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University of Zürich, CH-8057 Zürich, Switzerland

Cells are responding to hypoxia via prolyl-4-hydroxylase
domain (PHD) enzymes, which are responsible for oxygen-de-
pendenthydroxylationof thehypoxia-inducible factor (HIF)-1�
subunit. To gain further insight into PHD function, we gener-
ated knockdown cell models for the PHD2 isoform, which is the
main isoform regulating HIF-1� hydroxylation and thus stabil-
ity in normoxia. Induction of a PHD2 knockdown in tetracy-
cline-inducible HeLa PHD2 knockdown cells resulted in in-
creased F-actin formation as detected by phalloidin staining. A
similar effect could be observed in the stably transfected PHD2
knockdown cell clones 1B6 and 3B7. F-actin is at least in part
responsible for shaping cell morphology as well as regulating
cell migration. Cell migration was impaired significantly as a
consequence of PHD2 knockdown in a scratch assay. Mecha-
nistically, PHD2 knockdown resulted in activation of the
RhoA (Ras homolog gene family member A)/Rho-associated
kinase pathway with subsequent phosphorylation of cofilin.
Because cofilin phosphorylation impairs its actin-severing
function, this may explain the F-actin phenotype, thereby
providing a functional link between PHD2-dependent signal-
ing and cell motility.

In response to hypoxia, cells are initiating a hypoxia-induc-
ible gene expression program. Genes that are expressed in an
oxygen-dependent manner are involved in pH-regulation,
anaerobic metabolism, erythropoiesis, angiogenesis, etc. to
support cellular adaptation toward the oxygen-deprived condi-
tions (1). Most of the hypoxia-inducible genes are transcrip-
tionally regulated by the hypoxia-inducible factor-1 (HIF-1).3

HIF-1 is a heterodimeric complex; whereas the HIF-1� subunit
is constitutively expressed, the stability of the HIF-1� subunit
depends on the oxygen availability (2). The oxygen-dependent
stability of HIF-1� is mediated by proline hydroxylation (3–5).
Hydroxylated HIF-1� is recognized by the von Hippel-Lindau
protein, which targets it for polyubiquitination and proteaso-
mal degradation.
The HIF-1� hydroxylation reaction is facilitated by three

prolyl-4-hydroxylase domain (PHD) enzymes (6–8). PHD1–3
are members of the oxoglutarate-dependent dioxygenase fam-
ily (9). Although in vitro, all three PHDs are able to hydroxylate
HIF-1�, their in vivo functions seem to differ as indicated by the
recently described PHD knock-out models (10–12). This may
be explained partly by their different tissue-specific expression
patterns (13–15). Moreover, PHD2 is deeply involved in the
normoxic degradation of HIF-1�, whereas PHD3 mediates
hydroxylation of HIF-1� mostly during hypoxia, which is
mainly due to the drastic hypoxic induction of PHD3 (16). This
ensures a negative feedback regulation, which limits the
hypoxic accumulation of HIF-1� (17).
In addition to their differential involvement in theHIF-signal

transduction pathway, there is increasing evidence for PHD-
dependent functions that are unrelated to HIF. For PHD1,
PHD2 and PHD3 a regulation of the I�B kinase, the large sub-
unit of RNA polymerase II and ATF-4 has been suggested,
respectively (18–20). A recently described iTRAQ proteome
approach has additionally led to the suggestion that proteins
related to the cytoskeleton are regulated as a function of PHD2
(21).
We have described recently a tetracycline (Tet)-inducible

PHD2 knockdown HeLa cell model, which was used for identi-
fying PHD2-dependent effects (22). In these cells, we now dis-
covered a PHD2-dependent formation of filamentous (F)-actin
polymers, which subsequently led to the identification of the
impact of PHD2 on the RhoA/cofilin pathway.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—The establishment and charac-
terization of the Tet-inducible PHD2 knockdown cell line
2.1.1-16 by stable transfection of HeLa T-Rex cells (Invitrogen)
was described recently (22). For generating the 2.1.1-16 cell
line, the following shRNA sequences were used: shPHD2.1
(forward), 5�-GGACTGGAAGAAGCACAAGCTTTCAA-

* This work was supported by grants from the Deutsche Forschungsgemein-
schaft (Ka1269/9-1) and the Wilhelm Sander Stiftung (Project 2008.062.1)
(to D. M. K.). This work was performed as collaborative project within the
COST Action TD0901 “HypoxiaNet.”

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: Dept. of Cardiovascular

Physiology, Georg-August University Göttingen, Humboldtallee 23,
D-37073 Göttingen, Germany. Tel.: 49-0-551-399778; Fax: 49-0-551-
395895; E-mail: katschinski@physiol.med.uni-goettingen.de.

3 The abbreviations used are: HIF-1, hypoxia-inducible factor-1; DMOG,
dimethyl oxaloyl glycine; F-actin, filamentous actin; PIPES, 1,4-pipera-
zinediethanesulfonic acid; G-actin, globular actin; CHAPS, 3-[(3-cholami-
dopropyl)dimethylammonio]-1-propanesulfonic acid; PHD, prolyl-4-hy-
droxylase domain enzyme; ROCK, Rho-associated kinase; Tet, tetracycline;
Cof-1, cofilin-1.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 44, pp. 33756 –33763, October 29, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

33756 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 44 • OCTOBER 29, 2010



GAGAAGCTTGTGCTTCTTCCAGTCC-3� and shPHD2.1
(reverse), 5�-GGACTGGAAGAAGCACAAGCTTCTCTTG-
AAAGCTTGTGCTTCTTCCAGTCC-3�. To obtain HeLa
cells, which constitutively express a PHD2 shRNA targeting
human PHD2 or a nontargeting control shRNA, pLKO.1-puro
silencer plasmids encoding the respective shRNA sequence
driven by the U6 promoter (Sigma) were used (PHD2 TRCN
#1045 (forward), 5�-CCGGTGGAGATGGAAGATGTGT-
GACCTCGAGGTCACACATCTTCCATCTCCATTTTT-3�;
PHD2 TRCN #1045 (reverse), 5�-AAAAATGGAGATGGAA-
GATGTGTGCCTCGAGGTCACACATCTTCCATCTCCA-
CCGG-3�). For lentiviral transfection, viral particles were pro-
duced in HEK293T cells using the ViraPower lentiviral
expression systemaccording to themanufacturer’s instructions
(Invitrogen). Cells were treated with 5 �g/ml puromycin
(Invitrogen) for selection of cells with successful integration of
the plasmid. After subcloning, two independent PHD2 knock-
down clones, i.e. 1B6 and 3B7, and one control shRNA express-
ing clone were successfully established. For lentiviral retrans-
fection of PHD2 WT, an enzymatically inactive PHD2 variant
(H131A/D315A (23)) or as a control of GFP in HeLa WT
and 3B7 cells pLenti6.2/V5-PHD2 WT, pLent6.2/V5-PHD2
H131A/D315A and pLenti6.2/GW/EmGFP were used, respec-
tively. Pools of clones were derived by blasticidin (Invitrogen; 5
�g/ml) selection and analyzed for effective PHD2 or GFP over-
expression by immunoblotting or FACS analyses, respectively.
A549 cells were obtained from Professor Dr. G. Wulff

(Department of Oncology, Georg August University Göttin-
gen). Cells were cultivated in high glucose modified Eagle’s
medium containing 10% Tet-free fetal calf serum (Biochrom),
50 units/ml penicillin G, and 50 �g/ml streptomycin (Pan Bio-
tech, Aidenbach, Germany) in a humidified 5% CO2, 95% air
atmosphere at 37 °C.
For hypoxic conditions, O2 levels were decreased to 1% with

N2 in an in vivo 400 work station (IUL Instruments GmbH,
Königswinter, Germany). In some experiments, cells were
treated with 10 �g/ml Tet (Sigma-Aldrich), 1 mM DMOG
(Alexis) or 10�MY-27632 (BioaffinGmBHCoKG,Kassel, Ger-
many) for the indicated time periods.
Scratch Assay—For scratch assays, cells were seeded in six-

well plates until they reached �80% cell density. Using a sterile
200-�l pipette tip, the cell layer was scratched in each well to
create a cleared line. Before and at different time points after
creating the scratch, it was photographed. The cell-free area
was determined using an automatic software-assisted image
analysis (S.CORE, S.CO LifeScience GmBH).
Gene Silencing by RNAi—The following stealth RNAi

(Invitrogen) sequences were used: PHD2 siRNA (forward), 5�-
GGACGAAAGCCAUGGUUGCUUGUUA-3�; PHD2 siRNA
(reverse), 5�-UAACAAGCAACCAUGGCUUUCGUCC-3�;
PHD3 siRNA (forward), 5�-GCUAUCCGGGAAAUGGAAC-
AGGUUA-3�; PHD3 siRNA (reverse), 5�-UAACCUGUUCCA-
UUUCCCGGAUAGC-3�; HIF-1� siRNA (forward), 5�-AGCC-
AUUUACAUAAUAUAGAA-3�; and HIF-1� siRNA (reverse),
5�-UUCUAUAUUAUGUAAAUGGCU-3�. AllStars nontar-
geting control siRNA was obtained from Qiagen. HeLa and
A549 cells were transfected with 80 nM siRNA using Lipo-
fectamine 2000 (Invitrogen).

Phalloidin Staining—Cells were grown on coverslips. For
phalloidin staining, cells were fixed with 3.7% paraformalde-
hyde for 10min. Subsequently, cells were washed with PBS and
incubated with 0.1% Triton X-100 for 5 min. After washing,
nonspecific binding was blocked by incubation of cells with
blocking solution (1% BSA in PBS) for 20 min. Afterward, cells
were incubated with 0.165 �M phalloidin-Alexa Fluor 488
(Invitrogen) for 20min in the dark. Cells were analyzed by fluo-
rescencemicroscopy (AxioObserverD1, Carl Zeiss, Göttingen,
Germany).
Analysis of F/G-actin Content—F-actin content compared

with the amount of G-actin was determined using the G/F-
actin in vivo assay kit (Cytoskeleton, Inc.) according to theman-
ufacturer’s instructions. In brief, cells were homogenized in
lysis buffer and F-actin stabilization buffer (50 mM PIPES, pH
6.9, 50 mM KCl, 5 mM MgCl2, 5 mM EGTA, 5% (v/v) glycerol,
0.1% Nonidet P-40, 0.1% Triton X-100, 0.1% Tween 20, 0.1%
2-mercapto-ethanol, and 0.001% AntifoamC plus protease
inhibitor mixture) followed by centrifugation for 1 h at
100,000 � g at 37 °C to separate the F-actin from the G-actin
pool. The pellets containing the F-actin were resuspended in
hot SDS-sample buffer. The supernatants containing the G-ac-
tin were likewise collected. Equal amounts of both the superna-
tant (G-actin) and the resuspended pellet (F-actin) were sub-
jected to Western blotting with the use of an anti-actin
antibody.
Protein Extraction and Immunoblot Analyses—Cells were

lysed in 8 M urea and 1% CHAPS. Subsequently, lysates were
treated with ultrasound (SONOPLUS HD 2070, Bandelin
GmbH, Berlin, Germany). Protein concentrations were deter-
mined by the Bradford method using BSA as a standard. For
immunoblot analysis, protein extracts were electrophoresed
through SDS-polyacrylamide gels and electrotransferred onto
nitrocellulosemembranes (AmershamBiosciences) by semidry
blotting (PeqLab, Erlangen, Germany). For detection of specific
proteins, the following primary and secondary HRP-labeled
antibodies were used: anti-HIF-1� (catalog no. 610959, Trans-
duction Laboratories), anti-Ser3 phospho-cofilin (catalog no.
sc-12912-R, Santa Cruz Biotechnology), anti-cofilin (catalog
no. ab42824,Abcam), anti-PHD2 (NB100–137,NovusBiologi-
cals), anti-PHD3 (NB 100-303, Novus Biologicals), anti-�-actin
(catalog no. A5441, Sigma), anti-RhoA (catalog no. sc-418,
Santa Cruz Biotechnology), anti-ROCK1 (catalog no. sc-5560,
Santa Cruz Biotechnology), HRP-labeled anti-mouse (catalog
no. sc-2005, Santa Cruz Biotechnology), and HRP-labeled
anti-rabbit (catalog no. sc-2004, Santa Cruz Biotechnology).
Chemiluminescence detection of horseradish peroxidase was
performed by incubation of the membranes with 100 mM Tris-
HCl, pH 8.5, 2.65 mM H2O2, 0.45 mM luminol, and 0.625 mM

coumaric acid for 1 min followed by detection of chemilumi-
nescence signals using the LAS3000 (Fuji).
GTPRhoAActivityAssay—RhoAactivationwasmeasured by

the quantification of GTP-bound RhoA using the G-LISATM

RhoA activation biochem kit according to the manufacturer’s
recommendations (Cytoskeleton).
ROCK Activity Assay—Rho-associated kinase (ROCK) activ-

itywas determined using a commercially available kit according
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to the manufacturer’s recommendations (MBL International,
Woburn, MA).
StatisticalAnalyses—The statistical analyseswere performed

using Student‘s two-tailed t test. Data are shown as means �
S.E. Values of p � 0.05 were considered statistically significant.

RESULTS

Changes in Actin Filament Formation and Cell Migration as
a Consequence of PHD2 Knockdown—We have recently estab-
lished the 2.1.1-16 cells, which constitutively express a Tet-
inducible PHD2 shRNA (22). Addition of Tet to the cell culture
medium results in a significant down-regulation of PHD2 pro-
tein levels (Fig. 1A). To exclude shRNA-unrelated, Tet-induci-
ble effects, we performed all experiments additionally in the
parental HeLa T-Rex wild type cells, which have a Tet-inde-
pendent PHD2 expression. Furthermore, we established the
PHD2 knockdownHeLa cell clones 1B6 and 3B7, which express
constitutively a PHD2 shRNA resulting in decreased PHD2
protein levels (Fig. 1B). HeLa cells, expressing a nontargeting
control shRNAwere produced simultaneously and used as suit-
able control cells.
Actin microfilaments, which form a three-dimensional

cytoskeletal network throughout the cell, are shaping cell mor-
phology via continuous remodeling (24). After having gener-
ated the PHD2 knockdown cell models, we noticed that the
cytoskeletal arrangement of actin filaments was changed as a
consequence of the PHD2 knockdown. Individual G-actin sub-

units can assemble into long filamentous polymers called F-ac-
tin. These linear polymers of actin subunits are at least in part
responsible for cell morphology. We performed fluorescent
phalloidin staining as to investigate the distribution of F-actin
in cells. Phalloidin binds specifically at the interface between
F-actin subunits, locking adjacent subunits together (25).
Induction of the PHD2 knockdown by treating 2.1.1-16 cells
with Tet resulted in a rearrangement of the actin cytoskeleton
with more prominent F-actin (Fig. 1C). Treating HeLa T-Rex
cells with Tet excluded a Tet-inducible nonspecific effect,
because in these cells, no Tet-induced F-actin accumulation
was detectable. Similar prominent phalloidin-stained F-actin
was detected in the PHD2knockdown1B6 and 3B7 cells but not
in the wild type or shRNA control cells (Fig. 1D).
Cell migration appears to be tightly coupled to actin assem-

bly (26). Cells with dysregulated F-actin formation have defects
in their migration abilities (27). Therefore, we tested whether
knockdown of PHD2 indeed affects cell migration. To this end,
confluent 2.1.1-16 and HeLa T-Rex cells were subjected to a
scratch assay tomonitor cell motility. Cells were scraped with a
pipette tip to create a cell-free area, and images were captured
at the beginning and subsequent regular intervals. The cell-free
area was determined and analyzed as a marker for wound heal-
ing/cell migration activity. A significantly decreased closure of
the cell free areawas seen as a consequence of the PHD2 knock-
down in the 2.1.1-16 cells (Fig. 2, A and B) as well as in the 1B6
and 3B7 cells (Fig. 2, C and D). In this regard, it is important to
note that the difference in closing the scratch cannot be
explained by changes in cell proliferation, which did not differ
significantly comparing 2.1.1-16 and HeLa T-Rex cells treated
or untreated with Tet (22) as well as comparing 1B6 and 3B7
cells with the wild type cells or the nontargeting control shRNA
cells (cell doubling times: WT, 16 h; control shRNA, 15 h; 1B6,
17.1 h; and 3B7, 15.5 h).
PHD2 Affects Phosphorylation Status of Cofilin—To uncover

the molecular events, which result in PHD2-mediated F-actin
assembly, we examined the RhoA/ROCK/Cof-1 pathway.
RhoA integrates stimuli from the cell microenvironment of the
cell and acts as a signaling node governing cytoskeletal actin
filament turnover and thereby cell motility (28). It executes its
effects upon several known effector proteins, including Rho-
associated kinase (ROCK). In its GTP-bound form, RhoA acti-
vates ROCK that in turn phosphorylates LIM kinase 1 (29),
which interferes with actin assembly by phosphorylating
the actin depolymerization factor Cof-1 (30, 31). Cof-1 regu-
lates actin dynamics by severing actin filaments and sequester-
ing actin monomers from the pointed end of actin filaments
(32). Whereas the nonphosphorylated form of Cof-1 is respon-
sible for actin severing, RhoA/ROCK/LIM kinase 1-dependent
phosphorylation decreases Cof-1 activity (33).
The total Cof-1 protein expression did not differ in Tet-

treated versus non-Tet-treated 2.1.1-16 cells (Fig. 3A). How-
ever, when analyzing the Ser3-phosphorylated form of Cof-1,
we identified an increased phosphorylation of Cof-1 as a con-
sequence of PHD2 down-regulation. Transient transfection of
HeLa and A549 cells with siRNA-targeting PHD2, PHD3, or a
nontargeting control siRNA excluded a clonal or cell line-spe-
cific effect (Fig. 3,B andC).Whereas transient down-regulation

FIGURE 1. F-actin formation in PHD2 knockdown cells. A, 2.1.1-16 and HeLa
T-Rex cells were treated with or without 10 �g/ml Tet for 96 h. Subsequently,
cells were lysed, and protein extracts were analyzed by immunoblot. B, WT
HeLa cells and stably transfected control shRNA (shC) or PHD2 shRNA 1B6 and
3B7 cells were lysed, and protein extracts were analyzed by immunoblot.
C, 2.1.1-16 and HeLa T-Rex cells were grown on coverslips and treated with 10
�g/ml Tet for 96 h. Subsequently, cells were fixed, and F-actin organization
was analyzed by phalloidin staining. D, WT HeLa, control shRNA, 1B6, and 3B7
cells were grown on coverslips. Subsequently, cells were fixed, and F-actin
organization was analyzed by phalloidin staining.
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of PHD3 in HeLa cells or transfection of the control siRNA did
not affect the phosphorylation of Cof-1, down-regulation of
PHD2 led to an increase of phosphorylatedCof-1 (p-Cof1). The
impact of PHD2 for the phosphorylation status of Cof-1 was
further supported by increased levels of p-Cof1 as determined
in 1B6 and 3B7 cells (Fig. 3D). To analyze whether the effect in
the stably transfected cells can be reversed by re-expression of
PHD2, we generated WT-PHD2 and 3B7-PHD2 cells, which
were transfectedwith a PHD2 expression plasmid. As a control,
WT and 3B7 cells were additionally transfected with a GFP
expression plasmid (WT-GFP and 3B7-GFP). Re-establish-
ment of PHD2 protein levels reversed the increased phosphor-
ylation levels of Cof-1 in 3B7-PHD2 cells, whereas overexpres-
sion of GFP did not affect p-Cof1 levels (Fig. 3E). To analyze
whether re-establishment of PHD2 protein levels also reversed
the F-actin assembly Hela cells, WT-PHD2, 3B7, and 3B7-
PHD2 cells were stained with fluorescent phalloidin. Whereas
3B7 cells demonstrated increased F-actin formation compared
with WT or WT-PHD2 cells, this phenotype was reversed in
3B7-PHD2 cells (Fig. 4A). A similar result was obtained analyz-

ing the amount of F-actin and G-ac-
tin by high speed centrifugation and
subsequent immunoblot analysis
(Fig. 4B).
RhoA/ROCK Activity Is Responsi-

ble for Cof-1 Phosphorylation and
F-actin Rearrangement in PHD2
Knockdown Cells—To analyze
whether RhoA/ROCK activity is
responsible for the increased levels of
p-Cof1, we determined active GTP-
bound RhoA levels in Tet-induced
2.1.1-16 andHela T-Rex cells. RhoA
activity was significantly increased
in Tet-treated 2.1.1-16 cells,
whereas Tet treatment in HeLa
T-Rex cells did not affect GTP-
bound RhoA levels (Fig. 5A). RhoA,
in its active form, increases ROCK
activity. ROCK activity was signifi-
cantly increased in Tet-induced
2.1.1-16 cells (Fig. 5B). The
increased RhoA and ROCK activi-
ties were not due to increased pro-
tein levels (Fig. 5C). The involve-
ment of RhoA/ROCK activity was
further substantiated by the fact
that treatment of Tet-induced
2.1.1-16 cells with the ROCK inhib-
itor Y-27632 abrogated increased
phosphorylation of Cof-1 (Fig. 5D).
A similar effect was observed in the
PHD2 knockdown cells 1B6 and
3B7 (Fig. 5E).
Additionally, we performed phal-

loidin staining in the Tet-inducible
2.1.1-16 PHD2 knockdown cells, in
which ROCK activity was blocked

by addition of Y-27632. Y-27632 treatment significantly dimin-
ished actin filaments in Tet-treated 2.1.1-16 cells indicating the
involvement of RhoA/ROCK-dependent cofilin phosphoryla-
tion (Fig. 6).
Phosphorylation of Cofilin Depends on PHD2 Hydroxylation

Activity—RhoA has been shown to be induced by hypoxia in
mouse embryonic fibroblasts (34) and in renal cancer cells (35)
previously. Exposing HeLa cells to hypoxia resulted in
increased p-Cof1 levels in our study (Fig. 7A), which is in line
with the above mentioned reports. p-Cof1 levels were also
increased in the 2.1.1–16 PHD2 knockdown cells exposed to
hypoxia (Fig. 7B). Thus, it is possible that hypoxia may induce
phosphorylation of Cof-1 independently of PHD2 via an unre-
lated mechanism. This was further substantiated by the fact
that hindering HIF-1� accumulation in hypoxia or in PHD2
knockdown cells in normoxia had distinct effects. Whereas
p-Cof1 levels were further increased in hypoxia after transient
transfection of HIF-1� siRNAs (Fig. 7C), p-Cof1 levels were not
affected after transient transfection of siRNA targeting HIF-1�
combinedwith siRNA targeting PHD2or transient transfection

FIGURE 2. Cell migration in a scratch wound healing assay is impaired in PHD2 knockdown cells.
A, 2.1.1-16 cells and HeLa T-Rex cells were treated with or without 10 �g/ml Tet for 96 h in six-well plates. Using
a sterile 200-�l pipette tip, the cell layer was scratched in each well to create a cleared line. Subsequently, the
cell-free area was determined using an automatic software-assisted image analysis. B, representative photo-
graphs of 2.1.1-16 and HeLa T-Rex cells with or without Tet treatment 55 h after setting the scratch. C, WT HeLa,
1B6, and 3B7 cells were treated as described in A. The cell-free area was determined 55 h after setting the
scratch. D, representative photographs of WT HeLa, 1B6, and 3B7 cells 55 h after setting the scratch.

PHD2 and Cofilin Phosphorylation

OCTOBER 29, 2010 • VOLUME 285 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 33759



of siRNA targeting HIF-1� in the stably transfected HeLa
PHD2 knockdown cells (Fig. 7, D and E) under normoxic con-
ditions. The successful knockdown ofHIF-1� after transfection

of HIF-1� siRNA was verified by HIF-1� immunoblots as well
as by diminished expression of PHD2, which is hypoxia-induc-
ible by HIF-1 itself (36).
To gain further insight into the interrelation of PHD2 activity

andCof-1 phosphorylation, we treatedHeLa cells with the oxo-

FIGURE 3. Cof-1 is phosphorylated as a consequence of a PHD2 knockdown.
A, Tet-treated and -untreated 2.1.1-16 and HeLa T-Rex cells were lysed. Protein
extracts were analyzed by immunoblots. A549 (B) and HeLa (C) cells were tran-
siently transfected with siRNAs targeting PHD2, PHD3, or a nontargeting control
siRNA. 24 h later, cells were lysed. Protein extracts were analyzed by immunob-
lots. D, WT HeLa, shC, 1B6, and 3B7 cells were lysed, and protein extracts were
analyzed by immunoblots. E, WT HeLa and 3B7 cells as well as PHD2-reconsti-
tuted (WT-PHD2 and 3B7-PHD2) or GFP-overexpressing cells (WT-GFP and 3B7-
GFP) were lysed, and protein extracts were analyzed by immunoblots.

FIGURE 4. F-actin assembly in PHD2 knockdown cells is reversed by
reconstitution of PHD2 expression. A, WT Hela and 3B7 cells as well as their
stably transfected PHD2 variants (WT-PHD2 and 3B7-PHD2) were grown on
coverslips. Subsequently, cells were fixed, and F-actin organization was ana-
lyzed by phalloidin staining. B, F-actin (pellet, p) and G-actin (supernatant, s)
content was determined in WT Hela and 3B7 cells as well as their transfected
PHD2 variants (WT-PHD2 and 3B7-PHD2).

FIGURE 5. Increased RhoA and ROCK activity in PHD2 knockdown cells.
RhoA (A) and ROCK (B) activity and protein expression (C) were determined in
Tet-treated and -untreated 2.1.1-16 and HeLa T-Rex cells. D, Tet-treated and
-untreated 2.1.1-16 cells were incubated with 10 �M Y-27632 for 90 min. Sub-
sequently, cells were lysed, and protein extracts were analyzed by immuno-
blots. E, WT HeLa, 1B6, and 3B7 cells were incubated with 10 �M Y27632 for 90
min. Subsequently, cells were lysed, and protein extracts were analyzed by
immunoblots.

FIGURE 6. Inhibiting ROCK activity reverses F-actin fiber formation in
PHD2 knockdown cells. Tet-treated and -untreated 2.1.1-16 and HeLa T-Rex
cells were incubated with 10 �M Y-27632 for 30 min. Subsequently, cells were
fixed, and F-actin fiber formation was analyzed by phalloidin staining.
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glutarate analog DMOG, which inhibits PHD activity. In
DMOG-treated cells, we detected increased phosphorylation of
Cof-1 indicating that phosphorylation of Cof-1 depends on
PHD activity (Fig. 8A). To more directly analyze the require-
ment of PHD2 hydroxylation activity, we restored PHD2 levels
in the PHD2-silenced 3B7 cells by transfecting either wild type
or an enzymatically inactive PHD2. The wild type PHD2
reversed the increased p-Cof1 levels in 3B7 cells, whereas the
mutant PHD2 had no similar effect (Fig. 8B).

DISCUSSION

Analysis of inducibly and stably transfected PHD2 knock-
down cells revealed major differences in cell motility in com-
parison with wild type cells. The behavioral differences corre-
lated with changes in F-actin organization and activation of the
RhoA/ROCK/Cof-1 pathway. Cof-1 is a key regulator of cell

motility by inducing F-actin depolymerization and severing
(37). Phosphorylation of Cof-1 at serine 3 leads to loss of actin
binding and severing activities and subsequently results in
decreased cellmotility (33). Actin remodeling and its impact on
cell migration have an essential function in a variety of cellular
processes such as cell movement, cell adhesion, and cytokinesis
(38). Our data thus demonstrate a functional link between two
major cellular functions, i.e. oxygen sensing and cell migration
via actin reorganization.
The Rho GTPase family includes several members from

which RhoA, Rac1, and Cdc42 are the best characterized. Each
of these proteins is active when bound toGTP at themembrane
(39). RhoA plays a critical role in cell motility and has been
shown to be induced by hypoxia in mouse embryonic fibro-
blasts (34) and in renal cancer cells (35) previously. Turcotte
et al. (35) have speculated that intracellular ATP depletion
may be involved in hypoxia-induced RhoA activation. The
described hypoxia-induced activation of RhoA is in line with
our findings of increased p-Cof1 levels in hypoxia. More-
over, the elevated p-Cof1 levels of HIF-1� siRNA-
treated HeLa cells in hypoxia may point to an essential role of
HIF-1� for regulating Cof-1 under reduced oxygen condi-
tions. This may include effects of HIF-1 on ATP levels
because HIF-1 affects the metabolic adaptation in hypoxia
(40). Our findings of increased RhoA activation and Cof-1
phosphorylation in PHD2 knockdown cells in normoxia,
however, may indicate an additional link between the oxy-
gen-sensing system and Cof-1 regulation. Although we can-
not rule out that chronic HIF inactivation would alter the
PHD2-mediated p-Cof1 levels, short term inhibition of
HIF-1� accumulation did not affect the increased levels of
p-Cof1 in PHD2 knockdown cells in normoxia. In this
regard, it is important to note that a recent report by Chan et
al. (23) demonstrates that loss of PHD2 can induce HIF-
independent effects.
Inhibiting PHD2 activity with the oxoglutarate analog

DMOG in normoxia resulted in a similar effect compared with
PHD2knockdown cells regarding p-Cof1 levels. Involvement of
PHD2 activity was further substantiated by reconstitution of
WT PHD2 or a mutant enzymatic inactive form. Although our

FIGURE 7. Cofilin phosphorylation in hypoxia. A, HeLa cells were incubated
at 20% O2 or 1% O2 for the indicated times. Subsequently, cells were lysed,
and protein extracts were analyzed by immunoblots. B, Tet-treated and -un-
treated 2.1.1-16 and HeLa T-Rex cells were incubated at 20% O2 or 1% O2 for
24 h. Subsequently, cells were lysed, and protein extracts were analyzed by
immunoblots. C, HeLa cells were transfected with nontargeting control siRNA
(si C) or siRNA-targeting HIF-1� (si HIF-1�) and incubated at 20% O2 or 1% O2
for 24 h. Subsequently, cells were lysed, and protein extracts were ana-
lyzed by immunoblots. D, HeLa cells were transfected with siRNAs target-
ing PHD2 or HIF-1� and incubated at 20% O2 for 24 h. Subsequently, cells
were lysed, and protein extracts were analyzed by immunoblots. E, 3B7
cells were transfected with siRNAs targeting HIF-1� and incubated at 20%
O2 for 24 h. Subsequently, cells were lysed, and protein extracts were
analyzed by immunoblots.

FIGURE 8. Cofilin phosphorylation and PHD activity. A, HeLa cells were
treated with 1 mM DMOG as indicated. Subsequently, cells were lysed, and
protein extracts were analyzed by immunoblots. B, HeLa WT, 3B7 cells, and
3B7 cells, which were stably transfected with PHD2 WT or PHD2 mt were
lysed, and protein extracts were analyzed by immunoblots.
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data indicate that PHD2 activity is necessary for affecting
p-Cof1 levels, the precise mechanism still remains to be deter-
mined. Thoms and Murphy (41) have recently shown that
PHD2 influences extracellular matrix synthesis in chondro-
cytes. Because the extracellular matrix affects RhoA/ROCK
activity, this might be a link between PHD2 and the p-Cof1
levels.
Several previous studies have indicated an impact of the

oxygen concentration on cell migration, especially in the
context of tumor cell metastasis (42, 43). The molecular link
and the signaling pathways involved, however, are not com-
pletely understood. Successful metastasis relies on detach-
ment of the cell, migration, invasion, and reattachment at
the metastatic site (44). PHD2-modulated cell migration as
demonstrated in the presented study might at least partially
affect tumor metastasis. In SCID mouse models, it was
recently shown that PHD2 knockdown tumor cells form big-
ger tumors compared with their wild type control cells at
implantation sites (23). This is mainly due to an increased
angiogenesis. The impact of PHD2 for tumor metastasis,
however, is not known at this time. RhoA and Cof-1 are
critically involved in tumor metastasis (45, 46). Thus, to gain
a complete picture of PHD2 for tumor progression, we will
focus on this connection in follow-up studies.
Studies with small molecule inhibitors of the PHD

enzymes have shown promising effects regarding treatment
of anemia or ischemic diseases (47, 48). As development of
clinically applicable PHD inhibitors is ongoing, there is a
growing need to analyze the consequences of down-regulat-
ing PHD function (49). In this regard, our data indicate that
PHD2 function is linked to cytoskeletal organization in
tumor cells.
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