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The major challenges of current mesenchymal stem cell (MSC)-
based therapeutics are their low differentiation potential into
specialized cell types and their homing ability to sites of injury.
Therefore, many researchers have directed their efforts toward
finding a novel stimulatory factor that can significantly
enhance the therapeutic effects of MSCs. Colony-stimulating
factor 2 (CSF-2) is previously known as a hematopoietic growth
factor involved in the differentiation of various myeloid cells
from hematopoietic progenitor cells. In addition to this canon-
ical hematopoietic function, we identified for the first time that
CSF-2 is actively secreted by stem cells, in response to various
types of injuries, as an endogenous damage signal that pro-
motes the therapeutic effects of MSCs by enhancing their
multi-lineage differentiation andmigratory capacities, possibly
through its receptor CD116. Our results also revealed that
CSF-2 exerts its stimulatory effects on MSCs via PI3K/Akt-
and/or FAK/ERK1/2-signaling pathways. More importantly,
we also found that MSCs stimulated with CSF-2 showmarkedly
enhanced differentiation and migratory capacities and subse-
quent in vivo therapeutic effects in an endometrial ablation
animal model. Collectively, our findings provide compelling
evidence for a novel non-hematopoietic function of CSF-2 in
promoting multiple beneficial functions of MSCs via a non-
canonical mechanism as an endogenous damage signal.

INTRODUCTION
Until recently it was believed that colony-stimulating factor 2
(CSF-2), also known as granulocyte-macrophage colony-stimulating
factor (GM-CSF), is a hematopoietic growth factor involved in the
differentiation of various myeloid cells, such as dendritic cells, gran-
ulocytes, and macrophages from hematopoietic progenitor cells.1

Interestingly, in addition to its hematopoietic function, several recent
studies suggested that CSF-2 and its receptor are also found on mul-
tiple types of non-hematopoietic cells, including neuronal cells,2 in-
testinal epithelial cells,3 and keratinocytes.4 In this context, special
attention has been devoted recently to the non-hematopoietic func-
tions of CSF-2 as a novel secretory factor in multiple human diseases,
because it was released selectively under certain disease conditions
and improved the symptoms of these diseases.5–7 Therefore, in the
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current study, we focused our attention on discovering the previously
unidentified roles of CSF-2 as a non-hematopoietic cytokine that
appears to stimulate multiple beneficial functions of mesenchymal
stem cells (MSCs), because of previous observations showing that
CSF-2 enhances the proliferation of neural precursor cells8 and exerts
pro-neurogenic effects on neural progenitor cells.9

MSCs have been used for many years to treat a number of diseases
in the fields of regenerative medicine, because of their therapeutic
potential to promote growth and differentiation into various lineages
of endogenous stem or progenitor cells.10,11 Moreover, MSCs can be
activated and recruited to damaged sites in response to chemotactic
signals of cellular damage and, subsequently, promote tissue
repair.12–14 However, the molecular mechanisms by which MSCs
sense danger signals, are recruited to the sites of tissue injury, and
mediate beneficial effects in tissue regeneration still remain largely
unclear. In the current study, we hypothesized that CSF-2 may be
actively secreted from injured tissue as an endogenous danger signal
and, subsequently, stimulate tissue regeneration by promoting the
migration and/or differentiation potential of MSCs. Here, we demon-
strated for the first time that CSF-2 is actively released by non-he-
matopoietic cells in response to injury signals, both in vitro and
in vivo, and then acts as a potent facilitating factor that promotes
the migratory and differentiation capacities of stem cells.

Subsequently, we explored thepossiblemechanismunderlying the pro-
moting effects of CSF-2 on themigratory and differentiation capacities
of MSCs. Importantly, CSF-2 significantly activates multifunctional
pathways, such as ERK1/2- and PI3K/Akt-signaling cascades, which
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are involved inmultiple biological functions, including stem cellmigra-
tion,15,16 differentiation,16–18 and survival.19,20 Additionally, suppres-
sion of these signaling pathways with a specific inhibitor markedly
attenuated CSF-2-mediated promoting effects on the migration and
differentiation of MSCs. Our results suggest that CSF-2 enhances the
differentiation potential and homing ability of stem cells through
ERK1/2- and/or PI3K/Akt-signaling pathways. Another important
finding from the current study is that the therapeutic effects of stem
cells could be markedly enhanced when they were pre-stimulated
with CSF-2 before administration in an endometrial ablation animal
model. Taken together, these results suggest that, in addition to its
well-known hematopoietic functions, CSF-2 is actively secreted in
response to tissue injury as an endogenous danger signal, and, subse-
quently, it enhances the in vivo therapeutic effects of stem cells by stim-
ulating differentiation andmigratory potential through ERK1/2 and/or
PI3K/Akt signaling.

RESULTS
CSF-2 Is Actively Secreted in Response toMultiple Injury Signals

In Vitro and In Vivo

Human MSCs were successfully isolated from adipose tissues (Fig-
ure S1A), and then their properties were characterized by the
following conjugated monoclonal antibody combinations: negative
(CD34 and CD45) and positive (CD44, CD73, and CD105) MSC
surface markers (Figure S1B). Next, their multiple lineage differentia-
tion potential was evaluated by inducing in vitro osteogenic, adipo-
genic, and chondrogenic differentiation (Figure S1C). To investigate
whether CSF-2 is actively secreted from injured or stressed cells in
response to various damage signals, MSCs were exposed to multiple
damage conditions, such as radiation damage, oxidative stress, and
serum depletion. Secreted proteins in the culture supernatant were
precipitated using a 10% trichloroacetic acid (TCA) protocol, as pre-
viously described.21

To evaluate whether H2O2 treatment actually induces oxidative stress
in stem cells, the expression levels of reactive oxygen species (ROS)
modulator 1 (ROMO1), which is one of the well-known mediators
of oxidative stress, were measured in both mitochondrial and cytosolic
fractions. As expected, ROMO1 expression levels were significantly
increased byH2O2 treatment in bothmitochondrial and cytosolic frac-
tions (Figure S2), suggesting that H2O2 treatment successfully induced
oxidative stress. Additionally, to evaluate whether 4-Gy exposure
actually induces growth inhibition, the expression levels of tumor sup-
pressor protein p53 and cell cycle stages were analyzed by western
blotting and flow cytometry, respectively. As expected, the protein
levels of p53 were significantly increased by 4-Gy exposure (Fig-
ure S3A). The 4-Gy exposures also induced G2/M cell-cycle arrest in
MSCs (Figure S3B). These results indicated that acute irradiation
significantly induced cell growth inhibition of stem cells. To evaluate
whether serum deprivation induces cell-cycle arrest at G0/G1, the
cell cycle stages were also analyzed by flow cytometry. As expected,
serum deprivation also significantly induced G0/G1 cell-cycle arrest
in MSCs, indicating that serum deprivation significantly induced
cell-cycle arrest at G0/G1 in MSCs (Figures S4A and S4B).
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As shown in Figures 1A–1C, MSCs actively secreted CSF-2 into the
culture medium in response to various damage signals or stress
in vitro. Cocuzza et al.22 have developed an animal model of endome-
trial ablation by administering acidic solution into the uterine cavity.
Therefore, to further verify in vivo whether tissue injury can induce
CSF-2 secretion into the blood circulation to restore a damaged re-
gion, systemic CSF-2 levels in peripheral blood samples from mice
were examined following acidic TCA solution-induced uterine endo-
metrial damage. Histological examination revealed that acidic solu-
tions distinctively impaired and narrowed the endometrial functional
layer with degenerative changes and a loss of superficial gland column
compared to control groups (Figure 1D). The endometrial damage re-
sulted in a significant increase in CSF-2 secretion into the peripheral
circulation of mice in vivo, as determined by ELISA (Figure 1E). To
further determine entry points of CSF-2 secretion after injuries,
mice were exposed to endometrial tissue damage, and then peripheral
bloods were sampled at many time points and we performed ELISA
analysis. Injured endometrial tissues secreted CSF-2 into the periph-
eral circulation in response to damage after 12 h. The observed CSF-2
secretion kinetics showed this in a clearly time-dependent manner,
with a peak release 24 h after injury (Figure 1F).

We also conducted an additional set of cytokine/growth factor as-
says using peripheral blood samples from mice, with or without
acid solution-induced uterine endometrial damage, to examine
whether the endometrial damage can induce the secretion of other
cytokines/chemokines. In this experiment, we detected the changes
in 40 proteins in both damaged and non-damaged blood samples.
Interestingly, the expression levels of six growth factors, namely,
CXCL13, interleukin-6 (IL-6), CXCL10, CCL2, and TREM-1, were
secreted substantially by endometrial damage, whereas the levels
of other growth factors showed only minor changes (Figure 1G).
Additionally, to further determine whether CSF-2 is preferentially
secreted from stem cells compared to other differentiated cell types,
the expression and secretion levels of CSF-2 in multiple cell types
were quantified using real-time PCR and ELISA, respectively. Inter-
estingly, both real-time PCR and ELISA results showed that stem
cells exhibited significantly higher CSF-2 expression (Figure 1H)
and secretion (Figure 1I) than other terminally differentiated so-
matic cells, such as endothelial cells, fibroblasts, and keratinocytes,
indicating that CSF-2 likely acts as a stem cell-specific secretory
factor.

CSF-2 Significantly Enhances Various Beneficial Functions of

Stem Cells In Vitro

As CSF-2 might play a role as an endogenous danger signal in
response to tissue damage, we investigated whether CSF-2 can
promote multiple beneficial functions of stem cells to repair damaged
tissue. Importantly, CSF-2 markedly enhanced the differentiation
capacities of stem cells toward osteoblasts in vitro (Figure 2A). Both
mRNA and protein levels of the most commonly used pluripo-
tency-associated transcription factors, NANOG and SOX2, were
also significantly enhanced by CSF-2 treatment (Figures 2B and
2C). Differentiation potential and migratory capacity to the sites of



Figure 1. CSF-2 Is Actively Secreted by Stem Cells in Response to Various Injury Signals In Vitro and In Vivo

(A) Mesenchymal stem cells (MSCs) were incubated in standard culture medium with or without H2O2 (10 mM) for 30 min, after which the medium was replaced with serum-

free medium, and the cells were cultured for 48 h. (B) MSCs were exposed to acute irradiation at a dose of 4 Gy (X-ray), after which the mediumwas replaced with serum-free

medium, and the cells were cultured for 48 h. (C) MSCs were cultured with or without serum for 48 h. (D) The 2% TCA treatment (150 mL, administered directly into the uterine

horn) produced significant histological uterine endometrial ablation. (E) Increased CSF-2 concentrations by TCA treatment in the serum samples were also detected by

ELISA. (F) TCA-induced acute endometrial ablation resulted in a clearly time-dependent manner, with a peak release 24 h after injury. (G) Cytokine/growth factor assay was

performed using damaged and non-damaged samples. The membrane was printed with antibodies for 40 growth factors, cytokines, and receptors, with four positive and

four negative controls in the upper and lower left corners. Five growth factors or related proteins (CXCL13, IL-16, CXCL10, CCL2, and TREM-1) weremarkedly enriched in the

damaged groups compared with those in the control groups. The expression and secretion levels of CSF-2 in multiple cell types, such as fibroblasts, keratinocytes,

endothelial cells, and MSCs, were detected by qPCR (H) and ELISA (I), respectively. b-actin was used as the internal control. The results represent the mean ± SD from three

independent experiments.
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tissue damage of stem cells are independently important for their
therapeutic potential. We therefore also investigated whether CSF-2
can promote migratory capacity of stem cells. Importantly, CSF-2
significantly enhanced the migratory capacity of stem cells in vitro
(Figure 2D). To further evaluate the promoting effect of CSF-2 on
the migratory capability of stem cells, western blot analysis was
used to assess the expression levels of matrix metalloproteinase 2/9
(MMP-2/9), which play a crucial role in regulating cell migration
and tissue regeneration (Figure 2E). It is also important to compare
CSF-2 with another well-known migration-stimulating factor
(FGF2). Interestingly, CSF-2 more effectively increased the migratory
capacity of stem cells than the well-knownmigration-stimulating fac-
tor FGF2 (Figure S5).
Previous studies have revealed that reorganization and turnover of the
actin cytoskeleton can be associated with cell migration by pushing or
pulling on the substrate beneath the plasma membrane at the front of
the cell.23 Consistently, phalloidin staining of actin cytoskeleton re-
vealed a significant correlation between the CSF-2 treatment and dy-
namic actin filament rearrangement (Figure S6), suggesting that the
markedly enhanced migratory ability of CSF-2-treated stem cells
may be associated with actin filament rearrangement. Additionally,
CSF-2 significantly increased mRNA and protein expression levels
of various EMT (epithelial-to-mesenchymal transition) markers,
such as snail and twist (Figures 2F and 2G). To further substantiate
our hypothesis, we performed additional experiments using a CSF-
2-neutralizing antibody to block the activity of CSF-2. Importantly,
Molecular Therapy Vol. 27 No 6 June 2019 1089
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Figure 2. CSF-2 Promotes the Differentiation and Migratory Capacities of MSCs In Vitro

Confluent MSCs were cultured in osteogenic medium with or without CSF-2 (300 ng/mL). The effects of CSF-2 on osteoblast differentiation were determined by alizarin red

staining. (A) The relative quantification of calciummineral content was determined bymeasuring the absorbance at 570 nm. Real-time PCR (B) andwestern blotting (C) results

demonstrating changes in the expression of the stem cell markers NANOG and SOX2 after CSF-2 treatment for 24 h. (D) MSCs were treated with CSF-2 for 24 h, after which

the effect of CSF-2 onMSCmigration ability was evaluated using the transwell migration assay. CSF-2 treatment significantly increasedMSCmigration across themembrane

compared with the negative control. (E) The relative expression levels of key positive regulators of cell migration (MMP-2/9) were assessed using western blotting. Real-time

PCR (F) and western blotting (G) results demonstrating changes in the expression of various EMT (epithelial-to-mesenchymal transition) markers, such as snail, and twist.

MSCs were treated with 300 ng/mL CSF-2 alone or were concomitantly treated with neutralizing antibody targeting CSF-2; subsequent changes in osteoblast differentiation

(H) and migratory capacity (I) were measured with alizarin red staining and transwell assay, respectively. b-actin was used as the internal control. The results represent the

mean ± SD from three independent experiments.
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the CSF-2-induced multi-lineage differentiation potential toward
osteoblasts (Figure 2H) and migratory capacity (Figure 2I) were
significantly attenuated by CSF-2-neutralizing antibody.

CSF-2 Enhances Multiple Stem Cell Functions through Its

Cognate Receptor CD116

The functions of CSF-2 in multiple types of hematopoietic cells are
mediated by a cell surface receptor, CD116, belonging to the colony-
stimulating hematopoietic growth factor receptor family.24 Therefore,
to confirm whether CD116 acts as a functional receptor for CSF-2 in
human adipose tissue-derived MSCs, MSCs were stably transduced
with small hairpin RNA (shRNA) 1, 2, 3, 4, or 5 targeting CD116 or
with a non-targeting control shRNA. CD116 shRNA construct 5,
hereafter referred to as CD116 shRNA, was the most efficient at
knockdown. Successful knockdown of CD116 was verified based on
RNA and protein levels in MSCs (Figures S7A–S7C). Importantly,
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the CSF-2-induced multi-lineage differentiation potential toward
osteoblasts (Figure 3A) and expressions of the pluripotency-associated
factors NANOG and SOX2 (Figure 3B) were significantly attenuated
by CD116 depletion. In addition, we found that CSF-2-induced effects
onmigratory ability (Figure 3C) andMMP-2/9 expression (Figure 3D)
were markedly disrupted by CD116 knockdown. Consistently, the
stimulatory effects of CSF-2 on actin cytoskeleton disorganization
(Figure S8) andon the expressions of variousEMTmarkers (Figure 3E)
were also significantly attenuated by CD116 depletion.

PI3K/Akt and/or ERK1/2 Signaling Mediates CSF-2-Induced

Multiple Beneficial Functions of Stem Cells

To explore the underlying mechanisms of the stimulatory effects of
CSF-2 on multiple stem cell functions, we investigated the effects of
CSF-2 on PI3K/Akt- or ERK1/2-signaling components, which have
been related to the differentiation,25 maintenance,26 and migration27



Figure 3. CSF-2 Stimulates Multiple Beneficial Functions of MSCs through CD116

MSCswere treated with 300 ng/mL CSF-2 alone or were concomitantly transfected with shRNA targeting CD116; subsequent changes in osteoblast differentiation (A) and in

the expression of pluripotency-associated factors NANOG and SOX2 (B) were measured with alizarin red staining and real-time PCR, respectively. The relative quantification

of calciummineral content was determined by measuring the absorbance at 570 nm. The inhibitory effect of CD116 knockdown on CSF-2-induced changes in the migratory

capacity were measured by the transwell assay (C) and western blotting for MMP-2 and MMP-9 (D). (E) The attenuating effects of CD116 depletion on CSF-2-induced

expression of fibronectin and twist in MSCs were measured by real-time PCR. b-actin was used as the internal control. The data represent the mean ± SD from three

independent experiments.
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of various stem cells. Using western blotting, we investigated whether
the PI3K/Akt- and FAK/ERK1/2-signaling cascades are activated in
CSF-2-treated stem cells. Importantly, the phosphorylation levels of
these signaling components were significantly increased in response
to CSF-2 treatment (Figures 4A and 4B).

Next, to determine whether the blockade of these signaling compo-
nents with a specific inhibitor attenuates CSF-2-induced stimulatory
effects on multiple beneficial functions of stem cells, we assessed the
effects of the Akt inhibitor V or the ERK1/2 inhibitor PD98059 on
multi-lineage differentiation potential and on the expression of the
pluripotency-associated factors NANOG and SOX2, with or without
CSF-2 treatment. Indeed, the CSF-2-induced effects on multi-lineage
differentiation potential toward osteoblasts were significantly attenu-
ated by pretreatment with inhibitor V (Figure 4C) or PD98059 (Fig-
ure 4D). Additionally, to further confirm whether ERK1/2 signaling
can regulate CSF-2-mediated functions, we knocked down both
ERK1 and 2 expressions using a specific shRNA in stem cells. Success-
ful knockdown of both ERK1 and ERK2 was verified based on RNA
and protein levels in stem cells (Figures S9A–S9D). Consistently, the
CSF-2-mediated differentiation potential (Figure 4E) was also signif-
icantly attenuated by both ERK1 and ERK2 knockdown. CSF-2-
induced stimulatory effects on the expressions of the pluripotency-
associated factors NANOG and SOX2 were significantly attenuated
by pretreatment with inhibitor V (Figure 4F) or PD98059 (Figure 4G).

In addition, pretreatment with inhibitor V or PD98059 resulted in
disruption of the CSF-2-induced migration (Figures 5A and 5B)
and MMP-2/9 expression (Figures 5C and 5D) of stem cells. Consis-
tently, the CSF-2-mediated migratory capacities (Figure 5E) were also
significantly attenuated by both ERK1 and ERK2 knockdown. The
stimulatory effects of CSF-2 on the expressions of various EMT
Molecular Therapy Vol. 27 No 6 June 2019 1091
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Figure 4. CSF-2-Induced Stimulatory Effects on Stem Cells Are Mediated through PI3K/Akt and/or FAK/ERK1/2 Signaling

(A and B) MSCs were stimulated for 10 min with or without CSF-2 (300 ng/mL). The cells were then lysed, and the protein contents were analyzed by western blotting using

antibodies targeting the phosphorylated forms of PI3K, AKT, and CREB (A) and FAK and ERK1/2 (B). The phosphorylation levels of these signaling molecules were

significantly increased in cells treated with CSF-2. (C and D) MSCs were pretreated with inhibitor V (C; 10 mM) or PD98059 (D; 20 mM) for 1 h prior to the additional treatment

with 300 ng/mL CSF-2; subsequent changes in osteoblast differentiation were determined by alizarin red staining. (E) MSCs were treated with 300 ng/mL CSF-2 alone or

were concomitantly transfected with shRNA targeting ERK1/2; subsequent changes in osteoblast differentiation were measured with alizarin red staining. (F and G) The

expression of pluripotency-associated factors NANOG and SOX2 were determined by real-time PCR. The relative quantification of calcium mineral content was determined

by measuring the absorbance at 570 nm. b-actin was used as the internal control. The data represent the mean ± SD from three independent experiments.
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markers were also significantly attenuated by pretreatment with in-
hibitor V or PD98059 (Figures 5F and 5G). These results indicate
that the PI3K/Akt- and/or FAK/ERK1/2-signaling pathways may be
associated with the CSF-2-mediated multiple beneficial functions of
stem cells.

ProfilingCSF-2-InducedExpressions ofMultipleGrowth Factors

and Their Interconnected Signaling Networks

To identify the major growth factors and signaling networks respon-
sible for the stimulatory effects of CSF-2, we analyzed the CSF-2-
induced expression of multiple cytokines/growth factors using
antibody arrays. In this experiment, we detected the changes in 40
proteins in both CSF-2-treated stem cells and non-treated control
stem cells. The expression levels of six growth factors, namely, AR
(androgen receptor),28 G-CSF (granulocyte colony-stimulating fac-
tor),29 GDNF (glial cell-derived neurotrophic factor),30 GM-CSF,31

HB-EGF (heparin-binding epidermal growth factor-like growth fac-
tor),32 and PDGF (platelet-derived growth factor),33 were elevated
substantially by CSF-2 treatment, whereas the levels of other growth
factors showed only minor changes (Figure 6A). Consistent with our
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results, these growth factors can function as potent upstream
signaling proteins of PI3K/Akt or ERK1/2 signaling. This result indi-
cates that these six growth factors may be at least partly responsible
for CSF-2-induced PI3K/Akt or ERK1/2 signaling and the subsequent
beneficial effects on stem cells.

To further confirm whether sonic hedgehog (SHH)-signaling integ-
rity declines with aging, we examined the gene expression profiles
in a large clinical database using ingenuity pathway analysis (IPA)
software. Positive regulators of AR, ATF2, CSF-2, and HB-EGF
were activated in nonsenescent proliferative cells (Figures 6B–6E).
The GEO database was analyzed to verify the expression levels of
these growth factors in various aspects of stem cell functions. Interest-
ingly, the levels of ATF2, CSF-2, and HB-EGF were markedly
increased in proliferating or migratory capacity-enhanced cells, and
the levels of AR, G-CSF, and PDGF-AA were decreased in differenti-
ated cells (Figure 6F).

Additionally, we also analyzed the activation state of PI3K/Akt or
ERK1/2 signaling and the expression levels of AR, G-CSF, GDNF,



Figure 5. Inhibition of Akt or ERK1/2 with Specific Inhibitors Attenuated the CSF-2-Induced Migratory Capacity of MSCs

(A–D) MSCs were pretreated with inhibitor V (A and C, 10 mM) or PD98059 (B and D, 20 mM) for 1 h prior to an additional 48-h treatment with 300 ng/mL CSF-2; subsequent

changes inmigratory capacity weremeasured via the transwell assay (A and B) and western blotting for MMP-2 andMMP-9 (C and D). (E) MSCswere treated with 300 ng/mL

CSF-2 alone or were concomitantly transfected with shRNA targeting ERK1/2; subsequent changes in the migratory capacity were measured by the transwell assay.

(F and G) MSCs were pretreated with inhibitor V (F, 10 mM) or PD98059 (G, 20 mM) for 1 h prior to an additional 48-h treatment with 300 ng/mL CSF-2; subsequent changes in

the expressions of multiple EMTmarkers, such as snail and twist (F and G), were measured by real-time PCR. b-actin was used as the internal control. The data represent the

mean ± SD from three independent experiments.
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GM-CSF, HB-EGF, and PDGF usingGeneMANIA (http://genemania.
org/) to evaluate interconnected signaling networks regulating cell
growth, migration, and pluripotency-associated phenotypes (Fig-
ure S10). To find interactions of signaling networks, we considered
several biological factors, including co-localization, co-expression,
pathways, and genetic interactions. These results suggested a strong
positive relationship between the activation state of PI3K/Akt or
ERK1/2 signaling and the enhancement of the six most prominent
factors, AR, G-CSF, GDNF, GM-CSF, HB-EGF, and PDGF.
CSF-2 Significantly Enhances the Therapeutic Potential of Stem

Cells In Vivo by Stimulating Differentiation and Migratory

Capacities

Our in vitro results indicated that CSF-2 may act as an injury-induc-
ible danger signal that enhances multiple beneficial functions of
stem cells, such as their differentiation and migratory capabilities.
Therefore, we further investigated whether CSF-2 enhances various
beneficial functions of stem cells in vivo and their subsequent thera-
peutic potential. Mice were injected intravenously (i.v.) with CSF-2
Molecular Therapy Vol. 27 No 6 June 2019 1093

http://genemania.org/
http://genemania.org/
http://www.moleculartherapy.org


Figure 6. CSF-2-Induced Multiple Growth Factors Are Associated with PI3K/Akt and/or FAK/ERK 1/2 Signaling

Human growth factor antibody array analysis was performed using CSF-2-treated and control samples. The membrane was printed with antibodies for 40 growth factors,

cytokines, and receptors, with four positive and four negative controls in the upper and lower left corners. (A) Six growth factors or related proteins (AR, G-CSF, GDNF, GM-

CSF, HB-EGF, and PDGF) were markedly enriched in the CSF-2-treated groups compared with those in the control groups. (B–E) Differentially expressed genes from

proliferative cells and nonproliferative cells were applied to ingenuity pathway analysis (IPA) software (https://www.qiagenbioinformatics.com/) to predict the activation state

(either activated or inhibited) of six growth factors and their related signaling pathways. Big data were analyzed using the Seiber dataset (GEO: GSE63074, GSE62564,

GSE63074, and GSE28878) from R2: Genomics Analysis and Visualization Platform (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi). The gene datasets were filtered by the

expression profiles of six growth factors in proliferative versus nonproliferative cells. (F) The GEO database (https://www.ncbi.nlm.nih.gov/geo/) was analyzed to further verify

the expression levels of these growth factors in various aspects of stem cell functions. The results represent the means ± SD from three independent experiments.
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(0.5 mg/kg) on 10 consecutive days, and then MSCs were isolated
from adipose tissue. Consistent with our in vitro data, the transwell
migration assay (Figure 7A) and western blot analysis (Figure 7B)
also showed the stimulatory effect of CSF-2 on the migratory ability
of stem cells in vivo. CSF-2 significantly enhanced the multi-lineage
differentiation potential of stem cells toward osteoblasts in vivo (Fig-
ure 7C). Consistently, the expression levels of the pluripotency-asso-
ciated transcription factors NANOG and SOX2 were significantly
increased by CSF-2 in vivo (Figure 7D).

Furthermore, we investigated whether CSF-2 can stimulate not only
the in vivo homing of stem cells to sites of injury but also their sub-
sequent therapeutic potential in an endometrial ablation animal
1094 Molecular Therapy Vol. 27 No 6 June 2019
model. To investigate the effect of CSF-2 on the homing potential
of stem cells to the site of injury, we investigated the in vivomigratory
capability of stem cells treated with CSF-2 using a GFP system, which
allows themonitoring of transplanted cells in animals. Stem cells were
stably transfected with a GFP-expressing vector (Figure S11). CSF-2-
prestimulated stem cells were intravenously injected into NOD scid
gamma (NSG) mice, and their homing ability to the injured sites
was monitored. The number of GFP-labeled cells on 5-mm-thick sec-
tions was counted and quantified using a fluorescent microscope.
Importantly, there was significantly increased recruitment of CSF-
2-prestimulated stem cells to the site of endometrial injury compared
with that of non-stimulated stem cells (Figure 7E), indicating that
CSF-2 treatment significantly enhanced the in vivo homing potential
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Figure 7. CSF-2 Improves the Therapeutic Potential ofMSCs by Stimulating Differentiation andMigratory Capacities in a TCA-InducedEndometrial Ablation

Animal Model

Schematic representation of the experimental protocol as described in the Materials and Methods. Mice were treated daily for 10 days with CSF-2 (0.5 mg/kg, intravenously)

or vehicle (PBS). Stem cells were isolated from mouse adipose tissue, and the changes in migratory capacity were measured via the transwell assay (A) and western blotting

for MMP-2 and MMP-9 (B). The changes in osteoblast differentiation were determined by alizarin red staining. (C) The relative quantification of calcium mineral content was

performed by measuring the absorbance at 570 nm. (D) Real-time PCR results showed the changes in the expression of the mouse stem cell markers NANOG and SOX2

after CSF-2 treatment in vivo. (E) The 2% TCA treatment (150 mL, administered directly into the uterine horn) produced significant histological uterine endometrial ablation

compared with the vehicle (PBS) control. CSF-2-treated or non-treatedMSCs (1� 106 cells) were labeled with GFP and injected intravenously into the tail veins of 7-week-old

immunodeficient NSG mice with acute TCA-induced endometrial ablation. The mice were sacrificed 7 days after the GFP-labeled MSCs were injected. Green fluorescent

images of consecutive sections revealed the presence of GFP-labeled cells. (F) Uterine endometrial tissue was collected and subjected to H&E staining. TCA-induced loss of

the endometrial functional layer with degenerative changes was significantly more relieved by the transplantation of CSF-2-pretreated MSCs. b-actin was used as the internal

control. The data represent the mean ± SD from eight independent experiments.
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of stem cells to the injured site. Consistent with this result, the symp-
toms of acidic solution (TCA)-induced loss of the endometrial func-
tional layer with degenerative changes were significantly more
relieved by transplantation with CSF-2-prestimulated stem cells
than with non-treated stem cells (Figure 7F). Taken together, these
results suggest that CSF-2 significantly enhances the therapeutic po-
tential of stem cells in vivo by stimulating differentiation and migra-
tory capacities.

DISCUSSION
MSCs have been proposed as a possible therapeutic alternative for
various degenerative diseases due to their capacity to differentiate
into multi-lineages (ectodermal34 and mesodermal35 cells) and their
remarkable immunomodulatory ability in vivo.36 Despite a consider-
able number of promising initial results, several limitations of MSCs
need to be addressed. The major challenges of current MSC-based
therapeutics are their low differentiation potential into specialized
cell types and their homing ability to sites of injury.37 Therefore,
many researchers have directed their efforts toward finding a novel
stimulatory factor that can significantly increase the homing and
multi-lineage differentiation capabilities of MSCs.

Recently, special attention has been devoted to investigating the non-
canonical functions of CSF-2 as a novel non-hematopoietic factor in
various human diseases, such as Crohn’s disease5 and Alzheimer’s
disease,38 as it is selectively released under certain disease conditions
and ameliorates the severity of these diseases. Moreover, CSF-2 can
promote neuronal differentiation of adult neural stem cells in vitro
as a neuronal growth factor.9 In this context, we therefore focused
our attention on the previously unidentified function of CSF-2 as
an endogenous danger signal that can facilitate the mobilization
and recruitment of stem cells to sites of injury in accordance with
Molecular Therapy Vol. 27 No 6 June 2019 1095
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the observations of Deng et al.,39 who showed that CSF-2 can effec-
tively mobilize CD34-positive bone marrow stem cells in patients
with acute myocardial infarction. A similar observation has also
been described by Egea et al.,5 who demonstrated that CSF-2 can
be secreted by non-hematopoietic epithelial cells in response to injury
of the colon crypt epithelium and subsequently facilitate epithelial cell
proliferation and ulcer healing.

Indeed, in the current study, we revealed for the first time that CSF-2
is actively secreted by stem cells in response to various injury signals,
such as radiation damage, oxidative stress, and serum depletion,
in vitro (Figures 1A–1C) and in vivo (Figures 1D–1F) as an endoge-
nous damage signal. Importantly, we also found that CSF-2 signifi-
cantly enhances the therapeutic capability of stem cells by promoting
multi-lineage differentiation (Figure 2A) and migratory capability
(Figures 2D and 2E) in vitro. In addition, CSF-2-treated stem cells
actively secreted many known growth factors for promoting tissue
regeneration, specifically, AR,40 G-CSF,41 GDNF,42 GM-CSF,9 HB-
EGF,43 and PDGF44 (Figure 6). These results suggest that the CSF-
2-mediated beneficial effects of stem cells on tissue regeneration
were due, at least in part, to the various secretory factors that regulate
diverse biological functions, including cell growth, wound healing,
and differentiation.

A functional receptor through which CSF-2 exerts its non-hemato-
poietic activity on stem cells has not previously been identified. In
this study, CSF-2 was shown to exert its non-hematopoietic effects
on stem cells through its interaction with CD116. It is normally de-
tected on neutrophils and monocytes and is partially expressed in
bone marrow myeloid progenitor cells.45 Interestingly, the CSF-2-
induced multi-lineage differentiation potential (Figures 3A and 3B)
and migratory ability (Figures 3C and 3D) of MSCs was significantly
attenuated by CD116 depletion. These results indicate that CD116
may act as a functional receptor to mediate the various beneficial ef-
fects of CSF-2 on stem cells. Because CD116 is known to be involved
in regulating diverse biological functions, including apoptosis,46 cell
growth,47 and multi-lineage differentiation,48 the role of CSF-2 in
activating CD116 implies its potential role in the regulation of stem
cell migratory and differentiation capabilities.

Because CD116 is known to activate the PI3K/Akt- and ERK1/2-
signaling pathways for the regulation of multiple cellular func-
tions,49,50 we also examined whether CSF-2 activates these signaling
pathways when CSF-2 binds to CD116 in stem cells. It has been shown
that the PI3K/Akt-51 or ERK1/2-52 signaling pathway is frequently
activated by mitogenic growth factors or cytokines in many cell types.
Indeed, our results also revealed that CSF-2 significantly activated
PI3K/Akt- and FAK/ERK1/2-signaling pathways in MSCs (Figures
4A and 4B). The role of CSF-2 in activating these signaling cascades
is not surprising, considering the results of a previous in vitro study
on endothelial progenitor cells (EPCs), which revealed that CSF-2
accelerates EPC proliferation and colony formation through PI3K/
Akt and ERK1/2 signaling.53 Blockage of these signaling pathways
with specific inhibitors significantly attenuated the CSF-2-mediated
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osteogenic differentiation (Figures 4C and 4D) and migratory capac-
ities (Figures 5A and 5B) of MSCs, suggesting that CSF-2 exerts its
stimulatory effects on stem cells via PI3K/Akt and/or FAK/ERK1/2
signaling. We also conducted the additional set of experiments to
evaluate whether AKT or ERK inhibitor itself suppresses prolifera-
tion and/or induces cell-cycle arrest of stem cells. Interestingly, inhib-
itor-only treatments barely affected cell cycle stages of MSCs in our
treatment concentrations (Figure S12). These results suggest that
attenuating effects of the Akt inhibitor V or the ERK1/2 inhibitor
PD98059 on CSF-2-mediated effects may be at least partly responsible
for AKT or ERK inhibitor itself-induced inhibition of stem cell growth
and/or toxicity.

Taken together, these findings indicate that, in addition to its previ-
ously reported hematopoietic functions, CSF-2 is actively secreted
in response to various types of injuries as an endogenous danger
signal and subsequently promotes the therapeutic effects of stem cells,
by enhancing their multi-lineage differentiation andmigratory capac-
ities via PI3K/Akt- and/or FAK/ERK1/2-signaling cascades.

MATERIALS AND METHODS
Isolation and Culture of Human Adipose Tissue-Derived MSCs

Biopsies (10 mL) of adipose tissue away from tumor border were ob-
tained at the time of initial surgery. Human adipose tissue-derived
MSCs were isolated from adipose tissues of breast cancer patients
with written informed consent from the patients and approval of the
Gachon University Institutional Review Board (IRB: GAIRB2015-
104). All of the human-related experiments were approved and con-
ducted in accordance with the Gachon University Institutional Review
Board (IRB: GAIRB2015-104). Adipose tissue was minced into small
pieces, and then the small pieces were digested in DMEM containing
10% fetal bovine serum (FBS) and 250 U/mL type I collagenase for 5 h
at 37�C. The digestion mixture was then filtered through a 40-mm cell
strainer. Isolated cells were then cultured in EBM-2 medium (Lonza)
with EGM-2 supplements at 37�C and 5% CO2.

ELISA

Specific levels of CSF-2 secreted by human dermal fibroblasts (ATCC,
PCS-201-012), human epidermal keratinocytes (ATCC, PCS-200-
011), human vascular endothelial cells (ATCC, CRL-1730), and adi-
pose tissue-derived MSCs were quantified using ELISA kits (R&D
Systems), according to the manufacturer’s instructions. The optical
density of each well was then read on a microplate reader at 450-
nmwavelength, and CSF-2 concentrations in each sample were deter-
mined using the standard curve. Experiments were carried out in
triplicate.

In Vitro Cell Migration Assay

Cells were plated at 1� 105 cells/well in 200 mL culture medium in the
upper chambers of transwell-permeable supports (Corning, Corning,
NY, USA) to track the migration of cells. The transwell chambers had
8.0-mm pores in 6.5-mm diameter polycarbonate membranes and
used a 24-well plate format. After 12 h, the inserts were removed
and non-invading cells on the inner side of each membrane were



Table 1. Primer Sequences for qRT-PCR

Gene GenBank No. Direction Primer Sequence

Human CD116 NM_001161529.1
F 50-GACTCCAGGACGATGAAT-30

R 50-CACGACTCTGTTCTTCTTG-30

Human CSF-2 NM_000758
F 50-ATGATGGCCAGCCACTACAA-30

R 50-AGCAGTCAAAGGGGATGACA-30

Human fibronectin NC_000002.12
F 50-GAGAATGGACCTGCAAGCCCA-30

R 50-GTGCAAGTGATGCGTCCGC-30

Human NANOG NM_024856
F 50-ACATGCAACCTGAAGACGTGTG-30

R 50-CATGGAAACCAGAACACGTGG-30

Human PPIA NM_021130
F 50-TGCCATCGCCAAGGAGTAG-30

R 50-TGCACAGACGGTCACTCAAA-30

Human Snail2 NC_000008.11
F 50-TACCGCTGCTCCATTCCAGC-30

R 50-CATGGGGGTCTGAAAGCTTG-30

Human SOX2 NM_003106.3
F 50-AAATGGGAGGGGTGCAAAAGAGGAG-30

R 50-CAGCTGTCATTTGCTGTGGGTGATG-30

Human twist NC_000007.14
F 50-CCTGCGCAAGATCATCCCCA-30

R 50-GCTGCAGCTTGCCATCTTGGA-30

Mouse C-MYC NM_010849
F 50-CGCACACACAACGTCTTGGA-30

R 50-AGGATGTAGGCGGTGGCTTT-30

Mouse HPRF NM_013556
F 50-GCCTAAGATGAGCGCAAGTTG-30

R 50-TACTAGGCAGATGGCCACAGG-30

Mouse KLF4 NM_010637
F 50-GGTGCAGCTTGCAGCAGTAA-30

R 50-AAAGTCTAGGTCCAGGAGGT-30

Mouse OCT4 NM_013633
F 50-GCATTCAAACTGAGGCACCA-30

R 50-AGCTTCTTTCCCCATCCCA-30

Mouse SOX2 NM_011443
F 50-GAAGCGTGTACTTATCCTTCTTCAT-30

R 50-GAGTGGAAACTTTTGTCCGAGA-30

F, forward; R, reverse.
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properly wiped. Migrated cells on the lower surface of each mem-
brane were fixed with 4% paraformaldehyde for 5 min and stained
with hematoxylin for 15 min. Later, the number of migrated cells
was counted in three randomly selected fields of the wells under a
light microscope at 50� magnification. To calculate the chemotactic
index, the number of cells that migrated in response to the treatment
of CSF-2 was divided by the number of spontaneously migrating cells
(non-treated control groups).
Osteogenic Differentiation

MSCs were incubated in DMEMhigh-glucose medium supplemented
with 0.1 mM dexamethasone, 10 mM b-glycerophosphate, 50 mM
ascorbate, and 10% FBS, with or without CSF-2. MSCs were grown
for 3 weeks, with medium replacement twice a week. Differentiated
cells were stained with alizarin red S to detect de novo formation of
bone matrix. To quantify the alizarin red staining, 10% cetylperidi-
nium chloride was added and cells were incubated for 20 min to
elute the stain. The alizarin red S in samples was quantified by
measuring the optical density (OD) of the solution at 570 nm with
a spectrophotometer.
Adipogenic Differentiation

MSCs were incubated in DMEM low-glucose medium supplemented
with 500 mM metylxanthine, 5 mg/mL insulin, and 10% FBS, with or
without CSF-2. MSCs were grown for 3 weeks, with medium replace-
ment twice a week. Lipid droplet formation was confirmed by oil red
O staining. The relative quantification of lipid droplet formation was
determined by absorbance measurement at 500 nm.
Immunofluorescent Staining

Samples were fixed with 4% paraformaldehyde for fluorescent stain-
ing. Samples were permeabilized with 0.4 M glycine and 0.3% Triton
X-100, and nonspecific binding was blocked with 2% normal swine
serum (Dako, Glostrup, Denmark). Staining was performed as
described previously,54 using the primary anti-Phalloidin (Cytoskel-
eton) antibody. Samples were examined by fluorescence microscopy
Molecular Therapy Vol. 27 No 6 June 2019 1097

http://www.moleculartherapy.org


Molecular Therapy
(Zeiss LSM 510 Meta). The calculation of expression was based on
green fluorescence area and density divided by cell number, as deter-
mined from the number of DAPI-stained nuclei, in three randomly
selected fields for each sample from a total of three independent
experiments.

Evaluation of CSF-2 Effects on Normal and TCA-Induced

Endometrial Ablation Animal Models

All of the animal experiments were approved and conducted in accor-
dance with the Institutional Animal Care and Use Committee
(IACUC) (LCDI-2018-0025 and LCDI-2018-0034) of the Lee Gil
Ya Cancer and Diabetes Institute of Gachon University. The mice
were randomly divided into control (vehicle) and CSF-2 treatment
groups. To exactly mimic clinical conditions, Institute of Cancer
Research (ICR) mice were exposed to CSF-2 (0.5 mg/kg) or vehicle
(PBS) through intraperitoneal injection for 10 consecutive days.
The mice were anesthetized and exsanguinated by cardiac puncture,
and then MSCs were isolated from adipose tissues. Additionally,
7-week-old immunodeficient NSG mice were subjected to treatment
with 2% TCA (150 mL, administered directly into uterine horn) to
induce uterine endometrial ablation or with sterilized PBS vehicle
as a control. CSF-2-treated or non-treated MSCs (1 � 106 cells)
were labeled with GFP and injected intravenously into the tail veins
of 7-week-old NSG mice with acute TCA-induced endometrial abla-
tion. The mice were sacrificed 7 days after the GFP-labeled MSCs
were injected. Mice of each group were sacrificed by cervical disloca-
tion. Uterine endometrial tissue was collected and subjected to H&E
staining.

Flow Cytometry

Fluorescence-activated cell sorting (FACS) analysis and cell sorting
were performed using FACSCalibur and FACSAriamachines (Becton
Dickinson, Palo Alto, CA), respectively. FACS data were analyzed
using FlowJo software (Tree Star, Ashland, OR). Antibodies to the
following proteins were used: allophycocyanin (APC)-conjugated
CD44 (BD Bioscience, 559942, dilution 1/40), phycoerythrin (PE)-
conjugated CD133 (magnetic-activated cell sorting [MACS]; Miltenyi
Biotec, Sunnyvale, CA, 130-080-081, dilution 1/40), CD34 (MACS;
Miltenyi Biotec, Sunnyvale, CA, 30-081-002), CD44 (MACS; Miltenyi
Biotec, Sunnyvale, CA, 130-095-180), CD45 (MACS; Miltenyi Biotec,
Sunnyvale, CA, 130-080-201), CD73 (MACS; Miltenyi Biotec, Sunny-
vale, CA, 130-095-182), and CD105 (MACS; Miltenyi Biotec, Sunny-
vale, CA, 130-094-941). The FACS gates were established by staining
with an isotype antibody or secondary antibody.

Protein Isolation and Western Blot Analysis

The protein expression levels were determined by western blot analysis
as previously described.55 Cells were lysed in a buffer containing 50mM
Tris, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP 40, and
0.2 mM PMSF. Samples containing equal amounts of protein were
separated via SDS-PAGE and then transferred onto nitrocellulose
membranes (Bio-Rad). Then, the membranes were incubated with
primary antibodies against b-actin (Abcam, MA, USA, ab189073),
MMP-2 (Cell Signaling Technology, 4022), MMP-9 (Cell Signaling
1098 Molecular Therapy Vol. 27 No 6 June 2019
Technology, 13667), total PI3K (Cell Signaling Technology, 4292),
phospho-PI3K (Cell Signaling Technology, 4228), total Akt (Cell
SignalingTechnology, 4491), phospho-Akt (Cell SignalingTechnology,
4060), total ERK1/2 (Cell Signaling Technology, 9012), phospho-
ERK1/2 (Cell Signaling Technology, 9101), Ki67 (Novus Biologicals,
NB500-170), total FAK (Santa Cruz Biotechnology, sc-558), and phos-
pho-FAK (Santa Cruz Biotechnology, sc-11765) overnight at 4�C and
then with horseradish peroxidase (HRP)-conjugated goat anti-rabbit
immunoglobulin G (IgG) (BD Pharmingen, San Diego, CA, USA,
554021) and goat anti-mouse IgG (BDPharMingen, 554002) secondary
antibodies for 60 min at room temperature (RT). Antibody-bound
proteins were detected using enhanced chemiluminescence (ECL)
reagents.

Real-Time PCR

Total RNA from skin cells was extracted using TRIzol reagent (Invi-
trogen), according to themanufacturer’s protocol. Real-time PCRwas
performed using a Rotor-Gene Q (QIAGEN). The reaction was sub-
jected to amplification cycles of 95�C for 20 s, 60�C for 20 s, and 72�C
for 25 s. The relative mRNA expression of the selected genes was
normalized to that of peptidyl prolyl isomerase A (PPIA) and quan-
tified using theDDCTmethod. The sequences of the PCR primers are
listed in Table 1.

GeneMANIA Algorithm-Based Bioinformatics Analysis

To further analyze genes that interact with or directly regulate PI3K/
Akt or FAK/ERK1/2 signaling, we imported all identified genes and
their corresponding accession numbers into GeneMANIA (http://
genemania.org/). To find gene interactions, we considered several
factors, including co-expression, co-localization, and genetic interac-
tions. From this list, we selected the genes GDNF, AR, G-CSF, GDNF,
GM-CSF, HB-EGF, and PDGF to test their involvement in regulating
CSF-2-induced PI3K/Akt or FAK/ERK1/2 signaling.

Growth Factor Antibody Array

The assay was performed following the manufacturer’s protocol
(Abnova AA0089). Briefly, cells were treated with or without
300 ng/mL CSF-2 for 24 h and then harvested. Protein samples
were extracted and incubated with antibody membranes overnight
at 4�C. After washing 3 times with wash buffer, the membranes
were incubated with biotin-conjugated anti-cytokine antibodies
overnight at 4�C. The membranes were then washed 3 times and
incubated with HRP-conjugated streptavidin. Chemiluminescence
was used to detect signals of the growth factors spotted on the nitro-
cellulose membrane.

Statistical Analysis

All the statistical datawere analyzed inGraphPadPrism5.0 (GraphPad,
San Diego, CA) and evaluated using two-tailed Student’s t tests. Values
of p < 0.05 were considered to indicate statistical significance.
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Supplementary figure 1. Isolation and characterization of human adipose tissue-derived MSCs. 

Spindle-shaped human adipose tissue-derived MSCs can be observed by phase-contrast microscopy 

(A). The isolated cells were positive for the stem cell markers CD44, CD73, and CD105 and were 

negative for the hematopoietic markers CD34 and CD45 (B). Their capacity to differentiate into 

multiple lineages, specifically osteoblasts, adipocytes, and condrocytes was determined by alizarin red,   

oil red O, Alcian Blue-PAS staining, respectively. The relative quantification of the calcium mineral 

content and of lipid droplet formation was determined by measuring the absorbance at 570 nm and 

500 nm, respectively (C). The data represent the mean ± SD from three independent experiments.  
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Supplementary figure 2. H2O2 treatment actually induces oxidative stress in MSCs. MSCs were 

treated with H2O2 (10 mM) for 30 min, after which the medium was replaced with serum-free medium, 

and the cells were cultured for 48 h; subsequent changes in ROMO1 levels in both mitochondria (A) 

and total fraction (B) were measured western blotting. β-actin was used as the internal control. The 

data represent the mean ± SD from three independent experiments.  
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Supplementary figure 3. 4 Gy exposure actually induces growth inhibition in MSCs. MSCs were 

exposed to acute irradiation at a dose of 4 Gy (X-ray), after which the medium was replaced with 

serum-free medium, and the cells were cultured for 48 h; subsequent changes in the expression levels 

of tumor suppressor protein p53 (A) and cell cycle stages (B) were analyzed by western blotting and 

flow cytometry, respectively. β-actin was used as the internal control. The data represent the mean ± 

SD from three independent experiments. 
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Supplementary figure 4. Serum deprivation induces cell cycle arrest at Go/G1 in MSCs. MSCs 

were cultured with or without serum for 48 h; subsequent changes in the cell cycle stages were 

analyzed by flow cytometry (A-B).  
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Supplementary figure 5. CSF-2 more effectively increased the migratory capacity of stem cells 

than the well-known migration stimulating factor FGF2. Confluent MSCs were treated with or 

without CSF-2 (300 ng/ml) or FGF-2 (300 ng/ml); subsequent changes in migratory capacity were 

measured via the transwell assay (A). The data represent the mean ± SD from three independent 

experiments. 
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Supplementary figure 6. CSF-2 treatment induces the actin filament rearrangement in MSCs. 

Confluent MSCs were cultured in osteogenic medium with or without CSF-2 (300 ng/ml). The effects 

of CSF-2 on the actin filament disorganization and morphological changes in stem cells were 

visualized by staining actin filaments with phalloidin (A). 
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Supplementary figure 7. Knockdown efficacy of shRNA targeting CD116. MSCs were stably 

transduced with shRNA targeting CD116 or with a non-targeting control shRNA (A). The successful 

knockdown of CD116 expression was verified based on the levels of RNA (B) and protein expression 

(C) in MSCs. β-actin was used as the internal control. The data represent the mean ± SD from three 

independent experiments.  
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Supplementary figure 8. CSF-2-induced effects on actin cytoskeleton disorganization were also 

significantly attenuated by CD116 depletion. MSCs were treated with 300 ng/ml CSF-2 alone or 

were concomitantly transfected with shRNA targeting CD116; subsequent changes in actin filament 

disorganization and morphological changes in stem cells were visualized by staining actin filaments 

with phalloidin (A). 
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Supplementary figure 9. Knockdown efficacy of shRNAs targeting ERK1 and ERK2. MSCs 

were stably transduced with shRNA #1, #2, #3, or #4, which targeted ERK1 and ERK2, or with a non-

targeting control shRNA (A). ERK1/2 shRNA construct #4 hereafter referred to as ERK1 and 2 

shRNA, was the most effective. The successful knockdown of ERK1 and ERK2 expression was 

verified based on the levels of RNA (B-C) and protein (D) expression in MSCs. β-actin was used as 

the internal control. The data represent the mean ± SD from three independent experiments. β-actin 

was used as the internal control. The data represent the mean ± SD from three independent 

experiments. 
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Supplementary figure 10. The activation state of PI3K/Akt or ERK1/2 signaling in various 

aspects of stem cell functions. Signaling network analysis was performed using GeneMANIA 

(http://www.genemania.org) to predict the connections between markedly enhanced six growth factors 

and PI3K/Akt and/or FAK/ERK1/2 signaling. The results revealed a positive relationship between 

each of the six prominent factors (AR, G-CSF, GDNF, GM-CSF, HB-EGF, and PDGF) and PI3K/Akt 

and/or FAK/ERK1/2 signaling (A-B). 

 

  

http://www.genemania.org/
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Supplementary figure 11. MSCs were stably transfected with a GFP-expressing vector. MSCs 

(2×105 cells/ml) were transfected with GFP-expressing plasmid vectors. Their expression efficiency 

was analyzed by immunocytochemistry after 48 h of transfection (A). 
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Supplementary figure 12. Inhibitor only treatments barely affected cell cycle stages of MSCs in 

our treatment concentrations. MSCs were pretreated with inhibitor V (10 µM) or PD98059 (20 µM) 

for 1 h prior; subsequent changes in the cell cycle stages were analyzed by flow cytometry (A-B).  

 

 


	A Novel Endogenous Damage Signal, CSF-2, Activates Multiple Beneficial Functions of Adipose Tissue-Derived Mesenchymal Stem ...
	Introduction
	Results
	CSF-2 Is Actively Secreted in Response to Multiple Injury Signals In Vitro and In Vivo
	CSF-2 Significantly Enhances Various Beneficial Functions of Stem Cells In Vitro
	CSF-2 Enhances Multiple Stem Cell Functions through Its Cognate Receptor CD116
	PI3K/Akt and/or ERK1/2 Signaling Mediates CSF-2-Induced Multiple Beneficial Functions of Stem Cells
	Profiling CSF-2-Induced Expressions of Multiple Growth Factors and Their Interconnected Signaling Networks
	CSF-2 Significantly Enhances the Therapeutic Potential of Stem Cells In Vivo by Stimulating Differentiation and Migratory C ...

	Discussion
	Materials and Methods
	Isolation and Culture of Human Adipose Tissue-Derived MSCs
	ELISA
	In Vitro Cell Migration Assay
	Osteogenic Differentiation
	Adipogenic Differentiation
	Immunofluorescent Staining
	Evaluation of CSF-2 Effects on Normal and TCA-Induced Endometrial Ablation Animal Models
	Flow Cytometry
	Protein Isolation and Western Blot Analysis
	Real-Time PCR
	GeneMANIA Algorithm-Based Bioinformatics Analysis
	Growth Factor Antibody Array
	Statistical Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


