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ABSTRACT
We previously showed that progesterone (P4) could inhibit the proliferation of human umbilical venous endothelial cells (HUVECs) through the
p53-dependent pathway. In the present study, we further demonstrated that P4 at physiologic levels (5–500 nM) concentration-dependently
inhibited migration of HUVECs. This effect was blocked by pre-treatment with the P4 receptor (PR) agonist-antagonist, RU486, suggesting that
the P4-induced migration inhibition in HUVECs was through the PR-mediated signaling pathway. Western blot analyses demonstrated that the
levels of RhoA and Rac-1 protein were reduced in the P4-treated HUVECs. P4 also inhibited the membrane translocation of RhoA and Rac-1
protein. Moreover, the P4-induced migration inhibition in HUVECs was prevented by over-expression of the constitutively active RhoA
construct (RhoA V14). However, pre-treatment with the ROCK (a kinase associated with RhoA for transducing RhoA signaling) inhibitor,
Y27632, abolished the over-expression of RhoA-induced prevention effect on the P4-induced migration inhibition in HUVECs. These data
suggest that the inhibition of Rho GTPases might account for the P4-induced migration inhibition of HUVECs. Pre-treatment with the cSrc
inhibitor, PP2, prevented the P4-induced migration inhibition in HUVEC. The levels of phosphorylated focal adhesion kinase (FAK) and
paxillin protein were also decreased by P4 treatment. Taken together, these results suggest that suppression of the Rho-mediated pathway
might be involved in the signal transduction leading to the inhibition of cell migration caused by P4 in HUVECs. J. Cell. Biochem. 116: 1411–
1418, 2015. � 2015 Wiley Periodicals, Inc.

KEY WORDS: ANGIOGENESIS; PROGESTERONE RECEPTOR; RHO PROTEINS

Angiogenesis involves several well-characterized steps includ-
ing local degradation of the basement membrane of the parent

vessel, allowing protrusion of endothelial cells; outward migration of
endothelial cells in tandem to form a capillary sprout; proliferation of
endothelial cells within the sprout; and the formation of a lumen with
subsequent branching [Kalebic et al., 1983; Bussolino et al., 1997;
Gupta and Qin, 2003; Bellon et al., 2004]. Angiogenesis is required in
many physiological and pathological conditions [Risau, 1997; Papetti
and Herman, 2002]. Normally, vascular proliferation occurs only
during embryonic development, and is a very slow process in the
adult with a few specific exceptions. The ovary and endometrium are
two of the few tissues in the adult organism inwhich angiogenesis is a
prominent feature in normal conditions. Studies of the regulation of

angiogenesis in the primate endometrium and the presence of
estrogen receptor (ER) and progesterone receptor (PR) in vessel walls
suggest that physiological angiogenesis is under the control of female
sex hormones. It has been demonstrated that physiological concen-
trations of estradiol could increase vascular endothelial growth factor
expression in human endometrial epithelial and stromal cells
[Albrecht et al., 2003; Niklaus et al., 2003; Sengupta et al., 2003].
There is a large body of literature describing the important role of
estradiol in endometrial angiogenesis, but far less is known about the
P4 effect in this aspect. The effect of P4 on proliferation of vascular
endothelial cells has been addressed by Vázquez et al. [1999], who
showed that P4 could inhibit the proliferation of vascular endothelial
cells and the rate of re-endothelialization, and thus impair vascular
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repair processes through the PR dependent pathway. We also
demonstrated that P4 inhibited cultured HUVEC proliferation through
the p53-dependent mechanism, by which the levels of p21 and p27
protein were increased, and consequently inhibited the CDK2 activity,
and finally impairing the transition of HUVEC from the G1 phase to
the S phase [Hsu et al., 2008]. Our in vivo study in rats also showed
that P4 at physiologic levels exerts an anti-angiogenic action.

Since endothelial cell migration and proliferation are two of the
major events essential for angiogenesis, we further examined the
effect of P4 on endothelial cell migration. Here, we showed that P4
activated the cSrc signaling pathway, which in turn suppressed the
RhoA activity, and finally causing migration inhibition in HUVECs.
These experimental findings reported below highlight certain
molecular mechanisms of P4-induced inhibition of angiogenesis.

MATERIALS AND METHODS

CELL CULTURES
HUVECs, purchased from ATCC (Manassas, VA), are normal primary
human umbilical vein endothelial cells derived from 10 individual
donors and von Willebrand factor positive and smooth muscle
a-actin negative. The cell was grown in phenol red-free M199
medium (GIBCO, Grand Island, NY) containing charcoal/dextran-
treated 10% fetal bovine serum (FBS; GIBCO), endothelial cell growth
supplement (ECGS; 0.03mgmL�1; Biomedical Technologies Inc.,
Stoughton, MA), sodium heparin (100 unitsmL�1; Sigma–Aldrich,
St. Louis, MO), 10 nM HEPES (Sigma–Aldrich), and kanamycin
(10mgmL�1; GIBCO) in gelatin-coated plates, and incubated at 37°C
in 5% CO2. Cells from passages 5–10 were used.

TRANSWELL MIGRATION ASSAY
Migration assay was performed as described previously with minor
modifications [Hou et al., 2013]. To assess the migration potential of
HUVECs, the lower face of Transwell (8mm pore size) was pre-coated
with Type-1 collagen at a concentration of 1mgmL�1 for 1 h at 37°C.
The Transwell was assembled in a 24-well plate; the upper chambers
were filled with DMEM containing charcoal/dextran-treated 2% FBS,
whereas the lower chambers were filled with phenol red-free DMEM
containing charcoal/dextran-treated 10% FBS. Two hundred micro-
liter of cells (105 cellsmL�1) were inoculated onto the upper chamber
of each Transwell. P4 (5–500 nM)was added into themedium of lower
and upper chambers. The plate was then placed at 37°C in 5% CO2/
95% air for 13 h. After removing the non-migrating cells with a
cotton swab, cells that had migrated to the lower surface of the filters
were fixed and stained with 0.1% crystal violet/20% (v/v) methanol.
All assays were performed in triplicate. Three random fields were
chosen in each insert, and the cells were counted and photographed
under a light microscope (200�).

WOUND HEALING ASSAY
Wound healing assay was performed as previously described
[Rodriguez et al., 2005; Hou et al., 2013]. Briefly, HUVECs were
grown in 24-well plates. White tips for 10mL micropipette were used
to scrape a “wound” in a cell monolayer. The images captured at the
beginning were compared to the images after 6–8 h in a humidified

37°C, CO2 incubator. The cells migrating to close the wound were
counted to quantify the migration rate of the cells.

VIABILITY ASSAY
Cell viability was estimated by a modified MTT [3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (Sigma) assay as
previously described [Lee et al., 1997]. Four samples were analyzed
in each experiment.

ADHESION ASSAY
Adhesion assays were performed as previously described [Ho et al.,
2006]. Briefly, HUVECs were plated onto a collagen (0.1mgmL�1)-
coated 24-well plate, grown in 10%FBSwith P4 (50 nM) or vehicle for
13 h at 37°C, and then washed with phosphate-buffered saline (PBS).
The cell number was counted under a light microscope.

LAMELLIPODIA ASSAY
Lamellipodia assay was performed as previously described [Hou et al.,
2013]. Briefly, HUVECs were seeded on coverslips and incubated in
growth medium containing vehicle or P4 (50 nM) for 3 h, fixed in 4%
paraformaldehyde, and then permeabilized with 1% triton X-100.
To detect actin polymerization in lamellipodia, HUVECs were stained
with rhodamine-phalloidin (Cytoskeleton Inc., Denver, CO), and cell
nuclei were stained with Hoechst 333342 (Invitrogen, Carlsbad, CA).
Cells were viewed under a laser confocal spectral microscope imaging
system (Leica, TCS SP5; Mannheim, Germany).

CELL TRANSFECTION
The constitutively active RhoA construct, RhoA V14, was transfected
into HUVECs using jetPEI-HUVEC transfection reagent (Poly-plus
Transfection, Illkirch, France) following the manufacturer0s protocol
with minor modification. Briefly, a jetPEI-HUVEC/DNA mixture was
added drop-wise onto the M199MþGlutamaxTM I medium (GIBCO)
containing 2% FBS,mixed gently, and incubated in a humidified 37°C
incubator for 4 h. The growth medium was then replaced and the cells
were incubated further for 24 h.

SUBCELLULAR FRACTIONATION
The cells were washed with cold PBS and lysed by Dounce
homogenizer in lysis buffer (20mM Tris, pH 8.0, 3mM MgCl2,
1mM PMSF), and centrifuged at 12,000g for 30min at 4°C. The
supernatant was collected as the cytosolic fraction. Pellets were
washed with cold PBS, and then homogenized in the lysis buffer
(Tris 50mM, pH 7.5, NaCl 150mM, PMSF 1mM, NP-40 1%, 0.1%
SDS) on ice, and centrifuged at 12,000g for 30min at 4°C. The
supernatant was collected as the particulate (membrane) fraction.
Proteins of cytosolic and particulate fractionswere detected for RhoA,
RhoB, RhoC, and Rac-1 by Western blot analysis.

WESTERN BLOT ANALYSIS
To determine the expression levels of cSrc, p-cSrc, FAK, paxillin,
RhoA, RhoB, RhoC, Rac-1, cadherin, and G3PDH in HUVECs, the total
proteins were extracted andWestern blot analyses were performed as
previously described [Lin et al., 2002]. Briefly, HUVECs were cultured
in 10 cm Petri dishes. After reaching subconfluence, the cells were
pre-treated for 21 h in DMEM containing 0.04% FBS, and challenged
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with 10% FBS and various concentrations of P4 (50 or 500 nM), and
then incubated at 37°C. At different time points, the cells were
washed with PBS (pH 7.4), incubated with extraction buffer (Tris
50mM, pH 7.5, NaCl 150mM, PMSF 1mM, NP-40 1%, 0.1% SDS) on
ice, and then centrifuged at 12,000g for 30min. The cell extract was
then boiled in a ratio of 3:1 with sample buffer (Tris-HCl 250mM,
pH 6.8, glycerol 40%, dithiothreitol 400mM, SDS 8% and
bromophenol blue 0.2%). Electrophoresis was carried out using a
12% SDS-polyacrylamide gel (4 h, 60 V, 50mg protein per lane).
Separated proteins were transferred to PVDF membranes (20 h,
80mA), treated with 1% BSA/0.02% NaNO3 to block the nonspecific
IgGs, and incubated for 1 h with specific antibody for FAK, p-FAK,
paxillin, p-paxillin, RhoA, RhoB, RhoC, Rac-1, cadherin, or G3PDH
at a concentration of 0.2mgmL�1 (Jackson ImmunoResearch
Laboratories, West Grove, PA). The blot was then incubated with
anti-mouse, anti-rabbit, or anti-goat IgG (Jackson ImmunoResearch
Laboratories) linked to horseradish peroxidase (HRP; 1:10,000) for
1 h. Subsequently, the blot was developed using the ECL (enhanced
chemiluminescence) system (Amersham). The intensity of each band
was quantified by densitometry analysis using Image Pro-Plus 4.5
Software.

MATRIX METALLOPROTEASES ACTIVITY ASSAY
The activities of matrix metalloproteases (MMPs) in HUVECs were
measured using gelatin zymography protease assays as described
previously [Chien et al., 2012]. Briefly, the extracted proteins were
subjected to 0.1% gelatin-8% SDS-PAGE electrophoresis. After
electrophoresis, gels were washed with 2.5% Triton X-100, incubated
in reaction buffer (40mM Tris-HCl, pH 8.0; 10mM CaCl2 and 0.01%
NaN3) for 12 h at 37°C, and then stained with Coomassie brilliant blue
R-250 (J.T. BAKER, Center Valley, PA).

STATISTICS
All data were expressed as the mean value� SEM. Comparisons were
subjected to one way analysis of variance (ANOVA) followed by
Fisher0s least significant difference test. Significance was accepted at
P< 0.05.

RESULTS

EFFECT OF P4 ON MIGRATION OF HUVECS
Previously, we demonstrated that P4 exerts an anti-angiogenic
activity through inhibiting the growth of vascular endothelial cells
[Hsu et al., 2008]. To examine whether inhibition of vascular
endothelial cell migration is also involved in the P4-induced anti-
angiogenesis, the Transwell migration assay was performed in
HUVECs. As illustrated in Figure 1A, P4 (5–500 nM) concentration-
dependently inhibited the migration of HUVECs. Treatment with the
PR agonist-antagonist, RU486 (100 nM), alone partially inhibited the
migration of HUVECs. Pre-treatment of HUVCEs with RU486
prevented the P4-induced migration inhibition (Fig. 1B).

Since lamellipodia formation is necessary for cell migration, we
also examined the effect of P4 on the lamellipodia formation of
HUVECs. As shown in Figure 1C, treatment with P4 reduced the
formation of both stress fibers and lamellipodia in HUVECs.

INVOLVEMENT OF RHOA IN THE P4-INDUCED MIGRATION
INHIBITION IN HUVECS
Since RhoA have been indicated to be involved in regulating the
actin cytoskeleton in the formation of stress fibers and in growth
factors-stimulated cell migration and cytoskeletal organization,
and membrane trafficking, the involvement of RhoA in the P4-
induced HUVEC migration inhibition was explored. In the P4
(500 nM)-treated HUVEC, the levels of RhoA protein in total cell
lysate (Supplementary Fig. 1A, Fig. 2A) and the membranous fraction
(Supplementary Fig. 1B, Fig. 2B) were significantly decreased,
suggesting that the RhoA activity in HUVEC was decreased by P4
treatment. We also examined the effect of P4 on the Rac-1 activity,
which is generally associated with the lamellipodia formation.
Treatment with P4 (500 nM) for 13 h also reduced the levels of Rac-1
protein in total cell lysate (Supplementary Fig. 1A, Fig. 2A) and the
membranous fraction (Supplementary Fig. 1A, Fig. 2B). These results
suggest that interference of prenylation might be involved in the
inhibition of HUVEC migration caused by P4. To confirm the
involvement of RhoA reduction and inactivation in the P4-induced
migration inhibition in HUVECs, we transfected HUVECs with RhoA
V14 followed by P4 treatment. As illustrated in Figure 2C,
transfection with RhoA V14 caused an increase of RhoA expression,
which prevented the P4-induced migration inhibition in HUVECs
(Fig. 2D). However, pre-treatment of HUVECs with a ROCK (a kinase
associated with RhoA for transducing RhoA signaling) inhibitor,
Y27632, abolished the over-expression of RhoA-induced prevention
effect on the P4-induced migration inhibition.

EFFECT OF P4 ON THE LEVELS OF P-FAK AND P-PAXILLIN
Since the focal adhesion complex is one of the important components
promoting cell motility, the adhesive interactions between cells and
extracellular matrix can influence the attachment and transmigration
across the surrounding cells [Hood and Cheresh, 2002]. We evaluated
the effects of P4 on the formation of focal adhesion complexes by
examining the levels of p-FAK and p-paxillin, two elementary
proteins for forming stable adhesion complexes and transducing
the survival/motility signals, in the P4-treated HUVECs using
Western blot analysis. As shown in Figure 3 and Supplementary
Figure 2, treatment with P4 (500 nM) for 5 and 10min, the ratios
of both p-FAK/FAK and p-paxillin/paxillin were decreased in the
P4-treated HUVEC as compared with vehicle-treated HUVECs
(control).

EFFECT OF A LOW CONCENTRATION OF P4 ON HUVEC MIGRATION
We further examined the effect of P4 at a lower concentration on
endothelial cell migration. As shown in Figure 4A, P4 at a
concentration of 50 nM reduced the cell number migrated through
the collagen. Wound healing assay demonstrated that P4 (50 nM)
inhibited the motility of HUVECs (Fig. 4B). However, P4 (50 nM) did
not affect the cell viability (Fig. 4C), cell adhesion to collagen (Fig. 4D)
and MMPs activity (4E).

INVOLVEMENT OF CSRC ACTIVATION ON THE P4-INDUCED
MIGRATION INHIBITION IN HUVEC
Since PR interacts with the tyrosine kinase c-Src [Boonyaratana-
kornkit et al., 2001; Hsu and Lee, 2011] and our previous study
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demonstrated that P4 can increase the formation of PR-cSrc complex
and activate cSrc [Hsu and Lee, 2011], we thus explored the role of
cSrc activation on P4-induced migration inhibition in HUVECs. As
shown in Figure 5A and Supplementary Figure 3A, treatment of
P4 (50 nM) for 2min increased the level of p-cSrc protein. However,
pre-treatment with the cSrc inhibitor, PP2 (400 nM), prevented the
P4-induced reductions of membranous translocation of RhoA from
the cytosol (Supplementary Fig. 3B, Fig. 5B) and migration inhibition
in HUVECs (Fig. 5C).

DISCUSSION

Previously, we demonstrated that P4 inhibits angiogenesis in vivo
and suppresses the proliferation of vascular endothelial cells through
the PR-mediated pathway in vitro [Hsu et al., 2008]. Here, we further
demonstrated that P4 at physiologic concentrations (5–500 nM) also
concentration-dependently inhibited migration of vascular endothe-
lial cells. The effect of P4 on endothelial cell migration is blocked by
pre-treatment of the cell with the PR agonist-antagonist, RU486,
suggesting that P4-induced migration inhibition is mediated through

the PR-mediated signaling pathway. The findings of the present study
suggest that the Rho-mediated signaling pathway might be involved
in the migration inhibition caused by P4 in cultured HUVECs. To our
knowledge, this is the first demonstration that P4 inhibits endothelial
cell migration through the Rho-dependent pathway mediated by PR
activation.

Transwell migration assay demonstrated that P4 (5–500 nM)
concentration-dependently inhibited the endothelial cell migration
(Fig. 1A). Although cell adhesion is one of the principal requirements
for migration [Keledjian et al., 2005], our data indicated that the
adhesion of HUVECs on the collagen-coated plate, whichwas used for
the migration assay, was not significantly affected by P4 treatment
(Fig. 4D), suggesting that HUVEC migration inhibition induced by P4
was not due to reduction of adhesion.Moreover, P4 at a concentration
of 50 nM did not cause death in HUVECs (Fig. 4C), indicating that
the P4-induced migration inhibition in HUVECs was not due to
cytotoxicity. Proteolytic breakdown of the basement membrane,
which results from secretion and activation of MMPs in response to
exogenous signals such as cytokines, growth factors and cell-matrix
interactions, is also required for endothelial cell migration during
angiogenesis [Bellon et al., 2004]. During angiogenesis, the

Fig. 1. Inhibitory effects of P4 on HUVEC migration. A: P4 (5–500 nM) concentration-dependently inhibited HUVEC migration through collagen (1mgmL�1). B: P4 inhibited
HUVECmigration through the PR-mediated pathway. HUVECs were pre-incubated with RU486 (100 nM) followed by P4 (500 nM) or DMSO (control) for 20 h. Values represent the
means� SEM. (n¼ 4). �P< 0.05 different from control. #P< 0.05 different from P4-treated group. C: P4 inhibited the formation of lamellipodia (arrows) and stress fibers
(arrowheads) in HUVECs. HUVECs were treated with DMSO or P4 (500 nM) for 1 h. Phalloidin staining of HUVECs was performed as described in the Materials and Methods. Nuclei
were stained with Hoechst 333342. Scale bar 25mm; Co, control.
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extracelluar proteolytic activity in the endothelial pericellular
environment was significantly increased. It was demonstrated that
MMPs might mediate the basement membrane degradation, and the
catalytic activity of secreted MMPs is tightly regulated. In the present
study, however, treatment of HUVECswith P4 (50 nM) for 13 h did not
significantly affect the MMPs activity (Fig. 4E), suggesting that
reduction of the MMPs activity might not contribute to the
P4-induced migration inhibition in HUVECs. Taken together, these
data suggest that P4 inhibited endothelial cell migration mainly
through suppressing the cell motility. This notion was supported by
our data showing that P4 inhibited the formation of stress fibers and
lamellipodia in HUVECs (Fig. 1C). It has been indicated that the
lamellipodia is generally associated with Rac activation, whereas the
stress fibers are with Rho activation [Hall, 1998]. Our data showed
that P4 inhibited the activation of both RhoA and Rac-1 (Fig. 2B)
in HUVECs. These data confirm that the formation of stress fibers
and lamellipodia in HUVECs was reduced by P4 treatment.

Cell migration, a highly integrated multi-step process that is
crucial for development and plays an important role in the process of
various diseases, is initiated by an initial protrusion at the leading
edge of the cell or lamellipodium followed by the establishment of
new adhesion sits at the front, cell body contraction, and detachment
of adhesions at the cell rear. It has been suggested that a key element
in cell migration is the reciprocal regulation of Rac and Rho. Rac is
thought to be required at the leading edge of the cell to regulate actin
polymerization and membrane protrusion, whereas Rho appears to
regulate the contraction and retraction forces required in the cell body
and at the rear. During angiogenesis, dynamic changes in adhesive
structures of endothelial cells are very important for cellular
remodeling. It has been indicated that Vascular Endothelial (VE)-
cadherin, an endothelial-specific cell–cell adhesion protein of the
adherens junction complex plays an important role in all branches of
endothelial cell biology (Harris and Nelson, 2010). VE-cadherin-
signaling could activate Rho kinase (ROCK) and myosin light-chain 2

Fig. 2. Involvement of the Rho/ROCK signaling pathway in the P4-induced inhibition in HUVEC migration. A: Treatment of HUVEC with P4 (500 nM) for 20 h inhibited the total
protein levels of RhoA and Rac-1. Data are representative of two independent experiments with similar results. Values shown in parentheses represent the quantified results of RhoA
and Rac-1 protein levels after adjusted with their own G3PHD protein levels and expressed by fold of control. B: P4 inhibited membrane translocation of RhoA and Rac-1 protein
from cytosol. Cadherin and G3PDH were used as a membrane and cytosolic protein marker, respectively, to confirm the purities of isolation. Data are representative of two
independent experiments with similar results. Values shown in parentheses represent the quantified results of RhoA and Rac-1 protein levels after adjusted with their own cadherin
protein levels and expressed by fold of control. C: Transfection with RhoA V14 cDNA induced increases of RhoA protein level in HUVECs as compared with transfection with
pcDNA3.1þ. D: P4 (500 nM) inhibited migration of HUVECs. However, over-expression RhoA V14 completely prevented the P4-induced migration inhibition. Treatment with
Y-27632 (5mM), a ROCK inhibitor, inhibited HUVEC migration and abolished the over-expression RhoA-induced prevention effect on P4-induced inhibition of HUVEC migration.
Top panel shows the representative photographs of the results. Values represent the means� SEM (n¼ 3). �P< 0.05 different from control. #P< 0.05 different from P4-treated
group. §P< 0.05 different from P4þ RhoA-treated group. Co, control.
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phosphorylation. Previous studies also demonstrated VE-cadherin
signaling enhances actomyosin-mediated cell contraction through
stimulating RhoA-ROCK [Nelson and Chen, 2003; Nelson et al., 2004].
VE-cadherin, ROCK, and actomycin act in a positive feedback loop
[Abraham et al., 2009]. Disruption of this loop induces sprouting
through reversing the suppression of VEGF receptor-mediated
signaling to Rac-1. The interaction among VE-cadherin, RhoA,
ROCK and Rac-1 is a very important issue for understanding the
molecular mechanism underlying P4-induced anti-angiogenesis and
deserves further investigation.

It has been recognized that the post-translational modification of
proteins by the addition of isoprenoids is a key physiological process
for facilitating cellular protein–protein interactions and membrane-
associated protein trafficking [McTaggart, 2006]. To be functionally
active, Rho proteins must be localized to the cell membrane by post-
translational modification through addition of isoprenyl groups from
isoprenoid pyrophosphate substrates [Seabra, 1998]. To test whether
P4 suppressed HUVEC migration through regulating the activity of
Rho proteins, we examined the effect of P4 on the expression of Rho
proteins. P4 at a concentration of 50 nM decreased the protein levels
of Rho A and Rac-1 (Fig. 2A), but not RhoB and RhoC protein (data

Fig. 4. P4 at a lower concentration inhibits migration of HUVECs. A: P4 at a concentration of 50 nM inhibited HUVEC migration examined using the Transwell migration assay (A)
or the wound healing assay (B), but did not affect the cell viability (C), cell adhesion onto the collagen (D), or the MMPs activity (E). For adhesion assay, 24-well plates were coated
with collagen (0.1mgml�1). HUVECs were pre-incubated with P4 (50 nM) or DMEM for 24 h. The P4-treated HUVECs were seeded on the pre-coated plates and allowed to attach
for 13 h. Cell numbers were assessed by MTT assay. Values represent the means� SEM (n¼ 4). �P< 0.05 different from control. Co, control.

Fig. 3. P4 inhibits focal adhesion complex formation. HUVECs were treated
with or without P4 (500 nM). After treatment with P4 or PBS for 5 or 10min
followed by total protein extraction and Western blot analysis. The levels of
phosphorylated paxillin (p-paxillin) and FAK (p-FAK) were decreased after P4
treatment. Data are representative of two independent experiments with similar
results. Values shown in parentheses represent the quantified results of p-FAK
and p-paxillin protein levels after adjusted with their own total protein levels
and expressed by fold of control. Co, control.
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not shown). On the other hand, P4 decreased the levels of membrane-
bound RhoA and Rac-1 (Fig. 2B). These data suggested that P4 might
interfere with cell migration via suppressing the prenylation of RhoA
and Rac-1. Although various Rho GTPase family members (such as
RhoA, RhoB and RhoC) are highly homologous, our present data
suggest that inhibition of RhoA/ROCK signaling is critical for
suppressing migration activity in the P4-treated HUVECs. Unlike
RhoA protein, which is located in plasma membrane for regulating
actin stress fiber formation and integrin signaling, RhoB is located in
the endosome and nuclear membranes with a unique function in
intracellular trafficking of growth factor receptors such as the
epidermal growth factor receptor [Wherlock et al., 2004]. RhoB plays
an inhibitory role during cell cycle regulation and is up-regulated in
response to stress stimuli [Fritz and Kaina, 1997]. It has been indicated
that RhoA and RhoC have overlapping functions including promotion
of cell motility, cytoskeletal alterations, and metastasis [Wheeler and
Ridley, 2004]. Treatment of HUVECs with P4 did not significantly
change the level of RhoC protein, suggesting that RhoC might not be
involved in the P4-induced inhibition of HUVEC migration. The
notion of involvement of RhoA inactivation in the P4-induced
migration inhibition was supported by the evidence that over-
expression of RhoA V14 completely prevented the P4-induced
migration inhibition and this prevention effect was abolished by pre-
treatment of the cell with a ROCK inhibitor, Y27632 (Fig. 2D).

It has been suggested that phosphorylation of FAK and paxillin is
able to affect cellular events either that require modulation of
cell adhesion such as cell migration, or that are dependent on cell
adhesion such as cell proliferation and survival [Cohen and Guan,
2005]. In the present study, we demonstrated that the levels of both
p-FAK and p-paxillin were reduced after 5min treatment with P4

(Fig. 3). Tyrosine phosphorylation of FAK triggers downstream
signaling events including phosphorylation of paxillin, which is
necessarily and sufficiently for regulation of Rho-family GTPases
(Rho, Rac and Cdc42) and Pak (a downstream effector of Rac and
Cdc42) [Abedi and Zachary, 1995]. Therefore, our data suggest that
suppression of FAK and paxillin activity might contribute to P4-
induced inhibition of the RhoA activity.

Previously, we have demonstrated that P4 can induce proliferation
inhibition of HUVECs through activating cSrc, a non-receptor
tyrosine kinase that is essential for the regulation of a wide range of
cellular functions including cell migration [Arthur et al., 2000],
mediated by the extra-nuclear PR [Hsu and Lee, 2011]. In cultured
HUVECs, cSrc and PR form the complex in the presence or absence of
P4 treatment, and P4 can induce increases of p-cSrc through
increasing the formation of cSrc-PR complex [Hsu and Lee, 2011].
We also showed that cSrc activation also plays an important role
in folic acid-induced migration inhibition in HUVECs through RhoA
inactivation mediated by cSrc activation [Hou et al., 2013].
The involvement of cSrc activation in the P4-induced HUVEC
migration inhibition was supported by the evidence that P4 treatment
induced cSrc activation (Fig. 5A) and pre-treatment with the cSrc
inhibitor, PP2, prevented the P4-induced reductions of membranous
translocation of RhoA from the cytosol (Fig. 5B), and migration
inhibition in HUVECs (Fig. 5C).

In conclusion, this study provides the evidence that P4 inhibited
endothelial cell migration through suppression of the Rho activity.
Based on the results from the present study, we propose amodel of the
molecular mechanism underlying P4-induced migration inhibition
in HUVECs as shown in Figure 6. Taken together, our previous and
current findings strongly suggest the potential applications of P4 as

Fig. 5. Involvement of cSrc activation on the P4-induced migration inhibition in HUVECs. A: Treatment of HUVECs with P4 (50 nM) for 2min induced an increase of cSrc
activation. B: Pre-treatment with the cSrc inhibitor, PP2 (400 nM), for 1 h prevented the P4-induced decreases of membranous translocation of RhoA protein from the cytosol in
HUVECs. The membranous proteins were extracted after 20 h treatment with Vehicle, P4 (50 nM), PP2 (400 nM), or PP2þ P4. Cadherin and G3PDH were used as a membrane and
cytosolic protein marker, respectively, to confirm the purities of isolation. Data are representative of two independent experiments with similar results. Values shown in parentheses
represent the quantified results of RhoA protein levels after adjusted with their own cadherin protein levels and expressed by fold of control. C: Pre-treatment with PP2 (400 nM)
for 1 h prevented the P4-inducedmigration inhibition in HUVECs. Values represent themeans� SEM (n¼ 4). �P< 0.05 different from control. #P< 0.05 different from P4-treated
group. Co, control.
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an anti-angiogenesis agent because it is capable of inhibiting the
proliferation and migration of endothelial cells. This study also
provides new insights into the regulation of vascular endothelial cell
behaviors by P4.
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