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4,5,7-Trisubstituted indeno[1,2-blindole inhibits CK2
activity in tumor cells equivalent to CX-4945 and shows
strong anti-migratory effects
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Highly pleiotropic and constitutively active protein kinase CK2 is a key tar-
get in cancer therapy, but only one small-molecule inhibitor has reached clin-
ical trials—CX-4945. In this study, we present the indeno[l,2-blindole
derivative  5-isopropyl-4-methoxy-7-methyl-5,6,7,8-tetrahydroindenol[1,2-5]
indole-9,10-dione (5a-2) that decreased the intracellular CK2 activity in
A431, A549, and LNCaP tumor cell lines analogous to CX-4945 (> 75%
inhibition at 20 um) and similarly blocked CK2-specific Akt phosphorylation
in LNCaP cells. Cellular uptake analysis demonstrated higher intracellular
concentrations of 5a-2 (408.3 nm) compared with CX-4945 (119.3 nm). This
finding clarifies the comparable effects of both compounds on the intracellu-
lar CK2 activity despite their different inhibitory potency in vitro [ICsy = 25
nM (5a-2) and 3.7 nm (CX-4945)]. Examination of the effects of both CK2
inhibitors on cancer cells using live-cell imaging revealed notable differences.
Whereas CX-4945 showed a stronger pro-apoptotic effect on tumor cells, Sa-
2 was more effective in inhibiting tumor cell migration. Our results showed
that 49% of intracellular CX-4945 was localized in the nuclear fraction,
whereas 71% of 5a-2 was detectable in the cytoplasm. The different subcellu-
lar distribution, and thus the site of CK2 inhibition, provides a possible
explanation for the different cellular effects. Our study indicates that investi-
gating CK2 inhibition-mediated cellular effects in relation to the subcellular
sites of CK2 inhibition may help to improve our understanding of the prefer-
ential roles of CK2 within different cancer cell compartments.

Human protein kinase CK2 is a constitutively active

known to phosphorylate more than 500 substrates

serine/threonine kinase [1]. Today, the enzyme, which [2,3]. Together with an ubiquitous expression in

was first described in 1954 as ‘casein kinase 2°, is

Abbreviations

eukaryotic cells [4], this high pleiotropy is the reason

AKT, protein kinase B; CE, capillary electrophoresis; HPLC, high-performance liquid chromatography; LIF, laser-induced fluorescence; MOPS,
3-(N-morpholino)propane sulfonic acid; MS, mass spectrometry; SAR, structure—activity relationship.
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for an involvement of CK2 in numerous cellular pro-
cesses [5,6]. These include cell movement, proliferation,
and apoptosis [7-9]. The subcellular localization of
protein kinase CK2 is known to be tightly regulated as
different protein substrates and functions of CK2 are
found in different cellular compartments [4]. As CK2
is dynamically distributed within various cell compart-
ments, it is thought that CK2 activity can be regulated
based on its site of action in the cell [10,11].

CK2 is a well-established therapeutic target in can-
cer [12-15]. The activity of the protein kinase was
shown to be upregulated in various types of cancer
cells being essential for their survival. Inhibition of
CK2 activity in turn leads to the induction of apopto-
sis in cancer cells [12,14,16-19]. In contrast, non-
cancer cells are less sensitive to inhibition of the pro-
tein kinase under analogous conditions [20]. Hence,
CK2 inhibition is believed to be an effective strategy
in tumor therapy. An intensified search for selective
CK2 inhibitors has been carried out in recent decades
[21,22]. In addition to the peptide-based CK?2 inhibitor
CIGB-300 [23,24], one small-molecule CK2 inhibitor
named silmitasertib (CX-4945) is being investigated in
clinical trials. This inhibitor has proven its strong anti-
cancer effects in several preclinical [25-28] and clinical
studies [29-31]. Several investigations have focused on
the cellular effects of CX-4945 that could be attributed
to inhibition of CK2 [32-34]. However, less is known
about the subcellular distribution of the compound,
which would reflect the level of CK2 inhibition within
different cell compartments.

Throughout the search for lead structures to inhibit
CK2, indeno[l,2-blindoles were identified as potent,
ATP-competitive compounds. Their flat and tetracyclic
structure designed to address the ATP-binding pocket of
CK2 allows a diverse derivatization of the ring system.
Therefore, numerous indeno[1,2-b]indole derivatives inhi-
biting this protein kinase have already been described
[35-37]. One of the most potent indeno[1,2-blindoles as
CK2 inhibitor is the compound 4p (5-isopropyl-4-(3-
methylbut-2-enyloxy)-5,6,7,8-tetrahydroindeno[1,2-5]
indole-9,10-dione), which inhibited the activity of the
protein kinase in vitro with an 1Csq value of 25 nm. Fur-
thermore, 4p was shown to inhibit intracellular CK2
activity and to exhibit anti-cancer effects on breast, pros-
tate, skin, and lung cancer cells [38,39]. Detailed
structure—activity relationship (SAR) studies showed that
an N-isopropyl group in position 5 of the indeno[1,2-5]
indole scaffold, as well as an alkyl group in position 7
and an alkoxy group in position 4, increased the inhibi-
tory potential of the compounds [36,38].

Based on our knowledge from the SAR analysis, we
developed new 4,5,7-trisubstituted indeno[l,2-bJindole

CK2 inhibitor 5a-2 reduces tumor cell migration

derivatives, which showed strong inhibitory effects
against protein kinase CK2 in vitro. Using CX-4945 as
a reference compound, the most potent CK2 inhibitor
5a-2 was examined for its effects on intracellular CK2
activity in three different tumor cell lines. In addition,
the cellular uptake of 5a-2 was analyzed to estimate
the amount of the compound that could interact with
the target in the cell. Subsequently, we examined the
changes in cell proliferation, apoptosis, and migration
mediated by this indeno[l,2-blindole as compared to
those induced by CX-4945. To help clarify the
observed preferential anti-cancer effects for the investi-
gated compound, we compared its subcellular distribu-
tion with that of CX-4945. Through linking the
cellular effects mediated by CK2 inhibition with sub-
cellular distribution of the investigated compounds,
this study helps to provide hints for the impact of dif-
ferential CK2 inhibition in cell compartments on sev-
eral biological processes.

Materials and methods

Chemical synthesis

All chemicals were purchased in the highest purity avail-
able. The four tetrahydroindeno[l,2-blindole-9,10-diones
5a,b were synthesized according to previously reported
methods [38,40,41] (detailed description of the synthetic
pathway can be found in Supporting Information; Scheme
S1). Compounds Sa,b and CX-4945 were dissolved at a
concentration of 10 mm in dimethyl sulfoxide (DMSO).
Stock solutions were stored at —20 °C. Microwave reac-
tions were done on a Biotage Initiator Microwave synthe-
sizer 2.0 440 W. Melting points were determined on an
Electrothermal 9200 capillary apparatus. The IR spectra
were recorded on a Perkin Elmer Spectrum Two IR Spec-
trometer. The 'H and '>C NMR spectra (Figs. S1-S8) were
recorded at 400 MHz on a Briicker DRX 400 spectrometer.
Chemical shifts are expressed in ppm (8) downfield from
internal tetramethylsilane and coupling constants J are
reported in hertz (Hz) (Figs. S1-S8). The mass spectra were
performed by direct ionization (EI or CI) on a ThermoFin-
nigan MAT 95 XL apparatus. Chromatographic separa-
tions were performed on silica gel columns by column
chromatography (Kieselgel 300-400 mesh). All reactions
were monitored by TLC on GF254 plates that were visual-
ized under a UV lamp (254 nm). Evaporation of solvent
was performed in vacuum with rotating evaporator. The
purity of the final compounds (> 95%) was determined by
uHPLC/MS on an Agilent 1290 system using a Agilent
1290 Infinity ZORBAX Eclipse Plus C18 column (2.1 x
50 mm, 1.8 um particle size) with a gradient mobile phase
of H,O/CH;CN (90 : 10, v/v) and 0.1% of formic acid to
H,O/CH;CN (10 : 90, v/v) and 0.1% of formic acid at a
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flow rate of 0.5 mL-min~'. UV monitoring at the wave-
length of 254 nm with a runtime of 10 min was performed.

In vitro ICsy determination

ICsq values of the CK2 inhibitors were determined using
capillary electrophoresis-based (CE) assay established by
Gratz et al. [42]. CK2 inhibitors were added in an amount
of 2 uL (stock solution in DMSO) to 78 uL kinase buffer
(50 mm Tris/HCl pH 7.5, 100 mm NaCl, 10 mm MgCl,)
containing 0.25 ug CK2 holoenzyme. The solutions were
preincubated at 37 °C for 10 min. Afterward, 120 uL assay
buffer (25 mm Tris/HClI pH 8.5, 150 mm NaCl, 5 mm
MgCl,, 190 um of the substrate peptide RRRDDDSDDD,
100 um ATP) were added. After incubation at 37 °C for
15 min, the reaction was stopped by transferring the sam-
ples on ice and adding 5 mm EDTA. The samples were
investigated via CE. We analyzed each inhibitor in nine dif-
ferent concentrations. As control for 0% inhibition, DMSO
without inhibitor was added to a sample. Samples without
ATP served as control for 100% inhibition. ICs, values
were calculated from the corresponding dose-response
curves via GRAPHPAD Prism 5 (GRAPHPAD Software, La Jolla,
CA, USA).

LogD; 4 determination

The determination of the LogD,4 values was performed
using a shake flask method developed by Galla et al. 2016
[43]. Briefly, LogD;4 values of the CK2 inhibitors were
determined in three preparations with different n-octanol/
MOPS (3-(N-morpholino)propanesulfonic acid) buffer
ratios (2 : 1; 1 : 1; 1 : 2). After the MOPS buffer phase was
adjusted to pH 7.4, 1 um of the corresponding CK2 inhibi-
tor was dissolved in it. MOPS buffer and n-Octanol phases
were transferred into microreaction tubes in their respective
ratios. Afterward, samples were vortexed for 2 min. Subse-
quently, the samples were centrifuged for 10 min at
13,000 x g. Inhibitor concentrations were determined in the
MOPS buffer phase by HPLC-MS/MS. LogD, 4 were cal-
culated as indicated in Equation 1.
n—octanol 1

LogD74 = logci = log
Cbuffer

Ctotal — Cbuffer (1)
Cbuffer

whereby C,_octanol 18 the inhibitor concentration within the
n-octanol phase and cpupe; the concentration within the
MOPS buffer phase.

Cell lines

Human epidermoid carcinoma cells A431 and human lung
cancer cells A549, kindly provided by the Department of
Experimental Tumor Biology, University of Miinster, were

cultured in DMEM high glucose medium (Life
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Technologies, Massachusetts, MA, USA) supplemented
with 2 mMm L-glutamine and 10% fetal calf serum (FCS,
Life Technologies, Massachusetts, MA, USA). Lymph
node-metastasized prostate carcinoma cells LNCaP, kindly
provided by the Department of Medical Biochemistry and
Molecular Biology, Saarland University, were cultured in
RPMI 1640 medium GlutaMax (Life Technologies, Massa-
chusetts, MA, USA) supplemented with 10% FCS. Human
umbilical vein endothelial cells (HUVEC), prepared and
provided by the Center for Molecular Biology of Inflamma-
tion, University of Miinster, were cultured in endothelial
growth medium 2 (Promocell, Heidelberg, Germany) sup-
plemented with 30 pg-mL~" gentamicin and 15 ng-mL™!
amphotericin B (Merck Millipore, Darmstadt, Germany).
Cells were seeded at a density of 5.0 x 10° cells per well in
6-well and at 1.0 x 10* in 96-well plates (Greiner, Darm-
stadt, Germany).

Immunocytochemical CK2a detection

CK2a expression pattern was analyzed in HUVECs, A431,
A549, and LNCaP cells. For this purpose, cells were cul-
coverslips in  6-well plates
0.1 mg-mL™" poly-L-lysine (Sigma-Aldrich, Steinheim, Ger-
many). Cells were cultured to a confluence of 50 — 70%,
washed with PBS, and fixed with 4% paraformaldehyde
(PFA, Merck Millipore, Darmstadt, Germany) for 10 min
subsequently. Cells were permeabilized with 0.1% Triton
X-100 (AppliChem, Darmstadt, Germany) for 10 min,
before blocking with 3% bovine serum albumin (BSA,
Roth, Karlsruhe, Germany) for 1 h. After that, cells were
incubated with a CK2a-specific antibody (1AD9, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or vehicle con-
trol at 4 °C overnight. After washing with PBS, cells were
incubated with a corresponding secondary antibody labeled
with the fluorophore DyLight® 488 (35502, Thermo Scien-
tific, Braunschweig, Germany) for 1 h in the dark. The sec-
ondary antibody solution also contained a DNA-binding
fluorescent dye for cell nuclei staining (Hoechst 33342,
Sigma-Aldrich, Steinheim, Germany). After washing with
PBS, coverslips were preserved on microscopy slides. The
preparations were examined by fluorescence microscopy
(BZ-9000, Keyence, Osaka, Japan) obtained with a 100-
fold lens. For comparing the level of fluorescence in the
nuclear region between the different cell lines, corrected
total cellular fluorescence (CTCF) was determined in the
nuclear and cytoplasmic regions using IMAGEJ software (IMA-
GEJs 1.50i, NIH, USA) according to the equation:

CTCF = integrated density — (area of selected region of
interest X mean fluorescence of background readings) [44].

tured on coated with

Mean ratios of nuclear/cytoplasmic CTCF values were
determined for randomly selected stained cells from each
cell line and plotted using GRAPHPAD Prism 5 (GRAPHPAD
Software, La Jolla, CA, USA).
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Analysis of Akt phosphorylation

For Akt phosphorylation analysis, LNCaP cells were cul-
tured in 6-well plates for 48 h. Afterward, cells were treated
with either vehicle control (1% DMSO) or 5a-2, 5b-2, or
CX-4945 at 20 pum for 24 h. The cells were detached from
the culture plates using cell scrapers, sedimented by centri-
fugation at 700 x g and 4 °C for 5 min, washed with PBS,
and lysed by suspending in 100 uL homogenization buffer
(50 mm Tris/HCI (pH 7.5), 1 mm EDTA, 1 mM Na3;VOy,
0.5 mm NaF, 0.1 mm PMSF, 1 mMm benzamidine, and 1%
Triton X-100). Akt and pAkt>'?® were analyzed in the cell
lysates by immunoblotting as described by Schmitt et al.
[45] using the following antibodies:

Polyclonal anti-Akt antibody (#9272, Cell Signaling
Technology, Danvers, MA, USA), monoclonal anti-Aktl
(phospho S129) antibody [EPR6150] (#ab133458, Abcam,
Cambridge, UK), and anti-CK2a-specific antiserum (kindly
provided by the Department of Medical Biochemistry and
Molecular Biology, Saarland University, #26 as described
by Faust et al. [46]). a-Tubulin served as a loading control
(anti-a-tubulin, monoclonal, #66031, Proteintech, St. Leon-
Rot, Germany). A protein amount of 60 ug was analyzed
per sample.

Determination of intracellular CK2 activity

To analyze the influence of CK2 inhibitors on the intra-
cellular CK2 activity, an adapted experimental procedure
described by Schneider et al. [47] combined with a capil-
lary electrophoresis (CE) developed by our group [39]
was used. A431, A549, and LNCaP cells were cultured in
6-well cell plates for 48 h, before treatment with either
vehicle control (1% DMSQO) or CK2 inhibitors at 1, 10,
and 20 um for 24 h. The cells were detached from the
cell culture plates with cell scrapers, sedimented via cen-
trifugation at 700 X g and 4 °C for 5 min, and washed
with PBS. Afterward, cells were lysed by suspending in
100 uL lysis buffer (50 mm Tris/HCl (pH 7.5), 0.15 mm
NaCl, 1 mm NazVO4 0.5mm NaF, 0.8 um aprotinin,
0.01 mm pepstatin A, 0.02 mm leupeptin 0.1 mm PMSF,
1 mm benzamidine, 0.5% sodium deoxycholate, and 1%
Triton X-100). Cell debris was removed by centrifugation
at 10,000 x g and 4 °C for 10 min. Protein concentrations
were determined via Bradford analysis (Roti-Quant,
Roth, Karlsruhe, Germany). 80 uL kinase buffer (50 mm
Tris/HCI pH 7.5, 100 mm NaCl, 10 mm MgCl,) contain-
ing 90 pug protein per sample was preincubated at 37 °C
for 10 min. Afterward, 120 pL assay buffer (25 mm Tris/
HCI pH 8.5, 150 mm NaCl, 5 mm MgCl,, 190 um FITC-
RRRDDDSDDD-NH,, 100 um ATP) were added. The
samples were incubated at 37 °C for 15 min. The reaction
was stopped by transferring the samples on ice and add-
ing Smm EDTA. Intracellular CK2 activities were deter-
mined via CE analysis.

CK2 inhibitor 5a-2 reduces tumor cell migration

Cellular uptake determination

The cellular uptake of CK2 inhibitors was investigated rep-
resentative in A431 cells. Cells were cultured for 48 h at
37 °C and 5% CO, in 6-well plates. Afterward, cells were
treated with either 1 or 3 uMm inhibitors for 1, 5, and 12 h.
Cells were washed with PBS twice and detached using tryp-
sin/EDTA. The number of cells in each sample was deter-
mined with an automated cell counter (Scepter®, Merck
Millipore, Darmstadt, Germany). After centrifugation at
700 x g and 4 °C for 5 min, cells were washed multiple
times with PBS followed by lysis in 100 pL homogenization
buffer (50 mm Tris/HCl (pH 7.5), 1 mm EDTA, 1 mm
Naz;VOy, 0.5 mm NaF, 0.1 mm PMSF, 1 mm benzamidine,
and 1% Triton X-100). Proteins were precipitated by add-
ing 500 pL ice-cold ACN/MeOH 1/1 (v/v). Samples were
centrifuged 30 min at 20,000 X g and 4 °C. Supernatants
were evaporated to dryness using a vacuum centrifuge
maintained at 50 °C under full vacuum for 2 h. Residues
were resolved in 100 uL ACN/H,O 1/1 (v/v) and analyzed
via HPLC-MS/MS. Intracellular inhibitor concentrations
were calculated according to Rahnel et al. [48] as indicated
in Equation 2.

Ax—Db 1

- X Vﬁnal X 4 4 3 (2)
cell -

Neet X 37 % (55955)

Cx =

For the equation above, ¢, is the intracellular inhibitor
concentration, A, the peak area of the analyte, b is the
intercept and a the slope of the external calibration curve,
Vinal 18 the final sample volume, N is the number of
cells, and d. is the mean diameter of the cells.

Temperature-dependent uptake analysis

To investigate the temperature dependency of the cellular
uptake of CK2 inhibitors, cells were treated as described
above. After treatment with CK2 inhibitors at 1 um, cells
were incubated at either 37 °C or 4 °C under atmospheric
conditions for 3 h. Afterward, cell lysis and inhibitor quanti-
fication were conducted analogous to the previous chapter.

ECso determination

For the determination of ECs, values, A431, A549,
LNCaP, and HUVEC cells were cultured in 96-well plates.
The cell confluence in each well was determined using Incu-
Cyte® S3 live-cell imaging system (Sartorius, Michigan, MI,
USA). After the cell confluence reached 30%, cells were
treated with inhibitors at eight different concentrations
between 0.1 and 50 pm or vehicle control (1% DMSO).
The cell confluence was monitored in 2 h intervals for a
total period of 48 h. Confluence values were plotted against
time points resulting in growth curves of the tumor cells
for each inhibitor concentration. AUCs of all growth
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curves were calculated using GRAPHPAD Prism 5 (GRAPHPAD
Software, La Jolla, CA, USA) and normalized to the AUC
of the vehicle control. These relative AUCs were plotted
against the logarithmic inhibitor concentration. Using
GRAPHPAD Prism 5, ECsy values were determined from a
nonlinear regression.

Investigation of apoptosis

To investigate the induction of tumor cell apoptosis, A431
cells were cultured in 96-well cell culture plates to a conflu-
ence of 30% overnight. Afterward, the cells were treated
with either vehicle control (1% DMSO) or CK2 inhibitors
at 1, 10, and 20 um. Each well received IncuCyte® caspase
3/7 green reagent (5 um final concentration, Sartorius,
Michigan, MI, USA) as well. The apoptotic cell count (1/
well) depicted from the green fluorescent signals was moni-
tored for 48 h using IncuCyte® S3 live-cell imaging system.
The apoptotic cell counts in control wells were subtracted
as background from those in treated wells.

Tumor cell migration analysis

IncuCyte® 96-Well ImageLock plates (Sartorius, Michigan,
MI, USA) were coated with 300 pg-mL™" rat coil Collagen-
I in 20 mm acetic acid. After seeding in the coated plates,
AS549 cells were cultured to a confluence of 100%. Scratch
wounds were created in all wells using IncuCyte® 96-well
WoundMaker tool (Sartorius, Michigan, MI, USA). Rela-
tive wound density (%) of cells treated with vehicle control
(1% DMSO) or the selected CK2 inhibitors at 1 and 10 pm
was monitored for 48 h using IncuCyte® S3 live-cell imag-
ing system.

Subcellular distribution analysis

LNCaP cells were used to analyze the subcellular distribu-
tion of CK2 inhibitors. Cells were cultured in 75-cm” cul-
ture flasks (Greiner, Darmstadt, Germany) to a confluence
of approximately 90%. Afterward, cells were treated with
the corresponding CK2 inhibitor at 1 pm for 5 h. Then,
cells were harvested using cell scrapers, washed with PBS,
suspended in 1 mL fractionation buffer (20 mm HEPES,
10 mm KCI, 2mm MgCl,, 1 mm EDTA, 1 mm EGTA,
I mvM DTT, 1 mm NazVO,, 1 mMm benzamidine, 0.5 mm
NaF, and 0.1 mm PMSF) and lysed mechanically. Subcellu-
lar fractions were separated and collected according to
an Abcam protocol (https://www.abcam.com/protocols/
subcellular-fractionation-protocol). After separation, each
fraction was suspended in 200 pL 1% Triton X-100 in PBS.
Proteins were precipitated by adding 500 uL ice-cold ACN/
MeOH 1/1 (v/v) and sedimented via centrifugation for
30 min at 4 °C and 20,000 x g. Supernatants were evapo-
rated to dryness using a vacuum centrifuge maintained at
50 °C under full vacuum for 2 h. Residues were solved in

R. Birus et al.

200 uL ACN/H,O 1/1 (v/v). CK2 inhibitors were detected
in each fraction using HPLC-MS/MS. AUCs of the analyte
peaks in each fraction were summed and related to each
other according to equation 3.

. A
Relative amount [%] = ————— x 100%  (3)
ZAxi —iv
Here, A, is the area of the signal of the CK2 inhibitor in
the respective fraction and Y A, is the sum of the areas
of the signals of all four cellular fractions examined.

Capillary electrophoresis analysis of kinase
reaction products

Capillary electrophoresis (CE) analysis was conducted as
previously described by our group [39,42]. Therefore, we
used a PA80O0 plus capillary electrophoresis system (AB
Sciex, Darmstadt, Germany). A bare fused silica capillary
(BGB, Rheinfelden, Germany) was used for sample separa-
tion. Analyte detection was performed via either diode
array detection at 204 nm or laser-induced fluorescence
detection (excitation: 488 nm; emission: 518 nm). Acetic
acid (2 M, adjusted to pH 1.8 using conc. HCI) served as
background electrolyte.

HPLC-MS/MS analysis

For determination of LogD7 4 values, cellular uptake, and
subcellular distribution, a Nexera X2 HPLC system (Shi-
madzu, Kyoto, Japan) was used. The system was combined
with an XSelect HSS T3 analytical column (100 mm X 2.10
mm, 2.5 um, Waters, Massachusetts, MA, USA), main-
tained at 40 °C. A gradient solvent flow (A: ACN/H,O 10/
90 + 0.1% formic acid; B: ACN/H20 90/10 + 0.1% formic
acid) was run with a flow rate of 0.3 mL-min~!
adjusted for analyte separation as follows: From 0% B to
100% B: 0 — 7 min; 100% B: 7 — 9 min; from 100% B to
0%: 9 — 9.5 min; 0% B: 9.5 — 15 min. The injection volume
was 5 uL. Analytes were detected with a QTrap® 6500™
mass spectrometer (AB Sciex, Darmstadt, Germany), which
was run in MRM mode. The ion source was operated in
ESI mode. MS parameters were optimized for the corre-
sponding analyte in each case. Quantification was con-
ducted using an external calibration.

and

Statistical analysis

The mean values for corrected total cellular fluorescence
(CTCF) ratios of the three tumor cell lines were compared
to that of HUVEC cells, and the ECs, values of 5a-2 on
three different tumor cell lines were compared to those of
CX-4945 wusing a two-tailed unpaired Student’s ¢-test
(GRAPHPAD Prism 5). The P-values are given as follows:
*P < 0.05, **P < 0.01.
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Results

Inhibition of CK2 in vitro

The ability of four 4,5,7-trisubstituted indeno[l,2-b]
indoles (Fig. 1A) to inhibit the kinase activity of CK2
in vitro was determined by a capillary electrophoretic
method as previously described [42]. Compounds Sa-1
and 5b-1 exhibited ICs, values of 8170 nm and 9910 nMm
(Table 1), respectively, while the ICs, values of their
regioisomers Sa-2 and 5b-2 were drastically lower
(25 nm and 47 nm, respectively). Thus, the latter two
compounds were 200- to 350-fold more potent with
respect to inhibition of CK2 activity in vitro. These
results indicate that a methoxy group in position 4 of
the indeno[1,2-blindole scaffold (Fig. 1B) is more favor-
able for CK2 inhibition than in position 1. Compounds
5a-1 and 5b-1 were not included in further investiga-
tions because of their weak inhibitory effects compared

(i\)
o)
o 2 o
a a
N N
/Q 0 /K
5a-1 5a-2
~o o) o)
0 0
a a
N N
/Q O /Q
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to their regioisomers 5a-2 and 5b-2. Notably, the alkyl
substituent in position 7 seems to influence the inhibi-
tory effect of indeno[l,2-blindoles on CK2 activity as
well. Compound 5a-2, with a methyl group in position
7, exhibited a 1.9-fold lower ICsy compared to com-
pound 5b-2 that has an ethyl group in the same posi-
tion. Compared to the reference CK2 inhibitor CX-
4945 (Fig. 1C), both 5a-2 and 5b-2 were, however, less
potent in vitro since CX-4945 had an ICsy value of
3.7 nm using the same CK2 activity assay [38].

CK2a expression patterns in different tumor cell
lines

The ability of both indeno[1,2-b]indole derivatives Sa-2
and 5b-2 to strongly inhibit CK2 activity in our in
vitro kinase assay, though less potent than CX-4945,
prompted us to examine their anti-tumoral effects. For
this purpose, we utilized three different tumor cell
lines, namely A431 epidermoid cancer cells, A549 lung
adenocarcinoma cells, and LNCaP prostate cancer
cells. These cell lines were selected because they cover
a broad spectrum of some of the most abundant types
of cancers [49]. Tumor cells are known to overexpress
CK2. Furthermore, the protein kinase is distributed
throughout the whole cell, but particularly detectable
in the nucleus [4]. Here, we examined the CK2a
expression patterns in A431, A549, and LNCaP cells
to verify, if these cell lines also exhibit the typical can-
cer cell characteristics and thus provided suitable can-
cer cell models for this study. In addition, non-cancer
cells (HUVEC) were included in this analysis to exam-
ine whether they demonstrate a different CK2 expres-
sion pattern. As shown in Fig. 2A, strong CK2a
expression was found in all three cancer cell lines, with

Table 1. Inhibition of human protein kinase CK2 in vitro by indeno
[1,2-blindoles and the reference compound CX-4945. ICgq values
were derived from dose-response curves with nine different
inhibitor concentrations (n = 3).

R3 0
©) 0 0
OH a
N R /g R
I _ N
2 Inhibition ~ 1Csp
HN cl Compound R R, Rs (%) 10 um (um)
\©/ 5a-1 -CHs -H -OCH; 55 8.170
5a-2 -CH3 -OCH; -H 100 0.025
5b-1 -CH,CH;  -H -OCH; 50 9.910
Fig. 1. Structures of CK2 inhibitors that were investigated in this study. 5b-2 CH,CHs -OCHs -H 100 0.047
(A) 4,5,7-Trisubstituted indeno[1,2-blindole derivatives investigated here CX-4945 100 0.0037°
(B) General indenol1,2-blindole scaffold with numbered carbon
atoms. (C) CX-4945 (silmitasertib) served as a reference. @Previously reported by Gozzi et al.[38]
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CTCF ratio
(nucleus/cytoplasm)

LNCaP HUVEC

A431 A549

CK2a immunofluorescent signals being detectable in
different cellular compartments. An increased fluores-
cence signal was particularly observed in the nuclei of
A431, A549, and LNCaP cells (Fig. 2B). This indicates
increased expression of CK2a in the nuclear compart-
ments of these tumor cell lines. HUVECs showed a
ubiquitous CK2a expression as well. However, in con-
trast to the tumor cells, no considerably high amount
of CK2a could be detected in the nuclei of these non-
cancer cells (Fig. 2B).

Taken together, A431, A549, and LNCaP cells
exhibited CK2a expression patterns typical of tumor
cells, in contrast to HUVECs. Therefore, these three
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% Fig. 2. Expression pattern of CK2« in
5] A431, Ab49, and LNCaP tumor cell lines
@) and HUVECs. (A) Immunofluorescent

CK2a signals (left, green) were detected
using an anti-CK2a« antibody (1AD9, Santa
Cruz Biotechnology, Santa Cruz, CA, USA).
Hoechst 33342 was used to visualize the
nuclei (middle, blue). Merged images are
displayed on the right. Scale bar is 20 um.
(B) Quantitative analysis of fluorescence
signals in the nucleus and cytoplasm of
stained cells. Ratios of nuclear/cytoplasmic
CTCF values from stained cells were
determined. Data represent mean + SD
values from three randomly selected cells
for each cell line. Statistical significance
was analyzed using a two-tailed unpaired
Student's ttest, *P < 0.05, **P < 0.01.

tumor cell lines should be suitable for studying cellular
effects induced by CK2 inhibitors.

Intracellular inhibition of CK2 activity

Following the determination of the activity of 5a-2
and 5b-2 as CK2 inhibitors in vitro, we investigated
their ability to interfere with CK2 activity in cancer
cells. Using the reference compound CX-4945, for
which the inhibition of intracellular CK2 activity has
already been described [26], the effects of 5a-2 and Sb-
2 should be evaluated. Here, LNCaP cells were treated
with the indeno[l,2-b]indoles as well as with the
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reference compound CX-4945 at 20 um for 24 h fol-
lowed by western blot analysis of CK2-specific phos-
phorylation of Akt at position serine 129 (pAktS'*)
[50] in the lysates of the treated cells. Cells treated with
1% DMSO served as vehicle control. This analysis
was performed as described by Schmitt et al. [45]. Our
results showed a clear reduction in the intensity of
pAkt®'? band in lysates from cells treated with CX-
4945, 5a-2 or 5b-2 compared to the vehicle control
(Fig. 3). Notably, the applied treatments showed no
effect on the level of CK2a expression in the lysates
when compared to control cells, indicating no destabi-
lizing effects on the protein in the cells as treated
(Fig. 3). These results hint at the capability of both
tested indeno[1,2-blindoles to interfere effectively with
intracellular CK2 activity as demonstrated by their
ability to block CK2-specific phosphorylation of Akt
in treated LNCaP cells analogous to CX-4945.

To directly analyze the interaction of 5a-2 and 5b-2
with CK2 within the cellular matrix in a quantitative
manner, a CE-based analysis was utilized. Cultured
A431, A549, and LNCaP cells were treated with either
5a-2, 5b-2, or CX-4945 at 1, 10, and 20 um for 24 h,
while control wells received 1% DMSO. After cells
were harvested and lysed, CK2 activity in the soluble
fraction of each lysate was determined using a CE-
based kinase activity assay as described recently by El-
Awaad et al. [39]. As shown in Fig. 4, all tested com-
pounds were able to reduce the intracellular CK2
activity concentration dependently. Both, 5a-2 and the
reference compound CX-4945 reduced CK2 activity in
all three cancer cell lines by more than 75% at 20 um.
Treatment with Sb-2 led to a similar level of CK2

kDa 1 2 3 4
— ' oy W v —~ CK20

s5- . n.‘ Akt
M=

\— ‘ ‘ a-tubulin

~ pAktS1??

S2- | e

Fig. 3. Inhibition of Akt phosphorylation by the indenol[1,2-blindoles
5a-2 and bb-2. LNCaP cells were treated with either vehicle control
(1) or 20 um of 5a-2 (2), 5b-2 (3) or CX-4945 (4) for 24 h. CK2a, Akt,
pAKkt®'?®, and o-tubulin (loading control) were detected in lysates of
treated cells via Western blot. LNCaP cell lysates used for blotting
were prepared from an experiment with three replicates.

CK2 inhibitor 5a-2 reduces tumor cell migration

inhibition in LNCaP but less pronounced effects on
A431 and A549 cells (40-65% inhibition at 20 um).
These results confirm the ability of 5a-2 to interfere
directly and strongly with intracellular CK2 activity to
a similar extent as CX-4945, supporting our observa-
tions with regard to blocking of Akt phosphorylation
in LNCaP cells. The ability of 5a-2 to induce similar
CK2 inhibition as CX-4945 in all cell lines, despite the
clear lower potency in vitro (ICsq CX-4945 = 3.7 nwm;
ICso 5a-2 = 25 nM) suggests that the indeno[l,2-5]
indole inhibits CK2 more effectively within the cell
than CX-4945. The observed weaker CK2 activity
inhibition by 5b-2 compared to 5a-2 is consistent with
its lower potency toward CK2 inhibition as mentioned
before in Table 1 (ICsy = 47 nm). In further studies,
we therefore focused on Sa-2 as the more potent CK2
inhibitor.

Cellular uptake of CK2 inhibitors

The amount of the investigated CK2 inhibitors within
the cell is critical for inhibiting the intracellular activity
of the target. Thereby, an enhanced uptake could com-
pensate for the differences in the inhibitory potency of
5a-2 and CX-4945 in vitro. To estimate the ability of
the indeno[1,2-blindole and the reference compound to
penetrate cells, their polarities were determined based
on n-octanol/water partition coefficients (LogD7.4)
according to Galla et al. [43]. These values correlate
with the passive diffusion of drugs through cell mem-
branes [51]. Here, the CK2 inhibitors were dissolved in
the aqueous phase and combined with the n-octanol
phase in three different ratios (1 :1,2: 1, 1:2). Both
phases were then thoroughly mixed before the concen-
tration of the substances within the aqueous phase was
quantified by HPLC-MS/MS. From this, the LogD7 4
values for Sa-2 and CX-4945 were calculated using
equation 1. With a LogD;4 value of 3.78 + 0.20 5a-2
exhibited lower polarity than CX-4945 (LogD;4 =
3.46 + 0.21) (Table 2). Although LogD;,4 values
below 5 generally suggest an appropriate membrane
permeability according to Lipinski’s rule of five [52],
these LogD~; 4 values indicate a more effective cellular
uptake by passive diffusion for 5a-2 compared to CX-
4945.

To analyze the cellular uptake of CK2 inhibitors in
a quantitative manner, the intracellular concentrations
of 5a-2 and CX-4945 were determined in A431 cells.
Cultured cells were treated with inhibitors at 1 or 3 um
for 1, 5, or 12 h. Inhibitor concentrations in the
lysates of treated cells were quantified using HPLC-
MS/MS. Intracellular concentrations were calculated
as described elsewhere [48]. As shown in Fig. 5SA-B,
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Fig. 4. Inhibition of CK2 activity in cancer cells by compounds 5a-2 and 5b-2 as compared to CX-4945. CK2 activity was determined in
lysates from (A) A431, (B) Ab49, and (C) LNCaP cells using a CE-based assay [39] and normalized to control (1% DMSO). Data represent
mean + SD, n = 3 with triplicate samples. (D) Representative electropherograms for the determination of CK2 activity in LNCaP cell lysates

after treatment with CX-4945 at the indicated concentrations.

Table 2. LogD;4 values of 5a-2 and CX-4945. Data represent
mean + SD, n=9.

Compound LogD7 4
5a-2 3.78 £ 0.20
CX-4945 3.46 +£ 0.21

CX-4945 exhibited intracellular concentrations in the
range of 49.2 £ 4.1 nm to 119.3 £+ 254 nm after 1 h
up to 12 h of treatment of A431 cells with the refer-
ence compound at 1 pMm. In contrast, 160.8 £ 17.5 nm
of 5a-2 were detected in A431 cells treated with 1 um
of the compound already after 1 h. The concentration
of the indeno[1,2-b]indole increased to
408.3 £+ 55.6 nm after 12 h. Consequently, intracellular
concentrations of 5a-2 were 2.4- to 3.4-fold higher
than those of CX-4945. These results suggest a more
efficient cellular uptake of 5a-2 compared to that of
CX-4945. The high intracellular concentration of 5a-2

402

could provide an explanation for the strong effect of
5a-2 on intracellular CK2 activity, despite its higher
ICso value compared to CX-4945.

To shed light on the mechanism of the cellular
uptake for the studied CK2 inhibitors, their intracellu-
lar concentrations were determined after incubation at
different temperatures. By lowering the incubation
temperature to 4 °C, active transport processes are
widely abolished. If a drug continues to be taken up
cellularly at this temperature, this indicates passive dif-
fusion as the dominant uptake mechanism. In case of
a strong decrease of the intracellular drug concentra-
tion at 4 °C, its uptake by active transporters can be
concluded [53]. To analyze the temperature-dependent
cellular uptake of 5a-2 and CX-4945, cultured A431
cells were treated with CK2 inhibitors at 1 pm for 3 h
at 37 °C in a humidified atmosphere at 5% CO, or at
4 °C under atmospheric conditions. Afterward, intra-
cellular concentrations were quantified as described
before. At 4 °C, the intracellular concentration of 5a-2
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was decreased by 51%. On the contrary, the lower
incubation temperature led to a decrease in the intra-
cellular concentration of CX-4945 by 91% compared
to that determined at 37 °C (Fig. 5C). These results
indicate a higher influence of active transporters on
the uptake of CX-4945 than for the indeno[l,2-b]
indole and suggest that 5a-2 is taken up mainly via
passive diffusion. This is in agreement with the deter-
mined LogD7 4 values reflecting the lower polarity of

CK2 inhibitor 5a-2 reduces tumor cell migration

Fig. 5. Cellular uptake of ba-2. (A) Extracellular concentration-
dependent uptake of the reference compound CX-4945 and 5a-2
into A431 cells. Cultured cells in 6-well plates were incubated with
either 1 or 3 um of each compound followed by harvesting, cell
counting, and lysis at 5 h post-treatment. Quantitative analysis of
the intracellular concentration (nm) for each compound was
performed using HPLC-MS/MS. (B) Time-dependent uptake of the
reference compound CX-4945 and 5a-2. Cells were cultured as
described before and incubated with 1 um of each compound for 1,
5, or 12 h. (C) Temperature-dependent uptake of compounds CX-
4945 and b5a-2. A431 cells were cultured in 6-well plates as
described before. After incubation with CK2 inhibitors at 1 um for
3 h at 37 °C or 4 °C, intracellular concentrations were determined
as described in (A). Data shown in (A), (B) and (C) represent
mean + SD, n= 3.

the indeno[1,2-blindole. Since drugs are normally taken
up faster by passive diffusion than by active trans-
porters [53], this could explain the higher observed
intracellular concentrations of 5a-2 compared to the
reference compound CX-4945.

Cellular effects of 5a-2
Suppression of tumor cell proliferation

Inhibition of intracellular CK2 activity by 5a-2 sug-
gested similar cellular effects of this indeno[1,2-bJindole
derivative and CX-4945. Consideration of the cellular
effects of CK2 inhibitors was primarily based on their
impact on cancer and non-cancer cell proliferation.
Effects on tumor cell proliferation by 5a-2 and CX-
4945 were examined in A431, A549, and LNCaP cells
using an IncuCyte™ S3 live-cell imaging system (Sarto-
rius). HUVECs were also analyzed as a representative
model for non-cancer cells. Here, 5a-2 clearly sup-
pressed the proliferation of the three tumor cell lines
with ECso values of 21.2 um (A431), 39.8 um (A549)
and 14.2 um (LNCaP) (Fig. 6A). Yet, CX-4945 had
significantly stronger effects on A431 and A549 prolif-
eration compared to the indeno[1,2-b]indole as evident
by ECsq values of 8.3 um and 23.2 um. Thus, these
ECsq values of the reference compound were 1.4- to
2.5-fold lower than those of 5a-2. On the other hand,
no significant differences between the ECs, values of
CX-4945 (10.0 um) and 5a-2 on LNCaP cells could be
observed. Notably, the determined anti-proliferative
effects of CX-4945 in our experiments were in the
same range as reported in earlier studies. Siddiqui-Jain
et al. [25], for example, determined ECs, values
between 1.71 and 20.01 pm for CX-4945 on 43 differ-
ent tumor cell lines. On the other hand, analysis of
anti-proliferative effects on HUVECs revealed ECs,
values of 30.8 um and 10.7 um for 5a-2 and CX-4945,
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Fig. 6. Anti-proliferative effects of 5a-2 compared to CX-4945. Tumor cells were treated with either vehicle control (1% (v/v) DMSO) or CK2
inhibitors in at least eight different concentrations ranging from 0.47 to 50 um. The % cell confluence was monitored for 48 h using IncuCyte® S3
live-cell imaging system. (A-B) Representative growth curves of A431 cells treated with vehicle control and 5a-2 (A) or CX-4945 (B) (mean + SD,
n=3). (C) ECgq values of 5a-2 and CX-4945 represent the inhibitor concentration suppressing cell growth by 50% relative to control. (D)
Suppression of HUVEC proliferation by 5a-2 or CX-4945. Data shown in (C) and (D) represent mean + SD, n = 3 with triplicate samples.
Statistical significance was analyzed using a two-tailed unpaired Student's t-test, *P < 0.05. (E-F) Representative phase-contrast microscopy
images of A431 cells (E) and HUVECs (F) treated with 30 um of CX-4945 or 5a-2, immediately after treatment (0 h) and at 48 h post-treatment
using the IncuCyte® live-cell imaging system, n = 3. Control cells were treated with vehicle (1% DMSO). Scale bar is 400 um (E) or 200 um (F).

respectively (Fig. 6B). Thus, 5a-2 showed 2.9-fold the indeno[l,2-blindole suggests a less nonspecific tox-
lower anti-proliferative effect against HUVECs com- icity induced by 5a-2. These results, thus, demonstrate
pared to CX-4945. This significantly lower effect of that 5a-2 and CX-4945, despite their similar effects on
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intracellular CK2 activity, differed in their anti- (A) (CX-4945 5a-2
proliferative effects. . ; .

Induction of apoptosis <

Since several studies reported that a decrease of CK2 Vit X e SO
activity in cancer cells leads to their apoptosis [20], we | afEwe L :
investigated the induction of this process in A431 cells = >
after treatment with CK2 inhibitors. For this purpose, PR 3 > Juid s B L 2%
cells were monitored after treatment with 5a-2 or CX- o AN _ s RO
4945 via IncuCyte® S3 live-cell imaging system (Sarto- 57 : R Y LR 2
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cence upon cleavage by caspase 3/7 activity in g : -
eukaryotic cells during apoptosis (IncuCyte® Caspase- 4 R # Mﬁ? s )
3/7 dye, Sartorius), was applied to the cells. The fluo- ; T R
rescence signals detected correlated with the number of
apoptotic cells. As shown in Fig. 7, apoptosis was
induced in A431 cells after treatment with CX-4945 as
well as with 5a-2. In this experiment, we determined
up to 18,929 apoptotic cells per well after treatment
with 20 um CX-4945. Treatment of A431 cells with Sa-
2 at 20 pm led to 4194 apoptotic cells per well. There-
fore, the reference substance had a 4.5-fold higher
impact on the induction of apoptosis in A431 epider-
mal cancer cells than the indeno[1,2-b]indole.
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Reduction of tumor cell migration

Cellular migration is a process involving CK?2 that plays 2x100+44
a role in tumor metastasis [54, 55]. Therefore, reduction
of migration of A549 lung cancer cells after treatment
with 5a-2 was investigated in this study. For this analy-
sis, cells were cultured in 96-well ImageLock plates (Sar-
torius) to a confluence of 100%. Afterward, a scratch
wound was created in the cell layer of each well using
an IncuCyte® WoundMaker tool (Sartorius). Then, cells 0
were treated with 5a-2 or CX-4945 at 1 or 10 um. The 0 12 24 36 48
cell migration into the wound was determined using an t (h)

IncuCyte® S3 Live Cell Imaging system (Sartorius). The

results of this experiment (Fig. 8) showed a relative c 5a-2

wound density of 93.5% 48 h after treatment with 8x10034
10 um CX-4945. Cells treated with vehicle control
reached a relative wound density of 96.9% after 48 h.
After treatment with 5a-2 at 10 pm, A549 cells reached
a relative wound density of 62.6%. Thus, the indeno

1x100+4+

5x10034

Apoptotic Cell Count (1/Well) )
N
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610034 <4 20 pm

4x1003

Fig. 7. Pro-apoptotic effects of ba-2 compared to CX-4945. (A) 2x1003+4
Merge of phase-contrast and fluorescence microscopy images of
A431 cells immediately (0 h) and 48 h after treatment with 20 um
of the investigated CK2 inhibitors. Scale bar is 400 um. (B-C) ’ T T T T
Monitoring of apoptotic A431 cell count for 48 h following
treatment with 1, 10, or 20 uv CX-4945 (B) or 5a-2 (C). Data t (h)

represent mean + SD, n= 3.
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Fig. 8. Anti-migratory effects of 5a-2 compared to CX-4945. (A)
Representative phase-contrast microscopy images showing the
reduction of A549 cell migration by 10 um of the investigated CK2
inhibitors 24 h and 48 h post-treatment. Control wells received 1%
DMSO. Scale bar is 400 um. (B-C) Time-dependent changes in
wound density of A549 cells after treatment with vehicle control, 1
and 10 um of CX-4945 (B) or 5a-2 (C). Data represent mean + SD,
n=3.
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[1,2-b]indole had a stronger effect on tumor cell migra-
tion than CX-4945, which comes in contrast with our
observation regarding the pro-apoptotic effects of the
investigated CK2 inhibitors. The anti-migratory effects
of the compounds were investigated on A431 cells as
well (data not shown). Also in this case, 5a-2 had a
stronger effect than CX-4945, further confirming the
strong anti-migratory effect of the indeno[1,2-b]indole.
These observations raise the question whether vari-
able degrees of inhibition of CK2 in cellular compart-
ments by the studied inhibitors may be responsible for
their preferential interference with cellular processes,
that is, migration for Sa-2 or apoptosis for CX-4945.

Subcellular distribution

As mentioned earlier, despite their equivalent influence
on the intracellular CK2 activity (Fig. 4), 5a-2 and
CX-4945 clearly differ in their pro-apoptotic (Fig. 7)
and anti-migratory effects (Fig. 8). The reason for this
could be attributed to the site of action of the CK2
inhibitors. For this reason, we studied the subcellular
distribution of 5a-2 and CX-4945. Therefore, subcellu-
lar fractions of LNCaP cells were separated and
collected after 5 h of treatment with 1 um 5a-2 or CX-
4945 via differential centrifugation. CK2 inhibitors
were detected in each fraction using HPLC-MS/MS.
AUC:s of the analyte peaks in each fraction were set in
relation to each other to determine relative amount of
the substances (Fig. 9). Here, we were able to detect
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Bl Membrane
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El Cytoplasm
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Relative amount (%)

20 4

CX-4945 5a-2

Fig. 9. Subcellular distribution of CX-4945 and b5a-2. LNCaP
prostate cancer cells were cultured in 75-cm? flasks to a
confluence of 90%. After 5 h of treatment with 1 um 5a-2 or CX-
4945 cells were harvested and lysed. Subcellular fractions were
separated using a differential centrifugation protocol. Inhibitors
were detected via HPLC-MS/MS in each fraction. AUCs of the
analyte peaks were related to each other. The sum of the AUCs of
all fractions was set as 100%. Data represent mean + SD of
triplicate samples.
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an amount of 49% in the nuclear fraction for CX-
4945, whereas the levels in the mitochondrial and cyto-
plasmic fractions were almost equal at 23% and 24%,
respectively. At 4%, the lowest proportion of CX-4945
was detected in the membrane fraction. In contrast,
5a-2 was mainly present in the cytoplasm showing a
proportion of 71%. In the mitochondrial and mem-
brane fraction, 11% and 2% of indeno[l,2-blindole
were determined, respectively. The nuclear fraction of
treated cells contained 16% of 5a-2. These results
reveal a major divergence in the subcellular distribu-
tion of CX-4945 and the indeno[l,2-blindole, suggest-
ing that the subcellular distribution of CK2 inhibitors
may be determinant for their cellular effects in cancer
cells.

Discussion

As noted earlier, human protein kinase CK2 remains a
critical target in cancer research [56]. Almost ten years
ago, the first small-molecule CK2 inhibitor, namely
CX-4945, entered clinical trials. Even though the drug
has shown promising results in tumor therapy [29], it
remains the only small-molecule CK2 inhibitor in clini-
cal trials. With compound 5a-2 we identified a potent,
ATP-competitive CK2 inhibitor that reduced the pro-
tein kinases activity in tumor cells by more than 75%
at an applied concentration of 20 pm. 5b-2, an indeno
[1,2-blindole derivative differing from 5a-2 only in a
substituent at position 7, showed weaker effects on
inhibition of CK2 activity both in vitro and in the cel-
lular matrix. Therefore, the methyl group of 5a-2
seems to be more favorable than the ethyl group of
5b-2 at the same position in terms of inhibitory activ-
ity of the compound. Interestingly, the inhibitory effect
on intracellular CK2 activity by 5a-2 was equivalent to
that of CX-4945, despite its higher ICsy value (ICsq
5a-2 = 25 nm; IC59 CX-4945 = 3.7 nm). This could be
shown by the reduction of the CK2-specific Akt phos-
phorylation in LNCaP treated with 5a-2 and CX-4945
as well as by the inhibition of intracellular CK2 activ-
ity in A431, A549, and LNCaP cells by both CK2
inhibitors. Since intracellular target inhibition is highly
dependent on drug concentration within the eukaryotic
cell [57], we considered different levels of cellular
uptake to be compensating for ICs, value differences
of the CK2 inhibitors. Here, we demonstrated that the
uptake of 5a-2 was more effective than that of CX-
4945, as indicated by 2.4- to 3.4-fold higher intracellu-
lar concentrations of the indeno[l,2-blindole. Thus,
these higher concentrations may explain why 5a-2 and
CX-4945 affected intracellular CK2 activity to the
same extent, despite their different inhibitory potential

CK2 inhibitor 5a-2 reduces tumor cell migration

in vitro. Furthermore, we were able to show that the
uptake of 5a-2 was mainly driven by passive diffusion,
while active transporters appeared to play a major role
in the uptake of CX-4945. This observation correlated
with the lower polarity of the indeno[l,2-blindole,
which was determined here from the LogD- 4 values of
the compounds. Consistent with our observations, a
correlation between LogP values and passive diffusion
of drugs was previously reported [51]. Since drugs are
taken up more rapidly by passive diffusion than by
active transporters [53], this may account for the more
effective cellular uptake of 5a-2 compared with CX-
4945.

Consideration of the cellular effects of 5a-2 and CX-
4945 revealed differences for both CK2 inhibitors,
which did not reflect the equivalent intracellular inhibi-
tion of the protein kinase activity. Although both sub-
stances reduced the proliferation of cancer cells, this
occurred to different extents. While we determined
ECso values of 8.3 um (A431), 23.2 um (A549), and
10.0 um (LNCaP) for CX-4945, these values were
21.2 uMm (A431), 39.8 um (A549), and 14.2 um (LNCaP)
in the case of 5a-2. The analysis of the effects of CK2
inhibitors on non-cancer cells, performed in this study
using HUVECs as an example, revealed a smaller
effect of 5a-2 than of CX-4945. The indeno[l,2-5]
indole suppressed HUVEC proliferation with an ECsg
value of 30.8 um, while the reference compound exhib-
ited an ECsq value of 10.7 um. This anti-proliferative
effect of CX-4945 on non-cancer cells has been
observed in previous studies [58,59]. The significantly
higher ECs, value of 5a-2 compared to CX-4945 may
indicate a less nonspecific cytotoxicity of the indeno
[1,2-blindole. Recently, Wells et al. described a potent,
highly selective CK2 inhibitor, which did not suppress
tumor cell proliferation to the same extent of CX-
4945. This observation led Wells et al. to hypothesize
that the potent anti-proliferative effect of CX-4945
may not be due to inhibition of CK2 alone but rather
to off-target effects. This hypothesis was supported by
the inhibitory effect of CX-4945 on the activity of
other kinases [60]. Off-target effects of CX-4945 may
provide a possible reason for its strong anti-
proliferative effect and thereby may explain the differ-
ences in the ECsy values of the reference compound
and 5a-2 in this study. To verify this assumption, the
selectivity of the inhibitory effect of indeno[l,2-5]
indole must also be tested in future studies.

The strong pro-apoptotic effect of CX-4945 noted
here is also consistent with observations of previous
studies [48,60]. Treatment of A431 cells with 5a-2 also
induced apoptosis, but to a much weaker extent. On
the other hand, 5a-2 reduced the migration of A549
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and A431 cells more potently than CX-4945. As part
of tumor metastasis, migration is a cellular process
that has previously been described as sensitive to CX-
4945 treatment [34,55,61]. The even stronger effect of
5a-2 in this regard may represent an advantage of
indeno[1,2-bJindole over the reference compound in
the treatment of systemic cancers [62]. Nevertheless,
the question arises as to why the cellular effects of 5a-
2 and CX-4945 differ despite equivalent inhibition of
intracellular CK2 activity. One theory for these dis-
tinct cellular effects of the two CK2 inhibitors could
be their site of action, since it is known that CK2 is
involved in several processes taking place in different
cellular compartment [11]. Analysis of subcellular CK2
inhibitor distribution showed that CX-4945 was
mainly present in the nuclear fraction, accounting for
50%. In contrast, the largest proportion of 5a-2 was
detected in the cytoplasm at 70%. Previous studies
[4,13] as well as the results obtained here showed a
ubiquitous expression as well as an increased presence
of CK2 in the nuclei of tumor cells. The protein kinase
is known to be involved in apoptotic processes which
take place in the nuclear matrix [63]. Furthermore, it
could be shown that the inhibition of CK2 activity in
the nuclei of cancer cells leads to their apoptosis [17].
Thus, the obtained high amount of CX-4945 in the
nuclear fraction may be responsible for its high impact
on apoptosis induction. Recently, an interaction of
CK2 and the chromatin remodeling enzyme Brgl
within the nucleus of proliferating myoblasts was
observed [64]. Since this interaction takes place in the
nucleus, the high amount of CX-4945 in this fraction
could be explanatory for its strong anti-proliferative
effects. On the other hand, it was observed that CK2
is involved in tumor cell migration by interacting with
cytoplasmic proteins [7,65]. Ca®*-activated ion chan-
nels represent a class of transmembrane proteins that
are involved in tumor cell migration [66]. Recently, the
activity of the Ca**-activated ion channel TMEM16A
could be shown to be dependent on phosphorylation
by CK2 [67]. Therefore, the high amount of S5a-2
within the cytoplasmic fraction could be the reason for
CK2 inhibition at site, resulting in a loss of activation
of proteins involved in tumor cell migration like
TMEMI6A.

In conclusion, we identified a 4,5,7-trisubstituted
indeno[1,2 bJindole as potent new CK2 inhibitor based
on the results obtained in this study. Most notably,
5a-2 was shown to inhibit the intracellular CK2 activ-
ity equivalent to CX-4945, despite a lower inhibitory
potential in vitro. Interestingly, 5a-2 and CX-4945 dif-
fered in the extent of their cellular effects and subcellu-
lar distribution. This led us to the theory that these
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effects are dependent on the site of action of CK2
inhibition. With this study, we present an approach to
elucidate biological and pharmacological processes
based on comprehensive investigation of effects of
CK2 inhibitors on cancer cells. On this basis, insights
could be gained to better understand the different roles
of CK2 in cancer cell biology and ultimately help to
develop new anti-cancer drugs.
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