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Protein kinase CK2a is
overexpressed in classical
hodgkin lymphoma, regulates
key signaling pathways, PD-L1
and may represent a new target
for therapy
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and Andrea Visentin™*

Hematology Unit, Department of Medicine (DIMED), University of Padova, Padova, Italy, ?Surgical
Pathology and Cytopathology Unit, Department of Medicine, University of Padova, Padova, Italy

Introduction: In classical Hodgkin lymphoma (cHL), the survival of neoplastic
cells is mediated by the activation of NF-kB, JAK/STAT and PI3K/Akt signaling
pathways. CK2 is a highly conserved serine/threonine kinase, consisting of two
catalytic (o) and two regulatory (B) subunits, which is involved in several cellular
processes and both subunits were found overexpressed in solid tumors and
hematologic malignancies.

Methods and results: Biochemical analyses and in vitro assays showed an
impaired expression of CK2 subunits in cHL, with CK2a. being overexpressed
and a decreased expression of CK2f compared to normal B lymphocytes.
Mechanistically, CK2B was found to be ubiquitinated in all HL cell lines and
consequently degraded by the proteasome pathway. Furthermore, at basal
condition STAT3, NF-kB and AKT are phosphorylated in CK2-related targets,
resulting in constitutive pathways activation. The inhibition of CK2 with CX-4945/
silmitasertib triggered the de-phosphorylation of NF-xB-S529, STAT3-S727,
AKT-S129 and -S473, leading to cHL cell lines apoptosis. Moreover, CX-4945/
silmitasertib was able to decrease the expression of the immuno-checkpoint
CD274/PD-L1 but not of CD30, and to synergize with monomethyl auristatin E
(MMAE), the microtubule inhibitor of brentuximab vedotin.
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Conclusions: Our data point out a pivotal role of CK2 in the survival and the
activation of key signaling pathways in cHL. The skewed expression between
CK2o and CK2B has never been reported in other lymphomas and might be
specific for cHL. The effects of CK2 inhibition on PD-L1 expression and the
synergistic combination of CX-4945/silmitasertib with MMAE pinpoints CK2 as a
high-impact target for the development of new therapies for cHL
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Introduction

Classical Hodgkin’s lymphoma (cHL) is an uncommon
malignancy of the lymphatic system, usually affecting young
adults (1, 2). Although the treatment of patients with cHL has
improved with the combination or the sequential use of drugs
targeting CD30 [such as the anti-CD30 monoclonal antibody
conjugated with the monomethyl auristatin E (MMAE)
brentuximab vedotin] and immune checkpoint PD-1 inhibitors
(such as pembrolizumab and nivolumab) with chemotherapy, the
outcome of double or triple refractory patients is still poor.
Therefore, new targeted therapies with innovative mechanisms of
action and new drug combinations are urgently needed (3-5). The
mononuclear Hodgkin’s cells alongside the prominent presence of
large, bi- or multinucleated Reed-Sternberg (HRS) cells, which
account for less than 2% of the total tumor bulk, display a
constitutive pattern of activated signaling pathways due to EBV
infection, microenvironment interaction and gene mutations that
drive to activation of among others, NF-xB (nuclear factor kappa
B), JAK/STAT3 (Janus Kinase/Signal transducer and activator of
transcription factor 3), and PI3K/Akt (Phosphoinositide 3-kinase/
RACo serine/threonine protein kinase) pathways (6). For some of
these pathways clinically inhibitors have already been developed
and used in different hematological malignancies [i.g., PI3K/Akt
inhibitors (7) or JAK1/2 inhibitor (8-10)]. Additionally, these
oncogenic pathways regulate the expression of PD-L1
(programmed death ligand 1). Through its interaction with PD-1,
PD-LI assumes a pivotal role in modulating mechanisms related to
immunosuppression and T-cell exhaustion (5).

Protein CK2 is a constitutively active and highly conserved
serine/threonine kinase, that has reached increasing visibility as a
potential pharmacological target (5, 11). Structurally, CK2 is a
tetrameric holoenzyme, composed of two catalytic o and/or o/,
and two regulatory [ subunits, in the possible configurations 0232,
oot B2, or 0’22 (12). The CK2 o and B dimers may also be present
as dimer which seems to associated with distinct and specific
functions (13). It is well documented that CK2 is involved in a
wide range of biological processes, such as cell proliferation,
differentiation, apoptosis and DNA damage repair (14, 15). Our
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group has demonstrated that both CK20 and CK2f3 subunits are
overexpressed in acute leukemias, multiple myeloma and non-
Hodgkin lymphomas (15-18). CK2 mediates the phosphorylation
of NF-kB p65 (RelA) directly on Serine 529 (S529), of STAT3 on
§727 and of AKT on S129, promoting the survival of neoplastic cells
as well as drug resistance (19).

In this study we investigated the expression of CK2a and CK23
in a panel of HL cell lines and HL patient samples, analyzed CK2
mediated activation of survival signaling pathways and investigated
the capability of inhibiting CK2 with the ATP-competitive inhibitor
CX-4945/Silmitasertib along with MMAE to trigger HRS cell
apoptosis and assess PD-L1 expression levels. These findings
present a novel potential target to overcome resistance or to
increase MMAE cytotoxicity.

Methods
Cell cultures and treatments

L-428, L-540, HDLM-2, and KM-H2 HL cell lines were kindly
provided from Prof. Carmelo Carlo-Stella from Humanitas
Hospital (Milan, Italy). The expression of the immuno-
phenotypic markers of the HL lines is reported in the
Supplementary Table S1. Testing for Mycoplasma infection was
carried at a monthly basis. As positive controls, we used Kasumi-1
cells, an M2 acute myeloid leukemia cell line (Liebniz Institute
Germane Collection of Microorganism and Cell Cultures DSMZ,
Germania). Healthy donor B cells, serving as the normal control,
were isolated from buffy-coat using EasySepTM kits (STEMCELL
Technologies, USA). Twox10° cells for each HL cell line were
resuspended in 1ml of appropriate culture medium and plated in
12/24-well plates. Cells were incubated at different time points (24,
48, and 72 hours) with medium only or with CX-4945/Silmitasertib
0, 5, 10, and 15uM (provided from Selleck Chemicals, Munich -
Germany) or with MMAE 5nM (20) (monomethyl auristatin E;
Selleck Chemicals). For specific experiments HL cell lines were also
treated (2x10%/ml) with the proteasome inhibitor Bortezomib
(BTZ) 10nM up to 36 hours (Selleck Chemicals).
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Flow cytometry

Aliquots of 100x10° HL cell lines were harvested, washed in PBS
1x, and incubated for 10 min in the dark at room temperature and co-
stained with the following antibodies: CD20 (APC-H7 conjugated),
CD30 (PE conjugated) (Becton Dickinson; Franklin Lakes, NJ, USA),
CD274/PD-L1 (PE-Cy7 conjugated, Fisher Scientific; Hampton, NH,
USA). After incubation with antibody, cells were washed with PBS
and analyzed by the flow cytometry. For each sample, 20,000 events
were acquired and analyzed using the FACSCanto ™A cytometer
and data were processed using the DIVA Software (Becton
Dickinson). For each antibody the mean fluorescence intensity was
reported as compared to the untreated condition.

Evaluation of apoptosis

Apoptosis of different cell samples (pathological cells from
different HL cell lines, normal B lymphocytes) were assessed
using the Annexin V/Propidium Iodide (PI) staining (Apoptosis
Detection Kit, Valter Occhiena, Turin, Italy), and by detection of
PARP cleavage in western blotting (21).

Assessment of drug concentration-effect
and calculation of the combination index

L-428, L-540, HDLM-2, and KM-H2 HL cell lines were plated
into 48 well plates (2x10° cells/ml) in appropriate culture medium.
CX-4945, MMAE were added at different concentrations: CX-4945
ranging from 1uM to 25uM and of MMAE ranging from 0.05nM to
10nM for 72h alone or in combination. Cell viability was measured
through Trypan blue exclusion dye assay. The concentration of the
single drug able to kill the 50% of cells (EC50) was determined by
fitting the dose-response curve utilizing the Prism 7 software
(GraphPad Software Inc. La Jolla, CA, USA). To calculate the
Combination Index, cells were treated with a combination of CX-
4945 and MMAE using the method of constant ratio drug
combination proposed and described by Chou and Talalay (22).

Western blot and antibodies

Whole cell extracts (WCE) were obtained by RIPA Lysis and
extraction buffer (Tris-HCL 20mmol/l, NaCl 150mmol/l, EDTA
5.0mmol/l, Niaproof 1.5%, Na3VO4 1.0mmol/l, SDS 0.1%, Thermo
Fisher Scientific, Waltham, MA, USA), added with protease inhibitors
(Halt Protease Inhibitor Cocktail, Thermo Fisher Scientific),
phosphatase inhibitors (Phosphatase Inhibitor Cocktail, Thermo
Fisher Scientific), and EDTA (Thermo Fisher Scientific) on ice.
Nuclear and cytoplasmic Subcellular Fractionation were prepared
using a commercial kit (Thermo Scientific, Rockford, IL, USA). The
supernatant was quantified by BCA protein quantification assay
(Thermo Fisher Scientific). Equal amounts of protein sample were
added to 3x Red loading sample buffer (Cell Signaling Technology,
Danvers, USA) and boiled for 5 min. Western blotting was conducted
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according to standard protocols (23). Briefly, 15 to 25 pg of WCE or
nuclear and cytoplasmic fractions were subjected to SDS-PAGE,
transferred to Nitrocellulose/PVDF membranes and immunoblotted
with the following primary antibodies: anti-Akt-Ser129or anti-Akt-
Ser473 (Cell Signaling), anti-Akt, anti-STAT3-Ser727, anti-STAT3
(Abcam, Cambridge, UK), anti-CK2B and anti-CK20 (kindly
provided by Prof. Maria Ruzzene, University of Padova), anti-NF-
KB-Ser529 (p65) (Cell Signaling), anti-NF-kB-p65 (Abcam), anti-
PARP (Cell Signaling), mono- and polyubiquitinylated protein
conjugates (Enzo Life Science Ltd, Exeter, UK), anti-B-actin (Sigma-
Aldrich, St. Louis, MO), anti-a-tubulin (Sigma Aldrich), anti-GAPDH
(Cell Signaling). Detection was performed using chemiluminescence
reaction (ECL, Euroclone, Milan, Italy). Images were acquired using the
Amersham Imager 600 (GE Healthcare; Chicago, IL, USA), the protein
bands were scanned and quantified by densitometry, using the Image J
program (Github, San Francisco, USA).

Immunoprecipitation

HL cell lines (L-540, L-428, HDLM-2, KM-H2) were lysed in
Blast R"™ Lysis Buffer by Signal—SeekerTM Kit (Cytoskeleton-
Thermofisher Scientific) and the enriched total ubiquitinated
proteins from HL cell line lysates were pulled out by an affinity
beads system. Ubiquitinated protein fractions were obtained from
1mg total protein lysates. After extensive washes in IP buffer the
immunocomplex was resuspended in Laemmli buffer with -
mercaptoethanol and processed for WB analysis.

Confocal microscopy analysis

Aliquots of the different cell samples (pathological cells from
different HL cell lines and normal B lymphocytes from healthy
subjects) were collected, washed and plated on poly-L-lysine coated
slides for 15 min at RT. Cells were then fixed in 4%
paraformaldehyde for 10min, washed twice with PBS 1x and
permeabilized with 0,1% Triton X-100 (Sigma-Aldrich) for 4 min
(24). Before staining, non-specific protein binding were blocked by
incubating the slides for at least 30 min in 2% BSA. Cells were then
stained with antibodies against CK20: and CK2[ (the same used for
WB) and DAPI for nuclear staining, washed three times with PBS
and incubated with anti-mouse-Alexa488 secondary antibody for
30 minutes in the dark. Slides were mounted with cover slips and
fluorescence was detected using the UltraView LCI confocal system
(Perkin Elmer; Waltham, MA, USA) equipped with a fluorescence
filter set for excitation at 488 and 360nm.

Tissue microarray

Tissue microarrays were prepared from cases with adequate
diagnostic material, as previously reported (25). In details, tumor
areas enriched in HRS cells were selected and 3 tissue cores
(diameter=1 mm) were obtained from each donor block.
Appropriate positive and negative controls were also included.
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The tissue microarray was prepared by using the Galileo TMA
CK3500 arrayer (Integrated System Engineering; Milan - Italy.
Immunohistochemical staining for CK2o (EP1963Y, Epitomics,
CA, USA) and CK2f (PA5-27416, ThermoFisher, Massachusetts,
USA) were performed in duplicate. Antigen retrieval was performed
with heat/ethylenediamine-tetra-acetic acid (EDTA) in an
automated immunostainer (University Hospital of Padova). All
cases with discordant immunohistochemical results were assessed
in joint sessions at the microscope by two haemato-pathologists.
The positivity for CK20 and CK2[3 were graded as: 0 = negative; 1 =
positive <30% of HRS; 2 = positive 30-60% HRS or week-moderate
intensity; 3 = positive >60% HRS or strong diffuse intensity. The
clinical features, including age, sex and therapies of the 25 analyzed
patients are summarized in Supplementary Table S2. Inclusion
criteria were diagnosis of cHL before 2000 and having signed the
informed consent. This part of the study was conducted according
to the declaration of Helsinki, approved by the ethic committee of
the Padova University Hospital (protocol # 4,089/A0/17) and
informed consents were collected.

Quantitative real-time PCR

Total cellular RNA was extracted from the four HL cell lines,
Kasumi, and purified healthy B lymphocytes, using the RNeasy
Mini Kit (Qiagen, Germany). cDNA was generated by Reverse
Transcription System (Promega, USA). SYBR Green (FastStart
Universal SYBR Green Master, ROX) real-time polymerase chain
reaction (RT-PCR) was carried out in a Sequence Detection System
7000 (Applied Biosystem) with the ABI PRISM 7000 software
(AppliedBiosystems, Foster City, CA). The primers used are the
following: CSNK2A1 (CK20.): Forward 5'-3" GTTTGGGTTGTAT
GCTGGCA and Reverse 5'-3" TTTCGAGAGTGTCTGCCCAA;
CSNK2A2 (CK2a'): Forward 5'-3" CGACCATCAACAGAGAC
TGACTG and Reverse 5'-3' GTGAGACCACTGGAAAGCAC
AG; CSNK2B (CK2B): Forward 5'-3" TCCTTACCAACCGTGGC
ATC and Reverse 5'-3' CATGCACTTGGGGCAGTAGA; ACTIN
(B-actin): Forward 5'-3' CCAGCTCACCATGGATGATG and
Reverse 5'-3" ATGCCGGAGCCGTTGTC.

Statistical analysis

Statistical analyses were performed using Prism 7 (GraphPad
Software Inc. La Jolla, CA, USA) for paired Student’s t test,
Kruskall-Wallis, and Mann-Whitney Test, Wilcoxon matched-pairs

signed rank test. Data are reported as mean + standard deviation
(SD). p<0.05 or less were considered statistically significant.

Results
CK2 subunits are unbalanced in cHL

We assessed expression of CK2 subunits in cHL cell lines. By
WB, we found that all the four HL-derived cell lines L-428, L-540,
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KM-H2 and HDLM-2 expressed higher levels of the catalytic
subunit CK20 than normal B lymphocytes (Figure 1A). As
positive control, we stained protein extracts from Kasumi-1 cell
line, which notably shows high expression levels of both the CK2
subunits (26). The median densitometry of CK20/Tubulin for each
cell lines was 0.46 + 0.05 (p=0.0250), 0.51 + 0.10 (p=0.0285), 0.86 +
0.05 (p=0.0005), 0.89 + 0.05 (p=0.0044) and 0.26 + 0.09 for L-428,
HDLM-2, L-540, KM-H2 and normal B-cell from heathy donors
(Figures 1A, B). The median CK20/Tubulin ratio in HL cell lines
was 2.7-fold higher than healthy B lymphocytes (p=0.0044)
(Figure 1B). Conversely, the non-catalytic subunit CK2[ was
found to be expressed at lower levels as compared to normal B
lymphocytes (p<0.05) (Figure 1A). The median densitometry of
CK2pB/Tubulin was 0.07 + 0.03 (p<0.0001), 0.20 + 0.02 (p<0.0001),
0.31 £ 0.10 (p=0.0009), 0.47 + 0.10 (p=0.0025) and 0.98 + 0.09 for L-
428, HDLM-2, L-540, KM-H2 and B-cell from heathy donors
(Figures 1A, C). The median CK2B/Tubulin ratio in HL cell lines
was 3.8-fold fewer than B lymphocytes (p=0.0040) (Figure 1C).

Immunofluorescence experiments (Figure 1D) revealed a strong
and diffuse signal for CK2o in HL cells, while CK23 exhibited a
lower intensity signal, particularly in the KM-H2 and HDLM-2 cell
lines. CK2at seems to be localized both in the nucleus and cytosol of
HRS cells, including the formation of discrete foci, as observed in
the L-428 and KM-H2 cell lines. Instead, CK2 exhibits a diffuse
and weak signal with a less distinct localization which hampers the
quality of picture. In order to determine the subcellular distribution
of o and B subunits more precisely in HL cell lines, we analyzed
subcellular protein fractions, unveiling the presence of CK20. in
both the nuclear and cytosolic compartments of HL cell lines. In
contrast, CK23 predominantly localizes to the cytosol but exhibits a
faint representation in the nuclear compartment of the L-540 and L-
428 cell lines (Figure 1E).

To assess whether the dysregulation among CK2 subunits was
linked to alterations in CK2 mRNA levels, we performed RT-PCR
analysis on the mRNA of CK2 catalytic (o - CSNK2AI and o -
CSNK2A2) and regulatory (B - CSNK2B) subunits. The mRNA
levels in HL lines were then compared to those observed in
control B lymphocytes. We observed statistically significant
differences only for the CSNK2A1 gene, specifically in the L-428
(p<0.01) and L-540 (p<0.0001) cell lines (Supplementary Results,
Supplementary Figure S2C).

CK2 subunits are skewed in patients
with HL

We performed a tissue microarray of neoplastic lymph nodes
derived from 25 patients with cHL (Supplementary Table S3) and 5
with reactive adenopathies to evaluate the expression and
localization of CK2 subunits in primary HL specimens. As shown
in Figure 1F, G and Supplementary Figures SIA-C, we observed
that 71% of patients strongly expressed CK2o. in HRS cells (ie.,
grade 3), while 29% were at grade 2 and 4% at grade 1 but no one
was grade 0. Conversely, no patient expressed CK2f3 at grade 3, 67%
of HL patients expressed CK2[3 at grade 2, 21% at grade 1 and 17%
at grade zero (Figures 1F, G). Moreover CK20. was expressed
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FIGURE 1
Protein expression levels of CK2 alpha (a) and beta (B) subunits in HL cell lines. Representative WB analysis (A), and the corresponding densitometric
values (B, C) are reported as mean + SD of n= 3 independent experiments. o.-Tubulin was used as the loading control. (L-428, HDLM-2, L-540, KM-
H2 are HL cell lines; B cell are healthy lymphocytes purified from three different buffy coats; Kasumi-1, a cell line model of acute myeloid leukemia,
was used ad positive control). Above the histogram bars (B, C), the p-value is reported. In the upper-right part of the figure confocal microscopy is
shown (D). The experiment was performed in different preparations for each HL cell line; the o and B subunits of CK2 were detected using green
fluorescence (Alexa Fluor 488), nuclei were visualized through blue staining (DAPI), and the merge for each CK2 subunit is shown. Images were
collected with 40X magnification, Scale bars = 15um. Cell Fractionation was performed on the four HL cell lines, healthy B cells (normal control), and
Kasumi-1 cell line as positive controls. WB reports o and B subunits of CK2, PARP (Poly (ADP-ribose) polymerase) used as nuclear marker, a.-Tubulin
as cytosolic marker. The image reports a representative case of three independent experiments (E). Expression and localization of CK2 o and B
subunits assessed by tissue microarray performed in neoplastic lymph nodes from 25 patients and 5 reactive adenopathy (F). Representative case of
CK2 expression in patient-derived Hodgkin and Reed-Sternberg (HRS) cells. CK2a appears to be localized in both the nucleus and cytoplasm of HRS
cells. Expression of CK2 subunits according to the grading level (G), and description of their cellular localization (H). Positivity was graded as: 0 =
negative; 1 = positive <30% of HRS; 2 = positive 30-60% HRS or week-moderate intensity; 3 = positive >60% HRS or strong diffuse intensity.
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bothin the nucleus and the cytosol of all HRS, while CKf was found
in the cytosol in 96% of cases but in the nucleus only in 1 patient
(p<0.0001) (Figure 1H, Supplementary Figures S1A-C) confirming
our above-mentioned findings (Figures 1D, E). We also compared
the clinical characteristics of our HL patients with the grading of
CK2 subunits expression, but we did not find any correlation
between age, gender, histological subtypes, interim 18-FDG PET-
CT results, or relapsed cases. However, higher CK2f3 levels (i.e.,
grade 2) were associated with shorter progression free survival
(PFES) than patient displaying lower levels (i.e., grade 0-1)
(p=0.0421, Supplementary Figure S2A).

10.3389/fimmu.2024.1393485

CK2p subunit undergoes proteasome-
dependent degradation

To elucidate the mechanisms accounting for the downregulation
of CK2pB, we investigated whether CK2f was degraded by the
proteasome. For this purpose, we treated HL cell lines in vitro with
10nM Bortezomib (BTZ) for 36 h. Inhibition of the proteasome
resulted in an increase of the CK23 subunit protein levels compared
to the untreated condition in the HL cell lines (Figures 2A, B). To
further investigate this issue, all polyubiquitinated proteins from both
the untreated and treated conditions were subjected to purification
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FIGURE 2

Western blotting analysis of ubiquitinated CK2B and phosphorylation levels of different CK2 targets. (A). Relative densitometry of CK2f subunit with/
without treatment of Bortezomib (BTZ) 10nM for 36h. (B) Representative WB. The proteins were immunoprecipitated, and all polyubiquitinated
proteins were purified using a Ubiquitin detection kit. The immunocomplexes were then loaded onto an SDS-PAGE gel and subsequently analyzed
using an anti-CK2f antibody. The results of proteasome inhibition were evaluated using the anti-poly ubiquitinated proteins (poly-Ubi) as positive

control. For each condition, total cell lysates were loaded in SDS-PAGE and probed with anti-CK2p. *

indicates p<0.05 (Mann-Whitney test),

ACT: B-Actin; BTZ: Bortezomib. Representative WB of the main signaling pathways overexpressed in HL cell lines sustained by CK2 activity

compared to the normal B

lymphocytes (C—F). The images depict phosphorylation levels at the Serine residue targeted by CK2o, and their

corresponding total proteins for: AKT-S473 (C), AKT-S129 (D), STAT3-S727 (E), and NF-kB (p65) S529 (F). Densitometry for phosphorylated/total
protein, total/B-Actin protein, and phosphorylated/B-Actin protein ratios are shown alongside each representative WB picture. B-Actin was used as
the loading control. Analysis reports the mean + SD of n = 3 independent experiments. * indicates p< 0.05 (unpaired t test).
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using specific affinity beads. The enriched protein samples were
analyzed by WB, revealing a pronounced presence of
polyubiquitinated CK2f in the BTZ-treated condition, strongly
indicating proteasome-dependent degradation of 3 subunits in HL
cell lines (Figure 2B). To verify if the proteasome was effectively
inhibited, we assessed the nonspecific increase in polyubiquitin
residues through WB, which demonstrated a marked increase of
ubiquitinated proteins across a broad range of molecular weights, as
expected. (Figure 2B).

CK2 targets are phosphorylated

By means of WB analysis, we confirmed the overexpression of
AKT, STAT3, and NF-kB (p65) as compared to their normal B cell
counterparts (see Figures 2C-F). As depicted in the representative
WB images, we found higher levels of both the whole protein and of
the phosphorylated counterpart at the phosphorylation target sites
of CK2a.. Specifically, CK2 can phosphorylate AKT on Serine 473
(AKT $473, Figure 2C) by recruiting the mTOR2 complex (27) and
directly phosphorylates AKT on Serine 129 (AKT S129, Figure 2D),
NE-kB p65 on Serine 529 (NF-kB S529, Figure 2E), and STAT3 on
Serine 727 (STAT3 S727, Figure 2F). These molecules exhibited
phosphorylation at CK2-related residues under basal conditions, as
compared to normal B lymphocytes. Protein phosphorylation levels
diverged across different cell lines, reflecting the clinical
heterogeneity observed in patients with HL. In addition, AKT,
STAT3, and NF-kB (p65) were significantly more expressed in
HL cell lines compared to normal B cells (p<0.05 unpaired Student’s
t test, Figures 2C-F). Densitometric values have been summarized
in Supplementary Table S4.

CK2 modulates the expression of PD-L1
but not of CD30

CD30 and PD-L1/CD274 are known to be expressed on the cell
membrane of HRS cells, while CD20 is usually absent. According to
data coming from the literature, in HRS the locus of the gene
CD274, that is mapped on chromosome 9 is usually amplified (5).
Moreover, STAT3, NF-kB, and AKT molecular pathways can
regulate the expression PD-L1 gene (5, 28, 29). Considering the
role of CK2 in activating all these proteins within cHL cell lines, we
examined whether CK2 could potentially affect PD-L1 expression.
To delve into this question, we treated HRS cell lines with CK2at-
specific inhibitor CX-4945/silmitasertib at a concentration of 10uM
for 24h and 48h and we assessed expression of CD20, CD30 and
PD-L1. We found a decrease in the mean fluorescence intensity
(MFI) of PD-L1 after treatment with CX-4945 in HL cell lines, while
no significant changes were observed for CD20 and CD30
(Figure 3A and Supplementary Figures S2B). Specifically, after 24
hours of treatment, the decrease of CD274/PD-L1 MFI was 46.0%
(p<0.05), 51.4% (p<0.01), 29.0% (p<0.05), and 29.6% (p<0.05), for
HDLM-2, L-428, L-540, and KM-H2, respectively, as compared to
untreated conditions. Similarly, after 48 hours of treatment, the
CD274/PD-L1 MFI decreased of 31.3% (p<0.05) for HDLM-2,
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50.0% (p<0.01) for L-428, 55.7% (p<0.01) for L-540, 42.6%
(p<0.01) for KM-H2, compared to untreated conditions (Mann-
Whitney test, Figure 3A). The downregulation of PD-L1 was also
confirmed by WB analysis (Figures 3B, C). The PD-L1 expression
values, determined through protein densitometry and normalized
to B-actin, align with flow cytometry results, confirming a
substantial reduction in protein levels following treatment with
the CK2 inhibitor. Specifically, after 24 hours of culture, the PD-L1/
[-actin ratios shifted from 1.17 + 0.14, 0.85 + 0.07, 1.74 + 0.5, and
0.82 + 0.06 under untreated conditions to 0.53 + 0.08, 0.74 + 0.02,
0.4 £ 0.11, and 0.60 + 0.03 after treatment with CX-5945 at 10 uM,
respectively, for L-428, L-540, KM-H2, and HDLM-2 cell lines.
Specifically, HL cell lines L-428 and HDLM-2 displayed a significant
difference in the means of the experimental triplicates, with p<0.05
and p<0.01, respectively (unpaired t test). The association between
CK2 and PD-L1 became more evident after 48 hours of treatment.
The PD-L1/B-actin ratios shifted from fold change values of 0.83 +
0.08, 1.0 + 0.1, 0.90 + 0.25, and 0.90 + 0.06 to values of 0.36 + 0.01,
0.4 + 0.18, 0.30 = 0.12, and 0.25 + 0.01, respectively, following
treatment with CX-4945/silmitasertib at 10 pM for the L-428, L-
540, KM-H2, and HDLM-2 cell lines. Once again, the L-428 and
HDLM-2 cell lines exhibited a treatment-related difference that was
statistically significant (p<0.01 and p<0.001, respectively, unpaired
t test).

CK2 inhibition triggers HL apoptosis

Since CK2 is known to sustain pro-survival signals in cancer
cells, we examined the effect of its chemical inhibition in HL cell
line. Treatment with CX-4945/silmitasertib resulted in time- and
dose-dependent apoptosis, as confirmed through Annexin V/
Propidium Iodide flow cytometry testing (Figures 4A, B, Kruskal-
Wallis’s test, p<0.05). For all the four HL cell lines, the percentage of
viable cells exhibited a proportional decrease, starting from a dose
of 5uM, in comparison to DMSO-treated cells (p<0.05). Notably, in
vitro treatment with silmitasertib at 10uM concentration for 48
hours reduced the number of viable HL cells by half (Figure 4A).
Furthermore, to elucidate the mechanisms underlying silmitasertib-
induced apoptosis, we exposed HL cell lines to increasing doses of
silmitasertib for 24 hours. This treatment resulted in the cleavage of
PARP, a recognized marker of apoptosis (Figure 4B). Furthermore,
that after 24 hours of cell treatment with CX-4945 (at
concentrations of 5uM and 10uM), there was a significant
decrease in the phosphorylation levels of AKT-S473 (Figure 4C),
AKT-S129 (Figure 4D), STAT3-S727 (Figure 4E), and NF-kB-
S529 (Figure 4F).

CK2 inhibition boosts the activity of MMAE

Since CD30 levels were not affected after CK2 inhibition
(Supplementary Figure S2B), we subsequently proceeded to
investigate whether CX-4945/silmitasertib might enhance the
effectiveness of this innovative therapy. Specifically, we
investigated whether CK2 inhibition could enhance the
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FIGURE 3

CD30 and CD274/PD-L1 expression assessment. In panel (A), histograms depict the mean fluorescence intensity (MFI) of CD274 (PD-L1) and CD30
expression in the four HL cell lines, with or without 10uM CX-4945 treatment for 24 and 48 hours (three independent experiments, Student t test)
CX: CX-4945. Only the viable cells were gated in the MFI analyses of PD-L1 or CD30 and normalized to their untreated condition. (B) Representative
WB and (C) WB analysis of PD-L1 expression levels. HL cell lines were treated with or without 10uM CX-4945, for 24 and 48 hours. Densitometric
values are reported as mean + SD of n= 3 independent experiments, Unpaired t test. CX: CX-4945, ACT: B-Actin. *p<0.05, **p<0.01, ***p<0.001

cytotoxicity of MMAE, the microtubule inhibitor conjugated to the
anti-CD30 monoclonal antibody brentuximab vedotin.

To this aim, HL cell lines were treated with 5uM CX-4945 and
5nM MMAE, according to the literature (20), or a combination of
both drugs for either 24 or 48 hours duration. As shown in
Figure 5A, combination of CX-4945+MMAE significantly
decreased the proportion of viable cells in comparison to MMAE.
After 24 hours of in-vitro treatment, the percentage of viable cells,
i.e. AV- PI-, decreased from 90.1%, 87.3%, 87.9%, and 94.8% with
MMAE alone to 82.7% (p=0.12), 70.6% (p<0.05), 63.3% (p<0.05),
and 85.9% (p<0.05) when treated with CX-4945 + MMAE in 1428,
1540, HDLM-2, and KM-H2, respectively (determined by the
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Wilcoxon matched-pairs signed rank test, Figure 5A). After 48
hours of treatment the rate of alive cells decreased from 79%, 62.2%,
66.5%, and 80.3% with MMAE alone to 64.3% (p=0.052), 51.8%
(p=0.051), 48.4% (p<0.05), and 75.5% (p<0.05) with CX-4945
+MMAE in L1428, L540, HDLM-2, and KM-H2, respectively
(Wilcoxon matched-pairs signed rank test, Figure 5A). The cell
lines tested responded differently to the combination treatment of
CX-4945 and MMAE. Specifically, KM-H2 and L-428 cells
exhibited the lowest sensitivity, whereas HDLM-2 cells
demonstrated the highest sensitivity to the combination
treatment. The increased apoptotic effect resulting from the
combination of CX-4945 and MMAE was further supported by
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FIGURE 4

Apoptotic Effect of CX-4945 in HL Cell Lines. Apoptosis was detected through Annexin V propidium iodide (PI) assay by flow cytometry. Histograms
illustrate the percentage of viable cells (Annexin V"9/PI"®9) for each HL cell line after treatment with 5uM, 10uM, and 15uM CX-4945 at different time

points (24, 48, and 72 hours).

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 compared to the untreated cell population, Kruskal-Wallis's test (A).

Qualitative WB was performed using anti-PARP to highlight apoptosis induction in all four HL cell lines. Protein lysates, obtained after 48 hours of
treatment with O, 5, 10, and 15uM CX-4945, are presented. o-Tubulin was used as the loading control (experimental duplicate) (B). WB illustrate the
impact of CK2 inhibition with CX-4945 on CK2 substrates in the four HL cell lines. WBs depict phosphorylation levels on CK2 Serine targets, with
and without CX-4945 treatment, along with corresponding total protein levels. The panels illustrate phosphorylation levels on AKT S473 (C), AKT
S129 (D), STAT3 S727 (E), and NF-xB at S529 (F) at O, 5, and 10uM CX-4945 after 24 hours of treatment (experimental duplicate). ACT: B-Actin.

WB analysis, revealing a decreased full-length PARP band and an

increased cleaved protein band compared to cells
with MMAE.

The possible synergism between CX-494
reducing cell viability was evaluated using
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treated exclusively

method through the evaluation of trypan blue exclusion. The
EC50 for each cell lines of the single treatment (CX-4945 or

MMAE) and the EC50 for the drugs used in combination are

5 and MMAE in
the Chou-Talalay

09

reported in Figure 5B. The combination effect analyses identified
that the combination index values were all below 1 for each cell line,
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Table 2.
BT -
CX-4945 +
CX-4945 MMAE MMAE CX-‘NS CI
L-428 10.54 5.1 6.15 3.36 0.91
L-540 13.02 4.14 355 127 0.78
KM-H2 8.76 391 0.82 0.18 0.67
HDML-2 11.87 259 5.12 0.07 0.23

FIGURE 5

Apoptotic effect of CX-4945 alone or in combination with MMAE in Hodgkin lymphoma cell lines. HL cells lines were treated for 24 and 48 hours
with CX-4945 and/or MMAE or the combination of both drugs. Apoptosis was detected through Annexin V propidium iodide (PI) assay by flow
cytometry. Histograms shows alive non-apoptotic cells (Annexin V"9/PI"®9). Wilcoxon matched-pairs signed rank test was used to compared paired
data (A). A qualitative WB (n=2), placed beneath each histogram, shows the cleavage of PARP protein expression in response to the heightened
levels of apoptosis induced by the pharmacological treatments. In the middle panel (B) dose response curves of L-428, L-540, KM-H2, and HDLM-2
cell lines incubated for 72h with increasing concentrations of CX-4945 (green curves), and MMAE (orange curves) or their combination (dotted
curves) are reported. Cell viability was assessed by trypan-blue exclusion assay. The curves were generated by maintaining a constant 1:1 ratio
between the respective EC50 concentrations of CX-4945 and MMAE. In the lower panel (C), EC50 values of CX-4945 and MMAE, used alone or in
combination in L-428, L-540, KM-H2, and HDLM-2 cell lines incubated as in (B). A combination index (Cl) < 1 means a synergistic effect.
Experiments were performed in triplicate. *p<0.05. Wilcoxon matched-pairs signed rank test.

indicating a synergistic cytotoxic effect between CX-4945 and  Discussion

MMAE. In particular, the obtained combination indexes were

0.91, 0.78, 0.67, and 0.23 for L-428, L-540, KM-H2, and HDLM- In this work, we characterized the role of protein kinase CK2 in
2, respectively (Figure 5C). cHL. In recent years, CK2 is emerging as an increasingly interesting
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target in hematological malignancies, being a key player in the
regulation of proliferation, angiogenesis, secretion of growth
factors, invasiveness and resistance to therapies (12). Previously,
we and other groups demonstrated that both CK20. and CK2[ were
overexpressed and essential for neoplastic cell growth. Inhibition of
CK2 triggered apoptosis in neoplastic cells of multiple myeloma
(30), acute leukemias (26), and non-Hodgkin lymphomas (18, 25),
without a significant impact on normal lymphocytes (31). However,
the role of CK2 in cHL is unknown and has not been
investigated yet.

In this study we demonstrated that CK20 was overexpressed in
HL cell lines as compared to normal B-lymphocytes as assessed by
WB and confocal microscopy. These data were also confirmed by
IHC on primary samples of cHL patients, confirming that the
catalytic o subunit was highly expressed, while the CK2f subunit
was expressed at lower intensity. This aspect is remarkable, since, to
our knowledge, cHL is the first hematological malignancy with an
imbalance between o and P subunits. The expression of CK2a. or 3
did not correlate with histological variants, age, stage, and outcome,
suggesting that this unbalance expression of CK2a. or B occurs in
almost all cases and is likely to play a role in cHL development.
Additionally, RT-qPCR analysis revealed a significant difference in
mRNA expression levels only for the o subunits in the L-428 and L-
540 cell lines when compared to healthy B cells. Therefore, we
hypothesized that this unbalance could be the result of post-
translational events in cHL. We investigated whether CK2f could
be degraded by the proteasome. Consequently, we therefore
immunoprecipitated all polyubiquitinated proteins following
proteasome inhibition with bortezomib and assessed the presence
of CK2B by immunoblotting. We observed an increase in the
intensity of the CK2P subunit upon inhibiting the proteasome in
all HL cell lines, indicating its degradation via the proteasome-
dependent pathway. In line with our findings, recent studies have
demonstrated that CK2 is active in the absence of the regulatory 3
subunit and that CK2B subunit influences substrate specificity,
since there are proteins whose phosphorylation is specifically
catalyzed by either the free o catalytic subunits, such as Akt S129,
or CK2 holoenzyme through its N-terminal acid loop (32-34). In
the latter case, CK2f acts as a docking platform for downstream
substrates (35).

Of interest, our group has recently reported the first B-cell
specific knockout mouse of CK2f, showing NOTCH2-mediated
increase of marginal zone B cells and a decrease of follicular B cells
(16). In addition, B cells lacking CK2f have an impaired signaling
downstream to the B-cell receptor, toll-like receptor and CD40 (16).
Since HRS are likely derived from crippled CD30+ germinal center
B lymphocytes rescued by apoptosis, we can speculate that a skewed
expression of CK2 subunits might be present also in CD30+ B cells
or might be necessary for acquired the Hodgkin-phenotype as
compared with other lymphomas where usually both subunits are
overexpressed (25, 36).

Furthermore, pivotal signaling molecules in cHL, namely NF-kB,
PI3K/AKT and STATS3, showed higher levels of their total protein
compared to the control and were found to be phosphorylated at CK2
specific targets and therefore constitutively activated. Since AKT, NF-
kB and STATS3 play a central role in HL, their basal phosphorylation
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suggests an important role of CK2 mediating a pro-survival function
in HL (Figures 2C-F).

The CK2o inhibitor CX-4945/silmitasertib demonstrated a
significant increase in in vitro apoptosis in the cHL cell lines
tested, demonstrating a time- and dose-dependent response.
Mechanistically, CX-4945 administration led to a decrease in the
phosphorylation of the CK2 targets AKT, NF-kB and STATS3.
Furthermore, PD-L1 receptor overexpression is known to be one
of the main mechanisms by which HRS cells elude the immune
response. PD-L1 gene is known to be amplified in most cases of cHL
(37) and regulated by STAT3 and NF-kB transcription factors, both
of which are activated by CK2 (11, 15). Our data demonstrate for
the first time a novel CK2 mediated regulation of PD-L1 (CD274) in
HL, since CK2 chemical inhibition with CX-4945 leads to the
downregulation of PD-L1, possibly mediated through the
impairment of STAT3 and NF-«B transcriptional activity. These
findings suggest a potential indirect contribution of CK2 in
inducing T-cell exhaustion and, consequently, contributing to an
immunosuppressive microenvironment in HL.

The importance of targeting more pathways at the same time is
highlighted by phase I-II clinical trials evaluating the clinical activity
of JAK2 and/or PI3K inhibitors in relapsed refractory patients with
HL (8, 38). A phase 1 dose-escalation/expansion study evaluated the
safety and efficacy of dezapelisib, a new selective PI3K$ inhibitor, as
monotherapy or in combination with itacitinib, a selective JAK1
inhibitor, in adult patients with relapsed B-cell lymphomas. The
combination of itacitinib and dezapelisib provided promising
activity, resulting in an ORR of 67% in cHL compared to 29% in
monotherapy (38). These clinical findings support the potential
effectiveness of combining more pathway inhibitors as a relevant
treatment strategy for highly pretreated HL patients. Accordingly,
targeting CK2 would simultaneously switch off three key relevant
survival signaling pathways. To this regard, we have also observed a
synergistic effect between CX-4945/Silmitasertib and MMAE, a
microtubule-disrupting agent conjugated with the anti-CD30
monoclonal antibody brentuximab vedotin. Although the CD30
overexpression is a common hallmark of HL and BV/MMAE has
demonstrated clinical efficacy in the treatment of naive and relapsed
patients, a small subset of triple refractory patients with cHL is
emerging; therefore, it is of crucial importance to introduce
potential pharmacological combinations to enhance therapy
effectiveness. Silmitasertib (39) is a promising orally bioavailable
selective inhibitor of protein kinase CK2. Despite CK2 significant
impact on the human phosphoproteome, the inhibition of this
kinase has been well tolerated in Phase I clinical trials (40). CX-4945
does not impinge on CD30 expression levels on the cell membrane
as elucidated by the dose-response curves in each HL cell line tested
in the present manuscript. Our data demonstrated that the mean
EC50 value for individual treatments (CX-4945 or MMAE)
undergoes a notable reduction upon their concomitant
administration. This implies a prospective improvement in
treatment tolerability, even at lower doses, all while upholding a
precisely targeted cytotoxic effect designed to impair the tumor cell
growth. Several in vitro studies like Martins et al. (41) in chronic
lymphocytic leukemia, or Manni et al. (18) in mantle cell
lymphoma, suggest that combination therapies with CX-
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potentially increase treatment response, particularly for drug-
refractory patients. Furthermore, the inhibition of CK2 might
contribute to achieve a synergistic treatment effect, even when
used in combination with checkpoint inhibitors.

In this study, we have provided strong evidence that, in accordance
with the paradigm known as “non-oncogene dependence” (18, 42),
overexpression of CK2o is believed to be responsible for pivotal
mechanisms of cell proliferation and survival also in cHL.

Conclusions

We herein have demonstrated that cHL is likely the first
hematological malignancy to exhibit an aberrant expression of
CK2 subunits, with CK2o being overexpressed and CK2f
downregulated in HRS cells, both in HL cell lines and primary
lymph nodes from cHL patients. HRS cells exhibit a pronounced
dependency on CK2o activity, since in vitro treatment with CX-
4945/silmitasertib led to the dephosphorylation of AKT-S129 and
S473, NF-kB-S529, and STAT3-S727, ultimately resulting in
synthetic lethality in HL. Moreover, CX-4945 induced the
downregulation of PD-L1/CD274, but not of CD30, and displayed
a synergistic response with MMAE, which might have a relevant
clinical implication. Further studies on CK2 protein will improve
our understanding on HL pathogenesis.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by ethic
committee of the Padova University Hospital (protocol # 4,089/
AQ/17). The studies were conducted in accordance with the local
legislation and institutional requirements. The participants
provided their written informed consent to participate in this
study. Written informed consent was obtained from the
individual(s) for the publication of any potentially identifiable
images or data included in this article.

Author contributions

ER: Data curation, Formal analysis, Investigation, Methodology,
Validation, Writing — original draft. FF: Data curation, Formal analysis,
Investigation, Methodology, Conceptualization, Project administration,
Supervision, Writing - review & editing. NM: Formal analysis,
Investigation, Methodology, Supervision, Writing — review & editing.
MP: Formal analysis, Investigation, Methodology, Writing — review &
editing, Data curation. FS: Data curation, Formal analysis,
Investigation, Methodology, Writing — review & editing, Supervision.

Frontiers in Immunology

12

10.3389/fimmu.2024.1393485

GC: Formal analysis, Writing — review & editing. VT: Data curation,
Formal analysis, Investigation, Methodology, Supervision, Writing -
review & editing, Conceptualization. LQT: Data curation, Formal
analysis, Investigation, Methodology, Supervision, Writing — review
& editing. AC: Data curation, Formal analysis, Investigation,
Methodology, Writing - review & editing. CC: Data curation,
Formal analysis, Investigation, Methodology, Writing - review &
editing. VR: Data curation, Formal analysis, Investigation,
Methodology, Writing — review & editing, Project administration.
AS: Data curation, Formal analysis, Investigation, Methodology,
Writing - review & editing. FA: Data curation, Formal analysis,
Investigation, Methodology, Writing - review & editing. ND: Data
curation, Formal analysis, Investigation, Methodology, Writing -
review & editing. SM: Data curation, Formal analysis, Investigation,
Methodology, Writing — review & editing, Supervision, Validation,
Visualization. MF: Methodology, Supervision, Visualization, Writing —
review & editing, Project administration. FP: Methodology, Project
administration, Supervision, Visualization, Writing - review & editing,
Investigation, Resources, Validation. LQ: Project administration,
Resources, Supervision, Visualization, Writing - review & editing,
Funding acquisition. AV: Writing - review & editing,
Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing —
original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by funding from the Italian Association against
Leukaemia-lymphoma and Myeloma (AIL), the Italian Association
for Cancer Research (AIRC) IG-25024 to LT, Progetti di Rilevanza
Nazionale PRIN PNRR (P2022PSMX4) to AS, the ONLUS ‘Ricerca
per Credere nella Vita’ (RCV) odv, Padua, Italy. ER received a
fellowship by AIL. The funders had no role in the study design, data
collection and analysis, decision to publish or preparation of the
manuscript. Open Access funding provided by Universita degli
Studi di Padova (University of Padua, Open Science Committee).

Acknowledgments

The authors gratefully acknowledge Prof. Carmelo Carlo-Stella
(IRCCS Humanitas research Hospital) for kindly providing the HL
cell lines used to perform the experiments in this project and Prof.
Maria Ruzzene (University of Padua), for initially providing us
CK2o antibody for WB.

Conflict of interest

AV and LT participated to scientific board organized and
received travel grant by Takeda.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1393485
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ruggeri et al.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Yung L, Linch D. Hodgkin’s lymphoma. Lancet. (2003) 361:943-51. doi: 10.1016/
S0140-6736(03)12777-8

2. Brice P, de Kerviler E, Friedberg JW. Classical Hodgkin lymphoma. Lancet. (2021)
398:1518-27. doi: 10.1016/S0140-6736(20)32207-8

3. Aldinucci D, Borghese C, Casagrande N. For of the immunosuppressive
microenvironment of classic Hodgkin lymphoma and therapeutic approaches to
counter it. Int J Mol Sci. (2019) 20:2416. doi: 10.3390/ijms20102416

4. Mottok A, Steidl C. Biology of classical Hodgkin lymphoma: implications for prognosis
and novel therapies. Blood. (2018) 131:1654-65. doi: 10.1182/blood-2017-09-772632

5. Cellini A, Scarmozzino F, Angotzi F, Ruggeri E, Dei Tos AP, Trentin L, et al.
Tackling the dysregulated immune-checkpoints in classical Hodgkin lymphoma:
bidirectional regulations between the microenvironment and Hodgkin/Reed-
Sternberg cells. Front Oncol. (2023) 13:1203470. doi: 10.3389/fonc.2023.1203470

6. Matsuki E, Younes A. Lymphomagenesis in Hodgkin lymphoma. Semin Cancer
Biol. (2015) 34:14-21. doi: 10.1016/j.semcancer.2015.02.002

7. Visentin A, Frezzato F, Severin F, Imbergamo S, Pravato S, Romano Gargarella L,
et al. Lights and shade of next-generation Pi3k inhibitors in chronic lymphocytic
leukemia. OncoTargets Ther. (2020) 13:9679-88. doi: 10.2147/OTT.S268899

8. Van Den Neste E, Andre M, Gastinne T, Stamatoullas A, Haioun C, Belhabri A,
etal. A phase IT study of the oral JAK1/JAK2 inhibitor ruxolitinib in advanced relapsed/
refractory Hodgkin lymphoma. Haematologica. (2018) 103:840-8. doi: 10.3324/
haematol.2017.180554

9. Fernandez S, Solorzano JL, Diaz E, Menéendez V, Maestre L, Palacios S, et al. JAK/
STAT blockade reverses the Malignant phenotype of Hodgkin and Reed-Sternberg
cells. Blood Adv. (2023) 7:4135-47. doi: 10.1182/bloodadvances.2021006336

10. Mascarenhas J, Hoffman R. Ruxolitinib: the first FDA approved therapy for the
treatment of myelofibrosis. Clin Cancer Res. (2012) 18:3008-14. doi: 10.1158/1078-
0432.CCR-11-3145

11. Borgo C, D’Amore C, Sarno S, Salvi M, Ruzzene M. Protein kinase CK2: a
potential therapeutic target for diverse human diseases. Signal Transduct Target Ther.
(2021) 6:183. doi: 10.1038/541392-021-00567-7

12. Trembley JH, Wang G, Unger G, Slaton J, Ahmed K. Protein Kinase CK2 in
Health and Disease: CK2: A key player in cancer biology. Cell Mol Life Sci. (2009)
66:1858-67. doi: 10.1007/s00018-009-9154-y

13. Piazza F, Manni S, Ruzzene M, Pinna LA, Gurrieri C, Semenzato G. Protein
kinase CK2 in hematologic Malignancies: reliance on a pivotal cell survival regulator by
oncogenic signaling pathways. Leukemia. (2012) 26:1174-9. doi: 10.1038/leu.2011.385

14. Nusez de Villavicencio-Diaz T, Rabalski A, Litchfield D. Protein kinase CK2:
intricate relationships within regulatory cellular networks. Pharmaceuticals. (2017)
10:27. doi: 10.3390/ph10010027

15. Spinello Z, Fregnani A, Quotti Tubi L, Trentin L, Piazza F, Manni S. Targeting
protein kinases in blood cancer: focusing on CKlo and CK2. Int ] Mol Sci. (2021)
22:3716. doi: 10.3390/ijms22073716

16. Quotti Tubi L, Mandato E, Canovas Nunes S, Arjomand A, Zaffino F, Manni S,
et al. CK2B-regulated signaling controls B cell differentiation and function. Front
Immunol. (2023) 13:959138. doi: 10.3389/fimmu.2022.959138

17. Wei H, Yang W, Hong H, Yan Z, Qin H, Benveniste EN. Protein kinase CK2
regulates B cell development and differentiation. J Immunol. (2021) 207:799-808.
doi: 10.4049/jimmunol.2100059

18. Manni S, Pesavento M, Spinello Z, Saggin L, Arjomand A, Fregnani A, et al.
Protein Kinase CK2 represents a new target to boost Ibrutinib and Venetoclax induced
cytotoxicity in mantle cell lymphoma. Front Cell Dev Biol. (2022) 10:935023.
doi: 10.3389/fcell.2022.935023

Frontiers in Immunology

13

10.3389/fimmu.2024.1393485

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1393485/
full#supplementary-material

19. Mandato E, Manni S, Zaffino F, Semenzato G, Piazza F. Targeting CK2-driven
non-oncogene addiction in B-cell tumors. Oncogene. (2016) 35:6045-52. doi: 10.1038/
onc.2016.86

20. Buckel L, Savariar EN, Crisp JL, Jones KA, Hicks AM, Scanderbeg DJ, et al. Tumor
radiosensitization by monomethyl auristatin E: mechanism of action and targeted delivery.
Cancer Res. (2015) 75:1376-87. doi: 10.1158/0008-5472.CAN-14-1931

21. Frezzato F, Trimarco V, Martini V, et al. Leukaemic cells from chronic lymphocytic
leukaemia patients undergo apoptosis following microtubule depolymerization and L yn
inhibition by nocodazole. Br ] Haematol. (2014) 165:659-72. doi: 10.1111/bjh.12815

22. Chou TC. Theoretical basis, experimental design, and computerized simulation
of synergism and antagonism in drug combination studies. Pharmacol Rev. (2006)
58:621-81. doi: 10.1124/pr.58.3.10

23. Pagano MA, Tibaldi E, Molino P, Frezzato F, Trimarco V, Facco M, et al.
Mitochondrial apoptosis is induced by Alkoxy phenyl-1-propanone derivatives through
PP2A-mediated dephosphorylation of Bad and Foxo3A in CLL. Leukemia. (2019) 33:1148-
60. doi: 10.1038/s41375-018-0288-5

24. Martini V, Gattazzo C, Frezzato F, Trimarco V, Pizzi M, Chiodin G, et al.
Cortactin, a Lyn substrate, is a checkpoint molecule at the intersection of BCR and
CXCR#4 signalling pathway in chronic lymphocytic leukaemia cells. Br ] Haematol.
(2017) 178:81-93. doi: 10.1111/bjh.14642

25. Pizzi M, Piazza F, Agostinelli C, Fuligni F, Benvenuti P, Mandato E, et al. Protein
kinase CK2 is widely expressed in follicular, Burkitt and diffuse large B-cell lymphomas
and propels Malignant B-cell growth. Oncotarget. (2015) 6:6544-52. doi: 10.18632/
oncotarget.3446

26. Quotti Tubi L, Canovas Nunes S, Brancalion A, Breatta Doriguzzi AE, Manni S,
Mandato E, et al. Protein kinase CK2 regulates AKT, NF-kB and STAT3 activation,
stem cell viability and proliferation in acute myeloid leukemia. Leukemia. (2017)
31:292-300. doi: 10.1038/leu.2016.209

27. Olsen BB, Svenstrup TH, Guerra B. Downregulation of protein kinase CK2
induces autophagic cell death through modulation of the mTOR and MAPK signaling
pathways in human glioblastoma cells. Int J Oncol. (2012) 41:1967-76. doi: 10.3892/
ijo.2012.1635

28. Pianko M]J, Goldberg AD, Lesokhin AM. Clinical development of PD-1 blockade in
hematologic Malignancies. Cancer J. (2018) 24:31-5. doi: 10.1097/PPO.0000000000000297

29. Yi M, Niu M, Xu L, Luo S, Wu K. Regulation of PD-L1 expression in the tumor
microenvironment. | Hematol Oncol] Hematol Oncol. (2021) 14:10. doi: 10.1186/
513045-020-01027-5

30. Manni S, Toscani D, Mandato E, Brancalion A, Quotti Tubi L, Macaccaro P,
et al. Bone marrow stromal cell-fueled multiple myeloma growth and
osteoclastogenesis are sustained by protein kinase CK2. Leukemia. (2014) 28:2094-7.
doi: 10.1038/leu.2014.178

31. St-Denis NA, Litchfield DW. Protein Kinase CK2 in Health and Disease: From
birth to death: The role of protein kinase CK2 in the regulation of cell proliferation and
survival. Cell Mol Life Sci. (2009) 66:1817-29. doi: 10.1007/s00018-009-9150-2

32. Borgo C, Franchin C, Cesaro L, Zaramella S, Arrigoni G, Salvi M, et al. A
proteomics analysis of CK2B(-/-) C2C12 cells provides novel insights into the
biological functions of the non-catalytic B subunit. FEBS J. (2019) 286:1561-75.
doi: 10.1111/febs.14799

33. Alcaraz E, Vilardell ], Borgo C, Sarr¢ E, Plana M, Marin O, et al. Effects of CK23
subunit down-regulation on Akt signalling in HK-2 renal cells. PloS One. (2020) 15:
€0227340. doi: 10.1371/journal.pone.0227340

34. Rodriguez FA, Contreras C, Bolanos-Garcia V, Allende JE. Protein kinase CK2
as an ectokinase: The role of the regulatory CK2P subunit. Proc Natl Acad Sci. (2008)
105:5693-8. doi: 10.1073/pnas.0802065105

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1393485/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1393485/full#supplementary-material
https://doi.org/10.1016/S0140-6736(03)12777-8
https://doi.org/10.1016/S0140-6736(03)12777-8
https://doi.org/10.1016/S0140-6736(20)32207-8
https://doi.org/10.3390/ijms20102416
https://doi.org/10.1182/blood-2017-09-772632
https://doi.org/10.3389/fonc.2023.1203470
https://doi.org/10.1016/j.semcancer.2015.02.002
https://doi.org/10.2147/OTT.S268899
https://doi.org/10.3324/haematol.2017.180554
https://doi.org/10.3324/haematol.2017.180554
https://doi.org/10.1182/bloodadvances.2021006336
https://doi.org/10.1158/1078-0432.CCR-11-3145
https://doi.org/10.1158/1078-0432.CCR-11-3145
https://doi.org/10.1038/s41392-021-00567-7
https://doi.org/10.1007/s00018-009-9154-y
https://doi.org/10.1038/leu.2011.385
https://doi.org/10.3390/ph10010027
https://doi.org/10.3390/ijms22073716
https://doi.org/10.3389/fimmu.2022.959138
https://doi.org/10.4049/jimmunol.2100059
https://doi.org/10.3389/fcell.2022.935023
https://doi.org/10.1038/onc.2016.86
https://doi.org/10.1038/onc.2016.86
https://doi.org/10.1158/0008-5472.CAN-14-1931
https://doi.org/10.1111/bjh.12815
https://doi.org/10.1124/pr.58.3.10
https://doi.org/10.1038/s41375-018-0288-5
https://doi.org/10.1111/bjh.14642
https://doi.org/10.18632/oncotarget.3446
https://doi.org/10.18632/oncotarget.3446
https://doi.org/10.1038/leu.2016.209
https://doi.org/10.3892/ijo.2012.1635
https://doi.org/10.3892/ijo.2012.1635
https://doi.org/10.1097/PPO.0000000000000297
https://doi.org/10.1186/s13045-020-01027-5
https://doi.org/10.1186/s13045-020-01027-5
https://doi.org/10.1038/leu.2014.178
https://doi.org/10.1007/s00018-009-9150-2
https://doi.org/10.1111/febs.14799
https://doi.org/10.1371/journal.pone.0227340
https://doi.org/10.1073/pnas.0802065105
https://doi.org/10.3389/fimmu.2024.1393485
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ruggeri et al.

35. Pinna LA. Protein kinase CK2: a challenge to canons. J Cell Sci. (2002) 115:3873-
8. doi: 10.1242/jcs.00074

36. Manni S, Brancalion A, Mandato E, Quotti Tubi L, Colpo A, Pizzi M, et al.
Protein kinase CK2 inhibition down modulates the NF-xB and STAT3 survival
pathways, enhances the cellular proteotoxic stress and synergistically boosts the
cytotoxic effect of bortezomib on multiple myeloma and mantle cell lymphoma cells.
PloS One. (2013) 8:¢75280. doi: 10.1371/journal.pone.0075280

37. Kiippers R, Engert A, Hansmann ML. Hodgkin lymphoma. J Clin Invest. (2012)
122:3439-47. doi: 10.1172/JCI61245

38. Phillips TJ, Forero-Torres A, Sher T, Diefenbach CS, Johnston P, Talpaz M, et al.
Phase 1 study of the PI3K3 inhibitor INCB040093 + JAK1 inhibitor itacitinib in
relapsed/refractory B-cell lymphoma. Blood. (2018) 132:293-306. doi: 10.1182/blood-
2017-10-812701

Frontiers in Immunology

14

10.3389/fimmu.2024.1393485

39. Siddiqui-Jain A, Drygin D, Streiner N, Chua P, Pierre F, O'Brien SE, et al. CX-
4945, an orally bioavailable selective inhibitor of protein kinase CK2, inhibits
prosurvival and angiogenic signaling and exhibits antitumor efficacy. Cancer Res.
(2010) 70:10288-98. doi: 10.1158/0008-5472.CAN-10-1893

40. Chua M, Ortega C, Sheikh A, Lee M, Abdul-Rassoul H, Hartshorn KL, et al. CK2
in cancer: cellular and biochemical mechanisms and potential therapeutic target.
Pharmaceuticals. (2017) 10:18. doi: 10.3390/ph10010018

41. Martins LR, Lacio P, Melio A, Antunes I, Cardoso BA, Stansfield R, et al.
Activity of the clinical-stage CK2-specific inhibitor CX-4945 against chronic
lymphocytic leukemia. Leukemia. (2014) 28:179-82. doi: 10.1038/leu.2013.232

42. Strum SW, Gyenis L, Litchfield DW. CSNK2 in cancer: pathophysiology and
translational applications. Br ] Cancer. (2022) 126:994-1003. doi: 10.1038/s41416-021-
01616-2

frontiersin.org


https://doi.org/10.1242/jcs.00074
https://doi.org/10.1371/journal.pone.0075280
https://doi.org/10.1172/JCI61245
https://doi.org/10.1182/blood-2017-10-812701
https://doi.org/10.1182/blood-2017-10-812701
https://doi.org/10.1158/0008-5472.CAN-10-1893
https://doi.org/10.3390/ph10010018
https://doi.org/10.1038/leu.2013.232
https://doi.org/10.1038/s41416-021-01616-2
https://doi.org/10.1038/s41416-021-01616-2
https://doi.org/10.3389/fimmu.2024.1393485
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Protein kinase CK2α is overexpressed in classical hodgkin lymphoma, regulates key signaling pathways, PD-L1 and may represent a new target for therapy
	Introduction
	Methods
	Cell cultures and treatments
	Flow cytometry
	Evaluation of apoptosis
	Assessment of drug concentration-effect and calculation of the combination index
	Western blot and antibodies
	Immunoprecipitation
	Confocal microscopy analysis
	Tissue microarray
	Quantitative real-time PCR
	Statistical analysis

	Results
	CK2 subunits are unbalanced in cHL
	CK2 subunits are skewed in patients with HL
	CK2β subunit undergoes proteasome-dependent degradation
	CK2 targets are phosphorylated
	CK2 modulates the expression of PD-L1 but not of CD30
	CK2 inhibition triggers HL apoptosis
	CK2 inhibition boosts the activity of MMAE

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


