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Hepatocellular carcinoma (HCC) is 
one of the leading causes of cancer-

related death worldwide, with limited 
treatment options. AKT/mTOR and 
Ras/MAPK pathways are frequently 
deregulated in human hepatocarcino-
genesis. Recently, we generated an 
animal model characterized by the co-
expression of activated forms of AKT 
and Ras in the mouse liver. We found 
that concomitant activation of AKT/
mTOR and Ras/MAPK cascades leads to 
rapid liver tumor development in AKT/
Ras mice, mainly through mTORC1 
induction. To further define the role of 
mTORC1 cascade in AKT/Ras induced 
HCC development, the mTORC1 inhib-
itor Rapamycin was administered to 
AKT/Ras mice at the time when small 
tumors started to emerge in the liver. Of 
note, Rapamycin treatment significantly 
delayed hepatocarcinogenesis in AKT/
Ras mice. However, some microscopic 
lesions persisted in the livers of AKT/Ras 
mice despite the treatment and rapidly 
gave rise to HCC following Rapamycin 
withdrawal. Mechanistically, Rapamycin 
inhibited mTORC1 and mTORC2 path-
ways, lipogenesis and glycolysis, result-
ing in inhibition of proliferation in the 
treated livers. However, activated ERK 
and its downstream effectors, Mnk1 and 
eIF4E, were strongly upregulated in the 
residual lesions. Concomitant suppres-
sion of AKT/mTOR and Ras/MAPK 
pathways was highly detrimental for 
the growth of AKT/Ras cells in vitro. 
The study indicates the existence of a 
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complex interplay between AKT/mTOR 
and Ras/MAPK pathways during hepa-
tocarcinogenesis, with important impli-
cations for the understanding of HCC 
pathogenesis as well as for its prevention 
and treatment.

Introduction

Hepatocellular carcinoma (HCC) is one 
of the most frequent solid tumors world-
wide, with limited treatment options and 
a poor prognosis.1,2 Thus, there is a strong 
need to expand the basic and translational 
research on HCC in order to improve 
the patients’ prognosis. Furthermore, the 
establishment of mouse models recapitu-
lating the major molecular alterations that 
occur along human hepatocarcinogenesis 
would be highly beneficial for preclinical 
drug testing.

Activation of v-akt murine thymoma 
viral oncogene homolog (AKT)/mamma-
lian target of Rapamycin (mTOR) and ras 
viral oncogene homolog (Ras)/mitogen-
activated protein kinase (MAPK) cascades 
is frequently observed and associated with 
aggressive tumor phenotype and poor 
prognosis in human HCC.3-7 To dissect 
the functional interaction between these 
two pathways in liver cancer, we generated 
a model characterized by the co-expression 
of activated forms of AKT and Ras in the 
mouse liver. In this model, activation of 
AKT/mTOR and Ras/MAPK pathways 
promotes rapid liver tumor development 
via mTOR-dependent and -independent 
mechanisms.8 Here, we summarize the 
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mutations leading to the activation of 
Ras/MAPK pathways in HCC have been 
discovered and include the overexpres-
sion and activation of receptor tyrosine 
kinases as well as the loss of expression 
of Ras pathway inhibitors.7,26-28 In mouse 
models, no tumor formation is observed 
when an activated mutant form of Ras 
alone is expressed in hepatocytes, indicat-
ing that the sole activation of Ras/MAPK 
pathway is not sufficient to induce HCC 
formation in vivo.6,26 A possible scenario 
in Ras-overexpressing livers is the occur-
rence of senescence and the clearance of 
senescent hepatocytes by the immune sys-
tem.29 Thus, a second oncogenic event is 
required to promote hepatocarcinogenesis 
when Ras is activated.

AKT and N-Ras Co-activation  
in the Mouse Liver Promotes  

Rapid Carcinogenesis  
via mTORC1, FOXM1/SKP2  

and c-Myc Pathways

To investigate the functional crosstalk 
between the AKT/mTOR and Ras/
MAPK pathway in hepatocarcinogenesis, 
we recently generated a mouse model char-
acterized by the co-expression of activated 
forms of AKT and N-Ras protoonco-
genes in the liver (referred to as AKT/Ras 
mouse in this paper). Specifically, we co-
expressed myristoylated (myr)-AKT1 and 
N-RasV12 via hydrodynamic gene deliv-
ery.8 While overexpression of N-RasV12 
alone did not induce histological abnor-
malities in the mouse liver, overexpression 
of myr-AKT1 alone (which will be referred 
to as AKT mouse) induced lipogenesis and 
hepatocyte proliferation that resulted in 
HCC development 24 wk post-injection.3,8 
In contrast, co-expression of myr-AKT1 
and N-RasV12 in the mouse liver signifi-
cantly accelerated tumorigenesis, leading 
to abdomen enlargement and lethality by 
4 and 6 wk post-injection, respectively.8 
At the cellular level, AKT/Ras co-acti-
vation resulted in increased proliferation 
and angiogenesis when compared with 
AKT mice, leading to rapid malignant 
transformation and tumor progression.8 
At the molecular level, higher levels of 
mTORC1 and its downstream effectors 
involved in protein translation, angiogen-
esis and apoptosis were mostly detected 

tyrosine kinases.11,12 The importance of the  
PI3K/AKT/mTOR pathway in hepatocar-
cinogenesis is underscored by the finding 
that mTOR inhibition suppresses HCC 
growth in vitro and xenograft models.6 In 
addition, either specific ablation of Pten or 
overexpression of myristoylated/activated 
form of AKT leads to HCC development 
in the mouse.3,13 Furthermore, clinical 
studies with mTOR inhibitors, such as 
RAD001, are currently in progress, with 
some promising, yet limited, preliminary 
benefits for HCC treatment.14

Rapamycin and Rapamycin analogs 
(Rapalogs) are allosteric partial inhibitors 
of mTORC1 that have been extensively 
tested clinically as anticancer agents.15,16 
However, most studies suggest that these 
drugs possess only mild anticancer activ-
ity.15,16 Several mechanisms contribute to 
the weak in vivo antitumor potency of these 
drugs.17,18 On the one hand, Rapamycin 
only partially inhibits mTORC1 by effi-
ciently suppressing phosphorylation of 
ribosomal protein S6 (RPS6), but not 
4EBP1.18,19 4EBP1/eukaryotic translation 
initiation factor 4E (eIF4E)-mediated 
translation control has been shown to be 
the key signal downstream of mTORC1 in 
many cancer types.20 On the other hand, 
mTORC1 inhibition may trigger the feed-
back activation of either the PI3K/AKT or 
the MAPK cascades.21-24

Ras/MAPK Signaling Pathway

Ras proteins are small guanosine triphos-
phatases regulating cellular response to 
many stimuli.25 Growth factors bind to 
cell surface receptors, which then recruit 
and activate guanine nucleotide exchange 
factors. The latter activation, in turn, 
stimulates the formation of Ras-GTP, 
which binds and activates effector pro-
teins, such as members of the MAPK 
cascade, to regulate various cellular func-
tions, including proliferation, survival and 
differentiation.25

In human HCC, previous evidence 
indicates ubiquitous activation of the 
Ras/MAPK pathway, supporting the 
critical role(s) of this signaling cas-
cade during liver tumor initiation and 
progression.7 Interestingly, Ras family 
members are rarely mutated in human 
HCC.7 Mechanisms alternative to somatic 

data from the latter study and present 
new evidence showing that Rapamycin, 
an inhibitor of mTOR complex 1 
(mTORC1), restrains AKT/Ras-driven 
hepatocarcinogenesis when administrated 
during the early stages of tumor develop-
ment. Nevertheless, we found that micro-
scopic lesions persist in Rapamycin-treated 
livers. Mechanistically, Rapamycin inhib-
ited mTORC1 and mTORC2 pathways, 
lipogenesis and glycolysis, resulting in 
inhibition of proliferation and induction 
of apoptosis in the treated livers. On the 
other hand, activated extracellular-related 
kinase (ERK) and its downstream effec-
tors were strongly upregulated in the 
microscopic, residual lesions. Subsequent 
experiments in vitro, using a cell line 
derived from an AKT/Ras HCC 
showed that concomitant suppression of  
AKT/mTOR and Ras/MAPK pathways is 
highly detrimental for AKT/Ras-induced 
growth. Altogether, our studies indicate 
the existence of a functional crosstalk 
between AKT/mTOR and Ras/MAPK 
pathways along hepatocarcinogenesis, 
whose inhibition might be highly benefi-
cial for the treatment of HCC patients.

AKT/mTOR Signaling Pathway  
in HCC Development

The phosphoinositide 3-kinase (PI3K)/
AKT/mTOR pathway is a central regula-
tor of multiple cellular processes, including 
metabolism, proliferation and survival.9,10 
Once induced, PI3Ks in turn activate 
AKT, resulting in activation of mTOR 
kinases.9,10 mTOR kinases are assembled 
into two distinct complexes: mTORC1 
and mTORC2.9,10 mTORC1 phosphory-
lates S6 kinases and 4E binding protein 1 
(4EBP1) downstream targets, thus regu-
lating protein synthesis, cell growth and 
metabolism.9,10 mTORC2 regulates the 
AGC kinase subfamily, which includes 
AKT, and plays a key role in cell prolifera-
tion and cytoskeleton organization.9,10

In HCC, deregulation of the PI3K/
AKT/mTOR pathway is the result 
of multiple molecular mechanisms, 
including activated mutations of PI3K 
p110 (PIK3CA) catalytic subunit, loss 
of expression of its negative regula-
tor, phosphatase and tensin homolog 
(Pten) or aberrant activation of receptor 
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For this purpose, AKT/Ras mice were 
subjected to either Rapamycin or vehicle 
administration for 3 wk (Fig. 1A), starting 
3 wk post-hydrodynamic injection, when 
small nodules become microscopically 
visible in AKT/Ras livers.8 Noticeably, 
all Rapamycin treated mice appeared 
to be healthy, while all the vehicle-
treated mice developed large liver tumors 
and needed to be euthanized (Fig. 1B 
and D). Macroscopically, the livers of the 
Rapamycin-treated mice looked normal 
and weighed only approximately one-fifth 
of the livers of vehicle-treated mice (Fig. 1B 
and C). Histological evaluation revealed 
that small, microscopic lesions, consist-
ing of foci of altered hepatocytes and small 
tumors, persisted in Rapamycin-treated 
AKT/Ras livers (Fig. 2B and D), whereas 

Altogether, our study demonstrates 
that activation of AKT and Ras cascades 
synergizes to promote rapid hepatocar-
cinogenesis via both mTORC1-depen-
dent and -independent mechanisms. In 
particular, mTORC1, FOXM1/SKP2 
and c-Myc pathways all significantly 
contribute to AKT/Ras accelerated 
hepatocarcinogenesis.

Rapamycin Treatment Restrains 
AKT/Ras Hepatocarcinogenesis, 

but Triggers the Feedback  
Activation of MAPK Signaling  
in the Residual Tumor Cells

Next, we determined whether pharmaco-
logical inhibition of mTORC1 could inhibit 
ATK/Ras-driven hepatocarcinogenesis. 

in AKT/Ras mice when compared with 
AKT mice.8 In contrast, a similar upregu-
lation of mTORC2 targets was detected 
in AKT and AKT/Ras mice when com-
pared with wild-type mice.8 Of note, the 
increased mTORC1 activation in AKT/
Ras tumor cells was found to be the conse-
quence, at least partly, of the Ras/MAPK 
mediated phosphorylation/inactivation 
at the serine 664 residue of the tuberous 
sclerosis 2 (TSC2) protein, an mTORC1 
suppressor.8 In addition, a strong upregu-
lation of c-Myc and the forkhead box 
M1 (FOXM1) transcription factor was 
detected almost exclusively in AKT/Ras 
livers.8 Interestingly, in vitro assays dem-
onstrated that the increased expression of 
FOXM1 and c-Myc in AKT/Ras tumor 
cells was independent of mTORC1.8

Figure 1. rapamycin treatment restrains hepatocarcinogenesis driven by aKt and ras co-expression in the mouse liver. (A) study design. aKt/ras 
mice were subjected to either rapamycin or vehicle administration for 3 wk, starting 3 wk post-hydrodynamic injection. (B) Phenotype of vehicle-
treated and rapamycin-treated aKt/ras mice and respective livers before being euthanized. (C) Liver weight of vehicle-treated and rapamycin-
treated aKt/ras mice before being euthanized. student’s t-test: p < 0.0001*, vs. vehicle-treated aKt/ras mice. (D) survival curve of vehicle-treated and 
rapamycin-treated aKt/ras mice.
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downstream effectors, including MAP 
kinase interacting serine/threonine 
kinase 1/2 (MNK1/2) and eIF4E, were 
detected in Rapamycin-treated livers by 
immunoblotting (Fig. 3A). Accordingly, 
immunohistochemistry showed an 
intense staining for phosphorylated/acti-
vated ERK and eIF4E, associated with 
some proliferative activity and scarce 
apoptosis, in the residual tumor cells 
(Fig. 4A–H).

To assess whether the residual cells 
following Rapamycin administration 
were still able to form large tumors, a 
group of AKT/Ras mice was subjected 
to Rapamycin administration for 2 wk, 
starting 3 wk after hydrodynamic injec-
tion. Subsequently, Rapamycin treat-
ment was suspended (Fig. 5A). Strikingly, 
Rapamycin withdrawal led to unrestrained 
proliferation of residual cells, resulting in 
the development of large tumors replac-
ing the whole liver parenchyma within 
2–3 wk (Fig. 5B and E). Of note, both 

tissues (Fig. 3B). Rapamycin also inhibited 
glycolysis inducers (lactic dehydrogenase or 
LDHA/C, pyruvate kinase isozyme M2 or 
PKM2) and angiogenesis (hypoxia-induc-
ible factor 1alpha or HIF-1α, and vascular 
endothelial growth factor or VEGF-α), 
and promoted apoptosis (as assessed by 
induction of the cleaved/activated form of 
the apoptotic mediator caspase 3) in the 
treated livers (Fig. 3C–E). Thus, all these 
factors likely contributed to the strong 
tumor inhibitory activity by Rapamycin.

Recent studies suggest the existence 
of multiple feedback loops between AKT 
and Ras pathways during tumor devel-
opment.21-24,30,31 In particular, a previous 
investigation has shown that mTORC1 
inhibition leads to MAPK pathway 
activation through a RPS6-dependent 
feedback loop in cancer.31 Thus, we 
investigated whether the same occurs in 
AKT/Ras mice after Rapamycin treat-
ment. Noticeably, high levels of phos-
phorylated/activated ERK1/2 and its 

full-blown liver tumors occupied the whole 
liver parenchyma in vehicle-treated mice 
(Fig. 2A and C). The results suggest that 
Rapamycin treatment partially inhibits 
liver tumor progression initiated by AKT 
and Ras proto-oncogenes. The molecu-
lar mechanisms underlying Rapamycin 
mediated tumor inhibition activity were 
also investigated. As neoplastic lesions 
only occupied small parts of Rapamycin-
treated AKT/Ras liver tissues (Fig. 2B), 
they were macrodissected for biochemical 
analysis. Importantly, immunoblotting 
showed that Rapamycin effectively inhib-
ited the expression of phosphorylated/
activated AKT, mTOR and RPS6 proteins 
(Fig. 3A), while levels of phosphorylated/
inactivated 4EBP1 remained unaffected 
(Fig. 3A). Furthermore, proteins involved 
in lipid biosynthesis (fatty acid synthase or 
FASN, acetyl-CoA carboxylase or ACAC, 
ATP-citrate lyase or ACLY and stearoyl-
CoA desaturase or SCD1) were downregu-
lated in Rapamycin-treated AKT/Ras liver 

Figure 2. rapamycin treatment restrains hepatocarcinogenesis in aKt/ras mice. (A and C) Liver from an aKt/ras mouse, 6 wk post-hydrodynamic 
injection and subjected to 3 wk vehicle administration, showing size enlargement and complete replacement of the liver parenchyma by highly malig-
nant liver lesion, such as the HCC depicted in (C). (B and D) Liver from an aKt/ras mouse treated with rapamycin for 3 wk showing a drastic regression 
of both preneoplastic (asterisks) and neoplastic lesions [the arrow indicates a small tumor, detailed in (D)]. Original magnifications: 100× in (A and B); 
200× in (C and D).
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triggered by U0126 treatment (Fig. 7C), 
implying the existence of a compensatory 
induction of the AKT/mTOR pathway in 
response to MAPK suppression. The com-
pensatory feedback loops were efficiently 
blunted when Rapamycin and U0126 
were co-administered (Fig. 7C and D).

Discussion

Concomitant activation of AKT/mTOR 
and Ras/MAPK pathways is frequently 
observed along human hepatocarcino-
genesis.3-7 Here, we summarize our recent 
data obtained using a novel mouse model 
of liver cancer induced by activated AKT 
and Ras protooncogenes. Our study is sig-
nificant in many ways. To the best of our 
knowledge, this is the first study demon-
strating the functional interplay between 
AKT/mTOR and Ras/MAPK pathways 
in promoting rapid hepatocarcinogenesis 
in vivo. Also, we uncovered novel molecu-
lar mechanisms involved in malignant 
transformation and tumor progression 
driven by AKT/mTOR and Ras/MAPK 

MAPK pathways in AKT/Ras cells. For 
this purpose, we used a cell line derived 
from an AKT/Ras HCC (which will 
be referred to as AKT/Ras cell line).8 
Treatment with either the mTORC1 
inhibitor, Rapamycin or the MEK inhibi-
tor, U0126, resulted in a significant 
reduction of the growth of the AKT/Ras 
cell line due to decreased proliferation 
and increased apoptosis (Fig. 7A and B). 
Strikingly, concomitant administration 
of Rapamycin and U0126 resulted in the 
complete suppression of cell growth in the 
AKT/Ras cell line due to strong reduction 
in cell proliferation and massive apoptosis 
(Fig. 7A and B). At the molecular level, 
treatment with Rapamycin suppressed the 
AKT/mTOR pathway, but had no effect on 
phosphorylated/inactivated 4EBP1 levels 
(Fig. 7C), which were instead remarkably 
inhibited by U0126 treatment (Fig. 7D). 
Furthermore, Rapamycin induced the 
compensatory activation of ERK1/2 and 
eIF4E proteins (Fig. 7D). Intriguingly, a 
strong upregulation of phosphorylated/
activated AKT and RPS6 proteins was 

histopathological (Fig. 5E) and immuno-
histochemical analysis of the main com-
ponents of the AKT/mTOR and Ras/
MAPK pathways (Fig. 6) showed that the 
tumors developed following Rapamycin 
withdrawal are identical to the ones from 
untreated AKT/Ras mice.

In summary, our study indicates that 
Rapamycin treatment restrains, without 
complete inhibition, AKT/Ras driven 
hepatocarcinogenesis by suppressing the 
mTORC1/RPS6 cascade. Rapamycin 
treatment triggers the compensatory 
upregulation of the MAPK pathway in 
AKT/Ras mouse livers. Withdrawal of 
Rapamycin results in the development of 
aggressive liver tumors starting from the 
residual cells.

Co-Targeting of mTORC1 and  
Ras/MAPK Pathways is 

De tri men tal for the Growth  
of AKT/Ras Cells In vitro

Finally, we assessed the effect of the com-
bined inhibition of AKT/mTOR and Ras/

Figure 3. rapamycin administration inhibits the aKt/mtOr pathway but triggers the compensatory induction of the ras/MaPK cascade in aKt/
ras mice. representative immunoblot analysis on the effect of rapamycin treatment over the aKt/mtOr and ras/MaPK pathways (A) as well as on 
lipogenesis (B), glycolysis (C), angiogenesis (D) and apoptosis (E) in aKt/ras mice. apoptosis activation is underlined by the induction of caspase 3 
cleavage forms following rapamycin administration. Untreated (n = 8), vehicle-treated (n = 8) and rapamycin-treated (n = 8) mice were used for the 
analysis.
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Figure 4. rapamycin treatment induces the compensatory activation of the ErK/eiF4e pathway in the residual tumor cells from aKt/ras mice. (A 
and B) strong ErK activity, as assessed by positive immunolabeling for phosphorylated/activated (p-)ErK1 and 2 proteins in some (arrows) but not all 
(asterisks) the residual preneoplastic hepatocytes (A) and in a regressing tumor (B) following 3 wk of rapamycin treatment. (C and D) Co-localization 
of phosphorylated/activated ErK1/2 and eiF4E immunoreactivity in one aKt/ras preneoplastic lesion following rapamycin treatment. (E and F) Prolif-
erative activity in one preneoplastic lesion (E) and a small tumor (F), as assessed by Ki67 immunolabeling. the inset in (F) shows the different prolifera-
tive activity between the tumor (left part of the picture) and the surrounding non-tumorous liver (right). (G and H) apoptotic bodies, indicated by 
arrows, in one preneoplastic lesion (G) and a small tumor (H), as assessed by tUNEL immunolabeling. Original magnifications: 100× in (A and F); 200× 
in (B–D); 400× in (E, G and H).
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recurrences after curative resection or liver 
transplantation. However, Rapamycin or 
Rapalogs only partially block mTORC1 
signaling, leading to the feedback activa-
tion of Ras/MAPK cascade, which may 
contribute to drug resistance or tumor 
recurrence. Some approaches are likely to 
be effective in circumventing the feedback 
activation mechanisms. For instance, the 
use of dual mTOR/PI3K inhibitors, such 
as NVP-BEZ235, BGT226, SF1126 and 
PKI-587,32 should be able to block the 
AKT compensatory induction following 
mTORC1 inhibition. A second possibil-
ity is to combine Rapamycin with MEK 
inhibitors. In accordance with the latter 
hypothesis, previous studies have shown 
that combination therapy of Rapamycin 
with AZD6244, a MEK inhibitor or 

Rapamycin does not affect the levels of 
phosphorylated/inactivated 4EBP1 pro-
tein (Fig. 3A), a key downstream effec-
tor of mTORC1 in some tumor types.20 
Whether the 4EBP1/eIF4E axis is required 
for AKT/Ras-driven hepatocarcinogenesis 
remains to be defined.

Furthermore, we showed that 
Rapamycin treatment triggers the feedback 
activation of the MAPK cascade, which is 
presumably responsible for the survival 
of residual tumor cells in Rapamycin-
treated AKT/Ras mice (Fig. 8B). These 
observations have important implications. 
Indeed, our in vivo studies suggest that 
Rapamycin or Rapalogs might be ben-
eficial for HCC patients with activated 
AKT and Ras pathways, and these drugs 
may be particularly useful to prevent 

pathways. Specifically, the study dem-
onstrates the importance of mTORC1-
dependent and -independent mechanisms, 
which involve FOXM1 and c-Myc activa-
tion, in AKT/Ras-induced hepatocarcino-
genesis. In addition, the study provides 
a valuable preclinical model that can be 
used to characterize the chemopreventive 
and therapeutic potential of small mol-
ecules interfering with AKT/mTOR and/
or Ras/MAPK pathways. Our mechanis-
tic studies also support the development of 
drugs targeting c-Myc and FOXM1 path-
ways for HCC treatment.

We also presented novel data showing 
that Rapamycin treatment significantly 
inhibits AKT/Ras hepatocarcinogenesis 
by blocking the mTORC1/RPS6 cas-
cade (Fig. 8A). However, we showed that 

Figure 5. rapamycin withdrawal triggers rapid tumor development in aKt/ras mice. (A) study design. a group of five aKt/ras mice was subjected to 
rapamycin administration for 2 wk, starting 3 wk post-hydrodynamic injection. Next, rapamycin administration was suspended and mice were fol-
lowed for additional 2–3 wk. (B) Phenotype of wild-type mice and aKt/ras mice subjected to rapamycin treatment and subsequent drug withdrawal 
before being euthanized. (C) Liver from an untreated aKt/ras mouse, 6 wk post-hydrodynamic injection, showing that the tumor tissue has replaced 
almost completely the normal liver tissue. (D) Liver from an aKt/ras mouse treated with rapamycin for 3 wk showing the dramatic regression of 
preneoplastic and neoplastic lesions. (E) withdrawal of rapamycin results in the rapid growth of the residual lesions occupying the whole liver paren-
chyma 2 wk after the drug suspension. Original magnifications: 100× in (C, D and E).
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be helpful in treating breast cancer more 
effectively. Furthermore, it is noteworthy 
to mention that suppression of the AKT 
inhibitor Pten was found to increase che-
motherapeutic drug resistance while con-
ferring sensitivity to mTOR inhibitors in 
breast cancer cells.36 The importance of 
dual target therapy has also been envisaged 

induces resistance to chemotherapy, hor-
monal-based drug approaches and radia-
tion in human breast cancer cells.35 In 
these cells, administration of chemothera-
peutic drugs and hormonal-based drugs 
were shown to induce the Ras/MAPK 
pathway. Thus, suppression of both AKT/
mTOR and Ras/MAPK cascades might 

Sorafenib, a Raf inhibitor, effectively 
inhibits tumorigenesis in HCC xeno-
grafts.33,34 The important clinical impli-
cations of simultaneous targeting the 
AKT/mTOR and Ras/MAPK pathways 
have been recently demonstrated in other 
tumor types. For instance, it has been 
shown that sustained activation of AKT1 

Figure 6. rapamycin withdrawal leads to the growth of neoplastic lesions exhibiting the aberrant activation of the same signaling pathways underly-
ing hepatocarcinogenesis in aKt/ras untreated mice. (A–E) serial sections of the same hepatocellular tumor, 2 wk after withdrawal of rapamycin. (A) 
Hematoxylin and eosin (HE) staining showing the presence of a large hepatocellular carcinoma (HCC) in active proliferation (mitosis shown in inset). 
(B) the elevated proliferation rate of the HCC is further confirmed by the high density of Ki67-positive tumor cell nuclei. (C–F) strong activation of aKt/
mtOr and ras/MaPK pathways in the same HCC, as indicated by immunoreactivity for Ha-tag (implying the presence of the aKt construct in these 
cells), and phosphorylated/activated (p-)aKt, mtOr and ErK. Original magnification: 100×, except insets (200×).
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cells.39 Thus, suppression of the two path-
ways might contribute to the anti-growth 
effect of chemotherapy also by favoring 
the induction of senescence in cancer cells.

In summary, we have recently devel-
oped a mouse model of liver cancer that 
exhibits concomitant activation of AKT/
mTOR and Ras/MAPK pathways, two 
signaling cascades often activated in 
human HCC. This mouse model provides 

In a recent study, it was shown that AKT, 
when co-expressed with an activated form 
of Ki-Ras, promotes carcinogenesis in 
the mouse pancreas by inhibiting Ras-
induced senescence.38 Similarly, it has 
been found that concomitant upregula-
tion of the AKT/mTOR and Ras/MAPK 
pathways can contribute to drug resis-
tance by diminishing cell senescence in 
response to chemotherapy in breast cancer 

in malignant melanoma. Indeed, it was 
found that combined targeting of Ras/
MAPK and PI3K/AKT/mTOR pathways 
is necessary to effectively inhibit N-Ras 
mutant melanoma in vitro and in vivo.37

At the cellular level, it has been demon-
strated that combined suppression of the 
AKT/mTOR and Ras/MAPK cascades 
affects important features of tumor cells, 
not limited to proliferation and apoptosis. 

Figure 7. Concomitant suppression of the mtOrC1 and ras/MaPK pathways is highly detrimental for aKt/ras-driven growth in vitro. (A and B) inhibi-
tion of mtOrC1 and MaPK via rapamycin and U0126, respectively, induces a remarkable restraint over the growth of the aKt/ras cell line, as deter-
mined by the decrease in cell proliferation and induction of massive apoptosis when compared with administration of either rapamycin or U0126 
alone. Each bar represents mean ± sD. tukey-Kramer test: p < 0.001 a, vs. control (untreated cells); b, vs. vehicle (DMsO); c, vs. rapamycin- (50 nM) 
treated cells; d, vs. rapamycin- (100 nM) treated cells; e, vs. U0126-treated cells. (C and D) representative immunoblot analysis showing that rapamy-
cin induces downregulation of mtOrC1 and aKt activity in a concentration-independent manner but is ineffective on 4EBP1 protein and induces the 
compensatory activation of ErK and eiF4E proteins. On the other hand, treatment with U0126 alone suppresses phosphorylated/inactivated (p-)4EBP1 
but induces the compensatory activation of phosphorylated/activated (p-)aKt and rPs6. the compensatory feed-back loops are abolished by the 
combination of rapamycin and U0126 treatment. Note that combined treatment downregulates both the total and phosphorylated/activated levels 
of mtOr and eiF4E. the abbreviations p-aKt (1) and p-aKt (2) indicate phosphorylated/activated levels of aKt protein at threonine 308 and serine 473 
residue, respectively.
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paraformaldehyde and processed for paraf-
fin embedding. Liver lesions were assessed 
by two board-certified pathologists (M.E. 
and F.D.). Immunohistochemical staining 
was performed using the following anti-
bodies: mouse monoclonal anti-HA-Tag 
(Cell Signaling Technology; 1:2,000), 
rabbit monoclonal anti-phosphorylated 
AKT, anti-phosphorylated ERK1/2, anti-
phosphorylated eIF4E, anti-phosphory-
lated mTOR (Cell Signaling Technology; 
1:100) and rabbit polyclonal anti-Ki67 
(Bethyl Laboratories; 1:2,000), as pre-
viously described.3,8 TUNEL staining 
was performed using the ApopTag® 
Peroxidase In Situ Apoptosis Detection 
Kit (Millipore), following the manufac-
turer’s instructions.

0.9% NaCl, filtered through a 0.22-μm 
filter and injected into the lateral tail vein 
of 6–8-wk-old FVB/N mice in 5–7 sec. 
Additional groups of AKT/Ras-injected 
mice were subjected, 3 wk after hydro-
dynamic injection, to administration of 
either vehicle (n = 8) or Rapamycin (5 mg/
kg, n = 8) by daily intraperitoneal injec-
tion for either 2 or 3 wk. Mice treated 
for 2 wk with Rapamycin were then left 
untreated for 3 wk and then sacrificed. 
Livers were harvested 5 h after the last 
dose. Mice were housed, fed and treated 
in accordance with protocols approved by 
the Committee for Animal Research at the 
University of California, San Francisco.

Histology and immunohisto-
chemistry. Livers were fixed in 4% 

an ideal system to test the efficacy of 
AKT/mTOR and Ras/MAPK inhibitors 
on HCC development and progression. 
Ongoing studies using the AKT/Ras 
mouse model will advance the knowledge 
of targeted therapy for HCC and provide 
solid preclinical evidence for utilizing 
Ras/MAPK and AKT/mTOR inhibitors 
in human HCC treatment.

Materials and Methods

Hydrodynamic injection and mouse 
treatment. Hydrodynamic injection was 
performed as described.3,8,26,27 Briefly, 10 
μg of myr-AKT1 and N-RasV12 plasmids 
along with sleeping beauty transposase 
in a ratio of 25:1 were diluted in 2 mL 

Figure 8. schematic representation of the molecular mechanisms whereby aKt and ras promote hepatocarcinogenesis in the mouse and the effect 
of rapamycin treatment. (A) aKt induces activation (red arrows) of mtOrC1, with consequent activation of rPs6, lipogenesis and glycolysis as well as 
inactivation (blunted, blue arrows) of 4EBP1 protein. through inactivation of 4EBP1, mtOrC1 releases the eiF4E protein, leading to protein transla-
tion. ras activates instead the raf/MEK/ErK/eiF4E cascade, which in turn activates mtOrC1 and eiF4E. the crosstalk between activated aKt and ras 
ultimately leads to unrestrained cell growth. (B) rapamycin induces downregulation (thin, red arrows) of mtOrC1 and aKt activity but is ineffective on 
4EBP1 protein and induces the compensatory activation (thick, red arrows) of ras/raf/MEK/ErK and eiF4E pathways.
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Immunoblotting. Frozen livers were 
processed as reported.3,8 Aliquots of 40 
μg proteins were denatured, separated by 
SDS-PAGE and transferred onto nitro-
cellulose membranes by electroblotting. 
Membranes were blocked in 5% non-fat 
dry milk in Tris-buffered saline contain-
ing 0.1% Tween 20 for 1 h and probed 
with specific antibodies as previously 
described.3,8

In vitro treatment and assessment of 
proliferation and apoptosis. The primary 
AKT/Ras HCC cell line was isolated from 
a AKT/Ras mouse HCC as has been pre-
viously described.3,8 AKT/Ras cells were 
plated at 2.0 × 103/well in 96-well plate 
and grown for 12 h. After 24 h serum 
deprivation, Rapamycin (50 or 100 nM; 
Cell Signaling Technology) and or U0126 
(25 μM; Cell Signaling Technology) were 
added to the medium and incubated for 24 
and 48 h. Proliferation and apoptosis were 
assessed using the BrdU Cell Proliferation 
Reagent (Cell Signaling Technology) 
and Cell Death Detection Elisa Plus Kit 
(Roche Molecular Biochemicals), respec-
tively, following the manufacturers’ pro-
tocol. Experiments were repeated at least 
three times in triplicate.

Statistical analysis. Student’s t- and 
Tukey-Kramer tests were used to evalu-
ate statistical significance. Values of p < 
0.05 were considered significant. Data are 
expressed as means ± SD.
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