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CaMKII Inhibitor KN-62 Blunts Tumor Response to Hypoxia by
Inhibiting HIF-1a¢ in Hepatoma Cells

Kyoung-Hwa Lee

Department of Physiology, Ischemic/Hypoxic Disease Institute, Seoul National University College of Medicine, Seoul 110-799, Korea

In rapidly growing tumors, hypoxia commonly develops due to the imbalance between O: con-
sumption and supply. Hypoxia Inducible Factor (HIF)-1¢ is a transcription factor responsible for tumor
growth and angiogenesis in the hypoxic microenvironment; thus, its inhibition is regarded as a
promising strategy for cancer therapy. Given that CamKII or PARP inhibitors are emerging anticancer
agents, we investigated if they have the potential to be developed as new HIF-1e-targeting drugs.
When treating various cancer cells with the inhibitors, we found that a CamKII inhibitor, KN-62,
effectively suppressed HIF-1a specifically in hepatoma cells. To examine the effect of KN-62 on HIF-1a-
driven gene expression, we analyzed the EPO-enhancer reporter activity and mRNA levels of HIF-1a
downstream genes, such as EPO, LOX and CA9. Both the reporter activity and the mRNA expression
were repressed by KN-62. We also found that KN-62 suppressed HIF-12 by impairing synthesis of
HIF-1e¢ protein. Based on these results, we propose that KN-62 is a candidate as a HIF-1a-targeting

anticancer agent.

Key Words: CaMKII, HIF1-@, Hepatocellular carcinoma, Hypoxia, KN-62

INTRODUCTION

Solid tumors inevitably encounter hypoxia because of out-
growth of the cell mass over vessels. To survive under hy-
poxic conditions, tumor cells must run numerous adaptive
processes including glycolysis, glucose uptake, and up-regu-
lation of survival factors [1]. HIF-1 was first identified as
a transcription factor that mediates hypoxia-inducible ac-
tivity of the erythropoietin 3' enhancer [2]. Many lines of
evidence have since demonstrated that HIF-1 is a master
regulator that induces over 70 genes in response to hypoxia.
HIF-1 exists as a heterodimeric complex consisting of HIF-1a@
and HIF-18. In normoxia, HIF-1« is rapidly hydroxylated
at its two proline residues by prolyl-hydroxylase domain
proteins (PHDs), then ubiquitinated by the von Hippel-
Lindau protein (pVHL)/E3 ligase components, and finally
degraded through the 26S proteasome [3,4]. In hypoxia,
however, HIF-1a hydroxylation is limited, and HIF-1« pro-
tein accumulates [5]. To ensure the transcriptional activity
of HIF-1«, p300/CBP, steroid receptor co-activator-1 (SRC-1),
and transcription intermediary factor-2 (TIF-2) bind to the
C-terminal transactivation domain (C-TAD) of HIF-1a and
function as transcriptional coactivators [6,7]. HIF-1« is also
regulated at the translational level by the AKT-mTOR
pathway. AKT phosphorylates mTOR, and the activated
mTOR in turn phosphorylates and inhibits S6K and
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4E-BP1. Then, the translation-initiating factors aggregate
to form the translational complex and promote the trans-
lation of HIF-1a, which constitutes the so-called “5’ cap-de-
pendent translation [8,9].”

Calcium/calmodulin-dependent protein kinase II (CaMKII)
is a multifunctional calcium/calmodulin-dependent ser-
ine/threonine protein kinase. Recent studies suggest that
CaMKII plays important roles in cell cycle progression and
cell proliferation [10,11]. To date, several CaMKII in-
hibitors have been developed that interfere with cal-
cium/calmodulin binding to CaMKII or its catalytic activity.
Previous studies showed that CaMKII inhibitors KN-62
and KN-93 induce cell cycle arrest, proliferation inhibition,
and apoptosis in cancer cells [12,13]. However, whether
CaMKII inhibitors deregulate HIF-1 or not remains con-
troversial. It has been reported that calcium increase with-
in cells positively regulates the translation of HIF-1a by
activating cPKC-a and mTOR in PC12 and HEK293 cells
[14]. Moreover, calcineurin, which facilitates calcium/calm-
odulin signaling, has been shown to activate the recruit-
ment of p300 by MEF-2 in T-cells [15] and myocytes [16].
As mentioned previously, given that p300 plays a critical
role in HIF-1-driven gene expression, it is plausible that
disrupting calcium signaling by CaMKII inhibition would
affect HIF-1a expression and activity.

Poly (ADP-ribose) polymerases (PARPs) function as DNA
nick sensors and provide nuclear targets for various signal-
ing pathways. PARPs bind to damaged DNA and are acti-

ABBREVIATIONS: HIF-1¢, hypoxia inducible factor-1«; CamKII,
calcium/calmodulin-dependent protein kinase II; PARP, poly (ADP-
ribose) polymerase; pVHL, von Hippel-Lindau protein; PHD, prolyl
hydroxylase; Epo, erythropoietin; LOX, lysyl oxidase.
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vated to conjugate ADP-ribose units to DNA and various
acceptor proteins. PARPs are known to regulate diverse cel-
lular processes, such as replication, transcription, differ-
entiation, protein degradation, and mitotic spindle main-
tenance [17]. Interestingly, the elevation of intracellular
calcium is among the wide array of PARP-activating stimuli
[18,19]. Moreover, the genetic or pharmacological inhibition
of PARP1 attenuates the hypoxic induction of HIF-1@ and
other hypoxia-induced genes [20-23].

Given that CaMKII and PARP inhibitors are emerging
as new drugs for molecular target cancer therapy, we inves-
tigated whether they inhibit the tumor response to hypoxia
by targeting HIF-1a. We found that the CaMKII inhibitor
KN-62, but not PARP inhibitors, effectively suppressed the
hypoxic expression and activation of HIF-1a, specifically
in hepatocellular carcinoma cells. Moreover, the HIF-1a
suppression by KN-62 may be attributed to impaired trans-
lation of HIF-1a due to Akt inactivation.

METHODS

Cell culture and chemicals

Hep3B, MCF7 and SK-N-Mc cells were maintained in
Dulbecco’s modified Eagle’s medium from Gibco, and HepG2
cells were maintained in RPMI media supplemented with
10% heat-inactivated fetal bovine serum (Sigma-Aldrich),
antibiotics and L-Glutamine (Invitrogen). The oxygen ten-
sion in a COg incubator (Vision Science, Seoul, Korea) was
20% (normoxic) or 1% (hypoxic). Cells were pretreated with
drugs 1 hr before being subjected to hypoxia and further
incubated for 8 or 16 hrs. MG132 was purchased from
Alexis Biochemicals (Lausen, Switzerland). All other chem-
icals were from Sigma-Aldrich (St. Louis, MO).

Western blotting

Equal amounts of total protein were loaded onto an 8%
SDS/PAGE gel and transferred to an Immobilon-P (Milli-
pore) membrane. After blocking with PBST (1x PBS with
0.05% Tween 20) plus 5% skim milk at room temperature
for 1 hr, the membrane was incubated with primary anti-
body overnight at 4°C and then with horseradish peroxidase
(HRP)-coupled secondary antibody for 1 hr at room tempe-
rature. Immune complexes were visualized using Enhanced
Chemiluminescence plus western blotting detection kit
(GE-Healthcare, Piscataway, NJ). Anti-HIF-1a¢ antiserum
was generated in rabbits against amino acids 418 ~698 of
human HIF-1ea, as described previously [24]. Anti-phospho
(S473)Akt and anti-Akt antibodies were purchased from
Cell Signaling (Danvers, MA), and anti- £ -tubulin and an-
ti-rabbit IgG Horseradish peroxidase-conjugated antibody
were from SantaCruz Biotechnologies (Santa Cruz, CA).

Reverse Transcription and Quantitative Real-Time PCR

Total mRNA was isolated using Trizol reagent (Invitro-
gen). Reverse transcription was performed with a Multi-
Scribe Reverse Transcriptase kit (Applied Biosystems).
Real-time PCR was performed in triplicates with a total
volume of 20 x#]l using a SYBR Green JumpStart Taq
ReadyMix (Sigma) as described in the manufacturer’s
manual. Reactions were run in a PCR System 7000HT
(Applied Biosystems). Data were analyzed using SDS 2.0

software (Applied Biosystems) and then exported to an
Excel file. Data was normalized as described previously
[25]. The nucleotide sequences of the primers were as fol-
lows: forward 5-AACAATCACTGCTGACACTT-3 and re-
verse 5-AGAGTTGCTCTCTGGACAGT-3’ for EPO; forward
5-TATGAGGGGTCTCTGACTACA-3 and reverse 5-TTCT-
CATCTGCACAAGGAAC-3’ for CA9; forward 5-GATTATG-
ATCACAGGGTGCT-38 and reverse 5-ATCCACTGGCAG-
TCTATGTC-3 for LOX; forward 5-TTCGTATTGCGCCGC-
TAGA-3" and reverse 5-CTTCGCTCTGGTCCGTCTT-3’ for
18S ribosomal RNA.

Reporter assay

Luciferase reporter plasmid containing HRE of the hu-
man EPO gene was a gift from Dr. Eric Huang (University
of Utah, Utah). Constructs of HIF-12-5-UTR (1~284) cloned
into pGL3 (Tk/HIF-1a-5-UTR-Luciferase) and between the
GFP gene and the luciferase gene (CMV/GFP-5'UTR-Luci-
ferase) were described in the previous report [26]. Cells
were transfected with 1 xg of reporter plasmid and 0.4 «g
of B-gal DNA per well of a 12-well plate using Lipofecta-
mine 2000 (Invitrogen) and then lysed to determine luciferase
and B-gall activities according to the manufacturer’s manual
for the Luciferase assay kit from Promega (Madison, WI).
Luciferase activities were measured using a Lumat LB9507
luminometer (Berthold), and initial activities were divided
by £-gal activities to normalize transfection efficiencies.

RESULTS

KN-62 inhibits the hypoxic induction of HIF-1a protein
in hepatocellular carcinoma

To see the effect of KN-62 CaMKII inhibitor on HIF-1«
expression in hepatoma cells, we treated Hep3B and HepG2
cells with KN-62 in hypoxia and then detected HIF-1@ pro-
tein by Western blotting. KN-62 substantially reduced
HIF-1« levels in a dose-dependent manner, but PARP-1 in-
hibitors, 3-AB and DPQ did not (Fig. 1A and 1B). In con-
trast to hepatoma cells, MCF7 (breast cancer) and SK-N-MC
(neuroblastoma) cells did not respond to KN-62, even at
high concentrations (Fig. 1C), which suggests that HIF-1«
suppression by KN-62 is cancer type-dependent.

KN-62 attenuates the hypoxic activation of HIF-1 in
Hep3B cells

To examine whether KN-62 functionally inhibits HIF-1,
we analyzed the Epo-reporter activity, which reflects on
HIF-1-driven gene expression, in Hep3B cells. The Epo-re-
porter activity markedly increased by about 200-fold in hy-
poxia versus in normoxia, and this activation was sig-
nificantly attenuated by KN-62 (Fig. 2A). In contrast, PARP
inhibitors like 3-AB and DPQ failed to inhibit the hypoxic
activation of the Epo-reporter even though they were ad-
ministered at much higher concentrations than KN-62 (Fig.
2B and 20).

KN-62 blunts the HIF-1-driven transcription during
hypoxia in Hep3B cells

To further examine the effect of KN-62 on HIF-1 activity,
we analyzed mRNAs of HIF-1 target genes using quantita-
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Fig. 1. HIF-1a protein level is regulated by CamKII inhibitor
KN-62 in Hepatoma cell lines. (A) Hep3B and HepG2 cells were
pre-treated with 0, 1, 2, or 5 #M KN-62 and incubated with 1%
O: hypoxia for 8 hr. Western blot analysis was done with anti-
HIF-1@ and anti- #-Tubulin antibodies. (B) Western blot analysis
of HIF-1¢ and A-Tubulin in Hep3B cell line before (N) and after
(H) 8 hr incubation in 1% O3 in the presence of 2 M and 5 M
KN-62, 100 «M and 500 ~#M 3-AB, or 10 #M and 30 M DPQ. (C)
MCF7 and SK-N-MC cells were incubated in 1% Os for 8 hr in
the presence of 0, 5, 10, or 15 #M KN-62 and western blot analysis
was performed with anti-HIF-1¢ and anti-5-Tubulin antibodies.

tive RT-PCR. The mRNAs of erythropoietin (Epo), carbonic
anhydrase 9 (CA9) and lysyl oxidase (LOX) were induced
after hypoxic incubation, and KN-62 significantly reduced
the mRNA levels (Fig. 3). These results robustly indicate
that KN-62 deregulates hepatoma cell response to hypoxia
by inhibiting the HIF-mediated signaling.

KN-62 demotes the synthesis, rather than the stability,
of HIF-1a protein

To determine the mechanism by which HIF-1« is sup-
pressed by KN-62, we first checked the stability of HIF-1«
protein. The degradation of HIF-1a protein was induced
by supplying 20% oxygen to Hep3B cells subjected to 8-h
hypoxia. Although substantial differences in HIF-1a levels
during hypoxia were found between DMSO- and KN-62-
treated cells, there were no apparent differences in the deg-
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Fig. 2. KN-62 repressed HIF-1a activity in Hep3B cell line. Hep3B
cells were transiently transfected with an Epo-Luc construct. The
cells were treated with increasing concentrations of KN-62 (A), 3AB
(B) and DPQ (C) in 21% (Normoxia) or 1% (Hypoxia) O for 16 h.
Luciferase activity is shown as the fold change from the value with
21% Oz and no drug. *Denotes p<0.01 between indicated groups.
n.s., not significant.

radation rates of HIF-1a after reoxygenation (Fig. 4A, up-
per panel). To estimates the degradation rates of HIF-1«,
the intensities of the protein bands were analyzed using
the Imaged 1.36b program and the first-order kinetics were
plotted. No significant changes in HIF-1«¢ degradation were
observed between the two groups (Fig. 4A, lower panel).
Next, we analyzed the de novo synthesis of HIF-1¢ protein
in the presence of a proteasome inhibitor, MG132, to force
the accumulation of synthesized HIF-1a. HIF-1a protein
gradually accumulated after MG132 treatment in both
groups. However, the accumulation of HIF-1a protein was
noticeably retarded in KN-62-treated cells (Fig. 4B, upper
panel). Imaged analysis confirmed that KN-62 inhibited
HIF-1a protein synthesis at the translational level (Fig. 4B,
lower panel).
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Fig. 3. The mRNA level of HIF-1@ downstream gene was decreased
in the presence of KN-62 under hypoxia. Quantitative real-time
measurement of Epo (A), LOX (B) and CA9 (C) mRNA level was
done using total RNA from Hep3B cells treated with 16-hr hypoxia
with or without KN-62. 18S signal was used for normalization of
signals and values were shown as relative value to normoxia
sample. *Denotes p<0.05 between indicated groups.

KN-62 repressed the 5-UTR-driven translation of
HIF-1a by inactivating AKT

HIF-1a protein is synthesized via 5 cap-dependent trans-
lation and IRES-dependent translation [9,27]. To determine
which translational pathway is regulated by KN-62, we
used two reporter plasmids. One is Tk/HIF-1a/5-UTR-luci-
ferase reporter designed for cap-dependent translation and
the other is CMV/GFP-5'UTR-Luciferase reporter for IRES-
dependent translation. Hep3B cells were transfected with
either Tk/HIF-1a/5-UTR-luciferase vector (Fig. 5A) or
CMV/GFP-5"UTR-Luciferase vector (Fig. 5B), and incubated
in hypoxic conditions with or without KN-62. As shown in
Fig. 5, Tk/HIF-1a/5-UTR reporter activity (Fig. 5A) and
CMV/GFP-5UTR-Luc reporter (Fig. 5B) were both increased
after 16-hr hypoxia, but significantly attenuated by KN-62
in a dose-dependent manner. Given that the AKT signaling
determines the HIF-1a/5-UTR-driven translation [28], we
measured the cellular levels of phospho Ser473-AKT (active
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Fig. 4. The protein level of HIF-1 was regulated by synthesis rate.
(A) Top: Hep3B cells were treated with 1% Os for 8 hr with or
without KN-62 and re-oxygenated for the indicated time. Western
blot signals of HIF-1a and A-tubulin are detected. Bottom: The
HIF-1a protein band densities were quantified using the Imaged
program and plotted as a function of time. (B) Top: Western blot
signals of HIF-1@ and A-tubulin are detected with Hep3B cell
extract treated with MG132 with or without KN-62 for the
indicated time. Bottom: The protein band densities were quantified
using Imaged and plotted as a function of time.

form of AKT), and found that KN-62 noticeably inhibits the
AKT phosphorylation (Fig. 5C). These results suggest that
KN-62 inhibits the AKT signaling and by doing so blocks
the de novo synthesis of HIF-12 in hepatoma cells.

DISCUSSION

In the present study, we found that a CaMKII inhibitor,
KN-62, attenuates the hypoxic gene regulation in hepatoma
cells. As the mode-of-action of KN-62, we propose that
KN-62 inhibits AKT signaling, which in turn demotes the
translation of HIF-1«, and this results in deregulation of
HIF-1 activity and the hypoxic induction of HIF-1 target
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Fig. 5. HIF-1a protein translation was decreased by KN-62
treatment via inhibition of Akt signaling. (A) The reporter activity
of Tk/HIF-12-5-UTR Luciferase in Hep3B cells treated with
Normoxia, Hypoxia or Hypoxia with KN-62 was analyzed. Values
are shown as the relative value to normoxia sample. (B) The reporter
activity of CMV/GFP-5'UTR-Luciferase in Hep3B cells treated with
Normoxia, Hypoxia or Hypoxia with KN-62 was analyzed. Values
are shown as relative value to normoxia sample. (C) KN-62 inhibits
phosphorylation of AKT. After 8-hr incubation under hypoxic
conditions with 0, 1, 2, 5, or 10 «M KN-62, Hep3B cells were lysed
and subjected to Western blotting with anti- phospho S473 Akt
antibody, anti-total Akt antibody and anti- 3 tubulin antibody.
*Denotes p<0.05 between indicated groups.

genes. These results suggest that KN-62 could be a candi-
date to be developed as HIF-1-targeting anti-hepatoma
agent.

Ca®" signaling, which is one of the most prevalent and
essential signaling pathways, is involved in diverse cellular
processes including apoptosis, ion channel regulation, cell
cycling, and cellular responses to stress [29,30]. As HIF-1«
is induced Ca®"-dependently during intermittent hypoxia,
Ca”" signaling is thought to participate in HIF-1@ regu-
lation. Indeed, HIF-1a has been found to be regulated by
p300 coactivator, phospholipase C-7, and protein kinase C,
all of which are activated by Ca®' signaling. Moreover,
overexpression of constitutively active CaMKII enhances
HIF-1a activity and the CaMKII inhibitor KN-93 represses

it in PC12 cells [14,31,32]. The involvement of CaMKII in
HIF-1a@ activation was also demonstrated in macrophages;
that is, CaMKII inhibitors SMP-114 and KN-93 down-regu-
lated HIF-1a and VEGF in THP-1 monocytic cells [33-35].
However, the role of CaMKII in HIF-1@ regulation remains
controversial because a specific CaMKII inhibitor SMP-114
had no effect on HIF-12 and VEGF expressions in rheuma-
toid synovial fibroblasts [34]. Therefore, the CaMKII regu-
lation of HIF-1a is regarded as a cell type-dependent event.
In this study, the CamKII inhibitor KN-62 down-regulated
HIF-1¢ in hepatoma cells, but this KN-62 effect was not
reproduced in other cancer cells. These results also support
the cell type-dependent action of CamKII against HIF-1a.

The role of PARP in HIF-1«@ regulation is also contro-
versial. Several studies using PARP-/- MEF and PARP in-
hibitors showed that active PARP is required for HIF-1a
expression and activation [20-22]. In other studies, how-
ever, PARP did not affect HIF-1@ expression but functioned
as a coactivator of HIF-1« [23]. We also tested the effects
of PARP-1 inhibitors 3-AB and DPQ on HIF-1a expression
and activation, but found no effects of the inhibitors even
at high concentrations. The mRNA levels of HIF-1a down-
stream genes like EPO, LOX and CA9 were slightly reduced
in Hep3B cells by DPQ, but the DPQ effects were much
lower than those of KN-62 (data not show). Based on these
results, PARP is unlikely to participate in HIF-1e regu-
lation, and thus it is doubtful that PARP inhibitors will
be developed as HIF-1-targeting anticancer agents at least
for hepatoma.

Malignant hepatoma (also called hepatocellular carcino-
ma) is one of the most common cancers in East Asian coun-
tries including Korea, and ranks as the third leading cause
of cancer mortality worldwide [36,37]. In the case of ad-
vanced hepatoma, systemic chemotherapy used to be pre-
scribed to increase patient survival, but conventional anti-
cancer agents seldom improve the clinical outcome. We
have therefore made many efforts to develop various classes
of anticancer agents. Recent advances in the understanding
of cancer progression have provided the scientific back-
ground to develop new molecular-targeted therapies [38,39].
Moreover, a growing body of evidence indicates that HIF-1
a is a valuable target for cancer therapy. Considering that
hepatoma is a hyper-vascular tumor with high levels of
HIF-1e, anti-HIF-1 agents are expected to be available for
molecular-targeted hepatoma therapy. It is thus worth-
while to search for new anti-hepatoma agents based on an-
ti-HIF-1 action. Here we propose KN-62 as a potential an-
ti-HIF-1 agent effective against hepatoma. Further studies
of its anti-hepatoma activity remain to be conducted.
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