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ATR and a Chk1-Aurora B pathway coordinate 
postmitotic genome surveillance with cytokinetic 
abscission
Douglas R. Mackay and Katharine S. Ullman
Department of Oncological Sciences, Huntsman Cancer Institute, University of Utah, Salt Lake City, UT 84112

ABSTRACT  Aurora B regulates cytokinesis timing and plays a central role in the abscission 
checkpoint. Cellular events monitored by this checkpoint are beginning to be elucidated, yet 
signaling pathways upstream of Aurora B in this context remain poorly understood. Here we 
reveal a new connection between postmitotic genome surveillance and cytokinetic abscis-
sion. Underreplicated DNA lesions are known to be transmitted through mitosis and pro-
tected in newly formed nuclei by recruitment of 53BP1 and other proteins until repair takes 
place. We find that this genome surveillance initiates before completion of cytokinesis. Ele-
vating replication stress increases this postmitotic process and delays cytokinetic abscission 
by keeping the abscission checkpoint active. We further find that ATR activity in midbody-
stage cells links postmitotic genome surveillance to abscission timing and that Chk1 inte-
grates this and other signals upstream of Aurora B to regulate when the final step in the 
physical separation of daughter cells occurs.

INTRODUCTION
Faithful replication and transmission of genetic information during 
cell division requires tight coordination between the process of 
DNA replication and cell cycle progression. Whereas checkpoints 
ensure that cells do not progress into mitosis until the vast majority 
of the genome has been duplicated, certain regions of the genome, 
including common fragile sites, are inherently difficult to replicate 
and can persist in an underreplicated state during cell cycle progres-
sion (Debatisse et al., 2012). It is becoming increasingly clear that 
mitotic entry despite a low level of incompletely replicated DNA is a 
frequent phenomenon and may be a fundamental aspect of cell di-
vision (Mankouri et al., 2013). Conditions that augment replication 
stress, such as low nucleotide pools or inhibition of DNA polymer-
ases, further exacerbate this situation. When this occurs, regions of 
DNA are transmitted in a partially replicated state through mitosis 

and poised for repair in the subsequent G1/S phase by binding of 
the DNA damage response (DDR) protein 53BP1 (Harrigan et al., 
2011; Lukas et al., 2011). 53BP1 is believed to play a key role in 
postmitotic genome surveillance by protecting vulnerable lesions 
until repair can occur (Harrigan et al., 2011; Lukas et al., 2011).

The presence of 53BP1 nuclear bodies (also known as OPT do-
mains) in G1 nuclei occurs ∼1.5–2 h after the onset of mitosis 
(Harrigan et  al., 2011; Lukas et  al., 2011; Lee et  al., 2014). At a 
mechanistic level, phosphorylation of T1609 and S1618 in 53BP1 
prevents its association with chromatin during mitosis (Lee et al., 
2014; Orthwein et al., 2014). PP4C/R3β subsequently dephosphor-
ylates 53BP1 at these critical sites as cells emerge from mitosis, al-
lowing its recruitment to chromatin and the formation of 53BP1 
bodies (Lee et al., 2014). The final stages of cytokinesis occur with 
relatively similar timing as these events (Steigemann et al., 2009; 
Mackay et al., 2010a). At this juncture, cells are connected by an 
intercellular bridge containing a microtubule-based structure 
termed the midbody. Aurora B localizes to this structure, where it 
phosphorylates specific substrates in order to regulate events that 
lead to abscission (Steigemann et al., 2009; Capalbo et al., 2012; 
Carlton et al., 2012; Ferreira et al., 2013; Mathieu et al., 2013). Au-
rora B is well established to play an evolutionarily conserved role as 
a master regulator of cytokinesis progression and the abscission 
checkpoint (Steigemann and Gerlich, 2009). This checkpoint is re-
sponsive to a variety of events, including presence of a chromatin 
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negative for foci formation (median time of 125 vs. 90 min; Figure 1, 
D and E). This increase in timing coordinate with 53BP1 foci forma-
tion, along with the overall increase in midbody-stage cells after 
replication stress, suggests that postmitotic genome surveillance 
may play a role in regulating progression through abscission.

Postmitotic genome surveillance is coordinated with 
abscission timing via the Aurora B–mediated abscission 
checkpoint
To address whether there is a functional connection between post-
mitotic genome surveillance and abscission timing, we first estab-
lished a robust assay that would allow us to analyze the kinetics of 
midbody resolution and identify factors involved in regulation of 
abscission (Figure 2). Specifically, we performed time-lapse imaging 
of a HeLa cell line expressing green fluorescent protein (GFP)–tubu-
lin and histone H2B-mCherry and then measured how long it took 
cells captured at any point in midbody stage in the first frame to 
complete abscission. This measurement is proportional to midbody-
stage duration, but since cells have already entered this stage and 
progressed into it to various extents at the time of the first frame, 
the time measured is typically faster and has somewhat greater 
range. Control-treated cells completed abscission with a median 
time of 55 min, and >95% of those cells starting at midbody stage 
did so within 2 h (Figure 2, A–C). Using this assay, we asked whether 
heightened levels of replication stress affect the duration of the 
midbody stage by pretreating cells with low concentrations of either 
HU or APH for 24 h before imaging (Figure 3A). Indeed, under con-
ditions of increased replication stress, median time to abscission 
was found to be prolonged from 55 to 75 min (Figure 3). This 
change in kinetics was not due to differences in cell density (Supple-
mental Figure S2), which can influence abscission timing (Lafaurie-
Janvore et al., 2013). We also analyzed live-imaging movies for the 
distribution of cells entering mitosis and midbody stage, as well as 
the duration of mitosis, and found that none of these parameters 
was altered by replication stress (Supplemental Figure S3). This con-
firms the specificity of the prolonged time to abscission and indi-
cates that this measurement was not biased by a preceding altera-
tion in cell division.

Replication stress is also reported to increase the number of ul-
trafine DNA bridges (UFBs) in certain cells (Chan et al., 2009). These 
chromatin-free bridges typically connect segregating chromosomes 
at anaphase and, in yeast, have been found to correspond to de-
layed anaphase progression/nuclear division (Germann et al., 2014). 
Using antibodies to either the RecQ-like helicase BLM or the SNF2-
related Plk1-interacting checkpoint helicase (PICH), we tracked 
UFBs in anaphase cells. We found no evidence for UFBs persisting 
into late telophase or midbody-stage cells, consistent with the no-
tion that proteins such as PICH, as well as specific nucleases, typi-
cally resolve UFBs by late anaphase (Naim et al., 2013; Ying et al., 
2013). Further, although we saw an increase in UFBs after treatment 
with the topoisomerase II inhibitor ICRF-159 as previously reported 
(Chan et al., 2007), UFBs did not increase in HeLa cells after aphidi-
colin treatment (Supplemental Figure S4, A and B). Because at some 
frequency UFBs collapse to form chromatin bridges between 
daughter cells (Ying et al., 2013) and in this state could result in de-
layed abscission (Steigemann et al., 2009), we next quantified chro-
matin bridges. This revealed a slight but not statistically significant 
increase in cells treated with aphidicolin (Supplemental Figure S4C). 
This small difference (2 vs. 4% of midbody-stage cells) is unlikely to 
account for the consistent shift toward longer time to abscission 
under these conditions (Figure 3). We also tested whether replica-
tion stress leads to alterations in nuclear assembly, since defects in 

bridge (Steigemann et  al., 2009), mechanical tension (Lafaurie-
Janvore et al., 2013), and aberrant nuclear pore assembly (Mackay 
et al., 2010a).

Despite the emerging appreciation of conditions that affect the 
abscission checkpoint (Chen et al., 2012), the nature of signals that 
initiate and maintain Aurora B activity at the midbody is relatively 
uncharacterized. Here we report an unexpected connection be-
tween the presence of DNA lesions in nascent nuclei resulting from 
previous replication stress and progression through abscission. In-
creasing levels of replication stress result in an Aurora B–dependent 
delay of abscission. We further find that ATR and Chk1 participate in 
this cellular response, with Chk1 integrating additional signals up-
stream of Aurora B in the regulation of abscission timing. This cell 
cycle control mechanism is operational not only when extrinsic con-
ditions augment replication stress, but also during unperturbed cell 
division. Together our results indicate that progression through cy-
tokinesis is regulated by genomic surveillance mechanisms and for 
the first time identify a signaling pathway upstream of Aurora B at 
the time of abscission.

RESULTS
53BP1 nuclear foci form before abscission
53BP1-mediated genomic surveillance and cytokinesis progression 
appear to occur in a similar window of time, but to date they have 
not been tracked simultaneously. We probed 53BP1 localization 
concurrently with tubulin and found that 53BP1 nuclear foci are 
present within a significant fraction (∼64%) of HeLa and U2OS cells 
that are connected by a midbody (midbody-stage cells; Figure 1A). 
We next tested whether elevated replication stress alters 53BP1 foci 
formation at the midbody stage of cell division by pretreating cells 
with low concentrations of either hydroxyurea (HU), to reduce nucle-
otide pools, or aphidicolin (APH), to impair DNA polymerase (Har-
rigan et al., 2011; Lukas et al., 2011). In both cases, an increase in 
the percentage of midbody-stage cells with 53BP1 foci (>80%) was 
observed. Moreover, after replication stress, we found an increase in 
both the number and size of 53BP1 foci in these cells (Figure 1, A 
and B). The prevalence of 53BP1 foci in nuclei of midbody-stage 
cells demonstrates that postmitotic genomic surveillance proceeds 
before abscission. Following replication stress, the proportion of 
midbody-stage cells also increases (Figure 1C). Previously 53BP1 
foci were observed in G1 nuclei of BJ-Tert cells, skin fibroblasts im-
mortalized by telomerase expression (Harrigan et al., 2011). Consis-
tently, we found that 53BP1 foci form before abscission in BJ-Tert 
cells and that replication stress results in more cells at midbody 
stage (Supplemental Figure S1, A and B).

We further probed the relative temporal formation of 53BP1 foci 
by time-lapse imaging using a reporter cell line expressing mCherry 
fused to the DNA damage foci–forming region (FFR) of 53BP1 (Dim-
itrova et al., 2008). Similar to previous reports for full-length 53BP1, 
the 53BP1-FFR was found to form foci 105 ±20 min after the onset 
of mitosis. These foci further mirror the previously characterized 
53BP1-OPT domains in their colocalization with the DNA repair fac-
tor MDC1 (Supplemental Figure S1C). Tracking mCherry-53BP1-FFR 
shows that 79% (±5%) of cells that progressed through cytokinesis 
displayed nuclear 53BP1 foci before abscission. This is consistent 
with our previous quantification (Figure 1A); the somewhat larger 
proportion of foci-positive midbody-stage cells could be an effect of 
53BP1-FFR expression, a difference in detection sensitivity, or an 
intrinsic distinction between cell sublines. Measurements of total 
midbody-stage duration (the time from midbody formation [0 min] 
until midbody disassembly) revealed that this stage was significantly 
longer in cells with 53BP1 nuclear foci than with those that were 
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Aurora B is a key regulator of abscission timing (Steigemann 
et al., 2009) but also functions during the metaphase–anaphase 
transition and midbody formation (Carmena et  al., 2009). The 

this process also alter the timing of abscission (Mackay et al., 2010a), 
but found no obvious disturbance in the architecture of postmitotic 
nuclei (Supplemental Figure S4D).

FIGURE 1:  53BP1 foci are present in nuclei before abscission, and their presence corresponds to longer time in 
midbody stage. (A) HeLa and U2OS cells were cultured for 24 h in the presence of DMSO (control), HU, or APH and 
analyzed for the presence of nuclear foci containing 53BP1 (green). Midbody-stage cells were identified with an 
antibody directed against α-tubulin (magenta), and DNA was stained with DAPI (blue). Total percentage of midbody-
stage cells with 53BP1 foci after each treatment is indicated (mean and SD from four experiments). Scale bar, 10 μm. 
(B) Quantification of 53BP1 foci per daughter cell nucleus in midbody-stage cells from each cell line after the indicated 
treatments. Data are combined results from four experiments. (C) Quantification of the number of midbody-stage cells 
(HeLa) after the indicated treatments. Error bars are mean and SD from three experiments. *p < 0.05 (Mann–Whitney 
test). (D) Montages of HeLa cells expressing GFP-tubulin and mCherry-53BP1-FFR subjected to time-lapse imaging. 
Time from midbody formation (0 min) to midbody disassembly (white arrowheads) was quantified by tracking GFP-
tubulin for all cells that passed through this stage, with or without 53BP1 foci. (E) Quantification of abscission timing 
as defined in D. Boxplot represents the 25th, median, and 75th percentile of values from the indicated treatments 
(n = number of cells per treatment, combined from four experiments). Whiskers represent the 10th and 90th percentiles. 
***p < 0.0001.
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test the role of Aurora B activity during the prolonged time to 
abscission seen after replication stress, we introduced an Aurora 
B inhibitor after a period of replication stress and specifically ana-
lyzed those cells already at midbody stage at the time of Aurora 
B inhibitor treatment after short-term imaging (Figure 3, B and 
C). This revealed a reduction of median time to abscission by 
more than half in the presence of the Aurora B inhibitor (35 vs. 
75 min), indicating that the delay in abscission triggered by repli-
cation stress requires this kinase. Together these results indicate 
that cells coordinate postmitotic genome surveillance with the 
timing of abscission via the Aurora B–mediated abscission 
checkpoint.

short-term assay used here was chosen specifically because it is 
ideally suited to discriminate between these roles. By adding a 
small-molecule inhibitor and proceeding directly to imaging, an 
assessment of midbody-stage timing can be made without any 
confounding effects the inhibitor may have on earlier stages of 
cell division. Addition of an Aurora B inhibitor immediately be-
fore the onset of imaging resulted in acceleration of median time 
to abscission for cells at midbody stage in the first frame (35 vs. 
55 min; Figure 2, A–C). In contrast, if we analyzed cells at early 
stages of mitosis (prophase–metaphase) in the first frame, the 
presence of Aurora B inhibitor resulted primarily in cytokinesis 
failure (Figure 2D), underscoring its important earlier roles. To 

FIGURE 2:  Assay to assess abscission timing. (A) HeLa cells expressing GFP-tubulin (green) and H2B-mCherry (magenta) 
were subjected to time-lapse imaging every 5 min for 2 h. Time to abscission (midbody disassembly; white arrowheads) 
was quantified for all cells in midbody stage at the beginning of each movie. Either DMSO (Control) or Aurora B 
inhibitor (AurBi) was added to cells immediately before imaging. Cells that were in mitosis (prophase–metaphase) at the 
time of AurBi exposure were prone to cytokinesis failure as illustrated. (B) Time to abscission was quantified for all 
midbody-stage cells. Boxplot represents the 25th, median, and 75th percentile of values from the indicated treatments 
(n = number of cells per treatment, combined from three to five independent experiments). Whiskers represent the 10th 
and 90th percentiles. ***p < 0.0001 (Mann–Whitney test). (C) Cumulative frequency plots of progression through 
abscission. Each point represents the percentage of all midbody cells analyzed in C that had proceeded through 
abscission over the time course of the experiment. Error bars represent the mean and SD from three to five 
independent experiments per treatment. (D) Quantification of failed cytokinesis in mitotic (prophase–metaphase) cells 
and midbody-stage cells in the presence or absence of Aurora B inhibitor.
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FIGURE 3:  Replication stress leads to prolonged time to abscission. (A) Timeline of experimental procedure and 
montages of HeLa cells stably expressing GFP-tubulin (green) and histone H2B-mCherry (magenta) cultured in HU or 
APH. Scale bar, 20 μm. (B) Quantification of abscission timing using the assay described in Figure 2. ***p < 0.0001. 
(C) Cumulative frequency plots of progression through abscission. Each point represents the percentage of all midbody 
cells analyzed in B that had proceeded through abscission over the time course of the experiment. Error bars are mean 
and SD from three to five experiments.
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of inhibitors, as each was verified to be potent in the context of re-
sponse to DNA damage (Supplemental Figure S6A). These results 
indicate that the altered timing in cytokinetic abscission that results 
from replication stress is mediated by the ATR/Chk1 pathway and 
further suggest that Chk1 has an additional, independent role in 
abscission timing.

ATR and a Chk1-Aurora B pathway coordinate postmitotic 
genome surveillance with abscission timing
Underreplicated DNA lesions persist at some frequency during un-
perturbed cell division (Figure 1; Harrigan et al., 2011; Lukas et al., 
2011; Bergoglio et al., 2013). This suggests that abscission timing 
may be responsive to similar—albeit lower-level—signals during 
normal cell division. Indeed, we found that inhibiting Chk1 in unper-
turbed midbody-stage cells accelerated median time to abscission, 
closely mirroring Aurora B inhibition (Figure 5, A and B). Of note, we 
found that exposure of mitotic cells to Chk1 inhibitor leads to failure 
of cytokinesis and consequent binucleation (Supplemental Figure 
S6B), as observed previously (Peddibhotla et al., 2009). This analysis 
clearly uncouples the novel role for Chk1 in controlling events of 
midbody resolution from its earlier cell cycle contributions. ATR inhi-
bition had a lesser but significant effect during midbody stage, com-
mensurate with a lower level of postmitotic genomic lesions during 
an unperturbed cell cycle (Figure 5, A and B, and Supplemental 
Figure S6C). In contrast, although ATM and Chk2 are present at the 
midbody, where they may be poised for action should cytokinesis 
proceed aberrantly (Janssen et al., 2011), they do not have an ob-
servable role in regulating abscission timing (Figure 5, A and B). To 
distinguish whether ATR and Chk1 contribute to the timing of ab-
scission in all cells or only those in which DNA lesions are detected 
by postmitotic genome surveillance, we imaged cells expressing 
mCherry-53BP1-FFR in the absence or presence of specific inhibi-
tors. Cells at midbody stage in the first frame were then binned into 
two categories, corresponding to whether or not postmitotic 53BP1 
foci were detected, and time to abscission was tabulated. ATR inhi-
bition did not have a statistically significant effect on foci-negative 
cells (Figure 5C). Foci-positive cells, as before, took longer to prog-
ress to abscission; median time to abscission was ∼10 min greater in 
cells with 53BP1 foci (vs. ∼25-min increase when the total duration 

The link between replication stress and the abscission 
checkpoint requires activity of ATR and Chk1
Although our results suggest that signaling mechanisms connect 
maintenance of genome integrity to the final stage of cell division, 
how DNA lesions that persist through, or are created during, mitosis 
after replication stress are recognized and the nature of signals they 
generate are not yet clear. We postulated that if DDR signaling 
pathways are involved in regulating abscission kinetics, they should 
be present and active in a cell population enriched at the midbody 
stage.

To test this possibility, we synchronized cells using a thymidine/
nocodazole treatment protocol (Supplemental Figure S5). By 3–5 h 
after release from nocodazole, the mitotic marker phospho-Histone 
H3-S10 was down-regulated, and a majority of cells were in mid-
body stage (Figure 4A and Supplemental Figure S5). Coincident 
with the presence of midbody-stage cells, we found significant lev-
els of Chk1 phosphorylated at S296 and the ATR target sites S317 
and S345, modifications that indicate that both Chk1 and ATR are 
active (Zhao and Piwnica-Worms, 2001; Kasahara et al., 2010). Fur-
thermore, we detected pChk2-T68, indicating that ATM is also ac-
tive in midbody-stage cells (Figure 4A; Matsuoka et al., 2000). Con-
ditions of this synchronization may enhance DDR signaling as side 
effects of blocking replication and/or prolonging mitosis. Nonethe-
less, activity of these kinase pathways appears to peak as cells prog-
ress through abscission. Moreover, previous reports also found that 
Chk1 (and pChk1-S317), Chk2 (and pChk2-T68), and pATM-S1403 
localize to the midbody (Tsvetkov et al., 2003; Peddibhotla et al., 
2009; Yang et  al., 2011). These data indicate that both the ATR/
Chk1 and ATM/Chk2 signaling pathways are active at the time and 
place to potentially play a role in regulating abscission timing.

We next determined the effect of inhibiting these two DDR path-
ways on abscission timing after replication stress. Of importance, 
this analysis assesses kinase inhibitors for their effect specifically at 
the time of cytokinesis (Figure 3). ATR inhibition reverted delayed 
abscission timing to that seen under control treatment (reduction of 
median time from 75 to 55 min), whereas Chk1 inhibition resulted in 
a more pronounced effect (Figure 4, B and C). In contrast, ATM inhi-
bition had no significant effect on the timing of abscission. Different 
sensitivities to kinase inhibition did not relate to differential efficacy 

FIGURE 4:  Prolonged time to abscission after replication stress requires activity of Chk1 and ATR. (A) Western blot 
analysis of HeLa cells after release from a thymidine/nocodazole synchronization (see Supplemental Figure S5). 
(B, C) Quantification of abscission using the assay in Figure 2. APH-only data are the same as that in Figure 3, B and C, 
and are included here for comparison. ***p < 0.0001; n.s., not significant.
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rora B activity during prometaphase (Petsalaki et al., 2011), led us to 
test whether Chk1 is upstream of Aurora B in regulating abscission. 
To do so, we treated cells briefly with chemical inhibitors of Aurora 
B, Chk1, or ATR and analyzed immunolocalization of an indicator of 
Aurora B activity (AurB-pT232). As expected, Aurora B inhibition re-
sulted in almost complete reduction of pAurB signal at the resolving 
midbody (Figure 5D). Chk1 inhibition also led to a lack of pAurB at 
the midbody, suggesting that the major role for Chk1 in regulating 
abscission timing is upstream of Aurora B. Similar brief inhibition of 
ATR had no measurable effect on pAurB midbody intensity, likely 
due to its specialized role in a subset of cells during unperturbed 

of midbody stage was measured; Figure 1E). Significantly, in foci-
positive cells, inhibition of ATR restored timing to that seen in foci-
negative cells (Figure 5C). Chk1 activity was critical regardless of 
postmitotic 53BP1 foci. In the case of foci-positive cells, Chk1 inhibi-
tion had a robust effect, overcoming the longer time to abscission to 
reduce timing comparably to its effect on foci-negative cells. To-
gether these data indicate that ATR activity is essential in cells with 
heightened levels of postmitotic genome surveillance, whereas 
Chk1 has a more central role in the regulation of abscission timing.

The similar effects of Chk1 and Aurora B inhibition with respect 
to abscission timing, coupled with evidence that Chk1 regulates Au-

FIGURE 5:  ATR and a Chk1-Aurora B pathway coordinate postmitotic genome surveillance with abscission timing. 
(A, B) Quantification of abscission timing using the time-lapse imaging assay in Figure 2. Control and AurBi data from 
Figure 2 are included for comparison. ***p < 0.0001. (C) HeLa cells expressing GFP-tubulin and mCherry-53BP1-FFR 
were subjected to time-lapse imaging, and abscission timing was quantified for cells with and without 53BP1 foci in the 
presence or absence of the indicated inhibitors. The difference in median time to abscission compared with cells 
negative for 53BP1 foci (which take a median time of 50 min) is indicated. **p < 0.01; ***p < 0.0001. (D) HeLa cells were 
treated for 15 min with the indicated inhibitors and analyzed for localization of Aurora B-pT232 (green) at the midbody 
(α-tubulin, magenta). Graph represents quantification of Aurora B-pT232 fluorescence intensity after each treatment 
compared with control. Error bars indicate SEM. Scale bar, 10 μm.
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We further found that abscission timing is particularly depen-
dent on Chk1 activity, whereas inhibition of ATR restores cells to 
baseline timing but does not further accelerate the process. Given 
the appearance at midbody stage of Chk1 phosphorylation at resi-
dues characterized to be targets of ATR (Figure 4A), we propose 
that ATR mediates a specific link between genome surveillance 
and Chk1 activity to regulate abscission timing. Additional signals 
emanating from separate pathways of quality control may feed 
into Chk1 activity at this time as well. It is also formally possible 
that noncanonical (ATR-independent) signaling provides addi-
tional connections between genome surveillance and Chk1 activ-
ity. In either case, this raises the question of what other upstream 
factors regulate Chk1 during cytokinesis. Although other kinases 
have been implicated upstream of Chk1 at mitosis (Shiromizu 
et  al., 2006), further studies will be needed to uncover relevant 
upstream signaling pathways involved in the regulation of abscis-
sion timing. The assay used here, which combines short-term 
treatment with small-molecule inhibitors and short-term live imag-
ing, will be a useful strategy to map out signaling pathways at this 
cell cycle stage.

Checkpoints at other times in the cell cycle are well character-
ized to respond to DNA damage, yet postmitotic genome surveil-
lance is important because damage can be acquired during mito-
sis. Underreplicated regions of the genome are one source of 
such damage, as these go on to either be processed or break at 
the time of mitotic chromosome condensation and segregation 
(Naim et al., 2013; Ying et al., 2013; Germann et al., 2014). Al-
though protecting and repairing these lesions is clearly impera-
tive, the connection back to abscission timing is unexpected. The 
interconnection of these events may ensure that dividing cells 
coping with potential genomic instability retain the option of 
cleavage furrow regression as a final quality control mechanism. 
Under normal circumstances, the resulting tetraploid cell would 
be removed from the population in the subsequent cell cycle 
(Ganem et al., 2014).

In summary, we found a new role for the abscission checkpoint 
in coordinating completion of cell division with postmitotic ge-
nome surveillance. We found that cells respond to elevated repli-
cation stress by sustaining the activation of this checkpoint. This 
study also places ATR and Chk1 in a molecular pathway that con-
nects to Aurora B activity at the midbody stage of cell division. The 
abscission checkpoint is likely to be frequently engaged due to the 
consequences of replication stress, as certain regions of the ge-
nome are inherently difficult to replicate and prone to underrepli-
cation. Various conditions, including oncogene expression, exac-
erbate replication stress (Neelsen et  al., 2013), and replication 
stress can be a contributing factor in the early stages of tumorigen-
esis (Gorgoulis et al., 2005), further underscoring the importance 
of checkpoints sensitive to these defects. Other conditions that are 
linked to the abscission checkpoint, such as lagging chromosomes 
(Steigemann et al., 2009; Bembenek et al., 2013) and disruptions 
in postmitotic nuclear assembly (Mackay et  al., 2010a), are rare 
events but become more likely under pathological circumstances. 
Whereas these events are distinct in origin from those described in 
this study, it will be of interest to determine whether they share 
commonalities in the molecular pathway that leads to Aurora B 
regulation. Of interest, there are recently recognized connections 
between Nup153 and DNA damage response (Lemaitre et  al., 
2012; Moudry et al., 2012; Wan et al., 2013), suggesting that an 
underlying molecular defect that feeds into the abscission check-
point when the role of Nup153 is impaired could be a deficiency in 
genomic surveillance.

cell division. These data are consistent with a model in which ATR 
activity in midbody-stage cells links genomic surveillance to abscis-
sion timing but is only one of multiple upstream signals integrated 
by Chk1 and Aurora B to control timing of cytokinetic abscission 
(Figure 6).

DISCUSSION
Aurora B–mediated control of progression through cytokinesis dur-
ing both normal and aberrant division has been demonstrated in a 
variety of species (Norden et  al., 2006; Steigemann et  al., 2009; 
Mackay et al., 2010a; Bembenek et al., 2013; Lafaurie-Janvore et al., 
2013; Mathieu et al., 2013). Most research has focused on the role 
of the Aurora B–mediated checkpoint in protecting cells against 
chromosome instability by coordinating chromosome segregation 
with cytokinesis progression. The data presented here provide evi-
dence that Aurora B is also sensitive to the presence of damaged 
DNA resulting from previous replication stress. These observations 
are consistent with an additional role for the Aurora B–mediated 
abscission checkpoint in coordinating completion of cell division 
with recognition and shielding of such genomic lesions (Figure 6). 
Surveillance of genomic DNA in newly formed nuclei has been de-
scribed as a G1 event (Harrigan et al., 2011; Lukas et al., 2011). Our 
findings here that this process initiates before cytokinetic abscission 
and influences the timing of abscission integrates well with the re-
cent description of cytokinetic abscission as a G1 event based on 
tracking cell division with molecular markers (Gershony et al., 2014).

FIGURE 6:  Model for abscission checkpoint regulation by ATR and 
Chk1. DNA lesions in postmitotic cells (depicted schematically in one 
nucleus; yellow hatches) trigger activation of a signaling pathway via 
ATR. This feeds into the abscission checkpoint via the central 
regulatory node of Chk1 and the downstream kinase Aurora B to 
delay abscission. Recruitment of 53BP1 (green circles), and likely other 
factors that protect DNA lesions during genome surveillance, would 
eventually lead to suppression of this signaling path when these 
lesions are properly poised for repair. Although the molecular network 
is not yet defined, other signals (e.g., those triggered by tension 
forces) feed independently into the Chk1-Aurora B pathway to further 
control abscission timing.
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Western blot analysis
Samples for Western blot were lysed in NP-40 lysis buffer (50 mM 
Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 15 mM MgCl2, 
1% Nonidet P-40, 60 mM β-glycerophosphate, 1 mM dithiothreitol, 
0.1 mM sodium vanadate, 100 μM phenylmethylsulfonyl fluoride, 
0.1 mM NaF, and 1× Complete Protease Inhibitor Cocktail [Roche, 
Indianapolis, IN]). Cleared lysates were then separated by SDS–
PAGE and transferred to polyvinylidene fluoride membrane. Mem-
branes were blocked with 5% milk in Tris-buffered saline (TBS) plus 
0.1% Tween-20 and blotted with primary antibodies diluted in either 
5% milk or 5% bovine serum albumin in TBS plus 0.1% Tween-20. 
The following antibodies were used: Chk1-pS296 (#2349, 1:1000; 
Cell Signaling Technology, Danvers, MA); Chk1-pS317 (#8191, 
1:1000; Cell Signaling Technology); Chk1-pS345 (#2348, 1:1000; 
Cell Signaling Technology); Chk2-pT68 (#2661, 1:1000; Cell Signal-
ing Technology), and Histone H3-pS10 (#06-570, 1:4000; Millipore). 
After incubation with horseradish peroxidase–conjugated second-
ary antibodies, protein levels were detected using the Western 
Lightning Plus ECL reagent (Perkin Elmer, Waltham, MA). The peak 
of midbody-stage enrichment was determined by immunofluores-
cence analysis with α-tubulin antibodies to identify midbodies.

Live-cell imaging and analysis
Stable HeLa cell lines expressing either GFP-tubulin and mCherry-
53BP1-FFR (amino acids 1220–1711) or GFP-tubulin and H2B-
mCherry were grown in 35-mm glass-bottom dishes coated with fi-
bronectin (MatTek, Ashland, MA). Where indicated, cells were treated 
with dimethyl sulfoxide (DMSO), HU, or APH as described for 24 h. 
Just before imaging, the culture medium was replaced with Imaging 
Medium (DMEM/F-12, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid, no phenol red [Life Technologies], supplemented with 10% 
FBS). Time-lapse imaging of multiple X-Y stage positions was per-
formed essentially as described, with a few modifications (Mackay 
et al., 2010b). Indicated cell lines were imaged at 37ºC using either a 
DeltaVision RT imaging system equipped with an Olympus IX-71 mi-
croscope and a 20× UPlanSApo (NA 0.75) objective or a Nikon wide-
field imaging system with a heated stage and 20× objective. To deter-
mine duration of midbody stage (Figure 1), images were acquired (2 
× 2 binning) every 5 min for 6 h, and time from midbody formation 
until midbody disassembly was calculated for all cells that progressed 
through this stage during the time-lapse acquisition. For Supplemen-
tal Figure S3, images were acquired every 5 min for 3 h, and the fol-
lowing parameters were recorded: time from the start of time lapse 
until cells enter mitosis, time from start until cells enter midbody 
stage, and total time from onset of mitosis until midbody formation. 
To determine time to abscission (Figures 2–5 and Supplemental 
Figures S3 and S6), images were acquired every 5 min for 2 h. For ki-
nase inhibitor studies, compounds were added just before the first 
frame. Time to abscission was determined for all cells connected with 
a midbody in the first frame by manually quantifying the time until the 
midbody was no longer visible between the two daughter cells. 
Quantification and statistical analysis were performed using Graph-
Pad Prism 6 (GraphPad Software, La Jolla, CA).

MATERIALS AND METHODS
Cell lines, culture, and treatments
Cells were grown in DMEM (Life Technologies, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS) at 37ºC/5% CO2. 
The stable HeLa cell line (mCherry-53BP1-FFR) used in Figure 1 
was generated by transfecting a plasmid containing mCherry-
53BP11220-1711 (Addgene, Cambridge, MA; Dimitrova et al., 2008) 
into a cell line stably expressing GFP-tubulin (Mackay et al., 2010a) 
using Lipofectamine LTX (Life Technologies) and selecting with 0.5 
mg/ml G418 plus 0.5 μg/ml puromycin. Generation of the HeLa 
cell line stably expressing GFP-tubulin and histone H2B-mCherry 
was previously described (Mackay et al., 2010a).

To induce replication stress, cells were treated for 24 h with 
either 50 μM hydroxyurea (MP Biomedicals, Santa Ana, CA) or 
0.4 μM aphidicolin (Fisher Bioreagents). Where indicated, inhibi-
tors were used at the following concentrations: AurBi (ZM447439; 
Biotechne, Minneapolis, MN), 2 μM; Chk1i (AZD7762; Selleck 
Chemicals, Houston, TX), 2 μM; ATRi (NU6027; EMD Millipore, 
Billerica, MA), 10 μM; ATMi (KU55933; Selleck Chemicals), 10 μM; 
and Chk2i (Chk2 inhibitor II; Millipore), 10 μM. As a control for the 
identification of DNA ultrafine bridges, ICRF-159 (Sigma-Aldrich, 
St. Louis, MO) was used at a concentration of 10 μM (Chan et al., 
2007).

Immunofluorescence analysis and antibodies
In general, cells were fixed for immunofluorescence analysis by in-
cubation in −20ºC methanol for 10 min. For visualization of DNA 
ultrafine bridges, cells were fixed in 4% paraformaldehyde/phos-
phate-buffered saline (PBS) for 20 min at room temperature, fol-
lowed by incubation in −20°C methanol for 10 min. Antibody incu-
bations were at room temperature for 2 h or at 4ºC overnight in 
blocking solution (3% FBS plus 0.05% Triton in PBS). The following 
antibodies were used: 53BP1 (sc-22760, 1:1000; Santa Cruz Bio-
technology, Dallas, TX); α-tubulin (YL1/2, 1:1000; Accurate Chemi-
cal & Scientific Corp., Westbury, NY); α-tubulin (ab18251, 1:2500; 
Abcam, Cambridge, MA); BLM (ab2179, 1:100; Abcam); PICH 
(#04-1540, 1:250; Millipore); MDC1 (#05-1572, 1:500; Millipore); 
Nup153 (SA1; provided by B. Burke, Institute of Medical Biology, 
Singapore); Tpr (IHC-00099, 1:1000; Bethyl Laboratories, Mont-
gomery, TX); lamin B2 (ab8983, 1:500; Abcam); and Aurora 
B-pT232 (1:500; Rockland Immunochemicals, Limerick, PA). Sec-
ondary antibodies were from Invitrogen. Coverslips were mounted 
in Prolong Gold plus 4′,6-diamidino-2-phenylindole (DAPI; Life 
Technologies). Sytox Green (Life Technologies) was used to stain 
DNA in Supplemental Figure S4. Images were acquired with a 
Zeiss Axioskop2 microscope equipped with a 63× PlanApo (nu-
merical aperture [NA] 1.4) objective. Fluorescence intensity mea-
surements in Figure 5D were performed using ImageJ (National 
Institutes of Health, Bethesda, MD).

Cell synchronization
For Figure 4A, cells were synchronized by incubation in 2 mM thy-
midine for 24 h, washed several times with PBS, and released into 
fresh medium containing 50 ng/ml nocodazole for 16 h. Mitotic 
cells were harvested by shake-off, washed several times with PBS, 
and released into fresh medium. Samples were harvested every 
hour for 6 h postrelease, lysed, and analyzed by Western blot anal-
ysis. For Supplemental Figure S5, HeLa cells stably expressing 
GFP-tubulin were synchronized, and mitotic cells were released 
onto fibronectin-coated coverslips, which were removed at 1-h 
time points, fixed in −20°C methanol, and analyzed for GFP 
expression.
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