Zhao et al. Stem Cell Research & Therapy ~ (2022) 13:445 Stem Ce” Rese arCh & Th era py
https://doi.org/10.1186/513287-022-03120-7

RESEARCH Open Access

. i )
Oct4 cooperates with c-Myc to improve -

mesenchymal-to-endothelial transition
and myocardial repair of cardiac-resident
mesenchymal stem cells

Lan Zhao'?", Jianshuo Wang'", Pengzhen Wang?®', Zhanyu Deng', Jin Cui', Weiguang Huang' and
Shaoheng Zhang'

Abstract

Background: Cardiac-resident mesenchymal stem cells (cMSCs) can exhibit fibrotic, proinflammatory, and proan-
giogenic phenotype in response to myocardial ischemia (Isch). How their phenotypic fate decisions are determined
remains poorly understood. Here, we demonstrate that the cooperation of Oct4 and c-Myc in cMSCs creates a prefer-
able mesenchymal-to-endothelial transition (MEndoT) to promote angiogenesis and consequent myocardial repair.

Methods: We collected MSCs from cardiac and peripheral blood of rat with left ventricular Isch (LV Isch) 30 days after
myocardial infarction (MI) or sham operation. After a comparison of characterization between cMSCs and peripheral
blood MSCs (pbMSCs), we conducted transcriptome analysis and RNA sequencing of cMSCs. Using loss/gain-of-func-
tion approaches to understand the cooperation of c-Myc and Oct4 on MEndoT of cMSCs under hypoxic condition, we
explored the mechanisms through transcriptome and functional experiment, and chromatin immunoprecipitation.
Next, we transplanted male cMSCs with overexpression or inhibition of c-Myc/Oct4 into the infarcted myocardium of
female rats and evaluated infarct size, cell retention, inflammation, remodeling, and function after 30 days.

Results: LV Isch switched cMSCs toward both inflammatory and proangiogenic phenotypes, with increased secretion
of inflammatory cytokines as well as decreased expression of proangiogenic factors. The effect of LV Isch on pbMSCs
was less remarkable. Gene expression heatmap showed imbalance in expression of Oct4 and c-Myc regulating genes
associated with remodeling of cMSCs. We provided evidence that cMSCs-specific c-Myc- versus Oct4-overexpression
showed divergent genomic signatures, and their corresponding target genes play an important role in regulating
cMSCs phenotypic changes. In particular, Oct4 accelerated angiogenesis induced by c-Myc overexpression in cMSCs
and inhibited their phenotypic transition into inflammatory cells and fibroblast. Mechanistically, exogenous Oct4
caused c-Myc to translocate from the nucleus to the cytoplasm and activated some of its target signalings includ-

ing VEGF signaling. Although transplantation of cMSCs alone did not improve LV remodeling and function, cMSCs
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co-transfected with c-Myc and Oct4 promoted a more positive effect in their survival and reparative properties,
increased animal survival, reduced infarct size, decreased scar thickness, inhibited LV remodeling, and improved heart
function 30 days after M. Significantly, Oct4 promoted MEndoT (“Rescue me”signal) of cMSCs after both c-Myc stimu-
lation in vitro and transplantation into the infarcted heart.

Conclusions: Myocardial Isch drives resident cMSCs toward multiple phenotypes. Oct4 interacts with c-Myc to pro-
mote MEndoT capacity of cMSCs and improve their survival and reparative effects through upregulation of angiogen-
esis-related signaling pathways. These findings may identify novel targets for stem cell therapy.
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Background

Although mesenchymal stem cells (MSCs) have
emerged as an attractive source for cardiac cell therapy,
poor survival, and potential adverse effects are major
hurdles of MSCs in the treatment of myocardial infarc-
tion (MI) [1, 2]. Cardiac MSCs (cMSCs), which reside
in close proximity to the site of injury, have been con-
sidered as a more suitable cell source for cardiac repair.
However, cMSCs have both favorable and unfavorable
effects on the infarcted myocardium [3]. cMSCs under
different conditions of cardiac stress exhibit differ-
ences in differentiation potential, transcriptome, and
secretome, producing their specific characteristics and
functions in their application. Subject to inflammatory
responses, cMSCs are able to adopt a proinflammatory
or anti-inflammatory phenotype. The proinflammatory
activities of MSCs during early-stage inflammation may
be beneficial in mounting a proper immune response
[4]. However, cMSCs in chronic cardiac ischemia (Isch)
may preserve a chronic inflammatory response and
exacerbate ventricular adverse remodeling and heart
failure [5]. cMSCs have also been considered as one
source of myofibroblasts promoting fibrosis and tissue
stiffening, causing cardiac dysfunction [6]. These unfa-
vorable outcomes are important because inflammation
and fibrosis are thought to play crucial roles in cardiac
remodeling and heart failure [7]. It is generally believed
that mesenchymal cells can contribute to tumor angio-
genesis through mesenchymal-to-endothelial transition
(MEndoT) [8]. As such, further study on cMSCs-medi-
ated MEndoT within ischemic myocardium is critical,
with the hope of identifying factors and mechanisms
that contribute to providing beneficial strategies for
cMSC phenotypic transitions as novel therapeutic tar-
gets. Somatic cells can be reprogrammed to induced
pluripotent stem cells (iPSCs) by exogenous factors,
originally Oct4, Sox2, KIf4, and c-Myc [9]. Our previ-
ous study indicates that Oct4 overexpression enhanced
the survival and functions of very small embryonic-like
MSCs in infarcted hearts [10]. Importantly, we demon-
strated that Oct4 directly triggers MSC functions. How-
ever, how Oct4 works with these other transcription

factors to regulate the phenotypic and functional plas-
ticity of cMSCs remains poorly understood.

In order to better explore the possible positive effects
of cMSCs on myocardial repair, we need to determine
whether and how these stem cell transcription factors
affects the MEndoT of MSCs. We isolated MSCs from
myocardial tissues and peripheral blood of rats within
chronic myocardial Isch and defined their survivability
and phenotypic properties under Isch condition. Given
the superiority in angiogenic characterization, we used
cMSCs to perform their comparison under different
action of Oct4 overexpression or knockdown in co-trans-
fection with other stem cell factors. Based on multiple
functions of c-Myc on fibrosis and angiogenesis of MSCs
within chronic myocardial Isch, we aimed to improve the
survival and the MEndoT of cMSCs by co-treatment with
¢-Myc and Oct4 under chronic Isch. Our results could
provide evidence that the cooperation of Oct4 and c-Myc
may impact cMSCs phenotypic transitions important in
the pathogenesis of Isch heart disease.

Methods
An expanded description of the Materials and Methods is
available in the Online Data Supplement.

Antibodies and reagents

Additional file 6: Table S1 and Additional file 7: Table S2
list the primer sequences and the antibodies used to ana-
lyze mRNA and protein levels, respectively. 4,6-diami-
dino-2-phenylindole (DAPI, catalog 28,718-90-3) was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Animals

Inbred Lewis rats were used. The Animal Care and Use
Committee of GuangZhou Red Cross Hospital Medical
College of Ji-Nan University approved all animal experi-
ments, which were in compliance with the Guide for
the Care and Use of Laboratory Animals published by
The National Academies Press (http://www.nap.edu/).
Rats were weighed and anesthetized with a mixture of
ketamine/xylazine (100/15 mg/kg, IP), and were eutha-
nized by CO2 inhalation upon completion of the study.


http://www.nap.edu/
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To isolate and characterize cMSCs from myocardial Isch
or sham rats, we used 12-week-old, 300 g Lewis male
rats as donors. To induce MI for cMSCs transplantation
experiments, we used 11-week-old, 250 g Lewis female
rats as recipients.

Model of myocardial isch and sham isch

The model of myocardial Isch was established by induc-
tion of MI. MI was induced by ligating the left anterior
descending coronary artery (LAD) as our previously
described [10, 11]. MI was confirmed by visual blanching
distal to the occlusion site and by echocardiography 24 h
after MI. Animals with left ventricular (LV) ejection frac-
tion (EF) <70% and fractional shortening (FS) <35% eval-
uated by echocardiography after induction of MI were
selected. For sham Isch, the suture was passed around the
coronary artery and removed without ligation. The tho-
racic incisions were closed with 5-0 silk sutures (Addi-
tional file 2: Fig. S1).

Isolation, expansion, and purification of MSCs

To evaluate the effect of chronic ischemia on resident
MSCs, MSCs were isolated from the heart and abdomi-
nal aortic blood of rats 30 days after MI or sham opera-
tion, and cultured via the adherent culture method, as
described previously [12]. The fourth generation cells
were used for subsequent experiments including their
purity, viability, characteristics, pluripotency, and gene
transfection, as shown in Additional file 2:Fig. S1.

Characterization of MSCs

c¢MSCs and pbMSCs were defined according to the 3
criteria of the International Society for Cellular Therapy
[13]: (1) adhesion to plastic, (2) expression of a specific
combination of surface markers, and (3) differentia-
tion potential (trilineage differentiation into adipocytes,
osteoblasts, chondrocytes, and blood vascular cells) [10].
To define the phenotype of cMSCs and ppbMSCs, we ana-
lyzed cultured cells at passage 4 for rat MSC markers by
flow cytometry using the following fluorescence antibod-
ies: SH2, SH3, CD90, CD147, CD34, CD45, and CD133.
Mouse IgG1, IgG2a, and IgG2b (Becton Dickinson) were
used as isotype controls, and marker expression was eval-
uated using FACS.

In vitro directed differentiation of MSCs

To examine the in vitro trilineage differentiation of
c¢MSCs and pbMSCs, we induced the MSCs to differen-
tiate toward osteogenesis, chondrogenesis, adipogenesis,
and angiogenesis by growth factor supplementation and
growth on defined matrices. For osteogenesis, the MSCs
were induced with an osteogenic differentiation medium
kit (HUXUB-90021, Cyagen, Soochow, China). Alizarin

Page 3 of 27

red staining was performed to evaluate osteogenic prod-
ucts as previously described [14]. For chondrogenesis,
the MSCs were induced using a chondrogenic differen-
tiation medium kit (HUXUB-9004, Cyagen, Soochow,
China) and evaluated by alcian blue staining [15]. For
adipogenesis, the MSCs were cultured by an adipogenic
differentiation medium kit (HUXUB-9004, Cyagen,
Soochow, China). The formation of lipid vacuoles was
assessed by Oil Red O staining [16]. For vascular differ-
entiation, growth factors bFGF (5 ng/ml; Invitrogen), and
VEGF (20 ng/ml; R&D Systems; Minneapolis, MN, USA)
were added. Angiogenesis was detected using immuno-
fluorescence with factor VIII and alpha smooth muscle
actin (a-SMA) double-positive staining [10].

Cell viability

For the cell viability assay, MSCs were seeded at 2 x 10
cells/well on a 96-well plate at 37°C and cultured for 48 h.
Cell viability was assessed by visual cell counts after per-
forming a trypan blue exclusion assay. Cell growth was
measured using a cell counting kit-8 (CCK-8, Sigma)
according to the manufacturer’s protocol in the differ-
ent time of 0, 24 h, 48 h, 72 h, and 96 h after different
treatments.

Angiogenesis array

To define the levels of angiogenesis-related cytokine
secretion from ¢cMSCs and pbMSCs, we used an Angio-
genesis Protein Array kit (QAR-ANG-100, RayBiotech),
cultured MSCs for 72 h, and collected their secreted
medium [17]. Concentrations of cytokines were deter-
mined by Quasys Q-View imaging and a software system.
For all multiplex assays, samples were run in triplicate
wells.

Immunofluorescence
Cells or tissues were incubated with primary antibod-
ies (Additional file 7: Table S2) and observed under a
fluorescence microscope, as described in detail in Online
Supplemental Data.

Gene expression analyses

Gene expression analyses were performed by Miltenyi
Biotec Genomic Services as previously described [18].
The results were viewed as a heatmap using “pheatmap”
in the R package [19].

Real-time quantitative PCR (qRT-PCR) and immunoblotting
Cultured MSCs and peri-infarct myocardial tissues
from the autopsied tissues were harvested and pul-
verized to extract RNA or protein for qRT-PCR and
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immunoblotting, as described in Online Supplemen-
tal Data (Additional file 1: An expanded Materials and
Methods).

c-Myc and Oct4 transfection

Retroviral plasmid vectors, pMXs, overexpressing (oe)
c-Myc or Oct4, were transfected with pReceiver-LV233
lentiviral vector (GeneCopoeia (Rockville, MD) into
c¢MSCs with the Fugene HD reagent, as directed by the
manufacturer’s instructions. A pSi-LVRU6GP vector with
a puromycin resistance cassette (GeneCopoeia, Rockville,
MD, USA) was used to express small interfering RNAs
(siRNAs) to knock down f-catenin & Oct4 expression.
Control siRNA duplexes were used as the control (CON).

Cell grouping settings

In order to determine the effects of c-Myc and Oct4 in
the gene expression of cMSCs, the cells were randomly
divided into the following three groups according to
different intervention methods: no intervention group
(served as control group), c-Myc overexpression group
(oec-Myc), and Oct4 overexpression (0eOct4); In order
to determine the effects of Oct4 in cooperation with
c-Myc on the phenotypic remodeling of ¢cMSCs, the
experiments were divided into: c-Myc overexpression
(oec-Myc) with or without Oct4 overexpression (0oeOct4
(4) or without (—)), c-Myc knockdown group (sic-Myc
(+)) with or without Oct4 overexpression (0eOct4 (+)
or without (—)). After transfection, all groups of cMSCs
were cultured for 48 h under hypoxic conditions.

Hypoxic treatment

Cells were removed and exposed to hypoxic conditions
(37 °C, 93% N,, 5% CO,, and 2% O,) in a water-jacketed
CO, incubator. The hypoxic condition was maintained
throughout all subsequent analyses.

Bulk RNA-seq

Total RNA was isolated using Trizol (Invitrogen) from
c¢MSCs isolated from Isch or Sham hearts, or ¢cMSCs
overexpressed with or without c-Myc or Oct4, and cul-
tured for 48 h under hypoxic conditions. Bulk RNA-seq
analysis was undertaken in triplicate of total RNAs (1 pg)
from these three groups of cMSCs according to the man-
ufacturer’s instructions. cDNA libraries were sequenced
by using the HiSeq 2500 RNA-seq platform (Illumina,
San Diego, CA, USA) as 100-base pair single-end chemis-
try at the Australian Genome Research Facility. RNA-seq
data were counted over gene exons using featureCounts
2.0.1. Genes were annotated according to the Rattus_nor-
vegicus.Rnor_6.0.104 annotation file [20]. The DESeq2
Bioconductor R package was used to identify differen-
tially expressed genes at a 5% false discovery rate (P value
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adjusted <0.05) by using the Benjamini—-Hochberg pro-
cedure to adjust P values [21]. We used Ingenuity Path-
way Analysis to perform Gene set enrichment analysis.
Significantly enriched pathways were identified using a
5% false discovery rate cutoff, and their enrichment sig-
nificance was quantified using —log;, of P value adjusted
[22]. Data are expressed as pathways downregulated or
upregulated in Isch cMSCs compared with Sham cMSCs,
or overexpressed c-Myc or Oct4d cMSCs compared with
control cMSCs. The raw counts were loaded into R 4.1.0
(R Foundation for Statistical Computing, Vienna, Aus-
tria) for statistical analysis. We used the pheatmap func-
tion to perform hierarchical clustering analyses.

Transcriptome analyses

Gene expression was analyzed by Illumina HiSeq 2000
and as described in the Supplemental Experimental Pro-
cedures. We analyzed the genes with differential expres-
sion (FDR<0.05) between the Sham ¢cMSCs and the
Isch ¢cMSCs using GO-Elite (http://www.genmapp.org/
go_elite/) [23]. We used Whole Genome rVISTA [24] to
identify enriched predicted transcript factor (TF) binding
sites among these gene sets.

Tube formation assay

Liquid Matrigel (BD Biosciences, USA, BD Matrigel
Matrix Cat. No. 356234) was added into 96-well tissue
culture plates after the induction of MSCs differentia-
tion into blood vascular cells. The in vitro tube formation
assay was performed using the Matrigel (BD Bioscience,
USA) according to the manufacturer’s instructions. Cells
were seeded into the Matrigel-coated 96-well plate, and
after required treatments for 72 h of hypoxic culture,
images were captured using a bright-field microscope.
The observed tubes were counted [25]. Four representa-
tive fields are counted and the average of the total area of
complete tubes formed by cells per unit area is compared
by Image-Pro Plus®.

Chromatin immunoprecipitation assays (CHIP)

About 2.0 x 10° cells were used in each ChIP experiment.
ChIP assays were performed according to manufacturer’s
protocol from a ChIP assay kit (Merck Millipore). The
DNA samples were detected by using real-time PCR
analysis. To amplify the c-Myc binding site in the Oct4
promoter, the primers sequences were as shown in Tab.
SI.

EGFP labeling

At 24 h after transfection with the oec-Myc, sic-Myc,
0eOct4, siOct4, or control vectors, cMSCs were co-trans-
fected with a lentiviral vector containing enhanced GFP
c¢DNA (EGFP), as described previously [26].
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Cell therapy

Male rats and female rats were used as donors and recipi-
ents, respectively. MI was induced in the female rats
by ligating LAD. Electrocardiography (ECG) was per-
formed to confirm MI 1 min after operation. Animals
were eligible for cell therapy on the basis of ECG crite-
ria (ST-segment elevation or left bundle-branch block).
For cell transplantation experiments, we injected the
male cMSCs transfected with oec-Myc, sic-Myc, 0eOct4,
siOct4, or control vectors, or phosphate-buffered saline
(PBS, 20 ul) into the ischemic border zone (5x10° cells,
four sites, 5 ul per site, 1-2 cm apart). Female rats with
LVFS>35% at day 1 after MI were excluded from the
study.

Echocardiography

Light anesthesia was induced by inhalation of 2% isoflu-
rane/98% O, and subsequently maintained by 0.5% to 1%
isoflurane. To assess LV remodeling and function after
cell therapy, Echocardiography was performed using
a 7.5-MHz phased-array transducer (Acuson Sequoia
256, Siemens, Mountain View, CA) at pre-MI, day 1 or
30 after MI and cell therapy as previously described [10].
LV end-diastolic volume, and internal diameter at dias-
tolic phase (LVEDv and LVED(, respectively) were meas-
ured using the biplane area-length method. LVES was
calculated according to the modified Simpson method:
ES (%)=[(LVIDd-LVIDs)/LVIDd] x 100, where LVID is
LV internal dimension, s is systole, and d is diastole. All
measurements represented the mean values of the signals
from three consecutive cardiac cycles and were carried
out by two experienced technicians who were unaware of
the identities of the respective experimental groups.

Histopathologic evaluation

At the end of each study (30 days after cell transplanta-
tion), hearts were harvested, fixed by 4% paraformalde-
hyde (PFA) solution, or frozen at — 80 °C. The frozen
hearts were cut transversely into 1.2-mm-thick slices
and stained with 1% 2,3,5-triphenyltetrazolium chloride
(TTC). Infarct and LV area were measured by automated
planimetry using Image ] software. The infarct size was
expressed as a percentage of the total LV area.

The fixed heart samples were embedded in paraffin,
and cut into 4 pm transverse sections at different levels.
Hematoxylin and eosin (H&E) and Masson’s trichrome
staining were performed on paraffin-embedded sections
to determine extent of cardiac inflammation, fibrosis,
and viable myocardium. For each section, ten to fifteen
images were acquired from randomly selected fields
in infarct and non-infarct areas. Images analysis was
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conducted using Image ] software (National Institutes
of Health). The severity of inflammation damage was
evaluated as the percent of inflammatory cells within
peri-infarct regions. Viable myocardium was calculated
by multiplying myocardium density by viable myocardial
volume. The percent value of viable myocardium area was
estimated by image tool 3.0. Infarct size was determined
by planimetric measurement with a digital image pro-
gram (Scion Image]) and calculated by dividing the sum
of the planimetered endocardial and epicardial circum-
ferences occupied by the infarct by the sum of the total
epicardial and endocardial circumferences of the LV on
three transversal sections from the apex to the base. Rela-
tive scar area was computed as the ratio of nonviable to
total pixels in the LV. Collagen density was calculated as
the ratio of positive staining area to the total scar area.

To determine the survival of implanted male cMSCs
from Isch hearts, we stained the heart sections from
female recipients with antimouse sex-determining region
Y protein (E-19) (Santa Cruz Biotechnology, Inc.) and
hematoxylin (for nuclear staining).

To assess the effect of cMSCs on angiogenesis in the
infarct site, heart sections were immunolabeled with anti-
factor VIII (vWF) antibody. Vessel density was expressed
as the number of factor VIII endothelial cells per square
millimeter. Alexa Fluor 488-conjugated goat anti-rabbit
IgG was also used for visualization of anti-laminin anti-
body to analyze capillary density (capillaries/cardio-
myocyte). Cross-sectional area and numerical density of
laminin-outlined transversely cut cardiac myocytes were
determined in the same regions used for capillary analy-
sis, and a capillary-to-myocyte ratio was calculated based
on the numerical densities calculated for capillaries and
cardiac myocytes, as previously detailed [27]. A patholo-
gist who was blinded to group identity evaluated the cap-
illary density and cell count by counting vessels and cells
in the chosen areas.

Statistical analysis

Data are presented as the mean 4 standard error of the
mean (SEM). Discrete variables are presented as fre-
quency and proportion. By performing normality test
(Shapiro—Wilk test) and homogeneity test of variance,
the data that satisfy normal distribution and equal vari-
ance assumptions were used for one-way ANOVA analy-
sis of these variables. When the data were conferred for
normal distribution but non-homogeneity of variance,
Welch ANOVA analyses were performed. Comparisons
were performed using the x? or Fisher’s exact test for dis-
crete variables. A 95% confidence interval (CI) (p <0.05)
was considered significant.
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Results

Myocardial ischemia alters the phenotypes and secretome
MSCs

MSCs are multipotent tissue-resident cells, and exhibit
a selective ability for tissue repair by engrafting and dif-
ferentiating into desired cells at the damaged tissues
[28-30]. To determine the effect of myocardial Isch on
resident cardiac MSCs (cMSCs) and peripheral blood
MSCs (pbMSCs), we isolated MSCs from male Lewis rats
with Isch 30 days after MI (#=10) or sham operation
(n=10) as previously described [10, 31]. Rats which were
not ligated in the same part of the hearts and served as
sham group (Sham). Both cMSCs and pbMSCs, isolated
after either MI or sham operation, were plastic-adherent,
showed universe spindle like morphology, and had good
clonogenicity (Additional file 3: Fig. S2A). We next evalu-
ated cell proliferation rate for 96 h and found that cMSCs
from the ischemic hearts had the highest growth rate
compared with other groups (Additional file 3: Fig. S2B).
Immunophenotypic analyses by flow cytometry indicated
that compared with other MSCs, the Isch ¢cMSCs were
strongly positive for mesenchymal lineage markers SH2,
SH3, and CD147, while negative for hematopoietic line-
age markers CD 34, CD45, and CD117 (Additional file 3:
Fig. S2C). Notably, Thy-1 (CD90), which mediates fibro-
blast adhesion and migration [32], was expressed at lower
frequency in Isch cMSCs compared to other MSCs. Last,
we performed direct differentiation toward adipocyte,
chondrocyte, osteoblast, and vascular cells by growth
factor supplementation and growth on defined matrices.
Multi-lineage differentiation into osteoblasts, adipocytes,
chondrocytes, and blood endothelial cells confirmed the
pluripotency of the MSCs (Additional file 3: Fig. S2D-G).
These results suggest that myocardial ischemia affects the
phenotype of MSCs, particularly cardiac MSCs.

MSCs modulate myocardial repair through their par-
acrine, angiogenesis, anti-fibroblasts, and antioxidation
properties after MI [33]. For that purpose, we used a rat
angiogenesis array to measure the expression of 60 angi-
ogenesis-related cytokines from the conditioned medium
of cultured MSCs. Significantly, cMSCs isolated from
Isch hearts secreted higher levels (1.3-2.2-fold) of pro-
inflammatory cytokines, interleukin (IL)-1a, IL-6, matrix
metalloproteinase 2 (MMP2) and MMP9, transforming
growth factor-f1 (TGF-f1), and tumor necrosis factor-a
(TNFa), compared with their Sham counterparts. Con-
versely, we found cMSCs from Isch hearts showed a
much smaller release of anti-inflammatory factor IL-4
than those from Sham hearts (Fig. 1A). Importantly, we
found that the levels of the proangiogenic factors, angi-
opoietinl (Angl), basic fibroblast growth factor (bFGF),
hepatocyte growth factor (HGF), vascular endothelial
growth factor (VEGEF), tunica interna endothelial cell
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receptor 2 (Tie2), and vascular endothelial growth fac-
tor receptor2 (VEGFR2), were significantly decreased in
c¢MSCs from Isch hearts (1.1-2.2-fold lower) compared
with Sham c¢cMSCs (Fig. 1B). It is notable that myocar-
dial Isch induced a different secretory profile in pbM-
SCs. Although the levels of IL-6, MMP9, and TNFa were
slightly increased in pbMSCs from Isch rats (about 1.2-
fold higher) compared with pbMSCs from Sham rats,
most cytokines secreted from Isch pbMSCs, such as
IL-1a, IL-4, TGF-f1, MMP2, Angl, bFGF, HGF, Tie2,
VEGE, and VEGFR2, showed no change in cytokine lev-
els, compared with Sham pbMSCs. Similarly, immunoflu-
orescence results reveled that higher expression of IL-1a
was related with lower level of IL-4, Angl, and bFGF in
Isch cMSCs (Fig. 1C—F). These results indicate that myo-
cardial Isch induced cMSCs remodeling by decreasing of
proangiogenic and anti-inflammatory factors.

Ischemia mediated imbalance in expression of c-Myc

and Oct4 in cMSCs

Since myocardial ischemia switched ¢cMSCs toward an
inflammatory phenotype, we searched for putative tran-
scription factors (TFs) involved in inflammatory trans-
formation of cMSCs. We first examined genome-wide
transcriptome changes by RNA-seq. Expression of over
500 genes was altered (Fig. 2A). We further narrowed
the screening and screened out the top ten upregulated
genes (TGF-P1, interleukin-8 (IL-8), TNFa, IL-6, MMP2,
MMP9, c-Myc, HIFla, EGF, and Foxo4) and downregu-
lated (Oct4, bFGEF, Angl, VEGEF, HGEF, Tie2, VEGFR2,
PDGEF, PIGF, PECAM-1) as the hub genes (Fig. 2C). Gene
ontology (GO) analysis suggested that ischemia regulated
inflammation, development, and differentiation (Fig. 2B).
We hypothesized that ischemia may promote inflamma-
tion transformation by regulating stem cell transcription
factors. To test this, we used Whole Genome rVISTA
[24] to search for predicted TF binding sites that are
enriched within the set of genes regulated by ischemia.
Two TFs, c-Myc and Oct4, stood out, as their transcripts
were also among those most obvious changes upon
ischemia (Fig. 2C, D). As c-Myc is one transcription fac-
tor of the four Yamanaka factors involved in proliferation,
apoptosis, differentiation, immunity, and somatic cell
transformation [34]. As for other three Yamanaka factors,
Oct4 decreased significantly in Isch cMSCs, while other
two factors, Klf4 and Sox2, showed no significant differ-
ence between Isch cMSCs and Sham cMSCs (Fig. 2A). To
ascertain the expression difference, we performed qRT-
PCR and western blotting to detect the mRNA and
protein levels of these TFs. Myocardial ischemia signifi-
cantly increased the mRNA and protein expressions of
IL-6, IL-8, TNFa, TGF-51, MMP2, MMP9, and c-Myc
in ¢cMSCs. Nevertheless, the expression of Oct4d was
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Fig. 1 The effects of myocardial ischemia on the secretion profile of cMSCs. Rat angiogenesis arrays were utilized in order to analyze supernatants
after a 48 h incubation to evaluate the effect of myocardial ischemia on MSC cytokine profiles in the conditioned medium collected from the
cells post-Ml and compared them with their sham counterparts. cMSCs from ischemic rats significantly changed their paracrine profile, compared
with their sham counterparts. Ischem cMSCs became more inflammatory with decreased anti-inflammatory and proangiogenic factors (A and

B). Results are presented as the percent of spot density to control &= SEM. Independent samples t test was used (n =5 per group). (C-F) Direct
fluorescence staining with IL-1a/1L-4 (C and D) and Ang1/bFGF (E and F) in MSCs derived from ischemic rats, compared with sham-operated rats,
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much lower in Isch cMSCs than in Sham MSCs (Fig. 2E,
F). This expression difference was further confirmed by
immunofluorescence staining. Compared with Sham
c¢MSCs, Isch cMSCs showed a significant enrichment of
IL-6 and TGF-f1 (Fig. 2G), higher expression of c-Myc,
and lower expression of Oct4 (Fig. 2H). Importantly,
c-Myc is distributed in both the cytoplasm and nucleus of
Isch ¢cMSCs, but mainly located in the nuclei of Sham
c¢MSCs. Oct4 accumulated mainly in the nuclei of both
Isch ¢tMSCs and Sham cMSCs (Fig. 2H). Together, our
results indicate imbalance in expression of Oct4 and
c-Myc under ischemic condition regulating genes asso-
ciated with remodeling of cMSCs. Therefore, to explore
the mechanisms involved in ¢cMSCs remodeling under
hypoxic or ischemic conditions, we focused on Oct4 and
¢-Myc in cMSCs from the ischemic hearts.

c-Myc and Oct4 show divergent phenotypes of cMSCs
under hypoxia

Both Oct4 and c-Myc regulate pluripotency and stemness
of adult stem cells [35, 36], and may regulate genes asso-
ciated with angiogenesis and inflammatory post-MI
[10, 37]. Therefore, we investigated their roles in cMSCs
remodeling in vitro, and cultured Isch cMSCs transfected
with a lentivirus encoding overexpressed (oe) c-Myc (oec-
Myc), Oct4 (0eOct4), or vehicle (served as control, CON)
for 48 h under hypoxic conditions. Normoxic cultiva-
tion of cMSCs with or without transfection of c-Myc or
Oct4 was also performed to clarify these effects under
normoxia. We confirmed that c-Myc and Oct4 transfec-
tion was efficiently induced in cMSCs under normoxia,
and hypoxia further increased their expression (Addi-
tional file 4: Fig. S3A, B). Notably, dynamic analysis of the
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Fig. 2 Hypoxia-Induced Imbalance Expression of Transcriptome Factors in cMSCs. A Transcriptome gene expression analysis of ischemic cMSCs
and sham cMSCs. Heatmap of shared upregulated or downregulated genes with logarithmic fold change. Downregulated genes are represented
in blue, and upregulated genes are represented in red. B Dotplot of top 10 enriched GO terms. C List of the most significantly upregulated (left)
and downregulated (right) transcripts upon ischemia assayed by RNA-seq. D List of the top TFs with enriched predicted binding sites among
genes altered upon ischemia. Among these TFs, c-Myc and Oct4 had altered expression after induction of myocardial ischemia. E and F The mRNA
and protein expression levels of these transcriptome factors were verified in both cMSCs using gRT-PCR E and immunoblotting F. All data are

the means = SEM. p <0.05: * vs. sham (n=10 per group), independent samples t test was used. (G and H) Different expression of inflammatory

or angiogenic factors in cMSCs from the ischemic or sham hearts by immunofluorescence staining. Positive staining for IL6 (green) and TGF-A1
(red) indicates higher inflammation in ischemic cMSCs compared with sham cMSCs G. Lower expression of Oct4 (green) and higher expression

of c-Myc (green) in ischemic cMSCs compared with sham cMSCs indicates ischemia inducing imbalance expression of transcriptome factors H.
DAPI is used to counterstain the nucleus (blue). Representative images of at least 3 different cells are shown. cMSCs indicate cardiac mesenchymal
stromal cells. DAPI, 4; 6-diamidino-2-phenylindole
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Fig. 2 continued

percentage of BrdU-positive cells/total number of cells
revealed that oec-Myc stimulated cell proliferation kineti-
cally, and 0eOct4 further enhanced this proliferation
(Additional file 4: Fig. S3C, D). Similar to BrdU expres-
sion, immunofluorescence showed that the level of Ki67

expression was higher in cMSCs receiving overexpres-
sion of c-Myc or Oct4d compared with their respective
controls (Additional file 4: Fig. S3E, F; Additional file 4:
Fig. S3I, and ]). In line with these findings, CCK-8 assay
in optical density (OD) value, which was a quantitative
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index for the growth capacity, showed the same trend in
transfection efficiency as observed for the generation of
cell proliferation (Additional file 4: Fig. S3G, H). Impor-
tantly, compared with normoxia, the enhancement of
this index was remarkably observed in the oeOct4 treat-
ing cMSCs after 48-h of hypoxic culture. Together, these
results suggest that the transfection of c-Myc or Oct4
favors the growth of ¢cMSCs, especially under hypoxic
conditions. Thus, we next focused on evaluating the
effects of c-Myc and Oct4 overexpression on the pheno-
type change of cMSCs under hypoxia.

First, we investigated global changes in gene expression
that accompanied angiogenic/ inflammatory phenotypes
of c-Myc and Oct4 overexpression in cMSCs, and con-
ducted bulk RNA-seq on ¢cMSCs overexpressed with or
without c-Myc or Oct4. Consistent with the above data
that c-Myc and Oct4 overexpression have different effects
on the growth of cMSCs, gene set enrichment analysis of
bulk RNA-seq data using the MSigDb showed about 75%
of the upregulated hallmark and Kyoto Encyclopedia of
Genes and Genomes pathways in cMSCs® ™M yersus
cMSCs“ON were also upregulated in cMSCs*O* versus
cMSCs®ON, and nearly 25% of all upregulated pathways
in cMSCs™M¥¢ persys cMSCs“ON were downregulated
in the cMSCs?O" versus cMSCs“ON (Fig. 3A, B). Then,
we calculated the Log2 FC of cMSCs*O°* compared to
cMSCs*“™M¥¢, 405 genes were upregulated more than
1 Log2 FC and 712 genes downregulated less than—1
Log 2 FC; in total, 4.2% of genes (Fig. 3C). According to
GO terms, upregulated genes in cMSCs*°°* included
response to angiogenesis, cell activation, immune sys-
tem process, cell adhesion, cytokine-mediated signaling
pathway, and positive regulation of cell activation, and
the genes involved with inflammatory response were
downregulated in cMSCs*©“*4(Fig. 3D). From these sign-
aling systems, of note are the following genes: Ang-1,
bFGF, HGF, IGF-1 (Insulin-like growth factor-1), Tie2,
and VEGE. These genes are all implicated in angiogen-
esis and MEndoT [11]. Other notable genes are vWE,
VEGER2, and Chd1 (chromatin remodeling factor 1). The
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majority of these genes play roles in proliferation, pluri-
potency, and angiogenic properties of stem cells [38, 39],
while vWF is a gene encoding endothelial cell surface.
By contrast, Oct4 overexpression dramatically reduced
the mRNA expression levels of the inflammatory fac-
tors IL-1a, IL-6, and TNFa, and the fibrosis-related fac-
tors MMP2 and MMP9. However, compared with Oct4
overexpression, c-Myc overexpression caused a lower
degree of decrease (Fig. 3E). These trends (0eOct4 > oec-
Myc) were also confirmed by immunofluorescence which
revealed more vWF* cells and less IL-1"TNFat cells
and MMP2TMMP9™ cells in 0eOct4 versus CON, but
relatively lower levels of vWF and higher levels of inflam-
mation and fibrosis in cMSCs* ™M yersus cMSCs?Ot
(Fig. 3F). Thus, c-Myc triggers diverse cellular outcomes:
hypoxia-induced cellular angiogenesis, and cellular
inflammation and fibrosis, whereas Oct4 overexpression
promotes angiogenesis in coexistence with inhibition of
inflammation and fibrosis.

Oct4 cooperates with c-Myc to accelerate cMSCs
remodeling

Oct4 and c-Myc are both stem cell regulators, and play
key roles in sustaining and amplifying pluripotent stem
cells [40], however, the functional interaction has proven
obscure. Therefore, we next investigated whether Oct4
interacts with c-Myc in vitro by simultaneous transfec-
tion of cMSCs with RNA constructs encoding Oct4 and
c-Myc, or c-Myc siRNA knockdown (sic-Myc), or vehicle
(—), seeded on Matrigel to facilitate angiogenesis, and
subjected to serum starvation under hypoxia. After 72 h
of hypoxic cultivation, cMSCs were collected, and their
angiogenesis, inflammatory, fibroblast were analyzed
by immunofluorescence and western blotting. Immu-
nofluorescence showed the highest expressions of the
vascular characteristic markers, factor VIII and CD31
in the cMSCs co-transfected with Oct4 and c-Myc, fol-
lowed by that in the sic-Myc-transfected ¢cMSCs co-
treated with 0eOct4, and the lowest was observed in
the sic-Myc-transfected MSCs (Fig. 4A, B). Conversely,

(See figure on next page.)

o0eOct4 oec—Myc

by more than two folds in cMSCs compared to cMSCs

*xx

its own control is indicated as follows: P <0.001,

blue).

Fig. 3 c-Myc/Oct4 induces divergent cellular angiogenesis, inflammation, and fibrosis. A Venn diagram showing the common pathways between
upregulated cMSCs®“M< ys cMSCs“N and upregulated in cMSCs?¢0 vs cMSCs“ON. B Venn diagram showing the common pathways between
upregulated cMSCs®M< vs cMSCs“N and downregulated in cMSCs2O* vs cMSCs“ON. € Scatter plot analysis of hallmark genes in cMSCso¢0<
and cMSCs%“~™<_ Green, black, and red indicate downregulated genes, relatively stable with less than two fold change, and upregulated genes

, respectively. D Bar graph showing the top 10 common pathways from A and all
common pathways in B differentially regulated pathways between cMSCs%<~M¢ ys cMSCs“ON and cMSCs%¢0 vs cMSCs“ON analyses. E mRNA levels
of the indicated factors in cMSCs transfected with control vehicle, oec-Myc, or oeOct4. Values are relative to GAPDH. All data are the means 4= SEM;
statistical significance was evaluated using the unpaired two-tailed Student’s t test with Welch's correction. Comparison of each genotype with
P<0.001. Comparison of oec-Myc is indicated in the same manner but using the symbol “#";
#p < 0.001, P <0.001. F These cMSCs were examined via immunofluorescence for the expression of vascular endothelial marker vVWF (green),
inflammatory cell markers, IL-1a (red) and TNFa (green), and fibroblast markers, MMP2 (red) and MMP9 (green). Also shown is DAPI staining (nuclei;
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Oct4 overexpression dramatically decreased the protein
levels of inflammatory markers, CD80 and CD11b, and
fibroblast markers including collagen I and vimentin,
in oec-Myc-treated cMSCs, whereas the levels of these
marker proteins were significantly higher in oec-Myc-
transfected cMSCs than in sic-Myc-transfected cMSCs
(Fig. 4A-D). Western blot showed similar results after
Oct4 overexpression. Upregulating Oct4 in oec-Myc-
transfected cMSCs promoted increase in factor VIII and
a-SMA expressions, and downregulated the expression
of CD80, CD11b, collagen I, and vimentin. Moreover,
Oct4 overexpression inhibited decrease in angiogenesis
but promoted reduction of inflammatory and fibroblast
in sic-Myc-transfected cMSCs (Fig. 4E). Overall, Oct4
accelerates cMSCs to switch toward an angiogenesis
phenotype, and reduced their inflammatory and fibrosis
induced by c-Myc overexpression.

Oct4 regulates c-Myc function and translocation

We next investigated the underlying molecular mecha-
nism responsible for the promotion of Oct4 on c-Myc-
induced angiogenesis. It has been reported that in a
mouse lung model of KRas®'?P-driven adenomas, co-
activation of Myc and ras can drive tumor cell prolifera-
tion by programming inflammation and angiogenesis
[41]. The global transcriptional regulations were exam-
ined in the cMSCs transfected with vehicle or oeOct4
after 72 h of hypoxic culture. We mined the expression
of some known c-Myc targets in these cells and found
that oeOct4-transfected cMSCs have higher expression
of angiogenesis-related signaling (Fig. 5A), which is criti-
cal in promoting c-Myc-induced angiogenesis [42]. This
observation was confirmed by qRT-PCR (Fig. 5B). Espe-
cially, VEGF signaling including VEGF, VEGFR2, MAPK,
and Akt [43] were specifically and significantly activated
in 0eOct4-transfected cMSCs. To validate the effect of
Oct4 in mediating c-Myc functions, we transfected the
oec-Myc-treated cells with either Oct4 or a control vec-
tor. Although Oct4 overexpression did not affect c-Myc

Page 13 of 27

mRNA levels (Fig. 5C), it promoted tube-forming ability
in the c-Myc-treated cMSCs (Fig. 5D, E), confirming the
role of Oct4 in mediating c-Myc-induced angiogenesis of
c¢MSCs in vitro. To validate these results, we performed
silencing assays. In contrast with Oct4 overexpression in
c¢MSCs, silencing Oct4 markedly downregulated c-Myc
targets mainly including VEGF, VEGFR2, MAPK, and
AKT, compared with the control oligo, resulting in no
significant change in c-Myc expression (Fig. 5F). It has
been reported that altering Oct4 protein level affects its
translocation from nuclear to cytoplasm [44]. We iso-
lated total RNA from cytoplasm and nuclei and measured
the levels of Oct4. For cMSCs without Oct4 overex-
pression, higher levels of Oct4 were detected in nuclei
than in cytoplasm, but c-Myc expressed more signifi-
cantly in cytoplasm than in nuclei (Fig. 5G). For cMSCs
transfected with Oct4, significantly higher levels of the
ectopic Oct4 were detected in the cytoplasm relative to
the nuclei (Fig. 5H). Western blotting using fractionated
samples showed a similar distribution of c-Myc: Silencing
Oct4 resulted in higher expression of c-Myc in the nuclei
than in the cytoplasm, whereas overexpressing Oct4 pro-
duced an opposite pattern of c-Myc distribution (Fig. 5I).
By confocal microscopy, we detected mainly cytoplasmic
c-Myc in the Oct4-transfected cells and nuclear distribu-
tion of c-Myc in the vector-transfected cells (Fig. 5]). To
confirm the binding of the c-Myc promoter by Oct4, a
chromatin immunoprecipitation (ChIP) assay in cMSCs
was performed. It was suggested that c-Myc promoter
fragments could only be amplified from chromatin pre-
cipitated with Oct4 antibodies (Fig. 5K). Taken together,
our study showed that Oct4 overexpression induced
cytoplasmic translocation of c-Myc. It has been reported
that nuclear c-myc is readily degraded [45]. In our study,
¢-Myc was mainly translocated to the cytoplasm in
0eQOctd-treated cMSCs, but we did not detect decreased
level of total c-Myc. This suggested that c-Myc was colo-
calized with Oct4, preventing degradation (Additional
file 5: Fig. S4).

(See figure on next page.)

Fig. 4 Oct4 accelerates cMSCs to switch toward an angiogenesis phenotype. A Angiogenesis, inflammation, and fibrosis of cMSCs subjected to
transfection of oec-Myc or sic-Myc in the absence or presence of oeOct4, as determined using immunofluorescence with anti-vWF (red)/CD31
(green), CD8O (red)/CD11b (green), and collagen | (red)/vimentin (green), respectively. The nuclei were counterstained with DAPI (blue). BC D
Double-positive cells in angiogenesis, inflammatory, or fibrosis proteins were expressed as a percentage of VWFTCD31% B, CD80TCD11b™* C,

or collagen I"vimentin™ D relative to all cMSCs from A. All data are the means & SEM; statistical significance was evaluated using the unpaired
two-tailed Student’s t test with Welch's correction. Comparison of 0eOct4 oec-Myc is indicated as follows: ‘P<0.05, “P<0.001,
Comparison of oec-Myc or sic-Myc 4+ 0eOct4 is indicated in the same manner but using the symbol “#/ or “t, respectively; P < 0.001; "'P<0.001,
TP <0.001. E Immunoblotting with anti-vWF/CD31, CD80/CD11b, and collagen I/vimentin in cMSCs culture system with transfection of oec-Myc or
sic-Myc in the absence or presence of oeOct4. DAPI, 4/, 6-diamidino-2-phenylindole

ek

P<0.001.
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Fig.4 continued

Expression of Oct4 activating c-Myc in cMSCs improves
their myocardial repair

To further assess the roles of Oct4-c-Myc in mediat-
ing the response of cMSCs to local signals in the injured
heart, we injected cMSCs pre-treated with lentiviral
vectors encoding Oct4 (0eOct4), Oct4d siRNA (siOct4),
vehicle, or in combination with c-Myc siRNA (sic-Myc)
or c-Myc overexpression (oec-Myc) were randomly trans-
planted into the hearts of recipient rats subjected to
acute MI. Rats with MI were also randomly assigned to
receive PBS injection and served as a control group. The
160 animals were randomly divided into eight groups and
underwent serial echocardiography studies. Thereafter,
all animals were followed-up for 30 days, during which
36 rats died. The surviving 124 rats were then sacrificed
and subjected to pathology and molecular biology tests.
We evaluated cardiac function and remodeling by echo-
cardiography at 1 and 30 days after cell transplantation.
The rationale for a 30-day follow-up was to determine
myocardial repair of transplanted cMSCs. After 30 days,
Kaplan—Meier survival analysis showed higher survival
rate in the rats receiving transplantation of cMSCs trans-
fected with both oec-Myc and 0eOct4 than in the rats
receiving PBS injection and cMSCs therapy alone (95%
in the rats receiving both oec-Myc and oeOct4-treated
PBMSCs versus 50% in the rats receiving PBS, p=0.016;
versus 55% in the rats receiving cMSCs alone, p=0.020),
and this effect was canceled in the rats receiving siOct4-
treated cMSCs. However, the inhibition of Oct4 was not
rescued by c-Myc overexpression. No significant differ-
ences were found between the animals receiving cMSCs
alone and those receiving cMSCs pre-treated with oec-
Myc plus siOct4 or sic-Myc plus 0eOct4 (Fig. 6A). Echo-
cardiographic studies showed that on day 1 post-infarct,

animals in all eight groups developed typical changes
of acute heart failure and LV early remodeling, in com-
parison with data obtained at the baseline levels. These
changes included decreased cardiac function index LVES,
dilated LVEDD and LVEDV, and thinning of LVAW. Sig-
nificantly, cMSCs transfected with oec-Myc and 0eOct4
were more effective than vector-treated cMSCs in the
improvement of cardiac function, and the prevention
of adverse LV dilatation after MI (Fig. 6B-E). Although
transplantation of vector-treated cMSCs revealed slight
improvement of LVFS, LVEDD, LVEDYV, and LVAWd at
30d post-MI, oec-Myc-treated cMSCs were more effec-
tive than PBS in the improvement of these indexes.
Moreover, compared with vehicle-treated cMSCs and
oec-Myc-treated cMSCs, cMSCs treated with both oec-
Myc and 0eOct4 further increased the change in LVFS
by 3.6- and 2.2-fold, respectively (Fig. 6B), and LVAWd
by 75% and 31%, respectively (Fig. 6E), and decreased
the changes in LVEDD by 94% and 44%, respectively
(Fig. 6C), and LVEDV by 1.0- and 0.5-fold, respectively
(Fig. 6D). These beneficial effects were eliminated in the
rats receiving sic-Myc-treated ¢cMSCs. The indices in
the rats receiving PBS indicated sustained exacerbation
with decrease in LVEF, dilation of LVEDD and LVEDYV,
and thinning of LVAWd. Similarly, TTC staining dem-
onstrated the smallest amount of infarct size in the rats
receiving cMSCs co-treated with oec-Myc and oeOct4
(Fig. 6F). However, deficiency of c-Myc or Oct4 canceled
this decrease. Thus, overexpression of Oct4 in c-Myc-
transfected cMSCs enhanced their ability to improve car-
diac remodeling after MI.

Postmortem morphometry revealed that compared
with PBS injection, cMSCs therapy did not significantly
reduce Ml-induced inflammation, including neutrophil
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Fig. 5 Oct4 promoted cytoplasmic translocation of c-Myc. A Heatmap of c-Myc-differentially expressed genes (DEGs, change relative to the mean)
in vector-transfected cMSCs and Oct4-overexpressed cMSCs. The top 10 highly expressed proangiogenic factors are listed. Heatmap colors indicate
directionality (red: increased; blue: decreased). B RNAs extracted from vector-transfected cMSCs and Oct4-overexpressed cMSCs were subjected to
real-time RT-PCR. Significantly higher levels of c-Myc target factors were detected in the Oct4-overexpressed cMSCs than in the vector-transfected
cMSCs. CThe c-Myc null cMSCs were transfected with Oct4 or a control vector followed by real-time RT-PCR to confirm no significant difference

in the expression of c-Myc. D Tube formation ability of cMSCs transfected with Oct4 or control vector. All data are the means & SEM; statistical
significance was evaluated using the unpaired two-tailed Student’s t test with Welch's correction. E Typical images of capillary-like net-work
formation of cMSCs from these two groups. F The siRNA-transfected cells expressed significantly lower levels of VEGF signaling signals than the
control. All data are the means & SEM, and independent samples t test was used. G The mRNA expression of Oct4 and c-Myc in the cytoplasm

and the nuclei of c-Myc null cMSCs were detected by real-time RT-PCR. GAPDH was served as positive control. GAPDH and c-Myc were mainly
expressed in the cytoplasm, while significantly higher levels of Oct4 were detected in the nuclei than in the cytoplasm. P value for the difference
between groups was calculated by the nonparametric Kruskal-Wallis test followed by a Dunn multiple comparisons test. H, RNAs extracted from
cytoplasm and nuclei of cMSCs transfected with Oct4, Oct4 siRNA, or the vector were subjected to real-time RT-PCR. Significantly higher levels of
c-Myc were detected in the cytoplasm than in the nuclei. All data are the means 4 SEM, and independent samples ¢ test was used (n=10, each
group). | Western blotting revealed similar protein levels of c-Myc expression in the cell lysates. oeOct4-transfected cMSCs showed more expression
of cytoplasmic c-Myc than vector-transfected cMSCs, but Oct4 siRNA reversed this trend of expression, disclosing the dense expression of this factor
in the nuclei. K Chromatin immunoprecipitation (ChIP) assay for the binding of Oct4 to c-Myc promoter. Anti-lgG was used as a negative control,
anti-RNA-polymerase Il was used as a positive control
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infiltration, myocyte loss, and bleeding. Transplantation
of cMSCs co-transfected with Oct4 and c-Myc caused the
greatest reduction of myocardial inflammation, accom-
panying the greatest increase in viable cardiomyocytes.
However, this amelioration was abolished by transfection
of Oct4 siRNA (Fig. 7A-C). By microscopic examination,
infarcted hearts treated with oec-Myc-transfected cMSCs
displayed inflammation, fibrosis, and angiogenesis at the
infarct site, and co-transfection of the two siRNAs of
c-Myc and Oct4 showed extensive fibrosis with a thicker,
fibrotic scar 30 days after MI (Fig. 7A, D, E). These find-
ings probably reflect an anti-fibrotic response of Oct4
in collaboration with the implanted cardiac MSCs. It is
interesting to note that a microscopic evaluation revealed
cardiomyogenesis in the rats receiving transplantation of
c¢MSCs co-transfected with c-Myc and Oct4. This cardio-
myogenesis was mainly located around the blood vessels
(Fig. 7A).

All cells were transplanted from male donors into
female recipient hearts. Thus, cell retention was
assessed by staining for the sex-determining region Y
chromosome (Fig. 8A—C). Indeed, we found signifi-
cant amounts of donor cells at the site of transplanta-
tion of cMSCs transfected with oec-Myc plus oeOct4.
In contrast, we identified only a few donor cells in
the hearts receiving sic-Myc/siOct4-treated cMSCs
(Fig. 8A, B). Quantitative statistical analysis displayed
that the number of cMSCs was greater in hearts treated
with cMSCs co-transfected with c-Myc and Oct4 than
in the hearts treated with ¢cMSCs alone, or ¢cMSCs
transfected with sic-Myc or/ plus siOct4, 30 days after

MI (Fig. 8C). Moreover, in hearts treated with cMSCs
co-transfected with c-Myc and Oct4, a greater increase
in the number of engrafted cells was accompanied by
a significant compensatory angiogenic response. As
shown in Fig. 8F, the capillary-to-myocyte ratio was
1.3-fold greater in the rats treated with ¢cMSCs co-
transfected with c-Myc and Oct4, as compared to the
rats receiving PBS injection. At the same time, sig-
nificantly increased values of capillary-to-myocyte
ratio were detected in the hearts treated with cMSCs
transfected with oec-Myc only or sic-Myc plus 0eOct4,
while a significant reduction in myocardial capillarity
was caused by depletion of c-Myc or Oct4. Oct4 also
promoted proangiogenic effects of c-Myc in the trans-
planted cMSCs. To determine the distribution of these
transplanted cells in the infarcted heart, we pre-labeled
cMSCs genetically with EGFP before transplantation.
Notably, EGFP" (plasma stained green) cells were
not dispersed throughout the left ventricle but were
assembled around blood vessels as revealed by double
staining these cells with anti-vWF monoclonal anti-
bodies (Fig. 8D, E). vWF is a marker of blood vascular
endothelial cells and communicates angiogenesis. The
number of vWF" (plasma stained red) endothelial
cells per square millimeter was counted under fluores-
cence microscope in the peri-infarct regions of hearts
from these different treatment groups. The vessel den-
sity was increased in oec-Myc-treated ¢cMSCs com-
pared with PBS-treated cMSCs and was even higher
in the oec-Myc+ 0eOct4 treated cMSCs than in the
oec-Myc-transfected cMSCs (Fig. 8D, E, G). Moreover,
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Fig. 6 Overexpression of Oct4 and c-Myc in implanted cMSCs improves their myocardial repair in recipient rats 30 days after MI. A Kaplan-Meier
survival rates. B-E Echocardiography of LVFS B, LVEDD C, LVEDV D, and LVAWd E before Ml (pre-Ml), 1d after Ml (1d post-MI), and 30d after MI (30d
post-Ml). Transplantation of cMSCs with co-transfection c-Myc and Oct4 had higher survival rates and significant improvement in cardiac function
and structural remodeling. However, this was canceled by inhibition of c-Myc or Oct4, which was not rescued by combining with Oct4 or c-Myc
transfection. (F) Quantitation of infarct size as determined by TTC staining at 30d post-MI. All graphical data are the means &= SEM. Welch ANOVA
analyses were performed. p <0.05: "vs PBS injection, *vs. cMSCs therapy alone, “vs. Transplantation of oec-Myc transfected cMSCs, fvs. Transplantation
of cMSCs transfected with oec-Myc plus oeOct4, vs. Transplantation of cMSCs transfected with oec-Myc plus siOct4, v Transplantation of cMSCs
transfected with sic-Myc, %vs. Transplantation of cMSCs transfected with sic-Myc plus oeOct4, *vs. pre-MI, vs. 1d post-MI. (B-E): Pre-MI, n= 20 per
group. At 1d post-MI, PBS injection, n=19; cell therapy: vehicle-treated cMSCs, n = 20; oec-Myc-treated cMSCs, n= 20; oec-Myc plus oeOct4-treated
PBMSCs, n=20; oec-Myc plus siOct4-treated PBMSCs, n=20; cMSCs treated with sic-Myc alone, n=20; cMSCs treated with sic-Myc plus oeOct4,
n=19, cMSCs treated with sic-Myc plus siOct4, n=20. At 30 d post-MI, PBS injection, n=10; cell therapy: vehicle-treated cMSCs, n=13;
oec-Myc-treated cMSCs, n= 14; oec-Myc plus oeOct4-treated PBMSCs, n= 19; oec-Myc plus siOct4-treated PBMSCs, n =13; cMSCs treated with
sic-Myc alone, n=13; cMSCs treated with sic-Myc plus 0eOct4, n = 14, cMSCs treated with sic-Myc plus siOct4, n=11. F n=5, each group

some EGFP-labeled cMSCs expressed vWF (Fig. 8D, E,  (Fig. 8G, r=0.94, p=0.018), probably communicat-
arrowhead). These cells seemed to switch into a vascu-  ing proangiogenic “rescue me” signals to save cMSCs.
lar endothelial phenotype. Overexpression of Oct4 pro-  Together our findings indicate that Oct4 overexpres-
moted the expression of vWF on oec-Myc-transfected  sion cooperated with c-Myc to promote MEndoT
cMSCs (Fig. 8D). In addition, the density of trans-  of implanted cMSCs in vivo, improve their survival,
planted cells was positively correlative with the num-  and enhance cardiomyogenesis, which subsequently
ber of blood vessels assessed by immunofluorescence
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led to decreased scar formation and inhibition of LV
remodeling.

Discussion

The variations in phenotype and differentiation potential
of MSCs in ischemic hearts have been demonstrated to
have distinct roles in myocardial repair, some beneficial
and some detrimental [31]. In the present study, com-
pared with cMSCs from Sham hearts, cMSCs from Isch
hearts showed proinflammatory phenotype with lower
anti-inflammation, decreased proangiogenic phenotype,
and worse fibrosis. This finding is important because
proinflammatory MSCs can aggravate inflammation
and myocardial damage [4, 46]. Moreover, cMSCs trans-
plantation alone did not attenuate inflammatory, scar-
ring, and fibrosis compared to PBS injection. However,
c¢MSCs-specific overexpression of Oct4 significantly
improved their survival and proliferation consistent with
switching proinflammatory ¢cMSCs toward a proangio-
genic phenotype. Transplantation of these remodeled
c¢MSC:s significantly improved survival, cardiac function
and remodeling of rats with MI. Our findings could be of
important clinical applications of MSC-base therapy and
help provide a strategy to improve the therapeutic effect
of transplanted stem cells. To the best of our knowledge,
our study is the first to show the potential for negative
interaction between cardiac MSCs and the inflammatory
or infarcted heart and the key role of Oct4 in cMSCs dif-
ferentiation away from a proinflammatory to a proangio-
genic type in the setting of myocardial ischemia.

The inflammatory microenvironment of AMI has an
inhibitory effect on the stem cell potential for regener-
ating the injured myocardium. Secretion of proinflam-
matory cytokines hinders their proliferation and favors
differentiation [47]. In our study, cMSCs from ischemic
hearts secreted proinflammatory cytokines includ-
ing IL-1a, IL-6, MMP2, MMP9, TGE-S1, and TNFa, as
well as inhibited secretion of proangiogenic cytokines
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including Angl, bFGF, HGF, VEGF, Tie2, and VEGFR,
and anti-inflammatory factor IL-4, causing decrease
in their proliferation and angiogenesis, and exacerba-
tion of inflammatory transformation. These unfavorable
outcomes of MSCs in ischemic hearts may explain the
underlying pathogenetic mechanisms of reported adverse
effects in clinical trials. Our findings could be signifi-
cant for the identification of new targets to improve the
use of MSCs therapy by facilitating cell engraftment and
functional phenotype transformation. Thus, with smaller
proliferation and angiogenesis of cMSCs in ischemic con-
dition, we focused on improving their favorable effects.
Preliminary studies have illuminated that bone mar-
row MSCs could be reprogrammed into pluripotency by
transduction with stemness factors Oct4, Sox2, Klf4, and
c-Myc, leading to effective repair of the infarcted heart
[48]. Oct4 plays a significant role in the survival and func-
tion of various MSCs. Our previous study showed Oct4
as an essential aspect for survival and neovascularization
of MSCs in the ischemic conditions [11]. Oct4 can act as
a mediator to cooperate with HIF-2a to promote prolifer-
ation and function of coronary arterial MSCs in ischemic
hearts [10]. Furthermore, Oct4 is involved in maintain-
ing and regaining stem cell pluripotency by serving as
an exogenous stemness factor [49]. However, few cur-
rent studies have examined the specific effects of endog-
enous Oct4 on phenotypic transitions and proliferative
ability of cMSCs. In this study, we found that compared
with sham c¢cMSCs, Oct4 is downregulated in ischemic
c¢MSCs and consistent with decreased secretion of proan-
giogenic and anti-inflammatory factors. We explored
the consequences of Oct4 upregulation. Oct4 promoted
c¢MSC:s proliferation and growth in vitro. Oct4 also pro-
moted expression of angiogenesis-related signaling and
tube-forming ability of cMSCs in a hypoxic culture. Our
results are in line with the new paradigm of MSC pheno-
typic transitions [31, 50, 51]. Giallongo et al. [51] showed
that MSCs in the inflammatory microenvironment

(See figure on next page.)

Fig. 7 Oct4 collaborated with c-Myc-transfected cMSCs to ameliorate MI pathology. A To determine the effects of Oct4 and c-Myc-treated cardiac
MSCs on left ventricle structure 30 days after MI, hearts were stained with Masson’s Trichrome (Left and Middle) or hematoxylin and eosin (Right).
The infarct zone of the oec-Myc-transfected cMSCs-treated group contained inflammation, fibrosis, and angiogenesis, which were favorably
replaced by angiogenesis and cardiomyogenesis after co-transfection of Oct4. However, hearts of rats treated with cMSCs co-transfected with
siRNAs of c-Myc and Oct4 displayed extensive fibrosis in the infarct zone demonstrated by collagen formation (blue).The PBS-treated group showed
mostly inflammation and scar formation. B through E. Morphometric measurements of inflammatory cells B, viable myocardium C, relative scar area
D, and collagen content (E) 30 days after cell therapy revealed a smaller and thicker scar in the oeOct4 plus c-Myc-transfected cMSCs-treated group,
compared with alone cMSCs- and PBS-treated groups. Quantitative analysis of viable myocardium Cin rat hearts from the different groups showed
significantly larger ratios of viable myocardium in hearts treated with cMSCs receiving co-transfection of c-Myc and Oct4, compared with alone
cMSCs- and PBS-treated groups. P value for the difference between groups was calculated by the Welch test followed by a Brown-Forsythe multiple
comparisons test. p<0.05: "vs PBS injection, *vs. cMSCs therapy alone, “vs. Transplantation of oec-Myc transfected cMSCs, Tvs. Transplantation

of cMSCs transfected with oec-Myc plus 0eOct4, Svs. Transplantation of cMSCs transfected with oec-Myc plus siOct4, lvs. Transplantation of

cMSCs transfected with sic-Myc, ﬂvs.Transp\antation of cMSCs transfected with sic-Myc plus oeOct4 (n=5, each group). cMSCs indicate cardiac
mesenchymal stem cells; H&E, hematoxylin and eosin; PBS, phosphate-buffered solution
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Fig. 8 Outcome of the implanted cMSCs. A and B, Donor cMSCs in the infarcted hearts 30 days after transplantation. To determine the survival

of implanted cMSCs (male) in infarcted myocardium (female), the hearts were stained against SRY 30 days after transplantation. Representative
microscopic images of the infarct zone: brown nuclear staining indicates transplanted, SRY-positive cMSCs, and blue nuclear staining indicates

host cells. cMSCs were found at the residual viable myocardium and were abundant in the heart sections receiving cMSCs co-transfected with
oec-Myc and 0eOct4 (A red arrows). C The number of SRYTcMSCs presented in the infarcted hearts after 30 days of transplantation. D and E Double
immunostaining with EGFP (green) and anti-vWF (vascular endothelial cytoplasm were stained red) showed that EGFP™ cells were gathered around
blood vessels and were abundant in the heart sections treated with oec-Myc plus oeOct4-transfected cardiac MSCs. Some of the transplanted
EGFP cells were also stained with VWF (white arrows). F Number of capillaries measured by vWF positive capillaries per laminin-outlined
cardiomyocyte in transverse heart Sects. 30 days after PBS injection or cell therapy. P value for the difference between groups was evaluated using
Student’s t test. G Quantitative data of number of blood vessels in the infarcted hearts 30 days after PBS injection or cell therapy. C and G: P value for
the difference between groups was calculated by the Welch test followed by a Brown-Forsythe multiple comparisons test. p < 0.05: "vs PBS injection,
*vs. cMSCs therapy alone, “vs. Transplantation of oec-Myc transfected cMSCs, fvs. Transplantation of cMSCs transfected with oec-Myc plus oeOct4,
Svs. Transplantation of cMSCs transfected with oec-Myc plus siOct4, I vs. Transplantation of cMSCs transfected with sic-Myc, fvs. Transplantation

of cMSCs transfected with sic-Myc plus oeOct4 (n =5, each group). H The correlation between the number of transplanted cells and the number
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can be induced into a proinflammatory phenotype or a
proangiogenic phenotype responding to various stimu-
lation, resulting in different proangiogenic modulatory
effects and secretomes in vitro [50]. In the present study,
we found that myocardial ischemia switched cMSCs
toward an inflammatory phenotype, while cMSCs by
overexpression of Oct4 developed a proangiogenic pro-
file. Together, these data support our conclusion that
Oct4 has pleiotropic effects on the survival, proliferation,
paracrine, and differentiation of cMSCs. Therefore, we
conclude that Oct4 has proangiogenic activity and pro-
motes cMSCs angiogenesis.

The role of Oct4 in cooperation with c-Myc in MEndoT

of cMSCs

In the current study, we defined translocation of c-Myc
induced by Oct4 as a novel mechanism for MEndoT of
c¢MSCs in hypoxic or ischemic conditions. c-Myc is

essential for vasculogenesis and angiogenesis during
development and tumor progression [52]. However, the
underlying mechanism and the effects of the c-Myc path-
way on MEnodT of cMSCs remain unclear. The present
study shows that compared with MSCs from Sham rats,
MSCs from Isch rats have higher expression of c-Myc
accompanied with increased expression of inflammatory
and proangiogenic factors. Moreover, c-Myc overexpres-
sion further increased expression of proliferation factor
Chdl, proinflammatory cytokines (IL-la, IL-6, TNF«),
fibrotic factors (MMP2, MMP9), and proangiogenic fac-
tors (Angl, bFGF, HGF, IGF1, VEGE, Tie2, and VEGFR),
leading to simultaneously promote cell proliferation,
inflammation, angiogenesis and fibrosis under hypoxic
condition. Transplantation of cMSCs overexpressed
c-Myc into ischemic hearts caused co-increase in myo-
cardial inflammation, fibrosis, and angiogenesis, result-
ing in no markedly favorable effects on myocardial repair.
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By contrast, knockdown of c-Myc expression by siRNA
on cMSCs had decreased secretion of proinflamma-
tory and proangiogenic factors. MEndoT contributes to
neovascularization of the injured heart and represents a
potential therapeutic target for enhancing cardiac repair
[53]. In the present study, the positive effect of c-Myc
overexpression on MEnodT of cMSCs was offset by its
negative effect on inducing inflammatory and fibroblast
responses, thus showing ineffective effects on myocar-
dial repair. This finding is paradoxical because exogenous
c-Myc has traditionally been considered beneficial for
myocardial repair [54]. Yet, it helps to explain why myo-
cardial ischemia switches MSCs toward an inflamma-
tory phenotype and impairs their reparative properties
[31]. It may also explain why some clinical trials did not
identify that MSCs transplantation could largely promote
the recovery of LV function and myocardial viability after
AMI [55, 56].

However, direct comparison of gene overexpression
showed that ¢cMSCs-specific overexpression of c-Myc
versus Oct4 resulted in different genomic signatures con-
sistent with the profoundly different hypoxic phenotypes
exhibited by these MSCs (i.e., smaller MEnodT with a
larger inflammation and fibrosis in c-Myc-overexpressed
c¢MSCs and larger MEnodT nearly lacking inflammation
and fibrosis in Oct4 overexpressed cMSCs). Moreover,
Oct4 in synergistic combination with c-Myc can undergo
phenotypic transition to fully differentiated blood vas-
cular endothelial cells, namely MEnodT. This combina-
tion is a negative force for inflammation and fibrosis. The
results are of major importance, because they indicate
that these 2 transcription factors act cooperatively in
regulating stem cell pluripotency [57], resulting in virtu-
ally MEndoT by synergistically altering the phenotypic
transition of cMSCs. Further investigation of this in vivo
cooperation of c-Myc and Oct4 showed that overexpres-
sion of Oct4d in c-Myc-transfected cMSCs enhanced
their ability to improve animal survival, cardiac remod-
eling, and function through promoting angiogenesis,
anti-inflammatory, and anti-fibrotic response after ML
Conversely, transfection of Oct4 siRNA canceled these
beneficial effects of cMSCs therapy. Moreover, transplan-
tation of cMSCs transfected with Oct4 siRNA increased
scar thickness. This finding is important because, on the
basis of Laplace’s law, increased scar thickening leads to
wall thinning, and subsequent infarct expansion and LV
remodeling [31]. Indeed, implanted Oct4 siRNA cMSCs
resulted in significant LV dilation and impaired car-
diac function after MI.

Further studies on the relationship between Oct4 and
c-Myc surprisingly showed that Oct4 overexpression did
not significantly affect c-Myc expression but regulate
c-Myc translocation. Oct4 overexpression upregulated
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multiple known c-Myc targets through c-Myc nuclear-
to-cytoplasm translocation, leading to enhancement of
MEnodT. c-Myc is known to localize in the nucleus and
nucleoli [58]. Nuclear c-Myc is readily degraded [59]. In
the present study, large levels of c-Myc were translocal-
ized to the cytoplasm in Oct4 overexpressed cMSCs,
but we did not detect increased level of total c-Myc.
Similarly, Oct4 expression was significantly higher in
the cytoplasm than in the nuclei. Conversely, c-Myc
mainly gathered surrounding the nuclei of c¢MSCs
after Oct4 siRNA interference. This suggests that Oct4
mediated c-Myc translocation from the nucleus to the
cytoplasm, preventing c-Myc degradation. ChIP assay
confirmed that the c-Myc binding motif overlapped with
the Oct4 binding site. Simultaneously, upregulation of
the nucleus-to-cytoplasm translocation of c-Myc was
accompanied by coordinated activation of VEGF sign-
aling including VEGE, VEGFR2, MAPK, and AKT after
Oct4 overexpression. VEGF signaling plays a key role in
the formation and growth of blood vessels. Inspection of
VEGEF signaling-mediated MEnodT revealed that a neu-
tralizing antibody against VEGF-A can efficiently block
endothelial marker expression and inhibit cell angiogene-
sis [60]. Taken together, Oct4 interacts with c-Myc within
the cytoplasm, which activates VEGF signaling, resulting
in increased MEnodT and angiogenesis of cMSCs under
hypoxic condition (Additional file 5: Fig. S4).

Furthermore, we identified Oct4 and c-Myc cooper-
ated to increase cell retention and angiogenesis in vivo.
Based on our in vitro culture proliferation assays and
differentiation assays, we postulate that in the context
of myocardial ischemia, Oct4 overexpressed cMSCs
were assembled around blood vessels and differentiated
toward a vascular endothelial phenotype. Consistent
with this phenotypic transition, was the promotion of the
proangiogenic paracrine action, which enhanced vascular
formation.

c-Myc/VEGF signaling axis could mediate this effect
because our microarray indicated it is expressed in Oct4
overexpressed cells. These results are consistent with our
previous findings showing that VEGF expression was
upregulated in Oct4 overexpressed MSCs and promoted
angiogenesis and engraftment [10]. Transgenic studies
have shown that c-Myc is necessary for VEGF expression
in ES cells and in vivo, and is sufficient to induce an angi-
ogenic response [52]. In the current study, Oct4 binds
to and cooperates with c-Myc to activate some intracel-
lular signaling pathways, including angiogenesis, cell
activation, and anti-inflammatory system process, lead-
ing to the activation of cell proliferation and MEndoT,
as well as inhibition of inflammation and fibrosis under
hypoxic condition. These findings allow us to reinterpret
the meaning of Oct4 in cMSCs phenotypic transitions
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in the context of MI. Indeed, Oct4 also cooperated with
c-Myc to promote MEndoT of cMSCs in the ischemic
hearts, resulting in further improvement of animal sur-
vival and cardiac function, and attenuation of LV remod-
eling after MIL. Decreased Oct4 or c-Myc levels reflected
exacerbated myocardial death, inflammatory response,
and fibrosis. These factors have detrimental effects on the
myocardium by increasing infarct size and attenuating
heart function. The strong synergistic effects of Oct4/c-
Myc against myocardial injury suggest that those patients
with high expression levels of Oct4 and c-Myc in MSCs
post-MI may represent a distinct group that will benefit
from MSCs treatment.

An unusual finding was the presence of islands of car-
diomyogenesis surrounded by blood vessels in the infarcts
of rats treated with cMSCs co-transfected with Oct4 and
c-Myc. MSCs have the proven capacity to differentiate
into blood vascular endothelial cells (ECs) [61] and pro-
mote the neovascularization capacity of ECs, which is
associated with improved myocardial protection and anti-
fibrotic effects on the heart [62]. The synergistic effects
of c-Myc and Oct4 on MEndoT capacity of cMSCs could
partially explain the unique finding of cardiomyogenesis.
It is interesting to note that engrafted cMSCs located
around blood vessels and expressed vWF, a marker of
blood vascular ECs, which communicates vasculogenesis
and activates their rescue properties through an adap-
tive reparative response on the heart [63]. We have shown
that although c-Myc overexpression induced vasculogen-
esis of cMSCs, it simultaneously caused an inflamma-
tory response, which did not lead to increased survival of
transplanted cMSCs. Co-overexpression of Oct4 can be
an advantage to avoid an inflammatory response by c-Myc
and amplify its angiogenesis effect. It seems that coopera-
tion of c-Myc and Oct4 improves implanted cMSCs sur-
vival and their therapeutic effects. The positive synergistic
effect between c-Myc and Oct4 in our study gives clinical
evidence of the possible utility of c-Myc/Oct4 as a thera-
peutic target to improve the efficacy of cell therapy.

Conclusions

Altogether, our work proposes that the synergetic coop-
eration between c-Myc and Oct4 could promote MEn-
doT capacity of cMSCs, diminish the negative effects of
cardiac inflammation on the MSC’s reparative properties,
enhance cell retention, and improve the outcome of cell
therapy after ML

Abbreviations

AMI: Acute myocardial infarction; Ang-1: Angiopoietin 1; Bfgf: Basic fibroblast
growth factor; cMSCs: Cardiac-resident mesenchymal stem cells; FACS: Flow
cytometry analysis; IVSd: Interventricular septal thickness in diastole; Isch:
Ischemia; LAD: Left anterior descending coronary artery; LV: Left ventricu-

lar; LVEDD: Left ventricular end-diastolic dimension; LVESD: Left ventricular

Page 24 of 27

end-diastolic dimension; LVEF: Left ventricular ejection fraction; LVFS: Left
ventricular fractional shortening; LVEDV: Left ventricular end-diastolic volume;
LVESV: Left ventricular end-systolic volume; LVPW: Left ventricular posterior
wall thickness; MEndoT: Mesenchymal-to-endothelial transition; MI: Myocar-
dial infarction; MNs: Mononuclear cells; MSCs: Mesenchymal stem cells; PbMSs:
Peripheral blood MSCs; TTC: Triphenyltetrazolium chloride; Tx: Cell therapy;
VEGF: Vascular endothelial growth factor.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-022-03120-7.

Additional file 1: An expanded Materials and Methods section.

Additional file 2: Fig. S1. Flowchart of cell preparation, gene transfec-
tion, culture, transplantation, echocardiography, and histopathologic
evaluation.

Additional file 3: Fig. S2. Characterization of MSCs from myocardial
ischemic rats.

Additional file 4 : Fig. S3. c-Myc and Oct4 contribute differently to the
in vitro growth of cMSCs.

Additional file 5: Fig. S4. Proposed mechanism of Oct4 overexpression
induced cytoplasmic translocation of c-Myc.

Additional file 6: Table S1. Primers for gRT-PCR.

Additional file 7: Table S2. The antibodies for western blotting, immuno-
fluorescence, and immunohistochemistry, respectively.

Additional file 8: WB original pictures in Figure 2F.
Additional file 9: WB original pictures in Figure 4E.
Additional file 10: WB original pictures in Figure 5I.

Acknowledgements

The authors thank Libing Dai (Guangzhou Institute of Traumatic Surgery,
Guangzhou Red Cross Hospital, Jinan University, Guangzhou, China) for the
technical assistance.

Author contributions

Lan Zhao carried out the molecular genetic and cell culture studies, par-
ticipated in the sequence alignment, and drafted the manuscript. Jianshuo
Wang helped to conceive of the study and draft the primary manuscript and
carried out the molecular and pathologic detection in the revision work.
Pengzhen Wang helped to generate the EGFP-labeled mesenchymal stem
cells, carried out the molecular genetic studies, and analyzed data in the
revised manuscript. Zhanyu Deng participated in the animal studies. Jin Cui
carried out the histology. Weiguang Huang participated in the animal studies.
Shaoheng Zhang conceived of the study, participated in its design and coor-
dination, and helped to draft the manuscript. All the authors have read and
approved the final manuscript.

Funding

This work was supported by the National Natural Sciences Foundation of
China (81770291, to Zhang S), the Guangdong Provincial Natural Science Fund
(key projects, 20188030311011, to Zhang S), and the Guangzhou Science and
Technology Planning Project (202002030081 to Zhang 9S).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethical Approval and Consent to participate

The Animal Care and Use Committee of GuangZhou Red Cross Hospital Medi-
cal College of Ji-Nan University approved all animal experiments, which were
in compliance with the Guide for the Care and Use of Laboratory Animals
published by the National Academy Press.


https://doi.org/10.1186/s13287-022-03120-7
https://doi.org/10.1186/s13287-022-03120-7

Zhao et al. Stem Cell Research & Therapy

(2022) 13:445

Consent for publication
Not applicable.

Competing interests
There is no conflict of interest between the authors.

Author details

'Department Of Cardiology, GuangZhou Red Cross Hospital Medical Col-

lege of Ji-Nan University, 396 Tongfuzhong Road, Haizhu District, Guang-
zhou 510220, China. 2Department of Cardiology, Dahua Hospital, 901
Laohumin Road, Xuhui District, Shanghai 200237, China. *Guangzhou Institute
of Traumatic Surgery, Guangzhou Red Cross Hospital, Jinan University, Guang-
zhou, Guangdong 510220, People’s Republic of China.

Received: 1 April 2022 Accepted: 4 August 2022
Published online: 02 September 2022

References

1.

Sun SJ, Lai WH, Jiang Y, Zhen Z, Wei R, Lian Q, Liao SY, Tse HF. Immu-
nomodulation by systemic administration of human-induced pluripotent
stem cell-derived mesenchymal stromal cells to enhance the therapeutic
efficacy of cell-based therapy for treatment of myocardial infarction.
Theranostics. 2021;11:1641-54. https://doi.org/10.7150/thno.46119.
Zhang S, Zhao L, Shen L, Xu D, Huang B, Wang Q, Lin J, Zou Y, Ge J.
Comparison of various niches for endothelial progenitor cell therapy

on ischemic myocardial repair: coexistence of host collateralization and
Akt-mediated angiogenesis produces a superior microenvironment.
Arterioscler Thromb Vasc Biol. 2012;32:910-23. https://doi.org/10.1161/
ATVBAHA.111.244970.

Zhang W, Lavine KJ, Epelman S, Evans SA, Weinheimer CJ, Barger PM,
Mann DL. Necrotic myocardial cells release damage-associated molecular
patterns that provoke fibroblast activation in vitro and trigger myocardial
inflammation and fibrosis in vivo. J Am Heart Assoc. 2015;4: e001993.
https://doi.org/10.1161/JAHA.115.001993.

Bernardo ME, Fibbe WE. Mesenchymal stromal cells: sensors and switch-
ers of inflammation. Cell Stem Cell. 2013;13:392-402. https://doi.org/10.
1016/j.stem.2013.09.006.

Yan W, Abu-EI-Rub E, Saravanan S, Kirshenbaum LA, Arora RC, Dhingra S.
Inflammation in myocardial injury: mesenchymal stem cells as potential
immunomodulators. Am J Physiol Heart Circ Physiol. 2019;317:H213-25.
https://doi.org/10.1152/ajpheart.00065.2019.

Hara A, Kobayashi H, Asai N, Saito S, Higuchi T, Kato K, Okumura T, Bando
YK, Takefuji M, Mizutani Y, Miyai Y, Saito S, Maruyama S, Maeda K, Ouchi N,
Nagasaka A, Miyata T, Mii S, Kioka N, Worthley DL, Murohara T, Takahashi
M, Enomoto A. Roles of the mesenchymal stromal/stem cell marker
meflin in cardiac tissue repair and the development of diastolic dysfunc-
tion. Circ Res. 2019;125:414-30. https://doi.org/10.1161/CIRCRESAHA.119.
314806.

Bacmeister L, Schwarzl M, Warnke S, Stoffers B, Blankenberg S, Wester-
mann D. Lindner D () Inflammation and fibrosis in murine models of
heart failure. Basic Res Cardiol. 2019;114:19. https://doi.org/10.1007/
500395-019-0722-5.

Batlle R, Andrés E, Gonzalez L, Llonch E, Igea A, Gutierrez-Prat N,
Berenguer-Llergo A, Nebreda AR. Regulation of tumor angiogenesis

and mesenchymal-endothelial transition by p38a through TGF-6 and
JNK signaling. Nat Commun. 2019;10:3071. https://doi.org/10.1038/
$41467-019-10946-y.

Zhuang Q, LiW, Benda C, Huang Z, Ahmed T, Liu P, Guo X, Ibafiez DP,

Luo Z, Zhang M, Abdul MM, Yang Z, Yang J, Huang Y, Zhang H, Huang D,
Zhou J, Zhong X, Zhu X, Fu X, Fan W, Liu Y, Xu Y, Ward C, Khan MJ, Kanwal
S, Mirza B, Tortorella MD, Tse HF, Chen J, Qin B, Bao X, Gao S, Hutchins

AP, Esteban MA. NCoR/SMRT co-repressors cooperate with c-MYC to
create an epigenetic barrier to somatic cell reprogramming. Nat Cell Biol.
2018;20:400-12. https://doi.org/10.1038/s41556-018-0047-x.

Zhang S, Zhao L, Wang J, Chen N, Yan J, Pan X. HIF-2a and Oct4 have syn-
ergistic effects on survival and myocardial repair of very small embryonic-
like mesenchymal stem cells in infarcted hearts. Cell Death Dis. 2017;8:
€2548. https://doi.org/10.1038/cddis.2016.480.

20.

21

22.

23.

24.

25.

26.

27.

Page 25 of 27

. JiZ,Chen S, Cui J, Huang W, Zhang R, Wei J, Zhang S. Oct4-dependent

FoxC1 activation improves the survival and neovascularization of
mesenchymal stem cells under myocardial ischemia. Stem Cell Res Ther.
2021;12:483. https://doi.org/10.1186/513287-021-02553-w.

. Pan M, Wang X, Chen, Cao S, Wen J, Wu G, LiY, Li L, Qian C,Qin Z, Li Z,

Tan D, Fan Z, Wu W, Guo J. Tissue engineering with peripheral blood-
derived mesenchymal stem cells promotes the regeneration of injured
peripheral nerves. Exp Neurol. 2017;292:92-101. https://doi.org/10.1016/].
expneurol.2017.03.005.

. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,

Moorman MA, Simonetti DW, Craig S, Marshak DR. Multilineage potential
of adult human mesenchymal stem cells. Science. 1999,284:143-7.
https://doi.org/10.1126/science.284.5411.143.

. Mihaila SM, Frias AM, Pirraco RP, Rada T, Reis RL, Gomes ME, Marques AP.

Human adipose tissue-derived SSEA-4 subpopulation multi-differentia-
tion potential towards the endothelial and osteogenic lineages. Tissue
Eng Part A. 2013;19:235-46. https://doi.org/10.1089/ten.TEA.2012.0092.

. Hu X, Zhu J, Li X, Zhang X, Meng Q, Yuan L, Zhang J, Fu X, Duan X, Chen

H, Ao Y. Dextran-coated fluorapatite crystals doped with Yb3*/Ho3™ for
labeling and tracking chondrogenic differentiation of bone marrow mes-
enchymal stem cells in vitro and in vivo. Biomaterials. 2015;52:441-51.
https://doi.org/10.1016/j.biomaterials.2015.02.050.

. Martella E, Bellotti C, Dozza B, Perrone S, Donati D, Lucarelli E. Secreted

adiponectin as a marker to evaluate in vitro the adipogenic differentia-
tion of human mesenchymal stromal cells. Cytotherapy. 2014;16:1476-85.
https://doi.org/10.1016/jjcyt.2014.05.005.

. Wang JH, Zhao L, Pan X, Chen NN, Chen J, Gong QL, Su F, Yan J, Zhang Y,

Zhang SH. Hypoxia-stimulated cardiac fibroblast production of IL-6 pro-
motes myocardial fibrosis via the TGF-B1 signaling pathway. Lab Invest.
2016;96:839-52. https://doi.org/10.1038/labinvest.2016.65.

. Zhu P Wang, He L, Huang G, DuY, Zhang G, Yan X, Xia P, Ye B, Wang S,

Hao L, Wu J, Fan Z. ZIC2-dependent OCT4 activation drives self-renewal
of human liver cancer stem cells. J Clin Invest. 2015;125:3795-808.
https://doi.org/10.1172/JCI81979.

. ShenY, Zhang R, Xu L, Wan Q, Zhu J, Gu J, Huang Z, Ma W, Shen M,

Ding F, Sun H. Microarray analysis of gene expression provides new
insights into denervation-induced skeletal muscle atrophy. Front Physiol.
2019;10:1298. https://doi.org/10.3389/fphys.2019.01298.

Wang JH, Kumar S, Liu GS. Bulk gene expression deconvolution reveals
infiltration of M2 macrophages in retinal neovascularization. Invest Oph-
thalmol Vis Sci. 2021,62:22. https://doi.org/10.1167/iovs.62.14.22.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
https://doi.org/10.1186/513059-014-0550-8.

Alencar GF, Owsiany KM, Karnewar S, Sukhavasi K, Mocci G, Nguyen AT,
Williams CM, Shamsuzzaman S, Mokry M, Henderson CA, Haskins R, Baylis
RA, Finn AV, McNamara CA, Zunder ER, Venkata V, Pasterkamp G, Bjorkeg-
ren J, Bekiranov S, Owens GK. Stem cell pluripotency genes KIf4 and Oct4
regulate complex SMC phenotypic changes critical in late-stage athero-
sclerotic lesion pathogenesis. Circulation. 2020;142:2045-59. https://doi.
org/10.1161/CIRCULATIONAHA.120.046672.

Worringer KA, Rand TA, Hayashi Y, Sami S, Takahashi K, Tanabe K, Narita M,
Srivastava D, Yamanaka S. The let-7/LIN-41 pathway regulates reprogram-
ming to human induced pluripotent stem cells by controlling expression
of prodifferentiation genes. Cell Stem Cell. 2014;14:40-52. https://doi.org/
10.1016/j.stem.2013.11.001.

Loots GG, Ovcharenko |, Pachter L, Dubchak |, Rubin EM. rVista for compara-
tive sequence-based discovery of functional transcription factor binding
sites. Genome Res. 2002;12:832-939. https://doi.org/10.1101/gr.225502.
Gao L, Mei S, Zhang S, Qin Q, Li H, Liao Y, Fan H, Liu Z, Zhu H. Cardio-
renal exosomes in myocardial infarction serum regulate proangiogenic
paracrine signaling in adipose mesenchymal stem cells. Theranostics.
2020;10:1060-73. https://doi.org/10.7150/thno.37678.

Pijnappels DA, Schalij MJ, van Tuyn J, Ypey DL, de Vries AA, van der Wall
EE, van der Laarse A, Atsma DE. Progressive increase in conduction
velocity across human mesenchymal stem cells is mediated by enhanced
electrical coupling. Cardiovasc Res. 2006;72:282-91. https://doi.org/10.
1016/j.cardiores.2006.07.016.

Dedkov El, Zheng W, Christensen LP, Weiss RM, Mahlberg-Gaudin F,
Tomanek RJ. Preservation of coronary reserve by ivabradine-induced


https://doi.org/10.7150/thno.46119
https://doi.org/10.1161/ATVBAHA.111.244970
https://doi.org/10.1161/ATVBAHA.111.244970
https://doi.org/10.1161/JAHA.115.001993
https://doi.org/10.1016/j.stem.2013.09.006
https://doi.org/10.1016/j.stem.2013.09.006
https://doi.org/10.1152/ajpheart.00065.2019
https://doi.org/10.1161/CIRCRESAHA.119.314806
https://doi.org/10.1161/CIRCRESAHA.119.314806
https://doi.org/10.1007/s00395-019-0722-5
https://doi.org/10.1007/s00395-019-0722-5
https://doi.org/10.1038/s41467-019-10946-y
https://doi.org/10.1038/s41467-019-10946-y
https://doi.org/10.1038/s41556-018-0047-x
https://doi.org/10.1038/cddis.2016.480
https://doi.org/10.1186/s13287-021-02553-w
https://doi.org/10.1016/j.expneurol.2017.03.005
https://doi.org/10.1016/j.expneurol.2017.03.005
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1089/ten.TEA.2012.0092
https://doi.org/10.1016/j.biomaterials.2015.02.050
https://doi.org/10.1016/j.jcyt.2014.05.005
https://doi.org/10.1038/labinvest.2016.65
https://doi.org/10.1172/JCI81979
https://doi.org/10.3389/fphys.2019.01298
https://doi.org/10.1167/iovs.62.14.22
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1161/CIRCULATIONAHA.120.046672
https://doi.org/10.1161/CIRCULATIONAHA.120.046672
https://doi.org/10.1016/j.stem.2013.11.001
https://doi.org/10.1016/j.stem.2013.11.001
https://doi.org/10.1101/gr.225502
https://doi.org/10.7150/thno.37678
https://doi.org/10.1016/j.cardiores.2006.07.016
https://doi.org/10.1016/j.cardiores.2006.07.016

Zhao et al. Stem Cell Research & Therapy

28.

29.

30.

31

32

33

34

35.

36.

37.

38.

39.

40.

41.

42.

(2022) 13:445

reduction in heart rate in infarcted rats is associated with decrease in
perivascular collagen. Am J Physiol Heart Circ Physiol. 2007,293:H590-8.
https://doi.org/10.1152/ajpheart.00047.2007.

Kizilay Mancini O, Huynh DN, Menard L, Shum-Tim D, Ong H, Marleau

S, Colmegna |, Servant MJ. Ex vivo Ikk ablation rescues the immuno-
potency of mesenchymal stromal cells from diabetics with advanced
atherosclerosis. Cardiovasc Res. 2021;117:756-66. https://doi.org/10.
1093/cvr/cvaall8.

Li Q Hou H, Li M, Yu X, Zuo H, Gao J, Zhang M, Li Z, Guo Z. CD73™
mesenchymal stem cells ameliorate myocardial infarction by promot-
ing angiogenesis. Front Cell Dev Biol. 2021;9: 637239. https://doi.org/10.
3389/fcell.2021.637239.

Wang L, Wei J, Da Fonseca FA, Wang H, Zhang L, Zhang Q, Bellio MA, Chu
XM, Khan A, Jayaweera D, Hare JM, Dong C. Rejuvenation of senescent
endothelial progenitor cells by extracellular vesicles derived from mes-
enchymal stromal cells. JACC Basic Transl Sci. 2020;5:1127-41. https://doi.
0rg/10.1016/j,jacbts.2020.08.005.

Naftali-Shani N, Levin-Kotler LP, Palevski D, Amit U, Kain D, Landa N, Hoch-
hauser E, Leor J. Left ventricular dysfunction switches mesenchymal stro-
mal cells toward an inflammatory phenotype and impairs their reparative
properties via toll-like receptor-4. Circulation. 2017;135:2271-87. https.//
doi.org/10.1161/CIRCULATIONAHA.116.023527.

Shentu TP, Huang TS, Cernelc-Kohan M, Chan J, Wong SS, Espinoza CR,
Tan C, Gramaglia |, van der Heyde H, Chien S, Hagood JS. Thy-1 depend-
ent uptake of mesenchymal stem cell-derived extracellular vesicles
blocks myofibroblastic differentiation. Sci Rep. 2017;7:18052. https://doi.
0rg/10.1038/541598-017-18288-9.

Nguyen-Truong M, Hematti P, Wang Z. Current status of myocardial
restoration via the paracrine function of mesenchymal stromal cells. Am
J Physiol Heart Circ Physiol. 2021;321:H112-27. https://doi.org/10.1152/
ajpheart.00217.2021.

Melnik S, Werth N, Boeuf S, Hahn EM, Gotterbarm T, Anton M, Richter W.
Impact of c-MYC expression on proliferation, differentiation, and risk of
neoplastic transformation of human mesenchymal stromal cells. Stem
Cell Res Ther. 2019;10:73. https://doi.org/10.1186/513287-019-1187-z.
Yasumizu Y, Rajabi H, Jin C, Hata T, Pitroda S, Long MD, Hagiwara M, LiW, Hu Q
Liu'S, Yamashita N, Fushimi A, Kui L, Samur M, Yamamoto M, Zhang Y, Zhang
N, Hong D, Maeda T, Kosaka T, Wong KK, Oya M, Kufe D. MUC1-C regulates
lineage plasticity driving progression to neuroendocrine prostate cancer. Nat
Commun. 2020;11:338. https://doi.org/10.1038/541467-019-14219-6.

Deng Y, Huang G, Chen F, Testroet ED, Li H, Li H, Nong T, Yang X, Cui J,

Shi D, Yang S. Hypoxia enhances buffalo adipose-derived mesenchymal
stem cells proliferation, stemness, and reprogramming into induced
pluripotent stem cells. J Cell Physiol. 2019;234:17254-68. https://doi.org/
10.1002/jcp.28342.

Hoffmann J, Luxan G, Abplanalp WT, Glaser SF, Rasper T, Fischer A,
Muhly-Reinholz M, Potente M, Assmus B, John D, Zeiher AM, Dim-

meler S. Post-myocardial infarction heart failure dysregulates the bone
vascular niche. Nat Commun. 2021;12:3964. https://doi.org/10.1038/
$41467-021-24045-4.

Mansson-Broberg A, Rodin S, Bulatovic |, Ibarra C, Lofling M, Genead R,
Wardell E, Felldin U, Granath C, Alici E, Le Blanc K, Smith CIE, Salasové A,
Westgren M, Sundstréom E, Uhlén P, Arenas E, Sylvén C, Tryggvason K,
Corbascio M, Simonson OE, Osterholm C, Grinnemo KH. Wnt/B-Catenin
stimulation and laminins support cardiovascular cell progenitor expan-
sion from human fetal cardiac mesenchymal stromal cells. Stem Cell
Reports. 2016;6:607-17. https://doi.org/10.1016/j.stemcr.2016.02.014.
Gaspar-Maia A, Alajem A, Polesso F, Sridharan R, Mason MJ, Heidersbach
A, Ramalho-Santos J, McManus MT, Plath K, Meshorer E, Ramalho-Santos
M. Chd1 regulates open chromatin and pluripotency of embryonic stem
cells. Nature. 2009;460:863-8. https://doi.org/10.1038/nature08212.
lliopoulos D, Hirsch HA, Wang G, Struhl K. Inducible formation of breast
cancer stem cells and their dynamic equilibrium with non-stem cancer
cells via IL6 secretion. Proc Natl Acad Sci U S A. 2011;108:1397-402.
https://doi.org/10.1073/pnas.1018898108.

Kortlever RM, Sodir NM, Wilson CH, Burkhart DL, Pellegrinet L, Brown
Swigart L, Littlewood TD, Evan Gl. Myc cooperates with ras by program-
ming inflammation and immune suppression. Cell. 2017;171:1301-1315.
el14. https://doi.org/10.1016/j.cell.2017.11.013.

Testini C, Smith RO, Jin Y, Martinsson P, Sun Y, Hedlund M, Séinz-Jaspeado
M, Shibuya M, Hellstrom M, Claesson-Welsh L. Myc-dependent endothelial

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Page 26 of 27

proliferation is controlled by phosphotyrosine 1212 in VEGF receptor-2.
EMBO Rep. 2019;20: e47845. https://doi.org/10.15252/embr.201947845.
Lin YC, ChaoTY, Yeh CT, Roffler SR, Kannagi R, Yang RB. Endothelial
SCUBE2 Interacts With VEGFR2 and regulates VEGF-induced angiogenesis.
Arterioscler Thromb Vasc Biol. 2017;37:144-55. https://doi.org/10.1161/
ATVBAHA.116.308546.

LinY,Yang Y, Liw, Chen Q, LiJ, Pan X, Zhou L, Liu C, Chen C, He J, Cao H,
Yao H, Zheng L, Xu X, Xia Z, Ren J, Xiao L, Li L, Shen B, Zhou H, Wang YJ.
Reciprocal regulation of Akt and Oct4 promotes the self-renewal and
survival of embryonal carcinoma cells. Mol Cell. 2012;48:627-40. https.//
doi.org/10.1016/j.molcel.2012.08.030.

Li'S, Jiang C, Pan J,Wang X, Jin J, Zhao L, Pan W, Liao G, Cai X, Li X, Xiao

J, Jiang J, Wang P. Regulation of c-Myc protein stability by proteasome
activator REGy. Cell Death Differ. 2015;22:1000-11. https://doi.org/10.
1038/cdd.2014.188.

Eggenhofer E, Luk F, Dahlke MH, Hoogduijn MJ. The life and fate of mes-
enchymal stem cells. Front Immunol. 2014;5:148. https://doi.org/10.3389/
fimmu.2014.00148.

Moghaddam AS, Afshari JT, Esmaeili SA, Saburi E, Joneidi Z, Momtazi-
Borojeni AA. Cardioprotective microRNAs: lessons from stem cell-derived
exosomal microRNAs to treat cardiovascular disease. Atherosclerosis.
2019;285:1-9. https://doi.org/10.1016/j.atherosclerosis.2019.03.016.
Buccini S, Haider KH, Ahmed RP, Jiang S, Ashraf M. Cardiac progenitors
derived from reprogrammed mesenchymal stem cells contribute to angi-
omyogenic repair of the infarcted heart. Basic Res Cardiol. 2012;107:301.
https://doi.org/10.1007/500395-012-0301-5.

Shi G, Jin Y. Role of Oct4 in maintaining and regaining stem cell pluripo-
tency. Stem Cell Res Ther. 2010;1:39. https://doi.org/10.1186/scrt39.
Gorgun C, Ceresa D, Lesage R, Villa F, Reverberi D, Balbi C, Santamaria S,
Cortese K, Malatesta P, Geris L, Quarto R, Tasso R. Dissecting the effects
of preconditioning with inflammatory cytokines and hypoxia on the
angiogenic potential of mesenchymal stromal cell (MSC)-derived soluble
proteins and extracellular vesicles (EVs). Biomaterials. 2021;269: 120633.
https://doi.org/10.1016/j.biomaterials.2020.120633.

Giallongo C, Tibullo D, Camiolo G, Parrinello NL, Romano A, Puglisi F, Barbato
A, Conticello C, Lupo G, Anfuso CD, Lazzarino G, Li Volti G, Palumbo GA, Di
Raimondo F.TLR4 signaling drives mesenchymal stromal cells commitment
to promote tumor microenvironment transformation in multiple myeloma.
Cell Death Dis. 2019;10:704. https://doi.org/10.1038/541419-019-1959-5.
Baudino TA, McKay C, Pendeville-Samain H, Nilsson JA, Maclean KH, White
EL, Davis AC, Ihle JN, Cleveland JL. c-Myc is essential for vasculogenesis
and angiogenesis during development and tumor progression. Genes
Dev. 2002;16:2530-43. https://doi.org/10.1101/gad.1024602.

Ubil E, Duan J, Pillai IC, Rosa-Garrido M, Wu Y, Bargiacchi F, Lu Y, Stanbouly
S, Huang J, Rojas M, Vondriska TM, Stefani E, Deb A. Mesenchymal-
endothelial transition contributes to cardiac neovascularization. Nature.
2014;514:585-90. https://doi.org/10.1038/nature13839.

Rota M, Kajstura J, Hosoda T, Bearzi C, Vitale S, Esposito G, laffaldano G,
Padin-lruegas ME, Gonzalez A, Rizzi R, Small N, Muraski J, Alvarez R, Chen
X, Urbanek K, Bolli R, Houser SR, Leri A, Sussman MA, Anversa P. Bone mar-
row cells adopt the cardiomyogenic fate in vivo. Proc Natl Acad Sci U S A.
2007;104:17783-8. https://doi.org/10.1073/pnas.0706406104.

Zhang R, Yu J, Zhang N, LiW, Wang J, Cai G, Chen Y, Yang Y, Liu Z. Bone
marrow mesenchymal stem cells transfer in patients with ST-segment
elevation myocardial infarction: single-blind, multicenter, randomized
controlled trial. Stem Cell Res Ther. 2021;12:33. https://doi.org/10.1186/
$13287-020-02096-6.

Gao LR, Pei XT, Ding QA, Chen'Y, Zhang NK, Chen HY, Wang ZG, Wang

YF, Zhu ZM, LiTC, Liu HL, Tong ZC, Yang Y, Nan X, Guo F, Shen JL, Shen
YH, Zhang JJ, Fei YX, Xu HT, Wang LH, Tian HT, Liu DQ, Yang Y. A critical
challenge: dosage-related efficacy and acute complication intracoronary
injection of autologous bone marrow mesenchymal stem cells in acute
myocardial infarction. Int J Cardiol. 2013;168:3191-9. https://doi.org/10.
1016/j.ijcard.2013.04.112.

Wei SJ, Nguyen TH, Yang IH, Mook DG, Makena MR, Verlekar D, Hindle A,
Martinez GM, Yang S, Shimada H, Reynolds CP, Kang MH. MYC transcrip-
tion activation mediated by OCT4 as a mechanism of resistance to
13-cisRA-mediated differentiation in neuroblastoma. Cell Death Dis.
2020;11:368. https://doi.org/10.1038/541419-020-2563-4.

Yang Q DuWW, Wu N, Yang W, Awan FM, Fang L, Ma J, Li X, Zeng Y, Yang
Z,Dong J, Khorshidi A, Yang BB. A circular RNA promotes tumorigenesis


https://doi.org/10.1152/ajpheart.00047.2007
https://doi.org/10.1093/cvr/cvaa118
https://doi.org/10.1093/cvr/cvaa118
https://doi.org/10.3389/fcell.2021.637239
https://doi.org/10.3389/fcell.2021.637239
https://doi.org/10.1016/j.jacbts.2020.08.005
https://doi.org/10.1016/j.jacbts.2020.08.005
https://doi.org/10.1161/CIRCULATIONAHA.116.023527
https://doi.org/10.1161/CIRCULATIONAHA.116.023527
https://doi.org/10.1038/s41598-017-18288-9
https://doi.org/10.1038/s41598-017-18288-9
https://doi.org/10.1152/ajpheart.00217.2021
https://doi.org/10.1152/ajpheart.00217.2021
https://doi.org/10.1186/s13287-019-1187-z
https://doi.org/10.1038/s41467-019-14219-6
https://doi.org/10.1002/jcp.28342
https://doi.org/10.1002/jcp.28342
https://doi.org/10.1038/s41467-021-24045-4
https://doi.org/10.1038/s41467-021-24045-4
https://doi.org/10.1016/j.stemcr.2016.02.014
https://doi.org/10.1038/nature08212
https://doi.org/10.1073/pnas.1018898108
https://doi.org/10.1016/j.cell.2017.11.013
https://doi.org/10.15252/embr.201947845
https://doi.org/10.1161/ATVBAHA.116.308546
https://doi.org/10.1161/ATVBAHA.116.308546
https://doi.org/10.1016/j.molcel.2012.08.030
https://doi.org/10.1016/j.molcel.2012.08.030
https://doi.org/10.1038/cdd.2014.188
https://doi.org/10.1038/cdd.2014.188
https://doi.org/10.3389/fimmu.2014.00148
https://doi.org/10.3389/fimmu.2014.00148
https://doi.org/10.1016/j.atherosclerosis.2019.03.016
https://doi.org/10.1007/s00395-012-0301-5
https://doi.org/10.1186/scrt39
https://doi.org/10.1016/j.biomaterials.2020.120633
https://doi.org/10.1038/s41419-019-1959-5
https://doi.org/10.1101/gad.1024602
https://doi.org/10.1038/nature13839
https://doi.org/10.1073/pnas.0706406104
https://doi.org/10.1186/s13287-020-02096-6
https://doi.org/10.1186/s13287-020-02096-6
https://doi.org/10.1016/j.ijcard.2013.04.112
https://doi.org/10.1016/j.ijcard.2013.04.112
https://doi.org/10.1038/s41419-020-2563-4

Zhao et al. Stem Cell Research & Therapy

59.

60.

61.

62.

63.

(2022) 13:445

by inducing c-myc nuclear translocation. Cell Death Differ. 2017;24:1609—
20. https://doi.org/10.1038/cdd.2017.86.

Murai N, Murakami Y, Tajima A, Matsufuji S. Novel ubiquitin-independent
nucleolar c-Myc degradation pathway mediated by antizyme 2. Sci Rep.
2018;8:3005. https://doi.org/10.1038/541598-018-21189-0.

Ding Y, Chen W, Lu Z, Wang Y, Yuan Y. Kaposi's sarcoma-associated her-
pesvirus promotes mesenchymal-to-endothelial transition by resolving
the bivalent chromatin of PROX1 gene. PLoS Pathog. 2021;17: €1009847.
https://doi.org/10.1371/journal.ppat.1009847.

Yao Z, Liu H, Yang M, BaiY, Zhang B, Wang C, Yan Z, Niu G, Zou Y, Li Y.
Bone marrow mesenchymal stem cell-derived endothelial cells increase
capillary density and accelerate angiogenesis in mouse hindlimb
ischemia model. Stem Cell Res Ther. 2020;11:221. https://doi.org/10.1186/
$13287-020-01710-x.

Wei ST, Huang YC, Hsieh ML, Lin YJ, Shyu WC, Chen HC, Hsieh CH. Atypical
chemokine receptor ACKR3/CXCR7 controls postnatal vasculogenesis
and arterial specification by mesenchymal stem cells via Notch signaling.
Cell Death Dis. 2020;11:307. https://doi.org/10.1038/541419-020-2512-2.
Mahrouf-Yorgov M, Augeul L, Da Silva CC, Jourdan M, Rigolet M, Manin

S, Ferrera R, Ovize M, Henry A, Guguin A, Meningaud JP, Dubois-Randé
JL, Motterlini R, Foresti R, Rodriguez AM. Mesenchymal stem cells sense
mitochondria released from damaged cells as danger signals to activate
their rescue properties. Cell Death Differ. 2017;24:1224-38. https://doi.
0rg/10.1038/cdd.2017.51.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 27 of 27

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1038/cdd.2017.86
https://doi.org/10.1038/s41598-018-21189-0
https://doi.org/10.1371/journal.ppat.1009847
https://doi.org/10.1186/s13287-020-01710-x
https://doi.org/10.1186/s13287-020-01710-x
https://doi.org/10.1038/s41419-020-2512-2
https://doi.org/10.1038/cdd.2017.51
https://doi.org/10.1038/cdd.2017.51

	Oct4 cooperates with c-Myc to improve mesenchymal-to-endothelial transition and myocardial repair of cardiac-resident mesenchymal stem cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Antibodies and reagents
	Animals
	Model of myocardial isch and sham isch
	Isolation, expansion, and purification of MSCs
	Characterization of MSCs
	In vitro directed differentiation of MSCs
	Cell viability
	Angiogenesis array
	Immunofluorescence
	Gene expression analyses
	Real-time quantitative PCR (qRT-PCR) and immunoblotting
	c-Myc and Oct4 transfection
	Cell grouping settings
	Hypoxic treatment
	Bulk RNA-seq
	Transcriptome analyses
	Tube formation assay
	Chromatin immunoprecipitation assays (CHIP)
	EGFP labeling
	Cell therapy
	Echocardiography
	Histopathologic evaluation
	Statistical analysis

	Results
	Myocardial ischemia alters the phenotypes and secretome MSCs
	Ischemia mediated imbalance in expression of c-Myc and Oct4 in cMSCs
	c-Myc and Oct4 show divergent phenotypes of cMSCs under hypoxia
	Oct4 cooperates with c-Myc to accelerate cMSCs remodeling
	Oct4 regulates c-Myc function and translocation
	Expression of Oct4 activating c-Myc in cMSCs improves their myocardial repair

	Discussion
	The role of Oct4 in cooperation with c-Myc in MEndoT of cMSCs

	Conclusions
	Acknowledgements
	References


