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SENP1 (SUMO-specific protease 1) has been shown to be
essential for the stability andactivity of hypoxia-inducible factor
1 (HIF-1�) under hypoxia conditions. However, it is unknown
how SENP1 activation and hypoxia signaling are coordinated in
the cellular response to hypoxia. Here, we report the essential
role of SENP1 in endothelial cells as a positive regulator of
hypoxia-driven VEGF production and angiogenesis. SENP1
expression is increased in endothelial cells following exposure
to hypoxia. Silencing of HIF-1� blocks SENP1 expression in
cell response to hypoxia. Mutation of the hypoxia response
element (HRE) on the Senp1 promoter abolishes its transac-
tivation in response to hypoxia.Moreover, silencing of SENP1
expression decreases VEGF production and abrogates the
angiogenic functions of endothelial cell. We also find that the
elongated endothelial cells in embryonic brain section and
vascular endothelial cells in embryonic renal glomeruli in
Senp1�/� mice are markedly reduced than those in wild-type.
Thus, these results show that hypoxia implies a positive feed-
back loop mediated by SENP1. This feedback loop is impor-
tant in VEGF production, which is essential for angiogenesis
in endothelial cells.

SUMOylation has emerged as an important mechanism in
the regulation of multiple cellular signaling pathways (1–3).
SUMOylation is catalyzed by the activating (E1), conjugating
(E2), and ligating (E3) enzymes. It also can be reversed by a

family of sentrin/SUMO-specific5 proteases (SENPs) (1, 2, 4).
There are six human SENPs, each with different subcellular
locations and substrate specificities (1, 4). These SENPs can be
divided into three subfamilies based on their sequence homol-
ogy, substrate specificity, and cellular localization. The first
subfamily consists of SENP1 and SENP2, which are able to
deconjugate either SUMO-1 or SUMO-2/3-modified proteins.
The second subfamily members, SENP3 and SENP5, and third
subfamily members, SENP6 and SENP7, prefer SUMO-2/3 as
substrates (1, 2, 4). The embryonic lethality shown in many
SENP knock-outmice indicates that the functions of SENPs are
not redundant and have specific substrate specificity (5–7).
SENP1 has been reported to play an important role in regu-

lating cellular response to hypoxia (6). It is well known that the
cellular response to hypoxia is mainly mediated by HIF-1�
(8–11). HIF-1� is a basic helix-loop-helix transcription factor
and can regulate the expression of many hypoxia-responsive
genes, which control multiple cellular processes in response to
hypoxia (8, 10, 12–14). At normoxia, HIF-1� is degraded but is
stabilized and activated under hypoxic conditions (8, 12,
15–24). Several laboratories showed that hypoxia could induce
HIF-1� SUMOylation (6, 25–29). These studies suggest that
SUMOylation plays an important role in the regulation of
HIF-1� under hypoxia condition, although the impact of
SUMOylation onHIF-1� activity is controversial (6, 25, 27–28).
We have shown that hypoxia-induced stabilization of
HIF-1� is dependent on SENP1, which deconjugates hypox-
ia-induced SUMOylated HIF-1� and prevents the degrada-
tion mediated by the ubiquitination of SUMOylated HIF-1�
(6). Mutation of the Senp1 gene in mouse results in embry-
onic anemia due to the defect in the hypoxia-induced
HIF-1� signaling (6).

We observed that hypoxia-induced erythropoietin expres-
sion in Senp1�/� embryos was much lower than that in Senp1
wild-type, indicating that SENP1 is essential for hypoxia-in-
duced HIF-1� signaling (6). However, it is unknown how
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SENP1 activation and hypoxia signaling are coordinated in the
cellular response to hypoxia. In this study, we report that
hypoxia can induce SENP1 transcription and identify a positive
feedback loop in which SENP1 regulates hypoxia-induced
HIF-1� signaling.Wehave also demonstrated that SENP1plays
an essential role inHIF-1�-drivenVEGFproduction and angio-
genesis in endothelial cells.

EXPERIMENTAL PROCEDURES

siRNA Stable-transfected HUVECs and Culture—We pur-
chased primary human umbilical vein cells (HUVECs) from
ATCC. The retrovirus containing SENP1 siRNA or nonspecific
siRNA, which were described previously (6), infected HUVECs
to generate si-SENP1-transfected HUVEC cells (si-SENP1-
HUVECs) or nonspecific siRNA-transfected cells (si-NS-
HUVECs) after puromycin selection. The si-SENP1-HUVEC
cells were transfected with a SENP1 siRNA-resistant mutant
(SENP1m with a mutation in the DNA sequence and with a
wild-type in protein sequence) to generate si-SENP1�
SENP1m-HUVEC cells. All HUVECs were grown in a com-
plete endothelial cell medium (ScienCell). For starvation,
HUVECs were cultured in basal medium without serum and
endothelial cell growth supplement. Hypoxic treatment (1%
O2) was performed in a specially designed hypoxia incubator
(Thermo Electron, Forma Therapeutics) and generated by
flushing a mixture of air and N2 plus 5% CO2.
InVitroTube Formation ofHUVECs—Eachwell of prechilled

24-well plates was coated with 100 �l/well ofMatrigel (BD Bio-
sciences) and incubated at 37 °C for 1 h. 4 � 104 HUVECs in
0.5-ml medium were seeded onto the solidified gel. After incu-
bation for 16 h, the endothelial tubes were assessed with a
photomicroscope.
Endothelial Sprouting Beads Assay—We performed

HUVEC sprouting beads assay as described in Nehls et al.
(30). Briefly, microcarrier beads coated with denatured col-
lagen (Cytodex 3, Sigma) were seeded with HUVECs and
embedded in fibrin gels in 96-well plates. For preparation of
fibrin gels, bovine fibrinogen (Sigma) was dissolved in endo-
thelial cell medium at a concentration of 2.5 mg/ml. Aproti-
nin was added at a concentration of 0.05 mg/ml, and the
solution was passed through a 0.22-�m filter. Then, the
fibrinogen solutions were transferred to 96-well plates
together with HUVEC-coated beads at a density of 50 beads/
well. Clotting was induced by the addition of thrombin (1.2
units/ml). After clotting was complete, gels were equili-
brated with medium at 37 °C with or without VEGF supple-
ment. Photographs were taken after 3 days of incubation.
Senp1 Promoter—The potential Senp1 promoter (�859 to

�141) was amplified by PCR from the genomic DNA of
NIH3T3 cells, subcloned into pGL3-Basic (Promega). The
hypoxia response element (HRE) sites were mutated by using a
site-directed mutagenesis kit (Stratagene) with the following
primer pairs: HRE1 (�498), 5�-CCTGTGATCAGTCAAGAA-
TGTCAAGCGTGACAAG-3� (forward) and 5�-CTTGT-
CACGCTTGACATTCTTGACTGATCACAGG-3� (reverse);
HRE2 (�489), 5�-GTCAAGCGTGTCAAGAATGACAAGAT-
GCACAC-3� (forward) and 5�-GTGTGCATCTTGTCATTCT-
TGACACGCTTGAC-3� (reverse).

ChIP—We performed ChIP by using the Upstate ChIP assay
kit (Millipore) and followed the procedures suggested by the
manufacturer. Briefly, the cells were first incubated with 1%
formaldehyde at room temperature for 10 min and then pel-
leted and resuspended in 200 �l of lysis buffer (1% SDS, 10 mM

EDTA, 50 mM Tris-HCl, pH 8.0). Cell lysates were sonicated
with a Sonicator ultrasonic processor (Misonix, Inc.) until the
DNA was cleaved into 500–1000 bp in size. The extracts were
immunoprecipitated with mouse anti-human HIF-1� mono-
clonal antibody (BD Transduction Laboratories) and normal
preimmunemouse IgG (SantaCruz Biotechnology). PCRprim-
ers were used for amplification of the HRE segment of the
SENP1 promoter (5�-GACGTTCCTTAGTGCTGGCGGG-
TAGGTTTGA-3� (forward) and 5�-GGCACCAAGTTTGTG-
GAGCTGAGAACGGG-3� (reverse)).
Real-time Quantitative PCR—Total RNAwas isolated by the

TRIzol kit (Invitrogen). RNA was treated with DNase (Pro-
mega, Madison, WI). Complementary DNA was synthesized
using the cDNA synthesis kit (Takara) according to the manu-
facturer’s instructions. Fluorescence real-time RT-PCR was
performed with the double-stranded DNA dye SYBR Green
PCRCore Reagents (PE Biosystems,Warrington, UK) using the
ABI PRISM 7300 system (PerkinElmer Life Sciences). PCR was
done in triplicate, and S.D. representing experimental errors
were calculated. All data were analyzed by ABI PRISM SDS
software (version 2.0, PerkinElmer Life Sciences). This soft-
ware, which is coupled to the instrument, allows the determi-
nation of the threshold cycle (Ct) that represents the number of
the cycle where the fluorescence intensity is significantly above
the background fluorescence intensity. Pairs of PCR primers
used to amplification of the target genes were as follows:
SENP1, 5�-ATCAGGCAGTGAAACGTTGGAC-3� (forward)
and 5�-GCAGGCTTCATTGTTTATCCCA-3� (reverse);�-ac-
tin, 5�-CATCCTCACCCTGAAGTACCC-3� (forward) and
5�-AGCCTGGATAGCAACGTACATG-3�) (reverse).
Immunohistochemistry—Tissue samples were fixed in buff-

ered formalin and embedded in paraffin. Anti-mouse CD31
antibody (BD Biosciences) was used for immunostaining
mouse brain tissue, the VECTASTAIN ABC system (Vector
Laboratories) was used for immunohistochemistry.
Statistical Analysis—The values were expressed as mean �

S.D. The paired t test was used for statistical analysis between
two groups. The significant level was set at p � 0.05.

RESULTS

Hypoxia Induces SENP1 Expression—In a previous study, we
found that SENP1 was essential for erythropoietin, a HIF-1�
target gene, expression under hypoxia conditions (6). We
hypothesized that hypoxia might induce SENP1 expression,
which would further enhance HIF-1� activity. To test this pos-
sibility, we determined the expression of SENP1 in HUVEC
cells in response to hypoxia by using real-time PCR. As shown
in Fig. 1A, the expression of SENP1 transcripts was significantly
increased in HUVEC cells after 6 h of treatment with hypoxia,
suggesting that hypoxia is an important factor in the regulation
of SENP1 expression. As HIF-1� mediates most of the cellular
response to hypoxia, we reasoned that the hypoxia-induced
SENP1 expression was mediated through the HIF-1� signaling
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pathway. U937HIF1 (a Tet-off
inducible HIF-1� U937 cell line)
and vector control U937PT cell
lines (31) were used to test this
hypothesis. At day 2 after Tet was
withdrawn, the mRNA level of
HIF-1� was significantly increased
in U937HIF1, but not in U937PT.
Similarly, SENP1 expression was
also significantly up-regulated in
U937HIF1, but not in U937PT cells,
after Tet was withdrawn (Fig. 1B),
suggesting that HIF-1� could con-
trol SENP1 transcription. We fur-
ther confirmed the role ofHIF-1� in

hypoxia-induced SENP1 expression by siRNA approach. As
shown in Fig. 1C, silencing of HIF-1� expression abolished the
hypoxia-induced SENP1 expression in U937 cells. All these
data suggest that SENP1 expression is regulated by the hypoxia-
induced HIF-1� signaling pathway.
TwoHREs in the Promoter Are Essential for Hypoxia-induced

Senp1 Expression—The above results indicate that SENP1
might be a target gene of HIF-1�. To test this, we first searched
the hypoxia-responsive element (HRE) in the Senp1 promoter.
The HRE core sequence (A/G)CGTG was found in around
�498 bp and �489 bp in the mouse Senp1 promoter (32). We
generated a series of truncated mouse Senp1 promoter-driven
luciferase reporter genes. The results from a luciferase assay
showed that Senp1 promoter region around the predicted HRE
core sequence was required for hypoxia response (data not
shown). Moreover, we confirmed the HRE sites located in
Senp1promoter by using amutation approach.As shown in Fig.
2A, mutation of any one of the two HRE sites of mouse Senp1
promoter significantly decreased its response to hypoxia, and
the two-site mutant lost all hypoxia-induced Senp1 transcrip-
tion. Additionally, ChIP assay confirmed that HIF-1� was a
transcription factor of SENP1 transcription. As shown in Fig.
2B, hypoxia- but not normoxia-treated cells showed increased
in HIF-1� binding to the Senp1 promoter. These data strongly
suggest that HIF-1� is a transcription factor that regulates
SENP1 expression under hypoxia conditions.
SENP1Regulates VEGFProduction in Endothelial Cells—We

previously reported that SENP1 was an essential regulator for
the stability and activity of HIF-1� during hypoxia (6). More-
over, in the present study, we found that hypoxia-induced
HIF-1� signaling could induce SENP1 expression (Figs. 1 and
2). Based on those observations, we proposed that SENP1might
regulate hypoxia-induced HIF-1� signaling pathway through a
positive feedback loop. If it is true, SENP1would be essential for
the expression of hypoxia-induced HIF-1� target genes.
Indeed, we have previously reported that SENP1 is essential for
the expression of erythropoietin in the Senp1�/� embryos.
Here, we asked whether the activity of SENP1 was important in
the regulation of VEGF expression in endothelial cells, as VEGF
plays an essential role in control the angiogenic activity of endo-
thelial cells. To address this, we generated SENP1-silenced
HUVECs by SENP1-specific siRNA. ThemRNA level of SENP1
in si-SENP1-HUVECwas downby 80% in comparisonwith that

FIGURE 1. SENP1 expression is increased by hypoxia. A, real-time PCR of SENP1 mRNA in HUVEC cells at
indicated time after hypoxia (1% O2) treatment. B, real-time PCR of HIF-1� and SENP1 mRNA in U937PT and
U937HIF1 cells (31) before or at day 2 after Tet withdrawal. C, real-time PCR of SENP1 mRNA in nonspecific siRNA
(si-NS) or HIF-1�-specific siRNA (si-HIF-1� 1 and si-HIF-1� 2) stable-transfected U937 cells at the indicated time
after hypoxia treatment. The data are presented in means � S.D. of three independent experiments.

FIGURE 2. Two HRE sites in the Senp1 promoter are essential for response
to hypoxia. A, the wild-type and potential HRE site mutant of the Senp1 pro-
moter-driven luciferase activity was measured at 12 h after hypoxia treatment
or under normoxia (set as 1). The data are presented in means � S.D. of three
independent experiments. B, ChIP assay of HIF-1� binding on the SENP1 pro-
moter under normoxia or hypoxia conditions in HUVEC cells.

FIGURE 3. SENP1 is essential for VEGF production in endothelial cells.
A, real-time PCR of SENP1 mRNA in si-NS- or si-SENP1-HUVEC cells. The data
are presented as means � S.D. of three independent experiments. B, real-time
PCR of VEGF mRNA in si-NS-, si-SENP1-, or si-SENP1�SENP1m-HUVEC cells.
The data are presented as means � S.D. of three independent experiments.
C, ELISA assay of VEGF production in si-NS-, si-SENP1-, or si-SENP1�SENP1m-
HUVEC cells. The data are presented as means � S.D. of three independent
experiments. D, the VEGF promoter (VEGF-Luc) or HRE-mutated VEGF pro-
moter (mVEGF-Luc) reporter gene, HIF-1�, and SENP1 expression plasmids
were co-transfected into 293 cells. The cells were treated with hypoxia (1%
O2) for 12 h before luciferase assay. The data are presented as means � S.D. of
three independent experiments. Luc, luciferase.
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in si-NS-HUVEC (Fig. 3A). We then compared the mRNA
expression of VEGF in si-SENP1 with si-NS-HUVEC cells
under hypoxia. As shown in Fig. 3B, VEGF message RNA was
significantly decreased in si-SENP1-HUVEC cells in compari-
son with that in si-NS control cells under hypoxia conditions.
We also measured the secreted VEGF protein in the cultural
medium of these HUVEC cells by ELISA. VEGF protein
secreted by si-SENP1-HUVEC was also much less than that of
si-NS-HUVEC cells (Fig. 3C), indicating that SENP1was essen-
tial for hypoxia-induced VEGF expression in endothelial cells.
To determine the specificity of siRNA against SENP1, we trans-
fected SENP1 siRNA-resistant mutant plasmid into si-SENP1-
HUVEC cells and found VEGF expression was partially recov-
ered in the transfected cells (Fig. 3, B and C). To further

determine whether VEGF expres-
sion regulated by SENP1 in endo-
thelial cells is mediated through
HIF-1�, we employed a VEGF pro-
moter-driven luciferase reporter
assay. As shown in Fig. 3D, either
overexpression of SENP1 orHIF-1�
could induce VEGF transcription.
Overexpression of both SENP1 and
HIF-1� synergistically enhanced
the activity of VEGF reporter.
Importantly, mutation of HRE site
in the VEGF promoter completely
abolished the action of SENP1 on
the VEGF transcription, indicating
that HIF-1� was essential for
SENP1 regulation in VEGF expres-
sion. These data suggest that SENP1
plays an important role in hypoxia-
driven VEGF production in endo-
thelial cells.
SENP1 Is Essential for Angiogenic

Activity of Endothelial Cells—The
above observation raised the possi-
bility that SENP1 might have a reg-
ulatory role in the angiogenic func-
tion of endothelial cells. To address
this, we performed a series of analy-
sis on the angiogenic activity of si-
NS-HUVEC and si-SENP1-HUVEC
cells. Under complete culture con-
ditions, there was no significant dif-
ference in cell proliferation between
the si-SENP1- and si-NS-HUVEC
cells (Fig. 4A). However, silenc-
ing SENP1 significantly decreased
HUVEC cell survival (Fig. 4A) and
increased apoptosis in basal me-
diumwithout addition of serum and
growth factors (starvation) (Fig. 4B).
Both activities could be recovered
by transfection of SENP1 siRNA-
resistant mutant plasmid. Impor-
tantly, silencing of SENP1 expres-

sion markedly reduced the angiogenic tube formation of
HUVEC cells under basal medium culture condition (Fig.
4C). Similarly, SENP1 siRNA-resistant mutant could mark-
edly rescue the defect of the tube formation in si-SENP1-
HUVEC cells (Fig. 4C). We also performed an in vitro endo-
thelial sprouting assay to confirm the defect of angiogenic
function in si-SENP1-HUVEC cells. The si-NS-HUVEC cells
were coated on beads and sprouted for 3 days when cultured
in basal medium, and showed multiple vessel structures pro-
truding from each beads. However, silencing SENP1 blocked
sprouting of HUVEC cells (Fig. 4D).
Migration is another critical aspect of endothelial cells dur-

ing angiogenesis. To determine whether SENP1 regulates
endothelial cell migration, wemeasured themigration ability of

FIGURE 4. SENP1 is essential for angiogenic activity of endothelial cells. A and B, the 2 � 104 si-NS-,
si-SENP1-, or si-SENP1�SENP1m-HUVEC cells were cultured in basal medium with (Normal) or without serum
and growth factors (Starvation). The cell number was counted at day 4 and is shown in means � S.D. of three
independent experiments (A). The apoptotic cells were detected by annexin V (Annex-V) staining and showed
in means � S.D. of three independent experiments (B). si-NS-, si-SENP1-, or si-SENP1�SENP1m-HUVEC cells
were cultured on Matrigel-coated plates in basal medium without serum and analyzed for tubule formation
(C, left and middle panels). Right panel, the tubes were accounted and presented as the number of tubes per
field in means � S.D. of three independent experiments. D, si-NS- or si-SENP1-HUVEC cells were mixed with
gelatin-coated Cytodex beads and cultured in a collagen matrix with basal medium. The sprouting was shown
after 3 days of incubation. E, trans-well migration assay of si-NS- or si-SENP1-HUVEC cells. The data are pre-
sented in means � S.D. of three independent experiments.
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si-NS- and si-SENP1-HUVEC cells through a Matrigel-coated
Boyden chamber.We tested for chemotaxis by placingVEGF in
the lower chamber. The motility of si-SENP1-HUVEC was
greatly reduced in comparison with si-NS-HUVEC cells (Fig.
4E), suggesting that SENP1 was required for endothelial cell
migration. All these data indicate that SENP1 is essential for
angiogenic activity of endothelial cells.
Endothelial Cell Defects in Senp1�/� Embryos—To further

determine the role of SENP1 in endothelial cells, we examined
morphologic changes of endothelial cells in Senp1�/� embryo
sections. As shown in Fig. 5A, there weremuch fewer elongated
endothelial cells in embryonic brain section of Senp1�/� than
those in wild-type littermates at day 15, indicating SENP1
played an essential role in embryonic endothelial cell angiogen-
esis. We also observed much fewer vascular endothelial cells in
embryonic renal glomeruli in Senp1�/� than those in wild-type
littermates (Fig. 5B), suggesting that SENP1 was essential for
the proliferation of endothelial cells during development.
VEGFMediates SENP1 Action in Angiogenesis of Endothelial

Cells—The above observations show that SENP1 is essential for
VEGF production and angiogenic activity of endothelial cells.
We thought that down-regulation of VEGF in si-SENP1-
HUVECmight be responsible for the defect in angiogenic func-
tion; therefore, addition of VEGF should rescue the angiogenic
ability of si-SENP1-HUVEC. To test this possibility, we carried
out a VEGF rescue experiment in si-SENP1-HUVEC cells. As
shown in Fig. 6A, apoptosis of si-SENP1-HUVEC induced by
serum starvation was inhibited by addition of VEGF in its cul-
tural medium. An in vitro tube formation assay also showed
that addition of VEGF in the medium could significantly
recover the defect in si-SENP1-HUVEC cells in a dose-depen-
dentmanner (Fig. 6B).We also carried out a spouting assay and
confirmed that addition of VEGF in medium could promote
si-SENP1-HUVEC sprouting from coated beads (Fig. 6C).

These data suggest that VEGF production regulated by SENP1
is essential for angiogenic function in endothelial cells.

DISCUSSION

Hypoxia-induced cellular processes such as erythropoiesis,
angiogenesis, and anaerobic metabolism are mediated by
HIF-1� through regulating the expression of hypoxia-respon-
sive genes (8–10, 12–14, 33). In this study, we indentified a
novel hypoxia-responsive gene, SENP1, a member of a SUMO-
specific protease family. We showed that SENP1 expression
could be induced by hypoxia. Moreover, induction of SENP1
expression is mediated by hypoxia-inducible factor HIF-1�. To
support this conclusion, we have gathered the following evi-
dence. First, SENP1 expression was increased following the
induction of HIF-1� expression in the inducible HIF-1�
expression cells. Second, silencing of HIF-1� expression can
block hypoxia-induced SENP1 expression. Third, two HRE
sites were indentified in the Senp1 promoter, and mutation of
the two caused the loss of trans-activation in response to
hypoxia. Fourth, we also determined that hypoxia enhanced
HIF-1� binding to the SENP1 promoter. Collectively, these
results illustrated that HIF-1� is a transcription factor mediat-
ing the hypoxia-induced Senp1 expression. Although several
studies have reported that SUMOylation can be induced by
hypoxia (25–28), to our knowledge, this is the first study to
directly show a SUMOylation enzyme as a hypoxia-responsive
target gene.
We have previously reported that SENP1 enhances HIF-1�

stability and activity under hypoxia conditions (6). This study
shows that hypoxia promotes SENP1 expression through
HIF-1� transactivation. Therefore, we propose a positive feed-

FIGURE 5. Endothelial cell defects in Senp1�/� embryos. A, the brain sec-
tions from Senp1�/� and Senp1�/� embryos at day 15 were stained with
anti-CD31 to label endothelial cells (left panel). Right panel, elongated endo-
thelial cell (EC) cells were counted and presented as the percentage of total
CD31-positive cells in means � S.D. of 9 sections from three pairs of litter-
mates. B, H&E-stained sections of kidney from E15 Senp1�/� (�/�) and
Senp1�/� (�/�) embryo. Arrows indicate glomeruli.

FIGURE 6. VEGF mediates SENP1 action in the angiogenesis of endothe-
lial cells. A, apoptosis assay of si-NS- or si-SENP1-HUVEC cells cultured in
basal medium with or without VEGF. B, si-SENP1-HUVEC cells were cultured
on Matrigel-coated plates in basal medium with 0, 50, or 150 (pg/ml) of VEGF
and analyzed for tubule formation. Right panel, the tubes were counted and
presented as the number of tubes per field in means � S.D. of three inde-
pendent experiments. C, si-NS- or si-SENP1-HUVEC cells were mixed with gel-
atin-coated Cytodex beads and cultured in a collagen matrix with basal
medium with 0 or 150 pg/ml VEGF. The sprouting was shown after 3 days of
incubation.
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back loop model to depict SENP1 action in the hypoxia-in-
duced HIF-1� signaling pathway. In this model, SENP1, as one
of the HIF-1� target genes, can be induced by hypoxia. Then
induction of SENP1 expression further enhance hypoxia-in-
duced HIF-1� activity through deconjugating SUMOylated
HIF-1�, which is induced by hypoxia (Fig. 7).We have shown
a similar regulatory mechanism involved by SENP1 in andro-
gen signaling (34, 35). SENP1 was indentified as an andro-
gen-responsive target gene, and SENP1 was shown to pro-
mote the activity of androgen receptor and the biological
consequence resulted from the activated androgen receptor
(34, 35). These results suggest the positive feedback loop
model might be a general mechanism in cellular signaling
regulated by SENP1.
The biological significance of SENP1 regulation in HIF-1�

signaling has been clearly demonstrated in the regulation of
VEGF production and angiogenesis in endothelial cells. Silenc-
ing of SENP1 expression in endothelial cells significantly
decreased VEGF transcripts and protein production. VEGF, a
key regulator of angiogenesis, is one of thewell known targets of
hypoxia-inducedHIF-1� signaling (10, 15, 36–39). VEGF is not
only essential for normal physiological angiogenesis but also
critical in tumor angiogenesis (36, 40–48). As a consequence of
down-regulation of VEGF, multiply angiogenic activities of
endothelial cells were shown to decrease in SENP1-silenced
endothelial cells. In Senp1�/� embryos, we have also observed
the deficiency of endothelial cells. The elongated endothelial
cells in brain tissue of Senp1�/� were decreased significantly.
Vascular endothelial cells were much fewer in Senp1�/�

embryonic renal glomeruli than those in wild-type. These
results support the concept that SENP1 plays an important role
in the regulation of angiogenic activity of endothelial cells.
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