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Human pluripotent stem cell-derived endothelial cells (hPSC-
ECs) represent a promising source of human ECs urgently
needed for the study of cardiovascular disease mechanisms,
cell therapy, and drug screening. This study aims to explore
the function and regulatory mechanism of the miR-148/152
family consisting of miR-148a, miR-148b, and miR-152 in
hPSC-ECs, so as to provide new targets for improving EC func-
tion during the above applications. In comparison with the
wild-type (WT) group, miR-148/152 family knockout (TKO)
significantly reduced the endothelial differentiation efficiency
of human embryonic stem cells (hESCs), and impaired the
proliferation, migration, and capillary-like tube formatting
abilities of their derived ECs (hESC-ECs). Overexpression of
miR-152 partially restored the angiogenic capacity of TKO
hESC-ECs. Furthermore, the mesenchyme homeobox 2
(MEOX2) was validated as the direct target of miR-148/152
family. MEOX2 knockdown resulted in partial restoration of
the angiogenesis ability of TKO hESC-ECs. The Matrigel plug
assay further revealed that the in vivo angiogenic capacity of
hESC-ECs was impaired by miR-148/152 family knockout,
and increased by miR-152 overexpression. Thus, the miR-
148/152 family is crucial for maintaining the angiogenesis abil-
ity of hPSC-ECs, and might be used as a target to enhance the
functional benefit of EC therapy and promote endogenous
revascularization.
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INTRODUCTION
Endothelial cells (ECs) that line the blood and lymphatic vessels regu-
late many critical physiological processes including metabolic ho-
meostasis, vascular hemodynamics, vascular permeability, coagula-
tion, and cell extravasation.1,2 Endothelial dysfunction is regarded
as not only one of the leading causes and hallmarks of vascular pathol-
ogies such as hypertension, coronary artery disease, and diabetes
mellitus, but also a contributor of nonvascular diseases including neu-
rodegeneration and chronic inflammatory disorders.3 Human plurip-
otent stem cells (hPSCs), including human induced pluripotent stem
cells (hiPSCs) and human embryonic stem cells (hESCs), have
emerged as a promising source of human ECs for cell therapy, drug
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screening, tissue engineering, ormechanism investigation of endothe-
lial dysfunction in certain diseases.4,5 Studies have reported that
transplantation of hPSC-derived ECs (hPSC-ECs) into the hearts or
other ischemic sites can facilitate therapeutic vascular regeneration
and improve functional recovery after ischemic injury.6–9 Even so,
the applications of hPSC-ECs have fallen behind those of paren-
chymal cell types in the injury tissues. Better understanding and con-
trol of various cellular and molecular aspects of angiogenesis, using
hPSC-ECs as a surrogate human vascular model, will profoundly
enhance our ability to treat diseases with ischemic and endothelial
dysfunction components.

MicroRNAs (miRNAs) are a class of small non-coding RNAs (�22
nucleotides) that regulate specific target mRNAs through a comple-
mentary match to cleave mRNAs or inhibit protein translation.10,11

Accumulating studies have shown the capacity of endothelial miR-
NAs to regulate EC differentiation, homeostasis, and angiogen-
esis.12–16 For example, miR-99b, miR-191a, and miR-181b are
capable of potentiating EC differentiation from hESCs and improving
hESC-EC-induced therapeutic neovascularization in vivo.17 Other
miRNAs mediating EC lineage specification include miR-21, miR-
200c, miR-150, miR-6086/6087, miR-5739, and so on.18,19 MiR-126,
among other miRNAs, was shown to promote angiogenesis and EC
function by inhibiting the negative regulators of vascular endothelial
growth factor (VEGF) signaling, including the sprouty related EVH1
domain containing 1 (SPRED1) and phosphoinositide-3-kinase regu-
latory subunit 2 (PIK3R2).20 The promising pro-angiogenic potential
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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of these miRNAs will be helpful for generation of optimized ECs for
cardiovascular repair therapies.

The microRNA-148/152 (miR-148/152) family consisting of miR-
148a, miR-148b, and miR-152, which share the same seed sequences,
has been widely involved in tumorigenesis, autoimmune diseases, and
ventricular remodeling.21–23 However, conflicting evidence has been
reported concerning the role of miR-148/152 family members in
angiogenesis. While all miR-148/152 family members have been
shown to inhibit migration of ECs and reduce tumor angiogen-
esis,21,24 topical delivery of miR-148b mimics promoted angiogenesis
and accelerated wound healing in vivo.25 Further investigations in
other models are needed to elucidate the roles and underlying mech-
anisms of miR-148/152 family members in angiogenesis.

Human PSCs present a promising human cell resource for investi-
gating the functions of genes, due to their potential to differentiate
into any human cells and their accessibility to genetic manipulation.
We previously generated two hESC lines with triple knockout of miR-
148/152 family members, and demonstrated a critical role of the miR-
148/152 family in maintaining lateral mesoderm/cardiomyocyte fate
from hESCs.26 In present study, by using these two cell lines, we
further investigated the role of the miR-148/152 family in EC differ-
entiation and angiogenesis. Our results indicated that triple knockout
of the miR-148/152 family reduced the efficiency of EC differentia-
tion, and inhibited the angiogenic capacity of hESC-ECs, which is
partially mediated by the mesenchyme homeobox 2 (MEOX2).

RESULTS
Deletion of the miR-148/152 family inhibits endothelial

differentiation from hESCs

The miR-148/152 family is composed of miR-148a, miR-148b, and
miR-152, which share almost identical sequence (Figure 1A) and
thus are speculated to regulate similar target genes and cellular func-
tions. Our RT-qPCR results demonstrated a significantly increased
expression of all the three members in ECs derived from either hESCs
or hiPSCs, indicating that the miR-148/152 family may play a certain
function in ECs (Figure 1B). We thus attended to assess the role of the
miR-148/152 family in EC differentiation and endothelial function
via gain/loss-of-function approaches in hESCs and hESC-derived
ECs (hESC-ECs). In this study, we used two previously generated
miR-148a/148b/152 triple-knockout hESC lines (TKO#1 and
TKO#2), which can avoid the functional complementation among
three members observed in the single-family member knockout
cells.26 Before EC differentiation, we briefly verified the pluripotency
of the TKO cell lines, as shown by comparable expressions of plurip-
otent markers NANOG and SOX2 in wild-type (WT) and TKO
hESCs (Figure S1), as well as the knockout efficiency of miR-148/
152 family members in these cells (Figure 1C).

To obtain human ECs, we initiated mesoderm commitment from
hESCs via temporally activing Wnt signaling with CHIR, and pro-
moted their further differentiation into ECs by subsequent treatment
with basic fibroblast growth factor (bFGF), VEGF, and bone morpho-
genetic protein 4 (BMP4) (Figure 1D). On day 6 of EC differentiation,
we noticed an obvious decrease in the efficiency of EC differentiation
from TKO hESCs when compared with that from WT hESCs
(Figures 1E and 1F). This is not surprising, since triple knockout of
the miR-148/152 family in hESCs has been shown to inhibit the
commitment of cardiac mesoderm, the origin of both cardiomyocytes
and cardiac ECs.26 Consistently, the expression of Delta-like 1
(DLL1), a direct target of the miR-148/152 family that suppresses car-
diac mesoderm differentiation, was significantly upregulated in TKO
hESC-derived cells on day 3 of EC differentiation (Figure 1G).

After CD34+ magnetic-activated cell sorting (MACS) purification on
day 6 of EC differentiation, we observed significantly decreased
expression of pluripotent markers (SOX2 and OCT3/4) and increased
expression of endothelial cell markers (CD31 and CD144) in both
WT and TKO hESC-ECs, when compared with that in hESCs (Fig-
ure S2). However, their expressions are comparable among WT
hESC-ECs and TKO hESC-ECs, as well as the primary human umbil-
ical vein endothelial cells (HUVECs) (Figure S2). Immunofluores-
cence and DiI-ac-LDL uptake assays showed that deletion of the
miR-148/152 family neither disrupted membrane localization of
CD31 protein (Figure 1H), nor interfered with uptake of DiI-ac-
LDL by hESC-ECs (Figure 1I).

Collectively, these data indicate that triple knockout of the miR-148/
152 family impairs the efficiency of hESC differentiation into ECs, but
does not alter the endothelial characteristics of hESC-ECs.

Deletion of the miR-148/152 family impairs angiogenic capacity

of hESC-ECs

We then attended to assess the angiogenic capacity of WT and TKO
hESC-ECs. First, we confirmed the efficient knockout of miR-148/152
family members in CD34+ ECs derived from both TKO hESC lines by
RT-qPCR (Figure S3). Whereafter, the major cellular events associ-
ated with angiogenesis, including EC proliferation, migration, and
vessel formation, were respectively assessed in this study.

As shown in Figure 2A, despite the same initial cell number and split
ratio, TKO (TKO#1 and TKO#2) hESC-ECs at passage 4 showed
much lower densities than WT hESC-ECs. These data were further
confirmed by cell counting assay (Figure 2B). In addition, flow cytom-
etry-based EdU assay revealed that the proportion of proliferative
cells (EdU+ cells) was significantly lower in TKO hESC-ECs than
WT hESC-ECs (Figures 2C and 2D). These data demonstrated an
adverse effect of miR-148/152 knockout on cell proliferation in
hESC-ECs.

We then performed a wound-healing assay to investigate the effect of
the miR-148/152 family on the migration ability of hESC-ECs. As
shown in Figure 1E, wound was introduced in each confluent mono-
layer of TKO hESC-ECs by mechanically scratching with a pipet tip.
The wound area was obviously reduced in both WT and TKO groups
in 12 h due to cell migration from the wound edge. However, cell
migration at the wound area was significantly decreased in TKOgroups
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Figure 1. Deletion of the miR-148/152 family inhibits EC differentiation from hESCs

(A) The sequence comparison of themiR-148/152 family members. (B) RT-qPCR detection of themiR-148/152 family in hESCs, hiPSCs, and the differentiated ECs (n = 5 per

group). hESCs, human embryonic stem cells; hESC-ECs, hESC-derived endothelial cells; hiPSCs, human induced pluripotent stem cells; hiPSC-ECs, hiPSC-derived

endothelial cells. (C) RT-qPCR detection of miR-148/152 family in wild-type (WT) and miR-148/152 family triple-knockout (TKO) hESCs (n = 5 per group). (D) Schematic

diagram of EC differentiation from hESCs in vitro. (E) Flow cytometry analysis of CD31 andCD34-positive ECs on day 6 of endothelial differentiation fromWT and TKO hESCs.

(F) Quantitative statistics of CD31-positive cells in (E) (n = 3 per group). (G) RT-qPCR detection of DLL1, a direct target of the miR-148/152 family that inhibits the formation of

cardiac mesoderm, in WT and TKO hESC-derived cells on day 3 of endothelial differentiation (n = 5 per group). (H) Immunofluorescence staining of WT and TKO hESC-

derived ECswith CD31 (green) and Hoechst 33342 (blue). Scale bar indicates 50 mm. (I) Immunofluorescence detection of the low-density lipoprotein (DiI-ac-LDL, red) uptake

by WT and TKO hESC-derived ECs. Nuclei were stained with Hoechst 33342 (blue). Scale bar indicates 100 mm. The statistical data are expressed as the mean ± SEM.

***p < 0.001.
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Figure 2. Deletion of miR-148/152 family in ECs inhibits angiogenesis

(A) Representative bright-field images of WT and TKO hESC-derived ECs at passage 4. (B) Total number of ECs at passages 1 to 4 (n = 4 per group). (C) EdU cell proliferation

assays in WT and TKO hESC-derived ECs by flow cytometry. (D) Statistical analysis of EdU-positive ECs in EdU cell proliferation assays (n = 5 per group). (E) Representative

bright-field images of wound-healing assay performed in WT and TKO hESC-derived ECs. (F) Quantitative statistics of migration area in the wound-healing assays (n = 3 per

group). (G) Representative bright-field images of tube formation on Matrigel performed in WT and TKO hESC-derived ECs. (H) Statistical analysis of branch points formed by

WT and TKO hESC-derived ECs (n = 3 per group). (I) Statistical analysis of the total length of capillary tubes formed byWT and TKO hESC-derived ECs (n = 3 per group). Scale

bar indicates 200 mm. The data are expressed as the mean ± SEM. ***p < 0.001.
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when compared with that in WT group (Figure 2F), indicating that
miR-148/152 knockout is detrimental for EC migration.

Tube formation is a powerful model for studying endothelial angio-
genesis in vitro. By using tube formation assay, we found that miR-
148/152 knockout led to defective formation of capillary-like tubes
in hESC-ECs (Figure 2G). The number of branch points and total
tube length, as quantified with angiogenesis analyzer plugin for Im-
ageJ, were significantly decreased in both TKO#1 and TKO#2
hESC-ECs when compared with WT hESC-ECs (Figures 2H and 2I).
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Figure 3. miR-152 overexpression restored the angiogenesis capacity of TKO hESC-derived ECs

(A) Verification of miR-152 overexpression in TKO hESC-derived ECs by RT-qPCR (n = 5 per group). (B) Flow cytometric assay of EdU incorporation into TKO hESC-derived

ECs after miR-152 overexpression. (C) Statistical analysis of EdU-positive ECs (n = 5 per group). (D) Representative bright-field images of wound-healing assay performed in

TKO hESC-derived ECs with/without miR-152 overexpression. (E) Quantitative statistics of migration area in the wound-healing assays (n = 3 per group). (F) Representative

bright-field images of tube formation on Matrigel performed in TKO hESC-derived ECs with/without miR-152 overexpression. (G) Statistical analysis of branch points formed

in the tube formation assays (n = 3 per group). (H) Statistical analysis of the total length of capillary tubes formed in the tube formation assays (n = 3 per group). Scale bar

indicates 200 mm. The data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

Molecular Therapy: Nucleic Acids
Above results indicate that deletion of the miR-148/152 family abro-
gates angiogenesis in hESC-ECs via impairing cell proliferation,
migration, and capillary-like tube formation. We also analyzed cell
apoptosis in WT and TKO hESC-ECs by Annexin V-APC/7-AAD-
stained flow cytometry, but failed to detect an obvious difference be-
tween the two groups, either under normal culture condition or under
the conditions of hydrogen peroxide (H2O2) treatment (Figure S4).

miR-152 overexpression improves angiogenic capacity of WT

and TKO hESC-ECs

To validate the roles of miR-148/152 family deficiency in endothe-
lial dysfunction, we further performed rescue experiments through
lentivirus-mediated overexpression of miR-152, as a representative
of the miR-148/152 family, in TKO#1 hESC-ECs. Along with suc-
cessful overexpression of miR-152 (Figure 3A), the proliferation
ability of TKO#1 hESC-ECs was obviously restored, as indicated
by a significant increase of EdU-positive cells after miR-152 overex-
pression (Figures 3B and 3C). Meanwhile, miR-152 overexpression
in TKO#1 hESC-ECs significantly increased the cell migration area
in wound-healing assay (Figures 3D and 3E), and promoted capil-
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lary-like tube formation as compared with the control (Figures
3F–3H).

In order to assess the pro-angiogenic effect of miR-152 in other hu-
man EC sources, WT hESC-ECs, HUVEC and EA.hy926 cells were
transfected withmiR-152-overexpressing lentiviral particles, followed
by tube formation assay. Our data indicated that miR-152 overexpres-
sion could also promote tube network formation of different ECs in a
dose-dependent pattern (Figure S5).

Taken together, our data indicate that the miR-148/152 family plays a
critical role in maintaining the angiogenic capacity of hESC-ECs and
other ECs via promoting EC proliferation, migration, and tube
formation.

MEOX2 is a direct target gene of the miR-148/152 family

involving cell-cycle arrest

To investigate the mechanism by which the miR-148/152 family
regulates angiogenesis, we predicted the potential targets of the
miR-148/152 family using the TargetScan online tool. Gene



Figure 4. MEOX2 is a direct target gene of the miR-148/152 family

(A) Gene ontology (GO) assay of predicted targets of the miR-148/152 family. (B) Venn diagram showing the overlap of genes between cell proliferation arrest sets and targets

of themiR-148/152 family predicted by both TargetScan andMircode. (C) RT-qPCR detection of the predicted targets of themiR-148/152 family associated with cell arrest in

WT and TKO hESC-derived ECs (n = 5 per group). (D) Diagram depicting the sequence alignment of miR-152 and its target sites within the MEOX2 30-UTR. (E) Schematic

diagram of luciferase reporter system for MEOX2 30-UTR that contains predicated target sites of the miR-148/152 family and luciferase analysis showing an inhibitory effect of

miR-152mimics on the activity of MEOX2 30-UTR (n = 4 per group). (F) RT-qPCR detection of the downstream genes ofMEOX2 including P16, P21, KPNA2, NFKB1, and P65

in WT and TKO hESC-derived ECs (n = 5 per group). The data are expressed as the mean ± SEM. ***p < 0.001, ns indicates not significant.
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ontology analysis revealed enrichments of the top 100 TargetScan-
predicted targets in many biological processes, including cell prolif-
eration, multicellular organism development, and mitotic cell-cycle
arrest that are involved in angiogenesis (Figure 4A). Since the
miR-148a/152 family is supposed to inhibit the negative regulators
of angiogenesis, we questioned whether cell-cycle arrest-related
genes contributed to miR-148/152 family-induced angiogenesis in
hESC-ECs. We found seven cell-cycle arrest-related genes among
the potential targets of the miR-148/152 family predicted by both
TargetScan and Mircode (Figure 4B). However, only MEOX2,
which encodes homeobox protein MOX-2, showed significantly
increased expression in the TKO hESC-ECs when compared with
the WT hESC-ECs (Figure 4C).

Two target sites were predicated in the 30-UTR of MEOX2 (Fig-
ure 4D). Therefore, we performed dual luciferase assay to validate
the action of the miR-148/152 family on the 30-UTR of MEOX2 (Fig-
ure 4E). Compared with the miRNA control, miR-152 mimics signif-
icantly undermined the luciferase activities of 30-UTR-reporter con-
structs carrying both target sites or carrying only the second target
site (Figure 4E). However, miR-152 mimics failed to inhibit the lucif-
erase activity of the 30-UTR-reporter constructs carrying the mutant
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 587
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target sites (Figure 4E). These data revealed that MEOX2 is indeed a
direct target gene of the miR-148/152 family, and negatively regulated
by miR-148/152 family. Consistently, two known target genes of
MEOX2, including P16 and P21, were dramatically upregulated in
TKO hESC-ECs when compared with that in WT hESC-ECs
(Figure 4F).

MEOX2 knockdown promotes angiogenesis in TKO hESC-ECs

Since MEOX2 is a direct target of the miR-148/152 family and upre-
gulated by the deletion of the miR-148/152 family, we investigated
whether MEOX2 mediates the pro-angiogenesis role of the miR-
148/152 family by knocking down MEOX2 expression in TKO
hESC-ECs. RT-qPCR data showed that MEOX2 small hairpin
RNAs (shRNAs) led to about 60%–70% knockdown of MEOX2
mRNAs in TKO#1 hESC-ECs relative to the non-targeted shRNA
group (Figure 5A), along with significant inhibition of its downstream
target gene P16, P21, KPNA2, NFKB1, and P65 (Figure 5B). Probably
due to sufficient expression of MEOX2 at physiological state or the
existence of other gene-mediated regulation, miR-148/152 family
knockout led to less affection on these target genes (Figure 4F). After
MEOX2 knockdown for 48 h, we assessed the cell proliferation,
migration, and tube formation capacities in TKO#1 hESC-ECs. The
proportion of EdU+ cells significantly increased in TKO#1 hESC-
ECs subjected toMEOX2 inhibition (Figures 5C and 5D).Meanwhile,
MEOX2 knockdown resulted in partial restoration of the migration
and tube formation abilities of TKO#1 hESC-ECs (Figures 5E–5I).
Taken together, MEOX2 is a direct target gene of the miR-148/152
family and a key mediator of the pro-angiogenesis effect of the
miR-148/152 family in hESC-ECs.

The miR-148/152 family is critical for maintaining angiogenic

capacity of hESC-ECs in vivo

To validate whether miR-148/152 could also regulate the angiogenesis
of hESC-ECs in vivo, we conducted the in vivoMatrigel plug assay in
male SCID mice. Matrigel mixed with WT hESC-ECs, TKO hESC-
ECs, or miR-152 overexpressing hESC-ECs were injected subcutane-
ously into the flank region of mice. Ten day later, the TKO group
showed much lower intensity of red color in Matrigel plugs when
compared with that in WT groups, indicating declined angiogenesis
level in the TKO group (Figures 6A and 6B). On the contrary, the in-
tensity of red color was obviously increased in Matrigel plug mixed
with miR-152 overexpressing hESC-ECs (Figures 6A and 6B).
Consistently, the results of H&E staining and immunofluorescence
staining for von Willebrand Factor (VWF) also showed a reduction
of vascular density in the TKO group and an increase of vascular den-
sity in the miR-152 overexpression group, when compared with that
in the WT group (Figures 6C and 6D). These data demonstrated the
critical role of the miR-148/152 family in maintaining angiogenic ca-
pacity of hESC-ECs in vivo.

DISCUSSION
Human PSC-derived ECs represent a readily available human cell
source for modeling vascular pathology, uncovering novel drug tar-
gets, and identifying promising new pharmacotherapies and cell ther-
588 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
apies for cardiovascular disease.3 MiRNAs have emerged as critical
modulators of EC differentiation and angiogenesis, and act through
dynamically orchestrating various signaling pathways involved in
endothelial biology.27,28 In the present study, we identified the miR-
148/152 family as multi-faceted players in endothelial biology. Triple
knockout of miR-148/152 family members remarkably reduced the
EC differentiation efficiency of hESCs, and inhibited the cell prolifer-
ation, migration, and tube formation abilities of hESC-ECs as well.
We further demonstrated that MEOX2 is a direct target of the
miR-148/152 family in hESC-ECs where silencing of MEOX2
partially restored the miR-148/152 family deletion-caused impair-
ment in angiogenesis.

The miR-148/152 family has been shown to promote cardiomyocyte
differentiation from hESCs via synergistic inhibition of DLL1-medi-
ated NOTCH signaling and maintaining the default fate of CHIR-
induced cells toward lateral plate mesoderm.26 Since ECs in our study
originated from the same lateral plate mesoderm as cardiomyo-
cytes,29,30 it is intelligible that the miR-148/152 family could also pro-
mote EC differentiation from hESCs. This evidence suggests that the
miR-148/152 family may have a universal regulatory effect on cell fate
determination into lateral plate mesoderm-derived cells. Consistent
with data from cardiomyocyte differentiation, miR-148/152 family
deletion led to dramatically increased expression of the NOTCH
ligand DLL1 on day 3 of hESC-EC differentiation. Recent study
also showed that NOTCH inhibition by DAPT enhanced both the
yield and purity of ECs derived from hESCs.31 Thus, the miR-148/
152 family might promote EC differentiation from hESCs through
suppressing NOTCH signaling at the stage of lateral plate mesoderm.

There are currently some studies on the regulation of ECs by the miR-
148/152 family. For example, miR-152 can alleviate the pathogenesis
of atherosclerosis by targeting KLF5 to inhibit inflammation.32 Previ-
ous studies have reported some conflicting evidence concerning the
role of miR-148/152 family members in angiogenesis. Consistent
with our results in hESC-ECs, Miscianinov et al. demonstrated that
miR-148b mimics increased HUVEC proliferation and migration
in vitro, and promoted wound vascularization in vivo.25 However,
Kim et al. showed that the expression of miR-148a and miR-148b
was decreased during the differentiation of umbilical cord blood
mononuclear cells into outgrowing ECs, and miR-148a/b overexpres-
sion significantly reduced migration, filamentous actin remodeling,
and angiogenic sprouting in ECs.24 Here, we demonstrated a pro-
angiogenesis effect of the miR-148/152 family in hESC-ECs. To avoid
dosage compensation among different members, hESCs with triple
deletion of the miR-148/152 family was used in this study. Our
data indicated that miR-148/152 family knockout seriously impaired
angiogenesis in hESC-ECs via inhibiting three vital events including
cell proliferation, migration, and tube formation, while miR-152 over-
expression could restore the impaired angiogenesis in miR-148/152
family knockout hESC-ECs.

The currently known signal pathways that regulate the angiogenesis
of ECs include PI3K/AKT, NF-kB, VEGF/FLK-1, and SDF1/Cxcr4



Figure 5. MEOX2 suppression restores the angiogenesis capacity of TKO hESC-derived ECs

(A) Verification of MEOX2 suppression in TKO hESC-derived ECs by RT-qPCR (n = 3 per group). (B) RT-qPCR detection of the downstream genes of MEOX2 in TKO hESC-

derived ECs with/without MEOX2 suppression. (C) Flow cytometric assay of EdU incorporation into TKO hESC-derived ECs after transfection with MEOX2 shRNAs. (D)

Statistical analysis of EdU-positive ECs in (C) (n = 5 per group). (E) Representative bright-field images of wound-healing assay performed in TKO hESC-derived ECs with/

without MEOX2 shRNA transfection. (F) Quantitative statistics of migration area in the wound-healing assays (n = 5 per group). (G) Representative bright-field images of tube

formation on Matrigel performed in TKO hESC-derived ECs transfected with/without MEOX2 shRNAs. (H) Statistical analysis of branch points formed in the tube formation

assays (n = 3 per group). (I) Statistical analysis of the total length of capillary tubes formed in the tube formation assays (n = 3 per group). Scale bar indicates 200 mm. The data

are expressed as the mean ± SEM. **p < 0.01, ***p < 0.001.
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Figure 6. The miR148/152 family regulates angiogenic capacity of hESC-derived ECs in vivo

(A) Representative images of in situ (highlighted in circle) Matrigel plug at day 10 post injection of Matrigel mixed with WT, TKO, or miR-152-overexpressed hESC-ECs (n = 4).

(B) Representative images of Matrigel plugs isolated from mice at day 10 post injection. (C) Representative H&E staining images of the explanted Matrigel plug sections. (D)

Representative images of immunofluorescence staining for VWF (red) on the explanted Matrigel plug sections. Nuclei were stained with Hoechst 33342 (blue). Scale bar

indicates 200 mm.
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pathways.33,34 In this study, we identified MEOX2 as a direct target of
the miR-148/152 family that regulates angiogenesis in hESC-ECs.
MEOX2 is a transcription factor that abundantly expresses in resting
ECs, inhibits EC activation, and induces cell-cycle arrest.35 However,
the expression of MEOX2 is rapidly down-regulated under the action
of serum or pro-angiogenesis and pro-inflammatory factors.36

Consistently, we observed increased expression of MEOX2, along
with impaired angiogenesis, in miR-148/152 family knockout
hESC-ECs, while knockdown of MEOX2 led to increase of angiogen-
esis ability of the TKO hESC-ECs. Thus, we believe that the miR-148/
152 family promotes angiogenesis by negative regulation of MEOX2-
mediated pathways. Interestingly, miR-148a was recently shown to
promote myogenesis via direct targeting of MEOX2 in chicken skel-
etal muscle satellite cells.37 These data indicateMEOX2 couldmediate
multiple functions of the miR-148/152 family in different cells.

Endothelial dysfunction is a leading cause of cardiovascular disease,
and hPSC-EC transplantation has shown great promise for thera-
peutic angiogenesis during tissue repair and regeneration.38–40 Mul-
tiple strategies, including genetic modification and pretreatment
with small molecules, have been tested to augment cell survival
and function of ECs.41,42 Our results indicate that the miR-148/
152 family can optimize angiogenesis ability of ECs both in vitro
and in vivo. Therefore, we believe that overexpression of the miR-
148/152 family or interference with the target gene MEOX2 before
cell transplantation may be used as a method to optimize the trans-
plantation of ECs.
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In conclusion, our data demonstrate that the miR-148/152 family is
crucial for hPSC differentiation into ECs and maintaining the angio-
genesis ability of hPSC-ECs, while MEOX2 is a direct target of the
miR-148/152 family involved in angiogenesis. The miR-148/152 fam-
ily might be used as a target to enhance the functional benefit of EC
therapy and promote endogenous revascularization.

MATERIALS AND METHODS
Cell culture

The miR-148a/148b/152 triple-knockout hESC lines (TKO#1 and
TKO#2) were previously established from the wild-type H1 hESC
line (WT) using CRISPR-Cas9-based genome editing.26 Stem cells
were routinely maintained in PSCeasy medium (Cellapy, China) on
Matrigel-coated plates (Corning, USA), and were passaged with
0.5 mM EDTA. HUVECs and EA.hy926 cells were cultured in endo-
thelial cell medium (ECM) (ScienCell, USA) in 0.1% gelatin-coated
Petri dishes, and passaged with 0.125% trypsin at approximately
70%–80% density. All cell cultures were maintained in a humidified
5% CO2 incubator at 37�C.

Differentiation of hESCs into ECs

When hESCs reach 90% density, the cell culture mediumwas changed
to the chemically defined differentiation medium CDM3, which con-
sists of RPMI 1640 medium (Thermo Fisher, USA), 500 mg/mL re-
combinant human albumin (Sigma-Aldrich, USA), and 213 mg/mL
L-ascorbic acid 2-phosphate (Sigma-Aldrich, USA). According previ-
ous description, the cells were successively treated with 6 mM
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CHIR99021 (Sigma-Aldrich, USA) for 2 days (day 0–1), 50 ng/mL
bFGF (Novoprotein, USA) for 1 day (day 2), as well as a combination
of 50 ng/mLVEGF (Novoprotein, USA) and 25 ng/mL BMP4 (Pepro-
tech, USA) for 3 days (day 3–5).43 All the hESC-differentiated cells
were collected on day 6 for subsequent MACS and flow cytometry
analysis.

MACS for CD34+ ECs

After the induction of EC differentiation, cells were dissociated with
0.125% trypsin in 0.2% EDTA. The single-cell suspension was incu-
bated with the anti-CD34 coupled magnetic beads (Miltenyi, Ger-
many), followed by magnetic cell separation to enrich CD34+ ECs
as per the manufacturer’s instruction. The CD34+ ECs were collected
for further experiments.

DiI-ac-LDL uptake assay

Cells were incubated with ECM with 10 mg/mL DiI fluorescent dye-
labeled acetylated low-density lipoprotein (DiI-ac-LDL, Biomedical
Technologies, USA) at 37�C for 4 h. Cells were then fixed with 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS), and
the nuclei were stained with Hoechst 33342. Photographs were
captured under anOlympus LX51 fluorescencemicroscope (Olympus,
Japan).

Tube formation assay in vitro

ECs were seeded on a solid layer of growth factor reduced Matrigel
(Corning, USA) in a 96-well plate (1 � 104 cells per well), and
cultured in ECM. Images were captured under an Olympus LX51
fluorescence microscope (Olympus, Japan) every 2 h for 8–20 h after
plating. ImageJ software was used to count the number and length of
tubes formed by ECs.

EdU-based flow cytometry assay for cell proliferation

ECs were cultured in the 35-mm cell culture dishes as described above
for 3 days, and were then incubated in ECM containing 50 mMEdU at
37�C for 4 h. After digestion with 0.125% trypsin, these cells were
fixed with 4% PFA and permeabilized with 0.2% Triton X-100
(Sigma-Aldrich, USA). EdU incorporated into the DNA of prolifer-
ating cells was labeled with Alexa Fluor 647 according to the instruc-
tions of the BeyoClick EdU Cell Proliferation Kit (Beyotime, China).
The rate of EdU-positive cells was analyzed on a Guava easyGyte 8
Flow Cytometer (EMD Millipore, Germany).

Cell counting assay

ECs were digested with 0.125% trypsin in 0.2% EDTA, and were sus-
pended in ECM. Following counting cells with the hemocytometer,
the number of total cells was calculated using the following formula:
Total number = Average cell number per large square � dilution
factor � 104 � original volume of cell suspension.

Cellular apoptosis assay

Cell apoptosis was induced by exposing ECs to 200 mM of H2O2 in
fresh medium for 2 h. Cells with/without H2O2 treatment were
then harvested as single-cell suspension after digestion with 0.125%
trypsin. Apoptosis rate was determined by flow cytometry using an
Annexin V-APC staining kit (eBioscience, USA) according to the
manufacturer’s instructions.

Wound-healing assay

Wound-healing assay was used to evaluate the ability of cell migration
in vitro. ECs were seeded on a 24-well culture plate at a density of
1.5 � 105 cells per well to obtain a confluent cell monolayer. A cell-
free area within the confluent monolayer was generated by scratching
with a 200-mL pipette tip. The debris was removed by washing cells
with Dulbecco’s PBS and refreshing the cell culture medium. Cell
migration into the wound was monitored and captured for 12 h under
an Olympus LX51 fluorescence microscope (Olympus, Japan).
Scratch closure was quantified using ImageJ software.

In vivo Matrigel plug assay

According previous study, the Matrigel plug assay was evaluated in
male SCID mice aged 8 weeks with the approval of the Laboratory
Animal Research Committee of Soochow University.43 WT, TKO,
and miR-152-overexpressing hESC-ECs (0.5 � 107 cells per plug,
n = 4 for each group) were resuspended in 400 mL Matrigel, and
were then injected subcutaneously into the flank region of mice. All
mice were euthanized at day 10 post injection. Matrigel plugs were
photographed and subjected to H&E staining and immunostaining
of EC markers to evaluated angiogenesis.

RNA isolation and real-time PCR

Total RNAs, which includemRNAs andmiRNAs, were extracted from
cells using TRIzol Reagent (Sigma-Aldrich, USA) according to the
manufacturer’s manual. Takara PrimeScript RT Reagent kit (Takara,
Japan) was used to synthesize cDNAs from total RNAs. For miRNA
detection, the specific stem-loop primers for each miRNA were uti-
lized in a cDNA synthesis reaction.26 Real-time PCR (qPCR) was per-
formed on an Applied Biosystems StepOnePlus Real-Time PCR Sys-
tem (Thermo Fisher, USA). The qPCR primer sequences are listed
in Table S1. The 18S RNA was used as the internal reference gene.

Immunofluorescence staining

Cells or frozen sections were fixed with 4% PFA for 15 min, followed
by permeabilization with 0.2% Triton X-100 (Sigma-Aldrich, USA)
for 5 min. After washing with PBS, cells or sections were incubated
successively with 5% BSA in PBS for 1 h at room temperature and
the indicated primary antibodies overnight at 4�C. Subsequently, cells
or sections were washed with PBST (0.1% Tween 20 in PBS), and
incubated in darkness with the corresponding fluorescent secondary
antibody at room temperature for 1 h. Hoechst 33342 was used for the
nuclear staining. Images were captured with an LSM880 Zeiss
confocal laser scanning microscope (Carl Zeiss, Germany) and were
further analyzed using ImageJ software. Antibodies for immunofluo-
rescence staining are listed in Table S2.

Dual luciferase assay

To construct the luciferase reporter vectors, the human MEOX2
30-UTR fragments containing the potential binding sites of
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miR-148/152 family members were amplified by PCR using KOD-
Plus-Neo DNA polymerase (Toyobo, Japan), and were inserted into
the KpnI/XhoI locus of the PGL3 control vectors (Promega, USA)
downstream of the firefly luciferase gene. The target-site mutant
MEOX2 30-UTR vectors were generated by replacing the target se-
quences “UGCACUGA” with “UACUACAC.” The WT or mutated
MEOX2 30-UTR reporter vectors were transfected into HEK293T
cells, along with miR-152 mimics (Ribobio, China) using a Lipofect-
amine 2000 Transfection Reagent (Thermo Fisher, USA). The Renilla
luciferase reporter vectors (pRL-TK, Promega, USA) were used as an
internal reference for transfection efficiency. The cells were lysed 48 h
after transfection, and luciferase activity was analyzed using the dual
luciferase reporter assay system (Promega, USA) according to the
manufacturer’s instructions.

Lentiviral overexpression of miR-152

To generate the lentiviral vector overexpressing human miR-152
(pLV-miR-152-OE), DNA fragments covering miR-152 pre-miRNA
and its flank regions (�200 nucleotides each side) were amplified by
PCR using KOD-Plus-Neo DNA polymerase (Toyobo, Japan), and
were cloned into the MluI/ClaI sites of the pLVTHM vector (Addg-
ene, USA). The pLVTHM or pLV-miR-152-OE vectors were then
transfected into HEK293T cells together with the packed plasmid
psPAX2 and pMD2.G. The control and miR-152-overexpressing len-
tiviral particles in culture medium were concentrated with PEG 8000
(Sigma-Aldrich, USA), and further used to infect WT and TKO ECs
at the same multiplicity of infection.

Lentiviral shRNA knockdown of MEOX2

In this experiment, MEOX2 interference was mainly achieved
through lentivirus-mediated shRNA transfection. The shRNA se-
quences targeting MEOX2 were designed by BLOCK-iT RNAi
Designer (Thermo Fisher, USA) and synthesized by Suzhou Jinweizhi
Biotechnology Co., Ltd (China). The shRNA fragments were cloned
into the MluI/ClaI sites of the pLVTHM vector (Addgene, USA).
The new developed vectors were then transfected into HEK293T cells
together with the helper plasmids psPAX2 and pMD2.G for virus
packaging, as mentioned above.

Statistical analysis

All experimental analyses were performed at least three times. The
data were analyzed using GraphPad Prism version 8.0, and were ex-
pressed as mean ± SEM. Student’s t test was used for comparison be-
tween two groups. Multiple comparisons were performed using one-
way analysis of variance followed by the Bonferroni post hoc test. p
values <0.05 was considered statistically significant.
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