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Abstract

Polo kinase, first identified in Drosophila over 30 years ago, is a highly conserved
enzyme that functions pleiotropically during multiple stages of cell division. Members
of this protein family have crucial roles in cell cycle progression, centriole duplication,
mitosis, cytokinesis and the DNA damage response. Although some Polo substrates
and regulatory mechanisms have been identified, we still lack complete
understanding of the cellular and molecular roles of this kinase. Previous work in the
Wakefield lab identified 40 proteins that physically interact with Polo in Drosophila
embryos, but the functional significance of these components remains unknown. As
genetic interaction screening can identify functional relationships between genes, |
performed a highly sensitive assay called Variable Dose Analysis (VDA) in
Drosophila S2R+ cells to determine which of the physical interactors also have
genetic interactions with Polo. Inhibiting Polo using the selective small-molecule
inhibitor BI-2536 and transfecting shRNA against the genes of interest allowed to
easily screen cells based on their viability phenotype. Known Polo genetic
interactors, Map205 and mtrm, were identified by the VDA screen, validating its
robustness and utility in identifying genetic interactors. Fourteen genes were
selected as hits, with components of the ubiquitination system enriched among them,
particularly all member proteins of the Skp, Cullin, F-box containing complex (SCF
complex). Six candidate polo interactors, SkpA, Cull, simb, Ck1a, Klp61F, and cher
were selected for validation and further characterization of the interactions in vivo.
Inhibition of Ck1a and sImb via RNAi resulted in larval lethality. Live imaging of SkpA
RNAIi and Cull RNAI larvae showed an increase in the cortical localization of polo-
GFP during late anaphase/telophase. Together, these results suggest that polo may
be degraded in an SCF-dependent manner in Drosophila. Further follow up work is
needed to gain deeper insight into the relationship between the ubiquitination system
and polo.
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Chapter 1: Introduction

Cell division is a vital process essential for a single-celled fertilized egg to develop
into a mature organism and for maintaining tissue integrity throughout an organism’s
lifetime. Moreover, it is a complex process involved in the regulation of DNA damage

repair, tissue’s response to injury, and diseases such as cancer.

The cell cycle is divided into interphase and M-phase. Interphase encompasses the
S, Gi1 and G2z phases, the latter of which represent the gaps in the cell cycle that
occur between the two major landmarks, DNA synthesis and mitosis (Morgan, 2007).
In the first gap—Gi—the cell is preparing for DNA synthesis. During the S-phase,
the cells are synthesising DNA, and therefore have intermediate DNA content
between 2N and 4N (Morgan, 2007). The cell prepares for mitosis (M-phase) during
the second gap, G2. Cells that have withdrawn from the cell cycle are found in the
Go phase (Williams & Stoeber, 2012).The Go phase was originally used to indicate
a ‘resting’ phase, classifying cells with potential for division but not actively in the
cycle. Now, Go can take different forms, such as quiescence and senescence, and
occur for a variety of intrinsic and extrinsic reasons (Terzi, Izmirli, & Gogebakan,
2016).

1.1 Polo kinase is a key cell division regulator

The mitotic, or M-phase, of the cell cycle, is responsible for separating the replicated
chromosomes into two genetically identical cells and requires a variety of signalling
and regulatory proteins (Moura & Conde, 2019). Polo kinase was identified as a key
mitotic regulator, with the striking ability to regulate multiple events at distinct

subcellular locations and times.

Polo kinase was first identified in the fruit fly model organism, Drosophila
melanogaster, almost 30 years ago (Sunkel & Glover, 1988). Homozygous polo
mutants were found to be defective in both meiosis and mitosis. The embryos failed
to form a fully developed embryo due to cells arresting at prometaphase and

metaphase. The presence of mutant phenotypes of multipolar spindles, aneuploidy,
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Figure 1. Introduction to the polo kinase.

A) Polo and its human orthologue, Plk1, contain an N-terminal catalytic kinase domain
(teal) and a C-terminal polo-box domain (PBD) (purple). The PBD is composed of two
similar Polo boxes (PB1 and PB2). The human protein also contains a D-box motif that
targets the protein for proteasomal degradation in anaphase. B) Plk family members in
different organisms. The founding member of the Polo-like kinase protein family,
Drosophila polo is in green, with its direct orthologues in other species in bold. PIk5
(marked with an asterisk), is only found in mammals, but the human version is catalytically
inactive as it contains a stop codon that produces a truncated protein lacking part of the
KD.
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Figure 2. Polo kinase sub-cellular localisation and function during mitosis.

A) Polo kinase localizes to several discrete structures during mitosis via the PBD
including centrosomes, kinetochores, and the spindle midzone, which resolves
into the midbody during telophase. Gradient below (purple) represents relative
polo activity changes between prophase and cytokinesis. B) Table outlining polo
localization patterns with corresponding functions during M-phase. Adapted from
(van de Weerdt & Medema, 2005; Colicino & Hehnly, 2018).
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abnormal centrosome structure and microtubule formation, and the localisation of
the gene product to multiple mitotic structures suggested that polo was a crucial
mitotic regulator needed for the proper establishment of the mitotic spindle (Sunkel
& Glover, 1988)(Figure 2).

Its budding yeast, Saccharomyces cerevisiae equivalent, CDC5, was independently
identified fifteen years earlier in early screens for genes required for cell cycle
progression (Hartwell, Mortimer, Culotti, & Culotti, 1973). Both in Drosophila and
yeast, polo is an essential gene for mitosis (Llamazares, et al., 1991; Kitada, et al.,
1993). In 1994, the mammalian orthologue, Polo-like kinase 1 (PIk1) was identified
(Golsteyn, Mundt, Fry, & Nigg, 1995). Since then, polo was found to be well-
conserved between species (Figure 1B; reviewed in Archambault, et al., 2015), but
markedly, absent in plants (Karpov, et al., 2010). polo and PIk1 in different species
are clear orthologues at the sequence and functional level, and from herein are

referred to collectively as ‘Polo’.

polo is the founding member of the Polo-like kinase family, composed of five different
genes, PIk1 through PIk5 in mammals (de Céarcer, Manning, & Malumbres, 2011b).
Plk genes are characterized by the canonical N-terminal serine/threonine kinase
domain (KD) and a C-terminal Polo-box domain (PBD; Figure 1A). PIks are activated
by phosphorylation of the T-loop domain, which also allows them to convert ATP to
ADP, transferring the phosphate group to other proteins (Kothe, et al., 2007). The
two Polo boxes of Plk proteins fold together to form the functional Polo-box domain
(PBD). The C-terminal PBD gives the protein family its identity and plays a pivotal
role in the function of these enzymes (Elia, Cantley, & Yaffe, 2003a; Elia, et al.,
2003b). PBD regulates the KD, and also confers binding specificity by bringing the
KD into proximity of its substrates, mainly through phospho-dependent interactions

with its target proteins (reviewed in Park, et al., 2010).

Polo controls a variety of processes during the cell cycle progression. It is necessary
for DNA replication, chromosome condensation, and mitotic entry (reviewed in
(Combes, Alharbi, Braga, & Elowe, 2017). It is also responsible for centrosome
maturation, centromere assembly, Golgi fragmentation, spindle assembly and

function, kinetochore function and cytokinesis (reviewed in Archambault, et al., 2015;
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Colicino & Hehnly, 2018). Given its many functions in the cell cycle, unsurprisingly
Polo has different subcellular localizations during the M-phase (Figure 2). Present in
the cytoplasm and centrosomes during interphase, after the cell enters mitosis, Polo
concentrates at the spindle poles after nuclear envelope breakdown. After the
chromosomes condense, Polo localizes to the kinetochores, assisting in the proper
chromosome alignment at the metaphase plate. In late anaphase Polo concentrates
at the spindle midzone, which then resolves into the midbody ring, to coordinate
cytokinesis and cell abscission (Petronczki, Lénart, & Peters, 2008). Cells require a
functional Polo for the proper progression through mitosis. Inhibition of Polo function
makes the cells unable to establish a bipolar spindle, thus prohibiting chromosomes
from aligning at the metaphase plate. This activates the Spindle Assembly
Checkpoint (SAC), arresting cells at the prometaphase/metaphase stage until they
eventually die. This mitotic arrest phenotype is conserved from yeast (Kitada,
Johnson, Johnston, & Sugino, 1993) to Drosophila (Llamazares, et al., 1991) and
higher mammalian organisms (Wachowicz, Fernandez-Miranda, Marugén, Escobar,
& de Carcer, 2016).

The evolutionary conservation of Polo highlights the paramount role it plays in
cellular division. However, relatively few cell cycle functions have been delegated to
other Plks (Archambault & Glover, 2009). The main difference between mammalian
Plkl and PIk2 through 5, is the number of PBDs they contain, their expression
pattern in tissues and throughout the cell cycle (Colicino & Hehnly, 2018). Plk4 (also
known as Sak, or Plk4/Sak in Drosophila) has diverged to contain a single PBD and
a cryptic PBD (de Carcer, Manning, & Malumbres, 2011b). Its activity and
localization is restricted to the centrosome where it is required for centriole
duplication in Drosophila and human cells (Bettencourt-Dias, et al., 2005;
Habedanck, Stierhof, Wilkinson, & Nigg, 2005) (humans also additionally require
PIk2; Warnke, et al., 2004). Mammalian Plk2, Plk3 and PIk5 are predominantly
expressed during interphase. In addition to its role in centriole assembly, Plk2 and
its relative, Plk3, have been implicated as mediators of molecular composition and
morphology of synapses (Seeburg, Pak, & Sheng, 2005). PIk3 is required for CycE

expression and entry into S-phase in part by interaction with the Cdc25 phosphatase
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(Zimmerman & Erikson, 2007). Plk2, PIk3 and PIk5 also contribute to the DNA
damage response and cell cycle checkpoint (Bahassi, Myer, McKenney, Hennigan,
& Stambrook, 2006; Archambault & Glover, 2009; Andrysik, et al., 2010; de Céarcer,
Manning, & Malumbres, 2011b). Strikingly, PIk5 has lost its kinase activity in
humans, nevertheless it is required during development in mammals (Andrysik, et
al., 2010; de Carcer, et al., 2011a).

1.2 Polo functions pleiotropically during cell division

Polo expression increases from late S phase to mitosis, when the kinase is most
active. Polo is a major regulator of mitotic entry. It localizes to the nucleus during
G2-phase, where it has many roles in the DNA damage checkpoint (Serrano &
D'Amours, 2014). For instance, Polo is required to recruit the initial components of
the DNA damage response (DDR), including ataxia-telangiectasia mutated (ATM)
and ATM and RAD3-related (ATR) kinases (Hyun, Hwang, & Jang, 2014). Polo is
then dephosphorylated in an ATM-Chk1 dependent manner, inactivating the kinase
(Lee, Hwang, & Jang, 2010). This downregulates Polo activity until the completion
of the DDR, in which Polo is newly activated by Aurora A and Bora (Seki, Coppinger,

Jang, Yates, & Fang, 2008), allowing for cell entry into mitosis.

Deregulation of Polo kinase activity induces overriding the DNA damage checkpoint,
which can lead to genomic instability and promotes cell transformation and
tumourigenesis (Hyun, Hwang, & Jang, 2014; Wakida, et al., 2017). More recently,
Polo was found to promote NOTCH1 down-modulation to the G2-M transition which
results in enhanced cell death but at the same time may allow the daughter cells to

inherit a defective genome (De Blasio, et al., 2019).

One of the key roles of Polo kinase is the promotion of mitotic entry through activation
of CycB/Cdk1, thus inhibiting Weel and Mytl kinases, and activating the Cdc25
phosphatase (reviewed in van de Weerdt & Medema, 2005). Post mitotic entry, Polo
regulates centrosome maturation and microtubule nucleation (Archambault, Lepine,
& Kachaner, 2015). It is also a vital component of the spindle assembly checkpoint

(SAC), during which it directs proper kinetochore-microtubule attachments and
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activates the anaphase promoting complex (APC) (Combes, Alharbi, Braga, &
Elowe, 2017). In prophase, Polo is involved in the indirect activation of the APC/C
by inducing the destruction of Emil, an APC/C inhibitor (Moshe, Boulaire, Pagano,
& Hershko, 2004; Schmidt, et al., 2005).

Degradation of Polo by the APC/C starts in late mitosis and continues throughout
G1. Late mitotic functions of Polo are hard to elucidate, as cells defective in Polo
trigger the SAC and arrest in metaphase. One workaround would be to use chemical
inhibitors that can rapidly affect Polo function in anaphase, after the SAC has been
satisfied. Since molecules targeting the Polo KD can also affect other Plk family
members, alternative methods of Plk1-specific depletion were needed. Borrowing a
yeast strategy for monospecific kinase inhibition involving modifying the catalytic
pocket to accept bulky purine analogues (Bishop, et al.,, 2000), Burkard and
colleagues reported that Polo plays a role in cleavage furrow formation and
cytokinesis (Burkard, et al., 2007).

1.3 Role of Polo at centrosomes, kinetochores and the midbody
1.3.1 Centrosome maturation and bipolar spindle formation

Polo is involved in centrosome maturation and separation. When it was first
identified, the Drosophila polo mutants had defective, immature spindle poles
(Sunkel & Glover, 1988). In C. elegans, Polo recruits pericentriolar matrix (PCM)
components SPD-2 and SPD-5 (Woodruff, et al., 2017). In humans, centrosome
maturation and recruitment of MT-nucleating components, such as y-tubulin, and
components of the PCM, e.g pericentrin, and CEP215, are dependent on Polo (Lane
& Nigg, 1996; Lee & Rhee, 2011; Colicino, et al., 2018). The latter two are essential
for recruiting additional PCM components like y-turc. Inhibiting Polo phosphorylation
sites on pericentrin, results in failure to recruit key PCM proteins, e.g. y-tubulin,
CEP192, and y-turc (Lee & Rhee, 2011).

An early Polo antibody injection study showed that Polo function is essential for
centrosome separation, evidenced by monopolar spindles and mitotic arrest (Lane
& Nigg, 1996). Centrosome recruitment of Polo was shown to be dispensable for

centrosome maturation and bipolar spindle formation, suggesting that Polo does not
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need to be bound to centrosomes in order to carry out its centrosomal functions
(Hanisch, Wehner, Nigg, & Silljé, 2005). Along with pericentrin, CEP215 and many
others, Polo has been implicated in also controlling the orientation of the mitotic
spindle (Chen C.-T., et al., 2014; Hanafusa, et al., 2015; Miyamoto, et al., 2017).
Coordination between the mitotic spindle and the subsequent cleavage plane is
necessary for ensuring proper developmental outcomes (Moorhouse & Burgess,
2014). Asymmetrical spindle positioning in the dividing cell results in non-disjunction
and daughter cells that are unequal in size (McCarthy & Goldstein, 2006). If the
spindle is not positioned properly along the division axis it can cease the formation
of different cell and tissue types within an embryo, causing downstream defects such
as heart septation and microcephaly (Chen C.-T. , et al., 2014; Miyamoto, et al.,
2017).

1.3.2 Kinetochore-MT attachments and chromosome alignment and separation

During prometaphase, microtubules of the spindle attach to the kinetochore, a
complex of proteins associate with the centromere of a chromosome (Saurin, 2018).
In general, increased Polo concentrations are found at the kinetochores in
prometaphase. However, it is not exactly clear whether the spatial distribution of
Polo within the kinetochore controls its access to substrates and subsequent do
wnstream functions in this localisation. Spatial regulation of Polo signalling at the
kinetochore remains enigmatic due to multiple Polo interactions and substrates

along the kinetochore-centromere axis (Lera, et al., 2016).

In humans, Polo is localized to the kinetochores via initial recruitment by Bubl,
BubR1 and NudC (Nishino, et al., 2006; Qi, Tang, & Yu, 2006; Suijkerbuijk, Vleugel,
Teixeira, & Kops, 2012). There it phosphorylates BubR1 and CLASP, stabilising
kinetochore-microtubule (K-MT) attachments thus promoting chromosome
alignment (Suijkerbuijk, Vleugel, Teixeira, & Kops, 2012; Maia, et al., 2012). It also
interacts with Kif2b to correct MT attachment errors, maintaining faithful
chromosome segregation (Hood, Kettenbach, Gerber, & Compton, 2012).
Chromosome dynamics also depend on Polo binding to members of the
chromosome passenger complex (Goto, et al., 2006; Colnaghi & Wheatley, 2010).
Experiments by Lera and colleagues support the model that Polo operates in pools
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within the kinetochore, and at chromatin and the inner centromere in a manner
distinct from its role in stabilising MT attachments to the outer kinetochore (Lera, et
al., 2016).

1.3.3 Midbody assembly and regulation

After the cell enters anaphase/telophase, Polo transitions away from kinetochores
and into the midzone, where it recruits RhoA GTPase and RhoGEF Ect2, allowing
for cleavage furrow formation and cytokinetic bridge formation (Burkard, et al., 2007).
Polo and numerous abscission proteins are enriched at the midbody (Chen, Hehnly,
& Doxsey, 2012). Herein the function of Polo is to ensure faithful abscission. One
such way is through phosphorylation of CEP55, preventing its association with the
midzone (Bastos & Barr, 2010). Premature CEP55 integration into the midbody due
to loss of PIk1 activity causes abscission failure, most likely through the rise of
aberrant midbody architecture and failure to recruit ESCRT-III components (Colicino
& Hehnly, 2018). The role of Polo at the midbody and cleavage furrow formation

remains one of the least understood, despite recent research into the area.
1.4 Polo and cancer

Given Polo’s many functions during the cell cycle, it is unsurprising that it is
implicated in cancer. As outlined previously, mitotic arrest is the most known loss-
of-function phenotype of Polo. However, both up- or downregulation of Plk1l can
trigger defects in mitosis that result in aneuploidy and cause tumourigenesis in

mammals (de Carcer & Malumbres, 2014).

There is evidence that PIk1 overexpression is crucial for cancer progression in some
tumours (Liu, Sun, & Wang, 2017). Plkl can modulate tumour proliferation by
controlling key oncogenic transcription factors, p53 and Myc (Ando, et al., 2004; Liu,
Li, Song, & Liu, 2010; Xiao, et al., 2016; Ren, et al., 2018). Moreover, Polo levels
affect oncogenic signalling pathways like the PISK-MEKK (Li, et al., 2014) or dampen
the function of known tumour suppressors such as PTEN or REST (Karlin, et al.,

2014; Li, et al., 2014). However, all the experimental data therein has been collected
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from cells that are already tumourigenic, indicating that Plk1 can contribute to tumour
growth once it is already established, not necessarily that Polo can drive tumour
proliferation by itself like a true oncogene (de Cércer, 2019).

Whilst historically the scientific community has considered Polo as an oncogene,
recent research in mouse models also suggests a possible tumour suppressor role
in particular cancers, illustrating the duality of this kinase’s roles in human cancers
(Lu, et al., 2008; Wierer, et al., 2013; de Carcer, et al., 2018; Raab, et al., 2018). In
one of the earliest studies that proposed a tumour suppressor role for Plk1, a
transcriptomics analysis in human breast cancer cells revealed that Plk1 is able to
directly affect the estrogen receptor (ER)-dependent gene transcription profile
(Wierer, et al., 2013). When Plk1 activity was inhibited via the Plk1l-specific small
molecule inhibitor BI-2536, the downregulated ER-dependent gene sets correlated
with tumour-suppressive functions. Another report shows the beneficial effects of
PIk1 activity in breast cancer. The histological expression analysis of PIkl showed
that breast tumours with higher levels of Plk1 have a better prognosis compared to
the samples with very little to no Plk1 presence (King, et al., 2012). Recent knock-in
mouse models have further validated the tumour suppressor role in breast cancer
(de Cércer, et al., 2018). Overexpression of the human Plk1l cDNA in the conditional
inducible knock-in mouse revealed that these mice can tolerate high levels of Plk1
without significantly higher rates of tumour appearance when compared to control
littermates that do not express PIk1. Surprisingly, when Plk1 expression in mammary
glands was combined with mouse strains carrying either the K-Ras or Her2
oncogenes, tumour formation was dramatically reduced in both cases; up to 85%
and 50%, respectively (de Carcer, et al.,, 2018; de Cércer, 2019). Raab and
colleagues showed the tumour suppression capacity of PIk1 in a colorectal cancer
model (Raab, et al., 2018). When colon cancer mouse strains and cell lines with
truncated adenomatus polypsis coli gene were treated with the PIk1 inhibitor
volasertib (BI-6727) it led to an increased rate of development of colorectal
adenomatous polyps compared to the control littermates/cells that had normal Plk1

expression levels.

PIk1 is rarely found mutated or amplified in tumours—only 2% of 10,967 patient

tumoural samples show an alteration in Plkl (TCGA PanCancer Atlas Studies, as
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found on the cBioPortal for Cancer Genomics database, http://www.cbioportal.org;
Figure 3). A study by Ng et al suggests that the mutations may happen at late stages
of the tumoural progression (Ng, Shin, Wang, & Lee, 2017) This low mutation rate is
probably due to the fact that Plk1 is absolutely essential to cell division, and therefore
cells cannot cope well with its overexpression nor the loss of its function (de Carcer,
2019).

Despite the low prevalence and complexity of PIk1l mutations in cancer, researchers
started to explore the potential of anti-PIk1l therapeutic approaches for cancer
treatment. Many studies reveal its remarkable prognostic role for cancer patients
(reviewed in Liu, Sun, & Wang, 2017; de Cércer, 2019). For example, high Plk1
expression levels are linked to poor outcomes for patients with squamous cell
carcinomas of the head and neck (Knecht, et al., 1999), elevated levels of Plk1
expression are reliable markers to identify patients at high risk for metastases in
melanomas (Kneisel, et al., 2002), and PIk1 depletion via siRNAs in pre-treatment
biopsies from rectal cancer patients showed a radiosensitisizing effect, marking Plk1
as a novel predictive marker for radiation response and promising therapeutic agent
(Rodel, et al., 2010).

Plkl became a promising pharmaceutical target due to the fact that Plkl was
overexpressed in tumours and PIk1 inhibition stopped cancer cell proliferation
(reviewed in Gutteridge, Ndiaye, Liu, & Ahmad, 2016). Several studies have shown
that blocking PIk1 expression via RNA interference (RNAI) or kinase inhibitors can
induce apoptosis of tumour cells and inhibit their proliferation (Steegmaier, et al.,
2007; Bu, Yang, Li, & Song, 2008; Yuan, et al., 2011; Stehle, Hugle, & Fulda, 2015;
Czaplinski, Hugle, Stiehl, & Fulda, 2016). One of the earliest PIk1 inhibitors, BI-2536
inhibits Plk1 enzyme activity at low nanomolar concentrations in vitro (Steegmaier,
et al., 2007). It causes mitotic arrest and induces apoptosis in HeLa and 32 other
human cancer cell lines, representing a diverse set of tissue origins (including the
breast, colon, lung, pancreas, and prostate, melanomas, and hematopoietic
cancers) and varied patterns of tumour suppressor or oncogene mutations (including
RB1, TP53, PTEN, and KRAS status). The half-maximal effective concentration
(ECso) values in this cell panel ranged 2—-25 nM, whereas a concentration of 100 nM

of BI-2536 was typically sufficient for inducing a complete mitotic arrest in HeLa cells.
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In mice, cells of human tumour xenografts treated with BI-2536 arrest in
prometaphase, accumulate phosphohistone H3, and contain aberrant mitotic
spindles, and subsequently entered apoptosis (Steegmaier, et al., 2007). BI-2536
was entered into early stages of clinical trials in patients with advanced solid tumours
and was found to have an acceptable safety profile (Mross, et al., 2008; Hofheinz,
et al., 2010; Frost, et al., 2012). However, it is no longer used in monotherapy
approaches, most likely due to less than ideal response rates (Mross, et al., 2012).
Nevertheless, BI-2536 remains the canonical Plk1 inhibitor and is widely used in
non-clinical studies to specifically perturb Polo function or arrest cells during mitosis

to further elucidate important mitotic functions of proteins of interest.

Interestingly, PIk1 was found to be involved in mechanisms related to resistance to
several first-line anticancer drugs (e.g. doxorubicin, paclitaxel, metformin, and
gemcitabine) most likely through its role in various signalling pathways (reviewed in
Gutteridge, Ndiaye, Liu, & Ahmad, 2016). Consequently, pharmaceutical companies
have expanded their portfolios to include PIk1l inhibitors—such as non-ATP
competitive small molecule inhibitor rigosertib, and ATP-competitive GSK461364
which have entered clinical trials (Gutteridge, Ndiaye, Liu, & Ahmad, 2016) and
volasertib which has reached phase Il stages and a “breakthrough designation
therapy” status by the FDA for combinatorial therapy for acute myeloid leukaemia
and lung cancer (Van den Bossche, et al., 2016; Li, et al., 2020; Dohner, et al., 2014).
Many of the small-molecule inhibitors that target the PIk1 KD can also inhibit the
activity of other Plk family members, which can be problematic since Plk2 and Plk3
act as tumour suppressors. The newer generation of Plk1 inhibitors that target the
PBD, such a Poloxin are being tested preclinically (Gutteridge, Ndiaye, Liu, &
Ahmad, 2016). Given the vast knowledge of PIk1 structure/function relationship and
regulatory mechanisms, advances can be made in developing drugs that may
interfere more specifically with PIk1 functions, expanding its therapeutic potential in

cancers.
1.5 Aims and objectives

The relatively small, highly evolutionarily conserved Polo kinase is critical to proper

cell division and localises to many discrete cellular structures during mitosis. Since
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its initial discovery in Drosophila, four other proteins have been added to this family
of kinases. In humans Polo KD and PBD domains are capable of reciprocal allosteric
inhibition and activation. Protein interactions with the PBD not only dictate substrate
recognition and sub-cellular localization of Polo, they also control the activity of the
KD. While only a select number of Polo binding substrates have been confirmed, we
are still far from having a completed Polo interactome. Numerous studies have
demonstrated that the sub-cellular and spatio-temporal distribution of Polo is
regulated through its substrates, necessitating a better understanding of its
interactors. This thesis aims to fill this gap by pursuing a functional
characterization of 40 identified Polo physical interactor proteins in
Drosophila.

Among the many approaches to identifying functional relationships among genes,
genetic interaction screening remains one of the most accessible strategies. Genetic
interactions (GIs) reveal functional relationships between genes and pathways when
there is a significant deviation of the phenotype when two or more genes have been
disrupted, from what is expected based on the phenotype resultant from each gene
when disrupted alone (Fisher, 1919). A Gl can only imply that the two genes involved
share a functional relationship. These genes may be involved in the same biological
process or pathway, or they may be involved in compensatory pathways (Boucher
& Jenna, 2013). Genetic interaction screens, in which pairs of genes are targeted,
are a powerful method to gain insights into the structure and function of biological
processes and networks (Tong, et al., 2004; Fischer, et al., 2015). Inhibiting Polo
function and the expression of its interacting partners and observing the consequent
effects on a chosen phenotype would allow me to identify any Gls and therefore

shed light on the functional relationship between the two proteins.

To identify potential genetic interactions between Polo and its physical interactors, |

aimed to:

1) identify genetic interactions with Polo by performing a highly sensitive assay called
Variable Dose Analysis (VDA) in Drosophila S2R+ cells (Housden, et al., 2017;
Sierzputowska, Baxter, & Housden, 2018)
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2) characterise the candidate Polo genetic interactors in vivo by disrupting their

function via the UAS/Gal4 system
1.6 In vivo gene silencing in Drosophila

Drosophila as a model organism contains a vast genetic toolbox to analyze most any
process at the researcher’s disposal. The yeast Gal4/UAS system has proven to be
a highly successful and versatile system for targeted gene expression and has

morphed into the gold standard for the analysis of gene function in the fly.
1.6.1 Gal4/UAS transcriptional activation system

The yeast Gal4 protein regulates genes induced by galactose (Guarente, Yocum, &
Gifford, 1982) by binding to short, defined DNA sequences upstream of target genes
(upstream activating sequence, or UAS). Gal4 can bind cooperatively in the
presence of multiple, tandem UAS sites for further enhancement of gene expression
(Giniger, Varnum, & Ptashne, 1985; Giniger & Ptashne, 1987). Gal4 is inactive in the
absence of galactose, due to the repressor protein Gal80, which inhibits its
interaction with the transcriptional machinery (Johnston, Salmeron, & Dincher, 1987;
Ma & Ptashne, 1987).

This mechanism for transcriptional activation is conserved throughout eukaryotes,
following demonstration that Gal4 expression was capable of stimulating
transcription of a reporter gene under UAS control in Drosophila (Fischer, Giniger,
Maniatis, & Ptashne, 1988) and mammalian cells (Kakidani & Ptashne, 1988). In
1993, Andrea Brand and Norbert Perrimon published their landmark article
describing the development of the bipartite Gal4/UAS system for targeted gene
expression in Drosophila (Brand & Perrimon, 1993). In this approach, the responder,
or gene of interest under UAS control, and the Gal4 driver are maintained as
separate parental lines. The resultant progeny then expresses the responder in a
transcriptional pattern that reflects the pattern of the respective driver. This system
can be used to target expression of any responder in a variety of spatial and temporal
fashions. Herein, the Gal4/UAS system is used for targeted gene knockdown during

early Drosophila development.
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The RNAI is under the control of a minimal promoter that needs the transcription
activator protein Gal4 bound to the enhancer sequence UAS to allow transgene
expression. The RNAI is unexpressed without the presence of the Gal4 protein.
Gene silencing occurs in the progeny in specific tissues or developmental stages

depending on the specific promoter of Gal4 used (see Figure 8A).

Over 7,000 transgenic driver lines that confer specific patterns of Gal4 activity are
currently available to Drosophila researchers, as well as over 13,000 lines with
genes under UAS control, majority of which were generated by the Transgenic RNAI
Project at the Harvard Medical School'. Since its inception, the Gal4/UAS system
has undergone extensive creative modifications such as cellular and sub-cellular
marking using fluorescent reporters (reviewed by (Duffy, 2002)) and has been

adopted in other model organisms (Halpern, et al., 2008).

L https://bdsc.indiana.edu/stocks/gal4/gal4_all.html; https://bdsc.indiana.edu/stocks/rnai/rnai_all.html;
http://fgr.hms.harvard.edu/fly-in-vivo-rnai
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Chapter 2: in vitro results

Identification of Polo genetic interactors via RNAI screening

Protein-protein interactions (PPIs) are essential to almost every process in a cell.
Understanding PPIs is crucial to understanding cellular and molecular machinery as
many proteins perform their functions within cells in the context of protein complexes.
Knowledge of a specific protein’s PPl can help elucidate thorough detail about its
role within a signaling pathway or characterize the relationship between proteins that
form multi-molecular complexes (reviewed by Safari-Alighiarloo, Taghizadeh,
Rezaei-Tavirani, Goliaei, & Peyvandi, 2014). Mapping Polo’s PPIs can shed more

light on how this kinase achieves its spatio-temporal distribution and regulation.

Despite its discovery over 30 years ago, we still lack a complete understanding of
Polo kinase and its cellular and molecular roles. Given its pleiotropic functions during
the cell cycle, Polo has a vast network of substrates and wide participatory function
in a variety of signaling pathways. Although some of Polo’s upstream regulators and
downstream targets have been reported, the complex relationships of this kinase

have not been definitively characterized.

Previously unpublished work in the Wakefield lab set out to identify physical
interactors of Polo in Drosophila syncytial embryos using a mass spectrometry (MS)-
based approach (Figure 4). Syncytial embryos undergo 13 rapid mitotic divisions in
the absence of zygotic transcription and contain a large amount of mitotic proteins,
making them an ideal model to study Polo function. Using a pipeline based on GFP-
TRAP-A affinity purification and mass spectrometry (AP-MS) combined with
bioinformatics-based removal of non-specific contaminants, 40 polo-GFP interacting
partners were identified (see (Palumbo, et al.,, 2015) for thorough method
description). The list of physical interactors was inputted into the PANTHER GO
enrichment analysis tool? to identify which (if any) functional classes were found to
be particularly enriched based on their biological process gene ontology terms
(Ashburner, et al., 2000; Mi, et al., 2019) (Figure 4).

2 http://pantherdb.org/
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Figure 4. Polo physical interactors identified via GFP-TRAP/MS.

0-3 hour-old polo-GFP expressing Drosophila embryos were affinity purified and
analysed via mass spectrometry (MS). After stringent filtering, a set of 40 physical
interactors of polo-GFP were identified. The table shows the gene ontology (GO) terms
for molecular function and biological process for each interactor. A maximum of 5
biological process GO terms are shown for summary purposes. PANTHER statistical
overrepresentation test reveals three functional classes to be particularly enriched:
microtubule-associated proteins (green; 25-fold enrichment), proteins involved in
ubiquitin-mediated proteolysis (blue; 96-fold enrichment) and cleavage furrow
formation (orange; 44-fold enrichment). (Unpublished data, Wakefield lab).
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Figure 5. Protein-protein interaction network of identified Polo physical

interactors.

PPI network showing the relationships between Polo and its physical interactors.
Colour-coding represents genes with similar biological process GO terms: response to
unfolded protein (pink), Cajal body organisation (yellow), cleavage furrow formation
(orange), MT-associated proteins (green), proteins involved in ubiquitin-mediated
proteolysis (blue). Map205, loki and mtrm (red stars) are known polo functional
interactors. (Unpublished data, Wakefield lab).
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Unsurprisingly, given Polo’s functions during mitosis, MT-associated proteins and
proteins involved in cleavage furrow formation were enriched (25-fold and 44-fold
enrichment, respectively) (Figure 4). Moreover, proteins involved in ubiquitin-
mediated proteolysis represented the highest enriched class, with over 96-fold
enrichment (Figure 4). Mammalian Polo, like many other mitotic regulators, is
targeted for destruction through the ubiquitin-proteasome mediated degradation
pathway at the end of mitosis (Ferris, Maloid, & Li, 1998). Although Drosophila Polo
lacks the D-box motif, many proteins are degraded in a proteasome-dependent
mechanism (Ou, Pi, & Chien, 2003) and several phosphorylation sites have been
identified in the inter-domain linker region which may play a role in poly-ubiquitination
and subsequent degradation of Polo (Zhai, Villén, Beausoleil, Mintseris, & Gydgi,
2008). Studies have also shown that (de)ubiquitination of residues in the PBD play
a major role in regulating the recruitment of Polo to its many sub-cellular
localizations, such as kinetochores (Liu & Zhang, 2017). Three known Polo genetic
interactors, matrimony (mtrm) (Xiang, et al., 2007), loki (also known as Chk2) (Xu &
Du, 2003), and Map205 (Archambault, D'Avino, Deery, Lilley, & Glover, 2008) were
classified among the “top hits”, validating the filtering approach at identifying “true”

polo-GFP interacting proteins (Figure 5).

The term ‘protein interaction’ encompasses a variety of events, such as transient
and stable complexes, as well as physical interactions. PPI detection methods
typically do not reveal information associated with the context in which the
interactions are realized, nor their directionality and effect, which is crucial in a
signaling context for kinase-substrate interactions (Smits & Vermeulen, 2016).
Hence, further work was needed to functionally characterize the identified physical
interactors, as the GFP-TRAP-A/MS technique does not reveal the temporal nature,
transient versus stable, of the identified protein interaction. This presented the
starting point of research work contained herein—elucidating the functional nature

of Polo PPIs in the Drosophila syncytial embryo.
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2.1 ldentifying Polo genetic interactors

One common approach to identify the functional relationship between genes is to
look at whether they possess a genetic interaction (see Chapter 1). Carrying out a
Gl screen with polo and its physical interactor genes identified via GFP-TRAP-A/MS
would help elucidate their functional relationships.

Several approaches, including RNAi- and CRISPR-based methods, have been
developed for high-throughput genetic screening. A novel RNAI high throughput
screening method called Variable Dose Analysis (VDA) was developed recently in
Drosophila S2R+ cells (Housden, et al., 2017; Sierzputowska, Baxter, & Housden,
2018). S2R+ cells are an isolate of the original Drosophila S2 line derived from late-
stage male embryos that express receptors for wingless signalling (Schneider, 1972;
Yanagawa, Lee, & Ishimoto, 1998; Lee, et al., 2014; Stoiber, Celniker, Cherbas,
Brown, & Cherbas, 2016). It is a workhorse cell line® that has been used extensively
in previous genetic screens (Guest, et al., 2011; Kondo & Perrimon, 2011; Dopie, et
al., 2015; Bassett, Kong, & Liu, 2015) and in studies involving Polo (D'Avino, et al.,
2007; Conde, et al., 2013).

VDA assays are performed by co-transfecting cells with RNAI against the gene of
interest that can easily be expressed from a DNA plasmid (ShRNA) and a second
plasmid expressing a fluorescent reporter protein (i.e. GFP). As the two plasmids
are coupled together during transfection, fluorescent protein expression can be used
as an indirect readout of shRNA expression and therefore target gene knockdown
efficiency (Figure 6A). The knockdown efficiency in each cell can be measured via
flow cytometry, and the relationship between the efficiency of target gene disruption
and a feature of interest analysed in order to detect phenotypes. This differs from
previously described methods, which typically measure the average phenotype over
a population of cells and results in approximately a 2.5-fold increase in signal-to-
noise ratio compared to standard dsRNA methods (Housden, et al.,, 2017). In
addition, a great advantage of VDA is that it facilitates the study of essential genes

because phenotypes can be measured at sub-lethal knockdown efficiency.

3 Over 590 references associated on Flybase: http://flybase.org/reports/FBtc0000150.html
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Figure 6. RNAIi screening approach to identify Polo genetic interactors.

A) Schematic depicting the VDA screening workflow. Negative control curve in

black, positive control (RNAI with effect on viability) shown in red.

B) Inverted cumulative GFP distribution plots for polo, the negative control white
(black), positive control thread (red). The three shRNAs for the polo gene are
shown separately for maximum clarity (polo-1, blue; polo-2, green; polo-3,
yellow). The same effect of curve shifting to the right of white can be seen across

all three RNAI reagents.

C) Bar graph of area under the curve (AUC) generated in (B). Error bars represent
SEM for 3 biological replicates of 6 wells per each target gene (20,000 cells
analysed per well) in a single 96-well plate. Area has been normalized to the white
negative control. A statistically significant shift to the right occurs in two out of the
three shRNAs (two-tailed t-test, **p<0.01).
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In the context of this research project, a comparison of phenotypes measured using
VDA screens against candidate genes in wild type cells and cells with disrupted polo
would identify polo genetic interactors which then could be further analysed for their
functional relationships. Given Polo’s role in the cell cycle, it was hypothesized that
disrupting polo would cause an effect on cell viability as cells would no longer be
able to divide properly, and any mitotic defects would trigger apoptosis. Moreover,
effects on viability are easily visualized and quantized in VDA screening. Therefore,

cell viability was selected as the phenotypic readout in the screen.

When we plot the GFP distribution, we can see a clear separation between controls,
such as a lethal RNAI or a negative control that has no effect on cell viability (Figure
6A). In the case of the lethal RNAI, the population of cells that took up more GFP
(and therefore more of the lethal RNAIi reagent) dies more quickly prior to the
cytometry readout, causing a curve shift to the left compared to the negative control.
Measuring the difference in the areas under the curve gives a numerical read out of

the difference in viability.
2.1.1 VDA screen to identify polo genetic interactors

A shRNA library was generated for the candidate interactor genes (3 shRNAs per
each gene of interest) including the negative control gene white—a well-
characterized gene known to have no viability effect in S2R+ cells, and the positive
control gene thread—an apoptosis inhibitor which robustly induces cell death when
inhibited (see Appendix A). Prior to performing the screen in semi high-throughput
format, it was important to optimize the assay to establish 3 important aspects of the
VDA assay: (1) appropriate levels of polo inhibition in order to detect Gls, (2)
identifying the polo knockdown phenotype, and (3) verifying that Gls can be

successfully identified in this particular experimental setup.

As explained earlier, BI-2536 is a well-known small molecule inhibitor specific to Polo
(Steegmaier, et al., 2007). Cell viability assays were performed to identify whether
Polo inhibition with BI-2536 resulted in reduced cell viability (Figure 7A).
Concentration as low as 20 nM was sufficient to cause a 20% decrease in cell

viability, and 50 nM concentration caused an 80% decrease in cell viability.
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Figure 7. Polo viability phenotype characterisation.

A) Serial dilutions of the selective Polo inhibitor BI-2536. Luminescence-based
cell viability assays were carried out to identify concentrations of BI-2536 that
result in about 20% and 80% decrease in cell viability. Even at low BI-2536
concentrations there is a statistically significant decrease in cell viability
compared to the 0 nM ethanol-only loading control (*p<0.05), and there is a trend
in decreased cell viability with increasing BI-2536 concentration (p<0.001, not
shown on graph). 40 nM and 50 nM BI-2536 produce similar effects on cell
viability (no significant difference, p>0.05). Error bars represent the SEM of the
average luminescence of 3 biological replicates of 10 wells of cells at each

concentration.

B) Effect of polo inhibition using BI-2536 on cell size. As concentration of BI-2536
increases, the cell size increases. There is a significant difference between the
cell size of the ethanol-only loading control (O nM) and 50 nM BI-2536
(***p<0.001). The forward scatter (FSC) reading is used as a proxy for cell size
Error bars show SEM of the cell size for 10 wells of cells per each condition

(10,000 cells analysed per each well).

C) polo inhibition using shRNA slightly affects cell size. Using FSC as a proxy for
cell size, an increase in cell size can be observed with each shRNA, however, it
only polo-3 shows statistical significance (*p<0.05). Error bars represent SEM for

6 wells per gene, 20,000 cells analysed per well.

D) Cell cycle analysis using propidium iodide. Plot of cell count vs fluorescence
intensity (ECD channel). polo inhibition using BI-2536 in S2R+ cells causes a

slight accumulation of cells in Go/Ga.

E) VDA results for polo in the presence of BI-2536. Error bars represent SEM for
3 biological replicates of 6 wells per each target gene (20,000 cells analysed per
well) in a single 96-well plate. AUC has been normalized to the white negative
control. A shift to the right with various levels of statistical significance can be
observed for two of the polo shRNAs at each BI-2536 concentration (*p<0.05,
**p<0.01).
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Next, the resultant polo phenotype in VDA was tested. Three separate shRNA
designs against polo were co-transfected with GFP using an optimized VDA protocol
(Sierzputowska, Baxter, & Housden, 2018). Surprisingly, polo knockdown did not
have the expected effect on cell viability. Given its crucial role in the cell cycle, it was
predicted that silencing polo would cause cell death. However, the GFP intensity
curve for polo shifted to the right instead of towards the positive control thread
(Figure 6B-E). Previous studies have reported that polo inhibition causes mitotic

delay or arrest, which in turn would explain the lack of dilution of the GFP signal.

To test whether induced mitotic arrest could explain the observed shift, cell size of
wild-type cells and cells with polo inhibited chemically via BI-2536 or shRNA was
compared. Inhibition of polo function with BI-2536 shows that increasing BI-2536
concentration causes an increase in cell size, with 50 nM BI-2536 (Figure 7B)
causing a statistically significant increase compared to the 0 nM BI-2536 ethanol-
only loading control (p<0.05). Inhibiting polo via RNAIi shows that cell size
increases, albeit not significantly in two of the shRNAs (p<0.05 for polo-3) (Figure
7C). The more pronounced effect on cell size with chemical disruption of polo can
be explained by the fact that chemical inhibition is assessing a single level of
disruption across all cells in the population. By contrast, the VDA assay measures
effects at many different knockdown efficiencies. Therefore, the cell size effect may
be diluted by cells with weak knockdown that have no phenotype or cells with very

strong knockdown, which may have entered apoptosis.

Next, to test whether the S2R+ cells were in mitotic arrest or delay, the DNA content
of the cells was measured to assess the proportion of cells at each stage of the cell
cycle. Propidium iodide staining suggests that when polo is chemically inhibited, an
increased number of cells enter Go/G1 with increasing BI-2536 concentration as the
proportion of cells in Go/G1 increases from 28.16% to 31.86% (Figure 7D). This is
consistent with the observed cell size increase—it is known that cells in G increase
in size prior to entry into S-phase (Barberis, Klipp, Vanoni, & Alberghina, 2007). Polo
has a function in the DNA damage response, so it is possible that when its function
is inhibited, S2R+ cells may be entering Go as an alternative to undergoing
apoptosis, although this hypothesis would require further testing. Reproducing this

experiment in cells transfected with polo shRNAs would not be easily feasible as
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each individual cell would have a different level of polo knockdown, therefore
requiring a much greater number of cells to get the appropriate proportion of Pl at
each point of the curve.

Finally, the ability to observe genetic interactions in the VDA assay was tested. The
interactions between the KD and PBD of Polo are well-described in previous works
(Elia, et al., 2003b; Kachaner, et al., 2017). Therefore, double disruption of polo,
using chemical and RNAI methods was predicted to act as a proxy for a genetic
interaction through enhancement of the polo phenotype. Previous results of Polo
inhibition via RNAI were validated, as increase in GFP signal is once again seen with
various levels of significance (Figure 7E). After the addition of BI-2536, area under
the curve increases compared to the negative control white. The increase seems to
be less pronounced at higher BI-2536 concentration, and indeed the difference for
each shRNA at each concentration is not statistically significant (p>0.05). However,
despite the statistical insignificance, the trend in a decrease in the AUC for each
Polo shRNA is observable and shows enhancement of the polo phenotype, perhaps
as cells cannot cope with a more complete loss of function of polo. An important
point to note is that the chemical inhibition with BI-2536 is assessing a single level
of disruption. VDA is measuring over a whole range of disruptions so we would not
expect the same strength of viability effect as it may be diluted by cells with weak
knockdown and therefore we would not see a strong enhancement of the polo

phenotype.

Following the VDA optimisation, the Polo interactor shRNA library was constructed
(Appendix A) and aliquoted into 7 unique assay plates (Figure 8). Each plate
contained 6 target genes and 2 control genes, white and thread, across the 3
different experimental conditions (ethanol loading control, 20 nM BI-2536, 50 nM BI-

2536). Limiting the number of sShRNAs per plate and instead screening a smaller
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0 nM BI-2536 20 nM BI-2536 50 nM BI-2536

Figure 8. VDA assay plate layout.

All 7 polo interactor library plates have the same layout. Each color represents a
different gene, with 3 unique shRNA designs per gene (see Appendix A). There are
5 wells for each control gene, white and thread. Each gene was distributed in the
plate as to minimize any ‘edge effects’. All genes are screened under multiple BI-
2536 concentrations in the same plate, allowing for control of growth conditions for

each polo inhibition level. Empty wells are marked with ‘X'.
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number of reagents under multiple conditions in the same plate would provide a
robust readout as cells would be under the same exact set of growth conditions, with
and without BI-2536. It was hypothesized that screening at the low BI-2536
concentration (20 nM) would allow identification of Polo enhancers, as their
knockdown would enhance the relatively weak polo phenotype. Conversely,
knockdown of a Polo suppressor at a 50 nM would suppress the phenotype caused
by the high BI-2536 concentration.

The Gl VDA screen was carried out in semi high-throughput format in triplicate for
each assay plate using the standard VDA pipeline (Sierzputowska, Baxter, &
Housden, 2018) (Figure 5A). Areas under the curve for cumulative GFP distribution
were plotted and their effect on the polo phenotype observed. Figure 9 shows the
complete set of results of the Polo interactor VDA screen. Particular attention was
paid to the enhancement of the viability phenotype within each shRNA, and the
genes that exhibited a marked change in the VDA signal in the presence of BI-2536
were considered as ‘hits’ (for an example see Map205, Figure 9B). Large scale
genetic screens are ‘noisy’ which can complicate analysis. It is difficult to do sufficient
replicates for robust statistical analysis. Therefore, establishing cut-offs is a common
approach to find the genes most likely to have an effect, which is usually confirmed
with downstream assays. In the context of the Polo interactor VDA screen, high-
confidence ‘hits’ were classified as those genes with strong enhancement of the Polo
VDA phenotype in either direction. The effect needed to be observed in at least 2
out of 3 shRNA designs; however, shRNAs which did not show significant

difference(0.05<p<0.1) were also considered if the enhancement was consistent.

Originally, the two different BI-2536 concentrations were chosen with the aim of
identifying Polo enhancers or suppressors. Due to the cell cycle arrest phenotype,
Polo enhancement or a suppression could have the same effect in the VDA assay
due to the range of gene knockdowns (as described previously). Therefore, at this
stage the VDA screen ‘hits’ aimed to identify potential Polo genetic interactors rather

than characterising the nature of the interaction.
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Figure 9. VDA screening results.

Each panel shows the AUC for each gene in the library plates (plate 1=A, 2=B,
3=C, 4=D, 5=E, 6=F, 7=G) screened at 0 nM BI-2536 (ethanol-only loading
control) in blue,and 20 nM BI-2536 (in orange). Area was normalised to the
median AUC of the white control gene. SEM shows the average of 20,000 cells
analysed from 3 biological replicates of 1 well per target gene and 5 wells per
each control gene (white and thread). Results at 50 nM BI-2536 are not shown
due to its effect on cell viability preventing analysing a statistically significant
number of cells (on average less than 5,000 live cells per well). Statistical
comparison of screen results via a two-tailed t-test is shown using asterisks as

follows *p<0.05, *p<0.01, **p<0.001, unless otherwise specified above the bar.
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Gene
symbol

Hspo#a

Map205

cher

ckla

coil

Cull

HSP70Ba

KIp61F

msps

mtrm

Pli

Skph

slam

simb

Figure 10. VDA screening identified 14 potential Polo genetic interactors.
Table showing the 14 VDA screen ‘hits’ in alphabetical order based on the
enhancement effect for each shRNA design (3 per gene). Gene and protein function
summary is taken from the ‘Gene snapshot’ found on http:/flybase.org/. The
presence of Polo phosphorylation and phospho-binding sites on each target protein
was predicted using the GPS-Polo 1.0 algorithm (http://polo.biocuckoo.org/). Ck1a
is the only hit protein that does not have a predicted polo phosphorylation site in any

Effect out
of 3

of its isoforms.

Gene/Protein Summary

Invalved in lifespan determination and response
to heat shock and starvation.

Binds and stabilizes microtubules; hinds,
inhibits, and stabilizes Polo on MTs during
interphase.

F-actin crosslinking protein; functions 1o
organize the F-acting cytoskeleton in multiple
contexts including ovarian germline ring canals,
migrating somatic cells and neuronal growth
Cones.

Ser/Thr kinase with a preference for acidic
substrates; involved in multiple  signalling
pathways, including Wnt and Hh , that control
cell growth and patterning.

Required for Cajal body formation.

Exhibits ubiguitin  ligase-substrate adaptor
activity and ubiquitin protein ligase binding
activity. Localizes to S3CF ubiquitin ligase
complex and nucleus.

Invalved in response to heat shock and hypoxia.

Allows the crosslinking and sliding apart of
adjacent MTs. The ‘sliding filament mechanism’
is critical for many aspects of mitosis and
chromaosome segregation.

Binds to the plus end of MTs and regulates MT
dynamics and MT organization.

Expressed solely during cogenesis; Polo kinase
inhibitor required to maintain G; arrest in the
meiotic cell cycle in females.

RING-domain-containing ubiquitin E3 ligase that
coordinates with E1 and EZ enzymes 1o degrade
target proteins. It functions as a negative
regulator of the Toll-mediated innate immunity
pathway.

A subunit of SCF-containing ubiquitin ligase
complexes. It regulates centrosome duplication,
chromatin condensation, cell cycle progression,
cell polarity, dendrite pruning and
endoreduplication.

Involved in cortical polarization and  furrow
invagination during cellularization, as well in
germ cell migration during later embryogenesis.

Essential, conserved F-box protein, provides
substrate specificity 1o the SCF complex.

Polo
phosphorylation
site

+

Polo phosphobinding
site
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Based on the cut-off approach described above, fourteen genes were classified as

‘hits’ based on the observed enhancement of the polo phenotype (Figure 10). .

Map205 and mtrm are known polo inhibitors and were identified among the strongest
hits in the screen, exhibiting significantly strong effects in 3 out of 3 shRNAs and 2
out of 3 shRNAs respectively, validating the VDA screening approach used to
identify potential polo genetic interactors (Figure 9B and 9C). mtrm knockdown
showed the most dramatic effect on cell viability, proving to be even more lethal than
the positive control thread. The strongest curve shift to the right was observed in
Hsp68 knockdown (p<0.001), and a significant enhancement of the mitotic arrest
phenotype was seen with addition of BI-2536 as there was a pronounced effect on
cell viability (Figure 9G). Although they were amongst the top hits, the heat shock
protein (HSP) genes were not selected for follow-up as it was near impossible to
separate whether their silencing causes a phenotypic change due to interaction with
Polo or whether the effect on viability is seen as the cells are under environmental

stress conditions (which cause upregulation of HSPs).

The resultant list of screen hits was analysed using the PANTHER GO enrichment
analysis tool as before. Genes involved in ubiquitination were enriched among the
hits (4 out of 15; 88-fold enrichment) (Figure 10). Specifically, SkpA, Cull, and simb,
the three out of four components of the E3 ligase Skp1-Cullinl-F-box complex (SCF
complex), were among them (reviewed by Yumimoto, Yamauchi, & Nakayama,
2020).

Based on results described above, seven genes: SkpA, Cull, simb, slam, KIp61F,
cheerio, and Ck1a, were selected for further in vivo characterization. Each gene was
selected based on the cellular process it was involved in and the strength of its
enhancement of the polo phenotype (Figure 9 and Figure 10). It was strived to study
genes involved in a variety of processes to really dissect the role of Polo interactions

during the different stages of the cell cycle.
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Chapter 3: In vivo results: characterization of RNAIi screen hits

Based on the outcome of the VDA screen, seven genes: SkpA, Cull, slmb, slam,
Kip61F, cheerio, and Ck1a, were selected for further in vivo characterization. Similar
to the studies done in vitro, the Polo interactor proteins were disrupted via RNAI in

vivo and the resultant phenotypes were observed.
3.1Targeted gene knockdown to functionally characterize selected Polo interactors

As mentioned previously, Drosophila syncytial embryos undergo 13 rapid mitotic
divisions in the absence of zygotic transcription and contain a large amount of mitotic
proteins, making them an ideal model to study Polo function. In the context of this
research project, flies carrying the construct for transgenic expression of RNAI
against the selected Polo interactor needed to be crossed to a fly that would allow
for live imaging studies: a transgenic fly with a fluorescently tagged Polo and an
appropriate Gal4 driver that would allow for spatio-temporal resolution of any
resultant Polo phenotypes in the embryo (see review of Gal4/UAS in Chapter 1;
Figure 11A). It was shown previously that maternally loaded Gal4 protein is very
efficient at activating zygotic UAS-shRNA constructs and generating phenotypes for
genes expressed during mid-embryogenesis (Staller, et al., 2013) .Therefore, a
transgenic fly line was generated, harbouring the construct for GFP-tagged Polo and

Gal4 protein under a maternal a-tubulin driver (Figure 11B).

Generation of the fly line necessary for study was greatly simplified by a pre-existing
transgenic, GFP-tagged polo fly line. The w*; polo-GFP fly line (gift from C. Sunkel)
was previously reported to show canonical Polo localisation and dynamics during
syncytial mitotic cycles (Moutinho-Santos, Sampaio, Amorim, Costa, & Sunkel,
2012). Fly lines with target interactor genes under UAS control (referred to as ‘RNAI
lines’ henceforth) were obtained from the Bloomington Drosophila Stock Center®.
Unfortunately, the lack of appropriate in vivo reagents prevented further follow up for

slam, as there is a single fly line available, albeit with an unstable integration site.

4 https://bdsc.indiana.edu/
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Figure 11. Drosophila gene silencing in vivo via Gal4/UAS.

A)

B)

Gal4/UAS system for gene silencing with RNAI in Drosophila. The figure
shows the parental flies carrying the construct for transgenic expression of
RNAI against a gene of interest and a construct for specific gene expression
of the Gal4 protein. When females carrying the Gal4 driver are mated to
males carrying the UAS responder, progeny containing both elements of the
system are produced. Gene silencing occurs in the progeny in specific tissues
dependent on the driver of Gal4 expression used and resultant behavioural
or cellular phenotypes can manifest in any developmental stage (embryo,
larvae, pupae, adult).

Mating scheme used to generate the transgenic w*; polo-GFP; matatubGal4
fly line to be used for in vivo gene silencing via RNAi. The homozygous w*;
polo-GFP fly line is mated to a stock which carries balancers and dominant
visible markers on the 2" and 3™ chromosomes. Red-eyed (wW* Polo-GFP),
curly-winged (CyO) male progeny with extra humeral hairs (TM6B) are then
mated with red-eyed (w" maternal alpha-tubulin-GAL4), curly-winged (CyO)
virgins with ectopic bristles (T™). Since CyO is homozygous lethal, the
resultant progeny will either carry the T™ marker or the polo-GFP gene.
Selecting curly-winged progeny with humeral hairs (but without extra bristles)
and mating them with each other will result in flies homozygous for polo-GFP
and maternal alpha tubulin-GALA4.
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Figure 12. Embryo hatch rates.

A)

B)

Embryo hatch rates of fly stocks used for in vivo functional Polo interactor
characterisation. Scale bars represent SEM of 6 biological replicates of
hatch rates of 100 embryos per each genotype. Hatch rate of w/+; polo-
GFP/CyO; matatubGal4/+ was adjusted to out of 75 embryos for maximum
possible viable offspring to control for the homozygous-lethal balancer.

Embryo hatch rates for resultant progeny of interactor RNAI flies crossed
to flies expressing polo-GFP and the maternal a-tubulin GAL4 driver. Scale
bars represent SEM of 6 biological replicates of hatch rates of 100 embryos
from each cross. Hatch rate of w/y sc v; polo-GFP/+; matatubGal4/cheerio
RNAI was adjusted to out of 75 embryos to account for the homozygous-

lethal balancer.
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The fithess of the generated w*; polo-GFP/CyO; matatubGal4 line (from herein
referred to as the ‘polo-GFP driver line’), as well as the interactor RNAI lines was
assessed via embryo hatch rates. None of the stocks were deemed to be particularly
unhealthy, as all had hatch rates above 40%, which is to be expected for Drosophila
stocks (Figure 12A).

The hatch rates of the resultant progeny of the polo-GFP driver and interactor RNAI
cross (henceforth Polo-GFP; RNAiI embryos) were also recorded. 74.5% of embryos
hatched successfully from a control cross resulted in flies with half the dose of the
driver and polo-GFP. Targeted knockdown of KIp61F and polo was embryonic lethal,
with a hatch rate of less than 1% (Figure 12B). Knockdown of simb function also
resulted in a severe embryonic viability phenotype (hatch rate of 2.6%). The hatch
rate of the embryos from the Ck1a cross was 10.8%. Moreover, silencing this gene
resulted in fertility defects in the progeny, as even after an overnight collection, it
was impossible to secure 100 embryos needed to set up a full plate for hatching
(embryo count ranging from 81 to 11 in 6 biological replicates). Hatch rates from the
Ck1a stock line nor from the polo-GFP driver control cross did not suggest viability

defects from either individual line (Figure 12A).
3.2 Live imaging of polo-GFP—interactor RNAI cross progeny

Polo-GFP; RNAi embryos - were manually dechorionated and taken for live imaging
on the Olympus 1X81 Spinning Disc Confocal Microscope. Unsurprisingly, embryos
from Klp61F RNAI, polo RNAi and slmb RNAI crosses could not be imaged as
knockdown of essential regulators of multiple signalling pathways (sImb) and those
critical for mitosis (KIp61F and polo) would have severe impacts on the proper
development of the embryo. The embryos from those crosses were incredibly fragile,
with most ‘popping’ during the dechorionation step. Those that did remain intact, did
not show a multinucleated syncytium (data not shown). Embryos from the Cull,
SkpA and cheerio cross were also more fragile than normal but were able to be
successfully imaged (Figure 12). In the case of cheerio, it is expected that
knockdown of a gene involved in organisation of the actin cytoskeleton would have

an effect on
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Figure 13. Representative images of polo-GFP localisation during live imaging

of interactor RNAI embryos.

Representative stills from movies generated from live imaging of 2-3 hour old Polo-
GFP; RNAi embryos on a spinning disk confocal microscope. Stills from each mitotic
stage were taken from syncytial cycle 9. P=prophase, M=metaphase, A=anaphase,

L-A= late anaphase, T=telophase.

Stills from control (A), cheerio RNAI (B), Cull RNAI (C) and SkpA RNAi embryo time
lapse image sets. (E) Representative images of observable polo-GFP phenotypes —
(1) Late anaphase during cycle 12 in a control embryo. A weak, but discrete cortical
localisation of polo-GFP can be seen in anaphase; (2) Late anaphase during cycle
10 in a Cull RNAI embryo. An increase in cortical localisation of polo-GFP is
observed around the spindle area; (3) Late anaphase during cycle 10 in a SkpA
RNAIi embryo. An increase in cortical localisation of polo-GFP is observed around
the spindle area; (4) spindle abnormalities during cycles 9 through 11 in Cull RNAI
embryos. Green arrows point to multipolar spindles; (5) spindle abnormalities during
cycles 9 through 11 in SkpA RNAi embryos. Green arrows point to a tripolar spindle

(top arrow) and two nuclei which have failed to successfully divide (bottom arrow).
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embryo integrity. The expected polo-GFP localization (centrosomes, kinetochores,
midzone, midbody ring) was observed in all imaged embryos (Figure13A-D). RNAI
knockdown of the SCF complex components, SkpA and Cull, resulted in spindle
abnormalities and increased cortical Polo localization, akin to an outline of a cell
membrane around the spindle region (Figure 13E). Such corticallocalisation was
observed in some wild type embryos during later syncytial mitotic divisions (cycle
12), just prior to cellularisation (Figure 13E), probably reflecting the increase in
density of cortical nuclei and/or increased recruitment of Polo-GFP to the cortex in
these later cycles. However, discrete cortical localisation of Polo-GFP was not visible

in cycles 10-12 in control embryos.

To quantitatively compare the intensity of cortical polo-GFP in wild type SkpA RNAI
and Cull RNAi embryos, | developed a custom Python script to assess the pixel
brightness outside of the spindle region (Figure 14A). Brighter than average pixels
were detected using a normalisation strategy using median absolute deviation of the
non-spindle region. | found an increase in average pixel intensity in some SkpA and
Cull RNAI embryos in cycle 10 and 11 (Figure 14D,E), 2 cycles before the same
increase can be seen in the control embryos (Figure 14B). The pixel intensity in one
cheerio RNAiI embryo was higher than normal as the nuclei division progress,
however, no polo-GFP cortical phenotypes were observed in the 5 movies recorded
(Figure 13B). There is no pixel intensity data available for Cull RNAi embryo in cycle

12 as none were imaged during this division cycle.
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Figure 14. Normalised pixel intensity comparison.
A) Pipeline for still image analysis. The 20" frame after anaphase entry is exported

as a .png file. A mask for the spindle region (white) and the region outside the
embryo (black) is created manually in GIMP. The custom Python script uses the
black and white masks to automatically select the areas of interest. The area of
interest is transparent—blue background shown herein for visualisation purposes.
After selecting the area of interest, the script then calculates the average pixel
intensity value of each region. The pixel intensities are then normalised to the
average median value of the entire embryo and presented as a violin plot.

B) Normalised pixel intensities for syncytial mitotic cycles 9 thorough 12 for control
embryos. Six separate embryos (shown in red, black, green, orange, purple, and
blue) were live imaged and analysed using the Python script as outlined in A.
Each individual embryo is shown using a separate colour, i.e. the colour red
signifies that the particular cycle 9 and cycle 10 data were collected from the same
embryo. Dotted lines at Normalised Pixel Intensities of 35 and 40, the average
range of pixel intensity distribution in the control, were added to aid in comparison
across the different genotypes.

C) Normalised pixel intensities for syncytial mitotic cycles 9 thorough 11 for cheerio
RNAi embryos. Three separate embryos (shown in red, black, and blue) were live
imaged and analysed. Embryo 1 (red) has pixel intensities higher than the control
embryos across all cycles imaged. Embryo 2 (black) and embryo 3 (blue) show
slightly lower values for normalised pixel intensities compared to the control.

D) Normalised pixel intensities for syncytial mitotic cycles 9 thorough 11 for Cull
RNAI embryos. Six separate embryos were live imaged and analysed using the
Python script. Similarly to above, the data from each individual embryo is shown
using different colours. In cycle 10, embryo 1 (red) and embryo 3 (blue) have pixel
intensities higher than the control embryos for the same cycle. Embryo 4 (green)
shows a higher normalised pixel intensity than the control during cycle 11,
whereas embryos 5 and 6 (purple and orange respectively) show lower values.

E) Normalised pixel intensities for syncytial mitotic cycles 9 thorough 12 for SkpA

RNAI embryos. Four separate embryos (shown in black, red, blue and green)
were live imaged and analysed using the Python script. The analysed embryos

do not show a consistent trend across the cycles compared to the control.
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Conclusions

In summary, previous work in the Wakefield lab identified 40 proteins that physically
interact with Polo in Drosophila embryos, but the functional significance of these
components remained unknown. In line with the aim of this thesis, | performed a
highly sensitive assay called Variable Dose Analysis (VDA) in Drosophila S2R+ cells
to determine which of the physical interactors also have genetic interactions with
Polo. Inhibiting Polo using the selective small-molecule inhibitor BI-2536 and
transfecting ShRNA against the genes of interest allowed to easily screen cells based

on their viability phenotype.

Genetic interaction screens are more complex than single gene screens, as the
biological system being investigated modulates its molecular pathways as a result.
They are therefore inherently a lot more “noisy”. Screening for interactions with a
kinase such as polo is also quite challenging, as due to its pleiotropic functions we
may observe different phenotypes at different knockdown levels. One of the
advantages of using VDA as a screening method is that it is more sensitive to
identifying weak phenotypes. It also allows for the study of interactions with essential
genes, due to the observed variable range of knockdown. However, in the context
of the Polo interactor VDA screen, with lower number of replicates and the noisy
nature of the screen, incomplete statistical significance of results made hit
identification challenging. The nature of the interaction (suppressor or enhancer)
cannot be identified from the screen as it may be possible that an enhancer could
fail to be detected if it creates a balance between cell cycle disruption and cell
death—AUC analysis would make this interaction look like a control. It may be worth
pursuing a different, more involved form of analysis of the curve distribution shapes
as a more complex comparison of curve shape distributions might allow
discrimination of enhancers from suppressors, or perhaps even different phenotypes

of Polo based on the function disrupted.

The case of ytub37C provides a case in point. The ytub37C gene product is
essential in organizing the female meiotic and early embryo mitotic spindle
(Gonzalez, Tavosanis, & Mollinari, 1998) and is involved in the attachment of spindle

MTs to kinetochores in female meiosis (Hughes, et al., 2011). Given the
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complementary functions of polo and ytub37C, it was hypothesized that they might
be genetic interactors. Surprisingly, none of the shRNAs against ytub37C showed a
statistically significant effect in the VDA assay (Figure 9A). This could be due to a
multitude of factors, such as the issue with enhancer identification described above,
the weak strength of the sShRNA reagents or due to interaction differences that occur

in vitro compared to at the organismal level.

Based on the adopted cut-off approach, known Polo genetic interactors, Map205
and mtrm, were identified by the VDA screen, validating its robustness and utility in
identifying novel genetic interactors. In total, fourteen genes were selected as ‘hits’
based on their effect on cell viability in the context of Polo inhibition, with components
of the ubiquitination system enriched among them. Interestingly, all member proteins
of the Skp, Cullin, F-box containing complex (SCF complex) which catalyses the
ubiquitination of proteins for degradation, were identified as hits. This, too, supports
the validity of the screen — RNAI of genes whose products form physical and
functional complexes would be expected to elicit similar responses in the VDA
screen. In addition, four more proteins with roles in cleavage furrow formation (slam),
signalling pathways that control cell growth and patterning (Ck1a), chromosome
segregation (KIp61F), and cytoskeleton organisation (cher), were selected as top
hits and taken further for validation and additional characterization of their

interactions with polo-GFP in vivo using live imaging and biochemical approaches.

The lack of readily available RNAI fly lines prohibited the study of slam, which would
have shed further light on the function of Polo in cleavage furrow formation—the
least understood of all its mitotic functions. There is, however, a slam mutant allele
that could, in the future, be crossed to the Polo-GFP fly line, to allow the investigation
of Polo localisation in the absence of slam to be investigated (Stein, Tarczy Broihier,
Moore, & Lehmann, 2002).Inhibition of Ck1a and simb via RNAi resulted in larval
lethality, limiting the insights that could be gained in terms of their relationship to
Polo function during Drosophila development. Silencing Klp61F expression did not
produce any significant results in terms of polo-GFP localisation nor expression
levels. However, interestingly, live imaging of Cull RNAi embryos showed a
consistent and quantifiable increase in the cortical localization of polo-GFP during

late anaphase/telophase. An attractive hypothesis to explain these results is that the
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SCF complex is responsible for selective degradation of polo at the cortex in normal
embryos. Spatio-temporal control of SCF complexes to the cell cortex during the cell
cycle in mammalian cells has previously been described (Werner, et al., 2013). In
addition, another member of the polo-like kinase family, PIk4, has been reported to
be degraded in a SCF-dependent manner (Rogers, Rusan, Roberts, Peifer, &
Rogers, 2009; Cunha-Ferreira, et al., 2013). Furthermore, a study has reported that
cytoplasmic Polo is ubiquitinated and subsequently degraded by the
SCFPTCP/proteasome in Hela cells (BTrCP is the mammalian orthologue of simb)
(Giraldez, et al., 2017). Thus, it is possible that loss of Cull and SkpA function in the
early embryo could increased levels of polo-GFP in anaphase and telophase,
resulting in a significant ectopic accumulation of polo-GFP at the cortex.

Further studies

This study provides an important starting point for further investigating the
relationship between Polo and SCF-dependent degradation in Drosophila. However,

further follow up work is needed to gain deeper insight.

Firstly, it would be prudent to carry out more biochemical studies to confirm whether
Polo is degraded in an SCF-dependent manner in Drosophila. Embryo populations
can be fixed and stained to determine the different stages of mitosis, pooled and
subjected to western blotting with an anti-polo antibody. Comparison of total Polo
protein levels between control and SkpA or Cull RNAi embryos could validate any
impairment in its cell-cycle dependent degradation. It would also be interesting to
undertake reciprocal GFP-TRAP-A/MS with fly lines expressing GFP-tagged
versions of SKpA and Cull. Such an analysis could validate the physical interaction
with Polo, and would perhaps shed light on other proteins involved in the functional

relationship.

Cell biological studies could further enhance our understanding. Whilst it is clear that
there is some increase in Polo cortical localization in embryos lacking the
proteasome components, a larger-scale validation using immunostained embryos
would provide useful quantification of the prevalence of this phenotype in the
different mitotic cycles within the embryo. Concurrently, the images could be
analysed using the Python script and analysis modified to include the median and
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averages of all embryos imaged at that particular time point, increasing the
robustness of the pixel intensity comparison results. In addition, generating null
mutant and fluorescent protein-fusion variants of the Polo interactors would allow for
live imaging studies to analyse the sub-cellular localisation and dynamics of Polo

and its interactors.
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Methods
BI-2536 cell viability assay

1.0 x 10* wildtype S2R+ cells were seeded in 100 pl culture media per well of a 96-
well plate. Ethanol loading control (matching volume of 50 nM BI-2536) or stock BI-
2536 solution was added such that wells of the plate had either 10 nM, 20 nM, 30
nM, 40 nM, or 50 nM final BI-2536 concentration (8 wells per each concentration).
The plate was incubated in a humidifying chamber for 5 days at 25°C, after which
the cell viability was read out on a plate reader (Tecan) using the standard CellTiter-
Glo Luminescent Cell Viability Assay protocol (Promega, G7570). The luminescent
signal from each well was normalized to the average luminescence of ethanol-only

wells.
Embryo hatch rates

Large egg-laying population cages were set up at 20°C (100mm, one cage/strain).
The parental flies were transferred to cages and acclimatized at 20°C for 2 days prior
to experiments. Eggs were collected over a 12 hour period on 100 mm Petri dishes
filled with apple juice and agar media, coated with fresh yeast paste. Eggs were
carefully lifted off the collection plates using a paintbrush and placed onto a fresh
100mm apple juice agar plate in 10 sections of 10 eggs (100 eggs in total per plate).
The egg-seeded plates were kept at 20°C for 72 hours, after which a manual count

of the number of successfully hatched embryos took place.
Figures

Figures were generated using BioRender® under a student license, Cytoscape®,
Microsoft Excel and GIMP?.

5> https://biorender.com

6 https://cytoscape.org/index.html (Shannon, et al., 2003)

7 GNU Image Manipulation Program; https://www.gimp.org/
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Fly husbandry

All flies were reared on standard molasses/flour/yeast/propionic acid/nepagin/agar
media-containing vials or bottles, in a 25°C incubator at 70-80% relative humidity
with a 12/12h light/dark cycle.

RNAI crosses were carried out at 25°C with 10 female and 5 male flies per vial. A
minimum of 10 vials was set up for each cross, with the flies being ‘knocked over’
every 3 days 3 times for a total of 30 vials per each cross. After being ‘knocked over’,
the vials were placed at 20°C and all subsequent fly work was carried out at this

temperature.

Fly stocks

Fly stocks were obtained from the Bloomington Drosophila Stock Center where
indicated by a stock number.

w':matatubGal4
w[*]; P{w[+mC]=matalpha4-GAL-VP16}V37, Stock 7063

w+; polo-GFP
w[*]; P{w[+mW.hs]=GFP-polo}p2, gift from C. Sunkel lab

Cull RNA|
yl sc* vI; P{y[+7.7] v[+t1.8]=TRiP.GL00561}attP2 , Stock 36601

SkpA RNAI
y! sc* v; P{TRiP}attP2 , stock 32870

slmb RNAI
y! sc v!; P{TRiP}attP2 , stock 33898

cheerio RNAI
y! sc vi; P{TRIP }attP2/TM3,Sb , stock 35755

Ck1a RNAI
y! sc v!; P{TRiP}attP2 , stock 35153

KIp61F RNAI
y! sc v!; P{TRiP}attP40 , stock 35804

polo RNAI
y! sc v!; P{TRiP}attP40 , stock 36093
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Live Imaging

On days when live imaging took place, synchronized embryos were collected at 20°C
in 60mm Petri dish egg laying cages for an hour. One 1-hour long pre-lay preceded
the egg collection in order to encourage females to lay eggs they may have
incubated for varying time periods. The embryos were then aged for 2 hours so that
2-3 hour-old embryos could be manually dechorionated for live imaging. Embryos
were manually affixed to a glass coverslip using heptane glue and imaged every 5
seconds using the Olympus 1X81 Spinning Disc Confocal Microscope at 200ms
exposure, 20% 488nm laser power under the UPlanSApo 60x / 1.35 Oil objective.
Movies were recorded for gone or two division cycles and no longer than 3 cycles to

avoid photobleaching the sample.

Propidium iodide staining

0.3 x 10° wildtype S2R+ cells were seeded in 2000 pl culture media per well of a 6-
well plate. 1uL of stock BI-2536 solution was added to appropriate wells for a final
concentration of 20 nM BI-2536 or 50 nM BI-2536 per well (or 1 pl of EtOH loading
control). After a 5 day incubation at 25°C, the cells were harvested and washed in
PBS. The cells were then fixed in cold 70% ethanol for 30 min at 4°C. The cells were
washed 2x in PBS, spun at 850g and supernatant was discarded. The cells were
then treated with 50 pl of Ribonuclease | (100 pug/ml stock). 200 ul of propidium
iodide (50 pug/ml stock) was added, and the cells were moved to a 96-well plate for
analysis using a flow cytometer (CytoFlex S, Beckman Coulter). FSC and SSC
measurements were taken for 10,000 ‘events’ and the gating strategy selected only
single cells. The DNA content was measured using the ECD channel and a
histogram showing cell count vs dye brightness. The peaks corresponding to 2N
(Go/G1), 2N-4N (S-phase) and 4N (G2/M) DNA content were delineated and labelled

in the native cytometer software.
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Pixel intensity quantification

Movies generated from live imaging were converted into 8-bit .png files in Fiji®. For
each movie, a frame exactly 20 frames after the onset of anaphase was selected,
and a ‘spindle mask’ for 15 spindles was created in GIMP using brush size ‘40’,
maximum hardness. In embryos that didn’t have 15 ‘full spindles’, any area of the
spindle was masked out for a total of 15 areas of analysis. The area outside the
embryo and the selected 15 spindles was also masked out. The images and masks
were analyzed using a custom Python script. The median pixel intensity and median-
absolute-deviation were calculated. Pixels were marked as ‘bright’ if they were more
than 3 times the median-absolute deviation for the median for that region. Violin plots

for each image were generated, showing the intensity values and their distribution.
S2R+ cell maintenance

Cell lines were maintained in an incubator at 25°C, 33% RH in standard S2R+ cell
filter-sterilized medium (450 mL Schneider’'s medium (Gibco#21720024), 50 mL fetal
bovine serum (Gibco#A3382001), 5 mL penicillin-streptomycin (Gibco#15070063)

(split every 3-4 days to maintain).
shRNA library construction

Three different shRNAs per each target gene were designed using the standard
TRIiP hairpin design protocol® based on the algorithm of Vert et al (Vert, Foveau,
Lajaunie, & Vandenbrouck, 2006). The annealed oligos were subsequently cloned
into the pValium20 vector (Perkins, et al., 2015) using standard cloning techniques.

See Appendix A for detailed hairpin design information.
Statistical analysis

All p-values reported herein are based on independent two-tailed t-tests assuming

unequal variance carried out using the built-in t.test formula in Microsoft Excel.

8 https://imagej.net/Fiji
9 https://fgr.hms.harvard.edu/cloning-and-sequencing
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Variable Dose Analysis

VDA assays were performed by transfecting a mixture of 90 ng shRNA, 20 ng actin-
GFP, and 90ng actin-GAL4 plasmids into 1.5 x 10* wildtype S2R+ cells seeded in
100 pl culture media per well of a 96-well plate (plated 1 hour prior to transfection),
following an optimised FugeneHD transfection reagent protocol (Promega, E2311).
Additionally, 1uL of stock BI-2536 solution was added to appropriate wells for a final
concentration of 20 nM BI-2536 or 50 nM BI-2536 per well (or 1 pl of EtOH loading
control). Following 5 days of culture at 25°C in a humidifying chamber, the plates
were analysed using the CytoFlex S flow cytometer (Beckman Coulter). 20,000
events were recorded per sample (well), and GFP intensities and FSC

measurements for all GFP-expressing cells were exported for further analysis.

The cytometry data was analysed using custom MATLAB scripts. First, .fcs files were
converted into .csv files using a MATLAB script'®. Then all GFP intensities were
normalized to cell size measurements (FSC) and divided into 500 bins based on
GFP fluorescence. GFP distributions were normalized between all samples. Finally,
the area under the cumulative GFP distribution plots was calculated and normalized

to the median value of the negative control samples.

Hits were selected to be genes that showed an effect on the polo phenotype. The
areas under the curve were annotated by hand in terms of phenotypic effects seen,
i.e. enhancement or suppression of polo phenotype. Genes with effect in 3 out of 3
shRNA designs were considered to be ‘top hits’, and genes with strong or consistent

effect in 2 out of 3 shRNAs were also considered as ‘hits’

10 available from: uk.mathworks.com/matlabcentral/fileexchange/9608-fca_readfcs
62



Appendix A. Polo interactor library shRNA hairpin designs.

The shRNA vectors assigned a hairpin ID were a gift from the TRIP at Harvard
Medical School. All others were designed and cloned in house at the Living
Systems Institute.

shRNA Top Strand Oligo Bottom Strand Oligo TRiP ITDa”pm
ctagcagtCAGGAGCTTTCGCTCAGCAA | aattcgcCAGGAGCTTTCGCTCAGCAAA
white AtagttatattcaagcataTTTGCTGAGCGAA tatgcttgaatataactaTTTGCTGAGCGAAA HMS00017
AGCTCCTGgcg GCTCCTGactg
ctagcagtCACCCAAGTCCTCAAATTCAA | aattcgcCACCCAAGTCCTCAAATTCAAL
thread tagttatattcaagcataTTGAATTTGAGGACT | atgcttgaatataactaTTGAATTTGAGGACT HMS00752
TGGGTGgcg TGGGTGactg
ctagcagtTTCGACTACGATGACACTGA aattcgcTTCGACTACGATGACACTGAAL
Bruce-1 AtagttatattcaagcataTTCAGTGTCATCGT | atgcttgaatataactaTTCAGTGTCATCGTA
AGTCGAAgcg GTCGAAactg
ctagcagtCAGGTGCAGAATCAACGTAA | aattcgcCAGGTGCAGAATCAACGTAAAL
Bruce-2 AtagttatattcaagcataTTTACGTTGATTCT | atgcttgaatataactaTTTACGTTGATTCTG
GCACCTGgcg CACCTGactg
ctagcagtTCAGCTCTTAGTGTTCGACTA | aattcgcTCAGCTCTTAGTGTTCGACTAL
Bruce-3 tagttatattcaagcataTAGTCGAACACTAA atgcttgaatataactaTAGTCGAACACTAAG
GAGCTGAgcg AGCTGAactg
ctagcagtTCGGGACAAGAAGCAGATTA | aattcgcTCGGGACAAGAAGCAGATTAA
Cen-1 AtagttatattcaagcataTTAATCTGCTTCTT | tatgcttgaatataactaTTAATCTGCTTCTTG
GTCCCGAgcg TCCCGAactg
ctagcagtCAGCGAAATGGAGGTGTTAA | aattcgcCAGCGAAATGGAGGTGTTAAA
Cen-2 AtagttatattcaagcataTTTAACACCTCCAT | tatgcttgaatataactaTTTAACACCTCCATT
TTCGCTGgcg TCGCTGactg
ctagcagtCAGAGTGTTGAGTTCTCCAA aattcgcCAGAGTGTTGAGTTCTCCAAAL
Cen-3 AtagttatattcaagcataTTTGGAGAACTCA atgcttgaatataactaTTTGGAGAACTCAAC
ACACTCTGgcg ACTCTGactg
ctagcagtACGGAGATGGATGAAGTTCT | aattcgcACGGAGATGGATGAAGTTCTAL
CG10254-1 AtagttatattcaagcataTAGAACTTCATCCA | atgcttgaatataactaTAGAACTTCATCCAT
TCTCCGTgcg CTCCGTactg
ctagcagtCACGATCGATTCTACCTCAAA | aattcgcCACGATCGATTCTACCTCAAAL
CG10254-2 tagttatattcaagcataTTTGAGGTAGAATC atgcttgaatataactaTTTGAGGTAGAATCG
GATCGTGgcg ATCGTGactg
ctagcagtATGGATGAAGTTCTATGCAAA | aattcgcATGGATGAAGTTCTATGCAAAL
CG10254-3 tagttatattcaagcataTTTGCATAGAACTTC | atgcttgaatataactaTTTGCATAGAACTTC
ATCCATgcg ATCCATactg
ctagcagtCCGGTCATACCTGATCTAATA | aattcgcCCGGTCATACCTGATCTAATAL
CG10289-1 tagttatattcaagcataTATTAGATCAGGTAT | atgcttgaatataactaTATTAGATCAGGTAT SHO01744.N
GACCGGgcg GACCGGactg
ctagcagtAAGGGCGTTCAGGATAATCT aattcgcAAGGGCGTTCAGGATAATCTAL
CG10289-2 AtagttatattcaagcataTAGATTATCCTGAA | atgcttgaatataactaTAGATTATCCTGAAC
CGCCCTTgcg GCCCTTactg
ctagcagtCAGGCTGAGTACGACAATAA | aattcgcCAGGCTGAGTACGACAATAATL
CG10289-3 TtagttatattcaagcataATTATTGTCGTACT | atgcttgaatataactaATTATTGTCGTACTC
CAGCCTGgcg AGCCTGactg
ctagcagtCTGCGTGGGCGACAAAGTCA | aattcgcCTGCGTGGGCGACAAAGTCAA
CG16935-1 AtagttatattcaagcataTTGACTTTGTCGC tatgcttgaatataactaTTGACTTTGTCGCC
CCACGCAGgcg CACGCAGactg
ctagcagtCCGGGTGACACGGTCATCCA | aattcgcCCGGGTGACACGGTCATCCAA
CG16935-2 AtagttatattcaagcataTTGGATGACCGTG tatgcttgaatataactaTTGGATGACCGTGT
TCACCCGGgcg CACCCGGactg
ctagcagtACGGAGGTGTCGCGTCATCT | aattcgcACGGAGGTGTCGCGTCATCTA
CG16935-3 AtagttatattcaagcataTAGATGACGCGAC | tatgcttgaatataactaTAGATGACGCGACA
ACCTCCGTgcg CCTCCGTactg
ctagcagtAAGTATAATGGTCAAGACAAA | aattcgcAAGTATAATGGTCAAGACAAAL
CG17018-1 tagttatattcaagcataTTTGTCTTGACCATT | atgcttgaatataactaTTTGTCTTGACCATT SHO06400.N
ATACTTgcg ATACTTactg
ctagcagtTGCGACCTTATAGACATTCTA | aattcgcTGCGACCTTATAGACATTCTAt
CG17018-2 tagttatattcaagcataTAGAATGTCTATAAG | atgcttgaatataactaTAGAATGTCTATAAG
GTCGCAgcg GTCGCAactg
ctagcagtAAGGTGCAGCGTCTTATCAA aattcgcCAAGGTGCAGCGTCTTATCAAAL
CG17018-3 AtagttatattcaagcataTTTGATAAGACGCT | atgcttgaatataactaTTTGATAAGACGCTG
GCACCTTgcg CACCTTactg
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ctagcagtCTGGACAAATATCTAGACGA

aattcgcCTGGACAAATATCTAGACGAAL

CG3342-1 AtagttatattcaagcataTTCGTCTAGATATT | atgcttgaatataactaTTCGTCTAGATATTT
TGTCCAGgcg GTCCAGactg
ctagcagtCGGGTCGGTTATAGCACCTA | aattcgcCGGGTCGGTTATAGCACCTAA

CG3342-2 AtagttatattcaagcataTTAGGTGCTATAAC | tatgcttgaatataactaTTAGGTGCTATAAC
CGACCCGgcg CGACCCGactg
ctagcagtCCGGATGAGAAGGAATTCAT | aattcgcCCGGATGAGAAGGAATTCATAL

CG3342-3 AtagttatattcaagcataTATGAATTCCTTCT | atgcttgaatataactaTATGAATTCCTTCTC
CATCCGGgcg ATCCGGactg
ctagcagtCTGGTTCACTGTTGATCTGAA | aattcgcCTGGTTCACTGTTGATCTGAAL

CG9062-1 tagttatattcaagcataTTCAGATCAACAGT atgcttgaatataactaTTCAGATCAACAGTG
GAACCAGgcg AACCAGactg
ctagcagtAACGACAAACGTTATATCATA | aattcgcAACGACAAACGTTATATCATAL

CG9062-2 tagttatattcaagcataTATGATATAACGTTT | atgcttgaatataactaTATGATATAACGTTT
GTCGTTgcg GTCGTTactg
ctagcagtCAGTTCCGACGGCACGATCA | aattcgcCAGTTCCGACGGCACGATCAA

CG9062-3 AtagttatattcaagcataTTGATCGTGCCGT tatgcttgaatataactaTTGATCGTGCCGTC
CGGAACTGgcg GGAACTGactg
ctagcagtCAGCTGCGATGTGTCGTACA | aattcgcCAGCTGCGATGTGTCGTACAA

cher-1 AtagttatattcaagcataTTGTACGACACAT tatgcttgaatataactaTTGTACGACACATC SH02153.N
CGCAGCTGgcg GCAGCTGactg
ctagcagtCCAGTGCAAGCTGACATTCA aattcgcCCAGTGCAAGCTGACATTCAAL
cher-2 AtagttatattcaagcataTTGAATGTCAGCTT | atgcttgaatataactaTTGAATGTCAGCTTG
GCACTGGgceg CACTGGactg
ctagcagtCGAGCTGGTGGTCAAATACA | aattcgcCGAGCTGGTGGTCAAATACAA
cher-3 AtagttatattcaagcataTTGTATTTGACCAC | tatgcttgaatataactaTTGTATTTGACCACC
CAGCTCGgcg AGCTCGactg
ctagcagtATACGTGATGATGTACTTCAA | aattcgcATACGTGATGATGTACTTCAAL
Ckla-1 tagttatattcaagcataTTGAAGTACATCATC | atgcttgaatataactaTTGAAGTACATCATC SH10613.N
ACGTATgcg ACGTATactg
ctagcagtACGCGCCATTTCACAATCAA aattcgcACGCGCCATTTCACAATCAAAL
Ckla-2 AtagttatattcaagcataTTTGATTGTGAAAT | atgcttgaatataactaTTTGATTGTGAAATG
GGCGCGTgceg GCGCGTactg
ctagcagtTACGCGCCATTTCACAATCAA | aattcgcTACGCGCCATTTCACAATCAAL
Ckla-3 tagttatattcaagcataTTGATTGTGAAATG atgcttgaatataactaTTGATTGTGAAATGG
GCGCGTAgcg CGCGTAactg
ctagcagtCAGCAGTTGCGAGACAATAA | aattcgcCAGCAGTTGCGAGACAATAAAL
cmet-1 AtagttatattcaagcataTTTATTGTCTCGCA | atgcttgaatataactaTTTATTGTCTCGCAA
ACTGCTGgcg CTGCTGactg
ctagcagtCAGATACGACTCGATCTGCA | aattcgcCAGATACGACTCGATCTGCAAt
cmet-2 AtagttatattcaagcataTTGCAGATCGAGT atgcttgaatataactaTTGCAGATCGAGTC
CGTATCTGgcg GTATCTGactg
ctagcagtTCGACTATAGAGAGTCTTCAA | aattcgcTCGACTATAGAGAGTCTTCAAt
cmet-3 tagttatattcaagcataTTGAAGACTCTCTAT | atgcttgaatataactaTTGAAGACTCTCTAT
AGTCGAgcg AGTCGAactg
ctagcagtCTGGACCTTCTGTACAATCAA | aattcgcCTGGACCTTCTGTACAATCAAL
coil-1 tagttatattcaagcataTTGATTGTACAGAA atgcttgaatataactaTTGATTGTACAGAAG SH00308.N
GGTCCAGgcg GTCCAGactg
ctagcagtTACGGCGACTCTGATATTGA aattcgcTACGGCGACTCTGATATTGAAL
coil-2 AtagttatattcaagcataTTCAATATCAGAGT | atgcttgaatataactaTTCAATATCAGAGTC
CGCCGTAgcg GCCGTAactg
ctagcagtACGGAAGTGCATCTCCGATT aattcgcACGGAAGTGCATCTCCGATTAL
coil-3 AtagttatattcaagcataTAATCGGAGATGC | atgcttgaatataactaTAATCGGAGATGCAC
ACTTCCGTgcg TTCCGTactg
ctagcagtCTGGTTGTATCAGATGTGCA aattcgcCTGGTTGTATCAGATGTGCAAL
Cull-1 AtagttatattcaagcataTTGCACATCTGATA | atgcttgaatataactaTTGCACATCTGATAC
CAACCAGgcg AACCAGactg
ctagcagtGCGGTCAGTGCGACAGTTCA | aattcgcGCGGTCAGTGCGACAGTTCAA
Cull-2 AtagttatattcaagcataTTGAACTGTCGCA tatgcttgaatataactaTTGAACTGTCGCAC
CTGACCGCqgcg TGACCGCactg
ctagcagtCCGCGACGTTATCGAGTGCT | aattcgcCCGCGACGTTATCGAGTGCTA
Cull-3 AtagttatattcaagcataTAGCACTCGATAA tatgcttgaatataactaTAGCACTCGATAAC
CGTCGCGGygceg GTCGCGGactg
ctagcagtCTCGATTGTGGTGCTGTGCA | aattcgcCTCGATTGTGGTGCTGTGCAAL
dco-1 AtagttatattcaagcataTTGCACAGCACCA atgcttgaatataactaTTGCACAGCACCACA
CAATCGAGgcg ATCGAGactg
ctagcagtTCGAGTCAAAGTTCTACAAG aattcgcTCGAGTCAAAGTTCTACAAGAL
dco-2 AtagttatattcaagcataTCTTGTAGAACTTT | atgcttgaatataactaTCTTGTAGAACTTTG

GACTCGAgcg

ACTCGAactg
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ctagcagtAAGAAAGGAGCTCAGACGAA

aattcgcAAGAAAGGAGCTCAGACGAAA

dco-3 AtagttatattcaagcataTTTCGTCTGAGCT tatgcttgaatataactaTTTCGTCTGAGCTC SH10572.N
CCTTTCTTgcg CTTTCTTactg
ctagcagtCCGCAAGTTCCTGTTGCTCA aattcgcCCGCAAGTTCCTGTTGCTCAAt
dit-1 AtagttatattcaagcataTTGAGCAACAGGA | atgcttgaatataactaT TGAGCAACAGGAA SHO02999.N
ACTTGCGGgcg CTTGCGGactg
ctagcagt CAGCCTGTTAATGGACCTCA aattcgcCAGCCTGTTAATGGACCTCAAt
dit-2 AtagttatattcaagcataTTGAGGTCCATTAA | atgcttgaatataactaTTGAGGTCCATTAAC
CAGGCTGgcg AGGCTGactg
ctagcagtCAGCAGCTTATGGACAGTAA | aattcgcCAGCAGCTTATGGACAGTAAAL
dit-3 AtagttatattcaagcataTTTACTGTCCATAA | atgcttgaatataactaTTTACTGTCCATAAG
GCTGCTGgcg CTGCTGactg
ctagcagtCAGCGAGATTATAACCCTTC aattcgcCAGCGAGATTATAACCCTTCAt
yTub37C-1 AtagttatattcaagcataTGAAGGGTTATAAT | atgcttgaatataactaTGAAGGGTTATAATC
CTCGCTGgcg TCGCTGactg
ctagcagtTTGGGCCAATGTGGCAATCA | aattcgcTTGGGCCAATGTGGCAATCAAL
yTub37C-2 AtagttatattcaagcataTTGATTGCCACATT | atgcttgaatataactaTTGATTGCCACATTG
GGCCCAAgcg GCCCAAactg
ctagcagtACCGAAAGATTGCACATCCA aattcgcACCGAAAGATTGCACATCCAAL
yTub37C-3 AtagttatattcaagcataTTGGATGTGCAAT atgcttgaatataactaTTGGATGTGCAATCT
CTTTCGGTgcg TTCGGTactg
ctagcagtAGCGAAATTCGACGAGTACA | aattcgcAGCGAAATTCGACGAGTACAAL
GCS2a-1 AtagttatattcaagcataTTGTACTCGTCGA atgcttgaatataactaTTGTACTCGTCGAAT
ATTTCGCTgcg TTCGCTactg
ctagcagtATGATCAAGAATCTTACAGAA | aattcgcATGATCAAGAATCTTACAGAAL
GCS2a-2 tagttatattcaagcataTTCTGTAAGATTCTT | atgcttgaatataactaTTCTGTAAGATTCTT
GATCATgcg GATCATactg
ctagcagtCACGCCGACAGCTTCATACT aattcgcCACGCCGACAGCTTCATACTAt
GCS2a-3 AtagttatattcaagcataTAGTATGAAGCTG atgcttgaatataactaTAGTATGAAGCTGTC
TCGGCGTGgcg GGCGTGactg
ctagcagtAAGGATGAGCGCAACGACTT | aattcgcAAGGATGAGCGCAACGACTTA
Grip84-1 AtagttatattcaagcataTAAGTCGTTGCGC tatgcttgaatataactaTAAGTCGTTGCGCT
TCATCCTTgcg CATCCTTactg
ctagcagtTTCGATCTTCAAGCTCTGCAA | aattcgcTTCGATCTTCAAGCTCTGCAAL
Grip84-2 tagttatattcaagcataTTGCAGAGCTTGAA atgcttgaatataactaTTGCAGAGCTTGAAG
GATCGAAgcg ATCGAAactg
ctagcagtCGAGCGATACAGCGAATGCA | aattcgcCGAGCGATACAGCGAATGCAA
Grip84-3 AtagttatattcaagcataTTGCATTCGCTGTA | tatgcttgaatataactaTTGCATTCGCTGTAT
TCGCTCGgcg CGCTCGactg
ctagcagtCTGGGTGGAGCTACAGAAGA | aattcgcCTGGGTGGAGCTACAGAAGAA
Grip91-1 AtagttatattcaagcataTTCTTCTGTAGCTC | tatgcttgaatataactaTTCTTCTGTAGCTCC
CACCCAGgcg ACCCAGactg
ctagcagtCACGATCGAGTGGTCAAGTT | aattcgcCACGATCGAGTGGTCAAGTTTt
Grip91-2 TtagttatattcaagcataAAACTTGACCACTC | atgcttgaatataactaAAACTTGACCACTCG
GATCGTGgcg ATCGTGactg
ctagcagtTCGGCTGGACTTCAACGAGT | aattcgcTCGGCTGGACTTCAACGAGTA
Grip91-3 AtagttatattcaagcataTACTCGTTGAAGT tatgcttgaatataactaTACTCGTTGAAGTC
CCAGCCGAgcg CAGCCGAactg
ctagcagtAGCGAGATCAAGGATGTCCT | aattcgcAGCGAGATCAAGGATGTCCTA
Hsp68-1 AtagttatattcaagcataTAGGACATCCTTG tatgcttgaatataactaTAGGACATCCTTGA
ATCTCGCTgcg TCTCGCTactg
ctagcagtCTGGCCGTTCAAAGTGATCA aattcgcCTGGCCGTTCAAAGTGATCAAL
Hsp68-2 AtagttatattcaagcataTTGATCACTTTGAA | atgcttgaatataactaTTGATCACTTTGAAC
CGGCCAGgcg GGCCAGactg
ctagcagtCTGACCAAGGACAACAATGT aattcgcCTGACCAAGGACAACAATGTAL
Hsp68-3 AtagttatattcaagcataTACATTGTTGTCCT | atgcttgaatataactaTACATTGTTGTCCTT
TGGTCAGgcg GGTCAGactg
ctagcagtTACAAGAAGAGAATACTTTCA | aattcgcTACAAGAAGAGAATACTTTCAL
Hsp70Ba-1 tagttatattcaagcataTGAAAGTATTCTCTT | atgcttgaatataactaTGAAAGTATTCTCTT
CTTGTAgcg CTTGTAactg
ctagcagtGAGCTACGTATACAACGTAA aattcgcGAGCTACGTATACAACGTAAAL
Hsp70Ba-2 AtagttatattcaagcataTTTACGTTGTATAC | atgcttgaatataactaTTTACGTTGTATACG SH04445.N
GTAGCTCgcg TAGCTCactg
ctagcagtAGAGCTACGTATACAACGTA aattcgcAGAGCTACGTATACAACGTAAL
Hsp70Ba-3 AtagttatattcaagcataTTACGTTGTATACG | atgcttgaatataactaTTACGTTGTATACGT
TAGCTCTgcg AGCTCTactg
ctagcagtCAGCTCTATCAACGACATCA aattcgcCAGCTCTATCAACGACATCAAL
Imp-1 AtagttatattcaagcataTTGATGTCGTTGAT | atgcttgaatataactaTTGATGTCGTTGATA SHO01803.N
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ctagcagtATCGGACTATTCTACAGTGTA

aattcgcATCGGACTATTCTACAGTGTAt

Imp-2 tagttatattcaagcataTACACTGTAGAATA atgcttgaatataactaTACACTGTAGAATAG SH06428.N
GTCCGATgcg TCCGATactg
ctagcagtTTCGAGAAGATGCGCGAAGA | aattcgcTTCGAGAAGATGCGCGAAGAA

Imp-3 AtagttatattcaagcataTTCTTCGCGCATCT | tatgcttgaatataactaTTCTTCGCGCATCTT
TCTCGAAgcg CTCGAAactg
ctagcagtCTGGAGGATGGTAAACAGCA | aattcgcCTGGAGGATGGTAAACAGCAA

Klp10A-1 AtagttatattcaagcataTTGCTGTTTACCAT | tatgcttgaatataactaTTGCTGTTTACCATC
CCTCCAGgcg CTCCAGactg
ctagcagtCTCGACGAAGATCCATGGCA | aattcgcCTCGACGAAGATCCATGGCAA

Klp10A-2 AtagttatattcaagcataTTGCCATGGATCTT | tatgcttgaatataactaTTGCCATGGATCTT
CGTCGAGgcg CGTCGAGactg
ctagcagtTAGCGTGAATACAAACAGCA | aattcgcTAGCGTGAATACAAACAGCAAL

Klp10A-3 AtagttatattcaagcataTTGCTGTTTGTATT | atgcttgaatataactaTTGCTGTTTGTATTC
CACGCTAgcg ACGCTAactg
ctagcagtCAGGAGCTGTCCGAAACTGA | aattcgcCAGGAGCTGTCCGAAACTGAA

KIp61F-1 AtagttatattcaagcataTTCAGTTTCGGAC tatgcttgaatataactaTTCAGTTTCGGACA SHO00722.N
AGCTCCTGgcg GCTCCTGactg
ctagcagtCCGATCTTGCGATCAGTTCA aattcgcCCGATCTTGCGATCAGTTCAAL

KIp61F-2 AtagttatattcaagcataTTGAACTGATCGC atgcttgaatataactaTTGAACTGATCGCAA
AAGATCGGgcg GATCGGactg
ctagcagtCAGCTGCAAATTTGCGAGCA | aattcgcCAGCTGCAAATTTGCGAGCAAL

KIp61F-3 AtagttatattcaagcataTTGCTCGCAAATTT | atgcttgaatataactaTTGCTCGCAAATTTG
GCAGCTGgceg CAGCTGactg
ctagcagtCAGGATGCGAATCCTAAAGA | aattcgcCAGGATGCGAATCCTAAAGAAL

loki-1 AtagttatattcaagcataTTCTTTAGGATTCG | atgcttgaatataactaTTCTTTAGGATTCGC
CATCCTGgcg ATCCTGactg
ctagcagtACGTTTGTGAATAACGAGAA aattcgcACGTTTGTGAATAACGAGAAAL
loki-2 AtagttatattcaagcataTTTCTCGTTATTCA | atgcttgaatataactaTTTCTCGTTATTCAC
CAAACGTQgcg AAACGTactg
ctagcagtCAGCAACAAACTACTTAGCG aattcgcCAGCAACAAACTACTTAGCGAL
loki-3 AtagttatattcaagcataTCGCTAAGTAGTTT | atgcttgaatataactaTCGCTAAGTAGTTTG SH10629.N
GTTGCTGgcg TTGCTGactg
ctagcagtCAGACTTGTGACGATAAGGA | aattcgcCAGACTTGTGACGATAAGGAAL

Map205-1 AtagttatattcaagcataTTCCTTATCGTCAC | atgcttgaatataactaTTCCTTATCGTCACA
AAGTCTGgcg AGTCTGactg
ctagcagtACGATGGTGACTTCTCGACA | aattcgcACGATGGTGACTTCTCGACAAL

Map205-2 AtagttatattcaagcataTTGTCGAGAAGTC atgcttgaatataactaTTGTCGAGAAGTCAC
ACCATCGTgcg CATCGTactg
ctagcagtTAGCAGAAGAGGTTAAGATT aattcgcTAGCAGAAGAGGTTAAGATTAL

Map205-3 AtagttatattcaagcataTAATCTTAACCTCT | atgcttgaatataactaTAATCTTAACCTCTT
TCTGCTAgcg CTGCTAactg
ctagcagtCTGACGCAAGACAACGACGA | aattcgcCTGACGCAAGACAACGACGAA

milt-1 AtagttatattcaagcataTTCGTCGTTGTCTT | tatgcttgaatataactaTTCGTCGTTGTCTTG
GCGTCAGgcg CGTCAGactg
ctagcagtCAGCTAAACGATGCTAACTC aattcgcCAGCTAAACGATGCTAACTCAL
milt-2 AtagttatattcaagcataTGAGTTAGCATCG atgcttgaatataactaTGAGTTAGCATCGTT
TTTAGCTGgcg TAGCTGactg
ctagcagtTCCGGACGATGGATTCGTTA aattcgcTCCGGACGATGGATTCGTTAAL
milt-3 AtagttatattcaagcataTTAACGAATCCATC | atgcttgaatataactaTTAACGAATCCATCG
GTCCGGAgcg TCCGGAactg
ctagcagtAAGACACTTATTGAAGATGTA | aattcgcAAGACACTTATTGAAGATGTAL
msps-1 tagttatattcaagcataTACATCTTCAATAAG | atgcttgaatataactaTACATCTTCAATAAG
TGTCTTgcg TGTCTTactg
ctagcagtAAGCCTGTTAGAGGAGTTCA aattcgcAAGCCTGTTAGAGGAGTTCAAL
msps-2 AtagttatattcaagcataTTGAACTCCTCTAA | atgcttgaatataactaTTGAACTCCTCTAAC
CAGGCTTgcg AGGCTTactg
ctagcagtCAGGTAGAGTTTGACAAGAA aattcgcCAGGTAGAGTTTGACAAGAATt
msps-3 TtagttatattcaagcataATTCTTGTCAAACT | atgcttgaatataactaATTCTTGTCAAACTC
CTACCTGgcg TACCTGactg
ctagcagtCACGCCCACGAACAAGACCA | aattcgcCACGCCCACGAACAAGACCAA
mtrm-1 AtagttatattcaagcataTTGGTCTTGTTCGT | tatgcttgaatataactaTTGGTCTTGTTCGT
GGGCGTGgcg GGGCGTGactg
ctagcagtCCGATGAGGATTGCAACCGT | aattcgcCCGATGAGGATTGCAACCGTA
mtrm-2 AtagttatattcaagcataTACGGTTGCAATC tatgcttgaatataactaTACGGTTGCAATCC
CTCATCGGgcg TCATCGGactg
ctagcagtGCGGTTCGCTACCTTCAAGA | aattcgcGCGGTTCGCTACCTTCAAGAAt
mtrm-3 AtagttatattcaagcataTTCTTGAAGGTAG atgcttgaatataactaTTCTTGAAGGTAGCG
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ctagcagtAACGAGGAGTTCTTCAACCA

aattcgcAACGAGGAGTTCTTCAACCAAL

mus101-1 AtagttatattcaagcataTTGGTTGAAGAAC atgcttgaatataactaTTGGTTGAAGAACTC
TCCTCGTTgcg CTCGTTactg
ctagcagtAAGCAAATCACCGACTATCTA | aattcgcAAGCAAATCACCGACTATCTAL
mus101-2 tagttatattcaagcataTAGATAGTCGGTGA atgcttgaatataactaTAGATAGTCGGTGAT
TTTGCTTgcg TTGCTTactg
ctagcagtAACGGACACCGAGAAGTATA | aattcgcAACGGACACCGAGAAGTATAA
mus101-3 AtagttatattcaagcataTTATACTTCTCGGT | tatgcttgaatataactaTTATACTTCTCGGTG
GTCCGTTgcg TCCGTTactg
ctagcagtTTCCAGGATAATCTAGATTAA | aattcgcTTCCAGGATAATCTAGATTAAL
Pli-1 tagttatattcaagcataTTAATCTAGATTATC | atgcttgaatataactaTTAATCTAGATTATC
CTGGAAgcg CTGGAAactg
ctagcagtCTCCAAGTTTGTGCTCCACA aattcgcCTCCAAGTTTGTGCTCCACAAL
Pli-2 AtagttatattcaagcataTTGTGGAGCACAA | atgcttgaatataactaTTGTGGAGCACAAAC
ACTTGGAGgcg TTGGAGactg
ctagcagtCACGCTGGTTATACCACGCA | aattcgcCACGCTGGTTATACCACGCAAt
PIi-3 AtagttatattcaagcataTTGCGTGGTATAA atgcttgaatataactaTTGCGTGGTATAACC
CCAGCGTGgcg AGCGTGactg
ctagcagtCTGGAGAAGATGTTCACATA aattcgcCTGGAGAAGATGTTCACATAAL
polo-1 AtagttatattcaagcataTTATGTGAACATCT | atgcttgaatataactaTTATGTGAACATCTT SH00482.N
TCTCCAGgcg CTCCAGactg
ctagcagtTACGAGATCATCGATGTGGA aattcgcTACGAGATCATCGATGTGGAAL
polo-2 AtagttatattcaagcataTTCCACATCGATG atgcttgaatataactaTTCCACATCGATGAT
ATCTCGTAgcg CTCGTAactg
ctagcagtTCCGAACATTGTCAAGTTTCA | aattcgcTCCGAACATTGTCAAGTTTCAL
polo-3 tagttatattcaagcataTGAAACTTGACAAT atgcttgaatataactaTGAAACTTGACAATG
GTTCGGAgcg TTCGGAactg
ctagcagtACGCAAGACCTTCAACATTAA | aattcgcACGCAAGACCTTCAACATTAAL
SkpA-1 tagttatattcaagcataTTAATGTTGAAGGTC | atgcttgaatataactaTTAATGTTGAAGGTC SH00974.N
TTGCGTgcg TTGCGTactg
ctagcagtAGCGAACTATCTGGACATTA aattcgcCAGCGAACTATCTGGACATTAAL
SkpA-2 AtagttatattcaagcataTTAATGTCCAGATA | atgcttgaatataactaTTAATGTCCAGATAG
GTTCGCTgcg TTCGCTactg
ctagcagtCACCTGCAAGACTGTTGCAA | aattcgcCACCTGCAAGACTGTTGCAAAL
SkpA-3 AtagttatattcaagcataTTTGCAACAGTCTT | atgcttgaatataactaTTTGCAACAGTCTTG
GCAGGTGgcg CAGGTGactg
ctagcagtCTCGAACGATCCGATGGACA | aattcgcCTCGAACGATCCGATGGACAA
slam-1 AtagttatattcaagcataTTGTCCATCGGAT tatgcttgaatataactaTTGTCCATCGGATC
CGTTCGAGgcg GTTCGAGactg
ctagcagtCCGATGGACAACAGTCCGAT | aattcgcCCGATGGACAACAGTCCGATA
slam-2 AtagttatattcaagcataTATCGGACTGTTG tatgcttgaatataactaTATCGGACTGTTGT
TCCATCGGgcg CCATCGGactg
ctagcagtCTGGATCGTCAGAGCGATGA | aattcgcCTGGATCGTCAGAGCGATGAA
slam-3 AtagttatattcaagcataTTCATCGCTCTGA tatgcttgaatataactaTTCATCGCTCTGAC
CGATCCAGgcg GATCCAGactg
ctagcagtATCGATGTTACCGAGGTTATA | aattcgcATCGATGTTACCGAGGTTATAL
sle-1 tagttatattcaagcataTATAACCTCGGTAA atgcttgaatataactaTATAACCTCGGTAAC SHO0769.N
CATCGATgcg ATCGATactg
ctagcagtCCGAGGAAAGACCGACAGAA | aattcgcCCGAGGAAAGACCGACAGAA
sle-2 AtagttatattcaagcataTTTCTGTCGGTCTT | AtatgcttgaatataactaTTTCTGTCGGTCTT
TCCTCGGgcg TCCTCGGactg
ctagcagtAACAACGACACTGATGACTT aattcgcAACAACGACACTGATGACTTAL
sle-3 AtagttatattcaagcataTAAGTCATCAGTGT | atgcttgaatataactaTAAGTCATCAGTGTC
CGTTGTTgcg GTTGTTactg
ctagcagtCTGCGCGAGTTACATCTACA aattcgcCTGCGCGAGTTACATCTACAAL
slmb-1 AtagttatattcaagcataTTGTAGATGTAACT | atgcttgaatataactaTTGTAGATGTAACTC
CGCGCAGgcg GCGCAGactg
ctagcagtTCGATACGAAACGAATCGTT aattcgcTCGATACGAAACGAATCGTTAL
slmb-2 AtagttatattcaagcataTAACGATTCGTTTC | atgcttgaatataactaTAACGATTCGTTTCG
GTATCGAgcg TATCGAactg
ctagcagtTTGGATGCAGTACCTCTTCAA | aattcgcTTGGATGCAGTACCTCTTCAAt
slmb-3 tagttatattcaagcataTTGAAGAGGTACTG atgcttgaatataactaTTGAAGAGGTACTGC
CATCCAAgcg ATCCAAactg
ctagcagtTCGGTTCATATCGAAGATGTT | aattcgcTCGGTTCATATCGAAGATGTTt
SmD2-1 tagttatattcaagcataAACATCTTCGATATG | atgcttgaatataactaAACATCTTCGATATG SH06417.N
AACCGAgcg AACCGAactg
ctagcagtCACGCAGTCCGTGAAGAACA | aattcgcCACGCAGTCCGTGAAGAACAA
SmD2-2 AtagttatattcaagcataTTGTTCTTCACGGA | tatgcttgaatataactaTTGTTCTTCACGGA
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ctagcagtCAACACCCAGGTGCTCATCA

aattcgcCAACACCCAGGTGCTCATCAAt

SmD2-3 AtagttatattcaagcataTTGATGAGCACCT atgcttgaatataactaTTGATGAGCACCTG
GGGTGTTGgcg GGTGTTGactg
ctagcagtCACGAGAGCAATTCAAATTAA | aattcgcCACGAGAGCAATTCAAATTAAL

sxc-1 tagttatattcaagcataTTAATTTGAATTGCT | atgcttgaatataactaTTAATTTGAATTGCT SHO03246.N
CTCGTGgcg CTCGTGactg
ctagcagtCTGCACTAAGACTATGTTCAA | aattcgcCTGCACTAAGACTATGTTCAAL
SXC-2 tagttatattcaagcataTTGAACATAGTCTTA | atgcttgaatataactaTTGAACATAGTCTTA
GTGCAGgcg GTGCAGactg
ctagcagtAAGGAAGCTATTAGAATTCAA | aattcgcAAGGAAGCTATTAGAATTCAAL
SXc-3 tagttatattcaagcataTTGAATTCTAATAGC | atgcttgaatataactaTTGAATTCTAATAGC
TTCCTTgcg TTCCTTactg
ctagcagtCTGATCAAGCGTATTACAGA aattcgcCTGATCAAGCGTATTACAGAAL
tacc-1 AtagttatattcaagcataTTCTGTAATACGCT | atgcttgaatataactaTTCTGTAATACGCTT SHO09157.N
TGATCAGgcg GATCAGactg
ctagcagtTACGGAGGATAAGACGCACA | aattcgcTACGGAGGATAAGACGCACAA
tacc-2 AtagttatattcaagcataTTGTGCGTCTTATC | tatgcttgaatataactaTTGTGCGTCTTATCC
CTCCGTAgcg TCCGTAactg
ctagcagtACAGCGCTACGACAAGATGA | aattcgcACAGCGCTACGACAAGATGAA
tacc-3 AtagttatattcaagcataTTCATCTTGTCGTA | tatgcttgaatataactaTTCATCTTGTCGTAG
GCGCTGTgceg CGCTGTactg
ctagcagtGCGACAGACATTGACAAGCA | aattcgcGCGACAGACATTGACAAGCAA
toc-1 AtagttatattcaagcataTTGCTTGTCAATGT | tatgcttgaatataactaTTGCTTGTCAATGTC
CTGTCGCgcg TGTCGCactg
ctagcagtCAGCTGGACGCTAGAGATCG | aattcgcCAGCTGGACGCTAGAGATCGA
toc-2 AtagttatattcaagcataTCGATCTCTAGCG tatgcttgaatataactaTCGATCTCTAGCGT
TCCAGCTGgcg CCAGCTGactg
ctagcagtAAGGAAGAAACCACAAGACG | aattcgcAAGGAAGAAACCACAAGACGA
toc-2 AtagttatattcaagcataTCGTCTTGTGGTTT | tatgcttgaatataactaTCGTCTTGTGGTTTC
CTTCCTTgcg TTCCTTactg
ctagcagtTTGCGACGATTACCCTGTCA aattcgcTTGCGACGATTACCCTGTCAAt
WDR79-1 AtagttatattcaagcataTTGACAGGGTAAT atgcttgaatataactaTTGACAGGGTAATCG
CGTCGCAAgcg TCGCAAactg
ctagcagtCAGTTCCACTTTACAGACCAA | aattcgcCAGTTCCACTTTACAGACCAAL
WDR79-2 tagttatattcaagcataTTGGTCTGTAAAGT atgcttgaatataactaTTGGTCTGTAAAGTG
GGAACTGgcg GAACTGactg
ctagcagtTACGATGCCGTAGACGAAGT | aattcgcTACGATGCCGTAGACGAAGTA
WDR79-3 AtagttatattcaagcataTACTTCGTCTACG tatgcttgaatataactaTACTTCGTCTACGG
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