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Abstract

Cells adopt specific shapes that are necessary for specific functions. For example, some neurons
extend elaborate arborized dendrites that can contact multiple targets. Epithelial and endothelial
cells can form tiny seamless unicellular tubes with an intracellular lumen. Recent advances
showed that cells can auto-fuse to acquire those specific shapes. During auto-fusion, a cell merges
two parts of its own plasma membrane. In contrast to cell-cell fusion or macropinocytic fission,
which result in the merging or formation of two separate membrane bound compartments, auto-
fusion preserves one compartment, but changes its shape. The discovery of auto-fusion in C.
elegans was enabled by identification of specific protein fusogens, EFF-1 and AFF-1, that mediate
cell-cell fusion. Phenotypic characterization of eff-1 and aff-1 mutants revealed that fusogen-
mediated fusion of two parts of the same cell can be used to sculpt dendritic arbors, reconnect two
parts of an axon after injury, or form a hollow unicellular tube. Similar auto-fusion events recently
were detected in vertebrate cells, suggesting that auto-fusion could be a widely used mechanism
for shaping neurons and tubes.
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1. Introduction — cell shaping by auto-fusion

Cells adopt specific shapes that are necessary for specific functions. For example, neurons
extend elongated axons and arborized dendrites to contact their partners and transmit and
receive electro-chemical signals [1]. Epithelial and endothelial cells can form hollow tubules
to transport gases and fluids [2]. Pioneering studies in C. elegans showed that cell auto-
fusion is an important mechanism that contributes to cell shaping [3-6]. Auto-fusion is the
process whereby a cell merges two parts of its own plasma membrane using a mechanism
similar to cell-cell fusion. In this review, we describe how cells can fuse their own
membrane to acquire specific shapes. We compare auto-fusion to endocytic processes such
as macropinocytosis (“cell gulping™), which also contribute to cell shaping.
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2. Types of fission, fusion and fusogens

Membrane merging occurs during two different processes, fission and fusion [7] (Fig. 1A).
Cell fission converts a single cytosolic compartment into two independent compartments
surrounded by lipid bi-layers; examples include cytokinesis, vesicle endocytosis and
budding of membrane-bound extracellular vesicles. Cell fusion is traditionally the merging
of two compartments into one, as in vesicle fusion and exocytosis during secretion, virus-
cell fusion during infection, gamete fusion during fertilization, or cell-cell fusion to form a
syncytium. But fusion can also be used cell autonomously to form specific structures, as we
will discuss.

Fission and fusion events can be further categorized as endoplasmic or exoplasmic,
depending on whether initial membrane contacts occur between cytosol-proximal
monolayers or external monolayers [7] (Fig. 1A). This distinction is important
mechanistically, because each monolayer exposes different sets of lipids and proteins.
Endocytosis, cell-cell fusion, and auto-fusion are all exoplasmic events.

2.1. Role of fusogens in membrane merging

A general pre-requisite for all types of membrane merging is that the two membranes
involved are brought in very close proximity. In addition to cytoskeletal forces, this often
involves specific transmembrane proteins that mediate membrane recognition to confer
specificity, and help to overcome repulsive electrostatic and hydration forces to allow direct
contact between the bilayers [8]. Upon sufficiently close contact, the exposed lipid leaflets
can merge to form a hemi-fusion intermediate, which then is resolved to form a fusion pore
that can expand to complete the fusion process [8].

Fusogens are membrane proteins that are both necessary and sufficient to promote
membrane merging [8]. Some fusogens are exposed on only one of the fusing membranes
and interact with other partners in the opposite membrane, making a heterotypic interaction.
Other fusogens must be present on both membranes and require a homotypic interaction to
mediate fusion.

Endoplasmic and exoplasmic merging events rely on different classes of fusogens with
different orientations in the membrane. In the case of endoplasmic fusion, one major class of
fusogens is the well-studied SNARE family; heterotypic interactions between V-SNARES
and T-SNARES on different membranes promote fusion [9]. SNARES have also been
implicated in endoplasmic fission [10]. Other endoplasmic fusogens include atlastin,
involved in Endoplasmic Reticulum fusion [11, 12], and mitofusins 1 and 2 and OPAL,
involved in mitochondria membrane fusion [13-15]. Many of the known exoplasmic
fusogens are viral, and belong to three distinct structural classes [8]. Only a few exoplasmic
fusogens have been identified in animals, including mammalian Syncytins and C. elegans
Epithelial Fusion Failure-1 (EFF-1) and Anchor cell Fusion Failure-1 (AFF-1) [16-19],
which are structurally related to viral class I and class 1l fusogens, respectively [20-23].
HAP2/GCSL1 is a potential fusogen present in gametes of plants, protozoa, amoebae and
some invertebrate animals [24-26].
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2.2. Exoplasmic fission

Exoplasmic fission encompasses many mechanistically- and morphologically-distinct types
of endocytosis. Clathrin-dependent endocytosis and related forms of micropinocytosis
involve formation of small coated vesicles (~ 100 nm) that internalize materials from the cell
surface [27]. In most cases, the small GTPase dynamin is required to pinch off the vesicle
neck to separate it from the plasma membrane, and dynamin is sufficient for such scission in
vitro [27]. Macropinocytosis and phagocytosis involve formation of larger, uncoated vesicles
(>0.2-5 um) for internalization of bulk membrane, external fluids and particles [27]. Scission
of these larger vesicles can be dynamin- independent, but no membrane fusogens are known
to be involved.

Macropinocytosis can influence cell shaping during development. For example,
macropinocytosis internalizes plasma membrane during neuronal growth cone collapse and
axon turning [28, 29]. Macropinocytosis also is one of several proposed mechanisms
involved in formation of small capillary tubules in the vertebrate vascular system [30-33]
(see below).

2.3. Exoplasmic fusion and the FF family of fusogens

Exoplasmic cell-cell fusion can involve cells with distinct genetic material, as in the fusion
of gametes during sexual reproduction or fusion of enveloped viruses to the host cell during
infection, or it can involve cells with identical genetic material. Many examples of cell-cell
fusion come from development, where it is used to form syncytia that contain multiple
nuclei in a common cytoplasm. In mammals, cell-cell fusion occurs to form myoblasts, eye
lens, osteoclasts, and syncytiotrophoblasts [34]. Trophoblast fusion requires Syncytins,
which are encoded by elements originated from retroviruses, and are related to the class |
viral fusogens [16, 35, 36]. With the exception of Syncytins, the mammalian cell-cell
fusogens remain unidentified.

Cell-cell fusion is a central mechanism in the development of the nematode C. elegans.
Indeed, the adult hermaphrodite harbors 44 syncytia containing 300 of the total 959 nuclei
[37]. Many cell-fusions in C. elegans require two related fusogens, EFF-1 and AFF-1 [18,
19], which define the FF fusogen family. Based on sequence analysis, the FF fusogens are
only present in nematodes, some arthropods, a ctenophore and a protist [38]. However, FF
fusogens are structurally related to class Il viral fusogens [22, 23], so it is conceivable that
structural homologs exist in other species. During most characterized fusion events, identical
FF fusogens are required on each fusing membrane, suggesting a homotypic mode of action
[5, 19, 39]. Ectopic expression of EFF-1 or AFF-1 promotes ectopic cell fusion 7n vivo [19,
40, 41], and each can generate syncytia when expressed in cultured insect or vertebrate cells
[19, 38, 39].

In vivo, FF fusogen expression and localization are regulated to ensure that cells fuse only at
the right place and time. Various signaling pathways and transcription factors turn on FF
fusogen expression in cells that are destined to fuse [5, 19, 42-46]. Other factors appear to
influence FF protein localization or fusogenic activity [47-49]. In the hypodermis, RAB-5-
and dynamin-dependent endocytosis keep EFF-1 localized predominantly to intracellular
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vesicles, so that EFF-1 is observed on the plasma membrane only rarely and transiently even
in fusing cells [49]. AFF-1 localizes to both intracellular vesicles and the plasma membrane
when overexpressed [19], but its endogenous localization has not yet been described.

The last type of exoplasmic fusion is auto-fusion. Phenotypic characterization of C. elegans
eff-1and aff-1 mutants revealed that FF-mediated fusion of two parts of the same cell can be
used to sculpt dendritic arbors (Fig. 1B) [4], reconnect two parts of an axon after injury (Fig.
2) [3], or form a hollow tube (Fig. 1C) [5, 6]. Similar auto-fusion events recently were
detected in vertebrate cells [50, 51]. These known examples of auto-fusion are described
below.

3. Auto-fusion during Neural morphogenesis and Regeneration

3.1. Dendrite tiling

The establishment of specific dendritic arborization patterns is essential for the development
of neuronal circuits [1]. In C. elegans, the two nociceptive PVD neurons (PVDL and PVDR)
have a very specific dendritic pattern [52, 53]. Each PVD is located on one side of the
animal with a single axon that extends to the ventral nerve cord. The PVD dendrites have
multiple branches and extend along the body axis from the neck to the tail. The primary
branches grow from the cell body in anterior and posterior directions, and the secondary,
tertiary and quaternary branches form at right angles to one another, resulting in candelabra-
like structures called menorahs (Fig. 1B). This precise pattern of dendritic arborization
requires dendrite auto-fusion in order to prune ectopic branches [4].

Mutants lacking the fusogen EFF-1 display hyper-branching in the PVD neurons, with
excess secondary and tertiary branches that form at odd angles and overlap extensively [4].
Tissue-specific rescue experiments suggest that EFF-1 functions cell autonomously within
these neurons, and its over-expression dramatically reduces the number of dendrite branches.
Both live imaging and transmission electron microscopy (TEM) data support the model that
EFF-1 functions subsequent to dendrite branch growth; in wild type, excess branches are
constantly being generated and extended, but EFF-1 induces loop formation by neurite auto-
fusion and retraction to maintain only the appropriate right-angled branches (Fig. 1B).

Many other genes that affect PVD branching patterns have been identified. External cues
emanating from the hypodermal cells influence dendrite growth and self-avoidance. A
basement membrane protein UNC-52/Perlecan is required to pattern the distribution of the
transmembane protein SAX-7/lg CAM in a regular stripe fashion along the hypodermal cell
membrane [54]. SAX-7 and another transmembrane protein MNR-1, interact with the
Leucine Rich Repeat transmembrane protein DMA-1 on the PVD neurons [55, 56]. Upon its
activation by SAX-7 and MNR-1, DMA-1 promotes branch formation and extension [57,
58]. Another signaling pathway, involving the secreted protein UNC-6/Netrin and its P\VD
receptors UNC-40 and UNC-5, is involved in self-avoidance of PVD dendritic branches [57,
59, 60]. Finally, the claudin-like transmembrane protein HPO-30 promotes dendrite
stabilization [61].
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Mechanistic links between the known developmental signals and EFF-1-dependent branch
pruning are not yet understood. But it is interesting to note that the eff-Z mutant phenotype
resembles that caused by overexpression of the PVVD transmembrane protein DMA-1 [57],
suggesting that EFF-1 could be downregulated by DMA-1 signaling to allow branch
outgrowth. It will be interesting to observe the location of EFF-1 at the dendrite membrane
and ultimately understand how fusion and pruning are restricted to specific locations.

Could auto-fusion also shape dendritic arbors in other organisms? Studies in Drosophila and
in vertebrates showed that dendritic self-avoidance requires the Dscam or protocadherin
families of cell surface recognition proteins, respectively [62]. Although these proteins
mediate homophilic adhesion /n vitro [63, 64], they appear to mediate homophilic repulsion
in vivo, through still poorly understood mechanisms. It will be interesting to test if auto-
fusion could be involved in this mechanism to resolve self-contact.

3.2. Axon regeneration

Regeneration of injured axons is a great challenge for organisms and requires that axons
reconnect with their original target tissues. In most cases, Wallerian degeneration occurs in
the distal part of the injured axon, and the proximal part regrows to connect the original
target. Another way to achieve such repair is to reconnect severed axon fragments, thus re-
establishing the original tract (Fig. 2). This process has been described in several
invertebrate species, including crayfish, earthworms, leeches and C. elegans [3, 65-67], and
is another example of auto-fusion. However, unlike the other examples of auto-fusion, this
example involves the reunification of two distinct compartments of the same cell post-injury,
rather than the fusion of a single compartment.

The process of axon regeneration by auto-fusion has been studied in C. elegans
mechanosensory neurons ALM and PLM, which are involved in detection of light touch. In
wild-type animals, after laser axotomy, most injured ALM and PLM neurons resume axon
growth, and many of the re-growing proximal axons contact their respective distal part and
fuse with it [3, 68]. In eff-1 mutants, proximal axon outgrowth still occurs, but fusion
generally does not [3]. Restoring EFF-1 to the injured neurons rescues the repair defect,
suggesting that EFF-1 functions cell autonomously in these neurons for fusion-mediated

repair (Fig. 2) [69].

Many of the events leading to axon fusion have been characterized (Fig. 2). The first
response after axon injury is a rapid accumulation of Ca2* in both proximal and distal
fragments [3]. Release of Ca2* results in the activation of the apoptotic pathway components
CED-4 and CED-3 [70] and stimulates adenylate cyclase- dependent accumulation of cAMP,
which in turn stimulates Protein Kinase A (PKA) [3]. The activation of these pathways
finally results in the activation of the mitogen-activated protein kinase kinase kinase
(MAPKKK) DLK-1 that is essential for growth cone formation in injured axons [3, 71, 72].

In addition to EFF-1, contact and fusion between the proximal and distal axon fragments
involves many components of a phagocytic pathway that is also involved in apoptotic cell
corpse engulfment [69] (Fig. 2). After axon injury, phosphatidylserine (PS) appears to
relocate from the cytoplasmic leaflet to the outer leaflet of the plasma membrane, and serve
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as a “save me” signal. The PS binding protein TTR-52, the lipid binding protein NRF-5, the
PS receptor PSR-1, and the adaptor CED-6/GULP all promote axon regrowth and fusion,
although none is individually essential. The ATP binding cassette transporter CED-7 also
promotes fusion. Over-expression of eff-1 can bypass the fusion requirement for TTR-52 or
PSR-1, suggesting that EFF-1 functions downstream of the phagocytic pathway.

It is not yet known if DLK-1 signaling or the phagocytic pathway influence EFF-1
localization or activity, or simply direct the growth cone to grow toward and contact the
distal fragment so that EFF-1-mediated fusion can occur. However, proximal and distal axon
fragments accumulate EFF-1 at their growth cone membrane and injured tip, respectively
[69] (Fig. 2). The significance of the distal tip localization is still unclear, since earlier
observations showed that a majority of reconnecting axons make an “end to side” connection
instead of an “end to end” connection [3]. A recent study of EFF-1 localization in the
hypodermis showed that EFF-1 is rather randomly and dynamically exposed on the
membranes of pre-fusing cells [49]. The same kind of widespread and random EFF-1
exposure on the distal axon fragment would maximize the surface area of fusion-ready
membrane to allow fusion at any contact point. On the other hand, concentrating EFF-1
exposure at the proximal growth cone could explain why fusion consistently involves this
region.

Axon regeneration in mammals is much less efficient than in invertebrates, and the distal
axon fragments tend to degenerate rapidly [73]. However, in experiments inspired by the
invertebrate literature, Polyethylene glycol (PEG) treatment has been used to fuse and
successfully repair severed axons in the sciatic nerve of the Rat [74]. Such PEG-induced
axon fusion is mechanistically different from axon fusion in C. efegans, in that it requires a
Ca?* free environment to prevent sealing of the severed axon ends and involves re-
connection of severed axon ends that remain open. Nevertheless, recent success of this
method in animal models suggests that fusion-based clinical therapies might eventually be
developed to repair nerve damage in human patients [73].

4. Formation of seamless tubes by auto-fusion

Tubes are essential structures in most organs, and can have different sizes and shapes [2].
Larger tubes have multiple cells surrounding the lumen, while the smallest tubes, such as
many vertebrate capillaries, are only one cell in diameter [75, 76]. These unicellular tubes
can be “seamed”, having an autocellular adherens junction along the lumen, or “seamless”,
having a continuous membrane without an auto-junction. Both seamed and seamless tubes
typically have ring-shaped adherens junctions where they connect to other tubes. Seamless
tubes can be toroidal and open at both ends (Fig. 1C) or they can be branched and terminated
by dead ends, as observed for the excretory canal cell in C. elegans or the tracheal terminal
cell in Drosophila[77, 78]. Both endocytic and exocytic trafficking mechanisms have been
implicated in generating the internal apical domain of seamless tubes [77]. Another
mechanism for forming a seamless tube involves converting a seamed tube to a seamless
tube via auto-fusion (Fig. 1C).
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4.1. C. elegans hemi-vulva toroids

The first evidence for auto-fusion came from observations of the C. elegans vulva, an
epithelial tube used for egg laying. The vulva consists of 22 cells that interact to form seven
stacked rings of two or four cells each. Five of these rings become seamless toroids as a
result of cell-cell fusion [79] involving FF fusogens [18, 19]. However, after laser ablation of
some vulval precursors, a hemi-vulva can be built from just 11 cells forming seven stacked
rings of one or two cells each [79]. In this case, a single cell can reach around the lumen to
form its own ring and auto-fuse to form a seamless toroid. Auto-fusion has also been
observed in several mutants with altered numbers of vulval cells [45, 80]. Even though such
auto-fusion does not occur during normal vulva development, it demonstrated the basic steps
of auto-fusion-dependent seamless tube formation: 1) cell wrapping to initiate self-contact;
2) formation of an autocellular junction; and 3) fusogen-mediated auto-fusion to remove the
autocellular junction and form a seamless toroid (Fig. 1C).

4.2. C. elegans pharyngeal-intestinal valve

The second example of auto-fusion to form a seamless tube in C. efegans involves two cells
that connect the pharynx and intestine [5]. The pharynx, or foregut, is a monolayered
myoepithelial tube. The posterior-most pharyngeal muscle, pm8, and the adjacent intestinal
valve cell, vpil, are each seamless toroids (Fig. 3A,B). These cells require AFF-1 and
EFF-1, respectively, to become seamless tubes [5]. It appears that, by utilizing different
fusogens, pm8 and vpil avoid fusing with each other. Notch signaling is important for pm8
identity, and both upregulates aff-7 and downregulates eff-1 expression to promote auto-
fusion and prevent cell-cell fusion [5].

The cell wrapping behavior of pm8 has been followed by live imaging [5, 81]. Prior to
forming toroids, both pm8 and vpil are part of a multicellular primordial cyst; these cells are
located dorsally within the cyst, with their apical sides facing the cyst lumen and basal sides
contacting a basal lamina. The first step of pm8 toroid formation involves detachment from
the basal lamina and extension of an apical lamellar process toward the ventral side of the
cyst. The migration of pm8 follows a tract of laminin and results in wrapping around finger-
like projections from the neighboring pharyngeal marginal cells. After intercalating between
other cells in the cyst and surrounding the lumen, pm8 makes contact with itself and auto-
fuses. It was not determined whether a transient auto-junction forms prior to fusogen-
mediated auto-fusion. However, in eff-1 or aff-1 mutant embryos, the unfused vpil or pm8
do have an auto-cellular junction, suggesting a transient auto-junction does form.

4.3. C. elegans excretory duct tube

The last example of auto-fusion dependent seamless tube formation in C. elegans occurs in
the excretory duct cell (Fig. 3C, D). The excretory duct cell is part of the excretory system, a
simple epithelial tube network involved in osmoregulation and fluid waste expulsion [78, 82,
83]. The excretory system consists of three tandemly arranged unicellular tubes, with the
smaller excretory duct and pore tubes connecting the larger excretory canal cell tube to the
outside environment for excretion [78]. The canal cell is a seamless tube proposed to form
via pinocytic hollowing and/or exocytic mechanisms [78, 84]. Initially, the excretory duct
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and pore are both seamed tubes formed by cell wrapping, but the duct uses AFF-1 to auto-
fuse and become a seamless tube (Fig. 3 E, F) [6, 85].

Duct auto-fusion is stimulated by EGF-Ras-ERK signaling. Prior to forming tubes, the
presumptive duct and pore cells migrate from lateral positions in the embryo to contact each
other at the ventral midline. These cells appear to compete for access to the excretory canal
cell, which expresses LIN-3/EGF; the left cell reaches the canal cell first and signaling
through an EGF Receptor-Ras-ERK pathway specifies it as the duct, while the right cell
takes the default pore fate [85]. In /et-60/Ras or aff-1 loss of function mutants, both cells
wrap to form seamed tubes (Fig. 3F), whereas in /et-60/Ras constitutive mutants, both cells
fuse to make a binucleate seamless duct tube [85]. We showed recently that Ras signaling
upregulates aff-1 gene expression in the duct (F. Soulavie and M. Sundaram, unpublished
data).

4.4. Transient seamless tubes during pruning of the zebrafish vascular system

The vertebrate vascular system contains many unicellular capillaries, including both seamed
and seamless tubes [75, 76]. Studies in zebrafish suggest that the seamless tubes can form by
a variety of mechanisms, one of which is auto-fusion [86]. Specifically, auto-fusion has been
observed in the context of vascular pruning [50].

Similar to dendritic arbors described above, vascular tubes form an orderly network. During
pruning of a secondary vascular branch, the cells within the branch initially form a
multicellular tube, but then withdraw toward the main vessels until the branch becomes
partly unicellular [87]. Live imaging revealed that the last unicellular bridging cell wraps
around the lumen, forms an auto-junction, and then auto-fuses to form a seamless tube [50].
After auto-fusion, the lumen splits and retracts, and the bridging cell detaches from its
partner on one side and is re-integrated into one of the main vessels.

The factors responsible for endothelial cell auto-fusion are not known yet. Other examples
of pruning by capillary regression exist in mice [88, 89] and in chicken [90], though auto-
fusion has not been demonstrated in these systems.

4.5. Auto-fusion in cultured mammalian epithelial cells

Auto-fusion can also occur in mammalian cells in culture. Cultured epithelial cells usually
assemble and maintain junctions with their neighbors, but these cells usually do not maintain
auto-junctions. To understand how self-contacts are inhibited, Yamada and Sumida [91]
cultured Madin Darby Canine Kidney (MDCK) epithelial cells on micropillar arrays where
each individual pillar would serve as a physical barrier for the extending plasma membrane
to wrap around and contact its own membrane (Fig. 1D). They showed that a single
epithelial cell is able to contact itself around a pillar and establish an auto-junction, but this
auto-junction is rapidly eliminated by auto-fusion creating a seamless toroid.

The mechanism by which MDCK cells distinguish self from non-self is still unknown, and
so far there is no fusogen known to be involved in this auto-fusion process. However, the
Rho GTPases RhoA, Racl and Cdc42 appear to regulate membrane auto-fusion through the
regulation of the actin cytoskeleton and cell contractility [51]. RhoA accumulates at the site
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of self-contact but then quickly dissipates, unlike at a typical cell-cell junction. RhoA and its
targets, Rho-associated coiled-coil containing kinase (ROCK) and myosin 1, which regulate
contractility, are required for efficient self-contact-induced auto-fusion. Furthermore the
actin nucleation factor complex Arp2/3, a potential target for Racl and Cdc42, accumulates
transiently around the pillar and is also required for auto-fusion.

Another fundamental aspect of this auto-fusion event is the involvement of E-Cadherin in
the establishment of the auto-junction before fusion. Fibroblasts, which lack E-cadherin, are
able to establish self-contact but do not form adherens junctions and do not fuse. Removing
E-cadherin from MDCK cells decreases the rate of auto-fusion, but expression of E-cadherin
is not sufficient to promote auto-fusion in fibroblasts [91]. Inhibitors of Racl or Cdc42 do
not prevent the establishment of auto-junctions [51], but do prevent fusion, suggesting an
increase of Arp2/3 activity might be involved in E-cadherin junction dissipation.

The auto-fusion described here is interesting because it shows how a cell can easily auto-
fuse under appropriate conditions. It is tempting to speculate that such auto-fusion may also
occur /n vivo. Furthermore, it provides a cell culture system to study the mechanisms of
auto-fusion, and may permit identification of relevant mammalian fusogen(s).

4.6. Similarities and differences between auto-fusion and macropinocytic mechanisms of
seamless tube formation

Another proposed mechanism for forming seamless tubes involves macropinocytosis.
Endothelial cells grown in three-dimensional collagen gels develop large intracellular
vacuoles that can be labeled with an exogenously applied dextran-fluorescein tracer,
indicating fluid phase uptake [30, 92]. These vacuoles fuse, enlarge and eventually connect
to similar vacuoles in adjacent cells through exocytosis or anastomosis. Some imaging
studies in zebrafish have supported this mechanism [31, 32].

Are macropinocytosis and auto-fusion really distinct mechanisms, or could they be related?
In both cases, exoplasmic membrane merging converts basal plasma membrane into an
internal apical membrane domain. Furthermore, like auto-fusion, macropinocytosis can
involve a transient cadherin-positive self-contact [93]. However, macropinocytosis involves
fission to generate a topologically isolated vacuole compartment within the cytosol (Fig.
1A), which later connects to other apical domains via a separate fusion step. In contrast,
wrapping and auto-fusion are supposed to accomplish the same result in a single step (Fig.
1C).

Many questions remain about the molecular mechanisms involved in each process. In
mammalian cells, some of the same molecular players, such as Rac and Cdc42, have been
implicated in both processes, but there are also reported differences in the requirements for
Rho and ROCK, which inhibit pinocytic lumen formation but promote auto-fusion [51, 91,
94]. Curiously, cytoskeletal regulators have not yet been implicated in either auto-fusion or
cell-cell fusion in C. elegans. Finally, auto-fusion in C. elegans clearly requires the fusogens
EFF-1 or AFF-1, whereas no fusogens have been identified for either auto-fusion or
macropinocytosis in the other systems. Further studies are needed to understand the core
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similarities and differences among these various types of exoplasmic membrane merging
events.

5. The importance of auto-fusion

As the above discussion has shown, auto-fusion and other exoplasmic membrane merging
events shape individual neuronal, epithelial and endothelial cells in multiple animal systems.
The importance of some of these shaping events is clear. Precise dendrite branching patterns
and axon integrity determine synaptic connections essential for complex behaviors [1].
Indeed, the dendrite pruning defects of eff-1 mutants are associated with defects in sensing
or responding to touch stimulation [4].

But what is the advantage of a seamless tube compared to a seamed tube? Small unicellular
capillaries maximize surface area and allow relatively thin walls for efficient nutrient
exchange with surrounding tissues. One likely advantage of seamlessness is that limiting
junctions also limits paracellular leakage so that such exchange can be highly regulated,
which is especially important in some capillary beds such as the blood-brain barrier [95]. A
related advantage might be one of tube strength — a seamless structure does not have a weak
seam along which it could potentially rupture. Another possibility is that seamlessness
facilitates complex shaping of the cells and lumens. Indeed, some seamless tubes adopt
highly branched shapes, as exemplified by Drosophila tracheal terminal cells and the C.
elegans excretory canal cell [33]. The excretory duct begins as a simple toroid with a donut-
like shape, but later adopts a more complicated shape, with a narrow extension linking it to
the pore cell and an elongated lumen that takes a looping path inside the cytoplasm (Fig.
3G). The pharyngeal pm8 cell is conical and its lumen has a tri-radiate shape rather than a
simple oval shape when viewed in cross-section [5] (Fig. 3B). Potentially, removal of the
autocellular junctions could facilitate subsequent cytoskeletal and trafficking mechanisms
involved in generating such shapes, or continued rounds of auto-fusion could sculpt the
membranes more directly.

Tube networks containing seamed vs. seamless tubes may also differ in their propensity for
dynamic rearrangements. In C. elegans, seamed unicellular tubes such as the excretory pore
cell can delaminate and/or divide to give rise to other cell types, without disrupting network
continuity [96, 97]. In contrast, seamless tubes are invariably post-mitotic. On the other
hand, in zebrafish, the assembly and dis-assembly of blood vessels involves dynamic
behaviors of both seamed and seamless tubes [50, 86, 87, 98].

6. Open questions and future directions

Future studies of auto-fusion must focus on its biological importance in shaping neurons and
tubes, as discussed above, but also on its mechanism and regulation. How does a cell decide
which membranes to fuse, and whether to execute auto-fusion or cell-cell fusion?

In C. elegans, the current model is that both types of cell fusion require a homotypic
interaction between the same FF fusogen on both fusing membranes, so that close
membrane apposition and fusogen expression and localization are the major determining
factors. If two epithelial cells are in tight contact via an adherens junction, and if they both
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expose the same fusogen on their plasma membranes, then the two cells will fuse. If a single
cell makes an autocellular adherens junction with itself and also exposes a fusogen on its
plasma membranes, then it will auto-fuse. Similarly, in the case of neuronal dendrites or
axons, self-contact between different parts of the same cell may be mediated by other
adhesive factors and allow auto-fusion as long as the same fusogen is exposed on both
plasma membranes. However, this simple model seems insufficient to explain fusion
regulation in more complex organisms. In particular, this model cannot explain the exquisite
specificity of MDCK cell auto-fusion [51, 91], where all cells in the culture should be
genetically identical. The MDCK cell results suggest that other factors, such as the degree of
membrane curvature at the contact point, must help distinguish self from non-self and
influence the fusion decision.

In C. elegans, knowledge of the relevant fusogens, EFF-1 and AFF-1, will facilitate future
studies of fusion regulation. Elegant studies in the hypodermis have already identified
RAB-5 and dynamin-dependent endocytosis of EFF-1 as a key mechanism in restricting
cell-cell fusion [49], and it will be interesting to test if this mechanism also regulates when
and where neuronal auto-fusion occurs. Other potential regulatory mechanisms might
include post-translational modifications or binding partners that regulate fusogen
oligomerization or function. Finally, there is evidence for alternative splice isoforms of
EFF-1 [18], which could contribute to specific functions.

In vertebrates, the relevant fusogens need to be found in order to understand auto-fusion
mechanisms and regulation. So far, Syncytins are the only cell fusogens identified in
vertebrates, but it is not known if Syncytins can mediate auto-fusion or are relevant to the
auto-fusion events observed in the vascular system or in MDCK cells. The MDCK system
should be particularly useful for identifying the relevant fusogen(s) and elucidating their
functions.
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A. Exoplasmic vs. Endoplasmic Fusion and Fission
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C. Seamless tube formation by exoplasmic auto-fusion
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Figure 1. Fission, Fusion and Auto-fusion
(A) Comparison of different types of fission and fusion, adapted from [7]. Cytoplasmic

domains are marked with grey coloring. (B-D) Examples of exoplasmic auto-fusion
maintaining one membrane bound compartment. (B) A C. elegans arborized dendrite
(“menorah”) has two ectopic branches. Auto-fusion induces loop formation to prune the
ectopic branches and maintain only the appropriate right-angled branches [4]. (C) The three
steps of seamless tube formation [5, 6, 79]. (1) Cell wrapping. White, apical surface; yellow,
basal surface. The arrows show the path of cell wrapping. (2) Formation of a seamed tube.
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An auto-cellular junction (arrow) maintains the cell in the shape of a tube. A ring junction
(arrow-head) seals the cell with its neighbors (not shown) to continue the tube. (3) Proposed
model of Auto-fusion. A fusion pore forms (black arrow) and extends (white arrows) to form
a seamless tube (4). (D) Model of auto-fusion in cultured mammalian MDCK cells [91].
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A. Pre-axotomy

B. Post-axotomy
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Figure 2. Model of axon reconnection by auto-fusion
Model based on refs. [3, 69, 71]. (A) Before axotomy, PSR-1 (red) localizes in mitochondria

and in the nucleus, and CED-6 (brown) localizes in mitochondria only. EFF-1 (green) is both
intracellular and on the plasma membrane. (B) Immediately after axon injury, calcium is
released and phosphatidylserine (PS, light blue) is exposed to the external lipid layer.
Calcium release induces DLK-1 activation to promote axon regrowth. PSR-1 and CED-6
accumulate at the proximal tip. TTR-52 (orange), NRF-5 (purple) and EFF-1 accumulate on
external membranes at both proximal and distal tips. (C) DLK-1 and the phagocytosis

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Soulavie and Sundaram Page 20

pathway promote axonal regrowth. (D) The phagocytosis pathway promotes recognition of
distal axon by the proximal growth cone. (E) EFF-1 stimulates auto-fusion to reconnect the
proximal part to the distal part of the axon.
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Figure 3. Seamless tubes formed by auto-fusion can have complex shapes
(A) Lateral view of C. elegans pharyngeal-intestinal valve cells (pm8 and vpil), which are

both seamless tubes. The tubes are linked to neighbors by ring-shaped junctions (black
ovals). (B) A transverse section of pm8 (dashed line in A) shows the tri-radiate shape of the
lumen [5]. (C) The C. elegans excretory duct is a seamless tube, in contrast to the adjacent
cell, the excretory pore, which maintains an auto-junction (arrow). Both tubes are linked to
neighbors by ring-shaped junctions (black ovals). (D) The excretory duct has an elongated
shape. Red, duct cytoplasmic marker /in-48pro.:mRFP [85]. Green, junction marker
AIM-1::GFP [99]. (E, F) AFF-1 is required for duct seamlessness. Cell junctions marked by
AJM-1::GFP. (E) Wild-type excretory duct is a seamless tube. (F) In an aff-1 loss of function
mutant, the excretory duct is a seamed tube with an auto-junction (arrows) [6]. (G) The
excretory duct has an elongated lumen. Red, duct cytoplasmic marker /in-48pro.:mRFP.
Green, luminal marker /et-653pro.:L ET-653::GFP [100]. Scale bars. 2 um.
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