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ABSTRACT
Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide. 

Although recent studies facilitate the identification of crucial genes and relevant 
regulatory pathways, therapeutic approaches against advanced HCC are insufficiently 
effective. Therefore, we aimed here to develop potent therapeutics to provide a 
reliable biomarker for the therapeutic efficacy in patients with HCC. To this end, 
we first compared the cytotoxic effects of various anti-cancer drugs between well 
differentiated (HAK-1A) and poorly differentiated (HAK-1B) cell lines established from 
a single HCC tumor. Of various drug screened, HAK-1B cells were more sensitive by 
a factor of 2,000 to the mTORC1 inhibitors (rapalogs), rapamycin and everolimus, 
than HAK-1A cells. Although rapalogs inhibited phosphorylation of mTOR Ser2448 in 
HAK-1A and HAK-1B cells, phosphorylation of mTOR Ser2481 was specifically inhibited 
only in HAK-1B cells. Silencing of Raptor induced apoptosis and inhibited the growth 
of only HAK-1B cells. Further, three other cell lines established independently from 
the tumors of three patients with HCC were also approximately 2,000-fold times 
more sensitive to rapamycin, which correlated closely with the inhibition of mTOR 
Ser2481 phosphorylation by rapamycin. Treatment with everolimus markedly 
inhibited the growth of tumors induced by poorly differentiated HAK-1B and KYN-2 
cells and phosphorylation of mTOR Ser2481 in vivo. To our knowledge, this is the first 
study showing that the phosphorylation of mTOR Ser2481 is selectively inhibited by 
rapalogs in mTORC1-addicted HCC cells and may be a potential reliable biomarker for 
the therapeutic efficacy of rapalogs for treating HCC patients.

INTRODUCTION

Advanced hepatocellular carcinoma (HCC) is one 
of the most common cancers worldwide, although there is 
no effective therapy for patients with advanced HCC [1]. 
The pathogenesis of HCC comprises numerous genetic 
and epigenetic changes that accumulate for years [2]. 
Focusing on abnormal genomic changes that occur in 
HCC cells during disease progression is an established 
strategy for the development of new therapies [3, 4]. 
Activation of various cellular signaling molecules such as 
the mammalian target of rapamycin (mTOR), epidermal 

growth factor receptor (EGFR), and insulin-like growth 
factor receptor (IGFR) may contribute to the malignant 
progression of HCC [1]. Although systemic chemotherapy 
is not effective, the multikinase inhibitor sorafenib 
significantly increases the overall survival of patients with 
advanced HCC [5, 6]. However, therapeutic effects of 
sorafenib are limited to selected patients with preserved 
liver function (Child-Pugh A), and its side effects limit its 
applicability as well [1].

Expression profiling studies show that the MYC 
oncogene drives the progression of dysplastic nodules to 
early HCC [7]. Mutations in phosphoinositide-3-kinase 
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(PI3K), catalytic, alpha polypeptide (PIK3CA), TP53, 
T cell factor 1 (TCF1), and WNT signaling pathway as 
well as AKT activation predict unfavorable outcomes of 
patients with HCC [8–11]. However, the contribution of 
such oncogenic changes to the progression of HCC is 
unknown.

To identify molecular targets that might determine 
the aggressive phenotype of HCC, one approach compares 
biochemical characteristics associated with cell growth, 
survival, and drug sensitivity between benign and 
malignant HCC cells in vitro. Certain HCCs form single 
nodule-in-nodule tumors that comprise well differentiated 
and poorly differentiated cancer cells in the outer and inner 
nodules, respectively [12, 13]. Therefore, we established 
well or poorly differentiated HCC cell lines (HAK-1A and 
HAK-1B, respectively) from a single HCC tumor with a 
nodule-in-nodule appearance [12]. These HCC cell lines 
harbor identical structural abnormalities on chromosomes 
2 and 7 and an identical point mutation in TP53 codon 242  
[12, 14], indicating that HAK-1A and HAK-1B cells 
are derived from the same clone. HAK-1B cells express 
much lower levels of the specific differentiation marker, 
the N-myc downstream regulated gene 1 (NDRG1), 
compared with HAK-1A cells [15], indicating the poorly 
differentiated phenotype of HAK-1B cells. HAK-1B 
formed tumors in nude mice, but HAK-1A did not [15].

Here we compared the biochemical characteristics 
of HAK-1A and HAK-1B cells as well as those of other 
human HCC cell lines. We discovered that AKT was 
constitutively phosphorylated in HAK-1B cells, which 
were 2,000-fold more sensitive to the mTORC1 inhibitors 
rapamycin and everolimus compared with HAK-1A cells. 
Treatment with everolimus markedly inhibited the growth 
of tumors induced by poorly differentiated HAK-1B and 
KYN-2 cells in nude mice as well as phosphorylation of 
mTOR Ser2481. Our findings indicate that inhibition of 
mTOR Ser2481 phosphorylation might limit the sensitivity 
of HCC cells to rapalogs.

RESULTS

PI3K/AKT signaling is constitutively activated in 
HAK-1B cells

 HAK-1A cells proliferated as a monolayer with 
a cobblestone-like arrangement, and HAK-1B cells 
exhibited a fibroblast-like morphology and proliferated as 
a monolayer with poor cell-to-cell contact (Figure 1A). 
Although both cell lines grew at similar rates in culture 
(Figure 1B), only HAK-1B xenografts formed tumors in 
nude mice (Figure 1C). HAK-1B cells formed > 50 μm  
colonies were more abundant than those formed by  
HAK-1A cells (Figure 1D). Further, the ability of HAK-1B  
cells to invade Matrigel was approximately 2-fold higher 
compared with that of HAK-1A cells (Figure 1E).

Consistent with our previous study [15], NDRG1 
was expressed at low and high levels in HAK-1B and 
HAK-1A cells, respectively (Figure 1F). The levels of 
expression of the phosphorylated and unphosphorylated 
forms of EGFR family members were similar between 
HAK-1A and HAK-1B cells, although the expression 
of the phosphorylated and unphosphorylated forms of 
c-Met, platelet-derived growth factor receptor (PDGFR)β,  
and IGF-1Rβ were not detectable in HAK-1B cells 
(Figure 1F). The levels of phosphorylated AKT (Thr308 
and Ser473) were higher in HAK-1B cells compared with 
those in HAK-1A cells (Figure 1G). In contrast, the levels 
of unphosphorylated and phosphorylated extracellular 
signal-regulated kinase (ERK) 1/2, phosphatase and 
tensin homolog deleted from chromosome 10 (PTEN), and 
phosphoinositide-dependent kinase-1 (PDK1) were similar 
in both cell lines (Figure 1G).

HAK-1B cells are highly sensitive to the 
cytotoxic effects of mTORC1 inhibitors

 We assessed the sensitivities of HAK-1A and 
HAK-1B cells to the cytotoxic effects of the multikinase 
inhibitor sorafenib as well as those of other drugs that 
target signaling molecules (Table 1) [5]. For example, the 
cytotoxicity of sorafenib, SU11274 (an inhibitor of c-Met), 
and picropodophyllin (PPP) (an inhibitor of IGF-1R) was 
similar for both cell lines (Table 1). Gefitinib and erlotinib 
(inhibitors of EGFR tyrosine kinase) as well as LY294002 
(an inhibitor of PI3K) were 3–5-fold more cytotoxic to 
HAK-1B cells. In contrast, we found that rapamycin and 
everolimus were 2,000-fold more cytotoxic to HAK-1B 
cells. The dual inhibitors of mTORC1/C2, AZD8055 and 
NVP-BEZ235, were 3–5-fold more cytotoxic for HAK-1B 
cells (Figure 2A, Table 1).

Inhibitors of mTORC1 selectively inhibit 
phosphorylation of mTOR Ser2481

We compared the effects of selective inhibitors 
of mTORC1 or dual inhibitors of mTORC1/C2 on the 
phosphorylation of mTOR and related molecules in  
HAK-1A and HAK-1B cells. The mTORC1-selective 
inhibitors rapamycin and everolimus decreased the 
phosphorylation of mTOR Ser2448 and S6K in both 
cell lines in a dose-dependent manner (Figure 2B), 
although these inhibitors suppressed phosphorylation of 
mTOR at Ser2481 only in HAK-1B cells. AKT residues 
Thr308 and Ser473 were constitutively phosphorylated 
in HAK-1B cells even in the presence of rapalogs. 
In contrast, treatment with AZD8055 inhibited the 
phosphorylation of mTOR Ser2448 and Ser2481 as 
well as AKT Ser473 in HAK-1A and HAK-1B cells 
in a dose-dependent manner (Figure 2C). Further, 
inhibition of the phosphorylation of mTOR Ser2481 
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Figure 1: Comparison of the biological and biochemical characteristics of HAK-1A and HAK-1B cells. (A) Morphology 
of HCC cell lines in culture. HAK-1A shows cobblestone-like morphology, and HAK-1B shows a fibroblastic morphology when cultured 
in plastic dishes. A single HCC tumor showing a nodule-in-nodule appearance. The well differentiated HAK-1A and poorly differentiated 
HAK-1B cell lines were derived from the outer and inner nodules of the same tumor, respectively. (B, C) Comparison of cell proliferation 
rates in vitro (B), and tumor growth rates on days 30 and 50 in nude mice (C) engrafted with HAK-1A and HAK-1B cells (n = 3). Each bar 
is the average ± standard deviation (SD). (D) Comparison of colony formation under “Matrigel on top” culture conditions between HAK-
1A and HAK-1B cells. Representative images of colonies of HAK-1A and HAK-1B cells incubated for 5 days (upper panel). The number 
of colonies > 50 μm (lower panel) (n = 3). Each bar is the average ± standard deviation (SD), *P < 0.05 (two-tailed Student t test). (original 
magnification ×40) (E) Comparison of invasion of Matrigel between HAK-1A and HAK-1B cells. Representative images of invaded cells 
incubated for 24 hr (upper panel), and the number of invaded cells (lower panel) (n = 3). Each bar is an average ± SD, *P < 0.05 (two-tailed 
Student t test). (original magnification ×40) (F) Comparison of expression levels of NDRG1 and growth factor receptors in HAK-1A and 
HAK-1B. β-actin served as loading control. (G) Comparison of the expression of downstream effectors in HAK-1A and HAK-1B cells. 
GAPDH served as loading control.
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by rapamycin varied with time only in HAK-1B cells  
(Figure 2D). The phosphorylation of AKT residues Thr308 
and Ser473 in cells treated with rapamycin increased 
with time only in HAK-1A cells (Figure 2D). AZD8055 
inhibited over time the phosphorylation of mTOR residues 
Ser2448 and Ser2481 as well as AKT Ser473 in both cell 
lines (Figure 2E).

The growth and survival of HAK-1B cells 
requires Raptor

Rapamycin inhibits mTORC1 activity by 
dissociating Raptor from mTOR, which prevents access 
of mTOR to its substrates [16]. Immunoprecipitation-
western blot analysis revealed that rapamycin inhibited 

Table 1: Comparison of drug sensitivities of HAK-1A and HAK-1B cells

Drugs Targets
IC50, μM (Relative drug sensitivity)

HAK-1A HAK-1B

sorafenib
RAF1, B-RAF,
VEGFR2, PDGFRβ,
FLT-3, KIT

2.15 ± 0.87
(1)

3.67 ± 0.09
(1.71)

gefitinib EGFR 7.87 ± 0.77
(1)

3.07 ± 0.013
(0.39)

erlotinib EGFR 13.3 ± 1.26
(1)

2.83 ± 0.11
(0.21)

afatinib EGFR,
HER2, HER4

1.76 ± 0.057
(1)

0.376 ± 0.33
(0.21)

SU11274 MET > 30
(1)

> 30
(1)

PPP IGF1R 0.278 ± 0.020
(1)

0.322 ± 0.030
(1.16)

PD173074 FGFR1, 3,
VEGFR2

7.40 ± 0.57
(1)

5.63 ± 0.17
(0.76)

LY2157299 TGF-βR I > 100
(1)

> 100
(1)

dasatinib SRC, ABL, KIT,
EPH

1.03 ± 0.36
(1)

2.74 ± 0.73
(2.66)

LY294002 PI3K 18.59 ± 5.55
(1)

3.97 ± 0.21
(0.21)

U0126 MEK1/2 > 30
(1)

4.15 ± 0.79
(< 0.14)

PD98059 MEK1 > 100
(1)

39.01 ± 3.37
(< 0.39)

rapamycin mTORC1 > 10
(1)

0.0005 ± 0.0000
(< 0.00005)

everolimus mTORC1 7.11 ± 0.50
(1)

0.0033 ± 0.0002
(0.0005)

AZD8055 mTORC1,C2 0.0816 ± 0.0080
(1)

0.0269 ± 0.0080
(0.33)

NVP-BEZ235 PI3K,
mTORC1, C2

0.0156 ± 0.0015
(1)

0.0035 ± 0.0007
(0.22)

IC50 values (μM) are presented as average values of triplicate experiments. The relative drug sensitivity for each drug is 
presented as the IC50 of HAK-1B normalized to the IC50 of HAK-1A cells.
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Figure 2: The effect of mTOR inhibitors on the activation of mTOR-related signaling molecules in HAK-1A and 
HAK-1B cells. (A) Sensitivity to mTOR inhibitors of HAK-1A and HAK-1B cells. Cells were exposed to various concentrations of the 
indicated drugs for 72 hr, and drug sensitivity was determined using a WST assay. Each value is the average ± SD of triplicate wells, and 
each percentage value was calculated by normalizing the raw data to that of the control without drugs (100%). (B) The effect of selective 
mTORC1 inhibitors on the expression and phosphorylation of mTOR and its related signaling molecules. Cells were treated with each 
inhibitor at the indicated concentrations for 6 hr, and lysates were analyzed using western blotting. The lower panel shows the quantification 
of expression levels of p-mTOR (Ser2448 and 2481) and p-AKT Ser473 normalized to the value in the absence of drugs. GAPDH served as 
loading control. (C) The effect of 6 hr treatment with AZD8055 on the expression and phosphorylation of mTOR and its related signaling 
molecules. The lower panel shows the relative expression levels of p-mTOR (Ser2448 and Ser2481) and p-AKT Ser473 normalized to the 
value in the absence of drugs. GAPDH served as loading control. (D) Kinetics of the effect of rapamycin (1 nM) on the expression and 
phosphorylation of mTOR and its related signaling molecules. In the lower panel, expression levels of p-mTOR (S2448 and S2481) and 
p-AKT Ser473 are presented as their values normalized to the value at time 0. GAPDH served as loading control. (E) Kinetics of the effect 
of AZD8055 (20 nM) on the expression and phosphorylation of mTOR and its related signaling molecules. In the lower panel, expression 
levels of p-mTOR (Ser2448 and Ser2481) and p-AKT Ser473 were normalized to the value at time 0. GAPDH served as loading control.
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mTOR binding to Raptor in both cell lines when S6K 
phosphorylation was inhibited by 10 nM and 100 nM 
rapamycin (Figure 3A). Rapamycin similarly affected the 
dissociation of the mTORC1 complex in both cell lines. 
Moreover, we did not detect mutations in the rapamycin 
binding and activation domains of mTOR and Raptor in 
both cell lines, respectively (data was not shown).

We next determined whether Raptor or Rictor, the 
latter a component of mTORC2, differentially affected 
cell survival and PI3K/AKT signaling in the two cell 
lines. The growth of HAK-1B but not HAK-1A cells was 
selectively inhibited after transfection with a Raptor-
small interfering RNAs (siRNA) for 3 days (Figure 3B). 
In contrast, transfection of either cell line for 3 days with a 
Rictor-siRNA did not inhibit the growth of either cell line 
(Figure 3B). The Raptor-siRNA induced apoptosis of only 
HAK-1B cells (Figure 3C). Moreover, Raptor knockdown 
markedly inhibited the phosphorylation of mTOR Ser2481 
without affecting AKT Ser 473 only in HAK-1B cells 
(Figure 3D). In contrast, Rictor knockdown suppressed the 
phosphorylation of mTOR residues Ser2448 and Ser2481 
as well as AKT Ser473 to similar levels in both cell lines 
(Figure 3E).

Phosphorylation of mTOR Ser2481 is selectively 
inhibited by rapamycin in other rapamycin-
sensitive human HCC cell lines

Three HCC cell lines designated KIM-1, KYN-2, 
and Huh-7, derived from independent tumors of different 
patients with HCC, were more sensitive to rapamycin by 
a factor of 2,000 compared with the KYN-1, KYN-3, and 
HepG2 cells (Figure 4A). In contrast, the six HCC cell 
lines showed approximately 10-fold differences in their 
sensitivities to AZD8055 (Figure 4B). The expression 
levels of mTOR, phosphorylated (p)-mTOR, mTOR 
pathway-related molecules, and p-AKT varied among all 
eight HCC cell lines (Figure 4C).

We assessed previously reported mechanisms that 
account for the relatively higher sensitivities to mTORC1 
inhibitors of the eight HCC cell lines [17–20]. TSC-1 and 
-2 are negative regulators of mTORC1, and knockdown 
of their expression induces constitutive activation of the 
mTORC1 pathway [17]. Further, enhanced p27 expression 
correlates closely with sensitivity to mTORC1 inhibitors 
[18]. Expression of TSC-1 and TSC-2 was decreased in 
KYN-2 cells, and p27 expression was increased in KIM-1 
and HAK-1B cells (Supplementary Figure S1A and S1B).

Rapamycin inhibited the phosphorylation of mTOR 
Ser2448 and S6K in the six HCC cell lines (Figure 4D). 
Rapamycin selectively inhibited the phosphorylation of 
mTOR Ser2481 in KIM-1, KYN-2, and Huh-7 cells only 
(Figure 4D). Treatment with Raptor-siRNA suppressed the 
growth of KIM-1, KYN-2, and Huh-7 cells ≥ 50% of that 
of the control cells (Figure 4E).

Tumors formed in nude mice by HAK-1B and 
KYN-2 cells are highly sensitive to everolimus

KYN-2 cells did not express TSC-2 (Supplementary 
Figure S1A), suggesting that the higher sensitivity of this 
cell line to rapamycin was attributable to activation of 
mTORC1. Therefore, we next asked whether an mTORC1 
inhibitor suppressed the formation of tumors formed by 
HAK-1B or KYN-2 cells in vivo and found that HAK-1B 
and KYN-2 but not HAK-1A cells formed tumors in nude 
mice (Figure 1C). Treatment with everolimus significantly 
inhibited the growth of tumors formed by HAK-1B cells 
(Figure 5A), and reduced the growth of tumors formed by 
KYN-2 cells (Figure 5B). Immunohistochemical analysis 
showed markedly decreased expression of phosphorylated 
S6 in the tumors formed by HAK-1B or KYN-2 cells when 
the mice were treated with everolimus (Figure 5C and 5D).  
Western blot analysis of HAK-1B-induced tumors showed 
marked reduction in the phosphorylation of mTOR 
residues Ser2448 and Ser2481 as well as S6K and S6 when 
mice were treated with everolimus (Figure 5E).

DISCUSSION

We show here that phosphorylation of mTOR 
Ser2481 predicts the therapeutic efficacy of mTORC1 
inhibitors against HCC. Negative feedback control of 
PI3K/AKT via mTORC1/S6K in HAK-1A cells is strictly 
regulated, which is consistent with the results of studies 
on other cancer and nontumorigenic cell lines [21]. This 
negative feedback control is blocked by rapalogs when 
mTOR Ser2448 phosphorylation is inhibited, suggesting 
a key role for the phosphorylation of mTOR Ser2448 
in negative feedback control (Figure 6A). However, 
rapalogs did not inhibit cell survival or growth signaling 
in HAK-1A cells. We conclude therefore that the 
phosphorylation of mTOR Ser2448 was required for the 
feedback suppression of PI3K/AKT signaling, although 
it was insufficient to inhibit mTORC1-dependent cell 
growth and survival signaling. In contrast, rapalogs did 
not affect the phosphorylation of AKT, suggesting that 
mTORC1 is independent of the upstream components of 
the PI3K/AKT pathway in HAK-1B cells (Figure 6B).  
Phosphorylation of mTOR residues Ser2448 and Ser2481 
was inhibited by rapalogs in HAK-1B cells, causing 
marked suppression of cell survival. Rapalog-induced 
inhibition of phosphorylation of mTOR residues Ser2448 
and Ser2481 is therefore required to inhibit mTORC1/
Raptor-addicted cell growth and survival that was 
independent of AKT activation (Figure 6B).

Similar to HAK-1B cells, the HCC cell lines KIM-1,  
KYN-2 and Huh-7 were highly sensitive to rapalogs 
(Figure 4). Phosphorylation of mTOR Ser2481 was 
blocked by rapamycin only in these three cell lines, 
whereas the phosphorylation of mTOR Ser2448 was 
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Figure 3: The effect of knockdown of Raptor or Rictor on mTOR and AKT phosphrylation in HAK-1A and HAK-1B 
cells. (A) Association of Raptor with mTOR in the absence or presence of rapamycin. Cells were treated with rapamycin at the indicated 
concentrations for 6 hr, and lysates were analyzed using an immunoprecipitation assay. The immunoprecipitates were subjected to western 
blot analysis using the indicated antibodies against mTOR or Raptor. GAPDH served as loading control. (B) The effect of Raptor or Rictor 
knockdown on cell growth. Cells were incubated with siRNAs for 1 and 3 days. Each bar is an average ± SD of triplicate wells, **P < 0.01 
(two-tailed Student t test). (C) The effect of Raptor knockdown on the expression of cleaved-PARP. Cells were incubated with siRNA for 
≤ 3 days. GAPDH served as loading control. (D, E) The effect of Raptor (D) or Rictor (E) knockdown on the phosphorylation of mTOR, 
S6K, and AKT. Cells were incubated with siRNA for 1 and 3 days. In the lower panels, the expression levels of p-mTOR (Ser2481) and 
p-AKT (Ser473) in siRNAs-treated HAK-1A and HAK-1B cells are normalized to their values on day 0. GAPDH served as loading control.
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Figure 4: Hypersensitivity to rapamycin and mTORC1-addicted growth of other human HCC cell lines. (A, B) The 
sensitivities of eight human HCC cell lines to rapamycin (A) and AZD8055 (B) were assessed using a WST assay. Each bar is the average 
± SD of triplicate wells. (C) Comparison of the expression and phosphorylation of mTOR and its related signaling molecules among eight 
human HCC cell lines, including HAK-1A and HAK-1B cells. GAPDH served as loading control. (D) The effect of rapamycin on the 
phosphorylation of mTOR and S6K in six cell lines. Cells were treated with rapamycin at indicated concentration for 6 hr, and lysates were 
analyzed using western blotting. In the lower panel, expression levels of p-mTOR (Ser2481) are normalized to the values in the absence of 
drugs. GAPDH served as loading control. (E) The effect of Raptor knockdown on cell growth. Cells were incubated with a Raptor-siRNA 
for < 5 days. Each bar is the average ± SD of triplicate wells, *P < 0.05; **P < 0.01 (two-tailed Student t test).
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Figure 5: Effect of everolimus on tumor growth and activation of mTOR-related signaling molecules in vivo. (A, B) 
Antitumor effects of everolimus on the growth of HAK-1B (A) and KYN-2 (B) xenografts. Mice were inoculated subcutaneously with HCC 
cells, and mice with tumors >100 mm3 were treated orally with everolimus (2 mg/kg/day) or a control CMC daily from day 0 until days 35 or 
14 (n = 5 mice per each group). Each bar is the average ± SD, *P < 0.05; **P < 0.01 (two-tailed Student t test). (C, D) Effects of everolimus 
on S6 phosphorylation in tumors formed by HAK-1B (C) or KYN-2 (D) cells analyzed on days 35 or 14 using immunohistochemistry with 
an anti-p-S6 antibody. Three tumors of the control and treated groups are shown. (original magnification ×100) (E) Inhibitory effects of 
everolimus on the activation of mTOR-related signaling molecules in tumors. Western blot analysis of the expression of phosphorylated 
mTOR, S6K, and S6 in five tumors treated with or without everolimus in vivo. α-tubulin served as loading control.
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Figure 6: Hypothetical model of the acquisition of hypersensitivity to rapalogs by HCC cells. (A) Normally, PI3K/AKT 
activation is under feedback regulation by mTORC1/S6K, such as in well differentiated HCC cells (e.g. HAK-1A cells). Rapalogs inhibit 
feedback suppression by mTORC1/S6K, possibly through drug-induced inhibition of the phosphorylation of mTOR Ser2448, which is 
accompanied by PI3K/AKT activation. Rapalogs do not affect the phosphorylation mTOR Ser2481 (mTORC1 complex), and the cells 
survive in the presence of drugs. (B) In contrast, PI3K/AKT is constitutively activated in poorly differentiated HCC cells (e.g. HAK-1B cells),  
and feedback control of PI3K/AKT by mTORC1 is dysregulated in this cell line. Rapalogs block the phosphorylation of both mTORC1 
Ser2448 and Ser2481 that induces the death of HAK-1B cells through suppression of mTORC1-dependent cell growth, survival, and 
metabolism.
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inhibited by rapamycin in rapamycin-sensitive and 
-insensitive cell lines (Figure 4D). Further, knockdown of 
Raptor suppressed the growth of the rapamycin-sensitive 
cell lines (Figure 4E), suggesting that their growth and 
survival depended on cell signaling through the mTORC1 
pathway.

The mechanism of selective inhibition of the 
phosphorylation of mTOR S2481 by rapalogs and Raptor 
knockdown is shared by HAK-1B and other rapalog-
sensitive HCC cell lines as well as other changes that 
activate the mTORC1 signaling pathway. For example, 
the loss of TSC-2 predicts the response to an mTORC1 
inhibitor [20], and mTORC1 inhibits p27 expression in 
close association with sensitivity to mTORC1 inhibitors 
[18]. However, it is unclear whether such changes 
of TSC-2 or p27 expression or both are involved in 
hypersensitivity to rapalogs of these HCC cell lines 
(Supplementary Figure S1).

The mTOR signaling pathway is upregulated in  
15–50% of patients with HCC [22, 23], and mutations 
of TSC-1/TSC-2 and LKB1, which encode regulators of 
mTOR signaling, are observed in 5% of HCC patients [24]. 
In HCC cells, the PI3K/AKT/mTOR pathway is regulated 
in close association with its upstream and downstream 
signaling factors, including members of the IRS family 
of adaptor molecules. Insulin receptor substrate-1 (IRS-1), 
which is a key downstream regulator of the IR and IGF1R 
signaling pathways, mediates PI3K/AKT activation via 
mTORC1-dependent feedback regulation [21]. However, 
IRS-1 knockdown does not inhibit cell growth or alter 
sensitivity to rapalogs in the HAK-1B and HAK-1A cell 
lines (unpublished data), suggesting that it is less likely 
that IRS-1 is directly involved in the hypersensitivity of 
HAK-1B cells to rapalogs.

Nowadays, cancer stem cells (CSCs) contribute to 
tumor resistance to chemotherapy/radiotherapy as well 
as rapid tumor growth and the epithelial–mesenchymal 
transition (EMT). Keratin 19 (K19) is known as a 
biomarker of hepatic progenitor cells (HPCs) that are 
often found in HCC patients with poor prognosis [25]. 
Especially, K19 is reported as a key player in tumor 
invasion in HCC. Therefore, we examined the expression 
of K19 in HAK-1A and HAK-1B cells (Supplementary 
Figure S2). Immunohistochemical analysis showed 
that the expression of K19 was observed only in HAK-
1B cells, but not in HAK-1A. Our data supported that 
HAK-1B exhibited malignant features including higher 
invasive activity. In addition, Gorvaere et al. recently 
reported that Laminin-332 induced K19 expression via 
mTORC2 signaling pathway, and Laminin-332 sustained 
chemoresistance including sorafenib of HCC cell line [26].  
However, in our present study, the cytotoxicity of 
sorafenib or other drugs except for rapalogs was similar 
for both HAK-1A and HAK-1B cell lines (Table 1). Based 
on our data, we concluded that K19 expression might be 
contributed to higher invasive activity in HAK-1B. Further 

studies are required to determine whether K19 expression 
directly alters the sensitivity to mTORC1 inhibitor.

Inhibitors that target mTOR suppress the formation 
of tumors by HCC cells in experimental model systems 
[27, 28]. For example, everolimus inhibits tumor growth 
and increases the survival rate of mice in an HCC xenograft 
model, and a Raptor-specific siRNA reduces the viability 
of HCC cells in vitro [29]. Rapamycin, everolimus, 
AZD8055, and other mTOR inhibitors show some 
therapeutic effectiveness when administered to patients 
with advanced HCC [30, 31]. However, the EVOLVE-1 
clinical trial that included 546 randomized patients reported 
that everolimus did not improve overall survival in patients 
with advanced HCC whose disease progressed during or 
after receiving sorafenib or who are intolerant to sorafenib 
[32]. Many other clinical trials of mTOR-targeting drugs 
with or without sorafenib are in progress [31].

Serious problems associated with mTOR-targeted 
therapeutics include the validation of the responses of 
tumors and how therapy can be optimized for patients 
with HCC [31]. Although biomarkers that indicate the 
efficacy of mTOR inhibitors were validated in preclinical 
and clinical studies of various tumor types, for example, 
according to PIK3CA mutations, PTEN inactivation, 
and expression levels of p-S6, p-S6K, S6K, and p-AKT  
[33–35]; the validity of these markers was not confirmed in 
clinical trials, including those of patients with HCC [31].

The present study is the first to our knowledge to 
demonstrate that phosphorylation of mTOR Ser2481 
was specifically inhibited in HCC cell lines harboring 
activated mTORC1/Raptor when treated with nanomolar 
concentrations of mTORC1 inhibitors. We conclude 
therefore that the phosphorylation of mTOR Ser2481 
might provide a reliable marker for the therapeutic efficacy 
of mTORC1 inhibitors for treating patients with HCC.

In conclusion, we reveal here a novel mechanism 
involving the phosphorylation of mTOR Ser2481 that is 
selectively inhibited by rapalogs in mTORC1-addicted 
HCC cells. Further studies are required to determine how 
phosphorylation of mTOR Ser2481 drives the growth, 
survival, and metabolism of HCC cells and why the 
phosphorylation of mTOR Ser2481 is the key to limiting 
the sensitivity of HCC cells to rapalogs.

MATERIALS AND METHODS

Cell culture

The human HCC cell lines, HAK-1A (well 
differentiated HCC cell), HAK-1B (poorly differentiated 
HCC cell), KIM-1 (moderately-differentiated HCC cell), 
KYN-1 (moderately differentiated HCC cell), KYN-2 
(moderately to poorly differentiated HCC cell) and KYN-3  
(moderately to poorly differentiated HCC cell) were 
established at Kurume University from 1984 to 1993  
[12, 36–40]. These cells were obtained from Dr. Hirohisa 
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Yano at Kurume University in 2010. HAK-1A and HAK-1B  
has been established from a single nodule showing a three-
layered structure with a different histological grade in 
each layer from a 55-year-old Japanese male patient with 
HCC [12]. KIM-1 has been established from a 76-year-old 
Japanese male patient with HCC [36]. The resected tissue 
was morphologically proliferative with trabecular pattern 
corresponding to Edmondson-Steiner’s grade II. KYN-1 
has been established from a resected HCC of a 58-year-old  
Japanese male patient with HCC [37]. Original resected 
HCC was moderately differentiated and proliferated in a 
solid pattern with vague trabecular structure in part. KYN-2  
has been established from a surgical specimen obtained 
from a 52-year-old Japanese male HCC patient [38]. The 
originally resected HCC was classified as pleomorphic 
HCC corresponding to Edmondson-Steiner’s grade III with 
a thick trabecular to solid arrangement. KYN-3 has been 
established from a 60-year-old Japanese male at autopsy 
[39]. In the liver section, tumor was proliferative with 
trabecular pattern corresponding to Edmondson-Steiner’s 
grade II-III. HepG2 cell line (well differentiated HCC cell) 
was purchased from Riken (Saitama, Japan). Huh-7  
(moderately differentiated HCC cell) was purchased 
from ATCC. All cell lines were passaged for no longer 
than 6 months. All cell lines were not further tested 
or authenticated by the authors. These HCC cell lines 
were maintained in Dulbecco’s modified Eagle medium 
(DMEM) supplemented with 5% or 10% fetal bovine 
serum (FBS) and incubated in a humidified atmosphere of 
5% CO2 at 37°C [41, 42].

Reagents

Anti-NDRG1 antibody was generated as previously 
described [43]. Other antibodies were purchased as 
follows: anti-α-tubulin antibody was from Sigma-
aldrich Co; anti-EGFR, anti-phospho-EGFR (Tyr1068), 
anti-phospho-HER3, anti-Met, anti-phospho-Met, 
anti-PDGFRβ, anti-phospho-PDGFRβ, anti- IGF-1Rβ, 
anti-phospho-IGF-1Rβ, anti-ERK1/2, anti-phospho-
ERK1/2, anti-AKT, anti-phospho-AKT (Thr308 and 
Ser473), anti-mTOR, anti-phospho-mTOR (Ser2448 
and Ser2481), anti-Raptor, anti-Rictor, anti-S6K, anti-
phospho-S6K(Thr389), anti-phospho-S6, anti-PTEN, 
anti-phospho-PTEN, anti-IRS-1, anti-PDK1, anti-PARP, 
anti-phospho-PDK1, anti-TSC-1, anti-TSC-2, and anti-
phospho-4EBP-1 antibodies were from Cell Signaling 
Technology (Beverly, MA); anti-HER2 and anti-
HER3 antibodies were from Santa Cruz Biotechnology 
(Santa Cruz, CA); anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibody was from Trevigen 
Inc. (Gaithersburg, MD): anti-p27 antibody was from BD 
Biosciences (San Jose, CA): anti-cleaved PARP antibody 
was from Promega (Madison, WI): anti-phospho-HER2 
antibody was from Millipore (Billerica, MA): anti-β-actin 
was from Abcam (Cambridge, UK).

Cell growth

HAK-1A and HAK-1B cells (8 × 104) were seeded 
in 35 mm dishes, and the cell numbers in each dish was 
counted by a Z2 Coulter Particle Count and Size Analyzer 
(Beckman Coulter Inc., CA) at 1 or 3 or 5 days [41, 42]. 
Results were expressed as the mean ± SD of triplicate 
wells. For cell growth under Raptor or Rictor knockdown 
condition, HAK-1A, HAK-1B, KIM-1, KYN-2 and Huh-7  
cells (1 × 105 cells) were plated in 35 mm dish and 
following day, cells were transfected with each siRNA. 
The cell numbers in each dish was counted by a Z2 Coulter 
Particle Count and Size Analyzer (Beckman Coulter  
Inc., CA) at 1 or 3 or 5 days. Triplicate dishes were tested 
at each day. Results were expressed as the mean ± SD of 
triplicate dishes.

Ethics statement

All animal experiments were approved by the Ethics 
of Animal Experiments Committee at Kyushu University 
Graduate School of Medical Sciences. 6–7-week-old male 
BALB/c nu/nu athymic nude mice were purchased from 
CLEA (Saga, Japan), and housed in microisolator cages 
maintained under a 12 hr light/dark cycle. Water and 
food were supplied ad libitum. Animals were observed 
for signs of tumor growth, activity, feeding, and pain in 
accordance with the guidelines of the Harvard Medical 
Area Standing Committee on Animals, and accordance 
with NIH guidelines.

Xenograft mouse experiment

HAK-1B and KYN-2 cells were suspended in sterile 
phosphate buffered saline (PBS) at a concentration of  
2 × 108 cells/mL, and 100 μL was injected subcutaneously 
into the right flank of 6–7-week-old male BALB/c athymic 
nude mice, and the tumor diameters were measured 
every 3 days from Day 7. Everolimus was dissolved 
in carboxymethyl cellulose sodium salt (CMC; Wako 
Pure Chemical Industries, Ltd., Osaka, Japan). Either 
everolimus (2.0 mg/kg/day) or CMC was administered 
orally daily. When tumor volume was in the range of 100 
– 200 mm3, animals were randomly assigned to treatment 
groups. These mice with tumors larger than 100 mm3 was 
treated with everolimus or CMC. Tumor samples were 
stored at −80°C for protein analysis or fixed immediately 
in 10% paraformaldehyde overnight at 4°C and then 
processed for further histological analysis. The tumor size 
was measured in two directions using calipers, and the 
tumor volume (mm3) was estimated using the equation: 
length × (width)2 × 0.5 as described previously [44]. 

Immunohistochemical analysis

Tissue sections were immunohistochemically 
stained with anti-phospho-S6 antibody and labeled using 
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the peroxidase method (Histofine SABPO Kit; Nichirei, 
Tokyo, Japan). Bright-field images were performed with 
KEYENCE BZ-8000. 

Matrigel on top culture (3-dimensional-growth 
condition)

For the Matrigel on-top culture in 24 well plates, 
under the bottom of the well was coated with 100 μl/well 
of Matrigel (BD Biosciences) and incubated at 37°C for 
30 min to allow the gel to solidify. Subsequently, HAK-1A  
and HAK-1B cells (1 × 104 cells) were resuspended in 
1 mL of culture medium (DMEM medium supplemented 
with 5% FBS), containing 2% Matrigel, and added to the 
Matrigel-coated well.

Matrigel invasion assay

BD BioCoat Matrigel Invasion Chambers  
(BD Bioscience, Bedford, MA) were used according to 
the manufacturer’s instructions. HAK-1A and HAK-1B 
cells at 7.5 × 104 in serum-free DMEM were seeded onto 
Matrigel-coated filters in the upper chambers. In the lower 
chambers, DMEM containing 5% FBS was added as a 
chemoattractant. After 24 h incubation, cells on the upper 
surface of the filters were removed with a cotton swab, and 
the filters were fixed with 100% methanol and stained with 
Giemsa dye. The cells that had invaded to the lower side 
of the filters were viewed under an Olympus microscope 
and counted in five fields of view. The invasive ability of 
the cancer cells was expressed as the mean number of cells 
in five fields.

Western blot analysis

Cells were rinsed with ice-cold PBS and 
lysed in Triton ×-100 buffer (50 mmol/L HEPES, 
150 mmol/L NaCl, 50 mmol/L NaF, 1% Triton ×-100, 
and 10% glycerol containing 5 mmol/L EDTA, 
1 mmol/L phenylmethylsulfonyl fluoride, 10 µg/mL 
aprotinin, 10 µg/mL leupeptin, and 1 mmol/L sodium 
orthovanadate), and cell lysates were separated by 
SDS-PAGE and transferred to Immobilon membranes 
(Millipore Corp., MA), and followed by Western blot 
analysis as described previously [45].

Cytotoxicity assays

Exponentially growing cell suspensions (5.0 × 103  
cells/100 μL) were seeded into 96-well plates. The 
following day, various concentrations of drugs were 
added. After incubation for 72 hr at 37°C, 20 μL of Cell 
Count Reagent SF (Nacalai Tesque) were added to each 
well and the plates were incubated for a further 1 to 2 hr 
at 37°C. Absorbance was measured at 450 nm with a 96-
well plate reader. Triplicate wells were tested at each drug 
concentration. The IC50 value for each drug was calculated 
from the survival curves.

Immunoprecipitation assay

Total protein from HAK-1A and HAK-1B cell 
lysates using lysis buffer was incubated for overnight 
with specifically antibody at 4°C, followed by incubation 
for 1 hour with Protein A/G plusagarose (Santa Cruz 
Biotechnology). The precipitates were washed thrice 
with ice-cold lysis buffer and resolved by SDS-PAGE 
followed by Western blot analysis. Anti-mTOR antibody 
for immunoprecipitation was purchased from Santa Cruz 
Biotechnology [45].

Small interfering RNA transfection 

HAK-1A and HAK-1B cells were transfected with 
siRNA using Lipofectamine RNAiMAX and Opti-MEM 
medium (Invitrogen) according to the manufacturer’s 
recommendations. The siRNA corresponding to Rictor 
and control were purchased from Invitrogen. The siRNA 
corresponding to Raptor was purchased from QIAGEN.

Statistical analysis

All results are expressed as mean ± SD of  
n observations, and statistical differences among the 
groups were assessed by two-tailed Student’s t-test. A  
P value of less than 0.05 was considered significant.

ACKNOWLEDGMENTS

We thank Yuri Shibao (Kyushu University) for 
preparation of this manuscript.

CONFLICTS OF INTEREST

The authors declare that no conflicts of interest exist.

GRANT SUPPORT

This work was funded in part by the Life Science 
Foundation of Japan (M.O.), and by the Fukuoka 
Foundation for Sound Health Cancer Research Fund 
(K.W.), and by St. Mary’s Institute of Health Sciences 
(K.W., M.K., M.O.).

REFERENCES

 1. Llovet JM, Hernandez-Gea V. Hepatocellular carcinoma: 
reasons for phase III failure and novel perspectives on trial 
design. Clin Cancer Res. 2014; 20:2072–9.

 2. Choi KJ, Baik IH, Ye SK, Lee YH. Molecular Targeted 
Therapy for Hepatocellular Carcinoma: Present Status and 
Future Directions. Biol Pharm Bull. 2015; 38:986–91.

 3. Moinzadeh P, Breuhahn K, Stützer H, Schirmacher P. 
Chromosome alterations in human hepatocellular 



Oncotarget47416www.impactjournals.com/oncotarget

carcinomas correlate with aetiology and histological grade 
– results of an explorative CGH meta-analysis. Br J Cancer. 
2005; 92:935–41.

 4. Poon TC, Wong N, Lai PB, Rattray M, Johnson PJ, Sung JJ. 
A tumor progression model for hepatocellular carcinoma: 
bioinformatic analysis of genomic data. Gastroenterology. 
2006; 131:1262–70.

 5. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, 
Blanc JF, de Oliveira AC, Santoro A, Raoul JL, Forner A, 
Schwartz M, Porta C, Zeuzem S, et al. Sorafenib in 
advanced hepatocellular carcinoma. N Engl J Med. 2008; 
359:378–90.

 6. Cheng AL, Kang YK, Chen Z, Tsao CJ, Qin S, Kim JS, 
Luo R, Feng J, Ye S, Yang TS, Xu J, Sun Y, Liang H, et al.  
Efficacy and safety of sorafenib in patients in the Asia-
Pacific region with advanced hepatocellular carcinoma: 
a phase III randomised, double-blind, placebo-controlled 
trial. Lancet Oncol. 2009; 10:25–34.

 7. Kaposi-Novak P, Libbrecht L, Woo HG, Lee YH, Sears NC, 
Coulouarn C, Conner EA, Factor VM, Roskams T, 
Thorgeirsson SS. Central role of c-Myc during malignant 
conversion in human hepatocarcinogenesis. Cancer Res. 
2009; 69:2775–82.

 8. Lee JS, Chu IS, Heo J, Calvisi DF, Sun Z, Roskams T, 
Durnez A, Demetris AJ, Thorgeirsson SS. Classification and 
prediction of survival in hepatocellular carcinoma by gene 
expression profiling. Hepatology. 2004; 40:667–76.

 9. Boyault S, Rickman DS, de Reyniès A, Balabaud C, 
Rebouissou S, Jeannot E, Hérault A, Saric J, Belghiti J, 
Franco D, Bioulac-Sage P, Laurent-Puig P, Zucman-Rossi J.  
Transcriptome classification of HCC is related to gene 
alterations and to new therapeutic targets. Hepatology. 
2007; 45:42–52.

10. Hoshida Y, Nijman SM, Kobayashi M, Chan JA, Brunet JP, 
Chiang DY, Villanueva A, Newell P, Ikeda K, Hashimoto M,  
Watanabe G, Gabriel S, Friedman SL, et al. Integrative 
transcriptome analysis reveals common molecular 
subclasses of human hepatocellular carcinoma. Cancer Res. 
2009; 69:7385–92.

11. Woo HG, Lee JH, Yoon JH, Kim CY, Lee HS, Jang JJ, 
Yi NJ, Suh KS, Lee KU, Park ES, Thorgeirsson SS, Kim YJ.  
Identification of a cholangiocarcinoma-like gene expression 
trait in hepatocellular carcinoma. Cancer Res. 2010; 
70:3034–41.

12. Yano H, Iemura A, Fukuda K, Mizoguchi A, Haramaki M, 
Kojiro M. Establishment of two distinct human 
hepatocellular carcinoma cell lines from a single 
nodule showing clonal dedifferentiation of cancer cells. 
Hepatology. 1993; 18:320–7.

13. Kenmochi K, Sugihara S, Kojiro M. Relationship of 
histologic grade of hepatocellular carcinoma (HCC) to 
tumor size, and demonstration of tumor cells of multiple 
different grades in single small HCC. Liver. 1987; 7:18–26.

14. Ogasawara S, Yano H, Iemura A, Hisaka T, Kojiro M. 
Expressions of basic fibroblast growth factor and its 

receptors and their relationship to proliferation of human 
hepatocellular carcinoma cell lines. Hepatology. 1996; 
24:198–205.

15. Akiba J, Murakami Y, Noda M, Watari K, Ogasawara S,  
Yoshida T, Kawahara A, Sanada S, Yasumoto M, 
Yamaguchi R, Kage M, Kuwano M, Ono M, et al. N-myc 
downstream regulated gene1/Cap43 overexpression 
suppresses tumor growth by hepatic cancer cells through 
cell cycle arrest at the G0/G1 phase. Cancer Lett. 2011; 
310:25–34.

16. Yip CK, Murata K, Walz T, Sabatini DM, Kang SA. 
Structure of the human mTOR complex I and its 
implications for rapamycin inhibition. Mol Cell. 2010; 
38:768–74.

17. Csibi A, Fendt SM, Li C, Poulogiannis G, Choo AY, 
Chapski DJ, Jeong SM, Dempsey JM, Parkhitko A, 
Morrison T, Henske EP, Haigis MC, Cantley LC, et al. The 
mTORC1 pathway stimulates glutamine metabolism and cell 
proliferation by repressing SIRT4. Cell. 2013; 153:840–54.

18. Totary-Jain H, Sanoudou D, Dautriche CN, Schneller H, 
Zambrana L, Marks AR. Rapamycin resistance is linked to 
defective regulation of Skp2. Cancer Res. 2012; 72:1836–43.

19. Nishi T, Iwasaki K, Ohashi N, Tanaka C, Kobayashi D, 
Nakayama G, Koike M, Fujiwara M, Kobayashi T, 
Kodera Y. Phosphorylation of 4E-BP1 predicts sensitivity 
to everolimus in gastric cancer cells. Cancer Lett. 2013; 
331:220–9.

20. Huynh H, Hao HX, Chan SL, Chen D, Ong R, Soo KC, 
Pochanard P, Yang D, Ruddy D, Liu M, Derti A, Balak MN, 
Palmer MR, et al. Loss of tuberous sclerosis complex 2 
(TSC2) is frequent in hepatocellular carcinoma and predicts 
response to mTORC1 inhibitor everolimus. Mol Cancer 
Ther. 2015; 14:1224–35.

21. Copps KD, White MF. Regulation of insulin sensitivity 
by serine/threonine phosphorylation of insulin receptor 
substrate proteins IRS1 and IRS2. Diabetologia. 2012; 
55:2565–82.

22. Bjornsti MA, Houghton PJ. The TOR pathway: a target for 
cancer therapy. Nat Rev Cancer. 2004; 4:335–48.

23. Sieghart W, Fuereder T, Schmid K, Cejka D, Werzowa J, 
Wrba F, Wang X, Gruber D, Rasoul-Rockenschaub S, 
Peck-Radosavljevic M, Wacheck V. Mammalian target of 
rapamycin pathway activity in hepatocellular carcinomas of 
patients undergoing liver transplantation. Transplantation. 
2007; 83:425–32.

24. Polivka J Jr, Janku F. Molecular targets for cancer therapy 
in the PI3K/AKT/mTOR pathway. Pharmacol Ther. 2014; 
142:164–75.

25. Kawai T, Yasuchika K, Ishii T, Katayama H, Yoshitoshi EY, 
Ogiso S, Kita S, Yasuda K, Fukumitsu K, Mizumoto M, 
Hatano E, Uemoto S. Keratin 19, a Cancer Stem Cell 
Marker in Human Hepatocellular Carcinoma. Clin Cancer 
Res. 2015; 21:3081–91.

26. Govaere O, Wouters J, Petz M, Vandewynckel YP, Van 
den Eynde K, Van den Broeck A, Verhulst S, Dollé L, 



Oncotarget47417www.impactjournals.com/oncotarget

Gremeaux L, Ceulemans A, Nevens F, van Grunsven LA, 
Topal B, et al. Laminin-332 sustains chemoresistance and 
quiescence as part of the human hepatic cancer stem cell 
niche. J Hepatol. 2016; 64:609–17.

27. Sahin F, Kannangai R, Adegbola O, Wang J, Su G, 
Torbenson M. mTOR and P70 S6 kinase expression in 
primary liver neoplasms. Clin Cancer Res. 2004; 10:8421–5.

28. Semela D, Piguet AC, Kolev M, Schmitter K, Hlushchuk R, 
Djonov V, Stoupis C, Dufour JF. Vascular remodeling and 
antitumoral effects of mTOR inhibition in a rat model of 
hepatocellular carcinoma. J Hepatol. 2007; 46:840–8.

29. Villanueva A, Chiang DY, Newell P, Peix J, Thung S, 
Alsinet C, Tovar V, Roayaie S, Minguez B, Sole M, 
Battiston C, Van Laarhoven S, Fiel MI, et al. Pivotal 
role of mTOR signaling in hepatocellular carcinoma. 
Gastroenterology. 2008; 135:1972–83.

30. Finn RS. Current and Future Treatment Strategies for 
Patients with Advanced Hepatocellular Carcinoma: Role of 
mTOR Inhibition. Liver Cancer. 2012; 1:247–56.

31. Matter MS, Decaens T, Andersen JB, Thorgeirsson SS. 
Targeting the mTOR pathway in hepatocellular carcinoma: 
current state and future trends. J Hepatol. 2014; 60:855–65.

32. Zhu AX, Kudo M, Assenat E, Cattan S, Kang YK, Lim HY, 
Poon RT, Blanc JF, Vogel A, Chen CL, Dorval E, Peck-
Radosavljevic M, Santoro A, et al. Effect of everolimus on 
survival in advanced hepatocellular carcinoma after failure 
of sorafenib: the EVOLVE-1 randomized clinical trial. 
JAMA. 2014; 312:57–67.

33. Di Nicolantonio F, Arena S, Tabernero J, Grosso S, Molinari F,  
Macarulla T, Russo M, Cancelliere C, Zecchin D, 
Mazzucchelli L, Sasazuki T, Shirasawa S, Geuna M, et al. 
Deregulation of the PI3K and KRAS signaling pathways in 
human cancer cells determines their response to everolimus. 
J Clin Invest. 2010; 120:2858–66.

34. Delbaldo C, Albert S, Dreyer C, Sablin MP, Serova M, 
Raymond E, Faivre S. Predictive biomarkers for the activity 
of mammalian target of rapamycin (mTOR) inhibitors. 
Target Oncol. 2011; 6:119–24.

35. Liao YM, Sy A, Yen Y. Markers for efficacy of mammalian 
target of rapamycin inhibitor. Anticancer Res. 2012; 
32:4235–44.

36. Murakami T. Establishment and characterization of human 
hepatoma cell line (KIM-1). Act Hepatol Jpn. 1984; 
25:532–9.

37. Yano H, Kojiro M, Nakashima T. A new human 
hepatocellular carcinoma cell line (KYN-1) with a 
transformation to adenocarcinoma. In Vitro Cell Dev Biol. 
1986; 22:637–46.

38. Yano H, Maruiwa M, Murakami T, Fukuda K, Ito Y, 
Sugihara S, Kojiro M. A new human pleomorphic 
hepatocellular carcinoma cell line, KYN-2. Acta Pathol Jpn. 
1988; 38:953–66.

39. Haramaki M, Yano H, Fukuda K, Momosaki S, Ogasawara S,  
Kojiro M. Expression of CD44 in human hepatocellular 
carcinoma cell lines. Hepatology. 1995; 21:1276–84.

40. Yano H, Iemura A, Haramaki M, Ogasawara S, Takayama A,  
Akiba J, Kojiro M. Interferon alfa receptor expression and 
growth inhibition by interferon alfa in human liver cancer 
cell lines. Hepatology. 1999; 29:1708–17.

41. Aishima S, Basaki Y, Oda Y, Kuroda Y, Nishihara Y, 
Taguchi K, Taketomi A, Maehara Y, Hosoi F, Maruyama Y, 
Fotovati A, Oie S, Ono M, et al. High expression of 
insulin-like growth factor binding protein-3 is correlated 
with lower portal invasion and better prognosis in human 
hepatocellular carcinoma. Cancer Sci. 2006; 97:1182–90.

42. Oie S, Ono M, Fukushima H, Hosoi F, Yano H, Maruyama Y,  
Kojiro M, Terada T, Hirano K, Kuwano M, Yamada Y. 
Alteration of dihydropyrimidine dehydrogenase expression 
by IFN-alpha affects the antiproliferative effects of 
5-fluorouracil in human hepatocellular carcinoma cells. Mol 
Cancer Ther. 2007; 6:2310–18.

43. Masuda K, Ono M, Okamoto M, Morikawa W, Otsubo M, 
Migita T, Tsuneyoshi M, Okuda H, Shuin T, Naito S, 
Kuwano M. Downregulation of Cap43 gene by von Hippel-
Lindau tumor suppressor protein in human renal cancer 
cells. Int J Cancer. 2003; 105:803–10.

44. Watari K, Shibata T, Kawahara A, Sata K, Nabeshima H, 
Shinoda A, Abe H, Azuma K, Murakami Y, Izumi H, 
Takahashi T, Kage M, Kuwano M, et al. Tumor-derived 
interleukin-1 promotes lymphangiogenesis and lymph node 
metastasis through M2-type macrophages. PLoS One. 2014; 
9:e99568.

45. Kanda R, Kawahara A, Watari K, Murakami Y, Sonoda K, 
Maeda M, Fujita H, Kage M, Uramoto H, Costa C, 
Kuwano M, Ono M. Erlotinib resistance in lung cancer cells 
mediated by integrin β1/Src/Akt-driven bypass signaling. 
Cancer Res. 2013; 73:6243–53.


