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Introduction
Vasoconstriction that is caused by the tonic contraction of 
vascular smooth muscle cells in large arteries may invoke 
vasospasms, which are not only peculiar occurrences that are 
limited to arcane forms of angina, acute myocardial infarction 
and sudden cardiac death but also acute events that promote 
thrombosis, atherosclerotic plaque ruptures and mural plaque 
hemorrhages[1–4].  It has been reported that the Ca2+ sensitiza-
tion of contractile proteins is the principal event that induces 
vasospasms[5].  Therefore, research on the Ca2+ sensitization-
induced contraction of vascular smooth muscle cells (VSMCs) 

could greatly contribute to understanding the mechanism 
underlying vasospasms.

The lysosphingolipid sphingosylphosphorylcholine (SPC) 
is an important cardiovascular mediator that is derived from 
sphingomyelin.  It mainly associates with high-density lipo-
proteins (HDLs) in plasma and has atheroprotective effects 
via its actions on endothelial cells in vivo.  However, when 
endothelial cells are damaged, SPC may target VSMCs and 
contribute to cardiovascular disease[6].  Recently, high concen-
trations of SPC (30 μmol/L) have been reported to be novel 
messengers for the Rho kinase-mediated Ca2+ sensitization of 
VSMC contraction in vitro, and thus SPC has been used as a 
tool to research Ca2+ sensitization-induced vasospasms[7].  It 
is now clear that SPC may increase nitric oxide production 
in VECs and subsequently reduce the contraction of smooth 
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muscle cells in the intact vascular strips[8], which may be the 
main mechanism for the cardiovascular protection that is pro-
vided by SPC via its actions on endothelial cells in vivo.  How-
ever, the identities of the upstream mediators of the known 
pathway that are involved in the reduction of SPC-induced 
vasospasms by endothelial cells have only been speculated.

Integrin β4, which possesses an exceptionally large cyto-
plasmic domain, plays a crucial role in hemidesmosome 
assembly by binding to extracellular matrix (ECM) proteins 
in the basement membrane zones of epithelial tissues[9].  Our 
recent research has shown that this membrane protein plays 
an important role in the regulation of vascular endothelial 
cell functions, such as apoptosis, differentiation and senes-
cence[10–12].  Furthermore, in our previous research, integrin 
β4 was associated with NO production[12].  Therefore, in this 
study, we attempted to elucidate whether and how the integ-
rin β4 in VECs is involved in the VEC-modulated VSMC con-
traction induced by SPC.

Fyn is a member of the Src family of protein tyrosine kinases 
that is widely expressed in various types of cells and has 
greater functional redundancy compared to most of the other 
SrcPTK members[13, 14].  Recent reports have indicated that the 
co-culturing of endothelial and smooth muscle cells affects 
the gene expression of angiogenic factors in VECs[15], suggest-
ing the important roles of angiogenic factors in endothelial/
smooth muscle interactions.  In addition, Fyn is an important 
factor in endothelial cell capillary morphogenesis[16].  How-
ever, the possible involvement of the VEC-derived Fyn in the 
contraction of VSMCs is not yet clear.

Here, we report that VECs reduce the SPC-induced contrac-
tion of VSMCs in the co-culture system of VECs and VSMCs.  
The VECs perform this function through the integrin β4 and 
Fyn proteins.  Moreover, NO and Fyn may be the factors 
downstream of integrin β4 in the reduction of SPC-induced 
VSMC contraction that is caused by the VECs, and ROCK in 
the VSMCs may be the key protein that regulates VSMC con-
traction.  

Materials and methods
Materials
M199 medium and fetal bovine serum (FBS) were purchased 
from Hyclone Lab Inc, USA.  Fibroblast growth factor (FGF) 
was purchased from EssexBio Group, China.  SPC was 
obtained from Sigma Co, USA and was dissolved in ethanol, 
and a concentration of 30 µmol/L was applied to the cells.  
This concentration was previously used for the promotion of 
the contraction of arteries and rat VSMCs in vitro[7, 17, 18].  The 
primary antibodies (mouse anti-human integrin β4 or Fyn and 
rabbit anti-human ROCK), secondary antibodies (goat anti-
mouse TR antibody and goat anti-rabbit FITC antibody) and 
the specific small interfering RNA (siRNA) oligonucleotides 
of human integrin β4 (SC-35678) were all purchased from the 
Santa Cruz Co, USA.  The human Fyn siRNA was synthesized 
by Qiagen, USA.  The following primers were used: human 
Fyn sense RNAi, 5’-GAGUAUAUGAACAAAGGAA-3’ and 
human Fyn antisense RNAi, 5’-UUCCUUUGUUCAUAUA-

CUC-3’.  The RNAiFectTM Transfection Reagent, β-actin siRNA 
and rhodamine-labeled siRNA were all purchased from Qia-
gen, USA.  All other reagents were ultrapure grade products 
from China.

Culturing of VSMCs
This investigation conformed to the Declaration of Helsinki.  
The VSMCs were cultured as previously described[19].  In 
brief, human umbilical veins were excised; the endothelium 
was stripped away; the media of the veins were cut into small 
pieces and placed into 35 mm culture plates that had been 
coated with lumens; and these pieces were grown in M199 
medium with 10% fetal calf serum and 2 ng/mL FGF-2 at 37 °C 
in 5% CO2 and 95% air.  Every 72 h thereafter, the medium 
was replaced with fresh, complete M199.  Cells appeared from 
explants within 2 weeks and grew to confluence in approxi-
mately 4 weeks.  The identities of the cultured cells as smooth 
muscle cells were confirmed by the "hill and valley" patterns 
of cell growth and by positive staining for smooth muscle 
α-actin (α-SMA).  The experiments were performed on cells 
that had undergone 5–8 passages.

Culturing of HUVECs
Human umbilical vein endothelial cells (HUVECs) were 
obtained as previously described[20].  Cells were grown in 
M199 medium with 10% fetal calf serum and 2 ng/mL of 
FGF-2.  The experiments were performed on cells that had 
undergone 10–20 passages.

Co-culturing of VECs and VSMCs 
In the direct co-culture system, VECs were grown to conflu-
ence on the bottom of a 24-well plate, and then the VSMC sus-
pension was adjusted to 1.7×104 cells/mL, 1 mL of which was 
placed on the confluent monolayer of endothelial cells.  After 
the VECs and VSMCs were co-cultured for 24 h, the medium 
was replaced with basal M199 medium (without FBS or 
FGF-2).  Then, the separate co-cultures were treated as follows: 
(a) cultured in M199 medium with FBS and FGF-2 (normal); 
(b) cultured in M199 medium with ethanol at 0.3% (v/v) (con-
trol) and no serum or FGF-2; and (c) cultured in basal M199 
medium with SPC (30 μmol/L).  The contractile changes of the 
cells were quantified using the Leica software, which analyzed 
the images at 1 h.

To observe the changes in VSMC morphology clearly, an 
additional micropore membrane co-culture system was also 
used[21].  Briefly, the VECs and VSMCs were seeded onto the 
upside of microporous filtering membranes in 48-well plates 
at a density of 8.5×103 cells/mL.  Each membrane consisted of 
a mixed cellulose ester with a 0.45 μm micropore that was pre-
coated with matrigel.  After allowing 48 h for attachment, the 
membrane was placed with the VEC side down into a 48-well 
plate containing VSMCs.  After the VECs and VSMCs were co-
cultured for 24 h, the medium was replaced with basal M199 
medium (without FBS or FGF-2).  Then, the separate co-cul-
tures were treated as follows: culturing in M199 medium with 
ethanol at 0.3% (v/v) (control) and culturing in basal M199 
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medium with SPC (30 μmol/L).  The cell morphologies were 
observed using a phase contrast microscope (Nikon, Japan).

Immunofluorescence assay
The VSMCs were co-cultured with VECs in the micropore 
membrane insert well system for 24 h, and then an immu-
nofluorescence assay was performed on the sub-confluent 
VECs and VSMCs to examine the expression of integrin β4 
and Fyn in the VECs and ROCK in the VSMCs as previously 
described[10].  After the addition of the primary antibodies 
(mouse anti-human integrin β4, Fyn or α-SMA IgG and rabbit 
anti-human ROCK IgG) and appropriate secondary antibod-
ies (goat anti-mouse-TR or goat anti-rabbit-FITC), the samples 
were evaluated by laser scanning confocal microscopy (LSCM) 
(Leica, Germany).  We randomly selected the region of interest 
and then zoomed in on the same frames.  The relative fluores-
cent intensity per cell was calculated as the total value of the 
sample in the zoom scan divided by the total number of cells 
(at least 200 cells) in the same scan.  The mean areas of α-SMA-
positive cells (smooth muscle cells) that showed contractility 
were quantified (at least 200 cells).  The percent reduction in 
cell area (%)=(mean area of treated cells/mean area of normal 
cells)×100%.

RNA interference
RNA interference (RNAi) was performed as described previ-
ously[12].  Briefly, cells that were at approximately 60% conflu-
ence were transfected with scramble RNA (negative control) or 
siRNA against integrin β4 (10–40 nmol/L) or Fyn (60 nmol/L) 
using the RNAiFect Transfection Reagent according to the 
manufacturer’s instructions.  After 24 h, the medium was 
replaced with M199 medium supplemented with serum and 
FGF-2.  Cells were cultured for another 24 h for the desired 
assays.  Western blot analyses were conducted to estimate the 
effects of gene silencing.  

Western blotting
The Western blots were performed as previously described[10].  
Briefly, equal amounts of total proteins were loaded onto 7.5% 
SDS-polyacrylamide gels and electrophoretically transferred 
to nitrocellulose transfer membranes.  After blocking with 5% 
skim milk in PBS and 0.5% (v/v) Tween 20 for 1 h, the mem-
branes were incubated with monoclonal Fyn or the integrin β4 
protein antibody (mouse anti-human) overnight at 4 °C and 
then incubated with HRP-linked secondary antibodies (goat 
anti-mouse) for 1 h at room temperature (RT), followed by 
color development with 0.06% DAB (diaminobenzidine) and 
0.03% H2O2 in PBS for 3–5 min at RT.  Distilled water was used 
to stop the reaction.  The monoclonal anti-β-actin antibody 
(mouse anti-human) was used to ascertain that equal protein 
amounts were loaded.  The relative quantities of the proteins 
were analyzed using the ImageTool software.

Cell contraction analysis
Collagen gels were prepared from rat tail type 1 collagen and 
seeded in 24-well culture dishes.  Each well contained 400 μL 

collagen (final collagen concentration of 1.5 mg/mL), 100 μL 
neutralization solution and 1×105 VSMCs based on the tech-
nique that was described previously[22–24].  The VSMCs in the 
collagen gels were allowed to equilibrate overnight in M199 
medium.  The VECs grew to confluence on the bottom of the 
24-well plates, and the collagen gel in which the VSMCs were 
embedded was placed on the confluent monolayer of endothe-
lial cells.  After the VECs and VSMCs were co-cultured for 
24 h, they were used for the SPC treatment.  Gel images were 
captured at 2 h using a camera, and the areas (cm2) of the gels 
were measured using the Image J software (http://rsb.info.
nih.gov/ij/).  The original area of a collagen gel was repre-
sented by the area (2 cm2) of a well from a 24-well plate.  A 
decrease in the gel area correlates with an increase in contrac-
tility.  Changes in contractility that resulted from the experi-
mental treatments were expressed as the percent of the gel 
area that was observed relative to that of the untreated control.  
Three fields were analyzed for each experiment that was per-
formed.  

NO level assay
After the VECs were treated with the siRNA for 48 h and 
stimulated with SPC for 0, 3, 15, and 30 min, the supernatant 
was used for a NO level assay using the NO Detection Kit 
(Nanjing Jiancheng, China) according to the manufacturer’s 
instructions.  The optical density was measured at 550 nm 
(wavelength).  The level of NO was expressed as μmol/L.

Cell viability assay
HUVECs were plated in 96-well cell culture plates.  Cells that 
were at approximately 60% confluence were transfected with 
scramble RNA (negative control) or integrin β4 siRNA (40 
nmol/L).  After 24 h, the medium was replaced with M199 
medium for another 24 h.  Then, the cells were treated with 
basal M199 medium to which 0.3% ethanol (v/v) or SPC was 
added for 1 h, and the cell viability was assayed by the MTT 
assay as previously described[10].  The viability (%)=(OD of 
treated group/OD of control group)×100%.

Statistic analysis 
Data were expressed as mean±SEM and accompanied by the 
number of experiments that were performed independently.  
A statistical analysis was conducted using a one-way ANOVA, 
and differences of P<0.05 were considered to be statistically 
significant.

Results
VECs reduced SPC-induced VSMC contraction in co-culture 
systems 
The VECs and VSMCs were co-cultured in the micropore 
membrane insert well co-culture system for 24 h.  Then, the 
VSMCs were treated with SPC for 30, 45, or 60 min, and the 
cell contraction morphologies were observed under a micro-
scope.  The images show that the single-culture SPC treatment 
decreased the area of each individualVSMC significantly at 60 
min compared with cocultured ones, but the same treatment 
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failed to decrease the areas of the VSMCs in the co-cultures 
(Figure 1A).

After the VSMCs were treated with SPC for 1 h, the cell 
contraction morphologies were observed using an immuno-
fluorescence assay.  The results showed that SPC caused the 
α-SMA-positive VSMC layer to shrink in the single-cultures, 
but this phenomenon was not observed in the co-cultures.  As 
shown in the column (Figure 1B), the average length of the 
VSMCs in the co-cultured systems was significantly longer 
than that in the single-cultured ones (P<0.01 and P<0.01).  
These results indicate that VECs inhibit SPC-induced VSMC 
contraction.

In addition, we examined the VSMCs using a collagen con-
tractility assay, and the images show that the SPC treatment 
of the single-cultures decreased the collagen-containing areas, 
but the same treatment failed to decrease these areas in the 
co-cultures (P<0.01 and P<0.01) (Figure 1C).  Thus, the VECs 
reduced VSMC contraction in co-cultures that had been stimu-
lated with SPC.

Integrin β4-knockdown VECs failed to show reduced SPC-induced 
VSMC contraction 
To identify integrin β4 in VECs that had been co-cultured with 
VSMCs, we measured integrin β4 protein levels in single-cul-
tured and co-cultured VECs.  As shown in Figure 2A, the level 
of integrin β4 was higher in the co-cultured VECs than that in 
the single-cultured ones (P<0.05), indicating a possible role for 
integrin β4 in the interaction between VECs and VSMCs.  

To further elucidate the role of integrin β4 in the effects of 
VECs on SPC-induced VSMC contraction, RNAi was used.  
As shown in Figure 2B, integrin β4 siRNA administered at 20 
nmol/L clearly downregulated integrin β4 expression at 48 h 
(P<0.01).  After the VECs were transfected with integrin β4 
siRNA or scramble siRNA for 24 h, the medium was changed, 
and the VECs were co-cultured with VSMCs as described 
above.  As shown in Figure 2C and 2D, after the VSMCs were 
treated with SPC for 1 h, the areas of the VSMCs and collagens 
that had been co-cultured with the integrin β4-knockdown 
VECs were significantly smaller than those of the VSMCs that 

Figure 1.  VECs inhibited the SPC-induced contraction of VSMCs.  Cells were preincubated for 30, 45, or 60 min at 37 ºC in basal M199 medium with 30 
µmol/L SPC, and the morphology of the VSMCs in the micropore membrane insert well system was observed under a phase contrast microscope (×200) 
(A).  In the direct co-cultured systems that had been preincubated for 60 min with SPC, after staining with α-SMA, the areas of α-SMA-positive cells were 
also analyzed using the laser confocal software (B).  The bar graph shows the relative contractilities following the SPC treatment, which are represented 
as the ratios of the average SMC area to that of the untreated control (cP<0.01 vs SPC-non-stimulated VSMCs; fP<0.01 vs SPC-stimulated VSMCs, n=3).  (C) 
VSMCs in collagen gels were co-cultured with VECs and preincubated with SPC as mentioned above, and then the gel images were captured at 2 h, and 
the areas (cm2) of the gels were measured.  The bar graph shows the relative contractility following SPC treatment, which is represented as the ratio of 
the gel area to that of the untreated control (cP<0.01 vs SPC non-stimulated VSMCs; fP<0.01 vs SPC stimulated VSMCs, n=3).
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had been co-cultured with the VECs that were transfected 
with the scramble siRNA (P<0.01).  Thus, the siRNA-mediated 
down-regulation of integrin β4 in VECs could block the SPC-
induced contraction of the VSMCs.

Fyn-knockdown VECs failed to show reduced SPC-induced VSMC 
contraction
To analyze the possible actions of Fyn in VECs that had been 
co-cultured with VSMCs, we measured the levels of this pro-
tein in single-cultured and co-cultured VECs.  As shown in 
Figure 3A, the Fyn levels were higher in the co-cultured VECs 
than in the single-cultured VECs (P<0.05), which is indicative 
of a possible key role of Fyn in the interaction between VECs 

and VSMCs.  
As shown in Figure 3B, the expression levels of Fyn in the 

VECs that were transfected with Fyn siRNA at 60 nmol/L 
for 48 h were down-regulated compared with those in the 
untransfected VECs (P<0.01).  After the VECs were transfected 
with Fyn siRNA for 24 h, the medium was changed, and the 
VECs were co-cultured with VSMCs as described above.  As 
shown in Figure 3C and 3D, after the VSMCs were treated 
with SPC for 1 h, the areas of the VSMCs and collagens that 
had been co-cultured with the Fyn-knockdown VECs were sig-
nificantly smaller compared than those of the VSMCs that had 
been co-cultured with the scramble-siRNA-transfected VECs 
(P<0.01).  These results show that the siRNA-mediated down-

Figure 2.  Effects of integrin β4 knockdown in VECs on VSMC contraction.  (A) VECs and VSMCs were co-cultured in the micropore membrane insert well 
co-culture system for 24 h.  Then, the levels of integrin β4 in the VECs were examined using the immunofluorescence assay.  The bar graph shows the 
relative intensity of integrin β4 in the single-cultured and co-cultured VECs (bP<0.05 vs single-cultured VECs, n=3).  (B) SiRNA-mediated down-regulation 
of integrin β4 in VECs.  The levels of integrin β4 were determined by Western blotting 48 h after the start of the siRNA treatment.  In the scramble 
control group (scramble ctrl), cells were transfected with scramble control siRNA (cP<0.01 vs scramble ctrl, n=3).  (C) VECs were treated with 20 nmol/L 
integrin β4-specific siRNA or with scramble siRNA for 48 h.  After the addition of SPC, the effects of the integrin β4 knockdown on the contraction of 
the VSMCs in the micropore membrane insert well system were observed under a phase contrast microscope (×200) and analyzed by the collagen 
contractility assay.  (D) The bar graph shows the relative contractility following SPC treatment, which is represented as the ratio of the gel area to that of 
the untreated control (cP<0.01 vs SPC-stimulated scramble ctrl, n=3).  
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regulation of Fyn in VECs could also counteract the inhibitory 
effects of the VECs on SPC-induced VSMC contraction.  

Knockdown of integrin β4 inhibited Fyn expression in VECs
An integrin β4 knockdown strategy was used to elucidate the 
possible relationship between integrin β4 and Fyn in the VECs.  
The results show that the knockdown of integrin β4 inhibits 
the expression of Fyn (P<0.05 and P<0.01) (Figure 4).  

Knockdown of integrin β4 inhibited NO production in VECs 
To understand the underlying mechanism by which integrin 
β4 participates in the effects of VECs on SPC-induced VSMC 

contraction, we analyzed the relationship between integrin 
β4 and NO, the latter of which was the key factor in the VEC-
reduced VSMC contraction stimulated by SPC.  The results 
show that SPC promotes the production of NO at 3 and 15 min 
in VECs, whereas the knockdown of integrin β4 inhibits SPC-
induced NO production (P<0.05) (Figure 5A).

Knockdown of integrin β4 did not change viability of VECs
To clarify whether the knockdown of integrin β4 abolishes 
VEC function as related to SPC-induced VSMC contraction 
by decreasing cell numbers, we assessed the viabilities of 
the VECs before and after the integrin β4 siRNA treatment.  

Figure 3.  Effects of Fyn knockdown in VECs on VSMC contraction.  (A) VECs and VSMCs were co-cultured in the micropore membrane insert well co-
culture system for 24 h.  Then, the levels of Fyn in the VECs were examined using the immunofluorescence assay.  The bar shows the relative intensity 
of Fyn in single-cultured and co-cultured VECs (bP<0.05 vs single-cultured VECs, n=3).  (B) SiRNA-mediated down-regulation of Fyn in VECs.  The value 
of Fyn was determined by Western blotting 48 h after the start of the siRNA treatment.  In the scramble control group (scramble ctrl), the cells were 
transfected with scramble control siRNA (cP<0.01 vs scramble ctrl, n=3).  (C) VECs were treated with 20 nmol/L Fyn-specific siRNA or with scramble 
siRNA for 48 h.  After the SPC was added, the effects of the Fyn knockdown on the contraction of the VSMCs in the micropore membrane insert well 
system were observed under a phase contrast microscope (×200) and analyzed using the collagen contractility assay.  (D) The bar graph shows the 
relative contractility following SPC treatment, which is represented as a ratio of the gel area to that of the untreated control (cP<0.01 vs SPC-stimulated 
scramble ctrl, n=3).
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The results show that the knockdown of integrin β4 does not 
change the viabilities of the VECs (Figure 5B).

ROCK levels in VSMCs that were treated with SPC and co-
cultured with integrin β4-knockdown VECs were increased by 
SPC 
Because the translocation of Rho kinase (ROCK) has been 
shown to participate in SPC-induced VSMC contraction[18], 
we further analyzed the changes in ROCK levels in relation 
to VSMC contraction.  As shown in Figure 6, when VSMCs 
were treated with SPC and when SPC-treated VSMCs were 
co-cultured with integrin β4-knockdown VECs, contraction 
occurred, and the levels of ROCK in the VSMCs significantly 

increased compared to the corresponding controls (P<0.05).

Discussion
Recently, SPC has been regarded as a novel messenger for 
the Rho kinase–mediated Ca2+ sensitization of VSMC contrac-
tion[7], but its effects on VSMCs depend on the presence of 
VECs.  In this study, to obtain further information regarding 
the mechanism by which VECs inhibit SPC-induced VSMC 
contraction, we utilized a co-culture system containing VECs 
and VSMCs.  The results show that VECs inhibit SPC-induced 
VSMC contraction in co-culture systems.  Therefore, in vitro 
co-culture systems could be used to study the underlying 
mechanisms by which VECs inhibit SPC-induced VSMC con-
traction.  

We have previously reported that integrin β4 is a very 
important membrane protein in VEC apoptosis, senescence 
and differentiation[10–12].  The data from the present study sug-
gest that integrin β4 is also a key factor in the VEC-mediated 

Figure 4.  Effects of integrin β4 knockdown on the changes in Fyn levels 
in VECs.  (A) VECs were treated with 10–40 nmol/L integrin β4 siRNA 
or scramble siRNA for 48 h.  The levels of integrin β4 in the VECs were 
determined by the immunofluorescence assay, and the bar graph shows 
the relative fluorescent intensity of integrin β4 per cell as determined by 
laser scanning confocal microscopy (bP<0.05 vs scramble ctrl, n=3).  (B) 
After 10–40 nmol/L integrin β4 siRNA or scramble siRNA were treated 
for 48 h, the Fyn levels in the VECs were assessed using Western blotting  
(cP<0.01 vs scramble ctrl, n=3).

Figure 5.  Effects of integrin β4 knockdown on NO production in VECs.  (A) 
VECs were cultured under normal conditions or with siRNA for 48 h and 
stimulated with SPC for 0, 3, 15, or 30 min, and the supernatant was 
used for the NO level assay using the NO Detection Kit.  In the control 
group (ctrl), the cells were cultured in M199 medium with 0.3% (v/v) 
ethanol instead of SPC.  In the scramble control group (scramble ctrl), 
cells were transfected with scramble control siRNA in the presence of 
SPC.  The bar graph shows the changes in NO levels in VECs that had 
been treated with SPC (bP<0.05 vs ctrl at 3 min, eP<0.05 vs ctrl at 15 min, 
n=5) or with siRNA in the presence of SPC (hP<0.05 vs scramble ctrl at 3 
min, kP<0.05 vs scramble ctrl at 15 min, n=5).  (B) The viabilities of VECs 
were measured by MTT, and no significant changes were observed (n=3).
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regulation of SPC-induced VSMC contraction.  It is clear that 
NO is an important factor for the modulation of VSMC con-
traction by SPC-stimulated VECs[8].  Our current results show 
that SPC promotes the production of NO in VECs, and the 
knockdown of integrin β4 rescues the levels of NO in VECs 

that have been stimulated with SPC.  Thus, integrin β4 may 
regulate VSMC contraction through the action of NO.  We will 
use NO inhibitors in future studies to verify the role of NO 
generation in endothelial cells in the reduction of SPC-stimu-
lated VSMC contraction.

It has been reported that Fyn may act as an regulator in cor-
onary artery contraction[25].  However, research into the role of 
Fyn in VECs is limited to endothelial cell migration and capil-
lary morphogenesis[16, 26].  To date, the possible role of VEC-
derived Fyn in SPC-induced VSMC contraction is not known.  
In the present study, the siRNA-mediated down-regulation of 
Fyn in the VECs counteracted the SPC-induced contraction of 
the VSMCs, suggesting that Fyn is another important factor in 
the SPC-induced regulation of VSMC contraction by VECs.

The association between integrin β4 and Fyn has been 
analyzed previously.  It has been reported that α6β4 integrin 
selectively activates the Src family member Fyn in response 
to receptor engagement during tumor progression and pro-
motes this tumor progression[27].  However, Wang et al  dis-
covered that Fyn phosphorylates the β4 cytoplasmic domain 
and causes the disassembly of hemidesmosomes, which is a 
prerequisite for normal keratinocyte migration and squamous 
carcinoma invasion[28].  Therefore, the relationship between 
integrin β4 and Fyn remains to be elucidated.  Our data show 
that Fyn levels are regulated by integrin β4, but changes in the 
protein levels that are observed in integrin β4-silenced cells in 
this study may reflect solely the effects of integrin β4 silencing 
on the transcription of the Fyn gene or the degradation of the 
Fyn protein.  The kinase assay and the detection of changes in 
phosphorylation statuses and post-activation translocation are 
the generally accepted methods for verifying kinase activation 
in a signaling cascade.  Therefore, the mechanism by which 
Fyn regulates contraction, in addition to its relationship with 
integrin β4, requires further study.  

In the present study, the contraction of the collagen gel 
when the VSMCs were co-cultured with the scramble-siRNA-
transfected VECs amounted to 60%–75% of that of the con-
trol (Figure 2D and Figure 3D), and Figure 1C shows that 
co-culturing with untransfected VECs completely blocks 
VSMC contraction.  Therefore, the effects of the RNAiFect 
transfection reagent or the inactive siRNA sequence must be 
acknowledged as was previously described by Kriegel et al[29].  
However, the use of integrin β4 and Fyn siRNA resulted in the 
statistically significant promotion of collagen gel contraction.  
Therefore, integrin β4 and Fyn in the VECs indeed played 
important roles in the reduction of VSMC contraction.

In rat aortic smooth muscle cells, the translocation of ROCK 
from the cytosol to the cell membrane may play a role in SPC-
induced contraction[30].  In this study, we further observed that 
the levels of ROCK were associated with the contraction of 
VSMCs, which may be a marker for indicating VSMC contrac-
tion.  However, the elucidation of the exact function of ROCK 
requires further analyses involving kinase activation.

In summary, our results showed that VECs inhibited SPC-
induced VSMC contraction in co-culture systems.  VECs per-
formed this function using the integrin β4 and Fyn proteins.  

Figure 6.  Effects of integrin β4 knockdown in VECs on changes in ROCK 
levels in co-cultured VSMCs.  VSMCs that had been co-cultured with 
VECs that were treated with or without integrin β4-specific siRNA (β4) or 
scramble control siRNA in the presence of SPC were immunostained for 
ROCK, α-SMA, or both.  The bar graph shows the relative fluorescence 
intensity of ROCK per VSMC as determined by laser scanning confocal 
microscopy (bP<0.05 vs SPC-non-stimulated VSMCs; eP<0.05 vs SPC-
stimulated scramble ctrl in co-cultured system, n=4).
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NO may be downstream of integrin β4 in VECs and assist in 
performing this function.  Furthermore, the levels of ROCK in 
the VSMCs may be novel markers for the detection of VSMC 
contraction.  The present data provided novel clues for under-
standing the mechanism by which VECs control the SPC-
induced contraction of VSMCs.
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