Chromosome Res (2021) 29:245-260
https://doi.org/10.1007/s10577-021-09664-3

®

Check for
updates

WALDEYER-FLEMMING SPECIAL COLLECTION

Communal living: the role of polyploidy and syncytia

in tissue biology

Nora G. Peterson - Donald T. Fox

Received: 14 April 2021 / Revised: 10 May 2021 / Accepted: 16 May 2021 / Published online: 1 June 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract Multicellular organisms are composed of
tissues with diverse cell sizes. Whether a tissue pri-
marily consists of numerous, small cells as opposed
to fewer, large cells can impact tissue development
and function. The addition of nuclear genome copies
within a common cytoplasm is a recurring strategy
to manipulate cellular size within a tissue. Cells with
more than two genomes can exist transiently, such as
in developing germlines or embryos, or can be part
of mature somatic tissues. Such nuclear collectives
span multiple levels of organization, from mononu-
clear or binuclear polyploid cells to highly multinu-
cleate structures known as syncytia. Here, we review
the diversity of polyploid and syncytial tissues found
throughout nature. We summarize current literature
concerning tissue construction through syncytia and/
or polyploidy and speculate why one or both strate-
gies are advantageous.
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Overview

In at least 9 different mammalian organ systems
(Table 1), cells with greater than two genomes can be
found. Focusing primarily on metazoans, this review
focuses on such highly conserved increases in nuclear
genome number and its impact on tissue biology. We
discuss how nuclear genome number is increased and
survey where cells with such increased genome content
are found. We also broadly review our limited knowl-
edge regarding how adding genomes can alter tissue
function and speculate how future studies might tackle
the largely unknown question of how extra nuclei
impact tissue function. As part of this discussion, we
compare and contrast the properties of large cells with
extra genomes packed into a single nucleus versus
those cells with multiple genomes in multiple nuclei.

Under construction: adding genome copies to cells
during tissue growth

Diploid, sexually reproducing organisms pass on one
set of chromosomes from each parent to their off-
spring. Cells in these organisms then grow and form
tissues through mitotic cell cycles, whereby the dip-
loid genome is fully replicated and the daughter cells
wholly separate during mitosis and cytokinesis. But
in specific tissues (for examples see Tablel), the
diploid genome can undergo further duplications to
increase the total DNA content (C value) per cell (Fox
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Table 1 Nuclear number and ploidy and mechanism of various cell types

Cell type (species) Organ system

nucleus (C)

Predominant nuclear
number and ploidy per

Mechanism

References

Germline cyst (female Reproductive Upto25x1C
mouse)

Germline cyst (female Reproductive 16x1C
fruit fly)

Cardiomyocyte (pig) Cardiovascular 8x2C

Cardiovascular 2x2C
Cardiovascular 1x4C and 2x2C

Cardiomyocyte (mouse)
Cardiomyocyte (human)

Incomplete cytokinesis
Incomplete cytokinesis

Incomplete cytokinesis
Incomplete cytokinesis

Incomplete cytokinesis or
endocycle

(Lei and Spradling 2016)
(Lei and Spradling 2016)

(Velayutham et al. 2020)

(Soonpaa et al. 1996)

(Brodsky et al. 1992; Hesse
et al. 2012; Mollova et al.

2013; Bergmann et al.
2015)

Osteoclast (chicken) Skeletal 4x2C Cell—cell fusion (Piper et al. 1992)
Macrophage granuloma Lymphatic 2x2C and 1x4C Incomplete cytokinesis or  (Herrtwich et al. 2016)
(human) endocycle
Myocyte (mouse) Muscular ~220x%2C (extensor digi- Cell—cell fusion (Hansson et al. 2020)
torum longus)
Myocyte (fruit fly) Muscular 10-15%32C (ventral Cell—cell fusion, endo- (Windner et al. 2019)
longitudinal muscles 3 cycle
and 4)
Megakaryocyte (human, Cardiovascular 1x8C, 1x16C, 1x32C Incomplete cytokinesis (Odell et al. 1976; Brown
rat) and incomplete karyoki- et al. 1997; Lordier et al.
nesis 2008)
Hepatocyte (human) Digestive 1x2C, 2x2C, 2x4C, Incomplete cytokinesis (Kudryavtsev et al. 1993)
1x4C, 1x8C or endocycle
Rectal papillar cells (fruit  Digestive 100x 8C Endocycle, cytoplasm- (Fox et al. 2010; Schoen-
fly) sharing felder et al. 2014; Peterson
et al. 2020)
Syncytiotrophoblast Extraembryonic up to 6x10710x2C Cell—cell fusion (Simpson et al. 1992)
(human)
Trophoblast giant cells Extraembryonic Up to 1 x512-1024C Endocycle (Barlow and Sherman 1972;
(mouse) MacAuley et al. 1998)
Salivary gland (fruit fly)  Digestive 1x512-1024C Endocycle (Hammond and Laird 1985)
Subperineurial glia Nervous 1-4x4-32C Incomplete cytokinesis (Unhavaithaya and Orr-
(fruit fly) or endocycle Weaver 2012; Von Stetina
et al. 2018)

and Duronio 2013; @vrebg and Edgar 2018). Such
cell cycle-dependent genome copy increases occur
through two main processes. First, cells can switch
from a mitotic cycle to a cycle commonly referred
to as either the endocycle or the endoreduplication
cycle. Endocycles consist of just one gap phase per
cycle (known as G-phase) and an intervening genome
duplication phase (S-phase), but no entry into mito-
sis. Endocycles lead to increased nuclear size and
content within a single nucleus (Fig. 1). Examples
of cells that undergo endocycles include the tropho-
blast giant cells in mammals and salivary gland and
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rectal papillar cells in insects (Tablel). Second,
mitotic cycling cells can switch to a cycle commonly
known as endomitosis. Endomitosis involves truncat-
ing the cell cycle either in mitosis or cytokinesis and
thus primarily differs from endocycles in that cells
continue to at least enter mitosis. All endocycling
cells, as well as any endomitotic cells that truncate
mitosis prior to anaphase (incomplete karyokinesis),
will yield mononucleated polyploid cells (Fig. 1). In
contrast, endomitotic cells that progress to anaphase
yet undergo incomplete cytokinesis will produce
binucleate polyploid cells (Fig. 1), as occurs in many
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Fig. 1 Multiple mecha-
nisms lead to the same
ploidy and nuclear
number outcomes. Cycles
with absent or incomplete
karyokinesis can both yield
increased nuclear size and
ploidy. Cycles with full
nuclear division but incom-
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cardiomyocytes and hepatocytes (Table 1). Binucle-
ate cells can also undergo subsequent endomitosis
with incomplete cytokinesis to yield highly multinu-
cleate syncytia (Fig. 1), as occurs in pig cardiomyo-
cytes (Tablel). For more information on regulation of
the variant cell cycles that generate polyploid cells,
we refer the reader to several recent reviews (@vrebg
and Edgar 2018; Shu et al. 2018; Lazzeri et al 2019;
Lang and Schnittger 2020).

Independent of the cell cycle, fusion of plasma
membranes of adjacent cells provides an additional
mechanism to generate multinucleated cells and
syncytia (Fig. 1). Examples of multinucleated syn-
cytial tissues formed by plasma membrane fusion
are skeletal myocytes, osteoclasts, and the syncytio-
trophoblast (Table 1). Diverse cell fusion mechanisms
include establishing competence for adjacent cells to
recognize each other and fuse and the action of fuso-
gen molecules and the actin cytoskeleton to remodel
neighboring cell membranes. We refer the reader
to these recent reviews (Hernandez and Podbile-
wicz 2017; Lee and Chen 2019; Petrany and Millay
2019) for a comprehensive discussion of cell fusion
mechanisms and molecules. As highlighted in the
sub-section “skeletal muscle,” it is also possible for
a tissue to increase genome copy numbers through a

®

combination of both cell fusion and ploidy-increasing
cell cycles.

The terminology surrounding cells with increased
genome copy number can be confusing. Technically
speaking, the product of endocycles, endomitosis,
and cell fusion all produce polyploid cells. Polyploidy
thus applies to multinucleated cells where each indi-
vidual nucleus is diploid. However, as discussed in
the sub-section “progenitor syncytia,” some instances
of increased nuclear content (e.g. germline cysts) are
transient, and are therefore not typically referred to
as polyploid. Similarly, binucleate cells are not com-
monly referred to as syncytia. To further add to the
complexity, polyploid cells can continue to divide
(Fox et al. 2010; Miyaoka et al. 2012), and polyploid
cells can fuse/share cytoplasm (Peterson et al. 2020)
and ploidy may also reduce in some cases (Duncan
et al. 2010; Lucchetta and Ohlstein 2017; Matsumoto
et al. 2021). For the purposes of this review, we use
the term polyploid to refer to an increase in cellular
DNA content to at least three or more genome copies,
and similarly we use the term syncytia to refer to cells
containing three or more nuclei. In the next two sec-
tions, we focus on the diversity and differing biology
regarding ploidy states and nuclear number in animal
tissues.
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Distinct architecture: a survey of tissues
with extra genomes across nature

In this section, we present a survey of distinct exam-
ples of tissues with extra genomes, from mononu-
cleate polyploid to highly multinucleated syncytia.
We also discuss the potential benefits and tradeoffs
of extra genomes in a number of tissues. A separate
discussion of why tissues with extra genomes use dif-
ferent organizational strategies (e.g., mononucleate
vs. multinucleated) is presented later, in the section
“Form and Function.”

Progenitor syncytia

During progenitor stages of development, nuclei of
germ cells and early embryos frequently share cyto-
plasm. This sub-section highlights the conservation
of syncytia in metazoan germ cell lineages and extra-
embryonic cells.

Germline syncytia

Nuclear division followed by incomplete cytoki-
nesis (akin to endomitosis) is a widely conserved
route to germline cyst formation in many animal
species (Fig. 1; Tablel; Fawcett et al. 1959; Hime
et al. 1996; de Cuevas et al. 1997; Kloc et al. 2004;
Maddox et al. 2005; Kosaka et al. 2007; Marlow and
Mullins 2008; Lei and Spradling 2013; Amini et al.
2014). This process creates syncytial cyst structures
in the female germline of fruit flies (Drosophila mel-
anogaster), clawed frogs (Xenopus laevis), zebrafish
(Danio rerio), and mice (Mus musculus). Within
these cysts, organelles and other cytoplasmic materi-
als can be shared (Zamboni and Gonndos 1968; Ruby
et al. 1969; Gutzeit 1986; Bolivar et al. 2001; Pepling
and Spradling 2001; Cox and Spradling 2003; Kloc
et al. 2004; Kosaka et al. 2007; Marlow and Mullins
2008; Lei and Spradling 2013, 2016). Cyst cell num-
ber is invariantly 16 germ cells in female (and male)
Drosophila germ cysts and can reach up to 25 cells in
the mouse ovary (Lei and Spradling 2016, reviewed
in Greenspan et al. 2015). Frequently, the oocyte is
the only cell to survive through oogenesis, a phenom-
enon known as a meroistic ovary (McCall and Stel-
ler 1998; Foley and Cooley 1998 and reviewed in Lu
et al. 2017). In such cases, syncytial organization can
serve to nourish the growing oocyte.
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However, nourishing of a future gamete cannot be
the only function of germline syncytia.

For example, death of cyst cells supporting the
future oocyte does not always occur in female syn-
cytial germlines, such as in organisms with panois-
tic ovaries (reviewed in Lu et al. 2017). Similarly,
while incomplete cytokinesis leads to syncytial cysts
during male germ cell development in several spe-
cies including in flies and mice, most nuclei of the
cyst survive and eventually individualize into mature
sperm (reviewed in Yoshida 2016; Yamashita 2018).
As in the female syncytial germline, male syncytial
germ nuclei can also share gene products (Braun et al.
1989; Caldwell and Handel 1991; Venteli et al. 2003;
Kaufman et al. 2020). Several models for why cyto-
plasm is shared in developing germ cysts where each
germ cell goes on to become a gamete are outlined
nicely in previous reviews (Greenbaum et al. 2011;
Lu et al. 2017). Briefly, these include (1) the need to
synchronize critical events in gamete production such
as the onset of meiosis (which is highly synchronized
in males), (2) the ability to neutralize a deleterious
mutation in a single germ cell of the cyst that might
otherwise outcompete neighboring gametes during
fertilization, (3) the sharing of X and Y gene products
to make early male gametes phenotypically diploid,
and (4) increased sensitivity to DNA damage. More
recently, study in C. elegans suggests that a syncyt-
ium can also compensate for the mechanical stress of
oogenesis (Amini et al. 2014; Priti et al. 2018). Future
study can determine the extent to which each of these
mechanisms contributes to productive function of
germline syncytia.

Extra-embryonic syncytia

A common theme across metazoan evolution is the
syncytial nature of cells that support the growth of
the embryo. Many insects have a syncytial yolk sac as
part of the extra-embryonic tissue during embryogen-
esis (reviewed in Schmidt-Ott and Kwan 2016). As
in germline syncytia, these extra-embryonic syncytia
are formed by repeated rounds of nuclear division and
incomplete cytokinesis of the yolk sac cytoplasm dur-
ing blastoderm stages. In some insect species includ-
ing in Drosophila melanogaster, most of these nuclei
then migrate out of the future yolk sac to the embryo
surface and contribute to the animal body plan (Cam-
pos-Ortega et al. 1997, reviewed in Zissler 1992;
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Davis and Patel 2002). The syncytial yolk nuclei that
remain play important roles in embryonic morpho-
genesis, in part through maintaining integrin-based
adhesion with the surrounding embryo (Reed et al.
2004; Benton et al. 2013). In all teleost fishes, the
yolk syncytial layer is an extra-embryonic tissue. This
tissue is derived from nuclear divisions with incom-
plete cytokinesis (Lentz and Trinkaus 1967; Kimmel
and Law 1985a, b; Chu et al. 2012). The zebrafish
yolk syncytial layer, which consists of several hun-
dred nuclei (Carvalho et al. 2009), has numerous
roles in early fish development, including nourishing
the early embryo (Walzer and Schonenberger 1979a,
b) and in signaling events that pattern the embryo
(reviewed in Carvalho and Heisenberg 2010; Webb
and Miller 2013). Relative to other syncytia, the role
of yolk syncytia remains poorly understood. Future
studies aimed at specifically disrupting the syncy-
tial nature of the yolk in insect and fish species are
needed to understand potential roles of yolk syncytia
in embryos.

In many mammals, the extra-embryonic placenta
that supports the embryo contains a syncytium.
Unlike the examples discussed above in the germline
and yolk, cell fusion is the mechanism of syncytium
formation in the placenta (reviewed in Gerbaud and
Pidoux 2015; Soygur and Sati 2016). In humans,
there are three distinctly localized syncytial layers of
trophoblast cells in the placenta, each thought to play
an endocrine and immune barrier function (reviewed
in Turco and Moffett 2019; Roberts et al. 2021).
Trophoblast layers may be some of the most extreme
examples of syncytia in nature, with up to 6x 1010
nuclei estimated in a human syncytial trophoblast
(Simpson et al. 1992). In mice, genetic ablation of
syncytin molecules, which are endogenous retrovi-
ral proteins required for syncytiotrophoblast layer
formation, leads to a variety of growth phenotypes,
including fetal death (Dupressoir et al. 2009, 2011).
Further, altered syncytin expression is reported in
human placental pathologies (Chen et al. 2006; Var-
gas et al. 2011; Soygur et al. 2016). A recent study
(Buchrieser et al. 2019) revealed an acute sensitivity
of trophoblast syncytium formation to immune sign-
aling through interferons. Upon interferon stimulation
in pregnant mice, trophoblast syncytium formation
is blocked, leading to halted pregnancy. It is interest-
ing to speculate that the formation of an extraembry-
onic syncytium provides a developmental checkpoint

related to immune sensing. Future work in insect,
fish, and mammalian models can further reveal the
roles of extraembryonic syncytia, such as whether
they allow for more rapid transmission of signals that
determine whether embryogenesis should proceed.

Somatic polyploidy

Following germ cell and embryo stages, extra
genomes are seen again as specific somatic lineages
differentiate. One general theme of somatic cells with
extra genomes is that they can enable the growth of
much larger cells (Edgar and Orr-Weaver 2001). In
general, cell size growth occurs according to nutri-
ent availability and metabolic capacity (as reviewed
in Melaragno et al. 1993; Lloyd 2013; Schoenfelder
and Fox 2015). It follows then that adding addi-
tional genome copies can support larger cells due to
increased metabolism and secretion. This sub-section
presents a survey of mononuclear or multinuclear
somatic polyploidy, focusing on tissue examples that
are conserved in animals.

Cardiomyocytes

One of the most conserved examples of polyploidy
in a somatic tissue is in the cardiac muscle. Cardio-
myocytes in the simple heart tube of Drosophila are
polyploid (Yu et al. 2013, 2015). In mammals, car-
diomyocyte polyploidy appears to have co-evolved
with endothermy (Hirose et al. 2019). Fish (includ-
ing zebrafish), amphibians, and reptiles have little
cardiomyocyte polyploidy (Wills et al. 2008; Hirose
et al. 2019). Monotremes such as echidna and platy-
pus have moderate levels of cardiomyocyte poly-
ploidy (40-50% polyploid), while rodents, humans,
and other mammals have largely (90%+) polyploid
cardiomyocytes (Soonpaa et al. 1996; Bergmann et al.
2015; Hirose et al. 2019).

One potential tradeoff to polyploidy in mam-
mals is a loss of regenerative capacity. The diploid
zebrafish heart responds to tissue injury using cell
division (hyperplasia) to replace dead or missing
cells (Poss et al. 2002), and experimentally increas-
ing cardiomyocyte ploidy in this organism decreases
regeneration (Gonzalez-Rosa et al. 2018). Instead,
polyploid cardiomyocytes in many mammals respond
to tissue damage through scarring and cellular and
tissue enlargement through further nuclear content
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addition (hypertrophy, Meckert et al. 2005; Patterson
et al. 2017; Hirose et al. 2019; Derks and Bergmann
2020; Han et al. 2020). The low rate of cell division
in mammals accompanies scarring, and the hypertro-
phy that results instead of cell division is insufficient
to replace lost cardiomyocytes (Senyo et al. 2013).

Cardiomyocytes demonstrate a great range of mon-
onucleate and multinucleate polyploidy throughout
the animal kingdom. Within the category of the mam-
malian heart with 90% + polyploid adult cardiomyo-
cytes, the number of nuclei per cardiomyocyte varies
greatly. Mouse and rat cardiomyocytes are almost
entirely binucleate (2 nuclei each with 2C DNA con-
tent, or 2Xx2C) and are formed by endomitosis with
incomplete cytokinesis (Soonpaa et al. 1996; Li et al.
1996, 1997a, b; Engel et al. 2006; Liu et al. 2010,
2019). Adult human cardiomyocytes contain both
mononucleated and binucleated cardiomyocytes with
typical ploidies of 4-8C, with a range of diploid,
tetraploid, and octoploid DNA content (Brodsky et al.
1992; Bergmann et al. 2009, 2015; Mollova et al.
2013). Pig cardiomyocytes typically contain any-
where between 4 and 16 diploid nuclei arranged in a
line (Velayutham et al. 2020). Giraffe cardiomyocytes
contain 4-8 diploid nuclei also organized linearly,
although 4 nuclei are more common (Ostergaard et al.
2013). Most other mammals studied, including sheep,
rat, dog, cat, and cow, have predominantly binucleate
cardiomyocytes, with each nucleus containing dip-
loid DNA content (Bensley et al. 2016; Velayutham
et al. 2019). Future study is needed on non-humate
primates and other large mammals to determine the
evolution of mononucleate versus multinucleate car-
diomyocyte polyploidy. Why mammalian cardiomyo-
cytes have variable nuclear numbers is unknown (see
section “Form and Function”).

In addition to developmental polyploidization,
nuclear content is added in response to heart injury
and disease. Human cardiomyocytes reach ploidies
up to 32C in hearts hypertrophied in response to
infarction, congenital heart defects, rheumatic heart
diseases, and significant hypertension (Brodsky et al.
1994; Herget et al. 1997; Steinhauser and Lee 2011;
Senyo et al. 2013). Interestingly, roughly equal popu-
lations of mononucleated and binucleated cardiomyo-
cytes are retained after hypertrophy (Brodsky et al.
1994). This suggests that hypertrophic growth largely
occurs through ploidy increase in individual nuclei
and not the addition of new cells in humans.

@ Springer

Hepatocytes

Hepatocytes are the major cell type in the vertebrate
liver. Like cardiomyocytes, hepatocytes also exhibit
species-specific differences in ploidy and nuclear
number. Several reviews explore hepatocyte poly-
ploidy in depth (Gentric and Desdouets 2014; Zhang
et al. 2019). Hepatocyte polyploidy and multinuclea-
tion varies between species. Rat and mouse hepato-
cytes are~75-90% polyploid, human hepatocytes
are~30-40% polyploid, and guinea pig and wood-
chucks have very low levels of hepatocyte polyploidy
and binucleation (Kreutz et al. 2017). Mammalian liv-
ers also exhibit mixed populations of binucleate and
mononucleate polyploid cells, which makes the liver
an intriguing system to study their differences. Within
the~30% polyploid segment of human hepatocytes,
binucleate (2x2C and 2x4C) and mononucleate
(1x4C, 1x8C) polyploid cells are found (Kudryavt-
sev et al. 1993). The mouse liver contains roughly
equal fractions of mononucleate diploid, mononucle-
ate polyploid, binucleate, and binucleate polyploid
cells, whereas nuclear number beyond 2 is uncommon
(Kreutz et al. 2017). Insects such as Drosophila also
have hepatocyte-like cells, known as oenocytes, and
these cells also are polyploid (Gutierrez et al. 2006;
Cinnamon et al. 2016). The vertebrate liver is highly
regenerative, and both diploid hepatocyte division
and polyploidy-promoting endocycles or endomitosis
are capable of full restoration of liver mass (Davoli
et al. 2010; Diril et al. 2012; Miyaoka et al. 2012). In
contrast, mice with livers that are incapable of diploid
hepatocyte division are prone to a diabetic-like phe-
notype, inflammation, and fibrosis (Dewhurst et al.
2020; Ow et al. 2020). Further, polyploidy can both
promote or suppress liver cancer, depending on the
context (Zhang et al. 2018; Lin et al. 2021). There-
fore, while multiple hepatocyte ploidies and nuclear
numbers can compensate for liver injury, the absence
of diploidy can impact hepatocyte metabolism and
liver health.

Skeletal muscle

Skeletal muscle provides an interesting example of a
syncytial tissue that uses often high levels of multinu-
cleation and, in some cases, nuclear content increase
to grow and adjust to changing demands. Skeletal
muscle consists of long, multinucleated muscle fibers
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formed through cell-cell fusion events (reviewed in
Deng et al. 2017; Petrany and Millay 2019). In the
mouse extensor digitorum longus muscle, there are
approximately 220 nuclei per myofiber (Hansson
et al. 2020). In some organisms, both cell fusion and
ploidy increase within individual nuclei contribute
to muscle fiber size growth and function (Windner
et al. 2019). One potential hypothesis for why skeletal
muscle contains numerous nuclei is the myonuclear
domain hypothesis (reviewed in Schwartz 2018),
which proposes that each nucleus is responsible for
supplying its own territory in the syncytial muscle
fiber. The usage of many small nuclei minimizes
transport distance of nuclear products to the cytoplas-
mic domain especially when forming a long cylinder
as opposed to a sphere.

Drosophila skeletal muscle employs both multi-
nucleation through cell fusion and nuclear scaling
(through regulation of ploidal level) to reach a fixed
muscle fiber size (Windner et al. 2019). This suggests
that there is coordination between nuclei and sens-
ing of global nuclear content within the muscle fiber.
Windner et al. propose a model in which nuclear
number, ploidy content, and nucleolus size inform
and optimize cell metabolism for the desired muscle
fiber size (Windner et al. 2019). A potential advan-
tage of nuclear scaling over cell fusion is the lack
of reliance on extrinsic myoblast production. Nuclei
already incorporated into the fiber can increase in
ploidy in response to signaling. Therefore, the rela-
tive contributions of cell fusion and polyploidization
may be due to myoblast production potential. The use
of both cell fusion and nuclear ploidy increase allows
for precise tuning of muscle fiber size and metabo-
lism in Drosophila.

In contrast to fly skeletal muscle, mammalian
skeletal muscle appears to only grow through multi-
nucleation. A recent study found that while myo-
nuclear number impacts muscle fiber size within a
lower range of nuclear number, the impact of addi-
tional myonuclei on fiber size diminishes at a higher
range of nuclei. Further, fibers with fewer nuclei can
adapt by increasing transcriptional output (Cramer
et al. 2020). Skeletal myofibers also experience
a limited amount of cellular hypertrophy without
DNA replication. However, most adaptive growth
after exercise or injury occurs via myonuclear accre-
tion (the addition of nuclei, Goh et al. 2019). The
diversity of ploidy organization in tissues such as

cardiac and skeletal muscle brings to mind the ques-
tion—when is mononucleate or multinucleate poly-
ploidy advantageous?

Form and function: when is mononucleate
or multinucleate polyploidy advantageous?

In the preceding sections, we discussed how extra
genome copies arise within cells, and what is known
about how these extra genomes impact tissue biology.
Much remains to be known regarding the function
of such whole genome duplication, and integrative
studies across diverse models can provide answers
(Fox et al. 2020). In this section, we discuss a related
question: how does tissue function differ when extra
genomes are in one versus many nuclei? In this sec-
tion we highlight some of the similarities and dif-
ferences between mononucleate and multinucleate/
syncytial polyploidy and suggest avenues for future
study.

Mononucleate and multinucleate polyploid cells are
similar

It is not well understood why some tissues can be
built or repaired using mononucleate polyploid cells,
multinucleate cells, or mixture of the two. There is
some evidence that mononucleate and multinucleate
cells of the same ploidy do not functionally differ. In
the injured Drosophila abdominal epithelium, cell
fusion and endocycles collaborate to repair the tis-
sue, yet either mode of genome addition can suffice
(Losick et al. 2013, 2016). In the mouse liver, Kreutz
et al. and others found no significant difference in cell
size and shape between binucleate and mononucle-
ate hepatocytes nor a difference in liver zone loca-
tion (Martin et al. 2002; Kreutz et al. 2017). How-
ever, binucleate and mononucleate polyploid cells do
differ in gene expression, with 32% of differentially
expressed genes between these ploidal states (Kreutz
et al. 2017). Kreutz et al. speculate that binucleate
and mononucleate polyploid cells contribute biologi-
cal heterogeneity to the liver, although how nuclear
number affects hepatic gene expression is unknown
(Kreutz et al. 2017).

In the heart, mononucleate and multinucleate
murine cardiomyocytes of varying ploidy have simi-
lar transcriptional profiles. Single-cell sequencing
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revealed no substantial differences between mononu-
cleate and multinucleate rod-shaped cardiomyocytes
isolated from adult mouse ventricle (Yekelchyk et al.
2019). However, transcripts do differ between car-
diomyocytes from wild type and hypertrophic hearts
(Nomura et al. 2018; Yekelchyk et al. 2019). Mega-
karyocytes are large, polyploid cells that produce
platelets. Mammalian megakaryocytes typically use
endomitosis to form polyploid, lobed nuclei (Lordier
et al. 2008). The mechanism of ploidy increase does
not matter as long as the desired ploidy is achieved.
Switching to endocycles for ploidy increase does not
impact platelet-forming by megakaryocytes (Trakala
et al. 2015). It would be interesting to generate fully
multinucleated megakaryocytes to test whether
nuclear number similarly does not affect cell function.
These findings support the common idea that multi-
nucleate and mononucleate cells of the same ploidy
are functionally equivalent.

How mononucleate and multinucleate polyploid cells
might differ

We propose here possible reasons that multiple or sin-
gle nuclei might be beneficial in tissue organization.
Some potential differentiating factors could include
cell shape, nuclear specialization, and cell division
potential. We propose that future studies should con-
sider the existence of a gradient from mononucleated
diploid to highly multinucleated cell types (Fig. 2)
with distinctive advantages and constraints of each
nuclear organization strategy.

Diploid mononucleate cells have unique proper-
ties unmatched by polyploid or multinucleated cells
such as conventional cell division (Storchova 2014;
Schoenfelder and Fox 2015). On the other side of the
gradient, highly multinucleated, polyploid cells have
unique properties, such as large, complex shapes, that
diploid and/or mononucleate cells cannot achieve
(Melaragno et al. 1993; Schoenfelder and Fox 2015).
In the middle, ploidy and nucleation states may be
similar enough to one another to achieve some degree
of functional redundance.

Multinucleation may facilitate cell shapes that
are not practical or even possible for mononucleated
polyploid cells. Cell size is limited by the distance
that nuclear products must travel to reach the plasma
membrane (Marshall et al. 2012; Schoenfelder and
Fox 2015). Human skeletal muscle fibers are giant
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Fig. 2 Ploidy and multinucleation. Axes showing chang-
ing cellular properties based on a spectrum from low to high
ploidy and nuclear number. “High” and “low” ploidy are kept
intentionally vague in this figure, as cell-type-specific biology
may impact the properties listed

cells, sometimes containing thousands of nuclei. A
giant cell with a singular, 1000C nucleus could not
distribute its genetic material and transcriptional
activity in the same way that a highly multinucle-
ated cell can. Similarly, the human placental syncy-
tiotrophoblast layer contains hundreds of thousands
of nuclei and forms a long, thin, single-celled barrier
between the mother and child. The seamless barrier
formed by a multinucleated cell does not allow cells
or materials to pass. Again, mononucleated poly-
ploidy would be less efficient for a slender barrier.
It is less obvious why pig cardiomyocytes grow lon-
gitudinally and form elongated cells with 4, 8, or 16
diploid nuclei arranged in a line (Velayutham et al.
2020). The benefit, if any, of building a heart from
long cardiomyocytes instead of the shorter, squatter
cardiomyocytes seen in mice or humans remains to
be seen and should be tested experimentally. The dip-
loid, mononucleated neuron seems to be an exemp-
tion to the challenge of long range cellular transport
challenges. However, neurons have evolved unique
long-distance transport methods (Grafstein and For-
man 1980; Steward and Banker 1992). Multinuclea-
tion and long-distance transport both facilitate elon-
gated cell shape.



Communal living: the role of polyploidy and syncytia in tissue biology 253

Another potential advantage of multinucleated
cells is the ability to specialize or even remove nuclei.
Nuclei in skeletal muscle and syncytial placenta have
been shown to have differential transcription within
shared cytoplasm (Bursztajn et al. 1989; Fogarty et al.
2011; Petrany et al. 2020). Multinucleate cells formed
through cell—cell fusion as opposed to endomitosis,
such as skeletal myocyte and syncytiotrophoblast,
have an additional advantage as they incorporate
newly divided cells. This separation of genetic mate-
rial allows for transcriptional tuning, such as favoring
younger nuclei or nuclei without aneuploidies (imbal-
anced chromosome number) or DNA damage. In
some cases, multinucleated cells can also favor cer-
tain nuclei for division. Only the undamaged nucleus
divides in binucleate budding yeast with one damaged
and one undamaged nucleus (Demeter et al. 2000).
Skeletal myocytes gain nuclei after repeated exercise
and may lose nuclei upon muscle atrophy although
loss of myonuclei through apoptosis was recently dis-
puted (Allen et al. 1999; Schwartz 2018).

Adding extra genomes creates both challenges
and opportunities regarding gene dosage regulation
(as reviewed in Schoenfelder and Fox 2015). Some
degree of specialization is possible in mononucleated
polyploid cells through monoallelic gene expression
(Huang et al. 2018). Mononucleate and multinucleate
are both able to target their gene expression to certain
alleles (Bursztajn et al. 1989; Demeter et al. 2000;
Fogarty et al. 2011; Huang et al. 2018). However,
multinucleate cells have more options to add, remove,
and spatially specialize nuclei.

Mononucleated and multinucleated polyploid cells
may also differ in their (albeit limited) capacity for
cell division. Polyploidy, regardless of nuclear num-
ber, is associated with terminal differentiation and
a post-mitotic cell state (Lee et al. 2009). However,
polyploid cell division has been observed in develop-
ment and disease. The polyploid mononucleate fruit
fly rectal papillar cells undergo programmed, though
error-prone cell divisions (Fox et al. 2010; Schoe-
nfelder et al. 2014). Nuclear division also occurs
within some syncytial cells such as the synchronous
divisions in the Drosophila embryo (reviewed in Foe
et al. 1993) and the asynchronous divisions in Ashbya
gossypii (Gladfelter et al. 2006). At equivalent ploidy,
mononucleate and multinucleate cells face quite dif-
ferent challenges to successfully complete mito-
sis and cytokinesis. Mononucleate polyploid cells

must organize and separate their many additional
sister chromatids, which may have altered chromo-
some structure (reviewed in Stormo and Fox 2017).
Multinucleate cells must separate additional nuclei,
which can create a challenge for maintaining ploidy
(Duncan et al. 2010; Matsumoto et al. 2020). Binu-
cleate cardiomyocytes are capable of forming pseudo-
bipolar spindles in order to divide in vitro, although
these divisions are error-prone (Leone and Engel
2019). Both multinuclear and mononuclear poly-
ploid cells face difficulties to complete cell division,
although these challenges are specific to the nuclear
arrangement. Control of the mitotic spindle assembly
checkpoint was found to be a specific vulnerability of
polyploid Drosophila and cancer cells, highlighting
the heightened challenge of segregating a polyploid
genome during mitosis (Stormo and Fox 2016, 2019;
Quinton et al. 2021).

Multinucleate polyploid cells may allow slightly
larger cell size than equivalently polyploid mono-
nucleate cells. The Drosophila subperineurial glia
(SPG) grow and form a blood-brain barrier through
both mononucleate and multinucleate polyploidy
(Unhavaithaya and Orr-Weaver 2012; Von Stetina
et al. 2018). The SPG exhibit regional differences in
multinucleation. Seventy percent of the brain lobe
SPG are multinucleate and each nucleus is polyploid,
while SPG in the peripheral nervous system and ven-
tral nerve cord are solely mononucleate polyploid
(Unhavaithaya and Orr-Weaver 2012). The main-
tenance of a barrier surrounding the proliferating
brain requires the presence of both mononucleate
and multinucleate polyploid SPG (Von Stetina et al.
2018). Multinucleate SPG are larger than mononu-
cleate SPG of equivalent ploidy but do not differ in
cell shape (Von Stetina et al. 2018). However, Von
Stetina et al. (Von Stetina et al. 2018) note that size
alone may not totally account for the requirement of
multinucleate SPG for barrier function. Even when
cell shape is comparable, multinucleated cells may
be slightly larger than similar mononucleated cells,
which could be advantageous for biological barrier
maintenance. These findings could be relevant to the
recurring role of extra embryonic syncytia as a bar-
rier as discussed in the earlier sub-section “Extraem-
bryonic syncytia.” In addition to the placenta, we note
that extra nuclei are frequently found to play a barrier
protective role in diverse cell types, where they may
permit tissue growth/regrowth without compromising
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cell junctions (Unhavaithaya and Orr-Weaver 2012;
Losick et al. 2013, 2016; Cohen et al. 2018; Wang
et al. 2018).

Finally, cell types that increase in both nuclear
ploidy and in nuclear number represent a unique,
understudied class of tissues with increased genome
content. If multinucleation and mononucleated poly-
ploidy are functionally equivalent, why are both strat-
egies used in the same cell? For example, Drosophila
muscle fiber size and metabolism are tuned by both
cell fusion and endoreplication as discussed above
(Windner et al. 2019). The order of events may also
be important. Drosophila muscle fiber fuses to form
an elongated cell shape before undergoing endocy-
cles (Windner et al. 2019). We can also imagine the
reverse, in which mononucleated cells endocycle to
increase in ploidy and then fuse or undergo polyploid
mitosis to form a multinucleated cell with polyploid
nuclei. For example, mononucleated Drosophila rec-
tal papillar cells undergo endocycles to increase in
ploidy and subsequently begin to share cytoplasm.
(Peterson et al. 2020). Furthermore, rectal papil-
lar endocycles are required for cytoplasm sharing to
occur. We also predict that cells with both nuclear
polyploidy and multinucleation would face increased
barriers to faithful cell division than cells with only
one of the two. Perhaps the combination of the two
strategies totally blocks the possibility of division.
The intersection of mononucleate and multinucleate
polyploidy should be a point of future study.

The mechanisms and roles for polyploidy in
development, disease, stress, and injury responses
are better understood every year. Mononucleate and
multinucleate polyploid cells were once thought to
be functionally equivalent. However, we maintain
that these two states have unique and intersect-
ing properties that affect tissue architecture and
function.

We suggest that additional study aimed at the dis-
tinct functions and regulation of mononucleated and
multinucleated polyploid cells can reveal benefits
of each tissue organization strategy. This should be
tested in the in vivo systems described above. Hearts
from various species built using different nuclear
organization strategies (Tablel) should be directly
compared given the diversity in cardiomyocyte
strategies. In addition, pharmacological and genetic
techniques blocking either nuclear division or
cytokinesis could be used to convert mononucleate
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or multinucleate polyploid cells within a certain
cell type. For example, cyclin-dependent kinase 1
(Cdk1) ablation can convert endomitoses into endo-
cycles in megakaryocytes, and additional ablation
of Cdk2 prevents aberrant re-replication in endocy-
cled megakaryocytes (Trakala et al. 2015). Knock
down of fizzy-related (fzr), an anaphase-promoting
complex/cyclosome regulator, may convert endocy-
cles into endomitoses or mitoses (Sigrist and Lehner
1997; Schoenfelder et al. 2014; Cohen et al. 2018),
depending on whether the cell type has a cytokinetic
block such as the partial Rho/Rock defect observed
in megakaryocytes (Lordier et al. 2008). In the
mouse heart, manipulation of the LaminB2 gene can
also impact the degree of mononucleate vs. multi-
nucleate cardiomyocyte ploidy (Han et al. 2020).
Between-species comparisons and within-species
manipulations will help to determine why tissues
use multinucleate and/or mononucleate polyploidy.
In addition to the study of naturally occurring cells
with extra genomes, future study should include the
study of extra genomes in disease, including patho-
genic syncytia, such as those produced by SARS-
CoV-2 (Buchrieser et al. 2020) and the highly prev-
alent whole genome duplications found in cancer
(Zack et al. 2013; Bielski et al. 2018).

Conclusion

In this review, we have emphasized the wide conserva-
tion of cells with greater than diploid genome content
in animal tissues. Tissues with extra genomes are fre-
quently required across evolution for gamete formation,
embryonic development, and for proper cardiac, liver,
and skeletal muscle function. While we have focused
on animals, this phenomenon is found throughout
nature (e.g., as reviewed in Bomblies 2020). Perhaps
due to nomenclature, mononucleate and multinucleate
polyploid cells are not often discussed alongside multi-
nucleate syncytia in tissues such as the germline. We
argue here that future efforts should compare findings
between all examples of extra genomes. Doing so can
reveal commonalities in function among diverse tis-
sues with extra genome content, as well as specialized
roles for, e.g., large cells with few, highly polyploid
nuclei vs. many, lower ploidy nuclei. Much remains to
be learned regarding the need for cellular collectives in
tissue biology.
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