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Resident vascular Sca1+ progenitors differentiate
into endothelial cells in vascular remodeling
via miR-145-5p/ERG signaling pathway

Zhangquan Ying,1,4 Lingxia Lyu,1,4 Xiaodong Xu,1 Zuoshi Wen,1 Jianing Xue,1 Mengjia Chen,1 Zhoubin Li,2,*

Liujun Jiang,1,* and Ting Chen1,3,5,*
SUMMARY

Endothelial cell (EC) damage or dysfunction serves as the initial event in the pathogenesis of various car-
diovascular diseases. Progenitor cells have been postulated to be able to differentiate into ECs, facilitate
endothelial regeneration, and alleviate vascular pathological remodeling. However, the precise cellular
origins and underlying mechanisms remain elusive. Through single-cell RNA sequencing (scRNA-seq),
we identified an increasing population of progenitors expressing stem cell antigen 1 (Sca1) during vascular
remodeling in mice. Using both mouse femoral artery injury and vein graft models, we determined that
Sca1+ cells differentiate into ECs, restored endothelium in arterial and venous remodeling processes.
Notably, we have observed that the differentiation of Sca1+ cells into ECs is negatively regulated by
the microRNA-145-5p (miR-145-5p)-Erythroblast transformation-specific-related gene (ERG) pathway. In-
hibiting miR-145-5p promoted Sca1+ cell differentiation and reduced neointimal formation after vascular
injury. Finally, a similar downregulation of miR-145-5p in human arteriovenous fistula was observed
comparing to healthy veins.

INTRODUCTION

Endothelial cells (ECs) form the lining of the inner walls of blood and lymph vessels. The renewal, repair, and regeneration of these vascular

ECs are essential for maintaining tissue homeostasis and are also crucial in the development of various vascular diseases, including athero-

sclerosis, restenosis following angioplasty, and venous remodeling.1,2 After endothelial damage or denudation in large arteries, regeneration

of ECs is usually one of the most critical steps in lesion healing. Studies on the regeneration of ECs have identified many types of endothelial

progenitor cells, such as embryonic stem cells,3,4 induced pluripotent stem cells,5–7 vascular progenitor cells,8,9 or terminally differentiated

cell lines.10

Recent studies identified the presence of multiple endothelial progenitor cells in the vessel wall, and they express CD34,11,12 stem cell

factor receptor (c-Kit),13 fetal liver kinase-1 (Flk-1),14 and stem cells antigen 1 (Sca1).12 Sca1, also named lymphocyte antigen 6 complex locus

A (Ly6a), belongs to the ly-6 family and is recognized as a cell surface marker for hematopoietic stem cells.15 Tang et al.16 conducted a study

using a Sca1 lineage tracing transgenic mouse model to propose that vascular Sca1+ progenitor cells adopt the EC fate during the injury and

repair process of large arteries. Adult Sca1+ cells isolated frommyocardium are able to differentiate into ECs.17 However, further investigation

is required to understand the mechanisms underlying the participation of Sca1+ cells in vascular remodeling and the transition of Sca1+ pro-

genitors to ECs, as this process remains poorly understood.

In this study, we employed single-cell RNA sequencing (scRNA-seq) analyses and a Sca1-CreERT2;Rosa26-tdTomato lineage tracing

mouse model, combing with femoral artery guidewire injury and vein graft surgeries, to investigate the acquisition of EC fate by Sca1+ cells

during arterial and venous remodeling, both in vivo and in vitro. In vitro experiments demonstrated that the differentiation of Sca1+ cells into

ECs was regulated by the miR-145-5p/ERG pathway. Inhibition of miR-145-5p reduced neointimal hyperplasia and enhanced the EC differ-

entiation of Sca1+ cells in vivo. Similar reduced expression of miR-145-5p was examined in human arteriovenous fistula (AVF) samples

comparing to healthy veins. These findings provide compelling evidence that Sca1+ cells can differentiate into ECs during vascular repair,

with miR-145-5p serving as an important regulator in multiple vascular diseases.
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RESULTS

scRNA-seq analyses revealed that Sca1+ cells repopulate ECs in mouse femoral artery injury

To elucidate the functional role of Sca1+ cells in arterial intima injury and repair, we obtained single-cell transcriptomic data fromGEO’s data-

base for injured mouse femoral arteries (GSE182232).11 The endothelium was denuded using femoral artery guidewire injury surgery.

Following this procedure, ECs underwent regeneration to repair the endothelium and facilitate neointima lesion formation. The dataset in-

cludes samples from normal femoral arteries (NC) and those injured for 2 (FAI2W) or 4 (FAI4W) weeks. Post-quality control, we obtained 6760,

7084, and 8184 cells from each of these groups. We identified twenty cell clusters through unsupervised clustering with Umap embedded in

Seurat analysis (Figure S1A). Based on the highest gene expression levels (Figure S1B) and canonical cell type markers (Figure S1C), we as-

signed presumptive biological identities to each cluster (Figure 1A). The dot plot analysis indicated that Pecam1, Cdh5, Flt1, Kdr, and Nos3

were exclusive to the EC population, whereas the Pdgframesenchymalmarker predominantly appeared inmesenchymal populations. A clus-

ter expressing high levels ofCd34 and Ly6a (encoding Sca1) was designated as stem/progenitor cells (SPCs). Noteworthy, both SPCs and ECs

exhibited high expression of Ly6a (Figure 1B).

ECs were further segregated into Ly6a-positive (Ly6a+) and Ly6a-negative (Ly6a�) subpopulations, and it was observed that the Ly6a+ ECs

exhibited a significant increase post-injury, as illustrated in Figure 1C. Subsequently, a gene ontology (GO) analysis of the differentially ex-

pressed genes between the Ly6a+ and Ly6a� ECs revealed an enrichment of biological process terms associated with the regulation of angio-

genesis, vascular development, and epithelial cell proliferation (Figure 1D). For trajectory analysis, specific clusters of ECs and Sca1+ progen-

itor cells (SPCs) were identified. Figure 1E delineated a more primitive developmental state of SPCs (green) compared to ECs (blue). In the

FAI2W group, a considerable number of cells were observed transitioning between SPCs and ECs, suggesting an active reparative process

post-injury. The pseudotime trajectory analysis also revealed a downregulation in the expression of Ly6a, Cd34, and Pdgfra and an upregu-

lation inCdh5, Flt1,Nos3, and Pecam1 as cells progressed from SPCs (orange) to ECs (green) (Figure 1F). These findings suggested that Sca1+

cells could potentially differentiate into ECs to facilitate endothelial restoration during vascular repair.
Vascular Sca1+ cells exhibit endothelial differentiation potential in both arterial and venous remodeling in vivo

To further explore the function of Sca1+ cells in vivo, we utilized Sca1 lineage tracing mice (Sca1-CreERT2; Rosa26-tdTomato). Our initial in-

vestigations focused on arterial disease through performing guide wire injury surgeries on the femoral arteries of mice. In healthy femoral

arteries (Figure 2A), tdTomato-labeled Sca1+ cells were scarcely present in the endothelium, with tdTomato+ CD31+ cells comprising only

a small fraction of the EC population. Predominantly, tdTomato+ CD31� cells were found in the arterial adventitia. Four weeks post-surgery,

the injured femoral arteries exhibited a marked increase in tdTomato+ CD31+ ECs within the intima, as shown in Figure 2B. Quantitative anal-

ysis revealed a significant rise in the proportion of tdTomato+ ECs post-injury, escalating from 11.90G 7.16% in healthy specimens to 33.43G

6.36% in injured ones (Figure 2C). Additionally, immunofluorescent staining of injured femoral arteries revealed the co-expression of Sca1 and

CD31 in cells within the vascular wall (Figure S2), suggesting the in vivo differentiation of Sca1+ cells into CD31+ cells.

Subsequently, we examined the influence of Sca1+ cells on venous remodeling by conducting vein graft experiments. In vein graft models,

inferior vena cava of the mouse was transplanted and connected to the carotid artery, which were subject to a more intense vascular remod-

eling process. During vein grafting, ECs are not immediately harmed but gradually sustain damage due to enhanced blood flow and elevated

shear stress. In the vena cava, tdTomato+CD31+ ECs constituted a small portion of the endothelial population (Figure 3A). At four weeks post-

operation, endothelial lining of vein grafts showed a progressive replacement of tdTomato� CD31+ ECs with tdTomato+ CD31+ ECs. These

cells were also observed in the adventitial vasa vasorum (Figure 3B). Quantitative analysis revealed a rise in the percentage of tdTomato+ ECs

after venous remodeling, increasing from 11.90G 5.01% in the vena cava to 39.14G 7.41% in vein grafts (Figure 3C). Collectively, these data

suggested that Sca1+ cells were capable of differentiating into ECs in vivo.

To further examine the necessity of Sca1+ cells in the vascular remodeling of vein grafts, Sca1-CreERT2; Rosa26-tdTomato mice were bred

with Rosa26-iDTRmice. Selective ablation of Sca1+ cells was achieved by inducing the expression of diphtheria toxin receptors (DTR) in these

cells through tamoxifen administration. Subsequent introduction of diphtheria toxin (DT) led to the apoptotic elimination of the targeted

Sca1+ cells. The targeted depletion of Sca1+ cells resulted in a significant reduction in tdTomato+ CD31+ EC regeneration (Figure 3D), which

may further affect neointimal formation and venous remodeling in the long-term.
Isolated Sca1+ cells differentiated into ECs with VEGF treatment in vitro

Subsequent investigations were aimed at ascertaining the capacity of isolated Sca1+ cells differentiating into ECs in vitro. Primary mouse

aortic adventitial Sca1+ cells were propagated in EGM-2 medium fortified with Vascular Endothelial Growth Factor (VEGF). Over the course

of the first five days of culture, a morphological transition of the cells from spindle-shaped to tube-like structures was observed (Figure 4A),

with the formation of rudimentary tubes appearing by day 3. By day 5, the cells exhibited increased connectivity, and the tubes presented with

enhanced width and thickness. Concurrently, there was a marked upregulation of endothelial-specific genes, including Kdr, Flt1, and Pecam1

(Figure 4B). Investigations into protein expression revealed an initially low presence of endothelial-specific proteins such as PECAM1, CDH5,

and KDR in Sca1+ cells; however, their levels surged following exposure to EGM-2 and VEGF (Figures 4C and 4D). Immunofluorescent staining

disclosed that Sca1+ cells, initially dispersed across the culture plate, began to aggregate and form tubular structures post-treatment, coin-

ciding with a substantial increase in CD31 (PECAM1) expression (Figure 4E). These results substantiated the in vitro differentiation prowess of

vascular Sca1+ cells into ECs.
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Figure 1. scRNA-seq analyses revealed Sca1+ cells repopulate ECs in mouse femoral artery after injury

(A) Normal femoral arteries (NC) and injured femoral arteries were digested and analyzed by scRNA-seq after 2 (FAI2W) or 4 (FAI4W) weeks. Umap plot showed

visualization of unsupervised clustering of all groups.

(B) Dot plot of canonical cell markers identified EC cluster (Kdr, Flt1, Cdh5, Pecam1, and Nos3) and SPC cluster (Cd34, Ly6a, and Pdgfra).

(C) Bar plot showed the constitution of Ly6a (Sca1)+ or Ly6a� cells among ECs of each group.

(D) Differentially expressed genes between Ly6a+ and Ly6a� cells were identified and analyzed using GO enrichment. The top 10 enriched biological process

terms were presented.

(E) Trajectory analysis of the differentiation process from SPCs to ECs; the color change from green to blue indicates the cell’s progression from a primitive to a

more developed state.

(F) The expression levels of canonical EC markers and SPC markers are shown alongside the differentiation trajectory. See also Figure S1.
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MiR-145-5p regulated Sca1+ cell differentiating into ECs

We next sought to explore the mechanism underlying Sca1+ cells differentiating into ECs. Previous studies have reported that miR143/145

and miR199a/199b18 play important roles in endothelial regeneration. Therefore, we investigated the expression patterns of certain micro-

RNAs during Sca1+ cell differentiation. Transient downregulation was observed for miR-143, miR-199a, and miR-199b-5p (Figure S3A),

and modulation of these microRNAs’ levels was found to influence the differentiation process to a certain degree (Figure S3B). Notably,
iScience 27, 110080, June 21, 2024 3



Figure 2. Vascular Sca1+ cells exhibit endothelial differentiation potential in artery injury and repair

(A) Immunofluorescence staining of healthy femoral artery for CD31 and Sca1+ lineage marker tdTomato (tdT) using Sca1-CreERT2;Rosa26-tdTomato mouse

model. The right panel showed magnification of the boxed region.

(B) Immunofluorescence staining of injured femoral artery for CD31 and tdTomato (Sca1+ lineage). The right panel and the panel below showed magnification of

the boxed regions. For merge images, scale bars, 100 mm. For magnification images, scale bars, 20 mm.

(C) Quantification of the percentage of CD31+ tdT+ cells in CD31+ cells of healthy femoral artery (HFA) and injured femoral artery (IFA). Data represent meanG

SEM, n = 6 in each group. p value was specified in the graph. Statistical differences between groups were determined by two-tailed Student’s t test for normally

distributed values. See also Figure S2.
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miR-145-5p expression consistently exhibited significant reduction throughout the differentiation progression (Figures 5A and 5B). Further-

more, we examined the impact of miR-145-5p manipulation on the expression of endothelial markers in Sca1+ cells treated with VEGF. Over-

expression of a miR-145-5p mimic led to a decline in canonical endothelial markers, such as Pecam1, Flt, and Cdh5 (Figure 5C), whereas

inhibition of miR-145-5p produced the contrary effect (Figure 5D). Western blot analyses corroborated these findings, showing that miR-

145-5p overexpression reducedprotein levels of PECAM1,CDH5, and KDR, while its suppression elevated PECAM1andKDR levels (Figure 5E

and 5F). In alignment with these results, immunofluorescence staining demonstrated that miR-145-5p overexpression reduced CD31 protein

expression (Figure 5G and 5H).
Effects of miR-145-5p on the proliferation and migration of Sca1+ cells

Despite the differentiation process, previous studies have shown that miR-145-5p can affect the proliferation and migration of vascular

smooth muscle cells.19 However, the impact of miR-145-5p on Sca1+ cell activity remains to be elucidated. To address this, we conducted

a CCK-8 assay, which revealed no significant difference in proliferation between the miR-145-5p mimic group and the control group (Fig-

ure 6A). Additionally, the transwell migration assay indicated that miR-145-5p mimic transfection diminished the migration capacity of

Sca1+ cells (Figure 6B). Thewound healing assay results corroborated this finding, as the area of wound closure in themiR-145-5pmimic group

was reduced (Figure 6C). Collectively, our findings suggested that miR-145-5p overexpression inhibits the migration of adventitial Sca1+ cells

and their subsequent differentiation into ECs.
4 iScience 27, 110080, June 21, 2024



Figure 3. Vascular Sca1+ cells differentiate into ECs in vein graft

(A) Immunofluorescence staining of normal vena cava for CD31 and tdTomato (tdT, Sca1+ lineage). The right panel showed magnification of the boxed region.

(B) Immunofluorescence staining of vein graft for CD31 and tdTomato. The right panel and the panel below showed magnification of the boxed regions.

(C) Quantification of the percentage of CD31+ tdT+ cells in CD31+ cells of both groups.

(D) Sca1-CreERT2; Rosa26-tdTomato mice were bred with Rosa26-iDTR mice. Tamoxifen was given to label Sca1+ cells and diphtheria toxin (DT) injection was

performed to ablate certain cells. Immunostaining for tdTomato and CD31 on vein graft sections after DT administration. For merge images, scale bars,

100 mm. For magnification images, scale bars, 20 mm. Data represent mean G SEM, n = 5 in each group. p value was specified in the graph. Statistical

differences between groups were determined by two-tailed Student’s t test for normally distributed values.
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MiR-145-5p regulates the differentiation of Sca1+ cells into ECs by targeting ERG

We further examined the role ofmiR-145-5p in directing the differentiation of Sca1+ cells into ECs. Utilizing the TargetScan database, we found

that miR-145-5p is capable of targeting the 30-untranslated region (30UTR) of the mRNA for Erythroblast transformation-specific-related gene

(ERG) (Figure 7A). ERG, a critical transcription factor, orchestrates the development of ECs.20 We first detected Sca1+ ERG+ cells in femoral

guidewire injury (Figures S4A, and S4B) and veingraft models (Figures S4C, and S4D), and found significant increases of Sca1+ ERG+ cells in

diseased conditions. Consequently, we postulated that miR-145-5p regulates Sca1+ cell differentiation by targeting ERG. Dual-luciferase re-

porter gene assays using ERG-30UTR reporter constructs were used to confirm the interaction betweenmiR-145-5p and ERG (Figure 7B), while

no impact was observed with the mutant construct (Figure 7C). RT-PCR verified that miR-145-5p mimic promoted the degradation of Erg

mRNA in Sca1+ cells (Figure 7D). Overexpression of ERG promoted Sca1+ cells differentiating into ECs with upregulation of canonical EC

markers in both mRNA and protein levels (Figures 7E–7G). Subsequent experiments indicated that ERG overexpression strengthened

Sca1+ cell differentiation into ECs, a process initially inhibited by miR-145-5p mimics, through the increased expression of specific ECmarkers

at themRNA and protein levels (Figures 7H–7J). Immunofluorescence analyses also exhibited that miR-145-5p mimic markedly reduced CD31

and ERG expression in Sca1+ cells under VEGF stimulation, while miR-145-5p inhibitor markedly increased their expression (Figures S5A, and

S5B). Collectively, these findings indicated that miR-145-5p inhibited the differentiation of Sca1+ cells into ECs by targeting ERG.
iScience 27, 110080, June 21, 2024 5



Figure 4. Isolated Sca1+ cells could differentiate into ECs with VEGF treatment in vitro

(A) The morphological changes in Sca1+ cells after treatment with 50 ng/ml VEGF for 0–5 days.

(B) mRNA expression level of EC markers Kdr, Flt1, and Pecam1 as determined by RT-PCR at different time points after culture with VEGF.

(C) Protein expression level of PECAM1, CDH5, and KDR as determined by western blotting assay.

(D) Protein bands were quantified by densitometry and normalized to the density of Tubulin.

(E) Immunofluorescence staining of CD31 in Sca1+cells treated with VEGF at different time points. Scale bars, 25 mm. Data represent meanG SEM. ***p < 0.001,

**p < 0.01, ns p R 0.05. n = 3 in each group. Statistical differences between groups were determined by one-way ANOVA analysis of variance with method of

multiple comparisons.
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To further examine the therapeutic potential of miR-145-5p in postinjury arterial remodeling, 2.5 nmol of miR-145-5p loss-of-function an-

tagomiR or antago-control was perivascularly applied to femoral arteries immediately after guidewire injury on Sca1-CreERT2; Rosa26-

tdTomato mice and it was found that miR-145-5p inhibition reduced post-injury neointimal formation (Figures S6A, and S6B). Increased

tdTomato+ CD31+ ECs were also observed, indicating an enhanced Sca1+ cell differentiation into ECs, with an increase of ERG expression

in them (Figure S6C). We also collected samples from normal human cephalic veins and arteriovenous fistulas (AVFs) to investigate the role of

the miR-145-5p/ERG pathway in human venous remodeling. As humans do not express the Sca1 marker, we assessed the well-established

progenitor cell marker CD34. Our findings revealed a significant increase in CD34+ ERG+ cells in AVFs when compared to normal cephalic

veins (Figure S7). Furthermore, miR-145-5p expression was found to be reduced in AVFs relative to that in normal veins (Figure 7K). These

observations imply that a reduction in miR-145-5p may facilitate the differentiation of CD34+ progenitor cells into ECs by targeting ERG dur-

ing venous remodeling in humans. In fistulas, ECs are damaged by augmented blood flow and shear stress, and their regeneration plays a

critical role in neointima formation. The decreased expression of miR-145-5p may be associated with excessive EC regeneration from

progenitor cells, potentially contributing to neointima hyperplasia. Consequently, miR-145-5p could serve as a predictive biomarker for

the diagnosis and prognosis of human vascular diseases.
6 iScience 27, 110080, June 21, 2024



Figure 5. The effect of miR-145-5p on the differentiation of Sca1+ cells to ECs with VEGF treatment

(A) RT-PCR analysis for the expression of miR-145-5p in Sca1+ cells treated with VEGF at different time points.

(B) RT-PCR showed expression of miR-145-5p in Sca1+ cells after transfection with mimic control/miR-145-5p mimic and inhibitor control/miR-145-5p inhibitor.

(C) and (D) RT-PCR analysis for the expression of Pecam1, Flt1, andCdh5 in Sca1+ cells transfected with mimic control/miR-145 mimic or inhibitor control/miR-145

inhibitor and cultured in VEGF.

(E) the protein expression level of PECAM1, CDH5 and KDR as determined by western blotting assay in each group.

(F) Protein bands were quantified by densitometry and normalized to the density of Tubulin.

(G) Immunofluorescence staining of CD31 (Pecam1) in Sca1+ cells and (H) analysis for fluorescence intensity of CD31 in each group, n = 3. scale bars, 25 mm. Data

represent mean G SEM. **p < 0.01, ***p < 0.001, ns p R 0.05. Statistical differences between groups were determined by one-way analysis of variance with

method of multiple comparisons. See also Figure S3.

ll
OPEN ACCESS

iScience
Article
DISCUSSION

Endothelial injury and subsequent repair constitute a crucial initial phase in the pathogenesis of vascular diseases, including atherosclerosis,

angioplasty-induced vessel injuries, and in-stent restenosis.21 The isolation of putative endothelial progenitor cells (EPCs) from peripheral

blood mononuclear cells has given rise to progenitor cell therapy,22 which has been explored extensively in clinical trials for the treatment

of cardiovascular diseases. Nevertheless, the highly variable outcomes of these trials have significantly impeded the therapy’s translation

into clinical practice.23–25 Recent studies have identified tissue-resident Sca1+ cells within the vessel wall.26–28 However, their exact origin

and function in endothelial regeneration are yet to be elucidated. The current study has established that vascular Sca1+ progenitor cells

can differentiate into ECs both in vivo and in vitro, a process essential for vascular injury repair. Over the last 20 years, a substantial body

of research has suggested that Sca1+ progenitor cells from various sources are capable of giving rise to ECs. Furthermore, it has been shown

that Sca1+ stem cells originating from skeletal muscle can undergo differentiation into ECs, thereby enhancing the efficacy of muscle regen-

eration.29 Mature myocardium-derived Sca1+ cells have also been reported to undergo differentiation into ECs.29–31 These results imply that

Sca1 could serve as a biomarker for endothelial progenitor cells. While various stem cells or fully differentiated cell lines have the capability to
iScience 27, 110080, June 21, 2024 7



Figure 6. The effects of miR-145-5p on the proliferation and migration of Sca1+ cells

(A) CCK8 assay for the effect of miR-145-5p overexpression on the proliferation of Sca1+ cells. Transwell migration assay (B) and wound healing assay (C) for the

effect of miR-145-5p overexpression on themigration of Sca1+ cells. n= 3 in each group. Scale bars, 25 mm. Data represent meanG SEM. *p< 0.05, **p< 0.01, ns

p R 0.05. Statistical differences between groups were determined by two-tailed Student’s t test for normally distributed values.
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produce ECs via a complex array of factors, the intricacy of these protocols and their modest efficiencies present substantial barriers to clinical

implementation. In this study, we extracted Sca1+ cells from the mouse aorta and prompted their differentiation into ECs over a brief period

using recombinant VEGF, which is a quick, straightforward, and ethically sound approach.

MicroRNAs (miRNAs) are small endogenous non-coding RNAmolecules, approximately 21–25 nucleotides in length. They fulfill essential

regulatory functions by targeting the 30 untranslated regions (30-UTRs) of messenger RNAs (mRNAs) for cleavage or translational repression in

a sequence-specific manner.32 The miRNAs miR-143 and miR-145, categorized as intergenic, are located on chromosome 5 in humans and

chromosome 18 in mice and rats. These miRNAs are notably expressed in vascular smooth muscle cells, within which the miR-143/145 cluster

targets genes linked to phenotype transitions,33 differentiation,34,35 and interacts with ECs, ultimately influencing the stability of blood ves-

sels.36 Recently, Arderiu et al. discovered that a reduction in miR-145 expression facilitates the differentiation of adipocytes into ECs, thus

enhancing angiogenesis.37 Consequently, our hypothesis posits that miR-145 plays a pivotal role in the formation of microvascular structures

and the differentiation of Sca1+ progenitor cells into ECs.We discovered thatmiR-145-5p expression was significantly down-regulated during

the differentiation process after VEGF treatment, while EC markers were up-regulated. Gain and loss-of-function experiments revealed that

miR-145-5p plays a critical role in angiogenesis mediated by Sca1+ progenitors, a finding that delineates a novel function of this microribo-

nucleic acid. Previous studies had indicated that the miR-143/145 cluster modulates smooth muscle cell (SMC) differentiation and commu-

nication between SMCs and ECs.38 The study by Arderiu et al. revealed that elevatedmiR-145 expressionmaintains the undifferentiated state

of adipose-derived stem cells (ASCs). Conversely, reduction of miR-145 levels promotes EC differentiation from ASCs. Furthermore, miR-145

overexpression inhibits the migration of ASCs, and its knockdown enhances the expression of EC markers and the formation of capillary-like

structures,37 highly consistent with our results. Besides, it is also reported that miR-145 served as an inhibitory role in the angiogenesis in

various tumors.39,40 Other studies also showed that low serum level of miR-145 is associated with poor survival in cancer patients.40,41 There-

fore, given its role in angiogenesis, miR-145 is a potential diagnostic and prognostic marker for clinical applications.

Our findings also revealed ERG that acted as a downstream target of miR-145, which was particularly instrumental in the modulation of EC

differentiation from Sca1+ cells. In hematopoiesis42 and angiogenesi,43 ERGplays an important role as one of the Erythroblast transformation-

specific transcription factors (ETS). CDH5 (VE-cadherin), an EC adhesion molecule, has been identified as a downstream target of the tran-

scription factor ERG. Diminished ERG levels in human umbilical vein endothelial cells (HUVECs) precipitated cellular detachment and an

augmented rate of apoptosis.43 Consistently, our study revealed that enforced ERG overexpression enhances CDH5 expression.
8 iScience 27, 110080, June 21, 2024



Figure 7. MiR-145-5p targets ERG to regulate differentiation of Sca1+ cells into ECs

(A) The database TargetScan shows the combining site of miR-145-5p on ERG’s 30-UTR region.

(B) Luciferase activity of 293T cells co-transfected with wild type ERG-30UTR and mimic control/miR-145-5p mimic or inhibitor control/miR-145-5p inhibitor.

(C) Luciferase activity of Sca1+ cells co-transfected with mutant ERG-30UTR and mimic control/miR-145-5p mimic or inhibitor control/miR-145-5p inhibitor.

(D) Erg mRNA expression in Sca1+ cells transfected with mimic control or miR-145-5p mimic as measured by RT-PCR.
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Figure 7. Continued

(E) ERG expression of Sca1+ cells transfected with control plasmid vector (pcDNA-control) or plasmid to overexpress ERG (pcDNA-ERG) as measured by RT-PCR.

(F) mRNA expression of Kdr, Pecam1 and Flt1 in Sca1+ cells transfected with pcDNA-control or pcDNA-ERG after treated with VEGF.

(G) Protein expression level of KDR, PECAM1, and CDH5 in Sca1+ cells transfected with pcDNA-control or pcDNA-ERG after treated with VEGF.

(H) mRNA expression of Kdr, Pecam1 and Flt1 in Sca1+ cells of each group as indicated.

(I) Protein expression level of KDR, PECAM1, and CDH5 in Sca1+ cells of each group as indicated.

(J) Protein bands were quantified by densitometry and normalized to the density of Tubulin.

(K) Expression level of miR-145-5p in healthy cephalic vein and arteriovenous fistula (AVF) as determined by RT-PCR. p value between the 2 groups were specified

in the graph. n = 12 in the healthy group and n = 8 in the AVF group. Data represent mean G SEM. Statistical differences between groups were determined by

one-way ANOVA analysis of variance with method of multiple comparisons or (D,E,K) two-tailed Student’s t test for normally distributed values.*p < 0.05,

**p < 0.01, ****p < 0.0001, ns p R 0.05. See also Figure S4-S7.
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Furthermore, ERGmodulates FLT1 (VEGFR1) expression44,45 and a spectrum of additional genes pertinent to EC function.46 Several previous

studies have also corroborated the synergistic relationship between miR-145 and ERG.47,48

Conclusions

In summary, via scRNA-seq analyses, genetic lineage tracing and multiple mouse vessel surgery models, our study provided evidence that

Sca1+ vascular resident progenitor cells differentiated into ECs in vitro and in vivo under both arterial and venous remodeling.Mechanistically,

we demonstrated that miR-145/ERG pathway was critical for this process. Inhibition of miR-145 locally markedly reduced neointimal hyper-

plasia in endothelial denudationmodels. The combined genetic and bioinformatic evidence of vascular Sca1+ cells might provide insight into

endothelial progenitors and contribute to a promising therapeutic approach for vascular diseases.

Limitations of the study

While our study demonstrated that Sca1+ cells regenerate ECs in vivo, we have not conducted more studies on how they affect vascular pa-

thology via more precise experiments such as Sca1-CreERT2;Rosa26-DTR mouse model, and ERG interfering methods. On the other hand,

although we have proved that miR-145-5p/ERG pathway was a regulator in Sca1+ cell’s differentiation, in-depth studies on the downstream

mechanism description will be needed.Wewill conduct further research on this signaling to elucidate how each individual signalingmolecule

affects Sca1+ cell function, both in in vitro and in vivo studies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-CD31 Antibody R&D Systems Cat#AF3628; RRID:AB_2161028

Rabbit Polyclonal RFP Antibody Rockland Cat#600-401-379; RRID:AB_2209751

Anti-CDH5 antibody Abcam Cat#ab33168; RRID:AB_870662

Recombinant Anti-VEGF Receptor 2 antibody Abcam Cat# ab134191; RRID:AB_2934135

Rabbit polyclonal ERG antibody Proteintech Cat#14356-1-AP; RRID:AB_2098423

Donkey anti-rabbit IgG Alexa Fluor 555 Invitrogen Cat# A31572; RRID:

AB_162543

Donkey anti-goat IgG Alexa Fluor 488 Invitrogen Cat# A11055; RRID:

AB_2534102

Rat Monoclonal anti-Sca1 Antibody Abcam Cat#ab51317; RRID:AB_1640946

HRP-labeled Goat Anti-Rabbit IgG(H + L) Beyotime Cat# A0208; RRID:AB_2892644

Donkey anti-mouse IgG (H + L) Invitrogen Cat# A-21203; RRID:

AB_141633

Biological samples

Human cephalic vein and fistula specimens Zhejiang University’s

First Affiliated Hospital

N/A

Chemicals, peptides, and recombinant proteins

EGM-2 medium Lonza Cat# CC-3162

VEGF PeproTech Cat# AF-450-32-10

CCK8 Dojindo Cat# CK04

Transwell chamber Corning Cat#3460

LIF Merck Cat# LIF1050

Penicillin Cienry Cat# CR- 15140

Streptomycin Cienry Cat# CR- 15140

b-ME Sigma Cat# M3148

Tamoxifen Sigma Cat# C8267

DMEM ATCC Cat# 30-2002

Fetal bovine serum Embriomax Cat# ES-009-B

Opti-MEM Gibco Cat# 31985-070

RNAiMAX Invitrogen Cat# 13778150

Lipo3000 Invitrogen Cat# L3000015

Prime Script RT master mix Takara Cat#RR036A

SYBR Premix Ex Taq Takara Cat# RR820A

RIPA Lysis Buffer Solarbio Cat# R0010

Critical commercial assays

Sca1+ microbeads kit Miltenyi Biotec Cat#130-122-615

RNA Purification Kit EZBioscience Cat#B0004D

Luciferase reporter assay kit Promega Cat# PR-E1910

Cell counting kit-8 Dojindo Cat# CK04

Deposited data

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNA-sequencing data GEO GEO:GSE182232

Experimental models: Cell lines

Mouse aortic endothelial cell line Procell Cat# CP-M075

Experimental models: Organisms/strains

Sca1-CreERT2 mice（C57BL/6） Shanghai Model Organisms Center,Inc. N/A

Rosa26-tdTomato mice（C57BL/6） Shanghai Model Organisms Center,Inc. N/A

Rosa26-iDTR mice（C57BL/6） Shanghai Model Organisms Center,Inc. N/A

C57BL/6 wild-type mice Shanghai Slack Laboratory Animal Co. LTD N/A

Oligonucleotides

miR145-5p mimic sense:

5’-GUCCAGUUUUCCCAGGAAUCCCU-3’

GenePharma N/A

miR145-5p inhibitor:

5’-AGGGAUUCCUGGGAAAACUGGAC-3’

GenePharma N/A

Primers for qPCR, see Table S1 GenePharma N/A

miR145-5p antagomir, see Table S1 RiboBio N/A

Recombinant DNA

plasmids (pcDNA-ERG), see Table S1 Hanbio N/A

Dual luciferase reporter gene

plasmid, see Table S1

GenePharma N/A

Software and algorithms

CellRanger(v3.1.0). 10x Genomics https://www.10xgenomics.com/support/

software/cell-ranger/downloads

RStudio (v3.6) RStudio https://rstudio.com/products/rstudio/download/

R(v4.2.3) The R project https://www.r-project.org/

GraphPad Prism 9 GraphPad Software https://www.graphpad.com/

Seurat (v3.2.3) Satija Lab https://satijalab.org/seurat/articles/install.html

Monocle (v2.8.0) Trapnell Lab https://cole-trapnell-lab.github.io/monocle-release/

Fiji NIH https://imagej.net/software/fiji/downloads
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Ting Chen (ct010151452@zju.

edu.cn).

Materials availability

This study did not generate any new materials.
Data and code availability

� The scRNA-seq data used in this study was a public dataset that had been deposited in the NCBI Gene Expression Omnibus and are

accessible through the GEO Series accession number GSE182232.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics approval and consent to participate

All animal experiments and protocols were performed in accordance with the National Institutes of Health’s Guide for the Care and Use of

Laboratory. The animal studies were approved by the Research Ethics Committees of the First Affiliated Hospital of Zhejiang University (Title,
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The role of Sca1positive cells and the mechanism in vascular remodeling; The Tab of Animal Experimental Ethical Inspection of the First Affil-

iated Hospital, Zhejiang University School of Medicine; Approval Reference No. 2021/159; Date, February 4, 2021). All animal experiments

were conducted according to the ARRIVE guidelines. As for the human vascular samples, the study protocol was approved by the Research

Ethics Committees of the First AffiliatedHospital of Zhejiang University (Title, Stem cells in cardiovascular diseases and exploring novel mech-

anisms; Clinical Research Ethics Committees of the First AffiliatedHospital, College ofmedicine, Zhejiang; Approval ReferenceNo. 2021/330;

Date, May 10, 2021), and written informed consent was obtained from all patients, which clearly stated the purpose of our study.
Mouse experiment

Animal experiments were performed in accordance with the US National Institutes of Health’s Guide for Care and Use of Laboratory Animals

(8th edition, 2011) and the committee of Zhejiang University School of Medicine approved the animal care and use experiments. Mice were

housed in a temperature and humidity-controlled barrier facility on a 12-hour light-dark schedule and fed ad libitum with standard ro-

dent chow.

To generate Sca1-CreERT2;Rosa26-tdTomatomice, Sca1-CreERT2 mice obtained from Shanghai Model Organisms Centers, Inc. bred with

Rosa26-tdTomato mice from Shanghai Slack Laboratory Animal Co. LTD.

For femoral artery guidewire injury surgery, 8-12-week-old Sca1-CreERT2; Rosa26-tdTomatomale and femalemice were randomly divided

into different experimental groups. To activate tdTomato labeling on Sca1+ cells, a diluted solution of tamoxifen was administered by gavage

to mice (0.1-0.15 mg/gram body weight) in corn oil (20 mg/mL). After that, in accordance with the previous description, the surgery for guide

wire injury was done one week later.11

To investigate the role of miR-145-5p in vivo, Sca1-CreERT2; Rosa26-tdTomatomale and femalemice were fed a tamoxifen diet for 2 weeks

and randomly divided into 2 groups before femoral artery injury surgery. After wire injury, 100 ml of 30% pluronic gel containing 2.5 nmol miR-

145-5p antagomir or antago-control was applied perivascularly to injured femoral arteries. After 4 weeks, the samples were harvested and

immunofluorescence staining was performed. Sequence of miR145-5p antagomir used in vivo was described in Table S1.

For veingraft surgeries, wild-type vena cava were transplanted into Sca1-CreERT2;Rosa26-tdTomato mice’s carotid arteries as previously

described.49
Cell culture and transfection

Cells isolated from the aortic arch of C57 wild-type mice were then sorted with Sca1 (Miltenyi Biotec, 130-122-615) microbeads according to

manufacturer’s instructions. The sorted Sca1+ cells were then cultured in cell culturemedium and passed every 3 days at a ratio of 1:3. This cell

culture medium contains DMEM (ATCC, 30-2002) supplemented by 10% fetal bovine serum (Embriomax, ES-009-B), 10ng/ml leukemia inhib-

itory factor (Merck Millipore, LIF1050), and 0.1 mM 2-mercaptoethanol (Sigma, M3148) and a mixture of 100 U/mL Penicillin-Streptomycin so-

lution (Cienry, CR-15140).

For endothelial differentiation from Sca1+ cells, the cells were cultured in Endothelial Cell Growth Medium-2 (Lonza, CC-3162) supple-

mented with 50ng/ml VEGF (PeproTech, 96-450-32-10). Five days later, the cells were stained for Sca1 and CD31.

For microRNAmimic and inhibitor transfection, the culturemediumwas replaced with Opti-MEM (Gibco, 31985-070) for 12 hours to starve

the Sca1+ cells. And mimics/inhibitors were transfected with RNAiMAX (Invitrogen, 13778150). A DNA transfection reagent (Lipo3000,

L3000015) was used to transfect plasmids (pcDNA-ERG) that overexpress ERG. Sequences used for cell transfection were listed in Table S1.
METHOD DETAILS

Femoral artery injury surgery

After anesthesia, themice were fixed in the supine position, and the surgical area was depilated and sterilized. The inguinal incision wasmade

under a stereomicroscope, and the saphenous artery was isolated. Arteriotomy was performed with a 30 G insulin needle tip (diameter

0.31 mm), and then a 0.25 mm tip guidewire (Abbott Cross-IT 200XT guidewire tip) was inserted. After the guide wire was inserted into

the saphenous artery, it was pushed forward into the femoral artery until it entered the iliac artery. The guide wire was pushed back and forth

frommultiple angles for 10 times, and then it was left for 3 minutes to dilate the artery and strip the intima. After 3 minutes, the guide wire was

withdrawn, the saphenous artery was ligated, blood flow was restored, and the skin was sutured.
Veingraft surgery

The vena cava was extracted from donor mice and preserved in a saline solution containing heparin (100 U/mL). The recipient mouse was

anesthetized with phenobarbital sodium (50 mg/kg) via intraperitoneal injection. A midline incision was made in the neck of the recipient

mouse, followed by careful isolation and exposure of the right common carotid artery. Both ends of the artery were securely clipped after

dissection, and a 1 mm diameter cuff was placed over each end. The vena cava harvested from donor mice was surgically grafted between

the two ends of the artery. Each end of the vena cava was securely fastened around the carotid artery and ligated with an 8-0 suture. Following

the careful removal of the artery clippers, the presence of vigorous pulsation in the vein confirmed a successful engraftment.
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Magnetic beads sorting

The cells were washed once with binding buffer. After digestion and centrifugation, the cells were resuspended by adding appropriate Sca1-

FITC antibody (Miltenyi,130-092-529), and incubated at 4�C for 15 min, while shaken every 3min.Cells were resuspended by adding a 10-fold

volume of binding buffer, followed by centrifugation (400g, 8min, 4�C), then resuspendedwith appropriate amount of anti-FITC immunomag-

netic beads (Miltenyi, 130-048-701), incubated at 4�C for 15 minutes, and shaken upside down every 3min. Cells were resuspended by adding

a 10-fold volume of binding buffer, followed by centrifugation (400g, 8min, 4�C). Cells were then resuspendedwith the appropriate amount of

binding buffer. Themagnetic frame and separation column were prepared and pre-washed with binding buffer, followed by column passing.

The separation column was placed inside the centrifuge tube, an appropriate amount of binding buffer was added to the separation column,

and the bound Sca1+ cells on the column were forcefully flushed out with a piston.
RNA isolation and reverse transcription (RT)-PCR assay

Total RNA was extracted from the samples using from the EZ-press RNA Purification Kit (EZBioscience, B0004D) and reverse transcribed into

first-strand cDNA using a Prime Script RT master mix (Takara, RR036A). The final quantitative real-time PCR reaction mix contained 5mL SYBR

Premix Ex Taq (TaKaRa, RR820A), 1 ml cDNA, 1 ml primers, and 3 ml DEPC water. Amplification was performed on Quantstudio5DX (Thermo,

USA). The relative expression levels were detected and analyzed based on the formula of 2�DDct. Primers for RT-PCR were listed in Table S1.
Western Blot

A RIPA Lysis Buffer (Solarbio, R0010) was used to lyse cells for 40 minutes at 4�C followed by 10 minutes of loading dye investigation. The

protein concentration was measured by BCA method. Proteins were separated by SDS-PAGE and transferred to PVDF, blocked with bovine

serum albumin for 1h, and then incubated with primary antibodies in blocking buffer overnight at 4�C. After washing with TBST, secondary

antibodies were added and incubated at room temperature for 5min. ECL luminescence solution and imaging instrument were used to

expose the image.
Immunofluorescence staining analyses

For femoral artery and veingraft samples, tissue was harvested at the indicated time points, rinsed in 4% paraformaldehyde, dehydrated in

30% sucrose solution, embedded in OCT at -80�C and sliced into 8-mm thick sections. For cultured cells, paraformaldehyde was applied for

15 minutes to fix the cells. Subsequent immunofluorescence staining was performed as previously described.11 Antibodies used in this study

were listed in the key resources table. A Nikon A1 Ti confocal microscope and anOlympus FV3000 confocal microscope were used to acquire

cryosection and cell staining images, further analyzed by relevant software. Regions were selected randomly to avoid biasing.
Assay for Dual-luciferase reporter genes

Full 30UTR (WT-3’UTR) or mutant 30UTR (mut-30UTR) of ERG was cloned into the luciferase reporter based on the GP-miRGLO vector. A lucif-

erase reporter plasmid was co-transfected with either control/miR-145-5p mimics or control/miR-145-5p inhibitors by using RNAiMAX and

Neofect together. Six hours after transfection, the medium was changed. 20ml of cell lysate buffer was added to each well of a 96-well plate

and the plates were shaken for 15min at room temperature. To each well of a 96-well plate, 20ml of cell lysates and 100ml of fluorin working

solution (1X) were added, and the fluorescence value of firefly luciferase was measured in a microplate reader. After that, 100ml of termination

solution was quickly added and the renilla luciferase fluorescence value was measured. Relative luciferase activity was defined as the ratio of

luciferase activity to renilla activity. The control was set at 1.0.
CCK8 proliferation assay

CCK8 assay was performed using the cell counting kit-8 (Dojindo, CK04). After transfections with mimic control or miR-145-5p mimic, Sca1+

SPCs were cultured in a complete stem cell medium for 12 hours. Then, cells were trypsinized and seeded into a gelatin-coated 96-well plate

(5000 cells/200 ml/well). After incubating for 1, 2, 3 days, the medium was replaced with 10 ml CCK8 solution supplemented with 90 ml DMEM.

The OD was measured at 450 nm after incubating for 1 h at 37�C.
Transwell assay

Cells were transfected and treated as described in the CCK8 assay. Cell suspension aliquots (20,000 cells/500ml) were seeded in the upper

chamber of a transwell insert (Corning, 3422). Additionally, mouse aortic endothelial cells and 1000 ml of EGM-2 containing 2% FBSwas added

to the lower chamber, then incubated at 37�C and 5% CO2 for 12�18 h. Following that, the inserts were fixed with 4% paraformaldehyde for

30minutes and stained with 0.1% crystal violet for 30minutes. Cotton swabs were used to wipe off non-migrated cells on the upper side of the

insert after washing. The cells remaining under the membrane were the migrated ones and were assessed by a Zeiss microscope (20x

magnification).
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Wound healing assay

Cells were seeded into a 6-well plate pre-coated with 0.1% gelatin. After adherence, the wounds were created using 1000ml pipette tips, and

images were taken at given intervals, including 0 h, 12, and 24 hours under a microscope. The percentage of wound closure was calculated by

measuring the cell-free area at different times with ImageJ.
Collection of human cephalic vein and fistula specimens

The collection of human cephalic vein and fistula specimens were described as previously.50 Zhejiang University’s First Affiliated Hospital’s

Research Ethics Committee reviewed and approved studies that involved human subjects (Institutional Review Board Approval No. 2021/

330). A collection of normal cephalic vein samples was taken from 12 patients who received their first arteriovenostomy. The arteriovenous

fistula (AVF) samples were obtained from 8 patients who underwent AVF ligation after kidney transplants.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean G standard error of the mean (SEM). The number of animals or repeats used in the study is shown in each

figure legend. GraphPad including a statistical package is used for conducting statistical analyses. Statistical differences among multiple

groups were determined by one-way ANOVA analyses, whlile data from two groups were analyzed by two-tailed Student’s t test. P< 0.05

is considered significant.
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