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After long-term culture, mesenchymal stem cells alter their biological properties and enter into a state of replicative senescence.
Although several classical biomarkers have been used for quantitative assessment of cellular senescence, no hallmark has been
proven completely unique to the senescent state in cells. We used bone marrow-derived MSCs (BM-MSCs) from different healthy
young donors and an in vitro model with well-defined senescence end points to identify a set of robust markers that could
potentially predict the expansion capacity of MSCs preparations before reaching senescence. For each early passage BM-MSC
sample (5th or 6th passages), the normalized protein expression levels of senescence-associated markers p16INK4A, p21WAF1, SOD2,
and rpS6S240/244; the concentration of IL6 and IL8 in cell culture supernatants; and the normalized gene expression levels of
pluripotency markers OCT4, NANOG, and SOX2 were correlated with final population doubling (PD) number. We revealed that
the low expression of p16INK4A protein and a high OCT4 gene expression, rather than other evaluated markers, might be potential
hallmarks and predictors of greater in vitro lifespan and growth potential, factors that can impact the successful therapeutic use of
MSCs preparations.

1. Introduction

Mesenchymal stem cells (MSCs) have the ability to self-
renew and differentiate into diverse mesodermal lineages
like osteocytes, adipocytes, and chondrocytes. An increasing
number of studies have indicated that MSCs from different
origins represent a promising source of cells for regenerative
medicine. However, due to the low frequency at which MSCs
occur in human tissues, extensive in vitro expansion is usually
required to obtain a sufficient number of cells for clinical
applications. It is well known that after long-term culture and
sequential passages in vitro, MSCs, as most adult cells, alter
their biological properties and enter into a state of replicative
senescence [1, 2].

Replicative senescence refers to the essentially irreversible
growth arrest that occurs when cells lose their ability to rep-
licate after a certain number of population doublings (PDs)

in culture [3]. These senescent cells become enlarged, ac-
quire a flattened and irregular morphology, and display a
senescence-associated secretory phenotype (SASP), with
increased secretion of cytokines, growth factors, and matrix
remodeling enzymes. Those are consequences of shortened
telomeres, oxidative stress, DNAdamage, epigenomic disrup-
tion, and other senescence-inducing stimuli [4]. Currently,
it is believed that the physiological relevance of replicative
senescence lays on the attempt to suppress cancer and
facilitate tissue repair (revised by [5, 6]).

Several biomarkers have been used for quantitative
assessment of cell senescence in culture and in vivo. The
senescence-associated𝛽-galactosidase (SA-𝛽 gal) arose as the
first more specific marker for the identification of senescent
cells and appears to reflect an increased lysosomal mass
during replicative aging [7, 8]. The cyclin-dependent kinase
inhibitors p16INK4A and p21WAF1, important regulators of the
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cell cycle, have also been widely used as molecular markers
of senescence. These proteins are components of two major
tumor suppressor pathways, p16INK4A/pRb and p53/p21WAF1,
involved in the control of permanent growth arrest in
senescent cells [9, 10]. Studies of aging showed increased
expression of p16INK4A with chronological age or PDs of cells
in culture. However, p16INK4A is expressed by many, but not
all, senescent cells (revised by [11]). Indeed, some senescent
states seem to be primarily determined by p16INK4A and
others by p53, depending on the need of coupling arrested cell
proliferation to other cellular responses, to meet a variety of
physiological needs and respond to various forms of stress [5].

Other classical measurable markers that are associated
with the senescent state include upregulated secretion of the
proinflammatory molecules interleukin-6 and interleukin-8
(IL6 and IL8), key components of the SASP, which actively
participate in the senescence process and reinforce the
senescent growth arrest (revised by [12]). Additionally, there
are many important but less commonly used markers to
assess senescence, including proteins involved in oxidative
stress responses, such as the antioxidant enzyme SOD2whose
downregulation induces mitochondrial oxidative stress [13].
Also, components of the mTOR signaling pathway, such as
the ribosomal protein rpS6S240/244 (activated at Ser240/244
sites as part of the signal transduction process), have been
recently shown to play essential roles in cell senescence and
organismal aging [14–16].

Senescence-associated markers are usually not restricted
to senescent passages but are continuously acquired since the
beginning of the in vitro culture [1], revised by [17].Moreover,
nomarker or hallmark has been proven completely unique to
the senescent state in cells, and not all senescent cells express
all senescence markers. Thus, alternative markers would be
useful in the assessment of cellular senescence. Because they
exhibit an opposite biological function compared to senes-
cence, downregulated expression of pluripotency-related
transcription factors may be pointed as a potential candidate
marker of the senescent state of cells, especially for stem
cells. Pluripotency genes, such as OCT4 and NANOG, have
shown to be expressed in both pluripotent and adult stem
cells (such as MSCs) and are downregulated upon long-term
in vitro expansion and differentiation [18, 19]. It remains to
be elucidated, however, whether coexpression of senescence-
and pluripotency-related factors affect the lifespan of MSCs
and, therefore, their cellular performance and effectiveness in
therapy.

It is known that differences in the long-term proliferative
capability of MSCs isolated from different donors exist [1, 20]
and, importantly, the in vitro expansion potential of different
MSCs samples may be related to morphological and molecu-
lar characteristics expressed in early passages. In order to fur-
ther explore this hypothesis, the present study aimed to exam-
ine how the early expression of senescencemarkers, p16INK4A,
p21WAF-1, IL6, IL8, SOD2, and rpS6S240/244, and pluripotency
markers, OCT4, SOX2, and NANOG, would help to predict
the ability of MSCs to long-term proliferate in culture before
entering a growth arrest typical of senescence. We used bone
marrow-derived MSCs (BM-MSCs) from different healthy

young donors and an in vitromodel with well-defined senes-
cence end points to investigate this important issue.

2. Materials and Methods

2.1. Cell Culture. Primary human MSCs isolated from bone
marrow of healthy young adults (3 males and 3 females, aging
21–39 years old) were obtained from patients undergoing
anterior cruciate ligament (LCA) reconstruction surgery.
The study was carried out in full accordance with ethics
guidelines, and samples were collected after written informed
consent was obtained.

For MSCs isolation, a small volume of bone marrow
was aspirated from distal femur, diluted with equal volume
of PBS (phosphate buffered saline), and then overlaid on
Ficoll-Paque (density = 1.03 to 1.12 g/mL; GE Healthcare)
for density gradient separation by centrifugation at 500 g
for 30 minutes. The mononuclear cells were collected and
cultured in DMEM-low glucose (Gibco/Life Technology)
supplemented with 15% fetal bovine serum (Gibco/Life Tech-
nology), 1mM L-glutamine, and 1% antibiotic-antimycotic
solution (Gibco/Life Technology) in T-25 flasks and were
incubated at 37∘C in a humidified 5%CO2. Nonadherent cells
were removed after 24 h, and themedia were replaced 3 times
a week until cells reached 70–80% confluence. The cells were
harvested with trypsin/EDTA solution (0.25% trypsin, 4mM
EDTA;Gibco/Life Technology), and cell number and viability
were assessed by the Trypan Blue exclusion method. At every
passage, cells were seeded at a density of 4000 cells/cm2.

The number of PDs was calculated based on the total cell
number at each passage using the following equation:

cumulative PD =
log10 (NH/NI)

log10 (2)
, (1)

where PD is population doublings, NH is cell harvest number,
and NI is plating cell number.

2.2. Characterization of Bone Marrow Mesenchymal Stem
Cells. BM-MSCs were expanded until the fifth passage and
analyzed by flow cytometry to determine the expression
profile of stem cell markers as defined by the International
Society of Cell Therapy. All BM-MSCs samples were found
to be positive for CD90, CD73, and CD105 (>95% positive
cells) and negative for CD45, CD34, CD14, and HLA-DR.
Data were collected using FACSAria (BD Bioscience) and
analyzed using FlowJo software (Tree Star, Inc., Ashland,
OR). Differentiation of BM-MSCs into adipocytes, osteo-
cytes, and chondrocytes was successfully achieved by using
specific media (StemPro Adipogenesis, Chondrogenesis and
Osteogenesis Differentiation kit, Gibco/Life Technologies)
and confirmed using lineage-specific cell staining: Oil Red for
adipocytes, Alcian Blue for chondrocytes, and Alizarin Red S
for osteocytes.

2.3. Senescence-Associated-𝛽-Galactosidase Assay. Cellular
senescencewas assessed using the𝛽-galactosidase staining kit
(Cell Signaling) following the manufacturer’s instruction. In
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brief, cells were seeded in 48-well plates and cultivated for 24
hours. After washing with PBS, cells were fixed with 4% for-
maldehyde in PBS for 15min and stained for 𝛽-galactosidase
activity using X-gal solution (pH 6.0) at 37∘C overnight.
Cells were analyzed under a phase-contrast microscope.
To discriminate morphology, cells were also stained with
hematoxylin.

2.4. Immunoblotting. Total protein extracts from cultured
cells were obtained using Ripa Buffer (50mMTrisHCl pH 7.4,
150mM NaCl, 2mM EDTA, 1% NP-40, and 0.1% SDS) con-
taining protease and phosphatase inhibitor cocktails (Sigma).
Equal amounts of proteins (20𝜇g) were separated by SDS-
PAGE and transferred to nitrocellulose membranes by west-
ern blotting. Membranes were then blocked and incubated
with the following primary antibodies: anti-P16 (ab108349,
Abcam), anti-P21 (ab109199), anti-SOD2 (sc-30080, Santa
Cruz Biotechnology), anti-phospho-rpS6S240/244 (number
5364, Cell Signaling Technology), and B-actin (A2228,
Sigma) for loading control. Detection was performed using
horseradish peroxidase-coupled anti-mouse or anti-rabbit
secondary antibodies (Cell Signaling), ECL substrate (GE
Healthcare), and conventional developing using X-ray films.
The intensity of the bands was determined by densitometry
using Totalab TL120 software (NonlinearDynamics, Newcas-
tle upon Tyne, United Kingdom).

2.5. Inflammatory Cytokines Measurement. The levels of
inflammatory molecules IL6 and IL8 in culture supernatants
were evaluated using the Cytometric Bead Array (CBA)
Human Inflammatory Cytokine Kit (BD Biosciences) by flow
cytometry following the manufacturer’s instructions. Data
were analyzed using FCAP Array software (Soft Flow Inc.).

2.6. Gene Expression Analyses. Total RNA was extracted
from cultured cells using the Illustra RNAspin Mini RNA
isolation kit (GE Healthcare), and reverse transcription of
1 𝜇g extracted RNA was performed with QuantiTect Reverse
Transcription kit (QIAGEN). qRT-PCR was carried out in
an ABI7500 thermocycler (Applied Biosystems, Carlsbad,
California) using theMaxima SYBRGreen qPCRMasterMix
(Thermo Fisher Scientific Inc., Waltham, MA), according to
the manufacturer’s recommendations. Gene-specific primers
were designed using Primer Express software (version 1.5;
Applied Biosystems, Foster City, CA) and are listed in Table 1.
Thegenes of interest thatwere analyzed by qRT-PCR included
OCT4, NANOG, and SOX2. The expression level of each
target gene was normalized to the GAPDH mRNA level,
which was measured concurrently. Results are expressed as
the mean fold change of the normalized gene expression
relative to a calibrator sample (Reference RNA for Real-Time
qPCR, number 636690, Clontech, Mountain View, CA, US),
using the ΔΔCt method [21].

2.7. Statistical Analysis. Statistical analysis was performed
with SAS software (SAS Institute, 1998). The evaluation of
factors potentially correlated with lifespan, here measured
as cumulative PD, was performed by the CORR procedure

Table 1: Sequence of primers and probes.

Gene name Sequence

GAPDH 5-ATTGCCCTCAACGACCACTT-3

5-TGCTGTAGCCAAATTCGTTGTC-3

OCT4 5-CCTCACTTCACTGCACTGTA-3

5-CAGGTTTTCTTTCCCTAGCT-3

SOX2 5-CCATCCACACTCACGCAAAA-3

5-TATACAAGGTCCATTCCCCCG-3

NANOG 5-TGGACACTGGCTGAATCCTTC-3

5-CGTTGATTAGGCTCCAACCAT-3

of SAS, using the Spearman correlation method. For each
early passage BM-MSC sample (5th or 6th passages), the
normalized protein expression levels of p16INK4A, p21WAF1,
SOD2, and rpS6S240/244; the concentration of IL6 and IL8 in
cell culture supernatants; and the normalized gene expression
levels of OCT4, NANOG, and SOX2 were plotted against the
final PD number (senescent passage). In all analysis, the level
of significance was considered 𝑃 < 0.05.

3. Results

3.1. Intersubject Variability in BM-MSCs Morphology and
Long-Term Growth. BM-MSCs were obtained from six
healthy young donors (referred to as samples BM07, 09,
12, 13, 16, and 18). At passages 5 to 6, an immunopheno-
typically homogeneous population of BM-MSCs (CD73+,
CD90+, CD105+, CD45−, CD34−, CD14−, and HLA-DR−)
with adipogenic, osteogenic, and chondrogenic differentia-
tion potential was observed for all samples (data not shown).
However, at these early passages, we observed that BM-MSCs
from different donors presented distinct morphology, rang-
ing from a typical elongated and spindle-like morphology
(samples BM09, 12, and 18) to an irregular appearance with
a larger shape, compatible with cells entering senescence
(samples BM07, BM13, and BM16) (Figure 1(a)).

The proliferation potential of BM-MSCs cultures was
measured by cumulative PD level, ranging from 12 to 32
cumulative PDs (Figure 1(b)). Population doubling curves
varied considerably among cultures. Similarly, time to reach
senescence differed between cultures. Among the cultures
evaluated in the present study, BM16 and BM13 stopped to
proliferate in early passages with 11.8 and 8.8 PDs, respec-
tively. Intriguingly, BM07 never completed a single PD (0.95),
suggesting it was already showing senescence signs even in
early passages. In contrast, BM12 and BM18 took longer time
to achieve senescence, reaching more than 25 PDs. The time
course experiments showed that proliferation declined in
time before entering a growth arrest typical of senescence.
Although cells were seeded at the same density, there was also
a considerable variability in the population doubling time
(PDT) among cultures. Overall, PDT variability was lower
in early passages as compared to latter passages. Also, PDT
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Figure 1: Morphological features and growth kinetics of BM-MSCs.
(a) Representative images of BM-MSCs at an early passage (5th
passage) showing that different morphology was observed in cells
from different donors, ranging from a typical elongated and spindle-
like shape (sample BM12) to an enlarged and irregular morphology
(samples BM13 and BM16). Cells were stained with hematoxylin.
Scale bar: 200 𝜇m. (b) Cumulative population doublings (PD) of
BM-MSCs from 6 young healthy donors until replicative senescence
(growth arrest). Cell numbers were determined at every passage and
cumulative PD was calculated. Each line represents BM-MSCs from
one donor and each symbol represents one passage. (c)ThemeanPD
time (PDT) of multiple donors at each passage, showing increased
interindividual growth variability and greater PDT over time.

increased with the time course, showing a slower growth rate
after latter passages (Figure 1(c)).

3.2. Culture Expansion of BM-MSCs Causes Variable Changes
in the Morphology and Expression Patterns of Classical Senes-
cence-Associated Markers. To characterize phenotypic and

molecular changes in BM-MSCs associated with senes-
cence, we analyzed the cellular morphology and the expres-
sion patterns of classical senescence-associated markers, 𝛽-
galactosidase, p16INK4A, p21WAF1, IL6, and IL8, in BM-MSCs
at an early passage (P5) and at the senescent (last) passage.

We observed that BM-MSCs replicative senescence
was accompanied by typical morphological changes and
cells became enlarged and flattened with increased cyto-
plasmic granularity and enhanced 𝛽-galactosidase activity
(Figure 2(a)). However, these senescence-associated alter-
ations were more pronounced in BM-MSCs samples that
showed relatively longer in vitro lifespan (BM09, BM12, and
BM18), suggesting that samples that presented senescence-
like morphology at early passages and reduced PD potential
might be already senescent.

Most senescent BM-MSCs also showed increased
p16INK4A protein expression as compared to early passage
BM-MSCs from the same donor (Figure 2(b)). On the other
hand, we observed a decrease in p21WAF1 protein expression,
another CDK inhibitor, in most senescent BM-MSCs
compared with early passage cells from the same donor
(Figure 2(c)). Curiously, the divergent expression level of
these two proteins, p16INK4A and p21WAF1, presented a strong
and inverse relationship between fold changes (senescent/
early passage) (𝑟 = 0.9, 𝑃 = 0.037), which may suggest that
at senescence of BM-MSCs they are expressed in opposite
directions. In addition, most senescent BM-MSCs also
showed enhanced secretion of the proinflammatory cytok-
ines IL6 and IL8 (Figures 2(d)-2(e)). Finally, it is noteworthy
for all proteins measured that there is interindividual
variability in the fold change (senescent/young passage) of
expression levels.

3.3. p16INK4A and OCT4 Are the Most Robust Lifespan Mark-
ers in Early Cultured BM-MSCs. In order to identify easily
measurable factors that may be predictive of BM-MSCs
growth potential, our strategy was to quantify the expression
levels of already established markers of senescence and
pluripotency at early passages (5th or 6th passages) of each
BM-MSC sample and correlate them with the final numbers
of PDs.

Among the senescencemarkers, p16INK4A protein expres-
sion was significant and inversely correlated with lifespan
(𝑟 = −0.89, 𝑃 = 0.018) (Figure 3(a)), suggesting that cells
with relatively lower expression levels of this protein at early
passages present an extended replicative potential. Other
senescence-related proteins such as p21WAF1, SOD2, and
rpS6S240/244 were not significantly correlated with lifespan
(Figures 3(b)–3(d)). Similarly, the amount of IL6 and IL8
secreted at early passages could not correlate with the growth
capacity of BM-MSCs (Figures 3(e)-3(f)).

Due to low protein expression of pluripotency markers
(NANOG,OCT4, and also SOX2) in BM-MSCs, we could not
evaluate the ability of such proteins in estimating lifespan.
Since gene expression techniques might be more sensitive,
we proposed to measure mRNA abundance of pluripotency-
related genes by real time PCR. We observed that the expres-
sion of OCT4 showed strong and positive correlation with
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Figure 2: Morphological and molecular changes of senescent BM-MSCs. (a) Representative images of cells at early passage (5th passage)
and late/senescent passage. Most early passage cells showed spindle-like morphology and few cells stained positive for the senescence-
associated 𝛽-galactosidase marker. Most senescent passage cells showed enlarged and flattened morphology and an increased number of
cells stained for 𝛽-galactosidase (arrows). (b, c) The protein expression levels of p16INK4A and p21WAF1 in early and late passage cells from
the same donor were analyzed by western blot. Band intensities were densitometrically evaluated and p16INK4A and p21WAF1 protein levels
were quantified and normalized to the corresponding 𝛽-actin levels (loading control). Subsequently, the normalized values obtained were
then used to calculate the fold change in expression between late and early passage cells (bar graphs). These results are representative of
three independent experiments. Most senescent cells showed increased p16INK4A expression levels. On the contrary, most senescent cells
showed decreased p21WAF1 expression levels. (d, e)The levels of secreted IL6 and IL8 in early and late passage cells from the same donor were
determined using a CBA proinflammatory kit. Values obtained (expressed as pg/mL, bottom) were then used to calculate the fold change in
secreted protein levels between late and early passage cells (bar graphs).These results were obtained in triplicate and are representative of two
independent experiments. Most senescent BM-MSCs showed enhanced secretion of these proinflammatory cytokines.
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Figure 3: Continued.
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Figure 3: Low p16INK4A protein expression as a robust early marker of BM-MSC lifespan. The protein expression levels of (a) p16INK4A,
(b) p21WAF1, (c) SOD2, and (d) rpS6S240/244 in early passage cells from each donor were analyzed by western blot. Band intensities were
densitometrically evaluated and bar graphs on the left represent the densitometric values of p16INK4A, p21WAF1, SOD2, and rpS6S240/244
normalized to the loading control (𝛽-actin). Normalized expression values were then plotted against the final PD number and statistically
analyzed by Spearman correlation, as shown in the graphs on the right. The expression levels of p16INK4A protein in early passage cells were
inversely correlated with lifespan. Results are representative of three independent experiments, with similar results.
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lifespan (𝑟 = 0.9, 𝑃 = 0.037) (Figure 4(a)), indicating that
cells with more abundant expression of such pluripotency
gene at early passages could potentially present an extended
lifespan. The expression of other evaluated pluripotency-
related genes, NANOG and SOX2, did not present a signifi-
cant correlation with cellular longevity (Figures 4(b)-4(c)).

Because the OCT4/p16INK4A ratio was directly correlated
with lifespan (𝑟 = 0.9, 𝑃 = 0.037), our results suggest that a
lower p16INK4A and a higher OCT4 level of expression work
as a great hallmark to estimate the senescent state of MSCs
preparations and therefore may be good predictors of their in
vitro expandability.

4. Discussion

Culture-expanded human MSCs are increasingly used for
both research and clinical purposes. Morphological analysis,
evaluation of specific cell surfacemarkers, and differentiation
into mesenchymal lineages are primarily useful to character-
ize MSCs expanded in vitro, according to the minimum cri-
teria established by the International Society for CellTherapy
[22]. There is no guarantee, however, that the characterized
MSCs samples would perform well during in vitro expansion
and in vivo cell transplantation. Therefore, it would be of
utmost interest to identify a set of robust markers that predict
the expansion capacity ofMSCs preparations before reaching
senescence, which can be valuable information when large
numbers of MSCs are required. The present study intended
to improve knowledge in this area.

Herein, we used a robust model of replicative senescence
with well-defined endpoints. Yet the used BM-MSCs samples
showed high interindividual variability in morphology, long-
term growth profile, and time to reach senescence, which
was similar to what was described in previous studies [23–
26]. Notably, no clinically relevant differences were observed
among donors and BM-MSCs were isolated, cultivated, and
expanded under the same standardized controlled condi-
tions. Nevertheless, inconsistencies during such procedures
could play a role in the described variability and thus
cannot be ruled out. Alternatively, reprogramming upon
removal from the in vivomarrow niche [27], different clonal
populations [28], and alterations due to high oxygen species
accumulation and methylation [29] might also explain the
observed morphological and functional heterogeneity.

Taking advantage of such interindividual variability in
the replicative lifespan of our BM-MSCs samples, this study
focused on understanding key factors that could predict in
vitro long-term growth potential of MSCs preparations. Our
strategy was to find markers whose expression levels at early
passages were correlated with lifespan and with the senescent
status of the cells. Initially, by examining established markers
of senescence, we observed, in agreement with previous
studies [30, 31], that the expression levels of p16INK4A protein
increase in senescent BM-MSCs and, more importantly, that
its expression in early passage cells shows a strong and nega-
tive correlation with the final number of PDs.The association
of p16INK4A and cellular lifespan seems to be due to the direct
role of the pRB pathway in establishing and/or maintaining

growth arrest and, consequently, anchoring the cells in a
senescent state [32]. In fact, knockdown of p16INK4A in vitro
has proven to reverse senescent behavior ofMSCs in different
models [19, 30, 31]. These results suggest that although
senescence is a dynamic process, cells with greater p16INK4A

expression might be closer to the replicative senescent phase.
On the other hand, we observed that the expression

levels of p21WAF1 protein, downstream effector of the p53
growth arrest pathway, reduce in senescent BM-MSCs and
that its expression in early passage cells is not correlated
with the growth potential of these cells. Interestingly, we
observed a tight and inverse relationship between fold chan-
ges (senescent/early passage) of p16INK4A and p21WAF1. The
rationale for this result is the observation that the activation
of p21WAF1 during the senescence process in some cells is
only transient with levels declining after growth arrest is
established, whereas p16INK4A is responsible for the mainte-
nance of growth arrest in the senescent cells [32]. Although
so far there are no senescence markers that are capable of
unequivocally identifying senescent cells either in vitro or in
vivo, our results and those of previous studies indicate that
p16INK4A, but not p21WAF1, might be a better marker of the
senescent state of MSCs [5, 30].

Although we observed enhanced release of the proin-
flammatory cytokines IL6 and IL8 in most senescent cells
as compared to early passage cells from the same donor, we
did not detect any significant correlation between IL6 or IL8
levels in supernatants from early passage cells and lifespan.
These results suggest, in agreement with previous studies,
that acquisition of a SASP is a later event in the senescence
process that acts to reinforce the senescence growth arrest in
an autocrine manner [33] revised by [12, 34].

A similar lack of correlation was observed between BM-
MSCs lifespan and the protein expression levels of the antiox-
idant enzyme SOD2 or the ribosomal protein rpS6S240/244 in
cells at early passage numbers. Recent studies have suggested
that increased mitochondrial oxidative stress and mTOR sig-
naling pathway are involved in cellular senescence, including
senescence of MSCs [16, 35]. Although it was outside the
scope of the current study to further explore these biological
processes, our results suggest that, as observed for IL6 and
IL8, the expression levels of SOD2 and rpS6S240/244 in MSCs
at early passages are not predictive of their expandability
potential.

Besides their role in maintaining the undifferentiated
status of pluripotent stem cells, pluripotency-associated
genes have been also related to the regulation of stem cells
properties of MSCs [19, 36]. Our results showed that MSCs
with relatively high OCT4 gene expression presented an
increased lifespan. In addition, a high OCT4/p16INK4A ratio
was correlated with increased lifespan and, as far as we know,
this is the first study that demonstrates a direct association of
a pluripotency gene and its combination with p16INK4A, with
cellular longevity and senescence. Moreover, we also identi-
fied a strong inverse correlation between early expression of
OCT4 and p16INK4A in our samples. This is not unexpected
given that an increased expression of key pluripotency genes
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Figure 4: High OCT4 gene expression as a robust early marker of BM-MSC lifespan. The gene expression levels of (a) OCT4, (b) NANOG,
and (c) SOX2 in early passage cells from each donor were analyzed by real time PCR. Relative gene expression levels were quantified using
the ΔΔCt method and the results were normalized to the expression of GAPDH. Bar graphs on the left represent the mean fold change of
the normalized gene expression relative to a calibrator sample (reference RNA). These values were then plotted against the final PD number
and statistically analyzed by Spearman correlation, as shown in the graphs on the right. The expression levels of OCT4 in early passage cells
were positively correlated with lifespan. Results are representative of two independent experiments, each performed in duplicate, with similar
results.
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downregulates cell cycle regulators such as p16INK4A and
p21WAF1 [19].Themechanisms that underlie this observation
involve direct binding ofOCT4 andNANOG to the promoter
of DNA methyltransferase 1, which enhances its expression
and, in turn, maintains DNAmethylation and downregulates
p16INK4A and p21WAF1 expression, thus regulating the prolif-
erative and undifferentiated status of MSCs [19].

Our data suggest that low levels of p16INK4A and high
levels of OCT4 may predict the senescent state and the
proliferative capacity of early passageMSCs. Because replica-
tive senescence also reduces the differentiation capacity of
MSCs [37], in future studies, it will be interesting to address
whether the combined expression of p16INK4A and OCT4 in
opposite directions would also be the best predictor of the
multipotency of individual MSC preparations.

5. Conclusion

Taken together, our results further corroborate and extend
previous findings suggesting that (1) there is high variability
in early morphology and long-term proliferative capability of
MSCs isolated from different donors; (2) lower expression of
p16INK4A, but not p21WAF1, might be a better marker of the
senescent state of MSCs; (3) expression levels of IL-6, IL-8,
SOD2, rpS6S240/244, SOX2, and NANOG at early cell passages
do not correlate with MSCs lifespan; (4) MSCs express the
pluripotency-associated gene OCT4 and its expression is
related to the proliferation capacity of these cells. In conclu-
sion, an early lower p16INK4A and a higher OCT4 level of
expression work as a great hallmark to estimate the senescent
state of MSCs and to predict their in vitro expandability.

Conflict of Interests

The authors declare that they have no conflict of interests.

Acknowledgments

Theauthors are grateful to all of the subjects who participated
in thiswork.Thisworkwas supported by grants fromFAPESP
(Proc.: 2012/00831-7).

References

[1] W. Wagner, P. Horn, M. Castoldi et al., “Replicative senescence
of mesenchymal stem cells: a continuous and organized pro-
cess,” PLoS ONE, vol. 3, no. 5, article e2213, 2008.

[2] J. Campisi and F. d’Adda di Fagagna, “Cellular senescence: when
bad things happen to good cells,”Nature ReviewsMolecular Cell
Biology, vol. 8, no. 9, pp. 729–740, 2007.

[3] L. Hayflick and P. S.Moorhead, “The serial cultivation of human
diploid cell strains,” Experimental Cell Research, vol. 25, no. 3,
pp. 585–621, 1961.

[4] J.-H. Chen, C. N. Hales, and S. E. Ozanne, “DNA damage, cel-
lular senescence and organismal ageing: causal or correlative?”
Nucleic Acids Research, vol. 35, no. 22, pp. 7417–7428, 2007.

[5] J. Campisi, “Cell biology: the beginning of the end,”Nature, vol.
505, no. 7481, pp. 35–36, 2014.

[6] F. Rodier and J. Campisi, “Four faces of cellular senescence,”
Journal of Cell Biology, vol. 192, no. 4, pp. 547–556, 2011.

[7] G. P. Dimri, X. Lee, G. Basile et al., “A biomarker that identifies
senescent human cells in culture and in aging skin in vivo,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 92, no. 20, pp. 9363–9367, 1995.

[8] B. Y. Lee, J. A. Han, J. S. Im et al., “Senescence-associated beta-
galactosidase is lysosomal beta-galactosidase,”Aging Cell, vol. 5,
no. 2, pp. 187–195, 2006.

[9] C. J. Sherr and F. McCormick, “The RB and p53 pathways in
cancer,” Cancer Cell, vol. 2, no. 2, pp. 103–112, 2002.

[10] J. Gil and G. Peters, “Regulation of the INK4b-ARF-INK4a
tumour suppressor locus: all for one or one for all,” Nature
Reviews Molecular Cell Biology, vol. 7, no. 9, pp. 667–677, 2006.

[11] J. Campisi and F. D. di Fagagna, “Cellular senescence: when
bad things happen to good cells,”Nature ReviewsMolecular Cell
Biology, vol. 8, no. 9, pp. 729–740, 2007.

[12] T. Tchkonia, Y. Zhu, J. van Deursen, J. Campisi, and J. L.
Kirkland, “Cellular senescence and the senescent secretory
phenotype: therapeutic opportunities,” Journal of Clinical Inves-
tigation, vol. 123, no. 3, pp. 966–972, 2013.

[13] M. C. Velarde, J. M. Flynn, N. U. Day, S. Melov, and J. Campisi,
“Mitochondrial oxidative stress caused by Sod2 deficiency pro-
motes cellular senescence and aging phenotypes in the skin,”
Aging, vol. 4, no. 1, pp. 3–12, 2012.

[14] R. Iglesias-Bartolome, V. Patel, A. Cotrim et al., “MTOR
inhibition prevents epithelial stem cell senescence and protects
from radiation-induced mucositis,” Cell Stem Cell, vol. 11, no. 3,
pp. 401–414, 2012.

[15] S. C. Johnson, P. S. Rabinovitch, and M. Kaeberlein, “MTOR is
a key modulator of ageing and age-related disease,” Nature, vol.
493, no. 7432, pp. 338–345, 2013.

[16] B. Gharibi, S. Farzadi,M. Ghuman, and F. J. Hughes, “Inhibition
of Akt/mTOR attenuates age-related changes in mesenchymal
stem cells,” Stem Cells, vol. 32, no. 8, pp. 2256–2266, 2014.

[17] B. G. Childs, D. J. Baker, J. L. Kirkland, J. Campisi, and J. M.
van Deursen, “Senescence and apoptosis: dueling or comple-
mentary cell fates?” EMBO Reports, vol. 15, no. 11, pp. 1139–1153,
2014.

[18] J. Nichols, B. Zevnik, K. Anastassiadis et al., “Formation of
pluripotent stem cells in the mammalian embryo depends on
the POU transcription factor Oct4,” Cell, vol. 95, no. 3, pp. 379–
391, 1998.

[19] C.-C. Tsai, P.-F. Su, Y.-F. Huang, T.-L. Yew, and S.-C. Hung,
“Oct4 and Nanog directly regulate Dnmt1 to maintain self-
renewal and undifferentiated state in mesenchymal stem cells,”
Molecular Cell, vol. 47, no. 2, pp. 169–182, 2012.

[20] W. Wagner, S. Bork, P. Horn et al., “Aging and replicative
senescence have related effects on human stem and progenitor
cells,” PLoS ONE, vol. 4, no. 6, Article ID e5846, 2009.

[21] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCRand the 2−ΔΔ𝐶T
method,”Methods, vol. 25, no. 4, pp. 402–408, 2001.

[22] M. Dominici, K. Le Blanc, I. Mueller et al., “Minimal crite-
ria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement,”
Cytotherapy, vol. 8, no. 4, pp. 315–317, 2006.

[23] M. J. Whitfield, W. C. J. Lee, and K. J. van Vliet, “Onset of
heterogeneity in culture-expanded bone marrow stromal cells,”
Stem Cell Research, vol. 11, no. 3, pp. 1365–1377, 2013.



Stem Cells International 11

[24] W. Wagner, A. D. Ho, and M. Zenke, “Different facets of aging
in human mesenchymal stem cells,” Tissue Engineering Part B:
Reviews, vol. 16, no. 4, pp. 445–453, 2010.

[25] J. Ren, D. F. Stroncek, Y. Zhao et al., “Intra-subject variability
in human bone marrow stromal cell (BMSC) replicative senes-
cence: Molecular changes associated with BMSC senescence,”
Stem Cell Research, vol. 11, no. 3, pp. 1060–1073, 2013.

[26] D. C. Colter, R. Class, C. M. DiGirolamo, and D. J. Prockop,
“Rapid expansion of recycling stem cells in cultures of plastic-
adherent cells from human bone marrow,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 97, no. 7, pp. 3213–3218, 2000.

[27] D. Zipori, “Thehemopoietic stem cell niche versus themicroen-
vironment of the multiple myeloma-tumor initiating cell,”
Cancer Microenvironment, vol. 3, no. 1, pp. 15–28, 2010.

[28] A. Muraglia, R. Cancedda, and R. Quarto, “Clonal mesenchy-
mal progenitors from human bonemarrow differentiate in vitro
according to a hierarchical model,” Journal of Cell Science, vol.
113, no. 7, pp. 1161–1166, 2000.

[29] A. Schellenberg, S. Mauen, C. M. Koch, R. Jans, P. De Waele,
and W. Wagner, “Proof of principle: quality control of ther-
apeutic cell preparations using senescence-associated DNA-
methylation changes,” BMC Research Notes, vol. 7, no. 1, article
254, 2014.

[30] K. R. Shibata, T. Aoyama, Y. Shima et al., “Expression of the
p16INK4A gene is associated closely with senescence of human
mesenchymal stem cells and is potentially silenced by DNA
methylation during in vitro expansion,” Stem Cells, vol. 25, no.
9, pp. 2371–2382, 2007.

[31] Z. Gu, X. Cao, J. Jiang et al., “Upregulation of p16INK4A promotes
cellular senescence of bonemarrow-derivedmesenchymal stem
cells from systemic lupus erythematosus patients,” Cellular Sig-
nalling, vol. 24, no. 12, pp. 2307–2314, 2012.

[32] J. W. Shay and I. B. Roninson, “Hallmarks of senescence in
carcinogenesis and cancer therapy,” Oncogene, vol. 23, no. 16,
pp. 2919–2933, 2004.
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