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Macrophage migration inhibitory factor promotes cardiac
stem cell proliferation and endothelial differentiation through
the activation of the PI3K/Akt/mTOR and AMPK pathways
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Abstract. Macrophage migration inhibitory factor (MIF) has
pleiotropic immune functions in a number of inflammatory
diseases. Recent evidence from expression and functional studies
has indicated that MIF is involved in various aspects of cardio-
vascular disease. In this study, we aimed to determine whether
MIF supports in vitro c-kit"CD45 cardiac stem cell (CSC)
survival, proliferation and differentiation into endothelial cells,
as well as the possible mechanisms involved. We observed MIF
receptor (CD74) expression in mouse CSCs (mCSCs) using
PCR and immunofluorescence staining, and MIF secretion by
mCSCs using PCR and ELISA in vitro. Increasing amounts of
exogenous MIF did not affect CD74 expression, but promoted
mCSC survival, proliferation and endothelial differentiation.
By contrast, treatment with an MIF inhibitor (ISO-1) or siRNA
targeting CD74 (CD74-siRNA) suppressed the biological
changes induced by MIF in the mCSCs. Increasing amounts
of MIF increased the phosphorylation of Akt and mammalian
target of rapamycin (mTOR), which are known to support cell
survival, proliferation and differentiation. These effects of MIF
on the mCSCs were abolished by LY294002 [a phosphoinositide
3-kinase (PI3K) inhibitor] and MK-2206 (an Akt inhibitor).
Moreover, adenosine monophosphate-activated protein
kinase (AMPK) phosphorylation increased following treatment
with MIF. The AMPK inhibitor, compound C, partly blocked the
pro-proliferative effects of MIF on the mCSCs. In conclusion,
our results suggest that MIF promotes mCSC survival, prolifera-
tion and endothelial differentiation through the activation of the
PI3K/Akt/mTOR and AMPK signaling pathways. Thus, MIF
may prove to be a potential therapeutic factor in the treatment of
heart failure and myocardial infarction by activating CSCs.
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Introduction

To date, stem/progenitor cell-based therapies are promising
therapeutic approaches for the treatment of various heart
diseases, including ischemic heart disease and heart failure.
These cells promote angiogenesis and endogenous stem cell
activation, and exert anti-apoptotic effects on surviving cardio-
myocytes through paracrine signaling, resulting in improved
cardiac function (1-3). Two potential adult stem cell sources
are cardiac stem cells (CSCs) isolated from the heart itself and
bone marrow-derived mesenchymal stem cells (BM-MSCs),
and each has been implicated in contributing to the restora-
tion of cardiac function (4,5). Previous evidence has suggested
that CSCs have greater cardioprotective potential in ischemic
heart failure compared to BM-MSCs (6) and are necessary
and sufficient for anatomical and functional adult myocardial
regeneration following severe diffuse myocardial damage (7).
Nonetheless, aging, ischemic myocardial injury, cardiac hyper-
trophy and metabolic disorders, together with environmental
factors, can markedly affect resident human CSC (hCSC)
growth and differentiation (8-11).

Macrophage migration inhibitory factor (MIF) is a pro-
inflammatory factor that participates in the pathogenesis of
various inflammatory diseases, including sepsis, atherosclerosis
and rheumatoid arthritis (12-14). It is produced and stored in
various cell types, including immune cells, endothelial cells and
cardiomyocytes. It is then rapidly released from intracellular
stores in response to various noxious stimuli, such as infec-
tion, inflammation and hypoxia (15-17). Increasing evidence
has demonstrated that MIF protects the heart following
ischemia/reperfusion (I/R) by activating adenosine mono-
phosphate-activated protein kinase (AMPK), inhibiting c-Jun
N-terminal kinase (JNK)-mediated apoptosis, and attenuating
cardiomyocyte oxidative stress, thereby reducing the infarct size
and preserving cardiac function (18,19). However, it is unknown
whether MIF protects the injured heart in other ways, such as by
activating resident CSCs and promoting their survival, prolifera-
tion and/or differentiation into myocytes and coronary vessels.

CD74 was initially considered a major histocompatability
complex class II chaperone (20). However, it was later found to
be an MIF receptor, and it can form a complex with CD44 (21). In
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studies on other types of stem cells, MIF was shown to promote
stem/progenitor cell survival and proliferation by increasing Akt,
extracellular signal-regulated kinase ERK) and AMPK phosphor-
ylation, and to regulate CD74-dependent cell migration (22-24).
Recently, some researchers reported that MIF protected
BM-MSCs from senescence through Akt signaling (25,26). The
phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of
rapamycin (mTOR) signaling pathway has been shown to play
a central role in several cellular functions, including survival,
proliferation, adhesion, migration, differentiation and metabo-
lism (27-29). However, whether MIF can affect CSCs through
CD74 and the PI3K/Akt/mTOR signaling pathway and AMPK
activition remains unknown.

In this study, we addressed two questions: i) whether MIF
promotes CSC survival, proliferation and endothelial differen-
tiation, and ii) whether the effects of MIF on CSCs are mediated
through the PI3K/Akt/mTOR and AMPK signaling pathways
and interactions with the CD74 receptor. Our results demonstrate
that MIF may be a potential therapeutic factor in the treatment
of degenerative heart disorders, as it is able to activate CSCs.

Materials and methods

Animals. BALB/c mice, weighing 18-25 g, were used for the
cell isolation and culture experiments. All BALB/c mice were
purchased from the Laboratory Animal Science Department,
the Second Affiliated Hospital of Harbin Medical University,
Heilongjiang, China. All experiments were carried out in
accordance with the Local Ethics Committee of Harbin
Medical University Animal Care and Use.

CSC isolation and identification. Mouse CSCs were obtained
as described previously, with a minor modification (30,31).
Briefly, mice were sacrificed by cervical dislocation, the
heart tissue was chopped, followed by enzymatic disso-
ciation. The hybrid cells were then isolated using an FITC rat
anti-mouse CDI117/c-kit antibody (561680; BD Biosciences,
Franklin Lakes, NJ, USA) and MACS anti-FITC microbeads
(130-048-701; Miltenyi Biotec, Bergisch Gladbach, Germany)
for positive sorting. These obtained cells were subjected to
negative selection with PE rat anti-mouse CD45 antibody
(561087; BD Biosciences, Franklin Lakes, NJ, USAs) and
MACS anti-PE microbeads (130-048-801; Miltenyi Biotec).
The cells were cultured in HyClone Dulbecco's modified
Eagle's medium (DMEM)/F12 (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS), basic fibroblast growth factor (bFGF; 10 ng/ml;
100-18B), insulin-like growth factor (IGF; 10 ng/ml; 250-19),
epidermal growth factor (EGF; 10 ng/ml; 100-15) and leukemia
inhibitory factor (LIF; 10 ng/ml; 300-05) (all from Peprotech,
Rocky Hill, NJ, USA), at 37°C in 5% CO,. All cells used in the
subsequent experiments were between passages 3 and 5.

To identify surface markers, the cells at passages 3-5 were
harvested, washed with phosphate-buffered saline (PBS), and
labeled with the following conjugated antibodies: FITC-labeled
anti-CD CDI117 (561680; BD Biosciences, Franklin Lakes, NJ,
USA), anti-CD45 (11-0451-82; eBioscience, San Diego, CA,
USA), anti-CD29 (561796), anti-CD34 (560238), and phyco-
erythrin-labeled anti-Sca-1 (561076), APC-labeled anti-CD90
(561974), PE-labeled anti-CD31 (561073) and anti-KDR
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(561259) antibodies (all from BD Biosciences, Franklin Lakes,
NIJ, USA). The labeled cells were analyzed by flow cytometry
using FACSDiva Pro Software (Becton-Dickinson, San Jose,
CA, USA).

In addition, the thymus and liver samples of the mice
sacrificed to obtain the CSCs were preserved in liquid nitrogen
as a positive control for the PCR experiment for examining
MIF and CD74. BM-MSCs were purchased from the Americal
Type Culture Collection (ATCC; Manassas, VA, USA) and
also used as a positive control. BM-MSCs were cultured in
LG-DMEM (HyClone, Logan, UT, USA), supplemented with
10% fetal calf serum (FCS; HyClone), at 37°C in 5% CO,.

Cell treatment. In preliminary experiments, a time course
analysis was performed in which the cells were incubated
with various concentrations (0, 50, 100 and 200 ng/ml) of
MIF (1978-MF-025; R&D Systems, Chantilly, VA, USA) for
0, 24 or 48 h. In subsequent experiments, the optimal MIF
concentration (200 ng/ml) was incubated with the mCSCs for
the indicated period of time (0, 30, 60, 90, 120 and 180 min) in
complete medium without growth factors. In blockade assays,
ISO-1 (an MIF inhibitor; 100 ug/ml; 475837; Calbiochem,
San Diego, CA, USA), LY294002 (a PI3K inhibitor; 25 uM;
L9908; Sigma, St. Louis, MO, USA), MK-2206 (an Akt
inhibitor; 3 uM; S1078; Selleckchem, Houston, TX, USA), or
compound C (an AMPK inhibitor; 40 xM; 171260; Merck,
Darmstadt, Germany) was added to the medium. The inhibi-
tors were pre-incubated with the cells in complete medium for
90 min prior to exposure to MIF as previously described (32).
For determining whether the isolated cells can differentiate
into 3 main cardiac lineages, the CSCs at passage 3-5 were
placed in differentiation medium containing DMEM, 10% FBS
and 10" M dexamethasone or 10 M 5-Azacytidine for 24 h.
Following this procedure, the cells were maintained in 2% FBS
medium with or without dexamethasone for 21 days.

Knockdown experiments using small interfering RNA (siRNA).
The following sequences of mouse-specific siRNA targeting
CD74 (CD74-siRNA), 5'-CCAGGACCAUGUGAUGCA
UTT-3' and negative control siRNA (NC-siRNA) 5'-UUCU
CCGAACGUGUCACGUTT-3" were used for gene silencing
experiments. Single cells were seeded in 6- or 96-well plates,
and siRNA constructs were transfected at a concentration of
80 nM using X-tremeGENE siRNA Transfection Reagent
(Roche Applied Science, Penzberg, Germany) according to the
manufacturer's instructions. The siRNA-CD74 knockdown
efficiency was determined by western blot analysis.

RNA extraction and reverse transcription-quantitative
PCR (RT-gPCR). Total RNA was isolated from the cultured cells
using TRizol reagent (Invitrogen, Shanghai, China) and reverse
transcribed into cDNA using AccuPower® RocketScript™ RT
PreMix (Bioneer, Shanghai, China) according to the manufactur-
er's instructions. RT-qPCR was performed using AcccuPower®
2X Greenstar qPCR master mix (Bioneer) and the ABI fluores-
cence quantitative PCR system (Bio-Rad, Hercules, CA, USA).
The PCR conditions were as follows: 1 cycle of 10 min at 95°C,
followed by 40 cycles of 95°C for 30 sec,60°C for 30 sec,and 72°C
for 60 sec. Relative gene expression levels were calculated using
the 224" method, as previously described (32). Glyceraldehyde
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Table I. Primer sequences used for RT-qPCR.

Genes Sequences

CD74 F: 5-ACGCGACCTCATCTCTAACC-3'
R: 5'-GGTCATGTTGCCGTACTTGG-3'

GAPDH F: 5-AGGTCGGTGTGAACGGATTTG-3'

R: 5-TGTAGACCATGTAGTTGAGGTCA-3'

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; F, forward;
R, reverse.

3-phosphate dehydrogenase (GAPDH) mRNA levels were used
as internal normalization controls. For semi-quantitative PCR,
the PCR products were resolved on a 2% agarose gel stained
with Dured nucleic acid dye (Fanbo Biochemicals, Beijing,
China). Primer pairs used to detect target gene mRNA levels
are listed in Table I.

Cellproliferationassay.Cell survival/proliferation was assessed
using a CCK-8 assay (Beyotime Institute of Biotechnology,
Shanghai, China) according to the manufacturer's instructions.
Cells in a 96-well plate were incubated with CCK-8 for 2 h at
37°C. Absorbance of each well was measured at 450 nm.

In 5-ethynyl-2'-deoxyuridine (EdU) chase experiments,
the CSCs were seeded into 96-well plates at a density of
1-2x10? cells/ml and cultured in serum-free medium for 24 h.
The cells were then treated with MIF for 24 h in complete
culture medium and EdU (RiboBio, Guangzhou, China) was
added to a final concentration of 50 uM for a further 2 h. The
cells were fixed with 4% paraformaldehyde (PFA) for 30 min,
permeabilized with PBS containing 0.5% Triton X-100 for
10 min and stained with 1X Apollo® reaction cocktail for
30 min, followed by staining with Hoechst 33342 for 30 min
at room temperature. At least 10 different viewing fields were
counted for analysis. All images were obtained using a fluores-
cence microscope (Leica DM4000B; Leica, Solms, Germany).

For cell cycle analysis, the mCSCs were treated with
MIF (200 ng/ml) for 48 h, then harvested and washed with PBS,
and fixed with 75% ethanol overnight. The cells were then washed
with PBS and incubated with RNase A (20 mg/ml) for 30 min
at 37°C. This was followed by a further incubation with prop-
idium iodide (PI, 0.5 mg/ml) for 30 min at 4°C. Finally, the cells
were washed and resuspended in 500 ul of PBS, then analyzed
using a Becton-Dickinson flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) to detect the DNA content.

Western blot analysis. Western blot analysis was performed as
previously described (33). Briefly, cells were washed in ice-cold
PBS and lysed in RIPA buffer (50 mM Tris-HCI, 150 mM NaCl,
1% Triton X-100, 1% sodium deoxycholate and 0.1% SDS,
pH 7.6) (Beyotime Institute of Biotechnology) containing
protease and phosphatase inhibitors (cocktail tablet; Roche
Applied Science). The lysates were centrifuged at 12,000 x g
for 15 min at 4°C, and supernatants were collected. The
protein concentrations of each sample were determined with
a BCA protein assay kit (Beyotime Institute of Biotechnology)
according to the manufacturer's instructoins. Equal amounts of
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proteins were electrophoresed on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels and
transferred onto polyvinylidene fluoride (PVDF) membranes
(Beyotime Institute of Biotechnology). The membranes were
blocked with 5% skim milk in Tris-buffered saline containing
0.1% Tween-20 (TBST) at room temperature for 1 h, then incu-
bated overnight at 4°C with the following primary antibodies:
Akt (1:1,000; 4691), phospho-Akt (Thr308; 1:750; 4056),
mTOR (1:1,000; 2983), phospho-mTOR (Ser2448; 1:750; 2971),
AMPK (1:1,000; 5831s), phospho-AMPK (Thrl72; 1:750;
4188) (all from Cell Signaling Technology, Danvers, MA,
USA), CD74 (1:100; sc-5438), vascular endothelial growth
factor (VEGF; 1:200; sc-507), von Willebrand factor (vWF;
1:200; sc-14014) (all from Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) and GAPDH (1:1,000; AB-P-R 001;
Good Here Biochemicals, Hangzhou, China). The membranes
were washed in TBST and incubated with the appropriate
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (1:5,000, goat anti-rabbit; ZDR-5306; Zhongshan
Golden Bridge Biotechnology, Beijing, China) for 1 h at room
temperature. Signals were detected with an ECL-Plus Substrate
(P0O018; Beyotime Institute of Biotechnology) and exposed to
Hyper film (Kodak, Rochester, NY, USA), and quantified and
analyzed using Quantity One software (Bio-Rad).

Immunofluorescence staining. For identifying the isolated
cells, cells at passages 3-5 were seeded onto 48-well plates and
fixed with 4% PFA for 30 min at room temperature, permea-
bilized with 0.5% Triton X-100, blocked with 1% BSA and
incubated with rabbit anti-c-kit (stemness marker; sc-168), anti-
NK2 homeobox 5 (Nkx2.5; sc-14033) and anti-GATA binding
protein 4 (GATA-4; sc-9053) (cardiac lineage markers) (1:50;
Santa Cruz Biotechnology, Inc.) antibodies at 4°C overnight.
After washing, the cells were incubated with TRITC- or FITC-
conjugated AffiniPure goat anti-rabbit IgG (H+L) antibodies,
TRITC-conjugated AffiniPure goat anti-mouse IgG (H+L)
antibodies (1:50; ZF-0316, ZF-0311, ZF-0313; Zhongshan
Golden Bridge Biotechnology) for 1 h at room temperature. The
nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI;
D8417; Sigma). Fluorescent images were acquired using a fluo-
rescence microscope (Leica DMI4000B). To examine CD74
expression in the CSCs, rabbit anti-CD74 antibody (1:50;
sc-5438; Santa Cruz Biotechnology, Inc.) was used. The CSCs
used in the endothelial differentiation experiments were stained
with rabbit anti-VEGF (1:50; sc-507) and rabbit anti-vWF
(1:50; sc-14014; Santa Cruz Biotechnology, Inc.) antibodies.
To identify the differentiation of CSCs into myocardial cells or
smooth muscle cells, mouse anti-Tnl (1:100; ab19615; Abcam,
Cambridge, MA, USA) and mouse anti-SMA (1:100, BM0002;
Boster, Wuhan, China) were used.

Tube formation assay. To measure tube formation, 48-well
plates were coated with Matrigel (BD Biosciences, Bedford,
MA, USA) according to the manufacturer's instructions.
Human umbilical vein endothelial cells (HUVECs) were
purchased from ATCC and cultured in DMEM-1640 and endo-
thelial cells (ECs) differentiated from the CSCs (CSC-ECs)
in DMEM/F12 supplemented with 0.2% FBS were seeded
on Matrigel-coated plates (1.5x10* cells/well) and incubated
for 4 h at 37°C. Subsequently, capillary-like structures were
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Figure 1. Identification of isolated cells. (A) As shown by flow cytometry analysis, at passage 3 (P3) after sorting, the c-kit-positive cells reached 93.4+0.95%,
but were negative for the hematopoietic and endothelial antigens, CD45 (2.1+0.26%), CD31 (1.67+0.35%), CD34 (3.4+0.5%) and KDR (2.8+0.42%). As
expected, they were positive for the control mesenchymal markerS, CD90 (71.6+1.55%), CD29 (93.7+1.2%), and THYE stemness marker Sca-1 (82.33+0.90%).
(B) Immunofluorescence staining of the main cardiac lineages differentiated from c-kit* cells, namely (panel b) the cardiomyocyte marker, Tnl; (panel c) the
smooth muscle cell marker, SMA; and (panel d) the endothelial cell marker, VWF. The expression of the cardiac lineage markers (panel ¢) GATA-4; and
(panel f) Nkx2.5 in the c-kit* cells was also analyzed. Nuclei were counterstained with DAPI.

observed and were quantified by calculating the number of
junctions per field; at least 5 different viewing fields were
analyzed. All images were obtained using an inverted micro-
scope (Olympus IX73; Olympus, Tokyo, Japan).

MIF enzyme-linked immunosorbent assay (ELISA). A mouse
MIF ELISA kit (BlueGene, Shanghai, China) was used to
measure the amount of secreted MIF in the culture super-
natants. The assays were conducted in 96-well microplates
according to the manufacturer's instructions.

Statistical analysis. All values are expressed as the
means =+ standard deviation (SD). The statistical differences
between 2 groups was determined using a Student's t-test, and
differences among groups were examined by one-way ANOVA
with the statistical software SPSS package v19.0 (IBM Corp.,
Armonk, NY, USA). A value of p<0.05 was considered to indi-
cate a statistically significant difference.

Results

Cells isolated from mouse hearts exhibit CSC characteris-
tics. FACS analysis revealed that the majority of cells from

passages 3-5 expressed common surface markers for CSCs:
they were positive for c-kit (93.4+0.95%), Sca-1 (82.33+0.90%),
CD90 (71.6+1.55%) and CD29 (93.7+1.2%), but negative for
CD45 (2.1£0.26%), CD34 (3.4+0.5%), CD31 (1.67+0.35%) and
KDR (2.8+0.42%) (Fig. 1). In addition, immunofluorescence
staining revealed that these cells were positive for c-kit, Nkx2.5
and GATA-4, and positive for troponin I (Tnl), smooth muscle
actin (SMA) and vWF following treatment with dexamethasone
or 5-Azacytidine (Fig. 1). These data suggest that the cells used
in our experiments were stem cells of cardiac origin.

MIF and MIF receptor CD74 expression in CSCs. It has previ-
ously been demonstrated that MIF is a ligand of CD74 which
can activate various signaling pathways in various cell types,
including stem/progenitor cells (22). Another study demonstrated
that cardiac-derived MIF enhances post-ischemic injury myocar-
dial healing by protecting cardiomyocytes from apoptosis (34).
Therefore, we hypothesized that CSC-derived MIF can support
CSC survival and proliferation through its interactions with
CD74, which is expressed in CSCs. Thus, we first examined MIF
and CD74 gene expression in CSCs using RT-PCR, and then we
confirmed CD74 protein expression by immunofluorescence
staining and the amount of secreted MIF from CSC superna-
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Figure 2. Macrophage migration inhibitory factor (MIF) and CD74 expression in cardiac stem cells (CSCs). (A and B) MIF and CD74 PCR products run on a
2% agarose gel. Thymus, liver and bone marrow-derived mesenchymal stem cells (BM-MSCs) were used as positive controls. (C) CD74 immunoreactivity (green)
in cultured mouse CSCs. The merged image is also shown. (D) CD74 mRNA expression was analyzed by qRT-PCR before and after MIF stimulation. There was
no statistical significance. Data are the means + SD of 3 independent experiments (n=3).

tants by ELISA. We found that CSCs expressed MIF (Fig. 2A)
and secreted MIF (317.07+5.56 pg/ml for 1-2x10° mCSCs
cultured in 5 ml medium for 24 h) (Fig. 2A) and expressed
CD74 (Fig. 2B and C). In addition, co-culture with exogenous
MIF had no effect on the CD74 mRNA levels (Fig. 2D).

Effects of MIF on CSC proliferation. To examine the effects
of MIF on the CSCs, we evaluated the proliferation of
MIF-treated cells using CCK-8 and EdU assays. The CCK-8
assay indicated that MIF significantly increased cell viability
at day 1 (100 ng/ml, 1.206+0.089-fold compared to control,
p<0.01, n=3; 200 ng/ml, 1.173+0.098-fold compared to control,
p<0.05,n=3) (Fig.3A) and at day 2 (100 ng/ml, 1.228+0.012-fold
compared to control, p<0.01, n=3; 200 ng/ml, 1.431+0.036-fold
compared to control, p<0.01, n=3) (Fig. 3A). MIF at 50 ng/ml
had no significant effect on cell viability (Fig. 3A). The optimal
concentration of MIF selected for use in the subsequent experi-
ments was 200 ng/ml.

We further examined the effects of MIF on CSC
proliferation by EdU assay and found increased EdU
incorporation following treatment with MIF compared to
the control (1.57+0.13-fold compared to control, p<0.01;
n=3) (Fig. 3D and E). We then examined the effects of the
MIF-specific inhibitor, ISO-1, on the CSCs and found that
treatment with ISO-1 (100 ug/ml) decreased cell prolif-
eration, as assessed by EdU assay (0.67+0.05-fold of control,
0.267+0.05-fold of MIF, p<0.01; n=3) (Fig. 3D and E).

Cell cycle analysis also revealed that MIF increased the
number of cells in the S-phase (1.82+0.04-fold of control,
p<0.01; n=3) (Fig. 3B and C), and treatment with ISO-1
significantly decreased the population of cells in the S-phase
(0.49+0.09-fold of control, 0.43+0.04-fold of MIF, p<0.01;

n=3) (Fig. 3B and C). Taken together, these data suggest that
MIF promotes CSC proliferation.

MIF promotes CD74-dependent CSC proliferation. To deter-
mine whether CD74 is involved in the pro-proliferative effects
of MIF on CSCs, we examined CSC proliferation following
the knockdown of CD74 by siRNA. We confirmed a decrease
in CD74 protein expression (36.52+6.61% compared to
control, p<0.01; n=3) (Fig. 4A and B) by western blot analysis.
Importantly, the results from EdU assay indicated that CD74
knockdown decreased the proliferation of the MIF-treated
CSCs (Fig. 4E and F). Cell cycle analysis also revealed that
CD74 knockdown in the CSCs markedly decreased the number
of cells in the S-phase (Fig. 4C and D), which further supports
our hypothesis that MIF promotes CSC proliferation through
its interaction with CD74.

MIF activates the PI3K/Akt/mTOR signaling and AMPK
pathways. The PI3K/Akt/mTOR axis intersects with a number
of intracellular signaling pathways, and thus regulates many
cellular events, including cell-cycle progression, prolifera-
tion/growth and angiogenesis (27). Therefore, in this study, we
investigated whether these pathways mediate the pro-prolif-
erative effects of MIF on CSCs. The results of western blot
analysis revealed that MIF induced a pronounced increase in
the Akt and mTOR phosphorylation levels in a time-dependent
manner, with a peak at 60-90 min (Fig. 5SA and B). However,
in the cells treated with a PI3K inhibitor (LY294002) or the
Akt inhibitor (MK-2206) prior to the addition of MIF, the
Akt and mTOR phosphorylation levels were significantly
decreased (Fig. 5D and E). These data suggest that MIF regu-
lates CSC proliferation through the PI3K/Akt/mTOR pathway.
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Figure 3. Macrophage migration inhibitory factor (MIF) promotes cardiac stem cell (CSC) proliferation. (A) MIF affects CSC viability in a dose-dependent
manner. Cells were cultured with various concentrations of MIF in 96-well plates at a density of 5x10° cells/well. After 1 or 2 days in culture, cell viability was
measured by CCK-8 assay. (B and C) Flow cytometric analysis of CSCs cultured in the presence of MIF (200 ng/ml) or ISO-1 (100 pg/ml). After 2 days, the
percentage of cells in the S-phase was increased in the MIF treatment group compared to the control, and decreased in the ISO-1 treatment group. (D and E) MIF
treatment increased EdU incorporation by CSCs. Cells were treated with MIF (200 ng/ml) or ISO-1 (100 pg/ml) for 1 day and then cultured for 2 h in medium
with 50 uM EdU. Cells were fixed, permeabilized and stained with the Apollo® reaction cocktail and Hoechst 33342. Data in (A, C and E) are the means + SD
of 3 independent experiments (n=3). “p<0.01 vs. control, “p<0.01 indicates MIF + ISO-1 vs. MIF.

There is evidence to suggest that MIF also activates AMPK
to protect cardiomyocytes from ischemic heart disease (18) and
promotes the survival and proliferation of neural stem/progen-
itor cells (22). Thus, in this study, we examined the effects of
MIF on the phosphorylation of AMPK in CSCs by western blot
analysis. The results revealed that MIF also induced a marked
increase in AMPK phosphorylation in a time-dependent
manner, with a peak at 30-90 min (Fig. 5C). Following the
knockdown of CD74, the activation of AMPK was significantly
inhibited (Fig. 5F).

To further confirm that MIF acts through the PI3K/Akt/
mTOR and AMPK pathways to regulate CSC proliferation,
the cells were treated with a PI3K inhibitor (LY294002), Akt
inhibitor (MK-2206) and the AMPK inhibitor (compound C)
prior to the addition of MIF. EdU assay revealed that all the
inhibitors markedly inhibited MIF-induced cell prolifera-
tion (Fig. 7), which was consistent with the effects of transient
CD74 knockdown.

To determine whether CD74 mediates MIF-induced
PI3K/Akt/mTOR and AMPK activation in CSCs, we knocked
down CD74 in the CSCs. The results of western blot analysis
revealed that CD74 knockdown significantly decreased the
levels of phosphorylated Akt, n”TOR and AMPK compared to
the control cells (Fig. SD-F).

Effects of MIF on endothelial differentiation. CSCs can differ-
entiate into cardiomyocytes, smooth muscle cells and endothelial
cells under certain conditions (35). Previous studies have indi-
cated that MIF can promote angiogenesis in teratoma and
corneal tissues (36,37). Akt phosphorylation plays an important
role in BM-MSC differentiation into endothelial cells (38). Thus,
we examined whether MIF regulates CSC differentiation into
endothelial cells. We cultured the CSCs with MIF (200 ng/ml)
for 7 days, and then removed the growth factors and MIF, and
allowed the cells to grow for an additional 7 days. We found
that the MIF-treated CSCs expressed significant amounts of
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Figure 4. Macrophage migration inhibitory factor (MIF) promotes CD74-dependent cardiac stem cell (CSC) proliferation. (A and B) CSCs were transfected
with a specific siRNA against CD74 (siRNA-CD74) or transfected with a negative control siRNA (siRNA-NC). Knockdown efficiency was examined by
western blot analysis. (C and D) CSCs in which CD74 was knocked down were treated with MIF (200 ng/ml) for 48 h. Flow cytometric analysis was used to
detect the cell cycle, and the percentage of cells in the S phase decreased in the siRNA-CD74 group compared with the siRNA-NC group. (E and F) siRNA-
transfected CSCs were treated with MIF (200 ng/ml) for 24 h and were cultured for additional 2 h in medium with 50 pM EdU. Cells were fixed, permeabilized
and stained with the Apollo® reaction cocktail and Hoechst 33342. Data in (B, D and F) are the means + SD of 3 independent experiments (n=3). “p<0.01 vs.

control or siRNA-NC.

VEGF and vWF compared to the controls (Fig. 6A-C), and the
MIF-treated CSCs formed tubes in Matrigel paralleled with the
positive control cells, the HUVECs (Fig. 6D and F); these results
suggest that MIF-treated CSCs can differentiate into endothelial
cells. However, the CSCs in which CD74 was knocked down, or
the CSCs treated with MK-2206 (Akt inhibitor) could cannot
differentiate into endothelial cells (data not shown). Thus, MIF
may promote CSC differentiation into endothelial cells through
the activatwion of the Akt pathway.

Discussion

In the present study, we firstly isolated and identify cardiac stem
cells and we then demonstrated that CSCs secrete the pleiotropic
cytokine, MIF, to promote their survival and proliferation. MIF
also promoted CSC differentiation into endothelial cells. We
further found that MIF exerted its effects on the CSCs through
the MIF receptor CD74 expressed in CSCs, suggesting that MIF

can maintain CSC self-renewal and differentiation capacity
through autocrine and/or paracrine mechanisms. These findings
suggest that treatment with MIF may be prove to be an effective
strategy for the treatment of heart diseases, including myocardial
infarction and heart failure, by activating native resident CSCs.

In our experiments, the used cells were positive for thye
stem cell marker, CD117, and negative for CD45, CD34 and
KDR, thus excluding contaminated cells, mainly hematopoietic
lineage cells containing blood cell lineage precursors, mast
cells, endothelial cells and endothelial progenitor cells (7,39).
The results of immunofluorescence staining revealed that our
isolated cells expressed early cardiac transcription factors and
can differentiate into 3 main cardiac lineages. These results
suggested that the cells were indeed stem cells of cardiac origin.

Myocardial infarction and related heart failure are the leading
cause of mortality worldwide. However, the ability of stem cells
to restore heart function is encouraging and inspiring (40).
Urbanek et al previously reported that the number of CSCs in
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in cardiac stem cells (CSCs). (A-C) Following treatment wiht MIF (200 ng/ml) for various periods of time, the cells were harvested and western blot analyses
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pre-treated with LY294002 (PI3K inhibitor, 25 mM) or MK-2206 (Akt inhibitor, 20 mM) for 90 min, or transfected with siRNA-NC or siRNA-CD74 for 72 h.
MIF (200 ng/ml) was then added in the presence of each drug followed by culture for an additional 1 h. (D) Akt and phospho-Akt (T308), (E) mTOR and phospho-
mTOR (S2448), and (F) AMPK and phospho-AMPK (T172). Data are the means + SD of 3 independent experiments (n=3). “p<0.05 and “p<0.01 vs. control.

normal heart atria is approximately 5-fold higher than in the left
ventricle, but in ischemic heart failure, the number of multipo-
tent CSCs in the left ventricle increases to become greater than
that in the atria (11). These data suggest that in the injured heart,
there must be a substance that promotes CSC growth and/or
migration. Previous studies have found that cardiomyocytes
secrete MIF, which exerts anti-senescence, antioxidant and anti-
apoptotic effects on cardiomyocytes (41,42). In this study, we
found that CSCs secreted MIF and MIF promoted CSC survival
and proliferation. These results suggest that MIF secreted by
CSCs or injured cardiomyocytes may contribute to the increased
number of CSCs in the injured left ventricle. Furthermore, we
found that MIF regulated cell cycle progression by promoting
the G1/S-phase transition, thereby controlling cell proliferation,
thus improving the number of CSCs in the injured heart. Our
study also indicated that the inhibition of MIF or CD74 inhib-
ited or delayed the G1/S-phase transition.

Proangiogenic therapy was originally a promising strategy
for the treatment of acute myocardial infarction, although clinical
trials have failed to elicit the expected effects (43,44). Hilfiker-
Kleiner et al found that the endothelial differentiation capacity
of c-kit" resident stem cells was severely impaired in models

of heart failure (45). However, little is known about the regula-
tory factors within the cardiac microenvironment, particularly
during heart failure and myocardial infarction. Certain studies
have suggested that circulating MIF levels and MIF levels within
the local damaged myocardium are both increased. A number
of studies have shown that MIF can promote angiogenesis in
teratomas, corneal tissue and heart by recruiting stem cells
or disrupting macrophage polarization (36,37). In the present
study, we found that MIF promoted CSCs to express VEGF
and differentiate into endothelial cells. Treatment with ISO-1 or
CD74 knockdown inhibited the effects of MIF on CSCs. At the
same time, we performed a tube formation assay to examine the
angiogenic effect of MIF in vitro and found that the CSCs treated
with MIF formed tube structures in parallel with the HUVECs,
suggesting that MIF may promote neovascularization following
myocardial infarction by promoting CSC differentiation into
endothelial cells. Neovascularization can often provide enough
oxygen to support cell growth and function. This effect further
illustrated that MIF may contribute to reverse heart dysfunction
and decrease infarct size. Whether MIF promotes neovascular-
ization by regulating other progenitor cells or other mechanisms
requires further study.
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The PI3K/Akt/mTOR signaling pathway plays a central role
in numerous cellular functions, including proliferation, adhe-
sion, migration, invasion, metabolism and survival (27). It is
activated by a number of inflammatory cytokines and agents,
including lipopolysaccharide (LPS) and phorbolmyristate
acetate (PMA) (46). Our results demonstrated that exog-
enous MIF activates the PI3K/Akt/mTOR pathway through its
receptor CD74. It has been demonsgtrated that the activation
of the PI3K/Akt pathway in cancer cells can also modulate
the expression of hypoxia-inducible factor-1 (HIF-1) and other
angiogenic factors, such as nitric oxide and angiopoietins, which
function to increase VEGF production (47). VEGF has been
identified as an angiogenic factor and survival factor that stimu-
lates angiogenesis and protects cells from stresses (48). In this
study, we found that MIF promoted the expression of VEGF in
CSCs and CSC differentiation into endothelial cells, suggesting
that MIF improves cardiac function by promoting angiogenesis.
Our results are consistent with the pro-angiogenic effects of
MIF and PI3K/Akt/mTOR pathway activation in other organs,
including tumors and corneal tissue (49,50). However, whether
MIF regulates additional angiogenic factors remains unclear.

AMPK orchestrates the regulation of both glycolysis and
glucose uptake and protects the heart against ischemic injury
and apoptosis (51). There is evidence to suggest that MIF also
plays a role in the stimulation of the AMPK pathway to protect
the heart in ischemic heart disease (18) and promote the survival
and proliferation of neural stem/progenitor cells (22). In this
study, we also found that MIF promotes the phosphorylation of
AMPK, and that AMPK inhibition partly blocked the prolifera-
tion of CSC induced by MIF. These results suggest that MIF
promotes the proliferation of CSCs partly through the activation
of AMPK. As MIF can stimulate many signaling pathways, we
cannot rule out other mechanisms contributing to effects of MIF
on resident cardiac stem cells, such as JNK inhibition.

Taken together, our data suggest that MIF promotes CSC
proliferation and endothelial differentiation, suggesting thatt
MIF not only increased the quantity, but also improved the
function of CSCs. This may be one explanation for why in isch-
emic heart failure, the number of multipotent cardiac stem cells
in the left ventricle is higher than that in the atria and MIF can
improve heart function. However, MIF plays a potential role
in inflammation. It has been demonstrated that MIF provokes
the inflammatory response following myocardial infarction to
remove cellular debris and facilitate healing, whereas excessive
inflammation leads to adverse cardiac remodeling (52). It has
also been demonstrated that the role of MIF differs depending
on the source of MIF. White et al found that non-leukocyte
MIF enhanced myocardial healing, whereas leukocyte MIF
enhanced damage (34). Koga et al found that the intracellular
overexpression of MIF had oxidoreductase effects, however,
exogenous MIF did not display such an effect (41). These may
be one of the reasons why many studies obtained unexpected
results regarding the role of MIF in post-infarct healing and
cardiac remodeling (53). These suggest that further studies
are warranted in order to develop novel therapeutic methods
which preserve the benign effects of MIF to provide cardio-
protection in ischemic heart disease without activating MIF
pro-inflammatory activity. For instance, Luedike et al found
that the S-nitros(yl)ation modification of MIF enhanced the
cytoprotective effects in myocardial reperfusion injury (54).

CUI et al: MIF PROMOTES THE PROLIFERATION AND ENDOTHELIAL DIFFERENTIATION OF CSCs

Furthermore, it has been demonstrated that MIF acts as an
oxidoreductase to maintain intracellular redox homeostasis in
cardiomyocytes (41). In the present study, we cannot completely
rule out the possibility that antioxidant or other effects of MIF
compensate for its protective effects on CSCs.

In conclusion, the results presented in this study demon-
strate that CSCs express MIF and its receptor CD74. We also
found that MIF affected cell survival, cell cycle progression,
proliferation and differentiation, by promoting the activation
of the PI3K/Akt/mTOR and AMPK pathways through CD74.
Our findings support the hypothesis that MIF may be a novel
potential therapeutic factor for the treatment for degenerative
heart disorders through CSC activation.
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