
ORIGINAL RESEARCH 
ARTICLE

Circulation. 2017;135:1253–1264. DOI: 10.1161/CIRCULATIONAHA.116.023027� March 28, 2017 1253

ORIGINAL RESEARCH ARTICLE

BACKGROUND: Genome-wide association studies identified the 
association of the CXCL12 genetic locus (which encodes the chemokine 
CXCL12, also known as stromal cell–derived factor 1) with coronary artery 
disease and myocardial infarction (MI). Unlike CXCR4, the classic receptor 
for CXCL12, the function of CXCR7 (the most recently identified receptor) 
in vascular responses to injury and in MI remains unclear.

METHODS: Tissue expression of CXCR7 was examined in arteries from 
mice and humans. Mice that harbored floxed CXCR7 and Cdh5-promoter 
driven CreERT2 were treated with tamoxifen to induce endothelium-
restricted deletion of CXCR7. The resulting conditional knockout mice and 
littermate controls were studied for arterial response to angioplasty wire 
injury and cardiac response to coronary artery ligation. The role of CXCR7 
in endothelial cell proliferation and angiogenesis was determined in vitro 
with cells from mice and humans. The effects of adenoviral delivery of 
CXCR7 gene and pharmacological activation of CXCR7 were evaluated in 
mice subjected to MI.

RESULTS: Injured arteries from both humans and mice exhibited 
endothelial CXCR7 expression. Conditional endothelial CXCR7 deletion 
promoted neointimal formation without altering plasma lipid levels after 
endothelial injury and exacerbated heart functional impairment after 
MI, with increased both mortality and infarct sizes. Mechanistically, 
the exacerbated responses in vascular and cardiac remodeling 
are attributable to the key role of CXCR7 in promoting endothelial 
proliferation and angiogenesis. Impressively, the impaired post-MI 
cardiac remodeling occurred with elevated levels of CXCL12, which was 
previously thought to mediate cardiac protection by exclusively engaging 
its cognate receptor, CXCR4. In addition, both CXCR7 gene delivery via 
left ventricular injection and treatment with a CXCR7 agonist offered 
cardiac protection after MI.

CONCLUSIONS: CXCR7 represents a novel regulator of vascular 
homeostasis that functions in the endothelial compartment with 
sufficient capacity to affect cardiac function and remodeling after 
MI. Activation of CXCR7 may have therapeutic potential for clinical 
restenosis after percutaneous coronary intervention and for heart 
remodeling after MI.
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The genetic locus of CXCL12, which encodes the 
C-X-C motif chemokine 12, also known as stromal 
cell–derived factor 1, has been associated with 

coronary artery disease and myocardial infarction (MI) 
in genome-wide association studies.1 Two receptors 
have been found to ligate CXCL12, CXCR4 (the classic G 
protein–coupled receptor) and CXCR7 (a recently deor-
phanized receptor). Although CXCR4 is known to par-
ticipate in vascular remodeling,2–5 atherosclerosis,6 and 
MI,7–9 the function of CXCR7 in cardiovascular disease is 
largely unknown.

CXCR7, which is phylogenetically closely related to 
chemokine receptors, binds CXCL12 with a higher af-
finity than CXCR4, but it fails to couple to G proteins 
to induce typical chemokine receptor–mediated cellular 
responses.10 CXCR7 has been proposed to serve as a 
scavenger receptor for CXCL12 by mediating effective 
ligand internalization and degradation.11–13 However, 
combined evidence suggests that CXCR7 may have 
signaling activity beyond ligand scavenging, including in 
tumor cell growth and organ regeneration.14–17

In humans, CXCR7 is expressed in the brain, heart, 
kidney, endothelium, and tumor cells.10,18 It is extensively 
expressed in the endothelium of tumor blood vessels14 
and is inducible by hypoxia.19 The CXCR7 protein is not 
expressed on human or mouse blood leukocytes.20 Mice 
lacking CXCR7 die perinatally of heart valve malforma-
tion, a phenotype that is recapitulated in mice that have 
endothelium-specific deficiency of CXCR7.21 Using hy-
perlipidemic Apoe––/– mice, Li and colleagues22 elegantly 
demonstrated that global knockout of CXCR7 exacer-

bated atherosclerotic lesions as a result of a defect in 
the cholesterol uptake by adipose tissue. However, the 
role of endothelial CXCR7 in the vascular response to 
injury and cardiac remodeling after MI remains unex-
plored.

In this study, we reported that the endothelium-specif-
ic deletion of CXCR7 exacerbated neointimal formation 
after endothelial denudation injury and impaired post-MI 
survival, heart function, and remodeling, which is consis-
tent with the key role of CXCR7 in endothelial prolifera-
tion and angiogenesis.

METHODS
Animal Study
CXCR7 floxed mice harboring inducible Cre cassette under 
Cdh5 promoter (CXCR7f/f Cdh5-CreERT2+, labeled cKO) and lit-
termate controls (CXCR7f/f Cdh5-CreERT2−) were treated with 
tamoxifen to induce endothelium-restricted deletion of CXCR7. 
To study arterial response to endothelial denudation injury, the 
mice were subjected to injury at femoral artery by angioplasty 
wire, as we described previously.23 Hind-limb ischemia model 
was used to evaluate angiogenesis in vivo. An improved proce-
dure for coronary artery ligation without ventilation was used 
to study the role of CXCR7 in MI, as detailed in the online-only 
Data Supplement. Overexpression of CXCR7 in the infarcted 
heart was conducted by injecting recombinant adenovirus into 
the left ventricular cavity ≈1 minute before coronary artery liga-
tion. TC14012, a CXCR7 agonist, was administered by intra-
peritoneal injection after the ligation.

Cell Study
Mouse and human endothelial cells were used, as appropriate, 
for analysis of cell proliferation, wound healing, and tubule for-
mation. The mouse endothelial cells were isolated from mouse 
lung or aorta. Human aorta endothelial cells were isolated in a 
manner similar to that for mouse aortic endothelial cells. Human 
umbilical vein endothelial cells were obtained from AllCells. The 
CXCL12 concentration was determined with a human CXCL12 
ELISA kit (R&D Systems). Calcium release was examined in 
mouse aortic endothelial cells. The calcium was fluorescently 
stained with Cal-520 dye (AAT Bioquest) and monitored with a 
FlexStation3 Microplate Reader (Molecular Devices).

Statistical Analysis
Statistical analysis was performed with SPSS Statistics 22.0 
(IBM) or GraphPad Prism 5 (GraphPad Software Inc). When 
only 2 means were compared, the Student t test was used for 
normally distributed variables and the Mann-Whitney test used 
for nonnormally distributed variables. Comparisons of multiple 
groups were made by ANOVA, as detailed in the online-only 
Data Supplement. The log-rank (Mantel-Cox) test was used to 
compare survival curve. Data are expressed as mean±SEM. 
Differences were considered statistically significant at P<0.05.

See the online-only Data Supplement for a detailed descrip-
tion of the methods. Ethics approval was obtained from the 
Institutional Review Board, Fuwai Hospital, National Center for 
Cardiovascular Diseases, China.

Clinical Perspective

What Is New?
•	 This study shows that CXCR7 is expressed in injured 

arteries and that endothelium-specific deletion of 
CXCR7 exacerbates neointimal formation after arte-
rial wire injury, a procedure mimicking percutaneous 
coronary intervention, and impairs post–myocardial 
infarction survival, heart function, and remodeling.

•	 CXCR7 plays a pivotal role in promoting endothelial 
proliferation and angiogenesis.

•	 CXCR7 gene delivery or pharmacological CXCR7 
activation offers cardiac protection after myocardial 
infarction.

What Are the Clinical Implications?
•	 CXCR7 represents a novel regulator of vascular 

remodeling and myocardial infarction that functions 
in the endothelial compartment.

•	 Activation of CXCR7 bears therapeutic potential to 
prevent/treat heart failure after myocardial infarc-
tion and clinical restenosis after percutaneous coro-
nary intervention.
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RESULTS
Endothelial Expression of CXCR7 in Injured 
Arteries of Mice and Humans
First, we examined vascular expression of CXCR7 in mice. 
Low levels of CXCR7 were expressed in discrete endothe-
lial cells in healthy mice (Figure 1A). However, in injured ar-
teries, CXCR7 expression was upregulated and observed 
mainly in the endothelial cells of neointima, colocalizing 
with von Willebrand factor, an endothelial marker (Fig-
ure 1B). Human aorta from the patients who underwent 
aortic dissection showed CXCR7 expression in lesional 
endothelial cells, particularly in lesion shoulder regions 
(Figure 1C) and in some microvessels (Figure 1D).

Loss of Endothelial CXCR7 Exacerbates 
Neointimal Formation After Endothelial 
Denudation Injury in Mice
Basal arterial expression of CXCR7 was similar between 
cKO mice and littermate controls before tamoxifen induc-
tion (Figure I in the online-only Data Supplement). After 
tamoxifen treatment, the mice were subjected to endo-
thelial denudation injury at femoral artery by angioplasty 
wire. This injury induces vascular hyperplasia response 
that mimics clinical restenosis after percutaneous coro-
nary intervention. All mice were without the genetic ma-
nipulation of lipid metabolism and were fed a normal 

chow diet. Endothelial CXCR7 mRNA expression was es-
sentially abolished in the endothelial cells that were iso-
lated from the conditional knockout mice (Figure 2A). This 
was further confirmed via immunostaining of the injured 
arteries (Figure 2B). Deletion of CXCR7 did not alter the 
expression of CXCR4 and CXCL12 (Figure II in the online-
only Data Supplement). The loss of endothelial CXCR7 
significantly increased neointimal area and the ratio of 
neointima to media without altering media thickness (Fig-
ure 2C–2F). Endothelial CXCR7 deletion did not change 
body weight or plasma lipids in these normolipidemic 
mice (Table).

CXCR7 Increases Proliferation of Interleukin-
1β–Treated Endothelial Cells and Promotes 
Endothelial Regeneration After Endothelial 
Denudation Injury
Early vascular changes were examined on day 7 after the 
endothelial injury. Endothelial CXCR7-deficient mice ex-
hibited impaired re-endothelialization (Figure 3A and 3B). 
A reduction in infiltrated monocytes was also observed 
(Figure 3C and 3D). It is interesting to note that platelet-
derived growth factor-BB expression was enhanced in 
the intima layer (Figure 3E and 3F) and in plasma (Figure 
III in the online-only Data Supplement).

In cultured endothelial cells that were isolated from 
mice, stimulation with interleukin (IL)-1β upregulated the 

Figure 1. Human and mouse in-
jured arteries expressed CXCR7 
in endothelial cells. 
CXCR7 (red) and von Willebrand fac-
tor (vWF; endothelial marker; green) 
were immunofluorescently stained 
in mouse healthy femoral arteries 
(A) and hyperplasia femoral arteries 
28 days after wire injury (B) and in 
aorta sections from patients who 
underwent aortic dissection (C and 
D). DAPI stains nuclei in blue. The 3 
colors were merged in the far right. 
The inset in C1 shows the staining 
location in C at low magnification. 
The arrow points to an advanced 
lesion. Representative sections from 
3 independent stainings are shown. 
Bar=50 µm. L indicates lumen; and 
P, plaque.



Hao et al

March 28, 2017� Circulation. 2017;135:1253–1264. DOI: 10.1161/CIRCULATIONAHA.116.0230271256

expression of CXCR7 (Figure 4A and 4B), CXCR4, and 
CXCL12 (Figure IV in the online-only Data Supplement). 
IL-1β promoted cell proliferation in CXCR7-competent en-
dothelial cells but not in CXCR7-deficient cells (Figure 4C 
and 4D). Furthermore, we treated endothelial cells with 
a CXCR7-specific antagonist, CCX771 (which has an IC50 
of ≈5.3 nmol/L, with no effect on CXCL12 binding to 
CXCR4),24 and a control compound, CCX704. CCX771 
inhibited proliferation of both lung- (Figure 4C) and aorta- 
(Figure  4D) derived endothelial cells. It is notable that 
no significant difference in proliferation was found when 
endothelial cells were treated with CXCR4 siRNA (Figure 
V in the online-only Data Supplement) or AMD3100, a 
CXCR4 antagonist (which has an IC50 of ≈44 nmol/L,24 
does not affect CXCL12 binding to CXCR7,10 or shows 
weak binding to CXCR7 [Ki ≈34.5 µmol/L25]; Figure VI 

in the online-only Data Supplement). Therefore, the en-
dothelial cell proliferation is CXCR7 dependent. The un-
derlying signaling pathway was then explored. Inhibition 
of Raf1, extracellular signal-regulated kinase, phospha-
tidylinositol-3-kinase, or signal transducer and activator 
of transcription 3, but not adenylate cyclase, prohibited 
the inhibitory effect of CCX771 on the endothelial cell 
proliferation (Figure  4E). CXCR7 knockdown by siRNA 
(Figure V in the online-only Data Supplement) also inhib-
ited the proliferation and exhibited similar downstream 
signaling (Figure 4F). Consistently, CCX771 treatment or 
CXCR7 knockdown reduced phosphorylation of Raf1, ex-
tracellular signal-regulated kinase, AKT, and signal trans-
ducer and activator of transcription 3 (Figure  4G–4I). 
Phosphorylated Jun N-terminal kinase and P38 were not 
changed with CXCR7 blockade (Figure VII in the online-

Figure 2. Inducible deletion of 
endothelial CXCR7 increased 
neointimal formation after endo-
thelial denudation injury.
CXCR7 mRNA expression in the 
mouse lung endothelial cells isolated 
from endothelial CXCR7 conditional 
knockout mice (cKO) and littermate 
controls (Ctl) was detected via reverse 
transcription–polymerase chain reac-
tion (A). Immunofluorescent staining 
of CXCR7 (red) and von Willebrand 
factor (vWF; green) was performed in 
arteries of cKO and Ctl after wire-de-
nudation injury (B). DAPI stains nuclei 
in blue. In cKO, neointimal formation 
(C) and ratio of intima to media (D) 
were increased, and media thickness 
was unaltered (E). Representative 
hematoxylin and eosin staining of the 
injured and uninjured arteries from 
cKO and Ctl (F). n=12 cKO and 15 Ctl. 
Bar=100 µm. *P<0.05. **P<0.01. 

Table.  Plasma Chemicals and Body Weight in Mice

 Control (n=6) cKO (n=7) P Value

Plasma glucose, mmol/L 11.3±1.22 13.0±1.46 0.376

FFA, mmol/L 1.09±0.12 1.13±0.11 0.797

Triglycerides, mmol/L 1.14±0.17 1.06±0.11 0.675

Total cholesterol, mmol/L 1.73±0.18 1.90±0.14 0.456

HDL-C, mmol/L 1.31±0.16 1.50±0.14 0.367

LDL-C, mmol/L 0.25±0.03 0.22±0.01 0.225

ALT, IU/L 27.9±2.82 29.6±3.45 0.705

Body weight, g 21.3±1.20 23.4±1.32 0.273

Data are expressed as mean±SEM. ALT indicates alanine aminotransferase; cKO, conditional knockout; FFA, free fatty 
acids; HDL-C, high-density lipoprotein cholesterol; and LDL-C, low-density lipoprotein cholesterol.
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only Data Supplement). The progrowth effect was less 
clear without the IL-1β treatment (Figure VIII in the online-
only Data Supplement). In addition, in human umbilical 
vein endothelial cells, CCX771 or siRNA knockdown of 
CXCR7 suppressed cell proliferation in the presence 
of IL-1β (Figure  4J and 4K). Similar results were also 
obtained with tumor necrosis factor-α (Figure IX in the 
online-only Data Supplement).

Hence, CXCR7 is inducible by inflammatory stimula-
tion and promotes inflammation-associated endothelial 
proliferation in vitro. This may contribute to the endothe-
lial regeneration after denudation injury, which limits the 
vascular stenotic response to injury. This observation 
led us to ask whether CXCR7 plays a role in angiogen-
esis, an endothelial regenerative process that forms new 
blood vessels in response to tissue ischemia.26

Endothelial CXCR7 Is Pivotal to Angiogenesis
Tubule formation was used to examine CXCR7 in en-
dothelial angiogenic response in vitro. CXCR7 block-
ade by siRNA significantly inhibited angiogenesis in 
human umbilical and aorta endothelial cells and in 
mouse endothelial cells (Figure  5A–5D and Figure 
VI in the online-only Data Supplement). In the mouse 
model of hind-limb ischemia, endothelial CXCR7 dele-
tion significantly attenuated blood flow recovery after 
femoral artery ligation, as examined by laser Doppler 
imaging (Figure 5E–5G). Further histology staining of 

endothelium shows a reduced vascular number in the 
ischemic gastrocnemius (Figure 5H and 5I). Therefore, 
endothelial CXCR7 plays a critical role in promoting 
ischemia-induced angiogenesis, which was previously 
thought to be mediated by the exclusive interaction of 
CXCL12 with CXCR4.27

Loss of Endothelial CXCR7 Impairs Heart 
Function After MI and Increases Mortality and 
Infarct Size With Reduced Vascular Density
Next, we investigated the function of endothelial CXCR7 
in MI (Figure 6). It is striking that compared with control 
mice, deletion of endothelial CXCR7 (cKO) significantly 
shortened survival time and reduced cumulative survival 
rate (Figure 6A). The cKO mice exhibited significantly im-
paired heart function and remodeling after MI, with no al-
terations in baseline heart characteristics (Figure 6B–6F 
and Tables I and II in the online-only Data Supplement). 
The endothelial CXCR7 deficiency in the hearts of cKO 
mice was verified by immunofluorescent staining (Fig-
ure  6G). The cKO mice showed increased infarct size 
(Figure  6H and 6I), which coincided with reduced vas-
cular density in the infarcted region (Figure 6J and 6K). 
This suggests that impaired angiogenesis may cause 
the functional defect and enhanced cardiac fibrosis. It 
is notable that despite the known effect of CXCL12 in 
cardioprotection after MI,10,11,28 endothelial CXCR7 dele-

Figure 3. Endothelial deletion of 
CXCR7 impaired re-endothelial-
ization after denudation via wire 
injury.  
Immunofluorescent staining (A, C, 
and E) and corresponding quantifi-
cation (B, D, and F) of endothelial 
cells (A; von Willebrand factor [vWF]; 
green), intimal macrophage (C; 
F4/80; red), and platelet-derived 
growth factor (PDGF)-BB expression 
(E; green) were performed with arter-
ies on day 7 after wire injury. Arrows 
denote endothelialization. Bar=100 
µm. n=10 conditional knockout (cKO) 
and 9 control (Ctl). *P<0.05.
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Figure 4. CXCR7 blockade impaired endothelial proliferation in vitro. 
Interleukin (IL)-1β (10 ng/mL) treatment increased CXCR7 mRNA (A) and protein (B) level in mouse lung endothelial cells (MLECs). 
IL-1β (10 ng/mL) promoted cell growth. Pharmacological inhibition (CCX771) or genetic deletion of CXCR7 suppressed the cell 
proliferation in both MLECs (C) and mouse aortic endothelial cells (MAECs; D). In MAECs, inhibition of Raf1, extracellular signal-
regulated kinase (ERK), phosphatidylinositol-3-kinase (PI3K), and signal transducer and activator of transcription 3 (Stat3), but 
not adenylate cyclase (AC), abolished the inhibitory effect of CCX771 (E) or CXCR7 knockdown (F) on cell proliferation. Western 
blot analysis (G) showed that phosphorylation of Raf1, ERK, AKT, and Stat3 was reduced by CCX771 (H) or CXCR7 knockdown 
(I). In human umbilical vein endothelial cells, with the stimulation of IL-1β, CCX771 (J) or CXCR7 knockdown (K) decreased cell 
proliferation. Each experiment was performed no less than 3 times. *P<0.05. **P<0.01.
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tion impaired post-MI cardiac function with paradoxically 
elevated CXCL12 levels (Figure 7).

Gain of Function of CXCR7 Affords Cardiac 
Protection After MI
To explore the role of gain of function of CXCR7 in MI, we 
constructed a recombinant adenovirus that expresses 
CXCR7 and injected the viral particles into the left ven-
tricular cavity after MI (Figure 8A–8D). Compared with 
the control vector, delivery of the adenovirus that ex-

presses CXCR7 improved heart function and reduced 
infarct size after MI (Figure 8C and 8D and Table III in the 
online-only Data Supplement).

TC14012, a CXCR7 agonist with CXCR4-antagonizing 
activity,29 dose dependently promoted endothelial cell 
proliferation in vitro (Figure  8E). TC14012 modulated 
the proliferation signaling pathways (Figure X in the on-
line-only Data Supplement) similarly to those affected by 
CXCR7 blockade (Figure 4E and 4F). It is impressive that 
TC14012 treatment significantly reduced the infarct size 
after MI (Figure 8F and 8G).

Figure 5. Endothelial deletion of 
CXCR7 attenuated angiogenesis 
and functional recovery of blood 
flow in mice that were subjected 
to hind-limb ischemia.  
Tube formation was analyzed in hu-
man umbilical vein endothelial cells 
(HUVECs; A and B) or human aorta 
endothelial cells (HAECs; C and D) 
that were pretreated with or without 
interleukin (IL)-1β for 6 hours and 
transfected with si-CXCR7 or negative 
si-RNA (si-Neg). Bar=500 μm. The 
blood flow of the mice subjected to 
hind-limb ischemia was monitored 
at indicated time points in a blinded 
manner (E). Endothelial deletion of 
CXCR7 attenuated hind-limb blood 
flow recovery (F; n=8). The moni-
tored hind-limb area was the same 
between the 2 groups (G). On day 
21 after ischemia, the vascular 
density in spatium intermusculare 
(IS) of gastrocnemius was detected 
via immunostaining of von Willebrand 
factor (H; green). DAPI (blue) stained 
the nucleus. The average vascular 
number in spatium intermusculare 
was quantified (I; n=3). Bar=50 μm in 
H. *P<0.05. **P<0.01. †P=0.053.
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Figure 6. Endothelial CXCR7 deletion in mice impaired cardiac function, reduced survival rate, and increased 
infarction size after myocardial infarction (MI).  
Survival curve (A; Kaplan-Meier method) indicates that conditional knockout (cKO) mice had reduced survival time and a greater 
cumulative death rate within 30 days after MI (n=18 cKO, 20 control [Ctl]). Mouse cardiac function was evaluated in a blinded 
study 7 days after MI surgery by an ultrasound professional. B, Representative echocardiograph from Ctl and cKO mice. Ejec-
tion fraction (EF; C), left ventricular fractional area change (FAC; D), mitral ratio of peak early to late diastolic filling velocity 
(E/A; E), and left ventricular end-diastolic anterior wall thickness (LVAWd; F) were all decreased in cKO mice (C–F: t test; n=12 
each group). Immunofluorescent staining of the infarcted heart showed endothelial expression of CXCR7 in the Ctl mice but not 
in the cKO mice (G). Masson staining of the hearts isolated 28 days after MI surgery shows enhanced infarct size in the cKO 
group (H and I; n=8 cKO, 9 Ctl). Immunostaining of endothelial cells (von Willebrand factor positive [vWF+], green; arrows show 
the representative vasculature) in the ischemic area revealed significantly reduced vascular density in cKO (J and K; n=3). 
Bar=50 µm in G and J. *P<0.05.
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DISCUSSION
Endothelial CXCR7 Regulates Vascular 
Homeostasis and Cardiac Remodeling 
Independently of Lipid Traits
This study demonstrates that CXCR7 plays a key role 
in maintaining endothelial integrity, through which it 
regulates vascular response to endothelial denudation 
injury and cardiac remodeling after MI. Loss of endo-
thelial CXCR7 promoted vascular stenosis (Figure  2), 
an effect attributable to attenuated endothelial repair 

(Figure 3). This in vivo observation is compatible with 
a direct signaling effect of CXCR7 in promoting endo-
thelial proliferation (Figure  4). Angiogenesis, an endo-
thelial cell–dependent process by which new blood ves-
sels are formed, is essential in revascularization after 
MI26 for promoting tissue regeneration after ischemic 
insult. As shown here, endothelial CXCR7 plays a criti-
cal role in ischemia-induced angiogenesis (Figure 5). It 
is important to note that loss of this signal resulted in 
functional and structural impairment in the heart after 
MI (Figure 6). Furthermore, loss of endothelial CXCR7 
modulates vascular homeostasis without altering blood 
lipids (Table), which is different from global deletion of 
CXCR7 in a hyperlipidemic mouse model.22 It is interest-
ing that genome-wide association studies of blood lipid 
levels fail to detect a signal from CXCL12 pathway30 
despite its consistent association with coronary artery 
disease and MI.1 Therefore, endothelial CXCR7 consti-
tutes a novel regulator of vascular homeostasis and 
possesses sufficient capacity to affect cardiac function 
after MI independently of lipid traits.

The function of CXCR7 in promoting endothelial cell 
proliferation and angiogenesis is particularly associat-
ed with inflammatory condition. CXCR7 is inducible by 
both IL-1β and tumor necrosis factor-α and promotes 
endothelial proliferation and angiogenesis in the pres-
ence of these inflammatory cytokines (Figures 4 and 
5 and Figures VI and IX in the online-only Data Supple-
ment). This is also consistent with our in vivo observa-
tion of hind-limb ischemia (Figure 5) and MI (Figure 6) 
in which inflammation is an intrinsic pathological com-
ponent.

Figure 7. Elevated plasma CXCL12 in mice after myo-
cardial infarction (MI).  
MI increased plasma levels of CXCL12 in both control (Ctl) 
and conditional knockout (cKO) mice. Compared with Ctl, cKO 
exhibited higher plasma CXCL12 levels before (denoted as 0) 
and after MI. SDL-1α indicates stromal cell–derived factor-1α. 
*P<0.05 vs Ctl. †P<0.05 vs 0 in cKO. ‡P<0.05 vs 0 in Ctl.

Figure 8. Adenoviral delivery of 
CXCR7 gene or pharmacological 
CXCR7 activation protected adverse 
cardiac remodeling after myocardial 
infarction (MI).  
Recombinant adenovirus expressing CXCR7 
(Ad-CXCR7) was constructed, and the 
expression of CXCR7 protein was verified in 
293T cell lines (A). Mice were injected via 
the left ventricle (LV) with adenovirus nega-
tive for CXCR7 (Ad-Neg) or Ad-CXCR7, and 
tissue expression of CXCR7 was examined 
(B; bar=50 μm). Infarct size was decreased 
in mice injected with Ad-CXCR7 (C and D; 
n=10 Ad-Neg, 11 Ad-CXCR7). TC14012, a 
CXCR7 agonist, promoted the proliferation 
of mouse aortic endothelial cells that were 
treated with interleukin-1β (E). Post-MI treat-
ment of TC14012 reduced the infarct size 
in mice (F and G; n=6 saline, 7 TC14012). 
*P<0.05.
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CXCR7 in Post-MI Remodeling: Beyond the 
CXCL12-CXCR4 Axis
It is known that CXCL12-CXCR4 axis promotes myo-
cyte survival and angiogenesis, and clinical delivery of 
CXCL12 represents a promising strategy for treating 
ischemic heart disease.7,8,27,28 The function of CXCL12 
has been thought to be mediated via its exclusive part-
ner, CXCR4. In this study, endothelium-restricted deletion 
of CXCR7, the second receptor for CXCL12 that was 
most recently deorphanized, impaired post-MI heart func-
tion and increased cardiovascular mortality and infarct 
size, coinciding with suppressed vascular density in the 
ischemic region. More impressive is that these changes 
occurred with elevated CXCL12 levels (Figure 7), which, 
presumably, allows enhanced availability to CXCR4. 
Hence, the proangiogenic and cardiac protective effect 
of endogenous CXCL12-CXCR4 axis in MI appears to be 
superimposed by the loss of endothelial CXCR7. Actu-
ally, previous studies show a complex picture of the role 
of CXCR4 in the cardiac function after MI. Hypomorphic 
mutation of CXCR4 (CXCR4+/−) reduced infarct size and 
angiogenesis after MI without changing postinfarction 
systolic dysfunction, which was associated with higher 
levels of cardiomyocyte-protective phosphatidylserine in 
the infarcted heart.9 Tissue-specific disruption of CXCR4 
in cardiomyocytes did not affect cardiac remodeling or 
vascular density after MI.31 Our data indicate that CXCR7 
is essential during the functional recovery of heart after 
MI (Figure 6), likely through its role in promoting inflam-
mation/injury–stimulated endothelial proliferation and 
ischemia-induced angiogenic response (Figures 4 and 5).

Another intriguing explanation might be that CXCR7 
deletion abrogates a function of CXCR4/CXCR7 heterodi-
mer on the endothelium, as inferred from an in vitro over-
expression system.32 Nevertheless, CXCR7 knockdown 
inhibited endothelial cell proliferation and angiogenesis 
without affecting CXCR4-dependent calcium release 
or migration (Figure VI in the online-only Data Supple-
ment). These data clearly demonstrate a distinctive role 
of CXCR7 in the examined endothelial cell function, al-
though the current evidence cannot rule out possibilities 
of a direct functional interaction between CXCR7 and 
CXCR4 under other conditions. Further studies indicate 
that β-arrestin2 is required in transducing CXCR7 signal 
inside endothelial cells, which may activate proliferation 
pathways (Figure 4 and Figures VI and XI in the online-
only Data Supplement).

Conclusions
Endothelial CXCR7 regulates vascular homeostasis, 
which limits pathological vascular response to endothe-
lial injury and affords cardiac protection after MI. This is 
mechanistically attributable to a direct signaling effect of 
CXCR7 in promoting endothelial proliferation and angio-

genesis. This discovery provides a new dimension toward 
understanding of the causality issues among CXCL12 ge-
netic locus, plasma levels, and cardiovascular risk.33–35 
The function of endothelial CXCR7 is schematically sum-
marized in Figure XII in the online-only Data Supplement. 
CXCR7 activation/overexpression may be a new thera-
peutic strategy for clinical restenosis after percutaneous 
coronary intervention and for heart failure after MI.

ACKNOWLEDGMENTS
The authors thank Hao Li for the heart function assessment 
using ultrasound, Yang Wang for the statistical analysis, and 
Jian Meng and Zhenyu Xu for histological evaluation (all from 
Fuwai Hospital, National Center for Cardiovascular Diseases, 
China). The authors are grateful to Lianfeng Chen from the Pe-
king Union Medical College Hospital for help with isolating the 
aortic endothelial cells. Also, the authors thank Mark Penfold, 
Rob Berahovich, James Campbell, and Shichang Miao from 
ChemoCentryx, Inc, for supplying the research materials and 
for reviewing the manuscript.

SOURCES OF FUNDING
This work was supported by the National Natural Science Foun-
dation of China (81370222 and 81570269), Chinese Acad-
emy of Medical Sciences Innovation Fund for Medical Sciences 
(2016-I2M-1-006 and 2016-I2M-1-003), a research award from 
the National 1000-Talent Plan of China, and research funds 
from Fuwai Hospital, Peking Union Medical College, and Chi-
nese Academy of Medical Sciences.

DISCLOSURES
None.

AFFILIATIONS
From State Key Laboratory of Cardiovascular Disease (H.H., 
Sheng Hu, D.B., L.Z., C.X., F.C., X.H., Shengshou Hu, M.W.), 
Animal Experimental Center (Y.T.), Department of Cardiovascu-
lar Surgery (X.S., Shengshou Hu), and Clinical Pharmacology 
Center (M.W.), Fuwai Hospital, National Center for Cardiovas-
cular Diseases, Chinese Academy of Medical Sciences and 
Peking Union Medical College, Beijing, China; Department 
of Pharmacology, Shihezi University, Shihezi, Xinjiang, China 
(C.X.); Faculty of Pharmacy, Bengbu Medical College, Bengbu, 
Anhui, China (F.C.); Ansary Stem Cell Institute and Department 
of Genetic Medicine, Weill Cornell Medicine, New York, NY 
(B.D.); and State Key Laboratory of Medical Molecular Biol-
ogy, Institute of Basic Medical Sciences, Chinese Academy of 
Medical Sciences and Peking Union Medical College, Beijing, 
China (D.L.).

FOOTNOTES
Received April 18, 2016; accepted January 24, 2017.



EC CXCR7 in Vascular Response to Injury and MI

ORIGINAL RESEARCH 
ARTICLE

Circulation. 2017;135:1253–1264. DOI: 10.1161/CIRCULATIONAHA.116.023027� March 28, 2017 1263

The online-only Data Supplement is available with this arti-
cle at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/
CIRCULATIONAHA.116.023027/-/DC1.

Circulation is available at http://circ.ahajournals.org.

REFERENCES
	 1.	 CARDIoGRAMplusC4D Consortium. Large-scale association analy-

sis identifies new risk loci for coronary artery disease. Nat Genet. 
2013;45:25–33.

	 2.	 Schober A, Knarren S, Lietz M, Lin EA, Weber C. Crucial role of stromal 
cell-derived factor-1alpha in neointima formation after vascular inju-
ry in apolipoprotein E-deficient mice. Circulation. 2003;108:2491–
2497. doi: 10.1161/01.CIR.0000099508.76665.9A.

	 3.	 Zernecke A, Schober A, Bot I, von Hundelshausen P, Liehn EA, Möpps 
B, Mericskay M, Gierschik P, Biessen EA, Weber C. SDF-1alpha/
CXCR4 axis is instrumental in neointimal hyperplasia and recruit-
ment of smooth muscle progenitor cells. Circ Res. 2005;96:784–
791. doi: 10.1161/01.RES.0000162100.52009.38.

	 4.	 Noels H, Zhou B, Tilstam PV, Theelen W, Li X, Pawig L, Schmitz 
C, Akhtar S, Simsekyilmaz S, Shagdarsuren E, Schober A, Adams 
RH, Bernhagen J, Liehn EA, Döring Y, Weber C. Deficiency of en-
dothelial CXCR4 reduces reendothelialization and enhances neo-
intimal hyperplasia after vascular injury in atherosclerosis-prone 
mice. Arterioscler Thromb Vasc Biol. 2014;34:1209–1220. doi: 
10.1161/ATVBAHA.113.302878.

	 5.	 Hamesch K, Subramanian P, Li X, Dembowsky K, Chevalier E, 
Weber C, Schober A. The CXCR4 antagonist POL5551 is equally 
effective as sirolimus in reducing neointima formation without im-
pairing re-endothelialisation. Thromb Haemost. 2012;107:356–
368. doi: 10.1160/TH11-07-0453.

	 6.	 Zernecke A, Bot I, Djalali-Talab Y, Shagdarsuren E, Bidzhekov K, 
Meiler S, Krohn R, Schober A, Sperandio M, Soehnlein O, Borne-
mann J, Tacke F, Biessen EA, Weber C. Protective role of CXC 
receptor 4/CXC ligand 12 unveils the importance of neutrophils 
in atherosclerosis. Circ Res. 2008;102:209–217. doi: 10.1161/
CIRCRESAHA.107.160697.

	 7.	 Hu X, Dai S, Wu WJ, Tan W, Zhu X, Mu J, Guo Y, Bolli R, Rokosh G. 
Stromal cell derived factor-1 alpha confers protection against myo-
cardial ischemia/reperfusion injury: role of the cardiac stromal cell 
derived factor-1 alpha CXCR4 axis. Circulation. 2007;116:654–
663. doi: 10.1161/CIRCULATIONAHA.106.672451.

	 8.	 Saxena A, Fish JE, White MD, Yu S, Smyth JW, Shaw RM, DiMaio 
JM, Srivastava D. Stromal cell-derived factor-1alpha is cardiopro-
tective after myocardial infarction. Circulation. 2008;117:2224–
2231. doi: 10.1161/CIRCULATIONAHA.107.694992.

	 9.	 Liehn EA, Tuchscheerer N, Kanzler I, Drechsler M, Fraemohs L, 
Schuh A, Koenen RR, Zander S, Soehnlein O, Hristov M, Grigore-
scu G, Urs AO, Leabu M, Bucur I, Merx MW, Zernecke A, Ehling 
J, Gremse F, Lammers T, Kiessling F, Bernhagen J, Schober A, 
Weber C. Double-edged role of the CXCL12/CXCR4 axis in experi-
mental myocardial infarction. J Am Coll Cardiol. 2011;58:2415–
2423. doi: 10.1016/j.jacc.2011.08.033.

	10.	 Burns JM, Summers BC, Wang Y, Melikian A, Berahovich R, Miao 
Z, Penfold ME, Sunshine MJ, Littman DR, Kuo CJ, Wei K, McMaster 
BE, Wright K, Howard MC, Schall TJ. A novel chemokine recep-
tor for SDF-1 and I-TAC involved in cell survival, cell adhesion, 
and tumor development. J Exp Med. 2006;203:2201–2213. doi: 
10.1084/jem.20052144.

	11.	 Naumann U, Cameroni E, Pruenster M, Mahabaleshwar H, Raz E, 
Zerwes HG, Rot A, Thelen M. CXCR7 functions as a scavenger for 
CXCL12 and CXCL11. PLoS One. 2010;5:e9175. doi: 10.1371/
journal.pone.0009175.

	12.	 Boldajipour B, Mahabaleshwar H, Kardash E, Reichman-Fried 
M, Blaser H, Minina S, Wilson D, Xu Q, Raz E. Control of che-

mokine-guided cell migration by ligand sequestration. Cell. 
2008;132:463–473. doi: 10.1016/j.cell.2007.12.034.

	13.	 Rajagopal S, Kim J, Ahn S, Craig S, Lam CM, Gerard NP, Gerard 
C, Lefkowitz RJ. Beta-arrestin- but not G protein-mediated signal-
ing by the “decoy” receptor CXCR7. Proc Natl Acad Sci U S A. 
2010;107:628–632. doi: 10.1073/pnas.0912852107.

	14.	 Miao Z, Luker KE, Summers BC, Berahovich R, Bhojani MS, Re-
hemtulla A, Kleer CG, Essner JJ, Nasevicius A, Luker GD, Howard 
MC, Schall TJ. CXCR7 (RDC1) promotes breast and lung tumor 
growth in vivo and is expressed on tumor-associated vascula-
ture. Proc Natl Acad Sci U S A. 2007;104:15735–15740. doi: 
10.1073/pnas.0610444104.

	15.	 Wang J, Shiozawa Y, Wang J, Wang Y, Jung Y, Pienta KJ, Mehra 
R, Loberg R, Taichman RS. The role of CXCR7/RDC1 as a chemo-
kine receptor for CXCL12/SDF-1 in prostate cancer. J Biol Chem. 
2008;283:4283–4294. doi: 10.1074/jbc.M707465200.

	16.	 Salazar N, Muñoz D, Kallifatidis G, Singh RK, Jordà M, Lokeshwar 
BL. The chemokine receptor CXCR7 interacts with EGFR to pro-
mote breast cancer cell proliferation. Mol Cancer. 2014;13:198. 
doi: 10.1186/1476-4598-13-198.

	17.	 Cao Z, Lis R, Ginsberg M, Chavez D, Shido K, Rabbany SY, Fong 
GH, Sakmar TP, Rafii S, Ding BS. Targeting of the pulmonary 
capillary vascular niche promotes lung alveolar repair and ame-
liorates fibrosis. Nat Med. 2016;22:154–162. doi: 10.1038/
nm.4035.

	18.	 Shimizu S, Brown M, Sengupta R, Penfold ME, Meucci O. 
CXCR7 protein expression in human adult brain and differenti-
ated neurons. PLoS One. 2011;6:e20680. doi: 10.1371/journal.
pone.0020680.

	19.	 Liu S, Jia X, Li C, Han X, Yan W, Xing Y. CXCR7 silencing attenu-
ates cell adaptive response to stromal cell derived factor 1α af-
ter hypoxia. PLoS One. 2013;8:e55290. doi: 10.1371/journal.
pone.0055290.

	20.	 Berahovich RD, Zabel BA, Penfold ME, Lewén S, Wang Y, Miao Z, 
Gan L, Pereda J, Dias J, Slukvin II, McGrath KE, Jaen JC, Schall 
TJ. CXCR7 protein is not expressed on human or mouse leuko-
cytes. J Immunol. 2010;185:5130–5139. doi: 10.4049/jimmu-
nol.1001660.

	21.	 Sierro F, Biben C, Martínez-Muñoz L, Mellado M, Ransohoff RM, Li 
M, Woehl B, Leung H, Groom J, Batten M, Harvey RP, Martínez-A 
C, Mackay CR, Mackay F. Disrupted cardiac development but nor-
mal hematopoiesis in mice deficient in the second CXCL12/SDF-1 
receptor, CXCR7. Proc Natl Acad Sci U S A. 2007;104:14759–
14764. doi: 10.1073/pnas.0702229104.

	22.	 Li X, Zhu M, Penfold ME, Koenen RR, Thiemann A, Heyll K, Akhtar 
S, Koyadan S, Wu Z, Gremse F, Kiessling F, van Zandvoort M, 
Schall TJ, Weber C, Schober A. Activation of CXCR7 limits athero-
sclerosis and improves hyperlipidemia by increasing cholesterol 
uptake in adipose tissue. Circulation. 2014;129:1244–1253. doi: 
10.1161/CIRCULATIONAHA.113.006840.

	23.	 Wang M, Ihida-Stansbury K, Kothapalli D, Tamby MC, Yu Z, Chen 
L, Grant G, Cheng Y, Lawson JA, Assoian RK, Jones PL, Fitzger-
ald GA. Microsomal prostaglandin e2 synthase-1 modulates the 
response to vascular injury. Circulation. 2011;123:631–639. doi: 
10.1161/CIRCULATIONAHA.110.973685.

	24.	 Zabel BA, Wang Y, Lewén S, Berahovich RD, Penfold ME, Zhang 
P, Powers J, Summers BC, Miao Z, Zhao B, Jalili A, Janowska-
Wieczorek A, Jaen JC, Schall TJ. Elucidation of CXCR7-mediat-
ed signaling events and inhibition of CXCR4-mediated tumor 
cell transendothelial migration by CXCR7 ligands. J Immunol. 
2009;183:3204–3211. doi: 10.4049/jimmunol.0900269.

	25.	 Kalatskaya I, Berchiche YA, Gravel S, Limberg BJ, Rosenbaum JS, 
Heveker N. AMD3100 is a CXCR7 ligand with allosteric agonist 
properties. Mol Pharmacol. 2009;75:1240–1247. doi: 10.1124/
mol.108.053389.

	26.	 Carmeliet P. Angiogenesis in life, disease and medicine. Nature. 
2005;438:932–936. doi: 10.1038/nature04478.



Hao et al

March 28, 2017� Circulation. 2017;135:1253–1264. DOI: 10.1161/CIRCULATIONAHA.116.0230271264

	27.	 Petit I, Jin D, Rafii S. The SDF-1-CXCR4 signaling pathway: a 
molecular hub modulating neo-angiogenesis. Trends Immunol. 
2007;28:299–307. doi: 10.1016/j.it.2007.05.007.

	28.	 Penn MS, Mendelsohn FO, Schaer GL, Sherman W, Farr M, Pas-
tore J, Rouy D, Clemens R, Aras R, Losordo DW. An open-label 
dose escalation study to evaluate the safety of administration of 
nonviral stromal cell-derived factor-1 plasmid to treat symptom-
atic ischemic heart failure. Circ Res. 2013;112:816–825. doi: 
10.1161/CIRCRESAHA.111.300440.

	29.	 Gravel S, Malouf C, Boulais PE, Berchiche YA, Oishi S, Fujii N, 
Leduc R, Sinnett D, Heveker N. The peptidomimetic CXCR4 antag-
onist TC14012 recruits beta-arrestin to CXCR7: roles of receptor 
domains. J Biol Chem. 2010;285:37939–37943. doi: 10.1074/
jbc.C110.147470.

	30.	 Global Lipids Genetics Consortium. Discovery and refinement of 
loci associated with lipid levels. Nat Genet. 2013;45:1274–1283.

	31.	 Agarwal U, Ghalayini W, Dong F, Weber K, Zou YR, Rabbany SY, 
Rafii S, Penn MS. Role of cardiac myocyte CXCR4 expression in 
development and left ventricular remodeling after acute myocar-
dial infarction. Circ Res. 2010;107:667–676. doi: 10.1161/CIR-
CRESAHA.110.223289.

	32.	 Levoye A, Balabanian K, Baleux F, Bachelerie F, Lagane B. CXCR7 
heterodimerizes with CXCR4 and regulates CXCL12-mediated G 
protein signaling. Blood. 2009;113:6085–6093. doi: 10.1182/
blood-2008-12-196618.

	33.	 Mehta NN, Matthews GJ, Krishnamoorthy P, Shah R, McLaughlin 
C, Patel P, Budoff M, Chen J, Wolman M, Go A, He J, Kanetsky 
PA, Master SR, Rader DJ, Raj D, Gadegbeku CA, Shah R, Sch-
reiber M, Fischer MJ, Townsend RR, Kusek J, Feldman HI, Foulkes 
AS, Reilly MP; Chronic Renal Insufficiency Cohort (CRIC) Study 
Investigators. Higher plasma CXCL12 levels predict incident myo-
cardial infarction and death in chronic kidney disease: findings 
from the Chronic Renal Insufficiency Cohort study. Eur Heart J. 
2014;35:2115–2122. doi: 10.1093/eurheartj/eht481.

	34.	 Subramanian S, Liu C, Aviv A, Ho JE, Courchesne P, Muntendam 
P, Larson MG, Cheng S, Wang TJ, Mehta NN, Levy D. Stromal 
cell-derived factor 1 as a biomarker of heart failure and mortality 
risk. Arterioscler Thromb Vasc Biol. 2014;34:2100–2105. doi: 
10.1161/ATVBAHA.114.303579.

	35.	 Rader DJ. Human genetics of atherothrombotic disease and its 
risk factors. Arterioscler Thromb Vasc Biol. 2015;35:741–747. 
doi: 10.1161/ATVBAHA.115.305492.




