
223

Establishment of organ transplantation gives hope for pa-
tients experiencing end-stage of organ failure.1 While graft 

failure and multiple organ dysfunctions are leading causes of 
death in the early years after transplantation, transplant arterio-
sclerosis is highly related to poor prognosis and severely limits 
the long-term survival of patients. Transplantation-accelerated 
arteriosclerosis is initiated by acute innate and acquired im-
mune responses,2 which lead to endothelial cell (EC) dam-
age and dysfunction, followed by smooth muscle cell (SMC) 

accumulation to form the lesions.1 The critical role of SMCs 
in arteriosclerosis has been extensively established,3 but the 
origin of neointimal SMCs remains controversial.4 It was 
historically believed that medial SMCs undergo phenotypic 
switching, migrate to the intimal region and proliferate to form 
neointima.5 However, neointimal SMCs have been found to be 
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Rationale: Transplantation-accelerated arteriosclerosis is one of the major challenges for long-term survival of 
patients with solid organ transplantation. Although stem/progenitor cells have been implicated to participate in 
this process, the cells of origin and underlying mechanisms have not been fully defined.

Objective: The objective of our study was to investigate the role of c-Kit lineage cells in allograft-induced neointima 
formation and to explore the mechanisms underlying this process.

Methods and Results: Using an inducible lineage tracing Kit-CreER;Rosa26-tdTomato mouse model, we observed 
that c-Kit is expressed in multiple cell types in the blood vessels, rather than a specific stem/progenitor cell marker. 
We performed allograft transplantation between different donor and recipient mice, as well as bone marrow 
transplantation experiments, demonstrating that recipient c-Kit+ cells repopulate neointimal smooth muscle cells 
(SMCs) and leukocytes, and contribute to neointima formation in an allograft transplantation model. c-Kit–derived 
SMCs originate from nonbone marrow tissues, whereas bone marrow-derived c-Kit+ cells mainly generate CD45+ 
leukocytes. However, the exact identity of c-Kit lineage cells contributing to neointimal SMCs remains unclear. 
ACK2 (anti-c-Kit antibody), which specifically binds and blocks c-Kit function, ameliorates allograft-induced 
arteriosclerosis. Stem cell factor and TGF (transforming growth factor)-β1 levels were significantly increased 
in blood and neointimal lesions after allograft transplantation, by which stem cell factor facilitated c-Kit+ cell 
migration through the stem cell factor/c-Kit axis and downstream activation of small GTPases, MEK (mitogen-
activated protein kinase kinase)/ERK (extracellular signal–regulated kinase)/MLC (myosin light chain), and 
JNK (c-Jun N-terminal kinase)/c-Jun signaling pathways, whereas TGF-β1 induces c-Kit+ cell differentiation into 
SMCs via HK (hexokinase)-1–dependent metabolic reprogramming and a possible downstream O-GlcNAcylation 
of myocardin and serum response factor.

Conclusions: Our findings provide evidence that recipient c-Kit lineage cells contribute to vascular remodeling in 
an allograft transplantation model, in which the stem cell factor/c-Kit axis is responsible for cell migration and 
HK-1–dependent metabolic reprogramming for SMC differentiation.    (Circ Res. 2019;125:223-241. DOI: 10.1161/
CIRCRESAHA.119.314855.)

Key Words: arteriosclerosis ◼ lineage tracing ◼ metabolism ◼ stem cells ◼ transplantation

Recipient c-Kit Lineage Cells Repopulate Smooth Muscle 
Cells of Transplant Arteriosclerosis in Mouse Models

Zhichao Ni,* Jiacheng Deng,* Claire M.F. Potter, Witold N. Nowak, Wenduo Gu, Zhongyi Zhang,  
Ting Chen, Qishan Chen, Yanhua Hu, Bin Zhou, Qingbo Xu, Li Zhang

Circulation Research is available at https://www.ahajournals.org/journal/res DOI: 10.1161/CIRCRESAHA.119.314855

Editorial, see p 242 
Meet the First Author, see p 148

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.119.314855
mailto:qingbo.xu@kcl.ac.uk
mailto:li_zhang@zju.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://www.ahajournals.org/journal/res
https://circres.ahajournals.org/content/125/2/242
https://circres.ahajournals.org/content/125/2/148


224    Circulation Research    July 5, 2019

heterogeneous, and recent studies have revealed various origins 
of SMCs may contribute to neointima formation.6,7 In addition 
to medial SMCs, various cell types including ECs which may 
undergo endothelial-to-mesenchymal transition, bone marrow-
derived or circulating SMC progenitors, fibroblasts as well as 
vascular resident stem/progenitor cells (SPCs), have been re-
ported to be possible regulators in this process.8–14

Genetic lineage tracing has proved to be a powerful tool 
to track stem cell fate and identify the progeny of specific cell 
types during embryonic development as well as in disease 
models.15 Based on inducible lineage tracing models, Kramann 
et al13 have shown that adventitia Gli1+ mesenchymal stem 
cell-like cells are important sources of neointimal SMCs in in-
jured arteries, whereas Roostalu et al16 revealed that CD146+ 
immature SMC progenitors in arterial branch sites also con-
tribute to neointima formation in a similar wire-injury model, 

in which they further proposed that neointimal SMCs may 
arise from adventitial SPCs. Our group previously identified 
SPCs expressing Sca (stem cell antigen)-1, c-Kit, and CD34 in 
aortic adventitia.12 When expanded in cell culture and seeded 
on adventitia of a vein graft model, these SPCs differentiated 
into SMCs and contributed to neointima formation,12 sug-
gesting a potential role of these SPCs in vessel remodeling. 
However, the precise contribution of SPCs to SMC accumu-
lation in transplant arteriosclerotic lesions remains unknown.

In this study, we used Kit-CreER;Rosa26-tdTomato mice, 
an inducible lineage tracing model, to trace the fate of c-Kit 
lineage cells in an aortic allograft mouse model. Our results 
surprisingly showed that c-Kit labels multiple cell types in 
the aortic wall. c-Kit+ cells repopulate neointimal SMCs and 
contribute to neointimal formation in aortic grafts. The ori-
gin of these c-Kit–derived SMCs is from recipient nonbone 
marrow tissues, whereas bone marrow c-Kit+ cells mainly 
generate leukocytes. Additionally, we confirmed the SMC dif-
ferentiation potential of isolated c-Kit+ cell in vitro. We fur-
ther investigated possible underlying mechanisms for SMC 
differentiation from c-Kit+ cell, and revealed that stem cell 
factor (SCF) triggers cell migration through SCF/c-Kit signal-
ing pathway, whereas TGF (transforming growth factor)-β1 
induces SMC differentiation via metabolic reprogramming.

Methods
The data that support the findings of this study are available on rea-
sonable request. All animal experiments performed were approved by 
the UK Home Office (PPL70/8944).

An additional Detailed Methods is provided in the Online Data 
Supplement.

Results
Characterization of c-Kit+ Cells in the Aorta
To characterize and establish the distribution of vascular res-
ident c-Kit+ cells, we stained aorta isolated from wild-type 
C57BL/6J mice for c-Kit, together with Sca-1, CD34, PDGFR 
(platelet-derived growth factor receptor)-α, and CD45. As 
expected, c-Kit+ cells were mainly located in the adventitia 
(Figure 1A). A majority of c-Kit+ cells expressed classical SPC 
markers Sca-1 (≈60%) and CD34 (≈44%). Only ≈9% of c-Kit+ 
cells co-expressed PDGFR-α, a marker for fibroblast or mes-
enchymal stem cell. Interestingly, we also identified a large 
population (≈41%) of c-Kit+ CD45+ cells (Figure 1A and 1E), 

Nonstandard Abbreviations and Acronyms

α-SMA	 α-smooth muscle actin

2-DG	 2-deoxyglucose

Cdc42	 cell division cycle 42

DON	 6-Diazo-5-oxo-L-norleucine

ECAR	 extracellular acidification rate

ECs	 endothelial cells

FAK	 focal adhesion kinase

HK	 hexokinase

MLC	 myosin light chain

MMP	 matrix metalloproteinase

OCR	 oxygen consumption rate

PDGFR-α	 platelet-derived growth factor receptor-α

PYG	 glycogen phosphorylase

Rac1	 Rac family small GTPase 1

RhoA	 Ras homolog family member A

Sca-1	 stem cell antigen-1

SCF	 stem cell factor

SM22	 smooth muscle protein 22

SMCs	 smooth muscle cells

SPCs	 stem/progenitor cells

tdTomato	 tandem dimer Tomato

TGF	 transforming growth factor

UDP-GlcNAc	UDP-N-acetylglucosamine

Novelty and Significance

What Is Known?

•	 Neointimal lesions of allograft vessels mainly consist of smooth muscle 
cells (SMCs).

•	 c-Kit+ cells are present in bone marrow and most tissues/organs.
•	 Whether c-Kit+ cells can differentiate into SMCs is unknown.

What New Information Does This Article Contribute?

•	 It is the first time to use genetic cell lineage tracing to study SMC origin 
in neointimal lesions of allografts.

•	 c-Kit+ cells can differentiate into vascular SMCs.

•	 These c-Kit+ stem/progenitor cell-derived SMCs are not bone marrow 
origin.

•	 The mechanisms of stem/progenitor cell differentiation involve TGF 
(transforming growth factor)-β1–driven glucose metabolism.

The limitation of allograft organ survival is due to blocking the 
vessel lumen by neointimal lesions. We report a novel finding that 
stem/progenitor cells are the main source of SMCs in the lesion 
of allograft vessels. This result could help us to design a new drug 
to target the differentiation fate of resident stem cells to prevent 
lesion formation.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.119.314855
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.119.314855
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Figure 1. Characterization of c-Kit+ cells in mouse aorta. A, Representative images of normal aorta from wild-type (WT) C57BL/6J mice, stained for 
c-Kit, Sca (stem cell antigen)-1, CD34, PDGFR (platelet-derived growth factor receptor)-α, and CD45 (n=6 per group). Arrows indicate examples of double 
positive cells. B, Strategy for Kit-CreER;Rosa26-tdTomato mice generation and experimental schedule of tamoxifen-induced tdTomato labeling of c-Kit+ 
cells. C, Representative flow cytometric analysis of tdTomato+ cells in bone marrow and aorta (n=6 per group). D, Representative images showing staining 
of tdTomato, c-Kit, Sca-1, CD34, PDGFR-α, and CD45 in the control (corn oil) or tamoxifen-treated mice (n=6 per group). Arrows indicate examples of co-
staining cells. E, Quantification of co-staining cells of WT aorta in A and tdTomato-labeled aorta in D. Data represent mean±SEM, n=3. Scale bars, 50 μm 
(white) and 10 μm (yellow). A indicates adventitia; CTR, control; I, intima; M, media; TAM, tamoxifen; and tdT, tandem dimer Tomato.
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Figure 2. Recipient c-Kit+ cells repopulate smooth muscle cells (SMCs) in transplant arteriosclerosis. A, Schematic showing procedure for allograft 
transplantation experiments. After Kit-CreER;Rosa26-tdTomato mice received tamoxifen injection, aortic segments from BALB/c mice were transplanted into 
these mice and grafts were collected 4 wk after surgery (n=6 per group). B, Representative whole-mount images showing tdTomato labeling in aortic grafts 
with adjacent tissues (n=3). Scale bars: 5 mm. C, Schematic showing distinct zones of aortic graft with adjacent carotid arteries. Zone 1 is carotid artery that 
lies distal from the site of anastomosis. Zone 2 is carotid artery proximal to the site of anastomosis and encompasses the suture site. (Continued )
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which could be leukocytes. However, considering that most ma-
ture immune cells do not express c-Kit,17 this population may 
also be a subpopulation of recently identified adventitial macro-
phage progenitor cells distinct from circulating leukocytes.18,19 
Additional en face staining further confirmed distribution of c-
Kit+ cells co-expressing Sca-1 and CD34 in the aortic adventitia 
(Online Figure IA). To further address the characterization of c-
Kit+ cells, a Kit-CreER;Rosa26-tdTomato mouse was used.20,21 
tdTomato (tandem dimer Tomato) specifically labels c-Kit+ 
cells upon tamoxifen injection. Kit-CreER;Rosa26-tdTomato 
mice were pulsed with tamoxifen and analyzed for tdTomato 
expression one week later (Figure 1B). Flow cytometric anal-
ysis showed successful labeling of tdTomato in bone marrow, 
aorta, and other established c-Kit expressing tissues (Figure 1C; 
Online Figure II). We also observed cells co-expressing both 
tdTomato and c-Kit in the aortic adventitia (Figure  1D). 
Consistent with our results from wild-type mice, a similar pro-
portion of tdTomato+ cells expressing Sca-1 (≈71%), CD34 
(≈47%), PDGFR-α (≈18%), and CD45 (≈46%) were observed 
(Figure 1D and 1E; Online Figure III). Specifically, ≈30% of 
the tdTomato+ cells were Sca-1+ CD34+ (Online Figure III). 
tdTomato was rarely detected in the media, however, we did 
observe a minor population of medial SMCs labeled by tdTo-
mato, representing ≈0.1% of total medial SMCs (Online Figure 
IV). These data collectively indicate that, although c-Kit was 
previously thought to be a specific SPC marker and did label 
a population of previously identified SPCs in the aorta, vascu-
lar c-Kit+ cells actually turn out to be a heterogeneous popula-
tion. Besides, a c-Kit+ population expressing Sca-1 and CD34, 
a possible subpopulation of hematopoietic stem cells, was also 
observed in the bone marrow (Online Figure IB).

Recipient c-Kit+ Cells Repopulate SMCs in the 
Neointima of Allograft Model
We further tested whether c-Kit+ cells may contribute to neo-
intima formation during vascular remodeling. We used a trans-
plant arteriosclerosis mouse model as previously described,22 
in which donor aortic segments from BALB/c mice were 
transplanted into recipient C57BL/6J mice (Online Figure 
VA). We23 and others24–26 have previously demonstrated that 
transplant arteriosclerosis is a severe vascular injury model 
caused by alloimmune reaction, which may possibly induce 
cell apoptosis in all vascular layers (ECs, SMCs, or even ad-
ventitial cells). Immunostaining showed neointima formation 
after allograft transplantation (Online Figure VB). Importantly, 
c-Kit+ cells expressing Sca-1 and CD34 were found in the neo-
intima, with a significantly higher number compared to normal 
aorta (Online Figure VC), suggesting a possible role of c-Kit+ 
SPCs in allograft-induced neointima formation.

Genetic lineage tracing of c-Kit+ cells was next performed 
using Kit-CreER;Rosa26-tdTomato mice. Mice pulsed with ta-
moxifen were subjected to an allograft transplantation surgery, 
in which aorta segments from BALB/c mice were transplanted 
into Kit-CreER;Rosa26-tdTomato mice. Grafts with adjacent 

carotid arteries were collected 4 weeks later for analyses 
(Figure 2A). Whole-mount fluorescence images showed that 
aortic graft (from donor wild-type BALB/c mice) was strongly 
labeled by tdTomato, with a relatively even distribution across 
the whole graft (Figure  2B). Immunostaining confirmed the 
abundant accumulation of tdTomato+ cells in the neointimal 
lesions (Online Figure VI), indicating that c-Kit+ cells may 
participate in allograft-induced neointima formation. As SMCs 
are the major component of the neointima, we further explored 
whether c-Kit+ cells give rise to neointimal SMCs. Grafts with 
adjacent tissues were divided into different zones for analy-
ses (Figure 2C). Carotid artery from zone 1, which lies distal 
from the site of anastomosis, showed normal and similar mor-
phology as healthy artery, with SM22+ (smooth muscle pro-
tein 22) SMCs detected in the media and tdTomato+ cells in 
the adventitia (Figure 2D). In zone 2, where carotid artery is 
proximal to the site of anastomosis and encompasses the su-
ture site (consisting of carotid artery, cuff, and graft), a large 
number of tdTomato+ cells were detected in the carotid artery, a 
connecting region between the carotid artery and a region out-
side the cuff (Figure 2D). This region outside the cuff could be 
some parts of carotid artery and allograft. A small population 
of SM22+tdTomato+ cells was also observed in both medial and 
adventitial layers (Figure  2D and 2E). Of note, the labeling 
of SMC by c-Kit is variable in different regions of the adja-
cent carotid artery, with a much higher percentage (≈12.9%) 
of medial tdTomato+ SMC in zone 2, compared to a lower per-
centage (≈0.1%) in carotid artery distant to the graft (zone 1). 
Zone 3 and zone 4 are aortic grafts proximal to, or distal from 
the site of anastomosis, respectively (Figure 2C). While zone 3 
formed a more severe and irregular neointima, zone 4 formed a 
more organized neointima (Figure 2D). SM22+tdTomato+ cells 
were detected in both zones, with 30.9±4.4% of neointimal 
SM22+ SMCs in zone 3, and 10.6±1.2% in zone 4 labeled by 
tdTomato (Figure 2D and 2E). Notably, the labeling of total 
neointimal SMCs by tdTomato is highly variable even in the 
same zone of the aortic grafts, ranging from 6.2% to 55.4% 
in zone 3, and from 5.2% to 18.0% in zone 4 (Figure 2D and 
2E; Online Figure VII). These data suggest that c-Kit+ cells 
repopulate neointimal SMCs. Furthermore, the higher propor-
tion of c-Kit–derived neointimal SMCs in zone 3 than zone 
4, and the seemingly expansion of c-Kit+ cells in carotid ar-
tery (zone 2), suggest a possibility that a specific population 
of c-Kit+ cells may migrate from adjacent carotid artery to the 
graft and generate neointimal SMCs. Interestingly, a popu-
lation of SM22+tdTomato+ cells was also observed in the ad-
ventitia of the aortic graft, with a similar proportion in both 
zone 3 and 4 (Figure 2D and 2E; Online Figure VII). Single 
cell suspensions were also obtained from aortic grafts and 
analyzed by immunostaining and flow cytometry, further con-
firming the existence of c-Kit–derived SMCs (Online Figure 
VIII). Collectively, these data suggest c-Kit+ cells give rise to 
neointimal SMCs. As tdTomato only labeled recipient cells in 

Figure 2 Continued. Zone 3 and zone 4 are aortic grafts proximal to, or distal from the site of anastomosis, respectively. D, Representative images 
showing different zones of aortic allograft with adjacent carotid arteries, stained with tdTomato and SM22 (smooth muscle protein 22). Arrows indicate 
tdTomato+SM22+ cells. Scale bars, 50 μm (white) and 10 μm (yellow). E, Graphs showing quantification of tdTomato expression in SM22+ SMCs or SM22 
expression in tdTomato+ cells. Data represent mean±SEM, n=6 in zone 2, n=12 in zone 3 and zone 4. A indicates adventitia; CA, carotid artery; I, intima or 
neointima; M, media; R1-2, region 1-2; and tdT, tandem dimer Tomato.
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this model, our results also indicate that recipient c-Kit+ cells 
repopulate neointimal SMCs.

To further investigate whether neointimal SMCs may arise 
from c-Kit+ cells within a donor graft, tdTomato-labeled aortic 
segments from Kit-CreER;Rosa26-tdTomato mice were trans-
planted into BALB/c mice, and grafts were collected for anal-
ysis 4 weeks later (Online Figure XA). Successful labeling of 
tdTomato in the aorta before transplantation was confirmed 
by whole-mount fluorescence microscopy (Online Figure XB, 
left). Interestingly, although we observed neointimal SMC ac-
cumulation in aortic grafts, no tdTomato+ cells were detected 
by both whole-mount fluorescence view and immunostain-
ing sections (Online Figure XB and XC). Collectively, these 
results demonstrate that c-Kit+ cells from recipient, but not 
donor mice, are essential contributors to neointimal SMC ac-
cumulation in an allograft model.

Nonbone Marrow Source of c-Kit+ Cells 
Differentiate into Neointimal SMCs, While Bone 
Marrow c-Kit+ Cells Give Rise to CD45+ Leukocytes 
in Transplant Arteriosclerosis
We next sought to address whether recipient c-Kit+ cells origi-
nate from bone marrow or nonbone marrow tissues. Chimeric 
mice were generated, in which bone marrow cells from Kit-
CreER;Rosa26-tdTomato mice were transferred to irradiated 
wild-type C57BL/6J mice, and further pulsed with tamox-
ifen and subjected to allograft transplantation (Figure  3A). 
Successful reconstitution of bone marrow from tdTomato 
mice was confirmed by the detection of tdTomato+ cells in 
bone marrow, peripheral blood, as well as aortic graft (Online 
Figure XI; Figure 3B). Although tdTomato+ cells were detect-
ed in neointimal lesions, only ≈1% neointimal SM22+ cells 
were tdTomato+ (Figure 3B and 3D), suggesting the origin of 
most c-Kit–derived SMCs was nonbone marrow tissues.

Although most bone marrow c-Kit–derived cells do not 
produce SMCs, this population may also play an important 
role in allograft-induced neointima formation. Considering 
that transplant arteriosclerosis is mediated by alloimmune 
reactions, we supposed that this bone marrow c-Kit–derived 
population could be CD45+ leukocytes. CD45 staining was 
further performed in both chimeric model and the allograft 
model from Figure  2. Our results showed that around half 
of tdTomato+ cells were positive for CD45 in the allograft 
model from Figure 2 (Online Figure IXA and IXB), whereas 
most (≈95%) tdTomato+ cells expressed CD45 in this chi-
meric model (Figure 3C and 3D). Of note, tdTomato−CD45+ 
cells were also observed in allograft from the chimeric model 
(Figure 3C), suggesting that not all CD45+ cells are derived 
from bone marrow c-Kit lineage cells. Our data further showed 
that most tdTomato+CD45+ cells and tdTomato+SM22+ cells 
were separate populations (Online Figure IXC). Thus, bone 
marrow-derived c-Kit+ cells mainly generate CD45+ leuko-
cytes, rather than SMCs, and may also be an important con-
tributor to neointima formation.

Blocking of c-Kit by ACK2 Significantly Ameliorates 
Allograft-Induced Neointima Formation
Data so far suggested that recipient nonbone marrow c-Kit+ 
cells produce SMCs, whereas bone marrow c-Kit+ cells 

generate leukocytes. We next asked whether blocking of c-Kit 
could abrogate neointima formation in our model. ACK2 (an-
ti-c-Kit antibody), a monoclonal antibody reacting against the 
extracellular domain of c-Kit, has been reported to specifically 
target c-Kit+ cells and block c-Kit function,27 and was further 
used in our experiments. Kit-CreER;Rosa26-tdTomato mice 
pulsed with tamoxifen were subjected to allograft transplanta-
tion (Figure 4A). Immediately after transplantation, ACK2 or 
control IgG mixed with Pluronic F-127 Gel was applied to the 
adventitial side of the grafts, which allows a slow release of 
ACK2 to the local graft microenvironment.28 Four weeks later, 
graft tissues were harvested for analyses (Figure 4A). Whole-
mount fluorescence analyses showed a significant decrease 
of tdTomato in ACK2 group compared to IgG group (Online 
Figure XII), indicating that ACK2 markedly reduced accumu-
lation of c-Kit–derived cells in the graft. ACK2 reduced neo-
intima formation in both zone 3 (≈53%) and zone 4 (≈64%), 
as well as accumulation of neointimal tdTomato+ cells (de-
creased by ≈25% in zone 3 and ≈68% in zone 4) and SM22+ 
cells (decreased by ≈16% in zone 3 and ≈64% in zone 4; 
Figure 4B and 4D). More importantly, the number of neointi-
mal tdTomato+ SM22+ cells was also downregulated in ACK2 
group, by ≈45% in zone 3 and ≈78% in zone 4 (Figure 4B and 
4D). Staining of α-SMA (smooth muscle actin) and calponin 
was also performed and showed similar results (Online Figure 
XIII). The percentage of tdTomato+ SM22+ cells in total SM22+ 
cells was lower in ACK2 group in both zones (Figure 4E, left). 
While the percentage of tdTomato+ SM22+ cells in total td-
Tomato+ cells was reduced by 28% (although not significant, 
P=0.07) in zone 3, it was significantly decreased by ≈22% 
in zone 4 (Figure 4E, right). Notably, variable co-staining of 
SM22 and tdTomato was also observed in different sections 
(Figure 4B and 4E; Online Figure XIV). Although we cannot 
exclude the possibility that ACK2 may also impair neointima 
formation via other unknown effects, these data provide clear 
evidence to support the critical role of c-Kit+ cells in neointi-
mal formation of allograft mouse model.

SCF Induces c-Kit+ Cell Migration
Previous reports have shown that SCF, a specific ligand for 
c-Kit, can mediate cell survival and proliferation as well as 
SMC migration.17 To examine the possible mechanisms un-
derlying c-Kit+ cell migration to the lesions and subsequent 
differentiation into neointimal SMC, SCF presence was meas-
ured in blood and the vessel wall of allograft models. A signif-
icant increase in SCF concentrations in peripheral blood was 
observed after allograft transplantation (Online Figure XVA). 
Compared to control aorta, significant increases of both SCF 
and tdTomato were detected and found to be colocalized in the 
allograft (Figure 5A), suggesting a possibility that increased 
accumulation of SCF may induce migration of c-Kit+ cells to 
the lesion sites. Control aorta from donor BALB/c mice, and 
donor aortic grafts one day after allograft transplantation were 
also analyzed and showed that SCF was markedly increased 
in the adventitia of aortic graft only one day after transplanta-
tion (Online Figure XVI). More importantly, accumulation of 
recipient tdTomato+ cells was detected in the adventitia, where 
SCF was highly expressed (Online Figure XVI), further sup-
porting that SCF may induce c-Kit+ cell migration.
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To further validate our hypothesis, we isolated c-Kit+ cells 
from these grafts from wild-type mice as described previ-
ously.12 Phenotypic analyses by flow cytometry showed that 
most isolated c-Kit+ cells expressed classical stem/progenitor 
markers including Sca-1 and CD34, fibroblast or mesenchy-
mal stem cell marker CD140a (PDGFR-α), but not leukocyte 

marker CD45 or SMC marker α-SMA (Online Figure XVII). 
Moreover, these isolated c-Kit+ cells can be cultured for over 
30 passages without significant changes in vitro (data not 
shown), suggesting that these isolated c-Kit+ cells displayed 
stem/progenitor properties and may represent a population of 
SPC and fibroblast in vivo. We next determined whether SCF 

Figure 3. Nonbone marrow source of c-Kit+ cells repopulates neointimal smooth muscle cells (SMCs), whereas bone marrow c-Kit+ cells give 
rise to CD45+ leukocytes in transplant arteriosclerosis. A, Strategy for generation of chimeric mouse model, in which bone marrow cells from Kit-
CreER;Rosa26-tdTomato mice were transplanted into irradiated C57BL/6J mice, followed by tamoxifen treatment and allograft transplantation (n=6 mice 
per group). Aortic grafts were divided into different zones for analyses. B, Representative immunostaining images showing staining of tdTomato and SM22 
(smooth muscle protein 22) in aortic grafts of chimeric mice. C, Representative immunostaining images showing staining of tdTomato and CD45 in aortic 
grafts of chimeric mice. Arrows indicate double positive cells. D, Quantification of tdTomato+, SM22+, and CD45+ cells in neointima or the whole graft. Data 
represent mean±SEM, n=6 per group. Scale bars, 50 μm (white) and 10 μm (yellow). A indicates adventitia; I, neointima; M, media; R1-2, region 1-2; and tdT, 
tandem dimer Tomato.



230    Circulation Research    July 5, 2019

Figure 4. Blocking of c-Kit+ cells by ACK2 (anti-c-Kit antibody) ameliorates transplant arteriosclerosis. A, Schematic showing ACK2 or control IgG 
treatment in mouse allograft model (n=6 mice per group). Aortic grafts were divided into different zones for analyses. B, Representative images showing 
staining of tdTomato and SM22 (smooth muscle protein 22) in zone 3 and zone 4 of the aortic graft from control IgG or ACK2-treated mice. Arrows indicate 
examples of co-staining cells. Scale bars, 50 μm (white) and 10 μm (yellow). C, Graphs showing quantification of neointimal and luminal areas. D, Graph 
showing quantification of relative cell number of tdTomato+ cells and SM22+ cells in the neointima. E, Graphs showing percentage of tdTomato+ cells in 
smooth muscle cells (SMCs) and SM22+ cells in total tdTomato+ cells in the neointima. Data represent mean±SEM (n=5 in C, n=12 in D and E). *P<0.05, 
**P<0.01, and ***P<0.001 by unpaired 2-tailed t test (C–E). A indicates adventitia; I, neointima; M, media; and tdT, tandem dimer Tomato.
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Figure 5. Stem cell factor (SCF) induces migration of c-Kit+ cells in vitro. A, Representative images showing tdTomato and SCF staining in control aorta 
from Kit-CreER;Rosa26-tdTomato mice described in Figure 1B, and aortic allografts from mouse model described in Figure 2A (n=6 per group). Arrows 
indicate co-staining of tdTomato and SCF. B and C, Representative images showing SCF-induced c-Kit+ cell migration (B), with or without ACK2 (anti-c-Kit 
antibody) or control IgG (C) by transwell migration assay. Graphs shown are relative cell number normalized to control. n=30 (10 random fields per experiment 
and 3 independent experiments) in B, n=15 (5 random fields per experiment and 3 independent experiments) in C. D, Representative images showing cell 
morphology of SCF-treated c-Kit+ cells stained with p-FAK (phosphorylated focal adhesion kinase), F-actin, and vinculin (n=3). E, Representative Western blot 
showing activation of c-Kit, MEK (mitogen-activated protein kinase kinase)-ERK (extracellular signal-regulated kinase)-MLC (myosin light chain) pathways in 
response to SCF (n=3). F, Graphs showing activation of small GTPase including Cdc42 (cell division cycle 42), Rac1 (Rac family small GTPase 1), (Continued )



232    Circulation Research    July 5, 2019

could induce migration of these isolated c-Kit+ cells in vitro. 
Both transwell migration assay and scratch wound healing 
assay showed that SCF significantly increased migration of 
c-Kit+ cells in a dose-dependent manner (Figure 5B; Online 
Figure XVIIIA). As blocking of c-Kit by ACK2 could mark-
edly reduce neointima formation in vivo, we determined if 
ACK2 could also reduce SCF-induced c-Kit+ cell migration in 
vitro. As expected, ACK2-treated cells showed a significantly 
lower migration rate than a control IgG group in response to 
SCF stimulation (Figure 5C), without affecting cell prolifera-
tion in c-Kit+ cells (Online Figure XVIIIB and XVIIIC). Taken 
together, our data provide evidence that SCF is a chemotactic 
factor that induces c-Kit+ cell migration in vitro.

Activation of SCF/c-Kit Signaling Pathway 
Regulates c-Kit+ Cell Migration
We next investigated the underlying mechanisms behind SCF-
mediated cell migration. Considering that reorganization of the 
actin cytoskeleton is critical in triggering cell migration,29 we 
first performed immunostaining to observe the actin cytoskele-
ton and focal adhesions in c-Kit+ cells, using fluorescent-phal-
loidin, which specifically binds actin, and antibodies against 
p-FAK (phosphorylated focal adhesion kinase) and vinculin to 
stain focal adhesion assembly. SCF immediately induced for-
mation of parallel elongated-stress fibers and cell spreading in 
c-Kit+ cells, compared to untreated cells (Figure 5D). Filopodia 
and lamellipodia were formed at the leading edge of c-Kit+ cells 
within 2 minutes of SCF treatment. Moreover, co-staining of 
p-FAK, vinculin, and F-actin was also observed at the lead-
ing edge (Figure 5D), which is an indicative of cell migration. 
These data suggest that SCF may trigger cell migration at a very 
early time point. As SCF has been reported to specifically bind 
and activate c-Kit, we sought to investigate whether c-Kit sig-
naling pathways regulate this early process. Phosphorylation of 
c-Kit was increased by SCF within minutes (Figure 5E, upper), 
indicating that early activation of c-Kit signaling may regulate 
this process. Small GTPases, which can be activated by tyrosine 
kinase, have been shown to be pivotal in regulating cytoskel-
eton reorganization and cell migration.29 As c-Kit is a recep-
tor tyrosine kinase, we performed a G-LISA activation assay 
to test the activation of GTPases. We showed that SCF treat-
ment led to early activation of small GTPases including Cdc42 
(cell division cycle 42), RhoA (Ras homolog family member 
A), and Rac1 (Rac family small GTPase 1) within 2 minutes 
(Figure 5F). Possible downstream pathways of c-Kit signaling 
and GTPases including phosphorylation of MEK1/2 (mitogen-
activated protein kinase kinase 1/2), ERK1/2 (extracellular sig-
nal–regulated kinase 1/2), and MLC (myosin light chain) were 
also elevated shortly after SCF stimulation (Figure 5E, lower). 
Activation of MLC may further promote cell contractility and 

cell motility.30 Phosphorylation of JNK (c-Jun N-terminal ki-
nase) and c-Jun was also increased at a later time point of 30 
minutes (Figure 5G). Because both MEK/ERK and JNK/c-Jun 
have been reported to regulate expression of MMPs (matrix 
metalloproteinases) to degrade extracellular matrix and ease 
cell migration,31 we further measured secretion of MMPs in 
cell culture supernatants. A significant increase in MMP-2, but 
not MMP-9, was detected after SCF treatment for 24 and 48 
hours (Figure 5H; Online Figure XVIIID), suggesting a possi-
ble role of MMP-2 in regulating cell migration at a later time. 
Notably, ACK2 could completely or at least partially block 
the activation of c-Kit signaling, as well as migration-related 
pathways including the MEK/ERK/MLC, JNK/c-Jun pathways 
(Figure 5I). siRNA-mediated knockdown of Kit effectively re-
versed SCF-induced cell migration (Figure 5J and 5K). These 
results collectively indicate that SCF/c-Kit signaling, upstream 
of MEK/ERK and JNK pathways, is critical for cell migration 
in c-Kit+ cells. tdTomato-labeled c-Kit+ cells were also isolated 
from the grafts of Kit-CreER;Rosa26-tdTomato mouse using 
the same method. Flow cytometric analysis confirmed most iso-
lated c-Kit+ cells were tdTomato positive (Online Figure XIX). 
Consistent with our results obtained from nonlabeled c-Kit+ 
cells, SCF also increased migration of tdTomato-labeled c-Kit+ 
cells in vitro (Figure 5L).

TGF-β1 Induces c-Kit+ Cell Differentiation Into 
SMCs
Our data so far suggested that SCF triggers c-Kit+ cell migra-
tion in vitro, we next investigated whether SCF could also 
induce c-Kit+ cell differentiation into SMC, as most isolated c-
Kit+ cells do not express SMC marker α-SMA (Online Figure 
XVII). Our results showed that SCF did not affect expression 
of SMC markers (Online Figure XXA and XXB). TGF-β1 has 
been reported to increase in human primary atherosclerotic and 
restenotic arteries,32 as well as various mouse vascular disease 
models.8,33,34 We found that TGF-β1 was also significantly in-
creased in the blood plasma of allograft mice (Online Figure 
XVB). Moreover, immunostaining showed increased expres-
sion of TGF-β1 in the allograft compared to aorta from control 
mice (Figure 6A), indicating a possible functional role of TGF-
β1. To test this hypothesis, we treated c-Kit+ cells with TGF-β1 
and measured SMC markers in vitro. Both gene and protein 
expression of SMC markers were markedly increased in c-
Kit+ cells exposed to TGF-β1 (Figure 6B and 6D), which was 
also confirmed by immunostaining (Figure 5F). While TGF-
β1 upregulated SMC markers in these cells, stem/progenitor 
markers including Kit, lymphocyte antigen 6 complex, locus 
A (Ly6a), and Cd34 were significantly decreased (Figure 6E), 
suggesting that c-Kit+ cells would downregulate stem/progeni-
tor markers once differentiated. Cell migration was also tested 

Figure 5 Continued. and RhoA (Ras homolog family member A) in SCF-treated c-Kit+ cells (n=3). G, Representative Western blot indicating activation of JNK 
(c-Jun N-terminal kinase)/c-Jun pathways in response to SCF (n=3). H, Quantification of MMP (matrix metalloproteinase)-2 in cell culture supernatant from 
SCF-treated c-Kit+ cells (n=3). I, Representative Western blot showing signaling pathways in response to SCF for indicated times, in the presence of ACK2 
or IgG (n=3). J and K, c-Kit+ stem/progenitor cells (SPCs) were transfected with negative control (NC) or Kit siRNA and further treated with or without SCF. 
J, mRNA expression of Kit in different groups were measured to show the efficiency of siRNA knockdown (n=4). K, Transwell migration assay was used to 
determine cell mobility (n=5). L, tdTomato-labeled c-Kit+ cells were isolated from Kit-CreER;Rosa26-tdTomato mice to test cell migration in response to SCF. 
Images showed migrating cells on the transwell filter stained with tdTomato and DAPI (n=5). Scale bars, black (100 μm in B, C, and K), white (50 μm in A and 
L), and yellow (10 μm in A and D). All data shown are mean±SEM. *P<0.05, **P<0.01, ***P<0.001, ###P<0.001, by unpaired 2-tailed t test (L), 1-way ANOVA 
with Dunnett test (B and F), 1-way ANOVA with Tukey test (J and K), and 2-way ANOVA with Bonferroni test (C and H). A indicates adventitia; I, intima or 
neointima; M, media; R1-2, region 1-2; and tdTomato, tandem dimer Tomato.
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Figure 6. TGF (transforming growth factor)-β1 induces c-Kit+ cell differentiation into smooth muscle cell (SMC), accompanied by metabolic 
reprogramming. A, Representative images showing control aorta from Kit-CreER;Rosa26-tdTomato mice described in Figure 1B, and aortic allografts 
from mouse model described in Figure 2A stained with tdTomato and TGF-β1 (n=6 per group). B–F, c-Kit+ cells were treated with TGF-β1 (2 ng/mL) 
for 3 d to induce cell differentiation. B, qPCR (quantitative polymerase chain reaction) analyses showing gene expression of smooth muscle markers 
in TGF-β1–treated c-Kit+ cells (n=10). C and D, Representative Western blot and quantification of smooth muscle markers (n=7). E, qPCR analyses of 
mRNA expression of stem/progenitor markers (n=7 or 10). F, Representative images showing staining of smooth muscle markers in c-Kit+ cells treated 
with TGF-β1 (n=3). G, tdTomato-labeled c-Kit+ cells were isolated from Kit-CreER;Rosa26-tdTomato mice to test cell differentiation in response to TGF-
β1 for 3 d in vitro. Representative images showing staining of smooth muscle markers in tdTomato-labeled c-Kit+ cells treated with TGF-β1 (n=3). H, 
Representative histogram and quantification of 2-NBDG uptake in c-Kit+ cells treated with TGF-β1 for indicated times by flow cytometry (n=4). I, Real-
time monitoring of extracellular acidification rate (ECAR) (Continued )
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and we showed that c-Kit+ cell migration was not affected by 
low doses of TGF-β1 but was downregulated by higher doses 
of TGF-β1 (Online Figure XXC). Besides, tdTomato-labeled 
c-Kit+ cells treated with TGF-β1 also showed similar SMC dif-
ferentiation capacity, as shown by the increased expression of 
SMC markers in immunostaining images (Figure 6G). Taken 
together, these data suggest that TGF-β1 can induce c-Kit+ 
cell differentiation into SMC in vitro.

Glucose Metabolism Is Critical for TGF-β1–
Induced c-Kit+ Cell Differentiation Into SMC
We further investigated the mechanisms underlying TGF-β1–
induced c-Kit+ cell differentiation into SMC. Accumulating 
evidence has demonstrated that cellular metabolism plays a 
vital role in regulating cell proliferation, differentiation, and 
function in various cell types.35–37 A recent report revealed that 
satellite cells, the adult resident skeletal muscle stem cells, 
switched cellular metabolism to glycolysis to activate mus-
cle gene expression and cell differentiation,38 suggesting that 
cellular metabolism may regulate resident stem cell differen-
tiation. We first examined glucose metabolism during TGF-
β1–induced c-Kit+ cell differentiation. 2-NBDG assay showed 
that glucose uptake was significantly increased in c-Kit+ cells 
in a time-dependent manner (Figure 6H). Real-time monitor-
ing of extracellular acidification rate (ECAR) and mitochon-
drial oxygen consumption rate (OCR) was then performed. 
ECAR is a measure of glycolysis-driven lactate production, 
whereas OCR indicates mitochondrial oxidative metabolism. 
Our results showed that TGF-β1 rapidly increased ECAR and 
this high ECAR level was maintained during 7-hour metabolic 
monitoring, while OCR remained unchanged (Figure 6I). We 
then measured metabolism in cells treated with TGF-β1 for 
1 and 3 days. c-Kit+ cells showed high ECAR level after 1 
day (Figure  6J; Online Figure XXIA) and displayed even 
higher levels in ECAR 3 days later (Figure 6K; Online Figure 
XXIB), indicating that TGF-β1 dramatically increases gly-
colysis in c-Kit+ cells. No changes were seen in basal OCR 
after 1 or 3 days. However, we did observe an increasing 
trend in both spare respiratory capacity and maximal OCR af-
ter 1 day, and a significant increase after 3 days (Figure 6J 
and 6K; Online Figure XXIA and XXIB), suggesting an in-
creased ability to use mitochondrial oxidative metabolism in 
these cells. Consistent with changes in OCR, mitochondrial 
mass was also observed to be slightly increased after 1 day, 
and markedly upregulated after 3 days of TGF-β1 treatment 
(Online Figure XXIC).

We next determined whether increased glucose metabolism 
and glycolysis are essential for cell differentiation. HK (hexo-
kinase), which converts glucose into glucose-6-phosphate, is 
a rate-limiting enzyme in glucose metabolism and may play 
a role in this process. Gene expression of different HK iso-
zymes was tested and results showed that c-Kit+ cells mainly 
expressed Hk1 and Hk2 (Figure  7A). Western blot analysis 
showed that while untreated c-Kit+ cells expressed HK-1 and 

HK-2 protein (0 time point), TGF-β1 significantly increased 
both HK-1 and HK-2 in a time-dependent manner (Figure 7B). 
Moreover, HK activity was also upregulated (Figure 7C), im-
plicating activation of HK glycolytic activity. We then used 
2-deoxyglucose (2-DG), a glucose analog which can be phos-
phorylated by HK to form 2-deoxyglucose-6-phosphate and 
cannot be further metabolized,39 to block glucose metabolism 
and examine cell differentiation. 2-DG effectively reduced 
TGF-β1–induced SMC markers (Figure  7D). Meanwhile, 
glycolysis, as shown by basal and max ECAR, was also 
downregulated in cells treated with both 2-DG and TGF-β1 
(Figure 7E). Interestingly, 2-DG also reduced both spare respi-
ratory capacity and max OCR (Figure 7F), indicating that glu-
cose metabolism may contribute to the increased ability to use 
mitochondrial metabolism in these cells. Furthermore, siR-
NA-mediated knockdown of Hk1, but not Hk2, effectively re-
duced SMC markers increased by TGF-β1 (Figure 7G; Online 
Figure XXIII). Glycogenolysis could also be a cell-intrinsic 
source of glucose and contribute to glycolysis.40 We examined 
the expression of different isozymes of PYG (glycogen phos-
phorylase), a rate-limiting enzyme regulating glycogen break-
down pathway, and showed that Pygb is expressed in c-Kit+ 
cells (Online Figure XXIVA). However, blocking of PYG by a 
selective inhibitor CP-91149 did not affect TGF-β1–increased 
SMC markers (Online Figure XXIVB). Taken together, our 
data unravel an essential role of HK-1–dependent glucose me-
tabolism in regulating TGF-β1–induced c-Kit+ cell differen-
tiation into SMC in vitro. To test whether HK-1 may be also 
involved in c-Kit–derived neointimal SMC formation in vivo, 
HK-1 staining was performed in both normal aorta and al-
lograft sections. In normal aorta, HK-1 was detected in both 
medial SMCs and adventitial tdTomato+ cells, with a higher 
expression in SMCs than tdTomato+ cells (Figure 7H, upper). 
In the allograft, a population of tdTomato+SM22+ cells with 
high HK-1 expression was detected in the neointima, whereas 
some SM22−tdTomato+ cells with low HK-1 expression was 
also observed (Figure 7H, lower). Thus, these immunostain-
ing data might suggest a possible role of HK-1 in regulating 
SMC differentiation from c-Kit+ cell in vivo.

Growing evidence has suggested an essential role of cel-
lular metabolism in the regulation of epigenetics, including 
acetylation, methylation, and glycosylation.41 The hexosamine 
biosynthetic pathway, a branch of glucose metabolism, produc-
es UDP-N-acetylglucosamine (UDP-GlcNAc) as a substrate 
for protein O-GlcNAcylation, which may further modulate 
protein function.42 We then tested whether O-GlcNAcylation 
was involved in TGF-β1–induced cell differentiation. Our re-
sults showed that total protein O-GlcNAcylation was upregu-
lated in TGF-β1–treated c-Kit+ cells (Figure 8A). Moreover, 
both gene and protein analyses revealed that SMC markers 
increased by TGF-β1 were markedly reversed by 6-Diazo-5-
oxo-L-norleucine (DON), an inhibitor of O-GlcNAcylation 
(Figure  8B and 8C), suggesting a possible role of protein 

Figure 6 Continued. and oxygen consumption rate (OCR) in c-Kit+ cells treated with TGF-β1 within 7 h (n=4). J and K, c-Kit+ cells were treated with TGF-
β1 for 1 d (J) or 3 d (K). Quantification of ECAR (n=4 in J and n=7 in K) and OCR (n=4 in J and K) are shown. All data shown are mean±SEM. *P<0.05, 
**P<0.01, ***P<0.001, by unpaired 2-tailed t test (B, D, E, J, and K), or 1-way ANOVA with Dunnett test (H). Scale bars, 50 μm (white) and 10 μm (yellow). 
A indicates adventitia; Ctr, control; I, intima or neointima; M, media; Neg, negative control; R1-2, region 1-2; SMA, smooth muscle actin; and tdT, tandem 
dimer Tomato.
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Figure 7. Glucose metabolism is critical for TGF (transforming growth factor)-β1–induced c-Kit+ cell differentiation into smooth muscle cell (SMC). 
A, qPCR (quantitative polymerase chain reaction) analyses for mRNA expression of 4 HK (hexokinase) isozymes in c-Kit+ cells (n=8 per group). B and C, 
c-Kit+ cells were treated with TGF-β1 for indicated times. B, Representative Western blot analyses of HK-1 and HK-2 in TGF-β1–treated c-Kit+ cells (n=3). C, 
HK activity in TGF-β1–treated cells for 24 h were analyzed (n=4 per group). D–F, c-Kit+ cells were treated with TGF-β1 and 2-deoxyglucose (2-DG; 1 mmol/L) 
for 48 h. Representative Western blot analyses and quantification (D) of smooth muscle markers and quantification of extracellular acidification rate (ECAR; 
E) and oxygen consumption rate (OCR; F) were shown. n=4 per group in D, n=4–5 per group in E and F. G, qPCR analyses of mRNA expression of Hk1 and 
smooth muscle markers in c-Kit+ cells transfected with NC or HK-1 siRNA, treated with or without TGF-β1 for 48 h (n=4 per group). H, Representative images 
showing staining of HK-1, SM22 (smooth muscle protein 22), and tdTomato in normal aorta (from mouse model in Figure 1B) and allograft sections (from 
mouse model in Figure 2A). Arrows indicate co-staining cells. Scale bars, 50 μm (white) and 10 μm (yellow). Data represent mean±SEM. *P<0.05, **P<0.01, 
***P<0.001, #P<0.05, ##P<0.01, ###P<0.001, by unpaired 2-tailed t test (C), and 1-way ANOVA with Tukey test (D–G). A indicates adventitia; Ctr, control; I, 
intima or neointima; M, media; NC siRNA, negative control siRNA; R1-2, region 1-2; SMA, smooth muscle actin; and tdTomato, tandem dimer Tomato.
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O-GlcNAcylation in regulating cell differentiation. Serum 
response factor (SRF) are important transcription fac-
tors for regulating smooth muscle gene expression.43 We 
showed that TGF-β1 increased nuclear translocation of SRF 

without affecting total SRF in c-Kit+ cells (Figure 8D and 8E). 
Interestingly, SRF could be modified by O-GlcNAcylation, 
as O-GlcNAcylation of SRF was significantly increased 
by TGF-β1 (Figure  8F). Collectively, these data suggest a 

Figure 8. TGF (transforming growth factor)-β1 induces O-GlcNAcylation of myocardin and serum response factor (SRF). A, Representative Western 
blot showing protein O-GlcNAcylation in c-Kit+ cells after TGF-β1 treatment for 3 d (n=3). B and C, Quantification of mRNA expression (B) and representative 
Western blot (C) showing expression of smooth muscle cell (SMC) markers in TGF-β1–treated c-Kit+ cells, with or without 5 μmol/L 6-Diazo-5-oxo-L-
norleucine (DON) treatment for 48 h. Data shown are mean±SEM. ***P<0.001, #P<0.05, ###P<0.001, by 1-way ANOVA with Tukey test, n=7 per group. D and 
E, Representative Western blot analysis of SRF in total cell lysates (D), and cytoplasmic and nuclear lysates (E) of TGF-β1–treated c-Kit+ cells for indicated 
times (n=3). F, Representative Western blot showing O-GlcNAcylation of SRF in total cell lysates. SRF in TGF-β1–treated c-Kit+ cells for indicated times 
or 3 d was immunoprecipitated and analyzed for protein O-GlcNAcylation. Total SRF is shown as input (n=3). G, Representative images showing staining 
of myocardin, O-GlcNAc, and tdTomato in normal aorta (from mouse model in Figure 1B) and allograft sections (from mouse model in Figure 2A). Arrows 
indicate co-staining cells. Scale bars, 50 μm (white) and 10 μm (yellow). A indicates adventitia; I, intima or neointima; M, media; R1-2, region 1-2; SMA, 
smooth muscle actin; and tdTomato, tandem dimer Tomato.
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possible role of O-GlcNAcylation, which is derived from glu-
cose metabolism, in regulating SMC differentiation, and that 
O-GlcNAcylation of SRF may also participate in this process. 
O-GlcNAcylation of myocardin was further tested in both nor-
mal aorta and allograft sections. In normal aorta, co-staining 
of myocardin and O-GlcNAc was observed in some medial 
SMCs underlying the intimal layer, but not in adventitial td-
Tomato+ cells, indicating that O-GlcNAcylation of myocardin 
may exist in a population of SMCs under physiological condi-
tions (Figure 8G, upper). While tdTomato+ myocardin+ SMCs 
were detected in the allograft lesions, these cells were found 
to co-express O-GlcNAc, suggesting that O-GlcNAcylation 
of myocardin may be involved in SMC differentiation from 
c-Kit+ cells in vivo.

Discussion
Arteriosclerosis is characterized by EC dysfunction and 
thickening of the neointima in which SMCs accumulate.5 
However, the origin of these neointimal SMCs is still un-
der intense scrutiny.4 Recent studies have suggested an im-
portant role for resident SPCs in vascular remodeling.12–14,16 
Multiple SPCs including c-Kit+ SPCs have been identified 
in both mouse and human aortic adventitia and atheroscle-
rotic lesions.12,44,45 Previous studies have established that c-
Kit is primarily expressed in hematopoietic cells, germ cells, 
melanocytes, interstitial cells of Cajal, mast cells as well as 
tissue-resident SPCs.17 In this study, we first showed the het-
erogeneity of adventitial c-Kit+ cells in the blood vessels. 
While a large population expresses classical SPC markers 
Sca-1 and CD34, other populations including c-Kit+ CD45+ 
cells (adventitial macrophage progenitor cell or leukocyte) 
and c-Kit+ PDGFRα+ cells (fibroblast or mesenchymal stem 
cell) were also identified. These data suggest that c-Kit is ex-
pressed in multiple cell types. Importantly, c-Kit+ cells ex-
pressing classical SPC markers Sca-1 and CD34 were also 
observed within the neointima of aortic grafts, indicating 
a possible role of c-Kit+ SPCs in allograft-induced arterio-
sclerosis. Using an inducible genetic lineage tracing model, 
we provided the first evidence that c-Kit+ cells are critical 
contributors of neointimal SMCs in allograft transplantation. 
Our data that a significant higher proportion of c-Kit–derived 
SMCs in both sides of the aortic grafts than in the middle part 
suggest c-Kit lineage cells within the adjacent carotid artery 
could possibly be an important source of these c-Kit–derived 
SMCs. Our in vitro data showed that c-Kit+ cells isolated 
from the grafts displayed SPC properties and differentiate 
into SMCs, further supporting a possible role of c-Kit+ SPCs. 
Thus, c-Kit+ SPCs may contribute to neointima formation in 
our allograft model. However, as c-Kit labels multiple cell 
types in the vessel wall in our lineage tracing model, the ex-
act identity of c-Kit lineage cells contributing to SMCs still 
remains unclear.

Based on lineage tracing mouse models, several groups 
have provided substantial evidence that preexisting SMCs 
contribute to neointima formation in vascular diseases.46–52 
Recently, Roostalu et al16 revealed that CD146+ SMC progeni-
tors contribute to neointimal formation in a mild wire-injury 
model, but not in a severe transluminal injury model, in which 
they further suggested adventitial SPCs may play a role. Yuan 

et al53 showed that neointima could be heterogeneous and 
showed different phenotypes even in the same vascular injury 
model. While preexisting MYH11+ SMCs give rise to most of 
the neointimal SMCs in one type of neointima, Sox10+ SPCs 
alongside with MYH11+ SMCs contribute to form another 
type.53 Thus, the relative contribution of different cell types to 
neointima formation could be highly context dependent. Chen 
et al54 recently showed that c-Kit+ cells rarely contributed to 
SMCs of neointimal lesions in wire-injured and carotid artery 
ligation models. In our present study, we used a transplant ar-
teriosclerosis mouse model, which is a severe vascular injury 
model mediated by alloimmune response, leading to the loss 
of most, if not all, mature SMCs within the vessel wall. We 
demonstrated that ≈5% to 55% (depending on the regions ana-
lyzed) of neointimal SMCs in the allograft are derived from 
c-Kit+ cells. These seemingly contradicting results, however, 
could be due to the vascular disease models used, the extent 
and severity of vascular injury, that is, completely loss of ma-
ture SMCs or not, as well as the vascular regions analyzed. 
Thus, the relative contribution of certain cell types to neointi-
ma formation could be highly dependent on the severity of the 
vessel injury. Besides, we also observed a minor population 
of c-Kit+ medial SMCs. We cannot exclude that this minor 
population, if any, may also contribute to neointimal SMCs in 
our model, as recent studies have indicated that clonal expan-
sion of a few medial SMCs contribute to atherosclerosis.48–50,52 
Also, we observed a much higher labeling of medial SMCs by 
tdTomato in the region adjacent to the graft (zone 2) compared 
to distant region (zone 1). The expanded c-Kit–derived SMCs 
in this region may be derived from adventitial tdTomato+ cells 
like SPCs, or even preexisting medial tdTomato+ SMCs, both 
of which could be possible contributors to neointimal tdTo-
mato+ SMCs.

The origin of c-Kit–derived SMCs was further proved to 
be recipient mice, but not donor grafts. One possible explana-
tion is that cells from donor grafts including ECs, SMCs, and 
even SPCs may undergo apoptosis due to severe alloimmune 
response.23–26 During this process, inflamed or apoptotic vas-
cular cells might release cytokines to recruit recipient c-Kit+ 
cells to the injury sites, which is supported by our results that 
increased levels of cytokines such as SCF and TGF-β1 were 
detected in both grafts and peripheral blood. Bone marrow is 
an important source of SPCs, however, it remains controversial 
whether newly formed neointimal SMCs arise from bone mar-
row-derived SPCs.9,23,55–58 Our data revealed that c-Kit–derived 
SMCs are not from bone marrow, as bone marrow-derived c-
Kit+ cells rarely co-stained with SMC markers in neointima, 
supporting the conclusion that neointimal SMCs are derived 
from nonbone marrow tissues.23,56–58 Although c-Kit–derived 
SMCs do not arise from bone marrow, we did observe bone 
marrow-derived c-Kit+ cells in neointima, which was further 
suggested to be CD45+ leukocytes that may mediate alloim-
mune responses and drive neointima formation. Despite the 
fact that most bone marrow-derived c-Kit+ cells give rise to 
CD45+ leukocytes in our chimeric mouse model, a number 
of tdTomato−CD45+ cells were also detected (Figure  3C). 
We speculate that other c-Kit− cells, or even c-Kit+ cells from 
nonbone marrow tissues like the vessel wall, adjacent lymph 
nodes, or spleen, may also contribute to the total CD45+ cells 
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in the graft. Although our in vivo data highlight the importance 
of recipient c-Kit–derived SMCs, the exact origin of these 
cells remains unclear. Our results that a significant higher pro-
portion of c-Kit–derived neointimal SMCs in graft regions 
proximal to carotid artery than distal regions (Figure 2) sug-
gest c-Kit+ cells may probably migrate from adjacent carotid 
artery to the graft. Supporting this notion is the finding by 
Hagensen et al59 that flanking recipient vasculature contrib-
utes to smooth muscle accumulation in murine allograft vas-
culopathy. Alternatively, these c-Kit–derived SMCs may also 
be derived from perivascular tissues, including adventitia and 
perivascular adipose tissues, which also contain an abundant 
population of stem cells (data not shown). The transplanted 
vessels are embedded with recipient perivascular tissues that 
may directly migrate into intima, where they differentiate into 
SMCs. Other possible sources include adipose tissue, spleen, 
and liver that have been reported to harbor SPCs,60–62 among 
which we have also identified tdTomato-labeled c-Kit+ cells 
in the spleen and liver. Further investigation will be needed to 
confirm the exact origin and identity of these c-Kit–derived 
SMCs.

We showed that the proportion of c-Kit–derived neointi-
mal SMCs varies in different regions, suggesting that neo-
intima formed in different regions may be heterogeneous and 
consist of neointimal SMCs from different lineages. A signifi-
cant higher proportion of c-Kit–derived SMCs were observed 
in a more severe and irregular neointimal region (zone 3), 
indicating a possibility that c-Kit–derived SMCs may be re-
lated to more disorganized and severe neointima. We also ob-
served a population of adventitial c-Kit–derived SMCs, which 
showed a more consistent features across different zones and 
could be a distinct population from neointimal c-Kit–derived 
SMCs. Thus, it would very be interesting to further investigate 
the heterogeneity and clonality of c-Kit+ cells, such as using a 
multicolor lineage tracing model.

The mechanisms underlying c-Kit+ cell homing to le-
sion sites and further differentiation into SMCs were also 
investigated in our study. Our data showed a significant in-
crease of SCF with infiltration of c-Kit+ cells in the lesion 
sites 4 weeks after transplantation. Moreover, migrating c-
Kit+ cells were readily observed in SCF-abundant adventitia 
only one day after transplantation, suggesting that SCF may 
serve as a chemotactic factor for c-Kit+ cells in our allograft 
model. Our in vitro studies further demonstrated that SCF 
induces c-Kit+ cell migration through SCF/c-Kit signaling. 
Amelioration of neointima formation in vivo as well as c-
Kit+ cell migration in vitro by ACK2 treatment highlights the 
importance of SCF/c-Kit signaling in this process, consist-
ent with some previous studies using wire-injury models.63,64 
SCF has previously suggested to be mainly expressed by 
ECs and fibroblasts throughout the body.17 Our data showed 
that SCF is expressed in intimal ECs, a small population of 
SMCs and adventitial c-Kit+ cells under normal and diseases 
conditions (Online Figure XVI; Figure 5A). Thus, we spec-
ulate that recipient c-Kit+ cells might be guided by SCF, 
which may be secreted by inflamed or injured above-men-
tioned cells from donor graft in response to alloimmunity, 
and recruited to lesion sites to promote neointima formation. 
Our in vitro data showed the SCF/c-Kit axis also triggers a 

possible downstream activation of small GTPases, MEK1/2-
ERK1/2-MLC, and JNK/c-Jun signaling pathways to regu-
late cytoskeleton rearrangement, myosin contractibility, and 
MMP-2 secretion, which eventually leads to cell migration 
(Online Figure XXV).

Despite the effect of SCF on cell migration, SCF does 
not induce c-Kit+ cell differentiation into SMC in vitro. TGF-
β1 has been reported to be significantly increased in vascular 
diseases.8,32–34 In our allograft mouse model, similar results 
were obtained as seen by the accumulation of TGF-β1 in lo-
cal neointimal lesions and peripheral blood. Our data further 
demonstrate that TGF-β1 could promote c-Kit+ cell differ-
entiation into SMCs, but not cell migration in vitro. Glucose 
metabolism was reported to be elevated in atherosclerotic 
lesions as well as neointimal lesions.65–67 Moreover, altera-
tion in cellular metabolism has been reported to regulate cell 
proliferation, differentiation, and function.35–37 We observed 
significant increases in glucose metabolism and glycolysis 
during TGF-β1–induced c-Kit+ cell differentiation into SMC. 
Importantly, both glucose metabolism and SMC differentia-
tion could be effectively abrogated by 2-DG or HK-1 knock-
down, suggesting a critical role of HK-1–dependent glucose 
metabolism in TGF-β1–induced cell differentiation (Online 
Figure XXVB).

Increasing glucose metabolism in c-Kit+ cell may provide 
biosynthetic substrates as well as energy for cell growth and 
differentiation. Moreover, cellular metabolism can also pro-
vide substrates for posttranslational modifications of proteins 
such as acetylation, methylation, and glycosylation.41 The hex-
osamine biosynthetic pathway is a branch from glucose me-
tabolism that produces UDP-GlcNAc as a substrate for protein 
O-GlcNAcylation.42 We showed that O-GlcNAcylation of total 
proteins was increased in TGF-β1–treated cells and that block-
ing O-GlcNAcylation by DON reversed TGF-β1–induced cell 
differentiation, indicating a possible role of O-GlcNAcylation 
in regulating SMC differentiation. Interestingly, we further 
identified that SRF and myocardin, both of which are impor-
tant regulators in SMC differentiation, could be modified by 
O-GlcNAcylation. Previous reports have indicated possible 
modification of SRF by O-GlcNAcylation,68 but how this mod-
ification may affect SRF remains unknown. It has also been 
reported that both O-GlcNAcylation and phosphorylation can 
modify serine or threonine residues of proteins, and that they 
may sometimes exert opposite roles in modulating intracellu-
lar signaling and gene transcription.69 While phosphorylation 
of SRF may either promote or inhibit its transcriptional ac-
tivity, phosphorylation of myocardin was shown to decrease 
SMC gene expression.70 Therefore, we propose that a balance 
between O-GlcNAcylation and phosphorylation of SRF and 
myocardin may alter their transcriptional activity to regu-
late SMC gene expression (Online Figure XXVB). Further 
investigations are still needed to prove the functional role of 
O-GlcNAcylation of SRF and myocardin in SMC differenti-
ation. Interestingly, increased HK-1 and O-GlcNAcylation of 
myocardin were also detected in a population of c-Kit–derived 
neointimal SMCs compared to adventitial c-Kit+ cells, sug-
gesting that these in vitro mechanisms might happen in vivo. 
Our data here provide a possible mechanism for c-Kit+ cell 
migration and differentiation, however, we cannot exclude 
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that other mechanisms, or multiple mechanisms synergisti-
cally, contribute to this process. Also, it should be noted that 
the metabolic effects of TGF-β1 are not only restricted to c-
Kit+ cells, as metabolic reprogramming driven by TGF-β1 has 
also been detected or suggested in other cells involved in vas-
cular remodeling71–74 (Online Figure XXII).

Although our current study demonstrates the critical role 
of c-Kit+ cells in transplant arteriosclerosis, our finding that 
vascular resident c-Kit+ cell is a heterogeneous population 
makes it difficult to interpret which nonbone marrow c-Kit 
population generates SMCs in our current study. This is a 
technical limitation of the lineage tracing mouse model we 
used, as c-Kit did not specifically label vascular SPCs as ex-
pected. To demonstrate the role of vascular SPCs in the gen-
eration of neointimal SMCs, further genetic lineage tracing 
with dual recombinase system75 could be used to solve this 
problem.

In summary, we have demonstrated here that recipient 
nonbone marrow sources of c-Kit+ cells give rise to SMCs and 
contribute to neointima formation in an allograft transplanta-
tion model. Activation of the SCF/c-Kit axis promotes c-Kit+ 
cell migration, whereas TGF-β1–driven glucose metabolism 
induces cell differentiation into SMCs in vitro. These findings 
may provide novel insights into the pathogenesis of neointima 
formation and have further potential therapeutic implications 
for vascular diseases.

Editor’s Note
After Online First publication of this manuscript, a problem with the 
Western blot of myocardin (101 kDa) in Figure 8 was brought to the 
attention of the authors, who requested the panel be removed in the 
final published manuscript.

Acknowledgments
Some figures were produced using Servier Medical Art under a 
Creative Commons Attribution 3.0 Unported License.

Sources of Funding
This study was supported by grants from British Heart Foundation 
(RG/14/6/31144), National Natural Science Foundation of China 
(81220108004, 81570249, 91339102, 91639302, 91539103, and 
31830039), and Royal Society-Newton Advanced Fellowship 
(NA170109).

Disclosures
None.

References
	 1.	 Pober JS, Jane-wit D, Qin L, Tellides G. Interacting mechanisms in the 

pathogenesis of cardiac allograft vasculopathy. Arterioscler Thromb Vasc 
Biol. 2014;34:1609–1614. doi: 10.1161/ATVBAHA.114.302818

	 2.	 Mitchell RN, Libby P. Vascular remodeling in transplant vasculopathy. 
Circ Res. 2007;100:967–978. doi: 10.1161/01.RES.0000261982.76892.09

	 3.	 Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in ath-
erosclerosis. Circ Res. 2016;118:692–702. doi: 10.1161/CIRCRESAHA. 
115.306361

	 4.	 Nguyen AT, Gomez D, Bell RD, et al. Smooth muscle cell plasticity: 
fact or fiction? Circ Res. 2013;112:17–22. doi: 10.1161/CIRCRESAHA. 
112.281048

	 5.	 Ross R. Atherosclerosis–an inflammatory disease. N Engl J Med. 
1999;340:115–126. doi: 10.1056/NEJM199901143400207

	 6.	 Xu Q. Stem cells and transplant arteriosclerosis. Circ Res. 2008;102:1011–
1024. doi: 10.1161/CIRCRESAHA.108.171488

	 7.	 Zhang L, Issa Bhaloo S, Chen T, Zhou B, Xu Q. Role of resident stem cells 
in vessel formation and arteriosclerosis. Circ Res. 2018;122:1608–1624. 
doi: 10.1161/CIRCRESAHA.118.313058

	 8.	 Cooley BC, Nevado J, Mellad J, et al. TGF-β signaling mediates endothe-
lial-to-mesenchymal transition (EndMT) during vein graft remodeling. Sci 
Transl Med. 2014;6:227ra34. doi: 10.1126/scitranslmed.3006927

	 9.	 Shimizu K, Sugiyama S, Aikawa M, Fukumoto Y, Rabkin E, 
Libby P, Mitchell RN. Host bone-marrow cells are a source of donor inti-
mal smooth- muscle-like cells in murine aortic transplant arteriopathy. Nat 
Med. 2001;7:738–741. doi: 10.1038/89121

	10.	 Saiura A, Sata M, Hirata Y, Nagai R, Makuuchi M. Circulating smooth 
muscle progenitor cells contribute to atherosclerosis. Nat Med. 
2001;7:382–383. doi: 10.1038/86394

	11.	 Sartore S, Chiavegato A, Faggin E, Franch R, Puato M, Ausoni S, 
Pauletto P. Contribution of adventitial fibroblasts to neointima formation 
and vascular remodeling: from innocent bystander to active participant. 
Circ Res. 2001;89:1111–1121.

	12.	 Hu Y, Zhang Z, Torsney E, Afzal AR, Davison F, Metzler B, Xu Q. 
Abundant progenitor cells in the adventitia contribute to atherosclerosis 
of vein grafts in ApoE-deficient mice. J Clin Invest. 2004;113:1258–1265. 
doi: 10.1172/JCI19628

	13.	 Kramann R, Goettsch C, Wongboonsin J, Iwata H, Schneider RK, Kuppe C, 
Kaesler N, Chang-Panesso M, Machado FG, Gratwohl S, Madhurima K, 
Hutcheson JD, Jain S, Aikawa E, Humphreys BD. Adventitial MSC-like 
cells are progenitors of vascular smooth muscle cells and drive vascular 
calcification in chronic kidney disease. Cell Stem Cell. 2016;19:628–642. 
doi: 10.1016/j.stem.2016.08.001

	14.	 Tang Z, Wang A, Yuan F, Yan Z, Liu B, Chu JS, Helms JA, Li S. 
Differentiation of multipotent vascular stem cells contributes to vascular 
diseases. Nat Commun. 2012;3:875. doi: 10.1038/ncomms1867

	15.	 Kretzschmar K, Watt FM. Lineage tracing. Cell. 2012;148:33–45. doi: 
10.1016/j.cell.2012.01.002

	16.	 Roostalu U, Aldeiri B, Albertini A, Humphreys N, Simonsen-Jackson M, 
Wong JKF, Cossu G. Distinct cellular mechanisms underlie smooth mus-
cle turnover in vascular development and repair. Circ Res. 2018;122:267–
281. doi: 10.1161/CIRCRESAHA.117.312111

	17.	 Lennartsson J, Rönnstrand L. Stem cell factor receptor/c-Kit: from ba-
sic science to clinical implications. Physiol Rev. 2012;92:1619–1649. doi: 
10.1152/physrev.00046.2011

	18.	 Psaltis PJ, Harbuzariu A, Delacroix S, Witt TA, Holroyd EW, Spoon DB, 
Hoffman SJ, Pan S, Kleppe LS, Mueske CS, Gulati R, Sandhu GS, 
Simari RD. Identification of a monocyte-predisposed hierarchy of he-
matopoietic progenitor cells in the adventitia of postnatal murine aorta. 
Circulation. 2012;125:592–603. doi: 10.1161/CIRCULATIONAHA. 
111.059360

	19.	 Psaltis PJ, Puranik AS, Spoon DB, Chue CD, Hoffman SJ, Witt TA,  
Delacroix S, Kleppe LS, Mueske CS, Pan S, Gulati R, Simari RD. 
Characterization of a resident population of adventitial macrophage pro-
genitor cells in postnatal vasculature. Circ Res. 2014;115:364–375. doi: 
10.1161/CIRCRESAHA.115.303299

	20.	 Liu Q, Huang X, Zhang H, Tian X, He L, Yang R, Yan Y, Wang QD, 
Gillich A, Zhou B. c-kit(+) cells adopt vascular endothelial but not epithe-
lial cell fates during lung maintenance and repair. Nat Med. 2015;21:866–
868. doi: 10.1038/nm.3888

	21.	 Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, 
Ng LL, Palmiter RD, Hawrylycz MJ, Jones AR, Lein ES, Zeng H. A 
robust and high-throughput Cre reporting and characterization sys-
tem for the whole mouse brain. Nat Neurosci. 2010;13:133–140. doi: 
10.1038/nn.2467

	22.	 Dietrich H, Hu Y, Zou Y, Dirnhofer S, Kleindienst R, Wick G, Xu Q. 
Mouse model of transplant arteriosclerosis: role of intercellular adhesion 
molecule-1. Arterioscler Thromb Vasc Biol. 2000;20:343–352.

	23.	 Hu Y, Davison F, Ludewig B, Erdel M, Mayr M, Url M, Dietrich H, 
Xu Q. Smooth muscle cells in transplant atherosclerotic lesions are origi-
nated from recipients, but not bone marrow progenitor cells. Circulation. 
2002;106:1834–1839.

	24.	 Shi C, Russell ME, Bianchi C, Newell JB, Haber E. Murine model of  
accelerated transplant arteriosclerosis. Circ Res. 1994;75:199–207.

	25.	 Chow LH, Huh S, Jiang J, Zhong R, Pickering JG. Intimal thickening de-
velops without humoral immunity in a mouse aortic allograft model of 
chronic vascular rejection. Circulation. 1996;94:3079–3082.

	26.	 Kabelitz D. Role of apoptosis in cardiac allograft vasculopathy. Z Kardiol. 
2000;89 Suppl 9:IX/21–23.

	27.	 Ogawa M, Matsuzaki Y, Nishikawa S, Hayashi S, Kunisada T, 
Sudo T, Kina T, Nakauchi H, Nishikawa S. Expression and function of 



240    Circulation Research    July 5, 2019

c-kit in hemopoietic progenitor cells. J Exp Med. 1991;174:63–71. doi: 
10.1084/jem.174.1.63

	28.	 Hu Y, Zou Y, Dietrich H, Wick G, Xu Q. Inhibition of neointima hy-
perplasia of mouse vein grafts by locally applied suramin. Circulation. 
1999;100:861–868.

	29.	 Nobes CD, Hall A. Rho, rac, and cdc42 GTPases regulate the assembly of 
multimolecular focal complexes associated with actin stress fibers, lamel-
lipodia, and filopodia. Cell. 1995;81:53–62.

	30.	 Totsukawa G, Yamakita Y, Yamashiro S, Hartshorne DJ, Sasaki Y, 
Matsumura F. Distinct roles of ROCK (Rho-kinase) and MLCK in spa-
tial regulation of MLC phosphorylation for assembly of stress fibers and 
focal adhesions in 3T3 fibroblasts. J Cell Biol. 2000;150:797–806. doi: 
10.1083/jcb.150.4.797

	31.	 Reunanen N, Westermarck J, Häkkinen L, Holmström TH, Elo I, 
Eriksson JE, Kähäri VM. Enhancement of fibroblast collagenase (matrix 
metalloproteinase-1) gene expression by ceramide is mediated by extra-
cellular signal-regulated and stress-activated protein kinase pathways. J 
Biol Chem. 1998;273:5137–5145. doi: 10.1074/jbc.273.9.5137

	32.	 Nikol S, Isner JM, Pickering JG, Kearney M, Leclerc G, Weir L. 
Expression of transforming growth factor-beta 1 is increased in hu-
man vascular restenosis lesions. J Clin Invest. 1992;90:1582–1592. doi: 
10.1172/JCI116027

	33.	 Majesky MW, Lindner V, Twardzik DR, Schwartz SM, Reidy MA. 
Production of transforming growth factor beta 1 during repair of arterial 
injury. J Clin Invest. 1991;88:904–910. doi: 10.1172/JCI115393

	34.	 Sarzani R, Brecher P, Chobanian AV. Growth factor expression in aorta of 
normotensive and hypertensive rats. J Clin Invest. 1989;83:1404–1408. 
doi: 10.1172/JCI114029

	35.	 Shyh-Chang N, Daley GQ, Cantley LC. Stem cell metabolism in tis-
sue development and aging. Development. 2013;140:2535–2547. doi: 
10.1242/dev.091777

	36.	 Eelen G, de Zeeuw P, Simons M, Carmeliet P. Endothelial cell metabolism 
in normal and diseased vasculature. Circ Res. 2015;116:1231–1244. doi: 
10.1161/CIRCRESAHA.116.302855

	37.	 Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabo-
lism. Cell Metab. 2016;23:27–47. doi: 10.1016/j.cmet.2015.12.006

	38.	 Ryall JG, Dell’Orso S, Derfoul A, Juan A, Zare H, Feng X, 
Clermont D, Koulnis M, Gutierrez-Cruz G, Fulco M, Sartorelli V. The 
NAD(+)-dependent SIRT1 deacetylase translates a metabolic switch 
into regulatory epigenetics in skeletal muscle stem cells. Cell Stem Cell. 
2015;16:171–183. doi: 10.1016/j.stem.2014.12.004

	39.	 Wick AN, Drury DR, Nakada HI, Wolfe JB. Localization of the pri-
mary metabolic block produced by 2-deoxyglucose. J Biol Chem. 
1957;224:963–969.

	40.	 Thwe PM, Pelgrom L, Cooper R, Beauchamp S, Reisz JA, D’Alessandro A, 
Everts B, Amiel E. Cell-intrinsic glycogen metabolism supports early gly-
colytic reprogramming required for dendritic cell immune responses. Cell 
Metab. 2017;26:558–567.e5. doi: 10.1016/j.cmet.2017.08.012

	41.	 Keating ST, El-Osta A. Epigenetics and metabolism. Circ Res. 
2015;116:715–736. doi: 10.1161/CIRCRESAHA.116.303936

	42.	 Ngoh GA, Facundo HT, Zafir A, Jones SP. O-GlcNAc signaling in  
the cardiovascular system. Circ Res. 2010;107:171–185. doi: 10.1161/ 
CIRCRESAHA.110.224675

	43.	 Alexander MR, Owens GK. Epigenetic control of smooth muscle cell differ-
entiation and phenotypic switching in vascular development and disease. Annu 
Rev Physiol. 2012;74:13–40. doi: 10.1146/annurev-physiol-012110-142315

	44.	 Torsney E, Mandal K, Halliday A, Jahangiri M, Xu Q. Characterisation 
of progenitor cells in human atherosclerotic vessels. Atherosclerosis. 
2007;191:259–264. doi: 10.1016/j.atherosclerosis.2006.05.033

	45.	 Pasquinelli G, Tazzari PL, Vaselli C, Foroni L, Buzzi M, Storci G, 
Alviano F, Ricci F, Bonafè M, Orrico C, Bagnara GP, Stella A, Conte R. 
Thoracic aortas from multiorgan donors are suitable for obtaining resident 
angiogenic mesenchymal stromal cells. Stem Cells. 2007;25:1627–1634. 
doi: 10.1634/stemcells.2006-0731

	46.	 Gomez D, Shankman LS, Nguyen AT, Owens GK. Detection of histone 
modifications at specific gene loci in single cells in histological sections. 
Nat Methods. 2013;10:171–177. doi: 10.1038/nmeth.2332

	47.	 Herring BP, Hoggatt AM, Burlak C, Offermanns S. Previously dif-
ferentiated medial vascular smooth muscle cells contribute to neo-
intima formation following vascular injury. Vasc Cell. 2014;6:21. doi: 
10.1186/2045-824X-6-21

	48.	 Chappell J, Harman JL, Narasimhan VM, Yu H, Foote K, Simons BD, 
Bennett MR, Jørgensen HF. Extensive proliferation of a subset of dif-
ferentiated, yet plastic, medial vascular smooth muscle cells con-
tributes to neointimal formation in mouse injury and atherosclerosis 

models. Circ Res. 2016;119:1313–1323. doi: 10.1161/CIRCRESAHA. 
116.309799

	49.	 Jacobsen K, Lund MB, Shim J, Gunnersen S, Fuchtbauer EM, Kjolby M, 
Carramolino L, Bentzon JF. Diverse cellular architecture of atheroscle-
rotic plaque derives from clonal expansion of a few medial smcs. JCI 
Insight. 2017;2:pii: 95890.

	50.	 Misra A, Feng Z, Chandran RR, Kabir I, Rotllan N, Aryal B, Sheikh AQ, 
Ding L, Qin L, Fernández-Hernando C, Tellides G, Greif DM. Integrin 
beta3 regulates clonality and fate of smooth muscle-derived atherosclerotic 
plaque cells. Nat Commun. 2018;9:2073. doi: 10.1038/s41467-018-04447-7

	51.	 Shankman LS, Gomez D, Cherepanova OA, Salmon M, Alencar GF, 
Haskins RM, Swiatlowska P, Newman AA, Greene ES, Straub AC, Isakson B, 
Randolph GJ, Owens GK. KLF4-dependent phenotypic modulation of 
smooth muscle cells has a key role in atherosclerotic plaque pathogenesis. 
Nat Med. 2015;21:628–637. doi: 10.1038/nm.3866

	52.	 Feil S, Fehrenbacher B, Lukowski R, Essmann F, Schulze-Osthoff K, 
Schaller M, Feil R. Transdifferentiation of vascular smooth muscle cells to 
macrophage-like cells during atherogenesis. Circ Res. 2014;115:662–667. 
doi: 10.1161/CIRCRESAHA.115.304634

	53.	 Yuan F, Wang D, Xu K, Wang J, Zhang Z, Yang L, Yang GY, Li S.  
Contribution of vascular cells to neointimal formation. PLoS One. 
2017;12:e0168914. doi: 10.1371/journal.pone.0168914

	54.	 Chen Q, Yang M, Wu H, Zhou J, Wang W, Zhang H, Zhao L, Zhu J, Zhou B, 
Xu Q, Zhang L. Genetic lineage tracing analysis of c-kit+ stem/progenitor 
cells revealed a contribution to vascular injury-induced neointimal lesions. 
J Mol Cell Cardiol. 2018;121:277–286. doi: 10.1016/j.yjmcc.2018.07.252

	55.	 Sata M, Saiura A, Kunisato A, Tojo A, Okada S, Tokuhisa T, Hirai H, 
Makuuchi M, Hirata Y, Nagai R. Hematopoietic stem cells differentiate 
into vascular cells that participate in the pathogenesis of atherosclerosis. 
Nat Med. 2002;8:403–409. doi: 10.1038/nm0402-403

	56.	 Bentzon JF, Weile C, Sondergaard CS, Hindkjaer J, Kassem M,  
Falk E. Smooth muscle cells in atherosclerosis originate from the local 
vessel wall and not circulating progenitor cells in ApoE knockout mice. 
Arterioscler Thromb Vasc Biol. 2006;26:2696–2702. doi: 10.1161/01.ATV. 
0000247243.48542.9d

	57.	 Bentzon JF, Sondergaard CS, Kassem M, Falk E. Smooth muscle cells 
healing atherosclerotic plaque disruptions are of local, not blood, origin in 
apolipoprotein E knockout mice. Circulation. 2007;116:2053–2061. doi: 
10.1161/CIRCULATIONAHA.107.722355

	58.	 Iwata H, Manabe I, Fujiu K, Yamamoto T, Takeda N, Eguchi K, Furuya A,  
Kuro-o M, Sata M, Nagai R. Bone marrow-derived cells contribute to  
vascular inflammation but do not differentiate into smooth mus-
cle cell lineages. Circulation. 2010;122:2048–2057. doi: 10.1161/ 
CIRCULATIONAHA.110.965202

	59.	 Hagensen MK, Shim J, Falk E, Bentzon JF. Flanking recipient vasculature, 
not circulating progenitor cells, contributes to endothelium and smooth 
muscle in murine allograft vasculopathy. Arterioscler Thromb Vasc Biol. 
2011;31:808–813. doi: 10.1161/ATVBAHA.110.221184

	60.	 Fraser JK, Wulur I, Alfonso Z, Hedrick MH. Fat tissue: an underap-
preciated source of stem cells for biotechnology. Trends Biotechnol. 
2006;24:150–154. doi: 10.1016/j.tibtech.2006.01.010

	61.	 Miyajima A, Tanaka M, Itoh T. Stem/progenitor cells in liver develop-
ment, homeostasis, regeneration, and reprogramming. Cell Stem Cell. 
2014;14:561–574. doi: 10.1016/j.stem.2014.04.010

	62.	 Kodama S, Davis M, Faustman DL. Regenerative medicine: a rad-
ical reappraisal of the spleen. Trends Mol Med. 2005;11:271–276. doi: 
10.1016/j.molmed.2005.04.004

	63.	 Wang CH, Anderson N, Li SH, Szmitko PE, Cherng WJ, Fedak PW, 
Fazel S, Li RK, Yau TM, Weisel RD, Stanford WL, Verma S. Stem 
cell factor deficiency is vasculoprotective: unraveling a new therapeu-
tic potential of imatinib mesylate. Circ Res. 2006;99:617–625. doi: 
10.1161/01.RES.0000243210.79654.fd

	64.	 Wang CH, Verma S, Hsieh IC, Hung A, Cheng TT, Wang SY, Liu YC, 
Stanford WL, Weisel RD, Li RK, Cherng WJ. Stem cell factor attenuates 
vascular smooth muscle apoptosis and increases intimal hyperplasia af-
ter vascular injury. Arterioscler Thromb Vasc Biol. 2007;27:540–547. doi: 
10.1161/01.ATV.0000257148.01384.7d

	65.	 Rudd JH, Warburton EA, Fryer TD, Jones HA, Clark JC, Antoun N,  
Johnström P, Davenport AP, Kirkpatrick PJ, Arch BN, Pickard JD,  
Weissberg PL. Imaging atherosclerotic plaque inflammation with 
[18F]-fluorodeoxyglucose positron emission tomography. Circulation. 
2002;105:2708–2711.

	66.	 Tavakoli S, Downs K, Short JD, Nguyen HN, Lai Y, 
Jerabek PA, Goins B, Toczek J, Sadeghi MM, Asmis R. Characterization 
of macrophage polarization states using combined measurement of 



Ni et al    c-Kit Lineage Cells Repopulate Allograft Vessels    241

2-deoxyglucose and glutamine accumulation: implications for imaging of 
atherosclerosis. Arterioscler Thromb Vasc Biol. 2017;37:1840–1848. doi: 
10.1161/ATVBAHA.117.308848

	67.	 Hall JL, Chatham JC, Eldar-Finkelman H, Gibbons GH. Upregulation 
of glucose metabolism during intimal lesion formation is coupled to the 
inhibition of vascular smooth muscle cell apoptosis. Role of GSK3beta. 
Diabetes. 2001;50:1171–1179. doi: 10.2337/diabetes.50.5.1171

	68.	 Reason AJ, Morris HR, Panico M, Marais R, Treisman RH, 
Haltiwanger RS, Hart GW, Kelly WG, Dell A. Localization of O-GlcNAc 
modification on the serum response transcription factor. J Biol Chem. 
1992;267:16911–16921.

	69.	 Hart GW, Slawson C, Ramirez-Correa G, Lagerlof O. Cross talk between 
O-GlcNAcylation and phosphorylation: roles in signaling, transcrip-
tion, and chronic disease. Annu Rev Biochem. 2011;80:825–858. doi: 
10.1146/annurev-biochem-060608-102511

	70.	 Mack CP. Signaling mechanisms that regulate smooth muscle cell dif-
ferentiation. Arterioscler Thromb Vasc Biol. 2011;31:1495–1505. doi: 
10.1161/ATVBAHA.110.221135

	71.	 Souilhol C, Harmsen MC, Evans PC, Krenning G. Endothelial-
mesenchymal transition in atherosclerosis. Cardiovasc Res. 2018;114:565–
577. doi: 10.1093/cvr/cvx253

	72.	 Xiong J, Kawagishi H, Yan Y, Liu J, Wells QS, Edmunds LR, 
Fergusson MM, Yu ZX, Rovira II, Brittain EL, Wolfgang MJ, Jurczak MJ, 
Fessel JP, Finkel T. A metabolic basis for endothelial-to-mesenchymal tran-
sition. Mol Cell. 2018;69:689–698.e7. doi: 10.1016/j.molcel.2018.01.010

	73.	 Xie N, Tan Z, Banerjee S, Cui H, Ge J, Liu RM, Bernard K, Thannickal VJ, 
Liu G. Glycolytic reprogramming in myofibroblast differentiation and 
lung fibrosis. Am J Respir Crit Care Med. 2015;192:1462–1474. doi: 
10.1164/rccm.201504-0780OC

	74.	 Bernard K, Logsdon NJ, Ravi S, Xie N, Persons BP, Rangarajan S, 
Zmijewski JW, Mitra K, Liu G, Darley-Usmar VM, Thannickal VJ. Metabolic 
reprogramming is required for myofibroblast contractility and differentia-
tion. J Biol Chem. 2015;290:25427–25438. doi: 10.1074/jbc.M115.646984

	75.	 He L, Li Y, Li Y, et al. Enhancing the precision of genetic lineage trac-
ing using dual recombinases. Nat Med. 2017;23:1488–1498. doi: 
10.1038/nm.4437




