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Abstract

Protein kinase CK2 has diverse functions promoting and maintaining cancer
phenotypes. We investigated the effect of CK2 inhibition in lung cancer cells with
T790M-mediated resistance to the EGFR-TK inhibitor. Resistant sublines of PC-9
to gefitinib (PC-9/GR) and erlotinib (PC-9/ER) were established by previous study,
and T790M secondary mutation was found in both resistant sublines. A decrease of
EGFR by siRNA treatment effectively controlled the growth of resistant cells, thus
suggesting that they still have EGFR-dependency. CX-4945, a potent and selective
CK2 inhibitor, induced autophagy in PC-9/GR and PC-9/ER, and which was
supported by the induction of autophagic vacuoles and microtubule-associated
protein 1 light chain 3 (LC3) expression, and the increase of punctate fluorescent
signals in resistant cells pre-transfected with green fluorescent protein (GFP)-
tagged LC3. However, the withdrawal of CX-4945 led to the recovery of cancer cells
with autophagy. We found that the induction of autophagy by CX-4945 in both
resistant cells was CK2 dependent by using small interfering RNA against CK2.
The treatment with CX-4945 alone induced a minimal growth inhibition in resistant
cells. However, combined treatment of CX-4945 and EGFR-TKI effectively inhibited
cancer-cell proliferation and induced apoptosis. CX-4945 increased the
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translocation of EGFR from the cell surface into the autophagosome, subsequently
leading to the decrease of EGFR while inhibition of autophagy by 3MA or Atg7-
targeted siRNA pretreatment reduced the decrease of EGFR by CX-4945.
Accordingly, apoptosis by a combination of CX-4945 and EGFR-TKI was
suppressed by 3MA or Atg7-targeted siRNA pretreatment, thus suggesting that
autophagosome-mediated EGFR down-regulation would have an important role
regarding apoptotic cell death by EGFR-TKI. Combined treatment of the CK2
inhibitor and EGFR-TKI may be a promising strategy for overcoming T790M-
mediated resistance.

Introduction

Targeting the epidermal growth factor receptor (EGFR) with small-molecule,
tyrosine kinase inhibitors has become an essential therapeutic strategy for non-
small-cell lung cancer (NSCLC) with EGFR mutation. After confirming the
survival benefit compared to that of conventional cytotoxic chemotherapy [1, 2],
EGFR-TKIs have been approved as the first-line agents. However, despite the
initially remarkable response, acquired resistance eventually develops, thus
limiting the median response duration to less than one year [3, 4]. Approximately
half of the resistance is caused by a second-site mutation at position 790, namely
T790M [5, 6]. The bulkier methionine residue in T790M could hinder the binding
of the drug or the increased ATP affinity at the ATP-binding pocket, and thus
minimizing the drug efficacy [5,7].

Second generation EGFR-TKIs, such as BIBW2992 (afatinib) and PF00299804
(dacomitinib), have been recommended in order to overcome the T790M-
mediated resistance considering that these potent, irreversible EGFR-TKIs no
longer compete with ATP once they have become covalently bound to the kinase
domain [8,9]. However, it is uncertain whether irreversible EGFR-TKIs can
overcome the resistance caused by T790M as some preliminary results of on-going
clinical trials have been rather disappointing in terms of overcoming the
resistance, although more successful, progression-free patient survival could be
achieved when used as the first-line agent compared to reversible EGFR-TKIs
[10, 11]. Therefore, further clinical investigation will be required in order to
provide more effective overcoming strategies.

Protein kinase CK2 is a constitutively active and highly conserved, ubiquitous
serine/threonine kinase which is involved in a variety of cell signaling related to
the cell cycle, proliferation, and apoptosis [12—14]. Aberrant CK2 expression and
activity have been reported in many human diseases, including cancer [15]. The
overexpression of CK2 attenuates the apoptosis of cancer cells, while its down-
regulation enhances cell death caused by drug or radiation, and thus suggesting its
important regulatory role regarding determination of the cancer-cell fate [16—19].
CK2-dependent phosphorylation of Cdc37 is required for the chaperoning
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function of Hsp90 on numerous client oncoproteins, including CK2, itself [20].
Because Hsp90 is essential for oncoprotein maturation and stability, the survival
of cancer cells is critically dependent on its proper function, thus suggesting that
the control of HSP90 directly or indirectly through the inhibition of CK2 would
be promising for cancer treatment. In addition, CK2 can regulate EGFR and its
downstream signaling, especially the activity of members of the PI3K-Akt-mTOR
pathway [21-24]. The inhibition of this pathway has been shown to potentiate the
effect of EGFR inhibitors [25].

In this study, we investigated the activity of CX-4945, a selective and potent
CX-2 inhibitor, on EGFR-mutant lung cancer cells with T790M mutation leading
to resistance to EGFR-TKIs. It was also examined whether it could enhance the
effect of EGFR-TKIs in order to overcome the resistance.

Materials and Methods

Cell culture and reagents

Gefitinib/Erlotinib-resistant cell lines (PC-9/GR and PC-9/ER) were established in
a previous study [26]. Cells were cultured in RPMI 1640 (Invitrogen, Carlsbad,
CA) containing 10% fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL
streptomycin (Invitrogen, Carlsbad, CA) at 37°C in a 5% CO2 atmosphere. The
MTT solution was purchased from Sigma (St Louis, MO, USA). Gefitinib,
Erlotinib, 17-DMAG, CX-4945, and 3MA were purchased from Selleck Chemicals
Co. Ltd (Houston, TX, USA).

Cell survival assays

To perform the MTT assay, cells were plated in 96-well sterile plastic plates. Cells
were exposed to varying doses of CX-4945. After 72 h, 15 pL of MTT solution
(5 mg/mL) was added to each well and plates were incubated for 4 h. Crystalline
formazan was solubilized with 100 pL of a 10% (w/v) SDS solution for 24 h.
Absorbance at 595 nm was read spectrophotometrically using a microplate reader.
To validate the combined effects of CX-4945 or EGFR dependency, cells were
treated with CX-4945, EGFR-TKIs, a combination of CX-4945 and gefitinib or
erlotinib, or EGFR targeted siRNA for the indicated times. Cell viability was
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% NP40, and 5
U/mL aprotinin) and were then centrifuged. The resulting supernatant (20 pg)
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
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20 for one hour at room temperature before being incubated overnight with
primary antibodies specific for p-CK2o which was purchased from Sigma (St
Louis, MO, USA) and CK2a which was purchased from Abcam (Cambridge, UK).
p-EGFR (Tyr1173), EGFR, Caspase-3, Akt, p-Erk, Erk, and B-actin were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). P-Akt (Ser473), cleaved
PARP (Asp214), Atg7 and LC3 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).

Acridine orange staining

Autophagy was analyzed by staining cells with the vital dye, acridine orange
(Sigma, St Louis, MO). Cells were trypsinized and were incubated with acridine
orange at a final concentration of 5 pg/mL for 30 min at 37°C in a 5% CO2
atmosphere. Analyses were performed on a FACScan (Becton Dickinson, Franklin
Lakes, NJ, USA). The data were analyzed using CellQuest software (Becton
Dickinson). The results are representative of at least three, independent
experiments, and the error bars signify standard deviations (SDs).

LC3-GFP expression

Cells were transfected with a plasmid, pEGFP-LC3 vector (Addgene Inc.,
Cambridge, MA, USA) and were cultured for 24 h. Cells were then treated with
CX-4945 for 24 h. The punctate patterns of LC3 in transfected cells were
examined by fluorescence microscopy.

Apoptosis assay

Apoptosis was quantified using the Annexin V-FITC 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 CaCl,, 10 nM
HEPES, 5 mM KCl, 1 mM MgCl,). FITC-conjugated Annexin V (1 pg/ml) and
propidium iodide (50 pg/ml) was added to the cells which were incubated for
30 min at room temperature in the dark. Analyses were done on a FACScan
(Becton Dickinson). The data were analyzed using CellQuest software (Becton
Dickinson). The results are representative of at least three, independent
experiments, and the error bars signify standard deviations (SDs).

Small interfering RNA transfection

Small interfering RNA (siRNA) oligonucleotides specific for EGFR, Atg7, CK2a
and the siRNA control were purchased from Santa Cruz Biotechnology (Santa

Cruz). Cells were seeded into a 60-mm dish which was then left for 24 h. A 2 pL
aliquot of siRNA solution (10 M) and 5 pL of Lipofectamine 2000 (Invitrogen)

PLOS ONE | DOI:10.1371/journal.pone.0114000 December 8, 2014 4/15



@'PLOS | ONE

Effect of CK2 Inhibitor on T790M-Mediated Resistance

were each mixed with 100 pL of serum-free RPMI 1640 medium. They were
incubated for 20 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 24 h,
harvested cells were subjected to Western blot analysis. Cells were also processed
for cell viability and apoptosis analysis.

Confocal microscopy

The cells were grown in a chamber slide in the presence or absence of CX-4945 for
48 h. They were fixed for 10 min with cold methanol and then washed three times
with PBS. The cells were incubated with anti-EGFR (Santa Cruz, 1:50) and LC3
(Cell signaling, 1:100) overnight at 4°C. Secondary antibody incubation included
1:100 dilution of either Alexa Fluor 488 anti-mouse or Alexa Fluor 568 anti-rabbit
antibodies. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) and
were then washed and cover-slipped. Slides were viewed under an LSM710
confocal laser scanning microscope (Carl Zeiss, Jena, Germany), and the images
were photographed.

Results

CX-4945 induces autophagy in gefitinib/erlotinib-resistant PC-9
cells

Some studies have reported that CX-4945 led to an inhibition of proliferation in
human cancer cells [15,24]. To investigate whether CX-4945 can inhibit the
growth of lung cancer cells with T790M-mediated resistance to EGFR-TKIs, cells
were treated with CX-4945 in a dose-dependent manner. As shown in Fig. 1A,
CX-4945 treatment did not show a significant growth inhibition in gefitinib/
erlotinib-resistant cells. However, we found that CX-4945 treatment triggered the
accumulation of autophagic vacuoles (AV), whereas these cells were restored to
their previous condition after drug withdrawal (Fig. 1B). To further confirm the
induction of autophagy by CX-4945, we analyzed the expression of the autophagy
marker, LC3-II, and the number of cells stained with acridine orange by
performing Western blotting and FACS analysis. Consistent with the induction of
autophagic vaculoles, CX-4945 treatment showed a strong increase in the amount
of endogenous LC3-1I and in the percentage of acridine orange-positive cells (
Fig. 1C and D). In addition, CX-4945 treatment exhibited characteristic punctate
pattern of LC3, whereas the vehicle-treated cells showed diffuse and weak LC3-
associated green fluorescence (Fig. E). This CX-4945-induced autophagy was also
observed in parental PC-9 cells (data not shown). These results demonstrated that
CX-4945 has the capability to trigger the induction of autophagy in parental cells
as well as gefitinib/erlotinib-resistant PC-9 cells.

Hsp90 is essential for numerous oncoproteins maturation and stability
including CK2a [20]. In addition, the chaperoning function of Hsp90 required
phosphorylation of Cdc37 by CK2a [27,28]. To further evaluate whether Hsp90
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Figure 1. CX-4945 induced the autophagy in EGFR-TKI-resistant PC-9 cells. A, Cells were treated with different concentrations of CX-4945 for 72 h, and
the rate of inhibition was determined by MTT assay. B, Cells were treated with or without CX-4945 (5 uM) for 48 h and were then incubated for 24 h with a
drug-free medium containing 10% FBS. Pictures showing the autophagic vacuole formation (AVOs) were taken at x 20 magnification. C and D, Cells were
treated with CX-4945 for 48 h. Cell lysates were subjected to Western blot analysis. Quantitative detection of acidic vesicular organelles by acridine orange
staining of cells was determined by FACS analysis. *p<<0.01 and **p<<0.001 compared with the control. E, Cells were transfected with a plasmid to express
LC3-GFP. After 24 h transfection, cells were treated with CX-4945 (5 uM) for 24 h. Punctate pattern of LC3 localization analyzed by immunofluorescence
microscopy. F and G, Cells were incubated with CX-4945 (5 uM), 17-DMAG (100 nM) or rapamycin (20 uM) for 48 h. Pictures were taken at x 20
magnification. The induction of LC3-I/ll was shown by Western blot analysis.

doi:10.1371/journal.pone.0114000.9001

was involved in CX-4945-induced autophagy, cells were treated with 17-DMAG,
Hsp90 inhibitor. As shown in Fig. 1F and G, the inhibition of Hsp90 did not show
the induction of autophagy. Although cells were treated with the same doses of
each drug, CX-4945-induced autophagy was more potent than rapamycin, an
mTOR inhibitor.

Although CX-4945 has the selectivity for CK2, it can inhibit other kinases, such
as FLT3, PIM1, and CDKI1. Thus, we examined whether CX-4945-induced
autophagy is dependent on CK-2. Consistent with the result of CX-4945
treatment, the suppression of CK2a induced only a minimal growth inhibition,
whereas it resulted in the increase of autophagic vaculoles and endogenous LC3-1I
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Figure 2. Down-regulation of CK2a by siRNA treatment induced the autophagy in EGFR-TKI-resistant PC-9 cells. A and B, Cells were transfected
with control or CK2a siRNA (100 nM) for 48 h. Cell numbers were determined with an ADAM-MC automatic cell counter. Pictures showing the autophagic
vacuole formation (AVOs) were taken at x 20 magnification. *p<<0.01 compared with the control. C, After 48 h transfection, CK2« and LC3-1/ll was shown by
Western blot analysis.

doi:10.1371/journal.pone.0114000.9002

(Fig. 2). These result suggested that CX-4945-induced autophagy might be CK2-
dependent.

CX-4945 enhances the efficacy of EGFR-TKIs in gefitinib/erlotinib-
resistant cells

The relationship between the induction of autophagy and the sensitivity to EGFR-
TKIs has controversially remained [29-32]. Determining whether CX-4945-
induced autophagy can affect the sensitivity to EGFR-TKIs, cells were treated with
(CX-4945, EGFR-TKI or a combination of both for 48 h. The combination of CX-
4945 and gefitinib or erlotinib led to significant growth inhibition, whereas CX-
4945-induced autophagy was decreased in combined treatment (Fig. 3A).
Furthermore, combined treatment with EGFR-TKIs and CX-4945 induced
caspase-3 and PARP-1 cleavage, thus leading to enhanced cell death (Fig. 3B and
O).

To investigate the mechanism by which CX-4945 restored the antitumor
activities of EGFR-TKI in resistant cells, we firstly examined the dependency of
EGER signaling in both types of resistant cells. Although the efficacy to down-
regulate EGFR differed, the growth of both resistant cells was significantly
inhibited by siRNA treatment, and thus suggesting the persistence of EGFR
dependency despite T790M-mediated resistance (Fig. 4A and B). We next
observed the activities of EGFR and its downstream molecules when cells were
exposed to each drug. The inhibitory effect of a single treatment with CX-4945,
gefitinib or erlotinib on EGFR and Akt activities was modest, whereas the
combination of CX-4945 and gefitinib or erlotinib completely suppressed EGFR
and Akt activity (Fig. 4C). Treatment with CX-4945 induced the down-regulation
of the total EGFR as seen in siRNA treatment. These results suggest that the
addition of CX-4945 to EGFR-TKI may overcome T790M-mediated resistance
through the increased activity of EGFR-TKI to suppress EGFR signals by the
down-regulation of EGFR.
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Figure 3. CX-4945 enhanced the efficacy of EGFR-TKIs to overcome drug resistance caused by T790M. Cells were treated with CX-4945 (5 uM),
gefitinib (1 uM), and erlotinib (1 pM) or a combination of CX-4945 and gefitinib or CX-4945 and erlotinib for 48 h. A, Cell numbers were determined using a
cell counter (upper panel). Quantitative detection of acidic vesicular organelles by acridine orange staining of cells was determined by FACS analysis (lower
panel). 1p<0.01 compared with CX-4945 alone. B, Apoptosis was assessed by Annexin V-FITC/Propidium iodide staining and flow cytometry. Diagrams of
Annexin V-FITC/Propidium iodide flow cytometry in a representative experiment are presented at the left panel. The results are representative of at least 3
independent experiments, and the error bars signify standard deviations (4 SDs). C, Cleavage of PARP-1 and caspase-3 was shown by Western blot
analysis. *p<<0.01 and **p<<0.001 compared with the control.

doi:10.1371/journal.pone.0114000.9003

The inhibition of CX-4945-induced autophagy attenuates apoptosis
in gefitinib/erlotinib-resistant cells

We observed that CX-4945 treatment led to the down-regulation of EGFR. To
determine whether the induction of autophagy is associated with the down-
regulation of EGFR, the changes in EGFR localization were confirmed by confocal
microscopy using the anti-EGFR and anti-LC3 antibody conjugated to
fluorophore. As shown in Fig. 5A, CX-4945 treatment showed an increase inLC3/
EGFR co-localization. These results demonstrate that CX-4945-induced autop-
hagy can entrap EGFR from plasma membrane into the autophagosome and that
trapped proteins may be degraded by lysosome.
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Figure 4. Addition of CX-4945 to EGFR-TKIs substantially suppressed the EGFR signaling pathway in gefitinib/erlotinib-resistant, PC-9 cells. A
and B, Control and EGFR siRNAs (100 nM) were introduced into parental or resistant cells, and EGFR suppression was confirmed by Western blot analysis.
Cell viability was measured using a cell counter 72 h later. *p<<0.01 and **p<<0.001 compared with the control. C, Cells were treated with drugs as in Fig. 2.
Cells were harvested, and the modulation of EGFR signaling in the indicated cell lines was detected by Western blot analysis.

doi:10.1371/journal.pone.0114000.9004

To further investigate whether CX-4945-induced autophagy leads directly to
the down-regulation of EGFR, we evaluated the level of EGFR in the presence or
absence of the autophagic inhibitor (3-methyladenine, 3MA) and Atg7 siRNA
treatment. The number of autophagosomes was significantly lower in pre-treated
cells with 3MA (data not shown), and 3MA or Atg7 siRNA treatment restored the
activities as well as the total level of EGFR (Fig. 5B). Furthermore, the inhibition
of autophagy by 3MA or suppression of Atg7 decreased caspase-3 and PARP-1
cleavage and consequently led to the reduction of apoptotic cell death (Fig. 5C
and D). Taken together, these results indicate that the induction of autophagy by
CX-4945 may have an important role in overcoming T790M-mediated resistance
to EGFR-TKIs.

Discussion

Investigations to provide effective strategies for overcoming T790M-mediated
resistance are very important as most of the patients treated with EGFR-TKIs
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Figure 5. The inhibition of CX-4945-induced autophagy led to decreased apoptosis. A, PC-9/ER cells were treated with CX-4945 (5 uM) for 48 h and
then were fixed with methanol, immunostained with anti-LC3 (red), anti-EGFR (green), and DAPI (blue), and analyzed by confocal microscopy to determine
the intracellular localization of EGFR. B, The suppression of Atg7 by siRNA treatment was detected by Western blot analysis. PC-9/ER cells were treated
with CX-4945 (5 uM) for 48 h in the presence or absence of 3MA (2 mM) and Atg7 siRNA (100 nM). The modulation of EGFR was detected by Western blot
analysis. C and D, Cells were treated with drugs as in Fig. 2 under the presence or absence of 3MA and Atg7 siRNA. Cleavage of PARP-1 and caspase-3
was shown by Western blot analysis. Apoptosis was assessed by Annexin V-FITC/Propidium iodide staining and flow cytometry. The results are
representative of at least 3 independent experiments, and the error bars signify standard deviations (+ SDs). *p<<0.01 and **p<<0.001 compared with the
combination of CX-4945 and gefitinib or erlotinib.

doi:10.1371/journal.pone.0114000.9005

acquired resistance and T790M was the cause of resistance in half of these patients
[5,6]. As the second-generation, irreversible EGFR-TKIs, such as afatinib and
dacomitinib, failed to overcome the resistance caused by T790M [33, 34], other
measures, such as EGFR dual targeting with cetuximab and afatinib [35] and
third-geneneration, mutant-selective EGFR-TKIs [36—38] are being actively
evaluated. The preliminary reports regarding the efficacy of mutant-selective EGF-
TKIs are quite promising [39]. These novel drugs are expected to be clinically
available in the near future for patients with T790M-mediated resistance.
However, due to tumor heterogeneity and genomic instability, the emergence of
resistance to these drugs seems to be unavoidable requiring other therapeutic
strategies.

Chen et al. demonstrated that EGFR-specific siRNAs strongly inhibited cell
growth and induced apoptosis in H1975 cells harboring both L858R and T790M
[40]. Even knock-down of the T790M transcript by siRNAs, when combined with
afatinib, was efficacious in controlling T790M-mutant, lung cancer cells. In line
with this, we also confirmed the persistence of EGFR dependency in T790M-
mutant, lung cancer cells. This is theoretically plausible considering that T790M
only reduces the biding affinity of EGFR-TKIs, but does not activate the
redundant mechanism for cancer-cell survival except in rare cases having other
concomitant, resistant mechanisms. Therefore, the down-regulation of EGFR
could exert anti-cancer effects on cancer cells with EGFR dependency as well as
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enhancing the efficacy of EGFR-TKIs in the setting of a decreased level of EGFR
expression. Our study firstly demonstrated that EGFR down-regulation caused by
CX-4945 enhanced the efficacy of EGFR-TKI on EGFR-mutant lung cancer cells
with T790M-mediated resistance.

Until now, it has been controversially remained whether autophagy is
associated with sensitivity or resistance to EGFR-TKIs. However, some papers
recently suggested that the induction of autophagy is necessary for the cytotoxic
effect of EGFR-TKIs in primary and resistant cells with mutant EGFR [29, 32,41].
They also showed that enhanced autophagy is required for survival in EGFR-
independent EGFR-mutant lung cancer cell [41]. In our study, both resistant cells
still had EGFR-dependency and the inhibition of autophagy led to the reduction
of cell death. Consistent with previous studies, our results showed that the
induction of autophagy has an important role to overcome acquired resistance to
EGFR-TKIs although the mechanisms to induce autophagy may be different.

EGFR expression at the cell surface is tightly controlled by a complex, endocytic
mechanism [42]. After the ligand-mediated activation and internalization, EGFR
is either recycled back to the cell surface or transported for lysosomal degradation
[42—44]. Alteration of this delicate balance can change the level of EGFR at the cell
surface. Increased autophagosomes in cytoplasm could fuse with endosomes
containing EGFR, and thus causing the formation of amphisomes. Subsequently,
autolysomes developed by the fusion with lysosome might lead to EGFR
degradation (Fig. 6). In our study, CX-4945 induced autophagosomes more
potently than rapamycin, a well-known mTOR inhibitor in EGFR-mutant, lung
cancer cells with T790M. Decreased EGFR expression in these cells by CX-4945
would be caused by the process mentioned previously. This is supported by results
showing that increased internalized EGFR at autophagosomes by CX-4945 could
be visualized in fluorescent cytochemical staining and the inhibition of autophagy
by 3MA or Atg7 siRNA treatment restored the EGFR level. Therefore, induction
of autophagy leading to increased EGFR degradation, when combined with
EGFR-TKIs, could be one of the promising therapeutic options for EGFR TKI-
resistant cancer cells with EGFR dependency.

CX-4945-induced autophagy may not be mediated by inhibition of chaper-
oning function of Hsp90 because 17-DMAG could not induce autophagy.
Previous studies showed that suppression of CK2 induces autophagic cell death
through modulation of the mTOR and MAPK signaling in human glioblastoma
cells [45]. In line with this, we found that downregulation or inhibition of CK2a
could lead to induction of autophagy in lung cancer cells with EGFR mutation.
However, cell death did not occur when resistant cells were treated with CX-4945
or CK2a siRNA. This result might be caused by the characteristic of EGFR-mutant
cancer cells. Downstream signalings (PI3K/AKT and MAPK) of cells with EGFR
mutation are highly dependent on EGFR activity. Thus, the inhibition of only
CK2 may not be sufficient for the modulation of the mTOR and MAPK signaling
in these cells. Further detailed mechanisms should be explored by following
studies.
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Figure 6. lllustration of EGFR degradation by CX-4945-induced authophagy. EGFR is delivered from the plasma membrane to early endosomes in
endocytic vesicles. These vesicles are back to the plasma membrane through the recycling pathway. However, vesicles can also fuse with
authophagosomes, and then directly with lysosomes leading to degradation of EGFR.

doi:10.1371/journal.pone.0114000.9006

Nevertheless, we suggested that CX-4945 could be useful for treatment of
EGFR-mutant lung cancer with T790M-mediated resistance. However, for its
clinical application, the safety issue related with this novel drug seems to be solved
because it could inhibit the function of Hsp90 which is important in maturation
and stability of both normal proteins and oncoproteins. Hence, it is uncertain
whether it can reach effective serum concentration without significant adverse
effects considering that we mostly used 5uM of CX-4945 in our study. Therefore,
further investigations are required to address the appropriate dose of CX-4945
and safety profiles.

In summary, autophagosome-mediated EGFR down-regulation induced by
CX-4945, a potent and selective CK2 inhibitor, enhances the efficacy of EGFR-TKI
on EGFR-mutant lung-cancer cells with resistance by T790M.

Author Contributions

Conceived and designed the experiments: KSS JCL. Performed the experiments:
KSS CHK JKR SYK. Contributed reagents/materials/analysis tools: Y. Choi JSS
WSK CMC Y. Chun. Wrote the paper: KSS Y. Chun JCL.

References

1. Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, et al. (2009) Gefitinib or carboplatin-paclitaxel in
pulmonary adenocarcinoma. N Engl J Med 361: 947-957.

2. Rosell R, Carcereny E, Gervais R, Vergnenegre A, Massuti B, et al. (2012) Erlotinib versus standard
chemotherapy as first-line treatment for European patients with advanced EGFR mutation-positive non-

PLOS ONE | DOI:10.1371/journal.pone.0114000 December 8, 2014 12/15



@'PLOS | ONE

Effect of CK2 Inhibitor on T790M-Mediated Resistance

10.

1.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22,

small-cell lung cancer (EURTAC): a multicentre, open-label, randomised phase 3 trial. Lancet Oncol 13:
239-246.

Paz-Ares L, Soulieres D, Melezinek I, Moecks J, Keil L, et al. (2010) Clinical outcomes in non-small-
cell lung cancer patients with EGFR mutations: pooled analysis. J Cell Mol Med 14: 51-69.

Perez-Soler R, Chachoua A, Hammond LA, Rowinsky EK, Huberman M, et al. (2004) Determinants
of tumor response and survival with erlotinib in patients with non—small-cell lung cancer. J Clin Oncol 22:
3238-3247.

Kobayashi S, Boggon TJ, Dayaram T, Janne PA, Kocher O, et al. (2005) EGFR mutation and
resistance of non-small-cell lung cancer to gefitinib. N Engl J Med 352: 786-792.

Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, et al. (2005) Acquired resistance of lung
adenocarcinomas to gefitinib or erlotinib is associated with a second mutation in the EGFR kinase
domain. PLoS Med 2: e73.

Yun CH, Mengwasser KE, Toms AV, Woo MS, Greulich H, et al. (2008) The T790M mutation in EGFR
kinase causes drug resistance by increasing the affinity for ATP. Proc Natl Acad Sci USA 105: 2070—
2075.

Engelman JA, Zejnullahu K, Gale CM, Lifshits E, Gonzales AJ, et al. (2007) PF00299804, an
irreversible pan-ERBB inhibitor, is effective in lung cancer models with EGFR and ERBB2 mutations that
are resistant to gefitinib. Cancer Res 67: 11924-11932.

Kwak EL, Sordella R, Bell DW, Godin-Heymann N, Okimoto RA, et al. (2005) Irreversible inhibitors of
the EGF receptor may circumvent acquired resistance to gefitinib. Proc Natl Acad Sci USA 102: 7665—
7670.

Kwak E (2011) The role of irreversible HER family inhibition in the treatment of patients with non-small
cell lung cancer. Oncologist 16: 1498—1507.

Ou SH (2012) Second-generation irreversible epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKIs): a better mousetrap? A review of the clinical evidence. Crit Rev Oncol Hematol 83: 407—
421.

Allende JE, Allende CC (1995) Protein kinases. 4. Protein kinase CK2: an enzyme with multiple
substrates and a puzzling regulation. FASEB J 9: 313-323.

Homma MK, Homma Y (2008) Cell cycle and activation of CK2. Mol Cell Biochem 316: 49-55.

Litchfield DW (2003) Protein kinase CK2: structure, regulation and role in cellular decisions of life and
death. Biochem J 369: 1-15.

Unger GM, Davis AT, Slaton JW, Ahmed K (2004) Protein kinase CK2 as regulator of cell survival:
implications for cancer therapy. Curr Cancer Drug Targets 4: 77-84.

Ahmad KA, Harris NH, Johnson AD, Lindvall HC, Wang G, et al. (2007) Protein kinase CK2
modulates apoptosis induced by resveratrol and epigallocatechin-3-gallate in prostate cancer cells. Mol
cancer Ther 6: 1006-1012.

Hessenauer A, Schneider CC, Gotz C, Montenarh M (2011) CK2 inhibition induces apoptosis via the
ER stress response. Cell signal 23: 145-151.

Pierre F, Chua PC, O’Brien SE, Siddiqui-Jain A, Bourbon P, et al. (2011) Pre-clinical characterization
of CX-4945, a potent and selective small molecule inhibitor of CK2 for the treatment of cancer. Mol Cell
Biochem 356: 37—43.

Yamane K, Kinsella TJ (2005) CK2 inhibits apoptosis and changes its cellular localization following
ionizing radiation. Cancer Res 65: 4362—4367.

Miyata Y (2009) Protein kinase CK2 in health and disease: CK2: the kinase controlling the Hsp90
chaperone machinery. Cell Mol Life Sci 66: 1840—1849.

Di Maira G, Salvi M, Arrigoni G, Marin O, Sarno S, et al. (2005) Protein kinase CK2 phosphorylates
and upregulates Akt/PKB. Cell Death Differ 12: 668—677.

Pinna LA, Allende JE (2009) Protein kinase CK2 in health and disease: Protein kinase CK2: an ugly
duckling in the kinome pond. Cell Mol Life Sci 66: 1795-1799.

PLOS ONE | DOI:10.1371/journal.pone.0114000 December 8, 2014 13/15



@'PLOS | ONE

Effect of CK2 Inhibitor on T790M-Mediated Resistance

23.

24,

25,

26.

27.

28.

29,

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

Torres J, Pulido R (2001) The tumor suppressor PTEN is phosphorylated by the protein kinase CK2 at
its C terminus. Implications for PTEN stability to proteasome-mediated degradation. J Biol Chem 276:
993-998.

Trembley JH, Wang G, Unger G, Slaton J, Ahmed K (2009) Protein kinase CK2 in health and disease:
CK2: a key player in cancer biology. Cell Mol Life Sci 66: 1858—1867.

lhle NT, Paine-Murrieta G, Berggren MI, Baker A, Tate WR, et al. (2005) The phosphatidylinositol-3-
kinase inhibitor PX-866 overcomes resistance to the epidermal growth factor receptor inhibitor gefitinib in
A-549 human non-small cell lung cancer xenografts. Mol Cancer Ther 4: 1349-1357.

Rho JK, Choi YJ, Lee JK, Ryoo BY, Na ll, et al. (2009) The role of MET activation in determining the
sensitivity to epidermal growth factor receptor tyrosine kinase inhibitors. Mol Cancer Res 7: 1736-1743.

Miyata Y, Nishida E (2004) Supervision of multiple signaling protein kinases by the CK2-Cdc37 couple,
a possible novel cancer therapeutic target. Ann N Y Acad Sci 1030: 150-157.

Miyata Y, Nishida E (2004) CK2 controls multiple protein kinases by phosphorylating a kinase-targeting
molecular chaperone, Cdc37. Mol Cell Biol 24: 4065-4074.

Fung C, Chen X, Grandis JR, Duvvuri U (2012) EGFR tyrosine kinase inhibition induces autophagy in
cancer cells. Cancer Biol Ther 13: 1417—1424.

Han W, Pan H, Chen Y, Sun J, Wang Y, et al. (2011) EGFR tyrosine kinase inhibitors activate
autophagy as a cytoprotective response in human lung cancer cells. PloS one 6: e18691.

Moreira-Leite FF, Harrison LR, Mironov A, Roberts RA, Dive C (2010) Inducible EGFR T790M-
mediated gefitinib resistance in non-small cell lung cancer cells does not modulate sensitivity to PI103
provoked autophagy. J Thorac Oncol 5: 765-777.

Wei Y, Zou Z, Becker N, Anderson M, Sumpter R, et al. (2013) EGFR-mediated Beclin 1
phosphorylation in autophagy suppression, tumor progression, and tumor chemoresistance. Cell 154:
1269-1284.

Ercan D, Zejnullahu K, Yonesaka K, Xiao Y, Capelletti M, et al. (2010) Amplification of EGFR T790M
causes resistance to an irreversible EGFR inhibitor. Oncogene 29: 2346-2356.

Miller VA, Hirsh V, Cadranel J, Chen YM, Park K, et al. (2012) Afatinib versus placebo for patients with
advanced, metastatic non-small-cell lung cancer after failure of erlotinib, gefitinib, or both, and one or two
lines of chemotherapy (LUX-Lung 1): a phase 2b/3 randomised trial. Lancet Oncol 13: 528-538.

Regales L, Gong Y, Shen R, de Stanchina E, Vivanco I, et al. (2009) Dual targeting of EGFR can
overcome a major drug resistance mutation in mouse models of EGFR mutant lung cancer. J Clin Invest
119: 3000-3010.

Berardi R, Santoni M, Morgese F, Ballatore Z, Savini A, et al. (2013) Novel small molecule EGFR
inhibitors as candidate drugs in non-small cell lung cancer. OncoTargets Ther 6: 563-576.

Walter AO, Sjin RT, Haringsma HJ, Ohashi K, Sun J, et al. (2013) Discovery of a mutant-selective
covalent inhibitor of EGFR that overcomes T790M-mediated resistance in NSCLC. Cancer Discov 3:
1404-1415.

Zhou W, Ercan D, Chen L, Yun CH, Li D, et al. (2009) Novel mutant-selective EGFR kinase inhibitors
against EGFR T790M. Nature 462: 1070-1074.

Sequist LV, Soria JC, Gadgeel SM, Wakelee HA, Camidge DR, et al. (2013) First-in-human evaluation
of CO-1686, an irreversible, selective and potent tyrosine kinase inhibitor of EGFR T790M. J Clin Oncol
31.

Chen G, Kronenberger P, Teugels E, Umelo IA, De Greve J (2013) Effect of siRNAs targeting the
EGFR T790M mutation in a non-small cell lung cancer cell line resistant to EGFR tyrosine kinase
inhibitors and combination with various agents. Biochem Biophys Res Commun 431: 623-629.

Sakuma Y, Matsukuma S, Nakamura Y, Yoshihara M, Koizume S, et al. (2013) Enhanced autophagy
is required for survival in EGFR-independent EGFR-mutant lung adenocarcinoma cells. Lab Invest 93:
1137-1146.

Jones MC, Caswell PT, Norman JC (2006) Endocytic recycling pathways: emerging regulators of cell
migration. Curr Opin Cell Biol 18: 549-557.

Chi S, Cao H, Wang Y, McNiven MA (2011) Recycling of the epidermal growth factor receptor is
mediated by a novel form of the clathrin adaptor protein Eps15. J Biol Chem 286: 35196—-35208.

PLOS ONE | DOI:10.1371/journal.pone.0114000 December 8, 2014 14 /15



@'PLOS | ONE

Effect of CK2 Inhibitor on T790M-Mediated Resistance

44. Sigismund S, Argenzio E, Tosoni D, Cavallaro E, Polo S, et al. (2008) Clathrin-mediated
internalization is essential for sustained EGFR signaling but dispensable for degradation. Dev Cell 15:
209-219.

45. Olsen BB, Svenstrup TH, Guerra B (2012) Downregulation of protein kinase CK2 induces autophagic

cell death through modulation of the mTOR and MAPK signaling pathways in human glioblastoma cells.
Int J Oncol 41: 1967-1976.

PLOS ONE | DOI:10.1371/journal.pone.0114000 December 8, 2014 15/15



	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	Figure 1
	Section_13
	Section_14
	Figure 2
	Figure 3
	Section_15
	Figure 4
	Figure 5
	Section_16
	Reference 1
	Reference 2
	Figure 6
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45

