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Endothelial cells rapidly respond to changes in oxygen home-
ostasis by regulating gene expression. Regulator of G protein sig-
naling 5 (RGS5) is a negative regulator of G protein-mediated sig-
naling that is strongly expressed in vessels during angiogenesis;
however, the role of RGS5 in hypoxia has not been fully under-
stood. Under hypoxic conditions, we found that the expression of
RGS5, but not other RGS, was induced in human umbilical vein
endothelial cells (HUVEC). RGS5 mRNA was increased when
HUVEC were incubated with chemicals that stabilized hypoxia-
inducible factor-1� (HIF-1�), whereas hypoxia-stimulated RGS5
promoter activity was absent in HIF-1��/� cells. Vascular endo-
thelial growth factor (VEGF), which is regulated byHIF-1, did not
appear to be involved in hypoxia-induced RGS5 expression;
however, VEGF-mediated activation of p38 but not ERK1/2 was
increased by RGS5. Overexpression of RGS5 in HUVEC exhib-
ited a reduced growth rate without affecting the cell prolifera-
tion. Annexin V assay revealed that RGS5 induced apoptosis
with significantly increased activation of caspase-3 and the Bax/
Bcl-2 ratio. Small interfering RNA-specific for RGS5, caspase-3
inhibitor, and p38 inhibitor resulted in an attenuation of RGS5-
stimulated apoptosis. Matrigel assay proved that RGS5 signifi-
cantly impaired the angiogenic effect of VEGF and stimulated
apoptosis in vivo. We concluded that RGS5 is a novel HIF-1-de-
pendent, hypoxia-induced gene that is involved in the induction
of endothelial apoptosis. Moreover, RGS5 antagonizes the
angiogenic effect of VEGF by increasing the activation of p38
signaling, suggesting that RGS5 could be an important target for
apoptotic therapy.

Hypoxia is acommonpathophysiologicalphenomenonthathas
a profound impact on endothelial cell properties duringmany car-
diovascular disease processes and tumorigenesis. It has been
extensively suggested that cell response to hypoxia ismainly regu-
lated by hypoxia inducible factor-1� (HIF-1�)2, which is rapidly

ubiquitinated and degraded in normal conditions but can be
stabilized by hypoxia (1, 2). Under hypoxic conditions, HIF-1
activates diverse genes involved in both cell growth and cell
death (3). In endothelial cells, hypoxia stimulates the secretion
of vascular endothelial growth factor (VEGF) and other angio-
genic factors and receptors through transcriptional regulation
by HIF-1, which leads to neovascularization and protection
against ischemic injury (4–7). Conversely, HIF-1 has been
shown to be a factor mediating hypoxia-induced apoptosis,
growth of tumors with HIF-1��/� was not retarded but accel-
erated because of decreased hypoxia-induced apoptosis (3).
Regulator of G protein signaling (RGS) proteins are respon-

sible for the rapid turnoff of G protein-coupled receptor signal-
ing pathways via the GTPase-stimulating protein activity of
their RGS domain (8, 9). More than 25 RGS proteins have been
identified, and there are indications that each will specifically
regulate a particular G protein-coupled receptor pathway (10,
11). RGS5 belongs to the R4 subfamily of RGS proteins and is
enriched in cardiovascular tissues, especially in pericytes and
endothelial cells (12–14) but not in cultured vascular smooth
muscle cells (15). RGS5mRNA expression was foundmarkedly
decreased in a model of three-dimensional capillary morpho-
genesis (16). However, it is also reported that RGS5 mRNA is
highly expressed in endothelial cells in the tumor vasculature of
human renal cell carcinoma (17) and astrocytomas but not in
HIF-1� deficient tumors (18). RGS5 is responsible for the
abnormal tumor vascular morphology in mice. Loss of RGS5
results in pericyte maturation, vascular normalization, and
consequent marked reductions in tumor hypoxia and vessel
leakiness (19). These findings argue for an important role of
RGS5 in endothelial function.
G protein-coupled receptor (GPCR) signaling pathways are

involved in cellular responses tomany extracellular stimuli and
are major targets for drug discovery. RGS5 is a negative modu-
lator of the angiotensin AT1a receptor. The inhibition of RGS5
expression enhanced angiotensin-stimulated inositol phos-
phate release (20). In addition, RGS5 attenuated endothelin-1-,
sphingosine-1-phosphate-, and platelet-derived growth factor-
induced ERK phosphorylation, which indicates that RGS5
exerts control over the platelet-derived growth factor receptor
� and GPCR-mediated signaling pathways (14).
We conducted the present study to elucidate the molecular

mechanisms controlling the regulation of RGS5 in hypoxic
endothelium and the function of RGS5 in endothelial cells. The
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results presented here demonstrated that hypoxia increased
RGS5 expression, which was mediated by HIF-1. Increased
RGS5 expression induced apoptosis in human endothelial cells
via increase of p38 MAPK activation. We report here, for the
first time, that RGS5 is a novel hypoxia-inducible molecule
involved in the regulation of endothelial cell behavior, indicat-
ing that RGS5 plays an important role in homeostasis in
hypoxic endothelial cells.

EXPERIMENTAL PROCEDURES

Cell Culture—Human umbilical vein endothelial cells
(HUVEC) were obtained from Clonetics (San Diego, CA) and
cultured following the manufacturer’s instructions. Human
dermal microvascular endothelial cells-1 (HMEC-1; Center of
Disease Control) were cultured in MCDB-131 (Invitrogen)
containing 10% fetal bovine serum, 10 ng/ml epidermal growth
factor, 1 �g/ml hydrocortisone, and 2 mM L-glutamine.
C4-B13NBii1 (HIF-1��/�) and vT2 (HIF-1��/�) cell lines
were obtained from American Type Culture Collection and
cultured according to the manufacturer’s instructions.
HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen) with 10% fetal bovine serum.
Hypoxia Incubation—Hypoxic exposure was performed

using a molecular incubator chamber (Billups-Rothenberg)
flushed with 5% CO2 and 95%N2. The concentration of oxygen
(�1%) was determined before and after incubation by using an
oxygen analyzer (Vascular Technology). Other reagents used to
mimic hypoxia included dimethyloxalylglycine (DMOG)
(BIOMOL), cobalt chloride (CoCl2), and 3,4-dihydroxybenzo-
ate (3,4-DHB) (Sigma).
Retroviral Transduction—Full-length RGS5 cDNA was

obtained using reverse transcription-PCR from HUVEC and
confirmed to be correct sequences corresponding to Gen-
bankTM (NM_003617). RGS5 cDNA was cloned into pBMN-
GFP vectors (Orbigen). In 10-cm dishes, 6 � 106 293T cells
were transfected with pBMN-GFP-RGS5, pMD-VSVG, pJK3,
and pCMV-tat using Polyethylenimine (Polysciences). Forty-
eight h post transfection, virus-containing medium was col-
lected, filtered through a 0.45-�m filter, and used to transduce
HUVEC. Overexpression of RGS5 was confirmed by Western
blotting.
Small Interfering RNA (siRNA) Transfection—siRNA target-

ing human RGS5 were synthesized by Genpharma, Inc.
(ZhangJiang). Two duplexes of siRNA (siRNA-1: 5�-AGAU-
GGCUGAGAAGGCAAATT-3�, 5�-UUUGCCUUCUCAGC-
CAUCUTG-3� and siRNA-2: 5�-GCGUGAUUCCCUGGACA-
AATT-3�, 5�-UUUGUCCAGGGAAUCACGCCA-3�) were
confirmed to have knockdownability byNorthern andWestern
blotting. Another duplex of RNA that is not targeted to any
human genes was used as a control. HUVEC were transfected
with siRNA at a final concentration of 50 nM using Lipo-
fectamine 2000 (Invitrogen).
Northern Blot Analysis—Total RNAwas extracted from cells

by TRIzol (Invitrogen). Fifteen�g of RNAwere loaded per lane,
separated on a 1.3% formaldehyde-agarose gel, and transferred
to a nylonmembrane (Millipore). Themembranewas thenUV-
cross-linked. Northern blot was performed by using a digoxin
Northern starter kit (Roche Applied Science) as per the manu-

facturer’s instruction. AnRNAprobe for humanRGS5 contain-
ing digoxin-labeled dUTP was used for hybridization.
Western Blot Analysis—Cells were lysed in radioimmune

precipitation assay buffer (Boston BioProducts), and pro-
teins were resolved by SDS-polyacrylamide gel and trans-
ferred to a polyvinylidene difluoride membrane (Millipore).
After being blocked for 1 h in Tris-buffered saline-Tween 20
with 5% nonfat milk, the polyvinylidene difluoride mem-
brane was then probed with primary antibodies (RGS5 poly-
clonal antiserum was obtained by immunized rabbits,
1:2,000; RGS2 and RGS4 antibodies were from Santa Cruz
Biotechnology, 1:1,000; Bax, Bcl-2, and p53 antibodies were
from BD Bioscience, 1:1,000; and total and cleaved
caspase-3, total and phosphorylated p38, and ERK antibod-
ies were from Cell Signaling, 1:1,000) overnight at 4 °C and
then with horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. The blots were
detected with SuperSignal chemiluminescent substrate
(Pierce Biotechnology).
Promoter Activity—A series of fragments encompassing the

5�-flanking region of the human RGS5 gene (GenBankTM
NT_004487)were obtained by PCR fromhuman genomicDNA
and cloned into PGL-3 vector (Promega). The cultured cells
including HMEC-1, HIF-1��/�, and HIF-1��/� were trans-
fected with the constructs using Lipofectamine 2000. Twenty-
four h after transfection, cells were exposed toCoCl2 or hypoxia
for 5 h, and luciferase activity was determined using the Dual-
Luciferase assay system (Promega).
Matrigel Analysis—Matrigel assays were carried out as

described (21). SKMEL/VEGF cells (1 � 107) alone or mixed
with 1 � 107 Phoenix cells infected with retrovirus expressing
RGS5 were suspended in 0.5 ml of growth factor-reduced
matrigel (BD Biosciences) and injected subcutaneously into
nu/nu mice. Tissues were harvested, photographed, and fixed
with 4%paraformaldehyde for terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick end labeling (TUNEL) and immu-
nostaining. Three individual experiments were performed, n �
4 per group in each experiment.
Immunostaining Analysis—Frozen sections of the matrigel

blocks were washed and incubated with anti-CD31 antibody
(BD Biosciences) and counterstained by hematoxylin as
described previously (22). For immunofluorescent CD31 and
TUNEL double staining, sections were incubated with anti-
CD31 antibody for 1 h at room temperature followed by incu-
bationwith aTexas Red-conjugated secondary antibody for 1 h.
Subsequent TUNEL staining was based on instruction of an
apoptosis detection kit (RocheApplied Science). All slides were
imaged on a Leica DM IRB fluorescent microscope.
Cell Growth andMigrationAnalysis—104 cells were plated in

each well of 12-well plates. At 5 h after plating (day 1) and at 2,
3, and 4 days after plating, the cells were fixed in 100% ethanol
and subsequently stained with 0.1% crystal violet dissolved in 10%
ethanol. After staining and thorough washing, the dye was
extracted with 10% acetic acid, and absorbance was measured at
590nm.Caspase inhibitor, cabobenzoxy-valyl-alanyl-aspartyl-(O-
methyl)-fluoromethylketone (Z-VAD-FMK) (BIOMOL)wasused
in the cell growth measurements. To measure cell proliferation,
HUVEC transduced with RGS5 or control were seeded in 12-well
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plates and incubatedwith1�Ci/ml 3H[thymidine] at 37 °C for 4h.
Mediumwas thenremoved, andthewellswerewashedthree times
with phosphate-buffered saline. Radioactivity was extracted with
1 N NaOH and added to a scintillation vial containing 4 ml of
ScintiVerse II (Fisher) solution. Thymidine incorporation was
measured using a scintillation counter. Wells that contained no
cellswere labeled and counted toprovide backgroundcounts.The
cell migration rate was measured by wound healing assay. Equal
numbers of cells (1 � 105) were plated in 12-well plates. The
monolayer of cells were wounded by manual scratching with a
pipette tip and then photographed in phase contrast with a
Nikonmicroscope (0 h point) and placed into complete growth
medium. Matching wound regions were photographed after 6,
12, and 24 h.
Apoptosis Analysis—The DNA ladder was examined in the

infected HUVEC that were cultured in serum-free medium
for 24 h. Cells were then removed from tissue culture plates
by trypsin and resuspended in a lysis buffer (150mMNaCl, 10
mM Tris-HCl, pH 8.0, 10 mM EDTA, 0.5% SDS, and 100 ng/ml
proteinase K) for 4 h at 50 °C. DNAwas extracted using phenol
and chloroform followed by ethanol precipitation. The pellet

was resuspended in Tris-EDTA
buffer (10 mM Tris-HCl and 1 mM

EDTA) and treated with RNase for
30 min at 37 °C. Ten micrograms of
the DNA were fractionated by elec-
trophoresis on a 2% agarose gel.
Using an apoptosis assay kit (Invitro-
gen), annexin V binding assay was
performed in confluent infected
HUVEC in serum-free medium
under hypoxic or normoxic condi-
tions for 24 h and analyzed by flow
cytometryusing aFACScan (BDBio-
sciences). For each treatment,
10,000 cells were counted and then
evaluated usingCellQuest software.
Cells that were annexin V-positive
and propidium iodide-negative
were counted for early stages of
apoptosis.
Statistical Analysis—Statistical sig-

nificancewas assessed by Student’s t
test, and p � 0.05 was considered
statistically significant.

RESULTS

Hypoxia Increases RGS5 Expres-
sion in Endothelial Cells—HUVEC
were exposed to hypoxic conditions
(O2�1%) for periods of 0.5, 1, 3, 6,
12, or 24 h. As compared with cul-
tured HUVEC in normoxia (21%
O2), RGS5 mRNA expression was
induced by hypoxia immediately
from 0.5 h, continuously increased
up to 12 h, and peaked at 3 h (2.30�
0.25-fold). The increased RGS5

expression returned to baseline at 24 h (Fig. 1A). In addition to
the increase of RGS5mRNA, the protein level was also induced
from 3 h to 12 h after hypoxia and declined at 24 h. RGS5
protein expression showed a time-dependent pattern, whereas
the other two RGS family members that were also expressed in
endothelial cells, RGS2 and RGS4, were not induced by hypoxia
(Fig. 1B). These results suggest that hypoxia exclusively up-reg-
ulate the expression of RGS5 in endothelial cells.
HIF-1� Is Involved in the Hypoxia-induced Expression of

RGS5—We next focused on which mechanism was involved in
the regulation of RGS5 by hypoxia. CoCl2 is recognized as a
hypoxia-mimicking compound that stabilizes HIF, a key tran-
scriptional regulator activated only in hypoxic conditions.
Incubation ofHUVEC in the presence of 150�MCoCl2 resulted
in an induction of RGS5 mRNA (Fig. 2A) with the same time-
dependent pattern as the hypoxia induction (data not shown).
To further investigate whether the induction of RGS5 is HIF-1-
regulated in endothelial cells, HUVEC were incubated in the
presence of prolyl hydroxylases inhibitor, ethyl 3,4-DHB or
DMOG. As shown in Fig. 2B, exposure of HUVEC to 200 �M

DHB for 6 h resulted in a strong increase of RGS5 mRNA

FIGURE 1. Induction of RGS5 expression by hypoxia in endothelial cells. A, RGS5 mRNA expression in
HUVEC was assessed after various durations of exposure to hypoxia (1% oxygen from 0.5 to 24 h). Northern blot
analysis (top) shows that hypoxia induces RGS5 mRNA expression in a time-dependent manner. The quantita-
tive analysis based on three experiments (bottom) indicates that a significant increase of RGS5 mRNA is very
rapid at 30 min with continual effects at 1, 3, 6, and 12 h (**, p � 0.01). B, immunoblot analysis demonstrated
that RGS5 protein response to hypoxia was initiated at 1 h (*, p � 0.05), remained consistently high until 12 h,
and declined at 24 h (**, p � 0.01). However, hypoxia did not change RGS2 and RGS4 at the protein levels. The
results were quantified based on three experiments by ImageJ and are presented as mean � S.D.

FIGURE 2. HIF-1� mediated the induction of RGS5 by hypoxia in endothelial cells. A, RGS5 mRNA expres-
sion was significantly increased by 3-fold in the HUVEC that were incubated with 150 �M of CoCl2 (black bar) for
6 h. B and C, the treatment of HUVEC with chemicals that could stabilize HIF-1�, 200 �M of DHB (B) and 500 �M

of DMOG (C), results in the significant increase of RGS5 mRNA expression by 4- and 3.5-fold, respectively. D, the
protein level of RGS5 was also induced by CoCl2, DHB, and DMOG, respectively. The data were quantified based
on three experiments by ImageJ and presented as mean � S.D. (**, p � 0.01).
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expression. Similarly, the cells incubated in the presence of 500
�M DMOG for 6 h, in which the HIF-1� degradation would be
blocked for the same duration, showed a significant increase of
RGS5mRNAexpression (Fig. 2C). In addition to the increase of
RGS5mRNA, the expression of RGS5 protein was also induced
in HUVEC incubated with CoCl2, DHB, and DMOG respec-
tively (Fig. 2D). Together, these results indicate that RGS5
mRNA and protein expression are controlled by changes in
oxygen level and that HIF-1� is involved in the regulation of
RGS5 in hypoxic endothelial cells.
HIF-1 Increases the Promoter Activity of RGS5—To evaluate

whether RGS5 is a target gene for HIF-1�, promoter regions of
RGS5 were cloned and constructed. In HMEC-1, the activities
of the luciferase construct of RGS5 promoter were measured.
As shown in Fig. 3A, exposure of HMEC-1 transfected with
RGS5 promoter of various length sequences including 2.4 kb
(down to �2214); 1.1 kb (to �772); 0.64 kb (to �413); and 0.46
kb (to�236), but not 0.32 kb (to�93) toCoCl2 (150�M, 6 h) led
to an increase in luciferase activity when compared with
HMEC-1 not incubated with CoCl2. In addition, when the con-
struct of RGS5 promoter (2.4 kb) was transfected into the cells
lacking HIF-1�, with which HIF-1� forms obligate het-
erodimers (23), and then exposed to hypoxia, no induction of
RGS5 promoter activity was detected, whereas induction was
observed (1.6� 0.11-fold) in the control cells normally express-

ing HIF-1� (Fig. 3B). These results
imply that the HIF pathway is
required for hypoxia-regulated
RGS5 expression.
RGS5 Induction Is Associated

with VEGF Signaling Pathway
Effects—VEGF is an important gene
regulated by HIF-1� under hypoxic
conditions. VEGF signaling has
broad effects on the growth of endo-
thelial cells. To examine the rela-
tionship between these twoHIF-de-
pendent genes, RGS5 and VEGF,
HUVECwere treated with VEGF by
different doses and duration. The
results showed that VEGF did not
regulate RGS5 expression (Fig. 4A).
However, in HUVEC with overex-
pressing RGS5 (RGS5 o/e) (Fig. 4B),
VEGF-induced p38 activation was
significantly increased, but ERK1/2
activation was not changed (Fig.
4C). A decreased phosphorylation
level of p38 was observed in the
HUVEC transfected with RGS5
siRNA (Fig. 4, D and E). These
results suggest that HIF-1 inde-
pendently regulates VEGF and
RGS5, but RGS5 can affect the
VEGF pathway.
RGS5 Attenuates Endothelial

Growth without Suppressing Endo-
thelial Proliferation and Migration—

Hypoxia-induced genes could lead to endothelial cells to
undergo opposing processes, either angiogenesis or apoptosis;
however, little is known regarding the functional properties of
RGS5 in endothelial cells under hypoxia. To test the conse-
quence of up-regulation of RGS5 in hypoxia, functional prop-
erties of RGS5 in endothelial cells were examined in HUVEC
with RGS5 o/e. As shown in Fig. 5A, a growth curve demon-
strated that the HUVEC with RGS5 o/e grew significantly
slower than the control cells that were infected with empty
vectors. However, this growth defect did not present in parallel
to the proliferative rates that were measured by thymidine
incorporation (Fig. 5B), which indicated that the ability of RGS5
might not be correlated to hypoxia-induced angiogenesis.
Wound healing scratch assays were performed to determine
whether stable RGS5 expression would also affect the endothe-
lial migration (Fig. 5C). Both the control and the RGS5 o/e cells
completed the wound healing within 24 h. No significant dif-
ference was observed during the process.
RGS5 Enhances Apoptosis Associated with Increased Phos-

phorylation of p38 MAPK—Because RGS5 attenuated the
growth rate of endothelial cells but did not impact its prolif-
eration, it has been considered that RGS5 may affect the
apoptosis of endothelial cells. To test this possibility, apo-
ptosis was induced by withdrawing serum and growth fac-
tors from HUVEC culture medium for 24 h. In Fig. 6A, a

FIGURE 3. Up-regulation of the RGS5 promoter by hypoxia is HIF-1 dependent. A, transient transfection
assays in HMEC-1 using a set of truncated RGS5 promoter luciferase (LUC) constructs in normal condition (gray
bar) or in the presence of 150 �M of CoCl2 (black bar) for 6 h. pRL-CMV was cotransfected as an internal control
to normalize the transfection efficiency. The hypoxia-activated RGS5 promoter is located at the sequence
between RGS5 0.46 and RGS5 0.32. The data are expressed as the mean � S.D. of the ratio of activity between
luciferase and pRL-CMV from three separate experiments. B, a construct encompassing the RGS5 promoter (2.4
kb) was transfected into HIF-1��/� and HIF-1��/� cell lines followed by deprivation of oxygen for 3 h. Lucif-
erase activity was normalized by pRL-CMV in normoxic (gray bar) and hypoxic (black bar) conditions. The
significant induction of hypoxia-induced RGS5 promoter activity was observed only in HIF-1��/� cells. The
results were quantified based on three experiments and are presented as mean � S.D. (*, p � 0.05).
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DNA laddering analysis illustrated
a significant increase of apoptosis
in HUVEC with RGS5 o/e com-
pared with controls. In addition,
an increase of activated caspase-3
was observed in HUVECwith RGS5
o/e (Fig. 6B), which could be
blocked by application of Z-VAD-
FMK (Fig. 6C), and consequently
resulted in preventing the RGS5-at-
tenuated endothelial cell growth
(Fig. 6D). Moreover, in HUVEC
with RGS5 o/e, pro-apoptotic pro-
tein Bax was significantly increased
by nutrient deprivation whereas
there was no difference in Bcl-2
expression between RGS5 o/e and
control cells, indicating that the
apoptosis occurred because of the
change in the Bcl-2/Bax ratio (24)
(Fig. 6B). In addition, p53 was not
regulated in RGS5 o/e endothelial
cells (Fig. 6B) although it was corre-
lated with the induction of apopto-
sis in hypoxic endothelial cells (25).
Other than changes of apoptotic
factors, RGS5 o/e endothelial cells
undergoing apoptosis was also con-
firmed by FACS analysis. Fig. 6E
demonstrated an increase in the

numbers of annexin V-positive and propidium iodide-negative
cells in HUVEC with RGS5 o/e in comparison to controls after
exposure to serum free medium for 24 h (18.35% versus 2.73%),
whereas application of p38 inhibitor SB203580 (20�M) toRGS5
o/e HUVEC resulted in a significant decrease in the number of
apoptotic cells. Furthermore, with silencing of the RGS5 gene,
HUVECwere rescued to a certain extent fromhypoxia-induced
apoptosis (Fig. 6F). These findings suggest that RGS5 was
involved in the enhancement of apoptosis in association with
p38 MAPK activation in endothelial cells.
RGS5 Stimulates Apoptosis and Impairs VEGF-induced

Angiogenesis—To further elucidate the function of RGS5 in the
in vivo setting, matrigel assay was performed in nude mice. On
day 3 after implantation of matrigel plugs that were incorporated
with SK-MEL-2 melanoma cells expressing VEGF-A165 (SK-
MEL/VEGF cells) and/or Phoenix cells packaging retroviruses
expressing RGS5, expression of RGS5 in the vasculature of matri-
gel was confirmed byWestern blotting and immunostaining (Fig.
7A). The angiogenic responses were evaluated by histology and
immunohistochemistry for the endothelial cell marker CD31
(Fig. 7B). Strong angiogenesis was induced in plugs containing
SK-MEL/VEGF cells (Fig. 7B, b). However, the matrigel plug
that contained RGS5 significantly impaired the VEGF-induced
angiogenesis (Fig. 7B, d) evidenced by the decreased vessel den-
sity accounted by CD31 positive cells (Fig. 7C). TUNEL and
CD31 labeling were performed to evaluate endothelial cell apo-
ptosis. As Fig. 7D illustrates, the concurrent TUNEL/CD31-

FIGURE 4. RGS5 induction is associated with VEGF signaling pathway effects. A, HUVEC were treated with
VEGF (20 ng/ml and 40 ng/ml) for 6 and 12 h. Northern blot analysis indicated that RGS5 mRNA was not
regulated by VEGF. B, Western blot showed that RGS5 was successfully expressed at high levels in HUVEC by
retroviral transduction. C, RGS5 o/e and control HUVEC were treated with 20 ng/ml of VEGF for 5–30 min.
Immunoblotting (top) was performed to detect the phosphorylation and total p38 and ERK. Quantitative
analysis of -fold activation of p38 (bottom left panel) and ERK (bottom right panel) showed that VEGF-stimulated
phosphorylation of p38 was significantly enhanced by RGS5, whereas the phosphorylation of ERK1/2 did not
show a difference. The data are presented as mean � S.D. based on three independent experiments. D, two
siRNA duplexes of RGS5 showed knockdown efficiency over 90% of RGS5 expression by Northern and Western
blotting. E, HUVEC transfected with control siRNA or RGS5 siRNA were treated with 20 ng/ml of VEGF for 5–30
min. An impaired level of phosphorylated p38 (p-p38) was detected in RGS5 knockdown cells by Western
blotting.

FIGURE 5. RGS5 attenuates endothelial growth without suppressing
endothelial proliferation. A, growth curves were performed by using
HUVEC that overexpress RGS5 or control with blank vector. The absorb-
ance at 590 nm reflects cell number and demonstrates that the HUVEC
with RGS5 o/e significantly attenuates endothelial cell growth. *, p � 0.05.
B, 3H[thymidine] incorporation (incorp.) showed no significant difference
in endothelial cell proliferation in HUVEC with or without RGS5 overex-
pression. The data are expressed as percentages of RGS5 o/e cells versus
control cells from three experiments and are presented as the mean � S.D.
C, phase contrast images were taken at different time points to assess cell
migration in HUVEC culture plates that initially had an equal number of
cells in control and RGS5 o/e. Measuring the distance of the gaps that were
created by scratching with pipette tips showed that RGS5 overexpression
did not influence cell migration.
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positive cells were only observed in the matrigel plug that con-
tained expressing RGS5.

DISCUSSION

Hypoxia and ischemia trigger a multitude of responses
designed to compensate for reduced oxygen availability. In
endothelial cells, these responses include increased expression
of growth factors and their receptors to induce angiogenesis (5,
7). On the other hand, hypoxia-regulated genes can lead cells to
apoptosis to maintain the homeostasis (3). Thus, a thorough
understanding of the mechanisms that hypoxia-related genes
use to regulate endothelial cell behaviormay aid in the compre-
hension of vascular homeostasis.
In this report, we demonstrated that regulator of G protein

signaling 5 is a novel hypoxia-induced gene in endothelial cells.
Expression of RGS5 can be significantly induced by hypoxia at
both mRNA and protein levels. Hypoxia induces expression of
RGS5 but not RGS2 andRGS4, although these three RGSmem-
bers have been reported to express in endothelial cells (12, 26).

This suggests that hypoxia-induced endothelial RGS5 is spe-
cific within the RGS protein family.
We also demonstrated that hypoxia-induced RGS5 expres-

sion is mediated by the transcription factor HIF-1. The evi-
dence in this report shows that the expression of RGS5 mRNA
was up-regulated when the endothelial cells were incubated
with CoCl2, a chemical that mimics hypoxia. The same induc-
tion was observed by treating cells with DMOG or DHB, which
can stabilize HIF-1� by inhibiting prolyl hydroxylases. These
data were supported by previous reports showing that RGS5
mRNA was highly expressed in endothelial cells in tumor vas-
culature (17) but not in HIF-1�-deficient tumors (18). In addi-
tion, RGS promoter activity increased in the cells that
expressed HIF-1� but not in the cells in which HIF-1� was
absent, indicating that HIF-1 is required for the induction of
RGS5. However, by searching the transcriptional factor-bind-
ing elements, there is no typical HIF-1 binding site (hypoxia
responsive element 5�-RCGTG-3�) found in the 5�-flanking
region of RGS5. Despite that a hypoxia responsive element

FIGURE 6. RGS5 enhances apoptosis of endothelial cells. A, DNA was extracted and fractionated by electrophoresis after HUVEC were cultured in serum-free
medium for 24 h to induce apoptosis. A significant increase of DNA laddering was present in RGS5 o/e cells compared with control cells. B, immunoblot of
cleaved caspase-3, total caspase-3, p53, Bax, and Bcl-2 were performed in either RGS5 o/e or control HUVEC after being incubated in serum-free medium for
24 h. The RGS5 o/e cells showed an increase of activation of caspase-3 and ratio of Bax versus Bcl-2, whereas no change was observed in p53 expression. C, a
caspase inhibitor, Z-VAD-FMK (20 �M), significantly blocked the cleavage of caspase-3. D, application of Z-VAD-FMK prevented the effect of RGS5 on the growth
of HUVEC. E, annexin V binding assay was performed in the HUVEC with or without RGS5 o/e at 24 h after exposure to serum-free medium. The x axis indicates
the density of annexin V staining, and the y axis indicates the density of propidium iodide staining. The numbers in the lower right corner indicate the
percentage of apoptotic cells. Values represent the average of three experiments. Inhibitor of p38, SB203580 (20 �M), was used to block the activation of p38
in RGS5 o/e HUVEC. The number of apoptotic cells was decreased in the presence of SB203580. F, knockdown RGS5 by two different sequences of siRNA
duplexes decreased the number of apoptotic cells after exposed to hypoxia for 24 h. DMSO, dimethyl sulfoxide. *, p � 0.05; **, p � 0.01.
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sequence was identified in the first intron of RGS5, the RGS5
promoter activity was not enhanced by the first intron of RGS5
(data not shown). Our data do not exclude the possibility that
HIF-1 regulates RGS5 indirectly through other genes. Further
investigation is needed to detail the mechanism.
RGS5 has been reported to respond to a variety of angiogenic

signals in vascular cells. RGS5 expression is up-regulated in ovar-
ian angiogenesis and in the granulation tissue of cutaneous
wounds. RGS5 is also induced in the vasculature of premalignant
lesionsduring the “angiogenic switch,” and its expression is further
elevated in tumor vessels (13, 17, 18). It has been reported that
RGS5mRNAwasmarkedlydecreased ina three-dimensional cap-
illary morphogenesis model (16), indicating that RGS5 is not a
proangiogenic factor. Very few reports have explored the function
ofRGS5 inendothelial cellsduringhypoxia/ischemia. Inour study,
hypoxia-induced RGS5 can lead endothelial cells to undergo apo-
ptosis.Our results showed that the increasedRGS5 contributed to

the attenuation of endothelial cell
growth rate and stimulation of apo-
ptotic genes, including cleaved
caspase-3 and the ratio of Bax to
Bcl-2, which presents complemen-
tary evidence to previous reports that
G protein-coupled receptor (GPCR)
signaling pathways are involved in
cellular response to hypoxia via
HIF-1� (27, 28). GPCR activation ini-
tiates rapid apoptosis on both recep-
tor-mediated signaling and receptor
phosphorylation (29). Incardiacmyo-
cytes, sustained or excessive activa-
tion of either Gq- or Gs-signaling
pathways resulted in apoptotic loss of
cardiomyocytes both in vitro and in
vivo (30). However, as a negative reg-
ulator of G protein, RGS family pro-
teins such asRGS3were also involved
in stimulating apoptosis (31). In Hela
cells, steroid receptor-binding pro-
tein-RGS induced apoptosis in the
presence or absence of the caspase
inhibitor Z-VAD-FMK (32). Thus, an
HIF-dependent increased level of
RGS5may regulate the GPCR signal-
ing pathway in hypoxia-related
apoptosis.
Hypoxia stabilizes HIF-1� to in-

duce HIF-1 target genes such as
VEGF (33) and GLUT-1 (glucose
transporter-1) (34). The up-regula-
tion of these molecules in endothelial
cells can induce angiogenesis to
restore blood-supplied nutrients and
energy. However, activation of
caspase-3 and Apaf-1-mediated
caspase-9 have also been reported in
several cell types under hypoxic con-
ditions (5, 35), suggesting that

hypoxia induces apoptosis as well, in which HIF-1 also plays an
important role (3). The knowledge, however, of themutual adjust-
ment between these two hypoxia-related opposite pathways in
endothelial cells is very limited. In the present study, the expres-
sion of RGS5 was not affected by VEGF stimulation, but RGS5
magnified VEGF-mediated activation of p38 MAPK. VEGF-in-
duced vessel sprouting into the matrigel plug in mice was also
impaired by introducing high expression of RGS5. In various cell
types, it was well established that ERK is activated by several
growth factors of consequence for cell proliferation and differen-
tiation. In contrast, it is generally considered that c-Jun NH2-ter-
minal kinase (JNK) and p38 are activated by environmental stress,
bacterial lipopolysaccharide, and inflammatory cytokines (36).
Inhibition of p38 enhanced FGF-2-induced tubularmorphogene-
sis andVEGF-inducedangiogenesis in vitroand in vivobydecreas-
ing apoptosis (37, 38), suggesting that p38 signaling is important
for cells undergoing apoptosis. Although p38 was suggested to be

FIGURE 7. RGS5 impairs VEGF-induced angiogenesis in the matrigel assay in vivo. A, Western blotting (left)
and immunostaining (right) for CD31 (red) and RGS5 (green) showed that RGS5 was expressed in the vascula-
ture of matrigel. Arrows indicate the co-localization of CD31 and RGS5. B, shown is the macroscopic and
immunohistochemical staining of implantation of matrigels that were mixed with Phoenix cells that packaged
empty virus (a and b) or RGS5 virus (c and d). SKMEL/VEGF cells that secreted VEGF were added in matrigel plugs
(b and d). VEGF-induced blood vessel growth was decreased when RGS5 was overexpressed. C, shown are the
quantitative measurements of vessel density in matrigels from Bb and Bd as angiogenic responses. RGS5
significantly attenuated VEGF-induced angiogenesis. The results were quantified based on three individual
experiments and are presented as mean � S.D. (**, p � 0.01). D, immunofluorescent double staining for TUNEL
(green) and CD31 (red). Arrows indicate the apoptotic endothelial cells with co-localization of CD31 and TUNEL
(yellow) in the matrigel section with RGS5 overexpression.
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involved in cell migration (39), our data did not show that it
affected the HUVEC migration in stable RGS5 overexpression
cells. Therefore, the enhanced activation of p38 by RGS5 in endo-
thelial cells may very well contribute to the apoptotic effect and
play a negative regulatory role in VEGF-induced angiogenesis
under hypoxic conditions.
Ithasbeenreported thatpertussis toxin-sensitiveGproteinsare

involved in Flt-1 (VEGFR1)-mediated down-regulation of
HUVEC proliferation (40), and KDR (VEGFR2) and Flt-1 employ
heterotrimeric G proteins G11� and Gi/o in their signaling path-
ways (41). In addition, VEGFR2-mediated p38 activation resulted
in apoptosis (42) and inhibition of p38 activation is critical to
VEGFR2-mediated endothelial cell survival (43). Thus, RGS5-
stimulatedVEGF-inducedactivationofp38maybeexplainedbyG
protein interaction with the VEGFR pathway. However, whether
RGS5 directly regulates VEGFR activation or whether it occurs
through other G protein-coupled receptors is to be determined in
a future study.
The present study identifies RGS5 as a hypoxia-inducible regu-

lator that promotes apoptosis in endothelial cells. Increased
expression of RGS5 byHIF-1 unbalances VEGF-mediatedMAPK
pathways; thus, the cells are more apt to undergo apoptosis when
suffering the stress of nutrient or oxygen deprivation. This study
revealed a cross-talkbetween theHIF-1-inducedangiogenesis and
apoptosis pathways. Elucidating howG protein signaling controls
different cellular responses in the VEGF signaling pathway will
lead toanunderstandingof theprecisemechanismofangiogenesis
andapoptosis and,ultimately, thedevelopmentofnewtherapeutic
strategies.
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