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H I G H L I G H T S

• The stability of RhoGDI1 and RhoGDI2 participates in AngII-mediated smooth muscle phenotypic transformation and vascular remodeling.

• SUMOylation and ubiquitination reciprocally regulate RhoGDI stability via the AT1 receptor.

• RhoGDI targeted degradation may provide a novel approach for treatment of vascular remodeling.
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A B S T R A C T

Background and aims: The physiological role of Rho-specific guanine nucleotide dissociation inhibitor (RhoGDI)
in vascular remodeling remains unknown. We investigated the function of RhoGDI in angiotensin II (Ang II)-
induced vascular remodeling in cultured human aortic vascular smooth muscle cells (HA-VSMCs) and in an Ang
II-infusion vascular remodeling mouse model.
Methods: For in vitro assays of HA-VSMCs, proliferation was assessed by BrdU and EdU assays and immuno-
fluorescence analysis of ki-67 expression. RhoGDI1 and RhoGDI2 function and expression were assessed by
RNAi, Western blotting and real-time RT-PCR. RhoGDI ubiquitination and SUMOylation levels were evaluated
by co-immunoprecipitation and Western blotting. The functions of proteosomal-mediated degradation, ubiqui-
tination, SUMOylation and Ang II receptors were assessed using specific inhibitors. To evaluate the in vivo effects
of Ang II and RhoGDI, H & E staining, Masson's trichrome staining, and immunostaining were employed.
Results: Ang II treatment of HA-VSMCs for 6 or 48 h promoted RhoGDI1 and RhoGDI2 protein degradation and
reduced cell proliferation, which was reversed by proteosome inhibition. In contrast, treatment with Ang II for
12 or 24 h induced dose-dependent cell proliferation without affecting RhoGDI expression. RNA interference of
either RhoGDI1 or RhoGDI2 blocked proliferation induced by 12 or 24 h treatment of Ang II. Moreover, Ang II-
dependent degradation at 6 and 48 h correlated with RhoGDI ubiquitination and inversely correlated with
RhoGDI SUMOylation and cell proliferation. Treatment with specific inhibitors suggests that ubiquitin and
SUMO competitively bind to RhoGDI1 and RhoGDI2 to reciprocally regulate RhoGDI stability and HA-VSMC
proliferation. Furthermore, inhibition of the Ang II receptor 1 (AT1 receptor), but not the Ang II receptor 2,
blocked Ang II-dependent RhoGDI stabilization and proliferation at 12 and 24 h. In mice, Ang II infusion in-
creased the intima-media thickness, collagen and myofiber production and VSMC proliferation, and these effects
were shown to be dependent on RhoGDI1, RhoGDI2 and AT1 receptor. Ang II infusion exerted no significant
effect on RhoGDI1 and RhoGDI2 protein levels, which were decreased after AT1 receptor inhibition.
Conclusions: Together, the results of this study reveal a novel mechanism by which Ang II regulates RhoGDI
stability by SUMOylation and ubiquitination via AT1 receptor activation and thus affects VSMC proliferation and
vascular remodeling.
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1. Introduction

Vascular remodeling is implicated to be the pathophysiological
basis of life-threatening cardiovascular diseases such as hypertension,
atherosclerosis, and restenosis. It has been reported that the transition
of vascular smooth muscle cells (VSMCs) from a contractile phenotype
to a proliferative synthetic phenotype plays a critical role in vascular
development and remodeling [1,2]. Angiotensin II (Ang II) activates
signaling responses via its receptor and thereby mediates inflammation,
proliferation, migration, and hypertrophy [3–5]. There is considerable
evidence indicating that, under certain conditions, Ang II exhibits
growth promoting effects and migration in VSMCs, which contributes to
vascular remodeling in cardiovascular disease [6–8]. Unfortunately, it
is still unclear which signaling pathway acts downstream of the Ang II
receptors (AT1-R and AT2-R) to mediate HA-VSMC phenotypic mod-
ulation and neointima formation.

Rho specific guanine nucleotide dissociation inhibitor (RhoGDI) is
critical for both homeostasis of Rho proteins and crosstalk between the
family members [9]. It has been reported that depletion of RhoGDI1 or
its yeast ortholog RDI1 results in almost complete degradation of RhoA,
Rac1 and Cdc42 by the proteasome in eukaryotic cells [10]. There are
three RhoGDI isoforms -RhoGDI1, RhoGDI2, RhoGDI3- and they play
crucial roles in various cellular functions, such as proliferation and
migration [10,11]. RhoGDI1 (also known as RhoGDIα or ARHGDIA) is
the most abundant and distinctive member of the family and has been
reported to be ubiquitously expressed [10]. RhoGDI2 (also known as
RhoGDIβ, Ly-GDI, D4-GDI, or ARHGDIB) is usually highly expressed in
hematopoietic cells, but has also been found in other cells such as
cancer cells [11,12]. RhoGDI3 (also known as RhoGDIγ or ARHGDIG) is
specifically expressed in the lungs, brain and testes, and usually at low
levels [11,13]. In addition, many studies have shown that RhoGDI ex-
pression levels are severely altered in a range of cancers [14–17]. Re-
cent studies have shown that RhoGDI protein is regulated by Ang II
[18–20]; however, its function in VSMCs has not been demonstrated.

SUMOylation, a reversible post-translational modification by the
small ubiquitin-like modifiers (SUMOs), participates in a variety of
cellular processes, including DNA replication, transcription, cell cycle
regulation, signal transduction and protein degradation [21–24]. There
are five SUMO paralogues in mammals [25]. SUMO1–SUMO3 are ubi-
quitously expressed while the expression of SUMO4 and SUMO5 is re-
stricted to specific tissues [26]. It has been reported that SUMOylation
facilitates protein aggregation and activation by blocking its ubiquitin-
dependent degradation pathways [27,28]. In addition, RhoGDI can be
SUMOylated specifically at residue Lys-138, which is crucial for
RhoGDI inhibition of cancer cell motility and invasion [29]. However,
it remains unclear whether RhoGDI and its SUMOylation are involved
in HA-VSMC phenotypic modulation and pathological vascular re-
modeling.

In the present study, we used an in vitro Ang II-mediated HA-VSMC
proliferation model and an in vivo Ang II-infusion vascular remodeling
model to investigate the effects of RhoGDI1 and RhoGDI2 on Ang II-
induced HA-VSMC proliferation and vascular remodeling and to clarify
the molecular mechanisms behind these effects.

2. Materials and methods

2.1. Materials

Ang II was obtained from MedChemExpress (#HY-B0202; State of
New Jersey, USA). Fetal bovine serum (FBS; #F2442) and 4′, 6-
Diamidino-2-phenylindole (DAPI; #28718-90-3) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Ginkgolic acid (GA, an in-
hibitor of the SUMOylation E1 enzyme) was purchased from ZZBIO
CO., LTD (20,261-38-5; Shanghai, China). Total RNA Purification Kits
were purchased from GeneMark (#TR01-150; Taichung, Taiwan).
RevertAid First Strand cDNA Synthesis Kit (#K1622), GeneRuler 1 kb

DNA Ladder (#SM0311), and Dream Taq PCR Master Mix (#K1071)
were from Thermo Scientific (Shanghai, China). SiRNAs (Table 1) and
primers (Table 2) were purchased from Biomics Biotechnologies
(Nantong, China). MG132 (proteasome inhibitor; #S2619), candesartan
(AT1 receptor inhibitor; #139481-59-7), PD123319 (AT2 receptor in-
hibitor; #130663-39-7), and PYR-41 (an inhibitor of ubiquitin-acti-
vating enzyme E1; CC7285) were from ChemCatch Co., Ltd (Shanghai,
China). N-ethylmaleimide (NEM) was obtained from Sigma-Aldrich
Chemical Co. (#128-53-0; St. Louis, MO, USA). Irbesartan (#HY-
B0202) was purchased from MedChemExpress (NJ, USA). Anti-
RhoGDI2 (ab181252), -SUMO1 (ab32058), -SUMO 2 + 3 (ab3742) and
-α-SMA (ab124964) antibodies were all from Abcam (Cambridge, MA,
USA). Primary antibody against GAPDH (#5174) was from Cell Sig-
naling Technology (Beverly, MA, USA). RhoGDI1 (A1214), Ki-67
(A11390) and Ubiquitin (A3207) polyclonal antibodies were purchased
from ABclonal (Wuhan, China). Peroxidase-conjugated AffiniPure Goat
Anti-Rabbit IgG (H + L) was from Proteintech (SA00001-2; Chicago, IL,
USA). Fluorescein (FITC)-conjugated AffiniPure Donkey Anti-Rabbit
IgG (H + L) was from BBI Life Sciences (D110051; Hong Kong, China).
Bromodeoxyuridine (BrdU) proliferation assay kits were purchased
from Merck Millipore (#2750; Millipore, Billerica, MA, USA). Cell-
Light™ EdU Apollo®567 In Vitro Imaging Kits (100T) were obtained
from RiboBio Co. Ltd. (C10310-1; Guangzhou, China). Masson's tri-
chrome stain kits (G1340) were from Solarbio Life Sciences (Beijing,
China). Protein A/G PLUS-Agarose (#SC-223) was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The BCA Protein Assay Kit was
obtained from CWBiotech (CW0014S; Beijing, China). All other che-
micals used in this study were analytical grade and were made in China.

2.2. Cell culture and treatment

Human aortic vascular smooth muscle cells (HA-VSMCs) were
purchased from American Type Culture Collection (ATCC number: CRL-
1999; Manassas, VA, USA). The cells were cultured in Ham's F12 K
medium containing 2 mM L-glutamine supplemented with 10% FBS at
37 °C in a humidified 5% CO2 incubator. Cells were used at passages
3–7. HA-VSMCs were exposed to Ang II (100 nM) at different time
points (0, 6, 12, 24, and 48 h) or treated for 24 h with different con-
centrations of Ang II (0, 10, 100, and 1000 nM). In addition, where
indicated, prior to Ang II treatment (100 nM), the cells were pretreated
with candesartan (5 μM) or PD123319 (5 μM) for 6 h; MG132 (5 μM) for
1 h; PYR-41 (50 μM) for 30 min; ginkgolic acid (100 μM) for 4 h.

2.3. Cell proliferation assessment

Cell proliferation was measured using Cell-Light™ EdU Apollo®567

Table 1
Sequences of siRNAs that successfully suppressed target gene expression.

Name Sequence

siRhoGDI1 Sense: 5′- CUUUCCGGGUUAACCGAGAdTdT-3′
Antisense: 5′- UCUCGGUUAACCCGGAAAGdTdT-3′

siRhoGDI2 Sense: 5′-CACAAGAGAACAAGAAUAAdTdT-3′
Antisense: 5′-UUAUUCUUGUUCUCUUGUGdTdT-3′

Table 2
Sequences of primers used in real-time RT-PCR.

Name Sequence

RhoGDI1 F: 5′-ATCCAGGAGGCTGGGTATTG-3′
R: 5′-GCACGGACGGAGGCAATAAAT-3′

RhoGDI2 F: 5′-TTTATGGTTGGCAGCTATG-3′
R: 5′-GAGGTAGGTCTTGCTTGTC-3′

GAPDH F: 5′-ACAACTCTCTCAAGATTGTCAGCAA -3′
R: 5′-ACTTTGTGAAGCTCATTTCCTGG-3′
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In Vitro Imaging (100T) and Bromodeoxyuridine (BrdU) Proliferation
Assay kits according to the manufacturer's instructions. After the
treatments in 96-well plates, cells were labeled with EdU for 2 h or
BrdU for 4 h. Cells labeled with EdU were fixed in 4% paraformalde-
hyde for 30 min and then permeabilized in 0.5% Triton X-100 for
10 min. Subsequently, cells were stained with Apollo and
Hoechst33342 in the dark, and then washed and imaged using fluor-
escence microscopy (Nikon, Japan). Cells labeled with BrdU were in-
cubated with anti-BrdU-peroxidase. Then, trimethyl benzidine substrate
was added to the wells to detect the immune complex and the plates
were measured at 450 nm using an ELISA plate reader (BioTek
Instruments, Vermont, USA). The experiments were repeated three
times, each using duplicate wells.

2.4. Western blotting

Cells were harvested and incubated with 40–50 μL Lysis buffer (1%
NP-40, 1 mM PMSF) for 40 min. Then, the lysates were centrifuged at
4 °C for 15 min at 12,000 r/min, and the protein concentrations were
determined using Bradford assays. The protein samples were separated
using 12% SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to nitrocellulose membranes (Merck Millipore Ltd. Ireland). The
membranes were then blocked with 5% fat-free milk for 2 h at room
temperature and incubated with primary antibodies overnight at 4 °C.
The blots were detected by incubation with HRP-conjugated secondary
antibodies for 2 h at room temperature followed by analysis with an
ECL detection system (Amersham Biosciences). GAPDH was used as an
internal standard. The relative intensities of the signals were quantified
using densitometry and Imaging software (Labworks).

2.5. Co-immunoprecipitation

Cells were lysed in RIPA lysis buffer [50 mM Tris (pH 7.4), 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS] con-
taining 1 mM PMSF and 25 mM NEM. After incubation on the ice for
20 min and centrifugation at 4 °C for 10 min at 12,000 r/min, the pro-
tein concentrations were determined using a BCA Protein Assay Kit. The
lysates were incubated with specific antibodies (1:100) overnight at
4 °C, and then with Protein A/G PLUS-Agarose at room temperature for
2 h. Subsequently, the mixture was washed once with normal washing
buffer (pH 7.4, 50 mM Tris-base, 100 mM NaCl, 1 mM Na2-EDTA, 0.5%
NP-40 containing 25 mM NEM) and five times with high salt washing
buffer (pH 7.4, 50 mM Trise-base, 500 mM NaCl, 1 mM Na2-EDTA,
0.5% NP-40 added containing 25 mM NEM). Pulled down proteins were
boiled at 95 °C for 5 min in SDS loading buffer and analyzed by western
blotting.

2.6. Real-time RT-PCR

Total RNA was extracted from HA-VSMCs using Total RNA
Purification Kit in accordance with the manufacturer's instructions. One
microgram of total RNA was reverse transcribed using a First Strand

cDNA Synthesis Kit. The resulting cDNA was then mixed with Maxima
SYBR Green qPCR Master Mix (Fermentas, Burlington, Canada) and
specific primers (Table 2). The amplification conditions used for PCR
cycling were as follows: 94 °C for 30 s, 57 °C for 30 s, and 72 °C for 30 s
(RhoGDI1); 94 °C for 30 s, 54 °C for 30 s, and 72 °C for 30 s (RhoGDI2);
94 °C for 30 s, 54 °C for 30 s, and 72 °C for 30 s (GAPDH). Quantitative
PCR was performed using a Corbett RG-6000 real-time PCR system
(Corbett Life Sciences, Mortlake, Australia) according to the manufac-
turer's guidelines. The relative expression is shown after normalization
to GAPDH.

2.7. siRNA transfection

Cells were transfected using Lipofectamine 2000 (#11668019;
Invitrogen) according to the manufacturer's instruction. Briefly, the
Lipofectamine 2000 transfection reagent and siRNAs (20 μM in DEPC
water) were diluted with Opti-MEM (Invitrogen, Karlsruhe, Germany)
and incubated at room temperature for 20 min. The mixture was then
added to the cells and incubated for 48 h. Successful interference of the
target gene was confirmed by western blotting. Subsequently, cells
transfected with siRNAs were treated with 100 nM Ang II for 6, 12, 24,
and 48 h.

2.8. Animals and Ang II infusion

Animal procedures were performed in accordance with the Ethics
Committee and the Animal Care and Use Committee of Nantong
University and conformed to the NIH Guide for the Care and Use of
Laboratory Animals. Male C57Bl/6 mice aged 42–48 days weighing
20 ± 1 g were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). Animals were randomly assigned
into the following 5 groups (n = 8/group): control group (normal
saline), model (Ang II infusion) group, Ad-RhoGDI1-shRNA treated
group, Ad-RhoGDI2-shRNA treated group, Irbesartan treated group.
The Adenoviral vectors specific for RhoGDI1 and RhoGDI2 shRNA were
purchased from Hanheng Biotechnology (Shanghai, China). RhoGDI1-
shRNA:GCAAGATTGACAAGACTGACTATTCAAGAGATAGTCAGTCTTG
TCAATCTTGTTTTTT. RhoGDI2-shRNA:GAAACCATTGTGTTAAAGGAA
TTCAAGAGATTCCTTTAACACAATGGTTTCTTTTTT. Mice were an-
esthetized by intraperitoneal injection of 3.6% chloral hydrate (11 ml/
kg). The right common carotid artery segment (4 cm) was isolated with
two small atraumatic clips and injected with approximately 0.1 mL
virus solution (titer of 1 × 1010 pfu) using a small needle. After in-
cubation for 20 min, the clips were removed and the cervical wound
was sutured. Irbesartan (50 mg/kg/d) was added to drinking water for
consumption by mice. For Ang II infusion, mice were implanted with an
Alzet Model 1002 osmotic minipump (Alzet Corp) for subcutaneous
infusion of Ang II at a rate of 1000 ng/kg/min [30]. Control mice were
implanted with pumps for infusion of normal saline. Pumps were placed
into the subcutaneous space of anesthetized mice through a small in-
cision in the back of the neck. The incision was closed and the mice
were allowed to recover without medication. Mice were then

Fig. 1. The effects of Ang II on cell proliferation and the expression of RhoGDI1 and RhoGDI2 proteins in HA-VSMCs.
Cells were treated with Ang II at different concentrations (0, 10, 100, 1000 nM) or different time points (0, 6, 12, 24, 48 h). Untreated cells were used as the control
group. (A and D) Cell proliferation was detected by BrdU assay after Ang II treatment. Histograms show the absorbance of each group at 450 nm. *p < 0.05 and
**p < 0.01 vs. the control group. ##p < 0.01 and ###p < 0.001 vs. the group treated with Ang II for 6 h. $$p < 0.01 vs. the group treated with Ang II for 24 h
(n = 5). (B and E) Cell proliferation was detected by EdU assay. Immunofluorescence shows EdU-positive cells (red). Nuclei were stained with Hoechst33342 (blue).
Histograms show the ratios of EdU-positive cells to total cells. *p < 0.05 and **p < 0.01 vs. the control group; ##p < 0.01 and ###p < 0.001 vs. the group
treated with Ang II for 6 h; $$p < 0.01 vs. the group treated with Ang II for 24 h (n = 5). (C and F) Immunofluorescence analysis of ki-67 expression (green). Nuclei
were stained with DAPI (blue). Histograms show the ratios of ki-67-positive cells to total cells. *p < 0.05 and **p < 0.01 vs. the control group; ##p < 0.01 and
###p < 0.001 vs. the group treated with Ang II for 6 h; $$p < 0.01 vs. the group treated with Ang II for 24 h (n = 5). (G and H) Western blot analysis of RhoGDI1
(28 kDa) and RhoGDI2 (23 kDa) protein levels over a time course of treatment with 100 nM Ang II (G) and a range of doses of Ang II at 24 h (H). Histograms show the
ratios of RhoGDI1 or RhoGDI2 to GAPDH. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the group treated with Ang II for 6 h;
$$p < 0.01 and $$$p < 0.001 vs. the group treated with Ang II for 24 h (n = 5). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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euthanized at 14 days following Ang II infusion. The carotid arteries
were removed and processed for subsequent analysis.

2.9. H&E staining and Masson's trichrome staining

Segments of the right common carotid arteries were isolated and
fixed in 4% paraformaldehyde and then embedded in OCT (optimal
cutting temperature compound). The embedded surface was trimmed
with a cryo-microtome and then cryo-sectioned at a thickness of 5-μm.
The sections were stained with hematoxylin aqueous solution for 5 min,
hydrochloric acid for 30 s, and eosin for 2 min. The sections were then
dehydrated using ethanol and cleared using xylene. For Masson's tri-
chrome staining, the OCT-embedded sections were incubated overnight
at room temperature in Bouin's fixative and stained with a Masson's
Trichrome Kit. Nuclei were stained with Weigert's hematoxylin, myo-
fiber cytoplasms were stained with Scarlet Red, and collagen was
stained with Aniline Blue dye. All images were captured using an
Olympus digital camera (Olympus, Tokyo, Japan) and analyzed using
Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA).

2.10. Immunofluorescence

Sections that were fixed with 4% paraformaldehyde were quenched

with 5% BSA blocking buffer at 37 °C for 30 min and then incubated
with primary antibodies (1:100 dilution in PBS) at 4 °C overnight. After
three washes with PBS, the sections were incubated with biotin-con-
jugated anti-rabbit IgG for an additional 30 min at 37 °C. The sections
were then stained with DAPI for 20 min and visualized with a fluores-
cence microscope using DyLight 488-SABC as a chromogen. The
fluorescence intensity was quantified using ImagePro Plus software.

Sections were fixed with 4% paraformaldehyde for 20min, and then
permeabilized in 0.5% Triton X-100 for 10min. Subsequently, the sec-
tions were incubated with ki-67 antibody (1:500) overnight at 4 °C and
then with FITC-conjugated anti-rabbit IgG for 2 h at room temperature.
Ki-67 positive cells were examined under a fluorescence microscope.

2.11. Statistical analysis

All results are expressed as means ± SDs. One-way ANOVA fol-
lowed by Tukey's post-hoc tests were used for statistical analysis em-
ploying SPSS 22.0 software. A value of p < 0.05 was considered sta-
tistically significant.

Fig. 2. The reduction in levels of RhoGDI1 and RhoGDI2 protein after Ang II treatment is mediated by proteosomal degradation.
(A) Real-time RT-PCR analysis of RhoGDI1 and RhoGDI2 mRNA levels. HA-VSMCs were treated with Ang II at different time points (0, 6, 12, 24, 48 h). Histograms
show the ratios of RhoGDI1 or RhoGDI2 mRNA levels to GAPDH mRNA levels (n = 5). (B and C) Western blot analysis of RhoGDI1 and RhoGDI2. Cells were
pretreated with MG132 (5 μM) for 1 h followed by 100 nM Ang II treatment for 6 h (B) or 48 h (C). Untreated cells were used as the control group. Histograms show
the ratios of RhoGDI1 or RhoGDI2 to GAPDH. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the Ang II-treated group (n = 5). (D
and F) EdU analysis of cell proliferation. Immunofluorescence shows EdU-positive cells (red). Nuclei were stained with Hoechst33342 (blue). Cells were pretreated
with MG132 (5 μM) for 1 h followed by 100 nM Ang II treatment for 6 h (D) or 48 h (F). Untreated cells were used as the control group. Histograms show the ratios of
EdU-positive cells to total cells. **p < 0.01 vs. the control group; ##p < 0.01 vs. the Ang II-treated group (n = 5). (E and G) Ki-67 immunofluorescence of cell
proliferation. Cells were pretreated with MG132 (5 μM) for 1 h followed by 100 nM Ang II treatment for 6 h (E) or 48 h (G). Untreated cells were used as the control
group. Histograms show the ratios of ki-67-positive cells to total cells. *p < 0.05 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the Ang II-treated group
(n = 5). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Effects of RhoGDI1 or RhoGDI2 knockdown on Ang II-induced cell proliferation using EdU (A) and ki-67 assay (B).
Cells were treated with 100 nM Ang II for 24 h. Immunofluorescence shows EdU-positive cells (red) or ki-67-positive cells (green). Nuclei were stained with
Hoechst33342 (blue) or DAPI (blue). Untreated cells belong to the control group. Histograms show the ratios of EdU-positive cells or ki-67-positive cells to total cells.
*p < 0.05 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the Ang II-treated group (n = 5). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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3. Results

3.1. RhoGDI stability participates in Ang II-mediated cell proliferation in
HA-VSMCs

Ang II has crucial roles in the pathogenesis of vascular remodeling
[8,31]. A growing body of evidence indicates that Ang II activates
VSMC proliferation and migration in animal cells [7,32–34]. To in-
vestigate the effects of Ang II on phenotypic modulation in HA-VSMCs,
we measured cell proliferation using BrdU, EdU assays, and ki-67 im-
munofluorescence staining after treatment with Ang II at different
concentrations and time points. As shown in Fig. 1A–C, Ang II treat-
ment for 24 h stimulated cell proliferation in a concentration-dependent
manner in HA-VSMCs. However, 100 nM Ang II treatment exerted dif-
ferent effects on cell proliferation in HA-VSMCs at different time points
(Fig. 1D–F). HA-VSMC proliferation decreased at 6 h of treatment with
Ang II, followed by significant increases of cell proliferation at 12 and
24 h of treatment. Cell proliferation decreased again at 48 h of treat-
ment with Ang II when compared with the proliferation at 0 h or 24 h.
These results suggest that the effects of Ang II on HA-VSMC prolifera-
tion are both dose- and time-dependent.

To assess whether RhoGDI participates in the regulation by Ang II of
HA-VSMC proliferation, we analyzed expression of RhoGDI1 and
RhoGDI2 by Western blotting. Interestingly, the pattern of expression of
RhoGDI1 and RhoGDI2, like the pattern of Ang II-mediated prolifera-
tion, was time-dependent. The protein levels of both RhoGDI1 and
RhoGDI2 were reduced at 6 and 48 h of treatment with 100 nM Ang II
(Fig. 1G). In addition, when compared with that of the 6 h Ang II
treatment group, RhoGDI1 and RhoGDI2 protein levels at 12 and 24 h
were significantly increased. However, in contrast with the pattern of
Ang II-mediated proliferation, the protein levels of RhoGDI1 and
RhoGDI2 at 12 and 24 h of Ang II treatment were not elevated above
the level of untreated cells. Furthermore, the RhoGDI levels at 24 h of
treatment with Ang II were not dose-dependent (Fig. 1H). These results
suggest that the decreased levels of RhoRDI1 and RhoGDI2 at 6 and
48 h correlate with reduced proliferation, but that the increased

proliferation at 12 and 24 h may be regulated by an alternate me-
chanism.

To determine whether the regulation of RhoGDI protein levels oc-
curs at the level of mRNA expression, we performed real-time RT-PCR
analysis. As shown in Fig. 2A, Ang II treatment did not affect the
transcription levels of either RhoGDI1 or RhoGDI2. These results raise
the possibility that RhoGDI protein may be subject to proteosomal de-
gradation at 6 and 48 h of Ang II treatment. Therefore, we subsequently
investigated the effects of the proteasome inhibitor MG132 on RhoGDI
protein levels and cell proliferation in HA-VSMCs. As shown in Fig. 2B
and C, RhoGDI1 and RhoGDI2 protein degradation induced by 6 and
48 h treatment of Ang II, was blocked by pretreatment with MG132. In
contrast, at 12 and 24 h of Ang II treatment, MG132 pretreatment did
not affect the expression of RhoGDI1 or RhoGDI2 and cell proliferation
(Supplementary Fig. 1). Furthermore, MG132 pretreatment enhanced
the proliferation of cells incubated with Ang II for 6 or 48 h (Fig. 2D–G),
suggesting that the reduced proliferation of HA-VSMCs at 6 and 48 h
Ang treatment may be regulated by proteosomal degradation of
RhoGDIs.

To directly determine whether reduced RhoGDI protein levels affect
HA-VSMC proliferation, we used siRNA to suppress the expression of
RhoGDI1 and RhoGDI2 (Supplementary Fig. 2A). Reduced expression
of either RhoGDI1 or RhoGDI2 caused a significant decrease in cell
proliferation in HA-VSMCs treated with Ang II for 12 h (Supplementary
Fig. 2B and C) and 24 h (Fig. 3). However, RhoGDI suppression exerted
no obvious effect on the reduction of cell proliferation induced by 6 or
48 h of Ang II treatment (Supplementary Figs. 2B and C), when levels of
RhoGDI are already reduced (Fig. 1G). These results are consistent with
a role for RhoGDI proteosomal degradation in mediating the reduction
in Ang II-dependent proliferation at 6 and 48 h.

3.2. Ang II regulates the stability of RhoGDI1 and RhoGDI2 through
SUMOylation and ubiquitination via the AT1 receptor

Ubiquitination is the most important post-translational modification
for protein degradation and plays a critical role in disease pathogenesis

Fig. 4. Effects of Ang II on ubiquitination and SUMOylation of RhoGDI1 and RhoGDI2.
(A and B) Co-IP analysis of RhoGDI1 and RhoGDI2 ubiquitination. Cells were treated with Ang II (100
nM) for 0, 5, 15, 30, 60 min (A) or for 42, 43, 43.5, 44, 44.5 h (B). RhoGDI1 or RhoGDI2 was immunoprecipitated from cell lysates using specific antibodies, and then
immunoprecipitated proteins were analyzed by Western blotting. Untreated cells were used as the control group. Histograms show the ratios of RhoGDI1-binding
ubiquitin or RhoGDI2-binding ubiquitin to total ubiquitin. *p < 0.05 and **p < 0.01 vs. the control group (n = 5). $p < 0.05 and $$p < 0.01 vs. the group treated
with Ang II for 42 h (n = 5). (C and D) Co-IP analysis of RhoGDI1 and RhoGDI2 SUMOylation. Cells were treated with Ang II (100 nM) for 0, 5, 15, 30, 60 min, or for
42, 43, 43.5, 44, 44.5 h RhoGDI1 (28 kDa) or RhoGDI2 (23 kDa) was immunoprecipitated from cell lysates, and then immunoprecipitated proteins were analyzed by
Western blotting with SUMO1 (12 kDa) and SUMO2/3 (15 kDa) antibodies. Histograms show the ratios of RhoGDI1-binding SUMO or RhoGDI2-binding SUMO to
total SUMO. Untreated cells were used as the control group. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the
group treated with Ang II for 5 min; $, p < 0.05 and $$p < 0.01 vs. the group treated with Ang II for 42 h (n = 5).
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[35]. To clarify whether Ang II-induced RhoGDI protein degradation at
6 and 48 h of treatment is regulated by ubiquitin modification, we
analyzed the ubiquitination levels of RhoGDI using Co-IP analysis. As
demonstrated in Fig. 4A and B, the ubiquitin levels of both RhoGDI1
and RhoGDI2 were significantly increased between 0 and 60 min and
42–44.5 h of Ang II treatment, suggesting that Ang II (6 or 48 h) may
stimulate RhoGDI protein degradation by up-regulating ubiquitination
of RhoGDI. We also observed the ubiquitination of RhoGDI over a range
of timepoints from 1 to 48 h of Ang II treatment. The ubiquitin levels of
RhoGDI1 or RhoGDI2 were gradually decreased after 1 h Ang II treat-
ment, and began to increase after 43 h of Ang II treatment
(Supplementary Fig. 3A), indicating that the stable RhoGDI protein

levels at 12 or 24 h of Ang II treatment are associated with decreased
levels of RhoGDI ubiquitination.

It has been reported that SUMOylation and ubiquitination re-
ciprocally regulate α-synuclein degradation and pathological aggrega-
tion in Parkinson's disease (PD) [27]. Therefore, we assessed SUMOy-
lation of RhoGDI after Ang II treatment between 0 and 48 h. As shown
in Fig. 4C and D, RhoGDI1 was modified by one or two SUMO1 or one
or two SUMO2/3 molecules, and RhoGDI2 was modified by one or
three SUMO1 or two SUMO2/3 molecules. SUMO1-modified RhoGDI2
showed a transient increase after 5 min treatment of Ang II, followed by
a significant decrease after 15 min of Ang II treatment. Ang II treatment
for 60 min also significantly reduced the levels of SUMO1- and SUMO2/

Fig. 5. SUMOylation stabilizes RhoGDI1 and RhoGDI2 proteins by competition with ubiquitination.
(A) Ubiquitination inhibitor PYR-41 decreased Ang II-induced RhoGDI1 and RhoGDI2 ubiquitination. Cells were pretreated with PYR-41 (50 μM) for 30 min and then
stimulated with Ang II (100 nM) for 0, 5, 15, 30, 60 min RhoGDI1 or RhoGDI2 was immunoprecipitated from cell lysates, and then immunoprecipitated proteins were
analyzed using Western blotting. Untreated cells were used as the control group. Histograms show the ratios of RhoGDI1-binding ubiquitin or RhoGDI2-binding
ubiquitin to total ubiquitin. *p < 0.05 and **p < 0.01 vs. the control group (n = 5). (B) PYR-41 pretreatment inhibited the reduction in RhoGDI1 and RhoGDI2
SUMOylation induced by Ang II. Cells were pretreated with PYR-41 (50 μM) for 30 min and then stimulated with Ang II (100 nM) for 0, 5, 15, 30, 60 min RhoGDI1 or
RhoGDI2 was immunoprecipitated from cell lysates, and then immunoprecipitated proteins were analyzed by western blotting with SUMO1 and SUMO2/3 anti-
bodies. Histograms show the ratios of RhoGDI1-binding SUMO or RhoGDI2-binding SUMO to total SUMO (n = 5). (C) The SUMOylation inhibitor ginkgolic acid (GA)
promoted RhoGDI1 and RhoGDI2 degradation. Cells were treated with 100 μM GA for 4 h, and then exposed to 100 nM Ang II for 24 h. Histograms show the ratios of
RhoGDI1 or RhoGDI2 to GAPDH. #p < 0.05 and ##p < 0.01 vs. the group treated with Ang II for 24 h (n = 5). (D and E) The effects of GA treatment on Ang II-
induced cell proliferation were assessed by EdU and ki-67 assay. Untreated cells were used as the control group. Histograms show the ratios of EdU-positive cells or
ki-67-positive cells to total cells. *, p < 0.05 and **p < 0.01 vs. the control group; ##p < 0.01 and ###p < 0.001 vs. the Ang II (24 h)-treated group (n = 5).
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Fig. 6. The effects of Ang II receptor inhibitors on RhoGDI1 and RhoGDI2 protein levels and cell proliferation.
(A) The AT1 receptor inhibitor candesartan induced RhoGDI1 and RhoGDI2 protein degradation. Cells were pretreated with candesartan (5 μM) for 6 h or MG132
(5 μM) for 1 h and then exposed to 100 nM Ang II for 24 h. Cell lysates were analyzed by western blotting with RhoGDI1 and RhoGDI2 antibodies. Histograms show
the ratios of RhoGDI1 or RhoGDI2 to GAPDH. *p < 0.05 and **p < 0.01 vs. the group treated with Ang II for 24 h; ##p < 0.01 vs. the group treated with
candesartan and Ang II (n = 5). (B) The AT2 receptor inhibitor PD123319 exerted no significant effect on RhoGDI1 and RhoGDI2 protein levels. Cells were
pretreated with PD123319 (5 μM) for 6 h or MG132 (5 μM) for 1 h and then exposed to 100 nM Ang II for 24 h. Cell lysates were analyzed by western blotting with
RhoGDI1 and RhoGDI2 antibodies. Histograms show the ratios of RhoGDI1 or RhoGDI2 to GAPDH (n = 5). (C and D) Candesartan reduced Ang II-mediated cell
proliferation in HA-VSMCs. Cell proliferation was detected by EdU assay and ki-67 immunofluorescence. Cells were pretreated with candesartan (5 μM) for 6 h and
then exposed to 100 nM Ang II for 24 h. Histograms show the ratios of EdU-positive cells or ki-67-positive cells to total cells. Untreated cells were used as the control
group. *p < 0.05 vs. the control group; #p < 0.01 vs. the Ang II-treated group (n = 5).

Fig. 7. The effects of RhoGDI suppression and Irbesartan on vascular remodeling and target protein expression in mice.
For shRNA-mediated knockdown, the right common carotid arteries of mice were injected and incubated with 1 × 1010 pfu virus solution for 20 min. The AT1
receptor inhibitor Irbesartan (50 mg/kg/d) was added to drinking water for consumption by mice. Ang II was subcutaneously infused at a rate of 1000 ng/kg/min
using the Alzet Model 1002 osmotic minipump. (A) Representative photographs of H&E staining and Masson's trichrome staining of carotid arteries 14 days after Ang
II infusion. Masson's trichrome staining shows the collagen fibers (blue) and muscle fibers (red). Mice with normal saline infusion were used as the control group.
Histograms show the intima-media thickness (IMT) and the ratio of muscle fiber area. ***p < 0.001 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the model
group (Ang II infusion + Ad-GFP virus) (n = 8). (B) Immunofluorescence staining of α-SMA, Ki-67, RhoGDI1, and RhoGDI2 (green). Nuclei were stained with DAPI
(blue). Histograms show the fluorescence intensity of the staining. **p < 0.01 and ***p < 0.001 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the model
group (Ang II infusion + Ad-GFP virus) (n = 8). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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3-modified RhoGDI1 and RhoGDI2 when compared with the untreated
group (Fig. 4C), and Ang II treatment for 44.5 h significantly reduced
levels of SUMO1- and SUMO2/3-modified RhoGDI1 and RhoGDI2 when
compared with 42 h-treated group (Fig. 4D). Further analysis of the
time points between the decreases in SUMOylation showed that levels
of SUMOylated RhoGDI1 and RhoGDI2 gradually increased after 1 h
treatment of Ang II until 43 h and then decreased after 48 h of treat-
ment (Supplementary Fig. 3B). Therefore, the SUMOylation of RhoGDI
in response to Ang II is reciprocal to its ubiquitination and correlates
with time points during which protein levels are restored to basal le-
vels.

To evaluate whether RhoGDI ubiquitination may influence RhoGDI
SUMOylation, we assessed the effects of the UBE1 (ubiquitin-activating
enzyme E1) inhibitor PYR-41 on RhoGDI SUMOylation. PYR-41 treat-
ment significantly inhibited the ubiquitination of RhoGDI after 60min
(Fig. 5A) and 43–48 h (Supplementary Fig. 4A) of treatment with Ang
II, as expected. Furthermore, the addition of PYR-41 led to increased
levels of SUMOylation (Fig. 5B and Supplementary Fig. 4B), indicating
that ubiquitin and SUMO proteins may compete for binding to RhoGDI.
These data also raised the possibility that SUMOylation might facilitate
RhoGDI stability by inhibiting ubiquitin-dependent protein degrada-
tion. To assess this possibility, we evaluated the effect of the SUMOy-
lation inhibitor ginkgolic acid (GA) on RhoGDI protein levels and cell
proliferation. As shown in Fig. 5C and Supplementary Fig. 5, GA pre-
treatment decreased the protein levels of RhoGDI1 and RhoGDI2 in HA-
VSMCs treated with Ang II for 12 or 24 h, but did not affect the levels at
6 or 48 h of Ang II-treatment. GA pretreatment also significantly re-
duced cell proliferation induced by 12 or 24 h of Ang II-treatment with
no significant effect on proliferation at 6 or 48 h (Fig. 5D and E and
Supplementary Fig. 6).

To evaluate the role of Ang II receptors AT1 and AT2 on Ang II-
dependent RhoGDI stability, we examined the effects of AT1 or AT2
receptor inhibitor on the protein levels of RhoGDI after Ang II treatment
of HA-VSMCs. As shown in Fig. 6 and Supplementary Fig. 7, pretreat-
ment with the AT1 receptor inhibitor candesartan obviously reduced
RhoGDI1 and RhoGDI2 protein levels at 12 and 24 h, and these re-
ductions were reversed by MG132 treatment. In contrast, pretreatment
with the AT2 receptor inhibitor PD123319 did not significantly affect
RhoGDI protein levels at 12 or 24 h treatment with Ang II. Furthermore,
neither candesartan nor PD123319 prevented Ang II- dependent re-
duction in RhoGDI protein levels at 6 or 48 h, though these reduced
levels were blocked by MG132 (Supplementary Fig. 7). These data
suggest that signaling through AT1 receptor at 12 and 24 h stabilizes
RhoGDI by reducing Ang II-dependent RhoGDI degradation.

To verify that AT1 receptor-mediated signaling promotes Ang II-
induced cell proliferation in HA-VSMCs, we repeated EdU and ki-67
assays in the absence or presence of candesartan. As shown in Fig. 6C
and D and Supplementary Fig. 8, the proportion of EdU-positive or ki-
67-positive cells was significantly increased after 12 or 24 h Ang II
treatment, while this increase was reversed by candesartan. In contrast,
candesartan did not affect Ang II-induced reduction (6 or 48 h) of cell
proliferation, which was instead blocked by MG132 (Supplementary
Fig. 8). Taken together, these findings suggest that the AT1 receptor,
but not AT2 receptor, mediates Ang II-dependent maintenance of
RhoGDI stability at 12 or 24 h, which leads to cell proliferation in HA-
VSMCs.

3.3. RhoGDI plays a key role in Ang II-mediated muscle cell proliferation
and vascular remodeling in mice

We next verified the effects of RhoGDI suppression and AT1 re-
ceptor inhibition on vascular remodeling in vivo using a mouse Ang II
infusion model. As shown in Fig. 7A, Ang II infusion resulted in sig-
nificant vascular remodeling, as assessed by H & E staining and quan-
tification of the intima-media thickness (IMT; 35.55 ± 2.21 vs.
158.67 ± 10.66 μm, p < 0.001). Knockdown of either RhoGDI1 or

RhoGDI2 significantly reduced neointima formation, as evidenced by
69% and 52% decreases in the IMT. In addition, the AT1 receptor in-
hibitor Irbesartan reduced Ang II-mediated vascular remodeling, as
evidenced by a 72% decrease in the IMT. To investigate whether
RhoGDI and AT1 receptor participate in muscle fibrosis, we also ex-
amined collagen and myofiber production by Masson's trichrome
staining. The density of trichrome blue staining (collagen) and the
muscle fiber area (red staining) were significantly increased after Ang II
infusion, and these effects were inhibited by RhoGDI knockdown or
Irbesartan treatment (Fig. 7A). To verify the effects of Ang II and
RhoGDI on the in vivo proliferation of VSMCs, we performed im-
munostaining assay for α-SMA and Ki-67. Knockdown of RhoGDI (ei-
ther RhoGDI1 or RhoGDI2) and Irbesartan treatment reduced the ex-
pression of α-SMA and Ki-67 after Ang II infusion in mice (Fig. 7B),
which confirms that the RhoGDIs and AT1 receptor are required for
AngII-mediate proliferation of VSMCs. These results are consistent with
our in vitro results with HA-VSMCs. Importantly, Ang II infusion did not
significantly affect the expression of RhoGDI1 and RhoGDI2 (Fig. 7B).
However, Irbesartan treatment reduced the protein levels of both
RhoGDI1 and RhoGDI2, which is consistent with a role for AT1 receptor
signaling in protecting cells from RhoGDI degradation. Overall, these
results suggest that RhoGDI stability and AT1 receptor signaling par-
ticipate in Ang II-induced myofiber deposition and vascular re-
modeling.

4. Discussion

Ang II has been implicated in various cardiovascular diseases in-
cluding hypertension and atherosclerosis via multiple signal pathways,
especially Rho signaling. It has been reported that the Rho/ROCK
pathway plays an important role in Ang II-induced cardiac remodeling
[36,37], vasoconstriction [38,39], endothelial progenitor cell function
[40], and human Bartter's and Gitelman's Syndromes [41]. In addition,
the RhoA pathway by Ang II is activated in VSMCs from SHRSP (stroke-
prone spontaneously hypertensive) rats and is involved in rat VSMC
remodeling [42,43]. RhoGDIs have been shown to negatively regulate
Rho-family GTPases and to play important regulatory roles in many
intracellular processes including cell adhesion, proliferation, migration,
and tumorigenesis [10,11,14,15]. RhoGDI has also been reported to be
involved in ERK activation in response to mechanical stress-induced
hypertrophy, but not Ang II-induced ERK activation in rat cardiomyo-
cytes [18,44]. RhoGDI also has been shown to participate in the Ang II-
induced promoter activity of the skeletal α-actin and c-fos genes
[18,19]. However, prior to this study, the roles of RhoGDIs in Ang II-
induced smooth muscle phenotypic modulation and vascular re-
modeling remained uncharacterized. In this study, for the first time, we
demonstrated that RhoGDI1 and RhoGDI2 stability, rather than protein
expression, is regulated by SUMOylation and ubiquitination via AT1
receptor and participates in Ang II-induced HA-VSMC phenotypic
modulation and vascular remodeling.

Many studies have reported that Ang II promotes cell proliferation
in VSMCs [6,7]. However, in this study, we demonstrated that cell
proliferation was first reduced at 6 h of Ang II treatment, and then was
significantly increased until 24 h of Ang II treatment in HA-VSMCs.
Furthermore, Ang II-induced proliferation was decreased again after
48 h of treatment. It has been reported that RhoGDI expression levels do
not differ in SHRSP and WKY (Wistar-Kyoto) rats [42]. Another report
showed that Ang II induces the upregulation of RhoGDIα via the AT1
receptor in spontaneously hypertensive rats [20]. Interestingly, in this
study the protein levels of both RhoGDI1 and RhoGDI2 were decreased
at 6 and 48 h and showed a similar trend as cell proliferation upon
induction by Ang II in HA-VSMCs. These results may imply that Ang II
exerts different regulatory effects on RhoGDI protein in rat cell lines
and human cell lines. In addition, in this study we demonstrated that
the protease inhibitor MG132 significantly inhibited the decreases in
the RhoGDI protein level and cell proliferation rate induced by Ang II
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treatment at 6 h and 48 h, although it had no significant effect on the
RhoGDI protein level and cell proliferation following 12- or 24 h-Ang II-
treatment cells. Furthermore, suppressing RhoGDI1 and RhoGDI2 sig-
nificantly decreased Ang II–induced (12 or 24 h) HA-VSMC prolifera-
tion. These results suggest that RhoGDIs are involved in Ang II-induced
HA-VSMC proliferation and are regulated at the level of stability, rather
than expression.

Ubiquitin (Ub) is crucial for various pathophysiological processes,
including cell survival and differentiation, and marks proteins for de-
gradation [35]. Small ubiquitin-related modifier (SUMO) is an addi-
tional post-translational protein modifier that protects proteins from
degradation [21,22]. In the current study, we demonstrated that the
increased ubiquitination and decreased SUMOylation of RhoGDI1 and
RhoGDI2 at 60 min, and 42–48 h of Ang II treatment caused the de-
gradation of RhoGDI. In addition, ubiquitination inhibition (PYR-41)
significantly prevented the decreased SUMOylation of RhoGDI1 and
RhoGDI2, suggesting that Ub and SUMO competitively bind to
RhoGDI1 and RhoGDI2. Therefore, we speculate that RhoGDI protein
degradation induced by Ang II at 6 h and 48 h was mainly due to its
higher ubiquitination versus SUMOylation. Importantly, SUMOylation
inhibition (GA) significantly reduced RhoGDI1 and RhoGDI2 protein
levels and cell proliferation induced by Ang II at 12 or 24 h, indicating
that SUMOylation plays an important role in maintaining RhoGDI1 and
RhoGDI2 stability and cell proliferation mediated by Ang II. Further-
more, AT1 receptor inhibition reduced RhoGDI1 and RhoGDI2 protein
levels and cell proliferation induced by Ang II at 12 or 24 h, suggesting
that the activation of the AT1 receptor, but not the AT2 receptor,
participates in the preservation of RhoGDI stability and cell prolifera-
tion in HA-VSMCs. Moreover, the AT1 receptor inhibitor candesartan
did not affect Ang II -induced reduction (6 or 48 h) of RhoGDI protein
levels or cell proliferation. Our data suggest that RhoGDI stabilization
by SUMOylation induced by Ang II at 12 and 24 h is dependent on the
AT1 receptor, but that RhoGDI ubiquination and degradation and re-
duced cell proliferation induced by Ang II at 6 h and 48 h might be
independent of the AT1 receptor.

We also demonstrated that RhoGDI1, RhoGDI2, and AT1 receptor
participate in VSMC proliferation and vascular remodeling in mice after
Ang II infusion; these effects were significantly inhibited by RhoGDI1 or
RhoGDI2 knockdown and Irbesartan treatment. However, Ang II infu-
sion did not significantly promote RhoGDI1 and RhoGDI2 protein levels
when compared with the control group. This indicates that Ang II does
not cause vascular remodeling by increasing RhoGDI protein levels or
its expression, which is consistent with its function in stabilizing
RhoGDI protein. Moreover, AT1 receptor inhibition dramatically de-
creased RhoGDI1 and RhoGDI2 protein levels in mice after Ang II in-
fusion in vivo, suggesting that Irbesartan treatment inhibits vascular
remodeling by, or at least in part by reducing RhoGDI protein levels.
Consistent with the in vitro results, these findings suggest that Ang II
stabilizes RhoGDI protein via the AT1 receptor, which plays a role in
HA-VSMC proliferation and vascular remodeling. Further studies are
necessary to better understand the mechanisms underlying the regula-
tion by ubiquitination and SUMOylation of RhoGDI stability in Ang II-
mediated vascular remodeling in vivo. It has been reported that
RhoGDIα suppression decreases Ang II-induced superoxide production
and lipid peroxidation, and inhibition of Ang II-induces leucine in-
corporation [5]. Therefore, RhoGDI may represent a target for anti-
hypertrophic pharmacologic interventions. However, our results also
raise the possibility that RhoGDI knockdown or its targeted degradation
may provide a novel approach for treatment of vascular remodeling.

In summary, the main findings in this study are: (1) the stability of
RhoGDI1 and RhoGDI2, but not their expression, participates in the
regulation by Ang II of smooth muscle phenotypic transformation and
vascular remodeling; (2) SUMOylation and ubiquitination reciprocally
regulate RhoGDI stability via the AT1 receptor.
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