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Abstract

Casein-kinase CK2 is a Ser/Thr protein kinase that fosters cell survival and proliferation of malignant cells. The CK2 holo-
enzyme, formed by the association of two catalytic alpha/alpha’ (CK2a/CK2a’) and two regulatory beta subunits (CK2p),
phosphorylates diverse intracellular proteins partaking in key cellular processes. A handful of such CK2 substrates have
been identified as targets for the substrate-binding anticancer peptide CIGB-300. However, since CK2p also contains a CK2
phosphorylation consensus motif, this peptide may also directly impinge on CK2 enzymatic activity, thus globally modifying
the CK2-dependent phosphoproteome. To address such a possibility, firstly, we evaluated the potential interaction of CIGB-
300 with CK2 subunits, both in cell-free assays and cellular lysates, as well as its effect on CK2 enzymatic activity. Then, we
performed a phosphoproteomic survey focusing on early inhibitory events triggered by CIGB-300 and identified those CK2
substrates significantly inhibited along with disturbed cellular processes. Altogether, we provided here the first evidence for
a direct impairment of CK2 enzymatic activity by CIGB-300. Of note, both CK2-mediated inhibitory mechanisms of this
anticancer peptide (i.e., substrate- and enzyme-binding mechanism) may run in parallel in tumor cells and help to explain
the different anti-neoplastic effects exerted by CIGB-300 in preclinical cancer models.
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substrates (class-1I) is only phosphorylated by the catalytic
subunits. Of note, the validity of such classification has been
experimentally tested for a limited subset of recombinant
CK2 substrates in cell-free assays [9].

CK2 is regarded as a promising druggable cancer target
based on successful in vivo proof-of-concept using small
molecule inhibitors that block either the ATP-binding site or
antagonize the interaction between subunits [10, 11]. Addi-
tionally, antisense oligonucleotides that target the CSNK2A1
gene have shown to induce cell death and anti-tumoral activ-
ity [12]. However, only two compounds targeting the CK2-
mediated phosphorylation have already entered into Clini-
cal Trials: the ATP-competitive inhibitor CX-4945 and the
CK2-substrate-targeting peptide CIGB-300 [13, 14].

The CIGB-300 peptide is a clinical-grade CK2 inhibitor
that binds to the conserved CK2 phosphoacceptor site on
CK2 substrates [15]. Among such, experimental findings in
solid tumor-derived cell lines pointed out to the nucleolar
protein B23/NPM1 as a major CIGB-300 target [16]. Subse-
quent pull-down experiments showed that the peptide binds
arange of CK2 substrates [17]. Data from blood cancer cells
further showed that phosphorylation of AKT and PTEN at
CK2 target sites is also impaired [18]. These findings sug-
gest that the array of CK2 substrates potentially inhibited
by CIGB-300 in cancer may be diverse. One formal pos-
sibility not tested so far is that CIGB-300 impairs CK2f
autophosphorylation. Since, CIGB-300 binds CK2 consen-
sus sequence and CK2p contains such motif [19, 20], the
peptide may also directly impinge on CK2a,p, enzymatic
activity. CK2p autophosphorylation has been functionally
associated with CK2 enzymatic activity, its intracellular sta-
bility, and the assembly of supra-molecular complexes of the
enzyme [21, 22]. Thus, a direct and global CK2 enzymatic
activity inhibition would explain the observed perturbation
of disparate cellular processes like RNA processing, protein
translation, proliferation/apoptosis, and cell adhesion in cells
treated with this peptide [23].

Here, we demonstrated for the first time that CIGB-300
interacts with CK2a and blocks the enzymatic activity of
CK2a,(3, towards selected class-III substrates in cell-free
assays. Such direct enzyme inhibition may run in parallel
to the previously described inhibitory mechanism based
on CIGB-300 binding to CK2 phosphoaceptor site [16].
Using a label-free phosphoproteomic approach, we address
such complexity and provide evidence for a global impact
of CIGB-300 on the CK2-mediated phosphoproteome in a
model tumor cell. Furthermore, inferred from kinase-sub-
strate relationships, we uncovered new potential targets for
this peptide and identified perturbed biological processes.
Rather than using iteratively low-throughput experiments to
identify the full array of CK?2 substrates impaired by CIGB-
300, we performed a phosphoproteome profiling to obtain a
global glimpse of perturbed proteins and related pathways.
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Furthermore, although this is not a head-fo-head experiment,
our study provides a framework to globally compare two
clinically relevant CK?2 inhibitors with different mechanisms
of action, i.e., CX-4945 and CIGB-300.

Methods and materials
Cell lines

The non-small cell lung cancer (NSCLC) cell line NCI-
H125, kindly provided by Dr. Eduardo Suarez (Center for
Molecular Immunology, Havana, Cuba), was originally
obtained from ATCC (Rockville, MD). The NCI-H125 cells
were cultured in RPMI 1640 (Life Technologies, USA) and
supplemented with 10% fetal bovine serum (FBS; PAA,
Canada) and 100 pg/mL gentamicin (Sigma, USA) at 37 °C
in a humidified atmosphere containing 5% CO,.

Synthetic peptides

CIGB-300 and canonical peptide substrates 29 (RRRE-
DEESDDEE) and M (MSGDEMIFDPTMSKKKKKKKKP)
were synthesized on solid phase and purified by RP-HPLC
to > 98% purity on acetonitrile/H20-trifluoroacetic acid gra-
dient and confirmed by ion-spray mass spectrometry (Micro-
mass, Manchester, UK).

Recombinant proteins

GST-Olig2, GST-Six1, and GST-CK2a fusion proteins were
expressed and further purified by glutathione sepharose 4B
GST-tagged protein purification resin. Calmodulin was pur-
chased from Abcam (ab94519). Maltose Binding Protein
(MBP)-CK2p subunit was obtained as previously described
[24].

CK2 phosphorylation assays

A radiometric CK2 assay was performed in a final volume
of 18 L containing increasing concentrations of CIGB-300
or equivalent amount of dimethyl sulfoxide (DMSO) as con-
trol, 3 uL of CK2a (28 ng) or the holoenzyme, and a mix-
ture containing 1 mM of the peptide substrates (M or 29),
10 mM MgCl,, and 100 mM [y-32P]-ATP (6000 Ci/mmol).
Assays were performed at room temperature for 5 min before
termination by the addition of 60 uL of 4% trichloroacetic
acid. Additionally, recombinant CK2 protein substrates were
incubated with CK2a (26 ng) in the absence or presence of
CK2p (52 ng) and the phosphorylation was carried out in
the presence of increasing concentrations of CIGB-300. In
another experimental setting, CK2a (26 ng) was incubated
with increasing amounts of CK2f in the absence or presence
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of 100 uM CIGB-300; then the CK2 activity was assayed
with peptide M substrate. Finally, in a fourth experimen-
tal setting, GST-CK2a (80 ng) was incubated for 30 min
in the absence or presence of 50 pM CIGB-300; then the
fusion protein was adsorbed on Glutathione-Sepharose
beads; after washing, the beads were incubated with 160 ng
CK2p and CK2 activity was assayed with peptide substrate
M. Phosphoproteins were analyzed by SDS-PAGE followed
by Coomassie staining and autoradiography and 3?P incor-
poration was quantified using BiolD.

For the CK2p autophosphorylation assay, CK2« (120 ng)
was incubated with CK2p (240 ng) and the reaction was
carried out in the presence of increasing concentrations of
CIGB-300. Autophosphorylated CK2p was also analyzed by
SDS-PAGE and quantified by autoradiography.

CK2 subunits binding assays

MBP-CK2p-biotin (500 ng) bound to Streptavidin-coated
wells was incubated in the absence or presence of CIGB-300
(50 uM). After 3 washes with Buffer A (50 mM Tris/HCI pH
7.5, 200 mM NaCl, 2% glycerol), CK2a (56 ng) was added
and the CK2 activity was measured with 150 pM of peptide
substrates 29 or M. Additionally, CK2a (240 ng) was incu-
bated for 30 min at RT in the absence or presence of 100 uM
CIGB-300 in streptavidin wells pre-coated with increasing
amounts of CIGB-300-biotin. After 3 washes with Buffer
A, CK2 activity was assayed with peptide substrate 29. For
competition assays, GST-CK2a (80 ng) was incubated for
30 min at room temperature in a final volume of 15 ul in
the absence or presence of 50 uM CIGB-300. After dilu-
tion in 100 pl of Buffer A, GST-CK2a was then adsorbed
on Glutathione-Sepharose beads and further washed in the
same buffer. Beads were finally incubated with 160 ng CK2
and CK2 activity was assayed directly on the beads with the
peptide substrate M.

Pull-down assays

A total of 10 x 10® NCI-H125 cells were seeded in appro-
priate vessels and cultured for 18 to 20 h. Next day, the
cells were trypsinized, collected by centrifugation, and
lysed in hypotonic PBS solution (0.1 X) containing 1 mM
of dithiothreitol (DTT) (Sigma) and Complete protease
inhibitor (Roche) by eight freeze (liquid N2)-thaw (37 °C)
cycles. Then, cellular lysate was cleared by centrifugation
at 12,000 rpm at 4 °C for 15 min and total protein concen-
tration was determined by the Bradford assay (Bio-Rad).
Each pull-down reaction were settled by mixing 250 pg of
total protein with 100 uM of a CIGB-300-biotin-conju-
gated or non-conjugated CIGB-300 peptide as a competi-
tor in a final volume of 500 pl of lysis buffer 1 X. Subse-
quently, 30 pL of pre-equilibrated streptavidin-sepharose

matrix (Sigma) was added to the reaction and the final
reaction was incubated during 1 h at 4 °C. The matrix
containing the pulled down fraction was collected by short
spin, extensively washed with PBS 1 mM DTT, and ana-
lyzed by Western blotting.

Immunofluorescence and confocal microscopy

NCI-H125 cells plated on coverglass were treated with bio-
tin-tagged CIGB-300 (50 uM) or medium alone for 10 min,
30 min, 4 h, or 24 h. Subsequently, the cells were washed
with cold PBS three times and fixed in 10% formalin for
10 min at 4 °C. After permeabilization with 0.2% Triton
X-100 for 10 min, cells were blocked by incubation with
4% bovine serum albumin (Sigma) in PBS for 30 min at
room temperature, washed again, and incubated with rab-
bit polyclonal anti-CK2a (Abcam AB 10,468) 1/50 or anti-
CK2p (Abcam AB151784) 1/50, or anti-nucleophosmin
(B23) (Abcam AB37659) for 1 h at 37 °C. Finally, 1/200
FITC-avidin (Sigma E2761) and/or anti-rabbit-Alexa Fluor
594 (Abcam AB150080) secondary conjugates were incu-
bated for 40 min at room temperature and washed 3 times
with PBS. Coverglasses were mounted and analyzed using
a Leica laser-scanning spectral Confocal microscope TCS
SP8, Leica Microsystem with 20X and 63 X objectives.
Images were taken with a resolution of 1024 x 1024 Meg-
apixels and analyzed with Leica Application Suite X (LAS
X) Version 3.5.1 (n=>5 optical fields/variant). After con-
ducting a normality test, a paired t-test was performed to
analyze differences between Overlapping Coefficients (OC)
for CK2a/CIGB-300 and B23/CIGB-300 co-localization
signals.

Sample preparation for phosphoproteomic analysis

CIGB-300-treated or vehicle-treated NCI-H125 cells (two
replicates) were washed with PBS and suspended in 500 pL
of the lysis buffer containing 8 M urea, complete protease
inhibitors (Roche, USA), phosphatase inhibitors (sodium flu-
oride (10 mM), sodium orthovanadate (1 mM) and sodium
beta-glycerophosphate (10 mM), and 40 mM Tris/HCL, pH
8.0. After cell disruption by freeze—thaw method, samples
were centrifuged at 60,000 g during 3 h and supernatants
were incubated for 1 h with 10 mM DTT at 37 °C. Cysteines
were modified with 25 mM acrylamide during 1 h at 25 °C.
For protein enzymatic hydrolysis, samples were diluted with
Tris/HCI 40 mM, pH 8.0 to decrease urea concentration up
to 2 M and trypsin was added at an enzyme-to-substrate
mass ratio of 1:50. Digestion proceeded for 16 h at 37 °C.
Tryptic peptides were desalted by rp-HPLC and dried in a
speed vac.
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Phosphopeptide enrichment with TiO2 magnetic
beads (MagSepharose GE)

Samples were resuspended in 1 M Glycolic acid/80% ace-
tonitrile (ACN)/5% trifluoroacetic (TFA) and enriched for
phosphopeptides with TiO2 magnetic beads following the
manufacturer’s instructions 28-9537-65 AB. Briefly, sam-
ples were incubated with magnetic beads under stirring
(1100 rpm) for 30 min and were washed once with acid
/80% ACN/5% TFA and twice with 80% ACN, 1%TFA.
Non-bound and washed fractions were discarded and phos-
phopeptides were separated from the beads with 3 sequential
elutions with NH4OH 10% under stirring (5 min, 600 rpm);
eluates for each sample were pooled, rendering 1.2 mL per
sample; samples were dried down in a speed vacuum cen-
trifuge and kept at 4°C until further analysis.

LC-MS/MS

Mass spectrometry was performed in a NanoAcquity
(Waters) HPLC coupled to a LTQ Orbitrap Velos mass
spectrometer (Thermo Scientific). 6.5 pL of each sample
was injected and separated in a C18 reverse phase column
(75 um @i, 25 cm, nano Acquity, 1.7 um BEH column,
Waters) using a gradient of 1 to 35% B in 120 min followed
by 35-45% of B in 25 min at 250 nL/min flow rate (A: 0.1%
formic acid and B: 0.1% formic acid in ACN). Eluted pep-
tides were ionized in an emitter needle (PicoTipTM, New
Objective). Spray voltage applied was 2000 V. All samples
were analyzed with the multistage activation MS method
(MSA) that allows for the detection of phosphopeptides.

MSA method

Data-dependent analysis was carried out in the LTQ Orbit-
rap Velos. Peptide masses were measured in the Orbitrap
at a resolution of 60,000 (m/z: 300-1700). Up to 10 most
abundant peptides (minimum intensity of 500 counts) were
selected from each MS scan and fragmented using CID
(38% normalized collision energy) in the linear ion trap with
helium as the collision gas, and for phosphopeptide analysis,
multistage activation (MSA) was enabled.

Database search and quantification

Searches were performed with MaxQuant v1.5.8.3 against
SwissProt human database (2017). Missed cleavages: 2;
Fixed modification: Propionamide of cysteine; variable
modifications: Met oxidation and STY phosphorylation.
Peptide identification was controlled at 1% FDR by target
decoy method. Phosphopeptide filtering and quantification
was performed using R. Phosphopeptides were filtered of
reverse hits and contaminants and the sites localized with a
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probability > 0.75 were retained. The differentially modu-
lated phosphosites were determined by finding the difference
of the mean log2(intensities) between treatment and control
conditions. A phosphosite was not considered differentially
modulated if the log2(intensity) values overlapped between
control and treatment for any of the two replicates.

PTM database

R library iPTMnet [25] was used to retrieve phosphorylation
site information and validated kinase—substrate relationships.

Sequence logo and scan

Sequence logos were generated using WebLogo V3.6.0 tool
[26]. Consensus sequence scan was performed by defining
R regular expressions and MaxQuant (31 amino acids)
sequence window as input.

Enrichment analysis

Kinase enrichment analysis was performed using the KEA2
and PHOXTRACK tools [27, 28]. Cutoff was kept below 1%
FDR. The GO ontologies and Reactome pathways enrich-
ment analyses were performed using Enrichr [29].

Results

CIGB-300 impairs CK2 enzymatic activity in cell-free
assays

To explore the possibility that CIGB-300 directly inhibits
CK2 activity, the effect of CIGB-300 on the phosphorylation
of two relevant CK2 peptide substrates was evaluated by a
radiometric assay. Interestingly, peptide M phosphorylation,
which only occurs in the presence of CK2a, [, holoenzyme
(i.e., class-III substrate), was inhibited in a dose-dependent
fashion when CIGB-300 was added to the reaction (Fig. 1a).
In contrast, phosphorylation of peptide 29, whose phospho-
rylation can be elicited either by CK2a,f, or CK2a (i.e.,
class-I substrate), was not inhibited in this experimental set-
ting (Fig. 1a, Fig. S1a).

Next, we tested the effect of CIGB-300 on the phospho-
rylation of two bonafide class-1I1 substrates. In line with
peptide M inhibition, CIGB-300 impaired the CK2a,p,-
dependent phosphorylation of the recombinant proteins
GST-Olig2 and GST-Six1 (Fig. 1b). Otherwise, phospho-
rylation of Calmodulin, which is only exerted by the CK2a
catalytic subunits (i.e., class-II substrate), was slightly
increased in the presence of CIGB-300 (Fig. S1b). Other
poly-cationic compounds exert similar disturbing effects on
CK2 activity [30]. Of note, although the CK2f} subunits per
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Fig. 1 Differential effects of CIGB-300 on CK2 holoenzyme activity
measured by radiometric cell-free assays using recombinant enzyme
subunits a CK2 holoenzyme (28 ng) was incubated with increas-
ing concentrations of CIGB-300 and CK2 activity was assayed with
1 mM of peptide substrates 29 or M in a solution containing 100 mM

se contains a CK2 consensus motif, the CIGB-300 (up to
100 uM) did not affect its phosphorylation (Fig. 1c).

CIGB-300 binds to CK2a catalytic subunit
and co-localizes in situ

To understand the mechanism by which CIGB-300 impairs
CK2 holoenzyme activity, we performed binding experi-
ments and subsequent phosphorylation assays using pep-
tide M and recombinant CK2 subunits. CK2a was incubated
with increasing amounts of CK2f in the absence or presence
of 100 uM CIGB-300. CK2 activity was then assayed with
peptide M substrate. As expected for class-III substrates,
phosphorylation of peptide M increased when increasing
amounts of CK2p were added to the reaction (Fig. S2a).
Such increase was almost completely abrogated in the pres-
ence of 100 uM CIGB-300, regardless of the amount of
CK2p added (Fig. S2a).

Otherwise, to test for a potential CIGB-300-CK2§ inter-
action, CK2p was immobilized on streptavidin pre-coated
wells and incubated with vehicle or CIGB-300; after
washing, CK2a was added and the enzymatic activity was
measured by using peptide M. We found that CIGB-300
did not significantly impair subsequent holoenzyme forma-
tion nor its catalytic activity (Fig. S2b). This result sug-
gested a lack of significant interaction between CK2 and

[y-32P]-ATP (two replicates). b Effect of CIGB-300 on the phospho-
rylation of class-III recombinant CK2 substrates or ¢ on the autophos-
phorylation of the CK2p regulatory subunit. Phosphoproteins were
analyzed by SDS-PAGE and quantified by autoradiography using
BiolD. Representative example of two independent experiments

CIGB-300. Of note, in reciprocal experiments, CIGB-300
directly interacted with CK2a when immobilized onto a
solid support or in solution (Fig. 2a, b).

To corroborate CIGB-300-CK2a interaction in the cel-
lular context, we conducted pull-down experiments using
biotinylated CIGB-300 as bait to capture CK2a in cellular
lysates from NCI-H125 cells. Data from Fig. 2c¢ shows
that the peptide is able to interact with CK2«, capturing
roughly 90% of the total amount of the subunit present in
the cellular lysate. The observed interaction is attributable
to CIGB-300, since non-specific interaction between the
matrix and CK2a was absent (Fig. 2c¢).

Furthermore, immunofluorescence microscopy analy-
sis showed that CIGB-300 early co-localized in situ with
CK2a in NCI-H125 cells. Such co-localization was mainly
observed throughout the cytoplasm, with an apparent rein-
forcement along the perinuclear area, and to a lesser extent
within the nucleus of the cell (Fig. 3, upper panel). Of
note, the overall overlapping coefficient (OC) estimated
from the CIGB-300-CK2a co-localization signal was
above 0.5, a value only slightly below the OC measured
from the CIGB-300-B23/NPM1 fluorescent signal. As pre-
viously reported, co-localization of CIGB-300 with the
major target B23/NPM1 was mainly observed within the
nucleolar region of the cell (Fig. 3, lower panel). CIGB-
300-CK2a co-localization pattern was still evident after
4 h of peptide incubation (data not shown).
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Fig. 2 Interaction of CIGB-300 with CK2« in cell-free assays or cel-
lular lysates of NCI-H125 lung cancer cells a GST-CK2a (80 ng) was
incubated for 30 min in the absence (black bar) or presence (hatched
bar) of 50 pM CIGB-300, then the fusion protein was adsorbed on
Glutathione-Sepharose beads; after washing, the beads were incu-
bated with 160 ng CK2f and CK2 activity was assayed with pep-
tide substrate M (two replicates) b CK2a (240 ng) was incubated for
30 min in the absence (M) or presence ( Q) of 100 uM CIGB-300
in streptavidin wells pre-coated with increasing amounts of CIGB-

Phosphoproteomic profiling following CIGB-300
treatment of NCI-H125 cells

Our results indicate that CIGB-300 may impair CK2-
mediated phosphorylation by direct enzyme inhibition in
addition to substrate binding. To explore this inhibitory
mechanism(s), we performed a label-free phosphoprot-
eomic experiment in NCI-H125 cells. Unlabeled cells were
treated for 10 and 30 min with either 60 pM of CIGB-300
or vehicle, lysed, and subjected to phosphopeptide enrich-
ment and LC-MS/MS analysis. A total of 1499 phosphosites
were identified across replicates corresponding to a total of
1699 proteins (including isoforms) (Fig. 4a, Table S1). From
the phosphosites identified, 818 and 611 were quantified at
10 and 30 min, respectively; out of these, 476 phosphosites
were shared by both time points.
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300-biotin. After 3 washes, the CK2 activity was assayed with pep-
tide substrate 29 (two replicates) ¢ Pull-down experiments performed
using CIGB-300-biotin as bait to capture CK2a in NCI-H125 lysates.
Interacting proteins were then resolved by SDS-PAGE, transferred,
and each fraction was inspected by Western blot with antibodies
against CK2a;/CK2a, or B23/NPM1 (control protein). Input (Inp),
Vehicle (Veh), PD pull-down fraction, PASS: unbound fraction. Rep-
resentative examples of two independent experiments

Correlation between control or treatment replicates was
high (~ 0.9), whereas the correlation between control-treat-
ment and between 10-30 min was lower (= 0.7), pointing to
dynamic differences in the phosphoproteome (Fig. 4b). Of
note, a phosphosite was deemed differentially modulated if
the difference treatment—control exceeded 1.5-fold and was
two-sided. Accordingly, we identified 399 (49%) and 479
(78%) phosphosites differentially inhibited at 10 min and
30 min, respectively (Fig. 4c, Table S1). Selecting a more
stringent filtering criteria (i.e., threefold cutoff), we identi-
fied 42 (5%) and 232 (38%) differentially inhibited sites at
10 and 30 min, respectively (Fig.S3, Table S1). A negligi-
ble number of phosphosites were found to be differentially
increased by 1.5-fold (Fig. S3, Table S1). Sequence logo
analysis showed, as expected, a high frequency of inhibited
phosphopeptides containing acidic residues downstream the
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CIGB-300

CIGB-300

Fig.3 CIGB-300 co-localizes in situ with CK2a in NCI-H125 cells.
Representative images obtained by confocal microscopy show-
ing the co-localization of fluorescein-conjugated-CIGB-300 with
CK2a (upper panel) or with its interaction partner B23/NPM1 (lower
panel) after 10 min of incubation. Representative pictures from two
independent experiments. Red fluorescence: CK2/B23-derived sig-

phosphosite (Fig. 4c), in agreement with the inhibition of
CK2-mediated phosphorylation. In addition, evidence for
the modulation of proline-directed and basophilic kinases
was shown (Fig. 4c).

Kinase-substrate relationships for differentially
modulated phosphosites

A search was performed to determine which kinase—sub-
strate relationships could be attributed to the differentially
modulated phosphosites. As a result, we found 395 (out of
399) and 474 (out of 479) inhibited phosphosites at 10 and
30 min, respectively, listed in the iPTMnet database. For
these, we retrieved 153 and 193 known kinase—substrate
relationships corresponding to 10 and 30 min, respectively.
The number of kinases represented by such relationships
was 63 and 78 for 10 and 30 min, respectively (Fig. 5a,
Table S2). As expected according to the sequence logo anal-
ysis and follow-up kinase enrichment analyses, the top rep-
resented kinases at both time points were CK2, PRKACA,
and the proline-directed kinases CDK2, CDK1, and MAPK1
(Fig. 5b-c, Table S2). As expected, inhibition of target sites
of CK2 increased from 10 to 30 min treatment but also that
of PRKACA sites.

0OC=0.54 £ 0.08

*
0C=0.65=0.03

nal; Green: CIGB-300-derived signal; Blue: nuclear DAPI; Orange:
merge of Green/Red channels. Right panel, 4 X magnification of the
selected cell (*). OC, denotes Overlapping Coefficient as determined
by Leica Application Suite X (LAS X) Version 3.5.1. * denotes P
value <0.05. (Color figure online)

Impaired phosphorylation of CK2 substrates was
observed; however, we also found a marked inhibition of
CDK1/2 and PRKACA substrates. Correspondingly, we
evidenced direct inhibition of phosphosites on CDK1/2/3
and on the regulatory subunits of PKA kinase: PRKARIA
and PRKAR2A. Such inhibition was marked at 30 min for
PRKARI1A and PRKAR2A (Fig. 5d). The functional impli-
cations of all changes were investigated using Reactome
pathway enrichment analysis (adjusted P value <0.001,
Fig. Se, f). The Reactome pathways found mRNA splicing,
gene expression, transcription, and apoptosis to be signifi-
cantly enriched at both time points. Interestingly, apoptosis
was found more enriched at 30 min (Fig. 5f) compared to the
10 min time point (Fig. 5e). This differential modulation of
apoptosis corroborates and provides further evidence for a
pro-apoptotic effect of CIGB-300 [16] (Table S2).

CIGB-300 treatment modulates CK2-dependent
signaling in NCI-H125 cells

CIGB-300 treatment inhibited the phosphorylation of 8 and
10 known CK2 target sites annotated in the iPTMnet data-
base at 10 and 30 min, respectively. Five of the phosphosites
found at 10 min were also found to be inhibited at 30 min
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Fig.4 Differentially inhibited phosphosites by CIGB-300 treatment
of NCI-H125 cells. a Number of identified and quantified phospho-
sites at each time point and the corresponding sequence logos. The
sequence logos illustrate the most frequent amino acids found at the
positions surrounding the identified phosphosites or the sites quan-
tified at 10 or 30 min, respectively. b Pearson correlation values

(Table 1, Table S2). The majority of the changes were
observed at the 30 min time point, reaching values of inhi-
bition as lower as 20-fold. All CK2 phosphosites were found
to be inhibited, except those of STMN1, which match the
consensus sequence [ST][DES]x[DE] (Table 1). Given that
database annotations are often incomplete, we searched the
literature and scanned the sequences corresponding to the
inhibited phosphosites using the CK2 consensus sequence
described above. Following the literature search, Ser125 of
NPM1 and Ser393 of HDAC1 were also included as modu-
lated CK2 substrates [31, 32].

Next, a consensus sequence scan was performed and
we found 64 and 75 hits at 10 and 30 min, respectively
(Fig. 6a); the majority of the hits were found inhibited
at 30 min. The inhibition of three of the sites Ser61 of
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observed between control and treatment samples for each replicate
and between 10 and 30 min treatments with CIGB-300; *** repre-
sents a significance level of <0.001. ¢ Number of inhibited phos-
phosites at each time point at 1.5-fold change cutoff and the corre-
sponding sequence logos for each time point and for overlapping sites
(inhibited 10 and 30 min), respectively

YAPI, Ser116 of PEA15, and Ser230 of UBL7, continued
to decrease markedly from 10 to 30 min reaching sixfold
(Table S3). Noticeably, the phosphosites that remained
unchanged at both time points or those found inhibited
only at 10 min didn’t match the consensus (Fig. 6a, region
3). In addition, several CK2 target sites reported in the
databases conform instead to the [ST][*"PRK].[DES] con-
sensus. A scan was performed using this pattern and 28
and 34 additional sites were identified (Fig. 6b, Table S3).

Overall, ~ 24% of the inhibited phosphosites across
both time points were linked to CK2. This list was found
enriched in nuclear, ribosome, and focal adhesion pro-
teins. The biological processes and/or pathways that were
found modulated in response to CIGB-300 were ribosome
biogenesis, RNA processing and metabolism, chromatin
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Table 1 Known CK2 substrates
differentially modulated in
NCI-H125 cells by CIGB-300
treatment at 10 and/or 30 min
(sites quantified in mono-
phosphorylated peptides, except
when stated)

Protein Site Sequence 10 min, log2(FC) 30 min, log2(FC)
EEF1D (P29692) Ser162 DIDLFGSDNEEED -0.70 NA

USP7 (Q93009) Serl8 AGEQQLSEPEDME  —1.20 NA

STMNI1 (P16949) Serl6 ELEKRASGQAFEL - 1.56 —0.63

STMNI1 (P16949) Ser63 AEERRKSHEAEVL  —0.69 —4.86

ABCF1 (Q8NE71) Ser109 KLSVPTSDEEDEV -0.67 —-2.61

PDCDS5 (014737) Serl119 RRKVMDSDEDDDY - 0.63 - 1.77

PPP1R2 (P41236) Ser121/Ser122 RIQEQESSGEEDS —0.60 NA

SEPT2 (Q15019)
HMGAI (P17096)
CDC37 (Q16543)
MYHO9 (P35579)

HSP90ABI (P08238)
HSPY0OAB2P (Q5SFFS)

Ser218

Serl3
Ser1943

Ser255
Serl77

Ser102/Ser103

HLPDAESDEDEDF - 0.61
EGISQESSEEEQ_ 0.1637203
WDHIEVSDDEDET  NA
KGAGDGSDEEVDG - 0.42
KIEDVGSDEEDDS —0.2765292

-4.19
—4.614101
-241
—-3.44
—3.363801
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Fig. 6 Differentially inhibited phosphosites matching CK2 consen-
sus. a Comparison of log2(FC) between 10 and 30 min of treatment
for phosphosites matching [ST][DES]x[DES] consensus sequence.
Sequence logos corresponding to regions 1, 2, and 3 of the scatter
plots, respectively. b Similar to A for phosphosites matching [ST]

remodeling, apoptosis, gene expression, and cell cycle
(Fig. 6¢).

CIGB-300 binding to CK2 phosphoacceptor sites may
modulate nearby PTM sites

CK2 phosphoacceptor sites sensitive to CIGB-300 inhibition

may lie in the proximity of other post-translational modifi-
cations. For instance, a kinase-substrate analysis of known
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[PRK] x [DES] consensus sequence. ¢ Gene Ontology biological
processes (adjusted P value<0.0077) and cellular compartments
(adjusted P value<0.0092) and Reactome pathway (adjusted P
value <0.0188) functional enrichment of known and predicted CK2
target sites found inhibited at one or both time points

CIGB-300 targets Ser129 on AKT1 and Ser380 on PTEN
revealed that their direct inhibition by CIGB-300 could
result in the modulation of neighboring or overlapping sites
phosphorylated by other kinases and/or modified by O-Gly-
cosyltransferases (Table S3). Therefore, these sites although
significantly inhibited by CIGB-300 could be considered
unintended off-targets. Of note, several of the differentially
inhibited phosphosites were found to not conform the CK2
consensus sequence, but are located at a maximum distance
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of 15 amino acids up or downstream the CK2 consensus
sequence [ST][DES] x [DES]. Following such criterion
of vicinity, we identified 42 and 62 differentially inhibited
sites at 10 and 30 min, respectively (Fig. S4, Table S3). The
kinase-substrate relationships found for these phospho-
sites pointed out to the possible unintended modulation by
CIGB-300 of CHEK1, MAPK13, PAK4, CDK1, PRKACA,
PRKACB, PRKACG, PRKCA, MAPKI1, and MTOR sign-
aling (Table S2). Furthermore, we found more than 95 and
140 differentially inhibited phosphosites belonging to di- or
tri-phosphorylated peptides (Table S1), which suggests that
for those sites targeted by CK2, the neighboring sites could
also be affected.

Discussion

The CIGB-300 peptide was conceived to block CK2-medi-
ated phosphorylation by binding to the CK2 consensus
sequence present on the substrates [15]. However, since
CK2p contains such a motif, it was reasonable to suspect
a priori that CIGB-300 could also affect CK2a,f, (holo-
enzyme) enzymatic activity. Indeed, our cell-free assays
indicated that CIGB-300 impairs CK2a,f,-dependent
(class-III) phosphorylation, but by directly binding to CK2a.
Subsequent pull-down experiments demonstrated that such
interaction also occurs in cellular lysates. Furthermore, the
CIGB-300-CK2a interaction was corroborated in situ by
con-focal microscopy throughout the cytoplasm and perinu-
clear region. Some nuclear co-localization was also evident,
which is supported by the inhibition of nuclear localized
substrates observed by mass spectrometry. Noteworthy, the
CIGB-300-derived peptide chimera CRIBI-300 is also able
to interact with and impair CK2 enzymatic activity in blood-
derived cancer cells, further decreasing CK2a total protein
levels [33].

The lack of inhibition observed for class-I (peptide 29)
and class-II (calmodulin) substrates points to an exclusive
inhibitory role of CIGB-300-CK2« interaction in class-III
phosphorylation. Since, inhibition of CK2f phosphoryla-
tion by CIGB-300 was not observed (i.e., Substrate-binding
mechanism), we hypothesize that additional determinants
may be in place. Interestingly, it has been proposed that
class-III phosphorylation is dependent on a CK2f acidic
stretch required for substrate interaction and subsequent
phosphorylation [9]. Hence we might speculate that in the
context of CK2a2f2, the cationic residues from the TAT
moiety of CIGB-300 could bind to this acidic stretch con-
ferring further stability to the CIGB-300-CK2a interaction,
thus preventing substrate phosphorylation. This possibil-
ity could explain the observed inhibition for recombinant
class-III substrates GST-Olig2 and GST-Six1 and the lack of
inhibition for class-I and -II. Altogether, these findings point

out to a potential additional mechanism by which CIGB-300
could directly impact CK2 activity in cancer cells.

To identify the full array of CK2 substrates impaired
by CIGB-300, we conducted a phosphoproteomic analysis
in NCI-H125 lung cancer cells. Our results indicated that
CIGB-300 treatment induces a marked inhibition of the
phosphoproteome; 41 and 78% of the phosphosites quanti-
fied at 10 and 30 min, respectively. The percentage of known
and candidate CK2 substrates inhibited at either time point
was 24%. Moreover, a significant number of apparently unre-
lated phosphosites found inhibited were linked to proteins
containing CK2 consensus and/or as substrates of kinases
regulated by CK2, thus reflecting the complexity of inhibi-
tory events triggered by CIGB-300 in cancer cells. Several
known CK2 substrates were identified as CIGB-300 targets
including Ser125 of B23/NPM1, which corroborates a main
target of CIGB-300 previously identified by our group [16].
Overall the processes modulated were translation, ribosome
biogenesis [34], apoptosis [35, 36], protein folding [37, 38],
cytoskeleton reorganization [39, 40], protein ubiquitination
[41], and microtubule formation [42]. Interestingly, a BAD-
dependent mechanism by which CIGB-300 could mediate its
pro-apoptotic effect emerged from our analysis based on the
inhibition observed at Ser118 of BAD and at the CK2 target
sites Ser78 and Ser80 of PRKAR2A. Accordingly, inhibition
of PRKAR2A by CIGB-300 could result in an impairment of
PKA activity and in turn a differential inhibition of Ser118
of BAD, thus promoting BAD’s pro-apoptotic function [43,
44]. This finding further emphasizes the intricate interplay
among the different kinases which operates in a cell [45].
Concerning off-target events, we should note that binding of
CIGB-300 to phosphoacceptor sites on a protein substrate
may impair nearby phosphorylation sites by steric hindrance
or induced conformational changes.

Overall, no distinction could be made regarding which
mechanism of CK2 inhibition prevailed on NCI-H125 cells
once incubated with CIGB-300. However, we observed the
inhibition of Ser162 on EEF1D, a class-I substrate, and
previously identified CIGB-300-interactor in a pull-down
experiment in NCI-H125 cells (unpublished data). Thus, our
findings point to EEF1D as a candidate for inhibition medi-
ated by direct substrate binding. EEF1D is a bonafide CK2
substrate which contains a highly acidic sequence, similar
to the CK2 target region initially used for the isolation of the
CIGB-300 peptide [15]. On the other hand, Ser2 of EIF2s2
from which peptide M was derived was not found inhibited
by CIGB-300 in our experimental conditions. Inhibition of
Ser2 residue of EIF2s2 by the CX-4945 has been reported in
mitotic HeLa cells [37], thus indicating divergences among
CIGB-300 and CX-4945 mechanism of action in cancer
cells.

The phosphoproteomics study in mitotic-arrested HeLa
cells further describes the biological processes and substrates
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modulated by CX-4945 [46]. This study provides a com-
prehensive list of CX-4945 responsive sites and highlights
its potential off-target effects. Equally important, it informs
on the extensive impact on the phosphoproteome of this
clinically relevant CK2 inhibitor, with more than 400 sites
reported to be inhibited. The list of inhibited phosphosites
includes previously validated sites from known CK2 sub-
strates such as EIF2s2 (EIF2p), EEF1D, HDAC1, HDAC?2,
HSP90AAT1, and PPP1R2 [46]. Our results only partially
recapitulated those observed after CX-4945 treatment with
12 inhibited CK2 substrates and 8 differentially inhibited
phosphosites in common (i.e., EEF1Ds162; SRRM1s874;
ABCF1s109; DKC1s451; PRCCs159; NOP58s502;
GBF1s1319 and IWS1s398). Overall, we observed key dif-
ferences concerning the number, identity, and extension of
CK2 substrates inhibited by these drugs. Another phospho-
proteomic analysis was done with the inhibitor quinaliza-
rin on HEK293 cells [47]. The CK2 substrates AKAP12,
SRRM1, ZRANB2, LARP7, IWS1, BCLAFI, and PPP1R2
were identified in common as inhibited by quinalizarin and
CIGB-300 under the experimental conditions tested. Of
note, besides the actual mechanistic differences between
CIGB-300 and these other two CK2 inhibitors, the experi-
mental approach and the cellular models used could also be
contributed to the observed differences.

Studies have shown aberrant CK2 activity in cancer com-
pared to normal cells, suggesting that malignant cells are
addicted to CK2 activity [2]. The finding that CK2 consen-
sus motif is widespread in the human proteome [48] and
the known functional pleiotropy of CK2 subunits [49] have
long raised concerns regarding the safety of therapies target-
ing CK2. However, both CIGB-300 and CX-4945 inhibitors
have proven to be safe and well tolerated in humans [13,
14]. The repertoire of CK2 substrate inhibited by CIGB-300
described here provides a molecular basis for its in vitro and
in vivo anti-neoplastic effects. Further experimental valida-
tion needs to be performed in order to identify those CK2-
related and non-CK2-related events suitable as CIGB-300
response biomarkers. Interestingly, phosphorylation by other
kinases involved in several hallmarks of cancer was also
impaired by CIGB-300. This potential multitarget pharma-
cological effect along with the favorable risk—benefit balance
already observed in clinical trials, supports CIGB-300 as a
promising drug candidate to be tested in unmet oncology
settings like advanced and/or chemo-refractory cancer.
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