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Stem cells are unique elements capable of acquiring a speciﬁc
phenotype under the exposure of speciﬁc stimuli. Within this
context, regenerative medicine represents a novel branch
of Medicine mainly focused on stem cell-based cellular
therapies. For years, scientists developed diﬀerent kinds
of molecules in the attempt to convince stem cells to
assume a speciﬁc phenotypic identity. These compounds
are both natural molecules, for example, melatonin or vitamin D [1, 2], or mixtures of physiological molecules able to
act as epigenetic regulators of stem cell fate [3, 4]. This special
issue brings together 5 papers to highlight recent developments in the ﬁeld. Within this landscape, the review by L.
Huang and G. Wang perfectly summarizes the eﬀects of
diﬀerent factors used in the past years to orchestrate neural
stem cell proliferation and diﬀerentiation. This manuscript
represents a source for future translational applications of
nerve tissue engineering in regeneration after CNS injury.
Extracellular vesicles (EVs) are emerging as novel actors for
intercellular communication and as a potential diagnostic
tool in human diseases. Diﬀerent cells under physiological
and pathological conditions, including tumor cells, produce
EVs. The review by I. Laurenzana et al. describes the
involvement of EVs in bone marrow-derived stem cell communication, also underlying their role during hematological

malignancies as a part of the communication among the
niche, HSCs, and MSCs. Recently, studies described the
use of physical stimuli in vivo, to induce the patient’s
own regenerative capabilities, based on stem cell recruitment and fate modulation. Enhanced endogenous response
based on posttreatment rehabilitation is driving a new area
of regenerative rehabilitation [5–7]. The potential to
enhance regenerative processes using physical energies is
supported by the ability of electromagnetic ﬁelds and
mechanical vibrations to drive an eﬃcient reprogramming
of the diﬀerentiation and regenerative potential of our
endogenous stem cells [6–8]. The manuscript by F. Facchin
et al. perfectly summarizes these ﬁndings, by describing the
eﬀect of diﬀerent kinds of electromagnetic ﬁelds and of
sound vibrations on stem cell proliferation and diﬀerentiation. Stem cell behavior can also be inﬂuenced by oxygen
concentrations. Upon stimulation, stem cells migrate to
more oxygenated areas to heal damaged tissue. Adult stem
cells remain in a state of quiescence in their specialized
niche until external signals induce a metabolic shift towards
an oxidative metabolism [9]. As reported in the research
article by A. Menon et al., hypoxia, through the activation
of a speciﬁc factor, plays a crucial role in preserving stem
cells in an undiﬀerentiated state within tissue “hypoxic
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niches.” The research article by A. Banerjee et al. perfectly
ﬁts with this ﬁnding, viewing that mesenchymal stromal
cells (hAMSCs) from the amniotic membrane can be
inﬂuenced in their diﬀerentiation behavior by high oxygen
tension (20%), a condition able also to activate mitochondrial function and induce the production of IL6. We hope
that this special issue will introduce novel concepts in
understanding stem cell behavior, not only by deﬁning a
wide panel of chemical but also physical players in regenerative medicine.
Margherita Maioli
Heinz Redl
Martin J. Stoddart
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The human amniotic membrane (hAM) has been used for tissue regeneration for over a century. In vivo (in utero), cells of the
hAM are exposed to low oxygen tension (1–4% oxygen), while the hAM is usually cultured in atmospheric, meaning high,
oxygen tension (20% oxygen). We tested the inﬂuence of oxygen tensions on mitochondrial and inﬂammatory parameters of
human amniotic mesenchymal stromal cells (hAMSCs). Freshly isolated hAMSCs were incubated for 4 days at 5% and 20%
oxygen. We found 20% oxygen to strongly increase mitochondrial oxidative phosphorylation, especially in placental amniotic
cells. Oxygen tension did not impact levels of reactive oxygen species (ROS); however, placental amniotic cells showed lower
levels of ROS, independent of oxygen tension. In contrast, the release of nitric oxide was independent of the amniotic region
but dependent on oxygen tension. Furthermore, IL-6 was signiﬁcantly increased at 20% oxygen. To conclude, short-time
cultivation at 20% oxygen of freshly isolated hAMSCs induced signiﬁcant changes in mitochondrial function and release of IL-6.
Depending on the therapeutic purpose, cultivation conditions of the cells should be chosen carefully for providing the best
possible quality of cell therapy.

1. Introduction
Oxygen is the element of highest electronegativity after ﬂuorine, and even molecular oxygen is still a highly reactive and
therefore, toxic molecule. Photosynthesis by organisms in
early evolution led to the “oxygen explosion” in the earth’s
atmosphere 2.3 billion years ago, causing mass extinction of
anaerobic species [1, 2]. By hypothesis, only the entering of
an oxygen-utilizing prokaryote into a preeukaryote allowed
surviving an oxygen-containing atmosphere [3]. This process

of endosymbiosis, marking the birth of mitochondria, changed the course of evolution [3] (reviewed in [4]).
Tissue oxygen tension is a measure of the oxygen partial
pressure in the interstitial (extravascular) space reﬂecting the
balance between oxygen supply and demand (reviewed in
[5]). Oxygen tension in cellular microenvironment can
strongly inﬂuence cellular processes (reviewed in [6]). In
the course of evolution, organisms developed numerous
strategies to cope with the potentially toxic eﬀects of oxygen,
such as antioxidant systems and enzymes. Exposure to
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oxygen in tissues is therefore highly regulated by the level
of vascularization (reviewed in [5]). Mammalian tissues
have highly speciﬁc oxygen tensions which can range from
16% oxygen in alveolar air (reviewed in [5, 7]) down to
almost anoxic calculated oxygen tension in the bone marrow
hematopoietic compartment [8, 9]. Therefore, diﬀerent cells
of the body are exposed to diﬀerent oxygen tensions. Adult
stem cells, such as mesenchymal stem cells, neural stem cells,
and hematopoietic stem cells, maintain their stem cell state in
niches of very low oxygen tensions (reviewed in [10, 11]). An
increasing number of publications have demonstrated energy
supply via glycolysis in embryonic [12, 13] (reviewed in [14])
and mesenchymal stem cells [15–18] and even induced
pluripotent stem cells (iPSCs) [19]. According to current
models, stem cells remain quiescent in their specialized niche
[20] (reviewed in [21, 22]) until external signals induce a
metabolic shift. Stem cells then switch their metabolism from
primarily glycolytic to oxidative phosphorylation and start
to diﬀerentiate towards progenitor and precursor cells
(reviewed in [23]). Therefore, it is now widely accepted that
maintenance of a stem cell state requires maintenance of
their highly speciﬁc microenvironment.
An attractive source of adult stem cells is the human
amniotic membrane (hAM) [24]. This fetal membrane consists of an epithelial layer, formed by a monolayer of human
amniotic epithelial cells (hAECs), and a collagen-rich mesenchymal layer, in which the human amniotic mesenchymal
stromal cells (hAMSCs) are embedded. In clinics, the hAM
has been used decellularized or denuded for tissue regeneration purposes for over a century [25, 26]. Transplanted hAM
does not cause rejection reactions in the patient (reviewed in
[27]), and furthermore, the hAM and the cells thereof have
anti-inﬂammatory [28–36] and immunomodulatory properties [37–39]. Additionally, cells of the hAM can diﬀerentiate
into cells of all three germ layers in vitro and in vivo [40–
44]. Therefore, the use of cells of the hAM for tissue regeneration has moved into the focus of many research groups.
While common cell culture conditions derive originally
from cultivations of chicken ﬁbroblasts at 20% oxygen, other
cells, such as stem cells, need a more specialized oxygen
microenvironment. Changes in the oxygen microenvironment particularly aﬀect mitochondria, also designated as
the “main sink of oxygen” [45]. Oxygen, with its high standard redox potential, is the ﬁnal electron acceptor in the
mitochondrial electron transport chain for the generation
of adenosine triphosphate (ATP) via oxidative phosphorylation. This metabolic process also releases superoxide, a
reactive oxygen species (ROS), predominantly produced by
mitochondrial complexes I and III [46, 47]. ROS, formerly
considered as mere damaging byproducts, came recently
into focus for their signalling function (reviewed in [48]).
Therefore, it does not come as a surprise that mitochondrial
function plays a critical role in maintaining stemness [49],
orchestrates cell fate (reviewed in [23]), and also plays a
critical role for tissue regeneration [50].
In vivo, cells of the hAM are exposed to low oxygen
tension (1–4%; [51]) while in vitro cultivation or storage is
usually performed at 20% oxygen. As changes in the microsurroundings of hAMSCs in culture may impact cellular
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processes, we tested the inﬂuence of low (5%) and high
(20%) oxygen tensions on mitochondrial function of freshly
isolated hAMSCs after 4 days in culture. As we found different mitochondrial activities in reﬂected and placental
amnion biopsies in a former study [52], we separately
investigated hAMSCs from placental (P-hAMSCs) and
reﬂected amnion (RA-hAMSCs). Furthermore, as the antiinﬂammatory properties of the hAM represent a potentially
crucial function in a clinical transplantation situation, we
also measured parameters linked to inﬂammation. The
results of this study could support the possibility of speciﬁc
selection and preparation of amniotic cells according to
clinical requirements.

2. Material and Methods
2.1. Preparation of the Human Amniotic Membrane. Placentae were obtained from planned caesarean sections from
healthy patients at full term. The patients had signed
informed consent with approval of the local ethics committee, in accordance to the Declaration of Helsinki. Placentae
were transported within 4 hours of delivery, in 500 mL
Ringer solution. Placentae from caesarean sections of premature deliveries, emergency caesarean sections, and placentae with detached amniotic membranes were excluded
from the study. The reﬂected and placental regions of the
hAM were separated from each other as previously
described [52].
2.2. Isolation of Human Amniotic Mesenchymal Stromal
Cells. Isolation of hAMSCs was performed as previously
described [33]. Brieﬂy, reﬂected and placental amnions were
cut into 2 × 2 cm pieces, incubated in 1 mg/mL collagenase solution, and shaken for 2 h at 37°C. Digestion was
stopped with cold PBS, and the cell suspension was ﬁltered
through 100 μm cell strainers and centrifuged at 4°C for
9 min at 400 g. The cell pellet was resuspended in DMEM,
supplemented with 10% FCS, 2 mM L-glutamine, and 1%
penicillin/streptomycin (medium and supplements from
Sigma-Aldrich, USA). Cell yields of approximately 15 × 106
cells for reﬂected amnion and 10 × 106 cells for placental
amnion were reached per donor, depending on the size of
the hAM. Donors with more than 10% dead cells (staining
positive for trypan blue) were excluded from the study.
2.3. Cultivation of Human Amniotic Mesenchymal Stromal
Cells at 5% and 20% Oxygen. Freshly isolated hAMSCs of
both amniotic regions, reﬂected and placental, were cultured
for 4 days at 37°C, humidiﬁed atmosphere, 5% CO2, and
5% or 20% O2. The cell culture medium, DMEM, was supplemented with 10% FCS, 1% penicillin/streptomycin, 1% Lglutamine (medium and supplements from Sigma-Aldrich,
USA), and 20 mM HEPES (Gibco™, USA). Prior to incubation at 5% O2, the cell culture medium was purged with
medicinal N2, in order to replace the oxygen dissolved in
the medium. The decrease of O2 level was conﬁrmed with
Blood Gas Analyzer Radiometer ABL800 Flex (Radiometer, Denmark). Samples for all measurements described
below were taken at day 0 or after 4 days incubation at
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5% or 20% O2 without additional passaging. Therefore, all
cells were measured directly in passage 0 or after detachment of passage 0.
2.4. Measurement of Mitochondrial Activity. Mitochondrial
respiration of isolated hAMSCs was measured with highresolution respirometer (Oxygraph-2k, Oroboros Instruments, Austria). At day 0, freshly isolated hAMSCs were
seeded with a density of 20,000–30,000 cells/cm2 and incubated at oxygen tensions of 5% or 20%. At day 4, the cells
were detached and counted. For measurement of ROUTINE
respiration, 4 × 106 hAMSCs were resuspended in DMEM at
pH 7.2 and 37°C. For measurement of LEAK respiration,
ATP synthase was inhibited with 1 μM oligomycin (SigmaAldrich, USA). Maximum electron transfer system capacity
was measured by titration of carbonyl cyanide-4-(triﬂuoromethoxy)phenylhydrazone (FCCP, Sigma-Aldrich, USA)
in steps of 0.5 μM. Phosphorylation-related respiration
was calculated by subtraction of LEAK respiration from
ROUTINE respiration (Supplemental Figure 1). Analysis
of the data was performed by calculating the slopes of the
oxygen concentration curves with Microsoft Excel (Version
14.0.7190.5000 (32 bit)). Sample numbers (biological
replicates) n = 5 – 7.
2.5. Measurement of Lactate Concentrations. Lactate concentrations were quantiﬁed in the cell culture supernatants
of 100,000 cells/mL after 4-day incubation of reﬂected and
placental hAMSCs with Blood Gas Analyzer Radiometer
ABL800 Flex (Radiometer, Denmark). Sample numbers
(biological replicates) n = 4.
2.6. Adenosine Triphosphate (ATP) Measurement. The samples for measurement of ATP were taken either from freshly
isolated hAMSCs or from hAMSCs after cultivation for 4
days at 5% or 20% oxygen. 100,000 cells were pelleted, snap
frozen in liquid nitrogen, and stored at −80°C. The cells
were homogenized in Precellys tubes with ceramic beads
(Keramik-Kit 1.4 mm Peqlab VWR, USA) in a ball mill
(CryoMill MM301, Retsch, Germany) with 500 μL of TrisHCl Buﬀer (20 mM Tris, 135 mM KCl, pH 7.4). To 100 μL
homogenate, 400 μL of boiling 100 mM Tris/4 mM EDTA
Buﬀer (pH 7.75) was added and incubated for 2 min at
100°C and centrifuged at 1000g for 2 min. ATP was determined by ATP Bioluminescence Assay Kit CLS II (Roche,
Switzerland) using luciferase reagent with Luminat LB
9507 (Berthold, Germany). Sample numbers (biological
replicates) n = 3 – 5.
2.7. Determination of Mitochondrial DNA (mtDNA) Copy
Number. Cellular DNA was extracted from a pellet of
10,000 hAMSCs using the Tissue & Cell Genomic DNA
Puriﬁcation Kit in accordance with the manufacturer’s protocol (GMbiolab Co., Taiwan). The ratio of mtDNA to
nDNA was determined as an estimate for the number of
mitochondrial genomes per cell using quantitative PCR
assays against the single-copy nuclear gene MYC and the
gene MT-ND1 representing the minor arc of the mitochondrial genome [53] (Supplemental Table 1). Sample numbers
(biological replicates) n = 5. The Cq values measured by
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quantitative PCR were transformed into copy numbers
using digital PCR [53].
2.8. Reactive Oxygen Species. Electron paramagnetic resonance (EPR) spectra from frozen samples (100,000 cells)
were recorded by Miniscope MS200 EPR spectrometer (Magnettech Ltd., Germany) at −196°C (modulation frequency
100 kHz, microwave frequency 9.429 GHz, microwave power
30 mW, modulation amplitude 5 G) as previously described
[53]. Intensities of oxidized cyclic hydroxylamine 1-hydroxy3-carboxy-2,2,5,5-tetramethylpyrrolidine hydrochloride CPH (3-CP, Noxygen, Germany) signals were recorded at
3359 ± 200 G and quantiﬁed by single integrating the low
ﬁeld peak of the 3-CP signal, as previously described [54].
Sample numbers (biological replicates) n = 4.
2.9. Nitric Oxide Concentration in the Supernatant. Total
nitric oxide (NO) levels in the cell culture supernatants of
100,000 cells/mL were analyzed with Sievers 280i-NO Analyzer (General Electrics) as previously described [55]. Brieﬂy,
plasma samples were injected through a septum into the glass
vessel, where NO species were converted by VCl3 to NO(g).
A subsequent chemiluminescent reaction with O3 caused
photon emission, which was converted and displayed as the
voltage signal after detection with photomultiplier. Sample
numbers (biological replicates) n = 5.
2.10. Release of Immunoactive Substances. Interleukin- (IL-)
1β, IL-6, IL-10, and hepatocyte growth factor (HGF) concentrations were detected in the cell culture supernatant of
100,000 cells/mL after 4-day incubation of hAMSCs at 5%
O2 and 20% O2 with the immunoassay ProcartaPlex™
Human Basic Kit (Thermo Fisher Scientiﬁc, Invitrogen,
USA), using antibody-coated magnetic beads (Luminex™).
Measurement was performed according to the manufacturers’ protocol, and absorption was measured with BioPlex® 200 instrument (Bio-Rad Laboratories, USA). Sample
numbers (biological replicates) n = 6.
2.11. Statistical Analysis. Data was analyzed using GraphPad Prism software (GraphPad Software, USA). For analysis of day 0 versus day 4, one-way ANOVA was used,
followed by the Bonferroni post hoc test in normally distributed data and Kruskal-Wallis combined with Mann-Whitney
test in groups showing a non-Gaussian distribution. The
Wilcoxon matched pairs test was used to analyze diﬀerences
in mtDNA copy numbers. Paired t-test was used to analyze
diﬀerences between amniotic regions (reﬂected versus placental amnion) and oxygen tensions (5% versus 20% oxygen). In all tests, n (sample size) represents the number of
biological replicates (donors). Results are presented as
mean ± SD for normally distributed data. Copy numbers of
cellular mtDNA are presented as scatter dot plots. Level
of signiﬁcance was set at 0.05 and is indicated as ∗ p < 0 05,
∗∗
p < 0 01, and ∗∗∗ p < 0 001.

3. Results
3.1. Measurement of Mitochondrial Activity and Glycolysis.
To assess the impact of diﬀerent oxygen tensions on the
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Figure 1: Mitochondrial activity and glycolysis. Mitochondrial respiration was measured in freshly isolated hAMSCs (day 0) and after 4-day
incubation at 5% and 20% oxygen (a)–(e). Lactate in the cell culture supernatant was measured at day 4 (5% and 20% oxygen) (f). Cultivation
of hAMSCs at 5% and 20% oxygen for 4 days led to elevated ROUTINE respiration (a), LEAK (b), and ETS capacity (c) for both oxygen
concentrations but no diﬀerence in lactate production (f). Phosphorylation-related respiration was signiﬁcantly increased only in samples
incubated at 20% oxygen (d). This switch to oxidative phosphorylation in hAMSCs incubated at 20% oxygen was conﬁrmed by the
netROUTINE control ratio (e) which increases upon stimulation of oxidative phosporylation. n = 5 – 7 (biological replicates), mean ± SD.
Abbreviations: ETS: electron transfer system; hAMSCs: human amniotic mesenchymal stromal cells; O2: oxygen.

quantity of mitochondrial activity, we measured ROUTINE
respiration, reﬂecting the aerobic metabolic activity. Cultivation of hAMSCs at 5% O2 and 20% O2 for 4 days lead to a signiﬁcant increase of ROUTINE respiration for both oxygen
concentrations. Values were always higher in placental
amnion hAMSCs, and the eﬀect was most pronounced in
P-hAMSCs incubated at 20% O2 (Figure 1(a)).
To determine changes in the quality of mitochondrial
activity, we ﬁrst measured the LEAK state, reﬂecting proton
pumping of the electron transport chain without producing
ATP. We observed increased LEAK respiration after 4-day
incubation, independent of the oxygen tension and the amniotic region (Figure 1(b)).
Determination of the maximum capacity of the mitochondrial electron transfer system (ETS) showed a similar
picture as ROUTINE respiration. The increase in maximum
capacity was oxygen-dependent, reaching the highest values
in P-hAMSCs incubated at 20% O2 (Figure 1(c)).
Calculation of the phosphorylation-related respiration
showed a drastic increase in cells incubated at 20% O2, and
this eﬀect was most pronounced in hAMSCs of placental
amnion (Figure 1(d)).

To see which fraction of ETS capacity is utilized to drive
the phosphorylation of ADP to ATP, we calculated the “net
ROUTINE control ratio” by dividing the phosphorylationrelated respiration by the ETS capacity. The strongest
increase was observed in P-hAMSCs cultivated at 20% O2,
indicating that a higher proportion of ETS capacity is utilized
to drive ATP synthesis in these cells (Figure 1(e)).
Concentrations of lactate in the cell culture supernatants
were measured at day 4, which were neither inﬂuenced by the
oxygen tension nor the amniotic region (Figure 1(f)).
3.2. Measurement of ATP. ATP concentrations in hAMSCs
after 4 days in culture increased compared to day 0 with both
oxygen concentrations (Supplemental Figure 2).
3.3. Counting the Cellular mtDNA Copy Numbers. To
estimate if the increase in mitochondrial respiration is
due to an increase of the cellular mitochondrial content, the
mtDNA copies per cell were counted. We observed a trend
to an increasing mtDNA copy number in RA-hAMSCs
(Figure 2(a)) and P-hAMSC (Figure 2(b)) incubated in
20%, but this increase was not signiﬁcant.
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Figure 2: Cellular mitochondrial DNA copy number. The mtDNA copy number per cell was measured by digital PCR in freshly isolated
human amniotic mesenchymal stromal cells (day 0) and after 4 days (5% and 20% oxygen) (a) and (b). We observed a trend to an
increasing mtDNA copy number in samples incubated at 20% oxygen, but this increase was not signiﬁcant. n = 5 (biological replicates),
mean ± SD.
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Figure 3: Reactive oxygen and nitrogen species. Intracellular reactive oxygen species levels and nitric oxide levels were measured after 4
days incubation at 5% and 20% oxygen (a)–(c). No signiﬁcant diﬀerences in ROS levels between 5% and 20% oxygen samples were
observed (a). hAMSCs from placental amnion showed signiﬁcantly lower levels of intracellular ROS (a). Calculation of correlation
coeﬃcient showed a strong negative association (r = −0 9039) between intracellular ROS levels and phosphorylation-related respiration
(b). Increased nitric oxide release was detected in cell culture supernatants of samples incubated at 20% oxygen (c). n = 5 (biological
replicates), mean ± SD. Abbreviations: hAMSCs: human amniotic mesenchymal stromal cells; ROS: reactive oxygen species; RA: reﬂected
amnion; P: placental amnion.

3.4. Generation of Reactive Oxygen and Nitrogen Species.
Against our expectations, EPR measurement showed a trend
to lower levels of intracellular ROS in hAMSCs incubated at
higher oxygen tension. Furthermore, at 20% oxygen, we
detected signiﬁcantly lower levels of intracellular ROS in PhAMSCs compared to RA-hAMSC (Figure 3(a)). Calculation
of correlation between levels of intracellular ROS and
phosphorylation-related respiration revealed a strong negative correlation (r = −0 9039) between these parameters
(Figure 3(b)).
Levels of nitric oxide in the supernatant of the cells
showed signiﬁcant diﬀerences between 5% and 20% O2.
However, within the same oxygen tension, no diﬀerences
were found between cells of reﬂected and placental amnions
(Figure 3(c)).

3.5. Release of Immunoactive Substances. Measurement of
immunoactive substances after 4 days showed signiﬁcantly
higher concentrations of IL-6 in the cell culture supernatant
of hAMSCs of placental amnion compared to hAMSCs from
reﬂected amnion (Figure 4(a)). Oxygen tension impacted
P-derived hAMSCs to secrete higher levels of IL-6 when
incubated at 20% O2 compared to 5% O2 (Figure 4(a)).
A similar pattern was observed when measuring IL-10
release, but signiﬁcant diﬀerences between reﬂected and
placental amnions were only found when cells were incubated at 20% oxygen (Figure 4(b)). Oxygen tension did
not impact the release of hepatocyte growth factor (HGF);
however, hAMSCs from placental amnion released signiﬁcantly more HGF compared to hAMSCs from reﬂected
amnion (Figure 4(c)). In cells of both regions, we detected
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Figure 4: Release of immunoactive substances. Release of immunoactive substances in the cell culture supernatant of hAMSCs of reﬂected and
placental amnion was measured after 4 days (5% and 20% oxygen) incubation (a)–(d). Higher oxygen tension (20%) lead to signiﬁcantly higher
secretion of IL-6 (a) and a trend to higher IL-10 release (b) in hAMSCs from placental amnion and had no eﬀect on the release of hepatocyte
growth factor (c) and IL1-beta release (d) compared to lower oxygen tension (5%). Cells from placental amnion released more IL-6 (a), IL10 (b) and hepatocyte growth factor (c) when compared within cultures at same oxygen concentrations (5% and 20% oxygen). n = 6
(biological replicates), mean ± SD. Abbreviations: hAMSCs: human amniotic mesenchymal stromal cells; IL: interleukin.

very low concentrations of IL-1beta independent of the
applied oxygen tension (Figure 4(d)).

4. Discussion
Cultivation of stem cells poses a great challenge, since maintenance of stemness requires niches with very low oxygen
tensions. Common cell culture laboratories are usually set
up for cultivation at 20% oxygen. Mitochondria are the main
oxygen consumers, thereby providing energy via oxidative
phosphorylation. Of note, stem cells acquire energy through
ATP generation via glycolysis, and the metabolic switch from
glycolysis to oxidative phosphorylation changes stem cell fate
and cell function (reviewed in [23]).
Many research groups have experimented with bone
marrow-derived or adipose tissue-derived mesenchymal
stem cells under low or atmospheric oxygen tensions [17,
56–58]. Yet, to our knowledge, the inﬂuence of low and high
oxygen tensions on hAMSCs under cell culture conditions
and especially on their mitochondrial function has not

been investigated. Furthermore, as the anti-inﬂammatory
properties of the hAM could be critical in a clinical transplantation situation, we also measured parameters linked
to inﬂammation.
Our data show that the mitochondrial metabolism of
freshly isolated hAMSCs in culture is highly sensitive to surrounding oxygen levels. ROUTINE respiration (=LEAK state
+ phosphorylation-related respiration), reﬂecting total mitochondrial oxygen consumption, was increased in cultures of
reﬂected amnion-derived hAMSCs (RA-hAMSCs) and placental amnion-derived hAMSCs (P-hAMSCs) in an oxygendependent manner. This increase came on one hand from an
increase in LEAK state. On the other hand, incubation at
20% oxygen accelerated energy production via oxidative phosphorylation which was demonstrated by phosphorylationrelated respiration and the netROUTINE control ratio. Interestingly, this eﬀect was more pronounced in hAMSCs derived
from placental amnion. This is in line with previous reports,
suggesting the need for low oxygen cell culture conditions,
similar to the physiological stem cell niche [59].
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The idea to use mitochondrial parameters such as respiratory function as an index for stem cell competence was postulated previously [60, 61]. Our ﬁndings conﬁrm that
mitochondria-linked considerations should be taken into
account in the proceedings of cell therapy in regenerative
medicine to ensure quality of therapeutic cells.
We found that the LEAK state, reﬂecting proton permeability of the inner mitochondrial membrane without producing ATP, increased after 4-day incubation, independent
of the oxygen tension and the amniotic region. Such an
increase could be caused by diﬀerent capacities of the electron transfer system (complex I–IV) in diﬀerent microenvironments. This can be excluded in our study, as stimulation
of maximal ETS capacity showed similar increases. Increased
ROS production [62] is also unlikely, as we found lower levels
of ROS. Interestingly, in stem cells, uncoupling proteins prevent mitochondrial glucose oxidation in response to high
substrate concentration and thereby prevent ROS accumulation [63]. Therefore, our results can be explained by the high
substrate concentration in common cell culture media compared to in vivo conditions. These results indicate that not
only nonphysiological oxygen tensions but also nonphysiological substrate concentrations can change the cellular metabolism. We will focus on this matter in future studies.
Lactate concentrations in the supernatants were not
inﬂuenced by oxygen tension, neither in reﬂected nor in placental amnion. This is not surprising since 5% oxygen is considered to be the physiological oxygen tension for amniotic
cells. In addition, lactate concentrations are more often inﬂuenced by other factors than oxygen levels (reviewed in [64]).
Similarly, ATP concentrations are also inﬂuenced by
many factors. We measured ATP concentrations of freshly
isolated hAMSCs, as well as after cultivation at 5% and 20%
oxygen tensions for 4 days. We found an increase of ATP
concentrations after 4 days of culture, compared to freshly
isolated cells. However, the net cellular ATP concentrations
represent a steady state between synthesis and consumption.
Therefore, ATP concentrations do not reﬂect actual mitochondrial activity (reviewed in [65, 66]).
We further found a trend to increasing mtDNA copy
numbers in P-hAMSCs incubated at 20% oxygen, which is
similar to an observation by Chen et al., who found increasing mtDNA copy numbers concomitant with an increasing
oxygen consumption rate in the early phase of osteogenic
induction [67]. In our study, the data suggest that the higher
phosphorylation-related respiration is not due to a higher
cellular mitochondrial density but to a higher coupling eﬃciency between the mitochondrial electron transfer system
(complex I–IV) and the ATP synthase.
Surprisingly, although mitochondrial oxidative phosphorylation was increased in hAMSCs incubated at high oxygen
tension, we observed a trend to lower levels of intracellular
ROS in these cells. Calculation of correlation between
phosphorylation-related respiration and intracellular ROS
revealed a strong negative correlation between these parameters. Such ﬁndings have also been found with bone marrowderived hMSCs [67]. The authors observed an increased oxygen consumption rate concomitant with decreased intracellular ROS levels. In addition, they detected upregulation of two
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mitochondrial antioxidant enzymes, manganese superoxide
dismutase (Mn-SOD) and catalase [67], and could show that
especially Mn-SOD was concurrently upregulated to prevent the accumulation of intracellular ROS.
Intracellular ROS such as superoxide (O2⋅−) could also be
inactivated by nitric oxide (NO⋅), which, beside its vasodilatory and signalling functions, has also antioxidant eﬀectiveness [68]. In our study, independent of the amniotic region,
NO⋅ showed higher levels at 20% oxygen compared to 5%
oxygen. This was not surprising, since NO⋅ is predominantly
generated in the presence of oxygen [69], except enzymeindependent generation of nitrite occurring in tissues under
ischemic conditons [70]. However, in order to develop its full
antioxidant capacity, NO⋅ has to be present in excess compared to O2⋅− [71]. In contrast, equimolar concentrations of
NO⋅ and O2⋅− or excess of O2⋅− can induce oxidative damage
[71]. Thus, modulation of the balance between O2⋅− and NO⋅
can be critical and may impact clinical applications.
For wound healing, increased NO⋅ generation could also
be beneﬁcial, as it has been shown to increase angiogenesis
and improve neovascularization (reviewed in [72]). However, it can also activate matrix metalloproteinase- (MMP-)
9 (reviewed in [72]), which has been shown to play an important part in the spontaneous rupture of fetal membranes [73],
possibly by its extracellular matrix-degrading activity. We
suggest taking this fact into consideration while handling or
cultivating the hAM under common cell culture conditions
at 20% oxygen.
It is also important to note that excessive production of NO⋅
can cause inhibition of mitochondrial respiration, by irreversibly binding to complex I [74] or reversibly binding to complex
IV [75]. Such excessive generation of NO⋅ occurs in response to
inﬂammatory stimuli, which cause the upregulation of iNOS
via nuclear factor- (NF-) κB or signal transducers and activators of transcription- (STAT-) dependent pathways [76].
Regarding parameters linked to inﬂammation, high
oxygen tension showed the strongest eﬀect on P-derived
hAMSCs, which secreted signiﬁcantly more IL-6, when incubated at 20% oxygen without any additional inﬂammatory
challenge, compared to 5% oxygen. Similar results were
found in a recent study with fetal membranes [77], which
however, did not analyze reﬂected and placental amnions
separately. IL-6 has been shown to inhibit proliferation of T
cells [78] and, interestingly, also human amniotic epithelial
cells [79]. Furthermore, Kumar et al. found proinﬂammatory
cytokines in amniotic ﬂuid to induce collagen remodelling,
apoptosis, and weakening of cultured human fetal membranes [80]. The diﬀerences between the amniotic regions
are more pronounced than the inﬂuence of the oxygen tension. Placenta-derived hAMSC secreted more IL-6, IL-10,
and HGF compared to hAMSC of the reﬂected region. These
data corroborate previous studies, where we and others
already showed evidence of regional diﬀerences of the hAM
[52, 53, 81–85]. In our latter report, we determined for the
ﬁrst time diﬀerent mtDNA copy numbers in cells of the
same type taken from diﬀerent anatomical regions of the
same individual, thus demonstrating that even at a normal
physiological state, the cellular mtDNA copy number is
tightly controlled not only in a cell type-speciﬁc but also in
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a region-speciﬁc manner [53]. Epigenetic regulation of the
nuclear and/or mitochondrial genomes represents one of
the putative factors that should be studied with regard to
these regional alterations of the cellular mtDNA content considering that epigenetic marks are cell-type speciﬁc [86, 87]
and that demethylation of speciﬁc mtDNA sites may cause
an elevation of its copy number [88].
We hypothesize that the diﬀerent anatomical locations of
the amniotic regions, one covering the placenta, the other
opposite of it, may be the cause for the diﬀerences observed.
The two diﬀerent areas may carry out diﬀerent biological tasks
during pregnancy. Furthermore, placental amnion could be
supplied with diﬀerent amounts of oxygen and diﬀerent patterns of nutrients than reﬂected amnion. It is, however, not
entirely known, how the avascular amniotic membrane is provided with nutrients and oxygen. If oxygen is transferred by
diﬀusion, then, in utero, more oxygen might diﬀuse to placental amnion compared to reﬂected amnion. This hypothesis is
corroborated by the behaviour of mitochondria in human
amniotic mesenchymal cells and human amniotic epithelial
cells. Compared to reﬂected amnion, placental amniotic cells
show higher phosphorylation-related respiration, a parameter
strongly linked to aerobic energy generation [53].
In this study, we found placental amniotic cells to respond
to oxygen more readily than reﬂected amniotic cells. This was
seen not only with mitochondrial parameters but also with the
release of NO⋅ and IL-6. Similar to NO⋅, IL-6 can also act in a
dual role (reviewed in [89]). As recently shown, beside its proinﬂammatory action, IL-6 can attenuate inﬂammation [90].
Thus, cultivation under a “nonphysiological” oxygen tension
may also have beneﬁcial consequences for cell-based therapy.
Hence, we propose that amniotic regions and the inﬂuence
of oxygen should be taken into account for the cell cultivation
for clinical applications of the hAM.
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hAMSCs:
HGF:
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Mn-SOD:
mtDNA:
NF:
P-hAMSCs:
RA-hAMSCs:
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Electron transfer system
Human amniotic membrane
Human amniotic mesenchymal stromal cells
Hepatocyte growth factor
Interleukin
Inducible nitric oxide synthase
Matrix metalloproteinase
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5. Conclusion

Supplementary Materials

Taken together, we could show that even short-time cultivation (4 days) at common cell culture conditions (20% oxygen)
of freshly isolated hAMSC induced signiﬁcant changes in
mitochondrial function and the release of IL-6. Furthermore,
the impact of high oxygen tension can be diﬀerent, depending
on the amniotic region, reﬂected or placental. Investigation of
some selected parameters already showed that cultivation conditions can strongly inﬂuence cell physiology.
Mitochondrial activity and immunoactive factors are
tightly interconnected with fundamental cellular processes
involved in tissue regeneration. These distinctly diﬀerent
properties should be taken into consideration for clinical
applications of amniotic cells. Depending on the therapeutic
purpose, cultivation conditions of the cells should be chosen
carefully for providing the best possible quality of cell therapy.

Supplemental Table 1: oligonucleotide sequences of quantitative
PCR and digital PCR. Supplemental Figure 1: mitochondrial
activity measurement. Representative oxygen consumption
trace of placental hAMSCs incubated for 4 days at 20 % oxygen
(P, blue), and reﬂected hAMSCs incubated for 4 days at 5 %
oxygen (RA, magenta). 1 = ROUTINE respiration, 2 = LEAK,
3 (D1-2) = phosphorylation-related respiration. Abbreviations:
hAMSCs, human amniotic mesenchymal stromal cells. Supplemental Figure 2: adenosine triphosphate concentration (ATP).
ATP concentration wasmeasured in 100 000 freshly isolated
hAMSCs at day 0, and after 4 days incubation at 5 % and 20
% oxygen. The cells were homogenized and ATP was determined using luciferase reagent with Luminat LB9507. n = 3-5
(biological replicates), mean ± SD, ∗ p < 0 05 vs day 0. Abbreviations: hAMSCs, humanamniotic mesenchymal stromal cells;
O2, oxygen. (Supplementary Materials)
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The human body constantly regenerates after damage due to the self-renewing and diﬀerentiating properties of its resident stem
cells. To recover the damaged tissues and regenerate functional organs, scientiﬁc research in the ﬁeld of regenerative medicine is
ﬁrmly trying to understand the molecular mechanisms through which the regenerative potential of stem cells may be unfolded
into a clinical application. The ﬁnding that some organisms are capable of regenerative processes and the study of conserved
evolutionary patterns in tissue regeneration may lead to the identiﬁcation of natural molecules of ancestral species capable to
extend their regenerative potential to human tissues. Such a possibility has also been strongly suggested as a result of the use of
physical energies, such as electromagnetic ﬁelds and mechanical vibrations in human adult stem cells. Results from scientiﬁc
studies on stem cell modulation conﬁrm the possibility to aﬀord a chemical manipulation of stem cell fate in vitro and pave the
way to the use of natural molecules, as well as electromagnetic ﬁelds and mechanical vibrations to target human stem cells in
their niche inside the body, enhancing human natural ability for self-healing.

1. Introduction
The human body continuously regenerates due to the
peculiar properties of its resident stem cells.
These cells possess the unique ability to self-renew and
diﬀerentiate, and the balance between these two processes
deﬁnes the stem cell fate and their primary role in tissue
regeneration [1].
Regeneration is the recovery of the organ structure and
function after injury and it is at the basis of our self-healing
potential and therefore of the preservation of human health.
Such a process exhibits remarkable grading in the way it is
fashioned in living organisms, since, within the same species,
the regenerative potential is diﬀerent among the various
organs [2].

To rescue damaged tissues and restore functional
organ mass, huge eﬀorts have been made in the growing
ﬁeld of regenerative medicine, engaging scientiﬁc research
in the understanding of the molecular mechanisms
through which the regenerative potential of stem cells (as
human mesenchymal stem cells - hMSCs) may be unfolded
into a clinical application [3]. Stem cells in fact have the capability to diﬀerentiate into a wide range of adult cells and the
discovery and isolation of them paved the way to new hopes
in the regenerative ﬁeld.
On the other hand, many aspects of the cell-based therapy prevent the use of stem cells to regenerate organs and tissues: among them, a large amount of stem cells is required
and the senescence process occurs during primary cell expansion. Moreover, it is not easy to isolate stem cells and to
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commit all of them toward a speciﬁc phenotype, since they
can diﬀerentiate in all types of mature cells, including cancer
cells. Therefore, a proper set up of in vitro MSC expansion,
cryopreservation, and banking should be necessary to establish safety and eﬃcacy in transplanted patients.
In addition, most of the applications of stem cells
directed on patients are still under the phase of experimental trials, except for some procedures actually used in
clinical practice, as the bone marrow transplantation in
hematology [4].
Even tissue engineering, one of the branches of the regenerative medicine based upon tissue regeneration from cells
with the aid of biomaterials and growth factors, still is facing
several problems. In fact, the regenerated tissues usable by
patients are still very limited, as skin, bone, cartilage, capillary, and periodontal tissues [5]. Moreover, the engineered
artiﬁcial tissue still exhibits some limitation correlated to
the dimensions of the construct that cannot be used for the
recovery of serious defects. Actually, the only amenable
engineered tissues with a tridimensional structure are vases,
cave structures like the trachea [6], or tissues which are not
physiologically scattered, since the viability of cells seeded
on a scaﬀold gradually decreases with thickness. Even the
use of growth factors alone or in association with 3D constructs is still considered as being not completely safe since
the resulting inﬂuence on recipient’s environment remains
in part to be established. Finally, other hurdles remain, such
as ﬁnding the best scaﬀold, the most suitable bioreactor,
and the optimal solution for seeding diﬀerent cell populations in order to have a relevant mature material implantable
on patients.
All these issues need to be addressed before cells or
engineered constructs can be used routinely in the clinical
setting. Therefore, multiple studies have long been running
to address the modulation of relevant physiological traits
known to be involved in tissue homeostasis and in the
activation of the stem cell niches. To this end, besides
investigating the eﬀects of synthetic molecules, many
researchers have also focused their attention on the eﬀects
elicited by natural molecules and physical energies. Their
ﬁndings are reported below.

2. Natural Molecules
The ability to regrow body parts is common to a lot of animal
species, although the regenerative potential varies among
taxa [7]. Some phyla are able to rebuild every part of the
body, while others cannot regenerate internal organs [8].
Danio rerio (zebraﬁsh) is among the organisms capable
of amazing regenerative processes, prompting the needs for
uncovering the underlying regeneration strategies. Zebraﬁsh
is since recently commonly used as an animal model of
organogenesis and regeneration, owing to its ability to regenerate complex organs, like the heart, the central nervous system, and the limbs, at an extraordinarily higher eﬃcacy than
humans [2, 3, 9–16]. Another species exhibiting astonishing
regenerative potential is the Mexican axolotl (Ambystoma
mexicanum), which can make self-copies regenerating a
missing limb, tail, or parts of the brain, heart, and lower
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jaw. Other creatures in the spotlight for their regenerative
capabilities are the salamanders, as well as several frogs
[17], or the tunicates [18]. Despite their evolutionary distance, as in the case of zebraﬁsh which is separated by about
450 million years from humans, our stem cells can still sense
ancestral microenvironmental cues from these species, as
shown by the ﬁnding that human cord blood CD34+ cells
are recruited into early vasculogenesis upon transplantation
in pre-gastrulation, but not post-gastrulation zebraﬁsh
embryos [19]. Akin to this view is the ﬁnding that conserved
transcriptional responses have been discovered among the
diﬀerentiation of hMSCs, Xenopus embryogenesis, and
axolotl regeneration, identifying common networks across
model species that are associated with depolarization
(changes in cellular resting potential) [20].
On the whole, these ﬁndings and the deployment of comparative biology into the analysis of conserved evolutionary
patterns in tissue regeneration may lead to the identiﬁcation
of natural molecules capable to extend their regenerative
potential from ancestral species to human tissues through
the manipulation of common/similar mechanisms in their
resident stem cells.
Investigation of the role of natural molecules in stem cell
biology is becoming a growing area of inquiry. Psoralidin, for
example, a natural phenolic compound found in the seeds of
Psoralea corylifolia, has been seen to inhibit NOTCH1 in
breast cancer stem cells and in breast cancer cells, leading
to a growth arrest and inhibition of epithelial to mesenchymal transition (EMT) [21]. Moreover, two herbal
extracts (Tithonia diversifolia leaf extract and Momordica
foetida extract) led to a decrease of the adipogenesis and
accumulation of lipid droplets in human adipose-derived
stem cells (hADSCs) [22, 23]. Two natural compounds,
honokiol (a low-molecular-weight polyphenol isolated
from the genus Magnolia) and hyperoside (a ﬂavonoid
compound extracted from Hypericum perforatum), were
shown to potentially induce the diﬀerentiation into neurons
in the murine embryonic carcinoma cell line P19 [24]. Synthetic compounds created by the assembly of natural molecules have also been proven eﬀective in the modulation of
stem cell biology in vitro and in vivo. To this end, mixed
esters of naturally occurring molecules, such as hyaluronan
mixed esters with butyric and retinoic acids (HBR), have
been shown to remarkably increase cardiogenesis and vasculogenesis in mouse embryonic stem cells [25] and hMSCs
[26], enhancing the ability of term placenta hMSCs of promoting the regeneration of infarcted myocardium in vivo in
both small (rat) and large (pig) animal models with post
infarct heart failure [27, 28]. Intriguingly, in the myocardium
of infarcted rats, HBR itself acted through the intracellular
release of its natural grafted molecules to aﬀord signiﬁcant
decrease in infarct size, and apoptotic myocytes, leading to
reverse myocardial remodeling, normalization in myocardial
contractility, and increase in vital myocardial mass and
metabolism, through the enhancement/recruitment of the
number of endogenous stro-1 (a mesenchymal stem cell
marker)-positive stem cells, the increase in the number of
local elements with pericyte identity and important revascularization processes [29]. This ﬁnding shows the feasibility of
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chemical targeting damaged organs to aﬀord tissue survival
and repair without stem cell transplantation. Consonant with
these results, a simple cocktail of hyaluronic, butyric, and
retinoic acids was able to improve islet graft revascularization
and function by adipose tissue-derived hMSCs in diabetic
rats [30].
The addition of melatonin to this mixture of natural
molecules was able to shift the commitment of hMSCs
towards an osteogenic fate, indicating the feasibility of creating a multicomponent, multitarget ensemble of natural
agents to chemically redirect the multilineage repertoire
of hMSCs [31].
A major breakthrough in the eﬀort of using natural
arrays of molecules to drive cellular fates under normal and
pathological conditions came by the discovery that extracts
from zebraﬁsh embryos obtained at diﬀerent developmental
stages were able to counteract the proliferation rate of several
cancer cell lines [32–35]. Extracts from the beginning, intermediate and ﬁnal embryonic development stages led to an
evident increase in p53 expression in association with the
growth reduction [33]. In some cancer cell lines, such as
kidney adenocarcinoma, the proliferation decrease was associated with changes in pRb phosphorylation, a cell cycle
modulator [34]. Moreover, in colon adenocarcinoma cells,
an activation of the p73-dependent apoptotic pathway was
observed [35]. A mixture of early, middle, and late developmental stage zebraﬁsh extracts was also able to enhance cell
survival to toxic stimuli, as shown by the reduction in mortality observed in cells from mouse hippocampal slices (CA1
area) that had been subjected to serum deprivation or
NMDA (N-methyl-D-aspartate) treatment [36]. These ﬁndings and previous observations showing that embryonic
microenvironment is able to suppress tumor development
during cell diﬀerentiating processes [37, 38] led us to further
investigate whether zebraﬁsh embryonic factors may also be
exploited in a developmental stage manner to control
essential features in stem cell dynamics. To this end, we successfully used early-stage developmental zebraﬁsh extracts
(obtained from 5.15 hours post fertilization embryos) on
early-passage hADSCs to enhance the stem cell expression
of multipotency, and the transcription of TERT, encoding
the catalytic subunit of telomerase, as well as the gene expression of BMI1, a chromatin remodeler acting as a major
telomerase-independent repressor of senescence [39].
On the whole, the above mentioned studies, showing the
possibility to aﬀord a chemical manipulation of stem cell fate
in vitro, may pave the way to the use of natural or synthetic
chemistry to target human stem cells where they are already
resident in all body tissues. This would lead to the development of a regenerative medicine executed without the needs
for (stem) cell or tissue transplantation.

3. Physical Energies
The possibility of using physical energies to boost regenerative processes has been strongly suggested by the ability of
electromagnetic ﬁelds and mechanical vibrations to drive
eﬃcient in situ reprogramming of the diﬀerentiating and
regenerative potential of our endogenous stem cells.
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We are in fact embedded in a wide variety of physical
stimuli, including electromagnetic ﬁelds, light radiation,
and mechanical oscillatory patterns. In this sense, our life
which contains a seeming inﬁnity of rhythmic oscillations,
including calcium and pH intracellular oscillations [40–42],
as well as the rhythmic expression of genes and proteins
[43, 44], can be considered as a part of the vibratory nature
of the universe.
It is now evident that our cells perceive and generate
energies like magnetic ﬁelds and mechanical oscillations
[45–47]. Cells contain a network of microtubules that, due
to their electrical polarity and intrinsic vibration modes, is
able to generate high-frequency electric ﬁelds with radiation
features [48]. Applying scanning tunneling microscopy
(STM) to microtubules growing onto a nanoelectrode array,
within an artiﬁcial cell replica designed to pump electromagnetic frequencies, has shown the existence of resonance
patterns between the tubulin dimers, or the whole microtubules, and the applied frequencies [49]. STM also provided
evidence that such resonance patterns could be imaged as
speciﬁc “tunneling current proﬁles” corresponding to the
pumped electromagnetic frequencies [49]. The frequency
region selectivity for engaging particular types of conformational modiﬁcations establishes that pure mechanical
changes can be remotely managed in an atomically way by
using electromagnetic ﬁelds.
The importance of the microtubule network as an
information-transporting-system is also deduced by the
ﬁnding of multilevel memory-switching properties in a
single brain microtubule [50]. Even DNA, despite its role of
storage and expression of genetic information, when considered as an electrically charged vibrational entity, may
contribute to cell polarity, also by virtue of its constant
assembly into diﬀerent loops and domains that are an essential component of the nanomechanics and nanotopography
imparted to this macromolecule by transcription factors
and molecular motors. Accordingly, electromagnetic resonance frequency spectra have been revealed for DNA, which
was found to exhibit electromagnetic resonances in the wide
frequency range from KHz, MHz, GHz, to THz [51].
Recently, regenerative medicine has been focused on the
use of biophysical stimuli to modulate cellular dynamics
[52]. Physical factors in the cellular microenvironment,
including matrix mechanics, cell geometry and shape,
mechanical forces, and nanotopographical aspects of the
extracellular matrix, can modulate the stem cell fate [53, 54].
There is evidence that this type of regulation is highly
aﬀected by coexisting insoluble, adhesive, mechanical,
and topological cues contained and dynamically regulated
within the stem cell niche [55, 56]. Biophysical stimuli
can be sensed and transduced into intracellular biochemical and functional responses by stem cells, a process
known as mechano-transduction [55]. The stem cell sensory machinery can at the same time perceive and integrate several signals from the niche and turn them into
coherent responses aﬀording downstream modulation of
gene expression and stem cell fate [55, 57–59].
For years, scientists tried to drive stem cell fate by the aid
of chemistry, increasing cell proliferation with growth factors
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or fabricating 3D constructs derived from the combination of
stem cells or mature adult cells, with natural or artiﬁcial polymers. Only in the last years, eﬀorts have been made to interact with cells in vivo, directly on patients or on animal
models, and in vitro on cell cultures. Recently, some research
groups have shown the possibility to use physical stimuli
directly on patients, tissues, and cells [60].
The idea behind the use of physical stimuli on tissues and
body was already proposed in 1974 by Richard Nuccitelli
who gained evidence on endogenous ionic current and interaction with electric ﬁeld in multicellular animal tissues [61].
Nowadays, it is possible to explain changes in cellular behavior, following electromagnetic stimulation, considering an
eﬀect on cell polarity [62] and on the stem cell niche in the
body [63].
The use of physical energies for therapeutic purpose is
now well known, being approved by the Food and Drug
Administration (FDA) and used on patients. Several devices
based on diﬀerent physical mechanisms have been designed,
and the beneﬁcial eﬀects have been observed directly on
patients. Ultrasounds have been used for medical purposes
since the 1950 in some pathological situations, such as
tendinitis or bursitis [64].
Even the use of extremely low-frequency electromagnetic
ﬁelds (ELF-EMFs) with frequencies lower than 100 Hz, and
magnetic ﬁeld intensity spanning from 0.1 to 20 mT, became
a useful therapy for soft tissue regeneration, fracture repair,
and osteoporosis treatment [65]. The mechanisms of action
of ELF-EMFs are not clear yet. However, it has been shown
that electric currents can accelerate cell activation [66] and
inﬂuence epigenetic remodeling. In particular, the use of
50 Hz ELF-EMF on GC-2 cells decreased genome-wide
methylation and the expression of DNA methyltransferases
[67] in neural stem cells (NSCs) isolated from the hippocampus of newborn mice. Moreover, the ELF-EMF irradiation at
1 mT, and 50 Hz, for 12 days enhanced NSC proliferation
and neuronal cell fate speciﬁcation through Cav1 channeldependent regulation and histone modiﬁcation [68]. These
results show the feasibility of using physical stimuli to aﬀect
cell fate.
Within this context, we have ﬁrst demonstrated the possibility to use ELF-EMFs to modulate the gene transcription
of essential growth regulatory peptides in adult myocardial
cells [60] and to enhance cardiogenesis and terminal diﬀerentiation into spontaneously beating myocardial cells in
mouse embryonic stem (ES) cells [69]. Then, by the aid of a
radio electric asymmetric conveyer (REAC), we found that
properly conveyed radioelectric ﬁelds of 2.4 GHz could
produce important biological eﬀects in mouse ES cells and
human adult stem cells. In both cell types, we showed that
REAC-conveyed radioelectric ﬁelds elicited an increase of
the expression of stemness-related genes, followed by the
commitment towards neuronal, myocardial, and skeletal
muscle lineages [70, 71]. The same diﬀerentiating outcomes
were induced by REAC exposure in human skin ﬁbroblasts
[72]: for the ﬁrst time, human non-stem somatic adult cells
were committed to lineages in which they would never otherwise appear. This eﬀect was mediated by a biphasic change in
pluripotency gene expression, a temporary overexpression
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followed by a down regulation, and did not require the use
of viral vector-mediated gene transfer technologies or
cumbersome synthetic chemistry.
Noteworthy, REAC exposure of hADSCs was able to
turn stem cell senescence, occurring after prolonged (up
to 30 passage) in vitro expansion, into a reversible phenomenon, associated with a decrease in the expression of
senescence-associated β-galactosidase and an increase in
TERT gene expression and telomere length. The REAC
action also enhanced the gene transcription of BMI1 and
that of stemness-related genes, establishing a telomeraseindependent arm for senescence reversal [73]. These ﬁndings
may have important biomedical implications, since senescent
stem cells decrease their self-renewal and diﬀerentiation
potential, reducing their ability for tissue regeneration
in vivo and the possibility of a prolonged expansion in vitro
prior to transplantation.
Compounding the wide-ranging biological eﬀects of
REAC stimulation is the observation that this technology
was able to promote neurological and morphofunctional differentiation in PC12 cells [74], a rat adrenal pheochromocytoma cell line displaying metabolic features of Parkinson’s
disease. Cell response to the electromagnetic ﬁeld was mediated by the transcriptional activation of neurogenic genes, as
neurogenin-1, β3-tubulin, and nerve growth factor (NGF),
and was associated with a consistent increase in the number
of cells expressing both β3-tubulin and tyrosine hydroxylase
[74]. These ﬁndings open the new perspective of using
physical energies in the treatment of neurodegenerative diseases and in the reprogramming of cancer (stem) cells into
normal regenerative elements. More recently, we found that
the REAC action could be signiﬁcantly counteracted by stem
cell treatment with 4-methylumbelliferone (4-MU), a potent
repressor of type-2 hyaluronan (HA) synthase and endogenous HA synthesis [75]. This observation suggests that
REAC-mediated responses may have occurred through an
essential pleiotropic role of this glycosaminoglycan in regulating (stem) cell polarity.
Extracorporeal shock waves (ESW) represent another
type of biophysical stimuli that is increasingly being applied
in the ﬁeld of regenerative medicine and that could be classiﬁed as “mechanotherapy” (i.e., extracorporeal shock wave
therapy, ESWT). In fact, ESW are “mechanical” waves, characterized by an initial positive very rapid phase, of high
amplitude, followed by negative pressure, producing a
“microexplosion” that can be directed on a target zone (body,
tissue, or cells) in order to stimulate or modify the cells in
their behavior. Shock waves are generated by an electrohydraulic device that produces underwater high-voltage condenser spark discharge, conveyed by an elliptical reﬂector
on tissues or cells.
In the 1980s, shock waves were used in urology (lithotripsy) to disintegrate renal stones [76]. Then, ESW application has been extended to other ﬁelds, showing promising
hopes for promoting tissue healing and the recovery from
pathological disorders. One of the ﬁrst applications was in
the orthopedic ﬁeld, in order to induce neovascularization
and improve blood supply and tissue regeneration. Investigations on the use of this technology spread progressively, and
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leading to its application in the treatment of musculoskeletal
disorders [77], tendon pathologies [78], bone healing disturbances, and vascular bone diseases [79]. The use of ESW has
also been extended to the ﬁeld of dermatology for the wound
healing disturbances and ulcers. However, to date, the exact
mechanism through which cells convert mechanical signals
into biochemical responses is not well understood yet.
Emphasis has been placed so far into mechanisms mediated by ATP release and P2 receptor activation that may
foster cell proliferation and tissue remodeling via Erk1/2
activation [80, 81], as well as PI-3K/AKT and NF-κB signaling pathways, and the implication of TLR3 signaling
and subsequent TLR4. Several studies performed in vitro
proved the eﬀect of ESW on cell modulation through
“mechano-transduction”. Recently, ESW were found to
activate ADSCs through MAPK, PI-3K/AKT, and NF-κB
signaling pathways [82, 83] and to induce in HUVEC cells
an overexpression of angiogenic factors and of caveolin-1,
a constitutive protein of caveolae, implicated in the regulation of cell growth, lipid traﬃcking, endocytosis, and cell
migration [84].
In addition, the ESWT eﬀect on cell behavior proved to
be a dose-dependent phenomenon. In a study published by
Zhang and coworkers, cells exposed to low-energy ESW
(0.04 e 0.13 mJ/mm2) improved the expression of some
angiogenic factors, such as eNOS, Ang-1, and Ang-2. On
the other hand, at higher energy, ESW induced a reduction
in angiogenic factor expression and an increase in apoptosis
[85]. These ﬁndings suggest that the biological eﬀects of
shock waves strongly correlated with the intensity of applied
energy and thus with the related mechanical forces.
Recently, the eﬀects of shock waves have been characterized on the expression of IL-6, IL-8, MCP-1, and TNF-α
in human periodontal ligament ﬁbroblasts [86]. Following
an early inhibition on the expression of pro-inﬂammatory
mediators, shock waves elicited a dose-related increase in
IL-6 and IL-8, while down-regulating TNF-α expression
[86]. Most of the literature showed an anti-inﬂammatory
eﬀect of ESWT in vivo [59, 78, 79, 87, 88]. Nevertheless, the
pro-inﬂammatory eﬀect of ESWT partially observed on
cells in vitro may suggest a pro-activator event mediated
by cytokine and chemokine expression. It was supposed
that the shock wave impulses on cells were able to create
a pro-inﬂammatory milieu, mediated by mechanotransduction [80]. However, this mechanism may involve
a more complex action on the whole niche architecture,
with the embedded (stem) cells behaving as sensors and
activators of the regenerative response.
In actual fact, mechanical vibration may represent a
relevant modality to aﬀect stem cell reprogramming in vivo
without having to resort to transplantation procedures. In
this regard, we have shown and patented for the ﬁrst time
the cell ability to exhibit “vibrational” (nanomechanical) signatures of their health and their multilineage repertoire [89].
Wide-ranging vital processes are fashioned around the
nanomechanical features of subcellular structures, like the
microtubular networks, imparting feature characteristic of
connectedness and synchronization that can be transferred
and recorded from the cell surface. Atomic force microscopy
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(AFM) can be used to gain insights on cellular nanomechanical properties [89, 90], providing the chance to identify
vibrational signatures that can be used to drive lineagespeciﬁc commitments in diﬀerent stem cell populations
in vitro or even in vivo to promote endogenous rescue in
diseased organs.

4. Conclusion
The emerging view of a (stem) cell biology governed by
physical forces and inﬂuenced by ancestral natural molecules may lead us to reinterpret the way we envision the
ﬁeld of regenerative medicine for a near future.
In fact, due to the diﬀusive nature of electromagnetic
ﬁelds and mechanical vibrations, the chance is emerging
to target and reprogram the stem cells where they are,
enhancing our natural ability for self-healing without the
needs for (stem) cell transplantation which still shows
remarkable limitations.
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The bone marrow (BM) microenvironment in hematological malignancies (HMs) comprises heterogeneous populations of
neoplastic and nonneoplastic cells. Cancer stem cells (CSCs), neoplastic cells, hematopoietic stem cells (HSCs), and
mesenchymal stromal/stem cells (MSCs) are all components of this microenvironment. CSCs are the HM initiators and are
associated with neoplastic growth and drug resistance, while HSCs are able to reconstitute the entire hematopoietic system;
ﬁnally, MSCs actively support hematopoiesis. In some HMs, CSCs and neoplastic cells compromise the normal development of
HSCs and perturb BM-MSCs. In response, “reprogrammed” MSCs generate a favorable environment to support neoplastic cells.
Extracellular vesicles (EVs) are an important cell-to-cell communication type in physiological and pathological conditions. In
particular, in HMs, EV secretion participates to unidirectional and bidirectional interactions between neoplastic cells and BM
cells. The transfer of EV molecular cargo triggers diﬀerent responses in target cells; in particular, malignant EVs modify the BM
environment in favor of neoplastic cells at the expense of normal HSCs, by interfering with antineoplastic immunity and
participating in resistance to treatment. Here, we review the role of EVs in BM cell communication in physiological conditions
and in HMs, focusing on the eﬀects of BM niche EVs on HSCs and MSCs.

1. Introduction
Normal hematopoietic stem cells (HSCs) reside in bone
marrow (BM) and are supported by specialized and strictly
organized stem cell niches, like endosteal and vascular [1].
The communication with other BM cells, including mesenchymal stromal/stem cells (MSCs), is crucial for HSC selfrenewal, survival, and behavior. This dialogue within BM
cell populations takes place through numerous extracellular
and intracellular factors including hematopoietic growth

factors and their receptors, signaling pathways, and cell
cycle signaling [2].
Genetic alterations in HSCs or progenitors are associated
to several hematologic malignancies (HMs) such as myelodysplastic syndrome (MDS), myeloproliferative neoplasia,
acute myeloid leukemia (AML), chronic myeloid leukemia
(CML), chronic lymphocytic leukemia (CLL), and acute lymphoblastic leukemia [3]. Following genetic alterations, HSCs
or progenitors are transformed into leukemia stem cells
(LSCs) that retain self-renewal capability and uncontrolled
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diﬀerentiation into leukemic blasts [4]. LSCs reside in the
same niche as healthy HSCs and, on one side, they beneﬁt
from BM niche support and, on the other side, they modify
the BM niche in order to induce a favorable environment
for leukemic growth hampering normal hematopoiesis [5].
In addition, the interactions between LSCs and the endosteal
niche sustain their silent state and protect them from the
cytotoxicity of conventional chemotherapy [6, 7].
Studying the crosstalk between HSCs, LSCs, hematological neoplastic cells, and the BM microenvironment will
enhance our comprehension of some human diseases including several HMs and the discovery of new potential therapies.
Extracellular vesicles (EVs) are emerging as new players
in the intercellular communication and as new potential
biomarkers for diagnosis and prognosis of human diseases
[8–12]. They are a heterogeneous group of cell-derived vesicles including exosomes (Exo) and microvesicles (MVs) with
a size ranging between 15 nm and 10 μm in diameter and
with diverse biogenesis [13]. Diﬀerent cells in physiological
and pathological conditions, including tumor cells, can
secrete EVs [14]. They act both in short-range intercellular
communication, for example in the medullary microenvironment or in coculture conditions, and in long-range communication when released into the bloodstream through which
they can reach secondary sites and give rise to premetastatic
niches [15–17]. EVs carry part of DNA, RNA, proteins,
lipids, and metabolites of the origin cells. Since EVs are present in biological ﬂuids such as blood, urine, and sperm, [18,
19] and are a representative part of the whole cell for their
phenotype and content, they could be used as a diagnostic
tool by mimicking a “liquid biopsy.” These last characteristics
make them excellent candidates as diagnostic and/or prognostic biomarkers in diﬀerent diseases, especially in tumors,
through noninvasive or minimally invasive procedures. In
our recent study, we found that serum EV number and their
speciﬁc oncomiRNA155 are higher in HM patients than in
healthy subjects and, more importantly, EVs exposed speciﬁc
tumor-associated surface markers [20, 21].
Stem cells (SCs) from embryos [22, 23], from diﬀerent
adult tissues such as BM, liver, and adipose tissue, and from
induced pluripotent SCs, release EVs [24, 25]. Moreover,
embryonic SC-EVs deliver mRNAs of pluripotent transcriptional factors such as HoxB4, Nanog, Oct3/4, and Rex-1, and
transfer them to recipient cells, supporting hematopoietic
progenitor cell expansion [26]. In addition, SC-EV microRNAs (miRNA) downregulate cell adhesion molecule levels,
contributing to hematopoietic progenitor cell mobilization
[27]. In a tumor context, SCs secrete EVs, which act as a
means of communication in the tumor microenvironment
playing multiple roles in tumorigenesis, and both in tumor
angiogenesis and metastasis [28]. Finally, in in vivo models,
SC-EVs mainly exhibit an inhibitory eﬀect on the immune
system suppressing proinﬂammatory processes and reducing
oxidative stress and ﬁbrosis [29]. Remarkably, MSC-EVs
promote tissue renewal by inducing a proregenerative environment allowing stem and progenitor cells to successfully
maintain tissue homeostasis. Importantly, MSC-EVs were
used in two human disease therapies. In the ﬁrst study, the
administration of MSC-EVs reduces graft-versus-host
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disease (GvHD) symptoms and reduces steroid doses in an
allogeneic transplantation of patients suﬀering from steroid
refractory GvHD [30]. In the second study, the MSC-EV
therapy triggers the regeneration within the aﬀected kidney
in patients with chronic kidney disease [31].
Although much has been reported about the stem cell
and MSC-EV role, less is known about the inﬂuence of
BM-EVs on HSCs and MSCs in physiological conditions
and in malignancy onset, progression, and therapy resistance. In this review, therefore, we will discuss the recent
advances in the ﬁeld of EVs as actors in communication
between cells within the BM niche in physiological conditions and in HMs, underlining the role and the eﬀects in
the tumor microenvironment-stem cell crosstalk. In particular, we will focus on the eﬀects of EVs from BM niche cells on
HSCs and MSCs.

2. Stem Cells
2.1. Hematopoietic Stem Cells (HSCs). HSCs are the only cells
into the hematopoietic system that possess the potential for
both pluripotency and self-renewal [1]. Pluripotency is the
ability to diﬀerentiate into all functional blood cells; selfrenewal is the ability to generate identical daughter cells
without diﬀerentiation [32]. Postnatally, the BM is the primary site of HSC maintenance and hematopoiesis, but hematopoietic stress reallocates the niche to the spleen and induces
extramedullary hematopoiesis. Although HSCs comprise
only about 0.005–0.01% of the BM cell population, each single HSC retains the capability alone to reconstitute the entire
hematopoietic system [33].
In AML, leukemia initiating cells (also named LSCs) represent a rare cell population that self-renews and generates an
immature progeny invading and perturbing normal hematopoietic tissues [34]. HSCs and LSCs physically and functionally interact with the BM niche [35]. It is demonstrated that
both HSCs and LSCs can be extended in vitro for a long time
either in environmental conditions that mimic BM support
or in coculture with BM stromal cells. These observations
reinforce the crucial role that the BM niche, in particular
the stroma, plays in healthy and leukemic stem cell homeostasis [5, 36–38]. It is still controversial whether cell-cell contact between hematopoietic stem/progenitor cells (HSPCs)
and stromal cells is necessary to promote the hematopoietic
cell expansion [39–43]; it is indeed clear that the deﬁnition
of niche components and how they regulate hematopoiesis
will provide the opportunity to improve regeneration after
injury or HSC transplantation and to understand how disordered niche function could contribute to diseases, in particular to HMs.
2.2. Mesenchymal Stromal/Stem Cells (MSCs). The International Society for Cellular Therapy reported the minimal criteria for MSC deﬁnition: (i) they adhere to plastic under
standard culture conditions; (ii) they express CD73, CD90,
and CD105; (iii) they lack the expression of CD45, CD34,
CD11b or CD14, CD19 or CD79a, and HLA-DR; and (iv)
they have the potential to diﬀerentiate into the osteogenic,
chondrogenic, and adipogenic cell lineages [44, 45]. MSCs
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may be isolated from BM, umbilical cord, liver, adipose tissue, and multiple dental tissues [46, 47]; here, we will focus
on MSCs derived from BM. They maintain long-term, quiescent HSCs through the presentation of surface signals and
the secretion of major stemness supportive cytokines such
as leukemia inhibitor factor and IL-6 [48, 49].
On the contrary, MSCs from leukemic patients hamper
in vitro hematopoietic cell expansion and diﬀerentiation.
In particular, AML-patient MSCs signiﬁcantly impair the
expansion of human umbilical cord blood CD34+ progenitors and limit their diﬀerentiation to maintain a stable pool
of immature quiescent precursors (CD34+ CD38−) compared
to healthy donor-derived MSCs (hereafter healthy MSCs)
[50]. Remarkably, healthy MSCs maintain AML patient
blasts in a quiescent state resulting in increased leukemic survival after treatment with cytarabine [51]. Overall, MSCs
have a functional role in the regulation of the BM microenvironment, in particular by inﬂuencing the immune system
and angiogenesis and in supporting hematopoiesis [52–55]
and, consequently, they are widely used in allogeneic hematopoietic stem cell transplantation [56, 57].
However, much work remains in deﬁning the relationship between MSCs, HSCs, and other niche cells, especially
on how they interact with each other and how these interactions regulate the hematopoiesis. Uncovering how the microenvironment participates in normal and HM progression will
enhance new approaches to hematological disorders.

3. Extracellular Vesicles
On the basis of biophysical properties (i.e., size and shape)
and the mechanism of biogenesis, EVs are classiﬁed into
Exo, MVs, apoptotic bodies, and oncosomes [58, 59].
Exo are the smallest EVs (20–150 nm) that are generated
inside multivesicular bodies which are secreted after their
fusion with the plasma membrane [60, 61]. They show a
higher rigidity of their lipid bilayer compared with that of cell
membranes, making them resistant to degradation and useful
as vehicle of diﬀerent biomolecules. The formation and the
release of Exo take place through both endosomal sorting
complex required for transport-dependent or -independent
mechanisms [60, 61].
MVs enclose EVs with a more heterogeneous size
(50–1000 nm) bud directly from the plasma membrane
and, for this reason, their surface markers are largely dependent on the composition of the membrane from which they
derive [59].
Apoptotic bodies are membrane blebs that are released
during cell apoptosis [62] with a diameter ranging between
50 nm and 5 μm, contain DNA binding histones, and are
depleted in glycoproteins [63, 64].
Lastly, oncosomes are the largest EVs (1–10 μm in size)
produced by membrane protrusions of malignant cells that
lug bioactive molecules involved in the progression of cancer
[64, 65].
The release of EVs from donor cells can be constitutive or
be induced in response to activation or stress signals [64],
including glucose and intracellular Ca2+ concentrations, oxygen tension, and microenvironmental pH [66]. Interestingly,
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EVs contain cargos of diverse nature including nucleic acids
(i.e., mRNA, noncoding RNA such as miRNA, transferRNA,
and genomic and mitochondrial DNA), cytosolic and membrane proteins, lipids, cellular organelles like mitochondria
[67, 68], and metabolites [69, 70]. Interestingly, some databases such as EVpedia, Vesiclepedia, and ExoCarta collect
the currently known components of EVs [71–73].
Notwithstanding, the content of EVs generally reﬂects
the nature and the status of the donor cell: EVs could be
enriched or depleted of speciﬁc materials with respect to origin cells [64, 74]. Likewise, EV cargo nature and abundance
are also inﬂuenced by the pathways that lead to the formation
of diﬀerent EV subtypes [75].
The total cargo of human MSC-EVs is recently deﬁned by
next generation sequencing and proteomic analyses. They are
enriched in proteins that support tumor (PDGFR-β, TIMP1, and TIMP-2), lipids (sphingomyelin and diacyl-glycerol),
metabolites (glutamic and lactic acid), several oncomiRNAs
(miRNA21 and miRNA34a) [76], critical surface markers,
and signalling molecules characteristic of MSCs [77]. A
recent work reports that BM-MSC-Exo are highly enriched
in transferRNAs that represent more than 35% of the total
small RNAs, while miRNAs account for only 2–5% [78]. This
composition diﬀers in MSC-Exo released from other tissues.
In addition, BM-MSC-EVs contain a pattern of miRNAs
essential for the metabolism, proliferation, diﬀerentiation,
and homing of SCs [79]. Additionally, diﬀerent chemokines,
such as MCP-1, IP-10, and SDF-1, are found in BM-MSCExo in multiple myeloma (MM) [62]. These chemokines
are important in supporting MM cell viability.
3.1. EV Uptake from Recipient Cells. Once released, EVs reach
recipient cells where they exert pleiotropic eﬀects through
distinct signalling cascades via autocrine, paracrine, and juxtacrine feedback loops [80].
EVs can be internalized into recipient cells with diﬀerent
mechanisms including endocytosis, direct cell surface membrane fusion, and a lipid raft-mediated energy-dependent
process, or they can remain permanently associated with
plasma membrane [81].
Surface molecules, such as integrins or receptors, and
microenvironment conditions control the EV uptake by regulating their speciﬁc cell tropisms, while EV cargo, released
into target cells, alters their composition by inducing phenotypic, functional, and epigenetic modiﬁcations [17, 82].
In particular, the speciﬁc integrin-mediated adhesion of
tumor Exo to speciﬁc cell types and organs induces the metastatic niche formation [83]. Similarly, BM dendritic cell Exo
are preferentially internalized by splenic conventional dendritic cells, rather than by B-lymphocytes, macrophages, or
splenic T cells [84]. Moreover, Exo from mantle cell lymphoma cells are preferentially taken up by themselves while
only a minor fraction of Exo was internalized into T-cell leukemia and BM stroma cell lines [85]. The speciﬁc cell type
uptake of EVs has also been observed in vivo. In fact, human
MSC-EVs injected into the blood stream of mice primarily
accumulated in the liver, spleen, and in sites of acute kidney
injury, where they facilitated injury recovery [86]. Similarly,
melanoma-derived Exo accumulated in the lungs, bone, liver,

4
and spleen and they increased the frequency of metastasis at
these sites [87]. Finally, Parolini et al. reported that low pH
favors Exo uptake by melanoma cells [88].

4. Role of EVs in Physiological BM Niche
As reported, MSCs are commonly studied as EV donor cells.
EVs from BM-MSCs shuttle the selected molecular cargo to
recipient cells targeting genes involved in organogenesis, cell
survival and diﬀerentiation, tissue regeneration, immunomodulation, and angiogenesis [79, 89–91]. Nevertheless, the role
of MSC as EV target cells must not be ignored. In fact, EVs
derived from diﬀerentiated cells are able to modulate the
MSC phenotype [92]. In particular, miRNA contained in
EVs released from neuronal [93], endothelial [94–96], and
kidney epithelial [97] cells induce proliferation, migration,
and secretion of soluble factors in MSCs.
Immune cells, such as monocytes, use EVs to communicate with MSCs modulating their phenotype by upregulating osteogenic gene expression [98]. In fact, Ekström et al.
demonstrated that both RUNX2 and BMP-2 expression is
signiﬁcantly increased in MSCs after monocyte-EV stimulation, whereas no signiﬁcant diﬀerence is observed in osteocalcin [99], an osteoblastic gene regulated by BMP-2 via
RUNX2 [100].
Regarding the hematopoietic system, Ratajczak et al.
demonstrated that, besides coagulation, MVs derived from
activated platelets play a role in important biological processes. In particular, these last enhance the chemotactic
responsiveness of HSPCs, and increase their survival and proliferation by transferring speciﬁc mRNA and proteins [101].
In another study, the same authors reported that EVs released
from embryonic SCs sustain HSPC stemness and multipotency by delivering speciﬁc “stemness” mRNAs [101].
More recently, it was demonstrated that mRNA and
miRNA in mast cell EVs have been transferred to CD34+ progenitors. In fact, Ekström et al. identiﬁed, by using miRNA
microarray analysis, 116 miRNAs in Exo and 134 in donor
mast cells. Furthermore, microarray experiments revealed
the presence of approximately 1800 mRNA in Exo, which
represent 15% of the donor cell mRNA content. Transfer
experiments reveal that Exo could shuttle RNA between
human mast cells and CD34+ hematopoietic progenitor
cells suggesting their role in cell communication [102].
A recent discovery showed that stromal cells release biologically active EVs which act on HSPCs. Speciﬁcally, two
murine stromal cell lines, one with and the other without
HSPC supportive capacity, produce diﬀerent EV types in
terms of size and of small RNA and mRNA signature.
Lin−Sca1+cKit+-HSPCs preferentially take up EVs produced
by a supportive stromal line (suppEVs) but not those released
by a nonsupportive one. SuppEVs transfer mRNA and
miRNA in Lin−Sca1+cKit+-HSPCs by modifying their gene
expression proﬁle. Importantly, suppEVs maintain the survival and clonogenic potential of Lin−Sca1+cKit+-HSPC by
inhibiting their apoptosis [103]. Collectively, these data assert
that EVs constitute an important novel communication system in mediating the HSPC-supporting capacity of MSCs.
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5. EV Role in BM Niche of
Hematological Malignancies
It is now clear that BM cell populations, including malignant cells, inﬂuence the tumor microenvironment, via
autocrine [104] or paracrine mechanisms through the
secretion of soluble factors including EVs [105]. In HMs,
neoplastic EVs promote tumor progression via an autocrine loop which includes interacting with their producing
malignant cells, supporting autosustainability, and increasing aggressiveness [58, 105]. This relevant cross-talk mechanism is clearly demonstrated in MM [106], in pre-B acute
lymphoblastic leukemia [107], in erythromyeloblastoid, and
CML [108].
EVs from resistant neoplastic cells can transfer drug
resistance to sensitive cells in AML [109, 110]. In particular,
EVs from apoptosis-resistant AML cells modulate the
expression of apoptosis-associated proteins in chemotherapy
sensitive blasts [109]. A multiresistant AML cell line transfers, through EVs, chemoresistance to sensitive acute promyelocytic leukemia cells [110].
BM-MSC derived EVs induce survival, proliferation, and
migration of MM cells in vitro and in vivo in a mouse model
[111, 112]. Finally, Exo from AML MSCs and not from
healthy MSCs protected a leukemic cell line carrying FLT3
internal tandem duplication from treatment with a speciﬁc
FLT3 inhibitor [113].
HM-EVs exert also the immune modulation eﬀects;
malignant EVs inhibit natural killer cell cytotoxicity, promote T cell apoptosis, and enhance immunosuppressive
activity of myeloid-derived suppressor cells in vitro and
in vivo. These EV eﬀects are reported in B and T cell lymphomas [114, 115], CLL [116], AML [117], and MM [62,
118, 119]. Overall these data support the idea that there
is indeed a complex and intriguing EV-mediated cross talk
between malignant cells and BM cells that deﬁnes a favorable neoplastic microenvironment. In this context, we summarize the role of HM niche EVs on SCs and MSCs in
Figure 1.
5.1. HM Niche EVs versus SCs. Diﬀerent studies reported that
Exo released from AML cell lines impair hematopoiesis by
suppressing HSPC clonogenicity and by reprogramming
stroma [120, 121]. According to Razmkhah et al., BMAML-MVs promote the survival of healthy HSCs by inducing leukemic molecular characteristics, like high level of
miRNA21 and miRNA29 [122]. Interestingly, an essential
role of VPS33B in Exo pathways in HSCs and in leukemia
development at early stage was demonstrated. In fact, its
deletion in an in vivo AML model impairs the maturation
and secretion of Exo and delays the AML onset [123]. Interestingly, MVs released from LSCs enhance proliferation,
migration, and inhibition of apoptosis of AML cells. LSCMVs containing a high level of miRNA34a inhibits the eﬀects
of LSCs on AML cells [124, 125].
Muntion et al. suggested that MVs derived from MSCs of
MDS patients modify CD34+ cell properties, promoting their
cell viability and clonogenic capacity and altering their
miRNA and gene expression proﬁling [126].
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Figure 1: A schematic drawing of neoplasm EV eﬀects in BM of HMs. Tumor EVs (colored balls) can (1) render malignancy more aggressive
through autocrine mechanisms via (2) the induction of a suppression of hematopoietic stem/progenitor cell (HSPC) functions and a stem cell
malignant transformation and (3) modiﬁcation of mesenchymal stromal/stem cells (MSCs) reducing their HSC support. On the other hand,
“reprogrammed” MSCs release EVs that (4) support the proliferation of malignancy cell proliferation and (5) promote HSPC viability and
clonogenicity. In addition, leukemia stem cell EVs induce proliferation and migration of malignant cells (6). Arrows turned upwards (∧)
and downwards (∨) indicate an increase and a reduction, respectively.

EVs released by myeloproliferative neoplastic MSCs,
enriched in miRNA155, induce an increase of granulocyte
colony forming unit number in neoplastic CD34+ cells [127].
Collectively the reported studies show that the leukemia niche, in terms of LCSs and MSCs, is able to deregulate normal HSCs and neoplastic cells by EV-mediated
communication.
5.2. HM Niche EVs versus MSCs. In the tumor context, MSCEVs have a controversial role: they can promote or inhibit the
tumor progression. These opposite eﬀects of MSC-EVs can
likely depend from both MSC source and culture conditions
[128–130].
In general, EVs from healthy cells have a beneﬁcial eﬀect
on recipient cells; on the contrary, EVs from cancer cells,
have a detrimental inﬂuence also on MSCs [131]. MSCs
exposed to tumor EVs acquire a series of functions such as
migration to the tumor site [54, 132], production of proinﬂammatory cytokines [133], induction of prometastatic
niches [134, 135], promotion of tumor growth in vivo
[130], epithelial-to-mesenchymal transition induction [136,
137], recruitment of neoplastic cells in the BM [138],
improvement of angiogenesis [139, 140], and modulation of
the immune system [141–143].
Intriguingly, the crosstalk between tumor cells and MSCs
seems to occur with a certain sequence: tumor cells, through

EVs, communicate and modify MSCs; these reprogrammed
MSCs, in response, produce EVs that can return on cancer
cells or other cells creating a favorable environment for
tumor [144, 145].
In HMs, less is known about the eﬀect of neoplastic EVs
on MSCs.
In CLL, Ghosh et al. found that MVs play an important
role in the activation of the microenvironment in favor of
disease progression [146]. CLL-MVs can activate the AKT
signaling pathway in BM-MSCs by inducing the production
of vascular endothelial growth factor, an important element
for CLL cell survival [147]. In addition, Paggetti et al. demonstrated that CLL-derived Exo induce an inﬂammatory
phenotype in endothelial cells and MSCs resembling the
phenotype of cancer-associated ﬁbroblasts [148]. In this
way, leukemic Exo create a favorable environment for promoting CLL progression.
Exo derived from adult T-cell leukemia/lymphoma cells
induce changes in cellular morphology and promote proliferation in MSCs by transferring epigenetic regulators, like
miRNA21 and miRNA155 [149].
Horiguchi et al. found that EV miRNA7977 derived from
AML/MDS CD34+ cells, is transferred into BM-MSCs where
it reduces the poly binding protein 1 levels by compromising
their ability to support CD34+ cells [150]. Huan et al. studied
the role of Exo in developing the BM AML niche [151]. They
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reported that leukemic Exo are taken up by BM stroma.
These Exo deliver important AML pathogenesis mRNA such
as FLT3, NPM1, IGF-IR, and CXCR4. In addition, they carry
miRNA150 which binds the receptor for SDF-1 and CXCR4
mRNA. Consequently, these Exo reduce the expression of
CXCR4 and thus cell migration versus SDF-1 of target cells.
The CXCR4/SDF-1 axis is fundamental for HSPC retention
in BM and their diﬀerentiation. The last AML-Exo eﬀects
are an altered proliferation and migration of BM-MSCs and
hematopoietic progenitor cell lines, by reprogramming the
BM microenvironment [151].
Recently, Kumar et al. showed that, in in vitro and in vivo
models, AML-Exo are internalized by BM cells, increase
long-term HSC population, and alter stromal compartment
[152]. They induce the osteoblast inhibitor DKK1 expression
in MSC progenitors decreasing their osteoblast diﬀerentiation potential. AML-EVs reduce the expression of factors
that support normal hematopoiesis such as CXCL12, KITL,
and IL-7 in MSCs. These modiﬁed stromal cells enhance leukemia growth at the expense of normal hematopoiesis [152].
In another context, Exo released by CML cells stimulate BMMSCs to produce IL-8, which, in turn, promote both in vitro
and in vivo leukemic cell survival [153]. MVs containing
“leukemic” transcripts from CML cells transfer these mRNAs
in healthy MSCs, increasing their proliferation [108]. Finally,
miRNA146a in EVs from MM cells is transferred in MSCs
inducing the secretion of elevated levels of cytokines which
improved both MM cell viability and migration [154].
Collectively, the reported data demonstrate that EVs
derived from HM cells are eﬃciently transferred into MSCs
to transform the BM microenvironment into a niche that
supports malignancy at the expense of HSCs, although the
mode of transformation is still uncertain.

6. Conclusions
In conclusion, EVs constitute a new bidirectional communication system between BM microenvironment and SCs. In
fact, SCs, including HSCs and MSCs, are not only EV donors
but also targets of EVs derived from BM cells. Speciﬁcally,
immune cells communicate with MSCs via EVs modulating
their phenotype. In addition, EVs represent a tool in mediating the MSC capacity to support HSPCs, improving their survival and clonogenic potential in physiological conditions.
In diﬀerent HMs, EVs are signiﬁcantly induced compared to healthy controls. Neoplastic EVs exert oncogenic
functions that (1) boost malignancy through autocrine signaling, (2) induce a suppression of HSPC functions and SC
malignant transformation, (3) modify the BM environment
in favor of cancer/leukemic cells acting also on MSCs. These
last cells exposed to tumor EVs acquire a series of functions
such as migration to the tumor site, production of proinﬂammatory cytokines, induction of prometastatic niches,
promotion of tumor growth in vivo, recruitment of neoplastic cells in the BM, improvement of angiogenesis, and modulation of the immune system. Overall, “tumor modiﬁed”
MSCs release EVs that play an active role in supporting a
favorable environment for malignant cells at the expense of
normal hematopoiesis.

Stem Cells International
In order to render more transparent the ﬁeld of EVs, an
EV-TRACK platform is created to collect biological and technical information of EVs [155]. Further studies are needed to
clarify not only the mechanism of action of EVs in disease
and health, but also to deﬁne EV population-speciﬁc identity
and cell origin, and the standardization of protocols for their
isolation and characterization.

Conflicts of Interest
The authors declare no conﬂicts of interest.

References
[1] C. J. Eaves, “Hematopoietic stem cells: concepts, deﬁnitions,
and the new reality,” Blood, vol. 125, no. 17, pp. 2605–2613,
2015.
[2] S. J. Morrison and D. T. Scadden, “The bone marrow niche
for haematopoietic stem cells,” Nature, vol. 505, no. 7483,
pp. 327–334, 2014.
[3] A. Sánchez-Aguilera and S. Méndez-Ferrer, “The hematopoietic stem-cell niche in health and leukemia,” Cellular and
Molecular Life Sciences, vol. 74, no. 4, pp. 579–590, 2017.
[4] K. Schepers, T. B. Campbell, and E. Passegué, “Normal and
leukemic stem cell niches: insights and therapeutic opportunities,” Cell Stem Cell, vol. 16, no. 3, pp. 254–267, 2015.
[5] E. Griessinger, F. Anjos-Afonso, I. Pizzitola et al., “A nichelike culture system allowing the maintenance of primary
human acute myeloid leukemia-initiating cells: a new tool
to decipher their chemoresistance and self-renewal mechanisms,” Stem Cells Translational Medicine, vol. 3, no. 4,
pp. 520–529, 2014.
[6] D. Bonnet and J. E. Dick, “Human acute myeloid leukemia is
organized as a hierarchy that originates from a primitive
hematopoietic cell,” Nature Medicine, vol. 3, no. 7, pp. 730–
737, 1997.
[7] R. Zagozdzon and J. Golab, “Review. Cancer stem cells in
haematological malignancies,” Współczesna Onkologia, vol. 1A, pp. 1–6, 2015.
[8] C. Lawson, D. Kovacs, E. Finding, E. Ulfelder, and V. LuisFuentes, “Extracellular vesicles: evolutionarily conserved
mediators of intercellular communication,” Yale Journal of
Biology and Medicine, vol. 90, no. 3, pp. 481–491, 2017.
[9] C. F. Ruivo, B. Adem, M. Silva, and S. A. Melo, “The biology
of cancer exosomes: insights and new perspectives,” Cancer
Research, vol. 77, no. 23, pp. 6480–6488, 2017.
[10] L. De Luca, G. D’Arena, V. Simeon et al., “Characterization
and prognostic relevance of circulating microvesicles in
chronic lymphocytic leukemia,” Leukemia & Lymphoma,
vol. 58, no. 6, pp. 1424–1432, 2017.
[11] T. L. Whiteside, “Extracellular vesicles isolation and their biomarker potential: are we ready for testing?,” Annals of Translational Medicine, vol. 5, no. 3, pp. 54–54, 2017.
[12] L. Han, J. Xu, Q. Xu, B. Zhang, E. W.-F. Lam, and Y. Sun,
“Extracellular vesicles in the tumor microenvironment:
therapeutic resistance, clinical biomarkers, and targeting
strategies,” Medicinal Research Reviews, vol. 37, no. 6,
pp. 1318–1349, 2017.
[13] M. Nawaz and F. Fatima, “Extracellular vesicles, tunneling
nanotubes, and cellular interplay: synergies and missing
links,” Frontiers in Molecular Biosciences, vol. 4, 2017.

Stem Cells International
[14] Y. Yuana, A. Sturk, and R. Nieuwland, “Extracellular vesicles
in physiological and pathological conditions,” Blood Reviews,
vol. 27, no. 1, pp. 31–39, 2013.
[15] A. Becker, B. K. Thakur, J. M. Weiss, H. S. Kim, H. Peinado,
and D. Lyden, “Extracellular vesicles in cancer: cell-to-cell
mediators of metastasis,” Cancer Cell, vol. 30, no. 6,
pp. 836–848, 2016.
[16] M. Tkach and C. Théry, “Communication by extracellular
vesicles: where we are and where we need to go,” Cell,
vol. 164, no. 6, pp. 1226–1232, 2016.
[17] H. Zhao, A. Achreja, E. Iessi et al., “The key role of extracellular vesicles in the metastatic process,” Biochimica et
Biophysica Acta (BBA) - Reviews on Cancer, vol. 1869,
no. 1, pp. 64–77, 2018.
[18] M. Yáñez-Mó, P. R.-M. Siljander, Z. Andreu et al., “Biological
properties of extracellular vesicles and their physiological
functions,” Journal of Extracellular Vesicles, vol. 4, no. 1,
article 27066, 2015.
[19] F. Cappello, M. Logozzi, C. Campanella et al., “Exosome
levels in human body ﬂuids: a tumor marker by themselves?,”
European Journal of Pharmaceutical Sciences, vol. 96, pp. 93–
98, 2017.
[20] A. Caivano, I. Laurenzana, L. De Luca et al., “High serum
levels of extracellular vesicles expressing malignancy-related
markers are released in patients with various types of
hematological neoplastic disorders,” Tumor Biology, vol. 36,
no. 12, pp. 9739–9752, 2015.
[21] A. Caivano, F. La Rocca, V. Simeon et al., “MicroRNA-155 in
serum-derived extracellular vesicles as a potential biomarker
for hematologic malignancies—a short report,” Cellular
Oncology, vol. 40, no. 1, pp. 97–103, 2017.
[22] L. Cerulo, D. Tagliaferri, P. Marotta et al., “Identiﬁcation of a
novel gene signature of ES cells self-renewal ﬂuctuation
through system-wide analysis,” PLoS One, vol. 9, no. 1, article
e83235, 2014.
[23] D. Tagliaferri, M. T. De Angelis, N. A. Russo et al., “Retinoic
acid speciﬁcally enhances embryonic stem cell metastate
marked by Zscan4,” PLoS One, vol. 11, no. 2, article
e0147683, 2016.
[24] M. Nawaz, F. Fatima, K. C. Vallabhaneni et al., “Extracellular vesicles: evolving factors in stem cell biology,” Stem
Cells International, vol. 2016, Article ID 1073140, 17 pages,
2016.
[25] Z. Chen, Y. Li, H. Yu et al., “Isolation of extracellular vesicles
from stem cells,” Methods in Molecular Biology, vol. 1660,
pp. 389–394, 2017.
[26] J. Ratajczak, K. Miekus, M. Kucia et al., “Embryonic stem cellderived microvesicles reprogram hematopoietic progenitors:
evidence for horizontal transfer of mRNA and protein delivery,” Leukemia, vol. 20, no. 5, pp. 847–856, 2006.
[27] O. Salvucci, K. Jiang, P. Gasperini et al., “MicroRNA126 contributes to granulocyte colony-stimulating factor-induced
hematopoietic progenitor cell mobilization by reducing the
expression of vascular cell adhesion molecule 1,” Haematologica, vol. 97, no. 6, pp. 818–826, 2012.
[28] L. M. Desrochers, M. A. Antonyak, and R. A. Cerione, “Extracellular vesicles: satellites of information transfer in cancer
and stem cell biology,” Developmental Cell, vol. 37, no. 4,
pp. 301–309, 2016.
[29] J. Burrello, S. Monticone, C. Gai, Y. Gomez, S. Kholia, and
G. Camussi, “Stem cell-derived extracellular vesicles and

7

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

immune-modulation,” Frontiers in Cell and Development
Biology, vol. 4, 2016.
L. Kordelas, V. Rebmann, A.-K. Ludwig et al., “MSC-derived
exosomes: a novel tool to treat therapy-refractory graftversus-host disease,” Leukemia, vol. 28, no. 4, pp. 970–973,
2014.
W. Nassar, M. El-Ansary, D. Sabry et al., “Umbilical cord
mesenchymal stem cells derived extracellular vesicles can
safely ameliorate the progression of chronic kidney diseases,”
Biomaterials Research, vol. 20, no. 1, p. 21, 2016.
J. Seita and I. L. Weissman, “Hematopoietic stem cell:
self-renewal versus diﬀerentiation,” Wiley Interdisciplinary
Reviews: Systems Biology and Medicine, vol. 2, no. 6,
pp. 640–653, 2010.
L. M. Calvi and D. C. Link, “The hematopoietic stem cell
niche in homeostasis and disease,” Blood, vol. 126, no. 22,
pp. 2443–2451, 2015.
T. Lapidot, C. Sirard, J. Vormoor et al., “A cell initiating
human acute myeloid leukaemia after transplantation into
SCID mice,” Nature, vol. 367, no. 6464, pp. 645–648, 1994.
J. C. Y. Wang and J. E. Dick, “Cancer stem cells: lessons from
leukemia,” Trends in Cell Biology, vol. 15, no. 9, pp. 494–501,
2005.
L. Coulombel, C. Eaves, D. Kalousek, C. Gupta, and A. Eaves,
“Long-term marrow culture of cells from patients with acute
myelogenous leukemia. Selection in favor of normal phenotypes in some but not all cases,” The Journal of Clinical Investigation, vol. 75, no. 3, pp. 961–969, 1985.
L. E. Ailles, B. Gerhard, and D. E. Hogge, “Detection and
characterization of primitive malignant and normal progenitors in patients with acute myelogenous leukemia using longterm coculture with supportive feeder layers and cytokines,”
Blood, vol. 90, no. 7, pp. 2555–2564, 1997.
D. van Gosliga, H. Schepers, A. Rizo, D. van der Kolk,
E. Vellenga, and J. J. Schuringa, “Establishing long-term cultures with self-renewing acute myeloid leukemia stem/
progenitor cells,” Experimental Hematology, vol. 35, no. 10,
pp. 1538–1549, 2007.
M. Zöller, “CD44, Hyaluronan, the hematopoietic stem
cell, and leukemia-initiating cells,” Frontiers in Immunology,
vol. 6, p. 235, 2015.
S. Wasnik, S. Kantipudi, M. A. Kirkland, and G. Pande,
“Enhanced ex vivo expansion of human hematopoietic
progenitors on native and spin coated acellular matrices prepared from bone marrow stromal cells,” Stem Cells International, vol. 2016, Article ID 7231567, 13 pages, 2016.
T. Walenda, G. Bokermann, M. S. Ventura Ferreira et al.,
“Synergistic eﬀects of growth factors and mesenchymal stromal cells for expansion of hematopoietic stem and progenitor
cells,” Experimental Hematology, vol. 39, no. 6, pp. 617–628,
2011.
J. Isern, B. Martín-Antonio, R. Ghazanfari et al., “Selfrenewing human bone marrow mesenspheres promote
hematopoietic stem cell expansion,” Cell Reports, vol. 3,
no. 5, pp. 1714–1724, 2013.
C. Verfaillie, “Direct contact between human primitive
hematopoietic progenitors and bone marrow stroma is not
required for long-term in vitro hematopoiesis,” Blood,
vol. 79, pp. 2821–2826, 1992.
E. M. Horwitz, K. Le Blanc, M. Dominici et al., “Clariﬁcation
of the nomenclature for MSC: the International Society for

8

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Stem Cells International
Cellular Therapy position statement,” Cytotherapy, vol. 7,
no. 5, pp. 393–395, 2005.
M. Dominici, K. Le Blanc, I. Mueller et al., “Minimal criteria
for deﬁning multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement,” Cytotherapy, vol. 8, no. 4, pp. 315–317, 2006.
I. R. Murray and B. Péault, “Q&A: mesenchymal stem
cells—where do they come from and is it important?,” BMC
Biology, vol. 13, p. 99, 2015.
W. Wagner, F. Wein, A. Seckinger et al., “Comparative characteristics of mesenchymal stem cells from human bone marrow, adipose tissue, and umbilical cord blood,” Experimental
Hematology, vol. 33, no. 11, pp. 1402–1416, 2005.
L. M. Calvi, G. B. Adams, K. W. Weibrecht et al., “Osteoblastic cells regulate the haematopoietic stem cell niche,” Nature,
vol. 425, no. 6960, pp. 841–846, 2003.
F. Arai, A. Hirao, M. Ohmura et al., “Tie2/Angiopoietin-1
signaling regulates hematopoietic stem cell quiescence in
the bone marrow niche,” Cell, vol. 118, no. 2, pp. 149–161,
2004.
P. Chandran, Y. Le, Y. Li et al., “Mesenchymal stromal cells
from patients with acute myeloid leukemia have altered
capacity to expand diﬀerentiated hematopoietic progenitors,”
Leukemia Research, vol. 39, no. 4, pp. 486–493, 2015.
S. Ito, A. J. Barrett, A. Dutra et al., “Long term maintenance of
myeloid leukemic stem cells cultured with unrelated human
mesenchymal stromal cells,” Stem Cell Research, vol. 14,
no. 1, pp. 95–104, 2015.
Q. Zhao, H. Ren, and Z. Han, “Mesenchymal stem cells:
immunomodulatory capability and clinical potential in
immune diseases,” Journal of Cellular Immunotherapy, vol. 2,
no. 1, pp. 3–20, 2016.
S. M. Watt, F. Gullo, M. van der Garde et al., “The angiogenic
properties of mesenchymal stem/stromal cells and their therapeutic potential,” British Medical Bulletin, vol. 108, no. 1,
pp. 25–53, 2013.
B. A. Anthony and D. C. Link, “Regulation of hematopoietic
stem cells by bone marrow stromal cells,” Trends in Immunology, vol. 35, no. 1, pp. 32–37, 2014.
Y. Kfoury and D. T. Scadden, “Mesenchymal cell contributions to the stem cell niche,” Cell Stem Cell, vol. 16, no. 3,
pp. 239–253, 2015.
M. J. Hoogduijn and F. J. M. F. Dor, “Mesenchymal stem cells
in transplantation and tissue regeneration,” Frontiers in
Immunology, vol. 2, p. 84, 2011.
K. Zhao and Q. Liu, “The clinical application of mesenchymal
stromal cells in hematopoietic stem cell transplantation,”
Journal of Hematology & Oncology, vol. 9, no. 1, p. 46, 2016.
A. Caivano, L. Del Vecchio, and P. Musto, “Do we need to
distinguish exosomes from microvesicles in hematological
malignancies?,” Leukemia, vol. 31, no. 9, pp. 2009-2010, 2017.
G. Raposo and W. Stoorvogel, “Extracellular vesicles: exosomes, microvesicles, and friends,” Journal of Cell Biology,
vol. 200, no. 4, pp. 373–383, 2013.
A. A. Farooqi, N. N. Desai, M. Z. Qureshi et al., “Exosome
biogenesis, bioactivities and functions as new delivery systems of natural compounds,” Biotechnology Advances,
vol. 36, no. 1, pp. 328–334, 2018.
N. P. Hessvik and A. Llorente, “Current knowledge on
exosome biogenesis and release,” Cellular and Molecular Life
Sciences, vol. 75, no. 2, pp. 193–208, 2018.

[62] J. Wang, S. Faict, K. Maes et al., “Extracellular vesicle crosstalk in the bone marrow microenvironment: implications in
multiple myeloma,” Oncotarget, vol. 7, no. 25, pp. 38927–
38945, 2016.
[63] C. Lynch, M. Panagopoulou, and C. D. Gregory, “Extracellular vesicles arising from apoptotic cells in tumors: roles in
cancer pathogenesis and potential clinical applications,”
Frontiers in Immunology, vol. 8, article 1174, 2017.
[64] M. P. Zaborowski, L. Balaj, X. O. Breakeﬁeld, and C. P. Lai,
“Extracellular vesicles: composition, biological relevance,
and methods of study,” Bioscience, vol. 65, no. 8, pp. 783–
797, 2015.
[65] B. Meehan, J. Rak, and D. Di Vizio, “Oncosomes—large and
small: what are they, where they came from?,” Journal of
Extracellular Vesicles, vol. 5, no. 1, article 33109, 2016.
[66] W. Guo, Y. Gao, N. Li et al., “Exosomes: new players in cancer,” Oncology Reports, vol. 38, no. 2, pp. 665–675, 2017.
[67] A. M. Falchi, V. Sogos, F. Saba, M. Piras, T. Congiu, and
M. Piludu, “Astrocytes shed large membrane vesicles that
contain mitochondria, lipid droplets and ATP,” Histochemistry and Cell Biology, vol. 139, no. 2, pp. 221–231, 2013.
[68] E. Griessinger, R. Moschoi, G. Biondani, and J.-F. Peyron,
“Mitochondrial transfer in the leukemia microenvironment,”
Trends in Cancer, vol. 3, no. 12, pp. 828–839, 2017.
[69] M. Puhka, M. Takatalo, M.-E. Nordberg et al., “Metabolomic
proﬁling of extracellular vesicles and alternative normalization methods reveal enriched metabolites and strategies to
study prostate cancer-related changes,” Theranostics, vol. 7,
no. 16, pp. 3824–3841, 2017.
[70] L. B. Sullivan, “Extracellular vesicles: taking metabolism on
the road,” Nature Chemical Biology, vol. 13, no. 9, pp. 924925, 2017.
[71] D.-K. Kim, J. Lee, S. R. Kim et al., “EVpedia: a community
web portal for extracellular vesicles research,” Bioinformatics,
vol. 31, no. 6, pp. 933–939, 2015.
[72] H. Kalra, R. J. Simpson, H. Ji et al., “Vesiclepedia: a compendium for extracellular vesicles with continuous community
annotation,” PLoS Biology, vol. 10, no. 12, article e1001450,
2012.
[73] S. Keerthikumar, D. Chisanga, D. Ariyaratne et al., “ExoCarta: a web-based compendium of exosomal cargo,” Journal
of Molecular Biology, vol. 428, no. 4, pp. 688–692, 2016.
[74] V. Dozio and J.-C. Sanchez, “Characterisation of extracellular
vesicle-subsets derived from brain endothelial cells and analysis of their protein cargo modulation after TNF exposure,”
Journal of Extracellular Vesicles, vol. 6, no. 1, article
1302705, 2017.
[75] V. R. Minciacchi, M. R. Freeman, and D. Di Vizio, “Extracellular vesicles in cancer: exosomes, microvesicles and the
emerging role of large oncosomes,” Seminars in Cell & Developmental Biology, vol. 40, pp. 41–51, 2015.
[76] K. C. Vallabhaneni, P. Penfornis, S. Dhule et al., “Extracellular vesicles from bone marrow mesenchymal stem/stromal
cells transport tumor regulatory microRNA, proteins, and
metabolites,” Oncotarget, vol. 6, no. 7, pp. 4953–4967, 2015.
[77] H.-S. Kim, D.-Y. Choi, S. J. Yun et al., “Proteomic analysis of
microvesicles derived from human mesenchymal stem cells,”
Journal of Proteome Research, vol. 11, no. 2, pp. 839–849,
2012.
[78] S. R. Baglio, K. Rooijers, D. Koppers-Lalic et al., “Human
bone marrow- and adipose-mesenchymal stem cells secrete

Stem Cells International

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

exosomes enriched in distinctive miRNA and tRNA species,”
Stem Cell Research & Therapy, vol. 6, no. 1, p. 127, 2015.
F. Collino, M. C. Deregibus, S. Bruno et al., “Microvesicles
derived from adult human bone marrow and tissue speciﬁc
mesenchymal stem cells shuttle selected pattern of miRNAs,”
PLoS One, vol. 5, no. 7, article e11803, 2010.
S. K. Gopal, D. W. Greening, A. Rai et al., “Extracellular vesicles: their role in cancer biology and epithelial-mesenchymal
transition,” Biochemical Journal, vol. 474, no. 1, pp. 21–45,
2016.
I. Prada and J. Meldolesi, “Binding and fusion of extracellular
vesicles to the plasma membrane of their cell targets,” International Journal of Molecular Sciences, vol. 17, no. 8,
p. 1296, 2016.
D. Choi, T. H. Lee, C. Spinelli, S. Chennakrishnaiah,
E. D’Asti, and J. Rak, “Extracellular vesicle communication
pathways as regulatory targets of oncogenic transformation,”
Seminars in Cell & Developmental Biology, vol. 67, pp. 11–22,
2017.
A. Hoshino, B. Costa-Silva, T.-L. Shen et al., “Tumour exosome integrins determine organotropic metastasis,” Nature,
vol. 527, no. 7578, pp. 329–335, 2015.
A. Montecalvo, A. T. Larregina, W. J. Shufesky et al., “Mechanism of transfer of functional microRNAs between mouse
dendritic cells via exosomes,” Blood, vol. 119, no. 3,
pp. 756–766, 2012.
I. Hazan-Halevy, D. Rosenblum, S. Weinstein, O. Bairey,
P. Raanani, and D. Peer, “Cell-speciﬁc uptake of mantle cell
lymphoma-derived exosomes by malignant and nonmalignant B-lymphocytes,” Cancer Letters, vol. 364, no. 1,
pp. 59–69, 2015.
C. Grange, M. Tapparo, S. Bruno et al., “Biodistribution of
mesenchymal stem cell-derived extracellular vesicles in a
model of acute kidney injury monitored by optical imaging,”
International Journal of Molecular Medicine, vol. 33, no. 5,
pp. 1055–1063, 2014.
H. Peinado, M. Alečković, S. Lavotshkin et al., “Melanoma
exosomes educate bone marrow progenitor cells toward a
pro-metastatic phenotype through MET,” Nature Medicine,
vol. 18, no. 6, pp. 883–891, 2012.
I. Parolini, C. Federici, C. Raggi et al., “Microenvironmental
pH is a key factor for exosome traﬃc in tumor cells,” Journal
of Biological Chemistry, vol. 284, no. 49, pp. 34211–34222,
2009.
L. De Luca, S. Trino, I. Laurenzana et al., “MiRNAs and piRNAs from bone marrow mesenchymal stem cell extracellular
vesicles induce cell survival and inhibit cell diﬀerentiation of
cord blood hematopoietic stem cells: a new insight in transplantation,” Oncotarget, vol. 7, no. 6, pp. 6676–6692, 2016.
F. Fatima, K. Ekstrom, I. Nazarenko et al., “Non-coding
RNAs in mesenchymal stem cell-derived extracellular vesicles: deciphering regulatory roles in stem cell potency,
inﬂammatory resolve, and tissue regeneration,” Frontiers in
Genetics, vol. 8, p. 161, 2017.
V. Börger, M. Bremer, R. Ferrer-Tur et al., “Mesenchymal
stem/stromal cell-derived extracellular vesicles and their
potential as novel immunomodulatory therapeutic agents,”
International Journal of Molecular Sciences, vol. 18, no. 7,
p. 1450, 2017.
G. Dostert, B. Mesure, P. Menu, and É. Velot, “How do mesenchymal stem cells inﬂuence or are inﬂuenced by

9

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

microenvironment through extracellular vesicles communication?,” Frontiers in Cell and Development Biology, vol. 5,
p. 6, 2017.
Y. S. Takeda and Q. Xu, “Neuronal diﬀerentiation of human
mesenchymal stem cells using exosomes derived from diﬀerentiating neuronal cells,” PLoS One, vol. 10, no. 8, article
e0135111, 2015.
T. P. Lozito and R. S. Tuan, “Endothelial and cancer cells
interact with mesenchymal stem cells via both microparticles
and secreted factors,” Journal of Cellular and Molecular Medicine, vol. 18, no. 12, pp. 2372–2384, 2014.
Y. J. Kim, H. K. Kim, H. H. Cho, Y. C. Bae, K. T. Suh, and J. S.
Jung, “Direct comparison of human mesenchymal stem cells
derived from adipose tissues and bone marrow in mediating
neovascularization in response to vascular ischemia,” Cellular
Physiology and Biochemistry, vol. 20, no. 6, pp. 867–876,
2007.
K. L. Pricola, N. Z. Kuhn, H. Haleem-Smith, Y. Song, and
R. S. Tuan, “Interleukin-6 maintains bone marrow-derived
mesenchymal stem cell stemness by an ERK1/2-dependent
mechanism,” Journal of Cellular Biochemistry, vol. 108,
no. 3, pp. 577–588, 2009.
G. Chiabotto, S. Bruno, F. Collino, and G. Camussi, “Mesenchymal stromal cells epithelial transition induced by renal
tubular cells-derived extracellular vesicles,” PLoS One,
vol. 11, no. 7, article e0159163, 2016.
O. M. Omar, C. Granéli, K. Ekström et al., “The stimulation
of an osteogenic response by classical monocyte activation,”
Biomaterials, vol. 32, no. 32, pp. 8190–8204, 2011.
K. Ekström, O. Omar, C. Granéli, X. Wang, F. Vazirisani, and
P. Thomsen, “Monocyte exosomes stimulate the osteogenic
gene expression of mesenchymal stem cells,” PLoS One,
vol. 8, no. 9, article e75227, 2013.
W.-G. Jang, E.-J. Kim, D.-K. Kim et al., “BMP2 protein regulates osteocalcin expression via Runx2-mediated Atf6 gene
transcription,” Journal of Biological Chemistry, vol. 287,
no. 2, pp. 905–915, 2012.
J. Ratajczak, M. Wysoczynski, F. Hayek, A. JanowskaWieczorek, and M. Z. Ratajczak, “Membrane-derived microvesicles: important and underappreciated mediators of
cell-to-cell communication,” Leukemia, vol. 20, no. 9,
pp. 1487–1495, 2006.
K. Ekström, H. Valadi, M. Sjöstrand et al., “Characterization
of mRNA and microRNA in human mast cell-derived exosomes and their transfer to other mast cells and blood
CD34 progenitor cells,” Journal of Extracellular Vesicles,
vol. 1, no. 1, article 18389, 2012.
G. Stik, S. Crequit, L. Petit et al., “Extracellular vesicles of
stromal origin target and support hematopoietic stem and
progenitor cells,” Journal of Cell Biology, vol. 216, no. 7,
pp. 2217–2230, 2017.
G. Piro, C. Carbone, I. Cataldo et al., “An FGFR3 autocrine
loop sustains acquired resistance to trastuzumab in gastric
cancer patients,” Clinical Cancer Research, vol. 22, no. 24,
pp. 6164–6175, 2016.
A. Caivano, F. La Rocca, I. Laurenzana et al., “Extracellular
vesicles in hematological malignancies: from biology to therapy,” International Journal of Molecular Sciences, vol. 18,
no. 6, p. 1183, 2017.
B. K. Arendt, D. K. Walters, X. Wu, R. C. Tschumper, and
D. F. Jelinek, “Multiple myeloma cell-derived microvesicles

10

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Stem Cells International
are enriched in CD147 expression and enhance tumor cell
proliferation,” Oncotarget, vol. 5, no. 14, pp. 5686–5699,
2014.
X.-H. Wu, “Leukemia-derived exosomes induce paracrine
and autocrine cell proliferation in pediatric ALL,” in Proceedings of the 58th ASH Annual Meeting and Exposition, p. 4080,
San Diego, CA, USA, December 2016.
G. Milani, T. Lana, S. Bresolin et al., “Expression proﬁling of
circulating microvesicles reveals intercellular transmission of
oncogenic pathways,” Molecular Cancer Research, vol. 15,
no. 6, pp. 683–695, 2017.
A. Wojtuszkiewicz, G. J. Schuurhuis, F. L. Kessler et al., “Exosomes secreted by apoptosis-resistant acute myeloid leukemia
(AML) blasts harbor regulatory network proteins potentially
involved in antagonism of apoptosis,” Molecular & Cellular
Proteomics, vol. 15, no. 4, pp. 1281–1298, 2016.
C. Bouvy, A. Wannez, J. Laloy, C. Chatelain, and J.M. Dogné, “Transfer of multidrug resistance among acute
myeloid leukemia cells via extracellular vesicles and their
microRNA cargo,” Leukemia Research, vol. 62, pp. 70–76,
2017.
A. M. Roccaro, A. Sacco, P. Maiso et al., “BM mesenchymal
stromal cell-derived exosomes facilitate multiple myeloma
progression,” The Journal of Clinical Investigation, vol. 123,
no. 4, pp. 1542–1555, 2013.
L. Raimondi, A. De Luca, N. Amodio et al., “Involvement of
multiple myeloma cell-derived exosomes in osteoclast diﬀerentiation,” Oncotarget, vol. 6, no. 15, pp. 13772–13789, 2015.
S. Viola, E. Traer, J. Huan et al., “Alterations in acute myeloid
leukaemia bone marrow stromal cell exosome content coincide with gains in tyrosine kinase inhibitor resistance,” British
Journal of Haematology, vol. 172, no. 6, pp. 983–986, 2016.
Y. Xie, H. Zhang, W. Li et al., “Dendritic cells recruit T cell
exosomes via exosomal LFA-1 leading to inhibition of
CD8+ CTL responses through downregulation of peptide/
MHC class I and Fas ligand-mediated cytotoxicity,” The Journal of Immunology, vol. 185, no. 9, pp. 5268–5278, 2010.
M. Hedlund, O. Nagaeva, D. Kargl, V. Baranov, and
L. Mincheva-Nilsson, “Thermal- and oxidative stress causes
enhanced release of NKG2D ligand-bearing immunosuppressive exosomes in leukemia/lymphoma T and B cells,”
PLoS One, vol. 6, no. 2, article e16899, 2011.
K. S. Reiners, D. Topolar, A. Henke et al., “Soluble ligands for
NK cell receptors promote evasion of chronic lymphocytic
leukemia cells from NK cell anti-tumor activity,” Blood,
vol. 121, no. 18, pp. 3658–3665, 2013.
C.-S. Hong, L. Muller, T. L. Whiteside, and M. Boyiadzis,
“Plasma exosomes as markers of therapeutic response in
patients with acute myeloid leukemia,” Frontiers in Immunology, vol. 5, p. 160, 2014.
J. Wang, K. De Veirman, S. Faict et al., “Multiple myeloma
exosomes establish a favourable bone marrow microenvironment with enhanced angiogenesis and immunosuppression,”
The Journal of Pathology, vol. 239, no. 2, pp. 162–173, 2016.
T. K. Garg, J. I. Gann, P. A. Malaviarachchi et al., “Myeloma-derived exosomes and soluble factors suppress natural killer cell function,” Proceedings of 58th ASH Annual
Meeting and Exposition, 2066, San Diego, CA, USA,
December 2016, 2066.
N. I. Hornick, B. Doron, S. Abdelhamed et al., “AML suppresses hematopoiesis by releasing exosomes that contain

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

microRNAs targeting c-MYB,” Science Signaling, vol. 9,
no. 444, article ra88, 2016.
J. Huan, N. I. Hornick, N. A. Goloviznina et al., “Coordinate
regulation of residual bone marrow function by paracrine
traﬃcking of AML exosomes,” Leukemia, vol. 29, no. 12,
pp. 2285–2295, 2015.
F. Razmkhah, M. Soleimani, D. Mehrabani et al., “Leukemia
microvesicles aﬀect healthy hematopoietic stem cells,” Tumor
Biology, vol. 39, no. 2, article 101042831769223, 2017.
H. Gu, C. Chen, X. Hao et al., “Sorting protein VPS33B regulates exosomal autocrine signaling to mediate hematopoiesis
and leukemogenesis,” The Journal of Clinical Investigation,
vol. 126, no. 12, pp. 4537–4553, 2016.
Y. Wang, Q. Cheng, J. Liu, and M. Dong, “Leukemia stem
cell-released microvesicles promote the survival and migration of myeloid leukemia cells and these eﬀects can be
inhibited by microRNA34a overexpression,” Stem Cells
International, vol. 2016, Article ID 9313425, 8 pages, 2016.
S. Trino, D. Lamorte, A. Caivano et al., “MicroRNAs as new
biomarkers for diagnosis and prognosis, and as potential
therapeutic targets in acute myeloid leukemia,” International
Journal of Molecular Sciences, vol. 19, no. 2, p. 460, 2018.
S. Muntión, T. L. Ramos, M. Diez-Campelo et al., “Microvesicles from mesenchymal stromal cells are involved in HPCmicroenvironment crosstalk in myelodysplastic patients,”
PLoS One, vol. 11, no. 2, article e0146722, 2016.
T. L. Ramos, L. I. Sánchez-Abarca, and B. Rosón, “Extracellular vesicles play an important role in intercellular communication between bone marrow stroma and hematopoietic
progenitor cells in myeloproliferative neoplasms,” in Proceedings of the 58th ASH Annual Meeting and Exposition, p. 1957,
San Diego, CA, USA, December 2016.
T. Lopatina, C. Gai, M. C. Deregibus, S. Kholia, and
G. Camussi, “Cross talk between cancer and mesenchymal
stem cells through extracellular vesicles carrying nucleic
acids,” Frontiers in Oncology, vol. 6, article 125, 2016.
X. Zhang, H. Tu, Y. Yang, L. Fang, Q. Wu, and J. Li, “Mesenchymal stem cell-derived extracellular vesicles: roles in tumor
growth, progression, and drug resistance,” Stem Cells International, vol. 2017, Article ID 1758139, 12 pages, 2017.
W. Zhu, L. Huang, Y. Li et al., “Exosomes derived from
human bone marrow mesenchymal stem cells promote
tumor growth in vivo,” Cancer Letters, vol. 315, no. 1,
pp. 28–37, 2012.
R. S. Lindoso, F. Collino, and G. Camussi, “Extracellular vesicles derived from renal cancer stem cells induce a protumorigenic phenotype in mesenchymal stromal cells,”
Oncotarget, vol. 6, no. 10, pp. 7959–7969, 2015.
C. A. Sánchez, E. I. Andahur, R. Valenzuela et al., “Exosomes
from bulk and stem cells from human prostate cancer have a
diﬀerential microRNA content that contributes cooperatively
over local and pre-metastatic niche,” Oncotarget, vol. 7, no. 4,
pp. 3993–4008, 2016.
K. Lee, H. Park, E. H. Lim, and K. W. Lee, “Exosomes from
breast cancer cells can convert adipose tissue-derived mesenchymal stem cells into myoﬁbroblast-like cells,” International
Journal of Oncology, vol. 40, pp. 130–138, 2011.
V. Luga and J. L. Wrana, “Tumor-stroma interaction: revealing ﬁbroblast-secreted exosomes as potent regulators of Wntplanar cell polarity signaling in cancer metastasis,” Cancer
Research, vol. 73, no. 23, pp. 6843–6847, 2013.

Stem Cells International
[135] J. D. McBride, L. Rodriguez-Menocal, W. Guzman,
A. Candanedo, M. Garcia-Contreras, and E. V. Badiavas,
“Bone marrow mesenchymal stem cell-derived CD63+ exosomes transport Wnt3a exteriorly and enhance dermal ﬁbroblast proliferation, migration, and angiogenesis in vitro,”
Stem Cells and Development, vol. 26, no. 19, pp. 1384–1398,
2017.
[136] N. Syn, L. Wang, G. Sethi, J.-P. Thiery, and B.-C. Goh, “Exosome-mediated metastasis: from epithelial-mesenchymal
transition to escape from immunosurveillance,” Trends in
Pharmacological Sciences, vol. 37, no. 7, pp. 606–617, 2016.
[137] S. Shi, Q. Zhang, Y. Xia et al., “Mesenchymal stem cellderived exosomes facilitate nasopharyngeal carcinoma progression,” American Journal of Cancer Research, vol. 6,
no. 2, pp. 459–472, 2016.
[138] R. Narayanan, C.-C. Huang, and S. Ravindran, “Hijacking the
cellular mail: exosome mediated diﬀerentiation of mesenchymal stem cells,” Stem Cells International, vol. 2016, Article ID
3808674, 11 pages, 2016.
[139] M. Gong, B. Yu, J. Wang et al., “Mesenchymal stem cells
release exosomes that transfer miRNAs to endothelial cells
and promote angiogenesis,” Oncotarget, vol. 8, no. 28,
pp. 45200–45212, 2017.
[140] J. D. Anderson, H. J. Johansson, C. S. Graham et al.,
“Comprehensive proteomic analysis of mesenchymal stem
cell exosomes reveals modulation of angiogenesis via nuclear
factor-KappaB signaling,” Stem Cells, vol. 34, no. 3, pp. 601–
613, 2016.
[141] A. Del Fattore, R. Luciano, L. Pascucci et al., “Immunoregulatory eﬀects of mesenchymal stem cell-derived extracellular
vesicles on T lymphocytes,” Cell Transplantation, vol. 24,
no. 12, pp. 2615–2627, 2015.
[142] A. Conforti, M. Scarsella, N. Starc et al., “Microvescicles
derived from mesenchymal stromal cells are not as eﬀective
as their cellular counterpart in the ability to modulate
immune responses in vitro,” Stem Cells and Development,
vol. 23, no. 21, pp. 2591–2599, 2014.
[143] W. Chen, Y. Huang, J. Han et al., “Immunomodulatory
eﬀects of mesenchymal stromal cells-derived exosome,”
Immunologic Research, vol. 64, no. 4, pp. 831–840, 2016.
[144] Y. Yang, V. Bucan, H. Baehre, J. Von Der Ohe, A. Otte, and
R. Hass, “Acquisition of new tumor cell properties by MSCderived exosomes,” International Journal of Oncology,
vol. 47, no. 1, pp. 244–252, 2015.
[145] H. Haga, I. K. Yan, K. Takahashi, J. Wood, A. Zubair, and
T. Patel, “Tumour cell-derived extracellular vesicles interact
with mesenchymal stem cells to modulate the microenvironment and enhance cholangiocarcinoma growth,” Journal of
Extracellular Vesicles, vol. 4, no. 1, article 24900, 2015.
[146] A. K. Ghosh, C. R. Secreto, T. R. Knox, W. Ding,
D. Mukhopadhyay, and N. E. Kay, “Circulating microvesicles
in B-cell chronic lymphocytic leukemia can stimulate marrow stromal cells: implications for disease progression,”
Blood, vol. 115, no. 9, pp. 1755–1764, 2010.
[147] J. Boysen, M. Nelson, G. Magzoub et al., “Dynamics of microvesicle generation in B-cell chronic lymphocytic leukemia:
implication in disease progression,” Leukemia, vol. 31,
no. 2, pp. 350–360, 2017.
[148] J. Paggetti, F. Haderk, M. Seiﬀert et al., “Exosomes released by
chronic lymphocytic leukemia cells induce the transition of
stromal cells into cancer-associated ﬁbroblasts,” Blood,
vol. 126, no. 9, pp. 1106–1117, 2015.

11
[149] J. El-Saghir, F. Nassar, N. Tawil, and M. El-Sabban, “ATLderived exosomes modulate mesenchymal stem cells: potential role in leukemia progression,” Retrovirology, vol. 13,
no. 1, p. 73, 2016.
[150] H. Horiguchi, M. Kobune, S. Kikuchi et al., “Extracellular
vesicle miR-7977 is involved in hematopoietic dysfunction
of mesenchymal stromal cells via poly(rC) binding protein
1 reduction in myeloid neoplasms,” Haematologica, vol. 101,
no. 4, pp. 437–447, 2016.
[151] J. Huan, N. I. Hornick, M. J. Shurtleﬀ et al., “RNA traﬃcking
by acute myelogenous leukemia exosomes,” Cancer Research,
vol. 73, no. 2, pp. 918–929, 2013.
[152] B. Kumar, M. Garcia, L. Weng et al., “Acute myeloid leukemia transforms the bone marrow niche into a leukemiapermissive microenvironment through exosome secretion,”
Leukemia, vol. 32, no. 3, pp. 575–587, 2017.
[153] C. Corrado, S. Raimondo, L. Saieva, A. M. Flugy, G. De Leo,
and R. Alessandro, “Exosome-mediated crosstalk between
chronic myelogenous leukemia cells and human bone marrow stromal cells triggers an interleukin 8-dependent survival
of leukemia cells,” Cancer Letters, vol. 348, no. 1-2, pp. 71–76,
2014.
[154] K. De Veirman, J. Wang, S. Xu et al., “Induction of miR-146a
by multiple myeloma cells in mesenchymal stromal cells
stimulates their pro-tumoral activity,” Cancer Letters,
vol. 377, no. 1, pp. 17–24, 2016.
[155] EV-TRACK Consortium, J. Van Deun, P. Mestdagh et al.,
“EV-TRACK: transparent reporting and centralizing knowledge in extracellular vesicle research,” Nature Methods,
vol. 14, no. 3, pp. 228–232, 2017.

Hindawi
Stem Cells International
Volume 2018, Article ID 9468085, 13 pages
https://doi.org/10.1155/2018/9468085

Research Article
Chemical Activation of the Hypoxia-Inducible Factor Reversibly
Reduces Tendon Stem Cell Proliferation, Inhibits Their
Differentiation, and Maintains Cell Undifferentiation
Alessandra Menon ,1 Pasquale Creo,1 Marco Piccoli ,1 Sonia Bergante,1 Erika Conforti,1
Giuseppe Banfi,2,3 Pietro Randelli ,1,4,5 and Luigi Anastasia 1,5
1

IRCCS Policlinico San Donato, San Donato Milanese, Milan, Italy
IRCCS Istituto Ortopedico Galeazzi, Milan, Italy
3
Università Vita-Salute San Raﬀaele, Milan, Italy
4
Azienda Socio Sanitaria Territoriale Centro Specialistico Ortopedico Traumatologico Gaetano Pini-CTO, Milan, Italy
5
Department of Biomedical Sciences for Health, University of Milan, Milan, Italy
2

Correspondence should be addressed to Pietro Randelli; pietro.randelli@unimi.it and Luigi Anastasia; luigi.anastasia@unimi.it
Received 4 September 2017; Accepted 6 December 2017; Published 11 March 2018
Academic Editor: Margherita Maioli
Copyright © 2018 Alessandra Menon et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
Adult stem cell-based therapeutic approaches for tissue regeneration have been proposed for several years. However, adult stem
cells are usually limited in number and diﬃcult to be expanded in vitro, and they usually tend to quickly lose their potency with
passages, as they diﬀerentiate and become senescent. Culturing stem cells under reduced oxygen tensions (below 21%) has been
proposed as a tool to increase cell proliferation, but many studies reported opposite eﬀects. In particular, cell response to
hypoxia seems to be very stem cell type speciﬁc. Nonetheless, it is clear that a major role in this process is played by the hypoxia
inducible factor (HIF), the master regulator of cell response to oxygen deprivation, which aﬀects cell metabolism and
diﬀerentiation. Herein, we report that a chemical activation of HIF in human tendon stem cells reduces their proliferation and
inhibits their diﬀerentiation in a reversible and dose-dependent manner. These results support the notion that hypoxia, by
activating HIF, plays a crucial role in preserving stem cells in an undiﬀerentiated state in the “hypoxic niches” present in the
tissue in which they reside before migrating in more oxygenated areas to heal a damaged tissue.

1. Introduction
Stem cell-based therapies have promised to be an attractive
approach in tissue regeneration, especially with the discovery
that adult tissues possess a reservoir of progenitor cells that
can be isolated and cultured in vitro [1]. However, one of
the main obstacles that have been encountered is the
relatively small number of adult stem cells present in tissues
and their very limited proliferative capacity. Moreover, while
stem cells can be easily isolated from patients, they usually
tend to quickly lose their potency in vitro with passages, as
they diﬀerentiate and become senescent. A possible approach
to overcome these limitations is to culture cells under low
oxygen levels (below 21%) [2–5]. However, maintaining the

correct in vitro culturing conditions under reduced oxygen
tensions is quite complex. In fact, it requires special hypoxic
chambers to avoid subjecting cells to continuous hypoxia/
reoxygenation cycles during medium changes. Moreover,
results are often conﬂicting, as many authors reported both
the inhibition and promotion of cell proliferation even under
moderate hypoxia (5–10%) [6–9]. Clearly, one confounding
element is that adult stem cells are a very heterogeneous class
of diﬀerent cell subtypes, which are tissue speciﬁc. In
addition, isolation techniques and culturing conditions
in vitro heavily aﬀect their phenotype. Therefore, we can
speculate that these inconsistencies in the literature are likely
due to a distinct response of each stem cell subtype to
hypoxia. Nonetheless, under reduced oxygen tensions, it is
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well established that the alpha subunit of the hypoxia
inducible factor (HIF-1α) is stabilized [10], and this causes
a signaling cascade greatly aﬀecting stem cell metabolism
and diﬀerentiation [11–14] (Figure 1(a)). One interesting
feature of HIF mechanism of activation is that its stabilization relies on the inhibition of a family of prolyl hydroxylases
(PHDs) that require oxygen to work; thus, their activity is
reduced under oxygen starvation (Figure 1(b)). Interestingly,
it has been shown that a chemical inhibition of PHD activity,
using for instance 2-oxoglutarate analogous like dimethyloxalylglycine (DMOG), can mimic the eﬀects of hypoxia in
activating HIF even under normal oxygen tension
(Figure 1(c)). Therefore, it could be envisioned to add these
inhibitors in the culture medium to ﬁnely modulate stem cell
proliferation and diﬀerentiation, avoiding the complex
control of the oxygen tension.
On these bases, in this work, we studied the eﬀects of
HIF-1α stabilization, obtained by chemically inhibiting the
PHDs, on human tendon stem cells, that we recently
isolated for the ﬁrst time from the human rotator cuﬀ
tendons [15, 16].
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Cell samples were analyzed with a Navios ﬂow cytometer
(Beckman Coulter) equipped with Kaluza software
(Beckman Coulter).
2.3. Chemical Activation of HIF-1α with DMOG. DMOG was
prepared by solubilization in H2O, as suggested by the
manufacturer’s protocol (Sigma Aldrich). Twenty-four hours
after seeding, cells were either cultured for 96 h in normal
growth medium with diﬀerent concentrations of DMOG
(0.01 mM, 0.1 mM, and 1 mM) or in normal growth medium
without DMOG (controls). The medium was changed every
48 h in all experiments unless speciﬁed. To study the
reversibility of the eﬀects of DMOG on cell viability and
proliferation capacity, multilineage diﬀerentiation potential
of hTSCs was tested upon DMOG removal from the culture
medium. To this purpose, cells were ﬁrst cultured in the
presence of diﬀerent concentrations of DMOG for 96 h, as
described above, washed twice with PBS, detached, and then
reseeded and grown in normal medium without DMOG.

2.1. Cell Isolation and Culture. Human tendon stem cells
(hTSCs) were isolated from supraspinatus tendon specimens
collected during arthroscopic rotator cuﬀ repair, according to
a previously reported procedure [15]. The protocol study was
approved by the Hospital Ethical Committee with authorization number 2642 (Sept. 19, 2011). Samples from supraspinatus tendons (4–8 mm wide) were collected from 6 patients
after signed informed consent, kept in HypoThermosol
(BioLife Solutions) at 4°C, and processed separately within
24 h, according to the procedure described below. Samples
were washed with phosphate-buﬀered saline (PBS) (Euroclone), cut into small pieces, and digested for 90 min with
collagenase type I (3 mg/mL; Worthington) and dispase
(4 mg/mL; Gibco, Life Technologies) in PBS at 37°C. After
centrifugation, cell pellets were resuspended in the following
culture medium: α-Minimal Essential Medium (α-MEM)
(Sigma-Aldrich) supplemented with 2 mM glutamine
(Euroclone), 1% antibiotic-antimycotic mixture (Euroclone),
and 20% (v/v) fetal bovine serum (FBS) (HyClone, Thermo
Fisher Scientiﬁc). Cells were then ﬁltered with a cell strainer
(70 mM; BD Falcon) and plated in 150 cm2 dishes. Adherent
cells were cultured at 37°C in a humidiﬁed atmosphere of 5%
CO2. The medium was changed every 2-3 days. All experiments were carried out with cells at passage four to six after
isolation [17].

2.4. Western Blot Analysis. Control hTSCs or treated with
diﬀerent concentrations of DMOG for 96 h were rinsed twice
with cold PBS, harvested, and lysed in RIPA buﬀer containing protease and phosphatase inhibitors. Protein concentrations were measured by the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientiﬁc), following the manufacturer’s
protocol. Proteins (30 μg) were denatured by boiling for
5 min in sample buﬀer (6.5 mM Tris-HCl, pH 6.8, 2% SDS
(w/v), 10% glycerol (v/v), 5% 2-mercaptoethanol (w/v), and
0.01% bromophenol blue (w/v)) and separated on a 10%
polyacrylamide gel in denaturing conditions. Proteins were
subsequently transferred into nitrocellulose membranes by
electroblotting using 100 volts for 2 hours. Then, the
membranes were incubated overnight in Tris-buﬀered saline
(TBS: 10 mM Tris-HCl, pH 7.4, 150 mM NaCl), 0.1% (v/v)
Tween 20 (TBS-Tween) containing 5% (w/v) dried milk or
5% (w/v) bovine serum albumin (BSA; Sigma-Aldrich) for
the blocking buﬀer. Blots were incubated with a primary
antibody speciﬁc for HIF-1α (Cell Signaling Technology)
diluted 1 : 1000 in the appropriate blocking solution for three
hours at room temperature. Membranes were then washed
four times for 10 min with TBS-Tween and then incubated
with the appropriate secondary antibody horseradish peroxidase (HRP) conjugated for 1 hour at room temperature.
After four washes in TBS-Tween, the protein bands were
detected using an ECL detection kit (Thermo Fisher Scientiﬁc) as described by the manufacturer. Relative protein
expression levels were calculated normalizing data on Lamin
A/C, which was used as internal control.

2.2. Flow Cytometric Analysis. hTSCs were detached and
collected in PBS at a concentration of 2 × 106 cells/mL.
Speciﬁc binding sites were blocked with a blocking solution
(50% 1X PSB, 50% FBS) for 30 minutes at room temperature
(RT). Cells were stained with antibodies against human: PEconjugated CD105, PE-conjugated CD90, FITC-conjugated
CD73, conjugated CD45, PerCP-eFluor 710-conjugated
CD34, and FITC-conjugated HLA-DR, for 10 minutes at
4°C. The respective isotype antibodies were used as controls.

2.5. Cell Morphology and Proliferation. Cells were plated at a
concentration of 2.6 × 103 cells/cm2 and cultured in normal
growth medium in the presence of DMOG (0 mM,
0.01 mM, 0.1 mM, and 1 mM), as described above. Cell
morphology was examined with a phase-contrast microscope
(Axiovert 40 CFL, Zeiss, equipped with a Moticam 2300
camera, Motic) at each time point to assess the eﬀects of
DMOG treatment on hTSC phenotype. Cell growth curves
were prepared after harvesting with Trypsin-EDTA solution

2. Methods
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Figure 1: Schematic representation of diﬀerent mechanisms of HIF-1α activation. The picture shows a schematic representation of (a) HIF1α degradation by proteasome under normoxic conditions, (b) HIF-1α stabilization under hypoxic conditions mediated by the oxygen
deprivation which causes the inhibition of PHD2 activity, and (c) chemical-induced HIF-1α stabilization under normoxic conditions by
the inhibition of PHD2 activity through DMOG treatment.

(Sigma-Aldrich) by counting cells with a Countess Cell
Counter (Invitrogen, Life Technologies), according to the
manufacturer’s procedure. Cell viability was determined by
trypan blue dye exclusion assay. All assays were carried out
in triplicates for each sample.
2.6. Cell Viability by MTT Assay. hTSCs were plated in
12-well plates (1 × 104 cells/well) and treated with diﬀerent
concentrations of DMOG or cultured in the growth medium
alone. At each time point (0, 24, 48, and 72 h), two hours before
collection, the reconstituted 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyl-2H-tetrazolium bromide (MTT) (5 mg/mL in PBS;
Sigma-Aldrich) was added to the medium (10% of the ﬁnal
volume). Following a two-hour incubation at 37°C, cells were
lysed by adding an amount of MTT solubilization solution
equal to the original culture medium volume, gently pipetting
to completely dissolve the MTT formazan crystals. The MTT
reduction was spectrophotometrically measured at a wavelength of 570 nm.
2.7. Cell Viability Assay by RealTime-Glo™. Cell viability was
assessed using RealTime-Glo MT Cell Viability Assay
(Promega) after 48 and 96 h of DMOG treatment (0 mM,

0.01 mM, 0.1 mM, and 1 mM) according to the manufacturer’s protocol. The luminescent signal was measured at 48
and 96 h using VICTOR X3™ Multilabel Plate Reader.
Brieﬂy, MT cell viability substrate and NanoLuc® enzyme
were both diluted 1 : 1000 in culture medium at a ﬁnal
volume of 100 μL per well. Cells were seeded at a density of
500 cells/well in a 96-well plate. Data were normalized to
the untreated control.
2.8. Cytotoxicity Assay by CellTox Method. CellTox™ cytotoxicity assay (Promega) was used to investigate the cytotoxic
eﬀect of DMOG treatment, as the assay measures changes in
membrane integrity that occur as a result of cell death.
Brieﬂy, cells were seeded in a 96-well plate at a concentration
of 500 cells/well and incubated for 48 and 96 h with DMOG
(0 mM, 0.01 mM, 0.1 mM, and 1 mM) and tested according
to manufacturer’s protocol. After each incubation, an equal
volume of 100 μL of CellTox buﬀer containing 1 : 500 dilution CellTox Green Dye was added to each well and incubated at room temperature for 15 minutes. The signal was
measured using the VICTOR™ X3 Multilabel Plate Reader
with an excitation wavelength of 485–500 nm and emission
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Table 1

Gene
S14

VEGF

NANOG

OCT4

KLF4

Tenascin C

COL1A1

PPAR-γ

LPL

ALP

SOX9

Primer sequence
Fw: 5′-GTGTGACTGGTGGGATGAAGG-3′
Rev: 5′-TTGATGTGTAGGGCGGTGATAC-3′
Fw: 5′-CAACATCACCATGCAGATTATGC-3′
Rev: 5′-TCGGCTTGTCACATTTTTCTTGT-3′
Fw: 5′-GGTCCCAGTCAAGAAACAGA-3′
Rev: 5′-GAGGTTCAGGATGTTGGAGA-3′
Fw: 5′-AGGAGAAGCTGGAGCAAAA-3′
Rev: 5′-GGTCGAATACCTTCCCAAA-3′
Fw: 5′-GACTTCCCCCAGTGCTTC-3′
Rev: 5′-CGTTGAACTCCTCGGTCTC-3′
Fw: 5′-CGGGGCTATAGAACACCAGT-3′
Rev: 5′-AACATTTAAGTTTCCAATTTCAGGTT-3′

using the iScript cDNA synthesis kit (BioRad), according to
the manufacturer’s instructions. Real-time PCR was performed in a 96-well plate with 10 ng of cDNA as a template,
0.2 μM primers, and 1x Power SYBR® Green PCR Master
Mix (Applied Biosystems, Life Technologies) in a 20 μL ﬁnal
volume per well using a StepOnePlus™ Real-Time PCR System (Applied Biosystems). The mRNA levels of vascular
endothelial growth factor (VEGF), Nanog homeobox
(NANOG), octamer-binding transcription factor 4 (OCT4),
Kruppel-like factor 4 (KLF4), Tenascin C, collagen type I
alpha-1 (COL1A1), peroxisome proliferator-activated receptor-γ (PPAR-γ), lipoprotein lipase (LPL), human alkaline
phosphatase (ALP), and SRY-box9 (SOX9) were assessed.
Ribosomal protein S14 (S14) was used as the housekeeping
gene in all quantitative analyses (Table 1).
Ampliﬁcation protocol: initial denaturation at 95°C for 3
minutes followed by 40 cycles of 5 seconds each at 95°C and
30 seconds at 57°C. Relative quantiﬁcation of target genes
was performed in triplicates, analyzed using the 2−ΔΔCt
method and normalized to the corresponding S14 values.

Fw: 5′-GGGATTCCCTGGACCTAAAG-3′
Rev: 5′-GGAACACCTCGCTCTCCA-3′
Fw: 5′-TTCCTTCACTGATACACTGTCTGC-3′
Rev: 5′-GGAGTGGGAGTGGTCTTCCATTAC-3′
Fw: 5′-AGAGAGAACCAGACTCCAATG-3′
Rev: 5′-GGCTCCAAGGCTGTATCC-3′
Fw: 5′-CGCACGGAACTCCTGACC-3′
Rev: 5′-GCCACCACCACCATCTCG-3′
Fw: 5′-GTACCCGCACTTGCACAAC-3′
Rev: 5′-TCGCTCTCGTTCAGAAGTCTC-3′

ﬁlter of 520–530 nm. Data were normalized to the untreated
control.
2.9. Cell Viability by Annexin V/PI Flow Cytometric Assay.
Cell viability was measured by ﬂow cytometry on cells cultured for 96 h in normal growth medium with diﬀerent concentrations of DMOG (0, 0.01, 0.1, and 1 mM) using
Annexin V-FITC Apoptosis Detection Kit (eBioscience),
according to the manufacturer’s protocol.
Brieﬂy, adherent cells were trypsinized, washed in PBS by
gentle shaking, and resuspended at the concentration of 5 ∗
105 cells/mL with 200 μL of a speciﬁc binding buﬀer
(10 mM HEPES/NaOH, pH 7.4; 140 mM NaCl, and 2.5 mM
CaCl2) containing 5 μL of Annexin V-FITC. After incubation
for 10 min in the dark at room temperature, cells were
washed in PBS, resuspended in 190 μL of binding buﬀer,
and then stained with 10 μL propidium iodide (20 μg/mL).
Samples were immediately acquired with a Navios Flow Cytometer (Beckman Coulter) and analyzed using Kaluza 1.2
software (Beckman Coulter).
2.10. RNA Extraction and Real-Time PCR. Total RNA was
isolated using TRIzol® Reagent (Ambion, Life Technologies),
and 1 μg of extracted RNA was reverse transcribed to cDNA

2.11. Adipogenic Diﬀerentiation. Cells were plated at a concentration of 3 × 104 cells/cm2 and cultured in DMEM-low
glucose (Sigma-Aldrich), 10% FBS (HyClone, Thermo Fisher
Scientiﬁc), 4 mM L-glutamine (Euroclone), and 1% antibioticantimycotic mixture (Euroclone), with the addition of the
mesenchymal stem cell adipogenesis kit (Millipore) for 21
days, according to the manufacturer’s instructions. The adipogenic medium was changed every other day. At day 21, Oil Red
O solution (Millipore) was used to stain lipid droplets of
derived adipocytes, according to the manufacturer’s procedures. All photomicrographs were acquired with an Axiovert
40 microscope (Zeiss) equipped with a Moticam 2300 camera
(Motic). The mRNA expression of adipogenic markers including PPAR-γ and LPL were also assessed on days 7 and 21 by
real-time PCR, as described above [17].
2.12. Osteogenic Diﬀerentiation. Cells were plated at the concentration of 3 × 104 cells/cm2 and cultured in the osteogenesis induction medium, which was constituted of DMEMlow glucose (Sigma-Aldrich), 10% FBS (HyClone, Thermo
Fisher Scientiﬁc), 4 mM L-glutamine (Euroclone), and 1%
antibiotic-antimycotic mixture (Euroclone), supplemented
with 0.1 μM dexamethasone, 50 μg/mL L-ascorbic acid-2phosphate, and 10 mM β-glycerophosphate (all reagents
from Sigma-Aldrich) for 17 days. The osteogenic medium
was changed every other day. At day 17, Alizarin Red
solution (Millipore) was used to detect calcium deposition
in derived osteoblasts, according to the manufacturer’s
instruction. All photomicrographs were acquired with an
Axiovert 40 microscope (Zeiss) equipped with a Moticam
2300 camera (Motic). The expression of osteogenic marker
ALP was determined by real-time PCR on days 5 and 17, as
described above [17].
2.13. Chondrogenic Diﬀerentiation. Chondrogenic diﬀerentiation was performed using StemPro Chondrogenesis
Diﬀerentiation Kit (Life Technologies), according to the
manufacturer’s instruction. Brieﬂy, cells were resuspended
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Figure 2: HIF-1α chemical activation with DMOG. HIF-1α expression was analyzed by Western blot (a). The activation of HIF-1α was also
analyzed measuring the expression of VEGF by real-time PCR (b). Western blots were quantiﬁed by densitometry and results expressed with
arbitrary units. Real-time PCR data are expressed as fold change as compared to control cells without DMOG treatment. p values were
calculated using Student’s t-test. Only p values < 0.05 are indicated: ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001.

in growth medium at the concentration of 1.6 × 107, and 5 μL
droplets were seeded in the center of a multiwell plate wells.
After two hours, the chondrogenesis induction medium provided by the kit was added. The chondrogenic medium was
changed every 2-3 days for 14 days. Alcian blue solution
(Bio-Optica) was used to stain acid mucopolysaccharides
formed during the diﬀerentiation process. The expression
of chondrogenic marker SOX9 was determined by real-time
PCR on days 5 and 14, as described above [17].
2.14. Statistical Analysis. Statistical analysis was performed
using GraphPad Prism v 6.0 software (GraphPad Software
Inc.). Data were typical results from three replicate experiments for each of the six patient-derived cell lines and were
expressed as the mean ± standard deviation (SD). The
Shapiro-Wilk normality test was used to evaluate the normal
distribution of the sample.
One-way analysis of variance (ANOVA), followed by
two-tailed, paired Student’s t-test or Mann–Whitney test
according to the characteristics of the data distribution,
wherever applicable, was used for multiple comparisons. Linear contrasts were used to assess for changes in the mean
values with increasing doses of DMOG. The signiﬁcance level
was set at p value lower than 0.05.

3. Results
3.1. Eﬀects of DMOG on HIF-1α Stabilization on hTSCs. To
chemically activate HIF-1α, hTSCs were cultured under normoxia in the presence of DMOG at diﬀerent concentrations
(0.01 mM, 0.1 mM, and 1 mM) for 96 h and compared to
control cells that were cultured in normal growth medium
without DMOG (Figure 2). Analysis of HIF-1α nuclear localization by Western blot revealed that the factor was activated
by DMOG in a dose-dependent manner (Figure 2(a)). Similarly, analysis of VEGF, one of the main HIF-1α target genes,
showed an expression increase by real-time PCR that was
proportional to the concentration of DMOG in the culture

medium (Figure 2(b)). Cell morphology analysis by phasecontrast microscopy revealed no noticeable diﬀerences
between control and DMOG-treated hTSCs (Figure 3(a),
96 h of DMOG treatment). However, DMOG at 1 mM concentration induced cell suﬀering, as the formation of vacuoles
and cell proliferation arrest could be observed throughout the
culture plate (Figure 3(a)). The evaluation of the eﬀects of
DMOG on cell proliferation revealed a slight, although not
statistically signiﬁcant, increase when cells were treated with
0.01 mM DMOG (Figure 3(b)). On the other hand, a dosedependent reduction could be initially observed at 0.1 mM
after 72 h of treatment, reaching a signiﬁcant decrease of
51%, 72.6%, and 77.7% in the presence of 1 mM DMOG at
48, 72, and 96 h, respectively, as compared to control cells
(Figure 3(b)). These results were conﬁrmed by MTT cell metabolic activity assay where a DMOG dose-dependent reduction could be observed at all time points (24, 48, and 72 h),
reaching a 53.1% reduction at 1 mM, as compared to control
cells (Figure 3(c)). Similarly, RealTime-Glo™ cell viability
tests showed a DMOG dose-dependent signal reduction,
with the exception of 0.01 mM DMOG that showed a significant increase at 96 h as compared to control cells
(Figure 3(d)). Cell toxicity tests revealed no signiﬁcant diﬀerences at all DMOG concentrations at 48 and 96 h, with the
exception of 0.01 mM DMOG that showed a minor, yet statistically signiﬁcant, decrease in cell toxicity at 96 h. Cell
death analysis by Annexin V test revealed no signiﬁcant cell
apoptosis at all tested DMOG concentrations (Figure 3(f)).
3.2. Eﬀects of HIF-1α Stabilization on hTSC Stemness. To
evaluate the eﬀects of DMOG on hTSC stemness, the expression of stem cell markers NANOG, OCT4, and KLF4 was
determined by real-time PCR after a 96 h DMOG treatment
at 0.01 mM, 0.1 mM, and 1 mM and compared to those of
control cells (Figure 4(a)). The results showed a statistically
signiﬁcant trend increase of the mRNA levels of NANOG,
OCT4, and KLF4, as compared to control cells, and that it
was proportional to the concentration of DMOG used (red
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Figure 3: Eﬀects of HIF-1α activation on hTSC morphology, proliferation, and viability. (a) Phase-contrast microphotographs (original
magniﬁcation ×10), (b) cell growth curves, (c) MTT assay, (d) RealTime-Glo assay, (e) CellTox assay, and (f) Annexin V/PI staining of
hTSCs during a 96 h treatment with diﬀerent concentrations of DMOG (0.01 mM, 0.1 mM, and 1 mM) in normal growth medium and
compared to control cells cultured without DMOG (0 mM). All experiments were performed in triplicates. Error bars show the mean ± SD
of six and three diﬀerent experiments in the case of cell growth curves and MTT assay, respectively. p values were calculated using
Student’s t-test. Only p values < 0.05 are indicated: ∗ p < 0 05, ∗∗ p < 0 01, ∗∗∗ p < 0 001, and ∗∗∗∗ p < 0 0001, as compared to control cells.
Bar = 100 μm.
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Effects of HIF-1훼 activation on hTSCs and tendon differentiation markers
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Figure 4: Eﬀects of HIF-1α activation on stem cell and tendon marker expression. (a) Gene expression of NANOG, OCT4, and KLF4 by realtime PCR after a 96 h DMOG treatment, as compared to control-untreated cells. (b) Gene expression of Tenascin C and COL1A1 by real-time
PCR after a 96 h DMOG treatment, as compared to control-untreated cells. Values are expressed as fold changes relative to control cells. Data
are expressed as means ± SD of six diﬀerent experiments. One-way ANOVA was used to test for diﬀerences among DMOG-treated cell
groups. Bonferroni post hoc test was performed to compare individual DMOG-treated group cells against each other to see where the
signiﬁcant diﬀerences lie. Linear contrast analysis (analysis of variance) was used to assess for changes in the mean values with increasing
doses of DMOG (red lines). Only p values < 0.05 are indicated: ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗∗ p < 0 0001, as compared to control cells.

tendency line, Figure 4(a)). The mRNA levels of Tenascin C
and COL1A1 tendon markers were measured by real-time
PCR in hTSCs exposed to diﬀerent concentrations
(0.01 mM, 0.1 mM, and 1 mM) of DMOG for 96 h. The
results showed a statistically signiﬁcant trend decrease of
the mRNA levels of both tendon markers, which was proportional to the concentration of DMOG used (red tendency
line, Figure 4(b)). In particular, the expression of both
Tenascin C and COL1A1 showed a slight, although not signiﬁcant, increase when cells were treated with 0.01 mM
DMOG, as compared to control cells. On the other hand, a
signiﬁcant reduction, which was concentration dependent,
could be observed at 0.1 mM and 1 mM DMOG, reaching
an 8.1- and 2.1-fold decrease for Tenascin C and COL1A1,
respectively, at 1 mM DMOG concentration (Figure 4(b)).
3.3. Eﬀects of HIF-1α Stabilization on hTSC Diﬀerentiation.
To assess the eﬀects of HIF-1α activation on the multipotency of hTSCs, cells were induced to diﬀerentiate toward
osteoblasts, adipocytes, and chondroblasts by culturing them
in the appropriate diﬀerentiation medium for 17, 21, and 28
days, respectively, in the presence of DMOG at diﬀerent

concentrations (0, 0.01, 0.1, and 1 mM), as described in the
Methods (Figure 5). The adipogenic diﬀerentiation was qualitatively evaluated by Oil Red O staining revealing a reduction in the amount of lipid intracellular droplets, which was
proportional to the amount of DMOG in the culture medium
(Figure 5, left column). The osteogenic diﬀerentiation was
assessed qualitatively by Alizarin Red S staining, which
showed that the amount of calcium deposits was markedly
reduced, in a dose-dependent manner, when cells were cultured in the presence of DMOG, as compared to control cells
(Figure 5, central column). The chondrogenic diﬀerentiation
was assessed qualitatively by Alcian blue staining, showing a
deposition of extracellular matrix proteins when cells were
cultured in the presence of DMOG, especially at 1 mM, as
compared to control cells (Figure 5, right column). The
eﬀects of HIF-1α activation on adipogenesis and osteogenesis
were also analyzed quantitatively by determining the mRNA
levels of adipogenic markers PPAR-γ and LPL, osteogenic
marker ALP, and chondrogenic marker SOX9 by real-time
PCR (Figure 6). The results showed a signiﬁcant decrease of
all markers that was proportional to the concentration of
DMOG used (Figure 6). In particular, PPAR-γ showed 2.8-,
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Figure 5: Eﬀects of HIF-1α activation on in vitro diﬀerentiation of hTSCs toward the adipogenic, osteogenic, and chondrogenic phenotypes.
Adipogenic, osteogenic, and chondrogenic diﬀerentiation ability of hTSCs in the presence of DMOG at diﬀerent concentrations (0 mM,
0.01 mM, 0.1 mM, and 1 mM) in the appropriate diﬀerentiation medium was qualitatively evaluated by (a) Oil Red O, (b) Alizarin Red S
staining, and (c) Alcian blue staining, respectively. (a) Lipid intracellular droplets (red) in the adipocytes were stained with Oil Red O
solution. (b) Alizarin Red S staining revealed the presence of calcium deposits (yellowish-brown). (c) Alcian blue staining was used to
stain acid mucopolysaccharides formed during the diﬀerentiation process. Typical results are shown. Original magniﬁcation ×10.
Bar = 100 μm.

31.7-, and 59.7-fold expression decrease, while LPL showed
2.3-, 10.1-, and 109.2-fold decrease for 0.01 mM, 0.1 mM,
and 1 mM DMOG treatment, as compared to control cells,
respectively (Figure 6). Osteogenic diﬀerentiation in the
presence of DMOG was inhibited, as revealed by a signiﬁcant
ALP decrease that was proportional to the concentration of
DMOG used (Figure 6). In particular, ALP showed 3.7-,
15.1-, and 386-fold decrease when cells were incubated with
0.01 mM, 0.1 mM, and 1 mM DMOG, respectively, as compared to control cells (Figure 6).
Finally, it was tested whether the eﬀects of HIF-1α activation could be reverted. To this purpose, hTSCs were grown in
the presence of 0.01 mM, 0.1 mM, and 1 mM DMOG for
96 h, harvested, replated at the same cell concentration, and
then cultured in normal growth medium (Figure 7(a)). Cells
were then harvested and counted every 24 h for 4 days,
starting 24 h after seeding. Cell growth analyses revealed that
cells pretreated with 0.01 mM and 0.1 mM DMOG could
regain the normal proliferation capacity, analogous to control cells, when switched back to the normal growth medium
(Figure 7(b)). On the other hand, cells treated with 1 mM
DMOG did not completely recover from DMOG treatment,
at least within the experiment timeframe, as they showed a
markedly proliferation reduction at 72 h, reaching 58.4%
decrease at 96 h, as compared to control cells (Figure 7(b)).
MTT assays conﬁrmed cell growth experiments, revealing
that DMOG treatment eﬀects could be reverted within 72 h
after switching cells in normal growth medium, with the

exception of 1 mM DMOG, that still showed a signiﬁcant
reduction (about 36.2% at 72 h), as compared to control cells
(Figure 7(c)). Then, the reversibility of the eﬀects of HIF-1α
activation on cell diﬀerentiation was determined. To this
purpose, cells were ﬁrst pretreated for 96 h with DMOG,
followed by 96 h in normal growth medium to reestablish
normal proliferation, and then diﬀerentiated in DMOG-free
medium. Analysis of the adipogenic, osteogenic, and chondrogenic diﬀerentiation markers revealed no signiﬁcant difference between DMOG pretreated and control cells at all
concentrations (p > 0 05) (Figures 7(c) and 7(d)).

4. Discussion
Adult stem cells have been found to reside in hypoxic tissue
compartments often referred to as “stem cell niches.”
Although the microenvironment and the molecular signals
present in the niches have been only partially elucidated, it
is now accepted that a low-oxygen tension helps to maintain
the undiﬀerentiated state of the progenitor cells [18, 19].
Moreover, it has been shown that culturing stem cells
in vitro in low-oxygen incubators mimics the “niche,” at least
partially and cells seem to maintain their potency without
diﬀerentiating [18, 20]. However, as already reported in the
Introduction, the eﬀects of low oxygen on adult stem cells
appear to be very variable and cell subtype dependent, and
it has been also reported that it can reduce stem cell proliferation and favor diﬀerentiation. Clearly, ﬁnding a way of
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Figure 6: Quantitative evaluation of the eﬀects of HIF-1α activation on in vitro diﬀerentiation of hTSCs toward the adipogenic, osteogenic,
and chondrogenic phenotypes. Peroxisome proliferator-activated receptor-γ (PPAR-γ), lipoprotein lipase (LPL), and human alkaline
phosphatase (ALP) expression by real-time PCR in hTSCs induced to diﬀerentiate toward adipocytes, osteoblasts, and chondroblasts in
the presence of diﬀerent concentrations of DMOG (0.01 mM, 0.1 mM, and 1 mM). Control cells were cultured under the same conditions
but without DMOG. Values are expressed as fold changes relative to control cells. Data are expressed as the mean ± SD of three diﬀerent
experiments. p values were calculated using Student’s t-test. Only p values < 0.05 are indicated: ∗ p < 0 05, ∗∗ p < 0 01, ∗∗∗ p < 0 001,
and ∗∗∗∗ p < 0 0001, as compared to control cells.

amplifying stem cells without compromising their potency is
vital for reaching the cell numbers needed for their therapeutic application. Along this line, the use of hypoxic incubators
has been shown to be feasible, and the possibility of pharmacologically mimic oxygen deprivation represents a simpler
and cost-eﬀective alternative. Chemically mimicking the
hypoxic niche has several advantages over culturing cells in
low oxygen: (a) a drug can be easily synthesized on a large
scale, (b) the methodology does not require especially
designed and expensive incubators, (c) the drug dosage can
be easily adjusted and controlled, and (d) the treatment can
be suspended at any time. On the other hand, controlling
the oxygen tension can be very cumbersome, especially when
cells are cultured for a prolonged time and the media needs to
be replaced without exposing cells to normal-oxygen tension.
This can be achieved only with specially designed and expensive culturing chambers, which are not commonly used in
most laboratories or research hospitals. Actually, most studies under hypoxic conditions are performed with normal
incubators connected to a nitrogen tank; thus, cells are

constantly exposed to cycles of low/high oxygen. This unfortunately mimics the ischemia/reperfusion conditions that
might be detrimental for maintaining stem cells, as they
could stimulate their diﬀerentiation, as it happens, for
instance, after a cardiac infarct [21].
On these bases, with so many conﬂicting results, it is very
hard to come up with a general picture. However, it is clear
that under oxygen deprivation, any stem cell activates a common response mechanism, which is mainly regulated by the
hypoxia-inducible factor. In particular, HIF-1α, which is activated under low-oxygen tension, has been shown to play a
pivotal role in stem cell diﬀerentiation [11, 18]. In particular,
the activation of HIF-1α has been shown to inhibit stem cell
diﬀerentiation [3, 22]. Moreover, activation of HIF-1α is
known to enhance the cell defense machinery against apoptosis [23–26]. This is another crucial issue in stem cell therapy, as most injected cells usually die because they have to
survive in a very hostile environment while trying to reach
the damaged tissue. Indeed, preconditioning stem cells by
activating HIF-1α has been shown to increase their survival
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Figure 7: Reversibility of HIF-1α activation eﬀects on hTSC proliferation, viability, and diﬀerentiation markers. (a) Schematic representation
of the experimental setup. hTSCs were cultured in the presence of diﬀerent concentrations of DMOG (0 mM, 0.01 mM, 0.1 mM, and 1 mM) in
normal growth medium for 96 h, washed with PBS, detached, replaced at the same concentration in normal growth medium without DMOG,
and then left overnight before successive analyses at 24, 48, 72, and 96 h after seeding. (b) Cell growth curves and (c) MTT assay of hTSCs after
culturing DMOG-pretreated cells for 96 h in DMOG-free medium normal and compared to control cells (0 mM DMOG). (d) Peroxisome
proliferator-activated receptor-γ (PPAR-γ), lipoprotein lipase (LPL), and human alkaline phosphatase (ALP) expression by real-time PCR
in hTSCs induced to diﬀerentiate toward adipocytes, osteoblasts, and chondroblasts after a 96 h preconditioning with DMOG, followed by
96 h in normal DMOG-free growth medium, and then diﬀerentiation in DMOG-free medium. Control cells were cultured under the same
conditions but without DMOG. Values are expressed as fold changes relative to control cells. All experiments were performed in
triplicates. Data are expressed as the mean ± SD of six in the case of cell growth curves and three diﬀerent experiments in case of MTT
assay and diﬀerentiation marker expression. p values were calculated using Student’s t-test. Only p values < 0.05 are indicated: ∗ p < 0 05,
as compared to control cells.

after injection and ultimately obtain better regenerative
results [27, 28]. Thus, in this study, we tested the eﬀects of
HIF-1α activation on human adult tendon stem cells, which

we recently isolated from the rotator cuﬀ supraspinatus tendon [15]. This tissue is quite hypoxic, as it is poorly
vascularized in the adults, and this could explain, at least
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partially, its limited healing capacity. To have a better control
on HIF-1α activation, we decided to modulate it with a pharmacological approach using DMOG at diﬀerent concentrations, which allowed to easily ﬁne-tune HIF-1α expression.
As we anticipated, in this study, we found that tendon stem
cells cultured in the presence of DMOG reduce their proliferation capability and the eﬀect is proportional to the concentration used. This is in agreement with other reports on adult
stem cells cultured under hypoxia [29, 30]. Actually, a tendency, although not signiﬁcant, toward a proliferation
increase could be observed at very low DMOG concentration
(0.01 mM), which is also in agreement with other literature
reports, showing that moderate hypoxia can stimulate stem
cell proliferation, while extreme hypoxia induces them to
exit the cell cycle and enter a quiescent state [9]. Nonetheless, we found that DMOG eﬀects on cell proliferation are
reversible, as cells could regain their proliferation capability
once the molecule is removed from the culture medium.
We also found that stem cell markers NANOG, OCT4,
and KLF4 are slightly upregulated upon DMOG supplementation and this increase is proportional to the DMOG
concentration used. Moreover, tendon-speciﬁc markers
decrease during DMOG treatment, supporting the notion
that chemically induced hypoxia can keep stem cells into
a more undiﬀerentiated state. Furthermore, DMOG eﬀects
on tendon stem cell diﬀerentiation toward osteoblasts and
adipocytes were also assessed. The results showed that differentiation is hindered when HIF-1α is activated in the
presence of DMOG and that the inhibition is proportional
to the concentration of DMOG used, supporting the
notion that stem cells reside in the tissue in hypoxic
niches, where HIF-1α is activated and the diﬀerentiation
is inhibited, until cells migrate to more oxygenated areas.
Actually, the literature on this issue is quite controversial.
In fact, while some reports show a direct increase in the
diﬀerentiation markers upon in vitro diﬀerentiation of
hypoxia-activated mesenchymal stem cells [29, 31–34],
other reports showed a marked reduction of diﬀerentiation
[3, 18, 22, 30, 35–40]. Indeed, while the general notion is
that a more primitive stem cell should give better regenerative results, it could be argued that a more committed
stem cell is more prone to diﬀerentiate than an immature
one, especially when diﬀerent stem cell progenitors are
compared in the same diﬀerentiation timeframe. In fact,
at this stage, we cannot exclude that DMOG pretreated
cells, as they show a higher expression of stem cell
markers, could be more eﬀective in regenerating damaged
tissue in vivo.

5. Conclusions
In conclusion, in this study, we found that a chemical activation of HIF-1α reduces human tendon stem cell proliferation,
increases the expression of stem cell markers, and reduces
their commitment toward the tendon phenotype. These
eﬀects are reversible upon DMOG removal from the culture
medium. Moreover, DMOG present in the diﬀerentiation
medium reversibly inhibits stem cell diﬀerentiation. Further
studies to test whether DMOG pretreatment has any
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beneﬁcial eﬀects in vivo in tendon stem cell regeneration
capacity are currently undergoing in our laboratories.
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The repair of central nervous system (CNS) injury has been a worldwide problem in the biomedical ﬁeld. How to reduce the damage
to the CNS and promote the reconstruction of the damaged nervous system structure and function recovery has always been the
concern of nerve tissue engineering. Multiple diﬀerentiation potentials of neural stem cell (NSC) determine the application value
for the repair of the CNS injury. Thus, how to regulate the behavior of NSCs becomes the key to treating the CNS injury. So far,
a large number of researchers have devoted themselves to searching for a better way to regulate the behavior of NSCs. This
paper summarizes the eﬀects of diﬀerent factors on the behavior of NSCs in the past 10 years, especially on the proliferation and
diﬀerentiation of NSCs. The ﬁnal purpose of this review is to provide a more detailed theoretical basis for the clinical repair of
the CNS injury by nerve tissue engineering.

1. Introduction
The central nervous system (CNS), consisting of the brain
and the spinal cord, is the most important part of the nervous system. In the CNS, a large number of nerve cells get
together to constitute diﬀerent circuits or networks so that
the CNS can transmit, store, and process information,
generate all kinds of mental activities, and control animal
behaviors. However, once the CNS is damaged, it is
extremely diﬃcult to be cured, which involves both internal
and external causes. The internal cause is that the regenerative ability of nerve cells in the brain and the spinal cord is
weak and the loss of cells cannot be supplemented by
the proliferation of mature nerve cells. The external cause
is the formation of the microenvironment that inhibits
nerve regeneration in injured sites, including the production of inhibitory factors that inhibit the regeneration of
axons, the lack of neurotrophic factors that promote cell
regeneration, and the formation of glial scars that impede
axonal passage. For the past few years, the continuous
development and improvement of cell transplantation

technique have provided the possibility for the repair of
the CNS injury.
Neural stem cells (NSCs) that can self-renew and proliferate and have the potential to diﬀerentiate into neurons,
astrocytes, and oligodendrocytes in the nervous system are
not only mainly distributed in the ventricular zone (VZ)
and subventricular zone (SVZ) but are also distributed in
the hippocampus dentate gyrus of adult mammals, olfactory bulb, spinal cord, compartment, striatum essence, cerebellum, cerebral cortex, and other parts [1]. Based on the
characteristics of self-renewal, proliferation, multilineage
diﬀerentiation, low immunogenicity, and migration of
transplanted NSCs in vivo, NSC has become a very promising
cell type for the treatment of the CNS injury. One of the
purposes of NSC transplantation is to replace or complement
the missing or dysfunctional neurons in the CNS. In addition, NSCs can also promote neuranagenesis by continuous
secretion of neurotrophic factors.
Scientiﬁc studies have demonstrated that it is not ideal to
simply transplant NSCs into the injured area because the
NSCs implanted are primarily transformed into astrocytes
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[2]. Consequently, to clarify the mechanism of the factors
that regulate the behavior of NSCs is the key for us to repair
the CNS injury successfully. This paper summarizes the
eﬀects of diﬀerent factors (including physical factors, chemical factors, biological factors, and material factors) on the
behavior of NSCs in the past decade and provides a more
detailed theoretical basis for the clinical repair of the CNS
injury by nerve tissue engineering.

2. Physical Factors
Under normal circumstances, most of the NSCs in the CNS
are in a resting state, but all of them have the potential to differentiate. When subjected to endogenous and exogenous
stimulations, these NSCs will be activated, showing diﬀerent
growth and diﬀerentiation behavior [3]. Here, we summarize
the physical factors that regulate the fate of NSCs from the
perspectives of physical stimulation and oxygen treatment.
2.1. Physical Stimulation. In recent years, plenty of studies
have shown that external stimuli such as sound, light, electricity, magnetism, and acupuncture can induce NSCs to
respond. The eﬀects of low-intensity pulsed ultrasound
(LIPUS) on the cell viability, proliferation, and neural diﬀerentiation of induced pluripotent stem cell-derived neural
crest stem cells (iPSCs–NCSCs) have been reported. Under
the diﬀerent output intensities of LIPUS: 0, 100, 300, 500,
700, 900, 1100, 1300, and 1500 mW/cm2, the viability and
proliferation of iPSCs–NCSCs were obviously enhanced after
2 days, and the genes of neuroﬁlament (NF-M), β-tubulin III
(Tuj1), S100β, and glial ﬁbrillary acidic protein (GFAP) were
upregulated after 4 days by LIPUS of 500 mW/cm2 [4].
Humans have been living together with radiation, such as
cosmic radiation and ground radiation and man-made radiation. Computed tomography (CT) and X-ray are typically
used in hospitals to examine patients, and we use mobile
phones and computers every day. Thus, whether radiation
aﬀects the human body or cells has caused widespread global
concern. Diﬀerent doses of X-rays were used to irradiate the
NSCs, and researchers found that NSCs could restore the
abilities of proliferation and diﬀerentiation after a short stop
of proliferation temporarily when irradiated at low doses,
such as 1 Gy; conversely, NSCs exposed to relatively high
doses (>5 Gy) lost these capabilities [5]. Over the past years,
NSCs have been exposed to the radiation of radio-frequency
electromagnetic ﬁeld (RF-EMF) 900 MHz with speciﬁc
absorption rate (SAR) = 2 W/kg [6], RF-EMF 1710 MHz
with SAR = 1.5 W/kg [7], RF-EMF 1800-900 MHz with
SAR = 1.6 W/kg [8] that conﬁrmed the eﬀects of RF-EMF
on the proliferation and apoptosis of the NSCs. In general,
these studies indicate that proliferation and diﬀerentiation
of the NSCs depend on the source, intensity of radiation,
and the duration of exposure.
The use of electrotherapy has a long history, and the past
application of electrotherapy treatment of diseases was
mostly empirical. With the development of the research
on human bioelectricity, it has been found that bioelectric
phenomena are widespread in organisms, which involve
embryonic development and tissue repair after injury. A
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culture system with the functions of supporting stem cell
growth and regulating the levels of electric current has been
invented. The biphasic current stimulator chip with indium
tin oxide (ITO) electrodes generated both positive and negative currents. The results showed that biphasic electrical currents (BECs) obviously promoted the proliferation and
neuronal diﬀerentiation of NSCs [9]. Another experiment
was conducted to study the eﬀect of electric ﬁeld on cell
migration and diﬀerentiation. The 115 V/m direct current
(DC) electric ﬁeld increased the migration of neural precursor cells (NPCs) by approximately four times compared with
the control group through the calcium-dependent mechanism and caused NPC membrane depolarization without
breaking and also facilitated the diﬀerentiation of NPCs into
neurons rather than glial cells [10].
The eﬀects of magnetic ﬁeld on the nervous system have
been studied a lot so far. Results showed that moderate magnetic ﬁeld could change the function of the CNS, the
extremely low-frequency magnetic ﬁeld could aﬀect the survival and apoptosis of nerve cells, and the pulsed magnetic
ﬁeld could relieve pain in rats. Repeated transcranial magnetic stimulation (rTMS) is a new method for the treatment
of many neurological disorders. NSCs and neural progenitor
cells were subjected to the rTMS with 1 Hz and 30 Hz. After 2
weeks, compared with the blank control group, the formation
of neurospheres was signiﬁcantly increased with the rTMS;
furthermore, the number of neurospheres in the 30 Hz
stimulation group was the largest. There was no signiﬁcant
diﬀerence in the neuronal diﬀerentiation between the two
stimulation groups, but both of them were increased by 1.5
times compared with the control group [11]. Although there
are numerous studies in this area, the mechanism of the magnetic ﬁeld on the speciﬁc regulation of NSCs is still not clear.
With the electromagnetic pulse being widely used in all
walks of life, the impact of pulsed electromagnetic ﬁelds
(PEMFs) on NSCs has attracted more and more attention.
High-intensity PEMFs were applied to neonatal rats with
0.1 Hz and 0.5–10 tesla (T) [12]. The results showed that
the survival rates of NSCs in the 3.0 T and 4.0 T groups were
higher than those in other groups, indicating that the growth
of NSCs was promoted. On the contrary, the 6.0 T, 8.0 T, and
10.0 T groups signiﬁcantly inhibited the growth of NSCs.
Thus, 4.0 T was the most favorable PEMF intensity for the
growth of NSCs.
Acupuncture is a form of alternative medicine in which
thin needles are inserted into the body. It is a common
method of treatment in traditional Chinese medicine, which
has been used to induce or activate the proliferation and differentiation of endogenous NSCs for the treatment of CNS
injury with the advantages of safe source, no immune
response, and no ethical problems. It has been reported that
Sprague-Dawley (SD) rats were divided into the shamoperated group, model group, and acupuncture group, and
acupuncture was performed daily at the speciﬁc acupuncture
points of the brain traumatic rats. After 7 days, the number of
nestin, neuroﬁlament protein- (NF-) 200 and GFAP-positive
cells was most in the acupuncture group [13]. Another similar experiment was conducted at diﬀerent times to detect the
marker proteins expressed by the three groups of NSCs [14].
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The results showed that acupuncture was an eﬀective method
to promote nerve regeneration and functional recovery.
2.2. Oxygen Treatment. Oxygen is one of the indispensable
conditions for cell survival, which participates in the tricarboxylic acid cycle to produce energy for cell growth, proliferation, and synthesis of various desired components. It is well
known that oxygen concentration mediates many ischemic
behaviors and cerebral ischemia can cause the activation of
NSCs. The eﬀects of oxygen on the proliferation and diﬀerentiation of NSCs have been studied [15]. Researchers studied
the eﬀects of 0, 1, 2, 3, 4, 10, and 20% oxygen concentrations
on NSCs. They found that the proliferation rate and the proportion of neuronal diﬀerentiation of NSCs in 2% oxygen
were the greatest and the number of dead cells gradually
increased with the decrease of oxygen concentration. However, the duration of low oxygen pretreatment is still controversial [16]. To solve this problem, another team attempted
to culture NSCs in 5%, 10%, and 20% oxygen for 72 hours
and 120 hours. Finally, they reported that the optimum concentration and time of low oxygen pretreatment were 5%
oxygen for 72 hours, which could maximize the proliferation
and neuronal diﬀerentiation of NSCs [17].
NSCs were cultured in three mediums: hypoxic conditioned medium (HCM) with 1% and 4% oxygen and normoxic conditioned medium (NCM). The experimental
results showed that 4% HCM could facilitate the proliferation
of NSCs and the diﬀerentiation into neurons as much as possible. However, this result was inhibited after the addition of
PI3K/AKT and JNK inhibitors. Ultimately, researchers summarized that 4% HCM promoted the proliferation and diﬀerentiation of NSCs might be mainly through the PI3K/AKT
pathway [18]. These ﬁndings raise the possibility of curing
CNS injury with the NSCs.
So far, researchers have investigated the eﬀects of physical factors on the behavior of NSCs in a macroscopic manner
without any speciﬁc regulatory mechanisms. Thus, using
physical methods for the treatment of CNS injury still has a
long way to go.

3. Chemical Factors
3.1. Drugs. Drug treatment is the most traditional method,
and the history of which is almost as long as the history of
mankind itself. Although great progress has been made in
medicine, we still cannot use drugs to cure the CNS injury.
At present, numerous researchers have attempted to transplant NSCs which are stimulated by drugs into the sites of
CNS injury in order to make NSCs proliferate and diﬀerentiate into the desired direction.
3.1.1. Chinese Herbal Medicine. After screening a number of
Chinese herbal medicines and their active ingredients in vitro
and in vivo, Chinese herbal medicine has been demonstrated
to have various eﬀects on NSCs in many aspects [19]. Salvianolic acid B is the most abundant and bioactive content of the
salvianolic acids in danshen [20]. It was found that 20 μg/mL
of salvianolic acid B was favorable for the proliferation
and neuronal diﬀerentiation of NSCs and the growth-
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promoting activity was associated with the number of NSCs
in the G2/S phase [21]. Tetramethylpyrazine (TMP), an
active element derived from traditional Chinese medicine
Ligusticum Chuanxiong, is widely used for the treatment of
ischemic stroke [22]. The proliferation and diﬀerentiation
of NSCs treated with TMP under the hypoxia condition have
been studied. The phosphorylation of extracellular signalrelated protein kinase (ERK) and p38 in the mitogenactivated protein (MAP) kinase family were involved in these
experiments [23]. In another study, NSCs were isolated from
the hippocampus of neonatal 1 day rats; then, NSCs were cultured in diﬀerent concentrations of epimedium ﬂavonoids
(EF) without growth factors. Researchers concluded that EF
had neurotrophic factor-like function to promote NSC proliferation directly. On the other hand, compared with the
10% fetal bovine serum (FBS) control, EF signiﬁcantly
improved the level of neuron diﬀerentiation and migration
of NSCs [24]. Studies have shown that panax notoginseng
saponins (PNS) have functions of protecting brain tissue
and antiaging. The result that 17.5 μg/mL PNS was most conducive to the proliferation of NSCs has been conﬁrmed [25].
Area density, optical density, and the numbers of nestin/
BrdU, nestin/vimentin, and nestin/Tuj1 positive cells were
signiﬁcantly increased after oxygen glucose deprivation
(OGD) and PNS were given, suggesting that PNS beneﬁted
the nerve regeneration in the brain ischemic injury. Polygala
tenuifolia Willd is used as the treatment and prevention of
dementia, and its main active ingredient is named tenuigenin. Under the inﬂuence of tenuigenin, more neurospheres
were formed and the number of Tuj1-positive cells and
GFAP-positive cells was signiﬁcantly higher than that of the
same volume of the phosphate-buﬀered solution (PBS) control group [26], which might be the underlying reason of
the medicinal value of tenuigenin (seen in Table 1).
Gastrodiae rhizome [27], Astragalus mongholicus [28],
Angelica [29], and other herbs are well-known, and many
researchers have studied their eﬀects on the proliferation
and diﬀerentiation of NSCs. In conclusion, Chinese herbal
medicine has shown great potential in inducing the proliferation and diﬀerentiation of NSCs. With the deepening of
research, Chinese medicine scholars are expected to explore
a new regulatory system for NSCs so that Chinese medicine
can take a further step in stem cell research.
3.1.2. Western Medicine. Under the background of the continuous emergence of new drugs and the substantial increase
of medical level, the drug market for the treatment of CNS
diseases has been growing rapidly. It has been demonstrated
that ketamine could aﬀect the proliferation and diﬀerentiation of NSCs in vitro [30]. Thereout, ketamine was injected
into the subventricular zone (SVZ) of neonatal rats. The
results demonstrated that ketamine could alter neurogenesis
by inhibiting the proliferation of NSCs, preventing the differentiation into astrocytes and promoting the diﬀerentiation into neurons [31]. Sphingosine-1-phosphate (S1P) is a
potent lipid mediator transducing intracellular signals, which
regulates cells’ biological behavior in the CNS [32, 33]. Fingolimod (FTY720), a structural analog of S1P, has been used to
aﬀect the brain-derived NSCs [34]. The research showed that
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Table 1: Eﬀects of drugs or active ingredients on the proliferation and diﬀerentiation of NSCs.

Drugs or active ingredients
Salvianolic acid B [21]

Tetramethylpyrazine [23]

Epimedium
ﬂavonoids [24]
Panax notoginseng
saponins [25]

Cells
NSCs from cortex
of E13.5 mice

NSCs from cortex
of E15 SD fetal rats

NSCs from
hippocampus of
1d neonatal rats
NSCs from
hippocampus of
1d neonatal rats
NSCs from
hippocampus
of E16 rats

The role of proliferation

The role of diﬀerentiation

Mechanism

Nestin-positive cells ↑

The expression of tau ↑;
the expression of GFAP ↓

Cells in G2/S phase

BrdU-positive cells ↑

β-Tubulin III-positive cells ↑;
β-tubulin III/nestin-positive
cells ↑;
GFAP-positive cells ↓;
GFAP/nestin-positive cells ↓

The expression of cyclin
D1 ↑; the expression
of P-ERK ↑; the expression
of P-JNK with little change;
the phosphorylation
of P38 ↓

BrdU-positive cells ↑
Nestin-positive cells ↑;
BrdU-positive cells ↑

Tuj1-positive cells ↑;
NF-200-positive cells ↑;
GFAP-positive cells ↑
Nestin/BrdU-positive cells ↑;
nestin/vimentin-positive cells ↑;
nestin/Tuj1-positive cells ↑

BrdU-positive cells ↑

β-Tubulin III-positive cells ↑;
GFAP-positive cells ↑

Gastrodiae rhizome [27]

NSCs from
human embryos

Viability ↑

The expression of nestin ↓;
the expression of Tuj1 ↑;
the expression of MAP2 ↑;
dendrites ↑

The expression of Sox2 ↓

Astragaloside IV [28]

NSCs from
hippocampus of
adult SD rats

BrdU-positive cells ↑

BrdU/MAP2-positive cells ↑;
BrdU/GFAP-positive cells ↑

The expression of NGF ↑

NSCs from
embryonic rats

Nestin ↓ compared
with the hypoxia group;
nestin
↑ compared with the
control group

Tenuigenin [26]

Angelica [29]

Ketamine [31]

Fingolimod [34]
Simvastatin [36]

NSCs from the
SVZ of 7d
neonatal male
SD rats
NSCs from E13.5
SD rats
NSCs from
embryonic rats

Nestin/BrdU-positive
cells ↓

The expression of β-tubulin III
↑;
the expression of GFAP ↓;
the expression of nestin ↓

CCK-8 ↑

The expression of GFAP ↑

Nestin-positive cells ↑

GFAP-positive cells ↑;
MAP2-positive cells ↑

the proliferation and migration of NSCs were promoted
and the formation of astrocytes was increased instead of
signiﬁcant neuronal diﬀerentiation. Simvastatin is an essential antihypertensive drug for basic medical systems. The
proliferation and neuronal diﬀerentiation of NSCs induced
by simvastatin showed a long-term neurorestoration eﬀect
on the injured brain, which was mediated by the activation
of the Notch signaling pathway [35, 36]. For this reason, simvastatin has become one potential treatment for patients with
traumatic brain injuries (seen in Table 1).
Compared with traditional Chinese herbal medicine,
western medicine is adopted for the purpose of symptomatic
treatment and fast acting. However, it needs further exploration for radical cure and less side eﬀects on chronic diseases
and incurable diseases such as CNS injury.
3.2. Other Chemical Molecules. Recently, chemical molecules
have been widely used to guide the biological function of

The expression of Notch1 ↑

NSCs and their diﬀerent structures and properties have
exhibited diﬀerent eﬀects on NSCs. An increase of evidence
has suggested that hydrogen sulﬁde (H2S) could act as a novel
neuromodulator to intervene in the advances in treating
brain diseases. Sodium hydrosulﬁde (NaHS), the H2S donor,
induced the proliferation of NSCs associated with extracellular signal-regulated kinase ERK1/2 and the neuronal diﬀerentiation associated with the expression of diﬀerentiationrelated genes [37]. Epigallocatechin-3-gallate (EGCG), the
major component of green tea polyphenols with antibacterial
and antioxidant properties, is not toxic when it is less than
10 μM. At this point, EGCG stimulated the proliferation of
NSCs and the formation of neurospheres, and most importantly, neuronal diﬀerentiation was promoted by EGCG via
the activation of the PI3K/AKT signaling pathway [38].
Although many chemical molecules had a role in promoting the proliferation and diﬀerentiation of NSCs, researchers
also analyzed the eﬀects of the chemical molecules that are
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harmful to humans in life on NSCs. Bisphenol-A (BPA), an
endocrine disrupter commonly used as a surface coating for
canned food, was fed daily to pregnant rats. Studies revealed
that BPA signiﬁcantly altered the expression of neurogenic
genes and the Wnt signaling pathway genes. In other words,
BPA impaired the proliferation and diﬀerentiation of NSCs
via the Wnt/β-catenin signaling pathway [39]. As we all
know, many unhealthy food contain saturated fatty acids
(SFAs). Excessive intake of SFAs is the main cause of elevated
cholesterol, secondary to atherosclerosis increasing the risk of
coronary heart disease. Palmitic acid (PA) is one of the
SFAs. The greater the dose of PA, the stronger the inhibition of NSC proliferation. PA was even cytotoxic at high
concentrations. Besides, results also showed that PA promoted NSC diﬀerentiation into astrocytes by activating
Stat3 and had little eﬀect on neuronal diﬀerentiation [40].
Recently, 6-OH-PBDE-47, the metabolite of polybrominated
diphenylether-47 (PBDE-47) used as a ﬂame retardant [41],
has been studied. Researchers found that 6-OH-PBDE-47
was more cytotoxic for adult NSCs than its parent compound
and its inhibition of neurogenesis was associated with the
inhibition of the ERK5 signaling pathway [42].
3.3. Chemical Functional Groups. Previous studies have demonstrated that surface chemistry was able to modulate cellmatrix adhesions [43] and chemical functional groups were
capable of regulating the growth and diﬀerentiation of cells
[44–46]. For these reasons, glass coverslips were modiﬁed
by the hydroxyl (–OH), sulfonic (–SO3H), amino (–NH2),
carboxyl (–COOH), mercapto (–SH), and methyl (–CH3)
groups for culturing NSCs to study the eﬀects of diﬀerent
functional groups on the adhesion, migration, and diﬀerentiation of NSCs [47]. On the –NH2 surface, the number of cells
migrated from the neurospheres was the largest; conversely,
the number on the –OH surface was the least. NSCs cultured
on the –NH2 surface exhibited an increase on neuronal differentiation, while the –SO3H surface was more favorable
for the diﬀerentiation of NSCs into oligodendrocytes. On
the –COOH surface and the –SH surface, NSCs showed
similar eﬀects on migration and viability and tended to differentiate into glial cells. In addition, a great deal of astrocytes
was observed on the –OH surface and the –CH3 surface.
Hence, the chemical functional group-modiﬁed surface
provides a reliable chemical method for the design of biomaterials for nerve tissue engineering.
From the years of research, it is clear that chemical
factors such as drugs, other chemical molecules, and chemical functional groups can aﬀect the growth of NSCs through
some proliferation and diﬀerentiation-related genes or signal
pathways and provide a theoretical and experimental basis
for cell therapy of treating CNS diseases. However, there
are still many problems that need to be overcome, such as
the cytotoxicity, clinical application, and drug response.

4. Biological Factors
Up to now, modern neuroscience has been developed to
study the structure and function of the nervous system at
the biomolecular level to clarify the mechanism of neural
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activities. Previous studies have shown that both the physical
factors and the chemical factors have a signiﬁcant eﬀect on
the proliferation and diﬀerentiation of NSCs. Similarly,
the use of growth factors, proteins, cells, and other biological
factors can also regulate the behavior of NSCs.
4.1. Proteins. Proteins are the material basis of all life and are
important parts of the body cells. Based on the functions
of proteins, researchers have been trying to use proteins to
regulate the growth and diﬀerentiation of NSCs to achieve
the purpose of repairing the CNS injury.
4.1.1. Neurotrophins and Growth Factors. The method based
on various growth factors is still the most important way to
regulate the proliferation and diﬀerentiation of NSCs. Neurotrophins and growth factors are typical biologically active
molecules, as well as the essential substances in cell growth,
which promote the growth, development, and integrity of
neurons and glial cells. So far, brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), nerve growth factor
(NGF), and epidermal growth factor (EGF) [48] have been
the most commonly used factors.
BDNF stimulated the proliferation of NSCs and signiﬁcantly increased the diﬀerentiation of NSCs into neurons
and oligodendrocytes; in addition, BDNF upregulated the
expression of Wnt/β-catenin signaling molecules (Wnt1, βcatenin). Nevertheless, these promoting eﬀects were blocked
when the speciﬁc inhibitor of the Wnt signaling pathway
IWR1 was added, indicating that BDNF acted on NSCs by
triggering the Wnt/β-catenin signaling pathway [49].
Recently, the research about using BDNF for the treatment
of Alzheimer’s disease [50] has also been carried out. NT-3
transfecting bone marrow-derived NSCs (BM-NSCs) has
been reported [51]. It was found that NT-3 promoted the
proliferation and diﬀerentiation of BM-NSCs into cholinergic neurons and increased the level of acetylcholine (ACh)
in the supernatant. Compared to this method, another team
transduced NT-3 into the rat embryonic cortical NSCs [52].
The result showed that NT-3 was beneﬁcial to the proliferation and neuronal diﬀerentiation of NSCs and greatly
improved the survival rate of NSCs. NGF, the earliest discovered factor in the neurotrophic factors, has been studied the
most thoroughly so far, with the dual biological function of
providing neuronal nutrition and promoting synaptic
growth. When NGF was added to the medium containing
basic ﬁbroblast growth factor (bFGF), the number of NSC
proliferation was 17 times higher than that of the serumfree medium control group and 2.5 times higher than that
of the treatment group with bFGF alone in the medium
[53]. Now, researchers are increasingly concerned about the
eﬀects of multiple neurotrophic factors on NSCs. They
explored the combination of NGF, BDNF, and bFGF to
induce NSCs. After one week, the experimental results
reﬂected that the proportion of diﬀerentiated neurons in
the multifactor groups (bFGF + NGF, bFGF + BDNF, NGF +
BDNF, and NGF + BDNF + bFGF) was signiﬁcantly higher
than that of the single-factor groups (NGF, BDNF, and
bFGF) and the proportion of neurons was the highest in
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the NGF + BDNF + bFGF group. Besides, NSCs continued to
proliferate over time in all groups [54].
The eﬀects of neurotrophins and growth factors on the
regulation of NSCs can accelerate the recovery of neurological function, promote the growth of neurons and dendrites,
and provide the feasibility for the treatment of senile dementia, neurasthenia, and spinal cord injury.
4.1.2. Other Proteins. The cell cycle which is closely
connected with the development, proliferation, and diﬀerentiation of NSCs is controlled by the activation and inactivation of cell cycle-related proteins. Cyclin D1 causes cells to
enter the S phase by forming a complex that inactivates
pRb through the interaction with cyclin-dependent kinase 4
or 6 [55]. The knockdown of cyclin D1 resulted in the apoptosis of NSCs and inhibited the diﬀerentiation of NSCs into
astrocytes with no eﬀect on the neuronal diﬀerentiation [56].
Cell cycle-dependent kinases (Cdk) also play a key role in
regulating cell cycle. After double knockout of Cdk2 and
Cdk4 in mice, a phenomenon of ablation was observed
between the intermediate zone and the cortical plate [57].
In addition, researchers found that the compensation of
Cdk2 was the root cause of NSC proliferation and the
double knockout NSCs tended to diﬀerentiate into neurons. Leucine-rich repeat and Ig domain-containing Nogo
receptor interacting protein-1 (LINGO-1) is a nervous
system-speciﬁc transmembrane protein. After 6 days of differentiation in LINGO-1 neutralized cultures, the number
of neurons diﬀerentiated by NSCs increased three times,
and the number of astrocytes had a slight increase. However,
the neutralization of LINGO-1 did not signiﬁcantly inﬂuence
the total number of cells compared to the untreated control
group [58]. The mental retardation-associated protein
srGAP3 has been demonstrated that it could aﬀect the morphology, behavior, and function of SHSY-5Y cell line [59]
and was associated with mental retardation [60], long-term
memory [61], and neurogenesis. The results showed that
the viability and proliferation of NSCs decreased signiﬁcantly
when srGAP3 was knocked out (LV3-srGAP3 infection).
After culturing in a diﬀerentiation medium 7 days, the number of nestin and β-tubulin III-positive cells in the srGAP3
knockdown group was more than that of the control group
(LV3-NC infection) and the number of GFAP-positive cells
decreased [62].
4.2. Cocultivation of Cells. In order to establish a culture
system which is more similar to the environment in vivo
so that cells can communicate with each other and support
the growth mutually, cell coculture technique has been developed. Coculture system contains the following functions:
inducing cells to diﬀerentiate into other types of cells; maintaining cell function and viability; and regulating cell proliferation. At present, cell cocultures have been extensively
used in cell research.
Endothelial cells (ECs) are one of the most common
cells cocultured with NSCs. It has been found that ECs
stimulated the proliferation and diﬀerentiation of NSCs
with vascular endothelial growth factor (VEGF), possibly by
activating the Notch, Wnt, and Pten signaling pathways.
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The expression of the Notch signaling pathway-related
genes (notch2, numb, Hes1, and Psen1), the Pten signaling pathway-related genes (Pten, Akt1, and PIP3), and
the Wnt signaling pathway-related genes (Wnt3a and
β-catenin) increased signiﬁcantly in in vitro coculture
conditions [63–65].
Recent data suggest that microglia are associated with
neurogenesis. When activated by endotoxins, microglias
inhibited neurogenesis in vivo. In contrast, microglia activated by cytokines interferon- (IFN-) g and interleukin(IL-) 4 enhanced the neuronal diﬀerentiation [66]. Here,
NSCs were cocultured with microglia collected from ischemic or excitotoxic injured brain. Microglia released mitogenic factors that promoted the proliferation of NSCs and
NSCs diﬀerentiated into neurons and oligodendrocytes as
soon as possible [67]. It is a known fact that astrocytes are
one of the diﬀerentiation products of NSCs. Studying the
eﬀects of astrocytes on the behavior of NSCs has attracted
the interest of researchers. An in vivo experiment was
designed in which both astrocytes and NSCs were transplanted into the ischemic striatum of the transient middle
cerebral artery occlusion (MCAO) rat model [68]. Deﬁnitively, cotransplantation resulted in a higher survival, proliferation, and neuronal diﬀerentiation of transplanted NSCs
than that of NSCs transplanted alone.
Bone marrow-derived mesenchymal stem cells (BMMSCs) have been widely used in tissue engineering. Consequently, researchers tried to coculture BM-MSCs with NSCs.
The proliferation and neuronal diﬀerentiation of NSCs and
high expression of various growth factors were induced
by BM-MSCs, but the glial diﬀerentiation was inhibited.
In addition, protecting NSCs against the neurotoxin 6hydroxydopamine was another beneﬁcial eﬀect of BMMSCs on NSCs [69]. In light of the above ﬁndings, the mechanism of neurogenesis induced by BM-MSCs was worth
exploring. The result reﬂected that the enhancement of the
proliferation and diﬀerentiation of NSCs was concerned with
the upregulation of chemokine (C-C motif) ligand 2 (CCL2)
released from BM-MSCs [70].
In addition to the large number of neuronal deaths, CNS
injury is diﬃcult to repair due to the regenerated axons without the ability to pass through the glial scar. Olfactory
ensheathing cell (OEC) is a unique type of glial cells derived
from the olfactory placode and occurs along the olfactory
nerve in both the peripheral and central nervous system
[71]. OECs could help the axons of neurons pass through
the glial scar to promote functional recovery. Furthermore,
the proliferation, neuronal diﬀerentiation of NSCs, and the
formation of axons were promoted when NSCs were cocultured with OECs [72].
Cell coculture technique is a relatively safe, new, and
promising technology in nerve tissue engineering. The interaction of supporting growth and promoting diﬀerentiation
between the cells can be observed through the coculture system. At present, this technology has good applications in
stem cells, tumor biology, and other aspects.
4.3. MicroRNAs. MicroRNAs are one sort of endogenous
and noncoding RNAs that downregulate gene expression
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Table 2: Eﬀects of microRNAs on the proliferation and diﬀerentiation of NSCs.

MicroRNA
miR-34a [75]

The role of proliferation

The role of diﬀerentiation

Mechanism

Neurite elongation ↑

miR-34a ↑ → SIRT1 ↓ → P53
acetylation ↑

Postmitotic neurons ↑

miR-125b [77]

BrdU-positive cells ↓

miR-146 [81]

Neural sphere diameter ↓

miR-342-5p [82]

BrdU-positive cells ↓

miR-184 [84]

BrdU-positive cells ↑

miR-9 [85]

BrdU-positive cells ↓

miR-7 [86]

G1/S cell cycle arrest

miR-124 [87, 88]

BrdU-positive cells ↓

Nestin-positive cells ↓;
Sox2-positive cells ↓;
vimentin-positive cells ↓;
MAP2-positive cells ↑;
Tuj1-positive cells ↑;
cell migration ↑
β-Tubulin III positive cells ↓;
GFAP-positive cells ↑
PAX6-positive cells ↓;
TBR2-positive cells ↑;
GFAP-positive cells ↓
Tuj1-positive cells ↓;
GFAP-positive cells ↓
Tuj1-positive cells ↑;
GFAP-positive cells ↑
Tuj1-positive cells ↑;
MAP2-positive cells ↑;
Nestin-positive cells ↓;
vimentin-positive cells ↓
Tuj1-positive cells ↑;
NeuN-positive cells ↑;
GFAP-positive cells ↓

through the translational inhibition or degradation of
their target mRNA [73]. The role of microRNAs on
NSCs has attracted extensive attention of researchers. In
NSCs, miR-34a, miR-125b, miR-146, miR-342-5p, miR184, miR-9, miR-7, and miR-124 are important regulators
(seen in Table 2).
MiR-34a, a member of the miR-34 family, is encoded by
its own transcripts [74]. It has been reported that the overexpression of miR-34a increased the neuronal diﬀerentiation
and neurite outgrowth of NSCs, which involved the downregulation of the silent information regulator 1 (SIRT1)
and the enhancement of p53-DNA-binding activity [75].
Another regulator of neuronal diﬀerentiation, miR-125b, is
highly expressed in the CNS [76]. MiR-125b inhibited the
proliferation of NSCs and promoted the neuronal diﬀerentiation and migration by inhibiting its downstream target nestin [77], which is a necessary cellular process (proliferation,
diﬀerentiation, and migration) regulator of NSCs [78, 79].
Similarly, miR-146, which is mainly involved in the regulation of inﬂammation and innate immune [80], is one of the
brain-speciﬁc miRNAs. It had the same inhibitory eﬀect on
the proliferation of NSCs as miR-125b. NSCs tended to differentiate into glial cells rather than neurons by inhibiting
the expression of Notch 1 with the overexpression of miR146 [81]. The Notch signaling pathway negatively regulated
miR-342-5p by its transcriptional repressor Hes5. Studies
have shown that transfection of miR-342-5p induced the
apoptosis of NSCs, whereas the diﬀerentiation of NSCs into
intermediate progenitor cells (INPs) was promoted. Notably,
the suppression of the diﬀerentiation into astrocytes was regulated by miR-342-5p directly targeting GFAP [82]. Methyl-

miR-125b ↑ → nestin ↓

miR-146 ↑ → Notch1 ↓
Notch → Hes5 ↓ → miR-3425p ↑ → GFAP ↓
MBD1 ↓ → miR-184 ↑ → Numbl ↑
miR-9 ↑ → TLX ↓ → proliferation ↓,
neurons ↑
miR-7 ↑ → Klf4 ↓ → proliferation ↓,
neurons ↑
miR-124 ↑ → TrkB ↑,
Cdc42 ↑ → neurons ↑

CpG-binding protein 1 (MBD1) has been demonstrated that
it was capable of controlling cell growth [83]. Accordingly,
the study was conducted to indicate that the high expression of miR-184 regulated by MBD1 directly promoted the
proliferation of NSCs and inhibited their diﬀerentiation
[84]. Numb-like protein (Numbl), which was the downstream target of miR-184, MBD1, and miR-184 together
constituted a network to balance the proliferation and differentiation of NSCs.
The balance of self-renewal and diﬀerentiation of NSCs
was closely related to the feedback loop formed by miR-9
and the nuclear receptor TLX [85]. The overexpression of
miR-9 inhibited the proliferation of NSCs by suppressing
the TLX expression, as well as accelerating neuronal diﬀerentiation. In contrast, TLX had the ability to inhibit the expression of miR-9 pri-miRNA, thereby avoiding the miR-9induced proliferation and premature diﬀerentiation. It was
found that miR-7 participated in the NSC self-renewal and
diﬀerentiation by targeting Kruppel-like factor 4 (Klf4), a
key gene for the NSC proliferation [86]. Data showed that
the overexpression of miR-7 downregulated the Klf4 gene,
which in turn resulted in a decrease in the NSC proliferation
and an increase in the neuronal diﬀerentiation.
MiR-124 also plays an important role in neuronal diﬀerentiation of NSCs. Six microRNAs (miR-124, miR-132, miR134, miR-20a, miR-17-5p, and miR-30a-5p) were detected in
the inner ear NSCs after 14 days of neuronal diﬀerentiation
[87]. The expression of miR-124 was upregulated during
neuronal diﬀerentiation, which made the tropomyosin
receptor kinase B (TrkB) and the cell division control protein
42 homolog (Cdc42) upregulate, thus greatly promoting
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Table 3: Eﬀects of biomaterials on the proliferation and diﬀerentiation of NSCs.

Topography
Film

Materials

Dimensions

Chitosan [90]

Cells

Outcome

NSCs from cortex of
E12 fetal rats

Proliferation ↑; astrocytes ↑

Film

Ultrananocrystalline
diamond (UNCD) [91]

NSCs from cortex of
E11.5 rat embryos

Film

PHA: PLA, PHBVHHx [92]

NSCs from neocortex of
E13–15 rat embryos

Hydrogel

Gelatin-hydroxyphenylpropionic
acid (Gtn-HPA) [93]

Hydrogel

Hyaluronic acid (HA) [94]

Hydrogel

Polyethylene glycol [99]

Nanoﬁbers

Polyethersulfone (PES) [100]

Nanoﬁbers

Polyhydroxyalkanoates (PHA):
PHB, P3HB4HB, PHBHHx [101]

Nanoﬁbers

Poly-ε-caprolactone (PCL) [102]

NSCs from hippocampus
of adult female Fischer
344 rats
NSCs from induced
pluripotent stem cells
NSCs from the BMSCs
of 4 weeks SD rats

283 nm, 749 nm,
1452 nm

NSCs from hippocampus
of adult rats

NSCs from neocortex of
E13–15 rat embryos
550 ± 100 nm

neuronal diﬀerentiation and neurite outgrowth, compared
with other groups. Another team transplanted NSCs transfected with miR-124 into the spinal cord injury rats. They
found that the overexpression of miR-124 increased the
percentage of neurons, decreased the percentage of astrocytes, and reduced the lesion cavity volume of the spinal cord
injury rats [88].
Taken together, miRNAs regulate gene expression by
binding to 3′-untranslated regions (3′-UTR) of speciﬁc
mRNAs [75, 89], thereby altering the proliferation and diﬀerentiation of NSCs and ultimately completing the regulation
of nervous system development.

5. Material Factors
Material, one of the three elements of tissue engineering,
plays an increasingly important role in transplanting NSCs
to repair CNS injury. In recent years, with the development
of tissue engineering, bio-scaﬀold materials which have good
biocompatibility, biodegradability, three-dimensional structure, and good surface activity and are nontoxic, have eﬀectively combined with NSCs to provide appropriate support
and favorable microenvironment to enhance NSC survival,
proliferation, and diﬀerentiation, so as to achieve the purpose
of repairing trauma and rebuilding function. Generally,

NSCs from neocortex of
E14.5 rat embryos

Proliferation most on
hydrogen-terminated
UNCD ﬁlm; neuronal
diﬀerentiation most on
oxygen-terminated UNCD ﬁlm
Adsorption and proliferation
more on PHBVHHx ﬁlm;
neuronal diﬀerentiation and
neurite outgrowth more on PLA ﬁlm
Viability ↑; proliferation rate ↓;
the expression of GFAP ↑;
the expression of Tuj-1 ↑
Glial, neuronal, or immature/
progenitor states ↑; proliferation ↑
Viability ↑; proliferation ↑ slightly;
neuron ↑; neurite outgrowth
and extension
40% ↑ in oligodendrocyte with
283 nm ﬁbers; 20% ↑ in neuronal
cells with 749 nm ﬁbers;
proliferation ↑; cell spreading ↑;
cell aggregation ↓ with the
decrease of ﬁber diameter
Proliferation and
neuronal diﬀerentiation
most in PHBHHx
Proliferation ↑; neurons ↑;
oligodendrocytes ↑

morphology, composition, and surface modiﬁcation of materials are several important factors that aﬀect cell behavior.
Here, we summarized the eﬀects of several major morphologies (ﬁlm, hydrogel, and nanoﬁber) of diﬀerent materials
on the behavior of NSCs (seen in Table 3).
Film is the simplest 2D scaﬀold for cultured cells. Chitosan ﬁlms (Chi-F), chitosan porous scaﬀolds (Chi-PS), and
chitosan multimicrotubule conduits (Chi-MC) have been
prepared to evaluate the eﬀects on the proliferation and
diﬀerentiation of NSCs. As a result, NSCs cultured on
Chi-F exhibited the maximal proliferation but were more
likely to diﬀerentiate into astrocytes. The proportion of
neuronal diﬀerentiation of NSCs cultured on Chi-MC
was the largest compared with that on Chi-F and Chi-PS
[90]. By controlling the surface properties of ultrananocrystalline diamond (UNCD), the proliferation and diﬀerentiation of NSCs could be modulated [91]. The result
indicated that the hydrogen-terminated UNCD ﬁlm was
most conducive to NSC proliferation; in addition, either the
oxygen-terminated UNCD ﬁlm or the hydrogen-terminated
UNCD ﬁlm could greatly increase the proportion of neuronal
diﬀerentiation. Polyhydroxyalkanoate (PHA) is a common
biopolymer material. The fusion protein PhaP-IKVAV was
coated on the surfaces of two polyester materials of the
same aliphatic family: poly (L-lactic acid) (PLA) and the
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copolymer of poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) and poly (3-hydroxybutyrate-co-3-hydroxyvalerateco-3-hydroxyhexanoate) (PHBVHHx). Ultimately, the levels
of NSC adsorption and proliferation were stronger on the
PHBVHHx ﬁlm, whereas the neuronal diﬀerentiation and
neurite outgrowth were more promoted on the PLA ﬁlm [92].
Hydrogel is a network scaﬀold formed by the crosslinking of polymers with physical or chemical interactions.
It is rich in water and has a porous structure and is conducive
to material exchange, cell attachment, growth, and extension
of protrusions. The gelatin-hydroxyphenylpropionic acid
(Gtn-HPA) hydrogel was formed by enzyme-mediated oxidative crosslinking. The viability of NSCs encapsulated in
the Gtn-HPA hydrogel was increased by approximately 8
times. Moreover, the Gtn-HPA hydrogel increased the
proportion of neuronal diﬀerentiation to a greater extent
compared with the blank control group [93]. Hyaluronic
acid (HA) is a biocompatible and biodegradable biomaterial that is abundant in the connective tissue. The number
of glial cells, neurons, or immature/progenitor cells was
increased when NSCs were encapsulated into HA hydrogels
and transplanted into the brain injury sites [94]. Studies have
shown that polyethylene glycol (PEG) was a material with the
abilities of suppressing the production of free radicals [95],
inhibiting apoptotic cell death following traumatic spinal
cord injury [96], supporting the repair of damaged neuronal
membranes [97], and transferring oxygen and nutriments
[98]. Arginyl glycyl aspartic acid (RGD) was bound to PEG
to form a hydrogel that facilitated the survival, the neuronal
diﬀerentiation of NSCs, and the growth and extension of
neurites [99].
The electrospinning technique by which materials are
made into three-dimensional nanoﬁber scaﬀolds has been
used in tissue engineering. NSCs were cultured on
laminin-coated electrospun polyethersulfone (PES) ﬁber
meshes. With the decrease of ﬁber diameter, the level of
NSC proliferation and migration increased, while the
degree of cell aggregation decreased. Moreover, the diﬀerentiation of NSCs was signiﬁcantly aﬀected by the diameter of ﬁbers [100]. Three PHA materials were selected as
nanoﬁber scaﬀolds for cell culture, including poly (3hydroxybutyrate) (PHB), copolymer of 3-hydroxybutyrate
and 4-hydroxybutyrate (P3HB4HB), and copolymer of 3hydroxybutyrate and 3-hydroxyhexanoate (PHBHHx).
These three nanoﬁber scaﬀolds supported the growth and
diﬀerentiation of NSCs, in which PHBHHx showed the
strongest ability to promote the proliferation and neuronal
diﬀerentiation of NSCs [101]. Researchers immobilized
BDNF on poly-ε-caprolactone (PCL) nanoﬁbers, which
could support NSC proliferation and diﬀerentiation into
neurons and oligodendrocytes [102] (seen in Table 3).
Artiﬁcial biomaterial scaﬀolds cannot only ﬁll the tissue
defects, which is conducive to the attachment, migration,
and growth of endogenous and exogenous NSCs, but also
regulate the microenvironment around the lesion by controlled releasing active factors so as to achieve nerve regeneration. Tissue engineering combines materials with NSCs to
provide a promising approach for solving the barrier of nerve
regeneration in the CNS.
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6. Cell Signaling Pathways
The intrinsic regulatory mechanisms of the four factors discussed above aﬀecting the behavior of NSCs may be related
to the cell signaling pathways. Growing evidence has suggested that the self-renewal and diﬀerentiation of NSCs are
due to the common integration of multiple cell signaling systems in the microenvironment of the cells. Consequently,
elucidating the regulatory mechanisms of NSCs is critical
for the study about the development of the nerve system,
the repair of injured nerves, and cell transplantation for the
treatment of CNS diseases. Here, we mainly focused on the
mechanism of the regulation of NSCs through the Wnt and
the Notch signaling pathways.
6.1. Wnt Signaling Pathway. The Wnt signaling pathway is a
highly conserved signaling pathway in the evolution of species, which plays a vital role in the early development, organogenesis, tissue regeneration, and other physiological
processes of animal embryos. The main components of the
Wnt/β-catenin signaling pathway include the secreted protein Wnt family, the transmembrane receptor Frizzled family, low-density lipoprotein receptor-related protein (LRP),
Dishevelled (Dsh), glycogen synthase kinase3β (GSK3β),
Axin, β-catenin, adenomatous polyposis coli protein
(APC), and the transcription factor T cell factor/lymphoid
enhancer factor (TCF/LEF) family. When the Wnt is in
a resting state, β-catenin, GSK3β, APC, and Axin constitute a degraded complex which causes the phosphorylation
of β-catenin, the ubiquitination mediated by β-TrCP, and
the degradation by protease eventually. When the Wnt ligand
binds to the Frizzled and LRP5/6, the Wnt signaling pathway
is activated to inhibit the formation of degraded complexes,
reduce the activity of GSK3β, decrease the degradation,
and increase the aggregation of β-catenin. Then β-catenin
enters the nucleus and binds to the transcription factor of
the TCF/LEF family to initiate the transcription of downstream target genes such as Cyclin D1, neurogenin-1 (Ngn-1),
and Ngn-2 [103].
Wnt7a is critical for self-renewal and neuronal diﬀerentiation of NSCs. In the hippocampal dentate gyrus of adult
mice, a decrease in the expression of Wnt7a accelerated the
withdrawal of NSCs from the cell cycle, and the proliferation
of NSCs reduced signiﬁcantly. Dramatically, the number of
mature neurons diﬀerentiated by NSCs was also signiﬁcantly
reduced when the expression of Wnt7a was decreased. The
study demonstrated that Wnt7a could regulate the expression of diﬀerent downstream target genes in the transcriptional level to achieve the bidirectional regulation of NSC
behavior. The activation of the Wnt7a/β-catenin-cyclinD1
pathway was able to stimulate NSC proliferation, and the
activation of the Wnt7a/β-catenin-Ngn-2 pathway promoted
neuronal diﬀerentiation [104] (seen in Figure 1(a)). At the
same time, the overexpression of Wnt7a could increase the
level of Ngn-1 mRNA and then induce the diﬀerentiation
of NSCs into neurons in the cerebral cortex of mice [105]
(seen in Figure 1(a)). Wnt3a has been reported to be involved
in the survival, proliferation, and diﬀerentiation of NSCs
through the Wnt/β-catenin pathway [106]. The feasibility
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Figure 1: Eﬀects of diﬀerent proteins on the Wnt signaling pathway. (a) The increase in the expression of Wnt7a activated the Wnt7a/βcatenin-cyclinD1 pathway, which stimulated the proliferation of NSCs, and induced the Wnt7a/β-catenin-Ngn2 pathway, which
promoted the neuronal diﬀerentiation (the red arrows). In the cerebral cortex of mice, the overexpression of Wnt7a could increase the
level of Ngn-1 mRNA and then induce the diﬀerentiation of NSCs into neurons (the green arrows). (b) The overexpression of Wnt3a
activated the Wnt signaling pathway and promoted the proliferation and neuronal diﬀerentiation of NSCs. (c) The loss of FMRP resulted
in a decrease in the level of β-catenin, then downregulated the expression of Ngn-1 and reduced neuronal diﬀerentiation.
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Figure 2: The upregulation and downregulation of Hes1 in the Notch signaling pathway. After the TBI in mice, the RNAi
downregulated the expression of Hes1, and the NSCs in the DG diﬀerentiated into neurons heavily (the blue arrows). The extracts
from the injured spinal cord upregulated the expression of Notch1 and Hes1, activated the Notch signaling pathway, and promoted the
proliferation of NSCs (the gray arrows).

of Wnt3a acting on NSCs to repair the retina has been
investigated [107]. The overexpression of Wnt3a led to
the instability of Axin and the inhibition of GSK3β activity,
thereby activating the Wnt signaling pathway and ultimately
promoting the proliferation and neuronal diﬀerentiation of
NSCs (seen in Figure 1(b)). Fragile X mental retardation protein (FMRP) is a regulatory protein for hereditary mental
retardation. The absence of FMRP caused a decrease in the
level of β-catenin due to the disorder of GSK3β and then
downregulated the expression of Ngn-1 [108]. Ngn-1 was
an initiator of early neuronal diﬀerentiation and an inhibitor of astrocyte diﬀerentiation [109, 110]. Eventually, the
diﬀerentiation of neurons was reduced and the diﬀerentiation of glial cells was increased. In addition, the inhibition
of NSC proliferation was weakened by the absence of FMRP
(seen in Figure 1(c)).
6.2. Notch Signaling Pathway. The Notch signaling pathway
is widespread and highly conserved in invertebrates and
vertebrates. The core components of the classical Notch
signaling pathway are mainly composed of Notch receptors (Notch1–4), Notch ligands (the Delta/Serrate/lag-2
protein (DSL), such as Jagged1, Jagged2, and Delta-like1–
4), CSL (a class of DNA-binding proteins), and some regulatory molecules. When the Notch receptor binds to the
ligand, the Notch intracellular domain (NICD) is released
by the receptor after three times of shearing, then enters
the nucleus to form a NICD/CSL transcriptional activator
which activates the target genes of the basic-helix-loop-helix
(bHLH) transcriptional repressor family [111]. Studies have
shown that the Notch signaling pathway is one of the important signaling pathways that aﬀect the self-renewal, diﬀerentiation, and internal stability of NSCs.
External factors mainly mediate the diﬀerentiation inhibitory signal through the “side inhibition” mechanism of the
Notch signaling pathway, which prevents the diﬀerentiation

of adjacent NSCs and promotes their proliferation. Thus,
the Notch signaling pathway plays a key role in the selfrenewal and maintenance of NSCs during the brain development. Some researchers reported that Hes1 could promote the proliferation and inhibit the diﬀerentiation of
NSCs [112, 113]. After the traumatic brain injury (TBI)
in mice, the expression of Hes1 was downregulated by
RNA interference (RNAi). The NSCs in the dentate gyrus
(DG) diﬀerentiated into neurons largely, which improved
the spatial learning and memory ability of the mice and
further restored the neurological function [114] (seen in
Figure 2). The extracts from the injured spinal cord upregulated Notch1 mRNA, and the expression of Hes1 subsequently activated the Notch signaling pathway to promote
NSC proliferation [115] (seen in Figure 2). Nevertheless,
silencing the expression of Notch1 inhibited the division of
NSCs and prevented NSCs from entering the cell cycle and
maintaining self-renewal.
Several studies have demonstrated that the Wnt and
Notch signaling pathways interact with each other during
NSC diﬀerentiation. Wnt3a could upregulate the downstream target gene Hes1 of the Notch signaling pathway
and continue to inhibit the expression of Hes5, improve the
level of Mash1, and then induce the proliferation of NSCs.
The overexpression of Hes5 inhibited the Wnt signaling
pathway, downregulated Mash1, and induced neuronal differentiation [116] (seen in Figure 3(a)). Besides, when the
Ngn-2 expression dynamically oscillated, it was capable of
inducing the expression of Delta-like1 (Dll1) in the adjacent
cells and activating the Notch signaling pathway so that Hes1
was upregulated to promote self-renewal of NSCs; when
Ngn-2 was expressed persistently, it inhibited the Hes1
expression and promoted the diﬀerentiation of NSCs into
neurons [117, 118] (seen in Figure 3(b)).
To sum up, the proliferation and diﬀerentiation of NSCs
are involved in the coordination and integration of multiple
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Figure 3: The interaction between the Wnt and the Notch signaling pathways. (a) Wnt3a could upregulate the expression of the downstream
target gene Hes1 of the Notch signaling pathway and inhibit the expression of Hes5 and then induce the proliferation of NSCs (the red
arrows). The overexpression of Hes5 inhibited the Wnt signaling pathway, downregulated Mash1, and induced neuronal diﬀerentiation
(the purple arrows). (b) The oscillatory expression of Ngn-2 could activate the Notch signaling pathway so that Hes1 was upregulated to
promote the self-renewal of NSCs (the green arrows). The continuous expression of Ngn-2 inhibited the expression of Hes1 and promoted
the diﬀerentiation of NSCs into neurons (the black arrows).

cell signaling pathways. However, the precise regulation
mechanism of NSCs is still not clear.

7. Conclusion
In this article, we mainly summarize the factors which have
been widely studied in the last decade. These diﬀerent factors
have diﬀerent eﬀects on the behavior of NSCs which have
become the candidate for repairing CNS injury due to their
ability of self-renewal and multiple diﬀerentiation. Physical
factors usually modulate the behavior of NSCs by controlling
speciﬁc parameters and the sites of exertion. While chemical
factors aﬀect the behavior of NSCs according to the diﬀerent
molecular structures and properties of diﬀerent chemical
molecules, biological factors, such as neurotrophins, growth
factors, and microRNAs, are involved in the endogenous regulation of the NSC proliferation and diﬀerentiation. Moreover, NSCs are also subject to exogenous regulation of the
microenvironment which is constituted by adjacent cells
and extracellular matrices (including various proteins).
Materials provide the structural support for the injured sites,
which forms a favorable microenvironment, thereby promoting the proliferation and diﬀerentiation of NSCs. It is interesting that the regulation of these four factors on the NSC
behavior is closely related to the expression of related genes.
Therefore, we believe that the cell signaling pathway is the
underlying mechanism that regulates the NSC proliferation
and diﬀerentiation by diﬀerent factors.
Although signiﬁcant progress has been made in the treatment of CNS diseases by using NSCs, there are still many
problems that need to be addressed. For example, (1) the
mechanism of precise regulation of NSCs after transplantation is still unclear; (2) there may be complications of transplantation; and (3) at present, most stem cell transplantation

is only in the animal experimental stage and the application
of the NSC transplantation in clinical still has a great risk.
Researchers have gradually realized the existence of these
problems. We believe that in the near future, these problems
will be solved and NSCs will play a more and more important
role in treating CNS diseases.
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