Cell Stem Cell

Arterial Sca1* Vascular Stem Cells Generate De Novo
Smooth Muscle for Artery Repair and Regeneration

Graphical Abstract Authors

Juan Tang, Haixiao Wang,
Xiuzhen Huang, ..., Li Zhang, Dong Gao,

Sca1* PDGFRa" cells

o |] Tunica Bin Zhou
—_ | intima
media Correspondence
Artery wall { li_zhang@zju.edu.cn (L.Z.),
externa dong.gao@sibcb.ac.cn (D.G.),
; zhoubin@sibs.ac.cn (B.Z.)
A(_jipose
J tissue In Brief
Hippo pathway effector YAP 4 Tang et al. show that Scal*PDGFRa”*
— cells in the adventitial layer of arteries are

After injury After recovery resident vascular stem cells that produce
N new smooth muscle cells (SMCs) in

response to injury. Scal-derived SMCs

expand more efficiently than pre-existing

SMCs during vessel repair, which is

regulated by the Hippo pathway

effector YAP.

Sca1® PDGFRa*
cell population

<> differentiate expand

<z -

Severe injury

Highlights
e Scal* vascular stem cells produce new smooth muscle cells
after severe vessel injury

e A Scal*PDGFRa* subpopulation contributes to vascular
repair and regeneration

e Scal-derived smooth muscle cells expand more than pre-
existing smooth muscle

e YAP is required for Scal-derived smooth muscle cell
expansion during vascular repair

Tang et al., 2020, Cell Stem Cell 26, 81-96
January 2, 2020 © 2019 Elsevier Inc. ‘ :ell
https://doi.org/10.1016/j.stem.2019.11.010


mailto:li_zhang@zju.edu.�cn
mailto:dong.gao@sibcb.ac.�cn
mailto:zhoubin@sibs.ac.�cn
https://doi.org/10.1016/j.stem.2019.11.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stem.2019.11.010&domain=pdf

Cell Stem Cell

Arterial Sca1™ Vascular Stem Cells Generate
De Novo Smooth Muscle for Artery Repair

and Regeneration

Juan Tang,'-'2 Haixiao Wang,'-'2 Xiuzhen Huang, -2 Fei Li,"-'2 Huan Zhu," Yan Li," Lingjuan He," Hui Zhang,? Wenjuan Pu,’
Kuo Liu,"-?2 Huan Zhao,' Jacob Fog Bentzon,* Ying Yu,® Yong Ji,%” Yu Nie,® Xueying Tian,° Li Zhang,'%* Dong Gao,":'1-*

and Bin Zhou-2:9:11,13,*

1The State Key Laboratory of Cell Biology, CAS Center for Excellence in Molecular Cell Science, Shanghai Institute of Biochemistry and Cell
Biology, University of Chinese Academy of Sciences, Chinese Academy of Sciences, Shanghai 200031, China

2School of Life Science and Technology, ShanghaiTech University, Shanghai 201210, China

3Centro Nacional de Investigaciones Cardiovasculares Carlos Ill, Madrid, Spain

4Deparment of Clinical Medicine, Aarhus University, Aarhus, Denmark

5Department of Pharmacology and Tianjin Key Laboratory of Inflammatory Biology, Key Laboratory of Immune Microenvironment and
Disease (Ministry of Education), School of Basic Medical Sciences, Tianjin Medical University, Tianjin 300070, China

SKey Laboratory of Cardiovascular and Cerebrovascular Medicine, Nanjing Medical University, Nanjing 211100, China

“The Collaborative Innovation Center for Cardiovascular Disease Translational Medicine, Nanjing Medical University, Nanjing 211100, China
8State Key Laboratory of Cardiovascular Disease, Fuwai Hospital, National Center for Cardiovascular Disease, Chinese Academy of Medical

Sciences and Peking Union Medical College, Beijing, China

9Key Laboratory of Regenerative Medicine of the Ministry of Education, Jinan University, Guangzhou 510632, China
10The Department of Cardiology, First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China
Minstitute for Stem Cell and Regeneration, Chinese Academy of Sciences, Beijing, China

12These authors contributed equally
13| ead Contact

*Correspondence: li_zhang@zju.edu.cn (L.Z.), dong.gao@sibcb.ac.cn (D.G.), zhoubin@sibs.ac.cn (B.Z.)

https://doi.org/10.1016/j.stem.2019.11.010

SUMMARY

Rapid regeneration of smooth muscle after vascular
injury is essential for maintaining arterial function.
The existence and putative roles of resident vascular
stem cells (VSCs) in artery repair are controversial,
and vessel regeneration is thought to be mediated
by proliferative expansion of pre-existing smooth
muscle cells (SMCs). Here, we performed cell fate
mapping and single-cell RNA sequencing to identify
Scal* VSCs in the adventitial layer of artery walls. Af-
ter severe injury, Scal* VSCs migrate into the medial
layer and generate de novo SMCs, which subse-
quently expand more efficiently compared with pre-
existing smooth muscle. Genetic lineage tracing using
dual recombinases distinguished a Sca1*PDGFRa*
VSC subpopulation that generates SMCs, and genetic
ablation of Sca1* VSCs or specific knockout of Yap1
in Scal* VSCs significantly impaired artery repair.
These findings provide genetic evidence of a bona
fide Scal™ VSC population that produces SMCs and
delineates their critical role in vessel repair.

INTRODUCTION

The most prominent feature of arteries is the thick layer of
smooth muscle that constitutes the majority of the cells of the
vessel wall. Vascular smooth muscle cells (SMCs) in different

segments of arteries have several distinct origins in develop-
ment. This heterogeneity may partially determine the site-spe-
cific location of vascular diseases and influence the progress
of vascular diseases (Cheung et al., 2012). For example, SMCs
in the aorta have at least three distinct cell sources in develop-
ment. The SMCs colonizing the ascending aorta are derived
partly from the secondary heart field and partly from the neural
crest (Sawada et al., 2017; Waldo et al., 2005), SMCs populating
the remaining arch are derived from the neural crest (Jiang et al.,
2000), and SMCs residing in the descending aorta are derived
from somatic mesoderm (Wasteson et al., 2008). In different
kinds of vascular diseases, pathophysiological changes are
prone to take place in certain regions, showing regional suscep-
tibility of arteries to calcification (Leroux-Berger et al., 2011),
aneurysm (Ruddy et al., 2008), and atherosclerosis (DeBakey
et al., 1985; Bennett et al., 2016). The heterogenous cell origins
of an artery may not only be manifested in the aorta but also in
organ-specific arteries. For example, SMCs of coronary arteries
have at least 2 important development origins: epicardium and
endocardium (Pérez-Pomares et al., 1998; Gittenberger-de
Groot et al., 1998; Dettman et al., 1998; Chen et al., 2016). The
different cellular sources of SMCs may inform their distinct func-
tions and propensity for certain vascular injuries or diseases.
During daily wear and tear, new SMCs are generated at a
speed that compensates for loss of SMCs and maintains the
proper function of arteries (Psaltis and Simari, 2015). Like devel-
opmental sources, SMCs in the adult stage may also have
different cellular sources that continually fuel the pool of smooth
muscle after their loss. At least four distinct sources have been
proposed to generate new SMCs in the adult artery after injury
(Majesky et al., 2011). First, cell division of pre-existing SMCs

Cell Stem Cell 26, 81-96, January 2, 2020 © 2019 Elsevier Inc. 81


mailto:li_zhang@zju.edu.cn
mailto:dong.gao@sibcb.ac.cn
mailto:zhoubin@sibs.ac.cn
https://doi.org/10.1016/j.stem.2019.11.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stem.2019.11.010&domain=pdf

Cell’ress

is @ major source of new SMCs, although this is not necessarily
the exclusive source. Second, circulating hematopoietic stem
cells from bone marrow have been proposed to differentiate
into vascular SMCs during pathological remodeling of arteries
(Saiura et al., 2001; Sata et al., 2002). However, later it was re-
ported that pre-existing SMCs in the local artery wall, but not
circulating progenitor cells from bone marrow, contributed to
new SMCs during vascular pathological progress (Bentzon
et al., 2006, 2007). Third, some distinct stem or progenitor cells
residing in the medial layer of vessel walls could generate new
SMCs in response to injuries. It has been reported that the
medial layer harbors ABCG2" side population cells that have
the capability to differentiate into smooth muscle (Sainz et al.,
2006). However, there is no direct in vivo evidence supporting
the existence of side population cells for smooth muscle contri-
bution. Recently, multipotent vascular stem cells residing in the
medial layer have been proposed to generate smooth muscle
during vascular remodeling and neointimal hyperplasia (Tang
et al., 2012). However, this study lacks convincing in vivo lineage
tracing evidence supporting the multipotent stem cell model,
raising serious concerns in the field (Nguyen et al., 2013; Tang
et al., 2013). Fate mapping studies showed that SMCs in the
vascular neointima formation are derived from local pre-existing
SMCs (Bentzon et al., 2006, 2007; Nemenoff et al., 2011).
Although SMCs beget SMCs at the whole-population level, there
is heterogeneity of SMCs in proliferation because a few medial
SMCs may undergo extensive expansion and generate large
clones of SMCs in neointima formation (Chappell et al., 2016; Ja-
cobsen et al., 2017). Furthermore, recent studies have sug-
gested that a discrete population of medial SMCs expressing
CD146 emerges during embryonic development and continues
to generate new SMCs in response to artery injuries (Roostalu
et al., 2018). Vascular stem or progenitor cells in the adventitial
layer of vessel wall have been proposed to contribute to SMCs
in the neointima and atherosclerosis plaque (Hu et al., 2004).
These pioneering studies of the SMC potential of Scal” cells
mainly used cell transplantation approaches (Hu et al., 2004;
Tsai et al.,, 2012) and in vitro cell culture assays (Passman
et al., 2008). Interestingly, a subpopulation of adventitial Scal*
progenitor cells could also be generated in situ from differenti-
ated SMCs in the outer media, which represents the plasticity
of pre-existing SMCs as a physiological program for maintaining
stem cell pool (Majesky et al., 2017; Zhang and Xu, 2017). How-
ever, fate mapping results from SMC-inducible Cre drivers
showed that, during vascular injuries, pre-existing SMCs mount
a proliferative response and contribute to neointima formation
and vascular wall remodeling (Bentzon et al., 2006, 2007; Nem-
enoffetal., 2011; Roostalu et al., 2018). Whether bona fide Scal™*
vascular stem cells (VSCs) exist in vivo has remained controver-
sial and undetermined in the field for the past decade. Their pu-
tative role in vascular repair and regeneration is elusive and
unknown.

In this study, we generated Sca7-CreER to fate-map Scal*
cells in artery homeostasis and after injuries. We found that,
after severe artery injury, Scal* cells generated de novo
SMGCs in the medial layer of vessel walls. Dual recombinase-
mediated lineage tracing demonstrated that Sca1*PDGFRa*
VSCs in the adventitial mesenchyme contributed to these
new SMCs for vascular repair. Of note, Scal-derived SMCs
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have more proliferation potential than pre-existing SMCs,
generating more SMCs for full recovery of the vessel wall.
Functionally, genetic ablation of Scal* VSCs or Yap1 deletion
significantly impaired their contribution to SMCs for vessel
repair and regeneration. Our work demonstrates that Scal™*
VSCs contribute to SMCs and play a critical role in vascular
repair, representing a new potential therapeutic target for
treating vascular diseases.

RESULTS

Single-Cell RNA Sequencing Analysis of Sca1® Cells in
the Artery Wall

To examine the cellular components of Scal* cells, individual
cells were isolated from the femoral artery by enzymatic diges-
tion and processed for single-cell RNA sequencing (scRNA-
seq). scRNA-seq profiles were obtained from 5,353 cells, and,
on average, 1,667 genes were detected per cell (Figures S1A
and S1B). As shown, t-distributed stochastic neighbor embed-
ding (t-SNE) analysis of this dataset revealed clusters of endo-
thelial and adventitial cell populations (Fibr_Peri cells (clusters
1-4) [Fibr_Peri_1-4]) based on marker gene expression (Fig-
ure 1A), with Pecam1 marking endothelial cells and PDGFRa or
PDGFRb artery adventitial cells (Figure 1B; Figures S1C and
S1D). Further pathway enrichment analysis revealed that extra-
cellular matrix organization-related pathways were enriched in
adventitial cells (Fibr_Peri_1-4), indicating the function of these
cells (Figure 1C). We noticed that Scal was mainly expressed
in adventitial cells and endothelial cells of arteries (Figure 1D).
Adventitial cells expressing PDGFRa or PDGFRb could be
further segregated into three distinct clusters based on the
expression levels of PDGFRa and PDGFRb gene in the t-SNE
map (Figures 1E and 1F), highlighting the heterogeneity of this
population. Remarkably, among Scal® adventitial cells that
also expressed PDGFRa or PDGFRb, 69% of them were
PDGFRa-positive, and 20% were PDGFRb-positive (Figure 1G).
Quantitative data also showed that 20.64% of all Fibr_Peri_1-4
cells shared the Scal*PDGFRa* profile. By using gene set
enrichment analysis (GSEA) to characterize the function of
each cell subpopulation, we identified that, compared with
PDGFRb™ cells, several pathways were enriched in PDGFRa*
cells, including BIOCARTA _ACTINY, PROTEASOME, PGC1A,
and BIOCARTA _HDAC pathways (Figure 1H; Figures S1E-
S1H). Some of these pathways are known to regulate the differ-
entiation, proliferation, and migration of SMCs (Yeligar et al.,
2018; Barringhaus and Matsumura, 2007; Kapadia et al.,
2009), indicating that PDGFRa* and PDGFRb* cells may have
different properties and functional heterogeneity in vascular ho-
meostasis or injuries.

To understand whether there is relevant heterogeneity in the
Scal1*PDGFRa* cell population and to estimate the differentia-
tion potency of these cells, we performed further t-SNE analysis
of double-positive cells from Fibr-Peri clusters, which catego-
rized Sca1*PDGFRa* cells into four cell clusters (Figures S2A-
S2C). Next, Markov chain entropy (MCE) values were computed
to estimate the stemness of these four clusters. One-way
ANOVA revealed that there were significant differences in differ-
entiation potency among these four clusters (Figure S2D). Next
we performed a multiple comparisons test, which indicated
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Figure 1. scRNA-seq Analysis of Femoral Artery Cells

A) Visualization of unsupervised clustering in a t-distributed stochastic neighbor embedding (t-SNE) plot of 5,353 cells isolated from a femoral artery.
B) Violin plots showing the expression levels of representative marker genes across the 11 clusters.

C) Top enriched pathway of unique genes in Fibr_Peri_1-4.

E and F) Gene expression levels of Pdgfra (E) or Pdgfrb (F) in a t-SNE map of Fibr_Peri_1-4 cells (PDGFRa* or PDGFRb™ populations) with supervised clustering.
G) The percentage of Scal™ cells expressing Pdgfra, Pdgfrb, or both. Scal1*PDGFRa* or Sca1*PDGFRb™ cells from Fibr_Peri_1-4 were analyzed.
H) Images showing pathways significantly enriched in Pdgfra® cells using BioCarta gene sets for GSEA (p < 0.05).
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(D) Distribution of Sca1 across all subpopulations.
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that clusters 1 and 4 have a higher differentiation potential than
clusters 2 and 3. To further confirm these observations, we
also performed GSEA using a stemness gene signature defined
previously (Ramalho-Santos et al., 2002). The stemness-related
gene signature was significantly enriched in cluster 1 compared
with the other three clusters. Collectively, by two analysis
methods, MCE and GSEA, for analysis of stemness of different
clusters, cluster 1 was estimated to have more potential as
stem cells (Figure S2E). Whether these four populations have
the same propensity to differentiate into SMCs requires more so-
phisticated genetic tools to distinctly label them for fate mapping
studies in the future.

We also examined previously reported adventitial progeni-
tor cell markers such as CD34, CD45, c-Kit, c-Myb, and KiIf4.
We found that CD34 and KIf4 expression was high in Fibr_-
Peri cells (clusters 1-4) and endothelial_1 cells (cluster 5),
which were highly associated with Scal expression (Fig-
ure S3A). CD45 was highly expressed in immune-related
cells such as T cells, B cells, macrophages, monocytes,
and neutrophils. Most cells expressing CD146 (Mcam) were
Endothelial_1 cells, the endothelial cell population that also
expresses high Scal. Very rarely, cells expressed c-Kit,
and we did not detect c-Myb in our scRNA sequencing
data (Figure S3A).
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Characterization of Sca1* Cells in the Femoral Artery

To reveal the positional information of Scal-expressing cells in
the vessel walls of adult mice (8 weeks old at the start of each
experiment), we generated a genetic lineage tracing system for
Scail” cells by crossing Sca7-CreER with R26-tdTomato mouse
lines (Figure 2A). To examine Scal™ cells in the vessel wall, we
treated Sca1-CreER;R26-tdTomato mice with tamoxifen (Tam)
and collected tissue samples within 24-48 h for analysis, when
the tdTomato reporter represented Scal-expressing cells
(Figure 2B). We could readily detect tdTomato fluorescence in
whole-mount artery samples after Tam treatment (Figure 2C).
Immunostaining for tdTomato and Sca1 on dissociated cells iso-
lated from arteries showed that 75.38% + 3.19% of Scal* cells
express tdTomato (Figure 2D), indicating a high efficiency of cell
labeling by Sca7-CreER. Flow cytometric analysis showed that
75.16% + 1.80% of Scal* cells were labeled with tdTomato,
whereas over 95% of tdTomato* cells expressed Scal (Fig-
ure 2E), indicating a high efficiency and specificity of Scal-
CreER for lineage tracing of Scal* cells. These data demon-
strated that the tdTomato signal faithfully represented Scal™*
cells. To examine the detailed cell types labeled by Scal in the
tissue, we sectioned femoral arteries for immunostaining of
tdTomato and cell lineage markers. We found that a subset of
tdTomato* cells in the adventitial layer were colocalized with
PDGFRa or PDGFRb (Figures 2F and 2H). Quantitatively, by im-
munostaining, 40.84% + 1.86% and 11.46% + 1.73% of
tdTomato* cells expressed PDGFRa and PDGFRb, respectively
(Figure 2F). The tdTomato staining was specific because we did
not detect it in tissue collected from oil-treated Scal-
CreER;R26-tdTomato mice (Figure 2G). Flow cytometry analysis
of cells isolated from arteries showed that ~40% and ~10% of
tdTomato* cells in the vessel walls were PDGFRa* and
PDGFRb™, respectively (Figures 2H and 2I). Sectional staining
of the hematopoietic cell marker CD45 and endothelial
cell marker CDH5 showed that 0% and 40.04% =+ 2.58%
of tdTomato® cells were CD45" and CDH5", respectively
(Figure 2J). This was confirmed by flow cytometry analysis (Fig-
ure 2K). We also noticed that a subset of adipose tissue outside
of the vessel wall was tdTomato™* (Figure 2L). By using four con-
ventional smooth muscle markers (Majesky et al., 2011), we did
not detect any tdTomato™ cells expressing smooth muscle-cal-
ponin (CNN1), alpha smooth muscle actin (SMA), smooth muscle
myosin heavy chain (SM-MHC), or smooth muscle 22 alpha
(SM22) in tissue sections examined (over 250 sections from 5
mice; Figures 2M-20). We showed that Scal™ cells constituted
endothelial cells in the intima layer and adventitial stromal cells
in the vessel wall and a subset of adipocytes surrounding vessels
(Figure 2P). Scal was not expressed by smooth muscle or he-
matopoietic cells in the vessel wall (Figure 2P).

Sca1” Cells Do Not Contribute to SMCs during
Homeostasis or after Wire-Injury

We next examined whether Scal* cells generated new SMCs
during tissue homeostasis or after vascular injuries. We collected
mouse tissues 8-12 weeks after Tam treatment (Figure 3A). Im-
munostaining for tdTomato, SM-MHC, and CDH5 showed that
labeled cells maintained an endothelial cell fate but did not
contribute to smooth muscle (Figure 3B). Flow cytometry anal-
ysis confirmed endothelial cell but not smooth muscle cell fate
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(Figure 3C). Immunostaining for SMA and SM22 validated that
the vessel wall was devoid of tdTomato* SMCs during normal
homeostasis (Figures 3D and 3E). Labeled cells were also
residing in the adventitial layer of the vessel wall, and a subset
of them expressed PDGFRa or PDGFRb (Figures 3F and 3G).
Flow cytometry analysis of the labeled cells showed that
~40% and 10% of tdTomato™* cells expressed PDGFRa and
PDGFRb, respectively (Figures 3H and 3l). These data demon-
strate that Sca1* cells maintain original cell fates during vascular
homeostasis.

We next performed wire-induced vessel injury and analyzed
tissue samples 4 weeks after injury (Figure 3J). H&E staining
showed neointima formation after wire injury compared with a
normal artery as a sham control (Figure 3K). Immunostaining
for SM-MHC, CNN1, SM22, and SMA on tissue sections showed
that the vessel wall was devoid of tdTomato* SMCs after wire
injury (Figures 3L-3N). Flow cytometry analysis confirmed that
Scal™* cells did not contribute to SMCs after injury (Figure 30).
Instead, Sca1™ cells in the intimal layer maintained CDH5* endo-
thelial cell fate (Figure 3M). We detected tdTomato*PDGFRa*
adventitial stromal cells but not tdTomato*CD45* hematopoietic
cells in the vessel wall (Figure 3P). We also found that a subset of
Scal® cells in the adventitial layer proliferated after wire injury
(Figure 3Q). We also performed SM22-CreER lineage tracing
on injury and sham models and found that virtually all SMCs in
the injured vessel were derived from pre-existing SMCs (Fig-
ure S4), which was consistent with previous work (Bentzon
et al., 2006, 2007; Nemenoff et al., 2011). Taken together,
Scal” cells did not contribute to SMCs in homeostasis or after
wire injury (Figure 3R).

Sca1* Cells Generate De Novo SMCs after Severe Vessel
Injury

We next wanted to find out whether the SMC differentiation
potential of Scal* cells could be activated under severe injury
conditions. To induce severe vessel injury, we used an arterial
anastomosis model that involves full trans-sectional injury to
the arterial wall with loss of local SMCs and subsequent regen-
eration of the arterial SMC layer to heal the anastomosis site
(Roostalu et al., 2018; Perlman et al., 1997). We performed the
procedure 2 weeks after Tam treatment and collected tissue
samples after 2 weeks (short term) and 5 weeks (long term) (Fig-
ure 4A). We segmented the femoral artery into 4 zones according
to their position relative to the site of anastomosis and their
morphology after injury (Figure 4B). Zone 1, which was distal to
the site of anastomosis, had normal morphology. Zone 2 encom-
passed the anastomosis site. Zones 3 and 4 were proximal to the
site of anastomosis; zone 3 had disorganized SMCs, and zone 4
had a normal arterial morphology that was indistinguishable from
a healthy artery (Figure 4C), consistent with previous descrip-
tions (Roostalu et al., 2018). We observed brighter tdTomato*
signals from the anastomosed vessel segment compared with
sham controls (Figure 4D), which was consistent with expansion
of the Scal* population, as indicated by 5-ethynyl-2’-deoxyuri-
dine (EdU) incorporation in tdTomato™ cells (Figure 4E). Immuno-
staining for SMA and tdTomato in zone 1 to zone 4 vessel seg-
ments showed that only zone 2 hosted tdTomato™ SMCs in the
medial layer of vessel wall (Figure 4F). Quantitatively, 13.16% +
1.17% of SMCs in zone 2 were derived from Scal™ cells
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Figure 2. Characterization of Scai1* Cells in an Artery

(A) Schematic showing genetic lineage tracing by Sca7-CreER.

(B) Sketch of the experimental design.

(C) Fluorescence and bright-field images of aortae from Sca7-CreER;R26-tdTomato mice treated with or without Tam.

(D) Immunostaining for tdTomato and Sca1 on isolated cells from a femoral artery and quantification of the percentage of tdTomato™ cells in Sca1* cells. Data are
mean + SEM; n = 5.

(E) Flow cytometry analysis of the labeling efficiency and specificity of Scal* cell labeling.

(F) Immunostaining for tdTomato and PDGFRa or PDGFRb on femoral artery sections. The dotted line indicates signals from the yz axis on z stack images. Right
panel: quantification of the percentage of PDGFRa* or PDGFRb* cells in tdTomato* (tdT™) cells.

(G) Immunostaining for tdTomato and SMA on tissue sections of Sca7-CreER;R26-tdTomato mice treated with oil or Tam.

(H and I) Flow cytometry analysis of the percentage of PDGFRa* (G) and PDGFRb™ (1) cells in tdT* cells.

(J) Immunostaining for tdTomato, CD45, and CDH5 on an artery section and quantification of CDH5" and CD45* cells in tdT* cells.

(K) Flow cytometry analysis of the percentage of CD45" and CD31* cells in tdT* cells.

(L) Immunostaining for tdTomato and PLIN on an artery section and quantitation of the labeled PLIN* cells by Sca7-CreER. Inset: magnification of the boxed
region.

(M-0) Immunostaining for tdTomato, CNN1(M), SMA, SM-MHC(N), and SM22(0) on tissue sections.

(P) Cartoon image showing that Sca1* cells include a subset of endothelial cells (ECs), adventitial stromal cells (adSCs) that include PDGFRa* or PDGFRb* cells,
and adipocytes but not smooth muscle cells (SMCs).

Scale bars, 1 mm (yellow) and 100 um (white).
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Figure 3. Sca1* Cells Do Not Contribute to SMCs during Homeostasis or after Wire Injury

(A) Schematic showing the experimental strategy.

(B) Immunostaining for tdTomato, SM-MHC, and CDH5 on a femoral artery section and quantification of the percentage of SM-MHC* cells or CDh5* cells
expressing tdTomato. Data are mean + SEM; n = 5.

(C) Flow cytometry analysis of the percentage of SMA* or CD31" cells expressing tdTomato.

(D and E) Immunostaining for tdTomato (tdT) and SMA (D) or SM22 (E) on tissue sections.

(F and G) Immunostaining for tdTomato and PDGFRa (F) or PDGFRb (G) on tissue sections. Right panels: quantification of the percentage of tdTomato* cells that
express PDGFRa or PDGFRb.

(H and I) Flow cytometric analysis of tdTomato™ cells that express PDGFRa (H) or PDGFRD (I).

(legend continued on next page)
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(Figure 4G). In parallel, we performed SM22-CreER-mediated
lineage tracing and found a significant dilution in the labeling per-
centage of SMCs in zone 2 after injury (Figure S5), indicating that
some of the SMCs that heal transactional injury were derived
from new sources rather than from pre-existing SMCs. Of note,
Scal-derived cells expressed CNN1 and SM22 but not SM-
MHC (Figures 4H-4J). Because SM-MHC (Myh11) is a marker
for mature SMCs (Cherepanova et al., 2016), these newly formed
SMCs did not fully acquire the mature SMC phenotype within the
first 2 weeks (Figure 4K).

We then collected tissue samples at later stages (5 weeks) af-
ter severe injury and examined their morphology by H&E to
distinguish zone 1 to zone 4 (Figure 4L). Flow cytometry analysis
of dissociated vascular cells from zone 2 of injured vessels
showed that 9.07% =+ 1.15% of SMCs were tdTomato*
compared with 0% in the sham control (Figure 4M). By immuno-
staining of tissue sections, we again found tdTomato*SMA*
SMCs in zone 2 (Figure 4N), which constituted 14.3% + 1.46%
of the SMCs in the vessel wall (Figure 40). These tdTomato™ cells
expressed SM22, CNN1, and SM-MHC in the medial layer, indi-
cating acquisition of the fully mature SMC phenotype 5 weeks af-
ter injury (Figures 4P-4R). Additionally, we detected EdU incor-
poration in tdTomato™ SMCs and also expansion of tdTomato™
stromal cells in the adventitial layer (Figures 4S and 4T). These
data demonstrated that Scail-derived cells contributed to
mature SMCs in the medial layer 5 weeks after severe injury
(Figure 4U).

Sca1"PDGFRa* but Not Sca1*PDGFRb* VSCs

Generated SMCs

Single-cell RNA sequencing (Figure 1) and genetic cell labeling
data (Figure 2) showed that Scal* cells were a heterogenous
population that included endothelial cells, adipocytes, hemato-
poietic cells, and adventitial stromal cells expressing PDGFRa
or PDGFRb (Figure 2P). It was intriguing to explore which type
of Sca1* cells actually generated new SMCs. To systematically
examine cell lineages, we first used the Cdh5-CreER, Fabp4-
Cre, and CD45-Dre drivers to trace CDH5" cells, PLIN* adipo-
cytes, and CD45* hematopoietic cells, respectively, after severe
vessel injury (Figures 5A-5C). We found that these labeled cells
maintained their original cell phenotypes without contributing
to SMCs (Figures 5A-5C; Figure S6), excluding endothelial cells,
adipocytes, and hematopoietic cells as potential cell sources for
generating new SMCs after injury.

Because stromal cells in the adventitial layer were mainly
composed of PDGFRa* and PDGFRb* cell populations (Figures
1 and 2F-2I; Figure S1), we employed an intersectional genetics
strategy (Zhang et al., 2016b; Liu et al., 2019) by using dual re-
combinase-based lineage tracing to fate-map these two specific

sub-populations of Scal™ cells. We first combined PDGFRa-
DreER and Sca1-CreER with the R26-RSR-LSL-tdTomato re-
porter (short for R26-rox-stop-rox-loxp-stop-loxp-tdTomato) for
lineage tracing of PDGFRa*Scal™ cells (Figure 5D). Only after
both Dre-rox and Cre-loxP recombination could the tdTomato
reporter be expressed in PDGFRa*Scal* cells residing in the
adventitial layer (Figure 5D). We did not detect any tdTomato™
SMCs in vessels from mice without injury (Figure 5E). In the
injured vessel, however, we found a subset of tdTomato* cells
in the medial wall that co-expressed the SMC markers SMA,
SM22, CNN1, and SM-MHC (Figures 5F-5H), demonstrating
that PDGFRa*Scal* VSCs generated SMCs during healing of
the anastomosis site. Because dual recombinase-mediated line-
age tracing depends on both inducible CreER and DreER, the ef-
ficiency would be lower than for single lineage tracing; e.g., by
Sca1-CreER-mediated cell labeling. Therefore, tdTomato* cells
labeled by Sca7-CreER;Pdgfra-DreER were fewer and regional
on the vessel wall (Figures 5F-5l) compared with those labeled
by the Sca7-CreER tracer.

To address whether PDGFRb*Scal™ cells differentiated into
SMCs after injury, we generated a new strategy employing a
sequential intersectional genetics (Pu et al., 2018) by which
Scal-CreER expression leads to Dre expression under the
PDGFRb gene promoter (Figure 5J). Combination with the
R26-RSR-tdT reporter (short for R26-rox-stop-rox-tdTomato)
secures tdTomato expression exclusively in Scal*PDGFRb*
cells upon Tam injection (Figure 5J). Immunostaining
for tdTomato and PDGFRb on tissue sections from Scal-
CreER;Pdgfrb-LSL-Dre;R26-RSR-tdTomato and Scail-CreER;
R26-tdTomato mice showed that the labeling efficiency was
comparable between the two groups (Figures 5K and 5L). We
used the same anastomosis model and collected tissue samples
5 weeks after injury for analysis (Figure 5M). Although we did
observe neointima formation after severe injury in zone 2 (Fig-
ure 5N), we could not detect any tdTomato* cells expressing
SMA, SM22, SM-MHC, or CNN1 in any of the 250 sections
examined from 5 mice (Figure 50). Taken together, among
different mesenchymal cell populations, we pinpointed that
adventitial Scal* VSCs expressing PDGFRa are capable of
generating de novo smooth muscle for vascular repair and
regeneration (Figure 5P).

Sca1-Derived SMCs Were More Competent to Expand
for Full Recovery

To assess the ultimate contribution in the fully repaired vessel, we
collected tissue samples 12-24 weeks after injury (Figure 6A).
Flow cytometry analysis of dissociated cells from the vessel wall
around the healed anastomosis site (zone 2) showed that
21.72% + 2.32% SMCs expressed tdTomato (Figures 6B and

(J) Schematic showing the experimental strategy. Wire injury was induced 1 week after Tam induction.

K) H&E staining of a femoral artery after sham or wire injury.

L) Immunostaining for tdT and the smooth cell markers SM-MHC, CNN1, and SM22 on tissue sections of femoral arteries from sham or wire injured mice.

M) Immunostaining for tdTomato, SMA, and CDH5 on tissue section.

N) Quantification of the percentage of tdTomato™ cells expressing SMA and CDHS5.

P) Immunostaining for tdTomato, CD45, and PDGFRa on tissue section.

(
(
(
(
(O) Flow cytometry analysis of SMA expression in tdTomato™ cells.
(
(Q) Immunostaining for tdTomato and EdU on tissue sections.

(

R) Cartoon image showing that Sca1™ cells do not generate SMCs during homeostasis or after wire injury.

Scale bars, 100 um.
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(A) Schematic showing the experimental strategy.

(B) Cartoon image showing the arterial anastomosis model.

(C) H&E staining on arterial sections of zones 1-4.

(D) Whole-mount fluorescence and bright-field images of a femoral artery. Arrowheads indicate sutures.

(E) Immunostaining for tdTomato and EdU on arterial sections, showing EdU*tdTomato™* cells (arrowheads).

(F) Immunostaining for tdTomato and SMA on zones 1-4 of arterial sections. Arrowheads indicate SMA*tdTomato™ cells.
(G) Quantification of the percentage of SMA™ cells that express tdTomato. Data are mean + SEM; n =5

(H-J) Immunostaining for tdTomato and CNN1 (H), SM22 (l), and SM-MHC (J) on arterial sections, showing that a subset of tdTomato* cells express CNN1 or
SM22a (arrowheads) but not SM-MHC.

(K) Cartoon image showing that Sca1* cells contribute to immature SMC after injury.

(L) H&E staining on arterial sections of zones 1-4.

(legend continued on next page)
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6C). Because the exact demarcation of zone 2 was not clear after
full repair, it is possible that border regions of the neighboring
zones (e.g., zone 1 or zone 3) were included in the digested tissue,
which could lead the flow cytometry assay to underestimate the
significant contribution of Sca1* cells to SMCs at the critical anas-
tomosis site. We therefore performed immunostaining on sections
of zone 2 and found that a significant portion of cells expressing
SMA, SM22, CNN1, and SM-MHC were tdTomato* in the anasto-
mosis region (Figures 6D-6F and 6H). Quantitatively, 30.32% =+
2.32% of CNN1" SMCs and 30.62% =+ 2.77% of SM-MHC"
SMCs in zone 2 expressed tdTomato (Figures 6G and 6l), indi-
cating that they were derived from Sca1* VSCs. Such cells were
not found in zones 1, 3, or 4 (Figure S7). Of note, significantly
more tdTomato™ SMCs (21.52% =+ 1.32%) incorporated EdU
than tdTomato™ SMCs (16.92% + 1.08%) in the same tissue sec-
tions (Figure 6J), indicating that Sca1-derived SMCs expand more
than pre-existing SMCs during vessel recovery. These data indi-
cate that PDGFRa*Sca1* VSCs give rise to SMCs that are more
competent to proliferate during regeneration of the arterial media
at the anastomosis site (Figure 6K).

Deletion of Sca1* VSCs or Yap1 Knockout Impaired
Vessel Repair

To functionally address the role of Scal* VSCs in vessel repair
and regeneration, we crossed the Sca7-CreER;R26-tdTomato
and R26-DTR mouse lines (Buch et al., 2005) to allow selective
ablation of the Sca1* cell population at the time point of choice
(Figure 7A). Addition of diphtheria toxin (DT) leads to its binding
with the diphtheria toxin receptor (DTR), specifically expressed
on Scal® cells, resulting in termination of protein synthesis
and, thus, apoptotic death of DTR-expressing cells (Naglich
et al., 1992). We treated mice with Tam and then DT before per-
forming arterial anastomosis, with each procedure separated by
a 2 weeks interval, and then analyzed tissues at 2-8 weeks of
arterial repair (Figure 7B). As a control for DT-mediated cell abla-
tion, we used Scal-CreER;R26-DTR/tdTomato mice treated
with PBS instead of DT. We found that DT-treated Scal-
CreER;R26-DTR/tdTomato mice had significantly fewer
tdTomato* cells in the adventitial layer (Figures 7B and 7C),
and the healed medial layer was devoid of tdTomato™ SMCs,
in contrast to healed arteries in Sca7-CreER;R26-DTR/tdTomato
mice without DT treatment (Figure 7C). The thickness of the
smooth muscle layer in zone 2 was significantly reduced in
some regions compared with Sca7-CreER;R26-DTR/tdTomato
samples without DT treatment (Figure 7C,D). It should be noted
that other Sca1* cells, such as endothelial cells and adipocytes,
would also be targeted by DT treatment. Nevertheless, these
data suggest that Scal* cells are critical for smooth muscle
contribution and vessel wall structure normalization during
vessel repair and regeneration.

Previous studies have shown that the Hippo signaling pathway
regulates SMC proliferation during cardiovascular development
(Wang et al., 2014; Osman et al., 2019). Scal-derived SMCs
expanded more significantly than pre-existing SMCs during
injury recovery. We therefore examined whether the key
co-transcriptional factor YAP was involved in expansion of
Scal-derived SMCs. By immunostaining for YAP and SMA on
Sca1-CreER;R26-tdTomato artery sections, we found that YAP
was enriched in tdTomato™ SMCs in zone 2 (Figure 7E), indi-
cating that the Hippo pathway might be activated and important
for regulating the contribution of Sca1-derived cells in vessel
repair. To directly address this, we crossed Sca7-CreER;R26-
tdTomato with Yap1™" mice (Schlegelmilch et al., 2011) to
generate Scal-CreER;Yap1™":R26-tdTomato to knock out
YAP1 specifically in Scal* cells (mutant) and used littermates
with the Sca1-CreER;Yap1™+;R26-tdTomato genotype as a con-
trol (Figure 7F). Immunostaining for YAP1 and tdTomato in zone
2 of healed arteries at 5 weeks in Sca?-CreER;Yap1™":R26-
tdTomato mice showed that YAP was deleted in most tdTomato*
SMCs (Figure 7G). We could barely detect tdTomato* SMCs
incorporating EdU in the injured vessel wall (Figure 7H), and im-
munostaining for tdTomato and SMA on tissue sections showed
that the percentage of Scal-derived SMCs was significantly
reduced in the mutant compared with the control (Figures 71
and 7J). By immunostaining for SM22, CNN1, and SM-MHC,
we confirmed reduced Scal-derived SMCs in the vessel wall
(Figure 7J and data not shown).

Finally, we exposed mice for long-term tracing and collected
tissue samples for analysis 20 weeks after the start of experi-
ments (Figure 7K). Immunostaining for tdTomato and SM-MHC
on tissue sections revealed that a substantial portion of SMCs
expressed tdTomato in the control artery (31.76% = 1.99%),
whereas significantly fewer tdTomato™ SMCs were detected in
the Yap1 mutant artery (Figures 7L and 7M). By measuring
smooth muscle cell layers, we found that the thickness of the ar-
tery wall was significantly reduced in the Yap1 mutant compared
with the control in the long-term post-injury period (Figure 7N).
Taken together, these data demonstrate that YAP is required
for incorporation and expansion of Scal-derived SMCs in
vascular repair and regeneration.

DISCUSSION

In this study, we used single-cell RNA sequencing and genetic
lineage tracing to uncover the direct involvement of Scal™ pro-
genitor cells in remodeling and repair of severe vascular injury.
We found that Sca1* cells in the vessel wall are a heterogenous
population that consists of endothelial cells, peri-vascular adipo-
cytes, and PDGFRa* or PDGFRb* stromal cells. An intersec-
tional genetics strategy pinpointed the Scal*PDGFRa* cell

M) Flow cytometry analysis of the percentage of SMA™ cells that express tdTomato in the sham or injury group.

(
(N) Immunostaining for tdT and SMA on tissue sections.

(O) Quantification of the percentage of SMA™ cells expressing tdTomato.
(P-R) Immunostaining for tdT and SM22 (P), CNN1 (Q), and SM-MHC (R).

(S) Immunostaining for EdU and a magnified region showing EdU*tdT*SM22* cells (arrowheads).

(T) Immunostaining for tdTomato and PDGFRa on tissue sections.

(U) Cartoon image showing the contribution of Sca1™ cells to mature SMCs 5 weeks after injury.

Scale bars, 100 um.
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Figure 5. PDGFRa*Sca1* Cells Generate New SSMCs during Arterial Anastomosis

(A-C) Immunostained images of arteries collected from Cdh5-CreER (A), Fabp4-Cre (B), or CD45-Dre (C) lineage tracing mice, showing highly efficient labeling of
each cell lineage, but they do not contribute to SMCs.

(D) Schematic showing strategy for labeling PDGFRa*Sca1* cells by dual recombinases-mediate intersectional genetic approach.

(E) Immunostaining for tdT and SMA on tissue sections (no injury).

(F-H) Immunostaining for tdTomato and SMA, SM22 (F), CNN1(G), or SM-MHC (H) on artery sections after injury. Arrowheads, tdTomato™ SMCs.

(I) Quantification of the percentage of SMA* cells expressing tdTomato.

(J) Schematic diagram showing the genetic approach for labeling PDGFRb*Scal* cells.

(legend continued on next page)
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population as the source of de novo smooth muscle healing of
severe transversal arterial injury. These Scal* VSC derived
SMCs possessed more propensity to expand compared with
pre-existing SMCs, imparting them an important fraction of
SMCs regeneration. Genetic Scal* cell ablation and Yap1
gene deletion in Sca1* cells indicated their involvement in vessel
repair and recovery. Elucidation of this new cellular source for
generating SMCs in vascular injury adds to our understanding
of the physiology and pathophysiology of arteries and may
also provide avenues for future therapeutic interventions for
vascular diseases.

Scal® cells in the adventitial layer of the vessel wall were first
proposed to be stem cells for smooth muscle more than a decade
ago (Hu et al., 2004). Isolated Sca1* cells could differentiate into
SMCs after stimulation with platelet-derived growth factor BB (
PDGF-BB ) in vitro (Hu et al., 2004). Because of technical limita-
tions at that time, genetic lineage tracing was not performed to un-
derstand the in vivo function of Scal1* cells in vascular injury and
remodeling. Instead, cultured Scal* cells from SM-LacZ trans-
genic mice were seeded in large numbers on irradiated vein grafts
in mice, and some of the transplanted B-gal* cells were found to
contribute to SMCs in the developing neointima (Hu et al,
2004). Although these experiments showed the differentiation po-
tential of the transplanted cells, they could not infer a physiological
function of the adventitial Sca1* population. First, the irradiation
prevented proliferation of local vein SMCs, giving the transplanted
Scal* cells an important competitive advantage. Second, the
transplanted Scal® cells differed in number and, potentially,
also in phenotype from endogenous Scail* cells. In the absence
of in vivo Sca1* stem cell lineage tracing experiments, the hypoth-
esis of a regenerative function of Sca-1" cells in vascular biology
has remained debated and unresolved. Indeed, it is well known
that transplantation experiments and direct in vivo lineage tracing
may lead to different, sometimes even contradictory conclusions.
For example, transplantation of mammary basal progenitor cells
supports its bi-potency for generating both luminal and basal
components of mammary epithelium. However, lineage tracing
studies showed that basal cells are uni-potent and generate basal
but not luminal cells in vivo (Van Keymeulen et al., 2011). Trans-
plantation of c-Kit* cardiac or lung stem cells regenerates injured
myocardium or lung, respectively, whereas lineage tracing data
did not support these conclusions (Beltrami et al., 2003; van Berlo
et al., 2014; Kajstura et al., 2018; Liu et al., 2015). SMC lineage
tracing studies have shown that pre-existing SMCs play a major
role in the accumulation of intimal SMCs in vascular pathologies
but have not ruled out a potential contribution of other, still un-
known sources in the vascular wall (Bentzon and Majesky, 2018;
Nemenoff et al., 2011). Interestingly, a recent study using
Myh11-CreER SMC lineage tracing showed that the fraction of
SMCs originating from pre-existing SMCs was significantly
diluted after severe transmural injury (Roostalu et al., 2018), sug-

gesting but not directly proving a putative contribution of new
SMCs from local stem cells. Using genetic lineage tracing, our
study provides direct evidence that adventitial PDGFRa* Sca1”
progenitors expand and differentiate into mature SMCs in this
scenario. This finally confirms the long-suspected physiological
role of adventitial Sca1” cells in regenerating SMCs in some forms
of vessel remodeling.

Although our fate mapping study provides evidence of Sca1*
VSCs in smooth muscle regeneration, it does not rule out that
other stem cell sources may exist for generating new SMCs. Pre-
vious studies have reported that Gli1* cells generate SMCs and
contribute to neointima formation after wire injury (Kramann
et al., 2016). It is possible that Gli1-CreER- and Sca1-CreER-
labeled cells may not be identical in the artery wall. In future
studies, it would be interesting to examine whether Gli1*Scal1~
cells and Gli1™Sca1™ cells respond differently to wire injury and
adopt distinct cell fates. In our study, after more severe transmu-
ral injury, Sca1-derived SMCs constituted over 40% of SMCs in
some regions of the vessel wall when labeling efficiency was
taken into consideration, indicating a critical and important
contribution to functional recovery of vessels after injury.
Whether other potential Sca1™ stem cells populations residing
in the adventitial layer may also have contributed to neointimal
formation in this context cannot be resolved with our current line-
age tracing models. In the future, identification of other stem
cells and quantification of their relative contribution to SMCs
may further support the stem cell paradigm for vascular repair
and regeneration.

Previous lineage tracing studies showed that endothelial cells
undergo endothelial-to-mesenchymal transition (EndMT) and
contribute to neointimal formation during vein graft remodeling
(Cooley et al., 2014). EndMT also contributes to neointimal hy-
perplasia and induces atherogenic differentiation of endothelial
cells by expressing the mesenchymal marker aSMA (Moonen
et al., 2015). In addition, endothelial cells give rise to fibroblast-
like cells through EndMT in atherosclerotic plaques (Evrard
et al., 2016). Mechanistically, reduction of fibroblast growth fac-
tor (FGF) signaling and activation of endothelial transforming
growth factor B (TGF-B) signaling induced EndMT and led to
atherosclerotic disease progression (Chen et al., 2015). Fate
mapping of endothelial cells in our study showed no SMC contri-
bution in both wire injury and arterial anastomosis injury. This
could be due to the different models we used because previous
studies mainly used vein graft and atherosclerosis models for the
study of EndMT, which might involve different biomechanical
stimuli and a different inflammatory milieu compared with the
vascular injury models in our study.

The picture that emerges from the present and previous
studies is that Scal* VSCs, and potentially other adventitial
stem cell populations, are a backup system that is activated
in situations where proliferation of pre-existing SMCs is

K) Labeling efficiency of PDGFRb™ cells in Sca1-CreER;Pdgfrb-LSL-Dre;R26-RSR-tdTomato and Scal-CreER;R26-tdTomato mice.
L) Percentage of PDGFRb* cells expressing tdTomato is shown on the right. Data are mean + SEM; n = 5; n.s., non-significant.

N) H&E staining of vessels, showing the successful anastomosis injury model.

O) Immunostaining for tdTomato and SMC markers, showing no tdTomato* SMCs in the media.

(
(
(M) Schematic showing the experimental strategy.
(
(
(

P) Cartoon image showing Scal™ cell fate after severe injury.

Scale bars, 100 um. Each panel is representative of 5 individual biological samples.
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Figure 6. Sca1-Derived SMCs Are More Competent to Expand for Full Recovery

(A) Schematic diagram showing the experimental strategy.

(B) Flow cytometry analysis of Sca1-derived SMCs.

(C) Quantification of the percentage of SMCs derived from Scal™ cells by fluorescence-activated cell sorting (FACS).

(D and E) Immunostaining for tdTomato and SMA (D) and SM22 (E) on tissue sections.

(F) Immunostaining for tdTomato, CNN1, and PDGFRa on tissue sections.

(G) Quantification of the percentage of CNN1* cells expressing tdTomato. Data are mean + SEM; n =5

(H) Immunostaining for tdTomato, SM-MHC, and VE-cadherin (VE-CAD) on tissue sections.

() Quantification of the percentage of SM-MHC" cells expressing tdTomato. Data are mean + SEM; n = 5.

(J) Immunostaining for tdTomato, SMA, and EdU on tissue sections. Arrowheads, EJU*SMA*tdTomato* cells. Also shown is quantification of the percentage of
tdTomato™ or tdTomato™ SMCs expressing EdU. Data are mean + SEM; n = 5; *p < 0.05.

(K) Cartoon image showing expansion of tdTomato™ SMCs during recovery.

Scale bars, 100 um. YZ indicates signals from the dotted lines on z stack images in (D)-(F), (H), and (J). RGBW indicates red, green, blue, and white signals in each
channel. Each image is representative of 5 individual biological samples.

insufficient. Under homeostasis and after wire injury, pre-ex- 2004), stem cells from the adventitia may act as facultative
isting SMCs are the major source for SMCs, but under condi- stem cells to migrate into media and differentiate into SMCs
tions where there is significant loss of local SMCs (Roostalu  for vascular repair and regeneration. Disruption of the elastic
et al., 2018) or local SMC proliferation is impaired (Hu et al., lamellae, such as what is seen after transversal sectioning
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Figure 7. Genetic Ablation of Sca1* Cells and Yap1 Deletion Impaired Vessel Repair and Recovery

(A) Schematic diagram showing genetic ablation of Scal* cells.

(B) Schematic diagram showing the experimental strategy.

(C) Immunostaining for tdTomato, SM-MHC, CNN1, SMA, SM22, PDGFRa, or CDH5 on tissue sections collected 12 weeks after injury. Arrowheads indicate
reduced SMCs coverage of the vessel wall.

(D) Quantification of cells expressing SMA.

(E) Immunostaining for tdTomato, SMA, and YAP on Sca1-CreER;R26-tdTomato sections collected 5 weeks after severe injury. Arrowheads indicate EdU* Sca1-
derived SMCs in zone 2.

(F) Schematic diagram showing the strategy for Yap1 deletion (mutant) and the littermate control.

(legend continued on next page)
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and anastomosis, could also be an important requirement that
facilitates migration of adventitial cells to the media and in-
tima. The adventitial layer of the vessel wall could therefore
be viewed as a compartment that provides an appropriate
microenvironment for vascular progenitor or stem cells (Zhang
et al., 2018) and that may be integral to vascular healing and
pathophysiology under some conditions (Psaltis and Simari,
2015). Some of the human vascular pathologies in which
such mechanisms are more likely to be involved include trans-
plant vasculopathy, vein graft arteriosclerosis, collateral for-
mation, and arteriogenesis.

This study also shows expansion of Scal-derived SMCs in
vascular recovery after injury. In the future, it would be impor-
tant to study whether Scal* VSCs-derived SMCs differ from
local SMCs in their propensity to modulate different pheno-
types and undergo clonal expansion (Feil et al., 2014; Shank-
man et al.,, 2015; Kramann et al., 2016). Equally interesting
questions are whether new Scal™ cells derived from differenti-
ated SMCs may have more propensity to re-differentiate into
SMCs during neointima formation (Majesky et al., 2017) than
other Scal™ populations and whether activation of Scal in
SMCs during phenotypic switching (Dobnikar et al., 2018)
may strengthen their proliferation and function. Altogether, the
genetic evidence of Scal* VSCs for vessel remodeling and
repair provides new insights into and raises new questions
about the cellular and molecular mechanism for vascular dis-
ease and regeneration.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

tdTomato ChromoTek Cat# ABIN334653; RRID:AB_2209751
VE-CAD R&D Cat# AF1002; RRID:AB_2077789
SMA-FITC Sigma-Aidrich Cat# F3777; RRID:AB_476977
SM-MHC Abcam Cat# AB53219; RRID:AB_2147146
Calponin Abcam Cat# AB46794; RRID:AB_2291941
SM22 aplha Abcam Cat# AB14106; RRID:AB_443021
PDGFRa R&D Cat# AF1062; RRID:AB_2236897
PDGFRb eBioscience Cat# 14-1402-82; RRID:AB_467493
Perilipin A Abcam Cat# AB61682; RRID:AB_944751
Scat Abcam Cat# AB25031; RRID:AB_448550
YAP ABclonal Cat# A1002; RRID:AB_2757539
APC-CD31 eBioscience Cat# 17-0311-82; RRID:AB_657735
Biotin-Sca-1 BD pharmingen Cat# 553334; RRID:AB_394790
APC-PDGFRa eBioscience Cat# 17-1401-81; RRID:AB_529482
APC-PDGFRb eBioscience Cat# 14-1402-82; RRID:AB_467493
Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma-Aidrich T5648

Sucrose Sigma-Aidrich S0389

O.C.T. Tissue-Tek 4583

Donkey serum JIR 017-000-001

Triton X-100 Sigma-Aidrich Sigma-X-100

Collagenase | GIBCO 17018029

PBS GIBCO C10010500BT)

DMEM Hyclone SH30022.01

Isoflurane gas Jinan Shengqi Pharm. Co, Ltd. 26675-46-7

Critical Commercial Assays

Tyramide signal amplification kit PerkinElmer NEL749B001KT

Chromium Single Cell 3’ Library & Gel Bead Kit v2

10X Genomics

Cat# 120237

Deposited Data

Single Cell RNA Sequencing This paper Seq GEO number: GSE139827
Experimental Models: Organisms/Strains

Mouse: Sca7-CreER This paper Shanghai Biomodel Organism Co., Ltd
Mouse: CD45-Dre This paper Shanghai Biomodel Organism Co., Ltd
Mouse: Pdgfrb-LSL-Dre This paper Shanghai Biomodel Organism Co., Ltd

Mouse: R26-tdTomato

Mouse: R26-RSR-tdTomato
Mouse: R26-RSR-LSL-tdTomato
Mouse: Sm22-CreER

Mouse: Cdh5-CreER

Mouse: Fabp4-Cre

Mouse: PDGFRa-DreER

Mouse: R26-iDTR

Mouse: Yap-flox

Madisen et al., 2010
Zhang et al., 2016a
Madisen et al., 2015
Kihbandner et al., 2000
Wang et al., 2010

He et al., 2017

He et al., 2017

Buch et al., 2005
Schlegelmilch et al., 2011

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

GraphPad Prism 6 software GraphPad Software, Inc. N/A

FlowJo software Tree Star, Ashland, Ore N/A

PhotoLine https://www.pl32.com/ N/A

Cell Ranger (v.2.1.1) 10X Genomics https://support.10xgenomics.com

Seurat v2.3 R. Satija Lab https://satijalab.org/seurat/

R version 3.6.1 The Comprehensive R Archive Network http://cran.r-project.org/

GSEA version 3.0 Subramanian et al., 2005 http://software.broadinstitute.org/gsea/
index.jsp

Cell Ranger (v.2.1.1) 10X Genomics https://support.10xgenomics.com

LEAD CONTACT AND MATERIALS AVAILABILITY

Requests for further information, reagent, and resource sharing maybe directed to, and will be fulfilled by, the Lead Contact, Bin Zhou
(zhoubin@sibs.ac.cn). This study did not generate new unique reagents. Mouse lines reported in this study have been deposited in
Shanghai Biomodel Company. The materials, reagents, mice lines, and original data could also be provided on reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice Breeding and Genotyping

All mice studies were proceeding in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at
the Institute for Nutritional Sciences, and the institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Science. Mice were bred with normal diet and maintained on a C57BL6/ICR background. Sca7-CreER, CD45-
Dre and Pdgfrb-LSL-Dre mice were generated by CRISPR/Cas9 or conventional embryonic stem cell gene targeting methods.
Briefly, the cDNA encoding P2A peptide and Cre recombinase fused with a mutant form of the estrogen receptor hormone-binding
domain (CreER™) fusion protein were inserted into the between last exon and 3’ UTR of Scal gene. While the cDNA encoding Dre
fusion protein were inserted into the CD45 gene locus replacing the endogenous translational start codon ATG, followed by Wood-
chuck post-transcriptional regulatory element (WPRE) and polyA sequence. Pdgfrb-LSL-Dre mice were generated by insertion of
Loxp-Stop-Loxp-Dre-WPRE-polyA-Frt-PGK-Neo-Frt into the translational start codon ATG lucs of Pdgfrb gene by homolgous
recombination. The DNA encoding LSL-Dre cassette was then linearized and electroporated into mouse embryonic stem cells. Pos-
tive and negative selections of correct targeted ES cell clones were performed by long PCR spanning 5’ or 3" homolgous arm. Cor-
rected ES cells were injected into blastocyst for generation of chimera. After germline transmission, mice with corrected targeted
allele were bred under C57BL6/ICR mixed background. All these mice were generated by Shanghai Biomodel Organism Co., Ltd.
Other mouse lines R26-tdTomato, R26-RSR-tdTomato, R26-RSR-LSL-tdTomato, Sm22-CreER, Cdh5-CreER, Fabp4-Cre,
PDGFRa-DreER, R26-iDTR, Yap-flox mouse line were reported previously (Buch et al., 2005; He et al., 2003, 2017; Kuhbandner
et al., 2000; Madisen et al., 2010, 2015; Schlegelmilch et al., 2011; Wang et al., 2010; Zhang et al., 2016). Sm22-CreER;R26-tdTo-
mato, Cdh5-CreER;R26-tdTomato, Fabp4-Cre;R26-tdTomato, Scal-CreER;R26-tdTomato were obtained by crossing with R26-
tdTomato mice. By crossing CD45-Dre with R26-RSR-tdTomato, we got CD45-Dre;R26-RSR-tdTomato mice. While Scal-
CreER;PDGFRa-DreER;R26-RSR-LSL-tdTomato were obtained by Sca7-CreER crossing with PDGFRa-DreER;R26-LSL-RSR-
tdTomato mouse. Furthermore, Sca7-CreER;R26-tdTomato crossed with R26-iDTR and Yap™/#°%to obtain Sca1-CreER;R26-tdTo-
mato;R26-iDTR and Sca1-CreER;R26-tdTomato;Yap™®/1°* mice. The littermates were also used for control experiments. Genomic
DNA for genotyping was prepared from mice tail and papered for genotyping by Proteinase K lysed, isopropanol precipitated and
70% ethanol washed. The number of animals be used were approved based on the experiments effects size. All male and female
mice were included in the study, and the start point (O week) for each experiment involves adult mice of 8 weeks old.

Femoral Wire Injury

Femoral artery was performed as described (Takayama et al., 2015). Sca7-CreER;R26-tdTomato mice were anesthetized with 2%
isoflurane gas using an induction chamber and the core temperature of the animal was maintained by placement upon a 37°C water-
heated pad. The breath of mice was controlled at about 120 ~140 breaths per minute and the respiratory volume to 0.3-0.5 mL. The
vein and connective tissues around the artery were carefully removed with microsurgery forceps and the femoral artery was isolated.
And the end-blunted 31-gauge needle (0.26mm in diameter) was inserted into the isolated femoral artery, then pushed forward for
~5-10 mm toward the iliac artery and left in place for 3 min. The blood flow was reconstituted after ligation of the profunda femoris
branch. After 4 weeks for injury, mice were perfused with 4% PFA via the left ventricle for 10 min, and femoral artery were harvested
for analysis.
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Super-microanastomosis model

Femoral artery super-microanastomosis model was performed in adult mice as described previously (Roostalu et al., 2018). Mice
femoral artery was exposed and a suitable nylon monofilament was selected for the IvaS. As the end of a nylon must be smooth
to avoid damage to the vessel lumen, we used a razor or surgical knife to produce a clean cut instead of using scissors. Next, the
nylon stent was inserted into the vessels, and the vessels were pulled closely together for anastomosis. The vessel wall was carefully
sutured using 11-0 nylon. The last one or two stitches were left untied to allow removal of the nylon stent. The IVaS was then removed
from the space between the free vessel ends. After reconfirming that the IVaS had securely removed from the vessel, the last one or
two stitches were sutured. Finally, the clips were removed and blood flow was restarted. After 2 or 5 weeks injury, mice were perfused
with 4% PFA via the left ventricle for 10 min, and femoral artery were harvested for analysis.

METHOD DETAILS

Tamoxifen-induced genetic lineage tracing

For treatment, tamoxifen dissolved in corn oil (20 mg/ml) was introduced by gavage at the indicated time (0.1-0.2 mg/g mouse body
weight). For Sca7-CreER mice characterization and longtime tracing, mice were treated with tamoxifen twice and then samples were
collected in indicated time. For injury models, the mice were subjected to femoral artery injury models at two weeks following cessa-
tion of tamoxifen. At the indicated time, mice were sacrificed by CO, asphyxiation and femoral arteries were collected for further
experiments.

Immunofluorescent Staining and Z stack confocal microscopy

We performed immunostaining as previous reported (Zhang et al., 2016b). Briefly, femoral artery harvested from transgenic mice
were wash in PBS for three times, then fixed in 4% PFA for 1 hours. After another washing in PBS for three times, femoral artery
with fluorescence reporters were put on agar for the photographed using the Zeiss first (Zeiss AXIO Zoom. V16). Then the collected
femoral artery samples were incubated in 30% sucrose until they were fully penetrated and then they were embedded in optimum
cutting temperature (O.C.T., Sakura). For each block, 10um thickness cryosections was collected for further immunostaining. Cry-
osections were air-dried for about 1 hours at room temperature, following by incubation with blocking buffer (5% donkey serum,
0.1% Triton X-100 in PBS) for 30 minutes at room temperature and then incubated with primary antibody overnight at 4°C. In this
study, primary antibodies were used as listed: tdTomato or RFP (ChromoTek, ABIN334653, 1:1000), VE-CAD or CDH5 (R&D,
AF1002, 1:200), SMA-FITC (Sigma, F3777, 1:500), SM-MHC (Abcam, ab53219, 1:300), Calponin (Abcam, ab46794, 1:300), SM22
aplha (Abcam, ab14106, 1:500), PDGFRa (R&D, AF1062, 1:500), PDGFRb (eBioscience, 14-1402-82, 1:500), Perilipin A (Abcam,
ab61682, 1:200), Scal (Abcam, ab25031, 1:200), YAP (ABclonal, A1002, 1:500). Signals were detected by using Alexa fluores-
cence-conjugated secondary antibodies (Invitrogen) for 30 min at room temperature. While for SM-MHC and Calponin staining,
HRP or biotin-conjugated secondary antibodies and a tyramide signal amplification kit (PerkinEImer) were used to develop signals.
Images were captured Zeiss (LSM 710) laser-scanning confocal microscope from each heart. For Z stack images, 4-8 consecutive
XY images were obtained on the Z axis by Zeiss confocal microscope (LSM 710). ImageJ software was used to analyze the collected
images. For details, images were merged using the Image color-merge channels function, and Z-projects and color-merge channels
function was used to merge images. In the stack, we use an orthogonal view to obtain the signals on the XZ or YZ axis. Merged signals
and split channels were used to delineate the signals at single-cell resolution, as described previously.

Femoral artery cell dissociation

To generate single-cell suspensions, femoral arteries isolated from both male and female mice (8 weeks old) were further digested in
collagenase | for 30-60 min as described. In detail, femoral arteries were cut into Imm small pieces, and these small pieces were
digested by 1.5 mg/ml collagenase (GIBCO, 17018029) at 37°C, during this process, artery pieces was frequent stirred to ensure
full digestion. After sufficient digestion, cells were filtered through a 40-pum cell strainer, and the collected cells were centrifuged
5 min at 600 g speed. Subsequently, cell pellet was suspended in PBS or DEME for further experiments.

Flow cytometry and analysis

Cells collected from mice femoral artery were stained with fluorochrome-conjugated antibodies, according to the manufacturer’s in-
struction. Isolated cells were stained with APC-CD31 (17-0311-82, eBioscience, 1:200), Biotin-Sca-1 (553334, BD pharmingen,
1:200), APC-PDGFRa (17-1401, eBioscience, 1:200), APC-PDGFRb (14-1402-82, eBioscience, 1:200), FITC-SMA (F3777, sigma,
1:50) for 30 min. For Biotin-Sca-1 staining, streptavidin-APC was incubated for 30 minutes and used to develop signals. Fluores-
cence labeled cells analyzed was performed using a BD FACS Aria flow cytometry system (BD Biosciences, San Jose, CA), and
data were analyzed with FlowJo software (Tree Star, Ashland, Ore) according to protocols described previous.

Single-cell RNA Sequencing preparation and analysis

Single cell library was generated using Chromium Single Cell 3’ Library Kit v2. Sequencing of library was performed on lllumina Nova-
seq6000 PE150 platform. Aligned reads and gene-barcode matrices were then generated from FASTQ files including Read 1, Read
2 and i7 index using Cell Ranger (v.2.1.1) processing pipeline. Further analysis and visualization were performed with R package
Seurat. Threshold of unique counts over 3500 or less than 200 was set to filter cell doublets. Low-quality cells that have > 6%
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mitochondrial counts were filtered. ‘LogNormalize’ method was conducted for normalization for each cell based on the total expres-
sion. ‘FindVariableGenes’ was performed to detect variable genes across the single cells. The key parameters of ‘FindClusters’ were
set with dims.use = 1:20 and resolution = 0.2. The top 10 markers (or all markers if less than 10) were used to plot expression heatmap
of maker genes. Pathway enrichment analysis was performed using Metascape (http://metascape.org/gp/index.html). Normalized
expression value of Pdgfra and Pdgfrb was used to distinguish fibroblasts and pericytes. In detail, Pdgfra* cells were defined with
the expression value of Pdgfra > 0 and Pdgfrb = 0, Pdgfrb™ cells were defined using the same standard, and cells that have the
expression value of Pdgfra > 0 and Pdgfrb > 0 were clustered into Pdgfra*/Pdgfrb* cells (double positive cells). GSEAi (Gene Set
Enrichment Analysis) was performed to determine statistically significant biological pathway based on the normalized expression
value according to the software instructions (Subramanian et al., 2005).

Markov-chain entropy analysis for Sca1*PDGFRa* subpopulations

To assess the differentiation potency of the four Sca1*PDGFRa* sub clusters, Markov-chain entropy (MCE) values (Shi et al., 2018)
were computed based on normalized expression matrix and protein-protein interaction network. First, normalized expression matrix
of these Sca1*PDGFRa* cells was generated with R package Seurat, of which gene symbols were further converted to human Entrez
gene IDs with bioDBnet (https://biodbnet-abcc.ncifcrf.gov/db/db2db.php). We next constructed the protein-protein interaction
network on the basis of the published database (Teschendorff and Enver, 2017). Finally, the MCE values of the four sub clusters
were computed. Hypothesis test was performed using the one-way ANOVA.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were determined from multiple individual biological samples, and presented as mean values + standard error of the mean
(SEM). The “n” in the study represented the number of biological replicates and was indicated in the manuscript. All mice were
randomly assigned to groups (including both male and female), and the investigators who analyzed the samples were blinded to
the group allocations. Sample size estimates were not performed. For statistical comparisons, an unpaired two-sided Student’s t
test was performed using Graphpad Prism software for comparing differences between two groups, and ANOVA test for over two
groups. Significance was accepted when p < 0.05. All mice were randomly assigned to different experimental groups.

DATA AND CODE AVAILABILITY

The accession number for the Single cell RNA sequencing data for mouse femoral artery reported in this paper is GSE139827.
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Figure S1 (Related to Figure 1) . Single-cell RNA sequencing analysis of femoral artery cell distribution. (A) Each cell clustering number and
percentage in t-distributed stochastic neighbor embedding (t-SNE) plot of 5353 cells isolated from femoral arteries. (B) Heat map of gene expression
of the 11 cell clusters. (C,D) Distribution of PDGFRa and PDGFRb expression across all subpopulations of femoral artery cells. (E-H) Signaling
pathways significantly enriched in PDGFRa* cells using BioCarta gene sets for GSEA (P < 0.05).
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Figure S2 (Related to Figure 1). Single-cell RNA sequencing analysis of Scal+PDGFRa+ cells from femoral artery. (A-B) Gene expression
levels of Scal/Ly6a (A) or Pdgfra (B) in t-SNE map of Sca1*PDGFRa* cells. (C) Visualization of unsupervised clustering in t-SNE plot of
Sca1*PDGFRa* cells. (D) Violin plot of Markov-Chain Entropy (MCE) values in the four clusters (top panel) and table for multiple comparison test
(bottom panel). (E) Enrichment plot of GSEA for every cluster versus the other 3 clusters using stemness genes.
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Figure S3 (Related to Figure 1). Single-cell RNA sequencing analysis of adventitial progenitor gene expression in femoral artery cells. (A)
Distribution of gene for adventitial progenitor cells across all the subpopulations. (B) Violin plots showing the expression levels of relative genes
across the 11 clusters.
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Figure S4 (Related to Figure 3). Lineage tracing of pre-existing smooth muscle cells in wire-induced injury model. (A) Schematic diagram
showing genetic lineage tracing by SM22-CreER;R26-tdTomato after wire injury. (B) Immunostaining for tdTomato and smooth muscle cell markers

SM22 on non-injured artery. (C) Quantification of the percentage of SM22+ cells expressing tdTomato. Data are mean + SEM; n = 5. (D-F)
Immunostaining for SMA, SM22, SM-MHC or CNN1 on femoral artery sections after wire-induced injury. (G) Quantification of the percentage of
SMA+, SM22+, SM-MHC+ or CNN1+ SMCs that express tdTomato (tdT) in the artery wall. Data are mean + SEM; n = 5; n.s., non-significant. Scale
bars, white 100 um. Each image is representative of 5 individual biological samples.
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Figure S5 (Related to Figure 4). Smooth muscle contribution in arterial anastomosis model. (A) Schematic diagram showing genetic lineage
tracing by SM22-CreER;R26-tdTomato in arterial anastomosis model. (B-E) Immunostaining for tdTomato and SM22, SM-MHC, CNN1 or SMA on
tissue sections. Quantification of the percentage of smooth muscle cells expressing tdTomato (tdT). Data are mean £ SEM; n = 5; *P < 0.05. Scale
bars, white 100 um. Each image is representative of 5 individual biological samples.
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Figure S6 (Related to Figure 5). Endothelial cells fates in artery anastomosis model. (A,F,I) Schematic diagram showing genetic lineage tracing
by Cdh5-CreER;R26-tdTomato (A), FABP4-Cre;R26-tdTomato (F), CD45-Dre;R26-rox-tdTomato (I) mouse. (B) Immunostaining for tdTomato and VE-
Cad from femoral artery. (C,D) Immunostaining for tdTomato, CNN1, SM22 on tissue sections. (E) Immunostaining for tdTomato and PDGFRa on
tissue sections. (G) Immunostaining for tdTomato, SM22 and adipocytes marker Perilipin A (PLIN) on femoral artery tissue. (H) Immunostaining for
tdTomato, CNN1, and PDGFRa on tissue sections. (M) Immunostaining for tdTomato, SM22 and CD45 on femoral artery tissue. (N,O) Immunostaining
for tdTomato, SM-MHC, SM22 on tissue sections. N is the same section of Figure 5C. Scale bars, yellow 50 ym, white 100 um. Each image is
representative of 5 individual biological samples.
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Figure S7 (Related to Figure 6). Sca1+ cells contribute significantly to smooth muscle at 12 weeks after injury. Immunostaining for
tdTomato, SMA,SM22 on tissue sections of different segments of arteries after anastomosis model. Scale bars, white 100 um. Each image is
representative of 5 individual biological samples.
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