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Hypoxia, a driving force in neovascularization, promotes
alterations in gene expression mediated by hypoxia-inducible
factor (HIF)-1�. Connective tissue growth factor (CTGF,CCN2)
is a modulator of endothelial cell growth and migration, but its
regulation by hypoxia is poorly understood. Therefore, we ana-
lyzed signaling pathways involved in the regulation of CTGF by
hypoxia in endothelial cells. Exposure to low oxygen tension or
treatment with the hypoxia-mimetic dimethyloxalyl glycine
(DMOG) stabilized HIF-1� and up-regulated CTGF in human
umbilical vein endothelial cells and in a murine microvascular
endothelial cell line. Induction of CTGF correlated with a HIF-
dependent increase in protein and mRNA levels, and nuclear
accumulation of the transcription factor FoxO3a. By contrast,
gene expression and cellular localization of FoxO1were not sig-
nificantly altered by hypoxia. Expression of CTGF was strongly
reduced by siRNA silencing of FoxO1 or FoxO3a. Furthermore,
nuclear exclusion of FoxO1/3a transcription factors by inhibi-
tion of serine/threonine protein phosphatases by okadaic acid
inhibited CTGF expression, providing evidence for both FoxO
proteins as regulators of CTGF expression. The DMOG-stimu-
lated induction of CTGF was further increased when endothe-
lial cells were co-incubated with transforming growth factor-�,
an activator of Smad signaling. Activation of RhoA-Rho kinase
signaling by the microtubule-disrupting drug combretastatin
A4 also enhanced the DMOG-induced CTGF expression, thus
placing CTGF induction by hypoxia in a network of interacting
signaling pathways. Our findings provide evidence that FoxO1,
hypoxia-stimulated expression of FoxO3a and its nuclear accu-
mulation are required for the induction of CTGF by hypoxia in
endothelial cells.

Connective tissue growth factor (CTGF,CCN2)3 belongs to a
group of secreted proteins termed matricellular proteins (1).

These proteins are secreted and sequestered in the extracellular
matrix, where they interact with cell surface receptors such as
integrins, and with growth factors, proteases, cytokines, or
extracellular matrix proteins. In endothelial cells, CTGF has
been characterized as a modulator of adhesion, migration, and
growth (2, 3). The functional outcome of CTGF activation or
inhibition seems to depend largely on the microenvironment,
i.e. the presence of other growth factors. Gene expression of
CTGF is modulated by the activation of multiple signaling
pathways, some of which are independent of the cell type, such
as transforming growth factor (TGF)-�-Smad signaling, or are
shared by several stimuli such as activation of RhoARho-kinase
signaling (3, 4). Other signaling pathways seem to activate
CTGF expression in specific cell types. An example is Rac-1
activation, which has only been related to CTGF expression in
gingival fibroblasts and chondrocytes (5, 6).
In recent studies we have shown that the expression of CTGF

ismodulated by proteins of the forkhead family of transcription
factors FoxO (forkhead family of transcription factors groupO)
in endothelial cells but not in epithelial cells (7, 8). FoxO1,
FoxO3a, and FoxO4 have been implicated in the regulation of
endothelial cell biology. All three FoxO proteins regulate gene
expression in endothelial cells, showing overlapping as well as
isoform-specific actions (9). Activation of phosphatidylinositol
3-kinase (PI-3K)/AKT signaling leads to phosphorylation of
FoxO proteins and thus their exclusion from the nucleus. In
endothelial cells, inhibition of PI-3K/AKT signaling led to up-
regulation of CTGF expression (8). Moreover, knockdown of
FoxO1 and FoxO3a by siRNA almost completely inhibited the
induction of CTGF, providing evidence for a role of FoxOs in
CTGF regulation (7). In accordance with our results, microar-
ray data showed that CTGF was down-regulated upon overex-
pression of constitutively active AKT, whereas active FoxO1
up-regulated CTGF in HUVEC (10). Furthermore, we
observed a role for FoxO transcription factors in CTGF
expression induced by TGF-�, alterations of the cytoskele-
ton, or inhibition of histone deacetylases (7, 8). These data
suggested a central role for FoxO transcription factors in
endothelial CTGF regulation.
Hypoxia is a driving force in neovascularization in physiology

and disease. Accumulation of hypoxia-inducible factor (HIF)
leads to the induction of multiple proteins that modulate dif-
ferent aspects of angiogenesis, among them vascular endothe-
lial growth factor (for a review see Ref. 11). Vascular endothelial
growth factor has been reported to promote survival and
growth of endothelial cells via inhibition of FoxO family mem-
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bers through the PI-3K/AKT signaling system (12). Thus far,
interaction between FoxO3a andHIF has been analyzed in non-
endothelial cells. A direct protein-protein interaction was
described betweenHIF-1�, p300, and FoxO3a inmouse embry-
onic fibroblasts, leading to a reduction of HIF-1� transcrip-
tional activity (13). Functional interference of FoxO3a with
HIF-1�-induced apoptosis was detected in fibroblasts and
breast cancer cells (14). In these cells, HIF-1�-dependent up-
regulation of FoxO3a led to transcription of CITED2, a func-
tional inhibitor of HIF-1�. The function of FoxO proteins has
been shown to be highly context-specific andmay differ even in
endothelial cells obtained from different vascular beds (15).
Therefore, the interaction between HIF-1� and FoxO proteins
in endothelial cells needs further investigation.
The signaling pathways by which hypoxic conditions regu-

late CTGF expression are far from being understood. Hypoxic
conditionswere related to up-regulation ofCTGF in a variety of
tumor cells, among them human breast cancer cells (16, 17) or
chondrosarcoma cells (18). These results were in contrast to
other reports that showed hypoxia-mediated down-regulation
of CTGF in human renal tubular cells (19, 20) or a lack of
change in the human breast cancer cell line MCF7 (21). In
mouse renal epithelial cells, HIF-1�was described as transcrip-
tion factor directly activatingCTGF transcription (22), whereas
an increase of CTGF mRNA stability by factors binding to the
3�-untranslated region was observed in a chondrosarcoma cell
line (18). Hypoxic regulation of CTGF in endothelial cells has
not yet been investigated.
Therefore, this study was set up to analyze the regulation of

CTGFby hypoxia in endothelial cells. The cells were exposed to
low oxygen tension or the hypoxia mimetic dimethyloxalyl gly-
cine (DMOG), which leads to the accumulation of active
HIF-1� by inhibition of 2-oxoglutarate-dependent dioxygen-
ases including HIF prolyl hydroxylases and the asparagyl hy-
droxylase FIH-1 (factor inhibiting HIF-1) (23). Given the links
between HIF-1� and FoxO transcription factors, we hypothe-
sized that FoxOsmight be involved in the hypoxic regulation of
CTGF in endothelial cells.

EXPERIMENTAL PROCEDURES

Materials—Cell culture materials were purchased from PAA
Laboratories (Pasching, Austria); fetal calf serum was from
PAN Biotech (Aidenbach, Germany). DMOG was obtained
from Cayman Chemical (Ann Arbor, MI), LY294002 was from
Biomol (Hamburg, Germany), Y27632 and UO126 were from
Calbiochem (Merck, Darmstadt, Germany), and TGF-� was
from Tebu (Frankfurt, Germany). Combretastatin A4 phos-
phate (CA-4P) was kindly provided by OxiGENE (Waltham,
MA).
Cell Culture—The murine glomerular microvascular endo-

thelial cell line (glEND.2) was kindly provided by R. Hallmann
(Muenster, Germany). The cells were characterized by positive
staining for endothelial cell markers MECA-32 and CD-31 and
the lack of staining formesangial cellmarkers such as�-smooth
muscle actin and �8-integrin, as well as epithelial cell markers
such as WT-1 and cytokeratin (24). The cells were cultured as
described (25). HUVECs were isolated from freshly delivered
umbilical cords and grown on 0.1% gelatin-coated dishes as

described (25). In all of the experiments, HUVEC passages 2–4
were used.
Western Blot Analysis—The cells were lysed in buffer con-

taining 50mMHEPES (pH 7.4), 150mMNaCl, 1%TritonX-100,
100 mM EDTA, and 10% glycerol for the detection of CTGF or
FoxO proteins. To detect HIF-1�, the cells were lysed using
6.65Murea, 10% glycerol, 10%SDS, 1MTris-HCl (pH6.7), 5mM

dithiothreitol, and protease inhibitors (Complete EDTA-free;
Roche Applied Science).
For preparation of nuclear extracts, the cells were washed

twicewith cold PBS and resuspended in 10mMHEPES (pH7.9),
0.1 mM EDTA, 10 mM KCl, 1 mM dithiothreitol, 0.7% Nonidet
P-40, and protease inhibitor mixture. After incubation on ice
for 10 min, the nuclei were pelleted by centrifugation (8000
rpm, 30 s), washed, and finally resuspended in 50 mM HEPES
(pH 7.9), 10% glycerol, 0.3 MNaCl, 50mMKCl, 0.1mM EDTA, 1
mM dithiothreitol, and protease inhibitors. After incubation on
ice for 20 min, the nuclear extracts were centrifuged at 13,000
rpm for 10min, and the supernatant was used forWestern blot.
The proteins were separated by 10% or 12% SDS-PAGE and

transferred onto polyvinylidene difluoride membranes (CTGF,
Macherey-Nagel, Dueren, Germany; and HIF-1�, Bio-Rad) or
nitrocellulose membranes (FoxO, Protran nitrocellulose mem-
brane; Whatman, Maidstone, UK).
The following antibodies were used: rabbit polyclonal anti-

HIF-1� (NB100–449; Novus Biologicals, Littleton, CO), rabbit
polyclonal anti-FoxO1 (antibody 9462), rabbit monoclonal
anti-FoxO1 (antibody 2880), rabbit polyclonal anti-FoxO3a (anti-
body 2497), rabbit polyclonal anti-pFoxO1(Thr24)/pFoxO3a(Thr32)
(antibody 9464), mouse polyclonal anti-phospho-AKT (anti-
body 9271), and rabbit polyclonal anti-lamin A/C (antibody
2032) from Cell Signaling (Danvers, MA). Rabbit polyclonal
anti-AKT (SC-8312), goat polyclonal anti-CTGF (SC-14939),
rabbit polyclonal anti-vinculin (SC-5573), and donkey anti-
goat IgG (SC-2020) conjugated to horseradish-peroxidase were
fromSantaCruz Biotechnology (Heidelberg, Germany).Mouse
monoclonal anti-tubulin antibody (T0198; Sigma), peroxidase-
conjugated sheep anti-mouse IgG, and donkey anti-rabbit IgG
secondary antibodies (Amersham Biosciences).
Immunoreactive proteins were visualized by the enhanced

chemiluminescence detection system (ECL Plus; Amersham
Biosciences). Immunoreactive bands were quantified using the
luminescent image analyzer LAS-1000 (Fujifilm, Berlin, Ger-
many) and AIDA 4.15 image analyzer software (Raytest, Berlin,
Germany). To correct for equal loading and blotting, all of the
blots were redetected with antibodies directed against tubulin,
vinculin, or laminA/C. For quantification purposes, the ratio of
the specific protein band and a control protein was calculated.
RNA Isolation and Real Time Reverse Transcription-PCR—

Total RNA was prepared using TriFastTM reagent from Peqlab
(Erlangen, Germany). 200 ng of RNA was reverse transcribed
and amplified with TaqMan reverse transcription reagents
according to the manufacturer’s instructions (Applied Biosys-
tems, Foster City, CA). The following primers were used:
murineCTGF forward 5�-GCCCTAGCTGCCTACCGACT,
reverse 5�-CAT AGT TGG GTC TGG GCC AA; 18 S rRNA
forward 5�-TTG ATT AAG TCC CTG CCC TTT GT, reverse
5�-CGA TCCGAGGGCCTCACTA; murine FoxO1 forward
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5�-TAC TTC AAG GAT AAG GGC GAC AGC, reverse
5�-TTCATTCTGCACTCGAATAAACTTGC; andmurine
FoxO3a forward 5�-CAAAGCAGACCCTCAAACTGACG,
reverse 5�-CAAAGGTGTCAAGCTGTAAACGG. Quanti-
fication of mRNA expression was carried out with respect to
18 S rRNA as a reference as described by PerkinElmer Life
Sciences.
siRNA Transfection—To down-regulate HIF-1�, FoxO1, or

FoxO3a expression, endothelial cells (glEND.2) were trans-
fected with HIF-1� siRNA (sense 5�-GCC ACU UCG AAG
UAG UGC U), FoxO1 siRNA (sense 5�-GCG GGC UGG AAG
AAUUCAA), FoxO3a siRNA (sense 5�-GCUCUUGGUGGA
UCA UCA A) or luciferase siRNA (Eurogentec, Seraing, Bel-
gium) 3 h after seeding, using HiPerFect (Qiagen) according to
the manufacturer’s instructions. The experiments were done
24 h after transfection.
Flow System—HUVEC were seeded in flow-through cell cul-

ture slides (Ibidi�, Munich, Germany) and grown until conflu-
ence. Using a programmed peristaltic pump (Ismatec), the cell
monolayer inside the slide channel was exposed to steady lam-
inar shear stress for 18 h at 10 dyne/cm2 (26). Subsequently, the
cells were treated with DMOG for 6 h at flow. Protein expression

was detected by indirect immunocy-
tochemistry as described below.
Immunocytochemistry—HUVEC

were fixed with 3.5% paraformal-
dehyde in Dulbecco’s PBS (140mM

NaCl, 2.68 mM KCl, 1.47 mM

KH2PO4, and 8.1 mM Na2HPO4)
for 10 min and afterward perme-
abilized by Triton X-100 in Dul-
becco’s PBS for 10 min. The cells
were incubated with primary anti-
bodies against CTGF (1:100 in PBS)
for 1 h and with secondary antibody
anti-goat IgG coupled to Alexa
Fluor 488 (1:500; Molecular Probes)
for 45 min. The images were ob-
tained using an inverted fluores-
cence microscope combined with a
digital camera and Meta-Morph
software. For quantification, Meta-
Vue software was used as described
in detail in Ref. 26.
Statistics—The data are presented

as the means � S.D. To compare
multiple measurements, analysis of
variance with Tukey Kramer multi-
ple comparison test or Dunnett post
hoc test was used. The paired Stu-
dent t test was used to compare two
conditions. A p value � 0.05 was
considered significant.

RESULTS

Up-regulation of CTGF by Hyp-
oxia in Endothelial Cells—In a first
set of experiments, we studied the

regulation of CTGF by hypoxia in mouse and human endothe-
lial cells. The cells were exposed to low oxygen tension (1%
oxygen) or treated with DMOG (1 mM). Both incubation of
glEND.2 cells with DMOG and culture of the cells under
hypoxic conditions induced CTGF expression (Fig. 1A). Up-
regulation of CTGF was detectable 3 h after incubation with
DMOG and was consistently observed after 6 and 24 h of expo-
sure to DMOG or hypoxia (graph in Fig. 1A). Up-regulation of
CTGF was confirmed at the mRNA level (Fig. 1B).
In contrast to glEND.2, CTGF is highly expressed in HUVEC

cultured under static conditions (26). Therefore, to reduce
base-line CTGF levels, HUVEC were exposed to laminar
flow conditions for 18 h in flow-through slides and then stim-
ulated with DMOG for 6 h under continuous flow. Detection of
CTGF by immunocytochemistry showed very low staining in
control flow-exposedHUVEC,whereas treatmentwithDMOG
strongly up-regulated CTGF expression (Fig. 1C). Having
established the differences in the basic conditions to up-regu-
late CTGF by hypoxia in human andmouse endothelial cells, all
further analyses were performedwith themousemicrovascular
cells, which allowed analysis of CTGF expression under static
conditions.

FIGURE 1. Up-regulation of CTGF in response to hypoxia. A, glEND.2 cells were treated with DMOG (1 mM) or
exposed to hypoxia (1% oxygen) for the times indicated. The protein levels of CTGF were detected in cellular
homogenates by Western blotting. To compare different experiments, CTGF expression in control cells was set
to 1. The data presented in the graph are the means � S.D. of three to six experiments. **, p � 0.01 compared
with control cells. B, after incubation of glEND.2 cells with DMOG (1 mM) for the indicated times, mRNA levels of
CTGF were analyzed by real time reverse transcription-PCR. The graph summarizes the data of two experi-
ments. C, HUVEC were seeded in flow-through cell culture slides and exposed to steady laminar shear stress at
10 dyne/cm2 for 24 h. For the last 6 h of flow, the cells were treated with DMOG (1 mM). Protein expression was
determined by immunofluorescence. The photos are representative of four independent experiments per-
formed in duplicate. The graph summarizes the data of four experiments. Data quantification: six or seven
images at objective magnification 20� were taken for every experiment and analyzed using MetaVue soft-
ware. The thresholded protein expression levels were expressed as arbitrary fluorescence units. **, p � 0.01, t
test versus untreated controls.
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HIF-1� rapidly accumulated in DMOG-treated glEND.2
cells (Fig. 2A). DMOG-mediated up-regulation of HIF-1� was
reduced bymore than 90%,when glEND.2 cellswere transiently
transfected with HIF-1� siRNA (Fig. 2B). Concomitantly,
DMOG-mediated expression of CTGF was significantly de-
creased, indicative of a role for HIF-1� in DMOG-stimulated
induction of CTGF in endothelial cells (Fig. 2B).
In recent studies, we provided evidence that CTGF is reg-

ulated by FoxO proteins in endothelial cells (8, 7, 27). There-
fore, to investigate whether FoxOs were also relevant for the
hypoxic induction of CTGF, FoxO1 and FoxO3a were silenced
by small interfering RNA as described (7). DMOG-induced

expression of CTGF was signifi-
cantly reduced upon silencing of
FoxO1 and FoxO3a by 40 and 60%,
respectively (Fig. 2C). This sug-
gested that both FoxO1 and FoxO3a
played a role in CTGF expression in
the hypoxic response in endothelial
cells.
Regulation of FoxO Expression

and Intracellular Localization by
Hypoxia—Incubation of glEND.2
cells with DMOG led to a time-de-
pendent increase of the expression
of FoxO3a protein, whereas FoxO1
levels remained essentially unal-
tered (Fig. 3A). After 24 h, up-regu-
lation of FoxO3a was �2-fold when
the cells were exposed to DMOG
(D) or to low oxygen tension (Fig.
3B, column H, 1% oxygen), whereas
FoxO1 expression was not in-
creased (data not shown). The in-
creased levels of FoxO3a mRNA in
DMOG-treated cells indicated that
the regulation occurred at the
transcriptional level or by mRNA
stabilization (Fig. 3C). Moreover,
up-regulation of FoxO3a was de-
pendent on HIF-1� stabilization,
because interference with HIF-1�,
using siRNA, using inhibited
hypoxia as well as DMOG medi-
ated FoxO3a induction (Fig. 3D).

To be active as transcription fac-
tor, FoxO proteins need to be local-
ized to the nucleus. In resting cells,
FoxO3awas located primarily in the
cytosol with only �10% of the pro-
tein detectable in the nuclear frac-
tion. Upon treatment with DMOG,
FoxO3a was significantly increased
in the nuclear compartment with
hardly any change detectable in the
cytosolic fraction (Fig. 4, A and B).
By contrast, the distribution of
FoxO1 between cytosol and nucleus

was not significantly changed during the first 7 h (Fig. 4, A and
B) and remained essentially unaltered even after 24 h of expo-
sure to DMOG (data not shown).
Nuclear localization of FoxO proteins is regulated by differ-

ent protein modifications including acetylation and phosphor-
ylation. Inhibition of the calcium- and calmodulin-dependent
phosphatase PP2B by cyclosporine A or inhibition of tyrosine
phosphatases by vanadate did not affect FoxO3a expression or
localization (data not shown). In contrast, the concentration of
okadaic acid (50 nM), which primarily inhibits serine/threonine
phosphatases PP2A and PP5 caused a significant increase of
FoxO3a phosphorylation (Fig. 4B). Phosphorylated FoxO3a

FIGURE 2. HIF-1�- and FoxO1/3a-dependent up-regulation of CTGF. A, glEND.2 cells were treated with
DMOG (1 mM) for the times indicated. HIF-1� was detected by Western blot analysis in cellular homogenates.
B, glEND.2 cells were preincubated with siRNA directed against HIF-1� (HIF-1� siRNA; 50 or 100 nM) or siRNA
against luciferase (Co siRNA; 100 nM) overnight and then stimulated with DMOG for 6 h. The graph summarizes
the results of five experiments. CTGF expression in cells treated with siRNA against luciferase was set to 100%.
**, p � 0.01, paired Student t test using the original data. C, glEND.2 cells were pretreated with FoxO siRNA (50
nM FoxO1 and/or 50 nM FoxO3a siRNA) or siRNA against luciferase (Co) overnight. Then the cells were treated
with DMOG (1 mM) for 6 h. The graph summarizes the data of eleven (FoxO1/3a) and four (FoxO1 or FoxO3a)
experiments. CTGF expression in cells treated with siRNA against luciferase was set to 100%. ***, p � 0.001
compared with control siRNA-treated cells.
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was not detectable or was barely detectable in the nuclear frac-
tion confirming a critical role of phosphorylation in the regula-
tion of FoxO3a intracellular localization. In the absence of oka-
daic acid, the levels of nuclear phospho-FoxO3a were so low
that quantification was not possible in all of the experiments.
Phosphorylated FoxO3a was excluded from the nucleus as
shown by a significant reduction of nuclear FoxO3a protein
upon treatment with okadaic acid. DMOG-mediated nuclear
localization of FoxO3a was reduced by 64 � 15% (n � 8; p �
0.001). FoxO1 protein was detectable in the nucleus under nor-
moxic and hypoxic conditions. Treatment with okadaic acid
also excluded FoxO1 from the nucleus, reducing nuclear
FoxO1 by 60� 13% (n� 5; p� 0.001; Fig. 4B), whereas stability
and nuclear localization of HIF-1� were not affected (Fig. 4, B
and C). There was a correlation between FoxO nuclear accu-
mulation and CTGF expression. Nuclear exclusion of FoxO
proteins by okadaic acid reduced basal CTGF expression and
prevented the increase in CTGF protein levels under hypoxic
conditions (Fig. 4C).
Inhibition of PI-3K/AKT signaling, which leads to the de-

phosphorylation of FoxO proteins, is a strong stimulus for
nuclear localization of FoxO proteins. Furthermore, AKT is a
target of okadaic acid-sensitive phosphatases, and the phos-

phorylation of AKT was increased
in the presence of okadaic acid (Fig.
4C). Therefore, we analyzed whether
the nuclear localization of FoxO3a
upon treatment with DMOG was
due to an inhibition of AKT by
DMOG. During the first 2 h of incu-
bation with DMOG, there was a
small increase in AKT phosphoryla-
tion, which was no longer observed
at later time points (Fig. 4D). There-
fore, modulation of AKT activity by
DMOG did not contribute to the
retention of FoxO3a in the nucleus.
Modulation of DMOG-induced

CTGF Expression by Kinase Path-
ways—Toget an insight into signaling
pathways involved in DMOG-me-
diated CTGF up-regulation, several
kinases implicated in CTGF induc-
tion (4) were inhibited pharmaco-
logically. We previously observed
FoxO-dependent up-regulation of
CTGF expression when PI-3K/AKT
signaling was inhibited (27). In the
present study, co-incubation of
glEND.2 cells with LY294002 and
DMOG further increased CTGF
expression, as compared with the
induction obtained by the individ-
ual treatments (Fig. 5A). At the
same time, inhibition of PI-3K/AKT
signaling reduced the accumulation
of HIF-1� (Fig. 5A, right panel) in
linewith data reported by Jiang et al.

(28) in carcinoma cells. The remaining levels of HIF-1� corre-
lated with the cooperative induction of CTGF by DMOG and
the PI-3K inhibitor LY294002.
To assess the contribution of mitogen-activated protein

kinases (MAPKs) to hypoxia-mediated CTGF expression, we
used SB203580 andUO126 to inhibit the activity of p38 and the
activation of p42/44 MAPK, respectively. Inhibition of p38 did
not alter DMOG-mediated CTGF expression (data not shown),
whereas inhibition of p42/44 MAPK activation reduced CTGF
expression by �20% (Fig. 5B) without affecting either protein
levels of HIF-1� and FoxO3a or their nuclear localization (data
not shown).
Endothelial CTGF expression is also modulated by alter-

ations of the cytoskeleton. However, pretreatment of glEND.2
cells with the inhibitor of Rho-associated kinases (ROCK)
Y27632 (Fig. 5C) only slightly reduced DMOG-induced CTGF
expression (20 � 11%, n � 4, p � 0.05).
Cooperative Induction of CTGF by DMOG, RhoA-ROCK,

and TGF-� Signaling—Activation of RhoA-ROCK-serum
response factor signaling by the microtubule-disrupting
agent combretastatin A4 phosphate led to up-regulation of
CTGF in endothelial cells (Fig. 6A). When the cells treated
with combretastatin A4 were pre-exposed to hypoxia or co-

FIGURE 3. Regulation of FoxO1 and FoxO3a expression by DMOG and hypoxia. A, glEND.2 were stimulated
with DMOG (1 mM) for the times indicated. FoxO protein was detected in cellular homogenates by Western
blotting. The data are the means � S.D. of three independent experiments. **, p � 0.01 compared with control
cells. B, FoxO3a protein was analyzed by Western blotting in glEND.2 cells stimulated with DMOG (column D, 1
mM) or exposed to hypoxia (column H, 1% oxygen) for 24 h. **, p � 0.01 compared with control (Co) cells.
C, FoxO1 and FoxO3a mRNA were analyzed by real time reverse transcription-PCR in cells treated with DMOG
(1 mM) for the times indicated. The graph summarizes the data of at least four independent experiments. *, p �
0.05 compared with control cells. D, glEND.2 cells were preincubated with siRNA directed against HIF-1� (HIF
siRNA, 100 nM) or directed against luciferase (Co siRNA; 100 nM) overnight and then treated with DMOG or
exposed to hypoxia for 24 h. FoxO3a and HIF-1� were detected by Western blot analysis. The blot is represent-
ative of two experiments.
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incubated with DMOG, induction of CTGF was more than
additive (Fig. 6A). These data are in line with previous find-
ings showing increased expression of CTGF when the cells
are stimulated with combretastatin A4 in the presence of
PI-3K inhibitors to activate FoxO-dependent CTGF induc-
tion (27).
It has been shown in keratinocytes that Smad proteins

interact with FoxO transcription factors and may contribute
to retention of FoxO proteins in the nucleus (29, 30). There-
fore, we analyzed the Smad 2/3 localization in glEND.2 cells.
As expected, treatment of the cells with TGF-� led to a rapid
translocation of Smad 2/3 into the nucleus. In contrast, there
was no alteration of Smad 2/3 localization upon treatment
with DMOG alone for up to 7 h (data not shown). Con-
firming an interaction between Smads and FoxO proteins,

we detected a more than additive
induction of CTGF in glEND.2
cells treated with DMOG plus
TGF-� (Fig. 6B).

DISCUSSION

In this study, we describe molecu-
lar mechanisms of hypoxia-mediated
induction of CTGF in endothelial
cells. Transcription factor HIF-1�
and members of FoxO family FoxO1
andFoxO3awere identified to play a
central role in hypoxia-inducible
CTGF expression. Furthermore, we
provide evidence for the differential
regulation of FoxO proteins under
hypoxic stress, expression and lo-
calization of FoxO3a being modu-
lated by HIF-1�.

In human and mouse endothelial
cells CTGF was up-regulated, when
the cells were exposed to low oxy-
gen tension or treated with the
hypoxia mimetic DMOG. Similar to
hypoxia, DMOG leads to the stabi-
lization and activation of HIF-1�
subunits through the inhibition of
the 2-oxoglutarate-dependent dioxy-
genases. The results of our present
study show that DMOG induces
CTGF in mouse microvascular en-
dothelialcellsinaHIF-1�-andFoxO-
dependent manner. Hypoxic stress
led to activation of HIF-1� and
increased FoxO3a at mRNA and
protein levels in glEND.2. Using
HIF-1� siRNA, we showed that the
observed up-regulation of FoxO3a
was indeed mediated by HIF-1�.
These data are in line with an earlier
report identifying FoxO3a as a
direct target ofHIF-1� in fibroblasts
(14), whereas FoxO1 protein ex-

pression was not affected, as also observed in our study.
Activation of HIF-1� not only increased FoxO3a gene

expression but also affected its intracellular localization.
Both FoxO3a and FoxO1 were localized predominantly in
the cytoplasm in resting cells, but only FoxO3a accumulated
in the nucleus in DMOG-treated cells. Nuclear-cytoplasmic
shuttling of FoxO proteins is a dynamic process, controlled
via multiple levels of post-translational modifications. In the
nucleus, FoxO proteins control transcriptional programs,
whereas in the cytoplasm FoxOproteins become transcription-
ally inactive and undergo proteasomal degradation. Phosphor-
ylation of FoxOproteins by kinases such asAKT and serum and
glucocorticoid-regulated kinase is generally assumed to be an
essential step to keep FoxO proteins in the cytosol by support-
ing transport to the cytosol and preventing relocation andDNA

FIGURE 4. Intracellular localization of FoxO1 and FoxO3a under hypoxic conditions. A, glEND.2 cells were
incubated with DMOG (1 mM) for the times indicated. FoxO1 and FoxO3a were detected in nuclei and cyto-
plasm by Western blot analysis. The graphs summarize the data of six experiments (means � S.D.). ***, p �
0.001 compared with control cells. B, glEND.2 cells were treated with okadaic acid (OA, 50 nM) and/or DMOG (1
mM) for 7 h. 10% of cytosolic protein and 100% of nuclear protein were loaded on the gel. FoxO1, FoxO3a,
pFoxO1 (Thr24), pFoxO3a (Thr32), and HIF-1� were detected in cytosolic and nuclear extracts. Lamin A/C and
tubulin were used as controls. The blot is representative of four experiments. The graphs summarize the data
of four (pFoxO1/FoxO1), three (cytosolic pFoxO3a/FoxO3a), and two (nuclear pFoxO3a/FoxO3a) independent
experiments. *, p � 0.05, **, p � 0.01, paired Student t test using the original data. C, glEND.2 cells were treated
as in B. CTGF, HIF-1�, pAKT, and AKT were detected in total cellular extracts, and tubulin was used as a control.
D, glEND.2 cells were incubated with DMOG (1 mM) for the times indicated. pAKT and AKT were detected in
total cell extracts by Western blot analysis. The blot is representative of two experiments.
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binding (31). The repression of
PI-3K/AKT signaling by LY294002
increased accumulation of FoxO1
and FoxO3a in the nucleus in
human and mouse endothelial cells
(8, 27). Because serum and glu-
cocorticoid-regulated kinase was
barely detectable in glEND.2, we
assumed that AKTmight be involved
in regulationof FoxO3anuclear accu-
mulation under hypoxic conditions.
However, AKT activity was slightly
increased rather than decreased by
hypoxia, suggesting that other regu-
latory mechanisms must be respon-
sible for the preferential nuclear
localization of FoxO3a.
Serine/threonine-specific protein

phosphatases have been reported
to be activated by hypoxia and
may directly or indirectly modu-
late FoxO3a activity. As reported
by Barreyro et al. (32), FoxO3a was
dephosphorylated and thus acti-
vated by PP2A in hepatocytes,
incubated with free fatty acids. To

determine whether phosphatases were involved in hypoxia-
mediated FoxO3a nuclear accumulation, we used okadaic acid,
a specific inhibitor of PP1, PP2A, and PP5 serine/threonine
phosphatases (33–35). Inhibition of protein phosphatases by
okadaic acid prevented FoxO3a dephosphorylation and
reduced DMOG-mediated FoxO3a nuclear accumulation. The
concentration of okadaic acid used in these experiments (50
nM) was effective for PP2A and PP5, although a partial inhibi-
tion of PP1 could not be excluded (36). So far, little is known
about the regulation of okadaic acid-sensitive phosphatases by
hypoxia. PP5 has been shown to be a direct target of HIF-1� in
human A549 lung carcinoma cells and Hep3B hepatoma cells
(37), whereas PP2A protein activity was reduced rather than
increased in neuronal cells under hypoxic conditions (38). Fur-
thermore, the protein phosphatase-1 nuclear targeting subunit
has been described as hypoxia-responsive gene (39). In our
study, the expression of PP2A and PP5 protein was not altered
by hypoxia (data not shown). Given the fact that phosphoryla-
tion of AKT, which is also a substrate of okadaic acid-sensitive
phosphatases, was not decreased but transiently increased
by hypoxia, more subtle changes in phosphatase activities
have to be envisaged in terms of hypoxia-mediated regula-
tion of FoxO3a.
It was interesting to note that okadaic acid also reduced

FoxO1 nuclear localization under normoxic and hypoxic con-
ditions, underlining the importance of FoxO phosphorylation
for localization and thus activity of FoxO transcription factors.
The stability and nuclear localization of HIF-1� were not
affected by okadaic acid. Nuclear localization of HIF-1� was
thus not sufficient to sustain CTGF expression.
Regulation of CTGF by hypoxia seems to be cell type-de-

pendent (summarized in Ref. 3). Although up-regulation of

FIGURE 5. Involvement of PI-3K/AKT, MAPK, and ROCK signaling in CTGF expression. A, glEND.2 cells were
co-incubated with the PI-3K inhibitor LY294002 (4 or 10 �M) and DMOG (1 mM) for 3 h. HIF-1� and CTGF were
analyzed in cellular homogenates by Western blot analysis. The graph summarizes the results of three exper-
iments. *, p � 0.05; ***, p � 0.001 CTGF expression in cells stimulated by LY294002 and DMOG compared with
either stimulus alone. B and C, glEND.2 cells were pretreated with UO126 (1 �M, 30 min) and Y27632 (10 �M, 30
min), respectively, and then incubated in the presence or absence of DMOG for 6 h. CTGF expression was
detected by Western blot analysis. The graphs summarize the data of three experiments. CTGF expression in
cells treated with DMOG alone was set to 100%. *, p � 0.05 inhibitor-treated cells to cells treated with DMOG.

FIGURE 6. Cooperative induction of CTGF by hypoxia and RhoA-ROCK, or
hypoxia and TGF-� signaling. A, glEND.2 cells were cultured overnight
under hypoxic (1% oxygen) or normoxic conditions. The cells were subse-
quently incubated with combtretastatin A4 (CA-4P; 50 and 70 nM) for 5 h.
CTGF was detected by Western blot analysis. The graph summarizes the data
of three experiments. glEND.2 cells were stimulated with combretastatin A4
(50 nM) for 5 h in the presence or absence of DMOG (1 mM) as indicated. CTGF
expression was detected by Western blot analysis. ***, p � 0.001, compared
with cells stimulated with each compound alone. B, glEND.2 cells were incu-
bated with TGF-�1 (5 ng/ml) for 6 h in the presence or absence of DMOG as
indicated. CTGF expression was detected by Western blot analysis. The graph
summarizes data of three experiments. **, p � 0.01, compared with cells
stimulated with either compound alone.
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CTGF has been observed, e.g. in some tumor cell lines (40) or
trophoblasts (41), our recent studies in renal tubular epithelial
cells provided evidence for a down-regulation of CTGF in a
HIF-1�-dependent manner (20). These data argue against
CTGF as a direct target gene of HIF-1�. The results of the
present study argue in favor of an indirect mechanism that
involves basal FoxO1, well detectable in nuclear fractions,
and hypoxia-regulated FoxO3a proteins. First, the induction of
CTGF correlated with hypoxia-induced nuclear accumulation
of FoxO3a. Second, it was inhibited when FoxO proteins were
excluded from the nucleus upon treatment with okadaic acid,
and, third, siRNA-targeted knockdown of FoxO1 and/or
FoxO3a suppressed hypoxic induction of CTGF. The CTGF
gene contains forkhead-responsive element-binding sequences.
Gomis et al. (29) defined several putative FoxO-binding sites in
the promoter of CTGF in human keratinocytes, and Paik (42)
reported direct binding of FoxO to the promoter of the CTGF
geneinhumanandmouseliverendothelialcells.WhetherFoxO-
dependent expression of CTGF under hypoxic conditions is
mediated via direct FoxO binding to its FoxO-responsive ele-
ments or is regulated indirectly via interaction with other tran-
scription factors remains to be investigated. Of interest, FoxO
transcription factors are regulated in a highly cell type-specific
manner, and their involvement in CTGF regulation by hypoxia
may contribute to the cell type-specific regulation of CTGF
under hypoxic conditions.
Wehave shown earlier that FoxOproteins are involved in the

regulation of CTGF by histone deacetylases inhibitors or
TGF-� (8) and also increase the up-regulation of CTGF by sub-
stances that activate RhoA-Rho kinase signaling (7). In those
studies, activation of FoxOs was achieved by pharmacological
inhibition of PI-3K/AKT signaling, which leads to a strong acti-
vation of both FoxO1 and FoxO3a. Therefore, it was of interest
to note that activation of RhoA-Rho kinase signaling by com-
bretastatin A4 or activation of Smad signaling by TGF-�
increased the endothelial response to hypoxia. These data indi-
cate the existence of functional interactions between signaling
pathways that may be relevant in the pathophysiological situa-
tion. Combretastatin A4 is currently tested for its ability to
reduce tumor angiogenesis, which is often associated with
hypoxic conditions in the tumor environment. It may be envis-
aged that the interaction between FoxO proteins and RhoA-
Rho-kinase signaling is not restricted to CTGF but may affect
other proteins involved in the anti-angiogenic effect of com-
bretastatin A4, which seems to be rather specific for tumor
vessels in vivo (43). Another interaction between Smad and
FoxOs has been analyzed in detail in keratinocytes and, based
on our data, also seems to be operative in endothelial cells.
Further studies are necessary to define the set of proteins reg-
ulated by FoxO proteins and Smads in the context of hypoxia.
Taken together, our data provide evidence for an essential

role for FoxO proteins in hypoxia-induced up-regulation of
CTGF in endothelial cells, whichmay contribute to the cell type
specificity of hypoxic CTGF regulation. Furthermore, hypoxia-
induced CTGF expression is enhanced when RhoA or Smad
signaling pathways are activated bymechanical stress or growth
factors. These interactions may contribute to the increased

endothelial CTGF expression observed under pathophysiolog-
ical conditions.
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