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Valproic acid enforces the priming effect of
sphingosine-1 phosphate on human mesenchymal stem cells
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Abstract. Engraftment and homing of mesenchymal stem cells
(MSCs) are modulated by priming factors including the bioac-
tive lipid sphingosine-1-phosphate (S1P), by stimulating CXCR4
receptor signaling cascades. However, limited in vivo efficacy and
the remaining priming molecules prior to administration of MSCs
can provoke concerns regarding the efficiency and safety of MSC
priming. Here, we showed that valproic acid (VPA), a histone
deacetylase inhibitor, enforced the priming effect of S1P at a low
dosage for human umbilical cord-derived MSCs (UC-MSCs).
A DNA-methylation inhibitor, 5-azacytidine (5-Aza), and VPA
increased the expression of CXCR4 in UC-MSCs. In particular,
UC-MSCs primed with a suboptimal dose (50 nM) of S1P in
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combination with 0.5 mM VPA (VPA+SI1P priming), but not
1 uM 5-Aza, significantly improved the migration activity in
response to stromal cell-derived factor 1 (SDF-1) concomitant
with the activation of both MAPKP**** and AKT signaling
cascades. Both epigenetic regulatory compounds had little influ-
ence on cell surface marker phenotypes and the multi-potency
of UC-MSCs. In contrast, VPA+S1P priming of UC-MSCs
potentiated the proliferation, colony forming unit-fibroblast, and
anti-inflammatory activities, which were severely inhibited in
the case of 5-Aza treatment. Accordingly, the VPA+S1P-primed
UC-MSCs exhibited upregulation of a subset of genes related to
stem cell migration and anti-inflammation response. Thus, the
present study demonstrated that VPA enables MSC priming
with S1P at a low dosage by enhancing their migration and other
therapeutic beneficial activities. This priming strategy for MSCs
may provide a more efficient and safe application of MSCs for
treating a variety of intractable disorders.

Introduction

Mesenchymal stem cells (MSCs) are multipotent progenitor
cells which are isolated from bone marrow (BM), adipose,
dental pulp, umbilical cord (UC), and UC blood (UCB) (1,2).
MSC administration provides a therapeutic benefit by their
recruitment to damaged organs where they are actively involved
in tissue repair (3-8). The beneficial effect is also attributed to
paracrine factors (9), such as cytoprotective effects modulated
by cytokines (10) and pro-angiogenic and pro-arteriogenic
effects (11). However, current MSC therapy has limited thera-
peutic effectiveness, particularly due to poor in vivo engraftment
and survival of the transplanted cells (12). Most (=99%) intrave-
nously injected MSCs adhere to the lungs, and a mere 2-3% of
them are released into the circulation (13). Thus, understanding
the precise mechanism underlying the migration and engraft-
ment of MSCs during tissue repair is crucial.

Some chemokines [stromal cell-derived factor 1 (SDF-1)]
and growth factors [e.g., vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF) or hepatocyte
growth factor (HGF)] play a crucial role in the mobilization
and engraftment of adult MSCs (14-19). Among them,
SDF-1 and its receptor, the CXCR4, is a pivotal factor in the
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homing/engraftment of stem cells. Indeed, hematopoietic
stem/progenitor cells (HSPCs) engraft in the BM by following an
SDF-1 gradient that is upregulated in the BM after conditioning
for transplantation (e.g., total body irradiation and myeloablative
chemotherapy) (14,18). The sensitivity/responsiveness of
HSPCs to a SDF-1 gradient is positively affected (‘primed’) by
a subset of molecules enriched in the damaged tissues including
bioactive lipids [e.g., sphingosine-1-phosphate (S1P) (20)
and ceramide-1-phosphate (C1P) (21,22), neutrophil-derived
cationic peptide cathelicidin (LL-37), f2-defensin, and soluble
membrane attack complex (SMAC) C5b-9 (21)].

We recently demonstrated that this priming phenomenon
observed in the process of HSPCs occurs similarly in MSCs
primed with S1P and CI1P bioactive lipids and a cationic
peptide, LL-37 (3,23). In particular, the primed MSCs exhibit
cell migration, colony-forming activity, and anti-inflammatory
capacity in the cell culture condition, which promote their thera-
peutic benefits to treat pulmonary arterial hypertension (PAH).
However, the primed MSC:s still exhibit limited in vivo engraft-
ment into damaged tissues (3,23). More importantly, even an
extensive washing step prior to MSC administration fails to
completely remove the remaining priming factors which can
provoke an adverse inflammatory response (3). Thus, devel-
opment of priming strategies at a low dosage is needed. The
expression of CXCR4, a main target for stem cell priming, is
upregulated by the DNA-demethylating agent, 5-azacytidine
(5-Aza) (24), and histone deacetylase inhibitor, valproic acid
(VPA) (25). In the present study, we investigated the role of
these epigenetic regulatory modulators in improving MSC
priming strategies for accelerating their therapeutic application.

Materials and methods

Culturing human umbilical cord-derived MSCs. Human UC
was obtained from healthy normal full-term newborns after
obtaining written informed parental consent in accordance with
the guidelines approved by the Ethics Committee on the Use
of Human Subjects at Asan Medical Center. Informed consent
was obtained from all pregnant mothers before UC collection.
UC-derived MSCs (UC-MSCs) used in the present study were
grown in low-glucose Dulbecco's modified Eagle's medium
(DMEM) (HyClone, Pittsburgh, PA, USA) supplemented
with 2 mM L-glutamine, 20 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) (pH 7.3), minimum
essential medium (MEM) nonessential amino acid solution,
penicillin/streptomycin (Corning Cellgro; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), 1 mg/ml ascorbic
acid (Sigma-Aldrich), 10% heat-inactivated fetal bovine
serum (FBS) (HyClone), 5 ng/ml human epidermal growth
factor (Sigma-Aldrich, St. Louis, MO, USA), 10 ng/ml basic
fibroblast growth factor, and 50 mg/ml long-R3 insulin-like
growth-factor 1 (ProSpec, Rehovot, Israel) in a humidified
atmosphere with 5% CO, at 37°C. UC-MSCs expanded less
than five passages were used to ensure their multipotency.
The expression of surface proteins was analyzed as described
previously (3).

Cell migration assay. The 8§ uym polycarbonate membranes
were coated with 50 ul 1.0% gelatin (Sigma-Aldrich) for 1 h.
UC-MSCs were primed with SIP (50 nM; Cayman Chemical,

LIM et al: PRIMING OF MSCs IN COMBINATION WITH VPA AND SIP

Ann Arbor, MI, USA), VPA (0.5 mM), or 5-Aza (1 uM) (both
from Sigma-Aldrich) alone or in combination with 50 nM
S1P for 1 day. The UC-MSCs detached with TrypLE solution
(Thermo Fisher Scientific, Pittsburgh PA, USA) were washed
and resuspended in DMEM containing 0.5% bovine serum
albumin (BSA), and seeded at a density of 3x10* cells/well
into the upper chambers of Transwell inserts (Corning Costar,
Pittsburgh, PA, USA). The lower chambers were filled with
150 ng/ml SDF-1 (R&D Systems, Minneapolis, MN, USA) in
0.5% BSA DMEM. After 1 day, the inserts were removed from
the Transwell plates. Cells remaining in the upper chambers
were scraped off using cotton wool, and cells that had transmi-
grated were fixed with 4% paraformaldehyde (PFA) solution in
phosphate-buffered saline (PBS) and stained with 0.5% crystal
violet (Sigma-Aldrich). Stained cells on the lower side of the
membranes were quantified by digital image analysis using the
Image Pro 5.0 software (Media-Cybernetics, Rockville, MD,
USA).

Cell proliferation and colony forming unit-fibroblast
(CFU-F) assay. Cell proliferation after priming with the
indicated compounds for 24 h was determined by MTT assay
(Sigma-Aldrich) according to the manufacturer's protocol.
Reduction of MTT reagent was performed for 4 h and quanti-
fied by measuring the absorbance at 570 nm on a microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA). For the CFU-F assay, UC-MSCs were treated with
the indicated priming factors for 24 h, after which cells were
re-plated at a clonal density (600 cells/well) in 6-well culture
plates, and further maintained in culture media for 14 days.
The established colonies were washed twice with PBS, fixed,
and stained with 0.5% crystal violet (Sigma-Aldrich).

In vitro differentiation assay. In vitro differentiation into chon-
drogenic, osteogenic or adipogenic lineages was performed as
described previously (26). Briefly, UC-MSCs treated with the
indicating priming factors were cultured in StemPro chondro-
genesis (Invitrogen, Carlsbad, CA, USA), osteogenic (DMEM
supplemented with 5% FBS, 50 uM L-ascorbate-2-phosphate,
0.1 uM dexamethasone, and 10 mM glycerophosphate), or
adipogenic (DMEM supplemented with 5% FBS, 1 uM dexa-
methasone, 10 #M insulin, 200 M indomethacin, and 0.5 mM
isobutylmethylxanthine) differentiation medium. The chon-
drogenic differentiation was examined by Alcian Blue staining
(Sigma-Aldrich) and osteogenic differentiation was noted by
positive staining with Alizarin Red staining (Sigma-Aldrich),
which is specific for calcium. Adipogenic differentiation char-
acterized with intracellular lipid accumulation was visualized
by Oil Red O staining (Sigma-Aldrich).

Anti-inflammatory assay of MSCs. The in vitro anti-inflam-
matory potency of MSCs was examined as described
previously (3,23). Briefly, MH-S, a murine alveolar macro-
phage cell line, was maintained in DMEM-high-glucose
supplemented with 10% heat-inactivated FBS and peni-
cillin/streptomycin. For the inflammatory assay, 1x10° MH-S
cells were seeded in 12-well culture plates, followed by
stimulation with 0.1 pg/ml lipopolysaccharide (LPS) (Sigma-
Aldrich) in the absence or the presence of the conditioned
medium (CM), which were collected from IMR90 cells or
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UC-MSCs with or without priming. After 5 h, medium condi-
tioned by the MH-S macrophages was collected and clarified
by centrifugation at 500 x g for 10 min. A total of 50 ul of
MH-S medium was used for murine tumor necrosis factor-a
(TNF-a) enzyme-linked immunosorbent assay (ELISA) kit
(Thermo Fisher Scientific).

Western blot analysis. UC-MSCs primed with 50 nM S1P
and 0.5 mM VPA were starved for 12 h in DMEM containing
0.5% BSA at 37°C, stimulated with 150 ng/ml SDF-1 for 5, 10,
20 or 30 min, and the phosphorylation of mitogen-activated
protein kinases (MAPK), phospho-MAPKP**# (#4376) or total
MAPKP*?#*(#9102) and phospho-AKT #9271) or AKT (Serd73;
#9272) (all from Cell Signaling Technology, Danvers, MA,
USA) was analyzed by western blot analysis. Cell extracts were
prepared using cell lysis buffer (0.5% NP-40,0.5% Triton X-100,
20 mM HEPES, 1.5 mM MgCl,, 2 mM DTT, 2 mM EDTA,
150 mM NaCl) supplemented with protease and phosphatase
inhibitor cocktails (Roche Life Science, Basel, Switzerland).
Protein lysate was quantitated using BCA Protein Assay kit
(Thermo Fisher Scientific, Inc.) and 30 ug cell extracts were
separated by 10% SDS-PAGE and transferred onto nitrocellu-
lose blotting membranes (GE Healthcare, Miinchen, Germany).
All primary antibodies were diluted 1:1,000 and the peroxidase
conjugated anti-rabbit secondary antibody (#111-035-045) was
diluted 1:2,000 (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA).

RT-gPCR. For gene expression analysis, total RNA was
prepared and reverse-transcribed from the indicated cells
using the RNeasy Mini kit (Qiagen, Hilden, Germany) and
TagMan Reverse Transcription Reagents (Applied Biosystems,
Carlsbad, CA, USA), respectively. The indicated transcripts
were quantified by qPCR as previously described (4,27).
Primers were designated as follows: CXCR4 forward,
5'-ACTACACCGAGGAAATGGGCT-3' and reverse, 5'-CCC
ACAATGCCAGTTAAGAAGA-3'; MMPI2 forward, 5'-GAT
CCAAAGGCCGTAATGTTCC-3' and reverse, 5'- TGAATGC
CACGTATGTCATCAG-3", PDGFB forward, 5-GGCAACAC
TGCTGTCCACAT-3' and reverse, 5'-GTCCCACACCCA
CCTGGAA-3'; PDGFRB forward, 5'-GATGCCGAGGAA
CTATTCATCT-3' and reverse, 5S-TTTCTTCTCGTGCAG
TGTCAC-3'; cMET forward, 5'-AGCGTCAACAGAGGG
ACCT-3" and reverse, 5'-GCAGTGAACCTCCGACTGT
ATG-3'; VEGFB forward, 5"-TCAGGGATAGCCCAGTCA
ATACA-3' and reverse, 5'-GCCACAGAAGGCTGTCTC
CTT-3'; VEGFC forward, 5'-AGTTCCACCACCAAACA
TGCA-3' and reverse, 5'-CACTATATGAAAATCCTGGCT
CACA-3'; ANGPT]1 forward, 5"TGCTCACGTGGCTCGAC
TATA-3' and reverse, 5'-AGCACAGCAAGCTCAGCAG
TTT-3'; ANGPT2 forward, 5'-GGTTTGATGCATGTGGT
CCTT-3" and reverse, 5S'-"AATGCCGTTGAACTTATTTGTG
TTC-3"; IDOI1 forward, 5-TCCGTGAGTTTGTCCTTT
CAAA-3" and reverse, 5'-CAGGGAGACCAGAGCTTT
CACA-3'; IDO2 forward, 5-GATTGATGCTCACCAGCT
TCAAG-3' and reverse, 5'-GCTCCCGGTGACCCTTCAG-3";
LIF forward, 5'-GAAAGCTTTGGTAGGTTCTTCGTT-3'
and reverse, 5"TGCAGGTCCAGCCATCAGA-3'; GAPDH
forward, 5'-"TGAATGCCACGTATGTCATCAG-3' and
reverse, S"-TGTTGCTGTAGCCAAATTCGTT-3"
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Statistical analysis. Data were analyzed using a non-parametric
Mann-Whitney test or a one-way ANOVA with the Bonferroni
post-hoc test to detect statistically significant differences.
We used GraphPad Prism 6.0 software (GraphPad Software,
La Jolla, CA, USA) to perform all analyses, and statistical
significance was defined as p<0.05, p<0.01 or p<0.001.

Results

Effect of 5-Aza on SIP-primed human UC-MSCs. Treatment
with 5-Aza and VPA at a low concentration (1 M and 0.5 mM,
respectively) markedly increased the expression of CXCR4 in
the UC-MSCs (Fig. 1A). We next examined the effect of these
epigenetic regulators on the basic features of UC-MSCs. Both
5-Azaand VPA, independently of the priming with 50 nM S1P,
had less influence on the expression of surface marker proteins
which were positive for CD29, CD73 and CD90 but negative
for CD34 and CD45 (Figs. 1B and 2A). Furthermore, S1P
priming together with 5-Aza (5-Aza+S1P) or VPA (VPA+S1P)
had little effect on the multi-lineage differentiation capacity
based on an in vitro differentiation assay into the chondrogenic,
osteogenic and adipogenic lineages which were estimated
by an increased level of glycosaminoglycans (Alcian blue),
mineral deposition (Alizarin Red S), and lipid accumulation
(Oil Red O staining), respectively (Figs. 1C and 2B).

Contradictory to the upregulation of CXCR4 (Fig. 1A),
UC-MSCs primed with 5-Aza+SI1P had decreased migra-
tion activity in response to SDF-1 in a Transwell migration
assay; with ~30% less migration activity than the unprimed
cells (Fig. 1E). In addition, 5-Aza+S1P priming severely
impaired the capacity of clonogenic CFU-F, which repre-
sents the number of self-renewing clonogenic progenitor
cells (Fig. 1F). The cellular proliferation of MSCs was only
slightly changed by the priming with 5-Aza+SI1P (Fig. 1D).
Therefore, these results demonstrate that treatment with 5-Aza
provides an adverse outcome for the priming of UC-MSCs
with S1P.

VPA enforces the priming of UC-MSCs with a suboptimal
dose of SIP. Next, we explored the effect of VPA on the
priming of UC-MSCs using a low dose of S1P. To address
this issue, we employed 50 nM SIP, which is 4-fold less
than the optimal dose (200 nM) used for priming of both
adipose- and UCB-derived MSCs (3). In agreement, the
priming with a suboptimal dosage of SIP alone had little
effect on the responsiveness of UC-MSCs to the SDF-1
chemokine (Fig. 3A). In contrast, the priming of UC-MSCs
with VPA+SI1P, but not VPA alone, significantly increased
the chemotactic activity to SDF-1 by 3-fold when compared
with that of the unprimed cells (Fig. 3A and B). This enforced
response to SDF-1 by VPA+SIP priming completely differed
from the case of 5-Aza+SIP priming. We next explored the
status of the signaling pathways implicated in the migration of
HSPCs (20,21,28,29). In line with the results of the chemotaxis
assay, UC-MSCs exposed to VPA+S1P had increased levels
of phosphorylated MAPKP*#* and AKT proteins, indicating
activation of their signaling pathways (Fig. 3C). These results
indicate that VPA, and not 5-Aza, promote the priming of
UC-MSCs at the suboptimal dose of S1P by activating the
MAPKP## and AKT signaling pathways.
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Figure 1. Adverse effect of 5-azacytidine (5-Aza) on umbilical cord-derived mesenchymal stem cells (UC-MSCs) primed with sphingosine-1-phosphate (S1P).
(A) RT-qPCR analysis of CXCR4 in human UC-MSCs treated with 1 M 5-Aza or 0.5 mM valproic acid (VPA) for 24 h. The relative expression level of the
indicated genes is represented as the fold-change compared to the value of non-treated MSCs (NT) and are shown as means + SEM (n=4), ““p<0.001, one-way
ANOVA test. (B) Flow cytometric analysis of the expression of the indicated MSC surface (CD29, CD73 and CD90) and hematopoietic lineage (CD14, CD34 and
CD45) proteins in UC-MSCs primed with 1 M 5-Aza together with 50 nM S1P for 24 h. (C) Representative images of the chondrogenic, osteogenic or adipogenic
differentiation assay using UC-MSCs primed with 5-Aza+S1P. The chondrogenesis, osteogenesis and adipogenesis were determined using Alcian Blue, Alizarin
Red S and Oil Red O staining, respectively. (D) Cell proliferation (n=3), (E) chemotaxis to stromal derived factor-1 (SDF-1) (n=6), and (F) colony-forming unit-
fibroblast (CFU-F) assay (n=6) of UC-MSCs primed with 5-Aza+S1P for 24 h. All data are presented as the mean £ SEM. “p<0.01 and ““p<0.001, compared to
non-primed cells (non-parametric Mann-Whitney test). Representative images of the migrated cells (E) and stained colonies (F) are shown in the right panels.
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Figure 2. The effect of valproic acid (VPA) + sphingosine-1-phosphate (SIP) priming on the basal features of umbilical cord-derived mesenchymal stem
cells (UC-MSCs). (A) Flow cytometric analysis of surface antigens of the indicated MSC surface (CD29, CD73 and CD90) and hematopoietic (CD14,CD34 and
CDA45) lineage proteins in UC-MSCs primed with 0.5 mM VPA alone (VPA) or in combination with 50 nM S1P (VPA+SIP) for 24 h. (B) Representative images
of the chondrogenic, osteogenic and adipogenic differentiation assays in which each lineage differentiation was determined using Alcian Blue (magnification,
x100; scale bar, 100 ym), Alizarin Red S (magnification, x200; scale bar, 100 ym), and Oil Red O staining (magnification, x200; scale bar, 50 ym), respectively.
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Figure 3. Enhanced responsiveness to stromal derived factor-1 (SDF-1) in umbilical cord-derived mesenchymal stem cells (UC-MSCs) primed with valproic
acid (VPA)+sphingosine-1-phosphate (S1P). (A and B) Chemotaxis assays for 150 ng/ml SDF-1 of MSCs exposed to 0.5 mM VPA alone (VPA) or in combina-
tion with 50 nM S1P (VPA+S1P) for 24 h. (A) Representative images of the Transwell insets from the migration assay. (B) The relative amount of migration
was quantified as the fold-change in the number of transmigrated cells and is shown as means = SEM (n=6). “p<0.01 and *“p<0.001 compared to nonprime
cells (NT) (one-way ANOVA with Bonferroni post-test). (C) Western blot analysis of phosphorylated (p-) or total AKT and MAPKP*?**, MSCs primed with
VPA+SIP were treated with 150 ng/ml SDF-1 for the indicated time after serum-starvation for 12 h.

Enhanced therapeutic capacities of UC-MSCs primed with
VPA+S1P.We further examined the effect of VPA+S1P priming
on other cellular activities which are related to the therapeutic
effect of MSCs. Unlike 5-Aza+SI1P (Fig. 1), UC-MSCs primed
with VPA+S1P had enhanced capacity for both cell prolifera-
tion (Fig. 4A) and clonogenic CFU-F abilities (Fig. 4B). These
beneficial effects were not observed in the UCB-MSCs primed
by VPA or SIP alone (Fig. 4A and B). Since MSCs exert anti-
inflammatory and immunomodulatory properties (30-32), we
next explored whether VPA+S1P priming can influence the
anti-inflammatory effect of UC-MSCs. To address this issue,
we prepared the CM collected from UC-MSCs unprimed,
primed by VPA or S1P alone, and primed by VPA+SIP
and examined whether CM could suppress the secretion of
TNF-a from MH-S cells, an alveolar macrophage cell line, by
stimulation with LPS (3). CM from UC-MSCs was effective
to reduce the secretion of TNF-a from LPS-stimulated MH-S
cells (Fig. 4C). In particular, CM derived from the VPA+S1P-
primed UC-MSCs further inhibited TNF-a secretion to a
greater extent than UC-MSCs unprimed or primed with VPA
or SIP alone, although a significant difference was observed
only between naive and VPA+S1P-primed cells. When we
used CM from IMR90, a type of human lung fibroblast as a
control, a further increase in TNF-a secretion was observed in
our in vitro anti-inflammation assays (Fig. 4C).

To obtain a mechanistic insight into the effect of VPA+S1P
priming, we examined the expression of growth factors,
pro-inflammation cytokines and anti-inflammatory factors
secreted by MSCs (3,23). In line with the aforementioned data,
UC-MSCs primed with VPA+S1P had significantly upregulated
expression of a subset of growth factors and their receptors
(PDGFB, PDGFRB and cMET) (Fig. 5B), pro-angiogenesis
factors (VEGFB, VEGFC, ANGPT1 and ANGPT?2) (Fig. 5C),

anti-inflammatory factors (LIF, TSG6 and IDO2) (Fig. 5D) and
a stem cell migration-related protein (MMP12) (Fig. 5A). Most
of the aforementioned genes affected by VPA+S1P priming
were downregulated by 5-Aza+S1P priming (data not shown)
and little change was noted following priming with VPA or
S1P alone (Fig. 5). Collectively, these results indicate that
priming of MSCs with a minimal dose of VPA and S1P can
effectively promote the migration, proliferation, self-renewal
and anti-inflammatory capacity of MSCs, which are crucial
for their therapeutic potency.

Discussion

Our present study highlights that the priming of UC-MSCs
combined with VPA and S1P enhanced migration, self-renewal,
and anti-inflammatory potency of MSCs using a minimal
dosage of these compounds. Priming molecules, such as bioac-
tive lipids, are enriched in damaged tissue and can function as
strong chemo-attractants for HSPCs and MSCs. However, the
priming of MSCs with a high dose of these molecules could
pose a risk of stimulating the inappropriate inflammatory
response when these factors left remaining inside the primed
cells are released after MSC therapy. Thus, the present study
provides crucial experimental clues for the optimization of
priming of MSCs with a minimal amount of priming factors
by enforcing CXCR4 signaling, which can assist in developing
more practical and safe protocols for clinical applications.
Previously, we reported that bioactive lipids (S1P and C1P)
or cationic peptide (LL-37) stimulate the migratory potential
of several tissue (UCB, adipose and BM)-derived MSCs (3,23).
However, compared with HSPCs, the priming of MSCs still
exhibitsalimited effect, particularly in vivo engraftment of infused
stem cells. Unlike HSPCs, only a small proportion of MSCs
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Figure4.Enhancedtherapeutic potency of umbilical cord-derived mesenchymal stemcells (UC-MSCs) primed with valproic acid (VPA)+sphingosine-1-phosphate
(S1P). (A and B) Cell proliferation analysis [(A) n=4)] and colony-forming unit-fibroblast (CFU-F) assay [(B) n=6)] of UC-MSCs primed with VPA (0.5 mM)
or S1P (50 nM) alone as well as VPA+S1P for 24 h. For the CFU-F assay, 600 cells were seeded into 6-well culture plates and cultured for 14 days, and the
number of colonies was quantified. Representative stained colonies of adherent cells are shown in the right panel. (C) Quantification of TNF-a protein (n=4)
secreted from a murine alveolar macrophage cell line stimulated with LPS for 5 h in the absence or presence of conditioned medium (CM) harvested from the
indicated cells. All data are presented as means + SEM, “p<0.05, “p<0.01 and ““p<0.001 compared with non-treated (NT) umbilical cord blood (UCB)-MSCs;
"p<0.05 and "*p<0.001 compared with VPA+SIP primed cells, one-way ANOVA test ANOVA with Bonferroni post-test.

express functionally active CXCR4 receptor on their surfaces,
and this expression diminishes with passage (33). CXCR4 is a
key to mediating specific migration of these cells (14) and its
upregulation could overcome the limited in vivo engraftment
ability of primed MSCs (33). By employing epigenetic regula-
tory compounds, we found that a DNA-demethylation agent
(5-Aza) and a histone deacetylase inhibitor (VPA) significantly
increased the expression of CXCR4 in UC-MSCs (Fig. 1A).
Importantly, the priming combined with VPA and S1P increased
the responsiveness to SDF-1, and the CXCR4 signaling cascade
was activated by a suboptimal dose (Fig. 3). Unexpectedly, the
treatment of 5-Aza severely impaired the chemotactic activity to
SDF-1 (Fig. 1E) and the clonogenic ability of CFU-F (Fig. 1F),
although the influence on cellular proliferation was less (Fig. 1D).
These results indicate that the expression level of CXCR4 alone
may not be sufficient to enhance the effects of MSC priming;
thus further in-depth investigation of the molecular nature of
MSC priming is required.

Mechanistically, priming molecules such as bioactive lipids
(S1P) or cationic peptide (LL-37) enhance the mobilization

or engraftment of adult SCs including HSPCs and MSCs by
the incorporation of CXCR4 into lipid rafts which is better
connected with downstream signaling proteins, and in turn,
enables the primed cells to better respond to the SDF-1a
gradient (34). Of importance, the priming of MSCs also potenti-
ates several important cellular properties of MSCs, such as
self-renewal, anti-inflammation and pro-angiogenesis which are
pivotal to the beneficial outcomes of MSC therapy (3,23). In line
with previous studies, we confirmed that the optimized priming
strategies combined with VPA and S1P with a suboptimal
dose also enhanced these beneficial outcomes of UC-MSCs in
in vitro cell culture assays (Fig. 4), paralleled with upregula-
tion of several trophic, immunosuppressive, anti-inflammatory
and proangiogenic factors (Fig. 5). Thus, the in vivo efficacy of
UC-MSCs primed with VPA+SIP should be further examined.

The priming factors for HSPCs and MSCs are generally
enriched in damaged tissues as part of the repair process;
thus, they are reported to increase tissue inflammation and
remodeling (21,28,29). Thus, priming of stem cells with a
high concentration of these factors abnormally increases their
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Figure 5. Valproic acid (VPA)+sphingosine-1-phosphate (S1P) priming upregulates genes related to therapeutic outcomes of mesenchymal stem cells (MSCs).
(A-D) The expression level of (A) MMP-12, (B) growth factors, (C) angiogenesis- and (D) anti-inflammation-related genes in umbilical cord-derived MSCs
(UC-MSCs) primed with 0.5 mM VPA or 50 nM S1P alone as well as in combination with VPA and S1P (VPA+SIP) for 24 h. The expression level was
calculated as the ratio of the value of the primed UC-MSCs to unprimed ones (NT). Data are shown as means + SEM (n24); “p<0.05, “p<0.01 and “*p<0.001
compared to NT group; “p<0.05, #p<0.01 and "p<0.001 compared to VPA+S1P group (one-way ANOVA with Bonferroni post-test).

content inside the cells. In our previous study of UCB-MSCs
primed with S1P, cells under normal culture contained a low
level of S1P; however, the priming of S1P increased the S1P
content significantly (3). In particular, extensive washing of
cells with normal saline solution before administration of
S1P-primed MSCs cannot completely remove the remaining
S1P. Thus, the optimization of priming strategies with a lower
dosage could be crucial to prevent the possibility of residual
priming factors provoking an inappropriate inflammatory
response and vascular remodeling. The present study provides
a strong candidate to ensure the safe application of the MSC
priming method. Notably, a high dose of VPA (~10 mM) was
found to decrease the proliferation potential and multi-lineage
differentiation capability of human MSCs by activating the

transcription of p21<™PVWAF! "which eventually arrested the cell
cycle at the G2’M phase (35). In addition, aberrant epigenetic
regulation can lead to tumorigenesis and premature stem cell
aging (36). Thus, to translate the MSC priming to human
clinical trials, it will be important to optimize types or combi-
nations of priming factors and also to carefully consider their
safety. To address issues of safety, long-term monitoring of the
hypothetical risks for tumor development from primed MSCs
should be thoroughly examined.

In conclusion, VPA as a combination factor ensures the
priming effect of S1P with a suboptimal dose, which can
provide the optimized and safe application of MSC therapy in
the clinic. Our findings suggest that combination strategies for
MSC priming would overcome the poor in vivo engraftment of
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the infused MSCs, and finally improve the therapeutic potency
of MSCs.
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