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Stem cells are defined by their unique ability to self-renew
and their multipotent differentiation capacity, thus maintaining tissue homeostasis throughout the life of a multicellular organism. Stem cells reside in niches characterized
by hypoxia and low reactive oxygen species (ROS), both
of which are critical for maintaining the potential for selfrenewal and stemness. Until recently, the focus in stem cell
biology has been on the adverse effects of ROS, particularly
the damaging effects of ROS accumulation on tissue aging
and the development of cancer. However, it has become
increasingly clear that, in some cases, redox status plays an
important role in stem cell maintenance, that is, regulation
of the cell cycle. In fact, ROS at low levels function as
signaling molecules to mediate cell proliferation, migration,
and differentiation and gene expression. ROS levels in stem
and progenitor cells have a clear correlation with cellular
functions and are regulated by a fine-tuning of the balance
between ROS-generating and antioxidant defense systems.
This special issue tries to fully decipher the underlying
molecular mechanisms involved in the maintenance of stem
cell self-renewal, which is critical to address the important
role of redox homeostasis in the regulation of both selfrenewal and differentiation of stem cells.
The safe use of stem cells for clinical applications still
requires culture improvements to obtain functional cells. The
review of S. Sart et al. investigates the roles of ROS in the
maintenance of self-renewal, proliferation, and differentiation of mesenchymal stem cells (MSCs) and pluripotent stem

cells (PSCs) and highlights that the tight control of stem cell
microenvironment, including cell organization, metabolic,
and mechanical environments, may be an effective approach
to regulate endogenous ROS generation. While high levels
of ROS have detrimental effects on stem cells through the
induction of oxidative stress, physiological levels of ROS
play an important role in the regulation of stem cell fate
decision. Mild levels of ROS act as secondary messengers by
interfering with various signaling pathways that regulate stem
cell proliferation, survival, and differentiation. However, the
contribution of the specific site of ROS production and the
specific type of ROS to the regulation of stem cell fate requires
further delineation. In addition, the exact threshold levels
of ROS discerning between the role as damaging molecules
or as enhancers of stem cell signaling pathway are not
clearly defined. Combined with accurate ROS measurement,
regulation of biochemical and biomechanical environment of
stem cells to modulate redox status can lead to the controlled
proliferation and differentiation of stem cells towards various
biomedical applications.
Regarding the site of ROS production and the damaging
role of ROS in human stem cells the article of T. Maraldi
et al. suggests a particular role of NAD(P)H oxidase enzyme
family. In this study they show that Nox4 nuclear expression
depends on the donor and it correlates with the expression
of redox transcription factors involved in stemness regulation and with the differentiation potential. Taken together,
these results suggest that nuclear Nox4 regulation may have
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important effects on stem cell capability through modulation
of transcription factors and DNA damage and the extensive
donor-to-donor heterogeneity.
The study of O. G. Lyublinskaya et al. focuses on the
involvement of ROS in the process of MSCs “waking up”
and entering the cell cycle after the quiescence. Using human
endometrial MSCs, they showed that intracellular basal ROS
levels are positively correlated with the proliferative status of
the cell cultures. In fact, they observed that physiologically
relevant levels of ROS are required for the initiation of human
MSC proliferation and that low levels of ROS due to the
antioxidant treatment can block the stem cell self-renewal.
Despite many attractive advantages of MSCs, replicative
senescence of MSCs occurs, eventually decreasing their
functional capacities. MSC aging is proposed to potentially
contribute to organism aging leading to loss of tissue homeostasis. It is essential to consider the role of ROS in the
aging process of MSCs since MSCs and their regenerative
potential have revealed a critical therapeutic approach to
aging. In lung diseases, the excessive amount of ROS from
the ambient air might be associated with respiratory failure
through unsuspected mechanisms that regulate declines in
the residual stem cell function with age. However, the review
of S.-R. Yang concludes that much work remains to be done
to understand the ROS-mediated mechanisms that regulate
residual stem cells. Elucidating these mechanisms will be
critical to understand how stem cell based or antioxidant
therapies are effective in certain tissues including lungs.
Regarding the role of ROS in the differentiation process the article of S. Kostyuk et al. describes that GC-rich
fragments in the pool of cell-free DNA (cfDNA), circulating throughout the bloodstream of both healthy people
and patients with various diseases, can potentially induce
oxidative stress and DNA damage response and affect the
direction of MSCs differentiation in human adipose-derived
MSCs. Such a response may be one of the causes of obesity or
osteoporosis.
Similar to normal stem cells, cancer stem cells (CSCs)
also show lower intracellular ROS levels, suggesting that
maintenance of a reduced intracellular environment is associated with an undifferentiated state. CSCs are responsible
for cancer recurrence after chemotherapy or radiotherapy.
However, the role of ROS in CSCs remains poorly understood
and intensive research is desperately needed.
The review of S. Ding focuses on ROS generation and
removal in CSCs and their effects on CSC self-renewal and
differentiation through the modulating of ROS-dependent
cellular processes. While information on ROS regulation in
CSCs are limited, there is fast emerging evidence that ROS
may play essential role in the self-renew and differentiation
ability of CSCs. The review concludes that targeting CSCs
via ROS and antioxidant enzymes regulation holds a great
promise in cancer therapy.
Similarly, the review of J. Liu and Z. Wang analyses the
particular role of ROS in CSCs. Increasing evidence proposes
that a low concentration of ROS can maintain the stemness
of CSCs and contribute to tumorigenesis and development.
Various systems exist for the regulation of ROS in CSCs.
For example, under hypoxic environment, increased levels
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of ROS induce the expression of HIFs in CSCs, resulting
in the upregulation of CSC markers and the reduction of
intracellular ROS level and thus facilitating CSCs survival and
proliferation. Consequently, the induction of oxidative stress
appears to be a promising approach for the preferential killing
of cancer cells, including CSCs. In addition, a more detailed
investigation of therapies with direct or indirect effects on
ROS will help to define a made-to-order therapeutic schedule
with a lower tendency toward promoting the development of
resistance to treatment.
Tullia Maraldi
Cristina Angeloni
Elisa Giannoni
Christian Sell
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The present study focuses on the involvement of reactive oxygen species (ROS) in the process of mesenchymal stem cells “waking
up” and entering the cell cycle after the quiescence. Using human endometrial mesenchymal stem cells (eMSCs), we showed that
intracellular basal ROS level is positively correlated with the proliferative status of the cell cultures. Our experiments with the eMSCs
synchronized in the G0 phase of the cell cycle revealed a transient increase in the ROS level upon the quiescence exit after stimulation
of the cell proliferation. This increase was registered before the eMSC entry to the S-phase of the cell cycle, and elimination of this
increase by antioxidants (N-acetyl-L-cysteine, Tempol, and Resveratrol) blocked G1 –S-phase transition. Similarly, a cell cycle arrest
which resulted from the antioxidant treatment was observed in the experiments with synchronized human mesenchymal stem
cells derived from the adipose tissue. Thus, we showed that physiologically relevant level of ROS is required for the initiation of
human mesenchymal stem cell proliferation and that low levels of ROS due to the antioxidant treatment can block the stem cell
self-renewal.

1. Introduction
Tissue-specific stem cells (SCs) are undifferentiated cells of
the adult organism, maintaining both a self-renewal capacity
and an ability to differentiate into mature progeny cells of the
host tissue. SCs have been identified in many organs (colon,
small intestine, stomach, breast, skin, pancreas, etc.) and
tissues (bone marrow, adipose, umbilical cord blood, skeletal
muscle, etc.) [1, 2]. Some SCs have been proved to be a source
of physiological tissue renewal and regeneration in vivo [3–7],
while others have demonstrated so far their multipotent and
self-renewal capacities in vitro [8]. In a living body, SCs may
remain in the quiescent state for prolonged periods of time
entering the cell cycle in response to local signals of damage

and other regeneration needs [9] or, alternatively, may be able
to proliferate actively during normal homeostasis [1].
The self-renewal process in the SCs, similar to the other
somatic cells, is orchestrated by the cell cycle regulatory
molecules, cyclins, and cyclin-dependent kinases (CDK) [10].
These “leading players” are assisted by a wide variety of
“supporting actors,” such as proteins and small molecules
that regulate production or activity of the cyclins and CDK
complexes. It has been shown [11, 12] that reactive oxygen
species (ROS) are essential components of this regulation
in human and mice fibroblasts, as well as in different types
of cancer cells. The role of ROS in the SC self-renewal was
also recently proved [13]. For example, hematopoietic stem
cell population with lower ROS status was demonstrated to
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have a number of characteristics of quiescent SCs, whereas
cells with a higher ROS level were associated with a more
proliferative pool of SCs [14]. Similarly to that, proliferative,
self-renewing neural SCs were shown to maintain a high
ROS status and pharmacologic or genetic manipulations that
decrease cellular ROS levels interfered with SC function both
in vitro and in vivo [15]. In addition, recently, it has been
convincingly shown that in lung stem cells intracellular flux
from low to moderate ROS levels is required for stem cell selfrenewal supporting the process of tissue repair [16].
Mesenchymal stem cells (MSCs) are adult SCs derived
from the mesenchymal tissues, such as bone marrow, adipose,
dental pulp, amniotic fluid, umbilical cord blood, placenta,
skeletal muscle, pancreas, and endometrium [2, 17]. Due to
the MSC ability to home to inflammation sites following
tissue injury, to differentiate into various mesenchymal cell
types, to secrete multiple bioactive molecules, and to perform
immunomodulatory functions, these cells have generated a
great amount of interest in the field of regenerative medicine
[17]. MSCs have a remarkable capacity of extensive in vitro
expansion which allows collecting the desired number of cells
for in vivo therapy. At the same time, there is still a lack of
knowledge of the fundamental biological properties of MSCs,
including the role of ROS in MSC fate.
Currently, two main aspects of ROS function in MSCs
are discussed. The first one concerns damaging effects of
ROS, which are believed to be the main factor of MSCs
aging [18]. This hypothesis is based on the observations that
MSCs can be expanded efficiently under hypoxic conditions
in vitro while retaining multipotency [19] and that exogenous
H2 O2 induces the MSCs premature senescence [20, 21].
On the other hand, intracellular ROS have been shown to
participate in the regulation of MSCs fate [22], for example, in
differentiation [23] and stress-induced premature senescence
of human MSCs [24]. In the present study, we confirmed
that the physiological role of ROS in the MSCs is not limited
by adverse effects. Our research was concentrated on the
positive role of ROS on the MSC self-renewal and focused
on the involvement of ROS in the process of MSC “waking
up” and entering the cell cycle upon quiescence exit. We
showed that transient increase in ROS level of synchronized
MSCs is observed upon the quiescence exit before the entry
to the S-phase of the cell cycle and that elimination of this
increase by antioxidants blocks cell G1 –S-phase transition.
In the experiments we mainly used human endometrial
MSCs (eMSCs) [25, 26]; however our main conclusions are
supported by the results obtained for human adipose MSCs
(adMSCs) as well.

2. Materials and Methods
2.1. Cell Culture. Human endometrial mesenchymal stem
cells were derived from a desquamated endometrium of
menstrual blood from healthy donors using the methodology
described in [26]. Adipose mesenchymal stem cells were
isolated from adipose tissue of healthy donors in accordance with the procedure described in [27]. The MSCs
were cultivated in DMEM/F12 medium supplemented with
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10% fetal bovine serum, 1% L-glutamine, and 1% penicillinstreptomycin. The MSCs from 3 to 10 passages were maintained at 37∘ C in a humidified chamber with 5% CO2 in
75 cm2 culture flasks and subcultured twice a week. MSCs
were synchronized in the G0 phase of the cell cycle by
serum starvation for 24 h followed by stimulation of the
cell proliferation with 10% serum. In some cases, the MSCs
were synchronized by contact inhibition at high density
(40,000 cells/cm2 ) followed by replating at low density (5,000
cells/cm2 ).
2.2. Antioxidant Treatment. We used three antioxidants to
vary intracellular ROS levels of the synchronized MSCs
cultures. N-Acetyl-L-cysteine (NAC) is a widely used thiolcontaining antioxidant, a precursor of reduced glutathione
(5–20 mM final concentration range). Tempol is superoxide
dismutase mimetic and a free radical scavenger/spin trap
(1-2 mM final concentration range). Resveratrol is polyphenolic phytoalexin (20–40 𝜇M final concentration range).
All antioxidants were added to the growth medium after
activation of cell proliferation at different time points, as
indicated, and incubated instantly.
2.3. ROS Assay. For the measurement of intracellular
ROS level we used redox-sensitive probe 2 ,7 -dichlorodihydrofluorescein diacetate (H2DCF-DA, Invitrogen, D399) as well as its carboxylated analog 5(6)-carboxy-2 ,7 dichlorodihydrofluorescein diacetate (carboxy-H2DCF-DA,
Invitrogen, C-400) with additional negative charges that
impede its leakage out of the cell. Carboxy-H2DCF-DA
staining resulted in lower fluorescent signals and better intracellular retention in comparison with H2DCF-DA
but showed qualitatively similar results. H2DCF-DA and
carboxy-H2DCF-DA were dissolved in DMSO to obtain
10 mM stock solutions and further diluted before use. The
eMSCs were incubated with 10 𝜇M staining solution in
PBS in the dark for 30 min at 37∘ C, then harvested with
trypsin-EDTA solution, suspended in a fresh medium, and
immediately analyzed by flow cytometry. To compare results
of independent experiments, ROS levels were expressed in
arbitrary units 𝐼 = (𝐼∗ − 𝐼0 )/𝐼0 , where 𝐼∗ is a measured DCF
signal, and 𝐼0 is a background autofluorescence signal.
2.4. Cell Cycle Analysis. The adherent cells were rinsed with
PBS, harvested using trypsin-EDTA solution, and suspended
in PBS. For the cell cycle analysis 200 𝜇g/mL of saponin
(Fluka, NY, USA), 250 𝜇g/mL RNase A (Sigma, St. Louis, MO,
USA, R4642), and 50 𝜇g/mL of propidium iodide (Sigma,
USA) were added to each sample tube. After incubation for
60 min at room temperature the samples were analyzed by
flow cytometry. The cell cycle analysis was performed using
WinMDI 2.8 and ModFit LT software (Verity Software House,
Topsham, ME, USA).
2.5. Flow Cytometry Analysis. The cell fluorescence was
measured using a flow cytometer (Becton-Dickinson, EpicsXL) equipped with an argon laser (488 nm). The cells were
detected by size and granularity using FSC/SSC and cell
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Figure 1: Correlation between the reactive oxygen species (ROS) level and the proliferative status of endometrial mesenchymal stem cells. (a)
ROS level and cell fraction in the S-phase of the cell cycle measured by flow cytometry 48 hours after the cell seeding versus seeding density
(1 ML = 30 000 cells/cm2 ); (b) ROS level and cell fraction in the S-phase of the cell cycle versus time interval after the cell seeding at 0.3 ML
density; (c) and (d) show ROS level versus percentage of cells in the S-phase in (a) and (b). ML: cell monolayer; 𝐾𝑝 : Pearson coefficient for a
linear correlation between the ROS level and the S-phase cell fraction; ROS level is expressed in arbitrary units 𝐼 = (𝐼∗ − 𝐼0 )/𝐼0 , where 𝐼∗ is a
measured carboxy-H2DCF-DA signal, and 𝐼0 is a background autofluorescence signal. All data are presented as mean ± SD (𝑁 ≥ 3).

debris was gated out. Mean fluorescence intensity from 10,000
cells was acquired.
2.6. Immunofluorescence. The cells grown on coverslips were
fixed with 4% formalin in PBS, permeabilized with 0.1%
Triton X-100, incubated with 1% bovine serum albumin
for 40 min to block a nonspecific binding, treated with the
primary mouse monoclonal antibodies to Ki-67 (Abcam) for
1 h, washed with PBS/0.1% Tween-20, treated with secondary
antibodies for 1 h, washed with PBS/0.1% Tween-20, and
counterstained with 1 𝜇g/mL DAPI. The coverslips were
mounted with 2% propyl gallate and visualized under an
Axiovert 200M microscope (Carl Zeiss, Germany) equipped
with a Leica DFC 420C camera (Germany).
2.7. Statistical Analysis. All experiments were repeated at least
3 times. Data are shown as means ± SD, when indicated. All

FC histograms and microscopy images shown throughout
the paper correspond to the most representative experiments.
Statistical significance was evaluated by 𝑡-test, and 𝑃 < 0.05
was considered to be significant. The degree of linear correlation was estimated by Pearson product-moment correlation
coefficient.

3. Results
The experiments with the asynchronous eMSC cultures
showed that there is a positive correlation between the cell
proliferative status and the basal level of intracellular ROS
(Figure 1). In one set of experiments, the cells were plated at
different seeding densities, and both the cell cycle distribution
and ROS level were measured 48 h later. The low-density
seeded cells showed higher proliferation status and higher
ROS levels in comparison with the high-density cultures. In
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another batch of experiments, we measured the dynamical
changes in the eMSCs cycle distribution and ROS level
during the first 3 days after the cell seeding. Again, the
positive correlation between the percentage of proliferating
cells and the ROS level was observed. We calculated Pearson’s
correlation coefficients (𝐾𝑝 ) that indicate the strength of the
relationship between the ROS level and the cell fractions
in G0 /G1 , S, and G2 /M phases of the cell cycle and found
the highest coefficient (0.99) in the case of S-phase in both
experiments (Figures 1(a) and 1(b)). Correspondingly, the
dependence of the ROS level on the percentage of S-phase
cells was linear (Figures 1(c) and 1(d)). As shown in Figure 1,
the major part of the ROS level is tightly correlated with the
cell proliferation.
To elucidate the role of intracellular ROS in the initiation
of the eMSCs proliferation upon the quiescence exit we used
eMSCs cultures synchronized in G0 phase of the cell cycle
by serum starvation or contact inhibition. After activation
of the cell proliferation by either serum addition or replating
the cells at low density, we measured the dynamical changes
of the cell cycle and ROS levels during the first 24 h.

Using both synchronization methods we obtained similar
results. Figure 2 demonstrates the evolution of the cell cycle
(Figure 2(a)) and the dynamics of the ROS level (Figures 2(b)
and 2(c)) after the stimulation of the cells proliferation. The
dependence of the ROS level on the poststimulation time
(Figure 2(c)) shows a transient increase in the intracellular
ROS in the beginning of the DNA synthesis. The addition
of NAC (concentration range 5–20 mM) to the cell medium
at different time points after the stimulation of the cells
proliferation, but before the S-phase initiation, blocked cell
transition to the S-phase, as it is evidenced from the cell cycle
distributions measured 24 hours after the activation of the cell
proliferation (Figure 3(a), left part). At the same time, NAC
treatment implemented after the cells transition to the Sphase did not affect the eMSC cycle distribution (Figure 3(a),
right part). We examined the effect of NAC on the ROS
level before and after the initiation of the S-phase in the
synchronized eMSCs cultures and found that treatment with
NAC decreased intracellular ROS level in a concentrationdependent manner (Figure 3(b)) and that this decrease was
almost equal when NAC was added immediately and 16
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Figure 3: NAC treatment implemented before the S-phase initiation in the synchronized cell cultures blocks proliferation of endometrial
mesenchymal stem cells. (a) Cell cycle distribution of the cells treated with NAC (10 mM) at different time points after stimulation of the
cell proliferation; cell cycle analysis was performed 24 hours after stimulation. (b) Effect of the cell incubation with different concentrations
of NAC on the carboxy-H2DCF-DA cell fluorescence; cells were treated with NAC for 4 h; NAC was added to the cell medium 24 hours
after stimulation of the cell proliferation. (c) Effect of cell incubation with 10 mM NAC on the carboxy-H2DCF-DA cell fluorescence in
the comparison with the control cells; cells were treated with NAC for 4 h; NAC was added to the cell medium immedeately and 16 h after
stimulation of the cell proliferation. ∗ 𝑃 < 0.05; 𝑡 = 0 h: the moment of the activation of the cell proliferation. All data are presented as mean
± SD (𝑁 ≥ 3).

hours after stimulation of the cell proliferation (Figure 3(c)).
Addition of the other antioxidants, Tempol (1-2 mM) and
Resveratrol (20–40 𝜇M), to the cell medium before the beginning of the S-phase also arrested eMSCs in G0 /G1 phase of the
cell cycle (Figure 4(a)), and the similar effect was observed in
the experiments with synchronized cultures of the adMSCs
derived from the adipose tissue (Figure 4(b)). The viability of
the both types of MSCs, monitored by flow cytometry using
the propidium iodide staining after 24-hour incubation with
antioxidants, was not affected by the antioxidant treatments
(data not shown).

To check whether antioxidant-arrested cells exited from
quiescence, we used Ki-67 expression assay. Ki-67 is a
proliferation marker protein that is expressed in the cell
nucleus during G1 , S, and G2 /M phases of the cell cycle and
absent in the nucleus of the quiescent cell [28]. Status of
the eMSCs arrested with Tempol was examined by the Ki67 antibody binding assay 16 hours after the activation of
the cell proliferation. By this time, control cells untreated
with Tempol initiated DNA synthesis, whereas Tempoltreated cells remained arrested in G0 /G1 phase of the cell
cycle, as evidences from the cell cycle distribution dynamics,
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Figure 4: Effect of various antioxidants on the endometrial (a) and adipose (b) mesenchymal stem cell proliferation. NAC (20 mM), Tempol
(1 mM), and Resveratrol (20 𝜇M) were added to the cell medium 6 h after activation of the synchronized cell proliferation; cell cycle analysis
was performed 24 h after activation. 𝑡 = 0 h: the moment of the activation of cell proliferation; eMSC: endometrial mesenchymal stem cells;
adMSC: adipose mesenchymal stem cells. All data are presented as mean ± SD (𝑁 = 3).

presented in Figures 2(a) and 4(a). We have found that
the antioxidant-arrested cells expressed Ki-67 (Figure 5(b)),
being very similar to the control cells (Figure 5(c)), which
exited quiescence and for the most part expressed Ki-67.
Contrary to that, serum-deprived cells did not show any
Ki-67 antibody binding (Figure 5(a)). This data indicates
that eMSCs treated with Tempol immediately after the cell
stimulation exited the quiescent state and were arrested in the
G1 phase of the cell cycle.

4. Discussion
The experimental results presented in the previous section
evidence about the involvement of ROS in the process of the
MSC self-renewal and confirm that the role of ROS in the
MSC fate is not limited by the damaging effects. It is evident
that modulation of ROS flux is required for initiation of the
MSC proliferation. Low levels of ROS are associated with
quiescent MSCs, whereas the increased ROS level is typical
for proliferating cultures. Antioxidant treatment prevents
initiation of the S-phase of the MSC cycle in the synchronized
cell cultures, blocking cells in the G1 phase. Similar effects
have been observed in hematopoietic [14], neural [15], and
lung [16] stem cells, and earlier in fibroblasts and cancer
cells [29–31]. Based on these observations, we suggest that
ROS do not play some unique role in the SC self-renewal,
but, instead, are a factor, regulating proliferation of all kinds
of dividing cells. This hypothesis will be proved or denied
after researchers identify the whole cascade of the signal
transduction pathways, which is responsible for ROS-assisted
proliferation. Now several segments of this pathway are specified in different cells. In neural stem cells, ROS-depended
proliferation is associated with the posttranslational oxidative
inactivation of the tumor suppressor PTEN, a negative regulator of PI3K signaling pathways [15]. Modulation of the ROS

flux in the lung stem cells was shown to activate nuclear factor
erythroid-2-related factor 2 (Nrf2), which, in turn, activates
the Notch pathway to stimulate cell self-renewal [16]. In
human and mouse fibroblasts as well as in human cancer
stem cells, ROS-dependent properties of anaphase promoting
complex (APC) protein were demonstrated to control the
initiation of the DNA synthesis [31]. As for the source of
endogenous ROS modulation, activity of the NOX protein
family in the neural stem cells [15], as well as the MnSOD
activity in fibroblasts [32], has been named to be the critical
ROS-regulative factors. Whether these different segments of
the signaling pathways, like mosaic fragments of the whole
picture, will be brought together to compose the general
scheme of ROS-mediated signal transduction responsible for
cell self-renewal will be shown by time.

5. Conclusions
In conclusion, we have shown that the basal ROS level
is positively correlated with the proliferative status of the
asynchronous MSC cultures, that transient increase in the
ROS level of the synchronized MSCs precedes the initiation
of the S-phase of the cell cycle, and that elimination of this
increase by the antioxidants blocks G1 –S-phase transition
and prohibits MSC self-renewal.
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Reactive oxygen species (ROS) have long been considered as pathological agents inducing apoptosis under adverse culture
conditions. However, recent findings have challenged this dogma and physiological levels of ROS are now considered as secondary
messengers, mediating numerous cellular functions in stem cells. Stem cells represent important tools for tissue engineering, drug
screening, and disease modeling. However, the safe use of stem cells for clinical applications still requires culture improvements
to obtain functional cells. With the examples of mesenchymal stem cells (MSCs) and pluripotent stem cells (PSCs), this review
investigates the roles of ROS in the maintenance of self-renewal, proliferation, and differentiation of stem cells. In addition, this
work highlights that the tight control of stem cell microenvironment, including cell organization, and metabolic and mechanical
environments, may be an effective approach to regulate endogenous ROS generation. Taken together, this paper indicates the need
for better quantification of ROS towards the accurate control of stem cell fate.

1. Introduction
Mesenchymal stem cells (MSCs) and pluripotent stem cells
(PSCs), including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), have emerged as important
tools for drug screening, disease modeling, and tissue engineering [1, 2]. MSCs are progenitors of connective tissues,
bearing differentiation potential along osteoblasts, chondrocytes, and adipocytes [3]. MSCs are now evaluated in more
than 400 clinical trials due to their differentiation potential
and especially their trophic activities (i.e., the secretion of
antiapoptotic, anti-inflammatory, and antiscarring factors),
which constitute their major therapeutic effects in vivo [1].
Different from MSCs, ESCs are derived from inner mass of
the blastocyst and iPSCs are obtained by reprogramming
somatic cells to ESC-like pluripotent state by overexpression
of the pluripotent genes [4]. Both cell populations have differentiation potential for a large spectrum of somatic cell types,
mimicking the embryonic development. However, there is
still a limited control of lineage-specific differentiation, which

impedes the high promise of PSCs for the treatment of
incurable diseases [5]. For MSCs, the limited efficacy of MSCs
in vivo also indicates the need to improve their therapeutic
functions in vitro prior to transplantation [6].
Once injected into damaged tissues, stem cells are
exposed to acute ischemia and oxygen deprivation, which
lead to the production of highly oxidizing compounds,
known as reactive oxygen species (ROS). Excessive ROS
would result in the apoptosis of the transplanted cells [7].
Similarly, exposure of stem cells to extreme culture conditions in vitro (such as starvation, metabolic alterations,
and exposure to toxic molecules) also leads to the apoptosis
mediated by ROS [8, 9]. Thus, ROS has been recognized as
pathological metabolic agents that reduce stem cell functions.
However, recent studies have challenged this dogma by
demonstrating the positive effects of physiological ROS for
the regulation of stem cell fate decision. For instance, hypoxia
results in mild levels of ROS (e.g., 1.8-fold of normal level),
which are actively involved in the regulation of proliferation
and differentiation of MSCs and PSCs [10, 11]. Moreover,
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the metabolic shift observed during stem cell commitment
leads to the increased levels of ROS which are intrinsically
linked with the differentiation stage of stem cells [12]. Hence,
it is becoming clear that physiological levels of ROS play a
role of secondary messengers in the regulation of stem cell
fate. As a consequence, the control of ROS generation could
lead to efficient stem cell expansion and differentiation.
This review investigates recent advances in the understanding of ROS generation and the mechanisms to sustain
the redox equilibrium in MSCs and PSCs. In addition, this
paper underlines how ROS positively or negatively interferes
with the signaling pathways that regulate stem cell survival,
proliferation and differentiation. Novel strategies for the tight
regulation of stem cell microenvironment which enables the
modulation of cellular redox status to control stem cell fate
are also discussed.

2. ROS Generation and Scavenging
in Stem Cells
Stem cell physiology and metabolism are tightly regulated
by oxidation-reduction events that mainly occur during
respiratory chain. To maintain the redox equilibrium, the
oxidative status in stem cells is regulated by the controlled
balance of ROS production and scavenging, through the
generation of endogenous antioxidants. Therefore, understanding the cellular redox state is important to modulate
stem cell survival, expansion, and differentiation.
2.1. ROS Generation in Stem Cells. ROS is mainly produced
in mitochondria of the cells. The primary source of mitochondrial ROS is the leakage of a small fraction of respiratory
chain electrons (1-2%), which react with molecular O2 to
form superoxide ions O2 −∙ , a precursor of various types of
ROS (Figure 1(a)) [13]. The dismutation of O2 −∙ generates
H2 O2 and this reaction is catalyzed by superoxide dismutases (SOD) such as MnSOD [13]. Several mitochondrial
complexes of the electron transport chain contribute to the
ROS generation in MSCs and PSCs. Complex I is composed
of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases (NOXs) [13], the transmembrane proteins that
catalyze the oxidation of NAPDH (Figure 1(b)). NOX-1 and
NOX-4 are the most expressed NOX isoforms in MSCs and
PSCs, and these enzymes significantly contribute to total ROS
generation in the cells [14, 15]. Importantly, activation of
Ras-related C3 botulinum toxin substrate 1 (Rac-1), a Rho
GTPase, is required for ROS generation mediated by NOXs
[16]. Complex II comprises succinate dehydrogenases, which
are expressed at significant levels in undifferentiated MSCs
and PSCs [17, 18]. Succinate dehydrogenase catalyzes the
oxidation of succinate to fumarate. This reaction is mediated
by the conversion of flavin adenine dinucleotide (FAD) to
FADH2, where the intermediary electron transfer promotes
ROS generation [19]. Complex III contains the ubiquinolcytochrome c reductases, which catalyze the reduction of
cytochrome c by the oxidation of coenzyme Q (Figure 1(c)).
The electron leakage from the reduction of cytochrome c
leads to the ROS generation [13]. Therefore, treatment of
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PSCs and MSCs with antimycin A (a cytochrome c reductase
inhibitor) increases ROS generation [20, 21]. Complex IV is
composed of cytochrome c oxidase, which mediates the oxidation of cytochrome c [13]. While the presence of complex
IV has been characterized in PSCs and MSCs [22, 23], limited
information is available on its contribution to ROS generation
in stem cells.
The specific contribution of each mitochondrial complex
to the level of ROS generation in stem cells has not been
well understood and thus remains to be further explored. In
addition, various metabolic intermediates of oxidative phosphorylation (e.g., 2-oxoglutarate dehydrogenase, pyruvate
dehydrogenase, glycerol 3-phosphate dehydrogenase etc.)
contribute differently to the level of ROS production in the
specified sites of mitochondria [24]. While the ROS are
mainly generated from mitochondria, other cellular compartments such as endoplasmic reticulum or lysosomes also
contribute to the generation of prooxidative molecules [25].
These additional sources of ROS may also play important
roles in the regulation of cellular redox status.
2.2. ROS Scavenging in Stem Cells. To counteract excessive
accumulation of ROS, various types of scavengers are generated to regulate the redox homeostasis in stem cells, which
include SODs, glutathione peroxidase (Gpx), preoxiredoxins
(Prx), and lysosomal catalases (CAT) [26]. SOD enables the
conversion of O2 ∙− to O2 and H2 O2 by sequential oxidationreduction of metalloproteins (i.e., Zn or Mn bound proteins)
of the enzyme catalytic sites as well as the concomitant
oxidation-reduction of superoxide ions [27]. Gpx enables
the H2 O2 reduction, in which seleno-cysteine of the enzyme
serves as the substrate [28]. H2 O2 is converted to H2 O by
the oxidation of N-terminal cysteine of Prxs, resulting in
the formation of Prx homodimer [29]. Also, H2 O2 reacts
with various ferric states of the heme of the catalytic site of
CAT, which enables its dismutation in a two-electron redox
reaction (Figure 1(c)) [30].
The expression of cystine transporters (i.e., xCT
antiporter) plays a key role in maintaining the level of
antioxidant synthesis [31]. Indeed, cysteine is the major
amino acid source for Gpx synthesis. However, upon
oxidation in air, cysteine is converted to cystine. Facilitating
the transport of cystine to cytoplasm through xCT enables
the reconversion of cystine to cysteine and consequently the
sustained synthesis of Gpx [31]. Moreover, under oxidative
stress, the induction of nuclear factor erythroid 2-related
factor 2 (Nrf-2), a regulator of the cystine transporter,
leads to the increased xCT expression which results in the
enhanced Gpx production [31].
Human MSCs have oxidative defense mechanism and
resistance to oxidative stress. For example, MSCs express
significant levels of active forms of CAT, GPx, and SOD,
which confers the resistance against acute ROS-mediated
apoptosis [32, 33]. Indeed, the knockdown of Gpx reduces
the viability when MSCs are exposed to high concentration of H2 O2 [32]. Similarly, the activities of SOD, Gpx,
and CAT are significantly diminished in culture medium
containing the reduced concentration of selenite [33].
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Figure 1: ROS generation and scavenging in stem cells. (a) ROS generation. ROS generation is initiated with the electron transfer to molecular
O2 , leading to the formation superoxide radicals (O2 −∙ ), a precursor of the various ROS. Hydroxyl radicals (OH∙ ) are generated from O2 −∙
through a Fenton reaction. Alternatively, SOD catalyzes the formation of hydrogen peroxide (H2 O2 ). (b) ROS are mainly generated at various
complex of the respiratory chain, located in the inter-membrane space of the mitochondria. (c) ROS scavenging. The degradation of ROS is
catalyzed by scavenging proteins, that is, glutathione peroxidases, catalase, and peroxiredoxin (Prx). Prx are dimers, which contain cysteine
(–SH groups) (1). In the presence of H2 O2 , the cysteine –SH groups are oxidized to –SOH (2), which then condensed to form disulfide groups
(S–S) (3). The S–S groups of Prx are reduced by thioredoxin (Trx) to return to the initial –SH form (1). PRX-SOH can be overoxidized by
H2 O2 to form Prx-SO2 H groups (4).

The enrichment of selenite promotes Gpx and thioredoxin
(Trx) activities, leading to the better resistance against oxidative stress induced by H2 O2 [33]. In addition, MSCs express
xCT which enables efficient cystine transport and results in
the significant expression of Gpx [34, 35]. Moreover, upon
acute oxidative stress, the activation of Nrf-2 leads to the
increased Gpx expression [36].
Undifferentiated PSCs exhibit the increased oxidative
defense compared to the differentiated cells [37]. Indeed,
ESCs express a significant amount of Gpx-1, which is required
to sustain their self-renewal [38]. Also, both human and

mouse ESCs express large amounts of Gpx-1, SOD, Prx, and
Trx, which are down-regulated during differentiation and
are associated with the increased levels of intracellular ROS
[37, 39]. PSCs also express a large amount of Nrf-2, which
is down-regulated during spontaneous differentiation [40].
Under oxidative stress, increased Nrf-2 nuclear translocation
has been observed in ESCs, which is linked to the enhanced
expression of thioredoxin reductase 1, Gpx-1, and Gpx-4
[41]. However, it is suggested that undifferentiated PSCs do
not express xCT [31]. As a consequence, PSCs are usually
cultivated on feeder layers, which are necessary to provide
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a sufficient amount of cysteine for Gpx expression. Alternatively, addition of 𝛽-mercaptoethanol to the PSC culture
medium enables the stabilization of cysteine [31].

3. Physiological Roles of ROS in
Stem Cell Homeostasis
A tight balance between ROS generation and antioxidant
protein synthesis regulates the redox homeostasis in stem
cells [42]. Basal levels of ROS are required for the activation
of several key cellular pathways for stem cell proliferation and
survival. In the meanwhile excessive accumulation of ROS
leads to cellular damage.
3.1. Low Levels of ROS Are Secondary Signaling Messengers for
Cell Proliferation and Survival. Low concentrations of exogenous H2 O2 , inhibitors of the mitochondrial electron transfer
(e.g., antimycin A, rotenone), and hypoxia induce moderate
levels of ROS in MSCs. Low levels of ROS are reported to
enhance MSC proliferation and migration through the activation of extracellular-signal-regulated kinases (ERK) 1/2 and
Jun-1/2 pathways [43–45]. The positive effects of ROS on MSC
expansion are mediated by NOXs. Indeed, the knockdown of
NOX-1 and NOX-4 prevents the proliferation of MSCs under
hypoxia or upon cultivation in IL-7 containing medium [46].
In addition, growth factors such as platelet-derived growth
factor-BB lead to the mild ROS generation which increases
the proliferation and migration of adipose-derived MSCs
[47]. As recently demonstrated, various mild ROS inducers
(i.e., hypoxia, mitochondrial inhibitors, growth factors etc.)
converge to activate miR-210, a miRNA that triggers ERK1/2
and AKT activation in MSCs (Figure 2(a)) [47]. Alternatively,
moderate levels of ROS regulate the secretory function of
MSCs. For instance, the induction of ROS with advanced
glycation end products (AGE) is reported to promote the
secretion of chemokines (e.g., CCL-2, CCL-4) by MSCs,
through the activation of p38-mitogen-activated protein
kinases (MAPK) pathway [48]. Also, hypoxia-induced ROS
mediates pro-angiogenic function of MSCs (i.e., secretion of
vascular endothelial growth factor (VEGF)) [10]. As reported
for various cell types, NOXs may play a role in the trophic
function through ROS generation (Figure 2(a)) [49].
Low levels of ROS generated from hypoxia also mediate
the proliferation of PSCs, through the enhanced activation
of the MAPK, nuclear factor-𝜅B (NF-𝜅B), and Wnt signaling
(Figure 2(a)) [11, 50]. Moreover, the genetic stability of ESCs
requires basal levels of ROS expression [51]. Indeed, the inhibition of ROS generation via acute dose of antioxidants (e.g.,
CAT) is reported to inhibit the activity of phosphorylated
ataxia telangiectasia mutated (pATM), a serine/threonine
protein kinase that is activated by DNA double-strand
breaks. Inhibition of pATM activity is normally required
for maintaining DNA integrity (Figure 2(a)) [51]. Also, the
antibacterial function of ESCs is found to be controlled by
the sustained expression of NOX-2 [52]. Hence, moderate
levels of ROS support important physiological functions in
stem cells. In contrast, the abrogation of ROS generation
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leads to “reductive stress” that significantly alters stem cell
homeostasis [53].
3.2. Pathological Levels of ROS Accumulation Lead to Oxidative Stress and Cell Damage. Excessive generation of endogenous ROS and the imbalance between ROS and antioxidant
proteins, as well as the culture of stem cells with various
extracellular sources of ROS can lead to oxidative stress in
stem cells (Figure 2(b)). For examples, aging significantly
contributes to endogenously induced redox imbalance in
MSCs [54]. The production of AGE, by-products of glycolysis, also leads to oxidative stress in MSCs [55]. In addition,
some culture conditions such as the cryopreservation and the
irradiation result in acute oxidative damages in PSCs and
MSCs through endogenous ROS production [56, 57]. The
presence of circulating cell-free DNA in culture medium has
also been reported to induce oxidative stress in MSCs [36].
Moreover, exogenous H2 O2 can diffuse through cytoplasmic
membrane, leading to the oxidative stress in PSCs and MSCs.
Of importance, the paracrine diffusion of endogenous ROS
in MSCs has been demonstrated, indicating the propagation
of oxidative imbalance at the cellular level [58].
Oxidative stress due to high levels of ROS impairs stem
cell homeostasis. Indeed, high levels of ROS disturb MSC
adhesion through the down-regulation of the activated focal
adhesion kinase (FAK), Src, and the integrin expression
(Figure 2(b)) [59]. In addition, oxidative stress leads to DNA
damage in MSCs through the induction of the colocalization
of ATM, H2A.X, and 53BP1 genes, the specific DNA damage
response [60]. Similarly, oxidative stress reduces the telomere
length of MSCs by decreasing the expression of telomeric
repeat binding factor (TRF) 1 and TRF2 (two proteins
involved in telomere elongation and stabilization), leading
to the cell senescence (Figure 2(b)) [60, 61]. In contrast, it
has been demonstrated that PSCs are less prone to DNA
damage and the senescence induced by oxidative stress, due
to the capability for the repair of DNA double-strand breaks
[57, 62].
Oxidative stress also causes cell cycle arrest in stem
cells. High ROS has been found to mediate the activation
of p38-MAPK and p16, which inhibits the phosphorylated
retinoblastoma (pRB) protein and causes the growth arrest
of MSCs [63]. In addition, ROS has been reported to induce
growth inhibition through the activation of p53 in MSCs [64].
Similarly, cell cycle arrest can be induced in mouse ESCs
under oxidative stress [57, 62], as a consequence of c-Jun Nterminal kinase (JNK) and p53 activation (Figure 2(b)) [65].
Finally, excessive levels of ROS promote the apoptosis in
MSCs and PSCs [62, 66]. Indeed, under oxidative stress ROS
disrupts mitochondrial cardiolipin-cytochrome c complexes,
liberating cytochrome c in a free form. In addition, ROS
induces the BAX-BAK dimerization, enabling the formation
of channels on the mitochondrial membrane and thus facilitating the translocation of cytochrome c to the cytoplasm.
The cytoplasmic cytochrome c activates the expression of
caspases, leading to apoptosis (Figure 2(b)) [67].
Hence, ROS play dual role in stem cell homeostasis,
depending on the level of production. The exact threshold
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Figure 2: Regulation of stem cell proliferation and survival by ROS. (a) Effect of physiological levels of ROS. Physiological levels of ROS
activate various MAPKs (i.e., ERK, p38, and AKT), promoting stem cell proliferation. Mir-210 is upregulated by ROS and is also involved
in the MAPK activation, leading to the enhanced stem cell proliferation. Mild levels of ROS promote the activation of pATM, increasing
the DNA stability of stem cells. Mild ROS can sustain antibacterial properties of PSCs and the proangiogenic functions of MSCs. (b) Effect
of excessive levels of ROS. Excessive levels of ROS induce oxidative stress in stem cells. High levels of ROS result in a decreased stem cell
adhesion (i.e., through a decreased activation of FAK-Src signaling) and proliferation (through the reduced activation of pRB). High ROS
also reduce DNA stability and induce apoptosis (in favoring BAX-BAK dimerization and the formation of channel facilitating cytochrome c
(cyt c) cytoplasmic translocation). In (a), Cyt c red means Cyt c reductase.

level of ROS to decipher between its role as a secondary
physiological messenger or as a source of oxidative stress still
needs to be further delineated.

4. ROS Regulates the Balance between
Self-Renewal and Differentiation of
Stem Cells
ROS and the oxidative defense signaling interfere with MSC
and PSC differentiation pathways. The regulation of oxidant
defense between undifferentiated stem cells and their differentiated progeny indicates the important role of ROS in the
regulation of stem cell fate.

4.1. Mesenchymal Stem Cells. MSCs have low numbers
of mitochondria at the undifferentiated state, while the
increased mitochondrial biogenesis and oxidative phosphorylation (OXPHOS) supercomplexes are observed during
differentiation [18, 23]. Therefore, the redox status is changed
upon MSC differentiation and the spontaneous increase in
ROS generation occurs during osteogenic and adipogenic
differentiation (Figure 3(a)) [68]. However, MSCs display the
unique redox profile depending on the differentiation path.
For instance, MSCs committed to adipocyte lineage show
the increased cysteine redox potential compared to the cells
committed to osteoblast lineage [68].
During adipogenic differentiation of MSCs, ROS generation is increased through the mediation by NOX-4 [69, 70].
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Figure 3: Regulation of stem cell self-renewal, differentiation, and reprogramming by ROS. (a) MSCs. MSCs have low numbers of
mitochondria that generate low levels of ROS at undifferentiated state. Low ROS generation sustains the capability of forming colonyforming unit-fibroblasts (CFU-F). Upon differentiation, the number of mitochondria and the ROS levels are increased. ROS promotes the
adipogenesis, osteogenesis, and chondrogenesis from MSCs. (b) PSCs. Undifferentiated PSCs have low mitochondrial biogenesis, which
increases upon differentiation. Mild levels of ROS promote PSC self-renewal and the expression of Oct-4, NANOG, and SOX-2. Alternatively,
the spontaneous and lineage-specific differentiations are associated with the increased ROS generation. For examples, ROS triggers PI3K and
p38, which support cardiomyogenic differentiation. ROS also enhances neuronal differentiation through JNK activation. (c) iPSCs. During
reprogramming, iPSCs show the decreased mitochondria biogenesis and a reduction of ROS production compared to the somatic cells.
Increasing ROS scavenging during reprogramming enhances the efficiency of iPSC generation, which depends on the methods of OKSM
(Oct-4, Klf-4, SOX-2, and c-MYC) transfection.
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Inhibition of mitochondrial complex III and complex I
significantly reduces the expression of CCAAT-enhancerbinding protein (C/EBP)-𝛽 and peroxisome proliferatoractivated receptor (PPAR)-𝛾, the markers for adipocyte differentiation [69]. However, NOX-4 silencing (by siRNA) did
not attenuate C/EBP-𝛽 or PPAR-𝛾 expression but reduced
lipid accumulation, indicating the contribution of NOX-4
at late stage of adipogenic differentiation [69, 70]. Similarly,
the activation of mammalian target of rapamycin (mTOR)
signaling promotes ROS generation mediated by complex III,
which induces the expression of PPAR-𝛾 (Figure 3(a)) [15].
To balance the increased ROS expression, adipogenic differentiation is associated with the up-regulation of Forkhead
box Os (FoXOs) which regulate the expression of antioxidant
enzymes (e.g. catalases, SODs, and Gpxs) [71]. However, Sirt1 (an activator of FoXO-1) reduces adipogenic differentiation
potentially by deacetylating PPAR-𝛾 or impairing the formation of FoXO-1/PPAR-𝛾 complexes [72, 73]. Similarly, Sirt-2
reduces adipogenic differentiation by deacetylating FoXO-1,
which promotes nuclear localization of FoXO-1 [74].
During osteogenic differentiation of MSCs, canonical
Wnt/𝛽-catenin induces ROS generation and plays a critical
role in the regulation of MSC differentiation by activating
osteogenesis and inhibiting adipogenesis [75]. To balance the
ROS effects, the activation of FoXO-1 promotes osteogenic
differentiation by regulating the expression of RUNX-2, a
master regulatory factor of osteogenesis [76]. Moreover, Sirt-1
enables the deacetylation of 𝛽-catenin and promotes nuclear
accumulation of 𝛽-catenin, which acts as a transcription
factor of osteogenic genes [77]. The imbalance between the
level of ROS and the expression of scavenging proteins
can lead to the reduced osteogenic differentiation of MSCs
(Figure 3(a)) [78].
ROS generation is also increased during chondrogenic
differentiation [79]. ROS produced through NOX-2 and
NOX-4 promotes cell survival during chondrogenesis [79].
Moreover, endogenous ROS triggers AKT and ERK signaling,
leading to the enhanced expression of SOX-9, collagen type
II and the accumulation of proteoglycans (Figure 3(a)) [79].
Sirt-1 is required for chondrogenic differentiation of MSCs
through the activation of SOX-9 as well as the deacetylation
of NF-𝜅B, leading to the decreased expression of matrix
metalloproteinase (MMP)-9, COX-2, and caspase-3 [80].
Finally, the FoXOs enhance the survival of MSCs and prevent
the differentiation towards hypertrophic chondrocytes (i.e.,
indicated by the expression of collagen type X) [81].
4.2. Pluripotent Stem Cells. PSCs display low levels of ROS
expression at the undifferentiated state as a consequence of
a low level of mitochondrial biogenesis and a high level
of ROS scavenging protein expression (e.g. Gpx-1) [38, 82].
The basal levels of ROS are required to sustain the selfrenewal of PSCs [17, 83]. Indeed, it is recently demonstrated that ROS modulates Oct-4 posttranslational modifications (such as sumoylation and ubiquitination), leading
to the enhanced nuclear localization of Oct-4 [84]. Sirt-1,
a key cell survival factor activated upon ROS exposure, is
down-regulated during ROS-induced differentiation through
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the activity of miR-29b [85]. Sirt-1 also regulates the activation of FoXOs which are required to maintain pluripotency
by directly regulating the expression levels of Oct-4, Nanog,
and SOX-2 in human ESCs (Figure 3(b)) [86, 87].
The redox status of PSCs changes significantly during spontaneous differentiation. Indeed, ROS expression is
increased upon PSC lineage commitment as a consequence of
the regulation of scavenging protein expression. For instance,
the expressions of Prx-1, SOD2, Gpxs and CAT are found
lower in embryoid bodies compared to undifferentiated
ESCs [37, 88]. ROS generation by retinoic acid enables the
activation of Wnt signaling through the increased expression
of NOXs during extra-embryonic endodermal differentiation
(i.e., indicated by the expressions of GATA-6 and FOXa2)
of PSCs [89, 90]. In addition, ROS generation through
the inhibition of glutathione mediates the differentiation of
human ESCs towards mesodermal (i.e., indicated by the
expression of brachyury, myogenin, and myogenic factor 6)
and endodermal lineages (i.e., indicated by the expression
of HNF3𝛽, AFP, and Sox17) [91]. ROS is found to regulate
meso-endodermal specification through the modulation of
the MAPKs, such as the inactivation of p38 and AKT as well
as concomitant transient increase of JNK and ERK signaling
(Figure 3(b)) [91].
ROS also mediates the lineage-specific differentiation
of PSCs. For instance, the icariin-induced ROS production
through NOX-4 promotes ESC differentiation into cardiomyocytes [92]. ROS can trigger p38 activation and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) expression, which
mediate MEF2C nuclear translocation, a key transcription
factor in ESC cardiac differentiation [93]. ROS produced
during cardiac differentiation is also found to activate NF-𝜅B
signaling and trigger phosphatidylinositol 3-kinase enhancer
(PIKE) and PI3K activation [94]. Similarly, ESC differentiation into smooth muscle cells shows the increased ROS
production, which mediates the nuclear translocation of
serum response factor (SRF), a transcription factor specific
for smooth muscle cells [95]. Neural differentiation of ESCs
also demonstrates the increased ROS generation through the
regulation of antioxidant protein expression [88]. Indeed,
it has been recently demonstrated that the Prxs knockdown in mouse ESCs prevents ROS-mediated activation of
JNK signaling, which is required for neuronal differentiation
(Figure 3(b)) [88].
4.3. Influence of ROS during iPSC Reprogramming. Recently,
the reprogramming of somatic cells through forced expression of a set of genes (Oct-4, KL-4, SOX-2, and c-MYC, i.e.,
OKSM) enables the generation of iPSCs that display ESC-like
properties [4]. Both iPSCs and ESCs demonstrate low redox
status and the capability for DNA repair following oxidative
damage [96]. Importantly, the somatic mitochondria can
revert to an ESC-like state in terms of morphology, cellular
distribution, and rate of biogenesis after reprogramming
(Figure 3(c)) [97].
However, somatic cell reprogramming to derive iPSCs
through viral transfection is associated with a high level
of ROS which leads to oxidative damage [98, 99]. The
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oxidative stress generated during reprogramming impairs cell
survival and promotes genetic aberrations [98, 99]. Addition
of antioxidants (such as N-acetylcysteine or vitamin C)
improves the reprogramming efficiency and reduces genetic
abnormalities [98, 99]. Among OKSM genes, c-MYC is
reported to be involved in a high level of ROS generation
during iPSC derivation [98]. In addition, various methods of
reprogramming lead to different levels of ROS generation. For
instance, the episomal transfection of OKSM generates lower
amounts of ROS than the viral-based reprogramming [100].
Together, ROS play an important role in the regulation
of stem cell self-renewal, differentiation and reprogramming.
However, the threshold levels for ROS and the regulation of
scavenging protein expression to modulate stem cell fates still
need to be defined.

5. Modulation of ROS Generation through
Stem Cell Microenvironment
Stem cell microenvironment including cellular organization
and physiological parameters is a potent regulator of ROS
generation. Modulating stem cell microenvironment could
lead to a better control of redox status for stem cell proliferation and differentiation. The contribution of the respiratory
chain in ROS generation suggests the intricate link between
stem cell metabolism and ROS generation [101]. In addition,
the pathway involving Rac-1 is activated in MSCs and PSCs
upon biomechanical stimulation, indicating the relation of
mechano-transduction with ROS generation. Thus, tight regulation of biochemical and biomechanical environment can
control stem cell oxidative status towards efficient expansion
and differentiation (Figure 4).
5.1. Biochemical and Metabolic Regulation of ROS Generation.
The metabolism of undifferentiated MSCs and PSCs mainly
relies on glycolysis, while a metabolic shift towards OXPHOS
is generally observed upon differentiation [12]. The reverse
process is also demonstrated during reprogramming where
the metabolism of somatic cells shifts from OXPHOS to glycolysis when gaining pluripotency [12]. OXPHOS mediates
the production of ROS as a consequence of electron leakage
from the respiratory chain. Due to the dominant glycolytic

metabolism, undifferentiated MSCs and PSCs generate lower
levels of ROS than their differentiated counterparts [101].
Due to the involvement of glucose in metabolic pathways,
glucose concentration in the culture medium affects ROS
generation in stem cells, through the regulation in the expression of mitochondrial complexes [102]. As a consequence,
ROS production is increased when MSCs and PSCs are
cultivated in the medium containing a high level of glucose,
while the low-glucose medium attenuates the production
of ROS and induces antioxidant secretion in MSCs (e.g.,
MnSOD or catalase) [102, 103].
Oxygen tension within the stem cell microenvironment
also regulates ROS generation. Low oxygen tension (i.e.,
hypoxia) favors glycolysis, leading to the reduced ROS production through the metabolism of MSCs and PSCs [104,
105]. However, a rapid transient increase of physiological ROS
has been observed under hypoxia. The hypoxia-generated
ROS is mediated through the complex III and NOXs which
enable the activation of MAPK and the stabilization of
hypoxia inducible factors (HIF) to regulate the survival and
proliferation of MSCs and PSCs [106, 107]. In addition,
hypoxia increases the reprogramming efficiency of somatic
cells, potentially due to the reduced oxidative stress and the
promotion of glycolysis through the stabilization of HIF-1𝛼
[108].
Interactions between the effects of glucose concentration
and oxygen tension are observed for ROS generation in
stem cells. Indeed, while low glucose condition reduces the
ROS production, high glucose condition in combination with
hypoxia induces oxidative stress, impairing the stem cell
survival and function such as the secretion of proangiogenic
factors [8]. It has been found that high glucose under hypoxia
promotes the degradation of HIF-1𝛼 through the increased
proteasome activity [8]. All these observations indicate that
controlling stem cell metabolic environment can modulate
ROS generation.
5.2. Biomechanical Signals Regulate ROS Generation. Rac-1 is
a member of Rho-GTPases and is involved in cell-cell and
cell-matrix adhesion, the cytoplasmic membrane ruffling,
and lamelipodia elongation [109, 110]. Rac-1 is found to play
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a key role in the generation of ROS. Indeed, the enzymatic
activity of NOXs (i.e., the conversion of NADPH to NADP) is
mediated by the interactions of the enzyme’s several subunits
(p22phox, p47phox, 40phox, and p67phox) and Rac-1 [111].
Consequently, Rac-1 plays a key role in the regulation of PSC
and MSC proliferation, migration and differentiation [112–
114].
The biomechanical environment of PSCs and MSCs (such
as surface pattern or stiffness) can modulate Rac-1 activation
[113, 115, 116], which in turn mediates ROS generation. For
example, the application of cyclic strains to mouse ESCs
promotes ROS generation, which induces cardiomyogenic
differentiation [14, 117]. A gradual increase in ROS generation
and a concomitant decrease in SOD expression have been
observed when increasing the magnitude of cyclic strain
that is applied to MSCs (6 to 24% magnitude) [118]. The
biomechanical regulation of ROS generation in stem cells is
an emerging area and needs further exploration.
5.3. Extracellular Matrix and Cell Aggregation as the Modulators of Redox Status. Extracellular matrix (ECM) may bear
antioxidant properties that protect stem cells from oxidative
damages [119, 120]. For instance, it has been demonstrated
that young endogenous ECM derived from MSCs reduces
ROS production compared to old ECM or plastic dishes [119].
The endogenous glycosaminoglycans such as chondroitin
sulfate or small leucine-rich proteoglycans have antioxidant
properties, which may mediate stem cell oxidative defense
[119, 121]. Alternatively, decellularized ECM from MSCs has
been shown to promote the resistance against oxidative stress
through the secretion of endogenous antioxidants such as
SOD2 [122]. It has been demonstrated that ECM proteins are
the targets of ROS through the activation of MMPs, which
can affect MSC motility [123].
The formation of MSC aggregates promotes the secretion
of ROS scavenging proteins such as SOD2, leading to the
increased resistance of MSCs against acute H2 O2 exposure
[124, 125]. The increased secretion of antioxidant proteins
might be due to mild hypoxia found in the core of MSC
aggregates [124]. Similarly, PSC aggregates can display the
increased anti-oxidative defense upon acute ROS generation
(e.g., after cryopreservation) [56]. However, the molecular
mechanism conferring oxidative defense in stem cell aggregates is still unclear.

6. Conclusions
While high levels of ROS have detrimental effects on stem
cells through the induction of oxidative stress, physiological
levels of ROS play an important role in the regulation of
stem cell fate decision. Mild levels of ROS act as secondary
messengers by interfering with various signaling pathways
that regulate stem cell proliferation, survival, and differentiation. However, the contribution of the specific site of ROS
production and the specific type of ROS in the regulation
of stem cell fate requires further delineation. In addition,
the exact threshold levels of ROS deciphering between the
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role as damaging molecules or as enhancers of stem cell
signaling pathway are not clearly defined. Therefore, methods
for the in situ detection of ROS level and the specific species
are required to accurately quantify and characterize the
threshold level of ROS to modulate stem cell homeostasis.
For instance, the application of Raman spectrometry or
alternative probes may be preferred to measure intracellular
ROS [126]. Combined with accurate ROS measurement,
regulation of biochemical and biomechanical environment of
stem cells to modulate redox status can lead to the controlled
proliferation and differentiation of stem cells towards various
biomedical applications.
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C. Busletta, E. Novo, L. Valfrè Di Bonzo et al., “Dissection of the
biphasic nature of hypoxia-induced motogenic action in bone
marrow-derived human mesenchymal stem cells,” Stem Cells,
vol. 29, no. 6, pp. 952–963, 2011.
S. Li, Y. Deng, J. Feng, and W. Ye, “Oxidative preconditioning
promotes bone marrow mesenchymal stem cells migration and
prevents apoptosis,” Cell Biology International, vol. 33, no. 3, pp.
411–418, 2009.
H. Huang, H. J. Kim, E.-J. Chang et al., “IL-17 stimulates
the proliferation and differentiation of human mesenchymal

11

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

stem cells: Implications for bone remodeling,” Cell Death and
Differentiation, vol. 16, no. 10, pp. 1332–1343, 2009.
J. H. Kim, S. G. Park, S. Y. Song, J. K. Kim, and J.-H.
Sung, “Reactive oxygen species-responsive miR-210 regulates
proliferation and migration of adipose-derived stem cells via
PTPN2,” Cell Death and Disease, vol. 4, no. 4, article e588, 2013.
K. Yang, X. Q. Wang, Y. S. He et al., “Advanced glycation end
products induce chemokine/cytokine production via activation
of p38 pathway and inhibit proliferation and migration of bone
marrow mesenchymal stem cells,” Cardiovascular Diabetology,
vol. 9, article 66, 2010.
E. C. Chan, F. Jiang, H. M. Peshavariya, and G. J. Dusting,
“Regulation of cell proliferation by NADPH oxidase-mediated
signaling: potential roles in tissue repair, regenerative medicine
and tissue engineering,” Pharmacology and Therapeutics, vol.
122, no. 2, pp. 97–108, 2009.
A. Y. Jeong, M. Y. Lee, S. H. Lee, J. H. Park, and H. J. Han,
“PPAR𝛿 agonist-mediated ROS stimulates mouse embryonic
stem cell proliferation through cooperation of p38 MAPK and
Wnt/𝛽catenin,” Cell Cycle, vol. 8, no. 4, pp. 611–619, 2009.
T.-S. Li and E. Marbán, “Physiological levels of reactive oxygen
species are required to maintain genomic stability in stem cells,”
Stem Cells, vol. 28, no. 7, pp. 1178–1185, 2010.
A. Finkensieper, M. M. Bekhite, H. Fischer et al., “Antibacterial
capacity of differentiated murine embryonic stem cells during
defined in vitro inflammatory conditions,” Stem Cells and
Development, vol. 22, no. 14, pp. 1977–1990, 2013.
J. S. Teodoro, A. P. Rolo, and C. M. Palmeira, “The NAD ratio
redox paradox: why does too much reductive power cause
oxidative stress?” Toxicology Mechanisms and Methods, vol. 23,
no. 5, pp. 297–302, 2013.
M. Kim, C. Kim, Y. S. Choi, C. Park, and Y. Suh, “Age-related
alterations in mesenchymal stem cells related to shift in differentiation from osteogenic to adipogenic potential: implication
to age-associated bone diseases and defects,” Mechanisms of
Ageing and Development, vol. 133, no. 5, pp. 215–225, 2012.
S. Kume, S. Kato, S.-I. Yamagishi et al., “Advanced glycation endproducts attenuate human mesenchymal stem cells and prevent
cognate differentiation into adipose tissue, cartilage, and bone,”
Journal of Bone and Mineral Research, vol. 20, no. 9, pp. 1647–
1658, 2005.
S. Sart, T. Ma, and Y. Li, “Cryopreservation of pluripotent stem
cell aggregates in defined protein-free formulation,” Biotechnology Progress, vol. 29, no. 1, pp. 143–153, 2013.
M. L. Lan, M. M. Acharya, K. K. Tran et al., “Characterizing
the radioresponse of pluripotent and multipotent human stem
cells,” PLoS ONE, vol. 7, no. 12, Article ID e50048, 2012.
M. Rodrigues, O. Turner, D. Stolz, L. G. Griffith, and A. Wells,
“Production of reactive oxygen species by multipotent stromal
cells/ mesenchymal stem cells upon exposure to fas ligand,” Cell
Transplantation, vol. 21, no. 10, pp. 2171–2187, 2012.
H. Song, M. J. Cha, B. W. Song et al., “Reactive oxygen
species inhibit adhesion of mesenchymal stem cells implanted
into ischemic myocardium via interference of focal adhesion
complex,” Stem Cells, vol. 28, no. 3, pp. 555–563, 2010.
A. Borodkina, A. Shatrova, P. Abushik, N. Nikolsky, and E.
Burova, “Interaction between ROS dependent DNA damage,
mitochondria and p38 MAPK underlies senescence of human
adult stem cells,” Aging, vol. 6, pp. 481–495, 2014.
M. Harbo, S. Koelvraa, N. Serakinci, and L. Bendix, “Telomere
dynamics in human mesenchymal stem cells after exposure to

12

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Oxidative Medicine and Cellular Longevity
acute oxidative stress,” DNA Repair, vol. 11, no. 9, pp. 774–779,
2012.
Y.-L. Guo, S. Chakraborty, S. S. Rajan, R. Wang, and F. Huang,
“Effects of oxidative stress on mouse embryonic stem cell
proliferation, apoptosis, senescence, and self-renewal,” Stem
Cells and Development, vol. 19, no. 9, pp. 1321–1331, 2010.
J.-S. Lee, M.-O. Lee, B.-H. Moon, S. H. Shim, A. J. Fornace Jr.,
and H.-J. Cha, “Senescent growth arrest in mesenchymal stem
cells is bypassed by Wip1-mediated downregulation of intrinsic
stress signaling pathways,” Stem Cells, vol. 27, no. 8, pp. 1963–
1975, 2009.
S. V. Boregowda, V. Krishnappa, J. W. Chambers et al., “Atmospheric oxygen inhibits growth and differentiation of marrowderived mouse mesenchymal stem cells via a p53-dependent
mechanism: Implications for long-term culture expansion,”
Stem Cells, vol. 30, no. 5, pp. 975–987, 2012.
T. D. N. Ngoc, Y.-O. Son, S.-S. Lim et al., “Sodium fluoride
induces apoptosis in mouse embryonic stem cells through
ROS-dependent and caspase- and JNK-mediated pathways,”
Toxicology and Applied Pharmacology, vol. 259, no. 3, pp. 329–
337, 2012.
F. W. Wang, Z. Wang, Y. M. Zhang et al., “Protective effect of
melatonin on bone marrow mesenchymal stem cells against
hydrogen peroxide-induced apoptosis in vitro,” Journal of Cellular Biochemistry, vol. 114, no. 10, pp. 2346–2355, 2013.
C.-C. Wu and S. B. Bratton, “Regulation of the intrinsic
apoptosis pathway by reactive oxygen species,” Antioxidants and
Redox Signaling, vol. 19, no. 6, pp. 546–558, 2013.
B. R. Imhoff and J. M. Hansen, “Differential redox potential
profiles during adipogenesis and osteogenesis,” Cellular and
Molecular Biology Letters, vol. 16, no. 1, pp. 149–161, 2011.
J. H. Kim, S.-H. Kim, S. Y. Song et al., “Hypoxia induces
adipocyte differentiation of adipose-derived stem cells by
triggering reactive oxygen species generation,” Cell Biology
International, vol. 38, no. 1, pp. 32–40, 2014.
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Reactive oxygen species (ROS) and ROS-dependent (redox regulation) signaling pathways and transcriptional activities are thought
to be critical in stem cell self-renewal and differentiation during growth and organogenesis. Aberrant ROS burst and dysregulation
of those ROS-dependent cellular processes are strongly associated with human diseases including many cancers. ROS levels are
elevated in cancer cells partially due to their higher metabolism rate. In the past 15 years, the concept of cancer stem cells (CSCs)
has been gaining ground as the subpopulation of cancer cells with stem cell-like properties and characteristics have been identified
in various cancers. CSCs possess low levels of ROS and are responsible for cancer recurrence after chemotherapy or radiotherapy.
Unfortunately, how CSCs control ROS production and scavenging and how ROS-dependent signaling pathways contribute to
CSCs function remain poorly understood. This review focuses on the role of redox balance, especially in ROS-dependent cellular
processes in cancer stem cells (CSCs). We updated recent advances in our understanding of ROS generation and elimination in CSCs
and their effects on CSC self-renewal and differentiation through modulating signaling pathways and transcriptional activities. The
review concludes that targeting CSCs by manipulating ROS metabolism/dependent pathways may be an effective approach for
improving cancer treatment.

1. Introduction
Reactive oxygen species (ROS), including superoxide (O2 − ),
hydrogen peroxide (H2 O2 ), and hydroxyl radical (OH∙ ), are
highly chemically reactive species derived from molecular
oxygen [1, 2]. Under physiological conditions, ROS are generated as byproducts from the mitochondrial electron transport
chain [2]. ROS can also be produced by various oxidases,
such as NADPH oxidases and peroxidases, in different
cellular compartments or organelles, such as cell membranes,
peroxisomes, and endoplasmic reticulum [3]. Furthermore,
chemotherapy, radioactivity, and even smoking can increase
ROS levels in the cell [4–6]. The low-to-moderate ROS level
in the cell will generally promote cell proliferation and growth
and increase cell survival [7]. On the contrary, when in excess,
ROS can cause cellular toxicity and trigger apoptosis [8, 9].
The antioxidant systems in the cell can scavenge ROS and

prevent irreversible cellular oxidative damage [10]. Therefore,
it is important for cells to balance ROS generation and
antioxidant systems, and redox regulation of cellular process
is essential for growth and development.
ROS levels are elevated in many cancer cells partially due
to their higher metabolism rate [11, 12]. Aberrant ROS levels
can elicit cancer cell apoptosis and necrosis [13]. Cancer cells
have high antioxidant capacity to counteract and scavenge
ROS. Because high antioxidant capacity enhances cell survival and impairs cellular responses to anticancer therapy
[14], induction of ROS-mediated damage in cancer cells by
proper pharmacological agents that either promote ROS generation beyond the cellular antioxidative capacity or disable
the cellular antioxidant system has been considered as a “radical” therapeutic strategy to preferentially kill cancer cells [14].
In recent years, the concept of cancer stem cells (CSCs)
has been gaining ground as the subpopulation of cancer cells
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with stem cell-like properties and characteristics have been
found and reported in various cancers, including leukemia
[15], breast cancer [16], and pancreatic cancer [17]. CSCs are
thought to have the ability to self-renew and differentiate [1]
and be responsible for cancer recurrence after chemotherapy
or radiotherapy as those cells can survive treatment and then
quickly generate new tumors [18, 19]. These abilities of CSCs
lead to a view that cancer therapy strategies should target not
only the normal cancer cells, but also the CSCs.
Considering the importance of redox balance in cancer
cells, conventional therapies (chemotherapy or radiotherapy)
targeting redox balance can kill most of the cancer cells [14,
20, 21]. However, the unique redox balance in CSCs and its
underlying mechanisms to protect CSCs from ROS-mediated
cell killing have not been fully understood [22–24]. In this
review, we will update the effects of ROS/redox regulation on
the properties and functions of CSCs. With special attention
given to the cross talk between CSC-related pathways and
redox regulation, we hope to generate substantial interest in
further investigating the role of redox regulation in CSCs and
the utility of targeting ROS-dependent/redox regulation of
pathways.

2. ROS Production and Scavenging in CSCs
In cancer cells, ROS are mainly generated through highrate metabolism at mitochondria, endoplasmic reticulum,
and cell membranes [3]. The metabolic phenotypes observed
in tumor cells are different from the normal tissue, which
are attributed to the Warburg effect [25–28]. The glycolysis
replaces at least part of the oxidative phosphorylation for
generation of ATP in cancer cells [28]. This metabolic switch
is essential for the cancer cells to adapt to hypoxic conditions
with less mitochondrial defects and ROS production [20].
The CSCs, similar to normal stem cells, are quiescent,
slow-cycling cells with the lower level of intracellular ROS
[29, 30], which accounts for their self-renewal capacity and
resistance to chemotherapy drugs and ionizing radiation
[29]. For example, in human gastrointestinal cancer cells,
the stem-like population (CD44 high) has lower ROS levels
[31]. CSCs in some human and murine breast tumors also
have lower ROS levels [29]. This lower ROS level in CSCs
could be attributed to less ROS production and/or enhanced
ROS scavenging systems. The slow division of CSCs may
generate less ROS than regular cancer cells. Indeed, DeyGuha et al. reported that rapidly proliferating breast cancer
cells could produce slowly proliferating “G0-like” progeny by
asymmetric division [32]. The “G0-like” cancer cells behave
like the stem cells in “quiescent” state and may be able to
maintain a stable “out of cycle” state for a long period of time
in vivo [32]. Intracellular ROS contents and AKT expression
are lower in these cells [32].
Many signaling pathways and transcriptional activity
contribute to scavenging ROS in normal stem cells and CSCs
as well (see details in the following sections). Among them,
forkhead homeobox type O (FOXO) is essential for maintaining low ROS levels in haematopoietic stem cells (HSCs),
which are critical for the stemness of HSCs [33]. Furthermore,
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ataxia telangiectasia mutation (ATM) can upregulate the
antioxidant enzymes and downregulate the differentiation
and proliferation genes, as a result to help maintain the low
ROS levels and the stemness [24]. In pancreatic cancer stem
cells, activation of JNK pathway is important for their maintenance of stemness and resistance to drugs, 5-fluorouracil and
gemcitabine, through suppressing ROS generation induced
by those chemotherapeutic agents [34].
Recently, Diehn et al. investigated how CSCs maintained
the lower ROS levels [29]. It was found that the ROS were
reduced due to upregulation of free radical scavenging systems, such as glutathione (GSH) [29]. Furthermore, Nagano
et al. showed that expression of one of the CD44+ variant
isoforms (CD44v) in CSCs contributed to upregulation of
GSH biosynthesis. The CD44v protein may promote cysteine
uptake by interacting with and stabilizing the xCT, which
is the subunit of the cysteine-glutamate transporter xc(-).
This process leads to increased GSH synthesis [35]. Recent
studies indicate that the epigenetic regulation may also
play an important role in the regulation of ROS in CSCs.
The downregulation of fructose-1,6-biphosphatase (FBP1) by
epigenetic mechanisms increased the rate of glycolysis but
decreased the ROS level in basal-like breast cancer, resulting
in the activation of 𝛽-catenin signaling to maintain CSCs
[36]. MicroRNA may also play an important role in the
regulation of ROS production/scavenging in CSCs [37, 38].

3. ROS-Dependent Signaling Pathways in CSCs
3.1. PTEN/PI3K/AKT/mTOR Pathway. The PI3K pathway is
commonly activated in human cancers. Numerous studies
have demonstrated that the PI3K pathway plays a prominent
role in cancer cell growth and survival [39]. The activated
PI3K/AKT/mTOR signaling pathway can also increase cell
metabolism and glycolysis, which in turn affects the intracellular ROS level and tumorigenesis [40, 41]. Phosphatase
and tensin homolog deleted on chromosome 10 (PTEN),
a major negative regulator of PI3K, is a tumor suppressor
[42]. PTEN encodes a lipid phosphatase that converts phosphatidylinositol 3,4,5-trisphosphate (PIP3) to phosphatidylinositol 4,5-bisphosphate (PIP2). PIP3 is necessary for the
downstream activation of AKT. PTEN mutations can lead
to PIP3 accumulation and as a result overactivate the AKT
pathway [43, 44]. The mutation or deletion of PTEN is well
known to be involved in the development of many cancers
[45, 46].
In CSCs, PI3K/AKT signaling pathway is upregulated.
During neovascularization, CSCs can function as initiators of
tumor neovascularization [47]. They can produce proangiogenic factors and transdifferentiate into vascular mural cells
and form nonendothelium-lined vasculogenic mimicry [47].
Activation of the PI3K/AKT signaling pathway can induce
vascular endothelial growth factor (VEGF) production in
CD133+ glioma stem-like cells [48]. VEGF, in turn, induces
angiogenesis and vasculogenesis by driving the transdifferentiation of CSCs [48]. Consistent with this, another
study showed that activation of the PI3K/AKT pathway was
required for breast cancer stem-like cell maintenance [49].
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On the other hand, inhibition of PI3K/AKT/mTOR activity
by NVP-BEZ235 (the dual PI3K/mTOR inhibitor) led to a
decrease in the CD133+ /CD44+ stem-like populations [50].
PTEN also plays a critical role in CSCs. Its expression is lower
in recurrent hepatocellular carcinoma [51]. Furthermore,
the upregulation of the miR-216a/217 cluster, which targets
PTEN [51, 52], downregulates PTEN and elicits epithelialmesenchymal transition (EMT) and cancer stem-like properties in hepatocellular carcinoma [51]. PTEN deletion contributes to the depletion of normal HSCs but increases the
generation of leukemia-initiating cells. This brings a rare
distinction in PTEN regulation in the maintenance of normal stem cells compared with leukemia-initiating cells [53].
PTEN knockdown by shRNA leads to an increase in sphere
formation for enriching prostate cancer stem-like cell as well
as increases in clonogenic and tumorigenic potential [50].
In CSCs, regulation of the PTEN/PI3K/AKT/mTOR signaling pathway can be ROS-dependent/redox regulation.
Higher H2 O2 treatment (100 𝜇M) can induce the phosphorylation of AKT and activate its activity in glioma-initiating
cells [54]. In CSCs, ROS-dependent oxidized cellular environment is important in modulating the catalytic activity of
PTEN. H2 O2 may abrogate PTEN activity through inducing
the formation of a disulfide bond between the active sites
Cys124 and Cys71 , while Trx may reduce oxidized PTEN to
reactivate it [55].
The PTEN/PI3K/AKT/mTOR signaling pathway in CSCs
could control cellular ROS levels through regulating nuclearlocalized FOXOs [29]. The FOXOs regulate the production
of MnSOD and catalase to scavenge ROS [56]. Dey-Guha et
al. reported that, in ER+ /HER2− human breast cancer MCF7
cell line, the ROSlow cancer cells had higher levels of nuclearlocalized FOXO1 [32]. Furthermore, the repression mTOR
will inhibit hypoxia-inducible factor-1𝛼 (HIF-1𝛼) translation
in hypoxic conditions [57]. The transcriptional targets of
HIF-1𝛼 contain VEGF and FOXOs which are related to the
stemness and ROS removal [58].
3.2. ATM Pathway. ATM is critical for maintaining genome
stability. It can regulate DNA damage repair, particularly for
double-strand breaks [24]. ATM upregulates the glucose-6phosphate dehydrogenase to promote NADPH production
and thus reduces the ROS level [59]. In CSCs, ATM signaling
pathway is highly active. In CD44+ /CD24− stem-like cells
compared to other cell populations from breast cancer cell
lines and breast tumors, the expression of ATM was significantly increased [60]. The ATM inhibitor reversed the
radiation resistance of CD44+ /CD24− cells, which suggests
the importance of ATM signaling in CSCs [60].
3.3. Notch Pathway. The Notch pathway is critical for a series
of processes, including cell fate specification, differentiation,
proliferation, survival, and apoptotic programs [61]. It is
essential for the maintenance of stem cells, such as neural stem cells and HSCs [62–64]. However, this pathway
is also very important in CSCs. Recent evidence showed
that HIF-1𝛼-induced activation of the Notch pathway was
essential for hypoxia-mediated maintenance of glioblastoma
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stem cells [65]. McAuliffe et al. demonstrated that the Notch
signaling pathway, Notch3 in particular, was critical for
ovarian CSC survival and platinum resistance [66]. Notch3
overexpression in ovarian tumor cells resulted in expansion
of CSCs and platinum chemoresistance. On the contrary,
𝛾-secretase inhibitor, a Notch pathway inhibitor, or Notch3
siRNA knockdown, increased tumor sensitivity to platinum
[66]. Besides Notch3, Notch1 and Notch2 also protected
glioma stem-like cells against radiation. Knockdown of
Notch1 or Notch2 sensitized glioma stem-like cells to radiation and impaired xenograft tumor formation [67]. These
results confirm the significance of Notch signaling in CSCs.
The Notch pathway is critical for controlling the ROS
level in CSCs. One possible target is the PI3K/AKT pathway.
Prosurvival factor AKT is upregulated by Notch in glioma
stem cells [65]. The PI3K/AKT pathway will later upregulate
the ROS scavenging enzymes. On the other hand, ROS
can also stimulate the Notch signaling pathway in order to
maintain the CSCs. The nitric oxide released by endothelial
cells can activate Notch signaling and promote the stemness
of the PDGF-induced glioma cells [68]. Charles et al. showed
that nitric oxide pathway enhanced the side population
phenotype in cultured human glioma cells through activation
of Notch signaling [68].
3.4. Wnt Pathways. Wnt signaling is important in embryo
development and also controls homeostatic self-renewal in
adult tissues [69]. Radioresistant breast cancer cells showed
CSC-like properties and elevation of 𝛽-catenin. NS398, a
cyclooxygenase 2 inhibitor, enhanced the radiosensitivity of
these cells, which may be partially via downregulating the
expression of 𝛽-catenin [70].
High levels of ROS can inhibit 𝛽-catenin activation
[36, 71]. Nucleoredoxin, a Trx family protein, was found
to interact with disheveled, which was important in Wnt
signaling [72]. In line with this finding, H2 O2 inhibited the
association between disheveled and nucleoredoxin, blocking
the Wnt-𝛽-catenin pathway [72]. Recent studies indicated
that, in basal-like breast cancer stem cells, overexpression
of FBP1 enhanced oxidative phosphorylation and ROS production and decreased 𝛽-catenin signaling by promoting
its dissociation from TCF4 [73]. However, whether Wnt
signaling is directly involved in this metabolic regulation
remains for further investigation.
3.5. STAT Pathway. STAT3 is highly expressed in solid tumor
and is involved in the formation of nitric oxide to promote
cell survival [74]. In head and neck squamous cell carcinoma,
CD44+ ALDH1+ cells are tumorigenic and radioresistant [75].
Interestingly, cucurbitacin 1, a STAT3 inhibitor, effectively
inhibited the tumorigenicity, sphere formation, resistance to
radiation, and BCL-2 expression in these cells [75]. STAT
signaling is also activated in non-small cell lung cancer,
in which CD133+ stem-like cells showed high p-STAT3
levels compared to CD133− cells. Inhibition of STAT3 by
cucurbitacin 1 decreased the p-STAT3 level and the CD133+
population, while increasing apoptosis [76].
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In contrast, in breast cancer cells, the STAT3 is redoxsensitive and H2 O2 decreases STAT3 binding to the consensus serum-inducible elements with inhibition of cell
proliferation and reduced survival [77]. The STAT3 pathway
can be positively regulated by mTOR signaling in human
breast cancer stem-like cells [49]. The PTEN is found as a
negative regulator of both STAT3 and mTOR [49]. The ROS
effects on CSCs by STAT3 signaling may be mediated through
the PTEN/PI3K/ATK/mTOR signaling.
Other signaling pathways may also regulate ROS in
CSCs. The p-ERK was found to be higher in CD133+ human
hepatocellular carcinoma compared to CD133− cells. Further
studies showed that the lower ROS levels were related to
ERK activation and were important for the radioresistance
of CD133+ cells [78]. The p38 MAPK signaling can be
activated by ROS. In glioma-initiating cells, H2 O2 induced
ROS can increase p38. The upregulated p38 will induce Bmi1
protein degradation and FOXO3 activation, leading to the
differentiation [54].

4. ROS-Dependent Transcription
Factors in CSCs
4.1. HIF. The HIF family transcriptional factors are upregulated in hypoxia [79]. Hypoxia is a well-recognized microenvironmental condition in stem cells and CSCs [1, 58, 65, 80].
HIFs have an oxygen-sensitive HIF𝛼 subunit and a constitutively expressed HIF𝛽 subunit. Under normoxic conditions,
HIF𝛼 could be targeted for proteasomal degradation with the
Von Hippel-Lindau (VHL) tumor suppressor gene product.
In hypoxia condition, the interaction between HIF𝛼 and VHL
is abrogated. Then the stabilized HIF𝛼 could dimerize with
HIF𝛽 and then induce transcription of its target genes [81, 82].
HIF𝛼 has 3 isoforms and recent studies have demonstrated
that HIF-1𝛼 and HIF-2𝛼 play a critical role in CSCs. Li et al.
found that HIF-2𝛼 was highly expressed in glioma stem cells
(GSCs) and its regulated genes were preferentially expressed
in comparison to nonstem tumor cells and normal neural
progenitors [82]. As compared to growth at 20% oxygen
level, tumor stem-like cells (CD133+ cells) from human
glioblastoma grown at 7% oxygen level show an increase in
the expression levels of the neural stem cell markers CD133
and nestin as well as the stem cell markers Oct4 and Sox2 [83].
HIF-1𝛼 is not affected in CD133+ tumor stem-like cells grown
at 7% oxygen level but HIF-2𝛼 is expressed at higher levels as
compared with that at 20% oxygen level [83]. However, the
hypoxia (1% oxygen) promotes the self-renewal capacity of
CD133+ CSCs by upregulation of HIF-1𝛼 in glioma stem cells
[84].
Some studies indicate that ROS can regulate HIF𝛼
expression. HIF-1𝛼 has been found to mediate EGF-induced
prostate cancer cell EMT phenotype [85] and STAT3 downstream of ROS is implicated in EGF-induced HIF-1𝛼 transcription and protein expression [85]. Another study indicated that increased level of intracellular ROS in welloxygenated conditions, but not hypoxia, was a causative
factor of the transient upregulation of HIF-1 activity during
the metastatic colonization of cancers in the lungs [86]. One
possible reason is that the Fe2+ is essential for the prolyl
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hydroxylation of HIF-1𝛼 by prolyl hydroxylase domain proteins (PHDs) and the PHDs-VHL-proteasome is important
for HIF-1𝛼 stability. However, the Fe2+ could be oxidized
by the ROS [86]. Further studies found that the HIF-1𝛼mediated metabolic reprogramming (mitochondrial oxidative phosphorylation to anaerobic glycolysis and lactic acid
fermentation) reduced ROS levels and increased the survival
of metastatic cancers [86].
4.2. NF-𝜅B. The transcription factor NF-𝜅B plays a critical
role in cell survival, proliferation, immunity, and inflammation [87]. NF-𝜅B has been widely studied in breast cancer
and acute myelogenous leukemia (AML) and other cancers
for chemotherapy resistance [88]. Once activated, it will
induce the expression of a variety of cell survival factors to
prevent apoptosis. NF-𝜅B regulation is important in CSCs.
Inhibition of NF-𝜅B in mammary epithelial cells may reduce
tumor stem cell marker expression and CSC populations
[89]. Parthenolide, a sesquiterpene lactone, can block NF𝜅B, leading to the death of AML progenitor and stem cell
population and a decrease of engraftment in vivo [90]. It is
suggested that parthenolide may render these cells sensitive
to oxidative stress [90]. NF-𝜅B activation triggered by RAC1
and ROS production is important in colorectal cancers
initiation [91].
There is an extensive cross talk between ROS and NF-𝜅B
signaling. Morgan and Liu showed that ROS may regulate
NF-𝜅B activation to express antioxidant genes coding manganese superoxide dismutase (MnSOD, or SOD2), copperzinc superoxide dismutase (Cu, Zn-SOD, or SOD1), catalase,
and Trx [92]. These enzymes can directly or indirectly scavenge ROS and protect cells from ROS-induced cytotoxicity.
However, in immune cells, activated NF-𝜅B may regulate
Nox, resulting in elevated production of ROS [93]. In the
cytoplasm, oxidizing conditions may cause I𝜅B𝛼 degradation
and NF-𝜅B activation, while, in the nucleus, a reducing environment is necessary for DNA binding and transcriptional
activity of NF-𝜅B dimmers [94].
Considering the low ROS levels, the upregulation of
NF-𝜅B in CSCs may contribute to redox balance. NF𝜅B suppresses ROS- and/or JNK-mediated killing induced
by oncogene products or anticancer agents [95]. In acute
myelogenous leukemic stem cells (LSCs), quenching ROS
by the GSH precursor, N-acetylcysteine, will weaken the
niclosamide-induced apoptosis. The niclosamide (an antineoplastic) may inhibit the TNF𝛼-induced NF-𝜅B activation
and increase the intracellular ROS levels [96].
4.3. p53. The p53 plays an important role in protecting
normal cells from cancer development. Almost all human
cancers lost the activity of p53 [97]. In CSCs of nasopharyngeal carcinoma, treatment by resveratrol suppressed the
CSC properties including resistance to therapy and selfrenewal, tumor initiation, and metastatic potential [98].
Mechanistically, resveratrol impeded CSC functions through
the activation of p53 and knocking down p53 could reverse
this effect. In addition, resveratrol exploited p53 to suppress
stemness and EMT [98]. In an ErbB2 transgenic model of
breast cancer, the p53 in mammary stem cells was found to
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regulate the cell division polarity and the knockout of p53
induced the symmetric divisions of CSCs and tumorigenesis
[99]. Furthermore, treatment of leukemia CSCs with selenium would increase ROS levels and induce the apoptosis
via the activation of the ATM-p53. This treatment would
not affect hematopoietic stem cells [100]. The inhibition
of NF-𝜅B, activation of p53 and increased ROS levels by
parthenolide can induce the apoptosis of LSCs in AML [90].
The p53 can regulate genes that generate or scavenge ROS
and can exert pro- and antioxidant effects depending on its
levels [101]. Sablina et al. found that the prooxidant function
of p53 was due to release of mitochondrial ROS during stressinduced apoptosis. But the antioxidant function of p53 was
related to the expression of antioxidant gene products, which
were responsive to lower levels of p53 in no stressed or
physiologically stressed cells [101]. On the other hand, ROS
can also regulate p53 activity via oxidation of p53 cysteine
residues to inactivate p53 [102]. The cross talk between p53
and ROS signaling is of great importance in cell cycle and
apoptosis regulation [102].
4.4. Nrf2. The nuclear factor erythroid 2-related factor (Nrf2)
is a key regulator of defense against endogenous and exogenous stresses by governing expression of many antioxidant
and detoxification genes [103]. In normal cells, Nrf2 binds to
the inhibitor protein Keap1 [104]. But in many cancer cells,
loss of Keap1 function activates Nrf2 and promotes cancer
growth [105]. Nrf2 is a key factor to inhibit the differentiation
of glioma stem-like cells, and the knockout of Nrf2 may
promote the differentiation process [106].
Nrf2-regulated antioxidant genes include GSH synthesis
and GSH reductase and peroxidase families [107]. In a secretome analysis of colon CSCs, there is a significant overlap
between the set of proteins in the secretome and those that are
regulated by transcription factor Nrf2, which suggests that,
in CSCs, activation of the Nrf2-antioxidant pathway protects
them from oxidative stress [108]. In mammospheres, which
are thought to enrich breast cancer cells with stem/progenitor
features, the Nrf2-mediated cellular protective response is
induced under the taxol treatment. Inhibition of the Nrf2
pathway enhanced intracellular ROS levels and rendered
mammospheres more sensitive to taxol [109].

5. Antioxidant Proteins in CSCs
5.1. Trx. The Trx system contains the redox-active protein
Trx, thioredoxin reductase (TrxR), and NADPH. This system
is important for cellular functions especially for protection
against oxidative stress [110]. Three Trxs, including Trx1, Trx2,
and spTrx (specifically expressed in human spermatozoa),
have been identified in mammalian cells. All of them contain a conserved -Cys-Gly-Pro-Cys- active site. This site is
essential for disulfide oxidoreductase [110, 111]. The Trx1 and
Trx2 are similar in structure and catalytic mechanism. TrxRs
catalyze Trxs through the NADPH-dependent reduction of
the disulfide. The C-terminus of reduced TrxRs possesses
the high reactivity of selenide, which can help the balance
of redox [112]. In the cell, the endogenous inhibitor of
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Trx1 is the thioredoxin-interacting protein (TXNIP), which
is dramatically downregulated in various human cancers
[113].
In cancer cells, high proliferation results in high ROS
production [20, 114, 115]. To maintain redox homeostasis,
cancer cells also produce high levels of antioxidant proteins.
In non-small cell lung cancer, Trx and TrxR are highly
expressed [116]. Ceccarelli et al. derived cell clones with
different levels of Trx from the same lung carcinoma cell lines.
It was found that high level of Trx correlated with invasive
and metastatic potentials of the cells [117]. A significant
correlation exists between tumor resistance to docetaxel
and Trx expression in breast cancer patients [118]. A recent
study showed that a histone methyltransferase inhibitor killed
CD34+ CD38− leukemia stem cells by reactivating TXNIP and
inhibiting Trx activity [119]. These results suggest Trx may be
critical for CSC function.
5.2. Grx. Glutaredoxin (Grx) system is another important
redox system in cells. It was firstly discovered in Trxmutant Escherichia coli that show a fully active NADPHdependent ribonucleotide reductase system [120]. Grxs are
small heat-stable oxidoreductase [121]. Grxs catalyze thioldisulfide exchange reactions with GSH, glutathione reductase
(GR), and NADPH. The Grx is reduced via GSH within
the Grx system, while the GSH disulfide is reduced by
GR and NADPH [122]. Besides the maintenance of cellular redox environment, Grxs are involved in the maintenance of cytosolic and mitochondrial iron homeostasis [122,
123].
In breast cancer cells, Grx1 overexpression can cause
adriamycin-resistance [124]. Recently, two human testisspecific isoforms of Grx2, Grx2b and Grx2c, are abnormally
expressed in various cancer cell lines [125]. In human cancer
cells, Grx overexpressed cells showed the resistance to glucose deprivation-induced cytotoxicity. Glucose deprivation
induces the ROS stress and activates the ASK1-SEK1-JNK1
signaling causing cytotoxicity [126]. Whether Grxs play an
essential role in CSCs remains to be determined.
5.3. Prdx. Peroxiredoxins (Prdxs) are a group of peroxidases
that consist of one or two redox-active cysteine residues and
reduce peroxides with conserved cysteine residues [127], six
isoforms of which are present in mammalian tissues (Prdx1–
Prdx6) that play a role in cellular protection against oxidative
stress [127].
Expression of Prdxs is upregulated under oxidative stress.
Prdx1 has been proposed as a potential breast cancer marker
[128]. It was reported that the increased Prdx6 activity
promotes the growth of lung cancer cells and enhances the
metastatic potential of lung cancer cells [129]. The Prdx3 is
upregulated in many endocrine-regulated tumors, such as
prostatic intraepithelial neoplasia [130]. In the antiandrogenresistant cell lines, increased Prdx3 enhanced resistance
to H2 O2 [130]. The knockout of Prdx3 can trigger the
proapoptotic signals with antiandrogen and H2 O2 treatment
[130].
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6. ROS Regulation in
Therapeutical Implication
CSCs has been found to exist in different cancers, including AML, breast, brain, head and neck, pancreas, lung,
prostate, colon, and sarcoma cancers. In cancer treatment,
the chemotherapy and radiation therapies are widely used but
the patients invariably relapse. The CSCs are always dormant,
which can help its resistance to conventional chemotherapies
that brings cytotoxicity to dividing cells [131]. CSCs keep
lower ROS level with overexpression of antioxidant enzymes,
which can help them survive from chemotherapy and radiation induced ROS [132, 133].
Considering the importance of ROS in CSCs, ROS
regulation is also significant in therapy resistance as chemotherapy and radiation therapy affect ROS levels. Phillips
et al. found that CD24−/low /CD44+ breast cancer stem/
initiating cells were resistant to radiotherapy and possessed
low ROS levels [5]. Similarly, prostate CSCs contained
more low-to-intermediate ROS-producing cells after ionizing radiation [134]. After chemotherapy, CD13+ liver CSCs
decreased the ROS level by expressing a scavenger enzyme
CD13/aminopeptidase N [133]. Chemotherapeutic drugs can
also generate ROS and DNA double-strand breaks in cancer
treatment. In the chemoresistant case, the ROS/SUMO (small
ubiquitin-like modifier) axis is not activated. The sensitivity
of LSCs can be achieved by inhibiting the ROS/SUMO
pathway [135].
Interfering with intracellular redox balance for selectively
killing the cancer cells is becoming a hot topic in therapeutical treatment. Lagadinou et al. found that these ROSlow
LSCs overexpressed BCL-2. Inhibition of BCL-2 decreased
levels of GSH, which could increase the oxidative state and
selectively eradicate quiescent LSCs [136]. In treatment with
glioblastoma multiforme, the inhibitors of GSH synthesis
can potentiate TMZ- (DNA alkylating agent temozolomide-)
induced bystander effect [137]. Brusatol, an inhibitor of the
Nrf2 pathway, downregulates the protein level of Nrf2 and
its target genes. As a result, it sensitizes mammospheres
to taxol [109]. Deregulation of miRNAs related to ROS is
also a new therapeutic approach in cancer treatment [38].
The ROS induces miR-200 family expression and further
downregulating ZEB1, which is likely to play a key role in
ROS-induced apoptosis and senescence [138]. The induction
of ROS and the inhibition of the Nrf2 and HIF-1𝛼 pathways
can also decrease the colony-forming ability of LSC-like
cells and apoptosis [139]. A new drug, fenretinide, has been
developed to directly target AML-stem cells. The drug can
induce AML-stem cells death by rapid generation of ROS,
upregulation of the stress responses and apoptosis related
genes, and downregulation of the genes in NF-𝜅B and Wnt
signaling [140].
Recent studies showed that the shikonin (a TrxR1
inhibitor) could induce apoptosis mediated by ROS in human
promyelocytic leukemia HL-60 cells. The chemical broke
the ROS balance by targeting the selenocysteine residue in
TrxR1 and blocked its physiological function [112]. The 3deazaneplanocin A can reactivate TXNIP, which in turn
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inhibits the Trx activity and increases the level of ROS. As
a result, it leads to the apoptosis in AML cell lines, primary
cells, and CD34+ CD38− LSCs [119].

7. Conclusions
While there is limited information on ROS regulation in
CSCs, there is fast emerging evidence that ROS may play an
essential role in the self-renewal and differentiation ability
of CSCs. ROS-dependent signaling pathways and transcriptional activities control redox balance and ROS regulation in
CSCs. Targeting CSCs via ROS regulation and antioxidant
proteins holds great potential in improving cancer therapy.
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Human amniotic fluid stem cells (AFSC) are an attractive source for cell therapy due to their multilineage differentiation potential
and accessibility advantages. However the clinical application of human stem cells largely depends on their capacity to expand
in vitro, since there is an extensive donor-to-donor heterogeneity. Reactive oxygen species (ROS) and cellular oxidative stress are
involved in many physiological and pathophysiological processes of stem cells, including pluripotency, proliferation, differentiation,
and stress resistance. The mode of action of ROS is also dependent on the localization of their target molecules. Thus, the
modifications induced by ROS can be separated depending on the cellular compartments they affect. NAD(P)H oxidase family,
particularly Nox4, has been known to produce ROS in the nucleus. In the present study we show that Nox4 nuclear expression
(nNox4) depends on the donor and it correlates with the expression of transcription factors involved in stemness regulation, such
as Oct4, SSEA-4, and Sox2. Moreover nNox4 is linked with the nuclear localization of redox sensitive transcription factors, as Nrf2
and NF-𝜅B, and with the differentiation potential. Taken together, these results suggest that nNox4 regulation may have important
effects in stem cell capability through modulation of transcription factors and DNA damage.

1. Introduction
Numerous studies have demonstrated that the MSC populations exhibit donor-to-donor heterogeneity. This fact could
be attributed to several factors, including the methods used
to culture, select, and expand the population and the age of
the donor [1].
About amniotic fluid stem cells (AFSC), the harvesting
protocol is well established in the clinical practice as well
as the selection method, based on the c-Kit surface marker
expression [2]. Moreover the donor age range has to be considered quite restricted since the sample is usually obtained
in clinical practice for cytogenetic analysis between the 16th
week and the 20th week of pregnancy. However, as well as
other MSCs [1], AFSC could display heterogeneity among the
donors.

Regulation of ROS has a vital role in maintaining the
“stemness” and the differentiation potential of the stem
cells, as well as in the progression of stem-cell-associated
diseases [3]. ROS-mediated proliferation and senescence in
stem/progenitor cells may be determined by the amount,
duration, and location of ROS generation, which activates
specific redox-signaling pathways [4]. In fact redox changes
in different areas and resulting changes in ROS levels may
represent an important mechanism of intracellular communication between different cellular compartments [5]. The
nucleus itself contains a number of proteins with oxidizable
thiols that are essential for transcription, chromatin stability,
and nuclear protein import and export, as well as DNA replication and repair [5]. Several transcription factors have been
thought to be involved in the redox-dependent modulation
of gene expression [5].

2
Recent advances indicate that the participation of ROSproducing nicotinamide adenine dinucleotide phosphate
reduced oxidase (NADPH, Nox) system is an important
trigger for differentiating ESCs toward the cardiomyocyte
lineage [6–10]. Nox4 plays an important role in the differentiation of mouse ESCs toward the smooth muscle cell (SMC)
lineage when translocating to the nucleus and generating
H2 O2 [11]. In fact the subcellular localization of Nox4 is
likely to be especially important, given its constitutive activity,
unlike isoforms, such as Nox1 or Nox2, that require agonist
activation. Nox4 has been reported to be variably present
in the endoplasmic reticulum [12, 13], mitochondria [14],
cytoskeleton [15], plasma membrane [16], and nucleus [17] in
different cell types. Recently we demonstrated that Nox4 can
be detected in nuclei of human AFSC, depending on the cell
metabolism status [18].
It is interesting to better understand how ROS homeostasis is an important modulator in stem cell self-renewal and
differentiation. Certain proteins can act as “redox sensors”
due to the redox modifications of their cysteine residues,
which are critically important in the control of protein
function. Signaling molecules such as FoxOs, APE1/Ref-1,
Nrf2, ATM, HIFs, NF-𝜅B, p38, and p53 are subjected to redox
modifications and could be involved in the regulation of stem
cell self-renewal and differentiation [19].
The aim of this study was to assess whether nuclear
Nox4-generated ROS can modulate the presence and the
localization in nuclear domain of transcription factors crucial
for stemness capability. For this purpose we performed
confocal analysis of immunofluorescence experiments and
coimmunoprecipitation assays. Furthermore we investigated
whether the different nuclear Nox4 (nNox4) presence,
observed among the AFSC samples, was correlated with the
expression of typical stem cell markers and the differentiation
potential. These data indicate that nNox4 derived ROS are
involved in AFSC stemness regulation and could be considered as marker of stem potential.

2. Materials and Methods
2.1. Cell Culture. Amniocentesis samples (6 backup flasks
obtained from different donors) were provided by the Laboratorio di Genetica, Ospedale Santa Maria Nuova (Reggio
Emilia, Italy). All samples were collected with the informed
consent of the patients (mother’s age ≥ 35) according to Italian
law and the Ethical Committee guideline.
Human AFSC (AFSC) were isolated as previously
described by De Coppi et al. [2]. Human amniocentesis
cultures were harvested by trypsinization and subjected to
c-Kit immunoselection using MACS technology (Miltenyi
Biotec, Germany). AFSC were subcultured routinely at 1 : 3
dilution and were not allowed to expand beyond the 70% of
confluence. AFSC were grown in a culture medium (𝛼MEM
supplemented with 20% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/mL penicillin, and 100 𝜇g/mL streptomycin) (all reagents from EuroClone Spa, Italy) at 37∘ C and
5% CO2 [20].
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2.2. Nox4 Silencing. Retroviral supernatants were produced
according to HuSH shRNA plasmid panels (29-mer) application guide; AM12 cells were transfected with an empty
vector (pRS vector, TR20003), a scrambled vector (HuSH 29mer noneffective pRS vector, TR30012), and four NOX4 gene
specific shRNA expression pRS vectors (TI311637, TI311638,
TI311639, and TI311640) for 48 h [21]. Retroviral supernatants
were then centrifuged at 2000 ×g for 5 minutes and used
for target cells (AFSC) infection. Where indicated, cells were
infected with NOX4 shRNA retroviral vectors, empty vector,
or scrambled vector. Forty-eight hours after infection, cells
were exposed to 2 𝜇g/mL puromycin (Sigma-Aldrich, St.
Louis, MO, USA) for 24 hours and subjected to evaluation
of Nox4 expression by western blotting and confocal analysis
and detection of intracellular ROS levels.
2.3. Differentiation Protocols. Osteogenic differentiation was
obtained maintaining cells for 3 weeks at 37∘ C and 5%
CO2 in osteogenic medium: culture medium supplemented
with 100 nM dexamethasone, 10 mM 𝛽-glycerophosphate,
and 50 𝜇g/mL ascorbic acid-2-phosphate (Sigma-Aldrich, St.
Louis, MO, USA). Coverslips were then stained with alizarin
red S staining for light microscopic observation.
Chondrogenic differentiation: cells were cultured as a
monolayer using a medium containing DMEM high glucose, 100 nM dexamethasone and 10 ng/mL TGF 𝛽1 (SigmaAldrich, St. Louis, USA), 10 𝜇M 2P-ascorbic acid, 1% v/v
sodium pyruvate (Invitrogen, Italy), and 50 mg/mL ITS
premix (BD, Franklin Lakes, NJ, USA) for 3 weeks.
Neural differentiation protocol [22]: cells were seeded
at 60% confluence and maintained in neural differentiation
medium (culture medium supplemented with 10% FBS and
20 𝜇M retinoic acid (RA) in dimethyl sulfoxide (DMSO),
both from Sigma-Aldrich, St. Louis, MO, USA) for up to 4
weeks at 37∘ C and 5% CO2 .
2.4. Preparation of Cell Extracts. Cell extracts were obtained
as described by Maraldi et al. [23]. Briefly, subconfluent cells
were extracted by addition of AT lysis buffer (20 mM Tris-Cl,
pH 7.0; 1% Nonidet P-40; 150 mM NaCl; 10% glycerol; 10 mM
EDTA; 20 mM NaF; 5 mM sodium pyrophosphate; and 1 mM
Na3 VO4 ) and freshly added Sigma-Aldrich protease inhibitor
cocktail at 4∘ C for 30 min. Lysates were sonicated, cleared by
centrifugation, and immediately boiled in SDS sample buffer
or used for immunoprecipitation experiments, as described
below.
2.5. Immunoprecipitation and Electrophoresis. Immunoprecipitation was performed as reported by Cenni et al. [24].
Equal amounts of precleared lysates (pcl), whose protein
concentration was determined by the Bradford method,
were incubated overnight with rabbit anti-Nox4 (Novus
Biologicals, CO, USA) and mouse anti-sc-35 (Sigma-Aldrich)
(3 𝜇g all). Then the two samples were treated with 30 𝜇L
of 50% (v/v) of protein A/G agarose slurry (GE Healthcare
Bio-sciences, Uppsala, Sweden) at 4∘ C with gentle rocking
for 1 h. Pellets were washed twice with 20 mM Tris-Cl, pH
7.0; 1% Nonidet P-40; 150 mM NaCl; 10% glycerol; 10 mM
EDTA; 20 mM NaF; and 5 mM sodium pyrophosphate,
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once with 10 mM Tris-Cl, pH 7.4, boiled in SDS sample
buffer, and centrifuged. Supernatants were loaded onto SDSpolyacrylamide gel, blotted on Immobilon-P membranes
(Millipore, Waltham, MA, USA), processed by western blot
with the indicated antibodies and detected by Supersignal
substrate chemiluminescence detection kit (Pierce, Rockford,
IL, USA). Signal quantification was obtained by chemiluminescence detection on a Kodak Image Station 440CF and the
analysis with the Kodak 1D Image software.
2.6. Nuclei Purification. Human AFSC nuclei were purified as
reported by Cenni et al. [25]. Briefly, 400 𝜇L of nuclear isolation buffer (10 mM Tris-HCl, pH 7.8, 1% Nonidet P-40, 10 mM
𝛽-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride,
1 𝜇g/mL aprotinin and leupeptin, and 5 mM NaF) was added
to 5 × 106 cells for 8 min on ice. Milli-Q water (400 𝜇L) was
then added to swell cells for 3 min. Cells were sheared by
passages through a 22-gauge needle. Nuclei were recovered
by centrifugation at 400 ×g at 4∘ C for 6 min and washed
once in 400 𝜇L of washing buffer (10 mM Tris-HCl, pH 7.4,
and 2 mM MgCl2 , plus inhibitors as described earlier in the
text). Supernatants (containing the cytosolic fractions) were
further centrifuged for 30 min at 4000 ×g. Isolated nuclear
and cytoplasmic extracts were finally lysed in AT lysis buffer,
sonicated, and cleared by centrifugation.
2.7. Western Blot. The protocols of the western blot were
performed as described by Hanson et al. [26].
Protein extracts, quantified by a Bradford Protein
Assay (Bio-Rad Laboratories, CA, USA), underwent SDSpolyacrylamide gel electrophoresis and were transferred to
Immobilon-P membranes. The following antibodies were
used: rabbit anti-NF-𝜅B, rabbit anti-𝛽catenin, goat antimatrin3, goat anti-actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) diluted 1 : 500; rabbit anti-cyclin E2, cyclin
D1, cyclin B1, p21, Pmyt1, Oct4, and mouse anti-cyclin A1,
and SSEA-4 (Cell Signalling Technology, Beverly, MA, USA),
mouse anti-tubulin, and mouse anti-sc-35 (Sigma-Aldrich St.
Louis, MO, USA), rabbit anti-Nrf2 (Abcam, Cambridge, UK),
rabbit anti-Nox4 (Novus Biologicals, CO, USA), and mouse
anti-pH2A (Ser139), mouse anti-CD90 and anti-CD105 (Millipore, Billerica, MA, USA) rabbit anti-CD73 (Genetex,
Irvine, CA, USA), diluted 1 : 1000; peroxidase-labelled antirabbit, mouse, and goat secondary antibodies diluted 1 : 3000
(Pierce Antibodies, Thermo Scientific; Rockford, IL, USA).
Ab dilution was performed in TBS-T pH 7.6 containing
3% BSA. The membranes were visualized using Supersignal
substrate chemiluminescence detection kit (Pierce, Rockford,
IL, USA). Anti-actin antibody was used as control of protein
loading.
2.8. Senescence Assay. Senescent cells were visualized in 45
days cultures with the Senescence 𝛽-Galactosidase Staining
Kit (Cell Signalling Technology, Beverly, MA, USA) following
the manufacturer’s instructions. This test is designed to detect
𝛽-galactosidase activity at pH 6, a known characteristic
of senescent cells not found in presenescent, quiescent, or
immortal cells.
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2.9. Confocal Microscopy. Undifferentiated AFSC were fixed
for 20 min in 4% ice-cold paraformaldehyde and then permeabilized with 0.1% Triton X-100 in ice-cold phosphatebuffered saline (PBS) for 5 min. Permeabilized samples were
then blocked with 3% of bovine serum albumin (BSA) in
PBS for 30 min at room temperature (RT) and incubated
with primary antibodies (Ab). Mouse anti-sc-35 and mouse
anti-glial fibrillary acidic protein (GFAP) (Sigma-Aldrich, St.
Louis, MO, USA), rabbit anti-human Collagen type II (Genetex, Irvine, CA, USA), rabbit anti-coilin (Abcam, Cambridge,
UK), goat anti-aggrecan, rabbit anti-Nox4, rabbit anti-Oct4,
goat anti-Foxo1, goat anti-Sox2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) (diluted 1 : 50), mouse anti-Oct4
(Millipore Billerica, MA, USA), mouse anti-𝛽tubulin III
(Cell Signalling Technology, Beverly, MA, USA), and mouse
anti-pH2A (Ser139) (Millipore, Billerica, MA, USA) (diluted
1 : 100), in PBS containing 3% BSA for 1 h at RT, were used
as primary antibodies (Ab). Secondary Ab were diluted
1 : 200 in PBS containing 3% BSA (goat anti-mouse Alexa
647, goat anti-rabbit Alexa 488, and donkey anti-goat Alexa
488). After washing in PBS, samples were stained with
1 𝜇g/mL DAPI in H2 O for 1 min and then were mounted
with antifading medium (0.21 M DABCO and 90% glycerol in
0.02 M Tris, pH 8.0). Negative controls consisted of samples
not incubated with the primaryantibody but only with the
secondary antibody.
In the case of a double staining with sc-35 antibody and,
for example, Nox4, we performed a first incubation with antiNox4 overnight and then, separately, 1 h of incubation for
anti-sc-35, in order to avoid unspecific antibodies interactions.
Confocal imaging was performed using a Nikon A1 confocal laser scanning microscope as previously described [27].
Spectral analysis was performed to exclude overlapping
between two signals or the influence of autofluorescence
background on the fluorochrome signals, as previously
shown [28]. The confocal serial sections were processed with
ImageJ software to obtain three-dimensional projections, as
previously described [29]. The image rendering was performed using Adobe Photoshop software.
2.10. Nuclear ROS Imaging. Nuclear ROS were detected with
nuclear-localized fluorescent probe for H2 O2 , nuclear peroxy
emerald 1 (NucPE1) [30–33]. For all experiments, 5 𝜇M
solutions of NucPE1 (from 5 mM stocks in DMSO) were
made in PBS/glucose. The cells were then kept in an incubator
(37∘ C, 5% CO2 ) during the course of all experiments. The
probe was incubated for total of 30 min.
Confocal fluorescence imaging studies were performed
with a Nikon A1 confocal laser scanning microscope. Excitation of NucPE1-loaded cells at 488 nm was carried out with an
Ar laser and emission was collected at 535 nm. All images in
an experiment were collected simultaneously using identical
microscope settings. Image analysis was performed in ImageJ.
2.11. Statistical Analysis. In vitro experiments were performed
in triplicate. For quantitative comparisons, values were expressed as mean ± SD (standard deviation) based on triplicate
analysis for each sample. To test the significance of observed
differences among the study groups, one way analysis of
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Figure 1: Nox4 nuclear localization and interaction in AFSC. (a) Representative images showing superimposing between DAPI (blue), Nox4
(green), and coilin (red) or sc-35 (red). Colocalization graph reporting Pearson’s and overlap coefficients. Scale bar: 10 𝜇m. (b) Total lysates
(TL) were immunoprecipitated with sc-35 antibody and then revealed with anti-sc-35 and anti-Nox4 (right) or were immunoprecipitated
with anti-Nox4 and then revealed with anti-Nox4 and anti-sc-35 (left). Signals of preclearing sample (pcl) are shown in the middle line. (c)
First line: representative images showing staining with nuclear ROS probe (nuclear peroxy emerald 1) of AFSC treated or not treated with
shRNA. Second line: Nox4 signal (green) in the same samples. Scale bar: 10 𝜇m. (d) Western blot revealed anti-Nox4 of AFSC treated with
empty vector (ev) or siRNA TI311640, the best silencing vector among the 4 reported in Materials and Methods section. All presented data
are representative of three independent experiments.

variance (ANOVA) test with the post-hoc Bonferroni correction was applied. A 𝑃 value of <0.05 was considered to be
statistically significant.

3. Results
3.1. Nox4 into the Nucleus of AFSC. Recently we have shown
that, by using antibodies from Santa Cruz, Abcam, or Novus,
we can see a Nox4 signal mostly localized inside the nuclei
of AFSC [18]. In particular AFSC expressing Nox4 into the
nucleus show a spot distribution, a punctate pattern similar
to the one observed in nuclear domains, such as speckles
or Cajal bodies. In order to test whether nuclear Nox4
(nNox4) resides inside nuclear domains, colocalization assays
were performed using antibodies directed to sc-35, a speckle
marker, or coilin, a Cajal bodies marker. Confocal analysis
(Figure 1(a)) of double staining with anti-Nox4 (green) and

anti-sc35 (red) or anti-coilin (red) demonstrates that Nox4
interacts with domain of nuclear speckles, rather than with
Cajal bodies, as shown by values of the Pearson’s correlation
coefficient (Rp) and overlap coefficient (R), which provides
information about the similarity of shape between the two
patterns (Nox4 and sc-35). The value for correlation R can
ranges from −1 to 1, and thus a value of 1 would mean that the
patterns are perfectly similar, while a value of −1 would mean
that the patterns are perfectly opposite. An overlap coefficient
around 0.8 indicates a very good colocalization of the two
signals.
To demonstrate that this localization means also a direct
interaction of these proteins, coimmunoprecipitation experiments (IP for anti-sc35 and IP for anti-Nox4) were performed
and show that Nox4 interacts with domain of nuclear speckles
(Figure 1(b)).
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Figure 2: Nox4 interaction with transcription factors in nuclei of
AFSC. (a) Representative images showing superimposing between
DAPI (blue), Nox4 (green), and FoxO1 (red) or Oct4 (red). (b) Representative images showing superimposing between DAPI (blue),
Oct4 (green), and coilin (red) or sc-35 (red). Scale bar: 10 𝜇m. (c)
Western blot analysis of nuclear lysate (NL) and immunoprecipitation experiment of NL with Nox4 antibody then revealed with
anti-Oct4 and anti-sc-35. Signals of preclearing sample (pcl) are
shown in the middle line. Presented data are representative of three
independent experiments.

In order to investigate the NADPH oxidase activity inside
the nuclei, we used a nuclear selective probe for H2 O2 ,
nuclear peroxy emerald 1 (Figure 1(c)). Immunofluorescence
assay (Figure 1(c)) shows that the decrease in Nox4 expression, demonstrated by western blot (Figure 1(d)), occurs both
in cytoplasmic and nuclear compartments. Overall, AFSC
cells, treated with siRNA, show a significant decrease in
nuclear ROS level.
Forkhead Box O (FoxO) transcription factors act in adult
stem cells to preserve their regenerative potential. FoxO1 is
essential for the maintenance of human ESC pluripotency.

This function is probably mediated through direct control
exerted by FoxO1 of Oct4 and Sox2 gene expression through
occupation and activation of their respective promoters [34].
The cellular distribution of FoxO1 in AFSC is both in the
cytosol and in the nucleus, but the Nox4 signal matches
only in the cytosol, as shown in Figure 2(a). Otherwise, the
pluripotent stem cell marker Oct4 colocalizes in some spots
with nNox4 staining into the nucleus (Figure 2(a)). Interestingly Oct4 is detectable in speckle domains, as shown by
labeling with sc-35 (Figure 2(b)) and coimmunoprecipitation
assay (Figure 2(c)). The signal of coilin, a Cajal bodies marker,
does not match with the Oct4 one (Figure 2(b)).
3.2. AFSC Heterogeneity and nNox4. Stem cells isolated
from different amniotic fluids (1–6 collected samples) exhibit
different behaviors, proliferation rates. In the figures only
the most representative 4 were shown. Figure 3(a) shows
images, representative of 4 of the 6 samples, related to the
different cell distribution of Nox4. It is evident that in s1
sample Nox4 is more expressed and it is detectable mostly
in the cytosol. Conversely, sample s4, the slowest one, shows
a Nox4 localization into the nuclei, while the cytosolic
expression is low. This evidence is confirmed by western blot
analysis of Nox4 in nuclear extracts, as shown in Figure 3(b).
Moreover, the use of nuclear ROS probe demonstrates that
the production of ROS in the nuclei significantly increases
from s1 to s4 donor (Figure 3(c)).
Since ROS can cause DNA damage, we tested the phosphorylation level of H2AX while it is crucial to determine whether cells will survive after DNA damage [35].
As expected looking at nuclear H2A foci, we found that,
compared to s1 and s2, s3 and s4 samples exhibit a huge status
of H2A phosphorylation (Figure 4(a)). The double staining
for Nox4 and pH2AX, even if not in all the nuclei, can suggest
that nNox4-generated ROS can induce nuclear DNA damage.
In parallel, we looked for senescence marker, 𝛽-galactosidase activity (data not shown), but only a not significant
increase can be noticed in the sample 4.
Indeed, regarding the proliferation rate, the faster sample
(s1) cultured in vitro reaches confluence every 48 h, while
the slowest one (s4), seeded at the same density, spends
more than 3 days. A deeper analysis of the cell cycle is
reported below (Figure 4(b)). The positivity for c-Kit in the
selected population is around 98% for all the samples (data
not shown).
In order to investigate cell cycle check points, we analyzed
the expression of different cyclins and other related proteins
(Figure 4(b)). Cyclins A1, B1, and E2, usually upregulated in
proliferating cells, decrease passing from s1 to s4, as well
as p21 and 𝛽-catenin. On the other hand, pmyt1 and cyclin
D1 increase, since they are expressed during G0 /G1 phase,
confirming the low rate of growth of these samples (s3 and
s4).
Analyzing nuclear extracts, the level of the regulating cell
cycle transcription factor NF-𝜅B decreases in slower samples,
suggesting that the oxidation status into the nuclei leads to
destabilization and nuclear export. On the other hand, Nrf2
presence into the nuclei increases from s1 to s4, because Nrf2
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Figure 3: Effect of donor heterogeneity on Nox4 localization and nuclear ROS production. (a) Representative images showing superimposing
between DAPI (blue) and Nox4 (green) signals of 4 different AFSC cultures. Scale bar: 10 𝜇m. (b) Representative images of western blot
analysis of nuclei of samples 1–4 of AFSC revealed with Nox4. Actin detection was performed in order to show the amount of protein loaded
in each line. Presented data are representative of three independent experiments. (c) Representative graph showing fluorescence obtained
with nuclear ROS probe (nuclear peroxy emerald 1) normalized to protein content of AFSC samples. ∗∗∗ 𝑃 < 0.0001; ∗∗∗ 𝑃 < 0.01 significantly
different from sample 1.

acts as a negative regulator of cell cycle entry in hematopoietic
stem cells [36].
The expression profile of pluripotent stem cells and mesenchymal stem cells markers were analyzed. Figures 5(a) and
5(b) show that nuclear expression markers of pluripotency
such as Oct4, Sox2, and SSEA-4 decrease from s1 to s4, as
well as the presence of mesenchymal stem cell markers CD73,
CD90, and CD105. Therefore the stemness capability could
decline.
Then we treated AFSC with 3 different differentiation protocols and we tested the presence of calcified matrix (alizarin
red) for the osteogenic one, of collagen II and aggrecan for
the chondrogenic one, and of GFAP and 𝛽tubulin III for
the neurogenic one. The differentiation potential analysis
demonstrated that osteogenic (Figure 6(a)) and neurogenic
(Figure 6(c)) differentiations were easier for sample 1 than for

sample 4. On the other hand, the presence of cartilage matrix
proteins is higher in sample 4 than in sample 1 (Figure 6(b)).

4. Discussion
The current effort in regenerative medicine is the use of
human stem cells that are easy to collect and are high proliferating, with large plasticity and without ethical problem.
Amniotic fluid stem cells show all these characteristics, but
there is a donor-to-donor heterogeneity that can influence
the proliferation and the differentiation capacities. This is
evident starting from the initial phase of culture, before the
selection for c-Kit. The difference may be due to the fact that
amniotic fluid contains cells of mixed populations derived
from fetus and amnion. Nevertheless, this growth difference
is maintained also after c-Kit+ cells selection. Therefore,
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1–4 separated by SDS-PAGE. Western blot was then performed with the indicated antibodies. Actin detection was performed in order to
show the amount of protein loaded in each line. The analysis for NF𝜅B and Nrf2 was performed on nuclear lysates and matrin3 detection
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experiments.
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Figure 5: Effect of donor heterogeneity on stem cells markers. (a) Representative images showing superimposing between DAPI (blue), Nox4
(green), and Oct4 (red) signals or DAPI (blue) and Sox2 (green) signals of AFSC samples 1 and 4. Scale bar: 10 𝜇m. (b) Representative images
of total lysates of AFSC samples 1–4 separated by SDS-PAGE. Western blot was then performed with the indicated antibodies. Presented data
are representative of three independent experiments.
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Figure 6: Effect of donor heterogeneity on differentiation potential. (a) Representative images showing staining with alizarin
red of AFSC samples 1 and 4 after three weeks of culture in
osteogenic medium. (b) Representative images showing superimposing between DAPI (blue), collagen II (green), and aggrecan (red)
signals of AFSC samples 1–4 after three weeks of culture in chondrogenic medium. (c) Representative images showing superimposing
between DAPI (blue), GFAP (green), and 𝛽tubulin III (red) signals
of AFSC samples 1 and 4 after three weeks of culture in neurogenic
medium. Scale bar: 10 𝜇m.

it is important to find alternative factors involved in cell
fate changes such as ROS and discuss their roles in the
pluripotency and the differentiation of stem cells to improve
directed culture protocols [3].
Recently, it has become evident that nuclear redox signaling is an important signaling mechanism regulating a
variety of cellular functions [37]. NADPH oxidase family
(Nox) is one of the most important sources of ROS in several
cellular compartments, including the nucleus. Recently, we
demonstrated that in AFSC Nox4 can be detected inside the
nuclear domains [18]. In the present study we shed light on
the type of nuclear domain where Nox4 localizes, namely,
speckles domains. Speckles are subnuclear structures that
are enriched in premessenger RNA splicing factors and are

located in the interchromatin regions of the nucleoplasm
of mammalian cells. Speckles are dynamic structures, and
both their protein and RNA-protein components can cycle
continuously between speckles and other nuclear locations.
Several kinases and phosphatases that can regulate the splicing machinery have also been localized into nuclear speckles.
They might also contain transcription factors, together with
splicing factors [38].
Indeed, transcription factors, as well as even kinases and
phosphatases, have been described to be redox regulated
in the nucleus, through modulation of their DNA binding capacity [37]. The diversity in transcriptional control
is achieved through a complex network of combinatorial
protein-protein and protein-DNA interactions affecting the
stability and subnuclear localization of these transcriptional
regulators. The forkhead homeobox type O (FOXO) transcription factors have an essential role in maintaining stem
cell identity [3]. FoxO1, FoxO3a, and FoxO4 are critical
mediators of the cellular responses to oxidative stress and
can also be viewed as sensors for oxidative stress since their
activity is regulated by H2 O2 and, dependent on the cellular
context, they relay these stresses to induce apoptosis, stress
resistance, or senescence [39, 40]. An increase in intracellular
ROS facilitates the localization of FoxO in the nucleus where
it is transcriptionally active [40]. Therefore, we investigated
at first the localization of FoxO proteins in AFSC expressing
Nox4 also into the nuclei. The signal of FoxO1 corresponds
with the one of Nox4 but in cytosolic compartment.
Since our interest is to elucidate the role of Nox4 into
the nucleus, we examined the nuclear interaction with other
transcription factors. For example the transcription factor
Oct4 plays essential functions in the maintenance of pluripotent embryonic and germ cells of mammals [41]. Moreover,
Oct4 protein has been previously reported to be associated, in
human oocytes, with splicing speckles and Cajal bodies [42].
Here we showed that in AFSC nuclei Oct4 colocalizes with
Nox4 and sc-35, as speckles marker. Moreover confocal and
coimmunoprecipitation analysis demonstrated that Nox4
interacts with speckle domains, suggesting that Nox4 could
be involved in the regulation of the transcription/pre-mRNA
processing machinery by ROS production in these specific
nuclear areas. In fact, immunofluorescent localization of
Nox4 demonstrated a punctate pattern of staining in stem cell
nuclei, matching with Oct4, a stemness regulating protein.
It is possible that Oct4 modulated by Nox4-derived ROS
could coordinate with other speckles proteins to regulate
RNA processing.
Stem cells isolated from different amniotic fluids exhibit a
proliferation rate inversely coupled with Nox4-derived ROS
level into the nuclei, as shown by the cell cycle protein
analysis. In support of this, there is recently reported evidence
that accumulation of oxidative DNA damage restricts the
self-renewal capacity of human HSCs [43]. Therefore, we
analyzed in different AFSC samples the presence of H2A foci,
as marker of DNA damage. As expected, in samples where
Nox4 was mostly nuclear, a higher DNA damage occurred.
Therefore one potential role of nNox4 could be the regulation
of the response to DNA damage or through regulation of
DNA repair.
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The study of cell cycle better clarified that slower AFSC
samples are blocked in G0 /G1 phase. Among the transcription factor, NF-𝜅B and Nrf2 are redox sensitive and cell cycle
regulators. In unstimulated cells, NF-𝜅B is sequestered in an
inactive form in the cytosol. It can be released from these
cytosolic pools by two main pathways (for review, see [44]),
resulting in nuclear translocation of NF-𝜅B complexes. In
our experimental conditions nNox4 derived-ROS seems to
establish a decrease in NF-𝜅B expression also into the nuclei.
Nrf-2 is a transcription factor implicated in the cellular
responses to oxidative stress. This heterodimer binds to
antioxidant-response elements (AREs) and thereby upregulates numerous genes coding for detoxification enzymes,
antioxidants, and the enzymes required for de novo GSH
synthesis [45]. Interestingly Nrf2 acts as a negative regulator
of cell-cycle entry in HSCs, maintaining the balance between
HSC quiescence and self-renewal [36]. In effect, Nrf2 level
increases in AFSC samples where the cell cycle is blocked.
Analyzing the cells culture obtained from different donors,
we noticed that also the expression of Oct4 declines in low
growth rate samples, as well as Sox2. In fact, increasing
evidence suggests that Oct4 does not activate transcription
of target genes alone but requires DNA-dependent heterodimerization with another DNA-binding transcription
factor, the HMG-box protein Sox2 [41].
As far as concerning the differentiation capability of
the different AFSC samples, we noticed that the higher
expression of stemness markers (sample 1 or 2) is parallel with
an easier differentiation potential towards osteogenic and
neurogenic lineages. On the other hand, the chondrogenic
commitment was better obtained with AFSC population of
sample 4, but this result may be justified from the low oxygen
condition that allows this differentiation.
Understanding the possible mechanisms by which ROS
influence stem cells’ fate may provide insights into how
the aging of stem cells could be implicated in diseases
of aging [46]. Moreover it may indicate new marker of
stemness capability in order to easily discriminate active MSC
produced for clinical use, with the final outcome that patients
are treated only with effective cells and a waste of public funds
is prevented.
Our findings not only show the effects of nuclear Nox4derived ROS on AFSC, but also suggest the mechanisms
involved in the regulation of the proliferation and differentiation capacity. Moreover, targeting increased levels of nuclear
ROS associated with nonactive stem cells may reverse their
decreased stem capacity, as slight variations in ROS content
may have important effects on stem cell fate.
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[37] M. Lukosz, S. Jakob, N. Büchner, T.-C. Zschauer, J. Altschmied,
and J. Haendeler, “Nuclear redox signaling,” Antioxidants and
Redox Signaling, vol. 12, no. 6, pp. 713–742, 2010.
[38] A. I. Lamond and D. L. Spector, “Nuclear speckles: a model for
nuclear organelles,” Nature Reviews Molecular Cell Biology, vol.
4, no. 8, pp. 605–612, 2003.
[39] A. Brunet, L. B. Sweeney, J. F. Sturgill et al., “Stress-Dependent
Regulation of FOXO Transcription Factors by the SIRT1
Deacetylase,” Science, vol. 303, no. 5666, pp. 2011–2015, 2004.
[40] M. A. G. Essers, S. Weijzen, A. M. M. de Vries-Smits et al.,
“FOXO transcription factor activation by oxidative stress mediated by the small GTPase Ral and JNK,” The EMBO Journal, vol.
23, no. 24, pp. 4802–4812, 2004.

Oxidative Medicine and Cellular Longevity
[41] E. Tolkunova, A. Malashicheva, V. N. Parfenov, C. Sustmann,
R. Grosschedl, and A. Tomilin, “PIAS proteins as repressors of
Oct4 function,” Journal of Molecular Biology, vol. 374, no. 5, pp.
1200–1212, 2007.
[42] V. N. Parfenov, G. N. Pochukalina, D. S. Davis, R. Reinbold,
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Background. Cell free DNA (cfDNA) circulates throughout the bloodstream of both healthy people and patients with various
diseases. CfDNA is substantially enriched in its GC-content as compared with human genomic DNA. Principal Findings. Exposure
of haMSCs to GC-DNA induces short-term oxidative stress (determined with H2DCFH-DA) and results in both single- and doublestrand DNA breaks (comet assay and 𝛾H2AX, foci). As a result in the cells significantly increases the expression of repair genes
(BRCA1 (RT-PCR), PCNA (FACS)) and antiapoptotic genes (BCL2 (RT-PCR and FACS), BCL2A1, BCL2L1, BIRC3, and BIRC2 (RTPCR)). Under the action of GC-DNA the potential of mitochondria was increased. Here we show that GC-rich extracellular DNA
stimulates adipocyte differentiation of human adipose-derived mesenchymal stem cells (haMSCs). Exposure to GC-DNA leads to
an increase in the level of RNAPPARG2 and LPL (RT-PCR), in the level of fatty acid binding protein FABP4 (FACS analysis) and in
the level of fat (Oil Red O). Conclusions. GC-rich fragments in the pool of cfDNA can potentially induce oxidative stress and DNA
damage response and affect the direction of mesenchymal stem cells differentiation in human adipose—derived mesenchymal stem
cells. Such a response may be one of the causes of obesity or osteoporosis.

1. Introduction
In 1940s, it was found that the mammal DNA not only
is in cell nuclei, but also circulates in peripheral blood [1]
(cell-free DNA, circulating DNA, and plasma/serum DNA).
Besides, DNA is always present in the cell culture medium
(extracellular DNA (ecDNA)). There are two fundamental
hypotheses of the plasma/serum cfDNA origin: formation of
the pool of extracellular nucleic acids because of cell death
and/or active secretion of cfDNA by living cells [2, 3]. The
intense interest in cfDNA is related to a possibility of using
it for the purpose of diagnostics of various cancers; for the
detection of disturbances of fetal development; and for the
assessment of risk of disturbing factors, including ionizing
and ultraviolet radiation [4–6].

At the present time, the authors’ attention is drawn not
only to the use of cfDNA as an early marker of diseases and
pathological conditions, but also to studying various potential
biological functions of cfDNA [6–8]. In pathological conditions and due to impacts hazardous for the genome, a number
of cfDNA parameters, such as plasma concentration and
content of various DNA sequences in cfDNA, are changed.
As part of cfDNA, GC-rich genomic sequences are often
accumulated. In cfDNA, GC-content was found to reach
74.8% (with an average of 53.7%), whereas nuclear GCcontent is just 38% [9, 10]. Earlier, we found an increased
content of fragments of the transcribed region of ribosomal
repeat (rDNA) in cfDNA [11, 12]. It is known that GC-pairs
form up to 80% of some regions of rDNA. The cfDNA enrichment with ribosomal repeat several times in comparison with
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the genome ribosomal repeat content typically occurring
during a chronic pathology accompanied by intensified cell
death (ischemic heart disease and rheumatic arthritis) [11–
13], as well as in consequence of a chronic external damaging
influence (ionization radiation) [14].
Mesenchymal stem cells of human adipose tissue (haMSCs) are multipotent progenitor cells that can differentiate
into several cell types. The haMSCs respond to an alteration of
GC-rich sequence content in ecDNA of the culture medium.
The GC-rich DNA molecules were shown to serve as ligands
for the toll-like receptor family, namely, TLR9. All the ligands
for TLR9 contain CpG motifs. The contents of the ligands
for TLR9 in DNA directly depend on the GC-content of
the DNA. TLR9 stimulation results in an activation of
transcription factor NF-kB and producing TNF𝛼 and IL6
[15]. It is known that NF-kB activation can result in an arrest
of adipogenic differentiation and stimulate osteogenesis [16].
Conversely, it was shown recently that a change of the total
ecDNA concentration in the culture medium of haMSC is followed by production of reactive oxygen species (ROS), which
are considered as agents significantly enhancing adipogenesis
[17]. The matter of the direction of haMSC differentiation
after changing the properties of ecDNA in the ambient
medium is important in terms of in vivo response of stem
cells for a pathologic process. Moreover, stem cells are used
in therapeutic purposes for the introduction into the patient’s
body. As a rule, in severe conditions, the concentration
and GC-content of cfDNA in haMSC recipient’s body are
significantly changed in comparison with healthy controls.
Thus, the aim of this study was an analysis of the influence
of normal and GC-rich ecDNA fragments on the level of
ROS, double-strand DNA breaks, DNA damage response,
and spontaneous differentiation of haMSCs to adipocytes.

2. Materials and Methods
2.1. Cell Culture. Mesenchymal stem cells (haHaMSCs) were
obtained from adipose tissue of patients subjected to surgical
operation. To obtain stromal cells, minced adipose tissue
was digested with collagenase as described previously [17].
Immunophenotype and other characteristics of collected cells
were described earlier [17]. HaMSCs (2278) were cultivated
in a humidified atmosphere with 5% CO2 in air at 37∘ C
in AmnioMax C-100 Basal Medium (Gibco), containing
AmnioMax Supplement C-100. Before treatments, cells were
split no more than four times. Fluorescence-activated cell
sorting analysis (FACS) has shown that the cultured HaMSCs did express MHC (major histocompatibility complex)
molecules (HLA-ABC+) and adhesion molecules (CD44+,
CD54 (low), CD90+, CD106+, CD29+, CD49b (low), and
CD105); however, these cells were negative for hematopoietic
markers (CD34-, CD45-, and HLA-DR-) and the marker
CD117 [17]. In presence of an inducer (kit for adipogenic
differentiation, “StemCell Technologies Inc.”), these cells
underwent differentiation into adipocytes. HaMSCs were
cultivated in the presence of DNA samples in a humidified
atmosphere with 5% CO2 in air at 37∘ C. Ethical approval for
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the use of haMSCs was obtained from the Regional Committees for Medical and Health Research Ethics (approval
number 5).
2.2. DNA Probes. GC-DNA: linearized plasmid DNA (10
197 bp) contains rDNA sequences (5836 bp, 73% GC) cloned
into EcoRI site of pBR322 vector 4361 bp (53% GC) in length.
Cloned rDNA fragment covers positions from −515 to 5321 of
human rDNA according to HSU13369, GeneBank. Linearized
vector pBR322 served as a control. All DNA samples were
subjected to the same lipopolysaccharide-removing purification procedure that included treatment with Triton X-114
followed by gel-filtration on the HW 85 [15]. Genomic DNA
(gDNA, ∼38–40% GC) was isolated from haMSCs by the
phenol extraction method.
2.3. RT-PCR Analysis. Total RNAs were isolated from cultured cells using the Yellow Solve kits (Clonogen, Saint Petersburg, Russia) and treated with DNAse I (Sileks, Moscow,
Russia). RNAs were quantified with Quant iTTM RiboGreen
RNA reagent (MoBiTec) on a luminescent spectrometer LS
55 (PerkinElmer, England) and their concentrations normalized to the number of cells used for RNA isolation. The
reverse transcription was performed using the MMLV-RT
(Sileks, Russia) following the standard protocol. The relative
abundance of individual mRNAs was assayed by qRT-PCR
using SYBRGreen PCR MasterMix (Applied Biosystems) and
a StepOnePlus instrument (Applied Biosystems). The levels of
RNA were assayed in at least three independent experiments
with CV at 2%. TBP was used as the reference gene after an
experimental validation of the stability of its expression in
haMSCs using TBP, GAPDH, and AKTB as selection pool.
The following primers were ordered in Sintol (Russia):
BRCA1 (F: GGCTATCCTCTCAGAGTGACATTTTA,
R: GCTTTATCAGGTTATGTTGCATGGT);
BCL2 (F: TTTGGAAATCCGACCACTAA, R: AAAGAAATGCAAGTGAATGA);
BCL2A1 (Bfl-1/A1) (F: TACAGGCTGGCTCAGGACTAT, R: CGCAACATTTTGTAGCACTCTG)
BCL2L1 (BCL-X) (F: CGACGAGTTTGAACTGCGGTA, R: GGGATGTCAGGTCACTGAATG)
BIRC2 (F: GAATCTGGTTTCAGCTAGTCTGG; R:
GGTGGGAGATAATGAATGTGCAA)
BIRC3 (c-IAP1) (F: AAGCTACCTCTCAGCCTACTTT, R: CCACTGTTTTCTGTACCCGGA)
NOX4 (F: TTGGGGCTAGGATTGTGTCTA; R:
GAGTGTTCGGCACATGGGTA);
LPL (F: ACAAGAGAGAACCAGACTCCAA; R:
GGTAGTTAAACTCCTCCTCC)
PPARG2 (F: ACCAAAGTGCAATCAAAGTGGA, R:
GGCTTATTGTAGAGCTGAGTCT);
TBP (reference gene) (F: GCC CGA AAC GCCGAA
TAT, R: CCG TGG TTC GTG GCT CTC T).
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2.4. Flow Cytometry. For flow cytometry measurement of Ki67, PCNA, BCL2, FABP4, and 𝛾H2AX, haMSCs were washed
in Versene solution and then treated with 0.25% trypsin
under control of light microscopy. Cells were transferred
to the Eppendorf tube and washed with DMEM medium,
then centrifuged, and resuspended in PBS. Cells were fixed
in 3% PFA for 10 min at 37∘ C, washed with PBS, and then
permeabilized with 0.1% Triton X-100 (Sigma) in PBS for
15 min at room temperature. PCNA, FABP4, and BCL2 were
analyzed using specific antibodies (eBioscience, USA) and
FITC goat anti-mouse IgG (US Biological, USA). 𝛾H2AX
and Ki-67 were analyzed using 𝛾H2AX-specific and Ki67-specific antibodies labeled with FITC (US Biological,
USA). To quantify the background fluorescence, we stained
a portion of the cells with secondary FITC-conjugated antibodies only. Cells were analyzed using CyFlow Space (Partec,
Germany); each experiment was repeated at least three times.
Subpopulations of the cells were gated as recommended by
the CyFlow software.
Annexin V binding assays: following treatment with
DNAs, cells were detached by trypsinization, counted and
pelleted (1000 r.p.m. for 5 min). Cell pellets were washed once
with PBS and once in Annexin V binding buffer (10 mM
HEPES, pH 7.4, 140 mM NaCl, and 2.5 mM CaCl2 ). Cells were
treated with Annexin V-FITC at room temperature for 15 min
in the dark. Cells were analyzed for fluorescence on CyFlow
Space.
2.5. Fluorescent Microscopy. Cell images were obtained using
the AxioScope A1 microscope (Carl Zeiss). Immunostaining
was performed as previously described [16]. The cells were
washed by PBS, fixed on glass with 3% formaldehyde solution
for 15 min at 4∘ C. The glasses were washed by cold PBS
two times for 5 min and by PBS with 0.1% Triton X-100
one time for 10 min, stained with FITS-𝛾H2AX antibody
(US Biological, USA) for 1 h at room temperature in PBS
with 0.02% Triton X-100. Afterwards we added for 10 min
rhodamine phalloidin at concentration of 0.4 U/mL in PBS
with 0.02% Triton X-100. Then we washed the cells three
times by PBS and analyzed the same fields of the preparations
at the excitation wavelength 520–550 nm (red fluorescence)
and at the excitation wavelength 488 nm (green fluorescence).
At least 100 fields on each preparation were analyzed. We
counted the number of stained cells of four types: (1) without
clear spots, (2) without the small and high number of clear
spots (but clearly resolvable), (3) with the very high number
of signals (confluent stained zones), and (4) with mitotic
nuclei. The assessment of unspecific sorption was performed
with the use of the FITC-labelled mouse immunoglobulin
(US Biological, USA).
2.6. ROS Detection Assays. The experiments were performed
in slide flasks or in the 96-well plates (Nunclon, Germany).
Before treatment, cells were grown to subconfluency. After
DNA treatment, the cells were incubated at 37∘ C. To detect
ROS production, cells were treated with 10 𝜇M of H2DCFHDA (Molecular Probes/Invitrogen, CA, USA). Cells were
analyzed by each of the following methods: (1) total fluorescence analysis in the 96-well plate format, 𝜆 ex = 488 nm, and
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𝜆 em = 528 nm (EnSpire Equipment, Finland); and (2) flow
cytometry analysis (Partec, Germany). H2DCFH-DA stained
cells were washed in versene solution and then treated with
0.25% Trypsin. The trypsinization level was controlled by
light microscopy observation. Cells were transferred to the
Eppendorf tube and washed with media 199, then centrifuged,
and resuspended in 1x PBS. One hundred thousand cells were
analyzed using FACS with FL1 laser; each experiment was
repeated at least 3 times.
2.7. Adipogenic Differentiation. HaMSCs were seeded into
slide flasks, grown to subconfluency (∼80%) and exposed to
DNA samples at concentrations of 50 ng/mL. In a week the
culture medium with DNA samples was refreshed. At day
14, adipogenesis was quantified by fixing the cells with 4%
PFA and staining with 0.3% Oil Red O solution (Chroma,
Münster, Germany) and with CytoGreen (Invitrogen). Cell
images were obtained using the AxioScope A1 microscope
(Carl Zeiss). Control (−) DNA samples were not added to the
medium; control (+) – cells were cultured in the medium reliably inducing adipogenesis (“StemCell Technologies Inc.”).
Differentiation experiments were repeated three times.
2.8. Statistics. All reported results were reproduced at least
three times as independent biological replicates. The figures
show the average data and the standard deviation (SD). The
significance of the observed differences was analyzed using
nonparametric Mann-Whitney U tests. 𝑃 values < 0.05 were
considered statistically significant K marked at the figures
with (∗ ). Data were analyzed with StatPlus2007 Professional
software (http://www.analystsoft.com).

3. Results
This study was performed using subconfluent haMSCs
obtained from donor and characterized by CD marker
expression. Detailed description of the haMSCs used (line
2278) were presented in our previous work [17]. Untreated
MSC culture medium contains endogenous extracellular
DNA (ecDNA). Concentrations of endogenous ecDNA in
the haMSCs medium averaged to 12 ± 2 ng/mL [15, 17]. In
most experiments, a concentration of added DNA probe of
50 ng/mL was used as standard. Two major types of DNA
preparations were used: (1) genomic DNA (gDNA) with
low GC-content (∼38–40%). This DNA was fragmented to
shorter fragments using limited hydrolysis with DNAse 1 and
(2) DNA with high GC-content. The second type included
plasmid-vector pBR322 (53% GC) and GC-DNA plasmid,
which contains pBR322 vector and an insertion, a GC-rich
fragment of the transcribed region of human ribosomal
repeat (rDNA) 5836 bp long (73% GC). Figure 1 displays the
distribution of CpG-motifs, which constitutes the ligands for
TLR9, within pBR322 plasmid-vector and within plasmid
GC-DNA. The ligands for TLR9 are supposed to be a principal cause of the biological activity of GC-rich DNA [12–15].
Figure 1 also presents the CpG-content within the transcribed
region of human ribosomal repeat, which accumulates as
part of cfDNA in blood plasma of healthy people and,
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Figure 1: Distribution of CpG-motifs and Gn-motifs (𝑛 = 3) within the model DNA samples and within rDNA (transcribed region of human
ribosomal repeat) that accumulates in circulating DNA of blood plasma. The digits indicate the nucleotide order number, while the vertical
bar shows the motif location. For comparison, the figure also presents the distribution of the motifs within a randomly chosen fragment of
genomic DNA with a total GC-content of 42%.

especially, patients with some chronic pathologies [11–14].
For comparison, the figure also presents the distribution of
CpG-motifs within a randomly chosen sequence of genomic
DNA of the same length as the transcribed region of human
ribosomal repeat. Besides, Figure 1 shows the distribution of
Gn-motifs (𝑛 = 3–5) within the same DNA fragments. Gnmotifs are interesting due to the fact that guanosine contained
in them is very oxidation-proned [18]. Consequently, regions
of oxidated DNA may occur. Oxidated DNA possesses
expressed biological activity and induces oxidative stress in
stem cells [17]. The samples of gDNA and GC-DNA contained
DNA fragments of approximately equal length: ∼11 kb.
3.1. An Increase of ecDNA Concentration Elevates the Level
of ROS in haMSCs. A change in ROS levels in the cells
in response to a change of total ecDNA concentration was
studied using FACS analysis (Figure 2(a)). ROS levels were
evaluated using H2DCFH-DA (10 𝜇M). The dye was added
at 20 min after the incubation of cells with DNAs in the
course of a certain period of time, as shown in the figure.
The measurements were carried out for gDNA and for GCDNA (20 ng/mL, Figure 2(a)). Virtually immediately (within
the first 5 minutes) after adding DNA probes to the medium,
a sharp increase of ROS level in the cells was observed
(Figure 2(a)(B)). GC-DNA induced a stronger response than

gDNA. ROS level in haMSC after adding GC-DNA was
approximately equal to ROS level in the presence of H2 O2
oxidant at 0.2 mM. The effect is observed within the first
15 minutes of incubation of the cells with DNA probes
or H2 O2 and further blocked (Figure 2(a)(C)). 30 minutes
later, ROS level in the cells treated with GC-DNA or H2 O2
decreases lower than the control one. The signal decline can
be associated with either a real reduction of the level of ROS
synthesis as a result of antioxidative response or a dye leakage
through cell membrane damaged by ROS. The evidence for
possibility of DCF leakage is the appearance, with the course
of time, of a fraction of unstained cells in a population of
haMSCs treated with H2 O2 (Figure 2(a)(A and B)). In case of
the impact of DNA probes on haMSCs, no emerging fraction
of unstained cells was observed.
The FACS data were independently corroborated by fluorescent reader data. HaMSCs were exposed to 10–150 ng/mL
of gDNA, pBR322, and GC-DNA. ROS levels were evaluated
using H2DCFH-DA (10 𝜇M) immediately after the addition
of DNA probe. In instance, Figure 2(b)(A) presents the data
of the impact of DNA probes at 20 ng/mL on haMSCs.
All DNA samples stimulated a 2- to 3-fold increase in the
levels of ROS produced by haMSCs. GC-DNA in a greater
degree stimulated ROS synthesis more than gDNA and
pBR322. H2 O2 significantly increased the intensity of general
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Figure 2: Exposure of haMSCs to different extracellular DNA samples induces short-term oxidative stress. (a). (A) FACS analysis showing the
homogeneity of the cells (FSC-SSC diagram) and the stained cellular fractions (SSC-FL1(DCF) diagram). Control haMSC were treated with
10 𝜇M H2DCFH-DA; (B) FACS analysis showing the distribution of haMSC stained with DCF. Cells were pretreated with DNA samples
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fluorescence, which corroborates the above assumption of
dye leakage from the cells, probably, because of membrane
breakage. Figure 2(b)(B) shows the dependence of DCF
signal on the concentration of added DNA probe. The
maximum signal was observed when GC-DNA probe had
been added at a concentration of 20 ng/mL. The maximum
difference between GC-DNA and gDNA was observed at a
probe concentration of 50 ng/mL.
Thus, a sharp increase of ecDNA concentration several
times will be accompanied by a fast but short rise of the ROS
amount in haMSCs. GC-DNA is a stronger ROS inducer than
gDNA and pBR322. The action of GC-DNA is comparable
with the effect of 0.2 mM H2 O2 , but no damage to cell
membrane occurs. High ROS level in the cell can potentially
lead to an oxidation of cell’s own DNA. One of the wellknown consequences of DNA oxidation is an accumulation
of single- and double-strand DNA breaks (SSBs and DSBs).
3.2. Exposure to gDNA and GC-DNA Induces Strand Breaks
in Cell’s Own DNA. To quantify DSBs in haMSCs exposed to
either gDNA or GC-DNA, we employed a common technique
for the visualization of DSBs, immunostaining with antibodies against the histone 𝛾H2AX, phosphorylated at serine139. This form of H2AX is known to rapidly accumulate
at DNA loci flanking the DSB site [19]. HaMSCs stained
with FITC-conjugated antibodies to Ser-139 phosphorylated
histone 𝛾H2AX are shown in Figure 3. One of the main
consequences of a ROS burst is the process of actin polymerization/depolymerization [20]. For the visualization of the
polymeric form of actin (F-actin) along with 𝛾H2AX, we used
the conjugate of falloidin with rhodamine [21]. Figure 3(a)
also shows that the amount of F-actin in relation to the
control significantly increases after an exposure to gDNA or
GC-DNA, with the staining intensity of this protein per cell
being more than that of the control cells. The actin stress-fiber
formation generally takes place after a ROS burst [22].
In the control samples, 12 ± 3% of the cells are stained
with FITC-conjugated antibodies to Ser-139 phosphorylated histone 𝛾H2AX. After any kind of DNA is added to
the medium, the fraction of cells with 𝛾H2AX expression
increases (Figure 4(a)) as early as 30 minutes later, but, 3
hours later, it decreases. The decrease is more prominent for
GC-DNA. Thus, elevation of ecDNA concentration leads to a
short-time increase of the number of cells with clear gamma
focuses that indicates an increase of the number of cells with
double-strand DNA breaks, the portion of which, in case of
gDNA and GC-DNA reaches, respectively, 15% and 19% of the
whole pool of haMSCs.
Using FACS, two gated areas, R1 and R2, were studied (Figure 3(b)(A)). Cells within gate R1 have largest FL1
(𝛾H2AX); this is interpreted as multiple DSBs. Gate R2
contains cells with low level of 𝛾H2AX and with no DSBs.
In the control, R1 fraction makes on the average 6 ± 1%
of the whole population. This fraction includes cells with
elevated amount of 𝛾H2AX marker. The quantity of these
cells increases more than 2 times as early as 20 minutes after
a rise of concentration of any DNA in the medium, while
it begins to decrease 1.5 hours after adding the DNA probe
(Figure 3(b)(B)). In the presence of GC-DNA, the decrease
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is more prominent, and, 2.5 hours after adding GC-DNA
to the medium, the quantity of R1 fraction cells decreases 2
times in comparison with the control. Thus, while ecDNA
concentration increases in the culture medium, the total
amount of 𝛾H2AX histone temporarily increases in a portion
of the cells. The effect can be observed for no longer than 2-3
hours after the DNA is added to the culture medium.
Since some works were published recently, which
reported that even clear gamma focuses do not always
correspond to DNA breaks [23, 24], we corroborated
the gamma focus data using another technique detecting
chromatin breaks. This technique called DNA “comet” assay,
allows detecting damaged DNA in a certain separate cell. We
employed comet assay electrophoresis in alkaline conditions
(Figure 3(c)). The technique enables testing totally both
single- and double-strand breaks in the nuclear DNA. The
experiment was carried out for GC-DNA (Figure 3(c)(A)). As
a reference impact, which is with certainty followed by DNA
breakage, ionizing radiation was used at a dosage of 10 cGy.
The haMSC pool comprises cells of 4 types (Figure 3(c)(A)).
Type 1 cells (they make more than 90% of the control cell
pool) contain no DNA breaks. Type 2 cells contain small
number of DNA breaks. In type 3 cells, DNA is highly
fragmented, and type 4 cells are cells undergoing apoptosis
(less than 1% of the reference population) with extremely
high extent of DNA fragmentation. Figure 3(c)(B) displays
data on changes of the total cell fractions with different extent
of DNA breakage (types 2–4) occurring after adding GCDNA to the medium or after exposure to radiation. In case
of GC-DNA, within the first 30 minutes of the experiment
we observed formation of cells of, predominantly, type 2
containing small number of breaks. In the population of
radiation-exposed cells, in 30 minutes after the exposure,
most cells were of type 3. Three hours later, the portion of
cells containing DNA breaks came to reduce and converged
to the reference level.
We analyzed changes in expression levels for mRNA
encoding cell DNA repair related protein BRCA1. In three
hours after adding GC-DNA to haMSCs, levels of mRNA
for BRCA1 showed a 7-fold increase (Figure 3(d)). In case
of treatment with gDNA and pBR322, genes also tend to
increase the mRNA biosynthesis, up to 1.5–2 times.
Thus, we have established that a rise of ecDNA concentration in the culture medium of haMSCs is accompanied
by de novo nuclear DNA breaks, probably, owing to a ROS
burst. The DNA breaks are known to block the cell cycle. In
turn, this can affect the process of differentiation of haMSCs
to adipocytes [25]. For this reason, we studied an influence of
DNA probes added upon the cell cycle in haMS cells.
3.3. Exposure to gDNA and GC-DNA Did Not Affect Significantly the Cell Cycle. To evaluate the proportion of proliferating cells, the cells were fixed, stained with FITC-labeled
antibodies to Ki-67 [26], and subjected to flow cytometry
analysis. At Figure 4(a)(A, B), one can see the results of FACS
for cell populations cultivated in the presence of gDNA and
GC-DNA (50 ng/mL, 0.5 and 3 h). gDNA within 30 minutes
induces a decrease of the quantity of cells that express Ki67. As early as 3 hours after adding gDNA, the marker level
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Figure 4: Changes in the amount of proliferation markers Ki-67 and PCNA in haMSCs exposed to gDNA or GC-DNA at final concentration
50 ng/mL (FACS). (a) (A) fixed cells stained with anti-Ki-67 (FITC) antibodies. Distribution of fluorescence intensities of the cells exposed to
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approaches the reference values. GC-DNA have virtually no
effect on the quantity of Ki-67+ cells.
A similar analysis was performed for proliferating cell
nuclear antigen (PCNA) [27]. After the cells had been
exposed to 50 ng/mL of gDNA and GC-DNA, the level of
PCNA protein in the cells increased as compared to control
(Figure 4(b)(A, B)). Interestingly, the level of PCNA in the
cells increased when cells had been exposed to gDNA, thus,
producing overall a picture substantially different from that
of Ki-67 staining (Figure 6(a)).

Because the two proliferation markers showed different
results regarding the change in the level of cells’ proliferative
activity after an increase of ecDNA concentration, an additional examination of the expression of three genes involved
in the cell cycle regulation was performed.
It is known that cell cycle initiation activates the synthesis
of cyclin D1 protein encoded by CCND1 gene. Cyclin D1
launches G1 phase of the cell cycle and plays a key role in
the regulation of cell transfer from G1 to S phase [28]. The
expression level of CCND1 gene is regulated at the stage
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of transcription. In haMSC exposure to gDNA fragments,
a slight lowering of the level of CCND1 gene expression
occurs in 20 minutes after adding DNA fragments to the
culture medium (Figure 4(c)). GC-DNA induces 1.4-fold
raised CCND1 gene expression in 1 hour after the beginning
of exposure. In 24 hours, the CCND1 gene expression level
in haMSC increases on average 1.2–1.5 times higher when
exposed to gDNA and pBR322 and 2.2 times higher when
exposed to GC-DNA (Figure 4(c)).
We also analyzed changes of expression of two cyclindependent kinase inhibitors that participate in the regulation
of cell cycle. CDKN2 encodes p16 protein, which disturbs
binding of cyclin D1 to CDK [29, 30]. The other protein, p21,
refers to WAF/Kip CDKI family and is encoded by CDKN1A
gene. The p21 kinase inhibitor negatively affects the activity
of cyclin-depended kinase (CDK2) complexes at G1 phase of
the cell cycle and cyclin-depended kinase (CDK1) complexes
at G2 phase of the cell cycle [28]. Expression of this gene is
controlled by p53 protein. Raised CDKN1A gene expression
can result in G1-arrest. CDKN2 and CDKN1A gene expression
in haMSCs was found to be increased 1.6–1.9 times within the
first hour of gDNA exposure. GC-DNA and pBR322 did not
have statistically significant effect on CDKN2 and CDKN1A
gene expression (Figure 4(c)).
The data collection presented at Figure 4 suggests that
gDNA, within the first hour after being added to the culture
medium of haMSC, temporarily blocks the cell cycle (reducing Ki-67 protein level, lowering amount of mRNA CCND1,
and raised amounts of mRNA CDKN2 and CDKN1A). GCDNA, contrariwise, insignificantly induces proliferation.
The discordance of observed changes in the staining for
PCNA (Figure 4(b)) and Ki-67 (Figure 4(a)) after exposing
to gDNA and GC-DNA could be explained by shifting the
nuclear processes toward DNA repair [31, 32]. Importantly,
PCNA is involved in both DNA replication and DNA repair.
Moreover, PCNA was shown to serve as a biomarker of DNA
repair and as processivity factor for DNA polymerase-𝛿 that
repairs DNA gaps after the excision of damaged DNA strand.
Increased expression of 𝛾H2AX histone together with
no cell cycle arrest in spite of ROS generation and doublestranded breaks after GC-DNA exposure suggests induction
of rapid and effective DNA damage response (DDR) by GCDNA fragments. Existence of such a response in haMSCs,
which causes their higher resistance to DNA damage, was
proven earlier [33, 34]. During DDR, expression of genes
determining DNA repair and survival of affected genes
increases in the cells. We analyzed a possibility of the DDR
in cells incubated in the presence of gDNA and GC-DNA in
the medium.
3.4. Exposure to Either gDNA or GC-DNA Supports Cell
Survival. To quantify cells in early apoptosis, we used FITC
conjugated Annexin V (Figure 5(a)) and FACS. After three
hours of exposure either to gDNA or GC-DNA, the proportion of the apoptotic cells in treated cultures decreased to
levels 3 and 5 times less than those in the control haMSCs.
In three hours after adding GC-DNA to haMSC culture
medium, levels of mRNA for BCL2, BCL2A1 (Bfl-1/A1),
BCL2L1 (BCL-X), BIRC3 (c-IAP1), and BIRC2 increase 3

9
to 7 times (Figure 5(b)). In case of treatment with gDNA
or pBR322, these genes also tend to increase their mRNA
biosynthesis, up to 1.5–2.5 times. After long-lasting growth
in the presence of DNA probes, increased level of expression
of antiapoptotic genes BCL2, BCL2A1, BCL2L1, and BIRC2
is retained in the presence of GC-DNA and pBR322, and
BCL2A1 expression remains elevated in the presence of
gDNA.
High level of mRNA for BCL2 in haMSC after 14-day
long incubation with pBR322 or GC-DNA well correlates
with an increase in the amount of BCL2 protein itself,
as detected using FACS (Figure 5(c)). Both DNA probes
induce an increase of the ratio of cells with very high level
of expression of this antiapoptotic protein (Figure 5(c)(A))
in the cell pool. The effect of an exposure to GC-DNA
is significantly more prominent than that of the action of
pBR322 or gDNA (Figure 5(c)).
After long-time cultivation of haMSC in the presence of
DNA probes the level of expression of the antiapoptotic proteins declines. However we found an increase of expression
of the gene for a proapoptotic protein BAX (Figure 5(b)).
3.5. GC-DNA Induces Adipogenic Differentiation in haMSCs.
We incubated haMSCs in the presence of 3 different DNA
probes (gDNA, GC-DNA, and pBR322) in a concentration of
50 ng/mL during 14 days, using the standard culture medium,
with no differentiation-inducing factors added. Within 7
days the culture medium was replaced with second addition
of DNA probes in the same concentration. As negative
control, cells without DNA probes added were used, and,
as positive control, cells were used that had been cultivated
in a medium containing standard adipogenic differentiationinducing factors (StemCell Technologies Inc.). 14 days after
the experiment was started, we visually recorded considerable
changes in the morphology of cells cultivated in the presence
of GC-DNA (Figure 6(a)). Cells containing characteristic
small lipoid granules accumulated in the haMSC population.
Such cells neighbored other cells, which did not differ
morphologically from the controls. In the presence of gDNA
and pBR322 probes, cells generally showed no considerable
difference from the controls in morphological respect. However, there were also some single cells that included small
lipoid granules.
To prove adipogenic differentiation, the cells were stained
with Oil Red O (Figure 6(b)). Of 3 DNA samples, the GCDNA sample only induced formation of a large number
of stainable lipoid granules in the haMSC population. We
applied additional markers for corroboration of adipogenesis
of haMSCs in the presence of GC-DNA. The PPARG transcription factor is known as a differentiation-inducing agent,
expression of which increases during the process of adipogenesis [35, 36]. GC-DNA was shown to stimulate a 10-fold
increase of PPARG2 mRNA level in haMSCs (Figure 6(c)) a
week after the experiment was started, while gDNA in the
same conditions did not induce any elevation of expression of
this gene. Along with the elevation of expression of PPARG2,
the presence of GC-DNA in the medium increased several
times the amount of RNA for LPL protein, expression of
which increases in preadipocytes and adipocytes [36].
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Figure 5: Exposure to either gDNA or GC-DNA supports cell survival. (a) Detection of haMSCs with sings of early apoptosis (FACS).
HaMSCs were exposed to DNA samples (50 ng/mL, 3 h). (A) The distribution of fluorescence intensities of the cells stained with Annexin
V-FITC; (B) the proportion of Annexin V-positive cells in total cell population. (b) The ratio of the levels of mRNA BCL2, BCL2A1 (Bfl-1/A1),
BCL2L1 (BCL-X), BIRC3 (c-IAP1), and BIRC2 in cells exposed to 50 ng/mL gDNA, pBR322, or GC-DNA. The incubation time is indicated
on the histogram. (c) Detection of BCL2 protein level in haMSCs exposed to DNA samples (50 ng/mL, 14 days). Cells were fixed with 3%
PFA, treated with 0.1% Triton X-100 and stained with anti-BCL2 (FITC) antibodies. (A) FACS analysis showing the stained cellular fractions
(SSC-FL1 (BCL2) diagram). Gate R encircles the fraction of haMSCs that express large amounts of protein BCL2; (B) the proportion of cells
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Figure 6: GC-DNA induces adipogenic differentiation of haMSCs. HaMSCs were grown to subconfluency (∼80%) and then DNA samples
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(c) Relative levels of RNA for PPARG2 and LPL. The cells were fixed after 7 days of incubation. (d) Detection of FABP4 protein level in haMSCs
exposed to DNA samples. Cells were fixed with 3% PFA, treated with 0.1% Triton X-100 and stained with anti-FABP4 (FITC) antibodies. (A)
FACS analysis showing the stained cellular fractions (SSC-FL1 (FABP4) diagram). Gate R encircles the fraction of haMSCs that express large
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proportion of cells with large amounts of protein FABP4 (gate R). Horizontal bars reflect relative expression levels in the control cells. Data
points were averaged and represented as mean ± SD for three biological replicates. Asterisk (∗ ) depicts the differences between exposed cells
and control cells that were statistically significant by the Mann-Whitney U test (𝑃 < 0.05).

12
14 days after GC-DNA was added to the culture medium
of haMSCs, we recorded a drastic increase of the amount
of protein encoded by FABP4 gene, in the cells. Fatty
acid binding protein (FABP4) accumulation was evaluated
using flow cytometry (Figure 6(d)). About 90% of the cells,
incubated with GC-DNA, expressed this marker in large
amounts (Gate R, Figure 6(d)). In control haMSCs, mere
10% of the cells expressed large amounts of this protein. The
gDNA and pBR322 probes stimulated extra (in reference to
the control) FABP4 protein synthesis in less number of cells
than GC-DNA (about 20% of the whole cell population)
(Figure 6(d)(B, C)).
An additional verification of adipogenesis of haMSCs
in the presence of GC-DNA is elevation of mitochondrion potential, which was tested with TMRM mitotracker
(Figure 7) using fluorescence microscopy and FACS analysis.
As found earlier, the weight of MSCs mitochondria considerably increases in the course of adipogenic differentiation [37].
The gDNA and pBR322 probes induced the inverse effect: a
reduction of the mitochondrion potential. Interestingly, after
2 and more weeks from the start of haMSCs cultivation, in
the presence of all the DNA probes in the medium, the cell
population begins to contain large cells with enlarged nucleus
and reduced level of staining detected with mitotracker
(Figure 7(b)).
Therefore, we have established that the GC-rich human
DNA sequence (rDNA) as part of extracellular DNA of the
medium induces differentiation of haMSCs to adipocytes,
even without the usual adipogenesis-inducing factors.

4. Discussion
The main result of our work is the following: GC-rich
fragments of human genomic DNA, being added to the
culture medium of haMSCs, evoke spontaneous adipogenic
differentiation of these cells. The source of GC-rich fragments
inducing adipogenesis was a GC-DNA-carrying plasmid,
which contained a GC-rich insertion, namely, a fragment
of human rDNA, in the pBR322 bacterial vector. The fact
of differentiation of haMSCs to adipocytes in the presence
of the model GC-DNA is corroborated using several independent standard techniques: morphological alterations of
the cells (Figure 6(a)), cell staining with the Oil Red O dye
(Figure 6(b)), expansion in the amounts of RNA for PPARG
transcription factor and for marker protein LPL (Figure 6(c)),
and a marked increase in the content of FAPB4 protein in the
cells (Figure 6(d)).
When haMSCs were cultivated in the presence of GCDNA, we observed other effects, which, according to the
published works, accompany or even cause adipogenesis. For
example, GC-DNA causes augmentation of the mitochondrion potential (Figure 7). It was earlier demonstrated that
increased mitochondrial activity is a prerequisite for the MSC
differentiation into adipocytes [37].
Additionally, an exposure to DNA fragments added to
the culture medium, irrespective of their GC-content, also
induced nuclear DNA breaks (Figure 3). Spontaneous DNA
fragmentation was recently observed at the early stage when
adipocyte commitment occurs [38]. This DNA damage was
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independent from either spontaneous or induced apoptosis
and probably was part of the differentiation program [38].
DNA breakage at early stages of adipogenic differentiation
induced by ecDNA fragments was accompanied by an
activation of DNA repair. Three facts point at this kind
of cell response. Expression of BRCA1 gene (Figure 3(d))
[39] and expression of the phosphorylated form of H2AX
histone (Figure 3(b)) [19, 39] increase. The quantity of PCNA
protein (participates in excision repair as a cofactor of
DNA-polymerase delta [31]) increases as well against the
background of minor change of the amount of Ki-67, another
proliferation marker (Figure 4). Thus, after an exposure to
DNA fragments, we observed a development of DNA damage
response (DDR). DDR is a program that preserves genome
integrity and suppresses malignant transformation. Recent
studies in stem cells suggest that cell differentiation is under
the influence of DDR program, too [25, 33, 34, 40–44].
GC-DNA induced much more effective DDR than pBR322
or gDNA did. Induced by GC-rich DNA nuclear DNA
breaks were repaired much faster than those induced by
gDNA (Figure 3), perhaps, due to more considerable rise of
expression of the proteins, which participate in the reparation
process (BRCA1 (Figure 3(d)) and PCNA (Figure 4(b))).
In the course of cultivation of haMSC together with DNA
fragments added to culture medium we observe reduction of
the cell apoptosis rate (Figure 5(a)). Recently, the authors of
[45] suggested a shift in the balance between proapoptotic
and antiapoptotic molecules during adipogenesis resulting in
a higher apoptosis resistance. As a cause of higher resistance
of haMSC to apoptosis during differentiation, increased
expression of BCL2 gene was pointed out [46]. In this study,
we likewise detected a significant increase in the amounts of
mRNA for BCL2 and of this protein itself in haMSC, which
had been cultivated in the presence of GC-DNA fragments
(Figures 5(b) and 5(c)). Except for BCL2, expression of other
antiapoptotic genes of the same family and those of BIRC
family significantly increased. After long-time cultivation of
haMSC cells in the presence of gDNA and pBR322 fragments
we observed elevated expression of the BAX proapoptotic
gene (Figure 5(b)). This response correlates with the emergence of large cells with damages mitochondria in the cell
pool. In case of GC-DNA, this response is insignificant.
We believe that the prime cause of the above changes
in haMSC is transient generation of ROS in response to the
change in concentration of ecDNA in the culture medium.
Many researchers point at the fact that differentiationinducing agents induce ROS generation. Reactive oxygen
species mediate adipocyte differentiation in mesenchymal
stem cells [47–49]. It was suggested that the increase in
the intracellular ROS level via Nox4 mediates adipocyte
differentiation in haMSCs [50]. gDNA, pBR322, and GCDNA induced elevation of the ROS level in hAMSCs, and
GC-DNA appeared to be a stronger inducing factor for ROS
generation than gDNA and pBR322. The mechanism of ROS
generation stimulation in the presence of added ecDNA
fragments is still unknown and requires separate studies.
Interestingly, the ROS level in hAMSCs elevates virtually at
once after the ecDNA concentration has increased. It can
point at a suggestion that the DNA fragments induce ROS
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production in the place of binding to the cell membrane,
seemingly, through an alteration of activity of the NOX family
enzymes involved in ROS production. We revealed earlier
a similar mechanism when studying the action of DNA
fragments upon MCF-7 cancer cells [51].
It should be noted that all the three DNA samples added
to the culture medium of haMSC initiated similar responses
in the cells (ROS burst, DNA breaks, and antiapoptotic
response). But the magnitude of the cell response to treatment

with ecDNA was much higher in case of GC-DNA, which,
along with bacterial vector, contains a GC-rich fragment
of the transcribed region of human rDNA (Figure 1). Thus,
biological effect of GC-DNA on haMSC can not be explained
solely by high GC-content and existence of sequences that are
ligands for TLR9. Vector pBR322 (53% of GC-pairs) contains
the same GpC–motifs, which are ligands for TLR9, as the
GC-DNA carrying plasmid, but has ill-defined activity in
respect with adipogenesis induction at the concentrations
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used (50 ng/mL). One can speculate that there are specific
GC-rich motifs within human rDNA (and other GC-rich
sequences of human genome), which determine binding of
ecDNA to the cell receptors and ensure penetration of DNA
fragments into the cells.
One can suggest a speculation, which requires further
experimental testing. As we found earlier, GC-rich regions
of human DNA differ from bacterial GC-rich DNA by very
high content of Gn sequences [52] and Figure 1. Further,
guanosine within the Gn motifs is extremely easily oxidized
to 8-oxo-guanosine [18, 53]. It was shown for cancer cells that
sequences containing oxidized bases easily penetrate to the
cytoplasm regions located close to the nucleus and induce
sharp increase in ROS formation [52]. Presumably, high
content of easily oxidized Gn as part of rDNA in comparison
with pBR322 vector underlays the high biological activity
of GC-DNA. gDNA undoubtedly includes Gn as well, but
their content is not high because of low total content of GCpairs, and at low concentration gDNA is added; they exert no
marked effect on haMSCs. Existence of ligands within rDNA,
which bind to still unidentified DNA-recognizing receptors,
like well-known TLR9, should not also be ruled out.
Further studies are required to reveal the molecular
machinery that underlays the action of GC-rich DNA as
adipogenic differentiation inducer. At the same time, future
studies should take into account the fact that, in case of
some pathologies characterized by extended apoptosis, the
circulating DNA (cell-free DNA and cfDNA) is enriched
with a fraction of GC-rich human genome sequences. In
particular, the content of rDNA can increase by a factor of
10 and more in case of some diseases, such as rheumatoid
arthritis or ischemic heart disease [11–13]. Under these
circumstances, own stem cells of the body, as well as haMSCs
used for therapy, can differentiate between adipose tissue
cells. Adipogenesis of haMSC in the presence of altered,
GC-rich cfDNA can be a potential factor of obesity and
osteoporosis.
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Reactive oxygen species (ROS) are closely related to tumorgenesis. Under hypoxic environment, increased levels of ROS induce
the expression of hypoxia inducible factors (HIFs) in cancer stem cells (CSCs), resulting in the promotion of the upregulation of
CSC markers, and the reduction of intracellular ROS level, thus facilitating CSCs survival and proliferation. Although the ROS
level is regulated by powerful antioxidant defense mechanisms in cancer cells, it is observed to remain higher than that in normal
cells. Cancer cells may be more sensitive than normal cells to the accumulation of ROS; consequently, it is supposed that increased
oxidative stress by exogenous ROS generation therapy has an effect on selectively killing cancer cells without affecting normal cells.
This paper reviews the mechanisms of redox regulation in CSCs and the pivotal role of ROS in anticancer treatment.

1. Introduction
Reactive oxygen species (ROS) is a collective term for oxygencontaining chemical species that are converted directly or
indirectly from free oxygen but are more chemically reactive
[1]. Low to moderate levels of ROS are indispensable to
normal cellular proliferation, differentiation, and survival
[2]. Some reports have shown that the addition of low
concentrations of superoxide or hydrogen peroxide (10 Nm–
1 𝜇M) to the culture medium is effective for stimulating the
growth of hamster and rat fibroblasts in vitro [3, 4]. In general,
systems in aerobic organisms are developed to modulate the
content of ROS by balancing the generation and scavenging
of ROS within a nontoxic range. But once the balance is
broken, cells suffer from oxidative stress. Rapid increases in
intracellular ROS may lead to cellular transformation and
tumorigenesis. For example, researchers have found in BHK21 cells that deaths of apoptotic cells become obvious after the
exposure to 10–100 𝜇M hydrogen peroxide [5]. Substantial
growth of ROS brings cells irreversible damage and finally
kills them. However, it is just these biological features of ROS
that make it possible to be used to kill tumor cells [2].
Since Lapidot discovered leukemia stem cells in 1994,
researchers have shed light on the study of cancer stem cells

(CSCs) [6]. CSCs are defined by their capacity to self-renew
and differentiate into heterogeneous nontumorigenic cancer
cell types in accordance with their microenvironment and the
status of the whole body [7, 8]. CSCs, which only account for
about 0.05%–1% of the whole tumor cell population [9–11],
play an important role to tumor formation and development.
They are believed to relate closely to chemo- and radioresistance and disease recurrence [12–16]. Therefore, CSCs are
considered as good targets for cancer therapy [17]. The study
of intracellular ROS in CSCs remains an attractive field for
research. Little is known about the biological effects and
regulatory mechanism of ROS in the CSC subpopulation.
This review focuses on ROS’s regulation effect on CSCs and
the therapeutic effect on cancer eradication.

2. Lower ROS Production in CSCs
ROS are mainly composed of free radicals such as superoxide
(O2 − ), hydrogen peroxide (H2 O2 ), and hydroxyl radical
(HO∙ ), which contain oxygen and peroxides tending to
form radicals [1]. Under physiological conditions, O2 − is
principally generated as a consequence of incidental electron leakage from the mitochondrial electron transport

2
chain (ETC) [18] and is usually immediately converted into
H2 O2 by mitochondrial Mn-containing superoxide dismutase (MnSOD, SOD2), cytosolic Cu/Zn-containing SOD1,
or extracellular SOD3 [19, 20]. H2 O2 can be catalyzed to
release highly toxic HO∙ by gaining an extra electron or
be scavenged by the reaction of glutathione peroxiredoxin
(Prx), peroxidase (Gpx), or catalase [21–23]. Besides the
mitochondrial mechanism, ROS can also be generated by the
NADPH oxidase complex (NOX), cyclooxygenase (COX),
cytochrome c oxidase, and xanthine oxidase (XO) [24].
The production of cellular ROS must go with scavenging
of ROS. The currently available body of evidence shows that
powerful scavenger systems, which are mainly divided into
two classe: antioxidant enzyme system and sulfur reduction
buffer system, can maintain the intracellular ROS at low
levels. The former class contains the superoxide dismutase
family (SOD1, SOD2, and SOD3), catalase (CAT), and peroxidase. In addition, ascorbic acid and vitamin E are also
involved and play vital roles in antioxidant enzyme system
[25]. The latter class contains reduced glutathione (GSH),
thioredoxin (TRX), and thioredoxin reductase (TRXR). Glutathione peroxidase converts H2 O2 to H2 O and O2 through
coupling with the transformation of GSH to oxidized glutathione [2]. In general, GSH and GSSG maintain homeostasis within cells, and their contents have become important
indicators of the antioxidant capacity of cells [26].
Cells maintain redox homeostasis, which is favorable
for organisms, through a balance of generation and elimination of ROS. Aerobic organisms actively use ROS in
signal transduction pathways to regulate cell proliferation,
differentiation, and survival, in a way of interacting with
macromolecules by reversible oxidative modifications [27–
30], while excessive amounts of ROS, regardless of their
source, cause irreversible peroxidation of nucleic acids, lipids,
amino acids, and carbohydrates, resulting in cellular senescence, apoptosis, or transformation and triggering a series
of pathological processes, such as cardiovascular diseases,
neurodegenerative diseases, aging, and cancer [31–36]. For
example, ROS induce nuclear DNA mutations by activating
oncogene or inactivating tumor suppressor genes and damage
nuclear DNA repair mechanisms, resulting in the generation
of tumor-initiating cells. Persistent ROS-induced oxidative
stress expands the clonal selection of these cells, gradually
making them form subsets with new features. Tumor then
occurs as a consequence of reduced apoptosis and increased
genomic instability and heteromorphism [37, 38].
Compared to differentiated cells, normal stem cells are
more glycolytic to reduce more oxidative damage due to ROS
[39–41]. Similarly, CSCs present lower energy metabolism
rate and produce less ROS compared with non-CSCs [17, 42].
This can be achieved by a combination of mechanisms that
is unique to a given tumor, such as (a) upregulation of ROS
scavengers, (b) downregulation of ROS-producing enzymes,
(c) promotion of glycolysis, (d) reduced mitochondrial mass,
and (e) low oxygen consumption [43–46]. As evidenced by
Ishimoto et al.’s study, the CSCs of human gastrointestinal
tract improve abilities of GSH synthesis with a cystineglutamate exchange transporter in order to enhance its
defensive performance against ROS [47].
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3. ROS Activates HIFs in CSCs
The morphology, metabolism, and proliferation of CSCs are
critically dependent on their microenvironment. CSCs will
not only strive for adapting to their microenvironment but
also actively create their preferable niche. Hypoxia is an
essential feature of the tumor microenvironment because
of the chaotic vasculature and poor oxygen diffusion in
solid cancers. The normal oxygen tension in healthy tissue
is approximately 7% (53 mmHg), but this tension can show
differences in tumors depending on the level of hypoxia, that
is, from physiological (∼7%) to severe (<1%) hypoxia [48].
It has become increasingly clear that a hypoxic microenvironment is beneficial for the maintenance of CSCs in
virtually all tissues of the body [49–51]. For example, in
glioblastomas, hypoxia sustains the undifferentiated state of
CSCs by elevating some important stem cell markers, such
as Oct4 and Sox2, slows down their growth to the quiescent
stage, and increases their colony-forming efficiency and
migration [52]. Besides, since hypoxia potentiates the CSCmediated inhibition of T cell proliferation and activation
in glioma and further inhibits macrophage phagocytosis
compared with normoxia conditions, immunosuppression
can be reinforced [53]. Hypoxia also improves CSCs’ abilities
of invasion and resistance against therapy, which poses a
challenge to anticancer therapeutics [54].
In hypoxic environment, elevated ROS can activate
hypoxia inducible factors (HIFs) [48]. HIFs are a type of
heterodimers made up from HIF-1𝛼, HIF-2𝛼, or HIF-3𝛼
bound to HIF-𝛽/ARNT (aryl hydrocarbon receptor nuclear
translocator). While HIF-𝛽 is constitutively and ubiquitously
expressed among many cell types, all HIF-𝛼 subunits are
regulated by intracellular oxygen sensors, which are referred
to as prolyl hydroxylate enzymes and asparaginyl hydroxylase
[55]. Under normoxic conditions, the von Hippel-Lindau
(VHL) E3 ligase complex targets HIF-𝛼 subunits for proteasomal degradation [56]. Under decreased oxygen level,
HIF-𝛼 subunits can be stabilized through the activation
of intracellular signaling pathways by ROS. Take two simple examples. Activation of the PI3K-AKT-mTOR pathway
can promote the synthesis of HIF-𝛼, while inhibition of
hydroxylase activity can prevent HIF-𝛼 degradation [55,
57, 58]. A wealth of evidence illustrate that HIFs induce
metabolic reprogramming from oxidative phosphorylation
to anaerobic glycolysis as well as lactic acid fermentation,
by activating lactate dehydrogenase A and phosphorylating
the E1𝛼 subunit of pyruvate dehydrogenase. This metabolic
reprogramming is widely accepted as a hallmark of cancer
because it can not only earn more ATP for cancer cells but
also reduce the cytotoxic ROS levels in order to resolve the
energy crisis within vigorous tumors and to help cancer cells
survive the state of hypoxia. Additionally, it also enhances
resistance to chemotherapy and radiotherapy treatments [59,
60]. HIF-2𝛼 promotes the expression of multiple antioxidant
enzymes and DNA damage repair enzymes, thereby reducing
the intracellular ROS levels and limiting the accumulation
of DNA damage [61–63]. Only under hypoxia (1%) can
HIF-1𝛼 be stabilized, and a low activity is observed at 5%
O2 (resembling the end-capillary oxygen conditions) [64].
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However, HIF-2𝛼 is stabilized at a wider range of oxygen
tensions, ranging from severe hypoxia (<1% oxygen) to more
physiologically relevant tension in tumors (2–5% oxygen)
[64, 65]. HIF-1𝛼 and HIF-2𝛼 are highly homologous and
bind to similar hypoxic response elements [56]. However,
due to their unique target genes and expression patterns,
they have their individual biological roles. Li et al. found
that, under severe hypoxic conditions, HIF-2𝛼 is markedly
expressed only in glioma stem cells but not in nonstem
cells, whereas HIF-1𝛼 exists in both tumor subpopulations.
It has also been suggested that the HIF-2𝛼-mediated upregulation of Oct4, Glut1, SerpinB9, and VEGF may facilitate
CSCs in metabolism, proliferation, survival, and escape from
immune surveillance [65]. As evidenced in a number of
various tumors in recent studies, hypoxia initially induces
a transient activation of HIF-1𝛼 followed by persistent HIF2𝛼 expression occurring after more prolonged periods of
hypoxia and this hypoxic switch to HIF-2𝛼 can enhance the
CSC population [66–68]. The expression of HIF is associated
with the poor survival of patients with cancer [69].
Early CSC model proposed that CSCs are the driving
force of tumorigenesis due to their abilities of self-renewal
and irreversible multilineage differentiation through either
asymmetric or symmetric cell division. In comparison, their
offspring, namely, progenitor cells and differentiated cancer
cells, no longer possess tumorigenic potential [70]. Therefore,
anticancer treatment targeting CSCs holds great promise
[24]. However, recently emerging lines of evidence have
revised the earlier model to a dynamic model. It is now
suggested that CSCs and non-CSCs can be bidirectional converged, an effect that is governed by their microenvironment;
that is, progenitor cells and differentiated cells can reacquire
their self-renewal capacity through reprogramming into
CSCs [12, 71–75]. HIFs are considered as crucial regulators of
the stem cell phenotype through Notch signaling pathways
and induce the expression of stem cell markers, such as
Oct4 [65], and induce pluripotent stem cell (iPSC) factors,
Oct4, Nanog, Sox2, Klf4, and c-Myc, in many cancer cell
types, including prostate, brain, kidney, cervix, lung, colon,
liver, and breast tumors [76]. Similarly, multiple types of
CSC-specific cell-surface markers, including CD133, CD44,
and VEGF-A, can be markedly upregulated by HIFs [77–
79], modulating the self-renew potential of CSCs. Studies by
Heddleston et al. have elucidated that HIF-2𝛼 can reprogram
the nonstem population of gliomas into CSCs through the
upregulation of important stem cell factors, such as Oct4,
Nanog, and c-Myc [80]. Consequently, it is necessary to
evolve current cancer treatments to target both bulk differentiated cells and CSCs in tumor.

4. Regulation of ROS through CSC
Markers in CSCs
CSCs can be identified and isolated primarily by CSC-specific
cell-surface marker expression (Table 1). It has been demonstrated that CD34, CD133, CD44, and ALDH1 mark CSCs
in leukemia and some solid tumors [81–86]. Nonetheless,
there is a lack of a universal expression of surface markers
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to identify CSCs in all types of tumors [17]. As mentioned
above, ROS-induced HIFs can enhance the expression of
a variety of CSC biomarkers. For instance, insulin-like
growth factor binding protein 3 (IGBP3) can suppress ROSmediated cytotoxicity by novel insulin-like growth factor
(IGF), independent antioxidant activity, thereby increasing
CD44H cells in esophageal squamous cell carcinoma (ESCC)
and facilitating ESCC cell adaptation and survival under
hypoxia [87]. Interestingly, the biomarkers can modulate the
level of ROS via different mechanisms.
It is well known that CD13, which is a marker of liver
CSCs, is associated with tumor invasion, angiogenesis, and
antiapoptosis [88, 89]. CD13 is a negative ROS regulator that
results in the inhibition of apoptosis and the enhancement
of the stemness of CSCs [24]. As a consequence, the survival
of liver CD13+ CSCs in hypoxic lesions after chemotherapy
contributes to the high expression of aminopeptidase N, a
ROS scavenger enzyme. In addition, immunohistochemical
analyses have indicated that CD13 coexists with N-cadherin
in surviving cancer cells [89]. Gclm, which encodes a
glutamate-cysteine ligase that catalyzes the rate-limiting step
in the synthesis of GSH, is overexpressed in the CD13+ CD90−
fraction in PLC/PRF/5 cells, the ROS level of which is
lower than that of the CD13− population. Both the CD13neutralizing antibody and CD13 inhibitor ubenimex can
stimulate ROS production, increasing the ROS concentration
to that found in CD13− cells. In mouse xenograft models, the
administration of ubenimex attenuates the self-renewal and
tumor-initiation potentials of CD13+ cells [90]. Therefore,
CD13-neutralizing antibody or other inhibitors can kill CSCs
effectively.
As a cellular adhesion molecule for hyaluronic acid,
CD44 is the most prevalent CSC molecular marker [91–93]
and is widely expressed in multiple tumors, including breast
cancer [94], head and neck squamous cell carcinoma [95],
pancreatic cancer [96], colorectal cancer [97], and prostate
cancer [83]. Its variant isoform, CD44v, can interact with
and stabilizes xCT, a subunit of a glutamate-cystine exchange
transporter located at the plasma membrane, thereby promoting cystine uptake for GSH synthesis and contributing
to ROS defense [83, 97], and this finding was validated by
the study conducted by Ishimoto et al. on gastrointestinal
CSCs [47]. These researchers recently forced the expression
of miRNA-328 in gastrointestinal cancer cell lines and found
that CD44 expression was reduced, resulting in the repression
of cancer cell growth in vitro and in vivo, and impaired
resistance to ROS [98]. CD44 thus maintains a key role in the
GSH-dependent antioxidant system in cancer cells [99].
CD138, which is also called syndecan-1, belongs to the
mammalian syndecan family of heparin sulfate proteoglycans. Shimada et al. obtained holoclones harboring the
biological properties of stemness from single-cell cultures
of the PC3 human prostate cancer cell lines. Syndecan1 is overexpressed in these holoclones and downregulates
the expression of NADPH oxidase, thereby decreasing ROS
generation. The in vitro silencing of syndecan-1 strongly
destabilizes the holoclones by increasing ROS production,
whereas in vivo syndecan-1 deficiency lowers the frequency
of primitive cells expressing stem cell markers and markedly
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Table 1: Surface markers of cancer stem cells in different types of tumors.

Tumor type
AML
ALL
Bladder cancer

References

CSC markers
+

−

+

+

+

+

CD34 /CD38 , CD44 , CD34 /CD123 , CD47
CD34+ /CD10− , CD34+ /CD19−
EMA− /CD44v6+ , 67LR+ /CD66c− , CD44+ /CK5+ /CK20−
Lin− /CD44+ /CD24−/low /ESA+ , ALDH1high , CD55high ,
Breast cancer
CD44+ /CD49fhigh /CD133/2high , CD176+
Cervical cancer
CD44high /CD24low , CD49f+ /CD133low
CD133+ , CD44+ /EpCAM+ , CD44+ /CD166+ ,
Colorectal cancer
CD24+ /CD29+ , ALDH1high , Lgr-5+
Esophageal cancer
CD271+ , CD44+ /CD24− , CD90+
Gallbladder carcinoma and cholangiocarcinoma CD44+ /CD133+ , CD24+ /CD44+ /EpCAMhigh
Gastric cancer
CD44+ /CD54+ , CD90+
Glioma
Podoplanin+ , CD15+ , A2B5+ , CD44+ , CD133+
Head and neck squamous cell carcinomas
CD44+ , ALDHhigh
CD90+ /CD44+ , CD133+ /CD44+ , EpCAM+ , CD176+ ,
Liver cancer
CD13+ ,
Lung cancer
CD133+ , CD44+ , CD176+ , CD56+ , CD90+ , CD166+
Melanoma
ABCB5+ , CD271+ , JARID1B+ , CD133+ , CD20+
Nasopharyngeal cancer
CD44+ , ALDH1+ , CD133+
Oral squamous carcinoma
CD133+ , CD44+ /SSEA-4+
Osteosarcomas
CD44+ /CD105+ /Stro1+ , CD117+ /Stro-1+ , Nes+ /CD133+ , ABCA5+
Ovarian cancer
CD133+ , CD44+ , CD117+ , CD44+ /CD24+ , CD105+
Pancreatic cancers
CD44+ /CD24+ /ESA+ , CD133+ , CXCR4+
CD44+ /Integrin𝛼2𝛽1high /CD133+ , Sca-1+ , PSCA+ ,
Prostatic cancer
CD10+ , CD164+
Skin squamous cell carcinoma
CD34+ , Integrin𝛼5𝛽1high

[6, 100–104]
[105]
[106–108]
[94, 109–112]
[113, 114]
[97, 115–119]
[120–122]
[123, 124]
[125, 126]
[127–131]
[95, 132]
[90, 112, 133–136]
[112, 137–140]
[141–145]
[146–148]
[149, 150]
[151–154]
[155–159]
[96, 160]
[83, 161–164]
[165, 166]

EMA: epithelial membrane antigen; 67LR: 67 kDa laminin receptor; ESA: epithelial special antigen; ALDH1: aldehyde dehydrogenase 1; EpCAM: epithelial cell
adhesion molecule; Lgr-5: leucine-rich-repeat containing G-protein-coupled receptor 5; JARID1B: the H3K4 demethylase; Sca-1: stem cell antigen-1; PSCA:
prostate stem cell antigen.

represses cancer propagation. It has also been discovered
that a high level of Bcl-2 in holoclones is tightly linked to
syndecan-1 [167]. This finding is consistent with Lagadinou et
al.’s discovery that the overexpression of Bcl-2 in acute myelogenous leukemia CSCs maintains the ROS synthesis rates
at low levels and stabilizes the primitive cells in a quiescent
state [168]. However, in Waldenstrom’s macroglobulinemia, a
lower ROS level is detected in CD20− CD138− cells compared
with CD20+ CD138− cells and CD20+ CD138+ cells [169].

5. ROS Plays a Key Role in Anticancer Therapy
The Warburg effect refers to the phenomenon that cancer cells gain energy primarily from glycolysis even under
aerobic conditions, leading to increased ROS production
[170]. Although the ROS levels, which are counteracted by
elevated antioxidant defense mechanisms in cancer cells, are
compatible with cellular biological functions, they are still
higher than those observed in normal cells. Cancer cells may
be more sensitive than normal cells to the accumulation of
ROS, which offers an interesting therapeutic window [43].
Hence, directly increasing ROS to reach a threshold that is
incompatible with cell viability and targeting the enhanced

antioxidant mechanisms can selectively kill cancer cells,
without affecting normal cells [42, 171]. Despite the low level
of ROS in CSCs and the active ROS detoxifying systems,
elevating the concentration of ROS still has the ability to
eliminate CSCs. The anticancer therapies by regulating ROS
levels are shown in Table 2.
Many antineoplastic chemotherapeutic agents, including
taxanes, vinca alkaloids, and platinum coordination complexes, are currently used to induce high levels of ROS, resulting in cell death [189–191]. Paclitaxel, a mitotic inhibitory
drug, can stabilize microtubules and therefore interfere with
the normal breakdown of microtubules during cell division.
In breast cancer cells, paclitaxel causes the translocation
of Rac1, which positively regulates the activity of NOX,
thereby promoting ROS generation. Paclitaxel-induced ROS
is accumulated mainly outside the cell, provoking lethal
damage to bystander cancer cells not exposed to paclitaxel,
whereas the intracellular ROS levels remained unchanged
[174]. The tumor suppressor promyelocytic leukemia protein
(PML) has been demonstrated to play a critical role in
the maintenance of quiescent chronic myeloid leukemia
(CML) stem cells. Arsenic trioxide, which can induce ROS
production and PML degradation, is introduced to eradicate
CML stem cells [172]. Niclosamide, a potent antineoplastic
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Table 2: Anticancer therapies according to their different mechanisms in regulating ROS levels.
Mechanism

Therapy

Reference

Arsenic trioxide, anthracyclines (doxorubicin, daunorubicin, or
epirubicin)
Paclitaxel, ionizing radiation, niclosamide, AGX-891, AG-221
Celecoxib

[172, 173]

Generation of ROS
Mitochondrial respiratory chain
NOX
COX
Elimination of ROS
GSH
GSSH
Myeloperoxidase

Buthionine sulfoximine, sulfasalazine, NOV-002, 6-anicotinamide,
l-asparaginase, small molecule 968
Auranofin
Parthenolide

drug that inactivates the NF-𝜅B pathway and increases the
ROS level, can preferentially kill progenitor/stem cells from
acute myelogenous leukemia (AML) patients but spare those
from normal bone marrow [175]. Consistent with this finding,
parthenolide induces the apoptosis of CSCs in AML and blast
crisis CML through mechanisms involving the inhibition of
NF-𝜅B and the proapoptotic activation of p53 and elevated
ROS levels, which are likely obtained by a high level of
myeloperoxidase [188].
At present, radiotherapy is widely used in various types
of cancer treatments, mainly depending on ROS. Water
radiolysis occurs in an extremely short period of time
(∼10−8 s) after ionizing radiation [192]. Several hours after
exposure, intracellular ROS from biological sources are
greatly enhanced [193]. Increased ROS generation in human
lung carcinoma A549 cells exposed to X-irradiation is accompanied by an enhancement of the mitochondrial membrane
potential, a promotion of mitochondrial respiration, and the
maintenance of the ETC enzyme activities [194]. Furthermore, mitochondrial dysfunction and upregulation of NOX
resulting from ionizing radiation contribute to persistent
oxidative stress [176, 195]. Tumor recurrence after radiation
is attributed to preferential activation of the DNA damage
checkpoint response and increases the DNA repair capacity
and antioxidant defense [196, 197]. However, discrepant
observations are provided by the recent finding that CSCs
are more radiosensitive than non-CSCs [198, 199]. Such
contradictory results may be due to the limited experimental
techniques or the dynamic characteristics of CSCs, which
require further clarification.
An enhanced GSH concentration within cancer cells
appears to be actively involved in mechanisms of chemoradioresistance [200]. Due to the high content of GSH, tumor
cells are more sensitive to drugs affecting GSH metabolism
than normal cells [171]. Glutamate-cysteine ligase (GCL), as
the rate-limiting enzyme in GSH synthesis, has been targeted in anticancer therapy. Buthionine sulfoximine (BSO),
which can inhibit GCL activity, is the only clinically used
drug to suppress de novo GSH synthesis [180]. In addition,
sulfasalazine, an anti-inflammatory drug with specific xCT
inhibitory activity, markedly reduces the cystine uptake, GSH
level, and growth and viability of human pancreatic cancer

[174–178]
[179]
[180–186]
[187]
[188]

cells and chronic lymphocytic leukemia cells both in vitro and
in vivo [181, 182].
With the exception of GSH, thioredoxin is also an
important component of intracellular redox systems. Auranofin is a gold-containing compound that functions as an
antirheumatic drug and a thioredoxin inhibitor. Apoptosis is
accompanied by an increased generation of H2 O2 in ovarian
cancer cells, which reflects the importance of the thioredoxin
metabolism in tumor cell survival [187]. The simultaneous
administration of auranofin and BSO has been validated to
induce oxidative stress and clonogenic killing in human head
and neck squamous carcinoma cells and to increase their
sensitivity to epidermal growth factor receptor inhibitors
[201].
In most cases, combined therapy lends credence to
the success of cancer treatment. To cite some effective
examples, ionizing radiation combined with arsenic trioxide
improves the therapeutic efficacy in human prostate cancer
cells because the combined treatment results in enhanced
ROS production compared with each individual treatment,
thereby provoking autophagy and apoptosis by inhibition
of the Akt/mTOR signaling pathways [202]. Mechanistically,
the sulforaphane and imatinib combined treatment can kill
CD34+ CD38− leukemia stem cells by inducing ROS production and decreasing the GSH level [203]. The combination
of a CSC marker inhibitor with ROS-inducing therapy, such
as chemo- and radiotherapy, can eradicate CSCs and thereby
annihilate the whole tumor. In mouse xenograft models, the
combination of a CD13 inhibitor with 5-fluorouracil therapy
improves the treatment of liver cancer [90].
Because ROS are a central contributor in tumor occurrence and progression, antioxidants should prevent tumorigenesis through the elimination of excessive ROS and restoration of the redox balance [204]. In addition to their protective
role as preventive reagents against cancer, there is evidence that antioxidant supplementation during chemotherapy presents promising potential to reduce dose-limiting toxicities [205]. A large epidemiologic study (including 132,837
women and men) conducted in China demonstrated that
vitamin E intake, either from diet or supplements, may reduce
the risk of liver cancer [206]. The opposite result was found
in another large study conducted in England, which revealed
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that the combination of 𝛽-carotene and vitamin A had no
benefit and may have an adverse effect on the incidence and
mortality of lung cancer [207]. In a two-stage mouse skin
carcinogenesis model, a diet consisting of Nrf2 activators
against oxidative stress significantly decreased the incidence
of skin tumors [208]. In vitro experiments have proven
that some nutrients with antioxidant characteristics, that is,
vitamins A and D, genistein, (-)-epigallocatechin-3-gallate,
sulforaphane, curcumin, piperine, theanine, and choline, can
modify the self-renewal capacity of CSCs [209]. That being
said, further research is needed to confirm the utility of
antioxidants in cancer prevention. The titration of the amount
of antioxidant should be strictly controlled because toohigh or too-low levels may promote tumor survival and
development.

6. Conclusion
CSCs have evolved to maintain a low level of intracellular
ROS as a consequence of the modulation of redox systems,
metabolic reprogramming, and reduced mitochondrial DNA
levels. Increasing evidence proposes that a low concentration
of ROS can maintain the stemness of CSCs and contribute to
tumorigenesis and development. Therefore, HIF stabilization
induced by ROS in CSCs plays a critical role. However,
the underlying mechanisms in these processes remain to
be elucidated in depth. There exist various systems for the
regulation of ROS in CSCs, such as through CSC surface
markers, and these help maintain the ROS at a favorable level.
Consequently, the induction of oxidative stress appears to be a
promising approach for the preferential killing of cancer cells,
including CSCs. In addition, a more detailed investigation
of therapies with direct or indirect effects on ROS will help
define a made-to-order therapeutic schedule with a lower
tendency toward promoting the development of resistance to
treatment.
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MSCs have become an emerging cell source with their immune modulation, high proliferation rate, and differentiation potential;
indeed, they have been challenged in clinical trials. Recently, it has shown that ROS play a dual role as both deleterious and beneficial
species depending on their concentration in MSCs. Various environmental stresses-induced excessive production of ROS triggers
cellular senescence and abnormal differentiation on MSCs. Moreover, MSCs have been suggested to participate in the treatment
of ALI/ARDS and COPD as a major cause of high morbidity and mortality. Therapeutic mechanisms of MSCs in the treatment of
ARDS/COPD were focused on cell engraftment and paracrine action. However, ROS-mediated therapeutic mechanisms of MSCs
still remain largely unknown. Here, we review the key factors associated with cell cycle and chromatin remodeling to accelerate
or delay the MSC aging process. In addition, the enhanced ROS production and its associated pathophysiological pathways will
be discussed along with the MSC senescence process. Furthermore, the present review highlights how the excessive amount of
ROS-mediated oxidative stress might interfere with homeostasis of lungs and residual lung cells in the pathogenesis of ALI/ARDS
and COPD.

1. Introduction
Human tissue-derived mesenchymal stem cells (MSCs) are
emerging as a promising therapeutic approach of cell-based
therapy for various diseases including those of neuronal,
musculoskeletal, cardiovascular, pulmonary, and autoimmune systems. MSCs can be isolated from a variety of tissues
such as bone marrow, adipose tissue, skin dermis, dental
pulp, hair follicle, and umbilical cord blood [1–6]. Due to
their immunomodulatory and regenerative capacity, MSCs
hold great potential; moreover, the advantages regarding no
ethical issues unlike embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs), a low risk of teratoma formation, and relatively easy obtainment have shown promising
results in preclinical and clinical studies. Remarkably, MSCs
are responsible for maintaining homeostasis and coordinating tissue repair after tissue injury or inflammation.
The severity of injured organs depends on tissuespecific stem cells, with the capacities for proliferation and

differentiation being critical for residual cellular survival
and the maintenance of regenerative responses. In almost
all tissues, MSCs undergo a replicative senescence “Hayflick
limit” after a fixed number of cell divisions. The residual
MSCs of aging tissues exhibit a progressive decline, with most
biological functions contributing to degenerative changes,
and those cells become susceptible to the accumulation
of cellular damage and senescence [7]. Recently, it has
been shown that the residual MSCs in many tissues are
faced with cellular-molecular changes, with age leading to
declines in proliferative and functional capacities. Indeed,
addressing cell morphology, proliferation, and the maximum
number of cell passages are some of the major points to
consider in the manufacturing and quality control of human
cell therapy medicinal products. Understanding age-related
phenomena of MSCs including self-renewal, proliferation,
and differentiation capacity is critical for developing cellbased therapeutics for various diseases. Here, we will discuss
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the roles of ROS in the context of cellular and molecular
signaling pathways in MSCs aging.

2. ROS, Oxidative Stress, and Cellular
Signaling in MSCs Aging
One leading hypothesis, ROS as metabolic side product, may
mainly cause the loss of differentiation capacity rather than
proliferation of MSCs due to DNA damage accompanied by
normal aging. However, MSCs in many tissues are continuously exposed to oxidants endogenously, by intraextracellular
metabolism, or exogenously. ROS as a highly unstable species
with unpaired electrons include superoxide anion (O2 − ) and
hydroxyl radical (OH− ) [8, 9]. ROS is capable of initiating oxidation and causing a variety of cellular responses through the
generation of secondary metabolic reactive species. ROS have
been shown to be involved in senescence. Moreover, senescent cells are known to have higher levels of ROS than normal
cells. Excess ROS is harmful because of its potent ability to
interact with a wide range of cellular molecules implicated in
cytotoxicity and mutagenic damage. Conversely, a low level of
ROS is necessary in order to maintain cell proliferation, selfrenewal ability, and regulation of differentiation and serve as
intracellular signaling molecules.
A member of the family of mitogen-activated protein
kinases (MAPKs), p38 MAPK, is an important mediator
in response to extracellular stressors, such as UV radiation, osmotic shock, hypoxia, and proinflammatory cytokine
and oxidative stress, including singlet oxygen, hydrogen
peroxide, nitric oxide, and peroxynitrite [10, 11]. Recently,
we have shown the effect of replicative senescence on
the immunomodulatory ability of MSCs. Aged MSCs in
late passage morphologically changed with flattening and
enlargement, increasing the SA-𝛽-gal activity compared to
young MSCs in early passage. Moreover, aged MSCs exhibited
a declined immunosuppressive function when CD3/28 and
IL-2 were treated to induce the activation and proliferation
of T cells [12]. In aged MSCs, proinflammatory stimuli,
such as interferon gamma (IFN𝛾) and tumor necrosis factor
alpha (TNF𝛼), increased the phosphorylation of the p38
MAPK, and this phosphorylation was associated with the
downregulation of cyclooxygenase-2(COX2)/prostaglandin
E2 (PGE2 ), suggesting the immunomodulatory ability of
MSCs gradually declines with consecutive passages via the
p38 MAPK alteration of COX2/PGE2 levels. In agreement
with the immunomodulatory function with PGE2 , MSCs
suppress mononuclear cell proliferation and reduce the severity of colitis through the nucleotide-binding oligomerization
domain 2 (NOD2) receptor-interacting serine/threonineprotein kinase 2 (RIP2) pathway, leading to the elevation of
PGE2 production (Figure 1) [13].
As p38 MAPK has participated in molecular interactions
during aging, p53 is considered a major mediator in ROSrelated signal transduction. It is widely established that
p53 as a longevity assurance gene is activated to induce
persistently the expression of p21, which may involve the
initiation of cell cycle arrest by inhibiting cyclin-dependent
kinase (CDK). In interaction with ROS and p53, ROS has
been implicated in the phosphorylation of p53 mediated via
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p38. Structurally, p53 itself is redox-modified due to the
presence of cysteine residues containing redox-sensitive thiol
groups (–SH). Glutathione is found to interact with either
Cys124, 141, or 182 of p53 via a disulfide bond in response
to oxidative stress, resulting in the decreased DNA binding
activity of p53 [14]. In human endometrium-derived MSCs,
hydrogen peroxide with one oxidative stressor treatment
induced a rapid phosphorylation of the adaptor protein
53BP1, inducing a DNA damage response (DDR) activation,
as well as causing an irreversible arrest of the cell cycle in the
G0/G1-phase. In cellular arrest, DDR induced the activation
of p53 and upregulated p21 to inactivate pRb. Moreover,
the pharmacological inhibition of the p38 MAPK activation
abrogated the hydrogen peroxide-induced cell enlargement
and flatten morphology, and it is associated with the regulation of mitochondrial ROS production [15]. Although
senescent MSCs remain alive, the loss of MSC function with
self-renewal and proliferation capacity leads to undergoing
apoptosis or senescence. It has been shown that senescent
cells upregulate the inhibition of the cell cycle regarding
p53/p21 and p16INK4a . The cyclin-dependent kinase inhibitor
p16INK4a is implicated as a key factor to regulate oxidative
stress-induced cell division and arrest the senescence of
MSCs and tissue progenitor cells. In endothelial progenitor
cells, increased ROS accelerates endothelial progenitor cell
senescence by inactivating the PI3K/Akt signaling pathway.
In inhibiting PI3K/AKT signaling, the elevated ROS blocks
the activation of telomerase [16], and senescent myocardial
cells in patients with chronic heart failure exhibited high
expressions of p16INK4a , as well as telomere shortening
[17]. In myocytes, oxidative stress identified by 8-hydroxy2 -deoxyguanosine increased apoptosis, correlating directly
with p16INK4a . In addition, increased p16INK4a is associated
with the p53 expression and telomere shortening. The process
of cardiac stem cells follows a pattern similar to myocytes,
indicating this process eventually leads to myocardial regeneration, heart aging, and heart dysfunction [18].

3. Chromatin Remodeling during Aging and
Age-Related Factors
Recently, the role of p16INK4a has been discussed in the
aging of human umbilical cord blood and adipose tissuederived MSCs. In these MSCs, the p16INK4a expression was
increased in senescent MSCs, and the Polycomb group genes
and jumonji domain containing three were regulated and
governed cellular senescence by the upregulation of p16INK4a
[19]. Dynamic chromatin structure changes, including DNA
methylation and histone modification, have been demonstrated to be critical in determining stem cell functions.
These posttranslational modification-related findings have
been applied to address the age-related cellular mechanism
in stem cell aging. The process of aging exhibits the profound
changes in gene expression profiles and further augmented
when MSCs are exposed to DNA damage, which is induced
by ROS. In hematopoietic stem cells, the forced increase in
intracellular levels of ROS by treatment with a glutathione
synthetase inhibitor aggravated the accumulation of DNA
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Figure 1: ROS-dependent cellular senescence pathways in MSCs. Similar to other adult somatic cells, MSCs enter replicative senescence
after a certain number of cell divisions. ROS are responsible for cellular senescence and cause a direct DNA damage. DNA damage triggers a
specific DNA damage response (DDR). DDR activation leads to cell cycle arrest via activation of p53/p21 and/or p16/pRB pathway. In addition,
MAPK pathway is required for the acquisition of senescence. P38 plays an important causative role in cellular senescence induced by oxidative
stress. Furthermore, ROS regulate major epigenetic processes and can induce DNA methylation and histone acetylation. Understanding the
mechanism of senescence of MSCs should provide more effective strategies in transplantation of MSCs into the recipients with age-related
diseases inherently associated with increased levels of oxidative stress.

damage, resulting in the activation of cell cycle inhibitors,
including p16INK4a , p14ARF , and p21CIP1 . Moreover, the accumulation of oxidative DNA damage was reproduced in the
hematopoietic stem cells of elderly individuals and transplant
recipients in the human-to-mouse xenotransplantation study
[20]. In a posttranslational modification, histone deacetylases
(HDACs) are enzymes that catalyze the removal of acetyl
groups in lysine residues of histone tail. In MSCs and
tissue-specific stem cells, the downregulation of HDACs has
been shown to decrease self-renewal capacity with a loss of
stemness, while increasing differentiation markers. Therefore, stem cells undergoing differentiation are somewhat
following the features of stem cell aging in the loss of selfrenewal and susceptibility to DNA damage. In MSCs, HDAC
inhibitors induced aging and spontaneous differentiation
into osteogenic lineage with an alteration to histone H3
acetylation and to K9 and K14. The decrease in HDACs was
followed by the downregulation of Polycomb group genes,
including BMI1, EZH2, and SUZ12, and the upregulation of
the jumonji domain containing three was found in senescent
MSCs [19]. BMI1 in the Polycomb group genes is known in
the maintenance of the self-renewal ability of hematopoietic
stem cells by silencing the INK4a/Arf locus. It has been shown
that BMI1 regulates mitochondrial function by regulating

mitochondrial-related genes and ROS generation. Indeed, the
cells derived from Bmi1 knockout mice exhibited impaired
mitochondrial function due to the deregulated expressions
of genes and led to a significant increase in the intracellular
levels of ROS associated with the DNA damage response
pathway [21]. In BMI1-transgenic mice, hematopoietic stem
cells of the overexpression of Bmi1 retained a better selfrenewal capacity and protected against oxidative stress from
a culture condition with 20% oxygen. Moreover, buthionine
sulfoximine-induced depleted intracellular glutathione and
increased endogenous ROS were restored upon the overexpression of Bmi1 [22].
In the HDAC class, SIRT1 is a member of the class III
HDACs, sharing a catalytic domain of ∼275 amino acids
with SIRT2–7, and it is a NAD-dependent protein to mediate
the deacetylation of histone and nonhistone proteins in
moderating lifespan extension [23]. Though SIRT1 acts as
a growth suppressor gene of telomerase-immortalized cells,
the expression of SIRT1 was gradually decreased with the
serial cell passage [24]. In the knockdown of SIRT1 of MSCs,
cellular senescence was accelerated with the accumulation
of the protein p16, whereas the overexpression of SIRT1
delayed senescence [25]. The relationship between SIRT1
and ROS has been demonstrated regarding the aspect of
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mitochondrial biogenesis in that a cause of aging is the
oxidation of macromolecules through the generation of the
ROS of mitochondria [26]. Briefly, mitochondrial biogenesis
activates the SIRT1 expression, and its upregulation of SIRT1
induces an increase in the size of mitochondria, leading to
the mitigation of hyperpolarization. Thus, the generation of
ROS in mitochondria becomes reduced due to the stalling of
electrons in the electron transport chain. Therefore, calorie
restriction has been first introduced to extend life span
by slowing carbohydrate use, leading to reductions in the
production of ROS. Furthermore, calorie restriction is associated with increased SIRT1-mediated PGC-1𝛼 deacetylation
at several lysine residues, and this increase during calorie
restriction resulted in mitochondrial biogenesis in the muscle
and white fat of mice [27].
In chromatin remodeling, high mobility group A
(HMGA2) as a nonhistone chromatin-binding protein
family includes its isoforms HMGA1 and HMGA2. These
chromatin-associated proteins lack their own intrinsic
transcriptional activity, instead of binding to AT-rich DNA
sequences and affecting related transcription factors by
altering the chromatin structure [28]. HMGA2 has been
associated with neoplasia with diverse oncogenic effects on
the cell cycle by inducing cyclin A and the p53-mediated
apoptotic pathway [29]. Recently, the role of HMGA2 as a
developmental regulator has been featured in the self-renewal
of stem cells. HMGA2 is highly expressed in undifferentiated
cells during embryogenesis; however, its expression gradually
declined along with fetal development progress [30]. In
mouse neural stem cells, HMGA2 was specifically increased
but declined with age through the regulation of p16INK4a
and p19ARF [31]. Despite HMGA2 not being required for
the self-renewal of neural stem cells of old mice, the role
of HMGA2 is emerging in the maintenance of MSCs with
age. In human umbilical cord blood-derived-MSCs, the
overexpression of HMGA2 reduced the SA-𝛽-gal activity and
enhanced the proliferation rate with a remarkable change in
gene profiles. In addition, the overexpression of HMGA2 was
associated with the upregulation of the PI3K/Akt/mTOR/
p70S6K cascade and suppressed the expressions of p16INK4A
and p21CIP1/WAF1 [32]. Currently, it is now known whether
ROS mediated induction of HMGA2 may lead aging of
MSCs. However, in various cancers, a high level of HMGA2
has been detected, and it is believed that HMGA2-related
ROS production modifies redox regulation, leading to
mold cellular phenotypes. In the epithelial-mesenchymal
transition, TGF-𝛽 sustained increases in the generation of
ROS, as well as the induction of HMGA2 with a decrease
in mitochondrial membrane potential and the glutathione
level. When exogenous mitochondrial thioredoxin was
treated in EMT, the TGF-𝛽 mediated induction of HMGA2
was impaired in mammary epithelial cells [33]. These
findings regarding the underlying mechanism in epithelialmesenchymal transition might be extended to delay stem cell
aging in response to ROS.
DNA methylation is involved in diverse biological process
with the addition of a methyl group to the CpG dinucleotide in DNA. This methylation pattern is regarded as
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a fundamental constituent of the molecular mechanism,
as well as a parameter to understand the correlation with
chromatin structure remodeling. The alteration of the DNA
methylation landscape has been analyzed to determine the
characteristics between age-associated hematopoietic stem
cell decline and the epigenome based on a genome-wide DNA
methylation analysis. In hematopoietic stem cells, the specific
DNA hypermethylation of Polycomb repressive complex 2
was accompanied by enforced proliferation-dependent aging
[34]. Recently, it has been demonstrated that DNA methyltransferase enzymes (DNMTs) regulate histone marks, transcriptional enzymes, and the CpG island methylation status
during the replicative senescence of MSCs. In MSCs, the
inhibition of DNMT 1 and 3B with 5-azacytidine increased
SA-𝛽-gal activity through increased levels of p16INK4A and
p21WAF/Cip1 as a result of DNMTs downregulating the CDK2
and CDK4 expressions in the G0/G1 phase of the cell
cycle. In addition, the specific inhibition of DNMT1 and
DNMT3b with siRNAs decreased EZH2 and BMI1, which
are regulatory mediators of Polycomb repressive complexes at
the mRNA and protein levels by controlling the expressions
of microRNA-200c and 214 on the genomic region [35].
The ROS-mediated mechanism with DNMTs and Polycomb
repressive complex genes has been described in cancer cells.
Hydrogen peroxide induced the large complex of DNMT1
and 3B containing Sirtuin1 and Polycomb repressive complex
4. In these complexes, SIRT1 interacted with DNMT1 and
they were recruited to hydrogen peroxide-induced double
strand breaks [36]. In murine melanocytes, superoxide anion
(O2 − ), a species of ROS, upregulated the expressions of
DNMTs through the RAS signaling pathway, which is capable
of activating the DNMT promoter [37]. In neural stem cells,
Bose et al. have shown dexamethasone-induced changes in
global DNA methylation accompanied by decreased expressions of DNMTs (Figure 1). This phenomenon was underlying the transcriptional repression of the mitochondrialrespiratory chain enzymes of complex 1 (Nd3) and complex
III (Cytb), leading to a long-lasting increased susceptibility
to oxidative stress, such as the higher generated levels of
intracellular ROS [38].

4. The Roles of ROS in Residual Stem Cells of
Lung Tissue
Lungs are continuously exposed to exogenous environmental
pollutants in the ambient air, for example, cigarette smoke,
dust, and ozone, and systemically to ROS generated from
xenobiotic compounds. In the lung, the primary function
is to facilitate the diffusion of gases in the exchange of
carbon dioxide for oxygen (O2 ) across the alveoli and
capillaries. Adult human lungs exchange between 10,000 to
20,000 liters of air daily, and this volume includes toxic
particles presenting in the work environment, as well as in
the inhalation of particles in polluted air by the general
population [39]. In human lungs, endogenous lung stem cells
and progenitor cells are known as regenerative populations
essential for cellular maintenance and injury repair, and those
populations are considered facultative progenitor cells: basal,
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Clara-like, Clara, pulmonary neuroendocrine, and type II
alveolar epithelial cells [40]. Yin and colleagues have reported
that aged mice sustained extensive losses of alveolar types I
and II cells and delayed the regeneration of alveolar type II
cells and their precursors (prosurfactant protein C-positive
bronchiolar epithelial cells) compared with young mice.
Moreover, the aged mice were more susceptible to influenzainduced morbidity and mortality, which has been associated
with impaired immunity [41]. In mouse airway basal stem
cells, low levels of ROS increased their ROS in culture
and exhibited a higher proliferative capacity compared to
high levels of ROS of mouse airway basal stem cells. The
low or moderate levels of ROS were associated with the
proliferation of airway basal stem cells via a correlation with
the G1/M transition during the cell cycle. To determine the
cellular mechanism in redox regulation, Nrf2 was targeted
because Nrf2 and its repressor protein Keap1 are regarded
as a major interaction to balance intracellular redox levels.
In Nrf2−/− mice, Nrf2 deficiency decreased the proliferation
of airway basal stem cells with a lack of sphere formation,
and Notch1-mediated proliferation was governed by Nrf2
in ROS-induced self-renewal for repair after injury [42].
Recently, lung mesenchymal stem cells have been isolated
from nasal mucosa and lung compartments [43]. The isolated cells expressed cell-surface proteins, CD73, CD105,
CD166, and CD90, commonly found on MSCs. Lama et
al. reported that the isolated fibroblast-like cells from the
lower respiratory tract of human lung transplant recipients
have shown multiple connective tissue lineages including
osteocytic, adipocytic, and chondrocytic differentiation [44].
Although there is a growing number of reports of putative
MSC-like cells from lung tissues, the potential physiologic or
pathophysiologic role of these cell remains unknown.

5. Chronic Obstructive Pulmonary
Disease (COPD)
The prevalence of patients with chronic obstructive pulmonary disease (COPD) is two to three times higher in
individuals over age 60. In 2020, COPD will be the third
leading cause of death worldwide according to the global
burden of disease study [45]. This increased economic burden
of COPD in the elderly population is suggested to be due to
age-associated structural and functional changes in the lung,
leading to an increase in the pathogenetic susceptibility to
COPD. Generally, premature replicative senescence resulting
in telomere shortening and cigarette smoke-induced premature stress-related senescence are two major forms in aging
and COPD. Cigarette smoking is believed to be the greatest
risk factor for developing COPD in genetically susceptible
individuals. The classical definition of COPD is an airway
and lung inflammation, mucociliary dysfunction, alveolar
destruction, and airway fibrosis in the response of the lungs to
the inhalation of noxious particles or toxic gases [46]. COPD
has been described as accelerating lung aging, and the role of
ROS is emerging to regulate aging-associated inflammation
and structural changes in the lungs. Accelerated cellular
senescence resulting from cigarette smoke exposure induced
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mitochondrial fragmentation and increased mitochondrial
ROS production in COPD lung tissues [47]. As mentioned
above, it has been demonstrated that SIRT1 deacetylase levels
are reduced in chronic inflammatory conditions and aging
where ROS is induced. In SIRT1+/− mice, a spontaneous
airspace enlargement and age-dependent reductions in SIRT1
levels were shown, and cigarette smoke exposure rapidly
augmented airspace enlargement via the FOXO3-mediated
pathway on cellular senescence and emphysematous changes
[48]. Similarly, in the lungs of patients with COPD, the
SIRT1 level was decreased, and the decreased SIRT1 activity
induced a proinflammatory cytokine IL-8 release. In addition, in human monocyte-macrophage cells, cigarette smoke
extract caused posttranslational modifications of SIRT1 by 4hydroxynonenal and 3-nitrotyrosine, and this modification
was associated with increased acetylation and the activation
of RelA/p65 NF-𝜅B (Figure 2) [49]. Mesenchymal cells
(fibroblasts and endothelial cells) and their progenitors in
COPD are mainly demonstrable, correlating to replicative
senescence in alveolar parenchyma.

6. Acute Lung Injury/Acute Respiratory
Distress Syndrome (ARDS)
Acute lung injury [16] and its most severe form, acute respiratory distress syndrome (ARDS), are frequent complications
and are responsible for a significant mortality rate of 50–80%
[50]. ALI/ARDS can result from clinical conditions including
polytrauma, hemorrhagic shock, and severe burns. However,
ARDS is almost invariably associated with sepsis through
lipopolysaccharide-mediated action. Currently, patients with
ARDS receive mechanical ventilation with positive endexpiratory pressure and high O2 concentrations. These therapeutic supports have been shown to maintain oxygen concentration; however, they may exacerbate the primary injury.
In ARDS, there are many potential sources of ROS from
infiltrated neutrophils and inhaled gases with high concentrations of oxygen. In patients with ARDS, the levels of hydrogen peroxide and 4-hydroxynonenal were increased, whereas
antioxidant enzymes including superoxide dismutase and
glutathione were dropped with increased levels of ROS [51].
The activation of neutrophils from pulmonary circulation
causes the release of ROS to be able to disrupt the vascular
endothelium layer, leading to an infiltration of the pulmonary
interstitial. Neutrophils have been known to produce ROS
and contain NADPH oxidase, generating a huge amount of
O2 − , which is responsible for a respiratory burst. In addition,
the release of myeloperoxidase from neutrophil catalyzes the
production of hypochlorous acid (HOCl) from hydrogen
peroxide [52]. HOCl, a potent oxidant formed from hydrogen
peroxide by released myeloperoxidase, is increasingly considered as an ROS-related major risk factor for ARDS (Figure 2).
Accumulating data suggest the respiratory function, and the
ratio of arterial PO2 to inspired O2 fraction in patients with
ARDS over age 60 was significantly less compared with the
young [53]. In juvenile mice at 21 d, inflammatory responses
were less susceptible to mechanical ventilation, showing that
the injury responses are acquired with age as a result of
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Figure 2: The role of ROS in COPD and ARDS. In COPD, aging and cigarette smoke increase the generation of ROS, leading to the
upregulation of inflammatory signaling in alveolar type II cells. In ARDS, endotoxin and shock induce the infiltration of neutrophils into
interstitial, and chromatin changes are involved. In the pathogenesis of COPD and ARDS, ROS-induced neutrophils are recruited in alveoli,
and production of ROS is rapidly accumulated, derived from infiltrated neutrophils, and activated macrophages.

coordinated changes in gene expression, apoptotic, and TGF𝛽 pathways [54]. In the differentiation of mouse MSCs into
alveolar type II cells, Wnt5a was protected against oxidative
stress-mediated cellular toxicity, and this pathway promoted
the migration of mouse MSCs [55]. Alveolar type II cells are
considered critical for the repair of injured lung tissues and
homeostasis [56]. Although alveolar type II cells have been
described as lung progenitors for repair, it is unclear how
those cells contribute to repairing the pulmonary epithelium
in ALI/ARDS.

7. Therapy Approaches of MSCs for
ARDS and COPD
MSCs can act provided novel insight their potential applicability for clinical use in the treatment of lung disease
including COPD and ARDS. Several studies evaluated therapeutic effect of MSCs through validation of the immunomodulatory and anti-inflammatory ability of MSCs (Table 1).
MSCs are able to migrate to sites of tissue injury and have
strong immunosuppressive properties that can be exploited
for successful autologous as well as heterogonous transplantations [57]. In a mouse model of LPS-induced acute
lung injury, MSCs administration into the lung triggers
downregulation of proinflammatory factors such as TNF-𝛼

and MIP-2 in the bronchoalveolar lavage fluid (BALF) and
plasma while increasing the anti-inflammatory cytokine IL10 [58]. Similarly, in a rat model of LPS-induced lung injury,
injection of human umbilical cord-derived MSCs not only
increased the survival rate of rats suffering from LPS-induced
lung injuries but also significantly reduced systemic and
pulmonary inflammation such as reduced lung edema, lung
wet/dry ratio, protein concentration, neutrophil counts, and
MPO activity in BALF [59]. Also, in E. coli-induced acute
lung injury in mice, intratracheal administration of human
MSCs leads to improved survival of mouse and attenuated
lung injury mainly due to suppression of proinflammatory
cytokines (IL-1𝛼, IL-1𝛽, IL-6, TNF-𝛼, and MIP-2) and MPO
activity as well as reducing the elevated lung water content
[60]. Taken together, the MSCs have been used extensively
in different mammalian models for lung injury/ARDS and
led to a significant decrease in pathophysiological features
of lung inflammation (edema, protein leakage, neutrophil
infiltration, hemorrhage, and intra-alveolar thickening) with
attenuation of proinflammatory cytokines.
COPD comprises two major phenotypes which are
chronic bronchitis and emphysema. Interestingly, it has
been demonstrated that mouse MSCs are able to ameliorate the emphysematous changes and reduce destruction in
elastase-induced emphysema model through upregulation
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Table 1: Potential mechanisms of action of mesenchymal stem cell in animal models of lung diseases.
Source

Bone
marrow-derived
MSCs

Adipose
tissue-derived MSCs

Umbilical
cord-derived MSCs

MSCs from other
tissues

Injury model
Cell delivery route
Finding and mechanism of action
Acute respiratory distress syndrome (ARDS)/acute lung injury/pneumonia
Both functional and survival
advantages with histological
i.t
Murine model in
improvement in the severity of lung
mBM-MSCs 5 × 105 cells
LPS-induced ALI (i.t)
1 h/4 h/24 h after injury
injury without engrafting through to
stem cell chemoattractants
The beneficial effect of MSCs
overexpressing HO-1 might be
Rodent model in
i.v
achieved through the engraftment of
endotoxin-induced ALI
rBM-MSCs 7.1 × 106 cells
2 h after injury
differentiated MSCs in lung through
(i.v)
secretion of paracrine factors
Rodent model in
Inhibit the release of inflammatory
i.v
paraquat
mediator, lung edema, and lipid
rBM-MSCs 1 × 106 cells
poisoning-induced ALI
6 h after injury
peroxidation
(i.p)
Attenuate the severity of ALI by
Intrapleural delivery
mediating paracrine/endocrine
Rodent model in
6
rBM-MSCs 1 × 10 cells
repair mechanism than by the cell
LPS-induced ALI (i.t)
immediately after injury
engraftment mechanism
The therapeutic properties of MSCs
i.t
Murine model in
can be recapitulated by the MV that
mBM-MSC MVs
LPS-induced ALI (i.t)
MSCs actively secrete in culture
12 h after injury
through KGF
MSCs therapy at day 1 reduces lung
inflammation and remodeling for
i.t
each type of initial insult triggering
Murine model in LPS- or
6
hBM-MSCs 2 × 10 cells
extrapulmonary ARDS; MSCs
CLP-induced ALI (i.p)
24 h after injury
increase MMP8 and decreaseTIMP1;
MSCs shift macrophage
Autologous ASCs suppress
inflammatory response and oxidative
i.v
Rodent model in
stress (increased NAD(P)H, HO-1) as
mASCs 4.8 × 106 cells
IR-induced ALI
1 h and 6 h after injury
well as enhancement of angiogenesis
(VCAM1, ICAM-1)
Decrease inflammatory cytokine
levels in serum and lung as well as
i.v
Rodent model in
reduce alveolar inflammatory cell
hASCs 2 × 106 cells
LPS-induced ALI (i.v)
30 min after injury
infiltration in the lung and protected
multiorgan injury
O.A
Attenuates neutrophil influx and
Murine model in
mASCs or hASCs 7.5 ×
inflammation due to the increased
5
LPS-induced ALI (i.t)
10 cells
production of IL-10
4 h after injury
Several clinical advantages that
provide expansion of
i.t
Murine model in
CD4+CD25+Foxp3+Treg cells,
hUC-MSCs 1 × 106 cells
LPS-induced ALI (i.t)
3-4 h after injury
balancing anti- and proinflammatory
factors as well as bacterial clearance
i.v
Reduces TNF-a, IL-1𝛽, and IL-6 but
Rodent model in
hUC-MSCs 5 × 105 cells
not IL-10 as well as oxidative stress
LPS-induced ALI (i.t)
1 h after injury
i.v
Systemic orbital fat-derived
human orbital
Murine model in
stem/stromal cells are effective in
fat-derived MSCs 3 × 105
LPS-induced ALI (i.t)
cells
modulating inflammation
20 min after injury

Reference

[58]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[60]

[59]

[69]
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Table 1: Continued.

Source

Bone
marrow-derived
MSCs

Adipose
tissue-derived MSCs

Injury model

Cell delivery route
Finding and mechanism of action
Chronic obstructive pulmonary disease (COPD)/emphysema
Increased VEGF-A and inhibited the
apoptosis (Bax, Bcl-2) of lung
alveolar cells; TNF-𝛼-mediated
VEGF-A secretion by VEGF
The effectiveness of MSC-CM was
i.t or i.v
similar to that of BMCs and MSCs,
5-6
Rodent model in
rBM-MSCs 6 × 10
supporting a paracrine mechanism as
cells and rBMMSC-CM
CS-induced emphysema
well as decreasing apoptosis
0.3 mL
(6 m)
May recover lung fibroblast from
5 w after injury
CS-induced damage through
inhibition of caspase-3, induction of
proliferation, and restoration of lung
fibroblast repair function via
PI3K/Akt pathway
A therapeutic potential in
parenchymal repair by increased
levels of growth factors and
i.t
decreased cell apoptosis through
Rodent model in
rBM-MSCs or
VEGF, VEGF receptor, and TGF𝛽-1
CS-induced emphysema
6
hBM-MSCs 6 × 10 cells
Relieve airway inflammation through
(11 w)
after injury
inhibition of COX-2/PGE2 in
alveolar macrophages, mediated by
the p38 MAPK and ERK pathway
ASCs ameliorate damage of alveolar
Murine model in
i.t
structure through the release of
5
PPE-induced
mASCs 5 × 10 cells
soluble humoral factor (HGF, EGF,
2 w after injury
emphysema (i.t)
and SLP1)

Reference

[70–72]

[73, 74]

[75]

(i.t): intratracheal; (i.v): in vein; (i.p): intraperitoneal.

of hepatocyte growth factor (HGF), epithelial growth factor
(EGF), and secretory leukocyte protease inhibitor (SLPI) in
the lung [75]. Moreover, administration of rat MSCs improves
emphysema and destructive function induced by CS exposure via decrease of proinflammatory mediators (TNF-𝛼, IL1𝛽, MCP-1, and IL-6) and protease (MMP9 and MMP12)
and increase of vascular endothelial growth factor (VEGF),
VEGF receptor 2, and transforming growth factor (TGF-𝛽)
and consequently reduced pulmonary cell apoptosis [73]. In
the cigarette smoke-induced emphysema model of COPD,
MSCs administration and treatment of conditioned media of
MSC reduced pulmonary cell apoptosis, attenuated the mean
pulmonary arterial pressure, and inhibited muscularization
in small pulmonary vessels [71]. In addition, another study
showed that the protective effect of MSC transplantation on
the rat model of papain-induced pulmonary emphysema may
be partly mediated by upregulating VEGF-A expression and
inhibiting the apoptosis of lung cells [70]. Therefore, MSCsbased therapies may represent new therapeutic approaches
for COPD that currently lacks efficient treatment.

of ROS may rather improve proliferation and differentiation
capacity. It is essential to consider the role of ROS in the
aging process of MSCs since MSCs and their regenerative
potential have revealed a critical therapeutic approach against
aging. In lung diseases, the excessive amount of ROS from
the ambient air might be associated with respiratory failure
through unsuspected mechanisms that regulate declines in
the residual stem cell function with age. Much work remains
to be done to understand the ROS-mediated mechanisms that
regulate residual stem cells. Elucidating these mechanisms
will be critical to understanding how stem cell based or
antioxidant therapies are effective in certain tissues including
lungs.

8. Conclusion
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