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Abstract 

Polyploidy is typically described as the condition wherein a cell or organism has more than two complete sets 
of chromosomes. Occurrence of polyploidy is a naturally occurring phenomenon in the body’s development and dif-
ferentiation processes under normal physiological conditions. However, in pathological conditions, the occurrence 
of polyploidy is documented in numerous disorders, including cancer, aging and diabetes. Due to the frequent asso-
ciation that the polyploidy has with these pathologies and physiological process, understanding the cause and con-
sequences of polyploidy would be beneficial to develop potential therapeutic applications. Many of the genetic 
and epigenetic alterations leading to cancer, diabetes and aging are linked to signaling pathways. Nonetheless, 
the specific signaling pathway associated with the cause and consequences of polyploidy still remains largely 
unknown. Mammalian/mechanistic target of rapamycin (mTOR) plays a key role in the coordination between eukary-
otic cell growth and metabolism, thereby simultaneously respond to various environmental inputs including nutrients 
and growth factors. Extensive research over the past two decades has established a central role for mTOR in the regu-
lation of many fundamental cellular processes that range from protein synthesis to autophagy. Dysregulated mTOR 
signaling has been found to be implicated in various disease progressions. Importantly, there is a strong correla-
tion between the hallmarks of polyploidy and dysregulated mTOR signaling. In this review, we explore and discuss 
the molecular connection between mTOR signaling and polyploidy along with its association with cancer, diabetes 
and aging. Additionally, we address some unanswered questions and provide recommendations to further advance 
our understanding of the intricate relationship between mTOR signaling and polyploidy.
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Introduction
Polyploidy is a condition in which a cell or organism has 
more than two complete sets of chromosomes [1]. For 
instance, humans can exhibit triploidy with 69 chro-
mosomes or tetraploidy with 92 chromosomes [2]. The 

formation of polyploid cells in a diploid organism can 
occur via three primary mechanisms: cell fusion, endorep-
lication, and other abnormalities that lead to an unsuc-
cessful cell cycle [3–5]. Moreover, polyploidy can emerge 
from multinucleate conditions due to unsuccessful cytoki-
nesis or cell fusion [6]. Polyploid giant cells, frequently 
characterized by the presence of many nuclei, originate 
from malignant cell lines and malignancies [6, 7]. In addi-
tion to cancer, polyploidy has also been associated with 
aging and diabetes (Fig.  1). Studies have demonstrated 
that polyploidization rises with age in certain mamma-
lian organs, such as liver, brain, heart and eye [8–10]. Fur-
thermore, diabetic mice exhibit an elevated occurrence 
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of polyploidization in pancreatic β-cells [11]. The transi-
tion from diploidy to polyploidy is a natural process that 
occurs during the development and differentiation pro-
cesses in an organism under normal physiological condi-
tions [10]. Polyploidization has further been regarded as 

a frequent occurrence in evolution [12]. mTOR signaling 
plays a very important role in generating characteristic 
features of polyploid cells.

mTORpathway plays a central role in the regulation 
of multiple fundamental cellular processes, that range 

Fig. 1 Association of polyploidy with cancer, diabetes and aging: (A) Illustration depicting the genesis and function of polyploid giant cancer cells 
(PGCC) in cancer. B The link between polyploidy and diabetes. C Overview of the connection and significance of polyploidy in the aging process
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from protein synthesis to autophagy [13]. Dysregulated 
mTOR signaling has been implicated in the progression 
of cancer, diabetes and the aging process (Fig.  2) [13]. 
mTOR signaling has frequently been affected in human 
cancers. Due to the involvement of the mTOR pathway 
in the regulation of essential processes such as cell cycle, 
proliferation, growth, survival, protein synthesis and glu-
cose metabolism, mTOR is closely linked to cancer [14]. 
The mTOR signaling pathway has frequently been found 
to be dysregulated in individuals with diabetes as well. 
This dysregulation has been triggered by multiple occur-
rences such as insulin resistance, elevated triglyceride 

levels, lipid metabolism, ketone production, glucose 
metabolism and cholesterol metabolism [13]. mTOR 
generates two distinct multiprotein complexes, namely 
mTORC1 and mTORC2, which serve diverse functions 
[13]. mTOR signaling pathway comprises of several pro-
tein partners that regulate multiple cellular processes 
such as metabolism, protein synthesis and cell develop-
ment [13]. Both Type 1 and Type 2 diabetes (T2D) have 
been associated with mTORC1, suggesting that it plays 
a role in the development of these diseases [13, 14]. The 
most popular treatment for T2D, which is metformin, 
controls mTORC1 activity [15]. Furthermore, genetic 

Fig. 2 Association of the mTOR signaling pathway with cancer, diabetes and aging: Illustrative depiction of the interplay and functional relevance 
of mTOR signalling in cancer, diabetes and aging
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evidence has established the association between mTOR 
signaling and aging process as well [14]. According to 
genetic studies, reduced mTOR signaling, increases cel-
lular longevity [14]. It has widely been hypothesized that 
the positive benefits of calorie restriction on life span 
have been imposed by lowered mTORC1 signaling due 
to the crucial role that mTORC1 plays in the integration 
of nutrition with insulin signaling [16]. There is a strong 
correlation between the hallmarks of polyploidy and 
mTOR signaling. This review focuses on the molecular 
connection between polyploidy and mTOR signaling.

Polyploidy in cancer
Human malignancies have been found to exhibit 
unscheduled tetraploidy [17, 18]. Tetraploidy is a form 
of polyploidy characterized by the presence of four sets 
of chromosomes within a single cell [18]. Tetraploidy has 
been observed in the initial phases of colon cancer, breast 
cancer, Barrett’s oesophagus and cervical cancer [18]. 
An elegant study has demonstrated that tetraploid cells 
which result from the failure of cytokinesis have the abil-
ity to induce tumor formation in mice lacking p53 gene 
[19]. Tetraploid cells have been found to develop into 
aneuploid cells when cultured in a laboratory setting [18]. 
Aneuploidy, a significant characteristic of cancer, denotes 
the existence of an atypical quantity of chromosomes 
or segments of chromosomes [18]. Tetraploidy is the 
metastable intermediary state that exists between nor-
mal diploidy and malignant aneuploidy [18]. Polyploidy 
can lead to alterations in genetic material that enhance 
the likelihood of producing advantageous mutations 
[18]. Although polyploid cells in a diploid organism can 
provide immediate benefits, polyploidy may also entail 
long-term drawbacks or liabilities [20–22]. During divi-
sion, polyploid cells may allow for maximum metabolic 
efficiency due to the presence a reduced number of sta-
ble genomes [20, 23]. The possible expense of producing 
polyploid cells is corroborated by the recent identifica-
tion of a tetraploidy checkpoint that kills tetraploid cells 
by apoptosis [24, 25]. It is fascinating that the tetraploidy 
checkpoint relies on the primary pathways of p53 and Rb 
that are implicated in human cancer [25]. These findings 
further substantiate the need to reassess the long-stand-
ing idea that a tetraploid intermediate likely plays a sig-
nificant role in the development of genomic instability in 
certain cancers.

Polyploidy in cancer is not limited to tetraploid cells 
but also extends to polyploid giant cancer cells (PGCCs) 
[7]. Influences such as hypoxia, chemotherapeutic medi-
cines and radiation, can induce the formation of PGCCs 
by altering the cell cycle and modulating the expres-
sion of fusion associated proteins (Fig.  1A) [26–28]. 
PGCCs are present in a range of solid malignant tumors, 

including melanoma, urothelial cancer, kidney cancer, 
breast cancer, ovarian cancer, pancreatic cancer and 
prostate cancer [7]. A high number of poorly differenti-
ated tumors reportedly have a significant presence of 
PGCCs, exceeding the quantities found in well-differen-
tiated and less aggressive tumors [29]. Higher abundance 
of PGCCs is observed in lymph node metastatic foci than 
primary tumor tissues [29]. Elevation of PGCCs has been 
observed in the tumor tissue after treatment such as radi-
otherapy and/or chemotherapy as compared to before 
treatment tumor tissue [29]. Recent evidence has demon-
strated that PGCCs exhibit characteristics of cancer stem 
cells (CSCs) and undergo asymmetric division to gener-
ate new cells [30, 31]. These newly formed cells exhibit 
markers that are associated with the process of epithelial-
mesenchymal transition, which in turn aids in their abil-
ity to metastasize [28, 29]. The CSC-like properties that 
are found in PGCCs aid in the differentiation of these 
cells into non-cancerous cells. For example, PGCCs can 
be induced to undergo differentiation and thereby pro-
duce erythrocytes that show high affinity for oxygen. This 
adaptation in turn allows the PGCCs to survive extreme 
low oxygen condition [32, 33]. Polyploidy has been asso-
ciated with multiple aspects of cancer development and 
maintenance, including the ability to resist drugs [7].

Polyploidy in diabetes
Increased polyploidization has been observed in the pan-
creatic β-cells of diabetic mice [11, 34, 35]. People with 
insulin-independent diabetes has a notably elevated pro-
portion of polyploid nuclei in their islets [36]. Individu-
als with insulin-dependent diabetes also have a much 
higher proportion of polyploid nuclei in their islets than 
the control subjects [36]. Hepatocytes from adult, non-
obese diabetic mice show changes in polyploidization 
when compared to non-diabetic control mice of the same 
age [37, 38]. Cellular senescence has been reported in dia-
betic islet cells as well as in PGCCs [39]. This implicates 
possible roles of polyploidy in inducing senescence which 
is observed in diabetic islets. In addition, polyploid cells 
have also been observed in mouse embryonic cells that 
are cultured under diabetic conditions (Fig.  1B) [40]. In 
diabetic condition, glucose and ketone bodies, which 
are known to have physiological significance, reportedly 
induce polyploidy in cultured mouse embryonic cells [40]. 
A study involving mouse model has demonstrated that 
excess glucose intake results in an accelerated β-cell poly-
ploidization [11]. Polyploidy is known to be the precursor 
of chromosomal anomalies that have been observed in the 
embryos of diabetic mice (Fig.  1B) [40]. The molecular 
connection between polyploidy and chromosomal insta-
bility has not yet been established in the context of dia-
betes. It has been observed that liver plays a pivotal role 
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in diabetes [41]. It has also been determined that hepatic 
cells are known to undergo polyploidy [3, 10]. However, 
the molecular connection between hepatic polyploidy 
and diabetes is yet to be established. Detailed investiga-
tion is required to unravel this yet uncovered connection 
which in turn would answer the key questions in relation 
to polyploidy and diabetes.

Polyploidy in aging
Polyploidization in mammalian organs has been shown 
to increase with age, specifically in the organs of liver, 
brain, heart and eyes (Fig.  1C). In the mammalian liver 
tissue, a substantial population of hepatocytes exists 
as polyploid cells, and the process of polyploidization 
is notably amplified during the aging process [10]. The 
proportion of polyploidy also increases with the aging 
process involving as much as 90% of the hepatocytes in 
mice and 40% in humans [10]. Polyploidization in hepat-
ocytes has been shown to be regulated by centrosomes 
and antiapoptotic protein Mcl-1 [42–44]. It has been 
observed that centriole signaling through PIDDosome–
p53 axis is required to restrict hepatocyte polyploidy and 
maintain liver integrity [42]. In addition, it has further 
been shown in vivo that Mcl-1 deficiency leads to poly-
ploidy generation in hepatocytes [43].

Polyploid hepatocytes are an important source of liver 
regeneration under stressful conditions [45]. Polyploid 
hepatocytes repeatedly divide to maintain normal turn-
over of hepatocytes during aging [46]. Gene set enrich-
ment analysis revealed that genes related to immune 
responses are commonly downregulated in polyploid 
cells, whereas genes associated with mitochondrial func-
tions such as lipid and fatty acid metabolism are com-
monly upregulated in polyploid cells compared to diploid 
cells, suggesting the regulation of functional properties of 
the liver by polyploidy [46]. Hepatocyte polyploidization, 
which is generally considered as an indicator of terminal 
differentiation and cellular senescence, has been found to 
be related to the dysfunction of insulin and p53/p21 sign-
aling pathways (Fig. 1C) [47].

In regard to function of polyploidy in aging, one school 
of thought is that the polyploid cells that build up with 
age, are a form of damage and dysfunction linked to cel-
lular senescence and could play a part in the deteriora-
tion and disease that come along with old age [48–50]. 
Another school of thought is that polyploidy might be 
a protective, beneficial adaptation that emerges in the 
damaged environment of aged tissues (Fig.  1C) [51]. 
It has also been speculated that elevated levels of poly-
ploidy with age might aid in the increase of cellular bio-
synthetic capacity, which in turn protect the cells from 
the deleterious effects of DNA damage that is lethal to 
the diploid cells (Fig.  1C) [52]. An Increased incidence 

of polyploidization with aging has been observed in 
the brain cells of Drosophila [53]. In a recent study 
performed on Drosophila, it has been speculated that 
increased polyploidy occurs in response to tissue dam-
age to maintain organ size [53]. This mechanism is likely 
a physiological strategy that deals with the damaged por-
tion in an aged brain where very limited cell division 
occurs [53]. In Drosophila model, it has been shown that 
polyploid cells arise from cell fusion, and contribute in 
the decline of the biomechanical fitness of the organism 
with the increase of age [53].

Polyploidy contributes to aneuploidy [20]. Aneuploidy 
typically has negative effects on cellular fitness, often 
resulting in apoptosis or cellular senescence [54]. Senes-
cent cells increase in number with age, and this might 
contribute to tissue disorders associated with aging by 
compromising functionality and reducing the regen-
erative potential (Fig. 1C) [55]. The secretion of various 
pro‐inflammatory proteins from senescent cells which 
is referred to as senescence‐associated secretory pheno-
type (SASP), promotes both tissue disorders and aging 
phenotypes [56]. In a phosphovimentin deficient mouse 
model, an unforeseen connection between tetraploidy 
and aging has been observed [57]. It has been found that 
cytokinetic failure results in the generation of tetraploid 
cells, which later develop into aneuploid cells, ultimately 
promoting premature aging [57]. One idea is that as peo-
ple get older, more senescent cells build up because they 
are produced in higher abundance and are not getting 
rid of themselves as quickly as they should [55]. Accu-
mulation of senescent cells could lead to tissue disorders 
by rendering tissues less functional and less capable of 
self-healing [9, 58]. Increased tetraploidy of cardiomyo-
cytes and the resultant decrease in their regeneration is 
a phenotype related to cellular senescence [9, 58]. The 
association between tetraploidy and aging, as well as the 
connection between aneuploidy and aging, have recently 
been emerging which calls for further investigation. 
With regard to regulation of tetraploids in aging, it has 
been shown that BAX/BAK, pro-apoptotic proteins of 
Bcl-2 family members, prevents the induction of a tetra-
ploidization-associated senescence program [59]. To gain 
deeper insights into these relationships, it is essential to 
conduct a comprehensive characterization of tetraploidy 
during physiological aging, and uncover the underlying 
causative factors. Simultaneously, investigations utiliz-
ing animal models will aid in unravelling the relationship 
between tetraploidy and aging.

Mechanisms for generation of polyploidy in cancer cell
Mitotic cycle to endocycle
Polyploid cells can arise from different processes 
which are generally divided into two categories: cell 
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fusion (cell–cell fusion) and endocycling [8]. Endocy-
cle is a process in cell cycle wherein DNA replication is 
repeated without mitosis or cytokinesis [8]. It has been 
documented that the mechanism of endocycle leads to 
polyploidy [4]. Endoreplication, which is a type of endo-
cycling, refers to the replication of DNA during the S 
phase of the cell cycle that takes place without subse-
quent completion of mitosis and/or cytokinesis [60].

Cell–cell fusion
Cell–cell fusion is a process where two or more cells join 
together by fusing their membranes [61]. It is crucial in 
multiple processes such as fertilization, organ devel-
opment, immune response and regeneration [62]. Cell 
fusion is further implicated in the generation of poly-
ploidy cells at the time of aberrant cell fusion [63].

Multinucleation
The occurrence of polyploidy can result from multinu-
cleate conditions following unsuccessful cytokinesis or 
cell fusion [6]. Polyploidization observed in cardiomyo-
cytes is often associated with multinucleation [58]. PGC-
Csare often found to possess giant multinucleated cells 
[7]. Multinucleation is associated with the generation of 
polyploid giant cells from nasal mucosal neoplasm when 
infected with Epstein-Barr virus [64]. Continuous expres-
sion of latency-associated nuclear antigen in different cell 
lines leads to multinucleated phenotypes that are linked 
to the formation of PGCCs [65]. Tax is a pleiotropic 
oncoprotein that is needed for viral replication to func-
tion. It often causes cells to become multinucleated and 
polyploid [64]. The formation of solid tumors by a single 
multinucleated cancer cell has already been established 
[66]. Multiple nuclei and failed cell division are linked 
to human papilloma virus infection, which is known to 
cause the formation of PGCCs [67]. Endomitosis is an 
incomplete form of mitosis that does not culminate in 
cell division but gives rise to multinucleated giant cells 
[68]. Abortive cell division reportedly often results in  a 
multinucleated cell [67].

Abortive cell cycle
Interrupting the control of the cell cycle is one way that 
polyploidy might happen. When cells keep making DNA 
without stopping by for cytokinesis, polyploid cells are 
developed [69]. Endoreplication, cytokinesis failure and 
mitotic slippage are three examples of failed cell cycles 
that result in polyploidy [10]. A cell cycle wherein mito-
sis has started and progresses normally through the end 
of anaphase but is not completed results in a cell with 
increased ploidy [70]. Melanomas and their precursors, 
specifically melanocytes, are exposed to UV light because 
of their anatomic location in the dermis. This in turn 

results in DNA damage and stress due to ROS produc-
tion, which further leads to the formation of polyploid 
cells, especially when mitosis or cell division fails [71].

Hallmarks of polyploid cells
Many polyploid cells have characteristics that make them 
stand out. These features include (≥ 4N)  DNA content, 
increased cellular size, multinucleated state and asyn-
chronous cell cycle (Fig. 3A).

DNA content (≥ 4n)
Flow cytometry has been utilized for DNA index (DI) 
analysis, thereby allowing measurement of DNA con-
tent in cells [72]. The majority of the polyploid cells 
in the adult Drosophila brain appears to be tetraploid, 
and the fraction of cells exhibiting ≥ 4n DNA content 
increases as the polyploidy increases [53]. Polyploidy 
refers to an increase in the overall amount of DNA in the 
cell’s genome [73]. This occurs when one or more chro-
mosomes are completely duplicated, which is indicated 
by number representations such as 4n, 5n and 12n [7]. 
Cancer cells with a relatively high DNA content usu-
ally appear as 4n + , 6n + or higher, and exist in the form 
of poly-aneuploidy [7]. In comparison to diploid cells, 
PGCCs exhibit a DNA content of tetraploidy or even 
higher abundance (≥ 4n) [74]. Numerous tumors exhibit 
the presence of cells with 4n, 8n or higher DNA content, 
and the presence of polyploid cells is widely acknowl-
edged as an unfavourable prognostic marker across mul-
tiple types of cancer [17].

Increased cellular size
In comparison to diploid cells, PGCCs can exhibit a size 
that is 10 to 20 times larger [75]. Since polyploidy was 
first discovered, it has been postulated that larger cells 
play an important role in the physiological and develop-
mental changes that come along with genome doubling, 
usually by changing the ratio of surface area to volume 
[76]. Polyploid individuals often develop larger bodies 
due to their increased cell size [77]. Nevertheless, the 
growth in size associated with ploidy is not linear or con-
sistent [78]. The most naïve hypothesis for the increased 
cellular size due to polyploidy is that increases in gene 
copy number result in an increased amount of protein, 
which in turn increases cell volume [77]. Additionally, 
higher cell volume should be accompanied by increased 
two-dimensional membranes and cytoskeletal structures. 
While the augmented cell size of PGCCs is well recog-
nized, the functional significance of increased cellular 
machinery has yet to be determined [7]. It is possible 
that the increased cell size allows PGCCs to store more 
energy molecules (e.g. lipids, proteins and carbohydrates) 
and to survive extended periods of dormancy [79]. It is 
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postulated that increased cell size provides protection 
from toxin and oxidative stress via increased production 
of RNA and protein for protective pathways [79].

Multinucleated state
Polyploidy can arise from the presence of many nuclei 
resulting from failed cytokinesis or fusion of cells [6]. It 
applies to  multinucleated cells wherein each individual 
nucleus contains two or more nuclei. Polyploidy and 
multinucleation are characteristic features of mammalian 
cardiomyocytes [58]. In a study on prostate cancer cells, 
administration of docetaxel chemotherapy in the cancer-
ous cells reportedly leads to the formation of multinucle-
ated polyploid cells [80]. Moreover, tumors and cell lines 
exhibit the presence of polyploid giant cells, which are 
characterized by substantially increased genomic con-
tent, and are frequently accompanied by the presence of 
multiple nuclei [81]. Cancer therapy resistance is associ-
ated with increased numbers of PGCCs, which are often 
multinucleated [81].

Melanocytes on exposure to UV suffer DNA dam-
age and reactive oxygen damage. This damage results 
in multinucleation or polyploidy generation [81]. X-Ray 
irradiation of human glioblastoma multiforme cells 
results in the generation of multinucleated PGCCs [82]. 
These cells grow slowly and provide resistance to radio-
therapy. Multinucleated polyploid cells significantly con-
tribute to altering the composition of cancer genomes, 
and tumor evolution, and making them therapy-resistant 

[64]. The benefit of multinucleation in polyploid cancer 
cells is still unknown. One possible hypothesis suggests 
that the presence of multinucleated states in polyploid 
cancer cells likely helps in the evolution of tumor, thereby 
making the cells therapy-resistant [64]. This hypothesis 
holds since multinucleation in roundworms has been 
shown to provide evolutionary benefits.

Asynchronous cell cycle
In multicellular eukaryotes, mitosis is the recognised 
way for somatic cell to divide, making sure that duplicate 
genetic material is correctly split into progeny cells [83]. 
Eukaryotes are orderly developmental organisms that 
have carefully-controlled cell cycle resulting in low muta-
tional frequencies [84]. Polyploid tumor cells have been 
shown to undergo aberrant mitosis [84]. Examination 
of several tumor tissue sections revealed the existence 
of proliferating cells having chromosomes of aberrant 
structure and size [85]. Polyploid cells show an asyn-
chronous cell cycle, which suggests that all the nuclei in 
the polyploid cells are present in different phases of the 
cell cycle [86]. Cell cycle asynchrony is observed in poly-
ploid neuroblasts. The staining of different nuclei within 
a polyploid cell with different colors showed that they are 
present in different phases of the cell cycle [84]. PGCCs 
derived from infection with cytomegalovirus showed 
an asymmetric, infrequent, or asynchronous cell cycle 
[64]. The asynchronous cell cycle promotes polyploid 
cell growth by either endomitosis or endocycle [4]. Cell 

Fig. 3 Association of the mTOR signaling pathway with hallmarks of polyploidy:(A) Depiction of the various hallmarks of polyploid cells: Hallmarks 
of polyploid cells include increased cellular size, multinucleation, increased DNA content and an asynchronous cell cycle. B Association of activated 
mTOR signaling with increased cellular size, multinucleation, increased DNA content, DNA duplication and various stages of the cell cycle
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cycle asynchrony results in generating genomic instabil-
ity [86, 87]. Historically, it has been believed that poly-
ploidy leads to chromosomal instability (CIN), ultimately 
culminating in tumorigenesis [86, 87]. This CIN might 
result from the asynchronous cell cycle in polyploid cells 
[86, 87]. Asynchronous cell cycles result in DNA damage. 
While DNA damage checkpoints are in charge of paus-
ing the cell cycle in response to DNA damage, the genetic 
makeup of polyploid cells, which have an asynchronous 
cell cycle, allow them to enter mitosis [86]. Entry of cells 
with DNA damage into mitosis results in CIN ultimately 
aborting cytokinesis [88]. PGCCs’ asymmetric cell divi-
sion by meiosis-like depolyploidization has previously 
been presented to explain their surprising life cycle [89]. 
The main objective of future research should be directed 
toward better understanding how PGCCs’ asymmetric 
cell division affects PGCC development and function.

mTOR signaling in cancer, diabetes and aging
It coordinates eukaryotic cell development and metabo-
lism [13]. Over the past two decades, mTOR has been 
shown to govern several essential cell functions, and dys-
regulated mTOR signaling has been linked to cancer, dia-
betes and aging (Fig. 2) [13].

mTOR in cancer
mTOR has a close relationship with cancer given that it 
has implications in the control of several essential pro-
cesses such as cell cycle, proliferation, growth and sur-
vival as well as protein synthesis and glucose metabolism 
(Fig.  2) [13]. mTOR signaling is one of the most com-
monly affected cascades in human cancers, and data in 
solid tumors showed that it is dysregulated in almost 30% 
of cancers [90]. Changes in the expression and activity of 
cancer-critical genes frequently cause mTOR signaling 
hyperactivation (Fig. 2) [91].

mTORC1 activation results in an increased protein 
synthesis due to repression of 4E-BP1 and activation of 
eIF-4E [13, 14]. eIF-4E activity induces an increase in the 
translation of pro-oncogenic proteins which in turn man-
age multiple processes such as cell survival, migration, 
and the growth of new blood vessels [92]. In addition, 
mTOR activation increases ribosomal biogenesis, thereby 
supplying the necessary tools to sustain high rates of cell 
development [93]. Metabolism of cancer cells appears to 
be reprogrammed to meet the needs of fast cell devel-
opment. The mTOR complex has been portrayed as a 
nutrient receptor in cancer metabolism, in particular 
for nutrients such as glucose, amino acids, nucleotides, 
fatty acids and lipids as well as growth factors and other 
stressors [13].

Through the activation of S6K1, mTORC1 can also 
increase purine and pyrimidine synthesis which is 

crucial for DNA replication in cancer cells [94, 95]. 
Additionally, mTOR controls autophagy which breaks 
down and recycles cytosolic components in response 
to a lack of nutrition and energy [96]. The process of 
autophagy is frequently considered as a carcinogenesis 
inhibitor, and its suppression promotes the develop-
ment of cancer (Fig.  2) [97, 98]. mTORC1 phosphoryl-
ates UNC-5-like autophagy-activating kinase 1 (ULK1), 
and prevents it from forming the ULK1-ATG13-FIP200 
complex, thereby activating autophagy [99]. In contrast, 
mTORC2 can indirectly suppress autophagy by activat-
ing mTORC1 [100].

Many cancer oncogenes including LncRNAs, and 
splicing factors depend on mTORC1 [101–104]. For 
example, MALAT1 LncRNA acts as an oncogene in 
hepatocellular carcinoma (HCC) through the activa-
tion of mTORC1 signaling pathway [102]. Furthermore, 
it has also been shown to regulate the process of gluco-
neogenesis, a downregulated pathway in HCC, through 
mTORC1 [101].

In addition, mutations in mTOR itself have been identi-
fied in diverse subtypes of cancer, providing further evi-
dence for the involvement of mTOR in the development 
of tumors [105]. The primary contribution of mTORC2 
signaling to cancer is mainly due to its capacity to stimu-
late Akt, which facilitates pro-proliferative mechanisms 
such as glucose uptake and glycolysis, while simultane-
ously suppressing apoptosis (Fig.  2) [13]. Importance 
of mTORC2 signaling in cancer is further supported by 
the crucial function of Rictor, a vital core component of 
mTORC2, in mouse models of PTEN-loss-driven pros-
tate cancer as well as in PTEN-deficient human prostate 
cancer cell lines [106].

mTOR in diabetes
Diabetes mellitus (DM) is a heterogeneous metabolic 
disorder of chronic hyperglycaemia [107]. Metabolic 
profiles of diabetic patients are highly disturbed, having 
increased level of glucose and lipids, causing the respec-
tive disorders of hyperglycaemia and hyperlipidaemia 
because of insulin resistance (Fig.  2) [108]. Hyperacti-
vation of mTORC1 regulates insulin and growth factor 
signaling through insulin receptor substrates (IRS) [109]. 
mTORC1 has been linked to both Type 1 and Type 2 dia-
betes, implicating its involvement in the pathogenesis of 
these conditions [14]. Excessive and prolonged activation 
of mTORC1 leads to the inhibition of IRS via p70S6K 
(p70 ribosomal protein S6 kinase) [110, 111]. In conse-
quence of this pathway, IRS loses its ability to facilitate 
the translocation of glucose transporters to the cell sur-
face, ultimately resulting in elevated blood glucose levels 
and development of T2D. The activation of the hepatic 
mTORC1/S6k signaling pathway is responsible for the 
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onset of hyperlipidaemia (Fig. 2) [112]. The consumption 
of excessive energy in the form of fats and proteins serves 
as the underlying factor in metabolic imbalances and 
metabolic disorders that contribute to obesity [112, 113]. 
Amino acids derived from dietary proteins enter the cyto-
plasmic circulation and actively participate in the activa-
tion of the mTORC1-p70S6K pathway through various 
signaling cascades [112]. The upregulation of the sodium-
coupled neutral amino acid transporter (SNAT2) induces 
activation of the mTORC1-p70S6K pathway, resulting in 
elevated serum triglycerides (TGs) and decreased adi-
pose lipoprotein lipase (LPL) expression (Fig.  2) [112]. 
The expression of dominant-negative p70S6K impedes 
the rise of hepatic triglycerides (TGs) in mice [112]. Pro-
longed activation of mTORC1 leads to insulin resistance, 
potentially exacerbating obesity and promoting the accu-
mulation of lipid deposits (Fig. 2) [110, 111]. The intrigu-
ing association between the mTORC1-p70S6K pathway 
and lipid metabolism has attracted attention as it plays 
a significant role in the biosynthesis of fatty acids [114, 
115]. mTORC1 is mandatory for de-novo lipid synthesis 
in murine liver [114, 115]. Fasting causes the liver to pro-
duce more ketone bodies (ketogenesis), which are then 
utilized by the distant organs as an energy source [116]. 
Hyperactivation of mTORC1 in the liver causes a notice-
able defect in the production of ketone bodies (Fig.  2) 
[117]. The main transcriptional activator of ketogenic 
genes, peroxisome proliferator activated receptor (PPAR) 
is increased at the time of fasting [116, 118]. This pro-
cedure requires mTOR inhibition. By inhibiting PPAR 
activity, mTORC1 regulates ketogenesis [119].

Increased lipid synthesis occurs as a result of the upreg-
ulation of sterol regulatory element-binding protein 1c 
(SREBP1c) [120]. The function of SREBP1 is eliminated 
when mTORC1 is specifically inhibited in the liver [121]. 
Hyperinsulinemia emerges as a key factor that contrib-
utes to hepatic insulin resistance and the development 
of steatosis (accumulation of lipids) [122]. The inability 
of insulin to effectively act on skeletal muscle and the 
liver results in elevated blood glucose levels, leading to 
hyperglycemia. Prolonged hyperactivation of mTORC1 
is associated with at least three distinct outcomes. As for 
the first outcome, IRS stops responding to insulin sign-
aling, leading to high blood glucose level and consistent 
production of glucose in liver cells [123, 124]. The sec-
ond outcome is the development of hyperlipidemia and 
hypertriglyceridemia, which contribute to insulin resist-
ance and excessive hepatic glucose production, eventu-
ally leading to the accumulation of fatty acids and lipid 
deposits within cells (Fig.  2) [115, 125]. The third out-
come involves inter-tissue communication leading to 
a reduction in lipoprotein lipases in the bloodstream, 
resulting in elevated triglyceride levels [112]. mTORC2 

controls glucose and cholesterol homeostasis via AKT 
signaling [114, 126]. Insufficient mTORC2 expression 
in the liver causes faulty insulin-stimulated AKT phos-
phorylation, constitutive gluconeogenesis, impaired 
glycolysis and impaired lipogenesis via altering hepatic 
glucokinase and SREBP1c activity [127]. The regulation 
of gluconeogenesis and lipogenesis by mTORC2 has also 
been linked to a variety of transcription factors including 
FOXO1, FOXA2 and PPARγ [114, 127].

mTOR in aging
mTOR signaling is strongly implicated in the aging 
process of diverse organisms including yeast, worms, 
flies and mammals (Fig. 2) [13, 16]. The initial observa-
tions regarding the extension of lifespan were made in 
the nematode C. elegans, where it was discovered that 
decreased expression of the mTOR homolog (ceTOR, 
formerly let-363) or Raptor homolog (daf-15) is associ-
ated with increased longevity [128, 129]. Subsequent 
genetic studies found that reduced mTOR signaling also 
promotes longevity in Drosophila [130], budding yeasts 
[131] and mouse models (Fig. 2) [132, 133]. In line with 
these findings, rapamycin, an inhibitor of mTORC1, 
has demonstrably shows the unique ability to increase 
lifespan in various model organisms, making it the sole 
pharmacological intervention known to extend lifes-
pan across different species [134–137]. Caloric restric-
tion (CR), which refers to a decrease in nutrient intake 
without compromising nutritional requirements, is the 
only alternative intervention known to extend the lifes-
pan across a diverse range of organisms [13]. Given the 
critical role of mTORC1 in sensing nutrients and insu-
lin, many speculated that the beneficial effects of CR on 
life span are due to reduced mTORC1 activity [13]. Sev-
eral lines of evidence suggest that the general reduction 
in mRNA translation during mTORC1 inhibition slows 
aging by reducing the accumulation of proteotoxic and 
oxidative stress, consistent with the observation that loss 
of the mTORC1 substrate S6K1 also extends life span in 
mammals (Fig. 2) [138]. A related possibility is that inhi-
bition of mTORC1 slows aging by increasing autophagy, 
which helps clear damaged proteins and organelles such 
as mitochondria, the accumulation of which is also asso-
ciated with aging and age-related diseases [13]. Finally, 
another model suggests that the attenuation of adult stem 
cells in various tissues plays a central role in organis-
mal aging, and mTOR inhibition boosts the self-renewal 
capacity of both hematopoietic and intestinal stem cells 
in mice (Fig.  2) [139, 140]. mTORC1 signaling in aging 
stems cells regulates a diverse array of critical cellular 
processes [13], and its inhibition can increase lifespan 
and delay age-related ailments in mammals.
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Correlation of hallmarks of polyploidy with mTOR signaling
There exists a strong correlation between hyperactivation 
of mTOR signaling and hallmarks of polyploid cells like 
(≥ 4N) DNA content, increased cellular size, multinucle-
ated state and asynchronous cell cycle (Fig. 3).

Multinucleation and mTOR signaling
The addition of maca (a plant product) to skeletal mus-
cle cell culture has been shown to drastically enhance 
multinucleation in comparison to the control group via 
activating muscle hypertrophic signaling pathways such 
as Akt and mTOR [141]. Polyamines stimulate the forma-
tion of multinucleated trophectoderm cells that give rise 
to giant cells in the placentae of mice [142]. Polyamines 
have also been shown to activate mTOR signaling [143]. 
mTOR signaling has been found to be associated with cell 
multinucleation in hyperplastic skin that has undergone 
epidermal loss of AURORA-A Kinase [144]. Ectopic miR-
100 expression in the MCF-7 luminal A cell line enhances 
the effect of paclitaxel on  multinucleation by targeting 
the mTOR pathway [145]. Skeletal muscle hypertrophy 
is characterized by multinucleated fibers [146]. Moreo-
ver, hypertrophy is also characterized by activation of the 
mTOR signaling pathway [147]. All these studies clearly 
suggest that there is a distinct association between multi-
nucleation and mTOR signaling (Fig. 3B).

Cell size and mTOR signaling
The IGF/PI3K/AKT/mTORC1 pathway is the best-
known regulatory pathway that regulates cell growth [13]. 
It has been established that this evolutionary conserved 
pathway is a crucial regulator of cell growth, and conse-
quently, a crucial factor in determining cell size (Fig. 3B). 
In addition, artificial activation of this pathway results 
in increased growth in most of the examined cell types. 
The increased cell size observed in muscle cells during 
hypertrophy is associated with an increased mTORC1 
signaling pathway [148]. Multiple signaling pathways are 
activated when insulin like growth factor (IGF) binds 
to its receptor, but the activation of the PI3K/AKT/
mTORC1 axis with mTORC1—a critical mediator of the 
signal from the growth factor to biogenic pathways—is 
crucial for controlling cell growth and cell size [149, 150]. 
Additionally, mTORC1 functions as a signaling node at 
which energetic and stress signals can modulate growth 
factor signaling by integrating inputs from at least four 
additional key cues that can affect cell growth and cell 
size: stress, energy status, oxygen levels and amino acid 
levels [150, 151]. Cell size reduction has been induced 
by inhibition of the mTOR/S6K-signaling in Jurkat cells 
[152]. The nutrient-activated mTORC1 signaling system 
regulates protein synthesis, ribosome biogenesis, mRNA 
translation and autophagy to regulate cell size [13, 150, 

151]. Vimentin is an intermediate filament protein in the 
cytoskeleton that controls cell size through mTORC1 
signaling as observed in mouse model [153]. It has fur-
ther been reported that vimentin has crucial implications 
in the progression of cancer and wound healing [154].

 > 4N DNA content and mTOR signaling
mTOR signaling is crucial for controlling DNA dupli-
cation at various cell cycle phases (Fig.  3B) [155]. First, 
mTOR regulates CDC6 to govern DNA replication origin 
licensing [156]. Second, mTOR helps DNA replication 
forks move forward by keeping the levels of CDC6 and 
ribonucleotide reductase steady [155]. Third, by boost-
ing the expression of CHK1 and FANCD2, mTOR keeps 
the replication fork stable [155]. It has been reported that 
replication stress may aid in the recruitment of mTOR to 
stalled replication forks [157].

Cell cycle and mTOR signaling
The mTOR signaling pathway participates in the control 
of translational initiation and early G1 progression in 
response to nutrient availability (Fig. 3B) [13]. Treatment 
with rapamycin results in the accumulation of the cyc-
lin-dependent kinase inhibitor p27 in the cells, leading 
to cell cycle arrest in the G1 phase [158]. In mammals, 
and likely in many other classes of organisms, mTORC1 
promotes progression of cells from G1 into S-phase, for 
example, by regulating the levels of specific cyclins and 
thus the activity of CDKs (Fig.  3B) [159]. Phosphopep-
tide mapping and mutational analysis have shown that 
raptor’s phosphorylation during mitosis is a key part of 
moving the cell cycle through the G2/M phase (Fig. 3B) 
[160]. mTORC1 regulates cytokinesis through the activa-
tion of Rho-ROCK signaling (Fig. 3B) [161]. Accumulat-
ing evidence indicates that one of the primary functions 
of mTORC2 is actin cytoskeleton rearrangement [162]. 
Deletion of mTORC2 disrupts the polarized organiza-
tion of the actin cytoskeleton [162]. mTORC2 has been 
proposed to control the actin cytoskeleton through the 
activation of Rho GTPases [163]. The network of actin 
filaments plays a crucial role in regulating cells’ cytoskel-
eton, which needs to undergo dynamic tuning and struc-
tural changes in order for cell division to take place in live 
cells [164]. Actin is a prominent regulator of cell division, 
a process whose success directly depends on the morpho-
logical changes of the actin cytoskeleton and the correct 
segregation of duplicated chromosomes [164]. Disorgani-
zation of the actin framework during the last stage of cell 
division, known as cytokinesis, can lead to multinuclea-
tion and the formation of polyploidy in post-mitotic cells 
[164]. During mitosis, this actin cytoskeleton undergoes 
reorganization, leading to the formation of rounded 
cells [164]. Following mitosis, the actin cytoskeleton is 
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re-established, enabling cells to regain their elongated 
shape [165]. The cytokinesis event  requires the highly 
coordinated reorganization of the cytoskeleton [165].

Polyploidy, senescence and mTOR signaling
PGCCs exhibit hallmarks of cellular senescence (Fig. 4A) 
[166]. Features such as enlarged size and flattened mor-
phology in PGCCs are suggestive of senescence in these 

cells [166]. Senescent phenotype is often characterized 
by multiple events such as induction of γ-H2A histone 
family member X (γ-H2AX) nuclear foci, cell cycle arrest 
regulated by the cyclin-dependent kinase inhibitors 
p16INK4a and p21, increase of senescence-associated 
β-galactosidase (SA-β-gal) activity, and enhanced expres-
sion of cytokines, namely interleukin-1 (IL-1), IL-6, and 
IL-8 [167–170]. PGCCs exhibit marked intensity in 

Fig. 4 The molecular connection between the mTOR signaling pathway and polyploid giant cancer cells: (A) The interplay between polyploidy, 
senescence and mTOR signaling. B The interplay between polyploidy, stem cells and mTOR signaling
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staining in SA-β-gal staining in the cytoplasm, whereas 
PGCC progeny cells express less β-gal than do the paren-
tal PGCCs [166]. In addition, γ-H2AX foci and p21 
expression are highly enhanced in the nuclei of PGCCs 
and dropped to an undetectable level in the progeny 
cells [166]. Furthermore, the levels of IL-1β and IL-6, 
two components of the SASP are significantly elevated 
in PGCCs [166]. Gene set enrichment analysis from 
RNA sequencing analysis of whole transcriptomes indi-
cated that cytokines and chemokines associated with 
the SASP phenotype, such as increased tumor necrosis 
factor-α signaling and cytokine activity, are enriched in 
the PGCCs [166]. These cumulative findings clearly sug-
gest that PGCCs display several major hallmarks of cel-
lular senescence (Fig. 4A).

Emerging data suggest that there is a definite role 
for mTOR in promoting cellular senescence [171]. For 
example, in a human fibrosarcoma cell line, HT-p21, 
simultaneous stimulation of growth and inhibition of 
the cell cycle results in cellular senescence [172]. How-
ever, treatment with rapamycin results in diminished 
cellular senescence, clearly indicating the role of mTOR 
in promoting senescence [172]. Supporting this idea, in 
another normal human fibroblast, WI-38, rapamycin 
treatment prevents or attenuates senescence induced 
by the chemotherapy drug doxorubicin (DOX) [172]. In 
addition, rapamycin has been shown to decrease hydro-
gen peroxide  (H2O2)-induced senescence in ARPE-19 
cells (a human retinal pigment epithelial cell line) [173]. 
Apart from chemical-induced senescence, rapamycin 
has been shown to slow down senescence in a number 
of other situations, including replicative senescence and 
oncogene-induced senescence (OIS) [174–176]. A study 
on replicative senescence of human skin fibroblasts (BJ 
cells) found that rapamycin treatment for three con-
secutive days stop the production of IL-8 and p21 [175]. 
Upon 60 passages, BJ cells show a senescence-associated 
phenotype, which is markedly decreased in rapamy-
cin-treated BJ cells [175]. In the case of OIS, which is 
induced by the oncogene RAS, rapamycin-treated cells 
show a reduced senescence phenotype compared to 
non-treated cells [175].

An important sign that shows mTORC1’s involve-
ment in cellular senescence is that S6 phosphorylation 
is higher in senescent cells, which is a well-known indi-
cator of mTORC1 activity [176]. Furthermore, mTOR 
inhibition by rapamycin treatment attenuates the acti-
vation of some, if not all, senescent markers [176]. These 
data collectively suggest an intriguing role of mTOR in 
establishing cellular senescence (Fig.  4A). A variety of 
oncogenic proteins, such as RAF and RAS, known well 
to cause cellular senescence, can activate the mTOR 
pathway [177, 178].

Polyploidy, stem cell and mTOR signaling
PGCCs, which have cancer stem cell (CSC)-like char-
acteristics, are known to express CSC-related mark-
ers such as CD44 and CD133 [30]. PGCCs can rapidly 
produce small-sized progeny cells through asymmetric 
divisions [30].

PGCCs that are isolated and cultured from human 
ovarian cancer cell lines and primary ovarian cancer 
show features of both normal and cancer stem cells [30]. 
These giant cells split up unevenly at the time of cell divi-
sion, and show slow progression in terms of the cell cycle 
[30]. They are able to differentiate into other types of cells 
as well [30]. A single PGCC, like CSE, has been shown 
to form cancer spheroids in  vitro and generate tumors 
in immunodeficient mice [30]. A PGCC-derived cell is 
shown to have a mesenchymal phenotype with increased 
expression of the CSE markers CD44 and CD133, and 
resistant to the treatment of cisplatin [30]. It was also 
shown that PGCCs made from human mammary epithe-
lial cells (HMECs) that are infected with a human cyto-
megalovirus have the traits of stem cells, and the ability 
to change between epithelial and mesenchymal cells. The 
PGCC progenies resemble blastomeres during embry-
onic development, and can differentiate into different cell 
types in  vitro [179]. They also show changes in the lev-
els of expression of markers for embryonic development 
and self-renewal like NANOG, OCT3, OCT4, ALDH1A 
and SOX-2 [179]. Together, these findings reveal that the 
PGCCs possess normal and cancer stem cell-like proper-
ties (Fig. 4B) [30, 179].

The mTOR signaling pathway has a role in promoting 
the transition of ovarian cancer cells from an epithelial 
to a mesenchymal state [180]. Stimulation of the mTOR 
signaling pathway also amplifies the movement and infil-
tration of CSCs in prostate and pancreatic cancers [181, 
182]. The inhibition of PTEN leads to the activation of 
mTORC1, which in turn enhances survival propensity, 
preservation of stem cell characteristics, and ability to 
form tumors in CD133 + /CD44 + prostate CSCs [183]. 
Activation of the mTOR signaling pathway stimulates 
cell proliferation, migration and invasion in head and 
neck squamous CSCs that express high levels of ALDH 
and CD44 markers of stem cells [184]. The activation 
of mTOR enhances the viability and reproduction of 
breast CSCs and NPC stem cells [185, 186]. Activation 
of mTORC1 also enhances the activity of aldehyde dehy-
drogenase 1 (ALDH1) in colorectal CSCs [187]. Activa-
tion of mTORC2 increases the expression of EpCAM, a 
hallmark of hepatic CSCs, and enhances their ability to 
form tumors in the liver [188]. Furthermore, a strong 
correlation between the mTOR signaling system and 
the metabolic processes of CSCs has been established 
[189]. For instance, deficiency of folate (LF) aids in a 
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reprogramming of metabolic signals by activating the 
mTOR signaling pathway. This activation in turn pro-
motes the spread and ability to form tumors of lung CSCs 
[189]. mTOR inhibitor, hinders the growth of breast 
CSCs by specifically targeting mitochondrial metabolism, 
glycolysis and several other signaling pathways [190]. 
Findings from these studies strongly suggest a connec-
tion between the mTOR pathway and CSCs (Fig. 4B).

Future directions and perspectives
mTOR signaling and polyploidy
While polyploidy and mTOR signaling separately are 
associated with cancers, diabetes and aging, the molecu-
lar connection between the two is highly likely. However, 
it remains to be answered whether polyploidy leads to 
the activation of mTOR signaling or vice-versa. Imme-
diate investigation is required in order to address these 
questions of high importance (Fig. 5A). Further study is 
needed to explore whether mTOR signaling is essential 
for the propagation of polyploid cells as well. A com-
mon signaling pathway in association with polyploidy is 
yet unknown (Fig. 5A). Research based knowledge on the 
cause and consequences of polyploidy has the potential 
to be therapeutically exploited for the treatment of can-
cer, diabetes and aging. The cell signaling mechanism 
that controls the inception of polyploidy, and could serve 
as a biomarker needs investigation. With this regard, 
mTORC1 signaling has huge potential.

Polyploid tumor cells were thought to assist tumors 
undergo quick changes, and thereby become resistant to 
treatment as observed in a number of cancers that do not 
yet have a cure for [191]. The significance of mTOR sign-
aling in tumor evolution (Fig. 5B) or in the therapy resist-
ance of PGCCs needs investigation. Polyploidy seems to 
provide some sort of adaptability to cancer cells in order 
to survive harsh conditions such as low serum, hypoxia 
and drugs [20]. The role or fate of mTOR signaling when 
polyploid cells are exposed to harsh environmental con-
ditions needs investigation (Fig. 5B).

Reversibility of polyploid cells
The capacity for evolutionary adaptation is a fundamen-
tal characteristic of biological systems [192]. Yeast cells 
deleted of cytokinesis genes have been shown to rapidly 
evolve divergent pathways to restore growth and cytoki-
nesis [193]. Common genetic alterations associated with 
the best evolved strains are polyploidy and aneuploidy 
[193]. The fate of polyploid cells when they are trans-
ferred to normal conditions is unknown. An important 
question is whether polyploid cells revert to normal 
cells or remain polyploid when given favorable environ-
mental condition. The role of signaling pathways, or the 
mTORC1 pathway in particular, in the conversion of 
polyploid cells requires investigation (Fig. 5B).

Rather than being considered a cell type with no future, 
PGCCs have their own life cycle and are now being 

Fig. 5 Prospective research directions in molecular interrelation between mTOR signaling and polyploidy: (A) The established links 
between polyploidy and mTOR signaling individually with cancer, diabetes and aging are well documented. However, the molecular connection 
between polyploidy and mTOR signaling remains to be elucidated. B Schematic illustration of the envisaged future research endeavors aimed 
at uncovering the intricate molecular association between polyploidy and mTOR signaling
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considered to play an important role in the immortality, 
invasion, origin, metastasis and resistance of tumor cells 
to radiotherapy and chemotherapy [7]. The initial enthu-
siasm for the so-termed therapy-induced senescence 
gradually turned into a concern that senescent PGCCs 
might do more harm than good, and could lead to cancer 
recurrence [194]. One particular concern is the senes-
cence-associated secretory phenotype (SASP) of PGCCs, 
which is the potential culprit in the detrimental effects of 
cancer cell senescence [195]. It seems likely that a fun-
damental role in this process is played by the reversibil-
ity of proliferation arrest, which is frequently connected 
with coupling of cell senescence with polyploidization 
or depolyploidization [195]. This study further suggests 
that progeny resulting from the reversibility of the poly-
ploid state may be highly aggressive, leading to the for-
mation of resistant disease and tumor recurrence. The 
role of polyploidy in senescence or the mechanism how 
senescent polyploid cells revert to normal cells as of yet 
is unknown (Fig.  5B). Cellular senescence is frequently 
accompanied by the synthesis of secreted proteins that 
facilitate various impacts of senescence on the surround-
ing tissue microenvironment [56, 194]. mTORC1, a key 
controller of protein synthesis, has been demonstrated to 
regulate the senescence-associated secretory phenotype 
by influencing gene transcription, mRNA translation and 
-stability [173–176]. The role played by the mTOR signal-
ing pathway in polyploidization or depolyploidization, or 
the significance of mTOR signaling in the SASP of poly-
ploid cells, is yet to be deciphered.

Generation and maintenance of polyploid cells
An extensive correlation exists between the generation 
of polyploid cells and a variety of cellular stressors [196]. 
Catastrophic DNA replication is observed in polyploid 
cells [197]. Conditions that propel polyploidy to pro-
mote cancer or inhibit tumor growth require investiga-
tion. Genomic instability and chemoresistance can give 
rise to cancer cells due to a unique form of plasticity that 
is observed in the PGCCs [20]. These giant cells emerge 
in response to chemotherapy-induced stress and exhibit 
chromosomal content exceeding the diploid level. The 
role of mTOR signaling in deciding the fate of polyploid 
cells is yet to be elucidated (Fig.  5B). Investigation is 
required to explore whether the conditions that accom-
pany PGCCs to provide benefits or cause catastrophe to 
cancer cells are involved with the extent of polyploidy or 
the strength of mTOR signaling.

Genomic instability and chemoresistance can arise in 
cancer due to a unique form of plasticity of PGCCs [81, 
198]. These cells form under the stress of chemotherapy 
and have a higher than diploid chromosome content [81]. 
PGCCs have been observed in ovarian cancer histology, 

including the deadly and common form of high-grade 
serous ovarian carcinoma (HGSC) [199]. It has been pre-
viously found that drugs that disrupt the cellular recy-
cling process of autophagy are uniquely efficacious in 
pre-clinical HGSC models [199]. Generally, autophagy 
inhibitors sensitize cells to nutrient-depletion-induced 
cell death. A study used carboplatin or docetaxel to 
treat CAOV3 and OVCAR3 ovarian cancer cell lines, 
and observed an increased abundance of PGCC [199]. 
The autophagy inhibitors were tried to assess their effi-
cacy on PGCC generation and maintenance [199]. How-
ever, contrary to the expectations, these inhibitors fail to 
hinder the formation of PGCCs in OVCAR3 or CAOV3 
cells [199]. Interestingly, administering the mTORC1 
inhibitor rapamycin surprisingly prevents PGCC col-
ony outgrowth (52–84% inhibition) [199]. The detailed 
molecular mechanism of the role of mTORC1 in the gen-
eration and maintenance of polyploid cells needs further 
investigation.

The presence of dormant cancer cells that persist 
despite anticancer therapy can result in cancer recur-
rence and the development of metastasis, which often 
leads to fatal outcomes [198]. A study by You et al. high-
lighted the crucial role of autophagy in the induction of 
dormant PGCCs [200]. Furthermore, stopping autophagy 
either with drugs or by genetic modifications markedly 
slows down the formation of dormant PGCCs. This leads 
to a significant reduction in metastasis and increased sur-
vival in a mouse model [200]. The mechanism underlying 
PGCC formation involves partial damage to mitochon-
dria by chemotherapeutic drugs, leading to decreased 
ATP levels. This in turn sets off autophagy through the 
AMPK-mTOR pathway, which ultimately promotes the 
formation of PGCCs [200]. The study elegantly showed 
that dormant PGCCs activate autophagy through down-
regulation of the mTOR pathway and activation of the 
AMPK pathway. The mTOR and AMPK pathways have 
opposing functions. Dormant PGCCs are induced due 
to the activation of autophagy, but the fate of polyploid 
cells under autophagic conditions is yet to be uncovered 
(Fig. 5B).

Glucose starvation and polyploidy
One of the autophagic conditions is glucose starvation. 
Every normal cell in the body uses blood sugar (glucose) 
for energy. Cancer cells use more glucose than normal 
cells [201]. The results in clinics of targeting cancer cells 
with glucose starvation have not been promising. The 
sensitivity to sugar deprivation varies among different 
types of cancer cells; even in the susceptible cases, the 
impact has been found to be limited to a slowdown of 
the cancer progression [202]. In cell culture, glucose 
starvation is one of the major forms of metabolic stress 
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experienced by cancer cells. Under glucose starvation, 
the 5’ AMPK activated protein kinase (AMPK) plays a 
critical role in maintaining redox homeostasis and cell 
survival [203]. The mTORC1 pathway has been shown 
to play an important role in controlling autophagy upon 
glucose starvation [204]. Since there is a high preva-
lence of polyploid cells in tumors and activation of 
the mTORC1 pathway is expected in polyploid cells, 
detailed investigation is required to unravel the molecu-
lar interplay between polyploidy and mTOR signaling 
in response to glucose starvation. It could be possible 
that polyploid cells experiencing glucose starvation, and 
the polyploid cells surviving glucose starvation would 
have different genetic make-ups. The polyploid cells 
might require mTORC1 activation for their generation 
and propagation, while dormant polyploid cells require 
activation of the AMPK pathway and downregulation of 
the mTORC1 pathway. Polyploid cells have been shown 
to consume more glucose and glutamine as compared 
to normal cells [205, 206]. Glucose starvation and glu-
tamine depletion have been shown to reduce mTORC1 
signaling [207, 208]. Theoretically, this implies that glu-
cose starvation and glutamine depletion would reduce 
mTORC1 signaling, which in turn could reduce the 
propagation of polyploid cells.

Synthetic lethality
When attempting specific targets on polyploid cells, use 
of ploidy-specific lethality as the target molecule could be 
a strategy worthy of consideration. Ploidy-specific lethal-
ity has been referred to a deletion of budding yeast gene 
that results in the death of polyploid cells although it lacks 
lethality in isogenic haploid or diploid cells [192]. Further-
more, it would also be interesting to identify analogous 
mammalian genes that are not required for the viability of 
cells with normal ploidy but are essential for the survival 
of cells with increased ploidy. Systemic study is required 
to determine whether these genes might play crucial roles 
in the survival of tumor cells that exhibit heightened lev-
els of ploidy. Detection of drugs that specifically target 
these gene products could be useful as chemotherapeu-
tic agents (Fig.  5B). Effective cancer therapeutics must 
be based on the physiological differences between cancer 
cells and normal cells. One possibility is that polyploid 
cells, during their progression, might constantly change 
their genetic makeup. Therefore, identifying the status of 
mTOR signaling in different stages of polyploid cells could 
be a future approach toward targeting polyploid cells.

Conclusion
Recent advancements in genetics and signaling pathway-
based research have underscored the pivotal role of poly-
ploidy and the mTOR signaling pathway as major drug 

targets in modern medicine. Emergence of the roles of these 
components highlights their substantial involvement in the 
development and progression of cancer, diabetes and aging. 
Therefore, it is crucial to investigate the regulation of poly-
ploidy in the context of disease progression and its response 
to therapy. In order to achieve this goal, it is crucial to col-
lect large cohorts of tissue biopsies from individuals, cou-
pled with their detailed clinical phenotyping. Analysis of 
these cohorts will aid in the exploration of the association 
between polyploidy and polyploidy-associated diseases.

Overall, we predict that the information gained by study-
ing polyploidy and mTORC1 signaling would be translated 
and incorporated into future research toward designing 
novel anti-polyploidy therapies. Furthermore, understand-
ing the molecular interplay between these pathways would 
likely be helpful to improve patient lifespan by slowing 
down the emergence of therapy resistance as well as pick-
ing suitable chemo-preventative agents in order to reduce 
the incidence of these diseases. Finally, polyploidy and the 
mTOR axis will help in better understanding the disease 
biology, which in turn would likely help devising potential 
strategies of treatment for polyploidy related diseases.
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enschläger F, Cheng F, et al. Cytoskeletal vimentin regulates cell size 
and autophagy through mTORC1 signaling. PLoS Biol [Internet]. 
2022;20:e3001737. [cited 2023 Jun 10]. Available from: https:// journ als. 
plos. org/ plosb iology/ artic le? id= 10. 1371/ journ al. pbio. 30017 37.

 154. Satelli A, Li S. Vimentin in cancer and its potential as a molecular target 
for cancer therapy. Cell Mol Life Sci [Internet]. 2011;68:3033–46. [cited 
2023 Jun 11]. Available from: https:// link. sprin ger. com/ artic le/ 10. 1007/ 
s00018- 011- 0735-1.

 155. He Z, Houghton PJ, Williams TM, Shen C. Regulation of DNA duplication 
by the mTOR signaling pathway. https:// doi. org/ 10. 1080/ 15384 101. 
2021. 18972 71 [Internet]. 2021;20:742–51. [cited 2023 Jun 11]. Available 
from: https:// www. tandf online. com/ doi/ abs/ 10. 1080/ 15384 101. 2021. 
18972 71.

 156. Wu X, Li S, Hu X, Xiang X, Halloran M, Yang L, et al. mTOR Signal-
ing Upregulates CDC6 via Suppressing miR-3178 and Promotes the 
Loading of DNA Replication Helicase. Sci Rep [Internet]. 2019;9:1–8.
[cited 2023 Jun 11].  Available from: https:// www. nature. com/ artic les/ 
s41598- 019- 46052-8.

 157. Lamm N, Rogers S, Cesare AJ. The mTOR pathway: Implications for DNA 
replication. Prog Biophys Mol Biol. 2019;147:17–25. 

 158. Hashemolhosseini S, Nagamine Y, Morley SJ, Desrivières S, Mercep L, 
Ferrari S. Rapamycin inhibition of the G1 to S transition is mediated by 
effects on cyclin D1 mRNA and protein stability. J Biol Chem [Internet]. 
1998;273:14424–9. [cited 2023 Jun 11]. Available from: https:// pubmed. 
ncbi. nlm. nih. gov/ 96039 54/.

 159. Proud CG. mTORC1 and Cell Cycle Control. Enzymes (Essen). 
2010;27:129–46.

 160. Ramírez-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. https://
doi.org/101128/MCB00322-09 [Internet]. 2023;30:3151–64. [cited 2023 
Jun 11]. Available from: https:// www. tandf online. com/ doi/ abs/ 10. 1128/ 
MCB. 00322- 09.

 161. Peterson TR, Laplante M, Van Veen E, Van Vugt M, Thoreen CC, Sabatini 
DM. mTORC1 regulates cytokinesis through activation of Rho-ROCK 
signaling. 2015. [cited 2023 Jun 11]. Available from: https:// arxiv. org/ 
abs/ 1506. 04437 v1.

 162. Angliker N, Rüegg MA. In vivo evidence for mTORC2-mediated 
actin cytoskeleton rearrangement in neurons. Ceased [Internet]. 

2013;3:113–8. [cited 2023 Jun 11]. Available from: https:// www. tandf 
online. com/ doi/ abs/ 10. 4161/ bioa. 26497.

 163. Senoo H, Kamimura Y, Kimura R, Nakajima A, Sawai S, Sesaki H, et al. 
Phosphorylated Rho–GDP directly activates mTORC2 kinase towards 
AKT through dimerization with Ras–GTP to regulate cell migration. Nat 
Cell Biol [Internet]. 2019;21:867–78. [cited 2023 Jun 11]. Available from: 
https:// www. nature. com/ artic les/ s41556- 019- 0348-8.

 164. Gibieža P, Petrikaitė V. The regulation of actin dynamics during cell divi-
sion and malignancy. Am J Cancer Res [Internet]. 2021;11:4050. [cited 
2023 Jun 11]. Available from: https:// www. ncbi. nlm. nih. gov/ pmc/ artic 
les/ PMC84 93394/.

 165. Heng YW, Koh CG. Actin cytoskeleton dynamics and the cell division 
cycle. Int J Biochem Cell Biol. 2010;42:1622–33. 

 166. Zhang X, Yao J, Li X, Niu N, Liu Y, Hajek RA, et al. Targeting polyploid 
giant cancer cells potentiates a therapeutic response and overcomes 
resistance to PARP inhibitors in ovarian cancer. Sci Adv [Internet]. 
2023;9. [cited 2024 Jan 27]. Available from: https:// www. scien ce. org/ 
doi/ 10. 1126/ sciadv. adf71 95.

 167. Chen H, Ruiz PD, McKimpson WM, Novikov L, Kitsis RN, Gamble MJ. 
MacroH2A1 and ATM Play Opposing Roles in Paracrine Senescence and 
the Senescence-Associated Secretory Phenotype. Mol Cell [Internet]. 
2015;59:719–31. [cited 2024 Jan 27]. Available from: http:// www. cell. 
com/ artic le/ S1097 27651 50056 99/ fullt ext.

 168. Lee BY, Han JA, Im JS, Morrone A, Johung K, Goodwin EC, et al. 
Senescence-associated β-galactosidase is lysosomal β-galactosidase. 
Aging Cell [Internet]. 2006;5:187–95. [cited 2024 Jan 27]. Available from: 
https:// onlin elibr ary. wiley. com/ doi/ full/ 10. 1111/j. 1474- 9726. 2006. 
00199.x.

 169. Wiley CD, Flynn JM, Morrissey C, Lebofsky R, Shuga J, Dong X, et al. 
Analysis of individual cells identifies cell-to-cell variability following 
induction of cellular senescence. Aging Cell [Internet]. 2017;16:1043–
50. [cited 2024 Jan 27]. Available from: https:// onlin elibr ary. wiley. com/ 
doi/ full/ 10. 1111/ acel. 12632.

 170. Sharpless NE, Sherr CJ. Forging a signature of in vivo senescence. Nat 
Rev Cancer [Internet]. 2015;15:397–408. [cited 2024 Jan 27]. Available 
from: https:// www. nature. com/ artic les/ nrc39 60.

 171. Xu S, Cai Y, Wei Y. mTOR Signaling from Cellular Senescence to Organ-
ismal Aging. Aging Dis [Internet]. 2014;5:263–73. [cited 2024 Jan 27]. 
Available from: https:// www. aging anddi sease. org/ EN/ 10. 14336/ AD. 
2014. 05002 63.

 172. Demidenko ZN, Blagosklonny M V. Growth stimulation leads to cel-
lular senescence when the cell cycle is blocked. Cell Cycle [Internet]. 
2008;7:3355–61. [cited 2024 Jan 27]. Available from: https:// www. tandf 
online. com/ doi/ abs/ 10. 4161/ cc.7. 21. 6919.

 173. Demidenko ZN, Zubova SG, Bukreeva EI, Pospelov VA, Pospelova T V., 
Blagosklonny M V. Rapamycin decelerates cellular senescence. Cell 
Cycle [Internet]. 2009 ;8:1888–95. [cited 2024 Jan 27]. Available from: 
https:// www. tandf online. com/ doi/ abs/ 10. 4161/ cc.8. 12. 8606.

 174. Serrano M. Dissecting the role of mTOR complexes in cellular senes-
cence. Cell Cycle [Internet]. 2012;11:2231. [cited 2024 Jan 27]. Available 
from: https:// www. ncbi. nlm. nih. gov/ pmc/ artic les/ PMC33 83585/.

 175. Kolesnichenko M, Hong L, Liao R, Vogt PK, Sun P. Attenuation of TORC1 
signaling delays replicative and oncogenic RAS-induced senescence. 
Cell Cycle [Internet]. 2012;11:2391–401. [cited 2024 Jan 27]. Available 
from: https:// www. tandf online. com/ doi/ abs/ 10. 4161/ cc. 20683.

 176. Pospelova TV, Leontieva OV, Bykova TV, Zubova SG, Pospelov VA, 
Blagosklonny MV. Suppression of replicative senescence by rapamycin 
in rodent embryonic cells. Cell Cycle [Internet]. 2012;11:2402–7. [cited 
2024 Jan 27]. Available from: https:// www. tandf online. com/ doi/ abs/ 10. 
4161/ cc. 20882.

 177. Zhu J, Woods D, McMahon M, Bishop JM. Senescence of human fibro-
blasts induced by oncogenic Raf. Genes Dev [Internet]. 1998;12:2997–
3007. [cited 2024 Jan 27]. Available from: http:// genes dev. cshlp. org/ 
conte nt/ 12/ 19/ 2997. full.

 178. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras 
provokes premature cell senescence associated with accumulation of 
p53 and p16(INK4a). Cell [Internet]. 1997;88:593–602. [cited 2024 Jan 
27]. Available from: http:// www. cell. com/ artic le/ S0092 86740 08190 29/ 
fullt ext.

 179. Nehme Z, Pasquereau S, Haidar Ahmad S, Coaquette A, Molimard 
C, Monnien F, et al. Polyploid giant cancer cells, stemness and 

https://www.oncotarget.com/article/6790/text/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2169453/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2169453/
https://doi.org/10.2310/6650.2005.00309
https://journals.sagepub.com/doi/10.2310/6650.2005.00309?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
https://journals.sagepub.com/doi/10.2310/6650.2005.00309?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
https://journals.sagepub.com/doi/10.2310/6650.2005.00309?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1219607/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1219607/
https://pubmed.ncbi.nlm.nih.gov/24034244/
https://pubmed.ncbi.nlm.nih.gov/24034244/
https://pubmed.ncbi.nlm.nih.gov/19812304/
https://pubmed.ncbi.nlm.nih.gov/19812304/
https://www.nature.com/articles/4401660
https://www.nature.com/articles/4401660
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3001737
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3001737
https://link.springer.com/article/10.1007/s00018-011-0735-1
https://link.springer.com/article/10.1007/s00018-011-0735-1
https://doi.org/10.1080/15384101.2021.1897271
https://doi.org/10.1080/15384101.2021.1897271
https://www.tandfonline.com/doi/abs/10.1080/15384101.2021.1897271
https://www.tandfonline.com/doi/abs/10.1080/15384101.2021.1897271
https://www.nature.com/articles/s41598-019-46052-8
https://www.nature.com/articles/s41598-019-46052-8
https://pubmed.ncbi.nlm.nih.gov/9603954/
https://pubmed.ncbi.nlm.nih.gov/9603954/
https://www.tandfonline.com/doi/abs/10.1128/MCB.00322-09
https://www.tandfonline.com/doi/abs/10.1128/MCB.00322-09
https://arxiv.org/abs/1506.04437v1
https://arxiv.org/abs/1506.04437v1
https://www.tandfonline.com/doi/abs/10.4161/bioa.26497
https://www.tandfonline.com/doi/abs/10.4161/bioa.26497
https://www.nature.com/articles/s41556-019-0348-8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8493394/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8493394/
https://www.science.org/doi/10.1126/sciadv.adf7195
https://www.science.org/doi/10.1126/sciadv.adf7195
http://www.cell.com/article/S1097276515005699/fulltext
http://www.cell.com/article/S1097276515005699/fulltext
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1474-9726.2006.00199.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1474-9726.2006.00199.x
https://onlinelibrary.wiley.com/doi/full/10.1111/acel.12632
https://onlinelibrary.wiley.com/doi/full/10.1111/acel.12632
https://www.nature.com/articles/nrc3960
https://www.aginganddisease.org/EN/10.14336/AD.2014.0500263
https://www.aginganddisease.org/EN/10.14336/AD.2014.0500263
https://www.tandfonline.com/doi/abs/10.4161/cc.7.21.6919
https://www.tandfonline.com/doi/abs/10.4161/cc.7.21.6919
https://www.tandfonline.com/doi/abs/10.4161/cc.8.12.8606
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3383585/
https://www.tandfonline.com/doi/abs/10.4161/cc.20683
https://www.tandfonline.com/doi/abs/10.4161/cc.20882
https://www.tandfonline.com/doi/abs/10.4161/cc.20882
http://genesdev.cshlp.org/content/12/19/2997.full
http://genesdev.cshlp.org/content/12/19/2997.full
http://www.cell.com/article/S0092867400819029/fulltext
http://www.cell.com/article/S0092867400819029/fulltext


Page 21 of 21Choudhury et al. Cell Communication and Signaling          (2024) 22:196  

epithelial-mesenchymal plasticity elicited by human cytomegalovirus. 
Oncogene [Internet]. 2021;40:3030–46. [cited 2024 Jan 27]. Available 
from: https:// www. nature. com/ artic les/ s41388- 021- 01715-7.

 180. Deng J, Bai X, Feng X, Ni J, Beretov J, Graham P, et al. Inhibition of PI3K/
Akt/mTOR signaling pathway alleviates ovarian cancer chemoresistance 
through reversing epithelial-mesenchymal transition and decreasing 
cancer stem cell marker expression. BMC Cancer [Internet]. 2019;19:1–
12. [cited 2024 Jan 27]. Available from: https:// bmcca ncer. biome dcent 
ral. com/ artic les/ 10. 1186/ s12885- 019- 5824-9.

 181. Chang L, Graham PH, Hao J, Ni J, Bucci J, Cozzi PJ, et al. Acquisition of 
epithelial–mesenchymal transition and cancer stem cell phenotypes is 
associated with activation of the PI3K/Akt/mTOR pathway in prostate 
cancer radioresistance. Cell Death Dis [Internet]. 2013;4:e875. [cited 2024 
Jan 27]. Available from: https:// www. nature. com/ artic les/ cddis 20134 07.

 182. Fitzgerald TL, Lertpiriyapong K, Cocco L, Martelli AM, Libra M, Candido 
S, et al. Roles of EGFR and KRAS and their downstream signaling path-
ways in pancreatic cancer and pancreatic cancer stem cells. Adv Biol 
Regul. 2015;59:65–81. 

 183. Dubrovska A, Kim S, Salamone RJ, Walker JR, Maira SM, García-Echever-
ría C, et al. The role of PTEN/Akt/PI3K signaling in the maintenance and 
viability of prostate cancer stem-like cell populations. Proc Natl Acad Sci 
U S A [Internet]. 2009;106:268–73. [cited 2024 Jan 27]. Available from: 
https:// www. pnas. org/ doi/ abs/ 10. 1073/ pnas. 08109 56106.

 184. Keysar SB, Le PN, Miller B, Jackson BC, Eagles JR, Nieto C, et al. Regula-
tion of Head and Neck Squamous Cancer Stem Cells by PI3K and SOX2. 
J Natl Cancer Inst [Internet]. 2016;109. [cited 2024 Jan 27]. Available 
from: https:// pubmed. ncbi. nlm. nih. gov/ 27634 934/.

 185. Zhou J, Wulfkuhle J, Zhang H, Gu P, Yang Y, Deng J, et al. Activation 
of the PTEN/mTOR/STAT3 pathway in breast cancer stem-like cells is 
required for viability and maintenance. Proc Natl Acad Sci U S A [Inter-
net]. 2007;104:16158–63. [cited 2024 Jan 27]. Available from: https:// 
www. pnas. org/ doi/ abs/ 10. 1073/ pnas. 07025 96104.

 186. Yang C, Zhang Y, Zhang Y, Zhang Z, Peng J, Li Z, et al. Downregulation 
of cancer stem cell properties via mTOR signaling pathway inhibition 
by rapamycin in nasopharyngeal carcinoma. Int J Oncol [Internet]. 
2015;47:909. [cited 2024 Jan 27]. Available from: https:// www. ncbi. nlm. 
nih. gov/ pmc/ artic les/ PMC45 32219/.

 187. Huang EH, Hynes MJ, Zhang T, Ginestier C, Dontu G, Appelman H, et al. 
Aldehyde dehydrogenase 1 is a marker for normal and malignant human 
colonic stem cells (SC) and tracks SC overpopulation during colon 
tumorigenesis. Cancer Res [Internet]. 2009;69:3382–9. [cited 2024 Jan 27]. 
Available from: https:// dx. doi. org/ 10. 1158/ 0008- 5472. CAN- 08- 4418.

 188. Nishitani S, Horie M, Ishizaki S, Yano H. Branched Chain Amino Acid 
Suppresses Hepatocellular Cancer Stem Cells through the Activation of 
Mammalian Target of Rapamycin. PLoS One [Internet]. 2013;8:e82346. 
[cited 2024 Jan 27]. Available from: https:// journ als. plos. org/ ploso ne/ 
artic le? id= 10. 1371/ journ al. pone. 00823 46.

 189. Chen WJ, Huang RFS. Low-folate stress reprograms cancer stem cell-like 
potentials and bioenergetics metabolism through activation of mTOR 
signaling pathway to promote in vitro invasion and in vivo tumori-
genicity of lung cancers. J Nutr Biochem. 2018;53:28–38. 

 190. Bonuccelli G, Sotgia F, Lisanti MP. Matcha green tea (MGT) inhibits the 
propagation of cancer stem cells (CSCs), by targeting mitochondrial 
metabolism, glycolysis and multiple cell signalling pathways. Aging 
(Albany NY) [Internet]. 2018;10:1867. [cited 2024 Jan 27]. Available from: 
https:// www. ncbi. nlm. nih. gov/ pmc/ artic les/ PMC61 28439/.

 191. Coward J, Harding A. Size does matter: Why polyploid tumor cells are 
critical drug targets in the war on cancer. Front Oncol. 2014;4 MAY:123. 

 192. Storchová Z, Breneman A, Cande J, Dunn J, Burbank K, O’Toole E, et al. 
Genome-wide genetic analysis of polyploidy in yeast. Nature [Internet]. 
2006;443:541–7. [cited 2023 Jun 7]. Available from: https:// www. nature. 
com/ artic les/ natur e05178.

 193. Rancati G, Pavelka N, Fleharty B, Noll A, Trimble R, Walton K, et al. Ane-
uploidy underlies rapid adaptive evolution of yeast cells deprived of a 
conserved cytokinesis motor. Cell [Internet]. 2008;135:879–93. [cited 2022 
Feb 27]. Available from: https:// pubmed. ncbi. nlm. nih. gov/ 19041 751/.

 194. Coppé JP, Desprez PY, Krtolica A, Campisi J. The Senescence-Associated 
Secretory Phenotype: The Dark Side of Tumor Suppression. https:// doi. 
org/ 10. 1146/ annur ev- pathol- 121808- 102144 [Internet]. 2010;5:99–118. 
[cited 2023 Jun 8]. Available from: https:// www. annua lrevi ews. org/ doi/ 
abs/ 10. 1146/ annur ev- pathol- 121808- 102144.

 195. Saleh T, Carpenter VJ, Bloukh S, Gewirtz DA. Targeting tumor cell senes-
cence and polyploidy as potential therapeutic strategies. Semin Cancer 
Biol. 2022;81:37–47. 

 196. Song Y, Zhao Y, Deng Z, Zhao R, Huang Q. Stress-Induced Polyploid 
Giant Cancer Cells: Unique Way of Formation and Non-Negligible 
Characteristics. Front Oncol. 2021;11:3390. 

 197. Manic G, Galluzzi L, Vitale I. Catastrophic DNA replication in unsched-
uled tetraploid cells. Trends Genet [Internet]. 2022;38:787–8. [cited 2022 
Aug 18]. Available from: http:// www. cell. com/ artic le/ S0168 95252 20008 
53/ fullt ext.

 198. Bharadwaj D, Mandal M. Senescence in polyploid giant cancer cells: 
A road that leads to chemoresistance. Cytokine Growth Factor Rev. 
2020;52:68–75. 

 199. Bowers RR, Andrade MF, Jones CM, White-Gilbertson S, Voelkel-Johnson 
C, Delaney JR. Autophagy modulating therapeutics inhibit ovarian 
cancer colony generation by polyploid giant cancer cells (PGCCs). 
BMC Cancer [Internet]. 2022;22:1–13. [cited 2023 Jun 6]. Available 
from: https:// bmcca ncer. biome dcent ral. com/ artic les/ 10. 1186/ 
s12885- 022- 09503-6.

 200. You B, Xia T, Gu M, Zhang Z, Zhang Q, Shen J, et al. AMPK-mTOR-
Mediated Activation of Autophagy Promotes Formation of Dormant 
Polyploid Giant Cancer Cells. Cancer Res [Internet]. 2022;82:846–58. 
[cited 2023 Jun 6]. Available from: https:// dx. doi. org/ 10. 1158/ 0008- 
5472. CAN- 21- 2342.

 201. Fadaka A, Ajiboye B, Ojo O, Adewale O, Olayide I, Emuowhochere 
R. Biology of glucose metabolization in cancer cells. J Oncol Sci. 
2017;3:45–51. 

 202. Birsoy K, Possemato R, Lorbeer FK, Bayraktar EC, Thiru P, Yucel B, et al. 
Metabolic determinants of cancer cell sensitivity to glucose limitation 
and biguanides. Nature [Internet]. 2014;508:108–12. [cited 2023 Jun 11]. 
Available from: https:// www. nature. com/ artic les/ natur e13110.

 203. Ren Y, Shen HM. Critical role of AMPK in redox regulation under glucose 
starvation. Redox Biol [Internet]. 2019;25. [cited 2022 Feb 27]. Available 
from: https:// pubmed. ncbi. nlm. nih. gov/ 30853 530/.

 204. Roberts DJ, Tan-Sah VP, Ding EY, Smith JM, Miyamoto S. Hexokinase-II 
positively regulates glucose starvation-induced autophagy through 
TORC1 inhibition. Mol Cell [Internet]. 2014;53:521–33. [cited 2023 Jun 
11]. Available from: https:// pubmed. ncbi. nlm. nih. gov/ 24462 113/.

 205. Torres EM, Sokolsky T, Tucker CM, Chan LY, Boselli M, Dunham MJ, et al. 
Effects of aneuploidy on cellular physiology and cell division in haploid 
yeast. Science (1979) [Internet]. 2007;317:916–24. [cited 2024 Jan 27]. 
Available from: https:// www. scien ce. org/ doi/ 10. 1126/ scien ce. 11422 10.

 206. Williams BR, Prabhu VR, Hunter KE, Glazier CM, Whittaker CA, Housman 
DE, et al. Aneuploidy affects proliferation and spontaneous immortali-
zation in mammalian cells. Science (1979) [Internet]. 2008;322:703–9. 
[cited 2024 Jan 27]. Available from: https:// www. scien ce. org/ doi/ 10. 
1126/ scien ce. 11600 58.

 207. Csibi A, Fendt S-M, Li C, Poulogiannis G, Choo AY, Chapski DJ, et al. The 
mTORC1 Pathway Stimulates Glutamine Metabolism and Cell Prolifera-
tion by Repressing SIRT4. Cell [Internet]. 201;153:840–54. [cited 2021 
Aug 7]. Available from: http:// www. cell. com/ artic le/ S0092 86741 30046 
50/ fullt ext.

 208. Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez 
DS, et al. AMPK Phosphorylation of Raptor Mediates a Metabolic Check-
point. Mol Cell [Internet]. 2008;30:214–26. [cited 2024 Jan 27]. Available 
from: http:// www. cell. com/ artic le/ S1097 27650 80016 9X/ fullt ext.

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

https://www.nature.com/articles/s41388-021-01715-7
https://bmccancer.biomedcentral.com/articles/10.1186/s12885-019-5824-9
https://bmccancer.biomedcentral.com/articles/10.1186/s12885-019-5824-9
https://www.nature.com/articles/cddis2013407
https://www.pnas.org/doi/abs/10.1073/pnas.0810956106
https://pubmed.ncbi.nlm.nih.gov/27634934/
https://www.pnas.org/doi/abs/10.1073/pnas.0702596104
https://www.pnas.org/doi/abs/10.1073/pnas.0702596104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4532219/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4532219/
https://dx.doi.org/10.1158/0008-5472.CAN-08-4418
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0082346
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0082346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6128439/
https://www.nature.com/articles/nature05178
https://www.nature.com/articles/nature05178
https://pubmed.ncbi.nlm.nih.gov/19041751/
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1146/annurev-pathol-121808-102144
https://www.annualreviews.org/doi/abs/10.1146/annurev-pathol-121808-102144
https://www.annualreviews.org/doi/abs/10.1146/annurev-pathol-121808-102144
http://www.cell.com/article/S0168952522000853/fulltext
http://www.cell.com/article/S0168952522000853/fulltext
https://bmccancer.biomedcentral.com/articles/10.1186/s12885-022-09503-6
https://bmccancer.biomedcentral.com/articles/10.1186/s12885-022-09503-6
https://dx.doi.org/10.1158/0008-5472.CAN-21-2342
https://dx.doi.org/10.1158/0008-5472.CAN-21-2342
https://www.nature.com/articles/nature13110
https://pubmed.ncbi.nlm.nih.gov/30853530/
https://pubmed.ncbi.nlm.nih.gov/24462113/
https://www.science.org/doi/10.1126/science.1142210
https://www.science.org/doi/10.1126/science.1160058
https://www.science.org/doi/10.1126/science.1160058
http://www.cell.com/article/S0092867413004650/fulltext
http://www.cell.com/article/S0092867413004650/fulltext
http://www.cell.com/article/S109727650800169X/fulltext

	Polyploidy and mTOR signaling: a possible molecular link
	Abstract 
	Introduction
	Polyploidy in cancer
	Polyploidy in diabetes
	Polyploidy in aging
	Mechanisms for generation of polyploidy in cancer cell
	Mitotic cycle to endocycle
	Cell–cell fusion
	Multinucleation
	Abortive cell cycle

	Hallmarks of polyploid cells
	DNA content (≥ 4n)
	Increased cellular size
	Multinucleated state
	Asynchronous cell cycle

	mTOR signaling in cancer, diabetes and aging
	mTOR in cancer
	mTOR in diabetes
	mTOR in aging

	Correlation of hallmarks of polyploidy with mTOR signaling
	Multinucleation and mTOR signaling
	Cell size and mTOR signaling
	 > 4N DNA content and mTOR signaling
	Cell cycle and mTOR signaling
	Polyploidy, senescence and mTOR signaling
	Polyploidy, stem cell and mTOR signaling


	Future directions and perspectives
	mTOR signaling and polyploidy
	Reversibility of polyploid cells
	Generation and maintenance of polyploid cells
	Glucose starvation and polyploidy
	Synthetic lethality

	Conclusion
	Acknowledgements
	References


