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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
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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.



101

Targeting oncogene-induced replication stress

5

Figure 2
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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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Figure 3
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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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Figure 4

A

Cyclin E

MK-1775 (µM) MK-1775 (µM)
UTR 0

0.0
2

0.0
4

0.0
8

0.1
6

0.3
2

0.6
4

1.2
8

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

UTR 0
0.0

2
0.0

4
0.0

8
0.1

6
0.3

2
0.6

4
1.2

8
UTR 0

0.0
2

0.0
4

0.0
8

0.1
6

0.3
2

0.6
4

1.2
8

MK-1775 (µM)

empty Cdc25a

VE-822 (µM) VE-822 (µM) VE-822 (µM)
UTR 0

0.0
5

0.1
0

0.2
0 0.4 0.8 1.6 3.2

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

UTR 0
0.0

5
0.1

0
0.2

0 0.4 0.8 1.6 3.2 UTR 0
0.0

5
0.1

0
0.2

0 0.4 0.8 1.6 3.2

M
TT

 c
on

ve
rs

io
n 

(%
)

Cyclin Eempty Cdc25a

RPE-1-TP53wt -dox

RPE-1 TP53mut +dox

RPE-1-TP53wt +dox
RPE-1-TP53mut -dox

B

MTTs for TNBC -/+ shRNAs against Cyclin E1
-/+ VE-822 or -/+ MK-1775

M
TT

 c
on

ve
rs

io
n 

(%
)

RPE-1-TP53wt -dox

RPE-1 TP53mut +dox

RPE-1-TP53wt +dox
RPE-1-TP53mut -dox

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).



110

Chapter 5

5

1. Negrini S, Gorgoulis VG, Halazonetis TD. 

Genomic instability--an evolving hallmark of 

cancer. Nat Rev Mol Cell Biol. 2010;

2. Gerlinger M, Swanton C. How Darwinian 

models inform therapeutic failure initiated 

by clonal heterogeneity in cancer medicine. 

Br J Cancer. 2010;

3. Bester AC, Roniger M, Oren YS, et al. 

Nucleotide deficiency promotes genomic 

instability in early stages of cancer 

development. Cell. 2011;

4. Zeman MK, Cimprich KA. Causes and 

consequences of replication stress. Nat Cell 

Biol. 2014;

5. Abbas T, Keaton MA, Dutta A. Genomic 

instability in cancer. Cold Spring Harb 

Perspect Biol. United States; 2013;

6. Bartkova J, Horejsí Z, Koed K, et al. 

DNA damage response as a candidate 

anti-cancer barrier in early human 

tumorigenesis. Nature. 2005;

7. Di Micco R, Fumagalli M, Cicalese A, et 

al. Oncogene induced senescence is a DNA 

damage response triggered by DNA hyper-

replication. Nature. 2006;

8. Yan H, Newport J. An analysis of the 

regulation of DNA synthesis by cdk2, Cip1, 

and licensing factor. J Cell Biol. United 

States; 1995;

9. Walter JC. Evidence for sequential action 

of cdc7 and cdk2 protein kinases during 

initiation of DNA replication in Xenopus 

egg extracts. J Biol Chem. United States; 

2000;

10. Jones RM, Mortusewicz O, Afzal I, et al. 

Increased replication initiation and conflicts 

with transcription underlie Cyclin E-induced 

replication stress. Oncogene. 2013;

11. Brenner AK, Reikvam H, Lavecchia A, 

Bruserud Ø. Therapeutic targeting the cell 

division cycle 25 (CDC25) phosphatases 

in human acute myeloid leukemia--the 

possibility to target several kinases through 

inhibition of the various CDC25 isoforms. 

Molecules. 2014;

12. Cancer Genome Atlas Research 

Network. Integrated genomic analyses of 

ovarian carcinoma. Nature. 2011;

13. Cancer Genome Atlas Network. 

Comprehensive molecular portraits of 

human breast tumours. Nature. 2012;

14. Schraml P, Bucher C, Bissig H, et al. 

Cyclin E overexpression and amplification 

in human tumours. J Pathol. 2003;

15. Lodén M, Stighall M, Nielsen NH, et 

al. The cyclin D1 high and cyclin E high 

subgroups of breast cancer: separate 

pathways in tumorogenesis based on 

pattern of genetic aberrations and 

inactivation of the pRb node. Oncogene. 

2002;

16. Broggini M, Buraggi G, Brenna A, et al. 

Cell cycle-related phosphatases CDC25A 

and B expression correlates with survival 

in ovarian cancer patients. Anticancer Res. 

2000;

17. Curtis C, Shah SP, Chin S-F, Turashvili G, 

Rueda OM, Dunning MJ, et al. The genomic 

and transcriptomic architecture of 2,000 

breast tumours reveals novel subgroups. 

Nature. 2012;

18. Spruck CH, Won KA, Reed SI. 

Deregulated cyclin E induces chromosome 

instability. Nature. 1999;

19. Minella AC, Swanger J, Bryant E, et al. 

p53 and p21 form an inducible barrier 

that protects cells against cyclin E-cdk2 

deregulation. Curr Biol. 2002;

20. Loeb KR, Kostner H, Firpo E, et al. 

A mouse model for cyclin E-dependent 

genetic instability and tumorigenesis. 

Cancer Cell. 2005;

21. Krajewska M, Fehrmann RSN, 

Schoonen PM, et al. ATR inhibition 

preferentially targets homologous 

recombination-deficient tumor cells. 

Oncogene. Nature Publishing Group; 2015;

22. Fehrmann RSN, Karjalainen JM, 

Krajewska M, et al. Gene expression 

analysis identifies global gene dosage 

sensitivity in cancer. Nat Genet. 2015;

23. Schoonen PM, Talens F, Stok C, et al. 

Progression through mitosis promotes PARP 

inhibitor-induced cytotoxicity in homologous 

recombination-deficient cancer cells. Nat 

Commun. 2017;

24. Murga M, Campaner S, Lopez-

Contreras AJ, et al. Exploiting oncogene-

induced replicative stress for the selective 

killing of Myc-driven tumors. Nat Struct 

Mol Biol. 2011;

25. Chan YW, Fugger K, West SC. 

Unresolved recombination intermediates 

lead to ultra-fine anaphase bridges, 

chromosome breaks and aberrations. Nat 

Cell Biol. 2018;

26. Minocherhomji S, Ying S, Bjerregaard 

VA, et al. Replication stress activates DNA 

repair synthesis in mitosis. Nature. 2015;

27. Ruiz S, Mayor-Ruiz C, Lafarga V, et al. 

A Genome wide CRISPR Screen Identifies 

CDC25A as a Determinant of Sensitivity 

to  ATR Inhibitors. Mol Cell. United States; 

2016;

28. Chen X, Low KH, Alexander A, et al. 

Cyclin E overexpression sensitizes triple 

negative breast cancer to Wee1 kinase 

Inhibition. Clin Cancer Res. 2018;

REFERENCES 



111

Targeting oncogene-induced replication stress

5

36. Ran FA, Hsu PD, Wright J, et al. 

Genome engineering using the CRISPR-

Cas9 system. Nat Protoc. 2013;

37. Bahassi EM, Yin M, Robbins SB, et al. A 

human cancer predisposing polymorphism 

in Cdc25A is embryonic lethal in the 

mouse and promotes ASK-1 mediated 

apoptosis. Cell Div. 2011;

38. Hinds PW, Mittnacht S, Dulic V,  et 

al. Regulation of retinoblastoma protein 

functions by ectopic expression of human 

cyclins. Cell. 1992;

39. Van Vugt MATM, Gardino AK, Linding R, 

et al. A mitotic phosphorylation feedback 

network connects Cdk1, Plk1, 53BP1, 

and Chk2 to inactivate the G2/M DNA 

damage checkpoint. PLoS Biol. 2010;

29. Hirai H, Iwasawa Y, Okada M, et al. 

Small-molecule inhibition of Wee1 kinase 

by MK-1775 selectively sensitizes p53-

deficient tumor cells to DNA-damaging 

agents. Mol Cancer Ther. United States; 

2009;

30. Hirai H, Arai T, Okada M, et al. 

MK-1775, a small molecule Wee1 

inhibitor, enhances anti-tumor efficacy of 

various DNA-damaging agents, including 

5-fluorouracil. Cancer Biol Ther. United 

States; 2010;

31. Do K, Wilsker D, Ji J, et al. Phase I Study 

of Single-Agent AZD1775 (MK-1775), a 

Wee1 Kinase Inhibitor, in Patients With 

Refractory Solid Tumors. J Clin Oncol. 2015;

32. Leijen S, van Geel RMJM, Sonke GS, 

et al. Phase II Study of WEE1 Inhibitor 

AZD1775 Plus Carboplatin in Patients 

With TP53-Mutated Ovarian Cancer 

Refractory or Resistant to First-Line 

Therapy Within 3 Months. J Clin Oncol. 

2016;

33. Lecona E, Fernandez-Capetillo O. 

Targeting ATR in cancer. Nat Rev Cancer. 

2018;

34. Lin AB, McNeely SC, Beckmann RP. 

Achieving Precision Death with Cell-Cycle 

Inhibitors that Target DNA Replication and 

Repair. Clin Cancer Res. 2017;

35. Lehmann BD, Bauer JA, Chen X, et 

al. Identification of human triple-negative 

breast cancer subtypes and preclinical 

models for selection of targeted therapies. J 

Clin Invest. 2011;



112

Chapter 5

5

Suppl Figure 1
B

0

10

20

30

40

ul
tra

-fi
ne

 b
rid

ge
s 

(%
)

0

10

20

30

40

ul
tra

-fi
ne

 b
rid

ge
s 

(%
)

ns

ns

ns
p=0.0196

ns
ns

ns

ns

p53nullp53wt

Empty

CDC25A

CyclinE

- dox - dox

A

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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Suppl Figure 2
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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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