
 

 

 University of Groningen

Replication-stress induced mitotic aberrancies in cancer biology
Schoonen, Pepijn Matthijs

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Schoonen, P. M. (2019). Replication-stress induced mitotic aberrancies in cancer biology. [Thesis fully
internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/ada8e0d2-7f1b-4f82-9b38-a3154bb91afe


Replication stress-induced mitotic 
aberrancies in cancer biology



The studies described in this thesis were performed at the Department of Medical Oncology of the 
University Medical Center Groningen, The Netherlands. 

Printing of this thesis was financially supported by University of Groningen, UMCG Graduate School 
of Medical Sciences en stichting Werkgroep Interne Oncologie

ISBN:   9789403416311
Cover and lay-out design:  G. Berger
Printing:   Ipskamp Printing BV, Enschede

Copyright © 2019,  P. M. Schoonen

All rights reserved. No part of this thesis may be reproduced, stored or transmitted in any form or by 
any means without permission of the author



Replication stress-induced mitotic 
aberrancies in cancer biology

Proefschrift

ter verkrijging van de graad van doctor aan de 
Rijksuniversiteit Groningen

op gezag van de
rector magnificus Prof. Dr. E. Sterken

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op
woensdag 22 mei 2019 om 14.30

door

Pepijn Matthijs Schoonen

geboren op 27 november 1989
te Groningen



Promotor

  Prof. Dr. M.A.T.M. van Vugt 

Co-promotor

  Prof. Dr. F. Foijer 

Beoordelingscommissie

  Prof. Dr.  S. de Jong 
  Prof. Dr.  C.F. Calkhoven 
  Prof. Dr.  A. de Bruin 



Voor pap



Paranimfen

  Max Nederkoorn
  Yannick Kok 



CONTENTS

Chapter 1 General Introduction p.9

Chapter 2 Replication Stress: Driver and therapeutic target in 
genomically instable cancers 
(Advances in Protein Chemistry and Structural Biology, 2019)

p.15

Chapter 3 Progression through mitosis promotes PARP inhibitor-
induced cytotoxicity in homologous recombination-
deficient cancer cells 
(Nature Communications, 2017)

p.45

Chapter 4 ATR inhibition promotes PARP inhibitor-induced mitotic 
aberrancies and cytotoxicity in BRCA2-deficient cancer 
cells through premature mitotic entry 
(Submitted)

p.77

Chapter 5 Overexpression of  Cyclin E1 or Cdc25a leads to 
replication stress, mitotic aberrancies and increased 
sensitivity to replication checkpoint inhibitors 
(Submitted)

p.97

Chapter 6 Rif1 Is Required for Resolution of  Ultrafine DNA 
Bridges in Anaphase to Ensure Genomic Stability 
(Developmental Cell, 2015)

p.115

Chapter 7 Summary, discussion and future perspectives
(Adapted from Molecular & Cellular Oncology, 2017)

p.139

Appendices
Nederlandse samenvatting
Dankwoord 
Over de auteur
Publicaties

p.151





1.
General introduction



10

Chapter 1

1

GENERAL INTRODUCTION

C ancer is initiated when healthy 
cells, in a stepwise fashion, 
accumulate DNA mutations in 

oncogenes and tumor-suppressor genes. 
Due to these mutations, cells acquire the 
capacity to escape cellular mechanisms 
that prevent unscheduled cell growth, 
causing rapid and uncontrolled cell 
division.(1) When cancer cells are not 
eradicated timely, some tumors can 
eventually grow out and acquire the 
ability to metastasize throughout the 
body. If  no successful therapeutic 
intervention is provided, the disease will 
ultimately result in organ failure and 
death. Indeed, cancer is the responsible 
cause of  death for approximately 8,7 
million people worldwide in 2015 alone.
(2)

If  cancer remains locally confined, 
surgical removal is possible and can 
lead to curation, but for treatment of  
metastasized disease, chemotherapy 
and/or radiotherapy might be required. 
However, both these treatment options 
are harmful for normal cells. Damage 
to healthy tissues strongly limits the 
chemo and radiotherapy dose that can be 
tolerated, and thereby limits the cancer 
killing efficacy of  cancer treatments.
(3) Furthermore, while patients often 
show remission following chemo and 
radiotherapy many tumors are not 
completely eradicated, resulting in 
patient relapse.

To resolve these issues, a more selective 
or ‘targeted’ approach is required, 
which seizes upon processes essential 
for cancer cell survival, but dispensable 
for non-transformed ‘healthy’ cells. An 
important example hereof  is ‘oncogene 
addiction’, in which oncogenic growth 
is reliant on signal transduction 
arising from genetic oncogenic 
events. Specifically, cancer cells can 
get ‘addicted’ to signaling induced by 

activating mutations or overexpression 
of  EGFR family members, and BCR-
ABL translocations.(4,5) Because tumor 
cells are ‘addicted’ to such oncogene 
signaling and healthy cells are not, this 
provides a therapeutic opportunity to 
kill tumor through targeting inhibition 
of  the hyperactivated oncogene. 
Conversely, some tumors become reliant 
on pathways that are not oncogenic, a 
process called ‘non-oncogene addiction’.
(6) For instance, tumor cells may be 
increasingly dependent on DNA repair 
or certain metabolic pathways, whereas 
these pathways are not oncogenic 
themselves, and therefore again provide 
a therapeutic window.
 Another form of  targeted 
therapy is based on the concept of  
synthetic lethality. In this concept, a 
mutation in a specific gene is lethal 
only when present in combination 
with another specific mutation. Such 
a combination of  gene mutations is 
called synthetic lethal. This concept 
is highly relevant for cancer cells, in 
which a specific gene mutation makes 
these cells completely reliant for their 
survival on the function of  another 
gene. This latter gene could thus serve 
as a therapeutic target.(7) A well-known 
application of  synthetic lethality is the 
use of  PARP inhibitors in tumors with 
a defect in homologous-recombination 
(HR) DNA repair. Two important genes 
involved in HR are BRCA1 or BRCA2, 
mutations in which cause hereditary 
breast and ovarian cancer. Indeed, cells 
lacking functional BRCA1 or BRCA2 
were shown to be extremely sensitive 
to inhibitors of  the PARP enzyme.
(8,9) Conversely, healthy cells that 
possess functional BRCA genes are not 
sensitive to PARP inhibition, allowing 
for tumor clearance without excessive 
side-effects. Unfortunately, however, 
tumors often develop resistance to 
PARP inhibitor therapy.(10) Therefore, 
a better understanding of  how PARP 
inhibitors work is required to further 
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improve their efficacy by developing 
combination strategies. Additionally, 
only a relatively small subset of  cancers 
has dysfunctional BRCA genes. The 
identification of  other gene mutations 
that also cause a HR-defect could 
broaden the group of  eligible patients 
for PARP inhibitor treatment. Yet, in 
spite of  the clinical successes of  PARP 
inhibitors, resistance mechanisms have 
been reported and, since only certain 
subgroups are eligible, additional 
mechanisms are required to selectively 
target all tumors 

Additionally, owing to their frequent 
oncogene activation and consequent 
uncontrolled division, cancer cells 
regularly suffer from slowed or even 
stalled replication, a process called 
replication stress. Indeed, replication 
defects are thought to be an important 
underlying cause in the acquisition of  
mutations and genomic rearrangements 
that entail genomic instability. Notably, 
induction of  replication stress or 
genomic instability in non-cancerous 
cells was shown to be lethal.(11) 
Apparently, cancer cells have evolved 
mechanisms to cope with high levels 
of  replication stress and genomic 
instability. Therefore, targeting of  these 
pathways could also be an interesting 
strategy to selectively kill cancer cells.
(12,13)

The aim of  this thesis is therefore to: 

1. Uncover the synthetically lethal 
mechanisms underlying PARP inhibitor-
induced cell death in HR-deficient 
cancer cells, and to use these insights to 
develop new combination strategies. 

2. Target replication stress to selectively 
kill cancer cells.
 

OUTLINE OF THIS THESIS

In chapter 2 of  this thesis, we discuss 
cancer-relevant factors that challenge 
the replication machinery and, how 
these factors induce replication 
stress. Furthermore, we explain how 
replication stress drives genomic 
instability in promoting cancer 
development. Lastly, we describe the 
mechanisms employed by cells to deal 
with replication stress, and how these 
mechanisms may provide therapeutic 
targets to kill cancers harboring 
replication stress. Special emphasis is 
placed on recent findings that show that, 
in conditions of  replication stress, DNA 
replication can persist in mitosis, where 
it leads to the formation of  chromatin 
bridges in anaphase, which can cause 
multinucleation and cell death when left 
unresolved. 

Mutations in essential HR genes, 
including BRCA1 and BRCA2, cause 
susceptibility to cancer development. 
Yet, BRCA1/2-mutant cancer cells 
have an elevated sensitivity towards 
PARP inhibition treatment. While 
PARP inhibitors show great promise 
as a treatment strategy, not all 
tumors respond to PARP inhibition. 
Additionally, some tumors develop 
resistance, which causes tumor relapse. 
More insight into the mechanisms-of-
action of  PARP inhibitors is therefore 
required to improve therapy outcome. 
Specifically, it is still unclear how exactly 
PARP inhibitors kill HR-deficient cells. 
To address this question, in chapter 3 
we study the underlying mechanisms 
of  PARP inhibitor cytotoxicity. To 
this end, we use multiple HR-deficient 
cancer models both in vitro and in vivo 
and follow the induction of  PARP-
inhibitor-induced replication stress 
throughout the cell cycle using both 
immuno-fluorescence microscopy and 
live-cell imaging. Lastly, we assess 
whether progression through mitosis 
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was essential for PARP inhibitor-
induced toxicity. To this end, EMI1 
depletion was used to bypass mitosis, 
while leaving the ability of  cells to 
perform DNA replication intact. 
In chapter 4, we further explore the 
mechanism underlying PARP inhibitor-
induced cytotoxicity as discovered 
in chapter 3. Specifically, a possible 
combination strategy is tested, involving 
combined inhibition of  PARP and ATR, 
a central orchestrator in the replication 
stress response. We determine the 
timing of  mitotic entry by flow 
cytometric analysis of  synchronized 
cell populations, in the presence of  
ATR/PARP inhibitors. Furthermore, 
we assess possible mitotic aberrancies 
and genomic instability using immuno-
fluorescence and single cell sequencing.

The overexpression of  certain 
oncogenes is a well-described cause of  
replication stress, which possibly fuels 
genetic instability and cancer. However, 
the resulting replication stress can 
also prove to be a therapeutically 
exploitable weakness in cancers. To 
test this hypothesis in chapter 5, we 
set out to develop inducible oncogene 
overexpression models in non-
transformed RPE-1 cells. Subsequently, 
we investigated if  overexpression of  
these oncogenes resulted in replication 
stress and whether the DNA lesions 

caused by replication stress were 
transferred into mitosis. Additionally, 
we attempted to target cells with 
oncogene-induced replication stress 
by inhibition of  the ATR and WEE1 
checkpoint kinases. Lastly, the effects on 
mitotic aberrancies were studied in real-
time using live-cell microscopy.

To allow for proper sister chromatid 
disjunction during anaphase, cells are 
equipped with topoisomerase II, Plk1-
interacting checkpoint helicase (PICH) 
and Bloom’s helicase (BLM). This 
machinery resolves DNA catenanes, 
which are visible as ultrafine DNA 
bridges (UFBs) in anaphase. Since 
failure to resolve UFBs can impair 
genomic integrity, identifying novel 
players involved in this process is of  
great interest. In chapter 6, we studied 
the function of  Rif1 in mitosis. Using 
immune-fluorescence and live-cell 
imaging, we determine whether Rif1 
was involved in a mitotic DNA damage 
response. Furthermore, the localization 
of  Rif1 and its role in maintaining 
genome integrity will be assessed. 

Lastly, in chapter 7 the results and 
conclusions of  all chapters will be 
summarized and discussed. We revisit 
the aims established in the introduction, 
and discuss implications and future 
directions.
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ABSTRACT

Genomically instable cancers are characterized by progressive loss and gain of 
chromosomal fragments, and the acquisition of complex genomic rearrangements. Such 
cancers, including triple-negative breast cancers and high-grade serous ovarian cancers, 
typically show aggressive behavior and lack actionable driver oncogenes. Increasingly, 
oncogene-induced replication stress or defective replication fork maintenance is 
considered an important driver of genomic instability. Paradoxically, while replication 
stress causes chromosomal instability and thereby promotes cancer development, 
it intrinsically poses a threat to cellular viability. Apparently, tumor cells harboring 
high levels of replication stress have evolved ways to cope with replication stress. As 
a consequence, therapeutic targeting of such compensatory mechanisms is likely to 
preferentially target cancers with high levels of replication stress and may prove useful 
in potentiating chemotherapeutic approaches that exert their effects by interfering 
with DNA replication. Here, we discuss ho w replication stress drives chromosomal 
instability, and the cell cycle-regulated mechanisms that cancer cells employ to deal 
with replication stress. Importantly, we discuss how mechanisms involving DNA 
structure-specific resolvases, cell cycle checkpoint kinases and mitotic processing of 
replication intermediates offer possibilities in developing treatments for difficult-to-
treat genomically instable cancers.

1. INTRODUCTION

Recent genomic analyses of  triple-
negative breast cancers (TNBCs), 
high-grade serous ovarian cancers 
(HGSOCs), and other hard-to-treat 
cancers have underscored the absence 
of  ‘druggable’ oncogenic drivers.(1–3) 

Patients with such cancers currently do 
not benefit from molecularly targeted 
therapies, and urgently need better 
treatment options. One characteristic 
that these tumors share is their profound 
genomic instability. This phenomenon 
is characterized by continuous gains 
and losses of  chromosomal fragments 
and complex genomic rearrangements, 
usually resulting from defective 
genome maintenance pathways. As 
a consequence, genomic instability 
underlies the rapid acquisition of  
genomic aberrations that drive therapy 
failure. Finding novel treatment options 
for genomically instable cancers is not 
only relevant for TNBC or HGSOC 
patients, but also for patients with other 
hard-to-treat cancers, characterized by 
extensive genomic instability.
 Evidence increasingly points 

to replication stress as the driver of  
genomic instability.(4,5) Since replication 
stress compromises cell viability, 
cells have apparently evolved various 
replication stress-resolving mechanisms 
to mitigate these threats. It is thought 
that genomically instable tumors 
increasingly rely on specific mechanisms 
for their survival, and that these 
mechanisms could therefore present 
promising targets for anti-cancer drug 
development. 
 Here, we summarize the 
cancer-associated alterations that lead 
to replication stress, and discuss the 
cellular mechanisms that are employed 
by (tumor) cells to avoid otherwise 
toxic levels of  replication stress. In 
addition, we will discuss which of  
these mechanisms could be exploited 
therapeutically in the treatment of  
genomically instable cancers.
 

2. DNA REPLICATION

Licensing and firing
In order to produce a fully duplicated 
genome, which can be divided over 
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the two daughter cells during mitosis, 
DNA must be faithfully replicated 
during S phase. Replication occurs in 
a bi-directional fashion, and ensues at 
specific genomic loci, called ‘replication 
origins’. Replication origins are 
abundantly present in eukaryotic 
genomes, although their number ranges 
significantly between species; from ~400 
in S. cerevisiae to >30,000 in human cells.
(6-8) To ensure that the genome is only 
replicated once per cell cycle, it is vital 
that initiation of  replication at origins is 
put under strict control. To achieve this, 
the onset of  replication is a two-step 
process, consisting of  ‘licensing’ and 
‘firing’ of  replication origins (Figure 1).
 ‘Licensing’ of  origins occurs 
prior to S phase, through the assembly 
of  a pre-replication complex (preRC), 
consisting of  the origin recognition 
complex (ORC) proteins together with 
Cdc6, Cdt1 and the inactive helicase 

hexamer MCM2-7.(9-10) ‘Firing’ of  
origins marks the onset of  S phase and 
initiates actual DNA replication. For 
origin firing, the MCM2-7 helicase 
is activated by binding of  the GINS 
complex and Cdc45, which together 
form the CMG complex.(11,12) The 
activated helicase will initiate DNA 
unwinding in a bi-directional fashion 
with ‘replication forks’ at both ends, 
creating a so-called ‘replication bubble’. 
Once the DNA helix is unwound, δ 
polymerase (on the leading strand) and 
ε polymerase (on the lagging strand) 
can access the DNA associated to the 
CMG complex and traverse the DNA 
strands, allowing for DNA synthesis.
(13,14) To maintain genomic integrity, 
cells need to ensure that 1) the entire 
genome is only replicated once, and 
that 2) cells do not proceed cell division 
before DNA replication is completed. 
To this end, DNA replication is strictly 

Figure 1

ORC

Cdc6
Cdt1Cdc6Cdt1

Cdt1

CDK PCNA geminin

Cdc6ORC1
Cdc45

Late M/G1 phase: origin licensing

ORC

MCM2-7
MCM2-7

MCM2-7

S phase: origin firing

Cdc45

GINS

GINS

MCM2-7

MCM2-7

GINS
Cdc45

Figure 1. Regulation of origin licensing and firing during replication
Model showing how replication origins are fired only once in the cell cycle. In late mitosis and early G1 phase the pre-
replication complex, consisting of the origin recognition complex (orc) with Cdc6, Cdt1 and the inactive helicase MCM2-7 
is formed. In S phase, the licensed origins will ‘fire’ following activation of the MCM2-7 helicase, due to binding of the GINS 
complex and Cdc45. During origin firing, licensing of origins is inhibited by CDK, PCNA and geminin, which prevents re-
replication.
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controlled by cell cycle regulators, 
predominantly cyclin-dependent kinases 
(CDKs). Whereas the abundance of  
CDKs is relatively constant throughout 
the cell cycle, their cyclin partners are 
synthesized and degraded in a cell cycle-
dependent manner by the anaphase 
promoting complex/cyclosome 
(APC/C). The interplay of  CDK and 
APC/C activity thereby regulates the 
periodicity of  CDK activity.(15,16) In 
metazoans, over 20 different CDKs 
have been identified,(17) although only 
a limited number of  CDKs have clear 
roles in cell cycle regulation and DNA 
replication. 
 High CDK activity triggers 
the firing of  origins, which marks 
the onset of  S phase. This is achieved 
using multiple mechanisms. Firstly, 
levels of  D-type cyclins increase as a 
consequence of  mitogenic signaling, 
allowing for the activation of  CDK4 
and CDK6. Once activated, CDK4 and 
CDK6 deactivate Retinoblastoma (pRB), 
leading to release of  E2F transcription 
factors, which will transactivate 
multiple cell cycle regulators, including 
A and E-type cyclins.(18,19) Subsequent 
activation of  CDKs,(20) as well as the 
Dbf4-dependent kinase (DDK) drives 
origin firing.(21-23) Specifically, binding 
of  Cdc45 to the MCM helix complex 
requires phosphorylation of  MCM2-7 
by DDK, while simultaneously, CDK-
dependent phosphorylation of  Treslin 
is required for proper initiation of  DNA 
replication.(24-26) 
 In parallel to promoting origin 
licensing, high CDK activity blocks 
pre-RC assembly, so that once an origin 
has fired, it cannot be re-licensed until 
CDK levels drop during mitotic exit. 
This mechanism prevents genomic 
areas from being replicated more than 
once per cell cycle. Again, this process 
is achieved in multiple ways. Firstly, 
the licensing factor Cdt1 is degraded 
in a manner that requires two distinct 
E3 ubiquitin ligases. Cdt1 degradation 

is stimulated by phosphorylation by 
CDKs and subsequent ubiquitination by 
SCF-SKP2,(27,28) while binding to PCNA, 
promotes ubiquitination by Cul4-DDB1.
(29,30) In parallel, Cdt1 is inhibited through 
the binding of  geminin.(31-36) Secondly, 
CDK-mediated phosphorylation of  
Cdc6 leads to its nuclear exclusion, 
as well as proteasome-mediated 
degradation by the SCF.(37,38) Thirdly, the 
origin-recognition complex component 
ORC1 is degraded by the SCF-Skp2 
when CDK activity is high (Figure 1).(39)  
Only when CDK activity drops, due to 
APC/C-mediated degradation of  A and 
B-type cyclins during mitotic exit, a 
temporal window is created where pre-
RC assembly allows for a new round of  
cell division.(40)

 Not all origins are fired 
simultaneously during S phase. Rather, 
origin firing adheres to a specific 
temporal pattern. Major determinants 
of  origin firing are the genomic position 
of  origins and the local chromatin 
context.(41) Additionally, a number of  
factors have been identified to regulate 
origin timing, including Forkhead 
box transcription factors, as well as 
RIF1 and TAZ1, originally identified 
as telomere-binding proteins.(42-44) 
Presently, only the function of  RIF1 in 
the process of  origin timing has been 
shown to be conserved in mammals.(45-

47) While the exact mechanism of  origin 
timing remains elusive, it appears that 
the spatial organization of  the genome 
plays an important role in genome 
maintenance.(41) The composition 
and accessibility of  DNA itself  also 
influence replication timing by affecting 
pre-RC assembly at origins. Indeed, 
histone composition appears to restrict 
pre-RC assembly to origins.(48-52) 
 Whereas clear temporal 
coordination distinguishes early from 
late origins, some origins are not fired 
at all. Under normal conditions, only a 
subset of  the licensed origins is fired, and 
replication from these origins suffices 
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to replicate the entire genome. The 
origins that do not contribute to normal 
replication are called ‘dormant’ origins, 
and genomic regions surrounding 
dormant origins are passively replicated 
by forks that initiate from non-dormant 
origins.(53)

3. REPLICATION STRESS

The term ‘replication stress’ is defined 
as the slowing or stalling of  replication 
fork progression.(53) Replication stress 
can be caused by different factors, many 
of  which are attributed to oncogene 
activation. Although expression of  
numerous oncogenes has been linked to 
the induction of  replication stress, we 
will focus on three oncogenes, which 
have been studied extensively in the 
context of  replication stress: MYC, 
CCNE1 and RAS (Figure 2).

MYC
One of  the oncogenes that was 
linked early on to replication stress is 
MYC. C-MYC (MYC) was originally 
discovered as the cellular counterpart of  
the viral V-MYC gene,(54) and belongs to 
a family of  transcription factors, which 
includes C-MYC, N-MYC, L-MYC 
and S-MYC in mammals. Of  these, 
C-MYC, N-MYC and L-MYC have been 
implicated in human tumorigenesis. 
MYC has transactivating activity, for 
which it requires interaction with its 
binding partner MAX.(55) Intriguingly, 
MYC was later discovered to act both as 
a transcriptional activator, as well as a 
transcriptional repressor.(56)

 MYC was shown to 
have oncogenic properties, and 
overexpression of  MYC promotes 
cell growth,(57) while it blocks cellular 
differentiation.(58) Moreover, MYC 
activation alone is sufficient to 
transform cells, as demonstrated by 
enhanced MYC expression under 
immunoglobin enhancers, which 

induces lymphoma development.(59) In 
line with these observations, aberrations 
in the MYC gene have been linked to 
the pathogenesis of  a range of  cancers, 
including Burkitt lymphoma,(60,61) diffuse 
large B-cell lymphoma,(62) as well as 
breast and prostate cancers.(63) 

 Induction of  proliferation by 
MYC is thought to be mediated primarily 
through CDK4/Cyclin D. CDK4 as well 
as Cyclin D isoforms are direct targets of  
MYC.(64-66) Conversely, MYC promotes 
proliferation through repression of  cell 
cycle regulators. Through association 
with MIZ1, MYC represses CDK 
inhibitors p15INK4 and p21Cip1.(67,68) The 
observation that cells lacking either 
CDK4 or Cyclin D show a strongly 
reduced ability to be transformed by 
MYC further points at CDK4/Cyclin 
D as an important downstream target 
in MYC-induced transformation.(69,70)  
Similarly, Eμ-myc transgenic mice 
develop lymphomas at slower rates in 
a CDK2-deficient background.(71) Thus, 
MYC amplification leads to increased 
activity of  multiple CDKs, which in part 
underpins MYC-induced proliferation 
(Figure 2A).
 Paradoxically, MYC was 
recognized to also induce adverse effects 
on cellular viability. As mentioned 
above, MYC represses the p53-target 
p21Cip1, which changes the outcome of  
p53 signaling from cytostatic to pro-
apoptotic.(72) Indeed, MYC induction 
was demonstrated to promote a pro-
apoptotic state, and to sensitize cells to 
death receptor ligands.(73,74)

 Importantly, elevation of  
MYC levels also causes DNA damage, 
which can be attributed to multiple 
mechanisms, including the control 
of  DNA replication.(75,76) MYC 
overexpression was shown to increase 
transcription of  CDT1, which is 
crucially required for the loading of  the 
MCM complex to replication origins.
(6,9) Notably, CDT1 overexpression 
can induce cellular transformation, 
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suggesting that upregulation of  
CDT1 by MYC plays a role in MYC-
mediated tumorigenesis.(76) In addition 
to the transcriptional control of  DNA 
replication, MYC has been described to 
fuel the initiation of  DNA replication 
through a non-transcriptional manner. 
Specifically, MYC interacts with MCM 
proteins, including MCM2 and MCM7, 
which leads to increased replication 
origin activity, and replication-
dependent DNA damage (Figure 2A).(77) 
Of  note, MYC was shown to promote 
efficient replication in cell-free Xenopus 
extracts, devoid of  RNA transcription, 
underscoring the non-transcriptional 
role  of  MYC in this process.(77) In line with 
these findings, the non-transcriptional 
effects of  MYC on replication were 
shown to require CDC45.(75) Combined, 
MYC overexpression is responsible 
for unscheduled origin firing – both 
through transcriptional as well as 
non-transcriptional ways- and leads to 
replication-dependent DNA lesions.
 An alternative way through 
which MYC overexpression adversely 
impacts cellular viability is the elevation 
of  reactive oxygen species (ROS) (Figure 
2B).(78) Importantly, the amount of  
MYC-induced DNA lesions correlated 
with ROS levels, and treatment with 
the anti-oxidant NAC lowered ROS 
levels and prevented the formation of  
DNA lesions.(78) Simultaneously, MYC 
overexpression disrupts the proper 
resolution of  DNA lesions, including 
DNA double strand breaks (DSBs) by 
interfering with DNA repair.(79) Unclear, 
however, is which specific DNA repair 
pathway is affected by MYC.(79) Taken 
together, these mechanisms explain 
the observed DDR activation, genomic 
instability and cellular senescence upon 
MYC overexpression.(71,80,81)

Cyclin E
Another oncogene that has been 
connected to induction of  replication 
stress is Cyclin E, the gene-product of  

CCNE1. Cyclin E contributes to the 
transition from G1 to S phase by binding 
and elevating the activity of  CDK2.(82-

84) Consequently, CDK2 phosphorylates 
Retinoblastoma (RB) to release E2F 
transcription factors, which stimulate S 
phase entry by transactivating multiple 
genes required for DNA replication.
(85,86) Importantly, Cyclin E expression is 
under control by other pro-oncogenes, 
including MYC,(87) so Cyclin E-mediated 
effects can be indirect consequences of  
other oncogenic events. 
 High levels of  Cyclin E–CDK2 
were shown to profoundly influence 
replication dynamics. Indeed, Cyclin E 
overexpression impairs the loading of  
MCM proteins including MCM2, MCM4 
and MCM7.(88) As a consequence, Cyclin 
E overexpression causes inefficient 
pre-replication complex formation and 
negatively impacts replication initiation, 
as judged by BrdU incorporation and 
PCNA foci formation.(88) Furthermore, 
elevated levels of  CDK2 activity that 
accompany Cyclin E overexpression 
increases the rate of  origin firing 
(Figure 2A). These increased rates 
of  origin firing consequently lead to 
depletion of  the nucleotide pool,(89) in 
parallel to inducing collisions between 
the replication machinery and the 
transcription complexes.(90) These 
combined mechanisms underlie the 
perturbed replication dynamics upon 
Cyclin E overexpression, and explain 
the observed replication-dependent 
DNA lesions and activation of  the DNA 
damage response (DDR).(5,91) Thus, 
overexpression of  Cyclin E, in analogy 
to c-MYC overexpression, was shown 
to accelerate S phase entry, while it 
counter-intuitively results in a reduced 
rate of  DNA synthesis.(92,93) In line 
with the notion that replication failure 
can induce structural and numerical 
chromosome abnormalities,(94) 
karyotypic analysis showed that Cyclin 
E deregulation affects the fidelity of  
chromosome transmission, resulting in 
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genomic instability.(95)

RAS
The RAS family of  GTPases comprises 
three genes: H-RAS, K-RAS and N-RAS.
(96) RAS acts a pivotal signal transducer 
between receptor-tyrosine-kinases 
(RTKs) and the mitogen-activated 
protein kinase (MAPK) cascade, 
which culminates in the activation of  
a complex transcriptional program, 
including the activation of  c-Jun/c-
Fos transcription factors. One of  the 
transcriptional targets of  c-Jun/c-Fos is 
Cyclin D,(97) which underpins cell cycle 
entry in response to RAS signaling.(98)

 RAS isoforms were shown to 
be mutated in multiple cancer subtypes, 
and involve common point-mutations 
that turn RAS into an active oncogene.
(96) Expression of  one such RAS mutant, 
H-RAS-V12 was shown to induce 
replication stress. Specifically, expression 
of  H-RAS-V12 induces the number 
of  active replication origins, leading 
to DDR activation and triggering 
senescence in non-transformed cells.
(99) The mechanisms through which 
overexpression of  oncogenic RAS 
induces replication stress are only 
partly understood. In line with RAS 
inducing MAPK signaling, various 
studies have revealed that oncogenic 
RAS is responsible for accelerated cell 
growth and increasing the fraction of  
cells in S phase.(100,101) Simultaneously, 
and again in line with above-mentioned 
oncogenes, oncogenic RAS elevates 
transcriptional activity and leads to 
collisions of  transcriptional components 
with the replication machinery, which 
causes replication stress (Figure 2C).
(102) Another consequence of  oncogenic 
RAS signaling, that compromises DNA 
replication, is increased ROS production 
(Figure 2B).(101,103) Specifically, oncogenic 
RAS elevates the mRNA level of  the 
NADPH oxidase NOX4, which in turn 
leads to increased H2O2 generation.(104) 
RAS-mediated ROS leads to damaged 

DNA, as evidenced by increased 
levels of  8-oxoguanine.(101) Increased 
oxidative damage to RNA/DNA 
was demonstrated to interfere with 
replication fork velocity in response to 
oncogenic RAS,(105) in line with elevated 
levels of  γ-H2AX and 53BP1,(89,101) and 
chromosomal instability.(106)

 Based on findings on MYC, 
Cyclin E and RAS oncogenes, multiple 
common themes appear to underlie 
oncogene-induced replication stress. 
One of  these common mechanisms is 
depletion of  the nucleotide pool (Figure 
2A). When cells do not adhere to the 
temporal and spatial program of  origin 
firing due to elevated CDK2 activity, 
both early and late origins are fired 
simultaneously. Additionally, dormant 
origins may be fired in an unscheduled 
manner.(90) More recently, the 
Halazonetis lab showed that Cyclin E 
or MYC overexpression leads to de novo 
origin replication sites, preferentially 
located in highly transcribed genes.
(107) The increased levels of  replication 
subsequently result in nucleotide pool 
exhaustion.(89)  Consequently, insufficient 
pools of  nucleotides induce replication 
stress and can subsequently cause 
chromosomal instability.(90) In line with 
limited nucleotide supply hampering 
replication fidelity, oncogene-induced 
DNA damage was shown to be rescued 
by supplying exogenous nucleosides.(89)

 An additional common source 
of  replication stress is the increased level 
of  DNA-RNA hybrids, called R-loops 
(Figure 2C).(108) R-loops form when 
nascently transcribed mRNA anneals 
to its complementary DNA strand.(109) 

The resulting three-stranded structure 
consists of  a DNA-RNA hybrid, and 
a displaced single DNA strand.(110) 

R-Loops have been shown to result 
from RNA polymerase-II (RNA POL-
II)-mediated transcription,(111) but can 
also occur at highly active RNA POL-
I-transcribed regions of  rDNA.(112) The 
formation of  R-loops is influenced by 
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G-rich RNA, the extent of  supercoiling 
and the presence of  nicks in DNA.
(113) Since the discovery of  DNA-RNA 
hybrids, multiple studies have confirmed 
the implication of  R-loops in biological 
processes such as mitochondrial DNA 
replication,(114-116) and transcription.(117) 

Importantly, R-loops can become an 
endogenous source of  replication stress, 
if  they pose a barrier to fork progression.
(102,118-120) In line with many oncogenes 
inducing transcription, oncogene 
overexpression or oncogenic mutations 
were shown to correlate with increased 
DNA-RNA collisions. Specifically, 
the RNA synthesis stimulated upon 
overexpression of  Cyclin E or HRAS 
mutation was shown to result in R-loop 
accumulation and ensuing DNA damage 
(Figure 2C).(102)

 Increased transcriptional 
activity and the ensuing R-loop 
formation may lead to collisions of  
DNA-RNA hybrids with the replication 
machinery.(53) Especially at long genes, 
R-loops can interfere with replication 
and lead to the expression of  common 
fragile sites (CFS).(121) Of  note, R-loop 
accumulation is found to be orientation-
dependent, with replisomes oriented 
head-on with RNA polymerases 
creating R-loops, in contrast to co-
directional replisomes.(119) As discussed 
above, enhanced oncogene expression 
was shown to induce firing of  ectopic 
origins, mainly located in highly 
transcribed genes.(107) In this situation, 
a local increase in both replication forks 
as well as R-loops underlies replication 
fork collapse and DNA double-strand 
break formation.(107)

 Accumulation of  R-loops and 
ensuing replication stress is not solely 
linked to specific oncogenes, but also 
arises in response to mitogen-induced 
signaling. For instance, estrogen-
dependent transcription was shown to 
underpin R-loop-mediated replication 
stress and genomic instability in 
estrogen-driven breast cancers.(122) 

 Combined, multiple oncogenes 
were shown to induce replication stress, 
which involves common mechanisms, 
including nucleotide pool depletion and 
R-loop formation.
  
  

4. HOW TO DEAL WITH 
REPLICATION STRESS 

ATR-CHK1 signaling
In order to deal with replication stress, 
cells have evolved mechanisms to monitor 
and respond to stalled replication, often 
referred to as the replication checkpoint 
or intra-S phase checkpoint (Figure 3). 
Slowing or stalling of  replication forks 
typically results in long stretches of  
ssDNA, which are rapidly coated by the 
Replication Protein A (RPA) protein 
trimer.(123) Subsequently, RPA enables 
the recruitment of  ATR, the central 
orchestrator of  the replication stress 
response. Indeed, ATR activation was 
shown to require replication forks,(124) 
and the formation of  excessive amounts 
of  single-stranded DNA.(125,126) ssDNA 
at stalled replication forks arises because 
the DNA helicase and DNA polymerase 
are uncoupled (Figure 3).(127) The 
ensuing RPA-coated ssDNA tracks are 
then recognized by the ATR interactor 
ATRIP, leading to the recruitment of  
ATR-ATRIP to chromatin.(126) ATR and 
ATRIP are dependent on each other 
for their stability. Therefore, ATRIP 
loss phenocopies ATR inactivation, and 
results in sensitivity to DNA damage, 
loss of  ATR phosphorylation and loss 
of  cellular viability.(128)

 However, localization of  the 
ATRIP-ATR complex to RPA-coated 
ssDNA is not sufficient for ATR 
activation. Two parallel pathways 
exist that initiate ATR activation. 
Firstly, ATR is activated by the 
ring-shaped 9-1-1 protein complex, 
consisting of  RAD9, RAD1 and HUS1 
(also called the CLAMP complex). 
Mechanistically, the 9-1-1 complex 
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recognizes the 5’-end of  ssDNA, 
adjacent to RPA, and is subsequently 
loaded onto DNA by the Rad17/
Rfc2-5 replication factor complex.(129-

130) Through this mechanism, ATR is 
activated specifically at ssDNA-dsDNA 
junctions, which characterize stalled 
replication forks during replication 
stress. In a subsequent step, the 9-1-1 
complex facilitates ATR activation by 
recruitment of  Topoisomerase-binding 
protein-1 (TOPBP1). Secondly, using a 
parallel mechanism, ETAA1 activates 
ATR independently of  TOPBP1. 
ETAA1 directly interacts with RPA, 
at both unperturbed and stalled 
replication forks.(131-132) Once ATR is 
activated, it phosphorylates a plethora 
of  downstream targets, initiating 
various responses to maintain genome 
integrity (Figure 3).(133) An important 
initial response to replication stress is 
to halt cell cycle progression, allowing 
time to resolve lesions or to complete 
replication. The cell cycle checkpoint 
arrest following replication stress is, in 
large part, dependent on the activation 
of  the ATR substrate CHK1. CHK1 
activation requires Claspin, which 
brings CHK1 in close proximity to ATR.
(134) In turn, phosphorylated CHK1 will 
activate WEE1,(135) while it inactivates 
the CDC25A, CDC25B and CDC25C 
phosphatases.(136-139) Through these 
combined effects, ATR/CHK1 signaling 
prevents the activation of  CDK1 and 
CDK2, resulting in a S phase and G2 
phase cell cycle checkpoint arrest (Figure 
3). Furthermore, ATR activation leads 
to stabilization of  p53, which induces 
a transcriptional program, triggering 
upregulation of  the CDK inhibitor 
p21.(140,141) Combined, ATR signaling 
leads to the loss of  CDK-activation, 
while CDK inhibitory proteins are 
upregulated, leading to arrested cell 
cycle progression. 
 Although studied less 
intensively, a parallel mechanism for cell 
cycle checkpoint inactivation involves 

MAP kinase-activated protein kinase-2 
(MK-2). MK-2 is required to install a 
DNA damage-induced cell cycle arrest, 
especially in the context of  defective 
p53 signaling.(142,143) Additionally, MK-2 
was found to be responsible for lowering 
replication dynamics in situations of  
replication stress.(144)

 Beyond induction of  a cell 
cycle arrest, a major downstream 
consequence of  ATR and CHK1 
activation involves the regulation of  
replication origin firing. In response 
to ssDNA accumulation, both ATR, 
CHK1 and WEE1 limit the firing of  
replication origins, mainly during early 
S phase (Figure 3).(145) As a consequence, 
inactivation of  ATR or CHK1 in cells 
leads to increased origin firing, both in 
the absence or presence of  replication 
blocking agents.(145-148) Mechanistically, 
ATR/CHK1 signaling locally prevents 
replication origin firing following 
replication stress by interfering with 
the binding of  CDC45 to the MCM2-
7 helicase.(149-150) Conversely, CHK1 
appears to be involved in the activation 
of  dormant origins.(151) These effects 
could be mediated through modification 
of  MCM helicase components present 
at dormant origins. Additionally, 
phosphorylation of  FANC-I by ATR 
was shown to actually prevent dormant 
origin firing, underscoring the complex 
regulation of  this process.(152) The 
global inhibition of  replication initiation 
at new replication factories by ATR/
CHK1 signaling thus directs replication 
away from regions that have yet to 
start replication, and towards initiation 
of  dormant factories at regions where 
forks are stalled.(153)

 Signaling through ATR and 
CHK1 further contributes to preventing 
genomic instability, by stabilizing stalled 
replication forks. Specifically, ATR/
CHK1 prevent the nuclease-dependent 
regression of  stalled replication forks.
(154,155) Exactly how ATR facilitates fork 
stability is not completely clear, but the 
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A distinct feature of replication stress is the excessive levels of single-stranded DNA (ssDNA). ssDNA is coated by RPA, which 
in turn recruits multiple proteins and leads to activation of ATR and its substrate CHK1. ATR/CHK1 signaling can halt the 
cell cycle at different phases, as indicated. Through ssDNA accumulation, ATR limits the firing of replication origins to prevent 
further fork stalling and nucleotide pool depletion. In addition, cells in which replication forks stall must protect their nascent 
DNA from MRE11-mediated exonuclease activity. To do so, ATR coordinates homology-directed repair, in which RAD51, 
BRCA1 and BRCA2 are key components of fork protection. To maintain genome stability, cells can process late replication 
intermediates in mitosis through the action of EME1-MUS81 and ERCC1. In addition, unresolved mitotic Holliday junctions 
can also be resolved in mitosis by SLX4-MUS81 or GEN1 endonuclease activity.
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regulation of  SMARCAL1 and binding 
of  FANCD2 to the MCM2-7 complex at 
forks are thought to be important.(156,157) 
Indeed, inhibition of  ATR was found to 
increase fork regression by inhibiting 
SMARCAL1 mediated fork reversal.(156) 

Additionally, CHK1 prevents MUS81-
mediated fork collapse.(158-160) In fact, it 
was reported that ssDNA stretches at 
stalled replication forks can hybridize 
and result in a four-way structure 
termed ‘reversed fork’ or ‘chicken-foot 
like structure’.(161,162) The formation of  
reversed forks halts replication, thereby 
preventing deleterious fork progression 
during stressed conditions, allowing for 
time to deal with such lesions.(163)

 In human cells, fork reversal 
occurs following different genotoxic 
agents, and therefore likely represents a 
generic response to replication stress.(163) 

Fork reversal is catalyzed by numerous 
DNA translocases and helicases, 
including SMARCAL1, ZRANB3, 
HLTF, BLM, FANC-M, FANC-J and 
WRN.(163) Furthermore, the process of  
fork reversal is regulated by PARP.(164) 

Specifically, inhibition of  PARP resulted 
in an increase of  RECQ1-mediated fork 
restart and thus less reversed forks.(163) 
Fork reversal therefore, seems to be a 
carefully regulated process in cells to 
transiently stall replication forks during 
replication stress. Possibly, fork reversal 
provides a mechanism to prevent 
permanent stalling of  forks, if  they 
cannot be properly restarted.(53,163)

Replication fork protection
Once replication forks are stalled, the 
nascent DNA at forks must be protected 
from nucleolytic cleavage and nuclease-
mediated degradation. Indeed, recent 
data suggest that reversed forks are acted 
upon by a range of  nucleases, including 
MRE11, SLX4 and MUS81, resulting 
in fork collapse and DNA breaks. 
The above-mentioned nucleases only 
degrade stalled replication forks when 
replication fork protection is defective. 

Currently, two separate fork protection 
pathways have been identified. The 
first entails the protection of  nascent 
DNA by BRCA1, BRCA2 and FANCD2 
against degradation by MRE11 (Figure 
3).(165,166) Mechanistically, the role of  
BRCA2 and FANCD2 in replication 
fork protection is speculated to involve 
recruitment to and stabilization of  
RAD51 at stalled forks.(166-168) Yet, 
RAD51 was more recently shown to 
also be required for the reversal of  
stalled forks, a key intermediate step in 
fork degradation underscoring a dual 
role of  RAD51.(169)  The recruitment of  
the endo/exonuclease MRE11 to stalled 
forks was further shown to depend on 
PARP1,(170) as well as PTIP, MLL3/4 and 
Cdh4,(171) and leads to the degradation 
of  nascent DNA at unprotected, 
reversed replications forks.(169) BRCA2 
and FANCD2 also protect stalled forks 
from degradation of  nascent DNA by 
the MUS81 nuclease, independently of  
MRE11.(172) Mechanistically, MUS81 
recruitment to stalled forks requires 
methylation of  lysine 27 on Histone H3, 
and the polycomb components EZH2.
(172)

 A second protection pathway 
involves the protein ABRO1, which 
protects DNA at stalled forks from 
degradation by the DNA2 nuclease 
and the WRN helicase.(173)  Notably, 
this pathway operates independently 
of  RAD51 filament stabilization. 
Rather, inactivation of  RAD51 rescued 
DNA2-mediated fork degradation in 
cells lacking ABRO1.(173) This latter 
observation is likely reflecting the role 
of  RAD51 in promoting fork reversal, 
in line with the selective targeting of  
reversed forks by DNA2.(173,174)

 How exactly replication forks 
are protected, and what the molecular 
steps are in fork degradation remains 
elusive. Additionally, it is still unclear 
to what extent protection of  stalled 
replication forks is required for viability 
of  normal cells, since the HR-related 
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function rather than the fork protection 
function of  BRCA2 was shown to 
underpin the lethality upon BRCA2 
loss.(175) Nevertheless, replication fork 
protection appears to become important 
when HR-deficient cancer cells are 
treated with replication-blocking 
agents, since mutations that rescue fork 
protection lead to treatment resistance.
(171,172)

Homologous recombination repair
If  stalled replication forks break, 
they produce single-ended, double-
stranded DNA breaks (DSBs), 
which can be extremely toxic if  left 
unrepaired. In order to repair these 
lesions and preserve genomic stability, 
the homologous recombination (HR) 
machinery is crucial.(176) HR repair 
utilizes a homologous DNA template, 
usually the sister chromatid, allowing 
for relatively error-free repair.(177) For 
HR to occur, initial processing of  DSBs 
is required, wherein the 5’ terminus 
of  a DNA strand break is resected 
to generate 3’ ssDNA overhangs. To 
achieve this, the endonuclease activity 
of  the MRE11/RAD50/NBS1 (MRN) 
complex in conjunction with CtIP/
BRCA1 makes an initial cut close to the 
break sit and performs end-resection 
towards the break.(178,179) Subsequently, 
the EXO1 and DNA2 exonucleases 
perform extensive end-resection 
to yield long stretches of  ssDNA.
(179) In a BRCA2-dependent process, 
RAD51 filaments are formed onto 
ssDNA, which perform the homology 
search and recombination.(171,180) The 
resulting joint DNA molecules, termed 
Holliday junctions (HJs), require timely 
resolution to enable proper chromosome 
segregation (Figure 3). HJs formed 
by recombinational repair in mitotic 
cells are preferentially processed by 
topoisomerase-mediated dissolution by 
the BTR complex, consisting of  BLM-
TopoIIIα-RMI1-RMI2,(68,181,182) leading 
to non-cross-overs. Alternatively, HJs 
can be resolved, through resolution 

pathways, involving the endonucleases 
SLX1-SLX4 and MUS81-EME1.(183)

The Fanconi anemia pathway, 
translesion synthesis and alternative 
end-joining
Besides homologous recombination 
repair, multiple additional repair 
pathways are involved in the resolution 
of  replication-blocking lesions. In 
response to crosslinking DNA lesions, 
the Fanconi anemia (FA) pathway is 
activated. Fanconi anemia consists of  
>20 genes, with new Fanconi anemia 
genes still being identified.(184) Of  note, 
various FA genes also function in other 
DNA repair pathways, including the 
HR genes BRCA1 (FANCS), BRCA2 
(FANCD1) and PALB2 (FANCN).
(185-187) Mechanistically, the majority 
of  the FA proteins assemble to form 
the FA core complex, which functions 
as an E3 ubiquitin ligase.(188) The 
substrate of  the FA core complex is the 
FANCI/FANCD2 complex, that upon 
ubiquitylation associates with chromatin 
in DNA repair foci, to repair DNA 
lesions in concert with downstream FA 
components and additional DNA repair 
pathways.
 In keeping with a role for FA 
proteins to resolve replication blocking 
DNA lesions, cancer cells with FA 
defects are known to be exquisitely 
sensitive to crosslinking agents such 
as cisplatin and mitomycin C,(189,190) but 
also to PARP1 inhibitors, all known to 
interfere with replication fork dynamics.
(191) Conversely, cancer cells with high 
levels of  replication stress likely depend 
increasingly on FA components for 
their survival, since FA components 
are required for the cellular response to 
replication stress, including replication 
fork protection and processing of  late-
stage replication intermediates during 
mitosis.(166,186,192)

 Translesion synthesis (TLS) 
also allows cells to deal with increased 
levels of  replication stress.(193) TLS 
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involves replacement of  ‘regular’ 
DNA polymerases with specific DNA 
polymerases, with larger active sites 
that allow incorporation of  bases 
opposite to damaged nucleotides. A 
key factor that facilitates polymerase 
switching is the proliferating cell nuclear 
antigen (PCNA).(194) Upon encountering 
a DNA lesion, PCNA is mono-
ubiquitylated by RAD18/RAD6.(195,196) 
Subsequently, TLS polymerases bind 
ubiquitylated PCNA, which results in 
their recruitment to sites of  damaged 
DNA during replication.(196,197) Rather 
than a DNA repair pathway, TLS is a 
DNA damage tolerance (DDT) pathway 
that tumors may depend on for their 
survival.(198) While TLS allows cells to 
proliferate with otherwise replication-
blocking DNA lesions, it simultaneously 
facilitates mutagenesis since TLS 
polymerases typically have lower 
fidelity when compared to ‘regular’ 
polymerases. 
 A specific translesion polymerase 
is polymerase theta (Pol theta), encoded 
by the POLQ gene. Beyond its role in 
TLS, Pol theta is required for alternate 
end-joining (AltEJ) of  DNA double 
strand breaks.(199) Pol theta can ligate 
resected DNA ends, only requires micro-
homology and thereby functions as an 
alternative repair option to HR repair. In 
comparison to HR, Pol theta-mediated 
repair causes genomic rearrangements, 
leading distinct genomic signatures. 
Notably, POLQ has been described to be 
upregulated in multiple tumor subtypes.
(200) More recently, inactivation of  Pol 
theta was found to be synthetic lethal 
with HR mutations,(201) and targeting of  
Pol theta may therefore be an attractive 
therapeutic avenue for HR-deficient 
cancers. Intriguingly, inactivation of  
Pol theta in HR-proficient cancer cells 
was reported to result in enhanced 
sensitivity to replication stress-inducing 
agents, indicating that Pol theta might 
have a role in allowing cancer cells to 
deal with high levels of  replication 

stress.(202)

Mitotic processing of  replication-
born lesions
Despite the above-mentioned 
mechanisms that enable cells to deal 
with RS, replication lesions frequently 
are left unrepaired and are transmitted 
into mitosis.(203,204) Such persisting DNA 
lesions need to be resolved in order to 
allow sister chromatids to be properly 
distributed over daughter cells. To do 
so, cells have developed pathways that 
can resolve these lesions during mitosis. 
Resolution of  remaining joint molecules 
in mitosis is conducted by MUS81, 
GEN1 and SLX4 (Figure 3).(183) The 
processive activity of  these nucleases is 
upregulated by two distinct mechanisms. 
Firstly, a holoenzyme is formed by the 
association of  SLX1-SLX4 and MUS81-
EME1 with the scaffold protein SLX1. 
The activity of  this holoenzyme is 
stimulated by the mitotic kinases CDK1 
and polo-like kinase-1 (PLK1).(205) In 
fact, the SLX1 scaffold recruits several 
additional DNA processing enzymes, 
including XPF-ERCC1, MSH2-MSH3, 
TRF2-RAP1 and SNM1B/Apollo, to 
form a mitotic endo/exonuclease able 
to resolve a variety of  DNA lesions.(205) 
Secondly, HJs that remain unresolved 
prior to mitotic entry can be processed 
by the canonical HJ resolvase GEN1 
(Figure 3). During interphase, GEN1 
is excluded from the nucleus through a 
strong nuclear exclusion signal. Upon 
nuclear envelope breakdown during 
mitotic onset, GEN1 gains access to 
mitotic chromosomes, allowing joint 
molecules resolution.(206)

 In situations of  replication 
stress, distinct genomic regions (referred 
to as common fragile sites, CFSs) may 
remain under-replicated. Upon mitotic 
entry, these late-stage replication 
intermediates are processed by MUS81-
EME1 and ERCC1 (Figure 3).(207,208) 
Specifically, the MUS81 endonuclease 
is recruited to CFSs in mitosis, allowing 
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for POLD3-dependent replication at 
these sites, thereby preventing severe 
genomic instability.(203) To prevent 
these mitotic nuclease activities from 
damaging DNA during S phase, the 
targeting of  MUS81 to lesions seems 
dependent on binding to SLX4 after 
phosphorylation of  SLX4 by CDK1.
(205) Indeed, when CDK is activated 
prematurely through WEE1 inhibition, 
complex formation between MUS81 
and SLX4 is stimulated, resulting in 
pulverized chromosomes and cell death.
(209)

 When joint molecules remain 
unresolved at anaphase onset, they 
become visible as ultra-fine bridges 
(UFBs).(192) These structures arise due to 
multiple problems, including catenated 
DNA at centromeric regions, under-
replicated regions at chromosome 
arms, and unresolved HJs.(210-212) When 
UFBs arise, the PICH DNA translocase 
binds these DNA regions under 
tension, and subsequently recruits the 
BTRR complex,(213-215) as well as RIF1.
(216) Replication stress-induced UFBs 
undergo BLM-dependent processing 
to create ssDNA at UFBs, as judged 
by the recruitment of  RPA.(210,216) It 
is speculated that the generation of  
ssDNA - which is less rigid than dsDNA 
- enables UFBs to be broken and allows 
for the seperation of  daughter cells 
during cytokinesis, albeit at the cost 
of  generating DNA lesions.(210) The 
impact of  UFB processing mechanism 
on genome stability becomes 
strikingly evident in cells lacking 
their critical components. Indeed, cells 
lacking either PICH, RIF1 or BLM 
accumulate micronuclei,(216) which are 
known to frequently lead to genomic 
rearrangements.(217)

 Taken together, cells 
have evolved several sophisticated 
mechanisms to resolve potentially toxic 
genomic lesions that are transmitted 
into mitosis, and to safeguard mitotic 
progression and genomic integrity.

5. TARGETING REPLICATION 
STRESS IN CANCER

The replication stress that was observed 
upon expression of  oncogenes in vitro 
also appears to be a highly relevant 
phenomenon in cancer development. 
Expression of  oncogenes, including 
Cyclin E, in early neoplastic lesions 
was shown to coincide with activation 
of  DNA damage response (DDR) 
markers and arrested proliferation.(91,218) 
In malignant lesions, the DNA damage 
response was no longer activated, likely 
due to p53 inactivation. Combined, these 
results suggested that the induction of  
replication stress by oncogene activation 
in early oncogenesis leads to a DNA 
damage response and ensuing cell cycle 
arrest.(5,91) These results also explain 
earlier observations in which expression 
of  oncogenes, including RAS-V12 
and c-MYC in mouse embryonic 
fibroblasts (MEFs), induced a block in 
proliferation,(219-221) which was rescued 
by p53 inactivation.(221)

 The loss of  p53 signaling is 
common in cancer, and leads to loss of  
G1/S cell cycle checkpoint control.(222) 

As a consequence, TP53 mutant cancer 
cells increasingly depend on their 
G2/M checkpoint to sustain viability in 
situations of  DNA damage. Especially 
in situations of  oncogene-induced 
replication stress, with concomitant 
loss of  p53, tumor cells likely have an 
increased dependence on remaining 
cell cycle checkpoint components, as 
well as the above-mentioned pathways 
that resolve DNA replication lesions. 
Therefore, these pathways are potential 
therapeutic targets in cancer treatment, 
especially for those cancers that suffer 
highly from replication stress. Below, 
therapeutic strategies are discussed 
which could be exploited to target cancer 
cells with high levels of  replication 
stress.
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found to be essential for survival of  
cancer cells.(231) Possibly, cancer cells 
with high levels of  replication stress 
through oxidized nucleotides -for 
instance due to MYC amplification- 
could be targeted by MTH1 inhibition.

Targeting cell cycle checkpoint 
kinases 
If  cells with high levels of  replicative 
lesions do not initiate cell death, they 
will likely rely on checkpoint-mediated 
G2-M cell cycle delay to provide ample 
time to deal with such lesions.(232) 
Abrogation of  a G2-M cell cycle arrest 
could therefore cause cancer cells to 
enter mitosis prematurely, resulting in 
mitotic aberrancies and cell death.(233-

235) In the context of  replication stress, 
the main cell cycle checkpoint mediators 
for inducing G2-M delay or arrest are 
ATR, CHK1 and WEE1, and could 
therefore be promising targets to target 
cancers with high levels of  replication 
stress (Figure 4). Initial experiments 
that showed that cell cycle checkpoint 
inhibition sensitized cancer cells to DNA 
damaging agents employed caffeine, 
a non-selective inhibitor of  the ATR 
and ATM kinases. In the last decade, 
multiple potent and selective inhibitors 
to cell cycle checkpoint kinases have 
been developed, and are currently being 
tested in preclinical and clinical settings 
(reviewed elsewhere).(236)

 Targeting cell cycle checkpoint 
kinases indeed appears to be a powerful 
approach for cancers with high levels 
of  replication stress. Tumors with 
oncogene-induced replication stress, as 
induced by H-RASG12V and K-RASG12D 

mutations or overexpression of  C-MYC, 
failed to grow following hypomorphic 
suppression of  ATR.(237) Additionally, 
ATR and CHK1 inhibitors selectively 
killed MYC-driven tumors.(238) These 
findings can be explained, at least in 
part, by a role of  ATR and CHK1 in 
facilitating a checkpoint arrest. In line 
with this notion, resistance to ATR 

Induction of  replication catastrophe
Perhaps the most straightforward 
possibility for cancer cell eradication 
is to either therapeutically enhance 
replication stress using certain agents 
or by inhibiting the replication stress 
response checkpoint (Figure 4). In cancer 
cells with high intrinsic replication 
stress, this will result in replication stress 
overload, already during S phase,(223) 
inducing cell death termed ‘replication 
catastrophe’.(224,225) Mechanistically, 
replication catastrophe ensues when 
insufficient RPA is available to coat 
and thereby protect the high amounts 
of  ssDNA arising as a consequence 
of  fork stalling.(224) Subsequently, the 
unprotected ssDNA will result in DSB 
formation and cell death. Interestingly, 
RPA exhaustion, and the resulting 
replication catastrophe, can be induced 
by prolonged treatment with different 
replication stress-inducing agents, 
including HU, gemcitabine, cytarabine, 
aphidicolin, UV light and methyl 
methanesulfonate,(225,226) and could be 
exacerbated by combined treatment 
with inhibitors of  the ATR, WEE1 or 
CHK1 checkpoint kinases (Figure 4).(225)

Targeting oxidized nucleosides
As mentioned above, cancer cells suffer 
from depletion of  nucleotide levels 
due to oncogene-mediated increased 
origin firing. In addition, the available 
nucleotides can be oxidized due to 
elevated levels of  ROS.(227) Incorporation 
of  oxidized nucleotides into the genome 
has been associated with the generation 
of  DNA mismatches, mutations, and 
can lead to cell death.(228,229) The MTH1 
protein processes oxidized nucleotides, 
and thereby sanitizes the nucleotide 
pool, preventing DNA damage.(230) 
Interestingly, transformed cells often 
overexpress MTH1 to cope with elevated 
levels of  oxidized deoxynucleoside-
triphosphates (dNTPs).(231) More 
importantly, inhibition of  MTH1 was 
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MK2 inhibitors.(241) Interestingly, ATR 
was also found to have a role in mitosis, 
independent of  its interphase functions.
(242) By acting upon RPA-coated R-loops, 
ATR was found to prevent lagging 
chromosome formation at centrosomes, 
thereby ensuring faithful chromosome 
segregation.(242)

 Clearly, ATR-CHK1, and also 
WEE1, have essential functions in 
multiple mechanisms utilized by cancer 
cells to deal with replication stress. In 
line with this notion, checkpoint kinases, 
including ATR and WEE1, were 
found to be upregulated in numerous 
cancers.(235,243,244) Likely, the mechanisms 

inhibitors was observed following 
genetic inactivation of  CDC25A, in 
which case cells no longer enter mitosis 
prematurely.(239) Yet, also DNA damage 
accumulation in response to CHK1 
inhibition is reversed by CDC25A 
inactivation, suggesting that targeting 
these checkpoint kinases works through 
combined induction of  DNA damage 
and G2/M checkpoint override. Similar 
findings were observed for Cyclin 
E-overexpressing tumors treated with 
WEE1 inhibitors,(240) and K-RAS-
mutant tumors, which showed profound 
mitotic catastrophe in response to 
combined treatment with CHK1 and 

Replication
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Figure 4. Targeting replication stress in cancer
Cancer cells harboring replication stress could be targeted at different stages of the cell cycle, through numerous mechanisms. 
Firstly, replication stress could be enhanced in cancer cells that already suffer from high levels of replication stress to induce 
replication catastrophe. Secondly, cancer cells could be targeted by abrogating their G2-M cell cycle checkpoint. Through 
this approach, cancer cells with replication-born lesions prematurely enter mitosis, inducing mitotic catastrophe. Additionally, 
cancer cells in which replication-mediated DNA lesions have been propagated into mitosis might depend on the activity of 
resolvases, targeting of which might further promote mitotic catastrophe. Thirdly, replication stress leads to mitotic aberrancies 
and subsequent formation of micronuclei. Upon rupture, micronuclei release DNA into the cytoplasm and triggers cGAS/
STING-dependent interferon signaling. Interferon signaling may subsequently prime tumors for immune checkpoint inhibitors. 
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Immune-checkpoint inhibitors
Defects in genome maintenance 
components lead to mitotic aberrancies, 
including chromosome mis-segregation 
and chromosome bridges in anaphase 
cells.(204,247) Such unresolved mitotic 
DNA damage frequently results in 
micronuclei,(248,249) which are small 
DNA-containing structures surrounded 
by one lipid bilayer and are not 
part of  the main nucleus in a cell.
(248) Micronuclei that originate from 
mitotic DNA damage typically contain 
acentric chromosome fragments (in 
contrast to mis-segregation events 
which lead to micronuclei containing 
entire chromosomes). Chromatin in 
micronuclei is unable to support faithful 
DNA replication and DNA repair, 
leading to additional DNA damage, 
including local chromosome shattering 
(i.e. ‘chromothripsis’).(217,250) Importantly, 
the nuclear lamina of  micronuclei is 
not properly organized and frequently 
ruptures, leading to the release of  
micronucleus DNA into the cytoplasm.
(251)

 Cells have evolved an innate 
immune response against viral or 
bacterial DNA, which utilizes cytosolic 
DNA sensors, including the cyclic 
GMP-AMP synthase (cGAS).(252) Like 
microbial DNA, also ‘self ’ DNA that 
ends up in the cytosol following a failed 
mitosis is recognized by cGAS.(253,254) 
Activated cGAS subsequently catalyzes 
the production of  cyclic GAMP, 
which activates STING-dependent 
inflammatory signaling, including the 
production of  type-1 interferons (IFNs).
(253-255) Interestingly, the cytoplasmic 
DNA induced by irradiation promoted 
immune checkpoint inhibition-mediated 
tumor clearance by anti-CTLA4 
antibodies, in a STING-dependent 
fashion (Figure 4).(253) Whether these 
observations also apply to tumors 
with cytoplasmic DNA due to the 
consequences of  replication stress needs 
to be established. Similarly, investigation 

that underlie the cytotoxic effects of  
targeting ATR, CHK1 and WEE1 
involve multiple interdependent effects, 
possibly explaining their success in 
eradicating cells with replication stress. 

Targeting replication stress in 
mitosis
Interestingly, however, cells with 
replication stress regularly do not 
arrest at the G2-M checkpoint. Indeed, 
it is becoming increasingly clear that 
replication stress is often unresolved 
prior to mitotic entry, resulting in 
aberrancies including chromatin bridges 
and lagging chromosomes.(192,204,207,210) 

The targeting of  resolvase pathways is 
therefore likely to aggravate replication 
stress-induced mitotic aberrancies 
in cancer cells, ultimately resulting 
in a failure to complete cytokinesis, 
inducing multinucleation and cell death 
(Figure 4). A recent study underscored 
the dependence on resolvases in 
situations of  late-stage replication 
intermediates in mitosis. Specifically, 
BRCA2-deficient cells were found to 
enter mitosis with under-replicated 
regions, resulting in chromatin bridges 
in anaphase.(245) Depletion of  MUS81 
in BRCA2-defective cells further 
enhanced this mitotic phenotype, and 
induced multinucleation and cell death.
(245) Furthermore, loss of  resolvase 
activity due to combined inactivation of  
MUS81 and GEN1 leads to ultra-fine 
bridges, chromosomal rearrangements 
and cell death (Figure 4).(210) Of  note, 
exacerbating mitotic aberrancies in 
BRCA2-defective cells was observed in 
response to PARP inhibition, and the 
aberrant mitoses upon PARP inhibitor-
induced were observed to promote 
cell death in this context.(204) Possibly, 
targeting resolvase activities could be 
used to promote mitotic catastrophe, and 
through this mechanism, may potentiate 
replication perturbing drugs, including 
PARP inhibitors.(246)
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When IdU and CldU are successively 
incorporated into ongoing replication 
forks, the length of  replication ‘fibers’ 
can be visualized in stretched or 
‘combed’ DNA.(260) Depending on 
the treatment and order of  labeling, 
DNA fiber analysis can determine the 
velocity of  replication, rates of  origin 
firing, symmetry of  fork progression 
within a replication bubble, and ability 
of  cells to protect nascent DNA at 
stalled forks.(90,165261-263) Although this 
assay accurately measures replication 
and replication stress, it is not suited 
for analysis of  fixed tissues, including 
paraffin-embedded patient samples. 
Especially in this context, we still 
rely on proxy measurements. Reliable 
markers of  replication stress that can 
be used to characterize tumor material 
are especially welcome to allow patient 
selection in the context of  treatment 
with agents that target replication 
stress.

6. CONCLUDING REMARKS

Replication stress in tumor cells leads 
to genomic instability and through this 
mechanism can promote mutagenesis 
and promote tumor development. Yet, 
replication stress adversely affects the 
viability of  tumor cells. As a result, 
tumor cells may become addicted to 
pathways that enable tumor cells to deal 
with high levels of  replication stress 
(so-called non-oncogene addition).(264) 

Multiple agents have been developed 
to target such mechanisms, including 
cell cycle checkpoint kinases. Increasing 
knowledge on the biological mechanisms 
that enable (cancer) cells to resolve or 
survive replication-associated DNA 
lesions will further aid in developing 
new approaches to better treat patients 
with such cancers.

whether immune-checkpoint inhibition 
results in increased tumor clearance in 
situations of  tumor-intrinsic or therapy-
induced replication stress is warranted. 

Biomarkers to identify tumors with 
replication stress
Analyzing replication stress is 
challenging due to the broad definition 
of  this process and the lack of  direct 
cellular markers.(53) In experimental 
settings, replication stress is commonly 
analyzed by assessing the activation 
status of  the DNA damage response 
kinase ATR, and the phosphorylation 
status of  its substrates, including CHK1 
(at Ser-317 and Ser-345), RPA32 (also 
called RPA2, at Ser-33), and H2AX 
(at Ser-139, in phosphorylated form 
referred to γ-H2AX).(123,124,129,256) These 
markers become apparent in response 
to the generation of  ssDNA, which 
indeed reflect replication stress.(125,130) 

Yet, other events, including resection of  
DSBs also result in ssDNA generation, 
and lead to positivity of  the same post-
translational events.(257) Also, ATR is 
activated during normal replication,(258) 
and positivity of  these markers should 
be considered in reference to normal 
proliferating cells. Along the same line, 
γ-H2AX also reflects DSBs, which are 
not related to replication forks. Here, a 
distinction is made between foci-specific 
γ-H2AX and pan-nuclear γ-H2AX, with 
the latter reflecting replication stress.
(259) Alternatively, γ-H2AX staining 
could be combined with markers of  S 
phase, including PCNA foci staining or 
EdU incorporation to more selectively 
identify cells with replication stress.
 A more direct measurement of  
replication stress is the assessment of  
nucleotide incorporation at replication 
forks. The DNA fiber analysis or 
DNA combing offers the possibility to 
study the fork progression dynamics. 
Specifically, incorporated thymidine 
analogues (i.e. IdU, CldU, BrdU and 
EdU) can be visualized and quantified. 
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BRCA1 and BRCA2 function in 
the repair of  DNA doublestrand 
breaks (DSBs) through 

homologous recombination (HR), 
and ensure the protection of  stalled 
replication forks.(1) Defective HR is 
thought to underlie the progressive 
accumulation of  genomic aberrations, 
leading to malignant transformation. 
Indeed, mutations in BRCA1 and 
BRCA2 predispose to tumorigenesis, 
most frequently involving breast and 
ovarian cancer.(2-4) Due to their DNA 
repair defect, BRCA1/2 mutant cancer 
cells are more sensitive to platinum-
based chemotherapeutics, as observed in 
preclinical models and in clinical studies.
(5-7) In addition, BRCA1/2 mutant cancers 
were found to be selectively sensitive 
to inhibition of  the poly(ADP)ribose 
polymerase PARP1.(7-9) Unfortunately, 
however, BRCA1/2 mutant cancers can 
acquire resistance and relapse.(10)

 Mechanistically, PARP1 
promotes the repair of  non-toxic 
single-strand DNA breaks,(11) which 
are converted into potentially toxic 
DSBs during S-phase.(8,9) These DSBs 
depend on HR for repair, and hence 
were suggested to cause cell death in 
HR-defective cancer cells. However, 

the number of  singlestrand DNA 
breaks were not found to be increased 
after PARP1 depletion or PARP 
inhibition,(11-13) and the synthetic lethal 
interaction between PARP inhibition 
and HR deficiency may therefore 
involve other mechanisms.(14,15) Indeed, 
PARP1 and BRCA1/2 were shown 
to orchestrate the protection and 
restart of  stalled replication forks.(16-20) 
Analogously, PARP1 activity increases 
during replication,(21) and sensitivity 
to PARP inhibition in BRCA2 
mutant cancer cells can be rescued by 
mutations that prevent replication fork 
degradation.(22) 
 Notably, aberrant replication 
intermediates may persist in G2-
phase, and can even be propagated 
into mitosis,(23-27) and cause mitotic 
aberrancies.(28-30) Whether DNA lesions 
induced by PARP inhibition in HR-
deficient cells persist into mitosis, and if  
they affect cell division remains unclear. 
 Here, we study the mechanisms 
by which PARP-inhibitorinduced DNA 
lesions affect mitotic progression. 
We describe that PARP inhibition 
compromises replication fork stability 
and leads to DNA lesions that are 
transmitted into mitosis. During mitosis, 

ABSTRACT

Mutations in homologous recombination (HR) genes BRCA1 and BRCA2 predispose 
to tumorigenesis. HR-deficient cancers are hypersensitive to Poly (ADP ribose)-
polymerase (PARP) inhibitors, but can acquire resistance and relapse. Mechanistic 
understanding how PARP inhibition induces cytotoxicity in HR-deficient cancer cells is 
incomplete. Here we find PARP inhibition to compromise replication fork stability in 
HR-deficient cancer cells, leading to mitotic DNA damage and consequent chromatin 
bridges and lagging chromosomes in anaphase, frequently leading to cytokinesis 
failure, multinucleation and cell death. PARP-inhibitor-induced multinucleated cells 
fail clonogenic outgrowth, and high percentages of multinucleated cells are found in 
vivo in remnants of PARP inhibitor-treated Brca2-/-; p53-/- and Brca1-/-; p53-/- mammary 
mouse tumours, suggesting that mitotic progression promotes PARP-inhibitor-induced 
cell death. Indeed, enforced mitotic bypass through EMI1 depletion abrogates PARP-
inhibitor-induced cytotoxicity. These findings provide insight into the cytotoxic effects 
of PARP inhibition, and point at combination therapies to potentiate PARP inhibitor 
treatment of HR-deficient tumours.
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Figure 1. PARP-inhibitor-induced lesions are transmitted into mitosis
A) Immunoblotting of BRCA2 and β-Actin at 48 h after transfection of indicated siRNAs in HeLa cells. Lines next to 
blots indicate positions of molecular weight markers. B) HeLa cells were transfected with indicated siRNAs for 24 h and 
subsequently replated and treated with indicated olaparib concentrations for 72 h. Viability was assessed by MTT conversion. 
Shown graphs are representative of three independent experiments, with three technical replicates each. P values were 
calculated using two-tailed Student’s t-test. ‘NS’ indicates not significant. * indicates P<0.05, ** indicates P<0.01, *** indicates 
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these DNA lesions cause chromatin 
bridges and lead to cytokinesis 
failure, multinucleation and cell death. 
Importantly, our data show that 
progression through mitosis promotes 
PARP inhibitor-induced cell death, since 
forced mitotic bypass. abrogates PARP 
inhibitor-induced cytotoxicity.

RESULTS 

PARP-inhibitor-induced lesions are 
transmitted into mitosis
To explore the consequences of  PARP 
inhibition on mitotic progression in 
HR-defective cancer cells, we depleted 
BRCA2 in HeLa cells (Fig. 1A). As 
expected, treatment with the PARP 
inhibitor olaparib resulted in selective 
killing of  BRCA2-depleted cells (Fig. 1B). 
In line with roles for BRCA2 and PARP 
in facilitating replication fork stability,(22) 

we observed compromised replication 
fork protection using single DNA fibre 
analysis upon BRCA2 depletion, which 
was aggravated upon PARP inhibition 
(Fig. 1C,D). These findings show that 
PARP inhibition in BRCA2-deficient 
cancer cells incrementally interferes 
with replication fork stability. In line with 
previous studies showing involvement 
of  Mre11 and PTIP in degradation 
of  stalled replication fork in BRCA2-
deficient cells, Mre11 inhibition using 
mirin or PTIP depletion alleviated the 
fork protection defects (Supplementary 
Fig. 1A,B).(20-22) 
 Defective replication fork 
stability upon PARP inhibition was 
further underscored by the increase 
in FANCD2 foci in interphase cells 
upon BRCA2 depletion. A significant 
further increase was observed when 
BRCA2-depleted cells were treated with 
PARP inhibitor (Fig. 1E). Surprisingly, 

P<0.001. C) HeLa cells were transfected with indicated siRNAs and labelled with CldU as indicated. Cells were then treated 
with HU (5 mM) and DMSO or olaparib (0.5 μM) for 5 h. The DNA was spread into single fibres and CldU track length 
was determined (125 fibres per condition). D) Quantification of fibre lengths described in C. P values were calculated using 
two-tailed Mann–Whitney test. E,F) HeLa cells were transfected with siRNA targeting BRCA2 and treated with DMSO or 
olaparib (0.5 μM) for 24 h. Cells were stained for FANCD2 (green) and counterstained with DAPI (blue) and the number 
of FANCD2 foci per nuclei were quantified for interphase cells (E) and mitotic cells (F). Per condition n = 100 nuclei were 
analysed. Indicated numbers between brackets represent (average-median) from three independent experiments. P values 
were calculated using two-tailed Mann–Whitney test. Throughout the figure ‘NS’ indicates not significant. All error bars 
indicate s.d. of three independent experiments.

Figure 2. PARP inhibition causes mitotic chromatin bridges.
Throughout the figure blue bars represent BRCA1/2 proficient cells, red bars represent BRCA1/2 deficient cells, and P values 
were calculated using two-tailed Student’s t-test. A) HeLa cells were transfected with indicated siRNAs and immunoblotted 
for BRCA2 and b-Actin levels after 48 h. Lines next to blots indicate positions of molecular weight markers. In parallel, cells 
were treated with DMSO or olaparib (0.5 μM) for 24 h and stained for α-Tubulin (red) and counterstained with DAPI (white). 
Representative immunofluorescence images are presented. Scale bars represent 5 μm. (b) HeLa cells were treated as for A. 
The percentages of cells containing chromatin bridges (n>20 events per condition) and lagging chromosomes (n>40 events 
per condition) were quantified. C) BT-549 cells harbouring indicated shRNA vectors were pretreated with doxycycline for 48 
h and treated with olaparib (0.5 μM) or DMSO for 24 h. Percentages of cells containing chromatin bridges in anaphase and 
telophase (n>20 events per condition) were quantified. D) HCC1937 cells were treated with olaparib (0.5 μM) or DMSO 
for 24 h. Percentages of anaphase (ana.) or telophase (telo.) cells containing chromatin bridges (n>20 events per condition) 
were quantified. E) KB2P1.21 (Brca2-/-) and KB2P1.21R1 (Brca2iBac) cells were treated with olaparib (0.5 μM) or DMSO 
for 24 h. Percentages of anaphase or telophase cells containing chromatin bridges (left panel, n>20 events per condition) 
and cells containing lagging chromosomes (right panel, n>40 events per condition) were quantified. F,G) HeLa cells were 
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transfected with indicated siRNAs and after 24 h were treated with olaparib (0.5 μM) or DMSO and/or mirin (50 μM) 
for 24 h. The percentages of anaphase or telophase cells containing chromatin bridges (n420 events per condition) were 
quantified. Throughout the figure ‘NS’ indicates not significant and ‘NA’ indicates not analysable. All error bars indicate s.d. of 
three independent experiments.
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the increase in FANCD2 foci was only 
accompanied by minor increases in the 
numbers of  γ-H2AX foci in interphase, 
suggesting that replication lesions 
do not per se result in DNA breaks 
(Supplementary Fig. 1C). 
 The observed replication lesions 
were not resolved before mitotic entry, 
as increased numbers of  FANCD2 
foci were observed in BRCA2-depleted 
mitotic cells (Fig. 1F). Again, the numbers 
of  FANCD2 foci increased further upon 
PARP inhibitor treatment (Fig. 1F). 
Of  note, in PARP inhibitor-treated, 
BRCA2-depleted mitotic cells, numbers 
of  γ-H2AX foci were increased similarly 
to FANCD2 foci (Supplementary Fig. 
1D). Combined, these data show that 
PARP inhibition in BRCA2-defective 
cells leads to replication intermediates 
that are transmitted into mitosis.

PARP inhibition causes mitotic 
chromatin bridges
Since persistence of  unresolved 
replication intermediates into mitosis 
may interfere with proper chromosome 
segregation, we tested whether PARP 
inhibition-induced mitotic aberrancies. 
Whereas PARP inhibition did not 
affect the percentages of  anaphase or 

telophase cells containing chromatin 
bridges in control cells, depletion 
of  BRCA2 in HeLa cells led to an 
increased percentage of  cells showing 
chromatin bridge formation, which 
remained unresolved up until telophase 
(14 and 17% in BRCA2-depleted 
cells versus 2% in control-depleted 
cells) (Fig. 2A,B), in line with previous 
observations(31). Strikingly, the number 
of  BRCA2depleted cells containing 
anaphase chromatin bridges markedly 
increased upon olaparib treatment (59 
and 65% in BRCA2-depleted, olaparib-
treated cells versus 20% in control-
depleted cells treated with olaparib) (Fig. 
2A,B). Interestingly, whereas most of  
the olaparib-induced chromatin bridges 
were resolved before telophase in control 
cells, chromatin bridges persisted 
throughout mitosis in BRCA2-depleted 
cells (49 and 57% in BRCA2-depleted 
cells versus 6% in control-depleted cells) 
(Fig. 2B). Furthermore, PARP inhibition 
also markedly increased the numbers 
of  lagging chromosomes in BRCA2-
depleted cells (58 and 53% in BRCA2-
depleted cells versus 8% in control-
depleted cells) (Fig. 2B, right panel). 
 These observations were not 
specific for BRCA2, as depletion of  

Figure 3. PARP trapping during S-phase is required for mitotic chromatin bridge formation. 
Throughout the figure blue bars represent BRCA1/2 proficient cells, red bars represent BRCA1/2 deficient cells. A) HeLa 
cells were transfected with indicated siRNAs, and immunoblotting for BRCA2, PARP1 and β-Actin was done at 48 h after 
transfection. Lines next to blots indicate positions of molecular weight markers. B) HeLa cells were transfected with indicated 
siRNAs and after 24 h were treated with olaparib (0.5 μM) or DMSO for 24 h. Percentages of cells containing chromatin 
bridges (n>20 events per condition) were quantified. P values were calculated using two-tailed Student’s t-test. C) HeLa cells 
were transfected with indicated siRNAs, and after 24 h were treated with olaparib (0.5 μM), AZD2461 (1 μM), cisplatin 
(1 μM) or DMSO for another 24 h. Immunoblotting was performed for BRCA2, γ-H2AX and β-Actin D) HeLa cells were 
treated as for B. Percentages of cells containing chromatin bridges (n>20 events per condition) were quantified. P values 
were calculated using two-tailed Student’s t-test. E-G) HeLa cells were transfected with indicated siRNAs and after 24 h were 
synchronized in the G1/S-phase border by a double-thymidine block. Cells were either treated with 0.5 μM olaparib for 3 h 
directly after release from the thymidine block (‘during S’ treatment) or 7 h after release (‘past S’ treatment). Representative 
flow cytometry images are presented (E). Cells were then fixed and assessed for mitotic FANCD2 foci (F), chromatin bridges 
and lagging chromosomes (G). P values for FANCD2 foci were calculated using the two-tailed Mann–Whitney test. The 
number of cells containing chromatin bridges (n>20 events per condition) and lagging chromosomes (n>40 events per 
condition) were quantified. P values were calculated using two-tailed Student’s t-test. Throughout the figure ‘NS’ indicates not 
significant. All error bars indicate s.d. of three independent experiments.
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BRCA1 (Supplementary Fig. 2A,B) or 
RAD51 (Supplementary Fig. 2C,D) also 
showed a clear induction of  PARP 
inhibitor-induced chromatin bridges 
persisting throughout mitosis. Notably, 
BRCA1 or RAD51 depletion in HeLa 
cells also increased the amount of  
lagging chromosomes upon PARP 
inhibition, although to a lesser extent in 
BRCA1-depleted cells when compared 
to RAD51 or BRCA2-depleted cells 
(Fig. 2B, right panel and Supplementary 
Fig. 2B,D, right panels). Similar results 
were obtained upon depletion of  
BRCA1 or BRCA2 in BT-549 breast 
cancer cells treated with olaparib. 
Specifically, PARP inhibitor sensitivity 
greatly increased upon doxycycline-
induced shRNAs depletion of  BRCA1 
or BRCA2 (Supplementary Fig. 2E,F). 
Importantly, the numbers of  unresolved 
chromosome bridges (Fig. 2C), and 
lagging chromosomes (Supplementary 
Fig. 2G) increased significantly in 
BRCA1/2-depleted BT-549 cells upon 
olaparib treatment. 
 We next investigated whether 
permanent genetic inactivation of  
BRCA1 shows a similar increase in the 
amount of  mitotic chromatin bridges, 
when compared to acute siRNA-
mediated BRCA2/BRCA1 inactivation. 
Indeed, the human HCC1937 breast 
cancer cell line, harbouring a BRCA1 
deletion as well as a hypomorphic 
BRCA1 allele with a 5382insC 
frameshift mutation, showed increased 
chromatin bridges in anaphase and 
telophase upon olaparib treatment (Fig. 
2D), as well as lagging chromosomes 
(Supplementary Fig. 2H). To validate 
these results using isogenic models, we 
next used a tumour cell line derived 
from a K14cre;Brca2del/del;p53del/del mouse 
mammary tumour (denoted as Brca2-/-)
(32). As a control, we used an isogenic cell 
line in which BRCA2 was reconstituted 
using an infectious bacterial artificial 
chromosome (iBAC), harbouring the 
mouse Brca2 gene (denoted as Brca2iBAC)

(33). Brca2iBAC expression functionally 
restored BRCA2 function as judged by 
irradiation-induced foci formation of  
RAD51 (Supplementary Fig. 3A), and a 
rescue from PARP inhibitor sensitivity 
(Supplementary Fig. 3B).
 In accordance with our 
observations after transient BRCA2 
depletion, PARP inhibition in Brca2-/- 

cells resulted in an increased percentage 
of  cells harbouring chromatin bridges 
in anaphase (71% in Brca2-/- cells 
versus 17% in Brca2iBAC cells), which 
to a large degree remained unresolved 
until telophase (42% in Brca2-/- cells 
versus 5% in Brca2iBAC cells) (Fig. 2E, left 
panel). Again, also the percentage of  
cells with lagging chromosomes was 
increased (39% versus 8% in Brca2-/- 
and Brca2iBAC cells, respectively) (Fig. 2E, 
right panel). These observations again 
likely reflected generic consequences 
of  defective HR, as very similar 
defects were observed in a tumour cell 
line derived from K14cre;Brca1F5-13/F5-

13;p53F2-10/F2-10 mice (Supplementary Fig. 
3C). These observations were further 
validated in DLD-1 human colorectal 
adenocarcinoma cells, in which BRCA2 
was inactivated using CRISPR-Cas9. 
In complete accordance to what was 
observed in mouse Brca2-null cells, 
BRCA2-/- DLD-1 cells were sensitive 
to PARP inhibition (Supplementary 
Fig. 3D), and PARP inhibition greatly 
enhanced the formation of  chromatin 
bridges as well as lagging chromosomes 
in BRCA2-/-, but not in BRCA2+/+ 

DLD-1 cells (Supplementary Fig. 3E). 
Combined, these findings indicate that 
PARP inhibition induces mitotic defects 
when HR is inactivated acutely or 
permanently, in a species-independent 
fashion. 
 Since the formation of  mitotic 
chromatin bridges and lagging 
chromosomes in HR-deficient cancer 
cells are a likely consequence of  
disturbed replication fork integrity, 
we tested the involvement of  Mre11 
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and PTIP. Mre11 inhibition or PTIP 
depletion, which alleviated the PARP 
inhibitor-induced replication fork 
instability (Supplementary Fig. 1A,B), 
also reduced the amounts of  mitotic 
chromatin bridges (Fig. 2F,G). These 
findings further corroborate that 
aberrant control of  replication fork 
stability underlies PARP inhibitor-
induced chromosome bridge formation 
in mitosis. Notably, the amount of  
lagging chromosomes was not reduced 
upon Mre11 or PTIP inactivation, 
suggesting different biological origins 
of  these lesion (Supplementary Fig. 
3F,G).

PARP trapping is required for 
chromatin bridge formation
Cytotoxicity of  PARP inhibitors was 
previously associated with the ability 
of  PARP inhibitor to trap PARP onto 
DNA, rather than its effects on PARP 
catalytic activity.(15) To test whether 
PARP trapping is required for the 
observed mitotic defects, we depleted 
PARP1 using siRNA (Fig. 3A). In 
contrast to treatment with olaparib, 
a PARP inhibitor which has trapping 
activity, depletion of  PARP1 did not 
significantly induce mitotic chromatin 
bridges, nor lagging chromosomes 
in BRCA2-depleted cells (Fig. 3B and 
Supplementary Fig. 4A). Also, very similar 
levels of  mitotic chromatin bridges and 
lagging chromosomes were observed in 
response to the structurally unrelated 
PARP inhibitor AZD2461 (Fig. 3C,D 
and Supplementary Fig. 4B). Of  note, 
the observed increase in chromosome 
bridges in PARP inhibitor-treated cells 
was much more pronounced when 
compared to cisplatin treatment, at a 
dose that efficiently caused DNA breaks 
as judged by γ-H2AX (Fig. 3C,D). 
 Since PARP is involved in 
multiple cellular processes, we next 
tested whether the PARP inhibitor-
induced mitotic defects required 
treatment during S-phase. To this end, 

cells were synchronized at the G1/S-
phase of  the cell cycle using a double 
thymidine block (Fig. 3E). Cells treated 
during S-phase displayed significantly 
increased numbers of  mitotic cells with 
FANCD2 foci (Fig. 3F), chromosome 
bridges as well as lagging chromosomes 
(Fig. 3G). In line with expectations, 
BRCA2-depleted cells with 
chromosome bridges also contained 
higher numbers of  mitotic FANCD2 
foci, when compared to cells without 
chromosome bridges (Supplementary 
Fig. 4C). Importantly, when cells were 
treated with olaparib past S-phase (at 7h 
after release from thymidine block), the 
number of  FANCD2 foci in mitotic cells 
(Fig. 3F), chromosome bridges as well 
as lagging chromosomes (Fig. 3G) was 
significantly reduced. Taken together, 
these data show that PARP trapping 
during S-phase is required for induction 
of  mitotic chromosome bridges.

Chromatin bridges cause 
multinucleation and cell death
Unresolved chromatin bridges can cause 
genomic aberrations, multinucleation 
and cell death. To investigate the 
consequences of  PARP inhibitor-
induced chromatin bridges for HR-
deficient cells, live-cell imaging was used 
in combination with stable expression 
of  fluorescently tagged Histone-H2B 
to visualize chromosome dynamics (Fig. 
4A). Although some chromatin bridge 
events were observed in DMSO-treated 
control cells, the majority of  mitoses 
proceeded either without any visible 
chromatin bridges (cells with chromatin 
bridge: 24%) or with chromatin bridges 
that were resolved during the course of  
mitosis (6%) (Fig. 4B). Very comparable 
results were found for control-depleted 
cells treated with PARP inhibitor 
(chromatin bridge: 32%; resolved 
bridge: 14%), or BRCA2-depleted cells 
treated with DMSO (chromatin bridge: 
26%; resolved bridge: 12%) (Fig. 4B). In 
stark contrast, the amount of  aberrant 
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Figure 4. Chromatin bridges cause multinucleation and cell death. 
A) HeLa cells stably expressing YFP-H2B were transfected with indicated siRNAs for 24 h and subsequently treated with 
olaparib (0.5 μM) for 24 h. Subsequently, cells were analysed by live-cell microscopy for 36 h. Representative YFP-H2B images 
are shown. Dotted lines indicate cell boundaries as based on the phase-contrast images. B) HeLa cells stably expressing 
YFP-H2B were treated as for A. All anaphase cells were scored for the presence of anaphase cells and cell fate was analysed. 
C) KB2P1.21 (Brca2-/-) and KB2P1.21R1 (Brca2iBac) cells were treated with olaparib (0.5 μM) for 24 h after which they 
were analysed for at least 48 h by live-cell microscopy. All anaphase cells were scored for chromatin bridges and cell fate 
was analysed. D) HeLa cells were transfected with control (blue) or BRCA2 siRNAs (red) for 24 h and then treated with 
olaparib (0.5 μM) for 24, 48 or 72 h. Then, cells were fixed and DNA content was analysed by flow cytometry. Indicated 
percentages show >4n DNA content. P values were calculated using two-tailed Student’s t-test. E,F) KB2P1.21 (Brca2-/-, red 
bars, E) and KB2P1.21R1 (Brca2iBac, blue bars, F) cells were treated with olaparib (0.5 μM for 24, 48 or 72 h, after which 
cells were fixed and DNA content was analysed. Percentages of cells with >4n DNA content are indicated. Averages and s.d. 
from three technical replicates are indicated. P values were calculated using two-tailed Student’s t-test. Throughout the figure 
‘NS’ indicates not significant.
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mitoses was strongly increased in 
BRCA2-depleted cells treated with 
PARP inhibitor (chromatin bridge: 
64%; resolved bridge: 13%) (Fig. 4B and 
Supplementary Fig. 5A). Furthermore, 
in a large fraction of  BRCA2-depleted 
cells, unresolved mitotic chromatin 
bridges resulted in failed cytokinesis 
leading to multinucleation (29% of  
total mitoses), or were followed by cell 
death, (22% of  total mitoses), indicating 
that mitotic failure following PARP 
inhibitor treatment is often detrimental 
for BRCA2-deficient cells (Fig. 4B and 
Supplementary Fig. 5A). 
 Similar phenotypes were 
observed in Brca2-null mouse mammary 
tumour cells, expressing GFP-tagged 
Histone-H2B and mCherry-tagged 
α-Tubulin (Fig. 4C). Again, PARP 
inhibitor treatment of  Brca2-null mouse 
cells greatly enhanced the number 
of  cells with chromatin bridges (82% 
versus 22% in Brca2-/- and Brca2iBAC, 
respectively, Fig. 4C). Furthermore, most 
of  the chromatin bridges in Brca2-/- cells 
were not resolved during mitosis and 
lead to cytokinesis failure, accompanied 
with multinucleation (32% versus 5% in 
Brca2-/- and Brca2iBAC, respectively), or 
cell death (16% versus 1% in Brca2-/- and 
Brca2iBAC, respectively) (Fig. 4C). These 
effects were not caused by expression 
of  GFP-HistoneH2B or mCherry-α-
Tubulin, as similar amounts of  cells 
with >4n DNA content were observed 
using flow cytometry in BRCA2-
depleted HeLa cells or Brca1/2-null 
cells lacking these reporters (Fig. 4D-F, 
Supplementary Fig. 5B–D). In conclusion, 
PARP inhibition in cells with inactivated 
BRCA2 leads to chromatin bridges, 
which frequently remain unresolved and 
are associated with multinucleation and 
cell death. 
 As PARP inhibitor treatment 
resulted in a large fraction of  
multinucleated cells upon cytokinesis 
failure, we wondered to what extent 
these cells contribute to clonogenic 

survival. We therefore sorted BRCA2-
depleted cells based on DNA content 
and separately plated cells with 2n, 
4n and >4n DNA content (Fig. 5A and 
Supplementary Fig. 6A–C). As expected, 
DMSO-treated, BRCA2-depleted 
HeLa cells with either 2n or 4n DNA 
content resulted in efficient clonogenic 
outgrowth (Fig. 5B). Similarly, 2n or 
4n Brca2-/- cells showed comparable 
numbers of  colonies (Fig. 5C). Notably, 
DMSO-treated cells with >4n DNA 
content showed a ~50% decrease in 
clonogenic potential, indicating that 
multinucleation reduces viability, 
but does not per se preclude long-
term survival of  tumour cells, in line 
with previous reports.(34,35) Indeed, 
multinucleated cells did not display an 
intrinsic inability to replicate, as judged 
by BrdU incorporation (Supplementary 
Fig. 6D,E). Importantly, upon PARP 
inhibition, clonogenic survival was 
markedly decreased in both BRCA2-
depleted HeLa cells as well as Brca2-

/- cells, with 4n DNA-containing cells 
consistently showing a more pronounced 
decrease in clonogenic outgrowth (Fig. 
5B,C). Notably, cells with >4n DNA 
content showed a near-complete loss of  
colony formation, showing that PARP-
induced multinucleation precludes long-
term viability in cells lacking functional 
BRCA2.
 To test whether these 
observations could be extrapolated 
in vivo, we analysed Brca2-/-;p53-/- 

mammary tumours, generated 
in K14cre;Brca2F/F;p53F/F mice, 
orthotopically transplanted into 
syngeneic wild-type (wt) mice, and 
treated with vehicle or olaparib for 28 
days (Fig. 5D). Notably, remnants of  
olaparib-treated Brca2-/-;p53-/- tumours 
showed significantly increased numbers 
of  multinucleated cells (Fig. 5D,E). To 
test if  this phenotype is generic for 
HR-deficient tumours, we also analysed 
Brca2-/-;p53-/- mammary tumours, 
derived from K14cre;Brca2F/F;p53F/F mice 
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inhibitor-induced multinucleation in 
BRCA1- or BRCA2-deficient tumour 
cells, and suggest that failed mitosis 
may contribute to the cytotoxicity of  
PARP inhibition in these cancer cells.

(Fig. 5F). Again, tumour remnants of  
olaparib-treated Brca2-/-;p53-/- tumours 
showed significantly increased numbers 
of  multinucleated cells (Fig. 5F,G). Taken 
together, these data confirm PARP 
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Figure 5. Multinucleated BRCA2-deficient cells arising from failed chromatin bridge resolution after PARP 
inhibitor treatment are not viable. 
A,B) HeLa cells were transfected with siRNA targeting BRCA2 for 24 h and were then treated with olaparib (0.5 μM) or 
DMSO for 72 h. Cells were then incubated with Hoechst for 45 min at 37°C, after which cells containing 2n, 4n or >4n 
were sorted as shown in a. Subsequently, cells were sorted at a density of 5,000 cells per well in six-wells plates. After 7 days, 
colony formation was quantified. The graph shows averages and s.d.’s from three replicates. P values were calculated using 
two-tailed Student’s t-test. C) KB2P1.21 (Brca2-/-) cells were treated, sorted and stained as described for A and B. After 7 
days, colony formation was quantified. The graph shows means with error bars indicating s.d. of three replicates. P values are 
calculated using two-tailed Student’s t-test. D) H&E staining of a Brca2-/-;p53-/- mammary tumour derived from a tumour-
bearing mouse, treated with vehicle or olaparib (50 mg kg-1) for 21 days i.p. daily. Arrowheads indicate multinucleated cells. 
Scale bars represent 100 μm. E) Quantification of the percentage of multinucleated cells in tumours described in D F) H&E 
staining of a Brca1-/-;p53-/- tumour derived from a tumour-bearing mouse, treated with vehicle or olaparib (50 mg kg-1) for 
21 days i.p. daily. Multinucleated cells and apoptotic cells are indicated. Scale bars represent 100 μm. G) Quantification of 
the percentage of multinucleated cells in tumours described in f. P values were calculated using two-tailed Student’s t-test. 
Throughout the figure ‘NS’ indicates not significant.
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Mitotic progression promotes PARP-
inhibitor cytotoxicity. 
We next investigated to what extent 
the progression through mitosis 
contributes to the cytotoxic effects 
of  PARP inhibitor treatment in these 
tumour cells. To address this, we aimed 
to prevent progression through mitosis, 
while still allowing for DNA replication. 
To this end, we inactivated the early 
mitotic inhibitor-1 (EMI1). During 
interphase, EMI1 keeps the APC/C E3 
ligase inactive, and thereby allows for 
the accumulation of  numerous mitotic 
regulators, including B-type cyclins.(36) 

Inactivation of  EMI1 leads to premature 
APC/C activation in G2-phase, 
interferes with cyclin B accumulation 
and consequently precludes mitotic 
entry. As a result, EMI1-depleted cells 
bypass mitosis and enter cycles of  
endoreplication.(37) Indeed, following 
EMI1 depletion, HeLa cells were 
unable to enter mitosis, yet continued 
DNA replication as judged by a large 
population of  endoreplicating cells (>4n 
DNA content) by flow cytometry (Fig. 
6A,B). Subsequently, HeLa cells were 
depleted for BRCA2 either alone or in 
combination with EMI1, and induction 
of  apoptosis was analysed by annexin-V 
staining (Fig. 6C). Whereas olaparib 
treatment resulted in clear induction 
of  apoptosis in BRCA2-depleted cells, 
co-depletion of  EMI1 rescued the 
induction of  apoptosis (Fig. 6C,D). 
Next, we assessed whether these effects 
translated into altered short-term 
cell survival. Interestingly, olaparib 
sensitivity of  BRCA2-depleted cells 
was largely nullified by concomitant 
EMI1 depletion (Fig. 6E). These 
observations were confirmed in BRCA2-

/- DLD-1 cells, in which PARP inhibitor 
sensitivity was rescued when mitosis 
was bypassed due to EMI1 depletion 
(Fig. 6F,G). Importantly, EMI1 depletion 
did not alleviate induction of  DNA 
lesions in response to PARP inhibition 
in BRCA2-depleted cells, as judged by 

foci analysis of  FANCD2 (Supplementary 
Fig. 7A) and γ-H2AX (Supplementary 
Fig. 7B). Also, loss of  PARP inhibitor 
sensitivity could not be attributed to 
decreased proliferation rates, since 
EdU incorporation was not impaired 
after BRCA2 and EMI1 co-depletion, 
when compared to depletion of  BRCA2 
alone. (Supplementary Fig. 7C). Taken 
together, our data show that forced 
bypass of  mitosis results in decreased 
PARP inhibition-induced cytotoxicity, 
and indicate that progression through 
mitosis promotes cell death in BRCA2-
deficient cancer cells treated with PARP 
inhibitor.

DISCUSSION

Our findings on PARP-inhibitor-
induced cytotoxicity in HR-deficient 
cancer cells extend on recent findings 
that mitotic processing of  DNA lesions 
is linked to genome stability.(24,25,38-40) 
Further, our data challenge the dogma 
that accumulation of  DNA DSBs due to 
combined loss of  base excision repair and 
HR is the main contributor to synthetic 
lethality. While DSBs do occur, other 
aberrant replication intermediates also 
arise during replication in HR-deficient 
cells treated with PARP inhibitors.(23-27) 
Furthermore, our data show that these 
lesions do not immediately lead to cell 
death, but can be transferred into mitosis, 
resulting in chromatin bridging and 
subsequent cytotoxicity. Inactivation of  
HR components BRCA1/2 or RAD51,(31) 
or Fanconi Anemia components,(30) has 
been previously linked to mitotic defects. 
Loss of  either BRCA1/2 or RAD51 was 
found to increase the percentage of  
cells with ultrafine anaphase bridges as 
well as bulky chromatin bridges during 
anaphase,(31) in agreement with our 
data. Previously, PARP inhibition was 
shown to promote mitotic aberrancies 
and multinucleation.(41) Similar to our 
data, these reports showed that PARP 
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Figure 6. Mitotic progression promotes PARP-inhibitor cytotoxicity. 
A) HeLa cells were transfected with indicated siRNAs, and immunoblotting for BRCA2, EMI1 and β-Actin was performed at 
48 h after transfection. Lines next to blots indicate positions of molecular weight markers. B) HeLa cells were transfected 
with indicated siRNAs for 48 h, and subsequently fixed. DNA content was analysed by flow cytometry. The percentage of 
cells containing >4n DNA is indicated. C) HeLa cells were transfected with BRCA2 siRNAs or control siRNA (SCR), either 
alone or in combination with EMI1 siRNAs. After 24 h, cells were replated and treated with olaparib (0.5 μM) for 72 h, 
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speculate that the amount of  DNA 
lesions induced by PARP inhibition in 
HR-defective cells exceeds the resolvase 
capacity during mitosis, and leads to the 
accumulation of  toxic DNA lesions. 
 Interestingly, forced mitotic 
bypass through EMI1 depletion could 
largely rescue viability of  HR-deficient 
cells upon PARP inhibition. This implies 
that progression through mitosis 
facilitates PARP-induced cytotoxicity, 
at least in short-term assays. Since 
EMI1 is an essential gene in vivo(44) and 
is also required for long-term growth 
in vitro,(45-47) we do not consider EMI1 
downregulation as a clinically relevant 
means to achieve long-term PARP 
inhibitor resistance. Rather, EMI1 
served as a tool to bypass mitosis without 
impairing replication. In line with this 
notion, RNA sequencing analysis of  
Brca2 mutant cancers that were either 
sensitive or resistant to PARP inhibition 
did not provide evidence that EMI1 loss 
is involved in PARP inhibitor resistance 
(Supplementary Fig. 7D). 
 In addition, our results 
suggest that PARP-inhibitor-induced 
cytotoxicity requires cycles of  both 
replication and mitosis, and that 
tumour cells that remain in G1- or 
G2-phase longer are more resistant to 
PARP-inhibitor-induced cytotoxicity. 
Conversely, drugs that promote mitotic 
entry, such as WEE1 or DDR kinase 
inhibitors, may potentiate PARP 

inhibition alone does not appear to 
induce severe effects on mitosis in wt 
cells. Rather, our data indicate that 
severe mitotic defects only arise when 
PARP inhibitors are combined with a 
HR defect. 
 Chromatin bridges were 
previously described to frequently 
arise as a consequence of  unresolved 
replication lesions.(26) Since PARP 
inhibition in HR-deficient cells also 
leads to replication fork instability, it is 
conceivable that unresolved replication 
intermediates underlie the formation of  
chromatin bridges in HR-deficient cells 
upon PARP inhibition. Although the 
exact nature of  these lesions remains 
obscure, the observed FANCD2-
positive foci in mitosis suggest that 
under-replicated regions may persist 
after replication fork stalling. Indeed, 
secondary mutations that rescue 
replication fork stability in BRCA2-
deficient cancer cells, render them 
resistant to PARP inhibition.(22)

 Late-stage replication 
intermediates that persist up until 
mitosis are normally cleared by 
DNA resolvases.(40,42) Specifically, the 
structure-specific endonuclease complex 
MUS81-EME1 operates in conjunction 
with SLX4 and GEN1 to resolve DNA 
joint molecules, and these enzymes are 
known to be highly active during mitosis 
and are required for proper chromosome 
segregation.(39,43) One could therefore 

after which cells were stained with annexin-V-FITC and propidium iodide, and were analysed by flow cytometry. D) HeLa 
cells were treated and analysed as for C. Averages and s.d. of three independent experiments are shown. P values were 
calculated using two-tailed Student’s t-test. E) HeLa cells were transfected with two independent BRCA2 siRNAs or control 
siRNA (SCR), either alone or in combination with siRNAs targeting EMI1. After 24 h, cells were replated and allowed to attach 
for 3 h. Subsequently, cells were treated with indicated concentrations of olaparib for 72 h, and viability was assessed by 
MTT conversion. Graphs are representative of three independent experiments, and error bars indicate s.d. of three technical 
replicates. P values were calculated using two-tailed Student’s t-test. F,G) DLD-1 wt or DLD-1 BRCA2-/- cells were transfected 
with two independent siRNAs targeting EMI1 or control siRNA (SCR). After 24 h, cells were replated and incubated for 3 h. 
Subsequently, cell lysates were immunoblotted for BRCA2, EMI and β-Actin F). In parallel, cells were treated with indicated 
concentrations of olaparib for 72 h, and viability was assessed by MTT conversion G). Graphs are representative of three 
independent experiments, and error bars indicate s.d. of three technical replicates. P values were calculated using two-tailed 
Student’s t-test. Throughout the figure ‘NS’ indicates not significant, * indicates P>0.05 and ** indicates P>0.01.
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established from a mammary tumour from 
K14cre;p53F2-10/F2-10 mice.(32) The KB2P1.21R1 
cell line (denoted as Brca2iBAC) was generated 
through stable introduction of  an iBAC 
containing the entire mouse Brca2 gene into 
the KB2P1.21 cell line. (32) All mouse cell lines 
were cultured in DMEM/F-12 medium, 
supplemented with 10% FCS, 50 units per 
ml penicillin, 50μg ml-1 streptomycin, 5μg 
ml-1 insulin (Sigma), 5ng ml-1 epidermal 
growth factor (Life Technologies) and 5ng 
ml-1 cholera toxin (Gentaur), at 37°C under 
hypoxic conditions (1% O2, 5% CO2). Cell 
cycle synchronization was achieved using 
a double-thymidine block. Specifically, cells 
were treated with thymidine (2mM) for 17h, 
washed twice with PBS and were incubated 
in warm medium for 9h. Subsequently, 
cells were again incubated in thymidine for 
17h, washed with PBS and released in pre-
warmed medium and collected at indicated 
time points. For treatment of  cells during 
S-phase, cells were treated immediately 
following release from thymidine. For 
treatment after S-phase, cells were treated 
at 7h after release from thymidine.

Virus infection. VSV-G pseudotyped 
retroviral particles were produced as 
described previously.(49) In short, HEK293T 
cells were transfected with 10mg of  
indicated pRetroX of  pLKO vector, 
combined with 2.5μg pMD/p and 7.5μg 
pMDg plasmids, expressing the gag/pol 
and envelop proteins, respectively. The 
supernatant containing retrovirus was 
harvested at 48–72h following transfection,
was filtered through a 0.45-μM syringe 
filter and was subsequently used to infect 
target cells. 
 Establishment of  HeLa cells stably 
expressing YFP-H2B cells was described 
previously.(27) In short, HeLa cells were 
retrovirally infected with pBabe-H2B-
YFP, and selected with blasticidine (5 μg 
ml-1, Sigma). To establish KB2P1.21 and 
KB2P1.21R1 cell lines expressing H2B-
EGFP and α-tubulin-mCherry, cells were 
first transduced with pRetrox-rTTa virus 
and selected with Geneticin (400 μg ml-

inhibitor treatment. Preliminary 
evidence indeed shows additive effects 
of  combined inhibition of  PARP 
and WEE1 in BRCA2-deficient cells, 
which warrants further investigation 
(Supplementary Fig. 8). 
 Alternatively, targeting the 
mitotic spindle using tubulin poisons 
could be an interesting approach to 
potentiate PARP inhibitor treatment 
in HR-deficient cells. Further 
characterization of  the nature of  the 
DNA lesions that underlie mitotic 
chromatin bridges and the pathways that 
respond to these structures is required 
to elucidate how PARP inhibitor 
therapy functions at the molecular and 
cellular level. These insights could then 
aid in designing rational combination 
therapies to potentiate PARP inhibitor 
treatment.

METHODS

Cell culture and cell cycle synchronization. 
HeLa human cervical cancer cells, 
HEK293T human embryonic kidney cells 
and human BT-549 and HCC1937 breast 
cancer cell lines were obtained from ATCC 
(#CCL2, #CRL3216, #HTB122 and 
#CRL2336 respectively). DLD-1 human 
colorectal adenocarcinoma cells were from 
Horizon (Cambridge, UK). HeLa and DLD-1 
cells were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM). BT-549 and 
HCC1937 cells were cultured in RPMI 
medium. Media were supplemented with 
10% fetal calf  serum (FCS) and cells were 
cultured at 37C in a humidified incubator 
supplied with 5% CO2. The KB2P1.21 cell 
line (denoted in the manuscript text as 
Brca2-/-) was established from a mammary 
tumour from K14cre;Brca2F11/F11;p53F2-10/

F2-10 mice and the KB1P-B11 cell line 
(denoted in manuscript text as Brca1-/-) was 
established from a mammary tumour from 
K14cre;Brca1F5-13/F5-13;p53F2-10/F2-10 mice.(7,48)

 The KP3.33 cell line (denoted 
in the manuscript text as p53-/-) was 
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transduced with TetpLKO-puro vectors, 
for doxycycline-inducible expression of  
shRNAs (Addgene plasmid #219125, a kind 
gift from Dmitri Wiederschain.(50) The 
shRNA sequences are: Luciferase (‘LUC’): 
5'-AGAGCTGTTTCTGAGGAGCC-3', 
BRCA1: 5'- CCC TAAGTTTACTTCTCT-
AAA-3' and BRCA2: 5'-AACAACAATTA-
CGAACCAA ACTT-3'. shRNAs were 
induced using 1 μg ml-1 doxycycline (Sigma) 
for 48h.

Western blotting. Cells were lysed using 
mammalian protein extraction reagent 
(Thermo Scientific), supplemented with 
protease inhibitor and phosphatase inhibitor 
cocktail (Thermo Scientific). Protein content 
was determined with a Bradford assay after 
which 20μg of  protein sample was separated 
by sodium dodecyl sulfate (SDS)/PAGE, 
transferred to polyvinylidene fluoride 
(immobilon) membranes and blocked in 
5% skimmed milk (Sigma) in Tris-buffered 
saline (TBS) containing 0.05% Tween20 
(Sigma). 
 Immunodetection was performed 
with antibodies directed against BRCA2 
(Calbiochem, #OP95), BRCA1 (Cell Signaling, 
#9010), RAD51 (GeneTex, #gtx70230), 
EMI1 (Invitrogen, #37-6600), γ-H2AX (Cell 
Signaling, #9718), PTIP (Abcam, ab70434) all 
diluted 1:1,000 and β-Actin (MP Biomedicals, 
#69100) diluted 1:10,000. Horseradish 
peroxidase-conjugated secondary antibodies 
(DAKO) were diluted 1:2,500 and used for 
visualization using chemiluminescence 
(Lumi-Light, Roche Diagnostics) on a Bio-
Rad bioluminescence device, equipped with 
Quantity One/ChemiDoc XRS software 
(Bio-Rad). Uncropped versions of  all 
western blots can be found in Supplementary 
Fig. 9.

Flow cytometry. For apoptosis analysis by 
annexin V staining, total cell populations 
were collected by trypsinization and stained 
with annexin-V-FITC (1:20) and propidium 
iodide as per manufacturer’s instructions 
(Immune Quality Products). Cells were then 
analysed on a LSR-II (Becton Dickinson) 

1). Subsequently, cells were infected with 
a pRetrox-Tight-Pur virus harbouring 
H2B-EGFP–T2A-α-tubulin-mCherry and 
selected in puromycin (1 μg ml-1). H2B-
EGFP and α-tubulin-mCherry expression 
was induced by incubation with doxycycline 
(0.5 μg ml-1, Sigma).

MTT assays. HeLa, DLD-1, BT-549, 
HCC1937, KB2P1.21 and KB2P1.21R1 
tumour cell lines were plated in 96-wells 
plates. BT-549 cells were pre-treated 
with 1 μg ml-1 doxycycline for 48h. HeLa 
were plated at 2,000 cells per well, DLD-
1 cells at 5,000 cells per well, BT-549 and 
HCC1937 cells at 1,000 cells per well, and 
KB2P1.21 and KB2P1.21R1 were plated at 
1,200 cells per well. Cells were allowed to 
attach for 3 or 24h and were treated with 
indicated concentrations of  olaparib, MK-
1775, or MK-4827 (all from Axon Medchem, 
Groningen, the Netherlands) for 3 or 4 days. 
Methyl-thiazol tetrazolium (MTT) was 
added to cells at a concentration of  5 μg 
ml-1 for 4h, after which culture medium 
was removed and formazan crystals were 
dissolved in DMSO. Absorbance values were 
determined using a Bio-Rad benchmark III 
Biorad microtiter spectrophotometer at a 
wavelength of  520nm. Proliferation was 
determined as the relative decrease in signal 
compared to DMSO-treated cells. Unless 
mentioned otherwise, statistical significance 
was tested using Student’s t-test.

RNA interference. Cells were transfected 
with 40nM siRNAs (Ambion Stealth RNAi, 
Thermofisher) targeting BRCA2 (sequence 
1: #HSS186121 and sequence 2: sequence 
#HSS101095), BRCA1 (sequence 1: 
#HSS101089 and sequence 2: #HSS186096), 
RAD51 (sequence HSS1299001), PARP1 
(sequence 1: #HSS100243 and sequence 2: 
#HSS100244), PAXIP1 (encoding PTIP) 
(sequence #HSS117971), EMI1 (sequence 1: 
#HSS119992 and sequence 2: #HSS119993) 
or a scrambled (SCR) control sequence 
(sequence #12935300) with oligofectamine 
(Invitrogen) by using manufacturer’s 
guidelines. Alternatively, cells were 
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EGFPIRES-a-tubulin-mCherry and HeLa 
cells transduced with H2B-EGFP were 
seeded in eight-chambered cover glass plates 
(Lab-Tek-II, Nunc) at 10,000 cells per well. 
Cells were then treated with 0.5μM olaparib 
at 24h before imaging, and were followed 
for at least 36h on a DeltaVision Elite 
microscope, equipped with a CoolSNAP 
HQ2 camera and a x 40 immersion objective 
(U-APO 340, numerical aperture: 1.35). 
Images were obtained each 10min, with 12 
images being acquired in the Z-axis, at 0.5μm 
interval. Image analysis was done using 
SoftWorX software (Applied Precision/
GE Healthcare). The fate of  all cells that 
entered mitosis and proceeded at least until 
anaphase were included for analysis.

DNA fibre analysis. To assess replication 
fork protection. HeLa cells were pulse-
labelled with CIdU (25μM) for 60min. 
Next, cells were washed with medium and 
incubated with hydroxyurea (HU, 5mM) for 
5h. Cells were harvested using trypsine and 
lysed on microscopy slides in lysis buffer 
(0.5% SDS, 200mM Tris (pH 7.4), 50mM 
EDTA). DNA fibres were spread by tilting 
the slide and were subsequently air dried 
and fixed in methanol/acetic acid (3:1) for 
10min. For immunolabelling, spreads were 
treated with 2.5M HCl for 1.5h. CIdU 
was detected by staining with rat anti-
BrdU (1:1,000, AbD Serotec) for 1h and 
was further incubated with AlexaFluor 
488-conjugated anti-rat IgG (1:500) for 
1.5h. Images were acquired on a Leica 
DM-6000RXA fluorescence microscope, 
equipped with Leica Application Suite 
software. The lengths of  CIdU and IdU 
tracks were measured blindly using ImageJ 
software. Statistical analysis was performed 
using two-sided Mann–Whitney tests with 
95% confidence intervals.

Generation of  mammary tumours. Brca1-/-

;p53-/- and Brca2-/-;p53-/- mammary tumours 
were generated in K14cre;Brca1F/F;p53F/F and 
K14cre;Brca2F/F;p53F/F mice, respectively, 
genotyped, and orthotopically transplanted 
into syngeneic wt mice as described(7). 

cytometer using FACSDiva software (Becton 
Dickinson). For cell cycle analysis, BrdU and 
phospho-HistoneH3 analysis, cells were 
fixed in ice-cold 70% ethanol or methanol 
for at least 6h and were then immunostained 
with an Alexa-488-conjugated antibody 
targeting BrdU (MoBU1, #B35130, 1:200), 
or anti-phospho-histone-H3 (Ser10, Cell 
Signaling, #9701, 1:300) in combination 
with Alexa-488-conjugated secondary 
antibodies (1:300). DNA staining was 
performed using propidium iodide in the 
presence of  RNAse. At least 10,000 events 
per sample were analysed on a FACScalibur 
(Becton Dickinson). Data was analysed using 
FlowJo software.

Immunofluorescence microscopy. HeLa, 
KB2P1.21 and KB2P21R1 cells were seeded 
on glass coverslips in six-well plates. When 
indicated, HeLa cells were transfected 
with siRNAs for 48h or were treated with 
olaparib (0.5μM) for 24h as indicated. 
If  indicated, KB2P1.21 and KB2P21R1 
cells were irradiated (5Gy) using a CIS 
International/IBL 637 caesium 137 source 
(dose rate: 0.010124Gy s-1). Cells were fixed 
using 4% formaldehyde or paraformaldehyde 
in PBS, and subsequently permeabilized 
for 5min in PBS with 0.1% Triton X-100. 
After extensive washing, cells were stained 
with antibodies targeting α-Tubulin 
(Cell Signaling, #2125, 1:100), RAD51 
(GeneTex, #gtx70230, 1:400), FANCD2 
(SantaCruz Biotechnology, #sc20022, 1:200) 
or γ-H2AX (Cell Signaling, #9718, 1:200), in 
combination with Alexa-488 or Alexa-647-
conjugated secondary antibodies (1:300), 
and were counterstained with DAPI. Early 
anaphases in which chromosome packs were 
separated less than 10nm were excluded for 
analysis. Anaphase and telophase cells were 
distinguished based on α-Tubulin staining. 
Images were acquired on a Leica DM6000B 
microscope using a x 63 immersion objective 
(PL S-APO, numerical aperture: 1.30) with 
LAS-AF software (Leica).

Live-cell microscopy. KB2P2.21 and 
KB2P2.21R1 transduced with H2B-
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#15031047 Rev. E). Briefly, polyadenylated 
RNA from intact total RNA was purified 
using oligo-dT beads. Following 
purification, the RNA was fragmented, 
random primed and reverse transcribed 
using SuperScript II Reverse Transcriptase 
(Invitrogen, part #18064014) with the 
addition of  Actinomycin D. Second strand 
synthesis was performed using Polymerase 
I and RNaseH with replacement of  dTTP 
for dUTP. The generated cDNA fragments 
were 3'-end adenylated and ligated to 
Illumina Pairedend sequencing adapters 
and subsequently amplified by 12 cycles of  
polymerase chain reaction. The libraries 
were analysed on a 2100 Bioanalyzer using 
a 7500 chip (Agilent, Santa Clara, CA), 
diluted and pooled equimolar into a 10nM 
sequencing stock solution. Illumina TruSeq 
mRNA libraries were sequenced with 50 
base single reads on a HiSeq2000 using V3 
chemistry (Illumina Inc., San Diego). 
 The resulting reads were trimmed 
using Cutadapt (version 1.12)(8) to remove 
any remaining adapter sequences, filtering 
reads shorter than 20bp after trimming 
to ensure efficient mapping. The trimmed 
reads were aligned to the GRCm38 reference 
genome using STAR (version 2.5.2b).(9) QC 
statistics from Fastqc (version 0.11.5) and the 
above-mentioned tools were collected and 
summarized using Multiqc (version 0.8)(51). 
Gene expression counts were generated by 
featureCounts (version 1.5.0-post3)(52), using 
gene definitions from Ensembl GRCm38 
version 76. Normalized expression values 
were obtained by correcting for differences 
in sequencing depth between samples 
using DESeq median-of-ratios approach(53), 
and subsequent log-transformation the 
normalized counts.

Data availability. The data that support 
the findings of  this study are available 
from the corresponding author upon 
reasonable request. RNA sequence data has 
been deposited at the European Nucleotide 
Archive (ENA) under accession number 
PRJEB20535.

Starting 2 weeks after tumour grafting, in 
female FVB/N mice (6–8 weeks old), the 
onset of  tumour growth was checked at least 
three times per week. Mammary tumour size 
was determined by caliper measurements. 
When mammary tumours reached a size of  
~200mm3, treatment was initiated. Olaparib 
was used by diluting 50mg per ml stocks 
in DMSO with 10% 2-hydroxyl-propyl-
β-cyclodextrine/PBS such that the final 
volume administered by intraperitoneally 
(i.p.) injection was 10μl g-1 of  body weight. 
Olaparib (50mg kg-1) was given i.p. daily for 
21 or 28 consecutive days. Controls were 
dosed with vehicle only. Animals were killed 
with CO2 at the end of  treatment when the 
minimal residual disease stage was reached. 
At this point, olaparib-treated tumour 
explants had an approximate size of  1mm3, 
whereas controltreated tumour explants 
had a volume of  ~1cm3. Tumour samples 
were fixed in 4% formaline and processed 
for hematoxylin/eosin staining. S.d. 
represent 10 different fields, containing at 
least 100 cells. All experimental procedures 
on animals were approved by the Animal 
Ethics Committee of  the Netherlands 
Cancer Institute.

RNA sequencing and analysis. Fresh-
frozen tumour tissues of  AZD2461-
sensitive (n=23) and AZD2461-resistant 
(n=36) Brca2-/-;p53-/- tumours (described in 
(ref. 22)), were placed in 1ml of  TRIsure 
reagent (Bioline) and subjected to mechanical 
disruption with Tissue Lyser LT (Qiagen, 
oscillation: 50 s-1, time: 10min). Homogenized 
lysates were further processed for RNA 
isolation following TRIsure manufacturer’s 
protocol. Quality and quantity of  the total 
RNA was assessed by the 2100 Bioanalyzer 
using a Nano chip (Agilent, Santa Clara, CA). 
Total RNA samples having RIN>8 were 
subjected to library generation. 
 Strand-specific libraries were 
generated using the TruSeq Stranded 
mRNA sample preparation kit (Illumina Inc., 
San Diego, RS-122-2101/2), according to the 
manufacturer’s instructions (Illumina, Part 
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Supplementary Figure 1: PARP inhibition leads to MRE11/PTIP-dependent replication fork degradation in BRCA2 
depleted cells, and ensuing mitotic DNA lesions. (A) Immunoblotting for BRCA2, PTIP and β-actin at 48 hours after transfec-
tion with indicated siRNAs in HeLa cells. (B) HeLa cells were transfected with indicated siRNAs and labeled with CldU. Cells 
were then treated with HU (5 mM) and DMSO, olaparib (0.5 µM) and/or mirin (50 µM) as indicated for 5 hours. DNA was spread 
into single fibers and CldU track length was determined of 125 fibers per condition. P values were calculated using two-tailed 
Mann-Whitney test. (C, D) HeLa cells were transfected with BRCA2 siRNA and treated with DMSO or olaparib (0.5 µM) for 24 
hours. Cells were stained for γ-H2AX (green) and counterstained with DAPI (blue) and the number of γ-H2AX foci per nucleus 
were quantified for interphase cells (panel C) and mitotic cells (panel D). Scale bars indicate 5 µm. Per condition, 100 nuclei were 
analyzed. Indicated numbers between brackets represented averages and medians respectively. P values were calculated using 
a two-tailed Mann-Whitney test. Throughout the figure ‘ns’ indicates not significant.

Supplementary Figure 1: PARP inhibition leads to MRE11/PTIP-dependent replication fork degradation in 
BRCA2 depleted cells, and ensuing mitotic DNA lesions. 
A) Immunoblotting for BRCA2, PTIP and β-actin at 48 hours after transfection with indicated siRNAs in HeLa cells. B) HeLa 
cells were transfected with indicated siRNAs and labeled with CldU. Cells were then treated with HU (5 mM) and DMSO, 
olaparib (0.5 µM) and/or mirin (50 µM) as indicated for 5 hours. DNA was spread into single fibers and CldU track length 
was determined of 125 fibers per condition. P values were calculated using two-tailed Mann-Whitney test. (C, D) HeLa 
cells were transfected with BRCA2 siRNA and treated with DMSO or olaparib (0.5 μM) for 24 hours. Cells were stained 
for γ-H2AX (green) and counterstained with DAPI (blue) and the number of γ-H2AX foci per nucleus were quantified for 
interphase cells (panel C) and mitotic cells (panel D). Scale bars indicate 5 μm. Per condition, 100 nuclei were analyzed. 
Indicated numbers between brackets represented averages and medians respectively. P values were calculated using a two-
tailed Mann-Whitney test. Throughout the figure ‘ns’ indicates not significant.
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Supplementary Figure 2: PARP inhibition leads to chromatin bridges and lagging chromosomes in anaphase in HR-defecti-
ve cancer cells. (A) Immunoblotting of BRCA1 and β-Actin at 48 hours after siRNA transfection in HeLa cells. (B) HeLa cells were 
transfected with indicated siRNAs and after 24 hours were treated with olaparib (0.5 µM) or DMSO for 24 hours. Percentages of cells 
containing chromatin bridges (n>20 events per condition per experiment) and lagging chromosomes (n>40 events per condition per 
experiment) were quantified. (C) Immunoblotting of RAD51 and β-Actin, at 48 hours after siRNA transfection in HeLa cells. (D) HeLa 
cells were transfected with indicated siRNAs and treated as for panel B. Percentages of cells containing chromatin bridges (n>20 
events per condition) and lagging chromosomes (n>40 events per condition) were quantified. (E) Immunoblotting of BRCA1, BRCA2 
and β-Actin at 4 days after doxycycline treatment of BT-549 cells, stably transduced with indicated doxycycline-inducible shRNAs. 
Dashed line indicates site where blot was cut. (F) BT-549 cells with indicated shRNAs were treated with doxycycline for 48 hours. 
Cells were subsequently treated with indicated olaparib concentrations for 4 days, after which MTT conversion was assessed. Aver-
ages and standard deviations of 4 independent experiments are shown. (G) BT-549 cells were pre-treated with doxycycline for 48 
hours, and subsequently treated with olaparib (0.5 µM) or DMSO for 24 hours. Percentages of cells containing lagging chromosomes 
(n>40 events per condition) were quantified. (H) HCC1937 cells were treated with olaparib (0.5 µM) or DMSO for 24 hours. Percenta-
ges of cells containing lagging chromosomes (>40 events per condition) were quantified. Throughout the figure, P values were calcu-
lated using two-tailed Student’s t-test.  ‘ns’ indicates not significant, ‘na’ indicates not analyzable, * indicates p<0.05, ** indicates 
p<0.01, *** indicates p<0.001. All error bars indicate standard deviations of 3 independent experiments.

Supplementary Figure 2: PARP inhibition leads to chromatin bridges and lagging chromosomes in anaphase 
in HR-defective cancer cells. 
A) Immunoblotting of BRCA1 and β-Actin at 48 hours after siRNA transfection in HeLa cells. B) HeLa cells were transfected 
with indicated siRNAs and after 24 hours were treated with olaparib (0.5 μM) or DMSO for 24 hours. Percentages of cells 
containing chromatin bridges (n>20 events per condition per experiment) and lagging chromosomes (n>40 events per 
condition per experiment) were quantified. C) Immunoblotting of RAD51 and β-Actin, at 48 hours after siRNA transfection in 
HeLa cells. D) HeLa cells were transfected with indicated siRNAs and treated as for panel B. Percentages of cells containing 
chromatin bridges (n>20 events per condition) and lagging chromosomes (n>40 events per condition) were quantified. E) 
Immunoblotting of BRCA1, BRCA2 and β-Actin at 4 days after doxycycline treatment of BT-549 cells, stably transduced with 
indicated doxycycline-inducible shRNAs. Dashed line indicates site where blot was cut. F) BT-549 cells with indicated shRNAs 
were treated with doxycycline for 48 hours. Cells were subsequently treated with indicated olaparib concentrations for 4 days, 
after which MTT conversion was assessed. Averages and standard deviations of 4 independent experiments are shown. G) 
BT-549 cells were pre-treated with doxycycline for 48 hours, and subsequently treated with olaparib (0.5 µM) or DMSO for 
24 hours. Percentages of cells containing lagging chromosomes (n>40 events per condition) were quantified. H) HCC1937 
cells were treated with olaparib (0.5 μM) or DMSO for 24 hours. Percentages of cells containing lagging chromosomes (>40 
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Supplementary Figure 3: PARP inhibition leads to chromatin bridges and lagging chromosomes in HR-
defective cancer cells, and lagging chromosomes are not rescued by MRE11/PTIP inactivation. 
A) KB2P1.21 (Brca2-/-) and KB2P1.21R1 (Brca2iBac) cells were irradiated (5 Gy), fixed after 6 hours and stained with for 
γ-H2AX (red) and RAD51 (green) and counterstained with DAPI (blue). Quantification of RAD51 foci is shown in the right 
panel. Nuclei with >5 RAD51 foci were considered positive and n>50 nuclei per condition were analyzed. Scale bars indicate 
5 μm.  B) KB2P1.21 (Brca2-/-) and KB2P1.21R1 (Brca2iBac) cells were treated with indicated olaparib concentrations for 
72 hours, after which viability was assessed by MTT conversion. Shown graphs represent averages from three replicates. C) 
KB1P-B11 (Brca1-/-) and KP3.33 (Brca1+/+) cells were treated with olaparib (0.5 μM) or DMSO for 24 hours. Percentages 
of cells containing chromatin bridges (n>20 events per condition) and lagging chromosomes (n>40 events per condition) 
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Supplementary Figure 3: PARP inhibition leads to chromatin bridges and lagging chromosomes in HR-defective cancer 
cells, and lagging chromosomes are not rescued by MRE11/PTIP inactivation. (A) KB2P1.21 (Brca2-/-) and KB2P1.21R1 
(Brca2iBac) cells were irradiated (5 Gy), fixed after 6 hours and stained with for γ-H2AX (red) and RAD51 (green) and counterstained 
with DAPI (blue). Quantification of RAD51 foci is shown in the right panel. Nuclei with >5 RAD51 foci were considered positive and 
n>50 nuclei per condition were analyzed. Scale bars indicate 5 µm.  (B) KB2P1.21 (Brca2-/-) and KB2P1.21R1 (Brca2iBac) cells were 
treated with indicated olaparib concentrations for 72 hours, after which viability was assessed by MTT conversion. Shown graphs 
represent averages from three replicates. (C) KB1P-B11 (Brca1-/-) and KP3.33 (Brca1+/+) cells were treated with olaparib (0.5 µM) or 
DMSO for 24 hours. Percentages of cells containing chromatin bridges (n>20 events per condition) and lagging chromosomes (n>40 
events per condition) were quantified. (D) DLD-1 BRCA2+/+ and BRCA2-/-  cells were treated with indicated olaparib concentrations 
for 72 hours, after which viability was assessed by MTT conversion. Shown graphs represent averages from three replicates. (E) 
DLD-1 BRCA2+/+ and BRCA2-/- cells were treated with olaparib (0.5 µM) or DMSO for 24 hours. Percentages of cells containing chro-
matin bridges (n>20 events per condition) and lagging chromosomes (n>40 events per condition) were quantified. (F, G) HeLa cells 
were transfected with indicated siRNAs and after 24 hours were treated with olaparib (0.5 µM) or DMSO and/or mirin (50 µM) for 24 
hours. Percentages of cells containing lagging chromosomes (n>40 events per condition) were quantified. Throughout the figure, P 
values were calculated using two-tailed Student’s t-test. ‘ns’ indicates not significant, * indicates p<0.05, ** indicates p<0.01, *** 
indicates p<0.001. All error bars indicate standard deviations of 3 independent experiments.
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events per condition) were quantified. Throughout the figure, P values were calculated using two-tailed Student’s t-test.  ‘ns’ 
indicates not significant, ‘na’ indicates not analyzable, * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. All 
error bars indicate standard deviations of 3 independent experiments.
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Supplementary Figure 4: PARP inhibition, but not PARP depletion, leads to lagging chromosomes in mitosis, and 
BRCA2-depleted cells with chromatin bridges have higher levels of mitotic DNA lesions. (A, B) HeLa cells were transfec-
ted with indicated siRNAs and after 24 hours were treated with olaparib (0.5 µM), AZD2461 (1 µM), cisplatin (1 µM) or DMSO 
for 24 hours. Percentages of cells containing lagging chromosomes (n>40 events per condition) were quantified. P values were 
calculated using two-tailed Student’s t test. (C) HeLa cells were treated as for Figure 3E. BRCA2-depleted, olaparib-treated cells 
were harvested at 10 hours after release from thymidine, and anaphase cells were stained for FANCD2. Graph shows pooled 
data of cells treated with PARP inhibitor in S-phase and cells treated G2-phase. Foci were counted in 100 individual anaphase 
cells. For each cell, the presence of DAPI-positive chromatin bridges was determined. A Mann-Whitney test was performed to 
compare the number of foci in anaphase cells with and without chromatin bridges. Throughout the figure ‘ns’ indicates not signifi-
cant. Horizontal bars indicate means, and all error bars indicate standard deviations of 3 independent experiments.

Supplementary Figure 4: PARP inhibition, but not PARP depletion, leads to lagging chromosomes in mitosis, 
and BRCA2-depleted cells with chromatin bridges have higher levels of mitotic DNA lesions. 
A, B) HeLa cells were transfected with indicated siRNAs and after 24 hours were treated with olaparib (0.5 μM), AZD2461 
(1 μM), cisplatin (1 μM) or DMSO for 24 hours. Percentages of cells containing lagging chromosomes (n>40 events per 
condition) were quantified. P values were calculated using two-tailed Student’s t test. C) HeLa cells were treated as for Figure 
3E. BRCA2-depleted, olaparib-treated cells were harvested at 10 hours after release from thymidine, and anaphase cells were 
stained for FANCD2. Graph shows pooled data of cells treated with PARP inhibitor in S-phase and cells treated G2-phase. Foci 
were counted in 100 individual anaphase cells. For each cell, the presence of DAPI-positive chromatin bridges was determined. 
A Mann-Whitney test was performed to compare the number of foci in anaphase cells with and without chromatin bridges. 
Throughout the figure ‘ns’ indicates not significant. Horizontal bars indicate means, and all error bars indicate standard 
deviations of 3 independent experiments.

were quantified. D) DLD-1 BRCA2+/+ and BRCA2-/-  cells were treated with indicated olaparib concentrations for 72 hours, 
after which viability was assessed by MTT conversion. Shown graphs represent averages from three replicates. E) DLD-1 
BRCA2+/+ and BRCA2-/- cells were treated with olaparib (0.5 μM) or DMSO for 24 hours. Percentages of cells containing 
chromatin bridges (n>20 events per condition) and lagging chromosomes (n>40 events per condition) were quantified. F, 
G) HeLa cells were transfected with indicated siRNAs and after 24 hours were treated with olaparib (0.5 μM) or DMSO 
and/or mirin (50 μM) for 24 hours. Percentages of cells containing lagging chromosomes (n>40 events per condition) were 
quantified. Throughout the figure, P values were calculated using two-tailed Student’s t-test. ‘ns’ indicates not significant, * 
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. All error bars indicate standard deviations of 3 independent 
experiments.
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Supplementary Figure 5: Live cell imaging and flow cytometry analysis of mitotic failure and polyploidization 
of HR-defective cells upon PARP inhibition. 
A) HeLa cells were transfected and treated as for Figure 4A. Cellular behavior of individual cells is plotted for control-
transfected and siBRCA2-transfected HeLa cells treated with olaparib. B) HeLa cells were transfected with indicated siRNAs 
for 24 hours and then treated with olaparib (0.5 µM) for 72 hours. Then, cells were fixed and DNA content was analyzed 
by flow cytometry. Indicated percentages show >4n DNA content. C, D) KB1P-B11 cells (Brca1-/-, panel C) and KP3.33 
cells (Brca1+/+, panel D) were treated with olaparib (0.5 µM) for 24, 48 or 72 hours after which cells were fixed and DNA 
content was analyzed. Percentages of cells with >4n DNA content are indicated. Error bars indicate standard deviations 
from three technical replicates. Throughout the figure ‘ns’ indicates not significant. P values were calculated using two-tailed 
Student’s t test.
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Supplementary Figure 5: Live cell imaging and flow cytometry analysis of mitotic failure and polyploidization of HR-defec-
tive cells upon PARP inhibition. (A) HeLa cells were transfected and treated as for Figure 4A. Cellular behavior of individual cells 
is plotted for control-transfected and siBRCA2-transfected HeLa cells treated with olaparib. (B) HeLa cells were transfected with 
indicated siRNAs for 24 hours and then treated with olaparib (0.5 µM) for 72 hours. Then, cells were fixed and DNA content was 
analyzed by flow cytometry. Indicated percentages show >4n DNA content. (C, D) KB1P-B11 cells (Brca1-/-, panel C) and KP3.33 
cells (Brca1+/+, panel D) were treated with olaparib (0.5 µM) for 24, 48 or 72 hours after which cells were fixed and DNA content was 
analyzed. Percentages of cells with >4n DNA content are indicated. Error bars indicate standard deviations from three technical 
replicates. Throughout the figure ‘ns’ indicates not significant. P values were calculated using two-tailed Student’s t test.
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Supplementary Figure 6: PARP inhibition decreases, but does not block proliferation in BRCA2-defective 
cancer cells. 
A) HeLa cells were transfected with siRNA targeting BRCA2 for 24 hours and were then treated with olaparib (0.5 μM) 
for 72 hours. Cells were then incubated with Hoechst for 45 min at 37°C, after which cells containing 2n, 4n or >4n were 
sorted as indicated. B, C) KB2P1.21 (Brca2-/-, panel B) and KB2P1.21R1 (Brca2iBac, panel C) were treated, sorted and 
stained as described for panel A. D) HeLa cells were transfected with indicated siRNAs and after 24 hours cells were treated 
with olaparib (1 μM) or DMSO for 72 hours. One hour prior to harvesting, cells were incubated with BrdU (10 μM). DNA 
content and BrdU-positivity was analyzed by flow cytometry. E) Left panel: Quantification of BrdU-positive cells from panel D. 
Error bars indicate standard deviations of 3 independent experiments. Right panel: BrdU-positivity was determined for cells 
with DNA content between 2n and 4n, and for cells with DNA content between 4n and 8n. Error bars indicate standard 
deviations from three technical replicates. Throughout the figure ‘ns’ indicates not significant. P values were calculated using 
the Student’s t-test.
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Supplementary Figure 6: PARP inhibition decreases, but does not block proliferation in BRCA2-defective 
cancer cells. (A) HeLa cells were transfected with siRNA targeting BRCA2 for 24 hours and were then treated with 
olaparib (0.5 µM) for 72 hours. Cells were then incubated with Hoechst for 45 min at 37°C, after which cells containing 
2n, 4n or >4n were sorted as indicated. (B, C) KB2P1.21 (Brca2-/-, panel B) and KB2P1.21R1 (Brca2iBac, panel C) were 
treated, sorted and stained as described for panel A. (D) HeLa cells were transfected with indicated siRNAs and after 24 
hours cells were treated with olaparib (1 µM) or DMSO for 72 hours. One hour prior to harvesting, cells were incubated 
with BrdU (10 µM). DNA content and BrdU-positivity was analyzed by flow cytometry. (E) Left panel: Quantification of 
BrdU-positive cells from panel D. Error bars indicate standard deviations of 3 independent experiments. Right panel: 
BrdU-positivity was determined for cells with DNA content between 2n and 4n, and for cells with DNA content between 
4n and 8n. Error bars indicate standard deviations from three technical replicates. Throughout the figure ‘ns’ indicates 
not significant. P values were calculated using the Student’s t-test.
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Supplementary Figure 7: EMI1 depletion does not rescue accumulation of DNA lesions nor cell proliferation 
in BRCA2-depleted cells, and is not differentially expressed in PARP inhibitor sensitive versus resistant 
tumors. 
Throughout the figure, control depleted cells are indicated with blue bars/dots, whereas BRCA2-depleted cells are indicated 
with red bars/dots A, B) HeLa cells were transfected with indicated siRNAs for 24 hours and were then treated with DMSO 
or olaparib (0.5 μM) for 24 hours. Cells were stained for FANCD2 or and counterstained with DAPI, and the number of 
FANCD2 foci per nucleus (Panel A) or γ-H2AX foci per nucleus (panel B) were quantified in interphase cells. Per condition 
n=100 nuclei were analyzed. P values were calculated using two-tailed Mann-Whitney test. C) HeLa cells were transfected 
with indicated siRNAs. After 48 hours, cells were incubated with EdU (10 µM) for 15 minutes and were subsequently fixed 
in 4% formaldehyde. EdU was conjugated to azide-Alexa488 and analyzed by fluorescence microscopy. At least 50 cells 
were analyzed per condition were analyzed. P values were calculated using two-tailed Student’s t-test. D) AZD2461 sensitive 
(n=23) or resistant (n=36) Brca2-/-;p53-/- tumors were analyzed by RNA sequencing. Normalized counts for Fbxo5 (encoding 
EMI1) are indicated. P value was calculated using two-tailed Student’s t-test. Throughout the figure ‘ns’ indicates not significant.
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Supplementary Figure 7: EMI1 depletion does not rescue accumulation of DNA lesions nor cell proliferation in BRCA2-de-
pleted cells, and is not differentially expressed in PARP inhibitor sensitive versus resistant tumors. Throughout the figure, 
control depleted cells are indicated with blue bars/dots, whereas BRCA2-depleted cells are indicated with red bars/dots (A, B) HeLa 
cells were transfected with indicated siRNAs for 24 hours and were then treated with DMSO or olaparib (0.5 µM) for 24 hours. Cells 
were stained for FANCD2 or and counterstained with DAPI, and the number of FANCD2 foci per nucleus (Panel A) or γ-H2AX foci 
per nucleus (panel B) were quantified in interphase cells. Per condition n=100 nuclei were analyzed. P values were calculated using 
two-tailed Mann-Whitney test. (C) HeLa cells were transfected with indicated siRNAs. After 48 hours, cells were incubated with EdU 
(10 µM) for 15 minutes and were subsequently fixed in 4% formaldehyde. EdU was conjugated to azide-Alexa488 and analyzed by 
fluorescence microscopy. At least 50 cells were analyzed per condition were analyzed. P values were calculated using two-tailed 
Student’s t-test. (D) AZD2461 sensitive (n=23) or resistant (n=36) Brca2-/-;p53-/- tumors were analyzed by RNA sequencing. Normali-
zed counts for Fbxo5 (encoding EMI1) are indicated. P value was calculated using two-tailed Student’s t-test. Throughout the figure 
‘ns’ indicates not significant.
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Supplementary Figure 8: Combined treatment of BRCA2-depleted HeLa cells with AZD-1775 and olaparib. 
HeLa cells were transfected with BRCA2 siRNA or control siRNA (SCR) for 24 hours and subsequently treated with indicated 
concentrations of olaparib and WEE1 inhibitor (AZD-1775) for 72 hours. MTT conversion was measured as a proxy for cell 
viability. Error bars indicate standard deviations of two independent experiments.
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Supplementary Figure 8: Combined treatment of BRCA2-depleted HeLa cells with AZD-1775 and olaparib. HeLa 
cells were transfected with BRCA2 siRNA or control siRNA (SCR) for 24 hours and subsequently treated with indicated 
concentrations of olaparib and WEE1 inhibitor (AZD-1775) for 72 hours. MTT conversion was measured as a proxy for 
cell viability. Error bars indicate standard deviations of two independent experiments.
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4 BRCA1 and BRCA2 are essential 
components of  the homologous 
recombination (HR) DNA repair 

machinery, in which toxic DNA double-
stranded breaks (DSBs) are repaired 
in a relatively error-free way.(1) In line 
with the essential role of  HR in genome 
stability, loss of  BRCA1 or BRCA2 
results in genomic instability and 
tumorigenesis.(2) Indeed, mutations in 
HR genes, including BRCA2, result in a 
highly increased lifetime risk to develop 
breast and ovarian cancer.(3)

 Interestingly, due to their DNA 
repair defect, BRCA-deficient tumors 
can be selectively targeted by inhibitors 
of  poly-ADP-ribose polymerase 
(PARP).(4,5) These insights have led to 
the successful implementation of  PARP 
inhibitors as a treatment strategy for 
tumors harboring mutations in BRCA1 
or BRCA2.(6,7) However, multiple 
mechanisms have been described by 
which HR-deficient tumors can acquire 
PARP inhibitor resistance, including 
genetic reversion of  the BRCA1 or 
BRCA2 mutations, DNA damage 
response (DDR) rewiring or enhanced 
cellular export of  PARP inhibitors.(8,9) 
It is therefore pivotal to find successful 
combination strategies to improve 

PARP inhibitor efficacy.
 Inhibition of  PARP leads 
to unrepaired single strand DNA 
breaks that are converted into DNA 
double strand breaks (DSBs) during 
replication.(4,5) In addition, trapping of  
PARP onto DNA by PARP inhibitors 
leads to stalling of  replication forks.
(10) Cancer cells lacking BRCA2 cannot 
properly protect stalled replication 
forks, leading to the degradation of  
recently synthesized DNA.(11,12) A 
general way for cells to cope with such 
DNA lesions is to activate the G2/M cell 
cycle checkpoint, allowing for residual 
DNA repair and replication.(13) Whether 
replication-born DNA lesions efficiently 
trigger a G2/M checkpoint response 
remains unclear. Accumulating evidence 
shows that unresolved replication 
lesions do not necessarily block mitotic 
entry, and are transmitted into mitosis, 
leading to mitotic aberrancies and cell 
death. (14-17) Furthermore, it was shown 
that the cell death observed following 
BRCA2 loss was strongly associated 
with the presence of  mitotic aberrancies, 
including chromatin bridges.(18,19)

 Our previous data and that of  
others showed that PARP inhibition 
leads to replication-born DNA lesions, 

ABSTRACT 
 
(Poly)ADP-ribose polymerase (PARP) inhibitors are selectively cytotoxic in cancer cells defective 
for homologous recombination (HR) DNA repair, for instance as a result of BRCA1 or BRCA2 
mutations. However, not all HR-deficient tumors efficiently respond to PARP inhibition, for 
example due to acquired resistance. It is therefore important to find combination strategies to 
improve PARP inhibitor efficacy in HR-deficient tumors. In this study, we found that inhibition of 
ATR, a central orchestrator in the response to replication stress, is synergistically cytotoxic with 
PARP inhibition in BRCA2-depleted cancer cells and Brca2 knock-out models. Single DNA fiber 
analysis showed that ATR inhibition does not exacerbate replication fork degradation. Instead, 
we find ATR inhibitors to accelerate mitotic entry, resulting in the formation of chromatin 
bridges and lagging chromosomes. Furthermore, using single cell sequencing we show that ATR 
inhibition enhances the genomic instability of PARP-inhibited BRCA2 depleted cells. Inhibition of 
CDK1 to delay mitotic entry mitigated mitotic aberrancies and genomic instability, underscoring 
the role of ATR in coordinating proper cell cycle timing in situations of DNA damage. Combined, 
we show that ATR inhibition is synergistically cytotoxic with PARP inhibition in HRdeficient 
cancer cells, which is attributed to failed cell cycle control.
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which leads to mitotic aberrancies.
(17,20) Notably, it was demonstrated that 
progression through mitosis actually 
promotes PARP-inhibitor cytotoxicity 
in HR-deficient cells.(17) Since entering 
mitosis with unresolved lesions 
promotes PARP inhibitor-induced cell 
death, aggravating these aberrancies 
would likely enhance PARP inhibitor 
efficacy in BRCA2-deficient tumor cells. 
A promising target in this context is the 
ATR kinase, that has multiple functions 
in the response to DNA damage. For 
instance, ATR mediates protection of  
replication forks following replicative 
stress, is required for proper G2/M 
checkpoint installation, and prevents 
chromosome missegregation during 
mitosis.(21,22) Therefore, the aim of  this 
study was to explore whether targeting 
ATR promotes PARP inhibition-
mediated cytotoxicity, and to reveal 
underlying mechanisms.
 

RESULTS and DISCUSSION

PARP and ATR inhibition 
synergistically induce cancer cell 
killing. 
PARP inhibition was previously 
described to induce replication 
stress,(12,17,23) and to preferentially kill 
HR-deficient cancer cells.(4,5) Since 
ATR inhibitors enhance cell killing 
in situations of  replication stress, for 
instance due to defective HR,(24) we 
assessed whether ATR inhibition could 
potentiate the effects of  PARP inhibition 
in HR-deficient cancer cells. First, the 
phosphorylation status of  ATR was 
assessed following BRCA2 depletion or 
PARP inhibition. To this end, BRCA2 
was depleted using two independent 
siRNAs in HeLa cells, while PARP 
was inhibited using olaparib. PARP 
was efficiently inhibited, as judged by a 
near-complete loss of  PARylation (Fig. 
1A). Importantly, we observed increased 
ATR auto-phosphorylation at Thr-1989 

in response to either BRCA2 depletion 
or PARP inhibition, confirming that 
both depletion of  BRCA2 and/or PARP 
inhibition induces replication stress 
(Fig. 1A). To next assess whether ATR 
inhibition potentiates the cytotoxic 
effects of  PARP inhibitors, cells were 
treated with increasing concentrations 
of  olaparib and/or the ATR inhibitor 
VE-821.(25) In line with the reported 
synthetic lethality, PARP inhibition 
efficiently reduced cell viability in 
BRCA2-depleted cells, whereas HR-
proficient cells were largely insensitive 
to PARP inhibition (Fig. 1B,C and 
Suppl. Fig. 1A). When PARP inhibitor 
treatment was combined with ATR 
inhibition, synergistic loss of  viability 
was observed in HR-proficient cells, 
in line with a requirement for ATR in 
HR (Fig. 1B).(26) Importantly, combined 
inhibition of  PARP and ATR inhibition 
resulted in pronounced cytotoxicity in 
HR-deficient cells (Fig. 1C). To identify 
whether the observed enhanced effects 
of  combined ATR and PARP inhibition 
were synergistic, combination index 
(CI) scores of  all combined drug 
concentrations were analyzed (Fig. 1B). 
We found that in control-depleted 
cells, ATR inhibition is synergistic 
with PARP inhibition for the majority 
of  data points (Fig. 1B). Of  note, the 
lowest drug concentrations did not 
show CI index values lower than 1, but 
at these concentrations no significant 
cytotoxicity was observed. In BRCA2-
depleted cells, drug combinations at all 
analyzed concentrations resulted in CI 
values lower than 1, indicating synergistic 
rather than additive effects (Fig. 1B). We 
next tested if  the synergistic effects of  
ATR and PARP inhibition also applied 
to more clinically-relevant HR models. 
To this end, isogenic models were 
used, derived from a K14cre;Brca2del/

del;p53del/del mouse mammary tumor 
(further denoted as Brca2-/-).(2) As a 
control, BRCA2 was reconstituted 
using an infectious bacterial artificial 
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Figure 1. Combined ATR/PARP inhibition synergistically kills BRCA2-proficient and -deficient cancer cells, 
independently of fork degradation. 
A) HeLa cells were transfected with control siRNAs (‘siSCR’, #12935300) or siRNAs targeting BRCA2 (‘siBRCA2’, 
#HSS186121) for 24 hours, and were next treated with PARP inhibitor olaparib (1μM) for 24 hours. Cell lysates were 
subsequently immunoblotted for BRCA2, PAR, phospho-ATR and β-Actin. B/C) HeLa cells were transfected with control 
siRNAs (panel B) or siRNAs targeting BRCA2 (panel C), and were treated with indicated concentrations of olaparib and/
or ATR inhibitor VE-821. Methyl-thiazol tetrazolium (MTT, 0.5mg/mL) was added for 4 hours and viability was assessed by 
colorimetric measurement. Combination indices (CI) were determined using CompuSyn software. D) KB2P1.21 (‘Brca2-/-‘) 
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chromosome (iBAC), containing the 
mouse Brca2 gene (denoted as Brca2iBAC). 
(27) As expected, Brca2-/- failed to form 
irradiation-induced Rad51 foci, which 
was rescued in Brca2iBAC cells, indicative 
of  defective and proficient HR activity 
respectively (Fig. 1D). In line with these 
results, BRCA2 reconstitution rescued 
the PARP inhibitor sensitivity of  Brca2-

/-cells. Similar to what was observed 
in HeLa cells, both in Brca2-/- and 
Brca2iBAC mouse cells, ATR inhibition 
was synergistic with PARP inhibition 
(Fig. 1E,F).

ATR inhibitors rescue PARP 
inhibitor-induced fork degradation. 
To uncover possible underlying 
mechanisms of  the synergistic effects 
of  combined ATR and PARP inhibition, 
we assessed replication fork stability. 
Interestingly, protection of  stalled 
replication forks from nucleolytic 
degradation appeared essential for the 
survival of  BRCA2-deficient cancer 
cells.(28) Since ATR inhibition was found 
to cause excessive fork degradation 
in PARP inhibitor-resistant cells,(29)  
we tested whether combined ATR 
and PARP inhibition exacerbated 
degradation of  stalled replication forks. 
To this end, BRCA2-depleted HeLa 
cells were incubated with the thymidine 
analog CldU to label nascent DNA at 
replication forks. Subsequently, cells 
were exposed to hydroxyurea (HU) 
to stall replication forks, either alone 
or in combination with ATR and/or 

PARP inhibitors as indicated (Fig. 1G). 
As expected, either inhibition of  PARP 
or BRCA2 depletion alone resulted 
in substantial degradation of  nascent 
DNA at HU-stalled forks (Fig. 1H). In 
addition, combined PARP inhibition 
and BRCA2 depletion further enhanced 
degradation of  stalled forks (Fig. 1H). 
Surprisingly, however, when ATR and 
PARP were simultaneously inhibited, 
fork degradation was rescued (Fig. 1H). 
Notably, fork stabilization upon ATR 
inhibition was observed both in control-
depleted and BRCA2-depleted cells 
(Fig. 1H). Interestingly, ATR inhibition 
did not prevent fork degradation in 
BRCA2-depleted cells, in the absence 
of  PARP inhibition, indicating that 
ATR inhibition does not rescue fork 
degradation per se (Fig. 1H). In RPE-
1 cells treated with combination of  
PARP inhibitor AZD-2461 and ATR 
inhibitor VE-821 or VE-822 similar 
findings were observed (Fig. 1I). Our 
finding that fork degradation is not 
associated with increased cell death is 
in accordance with recent observations.
(18) Furthermore, a recent paper also 
describes that combined inhibition of  
PARP and ATR does not exacerbate 
the effects on replication speed, when 
compared to single treatments.(23) 
Possibly, ATR is required for proper 
localization or activation of  nucleases, 
including MRE11, MUS81 and 
DNA2, which target stalled replication 
forks.(28,30,31) Alternatively, combined 
inhibition of  ATR and PARP could 

and KB2P1.21R1 (‘Brca2iBAC’) cells were irradiated (5 Gy) and fixed in formaldehyde (4%) after 4 hours. Subsequently, cells 
were stained for γ-H2AX (red) and RAD51 (green) and counter-stained with DAPI (blue). E/F) Brca2iBAC (panel E) and 
Brca2-/- cells (panel F) cells were treated with olaparib (1 μM) for 24 hours, and were analyzed as described for panels B 
and C. G) A schematic representation of treatment is shown. HeLa cells were pulse-labeled with CIdU for 60 minutes, and 
were then treated with HU (5mM), olaparib (5μM) and/or VE821 (5μM), as indicated, for 5 hours. Cells were then lysed, 
and DNA was spread into single fibers. Representative immunofluorescence images of CldU tracks are shown. H) CldU track 
length of cells from panel G was determined for 200 fibers per condition. I). RPE-1 cells were pulse-labeled with CIdU for 60 
minutes, and were then treated with HU (5mM), AZD-2461 (1μM) and/or VE-821 (5μM) or VE-822 (1μM), as indicated, for 
3 hours and analyzed as for panel G. P values were calculated using a two-tailed Mann-Whitney test. Throughout the figure 
‘ns’ indicates not significant.
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Figure 2. ATR inhibition induces Premature mitotic entry in BRCA2-depleted cells. 
A) HeLa cells were transfected with control or BRCA2 siRNAs for 24 hours, and subsequently treated with DMSO, olaparib 
(1μM). Alternatively, cells were irradiated (8Gy) using a Cesium137 source, 24 hours prior to harvesting. Next, cells were treated 
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assessed by flow cytometry on a Becton Dickinson FACScalibur (Becton Dickinson, Franklin Lakes, NJ, USA). A minimum 
of 10,000 events was analyzed per sample. Averages and standard deviations of 3 biological replicates are shown (n=3). 
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block the formation of  ‘reversed forks’, 
which constitute the nuclease substrates 
at stalled forks.(32) In line with this 
notion, both ATR and PARP have been 
previously reported to regulate the 
formation of  reversed forks.(33,34) 

ATR inhibition forces premature 
mitotic entry in PARP inhibitor-
treated cells. 
PARP inhibition converts single-
stranded breaks into DSB breaks during 
replication,(4,5) which can result in toxic 
DNA lesions in S and G2 phase of  the cell 
cycle. These DNA lesions were reported 
to subsequently trigger a G2 cell cycle 
arrest.(23,28,35-37) To investigate the extent 
to which PARP inhibition induces a 
G2 cell cycle arrest, BRCA2-depleted 
HeLa cells were treated with olaparib. 
Subsequently, cells were trapped in 
mitosis using the microtubule-poison 
nocodazole to allow quantification 
of  the amount of  cells that undergo 
G2/M transition (Fig. 2A). As a positive 
control, cells were exposed to ionizing 
radiation, which resulted in a near-
complete G2 arrest, as judged by flow 
cytometry using the mitotic marker 
phospho-Ser10-Histone-H3 (Suppl. Fig. 
2B). In contrast, PARP inhibition (1μM) 
did not decrease the percentage of  cells 
entering mitosis in a time-frame of  16 
hours, regardless of  BRCA2 status (Fig. 
2A, Suppl. Fig. 2A). These observations 
were confirmed by microscopy-based 
analysis of  mitotic index, assessed by 
chromosome condensation, and again 
showed that PARP inhibition did not 
significantly affect percentage of  cells 

entering mitosis (Suppl. Fig. 2C). In 
contrast, we found cells to arrest in 
G2 phase upon PARP inhibition when 
olaparib concentration was increased 
to 10μM (Suppl. Fig. 2E), in line with 
a previous report.(23,28,35-37) Combined, 
these data indicate that PARP inhibitor 
treatment can provoke a robust G2 cell 
cycle arrest, albeit beyond concentrations 
required to induce synthetic lethality 
(Fig. 1C).
 Possibly, PARP inhibition 
at clinically relevant concentrations 
induces a subtle delay in G2/M transition, 
rather than a complete G2 arrest. To 
investigate this, BRCA2-depleted HeLa 
cells were synchronized using a double 
thymidine block (Fig. 2B). DNA content 
analysis combined with pH3-ser10 
staining showed that BRCA2 depletion 
did not induce detectable differences in 
cell cycle progression (Fig. 2C). When 
PARP inhibitor was added at the time 
of  release from thymidine, mitotic entry 
showed a minor but reproducible delay 
when compared to control-treated cells 
(Fig. 2E). Interestingly, ATR inhibition, 
either alone or combined with PARP 
inhibition, significantly shortened 
the time to reach mitosis in BRCA2-
depleted cells (DMSO compared to VE-
821, p=0.0059; olaparib compared to 
combined olaparib/VE-821 treatment, 
p=0.0027, Fig. 2D,E). 
 We next assessed whether 
premature mitotic entry upon ATR 
inhibition was accompanied by 
increased amounts of  DNA lesions 
in mitotic cells. To this end, BRCA2-
depleted HeLa cells were treated with 

harvested at indicated time points for flow cytometry analysis, as described in panel C. A minimum of 10,000 events was 
analyzed per sample. Representative DNA plots are shown in panel b. Representative phospho-Ser10-Histone-H3 plots are 
shown in panel C. D/E) Quantification of results of panel C. Averages and standard deviations of three biological replicates 
are shown. P values were calculated using a two-tailed Student’s t-test. F) HeLa cells were transfected with control or BRCA2 
siRNA for 24 hours, and were treated with olaparib (0.5µM) and/or VE-821 (1µM). Cells were fixed and stained for γ-H2AX 
(red) and FANCD2 (green) and counter-stained with DAPI (blue). Representative immunofluorescence images are shown. 
G/H) Numbers of γ-H2AX foci (panel G) and FANCD2 foci (panel H) per mitotic nucleus were analyzed (n=75 cells per 
condition). P values were calculated using a two-tailed Mann-Whitney test. Throughout the figure ‘ns’ indicates not significant.
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Figure 3. ATR inhibition exacerbates PARP inhibitor-induced mitotic aberrancies in BRCA2-deficient cells. 
A) HeLa cells were transfected with control (siRNA) or BRCA2 siRNA for 24 hours, and treated with olaparib (0.5μM) and/or 
VE-821 (1µM) for 24 hours. Cells were fixed in formaldehyde (4%) and stained for α-Tubulin (red) and counterstained with 
DAPI (white). Representative immunofluorescence images are presented. B/C) Percentages of chromatin bridge-positive cells 
(panel B, n=25 events per condition, per experiment) or cells with lagging chromosome (panel C, n=50 events per condition, 
per experiment) were quantified. Averages and standard deviations of 3 biological replicate experiments are shown. P values 
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olaparib and/or VE-821, and stained 
for FANCD2 and γ-H2AX (Fig. 2F). 
Either inhibition of  PARP or ATR 
alone significantly increased amount of  
γ-H2AX and FANCD2 foci (Fig. 2G,H). 
Of  note, combined inhibition of  ATR 
and PARP further increased γ-H2AX 
and FANCD2 foci in BRCA2 depleted 
cells. Although the observed increase in 
foci was significant in BRCA2- depleted 
and control cells, the observed effect in 
BRCA2 depleted cells was stronger as 
seen by a greater increase of  the median 
(Fig. 2G,H). Taken together, inhibition 
of  ATR results in premature entry of  
mitosis. Combined ATR- and PARP 
inhibition leads to mitotic entry in the 
presence of  increased amounts of  DNA 
lesions.

ATR inhibition exacerbates 
PARP inhibitor induced mitotic 
aberrancies in BRCA2-deficient cells.
Since BRCA2-depleted cells showed 
accelerated entry into mitosis upon 
combined treatment with PARP and 
ATR inhibitors, we wondered if  and how 
these treatments impacted on mitotic 
behavior. PARP inhibitor treatment of  
BRCA2-depleted HeLa cells resulted 
in aberrant chromosome segregation, 
in  agreement with previous reports.
(17) Specifically, BRCA2-depleted 
cells showed increased numbers of  
anaphase chromatin bridges (67% 
in olaparib-treated BRCA2-depleted 
cells versus 17% in olaparib-treated 
control cells) (Fig. 3A,B). Similarly, 
mitoses with lagging chromosomes 
were also increased (53% in olaparib-
treated BRCA2-depleted cells versus 
6% in olaparib-treated control cells, Fig. 
3C). Importantly, the majority of  the 
anaphase chromatin bridges in BRCA2-
depleted cells were not resolved, and 
persisted until telophase (Fig. 3B). Of  
note, chromatin bridges were observed 
at olaparib concentrations, at which a 
G2/M arrest was not triggered (Fig. 2A) 
but cytotoxicity was induced in BRCA2-

depleted cells (Fig. 1B,C).
 Interestingly, when mitotic 
entry was accelerated in BRCA2-
depleted cells through ATR inhibition, 
chromatin bridge formation upon PARP 
inhibition was exacerbated in anaphase 
(91% versus 67% in controls) and 
telophase (71% versus 55% in controls) 
(Fig. 3B). Additionally, combined PARP 
and ATR inhibition increased chromatin 
bridge formation in control-depleted 
cells (Fig. 3B), as well as lagging 
chromosomes (75% versus 53% in 
controls) (Fig. 3C), in agreement with 
the observed synergy of  these drugs in 
HR-proficient cancer cells (Fig. 1B). Very 
similar mitotic defects were observed 
upon combined inhibition of  PARP and 
ATR in Brca2-/- mammary tumor cells 
(Fig. 3D). Specifically, addition of  ATR 
inhibitor to olaparib treatment in Brca2-

/- cells increased chromatin bridges in 
anaphase (73% versus 53%) and telophase 
(65% versus 43%), and resulted in 
elevated levels of  lagging chromosomes 
(63% versus 51%) (Fig. 3D,E). Combined 
ATR and PARP inhibition, also in HR-
proficient Brca2iBAC cells resulted in 
increased chromatin bridge formation 
anaphase (47% versus 21%) and 
telophase (39% versus 11%) (Fig. 3D), 
and increased amounts of  cells with 
lagging chromosomes (46% versus 19%)
(Fig. 3E). Although increased amounts 
of  chromatin bridges were observed 
in both HR- proficient and -deficient, 
the effect in BRCA2-depleted cells was 
clearly stronger, as judged by higher 
percentages of  chromatin bridges and 
lagging chromosomes (Fig. 3D,E) 

Delayed mitotic entry prevents 
PARP-inhibitor induced mitotic 
aberrancies and genomic instability. 
To corroborate the finding that the 
increased formation of  chromatin 
bridges upon ATR inhibition is related 
to premature mitotic entry, we delayed 
cell cycle progression at the G2/M 
transition through inhibition of  
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Figure 4. Delaying G2/M cell cycle progression prevents mitotic aberrancies induced by combined PARP 
and ATR inhibition. 
A/B) HeLa cells were transfected with siSCR or siBRCA2 for 24 hours, and were treated with as indicated with olaparib 
(0.5μM), VE-821 (1μM). Simultaneously, the CDK1 inhibitor RO-3066 (10μM) was added to cells for 24 hours, to delay 
G2/M cell cycle transition. Subsequently, RO-3066 was removed and after 90 minutes, cells were fixed and stained for 
α-Tubulin (red) and counterstained with DAPI (white). Percentages of chromatin bridge-positive cells (panel A, n=15 events 
per condition, per experiment) or cells with lagging chromosome (panel B, n=30 events per condition, per experiment) 
were quantified. Averages and standard deviations of 3 biological replicate experiments are shown. P-values were calculated 
using two-tailed Student’s t-test. Throughout the figure ‘ns’ indicates not significant. C) HeLa cells were treated as in panels 
A/B, and were harvested and frozen in medium containing 20% DMSO after 24 hours. Cells were lysed and stained using 
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degree of  genomic instability, and 
BRCA2 depletion did not significantly 
exacerbate levels of  genomic instability 
and ensuing heterogeneity within the 
time-frame of  this experimental set-up 
(Fig. 4C). Whereas ATR inhibition on its 
own did not lead to elevated levels of  
genomic instability in BRCA2-depleted 
cells, olaparib treatment resulted 
in widespread focal copy number 
alterations (Fig. 4C,D). In line with our 
observation that combined ATR/PARP 
inhibition in BRCA2-depleted cells led 
to persisting chromatin bridges (Fig. 
3B), a significant increase in genomic 
instability was observed in these cells 
(Fig. 4C,D). Notably, CDK1 inhibition 
resulted in significantly reduced levels 
of  genomic instability, again indicative 
of  premature entry through ATR 
inhibition to drive genome instability 
in PARP inhibitor-treated BRCA2-
depleted cancer cells.
 Our data add to the mounting 
evidence that the inability of  cancer cells 
to timely deal with replication lesions 
can cause cells to prematurely enter 
mitosis resulting in mitotic aberrancies 
and cell death (Fig. 4E).(14-16) DNA damage 
in mitotic cells  has been reported 
to play a role in cell death following 
loss of  BRCA2 and the cytotoxicity 
of  PARP inhibitors in HR-deficient 
tumor cells.(17,18) Possibly, these results 
can be extrapolated to other agents 
that inactivate cell cycle checkpoint 
components, including inhibitors of  
Wee1 and Chk1, thereby prematurely 
forcing cells into mitosis, to potentiate 
the effects of  PARP inhibitors. 

CDK1. As expected, treatment with 
the CDK1 inhibitor RO-3066 resulted 
in an accumulation of  cells containing 
4N DNA, and adjourned mitotic entry 
(Suppl. Fig. 3A,B). To test the effects 
of  delayed mitotic entry on subsequent 
mitotic progression, cells were analyzed 
90 minutes after CDK1 inhibitor 
was washed out (Fig. 4A). Clearly, 
transient CDK1 inhibition reduced the 
percentage of  PARP inhibitor-induced 
chromatin bridges in BRCA2-deficient 
cells in anaphase (43% versus 67%) 
as well as in telophase (29% versus 
45%) (Fig. 4A), suggesting that PARP 
inhibitor-induced DNA lesions are more 
efficiently resolved when mitotic entry 
is delayed. CDK1 inhibition caused the 
largest reduction in chromatin bridges 
formation in cells co-treated with PARP 
and ATR inhibitors (anaphase: 47% 
versus 86%; telophase: 31% versus 55%) 
(Fig. 4A). Notably, we observed that CDK 
inhibition also reduced the number 
of  lagging chromosomes in most 
conditions (Fig. 4B). Taken together, 
these findings show that ATR inhibition 
increases unresolved PARP inhibitor-
induced DNA lesions in mitosis, at least 
in part, due to accelerated mitotic entry. 
 Since combined inhibition 
of  PARP and ATR was observed to 
induce anaphase chromatin bridges 
and lagging chromosomes (Fig. 3A), 
we next investigated the impact of  
this treatment on genome integrity. 
To this end, low coverage single-cell 
whole genome sequencing (scWGS) 
was performed (Suppl. Fig. 4).(38,39) 
Control HeLa cells showed some 

DAPI, and single G1 nuclei were sorted. Genomic DNA was isolated from 46 cells, and genomic libraries were included 
depending on library quality. Each row represents a single cell. Genome-wide copy number plots were generated using 
the AneuFinder algorithm (see Supplementary Materials and Methods). Modal copy number states per ~1Mb bins are 
indicated: green indicates modal copy number, whereas red indicates deviation from modal copy. Summary plots of indicated 
treatments are shown. Original ploidy scores are shown in Supplementary Figure S4. D) Quantification of data from panel C, 
showing the fraction of bins per individual library deviating from the sample modal copy number. Statistical significance was 
determined using a Wilcox rank sum test (Mann-Whitney). E) Model depicting how combined inhibition of ATR and PARP 
causes premature mitotic entry with ensuing mitotic aberrancies and subsequently elevated levels of cell death.
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SUPPLEMENTARY MATERIAL 
and METHODS

Cell culture - The HeLa human 
cervical cancer cell line was obtained 
from ATCC (#CCL2). Human retinal 
epithelium RPE-1 cells were obtained 
from Bob Weinberg (MIT, Cambridge, 
MA). HeLa and RPE-1 cells were 
cultured in Dulbecco's Modified Eagle's 
Medium (DMEM), supplemented with 
10% fetal calf  serum (FCS), 50units/
mL penicillin, 50μg/mL streptomycin, 
5μg/mL insulin (Sigma), in a humidified 
incubator supplied with 5% CO2 at 
37°C. Cell lines were verified by STR 
profiling (Baseclear, the Netherlands). The 
KB2P1.21 cell line was established from 
a mammary tumor from K14cre;Brca2F11/

F11;p53F2-10/F2-10 mice as described 
previously.1 The KB2P1.21R1 cell line 
was created by the stable introduction 
of  an iBAC, containing the full-
length mouse Brca2 gene, into the 
KB2P1.21 cell line.(2) All murine cell 
lines were cultured in DMEM/F-12 
medium, supplemented with 10% 
FCS, 50units/mL penicillin, 50μg/mL 
streptomycin, 5μg/mL insulin (Sigma), 
5ng/mL epidermal growth factor (Life 
Technologies) and 5ng/mL cholera 
toxin (Gentaur), at 37°C under hypoxic 
conditions (1% O2, 5% CO2).

MTT assays - HeLa, KB2P1.21 and 
KB2P1.21R1 tumor cell lines were 
plated in 96-wells plates. HeLa were 
plated at 2,000 cells per well, and 
KB2P1.21 and KB2P1.21R1 were plated 
at 1,200 cells per well. Cells were first 
grown for 3 or 24 hours and were 
subsequently treated with indicated 
concentrations of  olaparib, VE-821 
or VE-822 for 3 days. Methyl-thiazol 
tetrazolium (MTT) was added to cells 
at a concentration of  5mg/mL for 4 
hours, after which culture medium 
was removed and formazan crystals 
were dissolved in DMSO. Absorbance 
values were determined using a Bio-

Rad benchmark III Biorad microtiter 
spectrophotometer at a wavelength of  
520nm. Viability was determined by 
comparing absorbance values to those 
of  DMSO-treated cells. Experiment 
was performed in triplicates. Graphs 
show representative experiments, which 
were performed at least twice.

RNA interference - For siRNA 
transfection, siRNAs (Ambion Stealth 
RNAi, Thermofisher) targeting BRCA2 
(sequence 1: #HSS186121 and sequence 
2: sequence #HSS101095), or a scrambled 
control sequence (sequence #12935300) 
was used at a final concentration of  
40 nM. Transfections were performed 
with oligofectamine (Invitrogen) by 
manufacturer’s guidelines.

Western blotting Cell lysis was 
performed using Mammalian Protein 
Extraction Reagent (MPER, Thermo 
Scientific), supplemented with 
protease inhibitor and phosphatase 
inhibitor (Thermo Scientific). Protein 
concentrations were measured using 
a bradford assay. Next, proteins were 
separated by SDS/PAGE and transferred 
to Polyvinylidene fluoride (PVDF, 
immobilon) membranes and blocked in 
5% skimmed milk (Sigma) in TRIS-
buffered saline (TBS) containing 0.05% 
Tween20 (Sigma). Immunodetection 
was performed with antibodies directed 
against BRCA2 (Calbiochem, #OP95), 
PAR (Trevigen, #4336-BPC-100), 
phospho-ATR (thr1898, Millipore, # 
ABE462) and β-Actin (MP Biomedicals, 
#69100). Horseradish peroxidase 
(HRP)-conjugated secondary antibodies 
(DAKO) were used for visualization 
using chemiluminescence (Lumi-
Light, Roche Diagnostics) on a Bio-Rad 
bioluminescence device, equipped with 
Quantity One/ChemiDoc XRS software 
(Bio-Rad).

Immunofluorescence microscopy - 
HeLa, KB2P1.21 and KB2P21R1 cells 
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were seeded on glass coverslips in 
6-well plates. When indicated, HeLa 
cells were transfected with siRNAs 
for 48 hours, of  which the final 24 
hours included treatment with olaparib 
(0.5μM) and or VE-821 (1μM) for 24 
hours as indicated. For DNA bridge 
staining cells were fixed using 4% 
formaldehyde in PBS, and subsequently 
permeabilized for 5 minutes in PBS 
with 0.1% Triton X-100. For FANCD2 
and γ-H2AX staining specifically, cells 
were treated for 60 seconds with PEM 
(100mM PIPES pH 6.9, 1mM MgCl2 
and 10mM EGTA). Next, cells were 
simultaneously fixed and permeabilized 
(20 mM PIPES pH 6.8, 0.2% Triton 
X-100, 1mM MgCl2, 10mM EGTA, 
4% paraformaldehyde) for 10 minutes 
at room temperature. Cells were then 
washed extensively, and incubated with 
antibodies targeting α-Tubulin (Cell 
Signaling, #2125), FANCD2 (Novusbio, 
NB100-182) or γ-H2AX (Millipore, 05-
636). Cells were then incubated with 
corresponding Alexa-488 or Alexa-647-
conjugated secondary antibodies, and 
counterstained with DAPI. Anaphase 
and telophase cells were distinguished 
based on α-Tubulin staining. Images 
were acquired on a Leica DM6000B 
microscope using a 63x immersion 
objective (PL S-APO, numerical 
aperture: 1.30) with LAS-AF software 
(Leica).

DNA fiber analysis - For DNA fiber 
analysis, HeLa or RPE-1 cells were 
pulse-labeled with CIdU (25μM) for 
60 minutes followed by IdU (250μM) 
for 60 minutes when indicated. Next, 
cells were washed with warm medium 
and incubated with hydroxyurea (HU, 
5mM) for 5 hours. Cells were then 
trypsinized and lysed in in lysis buffer 
(0.5% sodium dodecyl sulfate (SDS), 
200mM Tris (pH 7.4), 50mM EDTA) 
on tilted microscopy slides. Following 
DNA spreading, slides were air dried 
and fixed in methanol/acetic acid (3:1) 

for 10 minutes. For immunolabeling, 
spreads, slides were incubated in 2.5M 
HCl for 1.5 hours. Primary antibodies 
used were rat anti-BrdU (1:1000, Abcam, 
Ab6326) for CldU detection, and mouse 
anti-BrdU (1:500, ExBio, 11-286-C100) 
for IdU detection. Secondary antibodies 
were incubated for 1 hour and were then 
further incubated with AlexaFluor 488-
or 647-conjugated secondary antibodies 
(1:500) for 1.5 hours. Images were 
acquired on a Leica DM-6000RXA 
fluorescence microscope, equipped 
with Leica Application Suite software. 
The lengths of  CIdU and IdU tracks 
were measured blindly using ImageJ 
software. A two-sided Mann–Whitney 
tests with 95% confidence intervals was 
used for statistical analysis.

Cell cycle analysis - Cells were 
synchronized at G1/S phase using a 
double-thymidine block. Specifically, 
cells were treated with thymidine (2mM, 
Sigma) for 17 hours, washed twice with 
pre-warmed PBS, and were incubated in 
pre-warmed warm medium for 9 hours. 
Subsequently, cells were again incubated 
in thymidine for 17 hours, after which 
cells were washed with PBS and released 
in pre-warmed medium containing 
olaparib (1μM), VE-821 (1μM) or both, 
and collected at indicated time points. 
When indicated, cells were trapped in 
mitosis using a 16 hour incubation with 
nocodazole (100ng/ml, Sigma). Cells 
were then fixed in ice-cold ethanol (70%) 
for at least 16 hours, and were stained 
with phospho-Histone-H3 (Ser10, Cell 
Signaling, #9701, 1:50) in combination 
with Alexa-488-conjugated secondary 
antibodies (1:200). DNA staining was 
performed using propidium iodide in 
the presence of  RNAse. At least 10,000 
events per sample were analyzed on a 
FACScalibur (Becton Dickinson). Data 
was analyzed using FlowJo software.

Single-cell whole genome analysis  
Hela cells were single-cell sorted 
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software as in described previously.(38) 
Per sample and per bin, the modal copy 
number state of  siSCR control treated 
cells was determined, and bins which 
deviated from the modal copy number 
state were identified. The genomic 
instability scores were assessed per cell, 
by determining the fraction of  bins that 
deviate from the modal copy number for 
that sample.

into 96 well plates, using a hoechst/
Propidium iodide double staining. Only 
G1 cells were included. Cells were then 
lysed, and DNA was sheared. DNA was 
barcode-labeled, followed by library 
preparation as described previously,(39) in 
an automated fashion using an Agilent 
Bravo robot. Single-cell libraries were 
pooled and analyzed on an Illumina 
Hiseq2500 sequencer. Sequencing 
data was analyzed using AneuFinder 

siBRCA2#2
A

0
25
50
75

100
125

su
rv

iv
al

 (%
)

0.5
1

2
4

8

0 0.25
1 2 4

 0.5

100%-125%
75%-100%
50%-75%
25-50%
0%-25%

Supplemental Figure S1

0

olaparib (µM)

VE-821 (µM)

siBRCA2#2

0
0

0.5 1

2
co

m
bi

na
tio

n 
in

de
x

effect

B

Supplementary Figure 1: ATR and PARP inhibition synergistically reduce cell viability in BRCA2-depleted 
cells
A) HeLa cells were transfected with control siRNA (#12935300) or BRCA2 siRNA #HSS101089), and were treated with 
indicated concentrations of olaparib and/or VE-821. Methyl-thiazol tetrazolium (MTT) was added (final concentration: 0.5mg/
mL) for 4 hours, and viability was assessed by colorimetric measurement. B) Combination indices were determined using 
CompuSyn software.
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Supplementary Figure 2: Dose-dependent G2 cell cycle arrest in response to PARP inhibition induced is 
concentration depended.
A) HeLa cells were transfected with siSCR (#12935300) or siBRCA2 (#HSS186121), and treated as indicated. Cell lysates 
were then immunoblotted for BRCA2 and β-actin B) HeLa cells were transfected with control siRNAs or BRCA2 siRNAs for 
24 hours, and subsequently treated with DMSO, olaparib (1µM). Alternatively, cells were irradiated (8 Gy) using a Cesium137 
source, 24 hours prior to harvesting. Next, cells were treated with nocodazole (100ng/ml) for 18 hours. DNA content 
(propidium iodine) and phospho-Ser10-Histone-H3/Alexa-488 were assessed by flow cytometry on a Becton Dickinson 
FACScalibur (Becton Dickinson, Franklin Lakes, NJ, USA). A minimum of 10,000 events was analyzed per sample. C) HeLa 
cells were treated as described in panel B. DNA was stained using propidium iodine, and percentages of mitotic cells were 
assessed microscopically, based on chromosome morphology per condition 65 cell were counted. Error bars indicate standard 
deviations D/E) HeLa cells were transfected with siBRCA2 or siSCR for 24 hours, and subsequently incubated with thymidine 
(2mM) for 17 hours. Cells were then released for 9 hours in pre-warmed growth media and again treated for 17 hours 
with thymidine prior to release in growth media supplemented with DMSO, olaparib (10μM) and/or VE-821 (1μM). Cells 
were harvested at indicated time points. Phospho-Ser10-Histone-H3/Alexa-488 was assessed by flow cytometry on a Becton 
Dickinson FACScalibur (Becton Dickinson, Franklin Lakes, NJ, USA). A minimum of 10,000 events was analyzed per sample. P 
values were calculated using two-tailed Student’s t-test. Throughout the figure, ‘ns’ indicates not significant.
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in medium containing 20% DMSO. Cells were stained using DAPI, and G1 cells were single-cell sorted. Genomic DNA was 
isolated of 46 cells per condition, and resulting genomic libraries were included depending on library quality. Every row 
represents a single cell. Genome-wide copy number plots were generated using the Aneufinder algorithm (see Supplementary 
Materials and Methods). Copy number states were calculated for ~1Mb bins, and depicted by color coding.





5.
Overexpression of Cyclin E1 or Cdc25a 

leads to replication stress, mitotic 
aberrancies and increased sensitivity 

to replication checkpoint inhibitors  
PM Schoonen*, S Guerrero Llobet*, M Everts, Y Kok, 

V Guryev, N van den Tempel and MATM van Vugt
*equal contribution

(Submitted)



98

Chapter 5

5

ABSTRACT

Genomically instable tumors, including triple-negative breast cancers frequently show 
elevated expression of oncogenes, including Cyclin E1, which interfere with normal 
DNA replication. This process, called oncogene-induced replication stress, causes 
genomic instability and has been linked to tumorigenesis. To survive high levels of 
replication stress, tumors increasingly depend on pathways that allow them to deal 
with replication-induced DNA lesions, which may provide therapeutically actionable 
vulnerabilities. Here, we aimed to uncover the consequences of oncogene-induced 
replication stress on mitotic progression, and to assess the consequences of Cyclin 
E or Cdc25a overexpression on the sensitivity to inhibitors of the WEE1 and ATR 
replication checkpoint kinases. We modeled oncogene-induced replication stress using 
inducible Cyclin E1 or Cdc25a in non transformed retinal pigment epithelium cells (RPE-
1), either in a TP53 wild-type or TP53 mutant background. Single-fiber DNA analysis 
confirmed that Cyclin E1 or Cdc25a overexpression induced delayed replication. 
Notably, the replication-derived DNA lesions induced by Cyclin E1 or Cdc25a 
overexpression were transmitted into mitosis and caused chromosome segregation 
defects and mitotic catastrophe. Inhibition of ATR and WEE1 exacerbated the mitotic 
aberrancies induced by Cyclin E1 or Cdc25a overexpression, and caused cytotoxicity 
in these cells. Notably, loss of p53 further enhanced ATR or WEE1 inhibitor sensitivity 
and increased the mitotic aberrancies in Cyclin E1-overexpressing cells. Combined, 
this study shows that oncogene-induced replication stress leads to mitotic segregation 
defects, which is exacerbated by inhibition of ATR or WEE1. These results further 
point at mitotic catastrophe as an underlying mechanism for the cytotoxic effects of 
targeting replication checkpoint kinases, and suggest Cyclin E1 overexpression as a 
criterion in selecting patients for treatment with such agents.

A common hallmark of  cancer 
is the acquisition of  genomic 
gains and losses, as well as 

complex genomic re-arrangements, 
collectively termed genomic instability.
(1) Genomic instability drives intra-
tumor heterogeneity, which is an 
important factor underlying therapy 
failure.(2) Increasingly, replication 
stress is considered to be important in 
fueling genomic instability in cancer.(3,4) 
Replication stress involves the stalling 
or slowing of  DNA replication, and can 
be caused by many factors.(4,5) In the 
context of  cancer, a common cause of  
replication stress is increased activity or 
elevated expression of  oncogenes.(4,6,7) 
 Mechanistically, multiple 
oncogenes exert their effects on DNA 
replication through elevation of  CDK2 
activity. Under normal circumstances 
CDK2, and its partner Cyclin E1, 
control the ‘firing’ of  replication origins.

(8-10) Upon hyperactivation of  CDK2, for 
instance due to amplification of  CCNE1 
(encoding Cyclin E1) or CDC25A 
(encoding the Cdc25a phosphatase), 
firing of  replication origins is 
aberrantly triggered.(10) Subsequently, 
aberrant origin firing leads to 
depletion of  the nucleotide pool,(3) 
and collisions between the replication 
and transcription machineries.(10) 

Combined, these effects can lead to 
stalling or collapse of  replication forks. 
Additionally, activation of  CDK2 can 
be caused by overexpression of  other 
factors, including Cdc25a. Whereas 
overexpression of  either Cyclin 
E1 or Cdc25a accelerates S-phase 
progression, altered Cdc25a expression 
also de-regulates the G2/M cell cycle 
checkpoint.(11) In line with oncogene-
induced replication stress underlying 
genomic instability, prototypical 
genomically instable tumors, including 
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Figure 1: Cdc25a or Cyclin E1 overexpression leads to replication stress
A) Immunoblotting of Cdc25a, Cyclin E1, p53 and β-Actin at 48 hours after doxycycline addition to RPE-1-TP53wt cells. B) 
Cells were treated with doxycycline as described for panel A, were then pulse-labeled for 20 minutes with CldU (25 μM) 
and subsequently pulse-labeled for 20 minutes with IdU (250 µM). Representative DNA fibers from RPE-1-TP53wt cells are 
shown. Scale bar measures 10 μm. C) Quantification of IdU DNA fiber lengths as described in panel B. Per condition 300 
fibers were analyzed. P values were calculated using the Mann-Whitney U test. D) Illustrative immunofluorescence images of 
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high-grade serous ovarian cancer and 
triple-negative breast cancer frequently 
show Cyclin E1 overexpression.(12-16) 
Interestingly, replication stress caused 
by Cyclin E1 amplification triggers a 
DNA damage response, with ensuing 
genetic pressure to inactivate p53.(6) 
Accordingly, prototypical genomically 
instable cancers generally have TP53 
mutations,(12,13,17) and Cyclin E1 
overexpression was demonstrated to 
exclusively induce genome instability in 
tumors lacking functional p53.(18-20) 
 Since replication stress 
hampers cell growth, cancers harboring 
oncogene-induced replication stress 
have apparently adapted to cope with 
replication stress. In order to improve 
treatment for tumors with enhanced 
oncogene activation, targeting of  stress-
resolving pathways in such tumors 
could be of  great clinical interest. 
Previously, tumor cells with genome 
instability as a result of  defective 
homologous recombination were shown 
to depend on the ATR and WEE1 
replication checkpoint kinases for their 
survival.(21-23) Furthermore, lymphomas 
driven by MYC - which triggers 
profound replication stress - proved 
highly sensitive to CHK1 inhibition.(24) 
In order to optimally implement cell 
cycle checkpoint inhibitors in cancer 
treatment, and identify patients who 
potentially benefit from such treatment, 
it is essential to understand how cancer 
cells deal with replication stress, and 
to uncover the mechanisms underlying 
checkpoint kinase inhibitor mediated 
cytotoxicity. 
 Increasingly, it is apparent that 

resolving replication stress is a highly 
complex process. Notably, resolution 
of  replication intermediates is not 
restricted to S-phase, but also occurs in 
cells that have entered mitosis.(25,26) In 
line with these observations, data from 
our lab underscored the notion that 
PARP inhibitor-induced replication-
mediated lesions are transmitted 
into mitosis, and cause chromosome 
segregation defects and mitotic failure.
(23) Whether these findings hold true 
for other sources of  replication stress is 
currently unknown. 
 In this study we assessed 
whether oncogene-induced replication 
stress as a result of  Cyclin E1 or Cdc25a 
overexpression affects tumor cell 
behavior during mitosis. Additionally, 
we studied whether replication stress 
can be targeted through inhibition 
of  the WEE1 and ATR cell cycle 
checkpoint kinases. 

RESULTS 
 
Cdc25a or Cyclin E1 overexpression 
leads to slower replication kinetics 
and mitotic defects 
To study the effects of  Cyclin E1 
overexpression on replication kinetics, 
hTERT-immortalized human retinal 
pigmented epithelial (RPE-1) cells 
were engineered to express Cyclin E1 
in a doxycycline-dependent manner. 
In parallel, we evaluated the effects of  
Cdc25a overexpression, as this protein 
also leads to CDK2 hyperactivation, 
albeit through an alternative 
mechanism (Fig. 1A). To test whether 

chromatin bridges and lagging chromosomes are presented. E,F) The percentages of anaphase or telophase cells containing 
chromatin bridges or lagging chromosomes (n>25 per condition) were quantified. P values  were calculated using two-tailed 
Student’s t-test. G) Representative examples of mitotic aberrancies using live-cell microscopy are shown. H) Duration of 
mitosis in RPE-1-TP53wt cell lines harboring doxycycline-inducible Cdc25a or Cyclin E1, transduced with H2B-EGFP. Cells were 
pre-treated for 24 hours with doxycycline and subsequently followed with live-cell microscopy for 48 hours. I) Percentages of 
cells from panel H that showed aberrant mitoses are depicted. P values were calculated using absolute values, using Mann-
Whitney U test.
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Figure 2: Mutation of TP53 exacerbates replication stress and mitotic defects 
A) Immunoblotting of Cdc25a, Cyclin E1, p53 and β-Actin at 48 hours after doxycycline addition to RPE-1-TP53mut cells. 
RPE-1-TP53wt cells were used as a positive control for p53. B) Cells were treated with doxycycline as shown for panel A and 
were pulse-labeled for 20 minutes with CldU (25 µM) and subsequently pulse-labeled for 20 minutes with IdU (250 µM). 
Quantification of IdU DNA fiber lengths. Per condition 300 fibers were analyzed. P values were calculated using the Mann-
Whitney U test. C, D) The percentages of anaphase or telophase cells containing chromatin bridges or lagging chromosomes 
(n>25 per condition) were quantified. P values were calculated using two-tailed Student’s t-test. E) Duration of mitosis in 
RPE-1-TP53mut cell lines harboring doxycycline-inducible Cdc25a or Cyclin E1, transduced with H2B-EGFP. Cells were pre-
treated for 24 hours with doxycycline and subsequently followed with live-cell microscopy for 48 hours. Duration of mitosis 
was quantified by measuring the time between nuclear envelope break-down (NEB) and anaphase entry. F) Percentages of 
cells from panel E that showed aberrant mitoses are depicted. P values were calculated using absolute values, using Mann-
Whitney U test.
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overexpression of  Cyclin E1 or Cdc25a 
affected replication dynamics, cells were 
sequentially incubated with thymidine 
analogues CldU and IdU, and single 
DNA fibers were analyzed to measure 
replication kinetics. IdU fiber track 
length was measured after 48 hours 
of  doxycycline treatment (Fig. 1B), 
and showed that induction of  Cdc25a 
or Cyclin E1 resulted in an IdU track 
length reduction of  32% and 26% 
respectively (Fig. 1C). These results show 
Cdc25a or Cyclin E1 overexpression to 
result in robust reduction ongoing DNA 
synthesis speed in RPE-1TP53wt cells. 
 We next tested whether the 
observed replication stress in response 
to Cyclin E1 or Cdc25a overexpression 
resulted in mitotic aberrancies. To this 
end, we analyzed chromatin bridges 
and/or lagging chromosomes during 
anaphase at 48 hours after induction 
of  Cdc25a or Cyclin E1 overexpression 
in RPE-1-TP53wt cells (Fig. 1D). 
Interestingly, Cdc25a or Cyclin E1 
overexpression increased chromatin 
bridge formation (18% and 20% in 
Cdc25a and Cyclin E1 overexpressing 
cells respectively, versus 6% in empty 
vector control cells, Fig. 1E). In contrast, 
doxycycline-treatment of  control cells 
did not result in a significant induction 
of  mitotic aberrancies (4% in empty 
vector controls and 7% and 11% in 
control-treated Cdc25a and Cyclin E1 
overexpressing cells respectively, Fig. 
1E). In addition to chromatin bridges, 
lagging chromosomes in anaphases were 
increased following Cdc25a or Cyclin E1 
overexpression (17% and 14% in Cdc25a 

and Cyclin E1 overexpressing cells, 
versus 2% in empty vector control cells, 
Fig. 1F). Interestingly, and in contrast 
to chromatin bridges and lagging 
chromosomes, ultra-fine bridges (UFBs) 
were increased upon overexpression 
of  Cdc25a, but not overexpression 
of  Cyclin E1 in RPE-1-TP53wt cells 
(26% for Cdc25a overexpressing cells 
versus 11% and 14% in Cyclin E1 and 
empty vector control cells, Suppl. Fig. 
1A). Combined, Cdc25a and Cyclin E1-
induced replication stress results in the 
formation of  chromatin bridges and 
lagging chromosomes, whereas only 
Cdc25a overexpression also increases 
ultra-fine bridge formation. 
 To further investigate the 
mitotic aberrancies induced by 
oncogene-induced replication stress, 
RPE-1 cells overexpressing Cdc25a 
or Cyclin E1 were analyzed by live-
cell microscopy. To this end, cells were 
transduced with EGFP-tagged Histone-
H2B, treated with doxycycline to induce 
Cyclin E1 or Cdc25a expression and 
were subsequently analyzed for 48 hours 
using live cell microscopy (Fig. 1G). In 
RPE-1-TP53wt cells, overexpression 
of  Cdc25a or Cyclin E1 did not lead to 
significant changes in mitotic duration 
(Fig. 1H). In contrast, we again observed 
elevated frequencies of  chromatin 
bridges upon oncogene activation in 
RPE-1-TP53wt-H2B-EGFP cells (19% 
and 23% in Cdc25a overexpressing 
cells and Cyclin E1 overexpressing 
cells respectively, versus 3% and 12% 
in control cells, Fig. 1I). Of  note, 
overexpression of  Cyclin E1, but not 

Figure 3: ATR and WEE1 inhibition cause mitotic aberrancies
A,B) RPE-1-TP53wt cells induced to express Cdc25a or Cyclin E1 were treated with ATR inhibitor (VE-822, 0.25 μM) for 8 
hours if indicated. The percentages of anaphase or telophase cells containing chromatin bridges or lagging chromosomes 
(n>25 per condition) were quantified. P values were calculated using two-tailed Student’s t-test. C,D) RPE-1-TP53wt cells 
induced to express Cdc25a or Cyclin E1 were treated with WEE1 inhibitor (MK-1775, 0.1 μM) for 8 hours if indicated. The 
percentages of anaphase or telophase cells containing chromatin bridges or lagging chromosomes (n>25 per condition) were 
quantified. P values were calculated using two-tailed Student’s t-test. E,F) RPE-1-TP53mut cells induced to express Cdc25a or 
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Cyclin E1 were treated with ATR inhibitor (VE-822, 0.25 μM) or WEE1 inhibitor (MK-1775, 0.1 μM) for 8 hours if indicated. 
The percentages of anaphase or telophase cells containing chromatin bridges or lagging chromosomes (n>25 per condition) 
were quantified. P values were calculated using two-tailed Student’s t-test. G) Percentages of cells from panel G that showed 
aberrant mitoses are depicted. P values were calculated using absolute values, using Mann-Whitney U test.
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Cdc25a, resulted in an increase in cells 
undergoing cell death (12% in Cyclin 
E1-overexpressiong cells versus 0% in 
Cdc25a-overexpressing cells or controls 
cells, Fig. 1I). 

TP53 mutation exacerbates 
replication stress and mitotic defects 
Since oncogene expression in 
genomically instable cancers is 
frequently associated with loss of  TP53, 
we used CRISPR/Cas9 to mutate TP53 
in RPE-1 cells (Fig. 2A). Strikingly, TP53 
mutation resulted in a marked reduction 
of  replication fork velocity (Fig. 1C and 
Fig. 2B). Moreover, overexpression of  
Cdc25a or Cyclin E1 in RPE-1-TP53mut 
cells resulted in an additional shortening 
of  IdU track length of  ~20%, when 
compared to untreated conditions (Fig. 
2B). Similarly, TP53 mutations resulted 
in higher levels of  mitotic defects (Fig. 
1E and Fig. 2C). Again, a further increase 
was observed upon Cdc25a or Cyclin 
E1 overexpression (21% and 28% in 
Cdc25a and Cyclin E1 overexpressing 
cells respectively, versus 10% in empty 
vector control cells, Fig. 2C) and lagging 
chromosomes (18% and 20% in Cdc25a 
and Cyclin E1 overexpressing cells 
respectively, versus 8% in empty vector 
control cells, Fig. 2D). To confirm that 
the absence of  p53 expression leads to 
elevated amounts of  mitotic defects, 
we analyzed H2B-EGFP-expressing 
cells using live-cell imaging. Although 
overexpression of  Cyclin E1 in RPE-
1-TP53mut cells did not result in a 
significant change in the duration of  
mitosis (Fig. 2E), it did result in more 
mitotic defects when compared to 
RPE-1-TP53wt-H2B-EGFP cells (32% 
versus 12% respectively, Fig. 2F and Fig. 
1I). Induction of  Cdc25a or Cyclin E1 
in RPE-1-TP53mut did not significantly 
elevate mitotic aberrancies further 
(42% and 30% in Cdc25a and Cyclin E1 
versus 33% and 24% in controls, Fig. 2F). 
Combined, these data indicate that the 
absence of  p53 expression aggravates 

replication stress and mitotic defects in 
RPE-1 cells. 

Cyclin E1 and Cdc25a-induced 
mitotic aberrancies are exacerbated 
upon treatment with ATR and 
WEE1 inhibitors.
Next, we tested the effects of  premature 
mitotic entry through inhibition of  
ATR or WEE1 checkpoint kinases (Fig. 
3A-D). To this end, overexpression of  
Cdc25a and Cyclin E1 was induced in 
RPE-1-TP53wt cells for 48 hours, after 
which cells were treated with ATR or 
WEE1 inhibitors for 8 hours. Inhibition 
of  either ATR or WEE1 enhanced the 
formation of  chromatin bridges and 
lagging chromosomes when Cdc25a 
was overexpressed. Specifically, the 
percentage of  cells with chromatin 
bridges increased from 23% to 54% 
and from 18% to 57% for ATR and 
WEE1 inhibition respectively (Fig. 
3A,C). Similarly, cells with lagging 
chromosomes increased from 22% and 
11% to 52% and 74% upon ATR and 
WEE1 inhibition respectively (Fig. 3B,D). 
In contrast to Cdc25a overexpression, 
Cyclin E1 overexpression in RPE-1-
TP53wt cells only resulted in a significant 
increase in chromatin bridges and 
lagging chromosomes following WEE1 
inhibition, but not in response to ATR 
inhibition (chromatin bridges: 14% and 
57% for ATR and WEE1 inhibition 
versus 18% and 19% in DMSO controls, 
Fig. 3A,C; lagging chromosomes: 33% 
and 76% ATR and WEE1 inhibition 
versus 41% and 9% in DMSO controls, 
Fig. 3B,D). Importantly, in RPE-1-
TP53mut cells, both ATR and WEE1 
inhibition increased chromatin bridges 
for Cdc25a and Cyclin E1 overexpression 
models (Fig. 3E). Similar to chromatin 
bridges, lagging chromosomes were 
induced upon Cdc25a and Cyclin E1 
overexpression in RPE-1-TP53mut cells 
(Fig. 3F). Of  note, and in contrast to 
the increased levels of  bulky chromatin 
bridges, we did not observe an increase 
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of  ultra-fine bridges upon inhibition of  
ATR or WEE1 (Suppl. Fig. 2A-C). 
 We next used live cell microscopy 
to investigate whether ATR or WEE1 
inhibition-induced chromosome 
segregation defects in Cyclin E1-
overexpressing RPE-1-TP53mut cells 
translated into altered mitotic duration 
and cell fate. In accordance with our 
previous observations in RPE-1-TP53wt 
cells, Cyclin E1 overexpression did 
not affect the duration of  mitosis in 
RPE-1-TP53mut cells (suppl. Fig. 2D). 
Similarly, ATR or WEE1 inhibition 
did not significantly interfere with 
mitotic timing in RPE-1-TP53mut 
cells, as measured by the time between 

nuclear envelope break-down (NEB) 
and anaphase entry (Suppl. Fig. 2D). 
When we analyzed the effects of  Cyclin 
E1 overexpression on mitotic fidelity, 
we observed increased percentages 
of  cells with chromatin bridges upon 
ATR inhibitor treatment (33% versus 
13% in control cells, Fig. 3G). Similarly, 
ATR inhibition resulted in elevated 
levels of  lagging chromosomes (22% 
for ATR inhibitor versus 7% in DMSO 
controls, Fig. 3G). WEE1 inhibition also 
exacerbated the formation of  chromatin 
bridges in Cyclin E1overexpressing 
RPE-1-TP53mut-H2B-EGFP cells (33% 
versus 15% in control cells, Fig. 3G). 
Additionally, cells more frequently 

Figure 4: Cdc25a or Cyclin E1 overexpression leads to increased sensitivity to ATR and WEE1 inhibition.  
A,B) RPE-1-TP53wt and RPE-1-TP53mut cell lines induced to express Cdc25a or Cyclin E1 were treated for 4 days with ATR 
inhibitor (VE-822) in a range from 0 μM to 3.2 μM, or WEE1 inhibitor (MK-1775) in a range from 0 μM to 1.28 μM. 
Subsequently, MTT conversion was analyzed.. Per experiment, 6 technical replicates per condition were included. Averages 
and standard error of the means (SEM) of 3 or 4 biological replicates are plotted.
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showed lagging chromosomes upon 
WEE1 inhibition (14% for WEE1 
inhibitor versus 9% in DMSO controls, 
Fig. 3G). Taken together, these data 
indicate that inhibition of  the ATR and 
WEE1 checkpoint kinases increases 
the formation of  mitotic aberrancies 
in Cyclin E1-overexpressing RPE-1-
TP53mut-H2B-EGFP cells. 

Overexpression of  Cdc25a or Cyclin 
E1 results in increased sensitivity to 
ATR and WEE1 inhibition  
To examine whether Cdc25a or Cyclin 
E1 overexpression sensitizes cells to 
ATR or WEE1 inhibition, cell viability 
was assessed upon Cdc25a or Cyclin E1 
overexpression in RPE-1-TP53wt or 
RPE-1-TP53mut cells (Fig. 4A,B). Cdc25a 
overexpression sensitized both RPE-
1-TP53wt and RPE-1-TP53mut cells to 
ATR inhibition in a dose-dependent 
manner (Fig. 4A). In contrast, ATR 
inhibition selectively caused cytotoxicity 
upon Cyclin E1 overexpression in TP53 
mutant cells (Fig. 4A). These results show 
that loss of  p53 function is required 
for ATR inhibitor sensitivity in this 
cell line model. Cdc25a overexpression 
also sensitized RPE-1 cells to WEE1 
inhibition, with RPE-1-TP53mut cells 
showing more pronounced sensitization 
than RPE-1-TP53wt cells (Fig. 4B). In 
response to Cyclin E1 overexpression, 
both RPE-1-TP53wt and RPE-1-
TP53mut showed increased sensitivity 
to WEE1 inhibition, again with more 
pronounced sensitization in TP53 
mutant cells (Fig. 4B). Together, these 
data show that Cdc25a or Cyclin E1 
overexpression sensitizes cells to ATR 
or WEE1 inhibition.

DISCUSSION

In this report, we investigated the effects 
of  oncogene-induced replication stress 
on mitotic fidelity and on the sensitivity 
to cell cycle checkpoint kinase inhibitors. 

We demonstrated that overexpression of  
Cdc25a or Cyclin E1 resulted in severe 
replication stress, which was associated 
with the induction of  chromatin bridges 
and lagging chromosomes during 
mitosis. Furthermore, we observed that 
oncogene-induced replication stress 
sensitized cells to ATR and WEE1 
checkpoint kinase inhibitors. ATR 
and WEE1 inhibition exacerbated the 
mitotic aberrancies induced by Cyclin 
E1 or Cdc25a overexpression and 
increased cell death. 
 Our findings are in line with 
earlier reports in which ATR inhibitor 
sensitivity was associated to Cdc25a 
expression, and WEE1 inhibitor 
sensitivity was associated to Cyclin E 
expression.(27,28) Importantly, our data 
for the first time point towards a role for 
mitotic segregation defects in cell death 
following oncogene-induced replication 
stress. Furthermore, these data indicate 
that exacerbation of  chromosome segre-
gation defects during mitosis upon ATR 
and WEE1 is associated with ATR and 
WEE1 inhibitor-mediated cytotoxicity 
in cells harboring oncogene induced 
replication stress, which was previously 
reported for PARP inhibitors.(23) 
 A possible explanation for these 
observations is that through acceleration 
of  mitotic entry upon ATR and 
WEE1 inhibition, cells with oncogene-
induced replication stress are left with 
insufficient time to resolve replicative 
lesions. Subsequently, mitotic entry 
commences in the presence of  severe 
DNA lesions, which precludes proper 
chromosome segregation and leads to 
cell death. Indeed, cells in which ATR 
or WEE1 inhibition induced mitotic 
chromosome segregation defects showed 
a proportional increase in inhibitor-
induced cytotoxicity. Specifically, RPE-1 
cells with Cdc25a overexpression showed 
more chromosomal segregation defects 
and cell sensitivity following ATR and 
WEE1 inhibition in both TP53wt and 
TP53mut settings. Conversely, Cyclin 
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drug targets are of  particular interest, 
as these patients have an unmet need 
for better treatment options. Of  note, 
such tumor subtypes, including triple-
negative breast cancer and high-grade 
ovarian cancers frequently show 
amplification of  Cyclin E or other 
replication stress-inducing oncogenes.
(12-16) 
 Taken together, this study 
reports that replication stress induced 
by overexpression of  Cyclin E1 and 
Cdc25a results in the formation of  
lagging chromosomes and chromatin 
bridges, which is further exacerbated 
by inhibition of  ATR and WEE1 
kinases, and results in exacerbated 
tumor cell killing. These insights could 
therefore help to guide novel treatment 
strategies for targeting genomically 
instable tumors harboring oncogene 
amplifications. 

MATERIALS and METHODS 

Cell lines hTERT-immortalized human 
retinal pigmented epithelial (RPE-1) and 
human embryonic kidney 293 (HEK 293T) 
cell lines were obtained from the American 
Type Culture Collection (#CRL4000, 
#CRL3216) and cultured in Dulbecco’s 
Minimum Essential Media (DMEM, 
Thermofisher), complemented with 10% 
(v/v) fetal calf serum (FCS), 1% penicillin 
and 1% streptomycin (Gibco). All cells were 
grown at 37°C in 20% O2 and 5% CO2 in a 
humidified incubator. 
 
Mutagenesis CRISPR-Cas9 was used 
to mutate TP53 in RPE-1 cells. To 
this end, a single guide RNA (sgRNA) 
(5’CTGTCATCTTCTGTCCCTTC-3’) 
targeting exon 4 was cloned into 
pSpCas9(BB)-2A-GFP, which was provided 
by Feng Zhang (PX458, plasmid #48138, 
Addgene).(36) Next, RPE-1 cells were 
transfected with PX458 and selected with 
Nutlin-3a (Axon Medchem, 10 μM) for 3 
weeks. The viable cells were sorted into 

E1 overexpressing cells were only 
sensitive to both agents when TP53 was 
mutated. These observations are in good 
agreement with a role for p53 signaling 
in preventing genomic instability 
following Cyclin E1 amplification.(6,18-20)

 An explanation for why Cdc25a 
overexpressing cells are sensitive 
to ATR and WEE1 inhibitors in a 
TP53 wild-type setting, could lie in 
checkpoint abrogation resulting from 
Cdc25a overexpression.(11) Furthermore, 
whereas Cyclin E1 overexpression only 
leads to CDK2 activation, Cdc25a affects 
multiple CDKs, including CDK1. As a 
consequence, Cdc25a amplification also 
de-regulates the G2/M checkpoint.(11) 
Interestingly, our study demonstrates 
that WEE1 inhibition sensitizes tumor 
cells regardless of  TP53 mutations 
status. WEE1 inhibition was reported 
earlier to be primarily effective in TP53 
mutant cells,(29,30) which was attributed 
to a defective G1/S checkpoint in TP53 
mutant cells, leading to increased 
reliance on their G2/M checkpoint. 
However, recent reports have shown 
that TP53 mutation status alone does 
not explain responses of  tumors to 
WEE1 inhibition, which underscore 
that WEE1 inhibitor sensitivity is more 
complex and involves multiple factors.
(28,31,32) 
 Our data supports the notion 
that expression of  replication stress-
inducing oncogenes could be used as 
criteria to select patients for treatment 
with replication checkpoint kinase 
inhibitors, including ATR and WEE1 
inhibitors. To test the value of  these 
oncogenes as biomarkers, it would 
be insightful to test ATR and WEE1 
sensitivity in tumors harboring 
amplifications of  different replication 
stress-inducing oncogenes, including 
CCNE1,(33-35) which is currently being 
used in a clinical trial to select patients for 
WEE1 inhibitor treatment (clinicaltrials.
gov identifier: NCT03253679). In this 
context, cancers that lack actionable 
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Western blotting Cells were washed in 
PBS and lysed in MPER lysis buffer (Pierce), 
complemented with protease and phosphatase 
inhibitor cocktail (Thermo Scientific). 
Protein concentration was quantified using 
the Pierce BCA Protein Quantification Kit 
(Thermo Scientific). Lysates were resolved by 
SDS polyacrylamide gels and transferred 
to polyvinylidene fluoride membranes 
(Immobilon). Membranes were incubated 
overnight at 4°C with primary antibodies in 
Tris-buffered saline (Tris) containing 0.05% 
Tween-20 (Sigma) with 5% skimmed milk 
(Sigma). The following primary antibodies 
were used for Western blot analysis: mouse 
anti-Cdc25a (Santa Cruz Biotechnology, Sc-
7389, 1:200), mouse anti-Cyclin E1 (Abcam, 
ab3927, 1:500), mouse anti-p53 (Santa Cruz 
Biotechnology, Sc-126, 1:1,000) and mouse 
anti-beta-actin (MpBiomedicals, 69100, 
1:10,000). Subsequently, membranes were 
incubated with horseradish peroxidase-
conjugated anti-mouse secondary antibody 
(1:2,000, DAKO), and visualized with Lumi-
Light (Roche Diagnostics). Images were 
captured with the ChemiDoc MP imaging 
system (Bio-Rad), and analyzed with Image 
Lab software (Bio-Rad). 
 
DNA fiber analysis RPE-1-TP53wt 
or RPE-1-TP53mut cell lines harboring 
doxycycline-inducible Cdc25a and Cyclin 
E1 were pre-treated with doxycycline (1 μg/
ml) for 48 hours, and subsequently pulse-
labeled with CldU (25 μM) for 20 minutes 
at 37°C. Subsequently, cells were washed 
three times with pre warmed medium and 
then pulse-labeled with IdU (250 μM) for 
20 minutes at 37 °C. After labeling, cells 
were harvested by trypsinization and re-
suspended in cold PBS. Next, 2 μl of cell 
suspension was lysed on a microscopy 
slide by addition of 8 μl lysis solution (0.5% 
sodium dodecyl sulfate,200 mM Tris [pH 
7.4], 50 mM ethylenediaminetetraacetic 
acid). After 5 minutes of incubation at 
room temperature, DNA fibers were 
spread by tilting the microscope slide, and 
were subsequently air-dried and fixed in 

monoclonal lines using a MoFLO XDP cell 
sorter. Sanger sequencing revealed a 7 base 
pair deletion in TP53 in exon 4 at codon 
94 (ΔTCA-TCT-T), causing a frameshift. 
Lack of p53 expression was confirmed by 
Western blot analysis. 

DNA cloning and retroviral infections 
RPE-1-TP53wt and RPE-1-TP53mut cell 
lines were engineered to express Cdc25a 
or Cyclin E1 in a doxycycline-dependent 
manner. To this end, human CDC25A was PCR 
amplified from FLAG CDC25A-WT,which 
was a gift from Peter Stambrook,(37) 
using the following oligos: forward: 
5’CGCGGCCGCCATGGAACTGGGCC-
CGGAGCCC-3’, reverse: 5’GATGAATT-
CTCACAGCTTCTTCAGACG 3’. Human 
CCNE1 was PCR amplified from Rc-CycE, 
which was a gift from Bob Weinberg 
(Plasmid #8963, Addgene),(38) using the 
following oligos: forward: 5’CGCGGCC-
GCCATGAAGGAGGACGGCGGCG-
CG-3’, reverse: 5’GATGAATTCTCACGC-
CATTTCCGGCCC-3’. The resulting 
fragments were cloned into pJET1.2/blunt, 
GeneJET, (ThermoFisher). CDC25A and 
CCNE1 were subcloned into pRetroX-Tight-
Pur using NotI and EcoRI restriction sites. 
Subsequently, cell lines harboring pRetroX-
Tet-On Advanced were transduced with 
pRetroX-Tight-Pur containing CDC25A, 
CCNE1 or empty plasmid.
 For transduction, HEK 293T cells 
were transfected with 10 μg of pRetroX-
Tet-On Advanced, 2.5 μg of pMDg and 
7.5 μg of pMDg/p as described previously.
(39) After transduction, RPE-1 cell lines 
were subsequently selected for 7 days 
using geneticin (G418 Sulfate, 800 μg/mL, 
Thermofisher). Next, cell lines harboring 
pRetroX-Tet-On Advanced were transduced 
with pRetroX-Tight-Pur vectors containing 
CDC25A or CCNE1, and selected for 2 days 
with puromycin dihydrochloride (5 μg/mL. 
Sigma). To obtain cells stably expressing 
HistoneH2B-GFP, indicated RPE-1 
cell lines were transduced as previously 
described.(23)
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methanol/acetic acid (3:1) for 10 minutes. 
Slides were washed twice in PBS, and DNA 
was denatured in 2.5M HCl for 75 minutes. 
DNA fibers were incubated in blocking 
solution (5% BSA in PBS) for 30 minutes, 
prior to incubation in primary antibodies (rat 
anti-CldU, 1:1,000, Abcam, ab6326; mouse 
anti-IdU, 1:250, BD Biosciences, Clone B44) 
for 60 minutes at room temperature. After 
three washing steps in blocking solution, 
slides were incubated with secondary 
antibodies (Alexa488-conjugated anti-
rat and Alexa647-conjugated anti-mouse, 
1:500) for 1 hour at room temperature. 
Images were acquired on a Leica DM-
6000B (63x immersion objective with 1.30 
NA) fluorescence microscope, equipped 
with Leica Application Suite software. Per 
condition, the lengths of 300 IdU tracks 
were measured using ImageJ software. 
Statistical analysis was performed using the 
non-parametric Mann-Whitney U test with 
GraphPad Prism 6. 

MTT assays RPE-1-TP53wt or RPE-1-
TP53mut cell lines harboring doxycycline-
inducible Cdc25a or Cyclin E1 were left 
untreated or treated with doxycycline (1 
μg/ml) for 48 hours. Subsequently, cells 
were replated in 96-wells at 10,000 cells per 
well in the continued presence or absence 
of doxycycline and allowed to attach for 
24 hours. ATR inhibitor VE-822 (Axon) or 
Wee1 inhibitor MK1775 (Axon MedChem) 
was added at indicated concentrations for 
4 days. Next, cells were incubated with 
methylthiazol tetrazolium (MTT, final 
concentration 0.5 mg/ml) for 4 hours. After 
removal of medium, formazan crystals were 
dissolved in dimethyl sulfoxide (DMSO). 
Absorbance was measured at 520 nm, 
and was quantified using a Benchmark 
III spectrophotometer (Bio-Rad). MTT 
conversion was plotted relative to the 
untreated cells. Per experiment, 6 technical 
replicates per condition were included. 

Averages and standard error of the means 
(SEM) of 3 or 4 biological replicates are 
plotted. 

Live-cell microscopy RPE-1-TP53wt 
or RPE-1-TP53mut cell lines harboring 
doxycycline-inducible Cdc25a or Cyclin E1, 
transduced with H2B-EGFP, were seeded 
in eight-chambered cover glass plates (Lab-
Tek-II, Nunc). Cells were left untreated or 
treated with doxycycline (1 μg/ml) for 24 
hours, and were subsequently imaged for 
48 hours on a Delta Vision Elite microscope 
(20x objective with 0.75 NA). Every 7 
minutes, 10 to 15 images in the Z-plane 
were acquired with an interval of 0.5 μm. 
Mitotic entry was defined by nuclear 
envelope break-down (NEB), and mitotic 
duration was defined as time between NEB 
and anaphase entry. Image analysis was 
done with SoftWorX software (Applied 
Precision/GE Healthcare).

Immunofluorescence microscopy Cells 
were seeded on glass coverslips in 6-well 
plates for 24 hours. Subsequently, cells 
were treated with doxycycline (1 μg/
ml) for 48 hours. Then, cells were treated 
with MK-1775 (100 nM) or VE-822 (250 
nM) for 8 hours if indicated, and were 
subsequently fixed in 4% formaldehyde 
in PBS. Following permeabilizing for 5 
minutes (0.1% triton in PBS), cells were 
incubated with blocking buffer (3% BSA and 
0.05% tween in PBS), cells were incubated 
overnight with mouse anti-PICH (1:1000, 
Novus Biologics, NBP2-13969), and were 
then treated with Alexa-488 or Alexa-
647-conjugated secondary antibodies and 
counterstained with DAPI. Between 25 and 
30 anaphases were scored per condition. 
Images were acquired on a Leica DM6000B 
microscope using a 63x immersion objective 
(PL S-APO, numerical aperture: 1.30) with 
LAS-AF software (Leica).
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Supplementary Figure 1: Cdc25a overexpression causes formation of ultra-fine bridges in cells without 
TP53 mutations
A,B) RPE-1-TP53wt and RPE-1-TP53mut cell lines induced to express Cdc25a or Cyclin E1 were treated for 24 hours 
with doxycycline. The percentages of anaphase or telophase cells containing ultra-fine bridges (n>25 per condition) were 
quantified. P values were calculated using two-tailed Student’s t-test
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Supplementary Figure 2: ATR or WEE1 inhibition do not affect ultra-fine bridge formation or mitotic timing
A,B) RPE-1-TP53wt cells induced to express Cdc25a or Cyclin E1 were treated with ATR inhibitor (VE-822, 0.25 μM) or WEE1 
inhibitor (MK-1775, 0.1 µM) for 8 hours if indicated. The percentages of anaphase or telophase cells containing ultra-fine 
bridges (n>25 per condition) were quantified. P values were calculated using two-tailed Student’s t-test. C) RPE-1-TP53mut 

cell lines induced to express Cdc25a or Cyclin E1 were treated and analyzed as described for panel A and B. D) Duration 
of mitosis in RPE-1-TP53mut cell lines harboring doxycycline-inducible Cdc25a or Cyclin E1, transduced with H2B-EGFP. Cells 
were pre-treated for 24 hours with doxycycline. Next, cells were treated with ATR inhibitor (VE-822, 0.25 μM) or WEE1 
inhibitor (MK-1775, 0.1 µM), and subsequently followed with live-cell microscopy for 48 hours. Duration of mitosis was 
quantified by measuring the time between nuclear envelope break-down (NEB) and anaphase entry.
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ABSTRACT

Sister-chromatid disjunction in anaphase requires the resolution of DNA catenanes by 
topoisomerase II together with PICH (Plk1-interacting checkpoint helicase) and BLM 
(Bloom’s helicase). We here identify Rif1 as a novel factor involved in the resolution of 
DNA catenanes that are visible as ultrafine DNA bridges (UFBs) in anaphase to which 
PICH and BLM localize. Rif1, which during interphase functions downstream of 53BP1 
in DNA repair, is recruited to UFBs in a PICH-dependent fashion, but independently 
of 53BP1 or BLM. Similar to PICH and BLM, Rif1 promotes the resolution of UFBs: 
Its depletion increases the frequency of nucleoplasmic bridges and RPA70-positive 
UFBs in late anaphase. Moreover, in the absence of Rif1, PICH or BLM more nuclear 
bodies with damaged DNA arise in ensuing G1 cells, when chromosome decatenation 
is impaired. Our data reveal a thus far unrecognized function for Rif1 in the resolution 
of UFBs during anaphase to protect genomic integrity.

P roper chromosome segregation in 
mitosis requires that chromosomes 
correctly attach to microtubules 

of  the mitotic spindle. Upon silencing 
of  the mitotic checkpoint, the cohesin 
complexes that hold sister chromatids 
together are cleaved by separase 
allowing sister chromatid separation in 
anaphase.(1) Besides linkage by cohesin, 
sister chromatids are also physically 
connected by DNA catenanes.(2)

  Sister chromatid catenation is 
a direct and physiological consequence 
of  DNA replication in S-phase.(3) DNA 
catenanes require topoisomerase II 
activity for their resolution,(4) a process 
which at chromosome arms is completed 
prior to metaphase.(5) However, at 
centromeric regions catenanes persist 
until anaphase and are visible as 
ultrafine DNA bridges (UFBs).(6-8) 
Alternatively, UFBs can also arise 
between common fragile sites (CFSs) 
at chromosome arms after induction 
of  replication stress in the previous 
S-phase.(9) UFBs differ from canonical 
bulky chromatin bridges in that they 

are devoid of  histones and cannot be 
stained with conventional DNA dyes. 
Their presence can thus far only be 
demonstrated by immunofluorescence 
(IF) staining of  proteins that bind to 
these DNA bridges, such as PICH, 
BLM and Replication Protein A 70 
(RPA70).(7) UFB resolution must be 
completed by the end of  anaphase to 
ensure sister-chromatid disjunction.(6-

8,10,11) Exactly how UFBs are resolved, 
the factors required for UFB resolution 
and the consequences of  defective UFB 
resolution for genome integrity are not 
completely understood.
  PICH, a DNA translocase from 
the Swi/SNF family, and BLM, a RecQ 
family helicase, are thought to act in 
conjunction with topoisomerases (IIα 
and III) to resolve UFBs.(6,8,12) Here, we 
present Rif1 as a novel UFB binding 
protein. Originally identified as an 
interactor of  the telomere-binding 
protein Rap1 in budding yeast,(13) Rif1 
was recently shown to function in DNA 
break repair downstream of  ATM and 
53BP1(14-19) and in controlling replication 

Figure 1. Rif1 is localized to DNA double strand breaks and to UFBs in anaphase
A) Representative images of Rif1 and γ-H2AX during interphase and anaphase in non-transformed RPE-1 cells, 30 min. 
after 5 Gy irradiation. B) Quantification of average numbers of Rif1 foci per cell, with or without 5 Gy irradiation (IR) in 
RPE-1 cells (n=3). Error bars indicate standard deviations (SD, n>25 cells/condition). ** p<0.01, unpaired Student’s t-test 
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C) Synchronization protocol: RPE-1 cells were arrested in G2 phase using the reversible Cdk1 inhibitor RO-3306. Wash-out 
of RO-3306 allowed synchronous mitotic entry. Fifteen min. later, cells were treated with ICRF-193 (160nM). D, E) RPE-1 
cells were treated as in C) and subsequently stained with Rif1 and CREST antibodies and DAPI. DMSO-treated or ICRF-193-
treated anaphase cells were categorized based on the distance between chromosome packs. Number of Rif1-positive bridges 
per anaphase were scored. Error bars indicate standard deviation (SD, n>25 cells/condition). F, G) RPE-1 cells were treated 
as in C) and cells were stained for Rif1 and PICH (F) or Rif1 and BLM (G). See also Figure S1.
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timing in situations of  stress.(20-23) We 
demonstrate that Rif1 plays a thus far 
unrecognized role in protecting the 
genome from damage though resolution 
of  UFBs during anaphase.

RESULTS

Rif1 localizes to ultra-fine DNA 
bridges during anaphase 
The cellular response to DNA damage 
is rewired during mitosis.(24) While 
DNA double-strand breaks (DSBs) 
are normally detected in mitosis, 
downstream effectors, including 53BP1, 
are no longer recruited, most likely to 
prevent unwanted telomere fusions.
(25,26) In analogy to 53BP1, we found 
that Rif1 cannot be recruited to DNA 
DSBs during mitosis in untransformed 
RPE-1 cells (Figure 1A,B) and in MCF-
7 and HeLa cells (Figures S1A,B). 
However, we noticed that in anaphase 
Rif1 localized to thread-like structures 
that bridged segregating chromosomes, 
irrespective of  earlier inflicted DNA 
damage (Figure 1A). Although previous 
work suggested that Rif1 co-localizes 
with midzone microtubules,(18) cold-
induced depolymerization of  midzone 
microtubules did not significantly affect 
Rif1 localization during anaphase, 
indicating that the majority of  these 
thread-like structures does not reflect 
microtubules (Figures S1C,D).
  Rif1-positive thread-like 
structures were present in high numbers 
at anaphase onset but progressively 
disappeared upon sister-chromatid 
segregation (Figure 1D,E). This 
localization pattern of  Rif1 resembles 
that of  PICH and BLM, which localize 
to ultrafine DNA bridges (UFBs) in 
early anaphase.(6-12) In non-transformed 
and non-stressed cells, UFBs are mainly 
caused by catenated centromeric DNA 
that requires topoisomerase activity 
for its decatenation during anaphase.
(27) Since Rif1-positive threads appeared 

between centromeres in unperturbed 
RPE-1 cells (Figure 1D), it suggested 
that these UFBs reflected persistent 
DNA catenanes, rather than under-
replicated fragile sites at chromosome 
arms that arise as a consequence of  
replication stress and that can be 
distinguished from centromeric UFBs 
by the presence of  FANCD2 foci.(7,9) 
To investigate this, RPE-1 cells were 
released from a G2 arrest imposed by 
the Cdk1 inhibitor RO-3306 (Figure 
1C). Fifteen min. after the release, cells 
were treated with a low concentration 
of  the topoisomerase II inhibitor ICRF-
193 to delay decatenation at anaphase 
onset (Figure 1C).(27) This resulted in 
a significant increase in the number 
of  Rif1-positive threads during early 
anaphase (Figure 1D,E). Moreover, these 
Rif1-positive threads were not flanked 
by FANCD2-positive foci (Figure S1E), 
suggesting that in both unperturbed 
and ICRF-193-treated cells Rif1 is 
indeed predominantly recruited to 
UFBs that reflect DNA catenanes. To 
further confirm that Rif1 associates with 
UFBs, we analyzed its co-localization 
with PICH and BLM. Indeed, Rif1 
showed overlapping localization at 
anaphase bridges with both PICH and 
BLM (Figure 1F,G). The specificity of  
Rif1 localization at UFBs was verified 
by siRNA-mediated Rif1 depletion 
(Figure 2C-E), and by using GFP-tagged 
Rif1 (Figure S1E,F). Finally, although 
the centromeric UFBs we detected in 
unperturbed and ICRF-193-treated 
cells reflected catenated DNA, when we 
induced replication stress by treatment 
with aphidicolin (APH), we observed 
occasional UFBs that connected 
FANCD2 foci. Also to these UFBs 
Rif1 was recruited, suggesting that 
Rif1 is a common component of  UFBs, 
irrespective of  their origin (Figure S1E). 

Rif1 recruitment to UFBs occurs 
independently of  53BP1, ATM and 
BLM but requires PICH 
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We next investigated the molecular 
requirements for Rif1 localization 
to UFBs. In mitosis the recruitment 
of  53BP1, and hence Rif1, to DSBs 
is suppressed by Cdk1-dependent 
phosphorylation of  53BP1 and RNF8  
(Figure 1A and S1A,B).(26) Interestingly, 
depletion of  53BP1 did not affect Rif1 

localization at UFBs in anaphase (Figure 
2A and S2A,G), while it did perturb Rif1 
recruitment to irradiation-induced foci 
(IRIF) in interphase (Figure S2B,C). 
In fact, Rif1 recruitment to UFBs 
was independent of  ATM signaling 
altogether as ATM inhibition did not 
prevent Rif1 recruitment to PICH-

Rif1 PICH
Merge 
+ DAPI

AT
M

i

B
Rif1 PICH

Merge 
+ DAPI

pR
S

-5
3B

P
1

A

D

si
LU

C

Rif1 PICH

si
P

IC
H

si
R

if1

IC
R

F-
19

3

Merge 
+ DAPI

C

si
LU

C
si

R
if1

si
B

LM

IC
R

F-
19

3

Rif1 BLM
Merge 
+ DAPI

E

R
if1-positive

P
IC

H
-positive

B
LM

-positive

siLUC

siLUC

siLUC

siRif1

siRif1

siRif1

siBLM

siBLM

siPICH

siPICH

0 50 100
% of total fibers

F

siSgo1

MG-132 MG-132+
RO-3306

15’ 

H

MG-132 MG-132
RO-3306

0

25

50

75

100

C
el

ls 
(%

)

cohesin UFB PICH pos. / Rif1 neg.

PICH and Rif1 pos.

M
G

-1
32

si
S

go
1

Rif1DAPI CRESTPICH

R
O

-3
30

6
M

G
-1

32

G

Figure 2. Rif1 localization to UFBs is independent of ATM, 53BP1 and BLM, requires PICH, and is blocked 
by Cdk1 activity
A, B) MCF-7 cells were stably depleted of 53BP1 (A) or treated with ATM inhibitor KU-55933 (B) and co-immunostained 
for PICH and Rif1. C, D) RPE-1 cells were transfected with the indicated siRNAs (siRNA#1 was used for Rif1), treated as in 
(1C) and fixed and immunostained for Rif1 and BLM (C) or for Rif1 and PICH (D) E) Quantification of (C) and (D). Number 
of cells with Rif1-, PICH- or BLM-positive bridges positive are depicted. Error bars indicate SD (n=3 experiments, >50 cells/
condition). F) Schematic representation of Sgo1-mediated cohesin protection at centromeres and of the experimental set-
up. G) RPE-1 cells were depleted of Sgo1 and treated with or without RO-3306. In both conditions MG-132 was added to 
prevent mitotic exit. Cells were fixed and stained for Rif1, PICH and CREST. H) Quantification of G). Percentages of mitotic 
cells with PICH-positive/Rif1-negative bridges (black) versus cells with PICH-positive/Rif1-positive (gray) are depicted. Error 
bars indicate SD (n=3 experiments with at least 50 cells/condition). See also Figure S2.
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positive UFBs (Figure 2B, S2D-F, S2H). 
  Rif1 was previously shown to 
reside in a complex with BLM during 
S-phase, and its recruitment to stalled 
replication forks was delayed in BLM-
deficient cells.(6,12,28,29) BLM was therefore 
considered a likely candidate to mediate 
localization of  Rif1 to UFBs. However, 
when we delayed UFB resolution by 
ICRF-193 treatment at anaphase onset, 
we found that Rif1 normally localized 
to UFBs in BLM-depleted cells (Figure 
2C,E and S2I,J). In contrast, when we 
depleted PICH, Rif1 recruitment to 
UFBs was completely blocked (Figure 
2D,E and S2I,K). Neither the localization 
of  PICH nor BLM depended on the 
presence of  Rif1 (Figure 2C-E and 
S2J,K). This demonstrates that BLM and 
Rif1 localize to UFBs independently of  
each other. However, Rif1 requires the 
presence of  PICH to localize to UFBs, 
similar to the requirement of  PICH for 
BLM recruitment to UFBs.
  To investigate whether Rif1 
and PICH are part of  the same protein 
complex, we transfected GFP-Rif1 and 
FLAG-PICH into HEK293T cells and 
performed co-immunoprecipitation 
experiments. Precipitation of  GFP-Rif1 
pulled down FLAG-tagged PICH in 
HEK293T cells (Figure S2L), showing 
that Rif1 and PICH can form a complex 
in cells. This interaction depended on 
the N- and C-terminal TPR domains 
of  PICH, since deletion of  either 
the N-terminal 76 amino acids, or 
C-terminal 160 amino acids spanning 
these domains partially affected the 
interaction with Rif1, whereas deletion 
of  both the N- and C-termini (PICH 
76-1090) fully abrogated the interaction 
between Rif1 and PICH (Figures S2L). 
Of  note, we were unable to detect 
endogenous Rif1 by western blot after 
PICH immunoprecipitation in either 
interphase, or anaphase cells suggesting 
that only a small fraction of  Rif1 is 
associated with PICH. Deletion of  
the PICH TPR domains impaired 

kinetochore localization of  PICH 
in mitosis, but did not affect PICH 
localization to UFBs in anaphase (Figure 
S2M). Surprisingly, however, PICH 
76-1090 was still able to restore Rif1 
localization to UFBs in PICH-depleted 
cells, suggesting that PICH does not 
recruit Rif1 to UFBs through direct 
or indirect protein interaction (Figure 
S2M). 

Rif1 recruitment to UFBs is 
suppressed by Cdk1 activity before 
anaphase
Before anaphase, cohesin is thought 
to shield centromeric DNA from 
topoisomerase II-mediated decatenation.
(30-32) In line with this notion, premature 
removal of  centromeric cohesin in (pro)
metaphase after depletion of  the cohesin 
protector Shugoshin1 (Sgo1), resulted 
in the visualization of  PICH-positive 
UFBs in prometaphase cells (Figure 2F-
H).(8) Remarkably, these UFBs did not 
contain Rif1 (Figure 2G,H), suggesting 
the recruitment of  Rif1 to UFBs is 
somehow prevented before anaphase. 
Since cyclin B-Cdk1 activity is high 
until anaphase onset, we hypothesized 
that Cdk1 could prevent the recruitment 
of  Rif1 to UFBs in (pro)metaphase. 
Indeed, after chemical Cdk1 inhibition, 
Rif1 was recruited to PICH-positive 
UFBs in Sgo1-depleted prometaphase 
cells (Figures 2G,H). From these data it 
can be inferred that Rif1 recruitment to 
UFBs, and most likely centromeric UFB 
resolution altogether, is inhibited by 
Cdk1 and as such restricted to anaphase.

Rif1 is required for timely UFB 
resolution.
PICH and BLM are thought to promote 
UFB resolution during anaphase and 
absence of  these proteins leads to 
an increased frequency of  histone-
containing anaphase bridges.(6,11,12,33) 
To understand the relevance of  Rif1 at 
UFBs in anaphase, we depleted Rif1 with 
two independent siRNAs in H2B-YFP-
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expressing HeLa cells, and monitored 
chromosome behavior using time-lapse 
microscopy. Whereas chromatin bridges 
were observed in approximately 10% 
of  anaphases in control-depleted cells, 

~30% of  Rif1-depleted cells showed 
thin chromatin bridges during anaphase 
(Figures 3A,B, Movies S1, S2). Although 
sometimes hard to detect with H2B-
YFP, these DNA bridges appeared 
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Figure 3. Rif1 is required for proper sister-chromatid disjunction
A) HeLa cells stably expressing YFP-H2B were transfected with Rif1 siRNAs. After a thymidine release the cells were analyzed 
by live cell video microscopy. Representative DIC and YFP stills of Movie S2 are shown. Arrowheads indicate nucleoplasmic 
bridges. B) HeLa-YFP-H2B cells were transfected with the indicated siRNAs and anaphases were quantified for nucleoplasmic 
bridges using live cell video microscopy (for examples see Movies S1-S4). Error bars indicate SD (n = 3 experiments, 30 cells/
condition, ** p<0.01, unpaired Student’s t-test). C) RPA70 is recruited to persistent UFBs. HeLa cells were released from a 
RO-3306-inflicted G2 arrest and fixed 45 min. later. Cells were stained for RPA70. Representative late anaphase cell is shown. 
D) Cells were transfected with indicated siRNAs and treated as in (C). Anaphase cells were scored for the presence of RPA70 
positive bridges. >100 cells/condition were analyzed. ** p<0.01; *** p<0.001 (unpaired Student’s t-test). E) HeLa cells were 
transfected with indicated siRNAs and treated as in (1C). Cells were fixed and stained for PICH and RPA70. Representative 
early and late anaphases are depicted. F) HeLa cells treated as in (E). Anaphase cells were categorized based on the distance 
between chromosome packs and the numbers of PICH and RPA70-positive bridges per anaphase were scored. Error bars 
indicate SD (n>25 cells/condition). See also Figure S3.
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to persist during telophase given the 
presence of  cytokinetic bridges (Figure 
3A). Importantly, comparable increases 
of  nucleoplasmic bridges were observed 
after PICH or BLM depletion (Figures 
3B, Movies S3, S4), suggesting that 
PICH, BLM and Rif1 act together in 
resolving these DNA bridges. 
  To further characterize the 
DNA bridges that persisted in Rif1-
depleted cells, we analyzed the presence 
of  the ssDNA-binding protein RPA70, 
which was previously shown to be 
recruited to UFBs.(7,10) Overall, depletion 
of  Rif1 increased the frequency of  
cells with persistent RPA70-positive 
bridges in late anaphase (Figures 3C,D). 
In marked contrast, we failed to detect 
RPA70-positive UFBs in late anaphases 
of  BLM-depleted cells (Figures 3D), 
despite the persistence of  nucleoplasmic 
bridges (Figures 3B). This implies that 
BLM is (in)directly required for RPA70 
recruitment to UFBs. 
  Because RPA70-positive 
UFBs have been described in cancer 
cell lines in which replication stress 
was induced,(28) we tested whether the 
increased frequency of  RPA70-positive 
UFBs after Rif1 depletion in otherwise 
unchallenged HeLa cells were an 
indirect consequence of  stalled DNA 
replication. We therefore analyzed DNA 
replication in single DNA fibers after 

sequential CldU and IdU incorporation 
(Figure S3A). Whereas treatment with 
hydroxyurea (HU) clearly blocked 
ongoing replication, depletion of  Rif1, 
PICH or BLM did not significantly alter 
replication progression (Figure S3A, 
B). Although indirect effects cannot be 
fully excluded, we deemed it more likely 
that the increased frequency of  RPA70-
positive UFBs in Rif1-depleted cells 
were not caused by replication stress. 
To assess whether RPA70 recruitment 
to UFBs in Rif1-depleted cells could 
thus be a consequence of  impaired UFB 
resolution in anaphase, we inhibited 
topoisomerase IIα activity at anaphase 
onset to delay DNA decatenation 
(Figure 1C). Strikingly, this resulted in 
a dramatic increase in the appearance 
of  RPA70-positive UFBs in anaphase 
(Figure 3E,F). In contrast to the decrease 
in PICH-positive threads upon anaphase 
progression, RPA70 recruitment 
to UFBs initially increased upon 
chromosome segregation, reaching 
a maximum when separating sister-
chromatid packs attained a distance of  
~10 μm (Figure 3F). At later stages of  
anaphase, RPA70 disappeared along 
with the resolution of  PICH-positive 
fibers. Interestingly, also under these 
conditions we were unable detect RPA70 
on UFBs when BLM was depleted 
(Figure 3F). Taken together, these data 

Figure 4. Impaired UFB resolution increases frequency of micronuclei and 53BP1 nuclear body formation
A) PICH, BLM, Rif1 and actin levels in the parental or indicated HAP1 knock-out cell lines determined by immunoblotting, 
(*) aspecific band. B) Parental HAP1 cells, or HAP1 cell lines harboring frame shift mutations in Rif1, BLM or PICH were 
analyzed for micronuclei (arrow in image). Mean ± SD of 3 experiments (>1,000 cells/condition in each experiment). ** 
p<0.01; *** p<0.001 (unpaired Student’s t-test). C, D) MCF-7 cells were transfected with indicated siRNAs and labeled with 
CldU and IdU according to the indicated scheme. Where indicated, cells were treated with ICRF-193 during IdU incubation, 
or with HU as a positive control. DNA was spread into single fibers and IdU track length was determined for 300 fibers per 
condition. Representative fibers are shown in (C), actual and average fiber lengths are plotted in (D). * p<0.05; *** p<0.001, 
n.s. = not significant (unpaired Student’s t-test). E-G) MCF-7 cells were transfected with indicated siRNAs and treated for 
24h with ICRF-193. 48 hours after transfection cells were fixed and stained for 53BP1. Nuclear 53BP1 bodies per cell were 
scored. Percentages are mean ± SD of 3 experiments with >400 cells per condition. Representative images of 53BP1 bodies 
in siRNA transfected MCF-7 cells are shown in (E). H) During anaphase, Rif1 and BLM are recruited to UFBs in a PICH-
dependent fashion. In the absence of Rif1 UFB resolution is impaired. This gives rise to nucleoplasmic bridges in anaphase/
telophase, and to micronuclei and nuclear bodies with damaged DNA in G1. See also Figure S4
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demonstrate that RPA70 is recruited 
to UFBs in a BLM-dependent manner 
when DNA decatenation is delayed, 
and that Rif1 is required for timely 
resolution of  these UFBs.

Rif1 depletion increases the 
frequency of  micronuclei formation
We next assessed whether impaired 
UFB resolution due to loss of  Rif1 
could have consequences for genomic 
integrity. Since knock-down of  
PICH and BLM was associated with 
micronuclei formation,(11) we tested 
whether Rif1 inactivation would also 
give rise to micronuclei. In our hands, 
transient knock-down of  Rif1, BLM or 
PICH in either RPE-1 or HeLa cells only 
induced a minor increase in micronuclei 
formation, compared to control cells. 
We therefore analyzed Rif1, BLM and 
PICH knock-out cells obtained through 
CRISPR/Cas9-mediated gene editing 
of  HAP1 cells (Figure 4A).(34) Prolonged 
inactivation of  Rif1 significantly 
increased the frequency of  HAP1 cells 
with micronuclei to a similar extend as 
PICH or BLM gene mutation (Figure 
4B). 

Impaired UFB resolution gives rise 
to nuclear bodies with damaged 
DNA in G1
Unresolved late-stage replication 
intermediates lead to the formation of  
nuclear bodies in ensuing G1 cells. These 
nuclear bodies consist of  Mdc1 and 
53BP1 among others, and shield sites of  
damaged DNA in nuclear compartments 
until recombination-mediated repair is 
available in the following S/G2 phase.
(33,35) Currently it is unclear whether 
these nuclear bodies can in fact originate 
from unresolved UFBs.
  We therefore tested whether 
delayed UFB resolution per se, without 
prior DNA replication defects, gives 
rise to nuclear bodies in G1. To delay 
UFB resolution, we again used a low 
concentration of  ICRF-193. To reassure 

that this treatment does not cause 
significant replication defects, especially 
when combined with Rif1, PICH or 
BLM depletion, we analyzed replication 
dynamics in MCF-7 cells using three 
independent assays. Firstly, global 
replication analysis by flow cytometry 
was used to show that low dose ICRF1-
193 treatment did not notably alter Edu 
incorporation, even when Rif1, BLM 
or PICH were depleted (Figure S4A,B). 
Secondly, mitotic cells were analyzed 
immediately after a 15’ pulse of  EdU to 
demonstrate that ICRF-193 treatment 
of  control-depleted or Rif1-depeted cells 
did not result in any EdU incorporation 
in mitotic cells (Figure S4C,D). This 
indicated that active replication in these 
cells has finished well before mitotic 
entry.(10) Thirdly, DNA replication speed 
measured at single DNA fiber resolution 
was also not significantly affected by 
the low dose of  ICRF-193 that we 
used to increase the number of  UFBs 
(Figure 4C,D). Importantly, depletion of  
neither Rif1, BLM nor PICH caused a 
decrease in replication speed in ICRF-
193-treated cells (Figure 4C,D).
  Having established that a low 
dose of  ICRF-193 in combination 
with knock-down of  Rif1, BLM or 
PICH did not notably delay replication 
progression, we used MCF-7 cell lines, 
stably expressing GFP-Mdc1 or GFP-
53BP1, in combination with cyclin A 
staining to discriminate S/G2 cells from 
G1 cells to assess if  impaired DNA 
decatenation would result in nuclear 
body formation in G1 (Figures S4E,F). 
Treatment with ICRF-193 alone 
resulted in the formation of  Mdc1-
GFP and GFP-53BP1 nuclear bodies 
in G1 phase (Figures S4E,F), and also 
resulted in nuclear bodies consisting 
of  endogenous 53BP1 (Figure 4E). 
Importantly, we found that depletion 
of  Rif1, PICH or BLM significantly 
increased the number of  these 53BP1 
nuclear bodies in ICRF-193-treated cells 
(Figure 4E,F). Of  note, the increase in 
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53BP1 nuclear bodies after Rif1 depletion 
was comparable to the increase in PICH 
or BLM-depleted cells. Since PICH was 
not previously reported to play a role 
during S-phase, and even localizes to 
the cytoplasm during interphase,(12) our 
data suggest that the observed nuclear 
53BP1 bodies are due to an inability to 
resolve UFBs by a pathway comprising 
PICH, BLM and Rif1. To further 
strengthen this notion, we co-depleted 
PICH with Rif1 or PICH with BLM 
(Figure S4G). This did not lead to the 
formation of  additional 53BP1 nuclear 
bodies compared to PICH-depleted cells 
(Figure 4G), supporting our findings 
that the localization of  both Rif1 and 
BLM to UFBs is dependent on PICH 
(Figure 2), and strengthening the model 
that Rif1, PICH and BLM function 
in a similar pathway to resolve DNA 
catenanes during anaphase to ensure 
genomic integrity (Figure 4H).
 

DISCUSSION

We here uncovered a role for Rif1 in 
UFB resolution in anaphase. During 
interphase, Rif1 functions downstream 
of  53BP1 in controlling DNA double 
strand break repair choice,(14-16,19,36) 
and timing of  DNA replication.(20-23) 
We here show that the recruitment of  
Rif1 to UFBs in anaphase is 53BP1 
independent. Interestingly, while the 
cellular response to DNA damage is re-
wired during the cell cycle, and mitosis 
specifically,(24) also the here described 
role for Rif1 at UFBs appears to be 
subject to cell cycle regulation. In line 
with Cdk1-mediated inactivation of  
the 53BP1-Rif1 signaling axis during 
mitosis,(26) also Rif1 recruitment to UFBs 
is inhibited by Cdk1 activity. These 
data point at a generic role for Cdk1 
in suppressing the cellular response to 
DNA lesions during mitosis, both in 
response to DNA double-strand breaks 
as well as unresolved DNA catenanes.

  Rif1 is recruited to UFBs 
in anaphase together with the BLM 
DNA helicase. Besides DNA helicase 
activity, also topoisomerase activity and 
regulatory factors including TopBP1 
and RMI1 are recruited to UFBs.(6,10) 

This complex resembles the BTRR 
(BLM-Topoisomerase IIIα-RMI1-
RMI2) complex that is recruited to 
resolve recombination intermediates 
and promote stalled replication recovery 
during S-phase.(37) Our data show that 
the recruitment of  BLM to UFBs in 
anaphase differs from recruitment of  
BLM to replication intermediates during 
S-phase. Whereas during S-phase, Rif1 
appears to be the DNA binding interface 
mediating BLM recruitment,(29) BLM 
recruitment to UFBs is independent 
of  Rif1 but depends on PICH. These 
differential requirements may be 
necessitated by the fundamentally 
different chromatin state during 
anaphase, with elevated levels of  tension 
and the absence of  histones.(38) Although 
PICH and Rif1 can be found in the 
same protein complex, this interaction 
does not appear to be required for the 
PICH-dependent loading of  Rif1 on 
UFBs, implying an alternative mode of  
Rif1 UFB recruitment regulation. Since 
PICH functions as DNA translocase,(38) 
it suggests a DNA remodeling role for 
PICH at UFBs. We propose this may 
enhance the accessibility of  DNA for 
Rif1, without PICH directly recruiting 
Rif1. 
  We found that the ssDNA-
binding protein RPA70 was recruited to 
UFBs especially when UFB resolution 
was delayed by topoisomerase II 
inhibition, and the localization of  RPA70 
to UFBs was completely dependent 
on the presence of  BLM. RPA70 
recruitment to UFBs most likely reflects 
ssDNA generation given that RPA70 
only binds ssDNA efficiently.(39) As such, 
RPA70 recruitment may reflect BLM 
DNA helicase activity, with Rif1 having 
an inhibitory effect on BLM activity 
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DM-6000 microscope, equipped with a 
DFC360FX camera, a CTR6000 Xenon 
light source, 63x objective and LAS-
AF software (Leica). Alternatively, a 
DeltaVision Elite microscope, equipped 
with a CoolSNAP HQ2 camera and 100X 
objective was used to analyze HeLa 
cells, expressing YFP-tagged Histone-
H2B. Live cell immunofluorescence 
microscopy was done using a Zeiss 
Axiovert 200M microscope, equipped 
with a 40x objective.

DNA replication and nuclear body 
formation. At 48 hours after siRNA 
transfection, MCF-7 cells were 
incubated with Edu (10 μM), CldU 
(25 μM) or IdU (250 μM), and fixed 
in 70% ethanol for flow cytometry, in 
formaldehyde (3.7%) for microscopy, or 
processed for single DNA fiber analysis. 
At least 300 fibers were analyzed per 
condition. Nuclear body formation was 
assessed in MCF-7 cells expressing 
Mdc1-GFP or GFP-53BP1, or through 
staining of  formaldehyde-fixed cells for 
endogenous 53BP1.

Flow cytometry. Cells were fixed in 
70% ethanol and stained with propidium 
Iodide (50 μg/ml)/RNAse (100 μg/
ml). Incorporated Edu was labeled 
with Alexa-488 for 30 min. using click 
chemistry (Molecular Probes). At least 
5,000 events were analyzed per sample 
on a FACS-Calibur (Becton Dickinson) 
using Cell Quest software (Becton 
Dickinson). 

Statistical analysis. Data are shown as 
mean ± SD where indicated. An unpaired 
Student’s t-test or Mann-Whitney U 
test was performed using GraphPad 
statistical analysis, and p-values ≤0.05 
were considered significant.

Supplemental Movies. Supplemental 
Movies 1-4 can be found online at 
Developmental Cell.

at UFBs. This idea is in line with a 
previously reported genetic interaction 
between Rif1 and BLM, in which Rif1 
inhibits BLM function.(19) This latter 
observation, however, was made in the 
context of  eroded telomere processing, 
and it is unclear whether BLM and 
Rif1 interact similarly at UFBs. Since 
RPA showed preferential recruitment 
to longer UFBs when compared to 
optimal PICH recruitment, we cannot 
formally exclude the possibility that 
DNA under high tension may adopt 
alternative confirmations in which bases 
are exposed that allow interaction with 
RPA70.(38) Clearly, future studies are 
required to uncover how Rif1, BLM 
and PICH act at the molecular level to 
resolve UFBs.
 Finally, we demonstrated that 
impaired UFB resolution gives rise to 
nuclear bodies with damaged DNA in 
G1. The inability to properly resolve 
DNA catenanes or other late-stage 
replication intermediates that lead to 
UFBs in anaphase could thus lead to 
accumulation of  genomic lesions and 
may as such contribute to tumorigenesis. 

EXPERIMENTAL PROCEDURES

Synchronization and treatment of  
cell lines. The following cell lines 
were used: HeLa, MCF-7, HAP1, RPE-
1, 293T. HeLa and RPE-1 cells were 
blocked in G2 phase using RO-3306 (5 
μM and 7.5 μM respectively, Calbiochem) 
for 18 hours. Fifteen min. after release 
from the RO-3306 block, ICRF-193 
was added (160nM, Sigma). Where 
indicated, cells were irradiated using 
a Cesium137 source (CIS international/
IBL 637), transfected with 20nM of  the 
indicated siRNAs using HyPerfect or 
treated with the indicated inhibitors.

Microscopy. Immunofluoresence 
microscopy was done with a Leica 
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infected target cells. At 24 hours after the 
last infection, cells were selected with 2μg/
ml puromycin. For expression of  GFP-
Rif1, the pDEST pcDNA5/FRT/TO-eGFP 
plasmid containing human Rif1 was kindly 
provided by Dr. Daniel Durocher (University 
of  Toronto, Canada).(16)

  Full length human PICH and 
indicated fragments were generated by PCR 
on a human cDNA library and ligated into 
the pCR3 vector (Invitrogen), containing an 
N-terminal FLAG tag or into pcDNA5/
FRT/TO (Invitrogen), containing an 
N-terminal AcGFP-tag. HeLa FLP-In 
cells (Life Technologies) were transfected 
with pcDNA5/FRT/TO containing eGFP-
Rif1, AcGFP-PICH or AcGFP-PICH 76-
1090 along with pOG44, encoding the Flp 
recombinase, (Invitrogen) using Xtreme 
Gene 9 DNA Transfection Reagent (Roche). 
At 48 hours after transfection, cells with 
successful integration were selected with 
400μg/ml hygromycin (Invitrogen) and 
expanded as polyclonal cell lines. GFP-
Rif1 expression was induced for 48 hours 
with 2μg/ml doxycycline (Sigma), and 
GFP-Rif1 positive cells were FACS-sorted 
and expanded as monoclonal cell lines for 
further use.
  Where indicated, cells were gamma-
irradiated using CIS Bio international/IBL 
637 irradiator, equipped with a Cesium137 
source (dose rate: 0.01083 Gy/s), or treated 
with 10μM ATM inhibitor KU-55933 
(Axon Medchem, Groningen, the Netherlands), 
160nM ICRF-193 (Sigma Aldrich), 5 or 
7.5μM RO-3306 (Axon Medchem), 0.15, 0.2 
or 2μM Aphidicolin (Sigma Aldrich), 2.5 μM 
thymidine, 2 or 5mM hydroxyurea (Sigma 
Aldrich), or 5μM MG132 (Sigma Aldrich).
  RNA interference. MCF-7, 
HeLa, or RPE-1 cells were transfected 
at approximately 30% confluency with 
the following siRNA’s targeting Rif1: 
5’-GACTCACATTTCCAGTCAA-3’ (Rif1#1), 
and 5’-CCAGUGUACUUGGGCAUAUUUCUUU-3’ 
(HSS124069, Rif1#2). For 
BLM depletion we used either 
5’-ACAGGGAAUUCUAUGAAGGAGUUAA-3’ 
(HSS101023) or 5’-GGAGCACATCTGTAAAT-

SUPPLEMENTAL EXPERIMENTAL 
PROCEDURES

Cell lines and treatment  Human cervical 
cancer HeLa cells were cultured in a 1:1 
mixture of  DMEM (Gibco) and Ham’s 
F12 (Gibco) medium, supplemented with 
penicillin (100 units/mL), streptomycin 
(100 μg/mL) (Gibco) and 10% fetal calf  
serum (FCS, Bodinco BV). MCF-7 human 
breast cancer cells were cultured in RPMI-
1640 (Gibco) medium supplemented with 
penicillin (100 units/mL), streptomycin 
(100 μg/mL) and 10% FCS. Human retinal 
pigment epithelium (RPE-1) cells and 
human embryonic kidney (HEK) 293T 
cells were cultured in DMEM medium 
supplemented with penicillin (100 units/
mL), streptomycin (100 μg/mL) and 10% 
FCS. HAP1 cells were obtained from 
Haplogen GmbH (Vienna, Austria) and 
maintained in IMDM medium (Gibco), 
supplemented with penicillin (100 units/
mL), streptomycin (100 μg/mL) (Gibco) and 
10% FCS. CRISRP/Cas9-mediated gene 
targeting was used to generate ΔRif1 (Guide 
RNA sequence: ACTCAGCTCCGAGTTTTGAC, 
caused a 7-bp deletion in exon 4, creating a 
frameshift), ΔPICH (Guide RNA sequence: 
GGGCTCAAGGCCTCGGCTTC, caused a 2 bp 
deletion in exon 1, creating a frameshift) 
and ΔBLM (Guide RNA sequence: 
AGATTTCTTGCAGACTCCGA, caused a 5 bp 
deletion in exon 3, creating a frameshift). 
 For retroviral short-hairpin shRNA 
delivery, MCF-7 or HeLa cells were 
retrovirally infected with VSV-G pseudotyped 
viruses containing control pRetrosuper 
(scrambled: 5'-TTCTCCGAACGGTGCACGT-3’) 
or pRetrosuper-53BP1 (53BP1-targeting 
sequence: 5’-GAACGAGGAGACGGTAATA-3’) as 
described previously.(40) In short, HEK293T 
cells were transfected with indicated 
pRetrosuper plasmids along with pMDG 
and pMDG/p in a (3:2:1) ratio. Twenty-
four hours after transfection, medium was 
replaced. Subsequently, virus-containing 
medium was collected, filtered using a 0.45 
μm PVDF syringe filter (Millipore) and used 
for three consecutive 12 hour periods to 
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Rif1 positive cells were FACS-sorted and 
expanded as monoclonal cell lines for further 
use. Full length human PICH and indicated 
fragments were generated by PCR on cDNA 
and ligated into pCR3 vector (Invitrogen), 
containing an N-terminal FLAG tag.
  Antibodies. The following 
antibodies were used: BLM pAb (#ab2179) 
and FANCD2 mAb (#ab108928) were 
from Abcam. PICH mAb (H00054821, 
Abnova, Figure 2A, B). Rif1 pAb (A300-
568A, Bethyl Laboratories). FLAG mAb 
(F425) was from Sigma. Phospho-Thr68-
Chk2 pAb (2197), phospho-Ser139-H2AX 
pAb (9718) and RPA70 pAb (2267) were 
from Cell Signaling. 53BP1 pAb (sc22760), 
BLM pAb (sc1611), CDK4 pAb (sc-260-g) 
and Chk2 pAb (sc56297) and GFP mAb 
(sc9996) were from Santa Cruz. Phospho-
Ser139-H2AX (05-636), PICH mAb (142-
26-3) and MPM2 mAb (05-368) were 
from Millipore and mouse anti-Actin was 
from MP Biomedicals (#69100). CREST 
pAb (cs-1058) was from Cortex Biochem. 
For immunoblotting, HRP-conjugated 
secondary antibodies (DAKO P044801; 
P026002) were used in combination with 
enhanced chemiluminescence (ECL) using 
Lumi-Light (Roche). Membranes were 
visualized using a ChemiDoc in combination 
with Quantity One 4.5.0 software (Bio-Rad). 
Alexa-488, Alexa-568, and Alexa-647-
conjugated secondary antibodies (Invitrogen 
A11008; A11001; A21134; A21235; 
A21244) were used for immunofluorescence 
microscopy and flow cytometry.
  Immunoprecipitation. HEK293T 
cells were cultured to ~50% confluency 
and were transfected with 4 μg FLAG-
PICH in combination with 1 μg GFP-Rif1 
or 0.2 ug GFP-encoding cDNA using a 
standard calcium phosphate protocol. After 
16 hours, medium was replaced and after 
another 24 hours cells were harvested in 
lysis buffer (50 mM Tris–HCl pH 7.7; 150 
mM NaCl; 0.5% (v/v) Nonidet P-40 (Sigma), 
supplemented with protease inhibitor 
cocktail (Roche). After sonification, GFP-
Rif1 was immunoprecipitated using GFP-
Trap beads (ChromoTek). After extensive 

TA-3’. For PICH depletion we used 
5’-UGUACACAUGUGAUCUGUCUGUUAA-3’ 
(HSS147788) or 5’-AGGCCAGACTTAATGA-
AAA-3’.  For SGOL1 depletion we used 
5’-GAUGACAGCUCCAGAAAUU-3’. siRNA 
targeting Luciferase (GL2 duplex, 
Dharmacon) was used as a control. Prior 
to siRNA transfection, culture media were 
exchanged to OptiMEM (Gibco) without 
FCS or antibiotics, and subsequently cells 
were transfected using Oligofectamine 
reagent (Invitrogen) or HiPerFect reagent 
(Qiagen) according to manufacturer’s 
recommendations in OptiMEM, according 
to product protocol for 6-well transfections. 
  Plasmids and transfections. For 
retroviral short-hairpin shRNA delivery, 
MCF-7 or HeLa cells were retrovirally 
infected with VSV-G pseudotyped 
viruses containing control pRetrosuper 
(scrambled: 5-TTCTCCGAACGGTGCACGT-3’) 
or pRetrosuper-53BP1 (53BP1-targeting 
sequence: 5’-GAACGAGGAGACGGTAATA-3’) as 
described previously.(40) In short, HEK293T 
cells were transfected with indicated 
pRetrosuper plasmids along with pMDG 
and pMDG/p in a (3:2:1) ratio. Twenty-
four hours after transfection, medium was 
replaced. Subsequently, virus-containing 
medium was collected, filtered using a 0.45 
μm PVDF syringe filter (Millipore) and 
used for three consecutive 12 hour periods 
to infected target cells. At 24 hours after 
the last infection, cells were selected with 
2μg/ml puromycin. For expression of  
GFP-Rif1, the pDEST pcDNA5/FRT/
TO-eGFP plasmid containing human 
Rif1 was kindly provided by Dr. Daniel 
Durocher (University of  Toronto, Canada).
(16) HeLa FLP-In cells were transfected with 
pcDNA5/FRT/TO-eGFP-Rif1 along with 
pOG44, which encodes the Flp recombinase, 
(Invitrogen) using Xtreme Gene 9 DNA 
Transfection Reagent (Roche). 48 hours 
after transfection, cells with successful 
integration of  GFP-RIF1 were selected 
with 400μg/ml hygromycin (Invitrogen) 
and expanded as polyclonal cell line. GFP-
Rif1 expression was induced for 48 hours 
with 2μg/ml doxycyclin (Sigma), and GFP-
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intervals. For flow cytometry, at least 5,000 
events were analyzed per sample on a FACS-
Calibur (Becton Dickinson) using Cell Quest 
software (Becton Dickinson). 
  Microscopy. Immunofluoresence 
microsco-py was done with a Leica DM-6000 
microscope, equipped with a DFC360FX 
camera, a CTR6000 Xenon light source, 
63x objective and LAS-AF software 
(Leica). Alternatively, a DeltaVision Elite 
microscope, equipped with a CoolSNAP 
HQ2 camera and 100X objective was used. 
Live cell immunofluorescence microscopy 
was done using a Zeiss Axiovert 200M 
microscope, equipped with a 40x objective.
  DNA fiber analysis. To assess 
replication dynamics HeLa cells were pulse-
labeled with CIdU (25μM) for 20 minutes. 
Next, cells were washed with medium and 
incubated with hydroxyurea (HU, 2mM) for 
4 hours. Subsequently, cells were washed 
with media and pulse-labeled with IdU 
(250μM) for 1 hour. Cells were harvested 
using trypsine and lysed on microscopy 
slides in lysis buffer (0.5% sodium dodecyl 
sulfate (SDS), 200mM Tris (pH 7.4), 50mM 
EDTA). DNA fibers were spread by tilting 
the slide and were subsequently air–dried 
and fixed in methanol/acetic acid (3:1) for 10 
minutes. Fixed DNA spreads were stored for 
24 hours at 4°C before the immuno-labeling 
spreads were treated with 2.5M HCl for 1.5 
hours. CIdU was detected by staining with 
rat anti-BrdU (1:1000, AbD Serotec) for 1 
hour and IdU was detected with mouse 
anti-BrdU (1:500, Becton Dickinson) for 1 
hour and further incubated with AlexaFluor 
488-conjugated anti-rat IgG (1:500) and 
AlexaFluor 647-conjugated anti-mouse IgG 
(1:500) for 1.5 hours. Images were acquired 
on a Leica DM-6000RXA fluorescence 
microscope, equipped with Leica Application 
Suite software. The lengths of  CIdU and 
IdU tracks were measured using ImageJ 
software. All statistical analyses were 
done with two-sided unpaired Student’s 
t-tests with 95% confidence intervals were 
performed for statistical analysis.

washing, GFP-Rif1 and FLAG-PICH were 
analyzed by SDS-Page and immunoblotting.
  Immunofluorescence and flow 
cytometry. HeLa, MCF-7, HAP1 or RPE-
1 cells were grown on glass cover slips for 
at least 48 hours to a maximum confluence 
of  80%. Cells were then fixed with 3.75% 
formaldehyde (Sigma) or paraformaldehyde 
(Sigma) in phosphate-buffered saline (PBS) 
for 5 minutes. Cells were permeabilized for 
5 minutes in 0.1% Triton-X100 (Sigma) in 
PBS or PBS containing 0.5% NP40 (Sigma). 
Cells were subsequently blocked in PBS 
containing 0.05% Tween-20 (Sigma) and 
2.5% bovine serum albumin (BSA; GE 
Healthcare). Cells were incubated with 
primary antibodies in PBS/Tween-20/BSA 
for 16 hours, followed by extensive washing 
and incubation with secondary antibodies. 
Subsequently, cells were incubated with 
Hoechst 33342 (Sigma) or 500 ng/mL 
DAPI (Sigma) before mounting slides 
with Kaiser’s glycerol/gelatine (Sigma) 
or with ProLong Gold antifade reagent 
(Life Technologies). Micronuclei analysis 
in HAP1 cell lines was performed in three 
independent experiments, with at least 
1,000 cells analyzed per experiment per cell 
line. In order to visualize DNA replication, 
cells were incubated with 5-Ethynyl-2´-
deoxyuridine (EdU, final concentration 
10μM) for 30 minutes. Cells were 
subsequently harvested by trypsinization 
and fixed in 70% ice-cold ethanol for 
flow cytometry analysis, or alternatively 
in 3.7% formaldehyde for microscopy. 
Incorporated Edu was subsequently labeled 
with Alexa-488 using click chemistry by 
incubating in staining buffer (100mM Tris 
pH8.5, 1mM CuSO4, 100mM L-ascorbic 
acid), supplemented with 10μM Alexa-
488-azide (Invitrogen, A10266) for 30 
minutes at room temperature in the dark. 
Cells were subsequently counterstained 
with propidium Iodide (50μg/ml)/RNAse 
(100μg/ml) for flow cytometry or with 
DAPI for microscopy analysis. Statistical 
analysis was performed using two-sided 
Mann-Witney tests with 95% confidence 
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Figure S1

Figure S1, related to Figure 1: Cell cycle-dependent 
localization of Rif1 to IRIF. 
A) Rif1 localizes to irradiation-induced foci (IRIF) during 
interphase, but not in mitosis. Representative images 
of Rif1 and γ-H2AX localization to IRIF in MCF-7 cells 
during interphase or the various stages of mitosis at 30 
minutes after irradiation with 5 Gy. B) Quantification of 
average numbers and standard deviations of Rif1 foci 
from a representative experiment in MCF-7 cells before 
irradiation (interphase n=50, mitosis n=69) or after 5 Gy 
irradiation (interphase n=48, mitosis n=61) and in HeLa 
cells before irradiation (interphase n=31, mitosis n=40) 
or after 5 Gy irradation (interphase n=25, mitosis n=47). 
C) Rif1 recruitment to anaphase bridges is independent 
of microtubules. MCF-7 cells were treated with ICRF-193 
(160nM) to induce Rif1-positive anaphase bridges. At 1 
hour after ICRF-193 treatment, cells were treated with a 

cold-shock to destabilize central spindle microtubules, fixed and stained for α-Tubulin and Rif1. D) Quantification of results 
from panel C. Anaphase cells from untreated (n=42) or cold treated (n=30) conditions were analyzed for the presence of 
Rif1-positive threads. E) HeLa with stable inducible expression of GFP-Rif1 were treated with doxycycline (DOX) for 24 hours 
and treated with ICRF-193 (160nM) or Aphidicolin (APH, 150nM). After one hour of ICRF-193 treatment or 24 hours of 
APH treatment, cells were fixed and stained for FANCD2 and DAPI. F) HeLa cells stably expressing inducible GFP-Rif1 were 
treated with doxycycline for 24 hours and subsequently stained for PICH and DAPI. 
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Figure S2, related to Figure 2: Rif1 recruitment to anaphase bridges is independent of 53BP1 and ATM, but 
dependent of PICH
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Figure S2, related to Figure 2: Rif1 recruitment to anaphase bridges is independent of 53BP1 and ATM, but 
dependent of PICH
A) HeLa and MCF-7 cells were stably infected with retroviral short hairpins targeting 53BP1 or scrambled sequence (pRS-
53BP, pRS-SCR). Levels of 53BP1 were assessed by immunoblotting. B) IR-induced Rif1 foci formation in interphase cells is 
53BP1-dependent. MCF-7 cells expressing pRS-SCR or pRS-53BP1 were fixed at 1 hour after irradiation with 5 Gy. Cells 
were stained for Rif1 and nuclei were stained with DAPI. C) MCF-7 cells and HeLa cells were treated as for panel C). Rif1 
foci per interphase cell in HeLa or MCF-7 cells from one representative experiment are plotted. Numbers of analyzed 
cells per condition are indicated in the graph. *** p<0.001 (unpaired two-sided Student’s t-test). D) ATM inhibition using 
KU-55933 prevents Chk2 phosphorylation. One hour prior to irradiation (5 Gy) HeLa and MCF-7 cells were treated with 
KU-55933. Chk2 phosphorylation at Thr-68 was assessed by immunoblotting. E) IR-induced Rif1 foci formation in interphase 
cells depends on ATM activity. MCF-7 cells were treated with KU-55933 at 1 hour prior to irradiation (5 Gy), and fixed 1 
hour after irradiation. Cells were stained for Rif1 and nuclei were stained with DAPI. F) Quantification of numbers of Rif1 
foci per cell in HeLa or MCF-7 cells as shown in E). Rif1 foci per interphase cell in HeLa or MCF-7 cells are indicated from 
one representative experiment. Numbers of analyzed cells per condition are indicated in the graph. ***p<0.001 (unpaired 
Student’s t-test). G) Rif1 localizes to PICH-positive UFBs independent of 53BP1. MCF-7 cells and HeLa cells infected with 
pRS-SCR or pRS-53BP1 were co-immunostained for PICH and Rif1. Distance between sister chromatids (μm) was measured 
and plotted against the number of Rif1/PICH-positive UFBs. Indicated numbers of anaphases from one representative 
experiment are plotted. Numbers of analyzed cells per condition are indicated in the legend of the graph. H) Rif1 localization 
to PICH-positive UFBs is independent of ATM. MCF-7 and HeLa cells were treated with KU-55933 and cells were co-
immunostained for PICH and Rif1 and analyzed as shown in G. Indicated numbers of anaphases from one representative 
experiment are plotted. Numbers of analyzed cells per condition are indicated in the legend of the graph. I) RPE-1 cells 
were transfected with indicated siRNA and levels of Rif1, PICH, BLM and Cdk4 were assessed by immunoblotting at 48 
hours after transfection. J, K) HeLa cells were transfected with indicated siRNAs and treated as in Figure 1C. Cells were 
fixed and stained for Rif1 and PICH (J), or were stained for Rif1 and BLM (K) in combination with DAPI. L) GFP-Rif1 was 
immunoprecipitated from HEK293T cells expressing full length FLAG-PICH or indicated deletion mutants. Input samples 
(1%) and immunoprecipitations were immunoblotted for Rif1 and FLAG. Domain organization of PICH is indicated in 
the lower panel (TPR: tetratricopeptide repeats; SNF2: sucrose non-fermenting-family domain; PFD: PICH family domain). 
M) HeLa cells stably expressing doxycycline-inducible GFP-tagged PICH or GFP-tagged PICH 76-1090 were transfected 
with PICH siRNA. Cells were processed to visualize PICH and Rif1 or GFP and Rif1. Note that PICH-Rif1 protein complex 
formation (shown in L) is not required for PICH-dependent recruitment of Rif1 to UFBs.
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Figure S3, related to Figure 3: Depletion of PICH, Rif1 or BLM does not result in DNA replication delay
A) MCF-7 cells were transfected with the indicated siRNAs and labeled with IdU and CldU according to the indicated time 
scheme. Where indicated, cells were treated with hydroxyurea (HU, 5mM) during CldU incubation. DNA was spread into 
single fibers and representative images of IdU/CldU tracks are shown. B) CldU track length was determined of at least 300 
fibers per condition. Fiber length is indicated in µm. n.s = not significant; *** p<0.001 (unpaired two-sided Student’s t-test).
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Figure S4

Figure S4, related to Figure 4: DNA replication in ICRF-193-treated cells with or without Rif1, PICH or BLM
A, B) MCF-7 cells were transfected with indicated siRNAs and treated with aphidicolin (APH) or ICRF-193 for 24h incubation. 
48 hours after transfection, cells were incubated with EdU for 15 minutes and subsequently fixed. EdU was conjugated to 
azide-Alexa488 and DNA was stained with PI/RNAse, and analyzed by flow cytometry. B) Quantification of Edu-Alexa488 
signal in at least 5,000 cells per condition from panel A. C) Cells were treated as in panel A and EdU incorporation was 
analyzed by fluorescent microscopy. Edu was conjugated to azide-Alexa488 and DNA was stained with DAPI. Representative 
images of mitotic and interphase cells are indicated. D) Quantification of Edu-Alexa488 signal in mitotic and interphase cells 
from panel C. At least 120 cells were quantified per condition. n.s. = not significant; * p<0.05; *** p<0.001 (Mann-Whitney 
U test). E, F) MCF-7 cells stably expressing Mdc1-GFP (E) or 53BP1-GFP (F) were treated with or without ICRF-193 for 24 
hours. Cells were subsequently fixed and stained with anti-cyclin A and DAPI. Representative images of Mdc1-GFP nuclear 
bodies (E) and 53BP1-GFP nuclear bodies (F) in cyclin A-negative cells are shown. Below microscopy images, quantifications 
of Mdc1-GFP and 53BP1-GFP bodies per cell are plotted in relation to cyclin A status. G) MCF-7 cells were transfected with 
indicated siRNAs and levels of Rif1, PICH, BLM and Actin were assessed by immunoblotting at 48 hours after transfection.
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 All above-mentioned modes of  
targeted therapies have originated from 
mechanistic insights of  how tumor cells 
are re-wired, and how these processes 
provide therapeutically actionable 
vulnerabilities. Unfortunately, tumors 
almost invariably develop resistance 
to targeted agents, of  which PARP 
inhibitors are not an exception.(1) In order 
to prevent the emergence of  treatment 
resistant cancer cells, it is essential to 
improve current synthetically lethal 
approaches, and to find new selective 
cancer killing strategies.

To this end, the aim of  this thesis was 
to: 
1. Better understand the underlying 
synthetically lethal mechanisms of  
PARP inhibitors in HR-deficient cancer 
cells, and to use these insights to develop 
new combination strategies. 
2. Target replication stress to selectively 
kill cancer cells.

In chapter 1, a general introduction 
to the thesis with corresponding aims 
was provided. To answer the question 
how replication stress (RS) arises and 
whether it can prove to be a target 
for cancer therapy, a literature study 
was performed in chapter 2. Here, we 
discussed the various factors that result 
in RS, and provided an overview of  the 
mechanisms that cells employ to respond 
to replication stress. Finally, we discussed 
how such response mechanisms could be 
targeted. Possible treatment strategies 
that are discussed involve: targeting of  
cell cycle checkpoint kinases, mitotic 
processing of  replication intermediates, 
DNA structure-specific resolvases, and 
immune-checkpoint inhibition to treat 
genomically instable cancers harboring 
replication stress.
 In chapter 3 and 4, we studied 
the effects of  PARP inhibition in 
tumor cells lacking functional BRCA1 
or BRCA2, and tested combination 
strategies to potentiate the effects of  

SUMMARY

T he main challenge of  cancer 
therapy is to attain successful 
tumor clearance, while ensuring 

low toxicity in healthy tissues. To 
achieve this, differences between 
cancerous and non-cancerous cells must 
be fully understood and therapeutically 
exploited. 
 Early examples of  exploiting a 
therapeutic window between normal and 
cancer cells involve the traditional cancer 
treatments chemo- and radiotherapy. 
The efficacy of  these treatments is 
mainly based on enhanced toxicity in 
cancer cells owing to their uncontrolled 
cell growth. Since then, multiple novel 
strategies have been developed that 
target cancer cell characteristics, to 
improve selective eradication of  these 
cells. These characteristics include: 
 1. ‘Oncogene addiction’, in which 
tumors have become dependent upon 
specific oncogenic signaling. Examples 
of  such signaling pathways are the 
EGFR/map kinase signaling pathway 
and BCR-ABL pathways, inhibition 
of  which causes selective lethality in 
cancer cells, in which these pathways are 
‘driving’ tumor cell proliferation. 
 2. ‘Synthetic lethality’, in which 
tumor cells have lost the function of  
a specific gene which makes them 
reliant on a second gene or pathway 
for survival. The prototypical example 
of  synthetic lethality is the synergistic 
effects of  PARP inhibitors in tumors 
harboring mutations in the BRCA1 and 
BRCA2 genes.
 3. ‘Non-oncogene addiction’, 
wherein tumors become reliant for 
their survival on genes that are not 
oncogenes, including certain metabolic 
and DNA repair pathways. An 
example hereof  is the observation that 
tumors with high levels of  replication 
stress become dependent on genome 
maintenance pathways to resolve DNA 
lesions induced during replication.
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PARP inhibitor treatment. Firstly, in 
chapter 3 we observed PARP inhibitors 
to impair replication fork stability in 
cancer cells that are defective for HR. We 
found replication-induced DNA damage 
to be transmitted into mitosis, and to 
result in the formation of  chromatin 
bridges and lagging chromosomes 
during anaphase. If  cells could not 
resolve chromatin bridges, they failed 
to complete cytokinesis. This directly 
resulted in cell death, or indirectly 
induced cell death as multinucleated cells 
were formed that were unable to support 
clonogenic survival. Interestingly, the 
presence of  multinucleated cells was 
also observed in vivo in Brca2-/-;p53-/- 

and Brca1-/-;p53-/- mammary mouse 
tumors treated with PARP inhibitors. 
Lastly, we observed that upon mitotic 
bypass through depletion of  EMI1, 
HR-deficient cells were rescued from 
PARP inhibitor-induced cytotoxicity, 
indicating that mitotic progression is 
essential for PARP inhibitor efficacy. 
Our data therefore shed light on 
the mechanism of  PARP inhibitor 
cytotoxicity in HR-deficient cancer 
cells. In the future, these findings could 
guide us towards combination strategies 
to potentiate PARP inhibitors in HR-
deficient tumors. 

In chapter 4, we utilized our earlier 
insights on PARP inhibitor cytotoxicity. 
Since replication stress-induced mitotic 
aberrancies were found to be responsible 
for PARP inhibitor toxicity, we aimed 
to explore ways to potentiate PARP 
inhibitors. To this end, we combined 
PARP inhibitors with inhibitors of  
ATR, a checkpoint kinase with a central 
role in the response to replication. We 
observed that ATR inhibition acted 
synergistically with the inhibition of  
PARP. We found this to hold true for 
both BRCA2-depleted cells and Brca2 
knock-out models. This synergy could 
not be explained by a reduction in fork 
stability, as ATR inhibition did not 

further impair PARP inhibitor-induced 
fork degradation. Interestingly, however, 
ATR inhibition induced premature 
mitotic entry, resulting in mitotic 
aberrancies and genomic instability. In 
line with these data, delaying mitotic 
entry by CDK1 inhibition prevented the 
formation of  both chromatin bridges 
and lagging chromosomes, as well as 
genomic instability. Together, these data 
show that the effects of  ATR inhibition 
in potentiating PARP inhibitors are 
related to a role for ATR in regulating 
cell cycle control. 

It is well established that enhanced 
expression of  oncogenes is observed in 
numerous cancers, and that high levels 
of  specific oncogenes induce replication 
stress. In chapter 5, we tested whether 
replication stress can be selectively 
targeted in cancer cells harboring high 
oncogene levels. We first developed 
models in which we could induce 
replication stress. Specifically, we 
engineered RPE-1 TP53wt and TP53mut 
cells with doxycycline-inducible 
constructs of  Cdc25a and Cyclin E1. 
As expected, overexpression of  Cdc25a 
and Cyclin E1 resulted in replication 
stress, as judged by slower replication. 
Furthermore, enhanced expression of  
oncogenes increased the sensitivity 
to inhibitors of  the ATR and WEE1 
checkpoint kinases. Furthermore, 
enhanced expression of  Cdc25a and 
Cyclin E1 resulted in more chromatin 
bridges and lagging chromosomes in 
mitosis. Interestingly, in conditions 
where oncogene expression enhanced 
sensitivity to ATR and WEE1 
inhibition, treatment with ATR and 
WEE1 inhibitors exacerbated mitotic 
aberrancies. Conversely, in cell lines in 
which oncogene expression did not lead 
to ATR and WEE1 inhibitor sensitivity, 
we did not see an enhancement of  
mitotic aberrancies. These findings 
were confirmed using live-cell 
microscopy, which again showed 
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induction of  mitotic abnormalities 
upon ATR and WEE1 inhibition in 
cells overexpressing oncogenes. These 
findings suggest that the abnormalities 
seen in mitosis are responsible for drug 
sensitivity. Combined, our data indicate 
that oncogene-induced replication stress 
causes mitotic aberrancies, and that cells 
overexpressing Cyclin E or Cdc25A 
can be targeted using ATR and WEE1 
inhibitors. 

In Chapter 6, we investigated whether 
Rif1, a down-stream target of  53BP1, 
retains its DNA damage response (DDR) 
function during mitosis. We observed 
no recruitment of  Rif1 to irradiation-
induced damage foci during mitosis. 
Instead, we uncovered that Rif1 localized 
to so-called ultra-fine DNA bridges 
(UFBs) in anaphase. Additionally, we 
found that Rif1 recruitment to UFBs 
depended on the DNA translocase 
PICH, and was independent of  53BP1 
or BLM. Rif1 was shown to facilitate the 
resolution of  UFBs. Furthermore, loss 
of  Rif1 induced nucleoplasmic bridges, 
RPA70-positive UFBs as well as nuclear 
bodies in the following G1 phase. Thus, 
we report a previously undescribed 
function of  Rif1 in mitosis, where it 
plays a role in resolving UFBs thereby 
ensuring genomic integrity.

DISCUSSION and FUTURE 
PERSPECTIVES

Replication stress results in 
mitotic aberrancies

In chapter 3, we aimed to elucidate 
the molecular mechanisms underlying 
PARP inhibitor cytotoxicity, and to 
identify possible new combination 
strategies. We observed high levels of  
replication stress in HR-deficient cancer 
cells following inhibitor treatment. 
Specifically, we observed compromised 
fork stability and increased FANCD2 

foci during replication.(2) Surprisingly, 
we found DNA lesions to remain 
unresolved in S or G2 phase and to be 
propagated into mitosis. Ultimately, 
these unresolved DNA lesions resulted 
in chromosome segregation defects, 
cytokinesis failure and cell death. Our 
findings reiterated that replication 
lesions can be transmitted into mitosis.
(3) Surprisingly, our data also pointed 
towards progression through mitosis, 
with replication stress and accompanying 
mitotic aberrancies, as a mechanism of  
PARP inhibitor cytotoxicity. Although 
we focused on the mitotic transmission 
of  PARP inhibitor-induced lesions, it 
is likely that other replication-induced 
DNA lesions can also be transmitted 
into mitosis, and thereby affect cell fate. 
A number of  interesting unanswered 
questions remain, and are addressed 
below.

‘What type of  DNA lesions cause 
chromatin bridges and lagging 
chromosomes?’ 
In chapter 3, we learned that the 
presence of  DSBs alone does not explain 
the observed segregation defects in 
mitosis. Indeed, cisplatin treatment 
induced a striking increase in gamma-
H2AX, relative to PARP inhibition in 
BRCA2 depleted cells. However, less 
chromatin bridges were observed with 
this treatment. Another interesting 
finding was that interference with 
PARP function per se was not required 
for the generation of  mitotic bridges, 
as siRNA depletion of  PARP failed to 
induce chromatin bridges. Instead, the 
trapping of  PARP, where the PARP 
protein is non-covalently bound to 
DNA, is likely required to induce these 
effects. These observations are in line 
with the trapping capacity/potency of  
PARP inhibitors to be correlated with 
increased cell killing potential.(4)

 Based on our observations and 
those of  others, we propose a model 
wherein trapped PARP molecules 
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prevent successful replication of  
DNA. As a consequence, DNA is not 
timely replicated, causing cells to enter 
mitosis with under-replicated regions. 
Subsequently, under-replicated regions 
of  DNA induce chromatin bridges. An 
important aspect of  this model is that 
the DNA lesions should go unnoticed 
by the G2/M cell cycle checkpoint, 
preventing cells repairing these lesions. 
Indeed, we found that the reduction 
of  PARP inhibitor-induced fork 
degradation partly rescued chromatin 
bridge formation, further strengthening 
our model. Upon replication fork 
stalling, newly synthesized DNA is 
degraded by nucleases, ultimately 
resulting in more under-replicated 
regions. However, we found that 
combined PARP and ATR inhibition 
exacerbated mitotic segregation defects 
by accelerated mitotic entry, while 
rescuing PARP inhibitor-induced fork 
degradation. Possibly, the decrease in 
fork degradation observed by PARP 
and ATR inhibition could result in 
less under-replicated DNA and would 
therefore be able to slightly reduce 
chromatin bridge formation as seen 
by inhibition of  MRE11. However, 
the excessive premature mitotic 
entry, and accompanying decrease in 
replication, would ultimately result 
in a net increase of  under-replicated 
regions thereby increasing instead of  
decreasing chromatin bridge formation. 
Indeed, delaying mitotic entry through 
inhibition of  CDK1, led to reduced 
chromosome segregation defects.(5) 
These findings show that, following 
PARP inhibitor treatment, HR-deficient 
cells require time to finish replication 
prior to mitotic entry. Taken together, 
these studies point to a model in which 
chromatin bridges, and possibly lagging 
chromosomes, are formed when cells fail 
to complete DNA replication in a timely 
fashion

 ‘Are mitotic bridges specific for 
PARP inhibitors in HR-deficient 
cells?’ 
If  our model as explained above is true, 
other treatments that impair DNA 
replication or induce premature mitotic 
entry would likely also induce chromatin 
bridges. In line with this hypothesis, 
DNA cross-linking agents like cisplatin 
and oncogene-induced replication stress 
(chapter 5) also enhanced chromatin 
bridges and lagging chromosomes, 
albeit to different degrees. The observed 
lower amounts of  DNA lesions upon 
cisplatin treatment could likely be 
attributed to robust G2/M checkpoint 
activation, in contrast to a very minor 
G2/M checkpoint activation in response 
to PARP inhibition.

‘Why do ATR and PARP inhibition 
act antagonistically on fork 
degradation?’
Possibly, our finding that PARP 
inhibitor-induced replication fork 
degradation is reversed by ATR 
inhibition can be explained by the 
shared role of  PARP and ATR in 
regulating replication fork reversal.(6,7) 
Indeed, reversed forks are the assumed 
substrate of  the nucleases known 
to degrade stalled forks. Prevention 
of  fork reversal would thus prevent 
fork degradation from occurring.(8-11) 
Although similar findings were recently 
discovered by others, the underlying 
mechanism of  how ATR affects fork 
reversal is incompletely understood and 
warrants further research.(12) 

‘What is the effect of  PARP 
inhibition on DNA replication?’
Initially, PARP inhibition was 
suggested to lead to an accumulation 
of  single-strand DNA breaks (SSBs), 
which would be converted into toxic 
double-strand DNA breaks (DSBs) in 
replicating cells.(13,14) The dependency 
of  cells to repair replication-born DSBs 
through HR, was thus suggested as a 
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mechanism underlying the observed 
synthetic lethality of  PARP inhibition 
in HR-defective cancer cells. More 
recently, the PARP trapping capacity 
of  PARP inhibitors was demonstrated 
to correlate with the cytotoxicity of  
PARP inhibitors in HR-deficient cells.
(4) This observation suggests that 
trapped PARP-DNA complexes are 
a source of  DNA lesions, rather than 
the accumulation and subsequent 
conversion of  SSBs into DSBs. 
 In a very recent paper, PARP 
inhibition was found to result in faster 
replication.(15,16) This finding is in clear 
contrast with the dogma that PARP 
inhibition impairs replication. In 
contrast however, Mendoza et al also 
described PARP inhibitor-treated cells 
to divide slower and be enriched in 
late S-phase when difficult-to-replicate 
regions are replicated.(15) This finding 
in the same paper, is in line with our 
findings in chapter 4 and indicates PARP 
inhibition to slow cell cycle progression. 
Therefore, it is possible that upon 
PARP inhibition, general replication 
kinetics are accelerated, whereas 
replication at difficult-to-replicate 
regions is impaired. Subsequently, 
this impairment of  replication results 
in more under-replicated regions in 
mitosis with consequent chromatin 
bridge formation. Furthermore, it is 
important to realize that there are 
important methodological differences 
in the assessment of  replication speed. 
Instead of  treating cells with PARP 
inhibitors during incubation of  cells 
with synthetic nucleotides, cells were 
pre-treated with PARP inhibitors, which 
were subsequently washed off  prior 
to synthetic nucleotide incorporation. 
Using this set-up, the impact of  PARP 
inhibition on replication restart instead 
of  ongoing replication dynamics is 
measured, which greatly affects the 
interpretation. Indeed, release of  
cells treated with PARP inhibitor in 
late S-phase is likely to induce faster 

replication rates, but does not preclude 
a role for PARP inhibition in causing 
under-replication.

‘Why do under-replication DNA 
regions not activate the G2-M 
checkpoint?’ 
Another interesting finding is that 
under-replicated regions do not appear 
to activate the G2-M checkpoint, in 
contrast to DSBs. Indeed, cells suffering 
from replication stress are found to 
enter mitosis, while they still are in the 
process of  replicating their DNA.(3,5) 
G2-M checkpoint arrest can be initiated 
by ATM/Chk2 or the ATR/Chk1 route.
(17) Under-replicated regions are likely 
not recognized via the ATM/Chk2 
route as they are not clear DNA ends. 
However, it is surprising that ATR-
Chk1 does not induce a G2-M arrest, 
since under-replicated regions consist 
of  single stranded DNA stretched which 
are known to activate ATR.(18) In chapter 
4 we indeed observe ATR activation 
upon PARP inhibition in BRCA2-
depleted cells. Possibly, ATR is either 
not activated to a sufficient extent or is 
in some way prevented from inducing 
G2-M arrest. The former explanation is 
in line with findings in chapter 4 where 
in BRCA2 depleted cells, a low dose of  
PARP inhibitor induces strong levels of  
replication stress yet no G2-M arrest. In 
contrast, a much higher concentration 
of  PARP inhibitor did induce G2-M 
checkpoint arrest. The precise answer 
why cells enter mitosis with under-
replicated regions, that impair genomic 
integrity and may even induce cell 
death, is currently not understood and 
warrants further research. 

Consequences and processing of 
mitotic DNA damage

When mitotic DNA damage is not 
resolved timely, chromatin bridges 
or ultrafine bridges can be formed. 
Whereas an increase in the formation 
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of  DNA bridges could be caused by 
mechanisms discussed above, an increase 
in DNA bridges could also be caused 
by a reduction in their resolution. This 
was shown to hold true both for bulky 
chromatin bridges and UFBs. Indeed, 
upon the induction of  replication stress 
by depletion of  BRCA2, loss of  the 
resolving nuclease MUS81 was reported 
to cause more chromatin bridges.(19) 
In chapter 6, we observed that loss of  
Rif1, in addition to PICH and BLM, was 
involved in UFB resolution. Therefore, 
while we have gained important insights 
into the complex mechanisms that cause 
the formation and resolution of  DNA 
bridges, there are still many important 
questions unanswered for which more 
research is required to fill the gaps.

In addition to gaining a better 
understanding of  how mitotic DNA 
lesions arise, it is key to grasp the 
consequences of  such lesions. In 
chapters 3–7, we showed that a failure 
to resolve chromatin bridges or UFBs 
can result in damaged DNA in daughter 
cells. Such genomic abnormalities 
manifest as micronuclei, cytokinesis 
failure and cell death in the case of  
bulky chromatin bridges. Exactly 
how mitotic DNA damage is able to 
trigger cell death is currently unclear. 
One possibility involves differential 
wiring of  the apoptosis machinery 
during mitosis. Specifically, it could be 
that apoptosis is activated at a lower 
threshold following mitotic entry. 
Evidence for such re-wiring has 
previously been presented. Mitotic 
kinases, notably CDK1, were reported 
to modify both pro- and anti-apoptotic 
proteins, including Bcl-XL, Bcl-2, Mcl-
1 as well as several caspases.(20) However, 
mitosis-specific modifications of  these 
components of  the apoptosis machinery 
appeared to make cells more resistant 
rather than susceptible to apoptosis. 
Additionally, some of  the reported pro-
apoptotic effects during mitosis are only 

instigated during prolonged mitotic 
spindle checkpoint arrest, and therefore 
do not necessarily reflect the situation 
of  cells entering with unresolved DNA 
lesions.(21)

 Another possibility involves 
replication-mediated joint DNA 
molecules being transformed into more 
toxic DNA lesions, such as DSBs, during 
mitosis. Indeed, replication-mediated 
DNA lesions that remain unresolved 
until mitotic entry are acted upon by the 
MUS81/EME nuclease,(3) probably as 
part of  a complex of  multiple structure-
selective nucleases.(22) Processing of  
DNA lesions does not necessarily 
lead to an accumulation of  toxic DNA 
structures, since nuclease-mediated 
processing of  mitotic DNA lesions 
is an initial step in their resolution. 
However, PARP inhibitor treatment 
in the context of  HR deficiency might 
lead to an overwhelming load of  
DNA lesions, beyond the capacity of  
mitotic repair. Alternatively, efficient 
processing of  mitotic DNA lesions may 
be hampered in cells, in which HR and 
PARP are both inactivated. Additionally, 
physical tension exerted onto chromatin 
bridge DNA by spindle force could be 
responsible for cell death, either directly 
or through the generation of  DSBs. 
Alternatively, cytokinesis failure and 
consequent formation of  multinucleated 
cells might constitute another way 
through which cells could eventually 
generate toxic DNA lesions which lead 
to cell death.(23) Indeed, in our study or 
reports of  others, multinucleated cells 
that arise after failed cytokinesis failed 
clonogenic outgrowth and eventually 
died.(2,24,25)

 Likely, multiple of  the 
abovementioned mechanisms occur in 
parallel to instigate cell death in the 
situation of  mitotic DNA damage. This 
notion is supported by our pleiotropic 
phenotypes: whereas subsets of  PARP 
inhibitor-treated cells die prior to 
completing mitosis, others fail to undergo 
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cytokinesis, leading to multinucleation 
and subsequent cell death. Notably, a 
failure to resolve UFBs does not seem to 
frequently result in severe phenotypes 
including multinucleation and cell 
death. Rather, UFBs resolution failure 
was shown to induce micronuclei and 
53BP1 bodies, which do affect genome 
integrity, but do not potently induce cell 
death.(26-29) Understanding the nature of  
the apoptotic cues in mitosis will prove 
pivotal for exploiting this knowledge to 
potentiate therapeutic strategies relying 
on mitotic catastrophe for anti-cancer 
cytotoxicity. 

The role of mitotic transmission of 
DNA lesions in cancer cell fate

Mitotic catastrophe is frequently 
thought to be responsible, at least 
partly, for cytotoxicity of  current cancer 
treatments. However, it has proven 
difficult to identify whether mitotic 
progression and accompanying mitotic 
aberrancies are the cause or merely a 
consequence of  cell death. By using 
live cell microscopy in chapter 3 and 5, 
we observed consequences of  mitotic 
defects in real-time. This provided a 
strong association between chromatin 
bridges and acute cell death, and 
indirect induction of  cell death through 
the formation of  multinucleated cells. 
Furthermore, mitotic chromatin 
bridges induced by oncogene over-
expression were only observed in 
cells that underwent cell death later 
on. Regardless, these observations 
provide associations rather than causal 
relationships. 
 We attempted to resolve this 
issue by using -to our knowledge for the 
first time- forced mitotic bypass induced 
by EMI1 depletion as a tool to assess the 
contribution of  mitotic progression to 
cell death. Specifically, we implemented 
this tool to test the contribution of  
mitotic progression to the cytotoxicity 
of  PARP inhibitors in HR-deficient 

cells. Our data showed that depletion 
of  EMI1 efficiently induced mitotic 
bypass, as judged by the appearance 
of  cells with >4n DNA content. 
Simultaneously, EMI1 depletion 
rescued PARP inhibitor cytotoxicity. In 
this context, it is important to realize 
that EMI1 may have additional roles, 
and might alter the cellular response 
to DNA damage through additional 
mechanisms. For instance, it would be 
interesting to see what the effect is of  
introducing F-box domain mutations 
of  EMI1 in BRCA2-deficient cells. Also, 
it would be interesting to compare the 
effects of  EMI1 depletion in BRCA1-
deficient versus BRCA2-deficient cells, 
since resistance to PARP inhibitors has 
previously been shown to have different 
mechanisms in these different genotypes. 
Notably, the majority of  secondary 
mutations (e.g. in 53BP1, REV7, RIF1) 
that restore HR in BRCA1-deficient 
cells, where not able to restoring HR in 
BRCA2-deficient models.(30,31)

Likewise, our approach of  forced 
mitotic bypass could be used to test 
the influence of  mitotic progression on 
other cytotoxic agents. To this end, it 
would prove insightful to test the effects 
of  EMI1 depletion in the context of  
treatment with cytotoxic drugs that 
interfere with DNA replication, and 
are known to induce cell death acutely. 
Such treatments should still be effective 
or increasingly effective upon EMI1 
depletion, since EMI1-depleted cells are 
still able to replicate. For instance, using 
live cell microscopy a drug panel could 
be tested with or without functional 
EMI1 to assess the role of  mitotic 
progression in the cytotoxicity of  these 
agents. 

Replication stress-induced mitotic 
aberrancies and cancer treatment

We have established that chromosome 
miss-segregation can act as a mechanism 



147

Summary, discussion and future perspectives

7

of  cytotoxicity in cancer therapy. 
An important next step is to assess 
the possible implications for cancer 
treatment. Already, our observation 
that mitotic defects and progression 
through mitosis was underlying PARP 
inhibitor cytotoxicity in chapter 3, was 
the basis to test a rational combination 
strategy in chapter 4. Specifically, we 
found that inhibition of  the replication 
stress response kinase ATR acts 
synergistically with PARP inhibitors 
in killing HR-deficient cancer cells. 
This synergy was caused by premature 
mitotic entry, resulting in enhanced 
chromosome segregation defects and 
cell death. Similarly, in chapter 5, cells 
harboring oncogene-induced replication 
stress were selectively killed through 
induction of  mitotic aberrancies upon 
inhibition of  ATR or WEE1. It might 
thus be interesting to test whether 
tumors that overexpress Cyclin E1, 
or other replication stress-inducing 
oncogenes, show sensitivity to ATR or 
WEE1 inhibitors.(32) This is relevant, 
as ATR or WEE1 inhibitors are 
currently being tested in clinical trials, 
and development of  selection criteria 
for patient inclusion is warranted. Of  
specific interest in this context are 
Cyclin E1-overexpressing tumors, 
including triple-negative breast cancers 
and high-grade ovarian cancers, because 
these tumors lack actionable targets, 
and overall these patients have a poor 
prognosis. Currently, clinical trials are 
ongoing to select patients with Cyclin 
E1-overexpressing tumors for treatment 
with WEE1 inhibitors (Clinicaltrials.gov 
NCT03253679). Since WEE1 and ATR 
inhibitors seem to trigger cell killing 
in cells harboring replication stress, 
combining PARP with WEE1 inhibitors 
could act synergistically in HR deficient 
models, as was seen with PARP and 
ATR inhibition in chapter 4. 

To further improve upon the above-

mentioned strategies, in which mitotic 
aberrancies are induced to trigger cell 
death, we propose three mechanisms 
which warrant further investigation: 
1. Replication stress could be 
therapeutically enhanced by agents that 
interfere with DNA replication (e.g. 
cisplatin) to induce a further overload 
of  under-replicated regions in mitosis. 
Alternatively, this approach could result 
in replication catastrophe in S-phase(33), 
and may induce mitotic catastrophe 
through chromosome miss-segregation, 
or delayed cell death after induction of  
multinucleation. 

2. Aggravation of  replication stress-
induced mitotic aberrancies by using 
tubulin poisons (e.g. taxanes), or 
through therapeutic inactivation of  
resolvase pathways (e.g. GEN1 and 
MUS81-EME1).(19,34,35) However, while 
likely, it is currently unclear whether the 
increased cell death seen upon enhancing 
chromosome segregation defects are 
due to enhanced mitotic catastrophe. 
Therefore, more mechanistic insight 
is required. Additionally, it will 
be insightful to test the effects of  
inhibiting multiple resolvase pathways 
in combination with different replication 
stress-inducing agents.

3. Immune-checkpoint blockade of  
cancers that present with high levels of  
lagging chromosomes. For a long time, 
it is known that lagging chromosomes 
or unresolved DNA breaks can give rise 
to micronuclei. The nuclear membranes 
that surrounds micronuclei frequently 
rupture. As a result, micronucleus 
DNA is released into the cytoplasm, 
where it can activate the pattern-
recognition receptor cyclic GMP–AMP 
synthase (cGAS). Subsequently, cGAS 
induces pro-inflammatory signaling 
via the stimulator of  interferon genes 
(STING).(36,37) Interestingly, mouse 
tumors were successfully cleared by 
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the immune checkpoint inhibitor anti-
PD-L1 in cells that had micronuclei and 
STING signaling, but not in tumors 
in which STING was inactivated.(36)  
While preliminary, these data indicate 
that lagging chromosomes activate 
the cGAS-STING pathway, resulting 
in tumor clearance following PDL-1 
inhibitor treatment.(36) These results 
warrant the analysis of  immune 
checkpoint inhibitor combination 
treatments, in which cytoplasmic DNA 
is induced through WEE1, ATR or 
PARP inhibition.

CONCLUDING REMARKS

A better understanding of  the mitotic 
‘death cues’ that underlie replication 
stress-induced mitotic aberrancies will 
aid in the development of  improved 
cancer treatments. Although mitotic 
catastrophe in response to DNA damage 
induction has been reported for decades, 
molecular cues that are responsible for 
mitotic catastrophe remain elusive, 
and additional research is warranted 
to uncover the mechanisms underlying 
this phenomenon.
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NEDERLANDSE SAMENVATTING

E én van de belangrijkste uitdagingen 
voor de behandeling van kanker 
is om tumorcellen effectief  te 

verwijderen, terwijl gezonde weefsels 
gespaard blijven. Om dit te kunnen 
bewerkstelligen is het essentieel om 
de verschillen tussen kankercellen en 
gezonde cellen te begrijpen. Specifieke 
eigenschappen van kankercellen kunnen 
worden gebruikt in anti-kanker therapie, 
zodat deze cellen beter geraakt kunnen 
worden. Zowel chemotherapie als 
bestralingstherapie zijn behandelingen 
waarbij een ‘therapeutisch venster’ 
tussen kankercellen en gezonde cellen 
wordt gebruikt; beide behandelingen 
zijn gericht op de kenmerkende 
ongecontroleerde celdelingscapaciteit 
van kankercellen. Naast de ‘traditionele’ 
chemo en radiotherapie, zijn recent 
strategieën ontwikkeld die zich 
richten op bepaalde eigenschappen 
van kankercellen om deze zo selectief  
te doden. Voorbeelden van deze 
eigenschappen zijn:
1. ‘Oncogene addiction’: kankercellen 
zijn voor overleving afhankelijk van 
bepaalde oncogen signalering, zoals de 
EGFR/map kinase signaleringsroutes 
en de BCR-ABL signaleringsroutes. 
Het remmen van deze routes resulteert 
in een situatie waarin kankercellen 
selectief  worden uitgeschakeld.
2. ‘Synthetic lethality’: door verlies van 
een gen A zijn kankercellen afhankelijk 
van de activiteit van een ander gen of  
signaleringsroutes om dit verlies te 
compenseren. Een voorbeeld hiervan 
is het specifiek cytotoxische effect 
van PARP-remmers in tumoren met 
mutaties in de genen BRCA1 of  BRCA2.
3. ‘Non-oncogene addiction’: ook in 
dit geval zijn kankercellen voor hun 
overleving afhankelijk van de activiteit 
van bepaalde genen. Echter, in het geval 
van ‘non-oncogene addiction’ zijn dit 
geen oncogenen, maar bijvoorbeeld 

bepaalde metabole mechanismen 
of  DNA reparatiemechanismen. De 
observatie dat tumoren met veel 
replicatiestress afhankelijk zijn van 
bepaalde signaleringsroutes, betrokken 
bij het handhaven van de integriteit van 
het genoom, is een voorbeeld van ‘non-
oncogene addiction’.

Bovengenoemde strategieën om specifiek 
kankercellen te kunnen doden zijn 
ontwikkeld op basis van mechanistische 
inzicht in hoe kankercellen verschillen 
van gezonde cellen. Een beter begrip 
van deze processen kan mogelijk 
gebruikt worden om nieuwe therapieën 
te ontwikkelen.

Het optreden van resistentie voor 
behandelingen - het ongevoelig worden 
van kankercellen voor de toegediende 
therapie - vormt een groot probleem 
voor de behandeling van kanker die 
ook voor PARP-remmers is beschreven. 
Daarom is het belangrijk dat er nieuwe 
selectieve anti-kanker strategieën 
worden ontwikkeld om te voorkomen 
dat kankercellen resistent worden.

De doelen van dit proefschrift zijn:

1. Inzicht verkrijgen in de moleculaire 
mechanismen die ten grondslag liggen 
aan de gevoeligheid voor PARP-
remmers van kankercellen met een 
defect in homologe recombinatie (HR), 
teneinde deze informatie te gebruiken 
om nieuwe combinatietherapieën te 
kunnen ontwikkelen.

2. Manieren vinden om kankercellen 
met replicatiestress selectief  te kunnen 
doden.

Om er achter te komen hoe 
replicatiestress (RS) kan ontstaan, en te 
onderzoeken of  dit fenomeen gebruikt 
kan worden als aangrijpingspunt voor 
anti-kanker behandeling, is in hoofdstuk 
2 een literatuurstudie uitgevoerd. In dit 
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hoofdstuk zijn de verscheidene factoren 
beschreven die kunnen resulteren 
in RS. Daarnaast is er een overzicht 
gegeven over welke mechanismen 
door (kanker)cellen kunnen worden 
gebruikt om te kunnen overleven met 
RS. Deze overlevingsmechanismen 
van kankercellen kunnen als 
aangrijpingspunt gebruikt worden om 
deze cellen specifiek te kunnen doden. 
Voorbeelden van routes die mogelijk 
kunnen worden geremd zijn: kinases 
die betrokken zijn bij de controle 
van cel cyclus checkpoints, eiwitten 
die functioneren in het oplossen van 
replicatie-intermediaire structuren 
en eiwitten betrokken bij immuno-
checkpoints. 

In hoofdstukken 3 en 4 werden de 
effecten van PARP-remmers in 
kankercellen bestudeerd met een gebrek 
aan functioneel BRCA1 of  BRCA2, 
waardoor DNA reparatie door middel 
van HR niet kan worden uitgevoerd. Ook 
zijn verschillende combinatiestrategieën 
getest om de effecten van PARP-
remmers te verbeteren. 

In hoofdstuk 3 werd waargenomen 
dat PARP-remmers resulteren in 
verslechtering van de stabiliteit van 
replicatievorken in HR-deficiënte 
kankercellen. Verder ontdekten wij 
dat DNA-schade die ontstaat in de 
replicatiefase problemen veroorzaakt 
tijdens de mitose. Tijdens de anafase 
resulteert dit in chromatine bruggen 
en lagging chromosomen. Wanneer 
deze chromatine bruggen niet werden 
opgelost, was een cel niet meer in staat 
de laatste fase van de celdeling, genaamd 
cytokinese, te voltooien. Dit resulteerde 
in directe of  indirecte celdood. Dit laatste 
komt doordat cellen meerkernig werden 
en deze meerkernige cellen waren niet 
meer in staat om een kolonie te vormen. 
Ook in vivo resulteerde PARP-remmer 
behandeling van borsttumoren met een 
Brca1 of  Brca2 mutatie in het ontstaan 

van meerkernige cellen. Als laatste 
zagen wij dat het overslaan van mitose 
– door verwijdering van het EMI1 
eiwit – resulteerde in PARP-remmer 
ongevoeligheid in HR-deficiënte cellen. 
De resultaten beschreven in hoofdstuk 
3 tonen aan dat het doorlopen van 
de mitotische fase van de celcyclus 
essentieel is voor de effectiviteit van 
PARP-remmers. Deze informatie kan 
mogelijk behulpzaam zijn in de zoektocht 
naar nieuwe combinatiestrategieën om 
de effectiviteit van PARP-remmers te 
verbeteren.

In hoofdstuk 4 bouwden wij voort op 
onze eerder verkregen inzichten over 
het werkingsmechanisme van PARP-
remmers in HR deficiënte cellen. Het 
doel van het onderzoek in hoofdstuk 4 
was om combinatie therapieën te vinden 
die de effecten van PARP-remming te 
versterken. Omdat de werkzaamheid 
van PARP-remmers lijkt te berusten 
op mitotische afwijkingen, geïnduceerd 
door replicatiestress, werd gekozen voor 
een combinatiestrategie met remmers 
van ATR. ATR is een checkpoint kinase 
met een centrale rol in de respons op 
replicatiestress. We observeerden dat 
ATR-remming synergistisch werkte in 
combinatie met PARP-remming. Dit 
was het geval in humane tumorcellen 
waarin het eiwit BRCA2 was 
verwijderd, maar ook in tumorcellen uit 
muismodellen die het Brca2 gen missen. 
Aangezien ATR-remming de stabiliteit 
van replicatievorken niet verder 
verminderde, kon de waargenomen 
synergie met PARP-remmers hierdoor 
niet verklaard worden. Wel resulteerde 
ATR-remming in premature mitose in 
de tumorcellen die behandeld waren 
met PARP-remmer, met mitotische 
aberraties en genomische instabiliteit 
tot gevolg. Wanneer de aanvang 
van mitose werd vertraagd – door 
additionele remming van CDK1 – kon 
het aantal chromatinebruggen, het 
aantal lagging chromosomen en de 
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hoeveelheid genomische instabiliteit  
worden verminderd. Samengevat 
beschrijven de resultaten in hoofdstuk 
4 het synergistische effect van PARP-
remmers en ATR-remmers, en de 
observatie dat dit effect het gevolg is 
van de rol van ATR in de regulatie van 
de celcyclus. 

In diverse soorten tumoren is sprake van 
een verhoogde expressie van oncogenen, 
en deze verhoogde oncogen expressie kan 
leiden tot replicatiestress. In hoofdstuk 
5 hebben wij onderzocht of  cellen met 
oncogen-geïnduceerde replicatiestress 
specifiek kunnen worden uitgeschakeld. 
Hiervoor werden modellen gemaakt 
waarin replicatiestress kon worden 
geïnduceerd. Epitheliale RPE-1 (met 
en zonder een TP53 mutatie) werden 
genetisch uitgerust met doxycycline-
induceerbare Cdc25a en Cyclin E1 
oncogenen. Verhoogde expressie van 
Cdc25a en Cyclin E1 resulteerde 
in replicatiestress, aangezien deze 
cellen vertraagde replicatie kinetiek 
vertoonden. Daarnaast resulteerde een 
verhoogde expressie van oncogenen 
in verhoogde gevoeligheid voor 
chemische remming van de checkpoint 
kinases ATR en WEE1 . Ook leidde 
een verhoogde Cdc25a en Cyclin E1 
expressie tot meer chromatine bruggen 
en lagging chromosomen tijdens mitose. 
Wanneer verhoogde oncogen expressie 
zorgde voor een verhoogde gevoeligheid 
van cellen voor ATR-remming en 
WEE1 remming, resulteerde deze 
ATR-remming en WEE1-remming 
ook in een verhoogd aantal mitotische 
aberraties. Vice versa werden in ATR-
remmer en WEE1-remmer ongevoelige 
cellen geen chromatine bruggen en 
lagging chromosomen waargenomen. 

Deze bevindingen zouden erop 
kunnen wijzen dat de mitotische 
aberraties verantwoordelijk zijn voor 
de gevoeligheid voor ATR en WEE1 
remmers. Experimenten waarin levende 
cellen microscopisch werden gevolgd 
bevestigden deze bevindingen. De data 
beschreven in hoofdstuk 5 tonen aan dat 
oncogen-geïnduceerde replicatiestress 
resulteert in mitotische afwijkingen en 
dat tumorcellen met verhoogde Cdc25a 
en/of  Cyclin E expressie uitgeschakeld 
kunnen worden door remming van ATR 
of  WEE1. 

In hoofdstuk 6 hebben wij onderzocht 
of  Rif1, een ‘downstream target’ van 
het eiwit 53BP1, zijn functie in de DNA 
schade respons behoudt gedurende 
mitose. Terwijl Rif1 tijdens interfase 
gerekruteerd wordt naar locaties met 
door straling veroorzaakte DNA schade, 
lieten onze resultaten zien dat Rif1 dit 
tijdens mitose niet doet. In plaats daarvan 
localiseerde Rif1 op zogenoemde ‘ultra-
fine’ DNA-bruggen tijdens de anafase. 
Verder werd geobserveerd dat deze 
lokalisatie afhankelijk was van de DNA 
‘translocase’ PICH, maar onafhankelijk 
van 53BP1 en BLM. Bovendien 
beschrijven we een rol voor Rif1 in de 
resolutie van ‘ultra- fine’ DNA bruggen. 
Het verlies van Rif1 zorgde verder 
voor het ontstaan van ‘nucleoplasmic’ 
bruggen, RPA70-positieve ‘ultra-
fine’ DNA-bruggen en nucleaire 
lichaampjes in de aansluitende G1-fase. 
Concluderend werd in hoofdstuk 6 een 
nog niet eerder beschreven functie van 
Rif1 gevonden; de resolutie van ‘ultra-
fine’ DNA-bruggen tijdens anafase. 
Door deze functie  waarborgt Rif1 de 
integriteit van het genoom. 
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DANKWOORD

Aan mijn gehele promotietraject, beginnend bij ideeën omgezet in experimenten 
die vervolgens op papier worden gezet, hebben vele mensen hun kleinere of  grotere 
steentjes bijgedragen. Graag wil ik de volgende pagina’s gebruiken om de mensen 
te bedanken die hebben bijgedragen aan de totstandkoming van dit proefschrift.

Allereerst gaat mijn dank uit naar mijn promotor, Prof. Dr. Marcel van Vugt. 
Je hebt mij altijd aangemoedigd en vertrouwen gegeven om mijn ideeën tot een 
goed einde te brengen, maar je had ook altijd ideeën en oplossingen wanneer ik 
het niet meer wist. Deze dingen tezamen liggen ten grondslag aan ieder deel van 
dit proefschrift. Ook hebben de door jou geïnitieerde samenwerkingen - zowel 
binnen als buiten het lab - mij en de projecten waaraan ik heb gewerkt mijlenver 
vooruit geholpen. Gelukkig waren wij het niet altijd eens, want ik ben er oprecht 
van overtuigd dat de vasthoudendheid van onze beider kanten heeft geresulteerd in 
de mooiste bevindingen van dit proefschrift. Een mooi voorbeeld hiervan zijn onze 
experimenten aan het eiwit EMI1. De combinatie van jouw aansporingen om een 
causale relatie te vinden tussen mitose en celdood met mijn idee om endoreplicatie 
te induceren heeft ons door jouw literatuurkennis bij dit eiwit gebracht. Als 
ik achteraf  opnieuw zou mogen kiezen dan had ik zonder twijfel opnieuw voor 
hetzelfde project en dezelfde begeleider gekozen. Bedankt voor alles. 

Verder ben ik dankbaar voor de samenwerkingsprojecten die wij met andere 
onderzoeksgroepen hebben ondernomen. Beste Prof. Dr. Floris Foijer, hartelijk 
dank dat je mijn copromotor wilde zijn. Ook bedankt voor jouw kritische commentaar 
op de manuscripten en de uitgebreide ondersteuning van jou en de promovendi uit 
jouw groep met de live-cell microscopie. Dear Prof. Dr. Sven Rottenberg, thank 
you and your research group for the pleasant collaboration. It has been of  enormous 
value to test our phenotypes in your unique mice models.

De leden van beoordelingscommissie, Prof. Dr. Alain de Bruin, Prof. Dr. Cor 
Calkhoven en Prof. Dr. Steven de Jong, wil ik bedanken voor het beoordelen van 
mijn proefschrift. Steven, jou zou ik graag in het bijzonder nog bedanken voor alles 
wat ik tijdens mijn masterstages in Groningen en Glasgow heb geleerd en ook voor 
de goede gesprekken over het leven tijdens borrels en de vele promotiefeesten.

Ik prijs mijzelf  gelukkig dat ik tijdens mijn promotie met veel collega’s heb mogen 
samenwerken. Bedankt Rolf dat je mij toestond jouw fibers te analyseren voor een 
vliegende fluorescente start van mijn proefschrift. Dear Sergi, thank you for the 
science and fun we’ve shared during our PhD. I cherish the moments we shared 
our successes, had our laughs, but also discussed the ddy problems we occasionally 
struggled with. Yannick, ik zal niet snel onze terrorproeven vergeten waarbij 
ik midden in de nacht en jij zeer vroeg in de ochtend getimede samples moesten 
oogsten. Bedankt voor deze (achteraf) prachtige herinnering en bovenal dat jij met 
opgestroopte mouwen het ATR-project in bent gestapt. Voor jouw deelname daaraan 
had ik eerlijk gezegd niet gedacht dat het stuk af  zou komen. Inmiddels is het een 
project geworden dat bomvol staat met prachtige experimenten en data. Ook wil 
ik Francien en Colin bedanken. Ik zie namelijk niet in hoe ik zonder jullie hulp de 
taaie revisies van hoofdstuk 3 zou hebben overleefd. Ontzettend bedankt daarvoor! 
Marieke wil ik nog bedanken voor de hulp bij de nobele taak van het DNA bruggen 

Dankwoord
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scoren, de kern van dit proefschrift, maar onlangs ook vele andere experimenten 
aan het ATR project. Ook de andere (oud-)leden van het ‘van Vugt Lab’, Anne-
Margriet, Elles, Esméé, Hylke, Inês, Nathalie, Malgorzata en Stephanie wil ik 
bedanken voor de hulp in het lab, suggesties tijdens besprekingen en gezelligheid 
tijdens onder andere onze jaarlijkse retraite in Tsjechië. Ook alle andere collega’s 
van de medische oncologie, gynaecologische oncologie, experimentele hematologie 
en kinderoncologie wil ik bedanken voor de gezelligheid op en buiten het lab.

Verder wil ik de trouwe Leica DM6000B microscoop niet onbedankt laten. Samen 
scoorden wij vele dagen en zelfs een aantal keer midden in de nacht meer dan 
tienduizend mitotische cellen. Ik krijg tranen in mijn ogen als ik terugdenk aan de 
revisies die wij samen hebben doorstaan en hoe je hebt gewacht met crashen tot de 
exacte dag dat ik hiermee volledig klaar was. Bedankt!

Er is geen betere manier om te leren dan door te onderwijzen. Mede daarom wil 
ik de studenten die ik heb mogen begeleiden van harte bedanken. Eldert en Luuk, 
ik was zelf  nog bijna een student toen jullie 6 weken mee kwamen lopen. Ik ben 
dankbaar voor de gezelligheid en jullie enthousiasme tijdens het project. Deze 
ervaring heeft mijzelf  bijzonder gemotiveerd tijdens mijn promotie. Christy, thank 
you so much for working together in the lab and the laughs we’ve had while doing 
it. Femke, ik ben trots op hoe ordelijk, efficiënt en integer bij ons aan de slag bent 
geweest. Jouw data hebben Sergi en mij met grote sprongen vooruit geholpen met 
het oncogenen project.

Mijn nieuwe collega’s van de medische fysiologie en anatomie wil ik graag bedanken 
voor de tijd die ze mij gegund hebben om mijn proefschrift af  te maken. In het 
bijzonder Hiske, Inge, Jaap, Janniko, Rob en Ruby. Ik kijk er naar uit om mij nu 
weer volledig op de veelzijdige en wonderlijke wereld van de fysiologie te kunnen 
richten.

Zoals zovelen heb ik gemerkt dat het doen van een promotietraject waarschijnlijk 
niet mogelijk is zonder plezier en ontspanning. Daarvoor wil ik allereerst het MOL 
biergenootschap bedanken. De conclusies van de Duitse studie die de positieve 
effecten van mannenavonden op de stresslevels van berberapen aantoonde, heb ik 
aan den lijve ondervonden. Eerst met de harde kern bestaande uit Arjan, Hylke, 
Joost, Martin, Rolf en Stijn en later versterkt door Arko, Frans, Rico, Sergi, 
Thijs en Yannick. Bedankt voor alle onvergetelijke avonden! Het was ook fijn dat 
mijn goede vrienden Bauke, Joost en Wim in het UMCG werkten, zodat het niet 
altijd over werk hoefde te gaan tijdens lunch- of  koffiepauzes. Ik wil mijn mede-
bandleden Frank, Joost, Juul en Marten bedanken. Het was heerlijk om even 
creatief  bezig te zijn, op trommels te slaan om vervolgens onder het genot van 
een koude Grevensteiner te ontspannen na een lange dag op het lab. Hetzelfde 
geldt voor het (beach)volleyballen, een belangrijke vorm van ontspanning voor 
mij. Dus bedankt BSCG en Heren 7: Berend, Edwin, Herman, Jarno, Jan, Jasper, 
Jorrit, Klok, Marwin, Meijlink, Rick en Willem. Het bier van Tieme mag dan 
krankzinnig duur zijn, alle gezelligheid is het waard!

Ook wil ik de ‘Swabbys’ Bob, Brent, Frank en Wim bedanken, want zonder een kilo 
kip en spek in de spinazietaart geen mooi proefschrift! De jaarlijkse festivalcrew, de 
Glentlemen en Twilight imperium space cowboys wil ik ook bedanken voor alle 
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mooie dagen. Ik hoop nog eens zo’n machtige 14 punten (twaalf-uren) pot te mogen 
winnen en ik heb ook al veel zin in de volgende whiskeyavond!

In dit dankwoord mogen uiteraard mijn trouwe paranimfen Max en Yannick 
niet ontbreken. Bedankt dat jullie mij bij willen staan om mij emotioneel door de 
verdediging heen te slepen. Als iemand dit kan dan zijn jullie het wel! Beste Max, 
veel dank voor het nalezen van de stellingen en de Nederlandse samenvatting, maar 
ook de gezellige avonden. Het lukt ons consequent niet om vaker af  te spreken, 
maar als we elkaar wel zien is het altijd feest.

Waar is iemand zonder familie als vangnet? Of  je nou valt of  niet, het feit dat jullie 
er zijn wanneer er wat gebeurt is een geruststellende gedachte. In het bijzonder 
pap en mam, bedankt dat jullie mij altijd hebben gestimuleerd om te doen wat ik 
leuk vond zonder mij daarin ooit onder druk te zetten. Bedankt mijn lieve zussie 
Anne. Ik ben dan vaak wel koppig een andere weg opgegaan met het kiezen van een 
andere middelbare school en studie, maar je moet weten dat ik jou stiekem altijd als 
voorbeeld volgde bij het kiezen van mijn profiel, het doen van een masterstage in 
het buitenland en ook het starten van een PhD.

Lieve Gerbrig, het allerbelangrijkste voor mij ben jij. Bedankt voor zoveel dingen, 
zoals de prachtige cover en opmaak van dit proefschrift en het samen pipetteren 
van het mooiste figuur van dit proefschrift (hoofdstuk 3, figuur 6d!). Maar nog veel 
belangrijker, bedankt dat je er altijd en in iedere situatie voor mij bent. Ik kan en wil 
mij geen leven zonder jou meer voorstellen.

Dankwoord
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