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Abstract
Background:The administration of mesenchymal stem cells (MSCs) remains the most promising
approach for cardiac repair after myocardial infarct (MI). However, their poor survival and potential in the
ischemic environment limits their therapeutic e�cacy for heart repair after MI. The purpose of this study
was to investigate the in�uence of FoxC1-induced vascular niche on the activation of octamer‐binding
protein 4 (Oct4) and the fate of MSCs under hypoxic/ischemic conditions.

Methods:Vascular microenvironment/niche was induced by e�cient delivery of FoxC1 transfection into
hypoxic endothelial cells (ECs) or infarcted hearts. MSCs were cultured or injected into this niche by
utilizing an in vitro coculture model and a rat MI model. Survival and neovascularization of MSCs
regulated by Oct4 were explored using gene transfer and functional studies.

Results:Here, using gene expression heatmap, we demonstrate that cardiac ECs rapidly up-regulated
FoxC1 after acute ischemic cardiac injury, contributing to an intrinsic angiogenesis. In vitro, FoxC1
accelerated tube-like structure formation and increased survival of ECs, resulting in inducing a vascular
microenvironment. Overexpression of FoxC1 in ECs promoted survival and neovascularization of MSCs
under hypoxic coculture. Overexpression of Oct4, a FoxC1 target gene, in MSCs enhanced their
mesenchymal-to-endothelial transition (MEndoT) while knockdown of Oct4 by siRNA altering
vascularization. In a rat MI model, overexpression of FoxC1 in ischemic hearts increases post infarct
vascular density and improves cardiac function. Transplantation of adOct4-pretreated MSCs into these
ischemic niches augments MEndoT, enhances vascularity and further improves cardiac function.
Consistently, these cardioprotective effects of FoxC1 was abrogated when Oct4 was depleted in the
MSCs and was mimicked by overexpression of Oct4.

Conclusions:Together, these studies demonstrate that the FoxC1/Oct4 axis is an essential aspect for
survival and neovascularization of MSCs in the ischemic conditions and represents a potential
therapeutic target for enhancing cardiac repair. 

Background
Mesenchymal stem cells (MSCs) are multipotent, have low immunogenicity, and are easily obtainable.
MSCs secrete angiogenic factors [19] and can repopulate the injured myocardium and restore cardiac
function [1, 30]. However, ensuring their long-term survival and viability after transplantation remains a
challenge 4. Animal experiments have shown that MSCs’ survival is foreshortened by the ischemic
conditions in the infarcted myocardium [32]. Hypoxia represents one of the stress conditions that can
affect MSC survival [20]. Hypoxia negatively in�uences MSC features, including cell viability, proliferation
capacity, differentiation, migration patterns, and metabolism [14]. Thus, new strategies are needed to
maintain MSC survival and resist hypoxic injury.

Stem cells are maintained by special micro-environments termed niches. Forkhead box C1 (FoxC1), a
member of subfamily FOXC of the forkhead/winged-helix transcription factor (FOX) family,
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may play an essential role in maintaining the hair follicle stem cell niche that regulates stem cells to
preserve their long-term tissue‐regenerating potential [24]. Activated FoxC1 regulated the proliferation and
self‐renewal of arachnoid-pia stem cells in a brain ischemia/reperfusion model by restoring the neuroglial
microenvironment [25]. Previously, we identi�ed an endogenous vascular niche that is essential for
delaying apoptosis and enhancing stem cells’ regenerative properties when engrafted into ischemic
hearts [45, 49]. However, the molecular mechanisms of FoxC1’s effects on MSC function and survival in
the ischemic niche are unknown.

In non-small cell lung cancer, FoxC1 knockdown suppressed cancer stem cell self-renewal by decreasing
the expression of transcription factor octamer‐binding protein 4 (Oct4) and other stemness-related genes
[4]. Oct4, encoded by the Pou5f1 gene, is a member of the POU family. Oct4 is expressed and activated
preferentially in embryonic stem cells (ESCs), protecting ESCs against apoptosis and promoting survival
[16]. It had been hypothesized that Oct4 acts as a gatekeeper in the beginning of mammalian
development, and is believed to be permanently epigenetically silenced in adult somatic cells [10].
However, studies have reported Oct4 expression in various stem and progenitor cell populations [26]. Oct4
is also expressed in murine and human adipose-derived stem cells, but decreases after multiple
passages, presumably because of disruption of the stem cell niche [15]. Our previous study indicates that
Oct4 overexpression enhanced the survival and functions of very small embryonic-like MSCs in infarcted
hearts [50]. Importantly, we demonstrated directly that Oct4 functions in MSCs. Therefore, it is important
to reassess the interrelationship between FoxC1 and Oct4 and their contribution to the
survival and function of stem cells in hypoxic microenvironments. Here, we revealed that Oct4 promotes
MSCs to undergo mesenchymal-endothelial-transition (MEndoT) in FoxC1-mediated hypoxic
microenvironments. We further validate whether FoxC1 targets Oct4 to sustain the survival and function
of MSCs.

Materials And Methods
An expanded Materials and Methods section containing details regarding the isolation, culture, and
puri�cation of ECs and MSCs; the establishment of a hypoxic co-culture model of MSCs and ECs; cell
treatments and groups; analysis of cell proliferation and apoptosis; enzyme-linked immunosorbent
assays (ELISA); quantitative real-time reverse transcription-PCR (qRT-PCR); immunoblotting;
immunocyto�uorescence; animal allocation, animal model, study design, gene transfer, cell transplantion,
echocardioraphy; and statistics is available in the Online Data Supplement.

Antibodies and regents
Tab. S2 lists the antibodies used to analyze protein levels. 4',6-diamidino-2- phenylindole (DAPI, catalog
28718-90-3) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Induction of MI model
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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 experiments, which were in compliance with the
Guide for the Care and Use of Laboratory Animals published by the National Academy Press. Myocardial
infarct (MI) were induced in the rats by ligating the left anterior descending coronary artery. Animals with
an ejection fraction (EF)<70% and fractional shortening (FS)<35% evaluated by echocardiography after
induction of MI were selected.

Histology
The infarct size was determined by calculating the percentage of the infarcted area against the whole LV
area using Scion ImageJ. The peri-infarct regions from the MI model rats and cell therapy rats were
embedded in para�n, sectioned, and stained with triphenyltetrazolium chloride (TTC), hematoxylin and
eosin (H&E), and Masson’s trichrome, or by immunohistochemistry (IHC) or immuno�uoroscence.
MEndoT percentages were derived by counting the number of dually labeled cells and dividing by the
number of CD31/EGFP double positive cells/EGFP-labeled MSCs. Quantitation of vascular area was
performed using the JACoP Image J plugin. FoxC1 expression levels in ECs or ischemic hearts were
determined using the JACoP Image J plugin [39]. In each case, 5 independent images from each area
were analyzed from each section.

Enzyme-linked immunosorbent assays (ELISA)
The levels of FoxC1, Oct4, Ang-1, bFGF, HGF, VEGF, IL-6, IL-4, and TGF-β1 in supernatant of heart tissues
or cells were measured by ELISA using a duoset methodology (R&D Systems; Minneapolis, MN).

Isolation, expansion, identi�cation, and puri�cation of ECs
and MSCs
Primary cultures of microvascular ECs [37] and MSCs [8] were prepared from the left ventricles and bone
marrow of adult Lewis rats, respectively. MSCs were isolated and puri�ed from isolated mononuclear
cells as described in our previous reports [47, 46]. ECs and MSCs were puri�ed using Magnetic-activated
cell sorting (MACS).

Gene expression analyses
Gene expression analyses were performed by Miltenyi Biotec Genomic Services as previously described
[53]. The results were viewed as a heatmap using ‘pheatmap’ in the R package [36].

Gene silencing via RNA interference
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For the short hairpin RNA (shRNA) experiments, cells were plated into 10 cm2 diameter dishes at a density
of 5 × 104 per cm2 culture and infected with Lenti-FoxC1 shRNA (TL513221V, OriGene Technologies),
Lenti-HIF1 shRNA (sc-45919-V, Santa Cruz Biotechnology), Lenti-cFos shRNA (sc-29221-SH, Santa Cruz
Biotechnology), Lenti-BCLF1 shRNA (RC224372L1V, OriGene Technologies), Lenti-Sp1 shRNA (C02001-
7998, GenePharma), Lenti-Ang1 shRNA (TR711949, OriGene Technologies), Lenti-bFGF shRNA
(TR710311, OriGene Technologies), Lenti-HGF shRNA (TR709834, OriGene Technologies), Lenti-VEGF
shRNA (TF711624, OriGene Technologies), and Lenti-FoxO1 shRNA, respectively. The siRNA for FoxO1
was purchased from Dharmacon (cat. no.D003006060020, Dharmacon Inc, Shanghai, China).

Assay of cell colony, viability, growth, proliferation,
apoptosis, and angiogenesis
Cell colonies were counted visually under an inverted microscope. Cell viability was assessed by visual
cell counts after performing a trypan blue exclusion assay. Cell growth was measured using a cell
counting kit-8 (CCK-8, Sigma) according to the manufacturer’s protocol. Cell proliferation was assessed
using �uorescence staining and FACS for proliferation markers (5-bromodeoxyuridine (BrdU) and Ki67).
Apoptotic cell death under hypoxic conditions was evaluated using annexin V staining and the terminal
deoxynulceotidyl transferase nick‐end‐labeling (TUNEL) assay. Angiogenesis was detected using
immuno�uroscence with factor VIII positive- staining.

Quantitative real-time reverse transcription-PCR
Total mRNA was extracted according to standard protocols provided by Invitrogen which served as a
template for reverse-transcription (RT)-PCR, following standard protocols from Promega. cDNA levels
representing gene expression were calculated using quantitative real-time PCR. The primer sequences
used are shown in Supplemental Tab. S1.

Western blotting
Cells or hearts were collected and pulverized to extract protein for immunoblotting. Tab. S2 lists the
antibodies used to analyze the levels of the transcription factors or cytokines.

Culture of ECs under hypoxic or normoxic conditions
ECs at passages 2 to 4 were harvested and plated them into 12-well plates (5×104 cells/0.5 ml well) with
EC medium. Under normoxic or hypoxic conditions, ECs were cultured for analysis of their FoxC1
expression and the effects of FoxC1 on their proliferation and angiogenesis under normoxic condition
(NO, serving as the control group) with transfection of adFoxC1 (HO+adFoxC1) or siFoxC1 (NO+siFoxC1),

https://www.biocompare.com/100314-OriGene-Technologies/
https://www.biocompare.com/100404-Santa-Cruz-Biotechnology-Inc/
https://www.biocompare.com/100404-Santa-Cruz-Biotechnology-Inc/
https://www.biocompare.com/100314-OriGene-Technologies/
https://www.biocompare.com/106409-GenePharma/
https://www.biocompare.com/100314-OriGene-Technologies/
https://www.biocompare.com/100314-OriGene-Technologies/
https://www.biocompare.com/100314-OriGene-Technologies/
https://www.biocompare.com/100314-OriGene-Technologies/
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and hypoxic culture (HO) with transfection of adFoxC1 (HO+adFoxC1) or siFoxC1 (HO+siFoxC1). All ECs
were cultured for 48 hours. After treatments, the cells were collected to analyze proliferation and
angiogenesis of ECs.

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 EC differentiation into blood vascular cells. Each well was digitally
photographed under a phase contrast microscope (Leica) . The observed tubes and branching points
were counted [41].

Acetylated low-density lipoprotein (acLDL) uptake and Ulex
europaeus agglutinin-1 (UEA-1) binding test
After the induction of MSC differentiation into blood vascular cells, the cells were characterized as
adherent cells that were double-positive for DiI-acLDL (Biomedical Technologies, USA) uptake and
�uorescein isothiocyanate (FITC)-UEA-1 (Sigma) binding. Cell nuclei were counterstained using DAPI [48].

Fluorescence-activated cell sorting (FACS) of MSCs
The characteristics of the MSCs were con�rmed using FACS with antibodies recognizing CD34, CD44,
CD71, CD90, CD147, SH2, SH3, CD45, and CD133. MSCs were positive for the MSC markers SH2, SH3,
CD44, CD71, CD90, and CD147, at 97.3%, 97.7%, 95.6%, 97.5%, 96.8%, and 98.1%, respectively; and were
negative for hematopoietic markers CD34, CD45, and CD133, at 0.83%, 0.95%, and 1.13%, respectively,
which indicate pure MSCs (Fig. S2).

Plasmid constructs and transfection
To manipulate the expression of FoxC1/Oct4, an adenoviral vector system was employed. The
oligonucleotides and their complementary versions were synthesized by USEN Tech (Shanghai, China),
annealed, and ligated into the vectors. adFoxC1/adOct4 or FoxC1/Oct4 small interfering RNAs (siRNAs)
and control siRNA duplexes were transfected together with the rAAV plasmid vector into ECs/MSCs
according to the manufacturer’s protocol, respectively.

Establishing a hypoxic co-culture model of ECs and MSCs
We used Millicell Culture Plate Inserts to establish the hypoxic co-culture model of ECs and MSCs.
Hypoxic culture was carried out in a humidi�ed, temperature-controlled hypoxia chamber (Coy
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Laboratories) at 37℃, 93% N2, 5% CO2, and 2% O2. ECs (5×104 cells/0.5 ml well) were plated in triplicate
in 24-well plates and pre-cultured overnight in DMEM. The medium were removed and cocultured with
MSCs alone for 108 hours under hypoxic conditions (2% O2). MSCs and ECs were mixed at a 1:3 ratio in
DMEM/medium 199 (M199) and plated onto laminin-coated coverslips as described previously [40].
MSCs were plated onto the upper layer of the cell culture inserts, and ECs were seeded into 35-mm dishes
at the bottom of the culture inserts. Polycarbonate membranes (0.2-μm pores; Millipore, Milan, Italy) were
located between the two layers, which could enable intercellular signaling while preventing physical
contact between the two cell types. Hypoxic cultures were made in a two-gas incubator (Thermo
Scienti�c, Forma™ Steri-Cycle i160 STERI-cycle, USA) equipped with an O2 probe to regulate N2 levels. We
also set a control group without ECs as feeder layers, with the medium and culture conditions as
described above. The cell number was accurately calculated with a cell counter in each time period, and
the cell growth curves were drawn.

In the coculture part, ECs were further analyzed by hypoxic coculture for the effects of Oct4 on survival
and mesenchymal-to-endothelial transition (MEndoT) of MSCs. Coculture was performed on MSCs
transfected with adOct4 or siOct4 in the combination with or without transfection of adFoxC1 or siFoxC1
in ECs.

In vitro vascularization of MSCs
MSCs underwent directed differentiation toward blood vascular cells using growth factor
supplementation and growth on de�ned matrices. For vascular differentiation, growth factors bFGF (5
ng/ml; Invitrogen), and VEGF (20 ng/ml; R&D Systems; Minneapolis, MN, USA) were added. The capillary-
like structure was viewed 6 h later. Microscopic �elds containing the tube structure that formed on the gel
were photographed using �uorescence inverted phase contrast microscopy. Five �elds per test condition
were examined [5].

Angiogenesis Assay
The effects on angiogenesis of paracrines secreted by MSCs under hypoxia were studied using EC+MSC
coculture. The MSCs were lysed with 2 × Cell Lysis Buffer (RayBiotech, GA, USA) and quanti�ed using an
Angiogenesis Protein Array kit (QAR-ANG-100, RayBiotech).

GFP labelling
At 24 h after transfection with the adOct4, siOct4, or control siRNA vectors, cells were co-transfected with
a lentiviral vector containing enhanced GFP cDNA, as described previously [23]. More than 70% of MSCs
were GFP-positive, as determined by �ow cytometry.
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Rat heart vascular niche model, cell therapy, and groups
After establishment of MI model, the animals were randomly divided into three groups corresponding to
FoxC1 transfection status: knockdown of FoxC1 by transfecting the IHs with vectors encoding FoxC1
siRNA (siFoxC1 group), no-intervention, and overexpression of FoxC1 by transfecting the IHs with vectors
encoding FoxC1 (adFoxC1(+) group). No-intervention rats were transfected with control vectors (-). The
rats that were subjected to the same surgical procedure, except for ligation of the coronary artery, received
no adFoxC1 or siFoxC1, and served as the sham group (Sham). After 15 days post-induction, ten animals
in each group were sacri�ced to exactly valuate the FoxC1-induced vascular environment at the tissue,
cellular, and molecular levels. Meanwhile, other animals received MSCs injection. The animals from the
adFoxC1 and control vector groups randomly received injection of MSCs pre-treated with adOct4 or Oct4
small interfering RNAs (siRNAs) and control siRNA duplexes. 

 Analysis of engraftment and MEndoT of MSCs
 Cells were collected from the left ventricles of ten randomly selected hearts per experimental group as
previously described [50]. The engraftment was evaluated by determining the number of the expressing
EGFP cells per square centimeter in a slice of heart tissue under �uorescence microscope,or expressed as
the proportion of cells that expressed EGFP in total cardiomyocytes by FACS. MEndoT percentages were
derived by counting the number of dually labeled cells with CD31/EGFP and dividing by the number of
EGFP positive cells.

Statistical analysis
The results are expressed as the mean ± SEM and were tested for signi�cance using analysis of variance
for multiple comparisons. A P-value of < 0.05 was considered statistically signi�cant.

 

Results

FoxC1 is highly expressed in ischemic ECs
We previously demonstrated that the existence of an intrinsic vascular niche appears more bene�cial to
cardiac repair induced by stem cell therapy after MI, and blood vascular ECs were key cell components in
the ischemic niches [49]. von Willebrand factor (vWF, also known as factor VIII) and CD31 are widely used
as blood vascular EC markers [49]. We analyzed the expression time curve of blood vessel density in the
ischemic areas from the infarcted hearts. Blood vessel density was assessed by anti-factor VIII staining,
which showed that blood vessel density gradually increased over time, peaked at 14 days after infarction,
and then decreased (Fig. S3A, B) . This observation was con�rmed by the occurrence of the highest
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expressions of angiogenic growth factors Ang1, bFGF and VEGF in infarcted hearts at this time point (Fig.
S3C-E), suggesting that ischemic heart itself might provide a short-time vascular niche. Here, we isolated
vWF+CD31+ cell population from the left ventricles of adult Lewis rats after 14 d of MI. Normal hearts
served as the control. We identi�ed transcription factors (TFs) that might be involved in the maintenance
of stem cell self-renewal. TF gene expression pro�les were determined in blood vascular ECs. We chose
top-10 TFs that were highly expressed in ischemic ECs compared with normal ECs (Fig. 1A). We then
knocked down these selected TFs and performed in vitro clone-formation assays. Among these 10 TFs,
FoxC1 depletion displayed the strongest inhibitory effect on clone-formation (Fig. 1B). qRT-PCR and
western blotting detection of the mRNA and protein levels of these TFs in ECs under normoxic or hypoxic
culture showed that FoxC1 was most highly expressed in ECs under hypoxia (Fig. 1C, D). Moreover,
elevated FoxC1 expression was further con�rmed by IHC staining. These expression patterns were seen
with the greatest signi�cance in the peri-infarct with a rich vasculature (Fig. 1E, F). Altogether, FoxC1 is
highly expressed in the ischemic myocardial niche, which played an important role in intrinsic
angiogenesis by secreting proangiogenic cytokines.

FoxC1 induced vascular microenvironment after hypoxic
endothelial injury
FoxC1 appears to control pathological angiogenesis by regulating VEGF signaling [22]. Previously, we
suggested that the existence of an intrinsic vascular niche contributed greatly to the bene�cial effects of
stem cell therapy on cardiac repairs after MI [45, 49]. To further determine the pathological role of FoxC1
in hypoxic ECs, we established a hypoxic culture model mimicking the characteristics of this niche with
FoxC1 overexpression or inhibition in ECs. ECs were transfected with or without adFoxC1 or siFoxC1, and
cultured for 48 hours under hypoxic conditions. Normoxic cultivation of ECs with or without transfection
of adFoxC1 or siFoxC1 was also performed to clarify these effects under normoxia. Cell proliferation was
assessed with the expressions of its markers (Ki67 and BrdU), and CCK-8 assay by using FACS, western
blot, and immuno�uoroscence. As shown in Fig. 2A, dynamic analysis of cell proliferation and staining
with BrdU was assessed by FACS at each time point after different treatments, which revealed that
adFoxC1 stimulated EC proliferation kinetically, and siFoxC1 declined this proliferation. Compared with
normoxia, this decline was remarkably observed in the siFoxC1 treating hypoxic ECs. Similar to BrdU
expression, both immunoblot and immuno�uoroscence showed that the level of Ki67 were higher in the
HO+adFoxC1 group compared with the NO+adFoxC1 group, and lower in the HO+siFoxC1 group than in
the NO+siFoxC1 group (Fig. 2B-D) at 48h. This observation was con�rmed by the optical density (OD)
values, which was a quantitative index for the proliferative capacity (Fig. 2E). This proliferation difference
was consistent with FoxC1 expression. Representative western blots with anti-FoxC1 antibody showed
the greatest protein level in the HO+adFoxC1 group, and the smallest level in the HO+siFoxC1 group (Fig.
2B). Altogether, FoxC1 is required for the maintenance of ECs proliferation in a hypoxic environment.

We next observed the promotion of FoxC1 on differentiation of ECs. We observed that FoxC1
overexpression in hypoxic ECs remarkably increased tube formation in the HO+adFoxC1 group, and
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FoxC1 knockdown signi�cantly decreased tube formation in the HO+siFoxC1 group (Fig. 3A). Statistical
analysis showed that compared to the HO group, the number of tubes per �eld increased 1.5-fold in the
adFoxC1 group (13.01 ± 2.73) and decreased 74% in the siFoxC1 groups (Fig. 3B). We performed
immuno�uorescent staining for ECs and observed that 86% of ECs exhibited both UEA-1 and acLDL
�uorescence in the adFoxC1 group, whereas only 9% of ECs took up UEA-1 and acLDL in the siFoxC1
group (Fig. 3C, D). High take-up of UEA-1 and acLDL was in agreement with high expression of the
endothelial transcription factors, α-SMA and factor VIII, in adFoxC1-treated ECs. Immuno�uorescence
showed that the number of ECs with double positive staining for α-SMA and factor VIII was 2.4-fold and
7.6-fold higher in the HO+adFoxC1 group than in the HO and the HO+siFoxC1 groups, respectively (Fig.
3E, F). Similar observations were achieved in the expression of pro-angiogeneic cytokines in hypoxic ECs
after FoxC1 intervention. ELISA results showed compared with the cells in the HO group, FoxC1
overexpression signi�cantly promoted expression of vascular growth factors in the HO+adFoxC1 group,
such as Ang-1, bFGF, and VEGF: siFoxC1 abolished this promotion (Fig. 3G, H, and I). However, to our
surprise, such changes are not so obvious in normoxic ECs after overexpression or knockdown of FoxC1.
Altogether, FoxC1 promoted ECs to establish an intrinsic vascular microenvironment under hypoxia.

Next, we determined whether the FoxC1-induced vascular microenvironment could bene�t the survival
and angiogenesis of MSCs under hypoxia.

MSCs adopt an endothelial like fate in FoxC1-induced
vascular microenvironments under hypoxia
To further determine the effect of FoxC1 in ECs on MSC self-renewal under hypoxia, ECs were transfected
with adFoxC1, siFoxC1, or control vectors (Ctrl), and cocultured with MSCs. ECs and MSCs were co-
cultured under hypoxic conditions for 108 hours. Monoculture of MSCs served as control in the same
conditions. MSCs co-cultured with ECs increased the cell doubling upon 72 hours of hypoxia exposure
when compared with monoculture control, but then the cell doubling gradually decreased. When the
cultures were transferred to ECs transfected with adFoxC1, cell doubling increased up to 84 hours, while
silencing FoxC1 in ECs markedly reduced MSC growth (Fig. 4A, E). Consistent with the cell doubling
changes seen after 72 hours, S-phase fraction of MSCs increased in coculture condition: compared with
monoculture, MSC S-phase fraction increased 1.1-fold in ECs alone and 2.2-fold in ECs transfected with
adFoxC1 (Fig. 4B, F). Cell proliferation and growth were also assessed using Ki67 staining and CCK8
assays. Similarly, the MSCs double positively stained with DAPI and Ki67 were the greatest in the
ECs+adFoxC1 group, the secondary in the ECs alone, and the smallest in the monoculture without ECs
and FoxC1 (Fig. 4C). After 108 hours of hypoxic culture, MSC viability, as assessed using CCK8 assays,
was much higher in the ECs+adFoxC1 group than in the other groups (Fig. 4G, 0.79 ± 0.10 in the
ECs+adFoxC1 group vs 0.07 ± 0.03 in the monoculture group, vs 0.44 ± 0.11 in the ECs alone group, and
0.23±0.06 in the ECs+siFoxC1 group, all p < 0.001). This suggested that coculture with adFoxC1 treating
ECs could increase the proliferation capacity of MSCs under hypoxia signi�cantly. The effect of FoxC1 on
MSC apoptosis post hypoxic culture was evaluated using TUNEL assays and Annexin V-APC and PI

https://www.tandfonline.com/doi/full/10.1080/09670260600960850#F0001
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staining, followed by �ow cytometry. The the proportion of TUNEL+ cells (Fig. 4D) and annexin V positive
cells (Fig. 4H) were lower in MSCs cocultured with ECs coculture than in MSCs monoculture, dramatically
lower in MSCs cocultured with adFoxC1-treated ECs than in MSCs cocultured with ECs alone. However,
siFoxC1 in ECs eliminated this reduction. Thus, FoxC1 is required to maintain MSC self-renewal and
survival under hypoxic conditions.

FoxC1 initiates activation of Oct4 signaling
We next investigated the mechanisms by which FoxC1 regulates MSC survival under hypoxia. Oct4, a
homeobox transcription factor is essential for MSC self‐renewal [3]. To determine the underlying
mechanism of Oct4 in FoxC1-mediated survival of MSCs, we analyzed key TFs related to MSC stemness.
We noticed that FoxC1 overexpression in ECs remarkably increased Oct4 mRNA expression in MSCs,
whereas Oct4 mRNA was almost undetectable in MSCs cocultured with FoxC1-de�cient ECs (Fig. 5A).
Moreover, Oct4 protein levels were remarkably reduced in MSCs cocultured with siFoxC1-treated ECs (Fig.
5B). However, alteration of FoxC1 expression did not cause a signi�cant change in expression of c-Myc,
Nanog, and KLF4 (Fig. 5A, B), suggesting that Oct4 is the primary regulator of these stemness factors,
mediated by FoxC1 in MSCs. The proportion of Oct4 positive cells among MSCs correlated positively with
FoxC1 protein levels in adFoxC1-treated ECs (r = 0.873, p = 0.001, Fig. 5D). Taken together, FoxC1 is
essential for the activation of Oct4 signaling. Importantly, mRNA and protein levels of Oct4-related
angiogenic factors, Ang1, bFGF, and VEGF, and anti-apoptotic protein Bcl-2 were elevated dramatically in
MSCs co-cultured with adFoxC1-treated ECs compared with that in MSCs co-cultured with Ctrl-ECs,
whereas depletion of FoxC1 abolished this increase (Fig. 5C, E). Conversely, the in�uence of FoxC1 on
apoptotic signaling molecules, including Bax and caspase3, showed the opposite trend: FoxC1
overexpression down regulated Bax and caspase3 expression, and siFoxC1 upregulated their expression.
Moreover, immuno�uoroscence revealed that Oct4 expression was consistent with the expressions of
VEGF and Bcl-2 , but opposite to caspase 3 expression (Fig. 5F). These results suggested that ECs
induced survival and self-renewal of MSCs under hypoxic conditions via the FoxC1-mediated Oct4
pathway.

Oct4 promotes MEndoT of MSCs in FoxC1-mediated
microenvironments
The differentiation of MSCs towards adipocyte, osteoblast, and chondrocyte lineages is well established,
and MSCs have a clear tendency to organize into clusters and form capillary-like structures [21, 29]. Batlle
et al. found that MEndoT of MSCs contributes to cancer cell proliferation in perivascular locations [2].
FoxC1 induces vascular environments and upregulates Oct4 under hypoxia; therefore, we next determined
whether Oct4 regulate the MEndoT of MSCs in FoxC1-induced vascular environments. MSCs were
transfected with vectors encoding Oct4 (adOct4), Oct4 siRNA (siOct4), or no intervention (-), cocultured
with adFoxC1 (+) or control vector (-)-treated ECs, seeded on Matrigel to facilitate angiogenesis, and

https://www.nature.com/articles/s41467-019-10946-y#auth-1
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subjected to serum starvation under hypoxia. After 72 hours of hypoxia co-cultivation, MSCs were
collected, and their angiogenesis and �broblast were analyzed by western blotting, �ow cytometry and
immuno�uorescence techniques. Western blotting showed the highest expressions of the vascular
characteristic markers, factor VIII and α-SMA in the Oct4-transfected MSCs cocultured with the FoxC1
overexpressing ECs, followed by that in the adOct4-transfected MSCs cocultured with the control vector-
treated ECs, and the lowest was observed in the siOct4-transfected MSCs cocultured with the control
vector-treated ECs (Fig. 6A, B). Conversely, Oct4 overexpression dramatically decreased the protein levels
of �broblast markers, collage I and vimentin, in MSCs cocultured with adFoxC1-treated ECs, whereas the
levels of these marker proteins were signi�cantly higher in siOct4-treated MSCs cocultured with the
control vector-treated ECs. The FACS-evaluated expression of endothelial speci�c surface markers, such
as vWF and CD31, was higher in MSCs treated with adOct4 than in those treated with Oct4 siRNA and no
intervention, and was the highest in MSCs treated with both Oct4 transfection and adFoxC1-treated ECs
(Fig. 6C, D). Expressions of collage I and vimentin showed the opposite pattern (Fig. 6E, F).
Immuno�uoroscence showed similar results after Oct4 overexpression (Fig. 6G, H). Upregulating Oct4 in
MSCs increased the expressions of factor VIII and CD31, and reduced the levels of collage I and vimentin,
while downregulating Oct4 showed the opposite results. Correlation analysis showed that the number of
tubes/�eld in ECs was positively correlated with factor VIII and CD31 double-postive rates of MSCs (Fig.
6I, r=0.779, p<0.01), and negatively correlated with collage I and vimentin double-postive rates of MSCs
(Fig. 6J, r=-0.693, p<0.05). All these data suggested that Oct4 improved FoxC1-mediated MEndoT of
MSCs under hypoxia .

Oct4 overexpression upregulated angiogenesis-related
cytokines in MSCs
We used a rat angiogenesis array to analyze the expression of 60 angiogenesis-related cytokines from
MSCs cocultured in adFoxC1-treated ECs, before and after adOct4 or siOct4 transfection. MSCs peaked at
72 h post-hypoxic coculture with ECs alone and decreased thereafter as mentioned above; therefore, we
chose this time point to induce MSCs Oct4 overexpression or knockdown by adding adOct4, siOct4, or
control vector, and coculture these cells with ECs pre-treated with adFoxC1 or not. Compared with adding
control vector, Oct4 overexpression dramatically increased the growth of MSCs, and extended their cell
doubling peak time to 120 hours after co-culture with adFoxC1-treated ECs. However, siOct4 signi�cantly
reduced this proliferation (Fig. 7A). The expression of these angiogenesis-related factors was examined
pre-Oct4 treatment (72 h of culture) and at 144 h after treatment of adOct4, siOct4, or control vector. We
compared the changes in the levels of these cytokines before and after Oct4 treatment and found
signi�cantly increased levels of Ang1, bFGF, HGF, IL-4, IL-10, Tie2, VEGF, and VEGFR2 in MSCs after Oct4
overexpression, whereas the protein levels of IL-6 and TGFβ1 decreased signi�cantly in MSCs treated
with adOct4 (p < 0.001, Fig. 7B, C). Moreover, these changes were seen the greatest in adOct4 transfected
MSCs co-cultured with adFoxC1-treated ECs and siOct4 reversed these changes. Our previous �ndings
demonstrated that Oct4 could regulate the expression of its downstream genes, including Ang1, bFGF,
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and VEGF, which promotes angiogenesis [50]. Therefore, based on the results of the antibody array, we
selected Ang1, bFGF, HGF, and VEGF for ELISA detection in MSCs induced for Oct4 overexpression or not
to validate the antibody array results. We analyzed the concentration changes of these cytokines in MSCs
before and after Oct4 treatment. The levels of these target factors declined gradually in MSCs treated
with siOct4. However, this decrease was completely inhibited in MSCs treated with adOct4, and the levels
of these target factors were increased dramatically in MSCs cocultured with adFoxC1-treated ECs after
Oct4 overexpression (Fig. 7D, E, and F).

Moreover, immunocyto�uorescence staining con�rmed the increased levels of these cytokines after Oct4
overexpression (Fig. 7G). This suggested that overexpression of Oct4 induced angiogenesis by
upregulating its related downstream proangiogenic cytokines in MSCs under hypoxia.

FoxC1 mediates MEndoT in the ischemic heart
To determine whether FoxC1 mediates MEndoT in vivo, we subjected rats to ischemic cardiac injury by
ligation of the left anterior descending coronary artery. The hearts were transfected with vectors encoding
FoxC1 (adFoxC1(+)), FoxC1 siRNA (siFoxC1(+)), or control vectors (-). Rats which were not ligated in the
same part of the hearts and received no adFoxC1 or siFoxC1 were served as sham operation group.
Compared with the sham group, ischemia resulted in a signi�cant increase in cardiac vascular
endothelial FoxC1 levels 15 days after cardiac injury, and the effect was the greatest in the adFoxC1
group, but in rat with FoxC1 deletion, the FoxC1 expression in border zone cardiac endothelial cells failed
to increase signi�cantly (Fig. 8A, C). FoxC1 overexpression resulted in 4.3 fold and 1.1 fold increase of
MEndoT compared with the sham-operated group and the adFoxC1(+) group (Fig. 8A, D), and was
associated with an increase in capillary density in the injury region (Fig. 8B, E). Increase in vessel density
in the injured heart is associated with cardiac repair after MI [31, 39]. Masson Trichrome staining
demonstrated the greatest decrease of collagen deposition in the hearts of adFoxC1(+) animals (Fig. 8F,
G). Echocardiography on hearts of mice 15 days after cardiac injury showed signi�cant improvement of
cardiac function (LVFS, Fig. 8H) and amelioration of the LV end diastolic diameter (LVEDD, Fig. 8I) and
the LV end diastolic volume (LVEDV, Fig. 8J) in the adFoxC1(+) animals. Conversely, in comparison with
the sham and ischemic control animals, the depletion of FoxC1caused the decrease of LVFS and the
dilation of both LVEDD and LVEDV. These observations demonstrate that FoxC1 is necessary for MEndoT
to occur after cardiac ischemia and that disruption of MEndoT is associated with the decline of
angiogenesis and cardiac function and the deterioration of cardiac remodeling.

Activation of FoxC1/Oct4 axis enhances MEndoT of MSCs
in ischemic hearts
We next rescued MEndoT in cardiac MSCs-engrafted ischemic microenvironments. Ad.FoxC1 animals or
control vectors (-) animals were injected with MSCs transfected with adOct4, siOct4, or control vectors at
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15 days post-MI, and followed up for 30 days. First, we investigated the relationship between FoxC1/Oct4
axis and transplanted MSC survival/engraftment. The detection of EGFP-labeled MSCs was con�rmed by
immuno�uorescence and FACS. Cell retention 30 days after the transplantation of MSCs into these
ischemic hearts is shown in Fig. 9A. EGFP+ cells were found more in the adFoxC1 ischemic hearts than in
the control vectors (-) ischemic hearts. MSCs with adOct4 exhibited much higher engraftment in the
adFoxC1 hearts compared with the control hearts (Fig. 9A, E). Consistently, FACS demonstrated that
depletion of Oct4 reduced signi�cantly the retention of survival MSCs in both the adFoxC1 ischemic
hearts and the control vectors (-) ischemic hearts. However, Oct4 transfection signi�cantly increased the
retention of EGFP+ MSCs, especially in the adFoxC1 ischemic hearts (Fig. 9B, F), indicating an increase in
cell engraftment in the overexpression of FoxC1/Oct4.

We next explored whether stimulation of FoxC1/Oct4 axis after cardiac ischemia enhances MEndoT of
MSCs. We found that labeled MSCs in the adFoxC1 ischemic hearts exhibited signi�cantly higher
vascular cell expression than in the control hearts, and overexpression of Oct4 further enhanced the
degree of this MEndoT. Conversely, in Oct4-depleted MSCs, the MEndoT was dramatically reduced (Fig.
9C, G). Similar results were obtained in neovascularization of MSCs: As compared with control, FoxC1-
transfected animals have signi�cantly higher blood vascular density in the ischemic hearts, and Oct4
overexpression could promote blood vessels, whereas depletion of Oct4 abolished this effect (Fig. 9D, H),
suggesting that FoxC1-mediated MEndoT promotes cardiac MSC neovascularization via Oct4 signaling.

Moreover, overexpression of FoxC1/Oct4 axis was also associated with decrease of in�ammatory and
�brosis measured by HE staining, immuno�uorescence, and masson trichrome staining. H&E staining
showed that, in the ischemic hearts without adFoxC1 transfection, compared without Oct4 expression,
Oct4 overexpressed MSCs therapy did signi�cantly reduce MI-induced signi�cant in�ammation, including
neutrophil in��ltration, myocyte loss, and bleeding. Transplantation of Oct4 overexpressed MSCs into the
adFoxC1 ischemic hearts caused the greatest reduction of myocardial in�ammation. However, this
reduction was abolished in the animals receiving siOct4 MSCs (Fig. S4A). The quantitative indices for
in�ammation, i.e., myocardium MPO and ROS, were highest in the control hearts receiving siFoxC1
transfected MSCs injection and were the lowest in the adFoxC1 hearts receiving Oct4 transfected MSC
therapy (Fig. S4D, E). The degree of MSC transformation into in�ammatory cells measured by the number
of CD68 expressing macrophages was signi�cantly smaller in the adFoxC1 transfected ischemic hearts
than in the control vectors (-) hearts, and Oct4 overexpression further reduced this transformation (Fig.
S4B, F). Masson Trichrome staining demonstrated the smallest amount of collagen deposition (Fig. S4C)
and infarct size (Fig. 9I) in the FoxC1 transfected hearts receiving adOct4-treated MSCs. Moreover, more
salvaged myocardial tissue was observed in the adFoxC1 ischemic hearts, and Oct4 overexpression
further increased viable myocardiocytes. However, siOct4 cancelled this decrease (Fig. S4G). These
observations suggest that FoxC1-mediated MEndoT contributes to preventing myocardial cell loss by
inhibiting �brosis and in�ammation thorough up-regulation of Oct4.

Of note, increased neovascularization, and decreased in�ammatory and collagen deposition led to
reduction in infarct size and improvement in post-injury cardiac function and remodeling.
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Echocardiography demonstrated that injection of Oct4 transfected MSCs signi�cantly improved cardiac
function and decreased LVEDD and LVEDV compared with MSC injection alone; the maximal
improvement was observed in the adFoxC1 transfected rats treated by Oct4 overexpressed MSCs;
depletion of  Oct4 abrogated this effect (Fig.9J, K, L).

We next investigated the expression of FoxC1/Oct4 signaling in ischemic hearts. ELISA showed that
FoxC1 and Oct4 expression increased in the FoxC1 transfected hearts, peaked in these hearts receiving
transplantation of Oct4 overexpressed MSCs. However, Oct4 knockdown weakened this increase
(Fig.S5A, B). Overexpression or knockdown of Oct4 caused no signi�cant change in FoxC1 expression in
all the hearts without adFoxC1 transfection, indicating that Oct4 is a downstream transcript factor
of FoxC1 action.

The expressions of vascular growth factors including Ang-1, bFGF, and VEGF in the ischemic hearts were
parallel to Oct4 expression, and their expression patterns were seen with the greatest signi�cant increase
in the adFoxC1 ischemic hearts receiving Oct4 transfected MSCs (Fig. S5C-E). Contrary to increased
expression of growth factors, the expression of in�ammatory factors IL-6 and TGFβ1 was substantially
reduced in Oct4 transfected MSCs injected animals, and showed the lowest expression in the adFoxC1
ischemic hearts receiving Oct4 transfected MSCs, while depletion of Oct4 canceled this reduction (Fig.
S5F, G). Conversely, we found transplantation of Oct4 transfected MSCs caused the greatest release of
anti-in�ammatory factor IL-4 in the adFoxC1 rats, the secondary in the control rats, transfection of siOct4
into MSCs markedly decreased IL-4 expression (Fig. S5H). These observations suggest that FoxC1/Oct4
axis contributes to inhibiting cardiac in�ammation of MSCs in the ischemic hearts. Taken together, the
FoxC1/Oct4 axis in this model simultaneously initiates an anti-in�ammation by directly affecting
expression of in�ammatory speci�c factors.

Discussion
Delivery of MSCs in the absence of a cytoprotective environment offers limited e�cacy due to low cell
retention and poor graft survival [38]. Recent studies have shown that FoxC1 promote cell proliferation
and self-renewal of stem cells in ischemic brain [25] Several reports have con�rmed a protective function
of vascular niches in adult stem cells [13] and a creation of nurturing niches for stem cells [6]. In this
context, the present in vitro study shows that FoxC1 induces hypoxic ECs to possess a degree of native
vascularization, e.g., mimicking the ischemic niche, which enables MSCs to adopt endothelial cell like
fates after hypoxia, and beget MEndoT. Overexpression of Oct4 further augmented the proliferation and
vascular formation of MSCs, accomplishing through activation of angiogenesis pathways. Speci�c Oct4
deletion in MSCs reduced their survival and MEndoT in the hypoxic ECs with FoxC1 transfection.
Overexpression of FoxC1 in the ischemic hearts induced a vascular niche, and further augmented survival
and MEndoT of MSCs after administration of adOct4 transfection. Enhanced MEndoT induced by the
FoxC1/Oct4 axis appears to play an important physiological role in cardiac repair, as disruption of
MEndoT by depletion of Oct4 worsened post-infarct vascularity and cardiac function.
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It has been shown that preexisting endothelial cells mediate cardiac neovascularization after MI [17]. We
show here that MI in rat models resulted in characteristic histological and humoral changes consisting of
angiogenesis and pro-angiogenic factor expression. These changes are believed to represent an intrinsic
adaptive formation of a vascular niche accelerating stem cell survival and function [49]. However, these
response showed short-term time. Thus, elucidation of signaling pathways that modulate vascular
formation of vascular ECs is important for the maintenance and long-term survival of MSCs engrafted
into the MI. We showed here that hypoxic ECs expressed FoxC1, and followed by a high expression of pro-
angiogenic and transcription factors involved in stem cell self-renewal. In contrast, these factors were
expressed at very low levels in ECs cultured under normoxia. Consistent with the in vitro observation, a
similar expression pattern was evidenced in the infarcted hearts: FoxC1 was highly expressed in the peri-
infarct (ischemic) area than in the remote myocardium (normoxic area). Speci�c FoxC1 deletion in
hypoxic ECs resulted in defective clone-intitiating potential. FoxC1 is required for
haematopoietic stem/progenitor cell niche formation [34]. These data indicate that FoxC1 is an essential
factor in early expansion of preexisting vessels in a damaged heart, namely development of blood
vascular niche.

The transcription factor FoxC1 can favour a vascular fate by inducing differentiation of somite-derived
ECs in the limb [33]. Here, we show that FoxC1 is essential for controlling ECs proliferation and
differentiation, as well as the expression of numerous angiogenesis-related factors in the hypoxic
microenvironment. FoxC1 deletion led to obvious reduction of vascular formation. Once again
demonstrating that the contribution of preexisting ECs to vascularization is dependent on FoxC1
expression. In addition, we observed smaller changes in proliferation and vascular formation of ECs
under normoxic condition after treatment with adFoxC1/siFoxC1. Therefore, we provided novel insights
into FoxC1 activation in the preexisting ECs, which might represent another signaling pathway to
maintain the vascular microenvironment under hypoxia.

However, the molecular mechanisms within the vascular microenvironment remain largely unknown. In
the present study, in vitro analysis showed that preexisting ECs promote MSC self-renewal under hypoxic
conditions. FoxC1 levels in ECs were inversely proportional to the MSC apoptosis rate, and diminished
expression of FoxC1 in knockdown state signi�cantly increased MSC apoptosis. FoxC1-transfected ECs
signi�cantly promoted MSC proliferation and self-renewal in comparison with ECs co-culture alone,
indicating that FoxC1 regulates MSC survival and growth. The importance of FoxC1 in stem cell survival
and growth was consistent with the results reported by Lee et al, who identi�ed that activated FoxC1
promoted cell proliferation and self-renewal of multipotent arachnoid-pia stem cells [25]. We also found
that overexpression of FoxC1 in ECs was linked with increased expression of cytoprotective molecules,
including pro-angiogenic cytokines Ang1, bFGF, and VEGF, and anti-apoptotic factor Bcl2, and decreased
expression of apoptotic proteins Bax and Caspase3 involved in survival and proliferation of MSCs [50].
Taken together, these �ndings implied that vascular microenvironment with higher levels of FoxC1
expression are essential to maintain MSC survival and self‐renewal under hypoxia.

http://www.nature.com/articles/s41374-020-0415-6
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Although FoxC1 has recently been identi�ed as an e�cient approach to preserve long-term survival of
hair follicle stem cells [24], in this study, we found that the proliferation is not the case in the hypoxia-
cultured MSCs. The co‐culture of MSCs with adFoxC1-treated ECs could prolong the MSC doubling time
compared with ECs alone, whereas the number of population doublings of cultured MSCs gradually
decreased after 84h of hypoxic culture. Therefore, modulation of FoxC1 signaling pathways in ECs
appears to be crucial to develop strategies to induce long-term survival of MSCs against hypoxic or
ischemic injury. Several signaling pathways, such as PI3K/AKT, MAPK/ERK [28], HIF-1, VEGF [35], and
JAK2/STAT3 [42] pathways, are implicated in regulating MSC survival, self-renewal, and angiogenesis. It
has been found that FoxC1 knockdown reduced stem cell percentage, suppressed self-renewal ability,
decreased expression of stemness-related genes (Oct4, NANOG, SOX2 and ABCG2) [4]. Among them, we
identi�ed that following activation of FoxC1 in ECs, only Oct4 is produced at high levels in MSCs.
However, other stem cell factors showed no signi�cant change in response to alteration of FoxC1
expression, suggesting that FoxC1 can specially and significantly activate Oct4 expression. Moreover,
overexpression of Oct4 further enhanced self-renewal of the MSCs cocultured with adFoxC1-treated ECs,
similar to the long-term survival of role for Oct4 described previously in ESCs [27]. All these data indicated
that Oct4 plays a critical role in the regulation of MSC growth and survival.

It has been found that knockout of Oct4 in perivascular cells decreases angiogenesis following hindlimb
ischemia [18]. Here, we observed that overexpression of Oct4 stimulated MSC angiogenesis, namely
MEndoT, which in turn enhanced MSCs’ repopulating ability and proliferation, and reduced apoptosis.
MEndoT, which has been con�rmed to play an important physiological role in cardiac repair, provides an
e�cient strategy to rapidly increase neovascularization in ischemic hearts [39]. Several publications have
con�rmed or corroborated the existence of MEndoT, or provided additional observations of its effects.
The main origin of MEndoT-derived cells has been identi�ed as cardiac �broblasts [12]. In the present
study, Oct4 improved the acquisition of an endothelial-like phenotype of MSCs in the FoxC1-induced
vascular microenvironment. Up-regulation of Oct4 in MSCs improved MEndoT and increased
neovascularization after hypoxia. In particular, the release of FoxC1 in the vicinity of blood vascular ECs
might result in a more hospitable niche, and facilitate MSC angiogenesis, associated with inhibition of
�brosis. Moreover, the FoxC1-driven transcriptional program that drives MEndoT under hypoxia is
impaired in Oct4-de�cient MSCs, and a high �brosis rate is a prominent feature of siOct4-MSCs. This
result indicates that the effects of FoxC1 on MEndoT of MSCs was Oct4 dependent. This phenomena of
MSC MEndoT was disproved by Batlle’s study, which indicated that p38α in MSCs regulates a TGF-β-
induced angiogenesis program negatively, including their ability to transdifferentiate into endothelial cells
[2]. All these data suggest that Oct4-mediated MEndoT might represent a therapeutic target to improve
MSC fate under hypoxic conditions.  

Oct4 acts as a gatekeeper in increasing the proliferation of germline stem cells under hypoxic stress [43],
and has a critical protective role in perivascular cell migration and recruitment during injury- and hypoxia-
induced angiogenesis [18]. However, how Oct4 regulates MSCs remains largely unknown. Previous
studies have shown that increased expression of Oct4 in bone marrow MSCs under hypoxic or ischemic
conditions improved cell survival via increased expression of a variety of hypoxia-responsive factors,
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such as Ang1, bFGF, and VEGF [44, 50]. Here, we found that Oct4 deletion in MSCs abolished increased
expression of a set of pro-angiogenic cytokines, Ang1, bFGF, and VEGF, and anti-in�ammatory factors IL4
and IL10 induced by co-culture with adFoxC1-treated ECs. These growth factors are key in survival and
angiogenesis of MSCs [50, 52]. But, in contrast, Oct4 deletion resulted in increased expression of pro-
in�ammatory (IL6) and pro-�brotic (TGFβ1) cytokines critically involved in �brosis [11]. This change is
correlated with reduced MEndoT and increased �brosis in MSCs under hypoxia. These data indicated that
FoxC1 drives survival and vascularization of hypoxic MSCs downstream of Oct4.

Two mechanisms for FoxC1/Oct4 axis on determining the fate of MSCs in ischemic hearts are
conceivable. On the one hand, a high degree of FoxC1 expression produced

a high concentration of proangiogenic cytokines and stimulates expansion of preexisting ECs, which
contributed to the formation of blood vessels, indicating contribution of MEndoT to neovascularization
[43]. In line with this, overexpression of FoxC1 induced inhibition of cardiac remodeling and resulted in
improvement of cardiac function. On the other hand, sustained activation of FoxC1 provided a vascular
niche which bene�ted the survival and function of MSCs transplanted into ischemic hearts [51]. Our
results in ischemic hearts supported the hypothesis of an anti-apoptosis-inducing effect of FoxC1 at a
high expression rate, while a lower expression rate decreased engraftment of MSCs. A dual role of Oct4
has also been demonstrated in the ischemic hindlimb muscle [18]. Here Oct4 promoted the survival of
MSCs and FoxC1-induced MEndoT at high expression levels in the ischemic hearts. In the FoxC1-induced
vascular niche, Oct4 was upregulated in ischemic cardiomyocytes to an optimal extent to activate
cytoprotective factors such as Ang1, bFGF, VEGF, and IL4. This led to increased cardiac function and
inhibited cardiac remodeling. In contrast, Oct4 de�ciency mediated activation of the IL6/TGFβ1 pathway
with pro-in�ammatory and �brotic effects by increasing in�ammatory and collagen transformation [40].
This may unveil a notice mechanism: These cytoprotective factors may constitute an exosome which
provides cytoprotection and modulates apoptosis [7]: FoxC1-mediated exosome may activate an
angiogenesis program in improving MEndoT after hypoxia/ischemia by activating the Oct4 signaling
pathway. This will be an important subject for future investigation. Our �ndings provide further rationale
for the ongoing clinical evaluation of combinatorial therapies comprising genetic modi�cation and MSC
transplantation [9].

Conclusions
In summary, we show by a vascular niche model that FoxC1 is an essential regulator of MSC responses
in the hypoxic microenvironment. Furthermore, we show that this occurs FoxC1 regulation of Oct4; and
that Oct4 in FoxC1+ MSCs contributes to MSC survival, vascularization, and cardiac repair. Investigation
of such cytoprotective mechanisms should provide potential therapeutic targets for the future treatment
of ischemic diseases.
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acLDL: Acetylated low-density lipoprotein; α-SMA: Alpha-smooth muscle actin;  Ang1: Angiopoietin1; Bax:
BCL2-Associated X; BCLF1: Bcl-2-associated transcription factor 1; bFGF: Basic �broblast growth factor;
BrdU: 5-bromodeoxyuridine; CD: Cluster of differentiation; DAPI: 4',6-diamidino-2- phenylindole; ECs:
endothelial cells; EF:ejection fraction; ELISA: enzyme-linked immunosorbent assays; ESCs: embryonic
stem cells; FACS: Fluorescence-activated cell sorting; FOX: forkhead/winged-helix transcription factor;
FoxC1:forkhead box C1; FS:fractional shortening; GAPDH: Glyceraldehyde-3- phosphate dehydrogenase;
H&E: hematoxylin and eosin; HGF: Hepatocyte growth factor; HIF-1α: Hypoxia inducibel factor 1 alph; HO:
hypoxia; IHC: immunohistochemistry; Klf4: Kruppel-like factor 4; LV: left ventricular; LVEDD: LV end
diastolic diameter; LVEDV: the LV end diastolic volume; MACS: Magnetic-activated cell sorting; MEndoT:
mesenchymal-to-endothelial; MI: myocardial infarct; MSCs: mesenchymal stem cells; NO: normoxic
condition; Oct4: octamer‐binding protein4; qRT-PCR: quantitative real-time reverse transcription-PCR; SH2:
Src homology domain 2; SH3: Src homology domain 3; shRNA: short hairpin RNA; SP1: Speci�city Protein
1; TFs: transcription factors; TGFβ1: Transforming growth factor beta1; TTC: triphenyltetrazolium
chloride; TUNEL: terminal deoxynulceotidyl transferase nick‐end‐labeling; UEA-1: Ulex europaeus
agglutinin-1; VEGF: Vascular endothelial growth factor; VEGFR2: Vascular endothelial growth factor
receptor 2; vWF: von Willebrand factor.

Declarations
The Animal Care and Use Committee of GuangZhou Red Cross Hospital Medical 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.

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

Funding
This work was supported by grants from the National Natural Sciences Foundation of China (81770291,
to Zhang S) and the Guangdong Provincial Natural Science Fund (key projects, 2018B030311011, to
Zhang S).

Authors' contributions
Ji Zhou carried out the molecular genetic and cell culture studies, participated in the sequence alignment
and drafted the manuscript. Chen Songsheng carried out the immuno�uoroscence studies, participated in
the molecular biology studies. Cui Jin carried out the histology. Huang Weiguang participated in the

https://www.biocompare.com/9776-Antibodies/7559527-VEGFR2-Antibody/?pda=9776|7559527_0_0|269752,1014,2,3687,3681,887|10|VEGFR2


Page 20/37

animal studies. Zhang Rui participated in the design of the study and performed the statistical analysis.
Zhang Shaoheng conceived of the study, and participated in its design and coordination and helped to
draft the manuscript. All authors read and approved the �nal manuscript.

Acknowledgments
We thank Dr. Wang Pengzhen (Guangzhou Institute of Traumatic Surgery, Guangzhou Red Cross Hospital,
Jinan University) for technical assistance.

Con�ict of Interest
There is no con�ict of interest between the authors.

References
1. Bartolucci J, Verdugo FJ, González PL, Larrea RE, Abarzua E, Goset C, Rojo P, Palma I, Lamich R,

Pedreros PA, Valdivia G, Lopez VM, Nazzal C, Alcayaga-Miranda F, Cuenca J, Brobeck MJ, Patel AN,
Figueroa FE, Khoury M (2017) Safety and e�cacy of the intravenous infusion of umbilical cord
mesenchymal stem cells in patients with heart failure: a phase 1/2 randomized controlled trial
(RIMECARD trial [randomized clinical trial of intravenous infusion umbilical cord mesenchymal stem
cells on cardiopathy]). Circ Res 121:1192-1204 doi: 10.1161/CIRCRESAHA.117.310712

2. Batlle R, Andrés E, Gonzalez L, Llonch E, Igea A, Gutierrez-Prat N, Berenguer-Llergo A, Nebreda AR
(2019) Regulation of tumor angiogenesis and mesenchymal-endothelial transition by p38α through
TGF-β and JNK signaling. Nat Commun 10:3071 doi: 10.1038/s41467-019-10946-y

3. Cao C, Huang Y, Tang Q, Zhang C, Shi L, Zhao J, Hu L, Hu Z, Liu Y, Chen L (2018) Bidirectional
juxtacrine ephrinB2/Ephs signaling promotes angiogenesis of ECs and maintains self-renewal of
MSCs. Biomaterials 172:1-13 doi: 10.1016/j.biomaterials.2018.04.042  

4. Cao S, Wang Z, Gao X, He W, Cai Y, Chen H, Xu R (2018) FOXC1 induces cancer stem cell-like
properties through upregulation of beta-catenin in NSCLC. J Exp Clin Cancer Res 37:220 doi:
10.1186/s13046-018-0894-0

5. Chai M, Gu C, Shen Q, Liu J, Zhou Y, Jin Z, Xiong W, Zhou Y, Tan W (2020) Hypoxia alleviates
dexamethasone-induced inhibition of angiogenesis in cocultures of HUVECs and rBMSCs via HIF-1α.
Stem Cell Res Ther 11:343 doi: 10.1186/s13287-020-01853-x

�. Chen J, Hendriks M, Chatzis A, Ramasamy SK, Kusumbe AP (2020) Bone vasculature and bone
marrow vascular niches in health and disease. J Bone Miner Res 35:2103-2120 doi:
10.1002/jbmr.4171

7. Chen L, Wang Y, Li S, Zuo B, Zhang X, Wang F, Sun D (2020) Exosomes derived from GDNF-modi�ed
human adipose mesenchymal stem cells ameliorate peritubular capillary loss in tubulointerstitial



Page 21/37

�brosis by activating the SIRT1/eNOS signaling pathway. Theranostics 10:9425-9442 doi:
10.7150/thno.43315

�. Chen Y, Zhao Y, Chen W, Xie L, Zhao ZA, Yang J, Chen Y, Lei W, Shen Z (2017) MicroRNA-133
overexpression promotes the therapeutic e�cacy of mesenchymal stem cells on acute myocardial
infarction. Stem Cell Res Ther 8:268 doi: 10.1186/s13287-017-0722-z

9. Chen Z, Chen L, Zeng C, Wang WE (2018) Functionally improved mesenchymal stem cells to better
treat myocardial infarction. Stem Cells Int 2018:7045245 doi: 10.1155/2018/7045245

10. Cherepanova OA, Gomez D, Shankman LS, Swiatlowska P, Williams J, Sarmento OF, Alencar GF, Hess
DL, Bevard MH, Greene ES, Murgai M, Turner SD, Geng YJ, Bekiranov S, Connelly JJ, Tomilin A,
Owens GK (2016) Activation of the pluripotency factor OCT4 in smooth muscle cells is
atheroprotective. Nat Med 22:657-665 doi: 10.1038/nm.4109

11. Das S, Neelamegam K, Peters WN, Periyasamy R, Pandey KN (2020) Depletion of cyclic-GMP levels
and inhibition of cGMP-dependent protein kinase activate p21Cip1 /p27Kip1 pathways and lead to
renal �brosis and dysfunction. FASEB J 34:11925-11943 doi: 10.1096/fj.202000754R

12. Dong W, Li R, Yang H, Lu Y, Zhou L, Sun L, Wang D, Duan J (2020) Mesenchymal-endothelial
transition-derived cells as a potential new regulatory target for cardiac hypertrophy. Sci Rep.10:6652
doi: 10.1038/s41598-020-63671-8

13. Duarte D, Hawkins ED, Akinduro O, Ang H, De Filippo K, Kong IY, Haltalli M, Ruivo N, Straszkowski L,
Vervoort SJ, McLean C, Weber TS, Khorshed R, Pirillo C, Wei A, Ramasamy SK, Kusumbe AP, Duffy K,
Adams RH, Purton LE, Carlin LM, Lo Celso C (2018) Inhibition of endosteal vascular niche remodeling
rescues hematopoietic stem cell loss in AML. Cell Stem Cell 22:64-77.e6 doi:
10.1016/j.stem.2017.11.006

14. Ejtehadifar M, Shamsasenjan K, Movassaghpour A, Akbarzadehlaleh P, Dehdilani N, Abbasi P,
Molaeipour Z, Saleh M (2015) The effect of hypoxia on mesenchymal stem cell biology. Adv Pharm
Bull 5:141-149. doi: 10.15171/apb.2015.021

15. Garg RK, Rennert RC, Duscher D, Sorkin M, Kosaraju R, Auerbach LJ, Lennon J, Chung MT, Paik K,
Nimpf J, Rajadas J, Longaker MT, Gurtner GC (2014) Capillary force seeding of hydrogels for
adipose-derived stem cell delivery in wounds. Stem Cells Transl Med 3:1079-1089. doi:
10.5966/sctm.2014-0007

1�. Guo Y, Mantel C, Hromas RA, Broxmeyer HE (2008) Oct-4 is critical for survival/antiapoptosis of
murine embryonic stem cells subjected to stress: effects associated with Stat3/survivin. Stem Cells
26:30-34 doi: 10.1634/stemcells.2007-0401

17. He L, Huang X, Kanisicak O, Li Y, Wang Y, Li Y, Pu W, Liu Q, Zhang H, Tian X, Zhao H, Liu X, Zhang S,
Nie Y, Hu S, Miao X, Wang QD, Wang F, Chen T, Xu Q, Lui KO, Molkentin JD, Zhou B (2017) Preexisting
endothelial cells mediate cardiac neovascularization after injury. J Clin Invest 127:2968-2981 doi:
10.1172/JCI93868

1�. Hess DL, Kelly-Goss MR, Cherepanova OA, Nguyen AT, Baylis RA, Tkachenko S, Annex BH, Peirce SM,
Owens GK (2019) Perivascular cell-speci�c knockout of the stem cell pluripotency gene Oct4 inhibits



Page 22/37

angiogenesis. Nat Commun 10:967. doi: 10.1038/s41467-019-08811-z

19. Jiang W, Xu J (2020) Immune modulation by mesenchymal stem cells. Cell Prolif 53: e12712 doi:
10.1111/cpr

20. Khasawneh RR, Abu-El-Rub E, Serhan AO, Serhan BO, Abu-El-Rub H (2019) Cross talk between 26S
proteasome and mitochondria in human mesenchymal stem cells' ability to survive under hypoxia
stress. J Physiol Sc 69:1005-1017 doi: 10.1007/s12576-019-00720-6

21. Kim Y, Liu JC (2016) Protein-engineered microenvironments can promote endothelial differentiation
of human mesenchymal stem cells in the absence of exogenous growth factors. Biomater Sci 4:
1761–1772 doi: 10.1039/c6bm00472e

22. Koo HY, Kume T (2013) FoxC1-dependent regulation of vascular endothelial growth factor signaling
in corneal avascularity. Trends Cardiovasc Med 23: 1-4 doi: 10.1016/j.tcm.2012.08.002

23. Lai B, Li Z, He M, Wang Y, Chen L, Zhang J, Yang Y, Shyy JY (2018) Atheroprone �ow enhances the
endothelial-to-mesenchymal transition. Am J Physiol Heart Circ Physiol 315:H1293-H1303 doi:
10.1152/ajpheart.00213

24. Lay K, Kume T, Fuchs E (2016) FOXC1 maintains the hair follicle stem cell niche and governs stem
cell quiescence to preserve long-term tissue-regenerating potential. Proc Natl Acad Sci U S A
113:E1506-E1515. doi: 10.1073/pnas.1601569113

25. Lee YH, Lee HT, Chen CL, Chang CH, Hsu CY, Shyu WC (2019) Role of FOXC1 in regulating APSCs
self-renewal via STI-1/PrPC signaling. Theranostics 9:6443-6465 doi: 10.7150/thno.35619

2�. Lengner CJ, Camargo FD, Hochedlinger K, Welstead GG, Zaidi S, Gokhale S, Scholer HR, Tomilin A,
Jaenisch R (2007) Oct4 expression is not required for mouse somatic stem cell self-renewal. Cell
Stem Cell 1:403-415 doi: 10.1016/j.stem.2007.07.020

27. Li Y, Liu Y, He J, Wang F, Liu S, Zhang Y, Kou Z, Ju Z, Zheng G, Xu J, Yuan W, Gao S, Cheng T (2011)
Long-term survival of exogenous embryonic stem cells in adult bone marrow. Cell Res 21):1148-
1151. doi: 10.1038/cr.2011.97

2�. Liang X, Ding Y, Lin F, Zhang Y, Zhou X, Meng Q, Lu X, Jiang G, Zhu H, Chen Y, Lian Q, Fan H, Liu Z
(2019) Overexpression of ERBB4 rejuvenates aged mesenchymal stem cells and enhances
angiogenesis via PI3K/AKT and MAPK/ERK pathways. FASEB J 33:4559-4570. doi:
10.1096/fj.201801690R

29. Lin CH, Su JJ, Lee SY, Lin YM (2018) Stiffness modi�cation of photopolymerizable gelatin-
methacrylate hydrogels in�uences endothelial differentiation of human mesenchymal stem cells. J
Tissue Eng Regen Med 12: 2099–2111 doi: 10.1002/term.2745  

30. Lu W, Xie Z, Tang Y, Bai L, Yao Y, Fu C, Ma G (2015) Photoluminescent mesoporous silicon
nanoparticles with siCCR2 iImprove the eEffects of mesenchymal stromal cell transplantation after
acute myocardial infarction. Theranostics 5:1068-1082. doi: 10.7150/thno.11517

31. Ma J, Ge J, Zhang S, Sun A, Shen J, Chen L, Wang K, Zou Y (2005) Time course of myocardial
stromal cell-derived factor 1 expression and bene�cial effects of intravenously administered bone

https://www.ncbi.nlm.nih.gov/pubmed/?term=Jiang%20W%5bAuthor%5d&cauthor=true&cauthor_uid=31730279
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20J%5bAuthor%5d&cauthor=true&cauthor_uid=31730279
https://www.ncbi.nlm.nih.gov/pubmed/31730279
https://www.ncbi.nlm.nih.gov/pubmed
https://www.ncbi.nlm.nih.gov/pubmed/?term=Koo%20HY%5bAuthor%5d&cauthor=true&cauthor_uid=22939989
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kume%20T%5bAuthor%5d&cauthor=true&cauthor_uid=22939989
https://www.ncbi.nlm.nih.gov/pubmed/22939989
https://www.ncbi.nlm.nih.gov/pubmed


Page 23/37

marrow stem cells in rats with experimental myocardial infarction. Basic Res Cardiol 100:217-223
doi: 10.1007/s00395-005-0521-z

32. Mathew SA, Naik C, Cahill PA, Bhonde RR (2020) Placental mesenchymal stromal cells as an
alternative tool for therapeutic angiogenesis. Cell Mol Life Sci 77: 253-265 doi: 10.1007/s00018-019-
03268-1

33. Mayeuf-Louchart A, Montarras D, Bodin C, Kume T, Vincent SD, Buckingham M (2016) Endothelial
cell speci�cation in the somite is compromised in Pax3-positive progenitors of Foxc1/2 conditional
mutants, with loss of forelimb myogenesis. Development 143: 872-879 doi: 10.1242/dev.128017

34. Omatsu Y, Seike M, Sugiyama T, Kume T, Nagasawa T (2014) Foxc1 is a critical regulator of
haematopoietic stem/progenitor cell niche formation. Nature 508: 536-540 doi:
10.1038/nature13071

35. Pourjafar M, Saidijam M, Mansouri K, Ghasemibasir H, Karimi Dermani F, Naja� R (2017) All-trans
retinoic acid preconditioning enhances proliferation, angiogenesis and migration of mesenchymal
stem cell in vitro and enhances wound repair in vivo. Cell Prolif 50: e12315 doi: 10.1111/cpr.12315

3�. Shen Y, Zhang R, Xu L, Wan Q, Zhu J, Gu J, Huang Z, Ma W, Shen M, Ding F, Sun H (2019) Microarray
analysis of gene expression provides new insights into denervation-induced skeletal muscle atrophy.
Front Physiol 10:1298. doi: 10.3389/fphys.2019.01298

37. Suresh K, Servinsky L, Jiang H, Bigham Z, Yun X, Kliment C, Huetsch J, Damarla M, Shimoda LA
(2018) Reactive oxygen species induced Ca2+ in�ux via TRPV4 and microvascular endothelial
dysfunction in the SU5416/hypoxia model of pulmonary arterial hypertension. Am J Physiol Lung
Cell Mol Physiol 314:L893-L907. doi: 10.1152/ajplung.00430.2017

3�. Thomas D, Marsico G, Mohd Isa IL, Thirumaran A, Chen X, Lukasz B, Fontana G, Rodriguez B,
Marchetti-Deschmann M, O'Brien T, Pandit A (2020) Temporal changes guided by mesenchymal
stem cells on a 3D microgel platform enhance angiogenesis in vivo at a low-cell dose. Proc Natl
Acad Sci U S A 117:19033-19044. doi: 10.1073/pnas.2008245117 

39. 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 (2014) Mesenchymal-endothelial transition contributes to cardiac
neovascularization. Nature 514:585-90 doi: 10.1038/nature13839

40. Wang JH, Zhao L, Pan X, Chen NN, Chen J, Gong QL, Su F, Yan J, Zhang Y, Zhang SH (2016) Hypoxia-
stimulated cardiac �broblast production of IL-6 promotes myocardial �brosis via the TGF-β1
signaling pathway. Lab Invest 96:839-852. doi: 10.1038/labinvest.2016.65

41. Xu L, Zhou J, Liu J, Liu Y, Wang L, Jiang R, Diao Z, Yan G, Pèault B, Sun H, Ding L (2017) Different
angiogenic potentials of mesenchymal stem cells derived from umbilical artery, umbilical vein, and
wharton's jelly. Stem Cells Int 2017:3175748 doi: 10.1155/2017/3175748

42. Yun S, Yun CW, Lee JH, Kim S, Lee SH (2018) Cripto enhances proliferation and survival of
mesenchymal stem cells by up-regulating JAK2/STAT3 pathway in a GRP78-dependent manner.
Biomol Ther (Seoul) 26:464-473 doi: 10.4062/biomolther.2017.099



Page 24/37

43. Zhang L, Qian Z, Tahtinen M, Qi S, Zhao F (2018) Prevascularization of natural nano�brous
extracellular matrix for engineering completely biological three-dimensional prevascularized tissues
for diverse applications. J Tissue Eng Regen Med 12:e1325-e1336. doi: 10.1002/term.2512

44. Zhang Q, Nguyen AL, Shi S, Hill C, Wilder-Smith P, Krasieva TB, Le AD (2012) Three-dimensional
spheroid culture of human gingiva-derived mesenchymal stem cells enhances mitigation of
chemotherapy-induced oral mucositis. Stem Cells Dev 21:937-947 doi: 10.1089/scd.2011.0252

45. Zhang S, Ge J, Zhao L, Qian J, Huang Z, Shen L, Sun A, Wang K, Zou Y (2007) Host vascular niche
contributes to myocardial repair induced by intracoronary transplantation of bone marrow CD34+
progenitor cells in infarcted swine heart. Stem Cells 25:1195-203. doi: 10.1634/stemcells.2006-0605

4�. Zhang S, Jia Z, Ge J, Gong L, Ma Y, Li T, Guo J, Chen P, Hu Q, Zhang P, Liu Y, Li Z, Ma K, Li L, Zhou C
(2005) Puri�ed human bone marrow multipotent mesenchymal stem cells regenerate infarcted
myocardium in experimental rats. Cell Transplant 14:787-798. doi: 10.3727/000000005783982558
46.

47. Zhang S, Lu S, Ge J, Guo J, Chen P, Li T, Zhang P, Jia Z, Ma K, Liu Y, Zhou C, Li L (2005) Increased
heme oxygenase-1 expression in infarcted rat hearts following human bone marrow mesenchymal
cell transplantation. Microvasc Res 69:64-70. doi: 10.1016/j.mvr.2005.01.004

4�. Zhang S, Ma X, Guo J, Yao K, Wang C, Dong Z, Zhu H, Fan F, Huang Z, Yang X, Qian J, Zou Y, Sun A,
Ge J (2017) Bone marrow CD34+ cell subset under induction of moderate stiffness of extracellular
matrix after myocardial infarction facilitated endothelial lineage commitment in vitro. Stem Cell Res
Ther 8:280. doi: 10.1186/s13287-017-0732-x

49. Zhang S, Zhao L, Shen L, Xu D, Huang B, Wang Q, Lin J, Zou Y, Ge J (2012) 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 32:910-923. doi: 10.1161/ATVBAHA.111.244970

50. Zhang S, Zhao L, Wang J, Chen N, Yan J, Pan X (2017) HIF-2α and Oct4 have synergistic effects on
survival and myocardial repair of very small embryonic-like mesenchymal stem cells in infarcted
hearts. Cell Death Dis 8:e2548. doi: 10.1038/cddis.2016.480

51. Zhao L, Zhang R, Su F, Dai L, Wang J, Cui J, Huang W, Zhang S (2020) FoxC1-induced vascular niche
improves survival and myocardial repair of mesenchymal stem cells in iInfarcted hearts. Oxid Med
Cell Longev 2020:7865395 doi: 10.1155/2020/7865395

52. Zheng ZW, Chen YH, Wu DY, Wang JB, Lv MM, Wang XS, Sun J, Zhang ZY (2018) Development of an
accurate and proactive immunomodulatory strategy to improve bone substitute material-mediated
osteogenesis and angiogenesis. Theranostics 8:5482-5500. doi: 10.7150/thno.28315

53. Zhu P, Wang Y, He L, Huang G, Du Y, Zhang G, Yan X, Xia P, Ye B, Wang S, Hao L, Wu J, Fan Z (2015)
ZIC2-dependent OCT4 activation drives self-renewal of human liver cancer stem cells. J Clin Invest
125:3795-808 doi: 10.1172/JCI81979

Figures



Page 25/37

Figure 1

FoxC1 is highly expressed in the ischemic ECs. (A) Heatmap of gene expression levels of 84 TFs. The top
10 highly expressed TFs are listed. Downregulated genes are represented in blue, and upregulated genes
are represented in red. (B) Top 10 TFs were depleted in ECs, which were cultured under hypoxic or
normoxic conditions.Their clone formation was tested via in vitro assays. (C and D) The mRNA and
protein expression levels of these TFs were veri�ed in both cultured ECs using qRT-PCR (C) and
immunoblotting (D). All data are the means ± SEM. p < 0.05: * vs. CON, † vs. Normoxia (n = 10 per group),
Student’s t-test. (E and F) Infarcted heart tissues were stained for immunohistochemistry. Representative
images are shown in the infarct, peri-infarct, and remote areas (E), and the statistical ratios of FoxC1
highly expressing cells are shown in (F). FoxC1 was positively stained as brown in the infarcted hearts,
and highly seen in the cytoplasm of blood vascular cells around the peri-infarct areas. Scale bars: 50 µm.
All Data are shown as means ± SEM. Two-tailed Student’s t test was used for statistical analysis.
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Figure 2

FoxC1 overexpression induces hypoxic EC proliferation. (A) Dynamic analysis of cell proliferation
quanti�ed by BrdU staining followed by FACS in the individual groups at 12-hour, 24-hour, 36-hour, and
48-hour after different treatments. (B) Equal protein loading was assessed by immunoblotting for FoxC1,
and proliferation marker protein Ki67 at 48h after treatment. Successful overexpression of the FoxC1
protein was veri�ed by immunoblot analysis in the HO+adFoxC1 group. Note that FoxC1 overexpression
strongly induced the expression of Ki67 in this group, while signi�cant decreases in the levels of these
proteins were observed in the HO+siFoxC1 group. (C) Fluorescence microscope images of the cells
double stained with DAPI and Ki67, showing the greatest positive staining in the HO+adFoxC1 group, and
the lowest in the HO+siFoxC1 group. Scale bars: 200 µm. (D) A percentage of Ki67 positively stained cells
was expressed a proliferative index. (E) The proliferative capacities of ECs were also evaluated by CCK-8
method. Note that all these proliferative indexes of ECs showed the greatest levels in the HO+adFoxC1
group, the second highest in the NO+adFoxC1 group, and the smallest in the HO+siFoxC1 group. Data are
shown as means ± SEM. Two-tailed Student’s t test was used for statistical analysis. p<0.05: *vs at 1 day
post treatment, † vs 3 day post treatment, ‡ vs 5 day post treatment, § vs the normoxia, ‖ vs the NO/HO
group under the same culture conditions, ¶ vs the siFoxC1 group (n = 10, each group).
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Figure 3

FoxC1-induced the vascular microenvironment under hypoxia. ECs were transfected with FoxC1 vector
(adFoxC1), FoxC1 siRNAs (siFoxC1), or control siRNA duplexes (Ctrl) and cultured under normoxia or
hypoxia. (A) Tube formation of MSCs subjected to hypoxic culture in the absence or presence of
adFoxC1, or siFoxC1. The number of tube formation was calculated (B). (C) Direct �uorescence staining
with Dil-acLDL and FITC-UEA-1 in ECs culture system with or without transfection of adFoxC1 or siFoxC1,
and counterstained with DAPI. (E) Factor VIII and α-SMA expression in MSCs, as determined using
immuno�uorescence with anti-factor VIII (red) and anti-α-SMA (green) antibodies, and the nuclei were
stained blue using DAPI. Scale bars = 50 µm. Double positive cells in (D) and (F) were expressed as a
percentage of Dil-acLDL+ UEA-1+ DAPI+ (D) or Factor VIII+α-SMA+DAPI+ (F) relative to all DAPI+ cells. (G-
I) ELISA assay of difference in proangiogenic factors, Ang1 (G), bFGF (H), and VEGF (I) at 48h after
nomorxic or hypoxic culture in the ECs transfected with Foxc1vector (adFoxc1), FoxC1 siRNAs (siFoxC1),
or control siRNA duplexes (CON). All data are the means ± SEM. p < 0.05: * vs. the NO/HO group under
the same culture conditions, † vs. the NO+adFoxC1group, ‡ vs. the HO+adFoxC1 group (n = 10 per group).
HPF, high-power �eld, acLDL, acetylated low-density lipoprotein, DAPI, 4’, 6-diamidino-2-phenylindole,
FITC-UEA �uorescein isothiocyanate-labeled Ulex europoeus agglutinin I lectin.
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Figure 4

FoxC1 overexpression in ECs promotes self-renewal and survival of MSCs under hypoxia. (A)
Representative growth state and morphology of the MSCs monocultured or cocultured with the ECs alone,
adFoxC1-treated, and siFoxC1-treated ECs in 108h of culture. Transfection of adFoxC1 improves self-
renewal of MSCs, and FoxC1 de�ciency impaired this effect. Scale bars = 200 µm. (B) For cell cycle
distribution, MSCs coculture with or without ECs treated with or without adFoxC1 or siFoxC1 for 108h
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were collected and detected by �ow cytometry, the percentage of of MSCs at S phase of the cell cycle
was statistically analyzed as a histogram. (C) and (D) MSCs after 108h of hypoxic culture were stained
with anti-Ki67 antibodies (C) and using the TUNEL assay (D), and then counterstained with DAPI,
followed by confocal microscopy. Scale bars = 200 µm. (E) MSCs were cultured for 108 hours under
hypoxic conditions, and the number of cumulative population doublings was determined. (F) The
percentage of cells in S phase was determined. (G) The proliferation of MSCs cocultured with adFoxC1-
treated ECs was remarkably higher than the other MSCs, as assessed using a CCK8 assay. (H) Statistical
analysis of the mean percentage of annexin V-positive cells relative to the total number of MSCs. FoxC1
overexpression in ECs reduced the apoptosis of MSCs, and FoxC1 de�ciency increased apoptosis. All
data are the means ± SEM. p < 0.05: *vs. monoculture, †vs. ECs alone, and ‡ vs. adFoxC1+ECs (n = 10 in
each group), Student’s t-test.
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Figure 5

FoxC1 initiates Oct4 activation. (A and B) FoxC1 overexpression increases the expression of Oct4 mRNA
and protein in MSCs. The indicated core stemness factors were analyzed in the MSCs cocultured with
adFoxC1-treated ECs, Ctrl-ECs, or siFoxC1-treated ECs. (C and E) The mRNA and protein expressions of
Oct4-relative pro-angiogenic factors Ang1, bFGF and VEGF, anti-apoptic factor Bcl-2, and pro-apoptic
factors Bax and caspase3 were detected by immunoblotting (C) and real-time RT-PCR (E) in these cells.
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(D) Correlation analysis of Oct4 positive MSCs and FoxC1 expression in ECs were analyzed by
quantitative immuno�uorescence and western blotting. (F) Representative immunostaining in MSCs
cocultured with adFoxC1-treated ECs or siFoxC1-treated ECs showed Oct4 expression was consistent with
VEGF and Bcl-2 expression, but opposite to caspase 3 expression. The nuclei of MSCs were stained blue
using DAPI. Scale bars = 50 µm. All data are the means ± SEM. p < 0.05: * vs. adFoxC1 group, † vs. Ctrl
group (n = 10 per group), Student’s t-test.

Figure 6
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MSCs in FoxC1-mediated vascular microenvironments adopt endothelial cell fates after Oct4
overexpression. (A) Angiogenesis and �brosis of MSCs subjected to transfection of adOct4, siOct4, or no
intervention in the absence or presence of adFoxC1, as determined using immunoblotting with anti-factor
VIII/α-SMA and collagen I/vimentin, respectively. (B) The histogram shows the quanti�cation of the
protein level relative to β-actin. (C-F) Double positive cells in angiogenesis or �brosis proteins were
expressed as a percentage of factor VIII+CD31+ (C) and (D) or collagen I+vimentin+ (E) and (F) relative to
all MSCs by FACS. (G and H) Direct �uorescence staining with VIII/α-SMA and collagen I/vimentin in
MSCs culture system with or without transfection of adFoxC1, and counterstained with DAPI. Scale bars
= 25 µm. (I) and (J) Correlation analysis of the double-positive rates of VIII/α-SMA (I) and collagen
I/vimentin (J) in MSCs with the number of tubes/�eld in ECs. All data are the means ± SEM. p < 0.05: in
ECs without adFoxC1, * vs MSCs treated with no intervention, † vs. MSCs with adOct4, ‡ vs. MSCs with
siOct4; in ECs with adFoxC1, § vs MSCs treated with no intervention, ‖ vs. MSCs with adOct4 (n = 10 per
group), Student’s t-test. DAPI, 4’, 6-diamidino-2-phenylindole; FACS, �uorescent-activated cell sorting.
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Figure 7

Oct4 improved the expression levels of proangiogenic factors in adFoxC1-mediated vascular
microenvironments. (A) In growth kinetic analyses, a signi�cantly increasing pattern was seen in MSCs
cocultured with adFoxC1-treated ECs after adOct4 transfection, which also extended the peak cell growth
in adOct4 transfected MSCs cocultured with ECs alone. (B) and (C) Comparison of angiogenic factor
concentration changes under hypoxic conditions, as detected using an antibody array in MSCs before
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and after Oct4 overexpression. (D), (E), and (F) Quantitative analysis of Ang1 (D), VEGF (E), and bFGF and
HGF (F) protein level changes in MSCs treated with control vector, adOct4, or siOct4 in the presence or
absence of adFoxC1 in ECs. All data are the means ± SEM. p < 0.05: in ECs without adFoxC1, * vs MSCs
treated with no intervention, † vs. MSCs with adOct4, ‡ vs. MSCs with siOct4; in ECs with adFoxC1, § vs
MSCs treated with no intervention, ‖ vs. MSCs with adOct4 (n = 10 per group), Student’s t-test. (G) Ang1
and VEGF immunocyto�uorescence in MSCs 144 hours after the imposition of hypoxic conditions. (The
�rst and third rows) High magni�cation of MSCs under a light microscope. (The second and fourth rows)
Immuno�uorescence staining for Ang1 (red) and VEGF (red) on MSCs harvested 144 hours following
hypoxic culture to detect Ang1 and VEGF levels in the cytoplasm of MSCs. Scale bar: 50 μm.
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Figure 8

MEndoT after cardiac injury is FoxC1 dependent. (A, B) FoxC1 immunostaining in the sham-operation
and the ischemic hearts in the presence or absence of adFoxC1 transfection (A) and (C) quanti�cation of
FoxC1 expression in endothelial cells. The greatest amount of cardiac endothelial FoxC1+ cells was
found in the FoxC1 overexpressed ischemic hearts (arrowheads). Scale bar: 50μm. (B) Factor VIII
immunostaining in these hearts. Scale bar: 100μm. (D, E) Number of endothelial cells/high power �eld (D)
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and blood vessels (E). (F) Masson’s Trichrome staining 30 days after myocardial ischemia. (G)
Quanti�cation of scar/LV area. (H) Cardiac function and structure were assessed by left ventricular
fraction shortening (LVFS), and LV remodeling indices including LVEDD (I) and LVEDV (J) 15 days after
ischemia. All data are the means ± SEM. p < 0.05: * vs the heart receiving sham-ischemic operation, † vs.
the ischemic hearts without FoxC1 intervention, ‡ vs. the ischemic hearts with adFoxC1 transfection (n =
10 per group), Student’s t-test.

Figure 9
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Oct4 enhances FoxC1-mediated MEndoT after MSC therapy. (A) Representative �uorescence microscopy
images of tissue sections showing the retention of EGFP labeling MSCs at the injection site 30 days after
transplantation. Scale bar: 100 mm. (E) Quantitative data showing the retention of EGFP+ MSCs in the
ischemic hearts. (B) Representative phenotype of gated EGFP+ cells evaluated by FACS. (F) Quantitative
analysis of the percentages of EGFP-positive cells (EGFP+) relative to the whole ventricular cell
population in the ischemic hearts after 30 days of transplantation. (C, G) Endothelial cell immunostaining
in EGFP-labeled MSCs (C, arrowheads) and quantitation of endothelial cell expression (G). Scale bar: 50
mm. (D, H) Vascular density images assessed by factor VIII immunostaining (D) and statistical analysis
of blood vessels (H) in various groups 30 days after cell therapy, respectively. Scale bar: 100 mm. (I)
Quantitation of infarct size. (J, K, L) The changes of LVFS (J), LVEDD (K), and LVEDV (L) prior to and 30
days after cell therapy. All graphs show means ± SEM. p < 0.05: in the ischemic hearts without FoxC1
transfection, * vs MSC therapy alone, † vs. Transplantation of adOct4 transfected MSCs, ‡ vs.
Transplantation of siOct4 transfected MSCs; in the adFoxC1 hearts, § vs MSC therapy alone, || vs.
Transplantation of adOct4 transfected MSCs (n = 10 per group), Student’s t-test.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

JizhousPaper1FigureS120212.tif

JizhousPaper1FigureS220212.tif

Jizhouspaper1FigureS320212.tif

JizhousPaper1FigureS420212.tif

JizhousPaper1FigureS520212.tif

Jizhouspaper1TableS120297.docx

TableS220212.doc

https://assets.researchsquare.com/files/rs-242961/v1/14c1656792e511e625e4a085.tif
https://assets.researchsquare.com/files/rs-242961/v1/215b293fe386185166fe5d78.tif
https://assets.researchsquare.com/files/rs-242961/v1/6093900fec24df0c64c828cd.tif
https://assets.researchsquare.com/files/rs-242961/v1/b28a5a4e53d7e4a3f6f30ee6.tif
https://assets.researchsquare.com/files/rs-242961/v1/88f00b8ad6e6fe33dcb25bf3.tif
https://assets.researchsquare.com/files/rs-242961/v1/4205f434ea5155ac70bf2c6e.docx
https://assets.researchsquare.com/files/rs-242961/v1/d2b62a0b9d756c6a6fdf8811.doc

