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Abstract. The abnormal activation of the downstream 
signaling pathways of epidermal growth factor receptor 
(EGFR) that are independent of EGFR, contribute to the 
acquisition of EGFR-tyrosine kinase inhibitor (TKI) resistance 
in non-small cell lung cancer (NScLc). The serine/threonine 
protein kinase casein kinase II (cK2) phosphorylates and 
modulates several members of the EGFR downstream 
signaling pathways. Thus, the purpose of the current study 
was to investigate the effects of the addition of quinalizarin 
(a specific CK2 inhibitor) to icotinib (an EGFR‑TKI) on the 
proliferation and apoptosis of four NScLc cell lines and its 
underlying mechanisms. The human lung adenocarcinoma 
cell lines Hcc827, A549, H1650 and H1975 were employed 
to represent the EGFR-TKI-sensitive EGFR (EGFR-sensitive) 
mutation, wild-type EGFR and the EGFR-TKI-resistant EGFR 
(EGFR-resistant) mutations. The cell viability was determined 
by the MTT assay. Cell apoptosis was detected by flow cytom-
etry using the Annexin V‑enhanced green fluorescent protein 
Apoptosis detection kit. The level of proteins in the EGFR 
downstream pathway was observed using a western blot assay. 
The results showed that the cells with the EGFR-sensitive muta-
tion (Hcc827, EGFR E716-A750del) were more sensitive to 
icotinib compared with those possessing the EGFR wild-type 
(A549) and the EGFR-resistant mutations (H1650, EGFR 
E716-A750del and PTEN lost; H1975, EGFR L858R+T790M). 
Quinalizarin inhibited proliferation and promoted apoptosis in 
the cells with the EGFR wild-type and resistant mutations, and 

the addition of quinalizarin to icotinib partially restored their 
sensitivity to icotinib. Quinalizarin and/or icotinib increased 
the apoptotic rates in the EGFR-TKI resistant cells, and the 
combination of these reduced the level of protein downstream 
of EGFR, including phosphorylated (p-AKT) and p-(ERK). 
In conclusion, quinalizarin may partially sensitize cells to 
icotinib by inhibiting proliferation and promoting apoptosis 
mediated by AKT and ERK in EGFR-TKI resistant NScLc 
cell lines.

Introduction

Non-small cell lung cancer (NScLc) accounts for approxi-
mately 85% of lung cancer cases and 10-30% of patients with 
NScLc bear activating mutations in the epidermal growth 
factor receptor gene (EGFR) (1). A prospective, multinational 
PIONEER study confirmed that there is an even higher 
EGFR mutation frequency (51.4% overall) in tumors from 
Asian patients with lung adenocarcinoma compared with 
their caucasian counterparts (2). Almost 75% of patients 
with activated EGFR mutations have a longer median overall 
survival and better response rates when they are treated with 
an EGFR-tyrosine kinase inhibitor (EGFR-TKI) compared 
with only traditional platinum-based chemotherapy (3-6). 
Regretfully, most invariably develop or ‘acquire’ resistance to 
these agents during the treatment course (7).

Icotinib (also known as BPI-2009H and conmana) is 
the first oral quinazoline compound that has an established 
survival benefit and fewer side effects in Chinese patients with 
NScLc (8,9). A network meta-analysis demonstrated that 
icotinib shares equivalent efficacies with erlotinib, gefitinib 
and afatinib, but has a lower toxicity (10). The double-blind, 
head-to-head phase III IcOGEN study indicated that icotinib 
demonstrated an improved median progression-free survival 
compared with gefitinib and was also associated with fewer 
adverse events compared gefitinib when considering all grades 
of reactions together (11).

By acting on signaling pathways, including PI3K-AKT- 
mTOR, Ras-Raf-MEK-ERK and STAT, an EGFR-TKI 
regulates cell proliferation, apoptosis, invasion, migration 
and angiogenesis (12). A growing body of evidence has eluci-
dated the mechanism of EGFR-TKI resistance (13). Although 
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almost half of all TKI resistance is caused by a secondary 
T790M mutation (14), the abnormal activation, independent 
of EGFR, of EGFR's downstream signaling pathways, such as 
PI3K-AKT-mTOR (15), also contributes to the acquisition of 
resistance.

The protein kinase casein kinase II (cK2) is an evolu-
tionary, highly conserved serine/threonine kinase that 
phosphorylates and interacts with more than 300 proteins (16). 
It is noteworthy that several members of the EGFR downstream 
singling pathways (Fig. 1), including PTEN, ribosomal protein 
S6 kinase β-1 (S6) and AKT within the PI3K-AKT-mTOR 
signaling pathway, have been previously reported to be 
phosphorylated or modulated by cK2 (17,18). Quinalizarin is 
known as a potent, selective and cell-permeable inhibitor of 
cK2 (19). A previous study revealed that quinalizarin reduced 
cell viability, suppressed migration and accelerated apoptosis 
in different human lung cancer cell lines with wild-type 
EGFR and EGFR-resistant mutations, as well as for those with 
an EGFR‑sensitive mutation (20). Therefore, the authors of 
the current study hypothesized that a top-down inhibition of 
EGFR, combined with the lateral suppression of its multiple 
downstream pathways by targeting cK2 would create a phar-
macologic synthetic lethal event and result in the resistance 
to EGFR-TKIs being overcome. The purpose of the current 
study was to investigate the effects of icotinib and quinalizarin 
on proliferation and apoptosis in four human lung adenocar-
cinoma cell lines (A549, Hcc827, H1650 and H1975) with 
different EGFR genotypes, as well as to reveal quinalizarin's 
underlying mechanisms.

Materials and methods

Cell lines. Human lung adenocarcinoma A549 (wild-type 
EGFR), Hcc827 (EGFR E716-A750del), NcI-H1975 (EGFR 
L858R+T790M), NcI-H1650 (EGFR E716-A750del and 
PTEN lost) cells were purchased from the American Type 
culture collection (Manassas, VA, USA) and were used 
within 3 months of resuscitation. The cells were cultured in 
RPMI 1640 supplemented with 10% fetal calf serum (FcS) 
and 1% penicillin/streptomycin (all Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), which will be termed 
culture medium henceforth, in a humidified atmosphere of 
5% cO2 and 95% air at 37˚C.

Reagents. Icotinib was from Betta Pharmaceuticals co., Ltd. 
(Hangzhou, China). The specific CK2 inhibitor quinalizarin 
was purchased from Merck KGaA (darmstadt, Germany).

Cell viability assays. For each cell line, the cells were 
harvested at the logarithmic phase and were then seeded 
into a 96-well plate at a density of 6,000 cells per well with 
100 µl culture medium. The cells were cultured at 37˚C with 
5% cO2 overnight, and then various concentrations of icotinib 
and/or quinalizarin were added to each well (6.25, 12.5, 25, 
50 and 100 µM), with a total of 200 µl culture medium and 
were further incubated for 48 h. Thereafter, 20 µl of the MTT 
solution (Wuhan Boster Biological Technology, Ltd., Wuhan, 
china) was added into each well. A total of 4 h later, 150 µl 
dimethyl sulfoxide (dMSO) was used to dissolve the crystals. 
The plates were placed on a low-speed shaker for 10 min to 

fully dissolve the crystals. The optical density (Od) of each 
well was read at a wavelength of 490 nm using a microplate 
reader. A cell viability curve was plotted using the concentra-
tion as the x-axis and the cell viability rate as the y-axis. The 
blank control group was incubated in culture medium without 
treatment. The values were calculated as follows: cell survival 
rate=(Od value of experimental well-Od value of blank 
control well)/(Od value of no drug control well-Od value of 
blank control well) x100%.

Each experiment was independently repeated at least 
three times for each cell line. The dose-effect relationship 
was fitted using curve regression models to obtain the 50% 
inhibitory concentration of 6.25, 12.5, 25, 50 and 100 µM 
icotinib, quinalizarin, and icotinib and quinalizarin combined 
by GraphPad Prism software (version 5.0; GraphPad Software, 
Inc., San diego, cA, USA).

Apoptosis assays. Annexin V-enhanced green fluorescent 
protein (EGFP)-propidium iodide (PI) staining and flow 
cytometry were performed to detect cell apoptosis. cells 
(1x104/cm2) in the logarithmic growth phase were plated 
into 12-well plates with fresh culture medium. After 24 h, 
for attachment, the cells were washed with PBS two to three 
times, and then 6.25, 12.5, 25, 50 and 100 µM icotinib and/or 
quinalizarin were added to EGFR-resistant cell lines. The 
cells were cultured with a trypsin enzyme digesting technique 
48 h later and cell apoptosis was assessed using an Annexin 
V-EGFP Apoptosis detection kit (cat. no. c1067M; Beyotime 
Institute of Biotechnology, Shanghai, china) following the 
product specifications.

Cell morphology. H1650, H1975 or A549 cells (1x104/cm2) 
were seeded into a 6-well plate for 24 h, washed with PBS 
two to three times, and then 6.25, 12.5, 25, 50 and 100 µM 
icotinib and/or quinalizarin were added. After 48 h, the cells 
were fixed with 4% paraformaldehyde at room temperature 
for 20 min, morphology was observed by a light microscope 
(IX71; Olympus Optical, Tokyo, Japan) at a magnification of 
x100 and images were taken.

Western blot analysis. The cells (1x104/cm2) were seeded 
into a 6-well plate for 24 h. Then, different concentrations 
of drugs (50 µΜ icotinib or/and quinalizarin) were applied 
to the cells and they were further incubated 24 h. Thereafter, 
the cells were lysed in radioimmunoprecipitation assay 
buffer, phenylmethylsulfonyl fluoride and a phosphatase 
inhibitor cocktail, which were purchased from Wuhan Google 
Biological Technology co., Ltd. (Wuhan, china). The protein 
concentration was measured on a microplate reader according 
to the bicinchoninic acid method. Protein (50 µg/lane) from the 
cell lysates were electrophoresed by SdS-PAGE on a 12% gel 
and were transferred to a polyvinylidene difluoride membrane. 
The membrane was blocked with 5% dry milk at room 
temperature for 1 h and was then incubated with anti-p-ERK 
(cat. no. 4370S), anti-EGFR (cat. no. ab289; Abcam, cambridge, 
MA, USA), anti-cK2α (#212), anti-cK2β (#269), anti-AKT 
(cat. no. 1081-1; Epitomics; Abcam), anti-p-AKT (pS473; 
cat. no. 2118-1; Epitomics; Abcam) anti-ERK (cat. no. BS1112; 
Bioworld Technology, Inc., St. Louis Park, MN, USA), 
anti-p-EGFR (cat. no. AF3048, Affinity), anti‑p‑forkhead box 
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protein O1 (FoxO1; cat. no. 9461), anti-p-S6 (cat. no. 2211; 
both cell Signaling Technology, Inc.) or anti-β-actin (cat. 
no. sc-1616r; Santa cruz Biotechnology, Inc., dallas, TX, 
USA) antibodies diluted at 1:1,000 in 5% bovine serum 
albumin (BSA; cat. no. AR1006; Wuhan Boster Biological 
Technology, Ltd.) at 4˚C overnight. After washing with 1X 
PBS, the membrane was incubated with horseradish peroxi-
dase-conjugated anti-mouse (cat. no. 5450-0011) or anti-rabbit 
(cat. no. 5220-0336) secondary antibodies (Kirkegaard & 
Perry Laboratories; Seracare Life Sciences, Inc., Milford, 
MA, USA) diluted at 1:500 in 5% BSA at room temperature 
for 1 h. The proteins were observed with Western Blotting 
Luminol Reagent (sc-2048; Santa cruz Biotechnology, Inc.). 
The intensity of the bands underwent densitometric analysis 
and they were calculated using AlphaEase Fc software 
(version 5.0; Alpha Innotech corporation, San Leandro, cA, 
USA). Anti-cK2α (#212) and anti-cK2β (#269) antibodies 
were generated as described previously (21) and were kind 
gifts from Professor Mathias Montenarh from Medical 
Biochemistry and Molecular Biology, Saarland University 
(Homburg, Germany).

Statistical analysis. data are presented as mean ± standard 
deviation. All the statistical analyses were performed with 
two-way analysis of variance followed by Bonferroni test using 
GraphPad Prism software (version 5.0). Statistical diagrams 
were generated using GraphPad Prism software (version 5.0). 
P<0.05 indicated that the difference between groups was 
statistically significant.

Results

Cell lines with different EGFR genotypes have different basal 
expressions of CK2 and EGFR. To explore whether targeting 
cK2 eliminates icotinib-resistance, the basal protein expres-
sion of the catalytic cK2 subunit and EGFR were assessed 

in the four aforementioned lung adenocarcinoma cell lines 
with different EGFR genotypes, namely, A549 (wild-type 
EGFR), Hcc827 (EGFR E716-A750del), NcI-H1975 (EGFR 
L858R+T790M) and NcI-H1650 (EGFR E716-A750del and 
PTEN lost). Hcc827 has been demonstrated to be sensitive 
to EGFR-TKIs, while A549, NcI-H1975 and NcI-H1650 are 
known as EGFR-TKI resistant cell lines (22,23).

As presented in Fig. 2, the protein expression of the cK2 
catalytic subunit α was strong and was clearly overexpressed 
in the Hcc827 and NcI-H1650 cells compared with the A549 
cells. It was notable that in the NcI-H1975 cells, there was 
markedly less cK2α protein expression compared with the 
other cells. Total EGFR and p-EGFR expression levels were 
also detected. The results revealed that EGFR expression 
within those four cell lines differed greatly, with the Hcc827 
cells containing the highest amount of total EGFR and the 
second highest amount of the phosphorylated form of EGFR. 
On the other hand, the lowest amount of total EGFR expres-
sion and the highest amount of the phosphorylated form were 
observed in NcI-H1650 cells. In addition, total EGFR expres-
sion in A549 and NcI-H1975 cells was relatively the same, 
which were markedly lower compared with in the Hcc827 
cells and markedly higher compared with the NcI-H1650 
cells. The amount of phosphorylated form of EGFR in A549 
and NcI-H1975 cells was clearly lower when compared with 
the Hcc827 and NcI-H1650 cells, with the least amount in 
the NcI-H1975 cells.

Sensitivity to icotinib is different in various lung adenocar‑
cinoma cell lines and is closely associated with the EGFR 
genotype. To test the sensitivity of icotinib in different human 
lung adenocarcinoma cell lines with various EGFR genotypes, 
the cells were exposed to various concentrations of icotinib 
for 48 h. Then, the MTT assay was used to determine the 
cell viability. Fig. 3 demonstrates that the Hcc827 cells were 
sensitive to icotinib, while the other three cell lines were 

Figure 1. A schematic representation of signaling pathways responsible for cell survival, proliferation and apoptosis, which are regulated by EGFR and cK2. 
CK2, casein kinase II; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; MEK, dual specificity mitogen‑activated protein kinase 
kinase; IκB, NF-κ-B inhibitor; IKK, IκB kinase; BIM, Bcl-2-like protein 11; IL-6R, interleukin-6 receptor; IGF-1R, insulin-like growth factor 1 receptor; HER, 
receptor tyrosine-protein kinase erbB-4; HGF, hepatocyte growth factor; MET, hepatocyte growth factor receptor.
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resistant to icotinib. The sensitivity of the cells to icotinib 
depended on their EGFR genotypes, as described previously. 
Moreover, the levels of EGFR and p-EGFR were also closely 
related with the different EGFR genotypes. The H1975 cells, 
which are EGFR-mutant on both L858R and T790M, showed 
the lowest level of p-EGFR (Fig. 2) and the least sensitivity to 
the icotinib (Fig. 3).

Quinalizarin inhibits the cell viability of all four cell lines and 
promotes apoptosis in cell lines with wild‑type EGFR and 
EGFR‑resistant mutations. The MTT assay was also used to 
explore the influence of quinalizarin on these four cell lines; 
the results showed that quinalizarin suppressed cell viability. 
Additionally, cK2α expression was negatively associated 
with cell viability (Figs. 2 and 4A). The highest inhibition 
rate was found in the Hcc827 cells, which are known to bear 
an EGFR-sensitive mutation. Thereafter, the total apoptosis 
rates of the resistant cell lines were tested by flow cytometry 
after treatment with quinalizarin for 48 h (Fig. 4B). The result 

showed that quinalizarin promoted apoptosis in H1650, H1975 
and A549 cells, with the strongest effect being shown in the 
A549 cells bearing the EGFR wild-type genotype (Fig. 4c).

Quinalizarin enhances the suppression of cell viability 
mediated by icotinib in both primary and secondary drug 
resistant cell lines. From the above experiments, the authors 
of the current study found that quinalizarin and icotinib, 
individually, suppressed the viability of four different lung 
adenocarcinoma cells. The cell viability after the cells were 
treated with a combination of quinalizarin and icotinib was 
then evaluated (Fig. 5). Fig. 5A shows that quinalizarin did not 
enhance the reduction of cell viability mediated by icotinib 
in the Hcc827 cells. However, quinalizarin enhanced the 
suppression of cell viability mediated by icotinib in A549, 
H1650 and H1975 cell lines, which were shown to be primary 
or secondary EGFR-TKI resistant cell lines. When treated 
with 100 µM quinalizarin and icotinib, the viability of A549 
cells were significantly lower than that of cells treated with 
quinalizarin (P<0.05) or icotinib (P<0.01) alone (Fig. 5B). 
When treated with 100 µM quinalizarin and icotinib, the 
viability of H1650 and H1975 cells were significantly lower 
than that of cells treated with quinalizarin or icotinib alone (all 
P<0.001; Fig. 5c and d). Moreover, the suppression effect was 
more prominent in the H1650 cells.

Quinalizarin increases the apoptosis rate of EGFR‑resistant 
cells when treated together with icotinib. As described 
previously, quinalizarin enhanced the suppression of cell 
proliferation mediated by icotinib in both primary and 
secondary drug resistant cell lines. To determine how these 
effects occur, flow cytometry was performed to assess the 
apoptosis rates after the cells were treated with quinalizarin 
and icotinib. Fig. 6A shows that the combination of 100 µM 
quinalizarin and icotinib significantly increased the total 
apoptosis rate of the H1650 cells compared with quinalizarin 
or icotinib alone (both P<0.001). In addition, Fig. 6B shows 
that H1650 cell morphology changed after the cells were 

Figure 2. Cell lines with different EGFR genotypes have different basal expressions of CK2 and EGFR. Western blotting images, and quantification of 
cK2α, EGFR and p-EGFR protein expression. β-actin was used as a loading control. The mean ± standard deviation was calculated for three independent 
experiments. cK2α, casein kinase II subunit α; EGFR, epidermal growth factor receptor; p-, phosphorylated.

Figure 3. Sensitivity to icotinib is different in various lung adenocarcinoma 
cell lines and is closely associated with the EGFR genotype. The cells were 
treated with different concentrations of icotinib. cell viability was assessed 
using an MTT assay after 48 h. data are expressed as a percentage in relation 
to dimethyl sulfoxide. The mean ± standard deviation was calculated from 
three independent experiments. EGFR, epidermal growth factor receptor.
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treated with both quinalizarin and icotinib. The cells treated 
with the combination of the drugs were small and round, and 
some of them showed obvious vacuolization. These changes 
are considered signs of cell apoptosis. Thus, the authors of the 
current study deduced that quinalizarin, together with icotinib, 
mediated cell apoptosis and increased the apoptosis rate in 
the H1650 cells. Similar results were also observed in H1975 
(Fig. 6c and d) and A549 (Fig. 6E and F).

The total apoptosis rate and cell morphology in H1650, 
H1975 and A549 were shown in Fig. 6. data showed that 
the combination treatment enhanced the total apoptosis rate 
compared with quinalizarin or icotinib alone in all cell lines 
(P<0.0001 at 100 µM). The results also suggested that the 
largest increase in the total apoptosis rate was in the H1650 
cells after they were treated with both drugs.

Quinalizarin and icotinib together decrease AKT and ERK 
protein expression in EGFR‑resistant cell lines. It was 

shown earlier that quinalizarin may sensitize lung adenocar-
cinoma cancer cells to icotinib by inhibiting cell viability 
and promoting apoptosis. To further explore the underlying 
mechanisms, a western blot analysis was performed to 
assess whether the combination of these two drugs resulted 
in a reduction of the EGFR signaling pathways. A previous 
study showed that the efficacy of EGFR-TKIs was partly 
due to the modulation of the PI3K-AKT-mTOR and the 
Ras-Raf-MEK-ERK signaling pathways (12). Several specific 
cK2 inhibitors have also already been shown to work with 
these two pathways (24,25). Since AKT and ERK are regarded 
as key members of these pathways, the authors of the current 
study mainly evaluated the levels of EGFR, cK2α, cK2β, 
AKT and ERK, and the corresponding phosphorylated forms 
of EGFR, AKT, ERK, FoxO1 and S6 (Fig. 7); FoxO1 and S6 
are downstream of AKT (26).

The results showed that p‑EGFR was significantly down-
regulated by combining 50 µM quinalizarin and 50 µM icotinib 

Figure 4. Quinalizarin inhibits the cell viability of all four cell lines and promotes apoptosis in cell lines with wild-type EGFR and EGFR-resistant mutations. 
The cells were treated with different concentrations of quinalizarin. (A) cell viability was assessed using an MTT assay after 48 h. data are expressed as a 
percentage in relation to dimethyl sulfoxide. (B) Cell apoptosis was measured by a flow cytometry. The lower left square represents living cells, the lower right 
square represents early apoptotic cells, the upper right square represents late apoptotic cells and the upper left square represents necrotic cells. The control 
group was treated with the equal concentration of dimethyl sulfoxide. (C) Quantification of total apoptosis rates. The mean ± standard deviation was calculated 
from three independent experiments. EGFR, epidermal growth factor receptor.
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compared with quinalizarin alone (P<0.05 in H1650 and P<0.01 
in H1975) and icotinib alone (both P<0.001). The combination 
treatment also significantly decreased the expression of p‑AKT 
in both cells lines (all P<0.001), p-ERK in H1650 cells (both 
P<0.001) and in H1975 cells (P<0.01 for icotinib alone and 
P<0.001 for quinalizarin alone), p-FoxO1 in H1650 cells (both 
P<0.001) and in H1975 cells (both P<0.05), and p-S6 in H1650 
(P<0.01 for icotinib alone) and in H1975 cells (P<0.05 for 
quinalizarin alone and P<0.001 for icotinib alone).

Discussion

EGFR-TKIs provide a way to improve the treatment outcomes 
for lethal NScLc (4-6). However, the critical problems related 
to EGFR-TKIs is unavoidable drug resistance, which prevents 
patients from further benefits (22). The authors of the current 
study illustrated several ways in which EGFR-TKIs work 
and discussed the possible mechanisms devoted to the drug 
resistance.

In accordance with a great body of literature, the current 
study found that the protein kinase cK2 was almost connected, 
either indirect or directly, to all analysed pathways, including 
PTEN, S6 and AKT within the PI3K-AKT-mTOR signaling 
pathway (17,18) as well as RAF within the Ras-Raf MEK-ERK 
downstream pathway (27). cK2 has recently emerged as a 
promising target for lung cancer therapy (28). It is a ubiquitous 
serine/threonine protein kinase that has been demonstrated 
to be involved in cell growth and proliferation, as well as in 
inhibiting apoptosis (16,25). Other studies have revealed that 
the activity of cK2 is up to 2-3-fold higher in lung cancer cells 
compared with normal lung tissues (20,29). Hung et al (30) 

revealed that the cK2 inhibitor suppressed lung cancer growth 
in a murine xenograft model. Li et al (31) found that the cK2 
inhibitor quinalizarin reduced cell proliferation and induced 
apoptosis in NScLc cells. Kim and Kim (32) reported that the 
cK2 inhibitor cX-4945 suppressed the proliferative activity of 
human cancer cells. Ku et al (33) showed that cX-4945 induced 
cell migration and suppressed metastasis in A549 human lung 
cancer cells. di Maira et al (34) demonstrated that the inhibi-
tion of cK2 reversed the multidrug resistance in a cEM cell 
line with a high cK2 level. Thus, the authors of the current 
study deduced that cK2 inhibitors might not only have antineo-
plastic effects but also partly reverse the EGFR-TKI-resistance 
of human lung adenocarcinoma cell lines.

The current study showed that the sensitivity of lung 
adenocarcinoma cells to icotinib was different between the 
cell lines and was associated with various EGFR mutation 
types. The cells with an EGFR-sensitive mutation (Hcc827) 
were more sensitive to icotinib than those that possessed 
wild-type EGFR (A549) and those with an EGFR-resistant 
mutation (H1650 and H1975). The reason that icotinib 
prevented the tumor from growing is because it competed 
for EGFR binding and inhibited the downstream signaling 
pathways, such as PI3K-AKT-mTOR, Ras-Raf-Mek-ERK and 
STAT. The current study demonstrated that the downstream 
signaling pathways were normally overexpressed or activated 
in the EGFR-sensitive mutant cell line (Hcc827) and these 
pathways play a prominent role in cell growth (35). The inhibi-
tion of these pathways showed a more remarkable anti-tumor 
effect and Hcc827 cells were more sensitive to icotinib. The 
A549, which possesses wild-type EGFR, has fewer activated 
basal pathways and is less sensitive to EGFR-TKIs (36,37). 

Figure 5. Quinalizarin enhances the suppression of cell viability mediated by icotinib in both primary and secondary drug resistant cell lines. The cells 
were treated with different concentrations of quinalizarin. The control group was treated with the equal concentration of dimethyl sulfoxide. The viability of 
(A) Hcc827, (B) A549, (c) H1650 and (d) H1975 cells was assessed using an MTT assay after 48 h. The mean ± standard deviation was calculated from three 
independent experiments. (*P<0.05, **P<0.01, ***P<0.001).
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The H1975 cell line possesses a T790M mutation that changes 
the binding site on EGFR and weakens the competition of 

EGFR-TKIs (23). The H1650 cell line does not have PTEN 
expression, which negatively regulates the PI3K-AKT-mTOR 

Figure 6. Quinalizarin increases the apoptosis rate of EGFR-resistant cells when treated together with icotinib. Wild-type EGFR and EGFR-resistant cells 
were treated with different concentration of icotinib and/or quinalizairn. The control group was treated with the equal concentration of dimethyl sulf-
oxide. (A) H1650 cell apoptosis was measured by a flow cytometry after 48 h; total apoptosis rates were then quantified. (B) Images of H1650 cell morphology. 
(C) H1975 cell apoptosis was measured by a flow cytometry after 48 h; total apoptosis rates were then quantified. (D) Images of H1975 cell morphology. 
(E) A549 cell apoptosis was measured by a flow cytometry after 48 h; total apoptosis rates were then quantified. (F) Images of A549 cell morphology. In the 
flow cytometry images, the lower left square represents living cells, the lower right square represents early apoptotic cells, the upper right square represents late 
apoptotic cells and the upper left square represents necrotic cells. Magnification, x200. The mean ± standard deviation was calculated from three independent 
experiments. (*P<0.05, **P<0.01, ***P<0.001). EGFR, epidermal growth factor receptor.
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signaling pathway (38). In the current study, it was not 
surprising to find that H1975 and H1650 cells were resistant to 
icotinib, an EGFR-TKI.

In the current study, quinalizarin inhibited cell viabilty 
in the cell lines that possessed wild-type EGFR and were 
EGFR-resistant, as well as in the EGFR-sensitive cells. 
Quinalizarin also promoted apoptosis in the cell lines that 
possessed wild-type EGFR and were EGFR-resistant. cK2 plays 
an important role in the activation of the Ras-Raf-MEK-ERK 
signaling pathway (39,40). cK2 inhibitors suppress the 
PI3K-AKT-mTOR signaling pathway and promote apop-
tosis (24,41). The Ras-Raf-MEK-ERK and PI3K-AKT-mTOR 
signaling pathways are important for proliferation and 
apoptosis (42-44), which is why quinalizarin inhibited cell 
proliferation and promote apoptosis in these cells.

Additionally, in the current study, quinalizarin synergized 
with anti-tumor effects mediated by icotinib. The combina-
tion of quinalizarin with icotinib had a greater inhibitory 
effect on cell viability and further promoted apoptosis in the 
lung adenocarcinoma cells that were EGFR-resistant. The 

results of the current study were in line with the previous 
literature, which indicated that cK2 inhibition suppresses the 
PI3K-AKT-mTOR signaling pathway and promotes apoptosis 
by itself (41). Bliesath et al (45) insisted that the combination 
of EGFR-TKIs and cX-4945 shows better antitumor effects 
by suppressing the PI3K-AKT-mTOR signaling pathway 
compared with EGFR-TKI alone. In line with the study, the 
current results showed again that combining a cK2 inhibitor 
and icotinib together had better antitumor activity than icotinib 
alone, which might be explained by the fact that the combina-
tion treatment inhibited the activity of the PI3K-AKT-mTOR 
signaling pathway to a greater degree. So et al (46) reported 
that the cK2 inhibitor cX-4945 synergized with EGFR-TKIs 
on EGFR-mutant lung cancer cells (exon 19del and T790M), 
which were established as secondary resistant cell lines to 
EGFR-TKIs. In accordance with the aforementioned study, 
the current study demonstrated the potential ways in which 
quinalizarin was able to make the H1975 cells sensitive to 
icotinib. PTEN loss (H1650) has been shown to contribute 
to EGFR-TKI resistance (38) and cK2 further induces 

Figure 7. Quinalizarin and icotinib together decrease AKT and ERK protein expression in EGFR-resistant cell lines. EGFR-resistant cells were treated with 
50 µM icotinib and/or 50 µM quinalizairn. The control group was treated with the equal concentration of dimethyl sulfoxide. Western blotting images and 
quantification of protein expression from (A) H1650 and (B) H1975 cells. β-actin was used as a loading control. The mean ± standard deviation was calculated 
for three independent experiments. (*P<0.05, **P<0.01, ***P<0.001). EGFR, epidermal growth factor receptor; cK2α/β, casein kinase II subunit α/β; p-, phos-
phorylated; FoxO1, forkhead box protein O1; S6, ribosomal protein S6 kinase β-1.
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the stability of PTEN (18), which may be another way that 
quinalizarin acts to sensitize H1650 cells to icotinib.

Further experiments on the exact mechanism of the combi-
nation treatment were also conducted. The result showed that 
p-AKT and p-ERK were obviously downregulated when 
the cells were treated with both quinalizarin and icotinib. 
The Ras-Raf-MEK-ERK and PI3K-AKT-mTOR signaling 
pathways are main pathways that regulate cell survival and 
proliferation, and AKT and ERK are the key members of these 
two pathways. A number of studies insist that EGFR-TKIs play 
a pivotal role in anti-cancer therapy mainly by acting on these 
two signaling pathways (47,48). Similarly, in the current study, 
cK2 inhibition by quinalizarin also had an impact on these 
two signaling pathways. Thus, it is reasonable to conclude that 
quinalizarin may sensitize cells to icotinib by inhibiting the 
proliferation and promoting the apoptosis mediated by AKT 
and ERK in EGFR-TKI-resistant human adenocarcinoma cell 
lines.
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