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Figure 4. Fzy is recruited on I-Crel- or laser-induced breaks in a BubR1 KEN box-dependent manner. (A) Time-lapse images of WT (also see Video 5),
bubR1-KEN (also see Video 6), and fzy-DYY* neuroblasts expressing |-Crel. WT and bubR I-KEN mutant cells express GFP::Fzy, and fzy-DYY* mutant cells
express GFP::Fzy-DYY*. The yellow arrows and cyan arrowheads indicate the localization of GFP::Fzy and GFP::Fzy-DYY* on the kinetochore and tether.
The white arrowheads indicate the |-Crel-induced acentric chromatids. 100% of WT cells exhibited GFP::Fzy signal on the tether (n = 22). In contrast, no
GFP::Fzy signal on the tether was detected in 44% of bubR 1-KEN mutant cells (n = 16). GFP::Fzy-DYY* signal was not visible in 32% of cells (n = 25).
(B) Time-lapse images of WT (also see Video 7), bubRT-KEN (also see Video 8), and fzy-DYY* mutant cells before and after laser ablation. The yellow
arrows indicate the accumulation of GFP::Fzy and GFP::Fzy-DYY* on kinetochores. The yellow circles correspond to the zones of laser ablation. Time
(given in minutes/seconds) 0:00 corresponds to the first acquisition immediately after laser ablation. The white arrowheads indicate laser-induced damage.
The cyan arrowheads show the appearance of GFP::Fzy at the site of chromosome damage. For WT cells, the percentage represents the frequency of
cells with GFP::Fzy signal on DNA breaks (n = 17). In the bubR 1-KEN mutant, the percentage denotes the frequency of cells without GFP::Fzy signal on
laser-induced damage (n = 11). Finally, for the fzy-DYY* mutant, the percentage indicates the frequency of cells with no detectable GFP::Fzy-DYY* signal
on laser-induced breaks (n = 19). The cells are delineated with dotted lines. Bars, 10 pm. (C) Scatter dot plot of GFP::Fzy and GFP::Fzy-DYY* levels at the
site of the -Crel-induced tether during anaphase in WT, bubR T1-KEN, and fzy-DYY* mutants. (D) Scatter dot plot of GFP::Fzy and GFP-Fzy-DYY* levels at the
site of the laser-induced breaks during anaphase. (C and D) n = number of cells. The GFP level is normalized to the cytoplasmic GFP signal (see Materials
and methods section Image analysis for quantification details). A Mann-Whitney nonparametric test was used to calculate p-values. Error bars represent
mean + 95% confidence inferval. a.u., arbitrary units.
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cells with incorrect genome content (Fig. 5 A, middle and bot-
tom; and Fig. 5 B). The majority of the broken fragments segre-
gated within 4 min after anaphase onset (Fig. 5 C).

Given that Bub3 promotes BubR1 recruitment to DNA
breaks and that BubR1 is required for the proper segregation
of broken fragments, we expected to observe a high frequency
of abnormal acentric segregation in mutant cells that have a re-
duced level of Bub3. Consistently, the frequency of abnormal
segregation of broken chromatids was dramatically increased
in bub3' mutants (Fig. 5 B). Moreover, a great proportion
of chromatids exhibited slow or no poleward movement in
bub3’ mutants (Fig. 5 C).

We have previously shown that the expression of one copy
of the bubRI-KEN mutant transgene in the bubR1' null back-
ground impaired broken chromatid segregation. Although the
expression of one copy of the bubRI-KEN transgene was suf-
ficient to rescue the lethality of the bubR1' null allele, it may
not have been sufficient to support the segregation of broken
chromatids. Alternatively, the severe broken chromatid segre-
gation defects in bubRI-KEN mutants may reflect a specific
role for the KEN motif in the mechanism that facilitates the
proper poleward movement of the broken fragments. To distin-
guish between these possibilities, we analyzed the segregation
of broken chromatids in bubR1-KEN(2X) mutants in which the
transgene is expressed from two copies. We found that the fre-
quency of cells that fail to properly segregate the broken frag-
ments increased significantly in the bubRI1-KEN(2X) mutant
compared with the WT (60 vs. 23%; Fig. 5 B). This frequency
is similar to that observed for one copy of bubR1-KEN (Royou
et al., 2010). In addition, a large number of bubRI1-KEN(2X)
mutant cells exhibited slow or no poleward movement of bro-
ken fragments (Fig. 5 C). These results indicate that the KEN
box plays a specific role in facilitating the faithful segrega-
tion of broken chromatids.

The observation that loss of the BubR1 KEN box impairs
Fzy recruitment to DNA breaks prompted us to test whether
the high frequency of broken chromatid missegregation in the
bubRI-KEN mutant was a direct consequence of a lack of Fzy
sequestration on DNA breaks. To do so, we monitored the segre-
gation of broken chromatids in cells expressing the Fzy-DYY*
mutant that no longer associates with DNA breaks (Fig. 4).
Fzy-DYY* mutants expressed from one or two copies (2X) in a
fzy heterozygote mutant exhibited similar frequencies of cells
with missegregated acentric fragments as bubR[-KEN mutants.
These defects were more severe than the defects observed in
fzy heterozygote mutants, reflecting a dominant effect of Fzy-
DYY* expression (Fig. 5, B and C). Collectively, these results
indicate that the BubR1 KEN box—mediated recruitment of Fzy
to DNA breaks plays an important role in the proper transmis-
sion of damaged chromosomes.

To gain insight into the possible causes of the elevated
acentric missegregation in bub3!, bubRI1-KEN, and fzy-DYY*
mutants, we examined the morphology of the X chromosome
after I-Crel expression in fixed prometaphase neuroblasts. As
previously reported, three chromosome X configurations were
observed in all genotypes, including the WT (Fig. 5 D; Royou
et al., 2010). In the first configuration, both X chromosomes
were distinct from each other and had normal morphologies,
or exhibited loosely condensed chromatin threads that main-
tained the centric and acentric chromosome fragments together
(Fig. 5 D, bottom, pink arrows). This configuration was found
in almost 40% of WT cells but was reduced to 20% in bub3’,
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bubRI-KEN, and fzy-DYY* mutants (Fig. 5 D). In the second
configuration, at least one X chromosome was broken into two
distinct fragments (Fig. 5 D, top, yellow arrows). In agreement
with our previous observation, we found that the number of WT
cells exhibiting X fragments without a tether was minor (11%;
n = 166). In contrast, the frequency of cells with clear broken
X fragments was double in the fzy-DYY* mutant and triple in
bub3' and bubRI1-KEN mutants. These cells are likely to pro-
duce aneuploid cells. However, the fact that the frequency of
cells displaying a broken chromosome X in prometaphase is
lower than the frequency of cells with missegregated acentrics
in both the WT and mutants implies that the presence of bro-
ken fragments in prometaphase is not the sole cause of acentric
missegregation. The last and most prevalent configuration in
all genotypes was intertwined X homologues (Fig. 5 D, mid-
dle, cyan arrows). Because I-Crel predominantly induces DNA
damage during interphase in our assay, this X configuration
may be the result of unresolved DNA repair intermediates pro-
duced during the preceding interphase. These entanglements
may be problematic during the segregation of sister chroma-
tids. The tension applied to the X homologues with entangled
tethers during anaphase may result in tether rupture, inducing
missegregation of the fragments. Tether breakage may occur
more frequently in bub3’, bubRI-KEN, and fzy-DYY* mutants
than WT cells. All together, these results favor a model in which
the structure of the tether is more fragile or unstable when Fzy
recruitment to DNA breaks is reduced.

BubR1 induces local APC/C inhibition on
the tether during early anaphase

Our results indicate that Fzy is sequestered on breaks/tethers
throughout mitosis, largely via its association with the BubR1
KEN motif. Abrogation of this interaction impairs the proper
segregation of broken chromatids. This raises the possibility
that the BubR1-mediated sequestration of Fzy locally inhibits
the APC/C on the tether, and this inhibition is required to main-
tain the integrity of the tether by preventing the degradation of
key APC/C substrates even during anaphase. To test this idea,
we monitored the localization of Securin and Cyclin B, two es-
tablished APC/C substrates. We tagged Securin with GFP on
its N or C terminus and analyzed its dynamics in mitotic cells
with broken chromosomes. GFP::Securin and Securin::GFP
were uniformly cytoplasmic during prometaphase (Fig. S5 A
and not depicted). The signal disappeared gradually and glob-
ally during anaphase, likely because of its degradation by the
proteasome. As reported previously, GFP::Cyclin B localized
on the kinetochore, spindle, and centrosome during prometa-
phase and disappeared progressively during anaphase (Fig. S5
A; Huang and Raff, 1999). Both GFP::Cyclin B and GFP::Se-
curin did not localize specifically on the tether during anaphase.
In addition, no difference in the rate of GFP::Cyclin B signal
disappearance was observed between cells with or without
I-Crel expression (Fig. S5 B). It therefore seems unlikely that
Securin and Cyclin B play a direct role in regulating the faithful
segregation of broken chromosomes.

To determine whether BubR1 localization on the tether
induces local APC/C inhibition, we created a synthetic APC/C
substrate that associated with the tether. We fused the first 246
amino acids of Cyclin B, which contains the DEAD box, the
recognition motif for Fzy, and the lysines that are ubiquitinated
by the APC/C within full-length Bub3. GFP was fused to the
N terminus of the probe to monitor fluorescence disappearance
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Figure 5. bubR1-KEN, bub3', and fzy-DYY* mutants exhibit severe defects in broken chromatid segregation. (A) Time-lapse images of neuroblasts express-
ing I-Crel and labeled with H2A.Z::RFP. The top row shows an example of a dividing cell with equal partition of the broken X chromatids (white arrows),
which produces euploid daughter cells. The middle and bottom rows show examples of cells with abnormal segregation of broken chromatids, where three
X broken chromatids segregate in one daughter cell (white arrows). These divisions will produce two aneusomic daughter cells with, in some cases, visible
micronuclei (yellow arrow, bottom). The pink arrowheads indicate the time at which the last acentric fragments move poleward. Time is given in minutes/
seconds. Bars, 10 pm. (B) Histogram showing the frequency of neuroblast divisions with abnormal segregation of broken chromatids after -Crel expression.
n = number of cells. A Fisher extract test was used to calculate the p-value. (#) Given that bub3" mutant cells exhibit a high frequency of anaphase with
whole lagging chromosomes (Basu et al., 1999; Logarinho et al., 2004; Lopes et al., 2005), cells in which no clear lagging broken chromatids could be
followed because of extensive chromosome segregation defects were excluded from our analysis. (C) Scatter dot plot showing the time at which the last
acentric chromatid starts moving poleward. The black lines correspond to mean + 95% confidence interval. Time 0:00 corresponds to anaphase onset.
n = number of cells. A Mann-Whitney nonparametric test was used for calculating p-values. (D) DAPI staining of X chromosomes from fixed neuroblasts
after I-Crel expression. The bottom row illustrates cells exhibiting two distinct X chromosomes with no apparent tether, indicated by an asterisk, or apparent
tether, indicated by pink arrows. The middle row represents intertwined X homologues (cyan arrows), and the top row shows an example of cells with one
X broken fragment (yellow arrows). The histogram shows the frequency of cells with either two distinct Xs with or without tethers, intertwined X homologues,
or at least one X broken. n = number of cells. Bar, 2 pm. bubR 1-KEN(2X] corresponds to bubR 1! null cells expressing two doses of the RFP::BubR1-KEN
transgene; fzy?/+ corresponds to fzy® heterozygote mutants cells; and fzy?/+ Fzy-DYY* and fzy3/+ Fzy-DYY* (2X) correspond to the fzy® heterozygote
carrying one or two doses of the GFP::Fzy-DYY* transgene.

BubR1 sequesters Cdc20 on broken chromosomes

525

9T0Z ‘2 |1dy uo Blossaidni gal woll papeojumoq



Published November 9, 2015

526

A
GFP:CycBNt:Bub3| GFP [L]

[ TR

2:00

CycB 1-246

1:20 1:40 2:20  2:40

H2A.Z:RFP GFP:CycBNt:Bub3

I

-1:00 0:00 0:20 0:40

H2A.Z::RFP GFP:CycBNt:Bub3

N bubR1-KEN

D

_ 10 ;

2 O WT (h=0.7+0.1)
0 08 bubR1-KEN ¢ o
2% O bubR1-KEN (h=1.5+0.3) (n=11) ; .
: © H ¥
£ 9 X
g < o 8 o
2 wr 4 06S$ed o
&g NI (n=14) o9
I n H
(GRR i

o

=)

L

N4

0.2 ¥ & 0 1 2 3 4
0.0 : Time of total disappearance
. 0 4 of GFP-CycBNt-Bub3

Time (min) from anaphase onset (min)

Figure 6. The APC/C synthetic substrate GFP::CycBNt::Bub3 is maintained on the tether during early anaphase in a BubR1 KEN box-dependent manner.
(A) Scheme of the APC/C synthetic substrate GFP::CycBNt::Bub3. The N terminus (including the amino acids 1-246) of Cyclin B (CycB;_,44) was fused on
its N terminus to GFP and on its C terminus to full-length Bub3. The CycBNt sequence was flanked with a 4x glycine-alanine linker (L). (B) Time-lapse images
of WT and bubR1-KEN mutant cells after I-Crel induction labeled with H2A.Z::RFP and GFP::CycBNt::Bub3. The kinetochore and tether localization of
GFP::CycNt::Bub3 are indicated with yellow arrows and cyan arrowheads, respectively. Bar, 10 pm. (C) Quantitative analysis of the disappearance of the
GFP::CycBNt::Bub3 signal on kinetochores and tethers. The graph shows the fluorescence intensity of GFP signal on kinetochores and tethers over time (see
Fig. S5 for raw data and Materials and methods section Image analysis for details on the quantification). The fluorescence intensities were normalized to
the fluorescence intensity measured at the time point —1 min. The O of the x axis corresponds to anaphase onset as defined by the onset of sister chromatid
separation. The signal was measured every 20 s. (D) Scatter dot plot showing the time of complete disappearance of the signal of GFP::CycBNt::Bub3 in
WT and bubR 1-KEN mutant cells expressing I-Crel. The time starts at anaphase onset. The black lines correspond to mean + 95% confidence interval. A
Mann-Whitney nonparametric test was used to calculate p-values (***, P < 0.001). A.U., arbitrary units.

over time (Fig. 6 A). We then measured the signal of the
synthetic probe, called GFP::CycBNt::Bub3, on the kineto-
chore and tether over time in WT and bubRI-KEN mutants
after I-Crel expression (Fig. 6, B-D; Fig. S5 D; Video 9; and
Video 10). We controlled that the GFP::CycBNt::Bub3 signal
disappeared rapidly from the kinetochore in cells without bro-
ken chromosomes (WT no heat shock [HS]); Fig. S5, C and D).
If tether-associated BubR1 inhibits the APC/C locally via the

compared with 1 min in bubR1-KEN mutant cells (Fig. 6 D).
These results are consistent with our proposal that tether-
associated BubR1 is sufficient to protect APC/C substrates lo-
cally from degradation.

sequestration of Fzy, we would expect to detect a bubRI1-KEN
box—dependent delay of GFP::CycBNt::Bub3 degradation on
the tether during anaphase. Consistently, in WT cells, GFP::-
CycBNt::Bub3 disappeared from the tether at a twofold slower
rate than in bubR1-KEN mutant cells (h=0.7 £ 0.1 vs. h=1.5
+ 0.3; Fig. 6 C). The signal disappeared completely from the
tether on average 3 min after anaphase onset in control cells,

In this work, we showed that BubR 1 depends on its association
with Bub3 to localize on I-Crel- and laser-induced DNA breaks
during mitosis, where it sequesters Fzy and promotes the inhi-
bition of the APC/C locally. Failure to sequester Fzy on DNA
breaks by altering Fzy’s interaction with the BubR1 KEN box in-
duces broken chromatid missegregation. We propose that Bub3—
BubR1-mediated APC/C inhibition on DNA breaks preserves
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