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4Department of Hepatobiliary Surgery, Xijing Hospital, The Fourth Military Medical University, 
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Abstract

Concomitant expression of activated forms of AKT and Ras in the mouse liver (AKT/Ras) leads to 

rapid tumor development via strong activation of the mTORC1 pathway. mTORC1 functions via 

regulating p70S6K/RPS6 and 4EBP1/eIF4E cascades. How these cascades contribute to 

hepatocarcinogenesis remains unknown. Here, we show that inhibition of RPS6 pathway via 

Rapamycin effectively suppressed, whereas blockade of the 4EBP1/eIF4E cascade by 4EBP1A4, 

an unphosphorylatable form of 4EBP1, significantly delayed, AKT/Ras induced 

hepatocarcinogenesis. Combined treatment with Rapamycin and 4EBP1A4 completely inhibited 

AKT/Ras hepatocarcinogenesis. This strong anti-neoplastic effect was successfully recapitulated 

by ablating Raptor, the major subunit of mTORC1, in AKT/Ras-overexpressing livers. 

Furthermore, we demonstrate that overexpression of eIF4E, the protooncogene whose activity is 

specifically inhibited by 4EBP1, resulted in HCC development in cooperation with activated Ras. 

Mechanistically, we identified the ENTPD5/AK1/CMPK1 axis and the mitochondrial biogenesis 

pathway as targets of the 4EBP1/eIF4E cascade in AKT/Ras and Ras/eIF4E livers as well as in 

human HCC cell lines and tissues.

Conclusions—Complete inhibition of mTORC1 is required to suppress liver cancer 

development induced by AKT and Ras protooncogenes in mice. The mTORC1 effectors, RPS6 

and eIF4E, play distinct roles and are both necessary for AKT/Ras hepatocarcinogenesis. These 
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new findings might open the way for innovative therapies against human hepatocellular 

carcinoma.

Introduction

Hepatocellular carcinoma (HCC) is the most common type of liver cancer and the fourth 

leading cause of cancer death worldwide.1 Treatment options for HCC are limited and 

generally ineffective: only a small percentage of HCC is diagnosed at an early stage and 

amenable to potential curative treatments such as surgical resection, liver transplantation, 

and radiofrequency ablation.2–4 The only approved drug for the treatment of advanced HCC 

is Sorafenib, a multi-kinase inhibitor, whose overall efficacy in terms of patient’s survival 

extension is, however, rather limited.5 Thus, the development of novel therapeutic strategies 

against advanced HCC is mandatory. For this purpose, a deeper knowledge of the molecular 

mechanisms underlying hepatocarcinogenesis is necessary.6,7

One of the most frequently activated pathways in HCC is the PI3K/AKT/mTOR cascade,8 

which has been implicated in tumor initiation, progression, and metastasis.9,10 Following 

PI3K (phosphoinositide 3-kinase) activation by receptor tyrosine kinases or G protein 

coupled receptors, AKT (v-akt murine thymoma viral oncogene homolog) is recruited to the 

membrane and phosphorylated.9,10 In mouse hepatocytes, overexpression of an activated 

form of AKT (Myr-AKT) induces lipogenesis and hepatocyte proliferation, eventually 

leading to HCC development within six months.11 AKT exerts many effects on target cells 

through its key downstream effector, the mTOR complex 1 (mTORC1).10,12

The mTORC1 axis is also frequently activated in human HCC.13 Using mice with liver-

specific deletion of TSC1 and Raptor (regulatory associated protein of mTORC1, an 

essential mTORC1 component), a recent study showed that mTORC1 controls ketogenesis 

in mice in response to fasting and its modulation by ageing.14 Moreover, chronic activation 

of mTORC1 in mice with liver-specific deletion of TSC1 leads to hepatocarcinogenesis.15

The major regulators downstream of mTORC1 are 4EBP1 and p70S6K1/2.16,17 4EBP1 

negatively regulates eIF4E, a key rate-limiting initiation factor for cap-dependent 

translation. Phosphorylation by mTORC1 leads to 4EBP1 dissociation from eIF4E, allowing 

translation initiation complex formation at the 5’ end of mRNAs. 4EBP1/eIF4E mediated 

translational control has been shown to be the key downstream signal of mTORC1 in AKT-

induced lymphomagenesis in vivo,18 and a critical mediator of mTORC1-induced cell 

proliferation.19 Moreover, 4EBP1/eIF4E has been found to be a major effector of the 

oncogenic activation of AKT and ERK signaling pathways in tumor cell lines and xenograft 

models.20 p70S6K1/2 is another downstream effector of mTORC1. Once phosphorylated 

and activated by mTORC1, p70S6K1/2 in turn regulates 40S ribosomal protein S6 (RPS6) 

as well as other regulators of translation initiation.21 Ablation of RPS6 in mouse hepatocytes 

inhibits cell proliferation after partial hepatectomy.22,23 Also, when all the five 

phosphorylatable serine residues of RPS6 are substituted by unphosphorylatable alanine, 

knock-in RPS6(P−/−) mice display cell growth defect.24 Using RPS6(P−/−) mice, a previous 

study showed that loss of phosphorylation of RPS6 is dispensable for AKT-mediated 

lymphomagenesis.18 Rapamycin, an allosteric partial inhibitor of mTORC1, and its 
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analogues (Rapalogs) have been tested clinically as anti-cancer agent in multiple tumor 

types.25,26 However, Rapalogs only showed modest clinical efficacy, presumably due to 

their capacity to suppress phosphorylation of RPS6 but not 4EBP1.27,28

Concomitant activation of AKT/mTOR and Ras/MAPK cascades is frequently observed in 

human HCC.13,29 To elucidate the molecular and biochemical crosstalk(s) between the two 

pathways, we generated a mouse model of liver cancer characterized by co-expression of 

activated forms of AKT and N-Ras.30 In the current study, using genetic and 

pharmacological approaches, we systematically investigated the requirement of each of the 

two main mTORC1 downstream effectors, 4EBP1/eIF4E and p70S6K/RPS6, in AKT/Ras-

induced hepatocarcinogenesis in vivo. Our data demonstrate that complete inhibition of 

mTORC1 is required to suppress hepatocarcinogenesis driven by N-Ras and AKT 

oncogenes in mice.

Materials and Methods

Hydrodynamic injection and mouse treatment

Wild-type FVB/N mice were obtained from Charles River (Wilmington, MA). Raptorfl/+ 

mice were purchased from the Jackson Laboratory (Stock: 013188), and intercrossed to 

generate Raptorfl/fl mice.14 Hydrodynamic injections were performed as described 

previously.11, 30–32 To delete Raptor while co-expressing AKT and/or Ras, we injected high 

dose of pT3-Cre (20µg) with low dose of AKT (4µg) and/or Ras (4µg). To ensure that all 

oncogene expressing cells also express Cre which led to deletion of the targeted floxed 

alleles, we injected pT3-Cre (20µg) with HA tagged AKT (4µg) into R26R-EYFP mice. In 

the R26R-EYFP mice, Cre-mediated excision of the floxed termination sequence leads to 

constitutive EYFP expression.33 Subsequent double immunofluorescence staining showed 

that all HA positive AKT expressing cells were also EYFP positive (Supplementary Fig. 1), 

supporting the notion that we were able to simultaneously delete the targeted floxed alleles 

while expressing the oncogene in the same set of hepatocytes. Rapamycin (6mg/kg/day) or 

vehicle was intraperitoneally administered for 7 or 11 weeks immediately after 

hydrodynamic injection. To block the 4EBP1/eIF4E cascade, high doses of 4EBP1A4 

(20µg) with low doses of AKT (4µg) and/or Ras (4µg) were injected. To generate eIF4E and 

Ras/eIF4E mice, pT3-EF1α-HA-eIF4E (10µg) alone or with pT2CAGGS-NRasV12 (10 µg) 

was hydrodynamically injected into FVB/N mice. Wild-type (not injected) and mice injected 

with pT3-EF1α empty plasmid were used as controls; since no difference in any parameter 

analyzed between the two control groups was detected, the data were merged. Mice were 

housed, fed, and monitored in accordance with protocols approved by the committee for 

animal research at the University of California, San Francisco.

Detailed description of Materials and Methods is provided as Supplementary Material.
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Results

Blocking of RPS6 Pathway via Rapamycin Effectively Inhibits AKT/Ras 
Hepatocarcinogenesis

We previously showed that Rapamycin administration for 3 weeks suppresses the activation 

of RPS6 but not p-4EBP1 in AKT/Ras mice.34 To thoroughly investigate the contribution of 

p70S6K/RPS6 along AKT/Ras induced hepatocarcinogenesis, Rapamycin was administered 

daily for 7 weeks in AKT/Ras mice immediately after hydrodynamic injection 

(Supplementary Fig. 2A). In accordance with previous findings,34 Rapamycin treatment 

efficiently blocked p-RPS6 expression in the liver of AKT/Ras mice without affecting 

p-4EBP1 levels (Fig. 6A). Suppression of p-RPS6 was paralleled by prevention of 

hepatocarcinogenesis in Rapamycin treated AKT/Ras mice. Indeed, none of the Rapamycin 

treated AKT/Ras mice developed palpable liver tumors 7 weeks post injection, whereas all 

vehicle treated AKT/Ras mice developed lethal burden of liver tumors (Fig. 1A, B).

Histologically, liver lesions from Rapamycin treated AKT/Ras mice consisted of few, small 

clusters of lipid-rich preneoplastic hepatocytes (Fig. 1C). Altered cells showed stable 

integration of the injected constructs (Fig. 1D), overexpression of p-AKT, and variable 

expression of p-ERK1/2 (positive cells shown) and p-mTOR (Fig. 1E). Equivalent, scattered 

clusters of preneoplastic hepatocytes but not tumor lesions were detected in 3 AKT/Ras 

mice in which Rapamycin was administered up to 11 weeks post-injection (data not shown), 

suggesting that continuous Rapamycin treatment might impede the appearance of frankly 

malignant tumors in AKT/Ras livers.

Altogether, these findings demonstrate that p70S6K/RPS6 is a critical downstream effector 

of mTORC1 and is required for AKT/Ras-driven hepatocarcinogenesis.

Inhibition of 4EBP1/eIF4E by 4EBP1A4 Delays AKT/Ras Induced Hepatocarcinogenesis

To investigate the contribution of the 4EBP1/eIF4E axis in AKT/Ras induced 

hepatocarcinogenesis, we overexpressed pT3-EF1α (pT3, empty vector, control), wild-type 

4EBP1 (4EBP1WT), or 4EBP1A4, a mutant form of 4EBP1 that cannot be phosphorylated/

inactivated by mTORC1,18 along with AKT and N-Ras into the mouse liver via 

hydrodynamic injection (Supplementary Fig. 2B). Previous findings showed that 4EBP1A4 

is able to efficiently block eIF4E mediated CAP-dependent translational initiation 

downstream of mTORC1.18 Accordingly, we found that overexpression of 4EBP1A4, but 

not Rapamycin treatment, inhibited CAP-dependent translation in the AKT/Ras mouse liver 

tumor cell line (Supplementary Fig. 3). This cell line was used since it accurately 

recapitulates the molecular mechanisms responsible for AKT/Ras induced 

hepatocarcinogenesis.34

Seven weeks after hydrodynamic injection, none of the AKT/Ras/4EBP1A4 mice developed 

palpable liver masses (Fig. 2). In contrast, all mice from the AKT/Ras/pT3 and AKT/Ras/

4EBP1WT cohorts developed lethal burden of liver tumors (Fig.2, Supplementary Fig. 4, 5). 

Grossly, only few very small nodules could be observed in the livers of AKT/Ras/4EBP1A4 

mice whereas numerous large nodules equally developed in the livers of AKT/Ras/pT3 and 

AKT/Ras/4EBP1WT mice 7 weeks post injection (Fig. 2, Supplementary Fig. 4, 5). 
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Histologically, clusters of lipid-rich preneoplastic hepatocytes occupying ~40% of the liver 

parenchyma characterized AKT/Ras/4EBP1A4 mice at this time point (Fig. 2D). HA-tag 

and V5-tag were detected in the clear-cell preneoplastic hepatocytes, demonstrating the 

stable transfection of AKT (HA-tag) and 4EBP1A4 (V5-tag) in these cells (Fig. 2D). No 

frankly malignant lesions were detected.

Next, three AKT/Ras/4EBP1A4 mice were aged to determine whether liver tumor could 

eventually develop in these mice. Palpable liver masses were appreciable 21 weeks post 

injection (Fig. 3A and 2C). The liver of AKT/Ras/4EBP1A4 mice was occupied mainly by 

premalignant and HCA lesions, with some small HCC and ICC lesions (Fig. 3B). Tumors 

were proliferating, as indicated by Ki67 staining (Fig. 3C). Serial sections of liver tumors 

demonstrated the expression of the injected constructs, namely AKT (HA-tag) and 

4EBP1A4 (V5-tag), indicating that these tumors developed in the presence of ectopically 

expressed 4EBP1A4 (Fig. 3C). Moreover, elevated immunoreactivity for p-AKT, p-ERK1/2 

and p-mTOR was detected (Fig. 3D).

In summary, the data indicate that 4EBP1/eIF4E mediated CAP dependent translation 

initiation has a critical role along AKT/Ras hepatocarcinogenesis. Inhibition of 4EBP1/

eIF4E significantly delays but cannot completely prevent liver tumor development in 

AKT/Ras mice.

Complete Inhibition of mTORC1 is Required to Suppress AKT/Ras Hepatocarcinogenesis

Although blocking of RPS6 or eIF4E resulted in a striking reduction of preneoplastic lesions 

and/or remarkable delay of tumor development, preneoplastic and/or neoplastic lesions were 

still observed following the two distinct treatments. Thus, we investigated whether complete 

suppression of mTORC1 by concomitant inhibition of RPS6 and eIF4E could completely 

abolish AKT/Ras hepatocarcinogenesis. For this purpose, mice co-injected with AKT, Ras 

and 4EBP1A4 were treated with Rapamycin (AKT/Ras/4EBP1A4/Rapa; n=5) or vehicle 

(AKT/Ras/4EBP1A4/Veh; n=3) for 7 weeks (Supplementary Fig. 2C). Macroscopically, no 

tumor nodules could be detected on the liver surface of AKT/Ras/4EBP1A4/Rapa mice (Fig. 

4A and 4B). Histological examination revealed that the liver tissues from AKT/Ras/

4EBP1A4/Rapa mice were nearly normal: only few isolated but never clusters of cells 

showed the lipid-rich features of AKT/Ras preneoplastic cells (Fig. 4C). The altered clear-

cell hepatocytes were HA-positive, demonstrating the stable transfection with injected AKT 

(Fig. 4D). Of note, the few lipid-rich cells from AKT/Ras/4EBP1A4/Rapa mice show scarce 

or no activation of AKT, ERK, and mTOR proteins by immunohistochemistry (Fig. 4E), 

implying the suppression of these cascades in the residual preneoplastic cells. In contrast, 

AKT and ERK proteins were still activated in the small clusters of preneoplastic cells from 

Rapamycin treated AKT/Ras mice (AKT/Ras/Rapa; Fig. 1) and in preneoplastic lesions of 

AKT/Ras/4EBP1A4 injected mice (not shown). In addition, no difference in proliferative 

activity was detected in AKT/Ras/4EBP1A4/Rapa livers when compared with livers from 

mice injected only with empty vector (0.23 ± 0.2 vs. 0.25 ± 0.1, respectively; P = 0.9228; 

n=5 per each group).

To further validate the finding that complete inhibition of mTORC1 is required to fully 

suppress AKT/Ras induced liver tumor formation in vivo, we utilized Raptorfl/fl mice. We 
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co-injected AKT and Ras together with pT3-EF1α empty vector (AKT/Ras/pT3) or pT3-

EF1α-Cre (AKT/Ras/Cre) in Raptorfl/fl mice (Supplementary Fig. 2D). We found that 

Raptorfl/fl mice injected with AKT/Ras/pT3 vector developed lethal burden of liver tumors 

within 6 to 8 weeks post injection. In striking contrast, Raptorfl/fl mice injected with 

AKT/Ras/Cre did not develop any preneoplastic or neoplastic lesion (Fig. 5A–C). 

Histologically, liver tumors from AKT/Ras/pT3 injected Raptorfl/fl mice were 

undistinguishable from those developed in wild type mice co-expressing AKT and Ras:30 

preneoplastic lesions and tumors occupied up to 90% of the liver parenchyma and tumor 

cells were highly proliferative (Fig. 5D). In contrast, liver tissues from AKT/Ras/Cre 

injected Raptorfl/fl mice were completely normal with no signs of preneoplastic or neoplastic 

lesions (Fig. 5E, upper panel). Only thorough histological investigation of the livers was 

able to detect very few single HA-positive clear-cell hepatocytes (Fig. 5E, lower panel). 

Noticeably, the observed effect was due to ablation of Raptor by Cre, and not the results of 

non-specific effects of Cre, as when AKT/Ras/Cre was injected into wild-type mice, lethal 

burden of liver tumors developed in these mice by 6 to 8 weeks post injection, similar to that 

observed in AKT/Ras injected mice (data not shown). To determine whether liver tumors 

might eventually develop over long term, AKT/Ras/Cre injected Raptorfl/fl mice were aged 

until 20 weeks post injection (n=3). None of the latter mice developed any preneoplastic or 

neoplastic lesion (Fig. 5A–C and data not shown).

Altogether, these studies demonstrate that AKT/Ras driven hepatocarcinogenesis depends 

on functional mTORC1 in vivo. Complete inhibition of mTORC1 is required to fully 

suppress hepatocarcinogenesis in this mouse model.

Inactivation of p70S6K/RPS6 and 4EBP1/eIF4E Axes Affects Proliferation but not 
Apoptosis of Preneoplastic Cells in AKT/Ras mice

Next, we investigated the cellular mechanisms responsible for inhibition of AKT/Ras-driven 

hepatocarcinogenesis following suppression of p70S6/RPS6 and/or 4EBP1/eiF4E cascades. 

For this purpose, we compared proliferative and apoptotic rates in preneoplastic lesions (or 

isolated preneoplastic cells) from the various models at the same time point (7 weeks post-

injection; Supplementary Fig. 6). No significant differences in proliferation were detected 

when comparing wild-type livers with preneoplastic lesions from AKT/Ras/Cre injected 

Raptorfl/fl and AKT/Ras/4EBP1A4/Rapa mice, whereas a slightly higher proliferative 

activity was detected in AKT/Ras/Rapa mice. A progressive increase of proliferation 

occurred in preneoplastic lesions from AKT/Ras/4EBP1A4 mice. The highest proliferation 

index was observed in AKT/Ras/4EBP1WT and AKT/Ras mice. As concerns apoptosis, no 

significant differences were detected in cell death rate among the various mouse groups 

(Supplementary Fig. 6). These results suggest that suppression of the p70S6K/RPS6 and/or 

4EBP1/eIF4E cascades is mainly associated with proliferation restraint in AKT/Ras mice.

p70S6K/RPS6 and 4EBP1/eIF4E Cascades Regulate Distinct Targets in AKT/Ras Liver 
Lesions

To further elucidate the molecular mechanisms of these pathways in AKT/Ras induced 

hepatocarcinogenesis, we assessed the effects of inhibiting the RPS6 or 4EBP1 axis in 

AKT/Ras livers at the molecular level by immunoblotting in wild-type, AKT/Ras, AKT/Ras/

Wang et al. Page 6

Hepatology. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Rapa, and AKT/Ras/4EBP1A4 liver tissues. Levels of phosphorylated/activated AKT were 

drastically reduced in the two experimental groups when compared with untreated AKT/Ras 

mice (Fig. 6A). Levels of phosphorylated/inactivated 4EBP1 were unmodified following 

Rapamycin treatment, whereas a strong induction of p-4EBP1 was detected in AKT/Ras/

4EBP1A4 mice. The mechanism for the increased p-4EBP1 was not clear, but it was likely 

due to either increased phosphorylation of the endogenous 4EBP1 protein or cross-reaction 

of the anti-4EBP1 antibody with the injected 4EBP1A4 construct. Levels of eIF4E were 

unchanged in the two treated groups, whereas those of activated/phosphorylated eukaryotic 

initiation factor 4G (eIF4G), which binds eIF4E allowing the early steps of protein 

translation,35 were completely abolished only in AKT/Ras/4EBP1A4 mice (Fig. 6A).

As mTORC1 is well characterized to exert its activity via regulating cell metabolism, we 

next investigated the effects of the treatments on metabolic pathways modulated by mTOR. 

SCD1 (involved in de novo lipogenesis) and PKM2 (glycolysis) were equally downregulated 

in the two treated groups. In contrast, some inducers of glycolysis, such as LDHA/C, 

ENTPD5 and its downstream effector AK1, were downregulated almost exclusively in 

AKT/Ras/4EBP1A4 mice. Importantly, LDHA/C downregulation occurred independent of 

c-Myc, since the latter was mainly downregulated following Rapamycin administration (Fig. 

6B). Furthermore, although it has been demonstrated that ENTPD5 inhibits the endoplasmic 

reticulum (ER) stress pathway,36,37 the levels of ER stress surrogate markers, including 

CHOP, BIP, and phosphorylated/activated PERK were not induced in AKT/Ras/4EBP1A4 

mice (Fig. 6B). Since it has been recently found that 4EBP proteins negatively regulate 

mitochondrial activity and biogenesis,38 we tested the levels of the master regulator of 

mitochondrial biogenesis, mitochondrial transcription factor A (TFAM). Of note, TFAM 

was only downregulated in AKT/Ras/4EBP1A4 mice (Fig. 6B). An additional established 

target of the 4EBP1/eIF4E axis, namely Cyclin D1, was downregulated only in AKT/Ras/

4EBP1A4 mice. Finally, the importance of ENTPD5 in AKT/Ras-induced 

hepatocarcinogenesis was assessed by its siRNA-mediated silencing in the AKT/Ras cell 

line (Supplementary Fig. 7). Inhibition of ENTPD5 resulted in decrease of proliferation and 

induction of apoptosis in AKT/Ras cells when compared with control cells (Supplementary 

Fig. 7B, C). At the molecular level, AKT/Ras cells depleted of ENTPD5 did not show any 

relevant change in the levels of proteins involved in ER stress (BIP and p-PERK) or 

glycolysis (PKM2, LDHA/C, Hexokinase II or HXII, liver phosphofructokinase or PFKL, 

and aldolase A or ALDOA) (Supplementary Fig. 7A).

The present data indicate that p70S6K/RPS6 and 4EBP1/eIF4E cascades control different 

targets in AKT/Ras driven hepatocarcinogenesis.

Overexpression of eIF4E Cooperates with Ras to Induce Liver Tumor Development in Mice

Next, we sought to determine whether eIF4E, whose activity is inhibited by 4EBP1, is 

oncogenic in the mouse liver. For this purpose, the eIF4E gene tagged with HA was 

hydrodynamically transfected into wild-type mice. Neither preneoplastic nor neoplastic 

livers lesions developed in these mice up to 30 weeks post injection (Supplementary Figs. 8 

and 9), although up to 10–15% of the hepatocytes showed the integration of the eIF4E 

construct (Supplementary Fig. 9), indicating that eIF4E alone does not suffice to 
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malignantly transform hepatocytes. Nevertheless, a significantly higher hepatocyte 

proliferation rate in eIF4E injected mice than in mice injected with empty plasmid was 

detected (1.22 ± 0.3 vs. 0.25 ± 0.1, respectively; n =5 per each group; P < 0.0001). At the 

molecular level, eIF4E livers showed a striking co-localization of HA with ENTPD5, 

CMPK1, and AK1, confirming that the latter axis is modulated by the 4EBP1/eIF4E cascade 

in the mouse liver. No immunoreactivity for p-ERK, p-AKT, p-mTOR, and p-RPS6 was 

detected in eIF4E-injected livers (Supplementary Fig. 9).

Next, we assessed whether eIF4E cooperates with the Ras/MAPK pathway, the other 

cascade not affected by Rapamycin treatment in AKT/Ras mice.34 Our previous studies 

showed that overexpression of N-Ras alone via hydrodynamic injection did not lead to any 

liver morphologic alteration 30 weeks post-injection.30 Similarly, co-expression of eIF4E 

and N-Ras did not result in hepatic histological alterations 19 weeks post injection (n=3; 

data not shown). However, multiple hepatocellular tumors, consisting of HCA and HCC, 

were detected in eIF4E/Ras mice 30 weeks post injection (n=6; Fig. 7A, B). As in eIF4E 

mice, hepatocytes from eIF4E/Ras mice expressing the HA-eIF4E protein also exhibited a 

strong immunolabeling for ENTPD5, CMPK1, and AK1 (Fig. 7C), while being negative for 

p-AKT, p-mTOR, and p-RPS6 staining (Fig. 7D). Of note, strong p-ERK staining was 

detected in preneoplastic and neoplastic lesions from eIF4E/Ras mice, indicating successful 

expression of the delivered Ras plasmid (Fig. 7D). Altogether, the present data indicate that 

eIF4E is not oncogenic per se in the mouse liver, but acts synergistically with N-Ras to 

induce hepatic tumor development independent of the AKT/p70S6K/RPS6 cascade.

4EBP1 Controls the ENTPD5 Axis in Human HCC Cell Lines and Tissues

Due to the novel finding about the link between 4EBP1 and ENTPD5 in AKT/Ras mice, we 

assessed whether the same applies for human HCC. For this purpose, we overexpressed 

either 4EBP1WT or 4EBP1A4 in the HLF human HCC cell line. Notably, overexpression of 

4EBP14A and 4EBP1WT, at a lower extent, led to downregulation of ENTPD5 and its 

targets, AK1 and CMPK1, in HLF cells (Supplementary Fig. 10A). Consistent with the in 

vivo data, Rapamycin treatment had no effect on the expression of ENTPD5, AK1, or 

CMPK1 in HLF cells (Supplementary Fig. 10B). In addition, overexpression of 4EBP1WT 

and, mostly, 4EBP1A4 but not Rapamycin treatment resulted in downregulation of 

activated/phosphorylated eIF4G and TFAM proteins, in accordance with mouse data 

(Supplementary Fig. 10, Fig. 6). Furthermore, concomitant Rapamycin administration and 

4EBP1A4 transient transfection resulted in a much more pronounced growth restraint than 

either treatment alone in HLF cells (Supplementary Fig. 11), confirming that the targets of 

the p70S6K/RPS6 and 4EBP1/eIF4E cascades are different in liver cancer.

Finally, we analyzed a collection of human HCC specimens (n=52) by 

immunohistochemistry for p-4EBP1, ENTPD5, AK1, and CMPK1. Stronger p-4EBP1, 

ENTPD5, AK1, and CMPK1 immunoreactivity when compared with non-tumorous 

surrounding counterparts was detected in 52%, 42.3%, 46.2%, and 55.8% of HCCs, 

respectively. Of note, 80% (20 of 25) of HCCs displaying increased p-4EBP1 

immunoreactivity concomitantly showed up-regulation of ENTPD5, AK1, and CMPK1 

(Fig. 8). No association between the staining patterns of p-4EBP1, ENTPD5, AK1, and 
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CMPK1 and clinicopathologic features of the patients, including etiology, presence of 

cirrhosis, α-fetoprotein levels, tumor grading, and survival length was detected (data not 

shown). Altogether, the present data indicate that 4EBP1/eIF4E controls the expression of 

ENTPD5 and its downstream effectors in human HCC.

Discussion

mTORC1 is the master regulator of a plethora of processes influencing cell proliferation and 

survival.17 mTORC1 functions mainly via regulating p70S6K/RPS6 and 4EBP1/eIF4E 

cascades.16,17 Of the two cascades, p70S6K/RPS6 is the best characterized. Once activated, 

the p70S6K/RPS6 axis triggers cell growth and proliferation by promoting protein and lipid 

synthesis, gene transcription, and cell metabolism.21 Our current and previous studies 

demonstrate that Rapamycin specifically blocks p70S6K/RPS6 without affecting the 4EBP1/

eIF4E cascade. Rapamycin treatment efficiently prevented AKT/Ras driven liver tumor 

development, suggesting that p70S6K/RPS6 is a critical downstream effector of mTORC1.

On the other hand, little is instead known about the 4EBP1/eIF4E cascade. In particular, the 

role of the 4EBP1/eIF4E pathway in cancer remains poorly understood. 4EBP1/eIF4E has 

been found to be a main effector of the AKT and ERK signaling pathways in in vitro and in 

vivo models.20 As a consequence, it is not surprising that elevated levels of eIF4E have been 

described in multiple tumor types, including lung, bladder, colon, breast, prostate, cervix, 

ovary, and thyroid neoplasms39,40 With regard to HCC, a recent investigation showed an 

increased eIF4E expression in tumor samples and a significant association between eIF4E 

levels and tumor recurrence.41

In the present study, we dissected for the first time the critical function of 4EBP1/eIF4E axis 

in the context of activated AKT/mTOR and Ras/MAPK cascades along 

hepatocarcinogenesis. Our data demonstrate that blocking eIF4E activity via the 

unphosphorylatable form of 4EBP1 (4EBP1A4) significantly delays both liver tumor 

development and progression induced by AKT and Ras oncogenes. Indeed, liver tumors 

were observed only after a long latency and consisted mainly of HCA and small HCC or 

ICC in AKT/Ras/4EBP1A4 mice. Nevertheless, despite the strong tumor suppressor activity, 

overexpression of 4EBP1A4 was unable to completely inhibit liver tumor development. This 

finding suggests that AKT/Ras driven hepatocarcinogenesis is able, at least in part, to 

overcome the deficiency of eIF4E and its related biologic effects.

At the cellular level, we found that inhibition of p70S6K/RPS6 and/or 4EBP1/eIF4E axes 

mainly affected proliferation rather than apoptosis of AKT/Ras preneoplastic cells, 

suggesting a direct correlation between proliferative activity of preneoplastic cells and 

propensity to tumor formation in this mouse model. Our data are in agreement with a 

previous study showing that everolimus, a Rapalog, efficiently inhibited chronic injury 

induced hepatocyte proliferation and DNA-damage induced liver tumor development in 

mice.42 Altogether, these studies support the important role of mTORC1 in regulating 

hepatocyte proliferation, and suggest that suppression of p70S6K/RPS6 and/or 4EBP1/

eIF4E axes may be helpful both to delay HCC development in patients at risk and to inhibit 

tumor recurrence.
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Another major finding of the present study is the identification of novel downstream targets 

of the 4EBP1/eIF4E axis in the liver. Despite the assumption that eIF4E regulates translation 

at global level, mounting evidence suggest that it contributes to tumorigenesis by regulating 

a small set of proteins, such as Cyclin D1, VEGF, and c-Myc.39,40 Here, we show that the 

ENTPD5/AK1/CMPK1 pathway is a major biochemical event downstream of eIF4E in 

mouse and human hepatocarcinogenesis. ENTPD5 is an endoplasmic reticulum (ER) 

UDPase that, together with AK1 and CMPK1, regulates a futile cycle which converts ATP 

into AMP, leading to compensatory increased aerobic glycolysis.36,37 Thus, eIF4E might 

play a major role in promoting ATP consumption to satisfy the energetic and biosynthetic 

requirements of AKT/Ras cells. In addition, it has been found that ENTPD5 favours protein 

glycosylation and refolding, which protects tumor cells from protein overloading induced 

ER stress.37 Surprisingly, we did not detect any sign of ER stress induction following 

inactivation of eIF4E by 4EBP1A4 overexpression both in AKT/Ras/4EBP1A4 mice and 

AKT/Ras cells. Similarly, ER stress and glycolysis proteins were not affected by ENTPD5 

depletion in AKT/Ras cells. These findings suggest that ENTPD5 might play distinct roles 

that are context- or cell-type dependent. Although additional studies are needed to identify 

ENTPD5 targets in liver cancer, we have confirmed the strong connection between the 

4EBP1/eIF4E and the ENTPD5/AK1/CMPK1 axes both in human HCC specimens and HLF 

cells, substantiating the important link between the two cascades in liver cancer.

Interestingly, we found that eIF4E controls also the final step of anaerobic glycolysis, since 

overexpression of 4EBP1A4 suppressed LDHA/C expression much more efficiently than 

Rapamycin in AKT/Ras mice. Furthermore, inactivation of eIF4E but not RPS6 resulted in 

the downregulation of the TFAM transcription factor, in accordance with the recent finding 

that the 4EBP1/eIF4E axis regulates mitochondrial activity and biogenesis.38 Based on this 

body of data, it is tempting to speculate that the 4EBP1/eIF4E axis might be a central player 

in modulating aerobic and anaerobic glycolysis as well as mitochondrial dependent 

metabolisms.

Another major finding of the present study resides in the evaluation of the oncogenic 

potential of eIF4E in the mouse liver. We showed that eIF4E alone is not able to promote 

malignant transformation of murine hepatocytes, at least under our experimental conditions. 

Nevertheless, we found that eIF4E cooperates with activated N-Ras (whose overexpression 

per se is also unable to drive hepatocarcinogenesis32) to induce liver tumor development in 

the mouse. It is intriguing to note that both the Ras/MAPK and eIF4E cascades are not 

inhibited by Rapamycin in AKT/Ras mice.34 Also, hepatocellular tumors eventually 

developing in eIF4E/Ras mice did not display the activation of the AKT/RPS6 cascade. 

Thus, we have identified a crosstalk between the Ras/MAPK and the eIF4E axes that is 

sufficient to drive hepatocarcinogenesis independent of the AKT/RPS6 pathway.

Rapamycin and Rapalogs, such as everilomus, have been tested clinically for HCC treatment 

and prevention. However, it has been recently reported that everolimus failed the Phase III 

trial for the treatment of advanced HCC (http://clinicaltrials.gov/ct2/show/NCT01035229?

term=EVOLVE-1&rank=1), suggesting that partial inhibition of the mTORC1 cascade has 

very limited therapeutic efficacy in the treatment of liver cancer. Our current data strongly 

support the use of drugs which efficiently inhibit both p70S6K/RPS6 and 4EBP1/eIF4E 
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cascades. Importantly, inhibition of eIF4E via 4E2RCat, a compound isolated from a high 

throughput screening of molecules that inhibit the interaction between eIF4E and eIF4G, has 

shown encouraging anti-neoplastic effects.43,44 Combinatorial administration of 4E2RCat 

(or similar drugs) and Rapamycin might represent an innovative approach for the treatment 

of cancers with elevated mTORC1 activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Rapamycin treatment effectively inhibits AKT/Ras induced hepatocarcinogenesis. (A) Gross 

images of livers, (B) liver weight and liver to body weight ratio of AKT/Ras mice treated 

with vehicle (Veh) or Rapamycin (Rapa) for 7 weeks. Data are presented as mean ± SEM. 

****P<0.0001. (C) Hematoxylin & eosin (HE) and Ki67, (D) HA-tag, (E) p-AKT, p-ERK 

and p-mTOR staining in Rapamycin treated ATK/Ras mouse liver tissues. Magnifications: 

100× (C&D); 400× (E and insets). 148×190mm (300 × 300 DPI)
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Fig. 2. 
4EBP1A4 effectively delays AKT/Ras induced hepatocarcinogenesis. (A) Gross images of 

livers, (B) survival curve, (C) liver weight and liver to body weight ratio of AKT/Ras/

4EBP1WT (4EWT) and AKT/Ras/4EBP1A4 (4EA4) injected mice at different time points. 

Data are presented as mean ± SEM. ***P<0.001; ****P<0.0001. (D) HE image, HA-AKT, 

V5-4EBP1A4 staining in AKT/Ras/4EBP1A4 injected mouse liver 7 weeks post injection 

(W.P.I.). Magnifications: 100×; 400× (insets). 160×197mm (300 × 300 DPI)
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Fig. 3. 
AKT/Ras induces liver tumor formation in the presence of 4EBP1A4 after long latency. (A) 

Gross images of AKT/Ras/4EBP1A4 injected mouse livers 21 W.P.I. (B) HE images of a 

small hepatocellular carcinoma (left) and a mixed hepatocellular-cholangiocellular tumor 

(right, arrow indicates ductular features), (C) Ki-67, HA-AKT, V5-4EBP1A4, (D) p-AKT, 

p-ERK, and p-mTOR staining in the liver tumors developed in AKT/Ras/4EBP1A4 injected 

mice. Magnifications: 400× (HE and Ki67); 200× (HA, V5, p-AKT, p-ERK, p-mTOR). 

220×168mm (300 × 300 DPI)
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Fig. 4. 
Combined Rapamycin treatment and 4E-BP1A4 transfection completely inhibits AKT/Ras-

driven hepatocarcinogenesis. (A) Gross images of livers, (B) liver weight and liver to body 

weight ratio of AKT/Ras/4EBP1A4 mice treated with vehicle or Rapamycin for 7 weeks. 

Data are presented as mean ± SEM. **P<0.01. (C) HE images, (D) HA-AKT and (E) p-

AKT, p-ERK, p-mTOR staining in Rapamycin-treated AKT/Ras/4EBP1A4 mouse liver. 

Arrows point to clear-cell hepatocytes. Arrowhead marks weak p-AKT staining in the 

cytoplasm of a clear-cell hepatocyte. Magnifications: 100× (low magnification of HE and 
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HA); 400× (high magnification of HE, HA, p-AKT; p-ERK, p-mTOR). 148×223mm (300 × 

300 DPI)
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Fig. 5. 
Ablation of Raptor completely inhibits AKT/Ras hepatocarcinogenesis. (A) Gross images of 

livers, (B) survival curve, (C) liver weight and liver to body weight ratio of AKT/Ras/pT3 or 

AKT/Ras/Cre injected Raptorfl/fl mice. Data are presented as mean ± SEM. ****P<0.0001; 

ns: not significant. (D) HE images and HA-AKT staining in AKT/Ras/pT3 injected 

Raptorfl/fl mouse liver. The arrow indicates a mitotic figure within an HCC. (E) HE image 

and HA-AKT staining in AKT/Ras/Cre injected Raptorfl/fl mice. Magnifications: 40× 

(upper panel); 400× (lower panel). 167×223mm (300 × 300 DPI)
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Fig. 6. 
Representative immunoblotting in wild-type (WT), AKT/Ras (AR), AKT/Ras/Rapa (AR/

Rapa) and AKT/Ras/4EBP1A4 (AR/4EA4) liver tissues. Five to 8 samples per group were 

used. Arrows at the left and right side of the blots indicate the correct band for these 

proteins. 213×158mm (300 × 300 DPI)
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Fig. 7. 
eIF4E and Ras co-expression in liver induces hepatocarcinogenesis in mice. (A) 

Macroscopic appearance of eIF4E/Ras-injected mouse liver 30 weeks after hydrodynamic 

injection. (B) HE image and Ki67 staining, (C) HA-eIF4E, ENTPD5, CMPK1, AK1, (D) p-

AKT, p-mTOR, p-RPS6, and p-ERK1/2 staining in eIF4E/Ras-injected mouse liver 30 

weeks after hydrodynamic. Tu: hepatocellular tumors; the dotted line marks the tumor area. 

Arrows indicate preneoplastic areas. Magnifications: 20× (first HE image in B); 40× (all 

remaining images); 400× (inset). 239×141mm (300 × 300 DPI)
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Fig. 8. 
4EBP1 controls the expression of ENTPD5 and its targets in human hepatocellular 

carcinoma (HCC). Concomitant induction and co-localization of p-4EBP1, ENTPD5, AK1 

and CMPK1 in an HCC (upper panel; magnification: 40×). Low levels of p-4EBP1, 

ENTPD5, AK1 and CMPK1 in another HCC (lower panel; magnification: 400×). 
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