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Summary

The mechanisms that dictate nuclear shape are largely unknown. Here we screened the budding
yeast deletion collection for mutants with abnormal nuclear shape. A common phenotype was the
appearance of a nuclear extension, particularly in mutants in DNA repair and chromosome
segregation genes. Our data suggest that these mutations led to the abnormal nuclear morphology
indirectly, by causing a checkpoint-induced cell cycle delay. Indeed, delaying cells in mitosis by
other means also led to the appearance of nuclear extensions, while inactivating the DNA damage
checkpoint pathway in a DNA repair mutant reduced the fraction of cells with nuclear extensions.
Formation of a nuclear extension was specific to a mitotic delay, as cells arrested in S or G2 had
round nuclei. Moreover, the nuclear extension always coincided with the nucleolus, while the
morphology of DNA mass remained largely unchanged. Finally, we found that phospholipid
synthesis continues unperturbed when cells delay in mitosis, and inhibiting phospholipid synthesis
abolished the formation of nuclear extensions. Our data suggest a mechanism that promotes
nuclear envelope expansion during mitosis. When mitotic progression is delayed, cells sequester
the added membrane to the nuclear envelope associated with the nucleolus, possibly to avoid
disruption of intra-nuclear organization.

Results and Discussion

Mutants in DNA repair and chromosome segregation genes exhibit abnormal nuclear
morphology

The majority of eukaryotic cells undergo open mitosis, where the nuclear envelope (NE)
disassembles at the beginning of mitosis and reassembles following chromosome
segregation [1]. In contrast, many yeast undergo closed mitosis [2], where the nuclear
envelope remains intact throughout the cell cycle, and chromosome segregation occurs
within an elongating nucleus. In budding yeast, the nucleus is round throughout interphase,
but adopts an hourglass shape during mitosis (Figure 1A, see arrow in left panel).
Regulation of nuclear shape is a question of general importance, as changes in nuclear
morphology are the hallmarks of aging and certain diseases, such as cancer [3-5]. Yet the
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mechanisms that govern NE shape changes throughout the cell cycle are poorly understood.
The budding yeast Pahlp (homologous to the metazoan lipin) is a phosphatidic acid
hydrolase that is activated by the Nem1p-Spo7p phosphatase complex and inactivated in
mitosis by Cdk phosphorylation [6-8]. Pahlp is also phosphorylated by the cyclin-
dependent kinase-cyclin complex Pho85p-Pho80p [9]. Cells lacking Pahlp, Nemlp, or
Spo7p up-regulate phospholipid synthesis and exhibit nuclear extensions called “flares” [6,
10-12], suggesting a link between cell cycle regulated phospholipid synthesis and nuclear
shape.

To identify additional pathways that affect nuclear shape, we carried out a high-content,
genome-wide screen of roughly 4300 mutant strains from the S. cerevisiae deletion
collection. The deletion strains expressed the nuclear Pus1p-GFP, which fills the entire
nucleoplasm [12, 13], and a cytoplasmic tdTomato marker (Figure 1A). Deletion strains
were grown individually, imaged and analyzed for nuclear shape computationally and by
visual inspection. Strains identified as having abnormal nuclei by either approach were
retested.

A striking phenotype seen in several mutant strains was the presence of a nuclear extension
(Figure 1A and Supplemental Figure S1). A similar nuclear phenotype was previously noted
by Thrower et al in cells delayed in mitosis due to dicentric chromosome breakage [14]. Our
list of gene deletions resulting in this phenotype included DNA recombination and DNA
repair genes, and genes that control spindle function/chromosome segregation
(Supplemental Table S1). Interestingly, fission yeast defective in spindle assembly also
exhibit abnormal nuclear shape [15]. Also represented were genes involved in lipid and fatty
acid synthesis, including NEM! (the strain collection tested did not include spo7A or pahlA
strains). Nuclear extensions in DNA recombination/repair mutants and spindle function/
chromosome segregation mutants were more common in mitotic (large budded) cells, a
trend not seen in lipid/fatty synthesis mutants (Supplemental Table S1 and see below).

To further confirm the observations from the high throughput screen, we first focused on the
DNA recombination and repair mutations. Ten deletion strains were recreated and analyzed
for the presence of abnormal nuclei. These strains were compared to an isogenic nemiA
strain, which exhibits a nuclear extension called a flare [6, 11, 12]. Of the ten DNA
recombination/repair mutants retested, nine exhibited a statistically significant increase over
wild type in the fraction of cells with a nuclear extension (Supplemental Figure S1B).
Unlike nemIA cells, which were equally likely to exhibit a nuclear flare in interphase or
mitosis, the incidence of abnormal nuclei in DNA recombination and repair mutant strains
was 2-5 fold higher in mitotic cells than in interphase cells (Supplemental Figure S1C). The
preponderance of abnormal nuclei in mitotic cells was also observed in ¢ft4A and cin8A
mutants, which are defective in spindle-related functions (data not shown). Interestingly,
while few wild type cells exhibited abnormal nuclei, these nuclei, too, were primarily in
mitotic cells (Supplemental Figure S1C).

Nuclear extensions form as a consequence of a mitotic delay

In budding yeast, both the DNA damage checkpoint pathway and the spindle checkpoint
pathway delay the cell cycle in mitosis, prior to anaphase [16-19]. Thus, the abnormal
nuclear morphology seen in both DNA repair/ recombination mutants and spindle function/
chromosome segregation mutants could have been an indirect consequence of a cell cycle
delay caused by checkpoint activation. If that were the case, then other conditions that delay
cells in mitosis should also cause nuclear extensions. To test this, we quantified the fraction
of cells with a nuclear extension following treatment with nocodazole (which depolymerizes
microtubules and leads to a mid-mitosis delay through spindle checkpoint activation), or
bleomycin or zeocin (which cause DNA double strand breaks and lead to a mid-mitosis
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delay due to DNA damage checkpoint activation). We also examined nuclear morphology in
a cdc16 mutant grown at 34°C, a condition that blocks anaphase initiation by inactivating
the anaphase promoting complex, but without activating a checkpoint [20, 21]. In untreated
cells, the majority of cells exhibited round or hourglass shaped nuclei, as expected (Table 1
and Figures 1B, 1C). In contrast, the majority of cells treated with nocodazole, bleomycin or
zeocin had nuclear extensions (Table 1 and Figures 1B, 1C), as did cdac26 mutants (Table 1).
Nuclear extensions were also seen in cells expressing non-degradable Pds1p, which leads to
a pre-anaphase delay by blocking sister chromatid separation [22] (data not shown). Finally,
if nuclear extensions in DNA recombination/repair mutants formed as an indirect
consequence of a mitotic delay, rather than a direct consequence of loss of DNA repair/
recombination activity, then inactivating the DNA damage checkpoint pathway should
reduce the fraction of DNA repair deficient cells that exhibit nuclear extensions. Indeed,
deletion of the RADI gene, a component of the DNA damage checkpoint pathway, in
rad51A cells led to both fewer cell cycle-delayed cells and a lower fraction of cells with
nuclear extensions compared to rad51A alone (Table 1). Taken together, our data show that
delaying cell cycle progression prior to anaphase initiation, by a variety of independent
means, results in the formation of a nuclear extension.

Stone et al [23] reported that arresting cells in G1 with mating pheromone resulted in
nuclear extensions. To examine whether any cell cycle arrest results in nuclear extensions,
cells were arrested in S phase with hydroxyurea, which limits deoxyribonuclotide
availability [24], or by growing cac6-1 cells at 34°C, a condition that blocks the initiation of
DNA replication [25]. Cells were also arrested in G2 by over-expression of SWEZ, an
inhibitor of the mitotic cyclin-dependent kinase (Cdk1) [26]. In both S phase and G2
arrested cells, the fraction of cells with abnormal nuclei was significantly lower than in
mitotic arrested cells, and similar to that of cycling wild type cells (Figure 1D and Table 1).
Thus, the formation of a nuclear extension is not a general consequence of a cell cycle
arrest, but happens specifically during a mitotic delay or following a G1 arrest by
pheromone treatment [23].

Nuclear extensions form at the nuclear envelope adjacent to the nucleolus

In budding yeast, the nucleolus forms a crescent-shaped structure that caps the DNA mass
(Figure 2A). In cells disrupted for the PAHI pathway (e.g. spo7A mutant), a nuclear flare
forms at the NE that is adjacent to the nucleolus, without altering the overall structure of the
DAPI-staining DNA mass [6, 11, 12]. To examine if a similar relationship exists between
the nucleolus and the nuclear extension of mitotically delayed cells, we expressed both
Puslp-GFP and a nucleolar marker fused to mCherry (Nsr1p-CR). Two conditions are
shown: rad51A cells and nocodazole arrested cells. When examined by DAPI staining, the
DNA mass appeared overall normal (Figure 2B), although occasionally a thin thread of
DNA could be seen extending away from the bulk of the DNA (Supplemental Figure S2A).
Puslp-GFP revealed the existence of a nuclear extension, and the nucleolar marker Nsrlp-
CR showed that the nuclear extension associated with the nucleolus (Figure 2B), similar to
spo7A flares. In nocodazole treated cells, the nucleolus co-localized perfectly with the
nuclear extension in 88.9% of cells (n=81). In the remaining 11.1% the nucleolus still filled
the main nuclear extension, but there were additional extensions, adjacent to the nucleolus,
that did not conclusively contain nucleolar material (for example, see Supplemental Movie
S2 described below). The association of the nuclear extension with the nucleolus was seen in
under a/f tested conditions that generated a mitotic delay, including DNA recombination/
repair and spindle/chromosome segregation mutants, cells arrested in mid-mitosis with non-
degradable Pdslp, and cells treated with zeocin (data not shown).

To determine whether the nuclear extension forms at the NE associated with the nucleolus,
or whether the nucleolus moves into the extension subsequently, we followed Puslp-GFP
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and Nsrlp-CR in small budded cells that were either untreated or exposed to nocodazole
(Figure 2C). Control cells progressed through anaphase as expected (Figure 2C). In all
nocodazole treated cells (n=16), the initial nuclear deformation occurred as a flattened
extension in the nucleolar region, which then elongated, becoming a loop or hook-shaped
extension (Figure 2C, Supplemental Figure S2B, and Supplemental movies S1 and S2).
These data show that the nuclear extension forms at NE that is associated with the nucleolus.

The presence of a nuclear extension suggests that during a mitotic delay, the NE expands in
the absence of a spindle and despite a block to chromosome segregation. To compare the
cell cycle timing of this expansion relative to that of normal NE elongation, we used bud
size as a proxy for cell cycle progression, and measured bud length at the first sign of
nuclear elongation in control cells (n=26), or nuclear/nucleolar deformation in nocodazole-
treated cells (n=16). The relative timing of nuclear elongation in control cells, and the
formation of a nuclear extension in nocodazole treated cells, was nearly identical, occurring
when the bud lengths were 3.04 + 0.31 um and 2.98 + 0.51 wm, respectively. This suggests
that NE expansion occurs in response to a cell cycle cue that is independent of spindle
elongation or chromosome segregation.

Phospholipids continue to accumulate during mitotic arrest, leading to the formation of
nuclear extensions

The appearance of a nuclear extension in the presence of DNA or spindle damage suggested
that checkpoint activation blocks chromosome segregation but not membrane synthesis. To
examine this, cells were synchronized in G1 and released into regular growth media (cycling
cells) or the same media containing nocodazole (leading to a mitotic arrest before the first
cell division). Samples were taken at various time points and analyzed for phospholipid
accumulation. In cycling cells, the total amount of phospholipids rose steadily, reaching a 3-
fold increase 180 minutes after release from G1 (Figure 3A, left panels). In cells released
into nocodazole, the rate of phospholipid accumulation mirrored that of cycling cells
throughout the entire time course, despite the block to cell cycle progression (Figure 3A,
right panels). Thus, activation of the spindle checkpoint prevents chromosome segregation
but does not affect phospholipid accumulation.

If phospholipid synthesis contributes to the formation of the nuclear extension in mitotically
arrested cells, then inhibiting phospholipid synthesis should decrease the number of mitotic
cells with a nuclear extension. Over-expression of the Pahlp-activating proteins Spo7p and
Nem1p blocks nuclear elongation [6] and reduced phospholipid accumulation (Figure 3C).
We therefore examined whether over-expression of Spo7p and Nem1p affected the
formation of nuclear extensions in nocodazole-arrested cells. Control cells and cells over-
expressing SPO7and NEM1 from a galactose inducible promoter were grown in galactose
for 1 hour and then treated with nocodazole. Cells in both cultures arrested efficiently in
mitosis (Table 1). While control cells exhibited the typical increase in nuclear extensions,
cells over-expressing SPO7and NEMI had mostly round nuclei (Table 1 and Figure 3B).
Consistent with a role for phospholipid synthesis in NE expansion during a mitotic delay,
cells over-expressing OP/1, a transcription inhibitor of phospholipid synthesis genes, also
had a reduced number of cells with nuclear extensions, albeit to a lesser extent than the
reduction seen in cells over-expressing SPO7and NEM1 (Table 1). Thus, Spo7p and Nem1p
may affect nuclear morphology via pathways that are different from those regulated by
Opilp [10]. This possibility is also consistent with appearance of nuclear extensions in
spo7A and nemIA mutants, but not in gpiZA mutants [10]. Interestingly, cells arrested in
G2 by SWEI over-expression did not exhibit nuclear extensions, and yet the accumulation
of phospholipids in these cells was similar to that of mitotically arrested cells (Figure 3D).
Thus, phospholipid synthesis is necessary, but not sufficient, for nuclear extension
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formation. The absence of nuclear extensions in cells over-expressing SWEZ suggests that
mitotic Cdk activity may also be required.

In contrast to mutants that exhibit constitutive elevated phospholipid synthesis, such as
spo7A or gpilA mutants, in which the ER exhibits dramatic structural changes [12, 27],
mitotic delay was not accompanied by gross changes to ER morphology ([28] and our data
not shown). The reason for this difference is not known; as cells delay in mitosis they
continue to grow in size, and perhaps continued phospholipid synthesis contributes to the
formation of new ER membrane that is not altered in shape. Alternatively, cells may have a
mechanism that controls membrane allocation to the nucleus during mitosis, such that there
is a preferential increase in nuclear surface area relative to the ER. Finally, it is possible that
the structure of the ER is altered during a mitotic delay, but these changes are too subtle to
detect by light microscopy.

Nuclear extensions are resolved after release from mitotic arrest

During normal growth conditions, cells may delay temporarily in mitosis due to an
inhibitory signal generated by an intracellular defect, and then resume cell cycle progression
once the inhibitory signal is extinguished. To examine what happens to the nuclear
extension once cells are allowed to re-enter the cell cycle, cells were released from a
nocodazole-induced mitotic arrest and followed by microscopy. Of the 47 cells that were
followed, 91.5 % proceeded through mitosis (i.e. underwent chromosome segregation and
initiated a new cell cycle as determined by bud formation), and in the majority of cases
(75.7%) one or both nuclei regained a round shape following nuclear division (for example,
see Figure 3C), before the next cell division. Thus, the nuclear extension is resolved in the
subsequent cell cycle.

Closed mitosis imposes restrictions on nuclear membrane expansion during chromosome
segregation. In Schizosaccharomyces japonicus, this problem is solved by mitotic NE
rupture, which is independent of microtubule-induced forces but allows anaphase spindle
elongation to occur [29, 30]. Budding yeast circumvent the need for NE rupture by adding
membrane to the NE during mitosis. However, this solution is challenged during mitotic
delay. Our data show that a mitotic delay/arrest leads to the formation of a nuclear extension
that is dependent on phospholipid synthesis. This suggests that the increase in NE surface
area during mitosis is not caused by spindle elongation, but rather by a cell cycle regulated
process that promotes phospholipid synthesis and/or allocates membrane to the NE. The fact
that G2 arrested cells accumulate phospholipids but do not exhibit a nuclear extension
suggests that this regulatory process is dependent, at least in part, on mitotic Cdk activity. It
is currently unclear whether new membrane is added evenly throughout the nuclear
envelope, or whether membrane addition occurs at a specific region, such as the nucleolus.
Also, the properties of the NE that allow membrane accumulation adjacent to the nucleolus,
but not elsewhere in the NE, remain to be discovered. Finally, why during a mitotic delay is
NE expansion confined to the nucleolar region? Accumulating data suggest that there is
higher-level nuclear organization, including distinct chromosome positioning and specific
intra-nuclear domains [31]. Increase the surface area of the entire NE during a mitotic delay
could increase the volume in which the chromatin resides and lead to disruption of the intra-
nuclear spatial organization. By using the NE associated with the nucleolus as a “membrane
sink,” cells may be able to preserve chromosomal organization during mitotic delay.

Experimental Procedures

Can be found in the Supplemental Material
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mitotic delay leads to the formation of a nuclear extension

(A) Images of strains from the automated microscopy screen. Cells are expressing a nuclear
marker, Pus1p-GFP (green), and a cytoplasmic marker, TdTomato (red). Left: a field of wild
type cells. The arrow points to a typical large budded cell at early stages of mitosis, with an
elongated nucleus. Right: typical examples of cells of the indicated genetic backgrounds
with nuclei exhibiting nuclear extensions. Scale bar =10pum. Additional images are in
Supplemental Figure S1. (B and C) Wild type cells (KW913) expressing Puslp-GFP (pane
B) or Nup49p-GFP (pane C) were either untreated or treated with nocodazole (NZ) or
zeocin for 3 hours. The nucleus in nocodazole treated cells does not traverse the bud neck
due to the absence of microtubules. Scale bar =3pum. (D) Left panel: Wild type cells
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(KW926) were treated with hydroxyurea (HU) to induce an S phase arrest. Right panel:
Cells over expressing SWEI (MWY1152) and expressing Puslp-GFP were arrested in G2
arrest by adding galactose. In both cases the arrest was achieved after three hours. Typical
examples are shown. Scale bar =3m. Quantification of the nuclear morphology of these
strains and the control cells is presented in Table 1.
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Figure 2. The mitotic nuclear extension coincides with the nucleolus

(A) The nucleolus in wild type cells. Wild type cells (KW926) were fixed, stained with
DAPI and imaged for Pus1p-GFP (green in the overlays), Nsrip-mCherry (Nsrlp-CR, red in
the overlays) and DAPI (blue in the overlays). The green/red overlap causes Nsr1p-CR to
appear orange. Scale bar =3pum. (B) Nuclear morphology in rad51A cells (opt two rows) and
wild type cells treated with nocodazole (NZ, bottom two rows). rad51A and nocodazole
treated wild type cells (KW926) were fixed and imaged as described in (A). Shown are
typical examples of cells with nuclear extensions. Note that the DNA in these cells is similar
to the controls (panel A), while the nuclear extension (i.e. the part of the nucleus containing
Puslp-GFP but no DNA) coincides with the nucleolar marker Nsr1p-CR. Scale bar =3um.
(C) Wild type cells (KW926), either without (control) or with nocodazole treatment were
imaged at the indicated time points. Pus1p-GFP is in green and Nsrlp-CR is in red (appears
orange due to the overlay). For nocodazole treated cells, panels with only Pus1p-GFP or
Nsrlp-CR are shown in Supplemental Figure S2B. Scale bar = 3 um.

Curr Biol. Author manuscript; available in PMC 2013 June 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Witkin et al.

Page 12

Release from G1 Release from G1 into NZ

100.00 100.00

—o=—unbudded /-'—‘«""‘"‘-'
80.00 80.00 :

~@-1BIN %
60.00 60.00

% cells

40.00 40.00

s e ~—y
20.00 = 20.00

0.00 -+l 0,00 W= =

0 20 40 60 80 100120140160180 0 30 60 90 120 150 180
3.50 3.50

3.00 = 3.00 - /,
2.50 1/ 2.50 ~
2.00 t l’TV{ 2.00 1 /
150 e 150

A /T

1.00 1.00 W

0.50 0.50
0 20 40 60 80 100120140160180 0 30 60 90 120 150 180

Lipid phosphate
(relative to t0)

Time (minutes) Time (minutes)
GAL-SPO7 GAL-NEM1 in NZ C D

o

N

&
*

DIC

o o
BN
& S

nmol lipid phosphate/10 cells
nmol lipid phosphate/108 cells

o o o
o o
8 & o
o
=]

S}

\,
@N & 9‘\‘9
N

f;zo“ [
&
-
® -
N - .
80:00 120:00 160:00

Figure 3. The mitotic nuclear extension depends on continued phospholipid synthesis

(A) Wild type cells (KW913) were arrested in G1 with alpha factor mating pheromone and
released from the arrest into regular growth media (left panels) or into media containing
nocodazole (right panels). Samples for cell cycle distribution (upper panels) and
phospholipid analysis (lower panels) were taken at the indicated time points. For cell cycle
distribution, shown are unbudded cells (blue curves) or large budded cells with a single
nucleus (LB1N, red curves). For phospholipid analysis, shown are the amounts of lipid
phosphate relative to time 0, immediately before the release from the G1 arrest. (B)
Examples of cells over-expressing SPO7and NEM and treated with nocodazole. DNA
(DAPI) is in blue and Nsr1p-CR is shown in red. (C) Analysis of lipid phosphate in the same
cells shown in panel B. Cells were arrested in G1, induced for galactose-induced expression
and released from the arrest into media containing galactose and nocodazole. Samples were
taken at time 0 and 3 hours, and the graph shows the difference in the amount of lipid
phosphate between these two time points per 10 cells. Error bars indicate SEM. (D)
Analysis of lipid phosphate for control and GAL-SWE1 cells, as described in panel C. The
difference in lipid phosphate between the two strains is not statistically significant. The
presence of nocodazole did not affect phospholipid accumulation (data not shown). (E) An
example of a wild type cell (KW926), as it is released from a nocodazole induced mitotic
arrest. Green: Puslp-GFP, red: Nsr1p-CR. Images were taken at the indicated time points
(minutes).
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Table 1

Cell cycle dependence of nuclear extensions
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Condition Percent large budded cells with a single nucleus® | Percent cells with nuclear extensionsP

1 Wild type, untreated 32.17 £4.62 21.7£0.56
2 Nocodazole 83.09+1.29 87.5 +1.96*
3 Bleomycin 80.81+7.95 55.58 + 4.77*
4 Hydroxyurea 70.24 + 3.68 26.75 + 3.47
5 | wild type at 34°C 85+0.71 12,5+ 3.54
6 cdc16-123at 34°C 76.5+7.78 84.0 +1.41*
7 GAL-SWEIC 7487 +7.91 29.38 +5.78*
8 | wild type + nocodazole€ 73194858 86.87 £ 4.73
9 | wild type at 34°C 700 5.0+2.83
10 | cdc6-1at 34°C 73.5+3.54 10.5+6.36
11 | rad9A 29.94 +8.18 26.46 + 3.47*
12 | rad51A 43.97 £ 2.67 46.15 £9.73
13 | rad51Arad9A 27.9+5.17 32.94 + 7.64*
14 | GAL-sPO7+NEMLI in nocodazole® 92.97+3.32 2337+2.78"
15 [ Vectors only in nocodazole&d 93.04+0.33 92.88+3.41
16 | Gaz-0P1in nocodazole€ 92.23+2.02 61.91+4.13*
17 | wector only in nocodazole& 90.94 £ 4.25 96.85+ 1.52

aFor different treatments, a large budded with a single nucleus state reflects a different cell cycle stage. For example, nocodazole treatment and
growth of cdc16-123cells at 34°C arrests cells in mid-mitosis, hydroxyurea and growth of cdc6-1 cells at 34°C arrests cells at early stages of DNA
replication, and over expression of SWEI arrests cells in G2. For untreated cells, large budded cells with a single nucleus are typically in G2 or
early mitosis (before anaphase)

Numbers are average + standard deviation, based on at least three biological replicates. Statistical analyses were done using students T-test. In
each section, the reference control is shown in bold and the values that are statistically significantly different from the control (p< 0.05) are
indicated with an asterisk (*).

c .
Cells were grown in the presence of galactose.

d . .
Vectors only refers to the same vector backbones used in the construction of the GAL-SPO7and GAL-NEMI, or GAL-OPI1
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