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ABSTRACT

The precise biological characteristics of human mesenchy-
mal stem cells (hMSCs), including growth regulatory mech-
anisms, have not yet been defined. Using 29 strains of
hMSCs isolated from bone marrow, we have performed
extensive analyses of the growth profiles of AMSCs in vitro.
All 29 strains stopped proliferating with a mean population
doubling (PD) of 28, although there was a considerable
difference among strains. The mean telomere restriction
fragment length of the cells passaged twice correlated well
with the final number of PDs in each strain, suggesting the
value of this measurement to be predictive of the growth
potential of hMSCs. The expression level of the p16INK4A
gene was associated closely with the PD number of each
strain (p = .00000001). Most of the p16INK4A-positive cells
were Ki67-negative and senescence associated B-galactosi-

dase-positive, and the suppression of p16INK4A gene ex-
pression by small interfering RNA in senescent hMSCs re-
duced the number of senescent cells and endowed them with
the ability to proliferate. Twenty-five of the 29 strains
showed a steady gradual increase in the expression of
P16INK4A. The remaining four strains (13.8%) showed dif-
ferent profiles, in which DNA methylation in the promoter
region occurred in vitro. One of the four strains continued to
proliferate for much longer than the others and showed
chromosomal aberrations in the later stages. These results
indicated p16INK4A to be a key factor in the regulation of
hMSC growth, and, most importantly, careful monitoring of
DNA methylation should be considered during the culture
of hMSCs, particularly when a prolonged and extended
propagation is required. STEM CELLS 2007;25:2371-2382

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Mesenchymal stem cells are defined as plastic-adherent fibro-
blastic cells with the potential to differentiate into multiple
mesenchymal tissues. Human mesenchymal stem cells (h(MSCs)
isolated from bone marrow are able to proliferate in vitro and
differentiate along multiple lineages including bone, cartilage,
adipose, and muscle cells [1]. Thus; hMSCs are being tested in
clinical trials for tissue regeneration and engineering {2, 3].
Although infinite growth ability is one definition of stem cells,
most hMSCs cease proliferating after 20~40 population dou-
blings (PDs) [4], although precisely why has not yet been
elucidated. The proliferative capacity of primary mammalan
cells in vitro is finite, a concept known as the Hayflick limit [5].
In vitro cultured cells undergo a limited number of PDs before
entering a state of premature growth arrest, referred to as se-
nescence, in which cells remain alive and metabolically active
but are completely refractory to mitogenic stimuli [5]. As telo-
mere shortening, oxidative stress, DNA damage, and aberrant
mitogenic signaling can all induce senescence in human primary
cells, senescence is now considered to be a form of biological
protection from neoplastic transformation [6].

Telomeres, tandem TTAGGG repeats that cap the ends of
eukaryotic chromosomes, are forced to shorten at each DNA

replication. The shortening of telomeres plays an important role
in cell aging and is regulated by a protein complex associated
with telomere end [7, 8]. The maintenance of telomere ends is
one of the mechanisms for self-renewal of stem cells. In undif-
ferentiated hESCs, many proteins of the telomerase complex,
including TERT, are expressed, and telomere length (8-11
kilobase [kb}) is maintained [9, 10]. In most characterized tissue
stem cell subtypes such as hematopoietic stem cells (HSCs) and
epidermal stem cells, telomeric shortening occurs with age
despite the presence of telomerase activity [11].

Proteins regulating cell cycles are also involved in the
cellular senescence process, among which p16™544 has been
studied extensively. p16™X** was identified as a causative
factor for familial melanomas and, simultaneously, as an inhib-
itor for the cell cycle kinases CDK4 and CDKS®, indicating its
properties as a tumor suppressor negatively regulating the cell
cycle [12]. Subsequent investigations, however, have proved
that the essential role of p16™%*4 is actually in the regulation of
cellular senescence. p16™¥44 was found to be accumulated in
many aged cells and tissues [13], and the age-induced increase
in p16™&44 contributed to a reduction in the size of reservoirs
of self-renewing tissue stem cells [14, 15]. The precise profile of
pl6™K44 gene expression during the in vitro culture of hMSCs
has yet to be reported, and it is also unknown whether the
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shortening of telomere or the upregulation of p16™¥** expres-
sion is critical for senescence in hMSCs.

The activity of p16™¥44 is regulated under both physiolog-
ical and nonphysiological conditions. Under physiological con-
ditions requiring the repression of p16™&*A such as in tissue
stem cells, the transcription of the pl6™%** gene is downregu-
lated by BMII, a polycomb group (PcG) protein that affects
stem cell fate, including self-renewal, senescence, and aging
[16]. BMI1 is necessary for efficient self-renewing cell division
in adult murine HSCs and neural stem cells (NSCs) [17, 18].
BMI1 represses the transcription of p167%%A as well as p144RF,
which is another inhibitor of cell proliferation sharing part of the
coding sequence at the INK4A-ARF locus [19].

Under nonphysiological conditions such as in cancer cells,
the most frequent event inactivating p16™¥*# function is tran-
scriptional downregulation by DNA methylation in the core
promoter region [20]. In higher eukaryotes, DNA is methylated
at cytosines located 5’ to guanosine in the CpG dinucleotide
[21]. This modification has important regulatory effects on gene
expression and also triggers de novo methylation in unmethyl-
ated lesions [22]. Therefore, the mapping of methylation pat-
terns in CpG islands is an important tool for understanding both
normal and pathologic %sne expression events [23]. De novo
methylation of the pl6™¥*4 promoter regions in vitro was
reported in spontaneously immortalized rodent cells, suggesting
the important role of p16™¥4* in bypassing the senescence. In
this sense, it is interesting that the hMSCs transformed sponta-
neously in vitro lacked expression of the p16TK44 gene [24].

Here, we investigated the role of two critical factors, telo-
mere length and the expression of p16™¥*4, during life span of
hMSCs in vitro and found that both are involved in different
phases. Also, we found that the prolonged propagation of
hMSCs may induce inactivation of the pl6™<** gene by DNA
methylation with chromosomal aberrations.

MATERIALS AND METHODS

Study Population

Primary hMSCs were isolated from the bone marrow taken from
iliac crests of 29 donors, who received orthopedic operative proce-
dures requiring autologous bone grafts from iliac crests (supple-
mental online Table 1). The donors had no history of concurrent
illness or of medication that could affect bone metabolism. There
were 13 males and 16 females. The median donor age was 49.1
years (range, 10—84 years). The Ethics Committee of the Faculty of
Medicine, Kyoto University, approved the procedure and informed
consent was obtained from each donor.

Cell Culture

Primary hMSC cultures were established by means of a previously
described method [25]. Mononuclear cells were suspended in
a-minimal essential medium with GlutaMAX (Invitrogen Co.,
Carlsbad, CA, http://www.invitrogen.com) supplemented with 10%
fetal bovine serum (HyClone, South Logan, UT, http://www.
hyclone.com), 100 U/ml penicillin, and 100 mg/ml streptomycin
and seeded at a density of 2.5 X 10°cells per cm? in 5% CO, at
37°C. At 80% confluence, cells were counted and reseeded at a
dilution of 1:3, as cells in the first passage. From this point, the
number of PDs was calculated based on the total cell number at each
passage. This procedure was repeated until the cells stopped pro-
liferating. At this point, cell numbers were counted to calculate the
final PD.

Induction of Differentiation

The potential for differentiation in the osteogenic, adipogenic, and
chondrogenic directions was examined using the differentiation-
induction protocol provided by Cambrex (East Rutherford, NJ,

http://www.cambrex.com) in each hMSC strain at the second pas-
sage. After 14 days of osteogenic differentiation, the cells were
stained with 40 mM PH4.2 Alizarin Red S (Sigma-Aldrich, St.
Louis, MO, http://www.sigmaaldrich.com). After 21 days of adipo-
genic differentiation, cells were stained with 0.3% oil red O
(Nacalai Tesque, Kyoto, Japan, http://www.nacalai.co.jp/en/index.
html). After 21 days of chondrogenic differentiation, the pellets
were stained with Alcian Blue (Muto Pure Chemicals Co., LTD,
Tokyo, http://www.mutokagaku.com).

Telomere Length Assay

High molecular weight DNA was extracted from each hMSC at the
second and final passage. Telomere restriction fragment length
(TRFL) was determined using Southern blot analysis. Genomic
DNA (2 pg) was digested by mixing Hinfl and Rsal. The digested
DNA was separated on 0.7% agarose gels. Gels were denatured and
blotted onto a positively charged nylon membrane (Roche Diagnos-
tics, Basel, Switzerand, http:/www.roche-applied-science.com).
Using the DIG Assay Kit (Roche Diagnostics), hybridization with a
digoxigenin (DIG)-labeled telomere-specific probe (CCCTAA)3
was conducted. After hybridization, membranes were washed and
incubated with a DIG-specific antibody covalently coupled to alka-
line phosphatase (AP). Results were visualized using AP metabo-
lizing chemiluminescent substrate (CSPD; Roche Diagnostics).
Each assay was performed twice. Membranes were then scanned
and the mean TRFL (mTRFL) was calculated.

Western Blot Analysis

Western blotting was performed as mentioned [26]. The primary
antibodies used were as follows: DO-1 for p53; G175-405 for
pl6™K4A (BD Pharmingen, San Diego, http://www.bdbiosciences.
com), B-5 for p21°™®! C-19 for p27 (Santa Cruz Biotechnology,
Santa Cruz, CA, http://www.scbt.com), and clone F6 for BMI1
(Upstate, Lake Placid, NY, http://www.upstate.com). Blots were
probed with horseradish peroxidase-conjugated goat anti-mouse
IgG or goat anti-rabbit IgG (Santa Cruz Biotechnology) and visu-
alized using a chemiluminescence reagent ECL Plus Detection
Kit (GE Healthcare UK Ltd, Little Chalfont, U.K., http:/fwww.
gehealthcare.com).

Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted using TRIzol reagent (Invitrogen) and
1 pg was reverse transcribed for single-stranded ¢cDNAs using
oligo(dT) primer and Superscript II reverse transcriptase (Invitrogen).

Quantitative Reverse Transcription-Polymerase
Chain Reaction

The reaction mixtures for amplification contained 100 ng of cDNA
and Universal TagMan 2X Master Mix (Applied Biosystems, Foster
City, CA, hutp://www.appliedbiosystems.com). The concentrations
of primers and TagMan probes (Biosearch Technologies Japan,
Tokyo, http://www.btjkk.co.jp) were 900 and 250 nM. All reactions
were performed in triplicate using the ABI PRISM 7700 Sequence
Detection System (Applied Biosystems) under the following
conditions: 2 minutes at 50°C and 10 minutes at 95°C followed by
40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Expression
of 185 was used as an internal control. Saos2, a human
osteosarcoma cell line, expresses the pl6™X4 gene at a high level
due to a homozygous deletion of the retinoblastoma gene [27], and
by setting the expression level of pl6™ X in Saos2 cells as a
standard, the relative expression level of p16™5*A in hMSCs was
calculated. A statistical analysis was done with the ¢ test after
logarithmic transformation. Primers and probes for p16"V54@ are
as described: sense, 5'-CCCAACGCACCGAATAGTTAC-3';
antisense, 5'-CACGGGTCGGGTGAGAGT-3’; probe, FAM-
AGGCCGATCCAGGTCATGATGATGG-BHQ-1.

Methylation-Specific Polymerase Chain Reaction

The bisulfite modification of DNA samples was performed using
the EpiTect Bisulfite Kit (Qiagen, Tokyo, http:/wwwl.qiagen.
com). Methylation-specific polymerase chain reaction (PCR) (MSP)
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for p16™¥%42 was performed as previously described [20, 28]. The

methylation-specific primer sequences are as follows: sense, 5'-
TTATTAGAGGGTGGGGCGGATCGC-3'; antisense, 5'-CAAC-
CCCAAACCACAAC CATAA-3'. For the unmethylated region,
the primers are: sense, 5'-TTATTAGAGGGTGGGGTGGATTGT-
3'; antisense, 5'-CCACCTAAATCGACCTCCGACCG-3'.

Small Interfering RNA Assay

The optimum sequence for the small interfering (si)RNA targeting
the pl6™X4A gene was obtained as ready-annealed, purified du-
plexes from Dharmacon Research (Lafayette, CO, http://www.
dharmacon.com). The control “scrambled” sequence was AAGCGC-
GCUUUGUAGGAUUCG; the p16™X*A_targeted sequence was
AAACCAGAGGCAGUAACCAUG. Transfection was carried out
using the Amaxa electroporation system (Amaxa Biosystems, Co-
logne, MA, http://www.amaxa.com).

5-Bromo-2’-deoxyuridine Assay

Incorporated 5-bromo-2’-deoxyuridine (BrdU) was detected with a
BrdU Detection Kit (Roche Diagnostics) according to the manufac-
turer’s instructions. Experiments were done in triplicate.

Senescence Associated-B-Galactosidase Assay

Cells were cultured on eight-well chamber slides. The senescence
associated-3-galactosidase (SA-B-Gal) assay was performed as de-
scribed previously [29].

Immunocytochemistry

After SA-B-Gal staining, cells were washed with phosphate-buff-
ered saline (PBS) and permeabilized with 0.5% Triton X-100, 1%
bovine serum albumin in PBS. Slides were blocked with 10% nonfat
milk in PBS, incubated with primary antibody for 16 hours and with
secondary antibody for 1 hour in blocking solution, counterstained
with 4,6-diamidino-2-phenylindole, and viewed by epifluorescence
microscopy. The antibodies used were DCS-50.2, a mouse mono-
clonal antibody for p16"™V%#2 (Progen, Heidelberg, Germany, http://
www.progen.de), and ab27619, a fluorescein isothiocyanate-
conjugated rabbit monoclonal antibody for Ki-67 (Abcam,
Cambridge, U.K., http://www.abcam.com).

Statistical Analyses

Statistical analyses were performed using Statcel software. Data
were assessed using the Pearson product-moment correlation coef-
ficient, Student’s ¢ test, Spearman’s rank-correlation coefficient
analysis, a one-factor analysis of variance, a multiple regression
analysis, and the Mantel-Haenszel chi-squared test.

RESULTS

Long-Term Culture of Human MSCs

The primary culture of donor cells was successful in all 29
cases, and the adipogenic, chondrogenic, and osteogenic differ-
entiation of early passage cells was confirmed in all strains
(supplemental online Fig. 1). Growth profiles of hMSCs showed
characteristics typical of the Hayflick model of cellular aging
(Fig. 1A), and all strains stopped proliferating after a certain
period in vitro, although the culture period (mean, 151.2 * 47.7
days; range, 90-334 days) and the final PD number (mean,
28.1 = 7.2; range, 13-54) differed considerably among strains
(supplemental online Table 1). There was a significant correla-
tion between the final PD number and the age of donors (p =
.0042) with the Pearson product-moment correlation coefficient
analysis. When each donor was classified by age into either a
younger group (under 50 years, n = 13, mean, 28.5 * 122
years) (Fig. 1B) or an older group (over 50 years, n = 16, mean,
66.6 = 8.8 years) (Fig. 1C), the mean final PD number of the
older group (24.8 + 4.7) was found to be significantly less than

www . StemCells.com

that of the younger group (32.5 * 7.5) (p = .0086) (Fig. 1D).
This result was confirmed by an analysis with Spearman’s
rank-correlation coefficient (r = —.608, p = .00128) (Fig. 1E).

Telomere Length

Most of the cells at the final passage were flattened and enlarged
(Fig. 2Ab), compatible with cells entering senescence. The
flattened cells were positive for SA-B-gal staining (Fig. 2Ac)
but negative for the terminal deoxynucleotidyl transferase dUTP
nick-end labeling staining (data not shown), suggesting that the
senescence was why the proliferation ceased. It is well known
that the length of telomeres contributes to cellular senescence
[30], and therefore the mTRFL was determined in each hMSC
strain at the second and final passage, designated as SP and FP,
respectively (Fig. 2B) (supplemental online Table 1). The
mTRFL of SP and FP cells was 9.4 + 1.0 kb and 7.5 = 0.6 kb,
respectively, and the mean telomere-shortening rate was 109 £
43 base pairs (bp) (Fig. 2B). A Pearson product-moment corre-
lation coefficient analysis showed a positive correlation (p =
.00048) between the mTRFL of SP and final PD. This result was
confirmed with Spearman’s rank-correlation coefficient (r =
—.557, p = .00321) (Fig. 2C). These findings suggested that
calculating the mTRFL of SP roughly predicts the expandability
of the hMSC strain, which will be valuable information in
expanding hMSC populations for clinical purposes. We then
analyzed the correlation between the mTRFL of SP and donor
age, but results of a Student’s ¢ test (p = .13) (Fig. 2D) and
Spearman’s rank-correlation coefficient analysis (r = —.28,p =
.13) (Fig. 2E) indicated that there was no correlation.

PD Number-Dependent Increase of p16™<*4 Gene
Expression

The mTRFL of FP cells was 7.5 = 0.6 kb, which is much longer
than the critical size of the telomere (approximately 4.5 kb) [31],
suggesting the involvement of other factors in the senescence of
hMSCs. p16™%44 3 cell cycle regulator, is known to contribute
to cellular senescence and also stem cell aging [13]. The mRNA
expression of the pl6™ 44 gene was analyzed in all h(MSC
strains at several time points. In most cases, the expression level
of the p16™&*A gene showed a gradual increase during propa-
gation in vitro (Fig. 3A). Using the expression level of Saos2 as
a reference, the expression level of the pl6 gene at each point
was digitalized by quantitative reverse transcription (RT)-PCR
and plotted against PD number (Fig. 3B). The PD-dependent
increase in p16™%** gene expression was confirmed statisti-
cally by a multiple regression analysis (r = .78, p =
.00000056). A tight association was observed in both younger
(Fig. 3B, circle) and older (Fig. 3B, triangle) donors.

The result of RT-PCR was confirmed by Western blotting.
Seven cases were randomly selected, and proteins were ex-
tracted from cells at four time points based on the final PD
number of each strain: the second passage (early); the PD
number that is one third of the final PD number (early middle);
the PD number that is two thirds of the final PD number (late
middle); and the last passage (final). The expression of
p16™%*A protein at each point was analyzed as well as that of
p21°'*!, p27, and p53 and quantified. As in the case of mRNA
expression, the expression level of p16™*44 protein showed a
PD-dependent increase (p = .000000001). As for the other cell
cycle regulating genes, the p21°'P* gene showed a nonsignificant
(p = .21) but slight increase in expression toward the end of the
cells’ life span. The expression level of p27 and p53 showed no
significant change in vitro (Fig. 3C, 3D).
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Figure 1. Growth profiles of human (h)MSCs in vitro. (A): Growth profiles of 29 hMSC strains in vitro. PD number is plotted against culture period.
(B): Growth profiles of hMSCs from younger donors (<50 years, n = 13). (C): Growth profiles of hMSCs from older donors (=50, n = 16). (D):
Comparison of final PD between younger and older donors with Student’s 7 test. There was a significant difference * p = .0086. (E): A Spearman’s
rank-correlation coefficient when age was plotied as a metric variable and final PD as an objective variable ( = —.608, p = .00128). Abbreviations:

PD, population doubling; yrs, years.

The Expression of p16™%* Was Positively
Correlated with SA-B-Gal Staining but Not Ki67

Expression of the pl6™5** gene was analyzed at the cellular

level using immunocytochemical methods in three randomly
selected cases (hMSCO08, hMSC40, and hMSC45). The expres-
sion of SA-B-gal and Ki67 was also dnalyzed in these samples
as a marker for senescence and proliferation, respectively. Cells
positive for pl6™%*A were negative for Ki-67 in hMSCO8 at

PD12, which was 50% of their life span in vitro (final PD
number was 25) (Fig. 4Ac). Similar results were obtained in the
case of hMSC45 at PD18 (final PD number was 29) (Fig. 4Af)
and hMSC40 (data not shown). These data suggested that cells
positive for p16™%* lost their proliferating ability.

Next, SA-B-Gal staining was performed before double stain-
ing of p16™*** and Ki-67, and cells positive for each staining
were counted. Among hMSC40 cells at PD6, only 1 of 94 cells
(1%) was positive for SA-B-Gal, and it was also stained by
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Figure 2. Telomere shortening during the in vitro life span of human (h)MSCs. (A): Phase-contrast photos of hMSC45 at (Aa) PD2 and (Ab) PD28. Most
cells at PD28 were positive for SA-S-gal staining (Ac); X400 magnification. Scale bar = 100 um. (B): Detection of telomere restriction fragment by
Southem blotting, The mTRFL in the second passage differed among donors (9.4 = 1.0 kb) but that in late passages converged to almost the same value
(7.5 = 0.6 kb). (C): mTRFL at SP as a predictor of the final PD. A statistically significant association (r = —.557, p = .00321) was obtained with Spearman’s
rank-correlation coefficient when mTRFL at SP was plotted as a metric variable and final PD as an objective variable. (D): Donor age is not a denominator
of the mTRFL at SP. No significant difference of mTRFL at SP was observed between younger and older donors (p = .13). (E): Spearman’s rank-correlation
coefficient when age was plotted as a metric variable and early mTRFL as an objective variable (r = —.28, p = .13). Abbreviations: FP, first passage; kb,
kilobase; mTRFL, mean telomere restriction fragment length; PD, population doubling; SP, second passage; yrs, years. .
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Figure 3. PD-dependent increase in the expression of pl6™%*A. (A): mRNA expression of p16™K*A in vitro analyzed by semiquantitative reverse
transcription-polymerase chain reaction. (B): Correlation of p16'™K44 expression with PD number. Samples derived from younger and older donors
were demonstrated with circles and triangles, respectively, and samples from each donor taken at different time points are indicated in the same color.
PD-dependent expression of pl6™X** was confirmed by multiple regression analysis in human (h)MSC derived from both younger (red line, r =
.59, p = .00000015) and older (blue line, r =".64, p = .0000001) donors. (C): Expression of cell cycle regulators during the in vitro life span of
hMSCs. (D): Quantitative analyses of the expression of cell cycle regulators in vitro. The relative expression of the cell cycle regulators was quantified
as described in Materials and Methods as well as the abbreviation of each time point (E, ME, ML, and F). A significant increase in the expression
level of p16™K44 was observed toward the later stage of life (analyzed by one-factor analysis of variance, p = .00000001). There was no significant
change in vitro in the expression of p21°! (p = .21), p27 (p = .36), and p53 (p = .87). Abbreviations: E, early; F, final; ME, middle early; ML,
middle late; PD, population doubling. : :
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Figure 4. Association of p16"™%*A with a marker of senescence but not
that of proliferation. (A): Immunocytochemical staining of p16™K4A
and Ki-67. (Aa-Ac): Human (hYMSCO08 at population doubling (PD)23
(final PD was 25); (Ad-Af): hMSC45 at PD18 (final PD was 26). (Aa,
Ad): pleNKea staining. Signals are demonstrated as red dots in nuclei,
and arrows indicate positive cells. (Ab, Ae): Ki-67 staining. Signals are
demonstrated as blue dots in nuclei, and positive cells are indicated by
arrowheads. (Ac, Af): Merged images. Note that most p16™%4A_posi-
tive cells were Ki-67-negative and vice versa. (B): Triple staining of
p16™K4A Ki67, and SA-B-Gal in hMSC40 at PD6. (Ba), double
staining of p16'™%* (red) and Ki-67 (green); (Bb), light field image of
SA-B-Gal staining; (Bc), merged image of (Ba) and (Bb). Cells were
classified by staining pattern, and the number of cells in each group is
demonstrated in the table below the figures. (C): Identical experiments
were performed using hMSC40 at a later passage (PD28). Abbreviation:
SA-beta-gal, senescence associated-3-galactosidase.

p16™%** (Fig. 4B). Among SA-B-Gal-negative cells (n = 93),
24 (25.8%) were stained with pl6™X*A and 69 (73.4%) were
stained with Ki67 (Fig. 4B). There were no célls that were
double positive for p16™**4 and Ki-67. Among the late passage
cells (PD26), 63 (94%) were positive for SA-B-Gal. Among
SA-B-Gal-negative cells (n = 4), all were stained for p16=%44
and none were stained with Ki67 (Fig. 4C). Identical results
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were obtained for hMSC08 and hMSC45 (data not shown), and
the Mantel-Haenszel chi-squared test with continuity correction
in three strains showed a positive correlation between the ex-
pression of pl6™X¥44 and SA-B-Gal (y* = 2.75, p = .046).

"These results suggested that p16™K*A expression induced se-

nescence and loss of proliferating ability.

Knockdown of p16™%** Rescued Cells from
Senescence and Induced Cell Proliferation

To further investigate the role of p16™%*4, its expression was
inhibited with siRNA. Twenty-four hours after a single trans-
fection with p16-siRNA in p16™K*A positive hMSC (hMSC40
at PD24), effective knockdown of the gene expression was
confirmed by RT-PCR, and the expression of the p144RF gene,
which shares exons 2 and 3 with the pl6™5*4 gene, was not
affected by p16-siRNA (Fig. 5A). The knockdown effect at the
protein level was confirmed by Western blot analysis (Fig. 5B);
no change in the expression level of p21°*! or p53 (Fig. 5B) was
observed, indicating a specific effect on the p16™¥*A gene.
To investigate the effect of the downregulation of p16™K+A
expression on the proliferating ability of hMSC strains that have
an, upregulated pl6™K*A p16-siRNA was introduced into
hMSC39 at PD32 (final PD number was 35), and the incorpo-
ration of BrdU was assayed 24 hours later. Suppression of
pl6™X*A gene expression by pl6-siRNA was confirmed by
RT-PCR (Fig. 5C, lower panel). p16-siRNA treatment led to a
4.2- and 10.5-fold increase in BrdU incorporation compared
with no treatment or treatment with control-siRNA, respectively
(p < .01) (Fig. 5C, upper panel). The knockdown of pl16™K4A
also rescued cellular senescence. The ratio of S A-B-gal-positive
cells treated with p16-siRNA (3.1% * 0.6%) was significantly
lower than that of cells not treated (31.8% = 5.3%) or treated
with control-siRNA (14.2% = 3.0%) (Fig. 5D). The reason for
the decrease in the SA-B-Gal-positive ratio in control-siRNA
treated cells is probably due to the decrease in total cell number
(nontreatment group: 164 * 25.7, control-siRNA group:
112.7 + 19.4, p16-siRNA group: 172.3 = 38.6). Senescent cells
expressing SA-B-Gal seemed to be vulnerable to the trypsiniza-
tion process, which was required for the transfection experi-
ments. Even in such a situation, the total cell number was
increased in the p16-siRNA group. The growth stimulatory
effect of p16-siRNA was confirmed by serial cell counting (Fig.
5E). The fold increase in cell number at 144 and 216 hours after
transfection was higher in the p16-siRNA-treated cells than in
cells without treatment or control-siRNA-treated cells (Fig. 5E).

The Expression Profile of p16™%** Is Classified into
Three Types

In almost all strains, the expression of pl6™K*A gradually
increased with the propagation in vitro (Fig. 3) of hMSCI10,
shown in Figure 6C. There were, however, some strains show-
ing a different profile of expression. Based on the p16™K4A
expression profile in vitro, 29 cases were divided into three
groups and analyzed in detail (supplemental online Table 1).

Gradual Increase Group. Twenty-five of 29 (86%) strains
demonstrated this pattern of expression (Fig. 6A; hMSC23
shown in Fig. 6A). The expression level at the final passage was
at least two times higher than at the first passage. The mean final
PD of the gradual increase (GI) group was 28.1 = 7.2 (18-39),
and the mean culture period was 151.2 * 47.7 days (90-240
days). The mTRFL of SP was 9.4 = 1.0 kb (6.7-10.1 kb) and
that of FP was 7.5 * 0.6 kb (6.4-8.5 kb). The mean highest
expression of pl6™%** was 0.06 = 0.04 (0.019-0.24). The
expression of p16™%44 was not increased more than 0.3 relative
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Figure 5. Knockdown of p16™%“* prevented senescence and restored proliferation. (A): Inhibition of p16™¥*A gene expression by pl6-siRNA.
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Incorporation of BrdU after siRNA treatment. Effective inhibition of p16™** expression by p16-siRNA was confirmed by reverse transcription-
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to the expression of Saos2. The expression level of the BMI1
gene showed no significant change in vitro (Fig. 6Ab).

Increase Followed by Reduction Group. Two out of 29 (7%)
strains showed a rapid reduction in p16™*** gene expression
after an extremely high level was reached (Fig. 6B; hMSC17

shown in Fig. 6B; hMSC14, data not shown). The donor age was
relatively young (hMSC14, 17 years; hMSC17, 24 years). The
final PD (hMSC14, 33; hMSC17, 54) and culture period
(hMSC14, 147 days; hMSC17, 334 days) were lengthened. The
mTRFL of SP was almost equal to the average of the GI group
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Figure 6. _Classification of human (h)MSC strains by the expression of p16™%4A during cell expansion. (A): GI group. (Aa): Cumulative PD (line grl?]gh)
and the relative expression of the p16™"“** gene (bar graph) in hMSC23. The arrowhead indicates the time point at which the methylation of the p16/NK%A
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gene. (B): IR group. Samples were derived from hMSC17. (C): NI group. Samples were derived from hMSC10. Abbreviations: GI, gradual increase; IR,
increase followed by reduction; M, fragments amplified by methylated sequence-specific primers; MSP, methylation-specific polymerase chain reaction; NI,
no increase; PD, population doubling; RT-PCR, reverse transcription-polymerase chain reaction; U, fragments amplified by unmethylated sequence-specific

primers; WB, westemn blotting.

in hMSC14 (9.5 kb) but longer in hMSC17 (11.5 kb). The
mTRFL of FP was equal to the average of the GI group in both
strains (hMSC14, 7.6 kb; hMSC17, 6.9 kb). The highest value of
p16™¥ ** expression was much higher than the mean value of
the GI group in both strains (hMSC14, 4.8; hMSC17, 10.6).
Interestingly, the expression of the BMI1 gene was repressed
during the period in which the expression level of the p167V<44A
gene was extremely high and returned to the initial level after
the p16™X*4 gene was downregulated (Fig. 6Bb).

No Increase Group. ~ In two out of 29 (7%) strains, the level
of pl6™%** remained low throughout the culture (hMSC10
shown in Fig. 6C; hMSC24, data not shown). The final PD
(hMSC10, 28; hMSC24, 27) and culture period (hMSC10, 138
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days; hMSC24, 170 days) were almost equal to the average for
the GI group. The mTRFL of SP was almost equal to the
average of the GI group in both strains (h(MSC10: 10.3 kb,
hMSC24: 9.0 kb). The mTRFL of FP was longer in hMSC10
(8.5 kb) but equal in hMSC24 (7.1 kb). The highest expression
of p16™%*A did not exceed 0.01 (hMSC10, 0.0063; hMSC25,
0.0028). The expression level of the BMI1 gene showed no
significant change during the culture period.

Methylation of the Promoter of the p16™%X%A Gene

Several mechanisms were found as the cause of downregulation
of the p16™5*A expression in cancer cells, the DNA methyl-
ation in the core promoter region being the most frequent event
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[28]. Several experiments were performed to investigate
whether DNA methylation was involved in the downregulation
of p16™X*4 expression observed in certain hMSC strains. First,
hMSCI17 cells, one of two strains in the increase-followed-by-
reduction (IR) group, were treated with the demethylation drug
5-aza-dC for 96 hours, and p16™¥*# expression was checked by
RT-PCR (supplemental Fig. 2). As seen in control U20S cells,
an osteosarcoma cell line in which p16™¥** expression is
downregulated by DNA methylation [32], p16™%*4 expression
was induced in PD54 but not in PD15 (supplemental online Fig.
2A). 5-aza-dC treatment also induced a senescence phenotype in
late passage hMSC17 (PD54) as SA-B-Gal-positive cells in-
creased by twofold after 96 hours of treatment (supplemental
Fig. 2B).

Next, the methylation status of the promoter region of
pl16™*4 was analyzed by the MSP assay. MSP was per-
formed using the genomic DNA from early and late passage
cells from 10 strains of the GI group, in two strains of the IR
group, and in two strains of the no increase (NI) group
(supplemental online Table 1). The methylated sequence-
specific fragment of the pl6™ 4 gene was not amplified in
12 out of 12 group GI strains either in early or late passage
cells, and unmethylated sequence-specific fragments were
amplified (Fig. 6Ac). In the case of hMSC17 from the IR
group, only unmethylated sequence-specific fragments were
amplified using DNA extracted from cells at PD15, at which
the level of p16™ 44 expression remained low (Fig. 6Bc).
When DNA extracted from cells at PD54 was used for MSP,
however, methylated sequence-specific fragments were am-
plified, and the amount of unmethylated sequence-specific
fragments decreased (Fig. 6Bc). In the NI group, the methyl-
ated sequence-specific fragment was observed even in the
early passage cells in addition to the unmethylated sequence-
specific fragment (Fig. 6Cc). The expression of the methyl-
ated sequence-specific fragment was increased in late pas-
sage, and unmethylated sequence-specific fragment was
decreased. Methylation of the target region of MSP in these
samples was confirmed by bisulfite sequencing (data not
shown). These results indicated that DNA methylation in the
core promoter region H’?lays a role in downregulating the
expression of the pl6™X4A gene in vitro in hMSCs as ob-
served in human cancers.

Chromosomal Rearrangement

Because of the extraordinarily long culture period, the karyo-
type of hMSC17 was analyzed using the standard G-band
method, and several samples from the GI and NI groups were
also analyzed. No chromosomal aberrations were detected in
samples from the GI and NI groups (data not shown). The
chromosomal structure was also normal in hMSC17 at early
passage (PD10) (supplemental online Fig. 3A). Cells of the
same strain at the later passage (PD54), however, showed a
number of numerical and structural aberrations including two
clonal aberrations with the same reciprocal translocation
(supplemental online Fig. 3B). Therefore, both epigenetic
and genetic abnormalities existed in the late passage cells of
hMSC17, which might be responsible for the prolonged cul-
ture of this strain.

DISCUSSION

Unlimited self-renewal ability is a hallmark of embryonic stem
cells, providing the potential to differentiate into cells of any
type [33]. In the case of tissue stem cells including MSCs,
however, the potential to proliferate is restricted in the Hayflick

model of cellular aging. The molecular mechanism for inducing
senescence in vitro has been extensively investigated, and recent
reports suggested a cell specificity-dependent mechanism [33].
In this study, we have demonstrated that telomere length and
p16™X*4 expression are involved in different phases of cellular
senescence in hMSC.

In human MSCs, telomerase activity was not detected
[26, 34]. The mean telomere restriction fragment length in
primary hMSCs was 9.4 + 1.0 kb for early passage and 7.5 *
0.6 kb for late passage cells, and the mean telomere short-
ening rate was 109 = 43 bp (Fig. 2), which is close to the
theoretical length of shortening in each DNA replication,
suggesting that there is no mechanism to maintain telomere
length in hMSCs. Therefore, it is rational that the initial
mTRFL correlated well with the replicative capacity of
hMSCs (r = .677, Fig. 2C). hMSCs transduced with the
human telomerase gene hTERT exhibit a prolonged replica-
tive capacity, evidence that the integrity of the telomere plays
a vital role in regulating replicative capacity in vitro [26, 35].
However, the shortening of telomeres is not the sole factor
inducing cellular senescence in hMSCs, and our current
results indicated that the upregulation of the p16™54A gene
expression plays an essential role in this process. This may be
relevant to our previous data that the introduction of hTERT
was not sufficient to immortalize hMSC, and that the inac-
tivation of the function of p16 either by the HPVE6/E7 or
BMI1 genes was required [26, 36].

The relationship between growth capacity and donor age is
not clear. Clearly, the hMSC strains isolated from younger
donors on the average exhibited a longer life span in vitro (Fig.
1D, 1E), and the initial mTRFL correlated with the life span.
There was, however, no clear relationship between the initial
mTRFL and donor age (Fig. 2). Also, the expression profile of
p16™%** was not correlated with donor age. These issues
should be further analyzed in detail.

p16™5*A is known as a biomarker of aging. This cell cycle
regulator is not expressed in undifferentiated hESCs [37]. In
mouse HSCs and NSCs, the expression of pl6™%*A was re-
pressed by the PcG protein BMI1 [15]. But in later life, this PcG
protein failed to repress the expression of p16™%4A and the
function of HSCs and NSCs declined [14, 15]. In the current
study, BMI1 was expressed at the mRNA and protein levels in
all the hMSC strains (Fig. 6). In some strains, the expression of
BMI1 was negatively correlated with the expression of
p16™%*4 (Fig. 6B, 6C). The relationship between these two
molecules in hMSCs remained to be investigated. The expres-
sion of p16™** was increased toward senescence (Fig. 3), and
senescent cells expressed pl6™%*A The downregulation of
p16™X44 expression resulted in escape from senescence and a
restoration of the proliferating activity (Fig. 5). These results
suggest that most hMSCs do not have a mechanism to repress
the expression of p16™%** in vitro.

We found three types of passage-dependent change of the
p16 gene expression during in vitro life of hAMSCs of which two
were associated with the methylation-induced suppression. No
clear differences were found among three groups in clinical
characters of donors, and the procedures for the isolation and
expansion of hMSCs were the same in all cases. Subtle changes
in the culture condition such as the initial density, the concen-
tration of CO,, and the timing of passage may influence the
development of the methylation, which will be an important
issue to be further investigated.

As far as we know, this is the first report to demonstrate the
methylation of pl6™<** in hMSCs. This phenomenon was
observed in 4 of 29 strains (13.8%), which is above the negli-
gible frequency (Fig. 6, supplemental online Table 1). Methyl-
ation of the p16™%** gene in normal cells in vitro is reported in
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the case of human mammary epithelial cells showing a pro-
longed life span in vitro [20]. In many cases, however, this
phenomenon is seen in cancer cells [38].

A line of evidence has indicated a tight association be-
tween the inactivation of p16™N¥44 and transformation of
hMSCs. The hMSCs immortalized with hTERT showed
spontaneous transformation in vitro in association with the
deletion of the p16™X*4 gene and activation of the K-ras
gene [39]. The hMSC strain transformed spontaneously in
vitro lacked expression of the pl6™X*A gene [24]. The
BMI1-transduced immortalized hMSCs, which showed no
detectable p16™K4A gene expression, became fully trans-
formed after the introduction of an activated H-ras gene [36].
In this study, one case with an inactivated p16™X*# gene by
DNA methylation (hMSC17) showed a prolonged life span
(334 days in culture with a final PD of 54) in vitro far longer
than the average (151 days and 28 PD) (Fig. 6Bb). Although
no apparent phenotype of transformed cells was observed in
this strain, and the growth ceased with telomere shortening,
the association of chromosomal aberrations (supplemental
online Fig. 3) may be considered a sign of pretransformation
as reported in human and murine MSC cases [24, 40, 41].
This point should be seriously considered in the clinical use
of hMSCs, particularly in cases requiring prolonged and

extensive in vitro expansion. Monitoring of the DNA methyl-
ation of the p16™ ** gene will serve as surveillance for the
transformation of hMSCs.
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Abstract

The expression of the chondromodulin-I (ChM-I) gene, a cartilage-specific gene, is regulated by the binding of Sp3 to the core pro-
moter region, which is inhibited by the methylation of CpG in the target genome in the osteogenic lineage, osteosarcoma (OS) cells. The
histone tails associated with the hypermethylated promoter region of the ChM-I gene were deacetylated by histone deacetylase 2
(HDAC?2) in three ChM-I-negative OS cell lines. Treatment with an HDAC inhibitor induced the binding of Sp3 in one cell line, which
became ChM-I-positive. This process was associated with acetylation instead of the dimethylation of histone H3 at lysine 9 (H3-K9) and,
surprisingly, the demethylation of the core promoter region. The demethylation was transient, and gradually replaced by methylation
after a rapid recovery of histone deacetylaion. These results represent an example of the plasticity of differentiation being regulated

by the cell-specific plasticity of epigenetic regulation.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Chondromodulin-I; Histone modification; Acetylation; Differentiation; Epigenetic; Chondrogenic; Methylation; H3-K9; HDAC2

The expression of cell type-specific genes is tightly regu-
lated by a hierarchical mechanism composed of genetic and
epigenetic factors. In some cases, a single transcription fac-
tor may determine cell fate. In other instances, however,
the expression of such a master gene is found in cells in
other tissue-lineages. For example, the expression of the
SOX9 gene, which is the master gene for chondrogenic cell
lineage, is also found of in cells of the ostogenic lineage [1].
Transcription factors regulating the expression positively
or negatively must bind to specific DNA elements to exert
their function, and the factors regulating such binding sig-
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nificantly affect their function and therefore the expression
of each gene.

Chondromodulin-I (ChM-I) is a potent vascular endo-
thelial cell growth inhibitor purified from bovine epiphy-
seal cartilage (2], the expression of which in matured
limbs is limited to cells in the resting, proliferating, and
early hypertrophic zone of the growth plate [2], and not
in other mesenchymal tissues including bone. Therefore,
it is a suitable material for analyzing the molecular mecha-
nism regulating cell-specific genes, and we have shown that
the Sp3 transcription factor is a major driver of binding to
a specific portion in the core promoter region [1]. Because
Sp3 is a wuniversal transcription factor ubiquitously
expressed in many tissues, the cell-specific expression of
the ChM-I gene requires additional factors. Using osteo-
sarcoma (OS) cells, which are malignant mesenchymal
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tumor cells with features of osteogenic lineage cells, we
have shown that DNA methylation of the Sp3-binding
sequence is one such mechanism to shut down the expres-
sion in cells of the osteogenic lineage [1]. Treatment with
a demethylating reagent, however, failed to restore the
expression of the ChM-I gene in some OS cells, suggesting
the presence of other regulatory mechanisms [1).

Modification of the histone tail is another epigenetic reg-
ulatory mechanism [3]. Histone proteins assemble into
nucleosomes, which function as DNA packaging. The
amino-terminal tails of histone protrude from the nucleo-
some and are subject to chemical modifications including
phosphorylation, ubiquitination, acetylation, and methyla-
tion [4]. The acetylation of lysine residues on histone H3
and H4 leads to the formation of an open chromatin struc-
ture and allows regulatory factors to easily access the chro-
matin [4], which is regulated by the stochastic balance of
histone acetyltrasferases (HAT) and histone deacetylases
(HDAC). Notably, dimethylation of histone H3 at lysine
9 (H3-K9) tightly inhibits the gene expression, correlated
with the methylation of CpG [5,6]. These modifications
of the histone tail and CpG methylation status determine
the differentiation [7].

Here, we investigated the epigenetic regulation of the
ChM-I gene in a variety of OS cell lines and found that
modifications of the histone tail determine the expression.
We found evidence for crosstalk between the modification
of histones and methylation of CpG, in which histone acet-
ylation can inhibit the maintenance of CpG methylation by
substituting H3-K9 dimethylation with H3-K9 acetylation.

Materials and methods

Cell lines and culture conditions. The human cell lines Saos2, HuO,
HOS, MG63, and U20S were obtained from ATCC or Japanese Cancer
Research Resources Bank. The human osteosarcoma cell lines TAKAO
and ANOS were established in our laboratory. All the cell lines used in
this study were maintained in DMEM (Sigma) with 10% fetal bovine
serum (Hyclone, South Logan, UT), 100 U/ml penicillin, and 100 mg/mi
streptomycin, in 5% CO; at 37 °C.

SDS-PAGE. Western blotting was performed as previously mentioned
[1]. The primary antibodies used were as follows: acetylated H3, acetylated
H4, dimethylated H3-K9, acetylated H3-K9, and H3 from Upstate Bio-
technology (Lake Placid, NY), HDAC2, HDAC3, and HDACS6 from
Zymed Laboratory (San Francisco, CA), and Spl and Sp3 from Santa
Cruz Biotechnology (Santa Cruz, CA).

Reverse transcription (RT)-PCR and quantitative RT-PCR. RNA
was isolated using Trizol Reagent (Life Technologies, Rockville, MD)
following the manufacturer’s directions from frozen tumor tissues and
the cultured cell lines. All RT reactions were performed using 1 pug of
total RNA with a Super Script First Strand Synthesis System for
RT-PCR kit (Life Technologies) according to the instructions sup-
plied. RT-PCR amplification was performed as previously mentioned
33

Demethylation drug treatment. The cells (1 x 10°) were seeded on 60-
mm dishes in DMEM with 10% FBS. After cells attaching to the dishes,
the cells were treated with 1 pM of 5-Aza-2'-deoxycytidine (5-Aza-dC)
(Sigma-Aldrich) for 96 h.

Histone deacetylase inhibitor (HDACi) treatment. The cells (1 x 10%)
were seeded on 60-mm dishes in DMEM with 10% FBS. After attaching to
the dishes, they cells were treated with histone deacetylase inhibitors; MS-

275 provided by Nihon Scherring (Chiba, Japan), The cells were harvested
after 24 h.

Bisulfite genomic sequencing. The bisulfite modification of DNA sam-
ples was performed using the EpiTect bisulfite kit (Qiagen, Tokyo, Japan).
Bisulfite-modified DNA spanning residues —297 to —104 relative to the
transcription start point [1] was amplified, cloned into the TA-vector
(Invitrogen), and sequenced using an ABI 377 semiautomatic sequencer
(PE Applied Biosystems).

Chromatin immunoprecipitation (ChIP). The suitability of each anti-
body for the ChIP assay was confirmed by immunoprecipitation-Western
blotting (data not shown). Tissue samples were treated using an EpiQuik
tissue ChIP kit according to the manufacturer’s directions (Epigentek
Group Inc. Brooklyn, NY). Cells were harvested and mixed with form-
aldehyde at a final concentration of 1.0% for 10 min at 37 °C to cross-link
protein to DNA. Cells then were suspended in 0.2 ml of SDS lysis buffer
and settled on ice for 10 min. DNA cross-linked with protein was soni-
cated into fragments of 200-1000 bp. One-tenth of the sample was set
aside as an input control, and the rest was precleared with salmon sperm
DNA protein A-Sepharose beads (Upstate Biotechnology) for 30 min
with agitation. The soluble chromatin fraction was collected with each
antibody at 4 °C overnight with rotation. Immune complexes were col-
lected with salmon sperm DNA protein A-Sepharose beads and washed
with the manufacturer’s low salt, high salt, and LiCl buffers and then
washed twice with TE buffer (10 mM Tris-HCl and | mM EDTA). The
chromatin-antibody complexes were eluted with elution buffer (1% SDS
and 0.1 M NaHCO;). Protein—-DNA cross-links were reversed with 5 M
NacCl at 65 °C for 4 h, proteinase K treatment and phenol-chloroform
extraction were carried out, and then the DNA was precipitated in etha-
nol. PCR amplification was performed using primers specific for the ChM-
I promoter (sense, S-GAATGCAGGCCAGTGAGAAGGT-3; antisense,
5-GCACCCTGGGATCTGTCCCGCT-3). The reaction was performed
with an initial denaturation of 5 min at 94 °C followed by 30 cycles of
1 min at 94 °C, 1 min at 63 °C, and 1 min at 72 °C with a final extension at
72 °C for 7 min.

Results

The promoter lesion of ChM-I was deacetylated by binding
of HDAC2 in ChM-I-negative OS cell lines

Three of seven OS cell lines (TAKAO, Saos2, and
MG63) showed no expression of the ChM-I gene even
in the RT-PCR analyses, among which two (TAKAO
and Saos2) turned out to be positive on treatment with
5-Aza-dC (Fig. 1 A). The state of the histone tails of
these seven OS cell lines was analyzed by Western blot-
ting (Fig. 1B) and ChIP assay (Fig. 1C). The acetylation
of global lesions of the histone H3 and H4 tails did not
differ between the ChM-I-positive and negative cell lines
(Fig. 1B). But the histone H3 and H4 tails associated
with the lesion in the promoter of ChM-I was locally
acetylated in ChM-I-positive cells, and deacetylated in
the negative cells (Fig. 1C), indicating that the status
of histone acetylation correlated with the expression of
the ChM-I gene. To find the HDAC responsible for
the deacetylation, the expression of HDAC2, HDACS3,
and HDAC6 was analyzed by Western blotting, which
showed no clear correlation with the expression of
ChM-1 gene (Fig. 1D). The ChIP assay, however,
showed that HDAC2, but not HDA3 or HDACS6, bound
to the promoter region in the ChM-I-negative cell lines
(Fig. 1E). These results suggested that HDAC2 was



