Am J Transl Res 2013;5(4):427-440
www.ajtr.org /ISSN:1943-8141/AJTR1304003

Original Article

SUMO1 regulates endothelial function by modulating
the overall signals in favor of angiogenesis and
homeostatic responses
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Abstract: As a versatile regulatory mechanism, sumoylation has been found to be essential for ordered diverse cel-
lular processes. However, the exact impact of sumoylation on endothelial function largely remained elusive. Here
we investigated the role of small ubiquitin-like modifier 1 (SUMO1) mediated sumoylation in the regulation of endo-
thelial function by examining its effect on angiogenesis and homeostatic responses. Adenoviral-mediated SUMO1
expression in porcine aortic endothelial cells (PAECs) dose-dependently promoted proliferation, migration and tube
formation. In line with these results in PAECs, Matrigel plug assays in SUMO1 transgenic mice demonstrated a
significant higher capacity for vascular neogenesis as compared with that of control littermates. Moreover, SUMO1
expression protected PAECs from serum starvation or H,0,-induced apoptosis. Mechanistic studies demonstrated
that SUMO1 sumoylation modulates ERK1/2 activation and MMP13 expression as well as Jak2/STAT5 signaling
to promote angiogenesis. SUMO1 sumoylation also suppressed NFkB and c-JUN transcriptional activity to provide
protection for PAECs against oxidative stress-induced apoptosis. Given that sumoylation is a reversible process, dy-
namic regulation of the sumoylation function could be a novel strategy to modulate endothelial function in disease
states.
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Introduction However, unlike ubiquitin which usually leads to

protein degradation, SUMO addition to lysine

The small ubiquitin-like modifiers (SUMO)
belong to an evolutionarily conserved protein
family found in all eukaryotes and are essential
for viability of most eukaryotic cells including
yeasts, nematodes, fruit flies, and vertebrate
cells [1]. Post-translational attachment of
SUMO defined as sumoylation involves a single
SUMO-activating enzyme (Uba2-Aosl), an
essential SUMO-conjugating enzyme (Ubc9),
and a SUMO-E3 ligase such as the PIAS family
and RanBP2 (also called Pc2) [2, 3]. SUMO
covalently conjugates to target proteins using
the same lysine residues by an isopeptide bond
through their carboxyl termini as ubiquitin.

residues is a remarkably versatile regulatory
mechanism implicated in the regulation of sig-
nal transduction, gene transcription, genome
integrity, mitochondrial fission and fusion, ion
and protein transport, cell viability and apopto-
sis [3]. Importantly, sumoylation is a reversible
process and, in some cases such as in the pres-
ence of stressful stimuli, dynamic cycles of
sumoylation/desumoylation may be essential
for the appropriate defensive cellular
responses.

Given the importance of sumoylation in the reg-
ulation of normal function of many vital cellular
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proteins, it has been suggested to be implicat-
ed in the pathogenesis of human diseases
such as cancer, diabetes, Huntington’'s dis-
ease, Parkinson’s disease and Alzheimer’s dis-
ease [4]. There is also evidence supporting its
implication in the regulation of endothelial
pathologies [5-8]. For example, sumoylation of
ERK5 has been suggested to be implicated in
diabetes-induced endothelial dysfunction [7].
While these discoveries are important and
exciting, the exact impact of sumoylation on
endothelial function, however, largely remained
elusive. In the present report, we hypothesized
that sumoylation dynamically regulates the sig-
nals in favor of endothelial angiogenesis and
homeostatic responses. We have demonstrat-
ed direct evidence supporting that SUMO1
sumoylation enhances endothelial prolifera-
tion, migration and tube formation. Consistently,
animals with transgenic SUMO1 expression
showed significantly higher capacity for vascu-
lar neogenesis. Moreover, SUMO1 sumoylation
protects endothelial cells (ECs) against oxida-
tive stress-induced apoptosis. Our results sug-
gest that dynamic regulation of the cellular
sumoylation function could be a novel strategy
to modulate endothelial function in disease
states.

Materials and methods
Reagents

Antibodies for B-actin, c-JUN, IkBa, Jak2, STAT1,
STAT2, STAT3, STAT4, STAT5 and STAT6 were
purchased from Santa Cruz (Santa Cruz, CA,
USA). The monoclonal His antibody was pur-
chased from Invitrogen (Carlsbad, CA, USA).
Antibodies against MMP13 and VEGFR2 were
purchased from Millipore (Billerica, MA). Rabbit
anti-CD31 antibody was obtained from Abcam
(Cambridge, MA, USA). Antibodies against
ERK1/2, p-ERK1/2, p38, p-p38, AKT, p-AKT,
and SUMO1 were purchased from Cell Signaling
(Danvers, MA, USA).

Cell culture

PAECs were isolated and characterized from
the main aortas of 6- to 7-month-old pigs as
previously reported [9]. Third- to sixth-passage
cells in monolayer culture were maintained in
RPMI 1640 medium (Mediatech, Manassas,
VA, USA) containing 4% FBS and antibiotics (10
U/ml penicillin, 100 pg/ml streptomycin, 20 ug/
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ml gentamicin, and 2 pg/ml Fungizone), and
were used 2 or 3 days after confluence.

Adenoviral production and transduction

Recombinant adenovirus carrying the SUMO1
coding region under the control of a CMV pro-
moter (Ad-SUMO1) was generated from Vector
Biolabs (Philadelphia, PA, USA). An empty vec-
tor with GFP only (Ad-GFP) was used as a nega-
tive control. Viral stocks used for the study
ranged from 10° to 10%° pfu/ml. PAECs 12 h
after seeding were transduced with adenovirus
at multiplicity of infections (MOI) of O to 150 for
24 to 48 h. The cells were then washed and
supplemented with complete medium.

PAEC proliferation assay

PAECs 48 h after transduction were seeded in
a 96-well plate (3 x 102 cells/well), and 12 h
later the cells were pulsed with 0.5 uCi/well of
3H-thymidine (Amersham, Piscataway, NJ, USA)
for 16 h. The cells were then harvested and
counted in a 1450 MicroBeta TriLux Microplate
Scintillation and Luminescence Counter
(PerkinElmer, Boston, MA, USA) as reported
[10]. PAEC proliferation was determined by
3H-thymidine incorporation and present as
counts per minute (cpm).

Cell cycle analysis

PAECs at 50% confluence were transduced with
adenovirus for 48 h. The transduced cells were
subsequently synchronized by serum starva-
tion in 0.1% bovine serum albumin (BSA) medi-
um for 24 h, followed by serum stimulation for
another 24 h. The harvested cells were then
fixed with 70% ethanol at -20°C overnight and
stained with propidium iodide (PI) solution (50
pg/ml Pl, 0.1 mg/ml RNase A, 1% Nonidet
P-40, in PBS) at 37°C for 30 min. The samples
were analyzed using a BD FACSCalibur flow
cytometer as reported [11].

Endothelial migration assay

The transduced PAECs (2.5 x 10° cells) were
grown to confluence in a 12-well plate for 24 h.
Two scratches in each well were created by
scraping cell monolayer with a sterile 1,000 pl
pipette tip. The time course of PAEC migration
was recorded for 36 h using a Nikon Eclipse
microscope  system  (Nikon Instrument)
equipped with the NIH Image) software. The
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width of wound sealing was measured using a
Photoshop program. Data are present as the
average migrated distance (Photoshop scale
unit) of three independent experiments
performed.

Analysis of tube formation

Matrigel (BD Biosciences, San Jose, CA, USA;
60 ulL) was added into a 96-well plate and
allowed solidification for 30 min at 37°C. PAECs
(1 x 10* cells) 48 h after transduction were
added into each well and incubated in 2% FBS
EBM-2 endothelial cell basic medium at 37°C
with 5% CO, for 6 h. Endothelial tubes were
then examined under a light microscope (100X)
by inspecting the overall branch points, and
assessed by counting the number of branching
points of the tubular network in randomly
selected fields as previously reported [12].

Apoptosis assay

Endothelial apoptosis assay was performed
using a Cell Apoptosis DAPI Detection Kit
(GenScript, Piscataway, NJ 08854, USA). In
brief, PAECs 48 h after transduction were
seeded into a 6-well plate (2 x 10° cells/well).
The cells were then undergone either serum
starvation for 3 days or H,0, treatment (0.2
mM) for 24 h. The cells were next fixed with
20% ethanol at RT for 10 min, and then stained
with 49, 6-diamidino-2-phenylindole (DAPI) for
30 sec. Apoptotic cells were characterized by
the irregular edges around the nucleus and
nuclear pyknosis as previously described [13].
Images were taken under a computer-assisted
Nikon Eclipse TE2000-S microscope. Apoptosis
rate was assessed in 10 randomly selected
fields under a microscope for each sample with
3 independent replications.

Generation of SUMO1 transgenic (SUMO1-Tg)
mice

The SUMO1 coding region with an N-terminal 6
x his-tag was cloned into a pHY-R vector using
the Hind Il and Bam HI cutting sites. A human
B-actin promoter was used to drive the trans-
gene expression. The expression cassette was
released by Xba | digestion and then microin-
jected into NOD embryos (Joslin Diabetes
Center, Boston, MA, USA). Pups resulted from
foster mothers were genotyped by PCR fol-
lowed by Southern blotting using the probes
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from human B-actin promoter. Two founders,
SUMO1-Tg1l and SUMO1-Tg2, were character-
ized with germline transmission after screening
a total of 16 pups. All mice were housed in a
SPF facility in microisolator cages supplied with
autoclaved food and acidified water with a
12/12 hlight/dark cycle. Experiments involving
SUMO1-Tg model were carried out in SUMO1-
Tg1 mice, while SUMO1-Tg2 mice were used for
confirmation. All experiments involving mice
were done according to a protocol reviewed
and approved by the Institutional Animal Care
and Use Committee (IACUC) at the Tongji
Hospital.

Immunohistochemistry

Tissues were fixed in 4% formaldehyde at 4°C
overnight and then embedded in paraffin.
Tissue sections (6 ym) were deparaffinized in
xylene and rehydrated in graded alcohol.
Endogenous peroxidase was blocked with 3%
H,0, and nonspecific proteins were blocked
with 10% goat serum or rabbit serum for 30
min. The sections were then probed with a rab-
bit anti-CD31 (Abcam, Cambridge, MA, USA;
1:200) or anti-SUMO1 (Cell signaling, Danvers,
MA, USA; 1:100) antibody at 4°C overnight, fol-
lowed by incubation with an HRP conjugated
goat anti-rabbit secondary antibody (1:100) at
RT for 30 min. DAB substrate was applied for 5
min for color development as reported [14].

Matrigel plug assay

Wild-type (WT) and SUMO1-Tg mice (females, 8
week-old) were injected subcutaneously on the
back of both sides with 0.5 ml ice-cold 1:2
diluted Matrigel (BD Bioscience, CA, USA) con-
taining 200 ng/ml VEGF (R&D, Minneapolis,
MN) and 60 U/ml heparin (Sigma, St. Louis,
MO, USA). One week later, the mice were sacri-
ficed and gel plugs were harvested. Part of the
plugs was subjected to immunohistochemical
analysis of CD-31 as above. The rest part of
plugs was weighed, chopped and immersed in
0.5 ml distilled water at 4°C overnight. The
amount of hemoglobin in the plugs was then
determined using Drabkin reagent (Sigma, St.
Louis, MO, USA) as instructed.

Western blotting

PAECs 48 h after transduction were harvested
and lysed in RIPA buffer (50 mM TriseHCI pH
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Figure 1. Ectopic SUMO1 expression dose-dependently promotes endothelial proliferation. A. Images for PAECs
24 h after Ad-SUMO1 or Ad-GFP transduction. Adnoenoviral transduced PAECs (100 MOI) were evidenced by GFP
expression (left upper panel) as compared with total PAECs under a light microscope (left lower panel). Ad-SUMO1
transduction led to significantly higher levels of SUMO1 expression for both free and conjugated form (right). B.
SH-thymidine incorporation assay demonstrated that SUMO1 dose-dependently promoted PAEC proliferation. The
results are present as mean+SD (n = 3). C. Analysis of cell cycle progression. PAECs were first serum starved for
synchronization followed by serum stimulation. The percentage of cells 24 h after stimulation in G /G,, S and G,/M
phase was analyzed by flow cytometry. *, p < 0.05; **, p < 0.01.

7.4, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS) containing 1 mM
phenylmethylsulfonyl fluoride (Amresco, Solon,
Ohio, USA), protease inhibitor cocktail (Roche,
Indianapolis, IN, USA) and 10 mM
N-ethylmaleimide (Sigma, St. Louis, MO, USA).
Fifty micrograms of proteins were then used for
Western blot analysis as previously reported
[15].

Electrophoretic mobility shift assay (EMSA)

Nuclear proteins were extracted from
Ad-SUMO1 or Ad-GFP transduced PAECs after
H,0, treatment using a NE-PER® Nuclear and
Cytoplasmic Extraction kit (Thermo Scientific).
EMSA was carried out with a LightShift®
Chemiluminescent EMSA Kit (Thermo Scientific)
as previously reported [16]. Biotin-labeled
probes for NFKB and c-JUN are as follows: NFkB,
5-biotin-AGT TGA GGG GAC TTT CCC AGG
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C-37/5-biotin-GCC TGG GAA AGT CCC CTC AAC
T-3’; c-JUN, 5-biotin-CGC TTG ATG ACT CAG CCG
GAA-3/5-biotin-TTC CGG CTG AGT CAT CAA
GCG-3..

Statistical analysis

For pairwise comparison, the data were ana-
lyzed using a Student’s t test. Comparison
between multiple experimental groups was
accomplished by one-way ANOVA using SPS
11.5 for windows. All data are present as
mean#SD. In both cases, p < 0.05 was consid-
ered to be statistically significant.

Results

SUMO1 expression enhances porcine aortic
endothelial cell (PAEC) proliferation

We first generated an adenoviral vector that
expresses SUMO1 with a GFP reporter

Am J Transl Res 2013;5(4):427-440
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Figure 2. SUMO1 expression enhances endothelial migration and tube formation. A. Representative images for
PAEC migration. B. A bar graphic figure showing the results of 3 independent experiments. Scratches were made
in Ad-SUMO1 or Ad-GFP transduced PAEC monolayer. Time-course PAEC migration was monitored by automatic mi-
croscopy. C. A typical image showing the difference of tube formation between Ad-SUMO1 and Ad-GFP transduced
PAECs. D. A bar graphic figure showing the mean tubular network branching points at different MOI (n = 3). *, p <

0.05; **, p < 0.01.

(Ad-SUMO1) under the control of a CMV pro-
moter (Vector Biolabs). An empty adenoviral
vector with GFP only (Ad-GFP) was used as a
control. Adenoviruses resulted from those viral
vectors were then used to transduce PAECs,
and their transducing efficiency was evaluated
at different multiplicity of infections (MOls).
When PAECs transduced at 100 MOI, > 90% of
cells were GFP positive 24 h after transduction
(Figure 1A, left), and > 95% of cells were posi-
tive after another 24 culture (data not shown).
Ectopic GFP expression culminated at day 3 of
transduction and kept stable for at least one
week. No obvious toxicity was observed for
MOls < 150, and therefore, MOI at 100 was
then selected for the study. Western blot analy-
sis demonstrated much higher levels of free
and conjugated SUMO1 in Ad-SUMO1 trans-
duced cells than that in Ad-GFP transduced
cells (Figure 1A, right).

SH-thymidine incorporation assay was then
employed to determine the role of SUMO1
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expression in  PAEC proliferation. SUMO1
showed a dose-dependent effect on PAEC pro-
liferation. Significant higher SH-thymidine
uptake was detected in Ad-SUMO1 transduced
PAECs at MOls from 50 to 100 (Figure 1B). In
line with this result, significantly higher percent-
age of Ad-GFP transduced PAECs was in the G/
G, phase (47.8+2.8% vs. 67.7£3.9%, p < 0.05).
In contrast, Ad-SUMO1 transduced PAECs were
predominantly in the G,/M phase (42.8+3.7%
vs. 25.3+3.9%, p < 0.05; Figure 1C). Together,
those data suggest that SUMO1 expression
enhances PAEC proliferation.

SUMO1 expression promotes PAEC migration

We next checked the effect of SUMO1 expres-
sion on PAEC migration by in vitro scratch
assay. The scratches were made in PAEC mono-
layer and time-course wound healing process-
es were monitored by automatic microscopy
(Figure 2A). Similar as above, SUMO1 dose-
dependently promoted PAEC migration.

Am J Transl Res 2013;5(4):427-440
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Figure 3. Generation of SUMO1-Tg mice and results for Matrigel plug assays. A. A diagram showing the strategy
for generation of SUMO1-Tg model. B. Southern blot results for the identification of SUMO1-Tg pups. Genomic DNA
from tails was first digested by EcoR V and then transferred onto a nitrocellulose membrane followed by hybridizing
with a P®2-labeld probe using DNA fragment from the human B-actin promoter. C. Immunohistological staining for
confirming transgenic SUMO1 expression in the aortas. D. Immunostaining results for Matrigel plug sections. The
sections were stained with an antibody against CD31 (a marker for ECs) for indication of vascular neogenesis. E. A
graphic figure showing the content of hemoglobin in the gel plugs derived from SUMO1-Tg and control mice (n = 8).
The assays were performed in SUMO1-Tg1 mice, while SUMO1-Tg2 mice were used for confirmation. *, p < 0.05.

Significant differences for migration were
noticed 22 h after the scratch. The migration
rate 36 h after the scratch was significantly
higher in Ad-SUMO1 transduced cells than that
in control cells at both 50 MOI and 100 MOI
(Figure 2B).

SUMO1 dose-dependently increases PAEC
tube formation

To assess the impact of SUMO1 on endothelial
tube formation, PAECs 48 h after transduction
were seeded into culture plates preconditioned
with growth factor reduced Matrigel (BD
Bioscience). Tube formation was then assessed
6 h later. Tubular network branching point, an
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index for tube formation, was examined under a
fluorescent microscope (100x) as described.
Ad-SUMO1 transduced PAECs (100 MOI)
showed significantly higher tubular network
branching points than that of Ad-GFP trans-
duced control cells (67.3+6.0 vs. 43.6+2.9, p <
0.05; Figure 2C & 2D). Collectively, our data
indicate that SUMO1 dose-dependently pro-
motes endothelial angiogenesis.

Transgenic SUMO1 expression enhances vas-
cular neogenesis in mice

To confirm the above observations in animals,
we generated a SUMO1 transgenic (SUMO1-Tg)
mouse model as described (Figure 3A). Two
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Figure 4. Ectopic SUMO1 expression provides protection for PAECs against oxidative stress-induced apoptosis. A.
Representative images for apoptotic PAECs after induction with H,0, or serum starvation. Typical apoptotic cells
are indicated by arrows. B. A bar graph showing the protective effect of SUMO1 on PAECs against H,0, or serum

starvation-induced apoptosis (n = 3). *, p < 0.05.

founders (SUMO1-Tg1l and SUMO1-Tg2) were
characterized with germline transmission by
Southern blot analysis (Figure 3B). All SUMO1-
Tg mice showed normal development without
perceptible abnormalities in the vessels, heart,
lung, kidney and other major organs.
Immunohistochemical analysis further demon-
strated transgenic SUMO1 expression in the
aorta (Figure 3C).

Matrigel plug assay was then employed to
examine the effect of SUMO1 on vascular neo-
genesis. The mice were anaesthetized and sub-
cutaneously injected with 0.5 ml ice-cold
Matrigel (BD Bioscience) on each side of the
back and gel plugs were removed 1-week after
injection. Gel plugs derived from SUMO1-Tg
mice showed significantly higher number of
CD31-positive cells (ECs) associated with more
tubular like structures as compared with that
from wild-type (WT) mice (Figure 3D). In line
with this result, the content of hemoglobin in
the gel plugs originated from SUMO1-Tg mice
was significantly higher than that from WT mice
(Figure 3E). Taken together, these results indi-
cate that SUMO1-Tg mice have a higher capac-
ity for vascular neogenesis than their control
counterparts.

SUMO1 expression protects PAECs against
oxidative stress-induced apoptosis

To demonstrate the role of SUMO1 in endothe-
lial cell survival, Ad-SUMO1 transduced PAECs
were induced for apoptosis either by H,0, (0.2
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mM for 24 h) or by serum starvation (3 days).
Apoptotic cells were identified by a DAPI detec-
tion kit as described (Figure 4A, indicated by
arrows). As shown in Figure 4B, a 1.1-fold high-
er apoptosis was noted in Ad-GFP transduced
cells as compared with that of Ad-SUMO1
transduced cells after H,0, treatment. Similarly,
serum starvation resulted in an 80% higher
apoptosis in Ad-GFP transduced cells as com-
pared with that of Ad-SUMO1 transduced cells.

SUMO1 modulates signals in favor of endothe-
lial angiogenesis

To dissect the underlying mechanisms by which
SUMO1 regulates angiogenesis, we designed
experiments to examine the overall impact of
SUMO1 on signaling molecules pivotal for
angiogenesis. We assumed that the phenotype
resulted from ectopic SUMO1 expression could
be relevant to SUMO1 modulating pro-angio-
genic signals. We first examined the effect of
SUMO1 on the expression and activation of
VEGF-R2, ERK1/2, p38 and AKT, the four major
signals essential for angiogenesis. SUMO1
expression did not result in a significant change
for total ERK1/2, but a significantly higher lev-
els of activated (phosphorylated) ERK1/2
(p-ERK1/2) was noted in Ad-SUMO1 trans-
duced PAECs than that in control cells (Figure
5A). However, we failed to detect a significant
difference for VEGF-R2 expression, and simi-
larly, both total and activated p38 and AKT
were the same (Figure 5B). In contrast, Western
blot analysis characterized a 2.2-fold higher
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SUMO1 regulates endothelial function

Ad-GFP Ad-Sumo1

P-ERK1/2

ERK1/2

Q = M W A G

Relative expression levels
(p-ERK1/2, change in fold)

Ad-GFP

Ad-S8UMO1

>

Ad-GFP Ad-SUMO1

)
-— -

1 ]

=

= ol
c

=

O ——— ]
T

(3 y s

C

Relative expression levels
(MMP-13, change in fold)

Ad-GFP

Ad-SUMO1

P-p38 VEGFR2

AKT P-AKT P38

B-actin

e s

Ad-GFP

Ad-SUMO1

Figure 5. SUMO1 modulates signals to promote endothelial angiogenesis. PAECs 48 h after Ad-SUMO1 or Ad-GFP
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activation. B-actin was used for normalization. A. SUMO1 expression enhanced ERK1/2 activation as revealed by
the detection of significantly higher levels of phosphorylated ERK1/2 (p-ERK1/2), but no discernable change for the
total ERK1/2. B. No significant impact was observed for SUMO1 on VEGF-R2 expression, and similarly, both total
and activated p38 and AKT were the same as that in control cells. C. A significant increase for MMP-13 expression
was detected in Ad-SUMO1 transduced PAECs as compared with that of Ad-GFP transduced cells. *, p < 0.05; **,

p <0.01.

MMP13 expression in Ad-SUMO1 transduced
PAECs as compared with that in control cells
(Figure 5C).

Next, we examined Jak2/STAT activity, a down-
stream pathway for the VEGF and FGF signaling
[17-19]. Interestingly, significantly higher levels
of Jak2 were observed in PAECs with ectopic
SUMO1 expression (Figure 6A), which prompt-
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ed us to examine the STAT family members.
Surprisingly, enhanced Jak2 expression is only
associated with increased STAT5 expression
(Figure 6B) without a discernable impact on
STAT1, 2, 3, 4 and 6 (Figure 6C). These results
suggest that SUMO1 probably selectively mod-
ulates the Jak2/STAT5 axis in ECs. Collectively,
our results indicate that SUMO1 may modulate
signals in favor of angiogenesis.

Am J Transl Res 2013;5(4):427-440
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transduced PAECs.

SUMO1 prevents endothelial apoptosis by
suppressing NFKB and c-JUN transcriptional
activity

Given the important role of NFKB and c-JUN
played in endothelial apoptosis [20, 21], we
next examine the effect of SUMO1 expression
on their transcriptional activity. We first ana-
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lyzed the protein levels for IkBc, a repressor for
NFKB nuclear translocation. In line with our pre-
vious reports [2], SUMO1 expression resulted
in a significant increase for IkBa (Figure 7A).
Interestingly, we detected a 2.2 fold increase
for the reactive band with higher molecular
weight for c-JUN in Ad-SUMO1 transduced cells
(Figure 7B). Given the size for this reactive band
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transduced PAECs as compared that of Ad-GFP transduced cells. B. Ectopic SUMO1 expression increased the su-
moylated form of c-JUN along with a reduction for the free form of c-JUN. C. Ectopic SUMO1 expression significantly
inhibited NFkB and c-JUN transcriptional activity as characterized by the reduced DNA binding activity.

is consistent with the addition of His-tagged
SUMO1 to c-JUN, it could be the sumoylated
form of c-JUN. In contrast, a 2.6 fold decrease
for the free form of c-JUN was noted in
Ad-SUMO1 transduced cells. We next examined
their transcriptional activity by EMSA in PAECs
after H,0, treatment. Consistent with the
Western blotting results, PAECs with ectopic
SUMO1 expression showed significantly lower
DNA binding activity for both NFkB and c-JUN
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than that of Ad-GFP-transduced control cells
(Figure 7C). Taken together, our results suggest
that SUMO1 modulates endothelial signals in
favor of angiogenesis and homeostatic
responses.

Discussion

Sumoylation carried out by the SUMO proteins
has recently been demonstrated to be involved
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in diverse biological processes both in the
physiological and pathological condition [3, 4,
22]. Particularly, Woo and colleagues reported
that sumoylation mediated transcriptional
repression of ERK5 implicates in shear stress
or diabetes-induced endothelial dysfunction [7,
8]. It was also noted that Prox1, a master regu-
lator for lymphatic development and lymphan-
giogenesis, is a target for SUMO1 sumoylation
[6]. Together, these studies provided feasible
evidence suggesting a role for sumoylation in
the regulation of endothelial function. To fur-
ther address this question, we now performed
studies both in Ad-SUMO1 transduced PAECs
and SUMO1-Tg mice, and demonstrated direct
evidence indicating that SUMO1 sumoylation
regulates endothelial function. Our data sug-
gest that manipulation of the cellular dynamic
sumoylation function could be a feasible strat-
egy to modulate endothelial function in disease
states.

Endothelial proliferation, migration and tube
formation are essential features for angiogen-
esis. Using Ad-SUMO1 transduced PAECs we
demonstrated that SUMO1 dose-dependently
enhances endothelial proliferation, migration
and tube formation (Figures 1 & 2). In consis-
tent with these results, Matrigel plug assay in
SUMO1-Tg mice revealed that transgenic
SUMO1 expression enhances the capacity of
mice for vascular neogenesis (Figure 3).
Previous studies including ours suggested a
possible role for sumoylation in regulating oxi-
dative stress-induced apoptosis [16, 23, 24],
and our studies in PAECs now provided addi-
tional supporting evidence as manifested by
that PAECs with ectopic SUMO1 expression are
resistant to serum starvation or H,0_-induced
apoptosis (Figure 4).

Of interestingly note, the exact role for SUMO1
in embryo development has been somehow
controversial, with one report indicating that a
SUMO21 hypomorphic allele manifests an incom-
pletely penetrant orofacial clefting phenotype
[25], while the other one demonstrating that
SUMO1 is dispensable in normal mouse devel-
opment [26]. Similar as the later report, our
studies in SUMO1-Tg mice failed to characterize
a perceptible developmental abnormality for
major organs and tissues. Also, these mice can
breed normally and the resulting pups fit the
expected Mendelian segregation ratio.
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Similar as many biochemical pathways, signals
relevant to angiogenesis are dynamically regu-
lated in response to different stimuli, which is
essential for the control of vascular neogenesis
[27, 28]. Given the fact that sumoylation is a
reversible process [3], we assumed that
sumoylation could serve as a regulatory mech-
anism to finely tune endothelial function by
modulating the signals in favor of angiogenesis
and homeostatic responses. By keeping this in
mind, we first examined several signals essen-
tial for endothelial angiogenesis which include
VEGF-R2, ERK1/2, p38 and AKT. As expected,
a significant increase for the activated ERK1/2
(p-ERK1/2) was noted along with ectopic
SUMO1 expression, but the expression levels
for total ERK1/2 remained the same (Figure
5A). Unexpectedly, no perceptible impact for
SUMO1 expression on VEFG-R2, p38 and AKT
activity was detected (Figure 5B). However,
SUMOL1 significantly increased MMP13 expres-
sion (Figure 5C). MMP13, also known as colla-
genase 3, is an interstitial collagenase that
degrades interstitial collagens, collagen types
IV, VIl and X [29]. It can be secreted by a variety
of cells including ECs and fibroblasts during the
process of angiogenesis for digestion of ECM to
facilitate endothelial migration and release
sequestered angiogenic molecules [30]. As a
result, animals deficient in MMP13 show
impaired angiogenesis in wound healing pro-
cess [31, 32]. By cooperating with other MMPs,
MMP13 also reverses the inhibitory effect of
connective tissue growth factor (CTGF) on VEGF
by digesting the VEGF/CTGF complex [33].
Therefore, administration of chicken MMP13
can induce new blood vessel formation in cho-
rioallantoic membrane onplant tissues [34]. As
such, SUMOZ1-induced MMP13 expression
could be an important contributing factor to the
enhancement of endothelial migration.

We also characterized increased Jak2 expres-
sion (Figure 6A) along with enhanced STAT5
signaling (Figure 6B). Interestingly, it is likely
that SUMO1 only selectively modulates the
Jak2/STATS axis since other STAT members
remained unchanged (Figure 6C). It has been
well demonstrated that Jak2/STAT5 signaling
transfers the pro-angiogenic signals derived
from VEGF, FGF, Tie2, IL-20, erythropoietin and
tissue factor/factor Vlla signaling [19, 35-38].
Therefore, Jak2/STATS5 may synergize with
ERK1/2 and MMP13 to enhance endothelial
angiogenesis.

Am J Transl Res 2013;5(4):427-440



SUMO1 regulates endothelial function

IkBa is a potent inhibitor for NFKB by preventing
its nuclear translocation. Previous studies con-
sistently demonstrated that sumoylation of
IkKBa prevents its phosphorylation and subse-
quent proteasome-dependent degradation,
and therefore, sustains its inhibitory effect on
NFkB activation [15, 39]. Similar as previous
reports, SUMO1 expression in PAECs stabilized
IkBa from signal-induced degradation (Figure
7A) along with suppressed NFkB transcriptional
activity (Figure 7C, left). Altered NFkB activity
had been suggested to play a pivotal role in
hypoxia-induced endothelial apoptosis [20]. Its
importance in endothelial function has recently
been further underscored by studies in Tie2
promoter/enhancer-lkBaS32/S364 transgenic mi-
ce, in which mice with suppressed endothelial
NFkB activity show enhanced vascular density
[40]. Thus, NFkB could be important in both
endothelial angiogenic and homeostatic
responses.

Similar as NFkB, the transcription factor c-JUN
is induced by a variety of stimuli that perturb
endothelial function. Particularly, c-JUN is
essential in H,0,-induced endothelial apopto-
sis [21]. Furthermore, suppression of c-JUN
activity has been found to inhibit endothelial
proliferation, migration and tube formation
associated with decreased blood vessel neo-
genesis [41]. Of note, SUMO1 expression in
PAECs increased sumoylated form of c-JUN
(Figure 7B) along with suppressed DNA binding
activity (Figure 7C, right). Therefore, c-JUN
could be another transcription factor essential
for endothelial angiogenic and homeostatic
responses.

In summary, we report for direct evidence sup-
porting that SUMO1 sumoylation enhances
endothelial angiogenesis and protects ECs
against oxidative stress-induced apoptosis.
The mechanism may involve a synergic action
between signals from ERK1/2 and MMP13 as
well as JAK2/STAT5 signaling along with sup-
pressed NFKB and c-JUN transcriptional activi-
ty. Given the importance of endothelial function
in vascular repair and homeostasis in response
to different stimuli, manipulation of the cellular
dynamic sumoylation function could be a novel
therapeutic approach to modulate endothelial
function in disease state.
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