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Bif-1/Endophilin B1: a candidate for crescent driving
force in autophagy

Y Takahashi', CL Meyerkord?® and H-G Wang*"

Autophagy is an intracellular bulk degradation system that plays a vital role in maintaining cellular homeostasis. This
degradation process involves dynamic membrane rearrangements resulting in the formation of double-membraned
autophagosomes. However, the driving force for generating curvature and deformation of isolation membranes remains a
mystery. Bax-interacting factor 1 (Bif-1), also known as SH3GLB1 or Endophilin B1, was originally discovered as a Bax-binding
protein. Bif-1 contains an amino-terminal N-BAR (Bin-Amphiphysin-Rvs) domain and a carboxy-terminal SH3 (Src-homology 3)
domain and shows membrane binding and bending activities. It has been shown that Beclini is involved in the nucleation of
autophagosomal membranes through an unknown mechanism. It is interesting that, Bif-1 forms a complex with Beclin1 through
ultraviolet irradiation resistant-associated gene (UVRAG) and promotes the activation of the class Ill PI3 kinase, Vps34, in
mammalian cells. In response to nutrient starvation, Bif-1 accumulates in punctate foci where it co-localizes with LC3, Atg5, and
Atg9. Furthermore, Bif-1-positive, crescent-shaped small vesicles expand by recruiting and fusing with Atg9-positive small
membranes to complete autophagosome formation. This review highlights the role of Bif-1 in the regulation of autophagy and
discusses the potential involvement of Bif-1 in the biogenesis of membranes for the formation of autophagosomes.
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Autophagy is an evolutionally conserved intracellular process morphological feature of cell death with autophagic

for the bulk degradation of cytoplasmic components that are
initiated in response to environmental changes.’? This
degradation process plays a critical role in the maintenance
of cellular homeostasis by recycling nutrients under starvation
conditions. In addition, autophagy prevents the accumulation
of misfolded proteins and malfunctioning organelles such as
mitochondria; failure to remove damaged organelles could
result in the induction of cellular stresses such as reactive
oxygen species.>** Accumulating evidence indicates that
autophagic degradation is involved in a wide variety of
physiological and pathophysiological processes, including
development, aging, neurodegeneration, cancer, and infec-
tious diseases.> It is generally agreed that autophagy is a
cytoprotective mechanism. However, many studies have also
suggested that autophagy plays a pro-death role under certain
circumstances, especially when apoptosis is inhibited.®2'° [t
is not difficult to imagine that excessive induction of autophagy
could result in the overconsumption of functional proteins and
organelles, ultimately leading to cell death. However, it
remains to be further evaluated whether autophagy observed
in dying cells is a bona fide cell-death program or simply a

vacuoles."! Nevertheless, there is great potential to manip-
ulate autophagy for therapeutics.

In mammalian cells, autophagy is initiated when cyto-
plasmic constituents are sequestered into cup-shaped
membrane structures known as phagophores or isolation
membranes.>'>'® The phagophores are extended and
sealed to form double-membraned autophagosomes, which
then fuse with lysosomes to become single-membraned
autolysosomes, resulting in the degradation of the seques-
tered components. To date, 31 genes that are involved in
autophagy have been identified by genetic screens in yeast
and are thus termed AuTophaGy-related (ATG) genes.'*®
Of these, 18 ATG genes have recently been named AP-ATG
genes,'®'” as they are indispensable for the formation of
autophagosomes. Although many of these genes have been
characterized for their involvement in autophagy, the mole-
cular machineries that regulate the generation of phago-
phores and the origin of autophagosomal membranes remain
far from clear.

Bax-interacting factor 1 (Bif-1), also known as Endophilin
B1 or SH3GLB1, is a member of the endophilin protein family,
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and was originally discovered as a Bax-binding protein.'®°

Interestingly, recent studies suggest that Bif-1 is involved in
mitochondrial fission and coat protein complex | (COPI)-
vesicle formation.2%2! Moreover, we have found that Bif-1
interacts with Beclin1 (the mammalian ortholog of yeast Atg6)
through UVRAG (ultraviolet irradiation resistant-associated
gene) to regulate the activation of the class Ill PI3 kinase,
PIBKC3 (also known as Vps34), and the induction of
autophagy in mammalian cells.'® Loss of Bif-1 significantly
suppresses PIBKC3 activation and the formation of autopha-
gosomes in both HeLa cells and mouse embryonic fibroblasts
(MEFs).' In response to nutrient starvation, a portion of Bif-1
accumulates in foci in the cytoplasm. It is of interest that, the
starvation-induced Bif-1 foci co-localize with microtubule-
associated protein light chain 3 (LC3), as well as with Atg5."°
Although LC3 is the most widely used marker for autophago-
somes, Atg5 has been shown to be present on the
phagophore throughout the elongation step of autophago-
some formation, but is absent from completed autophago-
somes.??™2* Therefore, these results suggest that Bif-1 is
involved in the early stages of autophagosome formation and
may play a role in the biogenesis and/or expansion of
phagophores. Indeed, Bif-1 has been found to co-localize
with Atg9-positive vesicles;*® formation and trafficking of
these vesicles are essential for the biogenesis and expansion
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of autophagosomal membranes during the induction of
autophagy.?672® Although recent studies have shed light on
the role of Bif-1 in autophagy, the precise molecular
mechanism by which Bif-1 regulates the formation of
autophagosomes remains to be examined. In this review,
we summarize the current knowledge of Bif-1-mediated
autophagy and endocytic trafficking and discuss the potential
role of Bif-1 in the biogenesis and/or expansion of autopha-
gosomal membranes.

The Endophilin Protein Family

Endophilins are an evolutionally conserved family of proteins
that are involved in a variety of intracellular membrane
dynamics (Figure 1). On the basis of sequence similarity, this
family of proteins can be categorized into two groups: the
Endophilin A and Endophilin B subfamilies.?® In mammalian
systems, three Endophilin A proteins have been charac-
terized, Endophilin A1-3, and two Endophilin B proteins
have been identified, Bif-1/SH3GLB1/Endophilin B1 and
SH3GLB2/Endophilin B2.'32° While Endophilin A1 is well
known to be involved in the formation of endocytic vesicles
at the plasma membrane,?® whereas Bif-1 is localized in the
cytosol and regulates the membrane dynamics of
organelles, such as the Golgi complex and mitochondria, as
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Figure 1  The domain structure of the endophilin protein family. (a) Schematic representation of human Endophilin A and B proteins. All endophilins are composed of an
N-terminal N-BAR domain and a C-terminal SH3 domain. The helix 0 (H0) and helix 1 insertion (H1l) regions located in the N-BAR domain are well-conserved between the
Endophilin A and B families. (b) Structure-based alignment of Bif-1/Endophilin B1/SH3GLB1 among species. The N-BAR and SH3 domains, as well as the HO region are
evolutionally conserved. Notably, protein structure prediction analysis showed that the H1l region is missing in the S. pombe yeast homolog of Bif-1; however, this region is
conserved among all multicellular organisms that we investigated. The GenBank accession numbers of endophilins shown in (a and b) are human Endophilin A1/SH3GL2,
NP_003017; human Endophilin A2/SH3GL1, NP_003016; human Endophilin A3/SH3GL3, Q99963; human Bif-1/Endophilin B1/SH3GLB1, NP_057093; human Endophilin
B2/SH3GLB2, NP_064530; mouse Bif-1, NP_062337; Xenopus Bif-1, NP_001016072; zebrafish Bif-1, NP_001017617; Ciona Bif-1, XP_002125621; Drosophila Bif-1,

NP_725873; C. elegans Bif-1, NP_741756; S. pombe Bif-1, NP_595695
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well as autophagosomes.'®2%2":25 A|| endophilins contain
an amino-terminal N-BAR (Bin-Amphiphysin-Rvs) domain
and a carboxy-terminal SH3 (Src-homology 3) domain. The
SH3 domain plays a key role in forming complexes with
proteins containing a proline-rich region (PRR), whereas the
N-BAR domain is composed of three anti-parallel helixes and
is required for binding to lipid bilayers and inducing mem-
brane curvature.'%1819:32-36 |4 aqdition, the helixes of the
N-BAR domain form a coiled-coil structure that allows
endophilins to dimerize with each other. Recent structural
analyses of endophilin N-BAR domains showed three major
functional regions that are required for binding to and
tubulating liposomes in vitro: an N-terminal amphipathic helix
(HO), an amphipathic helix inserted in helix 1 (H1l), and a
crescent-shaped main body that is formed by dimerized BAR
domains.®23® Whereas the HO region plays a crucial role
in binding to membranes, the H1l region is inserted into
membranes and drives membrane curvature in cooperation
with the dimerized BAR main body. Moreover, Endophilin A1
mutants lacking the H1l domain were only found as mono-
mers in vitro,3® suggesting that this region is also important for
the dimerization of endophilins. In addition, the H1l region
seems to be responsible for the ability of endophilins to target
to specific sites within the cell, as the substitution of this region
of Bif-1 for the Endophilin A1 H1l domain alters Bif-1
localization from the cytosol to the plasma membrane.®?

Bif-1 and Autophagosome Biogenesis

The process of autophagy involves multiple steps, including
initiation, cargo packaging, vesicle nucleation, vesicle
expansion and completion, retrieval, docking and fusion,
and lysosomal degradation of the vesicles and their
contents.21213 Vesicle nucleation is an early step in auto-
phagosome formation that generates double-membraned
structures. It has been well demonstrated that the Beclin1-
PI3KC3 complex is required for this step;® however, the
machinery that supplies the driving force for membrane
curvature is essentially unknown. It is interesting that, Bif-1
has been shown to bind to Beclin1, through UVRAG, and to
regulate the activation of PISBKC3 and the formation of
autophagosomes.'®?®>  Moreover, Bif-1 has intrinsic
membrane curvature-inducing activity,?° indicating that this
protein might play a role in the biogenesis of isolation
membranes. To date, many candidates have been proposed
for the source of autophagosomal membranes including
membranes from the ER, Golgi, mitochondria, endosomes,
and de novo assembled membranes.?®2737 Atg9 is one of the
best-characterized molecules for investigating the biogenesis
of autophagosomes, as this protein is the only member of the
AP-ATG proteins, that has been shown to be anchored to
membranes.®*° In the yeast system, Atg9 cycles between
perivacuolar sites, known as phagophore assembly sites
(PAS), and peripheral sites including mitochondria.?®%” In
contrast, the mammalian ortholog of yeast Atg9, mAtg9, has
been shown to translocate from the trans-Golgi network
(TGN) to peripheral sites, including late endosomes, during
starvation. However, mAtg9 has not been shown to localize to
mitochondria.?®2” Loss of Atg9, or inhibition of Atg9 trafficking,
renders both yeast and mammalian cells unable to form
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autophagosomes,?®27:37 suggesting that Atg9-containing

vesicles are a source of membranes for the biogenesis
and/or expansion of autophagosomes. The activation of
PIBKC3 appears to play a key role in the translocation
of mAtg9 from the TGN during starvation, as inhibition of
PIBKC3 activation by treatment with LY294002 suppresses
this event.?® Reportedly, Bif-1, in addition to mAtg9, Beclin1,
and PI3BKC3, can be localized to the Golgi complex under
normal culture conditions.??83%41 Dyring the induction of
autophagy, Bif-1 concentrates in punctate structures in the
cytosol, where it co-localizes with mAtg9,® implying that Bif-1,
together with the UVRAG—Beclin1—PI3KC3 complex, may
regulate the formation of Atg9-vesicles at the Golgi complex
for the biogenesis of autophagosomal membranes (Figure 2).
Consistently, we have recently used time-lapse microscopy to
show that small Bif-1-positive vesicles fuse with Atg9-positive
small membrane compartments in response to nutrient
starvation.?®> Moreover, this membrane fusion results in cup-
shaped membrane structures that expand by recruiting new
Atg9-positive membranes. These results suggest that Bif-1
may also promote the expansion of isolation membranes.
Reportedly, the expansion of autophagosomal membranes
is mediated through membrane-tethering and hemifusion
by Atg8, the yeast homolog of mammalian LC3.*? Interest-
ingly, it has also been shown that the generation of
membranes with high curvature by endophilin N-BAR
domains is important for the fusion of liposomes.®® Thus,
it is tempting to investigate whether Bif-1 plays a role in the
regulation of Atg8/LC3-mediated membrane fusion for the
biogenesis of autophagosomes.

It has been reported that Bif-1 is indispensable for the
formation of COPI-vesicles in certain types of cells, such as
MEFs and adult mouse lung fibroblasts, but is dispensable for
COPI-vesicle formation in CHO cells and mouse L cells.?! As
loss of Bif-1 suppresses the formation of autophagosomes in
MEFs,'® COPI-vesicles could be another candidate for the
source of autophagosomal membranes. However, this is
unlikely, as our preliminary results indicate that knockdown
of Bif-1 in mouse L cells in which BARS (Brefeldin-A
ADP-ribosylated substrate), but not Bif-1, plays a key role in
COPI-vesicle formation,?" still results in the suppression of
autophagosome formation (Y Takahashi and HG Wang,
unpublished data). Recently, it has been reported that PI3P-
enriched Q-like shaped membrane structures are generated
in the proximity of the ER.*3 These so-called omegasomes
co-localize with markers of autophagosomes during starva-
tion and are thus proposed to be an origin of autophagosomal
membranes. As the formation of omegasomes depends on
Beclin1, as well as PI3KC3,*® it is of interest to determine
whether Bif-1 may also play a role in omegasome formation.
Clearly, further studies are required to define the source of
autophagosomal membranes.

The Role of Mammalian PI3BKC3 Complexes and Bif-1 in
the Induction of Autophagy

The activation of PISKC3 plays an essential role in the
induction of autophagy, as the inhibition of PISKC3 kinase
activity, by treatment with wortamannin or 3-methyladenine,
suppresses autophagosome formation.***® In addition,
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Figure2 Schematic model of the role of Bif-1 in autophagy. Bif-1 collaborates with PI3KC3 in regulating the biogenesis, expansion, and completion of autophagosomes. In
response to autophagic signals, Bif-1 tubulates the TGN to generate Atg9-Bif-1-containing vesicles (a). The resultant vesicles serve as the source of phagophores/isolation
membranes (b) that are then nucleated and expanded by fusion with other Atg9-Bif-1-containing vesicles (c). Alternatively, Atg9-Bif-1-positive vesicles are delivered to
phagophores/isolation membranes that are de novo synthesized or supplied from unknown donors, as source membranes for the expansion and completion of
autophagosomes (d). The membrane is eventually sealed to become a double-membraned autophagosome (e). Atg9 is then released from the vacuole, whereas Bif-1

remains attached to the autophagosome

PIBKC3 is also involved in vesicle transport, including
endocytic trafficking.*® It has been shown that PI3KC3/
Vps34 can form two distinct complexes in yeast: complex |
(Vps15-Vps34—Atg6—Atg14) and complex Il (Vps15-Vps34—
Atg6-Vps38), which are specifically involved in autophagy
and vacuolar protein sorting, respectively*® (Figure 3a and b).
In mammalian cells, PIBKC3 has also been shown to interact
with Atg6/Beclin1,*'*78 as well as with Vps15.464%:%° More-
over, recent studies have identified putative mammalian
counterparts of yeast Atg14 and Vps38: mAtg14/Barkor and
UVRAG, respectively,5'>3 suggesting that the yeast PI3BKC3/
Vps34 complexes may be conserved in mammalian systems
(Figure 3c and d). Indeed, it has recently been shown that
UVRAG, together with Beclin1, promotes the activation of
PI3KC3 in a Vps15-dependent manner.*® To support the
notion that the mAtg14/Barkor complex (Vps15-PI3KC3—
Beclin1-mAtg14/Barkor) is a mammalian counterpart of the
yeast Vps34 complex |, it was shown that mAtg14/Barkor
contains a coiled-coil domain necessary for binding to Beclin1,
co-localizes with LC3 and Atg5 during starvation, and is
required for the formation of autophagosomes.>>°® However,
Beclin1 can functionally replace Atg6 in yeast for PI3KC3/
Vps34-mediated autophagy, but not vacuolar protein sort-
ing.*”*8 Consistently, knockdown of Beclin1 expression has
little effect on endocytotic internalization and trafficking in
U-251 human glioblastoma cells.®* Furthermore, UVRAG was
originally found to interact with Beclin1 and enhance the
interaction of Beclin1 with PISBKCS3 to promote the activation of
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PI3KC3 and the formation of autophagosomes.51 In addition,
although two additional Beclin1-interacting proteins, Ambra1
(activating molecule in Beclin1-regulated autophagy)®® and
VMP-1 (the vacuole membrane protein 1)°¢ have been
identified to be required for autophagosome formation in
mammalian systems, their yeast orthologs have not been
found. A recent study has also shown that UVRAG regulates
the maturation of autophagosomes and the fusion of endo-
somes through its interaction with the class C Vps complex.®”
Therefore, it seems that the mammalian PIBKC3 complex |
(Vps15—-PIBKC3—-Beclin1—-mAtg14/Barkor) and Il (Vps15—
PI3KC3-Beclin1-UVRAG) are not functionally equivalent to
the yeast Vps34 complex | and II, which are distinct from each
other by specifically localizing to PAS and endosomes,
respectively®® (Figure 3).

Although recent studies have suggested that mAtg14/
Barkor and UVRAG play a key role in the localization of the
PI3KC3 complex to PAS/autophagosomes and/or the activa-
tion of PIBKC3,%'753:%9 precisely how these proteins work with
Beclin1 to regulate the activation of PISKC3 activity and the
induction of autophagy are currently unknown. An interesting
molecule that may help address this question is the N-BAR
and SH3 domain-containing protein, Bif-1, which has been
shown to interact with Beclin1 through UVRAG.'® UVRAG
consists of an N-terminal PRR and a potential calcium-
dependent phospholipid-binding C2 domain (C2D), followed
by a central coiled-coil domain (CCD). The CCD is required for
binding to Beclin1, but is insufficient for UVRAG to promote
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Figure 3 Schematic model of Bif-1 regulation of PI3KC3 and UVRAG complexes. (a, b) The yeast Vps34 complexes. The yeast Vps34 complex | plays an essential role in
autophagy at the vesicle nucleation step by recruiting ubiquitin-like Atg proteins to PAS (a), whereas the Vps34 complex Il is required for the vacuolar protein sorting system
(b). (c—e) The mammalian PI3KC3 complexes and UVRAG complexes. In mammalian systems, the counterparts of yeast Vps34 complex | and Il have been identified as the
PI3KC3 complex | (c) and Il (d), respectively. However, evidence suggests that both PI3KC3 complex | and Il are important for autophagy in mammalian systems. (d) Bif-1 has
been shown to interact with the complex Il and promote the activation of PI3KC3 and the formation of autophagosomes. Moreover, Bif-1 together with the PI3KC3
complex Il might be involved in Atg9-containing vesicle formation/trafficking. (e) Bif-1 may regulate UVRAG binding to the class C Vps complex for autophagosome/endosome

maturation

autophagy, as deletion of the N-terminal region containing the
PRR and C2D greatly reduces the formation of autophago-
somes induced by the ectopic expression of UVRAG.®" It is
intriguing that, Bif-1 interacts with UVRAG through its SH3
domain."® As the SH3 domain is capable of binding to proline-
rich sequences (PxxP),®® UVRAG might bind to the Bif-1 SH3
domain through its PRR to bridge Bif-1 and the Beclin1-
PI3BKC3 complex. Although it has been shown that both the
SH3 and the N-BAR domains are required for Bif-1 to promote
autophagy,'° the molecular role of the N-BAR domain in the
formation of autophagosomes remains to be determined. Our
preliminary results suggest that a Bif-1 mutant lacking the HO

domain, which is responsible for Bif-1 binding to membranes,
cannot rescue autophagosome formation in Bif-1-deficient
MEFs and Hela cells (Y Takahashi and HG Wang,
unpublished data). Thus, it will be interesting to determine
whether the ability of Bif-1 to drive membrane curvature is
responsible for the formation of autophagosomes. This can be
achieved using mutants of Bif-1, such as those lacking the H1l
domain, which can bind to lipid bilayers, but cannot regulate
membrane dynamics. Moreover, it will be important to
determine if the ability of Bif-1 to bind to membranes and/or
force membrane curvature plays a regulatory role in the
activation of PISKCS3. It has been reported that the activation
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of PI3-kinase to produce PI3P is strongly dependent on the
membrane curvature of lipid particles in vitro.%" As Bif-1 has
been shown to bind to lipid bilayers and transform liposomes
into narrow tubules in vitro,*° it is tempting to speculate that
Bif-1 could promote the activation of PISKC3 not only by
forming a complex with Beclin1 through UVRAG but also by
forcing membrane curvature through its N-BAR domain, thus
inducing the formation of autophagosomes. To support this
theory, it has been shown that restoration of the Bif-1 SH3
domain alone failed to rescue starvation-induced autophago-
some formation in Bif-1-deficient cells, despite the fact that the
SH3 domain of Bif-1 is sufficient for interaction with UVRAG
and is indispensable for Bif-1-mediated PI3KC3 activation.™

In contrast to earlier studies,®%"%° UVRAG was also
reported to co-localize with Rab9, a protein known to localize
on late endosomes, but not with LC3.52 In addition, knock-
down of UVRAG had minimal effects on the formation of
autophagosomes, supporting the notion that UVRAG is a
mammalian ortholog of yeast Vps38.52 The discrepancy
regarding the involvement of UVRAG in autophagosome
formation may be because of the differences in the experi-
mental systems examined, such as transient versus stable
transfection and/or a difference in cell types studied.
Localization of UVRAG may be affected by culture conditions,
such as cell confluency and stimulation by certain transfection
systems. In addition, ectopic expression of GFP-UVRAG
itself may cause the aggregation and formation of foci in an
autophagy-independent manner, such as those that are
observed when cells are transfected with GFP-LC3.%?
Interestingly, it has been reported that many GFP foci were
observed, even under nutrient-rich conditions, in NIH3T3 cells
stably transfected with GFP-UVRAG,?? whereas results from
our group did not show any punctate signals in HelLa cells
transiently transfected with flag-UVRAG (Y Takahashi and
HG Wang, unpublished data). However, we did observe that
flag-UVRAG signals accumulate in foci in the cytosol of HeLa
cells during nutrient starvation (Y Takahashi and HG Wang,
unpublished data). In the future, it will be important to
determine if these starvation-induced UVRAG foci co-localize
with markers of isolation membranes and autophagosomes,
as well as with early and late endosomes. Notably, we also
observed that a significant portion of HelLa cells undergo cell
death after transient transfection of flag-UVRAG, but not of
flag-Beclin 1, flag-PIBKC3 or of an empty vector. As excess
amounts of autophagy could lead to cell death,®3° it is of
interest to determine the mechanisms behind the cell death
induced by the ectopic expression of flag-UVRAG.

Bif-1 and Endocytosis

It has been shown that PIBKC3 is involved not only in the
regulation of autophagy but also endocytosis, especially
internal vesicle formation in late endosomes.*®:¢® Knockdown
of PIBKC3 expression in U-251 cells does not affect
internalization of the epidermal growth factor receptor
(EGFR), but reduces the rate of dephosphorylation and
degradation of EGFR induced by EGF stimulation.*® More-
over, a recent study has shown that UVRAG interacts with the
class C Vps complex, an essential component for tethering
endosomal membranes,®*®° and participates in the maturation
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of autophagosomes in a Beclin1-independent manner.®’
Ectopic expression of UVRAG did not affect ligand stimula-
tion-induced EGFR internalization, but promoted the endo-
cytic trafficking and degradation of EGFR by accelerating
endosomal fusion with lysosomes.®” As Bif-1 has been shown
to interact with the UVRAG-Beclin1 complex to promote the
activity of PIBKC3,'° it would be assumed that loss of Bif-1
should therefore result in a defect in endocytic vesicle
trafficking and a reduction in EGFR degradation. Similar to
PI3KC3,%¢ our preliminary data indicate that Bif-1 does not
regulate the internalization step of the endocytic pathway. We
found that knockdown of Bif-1 did not inhibit the internalization
of EGF or the uptake of a fluid phase marker, horseradish
peroxidase (CL Meyerkord, Y Takahashi and HG Wang,
unpublished data). Surprisingly, however, loss of Bif-1 did
not suppress, but rather accelerated the co-localization of
internalized EGF with LAMP-1, a marker for late endosomes/
lysosomes (CL Meyerkord, Y Takahashi and HG Wang,
unpublished data). Moreover, the rate of EGF-stimulated
degradation of total and phosphorylated EGFR was enhanced
in Bif-1 knockdown Hela cells as compared that in control
cells (CL Meyerkord, Y Takahashi and HG Wang, unpub-
lished data), indicating that endocytic vesicle trafficking
and receptor degradation were promoted by loss of Bif-1
expression. Consistent with our findings, it has recently
been shown that loss of Bif-1 accelerated the endocytic
trafficking and degradation of tropomyosin-related kinase A
(TrkA) in PC12 cells.®® One possible explanation for the
discrepancy between the effect of UVRAG and Bif-1
on the endocytic system could be that Bif-1 switches UVRAG
to the PIBKC3 complex Il from the class C Vps complex
(Figure 3e). As mentioned above, we have found that the SH3
domain of Bif-1 is required for its interaction with UVRAG.
Interestingly, the C2D, along with the C-terminus of UVRAG,
is required for its binding to class C Vps.5” As the C2D is
located adjacent to the PRR, the binding of Bif-1 may alter the
conformation of UVRAG and thus decrease the affinity of
UVRAG for class C Vps. If this is the case, however,
overexpression of Bif-1 may inhibit autophagosomal matura-
tion. Further studies are warranted to determine the molecular
mechanisms by which loss of Bif-1 accelerates the endocytic
process and affects the crosstalk between autophagy and
endocytic degradation.

Bif-1, Bax, Beclin1 and Autophagy

As mentioned earlier, Bif-1 was originally discovered by yeast
two-hybrid screens aimed at identifying novel Bax-binding
proteins.'®'® Bax is a pro-apoptotic member of the Bcl-2
protein family which, once activated, promotes the release of
apoptogenic factors, such as cytochrome ¢, from the
mitochondria to initiate the caspase cascade.®”®° Loss of
Bif-1 suppresses the activation of Bax and mitochondrial
apoptosis induced by serum starvation, tunicamycin treat-
ment, and detachment from the extracellular matrix.”®"" In
contrast, enhanced activation of caspase-3/7 and induction of
apoptosis were observed in nutrient-deprived Bif-1-knockout
cells.’”® The mechanisms by which Bif-1 influences the
decision of a cell to undergo apoptosis or to induce autophagy
are currently unknown. Interestingly, the interaction of Bif-1



with Bax occurs before Bax activation and decreases after
Bax conformational change.7° Moreover, Bcl-2, an anti-
apoptotic protein, has been shown to suppress the induction
of autophagy by binding to Beclin1.” Therefore, Bif-1 might
liberate Beclin1 from Bcl-2 by releasing Bax and promoting
Bax binding to Bcl-2,7® thus allowing free Beclin1 to associate
with Bif-1 to induce autophagy.

Notably, it has been shown that most mitochondrial Bax
accumulates at scission sites on the surface of mitochondria,
where it co-localizes with Drp1, a mediator of mitochondrial
fission.”* Fragmentation of mitochondria plays a critical role in
the induction of apoptosis, as this fission event occurs before
cytochrome crelease and caspase activation.”® It is of interest
that, heterogeneous expression of human Bax in yeast does
not affect the induction of apoptosis, but promotes the
fragmentation of the mitochondrial network and degradation
of mitochondria through a mitochondria-selective autophagic
degradation pathway known as mitophagy.”® Furthermore,
overexpression of Fis1, a mitochondrial protein, promotes the
fission of mitochondria and has been reported to trigger the
induction of autophagy.”” As Bif-1 has been shown to
translocate to mitochondria®®”® where it interacts with and
activates Bax during the induction of apoptosis,”® Bif-1,
together with Bax, may also contribute to the regulation of
mitophagy.

Conclusions and Perspectives

Evidence from recent studies has shown that Bif-1 plays a role
in multiple intracellular processes that are involved in dynamic
membrane rearrangements. 920212530 Qyjing to its unique
structure, Bif-1 is proposed to regulate these intracellular
events by inducing membrane curvature. Remarkably, recent
structural analyses of the endophilin N-BAR domain identified
three functional regions, the HO, H1l, and the crescent-
shaped BAR dimer.32%% These studies provided valuable
information for further characterization of the role of Bif-1 in
the regulation of membrane dynamics. We are currently using
various Bif-1 mutants lacking one or more of these domains
to determine whether the function of Bif-1 in apoptosis,
autophagy, mitochondrial fission, and endocytic trafficking is
dependent on its ability to bind to and/or bend membranes.
Another important question that remains to be answered is
what regulates the ability of Bif-1 to generate membrane
curvature. Post-translational modification(s) could be a
mechanism by which this occurs, as Bif-1 has recently been
shown to be phosphorylated by Src kinase on tyrosine 80
(Y80).”" This site is located within the H1l region of the Bif-1
N-BAR domain, suggesting that the ability of Bif-1 to promote
membrane curvature may be regulated by the status of
phosphorylation at Y80. Consistently, mutation of amino acids
within the H1l domain to negatively charged amino acids
almost completely abrogated the liposome tubulation activity
of N-BAR in vitro.3® Interestingly, phosphorylation at Y80 was
shown to negatively regulate the interaction of Bif-1 with
Bax,”" indicating that membranes with high-curvature might
be a key factor for the Bif-1-Bax interaction. Indeed, the
interaction of Bif-1 with Bax was observed on mitochondria or
liposomes, but not in the cytosol or solution.”® 78 Itis of interest
to investigate the effect of phosphorylation of Bif-1 on its ability
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to mediate autophagosome formation. In addition to post-
translational regulation, the translocation of Bif-1 to certain
target sites might be regulated through a positive-feedback
loop, as the crescent shape of dimerized BAR domains is
capable of sensing and binding to membranes with high-
curvature.”® That is, Bif-1 could generate membrane curva-
ture, which may cause accumulation of Bif-1 on target
sites that would further enhance the curvature of these
membranes.

Investigations into the precise role of Bif-1 in autophagy
have just begun. Results from earlier studies suggest a
possible role for Bif-1 in the regulation of membrane
biogenesis and the expansion of autophagosomal
membranes by generating Atg9-containing vesicles as a
source of membranes. %2539 |ntracellular localization profiles
indicate that Bif-1, together with the UVRAG-Beclin1—
PIBKC3 complex, may regulate the formation of Atg9-contain-
ing vesicles at the TGN.2°?841 Thus, the Golgi complex may
be a donor of membranes for autophagosome formation and/
or expansion. As mentioned above, the trafficking of Atg9-
containing vesicles during starvation has been shown to be
suppressed by the treatment with a PI3KC3 inhibitor.28 Thus,
it is tempting to determine if the mAtg14/Barkor complex and/
or the UVRAG complex, together with Bif-1, play a key role in
the regulation of Atg9-containing vesicles to supply a
membrane source for autophagosome formation. Notably,
however, loss of Bif-1 does not completely suppress the
formation of autophagosomes.'® Moreover, Bif-1 knockout
mice develop normally'® which is different from AP-Atg
knockout mice that are embryonically lethal®® or die at an early
neonatal stage.8'82 If Bif-1 is essential for the formation of
autophagosomes, then why is the phenotype of Bif-1
deficiency so different from that of AP-Atg knockouts? The
existence of functional homolog(s) of Bif-1 could be a potential
answer to this question. Endophilin B2/SH3GLB2, another
member of the Endophilin B family of proteins, is the best
candidate to functionally compensate for Bif-1. To investigate
this, we are currently generating mice lacking both of these
Endophilin B family proteins. Further studies are anticipated
to clarify the role of the Endophilin B family proteins in the
biogenesis of autophagosomal membranes and the
regulation of autophagy.
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