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Protein kinase CK2 is involved in zinc homeostasis in breast
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Abstract The intracellular zinc profiles of breast and
prostate cancer cells are diametrically opposed, with
hyper-accumulation of zinc in breast cancer, and low
level in prostate cancer. This phenomenon is poorly
understood. This study employs two breast and two
prostate cancer cell lines to investigate the role of
protein kinase CK2 in regulating zinc homeostasis.
CK2 was targeted by its specific inhibitors 4,5,6,7-
tetrabromobenzotriazole (TBB) and CX-4945, and by
the specific siRNA against each of the three CK2
genes. The effect of zinc exposure after the above CK2
manipulation was observed by MTT [3-(4,5-
dimethyliazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide] cell viability assay and confocal microscopy for
intracellular zinc level. The results demonstrate that
CK2 is involved in regulating zinc homeostasis in
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breast and prostate cancer cells as both TBB and CX-
4945 substantially decreased cell viability upon zinc
exposure. siRNA-mediated knockdown of the three
CK2 subunits (o, o and B) revealed their discrete roles
in regulating zinc homeostasis in breast and prostate
cancer cells. Knockdown of CK2o' decreased the
intracellular zinc level of breast cancer cells and in
turn increased the cell viability while the opposite
findings were obtained for the prostate cancer cells.
Knockdown of CK2p expression substantially
increased the zinc level in breast cancer cell lines
whilst decreased the zinc level in prostate cancer cells.
Taken together, this study shows that CK2 is involved
in zinc homeostasis of breast and prostate cancer cells
and opens a new avenue for research on these cancers.
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Introduction

The ubiquitous and pleiotropic serine/threonine pro-
tein kinase CK2 (CK2) was first discovered by Burnett
and Kennedy in 1954 (Burnett and Kennedy 1954). Its
structural and functional characteristics have since
been catalogued (Litchfield 2003; Meggio and Pinna
2003; Pinna 1993). Structurally, the mammalian
CK2 heterotetramer is composed of two catalytic
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subunits (o and o) and a homodimer of regulatory 3
subunits (Bischoff et al. 2011; Niefind et al. 2001).
Homodimerisation of the B subunits requires two zinc
ions which are held by the zinc fingers, essential for
dimer formation (Chantalat et al. 1999). Monomeric
CK2 o and o subunits are also catalytically active in
the absence of the [ subunit (Niefind et al. 2001; Raaf
et al. 2008). Functionally, CK2 plays roles in cell
proliferation, differentiation and apoptosis, therefore
it is implicated in diseases such as cancers (Guerra
et al. 1999; Guerra and Issinger 1999; Litchfield
2003). CK2 has been regarded as the most pleiotropic
kinase in eukaryotic organisms due to its numerous
substrates which possibly make up one quarter of the
eukaryotic phosphoproteome (Litchfield 2003; Meg-
gio et al. 1994; Meggio and Pinna 2003; Pinna 1993).
Despite such enormous progress in the characterisa-
tion of CK2, many aspects of its function remain yet to
be fully elucidated such as its role in regulating zinc
homeostasis in cancer cells.

Zinc is arguably one of the most important biometal
ions in living organisms, involved in a range of
biological functions such as being a cofactor for
enzymes, a structural component of proteins and a
second messenger for signalling pathways (Her-
shfinkel et al. 2001; Laity et al. 2001; Maret 2001;
Taylor et al. 2012). It is estimated that there are at least
3000 zinc-binding proteins in the human proteome
(Maret 2012). About 40% of those proteins are
transcription factors which often contain zinc-finger
motifs allowing the proteins to coordinate zinc ions for
the formation of essential structures in DNA binding
(Ebert and Altman 2008). The zinc level is highly
regulated in the cell because of its diverse functions
(Vallee and Auld 1990). Such regulation involves its
uptake, sequestration and efflux (Guerinot 2000;
Yamasaki et al. 2007). There are two groups of zinc
transport proteins including 10 ZnT (zinc transporters)
for decreasing the cytoplasmic zinc level ([Zn2+]), and
14 ZIP (ZRT/IRT-like proteins) for increasing the
cytoplasmic [Zn®T] (Cousins et al. 2006; Guerinot
2000). Metallothioneins are also involved in main-
taining the homeostasis of [Zn2+] (Suhy et al. 1999).
Dysregulation of zinc homeostasis is linked to cancers
(Costello and Franklin 2006). Breast cancer cells have
been shown to have a higher [Zn®*"] compared to
normal mammary epithelial cells (Alam and Kelleher
2012). This increased Zn*" level is correlated with
higher malignancy of the cancer (Kagara et al. 2007).
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In clear contrast, Zn>" level is significantly decreased
in prostate cancer cells compared to normal prostate
cells (Franklin et al. 2005; Song and Ho 2009). Such
diametrically opposite profiles of zinc in these two
types of cancer cells serve as an ideal tool for this
study to dissect the role of CK2 in regulating zinc
homeostasis.

CK2 is found to regulate zinc uptake and seques-
tration in eukaryotic cells. We, using the model
organism Saccharomyces cerevisiae, discovered that
CK2o subunit is involved in Zn** sequestration
(Johnson et al. 2017). We further demonstrated that
CK2 plays a role in Zn>" uptake and toxicity in
neuronal cells (Zaman et al. 2016). Taylor et al. (2003)
showed CK2 phosphorylates the zinc channel ZIP7
located in the membrane of endoplasmic reticulum,
allowing Zn*" to be released into the cytoplasm. All
these previous findings provide a basis for this study,
which is to investigate the role of CK2 in zinc
homeostasis in breast and prostate cancer cells. Our
experimental approach is to target CK2 with its
specific inhibitors at the protein level and its specific
siRNA at the gene level in breast cancer cell lines
(MCF-7 and MDA-MB-231) and prostate cancer cell
lines (PC3 and DU145). The effects of such CK2
manipulation in combination with zinc exposure are
then observed by MTT cell viability assay and
confocal microscopy for intracellular zinc level quan-
tification. The findings reported below provide evi-
dence for the involvement of CK2 in zinc homeostasis
of breast and prostate cancer cells.

Materials and methods
Culturing conditions

MCE-7 cells (human breast adenocarcinoma, ATCC
Cat. No. ATCC® HTB-22™) and DUI145 cells
(human prostate cancer, ATCC Cat. No. ATCC®
HTB-81™) were cultured in DMEM (Life Technolo-
gies, Australia) supplemented with 10% foetal bovine
serum (FBS) (Life Technologies, Australia), 1%
antibiotics (penicillin/streptomycin) (Life Technolo-
gies, Australia), and L-glutamine. MDA-MB-231 cells
(human breast cancer, ATCC Cat. No. ATCC® CRM-
HTB-26™) were cultured in Leibovitz’s L-15 med-
ium (Life Technologies, Australia) supplemented with
10% FBS, 1% antibiotics and L-glutamine. PC3 cells
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(human prostate cancer, ATCC Cat. No. ATCC®
CRL-1435™') were cultured in RPMI 1640 (Life
Technologies, Australia) supplemented with 10%
FBS, 1% antibiotics and L-glutamine. Cells were
incubated at 37 °C with 5% CO, and observed daily
until 80% confluence. The cells were then washed with
phosphate-buffered saline (PBS), trypsinised, counted
using a haemocytometer (LW Scientific) and seeded
into appropriate flasks or plates for experimentation.

MTT assay and cell enumeration

Cells were seeded into 96-well plates (Greiner Bio-
one) in 190 pL complete medium containing 7000
cells per well. Plates were incubated at 37 °C and 5%
CO, for 32 h before treatment with ZnSQO,. Stock
solutions of ZnSO, were made at 20X concentrations
and filter-sterilised through a 0.22 um filter. The final
concentrations of ZnSQO, used were 0, 20, 50, 100,
150, 200, 250, 300, 350, 400 and 500 pM. After
treatment with ZnSO,, plates were incubated for 6 h
and then treated with 50 pL/well of MTT [3-(4,5-
dimethyliazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide, 5 mg/mL in PBS], followed with a further
incubation of 2 h at 37 °C in 5% CO, incubator. The
medium was then aspirated and formazan crystals in
each well were solubilised in 100 pL of dimethyl
sulfoxide (DMSO). Plates were then shaken gently
before the optical absorbance was measured at 600 nm
(Agoo) using a spectrophotometer (Multiskan EX,
Thermo Electron). The cell viability was quantified
from the collected data and the AAT Bioquest website
(https://www.aatbio.com/tools/ic50-calculator)  was
used to generate ICsq values and further confirmed by
graphing through Excel.

For cell enumeration, the cells were grown,
prepared and treated in the same way as described
previously. Following the 6 h incubation of ZnSO,4
treatments, the medium from each 96-well plate was
aspirated and wells were washed with 200 pL of PBS,
trypsinised with 15 pL of trypsin and then incubated
for 2—-3 min at 37 °C in 5% CO, incubator. Then 185
pL of medium was pipetted into each well, cells were
thoroughly re-suspended and transferred to microcen-
trifuge tubes. Equal volume of 0.4% trypan blue (Life
Technologies) dye was added to each tube and
thoroughly mixed by pipetting prior to cell counting
with a haemocytometer under a light microscope
(Olympus CHX41). Both live and dead cells were

counted to calculate the percentage of viable cells.
Cell viability was graphed using the Bioquest website
for ICsq determination and further confirmed through
graphing in Excel.

CK2 inhibition and zinc treatment

Multiple 96-well plates were prepared containing
7000 cells per well in 190 pL of complete medium and
incubated for 32 h. Prior to the addition of ZnSO,,
cells were treated with CK2 specific inhibitor TBB
(4,5,6,7-tetrabromo-1H-benzotriazole, Calbiochem-
Millipore) or CX-4945 (Adooq Bioscience) dissolved
in DMSO. A final concentration of 20 uM TBB and
5 UM CX-4945 was used for CK2 inhibition. This
dose for each inhibitor was chosen on the basis of its
benign toxicity based on a titration we preformed and
further supported by literature (Cozza et al. 2009;
Zaman et al. 2016; Zwicker et al. 2011). After the
addition of TBB or CX-4945, the cells were incubated
at 37 °C with 5% CO, for 3 h, followed by 6 h
incubation of ZnSO,; at ICsy. At the end of the
incubation period, plates were observed under the
microscope and the cell viability was measured by
MTT assay as described earlier.

CK2 knockdown and zinc treatment

SMARTDpool siRNA targeting the individual genes of
CK2 subunits (CSNK2A1 encoding CK2a, CSNK2A2
encoding CK20/ and CSNK2B encoding CK2[3) were
purchased from Dharmacon, USA. Each SMARTpool
siRNA against a specific subunit gene is comprised of
four targeting nucleotides. The targeting sequences for
CSNK2A1 were UGAAUUAGAUCCACGUUUC,
GCAAUUGUACCAGACGUUA, CAGAAAGCUU
CGGCUAAUA, AGACUAUGACAUUCGAUUU.
The targeting sequences for CSNK2A2 were GCAA-
GUAUAGUGAAGUAULU, CAACAGAGAUU-
GACCGCCA, GGUGGAACAAAUAUCAUUA,
GAACUAUAUGGUUAUCUGA. The targeting
sequences for CSNK2B were CAGCUGAGAUG-
CUUUAUGG, CCAAGUGCAUGGACGUGUA,
GGUAAUGAAUUCUUCUGUG, GCAGGGAGA-
CUUUGGCUAC. Each SMARTpool siRNA stock
(10 uM) was prepared in siRNA buffer (pH 7.3)
containing 300 mM potassium chloride, 31 mM
HEPES and 2.1 mM magnesium chloride. For each
siRNA transfection, two microcentrifuge tubes were
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prepared, with tube 1 containing 20 pL of 10 uM
siRNA and 480 pL. OPTI-MEM (Life Technologies)
and tube 2 containing 20 pL lipofectamine 2000
(Invitrogen) and 480 pL OPTI-MEM. After 5 min
incubation at room temperature, the contents of tube 1
was pipetted into tube 2 for each siRNA and left at
room temperature for 20 min. A mock tube with no
siRNA containing 980 pL. OPTI-MEM with 20 pL
lipofectamine was also prepared to serve as a control.

Cells were cultured in flasks for 32 h until 80%
confluence. The cells were washed with PBS, then
trypsinised and 5 mL fresh complete medium was
added. The cells were counted and 2 x 10° cells in
5 mL was prepared for each treatment including
CSNK2A1 siRNA, CSNK2A2 siRNA, CSNK2B
siRNA and mock control. The cells were centrifuged
at 900 x g for 5 min. The supernatant was removed and
cells were then washed with 5 mL PBS and cen-
trifuged again with the supernatant discarded. The four
treatments were then performed with each cell pellet
thoroughly re-suspended in 1 mL of each siRNA
mixture prepared previously. After 20 min incubation,
9 mL of OPTI-MEM was added and the cells were
then re-suspended and aliquoted into 96-well plates at
95 pL per well. The plates were incubated at 37 °C in
5% CO, incubator for 36 h. The IC5q of ZnSO4in 5 uLL
volume per well were used to treat the transfected cells
in the plates and incubated at 37 °C in 5% CO,
incubator for 6 h. An MTT assay was then conducted
to measure cell viability as previously described.

Reverse transcription quantitative PCR (RT-
qPCR)

Total RNA samples were prepared from the siRNA
treated cells. After siRNA treatment, cells were grown
in 25 cm? flasks for 36 h. For each treatment, the
medium was discarded and 1 mL of TRIzol™ reagent
(Thermofisher) added directly into the flask. By
pipetting up and down several times the lysate was
homogenised and transferred to 2 mL microcentrifuge
tubes, followed with 5 min incubation at room tem-
perature. Then, 200 pL. of chloroform (Sigma-
Aldrich, Australia) was added and the sample was
left for 3 min incubation prior to centrifugation at
12,000x g, 4 °C for 15 min to separate into three
phases. The RNA containing upper phase was trans-
ferred to a new tube and precipitated by adding 0.5 mL
of isopropanol (Sigma-Aldrich, Australia). After
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10 min incubation the sample was centrifuged for
10 min at 12,000x g, 4 °C. The supernatant was then
discarded and the RNA pellet was washed in 1 mL
75% ethanol (Sigma-Aldrich) by vortexing for 5 s
then centrifugation for 5 min at 7500x g, 4 °C. The
resultant pellet was allowed to air dry for about 20 min
and then reconstituted in 30 pL. RNase-free water
(Sigma-Aldrich, Australia) and stored at — 80 °C
(Thermo Scientific — 80C ULT). Quantification and
determination of RNA purity was accomplished by
measuring the UV absorbance (A¢0, Azgo, Az60/A2g0)-

cDNA was synthesised using high-capacity cDNA
reverse transcription kits (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Firstly
10 pL of master mix was prepared with 2 pL. 10X
reverse transcription buffer, 0.8 pL 25X dNTP mix,
2 pL 10X reverse transcription random primers, 1 pL
Multiscribe™ reverse transcriptase, and 4.2 pL
DEPC treated water. Then, 10 pL. of the master mix
was combined with 10 pL of 0.1 pg/pL total RNA
from a specific siRNA treatment. The reaction tube
was mixed and then run on a Veriti 96-well thermal
cycler (Applied Biosystems) with the following ther-
mal cycler settings: step 1 at 25 °C for 10 min, step 2
at 37 °C for 120 min, step 3 at 85 °C for 5 s. cDNA
synthesis was quantified by measuring the UV
absorbance (Asgg, Asgo, Azso/Asgo)-

gPCR was carried out using TagMan real time PCR
reagents (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Each 20 pL reaction mix
contained 1 pL 20X TagMan assay which contains
specific primer/probe combinations for a CK2 gene,
10 pL master mix, 1 pL of cDNA template (500 ng/
pL) and 8 pL DEPC treated water (9 pL for the no
template control). Each cDNA was run in triplicate.
The mixture was heated at 95 °C for 10 min, then
followed with each cycle at 95 °C for 15 s and at
60 °C for 1 min, for 40 cycles. The relative expression
of CK2 genes (CSNK2A1, CSNK2A2 and CSNK2B)
against the house keeping gene GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) was quantified.

Data generated were analysed by the 2 44CT
method (Schmittgen and Livak 2008). ACTc is
calculated first where the cycle threshold for the gene
of interest in control conditions was normalised to the
cycle threshold of the house keeping gene GAPDH
control in mock condition. Then the cycle threshold of
the gene of interest under each treatment was
normalised to the cycle threshold of GAPDH under
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Fig. 1 Determination of ICs of ZnSO,4 by MTT assay (a) and
by cell counting (b). IC5, of ZnSO, at 6 h for all four cancer cell
lines was determined by MTT assay. ICso for MCF-7 cells
(green) is 320 uM, MDA-MB-231 cells (blue) 350 uM, PC3

each experimental treatment (ACTe). Finally, the ratio
of ACTe over ACTc is AACT. The expression of fold
change is given by pAACT,

Confocal microscopy imaging

Confocal imaging glass bottom culture dishes (Greiner
Bio-One) were firstly coated with 20 pL of gelatin
(Sigma-Aldrich, Australia) on the glass surface. Cells
suspended in complete medium with 25 mM HEPES
buffer were seeded at 40,000 cells per mL into each
imaging dish at a final volume of 1 mL. Cells were
incubated at 37 °C in 5% CO, incubator for 32 h. The
cells were treated as previously described with CK2
inhibitor TBB (20 uM) or CX-4945 (5 uM) or the
specific siRNAs against each CK2 subunit gene. ICs
ZnSO, was applied for 1 h before the removal of
medium and addition of 1 mL fresh live cell imaging
medium (Life Technologies) containing 140 mM
NaCl, 2.5 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,
and 20 mM HEPES at pH 7.4. The zinc probe stock
was prepared by dissolving 100 pg of FluoZin-3 AM
in 198 pL. of DMSO and 2 pL of 50% pluronic acid
F127, followed by 5 min sonication. To each culture
dish 15 pL of FluoZin-3 AM stock was added. After a
further 1 h incubation at 37 °C in 5% CO, incubator,
the medium was removed and 2 mL of fresh imaging
medium was added and incubated at 37 °C in 5% CO,
for 30 min prior to imaging. Confocal imaging was
performed in all four cell lines. Images were acquired
using an LSM-5 Confocal Microscope system (Carl
Zeiss Pty Ltd, North Ryde, Australia), with excitation
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cells (red) 110 pM and DU145 cells (purple) 150 uM (a). The
trend observed by MTT assay was confirmed by cell counting
using trypan blue (b). Error bars denotes standard deviation of
three biological replicates for each dose. (Color figure online)

at 488 nm and emission at 510-530 nm. Gain settings
for fluorescence imaging were maintained constant for
the imaging probe to allow for quantification of
intracellular fluorescence intensity through Image-J
imaging software.

Statistical analysis

Data was analysed with one-way ANOVA in SPSS
statistical software. Analysis and quantification of
confocal images was achieved via Image-J with Fiji
attachment software.

Results
IC5o of ZnSQOy in the cancer cell lines

In order to measure the effect of zinc on the cancer
cells, its ICso for each cancer cell line was firstly
determined by MTT assay. As shown in Fig. 1, the
overall patterns for the breast cancer cell lines (MCF-7
and MDA-MB-231) and prostate cancer cell lines
(PC3 and DU145) in response to the zinc exposure are
divergent. The ICsy values of ZnSO, for MCF-7
(320 uM) and MDA-MB-231 (350 uM) are much
higher than that of PC3 (110 uM) and DU145
(150 uM) (Fig. l1a). These ICsqy values are used in
the following experiments. For each cell line the ICs
of ZnSO, was also determined via cell counting,
which confirms the trend observed by MTT assay as
shown in Fig. 1b.
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Fig. 2 Effect of CK2 inhibitors on cancer cell viability under
exposure of ICsg ZnSOy. Cells were treated with 20 pM TBB or
5 uM CX-4945 inhibitor for 3 h and then incubated for 6 h with
the ICsq of ZnSO,. The cell viability was determined by MTT

Effect of CK2 inhibitors on Zn>" homeostasis
under exposure of ICsy ZnSO,

To uncover the role of protein kinase CK2 in
regulating zinc homeostasis, the specific inhibitors
TBB and CX-4945 were used. As shown in Fig. 2,
CK2 inhibitor alone with TBB (20 uM) or CX-4945
(5 uM) had little effect on the cancer cell viability.
The inhibitor plus ICs, of ZnSO, reduced the viability
of both breast (MCF-7, MDA-MB-231) and prostate
(PC3, DU145) cancer cells (P < 0.001), and prostate
cancer cells exhibiting higher sensitivity to the
treatment of CK2 inhibitor plus zinc exposure.

Efficacy of CK2 gene expression knockdown
by siRNA

Relative expression of CK2 subunit genes
(CSNK2A1, CSNK2A2 and CSNK2B) was deter-
mined with reference to the expression of housekeep-
ing gene GAPDH. Fold change 1 means no change of
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assay. Error bars denotes standard deviation of three biological
replicates for each treatment and each biological replicate has
three technical replicates. P values were calculated by one-way
ANOVA. ***P < 0.001

the gene expression. Fold change > 1 means increase
of the gene expression whilst fold change < 1 means
decrease of the gene expression. Figure 3 shows the
percentage knockdown of CSNK2A1l (encoding
CK2a) is 80.7% for MCF-7, 59.4% for MDA-MB-
231, 58.7% for PC3 and 65.7% for DU145 cells. The
percentage knockdown of CSNK2A2 (CK2d') is
70.5% for MCF-7, 67.1% for MDA-MB-231, 72.5%
for PC3 and 61.4% for DU145 cells. The percentage
knockdown of CSNK2B (CK2p) is 78.2% for MCF-7,
75.2% for MDA-MB-231, 76.4% for PC3 and 76% for
DU145. In all of the four cell lines, knockdown of one
CK2 gene does not affect the other two, except in
MCEF-7 where knockdown of CK2[3 leads to reduction
in expression of CK2a and o, and knockdown o leads
to reduction in expression of B, as well as in DU145,
knockdown of o caused reduction in expression of o.
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Fig. 3 Efficacy of CK2 gene expression knockdown by the
specific siRNA. Cells were transfected with CK2 subunit
specific siRNA and incubated for 36 h. Total RNA was then
prepared, cDNA synthesised and qPCR performed. Relative
expression of the subunit genes was quantified relative to

Effect of CK2 siRNA knockdown on cell viability
under zinc exposure

The knockdown of individual CK2 subunit genes
revealed their distinct involvements in regulating zinc
homeostasis reflected by the cancer cell viability
(Fig. 4). Compared to mock transfection plus ZnSO,
IC5(, knockdown of CK2a increased cell viability of
MDA-MB-231 cells (P < 0.01) but decreased cell
viability in MCF-7, PC3 and DUI145 cells
(P < 0.001). Knockdown of CK2o' increased cell
viability of MCF-7 and MDA-MB-231 cells
(P < 0.001) but decreased cell viability in PC3 and
DUI145 cells (P < 0.001). Knockdown of CK2f
decreased cell viability of MCF-7 and MDA-MB-
231 cells (P < 0.001) but increased cell viability in
PC3 (P < 0.01) and DU145 cells (P < 0.001). Across
all three knockdowns, the two prostate cancer cell
lines showed consistent effects, the same is also true
for the two breast cancer cell lines except the
knockdown of CK2a. The discrepancy of the effect
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GAPDH. *P < 0.05, **P < 0.01 and ***P < 0.001. Data
represents the average of three biological replicates and each
biological replicate has two technical replicates. Error bars
represent SEM. CSNK2A1 is denoted as o, CSNK2A?2 as o’ and
CSNK2B as B

of CK2a knockdown is likely due to the lower
knockdown efficacy in MDA-MB-231.

Visualisation of intracellular Zn*" in ZnSO,
treated cells under CK2 inhibition and siRNA
knockdown

Apart from performing MTT assays, the effects of
CK2 inhibitors and siRNA knockdown in MCF-7,
MDA-MB-231, PC3 and DU145 cells were further
studied by confocal imaging with the specific fluo-
rophore (FluoZin-3 AM) for zinc visualisation and
quantification (Figs. 5, 6). Figure 5 shows that zinc
levels in all four cell lines were significantly increased
by the inhibition of CK2 inhibitors TBB or CX-4945
in combination with ICs zinc exposure compared to
zinc ICsq treatment alone (P < 0.001). The cells with
inhibitor alone (Control panel) and the cells with
ZnSO, only (ZnSO, panel) serve as controls. Notably,
the zinc level in the controls of breast cancer cells is
higher than the counterparts of prostate cancer cells,
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demonstrating the intrinsic characteristics of these two
types of cancer cells.

Visualisation of zinc levels by confocal imaging in
the cells transfected with CK2 specific siRNA reveals
the distinct involvements between each CK2 subunit
and intracellular zinc level (Fig. 6). Under ZnSO,4 ICs
treatment, knockdown of CK2f is detrimental to both
breast cancer cell lines (P < 0.001) but is beneficial to
both prostate cancer cells (P < 0.001), particularly
PC3 cells. CK2a/ knockdown reduced the zinc level
significantly in MCF-7 and MDA-MB-231 cells
(P < 0.001), whereas no apparent effect was dis-
played by PC3 and DU 145 cells. Knockdown of CK2a
increased the zinc level in PC3 and DU145 cell lines
(P < 0.001), while such effect was not apparent for
MCF-7 and MDA-MB-231 cells. Furthermore, the
control images revealed that zinc ions are most likely
localised surrounding the nuclei. Such a pattern was
also obvious in the cells with CK2a’ knockdown,
particularly in MCF-7 and MDA-MB-231 cells.
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Fig. 4 Effect of CK2 siRNA knockdown on cell viability under
zinc exposure. Transfection of sSiRNA was carried out in MCF-7,
MDA-MB-231, PC3 and DU145 cells, followed by treatment of
ZnSO, ICsg and an MTT assay. Mock transfection as well as
mock plus ZnSO, ICs, served as two controls. P values were
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Fig. 5 Visualisation of Zn>* in ZnSO, treated cells under CK2 »
inhibition. Cells were grown in confocal imaging dishes for 32 h
then treated with either TBB (20 pM) or CX-4945 (5 uM) for
3 h followed by ZnSO, ICs, treatment and incubation with the
fluorescent probe FluoZin-3 AM. The confocal images (a) were
taken at x40 magnification. The control panel represents the
cells treated with the CK2 inhibitor alone (either TBB or CX-
4945). Fluorescent intensity (b) was quantified for each
treatment with confocal images at x40 magnification where
blue indicates MCF-7 cells, orange MDA-MB-231 cells, grey
PC3 cells and yellow DU145 cells. Error bars denote standard
deviation of fluorescence intensity for each treatment. (Color
figure online)

Discussion

Zinc hyper-accumulates in breast cancer cells com-
pared to normal mammary epithelial cells (Chandler
et al. 2016; Lopez et al. 2011), while prostate cancer
cells have much lower zinc content than normal
prostate cells (Franklin et al. 2005; Song and Ho
2009). Such phenomenon is poorly understood at a
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calculated by one-way ANOVA. **P <(0.01 and

*##%P < 0.001. Error bars denote standard deviation of three
biological replicates for each treatment and each biological
replicate has two technical replicates
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molecular level. By using breast and prostate cancer
cells and manipulating protein kinase CK2 at protein
and gene levels, this study acquired significant
evidence for the involvement of CK2 in zinc home-
ostasis of breast and prostate cancer cells.

From the response curves of breast and prostate
cancer cells against zinc titration (Fig. 1a), a conspic-
uous divergence between the two types of cancer cells
demonstrates that breast cancer cells are more capable
of coping with acute zinc exposure than prostate
cancer cells. No cytotoxicity is evident up to approx-
imately 150 uM ZnSO, for breast cancer cells, whilst
prostate cancer cells show little tolerance to 20 pM
ZnSO,. This is further confirmed by trypan blue
staining and cell counting (Fig. 1b). Together with the
control images in Figs. 5 and 6, the data supports the
known phenomenon, that is, breast cancer cells have a
higher zinc content than prostate cancer cells (Alam
and Kelleher 2012; Costello and Franklin 2006). The
findings reported here provide some insights into this
phenomenon in terms of the involvement of CK2.

The cancer cell’s response to zinc exposure is
underpinned by the regulation of uptake, sequestration
and efflux of Zn>*. As described at the outset, there are
numerous membrane-bound transport proteins for
Zn**, including 10 ZnT involved in decreasing
cytoplasmic zinc level, and 14 ZIP for increasing
cytoplasmic zinc (Margalioth et al. 1983; Nelson
1999; Yamasaki et al. 2007). These transporters are
either present in the plasma membrane or in the
membranes of subcellular organelles such as the
endoplasmic reticulum (Cousins et al. 2006; Yamasaki
et al. 2007). Their regulation by other molecules such
as CK2 (Guerra et al. 1999; Sekler et al. 2007; Taylor
et al. 2008; Zaman et al. 2016) and metal regulatory
transcription factor (Lopez et al. 2011; Suhy et al.
1999) is critical to maintain the homeostasis of
cytoplasmic zinc, which is estimated to be at picomo-
lar levels in eukarya (Bozym et al. 2006; Krezel and
Maret 2006; Outten and O’halloran 2001; Vinkenborg
et al. 2009).

The experiments using CK?2 inhibitors demonstrate
that CK2 function is required by both breast and
prostate cancer cells to regulate zinc homeostasis
under zinc exposure. The reason behind using two
inhibitors, TBB and CX-4945, is to enhance the
veracity of the findings since no inhibitor is absolutely
specific against its target enzyme, although both TBB
and CX-4945 are highly selective against CK2 (Lolli
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Fig. 6 Visualisation of Zn>* under siRNA knockdown of CK2 »
subunit genes. Cells were treated with each specific siRNA in
confocal imaging dishes for 36 h prior to ZnSO, ICs, treatment
and confocal imaging with fluorescent probe FluoZin-3 AM (a).
Fluorescent intensity (b) was quantified for each treatment with
confocal images at x40 magnification where blue indicates
MCEF-7 cells, orange MDA-MB-231 cells, grey PC3 cells and
yellow DU145 cells. Error bars denote standard deviation of
fluorescence intensity for each treatment. (Color figure online)

et al. 2012). Both TBB (20 pM) and CX-4945 (5 uM)
showed the same effect, i.e. decreasing the cell
viability of all four cancer cell lines under ZnSOy,
ICso treatment (Fig. 2). Confocal imaging further
demonstrates that reduction of cell viability was due to
the increased accumulation of intracellular zinc
(Fig. 5). These findings together indicate CK2 is
involved in zinc homeostasis, potentially through
regulating zinc transport proteins associated with zinc
uptake, sequestration or efflux. It is well known that
ZIP, ZnT and metallothioneins are the workhorses in
zinc homeostasis. Zn>" accumulation in breast cancer
cells directly correlates with abnormal expression of
Z1P6, Z1P7, Z1IP10 and ZnT2 (Kagara et al. 2007,
Lopez et al. 2011; Taylor et al. 2008), whilst a
decrease of cytoplasmic Zn*" can result from ZIP1
downregulation in prostate cancer cells (Franklin et al.
2005; Prasad et al. 2009). Further studies such as
phosphoproteomics are needed to see if CK2 regulates
the expression and/or activity of ZIP and ZnT.
siRNA mediated knockdown of individual CK2
subunit genes provide significant details on the
involvement of CK2 in zinc homeostasis. Firstly, we
analysed the efficacy of siRNA knockdown (Fig. 3).
The average knockdown efficacy for all three CK2
subunit transcripts was 70.15%. Both MTT assay and
confocal imaging demonstrate that CK23 knockdown
is detrimental to both breast cancer cell lines whereas
beneficial for both prostate cancer cell lines under ICs,
Zn>" (Figs. 4, 6). Because CK2p is essential for the
tetrameric holoenzyme CK2, these findings therefore
suggest that the CK2 tetramer might be involved in up-
regulating the cytoplasmic zinc level in prostate
cancer cells, while the opposite mode of action is
likely the case for breast cancer cells. The varying
behaviours of breast and prostate cancer cells are also
evident in siRNA knockdown of CK2a' (Figs. 4, 6).
The cell viability was reduced or zinc accumulation
was elevated in PC3 and DU145 prostate cancer cells
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due to knockdown of CK2a/, while the opposite was
seen in MCF-7 and MDA-MB-231 breast cancer cells.
Such opposite effect of CK2p and CK2o/ demon-
strates that CK2 is involved in zinc homeostasis, and
that the CK2-related zinc homeostasis in breast and
prostate cancer cells are divergent. Furthermore,
siRNA knockdown of individual CK2 subunits shows
that individual subunits of CK2 have distinct roles in
zinc homeostasis in breast and prostate cancer cells.

In summary, the findings reported here demonstrate
that CK2 is involved in zinc homeostasis in breast and
prostate cancer cells, and that individual CK?2 subunits
play distinct roles. The study provides a basis for
future works on delineating the molecular network of
zinc homeostasis involving CK2, zinc transport pro-
teins (ZIP and ZnT), metallothioneins and other
players. The involvement of CK2 in zinc homeostasis
may also have bearing in drug development for cancer
treatment.
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