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Development of a multicellular organism
 All complex multicellular organisms need to form a network of specified 
functional tissues consisting of various different cell types, starting from a single 
cell that has all the information for the final body plan in its DNA. Even though 
multicellular organisms vary greatly in shape, size, and the way the adult body 
functions, they all go through similar processes to form a fully functioning body. 
The strong evolutionary conservation of these processes is apparent from the 
striking similarities in morphological features of different developmental stages 
in organisms from diverse phylogenetic origins (Figure 1) (Hall 1999). Their 
development shows a pattern of processes starting with the generation of a clump 
of cells in the blastula stage, followed by the distinction of three different cell layers 
during gastrulation, and further development of organ and organism-level shape in 
a process called morphogenesis. Nonetheless, the conservation of development goes 
beyond morphological similarities, as many transcriptional programs that regulate 
development are conserved between organisms of widely different phyla. This is 
perhaps most beautifully illustrated by the homeobox genes, a family of transcription 
factors that is found in almost all eukaryotes and regulates gene expression patterns 
that determine positioning and formation of body axes and structures during early 
embryonic development in a similar way in vastly different organisms (Gehring 1998). 
Currently, a main focus in developmental biology is to characterize the different 
manners in which such regulators orchestrate the processes of development.

Developmental regulation of cell division
 There are four essential processes of development that occur in any 
multicellular organism: regional specification, morphogenesis, cell differentiation 
and growth. These processes need to be tightly regulated, timed, and coordinated to 
form a functional organism. Moreover, all these processes are inherently linked to and 
strongly coordinated with cell division. For example, regional specification generates 
different cell types in defined parts of an organism and is achieved through asymmetric 
distribution of determinants that control gene expression, which occurs largely during 
asymmetric cell division (Betschinger and Knoblich 2004). Morphogenesis is the 
formation of a three-dimensional anatomical shape, which includes the movement of 
cells and cell sheets, and needs to be tightly regulated with cell division as well as the 
division plane to coordinate the direction and extent of cell sheet expansion (Xiong 
et al. 2014). Cell differentiation, the change of a cell into a specialized cell type, is 
often a trade-off with proliferation, where more differentiated cells lose (part of) their 
capacity to divide (Ruijtenberg and van den Heuvel 2016). Finally, organism growth 
can be achieved by an increase in cell size or cell number, caused by an increase in 
DNA content of a cell or tissue through polyploidization or cell division, respectively 
(Conlon and Raff 1999; Orr-Weaver 2015). Altogether, the processes of development 
are built on and intertwined with the multiple levels of regulation on the cell division 
cycle (Box 1). Developmental control not only regulates whether a cell will enter the 
cell cycle, it can also induce cell cycle alterations causing a cellular increase in DNA 
content called polyploidy. Although investigations of crosstalk between developmental 
and cell cycle regulation in model organisms have been promising (Kipreos and van 
den Heuvel 2019), the molecular mechanisms by which developmental cues control 
the cell cycle and modify the activity of core cell cycle regulators are still largely 
uncharacterized.
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Figure 1. Morphological similarities in developmental stages of multicellular model organisms. A 
phylogenetic tree depicting the evolutionary relations between a selection of widely used model 
systems of development, and Homo sapiens, followed with schematics of their corresponding 
morphology in different stages of development from a single cell to adulthood. Numbers indicate the 
respective developmental stages or processes: 1) zygote; 2) blastula; 3) gastrula; 4) morphogenesis; 5) 
adult stage.

Box 1. Cell division and cell cycle regulation
 In eukaryotes, somatic cell division occurs through the process of mitosis. 
The canonical cell cycle consists of four phases, for which the most notable changes 
include the duplication of the DNA, centrosomes, and several cellular organelles and 
components in S phase, and the segregation of the cytoplasm and DNA over two new 
daughter cells during M phase. The intermittent G1 and G2 phases prepare the cells 
for these processes and include different levels of regulation and checkpoints to ensure 
that cells do not inappropriately commit to subsequent phases. The tight regulation 
and coordination of cell cycle phases are required to make sure that cell-cycle events 
occur in the right order and at the right time. Since cell division is an essential and 
highly regulated process, the molecular factors involved are strongly conserved 
between diverging species. Therefore, a lot of insight in the universal principles of 
cell cycle regulation could be established using more convenient unicellular model 
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systems , such as yeast (Harashima et al. 2013). This box provides a general overview 
of canonical mitotic cell-cycle regulation.

Cell cycle regulation
 Progression through the cell cycle is primarily regulated through the activity 
of cyclin-dependent kinases (Cdks), a class of enzymes that initiate the processes 
of each cell cycle phase (Figure 2a). The activity of Cdks during the cell cycle is 
regulated by their interaction with cyclins. Cyclins are subject to rapid ubiquitination 
and degradation at defi ned moments during the cell cycle to regulate their cyclical 
abundance. The anaphase promoting complex/cyclosome (APC/C) and Skp, 
Cullin, F-box containing complex (SCF complex) are the two main complexes that 
regulate the degradation of cyclins and other cell-cycle proteins during the cell cycle 
(Harashima et al. 2013). An additional layer of cell cycle regulation consists of proteins 
that aff ect the activity of CDK/cyclin complexes, such as cyclin-dependent kinase 
inhibitor proteins (CKIs) and CDK or cyclin kinases and phosphatases.

G1-to-S transition

a b

G1

S

G2

M
Cdk4/6
cyclin D

Cdk2
cyclin E

Cdk2
cyclin A

Cdk1
cyclin A
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Figure 2. Cell cycle regulation. a. Schematic overview of the mitotic cell division cycle, showing the 
Cdk/cyclin complexes active at diff erent moments during the cycle, and the proteins involved in the 
bistable switch at the G1-to-S transition. b. Schematic overview of the diff erent phases of mitosis 
or M phase. Cdk1/cyclin B activity triggers M phase initiation, stays active during the fi rst phases 
of mitosis, while degradation of cyclin B at the metaphase-to-anaphase transition inhibits Cdk1 
activity and causes progression to anaphase. Schematic cells represent the changes that occur at the 
moment of DNA segregation in the metaphase-to-anaphase transition. The sister chromatids align in 
metaphase and segregate in anaphase. The microtubules of the mitotic spindle, shown in grey, attach 
to the chromatids at the kinetochore and nucleate from the centrosomes. In anaphase, antiparallel 
bundles of microtubules are arranged to form the central spindle in between the segregating DNA.

 In G1, cells synthesize mRNA and proteins in preparation for subsequent 
phases and prepare the origins of replication in the DNA for S phase in a process called 
DNA replication licensing, ensuring the DNA is only replicated once per cell cycle. The 
transition from G1 to S phase is strongly regulated by a checkpoint that determines 
whether they will commit to the irreversible process of DNA replication that takes 
place during S phase. This transition is regulated by a bistable switch comprised of the 
Retinoblastoma protein (Rb) and E2 factor (E2F) transcriptional regulator (Figure 2a). 
During the G1 phase, Rb binds and inhibits E2F. Accumulating G1 Cdk (Cdk4/6; cyclin 
D) activity causes an increase in Rb phosphorylation, targeting it for degradation and 
causing a release of E2F. E2F subsequently activates transcription of S phase genes, as 
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1
well as cyclin E, which binds and activates Cdk2 to further aid E2F release and initiate 
S phase (Dyson 1998; Weinberg 1995). A distinction has to be made between the 
activating E2F transcription factors involved in the G1-to-S transition described above 
(E2F1-3a), and the inhibiting E2F’s (E2f3b-8) that play a different role in cell cycle 
regulation, such as the initiation and maintenance of cell cycle arrest and quiescence 
(Gaubatz et al. 2000; Segeren et al. 2020).

M phase
 During M phase, multiple levels of regulation are in place to ensure a faithful 
cell division into two daughter cells (Figure 2b). After the duplicated DNA is separated 
in the process of DNA segregation, the cell finally divides during cytokinesis. These 
processes are linked to the activity of the mitotic Cdk/cyclin complex (Cdk1/cyclin 
B). Upon its activation in G2, the Cdk1/cyclin B complex is shuttled to the nucleus, 
where it triggers entry into mitosis. During prophase and prometaphase, the cell 
breaks down the nuclear envelope, condenses the chromosomes and forms the mitotic 
spindle, a specialized microtubule structure emerging from the two centrosomes 
that attaches to the paired sister chromatids through a protein structure called the 
kinetochore. In metaphase, the chromosomes line up at the metaphase plate, with each 
sister chromatid attached to spindle microtubules originating from opposite poles. The 
progression from metaphase to anaphase marks the separation of sister chromatids 
and is initiated by the rapid degradation of cyclin B, causing the inactivation of Cdk1, 
and degradation of securin, which results in the separation of sister-chromatids. At this 
stage, several proteins form the central spindle in between segregating chromosomes, 
consisting of antiparallel bundles of microtubules emanating from opposite sides of 
the cell and acting as a regulating centre for cytokinesis (McCollum 2004). Nuclear 
division is finalized in telophase, with nuclear envelope reformation and mitotic 
spindle breakdown. Subsequently, cytokinesis finalizes M phase with the actual 
cellular division by the formation of a cleavage furrow, and detachment of daughter 
cells during abscission.

Polyploidization
 Tissue growth can be achieved by an increase of cell number, through cell 
divisions, or by an increase of cell size, often accomplished through alterations of 
the cell cycle that result in polyploidy: a doubling in DNA content. However, in 
contrast to cell division, polyploidization is associated with differentiation rather 
than proliferation. Polyploidization is characterized by a balanced increase in the 
number of chromosome sets and therefore distinct from aneuploidy, in which one or 
more chromosomes are present in aberrant numbers (Figure 3, Glossary). Polyploid 
cells arise in specific tissue and cell types during development in a plethora of 
eukaryotic multicellular organisms (Table 1), and are also frequently generated during 
regeneration or disease.
 Polyploidy can arise by various processes, which can be classified based on 
the number of nuclei present in the resulting cells, either one (mononucleated), two 
(binucleated) or more (multinucleated). For instance, fusion of two or more cells 
can give rise to a multinucleated polyploid cell (Figure 4a). Fusion gives rise to the 
large human skeletal muscle cells (Okazaki and Holtzer 1966), but is also responsible 
for the generation of multinucleated immune cells that are found in patients after 
HIV infection (Lucie et al. 2017). Alternatively, polyploid cells can be created by 
two different alterations of the mitotic cell cycle, endoreplication and endomitosis. 
During these alternative cycles, cells go through only part of the canonical cycle. In 
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endoreplication, cells go through a G and S phase, but skip M phase entirely, giving 
rise to a mononucleated polyploid cell. During endomitosis, cells initiate M phase but 
exit prematurely, resulting in a mono- or binucleated cell depending on how far the cell 
progressed through M phase prior to exit (Orr-Weaver 2015; Øvrebø and Edgar 2018). 
As endoreplication is very common in plants and insects, studies in these organisms 
have largely defined the molecular mechanisms involved in the regulation of this 
process (Zielke et al. 2013; Lee et al. 2010). Conversely, while examples of endomitosis 
in mammalian and other animal model systems are accumulating recently (Wang et 

Aneuploid
A state where one or more individual chromosomes of a normal set are present in an 
aberrant number of copies, excluding the absence or presence of complete chromosome 
sets.

C Chromosome copy number – referring to the number of homologous chromosome sets.

Diploid Cells containing two homologous copies of each chromosome (2C).

Euploidy Cells containing one or more than one set of chromosomes, possibly excluding the sex-
determining chromosomes.

Haploid
Cells containing the number of sets of chromosomes normally found in a gamete, half the 
number of sets of chromosomes found in a somatic cell (for diploid organisms, haploid is 
the same as monoploid).

n Haploid number – referring to the multitude of chromosome sets relative to the number 
of sets found in a gamete.

Polyploid
Cells containing multiple sets of chromosomes beyond the basic set (for a diploid 
organism, polyploidy is considered ≥ 3C), i.e. tetraploid (4C), octoploid (8C), 
hexadexaploid (16C), et cetera.

ploidy

euploidy aneuploidy

monoploidy diploidy polyploidy

number of chromosome sets

balanced  chromosome sets unbalanced  chromosome sets

1C 2C ≥3C

Figure 3. Ploidy and numerical changes in chromosomes. Ploidy refers to the DNA content of a cell, 
defined as the number of chromosome sets. Cells either have a balanced (euploidy) or unbalanced 
(aneuploidy) number of chromosome sets and can have one (monoploidy), two (diploidy) or more 
(polyploidy) full sets of chromosomes. For full terminology, see Glossary.

Glossary



 13

General introduction

1
al. 2018a; Matsumoto et al. 2020; Rios et al. 2016), the regulation of this process is less 
well understood. Some major challenges in polyploidy research include investigation of 
the molecular mechanisms that control endomitosis to understand how the processes 
of M phase are unlinked in this cell cycle alteration, to find what determines how far a 
cell progresses in M phase during endomitosis before a premature exit, and to identify 
the developmental cues that regulate this. In addition, a full characterization of the 
functional significance of polyploidy is currently lacking, as is an understanding of 
the functional differences between the manners by which cells become polyploid 
and the resulting mono-, bi- or multinucleation. Current knowledge on the control 
of endoreplication provides a strong basis for further investigation of endomitosis 
regulation, as well as an understanding of possible functional differences between cells 
undergoing either one of these two cell cycle variations.

Endoreplication
 The regulation of endoreplication entails two main alterations from normal 
cell cycle control. Firstly, Cdk1 activity is attenuated to prevent M phase initiation. 
Next, going through multiple cycles of endoreplication and achieving subsequent 
doublings of DNA content requires periodic activation and inactivation S phase 
Cdk activity to facilitate alternating replication origin licensing and S phase entry 
(Zielke et al. 2013). Cell types from different organisms are found to achieve these two 
alterations in varying ways. Endoreplication regulation has been mapped out most 
extensively in Drosophila salivary gland cells (Figure 4b) (Zielke et al. 2013; Øvrebø 
and Edgar 2018). Here, reduced levels of cyclin A, cyclin B and Cdk1 expression in 
endoreplicating cells prevent M phase entry. In addition, a feedback loop involving 
E2F1 causes oscillations of cyclin E levels, resulting in a periodic activation of 
Cdk2. Either removal of Cdk2 or continuous overexpression of cyclin E blocks 
endoreplication in this system, demonstrating that the oscillatory nature of Cdk2/
cyclin E activity is essential for progression through successive endoreplication cycles  
(Zielke et al. 2011; Follette et al. 1998; Weiss et al. 1998). In other cell types, such as the 
Drosophila subperineurial glial and follicle cells or the C. elegans intestine, the activity 
of Cdk1 is limited indirectly by inhibition of its activating phosphatase CDC25 (Von 
Stetina et al. 2018; Deng et al. 2001b; Lee et al. 2016), while the exact mechanism that 
facilitates subsequent S phases is unknown. Upstream of the regulation of Cdk activity, 
the developmental cues that control endoreplication have been identified in multiple 
model organisms. In C. elegans, specific neurons promote endoreplication of the nuclei 
in the hypodermal syncytium through TGF-ß signaling (Tuck 2014). In Drosophila 
follicle and subperineurial glial cells, Notch signaling causes endoreplication through 
downregulation of String, the Drosophila CDC25 ortholog (Deng et al. 2001b; Von 
Stetina et al. 2018). Finally, Juvenile Hormone regulates polyploidy of the locust and 
mosquito fat body in a dose-dependent manner (Dittmann et al. 1989; Wu et al. 2018).
 In addition to duplications of whole chromosome sets, endoreplication also 
allows the generation of polytene chromosomes, where duplicated chromosomes 
remain physically aligned (Dej and Spradling 1999). This is very common in 
Drosophila, but also found in mammalian trophoblast giant cells and plants (Sher et al. 
2013).  Polytene cells often contain underreplicated regions of DNA and extra copies 
of specific loci created by gene amplification, permitting high levels of tissue-specific 
gene expression (Nordman and Orr-Weaver 2012).

Endomitosis
 In recent years, more mammalian examples of cell types undergoing 
endomitosis as part of development have been identified (Table 1, Figure 4c). During 
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Tissue Mode of polyploid-
ization

References

Cardiomyocytes Endomitosis and 
endoreplication

(Derks and Bergmann 2020; Senyo et al. 
2013)

Hepatocytes Endomitosis and 
endoreplication

(Guidotti et al. 2003; Chen et al. 2012; Pan-
dit et al. 2012)

Keratinocytes Endomitosis and 
endoreplication

(Gandarillas et al. 2019)

Mammary gland Endomitosis (Rios et al. 2016)
Megakaryocytes Endomitosis (Ravid et al. 2002; Lordier et al. 2008; Traka-

la et al. 2015)
Osteoclasts Fusion (Bar-Shavit 2007)
Pancreas Endomitosis (Matondo et al. 2018)
Salivary gland ? (Matsumoto et al. 2020)
Skeletal muscle 
cells

Fusion (Matsumoto et al. 2020)

Syncytiotropho-
blast

Fusion (Azar et al. 2018)

Trophoblast giant 
cells

Endoreplication (Barlow and Sherman 1974; Zybina and 
Zybina 2005; Chen et al. 2012; Velicky et al. 
2018)

Urothelium Endomitosis and 
endoreplication

(Wang et al. 2018a)

Syncytial yolk 
nuclei

Endomitosis (Kondakova and Efremov 2014; Kageyama 
1996; Chu et al. 2012)

Various cell types Endoreplication (Ganot and Thompson 2002; Nishida 2008)
Albumen gland 
secretory cells

Endoreplication (Anisimov 2005)

Giant neurons Endoreplication (Lasek et al. 1971; Yamagishi et al. 2012)
Dufour’s gland ? (Scholes et al. 2014)
Fat body Endoreplication (Chinzei and Tojo 1972; Irvine and Brasch 

1981; Nair et al. 1981; Juhász and Sass 2005; 
Scholes et al. 2014; Nozaki and Matsuura 
2016, 2019)

Follicle cells Endoreplication (Maines et al. 2004)
Gut Endoreplication (Fox et al. 2010; Schoenfelder et al. 2014; 

Scholes et al. 2014)
Larval body wall 
muscles

Fusion (Windner et al. 2019)

Larval epithelial 
cells

Endoreplication (Nardi et al. 2018; Bischoff and Cseresnyés 
2009)

Malpighian tubules Endoreplication (Buntrock et al. 2012; Wang and Spradling 
2020)

Nurse cells Endoreplication (Maines et al. 2004)
Salivary gland Endoreplication (Zielke et al. 2011)
Scale-building cells Endoreplication (Cho and Nijhout 2013)
Silk gland Endoreplication (Wang et al. 2020; Patrick Gage 1974; Bun-

trock et al. 2012)
Subperineurial 
glial cells

Endomitosis and 
endoreplication

(Unhavaithaya and Orr-Weaver 2012; Von 
Stetina et al. 2018)

Hypodermis Endoreplication and 
fusion

(Hedgecock and White 1985; Lozano et al. 
2006)

Intestine Endomitosis and 
endoreplication

(Lee et al. 2016; Son et al. 2016; Hedgecock 
and White 1985)

Endosperm Endomitosis, 
endoreplication and 
fusion

(Sabelli and Larkins 2009; Boisnard-Lorig et 
al. 2001; Baroux et al. 2004)

Hypocotyl and 
cotyledons

Endoreplication (Vlieghe et al. 2005)

Leaf and sepal 
giant cells

Endoreplication (Roeder et al. 2012, 2010)

Leaf pavement cell Endoreplication (Melaragno et al. 1993)
Leaf trichomes Endoreplication (Chopra et al. 2019; Lammens et al. 2008)
Pericarp Endoreplication (Chevalier et al. 2011; Bourdon et al. 2011)

Table 1. Polyploid tissues in development. The information in this table represents the literature 
consensus and is subject to changes based on new insights.

mammals

vertebrates

chordates

mollusks

fish

tunicates

insects

nematodes

animals

plants
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1
endomitosis, cells go through all the phases of the cell cycle, but exit M phase 
prematurely. There is quite some variation between cells undergoing endomitosis 
concerning how far they progress through M phase before exiting, which indicates 
possible differences in endomitosis regulation between these cells. It can be difficult 
to distinguish endomitosis from endoreplication when cells exit M phase very early, 
for example before the segregation of DNA. Sometimes, these cells show signs of early 
mitotic events, like chromosome condensation and nuclear envelope breakdown, 
indicating an endomitotic rather than an endoreplicative cycle. In the end, the 
defining difference between endoreplication and endomitosis is that cells undergoing 
endomitosis initiate M phase, caused by sufficient levels of M phase Cdk activity, while 
cells undergoing endoreplication do not enter M phase, due to a lack of Cdk1 activity.
 Although understanding of a general mechanism for the regulation of 
endomitosis is lacking, some factors involved in the regulation of endomitosis in 
specific cell types have been identified. In mammalian megakaryocytes, endomitosis 
generates large cells with multilobed nuclei that will burst to produce blood 
platelets. Here, a defect in the activation of RhoA is involved in the regulation of 
endomitosis. During a canonical cycle, the centralspindlin complex recruits guanine 
exchange factors Ect2 and Gef-H1 to the central spindle, which activate RhoA, 
initiating subsequent contractile ring formation and cytokinesis. In megakaryocytes, 
downregulation of Ect2 and Gef-H1 prevents activation of RhoA signalling and 
formation of a proper contractile ring, causing a defect in cell elongation and 
resulting in a failure of cytokinesis (Lordier et al. 2008; Gao et al. 2012). Interestingly, 
endomitosis in the fish yolk syncytial layer seems to involve a similar deregulation 
of RhoA (Chu et al. 2012; Takesono et al. 2012). In mammalian hepatocytes and 
trophoblast giant cells, regulation of endomitosis involves members of the E2F family 
of transcription factors. In these cells, deletion of the atypical repressors, E2F7 and 
E2F8, decreases the levels of polyploidy, while deletion of the activators E2F1-3 results 
in an increase in the number of polyploid cells (Chen et al. 2012). While it is apparent 
that the two very different mechanisms described here contribute to the control 
of endomitosis in these examples, it is not clear whether they represent a universal 
mechanism of endomitosis control and neither can yet fully explain how the processes 
of M phase are unlinked in endomitosis. Even more, it is unclear what developmental 
signals underlie the regulation of this cell cycle alteration.
 Other studies on endomitosis regulation often show effects of inhibition or 
overexpression of known cell cycle regulators on the levels of polyploidization and 
multinucleation (Derks and Bergmann 2020; Gandarillas et al. 2019; Rios et al. 2016; 
Trakala et al. 2015). For example, multiple studies report that impairing mitosis, either 
by induction of DNA damage or inhibition of M phase processes or proteins, causes an 
increase in the number of polyploid keratinocytes (Gandarillas et al. 2019). Similarly, 
ablation of core cell cycle regulators Cdc20, Cdk1 and Cdk2 can alter the outcome of 
endomitosis in megakaryocytes by inducing mitotic arrest or endoreplication (Trakala 
et al. 2015). While these studies can be very informative in identifying cell cycle 
proteins required for polyploidization cycles, it is important to note that a change in 
polyploidization levels is to be expected when altering the balance between or timely 
activation of core cell cycle regulators, as this can change proliferation rates and 
normal cell cycle regulation irrespective of endomitosis or endoreplication control. 
Therefore, conclusions about the involvement of such proteins in the regulation of 
polyploidization should be drawn cautiously, preferably based on further experiments 
that include measurements of protein levels during unperturbed endomitotic cycles. 
Ideally, deletion or overexpression of a specific endomitosis regulator would result 
in a shift from an endomitotic to a canonical cell cycle without affecting general 
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Figure 4. Methods of polyploidization. a. Multiple cells, generated by cell division, can form a polyploid 
cell by fusion. Fusion gives rise to multinucleated polyploid cells. b. Endoreplication is an altered 
cell cycle in which cells skip M phase entirely, giving rise to a mononucleated polyploid cell. In the 
Drosophila salivary gland, multiple rounds of endoreplication are achieved by the downregulation 
of cyclin A, cyclin B and CDK1 combined with a feedback loop that causes oscillating levels of E2F1 
and cyclin E. In the Drosophila subperineural glial and follicle cells, as well as the C. elegans intestine, 
inhibtion of CDK1 activity is achieved by inhibition of the activating phosphatase CDC25. c. During 
endomitosis, cells prematurely exit the cell cycle, giving rise to mono- or binucleated polyploid cells. 
In mammalian megakaryocytes, endomitosis regulation involves an alteration of RhoA activation, 
preventing proper contractile ring formation and subsequent cytokinesis. In mammalian hepatocytes 
and trophoblast giant cells, repression of S/G2/M phase gene expression by E2F7/8 transcription 
factors plays a role in endomitosis regulation.
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1
proliferation rates. 

Physiological function of polyploidy
 One clear advantage of polyploidization is that it allows a single cell to 
achieve a drastic size increase. This can be advantageous when a cell or organ needs 
to grow, either during development or regeneration, while maintaining certain 
connections or cellular integrity that would be temporarily lost during growth through 
canonical cell divisions. One example of this are the subperineurial glial cells of the 
Drosophila blood-brain barrier that need to grow with the neurons they surround, 
while maintaining their barrier integrity (Unhavaithaya and Orr-Weaver 2012). In this 
tissue, blocking polyploidization by inhibiting DNA replication leads to blood-brain 
barrier defects and ruptured intercellular septate junctions. Several other tissues in 
which polyploidy possibly supports the maintenance of their barrier function during 
tissue growth include skin (mammalian keratinocytes (Gandarillas et al. 2019), C. 
elegans hypodermis (Hedgecock and White 1985), Drosophila larval epithelial cells 
(Nardi et al. 2018)), extra-embryonic tissue (mammalian syncytiotrophoblast (Azar 
et al. 2018), Drosophila follicle cells (Maines et al. 2004) and zebrafish syncytial yolk 
nuclei (Kondakova and Efremov 2014)) and lining of internal organs (mammalian 
urothelium (Wang et al. 2018a), insect gut (Schoenfelder et al. 2014) and C. elegans 
intestine (Hedgecock and White 1985)). For skeletal and heart muscle (Derks and 
Bergmann 2020; Senyo et al. 2013; Matsumoto et al. 2020; Windner et al. 2019), the 
function of polyploidization could be to allow the maintenance of cell junctions 
and tissue contractility during growth in development or wound repair. Similarly, 
polyploidization in the giant neurons of slugs is important to achieve the large size of 
these cells required for signal transduction throughout the animal (Lasek et al. 1971; 
Yamagishi et al. 2012).
 Polyploidization occurs frequently in cells or tissues with high transcriptional 
and metabolic activity and it has often been suggested that one of the functions of 
polyploidy is to provide the large amounts of DNA needed for this productive capacity. 
Consistently, studies in several polyploidy models have shown the correlation between 
tissue or cellular production and polyploidy. For example, silk production in the 
Bombyx mori silk gland scales with its DNA content (Wang et al. 2020), and the ploidy 
level of the termite fat body, a specialized organ that provides offspring with nutrients, 
is reflected in the animal’s reproductive capacity (Nozaki and Matsuura 2019, 2016). 
On a cellular level, a linear correlation between DNA content and transcriptional 
activity has been identified in the polyploid tomato fruit pericarp (Bourdon et 
al. 2012). Similarly, the cellular growth rate of induced polyploid lymphocytic 
leukaemia cells increases with ploidy and cell size (Mu et al. 2020). Besides increased 
transcription on a per cell basis, polyploidization is commonly accompanied by 
uneven, locus-specific transcriptional changes that could be driven by epigenetic 
modifications, or locus-specific replication differences that give rise to polyteny 
(Claycomb and Orr-Weaver 2005; Song et al. 2020; Adams et al. 2003). Of course, 
you could argue that the same tissue DNA content needed for production can be 
achieved by increasing the number of cells by canonical cell division instead. However, 
an additional factor that could contribute to this function of polyploidy is efficiency; 
polyploidization might be a more energy-efficient manner to achieve an increase in 
DNA content and productive capacity. In fact, the growth efficiency of a cell is lowest 
in the late stages of mitosis (Mu et al. 2020), and since the process of cell division is a 
very energy-consuming process, it might be more efficient to skip parts of it in cells 
that do not require future proliferative capacity.
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 Finally, the large amounts of DNA present in polyploid cells may make them 
more resistant to DNA damage and stress. Due to the abundance of copies for every 
gene, the eff ect of a single mutation will be diluted in a polyploid compared to a diploid 
cell. This also explains why polyploidy of hepatocytes in the mammalian liver protects 
against tumorigenesis (Zhang et al. 2018). Interestingly, the occurrence of polyploid 
cells in advanced cancers however correlates with a worse prognosis (Bielski et al.
2018).
 Of course, the specifi c function of polyploidy for an organism depends 
to a large extent on the context of the tissue or cell type, and a precise function of 
polyploidy has only been established in a few examples. In most cases, elucidating 
the exact function of polyploidy can be diffi  cult due to the challenge in controlling 
for cell number, cell size, diff erentiation, tissue DNA content and eff ect on the cell 
cycle. Furthermore, while analysis of the cellular consequences of polyploidy is most 
straightforward in an in vitro setting, the function of polyploidy for a specifi c cell type 
can only be elucidated in its tissue context, posing a challenge in linking the cellular 
consequences of polyploidy to its function for a tissue. Still, we can determine some 
advantages of polyploidy that likely encapsulate its function in many tissues, based on 
studies in other tissues.

Cellular consequences of polyploidy
 The increase in cell size that is associated with polyploidization will not 
aff ect every part of the cell equally, similar to the unequal growth of body parts at the 
organism-level described by allometry (or biological scaling) (Figure 5a) (Pélabon et 
al. 2014). One of the most established principles in cellular scaling is the correlation 
between nuclear size and the size of the cell, which maintain a constant so-called 
karyoplasmic or N/C ratio (Conklin 1912; Webster et al. 2009). This scaling is not just 
universal in eukaryotes, but even exists in bacteria, which maintain a constant ratio 
between the size of the cell and the nucleoid, the region that contains the bacterial 
genetic material (Gray et al. 2019). Geometry tells us that a size or volume increase, 
without alteration of shape, will cause a decrease in the surface-area-to-volume ratio 
(Figure 5b). The ratio between the surface area and volume of cells is known to play an 
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important role in their biological functions, for example as a way to regulate exposure 
to and contact with the environment. A well-known example of this regulation is 
the formation of microvilli in the small intestine, where microscopic membrane 
protrusions increase the surface area for diff usion with minimal volume increase. 
Besides a change in the cellular surface-area-to-volume ratio, polyploidy will also 
cause a decrease in the available surface area of the per nuclear volume. Interestingly, 
a study in the polyploid tomato fruit pericarp has shown that these polyploid nuclei 
compensate for the relative loss of nuclear surface area by adopting a complex shape 
containing deep grooves in the nuclear membrane (Bourdon et al. 2012). Besides the 
nucleus, many other organelles and cellular structures scale with cell and nuclear size 
(Reber and Goehring 2015), and studies in plants have even shown that other genome-
containing organelles, such as mitochondria and plastids, increase their genome copy 
number and transcription levels to match that of the nucleus after whole genome 
duplication (Oberprieler et al. 2019; Coate et al. 2020). Although a lot is still unknown 
about intracellular and nuclear scaling in polyploid cells, it is clear that polyploidy 
infers changes on the cell and nucleus that could alter their organization. In addition, 
the changes caused by nuclear scaling in polyploid cells would also infer possible 
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differences in the cellular consequences of polyploidy between mononucleated and 
multinucleated cells.

Polyploidization in the C. elegans intestine
 The intestine of the free-living nematode C. elegans poses an ideal system 
to study both the molecular regulation and cellular functions of developmentally 
controlled polyploidization for multiple reasons. First, endomitosis and 
endoreplication occur within a single tissue of the animal, the intestine, in a regulated 
manner during development (Hedgecock and White 1985). Furthermore, the 
well-established and invariable pattern of development of C. elegans means that we 
know exactly when these polyploidization events occur (Sulston and Horvitz 1977). 
Additional practical advantages of C. elegans, such as its transparency, allow us to 
study these processes in their tissue context using live cell imaging. Finally, recent 
advances in genome editing tools for use in C. elegans open up extensive possibilities 
for genetic modification of this organism (Dickinson and Goldstein 2016).
 The C. elegans intestine develops from a single lineage, arising from the E 
cell present in the 8-cell embryo (Sulston et al. 1983). This cell goes through several 
canonical divisions during the first half of embryonic development, giving rise to the 
20 cells of the intestine, organized in nine intestinal rings called int1-9 (from anterior 
to posterior) (Figure 6). After hatching, the intestine increases its ploidy at the end of 
each larval stage (L1-L4). At the end of L1, the cells of int3-9 go through one round of 
endomitosis in which these cells become binucleated (Hedgecock and White 1985). 
Directly after, all intestinal cells go through a round of endoreplication before the start 
of the second larval stage. Then, at the end of the second, third and fourth larval stage, 
cells go through additional rounds of endoreplication, further increasing their ploidy 
to give rise to polyploid cells of the adult intestine. At the adult stage, int3-9 intestinal 
cells have a DNA content of 64C divided over two 32C nuclei, whereas the most 
anterior rings, int1-2, contain mononucleated 32C cells.
 Current knowledge of polyploidization regulation in the C. elegans intestine is 
mostly limited to the mechanisms that control endoreplication. The main regulation 
of endoreplication consists of the inhibition of CDK-1, which occurs through a block 
of its activating phosphatase CDC-25.2 by LIN-23, the C. elegans ortholog of ß-Trcp, 
a substrate recognition subunit that can direct the SCF E3 ubiquitin ligase to target 
proteins for degradation (Lee et al. 2016; Son et al. 2016). Interestingly, mutation of 
lin-23 results in an extra nuclear division at the end of L1, generating tetranucleate 
cells, while subsequent endoreplication cycles occur as normal, suggesting that 
additional mechanisms might be at play in the regulation of endoreplication in later 
larval stages (Kipreos et al. 2000). In addition, several studies have shown the effects 
of mutation, knockdown or deletion of known cell cycle regulators on intestinal cycles. 
Mutation of lin-35(Rb) results in extra postembryonic nuclear divisions (Ouellet and 
Roy 2007), while RNAi or knockout of the Cdk inhibitor cki-1 or gain-of-function 
of cdc-25.1 cause additional embryonic divisions (Kostić and Roy 2002; Clucas et al. 
2002; Hong et al. 1998). Finally, activity of the heterochronic gene lin-14 is needed for 
L1 nuclear divisions of the intestine, although its involvement in the subsequent late 
L1 endoreplication is unknown (Hong et al. 2000).
 The intestine of the worm, although morphologically relatively simple, fulfils 
many complex functions similar to several mammalian organs and cell types (Dimov 
and Maduro 2019). Like the mammalian digestive tract, it serves as the primary site 
of digestion and nutrient absorption. On top of that, it is responsible for the animal’s 
stress response, host-pathogen interactions, immunity, longevity and detoxification 
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of metals, and provides a barrier between bacteria in the lumen and the body cavity 
(Dimov and Maduro 2019). In hermaphrodites, the intestine also plays an essential 
role in providing the progeny with nutrients by producing yolk proteins, encoded by 
vitellogenins, which mobilize lipid nutrients from the intestine and transport them to 
the developing oocytes (Perez and Lehner 2019). These intestinal functions are very 
similar to those of some mammalian polyploid tissues, such as the liver and placenta, 
and therefore understanding the function and regulation of C. elegans intestinal 
polyploidization might shed light on the advantages of polyploidy in these mammalian 
tissues as well.

Summary and outstanding questions
 To understand how a multicellular organism is formed from a single cell, it is 
important to comprehend how the processes of development are coordinated with cell 
division. The developmental control of cell division not only includes the decision to 
enter the cell cycle, but also the regulation of cell cycle alterations. Endoreplication and 
endomitosis are variations of the cell cycle that occur in various tissues of multicellular 
organisms and result in mononucleated or binucleated polyploid cells. The general 
molecular mechanisms that regulate endoreplication, as well as the developmental 
cues that control it, have been characterized mostly in insects and plants. More 
recently, an accumulating number of mammalian tissues were found to undergo 
endomitosis during development or regeneration. In contrast to endoreplication, we 
do not yet understand how the processes of M phase are altered in the regulation of 
endomitosis and it is unclear what developmental signals are responsible for the switch 
from canonical cycles to this cell cycle variation. In addition, while there are some 
examples that indicate a possible function of polyploidy in certain tissues, we still lack 
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a full understanding of the advantages of polyploidy. Moreover, it is unclear what the 
functional differences are between mononucleated and binucleated cells generated 
through either endoreplication or endomitosis, respectively.

Thesis outline
 The scope of this thesis comprises the regulation and function of 
developmentally controlled polyploidization cycles in the C. elegans intestine. With 
this, we aim to broaden our understanding of the molecular mechanisms that control 
endomitosis and the functional significance of polyploidization in development, 
providing insights that aid the investigation of polyploidization in other model 
organisms and tissues as well.

 In chapter 2, we describe observed differences between canonical mitosis and 
endomitosis in the C. elegans intestine. We find that many cytokinesis and mitosis 
genes are downregulated on a transcriptional level during endomitosis. By inducing 
additional cell cycles in the intestinal lineage, we also establish that the switch from 
canonical cell cycle regulation to endomitosis is made during embryogenesis. Finally, 
we identify the transcriptional regulator SIN-3 as an important player in the regulation 
of endomitosis.
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 In chapter 3, we investigate the transcriptional changes that occur during 
embryonic differentiation of the intestine. We use fluorescence activated cell sorting 
and single cell RNA sequencing to characterize expression profiles of intestinal cells 
throughout embryonic development and identify transcriptional regulators with 
temporal expression patterns as potential players in the regulation of endomitosis.

 In chapter 4, we describe our investigation of the functional difference 
between endomitosis and endoreplication. Using an auxin-inducible degradation 
system, we specifically block binucleation of the C. elegans intestine and find that this 
affects adult hermaphrodite tissue-specific gene expression needed to support progeny 
growth. Altogether, we show that binucleation of polyploid cells facilitates rapid 
upregulation of gene expression needed during development and upon heat stress 
induction.

 In chapter 5, we provide our perspective on the function of polyploid cells in 
development and disease. Based on the observation that polyploid cell types often 
function to support other, proliferating cells, we suggest that polyploidization is 
advantageous for this supporting role, possibly enhancing the capacity to provide 
nutrients and signals and form a barrier, thereby creating a (micro-)environment for 
dividing cells.

 Finally, the findings presented in this thesis are summarized and discussed in 
chapter 6, along with suggestions for possible future directions.
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Summary
 Polyploid cells containing two sets of chromosomes are generated during 
development of many multicellular organisms and can arise by cell fusion or cell cycle 
alterations. Endomitosis is a cell cycle alteration in which cells skip part of M phase 
and although it is common in mammalian tissues, it is not known how the premature 
M phase exit is regulated, or what developmental signals initiate this cell cycle 
variation. Cells of the C. elegans intestine go through one round of endomitosis during 
the first larval stage and provide an optimal system to investigate the differences 
between canonical cell division and endomitosis. Here, we show that the intestinal 
cells undergoing endomitosis do not show cytokinetic furrowing and lack a central 
spindle, a structure that functions as a regulatory hub for cytokinesis. We find that the 
transcription of various cytokinesis and mitotic genes is downregulated in endomitosis 
and that the capacity of these cells to go through cytokinesis is lost already in 
mid-embryogenesis. Finally, we find that the transcriptional regulator SIN-3 is involved 
in the regulation of endomitosis.
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Introduction
 Polyploid cells contain more than two full sets of chromosomes and are 
generated as a part of development in many different organisms. It is found to occur 
in several plant and insect tissues (Edgar et al. 2014), but also in various mammalian 
cell types, such as megakaryocytes, hepatocytes and trophoblast giant cells (Lordier et 
al. 2008; Guidotti et al. 2003; Hu and Cross 2010). Polyploid cells can be generated by 
fusion, or by variations of the canonical cell cycle: endomitosis and endoreplication. 
In endomitosis, cells exit M phase prematurely and, depending on how far they 
progress before exiting, generate mononucleated or binucleated polyploid cells. 
Cells that undergo endoreplication do not enter M phase at all, but instead alternate 
between a G and S phase to increase the DNA content of the cell, while maintaining 
a single nucleus. Studies performed primarily in plants and insects have established 
a general mechanism for the regulation of endoreplication, in which CDK1 activity is 
downregulated (Zielke et al. 2013). CDK1 is a master regulator of M phase and without 
CDK1 activity, cells will not be able to enter M phase at all. In some cases, such as the 
Drosophila subperineurial glial cells and C. elegans hypodermis, an upstream signaling 
pathway controlling this downregulation has been established, explaining how specific 
cell types can switch from canonical cell cycles to endoreplication cycles during 
development (Von Stetina et al. 2018; Lozano et al. 2006).
 Much less is known on the regulation of endomitosis, and it is unclear how 
cells transition to endomitotic cell cycles. In mammalian megakaryocytes as well as 
the zebrafish yolk syncytial layer, a failure of late cytokinesis during endomitosis is 
caused by impaired RhoA activation (Lordier et al. 2008; Chu et al. 2012). During a 
canonical cell cycle, RhoA activating guanine exchange factors Ect2 and Gef-H1 are 
recruited to the spindle midzone by a structure called the central spindle, which causes 
activation of RhoA and the formation of a contractile ring needed for cytokinesis. 
In megakaryocytes, Ect2 and Gef-H1 are downregulated and, therefore, RhoA 
activation is prevented, causing a defect in the formation of a contractile ring and 
failure of cytokinesis. In addition, atypical members of the E2F family of transcription 
factors, E2F7 and E2F8, were shown to regulate endomitosis and endoreplication in 
mammalian hepatocytes and trophoblast giant cells. Deletion of both these repressing 
transcription factors causes a decrease in polyploidy levels, while deletion of activators 
E2F1-3 results in an increase in the number of polyploid cells (Chen et al. 2012). 
Nonetheless, it is not yet clear what general molecular mechanisms are responsible for 
uncoupling M-phase events from cytokinesis during endomitosis, or what determines 
how far a cell progresses through M phase before a premature exit. Moreover, it is 
unclear what developmental cues are responsible for the initiation of endomitosis 
rather than canonical or endoreplicative cycles.
 The C. elegans intestine provides an ideal model system to study the regulation 
of endomitosis, as it occurs at a fixed moment during larval development. The intestine 
of this nematode consists of 20 cells organized in nine intestinal rings. Canonical 
divisions during embryogenesis give rise to these 20 cells. At the end of the first larval 
stage, the 14 most posterior cells of the intestine go through one round of endomitosis, 
generating binucleated polyploid cells. Next, all intestinal cells go through multiple 
rounds of endoreplication in each larval stage, increasing the DNA content of each cell 
without altering the number of nuclei present per cell (Hedgecock and White 1985).
 Here, we demonstrate that C. elegans intestinal cells undergoing endomitosis 
show no indications of cytokinesis and lack the antiparallel microtubule bundles 
of the central spindle important for cytokinesis regulation. Using single molecule 
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fluorescence in situ hybridization (smFISH) to measure intestinal gene expression 
levels, we find that multiple cytokinesis genes are downregulated during endomitosis. 
By forcing intestinal cells through additional cell cycles during different moments 
in development, we find that the transcriptional program that controls endomitosis 
is set-up in mid-embryogenesis and that the transcriptional regulator SIN-3 is 
redundantly involved in endomitosis regulation.

Results
Endomitotic chromosome segregation in the intestine lacks a central spindle
 To determine how far C. elegans intestinal cells progress through M phase 
during endomitosis, we used fluorescent markers to mark the DNA (H2B-mCherry), 
membrane (PH-mCherry) and microtubules (GFP-tba-2) in intestinal cells, allowing 
us to visualize M phase using live imaging (Figure 1a). We observed no cytokinetic 
membrane furrowing during or following DNA segregation, indicating that, in 
contrast to mammalian megakaryocytes and the zebrafish yolk syncytial layer, C. 
elegans intestinal cells undergoing endomitosis do not initiate cytokinetic furrowing. 
To understand how endomitotic cells are able to uncouple cytokinesis and mitotic 
exit during M phase, we compared M-phase progression in larval cells undergoing 
canonical and endomitosis cell cycles. Compared to canonical cell cycles in mesoblast 
cells, we found that endomitotic cells spent more time in M phase, as determined by 
the time from nuclear envelope breakdown (NEB) to nuclear envelope reformation 
(NER). This delay was not specific to late stages of M phase, as endomitotic cells also 
took longer to align their chromosomes to the metaphase plate (Supplemental Figure 
S1). Strikingly, we noticed that the antiparallel microtubules of the central spindle 
were missing in intestinal cells undergoing endomitosis (Figure 1b). In canonical M 
phase, the central spindle is formed at anaphase onset by bundling and stabilizing 
interpolar microtubules that emanate from opposite poles of the mitotic spindle. The 
central spindle acts as a regulating hub for cytokinesis, and has been shown to be 
essential for cytokinesis in most animal cells (McCollum 2004; Glotzer 2009). The 
formation of the central spindle is initiated by the centralspindlin complex, consisting 
of two subunit homodimers, ZEN-4/MKLP1 and CYK-4/RacGAP. This complex causes 
bundling of antiparallel microtubules and subsequently activates RhoA, which in turn 
initiates cytokinetic furrowing. We therefore decided to investigate expression and 
localization of the centralspindlin complex during endomitosis. We generated a strain 
with endogenously tagged ZEN-4::GFP to visualize and quantify the expression level of 
this centralspindlin component in early M phase of endomitotic intestinal cells (Figure 
1c-d). When comparing normalized expression levels in endomitosis to canonical seam 
cell divisions, we found that ZEN-4 protein levels were severely decreased to nearly 
absent from intestinal cells. These results show that both microtubule and protein 
components of the central spindle are lacking from endomitotic intestinal cells in 
C. elegans. We propose that the absence of this structure underlies the regulation of 
endomitosis and inhibition of cytokinesis in these cells. 

Transcription of several genes involved in cytokinesis is downregulated 
during intestinal endomitotic divisions
 To determine whether the expression of ZEN-4 is inhibited on a 
transcriptional level, we used smFISH to detect and quantify zen-4 mRNA molecules 
during different cell cycle phases of intestinal endomitosis (Figure 2a-b). As a 
control, we compare the expression levels of zen-4 in the intestine to those in seam 
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cells, large cells along the side of the body that also go through the cell cycle in the 
first larval stage. In a canonical seam cell division, zen-4 expression starts during 
interphase and remains at an increased level during M phase, with around 20 mRNA 
spots per cell from prophase to anaphase. In contrast, intestinal cells undergoing 
endomitosis show a constant low expression of around five mRNA spots per cell 
before and during M phase. We therefore conclude that the downregulation of zen-4 
is regulated on a transcriptional level. To investigate whether other genes involved 
in mitosis or cytokinesis are downregulated as well, we quantified expression levels 
of seven additional mitotic genes in M phase of canonical and endomitotic cycles 
using smFISH (Figure 2c). We found that, while general mitotic regulator cyb-1/
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Figure 1. The antiparallel microtubules and protein components of the central spindle are absent during 
endomitotic chromosome segregation in the intestine. a. Live-imaging stills of two different intestinal 
cells in telophase of endomitosis in animals carrying ubiquitously expressed H2B-mCherry, mCherry-
PH and GFP-TBA-2. Cytokinetic furrowing was observed in none of the cells followed by live cell 
imaging (n = 10). b. Live-imaging stills of early anaphase and telophase in mesoblast cells undergoing 
canonical cell division and intestinal cells undergoing endomitosis in animals carrying ubiquitously 
expressed H2B-mCherry and GFP-TBA-2. c. Representative live imaging stills of early mitotic and 
anaphase seam cells undergoing canonical cell division (n = 11) and intestinal cells undergoing 
endomitosis (n = 7) in animals carrying ubiquitously expressed H2B-mCherry and an endogenous 
zen-4::GFP tag. d. Graph depicting quantifications of ZEN-4-GFP fluorescence intensity in early 
mitosis. ZEN-4-GFP and H2B-mCherry fluorescence intensity was measured in prometaphase or 
metaphase and ZEN-4-GFP signal was normalized to H2B-mCherry signal. Graph indicates mean and 
SD, individual values are shown as dots and P value was calculated by Man-Whitney U test. 
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Cyclin B1 shows similar levels of expression in endomitotic and canonical cells, 
expression of genes involved in cytokinesis was drastically decreased. Downregulated 
genes include the centralspindlin component cyk-4, conserved cytokinesis regulator 
spd-1, myosin nmy-2, Rho-GEF ect-2 and Rho-binding kinase let-502, which are all 
directly involved with cytokinesis regulation. To our surprise, we also observed a 
downregulation of kinetochore gene knl-1, which is essential for DNA segregation. 
Intestinal cells segregate their DNA during endomitosis, and we would expect them 
to require the presence of KNL-1 for this process. Nonetheless, it appears that the 
mRNA levels of this gene are altered as well. Together, these results indicate that a 
specific transcriptional program in which expression of cytokinesis and mitotic genes 
is downregulated underlies endomitosis regulation.

Endomitosis regulation is set up in mid-embryogenesis
 During a canonical cell cycle, transcription of the genes we found to be 
downregulated during endomitosis starts in S/G2 phase. It seems that intestinal cells 
have lost the capacity to express these cell-cycle genes by the time that endomitosis 
occurs. We wondered when this capacity is lost and set out to investigate this by 
inducing additional M phases at different moments of intestinal development. 
The cells of the intestinal E lineage go through multiple canonical divisions during 
embryogenesis, initiate an endomitotic cycle at the end of the first larval stage, and 
subsequently go through multiple rounds of endoreplication. Previous studies have 
shown that altered activity of several cell cycle regulators can induce additional 
cell divisions in the intestine. For example, a gain-of-function mutant of the CDK-1 
activating phosphatase cdc-25.1 causes intestinal hyperplasia (Clucas et al. 2002). 
Endoreplication of the intestine is regulated by LIN-23, which  inhibits another CDK-1 
activating phosphatase, CDC-25.2, thereby preventing CDK-1 activity (Lee et al. 2016; 
Kipreos et al. 2000; Son et al. 2016). We hypothesized that inducible overexpression of 
cdc-25.1 (gf) would cause M-phase entry in endoreplicative cycles during later larval 
stages and allow us to investigate whether these cells are able to initiate cytokinesis. 
We found that heat shock-induced expression of a cdc-25.1 (gf) mutant allele in L3 
animals causes M-phase activity resulting in additional nuclei, without affecting cell 
number (Figure 3a). Most cells with extra nuclei had four nuclei, suggesting that these 
cells had undergone one extra round of endomitosis. We also found cells with three 
nuclei and noticed some size differences between nuclei within single cells, which 
could indicate possible errors in chromosome segregation. Nonetheless, the presence 
of additional nuclei in absence of extra cells indicates that these cells performed 
endomitosis, likely because cytokinesis genes remain repressed during endoreplicative 
cycles. Interestingly, even though cdc-25.1 is essential for development of multiple 
other C. elegans tissues (Clucas et al. 2002), the induction of endomitosis by the 
cdc-25.1 gain-of-function mutant allele seems to be specific to the intestine (Kostić and 
Roy 2002).
 Next, we set out to investigate when the ability to go through cytokinesis 
is lost in intestinal cells. The intestinal lineage undergoes several canonical cell 
divisions during the first half of embryogenesis, but stop cycling around 450 minutes 
of embryonic development until the endomitotic cycle at the end of L1. Induction of 
additional cell cycles in late embryogenesis should allow us to investigate whether 
intestinal cells maintain the ability to undergo cytokinesis in embryogenesis. It has 
previously been shown that the cell cycle proteins CKI-1 (Cip/Kip) and LIN-35 
(Rb) are important regulators of cell cycle exit in embryonic intestinal cells, and 
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that their depletion causes precocious cell cycle initiation of intestinal cells during 
embryogenesis (Boxem and Van den Heuvel 2001; Fukuyama et al. 2003; Hong et al. 
1998). As these regulators prevent cell cycle initiation by inhibiting activity of the 
S-phase CDK-2/Cyclin E complex, we hypothesized that overexpression of CDK-2 
and CYE-1/Cyclin E1 in the intestine could tissue-specifically induce additional cell 
cycles. We observed the presence of binucleated cells in early L1 animals containing 
an intestine-specific overexpression of CDK-2 and CYE-1, just after hatching (Figure 
3b). These results indicate that the intestinal cells in this experiment had gone 
through endomitosis during embryogenesis, long before endomitosis would normally 
occur, demonstrating that endomitosis regulation is likely already setup during 
embryogenesis.
 To investigate the precise timing at which intestinal cells switch from 
canonical to endomitotic cycles, we developed a system to induce additional cell cycles 
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at specific moments of embryonic development by depletion of CKI-1. Depletion of 
CKI-1 in the embryo has been shown to induce additional intestinal cell cycles (Kostić 
and Roy 2002; Hong et al. 1998), but it’s unclear whether these cycles are canonical 
(forming extra cells) or endomitotic (forming extra nuclei). To achieve temporally 
inducible degradation of CKI-1 specifically in the intestine, we made use of the auxin-
inducible degradation system. In this system, proteins tagged with an auxin-inducible 
degron (AID) are degraded only in the presence of auxin and the F Box protein TIR1 
(Zhang et al. 2015; Nishimura et al. 2009; Holland et al. 2012). We generated an 
auxin-inducible degron (AID) knock-in on the cki-1 gene using CRISPR-mediated 
gene targeting in a strain that expresses TIR1 exclusively in the intestine and incubated 
animals with auxin at different moments of embryonic and early larval development. 
We used fluorescent membrane and DNA markers to investigate whether cells that 
went through additional cell cycles had undergone cytokinesis (Figure 3c). In control 
animals, early L1 larvae contain an average of 20 intestinal cells.  Degradation of 
CKI-1 throughout embryogenesis gave rise to L1 larvae with up to 30 intestinal cells.  
Although most extra cells were mononucleated, indicating that they were formed by a 
canonical cell cycle, we also observed binucleated intestinal cells in 55 % of animals, 
suggesting that intestinal cells had undergone endomitosis (Figure 3d). Inducing extra 
cycles only in early to mid-embryogenesis also resulted in additional canonical cycles, 
but induced less endomitotic cycles compared to depletion throughout embryonic 
development. In contrast, degradation of CKI-1 in late embryogenesis or early L1 
was insufficient to induce any additional cycles or binucleation. Possibly, a CKI-1-
independent cell cycle exit is activated in late embryogenesis, for example through 
transcriptional downregulation of cell cycle genes, creating a narrow window for the 
induction of endomitotic cycles in embryogenesis. Based on these results, we propose 
that endomitotic regulation is set up shortly after the last canonical cell cycle of the 
embryonic intestine, possibly around the time that the cells initiate a strong cell cycle 
exit. Altogether, our results show that intestinal cells lose their capacity to undergo 
cytokinesis in mid-embryogenesis and that this endomitotic fate remains throughout 
development.

SIN-3 is redundantly involved in the regulation of endomitosis

Figure 3. Intestinal cells lose cytokinetic capacity at the end of embryogenesis. a. Experimental 
overview and four examples of fluorescence images of heat shock-induced expression of cdc-25.1(gf) 
in worms carrying intestinal specific membrane (GFP-PH) and DNA (H2B-mCherry) markers. 
Synchronized L1 animals were grown at 15 °C until L3 stage before heat shock. Six out of nine 
animals inspected contained extra intestinal nuclei, while none had extra cells. Scale bar is 20 µm. 
b. Experimental overview and fluorescence images of animals carrying intestinal specific cdk-2  and 
cye-1 overexpression, as well as membrane (GFP-PH) and DNA (H2B-mCherry) fluorescent markers. 
Scale bar is 20 µm. c. Schematic experimental overview of auxin-inducible degradation of CKI-1::AID. 
Early embryos carrying cki-1::AID, Pges-1::TIR1 and intestinal membrane (GFP-PH) and DNA (H2B-
mCherry) fluorescent markers are isolated from gravid young adult hermaphrodites by hypochlorite 
treatment, and incubated with IAA-AM modified auxin that can permeate the egg-shell (Negishi et al. 
2019), or DMSO, during the entire or part of embryogenesis. After hatching in M9, synchronized L1 
animals are grown on NGM OP50 plates with or without IAA auxin for 6 hours before analysis using 
fluorescence imaging. d. Fluorescence images of L1 animals grown under control conditions, or grown 
in the presence of auxin during the entire period of embryogenesis, depicting intestinal morphology 
based on fluorescent membrane (GFP-PH) and DNA (H2B-mCherry) markers. Top two panels are 
Z-stack maximum projections, bottom panel shows a middle Z slice from the same animal as the 
panel above. Intestinal nuclei are numbered from anterior to posterior. Arrows indicate binucleated 
cells. e. Stacked bar graphs showing the percentage of worms in each condition containing either a 
wildtype L1 number of intestinal cells (20 cells with 20 nuclei), extra cells or both extra cells and extra 
nuclei (binucleation).
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 As we found that endomitosis is controlled by a transcriptional 
downregulation of cytokinesis genes, we set out to identify possible upstream 
regulators of endomitosis by using a cherry-picking approach, looking for intestinally 
expressed transcriptional regulators that interact with cytokinesis genes based on data 
available from WormBase and ModEncode (Harris et al. 2020; Gerstein et al. 2010). 
We found that MDL-1, a transcriptional repressor, binds the promoters of multiple 
cytokinesis genes that are downregulated in endomitosis, and further inspection of 
loci bound by MDL-1 in available ChipSeq data showed an enrichment for genes 
associated with phenotypes of abnormal nuclear division (P = 4.1e-08), abnormal 
cytokinesis (P = 2.2e-05) and early embryo defective cleavage furrow initiation (P = 
0.008), as well as a GO term enrichment for chromosome segregation (P = 1.1e-08). 
This prompted us to investigate MDL-1 as a potential regulator of endomitosis. Using 
CRISPR/Cas9 genome editing, we created a truncating frameshift mutation in the 
mdl-1 gene, similar to an allele used in earlier investigations of MDL-1 function (Riesen 
et al. 2014), and a full deletion (Figure 4a). Neither showed any large morphological 
aberrancies or growth defects. We therefore investigated a possible role of MDL-1 
in the transcriptional downregulation of cytokinesis genes in endomitosis by 
quantifying zen-4 mRNA expression in mutants compared to controls using smFISH 
(Figure 4b). Surprisingly, while the truncating mutation that generates a 76 amino 
acid MDL-1 protein fragment causes an increase in zen-4 mRNA expression during 
endomitosis, we observed no difference in zen-4 mRNA levels in the full deletion 
mutant. Consistent with these results, in a small fraction of animals carrying the 
truncating MDL-1 mutation, we identified cells that seemed to have undergone 
cytokinesis during endomitosis (Figure 4c). MDL-1 is part of a Myc-like interaction 
network and dimerizes with other proteins to control transcription (Pickett et al. 
2007). The fact that a truncated version of MDL-1 elicits a phenotype that is not 
present in a full deletion suggests that the mutation has a dominant negative effect, 
possibly causing a phenotype by inhibiting the activity of its dimerization partners. 
To investigate the potential of MDL-1 and its repressing binding partner MXL-1 for 
regulation of endomitosis, we induced overexpression of these proteins in tissues that 
do not undergo endomitosis in wildtype development (Figure 4d). However, we did not 
observe a substantial induction of endomitotic cycles in seam cells, body wall muscle 
or Q neuroblasts in animals carrying an overexpression in these respective tissues. We 
did observe binucleated seam cells in rare cases (2%, 4/188 animals) and noticed a Q 
neuroblast migration defect after overexpression, consistent with previous reports on 
the involvement of the Myc-like network in cell migration (Pickett et al. 2007). Based 
on these results, we conclude that MDL-1 is neither necessary nor sufficient for the 
regulation of endomitosis.
 Because the truncated MDL-1 protein fragment contains solely the SIN-3 

animals and animals containing a deletion of the mdl-1 coding sequence, containing membrane (GFP-
PH) and DNA (H2B-mCherry) markers. Arrows indicate membrane invaginations. d. Fluorescence 
images of seam cells, body wall muscle cells and Q neuroblasts in animals expressing a tissue-specific 
marker. A tissue specific-marker was injected alone (controls) or in combination with a tissue-specific 
overexpression of mdl-1 and mxl-1 (mdl-1/mxl-1 OE). Percentages represent the relative amount of 
binucleated cells in inspected animals. Scale bars represent 20 µm for seam cell and body wall muscle 
images, and 10 µm for Q neuroblast images. e. Schematic overview of the SIN-3 protein structure. f. 
Graph depicting quantifications of zen-4 mRNA smFISH spots in intestinal cells during M phase of 
endomitosis in wildtype control animals and animals carrying a mutation of sin-3 (mat105). P values 
were calculated by Mann Whitney U test. g. Fluorescence images of wildtype animals and animals 
containing a sin-3 mutation (mat105), containing membrane (GFP-PH) and DNA (H2B-mCherry) 
markers. Arrows indicate membrane invaginations.
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interaction domain, we hypothesized that the dominant negative effect of this mutant 
might be caused by inhibition of SIN-3 activity. SIN-3 is a widely expressed histone 
deacetylase component involved in several developmental processes (Pandey et al. 
2018; Choy et al. 2007; Chaubal and Pile 2018). We created a mutant of sin-3 using 
CRISPR/Cas9 genome editing and measured zen-4 mRNA levels using smFISH (Figure 
4e). Here, we observed an increase in zen-4 mRNA expression to a similar level as in 
animals containing the truncating MDL-1 mutation. Consistently, we also observed 
the same mild phenotype of cytokinesis initiation during endomitosis (Figure 4f-g). 
With this, we can confirm that the dominant-negative effect of a truncating MDL-1 
mutation is caused by an inhibition of SIN-3 and, more importantly, that SIN-3 is 
involved in the regulation of endomitosis. While zen-4 expression levels are increased 
in sin-3 deletion animals, they do not reach the levels of expression observed in a 
canonical cell cycle (see Figure 2c) and, although we observe indications of cytokinesis 
initiation, the effect is considerably mild. This suggest that additional mechanisms are 
at play in the regulation of endomitosis and associated downregulation of cytokinesis 
genes. We therefore conclude that SIN-3 is redundantly involved in the regulation of 
endomitosis.

Discussion
 In this study we investigated the molecular mechanisms that regulate 
endomitosis in the intestine of C. elegans. By visualization of the DNA, membranes 
and tubulin in endomitosis, we found that intestinal cells do not show indications 
of cytokinesis furrow ingression and that they lack a central spindle. We show that 
protein levels of the centralspindlin component ZEN-4 are drastically reduced during 
M phase in intestinal endomitosis compared to canonical mitosis in other cell types. 
Using smFISH, we characterized the expression levels of several mitotic genes and 
found that multiple cytokinesis genes are downregulated during intestinal endomitosis. 
Interestingly, expression of knl-1, encoding a kinetochore protein required for DNA 
segregation, was decreased during intestinal endomitosis as well. During canonical 
cell cycles, KNL-1 is needed for formation of a metaphase plate and the transition to 
anaphase. Apparently, the relatively low levels of KNL-1 expression are sufficient for 
the completion of these processes in endomitosis. Nonetheless, the downregulation of 
mitotic regulators could explain the delay in M phase progression we observe during 
endomitosis. Furthermore, this finding suggests that in endomitosis, expression of both 
cytokinesis and mitosis genes is tweaked in a specific transcriptional program to enable 
DNA segregation without cytokinesis.
 By inducing additional cell cycles and aberrant M phases, we show here that 
intestinal cells lose the ability to go through cytokinesis in mid-embryogenesis and 
remain unable to do so during later stages of larval development. Even though we can 
confirm that these cells are unable to complete cytokinesis, we cannot yet be sure 
that expression of mitotic genes is repressed as well. It would therefore be interesting 
to analyze the expression of mitotic genes known to be downregulated during 
endomitosis in intestinal cells undergoing additional M phases in able to confirm that 
a similar repression of these genes is present throughout development of the intestine. 
In line with this, it would be interesting to see if these cells are able to form a central 
spindle.
 In the work presented, we set out to identify a regulator that modulates 
the transcriptional downregulation of cytokinesis genes controlling endomitosis 
and found that the histone deacetylase component SIN-3 is redundantly involved 
in this regulation. It is clear however that additional factors are at play in regulating 
endomitosis, as deletion of sin-3 only partially restores cytokinesis gene expression 
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and causes a weak cytokinesis initiation. The fact that a histone deacetylase 
component is involved in endomitotic regulation indicates that the downregulation 
of cytokinesis genes is, at least in part, regulated epigenetically. As endomitotic 
regulation is already set up in embryogenesis, regulators might only be present at this 
early stage of development, but absent at the moment of M phase during endomitosis. 
Identification of additional regulators of endomitosis would also facilitate a more 
complete understanding of how different cell types regulate their cell cycle during 
development.

Methods
Worm culture
 Worms were cultured on nematode growth medium (NGM) plates seeded 
with OP50 Escherichia coli bacteria according to standard protocols. All strains were 
maintained at 20°C, unless indicated otherwise. N2 Bristol were used as wildtypes. 
For auxin plates, NGM was supplemented with 0.5 mM IAA auxin (Sigma-Aldrich 
I2886) after autoclaving and cooling to <55°C. As IAA auxin is dissolved in 100% 
ethanol, control plates are supplemented with equal volumes of 100% ethanol without 
auxin. For auxin treatment in embryos, we used IAA-AM auxin, a cell permeable 
analog of auxin that is more effective in triggering the degradation of AID-tagged 
proteins in embryos (Negishi et al. 2019). Embryos were collected from gravid young 
hermaphrodites by hypochlorite treatment and incubated with 1 nM IAA-AM 
auxin in M9 buffer while rotating. As IAA-AM auxin is dissolved in DMSO, control 
conditions were supplemented with equal volumes of DMSO without auxin. Animals 
were synchronized in L1 by isolation of embryos from gravid adult hermaphrodites 
using hypochlorite treatment and eggs were subsequently rotated in M9 overnight. 
For heat-shock experiments, animals were maintained at 15°C and heatshocked in 
a waterbath at 32°C for 30 minutes. Animals were then transferred to 20°C. For live 
cell imaging of intestinal endomitosis, animals were grown for 20 hours at 20 degrees 
before harvesting. For smFISH experiments, animals were grown for 22 hours at 15 
degrees before fixation.

Strains
 C. elegans strains used in this study are described in Supplemental Table S1. 
A ZEN-4 N-terminal GFP tag was inserted using CRISPR/Cas9 genome editing with 
a plasmid repair template containing a self-excising selection cassette, according 
to the method described by Dickinson and colleagues (Dickinson et al. 2015). A 
CKI-1 N-terminal AID tag was inserted into the CA1209 strain using CRISPR/Cas9 
genome editing with two overlapping ssODNs (IDT 4 nmole Ultramers) as template 
for homology-directed repair, as described by Paix and collegues  (Paix et al. 2016). A 
partial and full deletion of mdl-1 were generated using CRISPR/Cas9 genome editing 
without a repair template (partial deletion, mat15) or with a single ssODN (IDT 4 
nmole Ultramers) as template for homology-directed repair (full deletion, mat45. A 
mutation of sin-3 was generated using CRISPR/Cas9 genome editing with a single 
ssODN (IDT4 nmole Ultramers) as template for homology-directed repair. Single 
guide RNA and ssODN repair template sequences are listed in Supplemental Table S2. 
Intestinal markers Pges-1::mCherry-PH and Pges-1::H2B-mCherry-P2A-GFP-TBA-2 
(matIs19 and matIs21) or Pges-1::GFP-PH and Pges-1::H2B-mCherry (matIs53) were 
integrated using gamma-irradiation. A ubiquitously expressed Pppk-2::H2B-mCherry 
marker (matIs26) was integrated using the miniMos-mediated insertion method. 
Animals carrying intestinal markers (matIs53) were injected with Phsp-16.48::cdc-
25.1(gf) or Pelt-2::cdk-2 and Pelt-2::cye-1 containing plasmids, and a plasmid 
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containing a pharyngeal marker (Pmyo-2::GFP) to generate transgenic animals. 
Siblings without the pharyngeal markers were used as controls. Animals carrying seam 
cell markers (huIs166) were injected with plasmids carrying Pscm::mdl-1, Pscm::mxl-1, 
Pscm::GFP-NLS and Pmyo-2::GFP to generate transgenic animals with a seam cell 
overexpression of mdl-1 and mxl-1, and the same injection was repeated without 
Pscm::mdl-1 and Pscm::mxl-1 plasmids to generate control animals. Animals carrying 
seam cell markers Pwrt-2::GFP-PH and Pwrt-2::H2B::GFP (heIs63) were injected with 
Pegl-17::mdl-1, Pegl-17::mxl-1, Plin-32::tdTomato and Prol-6::rol-6(su1006) plasmids 
to generate transgenic animals with a Q cell overexpression of mdl-1 and mxl-1, and 
the same injection markers were injected without Pegl-17::mdl-1 and Pegl-17::mxl-1 
plasmids to generate control animals. Animals carrying mesoblast lineage markers 
(heSi210 and heSi141) were injected with Phlh-8::mdl-1, Phlh-8::mxl-1 and Plin-
48::GFP plasmids to generate animals with a mesoblast overexpression of mdl-1 and 
mxl-1, and animals carrying mesoblast lineage markers only were used as controls. 

Microscopy and image analysis
 Static and time-lapse epifluorescence imaging of intestinal fluorescent 
markers was performed on a PerkinElmer Ultraview Vox spinning disk confocal 
microscope equipped with a Hamamatsu C13440 digital camera. Animals were 
mounted onto 2% agarose pads and immobilized with 10 mM sodium azide for static 
imaging, or onto 7% agarose pads, immobilized with 1 ng/mL levamisole and 100 ng/
mL tricaine for time-lapse imaging. L3/L4 animals were imaged with a 63x objective, 
using 2x binning. Time-lapse imaging of intestinal markers during endomitosis in L1 
larvae was performed with a 100x objective, with 2x binning. Images were processed 
and analyzed using Fiji software (Schindelin et al. 2019). Protein levels of ZEN-4::GFP 
were quantified by measuring the integrated density of GFP signal in summed Z-stack 
slices, distanced at 50% of the optical slice thickness, of a fixed area after background 
subtraction. This signal was then normalized to the H2B-mCherry marker fluorescence 
intensity, measured in the same way.

Single molecule fluorescence in situ hybridization (smFISH)
 smFISH was performed as previously described with some minor adjustments. 
In short, animals were fixed using 4% paraformaldehyde, resuspended in 70% ethanol 
and stored at 4°C for up to four weeks. Short oligonucleotide probes complementary 
to the zen-4, cyk-4, spd-1, cyb-1, rho-1, ect-2, nmy-2, let-502, cdk-1, air-2, knl-1 and 
plk-1 sequences were designed using a web-based algorithm (www.biosearchtech.
com/stellaris-designer). zen-4, cyk-4, spd-1, cyb-1 probes were ordered from Biosearch 
Technologies, labelled with a Quasar 670 dye. Probes for rho-1, ect-2, nmy-2, let-502, 
cdk-1, air-2, knl-1 and plk-1 were ordered unlabelled from IDT, and labeled with 
Atto633-NHS as described in Gasper et al., bio-protocol 2018.  Hybridization was 
performed overnight at 37°C in the dark, after which samples were washed and stained 
with DAPI. Z stacks of L1 stage intestinal and seam cells undergoing M phase (as 
determined by nuclear morphology) were generated using spinning disk microscopy 
and mRNA molecules were manually counted using the cell-counter plugin in imageJ.
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Strain 
name

Genotype Source/ reference

CA1209 ieSi61 [ges-1p::TIR1::mRuby::unc-54 3’UTR + Cbr-unc-119(+)] II; 
unc-119(ed3) III

Caenorhabditis 
Genetics Center 
(Zhang et al. 2015)

COP1173 zen-4(knu229[GFP::zen-4) Knudra Transgenics

DOM15 ccyIs12[Pdpy-30::H2B::mCherry::P2A::sfGFP::tba-2::tbb-2 3’UTR] (+ 
unc-119WT); Pmyo-2-mCherry]

This study

GAL21 matIs16[Pges-1::mCherry-PH::unc-54 3’UTR; Plin-48::TdTom] This study

GAL25 matIs19 [Pges-1::mCherry-PH::unc-54 3’UTR; Pges-1::H2B-mCher-
ry-P2A-GFP-TBA-2::unc-54 3’UTR; Pmyo-2::GFP]

This study

GAL32 zen-4(knu229[GFP::zen-4]IV; matIs26[Pppk-2::H2B-mCher-
ry::unc-54]

This study

GAL44 matIs21 [Pges-1::mCherry-PH::unc-54 3’UTR; Pges-1::H2B-mCher-
ry-P2A-GFP-TBA-2::unc-54 3’UTR; Pmyo-2::GFP] ; mdl-1(mat15) X

This study

GAL56 mdl-1(mat45) X This study

GAL72 matIs53[Pges-1::GFP-PH::tbb-2 3’UTR; Pges-1::H2B-mCher-
ry::unc-54 3’UTR; Plin-48::TdTom]] X

This study

GAL76 matEx56 [Plin-32::TdTomato, Pegl-17::mdl-1, Pegl-17::mxl-1, rol-6] ; 
heIs63 [wrt-2p::GFP::PH + wrt-2p::GFP::H2B + lin-48p::mCherry] 

This study

GAL145 sin-3(mat107) I This study

GAL148 sin-3(mat107)I; matIs53[Pges-1::GFP-PH::tbb-2 3’UTR; Pg-
es-1::H2B-mCherry::unc-54 3’UTR; Plin-48::TdTom]] X

This study

GAL199
cki-1 (mat133 [AID::cki-1]), dpy-10 (mat134), ieSi61 [ges-1p::-
TIR1::mRuby::unc-54 3’UTR + Cbr-unc-119(+)] II; unc-119(ed3) 
III; matIs53[Pges-1::GFP-PH::tbb-2 3’UTR; Pges-1::H2B-mCher-
ry::unc-54 3’UTR; Plin-48::TdTom]] X

This study

KN2598 dpy-20(e1362); huIs166[Pwrt-2::H2B::mCherry; Pwrt-2::PH::mCher-
ry; dpy-20(+)]

Korswagen lab

SV1009 heIs63[Pwrt-2::GFP-PH; Pwrt-2::H2B::GFP; Plin-48::tdTomato] V van den Heuvel lab

SV2104 heSi210[Peft-3::LoxP::NLS egl-13::tagBFP2::tbb-2 UTR::LoxP::NLS 
egl-13::mCherry:: tbb-2 UTR]III; heSi141[Phlh-8::CRE]X

van den Heuvel lab

Supplemental Table S1.

Supplemental Figure S1. M phase processes 
are delayed in endomitosis compared to 
canonical cycles. a. Graph depicting the 
time (in minutes) it takes to progress 
from nuclear envelope breakdown (NEB) 
to nuclear envelope reformation (NER) 
in cells undergoing a canonical cycle (in 
mesoblast, seam cells, P cells and Q cells, 
n = 26) and intestinal cells undergoing 
endomitosis (n = 14). b. Graph depicting 
the time (in minutes) it takes to progress 
from NEB to metaphase in cells undergoing 
a canonical cycle (in mesoblast, seam cells, 
P cells and Q cells, n = 27) and intestinal 
cells undergoing endomitosis (n = 18). P 
values were calculated by Mann Whitney 
test.
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Description Sequence
cki-1 N-terminal guide 
target RNA sequence

cgggcgtcggacgaccgaaa

cki-1 repair ssODN1 actcttttcaaatgtcttctgctcgtcgttgccttCCTAAAGATCCAGCCAAACCTCCG-
GCCAAGGCACAAGTTGTGGGATGGCCACCGGTGAGATCATACCG-
GAAGAACGTGATGGTTTCCTGCCAAAAATCAAGCG

cki-1 repair ssODN2 GAAGAACGTGATGGTTTCCTGCCAAAAATCAAGCGGTGGCCCGGAG-
GCGGCGGCGTTCGTGAAGggaggagccggaggaatgagtagtgcaagacgctgtctcttcg-
gtcgtccgacgcccgagcaacgctccaggac

mdl-1 N-terminal guide 
RNA target sequence #1 
(partial deletion)

TTGTTATTCCTTGTTTGCAATGG

mdl-1 N-terminal guide 
RNA target sequence #2 
(partial and full deletion)

AGTGGATAGATCATTAAACTTGG

mdl-1 N-terminal guide 
RNA target sequence #3 
(full deletion)

ggaacaactggggcgtgttaga

sin-3 N-terminal guide 
RNA target sequence

TACAATCCACCACCTGGAGGCGG

sin-3 repair ssODN AGTTAGATTTTCAGAATGTACAATCCACCACCTGGCTAGCAGGCGGC-
GGTGGCAACAATGGAGGAGATCAATCTC

Supplemental Table S2.
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Summary
 In recent years, advances in single cell RNA sequencing techniques have far 
expanded the possibilities for detailed analysis of gene expression patterns during 
development of multicellular organisms. The use of this technique has been established 
in various model systems, such as the roundworm C. elegans, where tissue-specific 
single cell sequencing has been utilized to study gene expression in larvae, and single 
cell sequencing of all lineages has been used to define embryonic expression patterns.  
Here, we present the use of a sorting-based single cell RNA sequencing technique 
for a detailed analysis of gene expression patterns in the development of embryonic 
intestinal cells of C. elegans. This new information on embryonic intestinal gene 
expression allowed us to characterize tissue-specificity, as well as identify temporal 
expression patterns. Furthermore, we were able to identify potential transcriptional 
regulators of developmental cell cycle control regulating a switch from canonical to 
alternative cell cycles in the intestine. With this, we provide a powerful resource for 
gene expression during embryonic intestinal development and a useful contribution to 
the nematode gene expression atlas.
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Introduction
 The free-living nematode Caenorhabditis elegans provides a valuable model for 
development of multicellular organisms, as its invariable growth pattern has allowed 
precise mapping of the cellular lineages from embryo to adult. Further determination 
of how the decisions on differentiation, proliferation and migration are made in these 
lineages requires additional information on cellular gene expression patterns. Single 
cell RNA sequencing is a very potent method to reveal variation of expression in space 
and time in a multicellular organism. For example, a previous study in C. elegans using 
RNA sequencing of single cells identified new subpopulations of cell types and cell 
type-specific effects of transcription factors in larvae (Cao et al. 2017a). The initial 
and perhaps largest part of cell-fate determination however already occurs during 
embryogenesis. Single cell RNA expression data of the early C. elegans embryo reveals 
differential activation of the zygotic genome during development from a 1-cell embryo 
to the 16-cell stage (Tintori et al. 2016). In addition to early embryonic transcriptional 
differentiation, indications of major transcriptional regulation waves and chromatin 
reorganization were found at several embryonic stages up to gastrulation and 
morphogenesis (Mutlu et al. 2018; Arai et al. 2017; Robertson and Lin 2015; Levin et al. 
2012; Packer et al. 2019; Costello and Petrella 2019).
 In previous work, we have found that a big change in gene expression 
regulation occurs in the intestinal lineage during embryogenesis, where these cells lose 
the ability to undergo canonical division and are programmed to undergo cell cycle 
variations to increase their ploidy (Chapter 2).  Instead of the mitotic divisions these 
cells undergo during early embryogenesis, they switch to an endomitotic cycle where 
the DNA is segregated over two nuclei without cytokinesis. Although endomitosis 
only occurs at the end of the first larval stage, the transcriptional downregulation of 
cytokinesis genes that underlies this process is likely already set up during mid-to-
late embryogenesis, as we have found that inducing additional cell cycles in late 
embryogenesis gives rise to binucleated cells. To find possible regulators of this part of 
intestinal differentiation, we set out to investigate patterns of gene expression during 
the embryonic development of the intestine.
 Here, we show the successful isolation and subsequent tissue-specific 
fluorescence-based sorting of single C. elegans embryonic cells. Combining bulk 
and single cell sequencing of sorted cells, we distinguish tissue-specificity of gene 
expression and identify distinct expression patterns during embryonic intestinal 
development. Next, we use this information to identify potential transcriptional 
regulators of intestinal differentiation and candidate regulators of endomitosis. Finally, 
we confirm a role of several transcriptional regulators in the control of endomitosis 
and intestinal development using RNAi knockdown. 

Results
Isolation of single cells from C. elegans embryos allows sorting for tissue-
specific fluorescent markers
 To achieve single cell sequencing of embryonic cells, we adapted existing 
protocols for larval cell isolation to include treatment of isolated embryos with the 
egg-shell degrading enzyme chitinase (Zhang et al. 2011) (Figure 1a). As harsh 
dissociation conditions have been indicated to significantly alter gene expression 
(Van Den Brink et al. 2017), we aimed for a gentle dissociation using accutase 
for detaching single cells, and a gravity-based 20 micron strainer for filtering. To 
specifically investigate intestinal expression, we made use of a strain expressing a 
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membrane-localized GFP (GFP-PH) and histone-tethered mCherry (H2B-mCherry) 
driven by the intestinal-specifi c ges-1 promoter. Confocal imaging of isolated embryos 
shows that expression of the GFP starts at the 4-8E cell stage, whereas the appearance 
of the mCherry signal comes up later (Figure 1b). Conversely, the GFP signal fades 
in older embryos while mCherry remains present at a constant intensity. As these 
fl uorophores are driven by the same promoter, this pattern is likely due to a diff erence 
in the rate of protein folding and turnover between GFP-PH and mCherry-H2B.
 Isolated cells from wildtype control (N2) embryos and embryos containing 
fl uorescent intestinal markers were sorted by FACS. Cells were initially sorted on 
forward and side scatter to exclude doublets and non-cellular particles, as well as 

a b
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Figure 1. Isolation of C. elegans embryonic cells. a. Schematic overview of the cell isolation procedure. 
Gravid adults are collected from plates and eggs are extracted by hypochlorite treatment. Isolated 
embryos are sequentially incubated with chitinase and accutase to dissolve the egg shell and 
dissociate the embryo into single cells. The single cell suspension is placed on a 20 µm strainer to 
fi lter out debris and intact embryos by gravity fl ow. The fi ltered single cell suspension is used for 
Fluorescence-Activated Cell Sorting (FACS) immediately after isolation. b. Confocal microscopy 
Z-stack projections of isolated embryos with intestinal expression of fl uorescent markers for the 
membrane (Pges-1::GFP-PH) and DNA (Pges-1::H2B-mCherry) at diff erent stages of development. 
Images show merged mCherry and GFP fl uorescence. Scale bars are 10 µm. c. Representative FACS 
profi le of double fl uorescent isolated intestinal cells from a mixed embryo population of N2 wildtype 
or worms carrying intestinal-specifi c GFP and mCherry markers. GFP is detected with a 488 nm laser 
(y), mCherry is detected with a 561 nm laser (x). d. Confocal microscopy images of isolated and sorted 
embryonic intestine cells, showing merged mCherry and GFP fl uorescence, and DIC images. Scale 
bars are 5 µm.
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on intensity of the DAPI signal to exclude autofluorescent cells. As shown in Figure 
1c, the fluorescent cells in our intestinal marker strain vary in the intensity of the 
GFP and mCherry signal, likely relating to the sequential expression and fading 
of the fluorophores during embryonic development, and therefore a predictor of 
developmental age of these cells. To obtain a mix of different stages in our samples, 
we select the complete spread of fluorescent cells in the intestinal marker strain for 
sorting. Simultaneously, non-fluorescent cells from the same sample are sorted as 
controls. Confocal imaging of sorted cells shows single cells with a similar expression 
and localization of membrane and DNA markers compared to intact embryos (Figure 
1d). The range of different cell sizes confirms a spread of embryonic age in our sorted 
cells, with larger cells corresponding to early E-cell descendants.

Embryonic intestinal gene expression
 We collected four replicates of paired intestine and non-intestine bulk 
samples each containing 5000 cells, which were processed for sequencing using the 
CELseq2 protocol (Hashimshony et al. 2016). In each sample, between 2 and 10 million 
transcripts and over 10000 unique genes were detected. Principle component analysis 
shows that, as expected, the biggest source of variation between our samples is related 
to the difference between intestinal and non-intestine (other) cells (Figure 2a). We 
find 10,085 genes to be expressed in the embryonic intestine, and 205 genes that are 
uniquely expressed in the intestine at the embryonic stage. Using differential gene 
expression analysis (DEseq) we identify 1409 and 1335 genes up- and downregulated 
in the intestine, respectively (P < .05, top 25% log2FoldChange, Figure 2b) (Nadler et 
al. 1997).  The expression of these differentially expressed genes shows a high level 
of heterogeneity between replicates of each condition, especially within samples of 
intestinal cells (Figure 2c). To confirm our results, we performed tissue enrichment 
analysis for genes upregulated in the intestinal and other cells, respectively (Figure 2d) 
(Angeles-Albores et al. 2018). We found that our intestinal samples indeed express 
high levels of genes that have a reported enriched expression in the intestine, whereas 
our non-intestine cells express genes that are enriched in a range of other tissues. 
Besides the major enrichment in intestinal gene expression, we also find that there is a 
smaller but significant relative enrichment for genes expressed in muscles and neurons 
closely related to the pharynx. This could be due to the attachment of these cells to the 
anterior intestine causing doublets, or because the strain contains an additional red 
fluorescent marker expressed in these cells. However, visual inspection of sorted cells 
using confocal microscopy did not show the presence of doublets, GFP-negative or 
non-intestinal cells. We therefore conclude that our data is suited for investigation of 
gene expression differences between the intestine and other embryonic tissues.

Temporal gene expression patterns in embryonic intestinal development
 In order to look at temporal expression patterns during embryonic 
development of the intestine, we collected single intestinal cells in three 384-well 
plates from two separate cell isolation replicates. Using a cut-off of 1500 transcripts 
and 1250 unique genes to select for high quality single cells, 736 out of 1152 of cells 
were included for downstream analysis, corresponding to a processing efficiency of 
64%. Further analysis and clustering was performed with unsupervised k-medoid 
clustering on the Pearson correlation coefficient-based intercellular distances after 
batch effect correction, using the RaceID package in R (Grün et al. 2015). The resulting 
clusters are visualized in a tSNE map (Figure 3a). To identify the different cellular 
subtypes that these clusters represent, we cross-referenced expression patterns with 
previously published C. elegans single cell RNA sequencing data (Tintori et al. 2016; 
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Packer et al. 2019). Looking at genes that are upregulated in the E cell compared to 
the MS cell according to Tintori et al., we see a homogenous pattern of intestinal gene 
expression in our population of cells (Supplemental Figure S1a). Expression levels of 
genes enriched in the earliest E lineage progenitor show a homogeneous pattern of 
low expression, suggesting an absence of the E cell in our dataset of single intestinal 
cells (Supplemental Figure S1b). This is consistent with the fact that the intestinal 
markers that were used for sorting only come up later in development. Looking at the 
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Figure 2. Bulk sequencing of intestinal and non-intestinal cells. a. Principal Component Analysis (PCA) 
of replicate samples of sorted intestinal and non-intestinal (other) cells. Principle component 1 (PC1) 
explains 79% of the variance, separating the intestine from other cells. PC2 explains 15% of the 
variance and shows mainly inter-replicate differences. b. Volcano plot of differential gene expression 
analysis between intestine and other cells. Single genes are represented by dots. Red dots represent 
genes that are significantly differentially expressed (P < .05, top 25% log2FoldChange). c. Heatmap 
showing genes that are significantly differentially expressed (P < .05, top 25% log2FoldChange) 
between the intestine and other cell types. d. Tissue enrichment analysis for genes upregulated in the 
intestine (blue) or non-intestine cells (pink).
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genes that are upregulated in Ea and Ep, we observe a gradient of expression, possibly 
correlating to embryonic age. In addition, the transcription factors that control the 
subsequent steps in determination of intestinal identity show a similar gradient 
(Figure 3b). To confi rm this axis of temporal expression in our data, we looked at genes 
that are known to increase or decrease in expression during intestinal development, 
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Figure 3. Single cell sequencing of embryonic intestinal cells. a. t-Distributed Stochastic Neighbour 
Embedding (t-SNE) map showing 736 cells selected for analysis based on read and gene count. Each 
dot represents a single cell. Colours indicate cluster annotation according to unbiased k-mediod 
clustering. The subtypes that these clusters represent are determined using expression maps in 
panel b-d and Supplemental Figure S1. b-d. t-SNE map indicating the relative expression of selected 
genes. Heat bar indicates colours of normalized transcript counts in a log scale. b. Overview of genes 
involved in the diff erentiation of the intestine during embryogenesis. c. Aggregated expression maps 
of genes associated with early (clec-196 and nlp-31) or late (act-5 and rps-0) intestine expression. d. 
Aggregated expression map of genes associated with S, G2 and M phase of the cell cycle (air-2, bir-1, 
csc-1, cyb-1, cyk-4, icp-1, mcm-4 and rnr-1).
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validated by data available from Packer et al. (Figure 3c and Supplemental Figure S1). 
Indeed, we observe transcriptional differences in our population of single cells that 
is consistent with embryonic age. Because intestinal cells are actively proliferating in 
early embryogenesis but stop cycling in mid-embryogenesis, we expect that expression 
of associated cell cycle genes changes substantially with development of the intestine. 
Moreover, cell cycle-related transcriptional changes are known to dominate clustering 
in RNA sequencing experiments (Barron and Li 2016). We identified multiple clusters 
with a relatively high expression of several S, G2 and M phase genes, as well as higher 
basal levels of transcription for these genes in early embryonic intestinal cells (Figure 
3d and Supplemental Figure S1). Lastly, as strong differences in gene expression 
between the anterior and posterior intestine have been observed previously (Schroeder 
and McGhee 1998) and only cells of the posterior intestine undergo endomitosis, we 
used marker genes from Packer et al. to define anterior, middle and posterior intestine 
cells (Supplemental Figure S1).
 To identify genes that are temporally expressed during embryonic intestinal 
development, we performed differential gene expression analysis between clusters 
representing cells in different stages of development (Figure 4a). We also compared 
genes enriched in the population of S/G2/M cells and found a large overlap with 
genes enriched in early embryo development of the intestine, consistent with the 
proliferative capacity of these early intestinal cells. We identified a total of 1078 genes 
with a temporal expression pattern peaking in early, early-to-mid, mid, mid-to-late or 
late intestinal embryonic development (Figure 4a-b). These genes comprise interesting 
candidates for involvement in the different steps of intestinal development and 
differentiation. In search of potential transcriptional regulators of endomitosis, we 
investigated the annotated GO terms of temporally expressed genes and selected those 
that are associated with GO terms concerning transcriptional regulation. As we know 
that the regulation of endomitosis involves downregulation of cytokinesis genes, we 
selected against known positive regulators of transcription. This resulted in a list of 63 
potential endomitosis regulators, that were used for manual curation. For the selection 
of candidates for downstream investigation, we took into account identified functions 
of the genes and their orthologs that might indicate a potential role in or exclude them 
from involvement in endomitosis regulation. With this, we combine unbiased selection 
and previous knowledge to comprise a list of 18 potential candidate regulators of 
developmental cell cycle control in the intestine (Figure 4c).

Single cell sequencing identifies candidate regulators of endomitosis
 Next, we set out to investigate the involvement of the 18 candidate 
transcriptional regulators in the regulation of endomitosis. As we expect these genes to 
affect cell cycle control, a general knockdown of expression of these genes would likely 
result in embryonic lethality or sterility and prevent us from analysing their function in 
embryonic development. We therefore used an adapted RNAi protocol that maintains 

Figure 4. Temporal gene expression patterns in single cells during embryonic intestinal development. 
a. t-SNE maps indicating the relative expression of genes enriched in different subgroups of cells, 
representing cycling (S/G2/M) cells, or cells of various embryonic ages (early, early-to-mid, mid, mid-
to-late, late). Heat bar indicates colours of normalized transcript counts in a log scale. b. Schematic 
overview of the candidate selection pipeline. Analysis of temporal expression patterns identified 1078 
genes with changes in expression during embryonic intestinal development. GO term analysis and 
selection of genes associated with regulation of transcription resulted in a list of 63 genes. Further 
manual curation and literature investigation narrowed the list of candidates down to 18 genes. 
c. Overview and additional information on the 18 candidate regulator genes selected for further 
investigation. Enrichment of intestinal expression was determined using bulk sequencing data.
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Figure 5. Zygotic RNAi knockdown of candidate regulators identifi es a role for atf-2 and hbl-1 in 
endomitosis regulation. a. Schematic overview of zygotic RNAi procedures. Young adult RNAi 
defi cient rde-1(ne219) hermaphrodites are injected with double stranded RNA for the gene of interest 
and mated with RNAi competent rde-1 wildtype males, producing progeny carrying a maternal RNAi 
defi cient copy of rde-1(ne219) and a paternal RNAi competent copy of wildtype rde-1, establishing 
RNAi knockdown after the blastula stage of embryonic development. b. Bar graphs depicting the 
quantifi cations of observed phenotypes after zygotic RNAi knockdown of candidate genes. Orange 
bars represent the percentage of cells with a mononucleation or membrane invagination phenotype, 
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early embryonic gene expression and establishes gene knockdown around the 
blastula stage (Figure 5a). To achieve this, we injected the germline of RNAi-deficient 
(rde-1(ne219)) young adult hermaphrodites with gene-specific double stranded RNA 
and subsequently mated these animals with RNAi-competent (rde-1(wt)) males. The 
progeny of this cross contains animals with a maternally supplied RNAi-deficient 
copy of rde-1(ne219), and a paternal wildtype rde-1 allele. These animals will be RNAi 
competent due to the paternally supplied wildtype copy of rde-1, but transcription of 
this allele will only be activated after the activation of zygotic transcription during the 
maternal-to-zygotic transition at the blastula stage. Hence, knockdown of expression 
for the gene of interest will be established after the first rounds of embryonic cell 
division have been completed. Using this method of zygotic RNAi knockdown, we 
investigated the role of the 18 candidate genes in control of endomitosis by visual 
inspection of animals containing intestinal-specific fluorescent membrane and DNA 
markers (Figure 5b-c). In this, we distinguished two different phenotypes that indicate 
involvement in endomitosis regulation: mononucleation instead of binucleation of the 
intestinal cells, and membrane invaginations resembling cytokinetic cell cleavage. We 
found an increase in the number of mononucleated intestinal cells for multiple genes, 
of which only hbl-1 showed a significant difference with the control. Additionally, we 
found membrane invaginations in a small number of animals treated with dsRNA for 
atf-2. Although the size of this effect was not significantly different from controls in 
our experiments, it appeared to us as very striking as it is rarely observed in wildtype 
animals. We therefore decided to further investigate the effect of atf-2 depletion on 
endomitosis in additional experiments. We used the CRISPR/Cas9 genome editing 
technique to delete the full atf-2 coding sequence from the genome and performed live 
imaging of fluorescent markers to investigate membrane and DNA morphology during 
endomitosis (Figure 5d). To our surprise, the intestinal cells undergoing endomitosis in 
this deletion mutant did not show indications of cytokinesis furrow ingression like we 
observed in experiments using zygotic RNAi knockdown. Instead, we noticed that in 
this atf-2 deletion mutant, nuclei often stay very close together after DNA segregation 
and sometimes even remain connected in an elongated and lobed single nucleus. 
Even more, we found cells frequently displaying a range of segregation aberrancies, 
from anaphase bridges to gross missegregations and the formation of micronuclei. 
Consistently, we observed multilobed, connected and closely clustered nuclei in the 
intestine after general RNAi knockdown of atf-2 (Supplemental Figure S2a). So, 
although we were unable to validate the membrane invagination phenotype, we did 
find an effect on endomitotic DNA segregation after depletion of atf-2, suggesting 
that it indeed plays a role in cell cycle control in this developmentally controlled 
cell cycle variation. Altogether, we conclude that our single cell sequencing dataset 
provides a potent tool for the identification of factors involved in the development and 
differentiation of the intestine and provide evidence that hbl-1 and atf-2 are involved 
in the regulation of endomitosis.

respectively. The occurrence of these phenotypes was quantified for control animals (n = 45), 
and animals treated with dsRNA against crh-2 (n = 38), est-9 (n = 38), odd-2 (n = 40), atf-2 (135), 
F26A10.2 (n = 40), kin-29 (n = 42), saeg-1 (n = 42), egl-44 (n = 42), zip-5 (n = 44), jun-1 (n = 32), ces-2 
(n = 46), prdx-2 (n = 42), tag-343 (n = 36), klf-3 (n = 40), efl-3 (n = 36), fos-1 (n = 36), lin-42 (n = 36) 
and hbl-1 (n = 77). P values were calculated with a Fisher Exact test. c. Fluorescent images depicting 
observed DNA (H2B-mCherry) and membrane (GFP-PH) morphology in controls and animals 
treated with hbl-1 and atf-2 zygotic RNAi knockdown. Scale bars are 20 µm. d. Stills of live imaging in 
atf-2 deletion mutant animals carrying fluorescent DNA (H2B-mCherry) and membrane (GFP-PH) 
markers. Arrows indicate aberrancies occurring and arising during and after DNA segregation. Scale 
bars are 10 µm.
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Discussion
 We have demonstrated the use of tissue-specific single cell sequencing for 
the identification of temporal gene expression patterns in embryonic development 
of the C. elegans intestine. In addition to the previously published dataset comprising 
all single cells of the embryo (Packer et al. 2019), this method of fluorescence-based 
sorting of tissue-specific cells allows us to zoom in on the expression patterns of this 
tissue and study them in more detail. With this, our dataset provides a useful addition 
to the data on early embryonic expression (Tintori et al. 2016) and general expression 
patterns in embryonic development (Packer et al. 2019). Hence, the next challenge 
might be combining these and possible future datasets in a comprehensive and 
detailed overview of expression during development, a challenge that is complicated 
by the varying methods by which the data was acquired and processed. Another 
advancement of our understanding of developmentally controlled gene expression 
would be to investigate the changes in chromatin state and histone modifications 
during development in a genome-wide matter with single cell resolution. Even more, 
combining the information on chromatin and histones with RNA expression data 
would provide a next-level overview of developmental regulation.
 Using tissue-specific single cell sequencing data, we were able to identify 
potential regulators of a developmentally regulated switch in cell cycle control. 
With further screening of potential regulators by zygotic RNAi knockdown and 
investigation of a deletion mutant, we were able to confirm a role for hbl-1 and atf-2 in 
the regulation of endomitosis. HBL-1 is known to be involved in temporal patterning 
during larval development, demonstrated by a heterochronic seam cell effect in 
hbl-1 mutants (Lin et al. 2003). It is expressed in various tissues, with different post-
embryonic developmental expression patterns in each cell type. ATF-2, on the other 
hand, has been found to control embryonic developmental target gene expression 
in the excretory system (Wang et al. 2006). Since our zygotic RNAi knockdown and 
deletion experiments establish a ubiquitous rather than intestine-specific depletion, 
it is unclear whether the observed effect on endomitosis is accomplished in a cell-
autonomous manner. Furthermore, the difference between the effects of a zygotic 
RNAi knockdown and a general knockdown or deletion for atf-2 suggests that the 
temporal expression is also important for how this transcriptional regulator exerts 
its function, possibly also related to differential expression patterns between tissues. 
Hence, further elucidating the exact role of these transcriptional regulators in the 
control of endomitosis might require a system that allows inducible, reversible and 
tissue-specific depletion, such as the auxin-inducible degradation technique (Holland 
et al. 2012; Zhang et al. 2015; Nishimura et al. 2009). Besides hbl-1 and atf-2, we also 
found an effect for seven other genes in zygotic RNAi knockdown experiments, which 
cause a slight and non-significant mononucleation phenotype. Among these are lin-42, 
which is involved in the regulation of developmental timing in the seam cells in a 
similar way as hbl-1 (Monsalve et al. 2011), and ces-2, the interaction partner of atf-2 
in the regulation of developmental timing (Wang et al. 2006). Further investigation and 
combined depletion of these genes with hbl-1 and atf-2, respectively, could elucidate if 
they act together in the regulation of endomitosis as well.
 We found that, in a general knockdown or full deletion of atf-2, endomitotic 
DNA segregation is very erroneous, causing nuclei to cluster together or remain 
mononucleated after endomitosis. Although we occasionally observe anaphase 
bridges during endomitosis in atf-2 wildtype animals as well, the atf-2 deletion mutant 
shows a frequency and severity of segregation errors that far exceeds the normal 
range. We know from previous work that expression levels of cytokinesis and mitotic 
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genes are downregulated during endomitosis. ATF-2 might play a role in the control 
of endomitosis by contributing to the downregulation of these genes, in which case 
deletion of atf-2 would affect their expression levels. The errors in DNA segregation 
that we observe in atf-2 deletion mutants could indicate that endomitosis requires a 
specific and precise balance of mitotic gene expression levels to facilitate a premature 
mitotic exit while minimizing missegregation and DNA damage. It would therefore be 
very interesting to study the expression levels of genes known to be downregulated 
during wildtype endomitosis in animals carrying a deletion of atf-2. Altogether, it 
is clear that endomitosis requires a delicate control that likely depends on several 
redundant levels of regulation.

Methods
Worm culture
 C. elegans strains were cultured on nematode growth medium (NGM) plates 
seeded with OP50 Escheria coli bacteria according to standard protocol. All strains 
were maintained at 20 °C, unless indicated otherwise. N2 Bristol was used as wildtype. 
In preparation for cell isolation, gravid adults were collected and treated with a mild 
bleach solution (0.5 M NaOH and 1% NaClO) while vortexing until dissolved to 
extract embryos. Eggs were washed and placed directly on several (10-20) large 9 cm 
NGM plates seeded with OP50 to grow until adulthood, to acquire large amounts of 
gravid adult hermaphrodites to use for cell isolation.

Strains
 C. elegans strains used in this study are described in Supplemental Table S1. 
To visualize and sort intestinal cells, a strain containing the following transgene was 
used: matIs53[Pges-1::GFP-PH::tbb-2 3’UTR; Pges-1::H2B-mCherry::unc-54 3’UTR; 
Plin-48::tdTomato]] X. This transgene was integrated using gamma-irrdatiation. A 
deletion of the full coding sequence of atf-2 was generated in the GAL72 strain using 
CRISPR/Cas9 genome editing with a ssODN (IDT 4 nmole Ultramer) as template for 
homology-directed repair, as described by Paix and colleagues (Paix et al. 2016). Single 
guide RNA and ssODN repaire template sequences are listed in Supplemental Table S2. 

Cell isolation and FACS
 Cell isolation was performed with an adapted protocol, based on a previous 
protocol described by Fernandes Póvoa and colleagues (Fernandes Póvoa et al. 2020). 
Gravid adult hermaphrodites are treated with a mild bleach solution containing 0.5 
M NaOH and 1% NaClO while vortexing until dissolved, to extract the embryos. 
Embryos were washed with M9 buffer three times and subsequently incubated in 500 
µL 2 mg/mL chitinase (Sigma #C6137) in egg buffer (25 mM HEPES pH 7.3, 118 mM 
NaCl, 48 mM KCl, 2 mM CaCl2, 2 mM MgCl2, at 340 mOsm) at room temperature while 
rotating, for approximately 15, but no more than 40 minutes, while regularly checking 
the appearance of egg shells under the microscope. Eggs were pelleted and chitinase 
solution was replaced by 1 mL Accutase Cell Detachment Solution (Innovative Cell 
Technologies). Eggs are incubated in Accutase for 10 minutes at room temperature 
while rotating. A pellet pestle motor was used for 30 seconds to homogenize the cell 
solution. Eggs are incubated for an additional period 15 minutes at room temperature 
while rotating. Cells were pelleted by centrifugation at 4 °C for 5 minutes at 9600 
rcf. Supernatant was removed and the pellet was dissolved in 1 mL L-15/FBS by 
pipetting up and down. Cells were filtered by pipetting the cell solution onto a 20 
µm pluriStrainer (pluriSelect # 43-50020-03) placed on a 50 mL tube and letting the 
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sample run through by gravity flow. Flow-through is collected in a FACS tube and 
kept on ice until analysis and sorting. Double positive and double negative cells were 
sorted simultaneously into Trizol, and double positive cells into 384-well plates, using 
a Becton Dickinson FACS Aria Fusion. Collected samples were stored at -80°C until 
further processing.

Library preparation
 mRNA extraction of bulk samples was performed according to the CEL-seq 
protocol (Hashimshony et al. 2016). Barcoding, reverse transcription, in vitro 
transcription and illumina sequencing library preparation of bulk samples and mRNA 
extraction, barcoding, reverse transcription, in vitro transcription and illumina 
sequencing library preparation of single cell plates were performed by Single Cell 
Discoveries according to the CEL-seq protocol (for bulk) and robotized version of 
the CEL-seq2/SORT-seq protocol (for single cells) (Hashimshony et al. 2012, 2016; 
Muraro et al. 2016). The libraries were sequenced paired-end at 50 bp read length on 
an Illumina NextSeq 500.

Transcriptome data analysis
 The 50 base pair paired-end reads were aligned to the C. elegans reference 
transcriptome, which was compiled from the C. elegans reference genome WS249. 
Raw data was analysed using R (v3.6.2). For analysis of bulk samples, the DEseq 
package was used to analyse differential gene expression of normalized data while 
correcting for batch in the paired replicates (using experimental design ~ batch + 
group, and extracting results for group: intestine versus other). Single cells with at 
least 1500 transcripts and 1250 unique genes were included for downstream analysis. 
Unsupervised k-medoid clustering on the Pearson correlation coefficient-based 
intercellular distances after batch effect correction and differential gene expression 
analysis between clusters were performed using RaceID (Grün et al. 2015). Tissue 
enrichment analysis was performed using the Gene Set Enrichment Analysis tool on 
Wormbase (Angeles-Albores et al. 2018). Retrieval of gene-associated GO terms was 
performed using InterMineR . Genes were included in the GO term-based selection 
if associated GO terms contain “chromatin”, “transcription”, “histone” or “regulation 
of gene expression” but do not contain “positive regulation of transcription”, “positive 
regulation of gene expression” or “positive regulation of nucleic acid-templated 
transcription”.

RNAi knockdown
 Zygotic RNAi knockdown experiments were performed according to 
previously described protocols (Conte Jr. et al. 2017). Templates for in vitro 
transcription were prepared by isolation of DNA from the gene-specific E. coli clone 
from Vidal or Ahringer RNAi libraries (Rual et al. 2004; Kamath et al. 2003) and 
subsequent PCR with a T7 primer, or PCR on N2 Bristol isolated DNA with gene-
specific primers. See Supplemental Table S2 for oligo sequences. RNA was produced 
using the MEGAscript T7 transcription kit (Invitrogen # AMB13345), according to 
manufacturer’s protocol including TURBO DNAse treatment. Per experiment, 30 
young adult hermaphrodites of strain GAL115 were injected with 500 ng/µl double 
stranded RNA (dsRNA) for the gene of interest. Injected nematodes were incubated at 
20 °C for 24 hours and subsequently placed on mating plates with GAL72 males (5:8 
hermaphrodite to male ratio). After 24 hours, all adult animals were removed from the 
plates and progeny was grown for three days before imaging and quantification. Only 
mating plates containing males were used for analysis, and only hermaphrodites from 
these plates were analysed.
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 For general RNAi knockdown experiments dsRNA was prepared in the same 
way and RNAi competent young adult hermaphrodites were injected with 500 ng/µl 
dsRNA for the gene of interest. Progeny was grown for three days before imaging and 
analysis.

Microscopy and image analysis
 Static and time-lapse epifluorescence imaging of intestinal fluorescent markers 
was performed on a PerkinElmer Ultraview Vox spinning disk confocal microscope 
equipped with a Hamamatsu C13440 digital camera. Imaging of intestinal markers 
after zygotic RNAi knockdown was performed on a Leica DM6000 Fluorescence 
Microscope. Quantifications of intestinal morphology focused on intestinal ring 3. For 
imaging, animals were mounted onto 2% agarose pads (adults) or 7% agarose pads (L1 
and L2 larvae) and immobilized with 10 mM sodium azide for static imaging, or 1 ng/
mL levamisole and 100 ng/mL tricaine for time-lapse imaging. Young adult intestinal 
markers or nuclear membrane marker were imaged with a 63x objective, using 2x 
binning. Time-lapse imaging of intestinal markers during endomitosis in L1 larvae was 
performed with a 100x objective, with 2x binning. Images were processed and analyzed 
using Fiji software (Schindelin et al. 2019).
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Supplemental Figure S1. Expression patterns distinguishing intestinal cellular subtypes in single cell 
RNA sequencing. a-e. t-Distributed Stochastic Neighbour Embedding (t-SNE) map showing 736 cells 
selected for analysis based on read and gene count. Each dot represents a single cell. Colours indicate 
the relative expression of selected genes. Heat bar indicates colours of normalized transcript counts 
in a log scale. a. Relative expression of genes enriched in the intestinal progenitor E cell compared to 
the MS cell, gene subset based on published data (Tintori et al. 2016) b. Relative expression of genes 
enriched in the E cell compared to descendant Ea and Ep cells, and expression of genes enriched 
in the Ea/Ep compared to the E cell, gene subsets based on published data (Tintori et al. 2016). c. 
Relative expression of genes enriched in the anterior, middle or posterior intestine, gene subsets based 
on published data (Packer et al. 2019). d. Relative expression of S/G2/M phase genes. e. Relative 
expression of genes enriched in the early (clec-196 and nlp-31) and late intestine (act-5 and rps-0) as 
verified by published data (Packer et al. 2019).
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Supplemental Figure S2. General RNAi knockdown of atf-2 causes nuclear morphological changes. a. 
Fluorescent images depicting observed DNA (H2B-mCherry) and membrane (GFP-PH) morphology 
in controls and animals treated with atf-2 RNAi. Scale bars are 10 µm.
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Strain 
name Genotype Source/ reference
GAL72 matIs53[Pges-1::GFP-PH::tbb-2 3’UTR; Pges-1::H2B-mCherry::unc-54 

3’UTR; Plin-48::TdTom]] X
This study

GAL115 rde-1(ne219) V; matIs53[Pges-1::GFP-PH::tbb-2 3’UTR; Pg-
es-1::H2B-mCherry::unc-54 3’UTR; Plin-48::TdTom]] X

This study

GAL229 atf-2(mat114) II; matIs53[Pges-1::GFP-PH::tbb-2 3’UTR; Pg-
es-1::H2B-mCherry::unc-54 3’UTR; Plin-48::TdTom]] X

This study

VP303 rde-1(ne219) V; kbIs7 Caenorhabditis 
Genetics Center

Supplemental Table S1.

Description Sequence

prdx-2 forward TAATACGACTCACTATAGTTTTTCTTTCGTCGCTCTCC

prdx-2 reverse TAATACGACTCACTATAGGGGATACGGGGGAAATTAGA

saeg-1 forward TAATACGACTCACTATAGTCCACAAGTGAACGAGATGC

saeg-1 reverse TAATACGACTCACTATAGGCTTTCCCACGAAGTTGTTC

zip-5 forward TAATACGACTCACTATAGtcatatttcttcagaaaaccaaaga

zip-5 reverse TAATACGACTCACTATAGcggaaaaatcaaatgatgataatg

odd-2 forward TAATACGACTCACTATAGtttttgcgacctcaaatcaa

odd-2 reverse TAATACGACTCACTATAGgcaggaatgacaaaattgacc

atf-2 sgRNA 
upstream #1

GTAATACGACTCACTATAGG CTGTCAACCTATTTGATGTA GTTTTA-
GAGCTAGAAATAGC

atf-2 sgRNA 
upstream #2

GTAATACGACTCACTATAGG TATTTGTCCTTACATCAAAT GTTTTA-
GAGCTAGAAATAGC

atf-2 sgRNA 
downstream 
#1

GTAATACGACTCACTATAGG GAGCGAAAGACTTTGATTGG GTTTTA-
GAGCTAGAAATAGC

atf-2 sgRNA 
downstream 
#2

GTAATACGACTCACTATAGG TGAGAGCGAAAGACTTTGAT GTTTTA-
GAGCTAGAAATAGC

atf-2 deletion 
ssODN repair 
template

tcgtgtcaatttcaactcaaaaagacgtatttgtccttacatcaaagtctttcgctctcaaaaaacccttcctctctttc

Supplemental Table S2.
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Summary
 Polyploid cells contain more than two copies of the genome and are found 
in many plant and animal tissues. Different types of polyploidy exist, in which the 
genome is confined to either one nucleus (mononucleation) or two or more nuclei 
(multinucleation). Despite the widespread occurrence of polyploidy, the functional 
significance of different types of polyploidy are largely unknown. Here, we assess the 
function of multinucleation in C. elegans intestinal cells through specific inhibition of 
binucleation without altering genome ploidy. Through single worm RNA sequencing, 
we find that binucleation is important for tissue-specific gene expression, most 
prominently for genes that show a rapid upregulation at the transition from larval 
development to adulthood. Regulated genes include vitellogenins, which encode 
yolk proteins that facilitate nutrient transport to the germline. We find that reduced 
expression of vitellogenins in mononucleated intestinal cells leads to progeny with 
developmental delays and reduced fitness. Together, our results show that binucleation 
facilitates rapid upregulation of intestine-specific gene expression during development, 
independently of genome ploidy, underscoring the importance of spatial genome 
organization for polyploid cell function. 
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Introduction
 Polyploidization occurs in many plant and animal cells as part of a 
developmental program, where it is crucial to increase cell size and metabolic 
output, as well as to maintain the barrier function of certain tissues. For example, 
polyploidization of the giant neurons of Limax slugs allows them to reach the 
enormous size they need to transmit signals over large distances and polyploidization 
of the Drosophila subperineural glial cells ensures the integrity of the blood-brain 
barrier during organ growth (Yamagishi et al. 2012; Unhavaithaya and Orr-Weaver 
2012). In vertebrates, polyploid cells are present in many organs, such as the liver, 
blood, skin, pancreas, placenta and mammary glands, where they play important 
functions in tissue homeostasis, regeneration and in response to damage (Mattia et 
al. 2002; Chen et al. 2012; Pandit et al. 2012; Senyo et al. 2013; Orr-Weaver 2015; 
Rios et al. 2016; Cao et al. 2017b; Gandarillas et al. 2018; Øvrebø and Edgar 2018; 
Wang et al. 2018a). Interestingly, polyploid cells can either be mononucleated, such as 
megakaryocytes and trophoblast giant cells (Trakala et al. 2015; Velicky et al. 2018), 
or they can be multinucleated, such as cardiomyocytes and mammary gland epithelial 
cells (Windmueller et al. 2020; Rios et al. 2016), but how genome partitioning in either 
one or multiple nuclei affects polyploid cell function is yet unknown. 
 Somatic polyploidy can arise either by cell fusion or by non-canonical cell 
cycles in which cells replicate their DNA but do not divide. T  wo types of non-canonical 
cell cycles that result in polyploidy have been described: endoreplication and 
endomitosis (Edgar et al. 2014). In endoreplication, M phase is skipped, resulting in 
cycles of DNA replication (S phase) and gap (G) phases without intervening mitosis 
and cytokinesis. Endoreplicative cell cycles result in large, mononucleated cells. In 
endomitosis, cells do enter mitosis, but do not undergo cell division, resulting in 
polyploid cells with either a single nucleus or two nuclei, depending on whether M 
phase is aborted before or after initiation of sister chromosome segregation (which 
normally occurs during anaphase) (Øvrebø and Edgar 2018; Orr-Weaver 2015; Lee 
et al. 2010). The existence of multiple types of polyploid cells (e.g. mononucleated 
or binucleated), suggests that there may be a functional difference between these 
different types of polyploidy. However, testing the functional significance of 
multinucleation has been challenging due to the complexity of many polyploid tissues 
and a lack of tools to specifically alter non-canonical cells cycles without affecting any 
other cells or tissues.
 The C. elegans intestine provides an ideal model system to study distinct 
types of polyploidy, as intestinal cells undergo both endomitosis and endoreplication 
cycles in a highly tractable manner at defined moments during larval development 
(Hedgecock and White 1985). Such consecutive cycles of endomitosis and 
endoreplication give rise to large, binucleated polyploid cells that make up the adult 
intestine. Here, we develop a method to inhibit intestinal endomitosis using auxin-
inducible degradation of key mitotic regulators, allowing us to study the function 
of binucleation at both the cellular and tissue level. We find that animals with 
mononucleated instead of binucleated intestinal cells have decreased fitness due to 
defects in the expression of a group of tissue-specific genes, including the vitellogenin 
genes. Vitellogenin genes are rapidly expressed during the maturation of intestinal cells 
at the end of larval development, indicating that rapid upregulation of tissue-specific 
genes requires binucleation of polyploid cells. Importantly, this rapid upregulation 
of intestine-specific genes is important to support progeny development. Together, 
our results show that binucleation is important for correct functioning of a polyploid 
tissue, and that partitioning of genomes into multiple nuclei allows efficient and rapid 



66

Chapter 4

a

d

32

64

pl
oi

dy
 (C

)

auxin ct + ct +

32C 32C

canonical
cell division endomitosis endoreplication

wildtype/
control G1

S

G2

M

G1

S

G2

M

G1

S

G2

M

5x 1x 4x

64C

G1

S

G2

M

64C

G1

S

G2

M

5x 5x

5x 4x

AID::cdk-1

AID::knl-1 1x

TIR
1 +

    

AID
::k

nl-
1

TIR
1 +

    

AID
::c

dk
-1

c

ne
g

co
nt

ro
l

au
xi

n

TIR1 + AID::knl-1 membraneDNA

isolated embryos
synchronized

L1 240 48 72
time
(hr)

starve
o/n

ct

+ aux

aux

-

L1 L2 L3 L4 AD

b

vanRijnberk_Fig1

Figure 1. Inducible and tissue-specifi c degradation of mitotic proteins specifi cally prevents binucleation 
of the C. elegans intestine. a. Overview of intestinal cell cycles. During embryogenesis, 20 intestinal 
cells are formed by canonical cell cycles. After hatching, intestinal cells undergo one round of 
endomitosis creating a binucleated cell, and several rounds of endoreplication that increase the ploidy 
of these nuclei. Upon inhibition of either CDK-1 or KNL-1 during endomitosis using the auxin-
inducible degradation system, endomitotic binucleation is blocked and a mononucleated polyploid 
cell is generated. Importantly, cellular ploidy remains the same as wildtype conditions. b. Schematic 
overview of experimental procedure. Mixed stage embryos are isolated from gravid hermaphrodites 
containing intestinal expressed TIR1 and either AID::cdk-1 or AID::knl-1 and starved overnight. The 
population of starved L1 stage animals is split into three conditions and grown without auxin (-), 
under control (ct) or auxin (+) conditions. c. Fluorescent images of intestinal H2B-mCherry (DNA) 
and GFP-PH (membrane) in intestinal ring 3 of worms that were never grown on auxin (neg); grown 
on auxin during later larval development (control) or grown on auxin at the moment of endomitosis 
(auxin). Dashed line indicates cell outline. Scale bar is 20 µm. d. Quantifi cation of intestinal nuclear 
ploidy in binucleated control (ct, n = 49 for AID::CDK-1 strain and n = 28 for AID::KNL-1 strain) or 
mononucleated intestinal cells (+ auxin, n = 29 for AID::CDK-1 strain and n = 26 cells for AID::KNL-1 
strain). Ploidy is measured by total fl uorescent intensity of propidium iodide DNA staining in 
intestinal ring 3 nuclei (Int3D and Int3V), and normalized to proximal 2C nuclei. Each dot represents 
the average ploidy of individual Int3D/V nuclei in one animal. Boxplots indicate the median and 25th-
75th percentile, error bars indicate min to max values and individual values are shown as dots.
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upregulation of expression during development.

Results
Auxin-inducible degradation of mitotic regulators prevents binucleation
 To investigate the function of binucleation, we developed a system in which 
we can specifically perturb intestinal endomitosis, without affecting other cell cycles 
within developing C. elegans larvae. We employed two mechanistically distinct 
approaches to block binucleation of the intestine; we either depleted CDK-1, which is 
essential for mitotic entry, or KNL-1, a conserved kinetochore protein that is required 
for chromosome segregation during M phase. CDK-1 inhibition is known to be a key 
mechanism to initiate endoreplication, and degrading CDK-1 essentially converts 
the endomitosis cycle to an endoreplication cycle, preventing mitotic entry and 
subsequent binucleation (Lee et al. 2016; Son et al. 2016; Edgar et al. 2014; Trakala 
et al. 2015). In contrast, KNL-1 inhibition does not affect mitotic entry but prevents 
chromosome segregation and partitioning of sister chromatids into two nuclei (Desai 
et al. 2003; Cheeseman et al. 2008). To deplete CDK-1 and KNL-1 specifically in 
intestinal cells and only during the time when endomitosis occurs, we made use of the 
auxin-inducible degradation system (Figure 1a). In this system, proteins tagged with an 
auxin-inducible degron (AID) are degraded only in the presence of auxin and the F Box 
protein TIR1 (Zhang et al. 2015; Nishimura et al. 2009; Holland et al. 2012). By using 
a strain that expresses TIR1 exclusively in the intestine and exposing animals to auxin 
only during the time that endomitosis occurs, we can specifically inhibit intestinal 
binucleation without affecting canonical cell cycles of intestinal or other cells. 
 We generated AID knock-ins on the cdk-1 and knl-1 genes using CRISPR-
mediated gene targeting and tested whether auxin induced depletion of CDK-1 or 
KNL-1 during endomitosis was able to block binucleation. In wildtype animals, 
endomitosis takes place at the end of the first larval stage in 12-14 of the 20 intestinal 
cells, resulting in 20 intestinal cells with 32-34 nuclei. To control for non-specific 
effects of auxin on development, we included an auxin control in each experiment, 
in which animals were treated with auxin for the same duration, but during a time 
in development in which CDK-1 or KNL-1 are not required. To assess the effect of 
auxin treatment on intestinal binucleation, we analyzed animals grown without auxin 
(hereafter referred to as untreated animals or “-“), with auxin during endomitosis 
(hereafter referred to as auxin-treated animals or ”+”), or in the auxin-control 
condition (hereafter referred to as auxin-control animals or “ct”) and found that auxin-
treated animals contain 20 intestinal nuclei, in contrast to the 32-34 nuclei that are 
present in untreated and auxin-control animals (Figure 1b-c and data not shown). We 
next performed a quantitative DNA staining using propidium iodide (PI) on AID::cdk-1 
and AID::knl-1 animals and found that auxin-treated AID::cdk-1 and AID::knl-1 
animals have a 64C DNA content, which is exactly double the nuclear ploidy of 
controls (Figure 1d). Thus, by inhibiting CDK-1 and KNL-1 during endomitosis, we can 
block binucleation and generate animals with mononucleated intestinal cells with the 
same cellular ploidy as wildtype binucleated intestinal cells.
 Depletion of KNL-1 is known to prevent chromosome segregation in anaphase 
by blocking formation of kinetochore microtubule attachments (Desai et al. 2003). 
To exclude that KNL-1 knockdown results in formation of micronuclei caused by 
chromosome missegregations, which can lead to DNA damage, cellular stress and 
potentially arrest cells in the following cell cycle (Santaguida et al. 2017; Janssen 
et al. 2011; Crasta et al. 2012; Hatch et al. 2013), we performed live-cell imaging 
of fluorescently-labeled chromosomes in KNL-1 depleted cells. In all cells, KNL-1 
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Figure 2. Intestinal cell mononucleation does not infl uence worm size, cell size or intestinal morphology, 
but generates nuclei that are more than twice as big. a-b. Total body length (a) and width (b) for young 
adult worms carrying an intestinally expressed TIR1, and AID::knl-1, grown under control conditions 
(ct, n = 15) or in the presence (+, n = 16) of auxin. Boxplots indicate the median and 25th-75th 
percentile, error bars indicate min to max values and individual values are shown as dots. P values 
were calculated by standard unpaired student’s t-test and Mann-Whitney test, respectively. c-d.
Cellular length (c) and width (d) of Int3D/V cells of young adult worms grown without auxin (-, n 
= 36), under control conditions (ct, n = 58) or in the presence of auxin (+, n = 24). Boxplots indicate 
the median and 25th-75th percentile, error bars indicate min to max values and individual values are 
shown as dots. P values were calculated by standard unpaired student’s t-test. e-f. Intestinal brush 
border (e) and lumen (f) width in intestinal ring 3 of young adult worms grown under control (ct, n 
= 40) or auxin (+, n = 34) conditions. Boxplots indicate the median and 25th-75th percentile, error 
bars indicate min to max values and individual values are shown as dots. P values were calculated 
by Mann-Whitney test. g. Fluorescent images of intestinal NPP-9::mCherry localization in the 
nuclear membranes of Int3 cells of adult worms that were grown under control or auxin conditions, 
corresponding to a 32C and 64C DNA content, respectively. Scale bar represents 10 µm. h. Schematic 
depicting an ellipsoid shape and radii a, b and c used to calculate nuclear volume and surface area. i-k. 
Boxplots depicting the average nuclear volume (i), surface area (j) and surface-area-to-volume ratio 
(k) in binucleated (ct, n = 60 cells, 18 animals) or mononucleated (+, n = 56 cells, 30 animals) cells, per 
worm, as calculated with parameters mentioned in (h). Boxplots indicate the median and 25th-75th 
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depletion prevented chromosome segregation and resulted in mononucleation, 
but did not extend the duration of mitosis or result in the formation of micronuclei 
(Supplemental Figure S1a-b, Supplemental Movie S1,2). After endomitosis, cells 
go through multiple rounds of endoreplication in which newly formed replicated 
chromosomes remain clustered together. Wildtype intestinal cells that have undergone 
endomitosis contain two nuclei, each containing two sets of chromosome clusters, 
which can be visualized by chromosomal LacO/LacI tagging (Supplemental Figure 
S1c). As expected, we observed on average four chromosome clusters in nuclei of 
mononucleated KNL-1 depleted cells (Supplemental Figure S1d), indicating that all 
copies of the labeled chromosome were present in a single nucleus. Finally, using a 
fluorescent cell-cycle marker (Pges-1:: CYB-1DB::mCherry), we found that preventing 
binucleation did not affect the timing of subsequent endoreplicative cell cycles 
(Supplemental Figure S1e). Taken together, our results indicate that KNL-1 depletion 
prevents binucleation without inducing detectable chromosomal or cell cycle 
aberrancies. Thus, this system provides a unique opportunity to study the function of 
binucleation, without altering the ploidy or number of cells in the tissue of interest.

Intestinal mononucleation decreases the nuclear surface-to-volume ratio, but 
does not affect cell size or morphology
 To investigate whether mononucleation influences intestinal cell size or 
morphology, we used fluorescent markers in the AID::knl-1 strain to visualize the cell 
membranes and intestinal lumen. We found no effect of intestinal mononucleation 
on animal size, cell size or lumen morphology (Figure 2a-f). Because polyploidization 
has also been shown to influence nuclear morphology (Bourdon et al. 2012), we 
investigated the effect of binucleation on nuclear geometry using a fluorescently-
labeled nuclear pore protein (NPP-9::mCherry) as a marker for the nuclear membrane 
(Figure 3g). We measured nuclear size and found that the nuclear volume was 
increased with a factor of ~2.5 in mononucleated cells, indicating that per cell, the total 
nuclear volume has more than doubled (Figure 2i). The nuclear surface area was also 
increased in mononucleated cells, but to a lesser extent, with a factor of two (Figure 2j). 
As a consequence, the surface-to-volume ratio decreased, indicating that less surface 
area is available per volume in mononucleated cells (Figure 2k). To test whether this 
effect is compensated to any extent by shape alterations or membrane invaginations 
that enlarge nuclear surface area, such has been observed in other polyploid cells 
(Bourdon et al. 2012), we also measured the ratio between the circumference and 
area of nuclear sections, but observed a similar effect (Supplemental Figure 2a-d), 
indicating that there are no large invaginations that compensate for the amount of 
available nuclear surface area per volume. Thus, although mononucleation does not 
affect intestinal cell size or morphology, it produces nuclei that are more than twice 
as big and have an altered surface-to-volume ratio, which could potentially influence 
nuclear functions.

Intestinal binucleation enhances C. elegans fitness
 To assess whether intestinal binucleation is functionally important for C. 
elegans, we first performed a competitive fitness assay with animals that have either 
mononucleated or binucleated intestinal cells. To this end, we generated strains with 
either a Pmyo-2::mCherry or a Pmyo-2::GFP pharyngeal marker in addition to the 
AID::knl-1 or AID::cdk-1 alleles. This allowed us to follow the progeny of animals with 

percentile, error bars indicate min to max values and individual values are shown as dots. P values 
were calculated by Mann-Whitney (i-j) or unpaired student’s t-test (k).
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Figure 3. Inhibition of intestinal binucleation reduces relative reproductive fi tness. a. Overview of the 
relative fi tness assay. L4 animals grown under auxin or control conditions carrying a pharyngeal 
marker in either red (Pmyo-2::mCherry) or green (Pmyo-2::GFP) are transferred in equal amounts to 
a single plate. Replicate experiments include worms from the auxin and control conditions labelled 
in either condition. Worms are then grown until the plate is full or starved, after which the worms 
are chunked to a new plate, diluting the population, after which the proportion of mCherry+ and 
GFP+ progeny is counted. b-c. Boxplots showing the normalized proportion of progeny originating 
from worms with a wildtype binucleated (ct, n = 40 plates/280 worms and 34 plates/238 worms) or 
mononucleated (+, n = 40 plates/280 worms and 34 plates/238 worms) intestine in relative fi tness 
assays using either the AID::cdk-1 (b) or AID::knl-1 alleles (c) to block binucleation, in two replicate 
experiments. Boxplots indicate the median and 25th-75th percentile, error bars indicate min to 
max values and individual values are shown as dots. d-e. Boxplots showing total brood size (d) and 
embryonic lethality (e) of worms carrying an intestinally expressed TIR1 and AID::KNL-1 that were 
grown in the absence of auxin (-, n = 44 plates), under control conditions (ct, n = 43 plates) or in the 
presence of auxin (+, n = 43 plates), in three replicate experiments. Amounts of eggs and hatched 
worms were counted for three days of egg-laying. Boxplots indicate the median and 25th-75th 
percentile, error bars indicate min to max values and individual values are shown as dots. f. Violin 
boxplots depicting progeny growth rates from worms with increasing maternal age, grown without 
auxin (-, n = 9 plates), under control conditions (ct, n = 9 plates) or in the presence of auxin (+, n = 9 
plates), in three replicate experiments. Horizontal lines indicate the median and 25th-75th percentile, 
violin plots extend to min and max values and individual values are shown as dots. g-h. Scatter plots 
of brood size and embryonic lethality in the second generation of worms (F2) that originated from 
animals grown under control (ct, n = 70 plates) or auxin (+, n = 71 plates) conditions. Amounts of eggs 
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mononucleated or binucleated cells over several generations. By mixing equal amounts 
of animals with mononucleated or binucleated intestines on plates and counting the 
proportion of GFP and mCherry positive progeny after several generations, we could 
determine how binucleation influences reproductive fitness (Figure 3a). It is important 
to note that auxin was only added during development of the parental worms, and that 
progeny were not treated with auxin and their intestinal cells were thus binucleated. 
To control for fitness differences due to the Pmyo-2::mCherry or Pmyo-2::GFP 
markers, we included experiments with reversed fluorescent markers and used 
measurements of the fitness difference between Pmyo-2::mCherry and Pmyo-2::GFP 
control worms to normalize our data (see Methods for details).  Using the AID::knl-1 
strain, we found that after one generation, animals with a wildtype intestine had 
given rise to an average of 57.0% (±14.4%) of the population, while animals with a 
mononucleated intestine only gave rise to 43.0% (±14.4%) of the population (Figure 
3b). Similar numbers were obtained with the AID::cdk-1 strain (Figure 3c). These 
results demonstrate that animals with binucleated intestines have a significant fitness 
advantage over animals with mononucleated intestines.
 To understand how perturbation of binucleation affects fitness, we 
investigated several aspects of worm growth and reproduction upon inhibition of 
binucleation. When analyzing AID::knl-1 and AID::cdk-1 animals, we noticed that the 
AID::cdk-1 strain had smaller brood sizes and increased embryonic lethality compared 
to wildtype animals, both in the presence or absence of auxin, suggesting that the 
AID tag compromises CDK-1 function resulting in a weak hypomorph. Nonetheless, 
when comparing animals with mononucleated or binucleated intestines in either 
the AID::cdk-1 or AID::knl-1 background,  we found no effect of mononucleation on 
brood size and embryonic lethality (Figure 3d-e, Supplemental Figure S3a). However, 
we did find a significant delay in progeny growth when examining eggs that were laid 
between 72 and 96 hours of development, corresponding to the first and second day 
of adulthood (Figure 3f). This delay was not due to growing animals on auxin or the 
presence of TIR1, as worms lacking the AID::knl-1 or AID::cdk-1 alleles did not show 
developmental delays or reproductive defects (Supplemental Figure S3b-d).  Strikingly, 
animals derived from grandmothers with mononucleated intestines showed a decrease 
in brood size and increased embryonic lethality compared to controls (Figure 3g-h). To 
test whether these developmental effects could account for the observed decreases in 
fitness, we used an exponential growth model to predict the relative fitness of worms 
with a mononucleated intestine based on our growth and reproduction measurements. 
In this model, we differentiated the possibilities of an intergenerational effect of 
blocking binucleation in the intestine, where only the first generation of progeny is 
affected, and a transgenerational effect that lasts for several generations. Comparing 
this model with our experimental data revealed two things. First, the plateau in the 
proportion of progeny coming from mothers with a mononucleated intestine indicates 
that there is an intergenerational rather than a transgenerational effect on progeny 
fitness (Figure 3i). Secondly, the fitness decrease that we measured closely matches 
the model, suggesting that decreases in progeny growth and reproduction fully 
explain the difference in relative fitness. Taken together, our data shows that intestinal 
binucleation is important for reproductive fitness and that blocking binucleation 

and hatched worms were counted for three days of egg-laying. Line and error bars represent mean and 
SEM. i. Exponential growth model assuming a direct (blue) or transgenerational (orange) effect of 
blocking binucleation on reproductive fitness. Experimental data (mean ± s.e.m.) of the relative fitness 
assay over three generations is depicted in black. (b-h) P values were calculated by Mann-Whitney 
test.
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Figure 4. Blocking binucleation causes transcriptional downregulation of intestinally expressed genes 
in young adult C. elegans. a. Volcano plot of RNA sequencing data depicting the transcriptional 
gene up- and downregulation in worms with a mononucleated intestine, compared to worms with 
a binucleated (wildtype) intestine in AID::knl-1 animals (n = 68). After fi ltering for coverage, batch 
consistency and intestinal expression, 2638 genes were analysed for diff erential gene expression using 
DEseq. Red dots represent genes signifi cantly diff erentially expressed (adjusted P value <.05, top 
25% absolute log2(foldchange)). Genes signifi cantly diff erentially expressed in both AID::knl-1 and 
AID::cdk-1 comparisons were individually annotated with their gene name (excluding genes without 
a gene name). b. Venn diagram of the overlap of signifi cantly downregulated genes in AID::knl-1 and 
AID::cdk-1 animals. c. Overview of genes that are found to be signifi cantly downregulated in worms 
in which intestinal binucleation is blocked, both by degradation of CDK-1 and degradation of KNL-1, 
including a short description and previously established associated phenotypes as described on 
WormBase (Harris et al. 2020).
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decreases progeny growth and reproduction.

Binucleation is important for adult intestinal transcription
 We hypothesized that the observed fitness phenotype may be caused by 
transcriptional changes of the intestine caused by an alteration of the nuclear size or 
surface -to-volume ratio. To investigate possible transcriptional differences between 
young adults with mononucleated or binucleated intestines, we performed single-
worm RNA sequencing of AID::kln-1 and AID::cdk-1 auxin-treated and auxin-control 
animals. Since the intestine is one of the most transcriptionally active and largest 
tissues in the worm, making up roughly one-third of the animals volume (Froehlich 
et al. 2021), we anticipated that changes in transcription in the intestine would be 
detectable in whole worm sequencing. We performed differential gene expression 
analysis for 68 (AID::knl-1) and 75 (AID::cdk-1) young adult (72 hr) auxin-treated or 
auxin-control animals (see Methods). For the AID::knl-1 animals alone, 16% of genes 
included in the analysis showed significant and substantial differential expression 
between worms with a mononucleated or binucleated intestine (420/2638 genes, 
Figure 4a, Supplemental Figure S4a). Sequencing of AID::cdk-1 animals revealed fewer 
differentially expressed genes between animals with mononucleated or binucleated 
intestines, which is likely due to a lower complexity  of these samples (Supplemental 
Figure S4b-e). To identify differentially expressed genes that could explain the fitness 
differences between animals with binucleated or mononucleated intestines, we focused 
on the overlap in differential gene expression between the AID::knl-1 and AID::cdk-1 
strains (Supplemental Figure S4f). We found a strong enrichment (P = 2e-7) in the 
overlap between genes significantly and substantially downregulated in both strains, 
consisting of 15 genes (Figure 4b-c). One of the genes that stood out was vit-2, one 
of the six C. elegans vitellogenin genes whose levels have been shown to correlate 
strongly with the growth and fitness traits of C. elegans progeny (Perez et al. 2017). 
Vitellogenins are highly expressed in adult intestines and are essential to mobilize 
lipids in the intestine for transport to the developing oocytes in the germline, where 
they contribute to progeny development (Perez and Lehner 2019; Rompay et al. 2015; 
Chotard et al. 2010; Grant and Hirsh 1999). Downregulation of one or multiple of these 
vitellogenins could therefore explain the phenotypes that we observed in the progeny 
of animals with mononucleated intestines. Because vitellogenins have previously 
been shown to function redundantly, and downregulation of individual vit genes often 
leads to upregulation of others (Perez and Lehner 2019), we analyzed the expression 
of all six vit genes in our dataset and found that all of them were downregulated in 
worms with a mononucleated intestine (Supplemental Figure S5a-f). Moreover, 
the sum of all vit gene expression values showed a stronger decrease than any gene 
alone (Supplemental Figure S5g), suggesting that in mononucleated animals, the 
downregulation of vit-2 is not compensated by the transcriptional upregulation of 
other vitellogenins.

Binucleation of the intestine promotes vitellogenin expression and lipid 
loading into oocytes
 To confirm that vit-2 expression is downregulated in animals with 
mononucleated intestinal cells, we generated a Pvit-2::GFP transcriptional reporter 
to measure vit-2 promoter activity at different moments of development. Since 
vitellogenin expression is absent during larval development and drastically upregulated 
at the L4-to-adult transition (Perez and Lehner 2019), expression levels are still 
relatively low at 48 hours of development, around the end of the L4 stage (Figure 5a). 
Upon adulthood, vit-2 expression levels increase considerably in both auxin-treated 
and auxin-control animals. However, vit-2 promoter activity shows a significant 
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reduction in auxin-treated animals at 72 hours of development. Interestingly, the 
72-hour timepoint coincides with the moment in development at which worms with 
a mononucleated intestine produce slow-growing progeny (Figure 3f). Similar to this 
growth delay, the reduction in vitellogenin expression disappears during the following 
days of adulthood when vit-2 expression levels are peaking. Consistent with a 
transcriptional downregulation of vit-2 in animals with mononucleated intestinal cells, 
we also found lower levels of VIT-2 protein in embryos derived from mothers with 
mononucleated intestines (Figure 5b). Again, VIT-2 levels were signifi cantly lower in 
embryos derived from auxin-treated 72-hour old adults, but restored to wildtype levels 
on subsequent days.
 Because vitellogenins are required to transport lipids from the intestine to the 
germline, we investigated whether decreased vitellogenin levels resulted in a reduction 
of lipid loading into oocytes. For this, we used BODIPY staining to quantify lipid levels 
in embryos and young adult worms. We observed lower lipid levels in embryos from 
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Figure 5. Perturbation of binucleation decreases yolk protein expression and lipid transport to the 
germline. a. Fluorescence images and normalized total fl uorescence intensities of a Pvit-2::GFP
transcriptional reporter at diff erent moments during adult development for worms grown under 
control (ct, n = 53-111 ) or auxin (+, n = 71-111) conditions, in fi ve replicate experiments. Each data 
point represents the normalized fl uorescence intensity of one worm. Boxplots indicate the median 
and 25th-75th percentile, error bars indicate min to max values and individual values are shown 
as dots. b. Fluorescence images and boxplots showing total endogenous VIT-2::GFP fl uorescence 
intensity in early embryos (1-cell stage to 4-cell stage) derived from control (ct, n = 38-71) or auxin 
(+, n = 36-71) worms, in two replicate experiments. Boxplots indicate the median and 25th-75th 
percentile, error bars indicate min to max values and individual values are shown as dots. c. Z-stack 
projection of fl uorescence images and boxplots of normalized total fl uorescence intensities of BODIPY 
lipid staining of early embryos isolated from young adult (72 hr) worms grown with (+, n = 77) or 
without (ct, n = 56) auxin, in three replicate experiments. Boxplots indicate the median and 25th-75th 
percentile, error bars indicate min to max values and individual values are shown as dots. d. Z-stack 
projection images and boxplots of normalized fl uorescence intensities of BODIPY lipid staining of 
young adults (72 hr) that were grown under control (ct, n = 62) or auxin (+, n = 63) conditions in two 
replicate experiments. Boxplots indicate the median and 25th-75th percentile, error bars indicate min 
to max values and individual values are shown as dots. P values were calculated by unpaired student’s 
t-test (a-b) and Mann-Whitney test (c-d).
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Figure 6. Binucleation allows rapid upregulation of transcription. a. Mean expression for downregulated, 
unaff ected or intestinally expressed subsets of genes in diff erent developmental stages from 
ModEncode FPKM gene expression data. Area around curve shows confi dence interval. b. Schematic 
overview of heat shock-inducible NLS-GFP transgene. smFISH probes were designed against the 
sfGFP sequence. c. Schematic overview of smFISH and imaging experiments following heat-shock 
induction. Young L4 animals grown under control or auxin conditions were heatshocked in a 
waterbath at 33°C for 30 minutes, followed by fi ve minutes in a 37°C air incubator. Animals were left 
to recover at 25°C. Samples were taken after 15 minutes for smFISH analysis or every hour, for the 
analysis of nuclear GFP accumulation. d. Boxplots of total nuclear fl uorescence intensities of intestinal 
nuclei at diff erent timepoints after heatshock for animals grown under control (ct, n = 13-44) or auxin 
(+, n = 18-35) conditions, in three replicate experiments. Boxplots indicate the median and 25th-75th 
percentile, error bars indicate min to max values and individual values are shown as dots. P values 
were calculated by unpaired student’s t-test. e. Representative smFISH images and quantifi cations of 
cellular GFP mRNA concentration in animals grown under auxin (+, n = 113) or control (ct, n = 112) 
conditions 15 minutes after heatshock, in two replicate experiments. Scatter plot with line and error 
bars indicating median and 95% confi dence interval, each dot represents a single cell. P value was 
calculated by Mann-Whitney test.
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auxin-treated worms, consistent with reduced lipid loading into oocytes of animals 
with mononucleated intestines (Figure 5c). Moreover, we found higher amounts of 
lipids in the intestines of adults with mononucleated intestines (Figure 5d), indicating 
that specifically the transport of lipids is impaired, rather than lipid production or 
uptake. The effect of mononucleation on lipid levels was more striking than the 
decrease that we observed in Pvit-2::GFP expression, which is consistent with the 
notion that vitellogenins function in two distinct yolk complexes, and that multiple 
vitellogenins are downregulated in mononucleated animals. Together, our findings 
indicate that expression of vitellogenins is hampered by blocking binucleation in the 
intestine, resulting in reduced lipid loading into developing oocytes. 

Binucleation of the C. elegans intestine is important for rapid upregulation 
of gene expression
 To understand why mononucleated cells have decreased levels of vit-2 gene 
expression compared to binucleated cells, we performed in depth analysis of our 
single-worm RNA sequencing data to identify similarities between genes that are 
affected by binucleation. First, we found no correlation between expression levels and 
differential gene expression in animals with a mononucleated intestine, indicating that 
binucleation is not solely important for the expression of highly or lowly expressed 
genes (Supplemental Figure S4a,c). Next, we used sequencing data from wildtype 
worms at different stages of development, available from ModEncode (Celniker 
et al. 2009), and analyzed the developmental expression profiles of the genes that 
we identified in our sequencing of animals with mononucleated intestinal nuclei. 
Overall, genes that are downregulated in worms with a mononucleated intestine 
show an increase in gene expression throughout wildtype development, with a strong 
increase in expression from the L4 to adult stage (Figure 6a). In contrast, genes either 
unaffected by perturbation of binucleation or genes that are intestinally expressed 
showed a more constant expression profile during wildtype development. In addition, 
we found a substantial enrichment (P = 6.4e-8) of downregulated genes located 
on the X chromosome (Supplemental Figure S6a). The X chromosome-enriched 
downregulation is not restricted to vitellogenin genes, of which five out of six are 
located on the X chromosome, but rather a global repression of all X chromosomal 
genes (Supplemental Figure S6b). Possibly, an altered X chromosome organization 
within the nucleus contributes to the decreased expression in mononucleated cells.
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 To test whether binucleation is important for rapid upregulation of gene 
expression in general, or specifically for expression of genes that are upregulated upon 
adulthood, we measured the upregulation of a heat shock-inducible GFP-NLS reporter 
in animals with mononucleated or binucleated intestines. In these experiments, 
L4 stage animals were heat shocked and nuclear GFP intensities were measured 
at multiple timepoints after heat shock (Figure 6b). Interestingly, mononucleated 
intestinal cells showed a delay in the upregulation of nuclear GFP after heat shock 
compared to binucleated controls, whereas the accumulation of GFP signal in body 
wall muscle nuclei was similar between the two conditions (Figure 6c, Supplemental 
Figure S8a). To confirm that this delay in upregulation of heat shock-inducible 
expression arises at the transcriptional level, we quantified the cellular GFP mRNA 
density 15 minutes after heat-shock induction using single molecule fluorescent in situ 
hybridization (smFISH). Consistent with a delay in GFP upregulation, we observed a 
significant decrease in GFP mRNA levels in mononucleated compared to binucleated 
intestinal cells (Figure 6d). Together, these results show that rapid upregulation of 
transcription is impaired in cells with one rather than two nuclei.
 A defect in the rapid upregulation of vit-2 gene expression at the L4-to-adult 
transition could underlie the reduced vitellogenin expression in mononucleated cells. 
If so, transient activation of vitellogenin transcription earlier in development should 
be sufficient to mitigate the differences in vit-2 expression between binucleated and 
mononucleated intestines. During wildtype development, vitellogenin expression is 
upregulated at the L4-to-adult transition by the interaction between transcription 
factors CEH-60 and UNC-62 (Dowen 2019; Van de Walle et al. 2019). We found that 
intestine-specific overexpression of CEH-60 and UNC-62 was sufficient to activate 
expression of our vitellogenin reporter as early as the L3 stage, whereas no activation 
was observed at this stage in control animals (Supplemental Figure S9a). Furthermore, 
animals carrying the ceh-60;unc-62 overexpression showed an increase in vitellogenin 
reporter expression levels (Figure 7a), suggesting that these transcription factors 
are limiting for vitellogenin expression. Importantly, overexpression of CEH-60 and 
UNC-62 resulted in similar Pvit-2 expression levels between mononucleated and 
binucleated intestines, consistent with an impaired activation by these transcription 
factors in mononucleated cells. Taken together, these results indicate that binucleation 
of the intestine is needed to facilitate rapid transcriptional upregulation of gene 
expression at the L4-to-adult transition, which is important for proper intestinal cell 
function.

Discussion
 Our study demonstrates that binucleation is important for rapid 
transcriptional upregulation of gene expression at the onset of adulthood, indicating 
that the transcriptional output of a cell is not only determined by the copy number 
of a gene, but also by whether the DNA is present in a single nucleus or partitioned 
over two or more nuclei. This finding identifies a key role for endomitosis and 
multinucleation and highlights the importance of nuclear organization for fine-tuning 
gene expression control. 
 Through inhibition of endomitosis in developing C. elegans larvae, we were 
able to compare binucleated and mononucleated intestinal cells with the same 
genome copy number. Surprisingly, we found that restricting all DNA copies into 
one nucleus instead of two does not influence cell size or intestinal morphology, 
but specifically affects the efficiency of fast-acting transcriptional responses. It is 
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possible that differences in nuclear volume or nuclear surface-to-volume ratio cause 
the transcriptional defects that we observed in mononucleated cells. Changes in 
the surface-to-volume ratio could influence nuclear import and export dynamics of 
transcriptional regulators, leading to altered transcriptional dynamics. An increased 
nuclear volume could lead to lower concentrations of transcription factors in the 
nucleoplasm, reducing gene target engagement and transcription output. Finally, it has 
been shown that the expression of developmentally regulated genes often correlates 
with a specific subnuclear localization and that interactions with the nuclear lamina, 
the nuclear envelope or the nucleolus can influence transcriptional activity (Kosak 
et al. 2002; Ragoczy et al. 2006; Sexton et al. 2007). Therefore, changes in the nuclear 
surface-to-volume ratio and increases in nuclear volume could influence transcription 
by a differential distribution of loci within the nucleus.
 In this study, we show that in C. elegans intestinal cells binucleation is 
important for the rapid upregulation of vitellogenin genes in young adult animals. We 
find that reduced expression of vitellogenins in mononucleated intestinal cells leads 
to progeny with developmental delays and reduced fitness. Together, this work sheds 
light on the function of multinucleation in polyploid cells, revealing that the packaging 
of nuclear DNA into multiple nuclei can be beneficial to facilitate rapid transcriptional 
responses. As multinucleated cells are common in many animal and plant tissues, 
and can also arise in diseases such as cancer, Alzheimer and during viral infections 
(Ferrer et al. 2004; Díaz-Carballo et al. 2018; Bracq et al. 2017), our findings raise the 
possibility that multinucleated tissues function to maximize transcriptional activities 
in many contexts.

Methods
Worm culture
 Worms were cultured on nematode growth medium (NGM) plates seeded 
with OP50 Escherichia coli bacteria according to standard protocols. All strains were 
maintained at 20°C, unless indicated otherwise. N2 Bristol were used as wildtypes. 
For auxin plates, NGM was supplemented with 0.5 mM auxin (Sigma-Aldrich I2886) 
after autoclaving and cooling to <55°C. As auxin is dissolved in 100% ethanol, control 
plates are supplemented with equal volumes of 100% ethanol without auxin. For auxin 
experiments, worms were synchronized by isolation of eggs from adult hermaphrodites 
through alkaline hypochlorite treatment and hatching overnight in M9 medium in 
the absence of food. Next, synchronized L1 larvae were divided over three possible 
conditions: no auxin (-), auxin control (ct) and auxin (+). Auxin worms were grown 
on auxin for 24 hours, after which they are transferred to control plates. Auxin control 
worms were grown on control plates for 24 hours, and transferred to auxin plates from 
24 to 48 hours of development. Worms of the no auxin condition were never grown on 
auxin plates during their development. Given timepoints can differ based on growth 
speed of specific transgenic strains. For fitness assays, worms were grown on NGM 
plates supplemented with 100 mg/mL ampicillin (Sigma-Aldrich A-9518) L4440 
Escheria coli bacteria to prevent contamination. For heatshock experiments, animals 
were heatshocked in a waterbath at 33°C for 30 minutes, followed by five minutes in 
a 37°C air incubator. Animals were then transferred to 25 °C, and samples were taken 
after 15 minutes for smFISH analysis (see below) or every hour, for the analysis of 
nuclear GFP accumulation. 

Strains
 C. elegans strains used in this study are described in Supplemental Table 1. 
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CDK-1 and KNL-1 N-terminal AID tags were inserted into the CA1209 strain using 
CRISPR/Cas9 genome editing with two overlapping ssODNs (IDT 4 nmole Ultramers) 
as template for homology-directed repair, as described by Paix and collegues  (Paix 
et al. 2016). Single guide RNA and ssODN repair template sequences are listed in 
Supplemental Table 2. Intestinal markers (matIs53), a nuclear membrane marker 
(matIs104), pharyngeal markers (matIs114 and matIs116) or an S/G2-phase marker 
(matIs29) were integrated using gamma-irradiation. A transcriptional Pvit-2::sfGFP 
reporter strain was integrated using CRISPR/Cas9 mediated genome editing at the 
MosI insertion allele ttTi5605 on chromosome II. 

Microscopy and image analysis
 Static and time-lapse epifluorescence imaging of intestinal fluorescent 
markers, nuclear markers, chromosome markers, vitellogenin levels and DNA/lipid 
staining was performed on a PerkinElmer Ultraview Vox spinning disk confocal 
microscope equipped with a Hamamatsu C13440 digital camera. DIC imaging of worm 
size was performed using a 20x objective on a Zeiss Axio Imager M2 with Axiocam. 
Imaging of cell-cycle progression using the S/G2-phase marker was performed on a 
Leica DM6000 Fluorescence Microscope. For imaging, animals were mounted onto 
2% agarose pads (adults) or 7% agarose pads (L1 and L2 larvae) and immobilized 
with 10 mM sodium azide for static imaging, or 1 ng/mL levamisole and 100 ng/mL 
tricaine for time-lapse imaging. Young adult intestinal markers or nuclear membrane 
marker were imaged with a 63x objective, using 2x binning. Chromosome markers 
in L2/L3 animals were imaged with a 100x objective, without binning. Time-lapse 
imaging of intestinal markers during endomitosis in L1 larvae was performed with a 
100x objective, with 2x binning. For imaging in the presence of auxin, M9 and agarose 
pads were supplemented with 0.5 mM auxin. To measure vitellogenin and lipid levels, 
embryos were imaged at 100x magnification, using 2x binning. Propidium iodide DNA 
staining was imaged with a 63x objective, with 2 x binning. Images were processed and 
analyzed using Fiji software (Schindelin et al. 2019). For quantifications of PI stainings, 
GFP-VIT-2 fluorescence intensity, and BODIPY stainings, Z-axis serial scans distanced 
at 50% the optical slice depth were summed in a Z-stack projection after background 
subtraction, after which the integrated density of the region of interest was measured. 
For quantifications of nuclear GFP after heat-shock induction, 20 Z-slices with 0.5 µm 
spacing (corresponding to 50% of the optical slice depth) were summed in a Z-stack 
projection. In this case, no background subtraction was performed, as background 
intensity analysis showed similar background levels between conditions. From the Z 
projections, integrated densities of the nuclear regions were measured. For binucleated 
cells, the integrated densities of the two nuclei were summed.  

DNA staining
 For propidium iodide quantitative DNA staining, freeze-cracked young 
adult hermaphrodites were fixed with Carnoy’s solution and treated with RNAse A 
(Invitrogen #60216) as previously described (Heuvel and Kipreos 2012). Propidium 
iodide staining was performed using 100 µg/mL propidium iodide (Sigma #P4170) for 
90 minutes at 37°C, after which slides were washed three times and mounted using 
ProLong gold antifade mountant (Invitrogen #P36934). 

Competitive fitness assay and modelling
 Competitive fitness assays were performed using the AID::cdk-1 strains 
GAL182 (with Pmyo-2::GFP) and GAL191 (with Pmyo-2::mCherry), and the 
AID::knl-1 strains GAL160 (with Pmyo-2::mCherry) and GAL162 (with Pmyo-
2::GFP). Prior to the start of the assay, worms were grown under auxin or auxin 
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control conditions as described above. Each experiment contained three conditions: 
control-GFP versus control-mCherry, auxin-GFP versus control-mCherry and 
control-GFP versus auxin-mCherry. In the first condition, control-GFP versus 
control-mCherry, auxin control worms with a green fluorescent pharyngeal marker 
were grown on the same plate as auxin control worms with a red fluorescent 
pharyngeal marker. Secondly, for the auxin-GFP versus control-mCherry condition, 
auxin worms with a green fluorescent pharyngeal marker were grown on the same 
plate as auxin control worms with a red fluorescent pharyngeal marker. Finally, in 
the control-GFP versus auxin-mCherry condition, auxin control worms with a green 
fluorescent pharyngeal marker were grown on the same plate as auxin worms with 
a red fluorescent pharyngeal marker. For each of the conditions, ten replicates were 
performed. In each replicate, seven worms of both conditions were transferred to single 
plates, which were left to grow until starvation (for AID::knl-1 worms) or until the 
plate was close to starvation (for AID::cdk-1 strains, as these were prone to become 
sterile upon starvation). Each plate was chunked to two new plates, one of which 
was grown for one day and used to count relative amounts of GFP+ and mCherry+ 
progeny, whereas the other plate was used to initiate another growth cycle. For 
counting, animals were washed off plates, mounted on 2% agarose pads containing 10 
mM sodium azide, and counted by hand using a Zeiss Axioscope. Relative amounts of 
control-GFP versus control-mCherry progeny were used to normalize relative amounts 
of auxin-GFP versus control-mCherry and control-GFP versus auxin-mCherry 
progeny. 
 For modelling, the average number of eggs and average time of egg-laying were 
calculated for the first and second generation, using a predicted gaussian distribution 
curve on measurements of eggs laid per day. These numbers were used to calculate an 
exponential growth rate λ, equal to ln(x)/t, where x is the average number of eggs that 
one animal produces, and t is the average time (in days) at which these eggs are laid. 
The predicted relative fitness change per day of growth was determined by the ratio 
of the growth rate of worms with a mononucleated intestine divided by the growth 
rate of worms with a binucleated intestine. In the model assuming a transgenerational 
effect, this change in relative fitness is constant for several generations. When 
assuming a direct effect, the change in relative fitness is set to zero from the start of 
generation F2.

Single worm RNA sequencing and analysis
 Transgenic animals were grown until adulthood under auxin or control 
conditions. Young adult hermaphrodites were picked using tweezers and washed 
in 0.5 mL sterile demineralized water before adding 200 µL trizol (Invitrogen 
15596018). Samples were stored at -80 °C for a limited time. mRNA extraction, 
barcoding, reverse transcription, in vitro transcription and Illumina sequencing library 
preparation were performed according to the robotized version of the CEL-seq2 
protocol (Hashimshony et al. 2016) using the SuperScript II Double-Stranded cDNA 
synthesis kit (Thermofisher), Agencourt AMPure XP beads (Beckman Coulter) and 
randomhexRt for converting aRNA to cDNA using random priming. The libraries were 
sequenced paired-end at 50 bp read length on an Illumina NextSeq 500. The 50 base 
pair paired-end reads were aligned to the C. elegans reference transcriptome compiled 
from the C. elegans reference genome WS249. Raw data was processed using R (v3.6.2). 
Samples were filtered to include those with sufficient counts per transcript and gene, 
results were filtered for batch consistency and only intestinally-expressed genes that 
were found at least once in every sample were included for downstream analysis 
(Supplemental Figure S3). Additionally, possibly growth-delayed or sterile outlier 
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animals were removed from the dataset, based on spermatogenesis and oogenesis-
related gene expression (Francesconi and Lehner 2014). This resulted in a dataset 
consisting of 143 animals with gene expression data for a total of 2638 genes for 
AID::knl-1 animals and 2724 genes for AID::cdk-1 animals. The DEseq R package was 
used to perform differential gene expression analysis. GO term enrichment analysis 
was performed using the InterMineR package for R. FPKM gene expression data from 
different developmental stages was retrieved from ModEncode through WormBase and 
analyzed in R. A subset of intestinally expressed genes was composed by combining 
lists of genes that were identified as intestinally unique, enriched or expressed in 
previous expression studies (Pauli et al. 2006; Han et al. 2017; Blazie et al. 2015). A 
Venn diagram was constructed using the BioVenn web application (Hulsen et al. 2008). 
The RNA-sequencing data have been deposited at the Gene Expression Omnibus 
(GSE169330).

Lipid staining
 Embryo lipid staining was performed as described previously (Perez et al. 
2017). In short, embryos were obtained by alkaline hypochlorite treatment of adult 
hermaphrodites, transferred to PCR tubes (Eppendorf) containing 4% formaldehyde 
in M9 buffer and subjected to three freeze-thaw cycles in liquid nitrogen and a 37 °C 
water bath. Embryos were then incubated with 1 µg/ml BODIPY 493/503 (Thermo 
Fisher Scientific) in M9 buffer for one hour and washed three times with M9 + 0.01% 
Triton X-100 (brand). Next, nuclei were stained with 5 ng/mL DAPI (Invitrogen 
#D1306) and imaged by epifluorescence microscopy.
 Adults were fixed for lipid staining by incubating in 4% paraformaldehyde 
(Sigma-Aldrich 158127) for 1 hour at room temperature. Adults were then washed 
twice with PBS, resuspended in 95% ethanol and washed again in PBS. Next, fixed 
animals were incubated with 1 µg/ml BODIPY 493/503 (Thermo Fisher Scientific) in 
M9 buffer for one hour and washed three times with M9 + 0.01% Triton X-100 (Sigma 
#9001-93-1). Animals were stained with 5 ng/mL DAPI (Invitrogen #D1306) and 
imaged by epifluorescence microscopy.

Viability assay
 Worms were grown until the L4 stage under auxin, control or no auxin 
condition as described above. Single hermaphrodites were then transferred to new 
plates every 24 hours. On each day, the number of live progeny and unhatched eggs 
were counted 24-48 hours after removal of the adult worm to calculate the total brood 
size and embryonic lethality.

Progeny growth assay
 Animals were grown until young adults under auxin, control or no auxin 
condition as described above. Developmental transition timings were performed 
as previously described using a wash-off staging (Perez et al. 2017). Briefly, plates 
containing synchronized gravid hermaphrodites were washed to remove all animals 
except embryos that remained attached to the solid media. To tightly synchronize a 
population of animals, larvae that had hatched within one hour after wash-off were 
collected and transferred to new plates. The fraction of animals that had undergone the 
transition from L3 to L4 was counted for three replicate plates containing around 150 
worms each, in three separate experiments. To estimate the time at which half of the 
population had undergone the developmental transition, each population was scored 
at least twice, once before and once after half of the population had undergone the L4 
transition. Count data was modelled using a binomial generalized linear model, and the 
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time at which half of the population had undergone the developmental transition (T50) 
was estimated using the function ‘dose.p’ of the library ‘MASS’ in R. 95% confidence 
intervals were estimated by multiplying the standard error obtained by the ‘dose.p’ 
function by 1.96. The significance of the difference between two calculated T50 values 
was determined using the ‘comped’ function in the library ‘drc’ in R, which takes as 
input the two T50 values, their standard error and a desired probability level (such as 
0.95).

Single molecule fluorescence in situ hybridization (smFISH)
 smFISH was performed as previously described with some minor adjustments. 
In short, animals were fixed using 4% paraformaldehyde, resuspended in 70% ethanol 
and stored at 4°C for up to two weeks. Short oligonucleotide probes complementary to 
the sfGFP sequence (see Supplemental Table S3 for sequences) were designed using a 
web-based algorithm (www.biosearchtech.com/stellaris-designer) and ordered with a 
3-amino modification to enable coupling to Cy5 (GE Healthcare, cat. no. PA25001) as 
previously described (Lyubimova et al. 2013). Hybridization was performed overnight 
at 37°C in the dark, after which samples were washed and stained with DAPI. Z stacks 
of Int3A and Int3V cells were generated using spinning disk microscopy and mRNA 
molecules were counted using the batch analysis mode in FISH-quant (Mueller et al. 
2013). Before analysis, 4.5 µm substacks were made in Fiji of each cell centered around 
the nucleus/nuclei. From these substacks, mRNA spots were counted in three regions 
of 4.55 µm x 4.55 µm, and spot density was calculated as # of spots per µm3.

Statistics and reproducibility
 The sample size (n) as well as the number of replicate experiments performed 
for each experiment is described in the corresponding Figure legend. All statistical 
analyses were performed using GraphPad Prism (8.4.3) except for sequencing data 
analyses. Quantitative data displayed as boxplots indicate the median and 25th-75th 
percentile, error bars indicate min to max values and individual values are shown 
as dots, unless indicated otherwise. Two-tailed unpaired Student’s t-tests were used 
for pairwise comparisons between groups with similar Gaussian distributions. 
Mann-Whitney U tests were used for pairwise comparisons between groups with 
non-Gaussian distributions. The type of statistical test performed is indicated in the 
corresponding Figure legends. Statistical significance values (P) are shown directly 
within the Figure above pairwise comparisons.
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Supplemental Figure S1. Perturbation of binucleation through degradation of KNL-1 prevents DNA 
segregation and does not aff ect subsequent S-phase timing. a. Stills of time-lapse videos of cells 
undergoing endomitosis in the absence (control) or presence of auxin, showing intestinal H2B-
mCherry (DNA, shown in magenta) and GFP-PH (membrane, shown in green). Scale bar is 2 µm. 
Time stamp indicates time after nuclear envelope breakdown. b. Quantifi cation of mitotic timing, the 
duration from nuclear envelope breakdown to nuclear envelope reformation, in the absence (ct, n  = 
4) or presence (+, n = 7) of auxin. Bar graph showing mean, error bars indicate SEM. P values were 
calculated by unpaired student’s t-test. c. Overview of LacI/LacO system for detection of individual 
chromosomes in polyploid cells. A series of LacO repeats present on chromosome V are visualized 
upon heat-shock induced expression of a LacI fused to GFP. After endomitosis in L1, a binucleated 
cell with two 2C nuclei or a mononucleated cell with a single 4C nucleus should show four individual 
chromosomes if no segregation errors occurred. If errors did occur during segregation, an alternate 
number of individual chromosomes should be visible. d. Fluorescent images and violin plots showing 
chromosome cluster counts of fl uorescent LacI::GFP foci in control (ct, n = 98) and auxin-treated (+, n 
= 82) worms. To distinguish LacI::GFP signal from cytoplasmic autofl uorescent vesicles, only nuclear 
dots were counted as chromosome clusters. Error bars represent min and max values, horizontal bars 
represent median. Scale bar is 5 µm. e. Average percentage of animals in which intestinal cells are 
undergoing G2 or S phase, determined by the presence of CYB-1DB::mCherry, during endomitotic 
and subsequent endoreplicative cycles in the fi rst and second larval stage for 60 to 200 worms per 
condition per timepoint, in three replicate experiments. X axis starts at 16 hours. Error bars represent 
standard deviation.
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Supplemental Figure S2. Mononucleation results in an altered circumference-to-area ratio. a. Schematic 
depicting the nuclear parameters measured, area and circumference of a nuclear midplane sections.
b-d. Boxplots depicting nuclear section area (b), circumference (c) and nuclear circumference-to-
area ratio (d) in binucleated (ct, n = 60) or mononucleated (+, n = 56) cells. Measurements were 
made at the midplane of the nucleus. Boxplots indicate the median and 25th-75th percentile, error 
bars indicate min to max values and individual values are shown as dots. P values were calculated by 
Mann-Whitney (b-c) and unpaired student’s t-test (d).
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Supplemental Figure S3. Growing worms on auxin in the absence of an AID tag does not aff ect 
reproduction or progeny growth. a. Overview of experimental procedures for quantifi cations of brood 
size and embryonic lethality. Isolated embryos are synchronized as L1’s and divided over the three 
conditions. Worms start laying eggs between 48 and 72 hours of development. Worms are transferred 
to new plates at 72, 96 and 120 hours and progeny and eggs on the previous plate is counted after an 
incubation time of 16-18 hours. b-c. Boxplots showing total brood size (b) and embryonic lethality
(c) of worms carrying an intestinally expressed TIR1, grown in the absence of auxin (-, n = 9 plates), 
under control conditions (ct, n = 10 plates) or in the presence of auxin (+, n = 9 plates). Amounts of 
eggs and hatched animals were counted for three days of egg-laying. Boxplots indicate the median 
and 25th-75th percentile, error bars indicate min to max values and individual values are shown as 
dots. P values were calculated by Mann-Whitney test. d. Violin box plots depicting progeny growth 
rates of animals derived from mothers of diff erent ages, which were grown without auxin (-, n = 18 
plates), under control conditions (ct, n = 18 plates) or in the presence of auxin (+, n =18 plates), in 
three replicate experiments. Horizontal lines indicate the median and 25th-75th percentile, violin 
plots extend to min and max values and individual values are shown as dots. P value was calculated by 
Mann-Whitney test.
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Supplemental Figure S4. Overlap in differential gene expression of single young adult worms containing 
either AID::knl-1 or AID::cdk-1. a-c. Volcano and MA plots of RNA sequencing data depicting the 
transcriptional gene up- and downregulation in worms with a mononucleated intestine, compared 
to worms with a binucleated (wildtype) intestine in animals containing either AID::knl-1 (a) or 
AID::cdk-1 (b-c), in relation to gene expression levels. Red dots represent genes that are differentially 
expressed with an adjusted P value below .05 and belong to the top 25% 
(figure legend continues on next page)
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regarding absolute log2(foldchange). d-e. Histogram depicting the log2 of read counts per unique 
molecular identifier (UMI) for each gene found in animals containing either AID::knl-1 (d) or 
AID::cdk-1 (e). f. Dot plot depicting the correlation between differential expression in AID::knl-1 (x 
axis) and AID::cdk-1 (y axis) animals with a mononucleated versus binucleated intestine. Red dots 
represent genes that are differentially expressed in the combined dataset with an adjusted P value 
below .05. Genes significantly differentially expressed in both AID::knl-1 and AID::cdk-1 comparisons 
individually were annotated with their gene name (excluding genes without a gene name).
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Supplemental Figure S5. Differential expression of vitellogenin genes in RNA sequencing of animals 
with a mononucleated versus binucleated intestine. a-g. Tukey boxplots showing the separate (a-f) and 
accumulated (g) RNA expression levels for all six vitellogenin genes (vit-1 through vit-6) in auxin-
control (ct, n = 33 for AID::knl-1 and n = 39 for AID::cdk-1) or auxin-treated (+, n = 35 for AID::knl-1 
and n = 36 for AID::cdk-1). Each dot represents the expression in one worm.
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Supplemental Figure S6. Mononucleation of the intestine causes an X chromosome specific decrease in 
expression levels. a. Tukey boxplots showing the log2(foldchange) differential expression of genes 
in animals with a mononucleated versus worms with a binucleated intestine per chromosome 
in AID::cdk-1 and AID::knl-1 strains. P values of the comparison between X chromosomal and 
autosomal differential gene expression were calculated by Wilcoxon rank sum test. b. Compiled 
log2(foldchange) of differential expression of genes located on chromosome V and X in animals with a 
mononucleated versus binucleated intestine. Data is compiled from single worm RNA sequencing data 
of both AID::cdk-1 and AID::knl-1 strains. Genes with a top 25% percent absolute log2(foldchange) 
are indicated in dark grey, vitellogenins are indicated as red dots.
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Strain 
name

Genotype Source/ reference

BCN9071 vit-2(crg9070[vit-2::gfp]) X. Caenorhabditis 
Genetics Center 
(Perez et al. 2017)

CA1209 ieSi61 [Pges-1::TIR1::mRuby::unc-54 3’UTR + Cbr-unc-119(+)] II; unc-
119(ed3) III

Caenorhabditis 
Genetics Center 
(Zhang et al. 2015)

GAL71 ieSi61 [Pges-1::TIR1::mRuby::unc-54 3’UTR + Cbr-unc-119(+)] II; cdk-
1(hu262 [AID::cdk-1]) III

This study

GAL117 knl-1(mat91[AID::KNL-1]) III; ieSi61 [Pges-1::TIR1::mRuby::unc-54 
3’UTR + Cbr-unc-119(+)] II; unc-119(ed3) III

This study

GAL126 knl-1(mat91[AID::knl-1]) III; ieSi61 [Pges-1::TIR1::mRuby::unc-54 
3’UTR + Cbr-unc-119(+)] II; unc-119(ed3) III; matIs53[Pges-1::sfG-
FP-PH::tbb-2 3’UTR; Pges-1::H2B-mCherry::unc-54 3’UTR; Plin-48::T-
dTom]] X

This study

GAL137 knl-1(mat91[AID::KNL-1]) III; ieSi61 [Pges-1::TIR1::mRuby::unc-54 
3’UTR + Cbr-unc-119(+)] II; unc-119(ed3) III; vit-2(crg9070[vit-2::gfp]) 
X

This study

GAL141 matIs105 [Pges-1::Tir1-tagBFP]; matIs104 [Pact-5::npp-9-mCher-
ry::tbb-2 3’UTR] II; knl-1(mat91[AID::KNL-1]) III

This study

GAL160 matIs114 [Pmyo-2::mCherry];  ieSi61 [Pges-1::TIR1::mRuby::unc-54 
3’UTR + Cbr-unc-119(+)] II; knl-1(mat91[AID::KNL-1]) III

This study

GAL162 matIs116 [Pmyo-2::GFP]; ieSi61 [Pges-1::TIR1::mRuby::unc-54 3’UTR + 
Cbr-unc-119(+)] II; knl-1(mat91[AID::KNL-1]) III

This study

GAL163 knl-1(mat91[AID::KNL-1]) III; ieSi61 [Pges-1::TIR1::mRuby::unc-54 
3’UTR + Cbr-unc-119(+)] II; matIs29 [Pges-1::CYB-1 DB::mCher-
ry::unc-54 3’ UTR; Pges-1::NLS-sfGFP::tbb-2 3’ UTR; Pmyo-2::GFP]

This study

GAL178 knl-1(mat91[AID::KNL-1]) III; ieSi61 [Pges-1::TIR1::mRuby::unc-54 
3’UTR + Cbr-unc-119(+)] II; unc-119(ed3) III; syIs44 [Phsp-16::lacI::G-
FP + lacO + dpy-20(+)] V

This study

GAL182 matIs115 [Pmyo-2::GFP]; ieSi61 [Pges-1::TIR1::mRuby::unc-54 3’UTR + 
Cbr-unc-119(+)] II; cdk-1(hu262 [AID::cdk-1]) III

This study

GAL191 matIs114 [Pmyo-2::mCherry];  ieSi61 [Pges-1::TIR1::mRuby::unc-54 
3’UTR + Cbr-unc-119(+)] II; cdk-1(hu262 [AID::cdk-1]) III

This study

GAL192 matIs137[Pvit-2::NLS-sfGFP-AID_P2A_NLS-sfGFP-AID::tbb-2 
3’UTR] II;  ieSi61 [Pges-1::TIR1::mRuby::unc-54 3’UTR + Cbr-
unc-119(+)] II; knl-1(mat91[AID::knl-1])III

This study

GAL225 matIs155[Phsp-16.48::NLS-sfGFP::tbb-2 3’ UTR]; knl-
1(mat91[AID::knl-1])III; ieSi61 [Pges-1::TIR1::mRuby::unc-54 3’UTR + 
Cbr-unc-119(+)] II; unc-119(ed3) III

This study

GAL226 matIs137[Pvit-2::NLS-sfGFP-AID_P2A_NLS-sfGFP-AID::tbb-2 
3’UTR] II;  ieSi61 [Pges-1::TIR1::mRuby::unc-54 3’UTR + Cbr-
unc-119(+)] II; knl-1(mat91)[AID::KNL-1] III; matEx151 [Pelt-
2::ceh-60; Pges-1::BFP-P2A-unc-62; Pmyo-2::mCherry]

This study

TY5434 syIs44 [Phsp-16::lacI::GFP + lacO + dpy-20(+)] V. Caenorhabditis 
Genetics Center 
(Severson and Mey-
er 2014)

Supplemental Table S1.
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Description Sequence
cdk-1 N-terminal guide 
RNA target sequence

ataggatccataactaaaat

cdk-1 repair ssODN 1 ccttttcggcggcagtggaaatgattcaaaattacacgcttacgccttttctatcgttgtattacaattgttctga-
caaaattcatttccAattttagttATGCCTAAAGATCCAGCCAAACCTCCGGCCAAGG-
CACAAGTTGTGGGATGGCCACCGGTGAGATCATACCGGAAGAACGTGAT-
GG

cdk-1 repair ssODN 2 GCCACCGGTGAGATCATACCGGAAGAACGTGATGGTTTCCTGC-
CAAAAATCAAGCGGTGGCCCGGAGGCGGCGGCGTTCGTGAAG-
GATCCTATTCGCGAAGGAGAAGTGGCCCACGAGGGAGATTCGGTTTACA-
CACTCAACGATTTCACGAAGCTCGAAAAAATCGGCGAAGGAACATACG-
GAG

knl-1 N-terminal guide 
RNA target sequence

cttacgaggctccatcgaca

knl-1 repair ssODN 1

tttattaccatttttaaaacatatttacagccatgCCTAAAGATCCAGCCAAACCTCCGGC-
CAAGGCACAAGTTGTGGGATGGCCACCGGTGAGATCATACCGGAAGAAC-
GTGATGGTTTCCTGCC

knl-1 repair ssODN 2

GAGATCATACCGGAAGAACGTGATGGTTTCCTGCCAAAAATCAAGCGGT-
GGCCCGGAGGCGGCGGCGTTCGTGAAGggaggagccggagcatcgatggagcctcgta-
agaagcggaactcgattct

Supplemental Table S2.

smFISH probe sequences for sfGFP (28 probes)

tggattagcttttcgacgtc gcaagctttttagcattttc caaccttgcgtttctttttc agaattgggacaactccagt

cccattaacatcaccatcta cctctccacggacagaaaat taagggtgagttttccgttt gtagttttccagtagtgcaa

agcattgaacaccataggtc tcatgtgatccggataacgg gggcatggcactcttgaaaa agtgcgttcctgtacataac

tcccgtcatctttgaaagat aaacttgacttcagcacgcg gattaacaagggtatcacct tcaataccctttaactcgat

agaatgtttccatcttcttt agttgtactcgagtttgtgt gccgtgatgtatacattgtg gattccattcttttgtttgt

acggaaccatcttcaacgtt gttgataatggtctgctagt ccatcgccaattggagtatt ggttgtctggtaaaaggaca

acagattgtgtcgacaggta ttttcgttgggatctttcga tcaagaaggaccatgtggtc aatcccagcagcagttacaa

Supplemental Table S3.

Supplemental Movies S1 and S2.
Supplemental movies can be found with the online supplemental information of this chapter on 
BioRxiv: https://www.biorxiv.org/content/10.1101/2021.03.12.435137v1.supplementary-material
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Summary
 Polyploid cells containing additional chromosome sets arise in many different 
organisms as a regulated part of development, as well as during aging and disease. 
While it is clear that polyploidization can have an important role in the homeostasis of 
a tissue and affect disease progression or aging, the exact function of polyploidy as well 
as the cellular consequences of genome doubling are still unknown. Nonetheless, many 
polyploid cell types and tissues share a remarkable similarity in function, providing 
important information about the possible contribution of polyploidy to tissue 
function. Here, we review studies on a plethora of polyploid tissues in development 
and disease, underlining parallels in the functions of these tissues and present a new 
perspective on the contribution of polyploidy to tissue function, suggesting that 
polyploidization poses an advantage in cell types that support other, often rapidly 
dividing cells.
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Introduction
 While most eukaryotic organisms are diploid as a species, many diploid 
organisms generate polyploid cells as a normal part of development. Polyploidy, the 
state of having more than two full chromosome sets, was first described in plants (Lutz 
1907; Keeble 1911; Gregory 1914). In plants, two different types of polyploidization are 
common: endopolyploidy, the polyploidization of a tissue or cell type in an otherwise 
diploid organism, and auto- or allopolyploidy, in which fully polyploid organisms are 
generated. These whole organism genome duplications occurred many times during, 
and are drivers of, plant and insect evolution and species divergence (Van De Peer 
et al. 2017; Li et al. 2018). Studies of plant and insect polyploidization have greatly 
contributed to our understanding of the processes that give rise to polyploid cells: cell 
fusion, and two alterations of the cell cycle called endomitosis and endoreplication 
(Øvrebø and Edgar 2018; Zielke et al. 2013; Edgar et al. 2014). Polyploidization in 
mammals was first described in the liver (Leuchtenberger et al. 1954; Swartz 1956; de 
Handt et al. 1966), and was thereafter identified in a plethora of tissues and cell types 
in various organisms (Orr-Weaver 2015).  In recent years, examples of polyploidy 
in mammalian development have been accumulating (Rios et al. 2016; Matondo et 
al. 2018; Wang et al. 2018a; Matsumoto et al. 2020), sparking a new interest in the 
function of polyploidy in these tissues.
 Even though polyploidization has been established as a well-regulated part of 
development and a significant factor in the progression of certain diseases, the exact 
function of this genome content alteration remains unclear. Since polyploid cells are 
often found in tissues that are highly transcriptionally and metabolically active, it 
is often hypothesized that the increase in DNA content is needed for an increase in 
metabolic or transcriptional output, as it would facilitate higher levels of transcription 
and translation (Zhurinsky et al. 2010). Although cell size and translation often scale 
with the nuclear content and size of the nucleus, the increase in the amount of DNA 
per cell does not fully explain the advantage of polyploidy over cell division, because 
both result in a similar increase of tissue DNA content. In specific cases, a function 
of polyploidy has been attributed, but for most tissues it remains very difficult to 
define the functional significance of polyploidy. Even though the exact contribution 
of polyploidy to tissue function is not established for most cell types, an indication 
of a possible function can be drawn from parallels between tissues. Here, we provide 
a new perspective on the function of polyploidization, based on the notion that 
polyploidy often arises in cells that support and affect their surroundings: polyploid 
cells with non-cell autonomous functions. We will give a broad overview of the most 
important examples of non-cell autonomous functions of endopolyploidy in three 
categories: providing nutrients, forming a barrier and producing signaling molecules 
(Figure 1). With this, we aim to link different niches of polyploidy research from 
various organisms in order to gain more insights into possible functions of polyploidy 
in development, as well as to make predictions of the contribution of polyploid cells in 
disease.

Providing nutrients
 In many cases, polyploid cells support their surroundings by providing 
macronutrients. Very often, these polyploid tissues function, at least in part, to support 
the growth of progeny in the oocyte or embryo stage (Table 1). A well-defined example 
of this is the insect fat body (Arrese and Soulages 2010). The fat body is a specific 
insect tissue that is distributed throughout the insects’ body cavity and consists of 
mainly adipocytes, in which energy reserves are stored in the form of glycogen and 
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Figure 1. non-cell autonomous functions of polyploidy in development and disease.
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triglycerides. This tissue plays multiple roles in insect physiology, by facilitating 
energy storage and utilization, but also by producing proteins and metabolites that 
enter circulation. Not only is this tissue responsible for providing energy during 
extended periods of starvation, it is also essential for the loading of insect oocytes 
with the lipids needed for their development. During oogenesis, the fat body produces 
large amounts of vitellogenins, a specific type of lipid transport protein expressed in 
females of nearly all egg-laying species. These vitellogenins mobilize lipids from the 
fat body and transport them to the developing oocytes. Fat body polyploidization 
has been characterized in many different insect species, such as flies (Drosophila 
melanogaster (Juhász and Sass 2005)), mosquitos (Aedes aegypti (Dittmann et al. 
1989)), ants (Dinoponera australis (Scholes et al. 2014)), termites (6 different species 
(Nozaki and Matsuura 2019, 2016)), moths (Bombyx mori (Chinzei and Tojo 1972)) 
and locusts (Locusta migratoria (Irvine and Brasch 1981; Nair et al. 1981)). In addition, 
many other insect species contain polyploid cells of unknown tissue origin (Aron et 
al. 2005; Johnston et al. 2004), which might be due to polyploidy of the fat body in 
these species as well. The importance of polyploidy in the fat body is nicely illustrated 
by studies in termites (Nozaki and Matsuura 2019, 2016). Termites are social insects 
that live in colonies with different castes, of which queens lay most of the eggs, while 
the individuals in worker castes have reduced fertility and take care of tasks like 
foraging, brood care, defense and maintenance of the colony. Isolation of the fat bodies 
of individual termites and subsequent DNA content analysis using flow cytometry 
revealed higher levels of polyploidization in the fat bodies of termite queens compared 
to other, less fertile castes (Nozaki and Matsuura 2016). Interestingly, the fecundity 
of the queen differs per species, depending on its lifestyle. In wood-dwelling species, 
the small colonies of several hundred to few thousands of termites use a single piece 
of wood for food and shelter. For species with this lifestyle, workers follow the same 
developmental pathway as queens but remain immature, while all can potentially 
develop into reproductive individuals. In contrast, foraging termites create large 
colonies of several millions that nest in multiple places. Here, a bifurcation in early 
development generates reproductive queens and non-reproductive workers. Queens 
of foraging species exhibit much higher fecundity than those of wood-dwelling 
species. Moreover, measurements of fat body polyploidization in individuals of several 
termite species with different lifestyles showed a strong correlation between fat body 
DNA content and fecundity in termite queens, independent of body size (Nozaki 
and Matsuura 2019). More recently, it was shown that the ploidy levels of the locust 
fat body serve a similar function, as blocking polyploidization resulted in reduced 
vitellogenin expression, impaired oocyte maturation and arrested ovarian development 
(Wu et al. 2020).Together, these findings show an inter- and intra-species correlation 
between polyploidy of the fat body and the number of eggs produced.
 It is likely that polyploidy of other tissues that support surrounding cells 
by providing nutrients serves a similar function. Examples of those are the plant 
endosperm and pericarp supporting the growth of the seed embryo (Sabelli and 
Larkins 2009; Boisnard-Lorig et al. 2001; Chevalier et al. 2011; Bourdon et al. 2012), the 
Drosophila nurse cells that support oocyte growth (Maines et al. 2004), the C. elegans 
intestine as the site of vitellogenin production responsible for transporting lipids to 
the oocytes in a similar way as the insect fat body (Hedgecock and White 1985), the 
mollusk albumen gland secretory cells that coat eggs with a nutrient-dense mucus 
to form the egg capsule (Anisimov 2005), the zebrafish syncytial yolk nuclei that are 
located between the yolk and developing embryo (Kondakova and Efremov 2014), the 
mammalian trophoblast giant cells that are part of a diffuse network of sinuses around 
the developing embryo and facilitate early transport and exchange of nutrients (Zybina 
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and Zybina 2020; Chen et al. 2012), and, finally, the mammary gland, which produces 
milk to provide nutrients to the offspring (Rios et al. 2016).

Forming a barrier
 Another way in which polyploid cells may function to support surrounding 
cells is by generating or maintaining a specific environment, for example by forming 
a barrier and excreting molecules that determine, stabilize or buffer the conditions in 
a local environment (Table 1). Polyploidy may be of particular advantage to facilitate 
growth of a tissue while maintaining a barrier function, as it allows for growth without 
disruption of cellular connections by cytokinesis. This function of polyploidy is nicely 
illustrated in the Drosophila subperineurial glial cells (SPGs) that form the flies’ 
blood-brain barrier (Unhavaithaya and Orr-Weaver 2012). The Drosophila nervous 
system contains different glial layers at the surface that function to provide an efficient 
insulation and allow a local homeostasis of ions and other small molecules. The SPGs 
are located underneath a dense outer extracellular matrix and perineurial sheath of 
cells, and establish septate junctions with each other to form a barrier. Leakage of 
fluorescently labeled dyes into the nervous system of flies is drastically increased in 
mutants of septate junction components, illustrating that these cellular connections 
are essential for the barrier function of the SPGs (Stork et al. 2008). Cell division would 
likely require disintegration of septate junctions and disrupt the integrity of the blood-
brain barrier. As SPGs need to grow during development to match growth of the brain 
lobes, polyploidy is required to facilitate this growth while keeping its barrier intact. 
In fact, either an increase or decrease in SPG ploidy can disrupt septate junctions 
and compromise barrier function, which can be rescued by adjusting the neuronal 
mass to match SPG ploidy levels (Li et al. 2017; Unhavaithaya and Orr-Weaver 2012). 
Consistently, SPGs that cover the larger brain lobes have a higher DNA content than 
those in the ventral cord, covering a smaller surface.
 There are many other polyploid tissues or cell types that form functional 
barriers and/or excrete molecules to support homeostasis in a local environment, 
indicating that polyploidy in these cells might contribute to this specific tissue 
function as well. Examples of these include epithelial tissues and glands (mammalian 
keratinocytes (Gandarillas and Freije 2014), C. elegans hypodermis and intestine 
(Hedgecock and White 1985), insect larval abdominal epithelium (Bischoff and 
Cseresnyés 2009; Nardi et al. 2018), mammalian urothelial superficial cells (Wang 
et al. 2018a), moth silk gland (Patrick Gage 1974; Buntrock et al. 2012), insect 
Malpighian tubules (Rangel et al. 2015; Buntrock et al. 2012; Wang and Spradling 
2020), mammalian/Drosophila salivary gland (Follette et al. 1998; Matsumoto et 
al. 2020), insect gut (Scholes et al. 2014; Schoenfelder et al. 2014; Fox et al. 2010), 
mollusk albumen gland secretory cells (Anisimov 2005), mammalian pancreas (Webb 
et al. 1982) and mammary gland (Rios et al. 2016), see Table 1). In addition, many 
polyploid extraembryonic tissues that often play a role in providing nutrients to 
embryos, are also important for creating a barrier or supporting the embryo micro-
environment; fish syncytial yolk nuclei (Kondakova and Efremov 2014; Kageyama 
1996), mammalian trophoblast giant cells(Zybina and Zybina 2020, 2011; Velicky et al. 
2018; Barlow and Sherman 1974; Sher et al. 2013; Zybina and Zybina 2005; Chen et al. 
2012)/syncytiotrophoblast(Azar et al. 2018) and Drosophila follicle cells (Maines et al. 
2004). Interestingly, many polyploid cell types undergo polyploidization during either 

Table 1. Polyploid cell types discussed in this review. Colored cells indicate the paragraphs in which 
tissues are discussed (orange = providing nutrients, blue = forming a barrier, and purple = producing 
signaling molecules).
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Species Tissue type Non-cell autonomous function Function References

Insect Fat body
Regulating energy storage and loading 
oocytes with lipids, producing yolk 
proteins

Juhász & Sass 2005; Dittmann 
et al. 1989; Scholes et al. 2014; 
Nozaki & Matsuura 2016, 2019; 
Chinzei and Tojo 1972; Irvine & 
Brasch 1981; Nair et al. 1981

Plant Endosperm 
and pericarp

Supporting growth of the seed embryo 
as an energy reserve, mainly through 
starch production

Sabelli & Larkins 2009; Bois-
nard-Lorig et al. 2001; Bourdon 
et al. 2012; Chevalier et al. 2011

Drosophila Nurse cells Providing oocytes with nutrients Maines et al. 2004

C. elegans Intestine

Mobilizing energy for loading of 
oocytes with lipids by producing yolk 
proteins, forming a barrier between 
the intestinal lumen and extracellular 
space, signaling (TORC2)

Hedgecock & White 1985

Mollusk
Albumen 
gland secre-
tory cells

Coating eggs with nutrient dense 
mucus of the egg capsule Anisimov 2005

Fish Syncytial 
yolk nuclei

Forming a yolk barrier and mesen-
doderm induction by Nodal/TGF-λ 
signalling

Kondakova & Efremov 2014

Mammals Trophoblast 
giant cells

Forming a network around embryo, 
facilitating transport and exchange of 
nutrients and endocrine signals

Zybina & Zybina 2020, 2011; 
Velicky et al. 2018; Barlow & 
Sherman 1974; Sher et al. 2013; 
Zybina & Zybina 2005; Chen et 
al. 2012

Mammals
Mammary 
gland epi-
thelial cells

Producing milk to provide the off-
spring with nutrients and signals (i.e. 
TGF-λ)

Rios et al. 2016

Drosophila
Subperi-
neurial glial 
cells

Forming the blood-brain barrier, 
inducing neuronal growth (insulin)

Unhavaithaya & Orr-Weaver 
2012; Von Stetina et al. 2018

Mammals Keratino-
cytes

Forming a tight barrier against envi-
ronmental damage Gandarillas et al. 2019

C. elegans Hypodermis
Forming a barrier and secreting signals 
to surrounding tissues (insulin/IGF, 
TORC1/2 and TGF-λ)

Hedgecock & White 1985

Insect Larval epi-
thelium Forming a barrier Bischoff & Cseresnyés 2009; 

Nardi et al. 2018

Mammals Urothelium
Forming a barrier, secreting urine 
proteins and creating urothelial 
plaque needed for proper urinary tract 
function

Wang et al. 2018b; Deng et al. 
2001a; Hudoklin et al. 2011

Moth Silk gland
Secreting silk proteins needed to form 
a cocoon enveloping the larva for 
metamorphosis

Wang et al. 2020; Patrick Gage 
1974; Buntrock et al. 2012

Insect Malpighian 
tubules

Forming a barrier and absorbing 
solutes, water and waste from the 
surrounding hemolymph

Buntrock et al. 2012; Wang & 
Spradling 2020

Mammals Salivary 
gland cells

Secreting saliva that is needed to 
create an environment that protects 
tissues in the oral cavity

Matsumoto et al. 2020
Drosophila Zielke et al. 2011

Insect Gut Forming a barrier  and facilitating 
uptake of nutrients

Scholes et al. 2014; Fox et al. 
2010; Schoenfelder et al. 2014

Mammals Syncytiotro-
phoblast

Facilitating passive exchange of 
material between the mother and the 
embryo

Azar et al. 2018

Drosophila Follicle cells
Forming the egg chamber and egg-
shell, producing a polarizing signal 
that induces embryo anteroposterior 
axis formation

Maines et al. 2004

Mammals Pancreas
Producing and releasing hormones 
like insulin, amylin and glucagon to 
maintain proper blood sugar levels

Matondo et al. 2018

Mammals Liver
Detoxification, secretion of bile, hor-
mone production (i.e. insulin growth 
factor and angiontensinogen)

Guidotti et al. 2003
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larval development or reproduction, two periods in which tissues need to grow and 
function simultaneously, rather than embryogenesis, in which many cells are not yet 
performing their tissue function, or adulthood, when limited growth occurs. Polyploidy 
likely facilitates the growth of these tissues without disrupting important functions 
that would be compromised by cell division, such as the formation of a barrier and 
maintenance of a microenvironment.

Producing signaling molecules
 Many polyploid cells alter or support their surroundings by secreting signaling 
molecules that affect development, regeneration, homeostasis or immune response 
(Table 1). Again, some important examples of this function of polyploidization come 
from non-mammalian model systems. The polyploid Drosophila follicle cells form a 
layer around the developing oocyte and the nutrient-providing nurse cells, and produce 
a yet unidentified signal that defines the anteroposterior axis of the embryo (Deng and 
Ruohola-Baker 2000). In this cell type, Notch signaling causes the switch from mitotic 
to endoreplication cycles resulting in polyploidization and differentiation. In mutants 
of the Notch receptor or Delta ligand, follicle cells cannot become polyploid or produce 
any polarizing signals, thereby causing axis formation defects in embryos (López-
schier and Johnston 2001). However, this might be a secondary effect of perturbing 
polyploidization, as endoreplication is linked with the differentiation needed to initiate 
production of the polarizing signal, which makes it very difficult to pinpoint the 
contribution of polyploidy to the signal-producing capacity. Similarly, the polyploid 
nuclei of the fish yolk syncytial layer are a source of inductive signals, consisting 
of  Nodal/TGF-λ ligands, that cause formation of the three germ layers (Chen and 
Kimelman 2000), and blocking polyploidization of this layer severely disrupts 
formation and development of the embryo (Takesono et al. 2012; Chu et al. 2012). 
The Drosophila SPG cells, next to serving a barrier function, also control neural stem 
cell proliferation by secreting insulin in response to nutritional cues (Chell and Brand 
2010; Spéder and Brand 2014). The insulin-producing response to these cues depends 
on the presence of gap junctions on SPGs, which are ruptured when polyploidization 
is prevented. We can therefore assume that polyploidy of these cells is important 
to facilitate the production of an insulin signal. Finally, the polyploid C. elegans 
hypodermis and intestine produce several signals, such as insulin/IGF, TORC1/2 and 
TGF-λ by the hypodermis and TORC2 by the intestine, that regulate processes in other, 
mainly neuronal cell types (Wang et al. 2002; Fukuyama et al. 2015; Dowen et al. 2016; 
O’Donnell et al. 2017; Mahoney et al. 2008; Hung et al. 2014).
 Besides these, some mammalian polyploid tissues provide additional 
insights into the signal-producing function of polyploid cells. As mentioned earlier, 
binucleation and polyploidization of the mammary gland cells in mice is important for 
milk production (Rios et al. 2016). Besides a majority of highly nutritional compounds, 
milk also contains hormones, growth factors and immune system modulating factors 
that support healthy post-natal development (Field 2005; Donnet-Hughes et al. 2000; 
Qin et al. 2009; Mehra et al. 2006; Cacho and Lawrence 2017), thus it is possible 
that polyploidy enhances their production as well. Mammalian trophoblast giant 
cells, hepatocytes and pancreatic cells all have distinct signaling functions for which 
polyploidization could be important: trophoblast giant cells secrete a wide range of 
hormones and cytokines that instruct maternal adaptations during pregnancy (Hu 
and Cross 2010); hepatocytes play an important role in innate immunity by secreting 
immune modulating factors (Zhou et al. 2016) and the primary function of pancreatic 
B cells is the production and secretion of hormones that regulate blood glucose levels, 
like insulin and amylin (Marchetti et al. 2017). Although a decrease in polyploidization 
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levels by loss of transcription factors E2F7 and E2F8 in these tissues does not show any 
apparent functional changes in healthy animals (Chen et al. 2012; Pandit et al. 2012; 
Matondo et al. 2018), an increase in ploidy might be more important for their function 
under stress conditions. This is illustrated by the increase in numbers of polyploid 
cells in pancreatic B-cells of diabetic animals (Pohl and Swartz 1979) and in liver after 
a partial hepatectomy, oxidative damage and metabolic or toxic stresses (Wang et al. 
2017). Furthermore, blocking polyploidization in the pancreas induces subtle changes 
in blood serum levels of glucose, insulin, amylase and lipase after starvation (Matondo 
et al. 2018), underlining the role of polyploidy for tissue function after prolonged 
suboptimal conditions. Lastly, the uroepithelium plays an important role in sensing 
the environment and responding to stimuli by sending signals to underlying tissues 
(Khandelwal et al. 2009), and it has been suggested that polyploidy of these cells is 
important for their ability to respond to environmental changes (Wang et al. 2018a).

Non-cell autonomous functions of polyploid cells in disease
 With this new perspective on the function of polyploid cells in development 
and homeostasis, we can also gain insights on the role of polyploid cells in disease. 
Besides increased levels of polyploidy with age and in regeneration, polyploidy is also 
frequently observed in different diseases and can be a determining factor in prognosis. 
Although multinucleated polyploid cells are found in Alzheimer’s disease (Sosunov 
et al. 2020) and after various viral infections (Leroy et al. 2020), the most prominent 
presence of polyploid cells exists in cancer. Polyploid giant cancer cells (PGCCs) 
can arise in virtually all types of cancer and their role in tumor aggressiveness and 
relapse after therapy have been gaining attention recently (Zhang et al. 2021; Pienta 
et al. 2020; Sikora et al. 2020; Tagal and Roth 2021; Herbein and Nehme 2020). It 
should be noted that the effects of polyploidization on tumorigenesis are highly 
dependent on tissue and cell-type context. Studies in the mammalian liver have 
shown that polyploidy of hepatocytes protects against tumorigenesis, which is likely 
related to the buffering of mutations in tumor-suppressor genes in polyploid cells 
(Zhang et al. 2018; Lin et al. 2020). On the other hand, a more recent study shows that 
polyploid hepatocytes undergoing ploidy reduction form liver tumors and contribute 
to the accumulation of chromosomal aberrancies (Matsumoto et al. 2021). Hence, 
polyploidy can be considered both tumor-suppressive, and oncogenic. Furthermore, 
endoreplication, one of the processes that can give rise to a polyploid cell, can be 
both a cause and a consequence of genome instability (Fox and Duronio 2013), 
an important hallmark of cancer (Hanahan and Weinberg 2011). Nonetheless, the 
presence of polyploid cells in advanced cancer of various tissues correlates with a 
detrimental effect on prognosis (Bielski et al. 2018), which poses the question on the 
contribution of polyploid cells to tumor growth.
Comparable to the non-cell autonomous functions of polyploid cells in development, 
we raise the possibility of a supporting role of polyploid cells in disease as well. 
Specifically, polyploid cells could play a role in creating a microenvironment for tumor 
development. The tumor microenvironment, although highly variable, often includes 
many different cell types that support survival, invasion and metastasis of cancer 
cells by producing growth factors, nutrients, suppressing the immune response and 
inducing angiogenesis (Finicle et al. 2018; Spranger and Gajewski 2018; Anderson 
and Simon 2020). We propose that polyploid giant cancer cells may contribute to 
the tumor microenvironment in a similar way, by providing nutrients, signals and 
buffering components that support proliferation. Some indications of such a function 
of polyploid cells can be derived from co-culture experiments with breast cancer and 
adipose tissue cells. Polyploid adipose tissue cells have a higher capacity of promoting 
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tumor growth of breast cancer cells than diploid ones, at least in part due to an 
increase in expression of insulin-like growth factor (Schweizer et al. 2015; Fajka-Boja et 
al. 2018, 2020). Interestingly, tumors containing polyploid cells also show a decrease in 
host immune response gene expression (Quinton et al. 2021).
 A surprisingly similar supporting role of polyploid cells in pathogenesis is 
found in infiltration of plants by parasitic nematodes, that induce polyploidization of 
plant root cells (De Almeida Engler and Gheysen 2013; Kyndt et al. 2013). Root-knot 
and cyst nematodes induce endoreplication or cell fusion in plant roots to form 
multinucleated polyploid cells that develop into nematode feeding sites. The plant 
cells at these feeding sites undergo major developmental reprogramming, including 
differential expression of genes related to metabolism, stress response, protein 
synthesis, transport and signal transduction, creating a nutrient-rich and non-hostile 
environment for nematode growth. Nematodes subsequently extract nutrients from 
the enlarged plant cells for their development and reproduction. It would be interesting 
to investigate any molecular or functional parallels between these involuntary 
altruistic plant root induced polyploid cells, and polyploid giant cancer cells.

Concluding remarks
 We have highlighted correlations between polyploidy and tissue function, 
where polyploid cells often support their surrounding cells and tissues. However, for 
many polyploid cell types, it has not yet been shown whether polyploidy actually 
contributes to this supporting function. Advancing our knowledge on the function 
of polyploidy in different systems will allow a better understanding of polyploidy 
as a developmental strategy. In addition, characterizing the cellular and tissue-wide 
consequences of polyploidy will contribute to our insights on the role of polyploid 
cells in disease. Although polyploid cancer cells have received more focus recently, 
their exact contribution to tumor growth is still under debate. Further defining the 
roles of polyploid cells in different contexts will likely improve our predictions of 
disease outcome and response to treatment, and allow development of more effective 
therapies.
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Introduction
 The development of a multicellular organism requires intricate regulation 
of cellular behaviour, especially on the cell division cycle. While we have a lot of 
knowledge on how cells make the decision to divide, insight on how cell cycle 
alterations are regulated in development and disease is lacking. Two main cell cycle 
variations, endoreplication and endomitosis, give rise to polyploid cells, containing 
more than two chromosome sets divided over one or two nuclei. Polyploidization is a 
process that occurs frequently in plants and animals, with endoreplication occurring 
often in plants and insects, while endomitosis is more prevalent in mammalian tissues. 
Although a general molecular mechanism that regulates endoreplication has been 
established, we do not yet understand what controls endomitosis. Specifically, it is 
unknown how the processes that occur in M phase are unlinked in an endomitotic 
cycle, what determines how far a cell progresses through M phase before a premature 
exit, or what developmental cues induce endomitosis. In addition, it is unclear what 
the functional difference is between these two manners of becoming polyploid 
and, in general, it has been difficult to pinpoint or confirm a universal advantage of 
polyploidy for tissue function. In this thesis, we presented novel insights into the 
molecular mechanisms that regulate developmentally controlled endomitosis cycles 
and gained a further understanding of the function of polyploidy and multinucleation 
in development and disease. Here, I will further discuss the findings presented, their 
context and possible future research directions.

Regulation of polyploidization
 We utilized multiple approaches to investigate the mechanisms that regulate 
endomitosis in the C. elegans intestine. First, we use an imaging-based approach to 
characterize the differences between a canonical and endomitotic M phase and find 
that intestinal cells undergoing endomitosis lack a central spindle, a structure of 
antiparallel microtubules present in anaphase that functions as a regulatory hub for 
cytokinesis (chapter 2). We further investigate the difference between endomitotic 
and canonical cell cycles by measuring mRNA expression levels of mitotic genes by 
smFISH, and find that several cell cycle proteins that regulate DNA segregation and 
cytokinesis are downregulated during endomitosis. We also establish that the switch 
from canonical to endomitotic cycles in the intestine is made in mid-embryogenesis, 
and identify the transcriptional regulator SIN-3 as an important factor in endomitosis 
regulation. Next, we adopt an unbiased single cell RNA sequencing approach 
to characterize temporal gene expression patterns during embryonic intestinal 
differentiation and identify potential regulators of endomitosis (chapter 3). We tested 
a possible role for these candidate regulators in endomitosis by performing a zygotic 
RNAi knockdown screen and identified ATF-2 as an additional player in the control of 
endomitosis. Together, we provide evidence for a role of two transcriptional regulators, 
SIN-3 and ATF-2, in the control of endomitosis. 

Inhibition of cytokinesis by transcriptional regulators
 Interestingly, sin-3 mutation or atf-2 zygotic knockdown cause a similar 
phenotype, in which a membrane invagination is formed during endomitosis. These 
results indicate that both regulators are involved in the inhibition of cytokinesis during 
endomitosis and it is possible that they function in the same or parallel pathways. 
On the other hand, a full deletion or general knockdown of atf-2 affects endomitosis 
in a different manner, causing gross DNA segregation errors instead of a cytokinesis 
phenotype, which could indicate that ATF-2 regulates a different part of endomitosis, 
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or that the timing of its expression during development plays an important role in its 
function. Nonetheless, investigation of the effects of a double deletion of these two 
genes would provide a better understanding of their respective roles in endomitosis 
control. As mentioned, the timing and tissue-specific expression of these genes 
might play an important role in their function in the worm. Therefore, the use of a 
system that allows inducible and tissue-specific depletion, such as auxin-inducible 
degradation, would allow a more precise investigation of their regulatory functions.

A link between polyploidization and circadian rhythm
 As we have identified both SIN-3 and ATF-2 as transcriptional regulators 
that play a role in the inhibition of cytokinesis during endomitosis, any possible 
links or overlap in the regulatory functions, interaction partners, targets or processes 
affected by both SIN-3 and ATF-2 might provide additional insight in endomitosis 
regulation. Interestingly, the mammalian orthologs of both SIN-3 (SIN3A/SIN3B) 
and ATF-2 (NFIL3) have been implicated in the molecular regulation of the circadian 
clock (Duong et al. 2011; Naruse et al. 2004; Mitsui et al. 2001; Ohno et al. 2007; 
Tanoue et al. 2015; Yamajuku et al. 2011; Yoshitane et al. 2019). The circadian clock 
encompasses a 24-hour rhythm of oscillating gene expression largely controlled by 
light responses, and although the components of this feedback loop can differ greatly 
between organisms, the core molecular machinery is remarkably conserved among 
diverse evolutionary lineages (Vitaterna et al. 2019). In the primary feedback loop, the 
transcription factors CLOCK and BMAL1 heterodimerize and initiate expression of 
‘period’ (PER1, PER2 and PER3) and cryptochrome genes (CRY1 and CRY2). PER:CRY 
heterodimers next inhibit CLOCK:BMAL1 complex activity, causing a negative 
feedback on their own expression.
 Previously, a link between circadian rhythm and polyploidy has been 
established in plant and animal systems (Chao et al. 2017; Fung-Uceda et al. 2018). In 
mammalian liver, circadian Period genes control hepatocyte polyploidization through 
activation of Mkp1-Erk1/2 signalling, and depletion of Period gene expression causes 
massive accumulation of highly polyploid mononucleated and binucleated cells (Chao 
et al. 2017). Nonetheless, there is a mutual interplay between the circadian clock 
and general cell cycle regulation, and the circadian clock has been shown to affect 
general proliferation rates, specifically by modulating E2F transcription factor activity 
(Gaucher et al. 2018; Chan et al. 2020). It is therefore still unclear if the circadian 
clock specifically regulates polyploidy, let alone if this same kind of regulation also 
controls polyploidy in other organisms. Interestingly nonetheless, mammalian 
orthologs of SIN-3 and ATF-2 appear to regulate the expression of the same core 
circadian clock genes, period genes Per1 and Per2 (orthologs of C. elegans lin-42). 
The mammalian SIN-3 ortholog SIN3A is recruited by Per1 to the PER1 promoter, 
where it serves as a scaffold for HDAC1 to repress PER1 transcription (Duong et al. 
2011). The other mammalian SIN-3 ortholog, SIN3B, forms a complex with different 
HDAC1 proteins and interacts with CRY1 to aid transcriptional repression of PER 
gene expression (Naruse et al. 2004). The mammalian ATF-2 ortholog NFIL3 causes 
oscillatory circadian repression of gene expression important for the period length 
of the circadian clock, and acts as a repressor of both Per1 and Per2 (Tanoue et al. 
2015; Yoshitane et al. 2019; Ohno et al. 2007; Mitsui et al. 2001; Yamajuku et al. 
2011). In C. elegans, light- and temperature cycles can control and entrain 24 hour 
gene expression oscillation, but homologs of circadian clock genes (lin-42, tim-1, 
aha-1 and atf-2) do not show a cycling pattern in worms (Sengupta et al. 2010) 
and, therefore, the circadian clock in nematodes is not yet fully defined. Homologs 
of several core circadian clock genes are found to regulate developmental timing 
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instead (Banerjee et al. 2005), possibly indicating that they have adopted a different 
type of biological timing function in C. elegans. As SIN-3 and ATF-2 orthologs both 
suppress expression of period genes (Duong et al. 2011; Naruse et al. 2004; Yoshitane 
et al. 2019), the C. elegans orthologs of these genes might be interesting candidates 
to investigate for involvement in endomitosis regulation. The C. elegans orthologs 
of mammalian period genes PER1 and PER2/3 are the different isoforms of lin-42; 
lin-42c and lin-42b, respectively (Romanowski et al. 2014). Interestingly, LIN-42 has 
been implicated in several aspects of developmental timing control. For example, 
it regulates the timing of expression of heterochronic miRNAs of the let-7 family. 
In addition, a lin-42 null mutation causes heterochronic defects, and the different 
isoforms of this gene have varying effects on the molting cycle (Perales et al. 2014; 
Edelman et al. 2016; McCulloch and Rougvie 2014). Our single cell RNA sequencing 
of embryonic intestinal cells, described in chapter 3, also showed a temporal pattern of 
lin-42 expression. It was included for screening using zygotic RNAi knockdown, where 
it showed a slight and near-significant increase in mononucleation of intestinal cells. 
We identified a similar phenotype for hbl-1, which was previously shown to control 
developmental timing as well (Lin et al. 2003). It would be interesting to see if, contrary 
to a knockdown, the overexpression of either lin-42 or hbl-1 in the intestine could elicit 
a cytokinesis phenotype similar to that for sin-3 deletion or atf-2 zygotic knockdown. 
Again, the timing and tissue-specificity of expression likely plays an important role 
here, so inducible and/or tissue-specific overexpression would provide a better 
system for investigation. Additionally, it should be considered that the different lin-42 
isoforms and their relative expression levels elicit varying effects. Altogether, our 
results prompt the investigation of developmental control of polyploidization cycles by 
orthologs of circadian clock genes. Characterization of the role of C. elegans circadian 
clock orthologs would contribute to our understanding of the adaptation of the core 
circadian clock mechanism in nematodes, and provide insights into the possible link 
between circadian rhythm and polyploidy in other organisms.

Regulation of polyploidization by microRNAs
 As a mutual target of SIN-3 and ATF-2, LIN-42 presents an interesting 
candidate regulator of endomitosis. One of the targets of LIN-42 is the let-7 miRNA, 
which plays an important role in stage-specific cell-fate specification in C. elegans 
(Perales et al. 2014; McCulloch and Rougvie 2014). However, let-7 has also been 
shown to play a role in regulation of endoreplication in the silk gland of the silk worm 
(Wang et al. 2020), growth of the polyploid Drosophila fat body (Huang et al. 2020), 
and the response to juvenile hormone signaling in insects (Song et al. 2018), which is 
known to control polyploidization in locust and mosquito (Wu et al. 2020, 2018; Irvine 
and Brasch 1981; Nair et al. 1981; Chen et al. 1979; Dittmann et al. 1989). Therefore, 
let-7 could be another interesting factor to investigate for potential involvement in 
endomitosis regulation. Moreover in general, it is quite possible that microRNAs play 
a yet undefined role in the regulation of polyploidization in C. elegans, as we know 
they are essential for the developmental timing control of many other processes 
(Frasch 2008). The conventional polyA-based RNA sequencing technique we utilized 
for sequencing of embryonic intestinal cells does not allow the identification or 
quantification of microRNA expression. Considering the substantial contribution of 
microRNAs to the regulation of developmental timing in C. elegans, characterization 
of their role in polyploidization, for example by using polyA-independent total RNA 
sequencing, might uncover a new and unexplored level of developmental cell cycle 
control.

Developmental timing and polyploidization cycles
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 We have described several findings that contribute to our understanding 
of the molecular control of polyploidization cycles in C. elegans. Nonetheless, 
developmental cues that initiate polyploidization cycles in nematodes remain largely 
unclear. Polyploidization of the intestine seems to be very tightly linked to the larval 
stages, with endomitosis and endoreplication cycles occurring at the end of each stage, 
possibly indicating a strong link with heterochronic gene regulation and/or control 
of the molting cycles. Even though we know that endoreplication is established by 
the inhibition of CDK-1 activity through the expression of LIN-23 in the first larval 
stage (Kipreos et al. 2000; Son et al. 2016), we do not know how CDK-1 inhibition 
is achieved in subsequent endoreplication cycles, nor have we defined how worms 
establish a periodic activation and inactivation of cyclin E/CDK-2 during these cycles. 
One could imagine that the molting cycle provides an ideal basis for the periodic 
activation of cell cycle regulators needed for subsequent polyploidization cycles. 
Furthermore, it would make sense to link the polyploidization and growth of the 
intestine to the growth of the hypodermis and other tissues by synching both with 
the molting cycle, thereby preventing problems caused by disproportionate growth 
of one or the other. The coordination of these developmental processes in different 
tissues with each other likely requires intercellular signalling. The timing of several 
other developmental events, such as the onset of vitellogenesis in the intestine at the 
transition to adulthood, are controlled by signals originating from the hypodermis 
(Dowen et al. 2016; Fukuyama et al. 2015; Wang et al. 2002; Choi and Ambros 2019). 
Cell non-autonomous signals, possibly coming from the hypodermis, might therefore 
form an additional layer of control on the polyploidization cycles of the intestine. 
Such signals could be investigated by studying the effect of tissue-specific changes in 
developmental timing, for instance of the hypodermis, on intestinal polyploidization. 
Altogether, identifying the developmental cues that control polyploidization cycles 
will contribute to our understanding of how growth of different tissues is coordinated 
during development.

Function of multinucleation in polyploid cells
 Both endoreplication and endomitosis give rise to polyploid cells, but only 
endomitosis can generate binucleated cells. This difference between these two 
variations of the cell cycle might pose its own advantages and disadvantages of either 
process for tissue function. In chapter 4, we described experiments that demonstrate 
that the binucleation of polyploid C. elegans intestinal cells facilitates tissue-specific 
gene expression and contributes to the capacity for transcriptional upregulation 
needed at the transition to the adult stage, and upon stress induction. We found that 
the transcription of vitellogenins, a group of genes encoding yolk proteins which 
facilitate lipid and nutrient transport to oocytes, was decreased in hermaphrodites 
with mononucleated intestinal cells compared to controls with a wildtype binucleated 
intestine. With these results, we can confirm that binucleation is important for tissue 
function of the intestinal cells. 

Effect of binucleation on transcriptional dynamics
 Surprisingly, we found that blocking binucleation does not influence cell 
size or intestinal morphology, but specifically affects the efficiency of fast-acting 
transcriptional responses. As mononucleated cells are only distinguishable by the size 
of their nucleus, we proposed that differences in nuclear morphology, specifically the 
difference in nuclear surface-area-to-volume ratio and an increase in nuclear volume, 
likely explain the transcriptional defects we observe in mononucleated cells. On one 
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hand, a change in the surface-area-to-volume ratio could influence nuclear import 
and export dynamics of transcriptional regulators, leading to altered transcriptional 
responses. Of course, this would at least in part depend on the number of nuclear pores 
present in the nuclear membrane. Moreover, an increased nuclear volume could lead 
to lower concentrations of transcription factors, and perhaps impede specific factors to 
reach a critical concentration (Reisser et al. 2017). In addition, a larger nucleus might 
quite likely affect genome organization and diffusion inside the nucleus. Although 
little is known about the effect of nuclear size on the efficiency of facilitated diffusion 
of transcription factors, an increase in nuclear size could extend transcription factor 
search time simply by increasing the average travel distance to any specific locus. 
In addition, maximizing transcriptional output requires the activated DNA locus to 
relocate within the nucleus to a domain with high concentrations of transcription 
machinery, such as a transcription factory, which are typically located towards the 
center of the nucleus (Papantonis and Cook 2013; Meaburn et al. 2007; Meister et al. 
2010). Assuming a similar nuclear organization in mononucleated and binucleated 
cells, the distance from the nuclear periphery to an active site of transcription would 
be significantly increased within a larger nucleus, potentially causing a delay in 
achieving maximum transcription efficiency. However, further experiments focusing 
on the molecular dynamics in gene expression regulation are needed to pinpoint 
what factors contribute to the functional difference between mononucleated and 
multinucleated cells.
 Although our experiments on the function of binucleation focused on 
characterizing the effect on rapid upregulation of gene expression, it could be expected 
that transcriptional dynamics, including downregulation, are affected in general. The 
correlation between transcriptional dynamics and the size of the nucleus seem to be 
very similar to the principle of inertia in physics, where an increase in mass manifests 
as a resistance to changes in speed or direction of motion. In this perspective, any 
change in transcription levels, either up- or downregulation, would be more difficult 
and take longer to achieve in a larger nucleus. The same could hold true for larger cells, 
where an increase in mass and volume would cause resistance to changes, either in 
transcription, signaling or metabolism.
 As we found that a decrease in the number of nuclei limit cellular capacity for 
rapid transcriptional dynamics, it would be interesting to see if the reverse is true for an 
increase in the number of nuclei. Previous studies on the regulation of endoreplication 
in C. elegans have shown that depletion of LIN-23 causes an additional nuclear division 
in the first larval stage, producing tetranucleated cells (Kipreos et al. 2000). If there is 
a dose-dependent effect of multinucleation on transcriptional dynamics, we would 
expect to achieve a higher capacity for rapid upregulation in a cell with four nuclei. 
Yet, an additional nuclear division could, besides changing the number of nuclei, also 
potentially affect other aspects of cellular homeostasis, and conclusions about its effect 
should be made with caution, preferably after controlling for, for example, possible 
DNA damage.

Co-regulation of vitellogenins and lysosomal proteins
 We found that binucleation of the intestine facilitates the rapid upregulation 
of vitellogenin expression that occurs upon the transition to adulthood in C. elegans. 
Besides vitellogenins, we found many other genes to be downregulated in animals with 
a mononucleated intestine as well. We noticed that many downregulated genes are 
lysozymes or other enzymes localizing to or activated by the low pH in lysosomes. One 
of those is cpl-1, a lysosomal cathepsin that is maternally provided to embryos, known 
to localize to yolk granules and essential for yolk processing (Britton and Murray 2004; 
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Hashmi et al. 2006; Schmökel et al. 2016). In various other systems, yolk granules have 
actually been characterized as lysosome-like organelles where acidification aids the 
processing of yolk (Fagotto 1995, 1991; Fagotto and Maxfield 1994; Wall and Meleka 
1985; Fiołka and Witkowski 2004; Takemura and Takano 1995; Matozzo et al. 2015). 
It is tempting to hypothesize that the enzymes we found to be downregulated together 
with vitellogenins function in yolk processing as well. Assuming these enzymes are 
downregulated as a consequence of the change in intestinal binucleation, they might 
also be produced in the intestine and, in yolk vesicles, be transported to the oocytes. 
If these genes indeed function in yolk processing, it makes sense that their expression 
levels are coordinated with yolk protein levels and, in addition, that they are regulated 
by the same transcriptional program. Our data therefore provides an indication that 
these genes are potential targets of the transcription factors UNC-62 and CEH-60, 
whose interaction regulates the upregulation of vitellogenin expression at adulthood.

X-chromosomal effects of binucleation
 In our RNA sequencing analysis comparing animals with a mononucleated 
versus a binucleated intestine, we also noticed a strong X chromosome-specific 
effect on transcription. We found that expression of genes on the X chromosome 
was decreased in animals with a mononucleated rather than a binucleated intestine. 
This could be related to an enrichment of somatic genes on the X chromosome, 
which are more likely to be upregulated upon the transition to adulthood, and the 
underrepresentation of germline genes on X (Reinke et al. 2004). Nevertheless, it 
is also possible that polyploidy has a specific direct or indirect effect on expression 
of genes on the X chromosome. In hermaphrodites, the average expression from 
both X chromosomes is halved through condensation of the chromosome by the 
dosage compensation complex during embryogenesis in order to achieve equal 
expression levels of X chromosome genes between males and hermaphrodites (Ercan 
and Lieb 2009). Considering this, it seems striking that many highly-expressed 
hermaphrodite-specific genes, such as most vitellogenins, are located on the X 
chromosome, unless dosage compensation is reversed in somatic cells before the onset 
of adulthood. Endomitosis, or polyploidization in general, could play a role in the 
reorganization of the X chromosome that facilitates such a change in X chromosome 
dosage compensation, as has been suggested to be the case for polyploidization 
of the mammalian trophoblast giant cells (Schoenfelder and Fox 2015). Another 
possibility is that multinucleation affects X chromosome expression indirectly. The 
X chromosome, in part because of dosage compensation, structurally differs from 
the autosomes in many ways. For instance, it is depleted of operons, but also the only 
chromosome with pronounced topologically-associated domains (TADs) (Anderson 
et al. 2019; Crane et al. 2015; Kramer et al. 2015; Wells et al. 2012). Any effect of 
mononucleation on these aspects of chromosome organization might affect the X 
chromosome disproportionally. Additionally, dynamics of X chromosome localization 
in the nucleus and interactions with the nuclear lamina have also shown to affect 
X chromosome dosage compensation (Snyder et al. 2016; Sharma et al. 2014). As 
the nuclear organization or relative availability of nuclear lamina surface are likely 
altered when binucleation is blocked, this could also cause a disproportionate effect 
on X-chromosomal expression. Altogether, this leaves us to wonder about the effect 
of binucleation in males. Adult males are smaller, have a lower RNA content and do 
not produce any vitellogenins. Still, it is likely that a delay in transcriptional dynamics 
caused by mononucleation of the intestine would affect males as well, possibly limiting 
mating efficiency and male fertility, as well as stress response. And, as X chromosome 
dosage compensation does not occur in males, it would be interesting to see if there is 
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an X-chromosomal effect in males as well.

Consequences of polyploidy in disease
 The relevance of identifying the cellular consequences of polyploidization 
extends beyond an understanding of the function of polyploidization in development, 
but rather contributes to the establishment of possible implications of polyploid 
cells in disease. While it has been shown that polyploidy of a tissue can have a tumor 
suppressive effect (Zhang et al. 2018; Lin et al. 2020), the presence of polyploid cells 
in advanced cancers is correlated with a detrimental effect on prognosis (Bielski et al. 
2018). Further understanding of the cellular consequences of polyploidy might help us 
to explain how polyploidy can have such antagonistic effects on tumor growth. One 
common explanation for the role of polyploidy in cancer is that polyploid cells can 
undergo error-prone ploidy reversal thereby generating aneuploidy and chromosomal 
instability (Schoenfelder et al. 2014; Matsumoto et al. 2021), important characteristics 
of cancer cells that are proposed to contribute to heterogeneity and tumor evolution 
(Giam and Rancati 2015; Tijhuis et al. 2019). Like polyploidy, aneuploidy can both 
promote and suppress tumor development, depending on the tissue, tumor stage, 
microenvironment and genetic context (Ben-David and Amon 2020).
 Polyploidy in cancer, like in tissue development, might function to create 
a supporting cell type, specialized and very active in metabolism or production of 
signaling molecules, providing an optimal cancer cell niche (as discussed in chapter 
5). Another factor that might contribute to the effect of polyploidy on tumorigenesis 
and cancer progression is that polyploid cells are more resistant to DNA damage. 
While this protection is tumor protective in untransformed cells, cancer cells are 
often more sensitive to induction of DNA damage, and targeting this sensitivity has 
been a cornerstone of cancer treatments for decades (Reuvers et al. 2020). In light of 
this, the resistance to DNA damage conferred by polyploidy could explain the general 
poor response to therapy in cancers containing polyploid cells. Combined with their 
ability to generate aneuploid cells, this would give them the opportunity to survive 
treatment and generate new proliferating cells. All-in-all, it is clear that polyploid 
cancer cells are an important target for cancer therapies in order to prevent relapse 
(Moein et al. 2020; Coward and Harding 2014). If, like stated above, transcriptional, 
metabolic and signaling dynamics are limited in polyploid cells in general, this could 
pose an interesting target for polyploid cells in cancer therapy. It would be interesting 
to investigate whether polyploid cancer cells are able to appropriately react to different 
environmental changes that require a rapid response, as an approach to identify any 
possible weaknesses in this type of cancer cell that can be targeted in combination 
with existing therapies to enhance effectiveness and prevent relapse.

Concluding remarks
 Although we have long known of the existence of polyploid cells, recent 
discoveries of its occurrence in an accumulating number of mammalian tissues as 
well as notions of a role in regeneration and disease have sparked a new interest into 
the subject. In this thesis, we presented work that contributes to our understanding 
of the regulation and function of developmentally controlled polyploidization cycles 
in C. elegans, and highlighted parallels with polyploid cells in different organisms. 
As mentioned in this discussion, further research could focus on uncovering the 
developmental regulatory framework that controls polyploidization cycles and 
establishing a more detailed understanding of the effect of polyploidization and 
multinucleation on cellular processes. The next step in polyploidy research would be to 
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experimentally test whether insights from smaller model organisms such as nematodes 
and insects hold true for mammalian tissues as well. Investigating these parallels 
will help us to better understand the conservation of developmental processes and 
potentially contribute to new therapeutic strategies for the stimulation of regeneration 
or treatment of disease.  

Epilogue
 Finally, I think it is important to note that parallels in the regulation and 
function or consequences of biological processes pose a powerful tool in research. In 
this discussion, I considered parallels in regulation of the cell cycle, tissue homeostasis 
and biological timing in different organisms, as well as similarities in the cellular 
consequences of events and processes that occur in development and disease. These 
comparisons can be a very useful way to utilize previously acquired knowledge and 
conceptualize predictions for a new topic of research. The consequence of that is that 
we can never fully appreciate the value of answering a certain research question up 
front, and that the relevance of newly acquired information can extent way beyond the 
scope of its original research field. With this, I would like to emphasize the continuous 
need for fundamental research and curiosity-driven science. In my opinion, answering 
questions for which we do not already know the exact relevance of its possible answers 
may give the most valuable outcomes. A beautiful example of this is the discovery of 
the CRISPR/Cas9 system, which started with a curiosity for the bacterial immune 
system, is now utilized as a Nobel prize-awarded technology that has revolutionized 
research and medicine, and, less importantly, greatly expanded the possibilities for 
experiments performed within the scope of this thesis. In a time where our existing 
knowledge has greatly defined our ability to deal with current circumstances, such 
as a global pandemic, I think it is important to be reminded of the foundation of 
fundamental research that is essential to acquire insights that might be of immense 
value in the future.
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Nederlandse samenvatting
 De ontwikkeling van een eencellige zygote tot een functioneel meercellig 
organisme vereist een grote mate van organisatie. De processen die hierbij betrokken 
zijn, zoals groei en differentiatie, dienen strikt met elkaar gecoördineerd te zijn. De 
celdeling speelt daarbij een centrale rol; bepalen welke cel zal delen, op welk moment 
en op welke manier, is essentieel voor de coördinatie van deze processen. De groei 
van een organisme kan op verschillende manieren worden bereikt; een toename 
van het aantal cellen, of een toename van de celgrootte. Deze groei is een gevolg van 
toename in de hoeveheelheid DNA per weefsel of per cel, te bereiken door middel van, 
respectievelijk, celdeling of polyploïdisatie.
 Polyploïdisatie is het proces waarbij een polyploïde cel wordt gevormd: een cel 
met niet twee (diploïde), maar meer dan twee kopieën van elk chromosoom. Hoewel 
in de mens de meeste lichaamscellen diploïde zijn, worden tijdens de ontwikkeling 
in meerdere organen polyploïde cellen gevormd. Zo’n polyploïde cel kan ontstaan 
door de fusie van twee diploïde cellen, of door een alternatieve celcyclus. Gedurende 
een reguliere celcyclus, ofwel celdeling, wordt het DNA gedupliceerd in de S-fase, en 
verdeeld over twee kernen en twee dochtercellen in de M-fase. Een polyploïde cel kan 
gevormd worden door een alternatieve celcyclus waarbij het gedupliceerde DNA niet 
wordt verdeeld over twee nieuwe cellen.
Er zijn twee verschillende alternatieve celcycli die resulteren in een polyploïde cel: 
endoreplicatie en endomitose. Bij endoreplicatie wordt het DNA gedupliceerd in 
S-fase, maar wordt M-fase volledig overgeslagen. Dit resulteert in een verdubbeling 
van de hoeveelheid DNA in een enkele nucleus. Tijdens endomitose ondergaan cellen 
slechts een gedeelte van M-fase, waarbij in ieder geval de uiteindelijke deling in twee 
cellen wordt overgeslagen. Afhankelijk van welke processen er worden overgeslagen in 
een specifieke endomitose kan dit resulteren in een polyploïde cel met één of meerdere 
kernen.
 Endoreplicatie komt met name vaak voor in planten en insecten, en onderzoek 
in deze organismen heeft een algemeen mechanisme gedefinieerd dat verantwoordelijk 
is voor de regulatie van deze alternatieve celcyclus. Tijdens endoreplicatie wordt 
de activiteit van de M-fase CDK, CDK1, geremd. Dit zorgt ervoor dat cellen niet 
in staat zijn om de M-fase te initiëren. Daarentegen is er minder bekend over de 
regulatie van endomitose. Deze wijze van polyploïdisatie komt vaker voor bij 
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zoogdieren, en bij de mens bijvoorbeeld in de lever, borstklier en hartspier. Hoewel 
voor een aantal regulatoren bekend is dat zij een rol spelen bij de regulatie van deze 
alternatieve celcyclus, is nog onbekend op welke manier de processen van een reguliere 
celcyclus worden aangepast en wat bepaalt welk gedeelte van de M-fase zal worden 
overgeslagen.
 Hoewel het bekend is dat polyploïde cellen worden gevormd tijdens de 
ontwikkeling van veel verschillende organismen en in verscheidene weefsels, is het nog 
niet duidelijk wat de algemene functie is van polyploïdisatie voor een cel of weefsel. 
Verder is het nog onbekend wat de voor- en nadelen zijn voor polyploïde cellen om het 
DNA binnen één of meerdere kernen te bewaren. 
 De darm van de microscopische rondworm Caenorhabditis elegans vormt 
een ideaal modelsysteem voor het bestuderen van zowel de regulatie als functie van 
polyploïdisatie tijdens de ontwikkeling. Gedurende de ontwikkeling ondergaat de darm 
van deze worm reguliere celdelingen en alternatieve celcycli, zowel endomitose als 
endoreplicatie, waarbij polyploïde cellen met een hoge DNA-inhoud worden gevormd. 
Het delingspatroon van dit organisme is constant, wat betekent dat we precies weten 
waar en wanneer endomitose en endoreplicatie zullen plaatsvinden. In combinatie met 
de transparantie van de worm zorgt dit ervoor dat polyploïdisatie-cycli bestudeerd 
kunnen worden in de weefsel-context, in een levend organisme.
 Om een beter beeld te krijgen van de mogelijke regulatie-mechanismen van 
endomitose, onderzochten we de verschillen tussen endomitotische en reguliere 
celdelingen (beschreven in hoofdstuk 2). Door het visualiseren van deze celcycli met 
microscopie in levende wormen vonden we dat een specifieke structuur, genaamd de 
‘central spindle’ (centrale spoel), ontbreekt in cellen die endomitose ondergaan. De 
centrale spoel speelt een belangrijke rol in de regulatie van cytokinese, het uiteindelijke 
proces van de celcyclus dat resulteert in het splitsen van de cel in twee dochtercellen. 
Verdere experimenten laten zien dat genen die betrokken zijn bij de formatie van deze 
structuur, en verscheidene andere genen essentieel voor de M-fase van de celcyclus, in 
een veel lagere mate tot expressie komen in endomitose dan gedurende een reguliere 
celdeling. Het is waarschijnlijk dat de lagere expressie van deze genen een belangrijk 
onderdeel vormt van de regulatie van endomitose. Mogelijk is er een algemene 
regulator van endomitose die de expressie van deze genen remt om endomitose te 
bewerkstelligen. Vervolgens laten we in dit hoofdstuk zien dat cellen van de darm al 
tijdens de embryonale ontwikkeling de potentie verliezen om een reguliere celdeling 
te ondergaan. Een eventuele regulator van endomitose zou daarom mogelijk al in dit 
vroege stadium actief zijn om expressie van genen betrokken bij M-fase te remmen. 
Tenslotte identificeren we, op basis van bestaande kennis van regulatoren van 
genexpressie, een potentiële endomitose-regulator, SIN-3. De darmcellen van wormen 
met een mutatie in het sin-3 gen tonen namelijk een verhoogde expressie van een 
gen dat normaal geremd is, en doen een poging tot volledige celdeling in plaats van 
endomitose. Het is echter wel waarschijnlijk dat, naast SIN-3, ook andere regulatoren 
zijn betrokken bij het coördineren van endomitose.
 In hoofdstuk 3 beschrijven we het gebruik van een nieuwe methode om 
genexpressie te bestuderen tijdens de embryonale ontwikkeling van de darm in C. 
elegans. Hiermee brengen we de differentiatie van de darm in kaart en daarnaast, 
aangezien de regulatie van endomitose waarschijnlijk al wordt opgezet tijdens de 
embryonale ontwikkeling, geeft dit de mogelijkheid om nieuwe potentiële regulatoren 
van endomitose te identificeren. We maakten gebruik van RNA-sequentiëring, een 
techniek waarbij de hoeveelheid RNA behorend tot ieder gen wordt gekwantificeerd 
om de mate van genexpressie te bepalen. Dit doen we in vele individuele darmcellen 
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afkomstig uit embryo’s van verschillende leeftijden. Om dit mogelijk te maken 
optimaliseerden we een protocol voor de isolatie en het sorteren van individuele 
darmcellen uit de worm. Vervolgens vergeleken we de genexpressie-informatie van 736 
individuele cellen om te achterhalen hoe deze verandert gedurende de ontwikkeling. 
Voor het identificeren van mogelijke endomitose-regulatoren keken we naar genen 
waarvan expressie toeneemt tijdens de embryonale ontwikkeling, en waarvan bekend 
is dat deze betrokken zijn bij de regulatie van genexpressie. In combinatie met verder 
literatuuronderzoek resulteerde dit in een lijst van 20 potentiële regulatoren van 
endomitose. We bestudeerden de betrokkenheid van deze genen bij de regulatie van 
endomitose in aanvullende experimenten. Hieruit kwam ATF-2 naar voren als een 
interessante kandidaat-regulator. Het remmen van de expressie van ATF-2 resulteerde 
namelijk in een verstoring van endomitose, waarbij cellen trachtten een reguliere 
celdeling te ondergaan, of grove fouten maken bij het verdelen van het DNA over twee 
kernen tijdens endomitose.
 Vervolgens verdiepen we ons in de functie van endomitose en, specifieker, 
de rol van cellen met twee kernen gevormd door endomitose in de darm van 
de worm (beschreven in Hoofdstuk 4). Om dit te bestuderen gebruikten we een 
methode om de verdeling van het DNA over twee kernen in darmcellen tijdens 
endomitose te voorkomen. Dit resulteert in darmcellen met een enkele kern, terwijl 
de hoeveelheid DNA per cel hetzelfde blijft. Om erachter te komen of het hebben 
van eenkernige of tweekernige cellen in de darm een effect heeft op de evolutionaire 
‘fitness’ (voortplantingssucces of geschiktheid) van de worm, lieten we wormen met 
eenkernige en tweekernige cellen in de darm gemengd groeien en inspecteerden wij 
de mate waarin zij bijdroegen aan het aantal nakomelingen van de populatie. Uit 
dit experiment bleek dat wormen met ‘normale’, tweekernige cellen in de darm in 
grotere mate bijdragen aan het aantal nakomelingen dan wormen met een eenkernige 
darm. Verdere experimenten lieten zien dat dit komt doordat tweekernigheid 
van de darmcellen belangrijk is voor een snelle verhoging van expressie van een 
specifieke groep genen die betrokken is bij de ontwikkeling van de nakomelingen. 
Deze genen, de vitellogeninen, komt tot expressie in de darm en zijn essentieel voor 
het transporteren van voedingsstoffen en vetten naar de ontwikkelende eicellen. De 
vitellogeninen komen pas tot expressie in het volwassen stadium. Tijdens de transitie 
tot het volwassen stadium stijgt de expressie van deze genen explosief. Wormen met 
eenkernige darmcellen bereiken een minder sterke stijging van vitellogenine-expressie 
dan wormen met tweekernige darmcellen, waardoor het transport van voedingsstoffen 
naar de nakomelingen verlaagd is en de nakomelingen zich minder goed kunnen 
ontwikkelen. Het is waarschijnlijk dat één of meerdere processen betrokken bij het 
induceren van genexpressie, zoals bijvoorbeeld de diffusie van transcriptiefactoren 
in de nucleus, beïnvloed wordt door het aantal kernen in een cel en daarmee het 
geobserveerde effect veroorzaakt. Er is echter nog verder onderzoek nodig om vast te 
stellen welke processen hierbij betrokken zijn.
 Tenslotte presenteren we een overzicht van de weefsels en organismen waarin 
polyploïdisatie plaatsvindt tijdens de ontwikkeling, en bespreken we overeenkomsten 
tussen deze weefsels om potentiële functies van polyploïdie te achterhalen (hoofdstuk 
5). Het is opmerkelijk dat vrijwel alle polyploïde celtypen, zowel eenkernig als 
tweekernig, een functie hebben in de ondersteuning van andere, meestal delende, 
cellen. Ruwweg zijn de functies van weefsels waarin polyploïde cellen ontstaan te 
verdelen in drie categorieën: het voorzien van voedingsstoffen, het vormen van een 
barrière en het uitscheiden van signalen. We kunnen speculeren over de rol van 
polyploïdie in het vervullen van deze functies. Wellicht zorgt polyploïdie voor een 
efficiëntere productie van bijvoorbeeld voedingsstoffen en signalen. Polyploïde cellen 
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ontstaan echter niet alleen tijdens de ontwikkeling, maar kunnen ook karakteristiek 
zijn voor bepaalde ziekte-beelden. Inzicht in het effect van polyploïdisatie op een cel 
of weefsel kan daarom ook een bijdrage leveren aan ons begrip van deze ziekten, en 
eventueel aan de behandeling ervan. Polyploïde cellen komen vaak voor in tumoren 
en worden in deze context geassocieerd met een slechtere prognose. Het is mogelijk 
dat polyploïde kankercellen, evenals andere polyploïde celtypen, een rol spelen 
bij het ondersteunen van snel-delende cellen, bijvoorbeeld door het uitscheiden 
van voedingsstoffen en signalen of het vormen van een barrière. In dit geval is het 
belangrijk om de behandeling van een tumor ook specifiek op de polyploïde cellen te 
richten.
 Bij elkaar resulteert het onderzoek beschreven in dit proefschrift in een beter 
begrip van de regulatie en functie van polyploïdisatie tijdens de ontwikkeling, en 
draagt het bij aan ons inzicht in de rol van dit proces tijdens ziekte.
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Dankwoord
 Eindelijk is dit het moment om terug te kijken, en stil te staan bij iedereen 
die, direct of indirect, heeft bijgedragen aan het onderzoek in dit proefschrift en mijn 
PhD-ervaring de afgelopen vijf jaar.
 Allereerst natuurlijk Matilde, bedankt voor je begeleiding, het was een hele 
bijzondere en spannende ervaring als jouw eerste PhD-student. In die tijd heb ik 
mogen meemaken hoe je je lab hebt opgezet en ontwikkeld, en ik zie het als iets heel 
speciaals dat ik daar onderdeel van ben geweest. Ik kijk ernaar uit om te zien waar het 
onderzoek je brengt en ik wens je het allerbeste. Rik, bedankt dat je mijn promoter 
bent. Het was heel fijn dat ik me vanaf het begin van dit traject ook welkom heb mogen 
voelen in jouw lab. Ook wil ik graag mijn leescommissie en de opponenten bedanken.
 Mijn paranimfen, Christa en Erik, samen met Annabel hebben jullie ervoor 
gezorgd dat ik me zo welkom voel op het lab. Christa, ik vind het heerlijk hoe we altijd 
lekker kunnen klagen over vanalles, zeker toen we nog microscoop-buren waren op 
het wormenlab. Ik heb genoten van alle borrels, feestjes (NYE), reisjes (Stockholm, 
Barcelona, Ardennen) en avondjes eten samen, en kijk ernaar uit om je erbij te hebben 
als ik dit proefschrift verdedig. Je onderzoek gaat nu in een sneltreinvaart vooruit en 
ik geloof dat jij de volgende bent, zet ‘m op! Erik, wat zit je nou? Met jou op kantoor 
werd ik wellicht wat minder productief, maar was het wel enorm gezellig. Ik vond het 
heel chill om met jou te kunnen sparren over data-analyses, het PhD-leven en carrière-
opties. Bedankt voor je live vertalingen van nummers op de radio, het pils-alarm, 
flauwe grappen (pengasius-filet?) en het organiseren van een heel mooi Ardennen-
weekend. Succes met het afronden van je PhD. Annabel, heel erg bedankt voor al je 
positieve energie binnen en buiten het lab! Ik heb veel van je geleerd, niet alleen de 
RNA sequencing en data-analyse, je bent voor mij ook een voorbeeld als behulpzame 
collega die zich inzet om het voor iedereen zo prettig mogelijk te maken. Ik vind het 
heel leuk dat we elkaar nog regelmatig spreken (nu tijdens onze corona-wandelingen 
en binnenkort misschien wel weer met sporten, of diertjes kijken?) en ben heel erg 
benieuwd wat voor avonturen je tegemoet gaat. Blijf vooral jezelf.
 Current and former Galli lab members and students; Reinier, Gaby, Cindy, 
Lorenzo, Noam, Ramon, Lisa, Mark, Emma, Tanne, Nina, Roos and Vera, thank you for 
making my PhD experience that much better. Reinier, niet alleen heb jij heel concreet 
een grote bijdrage geleverd aan het werk dat in dit proefschrift wordt beschreven, jouw 
aanwezigheid maakte mijn tijd op het lab een ook stuk leuker. Ik vond het dan ook heel 
jammer toen je wegging. Hopelijk komen we elkaar nog eens tegen in de wetenschap, 
en anders gewoon voor een kopje koffie (of een mok water). Gaby, we spend a lot of 
time in different parts of the lab, but it was a lot of fun sharing an office with you. 
Thank you for introducing me to sporcle, your dad-jokes (what is brown and sticky?) 
and some really fun trips to Stockholm and Barcelona. Cindy, eerst als master-student 
en nu als PhD’er in het lab, het is leuk om te zien hoe je je ontwikkelt en ik weet zeker 
dat je een mooie tijd tegemoet gaat. Noam, it is good to see someone so creative in the 
lab taking on the worm work. Ramon, it’s exciting to see what you’re setting up in the 
lab, and I hope you’ll soon also get to experience the Institute in another way when 
borrels are allowed again. Tanne, jij was de eerste student die ik mocht begeleiden en 
dat was heel spannend, maar je hebt hele mooie dingen gedaan in die tijd en ik heb veel 
van je geleerd. Vera, het was een genot om je te begeleiden en ik ben trots op wat je 
bereikt hebt, nu je bent afgestudeerd denk ik dat je een mooie toekomst tegemoet gaat.
 Members and students of the Korswagen lab; Erik, Christa, Annabel, Marco, 
Euclides, Lorenzo, Jonas, Lucia, Eduard, Thymara, Timo, Lara, Eva and Lina, thank 



 141

Addendum

&

you for creating a great lab atmosphere. Marco, bedankt voor al je praktische hulp en 
mentale ondersteuning, ik vond het heel gezellig en je aanwezigheid op het lab bracht 
altijd een bepaalde mate van rust met zich mee. Euclides, it’s been inspiring talking 
to you, thank you for sharing your critical scientific vision. Lorenzo, thank you for 
motivating me when I needed it, and for teaching me how to swear in Italian. Jonas, 
ik vind het altijd heel leuk om een praatje met je te maken in het lab en fijn om onze 
rijles-struggles te delen. Succes met de rest van je onderzoek! Members of the Kops lab, 
thank you for having me in your meetings and providing me with valuable feedback 
and a great environment. Thank you to all other worm people from the van den Heuvel 
and Boxem labs for sharing your knowledge and materials, helpful discussions and for 
being good company at the different C. elegans meetings.
 Ook zou ik graag Single Cell Discoveries bedanken (met name Mauro, Judith 
en Lotte) voor alle hulp en suggesties bij mijn RNA-sequencing projecten, zonder jullie 
expertise had dit boekje er heel anders uit gezien. Stefan, bedankt voor alle hulp bij 
het sorten, het was niet gemakkelijk maar met wat doorzetten en goed advies hebben 
we nu een heel mooi werkend protocol. Litha, bedankt voor alle hulp bij het afronden, 
jouw vriendelijke betrokkenheid heeft dit een stuk makkelijker gemaakt. Daarnaast 
wil ik ook graag de civiele dienst, technische dienst, receptie, IT, mediabereiding en 
personeelszaken bedanken.
 During the years I worked at the Hubrecht, I met a lot of awesome people 
that made my PhD experience more fun and I would like to thank everyone for a great 
atmosphere. People of the Tanenbaum lab; Sanne, Tim, Deepak, Stijn, Iris, Max, Rupa, 
Bram and Ive, thank you for being super gezellig at borrels and occasionally inviting 
me to join for ordering food (Nina or Mama mia) at the lab. Sanne, ik dacht laatst terug 
aan hoe men ons tijdens onze masterstage niet uit elkaar kon houden. Ik geloof dat we 
dat probleem ondertussen wel verholpen hebben maar ik zie ons nog steeds als een 
komisch duo. Bedankt voor onze koffie-momentjes, uitjes (naar het tuincentrum, de 
kringloop of gewoon de supermarkt) en reisjes (Berlijn, Porto, Malaga). Je bent een 
fantastische wetenschapper en ik hoop dat je voor je postdoc-carrière niet al te ver weg 
terecht komt zodat ik je vaak kan komen opzoeken. Deepak, thank you for your dance 
moves and for being great company, I hope to see you again soon (maybe we can finally 
go to powerpump). Stijn, ik vond het leuk dat we samen in de PV zaten (en dat we van 
jou met geld mochten strooien) en dat we nu vrijwel tegelijk klaar zijn! Iris, ik weet nog 
dat ik je tijdens de cursus ontwikkelingsbiologie probeerde te overtuigen om je aan te 
melden voor de master CSND, dus ik vind het superleuk dat we nu collega’s zijn, en ik 
zie nog steeds dat je meer in je mars hebt dan je zelf durft te geloven. Helemaal leuk dat 
we nu buurtjes zijn en het nog makkelijker is om elkaar te spreken! The members of the 
Creyghton lab, thank you for being great lab neighbours. Caro, Marcelientje, vanaf het 
begin kon ik vaak gezellig met je kletsen op het lab door de flesjes buffer heen, en via 
Tim heb ik je natuurlijk beter leren kennen. Bedankt voor je gezelligheid en je prachtige 
zangstem, ik zou het fantastisch vinden om je erbij te hebben tijdens mijn verdediging 
en (hopelijk) bijbehorende feestelijkheden. Bas C., altijd in voor gezelligheid tijdens 
borrels, de pubquiz en het Ardennen-weekend. Sorry dat ik je PV-paasei heb gejat en 
bedankt voor de gesprekken bij het koffiezetapparaat. Ilia, I loved your chaotic energy 
at the lab and hope our paths cross again in the future. Ajit, Ator, Brian, Jimmy, Laura 
and Stijn, I had a lot of fun with you guys in the PV and I think we made a great team 
organising activities. To everyone joining for the trip to Mallorca; Ana, Caro, Bram 
(nog bedankt voor de gigantische plantenspuit), Deepak, Iris, Joana, Kim L., Ramada 
(respect voor je durf voor aerial silk & flyboarden), Rupa, Sjoerd, Stijn and Tim, thank 
you for the best game of cheers to the governor I ever played, and for showing off your 
poledancing skills. Everyone who joined on one of the Ardennes trips, thank you for 
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the awesome chaotic nights and wizard drinking games. Thanks to everyone joining 
on the trip to Winterberg for a great first snowboarding and apres-ski experience; Ajit, 
Anne, Ator (Snowboard-maatje), Bana (Na zdrowie!), Bas de W (buurman!), Bram, 
Claudia, Deepak, Marjolein, Samy, Sanne, Sjoerd and Stijn. Thank you to everyone else 
that contributed to the fun at the institute; Bas M, Clement (focus!), Corina, Dennis, 
Jens, Kim de L, Margit, Maya, Rob (bedankt voor je tip over Blender, dat kwam goed 
van pas bij de illustratie voor hoofdstuk 2!), Roxanne, Sonja, Spiros (yaaaas queen!), 
Wessel, Wim, Wouter Thomas and many more!
 Dan zijn er een aantal mensen die ik zou willen bedanken omdat zij voor 
mij een mentor-rol hebben vervuld in de aanloop naar mijn PhD-traject. Allereerst, 
Farah, jouw positiviteit en drive zijn aanstekelijk en hebben mij een enorme boost 
gegeven. Ik ken je al sinds ik als klein hummeltje op dansles zat, en voel me nog steeds 
verbonden met de Flex-familie. Floor, je was mijn mentrix op de middelbare school en 
ik voelde me door jou enorm gesteund en gemotiveerd om me verder te ontwikkelen. 
Uiteindelijk heb ik er niet voor gekozen om een kunst-gerelateerde opleiding te 
volgen, maar gelukkig heb ik in dit proefschrift nog wel wat kunstzinnige referenties 
(stijlcitaten) kunnen verwerken. Adri, je hebt me geholpen om mijn weg te vinden 
in de wetenschap en ik vond het inspirerend om onder begeleiding van jou en Wim 
te assisteren bij ontwikkelingsbiologie. Suzan, jouw begeleiding tijdens mijn eerste 
masterstage heeft mij als onderzoeker gevormd en je bent voor mij een voorbeeld-
wetenschapper. Bart, ik heb veel van je geleerd tijdens mijn tweede masterstage en, 
samen met het de Bruin lab en de rest van de afdeling was je een groot onderdeel 
van mijn wetenschappelijke ontwikkeling. Gedurende mijn PhD hing er achter mijn 
computer aan de muur altijd een print van de speech die je bij de uitreiking van mijn 
masterdiploma hebt gegeven, die me wel eens hielp als ik een slechte dag had.
 Buiten werk zijn er natuurlijk ook een aantal mensen die ik wil bedanken. 
Anke, we kennen elkaar al vanaf het kinderdagverblijf en ondertussen zijn we al zo 
lang bevriend dat het voelt als familie. Dat zijn we ook wel een beetje en daarom wil 
ik ook graag je familie bedanken: Marja, Rob, Vera, Ian en Hilda. We hebben samen 
een aantal mooie reizen gemaakt de afgelopen jaren en nu sta jij aan het begin van 
een nieuw avontuur: ik wens je alle geluk met jullie kleintje! Kristel, dankjewel voor 
alle keren step & shape, powerpump, fat attack, aerial, dancehall en gewoon gezellig 
eten bij het sportcafé! Ik hoop dat we binnenkort weer kunnen gaan zwemmen, maar 
dan misschien met die kleine erbij? Hola Marjo, bedankt voor het samen sporten, 
de gezellige avondjes en een hele leuke vakantie naar Spanje! Iris, ik geniet van onze 
brakke brunches en alle feestjes met jou (twerk-hands!), laten we snel weer cocktails 
gaan drinken! Michelle, Ercan en Lucy, de nerd-club, bedankt voor de gezellige avonden 
(junglespeed), reisjes naar lekker eten (BRATWURST) en uitstapjes naar de dierentuin. 
Ilse, dankjewel dat je een heel fijne huisgenoot was en dat we heerlijk over plantjes 
kunnen kletsen. Yeszamin, ik vond het heel gezellig met jou tijdens onze stage, en heel 
leuk dat we een tijdje tegelijk bij het Hubrecht werkten. Ik kijk ernaar uit om weer een 
hele avond vol te kletsen! Pippi en Lotte, de cupcakes! Van ‘Let’s get loud’ tot ‘Club 
can’t handle me’, ik geniet ervan om samen met jullie te dansen en ik hoop dat we dat 
blijven doen! Suzanne, wij kennen elkaar al zo lang en ik vind het heel leuk dat we het 
nog steeds gezellig hebben samen. Winansa, zeker aan het begin van mijn PhD ben 
je er veel voor mij geweest en dat waardeer ik enorm, dankjewel! Lisa, vanaf dezelfde 
bachelor zijn we via een hele andere weg toch in hetzelfde gebouw terecht gekomen, 
dat maakte het even een stuk makkelijker om samen koffie te drinken en ik hoop dat 
we die gewoonte erin houden. Marlies, bedankt voor onze lunches en etentjes samen, 
ik vind het altijd heel fijn om met jou van gedachten te wisselen over het PhD-leven. 
Sanne Beerens, super stoer dat je je PhD in Schotland doet, ik hoop je snel weer te zien 
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(je wordt gemist bij aerial!). De aerial squad; Judith, Chantal, Joyce, Lotte en Nathalie, 
bedankt voor alle lessen en trainingen samen, ik hoop dat we onze skills dit jaar weer 
op peil kunnen krijgen en wie weet volgend jaar naar een aerial retreat? Lisa en Jooske, 
bedankt voor ons kinderfeestje naar de Lion King, en Ravian, bedankt dat ik een keer 
flink tegen je heb mogen klagen over de wetenschap. Alle bachelor-maatjes die ik nog 
niet genoemd heb; Carmen, Robin, Angelique, Sjoerd, Evelien, Elisa en Claire, ik hoop 
jullie binnenkort weer een te zien, misschien bij de verdediging, of bij ons volgende 
sinterkerst-diner?
 The family in America, Johan, Mirtha, Julia and Lisa; I am grateful to call such 
kind and friendly people my family. Johan and Mirtha, thank you for opening your 
home to me and Anke, and then again to me and Tim during our trips to California. 
I really enjoyed it and I’m happy I got to a chance to get to know you better. Julia, 
congratulations on your wedding! I hear you are doing some great things and I hope to 
see you again soon.
 Jacquoline, Wijbrand, Jorinde, Koen, Marijn, Laura, David, Teun en Wouter, 
ik vind het heel fijn dat ik jullie via Tim heb leren kennen en dat ik me zo welkom 
mag voelen in jullie familie. Bedankt voor de vakanties (op wintersport en naar 
de waddeneilanden), de sinterklaastradities (onthullende gedichten) en gezellige 
familie-avonden.
 Mijn familie; Nicoline, Nando, Stijn en Djurre, Niek en Wies, bedankt voor 
jullie steun! Ik weet dat het soms niet te begrijpen is als ik het over mijn onderzoek heb, 
maar het is fijn om te weten dat jullie vertrouwen in me hebben. Sil en Anissa, ik vind 
het heel leuk om te zien hoe jullie je weg vinden samen en dat maakt me natuurlijk ook 
heel trots als Sil’s grote zus. 
 Lieve pap, je was zo trots toen je hoorde dat ik aan een PhD zou beginnen. 
Dat maakt het extra moeilijk dat je het niet meer mee hebt kunnen maken. Drie weken 
voor ik begon ben je plotseling overleden. Dat was een moeilijke tijd en ik mis je nog 
altijd. Er zijn veel dingen die ik tegen je zou willen zeggen maar voor nu houd ik het bij: 
het is af, pap! Mam, we zijn nog steeds twee handen op één buik en het heeft me veel 
geholpen om te weten dat je altijd achter me staat. Dankjewel voor alles! Ik kijk ernaar 
uit om je bij de verdediging te zien glunderen voor twee.
 Lieve Tim, dankjewel voor alle leuke en bijzondere momenten. We hebben 
samen heel wat toffe reizen gemaakt en avonturen beleefd, maar zelfs toen we het 
afgelopen jaar met z’n tweeën thuis opgesloten zaten vanwege corona hebben we een 
sterkere band opgebouwd. Bedankt dat je er zo vaak voor me bent geweest en dat ik 
weet dat ik altijd op je kan rekenen. Zonder jou had ik hier niet gestaan, aan het einde 
van dit traject. Ik ben heel benieuwd naar ons volgende avontuur, en ik kijk uit naar 
onze toekomst samen.
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