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A B S T R A C T

The mechanistic target of rapamycin (mTOR) pathway coordinates organismal growth and homeostasis in re-
sponse to growth factors, nutrients, and cellular energy stage. The pathway regulates several major cellular
processes and is implicated in various pathological conditions, including hepatocellular carcinoma (HCC). This
review summarizes recent advances of the mTOR pathway, highlights the potential of the mTOR pathway as a
therapeutic target, and explores clinical trials targeting the mTOR pathway in HCC. Although the review focuses
on the mTOR pathway involved in HCC, more comprehensive discussions (eg, developing a rational design for
future trials targeting the mTOR pathway) are also applicable to other tumors.

1. Introduction

Hepatocellular carcinoma (HCC), accounting for 70–90% of all
primary liver cancer, represents the sixth most frequent cancers, and
ranks the fourth most prevalent cause of cancer-related mortality
worldwide [1]. Hepatitis B and C virus infection, aflatoxin B1 exposure,

excessive alcohol consumption, obesity, and some inherited metabolic
disorders are generally considered to be major risk factors in HCC de-
velopment [2]. Over the past decades, several families of signaling
cascades, such as the EGFR (epidermal growth factor receptor)
pathway, the c-Met/hepatocyte growth factor pathway, the Hedgehog
pathway, the Ras/Raf/MAPK (mitogen-activated protein kinase)
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pathway, the Wnt pathway, and the PI3K (phosphoinositide 3-kinase)/
Akt (protein kinase B)/mTOR (mechanistic target of rapamycin, ori-
ginally known as mammalian target of rapamycin) pathway, have been
identified aberrant activation in the development and progression of
HCC [3].

mTOR responds to various environmental factors, and regulates
diverse cellular functions, including proliferation, survival, growth,
autophagy, metabolism, metastasis, and angiogenesis [4]. Growing
evidence suggests that imbalanced mTOR expression is one of the most
commonly observed pathological alterations in human malignancies
including HCC, which highlights the potential of the mTOR pathway as
an effective pharmacological target in anti-tumor therapy. To elucidate
the significance of the pathway, excellent reviews have highlighted
their role in any number of cancers [4–6].

Here we summarize current understanding of the fast-evolving field
of the mTOR pathway in the context of molecular pathogenesis, bio-
logical effects, as well as crosstalk with non-coding RNAs and signaling
pathway in HCC. We also explore therapeutic targets and clinical trials
targeting the mTOR pathway for this deadly disease.

2. Discovery of the mTOR pathway and its regulation

Rapamycin, a lipophilic macrolide, is extracted from an organism
(Streptomyces hygroscopicus) isolated from soil samples of Easter Island
[7]. In the early 1990s, Heitman and his colleagues discovered target of
rapamycin 1 (TOR1) and TOR2 genes functioning in rapamycin toxicity
using genetic screening in budding yeast [8]. Soon afterwards, a 289-
kDa protein was identified in mammalian cells and named mTOR
[9–11]. The mTOR protein shares approximately 45% homology to
both TOR1 and TOR2 of Saccharomyces cerevisiae, while mTOR proteins
in human, rat and mouse share over 95% homology in the amino acid
sequence [11,12], which indicates its evolutionary conservation across
species.

mTOR belongs to a protein family termed PI3K-related kinase, and
forms the core of two distinct multiprotein signaling complexes, mTOR
complex 1 (mTORC1) and mTORC2, both of which contain shared and
unique subunits (Fig. 1). Both mTOR complexes contain mTOR, mLST8
(mammalian lethal with sec-13 protein 8, also known as G-protein β-
subunit−like protein (GβL)), and DEPTOR (DEP domain-containing
mTOR-interacting protein) [6]. The scaffolding protein Raptor (protein
regulatory-associated protein of mTOR) and PRAS40 (prolinerich Akt
substrate 40 kDa) are unique to mTORC1 [6], while the scaffolding
protein Rictor (rapamycin-insensitive companion of mTOR), mSin1
(mammalian stress-activated map kinase-interacting protein 1), and
Protor1/2 (protein observed with Rictor 1 and 2) are specific to
mTORC2 [6].

As diverse subunits exist, the mechanisms underlying activation of
mTORC1 and mTORC2 are distinct (Fig. 1). mTORC1 is activated by
growth factors, amino acids, oxygen status, and energy levels, while
inhibited by stress and rapamycin in response to both intra- and ex-
tracellular stimuli [4]. Once activated, mTORC1 directly targets its
downstream targets including SREBP (sterol regulatory element-
binding protein), S6K (S6 kinase), 4EBP1 (4E binding protein 1), and
autophagy components to stimulate energy metabolism, protein and
lipid synthesis, as well as to block autophagy [4]. In addition, RHEB
(ras homologue enriched in brain), Rag, TSC1/2 (tuberous sclerosis 1
and 2), and AMPK (AMP-activated protein kinase) also exert unique
functions as mTORC1 upstream regulators [13]. RHEB and Rag posi-
tively regulate mTORC1 activation, while TSC1/2 and AMPK function
as its upstream negative regulators [13]. It should be noted that PI3K,
Akt, and PTEN (phosphatase and tensin homologue) as indirect up-
stream regulators of mTORC1, also play pivotal roles in the mTOR
pathway. The PI3K/Akt pathway activated by growth factors or cyto-
kines positively regulates the mTORC1 pathway through suppressing
TSC1/2; while PTEN negatively modulates this pathway through in-
hibiting the PI3K pathway [4].

In contrast to mTORC1, mTORC2 is insensitive to nutrients but
largely responsive to growth factors [14,15]. Insulin stimulates the
association of mTORC2 with ribosome via the PI3K pathway [16]. Upon
activation of mTORC2, its major downstream targets such as SGK
(serum/glucocorticoid regulated kinase), Akt and PKC (protein kinase
C), are phosphorylated to regulate multiple cellular processes including
cell survival, metabolism and cytoskeleton organization [4,17]. How-
ever, the tangible mechanism on mTORC2 under physiological condi-
tions is still less understood.

3. Alterations of the mTOR pathway in HCC

Alterations in the mTOR pathway are common and pivotal in the
context of tumorigenesis. The canonical examples are tuberous sclerosis
complex (TSC) and the Peutz-Jeghers syndrome, both of which are
tumor-predisposing syndromes resulting from TSC1/2 mutation in the
former and liver kinase B1 (LKB1) defective in the latter [18,19].

Dysregulation of the mTOR pathway is also a frequent case in HCC.
mTOR mRNA level is upregulated in>50% of HCC cases [20], and
phosphorylated mTOR (p-mTOR) protein in 15–41% of HCC patients
[21,22]. Activation of Rictor, a constituent of mTORC2, occurred in
25% of HCC cases [23]. Further, our previous studies and others
showed that downstream targets of mTORC1, including phosphorylated
ribosomal protein S6 kinase B1 (p-S6K1), phosphorylated 4EBP1 (p-
4EBP1) and eukaryotic translation initiation factor 4E (eIF4E), increase
in 37–49% of HCC cases [21,23,24].

A number of studies suggested that aberrant regulation of the mTOR
pathway exerts oncogenic effects in hepatocytes, subsequently trans-
forming them into cancer cells. These findings are supported by results
from liver-specific TSC1 knockout mice in which chronic mTORC1 ac-
tivation initiates sporadic development of pathological characteristics
(including inflammation, necrosis, liver damage, and regeneration)
[25], and from Raptor-deleted mice where mTORC1 inactivation im-
pairs c-Myc− induced hepatocarcinogenesis [26]. The precise me-
chanisms whereby mTORC2 modulated hepatocarcinogenesis have re-
mained poorly understood for a long time. However, recent studies
demonstrated that mTORC2 promotes hepatocarcinogenesis through
modulating lipid synthesis [27,28], and plays an oncogenic role in
PTEN-knockout combined with c-Met−overexpression mice [29].

The underlying mechanism of the mTOR pathway dysfunction is
still unknown in HCC. Generally, alterations in copy numbers or so-
matic mutations of PTEN and/or phosphoinositide 3-kinase catalytic
subunit alpha (PIK3CA) are regarded as major factors in many cancers,
such as gastric, breast, and colon cancers [5,30–33]. However, it's not
the case in HCC. PTEN mutation was only found in 1–3.1% of HCC
samples [23,34–36], as well as a low mutation rate of PIK3CA (0–1.6%)
[23,35,37,38], phosphoinositide 3-kinase catalytic subunit beta isoform
(PIK3CB; 3.1%) [34] and ribosomal protein S6 kinase A3 (RPS6KA3;
also known as RSK2; 5.2–9.6%) was also found in HCC [34,38]. Cur-
rently, the most frequently mutated genes in the mTOR pathway of HCC
cases were TSC1/2 (16.2%; Fig. 1) [34].

Increasing evidence supports a ligand-dependent mechanism for
delineating activation of upstream receptor kinases in the mTOR
pathway, such as EGFR in 68% of HCC cases [39], c-Met in 83% of HCC
[40], insulin-like growth factor 1 receptor (IGF1R) in 68.7% of HCC
[23]. In contrast, low or no expression of PTEN, another upstream
regulator of mTOR, was found in 47% of HCC cases [21]. Significantly,
positive correlations between upregulated EGFR or IGF1R and down-
regulated PTEN were recognized in the activation of the mTOR
pathway in HCC [21,23].

Other factors have also been reported to participate in alterations of
the mTOR pathway in HCC, including hepatitis virus infection and the
interaction between the mTOR pathway and the Hippo pathway
(Fig. 1). Hepatitis B virus X (HBx) protein, a key player in the devel-
opment of hepatitis B virus (HBV)-related HCC, inhibited phosphory-
lated tuberous sclerosis 1 (p-TSC1), upregulated p-S6K1 [41] and
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activated hematopoietic pre–B-cell leukemia transcription factor-inter-
acting protein (HPIP)-mediated mTOR pathway [42]. HBx-stimulated
α-fetoprotein (AFP) exerted its oncogenic function in hepatocytes via
activating the PI3K/mTOR pathway [43]. HBV pre-S mutants could also
activate the Akt/mTOR pathway and accelerate cell proliferation
through upregulating vascular endothelial growth factor (VEGF) re-
ceptor-2 [44]. Furthermore, hepatitis C virus (HCV) has been reported
to increase N-Ras, an activator of the PI3K/Akt pathway, contributing
to a 4-fold increase of phosphorylated AKT (p-Akt) in HCC cells [45].
Another study provided strong evidence that HCV increases mTOR, p-
mTOR and p-4EBP1 levels in HCC cells [46]. In addition, Yes-associated
protein 1 (YAP1) and transcriptional coactivator with PDZ-binding
domain (TAZ), central effectors of the Hippo pathway, mediated acti-
vation of mTOCR1 through overexpression of SLC38A1 and SLC7A5
[47].

Overall, alterations in the mTOR pathway are frequent events in
HCC, yet the underlying mechanism remains to be an elusive goal.
Hepatitis virus B or C infection, and the interaction between the mTOR
pathway and the Hippo pathway are all implicated in contributing to
the mTOR pathway activation, providing new clues for further ex-
ploring its mechanisms at molecular levels.

4. The mTOR pathway in cancer phenotypes

A growing number of studies suggest that proteins in the mTOR
pathway are activated with high frequency during progression toward

malignancy, and seem to have regulatory roles in a variety of cellular
function in cancer cells, such as proliferation, survival, metastasis, au-
tophagy, metabolism and drug resistance (Fig. 1). It is thus believed
that understanding the mTOR pathway in tumor progression will help
develop novel anti-tumor therapy strategies.

4.1. Growth and proliferation

Cell growth and proliferation are regulated by several signaling
pathways in response to environmental stimuli, such as growth factors,
nutrients, and hormones. However, dysregulations in these pathways
result in the development of multiple cancers [48]. Several studies,
including HCC, have revealed that mTORC1 promotes cell growth and
proliferation largely by directly phosphorylating ribosomal protein S6
kinase B1 (S6K1) and 4EBP1 [49–52]. The activation of S6K1 positively
regulates cell growth and proliferation via phosphorylating its substrate
ribosomal protein S6 (RPS6), thereby contributing to increased mRNA
translation characterized by a 5′ olygopyrimidine tract [13]. Phos-
phorylation of 4EBP1 promotes its dissociation from eIF4E, resulting in
initiation of cap-dependent translation to affect cell growth and pro-
liferation [4,53].

4.2. Autophagy

Autophagy participates in routine degradation of cell components
and is strongly induced under stress conditions, such as nutrient
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Fig. 1. Schematic illustration of major factors and
actions of the mTOR pathway. The major mTORC1
upstream regulators include RHEB, Rag, TSC1/2,
AMPK, PI3K, Akt, and PTEN. Among these, TSC1/2
is a key upstream regulator of mTORC1. Multiple
growth factors, including Wnt, TNFα, and insulin
and insulin-like growth factor-1 (IGF-1) that activate
the PI3K and Ras pathways, stimulate mTORC1
through inhibiting TSC1/2. Intracellular and en-
vironmental stresses, including DNA damage, hy-
poxia and energy deficit, suppress mTORC1 through
activating TSC1/2. mTORC1 acts on its downstream
targets (including S6K, 4EBP1, SREBP, HIF-1α and
autophagy components) to modulate cell growth,
proliferation, apoptosis, lipid synthesis, glycolysis,
angiogenesis and autophagy in HCC. Besides, HBV,
HCV and YAP/TAZ can function as mTORC1 up-
stream positive regulators in HCC. In contrast to
mTORC1, the only well-characterized knowledge
about the upstream regulators of mTORC2 is that
insulin stimulates the association of mTORC2 with
ribosome via the PI3K pathway. Upon activation of
mTORC2, its major downstream targets (such as
SGK, Akt and PKC), are phosphorylated to regulate
cell survival, metabolism, and cytoskeleton organi-
zation. Genetic mutation rate> 5% in mTOR
pathway of HCC are labeled in orange, and tumor
suppressors in green.
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starvation [54]. A variety of malignant tumors, including HCC, often
present defects in autophagy accompanied by activation of the PI3K/
mTOR pathway [4]. Chronic activation of mTORC1 induces autophagy
inhibition and unresolved endoplasmic reticulum stress which trigger
hepatocyte damage and HCC progression in a liver-specific TSC1-
knockout mice model [25]. Moreover, hydrogen sulfide accelerates
autophagy of HCC cells through suppressing the expression of p-PI3K,
p-Akt and mTOR, which mimics the effect of rapamycin [55].

However, how the mTOR pathway controls HCC autophagy and
what kind of roles autophagy plays in HCC development remain mys-
teries. Autophagy induced by mTOR inhibitors may block the devel-
opment and recurrence of HCC, especially in HCC patients with a
background of hepatitis virus infection and constant DNA damage [56].
On the contrary, autophagy may induce the development and pro-
gression of HCC through assisting cancer cells in fighting against cel-
lular stresses (such as DNA damage, nutrient deprivation and hypoxia)
and chemotherapy drugs [57,58], suggesting that combining mTOR
inhibitors with autophagy inhibitors may improve efficacy in HCC
treatment.

4.3. Metabolism

Metabolic changes have been generally regarded as a hallmark of
cancer [59]. Activation of the mTOR pathway in liver influences whole-
body energy homeostasis, including glycolysis and lipid metabolism
[60,61]. Multiple studies in HCC have demonstrated that mTORC1
enhances glucose uptake and glycolysis by promoting hypoxia-in-
ducible factor-1 alpha (HIF-1α) expression through inhibition of 4EBP1
[60,62], and by increasing HIF-1α activity through RHEB-mediated
mTORC1 activation during hypoxia [63]. Moreover, mTORC1 promotes
lipid biosynthesis through phosphorylating either S6K1 or lipin 1 to
increase SREBP expression [60,62,64–66]. As to mTORC2, it activates
fatty acid and lipid synthesis, resulting in steatosis and hepatocarci-
nogenesis [27]. However, the precise mechanism on how mTORC2
promotes lipid synthesis in HCC remains to be defined.

4.4. Angiogenesis

Angiogenesis goes hand in hand with HCC progression [67]. Com-
pared with non-HCC tissues, the number and immuostaining intensity
of p-S6K1− and p-Akt−positive sinusoidal endothelial cells are
markedly upregulated in HCC tissues, indicating an important role of
the mTOR pathway in HCC angiogenesis [68]. Liver fatty acid-binding
protein upregulates HIF-1α and VEGF (a downstream molecule of HIF-
1α) to facilitate HCC angiogenesis via the mTOR pathway [69]. Con-
versely, accompanied with blockade of mTOR activity, expression of
HIF-1α and VEGF is significantly reduced in HCC cells [70]. mTORC1-
mediated activation of HIF-1α seems to be regarded as a mechanism in
HCC angiogenesis [60,63].

4.5. Apoptosis

Apoptosis plays a critical role in the growth of cancers. The ex-
pression of antiapoptotic proteins, Bcl-2 and myeloid cell leukemia-1
(Mcl-1), is up-regulated in the PIK3CA/AKT/mTOR-activated HCC
cells, which protect against c-Myc−induced apoptosis [71]. Bcl-2 is
downregulated and the proapoptotic protein Bax is up-regulated in
mTOR pathway-inhibited HCC cells, which induce hepatocyte apoptosis
[72]. By promoting translation of these anti-apoptotic mRNAs, eIF4E-
dependent translation is regarded as an underlying mechanism of the
mTOR pathway in HCC apoptosis [73].

4.6. Metastasis

Alterations in the mTOR pathway contribute to invasion and me-
tastasis, which is the main cause for treatment of failure and relapse in

HCC. Up-regulation of p-mTOR and Akt, as well as loss of PTEN, are
significantly associated with intrahepatic metastasis and vascular in-
vasion in HCC patients [74]. Several studies further proved that
mTORC1 enhances HCC metastasis through promoting the expression
of matrix metalloproteinase 9 (MMP9) [74–76] and Golgi protein 73
[52]. Conversely, suppression of mTORC1 reduces HCC metastasis
through suppressing the expression of MMP9 and HIF-1α [77,78]. In
addition, mTORC2 is also involved in HCC metastasis via enhancing Akt
phosphorylation at Ser473 [79]. How the mTOR pathway promotes the
expression of these pro-metastatic proteins remains to be clarified.

4.7. Chemoresistance

Currently, there is no effective chemotherapy for HCC patients due
to drug resistance. Sorafenib is an oral multi-kinase inhibitor with
survival benefits in unresectable HCC. Activation of the mTOR pathway
predicts poor response to sorafenib [57,80], as well as unresponsiveness
of metformin [81] and aspirin [82] in HCC. Suppression of mTORC1 or
mTORC2 could enhance sensitivity of HCC cells in response to che-
motherapeutic drugs, including cisplatin [83] and doxorubicin [84,85].
Although molecular mechanisms of the mTOR pathway in che-
motherapy insensitivity have not been well established, these findings
encourage us to use the combination of mTOR inhibitors and other
drugs in HCC treatment.

Taken together, the mTOR pathway participates in multiple cellular
processes in HCC (Fig. 1). The roles of mTORC1 and its downstream
targets have been relatively well-studied in HCC, however, some results
need to be validated or further studied, such as autophagy, metastasis
and drug resistance. Although it has been showed that the activation of
mTORC2 is involved in the metastasis, metabolism and drug resistance
of HCC [27,79,82,84], the precise mechanism of how mTORC2 parti-
cipates in these processes is poorly understood. In addition, currently
there is no report regarding the role of mTORC2 in other cellular pro-
cesses in HCC.

5. Crosstalk with non-coding RNAs (ncRNAs) in HCC

Non-coding RNAs (ncRNAs) are important regulators of gene ex-
pression in a large variety of pathophysiological processes. In parti-
cular, several studies reported that ncRNAs participate in regulating
critical factors in the mTOR pathway. Indeed, a large number of
ncRNAs are not only part of genes coordinated by the mTOR pathway,
but also required by the pathway to fine-tune its response and to fully
accomplish its oncogenic and tumor suppressive roles.

5.1. Dysfunctions of microRNAs (miRNAs) and the mTOR pathway in HCC

miRNAs are a class of evolutionarily conserved, endogenous, small,
noncoding RNA molecules of approximately 22 nucleotides in length
that post-transcriptionally regulate gene expression via promoting
mRNA degradation or inhibiting translation [86]. It is suggested that
aberrant expression of miRNAs exerts pro-oncogenic or anti-oncogenic
activity involved in multiple cancers, including HCC. Here those
miRNAs that have direct and confirmed targets in the mTOR pathway
are indicated (Table 1 and Fig. 2).

As a core component of mTORC1 and mTORC2 complexes, mTOR
modulates diverse cellular processes and is targeted by several miRNAs
in HCC. miR-199a-3p down-regulates in most HCC patients and inhibits
proliferation, metastasis and drug resistance through targeting mTOR
and c-Met [85,87,88]. mTOR has also been proved to be targeted by
another four frequently downregulated miRNAs in HCC, including miR-
99a, miR-100, miR-497 and miR-758-3p [89–93]. Among these
miRNAs, miR-99a, miR-100 and miR-497 co-target mTOR and IGF1R
(an upstream receptor kinase in the mTOR pathway) [89–92], sug-
gesting a combination of these three miRNAs could be promising can-
didates for molecular therapy against HCC.
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PTEN is an essential upstream regulator of mTORC1. Upregulated
miR-494 promotes HCC cell cycle progression and metastasis by sup-
pressing PTEN, and the activated mTOR pathway is also involved in
sorafenib resistance [94]. PI3K complexes are a family of enzymes
playing positive roles in activation of the mTOR pathway. miR-7 targets
phosphoinositide 3-kinase catalytic subunit delta (PIK3CD) to down-
regulate Akt, mTOR, and S6K1, as well as to upregulate 4EBP1, thus
inhibiting HCC growth and metastasis [95]. PIK3CA, another compo-
nent of PI3K(s), is targeted by miR-124 to regulate HCC cell prolifera-
tion through the PI3KCA/Akt/mTOR pathway [96]. Both miR-132 and
miR-511 target phosphoinositide-3-kinase regulatory subunit 3
(PIK3R3) to regulate cell proliferation and metastasis via the PIK3R3/
AKT/mTOR pathway in HCC [97,98].

AKTs are the core components of the PI3K/AKT pathway due to its
phosphorylation following by activation of mTOR and various down-
stream signals. miR-149 inhibits proliferation, migration, and invasion
of HCC cells via blockade of the AKT1/mTOR pathway [99]. miR-137
targets AKT2 in the AKT2/mTOR pathway to inhibit HCC growth and
metastasis [100].

5.2. Long non-coding RNA (lncRNA) and the mTOR pathway

lncRNA often referred to the ‘dark matter’ of the genome, is an RNA
molecule consisting of> 200 nucleotides with no or little protein-en-
coding function [101]. It has attracted much attention in cancer re-
search field due to its essential role in regulating gene expression and
transcription, processing of post-transcriptional mRNA, protein activity
or localization, and intercellular signaling, as well as serving as struc-
tural RNAs [101]. Recent studies revealed that several lncRNAs parti-
cipate in HCC development through the mTOR pathway (Table 1,
Fig. 2).

The lncRNA, LINC00152, binds to EpCAM (epithelial cell adhesion
molecule) promoter leading to activation of the mTOR pathway and
plays a positive role in cell proliferation and tumor growth of HCC
[102]. The lncRNA MALAT1 (metastasis-associated lung adenocarci-
noma transcript 1) modulates the alternative splicing of S6K1 through
induction of SRSF1 (serine/arginine-rich splicing factor 1), contributing
to activation of the mTOR pathway [103]. Moreover, a recent study
showed that another lncRNA HULC (highly up-regulated in liver
cancer) activates the mTOR pathway via PTEN suppression by the
ubiquitin-proteasome system [104].

Taken together, deregulation of all these ncRNAs plays an emerging
role in activation or inactivation of the mTOR pathway, suggesting a
potential therapy for HCC. However, more work is needed to further
confirm possible applications in clinical trials, and to determine whe-
ther they represent driving events in HCC.

6. The mTOR pathway as therapeutic targets for HCC

Considering the crucial role of the mTOR pathway, it is not sur-
prising that targeting the mTOR pathway including mTOR inhibitors,
metformin and ncRNAs, has become increasingly attractive for HCC
treatment. Moreover, several mTOR inhibitors and metformin are thus
tested in clinical trials in recent years (Tables 2–5; available on http://
www.clinicaltrials.gov).

6.1. mTOR inhibitors in HCC

Rapamycin (sirolimus) is a specific mTOR inhibitor, which forms a
complex with its intracellular receptor FKBP12 to exert im-
munosuppressive and anti-tumor effects [8,9]. The mTORC1 and
mTORC2 complexes, however, show different sensitivities to rapa-
mycin, the former is sensitive; whereas the latter generally resistant [4].
Several rapamycin derivative compounds (“rapalogs”), known as first-
generation mTOR inhibitors, have also been developed (Fig. 3), in-
cluding everolimus (RAD001), temsirolimus (torisel, CCI-779), andTa
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deforolimus (MK-8669, AP23573, or ridaforolimus). However, the
therapeutic potential of rapamycin and rapalogs has been limited in
cancer treatment. One possible reason is that these inhibitors only in-
hibit mTORC1, contributing to an escaping mechanism via the PI3K-
mTORC2-AKT pathway [56]. Second, these inhibitors partially block
phosphorylation of 4EBP1 and selectively suppress phosphorylation of
mTOR Ser2481 in HCC [4,105]. Furthermore, negative feedback loops
may be activated when mTORC1 is suppressed, such as activation of the
mTORC1-MAPK feedback loop [106].

To overcome the shortcomings mentioned above, several groups
have developed small molecules, generally called second-generation
mTOR inhibitors (Fig. 3) [4]. Compared to rapalogs, a new generation
of mTOR inhibitors, functioning as ATP-competitive inhibitors of
mTOR, hinder phosphorylation of all downstream targets of mTORC1
and mTORC2. In addition, dual mTOR/PI3K inhibitors have been de-
veloped by understanding the close interaction of mTOR with the PI3K
pathway [4]. Moreover, the inhibitors of PI3K and AKT have been de-
veloped to block the upstream components of the mTOR pathway.

Several first-generation mTOR inhibitors have been approved by the
US Food and Drug Administration (FDA) in the management of cancers,
such as temsirolimus for advanced renal cell carcinoma, along with

everolimus for advanced renal cell carcinoma, HER2negative breast
cancer in combination with exemestane, renal angiomyolipoma, and
other diseases. Despite no mTOR inhibitors are clinically available for
HCC, a number of preclinical studies underscore the potentially favor-
able anti-tumor effects of mTOR inhibitors, and clinical trials are un-
derway or have recently been completed for HCC treatment (Tables
2–5).

6.2. Single mTOR inhibitor in HCC treatment

Rapamycin and rapalogs have been proved to suppress HCC devel-
opment in many preclinical studies [56], which encourages clinical
trials in HCC patients (Table 2). Three earlier clinical trials using sir-
olimus in advanced HCC patients could not draw any firm conclusions
due to different therapy schedules and fewer participants [107–109].
Two phase I/II studies using everolimus also reported disappointing
results. Only one patient achieved a partial response in each study,
while other 65 patients enrolled in these two studies had produced no
response with the maximum tolerated dose ranging from 7.5–10mg per
day [110,111]. Although one of the studies was not a randomized
control trial, encouraging anti-tumor activity was observed, with a

HCC
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HULC

miR-99a
miR-100
miR-199a-3p
miR-497
miR-758-3p

miR-7
miR-124
miR-132
miR-511
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miR-494

miR-149
miR-137

IRS

PIP2 PIP3

AKT

PTEN

PI3K

mTORC2

S6K

mTORC1 EpCAM

Fig. 2. Interaction between non-coding RNAs and the mTOR pathway in hepatocellular carcinoma. The appearance of red color reflects that the non-coding RNAs are
promising to be applied to clinical trials. HCC, hepatocellular carcinoma.

Table 2
Summary of completed and ongoing clinical trials of the single mTOR inhibitor in HCC.

Drug Study phase and
design

Patient
number

HCC stage Child-Pugh
score

Results References or trial number

Sirolimus Pilot. NR 21 I to IV (TNM) A, B, C PR: n= 1. [107]
Pilot. NR 18 B, C, D (BCLC) A, B, C No objective response. [109]
II. NR 25 B or C (BCLC) A, B CR: n=1 and PR: n=1. [108]

Everolimus I/II. NR 28 B or C (BCLC) A, B PR: n= 1. MTD=10mg/d [110]
PFS: 3.8 months

I/II. R 39 C (BCLC) A, B PR: n= 1. MTD=7.5mg/d or 70mg/wk. DLTs not reached
for weekly schedule.

[111]

III. R 546 Advanced A Failed to indicate efficacy compared to placebo. [112]
Temsirolimus I/II. NA Phase I: 19 Advanced A MTD=30mg/wk. [113]

Phase II: 36 PFS endpoint not reached.
II. NR 6 Advanced B Terminated early according to DSMB recommendations. NCT01079767
I/II. NR 46 Advanced A Completed. Not yet published. NCT01251458
II. NR 25 Advanced A, B (≤9) Unknown. NCT01567930

AZD8055 I. NR 26 Advanced NA Completed. Not yet published. NCT00999882
MK2206 II. NR 15 Advanced A Early termination for discouraging results. NCT01239355
MLN0128 I/II. R 11 Advanced A Active, not recruiting. NCT02575339

R, randomized; NR, non-randomized; TNM, tumor node metastasis; BCLC, Barcelona clinic liver cancer; PR, partial response; CR, complete response; DLTs, dose-
limiting toxicities; DSMB, Data and Safety Monitoring Board; MTD, maximum tolerated dose; PFS, progression-free survival; NA, not available.
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progression-free survival (PFS) rate at 24 weeks of 28.6% [110].
However, the Everolimus for Liver Cancer Evaluation (EVOLVE-1)
[112] and another study [113] fired the hope to use everolimus or
temsirolimus for the treatment of advanced HCC patients, ascribing the
failures partly to conducting the studies in an unselected population.
Although largely yielding negative results using rapamycin/rapalogs,
these clinical trials suggest that further studies should pay attention to
suitable patient selection based on molecular classification and pre-
dictive biomarkers.

The second-generation inhibitors including mTORC1/2 inhibitors,
AZD8055 (NCT00999882) and MLN0128 (NCT02575339), as well as
AKT inhibitor, MK-2206 (NCT01239355) are also used in clinical trials
for the treatment of HCC (Table 2). However, these clinical trials are
ongoing or have been completed with results not published yet.
Therefore, it is too early to draw any conclusions from current trials.
The ongoing clinical studies are expected to provide further evidence
whether the second-generation mTOR inhibitors is a safe therapeutic
agent for effectively treating HCC.

6.3. Combination of mTOR inhibitors with other drugs in HCC treatment

Drug resistance and compensatory activation of other signaling
pathways have been attributed to be the cause for blunted efficacy of
mTOR inhibitors. Therefore, the combinations of mTOR inhibitors with
other drugs hold great promise for HCC treatment.

The combination of everolimus and BEZ235 (a PI3K/mTOR in-
hibitor) synergistically induces tumor mitophagy (a tumor-suppressor
process in the liver) in a diethylnitrosamine-induced HCC model in
mice [114]. Moreover, several preclinical studies reported synergistic
effects of mTOR inhibitors in combination with others, such as sor-
afenib [115], bevacizumab (a vascular endothelial growth factor in-
hibitor) [116], histone deacetylase (HDAC) inhibitor [117], autophagy
inhibitors [118,119].

Such a combinatorial approach has been examined in 11 clinical
trials (Table 3). A phase I study in 24 advanced HCC patients showed
that combination of rapamycin (4mg/day) and bevacizumab (5mg/kg
every 14 days) is tolerable, three reached complete or partial response
and 14 reached stable disease in 20 evaluable cases [120]. However,
there are no phase II clinical trials to further evaluate the efficacy of this
combination for HCC treatment. In addition, several clinical trials using
a combination of rapalogs with other drugs are performed. A phase I
study combined temsirolimus with sorafenib, reached 8% partial re-
sponse and 60% stable disease in 25 patients at maximum tolerated
dose (MTD; temsirolimus 10mg/week and sorafenib 200mg twice

daily) [121]; however, the PFS (5.65 months) was similar to the results
from single-agent sorafenib in the Sorafenib Hepatocellular Carcinoma
Assessment Randomized Protocol (SHARP) trial [122]. A phase I study
combined everolimus with sorafenib had to be terminated as the MTD
for everolimus (2.5 mg/day) was too low to achieve a biologically ef-
fective concentration [123], suggesting to use an adjusted dose for this
combination in future studies. Moreover, a phase II study combined
everolimus (5mg/day) and sorafenib (400mg twice daily) in advanced
HCC patients also revealed disappointing results, reminding further
studies to attach importance to dose adjustment and patient selection
[124].

Although no conclusive trials support the combined use of second-
generation mTOR inhibitors with other drugs in HCC, these results
provide some encouraging information and favorable suggestions for
future studies. Also, a number of clinical trials have provided some
encouraging results for the treatment of other types of advanced solid
tumors [5,56]. Combining mTOR inhibitors with other drugs should
consider drug toxicity and metabolism burden, especially in patients
with severe hepatic impairment. Therefore, it is important to find ways
to circumvent these conditions and to find a comfortable dose and
frequency of administration.

6.4. mTOR inhibitors in HCC patients after liver transplantation

Immunosuppressive drugs, such as calcineurin inhibitors (cyclos-
porine A, tacrolimus, or pimecrolimus), are required for the prevention
of graft rejection after liver transplantation, however, enhanced tumor
growth is a frequent feature in preclinical investigations [125,126]. On
the contrary, mTOR inhibitors with both immunosuppressive and anti-
tumor activity have received increasing attention. Compared to other
reagents, everolimus significantly reduced expression of donor-specific
antibodies in patients after liver transplantation [127]. A meta-analysis
of five retrospective studies demonstrated that tumor recurrence was
decreased and overall survival was obviously improved in rapamycin-
treated HCC patients compared with rapamycin-free controls after liver
transplantation [128]. However, this study has several limitations, with
the most significant being not randomized and relatively small sample
size. A randomized, open-label, phase III multicenter trial (SiLVER)
found that, although rapamycin did not improve recurrence-free and
overall survival outcomes beyond 5 years, the outcomes were improved
in the first 3 to 5 years in 525 HCC patients after liver transplantation
[129].

There are also clinical studies using the combination of mTOR in-
hibitors and other drugs in HCC patients after liver transplantation. In a

Table 3
Summary of completed and ongoing clinical trials of the combination of mTOR inhibitors with other drugs in HCC.

Drug Study phase
and design

Patient
number

HCC stage Child-Pugh
score

Results References or trial
number

Rapamycin + bevacizumab I. NR 24 B or C (BCLC) A, B CR: n=1. PR: n=2. [120]
MTD=4mg/d.

Rapamycin + vorinostat I. NR 6 Advanced NA Main drug-related toxic effect:
thrombocytopenia.

[145]

Everolimus + bevacizumab I/II. NR 33 B or C (BCLC) A, B Completed. Not yet published. NCT00775073
Everolimus± sorafenib I/II. NR 130 B or C (BCLC) A Terminated: everolimus MTD (2.5 mg/d) too

low.
[123]

Sorafenib± everolimus II. R 106 B or C (BCLC) A, B (≤7) Failed to indicate efficacy compared to sorafenib. [124]
Everolimus + pasireotide II. R 24 C (BCLC) A Failed to indicate efficacy. [146]
Everolimus± leuprolide +

letrozole
II. R 84 Advanced NA Active, not recruiting. NCT01642186

Temsirolimus + sorafenib I. NR 25 III, IV (TNM) A, B (≤7) PR: n= 2; MTD= temsirolimus 10mg/week +
sorafenib 200 twice daily.

[121]

I. NR 25 III, IV (TNM) A, B (≤7) Completed. Not yet published. NCT01008917
I/II. NR 0 Advanced A, B Withdrawn. NCT01335074
II. NR 27 II, III, IV (TNM) A, B (≤7) Active, not recruiting. NCT01687673

R, randomized; NR, non-randomized; TNM, tumor node metastasis; BCLC, Barcelona clinic liver cancer; PR, partial response; CR, complete response; MTD, maximum
tolerated dose; PFS, progression-free survival; NA, not available.
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retrospective study, the combination of rapamycin and metformin sig-
nificantly prolonged survival by suppressing tumor growth [130].
Furthermore, the combination of an mTOR inhibitor (sirolimus or
everolimus) with sorafenib has been proved to be effective in a multi-
center, uncontrolled, retrospective study of 31 patients with HCC re-
currence after liver transplantation [131]. A recently published phase
III study demonstrated that less HCC recurrence and better renal
function was observed in HCC patients with everolimus plus reduced
tacrolimus treatment compared with standard tacrolimus [132,133].
Currently, another eight clinical trials are performed to evaluate the
efficacy of mTOR inhibitors in HCC patients after liver transplantation
(Table 4). Two phase IV trials (NCT01551212 and NCT02081755) are
ongoing, and the results are pending. Taken together, current clinical
trials using mTOR inhibitors have provided some promising results in
HCC patients after liver transplantation. Furthermore, large-scale,
randomized clinical trials and selected patient populations are still
needed to further validate these results.

6.5. mTOR inhibitors in HCC patients after transarterial chemoembolization
(TACE)

TACE is an effective therapy for unresectable HCC by its dual effects
of chemotherapy and ischemic hypoxia. However, in the TACE-induced
hypoxic condition, increased expression of HIF-1α contributes to VEGF
up-regulation, which enhances angiogenesis and is associated with poor
prognosis [134]. A preclinical study suggested that anti-tumor effect of
TACE was enhanced when combined with everolimus [134]. Further-
more, a combination of mTOR inhibitors with TACE is conducted in
three clinical trials (Table 5). One trial has completed, and the results
are pending (NCT02724332); whereas two were terminated due to slow
patient recruitment (NCT01009801 and NCT01379521).

6.6. Challenges for future treatment strategies

Although previous clinical trials using mTOR inhibitors did not
provide sufficient information on how to use them in HCC treatment,
they remain an attractive and promising therapeutic option for HCC
patients, especially for those undergoing liver transplantation (Fig. 4).
It is common that mTOR inhibitors contribute to drug resistance and
compensatory activation of other signaling pathways when used as
monotherapy, dual-specificity inhibitors that simultaneously affect
mTOR and other agents targeting known resistance pathways that in-
teract with mTOR are thus interesting candidates for developing in-
novative anti-HCC agents. However, current clinical trials do not pro-
vide satisfying results. Effective drug combinations and sufficient dose
administration will have to be considered in future studies. Ad-
ditionally, critical lessons from completed clinical trials including the
EVOLVE-1 and SiLVER studies, should be applied to identify patient
populations based on molecular classification and predictive bio-
markers, providing a new direction for using mTOR inhibitors in HCC.

There have been multiple clinical trials of mTOR inhibitors for
biomarker-based selection in patients with solid tumors, including sir-
olimus for advanced-stage solid cancer patients with PIK3CA mutation
and/or amplification (NCT02449564) and INK128 (a mTORC1/2 in-
hibitor) for advanced-stage bladder cancer patients with TSC1 or TSC2
mutations (NCT03047213) [5]. These personalized treatments require
the availability of predictive biomarkers for treatment response. Al-
though no clinical trial with biomarker-based selection in HCC so far,
several studies indicated that some biomarkers may predict response to
mTOR inhibitors treatment in HCC [113,135–139]. For example, TSC2
loss is predictive of a response and prolonged overall survival in HCC
patients treated with everolimus [137,138]. Another study suggested
that disease stabilization is more likely to be achieved in patients who
received temsirolimus and whose tumors have high p-mTOR protein
levels [113]. Furthermore, preclinical evidence indicated that CD44 is a
predictive biomarker for the response to INK128 [136] and CTNNB1Ta
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mutations make liver tumors susceptible to rapamycin [139]. However,
further work still needs to develop biomarkers to guide clinical deci-
sions, including factors predicting treatment response or resistance.
Therefore, identifying predictive biomarkers that truly respond to
mTOR inhibitors will be important for future studies.

6.7. The role of metformin in HCC treatment

Despite being a widely used drug for the treatment of type 2 dia-
betes, many studies show that metformin decreases cancer cell viability
through inactivation of mTOR in HCC [140,141]. In a meta-analysis of
5 studies involving>105,000 type 2 diabetes patients, the risk of liver
cancer was reduced by approximately 62% in patients who received
metformin treatment instead of non-metformin treatment [142]. Simi-
larly, a multivariate stratified analysis revealed that metformin reduces
the risk of HCC among diabetics [143]. While two ongoing clinical trials
are expected to confirm the effectiveness of metformin for HCC, another
two clinical trials were halted because of the decision of investigator
(NCT02319200) and insufficiency for the fund (NCT02819869;
Table 5). Therefore, the safety and efficacy of metformin for HCC
treatment still need to be further investigated in future clinical trials.

6.8. The role of ncRNAs in HCC treatment

Another promising approach for HCC treatment is to target ncRNAs

that affect mTOR pathway. The sensitivity to rapamycin was restored
when suppression of the pro-oncogenic miR-17-92 cluster or delivery of
tumor suppressor miRNAs including let-7, miR-22, and miR-143, in
rapamycin resistance cancer cells, indicating miRNAs participated in
rapamycin resistance [144]. Several miRNAs (including miR-99a, miR-
100 and miR-497) that co-target mTOR and IGF1R and have a strong
anti-tumor effect in preclinical studies, are likely to be applied for HCC
treatment [89,90,92]. Although no ncRNAs that regulate mTOR
pathway are ready for clinical trials, these findings demonstrate that
targeting these miRNAs may be a potential treatment for HCC.

7. Conclusions

The deregulation of the mTOR pathway core components, upstream
regulators, along with crosstalk with ncRNAs and other pathways have
been correlated with tumorigenesis of HCC. However, a number of
questions remain to be answered in order to determine clinical re-
levance of these treatments.

Future directions and challenges targeting the mTOR pathway in
HCC include, a) elucidation of carcinogenic mechanism responsible for
alterations of this pathway; b) identification and validation of candidate
biomarkers for improved patient selection, prognostication, response
evaluation and individualized tailoring; c) safety, efficacy and toler-
ability profile in large-scale clinical trials, especially in those with im-
paired liver function, either as a monotherapy or in combination with

Table 5
Summary of the completed and ongoing clinical trials of mTOR inhibitors in HCC with TACE or metformin in the treatment for HCC.

Drug Study phase and
design

Patient number HCC stage Child-Pugh
score

Results Trial numbers

TACE + rapamycin I. R 300 I (TNM) A, B Completed. Not yet published. NCT02724332
TACE± everolimus I/II. R 27 B (BCLC) A, B (≤7) Terminated: slow patient

recruitment.
NCT01009801

II. R 65 B (BCLC) A, early B Terminated: low enrollment. NCT01379521
Metformin vs. placebo III. R 11 NA A, B (≤7) Terminated. NCT02319200
Sorafenib±metformin II. RII. R 82 C (BCLC) A Unknown. NCT02672488
Metformin + statin vs. placebo II. R 3 NA NA Terminated: insufficient for the

fund.
NCT02819869

Metformin vs. metformin + celebrex vs.
celebrex

III. NR 200 NA A, B Recruiting. NCT03184493

R, randomized; NR, non-randomized; TNM, tumor node metastasis; BCLC, Barcelona clinic liver cancer; NA, not available; vs., versus.

HCC

BKM120
GDC-0941
HS-104
HS-159
IPD-196
LY294002
KU-0060648
SF1126
ZSTK474

PI3K inhibitors

AKT inhibitors
AKTi-1/2
ARQ 092
AZD5363
GDC0068
Honokiol
MK-2206
Perifosine
TIC10
Triciribine

PI3K/mTOR 
  inhibitors
BEZ235
GSK1059615
NVP-BGT226
PF-04691502
NSC765844
NSC781406
PF-04691502
PI-103
PKI-587

AZD2014
AZD8055
C2415
CC-223
CZ-415
INK128
KU-0063794
MHY1485
MLN0128
OSI-027
PP242
Torin-1
Torin-2
WAY-600

mTORC1/2 
  inhibitors

Rapamycin/
Rapalogs
Sirolimus
Everolimus
Temsirolimus
Deforolimus

IRS

PIP2 PIP3

AKT

PTEN

PI3K

mTORC2

mTORC1

Fig. 3. Schematic diagram illustrating mTOR in-
hibitors reported in hepatocellular carcinoma. The
appearance of red color reflects the drug used in
clinical trials. HCC, hepatocellular carcinoma. →
=activation; ┤= inhibition.
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other therapies; and d) change of tumor microenvironment after using
mTOR inhibitors.

In spite of these unresolved issues, the use of the mTOR inhibitors as
a monotherapy or in combination with other therapies is still an at-
tractive and promising therapeutic strategy for HCC treatment. The
efforts in resolving these obstacles combined with the work of other
clinical and basic researchers will reshape our views of the mTOR
pathway in HCC.
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