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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 organs 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
Drosophila hindgut 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 papillar 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 extra genome sets enables a cell to
tolerate the genomic alterations incurred by aneuploidy. We further extended these
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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
Parts of this introduction have been adapted from a review article entitled, “The
expanding implications of polyploidy,” which was published in The Journal of Cell
Biology 209(4): 485-491 (2015). doi: 10.1083/jcb.201502016. The authors were Kevin P.
Schoenfelder and 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. Despite polyploidy’s ubiquity in nature,
studies of the diverse characteristics of polyploid cells are scarce relative to those of
haploid or diploid cells.
Naturally-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
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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 – with consequences
The functional roles of polyploidy are likely to be as diverse as the contexts in
which it can be found, and studies have suggested new 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 to volume 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 cyclindependent 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 hepatocytes (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 phosphorylation
(indicative of glycolytic metabolism) and also decrease lipogenesis. Further,
2

experimentally decreasing these metabolic processes is sufficient to increase the size of
mammalian cells. Such extensive changes associated with cell 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
Drosophila is 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

size-

not

ploidy-

drives

many

expression/metabolome changes in polyploid cells. A significant subset of expression
and/or metabolome changes in Cdk1-/- 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, cell 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 impact a cell’s mechanical
properties. Recently, the large size of the polyploid mammalian megakaryocyte was
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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 become trapped/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 under 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 Xenopus extract system and by observing cells in intact Xenopus embryos, it
was found that while spindle length 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
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spindle-chromosome interactions that lead to chromosome mis-segregation in polyploid
yeast cells (Storchova et al., 2006). Studies such as these emphasize that increased size - a
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 genomes are not simply uniform 2Nfold 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 genomes that 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). Underreplication often occurs in polyploid cells with giant “polytene” chromosomes, such as
in Dipteran salivary glands (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 gene loci is also a feature of some polyploid
cells. In Drosophila, the chorion genes that produce the eggshell in the follicle cells that
surround the developing oocyte are amplified more than 10- to 60-fold (Spradling and
5

Mahowald, 1980). This amplification is dependent 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 described in the parietal trophoblast giant cells that
make up the mouse placenta. These cells amplify five different loci containing the proplacentation genes prolactin, serpins, cathepsins, and the natural killer/C-type lectin
complex (Hannibal and Baker, 2016).

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
unique 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 Drosophila fat body (Nordman et al., 2011). It remains to be seen whether
transcript-enhancing or transcript-creating gene rearrangements occur in these under6

replicated regions, as in ciliates (see next paragraph). In diploid cells, similar incomplete
DNA replication can occur at “fragile” chromosome sites, which leads to chromosome
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 preferentially 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 ~16,000 gene-sized “nanochromosomes” (Chen et al., 2014;
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 process removes of over 90% of the 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;
Dönhoff and Klein, 1996; Frels et al., 1996; La Terza et al., 1995). Thus, genome
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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.

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 appreciated in cases of aberrant polyploidy (Davoli and de
Lange, 2012; Fujiwara et al., 2005; Shi and King, 2005; Storchova et al., 2006), it’s now
known that naturally occurring mouse liver hepatocytes and Drosophila and Culex
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(mosquito) rectal papillar cells generate aneuploidy during polyploid divisions (Duncan
et al., 2010; Fox et al., 2010; Schoenfelder et al., 2014).
Our lab discovered that dividing polyploid cells produce aneuploid daughter
cells in the hindgut of Drosophila and the mosquito Culex (Fox et al., 2010). This
suggested 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 polyploid 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).

9

Figure 3: Polyploidization can create heterogeneity within a tissue by modification of
the genome, transcriptome, and metabolome.1

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 cause of 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 aneuploid
chromosome gain (Torres et al., 2007; Williams et al., 2008). These aneuploid cells
showed fitness decreases manifesting as slowed cell proliferation and impaired

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).
1
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metabolism as compared to euploid strains, indicating that aneuploidy is an undesirable
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 species (Sheltzer et al., 2012). This stress response program
is characterized by upregulation of autophagy, lysosomes, vesicular transport,
membrane synthesis, metabolic 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 genes 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 chromosomespecific 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 findings
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 cancers in 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 increase 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., 2005). In Barrett’s esophageal cancer,
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
12

(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 progression (Galipeau et al., 1996).

1.2.3 Aneuploidy may be generated during the development of a
polyploid mitotic tissue
Our lab discovered in 2010 that Drosophila undergo error-prone polyploid mitosis
during the construction of the papillar rectal tissue (Fox et al., 2010). 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 they enter an octoploid
mitotic cell cycle. At this time, approximately 100 precursor cells divide to create 4 coneshaped 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 mis-aligned and lagging chromosomes during the
mitotic period. This is likely to generate aneuploidy in the adult tissue during normal fly
development, which doesn’t make a lot of evolutionary sense, given all of the
detrimental fitness attributes associated with chromosomal imbalances. This finding
13

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 the 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
existing error-prone developmental program, I continued our lab’s study of the
Drosophila hindgut, 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 details 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 fly’s lifespan (Berridge and
Gupta, 1967; Garrett and Bradley, 1984; Huang et al., 2002). In the adult phase, these
cells are likely exposed to a fairly diverse and harsh environment on a day-to-day basis,
yet never proliferate to repair themselves after eclosion from the pupae.
14

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. I
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, I found that centrosome
amplification was occurring during the larval endocycles and driving a significant
percentage of tripolar mitoses during pupal development in wild-type animals. In
following up on these tripolar divisions, I 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 siblings.
This was an extremely surprising finding to us, given all of the previous
literature on the negative effects of aneuploidy. Therefore, I initiated two major followup studies investigating how this chromosomal imbalance might be tolerated. In one
approach, I 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.
I 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 found 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 pre-mitotic endocycles promote aneuploidy in
the Drosophila rectum.
Chapter 2 was modified from a manuscript (of the same title) published in
Development 141: 3551-3560 (2014). doi: 10.1242/dev.109850. The authors were Kevin P.
Schoenfelder, Ruth A. Montague, Sarah V. Paramore, Ashley L. Lennox, Anthony P.
Mahowald, and Donald T. Fox. Both Donald Fox and I were the major contributors to
the study design, figure construction, and manuscript preparation. While I generated the
majority of the data in the paper, I was greatly assisted by the contributions of my coauthors. 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 adult 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 demonstrate an indispensable requirement for premitotic 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 cell 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 post-mitotic tissue growth was recently shown
to be critical for Drosophila blood-brain barrier integrity (Unhavaithaya and Orr-Weaver,
2012).
While endocycles frequently occur in post-mitotic cells, a return to an M-phaselike state is possible after the endocycle. In the developing Drosophila ovary, 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 condensinmediated 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 mitosislike chromosome separation/compaction.
Recently, we discovered the first example of a complete return to mitosis after
endocycles in normally developing Drosophila. In 2nd instar larvae, 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 above-mentioned 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 Drosophila can lead to errorprone division and aneuploidy (Hassel et al., 2014; Vidwans et al., 2002). Much like
aberrantly endocycling cells, mitosis of Drosophila papillar precursors is highly errorprone (Fox et al., 2010). Given its accessible genetics and development, Drosophila
papillar formation 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 subsequent multipolar division (Duncan et al., 2010; Hassel et al.,
2014). In many cells with multipolar spindles at metaphase, mechanisms exist 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). In 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 error-prone divisions in
papillar formation. We find that papillar cells require pre-mitotic endocycles for normal
development. In the absence of pre-mitotic 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 high-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 retained. As a result, papillar cells
accumulate supernumerary centrosomes during pre-mitotic endocycles, which then lead
to tripolar anaphases. These anaphases lack significant centrosome clustering or 2:1:1
reductive division, leading to highly variable DNA 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 mitotic cells
is elimination of centrioles. A previous report found that post-mitotic follicle cells of the
adult female Drosophila ovary 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 antibodies. We detected a sharp decline in centriole number (Asl+, Plp+ foci)
between stages 8 and 9, and rarely detected any centrioles by stage 10 (Fig. 4A-C). Next,
we examined centrioles in additional non-mitotic endocycling tissues. Beginning 8 hours
into embryonic development, cells of several Drosophila alimentary 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 postmitotic endocycled cells from four 3rd instar larval cell types: midgut enterocytes,
salivary gland secretory cells, enterocytes of the hindgut ileum, and polyploid
Malpighian tubule cells (Fig. 4D, E, I, Fig. 5A). Thus, centriole loss is a frequent property
of post-mitotic endocycling tissues.
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Figure 4: Centriole elimination and retention in polyploid Drosophila tissues.1

(A) Follicle cell centrioles (co-labeled with Plp and Asl) in a stage 7 egg chamber. (A’) Split Plp and Asl
channels, magnified 4X, from the boxed region in panel A. (B) Stage 10B follicle cells lacking centrioles, as
1
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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 mitosislike 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, F’) (Mahowald and Strassheim, 1970).
We thus blocked oocyte specification to ask whether these M-phase-capable
endocycled cells possess a mechanism that actively eliminates centrioles. To do this, we
examined centriole localization in egalitarian (egl1) mutant ovaries. These mutants lack a
specified oocyte and instead have 16 polyploid nurse cells, due to defective dyneinmediated 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. (B’) Split Plp and Asl channels, magnified 4X, from the boxed
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=127-2213 cells/stage). (D) Centrioles are absent from polyploid
enterocytes (EC) of the 3rd 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. (D’) High
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 and
polyploid cells. (F) Stage 5 WT egg chamber germ cells with centrioles only in the oocyte (OC), not in the
nurse cells (NC). (F’) Higher magnification from F. (G) Stage 4 and 5 egl1 egg chamber germ cells with
centrioles retained in the NCs. (H) Quantitation of centriole retention in egl1 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 magnification of
boxed region from I. Scale bars: 20µm.
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Theurkauf et al., 1993). Indeed, nurse cell centrioles remain in polyploid nurse cells
during egl1 mutant endocycles (Fig. 4G, H). Perhaps as a remnant of the migratory
process, these centrioles frequently clustered in one area of the egg chamber (Fig. 4G).
Importantly, egl1 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 egl1 nurse cells to retain centrioles.
Similar to egl1 nurse cells, wild-type papillar precursors of the 3rd instar larval
rectum also retain centrioles (Fig. 4I, I’). The ability of rectal cells to retain centrioles for
the ~5-day 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 Drosophila endocycling tissues suggests that centriole retention correlates
with future polyploid mitotic potential.
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Figure 5: Additional evidence of centriole loss and fzr RNAi efficacy.2

(A) Centrioles are not present in polyploid cells of the L3 Malpighian tubule (Tubule), but are present in
the adjacent diploid cells of the hindgut pylorus. (A’) Asl only channel from panel A. (B) Representative
pattern of EdU localization during WT L2 endocycles. (C) EdU does not incorporate in L2 rectal cells of fzr
2
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2.3.2 Pre-mitotic endocycles are a mechanism
amplification that seeds aneuploidy generation

of

centriole

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 2248 of pupal development (P1-P2), these precursors undergo canonical mitotic cell cycles
as octoploid 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. 6D, F).

RNAi animals. (D) Quantitation of EdU 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=20µm.
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Figure 6: Centrioles amplify during papillar endocycles.3
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;

(A) Overview of the papillar cell cycle program. L2 and L3 refer to larval instars, P1 and P2 refer 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 centriole number from D and E. At least 46 cells were
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 Square test). Scale bars: 10µm.
3
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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 potential effects
on pupal mitosis (Fig. 6A, Methods). Using bynGal4, we expressed fzr RNAi in the
hindgut during L2 endocycles (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 RNAi, 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 endocycles 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 amplification 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 lagging chromosomes
(Fox et al., 2010). Given that lagging chromosomes are connected to clustering of extra
centrosomes and merotelic 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 wildtype papillar 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 (Z1-5) 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
4
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Figure 8: Multipolar division generates variable aneuploidy in papillae.5

papillar cells, each with three detectable centrosomes, undergoing centrosome clustering and a bipolar
division. Arrowheads indicate centrosomes. Transgenes indicated in panels. (D) Time-lapse of a papillar cell
with two detectable centrosomes undergoing a bipolar division with an anaphase bridge (arrow).
Transgenes indicated in panels. (E) Representative 3D-volumetric quantitation of two separate tripolar
papillar divisions from the analysis in Fig. 3G. Two independent cell divisions are shown, each with 3
daughters of separate colors, the DNA content of each indicated on the Y axis. (F) Plot of the frequency of
wild-type papillar division errors, separated by class and number of centrosomes. Scale bars: 5µm.
5 (A) Time-lapse of 8N cell undergoing non-errant mitosis. Transgenes: H2AV-RFP (His), Moesin GFP (Moe)
and Centrosomin GFP (Cnn). (B) Time-lapse of 8N cell undergoing tripolar mitosis. Transgenes as in A.
Time is in minutes relative to anaphase onset. (C) Distribution of bipolar and tripolar divisions in relation to
observed centrosome number in wild-type papillae. (D) Distribution of normal, errant bipolar, and errant
tripolar divisions in wild-type papillar cells. For errant bipolar divisions, the fraction of cells with observed
extra centrosomes is also indicated. Data in A-D are from n=379 divisions from among 37 replicate
experiments. (E,F) 3D-volumetric analysis of daughters from a non-errant bipolar (E) and a tripolar (F)
papillar divisions. (G) Histograms tracking the percentage of volumetrically-established papillar nuclear cell
content (Methods) after a bipolar or tripolar division. These values are plotted relative to the expected
segregation pattern for a 2:1:1 reductive division (Methods). Data in E-G from a minimum of n=14 divisions
per division outcome. Scale bars: 10µm.
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As a result of metaphase centrosome clustering, many studies of cells with extra
centrosomes report less than 10% complete multipolar anaphase (Basto et al., 2008;
Duncan et al., 2010; Ganem et al., 2009; Marthiens et al., 2013; Silkworth et al., 2009). In
contrast, while we could detect efficient centrosome clustering in some papillar cells
(defined as two centrosomes moving together prior to a bipolar division, Fig. 7C, Fig.
8C, D, Movie S2), the majority of papillar cells with extra centrosomes (56.5%) do not
efficiently/fully cluster and instead undergo multipolar division (Fig. 8B-D, Movie S3).
Papillar multipolar divisions are always tripolar and account for ~1/4 of papillar division
errors (Fig. 8D). An additional type of papillar mitotic defect: chromosome
bridging/lagging, also occurs. Defects in this class occur not only when we can clearly
detect extra centrosomes, but also where we observe only 2 un-clustered
centrosomes/spindle poles (Fig. 8D, Fig. 7D, F). From these analyses, we conclude that 1)
centrosomes do not efficiently cluster during papillar mitosis, leading to frequent
multipolar mitosis, and 2) centrosome clustering is not the only cause of papillar
division errors.
We next examined the degree of aneuploidy generated by tripolar papillar
divisions. In addition to clustering, previous studies (Duncan et al., 2010; Mazia et al.,
1960) showed that cells with complete tripolar DNA segregation can decrease the degree
of aneuploidy by partitioning the chromosomes in a nearly even reductive 2:1:1 ratio.

34

Using 3D rendering of total DNA, we were able to determine whether papillar cells
frequently undergo such reductive divisions. Bipolar papillar anaphases evenly
distribute half of the DNA into each daughter with high frequency (Fig. 8E, G). In
contrast, tripolar papillar anaphases exhibit high variability in DNA segregation (Fig. 8F,
G), with some cells undergoing equal (33%) 3-way segregation, while others have over
2-fold DNA content differences between daughters (Fig. 7E). This resulting DNA
content distribution differs significantly from an expected distribution of cells
undergoing near 2:1:1 reductive division (p<.05, Fig. 8G, see Methods). Thus, instead of
employing efficient centrosome clustering or reductive division mechanisms, papillar
cells with extra centrosomes yield daughters with highly variable aneuploidy.

2.3.3 Papillar
aneuploidy

development

accommodates

frequent

multipolar

Our above results found tripolar mitosis occurs during wild-type papillar
development, and that papillar cells lack efficient clustering or ploidy reduction
mechanisms that decrease (but do not eliminate) the ensuing aneuploidy. While even one
round of such divisions can be lethal, the extra chromosome copies in papillar cells
might lessen the impact of an aneuploid genome on cell survival. To test this idea, we
reasoned that increasing the number of papillar cells with tripolar divisions from the 7%
level in wild-type would reveal whether such aneuploidy is viable. To increase the
frequency of tripolar divisions, we ectopically expressed plk4/SAK overexpression
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transgenes (SAK-OE, Methods), which were previously shown to induce extra
centrosomes (Basto et al., 2008; Rodrigues-Martins et al., 2007).
We first expressed SAK-OE in 2N larval neuroblasts. As expected from previous
work (Basto et al., 2008), SAK-OE neuroblasts frequently have >2 centrosomes (Fig. 9A,
Fig. 10A, B). Also consistent with previous results (Basto et al., 2008), we find
neuroblasts cluster or inactivate extra centrosomes (Fig. 9A, Movie S4) and spindle poles
(Fig. 10A, C, Movie S5) to undergo bipolar division. Next, we expressed SAK-OE
constructs in 8N papillar cells. These constructs increased the percentage of cells with 3
or more distinct centrosomes from 12.8% in wild-type to 89.1%, and the distribution of
centrosome number was similar to 2N SAK-OE neuroblasts (Fig. 10A, B). However, in
contrast to 2N SAK-OE neuroblasts, 8N SAK-OE papillar cells with extra centrosomes
maintain a similar rate (57%) of tripolar division as wild-type (Fig. 9B, Fig. 10A, D, E,
Movies S6, 7). Thus, SAK-OE increases the tissue-wide tripolar division frequency, but
does not alter the probability that an individual papillar cell with amplified centrosomes
will undergo tripolar division. The lack of papillar centrosome clustering is dependent
on fzr activity during endocycles, as expressing fzr RNAi during endocycles (as in Fig. 5)
in SAK-OE papillar cells dramatically decreases the rate of multipolar papillar division
during pupal development (10% tripolar divisions, Fig. 10E-G, Movie S8). Taken
together, these data suggest passage through endocycles interferes with the ability of
papillar cells to cluster amplified centrosomes.
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Figure 9: Multipolar aneuploidy is well tolerated and does not perturb papillar
development.6

(A,B) Time-lapse of centrosomes in: (A) ubi-SAK neuroblast undergoing centrosome clustering and bipolar
division or (B) tripolar division of a ubi-SAK papillar cell. Transgenes indicated. Arrowheads indicate
centrosomes. Time is in minutes relative to anaphase onset. (C-E) TUNEL (green) staining in mitotic stage
pupal rectums. DNA, purple; r, rectum. (C) Wild-type. (D) ubi-SAK. (C’,D’) High-magnifications of boxed
regions shown in C and D respectively. (E) Graph of fold difference in TUNEL staining between wild-type
versus ubi-SAK or UAS-hid, UAS-rpr (n=10 animals per genotype). (F) Schematic of adult papillar structure,
illustrating base with central canal and regional ploidy differences. (G,H) DNA (DAPI) stain of one side of a
single wild-type (G) or ubi-SAK (H) adult papilla. (I,J) EdU labeling of post-mitotic S-phase in a 50hr. pupal
papilla from (I) wild-type or (J) ubi-SAK. DNA, purple; EdU, green. (K) Graph of adult papillar cell number
in wild-type and ubi-SAK (n=minimum 28 papillae per genotype). Standard deviation is indicated.
Difference in cell number is significant where indicated (*P<.0001 by unpaired t-test). (L) 4-cell clone (Green)
induced during wild-type papillar development. (M) 3-cell clone (Green) induced during ubi-SAK papillar
development. (N) Graph of average clone size from lineage experiments. Data are mean +/-s.d.; n=54 WT
and 34 ubi-SAK clones; nearly each clone is from a separate animal. A minimum of two experimental
6

37

Figure 10: Differences in the response to extra centrosomes between papillar cells and
diploid cells.7

replicates/genotype was performed. Clone size in wild-type and ubi-SAK are significantly different where
indicated (*P<0.01 by two-tailed t-test). Scale bars: 10µM (white); 250µM (yellow).
7 (A) Diagram of centrosome number and tripolar division frequency in SAK-OE 2N neuroblasts and 8N
papillar cells. (B) Metaphase centrosome number in metaphase polyploid papillar cells (n=46) or diploid
neuroblasts (n=47) of SAK-OE animals, from a minimum of 6 replicates per tissue type. For papillar cells,
this number represents the average from three different SAK-OE transgenes: either Ubi- or UAS-promoter
driven. For the hindgut, the driver was byn Gal4, and for neuroblasts, the driver was daughterless (da) Gal4.
The distribution of centrosome number between these two tissues is not significantly different by T test
(P=0.9). (C) Time-lapse of SAK-OE neuroblast undergoing spindle pole clustering and a bipolar division.
Jupiter (Jup) GFP labels microtubules. Arrowheads label spindle poles. Time in all panels in this figure is
indicated in minutes relative to anaphase onset. (D) Time-lapse analysis of spindles during a tripolar
division of an 8N Jup GFP, SAK-OE papillar cell. Arrowheads label spindle poles. (E) Division outcome in
SAK-OE animals for polyploid papillar cells, broken down by transgene. Also indicated is the division
outcome in fzr RNAi; SAK-OE animals (n=8-24 animals per genotype, chr., chromosome). (F) Time-lapse
analysis of a representative bipolar division of a fzr SAK-OE papillar cell. CenpC-Tomato labels
kinetochores, Moe GFP labels cell membranes. Note that at 4:00, one can clearly count 8 kinetochores (the
diploid number) segregating to the left daughter cell. G) Evidence of extra centrosomes in fzr SAK-OE
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As SAK-OE increases the number of tripolar divisions in developing papillae by
~8X, we could determine whether 3-way division leads to lethality in this polyploid
tissue. By TUNEL staining, we detect some cell death during wild-type rectal
development, which likely reflects the extensive cell death known to be associated with
remodeling of the hindgut during metamorphosis (Robertson, 1936). However, we could
not detect any increase in apoptotic cell death between wild-type and SAK-OE pupal
rectums (Fig. 9C-E), whereas a positive pro-apoptotic control (UAS-hid, UAS-rpr) led to
an obvious increase in TUNEL labeling (Fig. 9E). Thus, multipolar division in papillar
tissue is highly viable throughout development and into adulthood.
Given our observed lack of increased cell death in SAK-OE papillae (up to 75%
multipolar anaphase, Fig. 10C), and the recent finding that 3.6% multipolar anaphase in
neural stem cells causes microcephaly in plk4-OE (SAK-OE) mice (Marthiens et al., 2013),
we next examined whether increased tripolar aneuploidy hinders papillar development.
Wild-type adult papillae have a cone-like shape (Fig. 9F). Despite the high level of
aneuploid divisions in SAK-OE animals, adult papillae appear similar in size and shape
to controls (Compare Fig. 9G with H).

animals at the time of mitosis. Cnn=Centrosomin, GTU=gamma tubulin, PH3=phospho-histone H3. Scale
bars: 5µm.
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We further examined whether SAK-OE papillae contained any gross defects in
organ morphology. Insect papillae are frequently wider at the base, where cells
surround a centrally located canal (Fig. 9F), which is thought to help recycle reabsorbed
water and ions back into the fly’s circulatory system (Berridge and Gupta, 1967;
Wigglesworth, 1942). While most wild-type papillar cells are close to 8C DNA content
after pupal day 2 (P2) divisions, we previously showed that on pupal day 3 (P3) the cells
that form the wider bottom region of the papillae undergo one post-mitotic S-phase to
become 16C (Fox et al., 2010). In addition to these regional ploidy differences, adult
papillae also exhibit regional gene expression differences. From a screen of a recently
released Gal4 enhancer line collection (Pfeiffer et al., 2008), we identified 3 separate
Gal4-tagged enhancers expressed at the papillar base (Fig. 11C, E). Thus, developing
papillae exhibit localized differences in post-mitotic S-phase and enhancer expression.
These localized differences appear grossly normal in SAK-OE animals, as determined by
both post-mitotic S-phase pattern (Compare Fig. 9I with J) and location of papillar base
cell reporter expression (Fig. 11B, D, F).
Upon closer examination, we did note a ~20% cell number decrease in SAK-OE
papillae (Fig. 9K). Given the high tripolar division frequency in SAK-OE animals, and
that such divisions produce one extra daughter, this number decrease could reflect the
lack of additional mitosis following a single tripolar division. If so, the average division
number in SAK-OE papillae should decrease relative to wild-type. To test this model, we
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performed clonal analysis of papillar development by sporadically inducing a
permanent clonal mark before division (Fig. 11G, Methods). We then examined the
output of each precursor by examining clone size in adults.
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Figure 11: Additional evidence that multipolarity does not impede papillar
development.8

A-F) Tripolar aneuploidy does not alter papillar base cell gene expression. Single adult rectal papillae
outlined in white. DNA, purple, Specific Gal4 trap, Green. (A) WT itp-r83A(10H02) Gal4 driven UAS-GFP.
8

42

By cell counts, we previously estimated each wild-type papillar precursor
produces 4 cells. This estimate agrees with our wild-type lineage data for both the mean
(3.9, Fig. 9L, N) and median (4) clone size. We also detect smaller (2-3 cell) and larger
(maximum 7 cells) clones in wild-type, suggesting papillar precursors divide 1-3 times.
Relative to wild-type, SAK-OE animals have a smaller mean (3.1, P< 0.01, Fig. 9M, N)
and median (3) clone size. Further, the number of SAK-OE clones greater than 3 cells
(which must reflect multiple rounds of divisions) decreases in SAK-OE animals (from
67% to 36%; Fig. 11H). This latter finding supports our data on lack of cell death in SAKOE animals, as cell death could prompt a compensatory proliferation response, leading
to larger clones from the remaining cells. It remains possible that over time, some
attrition of a minor fraction of tripolar daughters occurs. Overall, our cell death, cell
count, and lineage results suggest tripolar papillar divisions produce aneuploid
daughters, a majority of which remains viable into adulthood.

(B) SAK-OE Itp-r83A(10H02) Gal4 driven UAS-GFP. (C) WT AICR2(10H05) Gal4 driven UAS-GFP. (D) SAKOE AICR2(10H05) Gal4 driven UAS-GFP. (E) WT Syt4(11G04) driven UAS-GFP. (F) Syt4(11G04) driven
UAS-GFP (Green) pattern in a SAK-OE papilla (DNA in Purple). (G) Schematic of lineage labeling scheme
used in Fig. 6L-N. (H) Graph of clone size distribution from lineage experiments. Scale bars: 20µm .
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2.3.4 Rectal papillar development requires pre-mitotic endocycles
Our above results suggest centriole retention distinguishes pre-mitotic
endocycles and also contributes to error-prone mitosis and long-term aneuploidy. Thus,
this developmentally programmed organ formation event employs a highly error-prone
method to generate new cells. Given that all other known mitotic precursors in
Drosophila are diploid, we hypothesized that papillar development employs error-prone
division because of a requirement for pre-mitotic endocycles. To test this model, we
again blocked papillar endocycles by transiently expressing fzr RNAi as in Fig. 6A. We
then allowed these animals to proceed through papillar morphogenesis, when the rectal
tube splits into 4 papillae and becomes enveloped by the genital imaginal disc (Fig.
12A,E) (Fox et al., 2010). Unlike wild-type pupae, which uniformly exhibit near
octoploid papillar karyotypes (Fig. 8B) (Fox et al., 2010), fzr pupae frequently exhibit
only diploid or only diploid and tetraploid mitotic karyotypes (Fig. 12C, D). Although
chromosome number is decreased in fzr mutants, these animals exhibit a similar number
of papillar precursors in late larval development, before the mitotic period (Fig. 12G).
These results are consistent with efficient knockdown of pre-mitotic endocycles, leading
to substantial reduction of polyploidy in papillar precursors, following transient fzr
RNAi.
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Figure 12: Pre-mitotic endocycles are required for papillar morphogenesis.9

(A) Schematic of papillar morphogenesis during pupation, with rectal (green) and genital disc (purple)
cells indicated. (B) Nearly 8N WT male papillar karyotype, with 1X and 2 4th chromosomes missing, likely
due to chromosome mis-segregation. (C) fzr RNAi 2N male papillar karyotype. (D) Graph of distribution of
karyotypes/animal seen in fzr RNAi experiments. Twenty-seven animals were scored from among 10
9
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After fzr animals progress through papillar morphogenesis, we observed a
striking morphological phenotype. Unlike in wild-type (4 uniform papillae), fzr animals
frequently contain 3 or fewer mis-shaped papillae (Fig. 12E, F, H). This suggests fzr
animals have a defect in splitting of the single rectal tube into four papillae. Further,
perhaps as a compensatory response to blocking the endocycle in fzr papillae, these
animals undergo additional proliferation of the now mostly diploid cells, as overall
papillar cell number increases (Fig. 12G), due to additional S- and M- phase activity
during the normal period of pupal number expansion (Fig. 13). This cell number
increase also occurs in fzr RNAi; SAK-OE animals (Fig. 12G), suggesting the small
amount of remaining tripolar divisions in this genotype does not substantially alter the
fzr phenotype. Taken together, we find pre-mitotic endocycling promotes tripolar
division, but is required for proper formation of Drosophila rectal papillae.

experimental replicates. Data are mean±s.d. (E) Wild-type adult rectum with byn Gal4-driven UAS-GFP
labeled papillae in Green (DNA is in purple). (F) Transient fzr RNAi adult rectum with byn Gal4-driven
UAS-GFP labeled papillae in Green (DNA is in purple). (G) Average papillar cell number in wild-type, fzr
RNAi, and fzr RNAi; SAK-OE animals, assayed at L3 and/or adult stages. Data are mean±s.d. (H) Average
papillar number in WT and transient fzr RNAi adults. Data are mean±s.d. For fzr RNAi, 64 animals were
scored in total from among 6 experimental replicates. Scale bars: 5µm (white); 50µm (yellow).
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Figure 13: fzr RNAi does not cause a delay in pupal mitotic proliferation.10

(A) Representative z-slice from wild-type rectum aged 24-32 hrs. post puparium formation, labeled for
EdU (purple) and Phospho-Histone H3 (PH3; green, nuclear). Moesin (Moe)-GFP (green; membrane) also
marks cell membranes. (A’) EdU channel alone from A. (A’’) PH3 and Moe channel alone from A.
Arrowheads indicate mitotic cells. White box indicates the region shown in the inset. (B) Representative zslice from fzr RNAi rectum aged 24-32 hrs. post puparium formation, labeled for EdU (purple) and PH3
(green; nuclear). Moe-GFP (green; membrane) also marks cell membranes. (B’) EdU channel alone from B.
(B’’) PH3/Moe channel alone from B. Arrowheads indicate mitotic cells. White box indicates the region
shown in the inset. (C) Graph of EdU positive cells from experiments in A and B. Data are mean±s.d. (D)
Graph of PH3 positive cells from experiments in A and B. Data are mean±s.d. (n=5 for wild-type and n=8 for
fzr). All animals of both genotypes were found to contain at least 94 EdU positive cells and at least 5
Phospho-Histone H3 positive cells. Scale bars: 20µm.
10
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2.3.5 The papillar pre-mitotic endocycle program is required for
survival under salt-stress conditions
Finally, we examined the impact of the papillar cell cycle program and its
resulting aneuploidy on organismal physiology. Given the papillar-specific defect of fzr
animals in the hindgut (compare Fig. 14A with B), and the lack of significant byn
expression in other adult fly tissues (Chintapalli et al., 2007), we were able to use fzr
animals to examine the physiological effect of blocking pre-mitotic papillar endocycles.
Despite exhibiting severe papillar organogenesis defects, fzr adults are similarly viable
relative to controls when fed a control diet (Fig. 15A). Since papillae are thought to
regulate water and ion balance in Dipterans (Berridge and Gupta, 1967; Garrett and
Bradley, 1984), we next used a salt-stress assay to examine the physiological function of
wild-type and various mutant papillae. We subjected wild-type and fzr flies to a highsalt diet (Methods). Relative to controls, fzr animals have a marked decrease in survival
under high-salt conditions (compare Fig. 15A with B). These results suggest disrupting
pre-mitotic endocycles impairs papillar formation to a point that is detrimental to organ
function.
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Figure 14: Additional evidence that byn-Gal4 driven transient fzr and Notch
knockdown affect papillar development.11

A) Low magnification of entire WT adult hindgut. B) Low magnification of transient fzr RNAi adult
hindgut. C) Low magnification of transient N RNAi adult hindgut. In each panel, bynGal4-driven UAS-GFP
(green) outlines the hindgut, DNA is in purple, and a white line indicates the rectum. Scale bars: 200µm.
11
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Figure 15: The papillar cell cycle program is required for survival under salt-stress
conditions.12

(A) Percentage survival in wild-type and fzr RNAi animals, as a function of days subjected to sucrose
(control) diet. (B) Percentage survival in the same genotypes as A, as a function of days subjected to salt
stress. (C) Scheme to block mitosis of 8N papillar cells with Notch (N) RNAi. (D) Rectum of representative N
12
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To similarly test whether papillar division after endocycles is required for wildtype papillar function, we exposed mutant flies expressing Notch (N) RNAi to high salt.
We previously showed N RNAi prevents division and morphogenesis of papillar cells,
resulting in 1 or 2 papillae with ~100 total cells, instead of 4 papillae with ~400 total cells
(Fox et al., 2010). As with fzr RNAi, N RNAi (expressed with byn Gal4 during mitosis,
when N acts in the papillae, Fig. 15C) disrupts only rectal papillae and not the rest of the
hindgut (Fig. 15D, Fig. 14C). Further, as for fzr flies, N RNAi flies die when fed a highsalt diet (Fig. 15E, F). Together, we find pre-mitotic endocycles and subsequent
polyploid divisions in Drosophila rectal papillae are key to organ formation and function.
Finally, we examined whether the highly aneuploid papillae formed by SAK-OE
retain adult papillar function. Unlike fzr and N animals, SAK-OE animals display highsalt tolerance (Fig. 15E with F). Taken together, these results show that the papillar cell
cycle program of endocycles followed by mitosis is crucial for adult Drosophila survival
under high-salt stress. This essential cell cycle program generates significant aneuploidy
through retention and amplification of centrioles, but such aneuploidy does not impair
cell survival or function.

RNAi animal with bynGal4-driven UAS-GFP-labeled papillae in green (DNA is in purple). (E) Percentage
survival in animals expressing either N RNAi or UAS-SAK, as a function of days subjected to sucrose
(control) diet. (F) Percentage survival in the same genotypes as E, as a function of days subjected to salt
stress diet. Data are from at least 5 replicates of 15 female flies per genotype (means±s.d.). Scale bar: 50µm.
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2.4 Discussion
Recently, we described the contribution of error-prone polyploid mitotic
precursors in the generation of Drosophila adult rectal papillar structures. This discovery
led to three related questions: 1) Why do papillae use a polyploid precursor, when all
other known Drosophila precursors are diploid? 2) What distinguishes mitotic papillar
cells from non-mitotic polyploid cells? 3) What is the long-term outcome of errant
papillar divisions? In this present study, we explored these inter-related questions. Our
data show that: 1) pre-mitotic endocycles are indispensable for normal papillar organ
construction, yet 2) they retain and amplify centrioles, unlike non-mitotic polyploid
Drosophila cells. However, 3) the resulting centriole-induced aneuploidy is both welltolerated and non-disruptive with regards to tissue formation and function.

2.4.1 Papillar development requires pre-mitotic endocycles
In the absence of pre-mitotic endocycles, papillar formation is severely
disrupted. Based on the well-known connection between endocycles/polyploidy and
increased cell size, a likely explanation is that fzr RNAi decreases the size of rectal cells,
which prevents proper papillar formation. Pre-mitotic endocycles may generate
precursors of a large size or specific shape that are needed to form four papillar
structures. Related to this potential size requirement, the excess proliferation in fzr
pupae may represent a compensatory response to decreased precursor tissue mass. The
resulting over-proliferation in fzr RNAi animals could disrupt papillar morphogenesis
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by keeping papillar cells in a proliferative state when morphogenesis should occur. The
potential need for sequential control of endocycles/cell growth followed by mitosis in
papillar cells may differ from organs such as the developing Drosophila wing, where
endocycling, cell growth, and proliferation can be inter-changed without disrupting
final organ structure (Neufeld and Edgar, 1998; Weigmann et al., 1997).
Future work is required to see if failure in cell size regulation accounts for all
aspects of the fzr RNAi papillar phenotype, including the initial failure of the rectal tube
to split into four papillae. One alternative but not mutually exclusive possibility is the
use of the endocycle to promote differentiation and change papillar gene expression. For
example, the endocycle may ensure appropriate levels of Notch signaling, which we
characterized previously as a key regulator of papillar mitosis and morphogenesis.
Similarly, in the adult, it remains possible that the endocycle activates key salt
absorption genes that are crucial for papillar function, in addition to its role in
morphogenesis. We also cannot rule out a possible endocycle-independent function of
the APC/C in papillar development, given the documented endocycle-independent
functions of the APC/C and Fzr/CDH1 proteins in Drosophila and other organisms
(Herrero-Mendez et al., 2009; Konishi et al., 2004; van Roessel et al., 2004).

2.4.2 Centriole retention and pre-mitotic endocycles
Based on our data on centriole retention in papillar and nurse cells, we favor the
model that distinct endocycle programs in polyploidizing cells determine future mitotic
53

competence. Retaining centrioles (in the absence of secondary centriole elimination
mechanisms such as migration to an oocyte) may thus serve as a useful marker for
polyploid cells that retain mitotic potential. However, centriole retention alone is
unlikely to be required for future mitotic re-entry of polyploid cells, as morula mutant
nurse cells form an acentriolar spindle (Reed and Orr-Weaver, 1997). Rather, centrioles
may serve as one easily recognizable marker for retention of a broader polyploid mitotic
program. In Drosophila, an additional marker of mitotic competence after an endocycle is
likely the replication of late-replicating sequences. Both papillar cells and the first 5
nurse cell endocycles initiate late replication, (Dej and Spradling, 1999; Fox et al., 2010)
while the other tissues examined in our centriole retention study are known to underreplicate late replicating sequences (Endow and Gall, 1975; Gall et al., 1971; Sher et al.,
2012). Additional study of the differences between pre- and post-mitotic endocycles,
such as the mechanism of centriole elimination, will uncover key molecular differences
between these distinct classes of endocycles and could reveal the requirements for
promoting or suppressing polyploid mitosis.

2.4.3 Aneuploidy tolerance in polyploid cells
Numerous studies link polyploidy in cancer cells to aneuploidy and our work,
along with studies in yeast and mouse hepatocytes (Duncan et al., 2010; Storchova et al.,
2006), suggests that non-cancerous polyploid cells also generate significant aneuploidy.
Our present work shows that papillar aneuploidy generated by tripolar divisions-54

recognized as a frequently lethal form of aneuploidy even after one division-- does not
substantially impact survival, development, or function of papillar cells. This
aneuploidy viability contrasts previous work showing that whole-organism aneuploidy
decreases viability in flies (Bridges, 1921a; 1921b; Lindsley et al., 1972). Several possible
models might explain this difference. First, changes in the ratio of remaining
chromosomes after a tripolar division may not cause sufficiently detrimental
gene/protein dosage changes. Second, papillar cells may possess a dosage compensation
mechanism to neutralize aneuploid gene expression, similar to aneuploid Drosophila S2
cells (Zhang et al., 2010). Third, it remains possible that papillar cells share common
cytoplasm, allowing for protein equilibration, as was recently described in polyploid
Drosophila follicle cells (McLean and Cooley, 2013). Finally, given the recent finding that
polyploid-derived hepatocytes with a chromosome-specific aneuploidy can expand to
confer disease resistance (Duncan et al., 2012), it remains possible that papillar
aneuploidy generates a diverse pool of aneuploid cells that are poised to respond to
future tissue stress. Now that the robust aneuploidy tolerance of papillar cells is
established, these possibilities can be explored.

2.5 Materials and Methods
2.5.1 Fly Stocks
Wild-type genotypes: UAS-cnn-GFP, his RFP; byn Gal4, UAS-moe-GFP for live
imaging, and byn Gal4, UAS-moe-GFP, or w1118 for fixed imaging. Fly stocks were either
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described previously (Fox and Spradling, 2009; Fox et al., 2010) or are described on
Flybase (http://flybase.org/). Stocks referred to as SAK-OE refer to ubi-SAK or UAS-SAK.
For fzr RNAi, we used UAS-fzr RNAiv25550.

2.5.2 Fly Genetics
Except where indicated, all UAS-transgenes were driven by byn Gal4. Lineage
analysis was done on flies containing hs-FLP and act-FRT-STOP-FRT-lacZ (Struhl and
Basler, 1993). Control and SAK-OE flies were subjected to 60-minute 37˚C heat shock
after embryonic rectal divisions, but before pupal polyploid divisions, and then
dissected as adults. For temporal UAS expression, flies were kept at 18˚C until the time
of specified transgene induction, at which time they were shifted to 29˚C. For fzr RNAi,
embryos/newly hatched UAS-fzr RNAi; Gal80(ts) byn Gal4 larvae were kept at 18˚C for 2
days, then shifted to 29˚C until wandering 3rd larval instar, then shifted back to 18˚C to
turn off the RNAi. To visualize adult papillae in these fzr animals (Fig. 12F, Fig. 14B),
adult flies were shifted back to 29˚C again to induce UAS-GFP (note- papillar cells are
quiescent at this time). For salt feeding, newly eclosed adult flies were aged one week on
normal food, then placed in empty vials containing a 1.5 ml microcentrifuge cap filled
with 5% sucrose only (control) or 250 mM NaCl mixed with 5% sucrose. Flies were
transferred to new feeding vials daily and monitored for survival.
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2.5.3 Tissue Preparation
Tissue was dissected and either fixed or processed for live imaging as previously
(Fox and Spradling, 2009; Fox et al., 2010). Antibodies used: Anti-Cnn (1:100) (Heuer et
al., 1995), Anti-Plp (1:2000) (Rogers et al., 2008) and Anti-Asl (1:2000, gift from Greg
Rogers, U. Arizona), Anti-Phospho-Histone H3 (Cell Signaling, 1:2000), Anti-GFP
(Invitrogen, 1:2000), Anti-DE-Cadherin (1:50, Developmental Studies Hybridoma Bank),
Anti-Gamma Tubulin (Sigma, 1:1000), and Anti-Beta-Galactosidase (Abcam, 1:1000).
TUNEL was performed using the In Situ Cell Death Detection Kit (Roche), per
manufacturer’s instructions. EdU labeling was as in (Fox et al., 2010). For Fig. 13,
40ng/ml colchicine (Sigma) was added to the samples for 1 hr. prior to fixation, to enrich
for mitotic cells. For EM, tissue was fixed and processed as described previously (Cox
and Spradling, 2003; Ohlstein and Spradling, 2006). 80 nm serial sections were cut.

2.5.4 Microscopy
Fixed images were acquired using either a Zeiss AxioImager M.2 with Apotome
processing at 20, 40 or 63X, or a Leica SP5 confocal at 40 or 60X. Live imaging used an
Andor XD Spinning Disk Confocal Microscope with a 60X silicon objective. For EM,
sections were viewed with a Technai F30 electron microscope at 300 kV.

2.5.5 Image Analysis
Z-projections were assembled using Image J software. Movies were assembled
using MetaMorph software (Molecular Devices). Adobe Photoshop software was used
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to adjust brightness and contrast. Image J was used to count papillar cell number. For
volumetric DNA content analysis (Fig. 8), we used IMARIS software to convert His-RFP
signal to a 3D object, from which total volume was calculated. The relative per cell
distribution of an M-phase 16C octoploid parental cell was then determined by the
amount of DNA segregated to each daughter. To generate the model plot of near 2:1:1
reductive division, we assumed the small 4th chromosomes contribute negligible DNA,
and the remaining DNA was evenly distributed between the other 24 chromosomes (48
chromatids) in each octoploid nucleus. One chromatid then =2.08% total DNA. For each
division, the % DNA segregated to a daughter was then converted into a chromatid
number, and a histogram was generated. To introduce variance caused by missegregated chromosomes, we fixed 58% of cells at a perfect 2:1:1 segregation and
allowed the other 42% of cells to mis-segregate up to 4 chromatids. This was based on
our observation that 42% wild-type papillar cells with extra centrosomes exhibited
lagging/bridging DNA (Fig. 7F). Our observed tripolar data was compared to this model
data using a Mann-Whitney test.

2.5.6 Cell Cycle Nomenclature
We use endocycle to refer to any programmed cell cycle in which the genome
reduplicates without any entry into mitosis. We recognize the use in the literature of
other terms to describe this same event, such as endomitosis, endoreduplication, and
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endoreplication. We use 1N to define the haploid number of chromosomes (four for
Drosophila) and use 1C to define the haploid DNA content.
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3. Screening for Mechanisms of Aneuploidy Tolerance
3.1 Summary
Our lab’s discovery that the development of the papillae of the Drosophila rectum
generates multipolar mitosis that causes chromosomal imbalance, or aneuploidy, and
that it is both tolerated and functional was surprising. There are currently no published
mechanisms pertaining to how a cell may be able to buffer the negative consequences of
the major gene dosage imbalances that are generated by tripolar mitosis. I designed and
initiated an unbiased forward genetic screen to find regions of the genome that may
help the papillar cells tolerate the aneuploidy generated during their development. I
supervised both undergraduates and rotation students, who conducted the bulk of the
screen. While still at the beginning stages of this project, our initial results are delivering
some promising and provocative ideas about how epigenetic regulation of the
chromatin structure may help a cell regulate the negative consequences of aneuploidy.

3.2 Introduction
Aneuploidy, or chromosome deviations from the diploid karyotype, is generated
when the cell cycle checkpoints are either bypassed or fail. Aneuploidy is the leading
cause of spontaneous abortions and live birth defects (Nagaoka et al., 2012). It is
commonly found in cancers and new literature is beginning to suggest that it may be
more common than previously believed in our normally-functioning somatic tissue.
Some studies reported aneuploidy rates as high as 50% in the human liver (Duncan,
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2013; Duncan et al., 2010), and 33% in the human brain by both fluorescence in situ
hybridization and spectral karyotyping techniques (Pack et al., 2005; Rehen et al., 2001;
Yurov et al., 2007), although these findings are controversial. Newer studies using
single-cell sequencing techniques show that somatic aneuploidy rates in these tissues
may be much lower (Knouse et al., 2014; McConnell et al., 2013). Our previous report
showed that the polyploidy papillar cells are likely generating extreme amounts of
somatic aneuploidy during development in 7-20% of the tissue (Schoenfelder et al.,
2014). The existence of such prevalent somatic aneuploidy is surprising, given the major
detrimental effects associated with chromosome imbalance.
Aneuploidy causes major cellular consequences in many cell types. Chromosome
mis-segregation during mitosis often causes major DNA damage if the chromosomes lag
and are caught in the cleavage furrow (Janssen et al., 2011). Lagging chromosomes also
sometimes fail to incorporate with the main body of the nucleus and form micronuclei,
where DNA damage is prevalent (Crasta et al., 2012). Both of these situations can lead to
massive chromosomal rearrangement, including translocations and deletions. Gene
dosage imbalances cause an aneuploidy stress response characterized by both
proteotoxic stress and slowed cellular growth in haploid yeast containing extra
chromosomes (Torres et al., 2007). Aneuploid human fibroblasts with trisomy 21
(Down’s syndrome) proliferate more slowly (Segal and McCoy, 1974), and mammalian
culture cells showed signs of physiological stress when aneuploid (Williams et al., 2008).

61

Paradoxically, cancer is characterized by high levels of aneuploidy and also by
unchecked mitotic and growth potential. It is still under debate whether or not
aneuploidy can drive tumorigenesis or is simply a byproduct of the other aspects of the
cancerous cellular state. Studies indicating that the incidence of childhood cancers is
higher in humans with Down’s syndrome (DS) and Edwards syndrome, characterized
by trisomies of a single somatic chromosome suggest that aneuploidy may drive
tumorigenesis. However, DS patients are at lower risk of developing solid tumors,
which is also supported by parallel studies in mice containing an extra copy of the
Down syndrome critical region, which show decreased tumorigenic potential in both
lung and melanoma tumor models (Baek et al., 2009; Reynolds et al., 2010). However,
when mutations that cause chromosomal-instability, like a spindle assembly checkpoint
mutant, are combined with those that promote cell survival (p53 loss) or tumorigenesis
(KRAS-driven), the resulting animals get more frequent and aggressive tumors (Li et al.,
2010; Sotillo et al., 2010). This suggests a complicated balance between the negative
stressful consequences of aneuploidy and its tumorigenic potential for specific cell types.
The addition of polyploidy to the study of aneuploidy adds an interesting
wrinkle. Studies in yeast show that increased ploidy allows increased tolerance of the
negative effects of aneuploidy. Additionally, polyploidy is well-appreciated in up to
37% of solid tumors (Zack et al., 2013). Much of the protective effect of polyploidy is
ascribed to increased capacity to buffer the gene dosage imbalances. This may be simply
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passive, as the addition of a single chromosome to a haploid strain of yeast increases
protein expression of genes on that chromosome by a much larger relative amount than
that same single chromosome gain in a cell with an extra copy of the genome
(Oromendia et al., 2012; Pavelka et al., 2010). There are several published mechanisms of
dosage compensation for sex chromosomes in mammals, Drosophila, and plants, but it
remains unclear whether or not those components might be utilized for dosage
regulation of an aneuploid autosome (Letourneau et al., 2014; Lucchesi and Kuroda,
2015; Muyle et al., 2012; Papadopulos et al., 2015).
An investigation into naturally occurring mechanisms of aneuploidy tolerance
may hold answers into how cancers are able to divide and thrive despite rampant
chromosomal dosage imbalances. We’ve utilized our model system of naturallyoccurring polyploid mitosis which generates developmentally tolerated and functional
aneuploidy to find genes that enable aneuploidy tolerance. Our initial results are very
promising and suggest potential roles for both chromatin modification and nuclear
architecture remodeling in promoting aneuploidy tolerance in a polyploid tissue.

3.3 Results
3.3.1 Designing a screen for aneuploidy tolerance genes
We began our investigation for aneuploidy response mechanisms by designing
an unbiased forward screen for genes that may contribute to aneuploidy tolerance in the
polyploid rectal tissue. We recently described the generation of tripolar aneuploidy in
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the Drosophila hindgut, which is completely functional (Schoenfelder et al., 2014). The
rectal papillae of the fly are responsible for both water retention from solid waste and
maintenance of osmotic balance (Berridge and Gupta, 1967; Edwards and Harrison,
1983; Huang et al., 2002). RNAi knockdown of proteins fzr and Notch resulted in major
morphological changes to the papillae, which were also accompanied by high levels of
lethality on a high-salt diet. These results suggest that salt tolerance is an excellent
indicator of papillar cell function in the face of genetic mutations.
We hypothesized that we could detect genes that were responsible for allowing
functional tripolar aneuploidy looking for genes that were necessary for proper cellular
function in the face of high levels of chromosome mis-segregation. A salt stress assay on
highly aneuploid papillar cells would act as a perfect screening agent, as any genes that
affect salt tolerance only in animals with high tripolar aneuploidy would be prime
targets for an aneuploidy tolerance or dosage compensation mechanism. In order to
speed the screening and mapping process, we utilized the publicly available
Bloomington Deficiency Kit, made up of 473 stocks total, covering 98.4% of the
euchromatin of Drosophila melanogaster (Cook et al., 2012). We primarily focused upon
the autosomes for ease of genetic manipulation and consistency of internal controls. One
important aspect of this screen is that it will only pull out dosage-sensitive genes that
affect salt-tolerance in the context of aneuploidy, as both the experimental and control
flies will be haploid for the deleted region in each deficiency. A dominant screen had a
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good chance of success because we were most likely looking for a factor that could
respond to changes in gene dosage. This might include factors like chromatin
remodelers and chromatin insulators, many of which have been discovered due to their
dosage-sensitive nature.
In order to carry out the screen, we needed a sensitized line to test against a
negative control that would eliminate false positive deficiencies. These false positives
might contain genes important simply for salt tolerance itself, like salt transporter genes.
We sensitized our primary deficiency screens by crossing each deficiency to a stock that
would exhibit high levels of extreme, tripolar aneuploidy. We accomplished this by
crossing them to a sensitizer stock containing both the UAS-SAK transgene and the
hindgut-specific driver bynGal4, which induces between 60-70% tripolar aneuploidy
specifically in the polyploid papillae (Schoenfelder et al., 2014). We see a drastic increase
in tripolar divisions from 7% in wild-type flies to 60% in UAS-SAK flies, which allows us
to compare papillar cells that experience nearly a ten-fold increase in tripolar
aneuploidy to a control stock with wild-type tripolar division rates in the context of a
genomic deficiency.
SAK is a centriole licensing factor which causes massive centrosome
upregulation when it is overexpressed in a cell (Basto et al., 2008). This extra centriole
duplication then drives the papillar cells to divide in a tripolar manner much more
frequently (Schoenfelder et al., 2014), which differs from its action in diploid cells and
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tissues, which contain a robust centrosome clustering mechanism which prevents
tripolar mitosis. The bynGal4 driver expresses specifically in the larval and adult hindgut
tissues, including the rectum, ileum, and pylorus. Both the ileum and pylorus are
generated via diploid cell division, where we have not observed appreciably higher
rates of tripolar division. Therefore, this sensitizing regime creates a papillar-specific
aneuploidy regime which we can directly test with a salt stress functional assay which
tests the proper function and/or development of the papillar cells.
For the salt stress assay, we selected 10 F1 flies containing the deficiency, UASSAK, and bynGal4 as our sensitized experimental animals and put them onto a high-salt
diet, scoring the number of animals that died over the course of 10 days. These viability
results were compared against the same assay performed on 10 internal control animals
collected from the initial deficiency cross which contained the deficiency and UAS-SAK
transgene, but lacked the bynGal4 driver. This control would help to eliminate those
deficiencies which encoded important genes necessary for salt tolerance independent of
the state of aneuploidy in the animals.
Our primary screen thus far has been very successful in identifying deficiencies
that selectively cause organismal lethality in response to heightened papillar
aneuploidy. We have completed screening 337 deficiency lines of the total 474 of the kit,
covering approximately 71% of the total deficiency collection (Table 1). The percentage
of hits among all lines tested was on average 7.9%, leaving a feasible number of
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deficiencies to narrow down to individual genes which affect salt-tolerance specifically
in the context of multipolar aneuploidy. We were happy to find that several pairs of
overlapping deficiencies were reported as hits in our screen, suggesting that it is
working well to identify regions of the genome which respond to aneuploidy. One
example of these hits were the Df7544 and Df442, which both knock out PSC, an
important factor in Polycomb developmental gene repression.
Table 1: Aneuploidy Tolerance Primary Screen Completion to Date

Chromosome Arm
X
2L
2R
3L
3R
4
Totals

Screened Total
7
92
91
103
83
92
68
77
88
103
0
7
337
474

Hits
0
12
5
7
9
0
33

Hit %
0.0%
13.2%
6.0%
10.3%
10.2%
N/A
7.9%

3.4 Discussion
The initial findings from our screen indicate some interesting roles for chromatin
remodelers and regulators in the tolerance of aneuploidy. Of course, at this point, these
results are extremely preliminary, and will need to be confirmed by narrowing
deficiencies as well as single gene mutants and RNAi knockdowns. If these tests are
successful in implicating the PRCs in aneuploidy tolerance, it will be the first discovered
mechanism by which random whole chromosomal aneuploidies are actively regulated.
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Any discovery of the PRCs acting at out of balance chromosomes would suggest
that the cell was somehow sensing and then specifically targeting their PRCs to the
aneuploid chromosome/chromosomes. Once we begin to unravel the first key players in
this novel aneuploidy response, we may be able to leverage those findings to identify
the gene dosage sensors and the targeting paradigms.

3.4.1 Polycomb repressive complexes may be involved in aneuploidy
tolerance
As we delved through the different genes contained in each deficiency, we began
to find patterns in the data, suggesting that several members of the same protein
complexes were being pulled out of the screen. The most compelling instances of this
were in several major chromatin remodeling regulators. As these results need to be
verified on a single gene level, I will discuss one such example here. The first of these
were chromatin regulators Polycomb repressive complex 1 (PRC1) and 2 (PRC2), which
are most famously responsible for silencing chromatin during the differentiation of
complex organisms (Lewis, 1978; Struhl, 1981). Importantly, polycomb complex mutants
are known to cause dominant effects on gene expression, and thus it would make sense
that such genes may be identified in our dominant screen.
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Figure 16: Subunits of both the PRC1 and PRC2 complexes were preferentially pulled
out of the primary screen.
The PRC2 complex methylates the lysine in the 27th position of histone H3
(H3K27) up to three times, resulting in transcriptional silencing at targeted genes. It is
made up of four-core proteins, at least two of which were contained within hit
deficiencies from the primary screen (Figure 16). Both extra sex combs (ESC) and
nucleosome remodeling factor 55 (Nurf55) were contained within repeat hits, and play
non-catalytic roles in the PRC2 complex. The third non-catalytic subunit, Supressor of
zeste 12 (Su(z)12) was contained in a deficiency that was synthetically lethal with SAKOE. The catalytic methyltransferase, Enhancer of zeste E(z), is on the X-chromosome and
remains to be tested. Overall, these results suggest a likely role for PRC2 in tolerance of
multipolar aneuploidy induced by SAK overexpression.
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The action of PRC1 in target gene repression is less well-known, but it is thought
that it may interfere directly with the transcriptional machinery at the target genes that it
represses and have a role in compacting chromatin (Simon and Kingston, 2009). Of the
five subunits of the PRC1 complex, two were contained in deficiencies pulled out of the
primary screen (Figure 16). Polycomb (Pc), the subunit that binds trimethylated H3K27
(H3K27me3), and posterior sex combs (PSC), a co-factor for E3 ubiquitin ligase were
both contained within hits during the primary screen. Excitingly, one of our strongest
hits, Df 7544, contained two closely-associated members of the PRC1 complex, Psc, and
su(z)2, which are thought to act redundantly in the complex in flies. Sex combs extra
(Sce/dRING) is an E3 ubiquitin ligase, and was not a hit from the screen. Polyhomeotic
(Ph) remains untested. PRC1 has a variant form called the dRAF complex, characterized
by binding to dKDM2 (Lagarou et al., 2008). This protein is important for ubiquitinating
H2A, but did not appear to be contained in our deficiency screen. Neither subunit of the
deubiquitinase complex, PR-DUB, was pulled out of the screen. The role of
ubiquitination in gene repression also remains unclear. Perhaps PRC1’s role in
chromatin compaction has a role in aneuploidy tolerance.

3.5 Materials and Methods
3.5.1 Fly Stocks
We used the publicly available Bloomington Deficiency Kit made up of 474 total
deficiency lines, for our primary screen (Cook et al., 2012). We crossed each of these
70

deficiency lines to our sensitizer stock: UAS-SAK; bynGal4/TM6, Tb, Hu. All RNAi lines.
This enabled us to select for F1 experimental animals: Df(2)/UAS-SAK; BynGal4/+, or
UAS-SAK/+; Df(3)/BynGal4 which we tested against internal control siblings lacking the
BynGal4 driver, and were therefore TM6, Tb, Hu. We also tested numerous RNAi and
mutant lines ordered from the BDSC.

3.5.2 Fly Genetics
For the screen we crossed UAS-SAK; BynGal4, UASmoeGFP/TM6, Tb, Hu to the
various deficiency lines. This enabled us to select for F1 experimental animals (hereafter
referred to as SAK-OE flies): Df(2)/UAS-SAK; BynGal4,UASmoeGFP/+, or UAS-SAK/+;
Df(3)/BynGal4, UASmoeGFP which we tested against internal control siblings lacking the
BynGal4 driver, and were therefore TM6, Tb, Hu. All RNAi and mutant lines were also
crossed to this same sensitizer stock, and the proper F1 progeny were subjected to salt
stress. All fly crosses were reared at 29C to maximize expression of UAS-SAK, and the
salt stress assays themselves were conducted at 25C in the same incubator to ensure
consistency throughout the screening process.

3.5.3 Fly Food Preparation
Fly crosses were reared on molasses-based agar food made by Archon Scientific
(http://archonscientific.com/recipes/). Salt stress was performed on food made from
Nutri-Fly Media purchased from Genessee Scientific (Cat#: 66-116) which was
supplemented with 2% sodium chloride and cooked according to the manufacturer’s
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instructions. The food was aged for two weeks in an 18C incubator in plastic bags before
use to ensure that it was properly dehydrated prior to salt stress testing.
The high-salt food was made of normal molasses-based agar fly food
supplemented with 2% sodium chloride, which was a rate published as producing a
strong yet tolerable salt stress in wild-type Drosophila (Stergiopoulos et al., 2009). We
confirmed that this level of salt stress was also viable over ten days in our UAS-SAK
sensitized stock, and lethal in our N RNAi positive control animals that only have a
single rectal papilla as opposed to the normal four of wild-type animals (data not
shown). Each batch of salt food was tested with positive control animals known to be
deficient in salt tolerance to ensure consistency during the screening process.

3.5.4 Screen Design and Analysis
The salt stress assays were crossed as described above, and then scored for
organismal death on Days 3, 7, and 10 by counting the number of dead flies on the
bottom of the vial. Some experiments were extended to a full 14 days of analysis, and
were flipped into new vials on Day 10 to avoid counting of any eclosing F2 progeny.
Initial hits were defined as those deficiencies showing lethality differentials of
three or more in the SAK-OE background versus the control lacking elevated tripolar
divisions at any point during the experiment. Initial hits were then repeated, and those
deficiencies that showed at least two repeated hits are aggregated in Table 1. Genes of
interest were identified by scanning genes contained by the deficiency on FlyBase for
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functions that could potentially affect gene dosage or transcription in a dosage-sensitive
manner. One of our first initial hits, deficiency BSC#7544, replaced our initial positive
control of N RNAi driven by bynGal4-mediated hindgut expression for the testing of the
salt food.
Hits were considered as deficiencies, RNAi lines, or mutants which
demonstrated a minimum of three more deaths in the SAK-OE flies as compared with
control flies. Deficiency salt stress experiments which resulted in a hit during the initial
screen were replicated at least once before becoming a confirmed hit.

3.5.5 Tissue Preparation
Tissue was dissected and fixed as described previously (Fox and Spradling, 2009;
Fox et al., 2010). Dissected tissues were stained with DAPI prior to imaging.

3.5.6 Microscopy
Fixed images were acquired using a Zeiss AxioImager M.2 with Apotome
processing at 20, 40 or 63X.

3.5.7 Image Analysis
Acquired papillar images were scored for cell number using the TANGO plug-in
for FIJI/Image J. This plug-in allows for analysis of 3D stacks, which we leveraged to
provide us with cell numbers. 3D stack images of papillae were cropped to exclude nonpapillar tissue prior to TANGO analysis to both speed analysis and reduce false positive
nuclear counts from non-papillar tissue.
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4. Papillae may buffer aneuploidy by protein sharing between
individual cells.
4.1 Summary
I found in my previously discussed work that high levels of tripolar aneuploidy
are generated and tolerated during the development of the polyploid rectal papillae in
Drosophila. Even when the rate of tripolar division was increased to over 60% in the
developing tissue, these organs still functioned to balance osmotic stress in the resultant
organisms. This raised the possibility that there existed extreme aneuploidies including
complete loss of a chromosome, or nullosomy, that could not be compensated by any
gene dosage based aneuploidy responses. We found evidence that nullosomies are
indeed generated during the polyploid tripolar divisions. We then investigated whether
or not these cells might be capable of sharing cytoplasm and proteins with each other in
order to buffer a nullosomy, which otherwise might be cell lethal. Photo-activation of
ectopically expressed GFP revealed that these proteins could move from one principal
cell to a distant principal cell of the same papilla. These results suggested that the
papillae may act as a pseudo-syncytium. Further characterization will be necessary to
investigate whether the nullosomic daughters do indeed persist into adulthood, and
whether or not aneuploidy is indeed buffered due to the syncytial nature of the tissue.
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4.2 Introduction
4.2.1 Somatic and germ line ring canals are common in both diploid
and polyploid tissues to share proteins.
Protein sharing is common in nature and can even occur in disease. Perhaps the
most famous example of protein sharing are epithelial syncytia, in which all nuclei share
cytoplasm due to the complete absence of cellular membranes. The Drosophila embryo
undergoes 13 rapid early syncytial divisions before cellularization and morphogenesis
begin to occur (Foe and Alberts, 1983). These cells share a common cytoplasm which
synchronizes and supplies their rapid and synchronized progression through the cell
cycle. Cell-fusion of giant trophoblast cells in the human placenta create a
multinucleated syncytial trophoblast which is crucial for the implantation of the oocyte,
and creates the outermost layer of the placenta, directly contacting the maternal blood
(Li et al., 2015; Red-Horse et al., 2004; Zybina and Zybina, 2005). Cell-fusion created
syncytia are also critical in adult wound healing response in Drosophila, where
mechanical injury to the adult epidermis cause a cell fusion response by the surrounding
epithelial cells which is both induced by Yorkie and necessary for re-epithelialization of
the wound site (Losick et al., 2013). Syncytia also form in some intracranial tumors called
meningiomas, where electron microscopy and magnetic resonance imaging have both
confirmed that the cell membranes of these tumors are interspersed with each other and
are likely to act as syncytia, although the consequences of this remain unclear (Elster et
al., 1989; Kepes, 1961; Maiuri et al., 1999).
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It is apparent that different degrees of syncytia can exist, which differ by the
types of molecules that are shared, and the rate at which they can travel between cells.
On one extreme are cells which create true syncytia as defined by cellular fusion, where
each nucleus completely shares the same cytoplasm. The opposite extreme would be
cells which are connected via gap junctions. Gap junctions only allow for small
molecules and peptides to pass through to other cells, famously mediating the electrical
signals that synchronize the cardiac muscle contractions of the heart beat (Joyner, 1982;
Sjöstrand and Andersson, 1954). The gap junctions can also allow transfer of small
peptides up to relative molecular mass of 1,800 (Neijssen et al., 2005).
Representing the middle ground of the pseudo-syncytia are the cytoplasmic
bridges allow trafficking of larger proteins and organelles to neighboring cells that form
due to failed abscission during cytokinesis. Somatic ring canals have been characterized
in both the follicle cells which surround the Drosophila oocyte during oogenesis, and in
the imaginal disc epithelia of the larvae, allow protein sharing and are about 250nm
wide (McLean and Cooley, 2013). Ring canals have also been described in the germline –
both Drosophila and mammalian male and female germline contain ring canals
(Greenbaum et al., 2011). In the Drosophila female germline, the founder cell divides four
times with incomplete cytokinesis forming a fusome structure which connects all of the
germ cells to the eventual oocyte (Huynh and St Johnston, 2004). Fifteen of these cells
become nurse cells which support the oocyte during oogenesis, and shuttle proteins

77

between the ring canals to the oocyte. These ring canals grow in size drastically as the
oocyte matures, from <1uM to over 10uM in the mature oocyte (Cooley, 1998).
Mammalian ring canals are different from those of Drosophila in that they express unique
proteins including TEX-14, which are essential for the maintenance of the intercellular
bridges.

4.2.2 Ultrastructural analysis of other arthropods suggest that the
papillae of other species may be a pseudo-syncytium.
The rectal papillar tissue of many insects is responsible for both water retention
and osmotic balance (Berridge and Gupta, 1967; Phillips, 1981). The papillae can
morphologically diverge in size and number in the rectum, but each unit basically
contains three main cells. The first are the principal cells, which contain the bulk of the
ion transporters (Patrick et al., 2006). The second are the secondary cells, which populate
the base of the papillar structure. The third are the junctional cells, which lay between
the principal and secondary epithelial layers, and close the intrapapillar sinus (Garayoa
et al., 1999). Ultrastructural characterization of the rectal papillae of the ant Formica
nigricans showed that the principal cells have lateral plasma membranes which do not
connect through to the basal or apical membranes, thereby creating a principal cell
syncytium (Garayoa et al., 1999). The 6 rectal papillae of the ant look very similar to the
conical papillae found in dipterans (Berridge and Gupta, 1967). A study examining the
ultrastructure of the papillae of the brackish water mosquito Culiseta inornata also
reported a lack of full lateral membranes between the principal cells (Garrett and
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Bradley, 1984). Numerous other studies in a variety of insects, from bees to blowflies,
have examined the rectal papillar structure under EM, yet give no mention of the
presence or absence of the lateral plasma membranes of the principal cells (Berridge and
Gupta, 1967; Copeland, 1964; Flower and Walker, 1979; Meredith and Phillips, 1973a;
1973b; Phillips and Meredith, 1969; Serrão et al., 2004; Sohal and Copeland, 1966;
Wigglesworth, 1933a; 1933b; 1933c).
Given our previous findings that the rectal papillae of Drosophila undergo highly
aneuploid development, I wondered if protein sharing through a syncytial tissue
structure might act to help buffer the negative consequences of extreme chromosome
dosage imbalance. The work described in this chapter discovered the generation of
polyploid daughter cells that lacked any copies of the X-chromosome. I also performed
photo-activation experiments that demonstrated that the Drosophila papillae are capable
of sharing proteins throughout the majority of the tissue from a single cell. These results
begin to suggest that extreme aneuploidies generated by error-prone mitotic
development may be buffered by protein sharing.

4.3 Results
4.3.1 Tripolar divisions may result in nullosomic daughter cells
My previous work found that papillar tripolar divisions appeared to divide the
polyploid genome in a very stochastic manner (Schoenfelder et al., 2014). This led to a
prediction that some divisions would generate the complete loss of any copy of a single
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chromosome in one of the daughters. To test whether this was the case, we utilized a
transgene expressing Male sex lethal 3 tagged with green fluorescent protein (hereafter,
msl3-GFP) (Strukov et al., 2011a). Live imaging the dividing pupal rectal tissue with
Centrosomal protein C tagged with RFP (CenpC-RFP) allowed us to visualize XChromosome inheritance in males during mitosis (Althoff et al., 2012). I was able to
quantify the amount of X-Chromosome inheritance by each individual daughter by
volumetric analysis of the amount of msl3-GFP inherited by each daughter cell.
Assuming that the mitotic mother cell had duplicated her octoploid genome, there were
8 total msl3+ X-chromatids that could be inherited by the daughter cells.
We first examined bipolar papillar divisions, measuring the amount of Xchromosomes inherited just after anaphase had clearly segregated the genetic material to
either daughter cell (Figure 17A-B). Time-lapse analysis gave me the ability to ensure
that anaphase had fully completed prior to inheritance analysis. I found that 80% of all
bipolar divisions resulted in even 4:4 distribution of the X-chromatids to each daughter
cell (Figure 17C, n=11 divisions). I also observed ~20% rate of mis-segregation of one
chromatid to one daughter, and a corresponding loss in the other. This value correlates
with the expected error rates of papillar mitotic errors that were previously observed by
our lab of ~25% (Fox et al., 2010; Schoenfelder et al., 2014). I did not observe any
instances of multiple X-chromosomes being mis-segregated during bipolar division, as
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the odds of this happening are expected to be low. With increased n-values, I would
expect to catch very rare instances of this phenomenon, however.
I then turned my msl3-gfp X-chromosome inheritance analysis to the naturallyoccurring tripolar papillar divisions (Figure 17D-F). In this situation, the only way to
avoid massive aneuploidy would be via programmed reductive divisions, which were
proposed to occur in the mammalian hepatocytes (Duncan et al., 2012; Mazia et al.,
1960). In this case, the read-out of a reductive division for the X-chromosome would be a
4:2:2 inheritance pattern, which would be balanced by equal inheritance of the somatic
chromosomes. I had already concluded that this was unlikely to be the case previously
by measuring bulk DNA inheritance by each daughter of a tripolar division
(Schoenfelder et al., 2014). These findings were further confirmed by our msl3-gfp
patterns of inheritance. I observed less than 15% 4:2:2 X-chromosome inheritance
patterns (Figure 17F, n=8 divisions). Surprisingly, we found a relatively high incidence
of segregation patterns that resulted in a nullosomic daughter cell missing any copy of
the X-chromosome (Figure 17D-E). Three out of eight scored divisions resulted in a
nullosomic daughter cell in our wild-type analysis (Figure 17F).
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Figure 17: Nullosomy of the X-Chromosome can be observed during polyploid
tripolar mitosis at appreciable rates.1

(A) Sequential time-lapse images of a male 8N papillar bipolar anaphase. Dashed lines indicated the
approximate boundaries of the dividing cell. (A-D) Centrosomes (CenpC-Tomato) are marked in magenta,
and the X-chromosomes (Msl3-GFP), are in green. Scale bars = 10uM. (B) Snapshot of bipolar anaphase from
the above time-lapse used to quantify X-chromosome inheritance. (B, E) Numbers indicate the number of X1
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4.3.2 Photo-activation of GFP shows protein movement between
papillar cells
Building off of my intriguing finding of potentially nullosomic papillar cells, I
wondered how this extreme case of aneuploidy might be tolerated. Dosage
compensation is not a mechanism of tolerance that is compatible with complete loss of
any genomic template, which occurs in a nullosomic division. Therefore, I wondered if
the cells may share gene products with each other to help buffer the devastating
consequences of losing a significant portion of the genetic blueprint. McLean and Cooley
(2013) published that somatic follicle and imaginal disc cells share proteins via ring
canals, which are the product of incomplete cytokinesis. They utilized a photoactivatable
version of GFP which can be turned from non-fluorescent to fluorescent upon activation
by 405nm incident laser light.
I repeated their findings as a positive control to test my ability to fine-tune the
laser settings on the core-facility Leica SP8 confocal microscope. The goal was to activate
GFP signal in one and only one cell, and then follow the movement of that activated

chromosomes inherited by each daughter cell as measured and indicated by Imaris surpass measurement of
the GFP signal. (C) Histogram of all observed X-chromosome inheritance frequencies from bipolar divisions
(n=11). (C, F) X-axis lists all possible X-inheritance outcomes, and the y-axis indicates their frequency of
observation. (D) Time-lapse images of a male 8N papillar tripolar anaphase generating a nullosomic
daughter. (E) Snapshot of bipolar anaphase from the above time-lapse used to quantify X-chromosome
inheritance. (F) Histogram of all observed X-chromosome inheritance frequencies from tripolar divisions
(n=8).
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protein to other cells contained within the pseudo-syncytium. I serially activated UASPA-GFP with 405nm-light in single follicle cells, and successfully showed PA-GFP
movement between my initially activated cell (Figure 18A-B) and the rest of the
syncytium. The initial activation was restricted to a single cell in all quantified
experiments to avoid confounding my data by measuring two neighboring syncytia as
one. The protein movement was also quite subtle, as GFP took at least a minute to show
appreciable movement to any neighboring cell. My results from a collection of seven
total photo-activation experiments indicated an average syncytia size of 6.6 cells, which
ranged from 2 to 14 in clone size (Figure 18D). These results conform closely with the
previously published results on somatic follicle cell syncytia made up of between 3-10
cells with an average size of 8 cells (McLean and Cooley, 2013).
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Figure 18: Ovariole Photo-activation confirms PA-GFP moves between follicle cells
via ring canals and ileum activation serves as a separated cell negative control.2

(A-C) Stills from time lapse experiments where photo-activation of GFP (PA-GFP) determined how many
cells shared cytoplasm with each other. Serial activations were completed until protein sharing ceased and
shared clone size could be determined. Follicle cell PA-GFP experiments were used as positive controls, and
ileum cell PA-GFP experiments were used as negative controls. (A) Follicle cell PA-GFP which determined
an 8 cell clone size. (B) Follicle cell PA-GFP which determined 14 cells share cytoplasm. (C) Four separate
ileal cell activation experiments in the same tissue. All four experiments showed only a single cell clone. (D)
2
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It was also important to establish that my photo-activation settings were not
activating some type of response that would cause ectopic protein sharing in cells not
known to have cytoplasmic connections to their neighbors. I chose to examine photoactivation in the ileum as a negative control to test that PA-GFP remains contained in a
single cell. I performed 4 separate series of activations in the same ileum (Figure 18C),
and found that all of the activated protein was contained to a single cell. I repeated this
test in 8 separate activations, and all of them confirmed that my activation only affected
the targeted cell, and the activated proteins remained localized to a single cell for up to
fifteen minutes. The average size of cells filled by photo-activations in the ileum never
deviated from just a single cell (Figure 18D).
Once I was confident in my ability to target single cells for photo-activation, I
tested the diffusion capabilities of different areas of the polyploid rectal papillae. The
papillae are constructed of several different cell types, two of which I focused my
studies upon. The first are the secondary cells, which are cuboid epithelial cells at the
base of each papilla (Figure 19F) (Garayoa et al., 1999). Photo-activation of these cells
predominantly led to activation of a single cell, although on some occasions PA-GFP

Average number of cells that share PA-GFP during a single activation experiment (n≥7 for ovariole and
ileum).
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could be found in two or more other secondary cells (Figure 19A). Because of these
results, I cannot exclude the existence of cytoplasm sharing between some secondary
cells. Importantly, I never observed trafficking of PA-GFP between secondary cells and
the principal epithelial cells, and thus never saw filling of the entire papillar structure
from a secondary cell activation and vice-versa (Figure 19E). These results suggest that a
barrier impermeable to PA-GFP exists between these two cell types.
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Figure 19: Photo-activation of PA-GFP in the principal cells shows protein movement
through entire papilla.3

(A-D) Stills from time lapse experiments where photo-activation of GFP (PA-GFP) determined how many
cells shared cytoplasm with each other. Serial activations were completed until protein sharing ceased and
shared clone size could be determined. All experiments were performed in the same papilla. (A) Activation
3
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I next sought to investigate the properties of the simple columnar epithelial
principal cells, which make up the bulk of the papillar tissue (Figure 19F). The primary
cells are primarily responsible for osmotic balance (Garayoa et al., 1999; Phillips, 1981).
These cells are also thought to be syncytial in the ant Formica nigricans (Garayoa et al.,
1999), and the ant papillae look strikingly similar to those of Drosophila. Photo-activation
of GFP in the principal cells showed rapid protein movement to the rest of the principal
cell regions of the papilla. The PA-GFP signal appeared to be distributed evenly over
time throughout all of the principal cells in the papillae, without showing any signs of
being limited by cell membranes or ring canal structures, as it is in the follicle cells
(Figure 19B-D). The diffusive nature and kinetics of the PA-GFP activation did not
appear to be affected by the region in which the principal cell was activated. In serial
activations of the same papilla, cells located near the secondary cells (Figure 19B,C)
showed similar protein movement to a principal cell activated at the tip of the papilla

in a secondary papillar cell shows no protein movement to other cell types of the papilla over the course of
30s. Initial GFP concentration is maintained throughout the five-minute total time-course of the full papillar
experiment. (B) Activation in a primary cell located in the base of the same papilla is in A which shows
rapid protein movement throughout the rest of the papilla. Very little initial signal is maintained in the
originally activated cell after one minute. (C) Activation in another primary cell located on the opposite side
of the base of the papilla. Protein movement appears to spread throughout the entire papilla as in B over the
course of one minute. (D) Activation in a third primary cell located in the tip of the initial papilla. Protein
movement is again evident as the initial GFP signal dissipates and fills the rest of the primary cells of the
papilla. (E) Chart tracking percentage of cells that contained photo-activated GFP. All secondary cells
contained GFP and all primary cells shared protein with the other primary cells in the papilla. (F) Diagram
of papillar structure, highlighting the cell types, locations, and ploidies of the various cell types in the organ.
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(Figure 19D). This suggests that the pseudo-syncytium created by the principal cells
create very little barrier between each other. This is actually in contrast to the pseudosyncytia created by the follicle cell ring canals, which present a significant diffusive
barrier due to their small size.

4.3.3 Fluorescence recovery after photo-bleaching (FRAP) reveals
diffusive properties of the papillar pseudo-syncytium
In order to determine whether or not the movement of PA-GFP protein is
mediated by an active process or by passive diffusion, I performed FRAP experiments
on the papillar pseudo-syncytia. FRAP measurements are a commonly used technique to
determine the diffusion coefficients of various molecules (Kang et al., 2012).
Measurements of the half-life of fluorescence recovery time (τ or tau) and the
measurement of the bleach region radius (rn) allow one to determine the approximate
diffusion coefficient of the bleached molecule in the FRAP experiment, in this case UASGFP driven ubiquitously by Tub-Gal4. Once we have a diffusion coefficient for the GFP
in the papillar tissue, we can see if it agrees with previously published diffusion data for
GFP in other freely diffusing systems, thereby demonstrating whether or not this
syncytium allows protein movement by random diffusion, or else by a constrained or
actively-controlled process.
The first variable that I needed to calculate to find the diffusion coefficient of
UAS-GFP was the radius of our bleach. This was determined by careful sizing and
measurement of the bleaching region of interest (ROI) as designated by me during the
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FRAP experimental setup. Once a bleach region was determined, it was recorded and
subsequently measured using ImageJ’s measurement function. An example bleach ROI
from a FRAP experiment is marked in both Figure 20A’’ and B’’, along with the
calculated radius measurement in magenta. It is important to note that the equation was
designed to deal with perfectly circular bleaches, but I sometimes made ellipses as my
bleach regions. In these cases, I took the average between both the major and minor axes
of the ellipse, which were measured in ImageJ after the FRAP experiment was
completed. It was also difficult to control for absolute bleach size, so some of the
bleaches affected differently-sized areas. The results of the equation, however, shouldn’t
be affected by these changes.
The next variable that had to be determined was the time at which half of the
GFP was recovered in the tissue (τ). In order to determine this value accurately, I plotted
to fluorescence recovery data over time in the area of the photo-bleach for GFP
fluorescence recovery using ImageJ (Figure 20A-B). Example images of fluorescence
recovery are shown in Figure 20A-B. Once the fluorescence intensity data was plotted
over time, I then utilized MATLAB’s curve fitting toolbox to fit the 2-dimensional
diffusion equation to my data (Figure 20C).

𝑦 = 𝐹0 (1 − 𝑒
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This allowed me to calculate the τ(1/2) automatically in MATLAB, and also
allowed me to solve for the diffusion coefficient using the Soumpasis equation (Kang et
al., 2012).
𝐷𝑟𝑛 = 0.224 ∗

𝑟𝑛2
𝜏1/2

I made these measurements repeatedly in four different papillae. Interestingly, I
observed that the diffusion coefficient slightly decreased with each successive
experiment. This may have arisen for several different reasons. One, the photobleaching
is leading to a decrease in the total papillar GFP concentration, thus slowing the rate of
passive diffusion. Second, the papillar or syncytial structures that allow for the diffusion
to occur may be damaged by repeated photobleaching of the tissue in the same region.
For this reason, I only used a single FRAP per tissue, which was the first FRAP
experiment that I performed. I got a wide variety of diffusion coefficients, ranging from
3.87 µM/s2 to 37.76 µM/s2, with an average coefficient of 12.73 µM/s2 (Figure 20D).
Importantly, these values, while wide-ranging, still fall very close to the previously
published results of GFP diffusing freely with diffusion coefficients between 20-40 µM/s2
(Kang et al., 2012).
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Figure 20: Fluorescence recovery after photo-bleaching reveals that GFP is able to
move approaching the rate of diffusion throughout the papilla.4

(A-B) show merged channels (A) and only the GFP channel (B) of a GFP-positive papilla from a TubGal4,
UAS-GFP fly undergoing a FRAP experiment. The first panel shows the entire papilla, while (A’-A’’’’ and
B’-B’’’’) show a zoom-in of the same image to the inset marked in both (A) and (B). The inset images show a
series of time lapse acquisitions that are taken after laser-mediated bleaching of the UAS-GFP flurophore.
The bleached region that is exposed to the laser is indicated by the dashed lines. The radius of the bleach
zone (rn) is indicated by the magenta line (A’’ and B’’) and measured to solve for the diffusion coefficient of
the free UAS-GFP. The time post-bleach is indicated in each panel. (C) The rate of GFP fluorescence recovery
was plotted in MATLAB and a curve was fit to the data for n=4 different experiments in four separate
tissues. The fit curve equation used is the same that is used to fit FRAP data to a two-dimensional diffusion
model. Tau (τ) indicates the time at which half of the lost fluorescence has been recovered according the fit
equation, and was calculated by MATLAB for each FRAP experiment. The average of calculated Taus is
shown. (D) The diffusion coefficient (Dr(n)) was calculated for GFP by using the Soumpasis diffusion
equation along with the calculated Tau and measured bleach radius, and bleaching coefficients. The range of
bleaching coefficents calculated is indicated and the average bleaching coefficient is shown. n=4 FRAP
experiments performed on separate tissues. All scale bars are 10 µM.
4
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4.4 Discussion
I have begun to gather evidence that supports the tolerance of the negative
conseuquences of aneuploidy by protein sharing between aneuploid cells in a pseudosyncytium. I first analyzed msl3-gfp data which indicated that some daughter cells
inherit no X-chromosomes in male flies. Because the males contain half of the Xchromosomes that a female has, the male papillar divisions are at the highest risk for
generating nullosomies during a tripolar division. While it is clear that nullosomies can
be generated during the polyploid anaphase of pupal papillar development, it remains
unclear whether or not these nullosomic daughter cells persist. The X-chromosome in
Drosophila carries approximately 1/5th of the total fly genome, the complete loss of which
is almost certainly lethal for the cell. Our previous TUNEL assays during the
development of animals ectopically expressing a centrosome licensing factor which
drove a 10-fold increase in tripolar divisions, however, revealed no detectable increase
in cell death over wild-type, suggesting that these nullosomic daughters may survive
into adulthood (Schoenfelder et al., 2014). However, further investigation of
chromosome content in the adult animal will be necessary to prove that these
nullosomies do persist into the adult animal.
I also utilized photo-activation experiments to demonstrate that a single
principal cell of the papillae is capable of sharing proteins throughout the tissue to the
rest of the principal cells. This is one of the only rational mechanisms that could explain
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how a nullosomic daughter cell could persist despite the loss of the template encoding
1/5th of its genome. In this case, a cell containing the X-chromosomes template would
have to produce protein that is then shuttled to the site of aneuploidy. Further
experiments will be required to show that nullosomic cells contain proteins in close
proximity to the cell that could not have been transcribed and translated from the
nullosomic cell itself.
We also investigated the rate at which transgenically-derived protein products
could move around the cell by utilizing a FRAP regime, and discovered that the speed of
movement was quite close to that of previously published diffusion rates for GFP in vivo.
This suggests that protein sharing is most likely to be a passive process, but more
attention should be given to how quickly a protein product might get from one side of
the tissue to another part where it might be needed. These data cannot preclude the
existence of an active transport process for other protein products, which could
potentially utilize the cytoskeleton and motors to deliver cargo proteins. It will be key
moving forward to establish whether syncytialization is dependent upon the ploidy
status of its constituent cells, as diploid rectums are functionally deficient. Perhaps they
are unable to establish a principal cell syncytium that is required for the osmotic balance
function of the tissue.
It is also important to note that just because the papillae may act as a pseudosyncytium with shared cytoplasm, this doesn’t mean that all of the cytoplasm is
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uniform. Studies in the syncytial fungus Ashbya gossypii exhibit asynchronous cell
cycling between nuclei in a shared cytoplasm by defining regional domains of
cytoplasm with differential concentrations of key cyclin RNA transcripts which are
concentrated by the protein aggregation of an RNA-binding protein containing a PolyQ
aggregation domain (Gladfelter et al., 2006; Lee et al., 2013). There are also reports that
multinucleate skeletal muscle nuclei transcribe Acetyl choline receptors autonomously
and asynchronously (Bursztajn et al., 1989; Duca et al., 1998). The syncytiotrophoblast
also exhibits asymmetric transcription of some nuclei of the syncytium as tracked by
RNA Pol localization to only the youngest nuclei to fuse into the syncytiotrophoblast
(Fogarty et al., 2011).
These intriguing findings may be the first example of a syncytium allowing a
tissue to buffer and/or tolerate extreme aneuploidies, and also the first example of a
nullosomic cell surviving and functioning as normal. These studies may impact our
understanding of certain cancers which have the ability to act as a syncytium. Protein
sharing will be an exciting area to investigate as a mechanism of aneuploidy tolerance in
a disease context.

4.5 Materials and Methods
4.5.1 Fly Stocks and Genetics
All stocks were crossed and maintained at room temperature and 18C. UAS-PAGFP was crossed to either bynGal4 for hindgut-specific expression/experiments, or
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tubGal4 for ubiquitous tissue expression/experiments performed on the follicle cells in
the ovary and secondary cells of the papillae. Crosses and F1 progeny were maintained
at 25C prior to dissection and imaging on molasses-based food prepared by Archon
Scientific. The full genotype for tubGal4 (BSC#5138) can be found online at flybase.org.
The other stocks were generous gifts: msl3-GFP (Strukov et al., 2011b), tomato-CenpC
(Althoff et al., 2012), UAS-PA-GFP (McLean and Cooley, 2013), and bynGal4 (Iwaki and
Lengyel, 2002).

4.5.2 Tissue Preparation
Msl3-GFP animals were crossed to CenpC-Tomato for the characterization of Xchromosome inheritance during polyploid tripolar and bipolar mitoses. Live imaging
dissections were completed as reported previously (Schoenfelder et al., 2014).
UAS-PA-GFP (McLean and Cooley, 2013) was crossed to either bynGal4 for
hindgut-specific

expression/experiments,

or

tubGal4

for

ubiquitous

tissue

expression/experiments performed on the follicle cells in the ovary and secondary cells
of the papillae. Ovaries and hindguts were dissected from these animals into live
imaging media made up of 1000uL Schneider’s media supplemented with 30uL FBS,
6uL pen/strep, and 4uL Hoechst dye. The tissues were then mounted on a gaspermeable live imaging membrane in the dissection media, topped with a glass cover
slip, and sealed with halocarbon oil.
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4.5.3 Microscopy
Live imaging of the msl3-gfp; tomato-CenpC animals was performed on an Andor
XD Spinning Disk Confocal Microscope with a 60X silicon objective.

4.5.4 Photo-activation of GFP
Photo-activation was carried out using a Leica SP5 and SP8 microscopes and the
FRAP Wizard embedded in the Leica AS-F program. An initial z-stack of the tissue was
acquired both before and after activation to examine the full extent of PA-GFP
movement in three dimensions. PA-GFP was activated by either point activation or
region of interest activation with the 405nm laser set to between 5-20%, depending on
the microscope and sample of interest. For each imaging session, test activations on
nearby tissues were performed prior to quantified experiments to ensure that only single
cells were being activated. After activation, the wizard software was used to acquire
time lapses of 15s-2min of a single activation plane in order to capture protein
movement. Extremely low 488nm and 405nm laser power was used in acquisition of the
time lapse images of GFP and Hoechst respectively. Low level 405nm scanning did not
significantly activate PA-GFP, and control experiments were performed without the use
of 405nm time lapses and showed the same protein movement results (data not shown).
For follicle cell syncytia measurements, neighboring follicle cells which inherited GFP
from the previous activations were then subsequently activated to speed the rate of
determining total syncytium size. Upon the final activation, ovarioles were imaged for at
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least 5 additional minutes to ensure that no other cells inherited any GFP to confirm that
the syncytium was complete.
For the papillar cell activations, a higher laser power was used to demonstrate
that an entire papilla could be filled from a single point of activation. Often serial
activations were required to detect that the GFP was in fact moving to other parts of the
papilla, and not simply photobleaching, as the signal became very dilute very quickly.

4.5.5 Image Analysis
Volumetric quantification of msl3-gfp (Figure 17) was performed using IMARIS
software using the surpass function to convert msl3-gfp signal to a 3D object, from which
total volume was calculated. The relative per cell distribution of an M-phase 16C
octoploid parental male cell was then determined by the amount of msl3-gfp segregated
to each daughter. Each mitotic cell therefore was assumed to contain 8 X-chromatids,
because the experiments were done in males that are haploid for the X-chromosome
relative to females. We timed the divisions to use only first divisions to ensure that prior
mis-segregation events did not impact our analysis of X-chromosome inheritance.
Analysis of photo-activation experiments was performed in FIJI. Time lapse
movies were constructed from the raw data, and used to determine the number of nuclei
contained within a single pseudo-syncytial clone. Observation of the time-lapse movies
was conducted to determine whether a papillar cell demonstrated full papillar protein
sharing. Since it appears that all of the primary cells are part of the pseudo-syncytium in
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the papillae, clone size counts were not conducted, and scoring was simply limited to
whether or not the initial activated GFP concentration was captured by a single cell or
permitted to diffuse away to other cells by eye.

4.5.6 Fluorescence Recovery after Photo-bleaching (FRAP)
FRAP studies were conducted by first dissecting out adult hindguts from
tubGal4/UAS-GFP flies into live imaging media (Schneider’s + 30µL Fetal Bovine Serum +
6µL Pen/Strep). After the hindguts were extracted, the rectal sacks were broken open
with forceps and the rectum was inverted to expose the papillae to the media. The
tissues were then briefly incubated in live imaging media supplemented with 1:250
Hoechst, and mounted in that media on live imaging membranes.
The tissues were imaged on the Leica SP8 microscope, and the FRAP
experiments were designed using the assistance of the LAS AF FRAP Wizard software. I
took great care to minimize the laser intensity to reduce photobleaching during
acquisition, keeping UV/405nm laser power between 0.1-0.5% and the Argon laser at
30% initial power and <1% power during acquisition. For bleaching, I utilized the ROI
bleach capabilities of the wizard, carefully selecting an area of the papilla located near
the periphery of the tissue (top, bottom, or side) to increase the signal of the GFP
proteins. I selected to option to zoom the laser into the ROI to increase laser intensity,
and increased the 488/Argon laser line to 100% power for the bleach. I saved the ROI
bleach settings and exported them with the files as “.avi’s” for further analysis in
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ImageJ. I generally recovered fluorescence in the bleached tissues for either 30 seconds
or 1 minute, depending on the speed of recovery, and then repeated the bleaching
procedure. I increased the frequency of acquisition by reducing the number of scans per
line to 1 and zooming in the 63X objective to 1.5X to scan at at least 700Hz. With two
channels to acquire, I could usually achieve imaging speeds of 1 frame/.743 seconds.
For FRAP analysis, I utilized ImageJ to first measure the radius of the bleach by
measuring the exported ROI with the bleach data. I calibrated the software by also
exporting a 50µM scale bar which I could use as a reference for the radius.
To analyze the fluorescence recovery over time, I measured the average
fluorescence intensity (in the green channel only) captured in the entire bleach ROI for
each time point post-bleach using ImageJ. I exported these values by carefully selecting
the bleach ROI, and then using the Plot Z-Axis tool in ImageJ, which can then export
that data in an Excel format. I then corrected the time (x-value) data for the correct
number of seconds by multiplying the values by the correct time-lapse factor. Then I
imported that data into a new two column variable in MATLAB by copy-paste. After the
data was imported into MATLAB, I imported the fluorescence intensity data in the ‘y’
variable, and the time point data into the ‘x’ variable. I then ran the curve fit toolbox
included in MATLAB ‘cftool(x,y)’. Once this browser opened, I selected Custom
Equation fit from the dropdown menu, and entered the 2-dimensional diffusion
equation listed above. The program then automatically fit the curve to my data, and
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calculated the half-time of the fluorescence recovery. Sometimes I had to input a higher
starting value for the first coefficient, T0, before the program would properly fit the
curve, which you can do by selecting the ‘More Options’ button beside the Custom
Equation entry box. After finding both important variables for the Soumpasis equation, I
simply plugged them in, and solved for the diffusion coefficient in Excel.
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5. Discussion
Parts of this discussion have been adapted from a review article entitled, “The
expanding implications of polyploidy,” which was published in The Journal of Cell
Biology 209(4): 485-491 (2015). doi: 10.1083/jcb.201502016. The authors were Kevin P.
Schoenfelder and Donald T. Fox.

5.1 A new appreciation of polyploidy
Recent work ascribes functions to polyploidy beyond making larger replicas of
diploid cells. Instead of simple genome/transcriptome multiplication, polyploid cells
often undergo non-linear genome/transcriptome changes. What is the purpose of such
extensive alteration? One common theme that is emerging is that polyploidy is
associated with adaptation to external stresses. Moreover, bigger size can impart
unexpected functional changes on polyploid cells, such as in metabolism. Taken
together, numerous polyploid cell alterations may facilitate cellular states not typically
found in, nor well-tolerated by, diploid cells. It’s now clear that polyploid cells are far
more interesting than simply being big.
When it comes to polyploidy, previous studies highlight that size matters, but it
is clearly not all that matters. Polyploidy can be accompanied by extensive alterations to
the genome, epigenome, transcriptome, and metabolome, in a manner that does not
simply resemble a larger version of their diploid relatives. Mechanisms generating these
alterations, and their outcomes, are as wide-ranging as the organisms/tissues where they
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occur. Yet, common themes are emerging. Similar metabolic changes may occur in many
polyploid cells, driven not directly by ploidy increase but instead by increased cell size.
An enhanced tolerance to stresses such as DNA damage has emerged as a recurring
advantage of diverse polyploid cells. Relative to their diploid counterparts, polyploid
cells engage in frequent, well-tolerated genome alteration, and similar polyploid
genome alterations are found in diverse organisms.
Determining the function/implication of polyploid genome/transcriptome
alterations remains a key challenge in the field. Given the expanding picture of
polyploid biology, specific transcriptional/metabolic changes or increased genomic
heterogeneity following polyploidization may facilitate stress tolerance in many
endopolyploid tissues and in cases of whole organismal polyploidy (Figure 21). It will
be particularly interesting to see whether polyploid genome alteration is a general
mechanism for selection of stress resistant phenotypes, and whether or not these
characteristics play a role in the progression and treatment of polyploid cancers.
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Figure 21: Cellular strategies for stress tolerance through polyploidy.

5.2 Polyploid mitosis generates developmental aneuploidy, and
promotes tolerance of those imbalances
In my thesis work, I found that mitotically-active polyploid cells in the
developing Drosophila hindgut can generate high levels of aneuploidy. This aneuploidy
can occur in part by formation of multipolar mitotic spindles (Figure 22), which arise
from centrosome amplification during endoreplication. These endocycles are absolutely
required for proper morphogenesis and function of the adult papillar tissue, as well as
polyploid mitosis. The aneuploid daughters of multipolar divisions are perfectly capable
of supporting development/function of polyploid rectal papillae (Schoenfelder et al.,
2014). Given the many negative outcomes attributed to aneuploidy (e.g. cancer and birth
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defects), it’s interesting that aneuploidy may be tolerated or even selected for in mitotic
polyploid tissues.

Figure 22: Multipolar mitosis generates extreme, yet tolerated, aneuploidy in the
Drosophila papillae
My follow-up studies focused on the characterization of aneuploidy response
mechanisms that may exist in these papillar cells to help tolerate the many diverse types
of aneuploidies that are generated during papillar cell development. Polyploidy had
been reported previously to enhance aneuploid tolerance in yeast, but the mechanisms
of this tolerance remain unclear. It is proposed that simply having more copies of the
genome helps to passively buffer the dosage imbalances by reducing the proportional
dosage increase of the gain or loss of a single chromosome. Our study revealed much
more extreme genome imbalances, however, suggesting that other processes may be
involved. Our studies pointed to two possible other models of aneuploidy tolerance:
chromatin regulation and protein sharing.
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An unbiased screen is now suggesting that there indeed may be a response to
chromosome imbalances generated via polyploid mitotic errors. These results are
beginning to point to a role in chromatin regulators and insulators in aneuploidy
tolerance. Further analysis into these genes and their function will begin to shed light on
how chromatin modification of genes that are out of balance can help restore proper
function and ablate the negative fitness consequences associated with high levels of
aneuploidy. Presumably, these chromatin modifications would repress over-represented
regions of the genome, or activate under-represented ones. This mechanism could be
confirmed by single-cell sequencing of the RNA correlated to copy number of the DNA
to confirm the aneuploid karyotype. Any transcriptional balancing would disappear or
be lessened in the absence of the aneuploidy response genes. If particular complexes are
modifying either the chromatin landscape or nuclear architecture of aneuploid
chromosomes, it will be crucial to elucidate exactly how the cells sense any
chromosomal imbalances and then target chromatin remodelers to those regions to
restore transcriptional balance.
Our data also suggested that in some instances, nullosomies may be generated
by multipolar cell division. A nullosomy could never be compensated for by chromatin
modification, as there would be no template chromosome by which you could amplify
transcriptional signals to bring gene dosage back into balance. Our finding that the
papillar cells may share cytoplasm with each other helps to explain our observation of
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these unlikely events, as a nullosomic cell could be rescued by receiving the protein
products that it is missing from another cell with the chromosome template. Both the
existence of protein sharing and potential dosage compensatory mechanisms suggests
possible pathways by which cancers can tolerate and even thrive in the face of
aneuploidy. Little is currently understood about the paradoxical relationship that exists
between the well-known negative effects of aneuploidy, including proteotoxic stress,
and the unmitigated growth potential of aggressive, aneuploid tumors.

5.3 Polyploidy’s potential role in driving tumorigenesis
Continued study of polyploid cells may also impact human disease. Given the
recent confirmation that polyploidy is a recurring feature in diverse human cancers
(Zack et al., 2013), understanding properties that differentiate diploid and polyploid
states will be beneficial for developing new therapies. Aneuploidy is known to derive
from division of polyploid cancer cells (Davoli and de Lange, 2011; Ganem et al., 2007).
Further, the conserved changes described in some large cells bear similarity to the
Warburg-like metabolism described in many cancer cells (Miettinen et al., 2014). If recent
progress in this exciting area of cell biology is any indication, it’s clear that unraveling
new functions of polyploidy could make a sizeable impact.
Our work suggests that polyploidy may provide a crucial link between the
conundrum of aneuploidy and tumorigenesis. Aneuploidy in the context of normal
somatic tissue and cells generally confers negative fitness phenotypes, due to the
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proteotoxic stress driven by transcriptional imbalances (Dephoure et al., 2014; Stingele et
al., 2012; Torres et al., 2007; Williams et al., 2008). This is in stark contrast to the
unregulated and unchecked growth of tumors, yet over 90% of solid tumors contain
some form of aneuploidy, and most cancers are characterized by heterogeneous
karyotypes.
Having extra genomes has been hypothesized to play an intermediate role in
generating the heterogeneous karyotypes that are observed in many cancers. In this
model, polyploidy is generated either through a failed cytokinetic event or by an
endocycle. Subsequent error-prone polyploid mitosis then can generate a wide variety of
stochastic aneuploid karyotypes. Most of these karyotypes will be detrimental to tumor
growth and progression, but the polyploid cellular state may enable enhanced tolerance
of these negative phenotypes via mechanisms that have yet to be worked out. Polyploid
mitosis coupled with polyploid aneuploidy tolerance allows for tumors to generate a
rapid and reversible mechanism to create new fitness paradigms, giving these tumor
cells new opportunities to find karyotypes that permit resistance to chemotherapeutics
and/or new cellular abilities to escape their tissue of origin to colonize a new area in the
body.
This proposed beneficial role of specifically selected for aneuploidies has been
supported by several studies outside of oncology. Several studies examining the
response of yeast to both anti-fungal drug stresses find that yeast that acquired
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resistance always gained an extra copy of chromosome V (Selmecki et al., 2009; 2006). A
follow up study also suggested that acquisition of polyploidy prior to low carbon source
stress greatly increased the rate of adaptation to the nutrient poor media (Selmecki et al.,
2015). Another prevalent human pathogenic fungus, Candida albicans, polyploidizes in
response to the antifungal drug fluconazole (FLC) (Harrison et al., 2014). FLC exposure
leads first to tetraploidy, followed by mis-segregated chromosomes, creating FLCresistant aneuploid progeny. In contrast to the oft-described negative attributes of
aneuploidy, many FLC-resistant aneuploids show little fitness cost, in direct contrast
with many other studies of aneuploidy in non-stressed lab strains of yeast.
In the mammalian liver, regeneration in response to a Fah deficiency resulted in
preferential acquisition and proliferation of liver cells containing a loss of chromosome
16, which carries an Hgd allele known to exacerbate Fah deficiency phenotypes (Duncan
et al., 2012). Although these prior examples had little to do with tumorigenesis, they
provide evidence that any type of cell has the potential to gain a competitive or fitness
advantage in rare cases with specific aneuploidies, and indeed has also been reported in
cancers. Study of immortalized colon cancer cells passaged in serum-free media showed
that they quickly acquired Trisomy 7 via chromosomal instability which selected for an
advantageous karyotype (Ly et al., 2011).
Polyploidy is also a recurrent theme utilized by tissues exposed to high
environmental stresses, as previously discussed. In the context of cancers, these
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environmental stresses could be similar to the acidic environments generated via
Warburg-related metabolic mechanisms, tumor transplant to new tissue environments
(as in metastasis), or the chemotherapeutic drugs utilized to kill dividing cells. Indeed,
given the well-characterized proteotoxic and transcriptional stresses induced by an
aneuploid karyotype, aneuploidy itself may be a cellular stress that is better tolerated in
a polyploid state. Again, polyploidy could help these tumors to progress by enabling
them to adapt to environments that would normally be detrimental to cellular
proliferation. One interesting hypothesis is that polyploidy could enable a stem-cell-like
state, characterized by a slower rate of cycling, but generating a heterogeneous
population of daughters with different fates, potentially through CIN. Previously
described cancer stem cells are both highly tumorigenic and also resistant to most cancer
treatments (Clevers, 2011; Dean et al., 2005). During treatment, most of the daughters
and euploid tumor cells would be targeted and killed by chemotherapy, but the slower
cycling and stress-tolerant polyploid cancer cells could survive. This would appear as
tumor regression at first, but the polyploid “stem cells” that remain would provide a
mechanism for remission. Further, the error-prone nature of polyploid division could
help to drive tumor evolution encouraging the resistance to former treatments that are
often seen in patients with cancer recurrence.
These contributions of polyploidy to the cancer disease are of course highly
speculative at this point. Utilization of genetically-tractable models of polyploid mitosis
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like the developing Drosophila hindgut will be invaluable in elucidating the ways that
polyploid mitosis is capable of impacting human health. A better understanding of
exactly how polyploidy enables stress-tolerance and aneuploidy tolerance in conjunction
with each other will be necessary to understand the specific mechanisms that may
influence cancer’s progression. Once we better understand the underlying biology of
polyploidy, then we can begin to think about how our current treatments may not be
appropriate in their current contexts. For example, one avenue of investigation is into
intentional amplification of centrioles in tumor cells to help drive multipolar mitoses,
which have been published to be lethal in many contexts. Our findings indicate that it
can be well-tolerated in polyploid cells, suggesting that this is would be a bad
therapeutic strategy for a cancer containing extra genomes. Study of polyploid cancers
may elucidate new treatment strategies, however, that are specific to dividing polyploid
cells. Targeting an aneuploidy response mechanism, for example, might reduce the
ability of cancer cells to survive following a chromosome mis-segregation event, leading
to the slowing or eradication of aneuploid daughters.
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