
Abstract. Background/Aim: Anti-cancer drug resistance
restricts the efficacy of chemotherapy in malignant tumors.
Casein kinase 2α (CK2α) is highly expressed in 5-
fluorouracil (5FU)-resistant colorectal cancer (CRC) cells.
We hypothesized that inhibition of CK2α might reduce CRC
resistance to 5FU. Materials and Methods: To investigate the
role of CK2α in 5FU- resistant CRC cells, we assessed cell
viability, apoptosis, cyclin-dependent kinase 4 (CDK4)
activity, cell-cycle progression, invasion, and sphere
formation in 5FU-resistant CRC cells. Results: CK2α levels
were significantly increased in 5FU-resistant CRC cells
compared to those in wild-type CRC cells. During exposure
to 5FU, viability, CDK4 activity, cell-cycle progression,
invasion, and sphere formation were enhanced, while
apoptosis was decreased in 5FU-resistant CRC cells. These
effects were mediated by the inhibiting effects of CK2α on
endoplasmic reticulum (ER) stress. Combination of CK2α
knockdown with 5FU treatment promoted apoptosis of 5FU-
resistant CRC cells by inducing ER stress. Conclusion: 5FU
treatment in combination with a CK2α inhibitor may exert a
synergistic effect against drug-resistant cancer cells.

Colorectal cancer (CRC) is one of the most commonly
diagnosed cancers worldwide, and the second leading cause
of cancer-related mortality (1). Although anti-cancer
chemotherapy is a promising treatment strategy for CRC,
anti-cancer drug resistance limits its clinical outcomes,
resulting in cancer-related death (2, 3). Thus, to address drug

resistance to single-agent chemotherapy, polychemotherapy
regimens with non-overlapping mechanisms of actions have
been employed, leading to enhanced therapeutic efficacy in
several tumor types, such as lymphoma, breast cancer, and
testicular cancer (4). However, these polychemotherapies, as
well as surgical therapy (5) and radiotherapy (6), do not
address all cancer types. Novel therapeutic strategies have
emerged to attack key characteristics of tumors, including
targeted therapy. In particular, a combination of targeted
therapy with chemotherapy is a promising strategy for
overcoming drug resistance and effectively treating CRC.

Casein Kinase 2 (CK2), consisting of 2 large catalytic
subunits, CK2α (44 kDa) and CK2α’ (36 kDa), and 2 small
non-catalytic CK2β (25 kDa) subunits, is a constitutively
active protein kinase that phosphorylates hundreds of
substrates. The expression and activity of CK2, particularly
the CK2α subunit, are usually increased in cancer cells,
where CK2 exerts anti-apoptotic, pro-migratory, and pro-
proliferative effects (7, 8). In CRC, CK2 has been implicated
in cancer progression and anti-cancer drug resistance (9). In
addition, a previous study demonstrated that CK2 suppresses
the endoplasmic reticulum (ER) stress response, leading to
down-regulation of programmed cell death in cancer cells
(10). These findings indicate that CK2 plays pivotal roles in
CRC characteristics, including cancer cell survival, invasion,
progression, and drug resistance.

In the present study, we investigated the ability of CK2α
inhibition to potentiate the anti-cancer effects of 5FU via
activation of the ER stress response. Our results showed that
CK2α inhibition is a promising adjuvant therapy in
combination with 5FU for CRC.

Materials and Methods
Cells and cell culture. The human colorectal cancer cell lines (wild-
type SNU-C5 cells [SNU-C5/WT] and 5-fluorouracil (5FU)-
resistant SNU-C5 cells [SNU-C5/5FUR]) were obtained from the
Chosun University Research Center for Resistant Cells (Gwangju,
Republic of Korea). The cells were maintained in RPMI 1640
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supplemented with 10% fetal bovine serum, L-glutamine, and
antibiotics (Biological Industries, Beit Haemek, Israel) at 37˚C and
5% CO2 in a humidified incubator.

Small interference RNA transfection. In accordance with the
manufacturer’s protocols, LipofectamineTM2000 reagent (Thermo
Fisher Scientific) was used to transfect small interference RNA
(siRNA) genes into SNU-C5/5FUR. The cells were first grown to
70% confluence in culture dishes and then transfected for 48 h with
SMART pool siRNAs (100 nM) specific to CK2α mRNA.

Western blot analysis. Total cell proteins were extracted using RIPA
lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA). Cell
lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and proteins were transferred to polyvinylidene
fluoride membranes (Sigma-Aldrich, St. Louis, MO, USA).
Membranes were blocked with 5% skim milk and incubated with
primary antibodies against CK2α (Novus Biological, Centennial, CO,
USA), Bcl-2-associated X protein (BAX; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), cleaved caspase-3 (Thermo Fisher Scientific),
cleaved poly(ADP-ribose) polymerase 1 (PARP-1; Santa Cruz
Biotechnology), phospho-protein kinase-like endoplasmic reticulum
kinase (p-PERK; Novus), phospho-eukaryotic initiation factor 2 alpha
(p-eIF2α; Novus), activating transcription factor 4 (ATF4; Novus),
phospho-inositol-requiring enzyme 1 alpha (p-IRE1α; Novus),
phospho-c-Jun N-terminal kinases (p-JNK; Santa Cruz
Biotechnology), p-p38 (Santa Cruz Biotechnology), C/EBP
homologous protein (CHOP; Santa Cruz Biotechnology), β-actin
(Santa Cruz Biotechnology), and α-tubulin (Santa Cruz
Biotechnology). After incubation of membranes with peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology), bands
were visualized using enhanced chemiluminescence reagents (Thermo
Fisher Scientific) in a dark room.

Quantitative real-time PCR. Quantitative real-time PCR (qPCR)
analysis was performed using the Rotor-Gene 6000 real-time
thermal cycling system (Corbett Research, Mortlake, NSW,
Australia) with a QuantiMix SYBR Kit (Phile Korea Technology,
Daejeon, Republic of Korea). PCR was performed under the
following cycling conditions: 95˚C for 15 s, annealing at 60˚C for
30 s, and extension at 72˚C for 60 s for 40 cycles. The data were
analyzed by the comparative threshold cycle (CT) method and
normalized against Gapdh controls. The primer sequences used
were the following: CK2α forward, 5’-CCGAGTTG
CTTCCCGATAC-3’ CK2α reverse 5’-GGGCTGACAAGGTG
CTGAT-3’ (Bioneer, Daejeon, Republic of Korea).

Cell viability assays. Cell viability was determined using a modified
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Sigma-Aldrich) assay, which is based on the conversion of tetrazolium
salt 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2-tetrazolium to formazan by mitochondrial
dehydrogenase. Formazan was quantified by measuring the absorbance
of the samples at 570 nm using a microplate reader (BMG Labtech,
Ortenberg, Germany).

Propidium iodide/Annexin V analysis. To determine the level of
apoptosis, SNU-C5/5FUR cells were stained with propidium iodide
(PI) and annexin V-FITC (Thermo Fisher Scientific) and evaluated
using a Cyflow Cube 8 kit (Partec, Münster, Germany). Data were

analyzed using standard FSC Express software (De Novo Software,
Los Angeles, CA, USA).

Cell-cycle analysis. The cells were harvested and fixed with 70%
ethanol at −20˚C for 2 h. After two washes with cold PBS, the cells
were subsequently incubated with RNase and the DNA-intercalating
dye PI (Sysmex) at 4˚C for 1 h. Cell cycle analysis of the PI-stained
cells was performed by flow cytometry (Sysmex). Events were
recorded for at least 104 cells per sample and the data were analyzed
using the FCS express 5 software (DeNovo).

CKD4 activity. The cells were lysed with RIPA lysis buffer (Thermo
Fisher Scientific). Activity assays of cyclin-dependent kinase 4
(CDK4) were performed using a CDK4 Assay Kit (Cusabio,
Baltimore, MD, USA) and a total cell lysate of 30-50 μg. Activation
of CDK4 was quantified by measuring absorbance at 450 nm on a
microplate reader (BMG labtech, Ortenberg, Germany).

Invasion assay. Invasion of SNU-C5/5FUR cells was assessed using
Matrigel-coated transwell cell culture chambers (8 µm pore size;
Merck Millipore, Burlington, MA, USA). The SNU-C5/5FUR cells
were first collected and resuspended in serum-free RPMI1640, and
then 1×104 cells were seeded into the chambers of transwell inserts.
Serum-containing RPMI1640 (10% FBS) was added in the lower
chamber. All samples were incubated for 72 h at 37˚C. In the
transwell chambers, cells were fixed with 4% paraformaldehyde
(Affymetrix, Santa Clara, CA, USA) in PBS and stained with 2%
crystal violet in 2% ethanol; non-invasive cells were eliminated
using a cotton swab. The lower surface of the transwell chamber
contained invasive cells, which were quantified and photographed
using a light microscope. Microscopy images were obtained at 100×
magnification, and the number of invasive cells was determined in
6 random fields; the experiment was repeated four times.

Spheroid culture. Spheroids were generated by growing SNU-
C5/5FUR cells in suspension using ultra-low attachment six-well
plates (Sigma-Aldrich) for spheroid generation. The SNU-C5/5FUR
cells were cultured in growth media and incubated at 37˚C under a
5% CO2 atmosphere. Spheroids were formed at day seven and
identified and measured using a visual inspection microscope
(Olympus, Tokyo, Japan).

Statistical analysis. The results were expressed as the mean±standard
error of the mean (SEM). One-way analysis of variance, followed by
Tukey’s post-hoc test, was used for multiple comparisons. A p-value
of <0.05 was considered statistically significant. 

Results
CK2α is associated with 5FU resistance in CRC cells. To
examine the expression of CK2α at the cellular level, we
assessed the expression of CK2α in the 5FU-resistant CRC
cell line (SNU-C5/5FUR) and the wild-type CRC cell line
(SNU-C5/WT) using qPCR and western blot analyses. At
both the mRNA and protein levels, the expression of CK2α
was significantly higher in 5FU-resistant CRC cells than in
WT cells (Figure 1A-C), suggesting that an increased level
of CK2α may be involved in the mechanism of 5FU-
resistance in CRC cells.
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Knockdown of CK2α increases the anti-cancer drug
sensitivity of 5FU-resistant CRC cells. To examine whether
CK2α is associated with resistance of SNU-C5/5FUR cells
to 5FU, the viability of SNU-C5/5FUR cells, with or without
siRNA silencing of CK2α, was assessed after 5FU treatment.
The 5FU was administered at concentrations below the half-
maximal inhibitory concentration (IC50) of 184 μM, which
was determined in a previous study (11). Compared to those
without CK2α inhibition, the cells in which CK2α was
inhibited showed significantly lower levels of viability when
administered with the same doses of 5FU (Figure 2A). On
the contrary, the viability of SNU-C5/5FUR cells did not
change significantly with CK2α inhibition when 5FU was
not administered (Figure 2A). In addition, CK2α inhibition
increased the rate of cells undergoing apoptosis by ≥50% at
the same concentrations of 5FU (Figure 2B and 2C).
Consistent with these results, western blot analysis
demonstrated that CK2α inhibition significantly increased
the expression of pro-apoptotic proteins BAX, cleaved
caspase-3 (Cl-Caspase3), and cleaved PARP-1 (Cl-PARP-1)
(Figure 2D-F). These findings further support the association
between CK2α and CRC resistance to 5FU and suggest that
CK2α inhibition may be useful for increasing the
susceptibility of 5FU-resistant CRC cells to the anti-cancer
effects of 5FU.

CK2α suppresses 5FU-induced ER stress in 5FU-resistant
CRC cells. To investigate whether CK2α regulates the ER
stress response in SNU-C5/5FUR cells, we assessed the
activation and expression of the ER stress markers PERK,
eIF2α, ATF4, IRE1α, JNK, p38, and CHOP after treatment
with various concentrations of 5FU. At the same doses of
5FU administration, the phosphorylation of PERK and eIF2α
and the expression of ATF4 were significantly increased in

the CK2α knockdown SNU-C5/5FUR cells compared to the
control cells (Figure 3A-C). In addition, CK2α inhibition
significantly increased the phosphorylation of IRE1α, JNK,
and p38, and the expression of CHOP (Figure 3D-G). These
results suggest that CK2α inhibition hyperactivates ER stress
response signaling in the 5FU-resistant CRC cells after
treatment with 5FU.

CK2α inhibition suppresses proliferation of 5FU-resistant
CRC cells. To investigate the effect of CK2α inhibition on
5FU-resistant CRC cell proliferation, CDK4 assay and cell-
cycle analysis were conducted. When the expression of
CK2α was not inhibited, the CDK4 activity did not change
significantly after administration of 5FU (Figure 4A).
However, after CK2α silencing, CDK4 activity was
significantly decreased during treatment with 5FU (Figure
4A). In addition, cell-cycle analysis revealed that knockdown
of CK2α assisted the interference of 5FU with cell-cycle
progression, as exhibited by the reduced percentages of
CK2α-inhibited cells in S phase compared to the CK2α-
intact group at the same levels of 5FU administration (Figure
4B and C). These results indicate that co-administration of
CK2α inhibition and 5FU is significantly more effective in
suppressing the proliferation of 5FU-resistant CRC cells than
the administration of 5FU alone.

CK2α is involved in 5FU-resistant CRC cell invasion and
spheroid formation. The involvement of CK2α in the cell
invasion and spheroid formation capacity of 5FU-resistant
CRC cells was assessed after knockdown of CK2α in SNU-
C5/5FUR cells. Silencing of CK2α alone drastically
inhibited the invasion of 5FU-resistant CRC cells, and this
effect persisted at different concentrations of 5FU (Figure 5A
and B). This shows that the expression of CK2α is positively
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Figure 1. Expression of CK2α is increased in CRC tissues and 5FU-resistant CRC cells. (A) mRNA expression of CK2α in the SNU-C5/WT and
SNU-C5/5FUR cells (n=3). The values represent the means±SEM. **p<0.01 vs. SNU-C5/WT. (B) Western blot analysis of CK2α in the SNU-C5/WT
and SNU-C5/5FUR cells. (C) Quantification of CK2α protein expression levels (n=3). The values represent the means±SEM. **p<0.01 vs. SNU-
C5/WT.



associated with the invasion ability of 5FU-resistant CRC
cells. In addition, CK2α inhibition in combination with 5FU
treatment significantly suppressed the spheroid formation
ability of 5FU-resistant CRC cells (Figure 5C). The 5FU-
resistant cells formed a significantly reduced number of
spheroids, which were smaller in size, when co-administered
with CK2α inhibition and 5FU compared to 5FU treatment
alone (Figure 5D and E). These results suggest that the
reduced metastatic and tumorigenic capacities elicited by
CK2α inhibition may drastically improve the susceptibility
of 5FU-resistant CRC cells to the anti-cancer effects of 5FU.

Discussion

In this study, we demonstrated that high levels of CK2α
promoted cancer cell survival following exposure to the anti-
cancer drug 5FU via modulation of the ER stress response
and apoptotic signaling pathways. Previous studies have
shown that CK2α is important for cancer cell proliferation,
ER stress response, and anti-cancer drug-resistance of

malignant cells (10, 12-14). Increased levels of CK2 in
tumors affect cancer cell proliferation, as well as tumor
progression (12). In addition, suppression of CK2 triggers
cancer cell apoptosis through activation of ER stress (10). In
particular, overexpression of CK2α shows significant
resistance to anti-cancer drug-induced apoptosis in cancer
cells (13). Our results showed that treatment of 5FU-resistant
SNU-C5 cells with 5FU in combination with CK2α
inhibition drastically up-regulated the ER stress response and
the induction of apoptosis in these cells. Moreover, CK2α
inhibition reduced the invasion and spheroid formation
capacities of 5FU-resistant SNU-C5 cells.

We observed an increased expression of CK2α in 5FU-
resistant SNU-C5 cells, indicating that the augmented
expression of CK2α is associated with 5FU resistance in
these cells. A previous study demonstrated that CK2
inhibition resulted in up-regulated apoptosis events in cancer
cells (10). In our study, we confirmed that CK2α inhibition
leads to decreased viability and increased apoptosis of 5FU-
resistant CRC cells at concentrations of 5FU well below the
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Figure 2. CK2α protects 5FU-resistant CRC cells against 5FU-mediated apoptosis. (A) Cell viability analysis of control SNU-C5/5FUR cells (SNU-
C5/5FUR) and CK2α-knockdown SNU-C5/5FUR cells (si-CK2α-treated SNU-C5/5FUR) after treatment with 5FU (0, 50, 100, and 140 μM) for 72
h (n=3). Values represent mean±SEM. **p<0.01 vs. SNU-C5/5FUR. (B) Flow cytometry analysis of PI and Annexin V staining in SNU-C5/5FUR
and si-CK2α-treated SNU-C5/5FUR after treatment with 5FU (0, 50, 100, and 140 μM) for 72 h (n=5). (C) Percentage of apoptotic cells in SNU-
C5/5FUR and si-CK2α-treated SNU-C5/5FUR after treatment with 5FU (0, 50, 100, and 140 μM) for 72 h (n=5). Values represent mean±SEM.
**p<0.01 vs. SNU-C5/5FUR. (D-E) Western blot analysis of Bax (D), cleaved caspase-3 (Cl-Caspase 3; E), cleaved-PARP-1 (Cl-PARP-1; F) in
SNU-C5/5FUR and si-CK2α SNU-C5/5FUR after treatment with 5FU (0, 50, and 100 μM) for 72 h. Quantification of protein expression levels
(n=3). The values represent the means±SEM. **p<0.01 vs. SNU-C5/5FUR.



IC50 of 184 μM (11). These results indicate that CK2α
inhibition mediates the increased apoptosis observed in 5FU-
resistant CRC cells treated with 5FU, suggesting that CK2α
inhibition may be a promising combination therapy with
chemotherapy for improving patient outcomes.

Increasing evidence has demonstrated that CK2α plays an
important role in the ER stress response of cancer cells (15,
16). It is known that CK2 and its substrates localize to the
ER. The transcription factor CHOP, which is a substrate of
CK2, is involved in ER stress-induced apoptosis (17).
Phosphorylation of CHOP by CK2 suppresses its
transcriptional activity, resulting in inhibition of apoptosis
(18). Moreover, the transcription and stability of ATF4, an
essential component of the ER stress signaling, is directly
regulated by CK2α (15, 19). The ATF4 pathway allows cell
adaptation to stress conditions and is initiated by stress-
activated protein kinases, such as PERK, which
phosphorylate eIF2α leading to a general inhibition of
protein synthesis but selective translation of ATF4 (20, 21).
The sustained ATF4/CHOP signaling is responsible for
initiation of the apoptotic signaling cascade (22). A previous
study showed that CK2α inhibition leads to induction of ER
stress and activation of PERK and eIF2α (23). Consistent
with these findings, we confirmed that CK2α inhibition

induced ER stress in response to 5FU treatment and that the
combination of CK2α inhibition with 5FU administration in
5FU-resistant CRC cells increased the expression of ATF4
and CHOP in a dose-dependent manner. ER stress-induced
apoptosis was mediated by the increased expression of
apoptosis-associated proteins BAX, Cl-Caspase3, and Cl-
PARP-1, and the reduced viability of 5FU-resistant CRC
cells. The co-administration of 5FU with CK2α inhibition
markedly increased the concomitant induction of apoptosis
in 5FU-resistant CRC cells. These results suggest that CK2α
inhibition increased the sensitivity of 5FU in drug-resistant
CRC cells by inducing ER stress.

Drug-resistant cancer cells display high cell proliferation
and tumorigenic potential during chemotherapy (11, 24, 25).
In addition, drug-resistant cancer cells exhibit greater
invasiveness and metastatic ability compared to their non-
resistant counterparts, and are partly responsible for
rendering the anti-cancer therapy ineffective (26). A phase I
study has shown that inhibition of CK2 by a CK2 peptide-
based inhibitor resulted in a beneficial clinical outcome in
patients with cervical malignancies (27). Phase II clinical
trials have also shown positive clinical results, indicating that
the inhibition of CK2 could be tolerated in humans (28). We
observed that CK2α inhibition significantly inhibited the
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Figure 3. CK2α suppresses the 5FU-mediated ER stress response. (A-G) Western blot analysis of p-PERK (A), p-eIF2α (B), ATF4 (C), p-IRE1α
(D), p-JNK (E), p-p38 (F) and CHOP (G) in SNU-C5/5FUR and si-CK2α-treated SNU-C5/5FUR after treatment with 5FU (0, 50, and 100 μM) for
72 h. Quantification of protein expression levels (n=3). The values represent the means±SEM. **p<0.01 vs. SNU-C5/5FUR.



proliferation, invasion, and spheroid formation capacities of
5FU-resistant CRC cells. It is important to note that the co-
administration of CK2a with 5FU exerted marked anti-
proliferative effects in 5FU-resistant CRC cells, while CK2α

inhibition alone did not alter the proliferation rate of these
cells. Similarly, the combination of CK2α inhibition with
5FU administration suppressed the invasion and spheroid
formation of 5FU-resistant CRC cells, indicating that
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Figure 4. CK2α maintains cell cycle progression in 5FU-resistant CRC cells under 5FU treatment. (A) Assessment of CDK4 activity in SNU-
C5/5FUR or si-CK2α-treated SNU-C5/5FUR after treatment with 5FU (0, 50, and 100 μM) for 72 h (n=3). Values represent mean±SEM. **p<0.01
vs. SNU-C5/5FUR. (B) Flow cytometry analysis of PI staining in SNU-C5/5FUR and si-CK2α-treated SNU-C5/5FUR after treatment with 5FU (0,
50, and 100 μM) for 72 h (n=5). (C) Percentage of S phase in SNU-C5/5FUR or si-CK2α-treated SNU-C5/5FUR after treatment with 5FU (0, 50,
and 100 μM) for 72 h (n=5). Values represent mean±SEM. **p<0.01 vs. SNU-C5/5FUR.

Figure 5. CK2α plays a critical role in invasion and tumorigenesis of 5FU-resistant CRC cells. (A) Invasion assay of SNU-C5/5FUR or si-CK2α-
treated SNU-C5/5FUR cells after treatment with 5FU (0, 50, and 100 μM) for 72 h (n=3). (B) Number of invasive cells (n=3). Values represent
mean±SEM. **p<0.01 vs. SNU-C5/5FUR. (C) Spheroid formation assay of SNU-C5/5FUR or si-CK2α-treated SNU-C5/5FUR cells. For each group,
500 cells were seeded per well in a 6-well culture plate. Representative samples of tumor spheroids formed 10 days after plating from four
independent experiments are shown (n=3). (D) Spheroid diameter (n=3). Values represent mean±SEM. **p<0.01 vs. SNU-C5/5FUR. (E) Spheroid
number (n=3). Values represent mean±SEM. **p<0.01 vs. SNU-C5/5FUR.



combining CK2 inhibition with 5FU treatment is much more
effective than either treatment alone. These results further
confirm that inhibition of CK2α significantly potentiates the
anti-cancer effects of 5FU.

Conclusion

Taken together, our results reveal that CK2α contributes to
the resistance of CRC cells to 5FU therapy through regulation
of the ER stress response and maintenance of the invasive
and tumorigenic capacities of cancer cells. Our results
showed that CK2α inhibition is involved in 5FU-mediated
ER stress, leading to up-regulation of apoptosis and reduced
proliferation of 5FU-resistant CRC cells. In addition,
inhibition of CK2α level significantly reduced the cell
invasion and spheroid formation capacities of the 5FU-
resistant CRC cells. These findings suggest that a
combination of CK2α inhibition with 5FU administration
may be a powerful therapeutic strategy for patients with CRC.

Conflicts of Interest  

The Authors declare that they have no conflicts of interest.

Authors’ Contributions

Hyung Joo Kim: data collection and drafting of manuscript; Yong-
Seok Han and Jun Hee Lee: data analysis and drafting of
manuscript; Sang Hun Lee: organizing the structure of the
manuscript, drafting, and editing of the manuscript, procurement of
funding.

Acknowledgements

This work was supported by the National Research Foundation
grant funded by the Korean government (2016R1D1A3B01007727,
2017M3A9B4032528). The funding agencies had no role in
formulating the study design, data collection or analysis, the
decision to publish, or preparation of the manuscript.

References

1 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA and
Jemal A: Global cancer statistics 2018: Globocan estimates of
incidence and mortality worldwide for 36 cancers in 185
countries. CA Cancer J Clin 68(6): 394-424, 2018. PMID:
30207593. DOI: 10.3322/caac.21492

2 Li Z, Chen Y, Ren WU, Hu S, Tan Z, Wang Y, Chen Y, Zhang J,
Wu J, Li T, Xu J and Ying X: Transcriptome alterations in liver
metastases of colorectal cancer after acquired resistance to
cetuximab. Cancer Genomics Proteomics 16(3): 207-219, 2019.
PMID: 31018951. DOI: 10.21873/cgp.20126

3 Tsoumas D, Nikou S, Giannopoulou E, Champeris Tsaniras S,
Sirinian C, Maroulis I, Taraviras S, Zolota V, Kalofonos HP and
Bravou V: Ilk expression in colorectal cancer is associated with
emt, cancer stem cell markers and chemoresistance. Cancer

Genomics Proteomics 15(2): 127-141, 2018. PMID: 29496692.
DOI: 10.21873/cgp.20071

4 Vasan N, Baselga J and Hyman DM: A view on drug resistance
in cancer. Nature 575(7782): 299-309, 2019. PMID: 31723286.
DOI: 10.1038/s41586-019-1730-1

5 Pantalos G, Patsouras D, Spartalis E, Dimitroulis D, Tsourouflis
G and Nikiteas N: Three-dimensional versus two-dimensional
laparoscopic surgery for colorectal cancer: Systematic review
and meta-analysis. In Vivo 34(1): 11-21, 2020. PMID:
31882458. DOI: 10.21873/invivo.11740

6 Maeda K, Shibutani M, Tachimori A, Nishii T, Aomatsu N,
Fukuoka T, Nagahara H, Otani H, Inoue T and Ohira M:
Prognostic significance of neoadjuvant rectal score and
indication for postoperative adjuvant therapy in rectal cancer
patients after neoadjuvant chemoradiotherapy. In Vivo 34(1):
283-289, 2020. PMID: 31882490. DOI: 10.21873/invivo.11772

7 Borgo C and Ruzzene M: Role of protein kinase ck2 in
antitumor drug resistance. J Exp Clin Cancer Res 38(1): 287,
2019. PMID: 31277672. DOI: 10.1186/s13046-019-1292-y

8 Zou J, Luo H, Zeng Q, Dong Z, Wu D and Liu L: Protein kinase
ck2alpha is overexpressed in colorectal cancer and modulates cell
proliferation and invasion via regulating emt-related genes. J
Transl Med 9: 97, 2011. PMID: 21702981. DOI: 10.1186/1479-
5876-9-97

9 Tapia JC, Torres VA, Rodriguez DA, Leyton L and Quest AF:
Casein kinase 2 (ck2) increases survivin expression via enhanced
beta-catenin-t cell factor/lymphoid enhancer binding factor-
dependent transcription. Proc Natl Acad Sci USA 103(41): 15079-
15084, 2006. PMID: 17005722. DOI: 10.1073/pnas.0606845103

10 Hessenauer A, Schneider CC, Gotz C and Montenarh M: Ck2
inhibition induces apoptosis via the er stress response. Cell
Signal 23(1): 145-151, 2011. PMID: 20807566. DOI:
10.1016/j.cellsig.2010.08.014

11 Lee JH, Han YS, Yoon YM, Yun CW, Yun SP, Kim SM, Kwon
HY, Jeong D, Baek MJ, Lee HJ, Lee SJ, Han HJ and Lee SH:
Role of hspa1l as a cellular prion protein stabilizer in tumor
progression via hif-1alpha/gp78 axis. Oncogene 36(47): 6555-
6567, 2017. PMID: 28759037. DOI: 10.1038/onc.2017.263

12 Ahmed K, Gerber DA and Cochet C: Joining the cell survival
squad: An emerging role for protein kinase ck2. Trends Cell Biol
12(5): 226-230, 2002. PMID: 12062170. DOI: 10.1016/s0962-
8924(02)02279-1

13 Guo C, Yu S, Davis AT, Wang H, Green JE and Ahmed K: A
potential role of nuclear matrix-associated protein kinase ck2 in
protection against drug-induced apoptosis in cancer cells. J Biol
Chem 276(8): 5992-5999, 2001. PMID: 11069898. DOI:
10.1074/jbc.M004862200

14 Yu S, Wang H, Davis A and Ahmed K: Consequences of ck2
signaling to the nuclear matrix. Mol Cell Biochem 227(1-2): 67-
71, 2001. PMID: 11827176.

15 Ampofo E, Sokolowsky T, Gotz C and Montenarh M: Functional
interaction of protein kinase ck2 and activating transcription
factor 4 (atf4), a key player in the cellular stress response.
Biochim Biophys Acta 1833(3): 439-451, 2013. PMID:
23123191. DOI: 10.1016/j.bbamcr.2012.10.025

16 Hosoi T, Korematsu K, Horie N, Suezawa T, Okuma Y, Nomura
Y and Ozawa K: Inhibition of casein kinase 2 modulates xbp1-
grp78 arm of unfolded protein responses in cultured glial cells.
PLoS One 7(6): e40144, 2012. PMID: 22768244. DOI:
10.1371/journal.pone.0040144

Kim et al: Inhibition of CK2α Sensitizes CRC to 5FU

1425



17 Rasheva VI and Domingos PM: Cellular responses to
endoplasmic reticulum stress and apoptosis. Apoptosis 14(8):
996-1007, 2009. PMID: 19360473. DOI: 10.1007/s10495-009-
0341-y

18 Ubeda M and Habener JF: Chop transcription factor
phosphorylation by casein kinase 2 inhibits transcriptional
activation. J Biol Chem 278(42): 40514-40520, 2003. PMID:
12876286. DOI: 10.1074/jbc.M306404200

19 Lassot I, Segeral E, Berlioz-Torrent C, Durand H, Groussin L, Hai
T, Benarous R and Margottin-Goguet F: Atf4 degradation relies
on a phosphorylation-dependent interaction with the scf(betatrcp)
ubiquitin ligase. Mol Cell Biol 21(6): 2192-2202, 2001. PMID:
11238952. DOI: 10.1128/MCB.21.6.2192-2202.2001

20 Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M and
Ron D: Regulated translation initiation controls stress-induced
gene expression in mammalian cells. Mol Cell 6(5): 1099-1108,
2000. PMID: 11106749. DOI: 10.1016/s1097-2765(00)00108-8

21 Zhang K and Kaufman RJ: Signaling the unfolded protein response
from the endoplasmic reticulum. J Biol Chem 279(25): 25935-
25938, 2004. PMID: 15070890. DOI: 10.1074/jbc.R400008200

22 Nishitoh H: Chop is a multifunctional transcription factor in the
er stress response. J Biochem 151(3): 217-219, 2012. PMID:
22210905. DOI: 10.1093/jb/mvr143

23 Manni S, Brancalion A, Tubi LQ, Colpo A, Pavan L, Cabrelle
A, Ave E, Zaffino F, Di Maira G, Ruzzene M, Adami F,
Zambello R, Pitari MR, Tassone P, Pinna LA, Gurrieri C,
Semenzato G and Piazza F: Protein kinase ck2 protects multiple
myeloma cells from er stress-induced apoptosis and from the
cytotoxic effect of hsp90 inhibition through regulation of the
unfolded protein response. Clin Cancer Res 18(7): 1888-1900,
2012. PMID: 22351691. DOI: 10.1158/1078-0432.CCR-11-1789

24 Xu YC, Liu X, Li M, Li Y, Li CY, Lu Y, Sanches J, Wang L, Du
Y, Mao LM, Zuo SB, Liu HT, Shen J, Wang B, Hou L, Li LH,
Tang JW, Ju JF, Guan HW and Song B: A novel mechanism of
doxorubicin resistance and tumorigenesis mediated by microrna-
501-5p-suppressed blid. Mol Ther Nucleic Acids 12: 578-590,
2018. PMID: 30195794. DOI: 10.1016/j.omtn.2018.06.011

25 Margolin DA, Silinsky J, Grimes C, Spencer N, Aycock M,
Green H, Cordova J, Davis NK, Driscoll T and Li L: Lymph
node stromal cells enhance drug-resistant colon cancer cell
tumor formation through sdf-1alpha/cxcr4 paracrine signaling.
Neoplasia 13(9): 874-886, 2011. PMID: 21969820. DOI:
10.1593/neo.11324

26 Jeon JH, Kim DK, Shin Y, Kim HY, Song B, Lee EY, Kim JK,
You HJ, Cheong H, Shin DH, Kim ST, Cheong JH, Kim SY and
Jang H: Migration and invasion of drug-resistant lung
adenocarcinoma cells are dependent on mitochondrial activity.
Exp Mol Med 48(12): e277, 2016. PMID: 27932791. DOI:
10.1038/emm.2016.129

27 Solares AM, Santana A, Baladron I, Valenzuela C, Gonzalez CA,
Diaz A, Castillo D, Ramos T, Gomez R, Alonso DF, Herrera L,
Sigman H, Perea SE, Acevedo BE and Lopez-Saura P: Safety
and preliminary efficacy data of a novel casein kinase 2 (ck2)
peptide inhibitor administered intralesionally at four dose levels
in patients with cervical malignancies. BMC Cancer 9: 146,
2009. PMID: 19439079. DOI: 10.1186/1471-2407-9-146

28 Sarduy MR, Garcia I, Coca MA, Perera A, Torres LA,
Valenzuela CM, Baladron I, Solares M, Reyes V, Hernandez I,
Perera Y, Martinez YM, Molina L, Gonzalez YM, Ancizar JA,
Prats A, Gonzalez L, Casaco CA, Acevedo BE, Lopez-Saura PA,
Alonso DF, Gomez R, Perea-Rodriguez SE and Group C-IS:
Optimizing cigb-300 intralesional delivery in locally advanced
cervical cancer. Br J Cancer 112(10): 1636-1643, 2015. PMID:
25880012. DOI: 10.1038/bjc.2015.137

Received February 6, 2020
Revised February 13, 2020

Accepted February 14, 2020

ANTICANCER RESEARCH 40: 1419-1426 (2020)

1426


