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Abstract

BACKGROUND & AIMS: Choline kinase α (CHKA) catalyzes conversion of choline to 

phosphocholine and can contribute to carcinogenesis. Little is known about the role of CHKA in 

the pathogenesis of hepatocellular carcinoma (HCC).

METHODS: We performed whole-exome and transcriptome sequence analyses of 9 paired HCC 

and non—tumor-adjacent tissues. We performed tissue chip analyses of 120 primary HCC and non

—tumor-adjacent tissues from patients who received surgery in Shanghai, China from January 

2006 through December 2009; 48 sets specimens (HCC and non—tumor-adjacent tissues) were 
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also analyzed. CHKA gene copy number was quantified and findings were validated by 

quantitative reverse transcription polymerase chain reaction analysis. CHKA messenger RNA and 

protein levels were determined by polymerase chain reaction, immunohisto-chemical, and 

immunoblot analyses. CHKA was examined in 2 hepatocyte cell lines and 7 HCC-derived cell 

lines, and knocked down with small interfering RNAs in 3 HCC cell lines. Cells were analyzed in 

proliferation, wound healing, migration, and invasion assays. Cells were injected into tail veins of 

mice and tumor growth and metastasis were quantified. Immunoprecipitation and 

immunofluorescence assays were conducted to determine interactions between CHKA and the 

epidermal growth factor receptor (EGFR) and the mechanistic target of rapamycin complex 2.

RESULTS: Levels of CHKA messenger RNA were frequently increased in HCC tissues 

compared with nontumtissues; increased expression was associated with amplification at the 

CHKA loci. Tumors that expressed high levels of CHKA had more aggressive phenotypes, and 

patients with these tumors had shorter survival times after surgery compared to patients whose 

tumors expressed low levels of CHKA. HCC cell lines that stably overexpressed CHKA had 

higher levels of migration and invasion than control HCC cells, and formed larger xenograft 

tumors with more metastases in mice compared to HCC cells that did not overexpress CHKA. 

CHKA was required for physical interaction between EGFR and mechanistic target of rapamycin 

complex 2. This complex was required for HCC cells to form metastatic xenograft tumors in mice 

and to become resistant to EGFR inhibitors.

CONCLUSIONS: We found levels of CHKA to be increased in human HCCs compared to 

nontumor tissues, and increased expression to be associated with tumor aggressiveness and 

reduced survival times of patients. Overexpression of CHKA in HCC cell lines increased their 

invasiveness, resistance to EGFR inhibitors, and ability to form metastatic tumors in mice by 

promoting interaction of EGFR with mechanistic target of rapamycin complex 2.
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Liver cancer is one of the leading causes of cancer-related death worldwide and is 

particularly prevalent in China. According to data from the International Agency for 

Research on Cancer, there were an estimated 782,500 new cases of liver cancer and 745,500 

deaths during 2012, with China alone accounting for about 50% of the total number of cases 

and deaths.1 Among the primary liver cancers, hepatocellular carcinoma (HCC) represents 

the major histologic subtype. Despite recent advancements in the diagnosis and treatment 

approaches, the prognosis for HCC patients remains dismal due to postsurgical recurrence 

and distant metastasis.2 Great efforts have been made to explore the mechanism underlying 

the pathogenesis of HCC during the past decades; however, the detailed molecular events 

contributing to HCC progression and metastasis are still not fully understood.3 Therefore, 

there remains an urgent need to search for novel prognostic biomarkers and therapeutic 

targets for HCC therapy.4,5

Epidermal growth factor receptor (EGFR) has been documented to be overexpressed in 

around 40 % −70 % of human HCCs.6 Elevated expression of the EGFR ligands has also 

been reported in the preneoplastic lesions of liver tissues, indicating its potential role in 
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hepatocarcinogenesis. Although EGFR antagonists have an effect on cell malignancy in 

human HCC cells and in animal HCC model, several clinical trials was unable to show 

significant survival improvement with gefitinib, cetuximab,7 or erlotinib8 in HCC patients. 

These data reinforced the importance of better understanding the mechanisms and 

identifying potential intracellular effectors whereby EGFR signaling influences HCC 

progression.

Choline kinase, the first enzyme in the Kennedy pathway that catalyzes the phosphorylation 

of free choline to phosphocholine, is responsible for de novo biosynthesis of 

phosphatidylcholine.9,10 Activated choline phospholipid metabolism has been implicated in 

oncogenesis and progression and been proposed as a metabolic hallmark of cancer.9,11–17 

Until now, accumulating evidence has supported the oncogenic property of CHKA in cancer 

pathobiology apart from its metabolic function,9,15,18–20 In addition, the diagnostic and 

prognostic significance of CHKA expression in human malignant diseases has also been 

revealed.21 Recently, it has been documented that co-overexpression of both EGFR and c-

Src increased CHKA protein levels,22 but whether the abnormal expression of CHKA was 

involved in EGFR signal activity and its potential role for HCC progression have not been 

explored until now.

To address these issues, expression patterns of CHKA in HCC and its clinicopathologic 

significance in a HCC cohort were investigated first. In addition, its contribution to the 

progression and metastasis of HCC, both in vitro and in vivo, was examined and the 

underlying relationship with EGFR-related signal pathway was further dissected. The 

current results provide novel mechanistic insights into a critical role of CHKA in EGFR—

mechanistic target of rapamycin complex 2 (mTORC2) activity in HCC metastasis and 

therapeutic resistance, suggesting a potential prognostic marker and synergetic target for 

EGFR-dependent tumor, together with commercial anti-EGFR drugs gefitinib or erlotinib.

Methods

Patients and Samples

Nine paired HCC and non—tumor-adjacent tissues were used for next-generation 

sequencing technology carrying out whole-exome and transcriptome sequencing to identify 

copy number variation. Specimens, including 120 primary HCC and non—tumor-adjacent 

tissues from HCC patients who received curative surgery in the Eastern Hepatobiliary 

Surgery Hospital (Shanghai, China) from January 2006 to December 2009, were used for 

tissue microarray. Forty-eight sets of HCC specimens (HCC and non—tumor adjacent 

tissues) were used for quantitative real-time polymerase chain reaction (qRT-PCR) or 

Western blot analysis. Written informed consent was obtained from each patient and these 

studies were approved by the Ethics Boards of the Eastern Hepatobiliary Surgery Hospital.

Cell Cultures, Stable Cell Line Construction, and RNA Interfering

The normal-type hepatocyte QSG7701 and HL7702 cells, as well as the HCC cell lines 

Huh-7, SNU-475, HepG2, Hep3B, PLC/PRF/5, SMC7721, MHCC-97L, and MHCC-97H, 

were purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences 
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(Shanghai, China). Cells were maintained at 37°C in an atmosphere containing 5% CO2 in 

Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum. Lentivirus 

productions for stable cell line construction were completed by the Genechem Company 

(Shanghai, China) and used according to the manufacturer’s instructions. For RNA 

interfering, cells were transfected with 100 nM small interfering (si)RNAs by INTERFERin 

transfection reagent (409–10; Polyplus, New York, NY) according to manufacturer’s 

instructions. siRNAs were purchased from the Biotend Company (Shanghai, China). For 

more information, see the Supplementary Methods.

Animal Studies

All animal experiments were performed in accordance with the guidelines for the care and 

use of laboratory animals and were approved by the Ethics Boards of the Eastern 

Hepatobiliary Surgery Hospital. For in vivo metastasis assays, cells were injected into the 

caudal veins of 5-week-old male BALB/C nude mice. Each group had 5 mice. All of the 

mouse groups were killed after 8 weeks. The lungs of each mouse were separated and fixed 

for H&E staining. The mean number of metastatic foci in each group was counted under a 

microscope. For xenografts and in vivo drug studies, cells were injected subcutaneously into 

the right posterior flanks of 6-week-old female BALB/C nude mice. When the tumor 

reached a volume of approximately 100 mm3 in size, mice were randomized into indicated 

groups (n = 6) and subjected to treatment with vehicle or erlotinib (80 mg/kg/d) orally. 

Tumor growth was measured every 5 days for a total period of 35–40 days. Tumor volume = 

1/2 length × (width)2. At day 40, mice were sacrificed and tumors were photographed. H&E, 

immunohis-tochemistry, and terminal deoxynucleotidyl transferase-mediated deoxyuridine 

triphosphate nick-end labeling staining were performed on paraffin-embedded specimens of 

xenograft tumors. For more information, see Supplementary Methods.

Statistical Analysis

All of the measurement data are expressed as mean ± SD. Pearson χ2 test was used to 

analyze the relationships between the expression of CHKA and the clinicopathologic 

features. A Kaplan-Meier analysis was used to assess the differences in survival rates. SPSS 

software, version 16.0 (SPSS Inc, Chicago, IL) was used for the statistical analyses. P < .05 

was considered to be statistically significant.

All authors had access to the study data and reviewed and approved the final manuscript. For 

more materials and methods, see Supplementary Methods.

Results

Increased Choline Kinase α Expression Correlates With Aggressive Clinicopathologic 
Features and Predicts Poor Prognosis in Hepatocellular Carcinoma Patients

To elucidate functional genomic aberrations underlying human HCC, the genomic disorder 

screening method, including targeted capture; massively parallel paired-end sequencing; and 

whole transcriptome sequencing technologies, were employed on 9-paired HCC samples 

including tumor and their counterpart non—tumor-adjacent tissues. As shown in 

Supplementary Figure 1A and B, the abnormal amplification region spanning 11q13.2–13.3 
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(covering up to 24 genes) were uncovered and verified by qRT-PCR. Then, the public HCC 

databases (GSE22058, GSE25097, GSE36376, GSE46444, GSE54236, GSE63898, and 

TCGA, detailed see in Supplementary Table 1) and CIPHER ranking method23 were 

consulted to confirm the different genes spanning the 11q13.2–13.3 region, among which 7 

genes, including PPFIA1, LRP5, CCND1, MYEOV, CHKA, NDUSF8, and ORAOV1 were 

found to be frequently up-regulated in HCC tumor tissues (Figure 1A and Supplementary 

Tables 2 and 3). To further verify the potential contribution of genomic disorder to tumor 

progression, siRNA-mediated gene knockdown was used to screen these 7 genes 

(Supplementary Figure 1E) in 2 immortal cell lines, Huh-7 and SNU-475, both possessing 

an amplified genomic 11q13.2–13.3 region (Supplementary Figure 1F and G). Interestingly, 

among those genes, only down-regulation of CHKA was found to significantly inhibit cell 

motility in both cell lines without affecting cell proliferation (Supplementary Figure 1C and 

D). As expected, qRT-PCR, Western blot, and immunohistochemistry methods further 

revealed the similar expression trend of CHKA within our clinical HCC samples (Figure 

1B–D and Supplementary Figure 2A), and the positive correlation between CHKA gene 

copy number and messenger RNA expression level (Supplementary Figure 2B; P = .0001).

Further analysis revealed the relationship between higher CHKA expression and several 

aggressive clinicopathologic features, including positive microvascular invasion, advanced 

Barcelona Clinic liver cancer (BCLC) stage, early disease recurrence, and patient death 

(Supplementary Table 4 and Figure 1E). Multivariate Cox regression analysis demonstrated 

that increased CHKA expression (P = .003) and microvascular invasion (P = .001) were 

independently associated with poor overall survival, while high CHKA expression (P = .

007), together with tumor size (P = .035) and microvascular invasion (P < .001), was also an 

independent predictor of cancer recurrence in patients with HCC (Figure 1F). Together, 

these data indicate that CHKA expression is frequently up-regulated in human HCC tissues, 

at least partly resulting from genomic amplification, and correlates with malignant 

progression and unfavorable prognosis of HCC.

Choline Kinase α Enhances Invasion and Metastasis of Hepatocellular Cells in vitro and in 
vivo

Given the significant correlation between CHKA expression level and aggressive tumor 

characteristics, we hypothesize that CHKA plays a functional role in HCC progression. We 

examined CHKA expression in 9 liver cell lines, including 2 normal hepatocyte cell line 

(HL7702 and QSG7701), 7 HCC-derived cell lines (HepG2, Huh-7, Hep3B, PLC/PRF/5, 

SMMC7721, MHCC-97L, and MHCC-97H). Consistent with the findings in HCC tissue 

samples, both qRT-PCR and Western blot assays revealed that CHKA expression level was 

higher in HCC-derived cell lines than in normal liver cell lines (Supplementary Figure 3A 

and B). GFP-tagged CHKA-expressing recombinant lentivirus (LV-CHKA) was used to 

establish CHKA stable cell lines in HL7702 and SMMC7721, which have low levels of 

endogenous CHKA (Figure 2A). Although no substantial difference in proliferation rate was 

observed between CHKA-overexpressed and control cells (Supplementary Figure 3C), 

scratch wound healing, Transwell migration, and Matrigel invasion assays clearly 

demonstrated that forced expression of CHKA markedly enhanced the migratory and 

invasive abilities of both HL7702 and SMMC7721 cells (Figure 2B and C and 
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Supplementary Figure 3D and E). In addition, LV-CHKA-or LVV-GFP—infected 

SMMC7721 cells were injected into the lateral tail vein of nude mice to determine the extent 

of lung metastasis. Eight weeks later, more and larger micrometastatic lesions were observed 

microscopically in lungs from mice injected with LV-CHKA-SMMC7721 cells compared 

with those with LV-GFP cells (Figure 2D).

In addition, we depleted CHKA expression via siRNA in 3 HCC cell lines, LV-CHKA—

infected SMMC7721, Huh-7 and MHCC-97H (Supplementary Figure 3F). No significant 

reduction in cell proliferation was noted in CHKA-silenced cells (Supplementary Figure 

3G), whereas CHKA knockdown greatly impaired the migration and invasion capabilities of 

each cell line (Figure 2E and Supplementary Figure 3H and I). In addition, lung metastasis 

was also determined using short-hairpin (sh)CHKA- or sh-negative control (NC)-huh7 cells 

(Supplementary Figure 3J), with results that less and smaller micrometastatic lesions were 

observed microscopically in lungs from nude mice injected with shCHKA-huh7 cells 

compared with those with shNC cells, 8 weeks after tail vein injection (Figure 2F). 

Collectively, these findings support the view that CHKA positively regulates the 

invasiveness and metastatic potential of HCC cells both in vitro and in vivo.

Choline Kinase α Facilitates Hepatocellular Carcinoma Metastasis Through Activating AKT 
Signaling

Consistent with a previous finding showing that CHKA regulates v-akt murine thymoma 

viral oncogene homolog (AKT) activity,24 phosphorylated AKT (p-AKT) was observed in 

both CHKA-overexpressed HL7702 and SMMC7721 cells; conversely, specific knockdown 

of CHKA by siRNA markedly suppressed AKT phosphorylation in all 3 CHKA-expressing 

cell lines (Figure 2G). Inhibition of extra-cellular regulated kinase (ERK) phosphorylation in 

the absence of CHKA was also observed, in agreement with previous reports25 

(Supplementary Figure 4A). We then tested whether the AKT or ERK signaling pathway is 

required for CHKA-mediated HCC metastasis. As illustrated in Supplementary Figure 4B–

D, specific inhibition of AKT activity by either of its pharmacologic inhibitors, M K2206 or 

AZD5363, substantially impaired the migration and invasion capabilities of CHKA-

overexpressed SMMC7721 and Huh-7 cells. However, the MEK1/ERK inhibitors (PD 

98059 and U 0126) also effectively blocked the ERK activity, but showed no effect on cell 

motility (Supplementary Figure 4E and F), indicating that AKT-dependent signaling, rather 

than the mitogen-activated protein kinase signal pathway, plays a major role in CHKA-

enhanced HCC metastasis. To rule out the possible off-target effects emanating from AKT 

pharmacologic inhibitors, siRNA-mediated AKT1 silencing experiments were performed. 

Consistently, AKT1 depletion vigorously suppressed the migratory and invasive properties 

of HCC cell lines expressing high levels of exogenous or endogenous CHKA (Figure 2H 

and Supplementary Figure 4G). Furthermore, we observed that activation of AKT signaling 

by ectopic expression of myr-AKT, the constitutively active form of AKT, significantly 

restored the migratory and invasive capabilities after siCHKA treatment (Figure 2I and 

Supplementary Figure 4H). Taken together, these results suggest that CHKA promotes HCC 

cell metastasis mainly via activation of AKT signaling.
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We further analyzed the expression levels of CHKA and p-AKT in 7 HCC cell lines and 

clinical HCC samples. Western blot analysis of HCC cell lines and tissue microarray 

analysis of HCC specimens from 120 patients revealed a close cor-relation of CHKA 

expression with p-AKT levels, which further supports the activation of AKT by CHKA in 

HCC cell lines (Supplementary Figure 4I) and clinical HCC tissues (Figure 2J). Growing 

evidence has indicated that a combination of multiple markers might be more informative 

than any single marker for the prediction of clinical outcomes of patients with HCC. We 

then evaluated whether the combination of the 2 parameters could increase the efficiency in 

prognosis prediction. Indeed, patients whose tumors have both elevated CHKA and 

enhanced p-AKT levels showed the worst prognosis, indicating that the combination of the 2 

parameters provides an improved prognostic value in comparison with either CHKA or p-

AKT alone (Figure 2K and Supplementary Table 5).

Choline Kinase α Physically Interacts With Epidermal Growth Factor Receptor, Promotes 
Epidermal Growth Factor Receptor Autophosphorylation and Dimerization on Plasma 
Membrane

We then investigated which upstream regulator26 is necessary for the enhanced AKT 

activation and HCC metastasis induced by CHKA. Interestingly, upon EGF stimulation, 

overexpression of CHKA robustly enhanced AKT activation, while knockdown of its 

expression by siRNA markedly suppressed AKT activation. However, no such changes were 

observed in response to hepatocyte growth factor stimulation (Figure 3A and Supplementary 

Figure 5), implying that EGFR, but not c-Met, may be involved in mediating the effects of 

CHKA. In addition, after EGF stimulation, the phosphorylation levels of 3 residues (Y992, 

Y 1045, and Y 1068) in EGFR were significantly increased after forced CHKA expression, 

while greatly decreased in CHKA-depleted cells, paralleled with the changes of p-AKT 

(Figure 3B). Cell surface expression of EGFR, the EGF-induced receptor dimerization, or 

endocytosis was also examined in the presence of CHKA. At baseline, a higher percentage 

of membrane EGFR-positive cells was observed in the CHKA-overexpressed cells compared 

with control cells (81% vs 64%). After stimulation with EGF, CHKA-overexpressed cells 

exhibited a slower EGFR internalization than control cells. On the contrary, CHKA-depleted 

cells exerted the opposite effects (Figure 3C). In addition, cross-linking experiments27 were 

performed to examine the effects of CHKA on EGF-induced dimerization of EGFR, and we 

found that forced expression of CHKA increased EGF-induced EGFR dimerization, whereas 

CHKA silencing did the opposite (Figure 3D). We then investigated whether CHKA and 

EGFR could physically interact by performing co-immunoprecipitation experiments in cells 

expressing CHKA. Interestingly, an interaction between EGFR and exogenous or 

endogenous CHKA was observed in reciprocal co-immunoprecipitation assays (Figure 3E). 

Consistently, evidence of membrane colocalization (yellow: merged CHKA [green] and 

EGFR [red dots]) was observed via immunoflu-orescence confocal microscopy (Figure 3F). 

In addition, confocal-based immunofluorescence imaging also revealed a delayed 

internalization of EGFR into the cytoplasm in CHKA-overexpressed SMMC7721 cells, or 

an accelerated internalization of EGFR into the cytoplasm in CHKA-depleted Huh-7 cells, 

upon EGF stimulation. Collectively, these results indicate that CHKA may exert its pro-

metastatic properties through binding with EGFR, promoting EGFR dimerization, while 

preventing EGFR internalization, thereby enhancing EGFR-AKT activation.
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Epidermal Growth Factor Receptor—Mechanistic Target of Rapamycin Complex 2 Axis Is 
Indispensable for Choline Kinase α—Enhanced AKT Activation and Hepatocellular 
Carcinoma Metastasis

In the additional studies, specific knockdown of EGFR expression by siRNA completely 

abrogated the effects of CHKA on both EGFR and AKT phosphorylation on EGF 

stimulation (Figure 4A). In addition, similar results were also obtained independent of EGF 

stimulation, together with the complete elimination of the differences in the migratory and 

invasive properties between CHKA-overexpressed or CHKA-depleted cells and their control 

counterparts (Figure 4B and Supplementary Figure 6), proving an essential role in CHKA-

induced AKT activation and HCC metastasis.

To determine the downstream mechanism by which EGFR mediates the effects of CHKA on 

AKT activation and HCC metastasis, we assessed the possible involvement of several well-

characterized regulators of AKT phosphorylation, including phosphoinositide 3-kinase 

(PI3K), phosphoinositide-dependent kinase-1, and mTORC2. Notably, the phosphorylated 

levels of P85 (p-P85) were increased in CHKA-overexpressed cells and decreased in 

CHKA-depleted cells, and EGFR siRNA knockdown also blocked the effects of CHKA on 

p-P85 upon EGF stim ulation (Supplementary Figure 7A and B). Nevertheless, inhibition of 

PI3K activity by its pharmacologic inhibitor LY294002, which effectively suppressed p-P85 

and p-AKT (Thr308) levels in each cell line, failed to attenuate the difference of p-AKT 

(ser473) and HCC cell metastatic potential between CHKA-overexpressed or CHKA-

depleted cells and control cells (Supplementary Figure 7C and D). This finding was in 

agreement with a previous study reporting that CHKA regulation on AKT activity is PI3K 

independent,24 indicating that PI3K is not indispensable for CHKA-facilitated AKT (ser473) 

phosphorylation and metastasis. In addition, knockdown of phosphoinositide-dependent 

kinase-1 by siRNA, which com pletely blocked the CHKA-mediated AKT (T hr308) 

activation, also failed to affect CHKA-triggered AKT (Ser473) phosphorylation and HCC 

cell metastatic phenotype (Supplementary Figure 8), suggesting that neither 

phosphoinositide-dependent kinase-1 nor AKT (T h r308) activation plays an essential role 

in CHKA-induced HCC metastasis.

Interestingly, siRNA-mediated knockdown of RPTOR independent companion of mTOR 

complex 2 (RICTOR), the core component of mTORC2 responsible for AKT (Ser473) 

phosphorylation,28 clearly abrogated the distinct activation of AKT (Ser473) between 

CHKA-overexpressed or CHKA-silenced cells and their counterparts. Meanwhile, no 

changes were observed in the phosphorylation levels of EGFR when RICTOR was silenced 

(Figure 4C and D). In addition, RICTOR knockdown also completely abolished CHKA-

enhanced cell migration and invasion (Figure 4D and Supplementary Figure 9A). Similarly, 

pharmacologic inhibition of mTOR kinase activity by mTORC1/C2 inhibitor PP24229 

completely blocked CHKA-enhanced AKT (ser473) phosphorylation and tumor cell 

metastasis. However, treatment of cells with mTORC1 inhibitor rapamycin failed to disturb 

the effects of CHKA (Figure 4E and F and Supplementary Figure 9B). Together, these 

results reveal that the EGFR—mTORC2 axis is necessary for CHKA-dependent AKT 

(ser473) activation and HCC metastasis.
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Overexpression of Choline Kinase α Facilitates Functional Interaction Between Epidermal 
Growth Factor and mTOR Complex 2 By Acting as an Adaptor Protein

Given our findings that CHKA-EGFR interaction and the presence of mTORC2 is necessary 

for CHKA function, we hypothesize that CHKA may serve as a mediator to promote the 

association of EGFR with mTORC2. Importantly, the pairwise interactions of RICTOR, 

EGFR, and CHKA were observed in CHKA-overexpressed SMMC7721 cells, together with 

an enhanced mTORC2 kinase activity (Figure 5A). The interaction of RICTOR, EGFR, and 

endogenous CHKA was also observed in Huh-7 cells, and was remarkably ameliorated after 

CHKA was silenced, which also impaired mTORC2 kinase activity, indicating that CHKA is 

necessary for EGFR—RICTOR interaction (Figure 5B). In addition, immunofluorescence 

confocal imaging also confirmed the membrane colocalization (white) of CHKA (green), 

EGFR (red), and RICTOR (blue) in CHKA-overexpressed SMMC7721 cells and Huh-7 

cells (Figure 5C and D). However, the membrane colocalization (white) of endogenous 

CHKA (green), RICTOR (blue), and EGFR (red) was barely detectable in CHKA-silenced 

cells as compared to their control counterparts (Figure 5D). Furthermore, we employed 4 

HCC cell lines, including SMMC7721 and PLC/PRF/5 cells, which express lower levels of 

endogenous CHKA, and Huh-7 and MHCC-97H cells, which express higher levels of 

endogenous CHKA, and performed co-immunoprecipitation assays and confocal-based 

immunofluorescence imaging to evaluate whether CHKA expression is responsible for the 

assembly of EGFR—RICTOR in these cell lines. As shown in Supplementary Figure 10, no 

obvious interaction or membrane colocalization of RICTOR and EGFR was observed in 

SMMC7721 and PLC/PRF/5 cells. By contrast, protein—protein interaction as well as 

membrane colocalization of RICTOR and EGFR was seen in both Huh-7 and MHCC-97H 

cells, supporting that protein levels of CHKA in the cell lines examined were associated with 

the assembly of EGFR-RICTOR complex. Collectively, these findings suggest that 

overexpression of CHKA protein in HCC cells may act as an adaptor molecule that 

facilitates functional interaction between EGFR and mTORC2, which is indispensable for 

CHKA-provoked AKT activation and HCC metastasis subsequently.

Overexpression of Choline Kinase α Promotes Resistance to Epidermal Growth Factor 
Receptor—Targeted Drugs in Hepatocellular Carcinoma

We then speculated whether dysregulated CHKA has a potential effect on EGFR-targeted 

therapies, 2 commercial small-molecule kinase inhibitors of EGFR,30 gefitinib and erlotinib, 

were applied with CHKA-overexpressed and CHKA-silenced cells lines. As shown in 

Figure 6A–C and Supplementary Figure 11A and B, both short-term growth-inhibition and 

long-term colony-formation assays revealed that CHKA-overexpressed cells were more 

resistant to gefitinib and erlotinib treatment in comparison with control cells. Meanwhile, 

siRNA-mediated knockdown of RICTOR clearly abrogated the distinct sensitivity to the 

drugs between CHKA-overexpressed or CHKA-silenced cells. In addition, CHKA-

overexpressed cells showed more resistant to the effects of gefitinib and erlotinib on cell 

migration and invasion. Conversely, gefitinib or erlotinib treatment combined with CHKA 

knockdown exhibited a synergetic inhibitory effect on cell metastasis (Supplementary Figure 

11C). As expected, overexpression of CHKA rendered HCC cells more resistant to gefitinib 

and erlotinib-induced apoptosis, as indicated by diminished cleaved poly ADP-ribose 

polymerase. Invariably, silencing of R/CTOR again eliminated these differences (Figure 
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6D). In addition, we used immunodeficient mice xenografted with LV-CHKA— or LV-GFP

—infected SMMC7721 tumors. Ten days after injection of tumor cells, palpable tumors 

were present in all animals, and cohorts of mice were treated with vehicle or erlotinib. As 

shown in Figure 6E, treatment of mice with erlotinib only resulted in marginal growth 

inhibition on CHKA-overexpressed SMMC7721 tumors. In contrast, it elicited a potent 

growth inhibition on tumors of the control group (Figure 6E), with an impaired level of p-

AKT and apparent cell apoptosis, as indicated by terminal deoxynucleotidyl transferase-

mediated deoxyuridine triphosphate nick-end labeling (Figure 6F). Because no alteration of 

p53 status or K-RAS gene mutation were observed among the cell lines we used 

(Supplementary Figure 11D and E), these results confirmed that CHKA could promote 

resistance to EGFR-targeted drugs both in vitro and in vivo, and also suggest the potential 

effectiveness of a dual inhibition of CHKA/mTORC2 to overcome the resistance of HCC 

cells to EGFR-targeted therapies.

Discussion

In the present work, we found that CHKA was commonly overexpressed in human HCCs, 

which may be, at least partially, due to amplification of its gene copy number. Up-regulated 

expression of CHKA was related to microvascular invasion, advanced tumor stage, early 

disease recurrence, and poor survival, and was an independent unfavorable prognostic 

indicator for HCC patients. In addition, CHKA promoted HCC invasion and m etastasis 

through activation of EGFR-mTORC2-AKT signaling. Mechanistically, overexpression of 

CHKA interacted with EGFR and induced EGFR activation. Meanwhile, CHKA acted as an 

adaptor molecule facilitating functional interaction between EGFR and mTORC2, enhancing 

down-stream AKT signal and cancer metastasis. Furthermore, overexpression of CHKA also 

conferred resistance to anti-EGFR drugs gefitinib and erlotinib via promoting the formation 

of EGFR/mTORC2 (RICTOR) complex. To our knowledge, this is the first study that 

intensively evaluates the biologic relevance of CHKA in the progression and drug resistance 

of HCC.

Aberrant expression of CHKA was reported previously in HCC tissues. In a genomic 

profiling study, CHKA was identified as one of the up-regulated genes in a 73-gene 

expression signature associated with vascular invasion in HCC.31 Consistent with this 

finding, data from our qRT-PCR, Western blot, and immunohistochemistry assays confirmed 

the significant up-regulation of CHKA expression in HCC tissues and HCC-derived cell 

lines. In an attempt to explore the molecular basis for CHKA overexpression in HCC, we 

noticed that the CHKA gene is located at chromosome locus 11q13.3, one of the most 

frequent genomic amplification regions reported in various types of human cancers, 

including HCC,32 and hypothesized that elevated expression of CHKA in HCC may result 

from its gene copy number variation. As expected, relative DNA copy number of CHKA 
was positively correlated with its mRNA expression level, supporting a causal relationship 

between its gene amplification and up-regulated expression in HCC. Although several 

mechanisms for transcriptional induction of CHKA have been revealed.19,22,33–38 our 

current results cannot rule out the possible involvement of those mechanisms contributing to 

CHKA overexpression in HCC. Nevertheless, the observed amplification of CHKA gene 

may, at least in part, account for the up-regulation of CHKA in HCC.
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Indeed, our gain-of-function and loss-of-function experiments clearly suggested a 

metastasis-prom oting role of CHKA in HCC. To date, although the involvement of CHKA 

in cancer invasion and m etastasis has been documented in several human malignancies, 

their underlying mechanism is still unclear. We found that ectopic expression of CHKA 

enhanced AKT phosphorylation. Administration of a specific pharmacologic inhibitor 

targeting AKT, siRNA-mediated AKT silencing, and over-expression experiments further 

verified the key role of AKT in CHKA-mediated HCC metastasis. A combination of CHKA 

and p-AKT also provided improved prognostic value for HCC.

In this study, we found that CHKA facilitates invasion and metastasis of HCC cells but has 

no effect on cell proliferation. The pro-invasive effect of CHKA is mainly through its 

activation of AKT signaling. Our results are in agreement with similar cases reported 

recently in which cancer-related genes39,40 either promote or suppress tumor invasion and 

metastasis by modulating AKT signaling, and have no major effect on cellular proliferation. 

Interestingly, when the HCC cells were cultured in low serum condition (2 % serum) instead 

of normal culture condition (1 0 % serum), a pro-proliferative effect of CHKA was observed 

(Supplementary Figure 12A). In addition, we also found the higher levels of p-AKT in 

CHKA-expressing cells than those in control cells under low serum culture circumstance 

(Supplementary Figure 12B). In comparison with the level under normal culture condition, 

the overall level of p-AKT is relatively lower in 2% serum culture medium. Also, we 

observed a pro-proliferative effect of CHKA in our xenograft tumor model in vivo (Figure 

6E and F). Based on these observations, we speculate that, under normal culture conditions, 

the basal activity of p-AKT is enough to promote cell proliferation in either control or 

CHKA-overexpressed cells, thus higher level of p-AKT induced by CHKA may mainly 

contribute to cell metastasis and invasion. Under low serum culture condition, the activated 

p-AKT by CHKA will mainly contribute to cell proliferation. Further studies should be 

conducted to explore the underlying mechanism by which different levels of p-AKT 

facilitate cancer metastasis or cell proliferation in vivo.

Furthermore, we demonstrated that the interaction between CHKA and EGFR promoted the 

EGF-induced dimerization of EGFR, prevented the EGF-induced internalization of EGFR, 

and was necessary for CHKA-AKT signaling. More importantly, we found that 

overexpression of CHKA promoted the interactions among CHKA, EGFR, and RICTOR, 

the core component of mTORC2, and knockdown of CHKA profoundly impaired the 

interaction between EGFR and RICTOR. These findings indicate that CHKA may act as a 

functional adaptor molecule integrating EGFR and mTORC2, which is indispensable for 

AKT activation and cancer metastasis (Figure 7). It is currently unknown whether the 

interaction between the CHKA and mTORC2 is direct or indirect and, if it is direct binding, 

which domain of CHKA is essential for this binding. Further mechanistic analyses will be 

required to address this issue. Based on the findings that specific knockdown of CHKA 

attenuated the EGF-induced EGFR phosphorylation and no such effect was observed with 

siR/CTOR treatment, we conclude that the interaction of CHKA and EGFR is a prerequisite 

for the formation of EGFR/CHKA/RICTOR complex and EGFR/CHKA-induced mTORC2 

activity. As our results showed that treatment of cells with CK37,41 a small molecule 

antagonist of CHKA, completely blocked the production of phosphatidylcholine and 

phosphatidic acid25 in CHKA-overexpressed cells (Supplementary Figure 13A), but failed to 
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abrogate the enhanced AKT (Ser473) activation and pro-invasive property conferred by 

CHKA expression (Supplementary Figure 13B and C), these findings further support the 

notion that the CHKA protein itself, rather than its catalytic role, is more important in 

promoting cancer development and progression.42

We also found a dramatically enhanced and continued EGF-induced EGFR signal activation 

in the presence of CHKA, which further confirmed that dysregulated expression of CHKA 

may synergically strengthen EGFR signaling in HCC and contribute to the resistance of 

those tumors to EGFR targeted therapy. Importantly, knockdown of RICTOR completely 

abrogated CHKA-induced resistance to anti-EGFR drugs gefitinib and erlotinib, and even 

enhanced cell sensitivity to the drugs. We suggest that this paradigm be applied as a 

candidate pharmaceutical target for EGFR-dependent tumor therapy together with 

commercial anti-EGFR drugs.

In conclusion, the present study revealed that abnormal expression of CHKA plays an 

indispensable role in the progression and metastasis of HCC through inducing dimerization 

of EGFR, physically facilitating the formation of EGFR/CHKA/mTORC2 protein complex 

and enhancing mTORC2-dependent AKT phosphorylation, which not only sheds new light 

on HCC metastasis and drug resistance, but also provides a potential target for EGFR-

positive cancer prevention and treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Increased CHKA expression correlates with aggressive clinicopathologic features and 

predicts poor prognosis in HCC patients. (A) The gene chip data were obtained from 9 HCC 

databases. Relative expression levels of CHKA messenger RNA (mRNA) in HCC and 

adjacent nontumor tissues were shown. *P < .05; **P < .01; ***P < .001, based on Student t 
test. (B) The relative levels of CHKa copy number (left) and CHKA mRNA (right) in 48 

paired HCC and adjacent nontumor tissues were evaluated by qRT-PCR. (C) Western blots 

showing the expression of the CHKA protein in 48 paired HCC and adjacent nontumor 

tissues. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading 

control. (D) Immunohisto-chemistry (IHC) of CHKA on tissue microarrays containing 120 

paired HCC and adjacent nontumor tissues. Images of representative staining are shown. 

Scale bar = 100 μm. Relative IHC scores were shown as mean ± SD, *P < .05, based on the 

Wilcoxon matched pairs test. (E) The cumulative survival and cumulative recurrence for the 

low and high CHKA expression groups of the 120 HCC patients were significantly different 

(by the 2-sided log-rank test). The absolute number of patients at risk is listed below each 
curve. (F) A multivariate analysis of the hazard ratios (HRs) showed that the up-regulation 

of CHKA may be an independent prognostic factor for overall survival and recurrence-free 

survival rates (by the Cox multivariate proportional hazard regression model). The HRs are 

presented as the mean (95% confidence interval). The variables included in the multivariate 

analysis were selected using a univariate analysis.
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Figure 2. 
CHKA enhances invasion and metastasis of HCC cells via activating AKT. (A) The GFP-

tagged CHKA stably transfected HL7702 and SMMC7721 cell lines and their control cell 

lines were established using lentivirus. The exogenous GFP-tagged CHKA protein and 

endogenous CHKA protein in the stably transfected cell lines and the Huh-7 cell line were 

detected by Western blots. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used 

as a loading control. (B) Scratch wound healing assays were performed using the indicated 

cell lines. Results are shown as mean ± SD (n = 3). *P < .05, based on Student t test. (C) 

Migration and invasion assays were used to test the migration and invasion abilities of the 

indicated cell lines. Results are shown as mean ± SD (n = 3). *P < .05, based on Student t 
test. (D) Representative lung tissue sections of BALB/C nude mice killed at 8 weeks from 

each group are shown (H&E; scale bar = 100 μm). The mean number of lung metastatic 

tumors per lung in each group was calculated. Results are shown as mean ± SD (n = 5). *P 
< .05, based on Student t test. (E) Migration and invasion assays were performed 48 hours 

after the indicated cell lines treated with 100 nM CHKA siRNA (siCHKA) or siRNA-

negative control (siNC). Results are shown as mean ± SD (n = 3). *P < .05, based on Student 

t test. (F) Representative lung tissue sections of BALB/C mice killed at 8 weeks from each 

group are shown (H&E; scale bar = 100 μm). Mean number of lung metastatic tumors per 

lung in each group was calculated. Results are shown as mean ± SD (n = 5). *P < .05, based 
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on the Student t test. (G) The background total expression levels and phosphorylation levels 

of AKT (p-AKT) were analyzed by Western blotting in the indicated cell lysates. GAPDH 

was used as a loading control. (H) Migration and invasion assays were performed 48 hours 

after the indicated cell lines were treated with 100 nM AKT1 siRNA (siAKT1) or siNC. 

Results are shown as mean ± SD (n = 3). *P < .05, based on Student t test. (I) Huh-7 cells 

were transiently transfected with 100 nM siCHKA or siNC, a control vector (pCDNA3.0) or 

pmyr-AKT. Forty-eight hours post transfection, cells were subjected to migration assays or 

invasion assays. Results are shown as mean ± SD (n = 3). *P < .05, based on the 1-way 

analysis of variance. (J) Correlation between CHKA and p-AKT expression level was 

examined among 120 patients as assessed by tissue microarray, R2 = 0.1777; P = .0261 by 

Spearman’s nonparametric correlation test. Representative immunohistochemical (IHC) 

staining of CHKA and p-AKT in serial sections were shown on the left, showing the positive 

correlation between the level of CHKA and that of p-AKT in the clinical samples. (K) The 

combination of CHKA and p-AKT increased the probability of a poor prognosis (by the 2-

sided log-rank test). The absolute number of patients at risk is listed below each curve.
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Figure 3. 
CHKA physically interacts with EGFR and promotes EGFR autophosphorylation and 

dimerization on plasma membrane. (A) After being starved with serum-free Dulbecco’s 

modified Eagle medium (DMEM) for 16 hours, the indicated cell lines were exposed to EGF 

or hepatocyte growth factor (HGF) for 0, 15, or 30 minutes and analyzed by Western 

blotting with indicated antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

was used as a loading control. (B) After being starved with serum-free DMEM for 16 hours, 

the indicated cell lines were exposed to EGF for 0,15, or 30 minutes and analyzed by 

Western blotting with indicated antibodies. GAPDH was used as a loading control. (C) The 

cell surface expression levels of EGFR in the indicated cells were determined using flow 

cytometry. (D) The indicated cells were stimulated with EGF for 0, 15, or 30 minutes and 

incubated on ice for 30 minutes with the cross-linking reagent bis (sulfosuccinimidyl) 

substrate (3 mM). Cell lysates were subjected to Western blot assays. Dimers were 

visualized as >300-kD bands, with monomers serving as loading controls. (E) The indicated 

cell lysates were prepared and immunoprecipitated (IP) with either agarose-conjugated anti-

EGFR, anti-GFP (for GFP-tagged CHKA), or anti-CHKA (for endogenous CHKA) 

antibodies. Immunoprecipitates and cell lysates were analyzed by Western blotting. (F) The 

CHKA overexpressed SMMC7721 cell line and its control cell line, and the CHKA depleted 

Huh-7 cell line and its control cell line were stimulated with EGF for 0 or 15 minutes, 
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followed by immunofluorescence assays. The localizations of EGFR and GFP-fused CHKA 

or GFP alone (in SMMC7721), and the localizations of EGFR and endogenous CHKA (in 

Huh-7) were detected by confocal laser scanning microscopy as indicated. Scale bar = 20 

μm.
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Figure 4. 
EGFR-mTORC2 axis is indispensable for CHKA-induced AKT activation and HCC 

metastasis. (A) Thirty-two hours after transfection with 100 nM siRNA of EGFR (siEGFR) 

or negative control (siNC), the indicated cell lines were starved with serum-free Dulbecco’s 

modified Eagle medium (DMEM) for 16 hours, and then exposed to EGF for 0 or 15 

minutes, followed by Western blotting with the indicated antibodies. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as a loading control. (B) Forty-eight hours 

after transfection with 100 nM siEGFR or siNC, the indicated cells were analyzed by 

Western blotting with the indicated antibodies (left). GAPDH was used as a loading control. 

The motility abilities of the indicated cells after treatments were also analyzed using the 

migration and invasion assays (right). Results are shown as mean ± SD (n = 3). *P < .05, 

based on the 1-way analysis of variance (ANOVA). (C) Thirty-two hours after transfection 

with 100 nM siRNA of RICTOR (siRICTOR) or negative control, the indicated cell lines 
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were starved with serum-free DMEM for 16 hours, and then were exposed to EGF for 0 or 

15 minutes, followed by Western blotting with the indicated antibodies. GAPDH was used 

as a loading control. (D) Forty-eight hours after transfection with 100 nM siRICTOR or 

siNC, the indicated cells were analyzed by Western blotting with the indicated antibodies 

(left). GAPDH was used as a loading control. The motility abilities of the indicated cells 

after treatments were also analyzed using the migration and invasion assays (right). Results 

are shown as mean ± SD (n = 3). *P < .05, based on the 1-way ANOVA. (E) The indicated 

cells were first starved and then pretreated with inhibitors for 6 hours, exposed to EGF for 

15 minutes, and analyzed by Western blotting with the indicated antibodies. GAPDH was 

used as a loading control. PP242 (2 μM), mTORC1/C2 inhibitor; rapamycin (10 nM), 

mTORC1 inhibitor. (F) Western-blot analysis of the effect of the drugs on the indicated cell 

lines treated with various inhibitors or dimethyl sulfoxide (left). PP242 (2 μM); rapamycin 

(10 nM). GAPDH was used as a loading control. The motility abilities of the indicated cells 

after treatments were also analyzed using the migration and invasion assays (right). Results 

were shown as mean ± SD (n = 3). *P < .05, based on the 1-way ANOVA.
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Figure 5. 
CHKA acts as an adaptor protein tethering EGFR and RICTOR. (A, B) The indicated cell 

lysates were prepared and immunoprecipitated with either agarose-conjugated anti-EGFR, 

anti-RICTOR, anti-GFP (for GFP-tagged CHKA), or anti-CHKA (for endogenous CHKA) 

antibodies, followed by mTORC2 kinase activity assay. Immunoprecipitates and cell lysates 

were analyzed by Western blotting. (C) Immunofluorescence assays were performed using 

the CHKA overexpressed SMMC7721 cell line and its control cell line. The localizations of 

RICTOR, EGFR, and GFP-tagged CHKA or GFP alone were detected by confocal laser 

scanning microscopy as indicated. Scale bar = 20 μm. (D) Immunofluorescence assays were 

performed after Huh-7 cells were transfected with 100 nM siCHKA or siNC for 48 hours. 

The localizations of EGFR, RICTOR, and CHKA were detected by confocal laser scanning 

microscopy as indicated. Scale bar = 20 μm.
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Figure 6. 
Overexpression of CHKA promotes resistance to anti-EGFR drugs in HCC. (A, B) Short-

term growth-inhibition assays of the indicated cell lines. Cells were treated with increasing 

concentrations of EGFR inhibitors, gefitinib or erlotinib, for 72 hours, and cell viability was 

determined using CCK8 by measuring the absorbance at 450 nm in a microplate reader. (A) 

Survival rate (relative to untreated cells) were shown as mean ± SD (n = 3); *P < .001, based 

on the 2-way analysis of variance (ANOVA), and (B) 50% inhibitory concentration (IC50) 

values were calculated through nonlinear regression fit curve analysis and were shown as 

mean ± SD (n = 3); *P < .05, based on the 1-way ANOVA. (C) Long-term colony-formation 

assay of the indicated cell lines. Cells were grown in the absence or presence of gefitinib or 

erlotinib at the indicated concentrations for 10–14 days. For each cell line, all dishes were 

fixed at the same time, stained, and photographed. (D) Western-blot analysis of the effect of 

the drugs on the indicated cell lines treated with various inhibitors. Gefitinib (10 μM), 

erlotinib (10 μM). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a 

loading control. (E, F) In vivo xenograft tumor-formation assays were performed using LV-

GFP or LV-CHKA stably transfected SMMC7721 cells (1 × 106) subcutaneously injected 

into the right posterior flanks of 6-week-old female BALB/C nude mice, followed by 

treatment with vehicle or erlotinib (80 mg/kg/d) when the tum or reached a volume of 

approximately 100 mm3 in size. Tumor growth was measured every 5 days. At day 40, mice 
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were sacrificed and tumors were photographed. Results were shown as mean ± SD (n = 6); 

***P < .001, based on the 2-way ANOVA. (F) H&E, immunohistochemical (CHKA, p-

AKT, Ki-67), and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate 

nick-end labeling staining were performed on paraffin-embedded specimens of xenograft 

tumors.
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Figure 7. 
Schematic depiction of the mechanisms underlying CHKA-mediated HCC metastasis and 

drug resistance via tethering EGFR and mTORC2 for AKT activation.
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