
R E V I E W Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Marques-Ramos and Cervantes Molecular Cancer          (2023) 22:112 
https://doi.org/10.1186/s12943-023-01820-z

synthesis to autophagy, and that hyperactivated mTOR 
signaling has been linked to cancer, diabetes, and the 
aging process [2]. It is a key component of two complexes, 
mTOR complex 1 (mTORC1) and mTORC2 that display 
several functions according to different downstream 
effectors [2]. mTORC1 exerts its effects through phos-
phorylation of several proteins, particularly 4E-binding 
proteins (4E-BPs) and S6 kinases (S6Ks), which induces 
protein synthesis, lipid and nucleotide biogenesis, and 
suppresses autophagy, lysosomal biogenesis, ultimately 
resulting in cell survival, growth and proliferation [2, 3]. 
mTORC2 targets several protein kinases, including Akt, 
by which it induces cell survival and proliferation [4]. 
Dysregulation of mTOR is present in a myriad of diseases 
and it has been reported that mTOR hyperactivation 

Background
The mechanistic target of rapamycin (mTOR) is a ser-
ine/threonine kinase that coordinates metabolism and 
growth of eukaryotic cells with external inputs such 
as nutrition and growth stimuli [1]. Over the last two 
decades, extensive research has demonstrated that 
mTOR is involved in key cellular processes, from protein 
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Abstract
The mechanistic/mammalian target of rapamycin (mTOR), a protein discovered in 1991, integrates a complex 
pathway with a key role in maintaining cellular homeostasis. By comprising two functionally distinct complexes, 
mTOR complex 1 (mTORC1) and mTORC2, it is a central cellular hub that integrates intra- and extracellular signals 
of energy, nutrient, and hormone availability, modulating the molecular responses to acquire a homeostatic state 
through the regulation of anabolic and catabolic processes. Accordingly, dysregulation of mTOR pathway has 
been implicated in a variety of human diseases. While major advances have been made regarding the regulators 
and effectors of mTOR signaling pathway, insights into the regulation of mTOR gene expression are beginning 
to emerge. Here, we present the current available data regarding the mTOR expression regulation at the level 
of transcription, translation and mRNA stability and systematize the current knowledge about the fluctuations 
of mTOR expression observed in several diseases, both cancerous and non-cancerous. In addition, we discuss 
whether mTOR expression changes can be used as a biomarker for diagnosis, disease progression, prognosis and/
or response to therapeutics. We believe that our study will contribute for the implementation of new disease 
biomarkers based on mTOR as it gives an exhaustive perspective about the regulation of mTOR gene expression in 
both normal and pathological conditions.
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occurs in more than 70% of human cancers [4]. Accord-
ingly, the regulators of mTOR pathway have been the 
subject of several studies that, recently, expanded to the 
understanding of how mTOR expression itself is regu-
lated. Furthermore, the investment in the development 
of biomarkers has been exponential and, in this scope, 
several authors are addressing the expression of mTOR in 
different pathological conditions, such as Type 2 Diabe-
tes Mellitus [5, 6], Alzheimer [7], rheumatoid arthritis [8] 
and in several types of cancers [9, 10]. Accordingly, this 
review aims to systematize the current knowledge about 
the regulation of mTOR expression and to address the 
potential of mTOR as a biomarker for diagnosis, progno-
sis and/or therapeutic response.

Overview of mTOR signaling
The research of TOR began in 1960s with a journey 
to Rapa Nui (also known as Easter Island), to discover 
natural compounds, from plants and soil, with poten-
tial medicinal use. There, a natural macrolide was 
identified and in 1972 Suren Sehgal isolated it from a 
bacteria called Streptomyces hygroscopicus, refined it, 
and reported it to have powerful anti-fungal action. This 
compound was called Rapamycin in honor of its source 
and action [11]. Although rapamycin was first identified 
as an antifungal metabolite, it was later proven to have 
immunosuppressive and anti-proliferative characteris-
tics in mammalian cells, motivating researchers’ interest 
in understanding how it operates [12]. In particular, in 
1981, the National Cancer Institute tested rapamycin in 
about 60 tumour cell lines and found that this compound 
inhibited growth of cells from a variety of origins, such 
as mammary and colon cancers, melanocarcinoma, and 
ependymoblastoma, which pointed rapamycin as a pri-
ority drug [13]. In the following years, the anti-tumoral 
potential of rapamycin as a growth inhibitory molecule 
was extended to organisms such as Saccharomyces cere-
visiae [14], Drosophila [15, 16], Caenorhabditis elegans 
[17], fungus [18], plants [19], and mammals [20]. Along 
with these discoveries, several attempts were under-
taken to study the cellular effects of this compound, in 
particular its targets. As such, in 1991, Michael Hall and 
Joseph Heitman identified the protein target of rapamy-
cin (TOR) as the cellular target of rapamycin in Sac-
charomyces cerevisiae [14], and, three years later, four 
laboratories independently identified the mammalian 
orthologue of TOR, now recognized as mechanistic tar-
get of rapamycin (mTOR) [21–24]. First, mTOR was 
linked to the regulation of cell cycle and proliferation 
[25]. Now it is known that this serine/threonine kinase 
belongs to the phosphatidylinositol 3-kinase-related 
kinase (PIKK) family and that it displays a plethora of 
functions through the regulation of cell development and 
metabolism in response to environmental cues, ensuring 

that cells expand only under favourable conditions [25] 
(Fig. 1). When activated, mTOR signalling promotes cell 
growth and proliferation by stimulating biosynthetic 
pathways such as protein, lipid, and nucleotide produc-
tion and by inhibiting cellular catabolism via inhibition of 
the autophagy pathway [26]. According to its biochemical 
and genetic analysis, it is known that in eukaryotic cells 
mTOR is found in two functionally different complexes, 
mTORC1 and mTORC2, that target, by phosphorylation, 
distinct substrates, contributing to diverse physiologi-
cal roles [20]. These complexes also have different sen-
sitivity to rapamycin, as while mTORC1 is susceptible to 
this macrolide, mTORC2 is resistant to acute exposure 
but not to prolonged treatment [27]. mTORC1’s main 
components are mTOR, mammalian lethal with sec-13 
protein 8 (mLST8), and the TOR regulatory associated 
protein (RAPTOR). Additional components are the DEP-
domain containing mTOR interacting protein (DEPTOR) 
and Proline-rich Akt substrate 40  kDa (PRAS40) [27]. 
The core of mTORC2 is composed by mTOR, mLST8, 
rapamycin-insensitive companion of mTOR (RICTOR), 
stress-activated protein kinase-interacting protein 1 
(mSIN1). Additional regulatory components are PROC-
TOR 1/2 and DEPTOR [2, 27]. These complexes are also 
activated differently, as mTORC1 is activated in the lyso-
some by both amino acids and growth factors, whereas 
mTORC2 is primarily induced by growth factors and is 
activate in different cellular compartments [1].

The major regulators of mTORC1 are Rag GTPases 
and the Ras homolog enriched in brain (RHEB). When 
the environment is appropriate for cell growth, the Rag 
heterodimer recruits mTORC1, through binding to RAP-
TOR, from the cytoplasm to the lysosome membrane 
where it will co-localize with RHEB. When activated, 
GTP-bound RHEB binds and stimulates mTORC1 [28–
31]. The Rag heterodimers are composed by Rag A or B 
and Rag C or D and, by association with the Ragulator 
complex, are found at the lysosomal membrane [32]. The 
activation of Rag heterodimers require the presence of 
amino acids, that inhibit CASTOR1 which, ultimately, 
relieves the inhibition exerted by GATOR1 in the Rag 
heterodimers [1]. In turn, RHEB is activated by growth 
factors, that activate AKT, which inhibits the tuberous 
sclerosis complex (TSC) trough phosphorylation of its 
component TSC2. The phosphorylation of TSC2 pre-
vents it from associating with TSC1 to form, along with 
TBC1D7, the functioning complex [33, 34]. The inhibi-
tion of the TSC complex results in RHEB activation as 
this complex is a GTPase-activating protein (GAP) of 
RHEB [33, 34]. Accordingly, as mTORC1 requires both 
Rags and RHEB, its activation only occurs in the presence 
of both amino acids and growth factors.

The TSC complex is a hub of external and internal stim-
uli, modulating the activity of mTORC1. It is inhibited by 



Page 3 of 13Marques-Ramos and Cervantes Molecular Cancer          (2023) 22:112 

insulin through insulin-like growth factor-1 (IGF-1)-me-
diated activation of AKT, resulting in mTORC1 activa-
tion, as explained earlier. Growth factors also modulate 
mTORC1 activity through the activation of the Wnt 
and MAPK/ERK pathways, that inhibit TSC through 
phosphorylation by GSK3 or ERK and RSK, respectively 
[35–37]. In addition, upon growth factor stimulation, 
AKT directly phosphorylate and inactivate PRAS40, a 
mTORC1 inhibitor [38, 39]. mTORC1 also integrates 
signals from cellular energy through AMPK that, under 
energy starvation, phosphorylate both the TSC com-
plex [40], and RAPTOR [41], which, in this case, results 
in mTORC1 inhibition [40, 41]. Linking inflammation 
with mTORC1 signaling, is the fact that TNF also inhibits 
TSC with concomitant mTORC1 activation [42]. On the 
other hand, hypoxia activates TSC through upregulation 
of REDD1, which results in mTORC1 inhibition [43, 44]. 
Similarly, in endoplasmic reticulum stress mTORC1 is 
inhibited, although in a TSC-independent fashion, by the 
increase of Sestrin 2 (SESN2) expression, an inhibitor of 
the Rag-Ragulator complex [45]. Upon DNA damage, the 
p53 transcriptional program is activated, of which the 
increase of AMPKβ1, AMPKβ2, TSC, PTEN and IGF-
BP3 result in inhibition of mTORC1 [46]. As a part of a 
negative feedback, the TSC complex is inactivated by the 
mTORC1 substrate S6K1, that will reduce the expression 

or phosphorylation of the insulin receptor substrate 1 
(IRS-1) [47, 48].

As for mTORC2, it is regulated primarily by growth 
factors, and its activity is observed in the plasma mem-
brane, mitochondrial membranes, a subpopulation 
of endosomal vesicles and in the nucleus [49–51].The 
mTORC2 complex is regulated by the IRS/PI3K axis, in 
which the growth factor-derived phosphatidylinositol 
[3–5]-trisphosphate (PIP3) relieves the inhibitory role 
of mSIN1 on mTORC2 [52]. In addition, the Ras path-
way is now known to regulate mTORC2 activity, not 
only indirectly through PI3K, but also via direct activa-
tion [53–56]. Besides growth factors, mTORC2 is also 
sensitive to nutrients, although to a different extent than 
mTORC1. For short, an increase in mTORC2 activity is 
observed upon deprivation of nutrients, particularly glu-
tamine and glucose [57, 58]. In addition, it has been dem-
onstrated that the subcellular localization of mTORC2 
also plays a key role in regulating its activity [59]. The 
regulation at each location is now being unrevealed, but 
it is known that the activation of mTORC2 at the plasma 
membrane and mitochondria-associated ER membrane 
(MAM) requires growth factor stimulation, as explained 
earlier, in opposition to mitochondria in which mTORC2 
is activated in a PI3K-independent fashion [49]. Similarly, 
mTORC2 associates with translating ribosomes in an 

Fig. 1  Signals, pathways, targets, and outputs of the mTOR signalling. mTOR is a protein kinase that complexes with several proteins composing the 
mTOR complex 1 (mTORC1) and mTORC2. Both are activated by growth factors and mTORC1 also depends on amino acids for its translocation into the lys-
osome membrane where it becomes fully activated. These processes involve the activation of the Rag GTPases Rag A or Rag B and Rag C or D complexed 
with Ragulator complex in addition to the Ras homolog enriched in brain (RHEB). Additional signals that result in mTORC1 activation include insulin and 
inflammation, that act through the insulin-like growth factor-1 (IGF-1)/AKT and the TNF/Tuberous Sclerosis Complex (TSC) axis, respectively. On the other 
hand, inactivation of mTORC1 occurs under stress conditions, such as energy starvation, a process dependent on AMPK; hypoxia, through upregulation 
of REDD1, endoplasmatic reticulum stress (UPR) by upregulation of Sestrin 2 (SESN2); and DNA damage, by activation of the p53 transcriptional program. 
mTORC2 becomes activated in the plasma and mitochondrial membranes, a subpopulation of endosomal vesicles and in the nucleus, through site-
specific processes. Each complex has a plethora of substrates, such as but not exclusively 4E-binding proteins (4E-BP), S6 kinases (S6K), unc-51-like kinase 
(ULK1) and Transcription factor EB (TFEB) for mTORC1 and glucocorticoid-induced kinases (SGK), protein kinase C (PKC) and AKT for mTORC2. The main 
biological processes regulated by mTORC1 include protein, lipid and nucleotides synthesis, metabolism and autophagy; and cytoskeleton reorganization, 
glucose homeostasis and metabolism for mTORC2, whose activation results in cell survival, growth, proliferation and migration
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insulin-dependent manner, and this association seems to 
be required for mTORC2 activation [60, 61]. Other routes 
that lead to mTORC2 activation include AMPK, through 
phosphorylation of both mTOR and RICTOR [62]; the 
canonical Wnt pathway [63, 64]; the Hippo pathway [65]; 
TGF-β [66, 67] and GSK-3 [68].

These two complexes also regulate each other, in a way 
that mTORC2 activates mTORC1, whereas mTORC1 
blocks mTORC2. One way by which mTORC2 activates 
mTORC1 is through phosphorylation and activation of 
AKT [4]. In turn, mTORC1 inactivates IRS-1 in a S6K1-
dependent manner, resulting in PI3K pathway inhibition 
[47, 48] and induces GRB10 that inhibits IRS-1 and, thus, 
the PI3K/insulin signalling [69, 70].

Most of the aforementioned signals converge on mTOR 
signalling, particularly mTORC1, through phosphoryla-
tion of mTOR protein itself, that can occur at multiple 
locations. The majority of the phosphorylation events 
result in mTORC1 activation (Thr 2446 and Ser 2448, Ser 
2448 alone, Ser 1261, Ser 2481, Ser 1415, Ser 2159 and 
Thr 2164), nevertheless a negative regulation has also 
been observed upon mTOR phosphorylation (Thr 2446 
alone) [71].

Methodology
This review was performed using the PICO methodology, 
where P represents the Studies assessing mTOR expres-
sion regulation or changes in mTOR expression in cel-
lular stress/pathological conditions; I is whether mTOR 
expression is regulated in normal, cellular stress and/
or pathological conditions; C represents normal cellular 
conditions; and O is whether mTOR expression is specifi-
cally regulated at the translational level and is increased 
in stress/pathological conditions.

The study reports available data published from 1 to 
2006, in English. Inclusion criteria were articles pub-
lished from January 2006, which characterize regulation 
of mTOR expression in normal and pathological con-
ditions. Articles that didn’t fulfil the inclusion criteria 
were not subjected to additional review, namely, review 
articles, non-English language articles, and articles that 
address the signaling pathway but not mTOR expression.

The selection of the articles was performed through 
Zotero in three rounds. The first round included a screen-
ing of all titles to exclude papers that were duplicated or 
unrelated to the topic. The second round consisted of 
an abstract screening. In the third round, considering 
the inclusion and exclusion criteria, the entire texts of 
all possibly relevant papers were evaluated. The follow-
ing data was manually compiled: [1] Title, [2] The effect 
of mTOR, [3] Pathology, [4] Methods, [5] Main Findings, 
and [6] References. We included 59 studies where 12 was 
regarding regulation of mTOR expression and 47 were 
studies regarding mTOR expression levels and disease.

Regulation of mTOR expression
Since the discovery of mTOR, a plethora of groups dedi-
cated their efforts in understanding the mTOR path-
way. As result, in about 30 years of research over 45 
000 studies were published addressing mTOR and the 
mTOR signaling pathway. The overwhelming majority 
of these studies address the regulators and/or effectors 
of both mTORC1 and mTORC2 pathways. Nevertheless, 
recently, some studies have been elucidating the regula-
tion of mTOR expression itself in terms of transcription, 
translation, and mRNA stability. It is also known that 
mTOR and the mTOR signaling pathway are regulated by 
miRNAs and other non-coding mRNAs, a topic that will 
be addressed elsewhere.

mTOR transcription regulation
The regulation of transcription is a key event in the 
regulation of gene expression. It can assume a variety of 
forms, such as epigenetic mechanisms, assembly of the 
transcriptional apparatus or the process of transcription 
itself: at the initiation, elongation or termination phases 
[72]. For mTOR, by studying the process of milk synthe-
sis in mammary cells, it has been demonstrated that the 
presence of amino acids potentiates mTOR transcription 
through binding of the transcriptional activators Nuclear 
Receptor Co-Activator 5 (NCOA5), Purine-Rich Ele-
ment Binding Protein B (PURB), cyclin-dependent kinase 
substrate 1 (NUCKS1), and nuclear factor of kB (NFkB) 
to the mTOR promoter [73–76] (Fig. 2). Additionally, in 
these settings, the presence of amino acids induces the 
degradation of AT-rich interaction domain 1 A (ARID1A) 
and ARID1B, which resulted in increased mTOR tran-
scription [77, 78]. ARID1A is an inhibitor of H3K27ac, 
an epigenetic modified histone that marks for active 
enhancers [79]. Accordingly, the TRIM21-mediated 
ubiquitination and proteasomal degradation of ARID1A 
results in increased mTOR transcription [77]. Similarly, 
the Brahma-related gene 1 (BRG1), another compo-
nent of the mammalian switch/sucrose non-fermentable 
chromatin remodelling complex, which expression and 
binding to mTOR promoter are stimulated by isoleucine, 
induces the binding of H3K27ac to the mTOR promoter 
whereas has the opposite effect for H3K27me3 [80]. The 
result is the induction of mTOR transcription, as the 
deposition of H3K27me3 on gene enhancers is an epi-
genetic mark of gene inhibition [81]. Furthermore, it was 
found that ARID4B, another protein that regulates the 
binding of H3K27ac to the mTOR promoter, also associ-
ates with mTOR promoter itself and that this binding is 
stimulated by Taurine (Tau) [82]. Nevertheless, ARID4B 
association with mTOR potentiates rather than inhibits 
H3K27ac, which results in increased mTOR transcrip-
tion [82]. In addition, Tau also stimulates the binding of 
the trimethylation histone H3 lysine 4 (H3K4Me3) to the 
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mTOR promoter [83]. H3K4Me3 is an epigenetic marker 
for promoter activation [84]. It seems that the increase of 
mTOR mRNA levels induced by Tau is mediated by Cul-
lin 5 (Cul5), an ubiquitin ligase that is highly expressed 
in mammary gland tissues in the lactation stage [85]. 
The mechanism by which Cul5 regulates mTOR mRNA 
levels remains unknown [85]. Similarly, it was found 
that the protein Brahma (BRM), a chromatin remodel-
ling and histone modification factor, also binds to the 
mTOR promoter, particularly in the presence of leu-
cine, and that this binding results in induction of mTOR 
transcription [86]. Curiously, ARID1A, BRG1, BRM, 
ARID4B, H3K27ac and H3K27me3 all share the same 
binding site at the mTOR promoter [77, 80, 82, 86], sug-
gesting the presence of a cis-acting element, such as an 
enhancer. In addition, in these settings, it was observed 
that the association of these transcriptional activators not 
only increased mTOR transcript levels, but also induced 
mTOR phosphorylation and, thus, mTOR signalling acti-
vation. Nevertheless, the increase of mTOR mRNA levels 
did not impact the levels of unphosphorylated mTOR. It 
remains to be determined whether a post-transcriptional 
event is also regulating mTOR expression during milk 
synthesis.

mTOR translation regulation
It is widely known that mTOR signalling operates and is 
necessary in a variety of physiological conditions associ-
ated with global protein synthesis reduction, such as in 
hypoxia and mitosis [87, 88] and that the mTOR protein 
levels itself remain unchanged in those settings [87]. Fur-
thermore, it has been observed that some pathological 

conditions such as systemic lupus erythematosus are 
associated with a reduction in mTOR mRNA levels but an 
increase in mTOR protein levels [89] .These data suggest 
that mTOR is subjected to regulation at the translational 
level. Indeed, our group demonstrated that mTOR is 
translated by an alternative and cap-independent mecha-
nism that operates both in normal and stress conditions, 
allowing sustained mTOR protein levels regardless of the 
translational inhibitory cues [90] (Fig. 3). These findings 
might explain how mTOR is capable to be activated in a 
variety of physiological settings strongly associated with 
protein synthesis reduction. Furthermore, it gives a cue 
of how mTOR evades the normal translational check-
points and is over-expressed in a variety of diseases, as 
discussed below, as its translation is independent of cap 
and the initiation factors that are usually blocked by 
the control mechanisms of the cell [90]. Additionally, it 
opens a new avenue to counteract mTOR hyperactivation 
through reduction of mTOR expression, as our group is 
exploring.

mTOR mRNA stability regulation
The role of the RNA-binding protein La related protein 
1 (LARP1) in the mTOR pathway has been decoded in 
the last years. It is a downstream effector of mTORC1, 
being phosphorylated by mTOR after binding to Raptor 
[69, 70], to control the translation of mRNAs with Ter-
minal Oligopyrimidine (TOP) motifs [91–94]. Interest-
ingly, it is now known that LARP1 also regulates mTOR 
in a post-transcriptional manner [95]. By studying the 
LARP1 interactome, Mura et al., 2015 demonstrated that 
LARP1 binds to mTOR mRNA, in the 3´UTR, and that 

Fig. 2  Regulation of mTOR transcription. Amino acids increase mTOR transcription through induction of binding of transcriptional activators such as 
Nuclear Receptor Co-Activator 5 (NCOA5), Purine-Rich Element Binding Protein B (PURB), cyclin-dependent kinase substrate 1 (NUCKS1), and nuclear 
factor of kB (NFkB) to the mTOR promoter. In addition, amino acids induce the degradation of AT-rich interaction domain 1 A (ARID1A) and ARID1B, which 
result in increased mTOR transcription, through relieve of the inhibitory effect of H3K27ac, an epigenetic modified histone that marks for active enhanc-
ers; and the reversal of the inhibitory effect of ARID1B on mTOR promoter, respectively. The binding of H3K27ac to mTOR is further regulated by ARID4B 
and Brahma-related gene 1 (BRG1), that bind themselves to the promoter of mTOR in an amino acid-dependent manner. BRG1 additionally relieves the 
inhibitory effect of H3K27me3 on mTOR transcription. Other inducers of mTOR transcription upon amino acid stimulation, particularly, taurine, include 
the epigenetic marker for promoter activation H3K4Me3 and Cullin 5 (Cul5), an ubiquitin ligase that is highly expressed in mammary gland tissues in the 
lactation stage
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this association promotes mTOR mRNA stability [95]. 
It remains to be determined how this binding occurs, 
whether it is through a cis-acting element in the mTOR 
mRNA 3’UTR and/or if it involves trans-binding of other 
proteins or mRNA elements.

N6-methyladenosine (m6A) is an mRNA modification 
consisting of the methylation at N6-position of adenos-
ine at the RRACH sequence (where R = A or G, H = A, C, 
or U) [96]. This post-trancriptional modification results 
in regulation of gene expression as it has the potential 
to alter mRNA translation, degradation, splicing, export 
and/or folding [96]. It was demonstrated that, in the 
endometrium, m6A methylation induces the degrada-
tion of mTOR mRNA and other mTORC2 subunits, and 
that decreased m6A levels might contribute to the carci-
nogenesis of various cases of endometrial cancer [97]. In 
addition, in gastrointestinal cancer (GI), besides mTOR 
other members of the PI3K/Akt/mTOR pathway have 
very high confidence m6A modification sites and it has 
been demonstrated that this methylation event directly 
regulate PI3K/Akt/mTOR activation in GI cancer [98]. It 
seems to be determined whether m6A at mTOR mRNA is 
restricted to endometrial and gastrointestinal cancer and 
if mTOR is subjected to other RNA modifications.

Changes in mTOR expression levels in diseases
Changes in the expression of specific genes is a signature 
of several diseases [99]. As for mTOR, the current litera-
ture demonstrates that its expression fluctuates in dis-
eases such as brain, lung, skin, gastrointestinal and blood 
diseases (Table  1), as well as in several forms of cancer 
(Table 2).

Changes in mTOR expression in non-cancerous conditions
In brain, mTOR complex hyperactivation is known to 
be involved in several diseases [109], being a potential 
pharmacological target in conditions such tuberous scle-
rosis complex [110]. Regarding to its expression, a study 
addressing several types of tissues determined that, in 
normal settings, mTOR expression is elevated in the cho-
roid plexus [111]. Furthermore, treatment of neurons 
with β-amyloid results in increased expression of mTOR, 
mTOR translocation into the nucleus and activation of 
mTOR signaling [100]. These data indicates that mTOR 
as a role in the etiology of Alzheimer’s disease [100]. On 
the other hand, reduction of mTOR protein and activa-
tion levels seem to play a role in vascular dementia as it is 
observed in the hippocampus of rat after chronic cerebral 
hypoperfusion (CCH) induced by permanent bilateral 
common carotid arteries occlusion (2VO) [101]. Interest-
ingly, this decrease in both mTOR and p-mTOR protein 

Fig. 3  mTOR is translated in a cap-independent manner. mTOR 5’UTR adopts a highly folded and evolutionary conserved structure, that is capable to 
directly bind to the 40 S ribosomal subunit in the absence of any initiation factor. This RNA scaffold assists cap-independent translation of mTOR, allowing 
sustained mTOR protein levels in translational inhibitory conditions (hypoxia). Cap-independent translation of mTOR occurs both in normal and stress 
conditions and is necessary for mTOR function
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levels, that was observed 21- to 28- after CCH, was pre-
ceded by a significant increase in p-mTOR levels at day 7 
after treatment [101]. The authors were unable to deter-
mine the role of these fluctuations in p-mTOR expression 
upon CCH, but hypothesized that it might be related to 
the role of mTOR in cell survival [101]. Nevertheless, it 
would be interesting to test this hypothesis and further 
explore the role of mTOR upon CCH.

In lungs, by addressing biopsies of patients with idio-
pathic pulmonary fibrosis, Park and colleagues verified 
that increased mTOR expression was associated with 
high fibrosis score and lung function decline, indicat-
ing that high mTOR levels might be related to a poor 
prognosis of the disease [102]. In skin samples, ele-
vated mTOR protein levels were observed in cutaneous 

inflammatory process, such as psoriasis, allergic contact 
dermatitis, atopic dermatitis, and acne [103, 104]. Simi-
larly, elevated mTOR levels seems to be associated with 
the development of glomerular diseases, such as diabetic 
nephropathy, nevertheless, the authors also found that 
mTOR complex activity is necessary for correct podocyte 
homeostasis [106]. In liver, in which mTOR expression 
is usually low [112], increased mTOR protein levels were 
found in samples from a murine model of systemic lupus 
erythematosus and it was hypothesized that insulin stim-
ulation was assisting this overexpression [89]. Of note, in 
these settings, it was discovered that mRNA levels were 
decreased, despite elevated protein levels, suggesting 
post-transcriptional regulation.

Accordingly, from the analyzed studies, it is apparent 
that fluctuations in mTOR expression occur at the onset 
and/or progression of some diseases and that increased 
protein levels are associated with deleterious effects and 
contribute to the etiology of some diseases or to a poor 
prognosis.

Changes in mTOR expression in cancer
Regarding to human cancers, it is evident that mTOR 
expression is also altered in a variety of tumoral speci-
mens and that it might change throughout the course of 
the disease (Table 2).

Deregulation of mTOR signaling contributes to gastric 
cancer through several mechanisms, such as inhibition 
of apoptosis, induction of chemo-resistance phenotype, 
metastasis, epithelial to mesenchymal transition, and 
angiogenesis [131]. Additionally, some studies also dem-
onstrated that elevated mTOR expression is indicative of 
the disease, as it is observed in gastric cancer samples in 
opposition to normal tissue/samples [115, 116, 132]. A 
similar behaviour occurs in prostate cancer, in which the 
levels of mTOR and 4EBP are high [125] and in esopha-
geal squamous cancer, multinodular hepatocellular car-
cinoma and in ovarian endometrioid adenocarcinoma 
that present high expression of mTOR in opposition to 
normal tissues [118, 119, 127, 133]. These data might 
indicate that elevated mTOR expression might contrib-
ute to the pathogenesis of gastric, prostate, esophageal, 
liver, and ovarian tumours and that it might be useful as a 
diagnostic biomarker. In opposition to that, in paediat-
ric acute lymphoblastic leukaemia mTOR expression was 
found to be more frequent at relapsed cases than at the 
first diagnosis of the disease [128].

In addition to be associated with disease onset, it seems 
that high mTOR expression assists disease progression, 
as it occurs in prostate cancer, in which high expres-
sion of mTOR is observed in both prostate intraepithe-
lial neoplasia and cancer samples, being higher in cancer 
cells [125]. This seems to parallel the activation of mTOR 
pathway in prostate cancer, as the expression of activated 

Table 1  mTOR expression profile in pathological settings
Disease/Condition mTOR Expression Level Ref.

BRAIN
Alzheimer β-amyloid increased the expression of 

mTOR and p-mTOR (at Ser2448) and 
mTOR translocation to the nucleus

[100]

Vascular dementia mTOR and p-mTOR protein levels were 
decreased at 21- and 28-days after 
chronic cerebral hypoperfusion (CCH) in 
the hippocampal CA1 region.

[101]

LUNG
Idiopathic pulmonary 
fibrosis

The expression of mTOR correlated with 
the fibrosis score and lung function 
decline.

[102]

SKIN
Dermatitis mTOR expression was significantly 

increased in psoriasis, allergic contact 
dermatitis and atopic dermatitis.

[103]

Acne mTOR expression was increased in the 
skin of acne patients (either in involved 
or non-involved skin)

[104]

Pathological scar Increased mTOR expression in patho-
logical scar fibroblasts.

[105]

GASTROINTESTINAL TRACT
Diabetic
nephropathy

Elevated mTOR mRNA levels [106]

Lupus Erythematosus Increase in mTOR protein levels in 
liver samples from a murine model of 
systemic lupus erythematosus, despite a 
reduction in mRNA levels.

[89]

BLOOD
Blood mTOR expression in peripheral blood of 

patients with osteoarthritic vary from 
high to low, in which high levels are 
associated with increased incidence of 
synovitis.

[107]

In cord blood cells, the presence of IL2, 
IL7 and IL15 altogether resulted in an 
increase of mTOR expression at day 14, 
and a decrease at day 21. The reduction 
of mTOR expression was observed when 
cells were treated with IL2 or IL15 alone 
but not IL7.

[108]
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mTOR (p-mTOR) is increased across samples of a pro-
gression cancer model (normal prostate tissue, prolif-
erative inflammatory atrophy, prostatic intraepithelial 
neoplasia and cancer samples) [134]. In gastric cancer 
elevated mTOR expression seems to be associated with 
tumor differentiation, lymph node metastasis and clini-
cal staging [116], tumor progression and poor survival 
[135, 136]. In these settings, elevated mTOR levels par-
alleled mTOR signaling activation. Similarly, in esopha-
geal squamous cancer high expression of mTOR seems 
to be is associated with the occurrence of lymph node 
metastases, higher tumor grade and advanced TNM 

stage [119, 133]. The association of high mTOR expres-
sion and higher tumor grade also occurs in hepatocel-
lular carcinoma[118]. Accordingly, elevated mTOR 
expression accompanies a more aggressive phenotype 
and might anticipate a poor prognosis. Indeed, Wu and 
colleagues demonstrated that overexpression of mTOR 
and mTOR hyperactivation were independent adverse 
prognostic factors for overall survival in esophageal 
tumors [119]. This data contrasted with a previous study 
that concluded that activation of mTOR was not related 
to patient survival [133]. Nevertheless, the former study 
addressed a larger sample [119] which might explain the 

Table 2  – mTOR expression profile in cancer
Cancer mTOR Expression Level Ref.
Lung Meta-analysis demonstrated that there is no association between mTOR and p-mTOR expression and the prognosis of non-

small cell lung cancer.
[113]

In EGFR-mutant NSCLC samples mTOR expression was:
 low or intermediate in 62.5% of the cases and high 37.5%. The group with high mTOR and BIM expression had shorter 
overall and progression-free survival to erlotinib.

[114]

Gastric Gastroenteropancreatic neuroendocrine tumours presented high levels of mTOR, 4EBP1, p-4EBP1, p-S6K and p-eIF4E. Both 
expression and activity of mTOR were higher in foregut than in midgut tumours. In foregut tumours, expression of mTOR 
was higher when distant metastases were present.

[115]

Immunohistochemistry of paraffinembedded sections from gastric cancer cases reveled that mTOR expression was present 
in 51.5% (17/33) of the samples, in opposition to the low/absent expression in normal tissues.
A positive correlation was observed between mTOR expression and tumor differentiation, lymph node metastasis and clini-
cal staging. No correlation was observed with gender, age and invasive depth.

[116]

Higher expression of mTOR and p-mTOR in the tumor center compared to the invasive front. [117]

Liver Expression of mTOR was elevated in patients with multinodular hepatocellular carcinoma and increased phospho-mTOR in 
tumoral tissue was associated with higher hepatocellular carcinoma recurrence rates after liver transplantation.

[118]

Esophageal PI3K/Akt/mTOR signaling hyperactivation was accompanied with overexpression of mTOR. Expression of mTOR was el-
evated in tumor tissues in opposition to normal samples. High expression of mTOR and other mTOR signaling components 
were closely related to higher tumor size, lymph nodes metastases and advanced TNM stage. Overexpression of mTOR was 
proved to be an independent adverse prognostic factor for overall survival.

[119]

Laryngeal 
carcinoma

Expression of mTOR ranged from 0.0–80.2% and higher expression of mTOR was associated with increased recurrence and 
shorter disease-free survival.

[120]

Expression of mTOR was higher in patients with disease recurrence and was associated with shorter disease-free survival. [121]

Urothelial 
carcinoma

mTOR protein levels were elevated in tumours of urothelial patients that did not respond to neoadjuvant chemotherapy 
and decreased in complete responders.

[122]

Pancreatic Expression of mTOR observed in about 71% of cases and correlated with p-mTOR expression. Patients with positive p-mTOR 
expression seemed to have shorter survival duration.

[123]

Breast From the analysed luminal breast cancer specimens, 43.8% were positive for p-mTOR and a correlation between p-mTOR 
expression and smaller and lower-grade tumors was observed.

[124]

Prostate Protein levels of mTOR are double in cancer tissue compared to normal and with a diffuse distribution, whereas p-mTOR 
localized in the cytoplasm, and presented a more focal expression (being also elevated in cancer and prostate intraepithe-
lial neoplasia cells)

[125]

Ovarian Expression of mTOR was up-regulated in PEO1TaxR (paclitaxel-resistant) ovarian cancer cells when compared with pacli-
taxel-sensitive PEO1 cells; and downregulated in SKOV-3TaxR (paclitaxel-resistant) cells when compared with the parental 
cellular counterparts.

[126]

Expression of mTOR was increased in endometriosis and ovarian endometrioid adenocarcinoma patients compared to 
normal samples.

[127]

Leukemia Expression of mTOR and p-mTOR was associated higher risk of paediatric acute lymphoblastic leukaemia (ALL) relapse. [128]

Expression of mTOR was upregulated in more than 50% of
cases of ALL, both T- or B-ALL, and it was observed that the mean fold change of mTOR expression was higher in patients 
that did not respond to chemotherapy.

[53]

Multiple 
Myeloma

Expression of mTOR or p-mTOR was observed in 25.8% FFPE samples from MM patients and high mTOR and p-mTOR were 
associated with male gender and older patients.

[129]

Sacral 
chordoma

Expression of mTOR observed in 62.5% (25/40) cases of the sacral chordoma and it was associated with tumor invasion into 
the surrounding muscles.

[130]
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differences in both studies. Indeed, other types of tumors 
parallel the association between high mTOR activation 
and shorter survival, as in pancreatic neuroendocrine 
cancer [123]. In this case, expression of mTOR corre-
lates with mTOR activation, and is present in the major-
ity of tumor samples [123]. In sacral chordoma, a locally 
aggressive malignant bone tumour, expression of mTOR 
was associated with tumor invasion into the surround-
ing muscles, suggesting a role for mTOR in local inva-
siveness [130]. For breast cancer, mTOR expression and 
activation seems to impact differently in different cancer 
subtypes. In luminal specimens, high expression seems 
to have a protective role and is associated with smaller 
and lower-grade tumors [124] whereas in triple negative 
breast cancer, mTOR signaling activation is seen in speci-
mens with bigger size, lymph node metastasis, advanced 
stage and shorter overall survival [137]. Additionally, in 
a study addressing true interval cancers - tumours that 
appear after a negative screening mammogram and have 
a worse clinical behaviour- and screen-detected cancers, 
it was found that whereas all the former cases presented 
mTOR hyperactivation, only a third of the latter had it 
[138]. Similarly, in lung cancer, the profile of mTOR lev-
els fluctuates between different cancer subtypes, with 
particular effects on the clinical behaviour of the tumour. 
In the case of non-small cell lung cancer (NSCLC), some 
authors have been suggesting that elevated mTOR lev-
els could be used as a biomarker to predict the outcome 
of the disease. Nevertheless, a meta-analysis including 
results from ten studies demonstrated that there is no 
association between the levels of both total and acti-
vated mTOR and the prognosis of the disease[113]. This 
conclusion was obtained using both univariate analy-
sis and multivariate analysis [113]. Nevertheless, other 
study demonstrated that in the EGFR-mutant NSCLC 
subtype, high mTOR expression was associated with 
shorter overall and progression-free survival in response 
to erlotinib, suggesting that inhibition of mTOR in those 
settings might be beneficial [114]. As pointed by the 
authors of the meta-analysis [113], it would be interest-
ing to further explore the potential of mTOR expression 
as a prognostic biomarker in NSCLC as some method-
ological divergences in the analysed studies, namely the 
different cut-off points used to classify the samples as 
positive or negative for mTOR expression, could result in 
biased conclusions from the meta-analysis. Additionally, 
regarding to mTOR pathway, in typical carcinoid tumor 
(TC) and atypical carcinoid tumor (AC) the activation of 
mTOR signaling is observed in opposition to large-cell 
neuroendocrine carcinoma (LCNEC) and small-cell lung 
carcinoma (SCLC) [139]. Of note, TC and AC are less 
aggressive forms of bronchopulmonary neuroendocrine 
tumors, whereas SCLC and LCNEC are more aggres-
sive, respectively[140]. Accordingly, in these subgroups 

of tumors, mTOR activation occur in less invasive pheno-
types. Nevertheless, the authors found that in the more 
aggressive forms, LCNEC and SCLC, a positive associa-
tion between mTOR signaling induction and tumor size 
was observed [139]. It would be interesting to determine 
whether mTOR expression accompanies mTOR signal-
ling activation in those settings.

As for laryngeal carcinoma mTOR seems to potenti-
ate a more aggressive evolution of the disease, and when 
expressed at high levels is associated with an increased 
rate of disease recurrence and shorter disease-free 
survival [120, 121]. Similarly, elevated mTOR levels are 
not related to differentiation or microvascular inva-
sion in multinodular hepatocellular carcinoma (HCC), 
but are associated with higher disease recurrence after 
liver transplantation (LT) [118]. As LT is the therapeutic 
option with the superior 5-year survival rate, it is com-
monly chosen in cases of HCC and other liver diseases 
[141]. According to the data from this study, evaluation of 
mTOR expression could aid to predict whether LT will be 
a suitable strategy and/or to determine the utility to com-
bine LT with mTOR inhibition in HCC patients. Simi-
larly, in urothelial carcinoma, mTOR protein levels are 
elevated in patients with advanced stage of the disease 
and that do not respond to neoadjuvant chemotherapy 
[122]. In those cases, elevated expression of mTOR and 
p-mTOR is also observed in tumour microenvironment 
(peritumoral and normal stroma areas). Besides mTOR 
itself, it is observed that a worse phenotype of the disease 
is dictated by the upregulation of other genes from the 
mTOR pathway [122]. A study addressing mTOR expres-
sion in patients with B- and T- acute lymphoblastic leu-
kaemia (ALL) revealed that patients with higher mTOR 
expression did not respond to chemotherapy, regardless 
of other prognostic factors [53]. Interestingly, in this 
study it was observed that children displayed almost 
two times higher expression of mTOR than adults [53]. 
These data indicate that elevated mTOR can be a useful 
biomarker to predict response to therapy, particularly 
in children. Nevertheless, one must note that this study 
evaluated mTOR mRNA and not protein levels and it is 
now known that mTOR undergoes post-transcriptional 
regulation [90]. In ovarian carcinoma cell lines, expres-
sion of mTOR has a cell-specific behavior, as it is up-reg-
ulated in PEO1TaxR (paclitaxel-resistant) ovarian cancer 
cells when compared to paclitaxel-sensitive PEO1 cells; 
and downregulated in SKOV-3TaxR (paclitaxel-resis-
tant) cells comparing to the parental counterparts. Col-
lectively, these data demonstrates that mTOR expression 
might be used as a biomarker to predict disease recur-
rence and/or response do therapy, and that the impact of 
mTOR overexpression must be interpreted according to 
the disease subtype.
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Accordingly, mTOR overexpression seems to play a role 
in the pathogenesis of some conditions, both cancerous 
and non-cancerous thus presenting a potential value as a 
biomarker for diagnosis of gastric, prostate, esophageal, 
liver and ovarian cancer; disease progression and phe-
notype of prostate, gastric and esophageal cancer; prog-
nosis and invasive behavior of esophageal, sacral, breast, 
lung and gastric cancer and disease recurrence and 
response to therapy in leukemia, laryngeal, liver, urothe-
lial and ovarian cancer.

Conclusion
The mTOR signalling is tightly controlled through sev-
eral proteins and pathways that converge on this hub to 
connect extracellular environment and/or cellular needs 
with an adaptative cellular response. It is now becom-
ing apparent that the regulation of the expression of 
mTOR itself adds another level of complexity. Although 
the studies about the regulation of mTOR expression are 
scarce, they provide evidence that mTOR transcription is 
increased to promote milk synthesis, through dynamic 
epigenetic modifications. Additionally, the use of an 
alternative and cap-independent mechanism of transla-
tion initiation both in normal and stressed conditions 
might explain how mTOR can be overexpressed and 
hyperactivated in a variety of conditions associated with a 
low-energy consumption state. Our group is establishing 
a mechanism to inhibit the cis-acting element present in 
the mTOR 5’UTR that assists the recruitment of the ribo-
some to this transcript, to reduce mTOR overexpression.

Besides these advances, it would be interesting to fur-
ther address how is mTOR expression regulated. The epi-
genetic modifications that occur during milk synthesis 
in mammary cells are a universal event for mTOR tran-
scriptional regulation? Are there any other epigenetic 
marks regulating mTOR? Do mTOR have other specific 
elements, either acting in cis or trans, to regulate the pro-
duction of mTOR mRNA? In terms of mRNA stability, 
how do occur the binding of LARP1 to mTOR mRNA? 
Are there other proteins/elements/processes regulating 
mTOR mRNA stability?

By converging so many signals and pathways, it comes 
without surprise that mTOR signalling is deregulated 
in a huge fraction of the human diseases. Furthermore, 
mTOR overexpression seems to play a role in the patho-
genesis of some conditions or at least signalize the onset 
and/or the progression of some non-cancerous diseases, 
in some of which it is associated with a poor outcome. 
As for cancer, data indicate that mTOR overexpression 
has a potential value as a biomarker for diagnosis of gas-
tric, prostate, esophageal, liver and ovarian cancer; dis-
ease progression and phenotype of prostate, gastric and 
esophageal cancer; prognosis and invasive behavior of 
esophageal, sacral, breast, lung and gastric cancer and 

disease recurrence and response to therapy in leukemia, 
laryngeal, liver, urothelial and ovarian cancer. Accord-
ingly, reduction of mTOR expression might constitute 
the goal of the next generation of drugs targeting mTOR. 
Indeed, it has been demonstrated that compounds that 
suppress cell proliferation and induce apoptosis do so 
by reducing mTOR expression levels [142]. A compound 
specifically targeting mTOR with a robust decrease of 
its expression might be the key to counteract mTOR 
signalling.

Acknowledgements
The H&TRC authors gratefully acknowledge the FCT/MCTES national support 
through the UIDB/05608/2020 and UIDP/05608/2020. This work was part of 
the IPL/2021/GATumor_ESTeSL project.

Authors’ contributions
M.-R. A. and C.R. both searched and extracted the relevant information from 
the articles, and discussed the main points to include in the manuscript. 
M.-R. A. organized and created the structure of the article and prepare the 
regulation of mTOR expression section. C.R. collected the majority of the data 
from the Changes in mTOR expression levels in disease section. Both authors 
contributed to the writing of the article and M.-R.A. performed the final 
editing and reviewing. All authors read and approved the final manuscript.

Data availability
Not applicable.

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
Not applicable.

Received: 29 April 2023 / Accepted: 8 July 2023

References
1.	 Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. 

Cell. 2017 Mar;168(6):960–76.
2.	 Laplante M, Sabatini DM. mTOR Signaling in Growth Control and Disease. 

Cell. 2012 Apr;149(2):274–93.
3.	 Xie X, Hu H, Tong X, Li L, Liu X, Chen M, et al. The mTOR–S6K pathway links 

growth signalling to DNA damage response by targeting RNF168. Nat Cell 
Biol. 2018 Mar;20(3):320–31.

4.	 Oh WJ, Jacinto E. mTOR complex 2 signaling and functions. Cell Cycle 2011 
Jul 15;10(14):2305–16.

5.	 Tsai K, Tullis B, Jensen T, Graff T, Reynolds P, Arroyo J. Differential expression of 
mTOR related molecules in the placenta from gestational diabetes mellitus 
(GDM), intrauterine growth restriction (IUGR) and preeclampsia patients. 
Reprod Biol. 2021 Jun;21(2):100503.

6.	 Yang L, Zhang Z, Wang D, Jiang Y, Liu Y. Targeting mTOR Signaling in type 
2 diabetes Mellitus and Diabetes Complications. Curr Drug Targets. 2022 
May;23(7):692–710.

7.	 Perluigi M, Di Domenico F, Barone E, Butterfield DA. mTOR in Alzheimer 
disease and its earlier stages: links to oxidative damage in the progression of 
this dementing disorder. Free Radic Biol Med. 2021 Jun;169:382–96.

8.	 Iwata S, Zhang M, Hajime M, Ohkubo N, Sonomoto K, Torimoto K et al. Patho-
logical role of activated mTOR in CXCR3 + memory B cells of rheumatoid 
arthritis. Rheumatol 2021 Nov 3;60(11):5452–62.



Page 11 of 13Marques-Ramos and Cervantes Molecular Cancer          (2023) 22:112 

9.	 Kahraman DC, Kahraman T, Cetin-Atalay R. Targeting PI3K/Akt/mTOR Pathway 
Identifies Differential Expression and Functional Role of IL8 in Liver Cancer 
Stem Cell Enrichment. Mol Cancer Ther. 2019 Nov 1;18(11):2146–57.

10.	 Mossmann D, Park S, Hall MN. mTOR signalling and cellular metabolism are 
mutual determinants in cancer. Nat Rev Cancer. 2018 Dec;18(12):744–57.

11.	 Blenis J. TOR, the Gateway to Cellular Metabolism, Cell Growth, and Disease. 
Cell. 2017 Sep;171(1):10–3.

12.	 Li D, Li X, Cao W, Qi Y, Yang X. Antagonism of microRNA-99a promotes cell 
invasion and down-regulates E-cadherin expression in pancreatic cancer 
cells by regulating mammalian target of rapamycin. Acta Histochem. 2014 
Jun;116(5):723–9.

13.	 Douros J, Suffness M. New antitumor substances of natural origin. Cancer 
Treat Rev. 1981 Mar;8(1):63–87.

14.	 Heitman J, Movva NR, Hall MN. Targets for cell cycle arrest by the immuno-
suppressant rapamycin in yeast. Science. 1991 Aug;23(5022):905–9.

15.	 Oldham S, Montagne J, Radimerski T, Thomas G, Hafen E. Genetic and bio-
chemical characterization of dTOR, the Drosophila homolog of the target of 
rapamycin. Genes Dev. 2000 Nov;1(21):2689–94.

16.	 Zhang H, Stallock JP, Ng JC, Reinhard C, Neufeld TP. Regulation of cellular 
growth by the Drosophila target of rapamycin dTOR. Genes Dev. 2000 
Nov;1(21):2712–24.

17.	 Long X, Spycher C, Han ZS, Rose AM, Müller F, Avruch J. TOR Deficiency in C. 
elegans causes developmental arrest and intestinal atrophy by inhibition of 
mRNA translation. Curr Biol. 2002 Sep;12(17):1448–61.

18.	 Cruz MC, Cavallo LM, Görlach JM, Cox G, Perfect JR, Cardenas ME, et al. 
Rapamycin Antifungal Action is mediated via conserved complexes with 
FKBP12 and TOR kinase homologs in Cryptococcus neoformans. Mol Cell Biol. 
1999 Jun;19(6):4101–12.

19.	 Menand B, Desnos T, Nussaume L, Berger F, Bouchez D, Meyer C et al. Expres-
sion and disruption of the Arabidopsis TOR (target of rapamycin) gene. Proc 
Natl Acad Sci 2002 Apr 30;99(9):6422–7.

20.	 Hay N, Sonenberg N. Upstream and downstream of mTOR. Genes Dev 2004 
Aug 15;18(16):1926–45.

21.	 Blommaart EF, Luiken JJ, Blommaart PJ, van Woerkom GM, Meijer AJ. Phos-
phorylation of ribosomal protein S6 is inhibitory for autophagy in isolated rat 
hepatocytes. J Biol Chem 1995 Feb 3;270(5):2320–6.

22.	 Brown EJ, Albers MW, Bum Shin T, ichikawa K, Keith CT, Lane WS et al. A mam-
malian protein targeted by G1-arresting rapamycin-receptor complex. Nat 
1994 Jun 30;369(6483):756–8.

23.	 Jefferies HB, Reinhard C, Kozma SC, Thomas G. Rapamycin selectively 
represses translation of the “polypyrimidine tract” mRNA family. Proc Natl 
Acad Sci U S A. 1994 May;10(10):4441–5.

24.	 Sabatini DM, Erdjument-Bromage H, Lui M, Tempst P, Snyder SH. RAFT1: a 
mammalian protein that binds to FKBP12 in a rapamycin-dependent fashion 
and is homologous to yeast TORs. Cell. 1994 Jul;15(1):35–43.

25.	 Fingar DC, Blenis J. Target of rapamycin (TOR): an integrator of nutrient and 
growth factor signals and coordinator of cell growth and cell cycle progres-
sion. Oncogene 2004 Apr 19;23(18):3151–71.

26.	 Rabanal-Ruiz Y, Korolchuk V. mTORC1 and Nutrient Homeostasis: The Central 
Role of the Lysosome. Int J Mol Sci. 2018 Mar 12;19(3):818.

27.	 Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, et al. 
Two TOR complexes, only one of which is rapamycin sensitive, have distinct 
roles in cell growth control. Mol Cell. 2002 Sep;10(3):457–68.

28.	 Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-Peled L et al. 
The rag GTPases bind Raptor and mediate amino acid signaling to mTORC1. 
Sci 2008 Jun 13;320(5882):1496–501.

29.	 Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL. Regulation of TORC1 by rag 
GTPases in nutrient response. Nat Cell Biol 2008 Aug;10(8):935–45.

30.	 Long X, Lin Y, Ortiz-Vega S, Yonezawa K, Avruch J. Rheb binds and regulates 
the mTOR kinase. Curr Biol CB. 2005 Apr;26(8):702–13.

31.	 Dibble CC, Manning BD. Signal integration by mTORC1 coordinates nutrient 
input with biosynthetic output. Nat Cell Biol. 2013;15(6):555–64.

32.	 Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM. Ragulator-
rag complex targets mTORC1 to the lysosomal surface and is necessary for its 
activation by amino acids. Cell. 2010 Apr;141(2):290–303.

33.	 Inoki K, Li Y, Xu T, Guan KL. Rheb GTPase is a direct target of TSC2 GAP activity 
and regulates mTOR signaling. Genes Dev. 2003 Aug 1;17(15):1829–34.

34.	 Tee AR, Manning BD, Roux PP, Cantley LC, Blenis J. Tuberous sclerosis complex 
gene products, tuberin and hamartin, control mTOR signaling by acting 
as a GTPase-activating protein complex toward Rheb. Curr Biol CB. 2003 
Aug;5(15):1259–68.

35.	 Inoki K, Ouyang H, Zhu T, Lindvall C, Wang Y, Zhang X et al. TSC2 integrates 
wnt and energy signals via a coordinated phosphorylation by AMPK and 
GSK3 to regulate cell growth. Cell 2006 Sep 8;126(5):955–68.

36.	 Ma L, Chen Z, Erdjument-Bromage H, Tempst P, Pandolfi PP. Phosphorylation 
and functional inactivation of TSC2 by Erk implications for tuberous sclerosis 
and cancer pathogenesis. Cell 2005 Apr 22;121(2):179–93.

37.	 Roux PP, Ballif BA, Anjum R, Gygi SP, Blenis J. Tumor-promoting phorbol 
esters and activated ras inactivate the tuberous sclerosis tumor suppres-
sor complex via p90 ribosomal S6 kinase. Proc Natl Acad Sci U S A. 2004 
Sep;14(37):13489–94.

38.	 Sancak Y, Thoreen CC, Peterson TR, Lindquist RA, Kang SA, Spooner E et al. 
PRAS40 is an insulin-regulated inhibitor of the mTORC1 protein kinase. Mol 
Cell 2007 Mar 23;25(6):903–15.

39.	 Vander Haar E, Lee SI, Bandhakavi S, Griffin TJ, Kim DH. Insulin signalling 
to mTOR mediated by the Akt/PKB substrate PRAS40. Nat Cell Biol. 2007 
Mar;9(3):316–23.

40.	 Inoki K, Zhu T, Guan KL. TSC2 mediates Cellular Energy response to Control 
Cell Growth and Survival. Cell 2003 Nov 26;115(5):577–90.

41.	 Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS et 
al. AMPK Phosphorylation of Raptor mediates a metabolic checkpoint. Mol 
Cell 2008 Apr;30(2):214–26.

42.	 Lee DF, Kuo HP, Chen CT, Hsu JM, Chou CK, Wei Y, et al. IKKβ suppression of 
TSC1 links inflammation and Tumor Angiogenesis via the mTOR pathway. 
Cell. 2007 Aug;130(3):440–55.

43.	 Brugarolas J, Lei K, Hurley RL, Manning BD, Reiling JH, Hafen E et al. Regula-
tion of mTOR function in response to hypoxia by REDD1 and the TSC1/TSC2 
tumor suppressor complex. Genes Dev. 2004 Dec 1;18(23):2893–904.

44.	 DeYoung MP, Horak P, Sofer A, Sgroi D, Ellisen LW. Hypoxia regulates TSC1/2-
mTOR signaling and tumor suppression through REDD1-mediated 14-3-3 
shuttling. Genes Dev 2008 Jan 15;22(2):239–51.

45.	 Saveljeva S, Cleary P, Mnich K, Ayo A, Pakos-Zebrucka K, Patterson JB et al. 
Endoplasmic reticulum stress-mediated induction of SESTRIN 2 potentiates 
cell survival. Oncotarget 2016 Mar 15;7(11):12254–66.

46.	 Feng Z, Hu W, de Stanchina E, Teresky AK, Jin S, Lowe S et al. The regulation 
of AMPK beta1, TSC2, and PTEN expression by p53: stress, cell and tissue 
specificity, and the role of these gene products in modulating the IGF-1-AKT-
mTOR pathways. Cancer Res. 2007 Apr 1;67(7):3043–53.

47.	 Harrington LS, Findlay GM, Gray A, Tolkacheva T, Wigfield S, Rebholz H et al. 
The TSC1-2 tumor suppressor controls insulin-PI3K signaling via regulation of 
IRS proteins. J Cell Biol 2004 Jul 19;166(2):213–23.

48.	 Shah OJ, Wang Z, Hunter T. Inappropriate activation of the TSC/Rheb/mTOR/
S6K Cassette induces IRS1/2 depletion, insulin resistance, and cell survival 
deficiencies. Curr Biol. 2004 Sep;14(18):1650–6.

49.	 Ebner M, Sinkovics B, Szczygieł M, Ribeiro DW, Yudushkin I. Localization of 
mTORC2 activity inside cells. J Cell Biol. 2017 Feb 1;216(2):343–53.

50.	 Rosner M, Hengstschlager M. Cytoplasmic and nuclear distribution of the 
protein complexes mTORC1 and mTORC2: rapamycin triggers dephosphory-
lation and delocalization of the mTORC2 components rictor and sin1. Hum 
Mol Genet 2008 Jul 9;17(19):2934–48.

51.	 Rosner M, Hengstschläger M. mTOR protein localization is cell cycle-regu-
lated. Cell Cycle 2011 Oct 15;10(20):3608–10.

52.	 Yuan HX, Guan KL. The SIN1-PH Domain Connects mTORC2 to PI3K. Cancer 
Discov. 2015 Nov 1;5(11):1127–9.

53.	 Khanna A, Bhushan B, Chauhan PS, Saxena S, Gupta DK, Siraj F. High mTOR 
expression independently prognosticates poor clinical outcome to induc-
tion chemotherapy in acute lymphoblastic leukemia. Clin Exp Med. 2018 
May;18(2):221–7.

54.	 Kovalski JR, Bhaduri A, Zehnder AM, Neela PH, Che Y, Wozniak GG et al. The 
Functional Proximal Proteome of Oncogenic Ras Includes mTORC2. Mol Cell. 
2019 Feb 21;73(4):830–844.e12.

55.	 Saci A, Cantley LC, Carpenter CL. Rac1 regulates the activity of mTORC1 and 
mTORC2 and controls cellular size. Mol Cell 2011 Apr 8;42(1):50–61.

56.	 Senoo H, Kamimura Y, Kimura R, Nakajima A, Sawai S, Sesaki H, et al. Phos-
phorylated Rho–GDP directly activates mTORC2 kinase towards AKT through 
dimerization with Ras–GTP to regulate cell migration. Nat Cell Biol. 2019 
Jul;21(7):867–78.

57.	 Moloughney JG, Kim PK, Vega-Cotto NM, Wu CC, Zhang S, Adlam M, et al. 
mTORC2 responds to glutamine catabolite levels to modulate the hexos-
amine biosynthesis enzyme GFAT1. Mol Cell. 2016 Sep;63(5):811–26.

58.	 Shin S, Buel GR, Wolgamott L, Plas DR, Asara JM, Blenis J, et al. ERK2 
mediates metabolic stress response to regulate cell fate. Mol Cell. 2015 
Aug;59(3):382–98.



Page 12 of 13Marques-Ramos and Cervantes Molecular Cancer          (2023) 22:112 

59.	 Fu W, Hall MN. Regulation of mTORC2 Signaling. Genes 2020 Sep 4;11(9):1045.
60.	 Oh WJ, Wu C, Kim SJ, Facchinetti V, Julien LA, Finlan M et al. mTORC2 can 

associate with ribosomes to promote cotranslational phosphorylation and 
stability of nascent akt polypeptide. EMBO J. 2010.

61.	 Zinzalla V, Stracka D, Oppliger W, Hall MN. Activation of mTORC2 by associa-
tion with the ribosome. Cell 2011 Mar 4;144(5):757–68.

62.	 Kazyken D, Magnuson B, Bodur C, Acosta-Jaquez HA, Zhang D, Tong X et 
al. AMPK directly activates mTORC2 to promote cell survival during acute 
energetic stress. Sci Signal. 2019 Jun 11;12(585):eaav3249.

63.	 Daulat AM, Bertucci F, Audebert S, Sergé A, Finetti P, Josselin E, et al. PRICKLE1 
contributes to Cancer Cell dissemination through its Interaction with 
mTORC2. Dev Cell. 2016 May;37(4):311–25.

64.	 Esen E, Chen J, Karner CM, Okunade AL, Patterson BW, Long F. WNT-LRP5 sig-
naling induces Warburg Effect through mTORC2 activation during osteoblast 
differentiation. Cell Metab. 2013 May;17(5):745–55.

65.	 Tumaneng K, Schlegelmilch K, Russell RC, Yimlamai D, Basnet H, Mahadevan 
N, et al. YAP mediates crosstalk between the Hippo and PI(3)K–TOR pathways 
by suppressing PTEN via miR-29. Nat Cell Biol. 2012 Dec;14(12):1322–9.

66.	 Kim SW, Kim HI, Thapa B, Nuwormegbe S, Lee K. Critical role of mTORC2-
Akt signaling in TGF-β1-Induced Myofibroblast differentiation of human 
pterygium fibroblasts. Investig Opthalmology Vis Sci. 2019 Jan;14(1):82.

67.	 Lamouille S, Connolly E, Smyth JW, Akhurst RJ, Derynck R. TGF-β-induced acti-
vation of mTOR complex 2 drives epithelial–mesenchymal transition and cell 
invasion. Dev 2012 May 15;139(10):e1008–8.

68.	 Urbanska M, Gozdz A, Macias M, Cymerman IA, Liszewska E, Kondratiuk I, et 
al. GSK3β controls mTOR and Prosurvival Signaling in neurons. Mol Neurobiol. 
2018 Jul;55(7):6050–62.

69.	 Hsu PP, Kang SA, Rameseder J, Zhang Y, Ottina KA, Lim D et al. The mTOR-
regulated phosphoproteome reveals a mechanism of mTORC1-mediated 
inhibition of growth factor signaling. Sci 2011 Jun 10;332(6035):1317–22.

70.	 Yu Y, Yoon SO, Poulogiannis G, Yang Q, Ma XM, Villén J, et al. Phosphopro-
teomic analysis identifies Grb10 as an mTORC1 substrate that negatively 
regulates insulin signaling. Science. 2011 Jun;10(6035):1322–6.

71.	 Melick CH, Jewell JL. Regulation of mTORC1 by Upstream Stimuli. Genes 2020 
Aug 25;11(9):989.

72.	 Casamassimi A, Ciccodicola A. Transcriptional regulation: molecules, involved 
mechanisms, and Misregulation. Int J Mol Sci. 2019 Mar;14(6):1281.

73.	 Yuan X, Zhang L, Cui Y, Yu Y, Gao X, Ao J. NCOA5 is a master regula-
tor of amino acid-induced mTOR activation and β-casein synthesis in 
bovine mammary epithelial cells. Biochem Biophys Res Commun. 2020 
Aug;529(3):569–74.

74.	 Huo N, Yu M, Li X, Zhou C, Jin X, Gao X. PURB is a positive regulator of amino 
acid-induced milk synthesis in bovine mammary epithelial cells. J Cell Physiol. 
2019 May;234(5):6992–7003.

75.	 Yuan X, Zhang M, Ao J, Zhen Z, Gao X, Li M. NUCKS1 is a novel regulator of 
milk synthesis in and proliferation of mammary epithelial cells via the mTOR 
signaling pathway. J Cell Physiol. 2019 Sep;234(9):15825–35.

76.	 Huang X, Zang Y, Zhang M, Yuan X, Li M, Gao X. Nuclear factor of κB1 is a Key 
Regulator for the Transcriptional activation of milk synthesis in bovine mam-
mary epithelial cells. DNA Cell Biol. 2017 Apr;36(4):295–302.

77.	 Qi H, Wang L, Zhang M, Wang Z, Gao X, Li M. Methionine and leucine induce 
ARID1A degradation to promote mTOR expression and milk synthesis in 
mammary epithelial cells. J Nutr Biochem. 2022 Mar;101:108924.

78.	 Lin G, Qi H, Guo X, Wang W, Zhang M, Gao X. ARID1B blocks methionine-
stimulated mTOR activation to inhibit milk fat and protein synthesis in and 
proliferation of mouse mammary epithelial cells. J Nutr Biochem. 2023 
Apr;114:109274.

79.	 Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF, et al. 
Histone modifications at human enhancers reflect global cell-type-specific 
gene expression. Nature. 2009 May;459(7243):108–12.

80.	 Hao Q, Wang Z, Wang L, Han M, Zhang M, Gao X. Isoleucine stimulates mTOR 
and SREBP-1c gene expression for milk synthesis in mammary epithelial 
cells through BRG1-mediated chromatin remodelling. Br J Nutr. 2023 
Feb;28(4):553–63.

81.	 Igolkina AA, Zinkevich A, Karandasheva KO, Popov AA, Selifanova MV, 
Nikolaeva D et al. H3K4me3, H3K9ac, H3K27ac, H3K27me3 and H3K9me3 
Histone Tags Suggest Distinct Regulatory Evolution of Open and Condensed 
Chromatin Landmarks. Cells. 2019 Sep 5;8(9):1034.

82.	 Hao Q, Wang L, Zhang M, Wang Z, Li M, Gao X. Taurine stimulates protein 
synthesis and proliferation of C2C12 myoblast cells through the PI3K-ARID4B-
mTOR pathway. Br J Nutr. 2022 Nov;28(10):1875–86.

83.	 Yu M, Wang Y, Wang Z, Liu Y, Yu Y, Gao X. Taurine promotes milk synthesis via 
the GPR87-PI3K-SETD1A signaling in BMECs. J Agric Food Chem 2019 Feb 
20;67(7):1927–36.

84.	 Davie JR, Xu W, Delcuve GP. Histone H3K4 trimethylation: dynamic interplay 
with pre-mRNA splicing. Biochem Cell Biol. 2016 Feb;94(1):1–11.

85.	 Xu M, Zhou Y, Fan S, Zhang M, Gao X. Cul5 mediates taurine-stimulated 
mTOR mRNA expression and proliferation of mouse mammary epithelial 
cells. Amino Acids. 2023 Feb;55(2):243–52.

86.	 Ke C, Zhao S, Wang L, Zhang M, Gao X. Chromatin remodeler BRM is a key 
mediator of leucine-stimulated mTOR gene transcription in mouse mam-
mary epithelial cells. Biochem Biophys Res Commun. 2023 Feb;643:88–95.

87.	 Ramirez-Valle F, Badura ML, Braunstein S, Narasimhan M, Schneider RJ. 
Mitotic Raptor promotes mTORC1 activity, G2/M cell cycle progression, and 
internal ribosome entry site-mediated mRNA translation. Mol Cell Biol. 2010 
May;30(13):3151–64.

88.	 Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor 1 is a 
basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc 
Natl Acad Sci. 1995 Jun;6(12):5510–4.

89.	 Vilà L, Roglans N, Baena M, Barroso E, Alegret M, Merlos M, et al. Metabolic 
alterations and increased liver mTOR expression precede the development of 
Autoimmune Disease in a murine model of Lupus Erythematosus. Boussiotis 
VA, editor. PLoS ONE. 2012 Dec;4(12):e51118.

90.	 Marques-Ramos A, Candeias MM, Menezes J, Lacerda R, Willcocks M, Teixeira 
A et al. Cap-independent translation ensures mTOR expression and function 
upon protein synthesis inhibition. RNA. 2017 Aug 18;rna.063040.117.

91.	 Fonseca BD, Zakaria C, Jia JJ, Graber TE, Svitkin Y, Tahmasebi S, et al. La-
related protein 1 (LARP1) represses terminal oligopyrimidine (TOP) mRNA 
translation downstream of mTOR Complex 1 (mTORC1). J Biol Chem. 2015 
Jun;290(26):15996–6020.

92.	 Hong S, Freeberg MA, Han T, Kamath A, Yao Y, Fukuda T et al. LARP1 functions 
as a molecular switch for mTORC1-mediated translation of an essential class 
of mRNAs. eLife. 2017 Jun 26;6:e25237.

93.	 Tcherkezian J, Cargnello M, Romeo Y, Huttlin EL, Lavoie G, Gygi SP et al. 
Proteomic analysis of cap-dependent translation identifies LARP1 as a key 
regulator of 5’TOP mRNA translation. Genes Dev 2014 Feb 15;28(4):357–71.

94.	 Philippe L, van den Elzen AMG, Watson MJ, Thoreen CC. Global analysis of 
LARP1 translation targets reveals tunable and dynamic features of 5′ TOP 
motifs. Proc Natl Acad Sci. 2020 Mar;10(10):5319–28.

95.	 Mura M, Hopkins TG, Michael T, Abd-Latip N, Weir J, Aboagye E, et al. LARP1 
post-transcriptionally regulates mTOR and contributes to cancer progression. 
Oncogene. 2015 Sep;34(39):5025–36.

96.	 He L, Li H, Wu A, Peng Y, Shu G, Yin G. Functions of N6-methyladenosine and 
its role in cancer. Mol Cancer. 2019 Dec;18(1):176.

97.	 Liu J, Eckert MA, Harada BT, Liu SM, Lu Z, Yu K, et al. m6A mRNA methylation 
regulates AKT activity to promote the proliferation and tumorigenicity of 
endometrial cancer. Nat Cell Biol. 2018 Sep;20(9):1074–83.

98.	 Zhao Q, Zhao Y, Hu W, Zhang Y, Wu X, Lu J, et al. M 6 a RNA modification 
modulates PI3K/Akt/mTOR signal pathway in gastrointestinal Cancer. Ther-
anostics. 2020;10(21):9528–43.

99.	 Krijger PHL, de Laat W. Regulation of disease-associated gene expression in 
the 3D genome. Nat Rev Mol Cell Biol. 2016 Dec;17(12):771–82.

100.	 Liu YC, Gao XX, Zhang ZG, Lin ZH, Zou QL. PPAR Gamma Coactivator 1 Beta 
(PGC-1β) reduces mammalian target of Rapamycin (mTOR) expression 
via a SIRT1-Dependent mechanism in neurons. Cell Mol Neurobiol. 2017 
Jul;37(5):879–87.

101.	 Park JA, Lee CH. Temporal changes in mammalian target of rapamycin 
(mTOR) and phosphorylated-mTOR expressions in the hippocampal CA1 
region of rat with vascular dementia. J Vet Sci. 2017 Mar;30(1):11–6.

102.	 Park JS, Park HJ, Park YS, Lee SM, Yim JJ, Yoo CG, et al. Clinical significance of 
mTOR, ZEB1, ROCK1 expression in lung tissues of pulmonary fibrosis patients. 
BMC Pulm Med. 2014 Dec;14(1):168.

103.	 Balato A, Di Caprio R, Lembo S, Mattii M, Megna M, Schiattarella M, et al. 
Mammalian target of rapamycin in inflammatory skin conditions. Eur J 
Inflamm. 2014 May;12(2):341–50.

104.	 Monfrecola G, Lembo S, Caiazzo G, De Vita V, Di Caprio R, Balato A, et al. 
Mechanistic target of rapamycin (mTOR) expression is increased in acne 
patients’ skin. Exp Dermatol. 2016 Feb;25(2):153–5.

105.	 Tang ZM, Zhai XX, Ding JC. Expression of mTOR/70S6K signaling pathway in 
pathological scar fibroblasts and the effects of resveratrol intervention. Mol 
Med Rep. 2017 May;15(5):2546–50.



Page 13 of 13Marques-Ramos and Cervantes Molecular Cancer          (2023) 22:112 

106.	 Gödel M, Hartleben B, Herbach N, Liu S, Zschiedrich S, Lu S, et al. Role of 
mTOR in podocyte function and diabetic nephropathy in humans and mice. J 
Clin Invest. 2011 Jun;121(6):2197–209.

107.	 Tchetina EV, Poole AR, Zaitseva EM, Sharapova EP, Kashevarova NG, Taskina 
EA et al. Differences in mammalian target of Rapamycin Gene expression in 
the Peripheral blood and articular cartilages of osteoarthritic patients and 
Disease Activity. Arthritis 2013 Jun 25;2013:1–14.

108.	 Mohammadian A, Naderali E, Mohammadi SM, Movasaghpour A, Valipour 
B, Nouri M et al. Cord blood cells responses to IL2, IL7 and IL15 cytokines for 
mTOR expression. Adv Pharm Bull 2017 Apr 13;7(1):81–5.

109.	 Wong M. Mammalian target of Rapamycin (mTOR) pathways in neurological 
Diseases. Biomed J. 2013;36(2):40.

110.	 Zhang Z, Fan Q, Luo X, Lou K, Weiss WA, Shokat KM. Brain-restricted mTOR 
inhibition with binary pharmacology. Nat 2022 Sep 22;609(7928):822–8.

111.	 Lee H. Phosphorylated mTOR expression profiles in human normal and 
Carcinoma tissues. Dis Markers. 2017;2017:1–8.

112.	 Wang D, Eraslan B, Wieland T, Hallström B, Hopf T, Zolg DP et al. A deep pro-
teome and transcriptome abundance atlas of 29 healthy human tissues. Mol 
Syst Biol [Internet]. 2019 Feb [cited 2023 Jan 6];15(2). Available from: https://
onlinelibrary.wiley.com/doi/https://doi.org/10.15252/msb.20188503.

113.	 Li L, Liu D, Qiu ZX, Zhao S, Zhang L, Li WM. The Prognostic Role of mTOR and 
P-mTOR for Survival in Non-Small Cell Lung Cancer: A Systematic Review and 
Meta-Analysis. Reis RM, editor. PLOS ONE. 2015 Feb 13;10(2):e0116771.

114.	 Karachaliou N, Codony-Servat J, Teixidó C, Pilotto S, Drozdowskyj A, Codony-
Servat C, et al. BIM and mTOR expression levels predict outcome to erlotinib 
in EGFR-mutant non-small-cell lung cancer. Sci Rep. 2015 Dec;5(1):17499.

115.	 Kasajima A, Pavel M, Darb-Esfahani S, Noske A, Stenzinger A, Sasano H et al. 
mTOR expression and activity patterns in gastroenteropancreatic neuroendo-
crine tumours. Endocr Relat Cancer 2010 Dec 15;18(1):181–92.

116.	 Li M, Sun H, Song L, Gao X, Chang W, Qin X. Immunohistochemical expres-
sion of mTOR negatively correlates with PTEN expression in gastric carci-
noma. Oncol Lett. 2012 Dec;4(6):1213–8.

117.	 Bornschein J, Seidel T, Langner C, Link A, Wex T, Selgrad M, et al. MMP2 and 
MMP7 at the invasive front of gastric cancer are not associated with mTOR 
expression. Diagn Pathol. 2015 Dec;10(1):212.

118.	 Guerrero M, Ferrín G, Rodríguez-Perálvarez M, González-Rubio S, Sánchez-
Frías M, Amado V et al. mTOR expression in liver transplant candidates with 
Hepatocellular Carcinoma: impact on histological features and Tumour recur-
rence. Int J Mol Sci 2019 Jan 15;20(2):336.

119.	 Wu N, Du Z, Zhu Y, Song Y, Pang L, Chen Z. The expression and prog-
nostic impact of the PI3K/AKT/mTOR signaling pathway in Advanced 
Esophageal squamous cell carcinoma. Technol Cancer Res Treat. 2018 
Jan;17:153303381875877.

120.	 Marioni G, Staffieri A, Lora L, Fermo S, Giacomelli L, La Torre FB, et al. mTOR 
expression and prognosis in elderly patients with laryngeal carcinoma: Uni- 
and multivariate analyses. Oral Oncol. 2012 Jun;48(6):530–4.

121.	 Marioni G, Ottaviano G, Lovato A, Franz L, Bandolin L, Contro G, et al. Expres-
sion of maspin tumor suppressor and mTOR in laryngeal carcinoma. Am J 
Otolaryngol. 2020 Jan;41(1):102322.

122.	 Winters BR, Vakar-Lopez F, Brown L, Montgomery B, Seiler R, Black PC et al. 
Mechanistic target of rapamycin (MTOR) protein expression in the tumor and 
its microenvironment correlates with more aggressive pathology at cystec-
tomy. Urol Oncol Semin Orig Investig. 2018 Jul;36(7):342.e7-342.e14.

123.	 Han X, Ji Y, Zhao J, Xu X, Lou W. Expression of PTEN and mTOR in pancreatic 
neuroendocrine tumors. Tumor Biol. 2013 Oct;34(5):2871–9.

124.	 Beca F, Andre R, Martins DS, Bilhim T, Martins D, Schmitt F. p-mTOR expression 
is associated with better prognosis in luminal breast carcinoma. J Clin Pathol. 
2014 Nov;67(11):961–7.

125.	 Kremer CL, Klein RR, Mendelson J, Browne W, Samadzedeh LK, Vanpatten K, et 
al. Expression of mTOR signaling pathway markers in prostate cancer progres-
sion. Prostate. 2006 Aug;66(1):1203–12.

126.	 Foster H, Coley HM, Goumenou A, Pados G, Harvey A, Karteris E. Differential 
expression of mTOR signalling components in drug resistance in ovarian 
cancer. Anticancer Res. 2010 Sep;30(9):3529–34.

127.	 Rogers–Broadway K, Kumar J, Sisu C, Wander G, Mazey E, Jeyaneethi J et al. 
Differential expression of mTOR components in endometriosis and ovarian 

cancer: Effects of rapalogues and dual kinase inhibitors on mTORC1 and 
mTORC2 stoichiometry. Int J Mol Med [Internet]. 2018 Oct 31 [cited 2022 
Aug 3]; Available from: http://www.spandidos-publications.com/https://doi.
org/10.3892/ijmm.2018.3967.

128.	 Ulińska E, Mycko K, Sałacińska-Łoś E, Pastorczak A, Siwicka A, Młynarski W, 
et al. Impact of mTOR expression on clinical outcome in paediatric patients 
with B-cell acute lymphoblastic leukaemia – preliminary report. Współczesna 
Onkol. 2016;4:291–6.

129.	 Stockwin W, Johnson P, Vajpayee N. Immunohistochemical expression of 
mTOR in multiple myeloma: retrospective analysis of 31 cases, a clinicopatho-
logical study. Ann Clin Lab Sci. 2016;46(2):125–31.

130.	 Chen K, Mo J, Zhou M, Wang G, Wu G, Chen H, et al. Expression of PTEN and 
mTOR in sacral chordoma and association with poor prognosis. Med Oncol. 
2014 Apr;31(4):886.

131.	 Baghery Saghchy Khorasani A, Pourbagheri-Sigaroodi A, Pirsalehi A, 
Safaroghli-azar A, Zali MR, Bashash D. The PI3K/Akt/mTOR signaling pathway 
in gastric cancer; from oncogenic variations to the possibilities for pharmaco-
logic interventions. Eur J Pharmacol. 2021 May;898:173983.

132.	 Konstantin Griniak AR. Immunohistochemical Analysis of mTOR Pathway 
Expression in Gastric Neuroendocrine Tumors. J Clin Exp Pathol [Internet]. 
2014 [cited 2022 Aug 3];04(03). Available from: https://www.omicsonline.org/
open-access/immunohistochemical-analysis-of-mtor-pathway-expression-in-
gastric-neuroendocrine-tumors-2161-0681.1000173.php?aid=26257.

133.	 Chuang WY, Chang YS, Chao YK, Yeh CJ, Ueng SH, Chang CY, et al. Phosphory-
lated mTOR expression correlates with podoplanin expression and high 
tumor grade in esophageal squamous cell carcinoma. Int J Clin Exp Pathol. 
2015;8(10):12757–65.

134.	 Sutherland SIM, Pe Benito R, Henshall SM, Horvath LG, Kench JG. Expres-
sion of phosphorylated-mTOR during the development of prostate cancer: 
expression of p-mTOR in prostate Cancer. Prostate. 2014 Sep;74(12):1231–9.

135.	 Byeon S, Han N, Choi J, Kim MA, Kim WH. Prognostic implication of TSC1 
and mTOR expression in gastric carcinoma: TSC1 and p-mTOR expression in 
gastric Cancer. J Surg Oncol. 2014 Jun;109(8):812–7.

136.	 Murayama T, Inokuchi M, Takagi Y, Yamada H, Kojima K, Kumagai J, et al. 
Relation between outcomes and localisation of p-mTOR expression in gastric 
cancer. Br J Cancer. 2009 Mar;100(5):782–8.

137.	 Wang J, Zhu X, Xu X, Guo L, Shen G, Liu X, et al. PIK3CA mutations and 
downstream effector p-mTOR expression: implication for prognostic factors 
and therapeutic targets in triple negative breast cancer. Int J Clin Exp Pathol. 
2017;10(7):7682–91.

138.	 Rojo F, Domingo L, Sala M, Zazo S, Chamizo C, Menendez S et al. Gene 
Expression Profiling in True Interval Breast Cancer Reveals Overactivation of 
the mTOR Signaling Pathway. Cancer Epidemiol Biomarkers Prev. 2014 Feb 
1;23(2):288–99.

139.	 Alì G, Boldrini L, Capodanno A, Pelliccioni S, Servadio A, Crisman G, et al. 
Expression of p-AKT and p-mTOR in a large series of bronchopulmonary 
neuroendocrine tumors. Exp Ther Med. 2011;2(5):787–92.

140.	 Travis WD, Rush W, Flieder DB, Falk R, Fleming MV, Gal AA, et al. Survival analy-
sis of 200 pulmonary neuroendocrine tumors with clarification of criteria for 
atypical carcinoid and its separation from typical carcinoid. Am J Surg Pathol. 
1998 Aug;22(8):934–44.

141.	 Murali AR, Patil S, Phillips KT, Voigt MD. Locoregional Therapy with curative 
intent Versus Primary Liver Transplant for Hepatocellular Carcinoma: system-
atic review and Meta-analysis. Transplantation. 2017 Aug;101(8):e249–57.

142.	 Chen J, Ying Y, Zhu H, Zhu T, Qu C, Jiang J et al. Curcumin–induced promoter 
hypermethylation of the mammalian target of rapamycin gene in multiple 
myeloma cells. Oncol Lett [Internet]. 2018 Nov 5 [cited 2022 Aug 3]; Available 
from: http://www.spandidos-publications.com/https://doi.org/10.3892/
ol.2018.9662.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://onlinelibrary.wiley.com/doi/
https://onlinelibrary.wiley.com/doi/
https://doi.org/10.15252/msb.20188503
http://www.spandidos-publications.com/
https://doi.org/10.3892/ijmm.2018.3967
https://doi.org/10.3892/ijmm.2018.3967
https://www.omicsonline.org/open-access/immunohistochemical-analysis-of-mtor-pathway-expression-in-gastric-neuroendocrine-tumors-2161-0681.1000173.php?aid=26257
https://www.omicsonline.org/open-access/immunohistochemical-analysis-of-mtor-pathway-expression-in-gastric-neuroendocrine-tumors-2161-0681.1000173.php?aid=26257
https://www.omicsonline.org/open-access/immunohistochemical-analysis-of-mtor-pathway-expression-in-gastric-neuroendocrine-tumors-2161-0681.1000173.php?aid=26257
http://www.spandidos-publications.com/
https://doi.org/10.3892/ol.2018.9662
https://doi.org/10.3892/ol.2018.9662

	﻿Expression of mTOR in normal and pathological conditions
	﻿Abstract
	﻿Background
	﻿Overview of mTOR signaling
	﻿Methodology
	﻿Regulation of mTOR expression
	﻿mTOR transcription regulation
	﻿mTOR translation regulation
	﻿mTOR mRNA stability regulation


	﻿Changes in mTOR expression levels in diseases
	﻿Changes in mTOR expression in non-cancerous conditions
	﻿Changes in mTOR expression in cancer

	﻿Conclusion
	﻿References


