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Abstract: Both mitosis and autophagy are highly regulated dynamic cellular processes and involve
various phosphorylation events catalysed by kinases, which play vital roles in almost all physiological
and pathological conditions. Mitosis is a key event during the cell cycle, in which the cell divides
into two daughter cells. Autophagy is a process in which the cell digests its own cellular contents.
Although autophagy regulation has mainly been studied in asynchronous cells, increasing evidence
indicates that autophagy is in fact tightly regulated in mitosis. Here in this review, we will discuss
kinases that were originally identified to be involved in only one of either mitosis or autophagy,
but were later found to participate in both processes, such as CDKs (cyclin-dependent kinases),
Aurora kinases, PLK-1 (polo-like kinase 1), BUB1 (budding uninhibited by benzimidazoles 1),
MAPKs (mitogen-activated protein kinases), mTORC1 (mechanistic target of rapamycin complex 1),
AMPK (AMP-activated protein kinase), PI3K (phosphoinositide-3 kinase) and protein kinase B (AKT).
By focusing on kinases involved in both autophagy and mitosis, we will get a more comprehensive
understanding about the reciprocal regulation between the two key cellular events, which will also
shed light on their related therapeutic investigations.
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1. Introduction

Autophagy is an evolutionarily conserved process in which the cell digests its unwanted cellular
contents to maintain homeostasis, meet nutrient and energy demand, as well as to defend pathogen
infection or various stimuli. Autophagy related proteins—ATGs—are the major executor and organizer
of autophagy machinery. Beclin-1/ATG6, the mammalian homolog of yeast Atg6, is the first ATG
cloned in mammalian cells. ULK1 (Unc-51-like kinase 1), the mammalian homolog of yeast Atg1,
is the only serine/threonine protein kinase in all known ATGs. Various signals induce the phagophore
formation by recruiting ULK1 complex and class III PI 3-kinase (the mammalian homolog of yeast
Vps34) complex. Sequentially, the Atg5–ATG12–ATG16l complex regulates the elongation step
and then autophagy marker LC3/ATG8 induces the closure of double-membrane autophagosome.
The autophagosome finally fuses with the lysosome to degrade its inner contents and recycle them to
provide nutrients and energy [1,2].

Mitosis is a fast dynamic cellular process involving many dramatic changes such as nuclear
envelope disassembly, mitotic spindle formation, Golgi breakdown, chromosome alignment and
segregation as well as cell membrane remodeling [3,4]. It has been known that various mitotic
kinases serve as the master of mitosis. Among them, the most important one is CDK1—the
homolog of yeast Cdc2 (cell division cycle protein 2)—which functions with its type-A or B cyclin
partners [5]. CDK1 controls the entry into mitosis from the G2 phase and manipulates the whole
mitosis by phosphorylating several substrates, such as histone H1, cyclin B, vimentin and p60c-src [6,7].
Furthermore, besides CDK1, other kinases such as Aurora, Polo-like kinase, Bub1/BubR1 and NEK
(Never in mitosis gene A-related kinase) all play vital roles in mitotic progression.
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Autophagy and mitosis are critical cellular events that have sophisticated and highly orchestrated
temporal and spatial control systems. Although increasing evidence demonstrates that they are in fact
intertwined, information about their internal links is still very limited and there are mixed opinions.
It is interesting that some kinases, first thought to function only in mitosis or autophagy alone, were
later proven to be involved in both processes [8,9]. In the following sections, we will summarize the
known facts about such kinases, from their original functions discovered in one process to their later
unraveled roles in the other.

2. Kinases Originally Involved in Mitotic Regulation Are Shown to Play Additional Roles
in Autophagy

2.1. Cyclin-Dependent Kinases

Cyclin-dependent kinases (CDKs)—known as protein kinases—characterized by requiring a cyclin
partner for its enzymatic activity, are first discovered for their roles in cell cycle regulation. CDKs play
key roles in cell cycle and transcription regulation in response to intracellular and extracellular stimuli.
In mammals, CDKs could be divided into three cell-cycle related subfamilies (CDK1, CDK4, CDK5)
and five related transcription subfamilies (CDK7, CDK8, CDK9, CDK11, CDK20) [10]. Moreover,
although most CDKs play roles in cell cycles, their functions could be compensated by other CDKs as
revealed by genetic ablation, except for CDK1 [11].

However, emerging data showed that CDKs function in autophagy as well. Recently, Yuan’s
group found that CDK1 and CDK5 phosphorylate VPS34 at T159 in their common substrate recognition
motif to hinder the interaction between VPS34 and Beclin-1. Moreover, CDK5 also phosphorylates
VPS34 at T668 to inhibit its lipid enzymatic activity, thus decreasing PI3P production and results in
decreased autophagy in mitosis [12,13]. This finding revealed an underlying mechanism for autophagy
regulation in mitosis.

In addition, mitotic kinase CDK11 was also implicated in autophagy regulation. CDK11 was
first identified as a cell division control (CDC)-related kinase belonging to the p34cdc2 family [14].
The full-length CDK11p110 isoform contains an IRES (Internal ribosome entry site) and a caspase-3
site, which leads to the generation of a larger CDK11p58 and a smaller CDK11p46 isoform,
respectively [15,16]. The CDK11p58 kinase isoform is generated in a mitosis-specific manner, suggesting
that the isoform participates in mitotic regulation. Indeed, CDK11p58 is found to be required for
centrosome maturation, bipolar spindle assembly, maintenance of sister chromatid cohesion and
cytokinesis [17–19], duplication of centrioles [20], protection sister chromatid cohesion at centromeres
in mitosis [21] and mitotic arrest [22]. Moreover, CDK11 functions in autophagy other than mitosis.
For example, Wilkinson S et al. reported that Drosophila cyclin-dependent kinase PITSLRE, a human
CDK11 ortholog, is a modulator of autophagy [23]. Loss of CDK11 at early time points appears to
induce autophagy, but at later time points CDK11 is critically required for autophagic flux and cargo
digestion. Since PITSLRE/CDK11 regulates autophagy in Drosophila and human cells, this kinase
represents a novel conserved component of the autophagy machinery [23]. Since CDK11 has been
reported to be perturbed in various cancers including osteosarcoma, liposarcoma, breast cancer, skin
cancer, prostate cancer [24–29], investigation into the dual roles of CDK11 in mitosis and autophagy
will shed light on the field of cancer therapy.

Other than the CDK1, CDK5 and CDK11 mentioned above, CDKL3 (cyclin-dependent kinase-like 3)
was also found to be involved in autophagy regulation. CDKL3—a conserved CDC2-related kinase
with features of both MAPKs and CDKs—is similar to human putative NKIAMRE which is lost
in leukemic patients with chromosome 5q deletions [30,31]. Recently, a comprehensive siRNA
screening indicates that CDKL3 knockdown decreased mTORC1 activity, suggesting that the autophagy
stimulating activity of CDKL3 knockdown is mediated by mTORC1 inhibition [32]. Besides CDKs
themselves, CDKIs (CDK inhibitors) p16, p19, and p21 induce autophagy in cancer associated
fibroblasts and primary hepatocytes [33]. Moreover, p21 plays an essential role in determining the
type of cell death, which positively regulates apoptosis-mediated cell death and negatively regulates
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autophagy-mediated cell death [34]. This suggests CDKs-related roles in autophagy regulation and
autophagy associated cell death.

In the meantime, numerous questions still remain for the dual roles of CDKs in mitosis and
autophagy. Do other CDKs participate in autophagy? Do the different isoforms of the same CDK,
such as mitotic CDK11p58, function in autophagy regulation? Are there more mediators other than
mTORC1 for autophagic functions of CDKs? Obviously, more investigations are necessary to solve
these puzzles.

2.2. Aurora Kinases

Aurora kinases are serine/threonine kinases which include Aurora A, B and C. Aurora A and B
are well studied but the role of Aurora C is relatively less explored. Aurora A is associated with
centrosome maturation and separation, and thereby regulates spindle assembly and stability. Its activity
peaks during G2–M transition. Aurora B, a chromosomal passenger protein, is a key player in
chromosome segregation. In early mitosis, Aurora B concentrates at centromeres and kinetochores,
the attachment sites of chromosomes to spindle microtubules. There, it ensures fidelity of cell
division, including kinetochore stabilization, kinetochore–microtubule attachment, and the regulation
of a surveillance mechanism named the spindle assembly checkpoint [35,36].

Other than its roles in mitosis, Aurora A kinase was recently found to be involved in autophagy
as well. For example, the Fan group suggested that Curcumin induced autophagy and inhibited
Aurora A activity when combined with FDA-approved anticancer drugs [37]. Liu group reported
that Aurora A kinase suppresses metabolic stress-induced autophagic cell death by activating mTOR
signaling in breast cancer cells, providing a novel insight into the cytoprotective role of Aurora A
against metabolic stress, which might help to develop alternative cell death avenues for breast cancer
therapy [38]. Furthermore, Aurora A inhibitor Alisertib induces autophagy in various human cancer
cells [39–42]. However, to the best of our knowledge, the role of Aurora B in autophagy regulation has
not been reported.

Overexpression of Aurora A and B has been observed in several tumor types and has been
linked with a poor prognosis for cancer patients. Noteworthy are clinical trials in which several
Aurora kinases inhibitors have been tested (phase I and II trials) [43]. Hence, further illustration of the
detailed mechanism of Aurora kinases in mitosis and autophagy regulation will not only be helpful to
understand the tumorigenesis of cancers that are sensitive to Aurora kinases inhibition, but also guide
the future combinational chemotherapy for Aurora A overexpression-related cancers.

2.3. Polo-Like Kinases

PLK, also known as polo-like kinase, is a ubiquitously expressed serine/threonine protein kinase.
The PLK family (PLK1 to 5) members all contain a polo-box domain that regulates their kinase activity
and subcellular localization [44,45]. PLK1 is the most investigated PLK protein and is an early trigger
for G2/M transition. Long-term PLK1 inhibition by its inhibitors, such as BI2536, arrests cells in
prometaphase and thus PLK1 inhibitors are investigated as antimitotic agents for cancer treatment
considering its high expression in tumors [45,46].

Although many studies suggest that PLK1 is an autophagy regulator because the PLK1 inhibitor
affects autophagy, whether PLK1 induces or inhibits autophagy still remains controversial. While some
groups declare that inhibiting PLK1 induces autophagy to different extents, other groups demonstrated
autophagy attenuation. For example, in 2015, Valianou et al. showed that BI2536 moderately inhibits
autophagy in TSC1/2 (Tuberous sclerosis proteins 1/2)-deficient lymphangioleiomyomatosis patient
derived cells, which suggested that PLK1 might be an autophagy inducer [47]. Recently, however,
Ruf et al. suggested that PLK1 induces autophagy more obviously by mTORC1 inhibition, which
was determined by the reduction in LC3-II accumulation and autolysosomes number induced by
PLK1 inhibition [46]. As TSC1/2 are negative regulators of mTORC1, loss of TSC1 or TSC2 leads to
mTORC1 hyperactivation. Therefore, mTORC1 could not be further activated by PLK1 inhibition
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in a TSC1/TSC2-deficient background in a study by Valianou et al., which may explain why only
a moderate effect of BI2536 on autophagy was observed. In contrast, another study by Deeraksa et al.
on LNCaP cells reports that long-term treatment with BI2536 for 5 d leads to mitotic arrest and
necroptosis, correlating with cell death related autophagy activation, which indicates an autophagy
inhibition function of PLK1 [48]. It should be noted that in Ruf’s report, autophagy was decreased in
HeLa cells upon a 38h consecutive aphidicolin-nocodazole block-induced mitotic block. Moreover,
it has been shown that BUB1 inhibited autophagy in breast cancer cell line MCF-7 but not in
immortalized MCF-10A breast epithelial cells. Thus, autophagic activity during mitosis may vary
depending on the length of cell cycle arrest and cell types, which adds variations to this paradox.

2.4. NimA-Related Protein Kinase 4 (NEK4 Kinase)

NEK4, also known as Never in mitosis gene A-related kinase 4 or NimA-related protein kinase 4,
is a serine/threonine protein kinase which belongs to the NIMA family including NEK1–NEK7 seven
members in mammalian genome [49]. NEK4 was required for normal entry into proliferative arrest
after a limited number of cell divisions, also called replicative senescence, and for normal cell cycle
arrest in response to double-stranded DNA damage [50]. Recently, a siRNA screening identified
that NEK4 suppresses autophagosome formation downstream or independent of mTORC1 [32].
Another study declared that NEK4 inhibition potentiates TRAIL-induced cell death in TRAIL
(tumor necrosis factor-related apoptosis inducing ligand)-resistant cancer cells. It was found that
TRAIL-induced cell death in NEK4 knockdown cells was completely blocked by a pan caspase
inhibitor, Z-VAD, but not by the necrosis inhibitor, necrostatin-1, or by the autophagy inhibitor,
Bafilomycin A1 [51]. It suggests that NEK4 inhibition mediated autophagy induction does not
contribute to these types of cell death.

2.5. Budding Uninhibited by Benzimidazoles 1 (BUB1) Kinase

Mitotic checkpoint BUB1 (budding uninhibited by benzimidazoles 1) is a serine/threonine protein
kinase. It includes a conserved N-terminal region, a central non-conserved region and a C-terminal
serine/threonine kinase domain [52]. The protein level and the kinase activity of BUB1 are regulated
during the cell cycle, during which they peak in mitosis and are down-regulated in the G1/S phase [53].
During prophase it localizes to the outer kinetochore, a process generally implicated in correcting
mitotic timing and checkpoint response to spindle damage. BUB1 possesses versatile and distinct
functions during the cell cycle, mainly in the spindle assembly checkpoint (SAC) and chromosome
alignment during metaphase [54].

Recently, the Kitagawa group discovered that BUB1 mediated caspase-independent mitotic death
(CIMD), possibly through autophagy [55]. Moreover, a comprehensive siRNA screen indicated the
involvement of BUB1 in autophagy regulation. Interestingly, as mentioned above, BUB1 inhibited
autophagy in breast cancer cell line MCF-7 rather than immortalized MCF-10A breast epithelial cells,
which indicated the anti-cancer potential of BUB1 modulation [32]. Consistently, siRNA-mediated
knockdown of the SAC component Mad2 or BUB1 also led to an increase in LC3-II level [56].

Although both BUB1 and BUBR1 (budding uninhibited by benzimidazole-related 1) are central
components of the SAC, currently only BUB1 rather than BUBR1 was reported to participate
in autophagy regulation. Despite their amino acid sequence conservation and similar domain
organization, BUB1 and BUBR1 perform different functions in the SAC [54]. If BUBR1 plays different
roles in autophagy other than BUB1, it would suggest that autophagy might be associated with
differentially finely-tuned SAC. Therefore, further study is needed to investigate BUBR1 function in
autophagy regulation.

2.6. Mitogen-Activated Protein Kinases (MAPKs)

Cells recognize and respond to extracellular stimuli to activate the mitogen-activated protein
kinases (MAPKs), which are implicated in cell cycle and autophagy regulation. To date, five distinct
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groups of MAPKs have been characterized in mammals: extracellular signal-regulated kinases (ERKs) 1
and 2 (ERK1/2), c-Jun amino-terminal kinases (JNKs) 1, 2 and 3, p38 isoforms α, β, γ and δ, ERKs 3
and 4, and ERK5 [57,58]. The most extensively studied groups of MAPKs to date are the p38, ERK1/2
and JNKs kinases. In general, MAPKs can be activated by a wide variety of stimuli. Specifically, the
p38 and JNK kinases are more responsive to stress stimuli ranging from osmotic shock and ionizing
radiation to cytokine stimulation, while ERK1 and ERK2 are preferentially activated in response to
growth factors and phorbol esters [59].

MAPK plays an important role in the regulation of apoptosis, cell cycle arrest, growth inhibition
and differentiation [60]. Among those, the p38 MAPK pathway in the regulation of mitotic entry
has been well established in non-stress conditions and in response to various genotoxic stresses such
as DNA damage [61–63]. p38 γ MAPK was identified as a modulator of mitotic progression and
mitotic cell death, which set up a new link between the p38 MAPK pathway and the mitotic signaling
network [64]. Moreover, p38 MAPK functions in the regulation of autophagy. MAPK was not only
a positive regulator in oridonin, E Platinum and the heme oxygenase-1 inhibitor ZnPPIX-induced
autophagy but also a negative regulator in TNFα and Triterpenes induced autophagy [65–69].
Mechanistically, some molecular targets have been implicated in p38 MAPK-induced up- or
down-regulation of autophagy, which includes phosphorylation of ATG5, competition with mAtg9
for p38IP binding, as well as phosphorylation of glycogen synthase kinase 3β (GSK3β) [70–72].
Considering the roles of p38 MAPK in mitotic entry and autophagy, it will be interesting to unravel
the internal link of both processes by identifying the common interacting partner.

Erk1/2 are implicated in cell cycle regulation such as G1/S transition and G2/M transition.
Importantly, a strict control of the kinetics and strength of Erk activity is critical for G2/M transition.
Mechanistically, Erk participates in the nuclear translocation of cyclin B1, blocking phosphorylation of
Cdc2 by Myt1 [73]. Recently, the RAS-regulated Erk1/2 pathway was also indicated in the control of
mitotic spindle angle which determines lung tube shape [74]. Besides their roles in mitosis, Erk1/2
were involved in autophagy regulation. For example, the Erk1/2 pathway is implicated in the
deregulation of autophagy, lipid metabolism related autophagy, autophagy mediated survival program
and autophagic dynamics in cancer cells [75–78].

JNK was suggested to control the onset of mitosis and mitotic spindle regulation [79–81].
JNK degradation by APC/C-Cdh1 occurred during exit from mitosis and non-degradable JNK induces
prometaphase-like arrest and aberrant mitotic spindle dynamics [82]. Moreover, JNK-mediated
Cdc25C phosphorylation regulates cell cycle entry and G2/M DNA damage checkpoint [83].
In response to stress signals, JNK also contributes to autophagic induction. JNK signaling
pathways participate in various small molecule compounds induced autophagy, autophagy dependent
chemotherapeutics resistance and HBx-induced autophagy [84–87]. Mechanistically, JNK activation
modulates autophagy through two distinct mechanisms. On the one hand, it promotes Bcl-2/Bcl-xL
phosphorylation, resulting in the dissociation of the Beclin-1 with Bcl-2/Bcl-xL. The liberation of
Beclin-1, an essential autophagy modulator, thereby stimulates autophagy [88–92]. On the other
hand, JNK leads to the upregulation of damage-regulated autophagy modulator (DRAM). DRAM can
stimulate autophagosomes accumulation by regulating autophagosome-lysosome fusion to generate
autolysosomes [93–95].

Furthermore, ERK8/MAPK15 was discovered as a new member of the MAPK family by Rosner
and colleagues in 2002. Although ERK8 is closely related to ERK7, it was found to be activated
in a Src-dependent manner, which is different from the ERK7 activation signaling pathway [96].
Interestingly, ERK8 was later described in the regulation of autophagy by Chiariello and colleagues
in 2012. By interacting with ATG8-like proteins (MAP1LC3B, GABARAP and GABARAPL1), ERK8
localizes to autophagic compartments and stimulates autophagy [97].
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3. Kinases Originally Involved in Autophagy Regulation Are Shown to Play Additional Roles
in Mitosis

3.1. Mechanistic Target of Rapamycin Complex 1 (mTORC1)

mTOR (known as Mechanistic Target of Rapamycin) belongs to the serine/threonine protein
kinase, which is involved in cell growth and cell proliferation by way of forming two distinct
complexes, mTORC1 and mTORC2 [98]. As a multifunctional protein kinase, mTOR plays vital
roles in autophagy regulation as well. In fact, it is one of the most well studied kinase regulators of
autophagy. mTORC1 controls autophagy induction negatively in response to nutrient starvation,
stress and reduced growth factor signaling. mTORC2 regulates autophagy via Akt–FoxO3 in
skeletal muscle cells in response to a fasting condition [99]. Predominantly, mTORC1 controls
autophagy through ULK1–ATG13–FIP200 pathway in which ULK1–Ser757 and ATG13–Ser258 were
phosphorylated by mTORC1 in nutrient rich conditions [100,101]. However, besides its well-known
function in autophagy, recent data suggested that mTOR and its co-factors were regulated in
mitosis. For example, phosphorylation of mTOR–Ser2481 couples with chromosome condensation and
segregation during mitosis [102,103]; mTORC1 controls spindle function during mitosis and meiosis,
which is supported by co-localization of Raptor (Regulatory-associated protein of mTOR, the core
component of mTORC1) and mTOR on the spindle [104]; mitotic raptor was hyperphosphorylated
in mitosis, which promotes mTORC1 activity, G2/M cell cycle progression, and internal ribosome
entry site-mediated mRNA translation [105,106]. Moreover, 4E-BP1—one of the major substrates of
mTOR—was also hyperphosphorylated in mitosis to contribute to cap-dependent translation [107].
However, in the mitotic context, the precise role of mTORC1 in autophagy regulation still needs to be
determined, which is possibly helpful for cancer therapy by targeting both mitotic progression and
autophagy regulation simultaneously through mTOR modulation.

3.2. AMP Activated Protein Kinase (AMPK)

AMPK (AMP activated protein kinase) is an energy sensor which is activated when intracellular
ATP levels are low. AMPK is a conserved heterotrimeric serine/threonine protein kinase composed
of a catalytic α subunit, a scaffolding β subunit, and a regulatory γ subunit. Of those, AMPKα

subunit, existing as either the α1 or α2 isoform, is the core component for AMPK activity. Previous
data have shown that AMPK coordinates with mTOR for nutrient and energy balance in cells
to control autophagy [108,109]. Several recent papers have addressed a new mechanism for the
control of mammalian autophagy by AMPK, which interacts with phosphorylates and activates
ULK1 [100,110–112].

Other than its role in autophagy, AMPK was also implicated in mitosis. For example,
phosphorylation of AMPKα T172 residue was negligible in interphase but reached a maximum
in mitosis, which re-localized phosphorylated AMPKα T172 to chromosomal passenger [113,114].
Functionally, AMPKα regulates mitotic spindle orientation through phosphorylation of myosin
regulatory light chain [115]. Moreover, Polo-like kinase 1 regulates activation of AMPKα at the
mitotic apparatus and the LKB1 tumor suppressor controls spindle orientation and localization of
activated AMPKα in mitotic epithelial cells [116]. Importantly, a chemical genetic screen for AMPKα2
substrates uncovers a network of proteins involved in mitosis [117], which further confirmed the key
roles of AMPK in mitosis. Given the fact that AMPK is an energy sensor regulating autophagy and
mitosis is a high energy demand process, both autophagy and mitosis will be tightly connected by
AMPK. Thereby, it was necessary to dissect the detailed mechanisms of AMPK in mitotic autophagy.
In addition, the functions of the β and γ subunits of AMPK in mitosis still remain unclear.

3.3. Phosphoinositide-3 Kinase (PI3K) and Protein Kinase B (AKT)

PI3K (Phosphoinositide-3 kinase) is a family of enzymes that are capable of phosphorylating
phosphatidylinositol (PtdIns) at 3′-hydroxyl group on the inositol ring. PI3K comprises of Class I,
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Class II, Class III groups [118]. AKT, also known as PKB (protein kinase B), is a serine/threonine kinase
originally identified as a cellular homolog of the viral oncogene Akt8. Class I PI3K functions primarily
through the PI3K/AKT pathway, which is activated by several membrane receptors such as receptor
tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs). Activated Class I PI3K catalyzes its
substrate, PtdIns (4,5) P2, to produce PtdIns (3,4,5) P3, which recruits AKT to plasma membrane, where
it is phosphorylated on T308 and S473 for full activation. Activated AKT finally leads to the activation
of mTORC1 via TSC and Rheb, which inhibits autophagy in an mTOR-dependent manner [119,120].
Class III PI3K, also known as VPS34, induces autophagy through the generation of PtdIns (3) P to
recruit other autophagic proteins to form VPS34 complex [121–123].

In addition to autophagy, the PI3K/AKT pathway was also shown to function in mitosis.
In synchronized cell lines, AKT is active during mitosis and the inhibition of the PI3K/AKT pathway
promotes a delay in S phase exit and G2/M transition due to a decrease in CDK1 activity [124–126].
In addition, AKT inhibition regulates Aurora A kinase expression, which interferes with centrosome
separation, mitotic progression and bipolar spindle formation [127]. Moreover, functional PI3K
associates with CDK, small GTPases such as Rab11 and Rho family to contribute to mitotic entry,
metaphase progression and spindle orientation while PI3K signaling was attenuated during anaphase
and telophase [128].

Similarly, the class III PI3K VPS34 also functions in cytokinesis, which is the final step of mitosis.
The PI3K class III sub-complex containing VPS15, VPS34, Beclin-1, UVRAG and BIF-1 regulates
cytokinesis via its product PtdIns (3) P and some subunits such as VPS34 or Beclin-1 [129,130].
During cytokinesis, PtdIns (3) P-positive endosomes localize at the midbody and the inhibition
of PtdIns (3) P synthesis by PI3K inhibitors induces cleavage furrow regression and cytokinesis
arrest [131,132]. Moreover, Ric-8A, a guanine nucleotide exchange factor for Gαi, Gαq, and Gα12/13,
contributes to cytokinesis abscission by controlling VPS34 kinase activity [133]. Although VPS34
complex functions in autophagy and cytokinesis, whether its autophagic activity is involved in
cytokinesis remains elusive.

4. Conclusions

In conclusion, there is increasing evidence showing that multiple kinases could regulate both
cellular processes (Table 1). Given the fact that autophagy is differentially regulated throughout the cell
cycle, the dual roles of these kinases could provide the basis for further experimental and theoretical
work about the interplay of the two dynamic processes.

Table 1. Kinases involved in mitosis and autophagy regulation.

Kinases Originally Found to Function in Mitosis
or Autophagy

Later Evidences for Their Function in the Other
Process

Aurora A Mitotic spindle formation and centrosome
separation [35,36] Autophagy inhibition [37–42]

CDKs Cell cycle regulation (primarily in mitosis by
CDK1 and CDK11) [5,22] Autophagy regulation [12,13,23]

PLK1 G2/M transition [45,46] Autophagy induction [46,47].

NEK-4 Cell cycle arrest [50] Autophagy inhibition [32]

BUB1 Spindle assembly checkpoint and chromosome
alignment [53,54] Autophagy inhibition [32,55]

MAPKs
P38: mitotic entry [64], Erk1/2: G2/M

transition [73,74], JNK: onset of mitosis and
mitotic spindle regulation [79–81]

P38: dual roles in autophagy regulation [65–69],
Erk1/2: autophagy regulation [75–78], JNK:

autophagy induction [84–87]

mTORC1 Starvation induced autophagy [100,101] Mitotic progression [102–107]

AMPK Energy associated autophagy [110–112] Mitotic spindle orientation [113–117]

PI3K/AKT Induce or inhibit autophagy [119–123] G2/Mitosis transition and cytokinesis [124–132]
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5. Perspectives

Although kinases are critical regulators of essentially all cellular processes, so far only a few
kinases are found to be involved in autophagy and even fewer were shown to participate in both
autophagy and mitosis [8,9,134]. Mitosis is an open process with chromosomes, dispersed Golgi,
and nuclear contents all exposed in cytoplasm, which is vulnerable to autophagic nonspecific bulk
degradation. The underlying mechanism for mitotic kinases associated autophagy regulation will
help us acquire a more complete understanding about how cells protect the integrity of their mitotic
apparatus and ensure accurate mitosis. Moreover, the findings about kinases with dual roles in
autophagy and mitosis will be implicated in relevant clinical diseases.

Recently, ULK3, a member of Unc-51-like kinase, was implicated in the regulation of cytokinetic
abscission by phosphorylating ESCRT-III proteins other than its previously known function in
autophagy [135,136]. However, whether ULK1/2—the known key regulators of autophagy—are
involved in mitosis is still unknown. In fact, generally speaking, whether other members of the
same kinase family have similar autophagy regulation functions still remains elusive. For example,
do CDK2 and CDK4, Aurora B, PLK2 and BUBR1 all participate in autophagy regulation like their
family members CDK1, Aurora A, PLK1 and BUB1? At the same time, identification of upstream
kinases or downstream executors of the identified kinases will be necessary for uncovering the
unconventional roles of such kinases. More importantly, whether these kinases use the same set
of downstream players/substrates to regulate autophagy and mitosis, and how their functions
are differentially controlled in the two distinct cellular events still need further investigations.
Furthermore, up to now only very few signaling pathways such as PI3K/AKT/mTOR were implicated
in stress-induced autophagy—whether other mitotic kinases pathways function in autophagy also
needs to be investigated.

Considering such kinases’ dual roles in mitosis and autophagy, whether mutual regulation occurs
between both processes controlled by the same kinase remains elusive. For example, does autophagy
activity regulated by CDK1 affect its function in G2/M transition? Is mTORC1 localization and
function in mitosis regulated by its roles in autophagy? Thus, illustration of common regulators
and their intertwined regulation network in both mitosis and autophagy will strengthen the internal
link between these two highly dynamic cellular processes. More speculatively, it could shed light on
combinatorial therapy for intractable diseases such as cancer, in which both mitosis and autophagy
play irreplaceable roles.

Acknowledgments: Due to space constraints, we apologize to the research groups whose works were not
mentioned or cited indirectly. This work was supported by the National Key Research and Development Program
of China (#2016YFA0400900) and the Chinese Academy of Sciences “hundred talent program” awarded to
Xin Zhang, and the China Postdoctoral Science Foundation funded project (2016M602045) to Zhiyuan Li.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Acevedo, A.A.; Adachi, H.;
Adams, C.M.; Adams, P.D.; Adeli, K.; et al. Guidelines for the use and interpretation of assays for monitoring
autophagy. Autophagy 2016, 12, 1–222. [CrossRef] [PubMed]

2. Suzuki, H.; Osawa, T.; Fujioka, Y.; Noda, N.N. Structural biology of the core autophagy machinery. Curr. Opin.
Struct. Biol. 2017, 43, 10–17. [CrossRef] [PubMed]

3. Li, Z.; Ji, X.; Wang, D.; Liu, J.; Zhang, X. Autophagic flux is highly active in early mitosis and differentially
regulated throughout the cell cycle. Oncotarget 2016, 7, 39705–39718. [CrossRef] [PubMed]

4. Li, Z.; Zhang, X. Autophagy in mitotic animal cells. Sci. Bull. 2016, 61, 105–107. [CrossRef]
5. Brown, N.R.; Korolchuk, S.; Martin, M.P.; Stanley, W.A.; Moukhametzianov, R.; Noble, M.E.; Endicott, J.A.

CDK1 structures reveal conserved and unique features of the essential cell cycle CDK. Nat. Commun. 2015,
6, 6769. [CrossRef] [PubMed]

6. Nigg, E.A. The substrates of the CDC2 kinase. Semin. Cell Biol. 1991, 2, 261–270. [PubMed]

http://dx.doi.org/10.1080/15548627.2015.1100356
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://dx.doi.org/10.1016/j.sbi.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27723509
http://dx.doi.org/10.18632/oncotarget.9451
http://www.ncbi.nlm.nih.gov/pubmed/27213594
http://dx.doi.org/10.1007/s11434-015-0964-z
http://dx.doi.org/10.1038/ncomms7769
http://www.ncbi.nlm.nih.gov/pubmed/25864384
http://www.ncbi.nlm.nih.gov/pubmed/1842344


Int. J. Mol. Sci. 2017, 18, 1884 9 of 15

7. Kõivomägi, M.; Valk, E.; Venta, R.; Iofik, A.; Lepiku, M.; Morgan, D.O.; Loog, M. Dynamics of Cdk1 Substrate
Specificity during the Cell Cycle. Mol. Cell 2011, 42, 610–623. [CrossRef] [PubMed]

8. Mathiassen, S.G.; De Zio, D.; Cecconi, F. Autophagy and the cell cycle: A complex landscape. Fron. Oncol.
2017, 7, 51. [CrossRef] [PubMed]

9. Sridharan, S.; Jain, K.; Basu, A. Regulation of autophagy by kinases. Cancers 2011, 3, 2630–2654. [CrossRef]
[PubMed]

10. Malumbres, M. Cyclin-dependent kinases. Genome Biol. 2014, 15, 122. [CrossRef] [PubMed]
11. Linares, J.F.; Amanchy, R.; Diaz-Meco, M.T.; Moscat, J. Phosphorylation of p62 by cdk1 controls the timely

transit of cells through mitosis and tumor cell proliferation. Mol. Cell Biol. 2011, 31, 105–117. [CrossRef]
[PubMed]

12. Furuya, T.; Kim, M.; Lipinski, M.; Li, J.; Kim, D.; Lu, T.; Shen, Y.; Rameh, L.; Yankner, B.; Tsai, L.H.; et al.
Negative regulation of Vps34 by Cdk mediated phosphorylation. Mol. Cell 2010, 38, 500–511. [CrossRef]
[PubMed]

13. Rubinsztein, D.C. Cdks regulate autophagy via Vps34. Mol. Cell 2010, 38, 483–484. [CrossRef] [PubMed]
14. Bunnell, B.A.; Heath, L.S.; Adams, D.E.; Lahti, J.M.; Kidd, V.J. Increased expression of a 58-kDa protein

kinase leads to changes in the CHO cell cycle. Proc. Natl. Acad. Sci. USA 1990, 87, 7467–7471. [CrossRef]
[PubMed]

15. Trembley, J.H.; Loyer, P.; Hu, D.; Li, T.; Grenet, J.; Lahti, J.M.; Kidd, V.J. Cyclin dependent kinase 11 in RNA
transcription and splicing. Prog. Nucleic Acid Res. Mol. Biol. 2003, 77, 263–288.

16. Cornelis, S.; Bruynooghe, Y.; Denecker, G.; Van Huffel, S.; Tinton, S.; Beyaert, R. Identification and
characterization of a novel cell cycle–regulated internal ribosome entry site. Mol. Cell 2000, 5, 597–605.
[CrossRef]

17. Hu, D.; Valentine, M.; Kidd, V.J.; Lahti, J.M. CDK11(p58) is required for the maintenance of sister chromatid
cohesion. J. Cell Sci. 2007, 120, 2424–2434. [CrossRef] [PubMed]

18. Petretti, C.; Savoian, M.; Montembault, E.; Glover, D.M.; Prigent, C.; Giet, R. The PITSLRE/CDK11 p58
protein kinase promotes centrosome maturation and bipolar spindle formation. EMBO Rep. 2006, 7, 418–424.
[PubMed]

19. Wilker, E.W.; van Vugt, M.A.; Artim, S.A.; Huang, P.H.; Petersen, C.P.; Reinhardt, H.C.; Feng, Y.; Sharp, P.A.;
Sonenberg, N.; White, F.M.; et al. 14-3-3 δ controls mitotic translation to facilitate cytokinesis. Nature 2007,
446, 329–332. [CrossRef] [PubMed]

20. Franck, N.; Montembault, E.; Rome, P.; Pascal, A.; Cremet, J.-Y.; Giet, R. CDK11p58 is required for centriole
duplication and Plk4 recruitment to mitotic centrosomes. PLoS ONE 2011, 6, e14600. [CrossRef] [PubMed]

21. Rakkaa, T.; Escudé, C.; Giet, R.; Magnaghi, -J.L.; Jaulin, C. CDK11p58 kinase activity is required to protect
sister chromatid cohesion at centromeres in mitosis. Chromosome Res. 2014, 22, 267–276. [CrossRef] [PubMed]

22. Li, T.; Inoue, A.; Lahti, J.M.; Kidd, V.J. Failure to proliferate and mitotic arrest of CDK11p110/p58-null mutant
mice at the blastocyst stage of embryonic cell development. Mol. Cell. Biol. 2004, 24, 3188–3197. [CrossRef]
[PubMed]

23. Wilkinson, S.; Croft, D.R.; O’Prey, J.; Meedendorp, A.; O’Prey, M.; Dufès, C.; Ryan, K.M. The cyclin-dependent
kinase PITSLRE/CDK11 is required for successful autophagy. Autophagy 2011, 7, 1295–1301. [CrossRef]
[PubMed]

24. Zhou, Y.; Shen, J.K.; Hornicek, F.J.; Kan, Q.; Duan, Z. The emerging roles and therapeutic potential of
cyclin-dependent kinase 11 (CDK11) in human cancer. Oncotarget 2016, 7, 40846–40859. [CrossRef] [PubMed]

25. Chandramouli, A.; Shi, J.; Feng, Y.; Holubec, H.; Shanas, R.M.; Bhattacharyya, A.K.; Zheng, W.; Nelson, M.A.
Haploinsufficiency of the cdc2l gene contributes to skin cancer development in mice. Carcinogenesis 2007, 28,
2028–2035. [CrossRef] [PubMed]

26. Chi, Y.; Huang, S.; Wang, L.; Zhou, R.; Wang, L.; Xiao, X.; Li, D.; Cai, Y.; Zhou, X.; Wu, J. CDK11p58 inhibits
ERα-positive breast cancer invasion by targeting integrin β3 via the repression of ERα signaling. BMC Cancer
2014, 14, 577. [CrossRef] [PubMed]

27. Duan, Z.; Zhang, J.; Choy, E.; Harmon, D.; Liu, X.; Nielsen, P.; Mankin, H.; Gray, N.S.; Hornicek, F.J. Systematic
kinome shRNA screening identifies CDK11 (PITSLRE) kinase expression is critical for osteosarcoma cell
growth and proliferation. Clin. Cancer Res. 2012, 18, 4580–4588. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molcel.2011.05.016
http://www.ncbi.nlm.nih.gov/pubmed/21658602
http://dx.doi.org/10.3389/fonc.2017.00051
http://www.ncbi.nlm.nih.gov/pubmed/28409123
http://dx.doi.org/10.3390/cancers3022630
http://www.ncbi.nlm.nih.gov/pubmed/24212825
http://dx.doi.org/10.1186/gb4184
http://www.ncbi.nlm.nih.gov/pubmed/25180339
http://dx.doi.org/10.1128/MCB.00620-10
http://www.ncbi.nlm.nih.gov/pubmed/20974803
http://dx.doi.org/10.1016/j.molcel.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20513426
http://dx.doi.org/10.1016/j.molcel.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20513423
http://dx.doi.org/10.1073/pnas.87.19.7467
http://www.ncbi.nlm.nih.gov/pubmed/2217177
http://dx.doi.org/10.1016/S1097-2765(00)80239-7
http://dx.doi.org/10.1242/jcs.007963
http://www.ncbi.nlm.nih.gov/pubmed/17606997
http://www.ncbi.nlm.nih.gov/pubmed/16462731
http://dx.doi.org/10.1038/nature05584
http://www.ncbi.nlm.nih.gov/pubmed/17361185
http://dx.doi.org/10.1371/journal.pone.0014600
http://www.ncbi.nlm.nih.gov/pubmed/21297952
http://dx.doi.org/10.1007/s10577-013-9400-x
http://www.ncbi.nlm.nih.gov/pubmed/24436071
http://dx.doi.org/10.1128/MCB.24.8.3188-3197.2004
http://www.ncbi.nlm.nih.gov/pubmed/15060143
http://dx.doi.org/10.4161/auto.7.11.16646
http://www.ncbi.nlm.nih.gov/pubmed/21808150
http://dx.doi.org/10.18632/oncotarget.8519
http://www.ncbi.nlm.nih.gov/pubmed/27049727
http://dx.doi.org/10.1093/carcin/bgm066
http://www.ncbi.nlm.nih.gov/pubmed/17389615
http://dx.doi.org/10.1186/1471-2407-14-577
http://www.ncbi.nlm.nih.gov/pubmed/25106495
http://dx.doi.org/10.1158/1078-0432.CCR-12-1157
http://www.ncbi.nlm.nih.gov/pubmed/22791884


Int. J. Mol. Sci. 2017, 18, 1884 10 of 15

28. Jia, B.; Choy, E.; Cote, G.; Harmon, D.; Ye, S.; Kan, Q.; Mankin, H.; Hornicek, F.; Duan, Z. Cyclin-dependent
kinase 11 (CDK11) is crucial in the growth of liposarcoma cells. Cancer Lett. 2014, 342, 104–112. [CrossRef]
[PubMed]

29. Chi, Y.; Wang, L.; Xiao, X.; Wei, P.; Wang, Y.; Zhou, X. Abnormal expression of CDK11 p58 in prostate cancer.
Cancer Cell Int. 2014, 14, 2. [CrossRef] [PubMed]

30. Haq, R.; Randall, S.; Midmer, M.; Yee, K.; Zanke, B. NKIATRE is a novel conserved cdc2-related kinase.
Genomics 2001, 71, 131–141. [CrossRef] [PubMed]

31. Yee, K.W.; Moore, S.J.; Midmer, M.; Zanke, B.W.; Tong, F.; Hedley, D.; Minden, M.D. NKIAMRE,
a novel conserved CDC2-related kinase with features of both mitogen-activated protein kinases and
cyclin-dependent kinases. Biochem. Biophys. Res. Commun. 2003, 308, 784–792. [CrossRef]

32. Szyniarowski, P.; Corcelle-Termeau, E.; Farkas, T.; Høyer, H.M.; Nylandsted, J.; Kallunki, T.; Jäättelä, M.
A comprehensive siRNA screen for kinases that suppress macroautophagy in optimal growth conditions.
Autophagy 2011, 7, 892–903. [CrossRef] [PubMed]

33. Capparelli, C.; Chiavarina, B.; Whitaker-Menezes, D.; Pestell, T.G.; Pestell, R.G.; Hulit, J.; Andò, S.; Howell, A.;
Martinez-Outschoorn, U.E.; Sotgia, F. CDK inhibitors (p16/p19/p21) induce senescence and autophagy
in cancer-associated fibroblasts,“fueling” tumor growth via paracrine interactions, without an increase in
neo-angiogenesis. Cell Cycle 2012, 11, 3599–3610. [CrossRef] [PubMed]

34. Fujiwara, K.; Daido, S.; Yamamoto, A.; Kobayashi, R.; Yokoyama, T.; Aoki, H.; Iwado, E.; Shinojima, N.;
Kondo, Y.; Kondo, S. Pivotal role of the cyclin-dependent kinase inhibitor p21WAF1/CIP1 in apoptosis and
autophagy. J. Biol. Chem. 2008, 283, 388–397. [CrossRef] [PubMed]

35. Krenn, V.; Musacchio, A. The Aurora B kinase in chromosome Bi-orientation and spindle checkpoint
signaling. Front. Oncol. 2015, 5, 225. [CrossRef] [PubMed]

36. Fu, J.; Bian, M.; Jiang, Q.; Zhang, C. Roles of Aurora kinases in mitosis and tumorigenesis. Mol. Cancer Res.
2007, 5, 1–10. [CrossRef] [PubMed]

37. Su, C.-L.; Fan, Y.-W. Induction of autophagy and inhibition of oncoprotein Aurora-A activity in
curcumin-enhanced chemosensitivity of Grade III Human Bladder Cancer T24 cells to FDA-approved
anticancer drugs. FASEB J. 2015, 29, 752.1.

38. Xu, L.Z.; Long, Z.J.; Peng, F.; Liu, Y.; Xu, J.; Wang, C.; Jiang, L.; Guo, T.; Kamran, M.; Li, S.S. Aurora kinase
a suppresses metabolic stress-induced autophagic cell death by activating mTOR signaling in breast cancer
cells. Oncotarget 2014, 5, 7498–7511. [CrossRef] [PubMed]

39. Wang, F.; Li, H.; Yan, X.G.; Zhou, Z.W.; Yi, Z.G.; He, Z.X.; Pan, S.T.; Yang, Y.X.; Wang, Z.Z.; Zhang, X.; et al.
Alisertib induces cell cycle arrest and autophagy and suppresses epithelial-to-mesenchymal transition
involving PI3K/Akt/mTOR and sirtuin 1-mediated signaling pathways in human pancreatic cancer cells.
Drug Des. Devel. Ther. 2015, 9, 575–601. [PubMed]

40. Liu, Z.; Wang, F.; Zhou, Z.W.; Xia, H.C.; Wang, X.Y.; Yang, Y.X.; He, Z.X.; Sun, T.; Zhou, S.F. Alisertib induces
G2/M arrest, apoptosis, and autophagy via PI3K/Akt/mTOR-and p38 MAPK-mediated pathways in human
glioblastoma cells. Am. J. Transl. Res. 2017, 9, 845–873. [PubMed]

41. Ding, Y.h.; Zhou, Z.W.; Ha, C.F.; Zhang, X.Y.; Pan, S.T.; He, Z.X.; Edelman, J.L.; Wang, D.; Yang, Y.X.;
Zhang, X.; et al. Alisertib, an Aurora kinase A inhibitor, induces apoptosis and autophagy but inhibits
epithelial to mesenchymal transition in human epithelial ovarian cancer cells. Drug Des. Devel. Ther. 2015, 9,
425–464. [PubMed]

42. Zhu, Q.; Yu, X.; Zhou, Z.W.; Zhou, C.; Chen, X.W.; Zhou, S.F. Inhibition of aurora a kinase by alisertib induces
autophagy and cell cycle arrest and increases chemosensitivity in human hepatocellular carcinoma HepG2
cells. Curr. Cancer Drug Targets 2017, 17, 386–401. [CrossRef] [PubMed]

43. Boss, D.S.; Beijnen, J.H.; Schellens, J.H. Clinical experience with aurora kinase inhibitors: A review. Oncologist
2009, 14, 780–793. [CrossRef] [PubMed]

44. Archambault, V.; Lepine, G.; Kachaner, D. Understanding the polo kinase machine. Oncogene 2015, 34,
4799–4807. [CrossRef] [PubMed]

45. Lens, S.M.; Voest, E.E.; Medema, R.H. Shared and separate functions of polo-like kinases and aurora kinases
in cancer. Nature reviews. Cancer 2010, 10, 825–841. [PubMed]

46. Ruf, S.; Heberle, A.M.; Langelaar, -M.M.; Gelino, S.; Wilkinson, D.; Gerbeth, C.; Schwarz, J.J.; Holzwarth, B.;
Warscheid, B.; Meisinger, C.; et al. PLK1 (polo like kinase 1) inhibits MTOR complex 1 and promotes
autophagy. Autophagy 2017, 13, 486–505. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.canlet.2013.08.040
http://www.ncbi.nlm.nih.gov/pubmed/24007862
http://dx.doi.org/10.1186/1475-2867-14-2
http://www.ncbi.nlm.nih.gov/pubmed/24397471
http://dx.doi.org/10.1006/geno.2000.6424
http://www.ncbi.nlm.nih.gov/pubmed/11161806
http://dx.doi.org/10.1016/S0006-291X(03)01475-X
http://dx.doi.org/10.4161/auto.7.8.15770
http://www.ncbi.nlm.nih.gov/pubmed/21508686
http://dx.doi.org/10.4161/cc.21884
http://www.ncbi.nlm.nih.gov/pubmed/22935696
http://dx.doi.org/10.1074/jbc.M611043200
http://www.ncbi.nlm.nih.gov/pubmed/17959603
http://dx.doi.org/10.3389/fonc.2015.00225
http://www.ncbi.nlm.nih.gov/pubmed/26528436
http://dx.doi.org/10.1158/1541-7786.MCR-06-0208
http://www.ncbi.nlm.nih.gov/pubmed/17259342
http://dx.doi.org/10.18632/oncotarget.2241
http://www.ncbi.nlm.nih.gov/pubmed/25115395
http://www.ncbi.nlm.nih.gov/pubmed/25632225
http://www.ncbi.nlm.nih.gov/pubmed/28386317
http://www.ncbi.nlm.nih.gov/pubmed/25624750
http://dx.doi.org/10.2174/1568009616666160630182344
http://www.ncbi.nlm.nih.gov/pubmed/27396604
http://dx.doi.org/10.1634/theoncologist.2009-0019
http://www.ncbi.nlm.nih.gov/pubmed/19684075
http://dx.doi.org/10.1038/onc.2014.451
http://www.ncbi.nlm.nih.gov/pubmed/25619835
http://www.ncbi.nlm.nih.gov/pubmed/21102634
http://dx.doi.org/10.1080/15548627.2016.1263781
http://www.ncbi.nlm.nih.gov/pubmed/28102733


Int. J. Mol. Sci. 2017, 18, 1884 11 of 15

47. Valianou, M.; Cox, A.M.; Pichette, B.; Hartley, S.; Paladhi, U.R.; Astrinidis, A. Pharmacological inhibition of
Polo-like kinase 1 (PLK1) by BI-2536 decreases the viability and survival of hamartin and tuberin deficient
cells via induction of apoptosis and attenuation of autophagy. Cell Cycle 2015, 14, 399–407. [CrossRef]
[PubMed]

48. Deeraksa, A.; Pan, J.; Sha, Y.; Liu, X.D.; Eissa, N.T.; Lin, S.H.; Yu-Lee, L.Y. Plk1 is upregulated in
androgen-insensitive prostate cancer cells and its inhibition leads to necroptosis. Oncogene 2013, 32,
2973–2983. [CrossRef] [PubMed]

49. Nigg, E.A. Mitotic kinases as regulators of cell division and its checkpoints. Nature reviews. Mol. Cell Biol.
2001, 2, 21–32.

50. Nguyen, C.L.; Possemato, R.; Bauerlein, E.L.; Xie, A.; Scully, R.; Hahn, W.C. Nek4 regulates entry into
replicative senescence and the response to DNA damage in human fibroblasts. Mol. Cell. Biol. 2012, 32,
3963–3977. [CrossRef] [PubMed]

51. Park, S.J.; Jo, D.S.; Jo, S.Y.; Shin, D.W.; Shim, S.; Jo, Y.K.; Shin, J.H.; Ha, Y.J.; Jeong, S.Y.; Hwang, J.J.; et al.
Inhibition of never in mitosis A (NIMA)-related kinase-4 reduces survivin expression and sensitizes cancer
cells to TRAIL-induced cell death. Oncotarget 2016, 7, 65957–65967. [PubMed]

52. Bolanos-Garcia, V.M.; Kiyomitsu, T.; D'Arcy, S.; Chirgadze, D.Y.; Grossmann, J.G.; Matak-Vinkovic, D.;
Venkitaraman, A.R.; Yanagida, M.; Robinson, C.V.; Blundell, T.L. The crystal structure of the N-terminal
region of BUB1 provides insight into the mechanism of BUB1 recruitment to kinetochores. Structure 2009, 17,
105–116. [CrossRef] [PubMed]

53. Qi, W.; Yu, H. KEN-box-dependent degradation of the Bub1 spindle checkpoint kinase by the
anaphase-promoting complex/cyclosome. J. Biol. Chem. 2007, 282, 3672–3679. [CrossRef] [PubMed]

54. Bolanos-Garcia, V.M.; Blundell, T.L. BUB1 and BUBR1: Multifaceted kinases of the cell cycle. Trends Biochem. Sci.
2011, 36, 141–150. [CrossRef] [PubMed]

55. Niikura, Y.; Dixit, A.; Scott, R.; Perkins, G.; Kitagawa, K. BUB1 mediation of caspase-independent mitotic
death determines cell fate. J. Cell Biol. 2007, 178, 283–296. [CrossRef] [PubMed]

56. Santaguida, S.; Vasile, E.; White, E.; Amon, A. Aneuploidy-induced cellular stresses limit autophagic
degradation. Genes Dev. 2015, 29, 2010–2021. [CrossRef] [PubMed]

57. Kyriakis, J.M.; Avruch, J. Mammalian mitogen-activated protein kinase signal transduction pathways
activated by stress and inflammation. Physiol. Rev. 2001, 81, 807–869. [PubMed]

58. Chen, Z.; Gibson, T.B.; Robinson, F.; Silvestro, L.; Pearson, G.; Xu, B.; Wright, A.; Vanderbilt, C.; Cobb, M.H.
MAP kinases. Chem. Rev. 2001, 101, 2449–2476. [CrossRef] [PubMed]

59. Pearson, G.; Robinson, F.; Gibson, T.B.; Xu, B.; Karandikar, M.; Berman, K.; Cobb, M.H. Mitogen-activated
protein (MAP) kinase pathways: Regulation and physiological functions. Endocr. Rev. 2001, 22, 153–183.
[CrossRef] [PubMed]

60. Sui, X.; Kong, N.; Ye, L.; Han, W.; Zhou, J.; Zhang, Q.; He, C.; Pan, H. p38 and JNK MAPK pathways control
the balance of apoptosis and autophagy in response to chemotherapeutic agents. Cancer Lett. 2014, 344,
174–179. [CrossRef] [PubMed]

61. Cha, H.; Wang, X.; Li, H.; Fornace, A.J. A functional role for p38 MAPK in modulating mitotic transit in the
absence of stress. J. Biol. Chem. 2007, 282, 22984–22992. [CrossRef] [PubMed]

62. Bulavin, D.V.; Amundson, S.A.; Fornace, A.J. p38 and Chk1 kinases: Different conductors for the G2/M
checkpoint symphony. Curr. Opin. Genet. Dev. 2002, 12, 92–97. [CrossRef]

63. Mikhailov, A.; Shinohara, M.; Rieder, C.L. The p38-mediated stress-activated checkpoint: A rapid response
system for delaying progression through antephase and entry into mitosis. Cell Cycle 2005, 4, 57–62.
[CrossRef] [PubMed]

64. Kukkonen, M.A.; Sicora, O.; Kaczynska, K.; Oetken, L.C.; Pouwels, J.; Laine, L.; Kallio, M.J. Loss of p38γ
MAPK induces pleiotropic mitotic defects and massive cell death. J. Cell Sci. 2011, 124, 216–227. [CrossRef]
[PubMed]

65. Cui, Q.; Tashiro, S.; Onodera, S.; Minami, M.; Ikejima, T. Oridonin induced autophagy in human cervical
carcinoma HeLa cells through Ras, JNK, and P38 regulation. J. Pharmacol. Sci. 2007, 105, 317–325. [CrossRef]
[PubMed]

66. Hu, C.; Zou, M.J.; Zhao, L.; Lu, N.; Sun, Y.J.; Gou, S.H.; Xi, T.; Guo, Q.L. E Platinum, a newly synthesized
platinum compound, induces autophagy via inhibiting phosphorylation of mTOR in gastric carcinoma
BGC-823 cells. Toxicol. Lett. 2012, 210, 78–86. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/15384101.2014.986394
http://www.ncbi.nlm.nih.gov/pubmed/25565629
http://dx.doi.org/10.1038/onc.2012.309
http://www.ncbi.nlm.nih.gov/pubmed/22890325
http://dx.doi.org/10.1128/MCB.00436-12
http://www.ncbi.nlm.nih.gov/pubmed/22851694
http://www.ncbi.nlm.nih.gov/pubmed/27602754
http://dx.doi.org/10.1016/j.str.2008.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19141287
http://dx.doi.org/10.1074/jbc.M609376200
http://www.ncbi.nlm.nih.gov/pubmed/17158872
http://dx.doi.org/10.1016/j.tibs.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/20888775
http://dx.doi.org/10.1083/jcb.200702134
http://www.ncbi.nlm.nih.gov/pubmed/17620410
http://dx.doi.org/10.1101/gad.269118.115
http://www.ncbi.nlm.nih.gov/pubmed/26404941
http://www.ncbi.nlm.nih.gov/pubmed/11274345
http://dx.doi.org/10.1021/cr000241p
http://www.ncbi.nlm.nih.gov/pubmed/11749383
http://dx.doi.org/10.1210/er.22.2.153
http://www.ncbi.nlm.nih.gov/pubmed/11294822
http://dx.doi.org/10.1016/j.canlet.2013.11.019
http://www.ncbi.nlm.nih.gov/pubmed/24333738
http://dx.doi.org/10.1074/jbc.M700735200
http://www.ncbi.nlm.nih.gov/pubmed/17548358
http://dx.doi.org/10.1016/S0959-437X(01)00270-2
http://dx.doi.org/10.4161/cc.4.1.1357
http://www.ncbi.nlm.nih.gov/pubmed/15611649
http://dx.doi.org/10.1242/jcs.068254
http://www.ncbi.nlm.nih.gov/pubmed/21172807
http://dx.doi.org/10.1254/jphs.FP0070336
http://www.ncbi.nlm.nih.gov/pubmed/18094523
http://dx.doi.org/10.1016/j.toxlet.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22322152


Int. J. Mol. Sci. 2017, 18, 1884 12 of 15

67. Zhou, C.; Zhou, J.; Sheng, F.; Zhu, H.; Deng, X.; Xia, B.; Lin, J. The heme oxygenase-1 inhibitor ZnPPIX induces
non-canonical, Beclin 1-independent, autophagy through p38 MAPK pathway. Acta Biochim. Biophys. Sin.
2012, 44, 815–822. [CrossRef] [PubMed]

68. Ye, Y.C.; Yu, L.; Wang, H.J.; Tashiro, S.I.; Onodera, S.; Ikejima, T. TNFα-induced necroptosis and autophagy
via supression of the p38–NF-κB survival pathway in L929 cells. J. Pharmacol. Sci. 2011, 117, 160–169.
[CrossRef] [PubMed]

69. Thyagarajan, A.; Jedinak, A.; Nguyen, H.; Terry, C.; Baldridge, L.A.; Jiang, J.; Sliva, D. Triterpenes from
Ganoderma Lucidum induce autophagy in colon cancer through the inhibition of p38 mitogen-activated
kinase (p38 MAPK). Nutr. Cancer 2010, 62, 630–640. [CrossRef] [PubMed]

70. Keil, E.; Höcker, R.; Schuster, M.; Essmann, F.; Ueffing, N.; Hoffman, B.; Liebermann, D.; Pfeffer, K.;
Schulze, O.K.; Schmitz, I. Phosphorylation of Atg5 by the Gadd45β–MEKK4-p38 pathway inhibits autophagy.
Cell Death Differ. 2013, 20, 321–332. [CrossRef] [PubMed]

71. Webber, J.L.; Tooze, S.A. Coordinated regulation of autophagy by p38α MAPK through mAtg9 and p38IP.
EMBO J. 2010, 29, 27–40. [CrossRef] [PubMed]

72. Choi, C.H.; Lee, B.H.; Ahn, S.G.; Oh, S.H. Proteasome inhibition-induced p38 MAPK/ERK signaling
regulates autophagy and apoptosis through the dual phosphorylation of glycogen synthase kinase 3β.
Biochem. Biophys. Res. Commun. 2012, 418, 759–764. [CrossRef] [PubMed]

73. Chambard, J.C.; Lefloch, R.; Pouysségur, J.; Lenormand, P. ERK implication in cell cycle regulation. Biochim.
Biophys. Acta 2007, 1773, 1299–1310. [CrossRef] [PubMed]

74. Tang, N.; Marshall, W.F.; McMahon, M.; Metzger, R.J.; Martin, G.R. Control of mitotic spindle angle by
the RAS-regulated ERK1/2 pathway determines lung tube shape. Science 2011, 333, 342–345. [CrossRef]
[PubMed]

75. Bravo-San Pedro, J.M.; Gómez, S.R.; Niso, S.M.; Pizarro, E.E.; Aiastui, P.A.; Gorostidi, A.; Climent, V.; Lopez
de Maturana, R.; Sanchez, P.R.; Lopez de Munain, A.; et al. The MAPK1/3 pathway is essential for the
deregulation of autophagy observed in G2019S LRRK2 mutant fibroblasts. Autophagy 2012, 8, 1537–1539.
[CrossRef] [PubMed]

76. Xiao, Y.; Liu, H.; Yu, J.; Zhao, Z.; Xiao, F.; Xia, T.; Wang, C.; Li, K.; Deng, J.; Guo, Y.; et al. MAPK1/3 regulate
hepatic lipid metabolism via ATG7-dependent autophagy. Autophagy 2016, 12, 592–593. [CrossRef] [PubMed]

77. Zhao, Y.; Li, X.; Ma, K.; Yang, J.; Zhou, J.; Fu, W.; Wei, F.; Wang, L.; Zhu, W.G. The axis of
MAPK1/3-XBP1u-FOXO1 controls autophagic dynamics in cancer cells. Autophagy 2013, 9, 794–796.
[CrossRef] [PubMed]

78. Houel, -R.L.; Philippe, L.; Piquemal, M.; Ciapa, B. Autophagy is used as a survival program in unfertilized
sea urchin eggs that are destined to die by apoptosis after inactivation of MAPK1/3 (ERK2/1). Autophagy
2013, 9, 1527–1539. [CrossRef] [PubMed]

79. Oktay, K.; Buyuk, E.; Oktem, O.; Oktay, M.; Giancotti, F.G. The c-Jun N-terminal kinase JNK functions
upstream of Aurora B to promote entry into mitosis. Cell Cycle 2008, 7, 533–541. [CrossRef] [PubMed]

80. Almuedo, -C.M.; Crespo, X.; Seebeck, F.; Bartscherer, K.; Salò, E.; Adell, T. JNK controls the onset of mitosis in
planarian stem cells and triggers apoptotic cell death required for regeneration and remodeling. PLoS Genet.
2014, 10, e1004400.

81. Bogoyevitch, M.A.; Yeap, Y.Y.; Qu, Z.; Ngoei, K.R.; Yip, Y.Y.; Zhao, T.T.; Heng, J.I.; Ng, D.C. WD40-repeat
protein 62 is a JNK-phosphorylated spindle pole protein required for spindle maintenance and timely mitotic
progression. J. Cell Sci. 2012, 125, 5096–5109. [CrossRef] [PubMed]

82. Gutierrez, G.J.; Tsuji, T.; Chen, M.; Jiang, W.; Ronai, Z.A. Interplay between Cdh1 and JNK activity during
the cell cycle. Nat. Cell Biol. 2010, 12, 686–695. [CrossRef] [PubMed]

83. Gutierrez, G.J.; Tsuji, T.; Cross, J.V.; Davis, R.J.; Templeton, D.J.; Jiang, W.; Ze’ev, A.R. JNK-mediated
phosphorylation of Cdc25C regulates cell cycle entry and G2/M DNA damage checkpoint. J. Biol. Chem.
2010, 285, 14217–14228. [CrossRef] [PubMed]

84. Zhao, M.; Yang, M.; Yang, L.; Yu, Y.; Xie, M.; Zhu, S.; Kang, R.; Tang, D.; Jiang, Z.; Yuan, W.; et al. HMGB1
regulates autophagy through increasing transcriptional activities of JNK and ERK in human myeloid
leukemia cells. BMB Rep. 2011, 44, 601–606. [CrossRef] [PubMed]

85. Zhong, L.; Shu, W.; Dai, W.; Gao, B.; Xiong, S. ROS-mediated JNK activation contributes to HBx-induced
autophagy via regulating Beclin-1/Bcl-2 interaction. J. Virol. 2017, 91, JVI.00001-17. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/abbs/gms064
http://www.ncbi.nlm.nih.gov/pubmed/22875631
http://dx.doi.org/10.1254/jphs.11105FP
http://www.ncbi.nlm.nih.gov/pubmed/22027097
http://dx.doi.org/10.1080/01635580903532390
http://www.ncbi.nlm.nih.gov/pubmed/20574924
http://dx.doi.org/10.1038/cdd.2012.129
http://www.ncbi.nlm.nih.gov/pubmed/23059785
http://dx.doi.org/10.1038/emboj.2009.321
http://www.ncbi.nlm.nih.gov/pubmed/19893488
http://dx.doi.org/10.1016/j.bbrc.2012.01.095
http://www.ncbi.nlm.nih.gov/pubmed/22310719
http://dx.doi.org/10.1016/j.bbamcr.2006.11.010
http://www.ncbi.nlm.nih.gov/pubmed/17188374
http://dx.doi.org/10.1126/science.1204831
http://www.ncbi.nlm.nih.gov/pubmed/21764747
http://dx.doi.org/10.4161/auto.21270
http://www.ncbi.nlm.nih.gov/pubmed/22914360
http://dx.doi.org/10.1080/15548627.2015.1135282
http://www.ncbi.nlm.nih.gov/pubmed/26760678
http://dx.doi.org/10.4161/auto.23918
http://www.ncbi.nlm.nih.gov/pubmed/23426330
http://dx.doi.org/10.4161/auto.25712
http://www.ncbi.nlm.nih.gov/pubmed/23970301
http://dx.doi.org/10.4161/cc.7.4.5660
http://www.ncbi.nlm.nih.gov/pubmed/18431843
http://dx.doi.org/10.1242/jcs.107326
http://www.ncbi.nlm.nih.gov/pubmed/22899712
http://dx.doi.org/10.1038/ncb2071
http://www.ncbi.nlm.nih.gov/pubmed/20581839
http://dx.doi.org/10.1074/jbc.M110.121848
http://www.ncbi.nlm.nih.gov/pubmed/20220133
http://dx.doi.org/10.5483/BMBRep.2011.44.9.601
http://www.ncbi.nlm.nih.gov/pubmed/21944254
http://dx.doi.org/10.1128/JVI.00001-17
http://www.ncbi.nlm.nih.gov/pubmed/28515304


Int. J. Mol. Sci. 2017, 18, 1884 13 of 15

86. Sun, T.; Li, D.; Wang, L.; Xia, L.; Ma, J.; Guan, Z.; Feng, G.; Zhu, X. c-Jun NH2-terminal kinase activation is
essential for up-regulation of LC3 during ceramide-induced autophagy in human nasopharyngeal carcinoma
cells. J. Transl. Med. 2011, 9, 161. [CrossRef] [PubMed]

87. Li, C.; Johnson, D.E. Bortezomib induces autophagy in head and neck squamous cell carcinoma cells via
JNK activation. Cancer Lett. 2012, 314, 102–107. [CrossRef] [PubMed]

88. Zhou, F.; Yang, Y.; Xing, D. Bcl-2 and Bcl-xL play important roles in the crosstalk between autophagy and
apoptosis. FEBS J. 2011, 278, 403–413. [CrossRef] [PubMed]

89. Luo, S.; Garcia, -A.M.; Zhao, R.; Puri, C.; Toh, P.P.; Sadiq, O.; Rubinsztein, D.C. Bim inhibits autophagy by
recruiting Beclin 1 to microtubules. Mol. Cell 2012, 47, 359–370. [CrossRef] [PubMed]

90. Wei, Y.; Sinha, S.C.; Levine, B. Dual role of JNK1-mediated phosphorylation of Bcl-2 in autophagy and
apoptosis regulation. Autophagy 2008, 4, 949–951. [CrossRef] [PubMed]

91. Jung, K.H.; Noh, J.H.; Kim, J.K.; Eun, J.W.; Bae, H.J.; Chang, Y.G.; Kim, M.G.; Park, W.S.; Lee, J.Y.;
Lee, S.Y.; et al. Histone deacetylase 6 functions as a tumor suppressor by activating c-Jun NH2-terminal
kinase-mediated beclin 1-dependent autophagic cell death in liver cancer. Hepatology 2012, 56, 644–657.
[CrossRef] [PubMed]

92. Li, D.; Wang, L.; Deng, R.; Tang, J.; Shen, Y.; Guo, J.; Wang, Y.; Xia, L.; Feng, G.; Liu, Q.; et al. The pivotal role
of c-Jun NH2-terminal kinase-mediated Beclin 1 expression during anticancer agents-induced autophagy in
cancer cells. Oncogene 2009, 28, 886–898. [CrossRef] [PubMed]

93. Lorin, S.; Pierron, G.; Ryan, K.M.; Codogno, P.; Djavaheri, M.M. Evidence for the interplay between JNK
and p53-DRAM signaling pathways in the regulation of autophagy. Autophagy 2010, 6, 153–154. [CrossRef]
[PubMed]

94. Zhang, X.Y.; Wu, X.Q.; Deng, R.; Sun, T.; Feng, G.K.; Zhu, X.F. Upregulation of sestrin 2 expression via
JNK pathway activation contributes to autophagy induction in cancer cells. Cell Signal. 2013, 25, 150–158.
[CrossRef] [PubMed]

95. Wang, Y.; Singh, R.; Xiang, Y.; Czaja, M.J. Macroautophagy and chaperone-mediated autophagy are required
for hepatocyte resistance to oxidant stress. Hepatology 2010, 52, 266–277. [CrossRef] [PubMed]

96. Abe, M.K.; Saelzler, M.P.; Espinosa, R.; Kahle, K.T.; Hershenson, M.B.; Le Beau, M.M.; Rosner, M.R. ERK8,
a New Member of the Mitogen-activated Protein Kinase Family. J. Biol. Chem. 2002, 277, 16733–16743.
[CrossRef] [PubMed]

97. Colecchia, D.; Strambi, A.; Sanzone, S.; Iavarone, C.; Rossi, M.; Dall’Armi, C.; Piccioni, F.; Verrotti di, P.;
Chiariello, M. MAPK15/ERK8 stimulates autophagy by interacting with LC3 and GABARAP proteins.
Autophagy 2012, 8, 1724–1740. [CrossRef] [PubMed]

98. Laplante, M.; Sabatini, D.M. mTOR signaling at a glance. J. Cell. Sci. 2009, 122, 3589–3594. [CrossRef]
[PubMed]

99. Jung, C.H.; Ro, S.H.; Cao, J.; Otto, N.M.; Kim, D.H. mTOR regulation of autophagy. FEBS Lett. 2010, 584,
1287–1295. [CrossRef] [PubMed]

100. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [CrossRef] [PubMed]

101. Puente, C.; Hendrickson, R.C.; Jiang, X. Nutrient-regulated phosphorylation of ATG13 inhibits
starvation-induced autophagy. J. Biol. Chem. 2016, 291, 6026–6035. [CrossRef] [PubMed]

102. Lopez, B.E.; Vazquez, M.A.; Pérez-Martínez, M.C.; Oliveras, F.C.; Pérez, B.F.; Bernadó, L.;
Menendez, J.A. Serine 2481-autophosphorylation of mammalian target of rapamycin (mTOR) couples
with chromosome condensation and segregation during mitosis: Confocal microscopy characterization and
immunohistochemical validation of PP-mTORSer2481 as a novel high-contrast mitosis marker in breast
cancer core biopsies. Int. J. Oncol. 2010, 36, 107–115.

103. Vazquez, M.A.; Sauri, N.T.; Menendez, O.J.; Oliveras, F.C.; Cufí, S.; Corominas, F.B.; López, B.E.;
Menendez, J.A. Ser2481-autophosphorylated mTOR colocalizes with chromosomal passenger proteins
during mammalian cell cytokinesis. Cell Cycle 2012, 11, 4211–4221. [CrossRef] [PubMed]

104. Kogasaka, Y.; Hoshino, Y.; Hiradate, Y.; Tanemura, K.; Sato, E. Distribution and association of mTOR with its
cofactors, raptor and rictor, in cumulus cells and oocytes during meiotic maturation in mice. Mol. Reprod. Dev.
2013, 80, 334–348. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1479-5876-9-161
http://www.ncbi.nlm.nih.gov/pubmed/21943220
http://dx.doi.org/10.1016/j.canlet.2011.09.020
http://www.ncbi.nlm.nih.gov/pubmed/21993018
http://dx.doi.org/10.1111/j.1742-4658.2010.07965.x
http://www.ncbi.nlm.nih.gov/pubmed/21182587
http://dx.doi.org/10.1016/j.molcel.2012.05.040
http://www.ncbi.nlm.nih.gov/pubmed/22742832
http://dx.doi.org/10.4161/auto.6788
http://www.ncbi.nlm.nih.gov/pubmed/18769111
http://dx.doi.org/10.1002/hep.25699
http://www.ncbi.nlm.nih.gov/pubmed/22392728
http://dx.doi.org/10.1038/onc.2008.441
http://www.ncbi.nlm.nih.gov/pubmed/19060920
http://dx.doi.org/10.4161/auto.6.1.10537
http://www.ncbi.nlm.nih.gov/pubmed/19949306
http://dx.doi.org/10.1016/j.cellsig.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/22982090
http://dx.doi.org/10.1002/hep.23645
http://www.ncbi.nlm.nih.gov/pubmed/20578144
http://dx.doi.org/10.1074/jbc.M112483200
http://www.ncbi.nlm.nih.gov/pubmed/11875070
http://dx.doi.org/10.4161/auto.21857
http://www.ncbi.nlm.nih.gov/pubmed/22948227
http://dx.doi.org/10.1242/jcs.051011
http://www.ncbi.nlm.nih.gov/pubmed/19812304
http://dx.doi.org/10.1016/j.febslet.2010.01.017
http://www.ncbi.nlm.nih.gov/pubmed/20083114
http://dx.doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367
http://dx.doi.org/10.1074/jbc.M115.689646
http://www.ncbi.nlm.nih.gov/pubmed/26801615
http://dx.doi.org/10.4161/cc.22551
http://www.ncbi.nlm.nih.gov/pubmed/23095638
http://dx.doi.org/10.1002/mrd.22166
http://www.ncbi.nlm.nih.gov/pubmed/23440873


Int. J. Mol. Sci. 2017, 18, 1884 14 of 15

105. Ramírez, -V.F.; Badura, M.L.; Braunstein, S.; Narasimhan, M.; Schneider, R.J. Mitotic raptor promotes
mTORC1 activity, G2/M cell cycle progression, and internal ribosome entry site-mediated mRNA translation.
Mol. Cell. Biol. 2010, 30, 3151–3164.

106. Gwinn, D.M.; Asara, J.M.; Shaw, R.J. Raptor is phosphorylated by cdc2 during mitosis. PLoS ONE 2010,
5, e9197. [CrossRef] [PubMed]

107. Shuda, M.; Chang, Y.; Moore, P.S. Mitotic 4E-BP1 hyperphosphorylation and cap-dependent translation.
Cell Cycle 2015, 14, 3005–3006. [CrossRef] [PubMed]

108. Mihaylova, M.M.; Shaw, R.J. The AMPK signaling pathway coordinates cell growth, autophagy and
metabolism. Nat. Cell Biol. 2011, 13, 1016–1023. [CrossRef] [PubMed]

109. Xu, J.; Ji, J.; Yan, X.H. Cross-talk between AMPK and mTOR in regulating energy balance. Crit. Rev. Food
Sci. Nutr. 2012, 52, 373–381. [CrossRef] [PubMed]

110. Egan, D.F.; Shackelford, D.B.; Mihaylova, M.M.; Gelino, S.; Kohnz, R.A.; Mair, W.; Vasquez, D.S.; Joshi, A.;
Gwinn, D.M.; Taylor, R.; et al. Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects
energy sensing to mitophagy. Science 2011, 331, 456–461. [CrossRef] [PubMed]

111. Shang, L.; Chen, S.; Du, F.; Li, S.; Zhao, L.; Wang, X. Nutrient starvation elicits an acute autophagic response
mediated by Ulk1 dephosphorylation and its subsequent dissociation from AMPK. Proc. Natl. Acad. Sci. USA
2011, 108, 4788–4793. [CrossRef] [PubMed]

112. Roach, P.J. AMPK→ULK1→Autophagy. Mol. Cell. Biol. 2011, 31, 3082–3084. [CrossRef] [PubMed]
113. Vazquez, -M.A.; López, -B.E.; Oliveras, -F.C.; Pérez-Martínez, M.C.; Bernadó, L.; Menendez, J.A. Mitotic

kinase dynamics of the active form of AMPK (phospho-AMPKαThr172) in human cancer cells. Cell Cycle
2009, 8, 788–791. [CrossRef] [PubMed]

114. Vazquez, -M.A.; Oliveras, -F.C.; Menendez, J.A. The active form of the metabolic sensor AMP-activated
protein kinase α (AMPKα) directly binds the mitotic apparatus and travels from centrosomes to the spindle
midzone during mitosis and cytokinesis. Cell Cycle 2009, 8, 2385–2398. [CrossRef] [PubMed]

115. Thaiparambil, J.T.; Eggers, C.M.; Marcus, A.I. AMPK regulates mitotic spindle orientation through
phosphorylation of myosin regulatory light chain. Mol. Cell. Biol. 2012, 32, 3203–3217. [CrossRef] [PubMed]

116. Vazquez, M.A.; Oliveras, F.C.; Cufí, S.; Menendez, J.A. Polo-like kinase 1 regulates activation of
AMP-activated protein kinase (AMPK) at the mitotic apparatus. Cell Cycle 2011, 10, 1295–1302. [CrossRef]
[PubMed]

117. Banko, M.R.; Allen, J.J.; Schaffer, B.E.; Wilker, E.W.; Tsou, P.; White, J.L.; Villén, J.; Wang, B.; Kim, S.R.;
Sakamoto, K.; et al. Chemical genetic screen for AMPKα2 substrates uncovers a network of proteins
involved in mitosis. Mol. Cell 2011, 44, 878–892. [CrossRef] [PubMed]

118. Cantley, L.C. The phosphoinositide 3-kinase pathway. Science 2002, 296, 1655–1657. [CrossRef] [PubMed]
119. Stokoe, D.; Stephens, L.R.; Copeland, T.; Gaffney, P.R.; Reese, C.B.; Painter, G.F.; Holmes, A.B.; McCormick, F.;

Hawkins, P.T. Dual role of phosphatidylinositol-3, 4, 5-trisphosphate in the activation of protein kinase B.
Science 1997, 277, 567–570. [CrossRef] [PubMed]

120. Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of Akt/PKB by the
rictor-mTOR complex. Science 2005, 307, 1098–1101. [CrossRef] [PubMed]

121. Ronan, B.; Flamand, O.; Vescovi, L.; Dureuil, C.; Durand, L.; Fassy, F.; Bachelot, M.-F.; Lamberton, A.;
Mathieu, M.; Bertrand, T.; et al. A highly potent and selective Vps34 inhibitor alters vesicle trafficking and
autophagy. Nat. Chem. Biol. 2014, 10, 1013–1019. [CrossRef] [PubMed]

122. Jaber, N.; Dou, Z.; Chen, J.S.; Catanzaro, J.; Jiang, Y.P.; Ballou, L.M.; Selinger, E.; Ouyang, X.; Lin, R.Z.;
Zhang, J.; et al. Class III PI3K Vps34 plays an essential role in autophagy and in heart and liver function.
Proc. Natl. Acad. Sci. USA 2012, 109, 2003–2008. [CrossRef] [PubMed]

123. Shanware, N.P.; Bray, K.; Abraham, R.T. The PI3K, metabolic, and autophagy networks: Interactive partners
in cellular health and disease. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 89–106. [CrossRef] [PubMed]

124. Roberts, E.C.; Shapiro, P.S.; Nahreini, T.S.; Pages, G.; Pouyssegur, J.; Ahn, N.G. Distinct cell cycle timing
requirements for extracellular signal-regulated kinase and phosphoinositide 3-kinase signaling pathways in
somatic cell mitosis. Mol. Cell. Biol. 2002, 22, 7226–7241. [CrossRef] [PubMed]

125. Shtivelman, E.; Sussman, J.; Stokoe, D. A role for PI 3-kinase and PKB activity in the G2/M phase of the cell
cycle. Curr. Biol. 2002, 12, 919–924. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0009197
http://www.ncbi.nlm.nih.gov/pubmed/20169205
http://dx.doi.org/10.1080/15384101.2015.1084192
http://www.ncbi.nlm.nih.gov/pubmed/26496165
http://dx.doi.org/10.1038/ncb2329
http://www.ncbi.nlm.nih.gov/pubmed/21892142
http://dx.doi.org/10.1080/10408398.2010.500245
http://www.ncbi.nlm.nih.gov/pubmed/22369257
http://dx.doi.org/10.1126/science.1196371
http://www.ncbi.nlm.nih.gov/pubmed/21205641
http://dx.doi.org/10.1073/pnas.1100844108
http://www.ncbi.nlm.nih.gov/pubmed/21383122
http://dx.doi.org/10.1128/MCB.05565-11
http://www.ncbi.nlm.nih.gov/pubmed/21628530
http://dx.doi.org/10.4161/cc.8.5.7787
http://www.ncbi.nlm.nih.gov/pubmed/19221486
http://dx.doi.org/10.4161/cc.8.15.9082
http://www.ncbi.nlm.nih.gov/pubmed/19556893
http://dx.doi.org/10.1128/MCB.00418-12
http://www.ncbi.nlm.nih.gov/pubmed/22688514
http://dx.doi.org/10.4161/cc.10.8.15342
http://www.ncbi.nlm.nih.gov/pubmed/21474997
http://dx.doi.org/10.1016/j.molcel.2011.11.005
http://www.ncbi.nlm.nih.gov/pubmed/22137581
http://dx.doi.org/10.1126/science.296.5573.1655
http://www.ncbi.nlm.nih.gov/pubmed/12040186
http://dx.doi.org/10.1126/science.277.5325.567
http://www.ncbi.nlm.nih.gov/pubmed/9228007
http://dx.doi.org/10.1126/science.1106148
http://www.ncbi.nlm.nih.gov/pubmed/15718470
http://dx.doi.org/10.1038/nchembio.1681
http://www.ncbi.nlm.nih.gov/pubmed/25326666
http://dx.doi.org/10.1073/pnas.1112848109
http://www.ncbi.nlm.nih.gov/pubmed/22308354
http://dx.doi.org/10.1146/annurev-pharmtox-010611-134717
http://www.ncbi.nlm.nih.gov/pubmed/23294306
http://dx.doi.org/10.1128/MCB.22.20.7226-7241.2002
http://www.ncbi.nlm.nih.gov/pubmed/12242299
http://dx.doi.org/10.1016/S0960-9822(02)00843-6


Int. J. Mol. Sci. 2017, 18, 1884 15 of 15

126. Ornelas, I.M.; Silva, T.M.; Fragel, M.L.; Ventura, A.L.M. Inhibition of PI3K/Akt pathway impairs G2/M
transition of cell cycle in late developing progenitors of the avian embryo retina. PLoS ONE 2013, 8, e53517.
[CrossRef] [PubMed]

127. Liu, X.; Shi, Y.; Woods, K.W.; Hessler, P.; Kroeger, P.; Wilsbacher, J.; Wang, J.; Wang, J.Y.; Li, C.; Li, Q.; et al.
Akt inhibitor a-443654 interferes with mitotic progression by regulating aurora a kinase expression. Neoplasia
2008, 10, 828–837. [CrossRef] [PubMed]

128. Campa, C.C.; Martini, M.; De Santis, M.C.; Hirsch, E. How PI3K-derived lipids control cell division. Front. Cell
Dev. Biol. 2015, 3, 61. [CrossRef] [PubMed]

129. Sagona, A.P.; Nezis, I.P.; Pedersen, N.M.; Liestøl, K.; Poulton, J.; Rusten, T.E.; Skotheim, R.I.; Raiborg, C.;
Stenmark, H. PtdIns (3) P controls cytokinesis through KIF13A-mediated recruitment of FYVE-CENT to the
midbody. Nat. Cell Biol. 2010, 12, 362–371. [CrossRef] [PubMed]

130. Thoresen, S.B.; Pedersen, N.M.; Liestøl, K.; Stenmark, H. A phosphatidylinositol 3-kinase class III
sub-complex containing VPS15, VPS34, Beclin 1, UVRAG and BIF-1 regulates cytokinesis and degradative
endocytic traffic. Exp. Cell Res. 2010, 316, 3368–3378. [CrossRef] [PubMed]

131. Janetopoulos, C.; Borleis, J.; Vazquez, F.; Iijima, M.; Devreotes, P. Temporal and spatial regulation of
phosphoinositide signaling mediates cytokinesis. Dev. Cell 2005, 8, 467–477. [CrossRef] [PubMed]

132. Nezis, I.P.; Sagona, A.P.; Schink, K.O.; Stenmark, H. Divide and ProsPer: The emerging role of PtdIns3P in
cytokinesis. Trends Cell Biol. 2010, 20, 642–649. [CrossRef] [PubMed]

133. Boularan, C.; Kamenyeva, O.; Cho, H.; Kehrl, J.H. Resistance to inhibitors of cholinesterase (Ric)-8A and Gαi
contribute to cytokinesis abscission by controlling vacuolar protein-sorting (Vps) 34 activity. PLoS ONE 2014,
9, e86680. [CrossRef] [PubMed]

134. Lamb, C.A.; Yoshimori, T.; Tooze, S.A. The autophagosome: Origins unknown, biogenesis complex. Nat. Rev.
Mol. Cell Biol. 2013, 14, 759–774. [CrossRef] [PubMed]

135. Caballe, A.; Wenzel, D.M.; Agromayor, M.; Alam, S.L.; Skalicky, J.J.; Kloc, M.; Carlton, J.G.; Labrador, L.;
Sundquist, W.I.; Martin, S.J. ULK3 regulates cytokinetic abscission by phosphorylating ESCRT-III proteins.
Elife 2015, 4, e06547. [CrossRef] [PubMed]

136. Young, A.R.; Narita, M.; Ferreira, M.; Kirschner, K.; Sadaie, M.; Darot, J.F.; Tavaré, S.; Arakawa, S.; Shimizu, S.;
Watt, F.M. Autophagy mediates the mitotic senescence transition. Genes Dev. 2009, 23, 798–803. [CrossRef]
[PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0053517
http://www.ncbi.nlm.nih.gov/pubmed/23301080
http://dx.doi.org/10.1593/neo.08408
http://www.ncbi.nlm.nih.gov/pubmed/18670641
http://dx.doi.org/10.3389/fcell.2015.00061
http://www.ncbi.nlm.nih.gov/pubmed/26484344
http://dx.doi.org/10.1038/ncb2036
http://www.ncbi.nlm.nih.gov/pubmed/20208530
http://dx.doi.org/10.1016/j.yexcr.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/20643123
http://dx.doi.org/10.1016/j.devcel.2005.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15809030
http://dx.doi.org/10.1016/j.tcb.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/20880709
http://dx.doi.org/10.1371/journal.pone.0086680
http://www.ncbi.nlm.nih.gov/pubmed/24466196
http://dx.doi.org/10.1038/nrm3696
http://www.ncbi.nlm.nih.gov/pubmed/24201109
http://dx.doi.org/10.7554/eLife.06547
http://www.ncbi.nlm.nih.gov/pubmed/26011858
http://dx.doi.org/10.1101/gad.519709
http://www.ncbi.nlm.nih.gov/pubmed/19279323
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Kinases Originally Involved in Mitotic Regulation Are Shown to Play Additional Roles in Autophagy 
	Cyclin-Dependent Kinases 
	Aurora Kinases 
	Polo-Like Kinases 
	NimA-Related Protein Kinase 4 (NEK4 Kinase) 
	Budding Uninhibited by Benzimidazoles 1 (BUB1) Kinase 
	Mitogen-Activated Protein Kinases (MAPKs) 

	Kinases Originally Involved in Autophagy Regulation Are Shown to Play Additional Roles in Mitosis 
	Mechanistic Target of Rapamycin Complex 1 (mTORC1) 
	AMP Activated Protein Kinase (AMPK) 
	Phosphoinositide-3 Kinase (PI3K) and Protein Kinase B (AKT) 

	Conclusions 
	Perspectives 

