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Astral microtubule forces alter nuclear 
organization and inhibit DNA repair in 
budding yeast

ABSTRACT  Dividing cells must balance the maintenance of genome integrity with the gen-
eration of cytoskeletal forces that control chromosome position. In this study, we investigate 
how forces on astral microtubules impact the genome during cell division by using live-cell 
imaging of the cytoskeleton, chromatin, and DNA damage repair in budding yeast. Our 
results demonstrate that dynein-dependent forces on astral microtubules are propagated 
through the spindle during nuclear migration and when in excess can increase the frequency 
of double-stranded breaks (DSBs). Under these conditions, we find that homology-directed 
repair of DSBs is delayed, indicating antagonism between nuclear migration and the mecha-
nism of homology-directed repair. These effects are partially rescued by mutants that weaken 
pericentric cohesion or mutants that decrease constriction on the nucleus as it moves through 
the bud neck. We propose that minimizing nuclear movement aids in finding a donor strand 
for homologous recombination.

INTRODUCTION
How cells balance the integrity of the genome with the generation of 
cytoskeletal-based forces is an important question. During cell divi-
sion, the cytoskeleton generates forces to build the mitotic spindle, 
separate duplicated chromatids and move each copy of the genome 
to regions of the cytoplasm that will belong to the resulting daughter 
cells. Cells accomplish these tasks using spatially distinct microtu-
bule networks. Within the spindle, microtubule-associated proteins 
(MAPs) and motors organize spindle microtubules to segregate chro-
mosomes and stabilize the spindle. Outside the spindle, astral micro-
tubules and associated proteins move each copy of the genome to 
precise locations in the dividing cell. How is genome integrity main-
tained when the cell undergoes such dramatic reorganization?

During cell division, the genome is exposed to many counteract-
ing forces involved in building and positioning the mitotic spindle. 
A bipolar spindle is built through dynamic microtubules interacting 
with motor proteins, cross-linkers, and kinetochores on the chromo-
somes. These components within the spindle provide opposing 
forces that are thought to counterbalance each other to keep the 
spindle at an optimal length as microtubules form bioriented, ten-
sile attachments to sister chromatids that are required for faithful 
chromosome segregation (McIntosh et al., 1969; Cottingham and 
Hoyt, 1997; Dumont and Mitchison, 2009). The core structural 
component of the spindle is microtubules. Outward spindle forces 
are provided by the combined action of Ase1/PRC1 proteins that 
selectively cross-link anti-parallel microtubules and kinesin-5 motors 
that slide these microtubules apart (Cole et al., 1994; Pellman et al., 
1995; Winey et al., 1995; Kapitein et al., 2005). Inward forces are 
provided by kinesin-14 motors and microtubules that attach to the 
kinetochore complex built on centromeric DNA (Figure 1A; Bouck 
et al., 2008; Cheeseman and Desai, 2008). The attachment of each 
chromatid to microtubules from opposite spindle poles creates 
tension between sister chromatids due to the elastic properties of 
DNA and integrated proteins (Goshima and Yanagida, 2000; 
Tanaka et al., 2000; Pearson et al., 2001; Stephens et al., 2011). In 
addition, cohesin proteins hold sister chromatids together and are 
important for maintaining and sensing proper tension between 
chromatids (Stephens et al., 2011; Yong-Gonzales et al., 2012). 
While the balance of forces builds and maintains a bipolar spindle, 
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FIGURE 1:  Spindle length and variation increases during nuclear migration. (A) Schematic of spindle and components 
that contribute to the balance of forces in budding yeast. (B) Time-lapse image series of GFP-Tub1 in a WT cell. Each 
image is a maximum intensity projection from a confocal z-series. Spindle length during a sliding event was taken from 
the red boxed region. Time 0 is the spindle before movement. The red dashed line denotes the center of the spindle at 
time 0. Bar, 1 µm. (C) Time-lapse image series of GFP-Tub1 in an ase1∆ null mutant. Spindle length during a sliding event 
was taken from the red boxed region. The red dashed line denotes the center of the spindle at time 0. At time 0, the 
spindle is compact with the length at 0.98 µm. Bar, 1 µm. (D) Plot of spindle length over time for a WT cell during 
nuclear migration. On the left, the y-axis is spindle length in micrometers, and on the right, the y-axis is distance the 
spindle moves in micrometers. The x-axis is the duration in seconds. Red dots represent spindle length in micrometers 
and black dots represent distance the spindle moves in relation to the starting spindle position as 0. The gray box 
indicates the sliding event. The WT spindle moves a distance of 0.5 µm and the spindle length remains around 1.5 µm 
with a low SD of 0.02. (E) Plot of spindle length over time for the ase1∆ mutant. Red dots represent spindle length in 
micrometers and black dots represent the distance the spindle moves in relation to the starting spindle position as 0. 
The gray box indicates the sliding event. The ase1∆ mutant spindle moves 0.5 µm and the spindle length changes from 
1.6 to 2.3 µm with a SD of 0.21. (F) Box and whisker plot of preanaphase spindle lengths. The median length for WT 
spindles is 0.89 µm with a SD of 0.28 in comparison to ase1∆ mutant containing significantly greater preanaphase 
spindle length with the median at 1.27 µm with a SD of 0.79; n = 400 cells. Asterisks denote a significant difference from 
WT. **p < 0.0001 determined by Mann–Whitney test. (G) Dot plot of SD of spindle lengths in micrometers. Each point 
represents the SD for the spindle lengths reached before or during a sliding event. Red bars represent the median and 
95% CI; n = 17 sliding events. Asterisks denote a significant difference. *p < 0.05 determined by Mann–Whitney test.
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how forces outside of the nucleus impact spindle dynamics is 
unclear.

Astral microtubules interact with the cell cortex to position the 
mitotic spindle within the cell. Dynein, kinesins, and bridging 
proteins that link to actin-based motors interact with astral microtu-
bule plus ends to move the spindle (Carminati and Stearns, 1997; 
Cottingham and Hoyt, 1997; Miller and Rose, 1998; Adames and 
Cooper, 2000). Similar to maintaining the balance of forces within 
the spindle, forces from motor proteins must be balanced to regu-
late astral microtubule length and organization outside of the spin-
dle. Altered astral microtubule stability results in aberrant spindle 
positioning (Huffaker et al., 1988; Gupta et al., 2006; Rankin and 
Wordeman, 2010; Tame et al., 2014; Estrem et al., 2017). How astral 
microtubule-based forces influence the organization and integrity of 
chromosomes is not understood.

Budding yeast provides an ideal model system to study how 
forces outside the nucleus impact the integrity of the genome dur-
ing mitosis. Budding yeast exhibit a closed mitosis, where the nu-
clear envelope does not break down (Byers and Goetsch, 1975). 
The dividing cell moves the nucleus, containing the genome and 
spindle, through a cellular constriction between the mother and 
daughter, called the bud neck (Adames and Cooper, 2000; Yeh 
et al., 2000). This movement is accomplished by complementary 
pathways that first orient the spindle along the mother–daughter 
axis and then move the spindle into the bud neck. A bridging pro-
tein, Kar9, is recruited to the plus ends of astral microtubules grow-
ing toward the new daughter cell and interacts with type-V myosins 
that move along the actin network to orient the assembling spindle 
(Miller and Rose, 1998; Adames and Cooper, 2000; Yin et al., 2000; 
Hwang et al., 2003) Then prior to anaphase, the motor protein 
dynein attaches to a receptor at the cell cortex and generates pull-
ing forces on astral microtubules to move the spindle and nucleus 
into the bud neck (Li et al., 1993; Adames and Cooper, 2000; Lee 
et al., 2005). As dynein moves toward the microtubule minus end at 
the spindle pole body, the yeast microtubule organizing center, it 
slides the astral microtubule along the cell cortex and pulls the spin-
dle in the same direction as the microtubule. This process is called a 
sliding event. As the nucleus is pulled into the bud neck, the nuclear 
envelope is deformed from a circle into a bow tie shape (Byers and 
Goetsch, 1975; Cottingham and Hoyt, 1997). Dynein acts exclu-
sively outside of the nucleus and its activity is restricted to position-
ing the spindle beginning in preanaphase and through anaphase 
(Yeh, 1995; Woodruff et al., 2009). It is unknown whether genome 
integrity is impacted during nuclear movement in mitosis.

Cells use multiple checkpoints to ensure the integrity of chromo-
some segregation and the genome during cell division. Within the 
spindle, microtubules from opposing poles must attach to sister 
chromatids to satisfy the spindle assembly checkpoint and proceed 
into anaphase (Cohen-Fix et al., 1996; Schott and Hoyt, 1998; 
Biggins and Murray, 2001). Astral microtubules must move the spin-
dle to a precise location to satisfy the spindle position checkpoint 
prior to mitotic exit (Pereira et al., 2000). For the genome, DNA 
damage surveillance is ongoing in the nucleus, ready to halt the cell 
cycle to repair damage. If DNA damage occurs in S or G2 of the cell 
cycle, the DNA damage checkpoint blocks progression into ana-
phase until the damage is repaired (Weinert and Hartwell, 1988). 
Homologous recombination is the major mechanism of DNA dou-
ble-stranded break (DSB) repair to retain genome integrity from 
budding yeast to mammals (Orr-Weaver et al., 1981; Szostak et al., 
1983; Jasin and Berg, 1988). Homologous recombination occurs in 
S and/or G2 of the cell cycle when a copy of the broken DNA strand 
is present and nearby (Symington et al., 2014). The DSB undergoes 

5′ to 3′ resection by the Mre11-Rad50-Xrxs2 (MRX) complex, prim-
ing the leading strand for strand invasion when a region of homol-
ogy is found (Ivanov et al., 1994; Mimitou and Symington, 2010). 
Rad52 is essential for homologous recombination in budding yeast 
due to its role in mediating the loading of Rad51 and annealing 
complementary single-stranded DNA (Game and Mortimer, 1974; 
Mortensen et al., 1996; New et al., 1998; Shinohara and Ogawa, 
1998). Rad51 recombinase searches for the homologous sequence 
on the sister chromatid for the donor template (Sung, 1997). The 
rate-limiting step in the repair process is searching for a donor tem-
plate (Lee et al., 2016). DSBs increase chromosomal mobility, which 
is regulated by many of the repair factors involved in homologous 
recombination (Dion et al., 2012; Miné-Hattab and Rothstein, 2012). 
How mobility is used to repair DNA damage is still an open ques-
tion. One proposed mechanism is chromosomal mobility aids in the 
search to find the homologous donor strand of DNA (Lee et al., 
2016; Lawrimore et al., 2017). Mine-Hattab and Rothstein (2012) 
showed that chromosome mobility in response to DNA damage de-
pends on Rad51 and its upstream regulator Sae2, indicating that 
increased chromosomal movement contributes to repair by homol-
ogous recombination (Miné-Hattab and Rothstein, 2012). Consis-
tent with this notion, DSB repair pathways appear to promote 
chromosome movement through a mechanism involving nuclear 
microtubules and kinesin-14/Kar3 motors, and this mechanism is re-
quired for efficient repair (Chung et al., 2015; Oshidari et al., 2018). 
Furthermore, Lawrimore et al. (2017) found microtubules and motor 
proteins outside of the nucleus contribute to chromosomal move-
ment (Lottersberger et al., 2015; Lawrimore et al., 2017). While 
these studies demonstrate the importance of cytoskeletal forces in 
facilitating DSB repair, how these forces are regulated to promote 
efficient repair is unknown.

In this study, we test the hypothesis that the astral microtubule 
network outside of the nucleus is regulated to limit spindle move-
ment and thereby protect the integrity of the genome. We use live-
cell imaging of mutants that increase the frequency and extent of 
nuclear migration through the bud neck to examine how forces out-
side of the nucleus impact spindle stability, nuclear morphology, 
and the efficiency of DNA repair. Our results show that forces 
exerted on astral microtubules are transmitted through spindle 
microtubules and lead to distortions of pericentric DNA. Cells expe-
riencing increased nuclear migration exhibit persistent Rad52 foci, 
indicative of delayed DSB repair during S and G2 phase. This repair 
defect can be rescued by cohesion mutants that loosen pericentric 
cohesion and allow more mobility between sister chromatids. In 
addition, we show extended nuclear deformations caused by dynein 
pulling the nucleus through the narrow bud neck lead to increased 
DNA damage and this damage is alleviated by mutants that widen 
the bud neck and relieve nuclear constriction. Our results demon-
strate that aberrant forces generated by astral microtubules can 
damage the genome during mitosis and suggest proper regulation 
of astral microtubules may be coordinated with pathways that 
maintain genome integrity.

RESULTS
Forces from nuclear migration are transmitted through 
the spindle
We first tested the prediction that dynein-dependent forces on 
astral microtubules alter mitotic spindle organization by measuring 
changes in spindle length during nuclear migration. Wild-type (WT) 
spindles containing GFP-labeled microtubules (GFP-Tub1) were 
measured before and during nuclear migration. SD of spindle length 
was calculated by the square root of the variance, which is the 
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average of the squared differences from the mean for that time pe-
riod. We define nuclear migration as when an astral microtubule 
undergoes a dynein-dependent sliding event, pulling the spindle 
and nucleus forward. Figure 1B shows an example of nuclear migra-
tion in a WT cell. In this example, spindle length remains constant 
during migration, with an average length of 1.5 µm and a SD of 
0.02 µm (Figure 1, B and D).

We reasoned that proteins that cross-link interpolar microtubules 
might resist spindle length changes when pulling forces are trans-
mitted from astral microtubules. To test this prediction, we deleted 
ASE1, which cross-links interpolar microtubules in the spindle, and 
analyzed spindle length over time (Pellman et al., 1995; Juang et al., 
1997). Figure 1C shows an example of nuclear migration in an ase1∆ 
mutant cell. At time 0, before the spindle moves, the spindle is com-
pact with the length at 1.6 µm (Figure 1C). As the leading edge of 
the nucleus moves through the bud neck, the spindle elongates to 
a maximum length of 2.27 µm. When nuclear movement stops, the 
spindle shortens and returns to a length similar to the length 
observed before migration. This ase1∆ cell shows an average 
spindle length of 1.9 µm during migration with a SD of 0.21 µm 
(Figure 1, C and E).

By analyzing a population of cells, we find that ase1∆ mutant 
spindles exhibit a wider distribution of spindle lengths and a sig-
nificantly greater mean spindle length compared with WT cells in 
preanaphase (Figure 1F). To distinguish whether ase1∆ spindles 
exhibit increased changes in length due to pulling forces from as-
tral microtubules, we compared the SD of spindle lengths before 
and during nuclear migration (Figure 1G). We examined 17 nuclear 
migration events and measured spindle lengths over time, focus-
ing on the length of the spindle immediately before and during 
the sliding event. Spindle length SD did not change significantly 
before and during sliding for WT cells (p = 0.95 determined by 
Mann–Whitney test) (Figure 1G). In contrast, spindle length SD did 
change significantly before and during sliding for ase1∆ mutant 
cells (p = 0.005 determined by Mann–Whitney test) (Figure 1G). 
Our results show that dynein-dependent pulling forces on astral 
microtubules normally cause the entire spindle to move without 
changing length. However, when cross-links between interpolar 
microtubules are disrupted, pulling forces on astral microtubules 
cause one pole to move away from the other and the spindle to 
change its length.

Nuclear migration increases tension on pericentric 
chromatin
The above results indicate that interpolar microtubule cross-links 
transmit astral microtubule pulling forces across the spindle during 
nuclear migration. We next asked whether chromosomes also expe-
rience pulling forces from astral microtubules. We used a previously 
characterized method to image pericentric chromatin by integrating 
a tetO array 2 kb away from the centromere on chromosome IV, and 
expressing tetR-GFP to label this region (Figure 2A) (Goshima and 
Yanagida, 2000; Brito et al., 2010; Fees et al., 2016). We refer to this 
as CENIV-GFP. By labeling the region proximal to a centromere, we 
have the resolution to see how this pericentric region is organized 
and positioned relative to the homologous region on its sister chro-
matid in the mitotic spindle. When the regions are not under tension 
by the pulling forces of spindle microtubules, the GFP-labeled 
CENIV appears as a single focus (Figure 2B) (Goshima and Yanag-
ida, 2000; Tanaka et al., 2000; Pearson et al., 2001; Chacón et al., 
2014). When sister chromatids are bioriented and under tension, the 
labeled pericentric regions can be resolved into two foci (Figure 2B) 
(Goshima and Yanagida, 2000; Pearson et al., 2001; Tanaka et al., 

2000). In strains expressing labeled CENIV-GFP and differentially 
labeled spindle pole bodies (SPBs), we analyzed the CENIV foci 
number in all cells containing two SPBs separated by less than 1 µm 
to ensure that they were in preanaphase. We used this system to 
test the prediction that nuclear migration alters chromosome orga-
nization in the spindle; specifically, that pulling forces from nuclear 
migration increase tension on sister chromatids.

First, we used single time-point imaging to measure the frequen-
cies of preanaphase cells containing different numbers of CENIV-
GFP foci. In WT preanaphase cells, 79% contain one CENIV-GFP 
focus, and 20% contain two or more CENIV-GFP foci (Figure 2C). To 
test our prediction that nuclear migration alters tension on pericen-
tric chromatin, we used a mutant that exhibits excessive nuclear 
migration. We previously found that a β-tubulin mutant, tub2-430∆, 
causes hyperstable microtubules and increased interaction with dy-
nein at the cell cortex, producing increased frequency and duration 
of spindle migration, and therefore nuclear migration (Estrem et al., 
2017). In our single time-point experiment, the tub2-430∆ mutant 
exhibits an increase in cells containing two or more CENIV-GFP foci 
(27%) compared with WT cells (20%), consistent with previous stud-
ies (p = 0.04 by Fisher’s exact test; Figure 2C) (Fees et al., 2016). We 
then used time-lapse imaging to determine whether pericentric re-
gions are specifically under higher tension during nuclear migration. 
Figure 2D shows a representative series of time-lapse images from 
a tub2-430∆ mutant cell. When the bipolar spindle moves through 
the bud neck, the CENIV-GFP changes from a single focus into 
multiple foci (Figure 2, D and E). Applying this analysis across a pop-
ulation of cells, we predict an increase in cells containing two CENIV 
foci during nuclear migration, when the spindle is moving through 
the cell. WT cells contain one CENIV foci 86% of the time and two 
CENIV foci 13% of the time while the spindle is stationary (Figure 
2F). While the spindle is moving, WT cells contain one CENIV foci 
93% of the time and two CENIV foci 6% of the time (Figure 2G). 
Thus, we do not see an increase in time spent in a two CENIV state 
during nuclear migration in WT cells. However, we find that the two 
CENIV state is more common in tub2-430∆ mutants, compared with 
WT controls (p < 0.0001 by Fisher’s exact test; Figure 2, F and G). 
Furthermore, the two CENIV-GFP state is specifically enriched in 
tub2-430∆ mutants during periods of spindle movement (p < 0.0001 
by Fisher’s exact test; Figure 2, F and G). These data suggest that 
increased nuclear migration alters the tension on pericentric 
chromatin.

In addition to the two CENIV-GFP state, which is indicative of 
tension across sister chromatids, we also noticed that tub2-430∆ 
mutants transiently visit states with three or four CENIV-GFP foci. 
Our time-lapse imaging data indicate that these three and four 
CENIV-GFP states are transient, arise during spindle migration, and 
are specifically enriched in tub2-430∆ mutants (Figure 2, D–G). Con-
sistent with this, we identified cells with three or four CENIV-GFP 
foci in a small portion of tub2-430∆ mutants (22/531 cells) and in a 
smaller portion of WT controls (5/331 cells) in our single time-point 
analysis. These results indicate that increased outside spindle forces 
can be transmitted to pericentric chromatin and alter its position 
and organization.

Mutants with increased nuclear migration contain a higher 
frequency of cells with DSBs
Our results demonstrate that forces that drive migration of the 
spindle and nucleus are transmitted to pericentric chromatin, and 
increased frequency and duration of migration disrupt normal 
chromatin organization. Next, we sought to determine whether in-
creasing the movement of the spindle and nucleus damages the 
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genome. We first tested the prediction that mutants that promote 
excessive nuclear migration might be highly sensitive to defects in 
DNA repair. A previous genome-wide screen identified negative 
genetic interactions between the tub2-430∆ mutant and null mu-
tants that disrupt DNA repair (Aiken et al., 2014). Specifically, the 

identified interactions were significantly enriched for genes associ-
ated with the Gene Ontology term “response to DNA damage 
stimulus” (p = 0.003). These genes include the DNA recombinase 
RAD52, components of the Ctf18-RFC complex (CTF18, CTF8, 
DCC1), and components of the Cul8 RING ubiquitin ligase complex 

FIGURE 2:  Increased tension on pericentromeric chromatin during excessive nuclear migration mutant. (A) Schematic of 
CENIV TetR-GFP/TetO array. The tetOx448 array of repeats is located 2 kb away from the centromeric region on 
chromosome IV. In this system, we can visualize the region proximal to centromere with TetR-GFP and SPBs labeled with 
Spc110-tdTomato. (B) Representative images of WT cells with GFP-labeled pericentromeric region of chromosome IV 
and labeled SPBs in three different tension states. In the top panel, sister chromatids are not under tension in which the 
pericentromeric regions are combined into one CENIV-GFP foci. In the middle panel, the two sister chromatids are 
under tension, in which the pericentromeric regions can be resolved into two CENIV-GFP foci. In WT cells, on rare 
occasion, we see cells with three CENIV-GFP foci. (C) Frequency distribution for the percentage of preanaphase cells 
with one and two or more CENIV foci in WT and tub2-430∆ mutant strains. WT, n = 331; tub2-430∆, n = 531 cells. Error 
bars represent SEP. *p = 0.04 by Fisher’s exact test. (D) Time-lapse image series of a tub-430∆ mutant cell during a 
sliding event. Panel 1 displays SPBs, labeled by Spc110-tdTomato. Panels 2 and 3 display CENIV-GFP. Panel 2 matches 
the scale of panel 1. Panel 3 is an enlargement to visualize CENIV number. Colored dots denote and follow CENIV foci 
number. Panel 4 depicts the merged images. Blue is Spc110-tdTomato and pink is CENIV-GFP. Time is in seconds. 
Bar, 1 µm. (E) Representative life plots of CENIV-GFP foci transitions for two tub2-430∆ mutant cells. Cell 1 in red 
represents the CENIV foci depicted in D. (F) Stacked bar graph displaying the percentage of time CENIV-GFP spends 
with each foci number containing a stationary spindle for WT and tub2-430∆ strains. WT, n = 25; tub2-430∆, n = 23 cells. 
(G) Stacked bar graph displaying the percentage of time CENIV-GFP spends with each foci number when the spindle is 
sliding for WT and tub2-430∆ strains. WT, n = 25; tub2-430∆, n = 23 cells.
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FIGURE 3:  Mutants with increased nuclear migration contain a higher frequency of cells with 
DSBs. (A) Representative image of a WT cell expressing GFP-Tub1 and Rad52 labeled with 
tdTomato. Bar, 1 µm. (B) The percentage of cells containing Rad52 foci in preanaphase of the cell 
cycle. Percentages are calculated by number of cells containing Rad52 foci divided by number of 
cells in preanaphase of the cell cycle. WT, n = 2581; WT MMS, n = 972; tub2-430∆, n = 2653; 
kip3∆, n = 2294; tub2-430∆ kip3∆, n = 1762; kar9∆, n = 541; nip100-CG∆, n = 2696; tub2-430∆ 
nip100-CG∆, n = 2494 cells. Error bars represent SEP. Asterisks denote a significant difference 
from WT. *p < 0.001; determined by Fisher’s exact test. (C) Representative image of a WT cell 
expressing mRuby2-Tub1 and Mre11 labeled with mNeonGreen. Bar, 1 µm. (D) The percentage 
of cells containing Mre11 foci in preanaphase of the cell cycle. Percentages are calculated by 
number of cells containing Mre11 foci divided by number of cells in preanaphase of the cell 
cycle. WT, n = 1471; WT MMS, n = 794; tub2-430∆, n = 2178; kar9∆, n = 1448 cells. Error bars 
represent SEP. Asterisks denote a significant difference. *p < 0.001 determined by Fisher’s 
exact test.

(MMS1 and MMS22) (Game and Mortimer, 1974; Prakash and 
Prakash, 1977; Kouprina et al., 1993; Shinohara and Ogawa, 1998). 
We confirmed a subset of these negative genetic interactions by 
using meiotic crosses to generate double mutants combining tub2-
430∆ with rad52∆, ctf18∆, or mms22∆. In each case, double mutant 
progeny are either inviable or exhibit impaired growth, compared 
with single mutant controls (Supplemental Figure S1, A and B). 
These results support the prediction that cells experiencing exces-
sive migration of the spindle and nucleus are highly sensitive to 
defects in DNA repair.

To measure DNA damage in cells, we visualized DSBs by fusing 
tdTomato to the C-terminus of the DNA repair factor Rad52 and 
expressing it from the native locus (Figure 3A). In the absence of 
DSBs, fluorescently labeled Rad52 is diffuse in the nucleus; but 
upon introducing DSBs, Rad52 forms a focus at the site of the DNA 
break and aids in homology-directed repair (Lisby et al., 2001) 
(Figure 3A). We validated that Rad52-tdTomato foci represent sites 
of DSB repair in three ways. First, we show that cells treated with the 
DNA alkylating agent methyl methanesulfonate (MMS) exhibit an 

increased frequency of Rad52-tdTomato 
foci, compared with untreated controls 
(Figure 3B). Second, we found that Rad52-
tdTomato foci were almost always detected 
in WT cells during preanaphase, but not 
during G1 or late anaphase (Supplemental 
Figure S2A). This result is consistent with the 
known role of Rad52 in mediating repair 
when a duplicate copy of the genome is 
present, in S and G2 phases of the cell cycle 
(Orr-Weaver et al., 1981; Szostak et al., 
1983; Lisby et al., 2003). Third, we com-
pared our Rad52-tdTomato results to sepa-
rate experiments using an integrated 
mNeonGreen fusion to Mre11, the nuclease 
subunit of the MRX complex, which func-
tions at the initial repair step of the 5′ to 3′s 
resection of a DSB (Ivanov et al., 1994; 
Mimitou and Symington, 2010). Again, in 
the presence of DNA-damaging agent 
MMS, we saw a significantly increased fre-
quency of preanaphase cells with Mre11-
mNeonGreen foci (Figure 3, C and D).

We find that 10% of tub2-430∆ mutant 
cells contain Rad52-tdTomato foci com-
pared with 3% of WT controls (p < 0.001; 
determined by Fisher’s exact test; Figure 
3B). These Rad52-tdTomato foci were 
almost exclusively seen in tub2-430∆ cells in 
S and G2 phase, as determined by the 
morphology of spindles labeled with GFP-
Tub1 (Supplemental Figure S2A). Since we 
saw this increase in Rad52 frequency specifi-
cally in preanaphase cells (i.e., cells in S and 
G2 phase), we focused our subsequent 
analysis on cells in preanaphase. In separate 
experiments, we found that combining the 
tub2-430∆ with the DNA repair mutants 
mec1∆ and sml1∆ produces an additive 
increase in the frequency of cells with Rad52 
foci (Supplemental Figure S2B). Cells con-
taining the mec1∆ sml1∆ null mutations 
contain more DNA damage in S and G2 due 

to collapsed replication forks and proceed through anaphase 
without delay even when containing DNA damage (Lisby et al., 
2001; Weinert, 1998; Feng, 2017).

To determine whether the observed increase in DSBs in tub2-
430∆ is a product of increased outside forces on the spindle, we in-
dependently analyzed two other mutants known to increase nuclear 
migration (Estrem et al., 2017). A null mutant of KIP3, a kinesin 8 in 
budding yeast, and a null mutant of KAR9 contain stable astral 
microtubules that promote increased frequency and duration of 
spindle migration (Gupta et al., 2006; Estrem et al., 2017) (Supple-
mental Figure S2, C and D). The tub2-430∆ and the kip3∆ mutants 
individually contain a significant increase, 10 and 8%, respectively, 
of preanaphase cells with Rad52 foci, compared with WT, at 3% of 
preanaphase cells (p < 0.0001 by Fisher’s exact test; Figure 3B). In 
addition, the tub2-430∆ and kip3∆ double mutant, which exhibits 
additive effects on microtubule stability and spindle movement 
(Estrem et al., 2017) (Supplemental Figure S2, C and D), exhibits 
Rad52 foci in 13% of cells, significantly increased compared with 
either of the single mutants (p < 0.0001 by Fisher’s exact test; 
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FIGURE 4:  Excessive nuclear migration mutants are slow to repair DSBs. (A) Schematic diagram 
of the MAT locus and where HO endonuclease cuts the DNA on chromosome III. (B) The 
percentage of cells containing Rad52 foci in preanaphase of the cell cycle. Percentages are 
calculated by number of cells containing Rad52 foci divided by number of cells in preanaphase 
of the cell cycle. WT, n = 1220; WT HO induced, n = 1220; tub2-430∆, n = 463; tub2-430∆ HO 
induced, n = 612 cells. Error bars represent SEP. Asterisks denote a significant difference. 
**p < 0.001; determined by Fisher’s exact test. (C) Box and whisker plot of duration of Rad52 
foci in minutes. The center bar denotes the median, the box denotes the first and third quartiles, 
and whiskers are maxima and minima. WT and tub2-430∆ cells containing Rad52 foci induced 
with galactose for 2 h. WT HO, n = 71; tub2-430∆ HO n = 68; tub2-430∆ containing Rad52 foci 
containing glucose (uninduced for HO), n = 52 cells. Asterisks denote a significant difference. 
*p < 0.0003, determined by Mann–Whitney test.

Figure 3B). The kar9∆ single mutant exhibits the greatest frequency 
of cells with Rad52 foci at 14% of preanaphase cells and is signifi-
cantly greater than either WT controls or tub2-430∆ mutants (p < 
0.0001 by Fisher’s exact test; Figure 3B). The kar9∆ mutant only 
modifies astral microtubules and contains significantly more spindle 
movement compared with the tub2-430∆ mutant, which affects all 
microtubules (Supplemental Figure S2D); therefore, the increase in 
Rad52 foci correlates with forces specifically from astral microtu-
bules that lead to increased frequency of nuclear migration.

To confirm our results, we conducted independent experiments 
measuring the frequency of Mre11-mNeonGreen foci and again 
found a significant increase in cells containing foci in the tub2-430∆ 
and kar9∆ mutants (p < 0.001 by Fisher’s exact test; Figure 3D). 
Mre11 is recruited to the site of the DSBs earlier than Rad52 and 
stays bound for a shorter amount of time (Lisby et al., 2004; Supple-
mental Figure S3). Accordingly, the frequency of Mre11 foci may 
reflect the early stages of DSB repair, while Rad52 foci may reflect 
later stages. Interestingly, WT cells treated with MMS exhibit similar 
frequencies of Mre11 and Rad52 foci, while tub2-430∆ and kar9∆ 
cells exhibit higher frequencies of Rad52 foci (Figure 3, B and D). 
Together, these results indicate that cells experiencing increased 
nuclear migration also exhibit increased DSBs and may be particu-
larly impacted during later stages of DSB repair.

Having established that increased nuclear migration results in 
increased DSBs, we asked whether suppressing nuclear migration 
could suppress the frequency of DSBs. The dynactin subunit 
Nip100/p150 contains a CAP-Gly domain, which is a microtubule-
binding domain that promotes dynein activity (Kardon et al., 2009; 
Moore et al., 2009; Nirschl et al., 2016). Removing the CAP-Gly do-
main partially impairs dynein activity, and reduces the frequency and 
duration of nuclear migration in yeast (Moore et al., 2009; Supple-
mental Figure S2E). We find that nip100CAP-Gly∆ single mutants 
exhibit Rad52 foci in 3% of cells, similar to WT controls (Figure 3B). 

Double mutants combining nip100CAP-Gly∆ with tub2-430∆ show 
significantly fewer cells with Rad52 foci compared with tub2-430∆ 
single mutants (4%; p < 0.0001 by Fisher’s exact test) (Figure 3B). 
These results show that the level of nuclear migration activity plays 
a determining role in the prevalence of DSBs.

DSB repair is delayed during excessive nuclear migration
The increased frequency of cells containing Rad52 foci could be due 
to an increase in the generation of DSBs and/or a delay of DSB re-
pair. To distinguish between these possibilities, we designed an ex-
periment to measure the efficiency of DSB repair by comparing the 
lifetime of Rad52-tdTomato foci from formation to disappearance. 
For these experiments, we induced a DSB at a specific site on the 
genome by conditionally expressing the HO endonuclease. The HO 
endonuclease creates a DSB at the MAT locus, which is located on 
chromosome III, 7 kb from the centromere (Figure 4A) (Kostriken 
et al., 1983; Haber, 1992). This allowed us to generate a consistent 
frequency of Rad52 foci in WT and tub2-430∆ cells that is sufficient 
for our experiment. Expressing HO with a galactose-inducible 
promoter for 2 h in WT cells significantly increased the frequency of 
preanaphase cells containing Rad52 foci from 2% to 15% (Figure 
4B). By comparison, inducing HO expression in tub2-430∆ cells 
significantly increased the frequency of preanaphase cells contain-
ing Rad52 foci from 13% to 40% (Figure 4B). We then measured the 
lifetime of Rad52 foci in WT and tub2-430∆ cells after HO induction 
by using time-lapse imaging of living cells. We find that Rad52 foci 
are significantly longer lived in the tub2-430∆ mutant cells, with a 
median lifetime of 70 min compared with 33 min in WT cells (p = 
0.0006 by Mann–Whitney test) (Figure 4C). Rad52 foci lifetimes 
were not significantly different in tub2-430∆ cells containing HO-in-
duced DSBs at the MAT locus compared with uninduced tub2-430∆ 
cells, in which DSBs are presumably at other locations on the 
genome (p = 0.2 by Mann–Whitney test) (Figure 4C). These results 

indicate that DSB repair is delayed in cells 
with increased spindle movement.

Pericentric cohesion mutant decreases 
the frequency of DSBs in excessive 
nuclear migration
How might astral microtubule forces inhibit 
DSB repair? To investigate the role of ten-
sion within the spindle, we used previously 
characterized mutants that increase or de-
crease tension on pericentric chromatin and 
combined these with our nuclear migration 
mutants to assess effects on DSBs. First 
we tested the prediction that extraneous 
tension pulling sister chromatids apart 
would inhibit DSB repair due to altering the 
proximity and/or mobility of homologous 
chromosomes. Dam1 is part of the kineto-
chore complex that links centromeres to the 
plus ends of spindle microtubules (Hofmann 
et al., 1998). In dam1-765 mutants, kineto-
chores fail to attach to microtubule plus 
ends, and instead bind closer to minus 
ends, causing kinetochores to cluster near 
the spindle poles (Figure 5, A and B; 
Shimogawa et al., 2006). We found that 
19% of dam1-765 mutant cells exhibit 
Rad52-tdTomato foci, which is significantly 
greater than either WT controls or nuclear 



Volume 30  July 22, 2019	 Astral microtubules disrupt the genome  |  2007 

migration mutants (p < 0.0001 determined by Fisher’s exact test) 
(Figure 5B). Double mutants combining tub2-430∆ with dam1-765 
exhibit a frequency of Rad52-tdTomato foci similar to that seen in 
dam1-765 single mutants (19%; Figure 5B). Thus, increased tension 
across sister chromatids promotes a high level of DSBs, even when 
spindle migration is normal.

If increasing tension between sister chromatids increases the 
prevalence of DSBs, then we predicted that decreasing tension 
might have the opposite effect. Pericentric cohesion couples sister 
chromatids and normally promotes the transmission of forces from 
kinetochore-microtubule attachments (Goshima and Yanagida, 
2000). We used the mcm21∆ mutant to disrupt pericentric cohesion. 
The mcm21∆ mutation reduces cohesion from pericentric chroma-
tin, decreasing tension between sister chromatids, and thereby 
increasing the number of preanaphase cells with two CENIV foci (Ng 
et al., 2009; Fees et al., 2016). In our experiment, mcm21∆ mutants 
alone exhibit a slight but significant increase in the frequency of cells 
with Rad52 foci, compared with WT controls (7% compared with 
3%, respectively; p = 0.007 determined by Fisher’s exact test; Figure 
5B). However, the mcm21∆ mutation suppressed DSBs when 
combined with mutants that increase spindle migration. Both tub2-
430∆ mcm21∆ and kar9∆ mcm21∆ double mutants exhibit signifi-
cantly fewer cells with Rad52-tdTomato foci (5% for tub2-430∆ 
mcm21∆; 8% for kar9∆ mcm21∆) compared with kar9∆ and tub2-
430∆ single mutants alone (10% for tub2-430∆; 14% for kar9∆; p = 
0.04 determined by Fisher’s exact test; Figure 5B). In addition, 
Rad52-tdTomato foci were significantly shorter-lived in tub2-430∆ 
mcm21∆ double mutant compared with tub2-430∆ single mutants 
(p < 0.0002 by Mann–Whitney test; Figure 5C). These data suggest 
that pericentric cohesion inhibits in DSB repair during excessive 
spindle migration.

Decreasing nuclear deformation decreases the 
frequency of DSBs
Having established that forces from astral microtubules can stretch 
pericentric chromatin and delay repair, we next asked whether 
the movement of the nucleus within dividing cells deforms the ge-
nome and if this might also contribute to genome damage. There-
fore, we investigated how movement of the spindle and nucleus 
impacts the three-dimensional structure of the genome. Previous 
studies in mammalian cells have shown that forcing cells to migrate 
through a narrow pore can increase DNA damage through several 
possible mechanisms, such as nuclear rupture, DNA herniation, me-
chanical shearing of DNA, and mislocalization of DNA repair factors 
within the nucleus (Shah et al., 2017; Xia et al., 2018). We did not 
find evidence of nuclear rupture in preanaphase budding yeast 
undergoing nuclear migration. We tested this possibility using time-
lapse imaging of WT and tub2-430∆ mutants expressing nuclear-
targeted GFP (NLS-GFP); but found no instances of NLS-GFP 
leaking out of the nucleus and into the cytoplasm in 45 cells analyzed 
(Supplemental Movies S1 and S2). We therefore asked whether the 
increased DSBs observed during nuclear migration in budding yeast 
was caused by the deformation of the nucleus and genome as it 
moves through the narrow bud neck region between the mother 
and daughter compartments. We first sought to assess the magni-
tude of deformation by imaging the genome using a fluorescent 
mNeonGreen fusion to the C-terminus of the core histone 2B 
protein, Htb2. Supplemental Movie 3 shows the fluorescently 
labeled genome in a cell transitioning from preanaphase into 
anaphase, as the spindle is pulled into the bud neck. The labeled 
genome maintains a largely circular shape in preanaphase (Figure 
6A; see 0- to 12-min time points). At anaphase, the initial movement 
of the spindle into the bud neck is accompanied by a narrow 

FIGURE 5:  Pericentric cohesion mutant decreases the frequency of DSBs in excessive nuclear migration mutants. 
(A) Schematic diagram of spindle components that make up and contribute to forces within the mitotic spindle. (B) The 
percentage of cells containing Rad52 foci in preanaphase of the cell cycle. Percentages are calculated by number of cells 
containing Rad52 foci divided by number of cells in preanaphase of the cell cycle. WT, n = 2581; tub2-430∆, n = 2653; 
tub2-430∆ mcm21∆, n = 276; mcm21∆, n = 1209; kar9∆, n = 891; mcm21∆ kar9∆, n = 621; dam1-(765), n = 135; 
dam1-(765) tub2-430∆, n = 135 cells. Error bars represent SEP. Asterisks denote a significant difference. *p < 0.05 
determined by Fisher’s exact test. (C) Box and whisker plot of duration of Rad52 foci in minutes. The center bar denotes 
the median, box denotes the first and third quartiles, and whiskers are maxima and minima. The maximum duration is 
150 min. Black bars represent the 95% CI. WT, n = 61; tub2-430∆, n = 35; tub2-430∆ mcm21∆, n = 42; mcm21∆, n = 18 
cells; p values are determined by Mann–Whitney test.
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FIGURE 6:  Nuclear deformation increases the frequency of DSBs. (A) Time-lapse image series of Htb2-mNeonGreen 
and mRuby-Tub1 in a WT cell in preanaphase. Each image is a maximum intensity projection from a confocal z-series. 
Bar, 1 µm. (B) Mean of maximum eccentricity reached in preanaphase. Error bars represent the standard error of the 
mean. WT, n = 19; kar9∆, n = 17; bni1∆, n = 11; kar9∆ bni1∆, n = 23 cells. Asterisks denote a significant difference from 
WT. **p < 0. 0.001 determined by t test. (C) Dot plot of maximum length reached in micrometers of Htb2-mNeon-
labeled genome of cell in preanaphase. Red bars represent the mean ± standard error of the mean. WT, n = 19; kar9∆, 
n = 17; bni1∆, n = 11; kar9∆ bni1∆, n = 23 cells. Asterisks denote a significant difference from WT.*p < 0.05; **p < 0.001 
determined by t test. (D) Time-lapse image series of Htb2-mNeonGreen and mRuby-Tub1 in a kar9∆ mutant cell in 
preanaphase. Each image is a maximum intensity projection from a confocal z-series. Bar, 1 µm. (E) Time-lapse image 
series of Htb2-mNeonGreen and mRuby-Tub1 in a bni1∆ mutant cell in preanaphase. Each image is a maximum intensity 
projection from a confocal z-series. Bar, 1 µm. (F) Time-lapse image series of Htb2-mNeonGreen and mRuby-Tub1 in a 
kar9∆, bni1∆ double mutant cell in preanaphase. Each image is a maximum intensity projection from a confocal z-series. 
Bar, 1 µm. (G) Box and whisker plot of bud neck sizes in micrometers. The center bar denotes the median, the box 
denotes the first and third quartiles, and whiskers are maxima and minima. WT, n = 354; bni1∆, n = 108; rga1∆, n = 154; 
nba1∆, n = 163 cells. Asterisks denote a significant difference from WT. ***p < 0.0001 determined by Mann–Whitney 
test. (H) Mean frequency of sliding events. Cells were arrested in 200 mM hydroxyurea for 2 h and scored for 
microtubule sliding events (see Materials and Methods). WT, n = 35; kar9∆, n = 23; bni1∆, n = 35; bni1∆ kar9∆, n = 16 
cells. Asterisks denote a significant difference from WT. *p < 0.05 determined by t -test. (I) The percentage of cells 
containing Rad52 foci in preanaphase of the cell cycle. Percentages are calculated by the number of cells containing 
Rad52 foci divided by the number of cells in preanaphase of the cell cycle. WT, n = 597; kar9∆, n = 598; bni1∆, n = 736; 
bni1∆ kar9∆, n = 754; rga1∆, n = 253 nba1∆, n = 429 cells. Error bars represent SEP. Asterisks denote a significant 
difference from WT. *p < 0.05; **p < 0.001; ***p < 0.0001 determined by Fisher’s exact test.
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extension of the genome, followed by the translocation of Htb2-
mNeonGreen into two circular lobes in the mother and daughter 
(Supplemental Movies S3–S6; see 0- to 54-min time points).

To test whether increased nuclear migration mutants deform the 
genome, we measured the eccentricity and diameter of Htb2-
mNeonGreen over time in preanaphase cells (Figure 6, A and B). 
Eccentricity is defined as the deviation of an object from circularity. 
Preanaphase WT cells have an average maximum eccentricity of 
0.6 ± 0.02 and a mean length across the longest extension of the 
nucleus of 2.1 ± 0.04 µm (mean ± SEM; Figure 6, B and C). By com-
parison, the increased nuclear migration mutant, kar9∆, has signifi-
cantly increased average maximum eccentricity (0.8 ± 0.03; p = 
0.001 by t test) and mean genome extension (3.3 ± 0.3 µm; p = 
0.0004; Figure 6, A–D). These results are consistent with increased 
nuclear migration exacerbating the deformation of the genome.

To determine whether movement through the constricted space 
of the bud neck contributes to deformation of the genome and 
DNA damage we generated mutant cells with increased bud neck 
diameter. Bni1 is a formin that nucleates actin filaments to supply 
the formation of the bud (Lee et al., 1999). bni1∆ null mutants have 
a significantly wider bud neck with median diameter of 1.3 ± 0.1 µm 
compared with WT cells with median diameter of 1.1 ± 0.2 µm (me-
dian ± 95% CI; p < 0.0001 determined by Mann–Whitney test; 
Figure 6, E and G). We also compared the diameter of the bud neck 
in relation to the total diameter of the cell (measuring the long axis 
of the budding cell) to show the bni1∆ mutants have a wider bud 
neck in proportion to the total cell size (Supplemental Figure S4A). 
Widening the bud neck suppressed the deformation of the genome 
during nuclear migration. We find that preanaphase bni1∆ single 
mutant cells exhibit eccentricity and diameter of Htb2-mNeonGreen 
signal that is similar to WT controls (p = 0.14 and 0.05 by t test; 
Figure 6, B and C). In kar9∆ bni1∆ double mutants that increase 
nuclear migration activity and have wider bud necks, eccentricity, 
and genome diameter are also comparable to WT levels (p = 0.15; 
p = 0.05 determined by t test; Figure 6, B, C, F, and H).

Since widening the bud neck suppresses genome deformation 
during nuclear migration, we predicted that widening the bud neck 
might also suppress DNA DSBs. Consistent with this prediction, we 
found that 1.0% of preanaphase bni1∆ mutant cells exhibit Rad52 
foci, which is significantly decreased compared with WT controls 
(7%; p = 0.02 by Fisher’s exact test; Figure 6I). Furthermore, widen-
ing the bud neck also suppresses DNA DSBs in mutants that increase 
nuclear migration. The bni1∆ kar9∆ double mutant cells exhibit a 
lower frequency of Rad52 foci (0.3%) compared with kar9∆ single 
mutants (11%; p < 0.0001 by Fisher’s exact test; Figure 6I).

We reasoned that since widening the bud neck suppresses DSBs, 
then decreasing bud neck size would increase DNA DSBs. We tested 
this prediction using two mutants, rga1∆ and nba1∆, that exhibit 
significantly smaller bud neck width with median diameter of 0.98 ± 
0.1 µm and 0.93 ± 0.1 µm compared with WT cells (median ± 95% CI; 
p < 0.0001 determined by Mann–Whitney test; Figure 6G)(Meitinger 
et al., 2014). Consistent with our prediction, we found that 21% and 
35% of preanaphase rga1∆ and nba1∆ mutant cells contain Rad52 
foci, which is significantly increased compared with WT controls (7%; 
p < 0.0001 by Fisher’s exact test; Figure 6I). These results demon-
strate that the deformation of the nucleus as it is pulled into the bud 
neck contributes to the prevalence of DNA DSBs.

DISCUSSION
The movement of chromosomes is precisely coordinated in mitosis, 
but how forces outside of the mitotic spindle might impact genome 
integrity is unclear. Our study demonstrates that forces from astral 

microtubules are transmitted to the genome, and increasing these 
forces promotes DNA damage during cell division. We propose that 
nuclear movement must be coordinated with DNA replication and 
repair to minimize genome damage.

Our results suggest a model where enhanced nuclear migration 
increases tension within the spindle and delays homology-directed 
repair of DSBs. We found the frequency of DNA damage was in-
creased in excessive nuclear migration mutants and they are twice 
as slow to repair DSBs (Figures 3B and 4D). We predict excessive 
nuclear migration alters the mobility of the genome, inhibiting DNA 
repair. Genome mobility is an important part of DNA repair and aids 
in searching for homology regions (Miné-Hattab and Rothstein, 
2012). Cohesion confines the area that pericentric chromatin loops 
can sample (Stephens et al., 2011), and cells are known to relax co-
hesion tethers around the centromere through phosphorylation in 
response to DNA damage, indicating that the relaxation of cohesion 
around the centromere may be a requirement for Rad51 to search 
for regions of homology (Wu and Yu, 2012; Strecker et al., 2016). 
Accordingly, increasing tension around the centromere by excessive 
pulling forces might inhibit the search for homologous donor strands 
that are required for homology-directed repair. Our strongest 
evidence in support of this model is the finding that decreasing 
pericentric cohesion in mutants with increased nuclear migration 
suppresses Rad52 foci and foci lifetimes are shorter, indicating these 
mutants have better repair efficiency than the nuclear migration 
mutants alone (Figure 5D).

Although our results indicate that forces from astral microtubules 
can impair the efficiency of homology-directed repair, it is unclear 
whether these forces also generate DSBs directly. Our analysis of 
pericentric chromatin in Figure 2 provides evidence that excessive 
nuclear migration increases tension across sister chromatids, which 
could potentially cause DSBs. Also, during spindle movement, we 
see CENIV-GFP foci separate into as many as four CENIV-GFP foci 
(Figure 2, D, E, and G). Whether these represent DSBs or stretching 
of pericentric chromatin is not clear. Nevertheless, these results re-
veal that forces from astral microtubules are increasing tension on 
regions of DNA close to kinetochore attachment sites. In addition, 
we found increasing tension within the spindle, through the dam1-
765 mutant, was sufficient to increase the frequency of cells contain-
ing Rad52 foci, even when astral microtubule forces are normal 
(Figure 5E). Taken together, these results indicate that increasing 
microtubule-based forces from inside the spindle or from outside 
the spindle can increase the prevalence of DNA damage. Whether 
these forces cause DSBs, delay repair of normally occurring dam-
age, or both will require further study.

How might excessive nuclear migration inhibit timely homology-
directed repair? Our results from dividing yeast bear some resem-
blance to observations of DNA damage in migrating mammalian 
cells. Inducing mammalian interphase cells to migrate through envi-
ronments with pore sizes smaller than the diameter of the nucleus 
(e.g., 3-µm pores and 5-µm nuclei) promotes DNA damage (Denais 
et al., 2016; Shah et al., 2017). Under these conditions, cells first 
display nuclear deformities that can lead to rupture of the nuclear 
envelope due to mechanical forces from actin on the nucleus 
(Denais et al., 2016; Raab et al., 2016; Thiam et al., 2016). Repeat-
edly forcing cells through a 3-µm pore results in even greater in-
creased DNA mutation and chromosome copy number changes 
(Irianto et al., 2017). For comparison, budding yeast nuclei are on 
average 2 µm wide and move through a bud neck that is 1.1 µm 
wide, which is an even smaller ratio of nucleus to constriction size 
than in the mammalian cell experiments. While we do not observe 
nuclear rupture during mitosis in budding yeast, we do find that 
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widening the bud neck suppresses nuclear deformation and the fre-
quency of DSBs, while decreasing bud neck size increases the fre-
quency of DSBs (Figure 6I). Therefore, our results suggest that the 
accumulation of DNA damage during nuclear migration in budding 
yeast may be causally linked to the deformation of the nucleus, 
rather than nuclear envelope rupture. Recent evidence from human 
cancer cells demonstrates that high membrane curvature causes the 
mislocalization of repair factors (Xia et al., 2018). While additional 
mechanisms could contribute to the increase in DSB frequency, re-
pair factor mislocalization could contribute to the delay in repair we 
see in nuclear migration mutants. The apparently antagonistic rela-
tionship between bud neck size and genome integrity also raises 
the interesting evolutionary question of why budding yeast build a 
bud neck that is approximately half the diameter of the G2 nucleus. 
Perhaps the narrow diameter of the neck could act as a size exclu-
sion filter that normally prevents the movement of a G2 nucleus, 
with its duplicated genome, into the bud, but permits the move-
ment of a single copy-sized genome into the bud at anaphase.

Several lines of evidence suggest that the activation of dynein-
dependent spindle movement may normally be regulated by 
pathways that monitor the integrity and replication of the genome. 
During cell division, dynein moves the spindle and nucleus into the 
bud neck around the time of anaphase onset (Yeh, 1995, 2000). In-
ducing DNA damage with HO endonuclease or DNA-damaging 
drugs causes cells to arrest at the G2 to M transition and exhibit low 
levels of nuclear movement (Dotiwala et al., 2007; Bierle et al., 
2015). During this arrest, dynein activity appears to be inhibited by 
DNA damage checkpoint signaling, because null mutants lacking 
RAD53 or CHK1 function exhibit increased nuclear migration 
(Dotiwala et al., 2007). How might DNA damage response pathways 
inhibit dynein? We know that the timing of dynein activation is regu-
lated through its activating partner dynactin, which is recruited to 
the plus ends of astral microtubules prior to anaphase onset (Moore 
et al., 2008; Woodruff et al., 2009). The protein She1 inhibits dynein 
by preventing dynactin from localizing to the microtubule until G2 
phase in the cell cycle and by directly inhibiting dynein motility 
(Woodruff et al., 2009; Bergman et al., 2012; Markus et al., 2012; 
Ecklund et al., 2017). In addition, our previous findings and our re-
sults here demonstrate that astral microtubule stability also regu-
lates dynein activity, suggesting another possible mechanism for 
limiting dynein-dependent spindle movement to a narrow window 
of the cell cycle (Estrem et al., 2017). Further studies will be needed 
to determine whether signaling pathways responding to DNA dam-
age or replication stress impinge on these mechanisms to regulate 
dynein activity, and whether these mechanisms are conserved across 
species.

MATERIALS AND METHODS
Yeast strains and manipulation
Chemicals and reagents were from Fisher Scientific (Pittsburgh, 
PA) and Sigma-Aldrich (St. Louis, MO), unless stated otherwise. 
General yeast manipulation, media, and transformation were per-
formed by standard methods (Amberg et al., 2005). Fluorescent 
tag fusions to Rad52, Mre11, Spc110, Htb2, and Myo1 are inte-
grated at the native loci (Sheff and Thorn, 2004). The mNeon-
Green fluor was provided by Allele Biotechnology and Pharma-
ceuticals (San Diego, CA) (Shaner et al., 2013). GFP-Tub1 and 
mRuby-Tub1 fusions were integrated and expressed ectopically to 
the native TUB1 gene (Song and Lee, 2001; Markus et al., 2015). 
The mutant alleles of TUB2 and NIP100 were generated at the na-
tive chromosomal loci (Moore et al., 2008; Aiken et al., 2014). De-
letion mutants were generated by conventional PCR-mediated 

methods (Petracek and Longtine, 2002). Strains and plasmids are 
listed in Supplemental Tables 1 and 2.

Live-cell imaging
Cells were grown overnight in rich media (2% glucose, 2% peptone, 
and 1% yeast extract) at 30°C then diluted into synthetic media (2% 
glucose; CSM from Sunrise Science Products, #1001, San Francisco, 
CA) and grown to log phase at 30°C. Cells were grown asynchro-
nously to early log phase in nonfluorescent media and adhered to 
slide chambers coated with concanavalin A (Fees et al., 2017). Slide 
chambers were sealed with VALAP (Vaseline, lanolin, and paraffin at 
1:1:1).

Images were collected on a Nikon Ti-E microscope equipped 
with a 1.45 NA 100 × CFI Plan Apo objective, piezo electric stage 
(Physik Instrumente, Auburn, MA), spinning disk confocal scanner 
unit (CSU10; Yokogawa), 488- and 561-nm lasers (Agilent Technolo-
gies, Santa Clara, CA), and an EMCCD camera (iXon Ultra 897; 
Andor Technology, Belfast, UK) using NIS Elements software (Nikon). 
During acquisition, the temperature of the stage was 25°C. z-Series 
consisted of 13 images separated by 450 nm.

Analysis of preanaphase spindle length and sliding
Spindle lengths were measured in cells expressing an integrated 
fusion of GFP to the N-terminus of α-tubulin (GFP-Tub1) in asyn-
chronous populations. All images were collected under the same 
microscope setting of 92% 488 laser power and exposure of 50 ms. 
Thirteen z-slices were taken at 500-nm intervals. Image stacks were 
collapsed into two-dimensional (2D) image projections based on 
maximum pixel intensity. Spindle lengths were measured along the 
long axis of the spindle in large, budded cells before anaphase on-
set. According to Winey et al. (1995), spindle lengths of 1.5–6 µm 
are considered anaphase B spindle length in WT cells (Winey and 
O’Toole, 2001). To analyze changes in preanaphase spindle length, 
we measured spindle lengths below 3 µm to include mutant spindle 
lengths. We use additional criteria to exclude anaphase spindles, 
noting spindle lengths between 1.5 and 3 µm that did not consis-
tently elongate over time. A custom MATLAB program was used to 
define the spindle using 2D projected images and applying a fluo-
rescence intensity threshold. Then the program measured the 
length along the long axis of the spindle and tracked the spindle 
centroid over time. Spindle displacement was calculated from 
centroids using Pythagorean theorem relative to the first frame. A 
sliding event was defined as three or more frames of directed move-
ment, meaning spindle movement in the same direction within a 45° 
angle constraint. Change in spindle length was calculated by the 
absolute value of the difference between spindle lengths at each 
time point and the mean spindle length of the entire sliding event 
or the same duration before the sliding event. SD of spindle length 
was calculated by the square root of the variance, which is the aver-
age of the squared differences from the mean for that time period. 
WT and ase1∆ spindle lengths did not fit a normal distribution and 
therefore we used Mann–Whitney test to determine p values. For all 
livecell imaging experiments, cells were analyzed from at least three 
separate experiments performed on different days.

Analysis of CENIV foci number
To assess the tension state between sister kinetochores, we imaged 
the pericentric regions of chromosome IV labeled with a TetO array. 
Strains containing TetOx448 array integrated 2 kb from centromere 
on chromosome IV, along with a TetR fusion to GFP, were derived 
from Brito et al. (2010) (Goshima and Yanagida, 2000; Fees et al., 
2016). For single time-point images, we analyzed cells containing 
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two Spc110-tdTomato foci less than 1.8 µm to ensure cells were in 
preanaphase (Fees et al., 2016). From this preanaphase cell popula-
tion, we categorized CENIV-GFP foci number into bins of one or two 
or more CENIV-GFP foci per cell. The number of cells in each cate-
gory was divided by total cells counted to achieve the percentage 
of cells containing each number of CENIV foci.

To assess how three and four CENIV-GFP foci arise, we imaged 
cells over time. Cells containing Spc110-tdTomato and CENIV-GFP 
were imaged at 10 s intervals for 5 min. We separated time periods 
of when spindles were moving from time periods while spindles 
were stationary. Moving spindles were classified as three or more 
frames of Spc110-tdTomato movement within a 45° angle con-
straint. The CENIV-GFP foci number was then recorded for each 
time point. To calculate the percentage of time a cell spent with 
each CEN foci number, we divided the total time a cell contained 
one, two, three, or four CENIV-GFP foci by the duration of total 
spindle movement or the total duration containing a stationary 
spindle. For example, we collected the total time cells contained 
two CENIV-GFP foci during spindle migration and divided that 
duration by the total time of all observed migrating spindles.

Analysis of rad52 and mre11 foci
To assess DSB repair, we imaged living cells expressing either 
labeled Rad52 or Mre11, along with labeled microtubules to allow 
for determination of cell cycle state, based on spindle morphology. 
Two-color images of living cells expressing GFP-Tub1 and Rad52-
tdTomato were collected by confocal microscopy, as described 
above. First, each cell was categorized into three different phases of 
the cell cycle based on spindle morphology and bud size. The 
microtubule network and bud size were visualized by GFP–Tub1-
labeling microtubules and diffuse fluorescence in the cytoplasm, 
respectively. Cells without a bud and without a linear, bipolar spin-
dle were characterized as G1. Cells with a bud and a short bipolar 
spindle (<1.8 µm) were characterized as M cells (combining S phase 
and G2/M phase). Cells with an elongated bipolar spindle greater 
than 1.8 µm were characterized as anaphase cells (Winey et al., 
1995; Estrem et al., 2017). After cell cycle characterization, each cell 
was analyzed for the presence of a Rad52 focus. Two-dimensional 
image projections were run through a custom-built ImageJ macro to 
identify the presence of Rad52 foci in each cell. Using our standard 
imaging conditions, the average fluorescence intensity of Rad52-
tdTomato foci is 2204 ± 94 a.u. (mean ± 95% CI). Therefore, we de-
signed an ImageJ macro to identify foci above the lower 95% CI of 
the mean (i.e., 2100 a.u.). We also set the area of a Rad-52 focus 
must be above the confocal resolution limit of at least 285 nm. Simi-
lar settings were defined for Rad52-YFP and Mre11-mNeonGreen.

We measured the duration of Rad52 foci lifetime by time-lapse 
imaging of living cells expressing GFP-Tub1 and Rad52-tdTomato. 
The lifetime of a Rad52 focus was calculated by the last frame in 
which the foci was detected above our fluorescence intensity thresh-
old (2100 a.u.) subtracted by the first frame the focus was detected 
above the threshold, multiplied by the time interval of 3 min. Owing 
to the variability of long duration time-lapse imaging, the maximum 
foci duration was set at 150 min. Therefore, any foci duration over 
150 min was changed to 150 min to include long-lasting foci in the 
data set.

HO endonuclease assay
We induced a DSB by conditionally expressing the HO endonucle-
ase. The HO endonuclease creates DSBs at the MAT locus, which is 
located on chromosome III, 7 kb from the centromere (Haber, 1992). 
Cells were transformed with a plasmid in which the HO gene is 

carried on a single-copy plasmid under control of the GAL10 
promoter (Wu and Haber, 1996; Dotiwala et al., 2007). Overexpres-
sion was achieved by first growing cells to early log phase in media 
containing 2% raffinose, then adding galactose to 2% and returning 
to a 30°C shaking incubator for 2 h. Overexpression was confirmed 
by the increase in Rad52 foci in WT controls compared with 
uninduced cells.

Bud neck size analysis
Bud neck diameter and cell size were measured in 2D maximum 
intensity projections of cells expressing eGFP fused to the type II 
myosin (Myo1-EGFP), which localizes to the cytokinetic ring 
(Bezanilla et al., 2000). Cell size was measured from the distal tip of 
the bud to the distal tip of the mother based on the signal from free 
GFP-tubulin subunits in the cytoplasm.

Htb2 imaging and analysis
To assess genome shape changes during mitosis, cells expressing 
differentially labeled histone H2B (Htb2-mNeonGreen) and microtu-
bules (mRuby-Tub1) were imaged at 2-min intervals for 1 h. Eccen-
tricity was calculated by the taking the distance from the centroid to 
the ellipsoid focus (centroid of the H2B fluorescence distribution) 
over the distance from that focus to the vertex. The value calculated 
is between 0 and 1, with closer to 0 representing more circularity 
and closer to 1 deviating from circularity. To measure the width of 
the genome in the bud neck during anaphase, we identified ana-
phase cells based on spindle morphology and measured the width 
of Htb2-mNeon Green signal along the axis of the bud neck.

Drug treatment
To validate that Rad52-tdTomato and Mre11-mNeonGreen foci rep-
resent sites of DSB repair, we induced DNA damage with methyl 
methanesulfonate (MMS). MMS is a DNA-alkylating agent that 
causes reactive oxygen species production that leads to multiple 
mechanisms of DNA damage, including double stranded breaks 
(Rowe et al., 2008). Cells expressing GFP-Tub1 and Rad52-tdTo-
mato or Mre110-mNeonGreen were grown to early log phase in 
synthetic media at 30°C and then treated with 0.03% MMS for 2 h 
before imaging.
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