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1 | INTRODUCTION

Mesenchymal stem cells (MSCs) are widely used as regenerative
therapy for their special self-renewal ability and multidirectional dif-
ferentiation capacity to differentiate into tissues such as osteoblasts,

chondrocytes, adipocyte and tenocytes. Such versatility of MSCs

Abstract

Objectives: The purpose of this study was to explore the effectiveness of concurrent
GRP78 overexpression combined with Cripto on hMSC proliferation and migration
both in vitro and in vivo. Specifically, we explored whether the treatment enhances
effectiveness of hMSC transplantation in ischaemic tissue.

Materials and methods: Human MSCs obtained from human adipose tissue were
cultured in a-minimum essential medium (Hyclone, Logan, UT, USA) supplemented
with 10% (v/v) foetal bovine serum (Hyclone), 100 U mL™? penicillin and 100 pg mL™?
streptomycin. Murine hindlimb ischaemic model was generated with 8-week-old
male nude BALB/c mice (Biogenomics, Seoul, Korea) maintained under a 12-h light/
dark cycle following the established protocol with minor modification. Cellular injec-
tion was performed no later than 3 hour after surgery. Lipofectamine transfection,
single-cell cultivation assay, transwell assay, scratch wound-healing migration assay,
immunohistochemistry and western blotting assays were performed.

Results: Overexpression of GRP78 along with Cripto enhanced hMSC proliferation,
migration and invasion. It increased interaction of surface GRP78 receptor with
Cripto via JAK2/STAT3 pathway. We confirmed our proposed mechanism by show-
ing that treatment with GRP78 antibody blocks the enhancement in vitro. In vivo, we
observed that Cripto induced by the hypoxic environment in hindlimb ischaemic
model interacts with the overexpressed GRP78 and increases hMSC proliferation,
migration and invasion potentials as well as angiogenesis around transplanted ischae-
mic site via cytokine secretions.

Conclusions: These results demonstrate supporting evidences that GRP78-Cripto
combination technique offers novel strategy to enhance MSC proliferation, migra-
tion and invasion potentials as well as angiogenesis around ischaemic site, ultimately

facilitating MSC-based transplantation therapy in ischaemic conditions.

therapy has been proven to be effective for targeting hard-to-treat
diseases such as cardiovascular disease and myocardial infarction
(M), stroke, diabetes, cartilage and bone injury, Crohn’s disease and
graft versus host disease (GvHD) via incorporation of MSCs into the
respective tissues.’ In addition to the direct therapeutic effects via

differentiation and incorporation, MSCs indirectly accelerates tissue
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repair through enhanced secretion of the angiogenic cytokines such

as VEGF, FGF and HGF, inducing migration and proliferation of the
endothelial cells nearby the ischaemic site and increasing the sur-
vival of the transplanted MSCs within the transplantation site by
providing better stem cell niche environment.** However, one of the
major drawbacks in clinical applicability of MSC therapy is allogenic
rejection via hypoxia, oxidative stress and inflammation around the
injury site.>® For such reasons, more researches to increase cell via-
bility of MSCs are urgent in developing more effective and applica-
ble approaches to MSCs transplantation therapy.

Cripto is a small glycosylphosphatidylinositol-anchored signalling
protein that is known to regulate cell proliferation, survival, migra-
tion and differentiation’ A previous study discovered that Cripto, a
cytokine overexpressed via interaction between HIF-1a and hypoxia
responsive element (HRE), is induced by hypoxic environment and
helps with self-renewal and differentiation of the embryonic stem
cells via Nodal/Smad2 signalling pathway.®? In addition, studies
show that Cripto expression is directly associated with proliferation
and differentiation of stem cells into various cells: differentiation of
embryonic stem cells into cardiomyocytes and the repairing of myo-
cardium in acute or chronic skeleton muscle damage via increased
migration of satellite cells and differentiation into myosin.lo'11
Granted its benefits on stem cell viability, survival, migration and
differentiation, Cripto is a protein of interest of in tackling the diffi-
culty involved in MSC transplantation therapy withstanding hypoxic
conditions. Given that hypoxic conditions induce Cripto protein ex-
pression, Cripto is especially apt, promoting further studies on its
effectiveness, efficacy and safety. Thus, more studies are needed to
testify Cripto secreted in ischaemic site strengthens MSC viability
in the host.

GRP78 is part of the heat shock protein 70 (HSP70) family that
functions as a receptor for Cripto.12 GRP78, commonly known as
endoplasmic reticulum (ER) chaperone, is found in various locations
in the cell such as ER, mitochondria, cytosol and cell membranes.
Specifically, GRP78 located on the ER membrane are known to be
overexpressed by ER stress, and when overexpressed, the proteins
translocate to surface membrane of the cell; surface GRP78 are
then made available to bind to Cripto proteins, regulating induction
of stem cell differentiation and survival.!?>** Various Cripto-GRP78
proliferation pathways were discovered by scientists. For example,
previous studies have shown that binding of Cripto with the surface
GRP78 receptor enhances both MSC growth by activation of c-Src
and MAPK/PI3K pathway and migration/invasion potentials by sup-
pression of E-cadherin expression.?> In addition, JAK2-STAT3 cell
proliferation pathway were involved in Cripto and GRP78 receptor
binding.}”:

In response to accumulating evidences suggesting the potentials
of both Cripto and GRP78 in proliferation, migration and invasion of
hMSCs, our study aimed to test whether administration of Cripto
with transient GRP78 overexpression enhances viability, prolifer-
ation and migration and invasion potentials of hMSCs. We tested
to see whether GRP78+Cripto better potentiates the hMSC in vitro
via JAK2-STAT3 signal and CKD4/cyclin D1 activation. Then, we

tested in vivo whether transient overexpression of GRP78 enhances
hMSCs migration and viability as well as angiogenic cytokines such
as VEGF, FGF and HGF by binding to Cripto secreted in ischaemic

site of murine hindlimb ischaemia model.

2 | MATERIAL AND METHODS

2.1 | Cell culture

Human MSCs (hMSC) derived from human adipose tissue were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). hMSC was confirmed to be pathogen- and
mycoplasma-free; they expressed cell surface markers, such as
cluster of differentiation (CD) 73 and CD 105, but not CD31 and
exhibited adipogenic and osteogenic differentiation potential when
cultured in specific differentiation media. hMSC was cultured in
a-minimum essential medium (Hyclone, Logan, UT, USA) supple-
mented with 10% (v/v) foetal bovine serum (Hyclone), 100 U mL™
penicillin, and 100 pg mL™? streptomycin. hMSC cultures were
grown in a humidified incubator in the atmosphere of 95% air and
5% CO, at 37°C.

2.2 | Lipofectamine transfection

hMSC cultured in 60 mm plates were overexpressed with 3 pg of
pcDNA3.1 GRP78 vector (Invitrogen, Carlsbad, CA, USA), using
lipofectamine 2000 (Invitrogen). The cells were transfected ac-
cording to the manufacturer's specifications. Overexpression of
pcDNAS3.1 GRP78 vector was confirmed via western blot analysis
in all experiments.

2.3 | Chemical treatment of human MSCs

Human MSC (hMSC) was washed twice with phosphate buffer saline
(PBS), and fresh a-MEM supplemented with 10% FBS was added.
To investigate phosphorylated Janus kinase 2 (JAK2)—signal trans-
ducer and activator of transcription 3 (STAT3), pre-treated hMSC
with or without antibody GRP78 (Santa Cruz Biotechnology, Dallas,
TX, USA) and transiently GRP78 overexpression hMSC were at 37°C
for 24 hour and then treated with 1 uM recombinant human Cripto
(abcam, Cambridge, UK) for various times (0, 5, 10 or 20 minutes).
To assess another cell analysis, the hMSC groups were treated with
Cripto (1 pM) for 24 hour at 37°C.

2.4 | Human MSC differentiation

For hMSC differentiation, cells were grown in StemPro adipo-
genic, osteogenic or chondrogenic culture medium (Thermo Fisher
Scientific, Waltham, MA, USA). Cells were grown in the adipogenic
medium for 1 week, those grown in osteogenic medium for 1 week,
and those grown in chondrogenic medium for 2 weeks. Adipocytes
were stained with oil red O (Sigma-Aldrich, St. Luis, MO, USA) for
10 minutes, osteoblasts were stained with alkaline phosphatase
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stain kit (Sigma-Aldrich) for 10 minutes and chondrocytes were
stained with Safranin O (Sigma-Aldrich) for 5 minutes. The samples

were visualized by inverted microscopy (Nikon, Tokyo, Japan).

2.5 | RNAisolation and reverse transcription
polymerase chain reaction

To isolate RNA, hMSCs was extracted in TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA). RNA quality was assessed using
the 260/280 nm absorbance ratio. The concentration of RNA was
quantified using a microplate reader (Tecan Group AG, Mannedorf,
Switzerland) and reverse transcription polymerase chain reaction
(RT-PCR) was performed with 100 ng total RNA using RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). PCR am-
plification was performed with synthetic gene-specific primer for
Osteopontin (OPN) forward, 5-CTCCATTGACTCGAACGACTC-3";
OPN reverse, 5-CAGGTCTGCGAAACTTCTTAGAT-3' FABP4
forward, 5-CGTGGAAGTGACGCCTTTCATG-3'; FABP4 reverse,
5'-ACTGGGCCAGGAATTTGACGAA-3'; SOX9 forward, 5-AGCGAA
CGCACATCAAGAC-3'; SOX9 reverse, 5-CTGTAGGCGATCTGTTG
GGG-3'; p-actin forward, 5-AACCGCGAGAAGATGACC-3'; p-actin
reverse, 5'-~AGCAGCCGTGGCCATCTC-3".

2.6 | Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) analysis was performed
using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Fisher
Scientific). gqRT-PCR reaction using the PIKOREAL 96 (Thermo
Fisher Scientific) was performed under cycling conditions: 95°C
for 15 seconds (denaturation), 55°C for 30 seconds (annealing) and
72°C for 60 seconds (extension) for 45 cycles. The gene expres-
sion level, normalized to B-actin, was then calculated using the
2788Ct formula with reference to the hMSC. Primer sequences were
as follows: OPN forward, 5-CTCCATTGACTCGAACGACTC-3
OPN reverse, 5-CAGGTCTGCGAAACTTCTTAGAT-3' FABP4
forward, 5-CGTGGAAGTGACGCCTTTCATG-3'; FABP4 reverse,
5'-ACTGGGCCAGGAATTTGACGAA-3'; SOX9 forward, 5-AGCGAA
CGCACATCAAGAC-3'; SOX9 reverse, 5-CTGTAGGCGATCTGT
TGGGG-3'; p-actin  forward, 5-AACCGCGAGAAGATGACC-3';
B-actin reverse, 5-AGCAGCCGTGGCCATCTC-3".

2.7 | Kinase assays

The cells were lysed using RIPA lysis buffer (Thermo Fisher
Scientific). Cyclin-dependent kinase 4 (CDK 4) kinase assays were
performed using a CDK 4 Kinase Assay Kit (Cusabio, Baltimore,
USA). Briefly, 10 mM ATP was added to 1.25 mL of 6 mM sub-
strate peptide. The mixture was diluted with dH,0 to 2.5 mL
to yield a 2x ATP/substrate cocktail. Then 1 mL of 10x kinase
buffer was added to 1.5 mL of dH,O to yield a 2.5 mL 4x reac-
tion buffer and the enzyme was diluted in reaction buffer to give
the reaction cocktail. The reaction cocktail was added to 12.5
mL/well of pre-diluted compound of interest (usually approximately
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10 mM) and incubated for 5 min at room temperature. ATP/sub-
strate cocktail was added to 25 mL/well pre-incubated reaction
cocktail/compound. The final assay conditions for a 50 mL reac-
tion were therefore 25 mM Tris-HCI (pH 7.5), 10 mM MgCl2, 5
mM b-glycerophosphate, 0.1 mM Na3 VO4, 2 mM DTT, 200 mM
ATP, 1.5 mM peptide and 50 ng CDK4 kinase. The reaction was
incubated at room temperature for 30 minutes, then the stop
buffer was added. From each reaction, 25 mL was transferred
to a 96 well streptavidin-coated plate and incubated at room
temperature for 1 hour. Plates were washed 3 times with PBS.
Phospho-Rb (Ser780) antibody was added at 100 mL/well and
incubated at room temperature for 2 hour. Plates were washed
3 times with PBS. HRP-avidin was added to each well, and in-
cubated at 37°C for 1 hour. Plates were washed 5 times with
PBS. TMB substrate and stop solution were added. The absorb-
ance was read at 450 nm with a microtiter plate reader (Tecan
Group AG).

2.8 | Cell prolifreation assay

Subconfluent, expotentially growing hMSC were incubated in a 96
well plate with Crpto. Cell proliferation were determined using a
modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay, which is based on the conversion of tetrazolium
salt to formazan by mitochondrial NAD(P)H-dependent oxidoreduc-
tase enzymes. Formazan levels were quantified by measuring the

absorbance at 575 nm using a microplate reader (Tecan Group AG).

2.9 | Single-cell cultivation assay

hMSC were treated with trypsin to prepare single cell suspensions
in growth media. A limiting dilution assay was used to aliquot sin-
gle hMSC into individual wells of 96 well culture plates. Briefly, cell
suspensions containing 1 x 10° cells in 10 mL of growth media were
diluted 10-folds, and 100 uL of the diluted sample (approximately
1 cell/100 pL) was seeded into 96 well plates. We seeded hMSC,
GRP78 overexpressed hMSC, hMSC treated with GRP78 antibody
(Santa Cruz Biotechnology) in the presence or absence of 100 ng

mL? Cripto were then cultured in a humidified incubator for 10 days.

2.10 | Flow cytometry

hMSC and transiently overexpression GRP78 hMSC were incu-
bated with primary antibody to GRP78 (Santa Cruz Biotechnology)
for 1 hour on ice to confirm the expression of GRP78. After care-
fully washing with PBS twice, the cells were incubated on ice with
fluorescent dye-conjugated Alexa-488 secondary antibody (Thermo
Fisher Scientific) for 30 minutes. Next, the cells were washed with
PBS. Transiently overexpressed GRP78 hMSC and control hMSC
were stained with RNase and propidium iodide (Pl) for 30 minutes
to calculate the proportion of cells in each phase of the cell cycle.

We analysed each sample numerically via CyFlow Cube 8 (Sysmex
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Partec, Minster, Germany) and FSC Express (De Novo Software, Los
Angeles, CA, USA).

2.11 | Transwell assays

hMSC migration and invasion assays were performed in transwell
chambers (Millipore, Burlington, MA, USA) with Matrigel (Becton-
Dickinson Pharmingen, San Diego, CA, USA), which was dissolved at
4°C overnight, diluted with serum-free medium (1:3), added to the
upper chambers with 50 pL in each well and balanced in an incubator
for 30 minutes. The cell suspensions (1 x 10° cells/mL) were seeded
into the upper chambers containing serum-free medium, and in the
lower chambers medium containing 10% foetal bovine serum with
Cripto or without Cripto. The cell invasion potential was evaluated

using numbers of cells in the Matrigel using microscope.

2.12 | Scratch wound-healing migration assay

hMSC were cultured to 90% confluence in 6 well cell culture plates
in 4 mL of growth medium per well. To inhibit cell proliferation,
cells were treated with mytomycin C (10 pg mL; Sigma-Aldrich) for
3 hour before the assay. The cell layer was scratched using a 2 mm
wide tip to make a line-shaped wound. The cells were then treated
with Cripto (100 ng mL™) or Cripto with pre-treated antibody GRP78
(100 ng mL?, Santa Cruz Biotechnology) at 37°C, and treated with
Cripto (100 ng mL™) for 24 hour. The cells including the control cells
were allowed to migrate, and the results were acquired under an in-

verted microscope (Nikon).

2.13 | Western blot analysis

Total protein and tissue homogenates were collected using RIPA
lysis buffer (Thermo Fisher Scientific). Cell lysates (20 pg protein)
in a sample buffer were separated by electrophoresis in 8%-12%
sodium dodecyl sulphate polyacrylamide gel and transferred to the
nitrocellulose membranes for probing with antibodies. After wash-
ing with Tris-buffered saline/Tween-20 buffer (0.05% Tween-20,
150 mM NaCl, 10 mM Tris-HCl; pH 7.6), membranes were blocked
with 5% bovine serum albumin for 1 h at room temperature and
then incubated with primary antibodies against 78 kDa glucose-
regulated protein (GRP78), SRY (sex determining region Y)-box
2 (SOX2), Nanog, octamer-binding transcription factor 4 (OCT4),
phosphorylated Janus kinase 2 (p-JAK2), phosphorylated Signal
transducer and activator of transcription 3 (p-STAT3), Cyclin-
dependent kinase 2 (CDK 2), Cyclin E, Cyclin-dependent kinase
4 (CDK 4), Cyclin D1, Cripto, B-cell lymphoma 2 (BCL-2), Bcl-2-
associated X protein (BAX), cleaved caspase-3, cleaved Poly ADP-
ribose polymerase 1 (c-PARP-1), B-actin and o-tubulin (all from
Santa Cruz Biotechnology). After incubation of the membranes
with peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology), bands were detected using enhanced chemilumi-
nescence regents (Amersham Biosciences, Little Chalfont, UK) in
a dark room.

2.14 | Murine hindlimb ischaemia model and cell
transplantation

Eight-week-old male nude BALB/c mice (Biogenomics, Seoul,
Korea) maintained under a 12-hour light/dark cycle were used.
All animal experiments were approved by the Institutional Animal
Care and Use Committee of Soonchunhyang University, Seoul
Hospital, Korea (project number: IACUC2013-5; 6 February 2014).
The murine hindlimb ischaemia model was established as previ-
ously described, with minor modifications. At no later than 3 hour
after surgery, PBS, hMSC, overexpression GRP78 on hMSC and
treated hMSC with antibody GRP78 were injected intramuscularly
into the ischaemic thigh (5 x 10° cells/100 uL PBS per mouse; 5
mice per treatment group). Cells were injected into 5 ischaemic

sites.

2.15 | Immunohistochemistry

At post-operative 3 days, ischaemia injury sites were removed
and fixed with 4% paraformaldehyde (Sigma-Aldrich). Each sam-
ple was embedded in paraffin. After de-paraffinized in xylene and
alcohol, we boiled each sample in sodium citrate buffer (pH 6.5).
Immunohistochemistry was performed using primary antibodies
Cripto (Santa Cruz Biotechnology), human nuclear antigen (HNA;
Millipre, Billerica, MA, USA), proliferating cell nuclear antigen
(PCNA; Santa Cruz Biotechnology) and cleaved caspase-3 (Santa
Cruz Biotechnology) and secondary antibodies Alexa-488 and
Alexa-594 (Thermo Fisher Scientific). Cell nuclei were stained with
4' 6'-diaminido-2-phemylindol (DAPI; Sigma-Aldrich), and immuno-
histochemistry samples were observed using confocal microscopy
(Olympus, Tokyo, Japan).

2.16 | Determination of human angiogenic cytokine

Human angiogenic cytokines released from transplanted hMSC in
ischaemic-injured sites were assessed by ELISA at post-operative
3 days. After quantification of the protein in ischaemic-injured site
homogenates by bicinchoninic acid (BCA) protein assay (100 pg
protein), the levels of human VEGF, human FGF and human HGF
were determined using commercially available ELISA kits (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s
protocol. The levels of cytokines were quantified by measuring
the absorbance at 450 nm using a microplate reader (Tecan Group
AG).

2.17 | Statistical analysis

All data are expressed as the mean * standard error of the mean
(SEM). All experiments were analysed by one-way analysis of vari-
ance (ANOVA). If a significant effect of treatment was revealed by
one way ANOVA in comparisons involving 23 groups, Bonferroni-
Dunn tests were used to reveal inter-group differences. Differences

were considered statistically significant if P < .05.
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FIGURE 1 Overexpression of GRP78 on human MSCs retains differentiation capabilities of stem cells. (A) Western blot analysis of
GRP78 expression in hMSCs compared to that in overexpression GRP78-hMSCs (GRP78-hMSC). The right panel represents the expression
levels of GRP78 that were normalized to p-actin. Values represent mean + SEM. **P < .01 vs. Control. (B) GRP78-hMSC was investigated

by immunohistochemistry for GRP78 (Green). Scale bar = 200 uM. (C) hMSCs and GRP78-hMSC were differentiated into adipocytes,
osteocytes and chondrocytes, and examined by Oli red O, Safranin O, and alkaline phosphatase staining respectively. Scale bar = 200 pM.
(D) mRNA expression of fabp4, sox9 and opn in hMSC and GRP78-hMSC. (E) Western blot analysis of SOX2, Nanog and OCT4 expressions in
GRP78-hMSC and the control hMSC

3 | RESULTS

3.1 | Increasing binding GRP78 with Cripto
enhanced cell proliferation via JAK2-STAT3 pathway

To assure that GRP78-hMSC increases the expression of GRP78,
we measured the overexpression of GRP78 in GRP78-hMSC by
western blot and immunohistochemistry (Figure 1A,B). In accord-
ance with our prediction, GRP78-hMSC had a significantly higher
expression of GRP78 than the control. We confirmed that differen-

tiation/pluripotency capabilities of adipogenesis, chondrogenesis

and osteogenesis of GRP78-hMSC were similar to those of con-
trol via differentiation media, and RT-PCR (Figure 1C,D). GRP78-
hMSC also expressed stem cell surface marker (SOX2, Nanog, and
OCT4) similar to the control, as determined by using western blot
analysis. JAK2-STAT3 signalling has been known to be the path-
way responsible for cellular survival in transplanted hMSCs when
surface GRP78 receptor binds with Cripto.?” To reassure whether
GRP78-hMSC increases the activation of the JAK2-STAT3 signal
pathway in our study, we treated GRP78-hMSC and the control
hMSCs with Cripto (0, 5, 10 and 20 minutes) and measured protein
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levels of JAK2 and STAT3 by western blot assay (Figure 2A).
Phosphorylation of JAK2 and STAT3 were significantly increased
in GRP78-hMSC compared to those of the control. Treatment with
GRP78 antibody inhibited activation of JAK2-STAT3 pathway via
neutralizing the surface GRP78 hMSCs (Figure 2A). Finally, to
measure the differences in the magnitudes of cell proliferation,

we assessed the MTT assay, single cell assay, expression of cell
cycle protein (CDK2, Cyclin E, CDK4 and Cyclin D1), CDK4/cyc-
lin D1 kinase activation and FACS cell cycle analysis, in control
hMSCs, hMSCs with Cripto treatment (Cripto), GRP78-hMSC with
Cripto treatment (Cripto+GRP78-hMSC) and hMSCs pre-treated
with both Cripto and GRP78 antibody (Ab-GRP78) (Figure 2B-G).
Such results determined by via ELISA, single cell assay, western
blot assay and FACS suggest that GRP78-Cripto most enhances
hMSCs proliferation the most via activation of the JAK2-STAT3
signal pathway.

3.2 | Overexpression GRP78 on human MSCs
increased migration and invasion through
susceptibility of Cripto

To determine whether Cripto binding with GRP78 enhances mobil-
ity and invasion of the transplanted hMSCs, we measured stem cell
migration and invasion of hMSCs (Figure 3A-D). As expected, treat-
ment with Cripto increased migration and invasion of both hMSCs
(Cripto) and hMSCs with overexpressed GRP78 (Cripto+GRP78-
hMSC). As Cripto+GRP78-hMSC most significantly increased the
migration and invasion cell number of hMSCs compare with other
groups, we identified whether surface GRP78 related with cell mi-
gration and invasion. The level of migration and intrusion of MSCs
was significantly reduced by neutralization of GRP78. These results
indicated overexpression GRP78 on hMSCs further enhanced sus-
ceptibility of Cripto that increased cell migration and invasion com-

pared to the control without GRP78 overexpression.

3.3 | Inischaemia injury sites, over-
expression GRP78 on human MSCs increased
survival and neovascularization through binding
GRP78 with Cripto

We showed that binding surface GRP78 with Cripto increased cell
cycle, migration and invasion via JAK2-STAT3 signalling in vitro.
Previous study suggests that as ischaemic injury region renders
hypoxic condition, and binding of Hif-1a in HSE promoter site in
the hypoxic site encourages the expression of Cripto.10 In accord-
ance with the previous study, our immunohistochemistry assay and
western blot results indicated that in vivo, expression of Cripto is
similarly increased in the region of ischaemic hypoxia-induced re-
gion (Figure 4A,B). To confirm that GRP78 binds with Cripto in
ischaemia site, immunohistochemistry for HNA and Cripto was per-
formed at post-operative 3 days (Figure 4C). The results indicated
that HNA and Cripto are bound together in all of the experimental
groups: transplanted hMSCs (hMSC), overexpression of GRP78 on

hMSCs (GRP78-hMSC), and treatment hMSCs with Ab-GRP78 (Ab-
GRP78+hMSC). In particular, GRP78-hMSC had the highest HNA/
Cripto positive cells compared to the other groups, indicating highest
binding between the GRP78 containing cells and Cripto (Figure 4D).
In addition, immunohistochemistry for PCNA and caspase 3 per-
formed at post-operative 3 days indicates that transplanted
GRP78-hMSC experiences highest cell proliferation and survival
in comparison with the other groups. (Figure 5A-D). Transplanted
GRP78-hMSC in ischaemia tissue experienced most decreased lev-
els of cell apoptosis-associated proteins BAX, cleaved caspase-3 and
cleaved PARP-1 as indicated by western blot analysis (Figure 5E). In
addition to detect the increased cell survival of transplanted GRP78-
hMSC, our ELISA results determined that GRP78-hMSC group expe-
rienced the highest expression of VEGF, HGF and FGF in ischaemia
site compared to the other groups (Figure 6A-C). Our results from
the Ab-GRP78+hMSC group with decreased expression of neovas-
cularization associated factor VEGF, HGF and FGF, as decreased cell
proliferation and survival indicates that GRP78 plays a crucial role in
hMSC cell survival pathway trough Cripto treatment; these results
ultimately suggest that concurrent overexpression of GRP78 and
Cripto enhances not only the cell proliferation of survival in ischae-

mic injury site, but also enhances neovascularization.

4 | DISCUSSION

A recent study suggested that Cripto-GRP78 signalling positively af-
fects hMSC function via autocrine signals.18 In this study, we showed
that concurrent overexpression of GRP78 in hMSCs (GRP78-hMSC)
augmented with Cripto accelerates and enhances the therapeutic
effect of hMSCs both in vitro and in vivo. Specifically, we sought
out to see whether our therapy enhances effectiveness of hMSC
transplantation in murine hindlimb ischaemic model. First, we
demonstrated that hMSC with transiently overexpressed GRP78
(GRP78-hMSC) treated with Cripto enhances increases cellular
proliferation, invasion and migration in vitro by activation of JAK2-
STAT3 and CDK4/cyclin signalling. Our in vivo results suggested
that Cripto is overexpressed in the ischaemic injury site of murine
ischaemic model. The upregulated Cripto then attached to the over-
expressed GRP78 on hMSC near the transplantation site, enhancing
the hMSC proliferation, viability, migration and invasion potentials.
In addition, GRP78-Cripto interaction near the transplantation site
increased the levels of angiogenic cytokines near the implantation
site. Ultimately, these results suggest that augmentation of Cripto in
GRP78 overexpressed hMSCs may be a novel therapeutic approach
to enhance effectiveness of hMSC transplantation therapy.

GRP78 is an ER chaperone synthesized in response to environ-
mental and physiological stress conditions such as oxidative stress,
hypoxia and inflammation.’” GRP78 is known to regulate various
ER-resident transmembrane proteins to act as a transducer for ER
stress signalling and proper protein folding, maintaining protein in
folded state and preventing abnormal protein aggregation.?%?! In
cancer cells, surface GRP78 expression enhanced cytoprotection
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FIGURE 2 Binding of GRP78 with Cripto enhances cellular proliferation via JAK2-STAT3 pathway. (A) Western blot analysis of p-JAK2 and
p-STAT3 expressions in hMSCs, GRP78-hMSC and hMSC pre-treated with antibody GRP78 (Ab-GRP78) exposed to Cripto for 0, 5, 10 and

20 minutes. The down panel represents the phosphorylation levels of JAK2 and STAT-3 in control to $-actin. Values represent the mean + SEM.
**P < .01 vs. control, ##P < .01 vs. GRP78-hMSC. (B) hMSC, GRP78-hMSC, and Ab-GRP78 were treated with or without Cripto for 24 hour. Images
of cellular proliferation measurement were shown using MTT assay. Values represent the mean + SEM. *P < .05 vs control, **P < .01 vs. control,
##P < .01 vs treated Cripto, and $$P < .01 vs Cripto+GRP78-hMSCs. (C) Image of single cell assay after 10 days in 96 well plate, stained with
Giemsa stain. Scale bar = 100 uM. (D) The number of cells per field of view in each well of a 96 well plates is plotted (n = 3). Values represent the
mean = SEM. **P < .01 vs control, ##P < .01 vs treated Cripto, and $$P < .01 vs Cripto+GRP78-hMSCs. (E) Western blot analysis of CDK 2, Cyclin E,
CDK 4, and Cyclin D1 in hMSC, GRP78-hMSC and Ab-GRP78 were treated with or without Cripto for 24 hour. Values represent the mean + SEM.
*P < .05 vs control, **P < .01 vs control, #P < .05 vs treated Cripto, ##P < .01 vs treated Cripto and $$P < .01 vs Cripto+GRP78-hMSCs. (F) hMSC,
GRP78-hMSC and Ab-GRP78 were treated with or without Cripto for 24 hour. Measurement of CDK4/cyclin D1 kinase activation concentration
in hAMSCs using ELISA (n = 3). Values represent the mean + SEM. **P < .01 vs untreated hMSCs. ##P < .01 vs treated Cripto, and $$P < .01 vs
Cripto+GRP78-hMSCs. (G) Images of flow cytometric analysis for Pl staining to assess S phase populations in hMSC, GRP78-hMSC and Ab-GRP78
treated with Cripto. **P < .01 vs untreated hMSCs. ##P < 0.01 vs treated Cripto and $$P < .01 vs Cripto+GRP78-hMSCs
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FIGURE 3 Overexpression of GRP78 on human MSCs increased migration and invasion through binding of surface GRP78 with Cripto.
(A) Images of scratch wound-healing migration assay of hMSCs, hMSCs with Cripto, GRP78+hMSC with Cripto and hMSCs with Cripto pre-
treated with Ab-GRP78 for 0, and 24 hour. Scale bar = 100 uM. (B) The number of migrating cells is presented as the number of migrated
cells per filed. Values represent mean + SEM. **P < .01 vs control, ##P < .01 vs treated Cripto, and $$P < .01 vs Cripto+GRP78-hMSC.

(C) Invasion assay images of hMSCs, hMSCs with Cripto, hMSCs with Cripto pre-treated with Ab-GRP78, GRP78+hMSC with Cripto and
GRP78+hMSCs with Cripto pre-treated with Ab-GRP78 for 24 hour. Scale bar = 100 uM. (D) Values represent the mean + SEM. *P < .05 vs
control, **P < .01 vs control, ##P < .01 vs treated Cripto, and $$P < .01 vs Ab-GRP78-hMSCs, &&P < .01 vs Cripto+GRP78-hMSCs

and chemoresistance of cells, promoting cell proliferation, survival
and resistance to apoptosis.zz'24 Although GRP78 is a focal point
of interest for regulation of MSC apoptosis and proliferation, we
know very little of GRP78's effectiveness on stemness of the trans-
planted hMSCs.2>2¢ Thus, we tested to verify that transiently over-
expressed GRP78 in hMSC (GRP78-hMSC) maintained pluripotency
to differentiate into various cell types by measuring the adipogene-
sis, chondrogenesis and osteogenesis of both control and GRP78-
hMSC (Figure 1C,D). The results show that GRP78 overexpression
not only enhances hMSC viability and survival but also maintains its
stemness.””

Cripto is a small glycosylphosphatidylinosital-anchored signalling
protein that regulates MSC survival, proliferation differentiation and
migration by binding to the surface GRP78 protein.17 Cripto, com-
monly found to be expressed in cancer cells and embryonic cells,”?”
30 is known to facilitate epithelial-mesenchymal stem cell transition,
promote cell proliferation, enhance reconstitution capacity and is
essential in maintenance of stem cell pluripotency.”*?> However, be-
cause Cripto’s expression is repressed and lower in adult tissues and
cells compared to embryonic stem cells, there is a gap in literature

in Cripto’s positive roles in adult stem cells including the MSCs.?”
Thus, we aimed to discover whether concurrent overexpression of
GRP78 in hMSCs (GRP78-hMSC) augmented with the administra-
tion of Cripto better enhance hMSC proliferation, migration and
invasion. Our in vitro results demonstrated that concurrent overex-
pression of GRP78 in hMSCs (GRP78-hMSC) augmented with the
administration of Cripto increased binding of GRP78 with Cripto, en-
hanced activation of JAK2-STAT3 and CDK4/cyclin D1 kinase signals
and increased activation of the signal compared to control hMSC
(Figure 2A,B). Ultimately, enhanced signalling of GRP78 with Cripto
resulted in highest cellular survival of h(MSCs determined by single-
cell assay, proving our proposed concurrent treatment of GRP78-
hMSC with Cripto to be an effective mode of enhancing hMSCs
proliferation and survival (Figure 2C,D). Pre-treatment of hMSCs
with a GRP78 antibody (Ab-GRP78) nullified all the significant pro-
liferation effects of GRP78+Cripto, suggesting that the binding of
GRP78 receptor in the hMSCs with Cripto is crucial in our proposed
cell signalling pathway.

Cell migration and invasion, in addition to cell proliferation, play
integral roles in survival and safe transplantation of allogeneic stem
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PBS

cellsin an injection site. Similarly, previous studies have succeeded in
elucidating several pathways in which migration and invasion are fa-
cilitated.'® STAT3 has been known to promote cell migration and in-
vasion and overexpression of GRP78 cell is known to progress colon
cancer metastasis.®*"®® In accordance with the literature, we aimed
to verify that GRP78-hMSC activated by Cripto increases migration
and invasion, and thus the proliferation of the cell. Our migration
and invasion assay indicated that increased signalling of GRP78
and STAT3 due to binding of GRP78-hMSC and Cripto resulted in
increased number of migration and invasion cells (Figure 3A-D). As
expected, the dual supplementation of overexpressed GRP78 and
Cripto resulted in the highest number of invasion and migration cells,
whereas pre-treatment of h(MSCs with GRP78 antibody blocked the
binding of surface GRP78 with Cripto, thus nullifying the positive ef-
fects. With our accumulated in vitro results that suggest that concur-
rent GRP78-hMSC with Cripto increases not only cell proliferation
but also cell migration and invasion, we tested whether GRP-Cripto
exerts similar positive effects on viability and neovascularization of
hMSCs transplanted, in vivo.

To verify our results in vitro to in vivo models, we used murine
hindlimb ischaemia model for transplantation of GRP78-hMSCs.
According to a previous study, Cripto levels were significantly el-
evated de novo in hypoxic cardiac tissues.'® In addition, another
study suggested that hypoxic precondition of MSC promotes MSC
survival via HIF-1 -GRP78-Akt signal pathway.34 Thus, we assumed
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that hypoxic conditions in ischaemic application site would show
an increased level of Cripto and hypoxia-mediated GRP78 expres-
sion in hMSCs would facilitate co-localization of Cripto-GRP78.
Similarly, our immunohistochemistry results determined that the
expression of Cripto is significantly increased and that Cripto is
co-localized within the tissue in ischaemic tissue compared to
non-ischaemic tissues (Figure 4A). More specifically, our western
blot analysis indicated that presence of Cripto in hindlimb isch-
aemic tissue gradually increased in a time-dependent manner
and peaked at the greatest level at 24 hour. However, the level of
Cripto declined after the 24th hour.

As predicted in vitro, we utilized immunohistochemistry to
see if cellular proliferation is enhanced through binding of Cripto-
GRP78 with 4 different models of MSCs transplantation injected
on hindlimb ischaemia. (PBS, hMSC, GRP78-hMSC, and Ab. GRP78)
Through HNA and Cripto immunohistochemistry assay, we con-
firmed that GRP78-hMSC group had the highest increase in the
existence of HNA/Cripto positive hMSCs among the PBS, hMSC,
GRP-hMSC and Ab GRP78 (Figure 4C). Furthermore, immunohisto-
chemistry results indicate that PCNA cells are most highly expressed
and localized with hMSCs in GRP78-hMSC cells, and Caspase-3 is
least expressed in GRP78-hMSC (Figure 5A-D). Accordingly, west-
ern blot analysis demonstrated that levels of pro-survival protein
BCL-2 was highest and levels of pro-apoptosis proteins BAX, cleaved
caspase-3, and cleaved PARP-1 were the least in the GRP78-hMSC
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FIGURE 5 Overexpression GRP78 on human MSCs decreased cell apoptosis in murine hindlimb ischaemia. (A) At post-operative of

3 days, immunohistochemistry assay for PCNA (green) was performed in the ischaemia injury tissue of each group. Scale bar = 100 pm.

(B) Cell proliferation was quantified as the number of PCNA positive cells. Values represent the mean + SEM. **P < .01 vs transplanted
hMSCs, ##P < .01 vs transplanted overexpression GRP78 on hMSCs. (C) At post-operative of 3 days, immunohistochemistry assay for
caspase-3 (red) was performed in the ischaemia injury tissue of each group. Scale bar = 100 um. (D) Cell apoptosis was quantified as the
number of caspase-3 positive cells. Values represent the mean + SEM. **P < .01 vs injection of PBS, #P < .05, ##P < .01 vs transplanted
hMSCs, and $$P < .01 vs transplanted overexpression GRP78 on hMSCs. (E) Western blot analysis showing the expression of BCL-2, BAX,
cleaved caspase-3 and cleaved PARP-1 in ischaemia injury tissue of each group at post-operative for 3 days. The down panel represents the
expression levels of GRP78 were normalized to a-tubulin. Values represent the mean + SEM. **P < .01 vs injection of PBS, #P < .05, ##P < .01
vs transplanted hMSCs, and $$P < .01 vs transplanted overexpression GRP78 on hMSCs

group (Figure 5E). Such results suggest that overexpressed GRP78
(GRP-hMSC) bound with Cripto most significantly increases migra-
tion, invasion and cell proliferation of hMSCs in comparison to the
controls. In addition, our western blot analysis on endothelial growth
factor and angiogenesis-related proteins such as,vascular endothe-
lial growth factor (VEGF), human growth factor (HGF) and fibroblast
growth factor (FGF) suggest that GRP78-hMSC promotes migration,
invasion and adhesiveness of the hMSCs to the ischaemic transplan-
tation site by enhancing the binding of GRP78 and Cripto. On the
contrary, Ab. GRP78 group resulted in protein levels of VEGF, HGF

and FGF proteins similar to regular h(MSC. Such results accumulate
the evidence in that GRP78-hMSCs accelerated cellular prolifera-
tion, transplanted cell survival, neovascularization and angiogenesis
in hindlimb ischaemia mice model.

Overall, our study verified for the first time that increased ex-
pression of surface GRP78 of hMSCs bound with Cripto enhances
stem cell therapeutic efficacy through increasing cell migration, cell
survival and secreted vascularization cytokine both in vivo and in
vitro. These findings suggest that GRP78-hMSC augmented with

Cripto treatment may offer a better mode of treatment than either
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FIGURE 6 Overexpression GRP78 on human MSCs increased secretion of angiogenic cytokines in murine hindlimb ischaemia. (A)
Measurements of human VEGF, HGF and FGF concentrations in ischaemia injury tissue of each group at post-operative for 3 days using
ELISA. Ischaemia injury tissue of each group at post-operative for 3 days. Values represent the mean £ SEM. **P < .01 vs injection of PBS,
##P < .01 vs transplanted hMSCs, and $$P < .01 vs transplanted overexpression GRP78 on hMSCs

intervention alone, and provides a better mode of hMSC transplan-

tation in ischaemic site.
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