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ORIGINAL RESEARCH

MFG-E8 Regulates Vascular Smooth 
Muscle Cell Migration Through 
Dose-Dependent Mediation of Actin 
Polymerization
Hou-Yu Chiang , PhD*; Pao-Hsien Chu , MD, PhD*; Shao-Chi Chen, MS; Ting-Hein Lee , PhD

BACKGROUND: Migration of vascular smooth muscle cells (VSMCs) is the main contributor to neointimal formation. The Arp2/3 
(actin-related proteins 2 and 3) complex activates actin polymerization and is involved in lamellipodia formation during VSMC 
migration. Milk fat globule-epidermal growth factor 8 (MFG-E8) is a glycoprotein expressed in VSMCs. We hypothesized that 
MFG-E8 regulates VSMC migration through modulation of Arp2/3-mediated actin polymerization.

METHODS AND RESULTS: To determine whether MFG-E8 is essential for VSMC migration, a model of neointimal hyperplasia was 
induced in the common carotid artery of wild-type and MFG-E8 knockout mice, and the extent of neointimal formation was 
evaluated. Genetic deletion of MFG-E8 in mice attenuated injury-induced neointimal hyperplasia. Cultured VSMCs deficient 
in MFG-E8 exhibited decreased cell migration. Immunofluorescence and immunoblotting revealed decreased Arp2 but not 
Arp3 expression in the common carotid arteries and VSMCs deficient in MFG-E8. Exogenous administration of recombinant 
MFG-E8 biphasically and dose-dependently regulated the cultured VSMCs. At a low concentration, MFG-E8 upregulated 
Arp2 expression. By contrast, MFG-E8 at a high concentration reduced the Arp2 level and significantly attenuated actin 
assembly. Arp2 upregulation mediated by low-dose MFG-E8 was abolished by treating cultured VSMCs with β1 integrin 
function-blocking antibody and Rac1 inhibitors. Moreover, treatment of the artery with a high dose of recombinant MFG-E8 
diminished injury-induced neointimal hyperplasia and reduced VSMC migration.

CONCLUSIONS: MFG-E8 plays a critical role in VSMC migration through dose-dependent regulation of Arp2-mediated actin 
polymerization. These findings suggest that high doses of MFG-E8 may have therapeutic potential for treating vascular oc-
clusive diseases.
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Vascular smooth muscle cells (VSMCs) are the 
major component of arterial walls and play cru-
cial physiological and pathophysiological roles in 

blood vessels. Differentiated VSMCs proliferate slowly 
and exhibit a unique ability to contract.1 Unlike other 
fully differentiated skeletal or cardiac muscle cells, 
VSMCs retain their plasticity after differentiation and 
switch their phenotype from contractile to synthetic. 

In addition, they exhibit decreased contractility and 
increased proliferation and migration in response to 
vascular injury.2 The migration of VSMCs from the 
media to intima is a critical event that leads to the de-
velopment of neointimal hyperplasia.3 The formation of 
lamellipodia at the leading edge of the migrating cells is 
driven by actin polymerization.4 The actin-related pro-
teins 2 and 3 (Arp2/3) complex, an actin nucleator, is 
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composed of 2 actin-related proteins, Arp2 and Arp3, 
and 5 other subunits, which are respectively named 
actin-related protein complex 1 to 5.5–7 The Arp2/3 
complex binds to the sides of the existing actin mother 
filaments and catalyzes filamentous actin (F-actin) 
assembly from globular actin (G-actin) in a branched 
manner.5–8 Studies have revealed that the Arp2/3 
complex translocates to the leading edge of motile 
VSMCs and facilitates actin assembly in protruding 
lamellipodia.9–12 Milk fat globule-epidermal growth fac-
tor 8 (MFG-E8) is a secreted, integrin-binding glyco-
protein with multifunctional domains.13,14 In healthy and 

diseased vessels, MFG-E8 is expressed by endothe-
lial cells, VSMCs, and macrophages.15–17 The ability of 
MFG-E8 to facilitate the clearance of apoptotic cells in 
the vascular system has been well characterized.16,18 
Recently, its pathogenic role in VSMCs has also been 
revealed.15,19–21 The level of MFG-E8 is elevated in the 
serum and arteries of elderly people22 and has been 
identified as a biomarker for arterial aging.23 Several 
lines of evidence have demonstrated that MFG-E8 
contributes to intima–media thickening of the arterial 
wall by promoting VSMC proliferation and migration in 
aged arteries.17,24 Our previous study further proved 
that MFG-E8 upregulation in vessels promotes arterial 
aging by facilitating the proinflammatory phenotypic 
shift of aged VSMCs, thus rendering the VSMCs prone 
to proliferate and migrate.25 However, whether MFG-
E8 regulates actin dynamics in VSMC migration has 
not been explored. Evidence has shown that MFG-
E8 treatment triggers the reorganization of F-actin in 
migrating intestinal epithelial cells,26 suggesting the 
involvement of Arp2/3-mediated actin dynamics in 
MFG-E8–regulated VSMC migration.

Herein, we report that MFG-E8 is an essential medi-
ator of VSMC migration and modulates VSMC migration 
by regulating Arp2-mediated actin polymerization in a 
biphasic, dose-dependent manner. We demonstrated 
that at low concentrations, MFG-E8 upregulates Arp2 
in VSMCs; by contrast, at high concentrations, MFG-
E8 downregulates Arp2 and functionally reduces the 
degree of actin polymerization and VSMC migration. 
Moreover, we revealed that β1 integrin and Rac1, the 
small GTPase, are involved in MFG-E8–mediated Arp2 
expression.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Complete Common Carotid Ligation
In the experiment, 6- to 8-week-old male and female 
wild-type (WT) and MFG-E8 knockout mice (Riken 
BioResource Center, Japan)27 backcrossed to the 
FVB/NJ background (Figure  S1) were subjected to 
complete common carotid ligation on the left side. The 
animals were anesthetized through inhalation of 2% 
isoflurane throughout the procedure. The left common 
carotid artery (CCA) was exposed, separated from 
the surrounding connective tissue, and completely li-
gated using a 6-0 silk suture proximal to the carotid 
bifurcation.28–30 In some WT mice, pluronic gel with 
recombinant MFG-E8 (rMFG-E8, R&D) was adminis-
tered periadventitially to the carotid artery immediately 
after complete carotid artery ligation.25,28,29 All animal 

CLINICAL PERSPECTIVE

What Is New?
•	 Milk fat globule-epidermal growth factor 8 

(MFG-E8) plays a role in neointimal hyperplasia 
in response to vascular injury by promoting the 
proliferation and migration of vascular smooth 
muscle cells.

•	 The effect of MFG-E8 regulation on vascular 
smooth muscle cell migration is defined for 
the first time through dose-dependent regula-
tion of actin-related protein 2–mediated actin 
polymerization.

•	 Periadventitial delivery of high-dose recombi-
nant MFG-E8 into mouse vessels attenuated 
ligation-induced neointimal hyperplasia by limit-
ing vascular smooth muscle cell migration.

What Are the Clinical Implications?
•	 High-dose MFG-E8 may be a therapeutic strat-

egy for the treatment of vascular occlusive 
diseases.

Nonstandard Abbreviations and Acronyms

Arp	 actin-related protein
CCA	 common carotid artery
Del-1	 developmental endothelial locus-1
EGF	 epidermal growth factor
ERK	 extracellular signal-regulated kinas
F-actin	 filamentous actin
FAK	 focal adhesion kinase
G-actin	 globular actin
MFG-E8	 milk fat globule-epidermal growth 

factor 8
rMFG-E8	 recombinant milk fat globule-

epidermal growth factor 8
VSMC	 vascular smooth muscle cell
WT	 wild-type
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procedures were approved by the Institutional Animal 
Care and Use Committee of Chang Gung University 
(approval number: CGU12-131) and were conducted in 
accordance with the Institutional Guidelines for Animal 
Research.

Polymerase Chain Reaction Genotyping
The mice were properly anesthetized with isoflurane 
(2%) before tail-snipping for genomic DNA isola-
tion. Briefly, sequences of polymerase chain reaction 
primers and a polymerase chain reaction protocol 
for genotyping MFG-E8 knockout mice were pro-
vided by Riken BioResource Center. A sense primer 
(5′-GTGAACCTTCTGCGGAAGAT-3′) and an anti-
sense primer (5′-GGGCATAAACTCCAGCTCAC-3′) 
were used for the WT MFG-E8 allele. For the 
knockout allele, a phosphoglycerate kinase primer 
(5′-CGTGGGATCATTGTTTTTCT-3′) and an antisense 
primer (5′-GGGCATAAACTCCAGCTCAC-3′) were 
employed.

Tissue Collection and Morphometric 
Analysis
The mice were euthanized 10 and 21 days after surgery 
by overdose through inhalation of isoflurane followed 
by transcardial perfusion with 10% formalin. Formalin-
fixed CCAs harvested from the mice were embedded 
in paraffin and cut into 5-μm–thick sections. Sections 
located at 200-μm intervals within the first millimeter 
proximal to the ligature were selected for Verhoeff–van 
Gieson elastic staining. Then, the intimal area, medial 
area, and area within the external elastic lamina were 
analyzed with Image-Pro Plus (Media Cybernetics) as 
described in the literature.28,31

Immunohistochemistry and Quantitative 
Analysis
For each mouse, 3 sections located at 200-μm in-
tervals within the first millimeter proximal to the 
ligature were selected for immunohistochemistry 
analysis. Sections were incubated with the anti-
bodies anti–MFG-E8 (R&D systems), anti–Ki-67 
(Abcam), anti-activated β1 integrin (1:1000, Merck 
Millipore), and anti–Rac1-GTP antibody32 (1:1000, 
New East Biosciences). Subsequently, the sections 
were incubated with appropriate biotinylated sec-
ondary antibodies, and followed by analysis using 
an avidin–biotin immunoperoxidase system (Vector 
Laboratories). A liquid diaminobenzidine substrate 
chromogen system (Dako) was used for detection. 
To evaluate proliferating cells, digital images of the 
paraffin sections were captured, and the ratio of Ki-
67(+) cells to total cells or the number of Ki-67(+) cells 
per square micrometer was determined. To assess 

the MFG-E8, activated β1 integrin, and activated 
Rac1-GTP levels, the average optical density in the 
intima–media area in each section was measured 
using Image-Pro Plus (Media Cybernetics).

Cell Culture and Treatment
Rat aortic smooth muscle cells were obtained from 
Cell Applications, and A10 VSMCs were acquired from 
Bioresource Collection and Research Center. Rat aortic 
smooth muscle and A10 cells were grown in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 
10% fetal bovine serum. All cells were cultured under 
standard conditions (5% CO2 in air in a humidified envi-
ronment at 37°C). For MFG-E8 silencing, small interfer-
ing RNAs (siRNAs; GE Healthcare Dharmacon) were 
delivered to rat aortic smooth muscle and A10 cells. 
For primary culture of VSMCs, mouse VSMCs were 
enzymatically isolated from the aortas of WT mice as 
described in our previous study.25 For MFG-E8 dose 
experiments, primary VSMCs and A10 cells were incu-
bated with various doses of rMFG-E8 for the indicated 
periods. For the integrin function-blocking assay, the 
A10 cells were incubated with either 50 μg/mL β1 in-
hibitory antibody (Ha2/5; BD Pharmingen) or isotype 
control for 4 hours before treatment with various doses 
of MFG-E8 for the indicated periods. For the Rac1 inhi-
bition assay, NSC23766 (200 μM, Tocris Bioscience), a 
Rac1 inhibitor,33 was added to the serum-free medium 
16 hours before incubation with various doses of MFG-
E8 for the indicated periods.

Immunofluorescence Analysis and 
Confocal Microscopy
To determine the expression of Arp2 and Arp3 in the 
mouse CCAs, the paraffinized sections within the 
first millimeter proximal to the ligature were deparaffi-
nized, permeabilized with 0.1% Triton-X 100 in PBS 
for 10 minutes, blocked with 5% normal goat serum 
in 0.1% Triton-X 100 in PBS, and incubated with pri-
mary antibodies against Arp2 and Arp3 (1:200, Cell 
Signaling) overnight at 4°C; this was followed by an ad-
ditional incubation with Alexa Fluor 594–conjugated 
secondary antibodies (1:100, Thermo Fisher 
Invitrogen) for 1 hour at room temperature. VSMCs 
derived from the aortas of WT mice were washed 
in warm PBS and fixed in 1.75% paraformaldehyde 
for 15 minutes after various treatments. After block-
ing, the cells were incubated with primary antibodies 
against Arp2 and Arp3, followed by incubation with 
the appropriate secondary antibodies. Cells were co-
incubated with Alexa Fluor 488–conjugated phalloidin 
(1:200, Thermo Fisher Invitrogen). To assess F-actin 
assembly, A10 VSMCs were incubated for 1 hour at 
room temperature with Alexa Fluor 488–conjugated 
phalloidin (1:200, Thermo Fisher Invitrogen) or Alexa 
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Fluor 594–conjugated deoxyribonuclease (DNase 
I, 1:100, Thermo Fisher Invitrogen). To evaluate the 
activation state of β1 integrin, A10 VSMCs were in-
cubated with primary antibodies against activated 
β1 integrin (1:100, Merck Millipore) and focal adhe-
sion kinase (FAK, 1:100, Cell Signaling) overnight at 
4°C, followed by incubation with the appropriate sec-
ondary antibodies (1:100, Thermo Fisher Invitrogen). 
Confocal images were captured using a Zeiss LSM 
780 confocal scanning microscope.

Quantification of Fluorescence Intensity
To quantitate the expression of Arp2 and Arp3 in 
CCAs, fluorescence images of CCAs derived from 
WT and MFG-E8 knockout mice were captured with 
a 20× objective and transformed into grayscale im-
ages. The mean fluorescence intensities of Arp2 and 
Arp3 were analyzed using Image-Pro Plus (Media 
Cybernetics). The VSMCs were subjected to quan-
titative analysis of fluorescence intensity for Arp2, 
Arp3, activated β1 integrin, phalloidin, and DNase I. 
Digital color images were captured using a 100× ob-
jective and transformed into grayscale images. Three 
independent experiments were performed. In a rep-
resentative experiment, several fields of view of equal 
size per treatment were randomly selected, and the 
mean fluorescence intensities of Arp2, Arp3, acti-
vated β1 integrin, F-actin, and G-actin were analyzed 
using the Image-Pro Plus.

Transwell Migration Assay
A10 cells were cultured in growth medium until 70% 
to 80% confluence was achieved. Then, the cells 
were treated overnight with various doses of rMFG-
E8, followed by serum starvation for 24 hours. The 
cells were subsequently trypsinized, and 3000 cells 
were seeded onto the upper chamber of transwells 
with a pore size of 8 μm in 24-well plates (Corning). A 
total of 800 µL of PBS or platelet-derived growth fac-
tor-BB (10 ng/mL) was added into DMEM in the lower 
chamber to induce VSMC migration. After 6 hours of 
incubation, the VSMCs that migrated into the lower 
chambers were stained with calcein-AM (Sigma-
Aldrich), and the fluorescence intensity of calcein-AM 
was determined using a SpectraMax M5 microplate 
reader (Molecular Devices) set at 485/535 (excitation/
emission).

Immunoblotting
The siRNA-transfected and rMFG-E8–treated 
cells were homogenized in 1× Laemmli sam-
ple buffer (Sigma-Aldrich). Carotid arteries from 
MFG-E8 knockout and WT mice were pooled and 
homogenized with cold lysis buffer (50  mM Tris-
HCl, pH 7.5, 150  mM NaCl, 1% NP-40, and 5  mM 

ethylenediaminetetraacetic acid) supplemented with 
protease inhibitor cocktail (Sigma-Aldrich). Cell and 
tissue lysates were electrophoresed on sodium do-
decyl sulfate–polyacrylamide gel electrophoresis 
gels under reducing conditions and then transferred 
onto nitrocellulose membranes. Primary antibodies 
of Arp2 and Arp3 (Cell Signaling), MFG-E8 (R&D), 
and GAPDH or α-tubulin (Sigma-Aldrich) were em-
ployed for immunoblot analyses, as previously de-
scribed.28,34 Quantitative analysis was performed 
through densitometry by using ImageJ (National 
Institutes of Health).

Rac1 G-LISA Assay
Rac1 activation in A10 VSMCs was determined using 
the G-LISA Rac1-activation assay (Cytoskeleton). 
A10 cells were starved and then treated with vari-
ous doses of MFG-E8 for 16 hours in the presence 
or absence of β1 integrin function-blocking antibody. 
Subsequently, the cells were washed with ice-cold 
PBS and extracted with lysis buffer. After collection 
of protein lysates, the activated GTP-bound Rac1 
was analyzed following standard procedures of the 
manufacturer. Bound active Rac1 was detected using 
a specific antibody, and the absorbance at 490 nm 
was quantified using a microplate reader (Molecular 
Device).

Statistical Analysis
After normality and equal variance tests, appropri-
ate statistical analyses were performed, the results of 
which are indicated in the legend of each figure. For 
animal studies, data are presented as mean±SEM. 
For in vitro experiments, data are presented as 
mean±SD and are representative of at least 3 in-
dependent experiments. Data were analyzed using 
Student t test or 1-way ANOVA and a post hoc test 
by using GraphPad Prism (GraphPad). For some 
experiments, the nonparametric Mann–Whitney U 
test was conducted when the normality test yielded 
negative results. Results with a P value of >.05 were 
considered nonsignificant.

RESULTS
Genetic Deletion of MFG-E8 Attenuates 
Neointimal Formation by Reducing Intimal 
and Medial Cell Growth and VSMC 
Migration
Studies have shown that MFG-E8 is expressed by 
VSMCs and promotes VSMC proliferation and migra-
tion in aged aortas,17,24 indicating that MFG-E8 may 
participate in neointimal hyperplasia in response to 
vascular injury. To directly test the role of MFG-E8 in 
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a mouse model of neointimal formation, we evaluated 
the extent of intima–media thickening in MFG-E8 
knockout and WT mice 21 days after complete liga-
tion of the CCA. The WT mice developed significant 

neointimal hyperplasia (Figure  1A). By contrast, in 
the MFG-E8 knockout mice, the ligation-induced 
intima–media thickening was considerably attenu-
ated (Figure  1A). A morphometric analysis revealed 

Figure 1.  Milk fat globule-epidermal growth factor (MFG-E8) knockout mice exhibit reduced 
neointimal hyperplasia along with a decrease in vascular smooth muscle cell (VSMC) proliferation 
and migration.
A, Representative images display the cross-sectional areas of the ligated carotid artery of wild-type (WT) 
and MFG-E8 knockout (KO) mice 21 days after ligation. All sections were subjected to Verhoeff–van Gieson 
(VVG) staining. Bar, 50 μm. Morphometric analysis of the intima/media (I/M) ratio 21 days after ligation was 
conducted (WT: nmice=5, MFG-E8 knockout: nmice=6). Results are presented as mean±SEM. Each point 
is derived from an assessment of 3 sections of an individual animal. **P<0.01, as obtained using t test. 
B, Photomicrographs depicting Ki-67 immunostaining in the cross sections of the carotid arteries from 
WT and MFG-E8 knockout mice 10 days after ligation. All sections were counterstained with hematoxylin. 
Bar, 30 μm. Quantitative immunohistochemistry analysis of Ki-67(+) cells per square micrometer in the 
intima and media of the vessel (WT: nmice=6, knockout: nmice=4). Results are presented as mean±SEM. Each 
point is derived from an assessment of 3 sections of an individual animal. **P<0.01, as obtained using the 
nonparametric Mann–Whitney U test. C, Rat aortic smooth muscle (RASM) cells were transfected with 
small interfering RNA against MFG-E8 (si-MFG-E8) or against GAPDH (si-GAPDH) for 48 hours followed 
by 24-hour serum starvation. On the following day, the cells were trypsinized and seeded on transwells 
with a pore size of 8 μm in 24-well plates. A total of 800 µL of PBS or platelet-derived growth factor-BB 
(PDGF-BB) (10 ng/mL) was added to Dulbecco’s Modified Eagle Medium (DMEM) in the lower chamber to 
induce VSMC migration. RASM cells that migrated into the lower chambers were stained with calcein-AM, 
and the fluorescence intensity was quantitated. Data represent the averages of triplicate samples of a 
representative experiment (n=3), and the error bars indicate the SD. ***P<0.001, as obtained using the t test. 
The efficiency of the MFG-E8 knockdown in RASM cells was demonstrated using immunoblotting analysis.
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Figure 2.  Milk fat globule-epidermal growth factor (MFG-E8) deficiency reduces actin-
related protein 2 (Arp2) expression in carotid arteries and vascular smooth muscle cells 
(VSMCs).
A and B, Representative immunofluorescence photographs of Arp2 (A) and actin-related protein 
3 (Arp3) (B) in the carotid arteries of wild-type (WT) and MFG-E8 knockout (KO) mice. Bar, 50 μm. 
Quantification of fluorescence intensities of Arp2 (WT: nmice=5, MFG-E8 knockout: nmice=5) and Arp3 
(WT: nmice=7, MFG-E8 knockout: nmice=7) is shown in (A) and (B), respectively. Results are presented 
as mean±SEM. Each point is derived from an assessment of 3 sections of an individual animal. 
****P<0.0001, as obtained using the t test. C, Proteins were extracted from 10 pooled common 
carotid arteries of WT and knockout mice for Western blotting and examined with antibodies against 
Arp2 and Arp3. In the quantitative analysis, the Arp2 and Arp3 levels were normalized to that of 
GAPDH. D, A10 VSMCs underwent 48-hour transfection with small interfering RNA (siRNA) against 
MFG-E8 (si-MFG-E8) or control siRNA (Ctrl siRNA). The expression of Arp2 and Arp3 was evaluated 
through Western blotting. The Arp2 (n=3) and Arp3 (n=3) levels were normalized to those of α-
tubulin. Three repeated experiments were performed. Data are presented as mean±SD. Each point 
is derived from each of the 3 repeated experiments. **P<0.01, as obtained using the t test. CCA 
indicates common carotid artery; and DAPI, 4’,6-diamidino-2-phenylindole.
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significantly reduced intima–media area bound by 
the external elastic lamina (Figure  S2) and intima/
media ratio (Figure  1A) in knockout CCAs. To con-
firm that the decrease in neointimal hyperplasia in 
the MFG-E8 knockout mice was not caused by any 
change in Del-1 (developmental endothelial locus-1),   
a protein homologous to MFG-E8, we analyzed the 
immunohistochemistry intensity of Del-1 in the MFG-
E8 knockout and WT mice 10  days after ligation 
(Figure  S3). No difference was noted between the 
CCAs of the knockout and WT mice.

We next performed immunohistochemistry anal-
ysis for Ki-67, a cellular marker of proliferation, to 
confirm that the reduced neointimal hyperplasia 
was associated with changes in VSMC proliferation. 
Loss of MFG-E8 significantly attenuated intimal and 
medial cell proliferation 10 days after ligation, as ev-
idenced by the decreased number of Ki-67-positive 
cells (Figure 1B). To assess the involvement of MFG-
E8 in VSMC migration, VSMCs were treated with 
siRNA against MFG-E8, and a transwell assay was 
performed. As shown in Figure 1C, siRNA treatment 
successfully attenuated the protein levels of MFG-E8 
in VSMCs, and the migration of VSMCs treated with 
siRNA against MFG-E8 was significantly reduced 
compared with that of the control cells. Overall, our 
in vivo and in vitro findings revealed that MFG-E8 par-
ticipates in neointimal formation by promoting VSMC 
proliferation and migration.

MFG-E8 Deficiency Reduces Arp2 
Expression in Carotid Arteries and VSMCs
The Arp2/3 complex–mediated actin assembly is es-
sential for cell migration. Our data revealed that deletion 
of MFG-E8 impairs VSMC migration, suggesting that 
MFG-E8 may mediate VSMC migration through regu-
lation of the expression or activity of the Arp2/3 com-
plex. Therefore, we evaluated the expression of Arp2 
and Arp3, the actin-related proteins of the complex, in 
the CCAs of WT and MFG-E8 knockout mice through 
immunofluorescence and immunoblotting analyses. 
As depicted in Figure 2, the genetic deletion of MFG-
E8 significantly reduced the fluorescence intensity of 
Arp2 in the CCAs of knockout mice compared with 
the arteries of WT mice (Figure  2A). Immunoblotting 
of Arp2 revealed a consistent reduction in the protein 
level in the pooled CCAs of knockout mice relative to 
the CCAs of WT mice (Figure 2C). By contrast, no ob-
vious reduction in Arp3 was noticed in the absence 
of MFG-E8 in carotid arteries, as revealed by the im-
munofluorescence (Figure  2B) and immunoblotting 
(Figure  2C) analyses. Next, we investigated the role 
of MFG-E8 in mediating the expression of Arp2 spe-
cifically in VSMCs, which are the cells responsible for 
neointimal formation in the arterial wall. Endogenous 

MFG-E8 in A10 VSMCs was knocked down with 
siRNA, and the expression of Arp2 and Arp3 was eval-
uated through immunoblotting (Figure 2D). Consistent 
with our in vivo results, the deletion of MFG-E8 signifi-
cantly reduced the Arp2 protein level in VSMCs treated 
with siRNA against MFG-E8 versus control VSMCs. By 
contrast, no obvious reduction in Arp3 was observed 
in the absence of MFG-E8 (Figure 2D). Taken together, 
these results indicate that MFG-E8 deficiency impairs 
the integrity of the Arp2/3 complex by reducing Arp2 
expression, thereby leading to compromised migra-
tion of VSMCs.

MFG-E8 Mediates the Protein Expression 
of Arp2 in a Biphasic, Dose-Dependent 
Manner in VSMCs
Our previous study unexpectedly demonstrated that 
exogenous delivery of a large dose of rMFG-E8 into 
the injured vessels of aged mice attenuated VSMC mi-
gration,25 indicating that MFG-E8 regulates VSMC mi-
gration in a dose-sensitive manner. Therefore, we next 
assessed whether the mediation of MFG-E8 on Arp2 
expression is dose dependent. We first assessed the 
protein expression of Arp2/3 in A10 VSMCs through 
immunoblotting after the addition of rMFG-E8 for 
16  hours. A low dose of MFG-E8 (10  ng/mL) signifi-
cantly upregulated Arp2 levels in the VSMCs (Figure 3A 
and 3B). By contrast, a high dose of MFG-E8 (1000 ng/
mL) elicited an obvious downregulation of Arp2 com-
pared with the vehicle-treated A10 cells. No changes 
in Arp3 protein expression were observed in the A10 
cells treated with various doses of MFG-E8 (Figure 3A 
and 3C). Next, we used early-passage primary VSMCs 
derived from the aortas of WT mice to confirm the 
consistency of the biphasic regulation of Arp2 ex-
pression by MFG-E8. As depicted in Figure 3D, treat-
ment of VSMCs with a low dose of MFG-E8 induced 
significantly higher Arp2 fluorescence intensity than 
treatment with PBS; cells treated with a high dose of 
MFG-E8 exhibited obviously decreased Arp2 fluores-
cence intensity. Concurrently, we performed phalloidin 
staining to label assembled F-actin in primary VSMCs. 
Notably, colocalization of Arp2 with F-actin was more 
prominent in VSMCs incubated with low-dose MFG-E8 
than in vehicle- and high-dose MFG-E8–treated cells. 
By contrast, no significant difference in Arp3 fluores-
cence intensities was noted among the PBS-, low-
dose-, and high-dose–treated VSMCs (Figure 3E).

To further confirm that MFG-E8 regulated Arp2 ex-
pression in a biphasic manner, A10 cells were treated 
with various doses of rMFG-E8 from 10  ng/mL to 
1000  ng/mL, and the levels of Arp2 were evaluated 
through immunoblotting. As shown in Figure S4A, 10-
ng/mL MFG-E8 significantly induced Arp2 expression 
in A10 cells, but the trend of Arp2 induction by MFG-E8 
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was reversed when the MFG-E8 concentration was 
increased to >100  ng/mL. Immunofluorescence of 
Arp2 in primary VSMCs treated with various doses of 
MFG-E8 demonstrated the same biphasic regulation 
of Arp2 expression by MFG-E8 (Figure S4C). By con-
trast, results from immunoblotting revealed no obvious 

differences in Arp3 levels when the VSMCs were 
treated with various doses of MFG-E8 (Figure  S4B). 
Collectively, these data reveal that MFG-E8 biphasi-
cally and dose-dependently regulates the protein ex-
pression of Arp2 in VSMCs. Therefore, we continued to 
use 10 ng/mL and 1000 ng/mL of MFG-E8 to represent 
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low and high doses of treatment, respectively, in sub-
sequent experiments.

High-Dose MFG-E8 Attenuates Actin 
Polymerization in VSMCs
We demonstrated that MFG-E8 regulates Arp2 pro-
tein expression in a biphasic, dose-dependent man-
ner, and more colocalization of Arp2 and F-actin 
was observed after treatment of the VSMCs with 
low-dose MFG-E8. We then determined whether 
MFG-E8 modulation in actin assembly was also dose 
dependent. We treated A10 cells with low (10 ng/mL) 
and high (1000 ng/mL) doses of MFG-E8 and then 
performed phalloidin and DNase I staining to label 
F-actin and G-actin, respectively. Quantitative image 
analysis revealed that the fluorescence intensities of 
F-actin and G-actin were not significantly altered in 
cells treated with low-dose MFG-E8, indicating that 
low-dose MFG-E8 did not significantly enhance F-
actin assembly from G-actin (Figure 4B, 4E, 4G, and 
4H). By contrast, high-dose MFG-E8 treatment sub-
stantially inhibited the polymerization of F-actin and 
increased the G-actin levels (Figure 4C, 4F, 4G, and 
4H). From the findings taken together, we infer that 
treatment of VSMCs with low-dose MFG-E8, which 
only elevates Arp2 expression, is insufficient to drive 
actin polymerization. By contrast, treating VSMCs 
with high-dose MFG-E8 may impede VSMC migra-
tion through the attenuation of Arp2-mediated actin 
polymerization.

β1 Integrin–Rac1 Signaling Axis Is 
Involved in MFG-E8–Mediated Arp2 
Expression
β1 integrin is known to provide the critical link to the 
actin cytoskeleton from signals outside the cells during 
cell migration.35 β1 integrin can functionally pair with 
12 different α chains.36 Recently, α8β1 integrin was 
proven to be a novel receptor for MFG-E8 in smooth 
muscle cells.37 To determine whether MFG-E8–
mediated Arp2 expression is attributable to β1 integrin 
engagement, A10 cells were incubated with various 

doses of rMFG-E8, and the activated state of β1 in-
tegrin was evaluated using immunofluorescence after 
the addition of MFG-E8 for 16 hours; cell–extracellular 
matrix adhesions were labeled by costaining the cells 
with the anti-FAK antibody. Upon stimulation with low-
dose rMFG-E8, the fluorescence intensity of activated 
β1 integrin in the A10 cells was substantially increased 
compared with that in PBS- and high-dose-MFG-E8–
stimulated cells (Figure  5A and 5B). Enhanced FAK 
staining accompanied by increased colocalization of 
activated β1 integrin and FAK was noted after treat-
ment with low-dose MFG-E8, indicating the clustering 
of β1 integrin in focal adhesions. By contrast, high-
dose MFG-E8 significantly diminished the activation 
of β1 integrin (Figure 5A and 5B). Next, we performed 
an antibody-blocking assay to confirm the involvement 
of β1 integrin in MFG-E8–mediated Arp2 expression. 
Pretreatment of A10 cells with the neutralizing anti–β1 
integrin antibody substantially restored the Arp2 pro-
tein expression induced by low-dose MFG-E8 to the 
basal level (Figure  6A and 6B); however, no further 
downregulation of Arp2 was observed after the ad-
dition of the β1 integrin–blocking antibody to cells 
treated with high-dose MFG-E8 (Figure  6A and 6B). 
No significant changes in Arp3 expression were ob-
served in the A10 cells treated with the β1 integrin in-
hibitory antibody (Figure 6A and 6C). Additionally, the 
anti–β1 integrin antibody significantly inhibited F-actin 
assembly from G-actin (Figure 6D), which might be at-
tributable to the further downregulation of Arp2. These 
data suggest that β1 integrin plays a major role in the 
enhanced protein expression of Arp2 mediated by low-
dose MFG-E8. By contrast, high-dose MFG-E8 exhib-
ited no engagement with β1 integrin.

We next determined the downstream signaling 
molecule between β1 integrin and Arp2 after treat-
ment with low-dose MFG-E8. Arp2/3 complex–
mediated actin assembly is activated by the small 
Rho GTPase Rac1.10,38 Several lines of evidence 
have indicated that Rac1 activation is promoted by 
β1 integrin–FAK signaling cascades,39 leading to the 
rearrangement of the actin cytoskeleton in VSMCs.40 
Notably, a study indicated that Rac1 is required 

Figure 3.  Milk fat globule-epidermal growth factor (MFG-E8) mediates actin-related protein 2 (Arp2) expression in a biphasic, 
dose-dependent manner in vascular smooth muscle cells (VSMCs).
A through C, A10 VSMCs were treated with either a low (10 ng/mL) or high (1000 ng/mL) concentration of recombinant MFG-E8 for 
16 hours. A, Western blot analysis of the protein expression of Arp2 and actin-related protein (Arp3) in A10 cells treated with low 
and high doses of MFG-E8 for 16 hours. Quantitative analyses of Arp2 (B) and Arp3 (C) levels normalized to those of α-tubulin were 
conducted (n=3). Data are presented as mean±SD. Three independent experiments were performed. Each point is derived from each 
of the 3 repeated experiments. *P<0.05, **P<0.01, ***P<0.001, as obtained using 1-way ANOVA followed by Tukey multiple comparisons 
test. D through E, VSMCs isolated from aortas of wild-type mice were immunostained with antibodies against Arp2 (D) and Arp3 (E) 
and costained with phalloidin to label filamentous actin (F-actin). Bar, 50 μm. Three independent experiments were performed and each 
experiment was repeated with similar results. In a representative experiment, the fluorescence intensities of Arp2 (n=3–5) (D) and Arp3 
(n=3) (E) were quantitated. Data are presented as mean±SD. Each point is derived from an assessment of each picture field. *P<0.05 
and ****P<0.0001, as obtained using 1-way ANOVA followed by Tukey multiple comparisons test. DAPI indicates 4’,6-diamidino-2-
phenylindole.
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for Arp2 and Arp3 production.41 We therefore in-
vestigated whether Rac1 is the essential signaling 
component downstream to β1 integrin for MFG-E8–
mediated Arp2 expression. A10 VSMCs were treated 
with low and high doses of MFG-E8 in the presence 
or absence of anti–β1 integrin antibody, and the 
Rac1 activity was evaluated using the G-LISA assay. 
As shown in Figure 7A, low-dose MFG-E8 treatment 
significantly activated Rac1, whereas high-dose 

MFG-E8 treatment obviously attenuated it. Treatment 
of VSMCs with the β1 integrin–blocking antibody sig-
nificantly attenuated Rac1 activity induced by low-
dose MFG-E8 (Figure 7A), indicating that Rac1 is the 
downstream molecule to MFG-E8–β1 integrin en-
gagement. Additionally, no further downregulation of 
Rac1 activity was observed after the addition of the 
β1 integrin–blocking antibody to cells treated with 
high-dose MFG-E8. To further verify whether Rac1 

Figure 4.  Milk fat globule-epidermal growth factor (MFG-E8) modulates actin polymerization in 
vascular smooth muscle cells (VSMCs) in a dose-dependent manner.
Representative confocal fluorescent images of phalloidin (filamentous actin [F-actin], green) A through C, 
and DNase I (globular actin [G-actin], red) (D) through (F) staining of A10 VSMCs incubated with low (10 ng/
mL) and high (1000 ng/mL) doses of MFG-E8 for 16 hours. Bar, 50 μm. Three independent experiments 
were performed, and each experiment was repeated with similar results. In a representative experiment, 
corresponding quantification of the mean fluorescence intensity of phalloidin for F-actin (n=8–9) (G) 
and that of DNase I for G-actin (n=6–11) H, was performed as described in the Methods section. Data 
are presented as mean±SD. Each point is derived from an assessment of each picture field. **P<0.01, 
***P<0.001, ****P<0.0001, as obtained using 1-way ANOVA followed by Tukey multiple comparisons test.

A B C

D E F

G H
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is involved in MFG-E8–mediated Arp2 expression, 
Rac1 was pharmacologically inhibited with an in-
hibitor, NSC23766,33 in A10 VSMCs 16 hours before 

treatment with various MFG-E8 doses. Low-dose 
MFG-E8–induced Arp2 upregulation was signifi-
cantly attenuated in A10 cells treated with NSC23766 

Figure 5.  Milk fat globule-epidermal growth factor (MFG-E8) regulates β1 integrin activation in a 
dose-dependent manner.
A10 vascular smooth muscle cells were stimulated with various doses of MFG-E8 for 16 hours, followed 
by dual immunofluorescence of the activated state of β1 integrin (Itgb1) and focal adhesion kinase (FAK). 
Three independent experiments were performed, and each experiment was repeated with similar results. 
A, Representative immunofluorescence images showing activated β1 integrin and FAK in A10 cells treated 
with a low (10 ng/mL) or high (1000 ng/mL) concentration of recombinant MFG-E8. The merged images 
present colocalization (yellow) of activated β1 integrin (red) and FAK (green). Bar, 50 μm. B, Fluorescence 
intensity of activated β1 integrin in A10 cells was quantitated using a representative experiment (n=5) 
as described in the Methods section. Data are presented as mean±SD. Each point is derived from an 
assessment of each picture field.***P<0.001 and ****P<0.0001, as obtained using 1-way ANOVA followed 
by Tukey multiple comparisons test.
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(Figure 7B and 7C). A slight decrease in the Arp2 level 
was observed upon addition of NSC23766 to high-
dose MFG-E8–treated A10 cells (Figure 7B and 7C). 
Taken together, these findings suggest that Rac1 is 
the downstream effector of MFG-E8–induced β1 
integrin activation and the β1 integrin–Rac1 signal-
ing axis is involved in Arp2 upregulation induced by 
low-dose MFG-E8. By contrast, the inhibitory effect 
of high-dose MFG-E8 on Arp2 levels is associated 
with decreased β1 integrin engagement and Rac1 
activation.

High-Dose MFG-E8 Treatment Attenuates 
Ligation-Induced Arp2 Expression 
and Alleviates Neointimal Hyperplasia 
in Injured Vessels by Limiting VSMC 
Migration
Injury-induced VSMC migration and proliferation are 
the main contributors to neointimal formation.3 Our 
in vitro data revealed that high-dose MFG-E8 at-
tenuated actin polymerization by reducing the Arp2 
expression in VSMCs, suggesting that treatment of 

Figure 6.  β1 integrin is involved in milk fat globule-epidermal growth factor (MFG-E8)–mediated actin-related protein 2 
(Arp2) expression and actin polymerization.
A through C, A10 vascular smooth muscle cells (VSMCs) incubated with either 50 μg/mL β1 inhibitory antibody (Itgb1 Ab) or isotype 
control 4 hours before treatment with either a low or high concentration of recombinant MFG-E8 for 16 hours. A, Immunoblotting was 
performed to assess the protein expression of Arp2 and actin-related protein 3 (Arp3) in A10 cells in a representative experiment. 
Quantitative analyses of Arp2 (B) and Arp3 (C) normalized to GAPDH were conducted (n=3). Data are presented as mean±SD. Three 
repeated experiments were performed. Each point is derived from each of the 3 repeated experiments. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001, as obtained using 1-way ANOVA followed by Tukey multiple comparisons test. D, Representative confocal fluorescent 
images of phalloidin for filamentous actin (F-actin) (green) and DNase I for globular actin (G-actin) (red) staining of A10 VSMCs 
stimulated with low (10 ng/mL) and high (1000 ng/mL) doses of MFG-E8 for 16 hours. Bar, 50 μm. In a representative experiment, 
corresponding quantification of the mean fluorescence intensity of phalloidin for F-actin (n=5) and that of DNase I for G-actin (n=4–
6) was performed. Data are presented as mean±SD. Each point is derived from an assessment of each picture field. **P<0.01 and 
****P<0.0001, as obtained using 1-way ANOVA followed by Tukey multiple comparisons test.
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injured vessels with high-dose MFG-E8 might allevi-
ate neointimal hyperplasia. To validate our inference, 
neointimal formation was induced in the CCAs of WT 
mice through vessel ligation, and high-dose rMFG-E8 
(2  μg/mL) was periadventitially administered to the 
ligated arteries by using pluronic gel. We previously 
demonstrated that a recombinant peptide could be 
delivered periadventitially by using pluronic gel into 
the intima and media layers of a mouse carotid artery 
after surgery.25,28,31 Here, we found that the expres-
sion of MFG-E8 was abundantly induced in the ne-
ointima and media of the CCAs 21 days after ligation 
(Figure S5). Ligation injury also significantly induced 
Arp2 expression in the intimal and medial VSMCs of 
CCAs compared with that in sham-operated ves-
sels, as evaluated through immunofluorescence 
(Figure 8A). Immunoblotting of Arp2 revealed a con-
sistent upregulation in the protein level in the pooled 
CCAs of WT mice (Figure  8C). The application of 
high-dose rMFG-E8 to the ligated CCAs significantly 
attenuated ligation-induced Arp2 expression in the 
arterial wall, as evidenced by immunofluorescence 
and immunoblotting results (Figure  8A and 8C). By 
contrast, immunofluorescence evaluation revealed 
no obvious alteration in Arp3 levels in the sham-
operated CCAs, ligated CCAs, and ligated CCAs 
treated with rMFG-E8 (Figure 8B).
We then assessed the activation of β1 integrin and 
Rac1 in the CCAs by immunostaining the vessels 

with the antibodies specific to activated β1 integrin 
and Rac1-GTP, respectively. As shown in Figure 9, 
ligation injury increased the levels of activated β1 
integrin (Figure 9A and 9B) and Rac1 (Figure 9C and 
9D). Consistent with our in vitro results, high-dose 
treatment with MFG-E8 significantly reduced the 
levels of activated β1 integrin and Rac1 in the intima 
and media of the ligated vessels. We next deter-
mined whether high-dose treatment with rMFG-E8 
attenuates neointimal hyperplasia as expected. 
The intima, but not the media, was obviously at-
tenuated (Figure 9E and Figure S6), and the intima/
media ratio (Figure 9E and 9F) was significantly de-
creased in the ligated CCAs treated with high-dose 
rMFG-E8 21 days after ligation compared with the 
untreated ligated arteries. To determine the mecha-
nism through which high-dose MFG-E8 attenuates 
the intima area, we performed immunohistochem-
istry analysis for Ki-67 to evaluate the proliferation 
of VSMCs, and negative control for the antibody in 
the vessel is shown in Figure  S7. The number of 
Ki-67(+) cells in the ligated WT CCAs treated with 
high-dose MFG-E8 was higher than that in the un-
treated WT vessels (Figure  9G and 9H). Notably, 
the Ki-67(+) cells were crowded in the thinner intima 
of the MFG-E8–treated CCAs (Figure 9G), suggest-
ing that the migratory ability of these VSMCs was 
impeded. We then performed a transwell assay to 
determine whether high-dose MFG-E8 inhibited 

Figure 7.  Rac1 is activated by milk fat globule-epidermal growth factor (MFG-E8)–β1 engagement 
and is involved in MFG-E8–mediated actin-related protein 2 (Arp2) expression.
A, A10 vascular smooth muscle cells (VSMCs) incubated with either 50 μg/mL β1 inhibitory antibody (Itgb1 
Ab) or isotype control 4 hours before treatment with either a low or high concentration of recombinant 
MFG-E8 for 16 hours. Rac1 activity was measured using the G-LISA (Cytoskeleton) assay. Data represent 
the averages of duplicate samples (n=2), and the error bars indicate the SD. *P<0.05, **P<0.01, ***P<0.001, 
as obtained using 1-way ANOVA followed by Tukey multiple comparisons test. B and C, A10 cells were 
incubated with the Rac1 inhibitor NSC23766 (200 μM, Tocris) 16 hours before treatment with low and high 
doses of MFG-E8 for 16 hours. B, Immunoblotting analysis of the Arp2 protein expression in A10 VSMCs 
was performed. C, Quantitative analysis of Arp2 normalized to GAPDH was performed (n=4). Data are 
presented as mean±SD. Four repeated experiments were performed. Each point is derived from each of 
the 4 repeated experiments. *P<0.05 and **P<0.01, as obtained using 1-way ANOVA followed by Tukey 
multiple comparisons test.
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Figure 8.  High-dose milk fat globule-epidermal growth factor (MFG-E8) treatment attenuates 
ligation-induced actin-related protein 2 (Arp2) expression.
Common carotid arteries (CCAs) of wild-type (WT) mice were ligated, and recombinant MFG-E8 (2 μg/
mL) was delivered using pluronic gel into the vessels. A and B, Representative immunofluorescence 
images display the expression of Arp2 (A) and Arp3 (B) in the sham-operated CCAs, ligated CCAs, and 
ligated CCAs treated with high-dose MFG-E8 in WT mice 21 days after ligation. Lumen (L), neointima 
(I), and media (M) of the vessels are indicated. Bar, 50 μm. C, Protein levels of Arp2 were quantified 
through immunoblotting. Proteins were extracted from 10 pooled CCAs per group for Western blotting 
and examined using antibodies against Arp2. In the quantitative analysis, the Arp2 and actin-related 
protein 3 (Arp3) levels were normalized to that of β-tubulin. DAPI indicates 4’,6-diamidino-2-phenylindole.
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VSMC migration. The VSMC migration was signifi-
cantly reduced in A10 cells treated with high-dose 
MFG-E8 (1000  ng/mL) in response to platelet-
derived growth factor-BB compared with cells 
treated with a vehicle or low-dose MFG-E8 (10 ng/
mL; Figure 9I). By contrast, low-dose MFG-E8 only 
slightly accelerated VSMC migration. Overall, these 
data suggest that high-dose MFG-E8 can attenuate 
ligation-induced neointimal hyperplasia by restrain-
ing VSMC migration, which was associated with 
downregulated Arp2 expression and β1 integrin 
and Rac1 activation.

DISCUSSION
In this study, we evaluated the role of MFG-E8 as 
a mediator of actin polymerization involved in VSMC 
migration. MFG-E8 knockout mice exhibited less 
intima–media thickening than did WT mice, indicat-
ing that MFG-E8 is essential for VSMC proliferation 
and migration (Figure 1). We demonstrated that MFG-
E8 deficiency is accompanied by decreased Arp2 

expression in carotid arteries and VSMCs (Figure 2). 
Notably, our data suggest that MFG-E8 regulates 
Arp2 expression through biphasic, dose-dependent 
modulation in VSMCs. Exogenous application of 
a low dose of rMFG-E8 resulted in higher Arp2 ex-
pression in VSMCs (Figure  3); however, this dose 
was insufficient to enhance significant actin polym-
erization (Figure 4) and cell migration (Figure 9). By 
contrast, exogenous rMFG-E8 application at a high 
concentration reduced Arp2 expression (Figure  3) 
and functionally attenuated actin assembly (Figure 4) 
and VSMC migration (Figure  9). Our in vivo experi-
ments demonstrated that periadventitial delivery of 
high-dose rMFG-E8 into injured vessels ameliorated 
ligation-induced neointimal hyperplasia (Figure  9), 
which further supports our in vitro finding that treat-
ment with high-dose MFG-E8 impedes VSMC migra-
tion. Moreover, we further validated that β1 integrin 
engagement and downstream Rac1 activation were 
involved in Arp2 upregulation induced by low-dose 
MFG-E8 and that the inhibitory effects of high-dose 
MFG-E8 on Arp2 expression were associated with 
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decreased β1 integrin engagement and Rac1 activa-
tion (Figures 5 through 7).

Together with 5 other subunits (actin-related pro-
teins 1 to 5), Arp2 and Arp3 form a 7-subunit com-
plex, the Arp2/3 complex,5,6 which plays a critical role 
in the organization of the actin cytoskeleton involved 
in VSMC proliferation, migration, differentiation, and 
contraction.42–45 A study demonstrated that MFG-E8 
induced intracellular movement of the Arp2/3 com-
plex into the leading edge of lamellipodia, resulting in 
epithelial cell migration.26 However, whether MFG-E8 
modulates Arp2 and Arp3 expression has not been 
elucidated. In the present study, we revealed that high-
dose MFG-E8 or knockout downregulated the expres-
sion of Arp2 but not that of Arp3 in VSMCs and carotid 
arteries (Figure 2). The lack of Arp2 compromises the 
integrity of the Arp2/3 complex, leading to the impair-
ment of Arp2/3 complex–mediated actin assembly and 
VSMC migration. Notably, treatment with low-dose 
MFG-E8 only slightly enhanced actin polymerization 
(Figure 4) and VSMC migration (Figure 9), even when 
MFG-E8 incubation increased Arp2 expression in A10 
cells. We speculate that the excess production of Arp2 
induced by exogenous MFG-E8 did not result in the 
formation of additional Arp2/3 complexes because of 
the limited concentration of Arp3 and other proteins 
in VSMCs; therefore, more F-actin and cell migration 
were not generated after MFG-E8 treatment.

Rac1, a member of the Rho GTPase family, is re-
quired for lamellipodium-driven cell migration.46,47 
Studies have demonstrated that Rac1 activation is 
biphasically dependent on the substratum concen-
tration in the migrating fibroblasts and that reduced 
transient membrane protrusion with attenuated Rac1 
activation is observed when cells migrate to a high 
concentration of substratum.48 In the present study, 
we revealed a biphasic relationship between Rac1 
activation and MFG-E8 concentration in VSMCs; 
the inhibitory effect of high-dose MFG-E8 on Rac1 
activation may result in decreased VSMC migration 
attributable to Arp2 deficit (Figure  7A). Additionally, 
Arp2/3 complex–mediated actin polymerization in 
protruding lamellipodium is activated by the Rac1–
WAVE complex signaling axis.46,47 In addition to 
activation of the Arp2/3 complex, a recent study re-
vealed that the knockout of small GTPase Rac1 with 
siRNA suppressed Arp2 and Arp3 expression in en-
dothelial cells,41 indicating that Rac1 is required for 
Arp2 and Arp3 production. Coincidently, we proved 
that low-dose MFG-E8–induced Arp2 upregulation 
is mediated by Rac1 activation (Figure  7). By con-
trast, high-dose MFG-E8 attenuated Rac1 activation, 
leading to the downregulation of Arp2 and a subse-
quent decrease in VSMC migration. Our in vitro data 
revealed that β1 integrin was involved in the dose-
dependent mediation of Arp2 expression by MFG-E8 

Figure 9.  High-dose milk fat globule-epidermal growth factor (MFG-E8) treatment attenuates ligation-induced β1 integrin 
and Rac1 activation and alleviates neointimal hyperplasia after vascular injury by limiting vascular smooth muscle cell 
(VSMC) migration.
Recombinant MFG-E8 (rMFG-E8) (2 μg/mL) was delivered using pluronic gel into the carotid artery after complete ligation of the 
vessel. A, Representative immunohistochemistry images of activated β1 integrin (Itgb1) in sham-operated common carotid arteries 
(CCAs), ligated CCAs, and ligated CCAs treated with high-dose MFG-E8 in wild-type (WT) mice 21 days after ligation. Bar, 100 μm. 
B, Quantitative analysis of the immunostaining intensities of active β1 integrin in the intimal–medial area was performed (nmice=3 for 
each experimental group). Data are presented as mean±SEM. Each point is derived from an assessment of 3 sections of an individual 
animal. ** P<0.01 and ***P<0.001, as obtained using 1-way ANOVA followed by Tukey multiple comparisons test. C, Representative 
immunohistochemistry photomicrographs of activated Rac1-GTP in sham-operated CCAs, ligated CCAs, and ligated CCAs treated 
with high-dose MFG-E8 in WT mice 21 days after ligation. Bar, 100 μm. D, Immunostaining intensity of the activated Rac1-GTP in the 
intimal–medial area (nmice=3 for each experimental group) was quantified. Data are presented as mean±SEM. Each point is derived from 
an assessment of 3 sections of an individual animal. *P<0.05 and **P<0.01, as obtained using 1-way ANOVA followed by Tukey multiple 
comparisons test. E, Representative images displaying the cross-sectional areas of sham-operated CCAs, ligated CCAs, and ligated 
CCAs treated with rMFG-E8 in WT mice 21 days after ligation. Verhoeff–van Gieson (VVG) staining was performed on all sections. The 
intima (labeled I) in the ligated artery is indicated. Bar, 100 μm. F, Morphometric analysis of the intima/media (I/M) ratio was conducted 
21  days after ligation (sham: nmice=7, ligated: nmice=8, ligated+MFG-E8: nmice=9). Data are presented as mean±SEM. Each point is 
derived from an assessment of 3 sections of an individual animal. **P<0.01 and ***P<0.001, as obtained using 1-way ANOVA followed by 
Tukey multiple comparisons test. G, Photomicrographs displaying immunostaining of Ki-67 in cross sections of the ligated CCAs and 
ligated CCAs treated with rMFG-E8 at 10 days after ligation. Negative control for the antibody in the intima–media of the vessel 10 days 
after ligation is shown in Figure S7. The media (labeled M) in the ligated artery is indicated. Bar, 25 μm. Arrows denote the fibroblasts 
in the adventitia. The similar sizes of the fibroblasts in ligated CCAs and MFG-E8–treated CCAs affirm the same magnification in the 
2 figures. H, Quantitative immunohistochemistry analysis of the proliferation index (Ki-67[+] cells per total cell number) in the intima–
media of the vessel 10 days after ligation (ligated: nmice=5, ligated+MFG-E8: nmice=7, IgG: nmice=7). Data are presented as mean±SEM. 
Each point is derived from an assessment of 3 sections of an individual animal. **P<0.01, as obtained using the t test. I, A10 VSMCs 
were treated overnight with vehicle or various doses of rMFG-E8. The cells were trypsinized and seeded on transwells with a pore 
size of 8 μm in 24-well plates; thereafter, a total of 800 µL of PBS or platelet-derived growth factor-BB (PDGF-BB) (10 ng/mL) was 
added to Dulbecco’s Modified Eagle Medium (DMEM​) in the lower chamber to induce VSMC migration. The A10 cells that migrated 
into the lower chambers were stained with calcein-AM, and the fluorescence intensity was quantitated. Data represent the averages 
of triplicate samples of a representative experiment (n=3), and the error bars indicate the SD. ****P<0.0001, as obtained using 1-way 
ANOVA followed by Tukey multiple comparisons test. IHC indicates immunohistochemistry; Itgb1, beta1 Integrin; and MFG-E8, milk fat 
globule-epidermal growth factor 8.
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(Figures 5 and 6). MFG-E8 contains 2 N-terminal epi-
dermal growth factor (EGF)–like domains followed by 
2 C-terminal discoidin domains.13 The second EGF 
domain harbors an integrin-binding RGD motif that 
binds to integrins.13 We infer that the engagement 
of low-dose MFG-E8 with β1 integrin can trigger a 
downstream effector, Rac1, to induce Arp2 expres-
sion. MFG-E8 may form a dimer or oligomer through 
the antiparallel pairing of EGF domains.49 We pos-
tulate that exogenous high-dose MFG-E8 may form 

dimers or oligomers by itself or even sequester the 
endogenous MFG-E8 that masks the RGD domain, 
preventing ligation to β1 integrin and subsequent 
Arp2 expression.

Actin remodeling plays a crucial role in regulating 
VSMC proliferation, migration, and contraction.43 
Our present in vivo results demonstrate that the 
genetic deletion of MFG-E8 impeded VSMC mi-
gration and proliferation (Figure 1). However, upon 
exogenous administration of high-dose MFG-E8 

Figure 10.  Proposed model in which milk fat globule-epidermal growth factor (MFG-E8) regulates 
vascular smooth muscle cell (VSMC) migration and neointimal hyperplasia through mediation of 
actin-related protein 2 (Arp2)–mediated actin assembly in a biphasic, dose-dependent manner.
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in the ligated carotid artery, only VSMC migration 
was inhibited, with VSMC proliferation unaffected. A 
study indicated that VSMCs treated with rMFG-E8 
exhibited dose-dependent cell proliferation through 
αvβ5 integrin/extracellular signal-regulated kinase 
1/2 (ERK1/2) signaling,24 indicating that MFG-E8 
regulates VSMC proliferation through mechanisms 
other than actin reorganization. We postulate that 
although high-dose MFG-E8 impairs Arp2-mediated 
actin polymerization, VSMC proliferation can be 
activated by other MFG-E8–regulated signaling 
cascades such as the integrin-mediated phosphor-
ylation of ERK1/2. Our previous study demonstrated 
that exogenous application of MFG-E8 (250 ng/mL) 
to aged VSMCs attenuated platelet-derived growth 
factor-BB–induced migration.25 Because high-dose 
MFG-E8 (1000 ng/mL) reduced VSMC migration in 
this study, we postulate that the migration of aged 
VSMCs is more sensitive to the concentration of 
MFG-E8.

In summary, MFG-E8 was identified to play a criti-
cal role in VSMC migration, and molecular links were 
established between MFG-E8 and actin remodeling. 
We demonstrated the dose-dependent effect of MFG-
E8 on the regulation of Arp2-mediated assembly of 
actin cytoskeletons through β1 integrin–Rac1 signaling 
(Figure 10). We also revealed that the exogenous ap-
plication of high-dose MFG-E8 to arteries attenuates 
injury-induced neointimal hyperplasia. These findings 
suggest that high doses of MFG-E8 have potential 
therapeutic application in treating vascular occlusive 
diseases.
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Figure S1. Characterization of the MFG-E8-knockout (KO) mice. (A) Genotyping of 

MFG-E8-KO mice. (B) Western blotting of MFG-E8 expression in the common carotid 

arteries (CCAs) of wild-type (WT) and MFG-E8-KO mice. 



Figure S2. MFG-E8-knockout (KO) mice exhibit reduced neointimal hyperplasia. 

Paraffin sections of the ligated common carotid arteries (CCAs) of wild-type (WT) and 

MFG-E8-KO mice were subjected to Verhoeff–van Gieson staining 21 days after ligation. 

Morphometric analyses of the intima (A), media (B), and area bounded by the external elastic 

lamina compartment (EEL; C) were conducted. Results are presented as mean ± SEM. Each 

point is derived from an assessment of three sections of an individual animal. (A) Intima 

(WT: nmice = 5, MFG-E8-KO: nmice = 6), **P < .01, as obtained using the nonparametric 

Mann–Whitney Utest. (B) Media (WT: n mice= 5, MFG-E8-KO: nmice =6), **P < .01, as 

obtained using the t test. (C) EEL (WT: nmice = 5, MFG-E8-KO: nmice = 6), ***P < .001, as 

obtained using the t test.   



Figure S3. Expression of developmental endothelial locus-1 (Del-1) is unaffected by the 

genetic depletion of MFG-E8. (A) and (B) Immunohistochemistry (IHC) analysis of Del-1 

in ligated common carotid arteries (CCAs) at 10 days after surgery. Bar, 100 µm. (C) 

Quantification of IHC intensity of Del-1 in the intima–media area 10 days after ligation 

(wild-type (WT): nmice = 6, MFG-E8-KO: nmice = 4). Results are presented as mean ± SEM. 

Each point is derived from an assessment of three sections of an individual animal. P = .9560. 



Figure S4. Biphasic regulation of Arp2 and Arp3 expression in vascular smooth muscle 

cells (VSMCs) by exogenous MFG-E8. A10 cells were treated with various doses of 

recombinant MFG-E8 (rMFG-E8) from 10 to 1000 ng/mL for 16 h. Immunoblotting was 

conducted to evaluate the protein expression of Arp2 (A) and Arp3 (B) in A10 cells treated 

with various doses of MFG-E8 for 16 h. Quantitative analyses of Arp2 (A) levels normalized 

to those of GAPDH were conducted (n = 3). Data are presented as mean ± SD. Three 

independent experiments were performed. Each point is derived from each of the three 

repeated experiments. *P < .05 and **P < .01, as obtained using one-way ANOVA followed 

by Tukey’s multiple comparisons test. (C) VSMCs isolated from the aortas of wild-type (WT) 

mice were immunostained with antibodies against Arp2. Bar, 20 µm. 



Figure S5. Ligation injury induces the expression of MFG-E8 in the arterial wall. 

Representative immunohistochemistry (IHC) images of MFG-E8 in the sham-operated (A) 

and ligated (B) common carotid arteries (CCAs) of wild-type (WT) mice 21 days after 

ligation. Negative control (IgG) illustrating the absence of immunoreactivity (C). Bar, 100 

µm. (D) Immunostaining intensities of MFG-E8 in the intima–media area were assessed 21 

days after ligation (sham: nmice = 6, ligated: nmice = 7, IgG: nmice = 6). Data are presented as 

mean ± SEM. Each point is derived from an assessment of three sections of an individual 

animal. ***P < .001, as obtained using the t test. 



Figure S6. High-dose MFG-E8 treatment alleviates ligation-induced neointimal 

hyperplasia. Paraffin sections of the sham-operated common carotid arteries (CCAs), ligated 

CCAs, and ligated CCAs with MFG-E8 treatment (2 µg/mL) 21 days after ligation were 

subjected to Verhoeff–van Gieson staining. Morphometric analyses of the intima (A) and 

media (B) were conducted (sham: n = 7, ligated: n = 8, IgG: n = 9). Data are presented as 

mean ± SEM. *P < .05 and **P <.01, as obtained using one-way ANOVA followed by 

Tukey’s multiple comparisons test.    



Figure S7. Negative control for anti-Ki-67 antibody in the intima–media of the vessel 10 

days after ligation. Bar, 30 µm. 


