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ABSTRACT
Tyrosine kinase inhibitors (TKIs) targeting the epidermal growth factor receptor 

(EGFR) have shown promising clinical efficacy in non-squamous non-small cell lung 
cancer (NSCLC); however, resistance is frequently observed in malignant cells, 
operating through a mechanism that remains largely unknown. The present study 
shows that T-lymphokine-activated killer cell-originated protein kinase (TOPK) is 
upregulated in NSCLC and excessively activated in TKI-refractory cells. TOPK dictates 
the responsiveness of lung cancers to the EGFR-targeted TKI gefitinib through the 
transcription factor AP-1 component c-Jun. TOPK binds directly to and phosphorylates 
c-Jun, which consequently activates the transcription of AP-1 target genes, including 
CCND1 and CDC2. TOPK silencing sensitizes EGFR-TKI-resistant lung cancer cells to 
gefitinib and increases gefitinib efficacy in preclinical lung adenocarcinoma xenograft 
models. These findings represent a novel mechanism of lung cancer resistance to 
TKIs and suggest that TOPK may have value both as a predictive biomarker and as a 
therapeutic target: TOPK-targeted therapy may synergize with EGFR-targeted therapy 
in lung cancers.

INTRODUCTION

Lung cancer with distal metastasis has an extremely 
high mortality rate [1]. Compared with the limited efficacy 
of traditional chemo- and radiotherapy in combination 
with surgery, molecular targeted chemicals, particularly 
EGFR tyrosine kinase inhibitors (TKIs), have emerged as 
potent anticancer agents and have significantly improved 
the prognosis of lung cancer patients with EGFR 
mutations [2]. Unfortunately, despite great progress in 
the treatment of lung cancer, resistance to EGFR-TKIs 
commonly occurs, leading to a modest response rate to 
first-line TKI therapy or to frequent recurrence after 

temporarily effective TKI treatment [3, 4]. Investigation of 
the molecular events that determine the response of lung 
cancer cells to TKIs is in progress to devise strategies to 
overcome resistance [5, 6].

Three molecular mechanisms of EGFR-TKI 
resistance are reported: the EGFR T790M gatekeeper 
mutation[2], activation of bypass signaling [7-9], and 
activation of downstream signaling [10, 11]. Activation 
of downstream signaling includes PI3K/AKT signaling 
activation, usually caused by loss of PTEN [10], and 
MAPK signaling activation, usually caused by ERK2 
activation [11], EML4-ALK mutation [12], BRAF 
mutation [13] or KRAS mutation [14]. The present study 
found that upregulation of T-lymphokine-activated killer 
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cell-originated protein kinase (TOPK), a serine/threonine 
protein kinase, is a new mechanism of resistance to 
gefitinib downstream of EGFR in NSCLC.

TOPK is frequently activated in several 
malignancies [15]. TOPK overexpression was detected 
in more than 60% of patients with lung cancer and 
correlates with poor disease-free survival [16]; TOPK 
also confers resistance of neoplastic cells to drug-induced 
apoptosis, suggesting that TOPK plays an important role 
in the occurrence and progression of cancers, probably by 
phosphorylating a wide range of substrate proteins [17, 
18]. TOPK phosphorylates MAPKs, including the c-Jun 
N-terminal kinase (JNK), p38 and ERK, and interacts with 
p53 to repress transactivation of p21 during carcinogenesis 
[19, 20]. The present study reveals that TOPK is highly 
expressed in lung cancer but not in paraneoplastic tissues, 
and that excessive TOPK confers resistance of cancer cells 
to EGFR-TKIs. 

The uncontrolled growth and division that is a 
hallmark of malignant cells originates from intensification 
of growth factor signaling, which ultimately activates 
key transcription factors and drives the expression of 
genes involved in biosynthesis, energy production and 
cell cycle progression [21]. The activator protein 1 (AP-
1), which belongs to the class of basic leucine zipper 
(bZIP) transcription factors, plays essential roles in 
regulating genes involved in cell proliferation, survival, 
migration and transformation [22]. AP-1 is assembled 
by dimerization of Jun and Fos family members [22]. 
Of note is the c-Jun/c-Fos dimer, the overexpression 
or hyperactivation of which is implicated in diverse 
cancers [23]. Although the expression of c-Jun and c-Fos 
is regulated both at the transcriptional and translational 
levels, the activation of these proteins by posttranslational 
modification is a common mechanism that allows rapid 
alteration of gene expression in response to extracellular 
signals [22, 23]. For example, various extracellular stimuli 
can activate JNK, which subsequently phosphorylates 
and activates c-Jun for target gene transcription [22, 
24]. Given the extensive involvement of c-Jun/c-Fos in 
gene expression and in diverse cellular processes, it is 
of great importance to decipher the mechanism of their 
activation in different cell signaling contexts. This study 
revealed that TOPK can activate AP-1 by directly binding 
to and phosphorylating c-Jun at serine 63 and 73, which 
consequently promotes the expression of a cohort of genes 
responsible for malignant cell division and survival.

RESULTS

TOPK expression correlates with TKI resistance 
in lung cancer cells

To investigate the role of TOPK in the development 
and progression of lung carcinomas, we first compared 
the expression of TOPK in clinical specimens of lung 
cancer and adjacent normal tissue, and detected significant 
upregulation in malignant tissues compared to normal 
tissues (Figure 1A, 1B). We next measured TOPK levels 
in lung cancer cell lines with varied sensitivity to EGFR-
TKIs. We found that TOPK was overexpressed in EGFR-
TKI-resistant lines (Figure 1C, 1D), including calu-3, 
H460, H441, H1975, H1650 and A549. TOPK expression 
was much lower in EGFR-TKI responsive cell lines, 
including H520 and H358. In addition, TOPK activation, 
assessed by phospho-TOPK, was also much higher in 
the resistant lines than in the responsive lines (Figure 
1C, 1D), suggesting that TOPK may play a role in TKI 
resistance. One of the molecular mechanisms of EGFR-
TKI resistance is activation of signaling downstream of 
EGFR. In this study, we found in both A549 and H1975 
cells that EGFR activation stimulated by EGF can be 
blocked by the EGFR-TKI gefitinib; however, TOPK 
phosphorylation occurred downstream of EGF/EGFR 
and was only partially inhibited by gefitinib (Figure 
1E). Therefore, excessive TOPK expression and activity 
correlates with resistance to EGFR-TKIs in lung cancer 
cells.

We next examined whether TOPK directly affected 
the sensitivity of lung cancer cells to EGFR-TKIs. 
TOPK was knocked down in lung cancer cells by short 
hairpin RNAs (shRNAs) (Figure 2A). TOPK silencing 
significantly inhibited the growth of both A549 and 
H1975 cells, which were known to be refractory to EGFR-
TKI treatment (Figure 2B) [25, 26]. TOPK knockdown 
enhanced gefitinib-induced inhibition of A549 cell growth 
and colony formation (Figure 2 C & 2D). Conversely, 
ectopic expression of TOPK in a TKI-sensitive lung 
cancer cell line, H358, decreased the responsiveness to 
gefitinib (Figure 2E) [25]. These data suggest that TOPK 
plays an essential role in regulating the sensitivity of lung 
cancer cells to EGFR-TKIs.

Molecular modeling suggests that TOPK interacts 
with c-Jun 

To dissect the signaling downstream of TOPK 
responsible for cancer cell survival and division, we 
assessed the activation of potential TOPK substrate 
proteins, including ERK, JNK and c-Jun in EGFR-TKI-
resistant (A549 cells) and -responsive (H358 cells) lung 
cancer cells [25]. Since TOPK and ERK phosphorylate 
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Figure 1: TOPK is overexpressed and activated in EGFR-TKI-resistant lung cancer cells. A. Arrays of lung cancer tissues 
and paired normal adjacent tissues. The expression of TOPK was observed by laser scanning confocal microscopy. Representative staining 
is shown. B. TOPK expression intensity scores. *P < 0.05. C. TOPK expression levels in lung cancer cell lines. TOPK and phospho-TOPK 
were detected by Western blot analysis. HEK293 cells overexpressing TOPK (TOPKOE) were used as a positive control. Representative 
blots of 3 independent experiments were presented. Each bar represents the mean±SD from three experiments.*p < 0.05 compared with the 
TOPK level of HEK293 TOPKOE, #p < 0.05 compared with the p-TOPK level of HEK293 TOPKOE.  D. Western blot analysis of A549 
lung cancer cells exposed to EGF (20 ng/mL) for indicated time. Representative blots of 3 independent experiments were presented. All 
protein levels were measured with densitometry and normalized to β-actin. Each bar represents the mean±SD from three experiments.*p 
< 0.05. E. Western blot analysis of lung cancer cells exposed to EGF (20 ng/mL) for 15 min after addition of gefitinib (10 μM) for 24 h. 
Representative blots of 3 independent experiments were presented. All protein levels were measured with densitometry and normalized to 
β-actin. Each bar represents the mean±SD from three experiments.*p < 0.05 vs control.
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each other upon stimulation by EGF [27], elevated 
phosphorylation of TOPK is accompanied by high-level 
ERK phosphorylation in A549 cells (Figure 3A, 3B). 
Unexpectedly, a significantly high level of phosphorylated 
c-Jun, but not of its classical activator phospho-JNK, was 
detected in EGFR-TKI-resistant cells, suggesting that 
c-Jun is not activated by JNK in EGFR-TKI-resistant cells 
(Figure 3A) but may be induced by TOPK either via direct 
interaction or via an intermediate kinase [16].

The structures of TOPK and c-Jun have not 
been characterized, hindering insights into regulatory 
mechanisms and future rational drug design. To study 
the interaction between TOPK and c-Jun, both protein 
structures were first modeled by homology. The two 
models were sufficiently equilibrated and refined within 
10 ns, with good stereochemical features (Figures S1 
and S2), to be suitable to study interactions. The TOPK-
c-Jun complex reached equilibrium at approximately 30 
ns (Figure 3B). Hence, the structural analysis is based on 
the average structure of the 30.0–50.0 ns MD trajectories. 
The binding of TOPK with c-Jun is characterized by 
strong electrostatic interaction networks, involving 
residues TOPK:Glu180, c-Jun:Lys35, TOPK:Asp321 
and c-Jun:Lys32, with the formation of six salt bridges 
(Figure 3C). Seventeen H-bonds within the interfacial 
surfaces stabilize the complex (Suppl. Table 1). In 
addition, the polarity of the interface between TOPK and 
c-Jun was assessed. Polar residues, especially Lys, Ser and 
Glu, are likely to appear at the binding interface in high 
presence ratios (12.31, 10.77 and 9.23 %); Lys and Ser, in 
particular, are likely to make significant contributions to 
binding (Suppl. Table 1). In accordance with our binding 
model, seven c-Jun phosphorylation sites, residues Thr2, 
Thr8, Ser58, Ser63, Ser73, Thr89 and Thr93, are covered 
by TOPK and may be phosphorylated (Figure 3D). These 
modeling results inform on the molecular interaction 
between TOPK and c-Jun and may help shed light on 
the biological roles of TOPK, but require validation by 
immunoprecipitation and in vitro kinase assay. 

TOPK directly binds to and phosphorylates c-Jun 
in lung cancer cells

The predicted three-dimensional structures of 
TOPK and c-Jun support a direct interaction model that 
requires cell-based validation. To test whether TOPK 
associates with c-Jun directly, we co-transfected HEK293 
cells with HA-tagged TOPK and His-conjugated c-Jun. 
Immunoprecipitation assays showed that the ectopically 
expressed TOPK and c-Jun indeed interacted with each 
other (Figure 4A). Similarly, endogenous TOPK co-
immunoprecipitated with c-Jun in A549 cells, suggesting 
that the two proteins could form a complex in EGFR-TKI-
resistant lung cancer cells (Figure 4B). 

We next examined whether the direct binding of 

TOPK to c-Jun accounted for c-Jun phosphorylation. 
Indeed, an in vitro kinase assay indicated that radioactive 
phosphorus (32P) was incorporated into c-Jun by active 
TOPK, suggesting that TOPK catalyzes the specific 
phosphorylation of c-Jun (Figure 5A). To identify the 
phosphorylation sites, we mutated candidate residues, i.e., 
S63 or S73, by substituting alanine. Mutation of either 
serine attenuated c-Jun phosphorylation, whereas mutation 
of both decreased c-Jun phosphorylation dramatically 
(Figure 5B). Further, we found that the levels of c-Jun 
phosphorylation at both sites (S63 & S73) were increased 
in EGFR-TKI-resistant lung cancer cells compared to 
-responsive cells, supporting the involvement of TOPK-
mediated c-Jun phosphorylation in EGFR-TKI resistance 
(Figure 3A). In addition, EGF stimulation resulted in 
simultaneous TOPK and c-Jun phosphorylation, both 
in HEK293 cells and H358 cells that expressed ectopic 
TOPK (Figure 5C) and in EGFR-TKI-resistant A549 and 
H1975 lung cancer cells that expressed high endogenous 
TOPK (Figure 5D). However, the phosphorylation level 
of c-Jun decreased dramatically in TOPK knockdown 
compared with the parental A549 cells (Figure 5E). These 
data confirm the phosphorylation of c-Jun by TOPK at 
serine 63 and 73 during the development of resistance to 
EGFR-targeted TKIs.

TOPK phosphorylation of c-Jun induces the 
transcriptional activity of AP-1

The transcriptional activity of AP-1 is regulated by 
the phosphorylation of its components, e.g., c-Jun and 
c-Fos [24]. To test whether TOPK phosphorylation of 
c-Jun affects AP-1 transcriptional activity, we generated 
an AP-1 luciferase reporter construct and detected 
abundant luciferase expression in HEK293 cells co-
expressing c-Jun and TOPK upon exposure to EGF 
(Figure 6A). Similarly, the mRNA expression levels 
of CCND1 and CDC2, both of which are known AP-1 
target genes, were significantly decreased in TOPK 
knockdown compared to the parental lung cancer cells 
(Figure 6B). The protein expression levels of cyclin D1 
and Cdc2 were also significantly decreased after TOPK 
silencing in lung cancer cells exposed to EGF (Figure 
6C). These results reveal that TOPK phosphorylation of 
c-Jun promotes the transcriptional activity of AP-1 in lung 
cancer cells, thereby promoting lung cancer cell division 
and proliferation (Figure 6D).

TOPK promotes the resistance of lung 
adenocarcinoma to EGFR-TKI treatment in vivo 

We evaluated the role of TOPK in driving EGFR-
TKI resistance in xenograft lung cancer mouse models. 
Nude mice were injected with A549 cells modified with 
a control construct or modified to express a TOPK-
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Figure 2: TOPK desensitizes lung cancer cells to gefitinib. A. Knockdown of TOPK in A549 cells. A549 cells were infected with 
control lentiviral particles (shmock) and four different TOPK-targeted lentiviral particles (shTOPK). TOPK protein levels were detected 
by Western blot. The most efficient TOPK knockdown cell line (A549-shTOPK#3) was used for further study. B. Knockdown of TOPK 
inhibits A549 and H1975 cell growth. Cell proliferation assay following infection with lentiviruses expressing mock or TOPK-target 
shRNAs. C. Knockdown of TOPK increases the sensitivity of A549 cells to gefitinib in cytotoxicity assays. Cells expressing the indicated 
shRNAs were exposed to gefitinib for 48 h. D. Knockdown of TOPK increases the sensitivity of A549 cells to gefitinib in anchorage-
independent growth assays. Cells were exposed to 10 μM gefitinib. Colonies were counted using a microscope and the Image-Pro Plus 
software (v4). Representative photographs are shown. E. Ectopic expression of TOPK in H358 cells makes cells resistant to gefitinib. Cells 
were transiently transfected with pcDNA3.1(+)-TOPK or pcDNA3.1(+). The cells were cultured for 24 h, and then proteins were extracted 
for TOPK expression analysis (left). Cell growth was measured by cytotoxicity assay after exposure to gefitinib for 48 h. The data are 
shown as the means ± SDs of triplicate samples. The asterisk (*) indicates a significant decrease (P < 0.05), and the double asterisk (**) 
indicates a significant difference (P < 0.01) compared to control.
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Figure 3: TOPK interacts with c-Jun in modeling studies. A. c-Jun is activated in EGFR-TKI-resistant A549 cells. Western blot 
analysis of EGFR-TKI-resistant (A549 cells) and -responsive (H358 cells) lung cancer cells. β-actin was detected to assess protein loading. 
A representative blot was presented. All protein levels were measured with densitometry and normalized to β-actin. Each bar represents the 
mean±SD from three experiments.*p < 0.05, **p < 0.01vs H358. B. Time-evolution potential energy, backbone-atom RMSD and radius of 
gyration for the TOPK-c-Jun complexes. C. Propeller structure and key residues within the binding interface of the TOPK-c-Jun complex. 
The key residues of TOPK and c-Jun are represented using the stick and ball-and-stick models, respectively. Salt bridges are shown in olive 
green with distance values (unit in Å). D. Probable TOPK phosphorylation sites in c-Jun. Phosphorylation sites are represented using the 
ball-and-stick model.



Oncotarget6754www.impactjournals.com/oncotarget

targeted shRNA to allow the formation of subcutaneous 
tumors. The mice were subsequently treated with gefitinib 
(25 mg/kg/d) by oral gavage for 30 days. Compared to 
gefitinib alone, gefitinib in combination with TOPK 
knockdown showed significantly increased suppression 

of tumor growth (Figure 7A, 7B). Gefitinib with TOPK 
knockdown also dramatically decreased tumor volume 
and tumor weight compared to gefitinib alone (Figure 
7C, 7D). Further, TOPK knockdown caused a significant 
decrease in c-Jun phosphorylation in the xenograft 

Figure 4: TOPK binds directly to c-Jun in lung cancer cells. A. HEK293 cells were transfected with constructs expressing HA-
TOPK and/or His-c-Jun, after which c-jun was immunoprecipitated with anti-His antibody and immunoblot analysis was conducted with 
anti-HA and anti-His antibodies. β-actin was detected to assess protein loading. B. Immunoprecipitation of A549 cell lysates (2mg) with 
anti-TOPK or anti-c-Jun antibodies was followed by Western blot analysis with anti-c-Jun or anti-TOPK antibodies. The loading quantity 
of input is 0.7mg.
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Figure 5: TOPK phosphorylates c-Jun at serine 63 and serine 73. A. Active TOPK phosphorylates full-length c-Jun in vitro 
in the presence of [γ-32P] ATP. The incorporation of 32P was visualized by autoradiography. Inactive p38 protein was used as a positive 
control. B. Active TOPK phosphorylation of wild-type c-Jun, c-Jun(S63A), c-Jun(S73A) and c-Jun (S63A&S73A) was visualized by 
autoradiography. Equal protein loading was visualized by Coomassie Blue (CB) staining. C. Ectopic expression of TOPK increases c-Jun 
phosphorylation at the Ser63 and Ser73 sites. Cells were transfected with pcDNA3.1A-HA-TOPK and pcDNA4-His-c-Jun and cultured for 
24 h. After starvation in DMEM supplemented with 0.1% FBS for 24 h, cells were stimulated with EGF (20 ng/mL) and harvested 15 min 
later. Whole cell lysates were then analyzed by Western blotting. A representative blot was presented. All protein levels were measured with 
densitometry and normalized to β-actin. Each bar represents the mean±SD from three experiments.*p < 0.05, **p < 0.01. D. EGF induces 
TOPK activation and c-Jun phosphorylation at Ser63 and Ser73 in gefitinib-resistant lung cancer cells. After starvation in RPMI 1640 
supplemented with 0.1% FBS for 24 h, cells were stimulated with EGF (20 ng/mL) and harvested 15 min later. Whole cell lysates were 
then analyzed by Western blotting. All protein levels were measured with densitometry and normalized to β-actin. Each bar represents the 
mean±SD from three experiments.*p < 0.05, **p < 0.01. E. Knockdown of TOPK decreases the phosphorylation level of c-Jun. The whole 
cell lysates were analyzed by Western blotting. A representative blot was presented. All protein levels were measured with densitometry 
and normalized to β-actin. Each bar represents the mean±SD from three experiments.*p < 0.05, **p < 0.01.
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tumor cells, which is consistent with the in vitro finding 
of c-Jun phosphorylation by TOPK (Figure 7E). These 
results indicate that TOPK plays an essential role in the 
responsiveness of lung cancers to EGFR-TKIs in vivo. 

DISCUSSION

Cell behaviors, including malignant transformation 
and drug resistance, are governed by intracellular signals 
originating from either outside or inside the cell [28]. 
Protein kinases, e.g., receptor tyrosine kinases (RTKs) 
that couple extracellular growth stimuli with intracellular 
signal transduction, play key roles in mediating signals that 
culminate in cell growth and division [29]. EGFR, which 
is frequently overexpressed or constitutively activated 
upon mutation, triggers the occurrence and progression 
of lung cancers [2]. Consequently, a class of TKIs 
targeting EGFR has emerged and contributed critically 
to clinical therapy in pulmonary malignancies [4]. The 
benefit of these drugs is limited by the fact that most 
patients inevitably develop resistance, i.e., machineries 
that circumvent the cytotoxicity of these EGFR-TKIs [30, 
31]. Although the mechanisms underlying TKI resistance 
in lung cancers are diverse, the activation of downstream 
signaling pathways that converge with the EGFR pathway 
to activate the transcription of proliferation-related genes 
represents the predominant molecular event in EGFR-
TKI-resistant neoplastic cells [5, 30, 31]. Indeed, we found 
that TOPK was significantly upregulated and profoundly 
activated in lung cancer cells that exhibited resistance to 
EGFR-TKIs. The activation of EGFR with the treatment 
of EGF in lung cancer cells was positively correlated with 
the phosphorylation of TOPK. TOPK phosphorylates and 
inactivates PTEN, which in turn activates Akt that leads 
to proper G2/M progression [32]. TOPK/PBK promotes 
cell migration via phosphorylating AKT at Ser (473) and 
decreasing PTEN levels. LY294002, a PI3K inhibitor, did 
not inhibit the TOPK-induced decrease in PTEN. These 
results indicate that the TOPK-mediated PTEN decrease 
has an upstream role in regulating PI3K/AKT-stimulated 
migration [33]. With EGF treatment, TOPK and ERK2 can 
phosphorylate each other, and lead to a positive feedback 
loop between TOPK and ERK2 in colorectal cancer [27].

Whereas TOPK can be activated by EGFR 
signaling, the insufficiency of EGFR-targeted TKIs to 
abrogate TOPK activation implies either the redundancy 
of TOPK with upstream EGFR signaling elements or the 
existence of alternative signaling pathways that elicit 
the phosphorylation and activation of TOPK. Actually, 
TOPK is upregulated upon activation of insulin-like 
growth factor 1 (IGF1) signaling [34]. It is reported to be 
the target gene of Hippo-YAP signaling [35] and EWS-
FLI1pathway [36]. Expression of TOPK is regulated by 
cell cycle-specific transcription factors c-Myc, E2F [37] 
and CREB/ATF [38]. CDC2/cyclin B1 can inactivate 
protein phosphatase 1 alpha (PP1alpha) and caused 

enhancement of autophosphorylation of TOPK and 
resulted in its activation at an early stage of mitosis [39], 
so this is a positive feedback between TOPK and CDC2 
according to our study.

The activator protein 1 (AP-1), predominantly 
composed of c-Jun and c-Fos, plays a critical role in the 
transcriptional regulation of a class of genes involved 
in cell survival, proliferation and differentiation [22, 
24]. Overexpression of c-Jun and c-Fos underlies the 
development of various carcinomas, including pulmonary 
malignancies [22, 40], and commonly occurs in concert 
with the activation or stabilization of c-Jun by JNK, 
ERK and RhoC in response to various extracellular 
stimuli, including cytokines, growth factors and adhesion 
molecules, respectively [24]. Rather than through these 
canonical signaling pathways that regulate c-Jun, we 
established here that c-Jun is directly phosphorylated 
and activated by TOPK in EGFR-TKI-refractory lung 
cancer cells, leading to the transcriptional activation of 
AP-1 target genes such as CCND1 and CDC2 [41, 42].
Consequently, they may counteract TKIs by relieving 
cell cycle arrest induced by attenuated EGFR signaling. 
These findings are consistent with previous reports 
that CCND1 and CDC2 are highly expressed in lung 
adenocarcinoma, and that CDC2 is reported to predict bad 
prognosis in advanced NSCLC and may be a therapeutic 
target for advanced NSCLC patients [40, 43, 44]. In light 
of a previous report showing that the EGFR signaling 
pathway can promote AP-1 transcriptional activity [45], 
TOPK-induced activation of AP-1 may represent a critical 
mechanism to maintain AP-1 transcriptional activity upon 
suppression of EGFR activity by TKIs. While the levels 
of phosphorylated JNK were similar and very low among 
the TKI-sensitive and -resistant lung cancer cell lines 
tested, our study does not exclude the possibility of AP-1 
regulation by ERK1/2. ERK2 and TOPK phosphorylate 
each other upon exposure to EGF in colorectal cancer [25]. 
We also found that in EGFR-TKI-resistant A549 cells, 
elevated phosphorylation of TOPK was accompanied by 
high-level ERK1/2 phosphorylation compared to EGFR-
TKI-sensitive H358 cells. This means that ERK1/2 may 
also be involved in driving EGFR-TKI resistance in lung 
cancer. 

TOPK correlates with cell transformation and 
poor prognosis in various malignancies [15]. TOPK also 
confers resistance to chemotherapy and to proapoptotic 
ligands such as TRAIL [17, 18]. The multifaceted 
functions of TOPK are reflected in the growing list of 
known TOPK partners and substrates including p53, 
ERK2, peroxiredoxin 1 (Prx1) and the p38α-specific 
phosphatase MKP1 [20, 27, 46, 47]. TOPK maintains NF-
κB activity by phosphorylating IκBα, which is implicated 
in the resistance of cervical cancer to doxorubicin [17]. 
Intriguingly, TOPK also binds to and phosphorylates 
JNK1, a classical regulator of c-Jun activity [48]; however, 
it is unlikely in our study that TOPK activates c-Jun by 
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Figure 6: c-Jun phosphorylation by TOPK induces the transcriptional activity of AP-1. A. AP-1 transcriptional activity 
assay. HEK293 cells were transfected with AP-1 luciferase reporter plasmid, pcDNA3.1A-HA-TOPK and pcDNA4-His-c-Jun. Cells were 
starved in 0.1% FBS-DMEM for 24 h, after which they were stimulated with EGF (10 ng/mL) for 12 h. Then, the cells were disrupted in 
lysis buffer and luciferase activity was measured in a luminometer. B. CCND1 and CDC2 mRNA expression levels detected by qRT-PCR. 
Total RNA was extracted from cells for qRT-PCR analysis. β-actin was detected to assess loading. The data are shown as the mean ± SD 
of triplicate samples. *p < 0.05, **p < 0.01. C. Protein levels of cyclin D1 and Cdc2 measured by Western blot. The total proteins of cells 
modified with a control or shTOPK lentiviral construct were extracted for Western blot analysis. β-actin was detected to assess loading. 
All proteins were level measured with densitometry and normalized to β-actin. Each bar represents the mean±SD from three experiments. 
**p < 0.01. D. Schematic relationship of TOPK with EGF/EGFR signaling pathway. EGF stimulates membrane receptor EGFR and then 
activates MAPKs and PI3K/Akt to promote the transcription of cell proliferation and survival genes. However, in some EGFR-resistant cell 
lines, TOPK is activated downstream of EGF/EGFR signaling pathway, which can phosphorylate c-Jun and then increase AP-1 activity to 
promote the transcription of AP-1 target genes, e.g. CCND1 and CDC2, etc.
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Figure 7: Knockdown of TOPK increases the responsiveness of human xenograft lung adenocarcinoma to gefitinib. 
A. Nude mice bearing human xenograft A549-shmock and A549-shTOPK lung adenocarcinomas were treated with gefitinib (+ G) by oral 
gavage (25 mg/kg/d, n = 5) for 30 days. Mice were sacrificed and tumors were dissected 30 days after the first injection of gefitinib. B. 
Representative photographs of four groups of tumor-bearing mice at day 30. C. Tumor volume changes were recorded every 3 days from 
the first day of gefitinib treatment. The data are shown as means ± SDs (n = 5). The asterisk (*) indicates a significant difference (P < 0.05) 
between the A549-shTOPK group and the A549-shmock group, and the marker (#) indicates a significant difference (P < 0.05) between 
the A549-shTOPK + gefitinib group and the A549-shmock + gefitinib group. D. Tumors were weighed at day 30. The data are shown as 
means ± SDs (n = 5). *p < 0.05, **p < 0.01. E. Tumors were homogenized and assessed by Western blot for TOPK and c-Jun expression. 
A representative blot was presented. All the protein level measured with densitometry and normalized to β-actin. Each bar represents the 
mean±SD from three experiments. *p < 0.05.
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phosphorylating JNK, given that the levels of total JNK 
and phospho-JNK were very low among the EGFR-TKI-
sensitive and -resistant cell lines. The modeling studies 
supported a direct association between TOPK and c-Jun. 
Further studies confirmed interaction by showing that 
TOPK coimmunoprecipitates with c-Jun in A549 cells, 
and that c-Jun was phosphorylated by TOPK in an in vitro 
kinase assay. However, further investigation is needed 
to determine whether other proteins, e.g., transcriptional 
factors or the aforementioned TOPK substrates, are also 
involved in the TOPK-mediated TKI resistance of lung 
cancers. The systematic analysis of gene profiles affected 
by TOPK and c-Jun will provide a clear depiction of the 
integrated regulatory network underlying lung cancer 
resistance to EGFR-TKIs. 

Accumulating evidence suggests that EGFR-TKI 
resistance arises from diverse genetic alterations and 
is characterized by a malignant cell population with 
apparent heterogeneity [31]. The EGFR mutant T790M, 
found in lung cancers with very high prevalence, can 
circumvent suppression by TKIs [49]. Gene amplifications 
or mutations that cause alternative growth factor receptor 
signaling, e.g., signaling downstream of the human 
epidermal growth factor receptor (HER) family, hepatocyte 
growth factor (HGF)/c-Met or insulin-like growth factor 
1 receptor (IGF1R), confer resistance of cancer cells to 
EGFR-targeted TKIs [30, 31]. Mutations resulting in 
constitutively active kinases or transcriptional factors 
such as anaplastic lymphoma kinase (ALK), PI3K, MAPK 
and JAK/STATs, or mutations altering the levels of cell 
survival regulators, e.g., the pro-apoptotic protein BIM, 
also underlie the acquisition of TKI resistance [30, 31, 
50]. Although we found that TOPK alone is sufficient to 
desensitize lung cancer cells to TKIs, extensive crosstalk 
between TOPK and the aforementioned canonical 
machinery of EGFR-TKI resistance may also exist [16, 
30]. To this end, genome-wide screening of TKI-resistant 
neoplastic cells will help identify the genetic variations 
underlying TOPK overexpression and activation, and will 
help determine whether TOPK acts as a driver or mediator 
of EGFR-TKI resistance in human lung carcinomas [51]. 
Nevertheless, our study provides novel insights into the 
mechanism of TKI resistance, and thus suggests that 
TOPK may be a suitable therapeutic target for overcoming 
EGFR-TKI resistance in lung carcinomas. In future, small 
molecule TOPK inhibitors should be developed to enhance 
lung cancer treatment efficacy with EGFR-TKIs.

MATERIALS AND METHODS

Reagents 

Active TOPK was purchased from Upstate 
Biotechnology (Charlottesville, VA, US). Antibodies 

against PBK/TOPK, phospho-PBK/TOPK (Thr7), c-Jun 
and CDC2 were purchased from Abcam Corporation 
(Cambridge, MA, US). Antibodies against TOPK, EGFR, 
phospho-EGFR (Tyr1068), phospho-c-Jun (Ser63), 
phospho-c-Jun (Ser73), ERK1/2, phospho-ERK (Thr202/
Tyr204), JNK, phospho-JNK (Thr183/Tyr185) and cyclin 
D1 were purchased from Cell Signaling Technology 
(Beverly, MA, US). The JetPEI reagent was purchased 
from Qbiogene (Montreal, Quebec, Canada) and EGF 
from BD Biosciences (San Jose, CA, US). 

Immunofluorescent staining

The lung adenocarcinoma tissue array slide was 
blocked with 5% donkey serum albumin in 600 μ1 
phosphate-buffered saline/0.03% Triton X-100, (pH 6.0) 
in a humidified chamber for 1 h at room temperature and 
then were immunostained with 1:100 anti-TOPK raised in 
mouse (Santa Cruz Biotechnology) and 1:200 donkey anti-
mouse IgG conjugated to Cy2 (Jackson ImmunoResearch 
Laboratories). Image stacks were captured (×20) at room 
temperature using laser scanning confocal microscopy 
(NIKON Clsi Confocal Spectral Imaging System; 
NIKON Instruments Co., Melville, NY). The intensity 
of immunofluorescence was scored using EZ-C1 3.90 
FreeViewer (NIKON).

Cell culture and transfection

The human lung cancer cell lines A549, H358, 
H460, H520, H441, H1650, H1975 and Calu-3 were 
purchased from ATCC (Manassas, VA, USA). The human 
embryonic kidney (HEK) 293T cell line was obtained 
from the Cell Bank of Shanghai Institute for Biological 
Sciences, Chinese Academy of Sciences. All cell lines 
were characterized by gene profiling by the providers, and 
were propagated and frozen for future study after receipt. 
Each vial of frozen cells was thawed and maintained in 
culture for a maximum of 8 weeks. Enough frozen vials 
were available for each cell line to ensure that all cell-
based experiments were conducted on cells that had been 
tested and in culture for 8 weeks or less.

Lung cancer cells were cultured in RPMI 1640 or 
DMEM medium supplemented with 10% fetal bovine 
serum (FBS) and maintained at 37°C in a humidified 
incubator with 5% CO2. The cultures were split at 90% 
confluence, and the media were changed every 2 days. 
When cultures reached 50‒60% confluence, transfection 
was performed using JetPEI following the manufacturer’s 
suggested protocol. The cells were cultured for 36‒48 h, 
and then proteins were extracted for further analysis. 



Oncotarget6760www.impactjournals.com/oncotarget

Cell proliferation and cytotoxicity assay

For cell proliferation assay, cells (500 /well) were 
seeded into 96-well plates and incubated at 37°C with 5% 
CO2. After incubation for 24h, 48h or 72h, 10 μL of CCK-
8 solution (Shanghai R&S Biotechnology Co., Ltd) was 
added and then incubated for 1 hour at 37°C with 5% CO2. 
Absorbance was measured at 450 nm in a plate reader. For 
cytotoxicity assay, cells were seeded into 96-well plates at 
an initial density of 5×103 cells /well and cultured for 12 
h, and then stimulated with increased concentrations of 
gefitinib for additional 48 h. Cell viability was assessed 
using CCK-8 solution and absorbance was measured at 
450 nm.

Tissue array 

A human lung cancer tissue array (U.S. Biomax, 
Rockville, MD) was prepared and analyzed according to 
the protocol provided by the manufacturer. The samples 
were blocked in 5% goat serum albumin in 600 μL 
1×phosphate-buffered saline (PBS) supplemented with 
0.03% Triton X-100 (pH 6.0) in a humidified chamber 
for 1 h at room temperature and then incubated with 
TOPK antibody (1:100 dilution in 500 μL 1×PBS/0.03% 
Triton X-100 (pH 6.0)) at 4°C in a humidified chamber 
overnight. The slides were washed and hybridized for 2 
h with secondary antibody conjugated to Cy2 (Jackson 
ImmunoResearch Laboratories, West Grove, PA) (1:200 
dilution) at room temperature in the dark. Slides were 
washed in PBS (2×5 min). The expression of TOPK was 
observed by laser scanning confocal microscopy (NIKON 
C1si Confocal Spectral Imaging System; NIKON 
Instruments Co., Melville, NY).

Lentiviral infection

The lentiviral expression vectors, including Gipz-
shTOPK, and packaging vectors, including pMD2.0G 
and psPAX, were purchased from Addgene (Cambridge, 
MA). To prepare TOPK viral particles, each viral vector 
and packaging vectors (pMD2.0G and psPAX) were 
transfected into 293T cells using JetPEI following the 
manufacturer’s suggested protocols. The transfection 
medium was replaced 4 h after transfection and then cells 
were cultured for 36 h. The viral particles were harvested, 
filtered using a 0.45-µm syringe filter, combined with 8 
μg/mL polybrene (Millipore, Boston, MA), added to 60% 
confluent A549 lung cancer cells, and incubated overnight. 
The cell culture medium was replaced with fresh complete 
growth medium for 24 h and then cells were selected with 
puromycin (8.0 μg/mL) for 36 h. The selected cells were 
used in experiments.

Anchorage-independent cell growth 

A549 cells (8×103 per well of 6-well plate) 
suspended in DMEM supplemented with 10% FBS were 
added to 0.3% agar containing different concentrations 
of gefitinib (top layer) over a base layer of 0.6% agar. 
These soft-agar cultures were maintained at 37°C in 5% 
CO2 for 3 weeks and then colonies were counted under 
a microscope using the Image-Pro Plus software (v.4) 
program (Media Cybernetics).

Modeling studies

According to previous reports [52-54], the 3D 
structures of the TOPK (accession number: Q96KB5) 
and c-Jun (accession number: NP_002219) proteins 
were built using the MODELER module in the InsightII 
2005 software package [54, 55]. The protein structures 
generated were adequately equilibrated by MD simulation 
using the GROMACS4.5.5 program [56] and Charmm27 
force field [57], as recommended previously [54, 58]. The 
docking simulations were performed using the ZDOCK 
and RDOCK modules within InsightII 2005 [59-61]. 
The optimally docked complex was selected on the basis 
of energy and size of cluster, and then optimized using 
the conjugated gradient algorithm with a convergence 
criterion of 0.01 kcal·mol-1·Å-1. The energy-minimized 
docked complex was sufficiently equilibrated by 50.0 
ns MD simulations using the GROMACS4.5.5 program 
[56] and Charmm27 force field [57]. Details of the MD 
simulation setup are consistent with previously published 
work [58]. 

In vitro kinase assay

To detect γ-32P incorporation, 2 μg wild-type His-c-
Jun and mutant c-Jun were mixed separately with active 
TOPK (0.2 μg/50-μL reaction; Cell Signaling, Danver, 
MA) in 5× kinase buffer containing 10 μM unlabeled ATP 
and 10 μCi [γ-32P] ATP (New England Biolabs, Ipswich, 
MA) and incubated at 30°C for 30 min. The reaction was 
stopped by the addition of 6× SDS loading buffer. Samples 
were separated by 10% SDS-PAGE and γ-32P-labeled wild-
type or mutant c-Jun was visualized by autoradiography or 
Coomassie blue staining.

AP-1 activity assay

HEK293 cells stably transfected with an AP-1 
luciferase reporter plasmid were transfected with 
pcDNA4-wt-c-jun or pcDNA3.1A-TOPK plasmid, and 
then the cells were further transiently transfected with the 
PRL-SV40 plasmid (Promega, Madison, WI). Cells were 
starved in 0.1% FBS-DMEM for 24 h, after which they 
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were stimulated with EGF (10 ng/mL) for 12 h. Then, 
the cells were disrupted with lysis buffer and luciferase 
activity was measured using a luminometer (Monolight 
2010, San Diego, CA).

Quantitative RT-PCR

Total RNA was extracted from cells using the 
TRIzol reagent (Invitrogen/Life Technologies) according 
to the manufacturer’s protocol. Reverse transcription was 
performed using SuperScriptTM II reverse transcriptase 
(Invitrogen/Life Technologies), and cDNAs were 
amplified and detected using the SYBR Premix Ex TaqTM 
(TaKaRa, Dalian, China). The primers used for PCR 
were as follows: 5’-GATCATTGCTCCTCCTGAGC-3’ 
and 5’-ACTCCTGCTTGCTGATCCAC-3’ for 
β-actin, 5’-TGTGCATCTACACCGACAAC-3’ and 
5’-AGGAAGTGTTCAATGAAATCGT-3’for CCND1, 
and 5’-AAAATTGGAGAAGGTACCTATGGA-3’and 
5’-CCCTTCCTCTTCACTTTCTAGTCTG-3’ for CDC2.

Western blotting

Cells were harvested, and proteins were extracted, 
separated on an SDS/PAGE gel, transferred onto PVDF 
membranes and subjected to immunoblot analyses. 
Blotting was performed using antibodies targeting TOPK 
(1:500), phosphorylated TOPK (pTOPK, 1:500), c-Jun 
(1:500), p-c-Jun (Ser63, 1:500), p-c-Jun (Ser73, 1:500), 
ERK (1:500), pERK (1:500), JNK (1:500), pJNK (1:500), 
cyclin D1 (1:250), Cdc2 (1:500) and β-actin (1:1000, 
Sigma-Aldrich, St. Louis, MO).

Immunoprecipitation

Cells were lysed in buffer containing 1% 
(v/v) Nonidet P-40, 0.5 mM EGTA, 5 mM sodium 
orthovanadate, 10% (v/v) glycerol, 100 μg/mL 
phenylmethylsulfonyl fluoride, 1 μg/mL leupeptin, 1 μg/
mL pepstatin A, 1 μg/mL aprotinin and 50 mM HEPES, 
pH 7.5. Aliquots of 500 μL diluted lysate (1 μg protein/
μL) were incubated overnight with 5 μL antibody against 
TOPK or c-Jun. The immune complex was captured 
by adding 80 μL of a 1:1 (v/v) protein A-Sepharose 
4B bead suspension and incubating the mixture for an 
additional 90 min. The beads were harvested and the 
proteins bound to them were resolved by SDS-PAGE and 
analyzed by Western blot. The primary antibodies used for 
immunoprecipitation are described in the Western blotting 
methods.

In vivo tumor xenograft mouse model

BALB/c nude mice (Institute of Zoology, Chinese 
Academy of Sciences) that were 4‒6 weeks old were 
challenged subcutaneously with lung cancer A549 cells 
modified with a control lentiviral construct (A549shmock) 
and those modified to express TOPK-targeted shRNA 
(A549shTOPK) (1×107) to allow tumor development. 
When palpable tumors (approximately 100 mm3) 
arose, the mice in each group were randomly allocated 
to treatment groups of five animals: (1) no treatment 
(control) or (2) gefitinib (25 mg/kg/d) by oral gavage. 
Tumor growth was monitored by caliper measurements 
of the two perpendicular diameters every 3 days, and the 
volume of the tumor was calculated with the formula V 
= (width2×length/2). All procedures were performed in 
compliance with the Regulations for the Administration 
of Affairs Concerning Experimental Animals (approved 
by the State Council of the People’s Republic of China) 
and were approved by the Experimental Animal Ethics 
Committee of Fourth Military Medical University.

Statistical analysis

Statistical significance was assessed by comparing 
mean (± SD) values with Student’s t-test for independent 
groups. P ≤ 0.05 was considered statistically significant.

ACKNOWLEDGMENTS

This work was supported by the National Natural 
Science Foundation (No. 81272586, 11374237 and 
31200429) and the Chinese Postdoctoral Science 
Foundation (No. 2014M560759).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Herbst RS, Heymach JV, Lippman SM. Lung cancer. N 
Engl J Med. 2008; 359:1367-1380.

2. Pao W, Chmielecki J. Rational, biologically based treatment 
of EGFR-mutant non-small-cell lung cancer. Nat Rev 
Cancer. 2010; 10:760-774.

3. Lee CK, Brown C, Gralla RJ, Hirsh V, Thongprasert S, Tsai 
CM, Tan EH, Ho JC, Chu da T, Zaatar A, Osorio Sanchez 
JA, Vu VV, Au JS, et al. Impact of EGFR inhibitor in 
non-small cell lung cancer on progression-free and overall 
survival: A meta-analysis. J Natl Cancer Inst. 2013; 
105:595-605.

4. Remon J, Moran T, Reguart N, Majem M, Carcereny E, 
Lianes P. Beyond EGFR-TKI in EGFR-mutant non-small 



Oncotarget6762www.impactjournals.com/oncotarget

cell lung cancer patients: Main challenges still to be 
overcome. Cancer Treat Rev. 2014; 40:723-729.

5. Engelman JA, Janne PA. Mechanisms of acquired 
resistance to epidermal growth factor receptor tyrosine 
kinase inhibitors in non-small cell lung cancer. Clin Cancer 
Res. 2008; 14:2895-2899.

6. Camidge DR, Pao W, Sequist LV. Acquired resistance to 
TKIs in solid tumours: Learning from lung cancer. Nat Rev 
Clin Oncol. 2014; 11:473-481.

7. Engelman JA, Zejnullahu K, Mitsudomi T, Song YC, 
Hyland C, Park JO, Lindeman N, Gale CM, Zhao XJ, 
Christensen J, Kosaka T, Holmes AJ, Rogers AM, et al. Met 
amplification leads to gefitinib resistance in lung cancer by 
activating ErbB3 signaling. Science. 2007; 316:1039-1043.

8. Yano S, Wang W, Li Q, Matsumoto K, Sakurama H, 
Nakamura T, Ogino H, Kakiuchi S, Hanibuchi M, Nishioka 
Y, Uehara H, Mitsudomi T, Yatabe Y, et al. Hepatocyte 
growth factor induces gefitinib resistance of lung 
adenocarcinoma with epidermal growth factor receptor-
activating mutations. Cancer Res. 2008; 68:9479-9487.

9. Takezawa K, Pirazzoli V, Arcila ME, Nebhan CA, Song 
XL, de Stanchina E, Ohashi K, Janjigian YY, Spitzler PJ, 
Melnick MA, Riely GJ, Kris MG, Miller VA, et al. HER2 
amplification: A potential mechanism of acquired resistance 
to EGFR inhibition in EGFR-mutant lung cancers that lack 
the second-site EGFRT790M mutation. Cancer Discov. 
2012; 2:922-933.

10. Yamamoto C, Basaki Y, Kawahara A, Nakashima K, Kage 
M, Izumi H, Kohno K, Uramoto H, Yasumoto K, Kuwano 
M, Ono M. Loss of PTEN expression by blocking nuclear 
translocation of egr1 in gefitinib-resistant lung cancer cells 
harboring epidermal growth factor receptor-activating 
mutations. Cancer Res. 2010; 70:8715-8725.

11. Ercan D, Xu CX, Yanagita M, Monast CS, Pratilas CA, 
Montero J, Butaney M, Shimamura T, Sholl L, Ivanova 
EV, Tadi M, Rogers A, Repellin C, et al. Reactivation of 
ERK signaling causes resistance to EGFR kinase inhibitors. 
Cancer Discov. 2012; 2:934-947.

12. Steuer CE, Ramalingam SS. ALK-positive non-small 
cell lung cancer mechanisms of resistance and emerging 
treatment options. Cancer. 2014; 120:2392-2402.

13. Ohashi K, Sequist LV, Arcila ME, Moran T, Chmielecki J, 
Lin YL, Pan YM, Wang L, de Stanchina E, Shien K, Aoe 
K, Toyooka S, Kiura K, et al. Lung cancers with acquired 
resistance to EGFR inhibitors occasionally harbor BRAF 
gene mutations but lack mutations in KRAS, NRAS, or 
MEK1. Proc Natl Acad Sci USA. 2012; 109:E2127-E2133.

14. Massarelli E, Varella-Garcia M, Tang X, Xavier AC, 
Ozburn NC, Liu DD, Bekele BN, Herbst RS, Wistuba, II. 
KRAS mutation is an important predictor of resistance to 
therapy with epidermal growth factor receptor tyrosine 
kinase inhibitors in non-small-cell lung cancer. Clin Cancer 
Res. 2007; 13:2890-2896.

15. Shih MC, Chen JY, Wu YC, Jan YH, Yang BM, Lu PJ, 

Cheng HC, Huang MS, Yang CJ, Hsiao M, Lai JM. TOPK/
PBK promotes cell migration via modulation of the PI3K/
PTEN/AKT pathway and is associated with poor prognosis 
in lung cancer. Oncogene. 2012; 31:2389-2400.

16. Park JH, Jeong YJ, Won HK, Choi SY, Park JH, Oh SM. 
Activation of TOPK by lipopolysaccharide promotes 
induction of inducible nitric oxide synthase through NF-κB 
activity in leukemia cells. Cell Signal. 2014; 26:849-856.

17. Park JH, Yoon DS, Choi HJ, Hahm DH, Oh SM. 
Phosphorylation of IκBα at serine 32 by T-lymphokine-
activated killer cell-originated protein kinase is essential 
for chemoresistance against doxorubicin in cervical cancer 
cells. J Biol Chem. 2013; 288:3585-3593.

18. Kwon HR, Lee KW, Dong Z, Lee KB, Oh SM. Requirement 
of T-lymphokine-activated killer cell-originated protein 
kinase for TRAIL resistance of human HeLa cervical cancer 
cells. Biochem Biophys Res Commun. 2010; 391:830-834.

19. Matsumoto S, Abe Y, Fujibuchi T, Takeuchi T, Kito K, 
Ueda N, Shigemoto K, Gyo K. Characterization of a 
mapkk-like protein kinase TOPK. Biochem Biophys Res 
Commun. 2004; 325:997-1004.

20. Hu F, Gartenhaus RB, Eichberg D, Liu Z, Fang HB, 
Rapoport AP. PBK/TOPK interacts with the DBD domain 
of tumor suppressor p53 and modulates expression of 
transcriptional targets including p21. Oncogene. 2010; 
29:5464-5474.

21. Tsai CJ, Nussinov R. The molecular basis of targeting 
protein kinases in cancer therapeutics. Semin Cancer Biol. 
2013; 23:235-242.

22. Verde P, Casalino L, Talotta F, Yaniv M, Weitzman JB. 
Deciphering AP-1 function in tumorigenesis: Fra-ternizing 
on target promoters. Cell cycle. 2007; 6:2633-2639.

23. Caputto BL, Cardozo Gizzi AM, Gil GA. C-Fos: an AP-1 
transcription factor with an additional cytoplasmic, non-
genomic lipid synthesis activation capacity. Biochim 
Biophys Acta. 2014; 1841:1241-1246.

24. Kappelmann M, Bosserhoff A, Kuphal S. AP-1/c-Jun 
transcription factors: regulation and function in malignant 
melanoma. Eur J Cell Biol. 2014; 93:76-81. 

25. Wang CY, Chao TT, Chang FY, Chen YL, Tsai YT, 
Lin HI, Huang YC, Shiau CW, Yu CJ, Chen KF. CIP2A 
mediates erlotinib-induced apoptosis in non-small cell lung 
cancer cells without EGFR mutation. Lung Cancer. 2014; 
85(2):152-160. 

26. Wu H, Wang A, Zhang W, Wang B, Chen C, Wang W, Hu 
C, Ye Z, Zhao Z, Wang L, Li X, Yu K, Liu J, et al. Ibrutinib 
selectively and irreversibly targets EGFR (L858R, Del19) 
mutant but is moderately resistant to EGFR (T790M) 
mutant NSCLC Cells. Oncotarget. 2015; 6:31313-31322. 
doi: 10.18632/oncotarget.5182.

27. Zhu F, Zykova TA, Kang BS, Wang Z, Ebeling MC, 
Abe Y, Ma WY, Bode AM, Dong Z. Bidirectional 
signals transduced by TOPK-ERK interaction increase 
tumorigenesis of HCT116 colorectal cancer cells. 



Oncotarget6763www.impactjournals.com/oncotarget

Gastroenterology. 2007; 133:219-231.
28. Jia LT, Zhang R, Shen L, Yang AG. Regulators of 

carcinogenesis: emerging roles beyond their primary 
functions. Cancer Lett. 2015; 357:75-82.

29. Schlessinger J. Receptor tyrosine kinases: legacy of the first 
two decades. Cold Spring Harb Perspect Biol. 2014; 6(3). 
pii: a008912.

30. Gainor JF, Shaw AT. Emerging paradigms in the 
development of resistance to tyrosine kinase inhibitors in 
lung cancer. J Clin Oncol. 2013; 31:3987-3996.

31. Remon J, Moran T, Majem M, Reguart N, Dalmau E, 
Marquez-Medina D, Lianes P. Acquired resistance to 
epidermal growth factor receptor tyrosine kinase inhibitors 
in EGFR-mutant non-small cell lung cancer: A new era 
begins. Cancer Treat Rev. 2014; 40:93-101. 

32. Shinde SR, Gangula NR, Kavela S, Pandey V, Maddika S. 
TOPK and PTEN participate in CHFR mediated mitotic 
checkpoint. Cell Signal. 2013; 25:2511-2517.

33. Shih MC, Chen JY, Wu YC, Jan YH, Yang BM, Lu PJ, 
Cheng HC, Huang MS, Yang CJ, Hsiao M, Lai JM. TOPK/
PBK promotes cell migration via modulation of the PI3K/
PTEN/AKT pathway and is associated with poor prognosis 
in lung cancer. Oncogene. 2012; 31:2389-2400.

34. Ayllon V, O’Connor R. PBK/TOPK promotes tumour cell 
proliferation through p38 mapk activity and regulation of 
the DNA damage response. Oncogene. 2007; 26:3451-
3461.

35. Dou X, Wei J, Sun A, Shao G, Childress C, Yang W, Lin 
Q. PBK/TOPK mediates geranylgeranylation signaling 
for breast cancer cell proliferation. Cancer Cell Int. 2015; 
15:27.

36. Herrero-Martin D, Osuna D, Ordonez JL, Sevillano V, 
Martins AS, Mackintosh C, Campos M, Madoz-Gurpide J, 
Otero-Motta AP, Caballero G, Amaral AT, Wai DH, Braun 
Y, et al. Stable interference of EWS-FLI1 in an ewing 
sarcoma cell line impairs IGF-1/IGF-1R signalling and 
reveals topk as a new target. Br J Cancer. 2009; 101:80-90.

37. Hu F, Gartenhaus RB, Zhao XF, Fang HB, Minkove S, 
Poss DE, Rapoport AP. C-Myc and E2F1 drive PBK/TOPK 
expression in high-grade malignant lymphomas. Leuk Res. 
2013; 37:447-454.

38. Nandi AK, Rapoport AP. Expression of PDZ-binding kinase 
(PBK) is regulated by cell cycle-specific transcription 
factors E2F and CREB/ATF. Leuk Res. 2006; 30:437-447.

39. Park JH, Nishidate T, Nakamura Y, Katagiri T. Critical roles 
of T-LAK cell-originated protein kinase in cytokinesis. 
Cancer Sci. 2010; 101:403-411.

40. Durchdewald M, Angel P, Hess J. The transcription factor 
Fos: a Janus-type regulator in health and disease. Histol 
Histopathol. 2009; 24:1451-1461.

41. Shiozawa T, Miyamoto T, Kashima H, Nakayama K, 
Nikaido T, Konishi I. Estrogen-induced proliferation 
of normal endometrial glandular cells is initiated by 
transcriptional activation of cyclin D1 via binding of c-Jun 

to an AP-1 sequence. Oncogene. 2004; 23:8603-8610.
42. Davies CC, Chakraborty A, Cipriani F, Haigh K, Haigh JJ, 

Behrens A. Identification of a co-activator that links growth 
factor signalling to c-Jun/AP-1 activation. Nat Cell Biol. 
2010; 12:963-972.

43. Singhal S, Amin KM, Kruklitis R, DeLong P, Friscia ME, 
Litzky LA, Putt ME, Kaiser LR, Albelda SM. Alterations 
in cell cycle genes in early stage lung adenocarcinoma 
identified by expression profiling. Cancer Biol Ther. 2003; 
2:291-298. 

44. Wang J, Zhang Y, Xu S, Li W, Chen Z, Wang Z, Han 
X, Zhao Y, Li S. Prognostic significance of G2/M arrest 
signaling pathway proteins in advanced non-small cell lung 
cancer patients. Oncol Lett. 2015; 9:1266-1272.

45. Soto-Guzman A, Robledo T, Lopez-Perez M, Salazar EP. 
Oleic acid induces ERK1/2 activation and AP-1 DNA 
binding activity through a mechanism involving src kinase 
and egfr transactivation in breast cancer cells. Mol Cell 
Endocrinol. 2008; 294:81-91.

46. Li S, Zhu F, Zykova T, Kim MO, Cho YY, Bode AM, 
Peng C, Ma W, Carper A, Langfald A, Dong Z. T-LAK 
cell-originated protein kinase (TOPK) phosphorylation 
of MKP1 protein prevents solar ultraviolet light-induced 
inflammation through inhibition of the p38 protein signaling 
pathway. J Biol Chem. 2011; 286:29601-29609.

47. Zykova TA, Zhu F, Vakorina TI, Zhang J, Higgins LA, 
Urusova DV, Bode AM, Dong Z. T-LAK cell-originated 
protein kinase (TOPK) phosphorylation of Prx1 at Ser-32 
prevents UVB-induced apoptosis in RPMI7951 melanoma 
cells through the regulation of Prx1 peroxidase activity. J 
Biol Chem. 2010; 285:29138-29146.

48. Oh SM, Zhu F, Cho YY, Lee KW, Kang BS, Kim HG, 
Zykova T, Bode AM, Dong Z. T-lymphokine-activated 
killer cell-originated protein kinase functions as a positive 
regulator of c-Jun-NH2-kinase 1 signaling and H-Ras-
induced cell transformation. Cancer Res. 2007; 67:5186-
5194.

49. Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, 
Zakowski MF, Kris MG, Varmus H. Acquired resistance of 
lung adenocarcinomas to gefitinib or erlotinib is associated 
with a second mutation in the EGFR kinase domain. PLoS 
Med. 2005; 2:e73.

50. Costa DB, Halmos B, Kumar A, Schumer ST, Huberman 
MS, Boggon TJ, Tenen DG, Kobayashi S. Bim mediates 
EGFR tyrosine kinase inhibitor-induced apoptosis in lung 
cancers with oncogenic EGFR mutations. PLoS Med. 2007; 
4:1669-1679.

51. Yuan S, Yu SL, Chen HY, Hsu YC, Su KY, Chen HW, 
Chen CY, Yu CJ, Shih JY, Chang YL, Cheng CL, Hsu 
CP, Hsia JY, et al. Clustered genomic alterations in 
chromosome 7p dictate outcomes and targeted treatment 
responses of lung adenocarcinoma with EGFR-activating 
mutations. J Clin Oncol. 2011; 29:3435-3442.

52. Vinson C, Myakishev M, Acharya A, Mir AA, Moll JR, 



Oncotarget6764www.impactjournals.com/oncotarget

Bonovich M. Classification of human b-ZIP proteins based 
on dimerization properties. Mol Cell Biol. 2002; 22:6321-
6335.

53. Kim DJ, Li Y, Reddy K, Lee MH, Kim MO, Cho YY, Lee 
SY, Kim JE, Bode AM, Dong Z. Novel TOPK inhibitor 
HI-TOPK-032 effectively suppresses colon cancer growth. 
Cancer Res. 2012; 72:3060-3068.

54. Kirubakaran P, Karthikeyan M, Singh Kh D, Nagamani S, 
Premkumar K. In silico structural and functional analysis 
of the human TOPK protein by structure modeling and 
molecular dynamics studies. J Mol Model. 2013; 19:407-
419.

55. InsightII version 2005. San Diego, USA. Accelarys Inc., 
2005.

56. Hess B, Kutzner C, van der Spoel D, Lindahl E. GROMACS 
4: algorithms for highly efficient, load-balanced, and 
scalable molecular simulation. J Chem Theory Comput. 
2008; 4:435-447.

57. Brooks BR, Brooks CL 3rd, Mackerell AD Jr, Nilsson 
L, Petrella RJ, Roux B, Won Y, Archontis G, Bartels C, 
Boresch S, Caflisch A, Caves L, Cui Q, et al. CHARMM: 
the biomolecular simulation program. J Comput Chem. 
2009; 30:1545-1614.

58. Yang Z, Yang G, Zhou L. Mutation effects of 
neuraminidases and their docking with ligands: A molecular 
dynamics and free energy calculation study. J Comput 
Aided Mol Des. 2013; 27:935-950.

59. Chen R, Li L, Weng Z. Zdock: an initial-stage protein-
docking algorithm. Proteins. 2003; 52:80-87.

60. Li L, Chen R, Weng Z. Rdock: Refinement of rigid-body 
protein docking predictions. Proteins. 2003; 53:693-707.

61. Zhou YH, Zheng QC, Li ZS, Zhang Y, Sun M, Sun CC, 
Si D, Cai L, Guo Y, Zhou H. On the human CYP2C9*13 
variant activity reduction: a molecular dynamics simulation 
and docking study. Biochimie. 2006; 88:1457-1465.


