
Cytokinesis breaks dicentric
chromosomes preferentially
at pericentromeric regions and
telomere fusions

Virginia Lopez,1,2,5 Natalja Barinova,1,2,5 Masayuki Onishi,3 Sabrina Pobiega,1,2 John R. Pringle,3

Karine Dubrana,2,4 and St�ephane Marcand1,2

1Laboratoire T�elom�eres et R�eparation du Chromosome, Service Instabilit�e G�en�etique R�eparation et Recombinaison, Institut de
Radiobiologie Mol�eculaire et Cellulaire, Commissariat �a l’Energie Atomique et aux Energies Alternatives, 92265 Fontenay-aux-
Roses, France; 2UMR967, Institut National de la Sant�e et de la Recherche M�edicale, 92265 Fontenay-aux-Roses, France;
3Department of Genetics, Stanford University School of Medicine, Stanford, California 94305, USA; 4Laboratoire Instabilit�e
G�en�etique et Organisation Nucl�eaire, Service Instabilit�e G�en�etique R�eparation et Recombinaison, Institut de Radiobiologie
Mol�eculaire et Cellulaire, Commissariat �a l’Energie Atomique et aux Energies Alternatives, 92265 Fontenay-aux-Roses, France

Dicentric chromosomes are unstable products of erroneous DNA repair events that can lead to further genome
rearrangements and extended gene copy number variations. During mitosis, they form anaphase bridges, resulting
in chromosome breakage by an unknown mechanism. In budding yeast, dicentrics generated by telomere fusion
break at the fusion, a process that restores the parental karyotype and protects cells from rare accidental telomere
fusion. Here, we observed that dicentrics lacking telomere fusion preferentially break within a 25- to 30-kb-long
region next to the centromeres. In all cases, dicentric breakage requires anaphase exit, ruling out stretching by the
elongated mitotic spindle as the cause of breakage. Instead, breakage requires cytokinesis. In the presence of
dicentrics, the cytokinetic septa pinch the nucleus, suggesting that dicentrics are severed after actomyosin ring
contraction. At this time, centromeres and spindle pole bodies relocate to the bud neck, explaining how
cytokinesis can sever dicentrics near centromeres.
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Erroneous DNA repair events linking two active centro-
meres generate dicentric chromosomes, whose instability
in mitosis is a major source of genome changes and a key
contributor to oncogenesis. Dicentrics stem from double-
strand break-induced and template switch-induced
rearrangements, replication of hairpin-capped ends, and
accidental telomere fusions (McClintock 1941; Bajer
1964; van Steensel et al. 1998; Lobachev et al. 2002;
Mizuno et al. 2009, 2013; Stimpson et al. 2010, 2012;
Marcand 2014). They can also be created by epigenetic
neocentromere formation (Ishii et al. 2008; Stimpson and
Sullivan 2010). Rare in normal contexts, double-strand
break-induced dicentrics are frequent after exposure to
ionizing radiation (Suto et al. 2013). Dicentrics may also
become more frequent with age; for instance, due to an
increased occurrence of chromosome fusions involving

transiently exposed short telomeres in cells approaching
replicative senescence. During oncogenesis, a bypass of
senescence leads to telomere loss and a state of crisis
during which chromosome end fusions generate many
dicentrics (Jones et al. 2014).
When dicentrics are formed prior to replication, the

two centromeres on the same sister chromatid are pulled
toward either the same spindle pole or opposite poles (Fig.
1A). Migration toward the same pole propagates the
dicentric chromosome intact to the next generation.
Migration toward opposite poles generates an anaphase
bridge, which often results in chromosome breakage
through an unknown mechanism. Importantly, alterna-
tives todicentric breakage exist. For instance, a kinetochore
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can sometimes detach from microtubules, leading to
chromosome nondisjunction and aneuploidy. In some
cell types, mitotic exit is bypassed in response to ana-
phase bridges, leading to tetraploidy (Denchi et al. 2006;
Pampalona et al. 2012). Two close centromeres can also
behave as a single centromere.
The newly broken ends generated by dicentric break-

age cause cell death or are subjected to repair. Fusion
of the broken ends can create new dicentrics that
break again in the following mitoses, engaging the
cell lineage in successive breakage–fusion–bridge cycles
(McClintock 1941). Within only a few cell divisions,
this can result in large gene copy number aberra-
tions through amplification and deletion of chromo-
somal regions (Ciullo et al. 2002; Sabatier et al. 2005;
Stew�enius et al. 2005; Selvarajah et al. 2006; Pennaneach
and Kolodner 2009; Marotta et al. 2013). It can also lead

to chromothripsis (Sorzano et al. 2013; Li et al. 2014).
Dicentric-induced gene copy number alterations are
among the pathways allowing malignant cells to emerge
and elude the controls preventing cancer (Selvarajah
et al. 2006; Mart�ınez-A and van Wely 2011; Gascoigne
and Cheeseman 2013). Interestingly, radiotherapy and
chemotherapy targeting cancer cells can generate high
frequencies of dicentrics, many being purposely lethal,
but a few potentially initiating the genetic changes that
allow some tumor cells to adapt and escape the therapy.
In the germline, rare genome rearrangements created
through dicentric breakage contribute directly to karyo-
type evolution and sometimes rapid adaptation (Croll
et al. 2013).
To avoid or exit the recurrent genome instability

created by breakage–fusion–bridge cycles, dicentrics need
to be converted into monocentric chromosomes. Two

Figure 1. Breakage of a dicentric formed by
chromosome fusion. (A) Segregation during one
cell cycle of a dicentric formed in G1. The
centromeres are in red. In anaphase, the two
centromeres of each sister chromatid can mi-
grate toward the same pole, thus propagating
the dicentric intact to the next generation in
the two offspring. Alternatively, the centro-
meres of each sister chromatid can migrate
toward opposite poles, forming two anaphase
bridges. (B) Fusion of the chromosome 6 right
arm to another chromosome end by homolo-
gous recombination. (C) Loss of viability on
galactose for cells with a conditional mono-
centric chromosome 6 and on glucose in re-
sponse to CEN6 reactivation for cells with
a conditional 6 + 7 dicentric. Fusion between
chromosomes 6 and 7 deletes 1975 bp from the
right end of chromosome 6 and 15,271 bp from
the left end of chromosome 7. Overnight cul-
tures of strains Lev346 (wild-type [WT]),
Lev752 (conditional monocentric), Lev801,
and Lev802 (two independent clones with
a conditional 6 + 7 dicentric) were diluted by
10-fold serial dilutions, plated on galactose
synthetic medium and glucose-rich medium,
and incubated for 3 d (galactose) or 2 d (glucose)
at 30°C. The ade2-1 mutation present in this
background causes the cells to accumulate
purine precursors when they start to exhaust
the medium. These precursors give a red color
to colonies. Colonies with a large fraction of
sick or dead cells remain whiter. (D) Breakage
of a 6 + 7 dicentric. Cells from strains Lev801
and Lev802 (6 + 7 dicentric) were grown expo-
nentially in galactose-containing medium, syn-
chronized in G1 with a factor, released in
glucose-containing medium, and either
blocked in G2/M with nocodazole (G2/M) or
allowed to proceed through mitosis to be
blocked in the next G1 with a factor (next
G1). Chromosomes were separated by PFGE,

labeled with Gel Red (left panel), and probed with a fragment from the chromosome 7 right arm (middle panel) or chromosome 6 left
arm (right panel). The wild-type control was from strain Lev752 grown in glucose-containing medium. The red arrowhead marks the
position of the molecules broken near CEN6.
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phenomena can account for this stabilization. One is
centromere inactivation throughDNA rearrangements or
epigenetic switches at one centromere (Lejeune et al.
1973; Avarello et al. 1992; Kramer et al. 1994; Pennaneach
and Kolodner 2009; Mackinnon and Campbell 2011; Sato
et al. 2012; Song et al. 2013). The other is telomere
addition at the broken ends; for instance, by telomerase
or break-induced replication (Murnane and Sabatier 2004;
Pennaneach and Kolodner 2009).
We previously observed that dicentric breakage is

a more controlled process than initially thought (Pobiega
and Marcand 2010). In the budding yeast Saccharomyces
cerevisiae, dicentrics formed by telomere fusion often
break at the fusion site. This processing restores the
parental chromosomes, allowing the cell lineage to
recover from the fusion with a normal karyotype. As
a rescue pathway able to back up nonhomologous end-
joining inhibition at telomeres, it can protect cells from
the detrimental consequences of accidental telomere
fusions. How telomere fusions are more prone to
breakage is unclear. For instance, breakage at the fusion
is not correlated to its relative position between the
centromeres.
Dicentrics lacking internal telomere sequences usually

cause cell death in yeast, presumably because they
generate broken ends that are either nonreparable or
whose repair leads to inviable outcomes. The survivors
that emerge often display a deletion of one centromere
(Mann and Davis 1983; Kramer et al. 1994; Pennaneach
and Kolodner 2009). These deletions require the non-
homologous end-joining double-strand break repair
pathway, indicating that dicentrics are sometimes sev-
ered at centromeres (Kramer et al. 1994; Lee et al. 1999).
More recently, an indirect mapping of dicentric break
sites with a yeast mitotic recombination assay also
showed that breakage can occur near one centromere
(Song et al. 2013).
The physical and catalytic determinants of breakage

are unknown. In principle, dicentrics could be cleaved
when they are stretched during anaphase. A simple
mechanical shearing by spindle forces seems unlikely
considering the high elasticity of mitotic chromosomes
(Marko 2008; Kruithof et al. 2009), but nucleases could
act at this stage (Kramer et al. 1994; Shimizu et al. 2005).
Dicentrics could also break later during cytokinesis; for
instance, in direct response to constriction or through the
action of nucleases activated at this time. In the fission
yeast Schizosaccharomyces pombe, entangled chromo-
somes and nondisjoined chromatids are intersected by
the septum at cytokinesis (the ‘‘cut’’ phenotype) (Hirano
et al. 1986). In budding yeast, it was suggested that
lagging chromatin could postpone cytokinesis comple-
tion to prevent breakage (the ‘‘NoCut’’ checkpoint)
(Norden et al. 2006). However, this prevention, if it
exists, is only partial, since entangled chromosomes,
nondisjoined chromatids, and decondensed chromo-
some arms are cleaved during cytokinesis in budding
yeast (McGrew et al. 1992; Baxter and Diffley 2008;
Cuylen et al. 2013). Which scenario applies to dicentrics
remains unknown.

Here we readdress the behavior of dicentrics beside the
ones stemming from telomere fusions by looking at break-
age directly. We found that dicentrics without internal
telomere sequences preferentially break at pericentromeric
regions. In all cases, cleavage does not occur in anaphase but
instead requires cytokinesis. Dicentrics cause the spindle
pole bodies (SPBs) and centromeres to relocate to the bud
neck during cytokinesis, explaining how cytokinesis might
sever dicentrics near centromeres.

Results

Conditional dicentrics

To address dicentric breakage, we created and stabilized
individual dicentrics produced by fusions between native
chromosomes using a conditional centromere. In budding
yeast, a centromere is a small 125-base-pair (bp) element
connected to a single kinetochore microtubule. This
connection can be reversibly disrupted by transcription
from a galactose-inducible GAL1 promoter directed
toward the centromere (Hill and Bloom 1987; Tanaka
et al. 2005). On galactose, the inactivated centromere
is detached from the microtubule. When transcription
is turned off by glucose, the centromere is rapidly
reattached to a microtubule, and its function is re-
stored (Tanaka et al. 2005).
In this study, we chose to inactivate the native centro-

mere of chromosome 6. To maximize its inactivation on
galactose, a GAL1 promoter was inserted on each side of
the centromere (Fig. 1B; Pobiega and Marcand 2010).
CEN6 inactivation will stabilize chromosome fusion
between chromosome 6 and another chromosome. In
addition, it will create a positive selection for the fusions,
since the missegregation of an unfused acentric chromo-
some 6 has a detrimental effect on cell growth, whereas
chromosome fusion will rescue normal segregation and
viability (Pobiega and Marcand 2010).
First, we fused the end of the chromosome 6 right arm

to the end of the chromosome 7 left arm to generate
a conditional dicentric whose centromeres are 600 kb
apart. To do so, haploid cells were transformed with
a DNA fragment containing a klLEU2 selectable marker
flanked by sequences homologous to those near each
chromosome end. Clones in which homologous recom-
bination had fused the two chromosome ends were
selected on galactose medium lacking leucine (Fig. 1B).
Selected clones are sensitive to glucose; i.e., to CEN6
reactivation (Fig. 1C; Supplemental Fig. S1). When grown
in galactose medium, they all display the same fusion
between chromosome 6 and chromosome 7 (Fig. 1D, left
panel).

Dicentrics preferentially break at pericentromeric
regions

Next, we asked how the fused chromosomes break when
the function of CEN6 is restored. To look at dicentric
breakage during a single cell cycle, cells grown exponen-
tially in the presence of galactose were synchronized in
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G1 with a factor and released from the arrest in glucose-
containing medium. Cells were either blocked at the
G2/M transition by nocodazole or allowed to progress
through mitosis until they were blocked again in the next
G1 by a factor that was added back to the medium.
Chromosomes were separated by pulse field gel electro-
phoresis (PFGE) and hybridized with probes from either
side of the dicentric (Fig. 1D). During progression through
mitosis, full-length dicentric molecules partially fade
away (Fig. 1D, left panel). Southern blots of the pulse
field gel hybridized with probes specific to the right arm
of chromosome 7 or the left arm of chromosome 6 show
that break sites are not evenly distributed between the
centromeres and occur predominantly in their vicinity
(Fig. 1D). The large DNA fragments generated by break-
age near CEN6 are also directly detectable after in-gel
DNA staining (Fig. 1D, left panel, arrowhead). Contrary
to what was previously proposed based on the result of an
indirect recombination assay (Song et al. 2013), the
pericentromeric regions near the normal centromere
and the conditional centromere are equally prone to
break. Biases introduced by the selection of a subclass
of events in the recombination assay could account for
the difference. In our assay, the rare stable survivors of
CEN6 reactivation often display a deletion of CEN6 but
not CEN7 (Supplemental Fig. S1; see also Kramer et al.
1994). This result highlights the importance of looking at
breakage directly and not only by means of the viable and
potentially biased repair products of the breaks.
Preferential breakage near the two centromeres is also

observed in dicentrics fusing chromosome 6 to other
chromosomes (for instance, with chromosomes 5 and
14) (Fig. 2A) as well as in cells from a distant genetic
background (the vineyard isolate RM11-1a) (Fig. 2B).
Together, these results show that dicentrics in budding
yeast do not rupture randomly between the centromeres:
The pericentromeric regions behave as hot spots more
prone to breakage.

Telomere fusions are more prone to breakage than
pericentromeric regions

Dicentrics formed by head-to-head telomere fusions
between chromosomes often break at the telomere fusion
during progression throughmitosis (Pobiega andMarcand
2010). In this context, breakage at the telomere fusion
predominates, and breakage near centromeres is barely
apparent. To test the cis requirement of dicentric break-
age at telomere fusions, we took a conditional dicentric
with a telomere fusion between the right telomere of
chromosome 6 and the right telomere of chromosome 7
and replaced by homologous recombination the TG1–3

telomeric sequence with a klTRP1 marker. As shown in
Figure 2C, the loss of the telomeric sequences abolishes
breakage at the fusion. It concomitantly reinforces break-
age at pericentromeric regions as well as weaker and
evenly distributed breakage between the centromeres.
Thus, dicentric breakage at telomere fusions depends on
telomeric sequences and predominates over breakage at
pericentromeric regions.

Pericentromeric breakage hot spots are ;25–30 kb
long

Next, we wanted to estimate more precisely where
breakage occurs in the vicinity of the centromeres. We
first had a close-up view at CEN6 (Fig. 3A). In cells with
a 6 + 7 dicentric, a smear appears after mitosis whenDNA
is probed from the left arm of chromosome 6. The
smearing signal can reflect the break site distribution,
but since single-stranded tails alter DNA migration in
PFGE, it can also be a consequence of the limited 59-to-39
degradation occurring at broken ends in G1 cells (Zierhut
and Diffley 2008; Westmoreland et al. 2009). To prevent
the formation of single-strand tails after breakage, we
looked at the behavior of dicentrics in cells lacking Sae2
and Exo1, the two nucleases required for 59-to-39 degra-
dation in G1-arrested cells (Chen et al. 2011; Symington
2014; R Lescasse and S Marcand, unpubl.). As shown in
Figure 3A, the loss of the nucleases slightly shifts down-
ward the smear appearing after mitosis. This indicates
that the 39 single-strand tails generated after breakage in
wild-type cells partially blur the determination of the
break points and that a nuclease-deficient context allows
circumvention of this problem. The borders of the smear
are at;150 and 180 kb. Since the distance betweenCEN6
and the left telomere is ;150 kb, breakage occurs in an
;30-kb region bordered by CEN6 and spreads toward the
other centromere.
Next, we looked at breakage near CEN7 (Fig. 3B). DNA

from cells lacking Sae2 and Exo1 was restricted in agarose
plugs prior to gel electrophoresis. To map the position of
CEN7, we used a native RsrII site at 0.2 kb from the
centromere (Fig. 3B, last lane on the right). After mitosis,
a smear appears just above the position of CEN7. This
indicates that breakage occurs on a region bordered by the
centromere and situated toward the other centromere. Its
width is ;25–30 kb. Thus, the two pericentromeric
breakage hot spots of this dicentric are similar in length
and position relative to the centromere.

Breakage near centromeres is a consequence
of centromere structure or function

In yeast, the sequences surrounding the centromeres are
unrelated to each other. Since in dicentrics they are more
prone to breakage during mitosis, we asked whether this
is related to the sequences themselves or is a cis effect
from the centromeres. To this purpose, we inserted a 1-kb
fragment containing the centromere of chromosome 4 at
a distal position of the right arm of chromosome 6 in
nuclease-deficient cells. In this conditional dicentric, the
two centromeres are 100 kb apart. As shown in Figure 3C,
the ectopic centromere establishes a hot spot of breakage.
A close-up view from the right end of the chromosome
shows that breakage occurs on an ;25- to 30-kb region
bordered by CEN4 and situated toward CEN6 (Fig. 3D).
Thus, a 1-kb ectopic centromere sequence is sufficient
to create an extended hot spot indistinguishable from
the hot spots adjacent to native centromeres. This ob-
servation and the fact that unrelated pericentromeric
sequences from different centromeres (CEN6, CEN7,
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CEN5, and CEN14) (Figs. 1D, 2A) all behave as dicentric
breakage hot spots indicate that the higher propensity to
break is a consequence of centromere structure or func-
tion and is unrelated to the surrounding native sequences.

Dicentric breakage requires anaphase exit

Dicentrics could break in response to the pulling force
exerted by the elongated mitotic spindle or the pushing

Figure 2. Breakage of dicentrics with or without telomere fusion. (A) Breakage of 6 + 5 and 6 + 14 dicentrics. Fusion between
chromosomes 6 and 5 or 14 deletes 1975 bp from the right end of chromosome 6 and;3000 bp from the Y9 subtelomeric element at the
right end of chromosome 5 or 14 (strain Lev826 and Lev822, respectively). Chromosomes were separated by PFGE, labeled with Gel
Red (left panel) and probed with a fragment from the chromosome 6 left arm (right panel). (B) Breakage of a 6 + 7 dicentric in a genetic
background derived from the vineyard isolate RM11-1a (Dimitrov et al. 2009). Cells from strains 134-1a/dic and 134-1d/dic (RM11.1
and RM11.2) were grown exponentially in galactose-containing medium (time 0) and shifted in glucose-containing medium for 2 and
4 h. Chromosomes were separated by PFGE, labeled with Gel Red (left panel), and probed with a fragment from the chromosome 7 right
arm (right panel). The red arrowhead marks the position of the molecules broken near CEN6. (C) Breakage at a telomere fusion. Cells
from strains Lev1258 and Lev1258/TRP1 were grown exponentially in galactose-containing medium, synchronized in G1, released in
glucose-containing medium, and either blocked in G2/M or allowed to proceed to the next G1. Chromosomes were separated by PFGE,
labeled with Gel Red (left panel), and probed with a fragment from the chromosome 6 left arm (right panel). In Lev1258/TRP1, the
native subtelomeric sequences remain.
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force exerted by cytokinesis. They could also be broken
by a nuclease activated during mitotic exit. To distin-
guish between these scenarios, we first determined the
timing of breakage during mitosis. Conditional dicentrics
with and without telomere fusion were created in cdc15-
2 cells to arrest cell cycle progression in late anaphase at
a restrictive temperature. Cells grown exponentially at
a permissive temperature (25°C) in the presence of
galactose were synchronized in G1 with a factor and
released from the arrest in glucose-containing medium.
Cells were either blocked by nocodazole at the G2/M
transition at permissive temperature, blocked in late
anaphase at a restrictive temperature (36°C), or allowed
to progress throughmitosis at a permissive temperature
until they were blocked in the next G1 by a factor. As
shown in Figure 4, A and B, dicentrics with or without
telomere fusion do not break in anaphase-arrested cells.
In wild-type cells (CDC15), dicentric breakage still
occurs at 36°C, although the pericentromeric and telo-
mere fusion hot spots are more dispersed, a blurring
that might be due in part to increased in vivo 59
degradation at the broken ends at higher temperatures.
These results indicate that the tension established by
the elongated mitotic spindle on the anaphase bridges is
not sufficient to trigger breakage. This remains true
with short intercentromeric distances of 30 and 45 kb
(Supplemental Fig. S2).
Next, we looked at dicentric breakage in cells re-

leased from anaphase. In yeast, cytokinesis involves
a contractile actomyosin ring made of actin filaments
assembled by a type II myosin called Myo1 (Wloka
and Bi 2012). A Myo1-GFP marker allowed us to follow
ring contraction during mitotic exit (Bi et al. 1998).
cdc15-2 cells arrested in anaphase at 36°C were shifted
to 25°C. Dicentrics started to break ;45 min after the
temperature shift, a time approximately coincident with
Myo1 contraction in the released cells observed by
microscopy (Fig. 4C–E). This result shows that dicentric
breakage requires anaphase exit and coincides with
cytokinesis.

Dicentric breakage requires cytokinesis

During cytokinesis, actomyosin ring contraction concurs
with cleavage furrow ingression and the growth of the
primary septum. The secondary septum then completes
the final closure of the cleavage furrow (abscission) (Weiss
2012; Onishi et al. 2013). Actin filaments are essential not
only for ring contraction but also to deliver the cargo
vesicles essential to septum and membrane growth
(Wloka and Bi 2012). To test whether dicentric breakage
requires cytokinesis, we looked at breakage in two
contexts in which cytokinesis fails.
First, we used the actin-depolymerizing drug latruncu-

lin A (LatA), which destabilizes the actomyosin ring and
prevents cargo delivery to the bud neck (Wloka and Bi
2012). When LatA is added to cells released from ana-
phase, the breakage of dicentrics with or without telo-
mere fusions is prevented (Fig. 5A,B). This indicates that
breakage requires actin filaments.

Figure 3. Dicentric breakage at pericentromeric regions. (A)
Cells from strains Lev801 (SAE2 EXO1) and Lvl103 (sae2/exo1-Δ)
were grown exponentially in galactose-containing medium,
synchronized in G1, released in glucose-containing medium,
and either blocked in G2/M or allowed to proceed to the next
G1. Chromosomes were separated by PFGE (Supplemental Fig.
S3) and probed with a fragment from the chromosome 6 left
arm. DNA molecules larger than ;500 kb comigrate together.
(B) DNA from strain Lvl103 (sae2/exo1-Δ) was restricted with
PmeI in agarose plug prior migration. To mark the position of
CEN7, DNA from a wild-type strain lacking dicentrics was
further restricted with RsrII (the restriction site is ;0.2 kb from
CEN7). (C) Insertion of an ectopic centromere in the chromo-
some 6 right arm. Cells from strains Ynb15 (sae2/exo1-Δ) were
grown exponentially in galactose-containing medium, synchro-
nized in G1, released in glucose-containing medium, and either
blocked in G2/M or allowed to proceed to the next G1.
Chromosomes were separated by PFGE (Supplemental Fig. S3)
and probed with a fragment from the chromosome 6 left arm. To
mark the position of CEN6, DNA from a wild-type strain
lacking dicentrics was partially restricted with PmeI (the re-
striction site is;2 kb from CEN6). (D) DNA from the same cells
was separated by PFGE (Supplemental Fig. S3) and probed with
a fragment from the chromosome 6 right end.
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Second, conditional dicentrics were created in cells
carrying a Myo1 auxin-inducible degron (myo1-AID). In
the absence of Myo1, the ring is not assembled (Bi et al.
1998), and primary septum formation and cleavage

furrow ingression are significantly slowed in the W303
background that we used in our study (Tolliday et al.
2003; Ko et al. 2007). Myo1 was depleted by auxin addi-
tion when cells were released from G1 in the presence

Figure 4. Dicentric breakage requires mitotic exit. (A) Cells from strains Lev803 (cdc15-2) and Lev801 (CDC15) were grown
exponentially in galactose-containing medium at 25°C, synchronized in G1, released in glucose-containing medium, and either blocked
in G2/M at 25°C or allowed to proceed to the next G1 at 36°C or 25°C. cdc15-2 cells at 36°C remained arrested in anaphase.
Chromosomes were separated by PFGE (Supplemental Fig. S3) and probed with a fragment from the chromosome 7 right arm. (B) Cells
from strains Lvl200 (cdc15-2), Lev1276 (CDC15), and Lvl200 complemented with a wild-type copy of CDC15 (cdc15-2 + CDC15) were
treated as in A. Each contains a telomere fusion between chromosome 6 and chromosome 14. (C) Cells from strain Lvl242 were grown
exponentially in galactose-containing medium at 25°C, synchronized in G1, released in glucose-containing medium for 60 min at 36°C,
and then released from the anaphase arrest at 25°C. For each time point, the fraction of cells without a Myo1-GFP signal at the bud neck
was estimated from the analysis of ;50 cells. (D) Released time-course experiment with strain Lvl119. CEN4 is inserted at 100 kb from
CEN6. (E) Released time-course experiment with strain Lvl200 (telomere fusion with chromosome 14) and strain Lvl198 (telomere fusion
with chromosome 3). Chromosomes were separated by PFGE and probed with a fragment from the chromosome 6 left arm.
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of glucose and allowed to progress through mitosis until
the next G1. As shown in Figure 5, C and D, Myo1 loss
results in a strong decrease in dicentric breakage.
Together, these results show that dicentric breakage is
prevented or significantly delayed when cytokinesis is
impaired.

Nuclear separation follows primary septum formation
in the presence of dicentrics

In yeast, the nuclear envelope remains assembled during
mitosis, and the two segregated nuclei disconnect when
the mitotic spindle disassembles during cytokinesis. A
coupling of the timings between dicentric breakage and
cytokinesis predicts that, when dicentrics form anaphase

bridges in mitosis, the two segregated nuclei will remain
connected until the cleavage furrow separates them. To
test this hypothesis, we used transmission electron
microscopy (TEM). Asynchronous cells grown in galac-
tose were switched to glucose for 20–60 min before being
fixed and processed for TEM. In control cells without
dicentrics, the nuclear envelopes disconnected before
initiation of secondary septum formation (Fig. 6A). In
contrast, in ;50% of the cells with a 6 + 7 conditional
dicentric lacking internal telomeric sequences, con-
nected nuclear envelopes are located near the bud neck
(Fig. 6B). In some cells, the nuclear envelopes are directly
pinched by the septum (Fig. 6B, cell 3). Importantly, these
cells display a complete primary septum (Fig. 6C, white)
accompanied by a secondary septum (Fig. 6C, gray) of

Figure 5. Dicentric breakage requires cytokine-
sis. (A) Cells from strains Lev803 (left panel) and
Lvl119 (right panel) were grown exponentially in
galactose-containing medium at 25°C, synchro-
nized in G1, and released in glucose-containing
medium for 60 min at 36°C. LatA (final concen-
tration 5 mM) or its solvent alone (ethanol final
concentration 2%) was added prior to release at
25°C. Chromosomes were separated by PFGE
(Supplemental Fig. S3) and probed with a frag-
ment from the chromosome 6 left arm. (B) Cells
from strains Lvl200 (6 + 14) and Lvl198 (6 + 3)
were treated as in A. Each contained a telomere
fusion. Chromosomes were separated by PFGE
(left panel) and probed with a fragment from the
chromosome 6 left arm (right panel). (C) Cells
from strains Lvl237 (left panel, myo1-AID),
Lvl238 (left panel, MYO1), Lvl233 (right panel,
MYO1), and Lvl236 (right panel,myo1-AID) were
grown exponentially in galactose-containing
medium, synchronized in G1, and released in
glucose-containing medium with IAA (final con-
centration 1 mM) or its solvent alone (ethanol
final concentration 0.2%). Chromosomes were
separated by PFGE (Supplemental Fig. S3) and
probed with a fragment from the chromosome 6
left arm. (D) Cells from strains Lvl246 (myo1-

AID) and Lvl252 (MYO1) were treated as in C.
Each contained a cloned telomere fusion inserted
by homologous recombination next to the
klLEU2 marker in a 6 + 7 dicentric.
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nearly final thickness but with a discontinuity through
which the nuclear envelop runs (Fig. 6C). In all cells
with a closed septum, the nuclei always appeared
disconnected (e.g., Fig. 6B, cell 4). These observations
support the hypothesis that septum formation triggers
dicentric breakage and further suggest that breakage is
induced after primary septum formation and actomyo-
sin ring contraction, potentially by secondary septum
formation.

Dicentrics cause the SPBs and the centromeres
to relocate toward the bud neck during cytokinesis

The previous data suggest that the closure of the cytoki-
netic septa triggers dicentric breakage at the bud neck.
However, breakage tends to occur near the centromeres.
Since the centromeres are segregated to the spindle poles
away from the bud neck during mitosis, how can they
be preferential sites of cleavage? We addressed this
issue using time-lapse microscopy. First, we looked at
the segregation of the SPBs relative to actomyosin ring

contraction at the onset of cytokinesis. A 6 + 7 condi-
tional dicentric lacking internal telomeric sequences
was created in a strain in which Myo1 and the SPB
component Spc42 are tagged with GFP. Cells grown in
galactose were switched to glucose for ;60 min prior to
image acquisition. In half of the cells (52%, n = 56), the
two SPBs behaved normally: They separated from each
other and went away from the bud neck during anaphase
to reach a maximum distance during ring contraction.
Next, they slightly converged back at the end of ring
contraction and in the subsequent minutes (e.g., Fig. 7A,
top panel). The other half of the cells displayed an
unusual behavior: At the end of ring contraction, the
two SPBs rapidly snapped back together at the bud neck
(average minimum distance between the SPBs: 1 mm 6
0.3 mm) (e.g., Fig. 7A, middle and bottom panels). They
remained close to each other for a few minutes and
then diverged again. In cells in which this snap back
took place, the timing of Myo1 contraction relative
to anaphase onset was not different from the one
observed in cells in which the snap back did not occur
(Fig. 7B, top graph). Interestingly, themaximum distance
reached between two SPBs that will snap back is
significantly reduced in late anaphase (Figs. 6 [cf. cell 1
in A and B], 7B, bottom graph). This suggests that the
mitotic spindle is somewhat constrained and cannot
fully elongate.
A simple interpretation of these data is that SPB’s

snap back takes place in response to dicentric anaphase
bridges that form in half of the cells; i.e., when the
centromeres on the same chromatid migrate to oppo-
site poles (Fig. 1A). To address what could be the cause of
this unexpected SPB movement, we followed mitotic
spindle disassembly in cells expressing the microtu-
bule marker GFP-Tub1 in addition to Spc42-GFP and
Myo1-GFP. In the presence of a dicentric, spindle disas-
sembly still takes place with normal timing at the onset
of cytokinesis in all cells, including the ones in which
the SPBs snap back together (Fig. 7C). Since SPBs con-
verge just after spindle disassembly, the loss of the
constraint imposed by the elongated spindle could trigger
their movement. Interestingly, a similar post-anaphase
convergence had been observed previously in a particular
mutant context that allows the spindle to stretch part
of the intercentromeric DNA to its full naked length
(Thrower and Bloom 2001).
In yeast, kinetochoremicrotubules link each centromere

to a SPB throughout the cell cycle except during replica-
tion, which only transiently disrupts these attachments
(Kitamura et al. 2007; Marco et al. 2013). Thus, centro-
meres and SPBs remain close most of the time in cycling
cells. To test whether this remains true for dicentric
centromeres during mitotic exit, we tracked the position
of a centromere using a lacO/lacI-GFP array. A 6 + 7
conditional dicentric was created in a strain in which
CEN7 and the SPBs were tagged with GFP and RFP,
respectively. The lacO repeats were ;16 kb from CEN7.
Time-lapse imaging was carried out on cells grown in
glucose where both centromeres are active. In cells
proceeding normally through mitosis, the lacO array

Figure 6. The nuclear envelope is pinched by cytokinesis in the
presence of a dicentric. Cells from the control strain Lev752 (A)
and the 6 + 7 dicentric strain Lev801 (B,C) were observed as
described in Materials and Methods. Cells in A and B are aligned
in the inferred sequence of events. (C) Magnified images of the
septum region of B, panel 3, and another example, each showing
a nuclear envelope pinched by the septum. Time cultured in
SC + 2% dextrose was 20 min except for B, panel 3, and C, panels
1 and 2, where it was 60 min. Bars, 0.5 mm.
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signal remained close to a SPB from anaphase to the next
G1 (on average, 0.5 mm 6 0.1 mm) (Fig. 7D, top panel).
In cells in which the SPBs snapped back together, the

distance between the lacO array and the closest SPB was
a bit larger during anaphase (on average, 0.8 mm6 0.2 mm)
but not during the snap back and G1 entry (on average,

Figure 7. A dicentric causes centromeres and the SPBs to relocate to the bud neck at cytokinesis. Experiments were carried out at
25°C. (A) Cells from strains Lev819/dic were grown exponentially in galactose-containing medium and shifted in glucose-containing
medium for ;1 h prior to image acquisition. (B, top panel) Average time between anaphase (SPB distance >2 mm) and Myo1 contraction
(the last image with a Myo1-GFP signal). (Bottom panel) Average maximum distance between the two SPBs. (***) P < 0.001 in Student’s
t-test. (C) Cells from strains Lev816/dic were grown exponentially in galactose-containing medium and shifted in glucose-containing
medium for ;1 h prior to image acquisition. (D) Cells from strains Lev856/dic were grown exponentially in galactose-containing
medium and shifted in glucose-containing medium for ;1 h prior to image acquisition. Bars, 2 mm.
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0.4 mm 6 0.2 mm) (Fig. 7D, bottom panel). Importantly,
CEN7 migrated toward the bud neck along with the
SPBs. The preservation of the link between centro-
meres and SPBs during mitotic exit suggests that
recoiling of the stretched chromatin bridges may drive
SPB movement toward the bud neck. Irrespective of its
cause, centromere relocation reconciles the possibility of
breakage near centromeres with a process triggered at the
bud neck by cytokinesis.

Discussion

This study provides a coherent framework to under-
stand dicentric breakage at the molecular level by
showing its precise context in yeast: the positions on
chromosomes, the location in the cell, and the timing
during mitotic exit. Our findings reveal that cytokinesis
cuts dicentric chromosomes. Furthermore, cleavage
takes place preferentially at a few hot spots; namely,
at pericentromeric regions and, when present, telomere
fusions.

Mechanism of dicentric breakage

Several arguments rule out the idea that the pulling force
from the elongated mitotic spindle can rupture dicen-
trics. First and foremost, breakage requires anaphase exit
(Fig. 4; Supplemental Fig. S2). Second, the yeast mitotic
spindle at the end of anaphase remains small (<10 mm)
relative to naked dsDNA length (10 mm per 30 kb), thus
not allowing breakage by stretching only. In addition, the
forces needed to melt or overstretch dsDNA (>50 pN) are
greater than the estimated forces needed to rupture yeast
microtubule–kinetochore interaction (;9 pN), extend
naked DNA (<1 pN), unfold the 30-nm chromatin fiber
(;4 pN), or fully unwrap DNA from histones (;15–25
pN) (Fisher et al. 2009; Kruithof et al. 2009; Akiyoshi et al.
2010). In other words, during anaphase, the chromatin
between centromeres remains very elastic and is more
likely to unfold or detach from the spindle than break.
Instead, breakage appears to be an option of last resort
postponed to cytokinesis, the latest stage of mitosis. This
is likely needed to prevent breakage of transiently over-
stretched chromatin regions that occur during normal
chromosome segregation; for instance, due to short-lived
entanglements and residual uncleaved cohesins (Renshaw
et al. 2010; Biebricher et al. 2013).
What could trigger dicentric breakage during cytoki-

nesis? Simple scenarios can be postulated: The lateral
forces applied by cytokinesis might be sufficient to
cause DNA cleavage or could trigger unknown nucle-
ases that break DNA. Lateral pressure applied on DNA
can partially melt it, generating atypical structures (Lei
et al. 2010). The latter might be recognized and cleaved
off by structure-specific nucleases. In this context, the
simultaneous actions of endonucleases on both strands
could cause double-strand breaks. Alternatively, a signal
emanating from the contracting cytokinesis apparatus
could set off nucleases without any direct pressure on
DNA.

The forces that cytokinesis is susceptible to generate
are not well defined. At the end of actomyosin ring
contraction, the ring internal diameter is estimated to
be in the 100- to 200-nm range (Pinto et al. 2012). The
ring then disassembles to allow the further growth of the
septa to fill the remaining hole. Secondary septum
growth is involved in the final steps, including resolu-
tion of the plasmamembrane furrow (Onishi et al. 2013).
Contrary to cytokinesis in animal cells, the ESCRT III
complex has no demonstrated role at this stage in yeast
(McMurray et al. 2011; Elia et al. 2013). In the presence
of anaphase bridges created by dicentrics, the contracted
actomyosin ring is probably large enough to accommo-
date the nuclear envelope and two sister chromatids.
SPB snap back toward the bud neck occurs at or shortly
after the time of ring disassembly (Fig. 7A), suggesting
that breakage has not taken place yet. Once the con-
tracted ring has been disassembled, septum growth can
reach a point where it directly presses the nuclear
envelope (Fig. 6B,C). This may trigger breakage. If DNA
is not broken at this stage, the nuclear envelope is likely
to collapse under further pressure from secondary sep-
tum growth and closure (Onishi et al. 2013), with
chromatin being severed concomitantly to abscission.
Once the septum is closed, the nuclei appear to be
disconnected (e.g., Fig. 6B, cell 4), indicating that chro-
mosomes have broken by this stage. Breakage itself does
not seem to have any impact on viability at the cellular
level (such as cell lysis due to membrane damage or
incomplete septum formation) because the daughter cells
proceed normally into S phase (as estimated by budding)
(data not shown) and are viable as long as the genomic
contents allow for their survival (Supplemental Fig. S1A;
Pobiega and Marcand 2010). Interestingly, cytokinesis is
also able to break an overstabilized mitotic spindle,
although the details of this process remain unknown
too (Woodruff et al. 2010).

Dicentric breakage hot spots

In dicentrics, pericentromeric regions and telomere fu-
sions are hot spots more prone to breakage. A passive
recoiling of the stretched anaphase bridges can, in prin-
ciple, account for the observed centromeres and SPBs
relocation in the vicinity of the bud neck after spindle
disassembly. In this context, what could explain that
specific regions are more likely to be cleaved? Depending
on how cytokinesis breaks DNA, we can speculate
different possibilities.
If breakage results from a lateral pressure applied by

cytokinesis on chromatin, a higher propensity to break
should be the consequence of a higher chance of being
entrapped at the bud neck when cytokinesis is com-
pleted. This may be related to the three-dimensional
folding of chromatin domains, larger structures being less
likely to translocate freely through the narrow channel
left at the end of actomyosin contraction. A positioning
at the constriction point might also be an active pro-
cess involving interactions with the cytokinesis machin-
ery through the nuclear envelope. Finally, breakage at
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pericentromeric regions could reflect a preferential re-
location of the folded intercentromeric chromatin on one
side of the bud neck due to thermodynamical properties.
For instance, stochastic refolding initiation in one nu-
clear lobe may favor a full refolding in this lobe. Inter-
centromeric chromatin may also tend to translocate fully
toward one or the other nuclear lobe due to an entropic
gain (Panja et al. 2013). The size of the SPBs and their
anchoring to centromeres would then likely prevent
chromosome translocation through the closing neck be-
hind the pericentromeric regions, favoring breakage there.
If cytokinesis triggers nucleases without directly con-

tacting chromatin, preferential cleavage at telomere fu-
sions and within the pericentromeric regions may result
from a preferential recruitment of the nucleases at these
loci. Once cleaved, each released chromatin fragment
could refold in one nuclear lobe, clearing the space at the
bud neck to allow abscission.
What could be the function of dicentric breakage hot

spots? Breakage at a telomere fusion restores a normal
karyotype, a process offering a straightforward advantage
against accidental telomere fusions and whose mainte-
nance could be under positive selection (Pobiega and
Marcand 2010). Breakage at pericentromeric regions
creates a more ambiguous outcome: Often lethal, it
may also allow rearrangements concomitant to double-
strand break repair that result in a centromere deletion in
some cells, thus converting dicentrics into mitotically
stable monocentric chromosomes without gene loss or
gain (Supplemental Fig. S1; Kramer et al. 1994). Since
these cells survive, preferential breakage near centro-
meres can offer some selectable fitness advantage. A
conservation of the pericentromeric breakage hot spot
in other species would argue in favor of a physiological
process. However, it can also be a default state governed
by thermodynamics, as suggested above, and thus not
necessarily under selection.
In multicellular organisms, dicentric breakage hot

spots could similarly favor the restoration to a stable
karyotype, thus limiting dicentric-induced gene copy
number changes. In somatic cells, this would establish
an unsuspected and potentially important barrier against
the mutagenesis that leads to oncogenesis.

Materials and methods

Strains and plasmids

The strains used in this study are listed in Supplemental Table
S1. To fuse the chromosome 6 right end to the chromosome 7 left
end at ADH4, cells were transformed with plasmid sp1003 cut
with XhoI and NotI. To fuse the chromosome 6 right end to a Y9
subtelomeric element, cells were transformed with plasmid
sp1007 cut with XhoI and NotI. Integration is relatively in-
efficient but specific, probably due to the simultaneous double
selection on galactose plates lacking leucine. The KANr-pGAL1-

CEN6-pGAL1-skHIS3 allele was backcrossed four times with
RM11-1a to create the strains 134-1a and 134-1d (both strains
possess a wild-type BUD4 allele, as determined by PCR). In-
dividual telomere fusions were generated with a rap1-(Δ) allele,
selected on galactose, and complemented with a wild-type copy

of RAP1 as previously described (Pobiega and Marcand 2010).
The fused telomere repeats in Lev1258 were replaced by the
klTRP1 marker through a PCR-mediated transformation as
described in Longtine et al. (1998). A 1038-bp fragment encom-
passing CEN4 (coordinates 449214–450251 of chromosome 4)
was cloned into HindIII–BamHI-cut pFA6-klLEU2-MX6. The
CEN4-klLEU2 cassette was inserted in the chromosome 6 right
arm (coordinate 245700) through a PCR-mediated transforma-
tion. The myo1-AID allele was created with plasmid pHyg-
AID*-9myc (Morawska and Ulrich 2013). The SPC42-GFP and
MYO1-GFP alleles were created with plasmids pYM26 and
pYM25, respectively, and the SPC42-RFP allele was created with
the plasmid pFA6-mCherry-HPH-MX6. The GFP-TUB1 allele
comes from strain AC021 (Woodruff et al. 2009) and was back-
crossed four times in the W303 background. The lacI**-GFP

allele was integrated at the URA3 locus (Dubarry et al. 2011).
The lacO array was integrated in chromosome 7 (coordinate
484500) 16.5 kb from CEN7. LatA was obtained from Cayman
Chemical company (reference 10010630), and IAA was obtained
from Sigma-Aldrich (reference I2886).

Cell cycle synchronization

Cells were arrested in G1 with 10�7 M a factor (from a 10�3 M
stock solution in ethanol) and released by two washes in rich
medium. Cells were arrested in G2/M with 5 mg/mL nocodazole
(from 1.5 mg/mL stock solution in DMSO). cdc15-2 cells were
arrested in anaphase by gradually increasing the temperature to
36°C (1°C every 4 min) and released by shifting the temperature
to 25°C. The efficiency of the arrests and releases was checked by
microscopy.

PFGE and Southern blot

Yeast DNA embedded in agarose plugs was prepared as pre-
viously described (Pobiega and Marcand 2010). Pulse field
electrophoresis was carried out in a 0.9% agarose gel in 0.53
TBE at 14°Cwith a CHEFDR III from Bio-Rad with a switch time
ramping from 60 to 120 sec in 24 h (to resolve the whole
karyoptype) or with a switch time ramping from 5 to 30 sec in
22 h or 3 to 20 sec in 20 h (to resolve fragments from 20 to
400 kb). For restriction, DNA plugs were equilibrated twice in
10 mM Tris and 1 mM EDTA (pH 8.0) and twice in restriction
buffer (New England Biolabs) prior to addition of the restriction
enzyme. The probes for Southern blots were gel-purified PCR
products amplified from yeast genomic DNA.

TEM

Cells for TEM analysis were grown in SC + 2% galactose at 30°C
to early exponential phase, collected, washed by filtration, and
then resuspended in SC + 2% dextrose. At 20 and/or 60 min,
portions of cells were fixed and processed as described in Pollard
et al. (2012) except that the cells were embedded in 2% low-
melting-temperature agarose (SeaPlaque, Lonza) immediately
before post-fixation with potassium permanganate.

Time-laspe microscopy

Live-cell images were acquired using a wide-field microscope
based on an inverted microscope (Leica DMI-6000B) equipped
with adaptive focus control to eliminate Z drift, a 1003/1.4 NA
immersion objective with a Prior NanoScanZ Nanopositioning
Piezo Z stage system, a CMOS camera (ORCA-Flash4.0,
Hamamatsu), and a solid-state light source (SpectraX, Lumencore).
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The system is piloted by the MetaMorph software (Molecular
Device).

Cells were grown exponentially in synthetic medium, and 50
mL of the culture was loaded in microfluidic plates (Y04C plates,
ONIX platform, CellASIC) equilibrated at 25°C. GFP and
mCherry images were acquired sequentially for each Z section
with an exposure time of 20 msec using solid-state 475- and
575-nm diodes and appropriate filters (GFP-mCherry filter,
excitation: double BP, 450–490/550–590 nm, and dichroic double
BP, 500–550/600–665 nm, Chroma Technology Corp.). For four-
dimensional movies, 25 focal steps of 0.25 mm were taken every
2 min for 2 h.

Three-dimensional data sets were deconvolved using the blind
deconvolution algorithm of AutoQuant (Media Cybernetics,
Inc.) with the point spread function appropriate for our micro-
scope at each emission wavelength. Further processing was done
using ImageJ software (National Institutes of Health). All of the
images shown are a z projection of z-stack images.
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