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Alfy-dependent elimination of aggregated proteins by macroautophagy
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egradation of different cargo by

macroautophagy is emerging as
a highly selective process which relies
upon specific autophagy receptors and
adapter molecules that link the cargo
with the autophagic molecular machin-
ery. We have recently reported that the
large phsophatidylinositol-3-phosphate
(PtdIns(3)P)-binding  protein  Alfy
(Autophagy-linked FYVE protein) is
required for selective degradation of
aggregated proteins. Although deple-
tion of Alfy inhibits Atg5-dependent
aggregate degradation, overexpression of
Alfy results in Atg5-dependent aggregate
clearance and neuroprotection. Alfy-
mediated degradation requires the abil-
ity of Alfy to directly interact with Atg5.
This ability to interact with the core
autophagic machinery may cause Alfy to
diminish the responsiveness to nonselec-
tive autophagic degradation as measured
by long-lived protein degradation. Thus,
increasing Alfy-mediated protein degra-
dation may be beneficial in some organs,
but may be detrimental in others.

Introduction

Macroautophagy is the process whereby
cytoplasmic constituents become seques-
tered by expansion of a de novo synthesized
phagophore membrane, which closes to
form a double-membrane autophagosome.
To achieve degradation of the sequestered
cargo, the autophagosome must fuse with
the lysosome either directly or after fus-
ing with vesicles of the endocytic pathway.
Long considered a nonselective pathway
induced in response to cellular stresses
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such as starvation, there is growing evi-
dence that autophagic processes are also
highly selective quality control mecha-
nisms whose basal levels are important to
maintain cellular health.'?

In mammalian systems, the mecha-
nisms that drive cargo selection for selec-
tive degradation by macroautophagy
are currently an area of intense study.
Opverall, the emerging model very much
echoes a pathway previously described
in yeast known as cytoplasm to vacu-
ole targeting (Cvt).*> Briefly, Cvt is the
means by which the vacuolar enzymes
aminopeptidase I and alpha-mannosidase
are trafficked to the vacuole after being
sequestered into small autophagosome-
like vesicles. Sequestration involves an
interplay between the core autophagic
machinery, the specific cargo receptor
Atgl9 and the specificity adaptor Atgll,
which together, connect the cargo to the
molecular machinery that builds the auto-

4 In mammalian

phagosome. systems,
the list of autophagy receptors for dif-
ferent cargo continues to grow, and cur-
rently includes p62/SQSTMI1, NBRI,
NIX and NDP52.®* The autophagy
receptors all contain two key domains:
an LC3-interacting region (LIR) or
LC3-recognition sequence (LRS) that
permits interaction with the Atg8 fam-
ily members MAPILC3, GABARAP,
GEC1/GABARAPL1 and GATE-16/
GABARAPL2, and a cargo recognition
domain. For example, the best studied
autophagy receptor, p62, contains a LIR
and a ubiquitin-binding UBA domain,*°
Through its UBA domain, p62 inter-

acts with various ubiquitinated cargoes
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Figure 1. Modulation of Alfy levels permits starvation-mediated macroautophagy, but modulates
the degree of proteolysis in response to starvation. (A) Long-lived protein degradation (LLPD)
upon depletion of Alfy by siRNA. HeLa cells were transfected with a scramble siRNA sequence
(siCtrl) or a sequence against Alfy (siAlfy). 48 h later, long-lived proteins were labeled with ['*C]-
valine. Cells were placed in complete media (CM), Hank’s Basic Salt Solution (HBSS) with 10 mM
HEPES (Starve) or HBSS with 10 mM HEPES plus 10 mM 3-methyladenine (Starve+3MA). Under

all conditions 10 mM cold valine was also supplemented. After 4 to 6 h, cells were collected and
processed by TCA precipitation and measured for proteolysis as previously described in refer-
ence 20. ANOVA revealed that upon Alfy depletion there was a significant increase of proteolysis
=5.430; *p = 0.0294). There was no significant difference
=0.101; p = 0.9782) or starvation + 3MA treated (Starve+3MA, F
1.999; p = 0.2071) conditions (N.S. = ‘not significant’). In both siCtrl and siAlfy transfected cells,
starvation led to a significant increase in % proteolysis (siCtrl, p = 0.0207; siAlfy, p = 0.0001) but
not in the presence of 3MA (siCtrl, p = 0.8878; siAlfy, p = 0.45). (B) LLPD upon overexpression of
Alfy. HeLa cells were transfected with an empty vector (Mock) or a vector encoding the p62- and
Atg5-binding C terminus of Alfy (amino acids 2,285-3,526) that was previously shown to increase
aggregate-clearance (Alfy C).2° LLPD was monitored as described in (A). ANOVA revealed that
overexpression of Alfy leads to significantly less proteolysis upon starvation (Starve, F , = 8.047;
*p = 0.0470). There was no significant difference under unstarved (CM, F
=0.510; p = 0.5145) conditions. In both Mock and Alfy
C transfected cells, starvation led to a significant increase in % proteolysis (Mock, p = 0.0001; Alfy
C, p =0.0221) which was significantly inhibited by 3MA (Mock, p = 0.001; Alfy C, p = 0.0473).
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including protein aggregates, the mid-
body remnants formed after cytokinesis,"
1314 mitochondria,” intracel-
and ribosomal proteins.'®
In contrast to autophagy receptors, the
mammalian specificity adaptors have
remained largely unidentified. Specificity
adaptors function as scaffolding pro-
teins that bring the cargo-receptor com-
plex in contact with the core autophagic

peroxisomes,

lular bacteria'®"’
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machinery to allow the autophagic mem-
brane to form around the cargo. In Cvt,
Atgll transports the cargo-receptor com-
plex to the preautophagosomal structure
(PAS) prior to binding to Atg8. Atgl1 also
interacts with the core Atg proteins Atg9
and Atgl-13 kinase complex.! We pro-
pose that Alfy may be a critical specificity
adaptor for the elimination for ubiquiti-
nated protein aggregates.
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Alfy/WDFY3

Alfy (also known as WDFY3) is a 400
kDa protein that is ubiquitously expressed
in mammalian tissue although most
abundantly in the brain. Alfy predomi-
nantly localizes to the nucleus and nuclear
membrane under basal conditions, but
is recruited to cytoplasmic ubiquitin-
positive protein aggregates under stress
conditions.”* Alfy is also recruited to
nuclear protein aggregates such as mutant
Ataxin-1 and to promyelocytic leukemia
(PML) nuclear bodies.?*?!

A role for Alfy in macroautophagy-
mediated protein aggregate degradation
(aggrephagy for short) was suggested by
its colocalization with the autophagic
markers Atg5 and Atg8/LC3,"” and from
studies of Drosophila lacking the Alfy
homologue Blue Cheese (bchs), which
are adult viable, but have a reduced life
span accompanied by an accelerated
accumulation of ubiquitinated proteins
and neuronal degeneration.”? Recently,
we reported that Alfy is required for
the
cytoplasmic protein aggregates associ-
ated with Huntington disease (HD)
and Parkinson disease (PD), but is not
required for bulk macroautophagic deg-

macroautophagic  degradation of

radation under starvation conditions.?
Co-immunoprecipitation and colocaliza-
tion studies indicate that Alfy scaffolds
a complex containing the p62-positive,
ubiquitinated, aggregation-prone protein
and the core autophagy proteins Atg5,
Atgl2, Atgl6 and LC3. Most interest-
ingly, overexpression of Alfy (or bchs)
decreases the number of protein inclu-
sions and protects cells from expanded
polyglutamine toxicity in an autophagy-
dependent manner in both a primary
neuronal HD model and a Drosophila eye
model of polyglutamine toxicity.
Although there are no known func-
tional domains in the N-terminal two
thirds of Alfy, its C terminus contains
several domains including a PH-BEACH
domain assemblage, five WD40 repeats
and a  PudIns(3)P-binding FYVE
domain.” The BEACH domain, first
identified in the mouse beige and the
human Chediak-Higashi syndrome pro-
teins (beige and CHS), is highly con-
served and generally found in large
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Figure 2. Schematic comparison of selective macroautophagy of aggregate-prone proteins (aggrephagy) and nonselective macroautophagy. Aggre-
gate-prone proteins become ubiquitinated and start to oligomerize. The ubiquitin-binding autophagy receptor p62, together with the large scaffold-
ing protein Alfy, drives the formation of larger aggregates that are targeted for autophagic degradation through interaction of p62 and Alfy with the
core autophagic machinery (LC3 and the Atg12-5 complex, respectively). Alfy also binds to PtdIns(3)P in the autophagic membrane and may facilitate
binding of Atg12-5 to the membrane-associated Atg16, creating the Atg12-5-Atg16 complex, which might work as an E3-like ligase to permit LC3 con-
jugation to PE in the membrane, and autophagosomes to form closely around the inclusion. Alfy becomes recruited from the nucleus to cytoplasmic
protein aggregates formed upon cellular stress in a p62-dependent manner. Whereas overexpression of Alfy or its p62-, Atg5- and PtdIns(3)P-binding
C terminus leads to increased aggrephagy and decreased nonselective starvation-induced macroautophagy, depletion of Alfy has the opposite effect.
Thus, nucleocytoplasmic shuttling of Alfy might be a way to regulate the level of aggrephagy versus nonselective macroautophagy.

proteins (greater than 2,000 amino acids)
involved in vesicle trafficking, membrane
dynamics and receptor signaling.**** The
functional role of the BEACH domain is
unclear, however studies indicate that its
presence is required to maintain the func-
tionality of BEACH-domain containing
proteins. The BEACH domain is associ-
ated with a PH (pleckstrin homology)-like
domain, and structural and functional
studies suggest that a prominent groove
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at the interface between these domains
may be used to recruit their binding part-
ners.”*® We have recently found that the
PH-BEACH region in Alfy is involved in
the direct interaction with the autophagy
receptor p62.2' Similar to Atgll, Alfy
seems to facilitate interaction of cargo-
bound p62 with the membrane bound
LC3.% It will be interesting to determine
whether other BEACH family proteins
might interact with p62.
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The WD40 repeats of Alfy are essen-
tial for its colocalization and interaction
with Atg5.2° The Atgl2-5 complex is
required for an early stage of autophago-
some formation, and together with the
membrane-bound Atgl6L, may act as
an E3-like enzyme to facilitate an essen-
tial step for autophagosome formation,
the conjugation of Atg8/LC3 proteins to
phosphatidylethanolamine.””?® Depletion
of Alfy in primary and stable cells prevents
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recruitment of not only Atg5 but also LC3
to the expanded polyglutamine protein.
Moreover, although overexpression of
Alfy enhances the clearance of protein
aggregates, mutations within the WD40
repeats abrogate this effect, indicating
that the interaction between Alfy and
Atg5 is critical for formation of autopha-
gic membranes around the inclusion.? It
is not clear if Alfy mediates recruitment
of LC3 to the inclusion through a direct
interaction or whether its role in LC3
recruitment is indirect via its binding to
Atg5 or p62.

The FYVE domain of Alfy binds specifi-
cally to PtdIns(3)P,” a product of the phos-
phatidylinositol kinases including Vps34,
a class IIT phosphatidylinositol 3-kinase
(PedIns3K). PedIns(3)P is a critical lipid
required for all forms of macroautoph-
agy,”” and how modulating the interac-
tion of Alfy with PtdIns(3)P-containing
membranes affects Alfy function is an
interesting area for investigation. Since
Alfy is not involved in starvation-induced
macroautophagy, competition with other
autophagic PtdIns(3)P effectors may be an
important means by which aggrephagy is
regulated.

Although it is clear that Alfy shuttles
between the nucleus and cytoplasm, the
functional significance of this nuclear
shuttling remains elusive. In light of the
increased clearance observed upon Alfy
it is tempting to specu-
late that the cytoplasmic levels of Alfy may
be the rate-limiting step in aggrephagy. As
Alfy interacts with the core autophagic
machinery, increased cytoplasmic Alfy
levels may lead to toxicity under condi-
tions of starvation or other stressors dur-
ing which general macroautophagy may
be necessary,’® and keeping Alfy in the
nucleus would be a way of avoiding this. If
this is the case, then our recent study indi-
cating that p62 is required for Alfy to leave
the nucleus® suggests that this autopha-
gic receptor may signal when aggrephagy
should be activated. The fact that tissue
expression levels of Alfy (highest in brain
and lowest in liver) inversely correlate
with responsiveness to starvation further
supports a potential need to regulate the
availability of Alfy to avoid competition
for the macroautophagic machinery. To
determine if such competition may exist,

overexpression,

www.landesbioscience.com

we examined long-lived protein degrada-
tion upon both Alfy depletion and Alfy
overexpression (Fig. 1). As shown previ-
ously, reducing the levels of Alfy did not
interfere with a macroautophagy-depen-
dent degradation of long-lived proteins
upon starvation. Interestingly, however,
when Alfy levels were depleted, the degree
of proteolysis that occurred in response to
starvation was significantly higher than in
the presence of Alfy (Fig. 1A). In contrast,
overexpression of the C terminus fragment
of Alfy that leads to increased aggregate
clearance blunted the starvation response
(Fig. 1B). Since Alfy can directly bind to
Atg5, these data suggest that the presence
of Alfy during starvation may partially
corral the macroautophagic machinery
away from nonselective degradation of
cytosolic proteins. Nonetheless, in light of
the FYVE and PH-BEACH domains, it is
also possible that competition is occurring
at yet unrecognized steps since there is still
much to uncover about Alfy function and
how it influences autophagosome matura-
tion. Further studies of overexpression of
Alfy that lacks the signals for nucleocyto-
plasmic shuttling, WD40 domain, FYVE
domain or PH-BEACH domain may bet-
ter our understanding of this process.
Taken together, our data indicate that
Alfy functions as a scaffolding adaptor
protein (Fig. 2): Alfy connects the recep-
tor-bound cargo to the core autophagic
machinery and permits the autophagic
membrane to form closely to the cargo,
excluding bulk cytoplasm. In Cvt, Atgll
overexpression leads to an increased
capacity for sequestration of the Cvt cargo
precursor aminopeptidase 1. Similarly,
overexpression of Alfy or its C-terminal
p62-, Atg5- and PtdIns(3)P-binding
region can stimulate aggrephagy as indi-
cated by increased aggregate clearance and
cytoprotection.?’ This suggests that in the
brain, which does not acutely respond to
starvation, increasing Alfy levels may be
beneficial and drive the elimination of the
accumulating proteins that may underlie
neurodegeneration. In contrast, in organs
which acutely respond to starvation such
as liver, increasing Alfy levels may be det-
rimental, as it will compete with the core
machinery during the starvation response.
To complement the ongoing cell-based
and biochemical studies, in vivo studies
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will help us determine the importance of
Alfy under these different physiological
conditions.
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