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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway
annotations are authored by expert biologists, in collaboration with Reactome editorial staff and cross-
referenced to many bioinformatics databases. A system of evidence tracking ensures that all assertions
are backed up by the primary literature. Reactome is used by clinicians, geneticists, genomics research-
ers, and molecular biologists to interpret the results of high-throughput experimental studies, by bioin-
formaticians seeking to develop novel algorithms for mining knowledge from genomic studies, and by
systems biologists building predictive models of normal and disease variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41
HG003751), University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and
the European Molecular Biology Laboratory (EBI Industry program).
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Analysis properties

« This is an overrepresentation analysis: A statistical (hypergeometric distribution) test that determ-
ines whether certain Reactome pathways are over-represented (enriched) in the submitted data. It
answers the question ‘Does my list contain more proteins for pathway X than would be expected by
chance?’ This test produces a probability score, which is corrected for false discovery rate using the
Benjamani-Hochberg method. See more

+ 39 out of 39 identifiers in the sample were found in Reactome, where 1141 pathways were hit by at
least one of them.

+ All non-human identifiers have been converted to their human equivalent. 7

« IntActinteractors were included to increase the analysis background. This greatly increases the size
of Reactome pathways, which maximises the chances of matching your submitted identifiers to the
expanded pathway, but will include interactors that have not undergone manual curation by Re-
actome and may include interactors that have no biological significance, or unexplained relevance.

« This report is filtered to show only results for species 'Homo sapiens' and resource 'all resources'.

« The unique ID for this analysis (token) is MjAyMjASMDEwWNDA3MzZfMzEyNTc%3D. This ID is valid
for at least 7 days in Reactome’s server. Use it to access Reactome services with your data.
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Autophagy 7

Stable identifier: R-HSA-9612973
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Autophagy is an intracellular degradation process that is triggered by cellular stresses. There are three
primary types of autophagy - macroautophagy, chaperone-mediated autophagy (CMA) and late endo-
somal microautophagy. Despite being morphologically distinct, all three processes culminate in the de-
livery of cargo to the lysosome for degradation and recycling (Parzych KR et al, 2014). In macroauto-
phagy a double membrane compartment sequesters the cargo and delivers it to the lysosome. Chaper-
ones are used to deliver specific cargo proteins to the lysosome in CMA. In microautophagy invagina-
tions of the endosomal membrane are used to capture cargo from the cytosol. Autophagy can target a
wide range of entities ranging from bulk proteins and lipids to cell organelles and pathogens giving rise
to several subclasses such as mitophagy, lipophagy, xenophagy, etc. (Shibutani ST 2014 et al).

Literature references
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Macroautophagy 7~

Location: Autophagy

Stable identifier: R-HSA-1632852

Macroautophagy (hereafter referred to as autophagy) acts as a buffer against starvation by liberating
building materials and energy sources from cellular components. It has additional roles in embryonic
development, removal of apoptotic cells or organelles, antigen presentation, protection against toxins
and as a degradation route for aggregate-prone proteins and infectious agents. The dysregulation of auto-
phagy is involved in several human diseases, for example, Crohn's disease, cancer and neurodegenera-
tion (Ravikumar et al. 2010).

Autophagy is highly conserved from yeast to humans; much of the machinery was first identified in yeast
(see Klionsky et al. 2011). Initially, double-membraned cup-shaped structures called the isolation mem-
brane or phagophore engulf portions of cytoplasm. The membranes fuse to form the autophagosome. In
yeast cells, autophagosomes are formed at the phagophore assembly site (PAS) next to the vacuole. In
mammals, autophagosomes appear throughout the cytoplasm then move along microtubules towards
the microtubule-organising centre. This transport requires microtubules and the function of dynein mo-
tor proteins; depolymerization of microtubules or inhibition of dynein-dependent transport results in in-
hibition of autophagy (Kochl et al. 2006, Kimura et al. 2008). Autophagosomes fuse with lysosomes form-
ing autolysosomes whose contents are degraded by lysosomal hydrolases (Mizushima et al. 2011).

The origins of the autophagosomal membrane and the incorporation of existing membrane material
have been extensively debated. The endoplasmic reticulum (ER), mitochondria, mitochondria-associated
ER membranes (MAMs), the Golgi, the plasma membrane and recycling endosomes have all been implic-
ated in the nucleation of the isolation membrane and subsequent growth of the membrane (Lamb et al.
2013). Recently 3D tomographic imaging of isolation membranes has shown the cup-shaped isolation
membrane tightly sandwiched between two sheets of ER and physically connected to the ER through a
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narrow membrane tube (Hayashi-Nishino et al. 2009, Yla-Anttila et al. 2009). This suggests that isolation
membrane formation and elongation are guided by adjacent ER sheets, supporting the now prevalent 'ER
cradle' model, which suggests that the isolation membrane arises from the ER (Hayashi-Nishino et al.
2009, Shibutani & Yoshimori 2014).

Autophagy is tightly regulated. The induction of autophagy in response to starvation is partly mediated
by inactivation of the mammalian target of rapamycin (mTOR) (Noda & Ohsumi 1998) and activation of
Jun N-terminal kinase (JNK), while energy loss induces autophagy by activation of AMP kinase (AMPK).
Other pathways regulating autophagy are regulated by calcium, cyclic AMP, calpains and the inositol tri-
sphosphate (IP3) receptor (Rubinsztein et al. 2012).

In mammals, two complexes cooperatively produce the isolation membrane. The ULK complex consists
of ULK1/2, ATG13, (FIP200) and ATG101 (Alers et al. 2012). The PIK3C3-containing Beclin-1 complex con-
sists of PIK3C3 (Vps34), BECN1 (Beclin-1, Atg6), PIK3R4 (p150, Vps15) and ATG14 (Barkor) (Matsunaga et
al. 2009, Zhong et al. 2009). A similar complex where ATG14 is replaced by UVRAG functions later in
autophagosome maturation and endocytic traffic (Itakura et al. 2008, Liang et al. 2008). Binding of KI-
AA0226 to this complex negatively regulates the maturation process (Matsunaga et al. 2009). The ULK and
Beclin-1 complexes are recruited to specific autophagosome nucleation regions where they stimulate
phosphatidylinositol-3-phosphate (PI3P) production and facilitate the elongation and initial membrane
curvature of the phagophore membrane (Carlsson & Simonsen 2015).

The ULK complex is considered the most upstream component of the mammalian autophagy pathway
(Ttakura & Mizushima 2010), acting as an integrator of the autophagy signals downstream of mTORCL. It
is not fully understood how ULK1 is modulated in response to environmental cues. Phosphorylation
plays an essential role (Dunlop & Tee 2013) but it is not clear how phosphorylation regulates ULK1 activ-
ities (Ravikumar et al. 2010). ULK1 kinase activity is required for autophagy, but the substrate(s) of ULK1
that mediate its autophagic function are not certain. ULK1 may also have kinase-independent functions
in autophagy (Wong et al. 2013).

PIK3C3 (Vps34) is a class III phosphatidylinositol 3-kinase that produces PI3P. It is essential for the early
stages of autophagy and colocalizes strongly with early autophagosome markers (Axe et al. 2008). BECN1
binds several further proteins that affect autophagosome formation. Partners that induce autophagy in-
clude AMBRAL1 (Fimia et al. 2007), UVRAG (Liang et al. 2006) and SH3GLB1 (Takahashi et al. 2007). Bind-
ing of BCL2 or BCL2L1 (Bcl-xL) inhibit autophagy (Pattingre et al. 2005, Ciechomska et al. 2009). The inos-
itol 1,4,5-trisphosphate receptor complex that binds BCL2 also interacts with BECN1, inhibiting auto-
phagy (Vincencio et al. 2009). CISD2 (Nutrient-deprivation autophagy factor-1, NAF1), a component in
the IP3R complex, interacts with BCL2 at the ER and stabilizes the BCL2-BECN1 interaction (Chang et al.
2010). Starvation leads to activation of c-Jun NH2-terminal kinase-1 (JNK1), which results in the phos-
phorylation of BCL2 and BCL2L1, which release their binding to BECN1 and thus induces autophagosome
formation (Wei et al. 2008).

AMBRALI can simultaneously bind dynein and the Beclin-1 complex. During nutrient starvation, AM-
BRAL is phosphorylated in a ULK1-dependent manner (Di Bartolomeo et al. 2010). This phosphorylation
releases AMBRA1-associated Beclin-1 complexes from dynein and the microtubule network, freeing the
complex to translocate to autophagy initiation sites (Di Bartolomeo et al. 2010).

A characteristic of this early phase of autophagosome formation is the formation of PI3P-enriched ER-as-
sociated structures called omegasomes (Axe et al. 2008) or cradles (Hayashi-Nishino et al. 2009). Omegas-
omes appear to concentrate at or near the connected mitochondria-associated ER membrane (Hamasaki
et al. 2013). However, the phagophore also can incorporate existing material from other membrane
sources such as ER exit sites (ERES), the ER-Golgi intermediate compartment (ERGIC), the Golgi, the
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plasma membrane and recycling endosomes (Carlsson & Simonsen 2015). Omegasomes lead to the form-
ation of the isolation membrane or phagophore, which is thought to form de novo by an unknown mech-
anism (Simonsen & Stenmark 2008, Roberts & Ktistakis 2013). Phagophore expansion is probably medi-
ated by membrane uptake from endomembranes and semi-autonomous organelles (Lamb et al. 2013,
Shibutani & Yoshimori 2014).

ATG9 is a direct target of ULK1. In nutrient-rich conditions mammalian ATG9 is localized to the trans-
Golgi network and endosomes (including early, late and recycling endosomes), whereas under starvation
conditions it is localized to autophagosomes, in a process that is dependent on ULK1 (Young et al. 2006).
ATGS9 is believed to play a role in the delivery of vesicles derived from existing membranes to the expand-
ing phagophore (Lamb et al. 2013). Yeast Atg9 forms a complex with Atg2 and Atgl8 (Reggiori et al. 2004).

PI3P produced at the initiation site is sensed by WIPI2b, the mammalian homologue of Atgl18 (Polson et
al. 2010). WIPI2b then recruits Atgl6L1 (Dooley et al. 2014). There are four WIPI proteins in mammalian
cells (Proikas-Cezanne et al. 2015). They are all likely bind PI3P and be recruited to membranes but the
function of WIPI1, 3 and 4 in autophagy is not yet clear. WIPI4 (WDR45) has been shown to bind Atg2 and
to be involved in lipid droplet formation (Velikkakath et al. 2012); mutations in WIPI4 have been shown
to cause a neurodegenerative disease (Saitsu et al. 2013).

The elongation of the membrane that will become the autophagosome is regulated by two ubiquitination-
like reactions. First, the ubiquitin-like molecule ATG12 is conjugated to ATGS by ATG7, which acts as an
El-like activating enzyme, and ATG10, which has a role similar to an E2 ubiquitin-conjugating enzyme.
The ATG5:ATG12 complex then interacts non-covalently with ATG16L1. This complex associates with the
forming autophagosome but dissociates from completed autophagosomes (Geng & Klionski 2008). The
second ubiquitin-like reaction involves the conjugation of ubiquitin-like molecules of the LC3 family
(Weidberg et al. 2010). LC3 proteins are conjugated through their C-terminal glycine residues with PE by
the El-like ATG7 and E2-like ATG3. This allows LC3 proteins to associate with the autophagosome mem-

brane.

The ATG12:ATG5:ATG16L1 complex (Mizushima et al., 2011) acts as an E3 like enzyme for the conjuga-
tion of LC3 family proteins (mammalian homologues of yeast Atg8) to phosphatidylethanolamine (PE)
(Hanada et al. 2007, Fujita et al. 2008). LC3 PE can be deconjugated by the protease ATG4 (Li et al. 2011,
2012). ATG4 is also responsible for priming LC3 proteins by cleaving the C terminus to expose a glycine
residue (Kirisako et al, 2000, Scherz Shouval et al. 2007). LC3 proteins remain associated with autophago-
somes until they fuse with lysosomes. The LC3-like proteins inside the resulting autolysosomes are de-
graded, while those on the cytoplasmic surface are delipidated and recycled. ATG5:ATG12:ATG16L1-pos-
itive LC3-negative vesicles represent pre-autophagosomal structures (pre-phagophores and possibly
early phagophores), ATG5:ATG12:ATG16L1-positive LC3-positive structures can be considered to be
phagophores, and ATG5:ATG12:ATG16L1-negative LC3-positive vesicles can be regarded as mature auto-
phagosomes (Tandia et al. 2011).

Phagophore expansion is probably mediated by membrane uptake from endomembranes as well as from
semiautonomous organelles (Lamb et al. 2013, Shibutani & Yoshimori 2014).

The mechanisms involved in the closure of the phagophore membrane are poorly understood. As the
phagophore is a double-membraned structure, its closure involves the fusion of a narrow opening, a pro-
cess that is distinct from other membrane fusion events (Carlsson & Simonsen 2015). The topology of the
phagophore is similar to that of cytokinesis, viral budding or multivesicular body (MVB) formation.
These processes rely on the Endosomal Sorting Complex Required for Transport (ESCRT) (Rusten et al.
2012). ESCRT and associated proteins facilitate membrane budding away from the cytosol and sub-
sequent cleavage of the bud neck (Hurley & Hanson 2010). Several studies have shown that depletion of
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ESCRT subunits or the regulatory ATPase Vps4 causes an accumulation of autophagosomes (Filimonenko
et al. 2007, Rusten et al. 2007) but it is not clear whether ESCRTs are required for autophagosome closure
or for autophagosome to endosome fusion. UVRAG is also involved in the maturation step, recruiting
proteins that bring about membrane fusion such as the class C Vps proteins, which activate Rab7 thereby
promoting fusion with late endosomes and lysosomes (Liang et al. 2008).
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Chaperone Mediated Autophagy 7
Location: Autophagy
Stable identifier: R-HSA-9613829

Compartments: lysosomal lumen, cytosol, lysosomal membrane

In contrary to the vesicle-mediated macroautophagy, the chaperone mediated mechanism of autophagy
selectively targets individual proteins to the lysosome for degradation. Chaperones bind intracellular
proteins based on recognition motifs and transports them from the cytosol to the lysosomal membrane.
Subsequently, the protein is translocated into the lumen for digestion (Cuervo A M et al. 2014, Kaushik S
et al. 2018).

Literature references
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Late endosomal microautophagy

Location: Autophagy
Stable identifier: R-HSA-9615710

Compartments: phagocytic vesicle, cytosol

Substrates for chaperone
mediated autophagy

PL:HSPAS: Autophagysubstrate

late endosome lumen

Microautophagy (MI) is a non-selective autophagic pathway that involves internalisation of cytosolic
cargo through invaginations of the lysosomal membrane. MI can be induced by nitrogen starvation and
complements other related self-eating processes such as Macroautophagy (MA) and Chaperone Mediated
Autophagy (CMA). MI can degrade cell organelles and bulk cytosolic proteins directly via the lysosome
and late endosome. MI can also target substrates with KFERQ motifs with the help of HSPA8 (Li W W et
al. 2012).
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