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Thymidylate synthase (TS), dihydrofolate reductase (DHFR), and serine
hydroxymethyltransferase (SHMT) constitute the thymidylate synthesis cycle providing
thymidylate for DNA synthesis and repair. Our previous studies indicated that TS and
DHFR are the substrates of protein kinase CK2. This work has been aimed at the
elucidation of the effect of CK2 activity on cell cycle progression, thymidylate synthesis
enzyme expression and localization, and the role of CK2-mediated TS phosphorylation in
in vitro di- and trimolecular complex formation. The results were obtained by means of
western blot, confocal microscopy, flow cytometry, quantitative polymerase chain reaction
(QPCR), quartz crystal microbalance with dissipation monitoring (QCM-D), and
microthermophoresis (MST). Our research indicates that CK2 inhibition does not
change the levels of the transcripts; however, it affects the protein levels of DHFR and
TS in both tested cell lines, i.e., A549 and CCRF-CEM, and the level of SHMT1 in CCRF-
CEM cells. Moreover, we show that CK2-mediated phosphorylation of TS enables the
protein (pTS) interaction with SHMT1 and leads to the stability of the tri-complex containing
SHMT1, DHFR, and pTS. Our results suggest an important regulatory role of CK2-
mediated phosphorylation for inter- and intracellular protein level of enzymes involved
in the thymidylate biosynthesis cycle.

Keywords: protein kinase CK2, CX-4945, thymidylate synthase, dihydrofolate reductase, serine
hydroxymethyltransferase, acute lymphoblastic leukemia cells CCRF-CEM, protein–protein interaction

INTRODUCTION

CK2 (formerly known as casein kinase II) is a protein kinase involved in regulation of many
processes such as transcription (Lüscher et al., 1990; Cabrejos et al., 2004) and translation (Riera
et al., 1999; Szebeni et al., 2003; Borgo et al., 2015; Gandin et al., 2016), control of protein stability
(Zhang et al., 2002; Patsoukis et al., 2013; Niechi et al., 2015) and degradation (Shen et al., 2001;
Scaglioni et al., 2009), cell cycle progression (Homma andHomma, 2008), cell survival (Ahmed et al.,
2002; Piazza et al., 2006; Duncan et al., 2011), and circadian rhythms (Tsuchiya et al., 2009). The role
of this conserved, constitutively active serine–threonine kinase in a cell regulatory network is highly
complex, and the extensive interplay between CK2-mediated phosphorylation and other post-
translational modifications has been suggested (Nuñez de Villavicencio–Diaz et al., 2017). Moreover,
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an increased level/activity of CK2 kinase has been observed in
several tumor types (Trembley et al., 2009; Borgo and Ruzzene,
2021).

Most of the CK2 substrates play important roles in the
regulation of metabolic processes, cell signaling or apoptosis,
including protecting the integrity of DNA (Chapman and
Jackson, 2008; Siddiqui–Jain et al., 2012). Among those
substrates are also three enzymes, namely, thymidylate
synthase (TS), dihydrofolate reductase (DHFR), and serine
hydroxymethyltransferase (SHMT), involved in the metabolic
cycle resulting in de novo synthesis of thymidylate, a crucial
substrate for DNA synthesis and repair. The in vitro CK2-
mediated phosphorylation of TS was shown by Frączyk et al.
(Frączyk et al., 2010; Frączyk et al., 2015) and Ludwiczak et al.,
2016. The phosphorylation lowered TS catalytic activity and
affected binding of the TS inhibitor, 5-fluorodeoxyuridylate
(FdUMP). The results of molecular dynamics simulations have
shown that CK2-mediated phosphorylation of serine 124 residue
of the human TS leads to a protein conformational change,
resulting in an unfavorable position of the substrate (dUMP)
and cofactor (methylene-THF) in the active center (Jarmuła et al.,
2010). In addition, a stiffening of certain protein fragments,
especially the loop closing the active center pocket, has been
shown (Frączyk et al., 2010). High-resolution structures provided
evidence that the native human TS can have two major
conformations: active and inactive, which depends on the
location of the loop 182–297 (Lovelace et al., 2009). Mutant
TS, M190K, with loop 182–297 stabilized in inactive
conformation, was highly phosphorylated by CK2 in contrast
to the active-conformation-stabilized mutant R163K (Luo et al.,
2011). This may indicate the physiological relevance for the
conformational switching of TS activity with possible
stabilization of the inactive form by phosphorylation. The
in vitro phosphorylation by CK2 of the second enzyme of the
thymidylate synthesis cycle, DHFR, has been demonstrated
recently by us (Skierka et al., 2019), while the third enzyme of
the cycle, SHMT, has been indicated as the CK2 substrate in
phosphoproteomics studies on mitotic HEK 293T cells (Rusin
et al., 2017).

Both TS and DHFR are well-known molecular targets in anti-
cancer chemotherapy, whereas CK2 has recently emerged as a
target (Borgo et al., 2021), and the enzyme inhibitor, CX-4945 (5-
(3-chlorophenylamino)benzo [c][2,6]naphthyridine-8-
carboxylic acid), also known as silmitasertib (Pierre et al.,
2011; Kim and Kim, 2012; Chon et al., 2015) undergoes phase
I and phase II clinical studies for cancer treatment. This small
molecule, ATP-competitive inhibitor, demonstrates an excellent
profile of selectivity. Testing CX-4945 at 500 nM against a panel
of 235 kinases revealed that this compound is able to affect the
activity of only 49 kinases to an extent greater than 50%
(D’Amore et al., 2020). It shows efficacy both in vitro in cells
and in vivo in animal models and has a suitable pharmacokinetic
profile (long half-life, oral bioavailability, and no toxicity). CX-
4945 has been found to show an extensive anti-proliferative
activity, i.e., to promote cell cycle arrest, and to induce caspase
activity and apoptosis in various cancer cell lines (D’Amore et al.,
2020).

Taking into account that CK2 regulates many oncogenic
pathways and processes, we have recently undertaken the
studies on simultaneous treatment of cancer cells with
inhibitors of TS and CK2 (Wińska et al., 2018; Wińska et al.,
2020) or DHFR and CK2 (Wińska et al., 2019) searching for the
synergistic effect. The obtained results demonstrate the ability of
CK2 inhibitors to enhance the efficacy of 5-fluorouracil (FU, TS
inhibitor) or methotrexate (MTX, DHFR inhibitor) in cancer
cells. The molecular mechanism of the observed synergistic effect
that occurred in MCF-7 cells after CX-4945 and FU simultaneous
treatment was not clear; however, the synergistic effect seemed to
be related to the delay of FU-induced S-phase arrest recovery. In
the MTX and CX-4945 case, we have observed cell accumulation
in both the S-phase and G2/M-phase of the cell cycle after the
combined treatment of CCRF-CEM cells, which seems to result
from an additive effect, since MTX and CX-4945 used separately
led to G2/M-phase arrest and S-phase arrest, respectively.
Additionally, we have observed a significant increase in the
DHFR level in acute lymphoblastic leukemia cells (CCRF-
CEM) after treatment with CX-4945 (Wińska et al., 2019),
which might indicate the possible involvement of CK2 in the
regulation of thymidylate synthesis and, therefore, may affect CX-
4945 therapy outcome.

In this follow-up study, we investigate the effect of CK2
inhibition on DHFR and TS expression in two different cancer
cell lines, A549 (adenocarcinomic human alveolar basal epithelial
cells) and CCRF-CEM (human acute lymphoblastic leukemia
cells), while the expression of two forms of serine
hydroxymethyltransferase, cytosolic (SHMT1) and
mitochondrial (SHMT2), was studied in the CCRF-CEM cell
line. The effect of CX-4945 on cell cycle progression and DHFR
and TS localization has been investigated in A-549 cells.
Additionally, the effect of CK2-mediated TS phosphorylation
on the formation of di- and trimolecular complexes with SHMT1
and DHFR was studied by means of quartz crystal microbalance
with dissipation monitoring (QCM-D) andmicrothermophoresis
(MST). The obtained results suggest an important regulatory role
of CK2-mediated phosphorylation in the stability of SHMT/
DHFR/TS in cells, cellular localization of DHFR and TS, and
the ability of the three enzymes to interact with each other.

MATERIALS AND METHODS

Reagents and Antibodies
Dimethyl sulphoxide (DMSO), molecular biology grade, used as a
solvent for all stocks of chemical agents, was obtained from Roth
(Karlsruhe, Germany). All reagents used in flow cytometry
analysis were purchased from BD Biosciences Pharmingen
(San Diego, CA, United States). The following primary
antibodies were used: anti-GAPDH (Merck Millipore,
#MAB374, 1:20000, 30 min, RT), anti-p-p65 (Ser529) (Biorbyt,
# orb 14916, 1:500, overnight, +4°C), anti-DHFR (BD
Biosciences), and anti-TS (Merck Millipore, #MAB4130, 1:500,
overnight, +4°C). Secondary goat anti-rabbit IgG-HRP (Dako,
#P0448, 1:2000, 1h, RT) and anti-mouse IgG-HRP (Dako,
#P0447, 1:1000, 1h, RT) were used. Hoechst 33342 (Life
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Technologies, #H3569) and anti-mouse Alexa Fluor 555 were
used in the IF study. Protease inhibitors (#11 836 153 001) were
from Roche Applied Science (Mannheim Germany). The
nitrocellulose membrane was from GE Healthcare Life
Sciences (Freiburg, Germany), solvents for HRP reaction
(Western Bright Peroxide and Western Bright Quantum) were
purchased from Advansta, ECL reagent was from Millipore
(United States), and CX-4945 was obtained from Biorbyt.
Other solvents, reagents, and chemicals were purchased from
POCH (Avantor Performance Materials, Gliwice, Poland),
Merck, and Sigma-Aldrich Chemical Company (St. Louis, MO,
United States).

Cell Culture and Treatment of Agents
CCRF-CEM (ECACC 85112105) human Caucasian acute
lymphoblastic leukaemia was purchased from ECACC,
whereas A-549 (ATCC CCL-185) human lung carcinoma
was purchased from ATCC. A-549 cell line was cultured in
high-glucose DMEM (Lonza, Basel, Switzerland)
supplemented with 10% fetal bovine serum (EuroClone),
2 mM L-glutamine, and antibiotics (100 U/ml penicillin and
100 µg/ml streptomycin). CCRF-CEM was cultured in RPMI
1640 supplemented with 10% fetal bovine serum (EuroClone),
2 mM L-glutamine, and antibiotics (100 U/ml penicillin and
100 µg/ml streptomycin). Cells were grown in 75 cm2 cell
culture flasks (Sarstedt, Nümbrecht, Germany), in a
humidified atmosphere of CO2/air (5/95%) at 37°C. All the
experiments were performed in exponentially growing
cultures. Stock solution of CX-4945 was prepared in DMSO
and stored in −80°C for maximum 1 month. For the
cytotoxicity studies, the stock solution of CX-4945 was
diluted 200-fold with the proper culture medium to obtain
the final concentration. For cytotoxicity studies, 2-fold serial
dilutions of CX-4945 were prepared in the proper medium
containing 0.5% DMSO.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)-based viability assay: after incubation with the
test compounds, an MTT test was performed as described
previously (Wińska et al., 2020). Optical densities were
measured at 570 nm using a BioTek microplate reader. All
measurements were carried out in a minimum of three replicates.

Cell Cycle Analysis
A-549 cells were cultured in 25 cm2 culture flasks and treated
with the tested compounds as it was described above. After
exposure to CX-4945, the cells were trypsinized, collected, and
washed with cold PBS and fixed at –20°C in 70% ethanol for at
least 24 h. Subsequently, the cells were washed in PBS and
stained with 50 μg/ml PI (propidium iodide) and 100 μg/ml
RNase solution in PBS supplemented with 0.1% v/v Triton X-
100 for 30 min in the dark at the RT. Cellular DNA content was
determined by flow cytometry employing a CyFlow Cube 8
(Sysmex, Norderstedt, Germany) flow cytometer. The DNA
histograms obtained were analyzed using FCS Express 5 Flow
software (De Novo Software, Glendale, CA, United States) for
evaluation of distribution of the cells in different phases of the
cell cycle.

Western Blotting
Adherent cells growing exponentially were seeded at 4.8 × 105

cells in 6 cm diameter plates, whereas CCRF-CEM cells were
seeded in a concentration of 2 × 105 cells/ml in 25 cm2

flasks
(Sarstedt). Subsequently, CX-4945 was added in a final
concentration of 0.5% DMSO in concentrations corresponding
to 0.5 IC50, IC50, and 1.5 IC50 for adherent cells and 0.5 IC50, IC50,
and 2 IC50 for CCRF-CEM. After incubation, the suspension cells
were collected by centrifugation at 260 RCF and washed 3 times
with ice-cold PBS and supernatants were discarded and pellets
were storage at –20°C up to 1 month. In order to obtain lysates,
RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 50 mM
NaF, 0.2 mM sodium orthovanadate, and protease inhibitors
cocktail, Roche) was added as it was described elsewhere
(Wińska et al., 2020). Adherent monolayer cells were washed
three times in ice-cold PBS, and the cells were scraped and lysed
in RIPA as it was described previously (Wińska et al., 2020).
Cellular lysates were analyzed by western blotting as it was
described previously (Wińska et al., 2019).

Densitometry
For densitometry, immunoblots were scanned using G Box
Chemi (Syngene), and the density of each lane of
phosphorylated and total protein was quantified, using Image J
software. Phosphorylated protein densities were normalized to
GAPDH densities, assuming 1 for untreated cells, and then, they
were converted to a percent of the appropriate control.

Statistical Evaluation
Results are represented as mean ± s.e.m. of at least three
independent experiments performed in triplicate. Statistical
analysis was performed using the GraphPad Prism 5.0
software (GraphPad Software Inc., San Diego, CA,
United States). Significance was determined using a t-test. The
statistical significance of differences was indicated in figures by
asterisks as follows: *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.

Immunocytochemical Staining and
Microscopy Analysis
Cells were seeded in 4-well dishes (35/10 mm; Greiner Bio-One
North America, Inc.) and cultured in respective conditions. After
18 h culturing, cells were treated with 0.5% DMSO (control) or
15.5, 31, or 46.6 µM CX-4945 for indicated incubation time.
Subsequently, cells were washed twice with PBS, fixed with
3.7% paraformaldehyde solution (PFA) for 20 min, washed
twice with PBS, and incubated for 30 min at the room
temperature with permeabilization and blocking solution (5%
BSA, 0.1% Triton X 100, and 0.5% Tween 20 in PBS).
Subsequently, the solution was discarded, and the cells were
washed three times with PBST (0.1% Tween 20 in PBS) and
incubated with the primary antibodies (anti-DHFR or anti-TS,
both 1:100) in PBST for 24 h at 4°C. After washing with PBST
(0.5 ml/compartment), the cells were protected from light and
incubated with Alexa Fluor 546-conjugated anti-mouse diluted 1:
500 (ThermoFisher Scientific, United States) for 1 h at the room
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temperature. After washing, the cells were incubated in 1 µl/ml
Hoechst 33342 in PBST for 15 min. The dye solution was
discarded, and the cells were washed with PBST (0.5 ml/
compartment). Pictures were taken using the Olympus
Fluoview FV1000 confocal laser scanning microscope (CLSM,
Olympus, Center Valley, PA, United States).

Total RNA Isolation and Quantitative
Polymerase Chain Reaction
Total RNA isolation was performed with the use of Renozol TRI
RNA extraction reagent (GenoPlast Biochemicals), and reverse
transcription was conducted using a High Capacity cDNA
Reverse Transcription Kit (Applied BioSystemsTM) according
to the protocols of manufacturers. The obtained cDNA was a
template in quantitative polymerase chain reaction (QPCR),
which has been performed virtually as described previously
(Wińska et al., 2019). The primers used for the amplification
of SHMT1 were 5′ CCTGTCCAGGTGACAGAAG 3’ (forward)
and 5′ TGCCAGTCTCTCCTTGAAC 3’ (reverse) and for
SHMT2 amplification were 5′ AGCTCATTGCCTCAGAGA
AC 3’ (forward) and 5′ TGCAGGATCCAGGTCAAAG 3’
(reverse). The primers were designed using the Kalign tool
available at www.ebi.ac.uk (Chojnacki et al., 2017) and ordered
from the DNA Sequencing and Oligonucleotides Synthesis
Laboratory at the Institute of Biochemistry and Biophysics
(Warsaw, Poland). QPCR was performed with the use of Real-
Time 2xHS-PCR Master Mix SYBR®A (A&A Biotechnology
Gdynia, Poland) as it was previously described (Borkiewicz et
al., 2019). The amount of target mRNA was calculated by the ΔCt
method (Vandesompele et al., 2002) with the geometric mean of
Cts of two reference genes, β-glucuronidase (GUSB, NM_000181)
and TATA-binding protein (TBP, NM_003194). Relative
SHMT1 and SHMT2 gene expression in control cells (RE) was
set at a value of 1, and the relative SHMT1 or SHMT2 gene
expression after treatment with the inhibitor (RE + I) was
calculated as the ratio RE + I/RE. Values of experimental
measurements were considered as independent variables. Rare
outlying results were omitted in further calculations. In the next
step, the ratio of each relative gene expression in the sample from
the cells treated with the inhibitor versus each relative gene
expression in the sample from the untreated cells was
calculated. This yielded a two-dimensional matrix of values
comparing gene expression in untreated and treated cells. If
compared expressions are the same, these ratios should equal
1. Therefore, it was possible to apply the chi-square test with 1 as
the expected value and the average of all results from thematrix as
the observed value. Significantly outlying quantiles from the
matrix were omitted in this test. The result of the chi-square
test is the probability that the gene expression in treated cells is
equal to the gene expression in untreated cells. Expression in both
groups of cells was considered different when the probability of
this equality was lower than 0.05 (p ≤ 0.05).

Protein Preparations
Recombinant His-tagged DHFR and TS were overexpressed and
purified as described previously (Antosiewicz et al., 2015; Skierka

et al., 2019). Recombinant SHMT1 was overexpressed and
purified with the following modifications. The Ni-NTA
binding solution contained 50 mM phosphate buffer pH 7.5,
300 mM NaCl, 10 mM imidazole, 50 μM pirydoxal phosphate
(PLP), 2 μg/ml aprotinin, 2 μg/ml leupeptin, and 15 μg/ml PMSF.
The column was washed with 50 mM phosphate buffer
containing 300 mM NaCl, 50 μM PLP, and 50 mM imidazole
and eluted with the same buffer except that 250 mM imidazole
was used. The purest fractions were pooled, dialyzed against
20 mM Tris-HCl pH 7.5, 500 mM NaCl, 50 μM PLP, and 10%
glycerol, and stored at −20°C.

For His-tag removal, the Thrombin CleanCleave Kit (Sigma-
Aldrich) was used according to the manufacturer’s
recommendations.

TS was phosphorylated using CK2α enzyme preparation. The
reaction was conducted in 4 ml of 20 mMTris-HCl buffer, pH 7.5
containing 98 μMHis-tagged human TS, a 2.8 μMCK2α subunit,
15 mM MgCl2, 280 μM ATP, and 6 mM 2-mercaptoethanol at
30°C for 1 h. Phosphorylated and non-phosphorylated fractions
were separated using the method of Wolschin et al. (Wolschin
et al., 2005). Fractions containing phosphorylated and non-
phosphorylated proteins were adjusted to contain 50 mM
phosphate bufor pH 7.6, 300 mM NaCl, and 10 mM imidazole
and uploaded onto Ni_NTA columns in order to purify them
from CKα’ and concentrate. Eluted His-tagged TS and PTS were
dialyzed against 50 mM phosphate buffer pH 7.6 and 10%
glycerol.

The protein concentrations in all preparations were assayed
using the Bradford method (Bradford, 1976).

QCM-D Assay
The protein–protein interactions were assayed according to the
work of Antosiewicz et al., 2015, using commercial His-tag
capturing sensors QSX340, with slight modifications. A His-
tagged protein was immobilized on the sensor and served as a
receptor, whereas the ligand protein (or proteins) was introduced
into the measuring chamber. Before the immobilization of the
His-tagged protein, the sensor alone was measured to exclude
non-specific adsorption of the tagless ligand protein.
Additionally, the binding of the His-tagged ligand to the
sensor surface already functionalized with His-tagged receptor
was excluded.

For the study of two-protein interactions of SHMT1 with TS, pTS,
or DHFR, 5 μM His-tagged SHMT was immobilized on the sensor
surface, whereas the tagless ligand protein was introduced into the
chamber in various concentrations (in the range of 0.1–1.0 μM or
0.5–7.0 μM in case of TS, pTS, or DHFR, respectively).

For the study of three-protein interactions, 5 μM His-tagged
SHMT1 was immobilized on the sensor surface followed by the
introduction of mixture containing a fixed concentration of TS or
pTS (1.0 μM) and various concentrations of DHFR (in the range
of 0.25–2.0 μM).

All measurements were conducted in 20 mM Tris-HCl (pH
7.6) containing 100 mM, 10 mM MgCl2, and 0.05% Tween 20 at
25°C and 200 μl/min flow rate.

The Kd values were obtained by fitting the experimental data
to the Langmuir isotherm model using QTools software.
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The diagram illustrating the QCM-D method is given in
Supplementary Figure S1.

MST Assay
The microthermophoresis assays were optimized and performed as
previously described (Antosiewicz et al., 2015) using the MST
Monolith.115 instrument, courtesy of NanoTemper Technologies
company. Di- and tri-complex formation was monitored using
Premium MST capillaries. The diagram of the MST procedure is
shown in Supplementary Figure S2. The temperature-induced
fluorescent change as a function of the titrant concentrations
enables the determination of the strength of interactions occurring.
The SHMT–DHFR interaction was measured using fluorescently
labeled DHFR protein and various concentrations of SHMT in the
range of 157 μM–4.79 nM. For SHMT–TS and SHMT–pTS
interactions, either SHMT or pTS was labeled and the other protein
was used as a titrant (TS in the range of 62.0 μM–1.9 nMand SHMT in
the range of 157 μM–4.79 nM). For tri-complex formation assay,
DHFR was labeled and samples containing constant concentrations
of labeled DHFR and TS or pTS (9.0 μM) and SHMT titrant
concentration in the range of 157 μM–4.79 nM were used. The
dissociation constant Kd is obtained by fitting the binding curve
with the quadratic solution for the fraction of fluorescent molecules
that formed the complex, calculated form the law of mass action. We
used DI.Screening Analysis software (NanoTemper) to fit the Kd
model which allows to determine the strength ofmolecular interactions
occurring with either 1:1 stoichiometry or where several molecules A
bind to one molecule B independently, i.e., with no cooperativity
(Supplementary Figure S5).

RESULTS

The Effect of CK2 Inhibition on the Level of
DHFR, TS, SHMT1, and SHMT2 in Cellular
Lysates
DHFR and TS protein levels were measured by means of western
blot in A-549 and CCRF-CEM, whereas the levels of SHMT1 and

SHMT2 were measured in CCRF-CEM cells. The cells were
treated with the increasing concentrations of CX-4945 within
the range from 0.5 IC50 to 1.5 IC50 (A-549) or 0.5 IC50 to 2 IC50

(CCRF-CEM) determined after 48 h of incubation. IC50 values for
CX-4945 are 4 and 31 µM for CCRF-CEM and A-549,
respectively (Supplementary Figure S3). To confirm the
intracellular inhibition of CK2, we evaluated a site-specific
phosphorylation of Ser 529 in p65NF-κB. Dose-dependent
CK2 inhibition was obtained in both tested cell lines with the
highest efficiency in CCRF-CEM (Figure 1A). The obtained
results indicate that inhibition of CK2 affects the level of the
tested proteins, but the correlation between the effect and dose of
CX-4945 is not simple and depends on a cell line. The relative
level of DHFR increases in both tested cell lines up to 3.1 in A-
549, with the exception of the highest concentration of CX-4945
(Figure 1B). The relative protein level of TS varies in the range
from 0.3 to 1.5 in A-549 and from 0.4 to 1.1 in CCRF-CEM,
respectively, at the highest and lowest concentration of CX-4945
(Figure 1).

In the next step of our investigation, we studied the effect of
CK2 inhibition on the relative level of TS, DHFR, and two forms
of SHMT, i.e., cytosolic (SHMT1) and mitochondrial (SHMT2)
forms, in CCRF-CEM after different times of incubation with
CX-4945. The research was conducted after 6, 16, 24, 48, and 72 h
of incubation in cells treated with three concentrations of CX-
4945, corresponding to 0.5 IC50, IC50, and 2 IC50. An efficient and
dose-dependent CK2 inhibition was obtained in CCRF-CEM cells
after 6, 16, 48, and 72 h of incubation with CX-4945 (Figure 2A)
with the weakest inhibition, i.e., 74% phosphorylation of Ser529
in p65, detected in cells treated with 2 µM CX-4945 for 48 h.
GAPDH was used as a loading control for each sample
(Figure 2B).

The relative expression of DHFR increases in CCRF-CEM
after treatment with CX-4945 up to 4.3 after 72 h of incubation
and in a dose-dependent manner after 6 and 24 h of treatment
(Figure 2C). The relative protein level of TS increases in lower
concentrations of CX-4945 up to 2 after 24 h of incubation, with
the exception of 16 h of incubation and decreases in higher doses
of CX-4945 with the lowest relative expression of 0.13 after 16 h

FIGURE 1 | The effect of CX-4945 on the level of p-p65 Ser 529 (nuclear factor kappa-light-chain-enhancer of activated B cells), DHFR, and TS in CCRF-CEM (A)
and in A-549 (B). Western blot analysis of the following proteins in the crude extracts obtained from the tested cell lines after 48 h of treatment with CX-4945 used in the
concentrations of 15.54, 31.08, and 46.62 µM for A-549 and 2, 4, and 8 µM for CCRF-CEM. GAPDH was used as a loading control for each sample. Preparation of cell
extracts and protein detection are described inMaterials and Methods. Densitometry quantifications for each tested protein, given under each cell line panel, were
calculated with untreated cells (CTRL) serving as the reference point.
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(Figure 2D). The relative protein levels of SHMT1 and SHMT2
change in a different way with the bigger changes visible for
SHMT1 with the relative expression up to 3.9 at the highest
concentration of CX-4945 after 48 h of treatment (Figure 2E),
whereas the relative level of SHMT2 increases the most after 24 h
of treatment up to 2.02 at the highest concentration of CX-4945
(Figure 2F).

mRNA Levels in CCRF-CEM Cells Treated
With CX-4945
In order to examine whether the observed level of SHMT1 and
SHMT2 proteins in CCRF-CEM upon treatment with CX-4945
correlate with the cytosolic SHMT1 and/or mitochondrial
SHMT2 transcript levels, QPCR was employed. The SHMT1
and SHMT2 gene expression as the ratio of relative gene
expression in cells treated with the inhibitor (RE + I) and the
relative gene expression in untreated cells (RE) is shown in

Figure 3. The expression of DHFR and TS genes on the
mRNA level, measured by QPCR, has been previously
described, and the observed changes were insignificant in a
majority (Wińska et al., 2019). The results obtained in this
study indicate that the changes in SHMT1 and SHMT2
transcript levels upon the treatment with CX-4945 are
statistically insignificant, except for the increase in SHMT1
expression in cells treated for 24 h with 6 μM inhibitor and
decrease in SHMT2 gene expression in cells treated for 72 h
with 3 μM inhibitor. However, the changes are small, below 2-fold
in both cases.

SHMT1 mRNA level in CCRF-CEM cells treated for 24 h with
3 μM CX-4045 seems to increase only slightly when compared to
untreated cells; however, this level increases more clearly in cells
treated with higher (6 μM) CK2 inhibitor concentration
(Figure 3). This corresponds to the same trend in the
dependence of SHMT1 protein level on CX-4945
concentration (Figure 2E). In case of SHMT2, mRNA level in

FIGURE 2 | The effect of CX-4945 on the level of p-p65 Ser 529 (nuclear factor kappa-light-chain-enhancer of activated B cells), DHFR, TS, SHMT1, and SHMT2 in
CCRF-CEM.Western blot analysis of the following proteins in the crude extracts obtained from CCRF-CEM after 6, 16, 24, 48, and 72 h of treatment with 2, 4, and 8 µM
CX-4945: (A) p-p65 Ser 529; (B)GAPDHwas used as a loading control for each sample; (C)DHFR; (D) TS; (E) SHMT1; and (F) SHMT2. Preparation of cell extracts and
protein detection are described inMaterials and Methods. Densitometry quantifications for each tested protein were calculated with untreated cells (CTRL) serving
as the reference point showing relative protein levels.
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cells treated with 3 and 6 μM for 24 and 48 h do not change or
decrease, whereas protein level slightly increases with the
concentration of CK2 inhibitor (comparing Figure 2F, 24 and
48 h, and Figure 3).

The Effect of CX-4945 Treatment on
Localization of DHFR and TS in A-549 Cells
To explain the regulatory role of presumed CK2-mediated
phosphorylation of DHFR and TS, we investigated the effect
of CK2 inhibition on the distribution and localization of DHFR
and TS in A-549 cells. Immunofluorescence was used to detect
both enzymes in A-549 cells after 24, 48, and 72 h treatment with
CX-4945 used in 15.5 µM (0.5 IC50), 31 µM (IC50), and 46.5 µM
(1.5 IC50) concentrations, and the results are shown in Figure 4.
The comparison of the investigated thymidylate synthesis cycle
enzyme distribution in the untreated lung carcinoma cells shows
that DHFR is quite evenly spread in whole cells (in the cytoplasm
and nuclei) and stays that way after 24, 48, and 72 h treatment
(Figure 4A), while TS is found mainly in the nuclei. Upon
treatment with CX-4945, DHFR localization changes with CX-
4945 concentration, but it is not a simple correlation. After 24 h
treatment, there is a higher immunodetection of DHFR in the
nuclei as compared to control cells, especially at 0.5 IC50 and 1
IC50 concentrations of the CK2 inhibitor. Additionally, the
significant increase of DHFR signal is observed in the treated
cells after 48 and 72 h (with the exception of the highest
concentration of CX-4945) in comparison to the untreated
cells. These results correlate with the DHFR protein levels
assayed by western blot analysis (Figure 1B). The highest
immunodetection of TS, localized mainly in the nuclei, is
demonstrated in cells treated with 15.5 µM CX-4945 (0.5 IC50)
for all incubation times (Figure 4B). The higher inhibitor

concentration causes a decrease in TS signal. The
immunodetection of TS corresponds to the western blot
analysis that shows an increase in TS protein level in A-549
treated with the lowest concentration of CX-4945 and its decrease
in cells treated for 48 h with higher concentrations of CX-4945
(Figure 1B).

The Effect of CX-4945 Treatment on Cell
Cycle Progression in A-549 Cells
In order to explain the observed differences in the expression and
distribution of DHFR and TS in A-549 cells, the effect of 15.5, 31,
and 46.5 µMCX-4945 on cell cycle progression was tested by flow
cytometry after 24, 48, and 72 h of treatment. The representative
plots with the calculations of cell percentages in each phase of the
cell cycle are shown in Figure 5. Distribution of control cells in
each phase changes during the cell cycle progression, with the
highest difference occurred for the S-phase with 12% less cells in
this phase after 72 h of incubation in comparison to 24 h of
incubation. Interestingly, the results correspond to confocal
microscopy studies that demonstrated the decrease in TS in
control nuclei with the time of incubation (Figure 4).
Furthermore, the obtained results indicate that CX-4945 leads
to prolongation of the G2/M-phase in A-549 cells up to a
maximum of 20% more cells in this phase than in control
after 24 h of treatment with the highest concentration of CX-
4945 (statistically significant result, p = 0.004). Additionally,
S-phase arrest is detected in the treated cells after 48 and 72 h
of treatment with CX-4945. There are up to 19% more cells
treated with 31 µM CX-4945 than in control for 48 h.

The Effect of CK2-Mediated TS
Phosphorylation on the Formation of Di- and
Tri-Protein Thymidylate Cycle Enzyme
Complexes
We have previously described the strong in vitro interaction
occurring between TS and DHFR proteins (Antosiewicz et al.,
2015) and their co-localization in normal and cancer cells
(Antosiewicz et al., 2017). In this follow-up study, we show
the interactions between the pairs TS and SHMT1, DHFR,
and SHMT1 and the formation of the tri-molecular complex
consisting of all three thymidylate synthesis proteins, TS, DHFR,
and SHMT1. The effect of CK2-mediated TS phosphorylation on
the formation and stability of both di- and tri-protein complexes
has turned out to be particularly interesting.

Both methods used, QCM-D and MST, showed that the non-
phosphorylated TS did not interact with SHMT1 (Table 1,
Supplementary Figures S1–S5). However, experiments
conducted with CK2α-phosphorylated TS fraction (pTS)
confirmed the formation of a strong SHMT1/pTS complex
with a dissociation constant Kd = 5.35 ± 0.87 μM obtained
from QCM-D studies (Figure 6) and 0.219 ± 0.02 μM) given
by MST studies. Thus, in this case, phosphorylation of TS seems
to determine the formation of the studied complex. The influence
of this post-translational modification of TS molecule is also
significant in the case of tri-enzymatic complex formation. Our

FIGURE 3 | The effect of CX-4945 on the mRNA level of cytosolic
(SHMT1) and mitochondrial (SHMT2) serine hydroxymethyltransferases. The
cells were treated with 3 μM or 6 μM CX-4945 for 24, 48, and 72 h. The RE +
I/RE value equal to 1.0 means that the mRNA level in cells treated with
the inhibitor is the same as in untreated cells. The asterisk indicates statistically
significant results.
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studies show that although the presence of DHFR enables the
formation of SHMT1/DHFR/TS tri-complex, it is weaker than the
one formed in the presence of the phosphorylated TS fraction
(Figure 6; Supplementary Figure S5). Dissociation constants for
di- and tri-protein complexes obtained using QCM-D and MST
methods are gathered in Table 1.

DISCUSSION

There are reports indicating the occurrence of CK2-mediated
phosphorylation of TS, DHFR, and SHMT (Frączyk et al., 2010;
Frączyk et al., 2015; Ludwiczak et al., 2016; Rusin et al., 2017;
Skierka et al., 2019); however, to this date, there have been no
studies showing the physiological role of CK2-mediated
phosphorylation of thymidylate synthesis cycle enzymes. Our
previous (Wińska et al., 2019) and present qPCR results
indicate that inhibition of CK2 in CCRF-CEM cells treated with
a specific CX-4945 inhibitor does not significantly influence the
mRNA levels. The only statistically significant results showing

some changes are the increase in DHFR (Wińska et al., 2019) and
SHMT1 transcripts in cells treated with 6 μM CX-4945 for 24 h,
decrease in TS and SHMT2 in cells treated with 3 μMCX-4945 for
72 h, and decrease in DHFR in cells treated with 6 μM inhibitor for
72 h. In each case, the change was well below 2-fold, so it can hardly
be considered meaningful. Therefore, the intracellular increase of
DHFR and SHMT1 protein levels upon CK2 inhibitor treatment
may be attributed to the disturbance of some regulatory roles of
CK2. Regarding this discrepancy between the mRNA and protein
level of enzymes involved in the thymidylate biosynthesis cycle in
cells after CX-4945 treatment, we concluded that CK2-mediated
phosphorylation affects their stability in cells. Both DHFR and
SHMT1 have been shown to undergo polyubiquitination and
degradation in proteasome (Johnston et al., 1995; Anderson
et al., 2012); moreover, proteasome inhibition stabilizes SHMT1
and increases ubiquitinated SHMT1 levels in a cell. It has been
shown that the stability and localization of SHMT1 is regulated by
competitive modification by Ubc-9 and Ubc-13. The former
triggers SHMT1 nuclear degradation, whereas the latter
increases SHMT1 stability (Anderson et al., 2012). Since there

FIGURE 4 | The effect of CX-4945 on the localization and protein levels of DHFR and TS in A-549 cells. The cells were treated with CX-4945 used in concentrations
corresponding to 0.5 IC50, 1 IC50, and 1.5 IC50, fixed after incubation for 24, 48, and 72 h; after blocking, they were probed with the primary anti-DHFR (A) or anti-TS
antibodies (B). Subsequently, the cells were treated with Alexa Fluor 555-conjugated secondary antibody (red fluorescence) and Hoechst 33342 (nuclei, blue
fluorescence). The presented pictures of DHFR, TS, nucleus, and combined are 3D pictures of at least 15 z-stack photos visualized together to show the full three-
dimensional distribution of the examined proteins. The pictures in the fourth column of each panel are 2D phase contrast photographs. Each picture is shot with the same
zoom settings. Photographs represent 65 × 65 µm pictures.
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are examples for targeting CK2-phosphorylated proteins for
ubiquitination and degradation, it cannot be excluded that the
inhibition of CK2 may lead to the decrease of ubiquitination and,
subsequently, the decrease of DHFR and SHMT1 as observed by us
increased the levels of both proteins.

Interestingly, our results indicate that CK2 inhibition has a
different impact on TS level compared with DHFR and SHMT1
protein levels. Our western experiments show that, in CCRF-
CEM cells treated with the CK2 inhibitor, TS protein level
decreases with the increase in concentrations of CX-4945,
which is in contrast to DHFR and SHMT1 behavior.
Considering that TS is a non-ubiquitinated proteasome
substrate and undergoes only ubiquitin-independent
proteasomal degradation (Erales and Coffino, 2014), the
obtained results may confirm the possible role of CK2-
mediated phosphorylation in the regulation of the ubiquitin-
dependent degradation of DHFR and SHMT1.

Taking into account that DHFR is an important molecular
target in anti-cancer therapy and CX-4945 is a potential anti-
cancer agent, the significant elevation of DHFR concentration
and its resulting activity increase in cells may contribute to the

FIGURE 5 | The effect of CX-4945 on cell cycle progression in the A-549 cell line. Cells were treated with 15.5, 31, and 46.5 µM CX-4945 for 24, 48, or 72 h and
then fixed and stained with PI. (A) Distribution of the cells in different phases of the cell cycle were determined by flow cytometry and analyzed with FCS Express 5 Flow
software to determine the percentage of cells in each phase of the cell cycle. Statistically significant results for the cells treated from the control cells by Student’s t-test
were indicated by asterisks as follows: *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 (see Materials and Methods). (B) Exemplary DNA histograms of the A-549 cell line.

TABLE 1 | QCM-D and MST analyses of protein complex formation.

Enzyme complex Kd [µM] QCM-D Kd [µM] MST

TS/DHFRa 7.6 ± 0.7 2.8 ± 0.4
SHMT1/TS No interactions No interactions
SHMT1/pTS 5.35 ± 0.87 0.219 ± 0.02
SHMT1/DHFR 12.11 ± 7.86 12.60 ± 0.66
SHMT1/DHFR/TS NA 5.04 ± 0.5
SHMT1/DHFR/pTS 0.28 ± 0.23 0.32 ± 0.05

aAntosiewicz et al., 2015; NA, not analyzed.
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vast reduction in the effectiveness of treatment. There is a lot of
evidence showing that the increased DHFR level makes the
therapy ineffective. Among the drug resistance mechanisms in
DHFR-targeted anti-cancer therapy, the best known is the
amplification of the DHFR gene which leads to the increase in
DHFR level after a prolonged methotrexate MTX treatment
(Carman et al., 1984; Banerjee et al., 2002). In addition, since
DHFR protein binds its own mRNA when its active site is
unoccupied and, thereby, autoregulates its translation, binding
of MTX to DHFR inhibits DHFR activity and also disrupts the
interaction between DHFR and its own mRNA, relieving the
repressed DHFR translation and leading to increased DHFR
protein levels and, thus, to MTX resistance (Johnston et al.,
1995). Considering that CX-4945 is a potential anti-cancer
therapeutic agent, in view of our data showing the inhibition
of CK2 activity causes the increase of DHFR and SHMT1 protein
levels, a possible increased survival of cancer cells should be taken
into consideration. However, further studies are needed to
determine if prolonged inhibition of CK2 will not lead to
resistance to cancer cells via increasing the level of
thymidylate biosynthesis cycle enzymes.

The obtained results indicate that CK2-mediated
phosphorylation of enzymes involved in the thymidylate
biosynthesis cycle can be important for not only their stability
within the cells but also for their distribution and ability to
form complexes. Our studies involving immunodetection
of DHFR and TS within A-549 cells confirmed that both
protein levels and localizations in control cells are cell cycle
dependent. It is known that TS mRNA level increases up to
20-fold in the S-phase (Navalgund et al., 1980), which is driven
by the E2F transcription factor (DeGregori et al., 1995). On the
other hand, the transcription of DHFR in the S-phase is driven
by the E2F transcription factor working in concert with the
Sp1 transcription factor (Abali et al., 2008). The decrease of
immunodetection of both enzymes in untreated cells during
incubation corresponds to the exit of the cells from the S
phase. The obtained results indicate that CX-4945 treatment
leads to the prolongation of the G2/M phase, which is in
good agreement with the studies demonstrating the effect
of CX-4945 on the cell cycle progression in different cell lines

(Gray et al., 2014; Wińska et al., 2018). Moreover, the TS
immunodetection results obtained in A-549 cells treated with
CX-4945 correspond well to the western blot data for the
same line, demonstrating the highest increase of TS protein
level in cells treated with 0.5 IC50 CX-4945 and the decrease
of this level at 1.5 IC50. It is worth noting that the significant
decrease of TS in A-549 at IC50 and 1.5 IC50 CX-4945
corresponds to G2/M arrest in the cells. Interestingly, an
immunodetection of DHFR in A-549 cells partially
corresponds with the western blot data, since an increase in
DHFR is detected in all CX-4945-treated cells in comparison
to the control cells after 48 h of treatment; however, a decrease
in the DHFR level in A-549 treated with the highest
concentration of CX-4945 corresponding to the western blot
data is detected after 72 h.

Using two methods, QCM-D and MST, we have shown the
in vitro interactions of TS, SHMT1, and DHFR. In the QCM-D
method, one protein is immobilized while the other serves as a
ligand, whereas MST allows protein–protein interaction
measurement with two or three proteins free in solution. Our
results clearly show that TS interacts with DHFR and DHFR
interacts with SHMT1; however, TS does not interact with
SHMT1. Interestingly, all three proteins present in the
solution interact and form a tri-complex measured with the
MST method. Phosphorylation of TS by CK2 enables the
interaction of the enzyme with SHMT1, and the tri-complex
of pTS with SHMT1 and DHFR is more stable than the complex
with non-phosphorylated TS. The obtained results suggest that
phosphorylation of TS may act as a molecular switch, initiating a
tri-enzymatic complex formation.

Taking into account that CK2 is a pleiotropic kinase and its
inhibition affects different signaling pathways within the cells,
the effects we detect do not have a simple explanation.
However, considering that enzymes involved in the
thymidylate biosynthesis cycle are key members of
proliferation machinery, whereas CK2 is a potential anti-
cancer molecular target, the obtained results may be
relevant in the development of new anti-cancer therapies,
based on CK2 inhibition. It should be taken into account
that CK2 inhibition may affect folate and thymidylate

FIGURE 6 | Langmuir isotherm showing the dependence of the weight change on the QCM-D sensor surface on ligand concentration. SHMT was immobilized on
the sensor surface, whereas increasing concentrations of indicated thymidylate synthesis cycle enzymes were introduced into the measuring chamber as ligand or
ligands. (A) SHMT-DHFR interaction, DHFR was a ligand; (B) SHMT-pTS interaction, pTS was a ligand; and (C) SHMT-DHFR-pTS interaction, fixed pTS and variable
DHFR concentrations were used.
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metabolism in cells contributing to cell resistance to such
therapies. Therefore, further detailed studies on the impact
of CK2 inhibition on enzymes involved in the thymidylate
biosynthesis cycle should be conducted.

CONCLUSIONS

Many studies demonstrated that phosphorylation can affect
the stability, the activity, and even the location of a protein
within the cell. Our results suggest the potential regulatory
role of CK2-mediated phosphorylation of enzymes involved in
the thymidylate biosynthesis cycle in their stability, nuclear
location, and ability to complex formation. Considering that
CK2 is a potential anti-cancer target, whereas both TS and
DHFR are well-established targets in chemotherapy, the
obtained results seem to be important in developing new anti-
cancer strategies. Therefore, further in-depth research should be
carried out in order to clarify the physiological role of CK2-
mediated phosphorylation of TS/DHFR/SHMT.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

Conceptualization: PW and JC; methodology: PW and JC;
investigation: PW, ŁW, ES, MK, JMC, AK, and KS;
writing—original draft preparation: PW; and writing—review
and editing: JC. All authors have read and agreed to the
published version of the manuscript.

FUNDING

This research was funded by the Warsaw University of
Technology.

ACKNOWLEDGMENTS

Wewish to thank NanoTemperTechnologies (www.nanotemper-
technologies.com) for providing the MonolithNT.115 instrument
and to Dr. Piotr Wardęga for his expert assistance.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.847829/
full#supplementary-material.

REFERENCES

Abali, E. E., Skacel, N. E., Celikkaya, H., and Hsieh, Y. C. (2008). Chapter 9
Regulation of Human Dihydrofolate Reductase Activity and Expression. Vitam
Horm. 79, 267–292. doi:10.1016/S0083-6729(08)00409-3

Ahmed, K., Gerber, D. A., and Cochet, C. (2002). Joining the Cell Survival Squad:
An Emerging Role for Protein Kinase CK2. Trends Cel Biol 12, 226–230. doi:10.
1016/S0962-8924(02)02279-1

Anderson, D. D., Eom, J. Y., and Stover, P. J. (2012). Competition between
Sumoylation and Ubiquitination of Serine Hydroxymethyltransferase 1
Determines its Nuclear Localization and its Accumulation in the Nucleus.
J. Biol. Chem. 287, 4790–4799. doi:10.1074/jbc.M111.302174

Antosiewicz, A., Jarmuła, A., Przybylska, D., Mosieniak, G., Szczepanowska, J.,
Kowalkowska, A., et al. (2017). Human Dihydrofolate Reductase and
Thymidylate Synthase Form a Complex In Vitro and Co-Localize in normal
and Cancer Cells. J. Biomol. Struct. Dyn. 35, 1474–1490. doi:10.1080/07391102.
2016.1186560

Antosiewicz, A., Senkara, E., and Cieśla, J. (2015). Quartz crystal Microbalance
with Dissipation and Microscale Thermophoresis as Tools for Investigation of
Protein Complex Formation between Thymidylate Synthesis Cycle Enzymes.
Biosens. Bioelectron. 64, 36–42. doi:10.1016/j.bios.2014.08.031

Banerjee, D., Mayer-Kuckuk, P., Capiaux, G., Budak-Alpdogan, T., Gorlick, R., and
Bertino, J. R. (2002). Novel Aspects of Resistance to Drugs Targeted to
Dihydrofolate Reductase and Thymidylate Synthase. Biochim. Biophys. Acta
(Bba) - Mol. Basis Dis. 1587, 164–173. doi:10.1016/s0925-4439(02)00079-0

Borgo, C., D’Amore, C., Sarno, S., Salvi, M., and Ruzzene, M. (2021). Protein
Kinase CK2: A Potential Therapeutic Target for Diverse Human Diseases. Sig
Transduct Target. Ther. 6, 183. doi:10.1038/s41392-021-00567-7

Borgo, C., Franchin, C., Salizzato, V., Cesaro, L., Arrigoni, G., Matricardi, L., et al.
(2015). Protein Kinase CK2 Potentiates Translation Efficiency by
Phosphorylating eIF3j at Ser127. Biochim. Biophys. Acta (Bba) - Mol. Cel
Res. 1853, 1693–1701. doi:10.1016/j.bbamcr.2015.04.004

Borgo, C., and Ruzzene, M. (2021). Protein Kinase CK2 Inhibition as a
Pharmacological Strategy. Adv. Protein Chem. Struct. Biol. 124, 23–46.
doi:10.1016/bs.apcsb.2020.09.003

Borkiewicz, L., Polkowska-Kowalczyk, L., Cieśla, J., Sowiński, P., Jończyk, M.,
Rymaszewski, W., et al. (2019). Expression of maize Calcium-dependent
Protein Kinase (ZmCPK11) Improves Salt Tolerance in Transgenic
Arabidopsis Plants by Regulating Sodium and Potassium Homeostasis and
Stabilizing Photosystem II. Physiol. Plantarum 168, 38–57. doi:10.1111/ppl.
12938

Bradford, M. M. (1976). A Rapid and Sensitive Method for the Quantitation of
Microgram Quantities of Protein Utilizing the Principle of Protein-Dye
Binding. Anal. Biochem. 72, 248–254. doi:10.1006/abio.1976.9999

Cabrejos, M. E., Allende, C. C., and Maldonado, E. (2004). Effects of
Phosphorylation by Protein Kinase CK2 on the Human Basal Components
of the RNA Polymerase II Transcription Machinery. J. Cel. Biochem. 93, 2–10.
doi:10.1002/jcb.20209

Carman, M. D., Schornagel, J. H., Rivest, R. S., Srimatkandada, S., Portlock, C. S.,
Duffy, T., et al. (1984). Resistance to Methotrexate Due to Gene Amplification
in a Patient with Acute Leukemia. J. Clin. Oncol. 2, 16–20. doi:10.1200/JCO.
1984.2.1.16

Chapman, J. R., and Jackson, S. P. (2008). Phospho-dependent Interactions
between NBS1 and MDC1 Mediate Chromatin Retention of the MRN
Complex at Sites of DNA Damage. EMBO Rep. 9, 795–801. doi:10.1038/
embor.2008.103

Chojnacki, S., Cowley, A., Lee, J., Foix, A., and Lopez, R. (2017). Programmatic
Access to Bioinformatics Tools from EMBL-EBI Update: 2017. Nucleic Acids
Res. 45, W550–W553. doi:10.1093/nar/gkx273

Chon, H. J., Bae, K. J., Lee, Y., and Kim, J. (2015). The Casein Kinase 2 Inhibitor,
CX-4945, as an Anti-Cancer Drug in Treatment of Human Hematological
Malignancies. Front. Pharmacol. 6, 70. doi:10.3389/fphar.2015.00070

D’Amore, C., Borgo, C., Sarno, S., and Salvi, M. (2020). Role of CK2 Inhibitor CX-
4945 in Anti-Cancer Combination Therapy - Potential Clinical Relevance. Cell
Oncol. 43, 1003–1016. doi:10.1007/s13402-020-00566-w

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 84782911

Wińska et al. CK2 Affects Thymidylate Synthesis Enzymes

www.nanotemper-technologies.com
www.nanotemper-technologies.com
https://www.frontiersin.org/articles/10.3389/fmolb.2022.847829/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.847829/full#supplementary-material
https://doi.org/10.1016/S0083-6729(08)00409-3
https://doi.org/10.1016/S0962-8924(02)02279-1
https://doi.org/10.1016/S0962-8924(02)02279-1
https://doi.org/10.1074/jbc.M111.302174
https://doi.org/10.1080/07391102.2016.1186560
https://doi.org/10.1080/07391102.2016.1186560
https://doi.org/10.1016/j.bios.2014.08.031
https://doi.org/10.1016/s0925-4439(02)00079-0
https://doi.org/10.1038/s41392-021-00567-7
https://doi.org/10.1016/j.bbamcr.2015.04.004
https://doi.org/10.1016/bs.apcsb.2020.09.003
https://doi.org/10.1111/ppl.12938
https://doi.org/10.1111/ppl.12938
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1002/jcb.20209
https://doi.org/10.1200/JCO.1984.2.1.16
https://doi.org/10.1200/JCO.1984.2.1.16
https://doi.org/10.1038/embor.2008.103
https://doi.org/10.1038/embor.2008.103
https://doi.org/10.1093/nar/gkx273
https://doi.org/10.3389/fphar.2015.00070
https://doi.org/10.1007/s13402-020-00566-w
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


DeGregori, J., Kowalik, T., and Nevins, J. R. (1995). Cellular Targets for
Activation by the E2F1 Transcription Factor Include DNA Synthesis- and
G1/S-Regulatory Genes. Mol. Cel. Biol. 15, 4215–4224. doi:10.1128/mcb.15.8.
4215

Duncan, J. S., Turowec, J. P., Duncan, K. E., Vilk, G., Wu, C., Lüscher, B., et al.
(2011). A Peptide-Based Target Screen Implicates the Protein Kinase CK2 in
the Global Regulation of Caspase Signaling. Sci. Signal. 4, ra30. doi:10.1126/
scisignal.2001682

Erales, J., and Coffino, P. (2014). Ubiquitin-Independent Proteasomal
Degradation. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1843, 216–221.
doi:10.1016/j.bbamcr.2013.05.008

Frączyk, T., Kubiński, K., Masłyk, M., Cieśla, J., Hellman, U., Shugar, D., et al.
(2010). Phosphorylation of Thymidylate Synthase from Various Sources by
Human Protein Kinase CK2 and its Catalytic Subunits. Bioorg. Chem. 38,
124–131. doi:10.1016/j.bioorg.2010.02.001

Frączyk, T., Ruman, T., Wilk, P., Palmowski, P., Rogowska-Wrzesinska, A., Cieśla,
J., et al. (2015). Properties of Phosphorylated Thymidylate Synthase. Biochim.
Biophys. Acta (Bba) - Proteins Proteomics 1854, 1922–1934. doi:10.1016/j.
bbapap.2015.08.007

Gandin, V., Masvidal, L., Cargnello, M., Gyenis, L., McLaughlan, S., Cai, Y., et al.
(2016). mTORC1 and CK2 Coordinate Ternary and eIF4F Complex Assembly.
Nat. Commun. 7, 11127. doi:10.1038/ncomms11127

Gray, G. K., McFarland, B. C., Rowse, A. L., Gibson, S. A., and Benveniste, E. N.
(2014). Therapeutic CK2 Inhibition Attenuates Diverse Prosurvival Signaling
Cascades and Decreases Cell Viability in Human Breast Cancer Cells.
Oncotarget 5, 6484–6496. doi:10.18632/oncotarget.2248

Homma, M. K., andHomma, Y. (2008). Cell Cycle and Activation of CK2.Mol. Cel.
Biochem. 316, 49–55. doi:10.1007/s11010-008-9823-4

Jarmuła, A., Frączyk, T., Cieplak, P., and Rode, W. (2010). Mechanism of Influence
of Phosphorylation on Serine 124 on a Decrease of Catalytic Activity of Human
Thymidylate Synthase. Bioorg. Med. Chem. 18, 3361–3370. doi:10.1016/j.bmc.
2010.04.019

Johnston, J. A., Johnson, E. S., Waller, P. R. H., and Varshavsky, A.
(1995). Methotrexate Inhibits Proteolysis of Dihydrofolate Reductase by the
N-End Rule Pathway. J. Biol. Chem. 270, 8172–8178. doi:10.1074/jbc.270.14.
8172

Kim, J., and Kim, S. H. (2012). Druggability of the CK2 Inhibitor CX-4945 as an
Anticancer Drug and beyond. Arch. Pharm. Res. 35, 1293–1296. doi:10.1007/
s12272-012-0800-9

Lovelace, L. L., Johnson, S. R., Gibson, L. M., Bell, B. J., Berger, S. H., and Lebioda,
L. (2009). Variants of Human Thymidylate Synthase with Loop 181-197
Stabilized in the Inactive Conformation. Protein Sci. 18, 1628–1636. doi:10.
1002/pro.171

Ludwiczak, J., Maj, P., Wilk, P., Frączyk, T., Ruman, T., Kierdaszuk, B., et al. (2016).
Phosphorylation of Thymidylate Synthase Affects Slow-Binding Inhibition by
5-Fluoro-dUMP and N4-Hydroxy-dCMP. Mol. Biosyst. 12, 1333–1341. doi:10.
1039/c6mb00026f

Luo, B., Repalli, J., Yousef, A.-M., Johnson, S. R., Lebioda, L., and Berger, S. H.
(2011). Human Thymidylate Synthase with Loop 181-197 Stabilized in an
Inactive Conformation: Ligand Interactions, Phosphorylation, and Inhibition
Profiles. Protein Sci. 20, 87–94. doi:10.1002/pro.539

Lüscher, B., Christenson, E., Litchfield, D. W., Krebs, E. G., and Eisenman, R.
N. (1990). Myb DNA Binding Inhibited by Phosphorylation at a Site
Deleted during Oncogenic Activation. Nature 344, 517–522. doi:10.1038/
344517a0

Navalgund, L. G., Rossana, C., Muench, A. J., and Johnson, L. F. (1980). Cell
Cycle Regulation of Thymidylate Synthetase Gene Expression in Cultured
Mouse Fibroblasts. J. Biol. Chem. 255, 7386–7390. doi:10.1016/s0021-
9258(20)79715-2

Niechi, I., Silva, E., Cabello, P., Huerta, H., Carrasco, V., Villar, P., et al. (2015).
Colon Cancer Cell Invasion Is Promoted by Protein Kinase CK2 through
Increase of Endothelin-Converting Enzyme-1c Protein Stability. Oncotarget 6,
42749–42760. doi:10.18632/oncotarget.5722

Nuñez de Villavicencio-Diaz, T., Rabalski, A., and Litchfield, D. (2017). Protein
Kinase CK2: Intricate Relationships within Regulatory Cellular Networks.
Pharmaceuticals 10 (1), 27. doi:10.3390/ph10010027

Patsoukis, N., Li, L., Sari, D., Petkova, V., and Boussiotis, V. A. (2013). PD-1 Increases
PTEN Phosphatase Activity while Decreasing PTEN Protein Stability by Inhibiting
Casein Kinase 2. Mol. Cel. Biol. 33, 3091–3098. doi:10.1128/MCB.00319-13

Piazza, F. A., Ruzzene, M., Gurrieri, C., Montini, B., Bonanni, L., Chioetto, G., et al.
(2006). Multiple Myeloma Cell Survival Relies on High Activity of Protein
Kinase CK2. Blood 108, 1698–1707. doi:10.1182/blood-2005-11-013672

Pierre, F., Chua, P. C., O’Brien, S. E., Siddiqui-Jain, A., Bourbon, P., Haddach, M.,
et al. (2011). Discovery and SAR of 5-(3-Chlorophenylamino)benzo[c][2,6]
naphthyridine-8-Carboxylic Acid (CX-4945), the First Clinical Stage Inhibitor
of Protein Kinase CK2 for the Treatment of Cancer. J. Med. Chem. 54, 635–654.
doi:10.1021/jm101251q

Riera, M., Roher, N., Miró, F., Gil, C., Trujillo, R., Aguilera, J., et al. (1999).
Association of Protein Kinase CK2 with Eukaryotic Translation Initiation
Factor eIF-2 and with Grp94/endoplasmin. Mol. Cel. Biochem. 191, 97–104.
doi:10.1023/A:1006810311743

Rusin, S. F., Adamo, M. E., and Kettenbach, A. N. (2017). Identification of
Candidate Casein Kinase 2 Substrates in Mitosis by Quantitative
Phosphoproteomics. Front. Cel Dev. Biol. 5, 97. doi:10.3389/fcell.2017.00097

Scaglioni, P. P., Yung, T. M., Choi, S., Baldini, C., Konstantinidou, G., Pandolfi, P.
P., et al. (2009). CK2 Mediates Phosphorylation and Ubiquitin-Mediated
Degradation of the PML Tumor Suppressor. Mol. Cel. Biochem. 327, 279.
doi:10.1007/s11010-009-0122-5

Shen, J., Channavajhala, P., Seldin, D. C., and Sonenshein, G. E. (2001).
Phosphorylation by the Protein Kinase CK2 Promotes Calpain-Mediated
Degradation of IκBα. J. Immunol. 167, 4919–4925. doi:10.4049/jimmunol.
167.9.4919

Siddiqui-Jain, A., Bliesath, J., Macalino, D., Omori, M., Huser, N., Streiner, N., et al.
(2012). CK2 Inhibitor CX-4945 Suppresses DNA Repair Response Triggered by
DNA-Targeted Anticancer Drugs and Augments Efficacy: Mechanistic
Rationale for Drug Combination Therapy. Mol. Cancer Ther. 11, 994–1005.
doi:10.1158/1535-7163.mct-11-0613

Skierka, K., Wilamowski, P., Wielechowska, M., Cysewski, D., Senkara, E., Wińska,
P., et al. (2019). Human Dihydrofolate Reductase Is a Substrate of Protein
Kinase CK2α. Biochem. Biophysical Res. Commun. 513, 368–373. doi:10.1016/j.
bbrc.2019.03.186

Szebeni, A., Hingorani, K., Negi, S., and Olson, M. O. J. (2003). Role of Protein
Kinase CK2 Phosphorylation in the Molecular Chaperone Activity of
Nucleolar Protein B23. J. Biol. Chem. 278, 9107–9115. doi:10.1074/jbc.
M204411200

Trembley, J. H., Wang, G., Unger, G., Slaton, J., and Ahmed, K. (2009). Protein
Kinase CK2 in Health and Disease: CK2: A Key Player in Cancer Biology. Cell.
Mol. Life Sci. 66, 1858–1867. doi:10.1007/s00018-009-9154-y

Tsuchiya, Y., Akashi, M., Matsuda, M., Goto, K., Miyata, Y., Node, K., et al. (2009).
Involvement of the Protein Kinase CK2 in the Regulation of Mammalian
Circadian Rhythms. Sci. Signal. 2, ra26. doi:10.1126/scisignal.2000305

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A.,
et al. (2002). Accurate Normalization of Real-Timequantitative RT-PCR Data
by Geometric Averaging of Multiple Internal Control Genes. Genome Biol. 3,
research0034.1. doi:10.1186/gb-2002-3-7-research0034

Wińska, P., Karatsai, O., Staniszewska, M., Koronkiewicz, M., Chojnacki, K., and
Rędowicz, M. J. (2020). Synergistic Interactions of 5-Fluorouracil with
Inhibitors of Protein Kinase CK2 Correlate with P38 MAPK Activation and
FAK Inhibition in the Triple-Negative Breast Cancer Cell Line. Int. J. Mol. Sci.
21, E6234. doi:10.3390/ijms21176234

Wińska, P., Skierka, K., Łukowska-chojnacka, E., Koronkiewicz, M., Cieśla, J., and
Bretner, M. (2018). Effect of Simultaneous Inhibition of Protein Kinase Ck2 and
Thymidylate Synthase in Leukemia and Breast Cancer Cells. Anticancer Res. 38,
4617–4627. doi:10.21873/anticanres.12766

Wińska, P., Widło, Ł., Skierka, K., Krzyśko, A., Koronkiewicz, M., Cieśla, J. M., et al.
(2019). Simultaneous Inhibition of Protein Kinase CK2 and Dihydrofolate
Reductase Results in Synergistic Effect on Acute Lymphoblastic Leukemia Cells.
Anticancer Res. 39, 3531–3542. doi:10.21873/anticanres.13499

Wolschin, F., Wienkoop, S., and Weckwerth, W. (2005). Enrichment of
Phosphorylated Proteins and Peptides from Complex Mixtures Using Metal
Oxide/hydroxide Affinity Chromatography (MOAC). Proteomics 5,
4389–4397. doi:10.1002/pmic.200402049

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 84782912

Wińska et al. CK2 Affects Thymidylate Synthesis Enzymes

https://doi.org/10.1128/mcb.15.8.4215
https://doi.org/10.1128/mcb.15.8.4215
https://doi.org/10.1126/scisignal.2001682
https://doi.org/10.1126/scisignal.2001682
https://doi.org/10.1016/j.bbamcr.2013.05.008
https://doi.org/10.1016/j.bioorg.2010.02.001
https://doi.org/10.1016/j.bbapap.2015.08.007
https://doi.org/10.1016/j.bbapap.2015.08.007
https://doi.org/10.1038/ncomms11127
https://doi.org/10.18632/oncotarget.2248
https://doi.org/10.1007/s11010-008-9823-4
https://doi.org/10.1016/j.bmc.2010.04.019
https://doi.org/10.1016/j.bmc.2010.04.019
https://doi.org/10.1074/jbc.270.14.8172
https://doi.org/10.1074/jbc.270.14.8172
https://doi.org/10.1007/s12272-012-0800-9
https://doi.org/10.1007/s12272-012-0800-9
https://doi.org/10.1002/pro.171
https://doi.org/10.1002/pro.171
https://doi.org/10.1039/c6mb00026f
https://doi.org/10.1039/c6mb00026f
https://doi.org/10.1002/pro.539
https://doi.org/10.1038/344517a0
https://doi.org/10.1038/344517a0
https://doi.org/10.1016/s0021-9258(20)79715-2
https://doi.org/10.1016/s0021-9258(20)79715-2
https://doi.org/10.18632/oncotarget.5722
https://doi.org/10.3390/ph10010027
https://doi.org/10.1128/MCB.00319-13
https://doi.org/10.1182/blood-2005-11-013672
https://doi.org/10.1021/jm101251q
https://doi.org/10.1023/A:1006810311743
https://doi.org/10.3389/fcell.2017.00097
https://doi.org/10.1007/s11010-009-0122-5
https://doi.org/10.4049/jimmunol.167.9.4919
https://doi.org/10.4049/jimmunol.167.9.4919
https://doi.org/10.1158/1535-7163.mct-11-0613
https://doi.org/10.1016/j.bbrc.2019.03.186
https://doi.org/10.1016/j.bbrc.2019.03.186
https://doi.org/10.1074/jbc.M204411200
https://doi.org/10.1074/jbc.M204411200
https://doi.org/10.1007/s00018-009-9154-y
https://doi.org/10.1126/scisignal.2000305
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.3390/ijms21176234
https://doi.org/10.21873/anticanres.12766
https://doi.org/10.21873/anticanres.13499
https://doi.org/10.1002/pmic.200402049
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Zhang, C., Vilk, G., Canton, D. A., and Litchfield, D. W. (2002). Phosphorylation
Regulates the Stability of the Regulatory CK2β Subunit. Oncogene 21,
3754–3764. doi:10.1038/sj.onc.1205467

Conflict of Interest: The 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated 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.

Copyright © 2022 Wińska, Widło, Senkara, Koronkiewicz, Cieśla, Krzyśko, Skierka
and Cieśla. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 84782913

Wińska et al. CK2 Affects Thymidylate Synthesis Enzymes

https://doi.org/10.1038/sj.onc.1205467
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Inhibition of Protein Kinase CK2 Affects Thymidylate Synthesis Cycle Enzyme Level and Distribution in Human Cancer Cells
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Cell Culture and Treatment of Agents
	Cell Cycle Analysis
	Western Blotting
	Densitometry
	Statistical Evaluation
	Immunocytochemical Staining and Microscopy Analysis
	Total RNA Isolation and Quantitative Polymerase Chain Reaction
	Protein Preparations
	QCM-D Assay
	MST Assay

	Results
	The Effect of CK2 Inhibition on the Level of DHFR, TS, SHMT1, and SHMT2 in Cellular Lysates
	mRNA Levels in CCRF-CEM Cells Treated With CX-4945
	The Effect of CX-4945 Treatment on Localization of DHFR and TS in A-549 Cells
	The Effect of CX-4945 Treatment on Cell Cycle Progression in A-549 Cells
	The Effect of CK2-Mediated TS Phosphorylation on the Formation of Di- and Tri-Protein Thymidylate Cycle Enzyme Complexes

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


