
Abstract. Aim: The response to chemotherapeutic drugs in
non-small cell lung cancer (NSCLC) is unsatisfactory, leading
to poor outcomes. This study the aimed to investigates
anticancer effects of CX-4945, a potent casein kinase II (CK2)
inhibitor, in chemorefractory NSCLC cells. Materials and
Methods: Cell proliferation and apoptosis assay were carried-
out by annexin V-FITC and FACScan after drug treatment with
paclitaxel, cisplatin and CX-4945. AKT/mTOR and CK2α
signals were measured by western blotting. Treatment was
carried-out using siRNA to inhibit CK2α. Results: Paclitaxel,
and cisplatin effectively inhibited cell proliferation and induced
apoptosis in A549 cells, while not in H1299, Calu-1 and H358
cells. In these chemorefractory cell lines, AKT signalling was
maintained despite drug treatment. However, CX-4945
suppressed cell growth, with cell-cycle arrest at G2/M phase
and induced apoptosis with an increase of cleaved caspase-3
and PARP1 in a dose-dependent manner. Accordingly, AKT and
its downstream signals such as mTOR and p70S6K were down-
regulated by CX-4945. Transfection of CK2α siRNA had
similar effects to CX-4945 treatment on cell proliferation and
apoptosis. Conclusion: CX-4945 shows a promising anticancer
action through down-regulation of AKT/mTOR signals,
suggesting its possible application for treatment of
chemorefractory lung cancer.  

Lung cancer is the leading cause of cancer-related death in the
world, and non-small cell lung cancer (NSCLC) accounts for
approximately 80% of all cases (1, 2). Despite advances in
diagnostic and therapeutic technology, the overall 5-year
survival rate in many countries is generally less than 15% (7).
Cis-diaminodichloroplatinum (II) (cisplatin) and paclitaxel (a
taxol) are the anticancer drugs widely used for the treatment of
various types of human cancers, including lung cancer (25).
However, the primary resistance or the ability of cancer cells
to become resistant to a drug remains a significant problem in
successful chemotherapy. 

The PI3K/AKT/mTOR signaling pathway plays a
significant role in regulating cell survival, cell cycle and
apoptosis (12). Many types of cancers, including lung cancer,
are known to abnormally activate this pathway (22, 29).
Recent studies have shown that the PI3K/AKT/mTOR
pathway is one of important causative factors for cancer cells
to become resistant to platinum-based chemotherapy (8, 13,
16). Furthermore, the sensitivity of cancer cells to drugs was
restored by LY294002, a small-molecule inhibitor of PI3K (3).
Taken together, these findings indicate that this pathway could
be a promising therapeutic target in cancer management.

Protein kinase CK2 is a ubiquitous serine/threonine kinase
involved in cell signaling related to cell-cycle progression,
proliferation, and apoptosis. CK2 is present as a tetramer
composed of two catalytic subunits and regulatory subunits (9,
20, 23). Aberrant CK2 expression has been reported in a
variety of cancer types (28). The overexpression of CK2 in
cancer cells has an anti-apoptotic and pro-survival effect. In
contrast, its down-regulation enhances cell death caused by
drugs or radiation. This suggests that CK2 may have an
important role in determining cancer-cell fate (1, 19, 26).
Interestingly, inhibition of CK2 activity by a selective inhibitor
or CK2 knockdown by siRNA suppressed activation of the
PI3K/AKT/mTOR pathway and downstream gene expression
(33). Furthermore, phosphorylation of PTEN, which is a tumor
suppressor through negative regulation of the PI3K pathway,
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by CK2 is known to inhibit PTEN activity, leading to increased
survival for cancer cells (6), suggesting possible links between
CK2 and PI3K/AKT/mTOR pathway in cancer.

In the present study, we evaluated the anticancer effects of
CX-4945, a selective and potent CK2 inhibitor, on
chemorefractory NSCLC cells. 

Materials and Methods

Cell cultures and reagents. The human NSCLC cell lines A549,
H1299, Calu-1 and H358 were obtained from the American Type
Culture Collection (Rockville, MD, USA) and were cultured in
RPMI-1640 (Invitrogen, Carlsbad, CA, USA) containing 10% fetal
bovine serum, 100 units/ml penicillin, and 100 μg/ml streptomycin
(Invitrogen) at 37˚C in an atmosphere with 5% CO2. Paclitaxel and
cisplatin were purchased from Sigma (St. Louis, MO, USA) and CX-
4945 was purchased from Selleck Chemicals Co. Ltd (Houston, TX,
USA).

Cell survival assays. Cells (5×105 and 1×106) were seeded into a 
60 mm dish in triplicate and were treated with the respective agents
for 72 h. Cells were trypsinized and cell numbers were determined
using an ADAM-MC automatic cell counter (NanoEnTek, Seoul,
Korea) according to the manufacturer’s instructions. 

Western blot analysis. Whole-cell lysates were prepared using EBC
lysis buffer [50 mM Tris-HCl (pH 8.0), 120 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 mM EGTA, 0.3 mM phenylmethylsulfonyl
fluoride, 0.2 mM sodium orthovanadate, 0.5% NP-40, and 5 U/ml
aprotinin] and were then centrifuged. The resulting supernatant 
(20 μg) was separated on 8% to 12% SDS-PAGE and transferred
to PVDF membranes (Invitrogen). The membranes were blocked
using 5% skim milk-PBS-0.1% Tween 20 for one hour at room
temperature before being incubated overnight with primary
antibodies specific for p-CK2α (Sigma), and CK2α (Abcam,
Cambridge, UK). Antibodies to AKT, mTOR, p70S6K, caspase-3
and β-actin were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Those to p-AKT (Ser473), p-mTOR (S2448), p-
p70S6K (thr389) and cleaved PARP1 (Asp214) were purchased
from Cell Signaling Technology (Berverly, MA, USA). Horseradish
peroxidase-conjugated antibodies were used as secondary
antibodies. Membranes were developed using ECL kits
(PerkinElmer, Waltham, MA, USA).

Cell-cycle analysis. Cells were trypsinized, fixed in 70% ethanol
at −20˚C from 60 min to a few days, incubated with 5 μl RNase
(10 mg/ml) and finally stained with 10 μl propidium iodide (1
mg/ml). The cellular DNA content of treated cells was analyzed
by FACScan (Becton Dickinson, Franklin Lakes, NJ, USA).
Apoptosis assay. Apoptosis was quantified using Annexin V-FITC
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Figure 1. Expression of phospho-AKT is maintained in the chemotherapy-resistant cell lines. A: Cells were treated with cisplatin and paclitaxel for
72 h in a dose-dependent manner. Cell numbers were determined using an ADAM-MC automatic cell counter. B: Apoptosis was assessed by annexin
V-FITC/propidium iodide staining and flow cytometry. **p<0.001 compared to the control (CT). C: Cisplatin, P: paclitaxel. C: Levels of phospho-
AKT and AKT, and cleavage of PARP1 and caspase-3 as shown by western blot analysis.



apoptosis kit (BD Biosciences, San Diego, CA, USA) in accordance
with the manufacturer’s instructions. In brief, cells were trypsinized,
pelleted by centrifugation, and resuspended in annexin V binding
buffer (150 mM NaCl, 18 mM CaCl2, 10 nM HEPES, 5 mM KCl, 1
mM MgCl2). FITC-conjugated annexin V (1 μg/ml) and propidium
iodide (50 μg/ml) was added to the cells which were then incubated
for 30 min at room temperature in the dark. Analyses were carried-
out on a FACScan instrument (Becton Dickinson). The data were
analyzed using CellQuest software (Becton Dickinson). The results
were representative of at least three, independent experiments, and
the error bars in Figureures signify standard deviations (SDs).

Small interfering RNA transfection. Small interfering RNA (siRNA)
oligonucleotides specific for CK2α and the siRNA control were
purchased from Santa Cruz Biotechnology. Cells were seeded into a
60 mm dish which was then left for 24 h. A 4 μl aliquot of siRNA
solution (10 μM) and 10 μl of Lipofectamine 2000 (Invitrogen) were
each mixed with 100 μl of serum-free RPMI-1640 medium. These
were incubated for 30 min at room temperature after combining the

two mixtures, and this was then added to the cells that had been
seeded on the dish. After 72 h, harvested cells were counted using an
ADAM-MC automatic cell counter (NanaEnTek). Apoptosis was
quantified by western blot analysis.

Results

AKT phosphorylation was maintained despite cisplatin or
paclitaxel treatment in chemorefractory lung cancer cells. We
examined the effect of cisplatin and paclitaxel on the non-small
cell lung cancer cell lines H1299, Calu-1, H358 and A549. The
cells were treated with increasing concentrations of drugs for
72 h, and the effect of inhibition was determined by a cell
counting assay. The IC50 values for both cisplatin and paclitaxel
against three cell lines (H1299, Calu-1 and H358) were
approximately four-to six-times higher than that against the
A549 cell line (Figure 1A). When apoptosis was evaluated by
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Figure 2. CX-4945 induced proliferative inhibition, G2/M cell-cycle arrest and apoptosis of chemotherapy-resistant cell lines. A: Cells were treated with
CX-4945 (0, 1, 5, 10 μM) for 72 h. Cell numbers were determined using a cell counter. *p<0.01 and **p<0.001 compared to the control. B: Cells were
treated with CX-4945 (10 μM) for 48 h. Then the cells were harvested and treated with RNase, and stained with propidium iodide (PI). The cell-cycle
distribution was analyzed by flow cytometry. C: Cells were treated with CX-4945 (10 μM) for 72 h. Apoptosis was assessed by annexin V-FITC/PI staining
and flow cytometry. *p<0.001 compared to the control. D: Cleavage of PARP1 and caspase-3 as shown by western blot analysis.



flow cytometry after treatment with 10 μM of cisplatin or 100
nM of paclitaxel, the proportion of apoptotic A549 cells was
much higher compared to that of the other three cancer cell lines
(Figure 1B). Accordingly, cleaved PARP or caspase-3,
indicating apoptosis in western blot was induced only in A549
cells (Figure 1C). The activation of AKT was suppressed by
drugs in A549 cells, while p-AKT was maintained in the other
three chemorefractory cell lines (Figure 1C), suggesting an
association between drug response and AKT signal.

CX-4945 inhibited cell growth through cell-cycle arrest and
induced apoptosis of chemorefractory lung cancer cells. In
order investigate the growth-inhibitory effect of CX-4945,
chemorefractory cells were treated with CX-4945 for 72 h, and
the growth rate was determined by cell counting. CX-4945
effectively suppressed the growth of cancer cells in a dose-
dependent manner (Figure 2A). To determine whether CX-4945
inhibited cell-cycle progression of these cell lines, the cell-cycle
distribution after treatment with 10 μM of CX-4946 for 72 h
was analyzed by flow cytometry. As shown in Figure 2B, the
proportion of cells in the G2/M phase was 60.6% in H1299,
43.9% in Calu-1 and 38.8% in H358 cells, respectively. We next
observed apoptosis when cells were exposed to CX-4945. After
incubation with 10 μM of CX-4945 for 72 h, the cells were
analyzed by flow cytometry and western blotting. Early and late
apoptotic cells were significantly increased by CX-4945, which
was accompanied by increased cleavage of caspase-3 and
PARP1 (Figure 2C and D). 

Apoptosis by CX-4945 was related to down-regulation of
AKT/mTOR signaling pathway. In order to better-understand the
molecular basis of CX-4945-induced G2/M arrest and apoptosis,
we investigated the expression of p-AKT, p-mTOR and
downstream signaling molecules after treatment with CX-4945
(0, 5, 10 μM) for 72 h. As shown in Figure 3, the levels of p-
AKT, p-mTOR and p-p70S6K dose-dependently decreased in
response to CX-4945. Moreover, total AKT protein was also
reduced by CX-4945. These results suggest that CX-4945 may
be effective for controlling a chemorefractory lung cancer cells
through increased G2/M cell-cycle arrest and apoptosis by
inhibiton of AKT/mTOR signaling pathway.

Inhibition of CK2α was required for apoptosis of
chemorefractory lung cancer cells. To determine whether
direct inhibition of CK2α in resistant cells is sufficient to
induce apoptosis, these cells were transfected with 200 nM of
CK2α siRNA. Because the transfection efficiency was very
low in Calu-1 cells, two cell lines (H1299 and H358) were
used. As shown in Figure 4, treatment with CK2α siRNA
suppressed the growth of cancer cells and led to decreased
expression of CK2α and p-AKT, as well as increased cleavage
of PARP and caspase-3. 
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Figure 4. Suppression of CK2α by siRNA induced apoptosis in the two cell
lines studied. A: H1299 and H358 cells were transfected with control siRNA
and CK2α siRNA (200 nM). After 72 h, cell viability was measured using a
cell counter. *p<0.001 compared to the control. B: The suppression of
CK2α, p-AKT and expression of proapoptotic molecules (i.e. cleavage of
PARP1 and caspase-3) were detected by western blot analysis.

Figure 3. CX-4945 inhibited the AKT/mTOR signaling molecules in the
chemotherapy-resistant cell lines. The three cell lines were treated with
CX-4945 (0, 5, 10 μM) for 72 h. Equal amounts of whole-cell lysates
(20 μg) were subjected to electrophoresis and the proteins were
analyzed by western blotting for phospho (p)-CK2, CK2, p-AKT, AKT,
p-mTOR, mTOR, p-p70S6K, p70S6K and β-actin.



Discussion

Platinum-based chemotherapy is the mainstay of treatment for
advanced NSCLC. Although some patients with known driver
mutations such as of EGFR and ALK re-arrangement can
benefit from targeted therapy, the majority of patients without
those targets should receive cytotoxic chemotherapeutic
agents. Despite the development of several new drugs over the
past decades, the drug response rate has not improved.
Therefore, although a platinum-based doublet of cytotoxic
drugs for first-line therapy in patients with good performance
status is recommended, more than half of patients do not
respond, resulting in a median survival of 8-10 months, with
only 5% patients alive at two years (5).

Several factors have been known to be related to therapeutic
resistance of cancer cells to anticancer drugs. P53 mutations
are the most common genetic alterations found in human
cancer, including lung cancer. Mutations of this gene result in
loss of P53 function, contributing to aggressive cancer
behavior and drug resistance (15, 18). Three of the cell lines
used in our study (H1299, Calu-1, H358) harbor P53
mutation. This could be one contributing factor to the
chemorefractoriness of these cell lines. However, P53
mutation does not seem to be a major resistance factor in them
because CK2 is not related to aberrant P53, and CK2
inhibition is effective in controlling these cell lines. 

Interestingly, we observed that the activation of AKT was
suppressed by cisplatin and paclitaxel in A549 cells,
whereas the phospho-AKT was maintained in three
chemorefractory cell lines. This suggests that a persistent
PI3K/AKT/mTOR pathway can also contribute to the
resistance of these cell lines considering that there have
been many studies demonstrating its association with drug
resistance (8, 13, 16). Accordingly, this pathway was
suppressed by the CK2 inhibitor which was able to
effectively induce apoptosis. 

The induction of cell-cycle arrest and apoptosis are
common mechanisms proposed for the cytotoxic effects of
anticancer drugs. Cell-cycle arrest can trigger the inhibition of
proliferation and increase of apoptosis in cancer cells (4, 21).
During the cell cycle, the G2/M checkpoint is a potential target
for cancer therapy. It prevents DNA-damaged cells from
entering mitosis and allows for the repair of DNA that was
damaged in late S or G2 phases prior to mitosis (30). In our
study, we observed the increase of cell-cycle arrest at G2/M
phase by CX-4945 in chemorefractory cells. This might help
cause apoptotic cell death. In line with this, several studies
have shown that some anticancer drugs induced G2/M arrest
and apoptosis accompanying down-regulation of AKT (2, 11,
31). However, the association of G2/M arrest with
PI3K/AKT/mTOR signals should be further explored. 

There have been many studies showing that suppression of
PI3K/AKT/mTOR signals induces autophagy in cancer cells

(14, 24, 32). Rapamycin is a one representative drug which
induces autophagy by inhibition of PI3K/AKT/mTOR
signaling pathway (27). However, CX-4945 did not cause
autophagy in chemorefractory lung cancer cells despite an
effective suppression of PI3K/AKT/mTOR signaling pathway.
Therefore, autophagy is not linked to the anticancer effects of
CX-4945 in our study. 

In conclusion, CX-4945 shows promising anticancer effects
by down-regulation of AKT/mTOR signals, suggesting its
possible application for treatment of chemorefractory lung
cancer.  
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