or experimental conditions. Mineraliza-
tion of MDF**£F6F may require a longer period compared
with that for MC3T3EI. Recently, Yoshizawa et al. (2004)
have reported that PDL cells do not have the ability to form
mineralized nodules, and Msx-2 plays a central role in
suppressing matrix mineralization in these cells. Our
findings suggest that PDL progenitors present in
MDFE6 EGFP cells are similar to those'in PDL, and that
the cells preventing or delaying the mineralization of
osteoblast progenitors are also present in MD!
cells. Based on these findings, future studies are necessary’
to elucidate the mechanism by, which MDFZSE%F cells
differentiate into osteoblastic cells. From our present
findings, we suggest that PDL progenitors and osteoblast
progenitors co-exist in MDFE6ECFP cells. In addition, the
slight expression of BSP observed in NIH3T3 cells might
be attributable to the effect of the osteogenic dlfferennated
medium.

Normal MDF cells proliferate in culture for a finite
number of PD because of cellular. senescence. ‘Therefore,
attempts have been made to establish imrnortalized MDF
. cells in order to. analyze their dlﬁ‘erentxatxon potentlal A

" deficiency in p53 is sifficient for the estabhshment of’
mouse clonal cell lines- from various tissues (Hanazono et ’

al.’ 1997) 'HPV16E6 has been shown to abrogate the
functlon of p53 and has the ablhty to 1mmortahze various
cell types’ (Feh:mann and- Laimins 2003 Kiyono et al.
1998). However, it also has other biological fanctions. that
depend on its C-terminal PDZ-~ domam-bmdmg motif, such
“as cell transformation and skin hyperplasia in transgenic
" mice (Nguyen- et al. 2003) For instance, mice. expressmg

HPV-16 E6 in their epidermis develop epithelial hyperpla- -

sia and squamous carcinomas (Song et al. 1999). However,
transgenic mice expressing HPV-16-E6 lacking the PDZ-
binding motif fail to display epithelial hyperplasia but retain
the ability to inactivate p53 (Nguyen et al. 2003). In the
present study, we have used a mutant version of E6 that
lacks the C-terminal PDZ-domain binding-motif to extend
the life span -of MDF cells and have succeeded in
immortalizing MDF cells without affecting their differenti-
ation potential. In addition, we have confirmed that no
tumor formation occurs in MDFZ5EY” cell transplants
(data not shown). This suggests that the immortalization
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system used in this study mxght be useful for the
immortalization of MDF cells. -

In summary, we have éstablished an immortalized mouse
dental follicle cell culture’ system that possesses PDL
progenitors. MDFE6 "EGFP cells might provide new ms1ghts
into the mechanisms of PDL formation, including those
pertaining to PDL cell differentiation. They may also be a
powerful tool in the development of therapeutic strategles

for the treatment of perlodontms

Aclmowlédgement We are grateful to Dr. Masato Yamauchi for his
advice and discussions during the course of this work.
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Cellular senescence was originally described as a phenomenon observed in
cultured human cells. Accumulating lines of evidence now indicate that the
same processes also take place in vivo, suggestihg important implications
for tumor development. Telomere shortening is the most well-established
cause of cellular senescence that can be induced by many other intrinsic
and extrinsic factors. The retinoblastoma susceptibility gene product is a

.convergent target that is downstream of these factors. p53, p38MAPK

and cyclin-dependent kinase inhibitors p16INK4a (p16) and p21CiP1 (p21)
are' key mediators. As most stresses that induce cellular senescence are
also known causes of cancer, a common strategy might be’applied to the
development of cancer chémopreventlve agents and anti-ageing drugs.

Keywords: ageing, cyclin-dependent kinase, cyclin-dependent kinase inhibitor,
immortalization, p16(INK4a), p21(\WAF1/CIP1/SDII), p38(MAPK), p53, polycomb group,
reactive oxygen species, retinoblastoma protein, senescence, seriescence-associated
heterochromatic foci, telomerase reverse transcriptase, telomere
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1. lntroduction

‘Most human cells undergo a limited number of divisions in culture and then

enter a non-dividing state’ termed rephcatlve senéscence [1]. Unlike the case
with. quiescent cells, growth arrest of senescent cells is essentially irreversible and
insensitive to growth factors. Cellular senescence refers to replicative senescence
and replicative senescence-like states which can be induced by many stresses, such
as genotoxi¢ damage and active oncogenes. Activation of the retinoblastoma
susceptibility ‘gene product (pRb) is the most' common downstream event of

" many senescing signals, though the other pRb family pocket proteins (p130°and

p107) may substitute this function in the absence of pRb. pRb is inactivated by
phosphorylation by cyclin-dependent kinases (CDKSs) which are inactivated by CDK
inhibitors. Induction of CDK inhibitors p16INK4a (p16) and p21CIP1 (p21),
along with the activation of p53, are often associated with cellular senescence.
By inhibiting CDKs, these inhibitors consequently activate pRb, which induces
growth arrest at G1. Cdk4/Cdk6—cyclin D and Cdk2-cyclin E function as the
major pRb kinases and mouse embryonic fibroblast (MEF) cells derived from
double knockout of Cdk4 and Cdk2 feature early onset senescence (21, although
a recent report indicated that Cdk! can associate with all the cyclins and is the
only essential Cdk for cell cycling (1341 for review). In' contrast, overexpression of
Cdk4/Cdk6 can delay cellular senescence 151 In senescent cells, cell cycle arrest can be
maintained by sustained growth arrest signaling and/or heterochromatinization of
cell cycle-associated genes. There are numbers of intrinsic and extrinsic facrors
that induce cellular senescence; the same signaling pathway is often involved,
although some of the underlying mechanisms are specific to the cell type and.

10.1517/14728222.11.12.1623 © 20607 Informa UK Ltd I5SH 1472-8222
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the inducer. In this review, processes contributing to cellular
. senescence induced by different factors and thcnr 51gmﬁcance
for human- healr_h are discussed.

2. Telomere shortenmg and senescence

Telomere shortening is the most wcll known cause of
cellular senescence or replicative senescence. In the absence
~ of telomerase activity, telomeres are continuously shortened
following replication, due to the ‘end-replication problem’ (4.
The shortened telomeres are exposed as linear ends of
double strand DNAs and are recognized as a type of DNA
damage. Dysfunction of shelterin, a multimolecular complex
that regulates telomere length and protects telomere ends,
could also lead to cellular senescence (7} for review). Based: on-
the notion that most human somatic cells lack relomerase
activity, telomere shortening is considered to be a molecular

“clock that determines cellular ageing. Although some

human somatic stem cells express- higher levels of telomerase,
the activity is not sufficient to maintain telomere length.
Therefore, the. clock theoretically limits the maximum
replicative capacity of human cells. Indeed, some human
cell types can be. immortalized by transduction of human
telomerase reverse transcriptase (WTERT) alone [s).
However, the situation changes in cells with _high

telomerase activity. Mouse cells have relatively long - -

telomeres and expression of telomerase is more ubiquitous.
The observed ‘replicative senescence’ in MEF culture is not
caused by telomere shortening and, therefore, is called
premature senescence or culture shock [9).

3. Telomere-independent senescence

Telomere-independent senescence can be induced, not only
in cell culture but also in wivo, due to many kinds of
stresses and is known by different names in different situations,
such as premature senescence, stress-induced premature senes-
cence, culture shock and stress or aberrant signaling induced
senescence to distinguish it from telomere-dependent senescence

or replicative senescence [9,10). However, telomere shortening '

or dysfunction itself is a stress to cells. The p53 and pRb
_ pathways are common regulators that govern both telomere-
dependent and -independent senescence. Furthermore, the term
cellular senescence arose from the assumption that similar
mechanisms of cellular ageing occur in both culture and 17 vivo,
and the telomere-dependent and -independent forms of senes-
cence could be equally important as biologic mechanisms to
suppress tumor formation. Indeed, the observed cellular senes-
cence is likely to be frequently induced by the sum of telomere-
dependent and telomere-mdependent stresses. Therefore, the
term replicative senescence in many papers refers to phenomena
observed in culture, rather than being based on any mechanistic
concept. To indicate mechanistic features of senescence, terms,

such as relomere-dependent and oncogene-mduced senescence

are used in the present review.

4. DNA damage response and senescence

Many types of DNA damage have been identified as
inducers of senescence, as well as apoptosis. In the case of
telomere-dependent senescence, continuous growth® arrest
signals from shortened telomeres are causes. However, slight

- DNA damage’ induces transient cell cycle arrest followed

by DNA' repair, which then allows cells to re-enter the
cell cycle; Therefore; relatively heavy or continuous DNA
damage is generally chosen for experimental induction of
senescence. Genotoxic stress due to reactive oxygen species
(ROS), UV, y-rays and DNA-damaging agents, including
chcmotherapeunc drugs, have been reported as mducmg
agents (Figure 1) (111 for revxcw) DNA damage results in
activation - of ataxia-telangiectasia mutation (ATM), p53
and subsequently, many p53 target ‘genes, including p21.
Depending on the cell type and the extent of DNA damage,
activation of p53 induces either apoptosis or senescence:
It has been suggested that p2I plays a critical. role in-
both inducing p53-dependent senescence and protecting
against apoptosis [12-15.. Induction of p21 prevents cells

" from accumulating further damage by inducing growth

arrest through an associadon with cyclin/CDKs and
prohferatmg cell nudear antigen, thercby provxdmg time -
for repair to be accomplished.

5. Reactive oxygen species-induced
senescence of mouse embryonic

) fibroblast cells

Replicative senescence is caused by shortened telomeres in
human foreskin fibroblasts. However, primary MEF cells
also enter senescence prematurely, independent of telomere
length after several passages, as théy have long telomeres
and often express TERT. Cellular senescence of MEF was,
thus, suggested to be caused by ‘culture shock’ (9] and later
shown to be caused by ROS in the widely used carbon
dioxide incubators, which contain a higher atmospheric
oxygen concentration (20.8%). than that in the -tissue
environment (16). As similar senescence of human foreskin
fibroblasts can be induced by hydrogen peroxide, it is safe to
say that the difference is based on relative sensitivity to ROS
between human and mouse cells, and ‘spontaneous’ senes-
cence of MEF cells should be interpreted as ‘ROS-induced’
senescence’. Therefore, MEF cells can be essentially consid-
ered as immortal at lower oxygcn concentrations (3%), and
examples lacking p53, p19™%, inducer of acute promyelocync
leukemia (PML) or all the pRb family proteins (pRb, p107
and p130) are resistant to ‘ROS-induced senescence’ and
Ras-induced senescence. However, it remains to be exam-
ined whether mouse cells derived from different tissues
are also virtually immortal with low oxygen concentrations

'(3%) or in the presence of antioxidants. Similar effects of

low oxygen conditions on human diploid cells were reported -
30 years ago [17].
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Figure 1. Major pathways to induce celliular senescenée Many stresses can induce cellular senescence. In-this model, telomere
dysfunction including telomere shortening, is also classified as a stress. The PI3K/Akt pathway can be suppressed by negative feedback
signaling, originally triggered by activation of the Raf/MEK/ERK pathway. :

ATM: Ataxia-telangiectasia mutation; ATR: Ataxia-telangiectagia and rad3-related; CDK: Cydlin-depedent kinase; Chk1: Cell cycle checkpoint kinase l

FOXO: Forkhead transcription factor; GF: Growth factor; GSK: Glycogen synthase kinase; MK: MAPK activated protein kinase; PAI: Plasminogen activator inhibitor 1;
PRC: Polycomb repressor complexes; pRb: Retinoblastoma protein; ROS: Reactive oxygen species; uPA: Urokinase-type plasminogen activator.

6. Oncogene-induced senescence
Oncogene-induced senescence (OIS) was first reported as
an .in vitro phenomenon in response to oncogenic Ras and
Raf (0,181 Both p53. activation and pl6 elevation are
induced in OIS, although changes in pl6 appears to be
less important in senescence of mouse cells [19,20). Several
common and specific mechanisms are proposed for OIS
induced by different oncogenes. P14ARF is specifically
activated by aberrant expression of E2F through a non-
typical, E2F-responsive element- in the promoter [l
Independent of the E2F pathway, activation' of Arf by
Ras/Raf signaling is also indirectly mediated by Dmpl
through activation of Jun, explaining why Dmpl null
primary cells are - highly susceptible to Ras-induced
transformation [221. p14ARF induces accumulation of p53
through inhibition of the human homolog of murine double
minute 2 (HDM2), although p533 is activated by oncogenic
Ras, independent of p14ARF in some human cells [23).

In animal models of OIS, most cells expressing oncogenic
Kras neither form rtumors nor enter senescence [24].
Similarly, endogenous oncogenic * KrasG12D-expressing
fibroblasts do not enter senescence, but demonstrate
attenuation and altered regulation of canonical Ras
effector signaling pathways (25 Such attenuation is

- caused by a global negative feedback response induced by
mutations affecting neuroﬁbromm, a Ras GTPase activaring

protein (RasGAP), Raf and Ras [26). This negative feedback
program is regulated in part by Ras guanine-nucleotide
exchange factors, sprouty proteins, RasGAPs and MAPK
phosphatases also called dual specificity phosphatises
(DUSPs). Their inhibitory signals can suppress the PI3K/AKT

pathway, which can exert an impact' on the senescence

pathway through forkhead transcription factor and HDM2
(Figure 1) [26]. Expression of a constitutively activated mutant
of forkhead transcription factor 1 (FOXO1) can rapidly induce
cellular senescence with activation of pRb, but not p53 126
Inhibition of HDM2 results in activation of p53. As a p53
downstream target, PAI-1, can also inhibit the PI3K/Ake
pathway and induce senescence in the absence of p53 (27),
PAI-1 might be involved in negative feedback loops.
Recently, it was suggested that OIS is also a DNA damage
response triggered by DNA hyper-replication, associated
with overexpression of CDC6 and an increased number of
active replicons (28,291. The DNA damage response requires
DNA replication, as oncogenic ras expression does not
induce DNA damage in quiescent cells. DNA damage in
OIS could be induced by ROS. Activation of the pl6-Rb
pathway in cooperation with mitogenic signals causes
elevated intraceilular levels of ROS; thereby activating PKC3
in human senescent cells’ (30). Importantly, once activated
by ROS, PKCO promotes further generation of ROS by
activating NADPH oxidase, thus, establishing a positive
feedback loop to sustain ROS-PKCS signaling (30,
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