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Abstract Oxidized phospholipids (OxPLs) are increas-
ingly recognized as pleiotropic lipid mediators demonstrat-
ing a variety of biological activities. In particular, OxPLs
induce electrophilic stress response and stimulate expres-
sion of NF-E2-related factor 2 (NRF2)-dependent genes.
The mechanisms of NRF2 upregulation in response to Ox-
PLs, however, are incompletely understood. Here we show
that upregulation of NRF2 by OxPLs depends on the activ-
ity of the CK2 protein kinase. Inactivation of CK2 by chemi-
cal inhibitors or gene silencing resulted in diminished
accumulation of NRF2 and its target genes, GCLM, HMOXI,
and NQOI, downstream in response to OxPLs. Further-
more, inhibition of CK2 suppressed NRF2-dependent in-
duction of ATF4 and its downstream gene VEGF. Thus,
inactivation of CK2 in OxPL-treated endothelial cells results
in inhibition of the NRF2-ATF4-VEGF axis and is likely to
produce antiangiogenic effects.ill This work characterizes
novel cross-talk between CK2 and cellular stress pathways,
which may provide additional insights into the mechanisms
of beneficial action and side-effects of CK2 inhibitors.—
Afonyushkin, T., O. V. Oskolkova, B. R. Binder, and V. N.
Bochkov. Involvement of CK2 in activation of electrophilic
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Oxidation of polyunsaturated fatty acids leads to for-
mation of a variety of lipid mediators, for example, pros-
taglandins, leukotrienes, isoprostanes, etc. Oxidized
phospholipids (OxPLs) contain esterified oxidized resi-
dues and are increasingly recognized as pleiotropic lipid
messengers demonstrating multiple biological activities
including their ability to induce monocytic inflammation,
procoagulant shift in endothelium, regulation of endothe-
lial barrier function, and angiogenesis (1). More recently,
OxPLs were shown to activate electrophilic and unfolded
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protein cellular stress responses, which promote adapta-
tion of cells to nonlethal stress conditions (2, 3).

Transcription factor NF-E2-related factor 2 (NRF2)
plays a key role in the induction of cytoprotective genes
upon electrophilic stress. Under nonstress conditions,
NREF2 is bound by KEAP1, which directs NRF2 to protea-
somal degradation (4). Electrophilic compounds induce
accumulation of NRF2 in the nucleus and activation of
transcription of its target genes. In addition to this canoni-
cal mechanism of NRF2 activation, several protein kinases
such as PERK (5), phosphatidylinositol-3-kinase (PI3K) (6,
7), and CK2 (8, 9) were demonstrated to regulate nuclear
accumulation or transcriptional activity of NRF2.

OxPLs have been shown to induce expression of several
cytoprotective genes containing NRF2 binding elements
in their promoterregions [e.g., heme oxygenase 1 (HMOXI)
(10); glutamate-cysteine ligase modifier subunit (GCLM)
(11); glutamate-cysteine ligase catalytic subunit (GCLC)
(11); and NAD(P)H dehydrogenase, quinone 1 (NQOI)
(3)]. In addition, our previous data suggest that NRF2
plays a key role in the induction of vascular endothelial
growth factor (VEGF) A and angiogenic reactions induced
by OxPLs (12-14). According to our model, activation of
NRF2 by OxPLs stimulates transcription of ATF4, which in
turn directly transactivates the VEGF gene. Inhibition of
any step in the NRF2-ATF4-VEGF axis by drugs or gene
knockdown results in inhibition of angiogenic responses
of endothelial cells (ECs) to OxPLs (12-14). In summary,
NRF2-dependent transcription is an important mecha-
nism mediating biological activity of OxPLs.

Abbreviations: EC, endothelial cell; GCLC, glutamate-cysteine li-
gase catalytic subunit; GCLM, glutamate-cysteine ligase modifier sub-
unit; HAEC, human artery endothelial cells; HCAEC, human coronary
artery endothelial cells; HUVEC, human umbilical vein endothelial
cells; HO-1, heme oxygenase 1; NQO1, NAD (P)H dehydrogenase, qui-
nine 1; NRF2, NF-E2-related factor 2; OxPAPC, oxidized PAPC; OxPLs,
oxidized phospholipids; PAPC, 1-palmitoyl-2-arachidonoyl-sn-glycero-3-
phosphocholine; PI3K, phosphatidylinositol-3-kinase; siRNA, short in-
terfering RNA; VEGF, vascular endothelial growth factor.
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In this work, we identified the CK2 protein kinase as an
additional molecule necessary for OxPL-induced upregu-
lation of electrophilic genes. We showed that inhibition of
CK2 by drugs or short interfering RNA (siRNA)-mediated
knockdown results in diminished induction of the HO-1,
GCLM, NQOI, as well as ATF4 and VEGF. Data suggest
that active CK2 is a prerequisite for full induction of NRF2
and its target genes in OxPL-treated ECs. Thus, our data
suggest CK2 as the potential target for regulation of
electrophilic stress response and angiogenesis induced by
OxPLs.

MATERIALS AND METHODS

Materials, lipids, and cell culture

4,5,6,7-Tetrabromobenzotriazole (TBB), [5-0x0-5,6-dihy-
droindolo-(1,2-a) quinazolin-7-yl]acetic acid (IQA), tetrabro-
mocinnamic acid (TBCA), and LY294002 were purchased from
Calbiochem. Wortmannin (Wort), tertbutylhydroquinone (tBHQ),
emodin, and sulforaphane were from Sigma-Aldrich. NRF2 and
ATF4 antibodies were from Santa Cruz Biotechnology. Antibod-
ies to total AKT and its phosphorylated forms were purchased
from Cell Signaling Technology.

Synthetic 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocho-
line (PAPC; Avanti Polar Lipids) was oxidized by exposing a
thin lipid film to air. Oxidation was monitored by thin-layer chro-
matography and electrospray ionization-mass spectrometry (15).
Concentrations of OxPAPC were determined by phosphorus as-
say (16). Dried lipids were resuspended by vigorous vortexing in
medium M199 supplemented with 2% fetal calf serum (FCS)
prior to use in cell culture experiments.

Human umbilical vein ECs (HUVEGCs), human coronary ar-
tery ECs (HCAECs), and human artery ECs (HAECs) were pur-
chased from Lonza and grown at 37°C in 5% Co, in medium
M199 containing 20% FCS, 1 U/ml heparin, 50 ng/ml bovine
EC growth supplement (Technoclone), 2 mmol/l glutamine,
100 U/ml penicillin, and 100 wg/ml streptomycin. Cells were
used up to passage 5. Cells were stimulated with lipids and other
agonists in medium M199 containing 2% FCS.

RNA isolation, cDNA synthesis, and quantitative PCR

Isolation of RNA from HUVECs was performed using Trizol
reagent (Invitrogen). A GeneAmp RNA-PCR kit and oligod(T) 4
primers (Applied Biosystems) were used for cDNA synthesis from
900 ng of total RNA. Quantitative real-time PCR (qPCR) was per-
formed using a LightCycler (Roche Diagnostics) and FastStart
SYBR Green Master Mix (Roche Diagnostics). Sequences of prim-
ers are available on request.

Western blotting

After cells were lysed in Laemmli buffer, protein samples were
separated using SDS-polyacrylamide gels and transferred onto
Immobilon-P membranes (Millipore) by electroblotting. Mem-
branes were probed with rabbit antibodies against ATF4, NRF2,
phospho-AKT, and total AKT. Anti-rabbit IgG conjugated with
peroxidase and LumiGLO chemiluminescent substrate (Cell Sig-
naling Technology) were used for detection of bound primary
antibodies. A FluorChem HDZ2 imager (Alpha Innotech) was
used for chemiluminescence detection.

NRF2 binding competition assay

NRF2 DNA interactions were additionally characterized using
an ELISA-based TransAM NRF2 kit (Active Motif). The proce-

dure is based on detection of NRF2 bound to consensus antioxi-
dant response element (ARE) immobilized in a 96-well plate.
Nuclear extracts from OxPAPC-stimulated and untreated
HUVECs were prepared using NE-Per kit (Pierce) after 2 h of
incubation. Nuclear extract protein (2 ig) was incubated in the
plate containing immobilized consensus NRF2 binding site. Wells
were washed three times, and bound NRF2 was detected by NRF2
antibody and secondary antibody conjugated with horseradish
peroxidase. The signal was detected spectrophotometrically at
450 nm.
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Fig. 1. Effect of PI3K inhibitors on induction of electrophilic
genes and NRF2 by OxPAPC. A: GCLM mRNA was quantified in
HUVECGs stimulated with OxPAPC (130 pmol/1for 6 h) in the pres-
ence or absence of Wort (1 pmol/l or LY294002 (30 pmol/1).
GCLM mRNA expression was quantified by real-time qPCR and
normalized to B2-microglobulin mRNA levels. B, C: Effect of Wort
and LY294002 on induction of NQO1 and HO-1 mRNAs levels by
OxPAPC was studied as described above. D: Analysis of effects of
Wort (1 pmol/1) and LY294002 (30 pmol/1) on the levels of NRF2
upon stimulation with OxPAPC (130 pmol/1, 2 h). Cell lysates were
probed by Western blotting with antibodies against NRF2.
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RNA interference

CK2a- and CK2B-specific and control siRNAs were purchased
from Ambion. Cells were transfected with 100 nmol /1 siRNA us-
ing polyethylenimin (PEI) reagent in serum- and antibiotic-free
medium M199 for 4 h (17). Thereafter, medium was changed to
medium M199 containing 20% FCS, and cells were grown for 48
h. Efficiency of silencing was checked at the mRNA level.

Statistical analysis

Data are expressed as means + standard deviations obtained
from two to four independent experiments and were analyzed by
two-tailed Student’s ttest. A Pvalue less than 0.05 was considered
significant.

RESULTS

Previous studies have demonstrated that OxPLs induce
NRF2 and electrophilic genes (3, 18, 19). However, the
mechanisms of activation are only partially understood. A
candidate signaling molecule is PI3K, which is well charac-
terized as an important mediator of biological activity of
OxPLs (20, 21) and, on the other hand, has been shown to
play a critical role in the induction of NRF2 and NRF2-
dependent genes in response to oxidative stressors and
electrophilic compounds (7, 22-24). Based on these data,
we asked whether PI3K plays a role in activation of electro-
philic stress by OxPLs. Of the two PI3K inhibitors tested,
LY294002 inhibited induction of the GCLM, NQOI1, and
HO-1 mRNAs and NRF2 protein, while Wort had no effect
(Fig. 1). To ensure that Wort was active in our experi-
ments, we analyzed OxPAPC-induced phosphorylation of
AKT, which was inhibited both by LY294002 and by Wort
(supplementary Fig. I). Based on these data, we hypothe-
sized that PI3K is not involved in OxPL-induced upregula-

tion of NRF2, and that LY294002 may inhibit another
protein kinase which is important for induction of electro-
philic response by OxPAPC.

It is known that LY294002 inhibits the CK2 protein ki-
nase with a potency similar to that of PI3K (26). In sup-
port of CK2 involvement, induction of the NRF2 protein
and DNA binding activity (Fig. 2A, B), as well as upregu-
lation of the electrophilic GCLM, NQOI, and HMOXI
genes by OxPLs (Fig. 2C and supplementary Fig. II) were
inhibited by the more specific CK2 inhibitor TBB. In ad-
dition to inhibiting HUVEGs, the inhibitory action of
TBB on the effects of OxPLs was observed in two types of
aortic ECs (Fig. 2D, E). The action of TBB was indepen-
dent of PI3K because TBB did not influence phosphory-
lation of AKT induced by OxPAPC (supplementary Fig.
I). To ensure specificity of the effect, three additional
CK2 inhibitors, TBCA, IQA, and emodin, were tested,
and they also demonstrated inhibition of NRF2 accumu-
lation and induction of GCLM in response to OxPAPC
(supplementary Fig. III). The inhibitory effect did not
result from nonspecific arrest of transcription in response
to CK2 inhibitors, as TBB, TBCA, IQA, and emodin pre-
vented induction of GCLM but did not inhibit upregula-
tion of NRF2-independent genes (e.g., ILS and PTGS2
encoding for COX-2) by OxPLs (supplementary Figs. III
and IV).

In order to obtain additional evidence for the impor-
tance of CK2 for OxPL-induced upregulation of NRF2
and its target genes and to avoid potential artifacts induced
by inhibitory drugs, the levels of a and B subunits of
CK2 were downregulated using siRNA. Silencing of CK2a or
CK2B resulted in consistent reduction of NRF2 accumu-
lation (Fig. 3A, B) and diminished levels of electrophi-
lic gene transcripts in OxPAPC-treated cells (Fig. 3C-H).

Fig. 2. CK2 inhibitor TBB attenuates effects of
OxPAPC on induction of NRF2 and GCLM mRNA.

A: The CK2 inhibitor TBB prevents induction of NRF2
by OxPAPC. At 30 min before stimulation with
OxPAPC (130 pmol/1) HUVECs were pretreated with
vehicle or TBB (20 pmol/1). After 2 h of stimulation,
cell lysates were prepared and probed with NRF2 an-
tibodies using Western blotting. B: NRF2/ARE DNA
binding assay. Binding of NRF2 from control and
OxPAPC-stimulated HUVEC nuclear extracts to im-
mobilized oligonucleotide representing the con-

sensus NRF2 binding site was quantified with an
ELISA-based TransAM NRF2 kit and is expressed as
an optical density of 450 nm. C, D, E: Effect of TBB

on induction of GCLM mRNA levels by OxPAPC
in different types of ECs (HAECs, HCAECs, and
HUVEGs, respectively). Before stimulation with
OxPAPC (130 pmol/1, 6 h) cells were pretreated with
TBB (20 pmol/1) for 30 min. Stimulation was stopped
by addition of Trizol after 6 h. GCLM mRNA expres-
sion was quantified by real-time qPCR and normal-
ized to B2-microglobulin mRNA levels.
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Thus, results of gene silencing are in good agreement with
data for inhibition analysis.

An important question raised by our findings was
whether the involvement of CK2 is limited to the action of
OxPLs or whether it plays a more general role in activation
of electrophilic response. In support of the latter possibil-
ity, TBB inhibited upregulation of NRF2-dependent genes
by compounds commonly used for induction of electro-
philic stress, that is, tBHQ and sulforaphane (supple-
mentary Fig. V). Thus, CK2 may be important for stress
reactions induced not only by OxPLs but also by electro-
philic compounds with completely different chemical
structures.

Finally, we tested whether inhibition of CK2 would sup-
press induction of ATF4 and VEGF by OxPAPC, which was
described in our previous studies (13, 14). Treatment of
ECs with TBB resulted in significant inhibition of OxPAPC-
induced upregulation of ATF4 mRNA and protein (Fig.
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4A, B). The same inhibitory effect was observed after trans-
fection of cells with siRNA against CK23 (Fig. 4D, E). Fur-
thermore, induction of VEGF in response to OxPAPC was
also inhibited by TBB and siRNA against CK2p (Fig. 4C,
F). Thus, inhibition of CK2 in OxPL-treated ECs results in
suppression of the NRF2-ATF4-VEGF axis and is likely to
produce antiangiogenic effects.

DISCUSSION

The major finding of this study is that full induction by
OxPLs of NRF2 and its target genes in venous and arterial
ECs depends on the activity of CK2. Here we show that
inhibition of CK2 by five chemically distinct drugs or
siRNAs of the a or 3 subunits of the enzyme consistently
resulted in diminished accumulation of NRF2 protein
upon OxPL treatment, which in turn prevented induction of
the NRF2-responsive GCLM, HO-1, NQOI, and ATF4 genes.
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Furthermore, inactivation of CK2 resulted in decreased
induction of the ATF4-dependent gene VEGI, thus point-
ing to the importance of CK2 for the angiogenic activity of
OxPLs.

Previously, it has been shown that CK2 directly phos-
phorylates NRF2, thus regulating its degradation rate and
nuclear accumulation in response to chemical inducers of
electrophilic stress (8, 9). Here we take a step further by
showing that these molecular events are accompanied by
important physiological effects such as induction of pro-
tective and angiogenic genes. Furthermore, our data sug-
gest that this mechanism may be relevant not only to the
action of toxic chemicals but also to naturally occurring
molecules such as OxPLs that are known to accumulate in
atherosclerotic vessels at concentrations similar to or
higher than those used in our experiments (26). NRF?2 is
generally regarded as a protective factor in atherosclerosis
(27), and therefore, whether long-term treatment with
CK2 inhibitors may promote atherogenesis by downregu-
lating electrophilic genes must be tested.

This study focused on ECs treated with atherogenic lip-
ids; however, the ability of CK2 inhibitors to suppress acti-
vation of NRF2 suggests a straightforward link to other cell
types and pathological processes, for example, tumor
growth. Although induction of NRF2-dependent genes at-
tenuates carcinogenesis, elevation of NRF2 expression in

102 Journal of Lipid Research Volume 52, 2011

advanced tumors promotes their growth and resistance to
chemotherapy (28). Conversely, CK2 is widely recognized
as a prospective target in cancer treatment due its role in
cell survival, angiogenesis, and other processes critical for
tumor progression (29). We hypothesize that inhibition of
electrophilic response leading to attenuated tumor cell sur-
vival and resistance to chemotherapy may represent an ad-
ditional mechanism of antitumor activity of CK2 inhibitors.

In summary, this work characterizes the novel cross-talk
between CK2 and cellular stress pathways activated by
OxPLs and electrophilic compounds, thus providing ad-
ditional insights into the mechanisms of beneficial action
and potential side effects of CK2 inhibitors. i
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