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ATG7, one of the core proteins of autophagy, plays an important role in various
biological processes, including the regulation of autophagy. While clear that
autophagy drives angiogenesis, the role of ATG7 in angiogenesis remains less
defined. Several studies have linked ATG7with angiogenesis, which has long been
underappreciated. The knockdown of ATG7 gene in cerebrovascular
development leads to angiogenesis defects. In addition, specific knockout of
ATG7 in endothelial cells results in abnormal development of neovascularization.
Notably, the autophagy pathway is not necessary for ATG7 regulation of
angiogenesis, while the ATG7-dependent non-autophagic pathway plays a
critical role in the regulation of neovascularization. In order to gain a better
understanding of the non-autophagic pathway-mediated biological functions of
the autophagy-associated protein ATG7 and to bring attention to this expanding
but understudied research area, this article reviews recent developments in the
ATG7-dependent non-autophagic pathways regulating angiogenesis.
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1 Introduction

Autophagy refers to the regulation of stress-induced lysosomal degradation pathway
through a series of autophagy-related genes (ATGs), which plays an important role in
stabilizing the intracellular environment (Levine and Kroemer, 2019; Ligeon et al., 2021).
Autophagy is separated into macroautophagy, microautophagy, and molecular chaperon-
mediated autophagy depending on how cellular contents are transported to the lysosomes
(Cui et al., 2021; Wang et al., 2022). So far, more than 40 ATGs have been identified to
participate in orchestrating the process of macroautophagy (Mizushima and Levine, 2020).
Among them, autophagy-related 7 (ATG7) has ubiquitin E1-like ligase activity, which can
facilitate the lipidation of microtubule-associated protein 1 light chain 3 (LC3) and the
conjugation of ATG5 and ATG12 (Grant, 2016; Mathew et al., 2021). These two ubiquitin-
like conjugation systems directly promote the elongation of the autophagosomal
membranes, thereby facilitating the maturation of the autophagosomes. The majority of
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current research on ATG7 focuses on how it controls the autophagy
pathway’s advancement and its function in autophagy. Although it is
generally believed that ATG7 is an essential part of autophagosome
formation, there is evidence that ATG7 is not necessary for
autophagy to proceed (Nishida et al., 2009; Arakawa et al., 2017;
Urbańska and Orzechowski, 2021). Even without ATG7, autophagy
is still possible, but other processes, including as pathogen defense,
cell cycle progression, and vascular biological functions, may be
hampered (Lee et al., 2012; Ye et al., 2014; Zhuang et al., 2017).

In recent years, a growing body of evidence has indicated that
ATG7 may have key functions in the control of angiogenic and
vasculogenic processes. Of note, no studies have yet been published
that the autophagy-related protein ATG7 is dependent on
autophagy mechanisms in regulating neovascularization, but
ATG7 can regulate angiogenesis through non-autophagic
pathways. In light of this, this review collates the existing
evidence supporting a role for ATG7-dependent non-autophagic
pathways in angiogenesis. The potential of ATG7 as a novel drug
molecular target for treating angiogenesis-related diseases has also
been prospected. Furthermore, these findings may also provide a
specific perspective for understanding the non-autophagic biological
functions of autophagy proteins.

2 Structure and function of ATG7

The autophagy process is carried out by a series of ATGs,
including ATG7, which is in charge of taking part in the
development of the autophagosome and the binding system for
autophagy as well as playing a crucial regulatory role in the early
stages of autophagy. The ATG7 gene encodes a protein of 630 amino
acids, which has two main domains: an N-terminal domain (NTD;
amino acids 1–289) and a C-terminal domain (CTD; amino acids
294–630) (Kaiser et al., 2013). The CTD is composed of an extreme
C-terminal ATG7-specific domain (ECTD; amino acids 573–630)
and a homodimeric adenylation domain (AD; amino acids
294–572), which assumes all the functions of the
E1 ubiquitination enzyme, whereas the NTD does not share
significant homology with the conventional E1 ubiquitination
enzyme (Hong et al., 2011; Noda et al., 2011; Taherbhoy et al.,
2011). These ATG7 domains can stimulate the covalent attachment
of ATG5 to ATG12 and phosphatidylethanolamine (PE) to ATG8,
which can then encourage the autophagosome’s transformation. In
the ATG12-ATG5 conjugation system, ATG12 is first activated
through the formation of a thioester bond between the
C-terminal Gly186 of ATG12 and the Cys507 of ATG7 (an E1-
like activating enzyme) in an ATP-dependent manner (Geng and
Klionsky, 2008; Karow et al., 2020), then transfers to the
Cys133 of ATG10 (an E2-like conjugation enzyme) and finally
attaches to the Lys149 of ATG5, forming an isopeptide-bonded
ATG12~ATG5 conjugate (Kaiser et al., 2012; Romanov et al., 2012).
When combined with ATG16, the ATG12~ATG5 conjugate forms a
substantial protein complex that functions as an E3-like ligase
system to promote the conjugation of ATG8 with PE (Martens
and Fracchiolla, 2020; Qiu et al., 2020; Munzel et al., 2021). In the
second ubiquitin-like conjugation system, ATG8 is first cleaved by
the ATG4 protease, which exposes C-terminal glycine residues and
is converted into ATG8-I (Negrete-Hurtado et al., 2020). ATG8-I is

then attacked by the E1-like activating enzyme ATG7 via a thioester
bond between the Gly116 of ATG8-I and the Cys507 of ATG7
(Noda et al., 2011), which is subsequently transthiolated to the
Cys234 of ATG3 (an E2-like conjugation enzyme) to form a
thioester-linked ATG3~ATG8-I intermediate (Noda et al., 2011;
Yamaguchi et al., 2018). The autophagy cascade is eventually started
when Gly116 of ATG8-I links with PE through an amide bond to
create ATG8-II~PE (Collier et al., 2021). Unlike the
ATG12~ATG5 conjugate, the lipidation of ATG8 is reversible.
ATG8-II~PE can be cleaved by ATG4 to release free ATG8-I,
which is also essential for autophagosome biogenesis (Ni et al.,
2015). ATG7 is the first E1-like activating enzyme to be proven
effective in recognizing and activating two different ubiquitin
systems that directly promote the elongation or formation of
autophagosomal membranes, which can lay the foundation for
the fusion of autophagosomes with lysosomes. Here, the structure
and function of ATG7 and its involved in the autophagy binding
system and autophagosome formation are shown in Figure 1.

Most previous studies related to ATG7 focused exclusively on
autophagy, and thus the non-autophagic roles of ATG7 are often
overlooked. Various analyses of ATGs have revealed many new
interacting components, including those that affect other cellular
pathways. This has prompted the question of whether the ATG7,
which is associated to autophagy, has a more extensive function that
goes beyond autophagy. Several studies have found that the key role
played by ATG7 in the regulation of vascular functions, including
angiogenesis and inflammatory responses, is dependent on
autophagy-independent pathways. For example, ATG7-dependent
non-autophagic pathways play a non-negligible role in cerebral
angiogenesis (Zhuang et al., 2017; He et al., 2019). Knockdown
of ATG7 in mouse brain endothelial cells can significantly improve
acute brain injury and brain inflammation induced by ischemia-
reperfusion (Wang et al., 2018). These results open up fresh avenues
for investigating ATG7’s role in vascular biology, although the
underlying mechanisms are still largely unknown.

3 ATG7 regulates angiogenesis via non-
autophagic pathways

The non-autophagic roles of autophagy proteins have gradually
attracted attention. Indeed, growing evidence has suggested the non-
autophagic functions of autophagy proteins. ATG5 is a gene product
required for the formation of autophagosomes. Yousefi et al. (2006)
reported that ATG5, in addition to the promotion of autophagy,
enhances susceptibility towards apoptotic stimuli. Casp-mediated
cleavage abrogates the autophagic function of Beclin-1, and
generates a Beclin-1-C fragment to enhance apoptosis (Wirawan
et al., 2010). ATG16L1 was also found to participate in hormone
secretion from PC12 cells independently of autophagic activity
(Ishibashi et al., 2012). Autophagy complexes have also been
found to exert similar, non-autophagic effects. ATG5-ATG12
conjugate negatively regulates the type I IFN production pathway
by direct association with the retinoic acid-inducible gene I (RIG-I)
and IFN-beta promoter stimulator 1 (IPS-1) through the caspase
recruitment domains (CARDs) (Jounai et al., 2007). Brucella
selectively co-opts autophagy-initiation complexes ULK1, beclin
1, ATG14L to subvert host clearance and promote infection
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(Starr et al., 2012). Also, IFNγ exerts antiviral activity by inhibiting
the formation of the membranous cytoplasmic MNV replication
through ATG5-ATG12/ATG16L1 (Hwang et al., 2012). Here, the
non-autophagic roles of autophagy proteins are shown in
Supplementary Table S1, which shows that transcription, cell
survival and apoptosis, cellular transport, protein secretion, cell
signaling and membrane reorganization, and all of these non-
autophagic functions are closely related to autophagy proteins.
We begin by bringing together information on the non-

autophagic roles of the ATGs and then highlight the roles of
ATG7 in angiogenesis.

There has been an increased interest in the role of ATG7 in
angiogenesis. Angiogenesis is the process of forming new blood
vessels in an orderly manner (Wang et al., 2021), which involves a
variety of cells and cytokines, and the relatedmolecularmechanisms are
numerous and diverse (He et al., 2021). Dysregulated angiogenesis can
cause various pathologies, including ischemic cardiovascular diseases,
cerebrovascular diseases, cancers, inflammatory diseases, etc. Therefore,

FIGURE 1
Structure of ATG7 and its role in autophagy. (A) Schematic view of ATG7 participating in ATG12 and ATG8 conjugation cascades. In the ATG12-ATG5
system, the C-terminal carboxyl group of ATG12 is activated by the E1 enzyme ATG7 in an ATP-dependent manner. After activation, ATG12 is transferred
to the E2 enzyme ATG10 and finally forms an isopeptide bond with the lysine residue in ATG5. ATG5 interacts further with ATG16 and forms a multimeric
complex. In the ATG8 system, ATG8 is first cleaved at the C-terminus by the ATG4 protease to expose the glycine residue. This exposed glycine
forms a thioester bond with ATG7 in an ATP-dependentmanner. Activated ATG8-I is then transferred to the E2 enzyme ATG3 and finally conjugated to PE
via an amide bond. ATG12~ATG5~ATG16 conjugate acts as an E3-like ligase system to enhance the E2 activity of ATG3 and facilitate the conjugation of
ATG8-I with PE. Moreover, ATG4 cleaves ATG8-II~PE to liberate free ATG8-I from membranes, which can also regulate autophagosome formation. (B)
Schematic of ATG7 showing positions of NTD and CTD. The N-terminal domain (NTD; amino acids 1–289), which is capable of binding either ATG10 or
ATG3, does not display significant homology with other E1s. The C-terminal domain (CTD) is comprised of the homodimeric adenylation domain (AD;
amino acids 294–572) that is conserved among all E1s and the extreme C-terminal ATG7-specific domain (ECTD; amino acids 573–630). CTD is
responsible for ATG8 and ATG12 binding, and AD possesses the ATP-binding site and a cysteine loop (CL). Residues 474-511 contain the catalytic
Cys507 and correspond to a CL. A short linker connects the ATG7NTD and ATG7CTD.
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a deeper comprehension of the precise molecular mechanism by which
ATG7 controls angiogenesis may result in the development of further
therapeutic methods for the prevention or more potent treatment of
angiogenesis disorders. There are currently many studies focusing on
the role of autophagy in angiogenesis, and it has been found that
ATG7 can act as an autophagy marker and participate in autophagy-
mediated angiogenesis. For example, miR-210-3p was found to
suppress autophagy and inflammatory activation by targeting ATG7,
thereby inhibiting angiogenesis (Li G. et al., 2021a). Circ-ADAM9
upregulated PTEN and ATG7 in interaction with mir-20a-5p, and that
inhibited the phosphorylation of AKT and mTOR to aggravate
autophagy and apoptosis of EPCs, thus regulating angiogenesis in
diabetic pathological conditions (Tian et al., 2020). Notably, several
studies have reported the regulation of angiogenesis by ATG7-
dependent non-autophagy pathways. This review focuses on the
non-autophagic functions of the autophagy-related protein ATG7 in
angiogenesis. Supplementary Table S2 indicates that ATG7 participates
in autophagy- and non-autophagic-mediated angiogenesis.

3.1 ATG7 regulates angiogenesis through
NF-κB activation

3.1.1 ATG7 promotes angiogenesis by regulating IL-
6 through NF-KB activation

An essential stage in the development of the central nervous system
(CNS) is the establishment of the cerebrovascular system, and cerebral
angiogenesis plays a role in the functional recovery of brain injuries and
ischemic strokes (IS) (Fei et al., 2021; Rustenhoven et al., 2021). A
relationship between ATG7 and the cerebrovascular system in vivo was
first observed in 2017whenATG7-deficientmice were observed to have
significantly reduced brain microvessel density (Zhuang et al., 2017).
Upon knockdown of ATG7 in human brain microvascular endothelial
cells (HBMECs), the expression of interleukin-6 (IL-6) was found to be
downregulated, while the expression of vascular endothelial growth
factor (VEGF), a factor with pro-angiogenic activity, was not
significantly changed. The addition of exogenous IL-6 was also
shown to effectively restore impaired angiogenesis and cell migration
induced by ATG7 downregulation, indicating that ATG7 deficiency
attenuates angiogenesis in HBMECs by reducing IL-6 expression.
Further results revealed that ATG7 mediates nuclear factor-kappa B
(NF-κB) at the transcriptional level to regulate the expression of IL-6.
Subsequently, the nuclear localization of the RelA (p65), a subunit of the
NF-κB transcriptional complex, was analyzed to assess NF-κB
activation in ATG7-silenced HBMECs. The results showed that
nuclear localization of p65 was significantly reduced after
ATG7 knockdown, and betulinic acid (an NF-κB agonist) effectively
restored the reduction of IL-6 caused by ATG7 knockdown, suggesting
that ATG7 can regulate IL-6 transcription through NF-κB nuclear
translocation. Collectively, these findings demonstrate for the first time
that ATG7 depends on NF-κB to control the transcription of IL-6 and
hence increase angiogenesis but not VEGF, and they also support a new
function for ATG7 outside of autophagy.

Cerebral ischemic stroke (CIS) refers to ischemic or hypoxia-
induced brain necrosis or cerebral softening (Zhang et al., 2020). For
patients suffering from CIS, timely and appropriate cerebral blood flow
reperfusion is undoubtedly the best treatment for cerebral ischemia
(Sun et al., 2022; Huang et al., 2023). However, during cerebral

ischemia/reperfusion (I/R), a rapid restoration of blood flow and
oxygen will worsen brain tissue damage (Zhang et al., 2022).
Accumulating evidence suggests that an inflammatory response
occurs during cerebral ischemia-reperfusion injury (CIRI). Inhibition
of pro-inflammatory cytokine expression after stroke can reduce brain
injury (Zhu et al., 2019; Han et al., 2021). Results from another study
indicate that the inhibitory effect of ATG7 deletion on pro-
inflammatory cytokines is achieved through NF-κB-dependent
transcriptional regulation rather than inhibition of the autophagy
pathway demonstrating a specific function of ATG7 independent of
autophagy (Wang et al., 2018). This finding established the novel
regulatory role of ATG7 in vessels associated with the inflammatory
reactions during stroke and opened up fresh avenues for investigating
the role of ATG7 role in vascular biology.

These studies uncover that ATG7modulates the expression of pro-
inflammatory factors such as IL-6 through NF-κB-dependent
transcription, which in turn regulates cerebral angiogenesis, IS, and
CIS. The pathophysiology of ischemic brain injury is enriched by this,
and a novel method by which ATG7 engages in biological processes
outside of the autophagy pathway is also supported. ATG7-mediated
inflammatory responses of endothelial cells may be a novel target of
stroke therapy. Currently, the effects of interleukins on tissue ischemia
have attracted much attention, but there is still a large gap in the
research on interleukins promoting wound healing and angiogenesis.
Therefore, more investigation into the potential function of ATG7 as a
new molecule involved in regulating the expression of pro-
inflammatory proteins to encourage cerebral angiogenesis is necessary.

3.1.2 ATG7 promotes angiogenesis by regulating
laminin-5 through NF-κB activation

Laminin, a major component of the extracellular matrix, has been
found to have a significant impact on vascular biological function
(Biswas et al., 2017; Qin et al., 2017). Specifically, laminin-5 is a laminin
isoform consisting of α3, β3, and γ2 chains and has been reported to
induce neovascularization (He et al., 2019; Qian et al., 2021; Tohmatsu
et al., 2021). In a study conducted byHe et al., themolecularmechanism
of ATG7 regulating cerebrovascular formation was investigated (He
et al., 2019). It was found that ATG7 knockdown in HBMECs
significantly reduced the expression levels of β3 and γ2 chains of
laminin-5. Subsequent experiments on HBMECs treated with
autophagy inhibitors revealed that the downregulation of laminin-5
expression level caused by the deletion of ATG7 remained largely
unaffected (He et al., 2019). This shows that rather than autophagy,
ATG7 itself is necessary for the regulatory mechanism of laminin-5 by
ATG7. Exogenous laminin-5 treatment effectively rescued tube
formation and migration in ATG7-deficient HBMECs (He et al.,
2019), implicating that the impaired cell formation and reduced cell
migration may be due to downregulation of laminin-5 expression
caused by ATG7 silencing. Further investigation revealed that the
phosphorylation of IκBα and IKKβ, both of which are involved in
the NF-κB signaling pathway, was decreased as a result of the loss of
ATG7 (He et al., 2019). Therefore, it was examined whether the
modulation of laminin-5 expression by ATG7 was facilitated
through the NF-κB signaling pathway. NF-κB agonists could
effectively rescue ATG7 deficiency-induced downregulation of
laminin-5 β3 and γ2 chains and impaired angiogenesis (He et al.,
2019). ATG7may control laminin-5 expression via the NF-κB signaling
pathway, facilitating the formation of tubular structures in HBMECs.
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Collectively, this study proposes a novel mechanism by which the
ATG7-dependent non-autophagic pathway regulates tube formation
during cerebral angiogenesis.Meanwhile, this study provides a new idea
for laminin-5 to regulate vascular biology.

Based on the above results, ATG7 exhibits novel functions in
transcription-dependent regulation of inflammatory responses and
angiogenesis rather than just a role in the autophagy pathway, as
shown in Figure 2, which exhibits the regulatory mechanisms of
ATG7-dependent non-autophagic pathway, and further provides
ATG7 regulation of key factors in NF-κB pathways involving in
angiogenesis. IL-6 and Laminin-5 have been identified to be
involved in angiogenesis through the regulation of NF-κB
pathway. Notably, since IL-6 and laminin-5 have different
cellular localizations, further determination of the relative
contribution and interaction between IL-6 and laminin-5 in
cerebral angiogenesis will help to understand the dynamic
changes of cerebrovascular physiopathological states.

3.2 The loss of ATG7 regulates angiogenesis
through STAT1 activation

An equilibrium between pro-angiogenic and anti-angiogenic
factors firmly controls the process of angiogenesis (Lou et al.,
2022). An experimental investigation has provided more proof
that ATG7 deficiency functions as a novel angiogenic inhibitor in
ischemia situations. Yao et al. (2022) used endothelial cell ATG7-
specific knockout mice for femoral artery ligation, which showed the
recovery of blood reperfusion in the mice was significantly impaired,

angiogenesis was inhibited, and hypoxia inducible factor 1 subunit
alpha (HIF1A) expression was decreased. It was also found that
overexpression of ATG7 under normoxic and hypoxic conditions
did not affect the level of HIF1A, whereas its knockdown reduced
hypoxia-induced HIF1A expression and tube formation capacity,
thus inhibiting angiogenesis (Yao et al., 2022).

Mechanistically, a group of transcription factors including signal
transducer and activator of transcription 1(STAT1), signal transducer
and activator of transcription 3 (STAT3), NF-κB, interferon regulatory
factor 9 (IRF9), nuclear respiratory factor 1 (NRF1), and
BCL2 associated transcription factor 1 (BCLAF1) can bind to the
HIF1A gene promoter and regulate HIF1A expression (Gerber and
Pober, 2008;Wang et al., 2016; Park et al., 2017; Shao et al., 2020; Li Z. L.
et al., 2021b; He et al., 2022; Niu et al., 2022). Further analysis of the
expression of these six transcription factors during ATG7 silencing
revealed that STAT1 was the most abundantly expressed in human
umbilical vein endothelial cells (HUVECs), followed by IRF9, while the
expression of other transcription factors did not change significantly
(Yao et al., 2022). The STAT1 gene was also discovered to drastically
reduce the production of HIF1A brought on by ATG7 loss (Yao et al.,
2022). Adding to existing knowledge of the role of ATG7 in
angiogenesis, inhibition of autophagy was noted to not increase the
level of STAT1 expression and have no effect on HUVEC tube
formation, whereas inhibiting autophagy while silencing
ATG7 significantly upregulated STAT1 expression and tube
formation. However, overexpression of ATG7 promoted autophagy
and had no effect on STAT1 levels (Yao et al., 2022). Furthermore, it has
been discovered that ATG7 plays a role in controlling the expression of
STAT1 by interacting with ZNF148/ZFP148/ZBP-89 (zinc finger

FIGURE 2
ATG7 regulates angiogenesis through NF-κB activation. ATG7 deficiency reduces IKKβ phosphorylation, thereby inhibiting IκBα phosphorylation and
ubiquitination. Subsequent exposure to NF-κB nuclear localization signals is reduced, thereby attenuating the transcription and expression of
reperfusion-induced pro-inflammatory cytokines such as IL-1β, TNF-α, IL-8, and IL-6, which in turn activate inflammatory responses and exacerbate
brain injury. Meanwhile, the expression of IL-6 and laminin 5, which are dependent on NF-κB activation, is decreased after ATG7 knockdown,
resulting in the inhibition of cerebral angiogenesis. ATG7 relies on transcriptional mechanisms independent of the autophagy pathway to regulate
angiogenesis.
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protein 148), a transcription factor required for constitutive expression
of STAT1. Specifically, the lack of ATG7 in the cytoplasm disrupted the
association between ATG7 and zinc finger protein 148 and enhanced
the binding of zinc finger protein 148 to karyopherin subunit beta 1
(KPNB1), thus promoting the nuclear translocation of zinc finger
protein 148 and enhancing the expression of STAT1 (Yao et al.,
2022). These results provide evidence indicating a role for ATG7 in
angiogenesis, as shown in Figure 3, ATG7 deficiency impairs post-
ischemic angiogenesis by upregulating STAT1 expression in an
autophagy-independent manner, thereby repressing HIF1A
expression at the transcriptional level.

Together, this study shows that ATG7 absence can be a significant
angiogenesis inhibitor. The level of STAT1 is upregulated by
ATG7 deficiency through the interaction between ATG7 and zinc
finger protein 148 and independently of the autophagy pathway.
Subsequently, STAT1 suppresses HIF1A expression by binding to the
HIF1A promoter, thereby inhibiting ischemia-induced angiogenesis and
delaying blood flow reperfusion (Yao et al., 2022). Given the important
roles of angiogenesis in the regulation of tumor cell proliferation and
survival, targeting ATG7 offers a novel approach to improving
antitumor therapy. Meanwhile, inhibition of STAT1 by either genetic
or pharmacologicalmeans is suggested to counteract the inhibitory effect
of ATG7 deficiency on ischemia-induced angiogenesis. This implies that
STAT1 inhibition may also be a useful therapeutic strategy for the
management of ischemic cardiovascular illness, which may ultimately

result in improved clinical care for patients with either ischemic
cardiovascular disease or cancer.

4 Discussion and conclusion

Autophagy is a tightly regulated process mediated by the concerted
actions of ATG proteins. Studies have shown that autophagy is closely
related to angiogenesis. This review has added some examples of non-
autophagic roles of ATG proteins, and provided evidences on ATG7-
dependent autophagic angiogenesis. Furthermore, several studies have
indicated that ATG proteins, especially ATG7, can regulate
angiogenesis through both autophagic and non-autophagic
pathway. ATG7 facilitates the maturation of the autophagosomes,
however, non-autophagic functions of core autophagy proteins
including ATG7 have been reported. Atg7 is closely associated in
angiogenesis, prompting consideration that non-autophagy functions
of ATG7 may regulate angiogenesis. Additionally, ATG7 is found to
regulate vascular cell growth, migration, and tube formation through a
non-autophagic pathway but not an autophagy pathway. This could be
interesting for future studies in which researchers explore new
functions of known proteins. However, the experimental results of
the non-autophagy function of ATG7may not reflect the whole viewof
it. Artificial errors could be included by using current cellular and
biological research methods. Noteworthily, this review provides

FIGURE 3
The loss of ATG7 regulates angiogenesis through STAT1 activation. ATG7 deficiency in the cytoplasm of endothelial cells will disrupt the association
between ATG7 and ZNF148/ZFP148/ZBP-89. Under basal conditions, there is rarely an association between ZNF148/ZFP148/ZBP-89 and KPNB1, but the
interaction between ZNF148/ZFP148/ZBP-89 and KPNB1 is significantly increased in ATG7-deficient conditions. KPNB1 transports ZNF148/ZFP148/ZBP-
89 from the cytoplasm to the nucleus, resulting in ZNF148/ZFP148/ZBP-89 binding to the STAT1 gene promoter and upregulating STAT1 expression.
STAT1 then binds to the HIF1A promoter and represses HIF1A expression, thereby impairing ischemia-induced angiogenesis and delaying blood flow
reperfusion. Moreover, inhibition of autophagy does not affect STAT1 expression and tube formation, but silencing ATG7 while inhibiting autophagy
significantly upregulates STAT1 expression and tube formation, suggesting that ATG7 deficiency upregulates STAT1 expression and inhibits blood vessel
formation in an autophagy-independent manner. ATG7 overexpression activates autophagy but does not affect ZNF148/ZFP148/ZBP-89 nuclear
translocation, STAT1 expression, and tube formation under both normoxic and hypoxic conditions. Lack of ATG7 inhibits angiogenesis by suppressing
HIF1A expression at the transcriptional level through upregulation of STAT1 independently of autophagy under ischemic conditions.
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evidence that the effects of ATG7 can extend beyond its autophagy
suggesting that ATG7 regulates angiogenesis through non-autophagic
pathways. Interestingly, the autophagy-independent function of
ATG7 was also previously reported by Lee et al. (2012), who found
that ATG7, independent of its E1-like enzymatic activity, could bind to
the tumor suppressor p53 to regulate the transcription of the gene
encoding the cell cycle inhibitor p21CDKN1A.Moreover, Hwang et al.
(2012) found that the direct antiviral activity of IFNγ against MNV in
macrophages requires ATG5-ATG12, ATG7, and ATG16L1, but does
not require the induction of autophagy, the degradative activity of
lysosomal proteases, and the fusion of autophagosomes with lysosomes
or ATG4B (Hwang et al., 2012). ATG5, ATG7, ATG4B, and
LC3 participate in the polarized secretion of lysosomal contents
into the extracellular space by directing lysosomes to fuse with the
plasma membrane (DeSelm et al., 2011). Additionally, other non-
autophagic functions of autophagy proteins have been reported. As
shown in Supplementary Table S1, autophagy proteins may play non-
autophagic functions in transcription (Lee et al., 2012), cell survival and
apoptosis (Yousefi et al., 2006; Wirawan et al., 2010), cellular transport
(Ogura et al., 2010), protein secretion (Ishibashi et al., 2012), cell
signaling and membrane reorganization (Baisamy et al., 2009; Starr
et al., 2012). Based on it, there’s a reasonable prospect that the

regulation of angiogenesis by ATG7 can depend on non-
autophagy pathways.

The study of the ATG7-dependent non-autophagic pathway is still
in its infancy, with many previously unexplored questions remaining
unanswered, as shown in Figure 4, which exhibits the current issues
regarding the regulatory mechanism of ATG7-dependent non-
autophagic pathways. In multiple models of angiogenesis,
ATG7 deficiency has been shown to impact several angiogenic
factors such as IL-6, laminin-5, and HIF1A, without affecting the
process of autophagy. However, Shadab et al. (2020) discovered that
in human pulmonary artery endothelial cells (HPAECs),
ATG7 knockout not only inhibited lipopolysaccharide-induced IL-6
production but also significantly inhibited autophagy. This finding
differs from the previous one that ATG7 knockout inhibits IL-6
production in an autophagy-independent manner. Meanwhile, EC-
specific ATG7 knockout significantly reduces brain microvessel
density (Zhuang et al., 2017) but does not affect skeletal muscle or
retinal vascular density under normoxic conditions (Torisu et al., 2013).
These phenomenamay be caused by ATG7-induced a complex network
of signaling cascades or by different cellular microenvironments.

Additional research is required to ascertain whether, in addition to
the previously documented IL-6, laminin-5, and HIF1A, other

FIGURE 4
The current issues regarding ATG7-dependent non-autophagic pathway. (a) ATG7 deficiency inhibits both lipopolysaccharide-induced IL-6
production and autophagy in HPAECs. However, in HBMECs, ATG7 deficiency impacts IL-6 production without affecting the process of autophagy.
Moreover, EC-specific ATG7 knockout significantly reduces brain microvessel density but does not affect skeletal muscle or retinal vascular density.
These phenomena may be caused by ATG7-induced complex networks of signaling cascades or by different cellular microenvironments. (b) Given
that IL-8, TNF-α, VCAM-1, and ICAM-1 in the NF-κB pathway play a role in angiogenesis, and ATG7 deletion inhibits angiogenesis by regulating NF-κB
activity. It can therefore be conjectured that other cytokines may also be involved in the regulation of neovascularization by ATG7. (c) Since ATG7 lacks a
kinase domain, and some protein kinases such as NIK, AKT, MEKK, COT/TPL-2, and TAK1 can phosphorylate IKK, it is speculated that ATG7 indirectly
regulates the phosphorylation of IKKβ, which subsequently affects the release of inflammatory cytokines and angiogenesis. (d) There are two unanswered
questions regarding the study of ATG7 deficiency activating STAT1 to regulate angiogenesis. One is that ATG7 overexpression has no significant effect on
HIFIA levels and tube formation. This could be because ATG7 overexpression does not increase the association between ZNF148/ZFP148/ZBP-89 and
ATG7, so it cannot reduce the nuclear translocation of ZNF148/ZFP148/ZBP-89, nor can it reduce STAT1 expression and promote HIF1A expression. The
other is that ATG7 deficiency inhibits STAT1 activation in MH-S and induces STAT1 expression in MCF7. Whether the regulation of STAT1 by ATG7 in
various cells is consistent with the observation that ATG7 deficiency promotes STAT1 expression in ECs remains unclear.
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angiogenic factors also contribute to neovascularization under the
impact of ATG7. NF-κB is a crucial molecule that regulates the
expression and function of multiple genes. It plays a significant role
in various physiological processes such as vascular cell growth,
migration, tube formation, and inflammatory responses. Earlier
research has indicated that genes IL-8, TNF-α, vascular cell adhesion
molecule 1 (VCAM-1), and intercellular adhesion molecule 1 (ICAM-
1) in the NF-κB pathway play a role in angiogenesis (Yoshida et al.,
1998; Bakshi et al., 2022; Lian et al., 2022). The deletion of ATG7 has
been found to closely regulate NF-κB activity, which in turn leads to the
inhibition of angiogenesis. This suggests that ATG7 may function as a
gene that regulates both inflammation and angiogenesis. While it has
been demonstrated that ATG7 plays a role in regulating cerebral
angiogenesis through the NF-κB-mediated IL-6 and laminin-5
pathways, it is important to note that other cytokines may also be
involved in the regulation of neovascularization by ATG7.

IKKβ is the major kinase involved in the activation of the NF-κB
signaling pathway triggered by proinflammatory factors (Yu et al.,
2022). In response to external stimulation, IKKβ phosphorylates and
degrades IκBα, and the dissociative NF-κB subsequently translocates
into the nucleus and exposes the nuclear localization signals on the
p65/p50 heterodimer, which leads to pro-inflammatory factors
transcription (Siracusa et al., 2021). ATG7 interacts with p-IκBα
and regulates the NF-κB signaling pathway during Klebsiella
pneumoniae infection (Ye et al., 2015). ATG7 downregulation
prevents IKKβ phosphorylation, which in turn results in less NF-
κB activation (Wang et al., 2018). Despite intensive study of the NF-
κB signaling pathway, the precise molecular mechanisms governing
ATG7’s control of IKKβ phosphorylation and consequent NF-κB
activation are still unknown. Based on the fact that ATG7 lacks a
kinase domain, while some protein kinases such as mitogen-
activated protein kinase kinase kinase 14 (NIK), protein kinase B
(AKT), MAPK/ERK kinase kinase family protein (MEKK),
mitogen-activated protein kinase kinase kinase 8 (COT/TPL-2),
and TGF-beta activated kinase 1 (TAK1) can phosphorylate IKK
(Karin and Ben-Neriah, 2000; Hiscott et al., 2001), it is conjectured
that ATG7 does not directly regulate the phosphorylation of IKKβ,
but indirectly influences the phosphorylation of IKKβ and the
activation of NF-κB. Further research on the regulation of the
ATG7-dependent NF-κB pathway, specifically in regards to its
impact on inflammatory cytokines and angiogenesis, can be
enriched by investigating the role of ATG7 in regulating IKKβ
phosphorylation through targeting protein kinases. This research
holds significant potential for advancing our understanding of the
underlying mechanisms involved in these processes.

Future research on ATG7’s suppression of ischemia-induced
angiogenesis through STAT1 activation is called for because there
are still some unresolved issues. For example, ATG7 deletion reduces
hypoxia-induced HIF1A expression and tube formation, but
overexpression of ATG7 has no significant effect on the level of
HIFIA and tube formation ability. The reason for this phenomenon
may be that although overexpression of ATG7 does lead to an increase
in its level, it does not significantly enhance the correlation between
zinc finger protein 148 and ATG7, thereby failing to affect the nuclear
translocation of zinc finger protein 148, and the subsequent
expression of STAT1 and HIF1A in the nucleus has not changed
significantly. Future studies are needed to address how overexpressing
ATG7 alters the relationship between ATG7 and zinc finger protein

148 to facilitate angiogenesis. Another issue worthy of attention is that
the regulation of STAT1 by ATG7 may vary greatly across cell types.
In mouse alveolar macrophage cell lines, ATG7 deficiency inhibits
STAT1 activation, whereas in human breast cancer MCF7 cells,
ATG7 deficiency leads to an increase in the expression of
STAT1 protein (Ambjørn et al., 2013; Li et al., 2015). Various cell
types are involved in angiogenesis, including vascular smooth muscle
cells, pericytes, macrophages, etc.Whether the regulation of ATG7 on
STAT1 in these cells is consistent with that observed in endothelial
cells requires future clarification.

Research on the role and mechanism of ATG7 in angiogenesis is
still in its infancy. The regulatory relationship between ATG7 and
intracellular factors, as well as the molecular mechanism of vascular
remodeling regulation by ATG7, are not yet fully understood. In
addition, studies on the effects of ATG7 on vascular endothelial cells
have mostly concentrated on cellular-level study, with few data on the
pathomorphological changes to vascular tissue brought on by ATG7 at
the level of the entire tissue. Therefore, in-depth studies on the
mechanism of ATG7 regulation of angiogenesis are needed to
discover more effective therapeutic targets for vascular disease
treatment. Given the complex interactions between ATG7-mediated
autophagy-dependent and autophagy-independent pathways, more
detailed analysis of molecular biology assays and in vivo
pathophysiologic experiments are necessary for the dissection of the
exact roles of each signaling pathway in different angiogenic models or
different pathological conditions. Additionally, it is unclear whether
ATG7 controls other biological processes via non-autophagic channels
in addition to controlling angiogenesis or whether there are other
autophagy-related proteins regulating biological functions via non-
autophagic pathways in addition to ATG7. These growing, yet
unexplored, research topics deserve special attention in the future.

Author contributions

JC: Investigation, Methodology, Project administration, Validation,
Writing–original draft. YL: Data curation, Formal Analysis,
Investigation, Software, Writing–original draft. SH: Investigation,
Visualization, Writing–original draft. JJ: Conceptualization, Funding
acquisition, Project administration, Supervision,Writing–original draft.
MZ: Formal Analysis, Project administration, Supervision, Validation,
Visualization, Writing–review and editing. ML: Supervision,
Writing–original draft, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of China
(grant numbers 82370419), and Sichuan Science and Technology
Program (2022YFS0627), and the Foundation of Luzhou Municipal
Science and Technology Bureau (2023SYF103).

Acknowledgments

Figures were created with ©BioRender - biorender.com.

Frontiers in Pharmacology frontiersin.org08

Chen et al. 10.3389/fphar.2023.1266311

http://biorender.com
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1266311


Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1266311/
full#supplementary-material

References

Ambjørn, M., Ejlerskov, P., Liu, Y., Lees, M., Jäättelä, M., and Issazadeh-Navikas, S.
(2013). IFNB1/interferon-β-induced autophagy in MCF-7 breast cancer cells
counteracts its proapoptotic function. Autophagy 9 (3), 287–302. doi:10.4161/auto.
22831

Arakawa, S., Honda, S., Yamaguchi, H., and Shimizu, S. (2017).Molecularmechanisms and
physiological roles of Atg5/Atg7-independent alternative autophagy. Proc. Jpn. Acad. Ser. B
Phys. Biol. Sci. 93 (6), 378–385. doi:10.2183/pjab.93.023

Baisamy, L., Cavin, S., Jurisch, N., and Diviani, D. (2009). The ubiquitin-like protein
LC3 regulates the Rho-GEF activity of AKAP-Lbc. J. Biol. Chem. 284 (41), 28232–28242.
doi:10.1074/jbc.M109.054668

Bakshi, H. A., Quinn, G. A., Nasef, M. M., Mishra, V., Aljabali, A. A. A., El-Tanani,
M., et al. (2022). Crocin inhibits angiogenesis and metastasis in colon cancer via TNF-α/
NF-kB/VEGF pathways. Cells 11 (9), 1502. doi:10.3390/cells11091502

Biswas, S., Bachay, G., Chu, J., Hunter, D. D., and Brunken, W. J. (2017). Laminin-
dependent interaction between astrocytes and microglia: a role in retinal angiogenesis.
Am. J. Pathol. 187 (9), 2112–2127. doi:10.1016/j.ajpath.2017.05.016

Collier, J. J., Suomi, F., Oláhová, M., McWilliams, T. G., and Taylor, R. W. (2021).
Emerging roles of ATG7 in human health and disease. EMBO Mol. Med. 13 (12),
e14824. doi:10.15252/emmm.202114824

Cui, W., Sathyanarayan, A., Lopresti, M., Aghajan, M., Chen, C., and Mashek, D. G.
(2021). Lipophagy-derived fatty acids undergo extracellular efflux via lysosomal
exocytosis. Autophagy 17 (3), 690–705. doi:10.1080/15548627.2020.1728097

DeSelm, C. J., Miller, B. C., Zou, W., Beatty, W. L., van Meel, E., Takahata, Y., et al.
(2011). Autophagy proteins regulate the secretory component of osteoclastic bone
resorption. Dev. Cell 21 (5), 966–974. doi:10.1016/j.devcel.2011.08.016

Fei, Y., Zhao, B., Zhu, J., Fang, W., and Li, Y. (2021). XQ-1H promotes cerebral
angiogenesis via activating PI3K/Akt/GSK3β/β-catenin/VEGF signal in mice exposed to
cerebral ischemic injury. Life Sci. 272, 119234. doi:10.1016/j.lfs.2021.119234

Geng, J., and Klionsky, D. J. (2008). The Atg8 and Atg12 ubiquitin-like conjugation
systems in macroautophagy. ’Protein modifications: beyond the usual suspects’ review
series. EMBO Rep. 9 (9), 859–864. doi:10.1038/embor.2008.163

Gerber, S. A., and Pober, J. S. (2008). IFN-alpha induces transcription of hypoxia-
inducible factor-1alpha to inhibit proliferation of human endothelial cells. J. Immunol.
181 (2), 1052–1062. doi:10.4049/jimmunol.181.2.1052

Grant, S. (2016). Atg7 in AML: a double-edged sword?. Blood 128 (9), 1163–1165.
doi:10.1182/blood-2016-07-722652

Han, B., Jiang, W., Cui, P., Zheng, K., Dang, C., Wang, J., et al. (2021). Microglial
PGC-1α protects against ischemic brain injury by suppressing neuroinflammation.
Genome Med. 13 (1), 47. doi:10.1186/s13073-021-00863-5

He, F., Xiao, H., Cai, Y., and Zhang, N. (2022). NSD1 promotes esophageal cancer
tumorigenesis via HIF1α signaling. Cell Biol. Toxicol. 39, 1835–1850. doi:10.1007/
s10565-022-09786-2

He, L., Wei, J. Y., Liu, D. X., Zhao, W. D., and Chen, Y. H. (2019). Atg7 silencing
inhibits laminin-5 expression to suppress tube formation by brain endothelial cells.
Anat. Rec. Hob. 302 (12), 2255–2260. doi:10.1002/ar.24223

He, Z., Wang, G., Wu, J., Tang, Z., and Luo, M. (2021). The molecular mechanism of
LRP1 in physiological vascular homeostasis and signal transduction pathways. Biomed.
Pharmacother. 139, 111667. doi:10.1016/j.biopha.2021.111667

Hiscott, J., Kwon, H., and Génin, P. (2001). Hostile takeovers: viral appropriation of
the NF-kappaB pathway. J. Clin. Invest. 107 (2), 143–151. doi:10.1172/jci11918

Hong, S. B., Kim, B. W., Lee, K. E., Kim, S. W., Jeon, H., Kim, J., et al. (2011). Insights
into noncanonical E1 enzyme activation from the structure of autophagic E1 Atg7 with
Atg8. Nat. Struct. Mol. Biol. 18 (12), 1323–1330. doi:10.1038/nsmb.2165

Huang, H., Oo, T. T., Apaijai, N., Chattipakorn, N., and Chattipakorn, S. C. (2023).
An updated review of mitochondrial transplantation as a potential therapeutic strategy

against cerebral ischemia and cerebral ischemia/reperfusion injury.Mol. Neurobiol. 60,
1865–1883. doi:10.1007/s12035-022-03200-y

Hwang, S., Maloney, N. S., Bruinsma, M. W., Goel, G., Duan, E., Zhang, L., et al.
(2012). Nondegradative role of Atg5-Atg12/Atg16L1 autophagy protein complex in
antiviral activity of interferon gamma. Cell Host Microbe 11 (4), 397–409. doi:10.1016/j.
chom.2012.03.002

Ishibashi, K., Uemura, T., Waguri, S., and Fukuda, M. (2012). Atg16L1, an essential
factor for canonical autophagy, participates in hormone secretion from PC12 cells
independently of autophagic activity. Mol. Biol. Cell 23 (16), 3193–3202. doi:10.1091/
mbc.E12-01-0010

Jounai, N., Takeshita, F., Kobiyama, K., Sawano, A., Miyawaki, A., Xin, K. Q., et al.
(2007). The Atg5 Atg12 conjugate associates with innate antiviral immune responses.
Proc. Natl. Acad. Sci. U. S. A. 104 (35), 14050–14055. doi:10.1073/pnas.0704014104

Kaiser, S. E., Mao, K., Taherbhoy, A. M., Yu, S., Olszewski, J. L., Duda, D. M., et al. (2012).
Noncanonical E2 recruitment by the autophagy E1 revealed by Atg7-Atg3 and Atg7-Atg10
structures. Nat. Struct. Mol. Biol. 19 (12), 1242–1249. doi:10.1038/nsmb.2415

Kaiser, S. E., Qiu, Y., Coats, J. E., Mao, K., Klionsky, D. J., and Schulman, B. A. (2013).
Structures of Atg7-Atg3 and Atg7-Atg10 reveal noncanonical mechanisms of
E2 recruitment by the autophagy E1. Autophagy 9 (5), 778–780. doi:10.4161/auto.23644

Karin, M., and Ben-Neriah, Y. (2000). Phosphorylation meets ubiquitination: the
control of NF-[kappa]B activity. Annu. Rev. Immunol. 18, 621–663. doi:10.1146/
annurev.immunol.18.1.621

Karow, M., Fischer, S., Meßling, S., Konertz, R., Riehl, J., Xiong, Q., et al. (2020).
Functional characterisation of the autophagy atg12~5/16 complex in Dictyostelium
discoideum. Cells 9 (5), 1179. doi:10.3390/cells9051179

Lee, I. H., Kawai, Y., Fergusson, M. M., Rovira, II, Bishop, A. J., Motoyama, N., et al.
(2012). Atg7 modulates p53 activity to regulate cell cycle and survival during metabolic
stress. Science 336 (6078), 225–228. doi:10.1126/science.1218395

Levine, B., and Kroemer, G. (2019). Biological functions of autophagy genes: a disease
perspective. Cell 176 (1-2), 11–42. doi:10.1016/j.cell.2018.09.048

Li, G., Wang, B., Ding, X., Zhang, X., Tang, J., and Lin, H. (2021a). Plasma
extracellular vesicle delivery of miR-210-3p by targeting ATG7 to promote sepsis-
induced acute lung injury by regulating autophagy and activating inflammation.
Exp. Mol. Med. 53 (7), 1180–1191. doi:10.1038/s12276-021-00651-6

Li, X., Ye, Y., Zhou, X., Huang, C., and Wu, M. (2015). Atg7 enhances host defense
against infection via downregulation of superoxide but upregulation of nitric oxide.
J. Immunol. 194 (3), 1112–1121. doi:10.4049/jimmunol.1401958

Li, Z. L., Ji, J. L., Wen, Y., Cao, J. Y., Kharbuja, N., Ni, W. J., et al. (2021b). HIF-1α is
transcriptionally regulated by NF-κB in acute kidney injury. Am. J. Physiol. Ren. Physiol.
321 (2), F225–f235. doi:10.1152/ajprenal.00119.2021

Lian, S., Li, S., Zhu, J., Xia, Y., and Do Jung, Y. (2022). Nicotine stimulates IL-8
expression via ROS/NF-κB and ROS/MAPK/AP-1 axis in human gastric cancer cells.
Toxicology 466, 153062. doi:10.1016/j.tox.2021.153062

Ligeon, L. A., Pena-Francesch, M., Vanoaica, L. D., Núñez, N. G., Talwar, D., Dick, T.
P., et al. (2021). Oxidation inhibits autophagy protein deconjugation from phagosomes
to sustain MHC class II restricted antigen presentation. Nat. Commun. 12 (1), 1508.
doi:10.1038/s41467-021-21829-6

Lou, J., Wu, J., Feng, M., Dang, X., Wu, G., Yang, H., et al. (2022). Exercise promotes
angiogenesis by enhancing endothelial cell fatty acid utilization via liver-derived extracellular
vesicle miR-122-5p. J. Sport Health Sci. 11 (4), 495–508. doi:10.1016/j.jshs.2021.09.009

Martens, S., and Fracchiolla, D. (2020). Activation and targeting of ATG8 protein
lipidation. Cell Discov. 6, 23. doi:10.1038/s41421-020-0155-1

Mathew, B., Chennakesavalu, M., Sharma, M., Torres, L. A., Stelman, C. R., Tran, S.,
et al. (2021). Autophagy and post-ischemic conditioning in retinal ischemia. Autophagy
17 (6), 1479–1499. doi:10.1080/15548627.2020.1767371

Frontiers in Pharmacology frontiersin.org09

Chen et al. 10.3389/fphar.2023.1266311

https://www.frontiersin.org/articles/10.3389/fphar.2023.1266311/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2023.1266311/full#supplementary-material
https://doi.org/10.4161/auto.22831
https://doi.org/10.4161/auto.22831
https://doi.org/10.2183/pjab.93.023
https://doi.org/10.1074/jbc.M109.054668
https://doi.org/10.3390/cells11091502
https://doi.org/10.1016/j.ajpath.2017.05.016
https://doi.org/10.15252/emmm.202114824
https://doi.org/10.1080/15548627.2020.1728097
https://doi.org/10.1016/j.devcel.2011.08.016
https://doi.org/10.1016/j.lfs.2021.119234
https://doi.org/10.1038/embor.2008.163
https://doi.org/10.4049/jimmunol.181.2.1052
https://doi.org/10.1182/blood-2016-07-722652
https://doi.org/10.1186/s13073-021-00863-5
https://doi.org/10.1007/s10565-022-09786-2
https://doi.org/10.1007/s10565-022-09786-2
https://doi.org/10.1002/ar.24223
https://doi.org/10.1016/j.biopha.2021.111667
https://doi.org/10.1172/jci11918
https://doi.org/10.1038/nsmb.2165
https://doi.org/10.1007/s12035-022-03200-y
https://doi.org/10.1016/j.chom.2012.03.002
https://doi.org/10.1016/j.chom.2012.03.002
https://doi.org/10.1091/mbc.E12-01-0010
https://doi.org/10.1091/mbc.E12-01-0010
https://doi.org/10.1073/pnas.0704014104
https://doi.org/10.1038/nsmb.2415
https://doi.org/10.4161/auto.23644
https://doi.org/10.1146/annurev.immunol.18.1.621
https://doi.org/10.1146/annurev.immunol.18.1.621
https://doi.org/10.3390/cells9051179
https://doi.org/10.1126/science.1218395
https://doi.org/10.1016/j.cell.2018.09.048
https://doi.org/10.1038/s12276-021-00651-6
https://doi.org/10.4049/jimmunol.1401958
https://doi.org/10.1152/ajprenal.00119.2021
https://doi.org/10.1016/j.tox.2021.153062
https://doi.org/10.1038/s41467-021-21829-6
https://doi.org/10.1016/j.jshs.2021.09.009
https://doi.org/10.1038/s41421-020-0155-1
https://doi.org/10.1080/15548627.2020.1767371
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1266311


Mizushima, N., and Levine, B. (2020). Autophagy in human diseases. N. Engl. J. Med.
383 (16), 1564–1576. doi:10.1056/NEJMra2022774

Munzel, L., Neumann, P., Otto, F. B., Krick, R., Metje-Sprink, J., Kroppen, B., et al.
(2021). Atg21 organizes Atg8 lipidation at the contact of the vacuole with the
phagophore. Autophagy 17 (6), 1458–1478. doi:10.1080/15548627.2020.1766332

Negrete-Hurtado, A., Overhoff, M., Bera, S., De Bruyckere, E., Schätzmüller, K., Kye,
M. J., et al. (2020). Autophagy lipidation machinery regulates axonal microtubule
dynamics but is dispensable for survival of mammalian neurons. Nat. Commun. 11 (1),
1535. doi:10.1038/s41467-020-15287-9

Ni, Z., Gong, Y., Dai, X., Ding, W., Wang, B., Gong, H., et al. (2015). AU4S: a novel
synthetic peptide to measure the activity of ATG4 in living cells. Autophagy 11 (2),
403–415. doi:10.1080/15548627.2015.1009773

Nishida, Y., Arakawa, S., Fujitani, K., Yamaguchi, H., Mizuta, T., Kanaseki, T., et al.
(2009). Discovery of Atg5/Atg7-independent alternative macroautophagy. Nature 461
(7264), 654–658. doi:10.1038/nature08455

Niu, N., Li, H., Du, X., Wang, C., Li, J., Yang, J., et al. (2022). Effects of NRF-1 and
PGC-1α cooperation on HIF-1α and rat cardiomyocyte apoptosis under hypoxia. Gene
834, 146565. doi:10.1016/j.gene.2022.146565

Noda, N. N., Satoo, K., Fujioka, Y., Kumeta, H., Ogura, K., Nakatogawa, H., et al.
(2011). Structural basis of Atg8 activation by a homodimeric E1, Atg7.Mol. Cell 44 (3),
462–475. doi:10.1016/j.molcel.2011.08.035

Ogura, K., Okada, T., Mitani, S., Gengyo-Ando, K., Baillie, D. L., Kohara, Y., et al.
(2010). Protein phosphatase 2A cooperates with the autophagy-related kinase UNC-51
to regulate axon guidance in Caenorhabditis elegans. Development 137 (10), 1657–1667.
doi:10.1242/dev.050708

Park, E. J., Lee, Y. M., Oh, T. I., Kim, B. M., Lim, B. O., and Lim, J. H. (2017). Vanillin
suppresses cell motility by inhibiting STAT3-mediated HIF-1α mRNA expression in
malignant melanoma cells. Int. J. Mol. Sci. 18 (3), 532. doi:10.3390/ijms18030532

Qian, H., Natsuaki, Y., Koga, H., Kawakami, T., Tateishi, C., Tsuruta, D., et al. (2021).
The second study of clinical and immunological findings in anti-laminin 332-type
mucous membrane pemphigoid examined at kurume university-diagnosis criteria
suggested by summary of 133 cases. Front. Immunol. 12, 771766. doi:10.3389/
fimmu.2021.771766

Qin, Y., Rodin, S., Simonson, O. E., and Hollande, F. (2017). Laminins and cancer stem
cells: partners in crime?. Semin. Cancer Biol. 45, 3–12. doi:10.1016/j.semcancer.2016.07.004

Qiu, Y., Zheng, Y., Grace, C. R. R., Liu, X., Klionsky, D. J., and Schulman, B. A. (2020).
Allosteric regulation through a switch element in the autophagy E2, Atg3. Autophagy 16
(1), 183–184. doi:10.1080/15548627.2019.1688550

Romanov, J., Walczak, M., Ibiricu, I., Schüchner, S., Ogris, E., Kraft, C., et al. (2012).
Mechanism and functions of membrane binding by the Atg5-Atg12/Atg16 complex during
autophagosome formation. Embo J. 31 (22), 4304–4317. doi:10.1038/emboj.2012.278

Rustenhoven, J., Tanumihardja, C., and Kipnis, J. (2021). Cerebrovascular anomalies:
perspectives from immunology and cerebrospinal fluid flow. Circ. Res. 129 (1), 174–194.
doi:10.1161/circresaha.121.318173

Shadab, M., Millar, M.W., Slavin, S. A., Leonard, A., Fazal, F., and Rahman, A. (2020).
Autophagy protein ATG7 is a critical regulator of endothelial cell inflammation and
permeability. Sci. Rep. 10 (1), 13708. doi:10.1038/s41598-020-70126-7

Shao, A., Lang, Y., Wang, M., Qin, C., Kuang, Y., Mei, Y., et al. (2020). Bclaf1 is a direct
target of HIF-1 and critically regulates the stability of HIF-1α under hypoxia. Oncogene
39 (13), 2807–2818. doi:10.1038/s41388-020-1185-8

Siracusa, R., D’Amico, R., Cordaro, M., Peritore, A. F., Genovese, T., Gugliandolo, E.,
et al. (2021). The methyl ester of 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid
reduces endometrial lesions development by modulating the NFkB and
Nrf2 pathways. Int. J. Mol. Sci. 22 (8), 3991. doi:10.3390/ijms22083991

Starr, T., Child, R., Wehrly, T. D., Hansen, B., Hwang, S., López-Otin, C., et al. (2012).
Selective subversion of autophagy complexes facilitates completion of the Brucella
intracellular cycle. Cell Host Microbe 11 (1), 33–45. doi:10.1016/j.chom.2011.12.002

Sun, Y., Cheng, G., Du, L., Gan, Y., Li, B., Yan, S., et al. (2022). Chuanzhitongluo
capsule ameliorates microcirculatory dysfunction in rats: efficacy evaluation and
metabolic profiles. Front. Pharmacol. 13, 1011333. doi:10.3389/fphar.2022.1011333

Taherbhoy, A. M., Tait, S. W., Kaiser, S. E., Williams, A. H., Deng, A., Nourse, A., et al.
(2011). Atg8 transfer from Atg7 to Atg3: a distinctive E1-E2 architecture and mechanism in
the autophagy pathway. Mol. Cell 44 (3), 451–461. doi:10.1016/j.molcel.2011.08.034

Tian, D., Xiang, Y., Tang, Y., Ge, Z., Li, Q., and Zhang, Y. (2020). Circ-ADAM9
targeting PTEN and ATG7 promotes autophagy and apoptosis of diabetic endothelial
progenitor cells by sponging mir-20a-5p. Cell Death Dis. 11 (7), 526. doi:10.1038/
s41419-020-02745-x

Tohmatsu, Y., Imura, J., Sakai, T., Takagi, K., Minamisaka, T., Tanaka, S., et al. (2021).
Expression of laminin-5 gamma 2 chain predicts invasion of extramammary Paget’s
disease cell. Apmis 129 (1), 3–8. doi:10.1111/apm.13086

Torisu, T., Torisu, K., Lee, I. H., Liu, J., Malide, D., Combs, C. A., et al. (2013).
Autophagy regulates endothelial cell processing, maturation and secretion of von
Willebrand factor. Nat. Med. 19 (10), 1281–1287. doi:10.1038/nm.3288

Urbańska, K., and Orzechowski, A. (2021). The secrets of alternative autophagy. Cells
10 (11), 3241. doi:10.3390/cells10113241

Wang, D., Zhang, J., Lu, Y., Luo, Q., and Zhu, L. (2016). Nuclear respiratory factor-1
(NRF-1) regulated hypoxia-inducible factor-1α (HIF-1α) under hypoxia in HEK293T.
IUBMB Life 68 (9), 748–755. doi:10.1002/iub.1537

Wang, G., Lin, F., Wan, Q., Wu, J., and Luo, M. (2021). Mechanisms of action of
metformin and its regulatory effect on microRNAs related to angiogenesis. Pharmacol.
Res. 164, 105390. doi:10.1016/j.phrs.2020.105390

Wang, H. J., Wei, J. Y., Liu, D. X., Zhuang, S. F., Li, Y., Liu, H., et al. (2018).
Endothelial Atg7 deficiency ameliorates acute cerebral injury induced by ischemia/
reperfusion. Front. Neurol. 9, 998. doi:10.3389/fneur.2018.00998

Wang, L., Klionsky, D. J., and Shen, H. M. (2022). The emerging mechanisms and
functions of microautophagy.Nat. Rev. Mol. Cell Biol. 24, 186–203. doi:10.1038/s41580-
022-00529-z

Wirawan, E., Vande Walle, L., Kersse, K., Cornelis, S., Claerhout, S., Vanoverberghe,
I., et al. (2010). Caspase-mediated cleavage of Beclin-1 inactivates Beclin-1-induced
autophagy and enhances apoptosis by promoting the release of proapoptotic factors
from mitochondria. Cell Death Dis. 1 (1), e18. doi:10.1038/cddis.2009.16

Yamaguchi, M., Satoo, K., Suzuki, H., Fujioka, Y., Ohsumi, Y., Inagaki, F., et al. (2018).
Atg7 activates an autophagy-essential ubiquitin-like protein Atg8 through multi-step
recognition. J. Mol. Biol. 430 (3), 249–257. doi:10.1016/j.jmb.2017.12.002

Yao, H., Li, J., Liu, Z., Ouyang, C., Qiu, Y., Zheng, X., et al. (2022). Ablation of
endothelial Atg7 inhibits ischemia-induced angiogenesis by upregulating Stat1 that
suppresses Hif1a expression. Autophagy 19, 1491–1511. doi:10.1080/15548627.2022.
2139920

Ye, Y., Li, X., Wang, W., Ouedraogo, K. C., Li, Y., Gan, C., et al. (2014).
Atg7 deficiency impairs host defense against Klebsiella pneumoniae by impacting
bacterial clearance, survival and inflammatory responses in mice. Am. J. Physiol.
Lung Cell Mol. Physiol. 307 (5), L355–L363. doi:10.1152/ajplung.00046.2014

Ye, Y., Tan, S., Zhou, X., Li, X., Jundt, M. C., Lichter, N., et al. (2015). Inhibition of
p-iκbα ubiquitylation by autophagy-related gene 7 to regulate inflammatory responses
to bacterial infection. J. Infect. Dis. 212 (11), 1816–1826. doi:10.1093/infdis/jiv301

Yoshida, A., Yoshida, S., Khalil, A. K., Ishibashi, T., and Inomata, H. (1998). Role of
NF-kappaB-mediated interleukin-8 expression in intraocular neovascularization.
Invest. Ophthalmol. Vis. Sci. 39 (7), 1097–1106.

Yousefi, S., Perozzo, R., Schmid, I., Ziemiecki, A., Schaffner, T., Scapozza, L., et al.
(2006). Calpain-mediated cleavage of Atg5 switches autophagy to apoptosis. Nat. Cell
Biol. 8 (10), 1124–1132. doi:10.1038/ncb1482

Yu, Z., Gao, J., Zhang, X., Peng, Y., Wei, W., Xu, J., et al. (2022). Characterization of a
small-molecule inhibitor targeting NEMO/IKKβ to suppress colorectal cancer growth.
Signal Transduct. Target Ther. 7 (1), 71. doi:10.1038/s41392-022-00888-1

Zhang, Q., Jia, M., Wang, Y., Wang, Q., and Wu, J. (2022). Cell death mechanisms in
cerebral ischemia-reperfusion injury. Neurochem. Res. 47 (12), 3525–3542. doi:10.1007/
s11064-022-03697-8

Zhang, Y., Cao, Y., and Liu, C. (2020). Autophagy and ischemic stroke.Adv. Exp. Med.
Biol. 1207, 111–134. doi:10.1007/978-981-15-4272-5_7

Zhu, J., Huang, J., Dai, D., Wang, X., Gao, J., Han, W., et al. (2019). Recombinant
human interleukin-1 receptor antagonist treatment protects rats from myocardial
ischemia-reperfusion injury. Biomed. Pharmacother. 111, 1–5. doi:10.1016/j.biopha.
2018.12.031

Zhuang, S. F., Liu, D. X.,Wang, H. J., Zhang, S. H.,Wei, J. Y., Fang,W. G., et al. (2017).
Atg7 regulates brain angiogenesis via NF-κB-Dependent IL-6 production. Int. J. Mol.
Sci. 18 (5), 968. doi:10.3390/ijms18050968

Frontiers in Pharmacology frontiersin.org10

Chen et al. 10.3389/fphar.2023.1266311

https://doi.org/10.1056/NEJMra2022774
https://doi.org/10.1080/15548627.2020.1766332
https://doi.org/10.1038/s41467-020-15287-9
https://doi.org/10.1080/15548627.2015.1009773
https://doi.org/10.1038/nature08455
https://doi.org/10.1016/j.gene.2022.146565
https://doi.org/10.1016/j.molcel.2011.08.035
https://doi.org/10.1242/dev.050708
https://doi.org/10.3390/ijms18030532
https://doi.org/10.3389/fimmu.2021.771766
https://doi.org/10.3389/fimmu.2021.771766
https://doi.org/10.1016/j.semcancer.2016.07.004
https://doi.org/10.1080/15548627.2019.1688550
https://doi.org/10.1038/emboj.2012.278
https://doi.org/10.1161/circresaha.121.318173
https://doi.org/10.1038/s41598-020-70126-7
https://doi.org/10.1038/s41388-020-1185-8
https://doi.org/10.3390/ijms22083991
https://doi.org/10.1016/j.chom.2011.12.002
https://doi.org/10.3389/fphar.2022.1011333
https://doi.org/10.1016/j.molcel.2011.08.034
https://doi.org/10.1038/s41419-020-02745-x
https://doi.org/10.1038/s41419-020-02745-x
https://doi.org/10.1111/apm.13086
https://doi.org/10.1038/nm.3288
https://doi.org/10.3390/cells10113241
https://doi.org/10.1002/iub.1537
https://doi.org/10.1016/j.phrs.2020.105390
https://doi.org/10.3389/fneur.2018.00998
https://doi.org/10.1038/s41580-022-00529-z
https://doi.org/10.1038/s41580-022-00529-z
https://doi.org/10.1038/cddis.2009.16
https://doi.org/10.1016/j.jmb.2017.12.002
https://doi.org/10.1080/15548627.2022.2139920
https://doi.org/10.1080/15548627.2022.2139920
https://doi.org/10.1152/ajplung.00046.2014
https://doi.org/10.1093/infdis/jiv301
https://doi.org/10.1038/ncb1482
https://doi.org/10.1038/s41392-022-00888-1
https://doi.org/10.1007/s11064-022-03697-8
https://doi.org/10.1007/s11064-022-03697-8
https://doi.org/10.1007/978-981-15-4272-5_7
https://doi.org/10.1016/j.biopha.2018.12.031
https://doi.org/10.1016/j.biopha.2018.12.031
https://doi.org/10.3390/ijms18050968
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1266311


Glossary

ATG7 autophagy related 7

ATGs autophagy-related genes

LC3 microtubule-associated protein 1 light chain 3

ATG4 autophagy related 4

ATG5 autophagy related 5

ATG8 autophagy related 8

ATG10 autophagy related 10

ATG12 autophagy related 12

ATG16 autophagy related 16

NTD N-terminal domain

CTD C-terminal domain

ECTD extreme C-terminal ATG7-specific domain

AD homodimeric adenylation domain

PE phosphatidylethanolamine

CNS central nervous system

IS ischemic stroke

HBMECs human brain microvascular endothelial cells

IL-6 interleukin-6

NF-κB nuclear factor-kappa B

CIS cerebral ischemic stroke

I/R ischemia/reperfusion

CIRI cerebral ischemia-reperfusion injury

IL-1β interleukin-1beta

IL-8 interleukin-8

TNF-α tumor necrosis factor alpha

STAT1 signal transducer and activator of transcription 1

STAT3 signal transducer and activator of transcription 3

IRF9 interferon regulatory factor 9

NRF1 nuclear respiratory factor 1

BCLAF1 BCL2 associated transcription factor 1

HUVECs human umbilical vein endothelial cells

KPNB1 karyopherin subunit beta 1

HPAECs human pulmonary artery endothelial cells

VCAM-1 vascular cell adhesion molecule 1

ICAM-1 intercellular adhesion molecule 1

NIK mitogen-activated protein kinase kinase kinase 14

AKT protein kinase B

MEKK MAPK/ERK kinase kinase family protein

COT/TPL-2 mitogen-activated protein kinase kinase kinase 8

TAK1 TGF-beta activated kinase 1

MCF7 human breast cancer cell line
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