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As the fifth most common cancer in men and the eighth most common cancer in women, hepatocellular carcinoma (HCC) is
the leading cause of cancer-related deaths worldwide, with standard chemotherapy and radiation being minimally effective in
prolonging survival. Virus hepatitis, particularly HBV and HCV infection is the most prominent risk factor for HCC development.
Mammalian target of rapamycin (mTOR) pathway is activated in viral hepatitis and HCC. mTOR inhibitors have been tested
successfully in clinical trials for their antineoplastic potency and well tolerability. Treatment with mTOR inhibitor alone or in
combination with cytotoxic drugs or targeted therapy drug scan significantly reduces HCC growth and improves clinical outcome,
indicating that mTOR inhibition is a promising strategy for the clinical management of HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is amalignant tumorwhose
incidence is increasing in many countries. It is the fifth most
common cancer in men and the eighth most common cancer
in women. HCC is the leading cause of cancer-related deaths
worldwide, with standard chemotherapy being minimally
effective in prolonging survival [1].

Among many factors such as environmental pollution,
fatty liver, and excessive alcohol consumption, virus hepatitis,
particularly HBV and HCV infection, has been considered
as the most important high risk factor of HCC, especially in
Asian countries. At the molecular level, mammalian target of
rapamycin (mTOR) pathway was found to be associated with
HCC development including chronic viral hepatitis [2, 3].
Inhibitors of mTORwere thus postulated to be prominent for
the clinical treatment of HCC.

2. mTOR

2.1. Structure of mTOR Complex. mTOR is a member of
PI3K-related protein kinases (PIKK).The structure of mTOR

is similar to other PIKK family members. The amino ter-
minus of mTOR is a cluster of HEAT (Huntingtin, Elon-
gation factor 3, A subunit of protein phosphatase 2A, and
TOR1) repeats, followed by FAT (FRAP, ATM, and TRRAP)
domain, FKBP12-rapamycin binding (FRB) domain, Ser/Thr
kinase catalytic domain, and the carboxyl-terminal FAT
(FATC) domain. HEAT domain can mediate protein-protein
interactions and FRB domain is a conserved 11 kDa region
necessary for the binding of rapamycin and regulatory-
associated protein of mTOR (RAPTOR) [4].

According to different subunits, mTOR can be formed as
two kinds of complexes, mTORC1 and mTORC2 (Figure 1).
Both mTOR complexes contain mTOR, DEP domain-
containingmTOR-interacting protein (DEPTOR), andmam-
malian lethal with SEC13 protein 8 (mLST8). The unique
components of mTORC1 are regulatory-associated protein of
mTOR (RAPTOR) and proline-rich Akt substrate of 40Kda
(PRAS40). mTORC2 possesses rapamycin-insensitive com-
panion of mTOR (RICTOR), protein observed with RICTOR
(PROTOR), and mammalian stress-activated map kinase-
interacting protein 1 (mSIN1). Among them, PRAS40 is a
negative regulator of mTOR and has a conserved leucine
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Figure 1: The structure of mTORC1 and mTORC2. The core
mTOR machinery consists of mTOR, DEPTOR, and mLST8. The
combination of core mTOR machinery with different proteins
constitutes mTOR1 and mTORC2.

charge domain (LCD) which can be phosphorylated by
AKT [5, 6]. mLST8 can mediate protein-protein interactions
while mSIN1 contains a Ras-binding domain (RBD) and a
pleckstrin homology which can interact with phospholipid.
Currently, the structures of RICTOR and PROTOR are still
not clear.

Rapamycin can inhibit the mTORC1 but not mTORC2,
because rapamycin binds with FKBP12 to disrupt the inter-
action of mTOR with RAPTOR but not RICTOR [7–9]. The
rapamycin-induced dissociation of mTOR from RAPTOR
eventually prevents interaction of the mTOR with a number
of substrates [10, 11]. However, long-term rapamycin treat-
ment can inhibit mTORC2 [12]. This effect may involve the
changes of intracellular pool of mTOR and thus reduce the
assembly of mTORC2.

2.2. Regulation of mTOR Activation. mTORC1 can be acti-
vated by diverse factors, such as growth factors, vari-
ous cytokines, Toll-like receptor ligands, cell energy levels,
hypoxia, and DNA damage. The activation of mTORC1 plays
an important role in protein synthesis, ribosome biogenesis,
and autophagy. Activated mTORC1 can phosphorylate the
downstream signalingmolecules including S6K1 or RPS6KN1
(ribosomal protein S6 kinase, 70 kDa, polypeptide 1) and
eukaryotic translation initiation factor-binding protein 1 (4E-
BP1). Activation of S6K1 can promote the expression of ribo-
somal protein and translation regulating protein to regulate
protein syntheses. Nonphosphorylated 4E-BP1 can bind to
eIF-4E to inhibit mRNA translation. Once phosphorylated
by active mTOR, 4E-BP1 are dissociated from eIF-4E so
that eIF-4E can bind to other translation initiation factors
to initiate protein translation [13, 14]. Tuberous sclerosis
complex 1- (TSC1-) TSC2 tumor suppressor complex is a
negative regulator of mTOR. As a GTP activating protein
(GAP), TSC2 or tuberin inactivates Ras homologue enriched
in brain (Rheb) which can directly bind to and activate
mTOR. TSC1 or hamartin does not have a GAP domain but
it acts as a stabilizer of TSC2 by preventing it from degra-
dation. The activity of TSC1-TSC2 is regulated by protein
phosphorylation. Activated PI3K-Akt signaling can phos-
phorylate and inhibit TSC1-TSC2 while LKB1-AMPK can
activate TSC1-TSC2 by phosphorylation at different residues
(Figure 2) [15, 16].

The activation ofmTORC1 can be regulated by several fac-
tors through signaling pathways including PI3K/Akt/mTOR,
LKB1/AMPK/mTOR, andMAPK pathway. Once activated by
extracellular signals such as growth factors andnutrient, PI3K
can phosphorylate PIP2 to form PIP3 [17]. As a result, Akt
and its activator phosphoinositide-dependent protein kinases
1 (PDK1) translocate to the plasma membrane by binding to
PIP3. When phosphorylated at Thr308 and Ser473, Akt can
activate mTOR by inhibiting TSC1-TSC2 [18]. In addition,
Akt can suppress PRAS40 by phosphorylation to eliminate
its inhibition on mTORC1.

Studies have shown that acids metabolism in mam-
malian cells is adjusted by LKB1/AMPK/mTOR signal
pathway. mTOR pathway can be activated by adenosine
monophosphate-activated protein kinases (AMPKs) that in
turn can be activated by LKB1. AMPKs change their con-
formation in response to the intracellular AMP/ATP ratio.
When AMP/ATP ratio drops, LKB1 can bind to AMPK
subunit to activate AMPKby phosphorylation.The activation
of AMPK will inhibit mTOR activation, reduce protein
synthesis, and inhibit cell proliferation [19].

In addition, mTOR activity can be regulated in response
to the availability of amino acids [20, 21]. Ras-related
(Rag) GTPases, a family of four related small GTPase, are
responsible for amino acid-regulated mTOR activity [22, 23].
Rag GTPases interact with the RAPTOR, the subunit of
mTORC1, in an amino acid-dependent manner, allowing
interaction of mTORC1 with Rheb. The Rags exist as obligate
heterodimers. Depletion of either heterodimer partners can
inhibit mTORC1 while overexpression of the heterodimer
will rescue mTORC1 from suppression by amino acid with-
drawal. Some specific amino acids may play distinct roles
in the regulation of mTOR activity. For example, glutamine
in combination with leucine activates mammalian TORC1
(mTORC1) by enhancing glutaminolysis and 𝛼-ketoglutarate
production [24]. Inhibition of glutaminolysis prevented acti-
vation of RagB and mTORC1 while constitutively active Rag
heterodimer activatedmTORC1 in the absence of glutaminol-
ysis. Conversely, enhanced glutaminolysis or a cell-permeable
𝛼-ketoglutarate analog stimulated lysosomal translocation
and activation of mTORC1.

3. mTOR and Viral Hepatitis

3.1. mTOR and HBV Infection. Chronic HBV infection is a
crucial factor for the development of HCC. In HepG2 cells,
HBV RNA transcription and subsequent DNA replication
were inhibited by the expression of a constitutively active
Akt1 [25]. This inhibition of HBV gene transcription seems
to be mediated by mTOR activation since rapamycin can
abolish this inhibition. Furthermore, inhibitors of PI3K, Akt,
and mTOR can increase the transcription of viral RNA as
well as the replication of HBV DNA in HBV-overexpressing
cells. Consistently, expression of HBsAg was much higher in
adjacent tissues than in tumor tissues that contain high level
of PI3K-Akt activity [26].

In contrast towild type pre-S antigen,HBVpre-Smutants
are viral oncoproteins to induce endoplasmic reticulum (ER)
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Figure 2:The regulation ofmTOR.The activity ofmTOR can be regulated by PI3K-Akt and LKB1-AMPK pathway. ActivatedmTOR regulates
transcriptional activity of FOXO1-FOXO3a and protein translation by pS6 and eIF-4E.

stress in ground glass hepatocytes (GGHs) that have been
recognized as the precursor lesions of HCC [27]. In addition,
the existence of pre-S mutants in serum of HBV carriers
can predict the development of HCC. Interestingly, the
expression of pre-S mutants is associated with the activation
of Akt/mTOR signaling inHCC cells [28]. Pre-Smutantsmay
upregulate VEGFR-2 to activate Akt/mTOR which can be
attenuated by VEGF-A neutralization.

Intriguingly, the activation of mTOR can repress HBsAg
synthesis by facilitating the interaction of histone deacetylase
1 (HDAC1)with YinYang1 (YY1), a transcription factor which
bound to pre-S1 promoter [29]. Such a feedback regulation
of HBsAg expression during HBV-initiated tumorigenesis
is that mTOR inhibitors may activate HBV replication in
patients with chronic HBV infection. Indeed, everolimus was
associatedwith the risk of HBV reactivation [30]. In addition,
the knockdown of histone deacetylase 1 (HDAC1) can abolish
this inhibitory effect of the mTOR on pre-S transcription.
The HDAC1 inhibitors that have been intensively under
evaluation for their anticancer effect may also lead to the
reactivation of HBV.

HBV X (HBx) protein encoded by the HBV X gene
plays a crucial role in the pathogenesis of HBV-related HCC
by promoting cell cycle progression, inactivates negative
growth regulators, and binds to and inhibits the expression
of p53 tumor suppressor gene and other tumor suppressor
genes and senescence-related factors [31]. The expression of
mTOR and PI3K/Akt in HCC cells can be increased by HBx
transfection [32]. Interestingly, HBx transfection increased
the formation of autophagosomes and autolysosomes and
upregulated microtubule-associated protein light chain 3,
beclin 1, and lysosome-associated membrane protein 2a.
HBx-induced autophagy was further increased by mTOR
inhibitor rapamycin but blocked by treatment with the
PI3K-Akt inhibitor LY294002, indicating that HBx activates
autophagy through PI3K-Akt-mTOR pathway. HBx activated
mTOR seems to depend on I𝜅B kinase 𝛽 (IKK𝛽) [33]. IKK𝛽

inhibitor Bay 11-7082 or silencing IKK𝛽 expression using
siRNA reversed HBx-induced S6K1 activation, HBx upregu-
lated cell proliferation, and vascular endothelial growth factor
(VEGF) production. Similarly, mTOR inhibition reduced
the growth, invasion, epithelial-to-mesenchymal transition,
and metastasis of HBx-expressing HCC cells [34]. In the
HBx transgenic mouse model, pIKK𝛽, pS6K1, and VEGF
expressions were higher in cancerous than noncancerous
liver tissues. Furthermore, pIKK𝛽 levels were strongly corre-
lated with pTSC1 and pS6K1 levels in HBV-associated human
hepatoma tissues, and higher pIKK𝛽, pTSC1, and pS6K1
levels were correlated with a poor prognosis in these patients.

3.2. mTOR and HCV Infection. HCV infection contributes to
the rising incidence of HCC in many developed countries,
such as Spain, France, Italy, and Japan, where the proportion
caused by the HCV ranges from 50% to 70% [35]. HCV non-
structural protein NS5A is a crucial factor in viral replication
and diverse cellular events. NS5A can activate PI3K-mTOR
signaling by directly binding to the p85 subunit of PI3K
(Figure 3) [36]. Inhibition of PI3K abrogated NS5A-activated
mTOR. In addition, NS5A can interact with FKBP38, an
immunosuppressant FK506-binding protein. NS5A activated
mTOR by releasing it from FKBP38 even in the absence of
serum [37]. Rapamycin or NS5A knockdown can block S61 K
and 4E-BP1 phosphorylation that were increased in HCV
replicon cells and NS5A-Huh7 cell.

Strikingly, HCV infection can activate mTOR in an
autophagy-dependent manner. HCV induced autophagy by
upregulating beclin 1 to activate mTOR signaling pathway,
which in turn promoted hepatocyte growth [38]. HCV
induced mTOR activated and phosphorylation of eIF-4E
were impaired in autophagy-deficient HCC cells.

Stable NS5A expression in HCC cells led to the resistance
to apoptosis that was abolished by the silence of FKBP38
through RNA interference [39]. Moreover, NS5A can repress
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Figure 3: Regulation and function of mTOR in viral hepatitis and HCC development. In HCV infection, NS5A can activate mTOR through
PI3K/Akt pathway or impair the combination between mTOR and FKBP38. The complex formed by mTOR and NF-𝜅B can downregulate
the expression of PTEN. In HBV infection, pre-S1 can activate Akt/mTOR pathway through upregulation of VEGFR-2. YY1-HDAC1 complex
can inhibit the transcription from the pre-S1 promoter as a negative feedback. HBx can increase the expression of mTOR and PI3K/Akt. S6K
can activate PAK1 to regulate actin cytoskeleton and cell motility.

the activation of caspase-3 and poly(ADP-ribose) poly-
merase which was abrogated by rapamycin or NS5A knock-
down, indicating that NS5A suppresses apoptosis specifically
through mTOR pathway.

Interestingly, mTOR can influence the regulation of HCV
RNA replication [40]. For example, mTOR downstream
kinase p21-activated kinase 1 (PAK1) has been found to take
part in antiviral signaling. The suppression of PAK1 by PI3K
inhibitor or rapamycin enhanced viral RNA and protein
affluence in established replicon HCV cell lines. Similarly,
knockdown of S6K abolished PAK1 phosphorylation and
enhanced HCV RNA affluence while knockdown of eIF-
4E increased viral RNA affluence without affecting PAK1
phosphorylation.

4. mTOR and HCC

As an important part of PI3K/Akt pathway which is critical to
cancer development, mTORwas aberrantly activated in most
if not all human carcinogenesis. mTOR was activated in pre-
cancerous cirrhotic tissues in addition to chronic viral hepati-
tis tissues [2]. A small-scale immunohistochemistry staining
analysis revealed that 33 out of 73 (45%) HCC patients
had increased expression of total S6k which correlated with
mTOR activation as well as tumor nuclear grade and tumor
size [41]. Moreover, in a larger cohort of HCC patients,
mTOR pathway was more remarkably altered in tumors with
poor differentiation, high TNM stage, vascular invasion, and
other poor prognostic features [42]. The expression of pS6
was further confirmed as an independent prognostic factor
for HCC.

The activation of mTOR can confer many growth advan-
tages to cancer stem or progenitor cells such as promoting cell
proliferation and resistance to apoptosis induced by various
stress signals such as hypoxia and nutrient deficiency. In
addition, mTOR can regulate telomerase activity in hep-
atocarcinogenesis. Treating HCC cells (SMMC-7721) with
rapamycin significantly reduced telomerase activity by down-
regulating hTERT protein level but not hTERT transcription,
indicating [43].

Neovascularization in tumor is closely associated with
tumor growth. Tumors that form as a result of mTOR
activation are highly vascularized and inhibition of mTOR
by rapamycin can diminish the process of angiogenesis. The
activation ofmTORC1 can promote a variety of angiogenesis-
related proteins, such as hypoxia-inducible factor 𝛼 (HIF𝛼)
and vascular endothelial growth factor (VEGF). Under
hypoxia condition, cancer cells can produce HIF𝛼 through
mTOR-dependent manner [43]. When oxygen is sufficient,
activated mTOR can promote the translation of HIF𝛼mRNA
by the activation of 4E-BP1 or S6K1 [44]. Inhibition of mTOR
activity in human hepatoma cells reduced HIF𝛼 expression
without reducing its mRNA or promoting its degradation
[45]. In addition to affecting its expression, mTOR can also
directly regulate the activity of HIF𝛼 [46]. Activation of
mTORbyRheb overexpression potently enhances the activity
of HIF𝛼 and VEGF secretion during hypoxia. RAPTOR
directly interacts with HIF𝛼 which requires an mTOR sig-
naling (TOS) motif located in the N terminus of HIF𝛼. The
mutant of HIF𝛼 lacking this TOSmotif was unable to bind to
the coactivator CBP/p300 and lost its transcriptional activity
and proangiogenesis function.
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Autophagy plays a crucial role in tumor suppression
by eliminating damage cells. mTOR has a regulatory role
for autophagy and malignant cells often exhibit defects in
autophagy [47]. Autophagy-deficient mice such as beclin 1
heterozygous mice have an increased incidence of sponta-
neous tumors and also can accelerate the development of
precancerous lesions induced by hepatitis B infection [48].
Therefore, mTORmay indirectly induce tumorigenesis by the
suppression of autophagy.

4E-BP1 is a downstreammTORC1 key factor in regulating
cell proliferation. Activated eIF4E preferably promote trans-
lation of tumor-related genes such as cell cycle regulatory
proteins or antiapoptotic proteins like MCL1 [49]. While the
relevance of mTORC1 to human carcinogenesis has been
well-documented, whether mTORC2 is critical to human
cancer development remains unknown. Recently, RICTOR,
the unique structure of mTORC2, was found to be necessary
to the tumor formation of PTEN-deficient prostate epithelial
cells in nude mice, indicating that mTORC2 can function
in synergy with PI3K to promote tumorigenesis [50]. In
addition, inhibition of mTORC2 reduced proliferation and
anchorage-independent growth of human cancer cells by
inducing downregulation of cyclin D1 and cell cycle arrest at
G1 phase [51].

Hepatic steatosis is a risk factor for HCC in addition to
chronic viral hepatitis. PTEN expression is downregulated
in the livers of rats and humans having steatosis, which
was accompanied by high plasma levels of fatty acids [52].
Unsaturated fatty acids can downregulate PTEN expression
via activation of a complex formed by mTOR and NF-kB in
HepG2 cells.

Aberrant lipogenesis plays a pivotal role in the develop-
ment of human HCC [53].The AKT-mTORC1-S6K1 pathway
facilitated lipogenesis via posttranscriptional and transcrip-
tional mechanisms. In a NASH liver, activation of AKT
and the mTOR pathway in turn triggered the development
of HCC [54]. mTORC1 is crucial for the activation of
the sterol regulatory element-binding proteins (SREBPs),
primary transcription factors regulating genes involved in
lipid and sterol synthesis [55, 56]. For example, fatty acid
synthase (FAS) is encoded by a target gene of SREBP and is
upregulated in some human cancers [57]. Overexpression of
FAS is an early phenomenon in chemically, spontaneous, and
hormonally induced rat hepatocarcinogenesis that was found
to be associated with the activation of PI3K-Akt pathway [58,
59]. In addition, mTOR pathway can upregulate glycolysis
in HCC [60]. It is crucial to the transcriptional regulation
of glucose transporters and various rate-limiting glycolytic
enzymes such as pyruvate kinase M2 (PKM2) [61]. The
levels of PKM2 expression are upregulated in human cancer
cells to stimulate the transactivation of glycolytic genes [62–
65]. Transcription factors including HIF𝛼 and c-Myc are
important to such transactivation effect of mTOR signaling
[66, 67].

5. mTOR Inhibitors for HCC Treatment

mTOR inhibitors inhibit mTOR complex 1 (mTORC1)
mainly through interacting with FK506-binding protein 12

(FKBP12). At present, there are 3 analogues of rapamycin
with potent biological properties and pharmacokinetics have
been tested in clinical trials, RAD001 (everolimus), CCI-
779 (temsirolimus), and AP23573 (deforolimus). RAD001
(everolimus) is an orally bioavailable analogue and CCI-779
(temsirolimus) is a soluble ester analogue while AP23573
(deforolimus) is a nonprodrug analogue of rapamycin.mTOR
inhibitors have been tested successfully in clinical trials for
their antineoplastic potency and well tolerability in different
malignancies, including renal cell carcinoma, pancreatic neu-
roendocrine tumors, subependymal giant cell astrocytomas,
and breast cancer [68–72].

mTOR inhibition significantly reduces HCC growth
and improves survival primarily via antiangiogenesis. After
the treatment of mTOR inhibitor sirolimus for 4 weeks,
rats implanted with hepatoma cells had significantly longer
survival and developed smaller tumors, fewer extrahepatic
metastases, and less ascites than controls [73]. Sirolimus
treatment reduced intratumor microvessel density, leading
to extensive necrosis. Moreover, vascular sprouting and tube
formation of aortic rings were also impaired.

Basically, mTOR inhibitors are well tolerated. To eval-
uate the best dosing schedules, thirty-nine patients with
locally advanced or metastatic HCC (Child-Pugh class A
or B) were enrolled in an open-label phase 1 study and
randomly assigned to daily (2.5–10mg) or weekly (20–70mg)
everolimus in a standard 3 + 3 dose-escalation design. Dose-
limiting toxicities (DLTs) occurred in five of 21 patients in
the daily and two of 19 patients in the weekly cohort. Daily
and weekly maximum tolerated doses (MTDs) were 7.5mg
and 70mg, respectively. Grade 3/4 adverse events with a ≥
10% incidence were thrombocytopenia, hypophosphatemia,
and alanine transaminase (ALT) elevation. In four hepatitis
B surface antigen- (HBsAg-) seropositive patients, grade 3/4
ALT elevations were accompanied by significant increases in
serumHBV levels.The incidence of hepatitis flare in HBsAg-
seropositive patients with andwithout detectable serumHBV
DNA before treatment was 46.2% and 7.1%, respectively.

Another phase 1 trial of temsirolimus combined with
sorafenib showed that the maximum-tolerated dose (MTD)
was temsirolimus 10mg weekly plus sorafenib 200mg twice
daily [74]. Grade 3 or 4 adverse events were hypophos-
phatemia, infection, thrombocytopenia, hand-foot skin reac-
tion (HFSR), and fatigue. There is another trial that showed
that the MTD of everolimus in combination with standard-
dose sorafenib was 2.5mg daily [75]. Most common adverse
events are diarrhea, HFSR, and thrombocytopenia.

The randomised clinical trial to compare two everolimus
dosing schedules showed 7.5mg better than 70mg daily in
patients with HCC. Disease control rates in the daily and
weekly cohorts were 71.4% and 44.4%, respectively [76].
Treatment of HCC patients withmTOR inhibitors can induce
temporary PR (partial response) or SD (stable disease) [77].
In 21 advanced HCC patients treated with sirolimus once
daily, one had PR and five had SD at 3 months. The median
survival was 6.5 months (0.2–36 months).

Interestingly, the intraliver and intra-abdominal growths
of patient-derived hepatocellular carcinoma xenografts
were inhibited by bevacizumab plus rapamycin treatment to
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a significantly greater degree than bevacizumab or rapamycin
monotherapy [78]. Reductions in tumor growth by
bevacizumab plus rapamycinwere associatedwith reductions
in tumor microvessel density as well as the expression of
VEGF, cyclin D1, and cyclin B1. Eventually, mouse survival
was greatly prolonged after the combination treatment.

In addition, mTOR inhibitor can suppress tumor growth
and sensitize tumor cell to chemotherapy or other target
therapy [79–82]. For example, RAD001 alone can repress cell
proliferation but not induce apoptosis. However, RAD001 in
combination with cisplatin can induce a remarkable increase
in the number of apoptotic cells both in vitro and in vivo
by downregulating the expression of prosurvival molecules
such as Bcl-2 and survivin [79]. Similarly, the combination
of rapamycin with doxorubicin displayed better anticancer
effect compared to either of the single agent treatments
[83]. Moreover, mTOR inhibitor attenuated the doxorubicin-
induced inhibition of endothelial cell proliferation. For
example, doxorubicin can stimulate expression of p21 which
was reversed by the addition of rapamycin. Furthermore,
mTOR can inhibit HCC development in synergy with many
other anticancer agents such as 5-fluorouracil (5-Fu) [81],
microtubule inhibitors [84], and vinblastine [82]. In addition
to chemotherapy drugs, target therapy agents such as pro-
teasome inhibitor, bortezomib, can synergize with rapamycin
to reduce growth, repress mobility, and induce apoptosis of
HCC cells [85]. Another phase 1 trial of temsirolimus com-
bined with sorafenib showed that the maximum-tolerated
dose (MTD) was temsirolimus 10mg weekly plus sorafenib
200mg twice daily [74]. Grade 3 or 4 adverse events were
hypophosphatemia, infection, thrombocytopenia, hand-foot
skin reaction (HFSR), and fatigue. Two of 25 patients had
a PR and 15 of 25 had SD. There is another trial that
showed that the MTD of everolimus in combination with
standard dose sorafenib was 2.5mg daily [75]. Median time
to progression was 4.5 months and overall survival was 7.4
months. Most common adverse events are diarrhea, HFSR,
and thrombocytopenia. In addition to chemotherapy and
target therapy, the effect of radiation therapy can also be
augmented by mTOR inhibitors. For example, RAD001, at
clinically relevant nanomolar concentrations, enhanced the
efficacy of radiation inHCCcells.The induction of autophagy
may account for this effect [86].

Although mTOR inhibitors have shown great potential
for the treatment of HCC patients, surrogate biomarkers are
necessary to identify suitable patients so as to improve clinical
efficacy and prevent drug resistance. For example, rapamycin
can activate PI3K-Akt in an insulin-like growth factor-
dependent manner by relieving S6K1-dependent inhibitory
phosphorylation of IRS-1, thus preventing IRS-1 degrada-
tion and enhancing PI3K activation. Rapamycin can inhibit
S6K1-dependent IRS-1 serine phosphorylation, increase IRS-
1 protein levels, and promote association of tyrosine-
phosphorylated IRS-1 with PI3K [87]. Such a negative
feedback regulation is important to maintain homeostasis.
However, the disruption of this negative feedback by mTOR
inhibitors may attenuate the therapeutic effect. Fortunately,
there are also some agents that havemultiple targets including
mTOR and PI3K. For example, NVP-BEZ235 is a dual

inhibitor of PI3K and mTOR. It can decrease the levels of p-
Akt and p-S6K and repress cell proliferation in HCC cell lines
[88]. Moreover, it can repress tumor growth without loss of
body weight. Interestingly, combination of everolimus with
NVP-BEZ235 can synergistically suppress the proliferation
of HCC cells [89]. PI-103, a dual PI3K/mTOR inhibitor,
in combination with sorafenib can effectively inhibit the
proliferation of HCC cells by blocking both Ras/Raf/MAPK
and PI3K/Akt/mTOR pathways [90].

6. Conclusions and Perspectives

mTOR plays an important role in viral hepatitis and HCC
development. mTOR inhibitors can repress cell growth both
in vitro and in vivo. Preliminary clinical trials indicated that
mTOR inhibitors alone or in combination with cytotoxic
drugs or targeted therapy drugs can improve clinical out-
comes of HCC patients. However, no RCTs have proven the
benefits of everolimus treatment in HCC. Novel biomarkers
are warranted to identify suitable HCC patients who may
benefit from the treatment of mTOR inhibitors. Although the
most common adverse events are tolerated, it is noteworthy
that mTOR is associated with HBV virus replication and
mTOR inhibitors may cause hepatitis B reactivation. HCC
cells are prone to develop multiple drug resistance due to
the heterogeneity and fragile genome. Therefore, the combi-
nation of mTOR inhibitors with conventional chemotherapy
drugs and target therapy agentsmight be a promising strategy
for the future application of mTOR inhibitors.
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[55] K. Düvel, J. L. Yecies, S. Menon et al., “Activation of a metabolic
gene regulatory network downstream of mTOR complex 1,”
Molecular Cell, vol. 39, no. 2, pp. 171–183, 2010.

[56] T. Porstmann, C. R. Santos, B. Griffiths et al., “SREBP activity
is regulated by mTORC1 and contributes to Akt-dependent cell
growth,” Cell Metabolism, vol. 8, no. 3, pp. 224–236, 2008.

[57] J. A. Menendez and R. Lupu, “Fatty acid synthase and the
lipogenic phenotype in cancer pathogenesis,” Nature Reviews
Cancer, vol. 7, no. 10, pp. 763–777, 2007.

[58] T. van de Sande, T. Roskams, E. Lerut et al., “High-level expres-
sion of fatty acid synthase in human prostate cancer tissues is
linked to activation and nuclear localization of Akt/PKB,” The
Journal of Pathology, vol. 206, no. 2, pp. 214–219, 2005.

[59] T. van de Sande, E. de Schrijver, W. Heyns, G. Verhoeven,
and J. V. Swinnen, “Role of the phosphatidylinositol 3-
kinase/PTEN/Akt kinase pathway in the overexpression of fatty
acid synthase in LNCaP prostate cancer cells,” Cancer Research,
vol. 62, no. 3, pp. 642–646, 2002.

[60] M. Evert, D. F. Calvisi, K. Evert et al., “V-AKTmurine thymoma
viral oncogene homolog/mammalian target of rapamycin acti-
vation induces a module of metabolic changes contributing to
growth in insulin-induced hepatocarcinogenesis,” Hepatology,
vol. 55, no. 5, pp. 1473–1484, 2012.

[61] B. Chaneton and E. Gottlieb, “Rocking cell metabolism: revised
functions of the key glycolytic regulator PKM2 in cancer,”
Trends in Biochemical Sciences, vol. 37, pp. 309–316, 2012.

[62] J. D. Dombrauckas, B. D. Santarsiero, andA.D.Mesecar, “Struc-
tural basis for tumor pyruvate kinase M2 allosteric regulation
and catalysis,” Biochemistry, vol. 44, no. 27, pp. 9417–9429, 2005.

[63] S. Mazurek, “Pyruvate kinase type M2: a key regulator within
the tumour metabolome and a tool for metabolic profiling of
tumours,” in Oncogenes Meet Metabolism, pp. 99–124, Springer,
2008.

[64] W. Yang, Y. Xia, D. Hawke et al., “PKM2 phosphorylates histone
H3 and promotes gene transcription and tumorigenesis,” Cell,
vol. 150, pp. 685–696, 2012.

[65] W. Luo, H. Hu, R. Chang et al., “Pyruvate kinase M2 is a PHD3-
stimulated coactivator for hypoxia-inducible factor 1,” Cell, vol.
145, no. 5, pp. 732–744, 2011.

[66] J. D. Gordan, C. B. Thompson, and M. C. Simon, “HIF and c-
Myc: sibling rivals for control of cancer cell metabolism and
proliferation,” Cancer Cell, vol. 12, no. 2, pp. 108–113, 2007.

[67] M. J. West, M. Stoneley, and A. E. Willis, “Translational induc-
tion of the c-myc oncogene via activation of the FRAP/TOR
signalling pathway,” Oncogene, vol. 17, no. 6, pp. 769–780, 1998.

[68] G. R. Hudes, A. Berkenblit, J. Feingold, M. B. Atkins, B. I. Rini,
and J. Dutcher, “Clinical trial experience with temsirolimus
in patients with advanced renal cell carcinoma,” Seminars in
Oncology, vol. 36, supplement 3, pp. S26–S36, 2009.

[69] R. J.Motzer, B. Escudier, S.Oudard et al., “Efficacy of everolimus
in advanced renal cell carcinoma: a double-blind, randomised,
placebo-controlled phase III trial,”TheLancet, vol. 372, no. 9637,
pp. 449–456, 2008.

[70] J. C. Yao, M. H. Shah, T. Ito et al., “Everolimus for advanced
pancreatic neuroendocrine tumors,” The New England Journal
of Medicine, vol. 364, no. 6, pp. 514–523, 2011.

[71] D. A. Krueger, M. M. Care, K. Holland et al., “Everolimus for
subependymal giant-cell astrocytomas in tuberous sclerosis,”
The New England Journal of Medicine, vol. 363, no. 19, pp. 1801–
1811, 2010.



BioMed Research International 9

[72] J. Baselga, M. Campone, M. Piccart et al., “Everolimus in
postmenopausal hormone-receptor-positive advanced breast
cancer,” The New England Journal of Medicine, vol. 366, no. 6,
pp. 520–529, 2012.

[73] D. Semela, A.-C. Piguet, M. Kolev et al., “Vascular remodeling
and antitumoral effects of mTOR inhibition in a rat model of
hepatocellular carcinoma,” Journal of Hepatology, vol. 46, no. 5,
pp. 840–848, 2007.

[74] R. K. Kelley, H. S. Nimeiri, P. N. Munster et al., “Temsirolimus
combined with sorafenib in hepatocellular carcinoma: a phase I
dose-finding trial with pharmacokinetic and biomarker corre-
lates,” Annals of Oncology, vol. 24, pp. 1900–1907, 2013.

[75] R. S. Finn, R. T. Poon, T. Yau et al., “Phase I study investigating
everolimus combined with sorafenib in patients with advanced
hepatocellular carcinoma,” Journal of Hepatology, vol. 59, no. 6,
pp. 1271–1277, 2013.

[76] H. S. Shiah, C. Y. Chen, C. Y. Dai et al., “Randomised clin-
ical trial: comparison of two everolimus dosing schedules in
patients with advanced hepatocellular carcinoma,” Alimentary
Pharmacology &Therapeutics, vol. 37, pp. 62–73, 2013.

[77] M. Rizell, M. Andersson, C. Cahlin, L. Hafström, M. Olausson,
and P. Lindnér, “Effects of the mTOR inhibitor sirolimus
in patients with hepatocellular and cholangiocellular cancer,”
International Journal of Clinical Oncology, vol. 13, no. 1, pp. 66–
70, 2008.

[78] H. Huynh, P. K. H. Chow, N. Palanisamy et al., “Bevacizumab
and rapamycin induce growth suppression in mouse models of
hepatocellular carcinoma,” Journal of Hepatology, vol. 49, no. 1,
pp. 52–60, 2008.

[79] K. H. Tam, Z. F. Yang, C. K. Lau, C. T. Lam, R. W. C. Pang, and
R. T. P. Poon, “Inhibition of mTOR enhances chemosensitivity
in hepatocellular carcinoma,” Cancer Letters, vol. 273, no. 2, pp.
201–209, 2009.

[80] A.-C. Piguet, D. Semela, A. Keogh et al., “Inhibition of mTOR
in combination with doxorubicin in an experimental model of
hepatocellular carcinoma,” Journal of Hepatology, vol. 49, no. 1,
pp. 78–87, 2008.

[81] X. Bu, C. Le, F. Jia et al., “Synergistic effect of mTOR inhibitor
rapamycin and fluorouracil in inducing apoptosis and cell
senescence in hepatocarcinoma cells,” Cancer Biology andTher-
apy, vol. 7, no. 3, pp. 392–396, 2008.

[82] Q. Zhou, V. W. Y. Lui, C. P. Y. Lau et al., “Sustained anti-
tumor activity by co-targeting mTOR and the microtubule
with temsirolimus/vinblastine combination in hepatocellular
carcinoma,” Biochemical Pharmacology, vol. 83, no. 9, pp. 1146–
1158, 2012.

[83] A.-C. Piguet, D. Semela, A. Keogh et al., “Inhibition of mTOR
in combination with doxorubicin in an experimental model of
hepatocellular carcinoma,” Journal of Hepatology, vol. 49, no. 1,
pp. 78–87, 2008.

[84] D. J. VanderWeele, R. Zhou, and C. M. Rudin, “Akt up-
regulation increases resistance to microtubule-directed
chemotherapeutic agents through mammalian target of
rapamycin,” Molecular Cancer Therapeutics, vol. 3, no. 12, pp.
1605–1613, 2004.

[85] C. Wang, D. Gao, K. Guo et al., “Novel synergistic antitumor
effects of rapamycin with bortezomib on hepatocellular carci-
noma cells and orthotopic tumor model,” BMC Cancer, vol. 12,
article 166, 2012.

[86] A. Altmeyer, E. Josset, J. M. Denis et al., “The mTOR inhibitor
RAD001 augments radiation-induced growth inhibition in a

hepatocellular carcinoma cell line by increasing autophagy,”
International Journal of Oncology, vol. 41, pp. 1381–1386, 2012.

[87] A. Soni, A. Akcakanat, G. Singh et al., “eIF4E knockdown
decreases breast cancer cell growth without activating Akt
signaling,”Molecular CancerTherapeutics, vol. 7, no. 7, pp. 1782–
1788, 2008.

[88] M. Masuda, M. Shimomura, K. Kobayashi, S. Kojima, and
T. Nakatsura, “Growth inhibition by NVP-BEZ235, a dual
PI3K/mTOR inhibitor, in hepatocellular carcinoma cell lines,”
Oncology Reports, vol. 26, no. 5, pp. 1273–1279, 2011.

[89] H. E. Thomas, C. A. Mercer, L. S. Carnevalli et al., “mTOR
inhibitors synergize on regression, reversal of gene expression,
and autophagy in hepatocellular carcinoma,” Science Transla-
tional Medicine, vol. 4, Article ID 139ra84, 2012.

[90] R. Gedaly, P. Angulo, J. Hundley et al., “PI-103 and sorafenib
inhibit hepatocellular carcinoma cell proliferation by blocking
Ras/Raf/MAPK and PI3K/AKT/mTOR pathways,” Anticancer
Research, vol. 30, no. 12, pp. 4951–4958, 2010.


