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mechanisms of autophagy.

lysosome reformation

Macroautophagy/autophagy is a lysosome-dependent catabolic process induced by various cellular stress condi-
tions, maintaining the homeostasis of cells, tissues and organs. Autophagy is a series of membrane-related events
involving multiple autophagy-related (ATG) proteins. Most studies to date have focused on various signaling path-
ways affecting ATG proteins to control autophagy. However, mounting evidence reveals that the actin cytoskeleton
acts on autophagy-associated membranes to regulate different events of autophagy. The actin cytoskeleton assists
in vesicle formation and provides the mechanical forces for cellular activities that involve membrane deformation.
Although the interaction between the actin cytoskeleton and membrane makes the role of actin in autophagy
recognized, how the actin cytoskeleton is recruited and assembles on membranes during autophagy needs to be
detailed. Nucleation-promoting factors (NPFs) activate the Arp2/3 complex to produce actin cytoskeleton. In this
review, we summarize the important roles of the actin cytoskeleton in autophagy regulation and focus on the effect
of NPFs on actin cytoskeleton assembly during autophagy, providing new insights into the occurrence and regulatory
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Background

Autophagy is a lysosome-dependent catabolic process
induced by stress conditions such as starvation, infection
and hypoxia, which deliver aggregated proteins, damaged
organelles or pathogens to the lysosome for degradation
[1, 2]. This self-eating process mediated by the lysosome
maintains cellular metabolism and survival during stress
conditions on the one hand, and eliminates damaged pro-
teins and organelles on the other hand [3]. Autophagy
is therefore important for maintaining the homeostasis
of cells, tissues and organs [4]. Dysregulated autophagy
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has been implicated in a variety of cancer and chronic
inflammatory diseases such as inflammatory bowel dis-
ease and systemic lupus erythematosus [5]. Thus, reveal-
ing the regulatory mechanism of autophagy has broad
implications for various human diseases. There are three
defined types of autophagy: macro-autophagy, micro-
autophagy, and chaperone-mediated autophagy [6]. In
micro-autophagy, the lysosomal membrane protrudes or
invaginates directly to encapsulate and absorb the cargo
[7]. Molecular chaperone-mediated autophagy does not
rely on membrane structures to segregate the cargo, but
instead uses molecular chaperones to recognize pro-
teins containing specific pentapeptide motifs, and these
substrates are subsequently transported directly across
the lysosomal membrane [8]. Macro-autophagy segre-
gates cytoplasmic cargoes through a double-membrane
structure referred to as autophagosome and degrades
the contents by fusion with the lysosome to form the
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autolysosome. Macroautophagy has been studied most
extensively and is hereafter referred to as autophagy.

Autophagy is a complex process involving a variety of
autophagy-related (ATG) proteins, which are regulated
by a variety of intracellular signaling pathways. For exam-
ple, mTOR binds to the Ser-757 site of ULK1 and main-
tains ULK1 in an inactivated state. When stimulated by
starvation, ULK1 dissociates from mTOR and initiates
autophagy [9]. Decreased level of ATP: AMP ratio leads
to AMPK1 activation, which in turn inhibits mTORC1
or directly induces the phosphorylation of ULK1, VPS34
and beclinl [10]. These signaling pathways usually act on
ATG proteins to regulate autophagy. Recent studies have
revealed that the actin cytoskeleton is able to act on the
membrane during autophagy to regulate a wide range of
processes of autophagy [11, 12]. This mechanism pro-
vides some new insights for autophagy regulation from
actin dynamics. The details of actin regulating autophagy
are still unclear, and it remains to be understood how
actin is recruited to autophagosomes or autolysosomes to
further assemble. Nucleation-promoting factors (NPFs)
have been shown to regulate autophagy through the
actin cytoskeleton, so NPFs may hold the key to solving
this problem. In this review, we focus on the important
roles of the actin cytoskeleton in autophagy regulation
and analyze the effects of NPFs on the assembly of the
actin cytoskeleton during autophagy from the existing
research reports.

Initiation and autophagosome formation

Autophagosome-lysosome fusion
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The process of autophagy

Autophagy is a successive, conservative and complex
process, including the initiation and autophagosome for-
mation, the fusion of autophagosomes and lysosomes,
and autophagic lysosome reformation (ALR) (Fig. 1) [13,
14]. Several studies have shown that autophagy begins
at an endoplasmic reticulum (ER)-associated structure
called omegasome in mammals [15, 16]. After initia-
tion, the membrane expands, and the expanded double-
membrane sequestering compartment at this stage is
called the phagophore [17]. As the phagophore expands,
the membrane bends and eventually forms the spherical
autophagosome. When the autophagosome is formed, it
delivers the cargo to the lysosome. The outer membrane
of the autophagosome fuses with the lysosomal mem-
brane to produce the autolysosome, in which the cargo is
exposed to lysosomal enzymes for degradation [6]. After
degradation, the component parts are exported back into
the cytoplasm for use in biosynthetic processes or to gen-
erate energy [18]. Lysosomes are extensively consumed
during the formation of autolysosomes, and after degra-
dation, lysosomes are recovered from autolysosomes to
generate new lysosomes to maintain lysosomal homeo-
stasis in cells [19].

Initiation and autophagosome formation

The initiation of autophagy can be induced by vari-
ous intracellular stimuli such as hunger, hypoxia, and
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Fig. 1 The major steps in autophagy. The events of autophagy include the initiation and autophagosome formation, the fusion

of autophagosomes and lysosomes, and ALR. Autophagy starts with the initiation at the omegasome, and the phagophore expands to form

the mature autophagosome. ATG9 vesicles transport membrane components of mitochondria and Golgi to facilitate the phagophore expansion.
After formation, the autophagosome is translocated and fuses with the lysosome to become the autolysosome. After degradation, autolysosome
tubulation generates proto-lysosomes, which finally mature into new lysosomes
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oxidative stress, as well as by extracellular stimuli such
as mTOR inhibitors [20]. The key to the initiation of
autophagy is the activation of the ULK complex, a ser-
ine-threonine kinase complex composed of ULK1/2,
ATG13, FIP200 and ATG101 [21]. Under normal condi-
tions, activated mTORC1 binds to the ULK complex and
blocks the binding of ATG13 to ULK1/2 and FIP200 by
phosphorylating ATG13. When stimulated as above,
mTORC1 dissociates from the ULK complex, which
makes ULK1 autophosphorylated to further activate
ATG13 and FIP200 [2, 9, 22]. Next, the ULK complex
phosphorylates class III phosphatidylinositol 3-kinase
complex I (PI3KC3-C1) (including VPS34, ATG14, bec-
linl, AMBRAL and p115), and recruits it to the phago-
phore assembly site (PAS). ATG13 interacts with ATG14
to anchor the ULK complex to the PAS [1, 2]. VPS34 is
the unique member of the PI3KC3, synthesizing phos-
phatidylinositol 3-phosphate (PI3P) from phosphoryl-
ated phosphatidylinositol (PI) [23]. The formation of PI3P
is necessary for autophagosome generation in yeast and
mammals [24]. ULK1 phosphorylates Ser-15serl5 and
30 sites of beclinl, and the interaction between beclinl
and VPS34 promotes its catalytic activity, leading to an
increase in PI3P production [25-27]. Thus, a character-
istic PI3P-rich site is formed on the ER called omegas-
ome, which is the "cradle” of autophagosome initiation
[28, 29]. The omegasome may be a highly curved region
that favors the recruitment of PI3K complex I, which
drives further changes in lipid composition and promotes
autophagosome formation. This curvature change may
also contribute to PI3P exposure and aggregation. Then
PI3P recruits its effector molecules WIPI and DFCP1
(also known as ZFYVEL), thereby driving the omegas-
ome to progress towards the phagophore membrane [28,
30-32].

Autophagosome expansion is mediated by two ubiq-
uitin-like coupling systems. The first system involves
the formation of the ATG12-ATG5-ATG16L1 com-
plex. Dependent on the effect of the El-like enzyme,
ATG7, and the E2-like enzyme, ATG10, the ubiquitin-
like protein ATG12 is conjugatedly coupled to ATG5.
Unlike ubiquitination, the coupling of ATG12 to ATG5
in this process is irreversible and does not require the
involvement of E3-like ligase [33, 34]. Next, ATG16L1
noncovalently binds to ATG5, and then the ATG12-
ATG5-ATG16L1 complex is recruited to the phagophore
membrane through the interaction between ATG16L1
and WIPI. After autophagosome formation, the complex
dissociates [35-37]. The second ubiquitin-like system
is ATG8/LC3. It has been identified multiple ATG8-
like proteins in mammals, which are classified into the
LC3 and GABARAP subfamilies based on amino acid
sequence homology [38]. Among them, the research on
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LC3 is the most intensive. The cysteine enzyme ATG4
cleaves LC3 into LC3I, exposing its C-terminal glycine
residue. In the presence of El-like enzyme ATG7 and
E2-like enzyme ATG3, LC3I is activated and transferred
to ATG3. Through the interaction between ATG3 and
ATG12, the E3-like enzyme ATGI12-ATG5-ATG16L1
complex anchors LC3 to the phagophore membrane.
Then the glycine at the end of LC3I covalently binds to
phosphatidylethanolamine, which transforms LC3I into
the lipidated form, LC3II, thereby promoting phago-
phore expansion [39-41]. LC3II plays an important role
in autophagosome generation by promoting autophago-
some membrane extension [42], and its conversion corre-
lates with autophagosome formation. LC3II is considered
to be a reliable autophagosome marker [39].

The source of membrane components during
autophagy has been a complex issue. In addition to the
ER, it has been found that the plasma membrane, mito-
chondria, endosomes, and the Golgi complex are able to
provide membrane components to facilitate the elonga-
tion of autophagosome membrane. This process is usu-
ally accomplished through ATG9-containing vesicles,
which circulate between the phagophore membrane and
different cytoplasmic membranes to participate in trans-
portation during autophagosome generation [1, 43].

As the phagophore membrane extends and engulfs
its contents, the autophagosome membrane eventually
closes. The mechanisms involved in the closure pro-
cess are still unclear and may depend on the transport
of endosomal sorting complex required for transport
(ESCRT) mechanism [44, 45]. ESCRT-I is found to be
required for autophagosome closure. When recruited
to autophagosomes, ESCRT-I assembles into a cyclic
complex, recruiting downstream ESCRTs to promote
autophagosome closure [46]. Besides, defects in the
ATGS8 conjugation system can also lead to impaired clo-
sure of the autophagosome membrane [47], which sug-
gests that the ATG8 system plays a role in this process,
but the specific details require further research.

Autophagosome-lysosome fusion

After formation, autophagosomes are translocated
towards lysosomes and eventually accumulate in the
perinuclear region where lysosomes are located [48]. The
fusion of autophagosomes and lysosomes is mainly medi-
ated by the SNARE complex. STX17, SNAP29 located
on autophagosomes, and VAMP7/VAMPS8 located on
lysosomes are key proteins involved in this process. In
addition, the fusion process also requires the synergis-
tic effect of other proteins such as small GTP enzymes
[49, 50]. For example, EPG5, the effector molecule of
the RAB GTP enzyme, can bind to LC3 to stabilize the
STX17-SNAP29-VAMP7/8 complex, thereby promoting
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the fusion of autophagosomes and lysosomes [51]. Some
ATG proteins have also been shown to play a role in the
fusion process, such as ATG14 directly binding to the
STX17-SNAP29 complex to promote its fusion with
VAMPS8 on lysosomes [52]. The fusion of autophago-
somes and lysosomes is a complex and delicate process,
and its molecular mechanism still needs to be further
investigated.

Autophagic lysosome reformation

After autophagosome-lysosome fusion, autolysosomes
are formed. Cargoes carried by autophagosomes are
degraded by lysosomal hydrolases, and the degradation
products are expelled from autophagosomes through
lysosomal transport proteins. During the peak period
of autophagy, the level of free lysosomes in cells is con-
sumed by the formation of autolysosomes. Therefore,
after autophagy is completed, it is necessary to restore
the level of free lysosomes in cells through the ALR [14,
53]. An early and decisive event in the ALR process is
autolysosome tubulation, during which a tubular struc-
ture composed of lysosomal membrane components
is extruded from the autolysosome. The initiation of
autolysosome tubulation is to form a bud enriched with
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) and
enclosed by clathrin on autolysosome. KIF5B, a mem-
ber of the kinesin family, is recruited to autophagolys-
osomes by directly binding to PI(4,5)P,, generating a
driving force to facilitate the protrusion of tubulation;
besides, clathrin promotes the enrichment of PI(4,5)P,
and the recruitment of KIF5B, which in turn drives the
process of autolysosome tubulation [54, 55]. After tubu-
lation, proto-lysosomes are generated from the top of
the tubules and subsequently are cut into new lysosomes
under the mediation of PIP5K1A and DNM2. However,
the mechanism by which these newly formed lysosomes
obtain acidity and mature into new lysosomes remains to
be elucidated [14, 56].

In addition to PI(4,5)P,, other phospholipids, including
PI(4)P and PI(3)P, also participate in different stages of
ALR. However, it is still unclear whether different phos-
pholipids synergize or regulate ALR in different ways.
Further research is needed to detail the effect of various
phospholipids and their upstream kinases in the ALR
process [14].

Actin cytoskeleton and autophagy

Autophagy is a complex series of membrane-related
events controlled by multiple proteins, and recent studies
have gradually revealed the important regulatory effect of
the actin cytoskeleton on various stages of autophagy.
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The structure and function of actin cytoskeleton

The actin cytoskeleton is a dynamic system composed
of hundreds of proteins and contributes to maintain-
ing cell shape and polarity and as well as provide power
and directionality for a myriad of motile functions in
cells. The core component of this system is actin, and
this system is mainly formed by different combinations of
actin filaments (F-actin) [57]. Globular actin monomers
(G-actin) are the basic units to form F-actin. G-actin rap-
idly elongates on the basis of dimers or trimers, forming
a double helix structure of F-actin. The aggregation of
actin is a dynamic process. Due to the different exten-
sion rates at two ends of F-actin, F-actin has polarity. The
more dynamic end is the barbed (or +) end, and elongates
10 times faster than the pointed (or -) end [58, 59]. The
polymerization of actin filaments and their combina-
tion with actin-binding proteins produces a variety of
architectures.

The branched actin network is a specific form of the
actin cytoskeleton and is a branched network struc-
ture mediated by the Arp2/3 complex, which is the
only molecular machine that generates branched actin
networks. The Arp2/3 complex is a stable multipro-
tein complex composed of 7 subunits, with a total mass
of ~250 kDa. Two of the subunits, Arp2 and Arp3, are
actin-related proteins. In the basal state, Arp2 and Arp3
are separated by the other five subunits (ARPC1-5),
which maintain the Arp2/3 complex in an inactive state.
When activated, Arp2 and Arp3 are brought together so
that the conformation of the complex is altered, and this
active conformation allows the Arp2/3 complex to bind
to F-actin [60]. Arp2 and Arp3 subunits stimulate actin
dimers and ARPC1-5 serves as a scaffold subunit to hold
them together. The activated Arp2/3 complex binds to
the side of the pre-existing actin filaments (actin mother
filaments), mediating the nucleation of branched net-
works and prolonging new actin filaments (daughter fila-
ments) at a specific ~70° angle [57, 61].

Branched actin networks assemble at the leading edge
of motile cells, driving the protrusion of lamellipodia
[62], which is closely related to cell movement [63]. In
addition, Arp2/3-mediated branched actin networks
generate dynamics that drive various intracellular move-
ments. The earliest research linking the Arp2/3 complex
with intracellular movement focused on bacterial patho-
gens such as Listeria, Shigella, and Rickettsia. On the
surface of these pathogens, F-actin and actin-related pro-
teins in host cells form the "comet tail", which is mainly
composed of Arp2/3-mediated branched actin net-
works. Driven by this structure, pathogens move within
and between cells [64, 65]. The comet tail structure also
drives the transport of endosomes in cells, and branched
actin networks can also deform or invaginate the plasma
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membrane, providing membrane curvature and par-
ticipating in multiple stages of endocytosis [64, 66].
Although different studies have been conducted on the
phenomenon that branched actin networks are capable
of generating dynamical properties, the specific details of
actin networks driving the movement of the target object
still need to be further investigated in depth [58].

The regulation of autophagy by actin cytoskeleton

The ability of actin to polymerize and branch provides
mechanical forces in a variety of cellular activities asso-
ciated with membrane deformation, such as endocytosis
and phagocytosis [67, 68]. In view of the function of the
branched actin network in membrane-related events,
in recent years more and more studies have gradually
revealed the importance of the branched actin network
in the autophagy process.

As early as 1992, it was observed that starved rat kid-
ney cells treated with actin depolymerizing agents failed
to produce autophagosomes [69]. Subsequent studies in
yeast cells found that the effect of actin on non-selective
autophagy is optional, but in selective autophagy, actin
is necessary for cargo selection [70-72]. In mammalian
cells, actin was initially found to be involved in the early
stages of autophagy. Treatment with actin-depolymeriz-
ing drugs such as Latrunculin B inhibits autophagosome
production under starvation [73], and treatment with
Cytochalasin D interferes with autophagosome matu-
ration [74]. Besides the effects of actin-depolymerizing
drugs on autophagy, colocalization of F-actin with sev-
eral important ATG proteins has been observed. During
starvation-induced autophagy, F-actin colocalizes with
ATG14, DFCP1 and beclinl, key proteins in the early
events of autophagosome formation [73], and with LC3
[75]. As the puncta showing positive fluorescence stain-
ing for both the autophagosome marker LC3 and the lys-
osome marker LAMPI are considered to be phagophore,
while LC3-positive and DFCP1-negative puncta are con-
sidered to be mature autophagosomes. It was observed
that F-actin colocalizes with ATG proteins such as ATG5,
ULK1, ATG14 and ATG16 in phagophore [75].

Although these studies have demonstrated the partici-
pation of actin in autophagy, how actin is involved in this
process remains unclear. Until recently, actin branching
and forming networks to regulate autophagy has been
gradually revealed. Similar to the role of branched actin
networks on vesicles in endocytosis, during starvation-
induced autophagy, actin networks shape autophago-
somes from inside and outside the phagophore. During
autophagy initiation, actin is not detected at the ER sites
specific to autophagosome formation. After omegas-
ome formation, actin is recruited to assemble inside and
outside the autophagosome, stabilizing and promoting
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membrane curvature. It is hypothesized that the effect is
due to actin networks acting as the scaffold or generating
propulsion force to maintain the high curvature required
for phagophore expansion [11, 75]. Apart from its impact
on the formation of autophagosomes, mature autophago-
somes rely on the comet tail mechanism formed by
branched actin networks for transport in the cytoplasm,
and the actin cytoskeleton is necessary for the fusion of
autophagosomes and lysosomes. ATG9 vesicles trans-
port membrane components to autophagosomes during
autophagy, and the assembly of the actin cytoskeleton
on ATGY9A vesicles is critical for the proper trafficking
of ATG9A vesicles from endosomes to autophagosomes
[12, 76].

The formation of branched actin networks relies on the
mediation of the Arp2/3 complex. Indeed in studies of the
involvement of the actin cytoskeleton in autophagy, the
importance of Arp2/3 in autophagy has been identified.
Cells treated with CK666, a cell permeability drug that
inhibits Arp2/3 activation [77], lead to decreased LC3II
levels and reduced volume and quantity of autophago-
somes [78, 79]. Inhibition of Arp2/3 activation interferes
with the bending of the phagophore, leading to the col-
lapse of the omegasome [75]. During phagophore expan-
sion, the cycle of ATG9-containing vesicles is dependent
on the Arp2/3 complex, and mutations in Arp2 block
selective and non-selective autophagy in yeast cells [80].
After CK666 treatment, the colocalization of ATG9 and
F-actin, as well as ATG9 and LC3, was decreased, indi-
cating that the transport of ATG9 vesicles by actin net-
works during autophagy depends on the mediation of the
Arp2/3 complex [81]. Autolysosome tubulation, the vital
event in ALR, is inhibited after CK666 treatment and
restored after CK666 elution [82].

Although a large amount of research has shown that
branched actin networks play an important role in mul-
tiple different stages of autophagy, how actin is recruited
to autophagosomes or autolysosomes and then assembles
into branched networks remains a question that needs to
be studied. Given the role of Arp2/3 in the regulation of
autophagy by actin networks, it has been discovered that
NPFs responsible for Arp2/3 complex activation partici-
pate in autophagy. NPFs may become the crux of control-
ling actin networks during autophagy.

NPFs and autophagy

The regulation of branched actin networks by NPFs

NPFs are activators of the Arp2/3 complex and can be
divided into two main types according to their struc-
ture (Fig. 2). Class I NPFs contain the following four
families: Wiskott-Aldrich syndrome protein (WASP),
WASP homolog (WASH), WASP-family verprolin
homolog (WAVE) and WASP homolog associated
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Class I NPFs

WASP WHI1 GBD PRD WCA

N-WASP WH1 GBD PRD - WWCA

WASH WAHD PRD~ WCA

WAVE1-3 WHD PRD WCA

WHAMM WMD CcC PRD WWCA

JMY LIR cc PRD- WWWCA

Arp2/3

Class II NPFs

Cortactin ~ NTA <(1]2]3)4]5] 6]} cC =PRD= SH3

Arp2/3 F-actin

Fig. 2 Structural organization of NPFs. Class | NPFs contain WASP, WASH, WAVE, WHAMM, and JMY, which have characteristic WCA domains

at the C-terminal. WCA is the smallest unit of the efficient activation of the Arp2/3 complex, with the WH2 domain capable of binding to G-actin
and the CA domain responsible for binding to Arp2/3. The main member of class Il NPFs is cortactin, without WCA domains. NTA domain binds

to the Arp2/3 complex, and the tandem repeat domain binds to F-actin. The N-terminal domains of NPFs are different and can provide binding
sites for a wide range of regulatory factors in cells. WH1, WASP homology 1; WAHD, WASH homology domain; WHD, WAVE homology domain; WMD,
WHAMM membrane interaction domain; LIR, LC3-interacting region; GBD, GTPase binding domain; PRD, proline-rich-domain; CC, coiled-coil; W,
WASP homology?2 (WH2) domain; C, central domain; A, acidic domain; NTA, N-terminal acidic domain; SH3, Src homology 3 domain

with actin, membranes and microtubules (WHAMM).
The WASP family is composed of two paralogous pro-
teins, WASP and neural WASP (N-WASP). The WAVE
family consists of three WAVE proteins (WAVE1-3).
The WHAMM family contains its homologous pro-
tein, junction-mediating regulatory protein (JMY).
These proteins have characteristic WCA domains at
the C-terminal, including the WH2 domain (WASP-
homology 2 domain, W), the central domain (C), and
the acidic domain (A), WCA is the smallest unit of the
efficient activation of the Arp2/3 complex, with the
WH2 domain capable of binding to G-actin and the
CA domain responsible for binding to Arp2/3 [83-85].
Generally, the N-terminal domains of NPFs are differ-
ent and can provide binding sites for a wide range of
regulatory factors in cells [86]. Class II NPFs do not
contain WCA domains, and their main members are
cortactin. Cortactin contains the following domains:
N-terminal acidic domain (NTA), tandem repeat
domain, proline-enriched domain, and C-terminal Src
homology 3 domain (SH3 domain). Among them, the
proline-enriched region contains multiple phospho-
rylation sites, and the SH3 domain can bind to various
cytoskeletons or signaling proteins. The N-terminal of
cortactin is responsible for regulating the assembly of

branched actin networks. NTA domain binds to the
Arp2/3 complex, and the tandem repeat domain binds
to F-actin [83, 87].

Class I NPFs rely on the WCA domain to activate the
Arp2/3 complex (Fig. 3). The CA region acts on mul-
tiple subunits of the complex, leading to conforma-
tional change and activation of the Arp2/3 complex.
Current research on its structure has shown that the
central domain can bind to the Arp2 subunit. The acti-
vated Arp2/3 complex binds to the side of actin mother
filaments, mediating the nucleation of daughter filaments
[57, 88, 89]. The WH2 domain binds G-actin monomers
and delivers them to the nucleation site to generate new
daughter filaments. After the Arp2/3 complex is acti-
vated, class I NPFs dissociate and mediate a new process
of nucleation [88].

Class II NPFs activate Arp2/3 weakly, but regulate
branched actin network assembly can be regulated
through various mechanisms (Fig. 3). Cortactin can bind
to WASP family proteins to enhance the activation of
Arp2/3 by WASP [90, 91]. Structural studies have shown
that cortactin can alter the conformation of F-actin,
thereby increasing the affinity of the Arp2/3 complex for
actin mother filaments [87, 92]. In addition, the unique
and important function of cortactin is to stabilize the
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J Class II NPFs

Branch stabilization

Fig. 3 The model for the activation of the Arp2/3 complex mediated by NPFs and the formation of the branched actin network mediated by NPFs.
NPFs lead to conformational change and activation of the Arp2/3 complex. Class | NPFs bring the activated Arp2/3 complex together with the actin
mother filaments via WCA, mediating the nucleation of daughter filaments. Class Il NPFs stabilize Arp2/3 branchpoints and alter the conformation
of F-actin to increase the affinity of the Arp2/3 complex for actin mother filaments

Arp2/3 mediated branch and prevent branched network
dissociation [93].

The regulation of autophagy by NPFs

Given the indispensable role of NPFs in Arp2/3 complex
activation and branched actin network formation, recent
studies have gradually revealed the important role of
NPFs in autophagy. Different members of the NPFs fam-
ily involved in different events of autophagy are summa-
rized in Table 1 and discussed in further detail below.

Table 1 The function and mechanism of NPFs in autophagy

WASP

WASP is the original member of the class I NPF fam-
ily, a protein mutated in a rare immunodeficiency called
Wiskott—Aldrich syndrome (WAS) [102]. WASP is spe-
cifically expressed in the immune system, and its homol-
ogous N-WASP is widely expressed in various tissues
[103]. WASP/N-WASP activates Arp2/3 through the
C-terminal WCA domain and mediates actin polym-
erization. In resting cells, WASP and N-WASP are in
a closed inactive auto-inhibited conformation. WASP-
interacting protein (WIP) contributes to regulating the

NPFs Effects on autophagy Underlying mechanisms Stimulating factors References
WASP Promotes autophagosome generation Via actin cytoskeleton E. coli infection [94]
Rapamycin treatment [95]
Promotes autophagosome-lysosome fusion Via actin cytoskeleton Rapamycin treatment [95]
WASH Promotes the transport of ATG9 vesicles Unknown Starvation [96]
Negatively regulates autophagy Acts on beclin1 and PI3KC3 Starvation [97]
WAVE Promotes autophagosome generation Unknown Adriamycin treatment [98]
WHAMM Promotes autophagosome generation Via actin cytoskeleton Starvation [79]
Promotes autophagic lysosome reformation Binds to PI(4,5)P, to promote Starvation [82]
actin cytoskeleton assembly
JMY Promotes autophagosome generation Binds to LC3 to promote actin SAHA treatment or starvation [78]
cytoskeleton assembly Starvation [99]
Participates in late phases of autophagy Unknown Starvation [99]
Cortactin Promotes autophagosome-lysosome fusion Via actin cytoskeleton MG132 treatment [100]
None [101]
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activation and stability of WASDP, participates in the reor-
ganization of the actin cytoskeleton, and stabilizes actin
filaments in a WASP-dependent or independent manner
[104]. Lee et al. found that WASP regulated autophagy
in dendritic cells infected with E. coli, in which WASP
knockout results in decreased expression of LC3II, and
the disappearance of colocalization of F-actin with LC3
and p62. These data indicate that WASP participates in
autophagy through actin [94]. Recent research by Rivers
et al. further confirms the role of WASP in autophagy.
WASP knockout inhibits the generation of autophago-
somes in the monocytic cell line, THP-1, and damaged
autophagosome generation is also observed in human
monocyte-derived macrophages (MDMs) extracted from
WAS patients compared to healthy donors. The absence
of WASP disrupts the colocalization of LC3 and LAMP1
and makes them dispersedly distributed. The colocaliza-
tion of LC3 and F-actin is also reduced without WASP.
After gene therapy to undergo in vitro WASP reconsti-
tution, LC3 and LAMP1 are colocalized in the perinu-
clear region, and the colocalization of LC3 and F-actin is
restored in MDMs. These data indicate that WASP relies
on actin to participate in the fusion of autophagosomes
and lysosomes [95]. CK666 treatment or ARPC1B (one
of the subunits of Arp2/3 complex) knockdown causes
functional defects in Arp2/3, reducing the transforma-
tion of LC3II and the formation of LC3 puncta, and inter-
fering with the colocalization of LC3 puncta and F-actin,
which further prove that WASP regulates autophagy via
Arp2/3-mediated actin cytoskeleton [95].

In our previous study, we found that the WIP-depend-
ent actin cytoskeleton is critical for CLDN6-induced
autophagy. WIP colocalizes with LC3 and p-Arp3;
breast cancer cells treated with CK666 exhibit reduced
autophagic flux. Besides, WIP knockdown results in
reduced LC3II expression and the number of autophago-
somes, and makes the actin polymerizer Jaslakinolide
lose its regulatory effect on autophagy, which indicates
that actin cytoskeleton dependent on WIP to regulate
autophagy [105]. WIP is not a member of NPFs in the
traditional definition, but it affects actin assembly by reg-
ulating multiple NPFs (WASP, N-WASP, and cortactin)
[104].

WASH

WASH is an important regulatory factor for vesicu-
lar transport in cells, directly regulating the sorting and
maturation of endosomes by generating actin networks
on the surface of vesicles [106, 107]. In Dictyostelium,
WASH does not affect autophagosome formation but
is involved in lysosomal digestion and degradation of
autophagic cargoes as well as lysosomal enzyme recycling
[108]. In mammals, WASH is necessary for the transport
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of ATG9 during autophagy. WASH knockdown decreases
the colocalization of LC3 and ATG9, the transformation
of LC3II, and the number of LC3 puncta, which indicates
that WASH promotes autophagy and ATGY transport
[96]. The transport of ATG9 vesicles depends on the actin
comet tail [12], which derives a speculation that WASH
may regulate autophagy via the actin network. However,
the study did not elucidate this speculation, and further
data are required to support it [96]. Some studies have
also reported that WASH negatively regulates autophagy
by acting on autophagy-associated proteins. Xia et al.
demonstrated that ubiquitination of beclinl is required
for autophagy induction and that WASH competitively
binds to beclinl to inhibit its ubiquitination, thereby
negatively regulating autophagy [97]. In addition, WASH
promotes the ubiquitination degradation of AMBRAI,
the key protein of PI3KC3, to inhibit autophagy [109].
These data suggest that there may be diversified effects
of WASH on the autophagic process, which may not just
depend on the actin cytoskeleton.

WAVE

WAVE consists of three isoforms: WAVE1, WAVE2,
and WAVE3. The activation of Arp2/3 by the WAVE
family promotes actin polymerize, which is crucial for
membrane protrusion events such as the formation of
pseudopodia [110]. Research on WAVE and autophagy
was limited. Zhang et al. found that silencing WAVE1
decreases the ratio of LC3II to LC3I and the number of
autophagosomes under electron microscopy, indicat-
ing that WAVEI promotes the generation of autophago-
somes [98]. However, the specific mechanism is still
unclear.

WHAMM

WHAMM contains two WH2 domains that can stimu-
late Arp2/3 mediated actin assembly. In addition to its
effects on Arp2/3 and actin, WHAMM can also bind to
microtubules. WHAMM has been shown to play a role
in ER-Golgi transport in cells [111]. In 2015, Kast et al.
reported the role of WHAMM in autophagosome gen-
eration. They found that WHAMM colocalizes and comi-
grates with autophagy markers DFCP1, LC3, and p62,
and Arp2/3 mediated actin comet tail drives the move-
ment of these puncta. Inhibition of Arp2/3 mediated
comet tails assembly reduces the number and volume
of autophagosomes. These data indicate that WHAMM
promotes the generation of autophagosomes through
the Arp2/3-mediated branched actin network [79]. The
authors did not find colocalization between WHAMM
and ATG14 prior to omegasome formation, as well as
with LAMP1 after autophagosomes fuse with lysosomes.
Therefore, the authors suggest that WHAMM is involved
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in the early events of autophagy after the formation of
omegasome [79]. However, in subsequent studies, Dai
et al. confirmed that instead of influencing autophago-
some biogenesis, WHAMM is mostly involved in ALR.
This study found that WHAMM colocalizes with the
autolysosome that is positive for both the autophagosome
marker LC3 and the lysosome marker LAMP1, and pro-
motes autolysosome tubulation by generating branched
actin networks on autolysosomes. WHAMM knockout
does not affect the number and size of autophagosomes
[82]. The main reason for the differences between these
two research reports may be the different cell lines cho-
sen for the study, which suggests that the WHAMM par-
ticipates in different stages of autophagy in different cells
and regulates autophagy via branched actin networks.

MY

JMY was initially identified as a cofactor for the tran-
scriptional regulator p300/CBP, regulating p53 activity
[112], and subsequent studies have confirmed that JMY
is a multifunctional NPF [113]. JMY contains three WH2
domains, which can promote actin nucleation through
Arp2/3-dependent or independent methods [102]. MY
is localized to dynamic vesiculo-tubular structures that
are decorated with actin and Arp2/3 complex throughout
the cytoplasm, and drives actin-dependent vesicle trans-
port away from the trans-Golgi surface [114]. Coutts
et al. revealed that JMY is located on autophagosomes
and promotes actin nucleation to regulate the formation
of autophagosomes. The study observed colocalization
of LC3 and F-actin on autophagosomes, and treatment
with Arp2/3 inhibitors decreases the ratio of LC3II to
LC3I and the number of autophagosomes [78]. Recent
studies have elucidated the role of JMY in autophagy in
further detail. JMY is recruited to autophagosomes after
the formation of PI3P-rich sites and JMY colocalizes with
DFCP1, ATG9, and LAMP1. Under fluorescence micros-
copy, the puncta that are positive for both LC3 and
JMY are moved in the cytoplasm driven by the Arp2/3-
mediated actin comet tail, and the similar phenomenon
is further observed when this process is reconstructed
in vitro using purified proteins. These data indicate that
JMY is involved in multiple events during the formation
of autophagosomes. Moreover, the fact that JMY colocal-
izes with LAMP1 suggests that JMY activity might play a
unique role in some late phases of autophagy [99].

Cortactin

Cortactin assumes a variety of functions in various cell
types, all of which are largely dependent on its effects
on the Arp2/3 complex and actin cytoskeleton [87].
Lee et al. found that cortactin knockdown inhibits
autophagosome-lysosome fusion and that this effect of
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cortactin is dependent on the assembly of actin networks
[100]. Subsequent studies further demonstrated that acti-
vated cortactin stabilizes F-actin on lysosomes, which
is necessary for the fusion of autophagosomes and lys-
osomes [101]. Cortactin is regulated by post-translational
modifications, and the phosphorylation of certain spe-
cific sites is related to its cellular function. For instance,
the phosphorylation of cortactin by Src at Y421 and Y470
sites is associated with cell migration and invasion, and
the acetylation of cortactin is negatively correlated with
its actin-binding ability [115]. It was found that phos-
phorylated cortactin enhances its activity and promotes
autophagosome-lysosome fusion [101], while acetylated
cortactin cannot support the fusion of autophagosomes
and lysosomes [100].

The above studies elucidate the important role of
NPFs dependent on the actin network in multiple events
of autophagy, and provide a basis for NPFs to become
key factors mediating actin cytoskeleton assembly on
autophagosomes and autolysosomes. However, existing
studies have not fully elucidated how NPFs are anchored
to autophagosomes. JMY contains the LC3-interacting
region (LIR) motif [99], and proteins containing this
motif can directly interact with LC3 protein [116]. The
proteins reconstructed in vitro further prove that the
LC3 protein combined with liposomes (simulating LC3
on autophagosome membranes) can bind to JMY, which
enhances the ability of JMY to activate the Arp2/3 com-
plex and promote actin assembly [99]. Additionally, in
the process of promoting ALR, WHAMM is recruited by
PI(4,5)P, on autolysosomes through two amphiphilic hel-
ical structures at the N-terminal. When these structures
mutate, WHAMM is unable to locate on autolysosomes,
and the ALR process is blocked [82]. These limited stud-
ies suggest that LC3 and specific phosphoinositides on
autophagosome or autolysosome membranes may be
the sites where NPFs anchor, and this binding may be a
necessary process for NPFs to participate in autophagy.
Although these speculations still require further exten-
sive research, existing studies have revealed the sig-
nificance of NPFs in the assembly of branched actin
networks during autophagy (Fig. 4).

The regulation of NPFs and autophagy by stimulating
factors

In studies of NPFs regulating autophagy, some stimuli
are often used to induce autophagy, which has been
summarized in Table 1. Dai et al. found that after 2 h of
starvation, WHAMM knockout can not affect the gen-
eration of autophagosomes. However, after 8 or 12 h of
starvation, it was observed that WHAMM knockout
affects ALR and causes accumulation of enlarged autol-
ysosomes [82]. This is because different starvation time
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in autophagy

leads to different events of autophagy, and WHAMM
plays a role in the late stages of autophagy. Besides, Lee
et al. found that cortactin and actin have little effect
if autophagosomes and lysosomes were purified from
starved cells, implying that cortactin-mediated F-actin
is not involved in nutrient-independent autophagy
[100]. These results suggest that different stimuli and
treatment time may need to be considered in the regu-
lation of autophagy by NPFs. However, Hasegawa et al.
confirmed that cortactin-mediated F-actin regulates
autophagy without considering the influence of stimuli
[101]. In our previous research, we found that WIP-
mediated F-actin regulates autophagy without stimuli
[105]. These studies indicated that NPFs can also regu-
late autophagy independently of stimuli.

Some studies have found that under hypoxic stimula-
tion, HIF-1a regulates the expression of JMY and N-WASP
through the hypoxia response element in their promoter
[117, 118]. During hypoxia, HIF-1a regulates multiple ATG
proteins to induce autophagy. In addition to regulating the
expression of beclin1 at the transcriptional level [119], HIF-1a
promotes translation of ATG2A and ATG14 in a m6A-
dependent manner [120]. Therefore, in future research, the
regulation of stimuli on NPFs and autophagy at the transcrip-
tional and post-transcriptional levels should be considered.

Conclusions and future perspectives

Autophagy is a complex and precise process involv-
ing a variety of ATG proteins. It plays a critical role
in maintaining homeostasis and regulating human
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diseases. Thus, uncovering the regulatory mechanism of
autophagy is essential for various diseases. Most studies
on autophagy regulation have focused on ATG proteins
affected by signaling pathways. Recently, the role of the
actin cytoskeleton in autophagy-associated membranes
illustrates the regulatory mechanism of autophagy from
a new perspective. Nonetheless, there are still some
unresolved questions. It is unknown how actin cytoskel-
eton is recruited and assembles on membranes during
autophagy.

In this review, we summarized the regulatory role of
NPFs in multiple events of autophagy. The same NPFs
may participate in different autophagy processes in dif-
ferent cell lines. NPFs participate in the generation of
autophagosomes after the formation of omegasome,
the transport of ATGY9 vesicles and autophagosomes,
the fusion of autophagosomes and lysosomes, and the
ALR process. Most relevant studies have shown that
the regulation of autophagy by NPFs depends on the
assembly of the actin cytoskeleton. However, some stud-
ies have found that NPFs negatively regulate autophagy
by acting on ATG proteins, indicating that the role of
NPFs in autophagy may be diverse and not just depend-
ent on the actin cytoskeleton. LC3 or specific phospho-
inositides on autophagosomes or autolysosomes can
recruit NPFs to the membrane to promote the assembly
of branched actin networks. These studies elucidate the
important regulatory role of NPFs and actin cytoskeleton
in autophagy, and provide a basis for NPFs as the core
of actin cytoskeleton assembly in mediating autophagy.
In the future, detailed studies on the NPFs-mediated
actin cytoskeleton will offer new insights into the occur-
rence and regulatory mechanism of autophagy, which
will enable a better understanding of this important and
complex process. Since autophagy is a major degrada-
tion process in cells, recent studies have also observed
the degradation of actin-regulatory proteins targeted by
autophagy. The accumulation of scinderin and kindlin3
caused by autophagy damage leads to disorganization
or disassembly of F-actin [121, 122]. These studies sug-
gest that the relationship between actin cytoskeleton
and autophagy may not be simply a unilateral regulation.
Therefore, future research should take into account pos-
sible interactive regulation between actin cytoskeleton
and autophagy.
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