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Hypoxia-inducible factor 1 (HIF-1) is a central regulator of
the hypoxic response in many cell types. In endothelial cells,
HIF-1 induces the expression of key proangiogenic factors to
promote angiogenesis. Recent studies have identified Kruppel-
like factor 2 (KLF2) as a potent inhibitor of angiogenesis. How-
ever, the role of KLF2 in regulating HIF-1 expression and func-
tion has not been evaluated. KLF2 expression was induced
acutely by hypoxia in endothelial cells. Adenoviral overexpres-
sion of KLF2 inhibited hypoxia-induced expression of HIF-1a
and its target genes such as interleukin 8, angiopoietin-2, and
vascular endothelial growth factor in endothelial cells. Con-
versely, knockdown of KLF2 increased expression of HIF-1a
and its targets. Furthermore, KLF2 inhibited hypoxia-induced
endothelial tube formation, whereas endothelial cells from mice
with haploinsufficiency of KLF2 showed increased tube forma-
tion in response to hypoxia. Consistent with this ex vivo obser-
vation, KLF2 heterozygous mice showed increased microvessel
density in the brain. Mechanistically, KLF2 promoted HIF-1«
degradation in a von Hippel-Lindau protein-independent but
proteasome-dependent manner. Finally, KLF2 disrupted the
interaction between HIF-1a and its chaperone Hsp90, suggest-
ing that KLF2 promotes degradation of HIF-1« by affecting its
folding and maturation. These observations identify KLF2 as a
novel inhibitor of HIF-1« expression and function. Therefore,
KLF2 may be a target for modulating the angiogenic response in
disease states.

Hypoxia is an imbalance between oxygen supply and demand
that occurs in a wide variety of diseases including ischemic car-
diovascular disease and cancer (1). Hypoxia triggers the induc-
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tion of an adaptive gene program that regulates critical pro-
cesses such as angiogenesis, metabolism, and cell proliferation/
survival in a variety of cell types and tissues. Hypoxia-inducible
factor 1 (HIF-1)? is a central regulator of hypoxia-mediated
gene expression (2) that was originally identified as the tran-
scription factor that mediates hypoxia-induced erythropoietin
expression (3, 4). HIF-1 is a heterodimer that consists of a con-
stitutively expressed HIF-18 subunit (also known as ARNT)
and a HIF-1a subunit (5, 6). Under normoxic conditions, newly
synthesized HIF-1a protein is rapidly degraded by the ubig-
uitin-proteasome system. The degradation of HIF-1« is medi-
ated by its interactions with the von Hippel-Lindau (VHL) pro-
tein, a tumor suppressor that functions as an E3 ubiquitin ligase
for HIF-1a (7, 8). The interaction between HIF-1a and VHL
depends on the enzymatic hydroxylation of two prolyl residues
(Pro*®* and Pro®**) in the oxygen degradation domain of
HIF-1a (9, 10). During hypoxia, HIF-1a protein is stabilized,
translocates into the nucleus, and dimerizes with HIF-18 and
binds the hypoxic responsive elements on target promoters to
initiate gene transcription.

Accumulating evidence has revealed that HIF-1 plays a crit-
ical role in hypoxia-mediated angiogenesis. Angiogenesis is a
complex process that involves the coordinated interaction of
multiple hypoxia-inducible genes (e.g VEGF (11, 12), VEGF
receptor (13), IL-8 (14, 15), and angiopoietin-2 (16, 17)) across
numerous cell types.

The Sp/Kruppel-like factor (KLF) family of transcription fac-
tors is a subclass of the zinc finger family of transcriptional
regulators implicated in the regulation of cellular growth and
differentiation (18, 19). To date 21 members have been identi-
fied that include four Sp factors (Sp1-4) and 17 KLF factors
(KLF1-17) (20, 21). Members of this family can bind with vary-
ing affinities to the same DNA sequences (termed GC box or
CACCC element) and exert diverse transcriptional functions.
Furthermore, members of this family can modulate each other’s
function through a number of distinct mechanisms, such as

2 The abbreviations used are: HIF, hypoxia-inducible factor; KLF, Kruppel-like
factor; IL, interleukin; VEGF, vascular endothelial growth factor; VHL, von
Hippel-Lindau; E1, ubiquitin-activating enzyme; E3, ubiquitin-protein
isopeptide ligase; Z, benzyloxycarbonyl; CHO, Chinese hamster ovary;
HUVEC, human vascular endothelial cell; HMVEC, human microvascular
endothelial cell; MEF, mouse embryonic fibroblast; siRNA, small interfering
RNA; GLUT, glucose transporter; ELISA, enzyme-linked immunosorbent
assay; GFP, green fluorescent protein.
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regulating each other’s expression or through direct interaction
(20, 22, 23). One member of this family, KLF2 (24), is strongly
expressed in endothelial cells and is required for normal vessel
formation (25). More recently, our group has provided evidence
that KLF2 serves as a “molecular switch” in regulating endothe-
lial function (26 —28). These studies demonstrate that overex-
pression of KLF2 can potently attenuate the cytokine-mediated
induction of pro-inflammatory targets such as vascular cellular
adhesion molecule 1, E-selectin, and tissue factor while increas-
ing anti-inflammatory targets such as endothelial nitric-oxide
synthase and thrombomodullin (26 —28). In addition, our group
has demonstrated that KLF2 potently inhibits VEGF-A-medi-
ated angiogenesis via a reduction in VEGF receptor 2 expres-
sion (29). However, the role of KLF2 in hypoxia-mediated sig-
naling has been less well understood. In this study, we
demonstrate that KLF2 is a novel inhibitor of HIF-1« expres-
sion/function and hypoxia-mediated angiogenesis.

EXPERIMENTAL PROCEDURES

Reagents—Common chemicals, solvents, and general re-
agents were obtained from Sigma. Human Hsp90 overexpres-
sion plasmid was purchased from OriGene. Human HIF-1«a
overexpression plasmid was kindly provided by Dr. Eric Huang
(30). MG132, lactacystin, N-acetyl-leucyl-leucyl-norleucinal,
and Z-Leu-Leu-CHO were purchased from Calbiochem. The
adenoviral constructs were generated by the Harvard Gene
Therapy Initiative.

Cell Culture and Hypoxia Treatment—Human vascular
endothelial cells (HUVECs) and human microvascular endo-
thelial cells (HMVECs) were purchased from Lonza. HUVECs
and HMVECs were maintained with EBM-2 and supplemental
growth factors (Lonza). For experiments, the cells were cul-
tured in growth factor-starved medium and then were exposed
to hypoxia for the indicated time. HUVECs of passages 2—4 and
HMVECs of passages 4 and 5 were used in all experiments.
RCC4 VHL"'" and VHL ™/~ cells were kind gifts from Dr.
Celeste Simon (University of Pennsylvania) and were main-
tained as previously described (31). Ts20 cells were kindly pro-
vided by Dr. Harvey Ozer (New Jersey Medical School) and
were maintained as previously described (32). HCT116 p53*/*
and p53 /" cells were kindly provided by Dr. Bert Vogelstein
(The Johns Hopkins University) and maintained as previously
described (33). Primary mouse embryonic fibroblasts (MEFs)
were kindly provided by Dr. Jerry Lingrel (University of Cincin-
nati) and were isolated from KLF2 wild-type and KLF2 null
embryos at embryonic day 11.5 as described previously (34).
Primary MEFs were immortalized by utilizing SV40 Large T
antigen (kindly provided by Dr. Diana Ramirez, Case Western
Reserve University). For hypoxic treatment, the cells were
transferred to a MIC-101 modular incubator chamber (Billups-
Rosenberg) that was flushed with 1% O,, 5% CO,, 94% N,,
sealed, and placed at 37 °C for the indicated time.

SiRNA-mediated Knockdown of KLF2—siRNA-mediated
knockdown of KLF2 was performed as previously described
(35). HUVECs were plated 1 day before transfection in antibi-
otic-free EBM-2 medium. On the day of transfection, 100 nmol/
liter of specific siRNA targeting human KLF2 or nonspecific
siRNA was incubated with Lipofectamine 2000 (Invitrogen) at

JULY 31, 2009+ VOLUME 284+NUMBER 31

Role of KLF2 in Hypoxia-mediated Angiogenesis

room temperature for 30 min before it was added to the
HUVECs in Opti-MEM (Invitrogen). 3 h later, the medium was
replaced by growth factor-starved EBM-2 and cultured for an
additional 48 h. The cells were exposed to hypoxia for the indi-
cated time and harvested for experiments. Pooled siRNA (four
individual duplex siRNA) against human KLF2 (catalog num-
ber M-006928-01), and the negative control-pool (catalog
number D-001206-13-20) were products of Dharmacon. The
sequences of siRNA are: 5'-GCACCGACGACCUCAA-3/,
5'-ACAUGAAACGGCACAUGUA-3’, 5-UGCUGGAGGC-
CAAGCCAAA-3', and 5'-ACCAAGAGUUCGCAUCUGA-
3'. Pooled siRNA against human VHL and control siRNA were
purchased from Santa Cruz.

Matrigel Angiogenesis Assay—All of the experiments were
performed using growth factor-reduced Matrigel at a concen-
tration of 1 mg/ml (BD Biosciences). 60 ul of Matrigel was
added to each well of a 96-well plate on ice and then placed in a
humidified incubator at 37 °C. HUVECs (2 X 10* cells/well)
infected with adenovirus were added to the Matrigel-coated
platesin a final volume of 200 ul. The cells were then exposed to
hypoxia or normoxia for 24 h and photographed with a Leica
EC3 photomicroscopic camera. Total tube length was deter-
mined by image analysis software (Image J; National Institutes
of Health).

Primary Endothelial Cell Isolation—Mouse primary lung
microvascular endothelial cells were isolated as previously
described (36). For Matrigel tube formation assays, 1 X 10° of
cells were plated on growth factor-reduced Matrigel (BD Bio-
sciences) and were exposed to normoxia or hypoxia for 16 h.
Quantification analysis was performed as described before.

Immunoprecipitation and Immunoblot Assays—For immu-
noprecipitation assays, 293T cells were transfected with the
indicated expression plasmids (HIF-1a, Hsp90, and KLF2)
using FUGENE 6 (Roche Applied Science) according to the
manufacturer’s protocol. 48 h later, the cells were exposed to
hypoxia for 4 h with treatment of MG132. The cells were lysed
in 50 mm Tris-HCI (pH 7.5), 150 mm NaCl, 0.1% Nonidet P-40,
1 mwm dithiothreitol, protease inhibitor mixture, sodium
orthovanadate, and sodium fluoride. To stabilize Hsp90 protein
interactions, 20 mM sodium molybdate was added. A total of 5
pg of antibody (anti-HIF-1a antibody, NB100 —105; Novus Bio-
logical) was incubated with 1 mg whole cell lysates overnight at
4. °C followed by incubation with protein A/G-agarose beads
(Santa Cruz) for 2 h at 4 °C. The beads were washed with phos-
phate-buffered saline four times, eluted in SDS sample buffer,
and subjected to SDS-PAGE. For immunoblot assays, the cells
were lysed in radioimmune precipitation assay buffer (Sigma)
and centrifuged at 14,000 rpm for 10 min at 4 °C. The cellular
lysates were subjected to SDS-PAGE followed by immunoblot
assays. Nuclear protein was extracted by use of NE-PER nuclear
and cytoplasmic extraction reagents according to the manufac-
turer’s protocol (Pierce). For HIF-1a detection, either primary
rabbit polyclonal anti-HIF-1la antibodies raised against the
COOH-terminal peptide (kindly provided by Dr. Faton Agani,
Case Western Reserve University) or BD Pharmingen’s mouse
monoclonal antibody was used, followed by secondary antibody
detection with enhanced chemiluminescence (Amersham Bio-
sciences). Anti-HIF-2a polyclonal antibody was purchased
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from Novus Biologicals. Anti-KLF2 polyclonal antibody was
provided by Dr. Ng (Genome Institute of Singapore). Anti-VHL
polyclonal antibody was purchased from Cell Signaling. Anti-
Hsp90 monoclonal antibody was purchased from Stressgen.
Anti-B-actin and anti-tubulin antibodies were purchased from
Santa Cruz and Sigma, respectively.

Animals—KLF2 heterozygous mice (generously provided by
Dr. Jeffry Leiden) were generated as previously described (25,
37). All of the animal studies were performed with littermate
controls. Animal care and procedures were performed accord-
ing to National Institutes of Health guidelines.

Brain Capillary Density—Immunocytochemical staining for
glucose transporter 1 (GLUT1) was performed to assess brain
microvascular density as previously described (38). Five-um-
thick sections were cut, deparaffinized, hydrated, and subjected
to antigen retrieval at 90 °C for 10 min using 0.01 M sodium
citrate buffer. Subsequently, sections were incubated with a
solution of 5% normal rabbit serum and 0.3% Triton X-100 in
phosphate-buffered saline, stained using goat polyclonal anti-
GLUT1 antibody (1:200, Santa Cruz) and a biotinylated sec-
ondary antibody (Vector Laboratories). Color detection was
carried out with the use of avidin-biotin horseradish peroxidase
solution, ABC kit, and the diaminobenzidine peroxidase sub-
strate kit (Vector Laboratories). Images from the cortex were
taken with the Leica AS LMD V4 laser microdissection micro-
scope with a 20X objective. Image J software was used to deter-
mine the number of GLUT1-positive capillaries/field. The
obtained values from several animals were averaged, and the
results were expressed, for each region, as the mean number of
capillaries/field = S.D.

ELISA—Human VEGF, IL-8, and angiopoietin-2 ELISA
kits were purchased from R & D Systems. For human IL-8,
angiopoietin-2, and VEGF, HUVECs were cultured in
EBM-2 with 5% fetal bovine serum (no other growth factors)
in 6-well plates and exposed to hypoxia for indicated times.
The supernatants were harvested and assayed for VEGF,
IL-8/CXCLS, and angiopoietin-2 by ELISA according to the
manufacturer’s instructions.

RNA Isolation, Northern Blot, and Quantitative Real Time
Transcription PCR—Total RNA was extracted with TRIzol
(Invitrogen) following the manufacturer’s instructions. Equal
amounts (10 ug) of total RNA were electrophoresed in 1.2%
agarose-formaldehyde gels and transferred to nylon mem-
branes. The membrane was then UV cross-linked, prehybrid-
ized with Quickhyb solution (Stratagene) containing salmon
sperm DNA, and then hybridized for 1 h at 68 °C with random
prime-labeled (Stratagene) DNA probes. Quantitative real time
PCR was performed in a Mx3005P real time PCR system (Strat-
agene), using Brilliant SYBR Green QPCR Master Mix (Strat-
agene), according to the manufacturer’s protocol. The specific
primers used in these reactions are as follows: human pre-
pro-adrenomedullin (forward 5'-AAGAAGTGGAATAAG-
TGGGCTCT-3'; reverse 5'-GGCCGAATAAGGGTCTGGG-
3’), human GLUT1 (forward 5'-CTTTTCTGTTGGGGGCA-
TGAT-3’; reverse 5-CCGCAGTACACACCGATGAT-3'),
human SDHA (forward 5'-TGGGAACAAGAGGGCATCTG-
3'; reverse 5'-CCACCACTGCATCAAATTCATG-3'), human
KLF2 (forward, 5'-TGCGGCAAGACCTACACCAAGAGT-
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FIGURE 1. A, regulation of KLF2 during hypoxia. HUVECs were exposed to
hypoxia (1% O.) for the indicated time. The cell were harvested and followed
by Western blot analysis as described under “Experimental Procedures.” A
representative blot is shown of three independent experiments. B, densito-
metric analysis of KLF2 expression levels was performed. *, p < 0.01.

3'; reverse, 5'-AGCCGCAGCCGTCCCAGTT-3’), human
KLF4 (forward, 5-ACCAGGCACTACCGTAAACACA-3;
reverse 5'-GGTCCGACCTGGAAAATGCT-3’), human KLF6
(forward 5'-GAGCCCTGCTATGTTTCACG-3’; reverse 5’-
CGGATTCCTCCTTTTTCTCC-3’), mouse KLF2 (forward,
5'-ACCAAGAGCTCGCACCTAAA-3’; reverse, 5'-GTGGC-
ACTGAAAGGGTCTGT-3'), mouse VEGF (forward, 5'-CCAC-
GTCAGAGAGCAACATCA-3'; reverse 5'-TCATTCTCTCTA-
TGTGCTGGCTTT-3'), and mouse 36B4 (forward, 5'-GCTC-
CAAGCAGATGCAGCA-3'; reverse 5'-CCGGATGTGAGG-
CAGCAG-3’). Relative levels of gene expression were
normalized to the SDHA or 36B4 gene, which are not regulated
by O, tension (39, 40), using the comparative C, method as
previously described (41).

Statistics—All of the results are shown as the means = S.D.
Two-tailed, unpaired Student’s ¢ test was used for comparison
of parameters. A p value of <0.05 was considered statistically
significant.

RESULTS

Regulation of KLF2 by Hypoxia—To understand the role of
KLF2 in hypoxia-mediated angiogenesis, we first performed a
time course study and assessed KLF2 regulation in endothelial
cells. HUVECs were exposed to hypoxia (1% O,) for 1, 4, 8, and
24 h, and cell lysates were assessed for HIF-la protein. As
shown in Fig. 1, HIF-1a protein expression was induced at 1 h
and peaked 8 h after hypoxic stimulation. KLF2 protein expres-
sion was transiently up-regulated by hypoxia at 1 h and subse-
quently returned to basal levels.

KLF2 Regulates Hypoxia-mediated Gene Induction—We
next explored whether KLF2 can regulate the expression of the
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FIGURE 2. KLF2 regulates hypoxia-mediated gene induction. A, effect of
KLF2 on IL-8 induction by hypoxia. HUVECs infected with control (Ad-GFP) or
KLF2 (Ad-K2) virus were exposed to normoxia (21% O,) or hypoxia (1% O,) for
24 h. Cells and culture media were harvested and followed by Northern blot
analysis and ELISA (n = 3), respectively (top left and top right panels). HUVECs
were transfected with siRNA targeting human KLF2 (siK2) or nonspecific
siRNA (NS). 48 h later, the cells were exposed to normoxia or hypoxia for an
additional 24 h (bottom left and bottom right panels). The cells and superna-
tants were collected and followed by Northern blot and ELISA (n = 3), respec-
tively. Representative Northern blots are shown of three independent
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hypoxia-responsive gene using both overexpression and knock-
down studies (supplemental Fig. S1, A and B) and assessed the
effect of KLF2 on hypoxia-mediated gene induction. IL-8 is a
potent proangiogenic factor that is regulated by hypoxia. To
study the effect of KLF2 on IL-8 mRNA expression and secre-
tion, HUVECs were infected with control (Ad-GFP) or KLF2
(Ad-K2) virus and subsequently exposed to normoxia (21% O,)
or hypoxia (1% O,) for 24 h. The cells and culture media were
harvested and subjected to Northern blot analysis and ELISA,
respectively. As shown in Fig. 24 (top left panel), KLF2 overex-
pression inhibits both basal and hypoxia-induced IL-8 mRNA
expression. Consistent with this observation, ELISA revealed
that KLF2 inhibited IL-8 protein secretion from HUVECs (Fig.
2A, top right panel). Next, HUVECs were transfected with non-
specific or specific siRNA targeting human KLF2 (siK2) for 48 h
followed by treatment with hypoxia for an additional 24 h.
Northern blot analysis revealed that knockdown of KLF2
enhanced hypoxia-induced IL-8 mRNA expression (Fig. 24,
bottom left panel) and secretion (Fig. 24, bottom right panel).
These observations suggest that KLF2 levels modulate expres-
sion of angiogenic factors during hypoxia. We then examined
the effect of KLF2 on other hypoxia-regulated factors such as
angiopoietin-2, VEGF, adrenomedullin, and GLUT1. As shown
in Fig. 2 (B and C, left panels), KLF2 overexpression inhibited
the hypoxia-mediated secretion of both angiopoietin-2 and
VEGE. Conversely, knockdown of KLF2 in HUVECs resulted in
enhanced secretion of angiopoietin-2 and VEGF in response to
hypoxia (Fig. 2, B and C, right panels). Real time PCR revealed
that KLF2 inhibited hypoxic induction of prepro-ad-
renomedullin and GLUT1 mRNA expression in endothelial
cells (Fig. 2, D and E, left panels). Conversely, knockdown of
KLF2 resulted in enhanced mRNA levels of adrenomedullin
and GLUT1 in response to hypoxia (Fig. 2, D and E, right pan-
els). Taken together, these findings indicate that KLF2 nega-
tively regulates expression of genes involved in both hypoxia-
mediated angiogenesis and hypoxia adaptive metabolism.
KLF2 Regulates Angiogenesis under Hypoxic Conditions—Be-
cause KLF2 inhibits the expression of hypoxia-inducible angio-
genic genes, we next sought to study the effect of KLF2 levels on
endothelial tube formation on Matrigel. HUVECs infected with
control (Ad-GFP) or KLF2 (Ad-K2) virus were plated on Matri-
gel and subject to hypoxia (1% O,) for 24 h. As shown in Fig. 3 (4
and B), KLF2 overexpression significantly inhibited hypoxia-
induced endothelial tube formation. Subsequently, we at-
tempted to study the effect of siRNA-mediated knockdown of
KLF2 on endothelial tube formation. However, we found

experiments. B, effect of KLF2 on angiopoietin-2 secretion by hypoxia.
HUVECs were treated as described above, and culture media were subjected
to ELISA (n = 6). C, effect of KLF2 on VEGF secretion in response to hypoxia.
HUVECs infected with indicated virus or transfected with indicated siRNA
were exposed to hypoxia for 6 h. The supernatants were collected, and VEGF
secretion levels were determined by ELISA (n = 6). D, effect of KLF2 on prepro-
adrenomedullin mRNA expression. HUVECs infected with indicated virus or
transfected with indicated siRNA were exposed to hypoxia for 24 h. The cells
were harvested, and RNA was isolated followed by real time PCR (n = 3).
E, effect of KLF2 on GLUT1 mRNA expression during hypoxia. HUVECs infected
with indicated virus or transfected with indicated siRNA were exposed to
hypoxia for 24 h. GLUT1T mRNA levels were assessed by real time PCR (n = 3).
*'p<0.01.
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FIGURE 3. Effect of KLF2 on hypoxia-mediated angiogenesis in vitro and in vivo. A, HUVECs were infected with indicated virus for 24 h. Then the cells
were plated on Matrigel and were exposed to normoxia or hypoxia (1% O,) for 24 h as described under “Experimental Procedures.” Representative
pictures of three independent experiments are shown. B, every well was divided into three different parts, and the length of tubes was measured in each
part using Image J software (n = 6).*, p < 0.01. C, primary microvascular endothelial cells isolated from KLF2 wild-type (KLF2™/*) or KLF2 heterozygous
(KLF2*/7) mice were plated on Matrigel and exposed to normoxia or hypoxia for 24 h. D, quantification analysis was performed as described under
“Experimental Procedures” (n = 4).*, p < 0.01. E, KLF2 mRNA expression is down-regulated in KLF2"/~ endothelial cells (top). VEGF mRNA expression is
up-regulated in KLF2*/~ endothelial cells (bottom). *, p < 0.01. KLF2 and VEGF mRNA levels in KLF2*/* or KLF2*/~ endothelial cells were determined by
real time PCR (n = 4). F, KLF2 wild-type and KLF2 heterozygous (8 weeks old, littermates) mice were sacrificed, and the brains were harvested.
Immunostaining for GLUT1 was performed in brain cortex. Representative pictures are shown in the left panel. G, quantification analysis was performed
as described under “Experimental Procedures” (n = 3).

knockdown of KLF2 (more than 80% knockdown) following
exposure to hypoxia inhibited tube formation caused by loss of
cellular viability, whereas knockdown of KLF2 did not increase
cell death in regular tissue culture conditions. A significant
body of evidence suggests that KLF2 is necessary for cell viabil-
ity under pro-angiogenic conditions (25, 42, 43) and that signif-
icant reductions in KLF2 levels may render the endothelial cell
incapable of tube formation under hypoxic conditions. Given
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this limitation with Matrigel tube formation assays using
siRNA-mediated KLF2 knockdown, we next performed tube
formation assays using primary lung microvascular endothelial
cells from mice with haploinsufficiency of KLF2 (37). As shown
in Fig. 3 (C-E), hemizygous deficiency of KLF2 resulted in
increased VEGF expression and enhanced tube formation on
Matrigel in response to hypoxia. To extend these observations
in vivo, we next studied angiogenesis in KLF2 heterozygous
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FIGURE 4. Effect of KLF2 on HIF-1« protein expression. A, overexpression
of KLF2 inhibits HIF-1a expression in response to hypoxia. HUVECs were
infected with indicated virus and were exposed to normoxia or hypoxia (1%
0,) for 4 h. The cell lysates were harvested and subjected to Western blot
analysis. Representative blots of three independent experiments are shown.
B, siRNA-mediated KLF2 knockdown enhances HIF-1« induction by hypoxia.
HUVECs were transfected with indicated siRNA. 48 h later, the cells were stim-
ulated with hypoxia (1% O,) for 2 h. Representative blots of three independ-
entexperiments are shown. C, deficiency of KLF2 accelerated HIF-1a accumu-
lation in response to hypoxia. Immortalized MEFs isolated from KLF2
wild-type (WT) or KLF2 null (KO) embryos were exposed to hypoxia (1% O,) for
2 h. Nuclear extracts were isolated and followed by Western blot. Represent-
ative blots of three independent experiments are shown.

mice. Because brain parenchyma is known to be a low oxygen
microenvironment (PtO, 15-30 Torr) (44), we assessed num-
bers of microvessels in cerebral tissue sections from KLF2 het-
erozygous mice versus wild-type littermates. Consistent with
our in vitro findings, KLF2 heterozygous mice showed
increased numbers of microvessels in the cerebral cortex (Fig.
3, Fand G), suggesting that KLF2 deficiency promotes hypoxia-
mediated angiogenesis in vivo.

KLF2 Inhibits HIF-1oe Accumulation in Response to Hypoxia—
Because KLF2 regulates the hypoxia-mediated angiogenic
response in endothelial cells, we next explored whether KLF2
has a role in regulating HIF-1a. Because we found a modest
effect of KLF2 on HIF-1ae mRNA expression in endothelial cells
(data not shown), we hypothesized that KLF2 regulates HIF-1a
levels mainly through affecting its protein stability. HUVECs
infected with control (Ad-GFP) or KLF2 (Ad-K2) virus were
exposed to hypoxia (1% O,) for 4 h, and lysates were subjected
to Western blot analysis. As shown in Fig. 44, KLF2 signifi-
cantly blunted the hypoxia-induced accumulation of HIF-1«
protein but did not alter HIF-2« (Fig. 44) and HIF-1 expres-
sion (data not shown). Similarly, KLF2 inhibited HIF-1a but not
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HIF-2a protein expression in human microvascular endothelial
cells (supplemental Fig. S2). We then tested the effects of KLF2
deficiency using both siRNA knockdown in HUVEC (Fig. 4B)
and KLF2 null MEF cells (Fig. 4C and supplemental Fig. S1C). In
these two settings, we observed enhanced HIF-1a and levels
under both normoxia and hypoxia. Taken together, these data
demonstrate that KLF2 directly regulates HIF-1« protein levels
in cultured endothelial cells.

KLF2-mediated HIF-1a Degradation Is Independent of VHL
and p53 but Mediated by the Proteasome System—To further
understand the mechanisms by which KLF2 decreases
HIF-1a protein levels, we examined whether this effect is
dependent on either VHL (an E3 ligase for HIF-1«a) or the
proteasome system. For the former, we used RCC4 VHL ™/~
cells, which express HIF-1a constitutively (31). As expected,
KLF2 overexpression inhibited hypoxia-induced accumula-
tion of HIF-1a in RCC4 VHL™"'™ cells (Fig. 5A, left panel).
Interestingly, KLF2 overexpression also inhibited HIF-1«
protein expression in VHL ™/~ cells both under normoxic
and hypoxic conditions (Fig. 5A, right panel). We next inves-
tigated whether KLF2 can promote HIF-1« protein degrada-
tion in the absence of VHL in endothelial cells. As expected,
siRNA-mediated knockdown of VHL resulted in an induc-
tion of HIF-1a protein under normoxic conditions. Intrigu-
ingly, KLF2 inhibited HIF-loo protein expression in the
absence of VHL under normoxic and hypoxic conditions
(Fig. 5B). These data indicate that KLF2 promotes HIF-1a
degradation in a VHL-independent fashion.

The rapid degradation of HIF-1a in normoxia requires
VHL-mediated ubiquitination to target HIF-1« for protea-
somal degradation. Given the ability of KLF2 to promote
HIF-1a degradation independent of VHL, we next assessed
whether this effect was dependent on ubiquitin conjugation
itself (possibly by an alternative E3 ligase). We utilized Ts20
cells, which lose the ability to ubiquitinate proteins in the
setting of hyperthermia because of the presence of a temper-
ature-sensitive ubiquitin-activating enzyme, E1(32). In these
cells, elevation of the temperature to 39 °C deactivates E1,
leading to inhibition of ubiquitination and accumulation of
HIF-1a, even under normoxic conditions. We adenovirally
overexpressed KLF2 in Ts20 cells and cultured the cells at
35°C (E1 active) and 39 °C (E1 inactive) under normoxia.
Fig. 5C shows that in Ts20 cells cultured at 39 °C, HIF-1«
was induced as expected. Interestingly, KLF2 inhibited
HIF-1a induction in the absence of E1 enzyme activity. This
indicates that the ubiquitin system is not an absolute
requirement for the proteasomal degradation of HIF-1a by
KLF2. We then explored the role of the proteasome system
in KLF2-induced HIF-1a degradation by use of pharmaco-
logic proteasome inhibitors. Fig. 5D shows that MG132 res-
cued HIF-1a degradation by KLF2. Furthermore, similar res-
cue was observed using highly specific proteasome inhibitors
lactacystin and N-acetyl-leucyl-leucyl-norleucinal but not
by Z-Leu-Leu-CHO (a calpain inhibitor).

Because p53 has also been implicated in the degradation of
HIF-1a (45), we overexpressed KLF2 in HCT 116 p53™/™"
and p53~/" cells. As shown in Fig. 5E, KLF2 inhibited
hypoxic induction of HIF-1a protein in both p53*/* and
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cells were infected with control (Ad-GFP) or KLF2 (Ad-K2) virus for 48 h. Then the cells were exposed to normoxia or hypoxia (1% O,) for 4 h. The cell lysates were
extracted and subjected to Western blot. Representative blots of three independent experiments are shown. B, KLF2 inhibits HIF-1« protein expression in a
VHL-independent fashion in endothelial cells. HUVECs transfected with siRNA against VHL were infected with indicated virus for 24 h. Then the cells were
exposed to normoxia and hypoxia (1% O,) for 4 h. Representative blots of three independent experiments are shown. C, ubiquitin is not absolutely required for
KLF2-mediated HIF-1« degradation. Thermo-sensitive E1-deficient cells (Ts 20 cells) were infected with indicated virus for 48 h and were cultured at indicated
temperature for an additional 24 h. The cell lysates were subjected to Western blot analysis. Representative blots of three independent experiments are shown.
D, proteasome inhibitors rescue KLF2-mediated HIF-1a degradation. HUVECs infected with indicated virus were exposed to normoxia or hypoxia (1% O,) for
4 hin the absence or presence of proteasome inhibitors (MG, MG132 5 um; AL, N-acetyl-leucyl-leucyl-norleucinal 30 wm; LCT, lactacystin 2 um). Z-Leu-Leu-CHO
(Z-L, 50 um) was used as a negative control. Representative blots of three independent experiments are shown. £, HCT116 p53 wild-type (™) or deficient (/")
cells were infected with indicated virus for 48 h. The cells were exposed to normoxia or hypoxia (1% O,) for 4 h. The cell lysates were extracted and subjected
to Western blot analysis. Representative blots of three independent experiments are shown (upper panel). Densitometric analysis of HIF-1a expression levels
was performed (lower panel). *, p < 0.01 (compared with lane 2); **, p < 0.01 (compared with lane 6).

p537/" cells, suggesting that KLF2 does not require p53 to
promote HIF-1a degradation. Taken together, these find-
ings indicate that KLF2-mediated HIF-la degradation is
independent of VHL, ubiquitin ligation, and p53 pathways
but remains proteasome-dependent.

KLF2 Disrupts the Interaction Between HIF-1o and Hsp90—
Newly synthesized HIF-1a protein is known to bind Hsp90
(46), which serves as HIF-1a chaperone. Because HIF-1a is a
known Hsp90 client protein, we investigated the effect of KLF2
on the interaction between HIF-1a and Hsp90. We transfected
293T cells with expression plasmids for Hsp90, HIF-1«, and
KLF2. The cells were exposed to hypoxia for 4 h with treatment
of MG132 to reverse HIF-1a protein degradation by KLF2.
Immunoprecipitation with anti-HIF-1« antibody and Western
blot with an antibody against Hsp90 showed that KLF2 overex-
pression inhibited the ability of HIF-1« to form a complex with
Hsp90 (Fig. 6A). Furthermore, we verified this effect on endog-
enous protein in RCC4 VHL-deficient cells. These cells were
infected with control (Ad-GFP) or KLF2 (Ad-K2) virus and
were exposed to hypoxia for 4 h in the absence of MG132.
Endogenous HIF-1a was immunoprecipitated, and Western
blotting with anti-Hsp90 antibody revealed that KLF2 overex-
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pression also disrupted the endogenous HIF-1a/Hsp90 com-
plex (Fig. 6B). These findings suggest that KLF2 promotes deg-
radation of HIF-1a by disrupting its ability to interact with the
Hsp90 chaperone complex, thereby affecting its folding and
maturation.

DISCUSSION

HIF-1a is a transcriptional regulator that is a central regula-
tor of the cellular response to hypoxia. By inducing expression
of angiogenic factors, it triggers the neovascularization of tis-
sues under physiologic and pathologic conditions. In this study,
we provide evidence that KLF2 is a novel regulator of HIF-1a
expression and function.

KLF2 has been implicated as an anti-angiogenic factor by its
ability to inhibit VEGF-mediated angiogenesis. However, the
current study is the first to report the role of KLF2 in hypoxia-
mediated angiogenesis and HIF-1e signaling. We found KLF2
is transiently up-regulated at 1 h after hypoxic treatment. Given
the ability of KLF2 to inhibit HIF-1« expression and function,
early induction of KLF2 by hypoxia may reflect an acutely pro-
tective effect of KLF2 against hypoxia and a potentially
unchecked angiogenic response.
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FIGURE 6. KLF2 disrupts the interaction between HIF-1« and Hsp90, a
chaperone of HIF-1a. A, 293T cells were transfected with pcDNA3 or
pcDNA3-KLF2 (K2) as well as Hsp90 and HIF-1 overexpression plasmid. 48 h
later, the cells were stimulated by hypoxia (1% O,) for 6 h in the presence of
MG132 (5 um). The cell lysates were immunoprecipitated (/P) by anti-HIF-1«
antibody. The precipitate was immunoblotted (/B) with anti-HIF-1« and anti-
Hsp90 antibodies. B, RCC4 VHL deficient cells were infected with indicated
virus for 48 h. Then the cells were exposed to hypoxia (1% O,) for 6 h in the
absence of MG132 (5 um). The cell lysates were immunoprecipitated by anti-
HIF-1a antibody, and the precipitates were immunoblotted with anti-HIF-1«
and anti-Hsp90 antibodies.

Tube formation assay demonstrated that KLF2 potently
inhibits hypoxia-mediated angiogenesis. To determine the
effect of systemic deficiency of KLF2 on angiogenesis during
hypoxia, we studied brain capillary density in KLF2 wild-type
and heterozygous mice because brain tissue represents a rela-
tively low oxygen microenvironment (15-30 Torr) (44). Our
observation of increased brain capillary density in KLF2 het-
erozygous mice indicates that KLF2 negatively regulates angio-
genesis during hypoxia. These observations indicate that KLF2
is a negative regulator of hypoxia-mediated angiogenesis in
vitro and in vivo.

HIF-1 activates gene expression through binding hypoxic
responsive elements on target promoters. In addition to the
HIF-1-dependent mechanisms, there are also HIF-1-independ-
ent mechanisms involved in hypoxia-mediated gene induction.
For example, IL-8 is known to be activated through the NF-«B
pathway as well as the HIF-1-dependent pathway under
hypoxic conditions (15). We have previously demonstrated that
KLF2 exerts NF-kB function through inhibiting co-activator
recruitment (26, 47). As such, we speculate that KLF2 may exert
its anti-angiogenic effects in both HIF-1a-dependent and HIF-
la-independent manners (e.g. by effects on NF-«kB). Under-
standing how KLF2 modulates these parallel hypoxic signaling
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pathways and their relative roles in angiogenesis will be of sig-
nificant interest.

VHL functions as an E3 ligase and plays an important role in
HIF-1 degradation under normoxic conditions. Interestingly,
KLF2 promoted HIF-1a degradation in a VHL-independent
manner. In addition, HIF-1a degradation under normoxic con-
ditions is regulated by Hsp90, a molecular chaperone that pro-
tects client proteins from misfolding and degradation. Hsp90
binds to the HIF-1a PAS domain, and the Hsp90 inhibitors
geldanamycin and 17-allylaminogeldanamycin induce protea-
somal degradation of HIF-1a even in VHL-deficient cells (48 —
51). In addition to Hsp90 inhibitors, several other factors pro-
mote VHL-independent HIF-1a degradation. Trichostatin A,
FK506, and cyclosporin A have been shown to promote HIF-1«
degradation in ubiquitin/VHL-independent pathway (52, 53).
Furthermore, trichostatin A has been shown to disrupt the
interaction between Hsp90 and HIF-1« (52). A recent report
demonstrated that RACK1 (receptor of activated protein kinase
C), a HIF-1a-interacting protein, promotes VHL-independent
proteasomal degradation of HIF-1a by competing with Hsp90
for binding to HIF-1« (54). We tested whether KLF2 interacts
with Hsp90 or HIF-1a but were unable to show clear interac-
tion with KLF2 (data not shown), suggesting that KLF2 does not
disrupt the interaction between HIF-1a and Hsp90 through
competing with Hsp90 for binding HIF-1a. KLF2 may affect
effectors of Hsp90 function because KLF2 does not alter
Hsp90 expression and does not interact with Hsp90 itself
(data not shown). Further studies will be interesting to elu-
cidate the mechanism underlying this observation. p53 pro-
motes Mdm2-mediated ubiquitination and proteasomal
degradation (45). Our results in p53~/~ cells and E1-defi-
cient cells both suggest that KLF2 functions in a p53-inde-
pendent manner and likely does not involve Mdm2 or other
ubiquitin ligases. Given that a number of tumors are p53- or
VHL-deficient, the observation that KLF2 can inhibit
HIF-1a independent of these factors may provide novel
insights into anti-angiogenic cancer therapy.

In summary, we demonstrate here for the first time that
KLF2 is a novel inhibitor of HIF-la and the angiogenic
response. Given the central role of KLF2 in endothelial cell
biology, further elucidation of its precise role in the molecular
regulation of angiogenesis will be a critical step in the novel
therapies for cardiovascular disease, cancer, and diabetes.
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