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Background
Research on mesenchymal stromal cells has created high expectations for a variety of therapeu-
tic applications. Extensive propagation to yield enough mesenchymal stromal cells for therapy
may result in replicative senescence and thus hamper long-term functionality in vivo. Highly
variable proliferation rates of mesenchymal stromal cells in the course of long-term expansions
under varying culture conditions may already indicate different propensity for cellular senes-
cence. We hypothesized that senescence-associated regulated genes differ in mesenchymal
stromal cells propagated under different culture conditions.

Design and Methods
Human bone marrow-derived mesenchymal stromal cells were cultured either by serial passag-
ing or by a two-step protocol in three different growth conditions. Culture media were supple-
mented with either fetal bovine serum in varying concentrations or pooled human platelet
lysate.

Results
All mesenchymal stromal cell preparations revealed significant gene expression changes upon
long-term culture. Especially genes involved in cell differentiation, apoptosis and cell death
were up-regulated, whereas genes involved in mitosis and proliferation were down-regulated.
Furthermore, overlapping senescence-associated gene expression changes were found in all
mesenchymal stromal cell preparations.

Conclusions
Long-term cell growth induced similar gene expression changes in mesenchymal stromal cells
independently of isolation and expansion conditions. In advance of therapeutic application,
this panel of genes might offer a feasible approach to assessing mesenchymal stromal cell qual-
ity with regard to the state of replicative senescence.
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replicative senescence, senescence-associated gene expression.
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Introduction

Mesenchymal stromal cells (MSC) comprise a multipo-
tent cell population that can differentiate into mesodermal
cell lineages including osteocytes, chondrocytes, and
adipocytes.1 The potential of these cell preparations has
raised high expectations regarding cellular therapy and tis-
sue engineering.2-4 However, the bottlenecks for clinical
application of MSC are standardized isolation protocols
and methods for reliable quality control of cell products.
These problems are made obvious by the multitude of dif-
ferent methods for preparing MSC. They can be isolated
from a variety of different tissues, by diverse separation
protocols, in different culture media and under different
growth conditions.5 The first steps of MSC preparation can
be performed without the need for density gradient cen-
trifugation either by red blood cell lysis or by seeding
untreated bone marrow aspirate.6,7 Usually, MSC are sepa-
rated by exploiting their property of adhering to plastic,
while non-adherent cells are removed by washing steps. A
more standardized method for the isolation of MSC can be
facilitated by a two-step protocol in which cells are seeded
at a low cell density of only 10 cells per cm2.8 Furthermore,
fetal bovine serum (FBS) can be replaced by pooled human
platelet lysate (pHPL)9 or thrombin-activated platelet-rich
plasma10 to exclude contamination of the cell product by
bovine prions, viruses or other xenogeneic agents.
Nonetheless, all methods result in heterogeneous cell
preparations and reliable markers for the definition of the
multipotent subsets have so far been elusive.11
Molecular characterization of MSC is further complicat-

ed by the fact that these cells undergo changes during in
vitro culture expansion. All human somatic cells that can be
propagated successfully in cell culture undergo replicative
senescence.12 Within 20 to 50 population doublings (PD),
cells enlarge and become more granular. Cellular aging and
replicative senescence of MSC are influenced by their cul-
ture conditions. Colter et al. reported that single cell-derived
MSC clones could be expanded for up to 50 PD if they
were maintained at low density by repeated passaging,
whereas cells stopped growing after 15 PD when cultured
at high cell density.13 Senescent cells remain metabolically
active and can be maintained in this state for years. This
phenomenon was already described over 40 years ago by
Leonard Hayflick.14 Replicative senescence does not only
influence proliferation but also the differentiation potential
of MSC.15-19 Furthermore, replicative senescence affects the
ability of MSC to support hematopoieisis.20 We observed
that MSC cultured with adult pHPL ceased proliferation
after fewer than 50 PD, whereas more than 60 PD were
possible in FBS-driven cultures.21 It remains unclear
whether common senescence-associated gene expression
changes are induced in MSC that have been isolated using
different isolation and culture methods. Such a panel of
genes might be useful for quality control of long-term cell
preparations. With this in mind, we compared gene expres-
sion changes between long-term cultures of MSC that had
been generated in different laboratories with various isola-
tion and culture methods.

Design and Methods

Bone marrow-derived MSC were isolated and cultured at
different seeding densities and with varying concentrations

of FBS (FBS-MSC and MSC-M1) or pHPL (pHPL-MSC).
Details on the isolation, expansion, morphological and
immunophenotypic analyses, and differentiation assays of
MSC are provided in the Online Supplementary Design and
Methods.

Microarray analysis of mesenchymal stromal cells 
cultured with fetal bovine serum or pooled human 
platelet lysate
FBS-MSC and pHPL-MSC were harvested by trypsiniza-

tion after each passage. RNA from at least 3¥106 MSC was
extracted using TRIZOL (Invitrogen, Carlsbad, CA, USA)
followed by RNeasy clean-up (QIAGEN), as previously
described.22 RNA quality was controlled using the RNA
6000 Pico LabChip kit (Agilent, Waldbronn, Germany) and
quantified with a NanoDrop ND-1000 Spectrophotometer
(Nanodrop Technologies, Wilmington, USA). Reverse tran-
scription (oligo dT-T7 promoter primed) and labeling of
cDNA was carried out using the RT labeling kit (Applied
Biosystems, Foster City, CA, USA) according to the manu-
facturer’s instructions. Forty micrograms of total RNA per
sample were used as a starting amount. The Chemi -
luminescence RT Labeling kit (Applied Biosystems, USA)
with spike-in controls of three bacterial genes (bioB, bioC,
bioD) was used for external control. Global gene expres-
sion profiles were analyzed using the ABI 1700 Genetic
Analyzer Platform and the Human Genome Survey
Microarray version 2.0 (Applied Biosystems, USA). The
fully corrected signal associated with the probe was used
for intra-chip normalization. The chemiluminescence sig-
nal specific to the probe was normalized by the fluores-
cence signal divided by the feature integration aperture.
Raw data and the combined transformed data are stored at
the ArrayExpress database (http://www.ebi.ac.uk/aerep/login;
experiment name: Transcriptional profiling of mesenchy-
mal stromal cells to reveal senescence-associated gene
expression changes; ArrayExpress accession: E-MEXP-
1997; user name: Reviewer_E-MEXP-1997; password:
1233614296357).

Analysis of senescence-associated gene expression 
in mesenchymal stromal cells cultured with fetal bovine
serum or pooled human platelet lysate
Raw data of all independently processed samples were

quantile normalized.23 Subsequently, ratios of differential
gene expression were calculated in comparison to the cor-
responding sample in passage 0 (P1/P0 and P2/P0) and log2
transformed. For subsequent analysis we only considered
probe sets that were detected as a high quality signal (flag
0) in all 12 hybridizations. Lists of regulated genes were
assembled using significant analysis of microarrays
(SAM) using the MultiExperiment Viewer (MeV, TM4)
with a false discovery rate (FDR) of less than 5.24,25
Differentially expressed genes were further classified by
gene ontology analysis using GoMiner software (http://dis-
cover.nci.nih.gov/gominer/) and their representation in func-
tional categories was analyzed by Fisher´s exact test. The
chromosomal distribution of differentially regulated genes
was analyzed by gene set enrichment analysis (GSEA;
http://www.broad.mit.edu/gsea/).26

Comparison with senescence-associated gene 
expression in mesenchymal stromal cells cultured
in M1 culture medium
We have previously described senescence-associated
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gene expression changes in MSC-M1.19 In brief, raw data
were quantile normalized and the ratio of differential gene
expression was determined between the corresponding
early passage and senescent passages for three different
donor samples. Our analysis revealed 1033 transcripts with
a more than two-fold up-regulation in senescent cells and
545 transcripts were more than two-fold down-regulated.19
These differentially expressed genes were matched to the
above mentioned microarray data by gene symbols to
compare the relation of senescence-associated gene expres-
sion changes. Log2 ratios of differential expression in MSC-
M1 were plotted against log2 ratios of FBS-MSC or pHPL-
MSC. The correlation coefficient was calculated for those
genes that were more than two-fold differentially
expressed in both datasets.

Quantitative real-time polymerase chain reaction analysis
The mRNA expression of candidate genes was quanti-

fied by quantitative real-time polymerase chain reaction
(qRT-PCR) analysis using the ABI PRISM® 7700HT
Sequence Detection System Instrument (Applied Bio -
systems, Applera Deutschland GmbH, Darmstadt,
Germany). Total RNA was reverse transcribed using the
high capacity cDNA reverse transcription kit (Applied
Biosystems, Germany). Primers were obtained from
Biospring (Frankfurt, Germany) (Online Supplementary Table
S1). qRT-PCR reactions were performed with the power
SYBR® green PCR master mix in a MicroAmp optical 96-
well reaction plate with a ABI PRISM® 7700HT sequence
detector (Applied Biosystems, Germany) according to the
manufacturer’s instructions. Gene expression levels were
normalized to GAPDH expression, which was used as a
housekeeping gene.

Array comparative genomic hybridization
Array comparative genomic hybridization was carried

out using a whole genome oligonucleotide microarray plat-
form (Human Genome CGH 180K Microarray Kit; Agilent
Techologies, Santa Clara, CA, USA). This array consists of
approximately 170,000 60-mer oligonucleotide probes with
a spatial resolution of 16 Kb. Genomic DNA was prepared
using the Qiagen Micro Kit (Qiagen, Valencia, CA, USA).
Commercially available male DNA (Promega, Madison,
WI, USA) was used as the reference DNA. Samples were
labeled with the Bioprime Array CGH Genomic Labeling
System (Invitrogen, Carlsberg, CA, USA) according to the
manufacturer’s instructions. Briefly, 500 ng test DNA and
reference DNA were differentially labeled with dCTP-Cy5
or dCTP-Cy3 (GE Healthcare, Piscataway, NJ, USA).
Further steps were performed according to the manufactur-
er’s protocol (version 6.0). Slides were scanned using a
microarray scanner and images were analyzed using CGH
Analytics software 3.4.40 (both from Agilent Technologies)
with the statistical algorithm ADM-2; the sensitivity
threshold was 6.0. At least five consecutive clones had to be
aberrant to be scored by the software.

Results

Large-scale expansion of mesenchymal stromal cells 
cultured with fetal bovine serum or pooled human
platelet lysate

MSC were isolated from bone marrow aspirates using a

standardized protocol without the need for additional sep-
aration steps. The culture medium was supplemented
with either 10% FBS or 10% pHPL. At each passage, MSC
were re-seeded at a very low cell density ranging from
10–30 cells per cm2. This technique resulted in calculated
numbers of 5.6±2.6¥1011 MSC in medium with FBS and
2.6±1.4¥1013 MSC with pHPL related to 26.6±1.0 and
32.5±1.1 cumulative PD, respectively, within only two
passages over 37–43 days. The cumulative PD of FBS-
MSC and pHPL-MSC were determined in relation to the
initial colony-forming unit frequency (Figure 1). Growth
curves demonstrate a moderate reduction in the prolifera-
tive rate at P2 but the cells did not reach replicative senes-
cence at this stage. Both types of MSC preparations ful-
filled the criteria for definition of MSC27 such as the appro-
priate immunophenotypic profile (HLA-AB+, CD13+,
CD29+, CD73+, CD90+, CD105+, CD146+ and HLA-DR–,
CD5–, CD10–, CD14–, CD31–, CD34–, CD45–, CD56–) and
in vitro osteogenic and adipogenic differentiation capacity
under both culture conditions as previously shown.9 In
contrast to the stable phenotype and the persistent high
proliferation rate, there were certain differences in mor-
phology. Early passage MSC tended to be smaller than
those from later passages (Figure 2).

Senescence-associated gene expression changes 
We analyzed global gene expression profiles of MSC that

were harvested after different times of culture expansion.
They were taken from the primary cell culture when the
initial colonies were harvested for further expansion (pas-
sage zero; P0; PD: 10.6±0.6 in FBS and 12.2±1.1 in pHPL),
after expansion of cells from the first passage (P1; cumula-
tive PD: 18.7±0.8 in FBS and 22.7±1.4 in pHPL) and after
expansion of cells from the second passage (P2; cumulative
PD 26.6±1.0 in FBS and 32.5±1.1 in pHPL). Differential
expression was always determined in relation to the corre-
sponding P0. SAM analysis revealed that 74 genes were sig-
nificantly differentially expressed in P1 and P2 of FBS-MSC
(FDR =5, Online Supplementary Table S2). Furthermore, 227
genes were differentially expressed in pHPL-MSC (FDR=5,
Online Supplementary Table S3). An overlap in differential
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Figure 1. Growth curves of MSC. MSC were cultured in α-MEM sup-
plemented with either 10% FBS or 10% pHPL. Cells were harvested
between day 12 and 14 after reaching confluence and cumulative
PD were calculated in relation to the initial CFU-F frequency until P2.
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expression of FBS- and pHPL-MSC was revealed for 13
genes. The color-coded presentation of profiles also
demonstrated that many of these senescence-associated
gene expression changes occurred independently of either
FBS or pHPL supplementation. Genes that were up-regulat-
ed during expansion included hyaluronan and proteoglycan
link protein 1 (HAPLN1), keratin 18 (KRT18), brain-derived
neurotrophic factor (BDNF), ribosomal protein S6 kinase
(RPS6KA2), PTPL1-associated RhoGAP 1 (PARG1, alterna-
tively named ARHGAP29) and renal tumor antigen (RAGE),
whereas pleiotrophin (PTN) was down-regulated under
both culture conditions (Figure 3). 
For GeneOnthology analysis we combined senescence-

associated genes of FBS-MSC and pHPL-MSC to include a
higher number of genes in the statistical analysis. The ten
functional categories that were most significantly over-rep-
resented in up- and down-regulated genes are presented in
Table 1 (P<10-3.45). Forty-four non-redundant genes were
up-regulated during culture expansion and could be linked
to biological processes such as cell differentiation
(GO:0030154), apoptosis (GO:0006915) and cell death
(GO:0016265). On the other hand, 112 genes were down-
regulated and these were most significantly over-represent-
ed in the functional categories involved in DNA-replication
(GO:0006260), mitosis (GO:0007067) and cell division
(GO:0051301).

Correlation of senescence-associated gene expression 
of mesenchymal stromal cells cultured with M1 medium
In our previous work we analyzed gene expression

changes associated with replicative senescence of MSC-
M1.19,28 These cells were also derived from human bone
marrow and they fulfilled the same criteria for MSC with
regard to immunophenotype and in vitro differentiation

potential. However, MSC-M1 were isolated by different
methods (Ficoll density centrifugation), expanded in
fibronectin-coated dishes in M1 culture medium and seed-
ed at a higher density (104 cells/cm2) after repetitive passag-
ing to maintain consistent cell densities. For MSC-M1, a
cumulative cell number of 2.37±3.16¥1012 was estimated
according to the cumulative PD varying between 14.5 and
19.6 (7.5 and 10.6 plus an estimated 7 to 9 PD during the
initial colony formation). As previously shown,19 the cells
entered a senescent state with growth arrest after 13 to 25
cumulative PD in 9 to 14 passages, demonstrating that this
was associated with increasing changes in the global gene
expression profile of MSC-M1. These senescence-associat-
ed gene expression changes in MSC-M1 were now com-
pared with those of FBS-MSC or pHPL-MSC to determine
the overlap. The datasets were matched by HUGO names
and we focused on those genes that were at least two-fold
differentially expressed in both datasets. Thus, the selec-
tion of senescence-associated genes in FBS and pHPL is dif-
ferent from the above mentioned SAM analysis except for
full overlap for BDNF, PARG1 and PTN. Despite the differ-
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Figure 2. Morphological analysis of MSC. MSC were cultured in
medium with either 10% pHPL or 10% FBS as indicated.
Microphotographs were taken from subconfluent MSC in P1 and
after expansion until 38 to 39 cumulative PD. (Original magnifica-
tion 100x; scale bar = 100 mm).

Figure 3. Gene expression changes in MSC upon large scale expan-
sion. MSC were harvested from initial colonies (P0) and after P1 and
P2. Gene expression changes were analyzed in comparison to P0. In
culture medium supplemented with FBS there were 30 expressed
sequence tags (EST) that were significantly up-regulated and 44 EST
that were significantly down-regulated (A; FDR < 5). In culture medi-
um supplemented with pHPL 68 EST were up-regulated and 159
EST were down-regulated (B; FDR < 5). Many of these senescence-
associated gene expression changes were consistent in the different
culture media as indicated by the heat maps and by the overlap of
significantly differentially expressed genes (C; HUGO name and ABI
gene ID are provided).
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ent array platforms and MSC isolation methods there was
a moderate correlation in gene expression between FBS-
expanded MSC-M1 and FBS-MSC (R = 0.49) and a clear
correlation between the FBS-expanded MSC-M1 and
pHPL-MSC (R = 0.84, Figure 4 A, B). Eight genes were more
than two-fold differentially expressed in each of the three
datasets. This differential expression could also be verified
for all eight genes by qRT-PCR. Furthermore, microarray
data and RT-PCR analysis demonstrated that this differen-
tial gene expression increased each time the cells were pas-
saged (Figure 5). The results demonstrated that, upon long-
term culture of MSC, the gene expression changes occurred
independently of isolation and culture methods of cell
preparations and were continuously acquired during cul-
ture expansion.

Chromosomal localization of senescence-associated genes
Long-term culture might induce chromatin remodeling or

confined epigenetic modifications and this could result in
chromosomal hot spots for senescence-associated gene
expression changes. To test this hypothesis we checked the
representation of the differentially expressed genes within
chromosomal regions (G-banding, Online Supplementary
Table S4). There were significant over-representations in
FBS-MSC, pHPL-MSC and MSC-M1 and several over-
lapped in two of these comparisons. The chromosomal
band 6p22 was significantly over-represented by differen-
tially expressed genes in all three datasets. Notably, this
region contains the histone cluster 1 and several histone
genes were differentially expressed upon culture expansion
of MSC. 
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Table 1. GeneOnthology analysis of senescence-associated genes in FBS or pHPL medium.
GeneOnthology category (biological process) Total genes (4465) Changed genes Enrichment P-value (log10)
Up-regulated genes 44
GO:0009887_organ_morphogenesis 335 13 3.94 -4.93
GO:0007155_cell_adhesion 261 11 4.28 -4.52
GO:0022610_biological_adhesion 262 11 4.26 -4.51
GO:0050793_regulation_of_developmental_process 531 15 2.87 -4.03
GO:0030154_cell_differentiation 901 20 2.25 -3.90
GO:0048869_cellular_developmental_process 902 20 2.25 -3.89
GO:0006915_apoptosis 432 13 3.05 -3.77
GO:0012501_programmed_cell_death 450 13 2.93 -3.59
GO:0008219_cell_death 465 13 2.84 -3.45
GO:0016265_death 465 13 2.84 -3.45

Down-regulated 112
GO:0006260_DNA_replication 126 20 6.33 -10.77
GO:0022403_cell_cycle_phase 245 26 4.23 -9.87
GO:0000279_M_phase 173 21 4.84 -9.04
GO:0007067_mitosis 126 18 5.70 -8.93
GO:0000087_M_phase_of_mitotic_cell_cycle 129 18 5.56 -8.76
GO:0022402_cell_cycle_process 343 29 3.37 -8.63
GO:0000278_mitotic_cell_cycle 285 26 3.64 -8.41
GO:0006259_DNA_metabolic_process 269 25 3.71 -8.25
GO:0051276_chromosome_organization_&_biogenesis 293 26 3.54 -8.16
GO:0051301_cell_division 164 19 4.62 -7.85

Figure 4. Gene expression changes in
long-term culture of different MSC
preparations. The log2 ratios of senes-
cence-associated gene expression
changes in MSC-M1 were plotted
against those of long-term culture of
FBS-MSC (A) or pHPL-MSC (B). For this
comparison we focused on genes that
were present in both datasets and
more than two-fold up-regulated or
down-regulated. There was a moder-
ate relation in senescence-associated
gene expression changes of MSC-M1
and FBS-MSC (R = 0.49) and a clear
correlation between MSC-M1 and
pHPL-MSC (R = 0.84). 
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Array comparative genomic hybridization 
Array comparative genomic hybridization analysis of

FBS-MSC, pHPL-MSC and MSC-M1 (each n=3) of early
and late passages revealed several copy number variations
(42kb – 5.2Mb). Details of chromosomal localization as
well as type and size of aberrations are shown in Online
Supplementary Table S5. Copy number variations were
found in early and late passages and there was no correla-
tion with the senescence-associated differential gene
expressions.

Discussion

There has been growing interest in MSC therapy in the
last decade. This is reflected by the rapidly increasing num-
ber of clinical and experimental trials in this field (www.clin-
icaltrials.gov). A better understanding of the molecular
processes that occur during in vitro culture is urgently need-
ed as serious concerns about the genomic stability of MSC
in long-term culture have arisen.29,30 In this study we ana-
lyzed senescence-associated changes in MSC preparations
from different laboratories. These MSC were isolated with
or without density gradient centrifugation and cultured in

three different media. MSC were expanded by either a
two-step process or by serial passaging. Furthermore, the
microarray studies were performed in different laboratories
and on different platforms. Interestingly, the correlation of
senescence-associated gene expression changes demon-
strated in this study could be found regardless of the meth-
ods and array platforms used. Few copy number variations
were detected by array CGH analysis but these were often
already detected at early passages and they did not coincide
with differentially expressed genes. Therefore, senescence-
associated gene expression changes are not due to genom-
ic aberrations.
The molecular mechanisms of senescence are still poor-

ly understood. Two fundamentally different pathways
have been proposed to describe this process. Replicative
senescence might be the result of a purposeful program
driven by genes or, instead, could be evoked by stochas-
tic or random, accidental events.28,31,32 Most likely, it is an
interplay of both mechanisms that promot aging at vari-
ous levels. Progressive shortening of telomeres or modi-
fied telomeric structures have been associated with
replicative senescence, although this mechanism is
unlikely to be the only cause of the phenomenon.33,34
Mesodermal cell culture has been shown to result in pro-
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Figure 5. Gene expression changes are continuously acquired during long-term culture. In the overlap of senescence-associated gene expres-
sion changes of FBS-MSC, pHPL-MSC and MSC-M1, there were eight genes that were differentially expressed by more than two-fold in each
of the three datasets: PTPL1-associated RhoGAP 1 (PARG1), serpin peptidase inhibitor (SERPINE1), cyclin-dependent kinase inhibitor 2B
(CDKN2B), netrin 4 (NTN4), toll interacting protein (TOLLIP) and brain-derived neurotrophic factor (BDNF) were senescence-induced.
Minichromosome maintenance complex component 3 (MCM3) and pleiotrophin (PTN) were senescence-repressed. Analysis of microarray
data revealed that most of these changes increase with every passage (A-C; for MSC-M1 data of serial passages of donor 1 were reanalyzed
from our previous work).19 These gene expression changes were also validated by RT-PCR (D-F; mean of two biological replicas are present-
ed).
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gressive telomere shortening and a decline in telomerase
activity preceding senescence.35
Epigenetic modifications might result in specific chro-

mosomal hotspots for senescence-associated genes. Other
studies and our previous analysis of MSC-M1 indicated
that the chromosome 4q21 region might play a central
role in this process.19,36,37 However, this region was not
over-represented in cellular senescence of FBS-MSC and
pHPL-MSC. On the other hand, there were several other
regions that were significantly over-represented in two of
the three datasets and the chromosomal band 6p22 was
significantly over-represented in FBS-MSC, pHPL-MSC
and MSC-M1. This region contains the histone cluster 1.
Furthermore, the sirtuin 5 (SIRT5) gene, which plays a
central role in epigenetic gene silencing, DNA repair and
the regulation of aging, is located in close proximity to this
cluster on chromosome 6q23.38 Hence, this chromosomal
region might be involved in the effects of cellular aging.
All three types of MSC preparations fulfilled the com-

monly accepted criteria for MSC with regard to plastic
adherent growth, immunophenotype and differentiation
potential.27 However, cell isolation methods and culture
media have a tremendous impact on the composition of
cellular subsets and they may also affect the differentiation
capacity and the therapeutic potential of cell preparations.5
Although pHPL-MSC and FBS-MSC have the same
immunophenotype and differentiation potential, we
observed a difference in growth pattern. In this study we
focused on senescence-associated gene expression changes.
Gene expression changes that are induced by different cul-
ture media will be independently analyzed (manuscript in
preparation). The number of cell divisions within two pas-
sages was higher for pHPL-MSC than for FBS-MSC. Hence,
the use of pHPL not only excludes contamination by
bovine viruses or other xenogeneic pathogens, it also
increases the cellular yield.9
Passaging and cell density also have a major impact on

gene expression. Recently, it has been shown that several
genes are differentially expressed between MSC seeded at
a low density on day 2 after passaging and MSC seeded at
a high density on day 7 after passaging.39 In our study, cells
were always harvested when they reached confluence or
near confluence. It is, therefore, unlikely, that these senes-
cence-associated changes are due to a different proliferative
status. However, this possibility must be taken into
account for quality control. Ideally, markers of senescence
would be stably associated with the senescent status of cell
preparations independently of cell density. Strikingly, the
two-step protocol for large-scale expansion resulted in a
much higher number of cumulative PD than MSC-M1 seri-
ally passaged at higher cell densities. This effect might also
be attributed to the different culture media used and we
cannot exclude that some MSC could have been lost during
the trypsinization and washing steps of each passage. On
the other hand, the results are in line with observations by
Colter et al.13 It is also conceivable that lower serum concen-
tration in MSC-M1 enhances the process of replicative
senescence.
The genes that were significantly up-regulated in both

pHPL-MSC and FBS-MSC included ribosomal protein S6
kinase (RPS6KA2), which has been implicated in the con-
trol of cell growth and differentiation,40 major intermediate
filament KRT18, which is involved in interleukin 6-mediat-
ed barrier protection and fas-induced apoptosis,41 and
BDNF, which was shown to be up-regulated in MSC dur-

ing long-term culture.42 Interestingly, functional analysis of
differently regulated gene sets by GeneOnthology revealed
that genes involved in cell differentiation, apoptosis and
cell death are increasingly expressed upon cellular senes-
cence, whereas genes involved in mitosis and proliferation
are down-regulated after large-scale expansion. These cate-
gories were also significantly over-represented in our previ-
ous study on MSC-M1. It is intriguing that these molecular
changes are also in line with the functional changes
observed upon replicative senescence.
Replicative senescence is not necessarily an inevitable

fate for all cells, because cellular senescence is not observed
in primitive organisms such as sponges or corrals or in
mammalian germline cells. It might even provide a pur-
poseful program to protect the organism from tumorigene-
sis by somatic cells that have accumulated DNA mutations
after a certain number of cell divisions.28 This is supported
by the notion that replicative senescence is associated with
gene expression changes that are consistent in different
MSC preparations. Eight genes were more than two-fold
differentially expressed in FBS-MSC, pHPL-MSC and
MSC-M1. The cycline-dependent kinase inhibitor 2B
(CDKN2B) prevents the activation of cyclin-dependent
kinases.43 The toll interacting protein (TOLLIP) inhibits
IRAK1, responsible for the up-regulation of the transcrip-
tion factor NF-kappa B. Thus, up-regulation of TOLLIP also
plays an important role in replicative senescence.44,45 On the
other hand, minichromosome maintenance complex com-
ponent 3 (MCM3) is an important factor involved in
genome replication and a component of the pre-replication
complex.46 PTN was shown to play an important role in
survival and large-scale propagation of human embryonic
stem cells and down-regulation of this factor fits with the
observed decline of proliferation capacity of senescent
MSC.47
It has been demonstrated that replicative senescence

impairs the differentiation potential of MSC. Surprisingly,
this study showed obvious similarities regarding senes-
cence-associated gene expression changes irrespectively of
whether MSC were propagated with fetal animal serum or
adult human serum substitution. So far the impact of senes-
cence acquired through cell expansion on the therapeutic
potential of MSC is not clear. Quality control and safety
monitoring during ongoing clinical trials should, therefore,
also include the state of replicative senescence. This may be
monitored using the limited set of specific gene expression
changes indicated by this study.
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