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Constitutive activation of casein kinase 2 in glioblastomas:
Absence of class restriction and broad therapeutic potential
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Abstract. Casein kinase II contributes to the growth and
survival of malignant gliomas and attracts increasing attention
as a therapeutic target in these tumors. Several reports have
suggested that this strategy might be most relevant for specific
subgroups of patients, namely Verhaak's classical and TP53
wild-type tumors. Using kinase assays and microarray genetic
profiling in a series of 27 proprietary fresh frozen surgical
glioma samples, we showed that constitutive CK2 kinase acti-
vation is not restricted to tumors that present increased copy
numbers or mRNA expression of its catalytic or regulatory
subunits, and can result from a functional activation by various
cytokines from the glioma microenvironment. Using corre-
sponding primary tumor and human astrocyte cell cultures as
well as glioma cell lines, we confirmed that CK2 inhibition
is selectively toxic to malignant glial tumors, without any
restriction to tumor class or to TP53 status. We finally showed
that while the contribution of CK2 to the constitutive NF-xB
hyperactivation in malignant gliomas is at best moderate, a
delayed activation of NF-xB may associate with the thera-
peutic resistance of glioma cells to CK2 inhibition.

Introduction
Glioblastomas (GBMs) are the most aggressive and prevalent

type of primary brain tumors and present a dismal prognosis
with a median survival of less than two years (1).
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Casein kinase 2 is a ubiquitous serine/threonine tetrameric
kinase that consists of two catalytic subunits (o and a') and
two P regulatory subunits. CK2 is frequently overexpressed
or overactive in aggressive forms of solid and hematological
malignancies (2,3), and contributes to the dysregulation of cell
growth, invasion, survival and senescence via the f-catenin,
JAK/STAT, mTOR, and NF-kB pathways (4-9). As a result,
CK2 inhibitors have recently entered preliminary clinical
trials for advanced solid and hematological tumors (source:
ClinicalTrial.gov, accessed in December 2015).

In GBMs, CSNK2ALI, the gene encoding the a catalytic
subunit of the kinase, is amplified in one third of the tumors,
and especially in those that belong to the Verhaak's ‘classical’
gene expression phenotype (10). CK2 has been reported to
regulate tumor-initiating cell growth, tumor cell survival,
DNA repair following ionizing radiation, and apoptosis in
these tumors (4,5,7,8,11-13). As a result, CK2 inhibition with
drug inhibitors or siRNA technology was shown to alter the
growth, survival and migration of glioma cell lines and slow
down the growth of GBMs xenografts in immunodeficient
mice (9,14).

Prior to translating these findings to the bedside however,
it remains unclear whether CK?2 hyperactivity is restricted to
classical GBMs presenting a CSNK2A1 amplification or not
and/or whether all malignant glial tumors are evenly likely to
benefit from CK2 inhibitory strategies.

This report provides evidence that CK2 kinase hyperac-
tivity occurs in vivo in all classes of GBMs as well as in glial
tumors of lower grades and histology, and can be a target inde-
pendently of Verhaak's classes and its TP53 status. However,
additional factors, such as the NF-«kB response to CK2 inhibi-
tion, may modulate the efficacy of this therapeutic strategy.

Materials and methods

Genetic analyses. The GISTIC 2.0 copy number data and
Agilent-based mRNA expression data of 538 glioblastoma
samples of the TCGA repository were obtained from the UCSC
Cancer Genomics Browser (accessed in September 2015).
Threshold copy number (CN) values were used to perform
the correlations with mRNA expression data using Pearson
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correlation tests. CN analysis and mRNA expression analyses
were also run on 27 glial tumor samples of various histology
from the University Medical Center of Utrecht (UMCU), using
Affymetrix SNP6.0 (n=25), 250K arrays (n=2) and the circular
binary segmentation (CBS) method after correction for batch
effect. These fresh frozen surgical samples were obtained at
the UMCU following written informed consent of the patients,
following approval of their collection by the relevant ethics
committee, and maintained in liquid nitrogen until use.
Additional three fresh surgical samples of non-tumoral epilep-
togenic brain (temporal lobe epilepsies) and three fresh frozen
brain autopsy specimens sampled within an hour postmortem
from patients deceased from non-neurological causes were
obtained from the neuropathology biobank of the University
of Liege, in agreement with the local Ethics Committee.
The DNA and mRNA of these tumors were obtained by
Nucleospin® TriPrep kit (Macherey-Nagel, Belgium) and
the QIASymphony RNA kit (Qiagen, The Netherlands). The
mRNA expression patterns were analyzed using Affymetrix
U133 Plus 2.0 arrays, following RNA normalization, correction
for batch effect. The molecular subclassification (proneural,
neural, classical, mesenchymal) was predicted by hierarchical
clustering (10). The Partek® suite and R-software were used to
generate these analyses.

Tissue microarrays and immunohistochemistry. Formalin-
fixed, paraffin-embedded tumor tissues of a consecutive series
of GBMs operated at the University Hospital Center of Licge
and from the 27 tumor UMCU samples described above were
processed and included in tissue microarrays (TMAs). Details
on TMA construction and immunohistochemistry have been
described previously (15). A primary antibody to CK2a
(Santa Cruz) was used for the immunostaining, as described
previously (16) and revealed using secondary antibodies and
diaminobenzidine (DAB).

Cell cultures, reagents and siRNA. Human U87 malignant
glioma cells were obtained from the ATCC and their CGH
and TP53 genetic profiles were confirmed using Affymetrix
250K arrays and TP53 sequencing. Human primary GBM
cells were derived from fresh samples of human GBMs, as
published previously (16) after Ethics Committee approval
and informed patient consent. Cells were grown at 37°C in
5% CO, in DMEM (Life Technologies™) supplemented with
10% FBS (Gibco®) and 1% of 5 mg/ml penicillin-streptomycin
solution (Gibco).

Apigenin (Sigma-Aldrich) and Cx4945 (Cylene Pharma-
ceuticals and ApexBio) were dissolved in dimethylsulfoxide
(DMSO) and used at final concentration of 40 and 20 uM,
respectively. Control cells were treated with a similar final
concentration of DMSO as the drug-treated cells. Calpain
inhibitor I (a cell-permeable peptide inhibitor: N-Acetyl-Leu-
Leu-Norleu-al, N-Acetyl-L-leucyl-L-leucyl-L-norleucinal)
was obtained from Sigma-Aldrich and used at a concentration
of 20 uM.

For siRNA experiments, subconfluent cultured cells
were transfected with 50 nmol/ml of ON-TARGETplus
non-targeting pool (siRNA CTRL) or SMARTpool human
CSNK2AT1 siRNA from Dharmacon (Fisher Scientific) using
oligofectamine (Invitrogen) according to the manufacturer's
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instructions. Cells were harvested and assayed 48 h after
transfection. CK?2 depletion was controlled using western blot
analysis of the expression of CK2a.

CK?2 kinase assays. Cells were lysed using RIPA buffer
extraction kit (Santa Cruz Biotechnology) and 300 ug of
proteins were taken for immunoprecipitation. After a pre-
cleared step, supernatants were incubated with an anti-CK2
antibody (clone 1AD9, Millipore) under rotary agitation for
4 h at 4°C. GammaBind G Sepharose beads (25 ul/sample,
GE Healthcare) were then added to the samples and incubated
on a rotating system overnight at 4°C. After three washes,
immunoprecipitated proteins were processed with the CK2
assay kit (Upstate, Millipore) according to the manufacturer's
instructions.

NF-kB transcription assay. Cells were seeded at a density
of 2x10° cells in 35-mm wells and co-transfected using
TransIT-2020 transfection reagent (Mirus) with: i) a luciferase-
coupled reporter gene for NF-xB and ii) a Renilla luciferase
reporter driven by a constitutive promoter. Twenty-four hours
after this step, cells were treated for 6 h (Apigenin, Cx4945)
or 3 h (calpain inhibitors) and lysed for analysis. For siRNA
experiments, cells were first transfected for 48 h with the CTRL
or CK2a siRNA using the Dharmafect (Dharmacon) system,
according to the manufacturer's instructions. Cells were then
co-transfected with the Luciferase and Renilla plasmids as
described supra. Cells were then lysed and luciferase activities
were measured according to the manufacturer's instructions
for the Dual Luciferase Assay System (Promega) using a
Victor luminometer (Perkin-Elmer). The relative NF-xB lucif-
erase activity was normalized to that of the Renilla.

Western blot analysis. Polyacrylamide precast gels (10%)
(Mini Protean TGX, Bio-Rad) were run for 30 min at 200 V
with protein extracts (20 pg/well) obtained from siRNA
CTRL or siRNA CK2-treated cells. Protein extracts were
obtained using conventional RIPA buffer and phosphatase
inhibitors. After transfer to a PVDF membrane (Roche) for 2 h
at 300 mA and blocking with Tris-buffered saline containing
0.2% Tween plus 5% dry milk powder, membranes were incu-
bated overnight at 4°C in the presence of primary antibody
directed against CK2a (Rabbit Polyclonal, 1/500, Santa Cruz
Biotechologies). A horseradish peroxidase-coupled secondary
antibody was then incubated and peroxidase activity was
evidenced with the Super Signal West Pico Chemiluminescent
substrate (Thermo Fisher Scientific) and the ImageQuant
LAS 4000 Mini Biomolecular Imager (GE Healthcare).

Cell survival assays. Cell survival in response to siRNA,
apigenin and Cx4945 treatments was assayed on subconfluent
cells in 96-well plates using MTS tests (One Solution Cell
Proliferation assay, Promega) as recommended by the manu-
facturer.

Statistical analysis. Statistical analyses were performed using
the Prism 5.0c (Graphpad Inc., La Jolla, CA, USA) and the
SPSS 23 (IBM) sofware. One-way ANOVA, Student's t-tests
and y” tests were performed as appropriate and as described in
the results section. Results are shown as means + SD.
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Figure 1. Expression of CK2a in glioblastomas and in normal human brain
samples. Immunocytochemical demonstration of the expression of CK2a in
(A) a specimen of non-tumoral brain tissue and (B and C) in an independent
serie of 34 GBMs. Cells from all tumors appeared to abundantly express
CK2a either in the cytoplasm (horizontal arrows) and/or in the nucleus
(vertical arrows), in contrast with normal glial cells (A; thick arrow). Note
that neurons (A, *) also express CK2a. (D) The subcellular localization of
CK2 alpha in GBMs did not correlate with patient survival, as shown with
Kaplan-Meier estimates for this series of patients (bars, 50 uM).
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Results

CK?2 is widely overexpressed in glioblastomas. CK20 immu-
nostaining was performed on FFPE sections of a consecutive
series of 34 GBMs and on a normal brain tissue obtained from
an epilepsy surgery. In the non-tumoral brain specimen, the
CK2a0 immunostaining was limited to neuronal cells, while
glial cells did not show any significant staining (Fig. 1A). All
glial tumors stained positive for this kinase. While in some
tumors this staining was limited to the cell cytoplasm, it also
involved the nucleus in other tumors (Fig. 1B and C), but there
was no difference in survival between tumors with these two
staining patterns (log-rank test, P>0.05, Fig. 1D).

CK2 hyperactivity is not class restricted and does not
correlate with CSNK2 gene copy number alterations. The
overexpression of CK2a in all samples of a consecutive series
of GBMs is surprising since CSNK2A1 amplification was
reported to underlie the overexpression of CK2a in GBMs and
to prevail by large in GBMs of the classical subtype according
to Verhaak et al (10). We therefore assessed the CK2 kinase
activity in a series of 27 fresh frozen glial tumor samples,
3 fresh frozen epilepsy brain surgery samples and 3 otherwise
healthy postmortem brain samples. While the CK2a kinase
activity was very similar in all six samples from non-tumoral
brains, it was significantly higher in most samples from glial
brain tumors, irrespectively of tumor grade (WHO grade 2,
3 or 4), histology (oligodendrogliomas, astrocytomas, glio-
blastomas) and gene expression subtypes of GBMs (Fig. 2).
Likewise, CK2 hyperactivity did neither correlate with the
copy number of any of the components of the kinase complex
(CSNK2A1, CSNK2A2, CSNK2B) in these tumors, nor with
the level of expression of their mRNA (Fig. 2).

The activity of CK2a did not correlate with the copy
number of known regulators of its activity, such as the TGF-§
receptors 1 and 2, PKC-C, a and 3, or p38 MAPK (data not
shown). On the contrary, both TGF-B1 and TNF-a, which are
overexpressed in GBMs, did increase the activity of CK2a in
malignant glioma cultures (Fig. 3), suggesting that the consti-
tutive hyperactivity in malignant gliomas is not solely due
to defined genetic changes, contrary to what was previously
suggested (9).

The cytotoxic effect of CK2 inhibition is neither class nor
TP53-WT restricted in glioblastomas. Malignant glioma cell
lines and primary tumor cultures from a series of GBMs of
different Verhaak's classes and TP53 status as well as normal
human astrocytes were treated with well established CK2
inhibitors [apigenin (40 uM), Cx4945 (20 uM)] or siRNA
targeting CK2a. CK2 inhibition did not alter the survival of
normal human astrocytes in culture. All GBM cultures showed
a significantly reduced viability following these treatments,
albeit this toxicity varied between cultures, as measured by
MTS tests (Fig. 4). However, the sensitivity to CK2a inhibition
correlated neither with the copy number of CK2 subunits in
the tumors, nor with their TP53 status.

Variability of the NF-xB response to CK2 inhibition in malig-
nant gliomas. U8T and LNI8 cells significantly differ with
respect to their sensitivity to the toxic effect of CK?2 inhibition
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inase assays performed on fresh-frozen samples of gliomas of various

histology, phenotypes and histological grade show that CK2 is widely active in gliomas, irrespectively of their histology or phenotype, as compared to non-
tumoral human brain tissue. O, oligodendroglioma; A, astrocytoma; OA, oligoastrocytoma; GBM, glioblastoma; Epil, non-tumoral brain sample obtained from
an epilepsy surgery patient; Nal, fresh frozen early postmorten brain tissue sample; 2, 3, World Health Organization (WHO) tumor grade; classes of Verhaak

(GBM only): C, classical; P, proneural; N, neural; M, mesenchymal. Gene copy number
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and mRNA expression as measured using Affymetrix microarrays are
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Figure 3. TGFP and TNFa modulate CK2 activity in malignant glioma cell lines. CK2a kinase activity was measured in LN18 and U87 cells following stimu-
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Figure 4. Toxicity of CK2a inhibition on malignant glioma cell lines, primary
cultures and normal human astrocytes. Cells were treated with the CK2 drug
inhibitors apigenin (A), Cx4945 (B) or CK2 siRNA (C), and their survival was
assessed after 48 h. The classification of the different cell cultures according to
Verhaak and their respective copy numbers of the three CK2 subunits are also
provided (A). Statistics: black symbols, one sample t-tests (control, untreated
cells); red, ANOVA with Tukey's multiple comparisons tests ("P<0.05, “P<0.01
"P<0.001 *"P<0.0001). N, normal; WT, wild-type; UK, unknown. Color
code: red, CN amplification; white, normal CN; grey, unknown.
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(Fig. 4). As CK2 has been reported to control both the calpain-
dependent degradation of IkBa and the activation of IKKf
(6,17), and since NF-«B is a major determinant of glioma cell
survival (16,18,19), we assessed the control of NF-kB by CK2a
in our cultures.

The treatment of both U87 and LNI18 cells with Cx4945
(20 mM) or apigenin (40 mM) for 3 h significantly reduced
their NF-«kB activity (Fig. 5A). Calpain inhibition, which was
significantly toxic to both U87 and LN18 (Fig. 5B), did not,
however, alter the baseline NF-kB activity of these cells within
this time frame (Fig. 5C), meaning that this alternative route
of NF-«xB activation plays only a limited role in these cells.
CK2 inhibition with apigenin on the other hand resulted in
a significant but transient inhibition of IKKf in both LN18
and U87 cells, with a recovery to baseline within 3 h of treat-
ment (Fig. 6A). After a more durable inhibition (48 h) of CK2a
using siRNA (Fig. 6B), the NF-«B activity in LN18 remained
unchanged, but was very significantly enhanced in U87 cells
(Fig. 6C).

Discussion

CK2a exerts a pro-survival role for malignant glioma cells
(4,9) and glioma tumor-initating cells (8). As a result, clinical
trials are being designed to treat these tumors with small CK2
drug inhibitors (9). In order for such trials to be adequately
designed however, one must define whether all GBMs are
likely to benefit from this treatment, or if predictive markers
of efficacy can be defined. CK2 mRNA overexpression was for
instance reported to prevail in (classical) GBMs carrying an
amplification of CSNK2A1 (9). That report, based on TCGA
data, did however not assess the correlation between CSNK2A1
amplification/mRNA expression and the actual kinase activity
of CK2 in tumors. Moreover, our analysis of CSNK2A1 copy
number alterations (CNAs) and mRNA expression in the
TCGA database showed that all classes present CSNK2A1
CN gains and that both classical and proneural GBM express
similar quantities of CSNK2A1 mRNA (Fig. 7). Furthermore,
in our proprietary series of gliomas, we observed that the
CK2 kinase activity is high in gliomas independently from
GBM class, glioma histology or grade, and that this kinase
activity does not correlate with CNAs of any of the genes that
code for the CK2 subunits or for classical regulators of CK2
activity, namely TGF-f receptors 1 and 2, PKC-C, a and f,
or p38 MAPK. Of note however, we previously observed that
the activity of CK2a is modulated in malignant gliomas by
the expression of connexin 30, a tumor suppressor encoded
by GJIB6 (20). We likewise observed here that TNF-a., as well
as TGF-fB1, which are secreted in the microenvironment of
gliomas (21-23), can induce the activity of CK2a and might
thus contribute to its hyperactivity in gliomas. These results
corroborate a previous report that the activation of NF-kB in
response to TNF-a stimulation depends on CK2 (9).

The toxic effect of CK2 inhibition however varied in
efficacy between our malignant glioma cell lines and primary
cultures, irrespectively of their class, while it did not have any
significant effect on normal human astrocytes in culture. This
variable sensitivity was observed for both the pharmacological
and siRNA-mediated inhibition of CK2, meaning that it is not
likely dependent on drug-efflux proteins. Additionally, the
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Figure 7. CSNK2A1 copy number and mRNA expression in 538 glioblastomas from the TCGA repository. (A) GISTIC-based CSNK2A1 CN estimates.
(B) Agilent G450A2 microarray-based mRNA expression of CSNK2AI. Statistics: ANOVA with Tukey's multiple comparisons tests (“P<0.01; ““P<0.001).

sensitivity of our cultures to CK2 inhibition with apigenin did
not correlate with CN or mRNA expression of genes coding
for ABC-family proteins 1 or 10 (data not shown). The toxicity
of CK2 inhibition in glial tumors did not correlate with the
CSNK2A1, A2 or B expression or CN (Fig. 6B). The onco-
genic role of CK?2 was also reported to depend on p53 function
in some GBM cells (14). We however found that CK2 inhibi-
tion is toxic to both TP53 wild-type and mutant GBM cells,
in agreement with previous findings in U251 cells (9). These
results not only strike TP53 out as a potential predictive marker
of efficacy for CK2-based GBM therapies, but also imply that
additional mechanisms than p53 signaling are involved in the
pro-survival function of this kinase.

Several pathways are known in this context to participate
to the oncogenic properties of CK?2 in gliomas. Among these,
we showed previously that NF-«B is constitutively activated in
malignant gliomas and prevents spontaneous apoptosis (16,24).
CK2 contributes to the hyperactivation of NF-«B in epithelial
cancers by several pathways, notably via the activation the
IKK complex and the proteasome-dependent degradation
of IkBa (25), and via the direct phosphorylation of IxBa,
which targets it for degradation by calpains (11). We, however,
showed here that calpains do not play any significant role in
the constitutive activation of NF-kB in malignant gliomas,
and that CK2 inhibition results in only a transient decrease
of IKK-f kinase activity and NF-«xB reporter activity in these
tumors. CK2 activity thus likely plays only a minor role in the
baseline NF-kB activity in GBM cells (11,25,26). Other path-
ways, such as the direct phosphorylation of caspase 3 (7) or the
activation of STAT3 and 5 signaling (5,9) are however known
to show a more durable inhibition following CK2 knock-
down and are thus more likely to explain the pro-survival
effect of CK2 in gliomas. Interestingly, we observed that U87
malignant glioma cells, which are less sensitive to apigenin,
Cx4945 and siCK2a than the LNIS cells, present a delayed
activation of NF-«kB following CK?2 inhibition, and that this
activity might contribute to the therapeutic resistance of some
gliomas to CK2 inhibition. Further studies are thus needed in
order to confirm whether NF-«B activity induces resistance to
CK2 inhibition and to evaluate the feasibility of a combined
approach to target simultaneously these two pathways.

In conclusion, this study confirms the activation of CK2a
in malignant gliomas and indicates that CK2 is a potential
therapeutic target in these tumors, irrespectively of the GBM
subtype and TP53 status. A delayed NF-«kB activation might
however contribute to the therapeutic resistance of some
malignant gliomas to CK2 inhibition, which paves the way to
combined therapeutic strategies against these tumors.
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