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Abstract: Currently, autophagy in the context of cancer progression arouses a lot of controversy. It is
connected with the possibility of switching the nature of this process from cytotoxic to cytoprotective
and vice versa depending on the treatment. At the same time, autophagy of cytoprotective character
may be one of the factors determining multidrug resistance, as intensification of the process is
observed in patients with poorer prognosis. The exact mechanism of this relationship is not yet fully
understood; however, it is suggested that one of the elements of the puzzle may be a cytoskeleton.
In the latest literature reports, more and more attention is paid to the involvement of actin in the
autophagy. The role of this protein is linked to the formation of autophagosomes, which are necessary
element of the process. However, based on the proven effectiveness of manipulation of the actin
pool, it seems to be an attractive alternative in breaking autophagy-dependent multidrug resistance
in cancer.
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1. Introduction

In the case of normal cells, autophagy is a mechanism used for the degradation of unnecessary
or abnormal proteins, dysfunctional organelles and intracellular pathogens. This prevents the
accumulation of unwanted particles in the cell and contributes to the internal homeostasis. What's
more, the process allows the release of macromolecules necessary for the synthesis of new proteins [1].

Many studies indicate a link between autophagy impairments and many diseases such as
neurodegenerative diseases, lung diseases or sepsis [2-4]. Numerous reports also confirm the
relationship between autophagy and cancer [5-8]. However, in this case, the role of the process
is not strictly defined. Due to current literature reports, it is suggested that in the initial stages of
carcinogenesis autophagy is one of the ways of body’s defense as the pathway of abnormal cells
death [9]. This does not allow the further development of the disease and is favorable. At the same
time, in the case of higher-grade cancers, there is a close link between tumor development and the
occurrence of autophagy [10]. This is due to the fact that for rapidly dividing cancer cells, the key aspect
is an access to the right amount of nutrients. If they cannot be delivered through the blood supply,
decomposition of whole cells or they components through autophagy can be a source of nourishment
for neighboring cells. Furthermore, autophagy can be a defense mechanism against environmental
stress. This is probably one of the pathway of tumor cell resistance to chemotherapy [11]. This is
confirmed by studies conducted on the non-small cell lung cancer A549 line, in which the use of an
autophagy inhibitor overcame the resistance of cells to 5-fluorouracil (5-FU) but also in the case of
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colorectal cancer in the in vitro and in vivo models [12,13]. For these reasons, targeting the autophagy
process is a promising alternative in the treatment of cancer. As it has been proven, actin is one of the
elements necessary for this process to occur, for example through its involvement in the formation
and maturation of autophagy vesicles [14-16]. Therefore, the manipulation of the actin pool can be a
susceptible way to overcome the multidrug resistance of many types of cancer. In this review we focus
on the participation of actin in the autophagy process and its correlation with autophagy-dependent
multidrug resistance in cancer. In addition, we describe potential therapeutic targets associated with
the inhibition of cytoprotective autophagy through actin manipulation.

2. Autophagy

Autophagy (the term was used from 1860s but described by Christian de Duve in 1963) at first
was a process observed in yeast, however, it turned out that many stages and factors can also be
applied to mammalian cells [17,18]. In 2016, Japanese scientist Yoshinori Ohsumi received the Nobel
Prize for discovering the molecular mechanisms underlying autophagy [19]. In the context of cancer
progression, the authors proved the inverse relationship between autophagy and malignant potential
as the deletion of one of the proteins involved in autophagy-Beclin-1 led to the enhanced spontaneous,
as well as, hepatitis B virus-induced mutations rate [20].

Much earlier, in the 90s, autophagy-related proteins (ATGs) were described as a factor playing
the key role in transport of cargo to the autophagic vacuole in yeast [21]. These studies were of
great importance in understanding the role of the process, not only in many physiological, but also
pathological states. However, ATGs are not only a key element of autophagy, but also perform
other important functions in the cell, associated with inter alia (i.a). cytokine secretion (ATG?7) or
phagocytosis (ATG9, ATG16L1). Furthermore, the role of ATGs in cell proliferation (ATGS3, -5, -7)
has also been demonstrated, which may further influence the participation of these proteins in the
development of diseases such as cancer [22-24]. More studies involving genetic mutations disrupting
specific autophagy/non-autophagy functions of ATGs are necessary to elucidate their role [25,26].

There are three types of autophagy: Chaperone-mediated autophagy (CMA), microautophagy
and macroautophagy. In CMA, proteins in the complex with chaperones (such as heat shock cognate
70—Hsc-70) are translocated across the lysosome membrane after prior binding to lysosome-associated
membrane protein type 2A (LAMP-2A) receptor [27]. Microautophagy is a direct uptake of cytoplasmic
elements by lysosomes. In turn, in macroautophagy, the cytoplasmic cargo is delivered to the
lysosome by autophagosom (a double membrane-bound vesicle) which bind together to form
autophagolysosomes [28]. Due to the large interest in macroautophagy and its role in cancer,
this review focuses only on this mechanism and in the further parts of the article the word autophagy
is used exactly in this context.

In a physiological sense, the autophagy process is crucial in establishing cell homeostasis. It acts
as an intracellular quality control system, which prevents accumulation of unnecessary or damaged
cellular proteins and organelles [29]. In addition, this process is activated in response to stimuli
such as: Lack of nutrients, pathogens or oxidation, allowing the cell to adapt to new conditions [30].
Moreover, mutations of genes encoding proteins involved in the regulation of autophagy induce
carcinogenesis processes. In addition, the dual nature of autophagy is a very interesting issue, because
paradoxically in the case of cancer, on the one hand it may lead to tumor suppression, but on the other
it promotes cancer [31]. Regardless of the nature of autophagy, it takes place in several stages: Initiation
and phagophore nucleation, elongation and autophagosome formation, fusion with lysosome, and
autophagolysosome formation with degradation of intravesicular elements [32,33]. The first step is
connected with unc-51-like kinase 1 (ULK1), also known as ATG1, complex activation. Although
five ULK homologues are known (ULK1, ULK2, ULK3, ULK4 and STK36) just ULK1 and ULK2 are
involved in autophagy signaling and only ULK1 in essential in this process [34]. This involved in
the formation of autophagosome complex consists of serine/threonine protein kinase-ULK1, ATG13
and ATG101 and focal adhesion kinase family interacting protein of 200 kDa-FIP200 (also known as



Cancers 2019, 11, 1209 30f18

retinoblastoma coiled coil protein 1-RB1CC1) (Figure 1) [35-38]. Dissociated from mechanistic target
of rapamycin complex 1 (mTORC1) ULK1 complex undergoes autophosphorylation and induces the
phagophore nucleation at phagophore-formation site (PAS) triggering activation of the nucleation
factor class III phosphatidylinositol-3-kinase (PI3KC3) complex I [39,40]. This multipart structure
comprises PI3K vacuolar protein sorting 34 (VPS34), ATG14 and Beclin-1, which is phosphorylated
by ULK1 and acts as a scaffold for the PI3K complex. Additionally, PI3KC3 complex I also contains
activating molecule in BECN1-regulated autophagy protein 1 (AMBRA1), which binds Beclin-1,
stabilizes the complex and mediates linking to the cytoskeleton and p115-general vesicular transport
factor. Elements of the described complex affect phosphorylation of phosphatidylinositol and generate
phosphatidylinositol-3-phosphate (PI3P) the production of which occurs at endoplasmic reticulum
structure/ region called omegasome (Figure 1) [41,42]. Subsequently PI3P recruits two effectors:
WD repeat domain phosphoinositide-interacting protein 2 (WIPI2) and double FYVE containing
protein 1 (DFCP1) in order to reshape the omegasome and allow the further isolation of phagophore
membrane [43,44]. This step involves the presence of the third complex which consists of ATG16L1,
ubiquitin-like ATG12 and ATGS5 [45]. WIPI2 is directly bound to ATG16L1 causing the recruitment of
the other complex elements and thereby to ATG3, which catalyzes the conjugation of the ubiquitin-like
ATGS family to the phosphatidylethanolamine (PE) in the membrane of growing phagophore. This
group of proteins contains i.a., microtubule-associated protein 1 light chain (LC3) and y-aminobutyric
acid receptor-associated proteins (GABARAP) [44,46]. Additionally, ATG4 cleaves pro-LC3 to form
LC3-I, while ATG7 and ATGS3 participate in conversion of LC3-I into its membrane-anchored form
LC3-II [47,48]. The ATGS family members play important role in autophagy, not only because they
participate in the elongation and closure of phagophore membrane but are also involved in cargo
recognition in LC3-interacting region (LIR) (Figure 1) [49-52]. The final steps of the autophagy
include autophagosome maturation and fusion with lysosome. Created structure (autophagolysosome)
contains elements which undergo degradation (Figure 1).

Characteristic proteins involved in the process usually become its markers. In the case of
autophagy, these are Beclin-1 and LC3-1I. Due to the complexity of autophagy, there are many potential
targets to modulate the process [53,54]. Of course, the most popular proteins are described above
complexes, but the elements of cytoskeleton may also be an excellent target for the manipulation
(positive or negative). One of them is actin, which involvement in autophagy is still not well known.
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Figure 1. The course of the autophagy along with the main proteins involved in the process.
The description of the figure can be found in the text above.
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3. Actin Cytoskeleton and Its Engagement in Autophagy Process

The cytoskeleton builds one of the most complex cell structures necessary for nearly all processes
occurring in its area [55]. One of the main cytoskeletal proteins is actin. Although it is commonly
associated with muscle cells, it also occurs in non-muscle ones where it can be from 1 to even 5% of
all cell proteins [55]. On the basis of the isoelectric point three main actin isoforms are distinguished
(alpha [«], beta [3] and gamma [y]). The isoforms present in muscles are x-skeletal, x-aortic smooth,
a-cardiac, y2-enteric smooth while in non-muscle cells 3- and y1-cytoplasmic forms occurs [56]. The
protein participates in many cellular processes mainly related to muscle contraction and cell mobility,
but it also takes part in movements of organelles and vesicles, cell division, cytokinesis, cell signaling,
maintenance of cell junctions and cell shape, cell cycle and cell death [55-63]. In muscle cells actin with
myosin form the basic units of muscle contraction called sarcomere. Polymerized form of actin is a main
component of filopodia and lamellipodia, which allows migration. Cortical actin is involved in cell
shape maintenance. Additionally, this protein is necessary during cytokinesis as contractile ring and
apoptosis in the apoptotic blebs formation. Different forms of actin are not only observed in cytoplasm
but also in the cell nucleus, where they interact with RNA polymerases and chromatin remodeling
complexes [55,64]. Furthermore, literature reports indicate its key function in autophagy e.g., by
engagement in the formation of autophagosomes [65]. The crucial role of actin in cell functioning
is highlighted by its conservativeness. It can be found in all eukaryotic representatives (except for
nematode sperm). Moreover, in the prokaryotic organisms an analogue of the protein is present in the
form of MreB protein [66].

Actin in a cell may occur in two forms of globular G-actin or fibrillar F-actin in both the nucleus
and cytoplasm [67]. The monomeric form is evenly distributed over the entire cell volume, whereas
the accumulation of the polymeric form is closely related to the state of the cell [68]. The actin
polymerization process starts with the creation of a stable nucleation center that is normally formed
by three G-actin monomers in a spontaneous event driven by formin. The next step is the elongation
of the filament by adding successive G-actin units to the both ends of the nucleation center, which
is a reversible process. As the concentration of G-actin units locally drops, one end of the filament
grows (barbed-end) while the other decreases in length (pointed-end) leading to a phenomenon called
treadmilling. Elongation continues until the rate of the loss of ADP-actin from the pointed-end is
greater than ATP-actin assembly, when the filament begins to shrink [68]. The dynamics between two
actin forms and locations determines the functioning of the cell. At the same time, any changes in
the actin structure require the involvement of actin-binding proteins (ABPs). ABPs can both stabilize
the structure of filaments, e.g., through capping or anchoring in cell membranes, as well as prevent
polymerization by binding to monomers [67]. Additionally, filaments can be cut into shorter fibers
or create more complex structures by introducing cross-links or forming bunches. One such protein
is Arp2/3, which serves as nucleation site for new actin filaments that bind to the already existing
filament at the angle of 70 degrees. The Arp2/3 complex consists of seven subunits such as ARPC1,
ARPC2, ARPC3, ARPC4, ARPC5, ARP2 and ARP3, which are connected with actin nucleation, filament
polymerization and branch formation [69]. The complex is also involved in autophagy process through
its participation in autophagosome formation [65].

Furthermore, actin plays a significant role in death at the cellular level [55]. It is known that the
described protein participates among others in autophagy (Figure 2) [15]. The involvement of actin
in the formation and maturation of autophagy vesicles has been known since the 90’s, but the exact
mechanism of its participation was unclear [15,16]. At the beginning of the studies on the engagement
of actin in autophagy, it was observed that its reorganization (mainly polymerization) affects the
first stages of the described process [16]. The next step was characterization of the colocalization
of microfilaments with main autophagy markers such as LC3, ATG14 and Beclin-1 [14]. What is
more, F-actin was localized also on autophagosomes isolated membranes together with DFCP1, ATGS,
ATG16 and ULK1(Figure 2) [70]. Factors that indirectly engage actin in the autophagy process are
ABPs like Arp2/3.
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Many reports present the role of nucleation promoting factors (NPFs) in the activation of the Arp2/3
complex, which in turn is connected with actin cytoskeleton. Different NPFs, despite diverse structures,
all contain C-terminal proline-rich and Wiskott-Aldrich homology 2 (WH2) domain, which mediates
their interactions with profilin-actin, actin, and the Arp2/3 complex [40]. In mammalian autophagy
three NPFs are defined. First of them is localized mainly in the cytoplasm junction-mediating and
regulatory protein (JMY), which is regarded as actin nucleation promoting factor. There are three
domains in its structure. Domain on the C-terminal region allows binding and activation of the Arp2/3
complex [71]. In turn, N-terminal region contains LIR which allows the interactions with the autophagy
marker LC3. It is also known, that mutation of LIR causes lack of JMY in autophagosome, reduces
levels of LC3-II and precludes the formation of actin structure. This allows to conclude that JMY
participates in the accumulation of actin in autophagic membrane (Figure 2) [71]. Hu et al. took a
step further and reported that J]MY-dependent microfilaments polymerization on phagophore and
autophagosome membranes is regulated by stress-responsive activators p300 (STRAP) and LC3 [72].
The membrane-bound LC3 drafts JMY and stimulates actin network formation [73].

The second NPF is WASP homolog-associated protein with actin, membranes and microtubules
(WHAMM), which like JMY is responsible for Arp2/3-dependent actin nucleation (Figure 2) [74]. Kast
and co-workers in 2015 presented the research which suggests that the WHAMM-dependent actin-comet
tail mechanism is directly connected with the Arp2/3 complex activation [75]. This conclusion was
confirmed by the inhibition of actin tail formation after the down-regulation of WHAMM expression.
The same results were obtained after blocking of Arp2/3 complex or its interaction with described
NPE. The scientists showed also the very important role of this NPF in autophagosome biogenesis and
its colocalization with the autophagy markers LC3, DFCP1 and p62 [74-76]. Additionally, size and
number of autophagosomes depend on WHAMM expression and localization of WHAMM and actin
on the border of neighboring autophagosomes [75].

The last, poorly studied, but equally important for the proper course of autophagy is
Wiskott-Aldrich syndrome protein and SCAR homologue (WASH), which activates the Arp2/3 and
induces actin network formation in vesicle during endocytosis [77-79]. On the other hand, it is also
known, that this NPF can be the negative regulator of autophagy through inhibition of VPS34 activity,
which causes blocking of Beclin-1 ubiquitination [79,80].

Additional factors regulating the activity and functioning of actin during autophagy are small
GTPases of the Rho superfamily. These proteins modulate F-actin formation via GTPase signaling
cascades. Small GTPases are connected with Arp2/3-dependent actin nucleation and upon starvation
the actin regulatory protein RhoA plays part in autophagosome formation [16]. Additionally, Ser/Thr
Rho kinase 1 (ROCK 1) binds and phosphorylates Beclin-1 and in this way promotes autophagy [81].
Small GTPases also include the Rac family proteins among which three isoforms are distinguished-Racl,
Rac2 and Rac3. Zhu and co-workers presented Rac3 as a negative regulator, because its knockdown
allows induction of autophagy [82]. Similar results were presented by Aguilera’s team, who observed
the negative effect of Racl in starvation-mediated autophagy [16]. One of the essential elements in
the autophagosomes formation is localized at the plasma membrane small GTPase-ADP-ribosylation
factor 6 (Arf6). This protein participates in the generation of phosphatidylinositol 4,5-bisphosphate
(PIP2) and colocalizes with ATG16L1 [83].

Different factor, which regulates the participation of actin in the autophagy is ATG9. It is
a transmembrane protein trafficked from Golgi apparatus to phagophore [84,85]. Many studies
indicate that ATGY participate only in the first step of autophagy, as it is probably removed from the
autophagosome before its closure, what explains its absence on the autophagosomal and lysosomal
membrane [85]. In mammalian cells, upon starvation, the translocation of this protein is very important
for autophagosomal biogenesis and requires participation of ABPs. These proteins are i.a., Annexin
A2, spire-type actin nucleation factor 1 (Spirel) or mentioned earlier Arp2/3 and WASH complex [86].
After down-regulation of Annexin A2 and Arp2/3 the accumulation of actin around ATG9A vesicles is
decreased, but in the case of the regulation of Spire’s actin nucleation we still do not know much [86,87].
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The results suggest that microfilaments may play a pivotal role in omegasome maintenance and next
in formation of phagophore [70]. The shape of the double-membrane autophagosomal vesicle is also
regulated by actin nucleation.

On the other hand, inhibition of actin filaments growth by actin-capping proteins is also observed.
Actin on the autophagosomal membrane collocates not only with the marker of autophagy-LC3, but
also with the proteins connected with regulation of actin dynamic such as cofilin, CapZ (actin capping
protein) or Arp2/3. CapZ was identified as the negative regulator of actin polymerization, because it
blocks the attachment of G-actin monomers to the growing filament [65]. In the lamellipodia, where the
formation of a long microfilaments is required, CapZ is disassociated by phosphoinositide—PI(4,5)P,
from growing end of actin filaments [88]. The same mechanism was presented in autophagy, however,
here omegasomes are structures rich in the PI(3)P [70]. Additionally, the pool of PI(3)P depends on
VPS34 activation and stimulates other factors, which influences autophagosome maturation [89]. It is
undeniable that the actin cytoskeleton and its reorganization are necessary for proper formation of
autophagosome. However, many reports indicate also that actin is required during fusion of the
autophagosome with the lysosome. First step of this process is migration of autophagosomes to the
lysosomes location [90,91]. Lee and co-workers presented histone deacetylase-6 (HDAC6) as a factor
which induces cortactin-dependent, actin-remodeling machinery in nutrient-independent autophagy.
Polymerization of G-actin enables fusion of autophagosome with lysosome and protein aggregates
digestion. Remarkably, use of the actin polymerization inhibitor (Latrunculin A) reduced the fusion
of described elements [91]. In turn, Hong et al. confirmed participation of phosphatidylinositol
3,5-bisphosphate (PI(3,5)P;) in actin dynamic regulation [92]. Based on the mentioned studies,
Hasegava et al. described inositol polyphosphate-5-phosphatase E (INPP5E) as a novel autophagy
regulator [93]. They presented the new mechanism and cascade reaction of the last steps of
autophagy. The authors suggest that at the beginning, INPP5E catalyzes PI(3,5)P, conversion
to PI(3)P, on the lysosomes what activates cortactin. In turn, cortactin binds with polymerized actin
and consequently leads to its stabilization, which is necessary during fusion of autophagosome with
lysosome (Figure 2) [93]. Furthermore, if PI(3)P is connected with WASH complex, then INPP5E
indirectly regulates the fusion process by affecting actin polymerization [93].

Although, the exact role of autophagy process in cancer is still not fully elucidated in general
it supports the progression of established tumors. This is caused by reduction in their sensitivity to
intrinsic and extrinsic stimulation which under standard conditions would promote cell death [94]. This
is confirmed by a growing evidence indicating that autophagy inhibition often limits the proliferation
and metastatic potential of malignant cells. Furthermore, high grade human tumors in general are
characterized by increased autophagic flux, which correlates with an invasive/metastatic phenotype
and poorer prognosis [95].
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Figure 2. The participation of actin in autophagy process. The description of the figure can be found in
the text above.

4. Autophagy in Multidrug Resistance

Drug resistance remains one of the most serious problems of oncology. It is estimated that
approximately 90% of chemotherapy failures are associated with tumor invasion and metastasis related
to this phenomenon [96]. Tumor resistance to cytostatics can be either inherent or acquired as a result of
the mutation created during the administration of chemotherapy. As the mechanism of drug resistance
(DR) in cancer, several factors may be distinguished like reduction in drug uptake, enhanced drug
efflux by membrane transporters (mostly ATP-binding cassette (ABC) transporters) or changes in its
metabolism [97]. In turn, multidrug resistance (MDR) is defined as the resistance of tumor cells to
several cytostatics with the different structures and mechanisms of action. Inhibition of apoptosis
e.g., by mutation in the p53 gene, adaptive changes through epigenetic regulation, mutations of drug
therapeutic aims or alterations in the tumor microenvironment may also contribute to the development
of MDR. As MDR is responsible for most of the chemotherapy failures, its inhibition would be of great
importance for oncological patients [97]. Recent literature reports indicate the process of autophagy
may, in at least some cases, be the basis of MDR, but the relationship between these phenomena is still
not fully understood [98-104]. Like in the initiation and progression of cancer also in the case of MDR,
the role of autophagy may be twofold.

Many literature reports indicate the involvement of autophagy in drug resistance. As shown
by Shuhua et al. in the case of colorectal cancer, tumor tissues were characterized by significantly
higher expression of autophagy-related genes such as Beclin-1, LC3, and Rictor, which levels positively
correlated with the level of multidrug resistance protein (MDR-1) gene expression [105]. This indicates
the participation of autophagy in the development of MDR. Prosurvival role of autophagy was also
confirmed in breast, ovarian, esophageal, lung, prostate, renal and pancreatic cancers [98-104]. Similar
effect was observed in the case of glioma and bladder cancer [106,107]. In many of these studies,
the use of an autophagy inhibitor was associated with the increase in sensitivity to the cytostatics
used. According to research carried out by Pan et al. and Du et al. autophagy blocking in colorectal
and non-small cell lung cancers cells treated with 5-fluorouracil (5-FU) using a 3-methyladenine
(3-MA) autophagy inhibitor, enhances cell apoptosis through increased production of reactive oxygen
species [12,108]. The efficiency of this method has also been confirmed for the chloroquine (CQ), an
autophagy inhibitor which efficacy and safety of use have been approved by the Food and Drug
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Administration. The result showed that additional administration of CQ enhanced limitation of tumor
cell growth caused by 5-FU in both in vitro and in vivo conditions [109,110]. However, literature
reports indicate the benefits of this approach also in the use of other cytostatics such as paclitaxel,
doxorubicin, cisplatin or epirubicin [97]. Moreover, as was proven by Yang et al. MDR may be a
direct consequence of autophagy process [106]. As the scientists showed, both the doxorubicin and
vincristine treatment of human leukemia cells led to an increase in the level of SI00A8, which was
necessary for the formation of the Beclin-1-class III phosphatidylinositol 3-kinase (BECN1-PI3KC3)
complex, and thus contributed to enhanced autophagy rate in the result of which the drug resistance
developed. This conclusion was confirmed by modulation of the SI00A8 level, as the resistance raised
with increased S100A8 expression, while the reduced MDR was observed after lowering the transcript
level [106]. Moreover, commonly occurring in the solid tumors hypoxia was distinguished as a factor
leading to the intensification of autophagy and thus also drug resistance. In the case of human bladder
cancer cells both silencing of hypoxia-inducible factor-1 (HIF-1) and use of 3-MA resulted in enhanced
apoptosis rate [107].

However, the matter is not as simple as it may seem. At the same time, many studies indicate the
involvement of autophagy in the response of tumor cells to cytostatics as a mechanism of cell death [111].
One of the interesting studies is the work published in 2014 in the International Journal of Oncology by
Kaewpiboon et al. in which it was proved that a natural compound is able to overcome drug resistance
by inducing autophagy which in turn stimulates the process of apoptosis [112]. Furanocoumarin
representative Feroniellin A in etoposide-resistant A549 cells (A549RT-eto) led to both a downregulation
of P-glycoproteins but also a significant increase in LC3 II, Beclin-1 or ATG5. The observed changes
were also associated with the enhanced apoptosis. Moreover, the inhibition of autophagy by using
siRNA for Beclin-1 caused a reduction in apoptosis, while the addition of the autophagy inducer
was associated with an additional increase in the percentage of apoptotic cells [112]. Researchers
assessing the effect of caffeine on PC12D cells (cellosaurus cell line) have reached similar conclusions.
Also, in this case, the treatment of the cells with the compound led to both the intensification of the
autophagy process, but also apoptosis. In turn, the inhibition of autophagy resulted in the reduction
of apoptosis [113]. However, the induction of autophagy without an increase in apoptosis may also
be responsible for the inhibition of tumor cell proliferation. This was confirmed by studies with the
use of metformin and myeloma cells (RPMI8226 and U266 lines) in which the enhanced expression
of autophagy markers was observed in cells treated with the compound, and at the same time no
apoptosis intensification was noted [114]. The fact that even the same type of compound in various
cases can cause extremely different effects is an additional confusion. The previously mentioned
metformin, which induced autophagy as a mechanism of cell death in myeloma cells, in breast cancer
cells has a cytoprotective character [115]. However, the results may change with the addition of other
factors. As was shown by Yeo et al. combination of autophagy inhibitor spautin-1 together with
metformin may enhance the compound action in the model of BRCA1-deficient mice [116]. It should
also be noted that not only cytostatisc are autophagy inductors, but other factors applied must be
carefully considered. Our previous research shown, that the use of lidocaine in rat glioma C6 cell line
leads to cytoprotective autophagy [117].

5. Autophagy as a Therapeutic Target in Cancer

Although the complexity and multistageness of the autophagy process makes it difficult to fully
understand the underlying mechanism, it also creates many options for its regulation in a both positive
and negative manner. So, the question remains whether to inhibit or promote autophagy? The answer
is probably it depends. One of the factors that determines the role of autophagy in the process of
cancer development may be its stage [5]. However, it is certainly not the only determinant. Probably
this issue must be considered individually depending on the tumor type and the cytostatic used. For
several reasons, this review will focus rather on the inhibition of autophagy. First of all, although
many of the studies indicate the induction of autophagy by various cytotoxic drugs or compounds of
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natural origin in most cases, it is a rather cytoprotective autophagy, and its inhibition results in an
increase in the sensitivity of tumor cells to a factor applied [99-107]. Secondly, although researches on
autophagy inductors are underway, most of them are working nonspecifically, also impairing other
cellular processes such as mTOR signaling [5]. Finally, and thirdly, this work focuses mainly on the
involvement of actin in the autophagy process and their connection with cancer. Although it is a fairly
recent topic, several works indicate that also actin and ABPs may be a therapeutic target, but rather
in inhibition than promotion of autophagy. However, we are also aware of the evidence that it is
the induction of autophagy that can yield the best results by the promotion of the further response
of immune system [118]. To overcome these problems, a tumor vaccine containing the inhibitor of
autophagy and proteasomes was designed (NCT03057340) [119]. Highly expressed by tumor tissues
defective ribosomal products (DRiPs) and short-lived proteins (SLiPs) are known for their properties
of inducing anti-cancer activity of the immune system. However, under standard conditions these
proteins are rapidly degraded by proteosomes. Inhibition of proteasomes results in an increase in the
concentration of the indicated proteins. DRiPs and SLiPs accumulate in autophagosomes; however,
the inhibition of autophagy does not allow their further degradation in autophagolysosomes. The
increase in DRiPs and SLiPs concentrations stimulates the response of the immune system, [119]. The
one thing we know for sure is that choosing the right approach is definitely not a simple matter and
requires further analysis.

One of the types of factors most widely used to inhibit autophagy are chemical inhibitors.
Among this group, many substances may be distinguished such as Bafilomycin Al, 3-MA, CQ and
hydroxychloroquine (HCQ). Factors with such properties also include trehalose and caloric restriction
mimetics or physical exercises [120]. Of these substances, only CQ and HCQ are recognized by the
FDA as safe to use. The both compounds works through deacidifcation of lysosomes and block the
fusion of autophagosomes with lysosomes. However, HCQ is mainly used for clinical trials due to its
lower toxicity [120]. During numerous preclinical and clinical studies, it was proved that combining
HCQ together with various cytostatics may give promising results in the case of many types of cancers,
e.g., pancreatic, renal, colorectal, myeloma and melanoma [121-125]. However, it has been observed
that in combination with alkylating drugs such as, for example, temozolomide may result in increased
toxicity and Grade 3/4 neutropenia and thrombocytopenia [126]. Another problem is that although at
low doses administered over a short period of time, there was no significant increase in the incidence
of undesirable symptoms in comparison to the cytostatics alone, however, increasing the dose and
prolonging treatment time may result in serious adverse effects. One of them was retinal toxicity [127].
After five years of combined therapy, it is recommended that patients undergo annual examines to
detect early changes in the retina. In addition, pharmacodynamic analyzes have shown that doses up
to 1200 mg/d may result in only a poor in vivo effect, while low pH significantly limits cellular uptake
of the compound, making it difficult to use since acidic extracellular pH is one of the characteristics of
tumors. It drives the search for new substances that inhibit autophagy [123]. Among others created so
far are inhibitors directed against autophagy regulators such as VPS34, ULK1 and ATG4B. One of the
promising substances is also Lys05, a homologue of HCQ that also causes deacidification of lysosomes.
However, as demonstrated by the study, this compound is able to affect the tumor also administered
in monotherapy and not only in combination with cytostatics [123]. The ideal inhibitor, however,
should not only have a high efficiency but also be selective or susceptible to modifications that enable
selectivity, which can reduce side effects. In studies carried out on the mouse model, it was shown that
global inhibition of autophagy through the Atg7 gene knockout resulted in the death of all animals due
to neuronal toxicity [128]. Additionally, Karsli-Uzunbas et al. has showed that in healthy mice deletion
of the Atg7 gene leads to severe changes such as immunodeficiency and neurodegeneration, however,
in mice suffering from non-small cell lung cancer acute inhibition of autophagy was associated with
effective restriction of tumor growth and was not lethal. [129]. An alternative approach is to use
manipulation of genes associated with autophagy.
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As demonstrated by Gong et al., the use of siRNA directed against ATG7 in combination with
docetaxel in the case of MCF-7 breast cancer cell line. Combined therapy resulted in up to 2.5-fold
increase in cytotoxicity and apoptosis rate. At the same time, the micellar system used by the researchers
allowed for a significantly selective targeting of tumor tissues [130]. In turn, Zhang et al. proved
that in the case of patients with gastric cancer in the tumor cells, increased expression of ATG5 and
acid-sensing ion channels (ASICs) occurs, while the silencing of the gens resulted in the limiting of
the proliferation of SGC-7901 cells. In addition, the use of shRNA against the ATG5 and ASICs genes
was associated with an extended survival time and a reduction in tumor size in murine heterotopic
xenograft model [131]. The use of siRNA against ATG5 and ATG7 also resulted in a decrease in
autophagy and intensified the anti-cancer effect of cisplatin drug-resistant esophageal cancer cells [132].
The effect of autophagy inhibitors may also be affected by the stage in which the inhibition occurs. This
is confirmed by studies conducted on prostate cancer cell line, in which the blocking of autophagosome
turnover caused an enhanced necroptosis rate, while limiting the maturation of autophagosomes
resulted in a decrease in necroptosis [133]. In this context, it becomes attractive to manipulate the
actin pool, which participates in virtually every stage of the autophagy process, which results in a
large flexibility of this approach. The actin pool can be regulated by affecting the ABPs involved in the
rearrangements of proteins necessary for the occurrence of autophagy. One of such ABPs is Arp2/3
allowing the creation of branched actin networks, which plays a pivotal role in omegasome formation,
shaping of autophagosome membrane and autopfagosome-lysososme fusion. As was proven by
Moreau et al. both pharmacological inhibition with CK-666 (Arp2/3 inhibitor) and manipulation of
Arp2 levels with siRNA resulted in a reduction in the number of autophagosomes observed [86].
Moreover, the study confirmed that Annexin A2 together with actin regulates ATG9A sorting from
endosomes. The potential benefits of lowering the Arp2/3 protein level are also highlighted by the
fact that the increase in its expression is observed in many types of cancer and linked with poorer
prognosis for oncological patients [134].

Another therapeutic target for autophagy inhibition may be HDAC6. Although the protein does not
directly participate in the activation of autophagy, it is probably responsible for the fusion of the lysosome
with autophagosom due to the recruitment of the cortactin-dependent actin remodeling complex that
causes the actin cytoskeleton to rearrange during the fusion which ends with autophagolysosome
formation [91]. Research conducted by Lee et al. indicates that the actin used for polymerization comes
mainly from the pool involved in the formation of autophagosome and not from the structure of the
lysosome. Moreover, the HDAC6 knockout resulted in autophagy blocking at the stage of fusion of
autophagosome with the lysosome, which in the case of mice led to accumulation of abnormal proteins
in brain structures and, as a result, to neurodegeneration [91]. However, in the case of mice suffering
from T-cell acute lymphoblastic leukemia, treatment with vincristine together with inhibition of HDAC6
led to an increase in the anti-cancer activity of the drug but was also associated with the alleviation of
one of the cytostatic side effects-sensory neuropathy [135]. What’s more, Kaliszczak et al. demonstrated
that both the use of a selective HDACS6 inhibitor C1A as well as the genetic knockout of the gene result
in suppression of autophagy and to further inhibition of cell growth in the case of malignant cells
(Myc-positive neuroblastoma cells, KRAS-positive colorectal cancer and multiple myeloma) [136].

The results presented the participation of actin cytoskeleton in the early steps of autophagy
indicated that using the actin depolymerizing agents (Latrunculin B and Cytochalasin B) under
starvation inhibits the MAP1LC3 formation, which numbers correlates with the autophagosomes.
In turn the stabilization of microfilaments will not affect the autophagy process in any way [16].
The same authors also point to the role of actin dynamics regulators (Rho family proteins) in describing
process. After knockdown of RHOA protein accumulation of MAP1LC3 is impeded too.

Although available studies proved that manipulation of the actin pool through ABPs effectively
inhibits the autophagy process, according to our knowledge, it has not yet been investigated how
this procedure will affect the survival of drug-resistant cancer cells treated with cytostatics. However,
information included in our article suggest that it may be a promising method of autophagy inhibition
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that allows to conquer autophagy of cytoprotective character and thus, to overcome such phenomena
as MDR.

On the other hand, some recent literature reports indicate that actin manipulation may be
characterized by pleiotropic effects [137]. Although the idea of manipulating the actin structure is
nothing new, its use is limited by the cytotoxic effect observed after administration of substances
targeting this cytoskeletal element. This is due to the lack of distinction between actin in cancer cells and
thatin muscle cells, which leads to dysfunction of both cell type [138]. Itis associated with, among others,
such effects as cardiotoxicity. For this reason, compounds such as cytochalasin D and jasplakinolide,
despite their proven antiproliferative activity against cancer cells, did not pass the preclinical tests.
However, targeting actin regulating proteins in a manner specific for cancer cells may be the answer
in this case. As demonstrated by studies carried out by Stehn et al. antitropomyosin compound
TR100 preferentially targets non-muscular tropomiosin-containing filaments [138]. This resulted in
a reduction in the proliferation rate of neural crest-derived tumor cells with no cytotoxic effect on
myocardial cells in both in vitro and in vivo tests [138]. Similar conclusions were obtained from the
research carried out by Foerster et al. using the actin hyperpolymerizating agent-Chondramide, which
in the case of breast cancer was characterized by high tumor cell specificity [139]. Interestingly, the use
of selective inhibitors of the Rho family of small GTPases representative-cell division cycle protein 42
(Cdc42) may also be an effective tool for breast cancer therapy [140]. Cdc42 serves as one of the key
regulators of actin dynamics by coordinating signals promoting actin polymerization through effector
proteins such as WASP or Transducer of Cdc42-dependent actin assembly (TOCA) families [140].
Moreover, WASP serves as a direct link between Cdc42 and Arp2/3, which, due to the important role in
autophagy, potentially makes this protein an attractive therapeutic target also in this context. However,
despite promising preclinical results, currently no Cdc42 targeting compound is used in clinical trials.

6. Conclusions

Although, the association of autophagy with the cancer initiation and progression is unquestionable
its role in the process remains a mystery. That’s why choosing a treatment strategy is so difficult.
In this context, methods with high flexibility appear to be the most promising. One of the key factors
involved in the autophagy process at virtually all stages is actin. Due to its engagement in many steps
of the process, manipulation of the actin pool, seems to be a very interesting approach due to its wide
potential applications. The next step in this research field should be the assessment of the combined
effect of actin pool manipulation, e.g., by regulating the expression of ABPs along with treatment with
substances of cytostatic properties.

Author Contributions: Conceptualization, M.I. and W.Z.; writing—original draft preparation, M.I.,, W.Z. and
M.H.-W,; writing—review and editing, M.I., W.Z. and M.H.-W. supervision, A.G.

Funding: The present study was co supported via research tasks within the framework of statutory activities no.
163 (Nicolaus Copernicus University in Toruri, Faculty of Medicine, Collegium Medicum in Bydgoszcz).

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

References

1.  Das, G.; Shravage, B.V.; Baehrecke, E.H. Regulation and function of autophagy during cell survival and cell
death. Cold Spring Harb. Perspect. Biol. 2012, 4, a008813. [CrossRef] [PubMed]

2. Lam, H.C.; Cloonan, S.M.; Bhashyam, A.R.; Haspel, J.A.; Singh, A.; Sathirapongsasuti, J.E.; Cervo, M.;
Yao, H.; Chung, A.L.; Mizumura, K ; et al. Histone deacetylase 6-mediated selective autophagy regulates
COPD-associated cilia dysfunction. J. Clin. Investig. 2013, 23, 5212-5230. [CrossRef] [PubMed]

3.  Piras, A,; Collin, L.; Griininger, F.; Graff, C.; Rénnback, A. Autophagic and lysosomal defects in human
tauopathies:analysis of post-mortem brain from patients with familial Alzheimer disease, corticobasal
degeneration and progressive supranuclear palsy. Acta Neuropathol. Commun. 2016, 4, 22. [CrossRef]
[PubMed]


http://dx.doi.org/10.1101/cshperspect.a008813
http://www.ncbi.nlm.nih.gov/pubmed/22661635
http://dx.doi.org/10.1172/JCI69636
http://www.ncbi.nlm.nih.gov/pubmed/24200693
http://dx.doi.org/10.1186/s40478-016-0292-9
http://www.ncbi.nlm.nih.gov/pubmed/26936765

Cancers 2019, 11, 1209 12 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Piquereau, J.; Godin, R.; Deschenes, S.; Bessi, V.L.; Mofarrahi, M.; Hussain, S.N.; Burelle, Y. Protective role
of PARK2/Parkin in sepsis-induced cardiac contractile and mitochondrial dysfunction. Autophagy 2013, 9,
1837-1851. [CrossRef] [PubMed]

Chen, H,; Li, L.; Hu, J.; Zhao, Z,; Ji, L.; Cheng, C.; Zhang, G.; Zhang, T.; Li, Y.; Chen, H.; et al. UBL4A inhibits
autophagy-mediated proliferation and metastasis of pancreatic ductal adenocarcinoma via targeting LAMP1.
J. Exp. Clin. Cancer. Res. 2019, 38, 297. [CrossRef] [PubMed]

Li, Y.Y,; Lam, S.K.; Zheng, C.Y.; Ho, ].C. The Effect of Tumor Microenvironment on Autophagy and Sensitivity
to Targeted Therapy in EGFR-Mutated Lung Adenocarcinoma. ]. Cancer. 2015, 6, 382-386. [CrossRef]
[PubMed]

Wang, |.; Xie, S.; Yang, J.; Xiong, H.; Jia, Y.; Zhou, Y.; Chen, Y,; Ying, X.; Chen, C.; Ye, C.; et al. The long
noncoding RNA H19 promotes tamoxifen resistance in breast cancer via autophagy. J. Hematol. Oncol. 2019,
12, 81. [CrossRef] [PubMed]

Mathew, R.; Karp, C.M.; Beaudoin, B.; Vuong, N.; Chen, G.; Chen, H.Y,; Bray, K.; Reddy, A.; Bhanot, G.;
Gelinas, C.; et al. Autophagy suppresses tumorigenesis through elimination of p62. Cell 2009, 137, 1062-1075.
[CrossRef] [PubMed]

Djavaheri-Mergny, M.; Giuriato, S.; Tschan, M.P.; Humbert, M. Therapeutic modulation of autophagy in
leukaemia and lymphoma. Cells 2019, 8, 103. [CrossRef] [PubMed]

Galluzzi, L.; Pietrocola, F.; Bravo-San Pedro, ].M.; Amaravadi, R K.; Baehrecke, E.H.; Cecconi, F.; Codogno, P;
Debnath, J.; Gewirtz, D.A.; Karantza, V.; et al. Autophagy in malignant transformation and cancer progression.
EMBO J. 2015, 34, 856-880. [CrossRef]

Saint-Martin, A.; Martinez-Rios, J.; Castafieda-Patlan, M.C.; Sarabia-Sanchez, M.A.; Tejeda-Mufioz, N.;
Chinney-Herrera, A.; Soldevila, G.; Benelli, R.; Santoyo-Ramos, P.; Poggi, A.; et al. Functional Interaction of
Hypoxia-Inducible Factor 2-Alpha and Autophagy Mediates Drug Resistance in Colon Cancer Cells. Cancers
2019, 11, 755. [CrossRef] [PubMed]

Pan, X; Zhang, X; Sun, H.; Zhang, ]J; Yan, M., Zhang, H. Autophagy Inhibition Promotes
5-Fluorouraci-Induced Apoptosis by Stimulating ROS Formation in Human Non-Small Cell Lung Cancer
Ab49 Cells. PLoS ONE 2013, 8, €56679. [CrossRef] [PubMed]

Li, J.; Hou, N.; Faried, A.; Tsutsumi, S.; Kuwano, H. Inhibition of autophagy augments 5-fluorouracil
chemotherapy in human colon cancer in vitro and in vivo model. Eur. ]. Cancer 2010, 46, 1900-1909.
[CrossRef] [PubMed]

Kast, D.J.; Dominguez, R. The cytoskeleton-autophagy connection. Curr. Biol. 2017, 27, R318-R326.
[CrossRef] [PubMed]

Aplin, A ; Jasionowski, T.; Tuttle, D.L.; Lenk, S.E.; Dunn, W.A Jr. Cytoskeletal elements are required for the
formation and maturation of autophagic vacuoles. J. Cell. Physiol. 1992, 152, 458-466. [CrossRef] [PubMed]
Aguilera, M.O.; Berén, W.; Colombo, M.I. The actin cytoskeleton participates in the early events of
autophagosome formation upon starvation induced autophagy. Autophagy 2012, 8, 1590-1603. [CrossRef]
[PubMed]

Ktistakis, N.T. In praise of M. Anselmier who first used the term “autophagie” in 1859. Autophagy 2017, 13,
2015-2017. [CrossRef] [PubMed]

Stanley, R.E.; Ragusa, M.].; Hurley, ].H. The beginning of the end: How scaffolds nucleate autophagosome
biogenesis. Trends Cell Biol. 2014, 24, 73-81. [CrossRef] [PubMed]

Tooze, S.A.; Dikic, I. Autophagy captures the Nobel Prize. Cell 2016, 167, 1433-1435. [CrossRef]

Qu, X,; Yu, J.; Bhagat, G.; Furuya, N.; Hibshoosh, H.; Troxel, A.; Rosen, J.; Eskelinen, E.L.; Mizushima, N.;
Ohsumi, Y.; et al. Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene.
J. Clin. Investig. 2003, 12, 1809-1820. [CrossRef]

Tsukada, M.; Ohsumi, Y. Isolation and characterization of autophagy-defective mutants of Saccharomyces
cerevisiae. FEBS Lett. 1993, 333, 169-174. [CrossRef]

Afzal,S.;Hao, Z.; Itsumi, M.; Abouelkheer, Y.; Brenner, D.; Gao, Y.; Wakeham, A.; Hong, C.; Li, W.Y,; Sylvester, J.
Autophagy-independent functions of UVRAG are essential for peripheral naive T-cell homeostasis. Proc. Natl.
Acad. Sci. USA 2015, 112, 1119-1124. [CrossRef] [PubMed]

Pei, B.; Zhao, M.; Miller, B.C.; Vela, J.L.; Bruinsma, M.W.; Virgin, HW.; Kronenberg, M. Invariant NKT cells
require autophagy to coordinate proliferation and survival signal during differentiation. J. [mmunol. 2015,
194,5872-5884. [CrossRef] [PubMed]


http://dx.doi.org/10.4161/auto.26502
http://www.ncbi.nlm.nih.gov/pubmed/24121678
http://dx.doi.org/10.1186/s13046-019-1278-9
http://www.ncbi.nlm.nih.gov/pubmed/31288830
http://dx.doi.org/10.7150/jca.11187
http://www.ncbi.nlm.nih.gov/pubmed/25767609
http://dx.doi.org/10.1186/s13045-019-0747-0
http://www.ncbi.nlm.nih.gov/pubmed/31340867
http://dx.doi.org/10.1016/j.cell.2009.03.048
http://www.ncbi.nlm.nih.gov/pubmed/19524509
http://dx.doi.org/10.3390/cells8020103
http://www.ncbi.nlm.nih.gov/pubmed/30704144
http://dx.doi.org/10.15252/embj.201490784
http://dx.doi.org/10.3390/cancers11060755
http://www.ncbi.nlm.nih.gov/pubmed/31151160
http://dx.doi.org/10.1371/journal.pone.0056679
http://www.ncbi.nlm.nih.gov/pubmed/23441212
http://dx.doi.org/10.1016/j.ejca.2010.02.021
http://www.ncbi.nlm.nih.gov/pubmed/20231086
http://dx.doi.org/10.1016/j.cub.2017.02.061
http://www.ncbi.nlm.nih.gov/pubmed/28441569
http://dx.doi.org/10.1002/jcp.1041520304
http://www.ncbi.nlm.nih.gov/pubmed/1506410
http://dx.doi.org/10.4161/auto.21459
http://www.ncbi.nlm.nih.gov/pubmed/22863730
http://dx.doi.org/10.1080/15548627.2017.1367473
http://www.ncbi.nlm.nih.gov/pubmed/28837378
http://dx.doi.org/10.1016/j.tcb.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23999079
http://dx.doi.org/10.1016/j.cell.2016.11.023
http://dx.doi.org/10.1172/JCI20039
http://dx.doi.org/10.1016/0014-5793(93)80398-E
http://dx.doi.org/10.1073/pnas.1423588112
http://www.ncbi.nlm.nih.gov/pubmed/25583492
http://dx.doi.org/10.4049/jimmunol.1402154
http://www.ncbi.nlm.nih.gov/pubmed/25926673

Cancers 2019, 11, 1209 13 of 18

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Galluzzi, L.; Green, D.R. Autophagy-independent functions of the autophagy machinery. Cell 2019, 177,
1682-1699. [CrossRef] [PubMed]

Fernandez, A.F; Sebti, S.; Wei, Y.; Zou, Z.; Shi, M.; McMillan, K.L.; He, C.; Ting, T.; Liu, Y.; Chiang, W.C.; et al.
Disruption of the beclin 1-BCL2 autophagy regulatory complex promotes longevity in mice. Nature 2018,
558, 136-140. [CrossRef] [PubMed]

Rai, S.; Arasteh, M.; Jefferson, M.; Pearson, T.; Wang, Y.; Zhang, W.; Bicsak, B.; Divekar, D.; Powell, P.P;
Naumann, R.; et al. The ATG5-binding and coiled coil domains of ATG16L1 maintain autophagy and tissue
homeostasis in mice independently of the WD domain required for LC3-associated phagocytosis. Autophagy
2019, 15, 599-612. [CrossRef] [PubMed]

Gong, Z.; Tasset, I.; Diaz, A.; Anguiano, J.; Tas, E.; Cui, L.; Kuliawat, R.; Liu, H.; Kiihn, B.; Cuervo, A.M,; et al.
Humanin is an endogenous activator of chaperone-mediated autophagy. J. Cell. Biol. 2018, 217, 635-647.
[CrossRef] [PubMed]

Parzych, K.R.; Klionsky, D.J. An overview of autophagy: Morphology, mechanism, and regulation.
Antioxid. Redox Signal. 2014, 20, 460—-473. [CrossRef]

Green, D.R.; Galluzzi, L.; Kroemer, G. Mitochondria and the autophagy-inflammation—cell death axis in
organismal aging. Science 2011, 333, 1109-1112. [CrossRef]

Kroemer, G.; Marifio, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell. 2010, 40,
280-293. [CrossRef]

Singh, S.S.; Vats, S.; Chia, A.Y.; Tan, T.Z.; Deng, S.; Ong, M.S.; Arfuso, F; Yap, C.T.; Goh, B.C.; Sethi, G. Dual
role of autophagy in hallmarks of cancer. Oncogene 2018, 37, 1142-1158. [CrossRef] [PubMed]

Bento, C.F.,; Renna, M.; Ghislat, G.; Puri, C.; Ashkenazi, A.; Vicinanza, M.; Menzies, FM.; Rubinsztein, D.C.
Mammalian autophagy: How does it work? Annu. Rev. Biochem. 2016, 85, 685-713. [CrossRef] [PubMed]
Schneider, J.L.; Cuervo, A.M. Autophagy and human disease: Emerging themes. Curr. Opin. Genet. Dev.
2014, 26, 16-23. [CrossRef] [PubMed]

Mack, HI.D.; Zheng, B.; Asara, ].M.; Thomas, S.M. AMPK-dependent phosphorylation of ULK1 regulates
ATGO localization. Autophagy 2012, 8, 1197-1214.

Hosokawa, N.; Sasaki, T.; lemura, S.; Natsume, T.; Hara, T.; Mizushima, N. Atg101, a novel mammalian
autophagy protein interacting with Atgl3. Autophagy 2009, 5, 973-979. [CrossRef] [PubMed]

Egan, D.E; Chun, M.G.; Vamos, M.; Zou, H.; Rong, J.; Miller, C.J.; Lou, H.J.; Raveendra-Panickar, D.;
Yang, C.C.; Sheffler, D.]. Small molecule inhibition of the autophagy kinase ULK1 and identification of ULK1
substrates. Mol. Cell 2015, 59, 285-297. [CrossRef] [PubMed]

Jung, C.H.; Jun, C.B.; Ro, S.H.; Kim, Y.M.; Otto, N.M.; Cao, J.; Kundu, M.; Kim, D.H. ULK-Atg13-FIP200
complexes mediate mTOR signaling to the autophagy machinery. Mol. Biol. Cell 2009, 20, 1992-2003.
[CrossRef]

Hieke, N.; Loffler, A.S.; Kaizuka, T.; Berleth, N.; Bohler, P; Drieflen, S.; Stuhldreier, F.; Friesen, O.; Assani, K.;
Schmitz, K.; et al. Expression of a ULK1/2 binding-deficient ATG13 variant can partially restore autophagic
activity in ATG13-deficient cells. Autophagy 2015, 11, 1471-1483. [CrossRef]

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

Coutts, A.S.; La Thangue, N.B. Actin nucleation by WH2 domains at the autophagosome. Nat. Commun.
2015, 6, 7888. [CrossRef]

Nazio, F,; Strappazzon, F.; Antonioli, M.; Bielli, P.; Cianfanelli, V.; Bordi, M.; Gretzmeier, C.; Dengjel, J.;
Piacentini, M.; et al. mTOR inhibits autophagy by controlling ULK1 ubiquitylation, self-association and
function through AMBRA1 and TRAF6. Nat. Cell Biol. 2013, 15, 406-416. [CrossRef] [PubMed]

Axe, E.L.; Walker, S.A.; Manifava, M.; Chandra, P.,; Roderick, H.L.; Habermann, A.; Griffiths, G.; Ktistakis, N.T.
Autophagosome formation from membrane compartments enriched in phosphatidylinositol 3-phosphate
and dynamically connected to the endoplasmic reticulum. J. Cell Biol. 2008, 182, 685-701. [CrossRef]
[PubMed]

Polson, H.E.; de Lartigue, J.; Rigden, D.].; Reedijk, M.; Urbé, S.; Clague, M.].; Tooze, S.A. Mammalian Atgl8
(WIPI2) localizes to omegasome-anchored phagophores and positively regulates LC3 lipidation. Autophagy
2010, 6, 506-522. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cell.2019.05.026
http://www.ncbi.nlm.nih.gov/pubmed/31199916
http://dx.doi.org/10.1038/s41586-018-0162-7
http://www.ncbi.nlm.nih.gov/pubmed/29849149
http://dx.doi.org/10.1080/15548627.2018.1534507
http://www.ncbi.nlm.nih.gov/pubmed/30403914
http://dx.doi.org/10.1083/jcb.201606095
http://www.ncbi.nlm.nih.gov/pubmed/29187525
http://dx.doi.org/10.1089/ars.2013.5371
http://dx.doi.org/10.1126/science.1201940
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1038/s41388-017-0046-6
http://www.ncbi.nlm.nih.gov/pubmed/29255248
http://dx.doi.org/10.1146/annurev-biochem-060815-014556
http://www.ncbi.nlm.nih.gov/pubmed/26865532
http://dx.doi.org/10.1016/j.gde.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/24907664
http://dx.doi.org/10.4161/auto.5.7.9296
http://www.ncbi.nlm.nih.gov/pubmed/19597335
http://dx.doi.org/10.1016/j.molcel.2015.05.031
http://www.ncbi.nlm.nih.gov/pubmed/26118643
http://dx.doi.org/10.1091/mbc.e08-12-1249
http://dx.doi.org/10.1080/15548627.2015.1068488
http://dx.doi.org/10.1038/ncb2152
http://dx.doi.org/10.1038/ncomms8888
http://dx.doi.org/10.1038/ncb2708
http://www.ncbi.nlm.nih.gov/pubmed/23524951
http://dx.doi.org/10.1083/jcb.200803137
http://www.ncbi.nlm.nih.gov/pubmed/20935487
http://dx.doi.org/10.4161/auto.6.4.11863
http://www.ncbi.nlm.nih.gov/pubmed/20505359

Cancers 2019, 11, 1209 14 of 18

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Dooley, H.C.; Razi, M.; Polson, H.E.J.; Girardin, S.E.; Wilson, M.L; Tooze, S.A. WIPI2 links LC3 conjugation
with PI3P, autophagosome formation, and pathogen clearance by recruiting Atg12-5-16L1. Mol. Cell 2014,
55,238-252. [CrossRef] [PubMed]

Ishibashi, K.; Fujita, N.; Kanno, E.; Omori, H.; Yoshimori, T.; Itoh, T.; Fukuda, M. Atg16L2, a novel isoform of
mammalian Atgl6L that is not essential for canonical autophagy despite forming an Atg12-5-16L2 complex.
Autophagy 2011, 7, 1500-1513. [CrossRef] [PubMed]

Wang, H.; Sun, H.Q.; Zhu, X.; Zhang, L.; Albanesi, J.; Levine, B.; Yin, H. GABARAPs regulate PI4P-dependent
autophagosome: Lysosome fusion. Proc. Natl. Acad. Sci. USA 2015, 112, 7015-7020. [CrossRef]

Li, M.; Hou, Y,; Wang, ]J.; Chen, X.; Shao, Z.M.; Yin, X.M. Kinetics comparisons of mammalian Atg4
homologues indicate selective preferences toward diverse Atg8 substrates. J. Biol. Chem. 2011, 286, 7327-7338.
[CrossRef]

Frudd, K.; Burgoyne, T.; Burgoyne, J.R. Oxidation of Atg3 and Atg7 mediates inhibition of autophagy.
Nat. Commun. 2018, 9, 95. [CrossRef]

Slobodkin, M.R.; Elazar, Z. The Atg8 family: Multifunctional ubiquitin-like key regulators of autophagy.
Essays Biochem. 2013, 55, 51-64. [CrossRef]

Olsvik, H.L.; Lamark, T.; Takagi, K.; Larsen, K.B.; Evjen, G.; Overvatn, A.; Mizushima, T.; Johansen, T.
FYCOI1 contains a C-terminally extended, LC3A/B-preferring LC3-interacting Region (LIR) motif required
for efficient maturation of autophagosomes during basal autophagy. . Biol. Chem. 2015, 290, 29361-29374.
[CrossRef]

Sou, Y.S.; Waguri, S.; Iwata, J.; Ueno, T.; Fujimura, T.; Hara, T.; Sawada, N.; Yamada, A.; Mizushima, N.;
Uchiyama, Y.; et al. The Atg8 conjugation system is indispensable for proper development of autophagic
isolation membranes in mice. Mol. Biol. Cell 2008, 19, 4762-4775. [CrossRef] [PubMed]

Birgisdottir, A.B.; Lamark, T;; Johansen, T. The LIR motif-crucial for selective autophagy. J. Cell Sci. 2013,
126, 3237-3247. [PubMed]

Wei, Y.; Zou, Z.; Becker, N.; Anderson, M.; Sumpter, R.; Xiao, G.; Kinch, L.; Koduru, P,; Christudass, C.S.;
Veltri, RW.; et al. EGFR-mediated Beclin 1 phosphorylation in autophagy suppression, tumor progression,
and tumor chemoresistance. Cell 2013, 154, 1269-1584. [CrossRef] [PubMed]

Anwar, T,; Liu, X.; Suntio, T.; Marjaméki, A.; Biazik, J.; Chan, E.Y.W.; Varjosalo, M.; Eskelinen, E.L. ER-Targeted
Beclin 1 Supports Autophagosome Biogenesis in the Absence of ULK1 and ULK2 Kinases. Cells 2019, 8, 475.
[CrossRef] [PubMed]

Grzanka, D.; Gagat, M.; Izdebska, M. Actin is required for cellular death. Acta Histochem. 2013, 115, 775-782.
[CrossRef] [PubMed]

Vandekerckhove, J.; Weber, K. At least six different actins are expressed in a higher mammal: An analysis
based on the amino acid sequence of the amino-terminal tryptic peptide. J. Mol. Biol. 1978, 126, 783-802.
[CrossRef]

Heng, YW.; Koh, C.G. Actin cytoskeleton dynamics and the cell division cycle. Int. J. Biochem. Cell. Biol.
2010, 42, 1622-1633. [CrossRef]

Gagat, M.; Grzanka, D.; Izdebska, M.; Grzanka, A. Effect of L-homocysteine on endothelial cell-cell junctions
following F-actin stabilization through tropomyosin-1 overexpression. Int. J. Mol. Med. 2013, 32, 115-129.
[CrossRef] [PubMed]

Flouriot, G.; Huet, G.; Demay, E; Pakdel, F; Boujrad, N.; Michel, D. The actin/MKL1 signalling pathway
influences cell growth and gene expression through large-scale chromatin reorganization and histone
post-translational modifications. Biochem. J. 2014, 461, 257-268. [CrossRef]

van Haastert, PJ.; Keizer-Gunnink, I.; Kortholt, A. Coupled excitable Ras and F-actin activation mediates
spontaneous pseudopod formation and directed cell movement. Mol. Biol. Cell. 2017, 28, 922-934. [CrossRef]
Papadopulos, A. Membrane shaping by actin and myosin during regulated exocytosis. Mol. Cell. Neurosci.
2017, 84, 93-99. [CrossRef] [PubMed]

Rayment, I.; Holden, H.M.; Whittaker, M.; Yohn, C.B.; Lorenz, M.; Holmes, K.C.; Milligan, R.A. Structure of
the actin-myosin complex and its implications for muscle contraction. Science 1993, 261, 58-65. [CrossRef]
[PubMed]

Schuh, M. An actin-dependent mechanism for long-range vesicle transport. Nat. Cell. Biol. 2011, 13,
1431-1436. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.molcel.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/24954904
http://dx.doi.org/10.4161/auto.7.12.18025
http://www.ncbi.nlm.nih.gov/pubmed/22082872
http://dx.doi.org/10.1073/pnas.1507263112
http://dx.doi.org/10.1074/jbc.M110.199059
http://dx.doi.org/10.1038/s41467-017-02352-z
http://dx.doi.org/10.1042/bse0550051
http://dx.doi.org/10.1074/jbc.M115.686915
http://dx.doi.org/10.1091/mbc.e08-03-0309
http://www.ncbi.nlm.nih.gov/pubmed/18768753
http://www.ncbi.nlm.nih.gov/pubmed/23908376
http://dx.doi.org/10.1016/j.cell.2013.08.015
http://www.ncbi.nlm.nih.gov/pubmed/24034250
http://dx.doi.org/10.3390/cells8050475
http://www.ncbi.nlm.nih.gov/pubmed/31108943
http://dx.doi.org/10.1016/j.acthis.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23683404
http://dx.doi.org/10.1016/0022-2836(78)90020-7
http://dx.doi.org/10.1016/j.biocel.2010.04.007
http://dx.doi.org/10.3892/ijmm.2013.1357
http://www.ncbi.nlm.nih.gov/pubmed/23604178
http://dx.doi.org/10.1042/BJ20131240
http://dx.doi.org/10.1091/mbc.e16-10-0733
http://dx.doi.org/10.1016/j.mcn.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28536001
http://dx.doi.org/10.1126/science.8316858
http://www.ncbi.nlm.nih.gov/pubmed/8316858
http://dx.doi.org/10.1038/ncb2353
http://www.ncbi.nlm.nih.gov/pubmed/21983562

Cancers 2019, 11, 1209 15 of 18

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Dominguez, R.; Holmes, K.C. Actin structure and function. Annu. Rev. Biophys. 2011, 40, 169-186. [CrossRef]
[PubMed]

Zientara-Rytter, K.; Subramani, S. Role of actin in shaping autophagosomes. Autophagy 2016, 12, 2512-2515.
[CrossRef] [PubMed]

Hara, F; Yamashiro, K.; Nemoto, N.; Ohta, Y.; Yokobori, S.; Yasunaga, T.; Hisanaga, S.; Yamagishi, A. An actin
homolog of the Archaeon Thermoplasma acidophilum that retains the ancient characteristics of eukaryotic
actin. J. Bacteriol. 2007, 189, 2039-2045. [CrossRef] [PubMed]

Holmes, K.C.; Popp, D.; Gebhard, W.; Kabsch, W. Atomic model of the actin filament. Nature 1990, 347, 44-49.
[CrossRef]

Lee, S.H.; Dominguez, R. Regulation of actin cytoskeleton dynamics in cells. Mol. Cells 2010, 29, 311-325.
[CrossRef]

Goley, E.D.; Welch, M.D. The ARP2/3 complex: An actin nucleator comes of age. Nat. Rev. Mol. Cell Biol.
2006, 7, 713-726. [CrossRef]

Mi, N.; Chen, Y.; Wang, S.; Chen, M.; Zhao, M.; Yang, G.; Ma, M.; Su, Q.; Luo, S.; Shi, J]. CapZ
regulates autophagosomal membrane shaping by promoting actin assembly inside the isolation membrane.
Nat. Cell Biol. 2015, 17, 1112-1123. [CrossRef]

Rottner, K.; Hanisch, J.; Campellone, K.G. WASH, WHAMM and JMY: Regulation of Arp2/3 complex and
beyond. Trends Cell Biol. 2010, 20, 650-661. [CrossRef] [PubMed]

Hu, X.; Mullins, R.D. LC3 and STRAP regulate actin filament assembly by JMY during autophagosome
formation. J. Cell Biol. 2019, 218, 251-266. [CrossRef] [PubMed]

Demonacos, C.; Krstic-Demonacos, M.; La Thangue, N.B. A TPR motif cofactor contributes to p300 activity
in the p53 response. Mol. Cell 2001, 8, 71-84. [CrossRef]

Russo, A.].; Mathiowetz, A.].; Hong, S.; Welch, M.D.; Campellone, K.G. Rab1 recruits WHAMM during
membrane remodeling but limits actin nucleation. Mol. Biol. Cell 2016, 27, 967-978. [CrossRef] [PubMed]
Kast, D.J.; Zajac, A.L.; Holzbaur, E.L.; Ostap, E.M.; Dominguez, R. WHAMM directs the Arp2/3 complex to
the ER for autophagosome biogenesis through an actin comet tail mechanism. Curr. Biol. 2015, 25, 1791-1797.
[CrossRef] [PubMed]

Kast, D.J.; Dominguez, R. WHAMM links actin assembly via the Arp2/3 complex to autophagy. Autophagy
2015, 11, 1702-1704. [CrossRef] [PubMed]

Veltman, D.M.; Insall, RH. WASP family proteins: Their evolution and its physiological implications.
Mol. Biol. Cell 2010, 21, 2880-2893. [CrossRef] [PubMed]

King, J.S.; Gueho, A.; Hagedorn, M.; Gopaldass, N.; Leuba, E; Soldati, T.; Insall, R. H. WASH is required for
lysosomal recycling and efficient autophagic and phagocytic digestion. Mol. Biol. Cell 2013, 24, 2714-2726.
[CrossRef] [PubMed]

Xia, P; Wang, S.; Du, Y.; Zhao, Z.; Shi, L.; Sun, L.; Huang, G.; Ye, B.; Li, C.; Dai, Z.; et al. WASH inhibits
autophagy through suppression of Beclin 1 ubiquitination. EMBO J. 2013, 32, 2685-2696. [CrossRef]
Zavodszky, E.; Seaman, M.N.J.; Moreau, K.; Jimenez-Sanchez, M.; Breusegem, S.Y.; Harbour, M.E,;
Rubinsztein, D.C. Mutation in VPS35 associated with Parkinson’s disease impairs WASH complex association
and inhibits autophagy. Nat. Commun. 2014, 5, 3828. [CrossRef]

Gurkar, A.U.; Chu, K; Raj, L.; Bouley, R.; Lee, S.H.; Kim, Y.B.; Dunn, S.E.; Mandinova, A.; Lee, SW.
Identification of ROCKI1 kinase as a critical regulator of Beclinl-mediated autophagy during metabolic stress.
Nat. Commun. 2013, 4,2189. [CrossRef] [PubMed]

Zhu, W.L.; Hossain, M.S.; Guo, D.Y,; Liu, S.; Tong, H.; Khakpoor, A.; Casey, PJ.; Wang, M. A Role for Rac3
GTPase in the regulation of autophagy. J. Biol. Chem. 2011, 286, 35291-35298. [CrossRef] [PubMed]
Moreau, K.; Ravikumar, B.; Puri, C.; Rubinsztein, D.C. Arf6 promotes autophagosome formation via effects
on phosphatidylinositol 4,5-bisphosphate and phospholipase D. J. Cell Biol. 2012, 196, 483-496. [CrossRef]
[PubMed]

Yamamoto, H.; Kakuta, S.; Watanabe, T.M.; Kitamura, A.; Sekito, T.; Kondo-Kakuta, C.; Ichikawa, R.; Kinjo, M.;
Ohsumi, Y. Atg9 vesicles are an important membrane source during early steps of autophagosome formation.
J. Cell Biol. 2012, 198, 219-233. [CrossRef] [PubMed]

Abdul Rahim, S.A.; Dirkse, A.; Oudin, A.; Schuster, A.; Bohler, J.; Barthelemy, V.; Muller, A.; Vallar, L.;
Janji, B.; Golebiewska, A ; et al. Regulation of hypoxia-induced autophagy in glioblastoma involves ATG9A.
Br. J. Cancer 2017, 117, 813-825. [CrossRef]


http://dx.doi.org/10.1146/annurev-biophys-042910-155359
http://www.ncbi.nlm.nih.gov/pubmed/21314430
http://dx.doi.org/10.1080/15548627.2016.1236877
http://www.ncbi.nlm.nih.gov/pubmed/27723370
http://dx.doi.org/10.1128/JB.01454-06
http://www.ncbi.nlm.nih.gov/pubmed/17189356
http://dx.doi.org/10.1038/347044a0
http://dx.doi.org/10.1007/s10059-010-0053-8
http://dx.doi.org/10.1038/nrm2026
http://dx.doi.org/10.1038/ncb3215
http://dx.doi.org/10.1016/j.tcb.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20888769
http://dx.doi.org/10.1083/jcb.201802157
http://www.ncbi.nlm.nih.gov/pubmed/30420355
http://dx.doi.org/10.1016/S1097-2765(01)00277-5
http://dx.doi.org/10.1091/mbc.E15-07-0508
http://www.ncbi.nlm.nih.gov/pubmed/26823012
http://dx.doi.org/10.1016/j.cub.2015.05.042
http://www.ncbi.nlm.nih.gov/pubmed/26096974
http://dx.doi.org/10.1080/15548627.2015.1073434
http://www.ncbi.nlm.nih.gov/pubmed/26291929
http://dx.doi.org/10.1091/mbc.e10-04-0372
http://www.ncbi.nlm.nih.gov/pubmed/20573979
http://dx.doi.org/10.1091/mbc.e13-02-0092
http://www.ncbi.nlm.nih.gov/pubmed/23885127
http://dx.doi.org/10.1038/emboj.2013.189
http://dx.doi.org/10.1038/ncomms4828
http://dx.doi.org/10.1038/ncomms3189
http://www.ncbi.nlm.nih.gov/pubmed/23877263
http://dx.doi.org/10.1074/jbc.M111.280990
http://www.ncbi.nlm.nih.gov/pubmed/21852230
http://dx.doi.org/10.1083/jcb.201110114
http://www.ncbi.nlm.nih.gov/pubmed/22351926
http://dx.doi.org/10.1083/jcb.201202061
http://www.ncbi.nlm.nih.gov/pubmed/22826123
http://dx.doi.org/10.1038/bjc.2017.263

Cancers 2019, 11, 1209 16 of 18

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Moreau, K.; Ghislat, G.; Hochfeld, W.; Renna, M.; Zavodszky, E.; Runwal, G.; Puri, C; Lee, S.; Siddiqj, F.;
Menzies, F.; et al. Transcriptional regulation of Annexin A2 promotes starvation-induced autophagy.
Nat. Commun. 2015, 6, 8045. [CrossRef]

Dietrich, S.; Weif3, S.; Pleiser, S.; Kerkhoff, E. Structural and functional insights into the Spir/formin actin
nucleator complex. Biol. Chem. 2013, 394, 1649-1660. [CrossRef]

Schafer, D.A.; Jennings, P.B.; Cooper, J.A. Dynamics of capping protein and actin assembly in vitro: Uncapping
barbed ends by polyphosphoinositides. J. Cell Biol. 1996, 135, 169-179. [CrossRef]

Devereaux, K.; Dall’Armi, C.; Alcazar-Roman, A.; Ogasawara, Y.; Zhou, X.; Wang, F.; Yamamoto, A.;
De Camillim, P,; Di Paolo, G. Regulation of mammalian autophagy by class II and III PI 3-kinases through
PI3P synthesis. PLoS ONE 2013, 8, €76405. [CrossRef]

Monastyrska, I; Rieter, E.; Klionsky, D.J.; Reggiori, F. Multiple roles of the cytoskeleton in autophagy. Biol. Rev.
Camb. Philos. Soc. 2009, 84, 431-448. [CrossRef]

Lee, J.Y.; Koga, H.; Kawaguchi, Y.; Tang, W.; Wong, E.; Gao, Y.S.; Pandey, U.B.; Kaushik, S.; Tresse, E.;
Lu, J.; et al. HDACS6 controls autophagosome maturation essential for ubiquitin-selective quality-control
autophagy. EMBO ]. 2010, 29, 969-980. [CrossRef] [PubMed]

Hong, N.H.; Qi, A.; Weaver, A.M. PI(3,5)P2 controls endosomal branched actin dynamics by regulating
cortactin-actin interactions. J. Cell. Biol. 2015, 210, 753-769. [CrossRef]

Hasegawa, J.; Iwamoto, R.; Otomo, T.; Nezu, A.; Hamasaki, M.; Yoshimori, T. Autophagosome-lysosome
fusion in neurons requires INPP5E, a protein associated with Joubert syndrome. EMBO . 2016, 35, 1853-1867.
[CrossRef] [PubMed]

Cai, Q.; Yan, L.; Xu, Y. Anoikis resistance is a critical feature of highly aggressive ovarian cancer cells.
Oncogene 2015, 34, 3315-3324. [CrossRef] [PubMed]

Lazova, R.; Camp, R.L.; Klump, V,; Siddiqui, S.F.; Amaravadi, R.K.; Pawelek, ]. M. Punctate LC3B expression
is a common feature of solid tumors and associated with proliferation, metastasis, and poor outcome.
Clin. Cancer Res. 2012, 18, 370-379. [CrossRef] [PubMed]

Seyfried, T.N.; Huysentruyt, L.C. On the origin of cancer metastasis. Crit. Rev. Oncog. 2013, 18, 43-73.
[CrossRef] [PubMed]

Li, YJ.; Lei, YH.; Yao, N.; Wang, C.R.; Hu, N.; Ye, W.C.; Zhang, D.M.; Chen, Z.S. Autophagy and multidrug
resistance in cancer. Chin. J. Cancer 2017, 36, 52. [CrossRef] [PubMed]

Han, M.W,; Lee, ].C; Choi, ].Y.;; Kim, G.C.; Chang, HW.; Nam, H.Y,; Kim, SW.; Kim, S.Y. Autophagy
inhibition can overcome radioresistance in breast cancer cells through suppression of TAK1 activation.
Anticancer Res. 2014, 34, 1449-1455.

Zhan, L.; Zhang, Y.; Wang, W.; Song, E.; Fan, Y.; Li, ].; Wei, B. Autophagy as an emerging therapy target for
ovarian carcinoma. Oncotarget 2016, 7, 83476-83487. [CrossRef]

Soltany-Rezaee-Rad, M.; Mottaghi-Dastjerdi, N.; Setayesh, N.; Roshandel, G.; Ebrahimifard, F;
Sepehrizadeh, Z. Overexpression of FOXO3, MYD88, and GAPDH identified by suppression subtractive
hybridization in esophageal cancer is associated with autophagy. Gastroenterol. Res. Pract. 2014, 2014, 185035.
[CrossRef]

Chiu, Y.H.; Hsu, S.H.; Hsu, HW,; Huang, K.C.; Liu, W.; Wu, C.Y.; Huang, W.P.; Chen, ]J.Y.; Chen, B.H.;
Chiu, C.C. Human non-small cell lung cancer cells can be sensitized to camptothecin by modulating
autophagy. Int. J. Oncol. 2018, 53, 1967-1979. [CrossRef] [PubMed]

Blessing, A.M.; Rajapakshe, K.; Bollu, L.R.; Shi, Y.; White, M.A.; Pham, A.H,; Lin, C.; Jonsson, P; Cortes, C.J.;
Cheung, E.; et al. Transcriptional regulation of core autophagy and lysosomal genes by the androgen receptor
promotes prostate cancer progression. Autophagy 2017, 13, 506-521. [CrossRef] [PubMed]

Zhang, Q.; Si, S.; Schoen, S.; Chen, J.; Jin, X.B.; Wu, G. Suppression of autophagy enhances preferential
toxicity of paclitaxel to folliculin-deficient renal cancer cells. J. Exp. Clin. Can. Res. 2013, 32, 99. [CrossRef]
[PubMed]

Yang, S.; Wang, X.; Contino, G.; Liesa, M.; Sahin, E.; Ying, H.; Bause, A.; Li, Y,; Stommel, ].M,;
Dell’Antonio, G.; et al. Pancreatic cancers require autophagy for tumor growth. Genes Dev. 2011, 25,
717-729. [CrossRef] [PubMed]

Shuhua, W.; Chenbo, S.; Yangyang, L.; Xiangqian, G.; Shuang, H.; Tangyue, L.; Dong, T. Autophagy-related
genes Raptor, Rictor, and Beclinl expression and relationship with multidrug resistance in colorectal
carcinoma. Hum. Pathol. 2015, 46, 1752-1759. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/ncomms9045
http://dx.doi.org/10.1515/hsz-2013-0176
http://dx.doi.org/10.1083/jcb.135.1.169
http://dx.doi.org/10.1371/journal.pone.0076405
http://dx.doi.org/10.1111/j.1469-185X.2009.00082.x
http://dx.doi.org/10.1038/emboj.2009.405
http://www.ncbi.nlm.nih.gov/pubmed/20075865
http://dx.doi.org/10.1083/jcb.201412127
http://dx.doi.org/10.15252/embj.201593148
http://www.ncbi.nlm.nih.gov/pubmed/27340123
http://dx.doi.org/10.1038/onc.2014.264
http://www.ncbi.nlm.nih.gov/pubmed/25132267
http://dx.doi.org/10.1158/1078-0432.CCR-11-1282
http://www.ncbi.nlm.nih.gov/pubmed/22080440
http://dx.doi.org/10.1615/CritRevOncog.v18.i1-2.40
http://www.ncbi.nlm.nih.gov/pubmed/23237552
http://dx.doi.org/10.1186/s40880-017-0219-2
http://www.ncbi.nlm.nih.gov/pubmed/28646911
http://dx.doi.org/10.18632/oncotarget.13080
http://dx.doi.org/10.1155/2014/185035
http://dx.doi.org/10.3892/ijo.2018.4523
http://www.ncbi.nlm.nih.gov/pubmed/30106130
http://dx.doi.org/10.1080/15548627.2016.1268300
http://www.ncbi.nlm.nih.gov/pubmed/27977328
http://dx.doi.org/10.1186/1756-9966-32-99
http://www.ncbi.nlm.nih.gov/pubmed/24305604
http://dx.doi.org/10.1101/gad.2016111
http://www.ncbi.nlm.nih.gov/pubmed/21406549
http://dx.doi.org/10.1016/j.humpath.2015.07.016
http://www.ncbi.nlm.nih.gov/pubmed/26363527

Cancers 2019, 11, 1209 17 of 18

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Yang, M.; Zeng, P; Kang, R.; Yu, Y.; Yang, L.; Tang, D.; Cao, L. SI00A8 contributes to drug resistance by
promoting autophagy in leukemia cells. PLoS ONE 2014, 9, €97242. [CrossRef] [PubMed]

Yang, X.; Yin, H.; Zhang, Y.; Li, X.; Tong, H.; Zeng, Y.; Wang, Q.; He, W. Hypoxia-induced autophagy
promotes gemcitabine resistance in human bladder cancer cells through hypoxia-inducible factor 1o
activation. Int. J. Oncol. 2018, 53, 215-224. [CrossRef] [PubMed]

Du, B.; Guo, Y;; Jin, L.; Xiong, M.; Liu, D.; Xi, X. Targeting autophagy promote the 5-fluorouracil induced
apoptosis in human colon cancer cells. Int. J. Clin. Exp. Pathol. 2017, 10, 6071-6081.

Sasaki, K.; Tsuno, N.H.; Sunami, E.; Kawai, K.; Hongo, K.; Hiyoshi, M.; Kaneko, M.; Murono, K; Tada, N.;
Nirei, T; et al. Resistance of colon cancer to 5-fluorouracil may be overcome by combination with chloroquine,
an in vivo study. Anticancer Drugs 2012, 23, 675-682. [CrossRef]

Liang, X.; Tang, J; Liang, Y,; Jin, R; Cai, X. Suppression of autophagy by chloroquine sensitizes
5-fluorouracil-mediated cell death in gallbladder carcinoma cells. Cell Biosci. 2014, 4, 10. [CrossRef]
Gozuacik, D.; Kimchi, A. Autophagy as a cell death and tumor suppressor mechanism. Oncogene 2004, 23,
2891-2906. [CrossRef] [PubMed]

Kaewpiboon, C.; Surapinit, S.; Malilas, W.; Moon, ].; Uwapraisirisan, P.; Tip-Pyang, S.; Johnston, R.N.; Koh, S.S.;
Assavalapsakul, W.; Chung, Y.H. Feroniellin A-induced autophagy causes apoptosis in multidrug-resistant
human A549 lung cancer cells. Int. J. Oncol. 2014, 44, 1233-1242. [CrossRef] [PubMed]

Saiki, S.; Sasazawa, Y.; Imamichi, Y.; Kawajiri, S.; Fujimaki, T.; Tanida, I.; Kobayashi, H.; Sato, F.; Sato, S.;
Ishikawa, K.; et al. Caffeine induces apoptosis by enhancement of autophagy via PI3K/Akt/mTOR/p70S6K
inhibition. Autophagy 2011, 7, 176-187. [CrossRef] [PubMed]

Wang, Y.; Xu, W,; Yan, Z.; Zhao, W.; Mi, J.; Li, ].; Yan, H. Metformin induces autophagy and G0/G1 phase cell
cycle arrest in myeloma by targeting the AMPK/mTORC1 and mTORC2 pathways. J. Exp. Clin. Cancer Res.
2018, 37, 63. [CrossRef] [PubMed]

Tan, M.; Wu, A; Liao, N.; Liu, M.; Guo, Q.; Yi, J.; Wang, T.; Huang, Y.; Qiu, B.; Zhou, W. Inhibiting
ROS-TFE3-dependent autophagy enhances the therapeutic response to metformin in breast cancer.
Free Radic. Res. 2018, 52, 872-886. [CrossRef] [PubMed]

Yeo, S.K.; Paul, R.; Haas, M.; Wang, C.; Guan, J.L. Improved efficacy of mitochondrial disrupting agents upon
inhibition of autophagy in a mouse model of BRCA1-deficient breast cancer. Autophagy 2018, 14, 1214-1225.
[CrossRef] [PubMed]

Izdebska, M.; Hatas-Wisniewska, M.; Zieliriska, W.; Klimaszewska-Wisniewska, A.; Grzanka, D.; Gagat, M.
Lidocaine induces protective autophagy in rat C6 glioma cell line. Int. . Oncol. 2019, 54, 1099-1111.
[CrossRef]

Pietrocola, F.; Bravo-San Pedro, ] M.; Galluzzi, L.; Kroemer, G. Autophagy in natural and therapy-driven
anticancer immunosurveillance. Autophagy 2017, 13, 2163-2170. [CrossRef]

US National Library of Medicine. ClinicalTrials.gov. 2017. Available online: https://clinicaltrials.gov/ct2/
show/NCT03057340?term=NCT03057340&rank=1 (accessed on 14 August 2019).

Chude, C.I.; Amaravadi, R K. Targeting autophagy in cancer: Update on clinical trials and novel inhibitors.
Int. J. Mol. Sci. 2017, 18, 1279. [CrossRef]

Yang, A.; Kimmelman, A.C. Inhibition of autophagy attenuates pancreatic cancer growth independent of
TP53/TRP53 status. Autophagy 2014, 10, 1683-1684. [CrossRef]

Lee, H.O.; Mustafa, A.; Hudes, G.R.; Kruger, W.D. Hydroxychloroquine Destabilizes Phospho-56 in Human
Renal Carcinoma Cells. PLoS ONE 2015, 10, e0131464. [CrossRef] [PubMed]

Patel, S.; Hurez, V.; Nawrocki, S.T.; Goros, M.; Michalek, ].; Sarantopoulos, J.; Curiel, T.; Mahalingam, D.
Vorinostat and hydroxychloroquine improve immunity and inhibit autophagy in metastatic colorectal cancer.
Oncotarget 2016, 7, 59087-59097. [CrossRef] [PubMed]

Baranowska, K.; Misund, K.; Starheim, K.K.; Holien, T.; Johansson, I.; Darvekar, S.; Buene, G.; Waage, A.;
Bjerkey, G.; Sundan, A. Hydroxychloroquine potentiates carfilzomib toxicity towards myeloma cells.
Oncotarget 2016, 7, 70845-70856. [CrossRef] [PubMed]

Xie, X.; White, E.P.; Mehnert, J. Coordinate autophagy and mTOR pathway inhibition enhances cell death in
melanoma. PLoS ONE 2013, 8, €55096. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0097242
http://www.ncbi.nlm.nih.gov/pubmed/24820971
http://dx.doi.org/10.3892/ijo.2018.4376
http://www.ncbi.nlm.nih.gov/pubmed/29693166
http://dx.doi.org/10.1097/CAD.0b013e328353f8c7
http://dx.doi.org/10.1186/2045-3701-4-10
http://dx.doi.org/10.1038/sj.onc.1207521
http://www.ncbi.nlm.nih.gov/pubmed/15077152
http://dx.doi.org/10.3892/ijo.2014.2297
http://www.ncbi.nlm.nih.gov/pubmed/24535083
http://dx.doi.org/10.4161/auto.7.2.14074
http://www.ncbi.nlm.nih.gov/pubmed/21081844
http://dx.doi.org/10.1186/s13046-018-0731-5
http://www.ncbi.nlm.nih.gov/pubmed/29554968
http://dx.doi.org/10.1080/10715762.2018.1485075
http://www.ncbi.nlm.nih.gov/pubmed/29865970
http://dx.doi.org/10.1080/15548627.2018.1460010
http://www.ncbi.nlm.nih.gov/pubmed/29938573
http://dx.doi.org/10.3892/ijo.2018.4668
http://dx.doi.org/10.1080/15548627.2017.1310356
https://clinicaltrials.gov/ct2/show/NCT03057340?term=NCT03057340&rank=1
https://clinicaltrials.gov/ct2/show/NCT03057340?term=NCT03057340&rank=1
http://dx.doi.org/10.3390/ijms18061279
http://dx.doi.org/10.4161/auto.29961
http://dx.doi.org/10.1371/journal.pone.0131464
http://www.ncbi.nlm.nih.gov/pubmed/26134285
http://dx.doi.org/10.18632/oncotarget.10824
http://www.ncbi.nlm.nih.gov/pubmed/27463016
http://dx.doi.org/10.18632/oncotarget.12226
http://www.ncbi.nlm.nih.gov/pubmed/27683126
http://dx.doi.org/10.1371/journal.pone.0055096
http://www.ncbi.nlm.nih.gov/pubmed/23383069

Cancers 2019, 11, 1209 18 of 18

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Rosenfeld, M.R.; Ye, X.; Supko, J.G.; Desideri, S.; Grossman, S.A.; Brem, S.; Mikkelson, T.; Wang, D.;
Chang, Y.C.; Hu, J.; et al. A phase I/II trial of hydroxychloroquine in conjunction with radiation therapy
and concurrent and adjuvant temozolomide in patients with newly diagnosed glioblastoma multiforme.
Autophagy 2014, 10, 1359-1368. [CrossRef] [PubMed]

White, E. Deconvoluting the context-dependent role for autophagy in cancer. Nat. Rev. Cancer 2012, 12,
401-410. [CrossRef] [PubMed]

Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, I.; Ueno, T.; Koike, M.; Uchiyama, Y;
Kominami, E.; et al. Loss of autophagy in the central nervous system causes neurodegeneration in mice.
Nature 2006, 441, 880-884. [CrossRef] [PubMed]

Karsli-Uzunbas, G.; Guo, J.Y,; Price, S.; Teng, X.; Laddha, S.V.; Khor, S.; Kalaany, N.Y.; Jacks, T.; Chan, C.S.;
Rabinowitz, J.D.; et al. Autophagy is required for glucose homeostasis and lung tumor maintenance.
Cancer Discov. 2014, 4,914-927. [CrossRef]

Gong, C.; Hu, C.; Gu, F; Xia, Q.; Yao, C.; Zhang, L.; Qiang, L.; Gao, S.; Gao, Y. Co-delivery of autophagy
inhibitor ATG7 siRNA and docetaxel for breast cancer treatment. J. Control. Release 2017, 266, 272-286.
[CrossRef]

Zhang, Q.; Wu, S.; Zhu, J.; Chai, D.; Gan, H. Down-regulation of ASIC1 suppressed gastric cancer via
inhibiting autophagy. Gene 2017, 608, 79-85. [CrossRef]

Cheng, C.Y,; Liu, ].C.; Wang, ].].; Li, YH.; Pan, ].; Zhang, Y.R. Autophagy inhibition increased the anti-tumor
effect of cisplatin on drug-resistant esophageal cancer cells. J. Biol. Regul. Homeost. Agents 2017, 31, 645-652.
[PubMed]

Goodall, M.L.; Fitzwalter, B.E.; Zahedi, S.; Wu, M.; Rodriguez, D.; Mulcahy-Levy, ].M.; Green, D.R;;
Morgan, M.; Cramer, S.D.; Thorburn, A. The autophagy machinery controls cell death switching between
apoptosis and necroptosis. Dev. Cell 2016, 37, 337-349. [CrossRef] [PubMed]

Molinie, N.; Gautreau, A. The Arp2/3 regulatory system and its deregulation in cancer. Physiol. Rev. 2018, 98,
215-238. [CrossRef] [PubMed]

Van Helleputte, L.; Kater, M.; Cook, D.P.; Eykens, C.; Rossaert, E.; Haeck, W.; Jaspers, T.; Geens, N.;
Vanden Berghe, P.; Gysemans, C.; et al. Inhibition of histone deacetylase 6 (HDAC6) protects against
vincristine-induced peripheral neuropathies and inhibits tumor growth. Neurobiol. Dis. 2018, 111, 59-69.
[CrossRef] [PubMed]

Kaliszczak, M.; van Hechanova, E.; Li, Y.; Alsadah, H.; Parzych, K.; Auner, H-W.; Aboagye, E.O. The HDAC6
inhibitor C1A modulates autophagy substrates in diverse cancer cells and induces cell death. Br. J. Cancer
2018, 119, 1278-1287. [CrossRef] [PubMed]

Newman, D.J.; Cragg, G.M. Marine natural products and related compounds in clinical and advanced
preclinical trials. J. Nat. Prod. 2004, 67, 1216-1238. [CrossRef] [PubMed]

Stehn, J.R.; Haass, N.K.; Bonello, T.; Desouza, M.; Kottyan, G.; Treutlein, H.; Zeng, J.; Nascimento, P.R.;
Sequeira, V.B.; Butler, T.L.; et al. A novel class of anticancer compounds targets the actin cytoskeleton in
tumor cells. Cancer Res. 2013, 15, 5169-5182. [CrossRef] [PubMed]

Foerster, F; Braig, S.; Moser, C.; Kubisch, R.; Busse, J.; Wagner, E.; Schmoeckel, E.; Mayr, D.; Schmitt, S.;
Huettel, S.; et al. Targeting the actin cytoskeleton: Selective antitumor action via trapping PKCe. Cell Death Dis.
2014, 5, €1398. [CrossRef]

Zhang, Y.; Li, ].; Lai, X.N.; Jiao, X.Q.; Xiong, ].P.; Xiong, L.X. Focus on Cdc42 in Breast Cancer: New Insights,
Target Therapy Development and Non-Coding RNAs. Cells 2019, 8, 146. [CrossRef]

@ © 2019 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/10.4161/auto.28984
http://www.ncbi.nlm.nih.gov/pubmed/24991840
http://dx.doi.org/10.1038/nrc3262
http://www.ncbi.nlm.nih.gov/pubmed/22534666
http://dx.doi.org/10.1038/nature04723
http://www.ncbi.nlm.nih.gov/pubmed/16625205
http://dx.doi.org/10.1158/2159-8290.CD-14-0363
http://dx.doi.org/10.1016/j.jconrel.2017.09.042
http://dx.doi.org/10.1016/j.gene.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/28954454
http://dx.doi.org/10.1016/j.devcel.2016.04.018
http://www.ncbi.nlm.nih.gov/pubmed/27219062
http://dx.doi.org/10.1152/physrev.00006.2017
http://www.ncbi.nlm.nih.gov/pubmed/29212790
http://dx.doi.org/10.1016/j.nbd.2017.11.011
http://www.ncbi.nlm.nih.gov/pubmed/29197621
http://dx.doi.org/10.1038/s41416-018-0232-5
http://www.ncbi.nlm.nih.gov/pubmed/30318510
http://dx.doi.org/10.1021/np040031y
http://www.ncbi.nlm.nih.gov/pubmed/15332835
http://dx.doi.org/10.1158/0008-5472.CAN-12-4501
http://www.ncbi.nlm.nih.gov/pubmed/23946473
http://dx.doi.org/10.1038/cddis.2014.363
http://dx.doi.org/10.3390/cells8020146
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Autophagy 
	Actin Cytoskeleton and Its Engagement in Autophagy Process 
	Autophagy in Multidrug Resistance 
	Autophagy as a Therapeutic Target in Cancer 
	Conclusions 
	References

