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ABSTRACT
Mesenchymal stem cells (MSCs) are therapeutically relevant multilineage and
immunomodulatory progenitors. Ex vivo expansion of these rare cells is necessary for
clinical application and can result in detrimental senescent effects, with mechanisms
still largely unknown. We found that vigorous ex vivo expansion of human adipose
tissue-derived MSCs (hAMSCs) results in proliferative decline, cell cycle arrest, and
altered differentiation capacity. This senescent phenotype was associated with
reactive oxygen species (ROS) accumulation, and with increased expression of G1
cell -cycle inhibitors— p15INK4b and p16INK4a — but decreased expression of pluripotency
genes—Oct-4, Sox-2, Nanog, and c-Myc—as well as c-Maf a co-factor of MSC lineagespecific transcription factor and sensitive to oxidative stress. These global changes
in the transcriptional and functional programs of proliferation, differentiation, and
self-renewal were all mediated by ROS-induced suppression of c-Maf, as evidenced
by binding of c-Maf to promoter regions of multiple relevant genes in hAMSCs which
could be reduced by exogenous ROS. Our findings implicate the strong effects of ROS
on multiple stem cell functions with a central role for c-Maf in stem cell senescence.

INTRODUCTION

most adult stem cell sources, hAMSCs require ex vivo
expansion to reach the high cell volumes required for
clinical use; this has been reported to induce cellular
senescence in adult bone marrow (BM) MSCs in which
proliferative capacity is decreased and potential of genetic
and epigenetic alterations is increased [3, 4]. In somatic
cells, senescence can be defined as a stable arrest of the
cell cycle coupled to stereotyped phenotypic changes [5].
Additionally with stem cells, senescence appears to affect
differentiation capacity as well, but mechanism are just

Human adipose tissue-derived mesenchymal stem
cells (hAMSCs) represent an adult multipotent stem
cell population with the capacity to differentiate into
the mesodermal lineages of adipocytes, osteoblasts, and
chondrocytes [1]. This source of tissue-specific MSCs
are especially advantageous for therapeutic application,
because they can be easily obtained, and lack the ethical
issues surrounding other stem cell sources [2]. Like
www.impactjournals.com/oncotarget

35404

Oncotarget

beginning to be revealed [6] and lineage-specific changes
have not been demonstrated consistently [7-9].
As cells undergo senescence, oxidative stress and
the resultant elevation of reactive oxygen species (ROS)
including hydrogen peroxide (H2O2) are known to be
critical factors involved in the process [10]. In post-mitotic
somatic cells, a rise in the level of ROS can damage
various cell components and activate specific signaling
pathways to trigger distinct cellular programs including
cell cycle arrest and low metabolic activity to arrive at
a senescent phenotype [11]. However, direct and detailed
mechanisms regarding how these senescence-related
cellular programs and phenotypes are mediated are just
beginning to be elucidated. Moreover, adult stem cells
have a distinct biological role and niche compared to
somatic cells, and effects of senescence and mechanisms
involved are likely different to that found with postmitotic somatic cells. Since adipose tissue is increasingly
popular as a source for MSCs, we studied the process of
senescence and mechanisms involved in these somatic
progenitors. We found that senescence of hAMSCs was
associated with increased ROS, which affected both
proliferative and differentiation capacity. ROS alters
these two major cellular programs in hAMSCs via c-Maf,
a transcription factor (TF) [12], to affect differentiation
capacity as well as exert direct transcriptional control on
proliferation-related and pluripotency genes.

passage hAMSCs (L-hAMSCs)— with a DT of more than
400 hrs—had a flat and hypertrophic phenotype (Figure
1C, 1D). As passage number increased, proliferative
capacity decreased and the expanded cell number
gradually declined as the DT of E-hAMSCs, which
averaged 130 hours, increased on average 3.7-fold with
L-hAMSCs. We also examined for changes in the cell
cycle and consistent with the above results, L-hAMSCs
showed an 11% increase in the G1 phase when compared
with E-hAMSCs (Figure 1E), suggesting the reduced
proliferation rate is due to the decreased S phase and
increased G1 checkpoint control. Cellular senescence
is not only associated with increased cell volume and
decreased proliferative capacity, but also expression
of neutral senescence-associated β-galactosidase (SAβ-Gal) activity [14, 15], and we found that L-hAMSCs
showed positive SA-β-Gal staining whereas E-hAMSCs
did not (Figure 1E). Many reports have indicated that
ROS accumulate in senescence cells [16]. We therefore
analyzed for intracellular ROS levels in hAMSCs by
staining with 2’, 7’-dichlorofluorescein (DCF), which
detects H2O2 and superoxide anion levels. Compared to
E-hAMSCs, L-hAMSCs stained positively with DCF
(Figure 1G). Collectively, these results indicate that
hAMSCs undergo senescence during in vitro expansion.

Replicative senescence results in increased
adipogenic but decreased osteogenic potential in
hAMSCs

RESULTS

One of the key characteristics of any stem cell is the
ability for multilineage differentiation. As such, senescence
in BMMSCs has been evaluated for alterations to this
capacity but the data has been mixed, with some reports
showing changes in differentiation capacity with donor
age and in vitro expansion [8, 9, 17], but not by others [7].
To answer whether senescence affects the differentiation
capacity of hAMSCs, we performed adipogenic and
osteogenic differentiation on E- and L-hAMSCs. We
found after culturing in adipogenesis medium (AM),
L-hADMCs showed an over 3-fold increase in oil droplet
formation as measured with Oil Red O (OR) staining
compare to E-hAMSCs. Conversely, when cultured in
osteogenesis medium (OM), E-hAMSCs showed stronger
Alizarin Red (AR) staining for calcium, and over 5-fold
increase in alkaline phosphatase (ALP) activity—an
osteogenesis marker—compare to L-hAMSCs (Figure
2A, 2B). To investigate whether senescence affects lineage
commitment at a molecular level, we assessed for changes
in gene expression of two major lineage-commitment
TFs, peroxisome proliferator-activated receptor-gamma
2 (PPAR-γ2) and runt related transcription factor 2
(RUNX2), for adipogenic and osteogenic commitment,
respectively. Consistently, we found that in L-hAMSCs
compared to E-hAMSCs, PPAR-γ2 expression was

hAMSCs express BMMSC markers and have trimesodermal differentiation capability
hAMSCs express the cell surface markers CD73,
CD90, CD105, HLA-ABC, and lack expression of
CD14, CD19, CD34, CD45, and HLA-DR, similar to
BMMSCs (Figure 1A). Moreover, hAMSCs possess
multi-lineage differentiation potential, including
osteogenesis, adipogenesis, and chondrogenesis (Figure
1B). Every batch of culture-expanded cells (Passage 2-3)
was characterized by the determination of their surface
markers expression and differentiation potential before
using experiments. These results confirmed that the
isolated hAMSCs are multipotent MSCs [13].

hAMSCs undergo in vitro replicative senescence
In the process of in vitro expansion to meet the
demands of therapeutic use, BMMSCs undergo replicative
senescence. We found that hAMSCs undergo in vitro
replicative senescence with passaging as well. Earlypassage hAMSCs (E-hAMSCs)—which we defined as
having a doubling time (DT) of less than 200 hrs—were
smaller and had a fibroblast-like morphology, while latewww.impactjournals.com/oncotarget
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Figure 1: hAMSCs are multilineage cells which undergo in vitro replicative senescence. A. Characterization of hAMSCs.

hAMSCs were analyzed for the expression levels of CD14, CD19, CD34, CD45, CD73, CD90, CD105, HLA-ABC, and HLA-DR by
FACS. B. Multilineage differentiation capacity of hAMSCs towards adipogenesis (AM, OR staining, magnification, ×200), osteogenesis
(OM, AR staining, magnification, ×200), and chondrogenesis (ChM, Alcian Blue staining, magnification, ×200). hAMSCs cultured in CM
was used as negative control. Bar = 100µm. C. Morphology of E- and L-hAMSCs (phase-contrast, magnification, ×200). Bar = 200µm.
D. DT of E- and L-hAMSCs. E. Cell cycle analysis of E- and L-hAMSCs. F. SA-β-Gal staining of E- and L-hAMSCs. Bar = 500µm.
Percentage of SA-β-Gal positive cells was calculated and result was shown as fold change relative to E-hAMSCs G. DCF staining of
E- and L-hAMSCs for ROS. Bar = 200µm. Percentage of DCF positive cells was calculated and result was shown as fold change relative
to E-hAMSCs. *p < 0.05; **p < 0.01; ***p < 0.001. hAMSCs, human adipose tissue-derived mesenchymal stem cells; AM, adipogenic
medium; OR, Oil Red O; OM, osteogenic medium; AR, Alizarin Red; ChM, chondrogenic medium; CM, complete medium; E-hAMSCs,
early-passage hAMSCs; L-hAMSCs, late-passage hAMSCs; DT, doubling times; SA-β-Gal, senescence-associated β-galactosidase; DCF,
2’, 7’-dichlorofluorescein; ROS, reactive oxygen species.
www.impactjournals.com/oncotarget

35406

Oncotarget

increased while RUNX2 expression was decreased,
respectively (Figure 2C, 2D). In addition, we also detected
the expression of leptin (Lep) and alkaline phosphatase
(ALP), which are adipogenic and osteogenic markers,
respectively, and expression levels of these downstream
lineage markers correlate with their respective master TFs.

We also assessed whether chondrogenic differentiation
was affected by assessing for expression levels changes
in Sox9, the master chondrogenic TF, but found no
significant difference between E- and L-hAMSCs (data
not shown). Taken together, our data show that senescence
shifts the differentiation potential from osteogenesis to

Figure 2: L-hAMSCs show an increased adipogenic but decreased osteogenic differentiation capacity. E- and L-hAMSCs

were cultured in CM, AM A. or OM B. and stained by OR staining or AR staining/ALP activity for adipogenesis and osteogenesis,
respectively. Bar = 200µm. The staining intensity of 4th passage cells cultured in CM was set at 1. RT-PCR was performed to detect the
expression level of C. PPAR-γ2, Lep, D. RUNX2, and ALP in E- and L-hAMSCs. β-actin was used as internal control. Gene expression level
of 4th passage cells was set at 1. Data are representative of 5 independent experiments, and shown as mean values ± SEM. *p < 0.05; ***p
< 0.001. L-hAMSCs, late-passage hAMSCs; E-hAMSCs, early-passage hAMSCs; CM, complete medium; AM, adipogenesis medium;
OM, osteogenesis medium; OR, Oil Red O; AR, Alizarin Red; ALP, alkaline phosphates; RT-PCR, reverse transcription-polymerase chain
reaction; PPAR-γ2, peroxisome proliferator-activated receptor-gamma 2; Lep, leptin; RUNX2, runt related transcription factor 2.
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adipogenesis in hAMSCs.

that sublethal doses of H2O2 can induce inhibition of
proliferation and G1/S cell cycle arrest in E-hAMSCs
(Figure 4A, 4B). Treatment of sublethal doses of H2O2 to
E-hAMSCs also resulted in a flattened cell morphology
and an enlarged cell size (data not shown). Moreover, the
senescence of L-hMSCs could be rescued by N-acetyl
cysteine (NAC), a H2O2 scavenger, as revealed by reversal
of cell cycle senescent-changes (Figure 4B), SA-β-Gal
staining (Figure 4C), as well as DCF staining (Figure 4D).
To ascertain whether alteration of differentiation capacity
in senescent hAMSCs (Figure 2) was mediated by ROS,
we simultaneously treated E-hAMSCs with H2O2 while
performing adipogenic or osteogenic differentiation. We
found that, compared to untreated cells, adipogenesis is
further enhanced in H2O2-treated E-hAMSCs cultured in
AM (Figure 4E). Conversely, H2O2 decreased osteogenesis
of E-hAMSCs cultured in OM (Figure 4F). These finding
reveal that ROS play a role in mediating the functional
changes in hAMSCs brought about by senescence.

Upregulated antioxidative as well as cell-cycle
arrest genes, and downregulated pluripotency
genes are seen in senescent hAMSCs
To further elucidate the molecular pathways
involved in hAMSC senescent changes resulting in
elevated ROS, decreased proliferative capacity, and
altered differentiation capacity, we assayed for changes
in the expression of related genes in E- and L-hAMSCs.
We found that superoxide dismutases 2 (SOD2), catalase
(CAT), and peroxiredoxin 6 (PRDX6) levels were
significantly increased in L- compared to E-hAMSCs;
levels of c-Maf—a TF known to be important in immune
cell development [18] and recently found to mediate ageand ROS-related MSC differentiation capacity [6, 19]—
were decreased in L-hAMSCs (Figure 3A). The growth
arrest so prominent in most senescent cells is known to
involve the Arf-p53-p21 and/or p15INK4b /p16INK4a –pRb
pathways. In senescence, these pathways are activated and
result in G1-cell cycle arrest [20]. We therefore assayed
for changes in expression of these cell cycle-associated
genes in E- and L-hAMSCs. We found that p15INK4b and
p16INK4a, but not Arf, p53, p21 or p27 were significantly
increased in L- compared to E-hAMSCs. In addition,
the expression of cyclin D2 (CCND2), a G1-cell cycle
regulatory gene, was decreased in L-hAMSCs. (Figure 3B,
3C). Interestingly, c-Myc, a TF now known to be important
in both cell proliferation and inducing pluripotency [21],
was also significantly downregulated in L-hAMSCs as
well. Furthermore, we found that the embryonic stem
cell pluripotency genes Sox2, Oct4, and Nanog [22] were
significantly decreased in L- compared to E-hAMSCs.
Klf4, another gene found to be important in maintaining/
inducing pluripotency [21, 23] was significantly
downregulated with hAMSC senescence as well (Figure
3D). These results suggest that senescence in hAMSCs
involve induction of genes for antioxidant enzymes and
p15INK4b /p16INK4a, as well as downregulation of c-Maf and
pluripotency genes.

c-Maf is involved in H2O2-mediated reduced
pluripotency and proliferation as well as
differentiation bias changes in hAMSCs
To elucidate the molecular mechanisms by which
ROS-induced senescence mediate changes to cell
proliferation and lineage commitment in hAMSCs, we
treated E-hAMSCs with H2O2 or L-hAMSCs with NAC
and assessed for changes in gene expression of lineage
master TFs and senescence-related genes. Indeed, we
found that H2O2 reduces the genetic programs of selfrenewal, cell cycle, and osteogenic differentiation at
the transcriptional level in E-hAMSCs (Figure 5A).
In L-hAMSCs, the expression of these genes could be
enhanced by NAC (Figure 5B). We then focused on
c-Maf, which has been recently been found to participate
in age- and ROS-related MSC differentiation capacity
changes [6, 19]. We found that c-Maf expression is
decreased by addition of H2O2 in E-hAMSCs and restored
by NAC-treated L-hAMSCs (Figure 5A, 5B). Moreover,
expression of c-Maf was downregulated in L-hAMSCs
(Figure 3A) in line with the protein levels (Figure 5C). To
ascertain the functional role of c-Maf in hAMSC senescent
processes, we performed c-Maf knockdown experiments
in E-hAMSCs by small interfering RNA (siRNA). Specific
knockdown of c-Maf (si-c-Maf) in hAMSCs effectively
decreased c-Maf expression (Figure 5D), and we found
that the expression of self-renewal-, proliferation-related
genes and RUNX2 was decreased; however, p16INK4a,
p15INK4b, and PPAR-γ2 expression was increased in sic-Maf-hAMSCs. Furthermore, si-c-Maf-hAMSCs had
a flat and hypertrophic phenotype, in vitro proliferative
capacity (Figure 5E), as well as a differentiation bias
towards adipogenesis and away from osteogenesis (Figure
5F). These results demonstrate that c-Maf is involved in

Exogenous ROS (H2O2) inhibits proliferation
and results in differentiation bias towards
adipogenesis in E-hAMSCs
H2O2 induces either apoptosis or cellular senescence
in cultured cells [24]. We found that levels of ROS are
increased in hAMSCs with senescence (Figure 1G) and to
further elucidate the mechanism involved, we first verified
whether exogenous H2O2 would trigger cellular senescence
in hAMSCs by assessing for various senescence-related
parameters, including cell proliferation, cell cycle
dynamics, and SA-β-Gal staining, as well as functional
assays of multilineage differentiation capacity. We found
www.impactjournals.com/oncotarget
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Figure 3: L-hAMSCs show transcriptional increases in expression of antioxidant enzymes, cell cycle arrest genes
p16INK4a and p15INK4b, and decreased expression of c-Maf and pluripotency genes. RT-PCR was performed to detect the
expression level of A. anti-ROS-associated genes (SOD2, CAT, PRDX6, and c-Maf), B. and C. cell cycle-associated proteins (c-Myc,
p16INK4a, p15INK4b, CCND2, Arf, p53, p21, and p27), and D. pluripotency markers (Sox2, Oct4, Nanog, and Klf4) in E- and L-hAMSCs.
β-actin was used as internal control. The gene expression level of 4th passage cells is set at 1. Data are representative of 5 independent
experiments, and shown as mean values ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. L-hAMSCs, late-passage hAMSCs; RT-PCR, reverse
transcription-polymerase chain reaction; SOD2, superoxide dismutases 2; CAT, catalase; PRDX6, peroxiredoxin 6; CCND2, cyclin D2;
E-hAMSCs, early-passage hAMSCs.
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Figure 4: Exogenous ROS decreases the proliferation potential and alters differentiation capacity from osteogenesis
towards adipogenesis in E-hAMSCs. A. In vitro proliferation of E-hAMSCs cultured in CM with or without H2O2 treatment. B. The

measurement of cell cycle distribution was described in “Materials and Methods”. E-hAMSCs were treated with or without H2O2 (50μM, 24
h), and L-hAMSCs were treated with or without NAC (50μM, 24 h) C. SA-β-Gal staining and quantification were described in “Materials
and Methods”. E-hAMSCs were treated with or without H2O2 (50μM, 12 days), and L-hAMSCs were treated with or without NAC (50μM,
6 h). Bar = 200µm D. DCF staining and quantification were described in “Materials and Methods”. L-hAMSCs were treated with or
without NAC (50μM, 6 h). E. Adipogenesis and F. osteogenesis of E-hAMSCs cultured in CM, AM or OM with or without H2O2 treatment
(30μM), respectively. Cells were cultured 2 days for adipogenesis and 21 days for osteogenesis. Bar = 200µm. The staining intensity of
E-hAMSCs cultured in CM was set at 1. All data are representative of at least three independent experiments, and shown as mean values ±
SEM. *p < 0.05; **p < 0.01; ***p < 0.001. ROS, reactive oxygen species; E-hAMSCs, early-passage hAMSCs; CM, complete medium;
H2O2, hydrogen peroxide; SA-β-Gal, senescence-associated β-galactosidase; DCF, 2’, 7’-dichlorofluorescein; L-hAMSCs, late-passage
hAMSCs; H2O2, hydrogen peroxide; NAC, N-acetyl cysteine.
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Figure 5: c-Maf is involved in H2O2-induced replicative senescence and adipogenic differentiation bias in hAMSCs. RT-

PCR was performed to detect the expression of senescence-related genes, including differentiation-associated genes, cell cycle-associated
proteins, and pluripotency markers in A. E- and B. L-hAMSCs treated with or without H2O2 or NAC, respectively. The expression of each
gene was normalized against β-actin and the result was presented as fold change compared with the untreated cells C. The expression
of c-Maf in E- and L-hAMSCs was detected by western blotting. α-Tubulin was used as internal control. D. RT-PCR was performed to
detect the expression of senescence-related genes in E-hAMSCs after RNA silencing of c-Maf by siRNA specific for c-Maf (si-c-Maf) or
non-target siRNA (si-low GC). The expression of each gene was normalized against β-actin and the result was presented as fold change
compared with si-low GC-treated cells. E. Morphology and in vitro proliferation of si-c-Maf- and si-low GC-E-hAMSCs. F. si-c-Maf- and
si-low GC-E-hAMSCs were cultured in CM, AM or OM and measured by OR staining or ALP activity for adipogenesis and osteogenesis,
respectively. The staining intensity of si-low GC-E-hAMSCs in CM was set at 1. All data presented are mean values ± SEM from at
least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001. H2O2, hydrogen peroxide; hAMSCs, human adipose tissuederived MSCs; RT-PCR, reverse transcription-polymerase chain reaction; E-hAMSCs, early-passage hAMSCs; L-hAMSCs, late-passage
hAMSCs; H2O2, hydrogen peroxide; NAC, N-acetyl cysteine; siRNA, small interfering RNA; si-c-Maf, specific knockdown of c-Maf; CM,
complete medium; AM, adipogenesis medium; OM, osteogenesis medium; OR, Oil Red O; ALP, alkaline phosphatase.
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both the proliferative and differentiation capacity changes
brought about by ROS-induced senescence in hAMSCs.

the binding element for c-Maf [25]. Currently,
known palindromic MAREs include the phorbol
12-O-tetradecanoate-13-acetate-responsive
element
(T-MARE; TGCTGACTCAGCA) and the cyclic AMPresponsive element (C-MARE; TGCTGACGTCAGCA)
[26]. The TGC/GCA flanking motif is crucial for Maf
binding and is conserved. Using in silico analysis, we
identified various putative T- and C-MARE sites on the
promoter regions of senescence-altered genes in position
from 5000 base pair (bp) upstream to translation initiation
site (Figure 6A). Software analysis revealed that nearly

c-Maf binds directly to senescence-altered genes
which can be reduced by exogenous H2O2
To elucidate whether c-Maf mediate senescence
changes in hAMSCs by directly binding to the promoter
regions of senescence-altered genes, we performed
sequence analysis in these regions to identify cisacting regulatory Maf recognition element (MARE),

Figure 6: c-Maf directly binds to senescence-altered genes in hAMSCs which can be reduced by disrupted with
exogenous H2O2. A. Schematic representation of the location of each palindromic c-Maf-responsive element on senescence-altered gene
promoters aligned with Maf recognition element (T- and C-MARE) consensus sequences. Sequences that are identical to those in MARE
are underlined. The numbers of the MARE site indicated are relative to the transcription start site (+1). Translation initiation site, ATG;
T-MARE, TM; C-MARE, CM. B. ChIP analysis of senescence-altered gene promoters in E-hAMSCs treated with or without H2O2. Input,
cell lysates (1%; for assessment without prior immunoprecipitation); D, distal promoter; c-Maf, anti-c-Maf; rIgG, anti-rabbit IgG; RNA Pol
II, anti-RNA Polymeras II; mIgG, anti-mouse IgG; H2O, negative control for PCR assay. hAMSCs, human adipose tissue-derived MSCs;
H2O2, hydrogen peroxide; T-MARE, phorbol 12-O-tetradecanoate-13-acetate-responsive element; C-MARE, cyclic AMP-responsive
element; MARE, Maf recognition element; ChIP, chromatin immunoprecipitation; E-hAMSCs, early-passage hAMSCs.
www.impactjournals.com/oncotarget
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all predicted MARE sites were at distal promoter regions
(more than 1000 bp from the transcription start site); for
T-MARE, elements could be found on the promoters of
Sox2, Oct4, Nanog, Klf4, c-Myc, and CCND2, whereas for
C-MARE, sites only could be found on CCND2 (Figure
6A). To investigate whether c-Maf directly interacts
with these MARE sites and the putative relationship
with H2O2 exposure, a chromatin immunoprecipitation
(ChIP) assay was performed using either untreated or
H2O2-treated E-hAMSCs. We found that c-Maf directly
bound to T-MARE sites on the promoters of Sox2, Oct4,
Nanog, Klf4, c-Myc, and CCND2; c-Maf binding could
be demonstrated in C-MARE sites on the promoters of
CCND2 (Figure 6B). Moreover, the binding capacity of
c-Maf at all sites was strongly decreased by exogenous
H2O2. Taken together, the data demonstrate a mechanism
by which ROS through c-Maf alters differentiation as
well as proliferative/self-renewal capacity, the latter via
transcriptional regulation of cell cycle- and pluripotencyrelated genes into a cellular program of senescence in

hAMSCs.

DISCUSSION
MSCs are a highly relevant stem cell population
for clinical applications due to their multilineage
differentiation potential, immunomodulatory effects, and
ability to home to sites of inflammation [27, 28]. However,
while many clinical trials currently use MSCs, the rarity
of these cells—regardless of source—require vigorous
ex vivo expansion prior to clinical use. Such expansion
will cause replicative senescence which limits numbers
of MSCs for utilization or adversely alter functional
capacity and therapeutic effects. Thus, understanding the
mechanisms involved in MSC replicative senescence can
have therapeutic relevance, as well as elucidate the biology
of MSC self-renewal. We found that hAMSCs, a popular
source of MSCs isolated from adipose tissue, undergo
replicative senescence in which ROS play a role (Figure
7). Both L-hAMSCs and H2O2-treated E-hAMSCs showed

Figure 7: c-Maf directly regulates ROS-mediated the senescent changes of proliferation, self-renewal, and differentiation
capacity in hAMSCs. Senescent L-hAMSCs and H2O2-treated E-hAMSCs undergo ROS-mediated proliferative decline, cell cycle arrest
in G0/G1, diminished expression of pluripotency factors, and differentiation bias towards adipogenesis and away from osteogenesis. These
molecular changes which then affect multiple stem cell functions are directly mediated by c-Maf. ROS, reactive oxygen species; hAMSCs,
human adipose tissue-derived MSCs; L-hAMSCs, late-passage hAMSCs; H2O2, hydrogen peroxide; E-hAMSCs, early-passage hAMSCs.
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reduced population doubling level, cell cycle arrest at
G1 phase, alteration of differentiation capacity from
osteogenesis towards adipogenesis, and—on a molecular
level—increased expression of antioxidant enzymes as
well as p15INK4band p16INK4a senescence-related genes but
decreased expression of pluripotency factors and c-Maf.
These multitudes of changes in the senescent process of
hAMSCs appear to be directly mediated by c-Maf. Our
findings offer a molecular explanation for the effect of
ROS on altering both the proliferative and differentiation
capacity involved in replicative senescence of hAMSCs.
c-Maf is a large Maf TF[12] and involves in
a number of developmental processes, including
immune cellular differentiation [18, 29] and ocular lens
development [30, 31]. In addition, reduction of c-Maf has
been reported to be associated with a reduced osteogenic
capacity in aged MSCs [19]. This study also showed the
involvement of ROS and found that the osteogenic effect
of c-Maf as due to its role as a co-factor of RUNX2, the
master TF for osteogenesis. Subsequently, we showed that
accumulation of the ROS in human fetal MSCs affects
lineage commitment by decreasing c-Maf expression [6].
However, whether c-Maf is also involved other aspects
of MSC senescence—especially the profound decrease
in proliferative capacity—has not been evaluated. We
demonstrate in this report that c-Maf directly regulates
the transcriptional expression of major programs of cell
proliferation, including CCND2 and various pluripotency
factors; moreover, binding of c-Maf to the promoter
regions of these pluripotency and cell cycle-related genes
was disrupted by addition of exogenous ROS. This latter
finding is not only strongly supported by the known link
of oxidative stress to cellular senescence, but also by the
increasing reports of the protective effects of hypoxic
culture on MSCs [32].
We found that MARE can be found on the promoter
region of many pluripotency factors. While these factors
are best associated with pluripotent stem cells such as
embryonic stem cells (ES cells) and induced pluripotent
stem cells (iPSCs), it has been increasingly reported that
some of these factors may also be important in MSC
biology [33, 34]. Indeed, a few recent reports show that
decline in self-renewal pathways may be one of the major
mechanisms attributing to MSC senescence [35, 36];
however, the details involved regarding transcriptional
silencing of pluripotency genes in senescent MSCs are
poorly understood. Indeed, one report has shown that
hypoxia enhances the efficiency in the generation of
iPSCs [37] but mechanisms involved were not examined.
Given that our findings on the adverse ROS effect has on
expression of pluripotency factors and cell proliferation, it
is tempting to speculate on the role that c-Maf may play in
the iPSC reprogramming process.
The p16 INK4a-p15Ink4b/Rb1 and ARF/p21/p53 cell
cycle inhibitory pathways represent two important
pathways controlling proliferation, and their inactivation
www.impactjournals.com/oncotarget

can extend the limited division number of mitotic cells
in culture [38]. Our data supports the p15Ink4band p16Ink4a
as the major regulators inducing senescence in hAMSCs.
p15Ink4b and p16Ink4a are considered to be robust biomarkers
for cellular senescence, and at the forefront of cell cycle
inhibition as it binds specifically to the CDKs, displacing
cyclin-D and thereby arresting cells in G1 phase. We
found that as hAMSCs undergo senescence, an increased
number of cells in G1 phase arrest were seen (Figure 1E),
with concomitant increases in the expression of p16 INK4a
and p15Ink4b, along with decreased CCND2 expression
(Figure 3B). Interestingly, p15INK4b, p16INK4a, and ARF are
encoded by a single locus; however, c-Maf specifically
affects p16INK4a and p15INK4b, but not ARF. It may be
that the p16INK4a pathway is of particular importance in
the senescence of stem cells [39, 40]. Along with these
reports, our data demonstrate that the p16INK4a pathway
may be especially relevant to stem cell senescence, and
how ROS may influence this pathway through c-Maf.
In conclusion, we provide mechanistic insight
into the molecular changes of ROS-mediated
senescent changes in hAMSCs. We found that c-Maf is
transcriptional regulated by ROS and acts as a master TF
in controlling multiple stem cell programs of proliferation,
self-renewal, and lineage commitment. Our findings
demonstrate the strong detrimental effects of ROS on
multiple aspects of stem cell function with c-Maf playing
a central role in these processes.

MATERIALS AND METHODS
Isolation and cell culture of hAMSCs
Adipose tissue from healthy donors was obtained
with informed consent approved by the institutional review
board. hAMSCs were isolated and expanded as previously
described [41]. Briefly, the tissues were first washed
at least three times with PBS to remove blood. Tissues
were then digested with Collagenase Type I (Invitrogen,
Carlsbad, CA, USA) for 1 h at 37°C, and centrifuged to
obtain single-cell suspension. Cells were cultured in low
glucose-DMEM (Invitrogen) supplemented with 10% FBS
(HyClone, Logan, UT, USA), 100 U/ml penicillin, 100
g/ml streptomycin (Invitrogen), and 2 mM L-glutamine
(Invitrogen) at 37 oC with 5% CO2. In some experiments,
cells were treated with H2O2 (Sigma-Aldrich, St. Louis,
MO, USA) and NAC (Sigma-Aldrich).

Immunophenoyping
Cells were stained for expression of various surface
markers and analyzed with a BD FACSCalibur (BD
Biosciences, San Jose, CA, USA) as previously reported
[42, 43]. All antibodies for flow cytometry analysis were
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purchased from BD Biosciences. Each analysis included
the appropriate FITC- and PE-conjugated isotype controls.

Cell cycle analysis was performed as previously
described [6]. Briefly, cells were fixed and stained with
propidium iodide (PI) staining buffer (20 µg/ml PI, 0.1
mg/ml RNase A, and 1% Triton X-100; all from SigmaAldrich) and analyzed with a BD FACSCalibur using
MoDfit LT (BD Biosciences).

Differentiation studies
Differentiation and characterization studies were
performed as previously described [42-44]. Briefly,
for adipogenic differentiation, cells were cultured in
adipogenesis medium (AM) composed of complete
medium (CM), 0.5 µM isobutyl-methylxanthine, 1 µM
dexamethasone, 10 µM insulin, and 60 µM indomethacin.
Adipogenic differentiation was evaluated using Oil Red
O (OR) staining as an indicator of intracellular lipid
accumulation. For osteogenic differentiation, cells were
cultured in osteogenesis medium (OM) composed of
complete medium (CM), 0.1 µM dexamethasone, 10 mM
β-glycerol phosphate, and 50 µΜ ascorbate. Alizarin Red
(AR) staining and ALP activity were performed to estimate
calcium deposits. For chondrogenic differentiation, cells
were cultured in serum-free medium with the addition
of 10 ng/ml TGF-β3 (R&D Systems Inc., Minneapolis,
MN, USA). Alcian Blue staining was performed to
visualize the chondrogenic differentiations. Cells cultured
in complete medium (CM) represent control condition.
To quantify the results of adipogenic and osteogenic
differentiation, OR and AR were extracted from cells
cultured in complete and differentiation medium. The
absorbance of extracted dye was then measured at 520 nm
by UV spectrophotometer. ALP activity also be used to
quantify the results of osteogenic differentiation, it was
assayed colorimetrically by incubating protein lysates with
the substrate p-NPP (Sigma-Aldrich) at RT for 5hr. The
absorbance was detected at OD 405 nm and normalized
to the corresponding protein content. Experiments for
the quantitative assessment of adipogenic and osteogenic
differentiation were performed at least three replicates
and data were presented as fold change relative to control
condition. All reagents were purchased from SigmaAldrich.

SA-β-Gal staining
β-Gal activity of senescent cells was detected
by senescence SA-β-Gal staining kit (Cell Signaling,
Danvers, MA, USA) as previously described [6]. SA-βGal positive cells were shown as blue-green color and
observed by a microscope (200 x magnifications). The
percentage of the blue-green stained cells was counted in
three random fields for each triplicate sample. hAMSCs
were determined as senescent if the morphology was
flattened and widened, 2-fold change in DT, and when
>70% of the cells were β-Gal positive cells, whereas presenescent cells contained <10% β-Gal positive [14].

Measurement of intracellular ROS levels
Intracellular ROS levels were measured using the
cell permeable substrate, 2’, 7’-dichlorodihydrofluorescein
diacetate (H2DCF-DA; Sigma-Aldrich) as previously
described [6]. Intracellular ROS was detected by H2DCFDA staining. Images were obtained by a fluorescent
microscope (200 × magnifications) and the number of
fluorescent positive cells was counted randomly in three
fields for each triplicate sample. Percentage of fluorescent
positive cells was calculated and result was shown as fold
change relative to control cells.

RNA isolation and reverse transcriptionpolymerase chain reaction (RT-PCR)

Cell proliferation and population DT assay

Total RNA was extracted using Trizol reagent
(Invitrogen) and RT-PCR was performed as previously
reported [6]. Primers used in the experiment were listed
in Supplementary Table S1. All primer sequences were
generated from established GenBank sequences.

Proliferation rate was determined by counting cell
number and calculating population DT as previously
reported [6]. Cells were cultured 1×104 cells/cm2
beginning from the 4th passage. At sub-confluent growth
at a density of 80%, cells were trypsinized and counted
manually by hemocytometer. The DT (hours required
for the cell number to double) is an index reflecting the
growth of cultured cells, and an increase of DT reflects
a deceleration in cell growth. At each passage, DT was
determined by the formula: (T)×log(2)/log(N2/N1). T is
the time between periods. N1 and N2 is the number of
cells at confluence and initial cell number, respectively.
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Western blot analysis
Protein was obtained from cells as previously
reported [45]. Primary antibodies against c-Maf and
α-Tubulin were obtained from Santa Cruz Biotechnology
(Santa Cruz Biotechnology, Dallas, TX, USA).

35415

Oncotarget

RNA silencing

REFERENCES

RNA silencing of c-Maf in hAMSCs was performed
by using siRNA targeting c-Maf (Stealth Select
RNAi™ siRNA, Invitrogen) along with low GC siRNA
(StealthTM negative control) according to manusfacturer’s
recommendation. siRNAs were transfected into cells by
using Lipofectamine™ RNAiMAX (Invitrogen) following
the manufacturer’s recommended procedures. Briefly,
the transfection mixture was added to the cells 24 hours
after plating in serum-free medium for 4 to 6 hours, and
replaced with CM. After 3 days of culture, knockdown of
c-Maf in hAMSCs was confirmed by RT-PCR.

1.

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI,
Mizuno H, Alfonso ZC, Fraser JK, Benhaim P and Hedrick
MH. Human adipose tissue is a source of multipotent stem
cells. Mol Biol Cell. 2002; 13:4279-4295.

2.

Komoda H, Okura H, Lee CM, Sougawa N, Iwayama T,
Hashikawa T, Saga A, Yamamoto-Kakuta A, Ichinose A,
Murakami S, Sawa Y and Matsuyama A. Reduction of
N-glycolylneuraminic acid xenoantigen on human adipose
tissue-derived stromal cells/mesenchymal stem cells leads
to safer and more useful cell sources for various stem cell
therapies. Tissue Eng Part A. 2010; 16:1143-1155.

3.

Wagner W, Bork S, Lepperdinger G, Joussen S, Ma N,
Strunk D and Koch C. How to track cellular aging of
mesenchymal stromal cells? Aging (Albany NY). 2010;
2:224-230.

4.

Lepperdinger G, Brunauer R, Jamnig A, Laschober G
and Kassem M. Controversial issue: is it safe to employ
mesenchymal stem cells in cell-based therapies? Exp
Gerontol. 2008; 43:1018-1023.

5.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M and
Kroemer G. The hallmarks of aging. Cell. 2013; 153:11941217.

6.

Ho PJ, Yen ML, Tang BC, Chen CT and Yen BL. H2O2
accumulation mediates differentiation capacity alteration,
but not proliferative decline, in senescent human fetal
mesenchymal stem cells. Antioxid Redox Signal. 2013;
18:11.

7.

Stenderup K, Justesen J, Eriksen EF, Rattan SI and Kassem
M. Number and proliferative capacity of osteogenic stem
cells are maintained during aging and in patients with
osteoporosis. J Bone Miner Res. 2001; 16:1120-1129.

8.

D’Ippolito G, Schiller PC, Ricordi C, Roos BA and Howard
GA. Age-related osteogenic potential of mesenchymal
stromal stem cells from human vertebral bone marrow. J
Bone Miner Res. 1999; 14:1115-1122.

9.

Zhou S, Greenberger JS, Epperly MW, Goff JP, Adler C,
Leboff MS and Glowacki J. Age-related intrinsic changes in
human bone-marrow-derived mesenchymal stem cells and
their differentiation to osteoblasts. Aging Cell. 2008; 7:335343.

ChIP assay
ChIP was carried out using EZ-Zyme Chromatin
Prep kit (Millipore, Billerica, MA, USA) and Magna ChIP
A/G kit (Millipore) as previously reported [46]. Briefly,
chromatin-protein complex was prepared according to
the manufacturer’s recommendations. The complex was
then immunoprecipitated using polyclonal antibody
against c-Maf (Santa Cruz Biotechnology) or RNA
Pol II or isotopes (rIgG or mIgG) antibody or without
antibody. PCR was performed to monitor the amount of
c-Maf bound to the MARE site of promoters with specific
primers listed in Supplementary Table S2. The PCR cycles
were as follows: 94 oC for 10 min, one cycle; 94 oC for 30
seconds, 60 oC for 30 seconds and 72 oC for 30 seconds,
35 cycles; and 72 oC for 10 min, one cycle. The PCR
products were then analyzed in 2% agarose gels.

Statistical analysis
Analysis of statistics was carried out using
GraphPad Prism 5.0 software (GraphPad Software Inc., La
Jolla, CA, USA). All data are presented as mean ± SEM,
and p < 0.05 was considered statistically significant. All
experiments were performed at least in triplicate.

GRANT SUPPORT
This work was fund by Nation Science Council
(Men-Luh Yen; 101-2314-B-002-093-MY3), NTUHTVGH Joint Research Program (Men-Luh Yen and ShihChieh Hung; VN103-07 and VN104-02) and Ministry of
Science and Technology (Men-Luh Yen; 103-2321-B-002
-012 and 104-2314-B-002 -213 -MY3)

10. Benz CC and Yau C. Ageing, oxidative stress and cancer:
paradigms in parallax. Nat Rev Cancer. 2008; 8:875-879.

CONFLICTS OF INTERESTS

13. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach
I, Marini F, Krause D, Deans R, Keating A, Prockop D
and Horwitz E. Minimal criteria for defining multipotent
mesenchymal stromal cells. The International Society for
Cellular Therapy position statement. Cytotherapy. 2006;

11. Finkel T and Holbrook NJ. Oxidants, oxidative stress and
the biology of ageing. Nature. 2000; 408:239-247.
12. Kataoka K. Multiple mechanisms and functions of maf
transcription factors in the regulation of tissue-specific
genes. J Biochem. 2007; 141:775-781.

The authors declare no potential conflicts of
interests.

www.impactjournals.com/oncotarget

35416

Oncotarget

8:315-317.

Mesenchymal stem cells: their phenotype, differentiation
capacity, immunological features, and potential for homing.
Stem Cells. 2007; 25:2739-2749.

14. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley
C, Medrano EE, Linskens M, Rubelj I, Pereira-Smith O and
et al. A biomarker that identifies senescent human cells in
culture and in aging skin in vivo. Proc Natl Acad Sci U S A.
1995; 92:9363-9367.

29. Hegde SP, Zhao J, Ashmun RA and Shapiro LH. c-Maf
induces monocytic differentiation and apoptosis in bipotent
myeloid progenitors. Blood. 1999; 94:1578-1589.

15. Stenderup K, Justesen J, Clausen C and Kassem M.
Aging is associated with decreased maximal life span and
accelerated senescence of bone marrow stromal cells. Bone.
2003; 33:919-926.

30. Hansen L, Mikkelsen A, Nurnberg P, Nurnberg G, Anjum
I, Eiberg H and Rosenberg T. Comprehensive mutational
screening in a cohort of Danish families with hereditary
congenital cataract. Invest Ophthalmol Vis Sci. 2009;
50:3291-3303.

16. Lee JS, Lee MO, Moon BH, Shim SH, Fornace AJ, Jr. and
Cha HJ. Senescent growth arrest in mesenchymal stem cells
is bypassed by Wip1-mediated downregulation of intrinsic
stress signaling pathways. Stem Cells. 2009; 27:1963-1975.

31. Ring BZ, Cordes SP, Overbeek PA and Barsh GS.
Regulation of mouse lens fiber cell development and
differentiation by the Maf gene. Development. 2000;
127:307-317.

17. Sethe S, Scutt A and Stolzing A. Aging of mesenchymal
stem cells. Ageing Res Rev. 2006; 5:91-116.

32. Tsai CC, Su PF, Huang YF, Yew TL and Hung SC. Oct4
and Nanog directly regulate Dnmt1 to maintain self-renewal
and undifferentiated state in mesenchymal stem cells. Mol
Cell. 2012; 47:169-182.

18. Glimcher LH. Lineage commitment in lymphocytes:
controlling the immune response. J Clin Invest. 2001;
108:s25-s30.

33. Li Z, Liu C, Xie Z, Song P, Zhao RC, Guo L, Liu Z and
Wu Y. Epigenetic dysregulation in mesenchymal stem cell
aging and spontaneous differentiation. PLoS One. 2011;
6:e20526.

19. Nishikawa K, Nakashima T, Takeda S, Isogai M, Hamada
M, Kimura A, Kodama T, Yamaguchi A, Owen MJ,
Takahashi S and Takayanagi H. Maf promotes osteoblast
differentiation in mice by mediating the age-related switch
in mesenchymal cell differentiation. J Clin Invest. 2010;
120:3455-3465.

34. Yew TL, Chiu FY, Tsai CC, Chen HL, Lee WP, Chen YJ,
Chang MC and Hung SC. Knockdown of p21(Cip1/Waf1)
enhances proliferation, the expression of stemness markers,
and osteogenic potential in human mesenchymal stem cells.
Aging Cell. 2011; 10:349-361.

20. Beltrami AP, Cesselli D and Beltrami CA. Stem cell
senescence and regenerative paradigms. Clin Pharmacol
Ther. 2012; 91:21-29.

35. Maslov AY, Barone TA, Plunkett RJ and Pruitt SC. Neural
stem cell detection, characterization, and age-related
changes in the subventricular zone of mice. J Neurosci.
2004; 24:1726-1733.

21. Takahashi K and Yamanaka S. Induction of pluripotent
stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell. 2006; 126:663-676.
22. Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS,
Zucker JP, Guenther MG, Kumar RM, Murray HL, Jenner
RG, Gifford DK, Melton DA, Jaenisch R and Young
RA. Core transcriptional regulatory circuitry in human
embryonic stem cells. Cell. 2005; 122:947-956.

36. Molofsky AV, Slutsky SG, Joseph NM, He S, Pardal R,
Krishnamurthy J, Sharpless NE and Morrison SJ. Increasing
p16INK4a expression decreases forebrain progenitors and
neurogenesis during ageing. Nature. 2006; 443:448-452.

23. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget
J, Frane JL, Tian S, Nie J, Jonsdottir GA, Ruotti V, Stewart
R, Slukvin, II and Thomson JA. Induced pluripotent stem
cell lines derived from human somatic cells. Science. 2007;
318:1917-1920.

37. Yoshida Y, Takahashi K, Okita K, Ichisaka T and
Yamanaka S. Hypoxia enhances the generation of induced
pluripotent stem cells. Cell Stem Cell. 2009; 5:237-241.

24. Giorgio M, Trinei M, Migliaccio E and Pelicci PG.
Hydrogen peroxide: a metabolic by-product or a common
mediator of ageing signals? Nat Rev Mol Cell Biol. 2007;
8:722-728.

39. Janzen V, Forkert R, Fleming HE, Saito Y, Waring MT,
Dombkowski DM, Cheng T, DePinho RA, Sharpless NE
and Scadden DT. Stem-cell ageing modified by the cyclindependent kinase inhibitor p16INK4a. Nature. 2006;
443:421-426.

38. Sherr CJ and DePinho RA. Cellular senescence: mitotic
clock or culture shock? Cell. 2000; 102:407-410.

25. Yoshida T, Ohkumo T, Ishibashi S and Yasuda K.
The 5’-AT-rich half-site of Maf recognition element: a
functional target for bZIP transcription factor Maf. Nucleic
Acids Res. 2005; 33:3465-3478.

40. Shibata KR, Aoyama T, Shima Y, Fukiage K, Otsuka S,
Furu M, Kohno Y, Ito K, Fujibayashi S, Neo M, Nakayama
T, Nakamura T and Toguchida J. 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.
2007; 25:2371-2382.

26. Eychene A, Rocques N and Pouponnot C. A new MAFia in
cancer. Nat Rev Cancer. 2008; 8:683-693.
27. Caplan AI and Correa D. The MSC: an injury drugstore.
Cell Stem Cell. 2011; 9:11-15.

41. Lee RH, Kim B, Choi I, Kim H, Choi HS, Suh K, Bae YC

28. Chamberlain G, Fox J, Ashton B and Middleton J.
www.impactjournals.com/oncotarget

35417

Oncotarget

and Jung JS. Characterization and expression analysis of
mesenchymal stem cells from human bone marrow and
adipose tissue. Cell Physiol Biochem. 2004; 14:311-324.
42. Wang CH, Wang TM, Young TH, Lai YK and Yen ML.
The critical role of ECM proteins within the human MSC
niche in endothelial differentiation. Biomaterials. 2013;
34:4223-4234.
43. Yen ML, Hou CH, Peng KY, Tseng PC, Jiang SS, Shun
CT, Chen YC and Kuo ML. Efficient derivation and concise
gene expression profiling of human embryonic stem cellderived mesenchymal progenitors (EMPs). Cell Transplant.
2011; 20:1529-1545.
44. Tseng PC, Young TH, Wang TM, Peng HW, Hou SM and
Yen ML. Spontaneous osteogenesis of MSCs cultured on
3D microcarriers through alteration of cytoskeletal tension.
Biomaterials. 2012; 33:556-564.
45. Wu CC, Chao YC, Chen CN, Chien S, Chen YC, Chien CC,
Chiu JJ and Linju Yen B. Synergism of biochemical and
mechanical stimuli in the differentiation of human placentaderived multipotent cells into endothelial cells. J Biomech.
2008; 41:813-821.
46. Tseng PC, Hou SM, Chen RJ, Peng HW, Hsieh CF, Kuo
ML and Yen ML. Resveratrol promotes osteogenesis of
human mesenchymal stem cells by upregulating RUNX2
gene expression via the SIRT1/FOXO3A axis. J Bone
Miner Res. 2011; 26:2552-2563.

www.impactjournals.com/oncotarget

35418

Oncotarget

