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ABSTRACT

CENTROMERE-INDEPENDENT MECHANISMS OF CHROMOSOME
CONGRESSION AND SEPARATION

Hannah M. Vicars

The kinetochore has been viewed as playing a critical role in many
aspects of chromosome dynamics as the cell progresses through mitosis. This
includes chromosome congression and alignment on the metaphase plate and
sister chromosome separation and segregation to the spindle poles. Defects in
kinetochore function result in mitotic errors and aneuploidy. Thus, the finding that
chromosome fragments lacking a kinetochore (acentrics) are capable of normal
congression, sister separation and segregation is fascinating. My thesis takes
advantage of a Drosophila system in which acentrics can be efficiently generated
and their behavior analyzed through live fluorescence analysis.

In Chapter 1, we review how cells transmit chromosomes through mitosis
without canonical kinetochore-microtubule interactions. Decades of research and
a collection of studies reveal that microtubule-based mechanisms and DNA-
based “tethers” connecting the acentric to the main chromosome mass are
responsible for proper segregation of acentrics.

In Chapter 2, we discuss the mechanisms by which acentric sister
chromatids remain paired and eventually separate from one another during
anaphase. Taking advantage of Drosophila transgenic for the |-Crel
endonuclease, we efficiently generate broken chromosome fragments lacking
centromeres, thereby lacking kinetochores. By using a genetic screen and live
analysis, we identify proteins responsible for the separation of acentric
chromosomes. We conclude DNA catenations are responsible for keeping

acentric sisters paired and Topoisomerase Il activity and microtubule plus-end
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pushing forces are needed to resolve these catenations and separate the
acentrics.

In Chapter 3, we highlight the remarkable ability of acentrics to congress
to the metaphase plate despite the absence of kinetochore-microtubule
interactions. Through mutational and live cell analysis, we define the forces
acting on chromosome arms and the role of the kinetochore in chromosome
congression. Utilizing Drosophila with fluorescently tagged acentric X
chromosomes, we find acentric chromosome congression relies on interpolar
microtubules as well as polar ejection forces. Our studies also show the induction
of the DNA damage response leads to a global reorganization of congressed
chromosomes at metaphase.

Overall, this dissertation reveals a previously unsuspected kinetochore-
independent backup mechanism by which chromosome fragments are able to
progress normally through the initial stages of mitosis. Just as the discovery of
cell cycle checkpoints led to new insights into the origins of cancer and novel
therapies, it is likely that these and future insights into the transmission of
chromosome fragments will have a similar impact on basic and applied cancer

research.
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Chapter 1: Kinetochore-independent mechanisms of
chromosome transmission

Abstract

The kinetochore is a vital macromolecular structure that drives
chromosome behavior throughout mitosis. In the absence of kinetochores during
mitosis, chromosomes are predicted to fail to align at the metaphase plate, fail to
separate and segregate in anaphase, and produce aneuploid daughter cells
leading to cell death or cancer. However, studies in various organisms have
shown that chromosomes lacking kinetochores, referred to as acentrics, have the
exceptional ability to be transmitted through mitosis, producing euploid daughter
cells. While canonical chromosome dynamics require end-on attachments of
microtubules to kinetochores, cells have developed fascinating strategies to
transmit acentric chromosomes through cell division. This review discusses the
current literature surrounding the mechanisms by which the cell transmits
acentric chromosomes through mitosis, including DNA-based connections and

non-canonical microtubule interactions.

Introduction

The kinetochore is a key molecular machine of the eukaryotic
chromosome. Studies have shown the kinetochore drives chromosome dynamics
throughout all stages of the cell cycle [62]. Thus, it is surprising that chromosome
fragments lacking kinetochores, termed acentrics, are capable of normal
transmission throughout the cell cycle. In this chapter, we summarize the role of
kinetochore and microtubule interactions that guide chromosomes through

mitosis. We then describe recent findings on the incredible behavior of acentric



chromosomes and how these findings inform us on the forces and mechanisms

driving mitotic chromosome dynamics.

Kinetochore-microtubule interactions drive chromosome

transmission through mitosis

The goal of mitosis is to produce genetically identical daughter cells. To
achieve this goal, a cell must effectively replicate, organize, separate, and
segregate its genome. Leading up to the metaphase-to-anaphase transition,
sister chromatid cohesion is maintained by DNA catenations until resolution by
Topoisomerase |l (Topo Il) and cohesin, a tripartite ring-like protein complex
comprised of two structural maintenance of chromosome proteins (SMC1,
SMC3) and a kleisin subunit (Rad21/Scc1) [30, 58, 79].

While remaining paired together, sister chromatids travel to the
metaphase plate in early mitosis. Sister chromatids that are oriented parallel to
the mitotic spindle are initially carried to a spindle pole by dynein [53]. Once at
the spindle pole, sister kinetochores interact with plus-end-directed CENP-E and
sister chromatid arms interact with chromokinesins to align at the spindle
equator. This process is known as peripheral chromosome congression [53]. If
sister chromatids are oriented perpendicular to the spindle during prometaphase,
they will travel to the metaphase plate via end-on attachments of microtubules to
their kinetochores. During this direct congression, chromokinesins will also help
guide chromosome arms to metaphase [53]. Interestingly, it has been found that
chromosome congression is dependent on kinetochore size [17]. Chromosomes
with larger kinetochores are less dependent on CENP-E activity and undergo
congression after biorientation to the spindle [17]. The balance of kinetochore

pulling forces and polar ejection forces on chromosome arms help drive



chromosome movement in congression to the metaphase plate and during
segregation in anaphase.

At the spindle assembly checkpoint, the cell ensures that proper
microtubule-kinetochore biorientation has been achieved [97]. Topo
decatenates intertwined DNA allowing sisters to separate and segregate to
opposing cell poles [79]. Additionally, cohesin complexes are first removed from
chromosome arms through proteolytic cleavage of the kleisin subunit by
separase [67, 80, 104, 105]. Due to the Sgo/PP2A-dependent protection
mechanism, cohesin remains at the centromeric regions [31]. Entry into
anaphase is controlled by CDK1 activation of the anaphase-promoting
complex/cyclosome (APC/C). This results in cyclin degradation, cohesin removal,
and resolution of DNA catenations. Microtubule-kinetochore attachments can
then drive sister chromatid separation and poleward segregation [3, 68].

The importance of the kinetochore is demonstrated in studies of cells
with chromosomes lacking centromeres and thereby lacking kinetochores. In
such studies chromosomes fail to segregate in anaphase and form micronuclei in
telophase [23, 38, 48]. Micronuclei pose a significant threat to the cell as they
can lead to the loss of genomic content [108], they are often sites of significant

DNA damage [118], and they are a hallmark of cancer cells [8, 88].

Different types of acentrics

Acentric chromosome fragments can arise in mitosis through a variety of
mechanisms. One such mechanism is the persistence of double-strand DNA
breaks into mitosis. This leads to the formation of a kinetochore-bearing
chromosome fragment with one telomeric end and one broken end and a

chromosome fragment lacking a kinetochore, with one telomeric end and one



broken end (Figure 1.1A). The acentric chromosome fragment lacking a
kinetochore would be unable to make canonical attachments to the mitotic
spindle and are expected to be lost from the cell or form micronuclei.

Another well-known mechanism of creating acentric chromosome
fragments is via Robertsonian translocations. A Robertsonian translocation
occurs when two acrocentric chromosomes break at their centromeres and fuse
together to form a metacentric chromosome with two centromeres and a small
acentric fragment (Figure 1.1B). Similarly, induced recombination between sister
chromatids using FLP recombinase produces an acentric chromosome
containing two telomeric ends and a dicentric chromosome [102]. These
acentrics would also be unable to make canonical attachments to the mitotic
spindle and are expected to be lost from the cell or form micronuclei.

Lastly, acentrics can arise through gene amplification events commonly
observed in cancer cells, known as chromothripsis [118]. During the development
of tumors, gene amplification events result in the formation of small, circular
chromosome fragments lacking a centromere and telomeres, termed “double
minutes” (Figure 1.1C). Double minutes often lack regulatory elements allowing

genes to be continually expressed further contributing to gene amplification [73].



A Acentric fragment

Cause: broduct:
Endonuclease ~ Product:
X-ray irradiation \:\ - Acentric with one broken end
DSB break-inducing mutagen and one telomere

B Double-telomere acentric
Cause: - Product:
Robertsonian translocation Acentric with two telomeres
Inverted repeats

C Double minute

Cause: Product:
G_ene ) —> Circular acentric
amplification with no telomeres

Figure 1.1: Schematic of different forms of acentric chromosomes.

(A) Acentrics generated via double-strand DNA breaks have one broken end and
one telomere-capped end. (B) Acentrics generated via Robertsonian
translocations or inverted repeats have two telomere-capped ends (referred to as
“double-telomere acentrics”). (C) Acentrics generated via gene amplification are
circular with no broken ends or telomere-capped ends (referred to as “double
minutes”).

Transmission of acentric chromosomes occurs in a variety of

organisms

Successful transmission of chromosome fragments has been seen in a
variety of cell types. Early evidence of acentric chromosome transmission was
shown in grasshopper neuroblasts. Generated through X-ray irradiation, acentric
chromosome fragments were positioned at the metaphase plate, lagged behind
kinetochore-bearing chromosomes during anaphase, but segregated poleward

and were either incorporated into the reforming daughter nuclei or formed



micronuclei [11]. In crane fly spermatocytes, laser microsurgery was used in
metaphase to create acentric chromosome fragments which displayed poleward
movement in anaphase [48]. Successful transmission of endonuclease-induced
acentrics has also been reported in Drosophila melanogaster with around 95% of
neuroblasts displaying poleward movement of acentrics in anaphase [85].

In addition to this work, acentric chromosome transmission has also
been observed in Schizosaccharomyces pombe [35]. After conditional deletion of
the centromere, a subset of the surviving cells contained acentric chromosome
fragments indicating the transmission of acentrics through multiple cell cycles
[35]. In Saccharomyces cerevisiae, endonuclease-induced acentrics demonstrate
alignment at the metaphase plate and poleward segregation in anaphase [42]. In
irradiated Scadoxus multiflorus cells, acentric chromosomes successfully aligned
at the metaphase plate and moved poleward in anaphase [4].

Proper acentric chromosome transmission has also been reported in
mammalian cells. In human cancer cells under selective pressure, double
minutes persisted within cells over several cell divisions [73]. Live analysis of
human cancer cell lines has also revealed transmission of double minutes to
daughter cells [37]. In human lymphocytes, 60% of cells with lagging acentric
fragments divided without forming micronuclei, suggesting successful
incorporation of the acentrics into reforming daughter nuclei [20]. In Potorous
tridactylus cells, 54% of acentrics generated by laser microsurgery demonstrated
poleward movement during anaphase [69].

Taken together, these studies highlight the remarkable ability of acentric
chromosomes to align at the metaphase plate, successfully separate and
segregate in anaphase, and join the kinetochore-bearing chromosomes in the
reforming daughter nuclei. The mechanisms by which acentrics are using to

accomplish these feats remain poorly understood. Potential mechanisms include



neocentromere formation [78] and direct association of the acentric to a

kinetochore-bearing chromosome [35, 36, 65] or microtubules [40, 109].

Type of acentric Organism Proposed mechanism References
chromosome of transmission
“Acentric fragment” Drosophila melanogaster DNA tethers and Royou et al., 2010; Karg et al.,
microtubules 2015; Bretscher and Fox, 2016;

Karg et al., 2017; Warecki and
Sullivan, 2018; Vicars et al., 2021

Chortophaga vididifasciata Carlson, 1938a
Nephrotoma suturalis DNA tethers and LaFountain et al., 2001; LaFountain
microtubules et al., 2002a
Potorous tridactylus DNA tethers Ono et al., 2017
“Double-telomere Schizosaccharomyces pombe DNA tethers Ishii et al., 2008; Ohno et al., 2016
acentric”
Drosophila melanogaster Titen and Golic, 2008
Pales ferruginea Microtubules Fuge, 1975
“Double minute acentric” Homo sapiens DNA tethers Pauletti et al., 1990; Kanda et al.,

1998; Falck et al., 2002

Scadoxus multiflorus Microtubules Bajer, 1958; Bajer and Vantard,
1988; Khodjakov et al., 1996

Saccharomyces cerevisiae DNA tethers Kaye et al., 2004

Table 1.1: Summary of examples of acentric transmission. Examples of
acentric transmission are organized by acentric type, the organism in which they
were observed, and the proposed transmission mechanism. Mechanisms were
left blank if unknown.

Mechanisms of acentric transmission

Despite being observed in a diversity of organisms, the transmission of
acentric chromosomes through cell division remains poorly understood. One
method by which acentrics could be transmitted is by directly interacting with a
kinetochore-bearing chromosome (Figure 1.2B). The acentric would then be able
to follow the kinetochore-bearing chromosome to the metaphase plate, past the
spindle equator, and to the appropriate cell pole. Several studies have revealed
direct attachments of acentrics to kinetochore-bearing chromosomes in many
different organisms.

In Drosophila melanogaster, DNA tethers containing histones and coated
in associated proteins (chromosomal passenger complex proteins Aurora B
kinase and INCENP, cell cycle kinases BubR1, Bub3, and Polo, and the APC/C

cofactor Cdc20) have been observed connecting acentrics to their centric



partners during mitosis [85]. Functional analyses of the tether-associated
proteins reveal that these components are required for proper acentric alignment
at metaphase and separation and segregation in anaphase. Disruptions in
BubR1 and Polo function result in misalignment of the acentrics at metaphase
and failure in acentric separation and segregation during anaphase [85]. This
protein-coated DNA tether could be providing elastic force to facilitate the
transport of acentrics to the metaphase plate and to opposing poles in anaphase
(Figure 1.2B).

In fission yeast, acentrics with two telomeric ends have been observed to
fuse with centromere-bearing chromosomes and be transmitted through
subsequent cell cycles [35, 65]. In human cells, double minutes form clusters in
anaphase and attach themselves to centromere-containing chromosomes.
Consequently, the double minutes follow the centromere-containing
chromosomes as they travel poleward [37] (Figure 1.2D). In Drosophila papillary
cells, broken acentric chromosomes accurately align at metaphase and separate
and segregate in anaphase over several cell division cycles [9].

Acentrics could also form connections with kinetochore-bearing
chromosomes through DNA catenations. In Allium cepa cells, DNA catenations
link acentric fragments together in metaphase [27]. In Drosophila larval
neuroblasts, DNA catenations keep acentric fragments paired during anaphase
[109]. Resolution of these catenations is achieved by Topoisomerase Il activity
and microtubule plus-end pushing forces [27, 109].

Although, the tether does not appear to be the only potential force acting
on acentrics. Work in Drosophila has revealed acentrics with one telomere-
capped end and one broken end tend to travel poleward with either their
telomeres leading or telomeres lagging in roughly equal frequencies [40]. These

results suggest connections between the broken end of the acentric and its



centric partner are not the only driving force for acentric transport in mitosis.
Studies found the role of the tether is to incorporate the acentric fragment into the
reforming daughter nuclei in telophase [41, 114]. However, the roles of DNA
catenations and the centric-acentric tether in transporting acentrics poleward
remain unclear. Although, these DNA connections between acentrics and
kinetochore-bearing chromosomes could be allowing acentrics to maintain
associations with the main mass of chromosomes and to interact with
microtubules (Figure 1.2B).

In many systems, acentrics have been found to localize to the cell
periphery in metaphase and anaphase [11, 40, 45, 47, 109]. This peripheral
localization could be allowing the acentrics to interact with interpolar
microtubules, either via lateral interactions or motor proteins (Figure 1.2B).
Interestingly, disruptions in the chromokinesin Kip3A/KIF4 in Drosophila
neuroblasts led to defective interpolar microtubule organization during cell
division and an increase in acentric misalignment at metaphase and mis-
segregation during anaphase [39, 40]. Microtubules have also been found to
form bundles around acentric chromosomes in Drosophila, Pales ferruginea, and
Scadoxus muiltiflorus [5, 25, 40, 44]. Additional experiments using the laser
ablation of microtubules in anaphase uncovered an apparent physical connection
between microtubules and the poleward traveling acentric [40]. Insight into the
microtubule-associated proteins that could be facilitating these connections
comes from studies done in Drosophila [109].

In Drosophila, the microtubule-stabilizing protein Map205 and the
microtubule plus-end associated protein EB1 were found to be vital for effective
separation of acentric sisters during anaphase [109]. Acentrics were found to
predominantly separate from one another during anaphase via a lateral sliding

mechanism potentially driven by lateral interactions with microtubules. Partial



knockdowns of EB1 or Map205 using RNAI disrupted this mode of acentric
separation [109]. Overall, microtubule stabilization and plus-end pushing forces
appear to be vital to the separation and segregation of acentric sister
chromosomes during anaphase. Still, the precise mechanisms by which acentrics

are interacting with the mitotic spindle have yet to be completely explored.
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Figure 1.2: Schematic of acentric chromosome transmission mechanisms.
(A) Acentrics are expected to be unable to make canonical attachments to
microtubules, lag behind in anaphase, fail to separate and segregate, and lead to
the formation of micronuclei and aneuploid daughter cells. (B) Acentrics with one
broken end and one telomere-capped end may align at the metaphase plate and
separate and segregate poleward with the help of a DNA tether connecting it to
its centric partner and microtubules. (C) Acentrics with two telomere-capped
ends are able to separate and segregate poleward potentially due to DNA tethers
or microtubule-based forces. (D) Double minutes are able to segregate in mitosis
possibly by clustering and forming catenations with kinetochore-bearing
chromosomes.
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Conclusions and future perspectives

The work described above highlights how DNA tethers, microtubules,
and associated proteins play important roles in acentric congression, separation,
and segregation. However, further studies are needed to uncover the details
behind these events. It remains unknown if there is an acentric specific motor
protein guiding its transport, if acentrics are interacting with microtubules directly
or with the help of microtubule-associated proteins, or if the DNA tether and
associated proteins provide sufficient force to transport acentrics. Insight into
these mechanisms can aid in our fundamental understanding of chromosome
transmission.

In Drosophila neuroblasts and papillary cells, acentric sister
chromosomes tend to lag behind during anaphase, but remarkably, eventually
separate and segregate to opposing cell poles with high fidelity [9, 85]. Lacking
kinetochores, it remains unclear how these acentrics are able to move to the
appropriate cell pole with such high success rates [9, 85]. Explored mechanisms
include connections between the acentric and its centric partner via a protein-
coated DNA tether and lateral interactions between the acentric and microtubules
[40, 85].

Additionally, the fate of acentrics after successful inclusion into daughter
nuclei remains unknown. Since a high survival rate is seen in Drosophila after
induction of broken acentric chromosomes throughout the organism, it is
presumed that these acentric fragments are eventually repaired in subsequent
cell cycles [85]. Alternatively, the presence of acentric chromosomes during cell
division could trigger apoptosis [10, 64, 102] or lead to the formation of
micronuclei [118]. Further investigation is required to determine how the cell

copes with acentric chromosomes in subsequent cell division cycles.
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Chapter 2: Kinetochore-independent mechanisms of sister
chromosome separation

Abstract

Although kinetochores normally play a key role in sister chromatid
separation and segregation, chromosome fragments lacking kinetochores
(acentrics) can in some cases separate and segregate successfully. In
Drosophila neuroblasts, acentric chromosomes undergo delayed, but otherwise
normal sister separation, revealing the existence of kinetochore-independent
mechanisms driving sister chromosome separation. Bulk cohesin removal from
the acentric is not delayed, suggesting factors other than cohesin are responsible
for the delay in acentric sister separation. In contrast to intact kinetochore-
bearing chromosomes, we discovered that acentrics align parallel as well as
perpendicular to the mitotic spindle. In addition, sister acentrics undergo
unconventional patterns of separation. For example, rather than the
simultaneous separation of sisters, acentrics oriented parallel to the spindle often
slide past one another toward opposing poles. To identify the mechanisms
driving acentric separation, we screened 117 RNAi gene knockdowns for
synthetic lethality with acentric chromosome fragments. In addition to well-
established DNA repair and checkpoint mutants, this candidate screen identified
synthetic lethality with X-chromosome-derived acentric fragments in knockdowns
of Greatwall (cell cycle kinase), EB1 (microtubule plus-end tracking protein), and
Map205 (microtubule-stabilizing protein). Additional image-based screening
revealed that reductions in Topoisomerase Il levels disrupted sister acentric
separation. Intriguingly, live imaging revealed that knockdowns of EB1, Map205,
and Greatwall preferentially disrupted the sliding mode of sister acentric
separation. Based on our analysis of EB1 localization and knockdown

phenotypes, we propose that in the absence of a kinetochore, microtubule plus-
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end dynamics provide the force to resolve DNA catenations required for sister

separation.

Introduction

Eukaryotic cells have evolved mechanisms to detect and protect against
genomic insults. These mechanisms include checkpoint pathways that delay cell
cycle progression allowing time for repair as well as apoptotic pathways that
eliminate the damaged cells from the dividing population [19]. Although a great
deal is known regarding the function of these corrective pathways during
interphase, much less is known about the mechanisms that protect against
genomic instability after exit from metaphase. Studies demonstrate that DNA
damage persisting through metaphase delays anaphase onset. This delay is
mediated both by the DNA damage and spindle assembly checkpoint pathways
[59, 86].

Despite these mechanisms, if the DNA damage remains, the checkpoints
are overridden, and the cell exits metaphase [15]. The persistence of unrepaired
double-strand breaks (DSBs) at metaphase is particularly problematic due to the
formation of chromosome fragments, one of which lacks a telomere and the other
lacking a kinetochore and a telomere. The latter type are known as acentrics and
are incapable of forming canonical microtubule-kinetochore attachments that
drive sister chromosome separation and segregation. Consequently, acentrics
would be expected to lag on the metaphase plate and exhibit severe segregation
defects. In accord with this expectation, acentrics often fail to segregate, are
excluded from daughter nuclei, and subsequently form cytoplasmic micronuclei
[23, 38, 48]. However, a growing number of reports demonstrate poleward

migration of acentric chromosome fragments [4, 9, 37, 38, 85, 44, 50]. Proposed
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mechanisms of acentric segregation include neo-centromere formation [78] and
direct association of the acentric chromosome with microtubules [40] or a
kinetochore-bearing chromosome [35, 36, 65].

Acentrics are efficiently induced in Drosophila bearing an I-Crel
endonuclease transgene, which fortuitously recognizes a repetitive sequence
within the pericentric rDNA repeats of the Drosophila X chromosome [28, 52, 71,
84]. Induction of I-Crel expression results in the formation of acentrics in over
80% of third instar larval neuroblast cells [85]. Although acentrics lag behind on
the metaphase plate well after the intact chromosomes migrate toward opposite
poles, the acentrics have a remarkable ability to accurately separate, segregate
and incorporate into daughter telophase nuclei [115]. A previous study done in
the lab found that acentric segregation relies on the chromokinesin Kip3A and
interpolar microtubules [40]. However, it remains unclear how sister acentrics are
held together on the metaphase plate well after the main chromosome mass has
separated. Additionally, it is unknown how acentric sisters are able to initially
separate from one another instead of segregating together poleward. These
behaviors reveal the existence of kinetochore-independent mechanisms
maintaining sister chromosome association on the metaphase plate and driving
their separation during anaphase. Possible explanations include delayed acentric
cohesin removal, delayed resolution of sister DNA catenations, or opposing plus-
end directed microtubule forces acting on each sister. Here we employ a
combination of synthetic lethal screens and live imaging to identify factors
required for proper separation of sister acentrics. Live analysis reveals three
distinct modes of acentric separation: unzipping, sliding, and simultaneous
dissociation. This candidate screen revealed that Topoisomerase I, the cell-cycle
regulator Greatwall kinase, the microtubule (MT) plus-end tracking protein EB1,

and the MT-associated protein Map205 provide key roles in sister separation of
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acentrics. In addition, gene knockdowns of EB1, Map205, and Greatwall
preferentially disrupt the sliding mode of sister separation. As will be discussed,
this analysis demonstrates the existence of kinetochore-independent

mechanisms facilitating sister chromosome separation.

Results
Acentric sister separation, but not cohesin removal, is delayed

during the metaphase-to-anaphase transition

As described previously, acentric chromosome fragments are efficiently
generated through heat-shock induction of an I-Crel transgene that specifically
targets and creates DSBs in the rDNA repeats at the base of the Drosophila X
chromosome [84]. In accord with previous studies [85], live analysis of the
resulting X chromosome acentrics in the larval neuroblasts reveals that sister
separation of the acentrics occurs on average 148 seconds (+ 44, N = 19) after
separation of the intact chromosomes (Figure 2.1). We define acentric sister
separation as the point in which the sister acentrics can be clearly distinguished.
Acentric sister segregation is defined as the interval between separation of
sisters and their migration to the spindle pole. The delay in timing of acentric
separation is defined as the time elapsed between the initiation of intact sister
chromosome separation and that of acentric sister separation. Sister chromatids
are held together at metaphase by cohesin, a tripartite ring-like protein complex
comprised of two structural maintenance of chromosome proteins (SMC1,
SMC3) and a kleisin subunit (Rad21/Scc1) [30, 58]. Initially, cohesin removal
occurs only along the chromosome arms through proteolytic cleavage of the
kleisin subunit by separase just prior to anaphase onset [67, 104, 105]. Due to

the Sgo/PP2A-dependent protection mechanism, cohesin remains at the
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centromeric regions [31]. Once cohesin is removed, microtubules drive sister
separation [3, 68].

To investigate if delays in cohesin release are responsible for the
delayed separation of acentric chromosomes, female neuroblast divisions were
live imaged with a cohesin component, Rad21, tagged with EGFP [106]. Time-
lapse images of a control neuroblast expressing Rad21-EGFP are shown in
Figure 2.2A (chromosomes in magenta, cohesin in green). No lagging
chromosomes are observed and Rad21 is cleared off of all chromosomes just
prior to anaphase onset and separation of sister chromatids. Figure 2.2B and
Table S2.1 data show time-lapse images of an I-Crel-expressing neuroblast
division. Separation and segregation of sister acentrics is delayed relative to the
intact chromosomes. Interestingly, cohesin removal just prior to anaphase onset
from the acentrics and the intact kinetochore-bearing chromosomes occurs
simultaneously. This is more clearly seen in the single channel black and white
cohesin images of Figure 2.2B (depicting yellow outlined regions of Figure 2.2B).
Quantification of the Rad21 fluorescent signal supports the conclusion of a
relatively synchronous removal of cohesin on the acentric and intact
chromosomes (Figure 2.2C). The finding that sister acentrics remain paired
despite the absence of cohesin and well after the intact chromosomes have

separated, indicate additional forces must hold sister acentrics together.
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Figure 2.1: Acentric sister separation is delayed relative to kinetochore-
bearing chromosomes during anaphase. (A) Still frames of a time-lapse movie
of a mitotic neuroblast labeled with H2Av-RFP and not expressing I-Crel. (B) Still
frames of a time-lapse movie of a mitotic neuroblast with I-Crel induced
acentrics. Separation of sister acentrics (arrows) is delayed. Consequently, they
lag on the spindle equator but eventually separate, segregate, and are
reincorporated into daughter nuclei. Bars, 2 pm. Time in seconds. (C) Scatterplot
showing the delay in acentric sister separation after anaphase onset. Delay
(seconds) was measured from when kinetochore-bearing chromosomes initiated
separation to when acentric sister chromosomes initiated separation. Bars
represent mean and standard deviations.
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Figure 2.2: Cohesin complexes are cleared off of acentric sisters upon
anaphase onset. Chromosomes labeled with H2Av-RFP (magenta) and cohesin
labeled with Rad21-EGFP (green). (A) Stills from a time- lapse movie of a control
mitotic neuroblast. (B) Still images from a timelapse movie of a mitotic neuroblast
with I-Crel-induced acentrics. Acentrics (arrowhead) lag on the spindle equator.
(C) Bar graphs of a compilation of five videos of I-Crel- expressing neuroblasts
showing the relative fluorescence intensities in arbitrary units (AU) of
chromosomes (H2Av-RFP, top) cohesin (Rad21-EGFP, bottom) around acentrics
(cyan outlined region) and the main mass of chromosomes (yellow outlined
region) at time points 50, 40, 25, 0 s, prior to anaphase onset, respectively. Bars,
2 um. Time in seconds. Error bars represent standard deviations of fluorescence
intensities at all points tested.
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Acentric sister separation occurs via three distinct patterns

To examine dynamics of acentric separation, we imaged live neuroblasts
expressing I-Crel, the histone marker H2Av-RFP, and the telomere marker
HOAP-GFP [12]. Marked telomeres enabled us to determine the orientation of
acentrics with respect to one another as they aligned on the metaphase plate,
separated, and segregated poleward [40]. We observed three distinct patterns of
sister acentric separation (Figure 2.3). In the most frequent pattern (49%, N =
45), acentric pairs separate by sliding past one another (Figure 2.3A, Top row:
histone-labeled chromosomes in magenta, HOAP-labeled telomeres in green).
This is more clearly observed in the single histone channel movie (Figure 2.3A
Bottom row and Table S2.2). Also, in contrast to intact kinetochore-bearing
chromosomes which always align perpendicular to the spindle, the paired sister
acentrics align either parallel or perpendicular to the spindle and division axis.

The second pattern of acentric separation occurs via an “unzipping”
mechanism (Figure 2.3B). This pattern occurs at a frequency of 31% (N = 45).
During separation, sister acentrics often first separate at the broken end followed
by separation at the telomere. This is illustrated in Figure 2.3B: the telomeres
remain associated while the broken ends are well separated. Rarely, the paired
acentrics unzip from the telomere end first. In contrast to the acentrics that
separate by sliding, these paired sister acentrics are frequently aligned
perpendicular to the spindle and division axis.

In the third pattern of separation, the remaining 20% (N = 45), acentric
sisters cleanly separate from one another along their entire length similar to that
observed for centric chromosomes (Figure 2.3C). We termed this centric-like
pattern: simultaneous dissociation. Acentrics that separate via simultaneous

dissociation are aligned in multiple orientations on the metaphase plate (from
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parallel to perpendicular) with respect to the spindle and division axis. At
separation, dissociating sister acentrics simultaneously separate along their
entire lengths.

We next analyzed the orientation of sister acentrics with respect to one
another at the time of separation through labeling telomeres with HOAP-GFP. As
expected, the vast majority (87%, 39/45) of sister acentrics were oriented with
their telomeres paired and aligned (Figure 2.3D). However, a small but notable
fraction (13%, 6/45), aligned with their telomeres opposed (Figure 2.3D). Acentric
pairs that align with telomeres opposed presumably have already lost catenation
and/or cohesin in order to adopt this geometry. 14% and 33% of acentric sisters
that separated by sliding and dissociating, respectively, aligned with their
telomeres opposed. Interestingly, sister acentrics that separated by unzipping
were never observed aligned with their telomeres opposed. This suggests that
there is an absolute requirement for sister pairing in acentrics that separate by
unzipping.

To further characterize these three modes of acentric separation, we
measured the time from anaphase onset (as determined by separation of the
intact chromosomes) to sister acentric separation (Figure 2.3E). Sliding acentrics
separated much later than acentrics (202 + 51 seconds) that separated either by
unzipping (131 £ 54 seconds) or dissociating (106 + 55 seconds) (N = 45, Figure
2.3E). These differences were statistically significant as determined by two-sided
Mann-Whitney tests (P = 0.0008 and P = 0.0008, respectively). We did not detect
any difference in the timing of acentric sister separation by unzipping or
dissociating (P = 0.25 as determined by a two-sided Mann-Whitney test).

Taken together, these results demonstrate three distinct patterns for
acentric separation. We note that based on the movements and orientation of

both sliding and dissociating acentrics, it is possible that catenations are lost

19



along the entire length of the acentric pair simultaneously at the moment of
separation. In contrast, acentrics that separate by unzipping and appear to have
an absolute requirement for sister pairing may be more tightly associated with

one another, and this tight association may be due to lingering catenations.
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Figure 2.3: Sister acentrics separate via three distinct patterns.
Chromosomes labeled with H2Av-RFP (magenta) and telomeres labeled with
HOAP-GFP (green). Telomeres indicated by yellow arrowheads. Direction of
separation indicated by white arrows. (A) Top row: Still images of a time-lapse
movie of a mitotic neuroblast with I-Crel induced acentrics showing sister
acentrics (cyan arrows) lagging behind during anaphase, paired with telomeres
opposing, sliding past one another, and ultimately separating. Bottom row: Black
and white images of sister acentrics sliding past one another (see arrows). (B)
Top row: Still images of a time-lapse movie of a mitotic neuroblast with I-Crel
induced acentrics showing acentrics (cyan arrows) lagging on the metaphase
plate. In a process we term “unzipping”, sister acentrics are aligned with
telomeres paired, initiate separation at their broken ends followed by separation
of telomeres. Bottom row: Black and white images of sister acentrics unzipping
(see arrows). (C) Top row: Still images of a time- lapse movie of a mitotic
neuroblast with I-Crel induced acentrics showing sister acentrics (cyan arrows)
lagging behind during anaphase. In a process we term “simultaneous
dissociation”, sister acentrics simultaneously separate along their entire length.
Bottom row: Black and white images of sister acentrics simultaneously
separating along their entire lengths (see arrows). (D) Frequency of acentric
sisters paired with their telomeres aligned or in opposite orientations. (E)
Measurements of the frequency of each mode of acentric sister separation (x-
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axis) and the timing of acentric sister separation after intact chromosomes
separate (y-axis). Each dot represents on acentric pair. Black dots represent
acentric sisters with telomeres aligned and purple dots represent acentric sisters
with telomeres oriented in opposite directions. Boxes show interquartile ranges
and lines show medians of the measured data. Asterisks represent statistical
significance (***P = 0.0008) determined by two-sided Mann-Whitney tests. (F)
Chart showing the distribution of telomere orientations within each mode of
acentric sister separation. Acentrics that separate by unzipping are always
oriented with their telomeres paired.

Synthetic lethal screen identifies genes required for separation
of sister acentrics

To identify the mechanisms required for transmission of acentric sister
chromosomes, we screened candidate RNAi gene knockdowns that resulted in
synthetic lethality in the presence of acentrics. The rationale for this screen is
based on previous studies demonstrating that I-Crel induction of acentric
chromosomes during third instar larval stage resulted in only slight reductions in
adult survival because the acentrics are efficiently transmitted to daughter nuclei
[85]. However, reducing or partially disrupting the function of genes required for
the normal acentric transmission results in a dramatic reduction in adult survival
upon acentric induction [40, 85]. Thus, we expected that a subset of the gene
knockdowns that resulted in synthetic lethality upon I-Crel induction would be
required for proper pairing and segregation of sister acentrics.

To perform the screen, adult flies bearing a heat-shock inducible I-Crel
endonuclease and Gal4 under the control of a ubiquitously expressed Actin
enhancer element (Act5) were crossed to adults bearing UAS-gene specific RNAI
constructs. Lethality of heat-shocked (I-Crel induced) and non-heat-shocked (I-
Crel not induced) F1 progeny bearing both constructs were assayed. RNAI
constructs that significantly increased lethality upon I-Crel induction were of
particular interest. We screened 117 candidate genes for synthetic lethality upon

acentric induction (Table S2.1). These included genes encoding proteins
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spanning a diversity of mitotic functions, including microtubule-associated
proteins, chromatin remodelers, DNA repair genes, cell cycle kinases, and cell
cycle checkpoints. For each RNAI line, we determined the survival ratio of the
RNAi knockdown with I-Crel induced to the RNAi knockdown alone (RNAI
knockdown + I-Crel/RNAi knockdown) (Table 2.1). Because these RNAI
knockdowns do not cause complete lethality, we classified hits as having a
survival ratio of 65% or less (Table 2.1).

The acentrics are generated through I-Crel induced double-strand
breaks. As expected, RNAi knockdowns of DNA repair and cell cycle checkpoints
exhibit synthetic lethality upon I-Crel induction. Genes involved in DNA repair all
exhibit strong synthetic lethality upon I-Crel induction. DSB repair genes
spnA/rad51 [94], mus309 [56] and NHEJ gene ku80 [57] exhibited survival ratios
of 2%, 11%, and 29%, respectively (Table 2.1). The DNA damage checkpoint
gene tefu (ATM [66]) also results in a pronounced synthetic lethality (survival
ratio of 43%). The screen also yielded a number of microtubule-associated
proteins. These included msps (microtubule nucleation [60]), asp (astral
microtubule organization [89]), eb7 (plus-end microtubule binding [81]), klp68D
(kinesin motor protein [75]), and map205 (microtubule stabilizer [2]). Given that
microtubule-based transport plays a key role in the poleward transport of the
acentric chromosome fragments [40], synthetic lethal interactions with
microtubule-associated proteins were expected. However, it was unclear whether
microtubules and their associated proteins also play a role in the initial separation
of sister acentrics during the metaphase-to-anaphase transition. The screen also
yielded a large class of genes involved in chromatin organization. Synthetic lethal
interactions with chromatin organizing proteins were expected due to the
presence of I-Crel induced DSBs. This included cap-D2 (condensin [90]), chd1

(ATP-dependent chromatin remodeler [95]), sin3A and sir2 (histone deacetylases
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[22]), chrac (nucleosome mobilization [14]), and hp1 (heterochromatin protein
[18]). Whether these are directly required for double-strand break repair,
separation and/or segregation of sister acentrics remains to be determined. In
accord with previous work, reduced levels of BubR1 kinase (spindle-assembly
checkpoint protein) also exhibited a pronounced synthetic lethality upon I-Crel
induction [85]. The screen also yielded two additional cell cycle kinases: gw/
(greatwall kinase, an inhibitor of the cell cycle phosphatase PP2A [117]) and ald
(altered disjunction, chromosome segregation [70]). We chose to focus on EB1
and Map205 due to their well-documented association with microtubules [2, 81].
Greatwall was chosen for follow-up because previous studies demonstrated that

this kinase is required for sister separation of intact chromosomes [111].

Gene RNAi | Survival rate with RNAi and I-Crel | Rate of larvae-to-adult survival of RNAi | Rate of larvae-to-adult survival of RNAi

induced / Only RNAi induced with I-Crel induction % + SD (N) without I-Crel induction % + SD (N)
Wildtype 88% 80 +21(194) 91 £7(194)
(Control)
Chromatin- hyx (2) 10.0% 8(25) 88(25)
associated:
cap-D2 12% 6(17) 50 (12)
chdl 30.0% 10 + 17 (69) 33+£6(99)
sin3A 33% 8(25) 24 (25)
chrac-14 (2) 48% 48 (25) 100 (25)
chdl (2) 50.0% 48 (25) 95 (23)
sptd 55% 24 (25) 44 (25)
sir2 60.0% 64 (25) 94 (16)
hple 65% 65 (20) 100 (25)
Microtubule- msps 27% 18 + 17 (56) 67 +24(30)
associated:
asp (2) 46% 44 (25) 96 (25)
EBI 47% 44 + 25 (86) 94 +9 (38)
Klp68D 51% 29 (24) 57(21)
asp 52% 52(25) 100 (15)
map205 65% 54 + 18 (141) 83+ 13 (91)
DNA repair/ spnA 2% 2+4(57) 82+ 18(99)
checkpoint:
mus309 11% 10£1(42) 95 (22)
ku80 29% 28 (25) 96 (25)
tefu 43% 43 (30) 100 (25)
cp190 48% 12(17) 25(12)
Cell cycle kinase: bubR1 3% 1+2(168) 31+23(69)
awl (2) 8% 2+2(112) 26 + 10 (99)
ald 59% 52(25) 88 (25)

Table 2.1: Top hits from synthetic lethality screen. Top hits from the synthetic
lethality screen were grouped by gene function. Overall survival rate ratio was
determined by the following: (percentage of surviving larvae after RNAi and I-
Crel induction) / (percentage of surviving larvae after only RNAi induction). Those
RNAI transgenes that resulted in significant reduction in survival (a ratio of less
than 0.65) were considered for follow-up live analysis.
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Live imaging analysis reveals the microtubule-associated
proteins Map205 and EB1 and Topo Il are required for

separation, but not segregation of sister acentrics

We conducted live imaging experiments on neuroblasts to investigate the
effect of specific RNAi-mediated gene knockdowns on acentric mitotic
transmission. Each line contains an RFP- tagged histone transgene facilitating
live confocal analysis [91]. Based on previous studies revealing the role of
microtubules in acentric transmission [40], we initially focused on the
microtubule-stabilizing protein Map205 and the microtubule plus-end associated
protein EB1.

In a wild-type background, the majority of acentrics line up at the outer
edge of the metaphase plate, separated from the main mass of intact
chromosomes [40, 85]. As described above and in previous publications, during
anaphase sister acentrics remain paired on the metaphase plate well after the
separation of intact chromosomes (Figure 2.4A) [40, 85]. On average, separation
of sister acentrics occurs 148 seconds + 44 (N = 19) after separation of the
kinetochore-bearing chromosomes (Table 2.2). 83% (19/23) of acentric sister
chromatid pairs separate normally with sister acentrics going to opposite cell
poles (Figure 2.4C). In the remaining 17% (4/23), acentric sister chromatids line
up in metaphase, lag behind at the metaphase plate, and segregate together to
one pole of the cell (Table 2.3). Micronuclei form in telophase in 24% (4/17) of
neuroblasts expressing I-Crel micronuclei form in telophase (Figure 2.4D).

Live imaging of acentric behavior in neuroblasts expressing Map205
RNAI revealed that 46% (10/22) of acentric sister chromatids do not separate
from one another and segregate to one cell pole together, in comparison to 17%

(4/23) in a wild-type background (Figures 2.4C and 2.5B and Table 2.3).
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Additionally, after partial knockdown of Map205, sister acentrics separated from
one another significantly earlier than acentrics in a wild-type background (P =
0.001, Mann-Whitney test, Table 2.2). In spite of defects in acentric sister
chromatid separation, their average poleward segregation velocity was normal
(Table 2.4). Despite the increase in failed acentric separation, there was not an
increase in micronuclei formation (21% compared to 24% in controls) (Figure
2.4D).

Live analysis of acentric behavior in neuroblasts expressing EB1 RNAi
revealed that 47% (14/30) of acentric sister pairs fail to separate (Figures 2.4C
and 2.5E and Table 2.3). The failure of separation results in acentric sisters
segregating together to a single cell pole (Figure 2.4B). Additionally, the delay in
acentric separation and their rate of poleward segregation were normal (Figure
2.5E and Tables 2.2 and 2.4). There was also not an increase in micronuclei
formation (15% compared to 24% in controls) (Figure 2.4D). This indicates that
the Map205 and EB1 knockdowns are specifically disrupting sister separation of
acentrics and have no effect on the latter stages of acentric transmission.

As described earlier, cohesin removal on the intact chromosomes and
acentrics occurs simultaneously, yet acentric sisters remain paired. This raised
the possibility of a role for DNA catenation in maintaining acentric pairing.
Previous work demonstrated that DNA catenations preserve sister chromatid
cohesion in intact chromosomes until resolution by Topoisomerase Il (Topo Il) at
the metaphase-anaphase transition [79]. Topo Il decatenates intertwined DNA
allowing sister chromatids to segregate to opposing poles of the cell. To test the
role of DNA catenation in maintaining acentric sister pairing, we knocked down
levels of Topo Il specifically in the Drosophila neuroblast using the Gal4/UAS
RNAI technique described above. Topo Il knockdowns revealed that 54% (12/22)

of sister acentrics fail to separate and subsequently segregate together to one
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pole (Figure 2.6 and Table 2.3). Due to the lasting catenations between acentric
sisters, the initiation of acentric separation was further delayed in neuroblasts
expressing Topo Il RNAi (Mann-Whitney test; P = 0.003) (Table 2.2). Although
acentric separation is disrupted, their poleward segregation rate and their rate of
micronuclei formation were normal (Figures 2.4D and 2.5F and Table 2.4).

The screen also yielded the PP2A inhibitor Greatwall kinase (gw/) that
controls the timing and events of mitotic exit including sister chromatid separation
[111]. Thus, we were particularly interested in the dynamics of acentric
separation and segregation when the levels of gw/ were reduced. This analysis
uncovered that with reduced levels of gwl, 39% (14/36) of acentric sister pairs
failed to separate from one another (Figures 2.4C and 2.5B and Table 2.3).
Additionally, the delay in acentric separation and the rate of micronuclei
formation were normal (Figures 2.4D and 2.5G and Table 2.2). However, the
average velocity of acentrics while segregating during anaphase was significantly
slower in gwl/ mutant background compared to acentrics in wild-type background

(P = 0.006; Mann-Whitney test) (Table 2.4).
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Figure 2.4: EB1 RNAi knockdowns specifically disrupt acentric sister
separation. (A) Still frames of a time- lapse movie of a mitotic neuroblast with I-
Crel induced acentrics. Paired sister acentrics (white and yellow arrowheads) lag
behind at the spindle equator but eventually separate, segregate, and are
reincorporated into daughter nuclei. (B) Still frames of a time-lapse movie of a
mitotic neuroblast with I-Crel induced acentrics and expressing EB1 RNA..
Separation of paired sister acentrics (white and yellow arrowheads) fails,
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resulting in sisters segregating to and incorporating into the same daughter
nucleus. Bars, 2 um. Time in seconds. (Video 3) (C) Percentages of neuroblast
divisions in which acentric sisters failed to completely separate from one another.
(D) Percentages of neuroblast divisions in which acentrics failed to incorporate
into daughter nuclei and formed one or more micronuclei.

Avg + SD (seconds) N (acentric pairs)
Control 148 + 44 19
MAP205 RNAi 97 +39 ** 12
EB1 RNAi 142 £57 16
Topo II RNAi 226 +77 10
gwl"%/gwl’"® 138 £49 22

Table 2.2: Sister separation of acentrics is delayed relative to sister
separation of intact chromosomes. Average time (in seconds) for sister
acentrics to initiate separation after sister kinetochore-bearing chromosomes
separated. Time (average + SD) measured from initiation of intact chromosome
separation to initiation of acentric sister chromosome separation. Asterisks
indicate statistical significance (**P = 0.001, *P = 0.003) as determined by two-
sided Mann-Whitney tests.

Fails to separate Dissociate Slides Apart Unzip N (acentric pairs)
Control 17% 13% 48% 22% 23
MAP205 RNAi 46% 9% 9% 36% 22
EBI RNAi
Topo II RNAi

Wl gyi"16

20.0% 13% 20.0% 30

14% 27% 5% 22

11% 28% 22% 36

Table 2.3: Acentric separation occurs through three distinct modes.
Acentric sister chromatids either fail to separate or separate from one another by
three different modes: laterally sliding past one another, unzipping from one
another, or simultaneously and evenly dissociating along their lengths.
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Figure 2.5: Knockdowns of EB1 and Map205 preferentially disrupt the
sliding mode of acentric separation. (A) Model of different acentric orientations
prior to separation. Polarity axis indicated by the dotted line. (B) Bar graph
showing the percentage of acentric pairs that separate via simultaneous
dissociation, sliding, or unzipping and the percentage of those that fail to
separate. (C-G) Measurements of the frequency of each mode of acentric sister
separation (x-axis) and the timing of acentric sister separation after the
separation of intact chromosomes (y-axis). Each dot represents one acentric
pair. Blue dots represent acentric pairs that were oriented perpendicular then
parallel to the polarity axis prior to separation. Orange dots represent acentric
pairs that were oriented parallel to the polarity axis prior to separation. Green
dots represent acentric pairs that were oriented perpendicular to the polarity axis
prior to separation. Boxes show interquartile ranges and lines show medians of
the measured data. Asterisks indicate statistical significance (*P = 0.01, **P =
0.005, ***P = 0.009) when comparing the timing of acentric separation between
separation modes. Statistical analysis was done using two-sided Mann-Whitney
tests. Non-significant values had a P-value greater than 0.05.

Avg velocity + SD (nm/s) N (individual acentrics)
Control 10 +4 26
MAP205 RNAi 12+5 30
EB1 RNAi 10 £4 27
Topo II RNAi 12+3 26
gwl"%%/gwl”® 8+4" 32

Table 2.4: Average velocities of acentric segregation. Depicted below are the
velocities of individual acentrics as they segregate during anaphase. Velocity is
measured in nanometers per second. Segregation velocity is defined as
beginning when an acentric is clearly observed as separated from its sister and
ends when the acentric reaches the daughter nucleus. Asterisks indicate
statistical significance (*P = 0.006) as determined by a two-sided Mann-Whitney
test.
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EB1, Map205, Greatwall, and Topo Il differentially influence the
dynamics of acentric separation

As described above, in a wild-type background acentrics exhibit three
distinct patterns of separation: sliding, unzipping, and simultaneous dissociation.
Sliding is the most frequent occurring 49% of the time, with unzipping and
simultaneous dissociation occurring at frequencies of 31% and 20%, respectively
(Figure 2.3E). To determine the role of the genes identified above in these
distinct forms of acentric separation, we monitored the frequency of segregation
patterns in RNAi knockdowns of the candidate genes. Of those sister acentrics
that successfully separated, knockdowns of Map205, EB1, and Greatwall
resulted in a decreased frequency of separation via sliding (17%, 25%, 45%,
respectively) compared to the control (58%) (Figure 2.5). Additionally,
Topoisomerase |l resulted in a decreased the frequency of acentric separation
via unzipping (10%) compared to the control (26%) (Figure 2.5).

To determine if microtubule plus-ends preferentially accumulate around
acentrics, I-Crel-expressing neuroblasts were live imaged with EGFP-tagged
EB1. Fluorescence intensities of both GFP and RFP were measured and
corrected for brightness in control neuroblasts (N = 5) and |- Crel-expressing
neuroblasts (N = 5). During mitosis, EB1 localizes along microtubules moving
towards the plus-ends (Figure 2.7). Previous studies have shown that EB1 is
essential for generating antipolar forces on chromosomes [101, 110]. That finding
together with our finding that EB1 is required for sister acentric separation
motivated us to examine EB1 localization on the acentrics (Figure 2.7). We find
the concentration of EB1 is not significantly increased on or near the acentrics (P
> 0.05, two sample t-test; Figure 2.7). Thus, while EB1 and the acentrics co-

localize, the pattern of EB1 comets is not altered in the presence of acentrics.
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While these data are consistent with a role for EB1 in acentric sister separation,

there is not an increase in recruitment and accumulation of EB1 at the acentric.

Control (I-Crel alone)

Topo Il RNAi; I-Crel

% of acentric sisters

|-Crel alone I-Crel,
Topo Il RNAi

Figure 2.6: Acentrics appear to be held together by DNA catenations. (A)
Still images of a time- lapse movie of a control neuroblast with I-Crel induced
acentrics showing sister acentrics associated in early anaphase (white arrows),
lagging behind and ultimately separating and segregating to opposite poles (cyan
and magenta arrowheads). (B) Still images of a time-lapse movie of a neuroblast
with partial knockdown of Topoisomerase Il using RNAi and I-Crel induced
acentrics. Acentrics associate and lag behind in early anaphase (white arrow),
then fail to completely separate and segregate unequally (cyan and magenta
arrowheads). Bars, 2 ym. Time in seconds. (C) Bar graph showing the
quantification of acentric behavior in control and Topo Il RNAi neuroblasts with
the failure of acentric sister separation in magenta and the successful, even
separation of acentric sisters in gray.
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Discussion

These studies are based on the unexpected finding that sister
chromosome fragments lacking a kinetochore undergo relatively normal
separation. We sought to identify the kinetochore independent forces driving
acentric sister chromatid separation. A key finding is that while cohesin removal
occurs simultaneously on intact and acentric chromosomes, sister separation of
the latter is significantly delayed. An explanation for this delay comes from
studies of intact chromosomes demonstrating that once cohesin is removed,
sister acentrics remain held together through DNA catenations [61, 79, 103].
Catenations are concentrated at the centromeric DNA and opposing kinetochore
microtubule interactions likely provide the resolving force [7, 21, 43, 77, 112].
Support for this conclusion comes from studies of chromosome rearrangements
in which centromeric heterochromatin is displaced from the centromere [68].
Sister chromatin separation is specifically delayed in these regions resulting in
localized stretching during anaphase. A likely consequence of being displaced
from the centromere is that the ectopic heterochromatic regions no longer
experience sufficient kinetochore forces required to efficiently resolve sister DNA
catenations. In light of these studies, it is likely that acentric sisters remain
associated well after separation of the intact chromosomes through DNA
catenations. This conclusion is supported by our finding that reductions in the
Topoisomerase |l levels specifically disrupt acentric sister separation. As
described below, our studies suggest both plus-end and lateral microtubule
interactions with the acentrics provide the alternative force driving sister
separation.

Intact chromosomes align perpendicular to the spindle. In contrast, we

find acentric chromosomes align either perpendicular or parallel to the spindle.
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When aligned parallel to the spindle, acentrics travel with one tip leading towards
the cell pole, possibly due to microtubule lateral interactions with acentrics.
Without a kinetochore, a combination of lateral and plus-end microtubule
interactions likely determines the final orientation of acentrics on the metaphase
plate. In addition to the multiple orientations, acentrics undergo distinct patterns
of sister separation that we have termed sliding, unzipping and simultaneous
dissociation. Sliding of sisters past one another toward opposite poles is the most
common mode of acentric separation. This mode occurs primarily when sister
acentrics are oriented parallel to the spindle just prior to separation suggesting
lateral microtubule interactions provide the force driving this mode of acentric
separation (Figures 2.3A and 2.5C). While sister separation of all acentrics is
delayed relative to intact chromosomes, the delay is much more pronounced for
acentrics that undergo separation by sliding. The delay may in part be due to the
additional time it takes to establish the multiple lateral interactions required to
generate sufficient separation force. It is likely chromokinesins provide the force
driving separation, but these have yet to be identified.

In contrast to sliding, sister separation by unzipping occurs primarily
when the acentrics are oriented perpendicular to the spindle just prior to
separation suggesting a limited role for lateral microtubule interactions (Figures
2.3B and 2.5C). During unzipping, acentrics generally initiate separation at their
broken ends with completion of separation occurring at the telomeres. The delay
of acentric separation by unzipping is much less than the delay observed for
separation by sliding. Previous studies demonstrated that the acentric and its
centric partner are connected via a DNA tether [85]. The preference for initiation
of separation at the broken ends suggests that a DNA tether connecting the
broken end to the kinetochore-bearing fragment may provide the initial

separation force (Figure 2.3B). While this tether is not thought to provide the
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force driving acentric segregation [40], because of its association with the broken
end of the acentric, it may drive the initial stage of unzipping. In contrast to
separation by sliding, telomeres are always aligned in sisters that separate by
unzipping (Figures 2.3E and 2.3F). This suggests maintaining gene-for-gene
sister pairing is essential for this form of separation.

The third mode of acentric separation, simultaneous dissociation, is
characterized by a synchronized separation along the entire length of sister
acentrics (Figure 2.3C). While sister separation via simultaneous dissociation
favors the perpendicular orientation, this bias is much less dramatic compared to
the unzipping mode (Figure 2.5C). The most distinguishing feature of this form of
separation is the high frequency in which sister acentrics aligned with their
telomeres opposed (33% compared to 14% and 0% for sliding and unzipping
separation, respectively) (Figure 2.3F). This high frequency of unaligned
telomeres suggests weak connections between sisters and that sister pairing is
not required.

Synthetic lethal screens have proven an effective means of identifying
factors required for the successful mitotic transmission of acentric chromosome
fragments [40, 85]. These screens have identified proteins required for poleward
transmission and final incorporation of acentrics into the telophase nucleus. Here
we focused on identifying genes required for successful separation of sister
acentrics. Of the 117 candidate genes screened, we identified 23 RNAI
knockdowns/mutations that resulted in a significant lethality upon acentric
induction (Table 2.1). Live analysis secondary screening revealed knockdowns of
EB1 and Map205, and the cell cycle kinase Greatwall resulted in dramatic
defects in acentric sister separation. Live imaging also revealed reducing levels

of Topoisomerase Il severely disrupted sister acentric separation.
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Given that previous studies demonstrated the chromokinesin KIp3A is
required for acentric poleward transport [40], it is not surprising that microtubule-
associated proteins also play a key role in separation of acentric sisters.
Reduced levels of EB1 and Map205 greatly increase the frequency of failed
sister separation. EB1 is a plus-end tracking protein that associates with a
number of regulatory proteins and is essential for generating anti-polar forces on
the chromosomes [63]. EB1 knockdowns most dramatically reduce the frequency
of acentric separation via sliding. In addition, for those acentric sisters that did
separate by sliding in EB1 knockdowns, separation was greatly delayed. As
lateral interactions between the microtubules and chromatin are likely to drive
sister separation by sliding, we suspect plus-end directed EB1 forces may play a
role in orienting the acentric in order to establish lateral interactions. Support for
this idea comes from the finding of a synthetic lethal interaction between I-Crel
induction and reductions in the levels of Nod, a non-motile chromokinesin that
associates with EB1 and is involved in chromosome segregation [1, 40, 100,
116]. Surprisingly, a previous study in our lab found no effect on acentric
segregation in mutations in nod [40]. Examining movies from this analysis
revealed no significant difference in acentric sister separation in a loss-of-
function nod mutant compared to the control (Table S2.2). Map205 is a
microtubule-associated protein required for targeting Polo kinase to spindle
microtubules [2]. Thus, it is likely that the effect of the Map205 knockdowns on
acentric sister separation is through disruption of Polo localization. Previous
studies demonstrated that Polo localizes to the DNA tether associated with the
acentric and Polo knockdowns disrupted acentric transmission with sister
acentrics remaining on the metaphase plate [85]. As with EB1, reductions in
Map205 levels dramatically reduce the frequency of acentric separation by

sliding suggesting a disruption in lateral interactions between the acentrics and
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the microtubules. While much evidence indicates that Polo functions at the
centromere during sister separation, our studies of the effects of Map205 and
Polo knockdowns suggest that it is also involved in promoting chromatid/spindle
interactions that are independent of the centromere. Reducing the levels of
Topoisomerase |l leads to a significant increase in failed separation of sister
acentrics, supporting the conclusion that once cohesin is removed sister
acentrics remain held together through DNA catenation. We suspect that
reduced Topoisomerase Il levels disrupt sister separation of the acentrics more
profoundly than that of intact chromosomes because the latter primarily rely on
kinetochore forces to resolve DNA catenations. Of the four mutants analyzed
through live analysis, reductions in Topoisomerase levels had the greatest effect
of the unzipping mode of acentric sister separation. This result is interesting
given our finding that the unzipping mode of acentric separation is likely the most
reliant on sister pairing and consequently are likely to be highly catenated.
Taken together, these data support a model in which multiple forces
drive the separation of sister acentrics. Acentrics that separate by sliding and
unzipping tend to be oriented parallel and perpendicular to the spindle,
respectively. Unzipping could be initially driven by the DNA tether, which
connects the acentric to its centric partner, to initially separate one end of the
acentrics. Then, a combination of Topoisomerase Il activity and microtubule
forces could facilitate the separation of the other end of the acentrics. Because
the partial knockdown of Topoisomerase Il leads to a decreased frequency of
acentrics unzipping, we hypothesize that the resolution of DNA catenations by
Topoisomerase |l underlies the unzipping mode of separation. Due to the finding
that the tether does not appear to provide segregation forces on the acentrics
[40], sliding is likely driven by lateral microtubule interactions and possibly motor

proteins. This is further supported by the orientation of acentrics parallel to the
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axis of polarity and the association of EB1 and bundling of microtubules around
acentrics in early anaphase. It remains unclear if acentrics are directly interacting
with microtubules or if microtubule-associated proteins are mediating the
interaction with acentrics. There is not an obvious mechanism for the
simultaneous dissociation of sister acentrics and is likely driven by a combination
of factors (Figure 2.8). EB1 and Map205 may be required to establish
microtubule interactions with the acentric, while in the absence of a kinetochore
high levels of Topoisomerase are needed to resolve DNA catenations between
sisters.

It should be noted that although these mutants resulted in a high
frequency of failed acentric sister separation, we did not observe an equivalent
increase in micronuclei. In contrast, mutants that disrupted acentric poleward
transport or the final stages of incorporation into daughter nuclei resulted in an
accompanying increase in micronuclei [41, 113, 114]. This indicates that the
knockdowns in the genes identified in this study specifically disrupt acentric sister
separation as the subsequent transmission occurs normally to allow
incorporation of the acentric into the daughter nuclei. This interpretation is in
accord with a model that acentrics experience different forces at different stages
of their separation, transmission, and incorporation into daughter nuclei [113].

There are numerous examples of lateral interactions between spindle
microtubules and intact chromosomes indicating that non-kinetochore forces
influence anaphase chromosome kinetics [26, 33, 46]. However, it has been
difficult to pursue the underlying mechanisms because of the dominance of
kinetochore forces during anaphase. In analogy with studies of spindle formation
in cells lacking centrosomes that led to the discovery of unsuspected, yet
conserved, chromosome-based mechanisms of spindle assembly, examining the

mitotic behavior of acentric chromosomes without a kinetochore will provide
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insights into the kinetochore independent forces acting on intact chromosomes

[26, 33].
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Figure 2.7: Acentrics travel poleward in late anaphase while associated
with EB1. EB1 is in green and chromosomes are in magenta. (A) Still images
from a time-lapse movie of a control neuroblast from metaphase (0 s) through
telophase (85 s). (B) Still images from a time-lapse movie of a mitotic neuroblast
with I-Crel induced acentrics from metaphase (0 s) through telophase (135 s).
The intact chromosomes and acentrics initiate sister separation at the 15 s and
40 s timepoints, respectively. Sister acentrics (white arrowheads) separate and
move toward opposite cell poles while associated with EB1. (C) Line graph from
a compilation of five control videos showing the corrected fluorescence
intensities in arbitrary units (AU) of EB1 (green) and chromosomes (magenta).
Corrected fluorescence intensities were calculated within the yellow boxes at the
time points 15, 20, 25, 30, 35 seconds after anaphase onset. (D) Line graph from
a compilation of five videos of I-Crel-expressing neuroblasts showing the
corrected fluorescence intensities in arbitrary units (AU) of EB1 (green) and
chromosomes (magenta). Corrected fluorescence intensities were calculated
within the yellow boxes at the time points 15, 25, 30, 40, 50 seconds after
anaphase. Bars, 2 um. Time in seconds. Error bars represent SDs of the
fluorescent intensities at all points tested.
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Figure 2.8: Schematic showing distinct modes of acentric separation. At
some point during the metaphase- to-anaphase transition, acentrics that
separate by sliding orient parallel to the spindle and slide past one another. This
is likely driven by lateral associations between the microtubules and acentrics.
The unzipping mode occurs when separation initiates at the broken end followed
by separation of sister telomeres. It may be that the initial separation is driven by
the DNA tether connecting the centric and acentric fragments. Separation across
the entire length of the acentric is referred to as simultaneous dissociation. It may
be that the DNA tether and acentric-microtubule interactions contribute equally
for sister acentrics that separate by simultaneous dissociation. (Chromosomes in
magenta, microtubules in green, cohesin in cyan, telomeres in orange).
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Supplemental Figures

Supp Table: Sy ic Lethality Screen
Number of _ Number of Larvae per _Heat Shock Normal Adults per Mutant Phenotype % Survival Mutant Wing
Gene (RNAi) Stock # I-Crel experiments experiment (1.5 hours) experiment per experiment (Avg + StDev) _ Phenotype (%)
WT (control) e Yes A Yes 2441,11,921,15,7,9,12 8021 0
WT (control) 5 No 9 '3'“8'3;,22325 : No '3'”26";'55'2‘ .25, 91£7 0
[ Yes 1 5 Yes 17 1 with wing spot 68 4
No 1 3 No 9 69.23 0
Yes 1 5 Yes 18 2 [
No 1 7 No 6 9412 0
Yes 1 25 Yes 13 52 0
No 1 F3 No 2 88 [
Yes 21 Yes 4 66.67 0
No 12 No 7 0
fes 25 Yes
No 25 No »
es 2 Yes 8 8
No 1 %5 No ] 4
Yes 1 25 Yes 52 0
No 15 No 5 100 0
Yes 25 Yes 1 a4 20
No 35 No 4 % 4
Ye 25 Yes -
25 No 0 5 2
16 Yes 2 7 0
21 No 1 100 0
Lethal before 3
: 1 [ :
Lethal before 34
. 1 [ . f .
Yes 1 25 Yes 2 88 0
No 1 20 No 19 95 [
Yes 6 25,24 36,33,2525 Yes 1,0,1,0,0,0 1%2 4
No 3 25,16,28 No 31223 0
Yes 1 2% Yes 0
No 1 2 No 0 E
Yes % Yes
No 23 No
Yes 39 Yes
No 25 No
Yes 25 Yes
No 13 No
Yes 25 Yes
No 2 S X
17 Yes 5.88 0
12 No 50 0
1 25 Yes 19 76 0
1 23 No 21 913 0
1 28 0
Ves -
No
Yes
No 5
1 0 Yes 0
1 0 No 0
7 Yes
2 Yes 7 .
20,24,25 Yes 070 1017 0
20,23,13,24,19 Yes 69575 + 7
il 5 Yes 12 4
1 23 No 2 0
i %5 Yes 15 8
1 16 No 16 0
25 Yes 12 0
25 No 25 0
1 18 Yes 0
1 25 No (i :
1 17 Yes 2 0
1 12 Yes 3 0
Yes 1 %5 Yes 0
No T 2 (i
Yes 1 0 Yes 0
No [ No 0
Dhe 36698 Yes 1 [
Dhe 36698 No 1 [
Dhe 28749 Yes 1 0
Dhe No T 0 g
dig [
dig . 1 [
dpn Yes 1 25 Yes 7 0
dpn No 1 24 No 2 0
EB1 Yes 7 10,8,7,16,6,14,25 Yes 86142512 21%6
EB1 No 4 194,510 Yes 18458 0
E(bx) Yes 5
E(bx) No 1 [ . . i
Futch Yes 1 ) Yes [ it
Futch No 1 7 Yes 7 0
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- Number of _ Number of Larvae Heat Shock Normal Adults Mutant Phenotype % Survival __Mutant Winy
Gene (RNAi) Stock # |Crel experiments experiment il (1.5 hours) experimentw per experiment (Avg + StDev) _ Phenotype (-l/'.)
T E T T
ap 27277 Yes 1 2 Yes 20 Spot, 80 16
ap No 1 15 No 15 100 0
ap Yes 1 0 Yes 0
ap No 1 0 Yes 0 :
Grip75 Yes Ves 20 87
Grip7s No Yes 7 100
Grips4 Yes Yes 21 100
Grips4 No Yes 14 933
awl Yes 1 Yes 2 88 4
gwl No 1 No 17 94.44 0
gwl Yes Yes 000,11 232
awl No Yes 95453 44 wing notches 2610 44%19
hairy Yes 25 Yes 19 76
hairy No 25 No 2 100
Hira Yes 1 25 Yes 18 7}
Hira No 1 2 No 2% 100
His2Av 1 0 Yes 0 0
His2Av No 1 0 No 0 0
His3.38 Yes 1 % Yes 3 4
His3.38 No 1 25 No 21 84 0
HmgZ Yes 1 p>] Yes A 7737
HmgZ No 1 25 No 1 64
HmgD Yes 1 25 Yes 2 100
HmgD No 1 25 No 2 2
HP1b Yes 1 20 Yes 13 65 0
HP1b No 1 25 No 21 84 0
HP1C Yes 1 25 Yes 15 &0 8
HP1C No 1 25 No 2 88 0
HP1e Yes 1 20 Yes 13 65 0
HP1e No 1 25 No 25 100 0
hyx 3 25 B 0 -
hyx - 25 - . .
hyx Yes 25 Yes 8 4
hyx No 25 No 88 r)
ial Yes P Yes = -
ial No 13 No
Incenp Yes 20 Yes 5
Incenp No 17 No ,
1080 Yes 15 Yes 4 0
1080 No 1 10 No 10 0
080 Yes 1 2 Yes % 0
1080 No 1 14 No 14 0
Iswi Yes 1 25 Yes 1 Z)
Iswi No 1 6 Yes 0 0
Iswi Yes 1 40,27,36,25,25,25 Yes 17,8264,11,14 16
Iswi No 3 42,7,40 Yes 206,29 0
KIp68D Yes 1 2 Yes 7 0
KIp68D No 1 21 No 12 0
KIp67A Yes 1 19 Yes 0 0
KIp67A No 1 7 No 1 0
Kif3c Yes 2 186 Yes 102 0
Kif3c No 7 Yes
KIp3A Yes 7 Yes 16
KIp3A No 14 Yes
KIpsaC Yes 25 Yes 2
KIp59C No 1 16 No 13 0
Kug0 Yes 1 25 Yes 7 0
Kug0 No 25 No
Lok Yes 26 Yes
Lok No 25 No
Map60 Yes 1 Yes
Map60 No 8 Yes 8
Map205 Yes 27,27,19,19,2524 Yes 21,106,13,14,13 2
Map205 No 8,15,16,10,21,21 Yes 512,14,8,21,19
MCPH1 Yes 2% 9
MCPH1 No 0
mei41 Yes Yes
mei41 No No
Mi-2 Yes Yes
Mi-2 No No
Mi2 Yes 2 0 Yes 0
Mi-2 No 2 0 No 0
Mis12 Yes 4 Yes B 5
Mis12 No 20 Yes - .
Mis12 Yes 2 Yes [ 0
Mis12 No 9 Yes 111 0
Mit(1)15 Yes 1 13 Yes 1 U “"’:&' i) 846 15
Mit(1)15 No 1 13 Yes 1 816 0
Lethal before 7
mor Yes 1 Dead . ps
Lethal before 7%
mor No 1 Dead . pleri . :
mrett Yes 1 25 Yes 0 ) 0
mrett No 25 No 10 40 0
msps Yes 19,1225 Yes 341 1 wing notch 817 5
msps No 246 No 203 6724 0
mus209 Yes 25 Yes 0 .
mus209 No 10 No 0 . .
mus309 Yes 17 Yes 9,1 051 0
mus309 No 1 2 No 21 9545 0
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- Number of _ Number of Larvae per _ Heat Shock Normal Adults per __ Mutant Phenotype % Survival _Mutant Wing
Gene (RNAi) Stock # |Crel experiments experiment (1.5 hours) experiment per experiment (Avg  StDev) _ Phenotype (%)
mus312 A Yes 1 25 Yes 0 0 0
mus312 4873 No 1 25 No 25 100 0
Nap1 Yes 1 25 Yes 20 80 )
Nap1 No 1 24 No 14 58.33 0
neb Yes 1 20 Yes 13 65 0
neb No 1 10 Yes 9 %0 0
Nipt Yes 2 2925 Yes 1 212 0
Nipt No 6 Yes 0 0
NudE Yes 7 Yes B
NudE No 12 Yes i
Nuf2 Yes 13 Yes 0
Nuf2 No 8 Yes 0
Nuf2 Yes 28 Yes
Nuf2 No 25 Yes
Nurf-38 [ . 0
Nurf-38 0 0 .
Nurf-38 Yes 20 Yes 0 0
Nurf-38 No 21 No 2 [}
okr 31047 Yes 1 25 Yes 12 16
okr 31047 No 1 15 No 10 33
par-1 32410 Yes 1 0 Yes 0
par-1 32410 No 1 0 No 0 .
S0 Yes 1 25 Yes 3 0
No 1 15 No 3 0
Yes 1 19 Yes 12 0
No 20 No 16 0
Yes Yes 0
No Yes 0
fes 3 Yes 0,
No 1923 Yes 0,0
Yes Yes
No No
Yes Yes
No No
fes Yes
No 2 No
Yes 16 Yes
No 12 No
1 0 .
. 1 0 .
Yes 35 Yes
_._.No 2 No
Yes 25 Yes
_____ No 25 No
Yes 25 Yes
No 12 No
5 1 0 N
1 0 .
Yes 1 25 Yes 2 0
No 1 25 No 6 0
Yes 1 25 Yes 16 16
No 1 16 No 15 0
Yes px Yes )
No 2 No 0
Yes Yes
No Yes
Yes 1 0
No 1 0
Yes 1 25 Yes 2 0
No 1 11 No 1 0
5 0 . 0
0 0
Yes 1 25 Yes 2 0
No 1 20 No 20 0
Yes 1 2 Yes 0
No 1 2 Yes 0
Yes 1 25 Yes 0
No 1 25 No 0 \ R
Yes 4 11,14,7,25 Yes 0,100 2:4 0
No 5 2221,17,7,32 Yes 18,21,105,32 8218 0
Yes 1 25 Yes 6 2 0
No 1 25 No 1 a 0
G Lethal before 7%
0 Lethal before 3
= instar
0 G Lethal before ¢
o o Lethal before
instar
Yes 1 25 Yes 2 % 0
No 1 19 No 19 100 0
Su(var)3-9 31619 Yes 1 0 Yes 0
Su(var)3-9 31619 No 1 0 No 0
Su(var)3-9 32914 Yes 1 0 Yes 0
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Number of  Number of Larvae per _Heat Shock Normal Adults per Mutant Phenotype % Survival Mutant Wing
Gene (RNAi) Stock # I-Crel i i (1.5 hours) i per i (Avg * StDev) _Phenotype (%)
Lethal before 7%
Su(var)3-9 32914 No 1 [ ! No 0 phevie
T Lethal before 3
Su(var)3-9 33401 Yes 1 0 Yes H )
Su(var)3-9 33401 No 1 0 No Lo e
Tip60 [ 28563 Yes 1 31 Yes 0 Lethal after 3 Instar
Tip60 28563 No 1 25 No 0 Lethal after 3< Instar
tefu 31635 Yes 1 30 Yes ! 13 g oot 4333 7
tefu 31635 No 1 25 No 25 100 0
Top2 35416 Yes 1 25 Yes ! 0 Lethal after 3% instar 0
Top2 35416 No 1 25 No 0 Lethal after 3< Instar 0
Top2 [~ 31342 Yes 1 9 Yes 0 Lethal after 3% Instar :
Top2 31342 No 1 12 Yes 0 Lethal after 3% Instar
tou 31637 Yes 1 25 i Yes i 17 68 0
tou 31637 No 1 24 No 2 9167 0
t TWing Spot, 1 Wing
tou | 3790 Yes 1 25 Yes | 18 e 72 8
tou | 35790 No 1 2 No 21 9545 0
tws [ 28714 Yes 2 4,14 Yes I 00 Lethal after 3% Instar B A
tws [ 28714 No 2 8,17 Yes 0,0 Lethal after 3% Instar
tws 36689 Yes 1 1 Yes 1 16 941 0
tws 366689 No 1 7 Yes 7 100 0
vtd (rad21) 36786 Yes 1 25 Yes 1 Lethal after 3rd Instar B
vtd(rad21) | 36786 No 1 20 No Lethal after 3rd Instar .
woc | 21057 Yes 1 25 Yes 0 0 0
woc 27057 No 1 30 No 1 333 0
Xnp 29424 Yes 1 25 Yes I 0 H
Xnp [ 29444 No 1 kil No 0 - .
Xnp 32894 Yes 1 1 Yes | 10 90.91 0
Xnp 32894 No 1 2 No 16 7273 0

Table S2.1: Synthetic lethality screen. 117 RNAi gene knockdowns were
screened for synthetic lethal interaction upon induction of acentric chromosome
formation. Percent survival was determined by taking the average number of
larvae that eclosed into viable adult flies per experiment.

Mode of separation I-Crel Alone I-Crel, nod4
Sliding 48% 42%
Unzipping 22% 25%
Dissociating 13% 16%
Fails to separate 17% 17%
N=19 N=12

Table $2.2: nod loss-of-function mutant does not disrupt the accuracy of
acentric sister separation. Nod does not influence the frequencies of the three
modes of acentric separation. Modes by which acentric sister chromatids
separate in control cells or in nod mutant background. Acentric sister chromatids
fail to separate, separate by sliding laterally past one another, or by unzipping
from one another. Data for this table is found in [40]. All values are not
statistically significant (P>0.05, two-sided t-test).
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Materials and Methods

Fly stocks

All stocks were raised on standard Drosophila media at room
temperature (20-22°C) as previously described [85]. For generating acentrics, a
transgenic fly line bearing the I-Crel endonuclease under heat-shock 70 promoter
were kindly provided by Kent Golic at The University of Utah. For synthetic
lethality screen, the ubiquitous Gal4 driver under the control of an actin enhancer
(Act5) was used (#25708 from Bloomington). Dominant negative allele of ISWI
was kindly provided by John Tamkun at UC Santa Cruz. Greatwall hypomorphs
(gwl1080,716, 180, and 2790) were kindly provided by Michael Goldberg at
Cornell University. The line with rad21-EGFP transgene were kindly provided by

Stefan Heidmann at University of Bayreuth.

Synthetic lethality screen

Third instar progeny with genotype Act5-Gal4/+; I-Crel, Sb/UAS-RNAI
were collected from parental genotypes Act5-Gal4/CyO-GFP; I-Crel, Sb/TM6B
and were heat shocked for 1.5 hours at 37°C (unless otherwise indicated). After
heat shock, the vials were set-aside at room temperature for 10-15 days until
adult flies emerged. Synthetic lethality was calculated as the % of larvae that
develop into adulthood [40, 85]. Control progeny with genotype Act5-Gal4/+;
Sb/UAS-RNAI from parents with the genotype Act5-Gal4/CyO-GFP; Sb/TM6B

and UAS-RNAI were heat-shocked for 1.5 hours at 37°C.

Live analysis of acentric behavior in Drosophila third instar neuroblasts

As previously described, acentric chromosome fragments were induced

by I-Crel expression (under heat shock 70 promoter) in 3rd instar larvae by a 1-
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hour 37°C heat shock followed by a 1-hour recovery period at room temperature
[40]. The larval brains from third instar larvae were dissected in PBS and then
transferred to a slide with 20 ul of PBS. A coverslip was dropped on PBS with
brain and the excess PBS was wicked out from edge of coverslip to induce
squashing of brain between slide and coverslip. For live analysis, the edge of
coverslip was sealed with halocarbon and was imaged as described below.

Neuroblast divisions in all images were from female 3rd instar larvae.

Microscopy and image acquisition

Wide-field microscopy. Time-lapse imaging for Figs 4C, 4D, 5C and 6
were performed using a Leica DM16000B wide-field inverted microscope
equipped with a Hamamatsu electron-multiplying charge coupled device camera
(ORCA 9100-02) with a binning of 1 and a 100x Plan-Apochromat objective with
NA 1.4. Successive time points were filmed at 20 s. RFP (585 nm) and GFP (508
nm) fluorophores were imaged. Samples were imaged in PBS and at room
temperature (20-22°C). Widefield images were acquired with Leica Application
Suite Advanced Fluorescence Software and 3D deconvolved using AutoQuant
X2.2.0 software.

Spinning-disk microscopy. Images in Figs 1, 2, 3, 4, 6, and 7 were
acquired with an inverted Nikon Eclipse TE2000-E spinning disk (CSLI-X1)
confocal microscope equipped with a Hamamatsu electron-multiplying charge
coupled device camera (ImageEM X2) with a 100X 1.4 NA oil-immersion
objective. Samples were imaged in PBS and at room temperature (20-22°C).
Images were acquired with MicroManager 1.4 software. Time-lapse fluorescent
images of neuroblasts divisions were done with 120 and 100 ms exposures for
GFP and RFP respectively with 0.5 ym Z-steps. Time-lapse videos with both

GFP and RFP were done every 5 to 9 seconds and time-lapse movies with RFP
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alone were done every 5 seconds. Figures were assembled in Adobe lllustrator.
Selected stills (both experimental and control) were processed with ImageJ

(http://rsb.info.nih.govi/ij/)).

Measurements

In Fig 2C, relative fluorescence intensities of chromosomes (H2Av-RFP)
and cohesin (Rad21 EGFP) were done using the plot profile function in ImagedJ of
the region outlined around acentrics and the main mass of chromosomes. In Fig
7C and 7D, relative fluorescence intensities of acentrics (H2Av-RFP) and EB1
(EB1-EGFP) were done using the plot profile function in Imaged of the region
outlined around acentrics in I-Crel expressing neuroblasts and the region
outlined around the spindle midzone in control neuroblasts. For statistical
analyses, unpaired two-sided t-tests and two-sided Mann-Whitney-Wilcoxon tests
were used. Unpaired two-sided t-tests were performed in Prism Version 8
(GraphPad Software). Two-sided Mann- Whitney-Wilcoxon tests were performed

in R (R Core Team) and Prism Version 8 (GraphPad Software).
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Chapter 3: Acentric chromosomes congress via kinetochore-
independent forces and induce a global reorganization of

chromosomes at the metaphase plate

Abstract

Chromosome congression, the alignment of chromosomes on the
metaphase plate in preparation for sister separation at anaphase, relies heavily
on a combination of microtubule plus-end and lateral interactions with the
kinetochore. Currently unclear are the kinetochore-independent forces that drive
congression. Here we take advantage of our ability to efficiently generate a GFP-
marked acentric X chromosome fragment in Drosophila neuroblasts to identify
forces acting on chromosome arms that drive congression. We find acentrics
efficiently congress to the metaphase plate, often more rapidly than kinetochore-
bearing chromosomes. However, the congressed acentrics are positioned in a
plane distinct, and significantly further, from the chromosome-free center of the
ring of intact chromosomes. Examination of monopolar spindles reveals the
acentric experiences robust plus-end directed forces. We also find that acentric
congression relies on a combination of EB1 mediated plus-end microtubule
pushing forces and migration along microtubules via the KLP3A chromokinesin.
Taken together these studies demonstrate that congression involves microtubule
lateral and plus-end interactions with the kinetochore and the chromosome arms.
Our studies also reveal that the congressed chromosomes in Drosophila
neuroblasts are arranged in an irregular column perpendicular to the spindle axis.
However, upon induction of acentric chromosome fragments, the intact
chromosomes organize into a distinct torus shape on the metaphase plate. This

reorganization of congressed chromosomes depends on the activation of the
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DNA damage checkpoint kinases Chk1 and Chk2. Irradiation experiments reveal
DNA damage, rather than the generation of an acentric chromosome fragment

drives the reorganization of congressed chromosomes into a torus.

Introduction

Chromosome fragments lacking a centromere and a telomere are known
as acentrics. Due to their lack of a kinetochore, acentrics are unable to make
canonical attachments to microtubules. Kinetochore-microtubule interactions play
key roles in mediating chromosome congression to the spindle equator, sister
chromosome separation during the metaphase-to-anaphase transition and
segregation during anaphase [62]. Thus, acentrics were expected to fail to align
properly on the metaphase plate, display separation and segregation defects in
anaphase, be excluded from daughter nuclei in telophase, and form cytoplasmic
micronuclei [23, 38, 48]. Surprisingly, multiple reports have found acentric
chromosome fragments often display proper sister chromosome separation and
poleward migration, and inclusion into daughter nuclei [4, 9, 37, 40, 41, 44, 50,
85, 109, 113, 114]. Proposed mechanisms include neo-centromere formation and
direct association of acentrics with microtubules or a kinetochore-bearing
chromosome [35, 36, 40, 65, 78, 115]. Studies have shown that separation of
sister acentric chromosomes during early anaphase relies on Topoisomerase |l
activity as well as microtubule plus-end pushing forces [109]. Additional work has
shown that the anaphase poleward segregation of acentric chromosomes
involves Klp3A mediated microtubule-based movement [40].

Here we explore the mechanisms that drive congression and alignment
of acentric chromosome fragments at the metaphase plate as this also provides

insight into the non-kinetochore forces driving congression of intact
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chromosomes. As with sister chromosome separation and segregation, the
kinetochore plays a key role in chromosome congression. Following nuclear-
envelope breakdown, chromosomes positioned within the microtubule arc
bounded by the centrosomes quickly establish lateral interactions with the plus-
end kinetochore-associated motor protein CENP-E and are transported to the
metaphase plate [53]. This is referred to as direct congression. Once at the
equator, lateral interactions are converted to plus-end microtubule interactions
and the sister kinetochores establish biorientation with microtubules attached to
opposing poles [98]. Opposing forces at the sister kinetochores and chromosome
arms result in oscillations but maintain the chromosomes at the metaphase plate.
Polar ejection forces mediated by plus-end microtubule dynamics and
chromokinesins acting on the chromosomes also drive chromosomes away from
the poles toward the equator [53, 98]. Congression of chromosomes located at
the spindle periphery and outside of the centrosome-metaphase plate region at
the time of nuclear envelope breakdown require an additional step, known as
peripheral congression. They must first rely on kinetochore-associated Dynein for
microtubule minus-end directed transport to the spindle pole. Once at the pole,
the chromosomes engage CENP-E for transport to the metaphase plate. [53].

In spite of the key role of the kinetochore in driving congression, acentric
chromosome fragments are capable of movement toward and alignment at the
metaphase plate [4, 11, 40, 42, 83, 85, 109]. This was dramatically demonstrated
through live analysis of acentric fragments generated via laser ablation. These
fragments rapidly moved away from the poles at a rate similar to intact
chromosomes [83]. Subsequent live analysis of X-chromosome acentric
fragments generated through endonuclease induction in Drosophila neuroblasts
revealed they also experience robust poleward forces and are capable of aligning

on the metaphase plate [40, 85, 109, 113].
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Left unresolved are the mechanisms driving congression of chromosome
fragments lacking a kinetochore. Here we explore this issue by taking advantage
of our ability to efficiently generate GFP-labeled acentric fragments in the
genetically tractable Drosophila neuroblasts. The GFP tag facilitates tracking of
the acentric from the pole to the metaphase plate. We find acentrics frequently
arrive and align at the metaphase plate before the kinetochore-bearing
chromosomes and are positioned away from the main mass of chromosomes.
Examination of monopolar arrays reveals acentrics experience robust poleward
forces. Functional analysis reveals acentric congression relies on a combination
of EB1 mediated plus-end microtubule pushing forces and migration along
microtubules via the KLP3A chromokinesin. Taken together these studies
demonstrate that congression involves microtubule lateral and plus-end
interactions with the kinetochore and the chromosome arms. In addition, we
demonstrate that the double-strand breaks generated upon acentric induction
results in a global reorganization of the congressed metaphase chromosomes.
Normally, the congressed chromosomes are organized in a loosely parallel
configuration on the metaphase plate. Induction of the DSBs either via I-Crel or
X-ray irradiation results in the congressed chromosome forming a distinct torus
configuration. This global reorganization of the metaphase chromosomes

requires the cell cycle checkpoint functions of both Chk1 and Chk2.

Results
Acentric sister chromatids congress to the metaphase plate

faster than kinetochore-bearing chromosomes

As previously described, acentric chromosome fragments have the

remarkable ability to congress to the metaphase plate, separate and segregate
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from one another in anaphase, and incorporate into the reforming daughter
nuclei, all while lacking canonical kinetochore-microtubule attachments [109,
113]. However, because the acentric fragment has not been marked it was not
always possible to track the acentric fragment throughout the entirety of mitosis.
We addressed this issue by taking advantage of a GFP marker that specifically
tags the Drosophila X chromosome. In Drosophila, the male-specific lethal
(MSL3) complex plays a major role in dosage compensation by upregulating
genes on the male X chromosome [96]. MSL3-GFP preferentially binds the male
X euchromatin and thus is suitable for distinguishing the X chromosome from the
other chromosomes in live studies. Acentrics were generated using heat-shock-
induced expression of the I-Crel endonuclease, which targets rDNA repeats
embedded in the X-chromosome centric heterochromatin producing a
kinetochore-bearing heterochromatic chromosome fragment and a euchromatic
acentric chromosome fragment [28]. As MSL3-GFP specifically localizes to the
euchromatin, it preferentially labels the acentric chromosome fragment and is
readily tracked over the course of a mitotic division (Figure 3.1). The MSL3-GFP
marker does not disrupt acentric chromosome congression, segregation, or
micronuclei formation when compared to control cells with acentrics alone
(Figure S3.1).

These analyses reveal that, on average, acentric X chromosomes move
at a significantly faster rate to the metaphase plate (11.7 + 3.5 nm/s, N=14) when
compared to intact X chromosomes (8.4 + 3.3 nm/s, N=12, P=0.01, Mann-
Whitney Test) (Table 3.1). Intact autosomes (8.5 £ 2.4 nm/s, N=28) congress to
the metaphase plate at a rate in accordance with the intact X chromosomes (8.4

+ 3.3 nm/s, N=12, P=0.6, Mann-Whitney Test) (Table 3.1).
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Figure 3.1: Acentrics can congress to the metaphase plate. (A) Still frames of
a time-lapse movie of a mitotic neuroblast labeled with H2Av-RFP (magenta) and
msl3-GFP (green) not expressing I-Crel. (B) Still frames of a time-lapse movie of
a mitotic neuroblast with I-Crel induced acentrics. Sister acentrics lag on the
spindle equator but eventually separate, segregate, and are incorporated into
daughter nuclei. Bars, 2 ym. Time in seconds. (C) Bar graph showing the rate of
chromosome congression to the metaphase plate. Successful chromosome
congression is in gray. Failure of chromosomes to congress is in magenta.

50%

% of individual acentrics

Avg velocity + SD N
(nm/s) (individual
chromosomes)
Intact X chromosomes 84+3.3 12
Non-X chromosomes 85+24 28 :l * *x
Acentric X chromosomes 11.7+3.5 14
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Table 3.1: Average velocities of chromosomes to the metaphase plate.
Depicted above are the velocities of individual acentrics as they travel to the
metaphase plate. Velocity is measured in nanometers per second. Congression
velocity is defined as beginning when chromosomes are distinctly visible during
prometaphase and ends one frame prior to anaphase onset. Asterisks indicate
statistical significance (*P=0.005, **P=0.01) as determined by a two-sided Mann-
Whitney test.

I-Crel-induced DNA damage results in an Chk1/Chk2-dependent
global reorganization of the congressed chromosomes on the
metaphase plate

It is well established that sister chromatids align at the metaphase plate
along the spindle midzone. However, the effects of DNA damage and acentric
production on the global organization of the entire chromosome complement
have not been explored. Here we address this issue by acquiring multiplane
images of congressed chromosomes in live Drosophila neuroblasts in which |-
Crel expression was or was not induced. In wild-type neuroblasts in which I-Crel
was not induced, merging of the multiplane Z stacks reveals the chromosomes
are aligned in a column configuration during metaphase (N=5, Figure 3.2).

Unexpectedly, we discovered that the alignment of the chromosomes on
the metaphase plate is globally altered upon I-Crel expression. The congressed
chromosomes form a torus (donut) shape aligned on the metaphase plate in a
circular configuration with chromosomes absent in the center (N=5, Figure 3.2).

To test if the induction of the torus configuration of congressed
chromosome is due to generation of a large acentric chromosome fragment or
the I-Crel-induced DNA damage, we examined chromosome congression in
neuroblasts exposed to X-ray irradiation. This analysis revealed that the
chromosomes do form a torus configuration in response to radiation-induced

DNA damage (Figure S3.2).
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To determine if the DNA damage-induced reorganization of the
congressed chromosomes into a torus requires the DNA damage checkpoint, we
conducted 3D image analysis on metaphase cells expressing I-Crel and RNAi
against a key kinase in the DNA Damage Response, Loki (Chk2) [55]. Analysis
of metaphase cells revealed that the congressed chromosomes do not form a
torus, rather they align in a crescent formation similar, but not identical, to the
wild-type congressed column chromosome formation (N= 6, Figure 3.3). We also
examined the role of another key kinase involved in the DNA Damage Response,
Grapes (Chk1) [24, 82]. Analysis of 3D image renderings of metaphase cells
expressing I-Crel and a loss-of-function grapes mutant revealed that the
congressed chromosomes fail to form a torus and are arranged in a crescent-like
formation similar to that observed in cells expressing loki (Chk2) RNAi (N=6,
Figure 3.3).

To quantify these analyses, we measured the circularity of the entire
congressed mass of chromosomes at metaphase. Perfect circles have a
circularity of 1. Measurements of circularity show these crescent formations are
significantly distinct from the torus shapes seen in neuroblasts only expressing I-
Crel (Figure 3.3E). The average circularity of metaphase congressed
chromosomes with acentrics was 0.95 (SD=0.013, N=6). The average circularity
of congressed chromosomes in grapes mutant background decreased to 0.62
(SD=0.18, N=6). Likewise, the average circularity in Joki RNAi-expressing cells
was 0.73 (SD=0.10, N=6). Interestingly, 83% (5/6) of acentric sisters are able to
congress to the metaphase plate in grapes mutant background (Control: I-Crel
alone, 95% N=18; Figure 3.3F). Similarly, 83% (5/6) of acentric sisters align at
metaphase after expression of loki RNAi (Figure 3.3F). Taken together these

studies indicate that it is activation of the DNA Damage Response rather than the
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presence of the acentric that induces the formation of a torus configuration of
congressed chromosomes.

R

Rotate 180°

Figure 3.2: Acentrics congress to the chromosomal mass periphery. (A) Still
images of a 3D rendering of a neuroblast at metaphase labeled with H2Av-RFP
(magenta) and msI3-GFP (green) not expressing I-Crel. (B) Still frames of a 3D
rendering of a neuroblast at metaphase with I-Crel induced acentrics. Bars, 2
pm. Images are rotated 180°. (C) Box plot showing the distances of X
chromosomes from the chromosome mass center. Distances are measured um.
Acentric X-chromosomes are positioned significantly farther from the
chromosome mass center when compared to the intact X-chromosome (*P=0.01,
Mann-Whitney Test).
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Figure 3.3: The DNA Damage Response triggers a global rearrangement of
chromosomes at metaphase. (A) Still images of a 3D rendering of a neuroblast
at metaphase labeled with H2Av-RFP (magenta) not expressing I-Crel. (B) Still
frames of a 3D rendering of a neuroblast at metaphase with I-Crel induced
acentrics. (C) Still images of a 3D rendering of a neuroblast at metaphase
expressing I-Crel and loki RNA.. (D) Still images of a 3D rendering of a
neuroblast at metaphase expressing I-Crel and a loss-of-function grp?%34 mutant.
Bars, 2 um. Images are rotated 180°. (C) Box plots showing the circularity of the
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chromosome mass at metaphase immediately prior to anaphase onset. Perfect
circles have a circularity of 1. (*P=0.005, not significant at P>0.05, Mann-Whitney
Test).

Acentric chromosomes are preferentially positioned at the

periphery of the main mass of congressed chromosomes

Metaphase images of labeled intact X chromosomes reveal that it is
aligned with the autosomes in a planar columnar configuration. In addition, the
intact X chromosome is consistently positioned at the outer edge of the column of
congressed chromosomes (Figure 3.2, N=5). On average, acentric X
chromosomes are positioned significantly farther (3.60 + 1.34 ym, N=14) from
the chromosomal mass center when compared to intact X chromosomes (1.89 +
0.74 um, N=16) (Figure 3.2, P=0.01, Mann-Whitney Test). The center of the
mass of intact chromosomes was determined by defining the upper, lower, left,
and right boundaries of the torus and calculating the center point. As described
above, acentric X chromosome fragments efficiently congress to the metaphase
plate but reside in a position distinct from the main chromosome complement
(Figure 3.1). 72% (10/14) of acentric X chromosomes and 38% (6/16) of intact X
chromosomes reside in a Z-plane (Z-step size= 0.5 pm) separate from the Z

planes in which the kinetochore-bearing congressed chromosomes reside.

Acentrics rotate while moving to the metaphase plate

In prometaphase, sister acentrics in both male and female Drosophila
neuroblasts travel to the metaphase plate while remaining paired together. This
is likely due to the presence of cohesin protein complexes and DNA catenations

between acentric sisters [109]. Similarly, kinetochore-bearing chromosomes
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travel to the metaphase plate with their sister centromeres and chromosome
arms paired together.

Previous work demonstrated that the orientation of acentrics at the
metaphase-to-anaphase transition correlates with their mode of separation
during late anaphase [109]. To investigate if the orientation of acentrics remains
constant leading up to the metaphase-to-anaphase transition, we measured the
orientation angles of acentric and intact X chromosomes during the 80-second
interval prior to anaphase onset (Figure 3.4). Kinetochore-bearing sister
chromatids align at the metaphase plate undergoing few rotations, most often
remaining perpendicular to the mitotic spindle (Figure 3.4A & 3.4C). However,
acentric sisters rotate several times as they line up at the metaphase plate,
alternating between orienting parallel and perpendicular to the spindle and
division axis (Figure 3.4B & 3.4C).

To investigate the dynamics of acentric sister congression, we imaged live
neuroblasts expressing inducible I-Crel, the histone marker H2Av-RFP, and the
telomere marker HOAP-GFP [12]. Marked telomeres allowed us to determine the
orientation of acentrics with respect to one another as they aligned on the
metaphase plate. 88% (30/34) of acentric sister pairs were oriented with
telomeres paired and aligned, whereas 12% (4/34) of acentrics had telomeres
oriented in opposing directions (Figure 3.5B & 3.5C). In comparison, 100%
(25/25) of intact chromosomes had telomeres paired and aligned and 0% (0/25)
had telomeres oriented in opposing directions (Figure 3.5A & 3.5C). These
findings indicate the kinetochore plays a key role in maintaining the fidelity of

sister chromosome alignment in Drosophila.
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Figure 3.4: Acentrics undergo varied orientations during metaphase (A) Still
frames of a time-lapse movie of a mitotic neuroblast labeled with H2Av-RFP
(magenta) and msI3-GFP (green), not expressing I-Crel, during metaphase.
Zoomed in images show only the X chromosomes marked by msI3-GFP (gray).
(B) Still frames of a time-lapse movie of a mitotic neuroblast with I-Crel induced
acentrics during metaphase. Zoomed in images show only the X chromosomes
marked by msI3-GFP (gray). Bars, 2 ym. Time in seconds. (C) Line graph
showing the change in orientation of acentric (green) and intact (black) X

chromosomes over time, prior to anaphase onset. Shaded regions represent
one- and two-times the standard deviation.
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Figure 3.5: Acentrics align at the metaphase plate with telomeres paired.
(A) Still frames of a time-lapse movie of a mitotic neuroblast labeled with
H2AvVRFP (magenta) and HOAP-GFP (green) not expressing I-Crel. (B) Still
frames of a time-lapse movie of a mitotic neuroblast with I-Crel induced acentrics
(white arrowheads). Most acentrics are oriented with their telomeres paired
during metaphase. Bars, 2 ym. Time in seconds. (C) Percentages of individual
acentrics oriented with their telomeres paired or opposing during metaphase.

Acentric congression requires microtubule plus-ends

Previous studies in Drosophila reported the microtubule-stabilizing
protein Map205 and the microtubule plus-end associated protein EB1 were found

to be crucial for separating acentric sisters during anaphase [109]. To test if
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acentrics are being acted on by microtubule plus-ends, we re-analyzed published
data of cells expressing RNAIi against the microtubule plus-end tracking protein
EB1 [109]. Our re-analysis uncovered defective congression of acentric sisters to
the metaphase plate with 27% (8/30) of acentric sisters unable to align with
kinetochore-bearing chromosomes (Figure S3.3).

A separate study demonstrated that peripheral interpolar microtubules
play a critical role in the poleward segregation of acentric chromosome fragments
[40]. Disruption of interpolar microtubule organization via knockdown of KIp3A
(kinesin-4), inhibits the segregation of acentric, but not intact chromosomes.
Additional laser-ablation experiments demonstrated that segregating acentrics
are physically connected to the interpolar microtubules [40]. To determine if
microtubules and motor proteins are driving acentric congression, we live-imaged
dividing neuroblasts expressing I-Crel and RNAi against the chromokinesin
Klp31E (kinesin-4). The Klp31E ortholog in C. elegans, Klp-12, is involved in
chromosome congression to the metaphase plate as well as chromosome
segregation in anaphase [92]. However, in Drosophila S2 cells, RNAi knockdown
of KIp31E produced no mitotic phenotype [29]. Interestingly, we find in
Drosophila neuroblasts, partial knockdown of KIp31E using RNAI reveals
disruptions in interpolar microtubule organization as well as inefficient movement
of centrosomes to opposite cell poles, the latter giving an appearance of a
monopolar spindle (Figure 3.6). In these Drosophila neuroblasts with monopolar
spindles, the acentric chromosomes, as well as the intact chromosomes, are
pushed to the cell periphery (Figure 3.6B). This finding indicates acentric
chromosomes can be driven to microtubule plus ends prior to the metaphase-to-
anaphase transition without requiring kinetochores. It remains to be determined if
the acentrics are directly interacting with microtubule plus ends or utilizing motor

proteins to travel to the microtubule plus ends. Surprisingly, despite this cellular
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defect of monopolar spindles, neuroblasts form an acentrosomal bipolar spindle
allowing cells to successfully divide. 92% (14/15) of acentrics are able to line up
at the metaphase plate, with 80% (12/15) of acentric sisters successfully

separating and segregating from one another and moving to opposite cell poles

(Figure 3.6C & 3.6D).
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Figure 3.6: Acentrics are pushed by microtubule plus-ends (A) Still frames of
a time-lapse movie of a mitotic neuroblast expressing H2AVRFP (magenta) and
Jupiter-GFP (green) with I-Crel induced acentrics. Sister acentrics (white
arrowheads) congress to the metaphase plate and lag behind at the spindle
equator but eventually separate, segregate, and are incorporated into daughter
nuclei. (B) Still frames of a time-lapse movie of a mitotic neuroblast with I-Crel
induced acentrics and expressing Klp31E RNAI. All chromosomes are pushed to
the cell periphery by the mono-polar mitotic spindle. Bars, 2 ym. Time in
seconds. (C) Percentages of acentric sisters that fail to congress to the
metaphase plate. (D) Percentages of acentric sisters that fail to separate from
one another during late anaphase.
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Discussion

The kinetochore plays a key role in chromosome congression.
Kinetochore-associated motor proteins CENP-E and Dynein mediate lateral and
plus-end microtubule interactions that propel chromosomes to the metaphase
plate [53]. Congression is further facilitated by microtubule-based polar-ejection
forces acting along the chromosome arms [53]. Analysis of the behavior of
acentric chromosome fragments reveal forces independent of the kinetochore
are sufficient to efficiently drive chromosomes to the metaphase plate. Here,
taking advantage of our ability to fluorescently tag the Drosophila X-chromosome
acentric, we define the forces acting on the chromosome arms and the role of the
kinetochore in chromosome congression.

A key finding of our analysis is that acentrics congress to the plate at a
rate significantly faster than kinetochore-bearing chromosomes. This indicates
that kinetochore microtubule interactions actually act as a brake during
congression and is in line with studies of other microtubule-based motor proteins
[34, 99]. In Drosophila and Xenopus, kinesin-5 and kinesin-14 were found to
generate antagonistic sliding forces aiding in the separation of spindle poles [34,
99]. Thus, with the kinetochore acting as a common rate-limiting step, this
restricts the window of time in which the chromosomes reach the metaphase
plate. Our analysis also demonstrates that in contrast to intact chromosomes,
paired sister acentrics rotate during their migration to the metaphase plate. The
most likely explanation is that in the absence of a kinetochore, polar ejection
forces unevenly distributed along the length of the chromosome dominate
causing rotation. This suggests that the kinetochore-microtubule interaction
stabilizes chromosome orientation during congression.

We also find that the acentric is positioned at the periphery of the

metaphase plate often on a plane distinct from the rest of the chromosome
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complement. Previous studies demonstrated that the peripheral interpolar
microtubules play a key role in acentric segregation during anaphase [40]. The
positioning of the acentrics at the edge of the metaphase plate, while associating
with interpolar microtubules, indicates that this microtubule population is also
relied on for acentric chromosome congression. These results are in accord with
the finding that knockdown of Kip3A, a plus-end directed motor protein
responsible for establishing the population of interpolar microtubules,
preferentially disrupts congression of acentric chromosomes [39, 40]. Previous
work uncovered that Drosophila neuroblasts homozygous for hypomorphic
alleles of kip3A, displayed erroneous congression of the acentrics, but not the
intact chromosomes [39]. In neuroblasts expressing I-Crel, 10% (2/21) of
acentrics fail to align properly at metaphase [39]. However, in kip3A mutant
neuroblasts expressing I-Crel, 30% (6/20) of acentrics fail to align with
kinetochore-bearing chromosomes at the metaphase plate [39]. It remains to be
determined if KIp3A directly interacts with acentrics to aid in their transport to the
metaphase plate. Acentrics could be traveling along interpolar microtubules via
Kip3A, an unknown motor protein, or by directly attaching to microtubules either
laterally or end-on.

Our studies also demonstrate that polar ejection forces play significant
roles in acentric congression. This is most dramatically illustrated by the fact that
reduction of EB1 activity preferentially disrupts congression of the acentric but
not the intact chromosomes. EB1 has been found to be essential for generating
anti-polar forces on chromosomes and stabilizing microtubules [101, 110]. This
finding is also supported by the finding that in monopolar spindles acentrics, as
well as intact chromosomes, are pushed away from the poles. Additionally, we

find the acentrics frequently alternate between orienting perpendicular and

63



parallel to the mitotic spindle, whereas intact chromosomes largely remain
perpendicular, before the metaphase-to-anaphase transition.

Thus, we suspect a combination of end-on microtubule interactions as
well as lateral microtubule interactions are driving acentric chromosome
congression (Figure 3.7). By labeling the telomeres of chromosomes, we
determined the orientation of paired sister acentrics as they congressed and
aligned on the plate. Intact sister chromatids exhibit parallel alignment across the
entire length of the chromosome. This gene-for-gene alignment of paired sisters
likely facilities their stable cohesion and mitotic recombination [13, 51].
Surprisingly, we found that a small but significant fraction of sister acentrics align
in an anti-parallel orientation. To our knowledge this is a novel demonstration that
gene-for-gene alignment is not required for sister chromatid cohesion. It also
indicates that the kinetochore is required to prevent antiparallel alignment of
sister chromatids, as parallel alignment of sister chromatids could facilitate
proper biorientation of telocentric, acrocentric, or submetacentric chromosomes.
The mechanism by which the kinetochore facilitates parallel alignment remains
mysterious as it is likely established during interphase immediately following
completion of S-phase [93].

A completely unexpected finding from this analysis is that the presence
of the acentric chromosome fragment induces a global reorganization of
chromosomes in Drosophila neuroblasts. In wild-type Drosophila cells,
chromosomes align themselves in a column formation at metaphase. However,
in the presence of the acentric chromosome fragment, the chromosomes arrange
themselves in a torus configuration. Interestingly, this torus configuration of
chromosomes at metaphase is well-documented in human cells [74]. 3D-
reconstructions of human metaphase chromosomes reveal their arrangement in

a circular shape with kinetochores organized around the center and chromosome
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arms pushed towards the cell periphery [74]. Although, human cancer cell lines
often contain damaged DNA which could contribute to the toroidal shape of the
chromosome mass at metaphase [49, 107]. A similar torus configuration of
congressed chromosomes has been observed in diatoms. In these species,
interpolar microtubules gather in the center of the cell at metaphase, connecting
spindle poles, and push chromosomes to either side of the interpolar microtubule
bundle [76]. Additionally, in prometaphase newt pneumocytes, bundles of keratin
filaments push chromosomes to the cell periphery [32]. However, in Drosophila
neuroblasts expressing I-Crel, the mitotic spindle is arranged with microtubules
connecting to congressed chromosomes in the torus formation and an absence
of microtubules in the center of the torus (Figure S3.4). Whether this torus
orientation is common is other cell types remains to be determined.

Whether it is the presence of the acentric or damaged DNA that causes
the global reorganization of the congressed chromosome remains unclear. The
DNA Damage Response serves as a canonical regulatory pathway for the cell to
repair any DNA damage before the conclusion of mitosis [6]. In the event that
DNA damage is present during early mitosis, the cell will arrest at metaphase to
ensure the DNA damage is resolved before proceeding into anaphase [16, 54,
72]. To determine if the DNA Damage Response is triggering this restructuring of
congressed chromosomes, we partially knocked down the DNA Damage
Response kinases Grapes (Chk1) and Loki (Chk2) in Drosophila neuroblasts. We
find upon disruption of Grapes (Chk1) and Loki (Chk2) function, chromosomes
arrange in a crescent formation, more closely resembling wild-type configuration.
To our knowledge this is the first demonstration that the DNA damage response
plays a role in organizing damaged chromosomes on the metaphase plate.
Whether this activity is specific to Drosophila remains unclear. The function of the

toroidal chromosome organization also remains to be determined. One potential
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explanation is the toroidal chromosome organization acts as a protective
mechanism preventing erroneous attachment of the acentric to another

chromosome.

A Normal chromosome congression

B Dynein

B Chromokinesins
R CENP-E
EB1

Figure 3.7: Schematic showing proposed mechanism of acentric
chromosome congression. Chromosomes in magenta, microtubules in green,
dynein in purple, chromokinesins in orange, CENP-E in blue, and EB1 in yellow.
(A) Normal chromosomes congress to the metaphase plate by using end-on
kinetochore-microtubule attachments and chromokinesins localized at
chromosome arms (direct congression) or by being carried to the spindle pole by
dynein, carried to the microtubule plus ends by CENP-E and chromokinesins,
and then forming end-on attachments to microtubules at the kinetochore
(peripheral congression). (B) Acentric chromosome fragments may congress by
using EB1-driven microtubule plus-end pushing forces and lateral attachments
with microtubules (potentially via chromokinesins).
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Supplemental Figures
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Figure S3.1: Neuroblasts expressing mslI3-GFP and I-Crel behave similarly
to neuroblasts only expressing I-Crel. (A) Still frames of a time-lapse movie of
a mitotic neuroblast with I-Crel induced acentrics. Paired sister acentrics (white
arrowheads) congress to the metaphase plate, lag behind at the spindle equator
in anaphase, and eventually separate, segregate, and incorporate into daughter
nuclei. (B) Still frames of a time-lapse movie of a mitotic neuroblast with I-Crel
induced acentrics and expressing msl3-GFP. Bars, 2 ym. Time in seconds. (C)
Percentages of acentric sisters that fail to completely separate from one another.
(D) Percentages of neuroblast divisions in which acentrics failed to incorporate
into daughter nuclei and formed one or more micronuclei.
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Figure S3.2: The presence of DNA damage drives the reorganization of
congressed chromosomes. (A) Still images of a 3D rendering of a mitotic
neuroblast expressing H2Av-RFP (magenta) with intact chromosomes. (B) Still
images of a 3D rendering of a mitotic neuroblast with X-ray induced chromosome
fragments. All chromosomes are arranged in a circular formation immediately
prior to anaphase onset. Bars, 2 um. Images are rotated 180°. (C) Box plot
showing the circularity of the chromosome mass at metaphase immediately prior
to anaphase onset. Perfect circles have a circularity of 1. Asterisks indicate
statistical significance (*P=0.005) as determined by a two-sided Mann-Whitney
test.
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Figure S3.3: Acentrics can congress to the metaphase plate. (A) Still frames
of a time-lapse movie of a mitotic neuroblast labeled with H2Av-RFP (gray) with
I-Crel induced acentrics. (B) Still frames of a time-lapse movie of a mitotic
neuroblast expressing I-Crel and EB1 RNA.. Sister acentrics fail to align with the
chromosome mass at metaphase and segregate to the same cell pole. Bars, 2
pum. Time in seconds. (C) Bar graph showing the rate of chromosome
congression to the metaphase plate. Successful chromosome congression is in
gray. Failure of chromosomes to congress is in magenta.
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Figure S3.4: Microtubules are arranged with congressed chromosomes. A)
Still images of a 3D rendering of a neuroblast at metaphase labeled with H2Av-
RFP (magenta) and Jupiter-GFP (green) not expressing I-Crel. (B) Still frames of
a 3D rendering of a neuroblast at metaphase with I-Crel induced acentrics. Bars,
2 ym. Images are rotated 90°.
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Materials and Methods

Fly stocks

All stocks were raised on standard Drosophila media at room temperature (20—
22°C) as previously described [85]. For generating acentrics, a transgenic fly line
bearing the I-Crel endonuclease under heat-shock 70 promoter were kindly

provided by Kent Golic at The University of Utah.

Live analysis of acentric behavior in Drosophila third instar neuroblasts
As previously described, acentric chromosome fragments were induced by I-Crel
expression (under heat shock 70 promoter) in 3" instar larvae by a 1-hour 37°C
heat shock followed by a 1-hour recovery period at room temperature [85]. The
larval brains from third instar larvae were then dissected in PBS and transferred
to a slide with 20 ul of PBS. A coverslip was placed on the brain and PBS and
the excess PBS was wicked out from the edges of the coverslip to induce
squashing of brain between the slide and coverslip. Then, the edge of coverslip
was sealed with halocarbon and was imaged for live analysis as described
below. Neuroblast divisions in images for Figures 3.1, 3.2, 3.3, 3.4, 3.5, 3.6,
S3.1, S3.2, S3.4, and Table 3.1 were from male 3 instar larvae. Neuroblast

divisions in images for Figure S3.3 were from female 3™ instar larvae.

Microscopy and image acquisition

Wide-field microscopy. Time-lapse imaging for Figure S3.3 was performed
using a Leica DM16000B wide-field inverted microscope equipped with a
Hamamatsu electron-multiplying charge coupled device camera (ORCA 9100-
02) with a binning of 1 and a 100x Plan-Apochromat objective with NA 1.4.

Successive time points were filmed at 20 second intervals. RFP (585 nm) and
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GFP (508 nm) fluorophores were imaged. Samples were imaged in PBS and at
room temperature (20-22°C). Widefield images were acquired with Leica
Application Suite Advanced Fluorescence Software and 3D deconvolved using
AutoQuant X2.2.0 software.

Spinning-disk microscopy. Images in Figures 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, S3.1,
S3.2, and S3.4 were acquired with an inverted Nikon Eclipse TE2000-E spinning
disk (CSLI-X1) confocal microscope equipped with a Hamamatsu electron-
multiplying charge coupled device camera (ImageEM X2) with a 100X 1.4 NA oil-
immersion objective. Samples were imaged in PBS and at room temperature
(20—22°C). Images were acquired with MicroManager 1.4 software. Time-lapse
fluorescent images of neuroblasts divisions were done with 120 and 100 ms
exposures for GFP and RFP respectively with 0.5 ym Z-steps. Time-lapse videos
with both GFP and RFP were done every 5 seconds and time-lapse movies with
RFP alone were done every 5 seconds. Figures were assembled in Adobe
lllustrator. Selected stills (both experimental and control) were processed with

ImageJ (http://rsb.info.nih.govi/ij/)).

X-ray Irradiation

To induce nonspecific chromosomal breaks for Figure S$3.2, 3" instar Drosophila
larvae were subjected to 605 rad of X-ray radiation using a Precision
MultiRad160 irradiator followed by a 1-hour recovery period. The larval brains

were then dissected and imaged as described above.

Measurements
In Figures 3.3 and S3.2, circularity measurements of chromosomes (H2Av-RFP)
were done using the circularity function in ImageJ of the region outlined around

acentrics and the main mass of chromosomes. For statistical analyses, two-sided
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Mann-Whitney-Wilcoxon tests were used. Two-sided Mann-Whitney-Wilcoxon
tests were performed in R (R Core Team) and Prism Version 8 (GraphPad
Software). 3D renderings in Figures 3.2, 3.3, S3.2, and S3.4 were created using

Imaris software.
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