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Syncytium biogenesis: It’s all about maintaining good connections
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A_ t the end of mitosis, cells typically
complete their division with cytoki-

nesis. In certain tissues however, incom-
plete cytokinesis can give rise to cells that
connected by intercellular
bridges, thus forming a syncytium.
Examples include the germline of many
species, from fruitfly to humans, yet the

remain

mechanisms regulating syncytial forma-
tion and maintenance is unclear, and the
biological relevance of syncytial organiza-
tion remains largely speculative. To bet-
ter understand these processes, we
recently used the germline of Caenorhab-
ditis elegans as a model for syncytium
development. Analysis of the germline
syncytial architecture throughout devel-
opment revealed that it arises progres-
sively during larval growth and that it
relies on the activity of 2 actomyosin scaf-
fold proteins of the Anillin family. Our
work also showed that the gonad can sus-
tain elastic deformation when under
mechanical stress and that this property
may be conferred by the malleability of
syncytial openings. We suggest that elas-
ticity and resistance to mechanical stress

constitutes a general property of
syncytial tissues.
Introduction

Healthy mammalian cells are typically
mononucleated and physically separate
their duplicated DNA and cytoplasmic
content into the 2 daughter cells after
mitosis. This step, termed cytokinesis,
depends on the synchronized activities of
cell cycle regulators, microtubules and the
cortical actin cytoskeleton to build and
localize an equatorial actomyosin contrac-
tile ring, the cytokinetic ring. Ingression
of the cytokinetic ring between the 2
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segregated sets of chromosomes allows the
separation of the daughter cells. In some
cases however, cells do not complete cyto-
kinesis and thus form a syncytium, as in
germ cells in many species and some phys-
iologically polyploid cells such as mamma-
lian hepatocytes.* Impaired cytokinesis
and polyploidy are also often observed in
cancer cells where they are thought to
favor genetic instability.”> One important
challenge in cell biology is to understand
the physiological mechanisms by which
some animal cells undergo controlled
incomplete cytokinesis without deleteri-
ous consequences such as aneuploidy.
Here we discuss our recent findings on
syncytial organization using the Caeno-
rhabditis elegans gonad as a model.® Our
work revealed the importance of balancing
the activities of 2 proteins of the Anillin-
family of actin scaffold proteins to stabi-
lize contractile rings in an open form and
suggested a novel interesting role in the
resistance of syncytial structures to
mechanical stress.

The C. elegans Gonad as a Model
for Syncytium Formation
and Organization

During development of the C. elegans
embryo, the unique germline precursor
blastomere, termed Py, divides at approx-
imately the 100 cells stage to give birth
to the 2 primordial germ cells (GCs) Z,
and Zj. These cells remain mitotically
quiescent until the mid-L1 larval stage,
when they start to proliferate. GC mitotic
proliferation is sustained throughout
larval development undl animals com-
plete the last larval stage, when GCs initi-

ate meiosis and gametogenesis. The
germline  of an adult C.  elegans
€992665-1
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hermaphrodite consists of more than
1000 nuclei organized in 2 gonad arms
that form tubular syncytia, in which all
GCs surround a central cytoplasm core,
termed rachis. Each GC is connected to
the rachis through a stable opening,
referred to as rachis bridge, that is stabi-
lized by a ring (Fig. 1). As is the case for
other syncytia, rachis bridge rings are
enriched in the actomyosin regulators
that are typically involved in cytokinetic
ring formation and ingression such as the
non-muscle myosin NMY-2, the 2 Anil-
lin proteins ANI-1 and ANI-2, and the
centralspindlin  complex
CYK-4 and ZEN-4.°%® Interestingly,
depletion of some of these proteins and

components

other regulators of actomyosin contractil-
ity results in severe disorganization of
gonad architecture, such as absence of
GC partitions and multinucleation.” This

Maturing oocytes

Rachis

suggests parallels in the organization of
stable rachis bridge rings and cytokinetic
rings.

Our recent work in C. elegans revealed
that the Anillin proteins ANI-1 and ANI-
2 participate in cytokinesis of somatic
blastomeres and biogenesis of the germ-
line syncytium.®'® The nematode protein
ANI-1 possesses all the motifs of Drosoph-
ila and mammalian Anillin and could, in
principle, bind actin, myosin and all the
other regulators mentioned above; it is
thus considered as the C. elegans canonical
Anillin. ANI-2 is a shorter Anillin isoform
that lacks the N-terminal domains pre-
dicted to bind actin and myosin, but still
possesses the C-terminal domains pre-
dicted to interact with RhoA, CYK-4,
ECT-2, microtubules and septins. While
ANI-1 is localized at the cytokinetic ring
of all somatic cells and is required for
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Figure 1. Organization of the C. elegans hermaphrodite gonad (A) Confocal projection of a fixed wild-type hermaph-
rodite C. elegans gonad arm stained with ANI-2 (highlighting the rachis in green) and DAPI (highlighting DNA in
blue). Each rachis bridge is open to the rachis and is stabilized by a ring enriched in ANI-2 and other contractility reg-
ulators. (B) Schematic representation of a wild-type hermaphrodite gonad arm. A virtual transverse section of the

germline is depicted, showing the rachis and its delineating ANI-2-enriched cortex.
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proper asymmetric cytokinetic ring ingres-
sion, ANI-2 is mainly enriched at rachis
bridges and its levels are minimal in
embryonic somatic blastomeres
(Fig. 1).°7 This led us to investigate in
more details the role of ANI-2 in the

development of the syncytial germline.

Syncytium Biogenesis: From
Nucleation to Maturation

During cytokinesis, dividing cells typi-
cally form a transient intercellular bridge,
known as the midbody, that gets pinched
off during cellular abscission. In cells
undergoing incomplete cytokinesis how-
ever, abscission does not complete and the
midbody matures into a stable bridge
interconnecting the 2 daughter cells."'
The spatiotemporal analysis of ANI-2
localization during C. ele-
gans embryonic develop-
ment revealed that it is
undetectable in early blas-
and
enriched specifically in the
P, germline blastomere.

tomeres becomes

Interestingly, upon division
of P4, ANI-2 accumulates
and persists at the mid-
body, suggesting that its
loading and stabilization
between the 2 primordial
GCs serves as nucleating
event in syncytial organiza-
Despite this early
accumulation of ANI-2, we

tion.

could not detect exchange

DISTALEND | of a fluorescent marker

between Z, and Zs, sug-

Nucleus gesting that the 2 cells do

Membrane not share cytoplasm and,
ANI-2

thus, are not syncytial at
this stage. This indicates
that if rachis bridges are
nucleated upon P4 division,
they require further matu-
ration to allow cytoplasmic
exchange. This is compati-
ble with the observation,
made by electron micros-
copy, that syncytial organi-
zation of the germline only
becomes apparent at the
second larval stage.'”
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Analysis of ANI-2 localization during
larval  development that it
remains enriched at the apical side of GCs
and at rachis bridge rings at all stages,

revealed

including in adult animals. Interestingly,
we found that rachis bridge diameter
increases as animals progress through lar-
val stages. These results suggest that rachis
bridge maturation occurs progressively
during larval development and is indepen-
dent from rachis bridge nucleation. Such
decoupling could be analogous to Dro-
sophila, where ring canals and cytoplasmic
bridges connecting GCs increase in diam-
eter as GCs progress through gametogene-
sis."> While an increase in cell size could
in principle account for the increase in
rachis bridge diameter, we found that the
size of C. elegans GCs remains largely con-
stant during larval development (unpub-
lished results). It will be interesting to
determine the mechanism that allows the
increase of rachis bridge diameter, as this
may inform on the regulation of their
maturation. It has been shown that the
tight bundling of actin filaments to one
another is key to ring canal expansion and
stabilization during Drosophila oogene-
sis."> While there are similarities of com-
position between C. elegans cytokinetic
rings and rachis bridge rings, whether a
process such as this promotes rachis bridge
maturation has yet to be determined.

The presence of ANI-2 at the onset of
germline formation and its persistence at
rachis bridges throughout larval develop-
ment suggested that it plays a role in rachis

bridge nucleation and/or maturation.

Analysis of rachis bridge organization in
ani-2 mutant animals revealed that the
majority of GCs had no detectable rachis
bridge. A minority of GCs (30%) had
well defined rachis bridges but, as opposed
to controls, their diameter did not increase
during larval development. This suggests
that ANI-2 is not essential for rachis
bridge nucleation but that its presence is
crucial during rachis bridge maturation to
promote their opening.

Syncytial Maintenance Depends
on a Balance Between Anillin
Activities

Phenotypic analysis of early embryonic
development previously suggested that
ANI-2, lacking the predicted N-terminal
actin- and myosin-binding domains found
in ANI-1, may function as negative regu-
lator of contractility.® ANI-1, like ANI-
2, is enriched at GC rachis bridges
throughout C. elegans development sug-
gesting that the 2 Anillin proteins func-
tion in germline organization. As reported
in our recent article,® we observed that
depletion of ANI-1 by RNAi did not
cause severe defects in gonad organization
but resulted in an increase in the diameter
of rachis bridges, an increase in rachis
width and a delay in oocyte cellularization
(Fig. 2). Interestingly, these defects are
opposite to those observed in ani-2
mutants and many of the phenotypes of
ani-2 mutants were partly suppressed by
RNAi depletion of ANI-1. This suggests

that the defects in #7:-2 mutant animals
result from an increase in ANI-1 activity
and that the 2 Anillin proteins counteract
each other to regulate the rachis bridge
stability and germline syncytial organiza-
tion. What regulates the balance of activ-
ity between the 2 Anillins is currently
unclear. The two proteins do not control
each other’s accumulation at rachis
bridges, and thus this balance may rely on
the potential capacity of ANI-2 to “titrate”
one or many actomyosin regulators
required for ANI-1 function in organizing
or stabilizing contractile networks. Inter-
estingly, phenotypic profiling screens in
the C. elegans gonad have shown that
depletion of several proteins, including
known regulators of actomyosin contrac-
tility, results in defects reminiscent of
those observed in ani-2 mutants.’
Whether these proteins work with ANI-2
to regulate syncytial organization is not
known, but future analyses of the molecu-
lar composition of rachis bridge rings and
of the mutual dependence of these pro-
teins for their proper localization will
enhance our understanding of rachis
bridge nucleation/maturation and of syn-

cytial organization.

The Syncytial Architecture
of the Gonad Favors Resistance
to Mechanical Stress

One of the striking phenotypes associ-
ated with the loss of ani-2 is a germ cell
multinucleation defect that initiates upon
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Figure 2. ANI-2 localization in control and ANI-1-depleted animals. Confocal mid-sections and projections of live wild-type adult hermaphrodite gonads
treated with control(RNAi) or ani-1(RNAi) and expressing GFP:ANI-2 (green) and a membrane marker (magenta). Rachis diameter is significantly
increased and GC rings are significantly larger in ani-1(RNAi) animals compared to control. Scale bars, 10 pm.
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entry into adulthood and progresses in
severity from then on. This is a striking
phenotype as the germline of ani-2
mutants is largely morphologically normal
until then, except for a decrease in rachis
bridge diameter and in rachis width. Our
analysis revealed that the multinucleation
defect results from a collapse of GC parti-
tions and is not a consequence of severe
endoreplication or cytokinetic failure, sug-
gesting that it is of non-cell autonomous
origin.

One of the processes that begins when
hermaphrodites enter adulthood is oogen-
esis, an event during which oocyte growth
is sustained by cytoplasmic streaming in
the rachis.'* We found that multinuclea-
tion is dependent on oogenesis, as multi-
nucleated compartments were reduced in
conditions where oogenesis was absent,
such as in male gonads (which form only
sperm) and in gonads depleted of GLD-1/
2 (which contain only mitotic GCs). We
postulated that the cytoplasmic streaming
that occurs during oogenesis could gener-
ate mechanical stress at rachis bridges, and
that in absence of ANI-2 this stress could
be sufficient to provoke the collapse of
partitions between GCs. To test this
hypothesis, we imaged adult hermaphro-
dite gonads during ovulation, when entry
of the oocyte into the spermatheca is
accompanied by an important deforma-
tion and stretching of the rachis. Interest-
ingly, we found that this stretching is
transient and is accompanied by an
equally transient increase in the diameter
of the most proximal rachis bridge. This
indicates that the gonad has elastic proper-
ties and further suggests that rachis bridges
account for its elastic deformation. Impor-
tantly, this elastic response upon ovulation
was lost in animals partially depleted of
ANI-2, suggesting that ANI-2 is impor-
tant to confer elastic properties to the
gonad. Our results suggest a model in
which the presence of ANI-2 at rachis
bridge rings allows their deformation,
which in turns, confers elastic properties
to the whole tissue and allows it to sustain
deformation and thus compensate for

€992665-4

mechanical stress. Tissue elasticity and
resistance to mechanical stress could be a
syncytia.
instance, recent work on murine syncytio-
trophoblasts grown in culture revealed
that their cortex is more elastic than that

conserved  feature of For

of the mononucleated trophoblasts from
which they are derived."” While much
remains to be done to fully understand
the precise mechanism by which syncytia
are formed and maintained, our work sug-
gests that the differential expression and/
or regulation of contractility regulators
such as ANI-1 and ANI-2 may provide
the necessary tools to begin addressing
this important question.
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