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Abstract

Endopolyploid cells (hereafter - polyploid cells) , which contain whole genome
duplications in an otherwise diploid organism , play vital roles in development and
physiology of diverse org ans such as our heart and liver. Polyploidy is also observed
with high frequency in many tumors, and division of such cells frequently creates
aneuploidy (chromosomal imbalances), a hallmark of cancer. Despite its frequent
occurrence and association with aneuploidy, little is known about the specific role that
polyploidy plays in diverse contexts. Using a new model tissue, the Drosophila rectal
papilla, we sought to uncover connections between polyploidy and aneuploidy during
organ development. Our lab previously discovered that the papillar cells of the
Drosophilahindgut undergo developmentally programmed polyploid cell divisions, and
that these polyploid cell divisions are highly error -prone. Time-lapse studies of
polyploid mitosis revealed that the papil lar cells undergo a high percentage of tripolar
anaphase, which causes extreme aneuploidy. Despite this massive chromosome
imbalance, we found the tripolar daughter cells are viable and support normal organ
development and function, suggesting acquiring ex tra genome sets enables a cell to

tolerate the genomic alterations incurred by aneuploidy. We further extended these



findings by seeking mechanisms by which the papillar cells tolerated this resultant

aneuploidy.
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1. Uncovering new relationships between polyploidy and
aneuploidy

/ EU0UwWOl wUl PUWDOUUOGEUEUDOOWI EYI WEI | OWEEEX U]
expanding implications of pol a x OOPEa O>2 wbl PET whPEUwxUEOPUI 1 Ewb
Biology 2094): 485491 (201%. doi: 10.1083/jcb.201502016The authors were Kevin P.

Schoenfelderand Donald T. Fox.

1.1 Polyploidy is found in many diverse contexts

Cells that contain extra copies of their genome, known as polyploid cells, make
up most of the biomass on the planet Earth and are found in diverse contexts playing
myriad biological roles. Entire organisms can be polyploid, including examples of
naturally occurring tetraploid yeasts, fungi, insects, fish, frogs, and even hexaploid
plants. Most multicellular organisms contain endopolyploidy, or cells with a mix of
differing ploidies, including humans. Polyploid cells make up critical human  tissues,
such as the cardiomyocytes of our hearts, the hepatocytes of our livers, and the giant
trophoblasts of the placenta during pregnancy. # 1 UxBDUIT wx 00ax OO0OPEaz UwUED
studies of the diverse characteristics of polyploid cells are scarce relative to those of
haploid or diploid cells.

Naturall y-occurring polyploidy is programmed, and can be generated through
various forms of endoreplication (Fox and Duronio, 2013). Endomitosis, one form of

endoreplication, occurs when mitosis is cut short, either by failure to separate



chromosomes, or by a failure to divide the cell into daughters. Endocycling is another
form of endoreplication, and occurs when the mitosis phase of cell division is skipped

altogether (Fox and Duronio, 2013).

1.1.1 Polyploidy can make cells larger T with consequences

The functional role s of polyploidy are likely to be as diverse as the contexts in
which it can be found, and studies have suggestednew roles and emerging themes for
polyploidy. Polyploidy is a well -appreciated way to override strict cell size controls
(Bonner, 2006; Conlon and Raff, 1999; Watanabe and Tanaka, 1982)Big cells tend to be
polyploid, but what are the biological alterations that accompany cell size increases? In
multiple large cell types, increased size drives unexpected functional adaptation.

Assuming cell shape remains the same with increased size, increasing volume
decreases surface area tovolume ratio, which could impact numerous processes such as
cell signaling and protein trafficking. Recently, the impact of increased size on
metabolism was examined during liver regeneration in mice lacking the mitotic cyclin -
dependent kinase Cdk1. While hepatocytes of Cdk1- livers cannot divide, they can fully
regenerate by successive, polyploidizing endoreplications, leading to a liver with large,
highly polyploid hepat ocytes (Diril et al., 2012). Taking advantage of this model,
Miettinen et al. (2014) conducted transcriptomic and metabolic profiling, and found
hepatocytes of larger size/ploidy decrease mitochondrial oxidative phosp horylation

(indicative of glycolytic metabolism) and also decrease lipogenesis Further,



experimentally decreasing these metabolic processes is sufficient to increase the size of
mammalian cells. Such extensive changes associated withcell size/ploidy could underlie
key adaptations to metabolic stress in the liver. For example, decreased oxidative
phosphorylation may limit production of reactive oxygen species, as occurs in some
stem cells (Armstrong et al., 2010; Ito et al., 2006) Such limiting of oxidative damage
may be especially important in the toxic environment of the liver. While these liver
metabolic changes were found in aberrantly large cells, natural endoreplication in
Drosophilais known to depend on PI3 kinase/insulin signaling (Britton et al., 2002; Zielke
et al., 2011)which similarly promotes glycolytic metabolism.

Importantly, it appears cell sizee not ploidy- drives many
expression/metabolome changes in polyploid cells. A significant subset of expression
and/or metabolome changes in Cdkl”’ livers were also found in diploid fruit fly
(Drosophila)cells of aberrantly large size (Miettinen et al., 2014). Additionally, in mutant
yeast cells of aberrantly large size, cel surface proteins are enriched, which accounts for
many transcript changes between tetraploid and diploid yeast strains (Wu et al., 2010)
Thus, size drives many biological changes associated with polyploidy. Nevertheless,
given the close relationship between increased size and ploidy, these recurring
expression/metabolome changes are likely to preferentially occur in polyploid cells.

The larger size afforded by polyploidy can also iOx EEUw EwWE]T OO0z Uw Ol E

properties. Recently, the large size of the polyploid mammalian megakaryocyte was



attributed to its ability to efficiently fragment its cytoplasm into blood platelets. In
examining the ability of isolated polyploid megakaryocytes to traverse microporous
barriers, it was found that nuclei of these large cells becometrapped/anchored in pores
of the same size as those that partition bone marrow and blood, while smaller diploid
white blood cells passed easily through. The authors of this study speculate that in vivo,
the increased size of polyploid megakaryocytes facilitates mechanical changes that
productively anchor the large cells in between bone marrow and blood, facilitating
efficient cytoplasm fragmentation /platelet production un der the shear forces in blood
(Shin et al., 2013) In support of this idea, altering megakaryocyte ploidy deregulates
platelet production (Chagraoui et al., 2011; Murone et al., 1998)

In addition to metabolic and mechanical alterations, a third way in which size
may contribute to the altered biology of polyploid cells pertains to the size of
intracellular structures. One example of how size impacts biology of intracellular
structures pertains to the mitotic spindle. By both experimentally altering cytoplasmic
volume in a Xenopusextract system and by observing cells in intact Xenopusembryos, it
was found that while spindle | ength scales perfectly with cytoplasmic volume in smaller
cells, this does not hold true in large cells/cytoplasmic volumes (Good et al., 2013) This
uncoupling of spindle size scaling in large cells may explain why mitotic spindles in
polyploid yeast are strikingly different in structure from those of diploid yeast. This

spindle structure alteration is proposed to contribute to the increase in erroneous



spindle -chromosome interactions that lead to chromosome mis-segregation in polyploid
yeast cells(Storchova et al., 2006) Studies such as these emphasize that increased sizea
common property of polyploidy - can alter cellular function in biologically important

ways.

1.1.2 Polyploid cells commonly rearrange their genomes

It has long been understood that polyploid genome s are not simply uniform 2 N-
fold duplications of diploid genomes. Recent genome sequencing efforts and new tissue
models underscore the ability of polyploid cells to drastically manipulate their genome.
Such alteration creates genomesthat diploid cells are unlikely to tolerate, which can
increase cellular heterogeneity.

One long-appreciated polyploid genome modification is under -replication of
specific genome regions (Endow and Gall, 1975; Gall et al., 1971)(Figure 1). Under-
replication often occurs in polyploid cells with giant ? x O O & GHrofhbsemes, such as
in Dipteran salivary gl ands (Belyaeva et al., 1998; Edgar et al., 2014; Fox and Duronio,
2013) or mammalian placental giant trophoblast cells (Hannibal et al., 2014)
Interestingly, under -replicated regions include gene-containing regions (Belyakin et al.,
2005; Nordman et al., 2011; Sher et al., 2012; Yarosh and Spradling, 2014)

Over-replication or amplification of gen e loci is also a feature of somepolyploid
cells. In Drosophila,the chorion genes that produce the eggshellin the follicle cells that

surround the developing oocyte are amplified more than 10- to 60-fold (Spradling and



Mahowald, 1980). This amplification is depende nt upon Cyclin E, which both positively

influences amplification at the chorion loci and negatively regulates replication at all
other areas of the follicle cell genome (Calvi et al., 1998) Over-replication of certain areas
of the genome has also been recently describd in the parietal trophoblast giant cells that
make up the mouse placenta. These cells amplify five different loci containing the pro -
placentation genes prolactin, serpins, cathepsins, and the natural killer/C -type lectin

complex (Hannibal and Baker, 2016)

Over- and Under-replication

DNA Copy
Number

Chromosome Location
Centromere

Figure 1: Polyploid genomes can contain both over - and under -replicated regions,
represented by array or sequencing strategies that detect differences in gene copy
number across the genome.

Recent work in Drosophila has illuminated that each endoreplication creates
unigue genomic deletions and rearrangements (Yarosh and Spradling, 2014) generating
sequence heterogeneity, both at the same locus within the same cell, and among
different cells in the same tissue. Under-replicated regions can exhibit decreased gene
expression (Hannibal et al., 2014; Nordman et al., 2011) but an exception to this trend
occurs in Drosophilafat body (Nordman et al., 2011). It remains to be seen whether

transcript-enhancing or transcript-creating gene rearrangements occur inthese under-
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replicated regions, as in ciliates (seenext paragraph). In dip loid cells, similar incomplete

#- wUl xOPEEUDPOOWEEOQWOEEUUWEUW?iI UET POI 2 wWET UOOO
breakage. Such breaks are viewed as detrimental to the diploid cell (Laird, 1989;

Mazouzi et al.,, 2014) Thus, polytene under-replication may represent a conserved

mechanism of extensive somatic genome alteration used prderentially by polyploid

cells.

Even more extreme are the deletions and rearrangements during
polyploidization in ciliate protozoans such as Oxytricha trifallax. This organism (and
other ciliates) contains a haploid germline micronucleus (MIC) and a polytene
macronucleus (MAC). The MAC is formed by extensive fragmentation/ rearrangement of
the MIC genome into ~16,00 geneUDal Ew ? OEOOE I (ChérD& i) @014;> w
Dawson et al., 1984; Lauth et al.,, 1976) Through action of long non-coding RNAs
(Nowacki et al., 2008), transposases(Nowacki et al., 2009), and piRNAs (Fang et al.,
2012) Oxytricha productively un -scrambles thousands of inactive MIC genes into
functional MAC genes (Figure 2). This processremoves of over 90% ofthe MIC genome,
including germline transposons (Swart et al., 2013) A single MAC -destined sequence
stretch in the MIC can be alternatively processed into up to five different MAC
nanochromosomes (Chen et al., 2014) and local under-replication occurs on
chromosomes in Oxytricha and other hypotrich ciliates (Baird and Klobutcher, 1991,

Donhoff and Klein, 1996; Frels et al.,, 1996; La Terza et al., 1995)Thus, genome



unscrambling creates genetic heterogeneity in these polyploid cells. While the purposes
of under-replication and associated deletions in polytene cells have yet to be fully
appreciated, their recurring nature and association with gene alterations suggest that

they could play an important role in altering cellular function.

Frequent Genomic Deletions

Figure 2: Polyploid genomes can undergo frequent deletions. Shown here is an
example of gene deletion creating a new locus, as in Oxytricha.

Yet another recurring form of polyploid genome alteration occurs in
endopolyploid cells capable of mitosis. The ability of some endopolyploid cells to divide
shows that polyploidization cannot be universally characterized as a means of tissue
growth for non -proliferative tissues. During these polyploid divisions, instead of evenly
partitioning the genome, daughter cells are frequently created with chromosome
number imbalances, or aneuploidy. While the association between polyploidy and
aneuploidy was originally app reciated in cases of aberrantpolyploidy (Davoli and de
Lange, 2012; Fujiwara et al., 2005; Shi and King, 2005; Storchova et al., 2006z bow

known that naturally occurring mouse liver hepatocytes and Drosophilaand Culex



(mosquito) rectal papillar cells generate aneuploidy during polyploid divi sions (Duncan
et al., 2010; Fox et al., 2010; Schoenfelder et al., 2014)

Our lab discovered that dividing poly ploid cells produce aneuploid daughter
cells in the hindgut of Drosophila and the mosquito Culex (Fox et al., 2010) This
suggeded that polyploid tissues may be more genetically diverse than their diploid
counterparts. Another study in the mouse liver observed that the hepatocytes also
undergo CIN -generating polyploid cell division (Duncan et al.,, 2010) a specific
aneuploidy, generated by polyp loid cell division, could be amplified and rescued mice
from tyrosinemia -induced liver disease (Duncan et al., 2010; 2012) Therefore, genomic
flexibility gained from polyploid cell division may be beneficial to certain cell types or

tissues (Figure 3).



Tissue Heterogeneity
Diploid Polyploid

Figure 3: Polyploidization can create heterogeneity within a tissue by modification of
the genome, transcriptome, and metabolome. !

1.2 Defining the relationship between polyploidy and aneuploidy
1.2.1 Is aneuploidy bad for cells?

Losing or gaining extra chromosomes is the largest causeof birth defects in the
world, causing miscarriages and disease in humans born with an extra chromosome.
Studies of aneuploid yeast and mammalian cells containing an extra chromosome show
that they exhibit transcriptional dosage increases that are proportional to the aneuplo id
chromosome gain (Torres et al., 2007; Williams et al., 2008) These aneuploid cells

showed fitness decreases manifesting as slowed cell proliferation and impaired

1 The mechanisms discussed above can create genetic heterogeneity in tissues or in cell populations. As
diploid cells (blue circles) polyploidize, chromosomal instability can create a tissue made up of cells that are
no longer genetically identical (represented by enlarged polyploid cells of different colors).

10



metabolism as compared to euploid strains, indicating that aneuploidy is an undesi rable
cellular trait. Further studies revealed that these transcriptomic changes correlated with

increases in protein expression, which might drive a proteotoxic stress response
(Dephoure et al., 2014; Stingele et al., 2012)

Studies supporting this general stress response to protein imbalances driven by
aneuploidy show that in addition to the proportional transcriptional change on the
aneuploid chromosomes, there appears to be a general transcriptional stress response
across all aneuploid cells and specieg(Sheltzer et al., 2012) This stress response program
is characterized by upregulation of autophagy, lysosomes, vesicular transport,
membrane synthesis, metaboic processes, and proteins involved in the oxidative stress
response. There is also a downregulation of genes involved with DNA replication,
transcription, and ribosomes. A subsequent synthetic lethal screen across many
aneuploid yeast strains pulled out g enes generally necessary for tolerating aneuploidy
involved with protein transport and secretion, which further supports a general need to
rebalance the proteome following chromosome mis -segregation (Dodgson et al., 2016)

There are also studies that indicate that aneuploidy can cause chromosome
specific transcriptional changes across the entire genome, driven by dosage changes in
the transcription factors that lie on those on a gained chromosome (Gemoll et al., 2013)
In colorectal cancer cells, different trisomies drive unique aneuploid transcriptional

signatures based on the specific trisomy. Paradoxically, aneuploidy is present in 90% of

11



solid tumors, and may help to drive cancer progression (Sotillo et al., 2010) This is
surprising, given that aneuploidy in other cell types appears to slow growth and drive

stress responses, yet cancer is characterized by extreme proliferation.These indings
suggest that the response to aneuploidy can be variable in different cell types and
contexts, and further research into the response to chromosome imbalance will be

required to iron out the details of how it affects cellular function.

1.2.2 Polyploid mitosis is linked to aneuploidy, especially in the
context of cancer

Genomic heterogeneity generated by polyploid -related CIN may drive or form
tumors. Over 37% of cancersin the Cancer Genome Atlas contain cells that are polyploid
or near polyploid (Zack et al., 2013) Polyploidy in cancers has been associated with
increased levels of CIN and aneuploidy, similar to naturally polyploid cells. Polyploid
mammalian cells in culture exhibit increased levels of chromosome mis-segregation and
aneuploidy (Fujiwara et al., 2005; Shi and King, 2005) CIN introduced by polyploidy
will incr ease the incidence of aneuploidy, within a tumor. Transplant of polyploid
cancer cells into recipient mice caused malignant tumors, while control transplants of
diploid cells did not (Fujiwara et al., 20058 w ( Ow ! EUUT OUUzUw 1 UOxT E
polyploidization of the cancer cells was shown to correlate with the loss of p53, and an
increase in CIN and aneuploidy (Galipeau et al., 1996) Polyploidy is also frequently
found in colorectal cancers (Zack et al.,, 2013) and other studies have found a

relationship between containing extra genome sets and better tolerance of aneuploidy
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(Oromendia et al., 2012; Torres et al., 2007)These data have contributed to a model
where polyploidy is an intermediate cell state in the progression of some cancers, which

provides genomic flexibility that further drives its progres sion (Galipeau et al., 1996)

1.2.3 Aneuploidy may be generated during the development of a
polyploid mitotic tissue

Our lab discovered in 2010 thatDrosophilaundergo error -prone polyploid mitosis
during the construction of the papillar rectal tissue (Fox et al.,, 2A0). This was a
surprising finding as it was a rare example of an endocycling population of cells making
a return to the traditional mitotic cell cycle. Most polyploid tissues in endopolyploid
organisms first divide as euploid cells, and cease to divide once they re-replicate their
genomes. The papillar precursors undergo two endocycles during their early larval life
stages, and then remain quiescent until pupation, at which point the y enter an octoploid
mitotic cell cycle. At this time, approximately 100 precursor cells divide to create 4 cone
shaped adult papillar tissues, totaling approximately 400 adult cells. These adult cells
then either begin to endocycle again, or exit from the cell cycle entirely for the remainder
of the fly life span.

Surprisingly, these divisions result in chromosome segregation errors 22% of the
time, as assayed by the frequency of misaligned and lagging chromosomes during the
mitotic period. This is likely to generate aneuploidy in the adult tissue during normal fly
developmenUOQw PT PET w EOT UOz Uw OEOT w EwW OO0w Ol wi vYOOUUH
detrimental fitness attributes associated with chromosomal imbalances. This finding
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opened up several avenues for investigation: Firstly, why would an organism utilize an

error-prone mechanism to build an organ? Is polyploidy actually necessary for the
construction of this tissue? Is the aneuploidy relevant to t he adult function of this tissue?
Secondly, what are the consequences of the generating aneuploidy during division? Do
the aneuploid daughter cells simply die off, or can they persist? Are they functional?
Finally, if this developmentally generated aneuploidy is maintained into adulthood, are

these cells running any special program to help them tolerate or mitigate the published
negative effects of aneuploidy on cellular function? My thesis work sought to address

these questions.

1.3 Polyploidy allows tolerance of multipolar aneuploidy

In order to address the many questions posed by the existence of a naturally

OO6UPOUI Ew OUUtheOEE 7z Uwi

mp

existing error-prone developmental program, ( w
Drosophilahindgut, a highly tractable model for polyploid division and development.

The cell cycle timing of this development was well worked out previously, allowing me
to push further into the deta ils of this developmental phenomenon (Fox et al., 2010)
This tissue serves as the main way to retain water from the solid waste of the fruit fly as
well as maintaining proper osmotic balance during the fl & z lifespan (Berridge and
Gupta, 1967; Garrett and Bradley, 1984; Huang et al., 2002)Iin the adult phase, these
cells are likely exposed to a fairly diverse and harsh environment on a day-to-day basis,

yet never proli ferate to repair themselves after eclosion from the pupae.
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My work contained in this dissertation found that pre -mitotic endocycles were
absolutely required for proper morphogenesis and function of the adult papillar tissue.
Blocking either the pre-mitotic endocycles, or the polyploid division itself resulted in
drastic changes in papillar architecture, and extreme salt sensitivity in the organism. |
also found that chromosome bridges and mis-aligned chromosomes were not the only
mechanisms generating chromosomal instability during the polyploid mitotic event. In
addition to those previously characterized mechanisms, | found that centrosome
amplification was occurring during the larval endocycles and driving a significant
percentage of tripolar mitoses durin g pupal development in wild -type animals. In
following up on these tripolar divisions, | found that the daughter cells were not only
viable, but functional, despite harboring what is likely to be extreme differences in
chromosomal content from their siblin gs.

This was an extremely surprising finding to us, given all of the previous
literature on the negative effects of aneuploidy. Therefore, | initiated two major follow -
up studies investigating how this chromosomal imbalance might be tolerated. In one
approach, | utilized a strain of flies that underwent between 60 -70% tripolar papillar
divisions to design a sensitized forward genetic dominant screen, looking for regions of
the genome, and eventually genes, which help these cells to tolerate multipolar

aneuploidy. The initial results of that screen are included here (Chapter 3), along with
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speculation about how chromatin regulation and nuclear architecture are likely carefully
controlled in the context of tripolar aneuploidy.

| also investigated the possibility that these cells were able to exchange
cytoplasm with each other. Cytoplasmic bridges between cells were characterized in the
Drosophila germ line and subsequently somatic cells allowing passage of cellular
products to and from neighboring cells. There was also some evidence that the papillar
structure of other arthropods may in fact consist of a pseudosyncytia than a completely
cellularized epithelial layer. This led us to pursue experiments examining protein
movement within the live papillae, and we f ound that proteins localized on one end of
the papilla could travel throughout almost the entire tissue without constraint. As far as

we know, no other tissue has reported buffering aneuploidy via protein sharing to date.
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2. Indispensable premitotic endocycles promote aneuploidy in
the Drosophilarectum.

Chapter 2 was modified from a manuscript (of the same title) published in
Development 141: 35513560 (2014). doi: 10.1242/dev.109850. The authors were Kevin P.
Schoenfelder, Ruth A. Montague, Sarah V. Paamore, Ashley L. Lennox, Anthony P.
Mahowald, and Donald T. Fox. Both Donald Fox and | were the major contributors to
the study design, figure construction, and manuscript preparation. While | generated the
majority of the data in the paper, | was greatly assisted by the contributions of my co-
authors. Donald Fox contributed the data for Figure5 B-C, Figure 7A, Figure 10G, and
Figure 12B-C. Ruth Montague contributed the data for Figure 1, Figure 5A, and Figure
6D-E. Tony Mahowald performed the electron microscopy in Figure 7B. Ashley Lennox
contributed the diploid SAK-OE live imaging data in Figure 9A and 10A-C. Finally,

Sarah Paramore performed the salt stress assays presented in Figure 15A, B, E, and F.

2.1 Summary

The endocycle is a modified cell cycle that lacks M phase. Endocycles are well
known for enabling continued growth of post -mitotic tissues. By contrast, we discovered
pre-mitotic endocycles in precursors of Drosophila rectal papillae (papillar cells). Unlike
all known proliferative Drosophila a dult precursors, papillar cells endocycle before

dividing. Furthermore, unlike diploid mitotic divisions, these polyploid papillar
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divisions are frequently error prone, suggesting papillar structures may accumulate
long-term aneuploidy. Here, we demonstrat e an indispensable requirement for pre-
mitotic endocycles during papillar development and also demonstrate that such cycles
seed papillar aneuploidy. We find blocking pre -mitotic endocycles disrupts papillar
morphogenesis and causes organismal lethality under high-salt dietary stress. We
further show that pre -mitotic endocycles differ from post -mitotic endocycles, as we find
only the M -phase-capable polyploid cells of the papillae and female germline can retain
centrioles. In papillae, this centriole retention contributes to aneuploidy, as centrioles
amplify during papillar endocycles, causing multipolar anaphase. Such aneuploidy is
well tolerated in papillae, as it does not significantly impair cell viability, organ
formation or organ function. Together, our results demonstrate that pre-mitotic
endocycles can enable specific organ construction and are a mechanism that promotes

highly tolerated aneuploidy .

2.2 Introduction

In diverse post-mitotic tissues, continued growth and development is achieved
by a cdl cycle modification known as the endocycle. In diverse tissues including the
human trophoblast lineage, endocycles alternate DNA synthesis and gap phases to
generate polyploid cells (see cell cycle nomenclature in Methods) (Fox and Duronio,

2013; Pandit et al., 2013)The polyploidy resulting from endocycles usually increases the
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size of individual cells, thus enabling post -mitotic tissue growth (Edgar et al., 2014,
Epstein, 1967) The use of endocycles in postmitotic tissue growth was recently shown
to be critical for Drosophilablood-brain barrier integrity (Unhavaithaya and Orr -Weaver,
2012)

While endocycles frequently occur in post-mitotic cells, a return to an M -phase-
like state is possible after the endocycle. In the developing Drosophilaovary, 15 germline

nurse cells undergo 5 pre-mitotic endocycles, which are followed by an M -phase-like

period where homologous chromosomes condense and locally disperse via a condensin
mediated mechanism (Dej and Spradling, 1999; Hartl et al., 2008) This mitotic state can
progress further in mutants that accumulate mitotic cyclins, leading to spindle formation
and metaphase chromosomes in these polyploid nuclei (Reed and Orr-Weaver, 1997)
However, nurse cells do not normally segregate sister chromosomes into daughter cells
after this M -phase-like period but instead return to further endocycles without mitosis -
like chromosome separation/compaction.

Recently, we discovered the first example of a complete return to mitosis after
endocycles in normally developing Drosophila.ln 2nd instar larva e, the rectum consists
of a single-cell thick tube of ~100 cells.These larval cells undergo endocycles to generate
octoploid cells. Subsequently, during metamorphosis, these octoploid cells undergo, on
average, two complete cell divisions as the rectal tube splits into four cone-shaped

luminal structures termed rectal papillae (papillae or papillar cells). Papillae are thought
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to perform significant water, ion, and metabolite absorption in diverse insects (Phillips,
1981; Wigglesworth, 1942) Taken together, the abovementioned nurse and papillar cell
studies suggest distinct endocycle programs may dictate whether polyploid cells can
later enter mitosis. If so, identifying molecular differences between pre - and post-mitotic
endocycling cells can uncover key regulation that promotes or suppresses polyploid cell
division.

If polyploid cells do successfully enter mitosis, one recurring challenge for such
cells is the propensity for mitotic errors. For endocycled cells, this is most extensively
documented in cancer cells, in which endocycles are associated with mitotic
chromosome aberrations and aneuploidy (Davoli and de Lange, 2012; Levan and
Hauschka, 1953) Similarly, inducing ectopic endocycles in Drosophilacan lead to error-
prone division and aneuploidy (Hassel et al., 2014; Vidwans et al., 2002)Much like
aberrantly endocycling cells, mitosis of Drosophilapapillar precursors is highly error -
prone (Fox et al.,, 2010) Given its accessible genetics and development, Drosophila
papillar form ation provides an amenable system to ask why error-prone polyploid
divisions, rather than faithful diploid divisions, would be used for organ construction.

One potential challenge for polyploid mitotic cells is the amplification of
centrosomes and subseqeent multipolar division (Duncan et al., 2010; Hassel et al.,
2014) In many cells with multipolar spindles at me taphase, mechanisms exi$ to reduce,

but not eliminate, the degree of aneuploidy from a multipolar anaphase. In one
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mechanism, multipolar spindles are transient. Instead of multipolar division, extra
centrosomes cluster. Such clustering leads to merotelic microtubule attachments and
minor chromosome mis-segregation during a bipolar division, instead of major
chromosome mis-segregation from a tripolar division (Duncan et al., 2010; Ganem et al.,
2009; Silkworth et al.,, 2009) A second mechanism is termed reductive division. In
reductive divisions spindles remain tripolar, but DNA is segregated in a near 2:1:1 ratio
(Duncan et al., 2010; Mazia et al., 1960)n tetraploid mouse hepatocytes, this mechanism
is thought to generate one near tetraploid and two ploidy -reduced near diploid
daughters, thus minimizing the often detrimental imbalance of chromosome ratio that
results from random tripolar DNA segregation (Duncan et al.,, 2010; Gentric and
Desdouets, 2014) Recent evidence also argues that, in the absence of clustering or
reductive divisions, even a single tripolar division can be lethal (Ganem et al., 2009;
Stewénius et al., 2005) The cell death associated with lethal tripolar divisions was
recently attributed to causing microcephaly in mice (Marthiens et al., 2013)

Here, we address the role of endocycles and resultant errorprone divisions in
papillar formation. We find that papillar cells require pre -mitotic endocycles for normal
development. In the absence of premitotic endocycling, the larval rectum fails to
accurately disperse into four adult papillar structures. As a result, papillar structures are
malformed, and the resulting flies are intolerant of hig h-salt dietary conditions. While

pre-mitotic endocycles are thus required for papillar development, we find they are also
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a mechanism of papillar aneuploidy. In both the M -phase-capable polyploid papillar

cells and stage 5 nurse cells, centrioles can be tained. As a result, papillar cells
accumulate supernumerary centrosomes during pre -mitotic endocycles, which then lead
to tripolar anaphases. These anaphases lack significant centrosome clusténg or 2:1:1
reductive division , leading to highly variable DN A segregation and aneuploidy. Further,
increasing the rate of such variably aneuploid tripolar divisions does not extensively

perturb papillar morphogenesis, viability, or function. Taken together, our results define
a role for pre-mitotic endocycles in organ formation and aneuploidy generation. Our
findings suggest centriole retention distinguishes M -phase competent endocycled cells,

and ties this endocycle variant to significant (yet tolerated) aneuploidy.

2.3 Results
2.3.1 Pre-mitotic endocycles retain centrioles

Unlike papillar cells, most endocycled cells do not divide. We thus searched for
cellular features that might distinguish pre -mitotic and post-mitotic endocycles. One
potential distinguishing feature between non -mitotic endocycling cells and mi totic cells
is elimination of centrioles. A previous report found that post -mitotic follicle cells of the
adult female Drosophilaovary lack centrioles by stage 10 (Mahowald et al., 1979), at
which point follicle cells have completed 3 rounds of endocycles (Calvi et al., 1998; Lilly

and Spradling, 1996). We thus examined whether centriole retention correlates with the
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mitotic potential of endocycled cells. To examine centrioles in diverse endocycling
tissues, we examined localization of the centriole-associated protein Pericentrin-like
protein (Plp) (Martinez -Campos et al., 2004)and the centriolar scaffold Asterless (Asl)
(Dzhindzhev et al., 2010). We defined a centriole as a discrete focus containing both of
these proteins.
First, we re-examined centriole loss in the post-mitotic follicular epithelium using

Plp and Asl anti bodies. We detected a sharp decline in centriole number (Asl*, Plp* foci)
between stages 8 and 9, and rarely detected any centrioles by stage 10~(g. 4A-C). Next,
we examined centrioles in additional non -mitotic endocycling tissues. Beginning 8 hours
into embryonic development, cells of several Drosophilaalimentary canal tissues also
enter endocycles, and while such endocycling may be discontinuous, these tissues
undergo further endocycling/polyploidization during larval development (Smith and
Orr-Weaver, 1991) By late larval development, we observed a lack of centrioles in post-
mitotic endocycled cells from four 39 instar larval cell types: midgut enterocytes,
salivary gland secretory cells, enterocytes of the hindgut ileum, and polyploid
Malpighian tubule cells (Fig. 4D, E, |, Fig. 3A). Thus, centriole loss is a frequent property

of post-mitotic endocycling t issues.
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Figure 4: Centriole elimination and retention in polyploid Drosophila tissues.t

1 (A) Follicle cell centrioles (co-labeled with Plp and Asl) in a stage 7 egg chamber.( z Aw2x OPU0w/ Ox wEOE
channels, magnified 4X, from the boxed region in panel A. (B) Stage 10B follicle cells lackng centrioles, as

24



Our findings in the post -mitotic endocycling cell types we examined contrast our
findings in M -phase-prone endocycling cells. Fifteen ovarian nurse cells enter a mitosis
like state after 5 endocycles(Dej and Spradling, 1999). While these endocycled nurse
cells normally lack centrioles (Fig. 4F), it is not that the centrioles cannot be detected, but
rather that they cluster and migrate to the neighboring oocyte through inter -connected
ring canals (Fig. 4F,%)(Mahowald and Strassheim, 1970)

We thus blocked oocyte specification to ask whether these M-phase-capable
endocycled cells possess a mechanism that actively eliminates centriolesTo do this, we
examined centriole localization in egalitarian (ed) mutant ovaries. These mutants lack a
specified oocyte and instead have 16 polyploid nurse cells, due to defective dynein-
mediated recruitment of oocyte -localized mRNAs mediated by the RNA -binding

activity of Egl (Clark et al., 2007; Dienstbier et al., 2009; Mach and Lehmann, 1997;

evidenced by lack of overlapping Asl/Plp foci. (! z Aw2 x OPUw/ Ox wEOEwW UOwWET EOOI OUOwWOET
region in panel B. (C) Quantitation of centriole loss in follicle cells (FC), where presence of a centriole is

defined by Asl and Plp co-labeling (n=1272213 cells/stagé¢. (D) Centrioles are absent from polyploid
enterocytes (EC) of the 3 instar larval (L3) midgut, but are present in the diploid adult midgut precursor

(AMP) nests. Cadherin (Cad, red) marks cell boundaries in this and other panels where indicated. (# z Aw' BT T w
magnification of boxed region from D. (E) Centrioles are present in the diploid imaginal ring (Ring), but not

in polyploid secretory L3 salivary gland cells. Dashed line indicates the boundary between diploid an d

polyploid cells. (F) Stage 5 WTegg chamber germ cells with centrioles only in the oocyte (OC), not in the

nurse cells (NC). (%z A weér Baghification from F. (G) Stage 4 and 5egt egg chamber germ cells with

centrioles retained in the NCs. (H) Quantitation of centriole retention in egF mutant and WT nurse cells.

Germ. = germarium. 10 wild -type and 5 egl chambers counted per stage. (I) Centrioles are absent in the

polyploid ileum of the L3 hindgut but are present in the rectum (arrowheads). (I') High ma gnification of

boxed region from I. Scale bars: 20um.
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Theurkauf et al.,, 1993) Indeed, nurse cell centrioles remain in polyploid nurse cells
during egh mutant endocycles (Fig. 4G, H). Perhaps as a remnant of the migratory
process, these centrioles frequently clustered in one area of the egg chamberKig. 4G).
Importantly, egk nurse cell centrioles are still present at stage 6, the furthest that egg
development progresses in this genotype. At this stage, nurse cells have undergone 5
endocycles to reach 64C DNA content, and have thus completed more endocycles than
Wild -Type (WT) stage 13 follicle cells (16C), which have lost centrioles (Dej and
Spradling, 1999; Mach and Lehmann, 1997) suggesting that it is not a lesser degree of
endocycling that enables egt nurse cells to retain centrioles.

Similar to egt nurse cells, wild -type papillar precursors of the 3™ instar larval
rectum also retain centrioles (Fig. 4 OQw( z A3 w31 1 WEEPOPUawWOI wUl EVEOwW
the ~5day period after which they have exited the endocycle suggests that cell cycle
activity is not required for centriole retention. This observation is further supported by
our data that several adult follicle cells begin to lack centrioles by egg chamber stage 8,
prior to exit from the endocycle ( Fig. 4C) (Lilly and Spradling, 1996) . Taken together, our
examination of Drosophilaendocycling tissues suggests that centriole retention correlates

with fut ure polyploid mitotic potential.
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Figure 5: Additional evidence of centriole loss and fzr RNAi efficacy .2

2 (A) Centrioles are not present in polyploid cells of the L3 Malpighian tubule (Tubule), but are present in
Ol 1 WEENEE]T OUWEDxOOPEWET OOU WOl wUOT T wi POET UU wpresedt@ticel US wep 7 A
pattern of EdU localization during WT L2 endocycles. (C) EdU does not incorporate in L2 rectal cells of fzr
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2.3.2 Pre-mitotic endocycles are a mechanism of centriole
amplification that seeds aneuploidy generation

We previously characterized programmed cell cycle alterations that accompany
Drosophila rectal papillar construction. During the 2nd instar larval stage (L2) of
Drosophila development, precursors of the adult papillae endocycle to increase
chromosome content from diploid to octoploid (Fig. 6A). Subsequently, during hours 22-
48 of pupal development (P1-P2), these precursors undergo canonical mitotic cellcycles
as octoplaid cells (Fig. 6A) (Fox et al., 2010)

Given that papillar cells retain centrioles in the larval stages, we next examined
the consequences of such centriole retention.Plp focus staining is a well-demonstrated
readout of centriole pair number (Bettencourt-Dias et al., 2005; Brownlee et al., 2011,
Slevin et al., 2012) and Asl co-staining provided us with further verification of centriole
pair number. Counting the number of Plp * Asl* foci in individual papillar precursors
revealed that while most cells have two discernible centriole pairs, 16% of rectal cells

contain additional centrioles (Fig. 6 D, F).

RNAI animals. (D) Quantitation of EAU incorporation in WT and fzr RNAi animals. Animals were scored as
EdU positive when more than 10 EdU positive cells were present in the rectum. From N=11
animals/genotype. Dashed lines delineate the hindgut ileum (left) and rectum (right). Scale bars=20um.
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Figure 6: Centrioles amplify during papillar endocycles .2

To determine if the increased centriole number in a subset of papillar cells
depends on endocycle progression, we blocked endocycles throughout the developing
hindgut using fizzy-related (fzr)RNAI. fzr is an activator of the Anaphase Promoting
Complex/Cyclosome (APC/C), which is necessary and sufficient for its oscillations

during endocycle progression (Narbonne-Reveau et al., 2008; Sigrist and Lehner, 1997,

3 (A) Overview of the papillar cell cycle program. L2 and L 3 refer to larval instars, P1 and P2 efer to one and
two days post-pupation, respectively. Period of fzr RNAI indicated. (B,C) DAPI (DNA) stain of L3 rectums.
(B) WT, with octoploid nuclei. (C) Transient fzr RNAI, as per the scheme in A, taken at the same exposure
settings as B.(D,E) Centrioles in a single representative L3 rectal cell. Cadherin (purple), Plp (green), Asl
(purple). (D) WT cell with three centrioles. Anti -Plp occasionally recognizes a structure in the nucleus. (E) fzr
RNAI cell with two centrioles. (F) Quantitation of centriol e number from D and E. At least 46 cellswere
counted per experimental condition, each of which included a minimum of 2 replicates with multiple
animals scored per genotype. The distribution of centriole number in fzr RNAI is significantly different from
wild type (*P<.005, Chi Squaredést). Scale bars10um.
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Zielke et al., 2011) We used the Gal80 temperature sensitive system to restrict fzr
knockdown to the brief period of larval endocycling, thus avoiding any potentia | effects
on pupal mitosis (Fig. 6A, Methods). Using bynGal4, we expressed fzr RNAI in the
hindgut during L2 endo cycles (Fig. 6A, fzr). In fzr L3 larvae, papillar precursor nuclei are
clearly smaller and contain less DNA (Fig. 6B vs. C). As a further test of the efficacy of
our fzr RNAIi, we examined S phase activity in wild -type and fzr. In wild -type L2
animals, EdU frequently accumulated in early and late S phase patterns in the rectum
(Fig. 5B, D) (Fox et al., 2010) In contrast, fzr animals contained very few cells in S phase
(Fig. 5C, D). Thus, fzr RNAI effectively blocks rectal endocycles.

Unlike wild -type, we could not detect fzr papillar precursors with more than 2
centriole pairs (Fig. 6E, F). These results suggest that papillar endog/cles increase
centriole number, albeit inefficiently. Such inefficient centriole amplification could be
due to the lack of efficient centrosome licensing that normally takes place as cells pass
through mitosis (Nigg and Raff, 2009).

As centriole amplific ation is tied to aneuploidy, we next examined the
contribution of centriole amplification to papillar development.  To follow centrosomes
during pupal divisions, we expressed Centrosomin GFP (CnnGFP, Methods) or used a
Cnn antibody (Fig. 7A). 13% of all dividing papillar cells contain 3 or 4 Cnn foci
(Compare Fig. 8A with B, C). This frequency is very close to the frequency of cells with

supernumerary centrioles that we find prior to papillar mitosis (16%, Fig. 6F),
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suggesting that each Cnn focus is a single centrosome. It remains possible that our
centriole/centrosome counting at the light microscope cannot always discern very
closely associated centriole pairs, leading to an under-estimation of papillar centrosome
number. However, in 10/10 examples we found only single centriole pairs in mitotic
papillar cells using serial section electron microscopy (Fig. 7B).

We next followed papillar divisions in cells with extra centrosomes. Previously,
we reported that many papillar cells contain mitotic bridges or lag ging chromosomes
(Fox et al., 2010) Given that lagging chromosomes are connected to clustering of extra
centrosomes and meroteic spindle attachments (Ganem et al., 2009; Silkworth et al.,
2009) we examined whether extra centrosomes correlate with papillar mitosis errors. To
monitor chromosomes and cytokinesis, the CnnGFP flies also expressed RFP Histone

H2AV (HisRFP) and Moesin GFP (MoeGFP, Fig. 8A, Movie S1).
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Figure 7. Additional evidence of extra centrosomes and division outcomes in  wild -
type papill ar cells.?

4 (A) Cnn antibody stain (Green) in a wild -type papillar cell. Phospho-Histone (Green, Chromosomal) and
DAPI (DNA, Purple) label chromosomes. (B) Representative successive serial EM sections (Z5) of mitotic

papillar tissue, showing one centriole in cross-section and a second centriole at right angle. 10/10 serially
sectioned cells examined exhibited this arrangement of only 2 centriole pairs. (C) Time-lapse of two adjacent
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