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Abstract

Protein kinase CK2 plays multiple roles in cell function in normal and disease states. CK2 is
elevated in numerous types of cancer cells, and CK2 suppression of apoptosis represents a key link
to the cancer cell phenotype. CK2 regulation of cell survival and death involves diverse processes,
and our previous work suggested that mitochondrial machinery is a key locus of this function. One
of the earliest responses of prostate cells to inhibition of CK2 is a change in mitochondrial
membrane potential, possibly associated with Ca2* signaling. Thus, in the present work, we
investigated early impact of CK2 on intracellular Ca2* dynamics. Three prostate cancer (PCa) cell
lines, PC3-LN4, C4-2B, and 22Rv1, were studied. PCa cells were treated with the CK2 small
molecule inhibitors 4,5,6,7-tetrabrombenzotriazole and CX-4945 followed by analysis of Ca?*
levels in various cellular compartments over time. The results showed dose-dependent loss in
cytosolic Ca?* levels starting within 2 min and reaching maximal loss within 5-10 min. There was
a concomitant increase in Ca2* in the endoplasmic reticulum (ER) and mitochondrial
compartments. The results suggest that inhibition of CK2 activity results in a rapid movement of
Ca?* out of the cytosol and into the ER and mitochondria, which may be among the earliest
contributory factors for induction of apoptosis in cells subjected to inhibition of CK2. In cells with
death-inducing levels of CK2 inhibition, total cellular Ca%* levels dropped at 2 h post-treatment.
These novel observations represent a potential mechanism underlying regulation of cell survival
and death by CK2 activity.
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Introduction

Protein kinase CK2 (official acronym for former name casein kinase 2 or 1) is a ubiquitous
and highly conserved protein Ser/Thr kinase consisting of two catalytic subunits (a and a”)
linked through two regulatory subunits (8). CK2 is essential for cell survival, and much
work has contributed to the recognition that CK2 is a master regulator of numerous cell
functions in both normal and abnormal states [1-6]. The kinase subunits are localized to
nuclear and cytoplasmic compartments where protein and activity levels may be
dynamically regulated contributing to the execution of its functions [7-9]. Originally, the
role of elevated CK2 in cancer was not clear since it is also increased (albeit transiently) in
normal proliferating cells (see, e.g., [10]). However, our discovery that, in addition to roles
in cell growth and proliferation, CK2 has a potent effect on suppression of cell death
provided its functional link to the cancer cell phenotype where both proliferation and cell
death are dysregulated [11-14]. Thus, the impact of CK2 on cell death has been recognized
as a strikingly important function, but the underlying mechanisms of this function remain to
be fully elucidated.

In previous studies, we demonstrated that one mode of CK2 regulation of apoptotic activity
is mediated by its action on mitochondrial machinery. For example, downregulation of CK2
results in upregulation of Bax and downregulation of Bcl-2 and Bcl-xL accompanied with
release of cytochrome ¢. On the other hand, elevation of CK2a by transient ectopic
expression produces an opposite effect on these signals [15, 16]. Production of hydrogen
peroxide (H,0O,) in PCa cells subjected to CK2 downregulation for 6-24 h (h) is another
trigger for apoptotic circuitry [17]. However, the underlying initiating mechanism of these
observations remained unclear. In our subsequent work to identify the earliest triggering
signals for mediation of CK2 regulated apoptosis, we reported that loss of CK2 expression
and activity resulted in dramatically decreased mitochondrial membrane potential (Ayp,)
that was apparent within 2 h of CK2 inhibition, hinting at a proximal event to activation of
apoptosis. Our results also suggested that alterations in Ca?* signaling were involved in the
CK2-mediated loss of Ay, and mitochondrial permeability [18].

Ca?* is essential for cell function (e.g., [19]). Ca2* homeostasis is strictly maintained to
regulate its roles in life and death functions, and both loss and gain in cell Ca2* levels can
result in cell death [20]. In general, cancer cells have the ability to tolerate higher levels of
Ca?" relative to normal cells (see, e.g., [21]). Since our previous results suggested alterations
in Ca?* signaling in connection with Ay, and mitochondrial permeability [18], we
undertook a detailed examination of the regulation of Ca2* levels in PCa cells caused by
decreased CK2 activity. Here we show that CK2 inhibition caused a rapid loss of cytosolic
Ca?* levels and coincident increase in mitochondrial and endoplasmic reticulum levels of
Ca?*. Our results are the first to demonstrate that rapid impact on Ca2* homeostasis is one of
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the earliest events underlying the initiation of apoptotic machinery in response to reduction
in CK2 activity, and thus represents a mechanism for CK2 mediated regulation of cell death.

Materials and methods

Cell lines and culture

Acquisition of cells was as follows: PC3-LN4 cells were selected by orthotopic implantation
within the prostate of athymic nude mice and maintained thereafter by monolayer culture
[22]; C4-2B cells were a kind gift from Dr. Allen Gao (University of California at Davis,
Davis, CA, USA) [23]; 22Rv1 cells were purchased from ATCC (Manassas, VA, USA) and
the original freeze back of these cells was used for this work. PC3-LN4 cells were
authenticated by Johns Hopkins University genetics core facility using a 9 marker STR
profile (Baltimore, MD, USA). 22Rv1 cells were authenticated by IDEXX Bioresearch
using a 9 marker STR profile (Columbia, MO, USA). All cells were grown in RPMI-1640
with 25 mM HEPES and L-glutamine (catalog # SH30255.01; Lot #AB216533, 0.42 mM
Ca?*, HyClone Laboratories, Logan, UT, USA) with 10% fetal bovine serum (catalog #
S11150, Lot #D14038; Atlanta Biologicals, Minneapolis, MN, USA) and 1% Pen/Strep. All
cell lines were grown in monolayer culture in an incubator at 37 °C with 5% CO,. All cells
had undetectable levels of mycoplasma when thawed, and were maintained in culture for no
more than 2 months.

CK2 inhibitors

TBB was made up as a 30 mM stock in DMSO, stored at — 20 °C, and discarded after 30
days (14,453, Cayman Chemicals, Ann Arbor, MI, USA) CX-4945 was made up as a 30
mM stock in DMSO, stored at — 20 °C, and discarded after 30 days (A11060, AdooQ
Bioscience, Irving, CA, USA).

Ca?* monitoring: all compartments

For cytosolic, endoplasmic reticulum, and mitochondrial calcium monitoring, dye charged
cells under growth conditions were brought to the plate reader or microscope, baseline
readings were recorded, cells were immediately treated with the respective pre-warmed
drugs (using a multichannel pipette whenever possible), and sequential fluorescence
recordings initiated using a pre-set program on the plate reader or microscope.

Cytosolic Ca?* monitoring

A FluoForte Ca2* assay kit (Enz 51,017, Enzo Life Sciences, Farmingdale, NY, USA) was
used for monitoring intracellular cytosolic free Ca2* over time after inhibition of CK2
activity. PC3-LN4 (10 x 103), C4-2B and 22Rv1 (15 x 102, each) cells were plated in 100
uL total volume per well onto black-walled clear bottom 96-well tissue culture plates and
grown overnight. When cells reached 70-80% confluency, they were loaded with Fluoforte
dye which had been prepared in kit assay buffer [Hanks’ buffer with 20 mM HEPES
(HHBS)] containing dye efflux inhibitor, and incubated for 45 min (min) at 37 °C. The dye
charged cells were treated with CK2 inhibitor drugs which had been prepared in kit assay
buffer; (TBB from 8 to 80 uM, and CX-4945 at 10 uM); DMSO was added for baseline
negative control and ATP (150 uM) for positive control. Ca*™2 changes were detected by
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recording fluorescent signals at excitation 490 nm/emission 525 nm with fluorometric plate
reader (SpectraMax, Molecular Devices, San Jose, Ca, USA) in kinetic mode for 15 min.

Endoplasmic reticulum Ca2* monitoring

We employed a low affinity Fluo-5N/AM dye (F14204, Molecular Probes, Thermo Fisher
Scientific, Walter, MA, USA) to monitor the free Ca2* changes in the endoplasmic reticulum
(ER) in the three cell lines. PC3-LN4, C4-2B and 22Rv1 cells at 70-80% density in black-
walled clear bottom 96-well plates were loaded with optimized 2 pM Fluo-5N dye which
had been prepared in live cell imaging solution (A14291DJ, Molecular Probes) containing
1.8 mM CaCl, and 10 mM glucose. They were incubated for 30 min at 25 °C under growth
conditions of 5% CO, and 20% O, Fluo-5N dye loading solution was replaced with
imaging solution followed by incubation for 15 min at 37 °C under growth conditions to
allow complete de-esterification of intracellular AM esters. Imaging solution was replaced
with Ca2*/Mg2*+-free HBSS buffer (Molecular Probes) for baseline fluorescence recoding
and then CK2 inhibitors which had been prepared in 2 mM CaCl, HBSS buffer (TBB 80,
40, 20, 8 uM, and CX-4945 at 10 uM) were added directly onto wells. DMSO and 150 uM
ATP were employed for baseline and positive controls, respectively. Intra-ER Ca*2 changes
were detected by recording fluorescence signals at excitation 494 nm/emission 536 nm using
plate reader (Molecular Devices).

Mitochondrial Ca2* monitoring

We used Rhod-2/AM dye (R1244, Molecular Probes) to monitor the mitochondrial Ca*
influx. PC3-LN4, C4-2B and 22Rv1 cells at 70-80% density in black-walled clear bottom
96-well plates were loaded with optimized 2 uM Rhod-2/AM dye which had been prepared
in live cell imaging solution containing 1.8 mM CaCl, and 10 mM glucose, and were
incubated for 30 min at 25 °C under growth conditions of 5% CO, and 20% O, Rhod-2/AM
dye loading solution was replaced with imaging solution and cells were incubated for 10-15
min at 37 °C under growth conditions to allow complete de-esterification of intracellular
AM esters. Imaging solution was replaced with Ca2*/Mg2*-free HBSS buffer (Molecular
Probes, Invitrogen) for baseline fluorescence recoding and then CK2 inhibitors (TBB at 80,
40, 20, 8 uM, and CX-4945 at 10 uM) which had been prepared in 2 mM CaCl, HBSS
buffer were added directly into the wells. DMSO served as control for baseline fluorescence
detection, and 10 pM RU360 was used as inhibitory control to inhibit Ca*2 entry through
mitochondrial Ca*2 uniporter complex to confirm no change in florescence were included.
Mitochondrial Ca*2 flux was measured by recording fluorescence signals at excitation 552
nm/emission 581 nm with Fluorometric Plate Reader (Molecular Devices).

Fluorescence microscopy

Microscopy was performed for all three cell lines to qualitatively monitor the intensity of
cytosolic Ca2* signals. The cells were prepared and treated similarly as for Fluoforte plate
reader assays, and then immediately imaged with fluorescence microscope (EVOS® FL
Auto, Thermo Fisher Scientific, Walter, MA, USA) over 15 min using the GFP filter cube.
Qualitative fluorescence imaging was also performed on cells to visually monitor intra-
organelle Ca*2. The cells were loaded with low affinity 2 pM Fluo-5N/AM green dye for ER
Ca?* and ER-ID Red dye for ER network (Enz 51,026, Enzo Life Sciences) for detection of
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co-localization of ER and Ca2*. The Rhod-2/AM red dye (2 uM) was employed for
monitoring mitochondrial Ca2*, and MitoTracker green-FM (M7514, Molecular Probes) to
stain mitochondria networks for co-localization detection of Ca*2 in mitochondria. Stains
were directly added and incubated at 25 °C for 15 min in growth chamber. Cell were then
placed in microscope-attached incubator chamber (EVOS® Onstage Incubator) under
growth conditions of 30 °C, 5% CO», and 20% O,. The cells loaded with dyes were then
treated with CK2 inhibitors (at 80 uM TBB or CX-4945 at 10 uM) and fluorescence images
at 20X were taken using RFP and GFP filter cubes.

The following image adjustments were made using Adobe Photoshop: All cytosolic images
shown in Fig. 1b were sharpened to improve focus using the options filter/other/high pass 10
px with blending to hard light at 100% opacity. Contrast was increased to 50% for all
cytosolic images and for ER images in the PC3-LN4 cell line treated with DMSO, CX-4945
and ATP.

Total cellular calcium measurement

For all total Ca2* assays, cells were grown on 15 cm plates, 2 plates per final cell pellet.
Cells were treated for 2 h with TBB, equivalent concentration of DMSO, or A23187 in
media containing 10 mM Ca2*. Timing was carefully controlled by staggering treatments to
allow for the first step of cell pellet collection. Cells were collected into pre-weighed
polystyrene tubes in growth media using a cell lifter, and centrifuged at 180x g for 5 min at 4
°C. The media was poured off, and the cell pellet placed on ice until all cell pellets were
collected. Each pellet was resuspended gently with 10 mL of Ca2*/Mg?*-free phosphate
buffered saline (PBS), and centrifuged as before. The PBS was poured off, the cell pellet
washed by pulse vortexing in 1 mL Mg2*/Ca2*-free PBS, and centrifuged as before. The
PBS was removed completely, and pellet weights were obtained. Cell pellets were stored at
-20°C.

The Cayman Calcium Assay kit was used to determine total cellular levels of Ca2* in cell
lysates as directed by the manufacturer with minor modifications (701,220; Cayman
Chemical, Ann Arbor, MI). PCa cell lysates were tested at various concentrations to
determine the best lysis conditions for detection of Ca?* within the standard curve,
incorporating 0.25 mg/dL into the standard curve. Cell pellets were lysed using 100 pL of
RIPA (without glycerol [24]) per 80 mg of pellet mass. After 5 min incubation on ice, the
lysate was vortexed at high speed for 5 s (s) and centrifuged 2800x g for 10 min at room
temperature. The supernatant was transferred to a fresh polystyrene tube and both
experimental samples and standard curve samples were measured in triplicate. Calcium
concentrations were calculated from the standard curve.

The procedure described by Lamboley et al., using BAPTA (1,2-bis(2-
aminophenoxy)ethane- N, N, ,V -tetraacetic acid), was also used to verify changes in total
cellular Ca2* [25]. Briefly, cell pellets were resuspended in MeS buffer without BAPTA
(MeS/no-BAPTA) to final concentration of 4 mg/mL. To this suspension, 20% sodium
dodecyl sulfate was added at a ratio of 1:40. A 0.4 mL aliquot of this mixture was removed,
diluted to 2 mg/mL with MeS/no BAPTA containing 1:40 20% SDS, and centrifuged at
17,000x g for 45 min at room temperature. The supernatant was used for background control
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measures. To the remaining suspension, an equal volume of MeS containing 0.3 mM
BAPTA was added (final BAPTA 0.15 mM). Measurements were taken as described [25].
Background lysate (no BAPTA; 292 nm) values were subtracted from the BAPTA-
containing lysate values, and CaZ* amounts were calculated from the standard curve.

For both Cayman- (o-Cresolphthalein Complexone) and BAPTA-based Ca2* measures,
comparison of cells treated for 2 h with and without additional 10 mM Ca2* in the media
showed more reproducible measurement of Ca2* levels when 10 mM Ca2* supplementation
was used.

Statistical analysis

Results

The IBM SPSS statistics program (version 21.0, IBM. Chicago, IL, USA) was used for
statistical analysis of cytosolic, ER, and mitochondrial assays. Independent experiments for
each cell line were repeated 3 times with 3 to 6 replications within each experiment. Data
were represented as Mean + SD, and statistical significance was determined by Student #test
to compare the means between two groups, one-way and two-way ANOVA to compare
mean differences among drug groups, and employing Tukey’s honest significance difference
(HSD) post hoc test to identify which specific cell line or drug group was significant. Mean
differences values were considered as significant at p < 0.05. Total cellular Ca2* analysis
was performed by GraphPad Prism 6, using one sample t-test to compare drug treatment
with TBB to control DMSO.

Effect of CK2 inhibition on cellular cytosolic Ca2* levels

Our previous work suggested that CK2 activity influenced cellular Ca2* dynamics [18].
Here, we undertook a systematic investigation of the intracellular Ca2* response subsequent
to treatment of PCa cells with small molecule inhibitors of CK2. Using the Fluoforte
calcium assay system, we examined free cytosolic Ca?* levels in PC3-LN4, C4-2B, and
22Rv1 cell lines in response to CK2 inhibition over time from 0 to 15 min. Treatment with
80 UM TBB resulted in an initial increased cytosolic Ca2* detection followed by significant
and progressive loss of cytosolic Ca2* levels that was apparent within 5 min in the three cell
lines (Fig. 1a). By 10 min the loss in cytosolic Ca2* was from 15 to 23% compared with the
pre-treatment levels. The results in 22Rv1 cells showed an apparent recovery of Ca2* at 15
min post-treatment with 80 uM TBB, but not with 40 or 20 pM TBB (Table 1). Although
treatment with TBB resulted in decreased cytosolic Ca2* levels in the three cell lines, we
noted that decreased cytosolic Ca2* levels after CX-4945 treatment was only observed in
22Rv1 cells at 5 and 10 min. Moreover, at 15 min the three cell lines had elevated cytosolic
Ca?* levels due to CX-4945 treatment (Table 1); the possible basis of this observation is
considered subsequently.

The above described observations were confirmed by fluorescence image analysis of the
three cell lines loaded with Fluoforte and treated with 80 pM TBB or 10 uM CX-4945. The
changes in green fluorescence in response to TBB were subtly apparent in cells treated with
80 uM TBB at 10 or 15 min (Fig. 1b).
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Effect of CK2 inhibition on ER Ca2* levels

The notable early loss of cytosolic Ca2* levels after inhibition of CK2 suggested a possible
translocation of cytosolic Ca2* to intracellular organelles such as endoplasmic reticulum and
mitochondria, which are the major sites of cellular Ca?* sequestration. Thus, we employed
Fluo-5N/AM dye to examine the effects of TBB and CX-4945 on ER Ca?* levels in PC3-
LN4, C4-2B, and 22Rv1 cells over a period of 15 min. The results in Fig. 2a demonstrate
that strong inhibition of CK2 activity in each of the cell lines resulted in a rapid increase in
Ca?" levels in the ER occurring within 5 min post-treatment. The increases over 5 to 15 min
varied from 8 to 72% due to inhibition by either TBB or CX-4945, with significance reached
for each PCa cell type. The results are also presented in tabulated form in Table 2.

The corresponding fluorescence imaging for ER Ca2* in TBB and CX-4945 treated cells at
15 min was also determined. Cells were loaded with Fluo-5N/AM green dye (for Ca?*) and
ER-ID red dye (for ER network identification). The results in Fig. 2b in which the Ca?* and
ER signals are overlaid demonstrate a shift from predominantly green signal in control
DMSO treated cells to reddish/yellow signal in TBB, CX-4945 and positive control ATP-
treated cells, indicating increased Ca?* presence in ER due to CK2 inhibition.

Effect of CK2 inhibition on mitochondrial Ca?* levels

We investigated the response of mitochondrial Ca2* levels to inhibition of CK2 activity.
Cells were loaded with Rhod-2/FM dye and subjected to treatment with various drugs over
time. As shown in Fig. 3a, analogous to the results for ER, we observed a rapid increase in
levels of Ca2* by up to 30% in mitochondria of PC3-LN4, C4-2B, and 22Rv1 cells treated
with inhibitors of CK2 for 5 min. At 15 min, mitochondrial Ca2* increased by 29 to 50%
after TBB treatment of 80 uM. Again, both CK2 inhibitors caused movement of Ca2* into
the mitochondria. A more detailed presentation of these data is given in Table 3,
incorporating all doses of the inhibitors tested.

Fluorescence imaging analysis of Ca2* in mitochondria was also carried out in cells loaded
with Rhod-2/AM red dye (for Ca*) and MitoTracker green dye (for mitochondrial network)
followed by treatment with various agents for 15 min. As shown in Fig. 3b, prostate cancer
cells PC3-LN4, C4-2B, and 22Rv1 treated with inhibitors of CK2 compared with controls
demonstrated strongly increased yellow/orange fluorescence intensity representing increased
Ca?* presence in mitochondria relative to controls (treated with DMSO or 10 pM RU360).

Effect of CK2 inhibition on total cellular Ca2* levels

Given the dramatic changes observed in the intracellular dynamics of Ca%* in response to
altered CK2 activity, we wanted to determine the effect of CK2 inhibition on total cellular
Ca?" levels using the Cayman assay or the method developed by Lamboley et al. for total
tissue Ca2* analysis [25]. Total cellular Ca2* in cell lysates of PC3-LN4 and C4-2B cells
treated with 8 or 80 uM TBB for 2 h was carried out using the Cayman assay. We chose
these two concentrations of TBB based on our published data demonstrating no impact on
cell viability at 2 or 24 h (h) using 8 uM TBB, but strong negative impact using 80 uM TBB.
The results in Fig. 4a show the effect of TBB on total Ca2* levels in PC3-LN4 and C4-2B
cells. Strong CK2 inhibition using 80 uM TBB caused 11-16% loss of total cellular Ca2* in
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the two cell lines. Treatment with 8 M TBB did not cause reduced total cellular Ca%*, in
fact levels increased slightly but this change was not significant. Because the variation in
data for C4-2B cells resulted in lack of significance, we measured the effect of 80 uM TBB
on C4-2B total cellular Ca2* levels using the method of Lamboley et al. In this experiment,
we also used a calcium ionophore, A23187, to induce calcium uptake in the PCa cells. These
results demonstrated a significant 26% decreased Ca2* level caused by TBB, in contrast to
the 1.8-fold increased Ca2* level due to A23187 treatment. In sum, these experiments
suggested that alteration in CK2 activity caused an early (5-15 min) response in intracellular
Ca?* distribution and total cellular Ca2* levels (2 h) which is significantly prior to the
appearance of other markers of cell death detectable starting around 6 h following inhibition
of CK2 activity [18] (Fig. 5).

Discussion

In this work, we have identified cellular Ca?* homeostasis as the earliest target of CK2
impact in regulation of cell death. Protein kinase CK2 is well recognized to play diverse
roles in cell function, including cell proliferation and decisions for cell survival. In the latter
context, one of its major functions is to serve as a suppressor of apoptosis [13, 14, 26]. In
previous work, we demonstrated that alteration in CK2 activity or level influences the
production of H,05, suggesting generation of reactive oxygen species (ROS) as an early
mediator of cell death via the mitochondrial apoptotic machinery [16, 17]. However, our
subsequent work hinted at this production of ROS not being the earliest mediator of cell
death in response to CK2 inhibition. For example, we documented that CK2 inhibition in
cells causes rapid loss in mitochondrial membrane potential (Ayry,), apparent within 2 h after
treatment of cells with CK2 inhibitors TBB or TBCA (tetrabromocinnamic acid); further,
mitochondrial membrane permeability transition was induced immediately after CK2
inhibition in purified mitochondria. We showed that chelation of Ca2* abrogated the impact
of blocking CK2 activity on Ay, and mitochondrial permeability. These results accorded
with cell viability and clonal survival data in response to 80 uM TBB, which indicated that
loss of cell survival occurred after only 6-8 h of CK2 inhibitor treatment [18, 26]. Inhibition
of CK2 has been suggested to induce ER stress [27]. We have also observed the expression
of ER stress response signals in PCa cells on downregulation of CK2; however, the
appearance of these signals was not a rapid event [28]. These cumulative observations
suggest that the very early changes in Ca2* signaling occurring in response to inhibition of
CK2 orchestrate the induction of cellular apoptosis.

The present work has provided experimental data showing that various compartments of the
cell (cytosol, mitochondria, and ER) demonstrate profound rapid changes in Ca?* dynamics
in response to altered CK2 activity. There is considerable evidence that ER and
mitochondria are the major organelles involved in physiological sequestration of CaZ* in the
cell, and the level of Ca2* in these organelles is tightly regulated for their physiological
functions. If the level of Ca2* exceeds these levels, there is an onset of ER stress and a
juxtaposition of ER with mitochondria, resulting in increased mitochondrial Ca2* levels.
This elevation of CaZ* in the mitochondria leads to breakdown of permeability regulation
and loss of Ay, instigating a further choreography of events leading to cell death (see, e.g.,
[19, 29-32]). In cells treated with CK2 inhibitor, there is a loss of CaZ* in the cytosol and a
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corresponding gain in Ca2* in the mitochondrial and ER compartments that occurs within 5
min. In light of the foregoing discussion regarding transfer of Ca2* from ER to
mitochondria, our results do not indicate whether increased Ca%* in the mitochondria
follows that in ER, since the temporal change in Ca2* levels in the two compartments
appears analogous. Regardless, our results represent the earliest observed effects on
intracellular Ca?* homeostasis caused by inhibition of CK2 activity, and represent an
important addition to the mechanism of CK2 regulation of cell death.

CK2 control over intracellular Ca2* levels and dynamics has many possible pathways. The
results presented here on an immediate impact of CK2 inhibition suggest future focus on
protein/protein interactions and CK2 substrate proteins involved in Ca2* binding or
shuttling. Calmodulin phosphorylation by CK2 can modulate its structure as well as the
binding of calmodulin to interacting partner proteins such as the M-type potassium channel
subunit KCNQ?2 (see, e.g., [33, 34]). Various Bcl-2 pro-and anti-apoptotic family member
proteins play pivotal roles in mediating ER and mitochondrial Ca2* flux and cell death
programs. Further, CK2 may have an effect on various plasma membrane-associated pumps
and channels involved in Ca2* transport, as well as an effect on the mitochondrial membrane
transport mechanisms. These various possibilities remain to be investigated in future studies.

Our data on the effect of CK2 inhibition on total cellular Ca2* are intriguing. It has been
observed that, in general, an increase in cellular free Ca2* promotes cell death, the most
notable example being that of necrotic cell death (e.g., [35]). It is also noteworthy that Ca2*
levels in cells are strictly regulated such that cells cannot tolerate an increase or a decrease in
the physiological levels of CaZ* (see, e.g., [20, 36, 37]). Thus, our observation that a death-
inducing level of CK2 inhibition causes the total cellular Ca2* amount to drop within 2 h
represents an example of lethally perturbed Ca2* homeostasis. Cancer cells have the ability
to tolerate higher levels of Ca2* relative to corresponding non-malignant cells (e.g., [38]).
Further, the role of ER and mitochondrial CaZ* crosstalk in cell death has been discussed in
detail (see, e.g., [30, 39-41]. Our observations accord with the well-described changes in
mitochondrial and ER associated Ca2* pools and the consequence of interaction of these
organelles in altering cell viability [29, 31, 39, 42]. Based on our previous data [18] and the
present results, a suggested temporal sequence of events leading to apoptosis in response to
CK2 inhibition is presented in Fig. 5. We propose that acute inhibition of CK2 induces Ca2*
entry into both the ER and mitochondria with consequent initiation of apoptotic activity via
the mitochondrial machinery.

In summary, CK2 control of cell survival exploits control of Ca2* dynamics and signaling in
the cell. CK2 inhibition is associated with immediate loss of cytosolic Ca2* and dramatic
increase in Ca2* levels in the ER and mitochondrial compartments, suggesting these changes
to be the triggering event for eventual induction of apoptosis. These events are followed by
decreased total cellular Ca*. A number of transient receptor potential channels have been
described, and in particular, TRPV6 has been considered to be particularly involved in
regulation of Ca2* in cells [38, 43-45]. At present, it is unclear as to the specific roles of
various pumps or channels that regulate Ca%* in response to altered CK2 activity, and this
will be the subject of our future studies. Our observations are the first to link CK2 impact on
intracellular Ca?* homeostasis as the earliest event related to CK2 in regulation of cell death.
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Fig. 1.
Change in the intracellular cytosolic Ca2* levels in response to inhibition of CK2 activity. a

Kinetic monitoring of intracellular cytosolic Ca2* in PC3-LN4, C4-2B, and 22Rv1 cells
loaded with Fluoforte and treated with 80 UM TBB or 10 uM CX-4945 was carried out over
a period of 15 min. Appropriate concentration of DMSO was used in the controls, and 150
UM ATP was used as a positive control. The data represent means of 3 independent
experiments. The p values represent *p < 0.05, **p < 0.01, and ***p < 001. b Fluorescence
imaging of cytosolic Ca2* using Fluoforte dye (green) after inhibition of CK2 activity. Cells
treated with appropriate volume of DMSO served as baseline controls while those with 150
UM ATP served as positive control. All other details are described under Materials and
Methods. Cell lines, treatments, time points and scale bars are indicated. CX4945 in the
figure represents CX-4945.

Mol Cell Biochem. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Afzal et al. Page 14

a
2.0 2.0 2.0
5 “"|PC3-LN4 i 5 "|ca-28 5 “" 22Rv1
D S 1.8 T S 1.8 T = 1.8
> @© > @© > @©
3246 BE16- BE16-
2 & 1.44 2 & 1.4 2 & 1.44
© o © o _é © o
S < 12 5 2 12 P 5 2 12
O [SIp P A " og '
x> o s x >
w g 1.04 w g 1.04 "/1__1___1 w g 1.04
© © ©
X 08 T T . T X 0.8 T T T T X 0.8 T r r r
= Omin 5min 10 min 15 min = Omin 5min 10 min 15 min = Omin 5min 10 min 15 min
Time (Post Treatment) Time (Post Treatment) Time (Post Treatment)
—e— DMSO TBB 80 uM —A— CX494510 uM —6— ATP 150 uM
15 min 15 min 15 min

TBB
10 uM 80 uM DMSO

CX4945

ATP
150 uM

50 um

22Rv1

1:
Q
¢
=
z
N
0
+
N
vy}

Fig. 2.
Change in the intracellular endoplasmic reticulum Ca?* levels in response to inhibition of

CK2 activity. a Kinetic monitoring of Ca2* in the ER in PC3-LN4, C4-2B, and 22Rv1 cells
loaded with Fluo-5N dye and treated with 80 uM TBB or 10 uM CX-4945 over the indicated
time. Ca2* was detected by recording the fluorescent signal as described under Materials and
Methods. Baseline controls used corresponding volume of DMSO, and 150 pM ATP served
as a positive control. The data represent means of 3 independent experiments; p values are
indicated by *p < 0.05, **p < 0.01. b Fluorescence imaging of ER Ca2* after inhibition of
CK2 activity. Fluo-5N/AM green dye indicates Ca2* binding and ER-ID red dye depicts the
ER network. Co-localization of Ca2* (green) and ER (red) signals is indicted by orange-
yellow fluorescence. Baseline control is represented with DMSO and positive control with
150 uM ATP. Cell lines, treatments, time points and scale bars are indicated. CX4945 in the
figure represents CX-4945.
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Change in the intracellular mitochondrial Ca2* levels in response to inhibition of CK2

activity. a Kinetic monitoring of CaZ* in mitochondria of PC3-LN4, C4-2B, and 22Rv1
cells loaded with 2 uM Rhod-2 dye and treated with 80 uM TBB or 10 pM CX-4945 over
the indicated time. Ca2* movement was monitored by fluorescent signals as described in
Materials and Methods. DMSO was used for baseline control, and 10 uM RU360 was used
as mitochondrial Ca2* uptake inhibitor control. The data represent means of 3 independent
experiments, and p values are indicated by *p < 0.05, **p < 0.01, and ***p < 0001. b
Fluorescence imaging of CaZ* in mitochondria after CK2 inhibition. Rhod-2/AM red dye
indicates Ca2* binding and MitoTracker green dye depicts the mitochondrial network. Co-
localization of Ca2* (red) and mitochondria (green) signals is indicted by orange-yellow
fluorescence. DMSO and RU360 controls were as indicated above. Cell lines, treatments,
time points and scale bars are indicated. CX4945 in the figure represents CX-4945.
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cells in culture were treated with TBB (8 or 80 uM) for 2 h. Cell lysates were analyzed for
Ca?* levels using the Cayman assay. The response of total cellular Ca* to CK2 inhibition
relative to DMSO control is shown. b The effect of 80 uM TBB (expressed relative to
DMSO control) on total cellular Ca2* level in C4-2B cells measured by the BAPTA assay.
Treatment with A23187 was included as a positive control for Ca2* uptake. *p < 0.05.
CX4945 in the figure represents CX-4945
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Fig. 5.

The temporal sequence of events leading to apoptosis in response to CK2 inhibition. We
propose that inhibition of CK2 results in intracellular Ca2* flux so that there is rapid loss of
cytosolic Ca2* with a concomitant increase in ER and mitochondrial Ca2*. These changes
are reflected in the loss of Ay, within 2 h. If the cells are treated with 80 uM TBB (high
CK2i), they follow a path that results in decreased total cellular Ca?* and induction of the
mitochondrial apoptotic pathway and cell death. If the cells are treated with 8 UM TBB (low
CK2i), there is no change in total cellular Ca2* and concomitant recovery of Ay, with the
result that cells survive
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