
CX-4945 Induces Autophagy in Human Cancer Cell Lines  Bull. Korean Chem. Soc. 2014, Vol. 35, No. 10     2985

http://dx.doi.org/10.5012/bkcs.2014.35.10.2985

The Protein Kinase 2 Inhibitor CX-4945 Induces Autophagy in 

Human Cancer Cell Lines

Jiyeon Kim,‡,a Mikyung Park,†,§,a Byung Jun Ryu,† and Seong Hwan Kim†,*

†Laboratory of Translational Therapeutics, Pharmacology Research Center, Korea Research Institute 

of Chemical Technology, Daejeon 305-600, Korea. *E-mail: hwan@krict.re.kr
‡Department of Biomedical Laboratory Science, School of Medicine, Eulji University, Daejeon 301-746, Korea

§Department of Biotechnology, Translational Research Center for Protein Function Control, 

College of Life Science and Biotechnology, Yonsei University, Seoul 120-749, Korea

Received May 21, 2014, Accepted June 13, 2014

Autophagy is a self-digestion process in which intracellular structures are degraded in response to stress.

Notably, prolonged autophagy leads to cell death. In this study, we investigated whether CX-4945, an orally

available protein kinase 2 (CK2) inhibitor, induces autophagic cell death in human cervical cancer-derived

HeLa cells and in human prostate cancer-derived LNCaP cells. CX-4945 treatment of both cell lines resulted

in the formation of autophagosomes, in the conversion of microtubule-associated protein 1 light chain 3 (LC3),

and in down-regulation of the Akt-mammalian target of rapamycin (mTOR)-p70 ribosomal protein S6 kinase

(S6K) signaling cascade. Thus, pharmacologic inhibition of CK2 by CX-4945 induced autophagic cell death

in human cancer cells by down-regulating Akt-mTOR-S6K. These results suggest that autophagy-inducing

agents have potential as anti-cancer drugs.
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Introduction

Autophagy is a cell-survival self-digestion process in

which intracellular structures are degraded in response to

stress. Autophagy is characterized by the formation of double-

membrane autophagosomes that sequester cytoplasmic

material and organelles. These autophagosomes fuse with

lysosomes to form autolysosomes in which the degradation

of cellular structures occurs.1 In many organisms in which

cells are undergoing apoptosis, autophagy can remove damag-

ed or surplus organelles. Autophagy maintains homeostasis

in organisms; in addition, it provides amino acids and fatty

acids for use in protein synthesis and contributes to ATP

production through the mitochondrial electron transport

system.2,3 However, when autophagy is prolonged, it can

lead to cell death. As one of several types of programmed

cell death, autophagy can occur in normal physiological

conditions and is also stimulated by stressful conditions such

as oxidative stress, starvation, and treatment with pharmaco-

logical agents.4,5 These types of stress subsequently induce

cell death6 and this cell death often involves induction of

apoptosis through caspase activation. 

Several signaling pathways regulate autophagic cell death

in cancer cells.6 Among these, the mammalian target of rapa-

mycin (mTOR) kinase pathway is a major negative regulator

of autophagy in human cancer cells. mTOR prevents auto-

phagy by maintaining the hyperphosphorylation state of its

substrates, but its activity is rapidly shut down in response to

stress, which allows for the rapid induction of autophagy.7,8

Furthermore, Akt and the p70 ribosomal protein S6 kinase

(S6K), which are kinases that are upstream and downstream

of mTOR signaling, can also negatively regulate autophagy.9

Although autophagy itself has a dual role in terms of hav-

ing both tumor-promoting and tumor-suppressing effects,

induction of autophagy-mediated cell death is an efficient

approach to killing cancer cells.10,11 Thus, targeted induction

of autophagy may have potential as a novel anti-cancer

strategy. Indeed, recent studies support the notion that induc-

tion of autophagy in tumor cells faced with nutrient or

oxygen deprivation can be a potent strategy for anti-cancer

agents.12 

In this scenario, anti-cancer drugs could be used to enhance

cancer cell death. Recent studies have demonstrated in several

types of cancer cells that many chemotherapy drugs work

via inducing or inhibiting autophagy by targeting autophagy-

associated signaling molecules, including mTOR.6

CX-4945, an ATP-competitive small molecule inhibitor of

protein kinase 2 (formerly casein kinase 2, CK2), is orally

available and has been developed in human clinical trials.

The anticancer activity of CX-4945 was exhibited with the

inhibition of CK2-regulated PI3K/Akt signaling pathways in

several types of cancers.13,14 CX-4945 induces dephosphor-

ylation of Akt (S129, T308 and S473) and it causes cell

cycle arrest, blocking of inflammatory cytokine secretion,

and consequent apoptotic responses.15-17 In addition, we also

evaluated the pharmacokinetic characteristics of CX-494518

and the inhibitory effect on TGF-β1-medicated epithelial-to-

mesenchymal transition (EMT) in human lung adenocar-

cinoma cells.19 Based on these findings, we demonstrate that

CX-4945 can be used as a potent anti-cancer agent to regulate
aThese authors contributed equally to this work.



2986     Bull. Korean Chem. Soc. 2014, Vol. 35, No. 10 Jiyeon Kim et al.

cancer cell proliferation, apoptosis, and autophagy through

the inhibitory processes of CK2-mediated PI3K/Akt/mTOR

signaling pathway.

Experimental

Cell Culture. Human cervical carcinoma-derived HeLa

cells and human prostate cancer-derived LNCaP cells were

cultured in DMEM (HeLa) or RPMI1640 (LNCaP; Hyclone,

UT) supplemented with 10% fetal bovine serum (FBS), 100

U/mL of penicillin, and 100 μg/mL of streptomycin in a

humidified atmosphere of 5% CO2 at 37 °C. The culture

medium was changed every 3 days. 

Cell Viability Assay. HeLa cells were seeded in a 96-well

plate at a density of 5 × 103 cells/well. After 24 h, the cells

were incubated in serially diluted CX-4945 (Sequoia Research

Products, Pangbourne, UK) for 1 to 3 days. Cell viability

was measured in triplicate using the Cell Counting Kit-8

(CCK-8; Dojindo Molecular Technologies, USA) according

to the manufacturer’s protocol. Absorbance was measured

using a Wallac EnVision microplate reader (Perkin Elmer,

Finland). 

Caspase-3 Activity Assay. HeLa cells were seeded in a

96-well plate at the density of 5 × 103 cells/well. After 24 h,

cells were incubated in serially diluted CX-4945 for 1 day.

Caspase-3 activity was determined using the Caspase 3

Activity Kit (Promega, Madison, WI, USA). 

Quantification of Autophagy. HeLa GFP-LC3 cells were

established as described previously.20 HeLa GFP-LC3 cells

were seeded in a black and clear 96-well plate (Greiner Bio-

One, NC) at a density of 1 × 104 cells/well. After 24 h, cells

were incubated in serially diluted CX-4945 for 1 day. Cells

were fixed with 10% formalin, washed twice with PBS,

stained with 10 µg/mL Hoechst33342 for 5 min, and washed

twice with PBS. The GFP-LC3 spots in the cytoplasm were

counted using the ‘Spot Counting’ program that is part of the

Thermo Scientific Cellomics ArrayScan HCS reader (PA).

Significance was determined using the Student’s t-test, and

differences were considered significant when p < 0.05. 

Transmission Electron Microscopy (TEM) Analysis.

HeLa or LNCaP cells were seeded at a density of 1 × 105/ml

on 60-mm2 culture dishes and treated with CX-4945 (10

μM) for 24 h. Harvested cells were fixed with 1% glutar-

aldehyde in PBS for 2 h at 4 °C. After washing with 0.1 M

cacodylate buffer containing 0.1% CaCl2, cells were post-

fixed with 1% OsO4 for 1 h at 4 °C. After dehydration, cells

were embedded in Embed-812 (Electron Microscopy Science,

PA, USA). Ultrathin sections were cut with a Leica EM UC6

microtome and post-stained with uranyl acetate and lead

citrate. Images of the sections were observed using a H-7650

transmission electron microscope (Hitachi, Tokyo, Japan). 

Western Blot Analysis. HeLa cells (2 × 105 cells) were

incubated with CX-4945 for 24 h and Western blot analysis

was performed. Briefly, cells were homogenized and centri-

fuged at 10,000 × g for 15 min. The supernatant was con-

sidered the cytoplasmic protein fraction. Denatured proteins

were separated on the gels and transferred onto PVDF

(Millipore, Temecula, CA, USA). After incubation with the

appropriate antibody, membranes were developed with

Pierce SuperSignal West Femto Maximum Sensitivity Sub-

strate (Fisher Scientific, Pittsburgh, PA, USA) and signals

were visualized using the LAS-3000 luminescent image

analyzer (Fuji Photo Film Co., Ltd., Japan). Primary anti-

bodies against p-mTOR, mTOR, p-S6K, S6K, p-Akt, Akt,

and LC3 were purchased from Cell Signaling Biotechno-

logy, Inc. (USA). Actin antibody and secondary antibodies

were purchased from Santa Cruz Biotechnology, Inc. (USA).

Figure 1. The structure of CX-4945.

Figure 2. CX-4945 decreased cell viability but did not induce
caspase-3. (a) HeLa cells were treated with CX-4945 for 1, 2 and 3
days. Relative cell viability was measured using a CCK-8 assay.
(b) HeLa cells were treated with CX-4945 for 24 h in the presence
of culture media containing 0.1% or 10% FBS. The relative
caspase-3 activity was measured using a caspase-3 activity assay
kit. Detailed experimental procedures are described in the Experi-
mental section. All experiments were performed in triplicate.
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LNCaP cells were seeded at a density of 5 × 105 cells/ml in a

60-mm2 culture dish. After 1 day of culture, cells were serum-

starved for 16 h and treated with vehicle (0.1% DMSO) or

10 μM CX-4945 for 0.5, 1, 2, 4, 6, 12, or 24 h. Western blot

analysis was then performed as described above.

Results and Discussion

CX-4945 (Fig. 1) was synthesized and developed by

Cylene Pharmaceuticals (San Diego, CA, USA) as a protein

kinase 2 (formerly casein kinase 2; CK2) inhibitor, and

clinical trials are ongoing.14 Previous studies found that CX-

4945 has anti-proliferative, anti-angiogenic, and anti-inflam-

matory effects due to inhibition of CK2-mediated signaling

pathways in human cancer cells.15-17 Recently our laboratory

demonstrated that CX-4945 has good pharmacokinetic pro-

file, shows promise as a potent drug candidate, and blocks

the tumor growth factor-β1-induced EMT in human adeno-

carcinoma cells.18,19 CK2 is involved in apoptosis and auto-

phagy via regulation of signaling pathways, including the

mTOR pathway.21,22 Despite this anti-cancer and anti-EMT

activity in several types of human cancers, no studies have

investigated CX-4945-mediated autophagic cell death.

The number of autophagosomes in cells can be detected in

several ways. In this study, we assessed autophagy using the

following methods: we measured the intensity of green

fluorescent protein (GFP)-LC3 vacuoles using high-content

screening (HCS) analysis; we monitored the conversion of

the cytoplasmic form of LC3 (LC3-I, 18-kDa) to the pre-

autophagosomal and autophagosomal membrane-bound

form of LC3 (LC3-II, 16-KDa); we assessed the expression

levels of autophagy-related proteins using Western blot

analysis; and we investigated the formation of autophago-

somes by transmission electron microscopy (TEM). These

experiments used two cell lines: human cervical cancer-

derived HeLa cells and human prostate cancer-derived LNCaP

cells.

Before investigating whether CX-4945 induced autophagy,

the anti-cancer activity of CX-4945 was evaluated in HeLa

cells. CX-4945 decreased cell viability (Fig. 2(a)) but did not

affect the activation of caspase-3, the executor of apoptosis

(Fig. 2(b)). A novel diquinoline with anti-cancer properties

induces caspase-independent autophagic cell death, and

down-regulation of CK2 activity facilitates tumor necrosis

factor-α-mediated chondrocyte death through apoptosis and

autophagy. Accordingly, we investigated whether CX-4945

induced autophagy in cancer cells.21,23

The effect of CX-4945 on the induction of autophagy was

evaluated in HeLa GFP-LC3 cells by visualizing and count-

ing GFP-LC3 spots using the Cellomics Arrayscan reader.

Cell image analysis revealed that CX-4945 significantly

increased the number of GFP-LC3 spots in HeLa cells in a

dose-dependent manner (Fig. 3(a) and 3(b)). To confirm that

CX-4945 induced autophagy, the formation of autophago-

some in HeLa cells was visualized by TEM (Fig. 3(c)).

Since the Akt/mTOR/S6K signaling pathways are involved

in autophagy, the levels of phosphorylated Akt, mTOR, and

S6K were evaluated. As shown in Figure 3(d), CX-4945

down-regulated Akt, mTOR, and S6K phosphorylation in a

dose-dependent manner.

The autophagy-inducing activity of CX-4945 was investi-

gated further in LNCaP cells because we found previously

that CX-4945 had anti-androgen receptor activity and an

apoptotic effect on human prostate cancer LNCaP cells.24

Figure 3. CX-4945 induced autophagy in HeLa cells via down-regulation of Akt/mTOR/S6K. HeLa GFP-LC3 cells were incubated with
CX-4945 for 24 h. The cells were fixed, washed, and stained with Hoechst33342 (a). GFP-LC3 spots in the cytoplasm were counted using
the ‘spot counting’ program that comes with the Thermo Scientific Cellomics ArrayScan HCS reader (b). (c) Representative TEM image of
HeLa cells after CX-4945 treatment for 24 h. (d) HeLa cells were treated with CX-4945 for 24 h. The expression of each protein was
assessed by Western blot analysis. The detailed experimental procedures are described in the Experimental section.
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LNCaP cells treated with CX-4945 formed autophagosomes

(Fig. 4(a)) and showed LC3 conversion (Fig. 4(b)). CX-

4945 also suppressed the phosphorylation of Akt, mTOR,

and S6K (Fig. 4(c)). Taken together, these results demon-

strate that CX-4945 induces autophagy in both HeLa and

LNCaP cells.

Conclusion

In conclusion, pharmacologic inhibition of CK2 by CX-

4945 could facilitate the autophagic cell death of cancer cells

via down-regulation of the Akt-mTOR-S6K signaling cas-

cade. CX-4945 could thus be useful as a reference compound

for investigating novel autophagy-inducing agents. Further

study is needed to elucidate the relationship between CK2,

its specific inhibitor, and autophagy, and this knowledge

could contribute to the development of autophagy-inducing

agents for use as anti-cancer drugs in the future.
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