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Abstract

Meiosis in female oocytes lack centrosomes, the major microtubule-organizing center,
which may make them especially vulnerable to aneuploidy. In the acentrosomal oocytes of
Drosophila, meiotic spindle assembly depends on the chromosomal passenger complex (CPC).
Aurora B is the catalytic component of the CPC while the remaining subunits regulate its
localization. Using an inhibitor of Aurora B activity, Binucleine 2, we found that continuous
Aurora B activity is required to maintain the oocyte spindle during meiosis I. Furthermore, the
necessity of a kinase for spindle regulation suggests that spindle dynamics is regulated by
phosphatases. Our result have shown that the protein complex Protein Phosphatase 2A (PP2A)
opposes CPC activity, probably by dephosphorylating spindle associated proteins such as the
Kinesins. PP2A exists in two varieties, BS5 and B56. While both antagonize Aurora B, they
typically exhibit different localization and function. B55 has only minor roles in meiosis I
spindle function. The B56 subunit is encoded by two partially redundant paralogs in the
Drosophila genome, wdb and wrd. Knocking down both B56 subunits showed they are critical
for multiple functions during meiosis I, including maintaining sister centromere and arm
cohesion, end-on microtubule attachments, and the metaphase I arrest in oocytes. We found that
WDB recruitment to the centromeres depends on BubR1, MEI-S332, and kinetochore protein
SPC105R. However, only SPC105R is required for cohesion maintenance during meiosis I. We
propose that SPC105R promotes cohesion maintenance by recruiting two proteins that further

recruit PP2A, MEI-S332, and the Soronin homolog Dalmatian.
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Introduction

Segregation errors during meiosis I or II results in aneuploidy in the daughter cells and
creates serious issues in humans including infertility, spontaneous abortion, and birth defects,
such as Down Syndrome, Klinefelter Syndrome, and Turner Syndrome (ORR et al. 2015). In
females of many species, the meiotic spindle assembles in the absence of centrosomes and is
directed largely by the chromosomes. Prior studies have implicated two pathways in
acentrosomal spindle assembly: the chromosomal passenger complex (CPC) and RanGTP
(CARAZO-SALAS et al. 1999; CARAZO-SALAS et al. 2001; COLOMBIE et al. 2008; CESARIO AND
McKiM 2011; RADFORD et al. 2012b). In Drosophila, the CPC is required for spindle and
kinetochore assembly (COLOMBIE et al. 2008; RADFORD ef al. 2012b; RADFORD ef al. 2015).
Aurora B is the catalytic component of the CPC while three other subunits, INCENP, Survivin,
and Borealin, control the localization of Aurora B (CARMENA et al. 2012; VAN DER HORST AND
LENS 2014; TRIVEDI AND STUKENBERG 2020). Proposed targets of the CPC include the
kinetochore, which is a complex of proteins associated with the centromere, and kinesin family
proteins such as Subito and NCD, which contribute to assembly and organization of the meiotic
spindle (JANG et al. 2005; BEAVEN et al. 2017). The CPC may alleviate negative regulation of
kinesin proteins such as NCD and Subito (BEAVEN et al. 2017; DAS et al. 2018; ROME AND
OHKURA 2018). It is largely unknown, however, how the formation of the meiotic acentrosomal
spindle is regulated, and it is likely that a combination of positive and negative regulatory
interactions drives acentrosomal spindle assembly.

While Aurora B is required for initiating spindle assembly, it is not known if Aurora B
activity is required to maintain the spindle and localization of kinetochore components in female

meiosis. Using an inhibitor of Aurora B activity, Binuclein 2 (BN2) (SMURNYY et al. 2010), we
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observed the loss of all spindle microtubules in meiosis I oocytes. Thus, continuous Aurora B
activity is required to preserve the spindle during meiosis I. These results also suggest that
antagonism of Aurora B kinase by a phosphatase could regulate spindle dynamics. Indeed, we
found that Protein Phosphatase 2A (PP2A) antagonizes Aurora B in the spindle maintenance
function. PP2A is a is highly conserved heterotrimeric serine/threonine phosphatase composed of
a scaffolding A subunit, a catalytic C subunit and one of multiple B subunits. In Drosophila, the
B subunits fall into two groups of paralogs, corresponding to the B5S5 and B56 types in other
organisms. Our results suggest both isoforms of PP2A antagonize the spindle assembly
functions of Aurora B.

The two PP2A isoforms have different functions and target proteins. Drosophila PP2A-
BS55 has several targets many of which are phosphorylated by CDK1 implicated in regulating the
progression through G2 and mitosis(RANGONE et al. 2011)(VON STETINA et al. 2008; WANG et
al. 2011b; KM et al. 2012). PP2A-BS5S5 is involved regulating the activity of CDK1 and Polo
kinases, but the motif recognized by B55 is not known. Besides a function antagonizing Aurora
B, we found that in oocytes depleted of Twins, the Drosophila B55 subunit, meiotic entry and
metaphase [ proceeded surprisingly normal in our assays. In contrast, when the two Drosophila
B56 isoforms, WRD and WDB, were depleted, there were dramatic defects in meiosis. These
results are consistent with results in Drosophila cell lines showing that loss of B56 has more
severe defects in the events of metaphase and anaphase than loss of B55 (CHEN et al. 2007).

PP2A-B56 is required for at least two functions in mitosis, the stabilization of
microtubule attachments to the kinetochores (YOSHIDA et al. 2015; TANG et al. 2016), and
protection of cohesion from cleavage by Separase (GUTIERREZ-CABALLERO ef al. 2012). These

functions of PP2A-B56 have also been reported to be associated with two populations of the
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protein, one depends on BubR1, and the other on Shugoshin (KRUSE ef al. 2013; XU et al. 2013).
PP2A-B56 has been shown to protect sister chromatid cohesion in Drosophila mitosis and in S.
pombe meiosis (KITAJIMA et al. 2006; RIEDEL ef al. 2006). There is also evidence that PP2A-
B56 regulates microtubule attachments in mouse oocyte meiosis I (YOSHIDA ef al. 2015; TANG et
al. 2016). However, that there are significant questions regarding how PP2A-B56 activity is
regulated during the two meiotic divisions. The first division involves the segregation of
homologous chromosomes rather than sister chromatids. Oocytes also have arrest points and then
enter anaphase upon external signals. In Drosophila females, anaphase occurs upon changes in
oocyte environment associated with passage through the oviduct (HEIFETZ et al. 2001; HORNER
AND WOLFNER 2008). In mouse oocytes, PP2A-B56 regulates microtubule attachments in a way
that seems tied to a timer of cell-cycle progression rather than attachment error status (YOSHIDA
et al. 2015). Because of the two divisions and the differences between mitosis and meiosis I, the
roles and regulation of PP2A-B56 in meiosis [ may be different (KEATING ef al. 2020).
Consistent with earlier studies, we found that the PP2A-B56 WRD localizes to meiotic
kinetochores and this depends on both BubR1 and MEI-S332 (the Drosophila Shugoshin
homolog) and is required for sister chromatid cohesion and stabilizing attachments to
microtubules. We also found that SCP105R/KNL1, which we previously showed is required for
sister centromere cohesion in meiosis (RADFORD et al. 2015; WANG et al. 2019), is required for
PP2A-B56 localization. Surprisingly, MEI-S332 is not required for meiosis I cohesion. We
propose that Dalmatian, the Drosophila orthologue of Soronin (YAMADA et al. 2017), has a

cohesion protection function during meiosis I.
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Materials and Methods

Tissue specific knockdowns using expression of transgenes and shRNAs

The UAS/Gal4 system was used for tissue-specific expression of transgenes and shRNAs.
In most experiments the transgenes and shRNAs, under UAS control, were expressed using
PiwC=matalpha4-GAL-VP16}V37 (mataGAL4), which induces expression after pre-meiotic
DNA replication and early pachytene, and persists throughout most stages of meiotic prophase
during oocyte development in Drosophila (N1 et al. 2011). For expression throughout the
germline, including the germline mitotic divisions and early meiotic prophase, we used
PiwmC=GAL4::VP16-nos.UTR}MVDI (nos-GAL4-VP16). For ubiquitous expression, we used
P{tubP-GAL4}LL7. The RNAI lines used in this study are listed in Table 1. We first selected
RNAI lines that caused lethality when under the control of P{tubP-GAL4}!LL7 and sterile under
the control of mataGAL4. Two RNAI lines, HSM 1804 (mts) and HMS1921 (PP2A), were not
studied in detail because they were fertile with mataGAL4.

The wrd” mutant was generated by FLP-mediated site-specific recombination that
removed most of the coding region (MOAZZEN et al. 2009). The deletion Df(3R)189 was made
by imprecise excision of a P-element within the wrd gene and removes all of wrd and a couple
genes on each side (VIQUEZ et al. 2006). For knockdown of wrd and wdb, mutations and shRNA
were combined to generate Df{3R)189 mataGAL4/ wrd" HMS01864 females, or two shRNAs

were combined to generate GL00671/+; mataGAL4/ HMS01864 females.

Generation of shRNA lines and analysis by RT-PCR

Sequences for shRNAs targeting wdb and dmt were designed using DSIR

(http://biodev.extra.cea.fr/DSIR/DSIR.html) (VERT et al. 2006) and the GPP Web Portal
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(http://www.broadinstitute.org/rnai/public/seq/search). These were cloned into the pVallium22

vector for expression under control of the UASP promoter.

From 200 dmt RNAi/mato. females, only 6 total progeny were produced, suggesting the
RNAI was effective and that Dmt is essential for fertility. In a cross of dm¢ RNAL1 to the
ubiquitous expressing TubGal4, 0 dmt RNA1/TubGal4 progeny were produced among 479
control progeny; consistent with previous data that Dmt is essential for viability.

To measure the amount of mRNA knockdown in oocytes, Tagman qRT-PCR was used.
In order to extract RNA from oocytes of interest, female flies were placed in yeasted vials for
approximately 3 days. The females were then grinded in a blender containing 1x PBS, and
oocytes were filtered through meshes, as described below for cytological analysis of stage 14
oocytes. 50 mg of oocytes were weighed out, and 1mL of TRIzol Reagant was added. RNA
extraction was completed, according to manufacturer’s instructions (ThermoFisher Scientific). A
nanodrop was used to measure the concentration of the RNA, and then 2 pg was used in to
prepare cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
After using a nanodrop to determine the concentration of cDNA in the sample, qPCR was

performed using a TagMan Assay (Applied Biosystems) and four replicates per reaction.
Cytology of Stage 14 Oocytes andDrug treatment

To prepare oocytes for cytology, 0-3 day old females were placed in yeasted vials for 1-2
days as described (GILLILAND et al. 2009). The females were grinded in a blender with modified
Robbs buffer and filtered through a series of meshes to separate the stage 14 oocytes from other
body parts. It was at this stage that oocytes were treated with 50 uM BN2 in modified Robbs for

one hour. The BN2 was dissolved in DMSO to make a 50mM stock solution and then 1 ul was
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added to 999ul of modified Robbs. Controls oocytes were incubated for 1 hr in 1ml of modified
Robbs buffer containing 1ul DMSO.

Oocytes were fixed using 37% formaldehyde and heptane and then washed with 1X PBS.
Oocyte membranes were mechanically removed by rolling the oocytes between the frosted side
of a glass slide and a coverslip. The rolled oocytes were then rinsed into 15mL conical tubes
containing PBS/1% Triton X-100 and were rotated for 1.5 to 2 hours. Oocytes were washed in
PBS/0.05% Triton X-100 and subsequently transferred to a 1.5 ml Eppendorf tube. Oocytes
were then blocked in PTB for 1 hour and then incubated with primary antibodies overnight at 4
°C. The next day, the oocytes were washed 4 times in PTB and the secondary antibody was
added. After incubating at room temperature for 4 hours, the oocytes were washed in PTB,
stained for DNA with Hoechst33342 (10 pg/ml) and then washed 2X in PTB.

Oocytes were stained for MTs with mouse anti-a tubulin monoclonal antibody DM1A
(1:50), directly conjugated to FITC (Sigma, St. Louis). Additional primary antibodies used were
rat anti-Subito (JANG et al. 2005), rat anti-INCENP (WU et al. 2008), rabbit anti-phospho-
INCENP (SALIMIAN et al. 2011; WANG et al. 2011a), guinea pig anti-MEI-S332 (MOORE et al.
1998), rabbit anti-CENP-C (HEEGER et al. 2005), rabbit anti-Spc105R (SCHITTENHELM ef al.
2007), rat anti-HA (Roche) and rabbit anti-CID (Active Motif), mouse anti-C(3)G (PAGE AND
HAWLEY 2001). These primary antibodies were combined with either a Cy3, Alex 594 or Cy5
secondary antibody pre-absorbed against a range of mammalian serum proteins (Jackson
Immunoresearch, West Grove, PA). FISH probes corresponding to the X359 repeat labeled with
Alexa 594, AACAC repeat labeled with Cy3 and the dodeca repeat labeled with Cy5 were

obtained from IDT.
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The oocytes were mounted in Slowfade Gold antifade (ThermoFisher) and imaged using
a Leica TCS SP8 confocal microscope with a 63X, N.A. 1.4 lens. Images are shown as
maximum projections of complete image stacks followed by merging of individual channels and
cropping in Adobe Photoshop (PS6). Centromere foci and spindle intensity were measured using
Imaris image analysis software (Bitplane). All data were plotted and statistics calculated using

Graphpad Prism software.
Nondisjunction/Fertility Assay

Drosophila crosses were used to determine the rate of nondisjunction and fertility of
certain genotypes. In this cross, female virgin flies with a gene of interest were mated to y w/B*Y
males. These males carry a mutant conveying the dominant Bar phenotype on the Y
chromosome. Therefore, in normal, healthy, yw/B®Y flies, all the males have Barr eyes, and all
the females have wildtype eyes. Nondisjunction of the sex chromosomes during meiosis results
in four different outcomes, XXY, OY, XXX, or XO. Gametes with three X chromosomes
(XXX) or only one Y chromosome (OY) are inviable, while gametes with two X chromosomes
and one Y chromosome (XXY), or only one X chromosome (XO) have unique phenotypes. The

nondisjunction rate was calculated by (2*NDJ/(normal progeny + 2NDJ).

Quantification and statistical analysis

Statistical tests were performed using GraphPad Prism software. All the numbers of the
centromere foci or spindle/karyosome volume were pooled together and ran one-way ANOVA
followed by post hoc pairwise Tukey’s multiple comparison test. Details of statistical evaluations

and the numbers of samples are provided in the figure legends.
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Results

Sustained Aurora B activity is required to maintain the oocyte meiotic spindle

In the Drosophila ovary, the nuclear envelope breaks down and spindle assembly begins
in stage 13 oocytes (GILLILAND et al. 2009). By stage 14, a bipolar spindle has formed. The
chromosomal passenger complex (CPC), through the activity of Aurora B kinase, is required for
assembly of a bipolar spindle in Drosophila meiosis, based on the observation that no spindle
forms when meiosis initiates without CPC activity due to depletion of Aurora B or the targeting
subunit INCENP (RADFORD et al. 2012b). To test the stability of the meiotic spindle, Aurora B
was inhibited after spindle assembly was completed by treating stage 14 oocytes with the drug
Binucleine 2 (BN2), which inhibits the kinase activity of Aurora B (EGGERT et al. 2004;
SMURNYY et al. 2010). Spindle assembly was monitored with immunofluorescence for tubulin,
kinetochore protein SPC105R/KNL1, central spindle protein Subito/MKLP2 and CPC protein
INCENP and Aurora B. In control experiments when wild-type females were treated with
DMSO only, 100% of oocytes showed a wildtype, bipolar spindle (Figure 1A). In wild-type
oocytes treated with 50 uM BN2 for one hour, the spindle was absent or faint in 85% of oocytes.
Only 15% of oocytes had robust bipolar spindles (Figure 1A,B, Figure 2). These results show
that maintaining the meiotic spindle depends on Aurora B activity. Because the BN2 treatment
occurred after spindles were assembled, and therefore, after the initial phosphorylation of CPC
substrates, these results suggest that Aurora B activity is antagonized by phosphatases.

In the absence of Aurora B, INCENP localizes to the meiotic chromosomes (RADFORD et
al. 2012b). BN2 treatment allowed us to test if kinase activity is required for Aurora B
localization. When Aurora B activity was inhibited with BN2, INCENP localized to the

chromosomes (Figure 1D). We also observed Aurora B localization to the chromosomes,
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showing that upon BN2 treatment, the CPC moves from the microtubules to the chromosomes.
Furthermore, inhibition of phosphorylation by BN2 did not prevent Aurora B localization to the
chromosomes and/ or its association with INCENP. To directly test Aurora B activity, we
examined one of its targets, which is phosphorylation of INCENP (pINCENP) at a conserved
serine in the C-terminal domain of INCENP, known as the Inbox (SALIMIAN ef al. 2011; WANG
et al. 2011a). Using an antibody for pINCENP, we found that the chromosome localized
INCENP in BN2 treated oocytes was not phosphorylated, while solvent treated controls had
robust pINCENP in the central spindle (Figure 2). These results show that the Aurora B
phosphorylation of INCENP is not required for their interaction or chromosome localization.
The meiotic spindle has two types of microtubules — kinetochore and central spindle
(JANG et al. 2005; RADFORD et al. 2015). Subito, a Kinesin 6 required for central spindle
assembly (JANG et al. 2005), was lost upon BN2 treatment (Figure 1A), demonstrating Subito
localization depends on Aurora B activity and/or microtubules. SPC105R, which is required for
kinetochore microtubules (RADFORD et al. 2015), was also reduced, although not eliminated
(Figure 1B). These results show that maintenance of the two major organizers of oocyte spindle
microtubules depends on continuous Aurora B activity. SPC105R localization may require less

Aurora B activity than spindle assembly or Subito localization.
PP2A Antagonizes the Spindle Assembly Function of the CPC

To explain why inhibiting CPC activity causes loss of spindle microtubules, we
investigated the hypothesis that phosphatases (PP1 or PP2A) antagonize Aurora B targets. To
identify the phosphatase responsible for antagonizing Aurora B, shRNA expression under the
control of the UAS/Gal4 system was used for germline specific RNAi. Each shRNA was

expressed using mata4-GAL-VP16, which induces expression after pre-meiotic DNA replication
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but throughout most stages of meiotic prophase during oocyte development (RADFORD et al.
2012b). This allows for the oocyte to form prior to expression of the shRNA. We will refer to
oocytes expressing an shRNA using mata4-GAL-VP16 as “RNAi oocytes”.

PP1-87B is the major PP1 isoform functioning in oocytes (WANG et al. 2019). Pp1-87B
RNAI oocytes were treated with BN2 and spindle disintegration was measured. If PP1-87B
opposes the Aurora B spindle assembly function in oocytes, then addition of BN2 after a loss of
PP1-87B would rescue loss of spindle microtubules. However, Pp/-87B RNAI oocytes treated
with BN2 had reduced or no spindle microtubules in a significant number of oocytes when
compared to the Pp/-87B RNAI solvent treated controls (Figure S 1). In contrast, SPC105R
localization and some kinetochore microtubule fibers were retained in Pp/-87B RNA1 oocytes
treated with BN2 (Figure S 1). These observations are consistent with our previous observations
that loss of PP1-87B stabilizes kinetochore-microtubule attachments (WANG ef al. 2019). In
summary, PP1 has only a limited role antagonizing the Aurora B spindle assembly function,
perhaps only at the kinetochores.

To test if PP2A has a role in spindle assembly, we depleted specific subunits by RNA.
PP2A exists in multiple complexes, although all the complexes contain the same A (PP2A-29B)
and C (MTS = Microtubule star) subunits, the latter being the catalytic protein of the complex.
Depletion of the A-subunit (Pp24-29B, GLC01651) or C-subunit (mts, HMS04478) of all PP2A
isoforms resulted in no mature stage 14 oocytes, indicating that PP2A activity is required for
oocyte development. However, expression of one shRNA for mts (HMJ22483) produced stage
14 oocytes, probably due to partial depletion of MTS protein in HMJ22483 RNAI oocytes (Table
1). When mis'™722483 RN Ai oocytes were treated with BN2, the spindle was retained in 100% of

oocytes (Figure 2C,G). Furthermore, SPC105R and Subito localizations were retained (Figure

12
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1C). These results suggest that PP2A antagonizes the role of the CPC in maintaining

kinetochores and spindle assembly.

Both PP2A Complexes antagonize the Role of the CPC in spindle maintenance

PP2A exists in at least two complexes, differing in their B subunits Twins (TWS= B55)
and Widerborst (WDB = B56) (CHEN ef al. 2007). In order to determine which PP2A complex
opposes the CPC, BN2 treatment was done in the presence of wdb or tws RNAi. An shRNA line
for tws (GL00670) caused complete sterility when expressed using mataGal4 and reduced the
mRNA to 0% of wild-type levels (Table 1). In fws RNA1 oocytes treated with BN2, oocyte
spindle assembly was restored in ~80% of oocytes (Figure 2C, H). Two shRNA lines were used
for wdb: one generated by TRiP (HMS01864) and one generated in our laboratory (45). Both
shRNAs efficiently knocked down wdb RNA (Table 1) and the oocytes had similar phenotypes.
In both wdb HMS and wdb A5 RNAI oocytes treated with BN2, the spindle was present in ~80%
of oocytes (Figure 2C, D). Depletion of WDB also restored localization of spindle associated
proteins and INCENP and phospho-INCENP were retained at the central spindle (Figure 2D).
These results suggest that both the PP2A complexes, with WDB or TWS, antagonize Aurora B

in the process of spindle assembly and maintenance.

Dominant negative alleles of PP2A suppress specific RNAI oocyte phenotypes

A dominant negative allele of wrd was made by deleting the first 93 amino acids of wrd
(HANNUS ef al. 2002). The mutant form of the protein localized similar to wild-type and
expression of the mutant form in the germline did not have deleterious effects on fertility. The
mutant did suppress the sterility of three RNAI lines, Spc/05R, AurB and CenpC, but not BubR1,
sub or Incenp RNA1 oocytes (Table 2). These results are consistent with the evidence above that
PP2A4-B56 activity has a negative effect on kinetochore assembly.

13
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Kinesin 13 KIp10A is a CPC and PP2A Target

The maintenance of the meiotic spindle could depend on Aurora B inhibiting
depolymerizing factors or promoting spindle assembly factors. Thus, PP2A could promote the
removal of tubulin subunits from the spindle, while Aurora B could promote addition of tubulin
subunits to the spindle. Therefore, we tested the hypothesis that PP2A promotes spindle
dynamics. However, in mts RNA1 oocytes, we found tubulin turnover to be unchanged from
wild-type (Figure S 2). Thus, PP2A is not required for the turnover of microtubule subunits
within the spindle.

Previous work has shown that the kinesin-like protein KLP10A depolymerizes spindle
microtubules in oocytes (RADFORD ef al. 2012a). In the absence of KLP10A, the spindle is very
long and disorganized (Figure 3B). Furthermore, KLP10A depletion did not rescue the spindle
assembly failure in CPC RNA1 oocytes (RADFORD et al. 2012a). Thus, the CPC likely promotes
initiation of spindle assembly by activating microtubule associated proteins. However, the
maintenance of the spindle could depend on inhibiting depolymerizing factors. In fact, the
spindle was retained in K/p/04 RNA1 oocytes treated with BN2 (Figure 3C). This suggests that
KLP10A is a possible CPC and PP2A target. In contrast to BN2 treatment of wild-type and
PP2A RNAI oocytes, the rescue of spindle loss in KLP10A RNAi was variable. In some oocytes,
central spindle and kinetochore microtubules appeared to be intact. In other oocytes, the spindle
was retained but it appeared, based on Subito or INCENP localization, that the central spindle
and/or kinetochore microtubules were absent (Figure 3D). This suggests that the central spindle
and kinetochores are more sensitive to loss of Aurora B kinase activity than microtubule bundles
in general. While these results suggest KLP10A is inactivated by CPC phosphorylation, and

activated when dephosphorylated by PP2A, there is evidence that other factors regulate KLP10A
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and spindle length. If PP2A regulates KLP10A, then PP24 RNAIi oocytes should have long
spindles due to inactivation of KLP10A. The fact they do not suggests that other factors must

regulate spindle length when PP2A targets are inactivated by Aurora B.
WRD Compensates for Loss of WDB in the germline

Drosophila has two B56-type paralogs, WDB and WRD. WDB and WRD share 68%
identity with long stretches of identity. Null mutants of wrd are viable and fertile (MOAZZEN et
al. 2009; HAHN et al. 2010). An shRNA targeting wrd (GL00671) was obtained and found to
substantially reduce mRNA levels (Table 1). Consistent with phenotype of the mutants, females
expressing GL00671 in the germline were fertile and nondisjunction was rare (Table 2). In
contrast, ubiquitous expression of wdb shRNA caused lethality, similar to homozygous null
mutations of wdb. Thus, WDB appears to be the more important B56 subunit. However, other
aspects of the wdb RNAIi phenotype are milder than expected. Maternal expression of either
shRNA line caused reduced fertility but the females were not sterile and meiotic nondisjunction
was low (Table 2). The spindle structure of wdb RNAi oocytes was similar to wild-type; they
were bipolar, and assembled a robust central spindle (Figure 4A). Furthermore, the kinetochores
appeared to be making contact with microtubules and orienting towards a pole, suggesting they
were making end-on MT-KT attachments. Similar observations were made with rws RNAi
oocytes. These data suggest that TWS and WDB are not essential for bipolar spindle assembly.

To explain the relatively weak maternal phenotypes of wrd RNAi oocytes, we tested the
possibility that WRD partially compensates for loss of WDB. To test for redundancy, we
generated oocytes lacking both WDB and WRD. Two genotypes were generated to reduce
expression of both genes: females expressing sShRNA to both wdb and wrd (wrd®"; wdb"™S), and

females expressing wdb shRNA and hemizygous for a wrd mutation; (wrd- ; wdb™5). When
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using mata4-GAL-VP16 for expression of the ShRNA, the double knockdown females were
completely sterile, unlike the single RN A1 females. In addition, when using nos-GAL4-VP16,
which promotes expression of the shRNA in premeiotic germ cells, no oocytes were produced,
also unlike the single RNAi females. These results demonstrate that WRD and WDB are
partially redundant in the germline and expression of WRD is sufficient for fertility. In contrast,

expression of WRD is not sufficient for viability, WDB is required.

PP2A Protects Sister Centromere and Arm Cohesion and promotes end-on

microtubule attachments

Drosophila oocytes arrest in metaphase I in their developmental stage 14, and do not
proceed into anaphase I and meiosis II until activated by passage through the oviduct (HEIFETZ et
al. 2001). Stage 14 oocytes can also be induced to proceed past metaphase I by incubation in
certain buffers (ENDOW AND KOMMA 1997; PAGE AND ORR-WEAVER 1997). Our methods use a
modified Robbs’ buffer to avoid activation (THEURKAUF AND HAWLEY 1992). Indeed, most
wild-type and wdb RNA1 oocytes were arrested in metaphase I (Figure 4A, B). Furthermore,
even after control oocytes were incubated for one hour in modified Robbs, metaphase I arrest
was usually maintained (Figure 4B, C). We were surprised, therefore, to find that the one-hour
incubation in modified Robbs buffer with BN2 treatment induced precocious anaphase in wdb
RNAI oocytes (Figure 2I). To investigate if this was an effect of the BN2 treatment, wdb HMS
and 45 RNAI oocytes were incubated in modified Robbs buffer for one hour without BN2. In
these conditions, precocious separation of homologous chromosomes was observed in 50% of
oocytes (Figure 4B, C). These phenotypes were present in wdb RNA1 oocytes but not in tws

RNAI1 oocytes. These data suggest that 1 hour incubation in modified Robbs buffer induces wrd
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RNAI oocytes to lose their arm cohesion and precociously enter anaphase 1. This result can be
explained if PP2A protects cohesion on the chromosome arms.

To determine if cohesion of the centromeres was affected, we counted the number of CID
or CENP-C foci in the oocytes of each genotype. Each centromere detected by
immunofluorescence during wild-type meiosis I contains two sister centromeres fused in a
process that requires cohesion (WANG et al. 2019). Thus, in wild-type oocytes we observed
approximately eight centromere foci, as expected from four bivalents at metaphase I. In wdb
RNAI oocytes, there was an increase in the number of oocytes with greater than 8 centromere
foci, indicating that the sister chromatids were separating prematurely (Figure 4D). In fact, 45%
of wdb RNAi (HMS and AS5) oocytes had >8 centromere foci, compared to 14% in wildtype
(Figure 4D). This suggests that the sister centromeres are precociously separating, possibly due
to loss of cohesion.

The sister centromere separation and precious anaphase phenotypes of wdb RNA1
oocytes were relatively mild comnpared to other cohesion-defective mutants (GYURICZA et al.
2016; WANG et al. 2019). However, the severity of the spindle phenotypes was dramatically
increased in both wrd®L; wdb™S and wrd- ; wdb"™S oocytes. For example, the precocious
anaphase phenotype of chromosomes moving towards the poles was observed without a one-
hour incubation in Robbs buffer. Similarly, the number of centromere foci was increased in
wrd®L; wdb™S and wrd- ; wdb™S oocytes (Figure 5B, C). These results can be explained if
PP2A is required for the protection of cohesion during meiosis I. We also observed that wrd®~;
wdb"™S or wrd- ; wdb™S oocytes failed to form end on attachments of the microtubules to the

kinetochores. Instead, lateral microtubule attachments were frequently observed (Figure 5,
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Figure S 3). Interestingly, chromosomes can still move towards the poles in the absence of end-
on attachments.

We previously found that two mechanisms can cause precocious sister centromere
separation: loss of cohesion or inappropriate stabilization of kinetochore-microtubule (KT-MT)
attachments (WANG et al. 2019). The inappropriate stabilization of KT-MT attachments depends
on NDC80 and end on KT-MT attachments. To test the role of KT-MT attachments in the wrd“Z;
wdb™S or wrd- ; wdb™S phenotype, we examined wrd" ; wdb™S; Ndc80 RNAI oocytes. In
Ndc80 RNAI oocytes, end-on microtubule attachments are absent. The wrd- ; wdb™S; Ndc80
RNAI oocytes oocytes exhibited both precocious anaphase and centromere separation,
suggesting stabilization of end-on KT-MT attachments was not required for the wrd- ; wdb"™3
phenotype. Importantly, we previously showed that end-on attachments were capable of
separating sister centromeres in the presence of intact cohesins (WANG et al. 2019). Therefore,
observing centromere and homolog separation in the absence of end-on attachments is consistent
with loss of cohesion in wrd-; wdb'™S oocytes. Indeed, Ndc80 RNAi may have little effect on
wrd-; wdb"™S oocytes because PP2A-B56 is required for stabilizing the end-on attachments

facilitated by NDCS0.

The role of PP2A in bi-orientation

To examine the effects of PP2A4 depletion on chromosome alignment and bi-orientation,
we used fluorescent in situ hybridization (FISH). FISH probes were used that detected the
pericentromeric regions of all three major chromosomes: the AACAC repeat (2nd chromosome),
the dodeca repeat (third chromosome) and the 359 repeat (X chromosome). In wild-type oocytes,
correct bi-orientation is indicated by each pair of homologous centromeres separating towards

opposite poles (Figure 6A). A low frequency of bi-orientation defects was observed in tws and
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mts RNA1 oocytes (Figure 6B-C, G). These results suggest the TWS/ B55 subunit is not required
for making the correct microtubule attachments during prometaphase 1. Furthermore, these
results suggest that the failure to antagonize Aurora B activity, resulting in spindles that are
resistant to BN2 activity, does not have deleterious effects on homolog bi-orientation.

The low levels of bi-orientation defects in the 45 and HMS RNAI oocytes was also low,
which could have been due to redundancy with wrd. Indeed, oocytes depleted for both wrd and
wdb had a much higher frequency of bi-orientation defects (Figure 6E-G). Furthermore, we
confirmed the conclusion, based on chromosome movement towards the poles, that many stage
14 oocytes had entered a precocious anaphase. In wild-type oocytes, pairs of homologous
centromeres are separated but remain connected by chiasma and therefore within the same
chromatin mass (Figure 6A). In oocytes depleted for both wrd and wdb, pairs of homologous
centromeres had separated towards opposite poles (Figure 6E), indicating precocious loss of
cohesion on the chromosome arms.

FISH was used to test if the 45 and HMS RNAIi oocytes incubated for one hour had a
high frequency of precocious anaphase I. That is, in many of the 45 and HMS RNA1 oocytes
incubated for one hour, the chromosomes had separated into at least two masses that had moved
towards a pole. In these oocytes, the two probe signals for each homolog were usually in
different chromatin masses, showing that arm cohesion had been released, allowing the
chromosomes to move towards the poles. This was associated with a low frequency of bi-

orientation defects (Figure 6D).
Spcl05R Is Required for PP2A Localization

Our results show PP2A-B56 (WRD and WDB) has three roles in female meiosis, to

antagonize Aurora B kinase in spindle assembly, protect cohesion during meiosis I, and promote
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end-on microtubule attachments. Because the function of kinases and phosphatases often
depends on their localization, we examined the localization of WDB using either antibodies
(SATHYANARAYANAN ef al. 2004; PINTO AND ORR-WEAVER 2017) or an HA-tagged transgene
(HANNUS et al. 2002). In wild-type oocytes, we found that WDB localizes prominently to the
centromere regions (Figure 7A). In many oocytes, it was also possible to observe weaker
localization to the chromosome arms (Figure 7B). Surprisingly, WDB protein was still detected
at the centromeres in wdb RNA1i oocytes (Figure 7E, Figure S 4C). Thus, the RNAi experiments
reduced but did not eliminate WDB expression.

The strongest WDB accumulation colocalizes with markers like CID/CENP-A or CENP-
C, suggesting it is enriched in the centromere/ kinetochore regions. Therefore, we tested if WDB
localization depends on SPC105R, which is a kinetochore protein previously shown to be
required for sister centromere cohesion in meiosis I (RADFORD et al. 2015; WANG ef al. 2019).
Spcl05R RNA1 oocytes not only display a separated centromere phenotype (WANG ef al. 2019),
they also lacked WDB localization (Figure 7C). These results show that Spc105R is required for
the recruitment of WDB. Cohesion itself, however, is not required for WDB localization as
shown by the presence of WDB at the centromeres in sunn mutant oocytes (Figure 7D). SUNN is
a stromalin-related protein required for sister chromatid cohesion in meiosis (KRISHNAN et al.

2014).
Evidence for redundant mechanisms to recruit PP2A

In human cell lines, PP2A is recruited to the centromere regions by BubR1 (KRUSE et al.
2013; XU et al. 2013) and Shugoshin (KITAJIMA et al. 2006; RIEDEL ef al. 2006; TANG et al.
2006). Consistent with these prior studies, in BubRI RNAi oocytes WDB was absent from the

centromeres (Figure S 4F). This was a surprising result, however, because we have previously
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shown that BubR1 RNAIi oocytes do not have a cohesion defect nor do they have a precocious
anaphase phenotype (WANG ef al. 2019). Similarly, WDB localization was essentially eliminated
in mei-S332 mutant oocytes, and also reduced in mei-S332/+ heterozygotes (Figure 7F, Figure S
4D,E). Drosophila mei-S332 mutants, the first Shugoshin to be discovered, are viable, suggesting
MEI-S332 is not required for cohesion in mitosis. Furthermore, chromosome segregation errors
in mei-S332 mutants primarily involve sister chromatids during meiosis II (KERREBROCK ef al.
1995; TANG et al. 1998). Indeed, while MEI-S332 localizes to the centromere regions during
meiosis I, the sister centromeres remain fused in mei-S332 mutant oocytes (see below)
(KERREBROCK ef al. 1995; MOORE ef al. 1998). Therefore, while both BubR1 and MEI-S332 are
required to recruit WDB to the meiotic centromeres, unlike oocytes lacking PP2A, the absence of

BubR1 or MEI-S332 does not cause a meiosis | cohesion defect.

Dalmatian May Protect Cohesion During Meiosis |

To explain the lack of a meiosis I defect in mei-$S332 mutants, we tested the hypothesis
that another protein could recruit PP2A to the centromeres. A candidate for this is Dalmatian
(DMT), which has homology with Soronin but has also been proposed to recruit PP2A in
Drosophila mitotic cells (YAMADA et al. 2017). Consistent with this hypothesis, DMT
colocalizes with MEI-S332 at the centromeres in metaphase I oocytes (Figure 8A). Mutations of
dmt cause lethality (SALZBERG ef al. 1994) and germ line clones fail to generate oocytes
(Methods). To test the function of DMT in meiosis, we created shRNA lines to target dm¢ for
tissue-specific RNAi. These shRNA lines caused sterility when expressed in oocytes and
lethality when expressed ubiquitously (Table 1), suggesting the RNAi was effective. The
strongest of these shRNAs reduced mRNA levels to 5% of wild-type levels. However, in these

dmt RNAI1 oocytes, there was no centromere separation defects to indicate a loss of cohesion
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(Figure 8C,F). One explanation for the absence of a defect in dm¢ RNAi oocytes could be
redundancy with MEI-S332. Therefore, we constructed mei-S332 mutant females expressing
dmt RNAI1 using mataGal4. These females, however, also had no centromere separation defects

during meiosis I (Figure 8D-F).

In dmt RNA1 oocytes, DMT localization to centromeres was still observed (Figure 8C)
and could explain the lack of a meiosis I phenotype. To investigate the persistence of DMT on
the chromosomes in the RNA1 oocytes, we determined if DMT is loaded on the chromosomes
prior to the domain of shRNA expression by mataGal4, and is stable enough to remain on the
chromosomes until metaphase [. Indeed, we found that DMT localized to the meiotic
chromosomes in the germarium, which contains oocytes early in prophase undergoing pachytene

(Figure 8G-I). In contrast, we did not observe localization of WDB at these stages (Figure S 5).

The stable persistence of DMT throughout prophase could explain why dm¢ RNAi
oocytes did not exhibit abnormalities in meiosis. Proteins stably maintained should be insensitive
to RNAI applied after early prophase/ pachytene, which is what mataGal4 does. They should be
sensitive to RNAI1 applied during S-phase and early pachytene, which is what nosGal4 does.
Cohesin components are an example of proteins loaded onto the meiotic chromosomes in pre-
meiotic S-phase (GYURICZA et al. 2016). Consistent with this timing, nondisjunction was
observed when nosGal4 was used to induce expression of shRNAs for cohesins ord (32%,
n=1270) and sunn (15.6%, n=486). In contrast, nondisjunction was not observed with mataGal4
and the same shRNAs for ord (0%, n=1622) or sunn (0%, n=547). These results can be explained
if cohesins are stably maintained without transcription throughout most of prophase. In contrast,
expressing an shRNA to mei-S$332 with either nosGal4 (40%, n=331) or mataGal4 (27.8%,

n=208) caused high levels of nondisjunction. These results show that mei-S332 expression is
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required late in prophase or during pro-metaphase. To test the hypothesis that MEI-S332 and
DMT both recruit PP2A during meiosis I, we expressed dmt RNAI1 using nosGal4 in mei-S332
mutant females. In these females, very few oocytes were produced, which can be explained if
there is redundancy with DMT and MEI-S33 in the mitotic germline divisions where nosGal4
also expressed. These data are consistent with the conclusion that Drosophila oocytes load

cohesins and the protector of cohesin DMT during pre-meiotic S-phase.
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Discussion

Oocyte spindle assembly depends on the CPC. The evidence for this has been observed
with RNA1 oocytes (RADFORD ef al. 2012b) and, as shown here, by inhibiting Aurora B with
Binuclein 2. In both types of experiment, total loss of the meiotic spindle is observed. This study
was initiated to identify the phosphatase that antagonizes Aurora B, which we determined to be
PP2A. In the process of this analysis, we also investigated the role of PP2A in oocyte meiosis.
Depletions of both PP2A subtypes, B55 (e.g. TWS) and B56 (e.g. WDB), suppressed BN2-
induced spindle loss. These two complexes are usually targeted to different substrates. These
results can be explained if PP2A-B55 depletion reduces the activity of PP2A-B56. This is
plausible because B56 activity may depend on Polo kinase, which in turn may be regulated by
B55 (RANGONE ef al. 2011; WANG et al. 2011b). Alternatively, PP2A-B55 may directly regulate
Aurora B activity via CDK1 (HUMMER AND MAYER 2009; KITAGAWA ef al. 2014).

Initiation and maintenance of the meiotic spindle

Knockdowns of PP2A components suppressed the BN2-induced loss of the meiotic
spindle. The implication is that constant Aurora B activity is required to maintain the spindle,
and in its absence, PP2A removes key phosphorylation events on meiotic spindle proteins. This
was shown using phosphorylated INCENP, which is a target of Aurora B. Based on indirect
evidence, kinetochore protein SPC105R and kinesins KLP10A and Subito also depend on this
balance of phosphorylation. In several organisms, Aurora B mediated phosphorylation of DSN1
is required for kinetochore assembly, but Drosophila does not have a DSN1 homolog
(PRZEWLOKA et al. 2009).

Less well known is the role of PP2A in regulating spindle assembly factors. In Xenopus

extracts, the failure of microtubule stabilization in CPC depleted extracts was rescued by loss of
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Kinein 13 MCAK, indicating that the CPC negatively regulates spindle depolymerizing factors
(SAMPATH et al. 2004). However, we have shown that depletion of CPC components by RNA1
results in loss of spindle assembly, and this is not suppressed by simultaneous knockdown of
Kinesin 13 KLP10A (RADFORD et al. 2012a; RADFORD et al. 2012b). The different effects of
KLP10A knockdown on aurB RNA1 and BN2 inhibition is most likely is the timing of CPC
depletion. In RNAi oocytes, factors required for the initiation of spindle assembly are affected.
In contrast, a drug treatment like BN2 affects only maintenance factors, which may include
regulation suppressing kinesin depolymerizing activities. A similar finding was made in PP2A
promotes the activity of Stathmin by removing inhibitory phosphorylation (TOURNEBIZE et al.
1997).

The Drosophila oocyte meiotic spindle is a dynamic structure with constant turnover of
tubulin subunits (ENDOW AND KOMMA 1997). However, we did not observe a decrease in
tubulin dynamics in PP2A depleted oocytes, suggesting that spindle dynamics are not regulated
by PP2A. Instead, we suggest that spindle length is regulated by PP2A-B56. This was most
readily observed with the long and disorganized spindles when both B56 subunits were knocked
down.

In addition to regulating spindle length, PP2A-B56 probably regulates factors which
maintain spindle integrity. Subito localization depends on the CPC and, along with the kinesin
NCD, may depend on high levels of Aurora B near the chromosomes to be activated (BEAVEN et
al. 2017; DAS et al. 2018). Interestingly, Subito contains only one predicted PP2A-B56 binding
motif (FDNIQESEE) (HERTZ ef al. 2016), and it is in a region we proposed negatively regulates

Subito activity (DAS et al. 2018). Overall, it is likely that several spindle assembly factors are
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regulated by antagonism between Aurora B and PP2A. This is probably a conserved activity, as

PP2A has been proposed to oppose Aurora B activity in the central spindle (BASTOS et al. 2014).
Regulation of cohesion and microtubule attachments

In addition to the role of antagonizing Aurora B in spindle maintenance, our analysis of
PP2A-B56 mutant phenotypes has revealed its critical roles in regulating key meiosis I events.
First, when both B56 subunits, WDB and WRD, were knocked out, a severe loss of cohesion was
observed. This is consistent with a reduction in WDB localization in a mei-S332 (Shugoshin)
mutant. Shugoshin can maintain cohesion by recruiting PP2A and removing enabling
dephosphorylation of cohesin subunits, preventing Separase from cleaving the Kleisin subunit
(GUTIERREZ-CABALLERO ef al. 2012).

There is a striking difference between the phenotype from loss of PP2A-B56 and MEI-
S332, even though the latter is required for its localization. The lack of a meiosis I cohesion
defect combined with the absence of a phenotype when kinetochore localization of WDB is
reduced can be explained if there is a MEI-S332-indepndent mechanism to recruit PP2A-B56. In
fact, the Soronin homolog Dalmatian (DMT), and not MEI-S332, is required for mitotic cohesion
(YAMADA et al. 2017). Importantly, DMT has sequence features, including the LxxIXE motif,
that suggest it recruits PP2A-B56 (HERTZ AND NILSSON 2017). We generated a dmt RNAI that
efficiently depleted the mRNA. However, no loss of cohesion phenotype was observed. A
possible explanation for this phenomenon is that DMT, like the other cohesins required for
cohesion, is a stable protein that is only loaded onto chromosomes during pre-meiotic S-phase
(GYURICZA et al. 2016). Indeed, we observed DMT localization, but not WDB, early in
prophase. Cohesion in oocytes, therefore, may be enforced by two redundant mechanisms. One

is established during S-phase and ensures protection during the long oocyte prophase, and the
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other, based on MEI-S332/SGO, is established late, once the nuclear envelope breaks down and
the meiotic divisions begin.

In addition to cohesion loss when both B56 subunits, WDB and WRD, were knocked out,
we observed loss of end-on attachments and bi-orientation defects. The bi-orientation defects are
likely a consequence of the attachment defects. BubR1 is required for PP2A localization and
through this mechanism has been shown to stabilize KT-MT attachments (FOLEY ef al. 2011;
SUDUKERBUIK ef al. 2012; KRUSE et al. 2013; XU et al. 2013). Similarly, in Drosophila oocytes,
we have previously shown that BubR1 and Polo stabilize KT-MT attachments (WANG et al.
2019). Thus, PP2A activity has two important functions at the centromeres or kinetochores:
protecting cohesion and stabilizing KT-MT attachments. The dramatic disorganization of
chromosomes and spindle, and precocious entry into anaphase, in B56 depleted oocytes is a
consequence of these two defects.

PP2A localization depends on BubR1. However, the PP2A-B56 loss of function
phenotypes are much stronger than BUBRI1 loss of function. We propose two reasons for this
difference. First, there are at least three pools of PP2A-B56. The first is the kinetochore pool,
based on the localization of WDB that depends on BUBR1 and MEI-S332. Based on the mild
phenotype of BUBR1 RNAI or mei-S332 mutant oocytes, this pool is not essential for cohesion.
Kinetochore localization of WDB is also not essential for spindle instability, because Spc105R
RNAI is still sensitive to BN2 (WANG et al. 2019). The second pool is the one that regulates
spindle integrity and length. This pool may be localized to the spindle and difficult to detect.
The third pool is represented by the weak arm staining observed in many of our oocyte images.
The weak signal is probably the reason we do not observe it in every oocyte. We do not know if

this pool depends on BUBR1 or MEI-S332 (or depends on another factor like Dalmatian). We
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propose that the two pools of PP2A that regulate cohesion and KT-MT attachments both depend

on SPC105R. It is striking that one protein may provide the spatial separation to allow these two

pools of PP2A to function independently.
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Table 1: Summary of RNAI lines.

Genotypes % of WT
mRNA

Mts; HMJ22483 14
wdb: HMS01864 5
wdb: wdbA5 15
tws: GL00670 0?
wrd: GL00671 5
Spcl05R:GL00392 13°
Ndc80 GL00625 6°
BubR1: GL00236 ND
dmt: dmt270 10
dmt: dmt305 7

a = (SAPKOTA et al. 2018)

b = (RADFORD et al. 2015)
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Table 2: Fertility of PP24 RNAI females

Genotype Number of Progeny | Number of Vials | Average Progeny per Vial
mts HMJ22483/ mata. 0* 20 0
mts HMS04478/ mata. 0° 10 0
wdb HMS/mato. 257 10 25.7
wrd GL/mato. 1440 20 72
wdb A5/mato. 216 33 7
wdb HMS/nos 1044 10 104
wdb A5/nos 533 10 53
wrd-; wdb HMS/mato. 4 14 0.3
wrd GL; wdb HMS/ mato 0* 15 0
wrd GL; wdb HMS/nos 0° 15 0
dmt 270/ nos 381 9 42
dmt 305/nos 0? 30 0
dmt 270/ mata 0? 20 0
dmt 305/ mata 0*° 20 0

a: Stage 14 oocytes present

b: No Stage 14 oocytes
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Figure 1: Constant Aurora B activity is required or maintaining spindle microtubules and
SPC105R localization in oocytes. (A) Wild type oocytes treated with either 0.001% DMSO or
50uM BN2. DNA is shown in blue, Subito in red and tubulin in green. All images are maximum
projections of Z-stack and scale bars are 5 pm. (B) Localization of kinetochore protein SPC105R
(white) was reduced in WT oocytes treated with BN2 (72% faint and reduced localization, n=36)
compared to controls (0% faint, n=8). (C) SPC105R localization was retained in mzs/™M/22453
RNAI oocytes treated with BN2 relative to WT oocytes treated with BN2 (16% weak, n=19,

P<0.0001, Fisher’s exact test). D) Wild type oocytes treated with either 0.001% DMSO or 50uM

BN2 immunostained with DNA (blue), INCENP (red), tubulin (green) and Aurora B (white).

Figure 2: PP2A antagonizes Aurora B activity. Oocytes were treated with (A) 0.001%
DMSO had pINCENP (n=19/20) while (B) oocytes treated with 50uM BN2 had pINCENP at a
reduced frequency (6/15, p=0.007). The BN2 treated oocytes with pINCENP tended to have
some residual spindle assembly. Phosphorylated INCENP (pINCENP) is shown in red, INCENP
in white, tubulin in green and DNA in blue. (C) Graphs showing the qualitative and quantitative
assessment of spindle assembly in WT+DMSO (n=11), WT + BN2 (n=84), mts (n=39), tws
(n=25), wdb A5 (n=30) and wdb HMS (n=50) oocytes treated with BN2. (D) Retention of
pINCENP when wdb RNAIi oocytes were treated with 50uM BN2 (n=15). (E -1) Wild-type and
RNAI1 oocytes treated with S0uM BN2. All were stained with Incenp, CID, Tubulin, and Hoechst

(DNA). Tubulin staining is shown in the right panel. Scale bars are Sum.

Figure 3: Aurora B antagonizes KLP10A. (A) Wildtype oocytes treated with BN2. (B)

Untreated klp10A4 RNAIi oocytes showing characteristic long spindle phenotype. (C) Most wild-
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type oocytes treated with BN2 failed to form a spindle (16/20). Kip10A4 RNAi oocytes treated
with BN2 mostly developed a long spindle (39 out of 45, p<0.0001). (D) In some cases, the
spindle in Klp104 RNAi oocytes treated with BN2 was detached from the chromosomes, as if the
kinetochore attachments were destabilized. The Images are shown with CID/CENP-A in white,
Tubulin in green, Subito in red, and DNA in blue. Tubulin channel shown in bottom panel. Scale

bars are Spum.

Figure 4: Spindle assembly in PP2A RNAI oocytes. (A) Wildtype or wdb?®’ RNAi
oocytes with INCENP in red, CID/CENP-A in white, Tubulin in green and DNA in blue. The
bottom panel shows CID staining. The Scale bars are Spm. (B) Percent karyosome phenotype for
each genotype. (control n=51; wdb HMS n=30; wdb-A5 n=41; control I hr n=32. wdbA5 1 hr
n=35; wdbHMS 1 hr n=25). Precocious anaphase is indicated by the separation of chromosomes
towards the poles. (C) Wildtype or wdb™5 oocytes incubated in Robbs buffer for 1 hour without
BN2. Bottom panel shows the DNA channel. (D) Plot showing the number of centromere foci

for each genotype (control n=51; tws n=32; mts n=50; wdbAS5 n=39; wdbHMS n=43).

Figure 5: Precious anaphase in PP2A RNA1 oocytes. (A) Metaphase I oocytes in single
(wrd GL and wdb HMS) and double knockdown (wrd GL; wdb HMS and wrd” wrd HMS)
oocytes, with INCENP in red, CID/CENP-A in white, Tubulin in green and DNA in blue. CID
and DNA channels are shown below. The number of centromere foci is indicated in the CID
channel. Scale bars are Spum. (B) Number of centromere foci in wrd GL (n=13), wdb HMS
(n=43), wrd GL; wdb HMS (n=33), wrd’ wrd HMS (n=28) and Ndc80,; wrd’ wrd HMS (n=10)

oocytes. (C) Percent karyosome phenotype for each genotype.
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Figure 6: Analysis of bi-orientation in PP2A RNAi oocytes. FISH was performed with
probes for the three major chromosomes in wild-type (A) and RNAi oocytes of (B) tws, (C)
wdbHMS, (D) wdb HMS incubated for 1 hour, (E) wrd wrd® wdb HMS, and (F) wrd GL wdb
HMS. The paracentric FISH probes were for the X chromosome (359bp repeat, Alexa594,
purple), the 2nd chromosome (HET, Cy3, red) and the 3™ chromosome (Dodeca, Cy5, white).
An example of one FISH probe is shown in the lower panels (chromosomes 2 or 3). Examples
of mono-orientation are shown in D and F. Also shown is tubulin in green, DNA in blue and the
scale bars are Sum. (G) Relative frequency of mono-oriented and bi-oriented centromeres in
wild-type (n=117) and RNAi oocytes of mts (n=60), tws (n=72), wdb A5 (n=61), wdbHMS
(n=66), wrd GL wdb HMS (n=51F), wrd* wdb HMS (n=73), wdb HMS incubated for 1 hour (D),
wrd” wdb HMS (E), wild-type incubated for 1 hour (n=45), wdb A5 incubated for 1 hour (n=98)

and wdbHMS incubated for 1 hour (n=87).

Figure 7: Localization of WDB in metaphase I of meiosis. Stage 14 oocytes showing
WDB (red), CID/CENP-C (white), Tubulin (green), DNA (blue). The single channel images
show WDB. Images show wild-type control (A,B), RNAi (C,E) or homozygous mutant (D,F)
oocytes. WDB was detected using a polyclonal antibody (SATHYANARAYANAN et al. 2004;
PINTO AND ORR-WEAVER 2017) (A-E) F-H). The WDB channel in panel G is a higher
magnification image to show threads of WDB signal, which is believed to be protein on the
chromosome arms spanning the distance between the bi-oriented centromeres (arrow). Scale bars

are Sum.
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Figure 8: Localization of cohesion protection/ PP2A recruitment proteins in meiosis. (A)
Wild-type oocyte showing DMT in red, MEI-S332 in white, tubulin in green and DNA in blue.
Also shown are greyscale images of the DMT, MEI-SS332 and tubulin channels. Scale bar is are
Spm. (B,C) Wildtype and dmt RNA1 oocytes showing with DMT in red, CID in white, tubulin in
green and DNA in blue. DMT is shown in the bottom panel and scale bar is Spm. (D-E)
Phenotype of stage 14 dmt RNAi and mei-$S332 mutant oocytes, with INCENP (red), CID
(white), Tubulin (green) and DNA (blue). (F) Summary of centromere foci in dmt RNAi (n=15),
mei-S332 mutant (n=23) or dmt mei-S332 (n=21) oocytes. There are no significant differences
between the three data sets by one-way ANOVA tests. However, dmt mei-S332 is significantly
different than mei-S332 by a t-test (P=0.013). (G) DMT localization (red) in early
prophase/pachytene oocytes. Oocytes are marked by C(3)G (green) along with DNA (blue). (H)
DMT localization where the shRNA is expressed at a later stage of prophase than the oocyte in
panel using mataGAL4. DMT localization is visible in these late stage pachytene oocytes (H) and

after pachytene ends (I).
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Figure S 1: BN2 treatment in PP1. (A) Wild type (WT) and PpI-87B RNAI oocytes
treated with either 0.001% DMSO or 25uM BN2 immunostained with DNA(blue), tubulin
(green), pINCENP (red) and INCENP (white). All images are maximum projections of Z-stack
and scale bars are 5 um. (B) Frequency of spindle loss in WT or Pp/-87B RNAI oocytes, treated
with DMSO or BN2. Error bars show SEM of each category. ***=P<0.001 (Fisher’s exact test).
(C and D) Kinetochore (SPC105R) localization (red) in Pp/-87B RNAI1 oocytes treated with
either DMSO or BN2 (n= 10 and 10). In the merged image, SPC105R is shown in red along with

DNA (blue) and tubulin (green).

Figure S 2: FRAP analysis comparing the recovering time of wild-type and m¢s RNAi

oocytes expressing GFPS65C-alpha-Tub84B.

Figure S 3: Examples end-on attachments in wild-type (A) and lateral attachments (B-D)
in wrd wdb double knockout oocytes. Stage 14 oocytes are shown with DNA in blue, tubulin in
green, CENP-C in white and either WDB (A) or INCENP (B-D) in red, and. All images are

maximum projections of Z-stack and scale bars are 5 um.

Figure S 4: Additional images of WDB localization using an HA-tagged transgene
(HANNUS et al. 2002). Images show DNA in blue, tubulin in green, HA-WDB in red, and CENP-
C in white. Arrow in panel B shows a thread of WDB between the chromosomes. All images are

maximum projections of Z-stack and scale bars are 5 um.

Figure S 5: WDB localization is not observed in meiotic prophase. WDB-HA (red) is not

concentrated at the centromeres (white — CENP-C) in early prophase (A — the germarium) and
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mid-prophase (B,C — vitellarium oocytes). ORB (green) is a cytoplasmic protein that is enriched

in the oocytes (LANTZ ef al. 1994). Scale bar is 5 um.

36


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

References

Bastos, R. N., M. ]. Cundell and F. A. Barr, 2014 KIF4A and PP2A-B56 form a spatially
restricted feedback loop opposing Aurora B at the anaphase central spindle. ] Cell
Biol 207: 683-693.

Beaven, R,, R. N. Bastos, C. Spanos, P. Rome, C. F. Cullen et al., 2017 14-3-3 regulation of Ncd
reveals a new mechanism for targeting proteins to the spindle in oocytes. ] Cell Biol
216:3029-3039.

Carazo-Salas, R. E., 0.]. Gruss, I. W. Mattaj and E. Karsenti, 2001 Ran-GTP coordinates
regulation of microtubule nucleation and dynamics during mitotic-spindle assembly.
Nat Cell Biol 3: 228-234.

Carazo-Salas, R. E., G. Guarguaglini, O. ]. Gruss, A. Segref, E. Karsenti et al, 1999 Generation
of GTP-bound Ran by RCC1 is required for chromatin-induced mitotic spindle
formation. Nature 400: 178-181.

Carmena, M., M. Wheelock, H. Funabiki and W. C. Earnshaw, 2012 The chromosomal
passenger complex (CPC): from easy rider to the godfather of mitosis. Nat Rev Mol
Cell Biol 13: 789-803.

Cesario, J., and K. S. McKim, 2011 RanGTP is required for meiotic spindle organization and
the initiation of embryonic development in Drosophila. ] Cell Sci 124: 3797-3810.

Chen, F., V. Archambault, A. Kar, P. Lio, P. P. D'Avino et al, 2007 Multiple protein
phosphatases are required for mitosis in Drosophila. Curr Biol 17: 293-303.

Colombié, N., C. F. Cullen, A. L. Brittle, J. K. Jang, W. C. Earnshaw et al.,, 2008 Dual roles of
Incenp crucial to the assembly of the acentrosomal metaphase spindle in female
meiosis. Development 135: 3239-3246.

Das, A., ]. Cesario, A. M. Hinman, J. K. Jang and K. S. McKim, 2018 Kinesin 6 Regulation in
Drosophila Female Meiosis by the Non-conserved N- and C- Terminal Domains. G3
(Bethesda) 8: 1555-1569.

Eggert, U. S, A. A. Kiger, C. Richter, Z. E. Perlman, N. Perrimon et al.,, 2004 Parallel chemical
genetic and genome-wide RNAI screens identify cytokinesis inhibitors and targets.
PLoS Biol 2: e379.

Endow, S. A, and D. ]. Komma, 1997 Spindle dynamics during meiosis in Drosophila
oocytes. ] Cell Biol 137: 1321-1336.

Foley, E. A, M. Maldonado and T. M. Kapoor, 2011 Formation of stable attachments
between kinetochores and microtubules depends on the B56-PP2A phosphatase.
Nat Cell Biol 13: 1265-1271.

Gilliland, W. D, S. F. Hughes, D. R. Vietti and R. S. Hawley, 2009 Congression of achiasmate
chromosomes to the metaphase plate in Drosophila melanogaster oocytes. Dev Biol
325:122-128.

Gutierrez-Caballero, C., L. R. Cebollero and A. M. Pendas, 2012 Shugoshins: from protectors
of cohesion to versatile adaptors at the centromere. Trends Genet 28: 351-360.

37


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Gyuricza, M. R, K. B. Manheimer, V. Apte, B. Krishnan, E. F. Joyce et al., 2016 Dynamic and
Stable Cohesins Regulate Synaptonemal Complex Assembly and Chromosome
Segregation. Curr Biol 26: 1688-1698.

Hahn, K., M. Miranda, V. A. Francis, J. Vendrell, A. Zorzano et al., 2010 PP2A regulatory
subunit PP2A-B' counteracts S6K phosphorylation. Cell Metab 11: 438-444.

Hannus, M., F. Feiguin, C. P. Heisenberg and S. Eaton, 2002 Planar cell polarization requires
Widerborst, a B' regulatory subunit of protein phosphatase 2A. Development 129:
3493-3503.

Heeger, S., 0. Leismann, R. Schittenhelm, O. Schraidt, S. Heidmann et al., 2005 Genetic
interactions of separase regulatory subunits reveal the diverged Drosophila Cenp-C
homolog. Genes Dev 19: 2041-2053.

Heifetz, Y., ]. Yu and M. F. Wolfner, 2001 Ovulation triggers activation of Drosophila oocytes.
Dev Biol 234: 416-424.

Hertz, E. P. T, T. Kruse, N. E. Davey, B. Lopez-Mendez, J. O. Sigurethsson et al., 2016 A
Conserved Motif Provides Binding Specificity to the PP2A-B56 Phosphatase. Mol Cell
63: 686-695.

Hertz, E. P. T., and ]. Nilsson, 2017 Localization of PP2A-B56 to centromeres in Drosophila.
Cell Cycle 16: 1385-1386.

Horner, V. L., and M. F. Wolfner, 2008 Mechanical stimulation by osmotic and hydrostatic
pressure activates Drosophila oocytes in vitro in a calcium-dependent manner. Dev
Biol 316: 100-109.

Hummer, S., and T. U. Mayer, 2009 Cdk1 negatively regulates midzone localization of the
mitotic kinesin Mklp2 and the chromosomal passenger complex. Curr Biol 19: 607-
612.

Jang, J. K, T. Rahman and K. S. McKim, 2005 The kinesinlike protein Subito contributes to
central spindle assembly and organization of the meiotic spindle in Drosophila
oocytes. Mol Biol Cell 16: 4684-4694.

Keating, L., S. A. Touati and K. Wassmann, 2020 A PP2A-B56-Centered View on Metaphase-
to-Anaphase Transition in Mouse Oocyte Meiosis I. Cells 9.

Kerrebrock, A. W., D. P. Moore, J. S. Wu and T. L. Orr-Weaver, 1995 Mei-S332, a Drosophila
protein required for sister-chromatid cohesion, can localize to meiotic centromere
regions. Cell 83: 247-256.

Kim, M. Y., E. Bucciarelli, D. G. Morton, B. C. Williams, K. Blake-Hodek et al.,, 2012 Bypassing
the Greatwall-Endosulfine pathway: plasticity of a pivotal cell-cycle regulatory
module in Drosophila melanogaster and Caenorhabditis elegans. Genetics 191:
1181-1197.

Kitagawa, M,, S. Y. Fung, U. F. Hameed, H. Goto, M. Inagaki et al, 2014 Cdk1 coordinates
timely activation of MKlpZ2 kinesin with relocation of the chromosome passenger
complex for cytokinesis. Cell Rep 7: 166-179.

Kitajima, T. S., T. Sakuno, K. Ishiguro, S. lemura, T. Natsume et al., 2006 Shugoshin
collaborates with protein phosphatase 2A to protect cohesin. Nature 441: 46-52.

Krishnan, B., S. E. Thomas, R. Yan, H. Yamada, I. B. Zhulin et al., 2014 Sisters Unbound Is
Required for Meiotic Centromeric Cohesion in Drosophila melanogaster. Genetics.

Kruse, T., G. Zhang, M. S. Larsen, T. Lischetti, W. Streicher et al., 2013 Direct binding
between BubR1 and B56-PP2A phosphatase complexes regulate mitotic
progression. ] Cell Sci 126: 1086-1092.

38


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Lantz, V., ]. S. Chang, ]. I. Horabin, D. Bopp and P. Schedl, 1994 The Drosophila ORB RNA-
binding protein is required for the formation of the egg chamber and establishment
of polarity. Genes & Dev. 8: 598-613.

Moazzen, H., R. Rosenfeld and A. Percival-Smith, 2009 Non-requirement of a regulatory
subunit of Protein Phosphatase 2A, PP2A-B’, for activation of Sex comb reduced
activity in Drosophila melanogaster. Mech Dev 126: 605-610.

Moore, D. P, A. W. Page, T. T. Tang, A. W. Kerrebrock and T. L. Orr-Weaver, 1998 The
cohesion protein MEI-S332 localizes to condensed meiotic and mitotic centromeres
until sister chromatids separate. ] Cell Biol 140: 1003-1012.

Nj, J. Q. R. Zhou, B. Czech, L. P. Liu, L. Holderbaum et al., 2011 A genome-scale shRNA
resource for transgenic RNAi in Drosophila. Nat Methods 8: 405-407.

Orr, B, K. M. Godek and D. Compton, 2015 Aneuploidy. Curr Biol 25: R538-542.

Page, A.W,, and T. L. Orr-Weaver, 1997 Activation of the meiotic divisions in Drosophila
oocytes. Dev Biol 183: 195-207.

Page, S. L., and R. S. Hawley, 2001 ¢(3)G encodes a Drosophila synaptonemal complex
protein. Genes Dev 15: 3130-3143.

Pinto, B. S., and T. L. Orr-Weaver, 2017 Drosophila protein phosphatases 2A B' Wdb and
Wrd regulate meiotic centromere localization and function of the MEI-S332
Shugoshin. Proc Natl Acad Sci U S A 114: 12988-12993.

Przewloka, M. R,, Z. Venkei and D. M. Glover, 2009 Searching for Drosophila Dsn1
kinetochore protein. Cell Cycle 8: 1292-1293.

Radford, S.J., A. M. Harrison and K. S. McKim, 2012a Microtubule-depolymerizing Kinesin
KLP10A Restricts the Length of the Acentrosomal Meiotic Spindle in Drosophila
Females. Genetics 192: 431-440.

Radford, S.]., T. L. Hoang, A. A. Gtuszek, H. Ohkura and K. S. McKim, 2015 Lateral and End-
On Kinetochore Attachments Are Coordinated to Achieve Bi-orientation in
Drosophila Oocytes. PLoS Genet 11: e1005605.

Radford, S.]., ]. K. Jang and K. S. McKim, 2012b The Chromosomal Passenger Complex is
required for Meiotic Acentrosomal Spindle Assembly and Chromosome Bi-
orientation. Genetics 192: 417-429.

Rangone, H., E. Wegel, M. K. Gatt, E. Yeung, A. Flowers et al,, 2011 Suppression of scant
identifies Endos as a substrate of greatwall kinase and a negative regulator of
protein phosphatase 2A in mitosis. PLoS Genet 7: e1002225.

Riedel, C. G., V. L. Katis, Y. Katou, S. Mori, T. Itoh et al., 2006 Protein phosphatase 2A
protects centromeric sister chromatid cohesion during meiosis I. Nature 441: 53-61.

Rome, P., and H. Ohkura, 2018 A novel microtubule nucleation pathway for meiotic spindle
assembly in oocytes. ] Cell Biol 217: 3431-3445.

Salimian, K. |., E. R. Ballister, E. M. Smoak, S. Wood, T. Panchenko et al., 2011 Feedback
control in sensing chromosome biorientation by the Aurora B kinase. Curr Biol 21:
1158-1165.

Salzberg, A., D. D'Evelyn, K. L. Schulze, |. K. Lee, D. Strumpf et al., 1994 Mutations affecting
the pattern of the PNS in Drosophila reveal novel aspects of neuronal development.
Neuron 13: 269-287.

Sampath, S. C,, R. Ohi, O. Leismann, A. Salic, A. Pozniakovski et al.,, 2004 The chromosomal
passenger complex is required for chromatin-induced microtubule stabilization and
spindle assembly. Cell 118: 187-202.

39


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Sapkota, H., E. Wasiak, ]. R. Daum and G. J. Gorbsky, 2018 Multiple determinants and
consequences of cohesion fatigue in mammalian cells. Mol Biol Cell 29: 1811-1824.

Sathyanarayanan, S., X. Zheng, R. Xiao and A. Sehgal, 2004 Posttranslational regulation of
Drosophila PERIOD protein by protein phosphatase 2A. Cell 116: 603-615.

Schittenhelm, R. B,, S. Heeger, F. Althoff, A. Walter, S. Heidmann et al.,, 2007 Spatial
organization of a ubiquitous eukaryotic kinetochore protein network in Drosophila
chromosomes. Chromosoma 116: 385-402.

Smurnyy, Y., A. V. Toms, G. R. Hickson, M. ]. Eck and U. S. Eggert, 2010 Binucleine 2, an
isoform-specific inhibitor of Drosophila Aurora B kinase, provides insights into the
mechanism of cytokinesis. ACS Chem Biol 5: 1015-1020.

Suijkerbuijk, S. J., M. Vleugel, A. Teixeira and G. J. Kops, 2012 Integration of Kinase and
Phosphatase Activities by BUBR1 Ensures Formation of Stable Kinetochore-
Microtubule Attachments. Dev Cell 23: 745-755.

Tang, A., P. Shi, A. Song, D. Zou, Y. Zhou et al., 2016 PP2A regulates kinetochore-microtubule
attachment during meiosis I in oocyte. Cell Cycle 15: 1450-1461.

Tang, T. T, S. E. Bickel, L. M. Young and T. L. Orr-Weaver, 1998 Maintenance of sister-
chromatid cohesion at the centromere by the Drosophila MEI-S332 protein. Genes
Dev 12: 3843-3856.

Tang, Z., H. Shu, W. Qi, N. A. Mahmood, M. C. Mumby et al.,, 2006 PP2A is required for
centromeric localization of Sgo1 and proper chromosome segregation. Dev Cell 10:
575-585.

Theurkauf, W. E., and R. S. Hawley, 1992 Meiotic spindle assembly in Drosophila females:
behavior of nonexchange chromosomes and the effects of mutations in the nod
kinesin-like protein. ] Cell Biol 116: 1167-1180.

Tournebize, R, S. S. Andersen, F. Verde, M. Doree, E. Karsenti et al.,, 1997 Distinct roles of
PP1 and PP2A-like phosphatases in control of microtubule dynamics during mitosis.
EMBO J 16: 5537-5549.

Trivedi, P., and P. T. Stukenberg, 2020 A Condensed View of the Chromosome Passenger
Complex. Trends Cell Biol.

van der Horst, A., and S. M. Lens, 2014 Cell division: control of the chromosomal passenger
complex in time and space. Chromosoma 123: 25-42.

Vert, J. P, N. Foveau, C. Lajaunie and Y. Vandenbrouck, 2006 An accurate and interpretable
model for siRNA efficacy prediction. BMC Bioinformatics 7: 520.

Viquez, N. M,, C. R. Li, Y. P. Wairkar and A. DiAntonio, 2006 The B' protein phosphatase 2A
regulatory subunit well-rounded regulates synaptic growth and cytoskeletal
stability at the Drosophila neuromuscular junction. ] Neurosci 26: 9293-9303.

Von Stetinag, J. R, S. Tranguch, S. K. Dey, L. A. Lee, B. Cha et al,, 2008 alpha-Endosulfine is a
conserved protein required for oocyte meiotic maturation in Drosophila.
Development 135: 3697-3706.

Wang, E., E. R. Ballister and M. A. Lampson, 2011a Aurora B dynamics at centromeres
create a diffusion-based phosphorylation gradient. ] Cell Biol 194: 539-549.

Wang, L. [,, A. Das and K. S. McKim, 2019 Sister centromere fusion during meiosis [ depends
on maintaining cohesins and destabilizing microtubule attachments. PLoS Genet 15:
e1008072.

40


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Wang, P., X. Pinson and V. Archambault, 2011b PP2A-twins is antagonized by greatwall and
collaborates with polo for cell cycle progression and centrosome attachment to
nuclei in drosophila embryos. PLoS Genet 7: €1002227.

Wu, C., V. Singaram and K. S. McKim, 2008 mei-38 is required for chromosome segregation
during meiosis in Drosophila females. Genetics 180: 61-72.

Xu, P., E. A. Raetz, M. Kitagawa, D. M. Virshup and S. H. Lee, 2013 BUBR1 recruits PP2A via
the B56 family of targeting subunits to promote chromosome congression. Biol
Open 2: 479-486.

Yamada, T., E. Tahara, M. Kanke, K. Kuwata and T. Nishiyama, 2017 Drosophila Dalmatian
combines sororin and shugoshin roles in establishment and protection of cohesion.
EMBO ] 36: 1513-1527.

Yoshida, S., M. Kaido and T. S. Kitajima, 2015 Inherent Instability of Correct Kinetochore-
Microtubule Attachments during Meiosis I in Oocytes. Dev Cell.

41


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 1
A ——re
WT+DMSO Subito Tubulin

&

WT+DMSO INCENP Aurora B

AuroraB

WT+BN2

e

42


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 2

A)WT+DMSO INCENP pINCENP . Tubulin

s

INCENP

B)
WT+BN2

F) WT+BN2

- ;

G) mis+tBN2

100+

H) tws+BN2

Spindle Intensity
(relative to background)

spindle phenotype %
o
=

n-
]

o\“c’O N o x\*e
X &

) B

H Nomal No Spindle =3 Faint qi‘\

D) wdbHMS+BN2 INCENP PINCENP I) wdbHMS+BN2

7

.

43


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 3

A) WT+BN2 B) kip10A C) kip10A+BN2 D) klp10A+BN2

N

44


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 4

Chromosome phenotype (%)

by
¢°§-‘¢=¢‘@.§
& o PSP P
Dq,.b -:\{é\-g?‘v
f F &
o

Separated chromosomes! multi-spindle
B3 Separated chromosomes/ one spindle

R Aligned chromosomes’ one spindle

(| WT—1 hour wdb HM5—1 hour ¢ ¢

L]
=]
|

I 1
= *
2 54 | 1 °
£ ns .
£ —
I=
: |EFF
s 51T T = 3 °
o
u | 1 1 1 1
h Y O O i i
0 = LS L wS
og& é‘(‘{b é@@ ‘5@? é@’b
X
& &
& .1189

45


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 5

A) wrd GL wrd GL; wdb HMS wrd” wdb HMS . Ndc80; wrd’ wdb HMS
. d / d o
D
; ; . :

B)

— g
20+ >k % ®
5 —/ 1 g = Separate chromosomes/
o 15 LN . g Multiple Spindles
2 : T 2 Separated ch /
. . s parated chromosomes
E 10 . ¥ % ks ofs by B one Spindle
‘E - %% - ; - g Aligned chromosomes/
2 ; —_—— ? one spindle
5 oot £
# 2
=
0 1 1 I 1 I I I o
SRR
S A
& \“\ﬂb\’ b"‘ﬁé" &

46


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 6

C) wdb HMS D) wdb HMS
Thr

E) wrd wdb HMS

% Orientation

q" ¢ o ?ﬁ\’?t"‘??t' \.-f"'m@ A
s&?’ W
“Sﬁ A

= mono-onented WA bioriented

47


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 7

C) Spc105R



https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.01.232512; this version posted August 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 8

MEI-5332 Tubulin

MEI-5332

D) mei-5332 E) mei-5332 dmt

104 .

centromere foci

Genotype

49


https://doi.org/10.1101/2020.08.01.232512
http://creativecommons.org/licenses/by-nd/4.0/

