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Abstract

As life extended into eukaryota, a great host of strategies emerged in the pursuit of

cellular life. Some cells have been successful in solitude, some moved into coopera-

tives (i.e., multicellular organisms), but one additional strategy emerged. Throughout

eukaryotes, many of the diversemulticellular cooperatives took life in partnership one

step further. These cells came together and lost their singularity in the expanse of syn-

cytial life. Recently in our search for this elusive “how”, we discovered the intriguing

peculiarity of a nuclear, RNA-binding protein living a second life as a fusion manager

at the surface of developing osteoclasts, ushering them into syncytia 1. It is from here

thatwewill develop several thoughts about the advantages ofmultinucleated cells and

discuss how these fusing cells pass through several hallmarks of cell death.Wewill pro-

pose that cell fusion shares much with cell death because cell fusion is a death of sorts

for the cells that undergo it – a death of the life that was and the beginning of new life

in a community without borders.
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INTRODUCTION

Cell fusion is a key stage in the formation of a fertilized egg,multinucle-

ated skeletalmyofibers, osteoclasts, and placental syncytiotrophoblast

(reviewed in Ref.[1]). The sizes of fusion-generated multinucleated

cells in human bodies vary widely from ∼5–10 nuclei/osteoclast,[2]

to hundreds of nuclei/skeletal muscle fiber,[3] to the truly unimagin-

able tens of billions of nuclei/syncytiotrophoblast. The physiological

importance of the cell fusion processes is emphasized by the numer-

ous human diseases associated with alterations in cell fusion. Impaired

trophoblast fusion has been linked to placental-derived pregnancy dis-

eases, such as preeclampsia and intrauterine growth restriction.[4,5]

Defective myoblast fusion is associated with muscular dystrophies

and myopathies.[6,7] In the case of osteoclasts, the number of fusion

events that generated each cell and, thus, the size of the multinu-

cleated osteoclast, directly correlates with the cell’s ability to resorb
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bone, and elevated bone loss activity in osteolytic diseases correlate

with increased fusion potential and sizes of osteoclasts.[8] Excessive

osteoclast fusion also accompanies SNX10-linked autosomal recessive

osteopetrosis.[9] In addition to the important cell fusion processes in

normal physiology, cell fusion has been also suggested to play a key

role in viral infections and during the development and progression of

cancer.[1,10]

Although all cell fusions share the key stage of fusion of two plasma

membranes (PMs) into one, the fusion event is preceded by com-

plex and multistep processes that prepare the cells for fusion and

is followed by complex multistep processes that expand the nascent

membrane connection between the aqueous volumes of the cells and

complete the formation of a newmultinucleated cell from themononu-

cleated precursors. We will begin our discussion with a very brief

summary of fusion pathways and the proteins involved in initiating and

driving fusion. We refer the readers to more comprehensive reviews
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of these exciting topics.[1,11,12] We will limit our discussion of mult-

inucleated cells to those formed by fusion between cells and not

consider multinucleated cells formed by endomitosis with incomplete

cytokinesis; or by endocycles without entry into mitosis producing

mononucleated polyploid cells; or joining cytoplasm of many cells by

utilizing gap junction proteins without membrane breaches.[13] Our

focus will be on the general biological significance and consequences

of the cell fusion process and on the intriguing link between cell fusion

and cell death pathways. Programmed cell death (PCD) is ubiquitous

in multicellular organisms, and each of the death pathways, including

apoptosis, necroptosis, autophagy, and pyroptosis, is characterized by

distinct PCD-triggering events, signaling cascades, biochemical mech-

anisms, and morphological characteristics. The shared and specific

features of these self-destruction pathways are discussed in depth

in many excellent reviews.[14,15] Importantly, early stages of PCD

are reversible and cells can be rescued if PCD stimulus is removed

(reviewed in Refs.[14, 16]).

CONSERVED PATHWAY OF MEMBRANE FUSION
AND DIVERSE PROTEIN MACHINES

Membranes that separate our cells from their environment and

divide the intracellular volumes into distinct compartments (mem-

brane organelles) consist of a continuous lipid bilayer. Diverse biolog-

ical membrane fusion processes apparently converge at a conserved

fusion-through hemifusion pathway of lipid arrangements. Both estab-

lishing immediate pre-fusion contact between the bilayers and their

remodeling in fusion intermediates require energy input. Fusion pore

opening and, especially, expansion are the most energy-demanding

steps in the pathway. Cells can drive fusion by coupling fusion events

with energy-releasing conformational changes of the proteins that

initiate and drive membrane rearrangements, by locally bending the

membranes, and/or by generating and concentrating fusion-supporting

lipids.

Protein machines identified as necessary and sufficient for induc-

ing a local merger of two membranes that normally do not fuse are

strikingly diverse in numbers of involved proteins, structures of these

proteins, and regulatory mechanisms (reviewed in Refs.[1, 11, 12, 17]).

In an important conserved motif, opening of nanometer-sized fusion

pores that connect the volumes of fusing cells does not necessarily

lead to full unification of the cells. Nascent fusion pores can close

or extend giving rise to long-living and many microns-long tunnel-

ing membrane nanotubes connecting cells. In contrast to nanotubes,

the formation of multinucleated cells requires an expansion of the

fusion pores. Importantly, in many cell fusion processes the transi-

tion from early hemifusion intermediates to opening of an expanding

fusion pore involves many proteins neither required nor sufficient for

hemifusion. In myoblast fusion, hemifusion, and opening of a fusion

pore depend on the function of two essential muscle-specific proteins:

Myomaker andMyomerger (also referred to asMyomixer andMinion),

respectively.[12]

In myoblasts, in osteoclasts, and in cell fusion initiated by viral

fusogens, the final expansion of fusion pores and formation of mult-

inucleated cells depend on dynamin 2 and phosphatidylinositol 4,5-

bisphosphate and does not proceed in ATP-depleted cells.[18–20]

TO FUSE OR NOT TO FUSE?

In many cases, the large sizes that syncytial formation brings facilitate

specialized cellular functions. Larger osteoclasts more efficiently form

an isolated acidic sealing zone of resorption between osteoclast and

its underlying bone matrix. The seamless single-celled placental syn-

cytyotrophoblast controls maternal/fetal nutrient and gas exchange

and grows during pregnancy by fusion of additional cells reaching

∼10 square meters at term. A potential advantage of fusion-formed

multinucleated cells includes decreasing the distance that nuclear

products must travel to the cytoplasmic domain considering that, at

least for myofibers, muscle gene mRNA transcripts and proteins prod-

ucts remain in the vicinity of their originating myonuclei (reviewed

in Ref.[3]). Syncytial cells also permit the specialization of nuclei and

their transcriptional tuning, for example, permitting the disfavoring

of nuclei with DNA damage. Having multiple genome copies within a

syncytium allows diversification of the genomewithout suffering dam-

aging consequences of loss of function mutations.[21] Thanks to their

high plasticity, bone marrow-derived multinucleated cells have been

proposed to play an important role in tissue regeneration.[22] Further-

more, acquisition of new myonuclei by an additional fusion event can

be a more cost-effective way of reacting to a localized injury than

global upregulation of transcription in all nuclei of the myofiber and

protein expression throughout the cytoplasm.[3] On the other hand,

cells that have joined into a multinucleated cell can share the fate of

the whole in cases of cell injury. Indeed, the appearance of just one

apoptotic nucleus in a multinucleated giant cell in foreign-body gran-

ulomas can commit this cell to apoptosis.[23] However, the placental

syncytial layer challenged with ischemic injury has been suggested

to rescue itself by deporting damaged syncytial nuclei.[24] Further-

more, osteoclasts, myofibers, and syncytiotrophoblast are terminally

differentiated cells, and while some polyploid cells can undergo error-

prone division,[25] normally, fusion-generated multinucleated cells do

not undergo mitosis. However, the joining of multiple cells into a sin-

gle one is not always an irreversible union. Syncytia can undergo fission

releasing smaller cells. Osteoclasts can divide into daughter cells called

osteomorphs.[26,27] Senescent multinucleated giant cells divide in var-

ious cancers, becoming the source of highly aggressivemononucleated

stem-like cells.[28] Finally, even skeletal muscle fibers can divide into

mononucleated cells in urodele amphibians.[29] While skeletal muscle

fiber fission and dedifferentiation is not an attribute observed in mam-

mals, amphibian muscle extracts have been demonstrated to confer

this ability to murine skeletal muscle fibers.[30] So, while we do believe

the transition from mononucleated to multinucleated life is a momen-

tous transition in the life of a eukaryotic cell, it does seem that life

always finds a way back whenmotivated.
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We recently had a serendipitous introduction to the resourceful-

ness of eukaryotic cells in our discovery of osteoclasts’ repurposing of a

ubiquitous nuclear RNA chaperone as a fusion regulator.[31] This find-

ing and recent studies on the role of PM asymmetry loss in cell fusion

in muscle and bone development and regeneration[31–34] have moti-

vated us to see the development of the fusion competence in cells as

a kind of “railroad switch” that drastically changes their biochemical

identity. The “decision” to fuse and unite is almost as existential for a

cell as the “decision” to die in PCD, both dependent on a radical trajec-

tory shift from one set of pathways to another set of pathways. In the

diverse cell fusions we have studied over the years, we now see a com-

mon theme. Precursors undergo a complex and demanding transition

from one to another type of cells (i.e., differentiation) that brings them

to the edge of death in order to fulfil a physiological requirement their

resident tissue faces. It is at this edge where cellular life leaves them

with but two choices: (1) stay under these extreme stressors and die or

(2) come together as a community and transform. To illustrate this idea,

wewill use a new friend – Lupus La protein (La).

LA PROTEIN AS A GUIDE INTO THE LIFE OF
FUSING OSTEOCLASTS

La plays a well characterized, essential role in RNA metabolism

required for all eukaryotic life. In its conventional, RNA metabolism

role, La binds to the 3′ UUU-OH termini of newly synthesized RNA

polymerase III (RNA Pol III) transcripts (e.g., tRNA, small nuclear RNA,

and small nucleolar RNA), protects them from premature degradation,

and retains nascent transcripts within the nucleus, facilitating their

assembly into mature, functional RNA-protein complexes. La does so

through two highly conserved N-terminal RNA binding domains – the

La motif and RNA recognition motif 1 (RRM1). In this context, La has

been well characterized as an abundant (estimates of ∼2 × 107 copies

per human cell) phosphoprotein primarily retained in the nucleus of

all eukaryotic cells (typically >95% of the total protein is nuclear).

La’s nuclear import in eukaryotes is facilitated by a C-terminal nuclear

localization sequence (NLS), and once imported, its retention within

the nucleus is further facilitated by a nuclear retention element. While

La is known to play other RNA-binding roles in more specific contexts

(e.g., the maturation of a special class of mRNA through a mechanism

independent of UUU-OH binding), La has been widely accepted as a

nuclear chaperone for small RNA biogenesis for decades (reviewed in

Refs.[35, 36]).

In Ref.,[31] we reported that in differentiating osteoclasts La shifts

from its well-characterized role of RNA chaperone and lives a sec-

ond life at the exofacial surface of osteoclasts – where it promotes

the membrane fusion events that set the size and resorptive func-

tion of multinucleated osteoclasts. Strikingly, we found osteoclast La

to behave very differently from La that was studied in the context

of RNA metabolism.[31,34] First, while its RNA chaperone function is

carried out by a reduced, phosphorylated (particularly at Ser366), full-

length species of La, the fusion-regulating function is performed by an

oxidized, dephosphorylated, cleaved species of La.[31,34] Second, La’s

role in osteoclast fusion is independent of its N-terminal RNA binding

motifs. While both the La motif and RRM1 are required for transcript

recognition and RNA binding in La’s conventional role in the matura-

tion of RNA Pol III transcripts, we found that both the La motif and

RRM1 were not required for La’s role in promoting membrane fusion

in osteoclasts. Instead, we demonstrated that the C-terminal half of

the La protein between RRM1 and the C-terminal NLS are sufficient

to promote osteoclast multinucleation and an accompanying increase

in resorptive function. Third, and possiblymost importantly, La’s role in

osteoclast fusion lies at the exofacial surface of the PM, where mem-

brane contact and fusion occur, not in the nucleus or cytoplasm.[31,34]

In synchronizedmembrane fusion experiments,[31] we found that anti-

La antibodies and recombinant La applied outside the cell within an

hour inhibit and promote osteoclast fusion, respectively. In contrast,

cytoplasmic overexpression of an “uncleavable” La that retains its NLS

had no effect on osteoclast fusion or resorption, while a truncated

“cleaved” La construct promoted both (Figure 1).

Although repurposing an important house-keeping protein to carry

out a novel, seemingly unrelated function canbe just onemore example

ofmanymoonlighting proteins,[37] we propose an alternative hypothe-

sis that the general importance of La as anRNAchaperone is significant

for its selection as a cell fusion regulator. In a thought-provoking twist,

the switch to La’s fusion-regulating function is accompanied by the

downregulation of the phosphorylated, full-length form of La respon-

sible for the RNA-chaperoning function of the protein. A dramatic loss

of La proteinmay indicate that this differentiation process requires the

concerted downregulation of a specific La-regulated pool of mRNAs.

Indeed, interference of the La gene in cancer cells results in major

changes in their properties, including a significant decrease in the pro-

liferation and migration of cancer cells, an increase in apoptosis, and

changes in the expression of many regulatory proteins.[38] Moreover,

La is not the only nucleic acid-binding protein implicated in cell fusion.

Acheron, a member of La protein family,[39] HuR, a member of ELAV-

family of RNA-binding proteins,[40] and essential nuclear DNA-binding

high mobility group box 1 protein, known to also exist in a secreted

form[41] are all involved in the formation of multinucleated myotubes.

Future work will show whether the ability of nucleic acid-binding pro-

teins to control multiple distinct aspects of cell physiology is important

for their role as regulators of cell fusion.

In continuing our work on the role of La in osteoclast formation and

function, we have come to realize that La is not an oddity, but rather

a guide in our efforts to better appreciate how eukaryotic cells have

repurposed seemingly disparate biological players and systems toman-

age cell fusion processes. We – the authors – have spent many years

imagining a world where cell fusion is governed by protein machines

and signaling processes that were developed specifically to control

cell fusion. Perhaps we came to expect dedicated fusion machines

because this is what we observe in better-characterized membrane

fusion systems like the entry of enveloped viruses into host cells and

in intracellular fusion events. In these systems, one or a few pro-

teins are masters of membranes and bend them into fusion pores in

response to direct stimuli and biological triggers. While the discov-

ery of Myomaker and Myomerger as the two-part “fusogen machine”
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F IGURE 1 Osteoclast fusion depends on the unconventional species of La. (Top) Phosphorylated, full-length, reduced La is highly abundant in
the nuclei of all eukaryotic cells where it plays a key role in RNA Pol III transcript maturation. (Bottom) Dephosphorylated, cleaved, oxidized La
decorates the surface of fusing osteoclast precursors. Brackets denote a region we found sufficient to promote osteoclast fusion. NLS, nuclear
localization sequence; P, phosphorylated-Serine366; RRM1, RNA recognitionmotif 1.

that drives skeletal muscle multinucleation[12] is seemingly consistent

with this hope, we now see diverse cell fusion systems as not fully con-

trolled by protein machines specific for cell fusion. Instead, in many

cases the pathways and proteins that render one syncytial cell from

manyprecursors appear to be a concert of repurposed tools eukaryotic

evolution found a second role for. Perplexingly, one biological path-

way fusion seems to share many commonalities with appears to be cell

death.

LIFE AT THE EDGE: LINKS BETWEEN CELL FUSION
AND APOPTOSIS

The work of many laboratories on diverse cell fusion processes,

including our “La La Land” journey in osteoclasts, suggests an intrigu-

ing and thought-provoking link between cell fusion and PCD. To

start with, both fusion and apoptosis depend on intracellular calcium

signaling,[42–44] oxidizing stresses,[34,45–47] and actin cytoskeleton

remodeling.[48–51] Syncytial life in eukaryotes also shares with this

queerest of bedfellows – death, several more specific dependences,

including the involvement of caspases, the alterations in the trafficking

andmolecular species of La, and the importance of phosphatidylserine

(PS) signaling.

Caspases and La: Much of the conversation around the cysteine

proteases of family Caspase revolves around their role as enzymatic

harbingers of the end – death; however, syncytial life has its own dance

in mind. Caspases are endoproteases that are produced as inactive

zymogens and freed toward their snippy proclivities via oligomer-

ization and/or cleavage. Classical understanding, from the bench to

the classroom, sees caspases organized into Initiator (8, 10, 9, and 2)

and Executioner (3, 6, and 7) classes in PCD (apoptosis). While much

nuance exists in this world of death making, Initiator caspases meet

through an “induced proximity model” where a variety of input sig-

nals can promote the dimerization, autocleavage, and stabilization of

an apoptosis-initiating complex. These initiating complexes can then

conscript through cleavage Executioner caspase dimers that proceed

through the cell, dismantle its various systems, and prepare the carcass

for pickup. In addition to their essential roles in apoptosis,[52] caspases

play non-conventional roles when activated at sub-apoptotic thresh-

olds in cell fusion, another addition to the growing list of non-apoptotic

roles for these enzymes.[53,54]

Sub-apoptotic caspase signaling triggers a “trial by fire” in the prepa-

ration of fusogenic precursors for their rebirth into syncytial life.

In exploring the formation of syncytial muscle fibers, placental tro-

phoblasts, osteoclasts, and, likely, other fusogenic eukaryotic cell types,

sub-apoptotic caspase activity appears to play roles in both the differ-

entiation programs required for the pre-fusion preparations and the

membrane fusion stage of cell–cell fusion.

Although the role of sub-apoptotic caspases can be seen in many

processes of mammalian syncytial cell formation (myoblast fusion,[47]

trophoblast fusion[55]) perhaps this relationship in the formation of

multinucleated cells can bemost clearly appreciated in the preparation

of osteoclast precursor macrophages and their subsequent fusion

into multinucleated osteoclasts.[31] The role of the sub-apoptotic

caspase 3 activation in the RANKL-mediated transition of macrophage

precursors to fusogenic osteoclasts has been noted for decades.[56]

Most recently, our work demonstrates that this caspase 3 plays a vital

role in proteolytic processing that redirects La protein from its con-

ventional nuclear localization to the surface of committed osteoclasts,

where La promotes fusion and formation ofmultinucleated, resorption

competent osteoclasts.[31] La has a caspase 3 cleavage site just before

itsNLS and the cleavage frees the lowmolecularweight protein lacking

NLS to traffic to the PM. Mutation of this La cleavage site or inhibition

of caspase 3 blocked La’s ability to traffic and promote osteoclast

membrane fusion. Apoptosis also stimulates the rapid dephospho-

rylation, caspase-mediated cleavage of La (Figure 2A[57 58]), and its

relocation to the surface of the cells.[59] In contrast, elevated levels of

full-length La maintain the survival of cancer cells by protecting them

from apoptosis.[60] These findings emphasize the striking similarities

between cells committed to either death or fusion as it relates to their

cleavage and trafficking of La protein (Figure 2[31,57,58]). Note that

for fusing osteoclasts (Figure 2B[31]), in contrast to apoptotic cells

(Figure 2A[57]), the cleaved form of La is observed only for a limited

time and at day 5 of osteoclastogenic differentiation is replaced by a

full-length La, when the cells approach a mature size and fusion slows

down.
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F IGURE 2 La cleavage in apoptosis and osteoclast multinucleation. (A)Western blot fromAyukawa et al., 2000.[57] HL-60 cells were
incubated with camptothecin for the indicated times to induce apoptosis. (B)Western blot fromWhitlock et al., 2023.[31] Macrophage precursors
derived from primary humanmonocytes were incubated with recombinantMCSF+RANKL for the indicated times to induce osteoclastogenesis.

Phosphatidylserine: “I’m dying, I’m fusing”. Eukaryotic cells pay a mas-

sive energy cost to asymmetrically organize the lipids that make up

their PMs. This cellular hallmark is facilitated primarily through col-

lections of ATPases and ABC transporters that “flip” and “flop” various

species of membrane lipids across the hydrophobic core of the mem-

brane via ATP hydrolysis. The result is an exofacial leaflet enriched

in uncharged lipid species (e.g., phosphatidylcholine and sphingolipids)

with saturated fatty acid tails opposed to a cytofacial leaflet enriched in

anionic lipids and, especially, PS andphosphoinositolswith unsaturated

tails. PM asymmetry plays vital roles in the biophysical characteristics

of the PM, regulates membrane trafficking, facilitates the ordering of

lipid microdomains, and supports the activities of countless proteins

and biological pathways. Nevertheless, eukaryotic cells possess the

ability to open proteinaceous gates (lipid scramblases) that allow PM

lipids to locally and transiently run down their concentration gradients.

Why would a cell throw all that organization away? Well, it appears

they do so to trigger radical intercellular collaborations, including, pho-

toreceptor maintenance, synaptic pruning, thrombus formation, and

the clearance of cellular carcasses – to name a few.

In the early 90s, Fadok et al. made the foundational observation

that apoptotic cells lose their PM lipid asymmetry, exposing PS across

the exofacial leaflet of cell carcasses.[61] Vermes et al. extended these

observations, demonstrating that necrotic cells also lost asymmetry,

exposing PS, and that a relatively simple assay employing a fluores-

cently labeled PS-binding protein – annexin V – could quickly mark

dying and dead cells and facilitate their rapid identification.[62] Even

though PS exposure was identified a decade earlier as a nucleating

event in hemostasis, the broad recognition of PS exposure as a feature

of apoptotic cells vital for their recognition, engulfment, and removal

via macrophage led to the universal adoption of PS exposure as an “eat

me” signal in apoptosis.

Although it is commonly referred to as an “eat me” apoptotic signa-

ture, the exposure of PS at the surface of fusogenic precursors plays

a major role in cell-cell fusion events in the formation of virtually all

syncytial cell types in eukaryotes (as reviewed in Ref.[17]). Moreover,

PS at the surface of fusing cells is often decorated by the endogenous

PS-binding protein annexin V, which also plays a fairly universal role

in promoting cell–cell fusion in eukaryotes. While the mechanism by

which cell surface PS promotes or triggers cell fusion processes in the

formation of diverse multinucleated cell types in eukaryotes remains

to be characterized, the analogy to apoptotic pathways that already at

their early stages deliver PS to the surface of the cells is clear. Of note,

PS exposure in apoptotic cells and in the cells transiently expressing PS

can be mediated by different scramblases (XKR proteins activated by

caspase cleavage in apoptosis[63] versus TMEM16 proteins activated

by a rise in intracellularCa2+ in non-apoptotic, fusing cells ([33,64,65] but

see Ref.[66]).

Returning to our recent work in osteoclast fusion,[31,64] we found

that the role of PS exposure in facilitating membrane fusion may be at

least partially reliant on La protein. Our discovery that La promotes

the fusion of committed osteoclasts and facilitates its cell–cell fusion

function at their exofacial surface was initially puzzling. Setting aside

the mystery of how this nuclear resident would even get to the PM,

how could La sit at the surface of these cells? It is a globular protein

with no transmembrane domain nor previously notedmembrane bind-

ing ability. We also saw that La alone showed little to no membrane

affinity when introduced to liposomes even thoughwe could introduce

the same recombinant protein to fusing osteoclasts and see it decorate

their PMs. Strikingly, we found that La’s PM association in osteoclasts

is at least partially reliant on its relationship with annexin V. We found

that endogenous La and annexin V were in a supermolecular complex

in fusing osteoclasts, that recombinant La and annexin V directly bind

each other, and that annexin V could facilitate La-liposome association.

Consistent with previous findings, annexin V and La’s association with

the surfaceof these fusionosteoclastswas reliant on thenon-apoptotic

exposure of PS.

Utilization of the pathways and players involved in apoptosis

in drastic changes of living cell physiology is not limited to cell

fusion processes, as suggested by contributions of caspases and PS

externalization in some non-apoptotic developmental processes.[54,67]

Why would eukaryotic cells pair syncytium formation and cell death

by utilizing closely related biochemical strategies and regulators

(Figure 3)? Perhaps we should dispense with seeing death and syncy-

tial life as fully separate but recognize their kinship in this – a radical

and fateful cellular “choice” in service of their tissue, a choice they

likely will not return from. In the end, syncytial life is a sort of death

– a death to what came before in mononucleated existence and a

rebirth into an interconnected whole. Perhaps certain ancient physi-

ological systems lost to time (e.g., skeletal muscle beyond nematodes)

were routinely placed under such rigorous demands that these cells

regularly died and required replacement like our own epidermis. This

constant energy-demanding replacement of specialized cells would

consume an exceptional amount of energy. Under these conditions,

some organism “discovered” tissue-specific advantages in the union

of the dying cells. An ancestor with the ability to unite these cells –

with the tools of a captured retrovirus and/or with specialized protein
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F IGURE 3 Some of the shared hallmarks of cell death and cell fusion pathways.

fusogens – produced larger multinucleated cells better suited to

certain functions than mononucleated cells. A drastic change in a mul-

titude of signaling pathways and physiological processes characteristic

for the programmed death commitment not only promotes their fusion

but also changes theproperties of emerging syncytial cells tobetter ful-

fil their function. In the pressures of a challenging environment, these

cells thrive onwhat might kill their neighbor. It is here – surrounded by

death – that we imagine syncytial cells were born.

AUTHOR CONTRIBUTIONS

Jarred M. Whitlock and Leonid V. Chernomordik conceived, drafted

and edited themanuscript.

ACKNOWLEDGMENTS

Our work covered in this essay was supported by the Intramural

Research Program of the Eunice Kennedy Shriver National Institute of

Child Health and Human Development, National Institutes of Health

(ZIAHD001501-30).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicting of interest.

DATA AVAILABILITY STATEMENT

While we are happy to make data from our published work available

upon request, no novel data are reported in this manuscript. Should

someonebe interested in the cartoons, graphics files are available upon

request.

ORCID

LeonidV. Chernomordik https://orcid.org/0000-0001-7131-9244

REFERENCES

1. Brukman, N. G., Uygur, B., Podbilewicz, B., & Chernomordik, L. V.

(2019). How cells fuse. The Journal of Cell Biology, 218, 1436–1451.
https://doi.org/10.1083/jcb.201901017

2. Møller, A. M. J., Delaissé, J.-M., Olesen, J. B., Canto, L. M., Rogatto, S.

R., Madsen, J. S., & Søe, K. (2020). Fusion potential of human osteo-

clasts in vitro reflects age, menopause, and in vivo bone resorption

levels of their donors-a possible involvement of DC-STAMP. Interna-
tional Journal of Molecular Sciences, 21, 6368. https://doi.org/10.3390/
ijms21176368

3. Cramer, A. A. W., Prasad, V., Eftestøl, E., Song, T., Hansson, K.-A.,

Dugdale, H. F., Sadayappan, S., Ochala, J., Gundersen, K., & Millay, D.

P. (2020). Nuclear numbers in syncytial muscle fibers promote size

but limit the development of larger myonuclear domains. Nature Com-
munications, 11, 6287. https://doi.org/10.1038/s41467-020-20058-
7

4. Li, X., Li, Z. H., Wang, Y. X., & Liu, T. H. (2023). A comprehensive review

of human trophoblast fusion models: Recent developments and chal-

lenges. Cell Death Discovery, 9, 372. https://doi.org/10.1038/s41420-
023-01670-0

5. Zhou, H., Zhao, C., Wang, P., Yang, W., Zhu, H., & Zhang, S. (2023).

Regulators involved in trophoblast syncytialization in the placenta of

intrauterine growth restriction. Frontiers in Endocrinology (Lausanne),
14, 1107182. https://doi.org/10.3389/fendo.2023.1107182

6. Di Gioia, S. A., Connors, S., Matsunami, N., Cannavino, J., Rose, M. F.,

Gilette, N.M., Artoni, P., deMacena Sobreira, N. L., Chan,W.M.,Webb,

B. D., Robson, C. D., Cheng, L., Van Ryzin, C., Ramirez-Martinez, A.,

Mohassel, P., Leppert, M., Scholand, M. B., Grunseich, C., Ferreira, C.

R., . . . Engle, E. C. (2017). A defect in myoblast fusion underlies Carey-

Fineman-Ziter syndrome. Nature Communications, 8, 16077. https://
doi.org/10.1038/ncomms16077

7. Ramirez-Martinez, A., Zhang, Y., Van Den Boogaard, M.-J., Mcanally, J.

R., Rodriguez-Caycedo, C., Chai, A. C., Chemello, F., Massink, M. P. G.,

Cuppen, I., Elferink, M. G., Van Es, R. J. J., Janssen, N. G., Walraven-Van

Oijen, L. P. A. M., Liu, N., Bassel-Duby, R., Van Jaarsveld, R. H., & Olson,

E.N. (2022). Impairedactivityof the fusogenicmicropeptideMyomixer

causes myopathy resembling Carey-Fineman-Ziter syndrome. Jour-
nal of Clinical Investigation, 132, e159002. https://doi.org/10.1172/
JCI159002

8. Trebec, D. P., Chandra, D., Gramoun, A., Li, K., Heersche, J. N. M., &

Manolson, M. F. (2007). Increased expression of activating factors in

large osteoclasts could explain their excessive activity in osteolytic dis-

eases. Journal of Cellular Biochemistry, 101, 205–220. https://doi.org/
10.1002/jcb.21171

9. Barnea-Zohar, M., Winograd-Katz, S., Shalev, M., Arman, E., Reuven,

N., Roth, L., Golani, O., Stein, M., Thalji, F., Kanaan, M., Geiger, B.,

& Elson, A. (2021). An SNX10-dependent mechanism downregulates

https://orcid.org/0000-0001-7131-9244
https://orcid.org/0000-0001-7131-9244
https://doi.org/10.1083/jcb.201901017
https://doi.org/10.3390/ijms21176368
https://doi.org/10.3390/ijms21176368
https://doi.org/10.1038/s41467-020-20058-7
https://doi.org/10.1038/s41467-020-20058-7
https://doi.org/10.1038/s41420-023-01670-0
https://doi.org/10.1038/s41420-023-01670-0
https://doi.org/10.3389/fendo.2023.1107182
https://doi.org/10.1038/ncomms16077
https://doi.org/10.1038/ncomms16077
https://doi.org/10.1172/JCI159002
https://doi.org/10.1172/JCI159002
https://doi.org/10.1002/jcb.21171
https://doi.org/10.1002/jcb.21171


7 of 8 WHITLOCK and CHERNOMORDIK

fusion betweenmature osteoclasts. Journal of Cell Science, 134. https://
doi.org/10.1242/jcs.254979

10. Dittmar, T., & Hass, R. (2023). Intrinsic signalling factors associated

with cancer cell-cell fusion. Cell Communication and Signaling, 21, 68.
https://doi.org/10.1186/s12964-023-01085-5

11. Jahn, R., Cafiso, D. C., & Tamm, L. K. (2024). Mechanisms of SNARE

proteins inmembrane fusion.Nature ReviewsMolecular Cell Biology, 25,
101–118. https://doi.org/10.1038/s41580-023-00668-x

12. Petrany, M. J., & Millay, D. P. (2019). Cell fusion: Merging membranes

andmakingmuscle. Trends in Cell Biology, 29, 964–973. https://doi.org/
10.1016/j.tcb.2019.09.002

13. Peterson, N. G., Stormo, B. M., Schoenfelder, K. P., King, J. S., Lee, R.

R., & Fox, D. T. (2020). Cytoplasmic sharing through apical membrane

remodeling. eLife, 9. https://doi.org/10.7554/eLife.58107
14. Elmore, S. (2007). Apoptosis: A review of programmed cell death.

Toxicologic Pathology, 35, 495–516. https://doi.org/10.1080/

01926230701320337

15. Fuchs, Y., & Steller, H. (2015). Live to die another way: Modes of pro-

grammed cell death and the signals emanating from dying cells.Nature
Reviews Molecular Cell Biology, 16, 329–344. https://doi.org/10.1038/
nrm3999

16. Tang, H. M., & Tang, H. L. (2018). Anastasis: Recovery from the brink

of cell death. Royal Society Open Science, 5, 180442. https://doi.org/10.
1098/rsos.180442

17. Whitlock, J. M., & Chernomordik, L. V. (2021). Flagging fusion: Phos-

phatidylserine signaling in cell-cell fusion. Journal of Biological Chem-
istry, 296, 100411. https://doi.org/10.1016/j.jbc.2021.100411

18. Leikina, E., Melikov, K., Sanyal, S., Verma, S. K., Eun, B., Gebert, C.,

Pfeifer, K., Lizunov, V. A., Kozlov, M. M., & Chernomordik, L. V. (2013).

Extracellular annexins and dynamin are important for sequential steps

in myoblast fusion. The Journal of Cell Biology, 200, 109–123. https://
doi.org/10.1083/jcb.201207012

19. Richard, J.-P., Leikina, E., Langen, R., Henne,W.M., Popova,M., Balla, T.,

Mcmahon, H. T., Kozlov, M. M., & Chernomordik, L. V. (2011). Intracel-

lular curvature-generating proteins in cell-to-cell fusion. Biochemical
Journal, 440, 185–193. https://doi.org/10.1042/BJ20111243

20. Verma, S. K., Leikina, E., Melikov, K., & Chernomordik, L. V. (2014). Late

stages of the synchronized macrophage fusion in osteoclast forma-

tion depend on dynamin. Biochemical Journal, 464, 293–300. https://
doi.org/10.1042/BJ20141233

21. Peterson, N. G., & Fox, D. T. (2021). Communal living: The role of

polyploidy and syncytia in tissue biology. Chromosome Research, 29,
245–260. https://doi.org/10.1007/s10577-021-09664-3

22. Moein, S., Ahmadbeigi, N., Adibi, R., Kamali, S., Moradzadeh, K.,

Nematollahi, P., Nardi, N. B., & Gheisari, Y. (2023). Regenerative

potential of multinucleated cells: Bone marrow adiponectin-positive

multinucleated cells take the lead. Stem Cell Research & Therapy, 14,
173. https://doi.org/10.1186/s13287-023-03400-w

23. Honma, T., & Hamasaki, T. (1996). Ultrastructure of multinucleated

giant cell apoptosis in foreign-body granuloma. Virchows Archiv, 428,
165–176. https://doi.org/10.1007/BF00200659

24. Burton, G. J., & Jones, C. J. (2009). Syncytial knots, sprouts, apoptosis,

and trophoblast deportation from the human placenta. Taiwanese Jour-
nal of Obstetrics and Gynecology, 48, 28–37. https://doi.org/10.1016/
S1028-4559(09)60032-2

25. Fox, D. T., Gall, J. G., & Spradling, A. C. (2010). Error-prone polyploid

mitosis during normal Drosophila development. Genes & Development,
24, 2294–2302. https://doi.org/10.1101/gad.1952710

26. Jansen, I. D., Vermeer, J. A., Bloemen, V., Stap, J., & Everts, V. (2012).

Osteoclast fusion and fission. Calcified Tissue International, 90, 515–
522. https://doi.org/10.1007/s00223-012-9600-y

27. McDonald, M. M., Khoo, W. H., Ng, P. Y., Xiao, Y., Zamerli, J., Thatcher,

P., Kyaw, W., Pathmanandavel, K., Grootveld, A. K., Moran, I., Butt, D.,

Nguyen, A., Corr, A., Warren, S., Biro, M., Butterfield, N. C., Guilfoyle,

S. E., Komla-Ebri, D., Dack, M. R. G., . . . Phan, T. G. (2021). Osteoclasts

recycle via osteomorphs during RANKL-stimulated bone resorption.

Cell, 184, 1330–1347.e13. https://doi.org/10.1016/j.cell.2021.02.

002

28. Kloc, M., Uosef, A., Subuddhi, A., Kubiak, J. Z., Piprek, R. P., & Ghobrial,

R. M. (2022). Giant multinucleated cells in aging and senescence –

An abridgement. Biology (Basel), 11, 1121. https://doi.org/10.3390/
biology11081121

29. Echeverri, K., Clarke, J. D., & Tanaka, E. M. (2001). In vivo imag-

ing indicates muscle fiber dedifferentiation is a major contributor to

the regenerating tail blastema. Developmental Biology, 236, 151–164.
https://doi.org/10.1006/dbio.2001.0312

30. McGann, C. J., Odelberg, S. J., & Keating, M. T. (2001). Mammalian

myotube dedifferentiation induced by newt regeneration extract. Pro-
ceedings of the National Academy of Sciences of the United States of
America,98, 13699–13704. https://doi.org/10.1073/pnas.221297398

31. Whitlock, J. M., Leikina, E., Melikov, K., De Castro, L. F., Mattijssen,

S., Maraia, R. J., Collins, M. T., & Chernomordik, L V. (2023). Cell

surface-bound La protein regulates the cell fusion stage of osteoclas-

togenesis. Nature Communications, 14, 616. https://doi.org/10.1038/
s41467-023-36168-x

32. Leikina, E., Gamage, D. G., Prasad, V., Goykhberg, J., Crowe, M., Diao,

J., Kozlov,M.M., Chernomordik, L. V., &Millay, D. P. (2018).Myomaker

andMyomerger work independently to control distinct steps of mem-

brane remodeling during myoblast fusion. Developmental Cell, 46, 767.
https://doi.org/10.1016/j.devcel.2018.08.006

33. Whitlock, J. M., Yu, K., Cui, Y. Y., & Hartzell, H. C. (2018). Anoc-

tamin 5/TMEM16E facilitatesmuscle precursor cell fusion. The Journal
of General Physiology, 150, 1498–1509. https://doi.org/10.1085/jgp.
201812097

34. Leikina, E., Whitlock, J. M., Melikov, K., Zhang, W., Bachmann, M. P.,

& Chernomordik, L. (2024). Formation of multinucleated osteoclasts

depends on an oxidized species of cell surface associated La protein.

eLife, 13, RP98665. https://doi.org/10.7554/eLife.98665.
35. Maraia, R. J., Mattijssen, S., Cruz-Gallardo, I., & Conte, M. R. (2017).

The La and related RNA-binding proteins (LARPs): Structures, func-

tions, and evolving perspectives.Wiley Interdisciplinary Reviews – RNA,
8. https://doi.org/10.1002/wrna.1430

36. Wolin, S. L., &Cedervall, T. (2002). The La protein.Annual Review of Bio-
chemistry, 71, 375–403. https://doi.org/10.1146/annurev.biochem.71.

090501.150003

37. Jeffery, C. J. (2017). Moonlighting proteins—Nature’s Swiss army

knives. Science Progress, 100, 363–373. https://doi.org/10.3184/

003685017X15063357842574

38. Huang, X., Zhu, J., Li, Y., Yu, Y., & Tang, J. (2022). La protein reg-

ulates protein expression by binding with the mRNAs of target

genes and participates the pathological process of ovarian cancer.

Frontiers in Oncology, 12, 763480. https://doi.org/10.3389/fonc.2022.
763480

39. Glenn, H. L., Wang, Z., & Schwartz, L. M. (2010). Acheron, a Lupus anti-

gen familymember, regulates integrin expression, adhesion, andmotil-

ity in differentiatingmyoblasts.American Journal of Cell Physiology,298,
C46–C55. https://doi.org/10.1152/ajpcell.00387.2009

40. Beauchamp, P., Nassif, C., Hillock, S., Van Der Giessen, K., Von Roretz,

C., Jasmin, B. J., & Gallouzi, I.-E. (2010). The cleavage of HuR interferes

with its transportin-2-mediated nuclear import and promotes muscle

fiber formation. Cell Death and Differentiation, 17, 1588–1599. https://
doi.org/10.1038/cdd.2010.34

41. Ho, T.-L., Tang, C.-H., Chang, S. L.-Y., Tsai, C.-H., Chen, H.-T., & Su, C.-M.

(2022). HMGB1 promotes in vitro and in vivo skeletal muscle atrophy

through an IL-18-dependent mechanism. Cells, 11, 3936. https://doi.
org/10.3390/cells11233936

42. Constantin, B., Cognard, C., & Raymond, G. (1996). Myoblast fusion

requires cytosolic calcium elevation but not activation of voltage-

dependent calcium channels. Cell Calcium, 19, 365–374. https://doi.
org/10.1016/s0143-4160(96)90109-8

https://doi.org/10.1242/jcs.254979
https://doi.org/10.1242/jcs.254979
https://doi.org/10.1186/s12964-023-01085-5
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1016/j.tcb.2019.09.002
https://doi.org/10.1016/j.tcb.2019.09.002
https://doi.org/10.7554/eLife.58107
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1038/nrm3999
https://doi.org/10.1038/nrm3999
https://doi.org/10.1098/rsos.180442
https://doi.org/10.1098/rsos.180442
https://doi.org/10.1016/j.jbc.2021.100411
https://doi.org/10.1083/jcb.201207012
https://doi.org/10.1083/jcb.201207012
https://doi.org/10.1042/BJ20111243
https://doi.org/10.1042/BJ20141233
https://doi.org/10.1042/BJ20141233
https://doi.org/10.1007/s10577-021-09664-3
https://doi.org/10.1186/s13287-023-03400-w
https://doi.org/10.1007/BF00200659
https://doi.org/10.1016/S1028-4559(09)60032-2
https://doi.org/10.1016/S1028-4559(09)60032-2
https://doi.org/10.1101/gad.1952710
https://doi.org/10.1007/s00223-012-9600-y
https://doi.org/10.1016/j.cell.2021.02.002
https://doi.org/10.1016/j.cell.2021.02.002
https://doi.org/10.3390/biology11081121
https://doi.org/10.3390/biology11081121
https://doi.org/10.1006/dbio.2001.0312
https://doi.org/10.1073/pnas.221297398
https://doi.org/10.1038/s41467-023-36168-x
https://doi.org/10.1038/s41467-023-36168-x
https://doi.org/10.1016/j.devcel.2018.08.006
https://doi.org/10.1085/jgp.201812097
https://doi.org/10.1085/jgp.201812097
https://doi.org/10.7554/eLife.98665
https://doi.org/10.1002/wrna.1430
https://doi.org/10.1146/annurev.biochem.71.090501.150003
https://doi.org/10.1146/annurev.biochem.71.090501.150003
https://doi.org/10.3184/003685017X15063357842574
https://doi.org/10.3184/003685017X15063357842574
https://doi.org/10.3389/fonc.2022.763480
https://doi.org/10.3389/fonc.2022.763480
https://doi.org/10.1152/ajpcell.00387.2009
https://doi.org/10.1038/cdd.2010.34
https://doi.org/10.1038/cdd.2010.34
https://doi.org/10.3390/cells11233936
https://doi.org/10.3390/cells11233936
https://doi.org/10.1016/s0143-4160(96)90109-8
https://doi.org/10.1016/s0143-4160(96)90109-8


WHITLOCK and CHERNOMORDIK 8 of 8

43. Hwang, S. Y., & Putney J.W. Jr. (2011). Calcium signaling in osteoclasts.

Biochimica et BiophysicaActa,1813, 979–983. https://doi.org/10.1016/
j.bbamcr.2010.11.002

44. Orrenius, S., Zhivotovsky, B., & Nicotera, P. (2003). Regulation of

cell death: The calcium-apoptosis link. Nature Reviews Molecular Cell
Biology, 4, 552–565. https://doi.org/10.1038/nrm1150

45. Redza-Dutordoir, M., & Averill-Bates, D. A. (2016). Activation of apop-

tosis signalling pathways by reactive oxygen species. Biochimica et
Biophysica Acta, 1863, 2977–2992. https://doi.org/10.1016/j.bbamcr.

2016.09.012

46. Kannan, K., & Jain, S. K. (2000). Oxidative stress and apopto-

sis. Pathophysiology, 7, 153–163. https://doi.org/10.1016/s0928-

4680(00)00053-5

47. Dehkordi, M. H., Tashakor, A., O’connell, E., & Fearnhead, H. O. (2020).

Apoptosome-dependent myotube formation involves activation of

caspase-3 in differentiating myoblasts. Cell Death and Disease, 11, 308.
https://doi.org/10.1038/s41419-020-2502-4

48. Desouza, M., Gunning, P. W., & Stehn, J. R. (2012). The actin cytoskele-

ton as a sensor and mediator of apoptosis. Bioarchitecture, 2, 75–87.
https://doi.org/10.4161/bioa.20975

49. Rodríguez-Pérez, F., Manford, A. G., Pogson, A., Ingersoll, A. J.,

Martínez-González, B., & Rape, M. (2021). Ubiquitin-dependent

remodeling of the actin cytoskeleton drives cell fusion. Developmental
Cell, 56, 588–601.e9. https://doi.org/10.1016/j.devcel.2021.01.016

50. Martin, S. G. (2016). Role and organization of the actin cytoskeleton

during cell-cell fusion. Seminars in Cell and Developmental Biology, 60,
121–126. https://doi.org/10.1016/j.semcdb.2016.07.025

51. Sens, K. L., Zhang, S., Jin, P., Duan, R., Zhang, G., Luo, F., Parachini,

L., & Chen, E. H. (2010). An invasive podosome-like structure pro-

motes fusion pore formation duringmyoblast fusion. The Journal of Cell
Biology, 191, 1013–1027. https://doi.org/10.1083/jcb.201006006

52. Porter, A. G., & Jänicke, R. U. (1999). Emerging roles of caspase-3 in

apoptosis. Cell Death and Differentiation, 6, 99–104. https://doi.org/10.
1038/sj.cdd.4400476

53. Lopez, K. E., & Bouchier-Hayes, L. (2022). Lethal and non-lethal func-

tions of caspases in theDNAdamage response.Cells, 11, 1887. https://
doi.org/10.3390/cells11121887

54. Nakajima, Y. I., & Kuranaga, E. (2017). Caspase-dependent non-

apoptotic processes in development. Cell Death and Differentiation, 24,
1422–1430. https://doi.org/10.1038/cdd.2017.36

55. Gauster, M., Siwetz, M., Orendi, K., Moser, G., Desoye, G., & Huppertz,

B. (2010). Caspases rather than calpains mediate remodelling of the

fodrin skeleton during human placental trophoblast fusion. Cell Death
and Differentiation, 17, 336–345. https://doi.org/10.1038/cdd.2009.
133

56. Szymczyk, K. H., Freeman, T. A., Adams, C. S., Srinivas, V., & Steinbeck,

M. J. (2006). Active caspase-3 is required for osteoclast differentiation.

Journal of Cellular Physiology, 209, 836–844. https://doi.org/10.1002/
jcp.20770

57. Ayukawa, K., Taniguchi, S., Masumoto, J., Hashimoto, S., Sarvotham, H.,

Hara, A., Aoyama, T., & Sagara, J. (2000). La autoantigen is cleaved in

the COOH terminus and loses the nuclear localization signal during

apoptosis. Journal of Biological Chemistry, 275, 34465–34470. https://
doi.org/10.1074/jbc.M003673200

58. Rutjes, S. A., Utz, P. J., Van Der Heijden, A., Broekhuis, C., Van Venrooij,

W. J., & Pruijn, G. J. M. (1999). The La (SS-B) autoantigen, a key pro-

tein in RNA biogenesis, is dephosphorylated and cleaved early during

apoptosis. Cell Death and Differentiation, 6, 976–986. https://doi.org/
10.1038/sj.cdd.4400571

59. Bachmann,M., Chang, S., Slor, H., Kukulies, J., &Müller,W. E. G. (1990).

Shuttling of the autoantigen La between nucleus and cell surface after

UV irradiation of humankeratinocytes. Experimental Cell Research,191,
171–180. https://doi.org/10.1016/0014-4827(90)90002-r

60. Sommer, G., & Heise, T. (2021). Role of the RNA-binding protein La

in cancer pathobiology. RNA Biology, 18, 218–236. https://doi.org/10.
1080/15476286.2020.1792677

61. Fadok, V. A., Voelker, D. R., Campbell, P. A., Cohen, J. J., Bratton, D. L.,

&Henson, P.M. (1992). Exposure of phosphatidylserine on the surface

of apoptotic lymphocytes triggers specific recognition and removal by

macrophages. The Journal of Immunology, 148, 2207–2216. https://doi.
org/10.4049/jimmunol.148.7.2207.

62. Vermes, I., Haanen, C., Steffens-Nakken, H., & Reutellingsperger, C.

(1995). A novel assay for apoptosis. Flow cytometric detection of

phosphatidylserine expression on early apoptotic cells using fluores-

cein labelled Annexin V. Journal of Immunological Methods, 184, 39–51.
https://doi.org/10.1016/0022-1759(95)00072-i

63. Suzuki, J., Denning, D. P., Imanishi, E., Horvitz, H. R., & Nagata, S.

(2013). Xk-related protein 8 and CED-8 promote phosphatidylserine

exposure in apoptotic cells. Science, 341, 403–406. https://doi.org/10.
1126/science.1236758

64. Verma, S. K., Leikina, E., Melikov, K., Gebert, C., Kram, V., Young,

M. F., Uygur, B., & Chernomordik, L. V. (2018). Cell-surface phos-

phatidylserine regulates osteoclast precursor fusion. Journal of Bio-
logical Chemistry, 293, 254–270. https://doi.org/10.1074/jbc.M117.

809681

65. Zhang, Y., Le, T., Grabau, R., Mohseni, Z., Kim, H., Natale, D. R., Feng, L.,

Pan, H., & Yang, H. (2020). TMEM16F phospholipid scramblase medi-

ates trophoblast fusion and placental development. Science Advances,
6, eaba0310. https://doi.org/10.1126/sciadv.aba0310

66. Krishnacoumar, B., Stenzel, M., Garibagaoglu, H., Omata, Y., Sworn, R.

L., Hofmann, T., Ipseiz, N., Czubala, M. A., Steffen, U., Maccataio, A.,

Stoll, C., Böhm, C., Herrmann, M., Uderhardt, S., Jenkins, R. H., Taylor,

P. R., Grüneboom, A., Zaiss, M. M., Schett, G., . . . Scholtysek, C. (2024).

Caspase-8 promotes scramblase-mediated phosphatidylserine expo-

sure and fusion of osteoclast precursors.Bone Research, 12, 40. https://
doi.org/10.1038/s41413-024-00338-4

67. Shin, H. W., & Takatsu, H. (2020). Phosphatidylserine exposure in liv-

ing cells. Critical Reviews in Biochemistry and Molecular Biology, 55,
166–178. https://doi.org/10.1080/10409238.2020.1758624

How to cite this article: Whitlock, J. M., & Chernomordik, L. V.

(2025). Cell–cell fusion: To lose one life and begin another.

BioEssays, 47, e2400206.

https://doi.org/10.1002/bies.202400206

https://doi.org/10.1016/j.bbamcr.2010.11.002
https://doi.org/10.1016/j.bbamcr.2010.11.002
https://doi.org/10.1038/nrm1150
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1016/s0928-4680(00)00053-5
https://doi.org/10.1016/s0928-4680(00)00053-5
https://doi.org/10.1038/s41419-020-2502-4
https://doi.org/10.4161/bioa.20975
https://doi.org/10.1016/j.devcel.2021.01.016
https://doi.org/10.1016/j.semcdb.2016.07.025
https://doi.org/10.1083/jcb.201006006
https://doi.org/10.1038/sj.cdd.4400476
https://doi.org/10.1038/sj.cdd.4400476
https://doi.org/10.3390/cells11121887
https://doi.org/10.3390/cells11121887
https://doi.org/10.1038/cdd.2017.36
https://doi.org/10.1038/cdd.2009.133
https://doi.org/10.1038/cdd.2009.133
https://doi.org/10.1002/jcp.20770
https://doi.org/10.1002/jcp.20770
https://doi.org/10.1074/jbc.M003673200
https://doi.org/10.1074/jbc.M003673200
https://doi.org/10.1038/sj.cdd.4400571
https://doi.org/10.1038/sj.cdd.4400571
https://doi.org/10.1016/0014-4827(90)90002-r
https://doi.org/10.1080/15476286.2020.1792677
https://doi.org/10.1080/15476286.2020.1792677
https://doi.org/10.4049/jimmunol.148.7.2207
https://doi.org/10.4049/jimmunol.148.7.2207
https://doi.org/10.1016/0022-1759(95)00072-i
https://doi.org/10.1126/science.1236758
https://doi.org/10.1126/science.1236758
https://doi.org/10.1074/jbc.M117.809681
https://doi.org/10.1074/jbc.M117.809681
https://doi.org/10.1126/sciadv.aba0310
https://doi.org/10.1038/s41413-024-00338-4
https://doi.org/10.1038/s41413-024-00338-4
https://doi.org/10.1080/10409238.2020.1758624
https://doi.org/10.1002/bies.202400206

	Cell-cell fusion: To lose one life and begin another
	Abstract
	INTRODUCTION
	CONSERVED PATHWAY OF MEMBRANE FUSION AND DIVERSE PROTEIN MACHINES
	TO FUSE OR NOT TO FUSE?
	LA PROTEIN AS A GUIDE INTO THE LIFE OF FUSING OSTEOCLASTS
	LIFE AT THE EDGE: LINKS BETWEEN CELL FUSION AND APOPTOSIS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


