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ABSTRACT
Accurate and complete DNA replication and separation are essential for genetic information 
inheritance and organism maintenance. Errors in DNA duplication are the main source of genetic 
instability. Understanding DNA duplication regulation is the key to elucidate the mechanisms and 
find treatment strategies for human genetic disorders, especially cancer. The mechanistic target of 
rapamycin (mTOR) is a central regulator of cell growth and proliferation by integrating and 
processing extracellular and intracellular signals to monitor the well-being of cell physiology. 
mTOR signaling dysregulation is associated with many human diseases including cancer and 
diabetes. Emerging evidence has demonstrated that mTOR signaling plays a key role in DNA 
duplication. We herein review the current knowledge of mTOR signaling in the regulation of DNA 
replication origin licensing, replication fork progression, and stabilization.
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Introduction

The mechanistic target of rapamycin (mTOR) is 
a conserved member of the PI3K-related kinase 
(PIKK) family, containing the conserved kinase, 
FAT, FATC, and HEAT domains [1,2]. mTOR 
was first identified in the budding yeast 
Saccharomyces cerevisiae by screening rapamycin- 
resistant mutants [3]. The yeast genome encodes 
two mTOR kinases, mTOR1 and mTOR2 [1,4]. 
Yeast mTOR forms two distinct complexes, 
mTORC1 and mTORC2. mTORC1 complex is 
composed of either mTOR1 or mTOR2 together 
with LST8, KOG1, and TCO89. mTOR2 is essen
tial and also forms a rapamycin-insensitive 
mTORC2 complex together with LST8, AVO1, 
AVO2, AVO3, and BIT61 [5]. Except for yeast, 
all studied organisms have one mTOR kinase. In 
mammalian cells, mTORC1 is composed of 
mTOR, mLST8, PRAS40, Deptor, and Raptor 
while mTORC2 consists of mTOR, mLST8, 
Rictor, Deptor, hSin1, and Protor [6,7]. Recently, 
mTOR was found to interact with ETS (E26 trans
formation-specific) transcription factor ETV7 to 
form rapamycin insensitive mTORC3 [8]. In addi
tion, a fourth mTOR complex (mTORC4) was 

reported to be composed of mTOR, mLST8, DNA- 
PKcs, and mEAK7 [9] (Figure 1).

mTORC1 lies at the hub of intracellular and 
extracellular signal transduction networks via inte
grating and processing multiple signals, and dic
tates the rates of macromolecule synthesis and 
hence cell growth, proliferation, and survival [6,7,
7,10–13]. mTORC1 senses intracellular alteration 
of amino acids, energy, oxygen, and other stresses 
to control protein translation, autophagy, ribo
some biogenesis, stress-induced transcription, 
and cell cycle transition through numerous down
stream pathways. Cell growth and proliferation 
not only depend on nutrients but also on extra
cellular growth factors. Actually, the position and 
number of a specific type of cells in a tissue of an 
organism are mainly determined by growth factor 
signaling. The predominant growth-promoting 
signaling pathways are PI3K-AKT and RAS- 
MAPK, both of which activate mTORC1 and are 
frequently upregulated in cancers [14]. 
Intracellular oxygen concentration and energy sta
tus are transmitted to mTORC1 through LKB1- 
AMPK or Redd1/2 and LKB1-AMPK, respectively 
[12]. Wnt and p38MAPK also signal to mTORC1 
network [15,16], while recently it was found that 
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mTORC1 signaling suppresses Wnt/β-catenin sig
naling through downregulating the Wnt receptor 
FZD level [17]. Inflammation promotes mTORC1 
signaling via TNFα–IKKβ pathway [18]. 
Moreover, cylinB/CDK1 increases the mTORC1 
activity during G2/M phase of the cell cycle [19]. 
Most of these signals concourse on mTORC1 via 
the upstream TSC1/2 complex, a GTPase activat
ing protein (GAP) that converts GTP-Rheb to 
GDP-Rheb. Rheb is a Ras-like GTPase that pro
motes the activation of mTORC1 kinase [11]. 
Amino acids are essential for mTORC1 activation 
through Rag instead of TSC1/2 complex [20]. 
Thus, mTORC1 controls cell growth and 

proliferation and maintains tissue homeostasis via 
integrating and processing multiple signals 
[1,2,6,7,12]. Increasing mTORC1 substrates have 
been found and thus more functions have been 
ascribed to mTORC1 [6,7]. The best understood 
function of mTORC1 is its promotion of protein 
translation by enhancing the phosphorylation of 
S6K1 and 4E-BP1 [21–24]. eIF-4E is an essential 
component of eIF-4F, which initiates cap- 
dependent protein translation, while eIF-4E is sup
pressed by 4E-BP1. Activation of mTORC1 leads 
to phosphorylation of 4E-BP1 and release of eIF- 
4E resulting in increased cap-dependent protein 
translation [25]. In addition, mTORC1 

Figure 1. The identified protein complexes that are formed by mTOR kinase, and their proved or potential (labeled with “?” mark) 
roles and mechanisms in the regulation of physiology of normal cells or cancer cells. DDR, DNA damage response; CSC, cancer stem 
cell. “?” denotes an unidentified mechanism.
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phosphorylates and activates S6K1 kinase, which 
in turn phosphorylates and activates eIF-4B to 
promote cap-dependent protein translation [25]. 
Importantly, mTORC1 plays a key role in pyrimi
dine synthesis via phosphorylating S6K1 to phos
phorylate CAD (Carbamoyl-phosphate synthetase 
2, aspartate transcarbamylase, and dihydroorotase) 
at Ser1859 [26,27] and purine production via 
ATF4/MTHFD2 axis [28]. Moreover, mTORC1 
promotes lipid biosynthesis by activating SREBPs 
[29]. Furthermore, mTORC1 inhibits catabolism 
including suppressing autophagy by phosphorylat
ing and inactivating ULK1, a key player in the 
early stages of autophagy [30,31]. Therefore, 
mTORC1 signaling increases cell anabolism and 
decreases catabolism to maintain cell physiology 
under ever-changing cell growth conditions.

There are several feedback loops in the 
mTORC1 pathways. An increased mTORC1- 
S6K1 activation leads to IRS phosphorylation and 
subsequent ubiquitin-proteasome-mediated degra
dation resulting in attenuation of PI3K-AKT- 
mTORC1 signaling [32]. Increased mTORC1- 
S6K1 activity can also form a positive feedback 
loop to enhance mTORC1 signaling by directly 
phosphorylating mTOR at S2448 [33,34]. One of 
the main and conserved functions of mTORC2 is 
regulating the actin cytoskeleton organization, 
which is vital for cell mitosis, motility, and the 
maintenance of cell morphology [1,6,35–37]. 
mTORC2 phosphorylates and activates the AGC 
family kinases AKT, PKC, and SGK1, which have 
shared and distinct substrates that regulate macro
molecule biosynthesis; angiogenesis; and cell sur
vival, proliferation, mobility, and invasion [38–40]. 
The full activation of AKT depends on the phos
phorylation of Ser308 by PDK1 and Thr473 by 
mTORC2. Therefore, increased mTORC2 activity 
accelerates PI3K-AKT-mTORC1 signaling and 
forms a second positive feedback loop [11]. 
mTORC3 is rapamycin insensitive and its molecu
lar functions are largely unknown. The currently 
available results suggest mTORC3 may play a role 
in tumorigenesis and/or anticancer drug resistance 
[8]. Through mEAK-7 and other unknown 
mechanisms, mTORC4 may regulate cell prolifera
tion and migration through S6K2 and 4E-BP1 
[9,41]. Regarding the critical roles for DNA-PKcs 
in the regulation of DNA damage repair and 

maintenance of cancer stem cells (CSCs) [42,43], 
it is intriguing to anticipate that mTORC4 plays 
a role in tumorigenesis and anticancer drug resis
tance by controlling DNA damage response and 
the physiology of CSCs. Therefore, more functions 
of mTORC3 and mTORC4 will be elucidated, and 
we anticipate more mTOR complexes to be iden
tified. This review addresses the emerging roles of 
mTOR signaling in the regulation of DNA replica
tion origin licensing, replication fork progression, 
and stabilization.

mTOR signaling promotes DNA replication 
licensing

Once and only once per cell cycle for each DNA 
replication is essential for maintaining the integ
rity of genetic information [44]. DNA replication 
origin activation is crucial for maintaining geno
mic integrity in all organisms and is tightly regu
lated to occur only once per cell cycle [45]. A pre- 
replicative complex (pre-RC) forms at the origin of 
replication during late mitosis and early G1 phase. 
Formation of pre-RC is a critical step for the 
complete and faithful duplication of the genome 
to ensure that each daughter cell will carry the 
same genetic information as the parent cell [46]. 
In most eukaryotes, a pre-RC is composed of six 
origin recognition complex proteins (ORC1–6), 
CDC6, CDT1, and a heterohexamer of MCM pro
teins (MCM2–7). CDC6 and CDT1 are licensing 
factors for DNA replication, and their deregulation 
results in impaired DNA replication thereby gen
ome instability [47]. Insufficient origin licensing 
during G1 phase, increased and/or ectopic licen
sing during G1, or re-licensing during S and G2 
phases accounts for the oncogene-induced replica
tion stress [47–49]. Moreover, the aberrant expres
sion of CDT1, CDC6, and ORC or abrogation of 
their regulation leads to re-replication of the gen
ome leading to genome instability [50–52]. Most 
components of DNA replication machineries are 
overexpressed in the majority of cancers that are 
associated with the poor overall survival (OS) and/ 
or disease-free survival (DFS) of many cancer 
patients (TCGA data). mTOR signaling is the pre
dominant growth-promoting signaling pathway, 
which enhances CDKs activity and increases cell 
cycle progression. mTOR is required for the 
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progression of G1 phase, especially the early G1 
phase both in yeast and mammalian cells [1,53]. 
Recent studies have suggested that mTOR signal
ing may promote DNA replication origin licensing 
through upregulating CDC6 [54,55] (Figure 2). 
CDC6 is essential for the loading of MCM2–7 
complex during DNA replication [47]. It has 
been reported that inhibition of mTOR kinase 
results in dramatic reduction of MCM2–7 compo
nents as well as PCNA on chromatins, and both 
mTORC1-S6K1 and mTORC2 were found to be 
required for the regulation of CDC6. One of the 
mechanisms was supposed to be mTOR signaling 
suppression of miR-3178, which targets CDC6 
mRNA [54]. Thus, mTOR may promote the load
ing and maintenance MCM2–7 complexes on 
chromatins by positively regulating CDC6. The 

discovery of deregulation of the pre-RC compo
nent CDC6 by mTOR signaling might reveal the 
mechanism of the promotion of genome instability 
and heterogeneity of cancer cells by the RAS/PI3K 
signaling pathway.

mTOR signaling promotes DNA replication 
progression

During G1 to S phase transition, the pre-RC com
plex is phosphorylated and activated by Dbf4 
dependent Cdc7 kinase and cyclin E dependent 
CDK2 kinase to start the one-way and no-return 
cell cycle progression [46,56]. 
Deoxyribonucleotides (dNTPs) are the building 
blocks of DNA and essential for DNA replication 
and repair. Increased or imbalanced dNTPs lead to 

Figure 2. mTOR promotes cycle progression through multiple mechanisms. mTOR promotes replication licensing by enhancing 
MCM2–7 loading via regulating CDC6; mTOR accelerates DNA replication progression through upregulating RNR to provide dNTPs 
and increasing CDC6; mTOR maintains replication fork stability via sustaining CHK1 and FANCD2.
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genome instability, while decreased dNTP level 
impairs cell survival [57–59]. Balanced dNTPs 
pool is essential for the accurate and efficient 
DNA synthesis for replication and repair, defects 
of which lead to cell death or genome instability 
[58–60]. Rapid proliferating cancer cells encounter 
frequent metabolic stress due to the transient and 
long-term lack of nutrients, oxygen, and growth 
factors [61,62]; however, the mechanisms by which 
cancer cells maintain dNTPs level under ever- 
changing microenvironment to meet the rapid 
proliferation and massive DNA damage repair 
are not fully understood. Moreover, in response 
to DNA damage and replication stress, there is 
a 6–8-fold increase of intracellular dNTPs in 
yeast through several mechanisms [63–67], which 
is essential for cells to survive DNA damage via 
translesion DNA synthesis (because incompletely 
replicated DNA results in cell death) [68]. 
Ribonucleotide reductase (RNR) catalyzes the rate- 
limiting step in the production of dNTPs from 
ribonucleotides, and its expression and activity 
are tightly controlled in all organisms under nor
mal growth and stressful conditions [57–59]. The 
mammalian RNR is composed of two identical 
RRM1 and two small catalytic subunits of either 
RRM2 or p53R2. p53R2 is induced by DNA 
damage (e.g. radiotherapy) and is regulated by 
p53 [69]. Thus, the RNR activity is stimulated 
after DNA damage by p53. Both RRM1 and 
RRM2 are dynamically regulated during cell cycle 
progression [57–60]. The activity of RNR is prin
cipally controlled by RRM2 levels in mammalian 
cells [70]. It was reported that mTOR signaling 
enhances the cap-dependent protein translation 
and gene transcription of RRM1 and RRM2, and 
that p53 suppresses RRM1 and RRM2 via inhibit
ing mTORC1 [71]. Moreover, mTOR maintains 
cell survival but at the cost of increased mutation 
rate in response to genotoxins by increasing the 
expression of RNR subunits in yeast [72]. 
Regarding the fact that most cancers have lost 
p53 signaling mainly due to TP53 mutations and 
have obtained mTOR signaling elevation resulting 
from mutations of PTEN, PIK3CA, and receptor 
tyrosine kinases [73,74], positive regulation of 
RNR may be one of the main underlying mechan
isms of the dependence of cancer cells on PI3K- 
AKT-mTOR signaling for survival [75–77]. This 

also supports the long-standing idea that mTOR is 
an important target for anticancer drug develop
ment [75–77]. In addition to replication licensing, 
CDC6 also plays multiple other roles in ensuring 
precise chromosome duplication [78]. CDC6 is 
crucial for proper S-phase DNA replication pro
gression [79]. CDC6 can trigger a checkpoint 
response, which could ensure that all DNA is 
replicated before mitotic entry [80]. Therefore, 
mTOR signaling promotes DNA replication pro
gression by positively regulating RNR as well as 
CDC6 under normal growth conditions and in 
response to genotoxic stress (Figure 2).

mTOR signaling maintains DNA replication fork 
stability during replication stress

The physiological behavior of a cell is ultimately 
dictated by the codes of its genome. However, the 
genomes of all living cells are under constant 
attacks by physical, chemical, and biological 
agents, all of which can induce genetic alterations. 
In order to survive and maintain genome integrity, 
all organisms have been endowed with genome 
surveillance systems during evolution [56]. 
A genome surveillance system is a signal transduc
tion cascade composed of signals, sensors, trans
ducers, and effectors [81]. In metazoans, genome 
surveillance is mainly performed by ATM-CHK2 
and ATR-CHK1 checkpoints. DNA double- 
stranded breaks (DSBs) produced by ionizing 
radiation or DNA metabolism are sensed by 
MRE11-RAD50-NBS1 complex (MRN), which 
recruits activated monomer ATM to damage sites 
[82]. ATM phosphorylates MRN complex and his
tone H2AX to amplify the signals. Following 
recruitment to DSBs, a plethora of substrates 
including CHK2, MDM2, and p53 are phosphory
lated by ATM with the help of mediators including 
MDC1, 53BP1, and BRCA1 [56,83–86]. Single- 
stranded breaks (SSBs), much more common 
DNA damage intermediates produced by different 
kinds of genotoxins, are coated by replicating fac
tor A (RPA). ATRIP-ATR complex then binds to 
this RPA-coated nucleofilament and phosphory
lates CHK1 with the help of TOPBP1, RAD9- 
RAD1-HUS1 (9–1–1 complex), and RAD17-RFC 
clam loader [87,88]. Activated CHK2 and CHK1 
phosphorylate numerous downstream effectors to 
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amplify and relay the signals to exert the DNA 
damage responses (DDRs) such as cell cycle arrest, 
senescence, or apoptosis [42,56,81,89,90]. ATR- 
CHK1 is at the heart of DDR [91]. Although ATR- 
CHK1 checkpoint has many functions, including 
during DSB repair, interstrand crosslink repair, 
and meiosis, as well as at telomeres and in 
response to mechanical and osmotic stresses, the 
main function of the ATR-CHK1 checkpoint is in 
the replication stress response (RSR) [91]. ATR 
orchestrates multiple branches of RSR by signaling 
to arrest cells at S and G2/M phases, stabilizing 
stalled replication forks, inhibiting origin firing, 
and increasing dNTPs biosynthesis [91–94]. 
From yeast to mammalian cells, the stabilization 
of stalled replication forks is regulated by CHK1 
(yeast Rad53), which makes CHK1 essential for 
cell survival in all eukaryotes [90]. CHK1 is 
a conserved major caretaker of genome stability 
and cell survival. Once fired, DNA replication 
proceeds with no return. Uncontrolled DNA repli
cation leads to DNA replication stress, which acti
vates ATR-CHK1 replication checkpoint to 
stabilize stalled replication fork, inhibit DNA 
replication late origin firing, and arrest cell cycle 
progression. It has been reported that transient 
inhibition of mTOR kinase leads to CHK1 check
point activation [54], while long-term mTOR sig
naling suppression results in the decrease of CHK1 
level [95,96]. Consistently, mTOR inhibition 
results in replication fork collapse under DNA 
lesions and replication stress in yeast (Shen et al., 
unpublished) [72]. One of the mechanisms is the 
positive control of the E2F transcription factor by 
mTOR signaling to promote CHK1 gene tran
scription [95,96]. This is consistent with the earlier 
findings that the RB-E2F axis regulates CHK1 
expression [97], and mTORC1 signaling promotes 
the activity of CDKs [98–100]. Therefore, mTOR 
signaling is required to maintain genome stability 
in part by maintaining CHK1 checkpoint to stabi
lize replication fork under replication stress.

The Fanconi Anemia (FA) signaling pathway 
maintains genome integrity by promoting DNA 
damage repair through translesion DNA synthesis 
(TLS), nucleotide excision repair (NER), and homo
logous recombination (HR) [101,102]. FA signaling 
is activated by different kinds of genotoxins and 
important for the activation of the ATM-CHK2 

and ATR-CHK1 checkpoints. FANCD2 is a key 
player in FA signaling. In response to DNA damage, 
activation of the FA core E3 ubiquitin ligase com
plex leads to monoubiquitination of FANCI and 
FANCD2, which are recruited to DNA damage 
sites to promote DNA repair [103,104]. We pre
viously reported that FANCD2 is required for the 
timely ATM-CHK2 activation in the early steps of 
FA signaling-mediated repair of inter cross-link 
induced DNA lesions [105]. Mechanistically, 
mTOR positively controls FANCD2 gene expression 
via either mTORC1-S6K1 or mTORC2-NFκB sig
naling in a cell type dependent manner [105,106]. 
Thus, it is possible that promotion of FANCD2 
dependent activation of the ATM checkpoint in 
the early response to DNA damage is one of the 
mechanisms by which mTOR signaling promotes 
genome stability under normal growth condition 
and cell survival in response to genotoxins. In addi
tion, accumulating evidence has shown an impor
tant role for FANCD2 in the maintenance of 
replication fork stability. Under replication stress, 
mononubiquitinated FANCD2 is recruited to stalled 
replication forks to stabilized forks, restart stalled 
replication forks, and suppress the firing of new and 
dormant origins [107–109]. Taken together, mTOR 
signaling maintains replication fork stability under 
replication stress by upregulating both CHK1 and 
FANCD2 (Figure 2).

Closing remarks

mTOR kinase forms multiple protein complexes 
and is a central integrator and processor of extra
cellular and intracellular signals. Emerging evidence 
has shown that mTOR signaling plays an important 
role in the regulation of DNA duplication at several 
stages of the cell cycle. First, mTOR controls DNA 
replication origin licensing by regulating CDC6. 
Second, mTOR promotes DNA replication fork 
progression via sustaining ribonucleotide reductase 
and CDC6 levels. Third, mTOR maintains replica
tion fork stabilization through increasing CHK1 
and FANCD2 expressions. A report suggests that 
mTOR may be recruited to stalled replication forks 
during replication stress [110]. It is important to 
elucidate the functions of chromatin-associated 
mTOR and the mechanisms of the recruitment of 
mTOR to chromatin in response to DNA lesions. 
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After DNA replication, the sister chromatins are 
bound together by cohesin through late S, G2, and 
early M phases, detached during prometaphase, and 
separated during anaphase of the cell cycle. 
Moreover, mTORC1 activity was found to be upre
gulated by cyclin B/CDK1 during G2/M phase of 
the cell cycle [19], and mTOR inhibition leads to 
defects in chromosome segregation during M phase 
[111]. It remains to be determined whether and how 
mTOR signaling regulates sister chromatins cohe
sion during and after DNA replication, detachment 
from prophase to prometaphase, and separation 
from metaphase to telophase. Moreover, DNA- 
PKcs are important in the response and repair of 
DNA DSBs via non-homologous end joining 
(NHEJ) [112]. Regarding the fact that more than 
90% of DSBs are repaired by NHEJ, it will be inter
esting to explore whether mTOR kinase interacts 
with DNA-PCcs at DSBs sites and directly partici
pates in the procedures of NHEJ. Considering that 
the mTOR signaling pathway is dysregulated in 
most cancers and DNA replications stress is the 
main source of cancer cell genome instability, elu
cidating the roles and mechanisms for mTOR in the 
regulation of DNA duplication may be the key to 
understand tumorigenesis and find cancer treat
ment strategies.
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