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1. Introduction
Cancer is well known to be a very heterogeneous disease, which contributes to many current
treatment options having low efficacy and serious side effects. Therefore, the concept of
personalized medicine is a focus of intense investigation in the field of cancer research [1].
Personalized cancer medicine involves tailoring treatments to exploit the genotypic and
phenotypic traits of individual tumors, seeking maximal cancer cell killing and minimal side
effects. In order to achieve this, the treatment must target properties of the cancer cells that
are not shared with normal healthy cells.

Defects in the DNA damage response and replication stress are two factors that contribute
to genomic instability, a key feature in cancer that allows for the cellular acquisition of
cancerous traits. However, these factors may also represent vulnerabilities that are cancer
specific, as they are more common in cancer cells than in normal cells. Therefore, there is
considerable research ongoing to study how replication stress and DNA damage response
defects can be targeted as an anti-cancer strategy [2].

The WEE1, CHK1 and ATR checkpoint kinases are important players in regulating normal cell
cycle progression and in inducing cell cycle responses after DNA damage. Inhibitors of the
checkpoint kinases have been shown to be particularly effective in cancer cells that have
replication stress or deficient DNA damage response pathways. Thus, checkpoint kinase
inhibition is a promising approach for treatment strategies that specifically target cancer
cells. Furthermore, inhibitors of WEE1, CHK1 and ATR are studied to explore their ability to
potentiate the effects of standard-of-care treatments, including radiotherapy and many
chemotherapeutic drugs. Combining these inhibitors with novel molecularly targeted agents
and immune-checkpoint inhibitors is also a growing focus of investigation.

Although inhibiting WEE1, CHK1 and ATR is a promising anti-cancer strategy, this treatment
will not work in all cancers because of the heterogenic nature of the disease. It is therefore
necessary to obtain more knowledge about factors that confer sensitivity or resistance to
such inhibitors. Extensive insight into the molecular mechanisms that underlie the cellular
responses to the WEE1, CHK1 and ATR inhibitors is also needed, to reveal which cancers will
likely respond to treatment. In the work presented in this thesis, we have studied the cellular
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responses to WEE1 inhibition, and how these responses are modulated when the key DNA
damage response factor p21 is lost, or when the WEE1 inhibitor is combined with inhibitors
of the other checkpoint kinases CHK1 and ATR. In the future, knowledge about such
responses will probably be important to optimize the clinical implementation of checkpoint
kinase inhibitors.

The introduction in this thesis will focus on general features and pathways of the cell cycle
and the DNA damage response, with sections describing how these features may be
deregulated in cancers and how this can be exploited to target and kill cancer cells. Finally,
the checkpoint kinases WEE1, CHK1 and ATR will be described in detail.

1.1 The cell cycle
1.1.1 The cell cycle – an overview
At some point, a resting cell may decide to enter the cell cycle, i.e. move from the resting
phase (G0) into the process of replicating its DNA and divide to generate two identical
daughter cells. Commonly, this process is divided into Gap phase 1 (G1), the Synthesis phase
(S), Gap phase 2 (G2) and Mitosis (M) (Figure 1 A). The G1, S and G2 phases are collectively
known as interphase, and immediately after mitosis the cell divides and the daughter cells
enter a new G1 phase. Alternatively, if conditions do not favor a new round of division, the
daughter cells can enter the dormant phase, G0. Strict regulation of cell cycle progression
ensures that each process of one phase is completed before the cell enters the next phase
[3]. Premature entry into the next phase could ultimately lead to genomic instability and/or
cell death. Because of this crucial need for controlling the process of cycling, a wide range of
regulatory networks that target key players in cell cycle progression are acting throughout
the cell cycle.
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Figure 1. The cell cycle.
A. The cell cycle is divided into the first gap phase (G1), the synthesis (S) phase (where
replication of the DNA occurs), the second gap phase (G2) and mitosis (M). The cell may
enter a resting state (G0) if conditions do not favor a new round of cell division.
B. Cyclin-CDK complexes act in succession to promote cell cycle progression. Cyclin D-CDK4/6
and Cyclin E-CDK2 drive the cells from G1 into S phase. Cyclin A-CDK1 and Cyclin A-CDK2
push the cells through S phase, whilst Cyclin B-CDK1 is the main governor of the G2 to M
phase transition and mitosis.

1.1.2 Drivers and regulators of cell cycle progression: Controlling Cyclin-CDK activity
The transition from one cell cycle phase to the next is driven by the ordered activation of
Cyclin-dependent kinases (CDKs) which bind specific Cyclins to form active heterodimers.
The Cyclin-CDK complexes act in succession, activating multiple targets specific for the next
cell cycle phase – thereby driving the cell cycle forward (Figure 1 B). There are a variety of
Cyclins and CDKs operating throughout the cell cycle, but only the major factors relevant for
this thesis, and their regulation, will be described here. According to the classical view, entry
into S phase is driven by Cyclin E-CDK2 activity. Cyclin A together with CDK1 or CDK2 is then
responsible for further progression in S phase and towards mitosis. Finally, Cyclin B-CDK1
3

pushes the cell into mitosis [4]. However, several Cyclins and CDKs have redundant
functions. For instance, it has been shown that CDK1 is sufficient to drive the cell cycle in
most cell types, as mouse-embryonic fibroblasts genetically depleted of all interphase CDKs
could still complete S phase and mitosis [4, 5].

As mentioned above, strict regulation of cell cycle progression and thus Cyclin-CDK activity is
of essence to maintain genomic integrity. Whereas CDKs (the catalytic part of the Cyclin-CDK
complex) are relatively stably expressed throughout the cell cycle, the levels of Cyclins
fluctuate. Regulation of Cyclin levels thereby provides a platform for controlling the CyclinCDK complex activity and thus cell cycle progression. Furthermore, post-translational
modifications (PTMs) of the complexes are essential for modifying their activity [6, 7]; In
addition to being bound by a Cyclin, CDKs must be phosphorylated by the CDK activating
kinase (CAK) to become active [8, 9]. Of note, the CAK is constitutively active during the cell
cycle, so this is not a regulatory mechanism per se [10]. On the other hand, inhibitory
phosphorylations of Cyclin-CDKs are crucial for timely negative regulation of CDK activity. A
well known example of this is the inhibitory phosphorylation of CDK1 and CDK2 by the WEE1
and MYT1 kinases. The checkpoint kinase WEE1 phosphorylates CDKs on Y15 [11-14],
whereas MYT1 phosphorylates both Y15 and T14, with a higher activity towards T14 [15].
This inhibitory phosphorylation can be removed by the CDC25 phosphatases, which in turn
are inhibited by another well known checkpoint kinase: CHK1 and its upstream regulator ATR
(Ataxia-telangiectasia and Rad3-related) [16-19] (Figure 2). In addition to negative regulation
of Cyclin-CDK activity by phosphorylation events, binding of CDK inhibitor proteins (CKIs) also
contributes to restrain CDK activity. An example of this is the CKI p27 which bind to and
restrain CDK activity in G1 phase [20]. Another CKI, p21 is described below.
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Figure 2. Regulation of CDK activity by the checkpoint kinases WEE1, CHK1 and ATR.
WEE1 phosphorylates Cyclin-CDK complexes on Y15. This is an inhibitory phosphorylation
which inactivates the CDKs. The CDC25 phosphatases can remove this phosphorylation, with
subsequent activation of CDKs. ATR and its downstream target CHK1 are negative regulators
of CDC25. When CDC25 is degraded, there is less removal of the inhibitory phosphorylation
on the CDKs which renders the CDKs in an inactive state. See main text for references.

1.1.3 G1 phase and the transition from G1 to S phase
The timely progression from G1 into S phase and the correct duplication of chromosomal
DNA are crucial in order for a cell to complete cell division. The goal of G1 phase is to
prepare for S phase and the replication of DNA. The decision to begin DNA replication is
irreversible, so in G1 phase, a large number of inputs are combined before the cell commits
to entering the next cell cycle phase [21].

In G1 there are many pathways that together control cyclin expression and CDK activity,
making sure the cell does not enter S phase prematurely. A key factor in controlling the G1
to S phase transition is the Retinoblastoma protein (RB1), a tumor suppressor which is the
main governor of the restriction point. The restriction point is a time point in G1 phase when
the cell becomes committed to entering the cell cycle [22, 23]. After passage through this
5

point, the cell is no longer responsive to mitogenic signals [23-25]. The Cyclin-CDK activity is
kept minimal before the restriction point through multiple mechanisms, such as low
transcription and targeted destruction of cyclins [26]. When growth promoting signals
induce cyclin stabilization, the activity of Cyclin-CDK complexes causes hypophosphorylation
of RB1 [27]. This in turn causes RB1 to partially release the transcription factors E2F1-3,
allowing transcription of genes that encode proteins involved in DNA replication [24, 26].
Later on in G1, Cyclin E-CDK2 further hyperphosphorylates RB1, which is then unable to bind
E2Fs, and this hyperphosphorylated state of RB1 is a molecular marker for passage through
the restriction point [28].

Another important regulatory protein for the G1 to S phase transition is the p53 target and
CDK inhibitor p21. By direct binding to Cyclin D-CDK4/6 and Cyclin A/E-CDK2, p21 inhibits
CDK activity and thus restrains progression into S phase [29-31]. Interestingly, p21 has also
been shown to be involved in, and even necessary for, the assembly of the Cyclin D-CDK4/6
complex [32, 33]. Furthermore, p21 shows a strong affinity for Proliferating Cell Nuclear
Antigen (PCNA), a DNA clamp essential for DNA replication. By binding to PCNA, p21
prevents the association between replicative polymerases and PCNA, thereby inhibiting DNA
replication [34-39]. For this reason, p21 levels are reduced in S phase in order for replication
to occur [40-42]. The p21 mediated mechanisms of control of G1 to S phase progression are
especially crucial after DNA damage, as damage signaling causes p53 dependent p21
accumulation and cell cycle arrest in G1 (described in section 1.2.2).

1.1.4 S phase
S phase is the part of the cell cycle when the DNA is duplicated into two identical versions of
the genome. To replicate the DNA correctly is crucial to maintain genomic integrity. Failure
to do so may cause a number of aberrations, like loss or gain of genetic information, which
ultimately can lead to genomic instability or cell death. To make sure the genome is
duplicated right and in a timely manner, many pathways work simultaneously to regulate
replication.

Replication is initiated at genomic locations called "replication origins". Already in G1 phase,
"origin licensing", an important step in preparation for replication, occurs. Initially, the
6

ATPases Origin Recognition Complex (ORC) and Cell Division Cycle (CDC6) bind to replication
origins. The replicative helicase MCM2-7 (Minichromosome Maintenance Proteins 2-7), in
complex with the CDT1 (Chromatin licensing and DNA replication factor 1) protein, is
subsequently loaded onto the origins by binding the ORC. ORC, CDC6, CDT1 and MCM2-7 are
together known as the pre-replicative complex (pre-RC) (Figure 3) [21, 43-45]. It is of critical
importance that the genome is duplicated only once during the cell cycle, in order to
preserve genomic integrity. For this reason several mechanisms participate in assuring that
origin licensing happens only during G1 phase, and that no re-licensing occurs. One example
of this is the complex regulation of CDT1, which in addition to being degraded during S
phase, is further limited by the inhibitor protein Geminin in S and G2, and is inhibitory
phosphorylated in G2 and M [21, 46-49]. However, under-replication also threatens genomic
integrity, so it is important that enough origins are licensed for complete genome
duplication. As licensing is strictly restrained to G1 phase and re-licensing is prevented, cells
typically license an excess of origins, compared to the number that is actually used during
normal replication. In case of replication fork stalling, unused (dormant) origins are fired for
replication to be completed. When replication goes smoothly, these backup origins are not
used, but are replicated passively [50-53].
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Figure 3. Simplified figure of origin licensing and replication initiation
ORC, CDC6, CDT1 and MCM2-7 are loaded onto replication origins in G1 phase, and together
they form the pre-replicative complex (pre-RC). The activities of DDK and Cyclin-CDK in S
phase recruits CDC45 (via Treslin) and GINS to MCM2-7, and together these proteins
comprise an active helicase and this is now termed the pre-initiation complex (pre-IC). The
activity of the helicase unwinds the dsDNA to form a replication bubble. Next, RFC and PCNA
are recruited to the origins and PCNA subsequently tethers the replicative DNA polymerases
to the DNA. There are two replication complexes that, during DNA replication, move in
opposite directions. See main text for details and references.
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Converting a licensed origin into an active replication fork is regulated in a complex manner,
where components of the pre-RC are modified and additional factors are recruited. The
MCM complex is the core of the replicative helicase, but requires several more components
for activation and unwinding of the DNA double helix. Replication firing is initiated by the
kinase activities of Dbf4-dependent kinase (DDK) and Cyclin E/A-CDK2 [54, 55]. They
phosphorylate a number of residues on the MCM2-7 complex, promoting conformational
changes in the helicase and binding of several factors to form the pre-initiation complex
(pre-IC) [56, 57] (Figure 3). The interaction with Treslin, the mammalian homologue of yeast
Sld3, promotes recruitment of CDC45, an essential factor of the replicative helicase [58-60].
Another component of the helicase, GINS (Go-Ichi-Ni-San), is also recruited in a DDK- and
CDK-dependent manner [61]. The binding of CDC45 and GINS to MCM2-7 converts the
complex into an active helicase (the CMG complex) [62, 63], whose activity unwinds the
double stranded DNA and forms a replication bubble [57]. Further on, other factors are
recruited to the origins, such as the clamp loader Replication factor C (RFC) and the sliding
clamp Proliferating Cell Nuclear Antigen (PCNA) [57, 64, 65]. PCNA subsequently tethers the
replicative DNA polymerases to the DNA (Figure 3). DNA polymerase α initiates DNA
synthesis by generating short primers, whereas DNA polymerases δ and ε continue DNA
elongation [57]. Replication Protein A (RPA) coats the single stranded DNA (ssDNA) in the
replication bubbles [66], and the whole structure is termed the replication complex. There
are two replication complexes at each side of one origin, and they move away from the
origin bi-directionally. When two replication forks meet, the CMG complex and PCNA are
actively removed from the chromatin, and replication is terminated [57, 67-72].

Replication is initiated by a controlled temporal program, and the correct activation of
origins is key in replication control [73]. As mentioned above, a number of factors are
regulating the process of replication initiation, and controlling the S phase CDK activity is a
very important one. At the center of controlling replication initiation and CDK activity are the
checkpoint kinases ATR, CHK1 and WEE1, mentioned in section 1.1.2. By inhibiting S phase
CDK activity, these kinases keep origin firing at a proper level. Previous studies have shown
that loss or inhibition of ATR, CHK1 or WEE1 leads to unscheduled replication initiation,
where origins that would otherwise be dormant are fired. This elevated initiation can lead to
severe problems during replication, including stalling of replication forks and DNA breakage
9

[74-78] (this topic is described in more detail in section 1.4). This illustrates the importance
of strictly regulated initiation of replication.

1.1.5 G2 phase and mitotic entry
When DNA replication is completed, the cell enters G2 phase, in which it prepares for cell
division. However, the regulation of the S to G2 transition and the factors involved are not
completely understood. It has been shown that the process of replication postpones mitotic
entry [79], but how a cell registers the end of S phase remains unknown. During normal
proliferation ATR kinase ensures the completion of replication before mitosis [80], and it was
recently proposed that this kinase governs the transition from S to G2 phase by sensing
replication-associated ssDNA and limiting CDK1 activity to properly time G2-specific events
[81].

Activated Cyclin B-CDK1 complex is the main promoter of mitotic entry. This activation
happens gradually during G2, and the Cyclin B-CDK1 activity peaks during mitosis [82]. The
progressive activation is important for the timely occurrence of S, G2 and M phase-specific
events [83], and several pathways contribute to this; The Cyclin B level rises throughout S
and G2 phases due to transcriptional regulation [82]. Furthermore, an intricate network of
regulatory phosphorylations induces gradual activation of Cyclin B-CDK1 during G2. An initial
and crucial event in Cyclin B-CDK1 activation is when the CDC25 phosphatases remove
WEE1- and MYT1-mediated inhibitory phosphorylations on CDK1 [82, 84, 85]. This promotes
a positive feedback loop, resulting in further Cyclin B-CDK1 activation [84]. Activated CDK1,
together with Polo-like kinase 1 (PLK1), promotes predominant localization of Cyclin B to the
nucleus [86], where the Cyclin B-CDK1 complex, through phosphorylating a number of
substrates, induces mitotic events [83]. Interestingly, a recent study suggested that Cyclin ACDK1 is the actual factor triggering entry into mitosis, rather than the Cyclin B-CDK1
accumulation and activation during G2 [87]. This was attributed to Cyclin A-CDK1-mediated
phosphorylation of Bora and subsequent Aurora A-dependent PLK1 activation [87].

1.1.6 Mitosis
The goal of mitosis and cell division is to generate two daughter cells, each possessing
identical versions of the mother cell's genome. As the other cell cycle phases, mitosis is a
10

strictly regulated process, and deregulation may cause gross chromosomal aberrations and
genomic instability [88]. Mitosis is divided into five stages; prophase, prometaphase,
metaphase, anaphase and telophase. During these phases the chromatin condenses, the
nuclear envelope breaks down, and the chromosomes are aligned centrally in the cell and
subsequently pulled apart. Finally, two daughter nuclei are formed when new nuclear
envelopes form around the separated daughter chromosomes and the chromosomes
decondense [89]. Mitotic exit depends on Cyclin B degradation and CDK1 inactivation. Cyclin
B degradation is promoted by APC/C-mediated proteasomal degradation [90, 91]. Also,
dephosphorylation of CDK1 targets promotes exit from mitosis [92]. From anaphase and into
the next mid-G1 phase, destruction and low transcription of cyclins keep CDK activity at a
minimum until the cell enters a new cell cycle, as described in section 1.1.3. [21].

1.1.7 Deregulated cell cycle control in cancer
As our understanding of oncogenesis has increased, it has become very clear that the cell
cycle plays a critical role in malignant transformation [93]. One hallmark of cancer is the
ability to sustain proliferative signaling. This means that cancer cells must circumvent the
regulatory mechanisms that normally restrain proliferation, in order to grow and divide at an
elevated rate [94]. Indeed, failure to control cell cycle progression is a predominant cancer
trait, as tumor suppressors that act to negatively regulate the cell cycle are frequently
mutated in cancers. Furthermore, proteins that promote cell cycle progression are also often
overexpressed. Alterations observed in cancers include mutations in genes encoding Cyclins,
CDK activating enzymes, CDK substrates, CKIs and checkpoint proteins [95, 96]. For instance,
the tumor suppressor gene TP53, whose protein product is key in restraining the G1 to S
phase transition, is very frequently mutated in a large number of cancers, and Cyclin D and E
are often found overexpressed [7, 97-99].

In addition to being essential for oncogenesis, deregulated cell cycle control is also a trait
that separates cancer cells from normal cells. This opens up a window for targeted
treatments that are tumor selective. Based on this, cell cycle-targeting drugs are explored as
anti-cancer agents both preclinically and in clinical trials. Examples of this are CDK inhibitors
and drugs targeting mitotic kinases such as Aurora A and PLK1 [96]. Central in this thesis are
the checkpoint kinases WEE1, CHK1 and ATR, all important for controlling cell cycle
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progression in S and G2 phase, as mentioned previously. Small molecule inhibitors have
been developed against these kinases, and they are currently investigated for cancer
treatment [75, 100-102]. Of note, in this thesis checkpoint kinases refers to WEE1, CHK1 and
ATR, and checkpoint kinase inhibitors refers to inhibitors of these three kinases. Although
checkpoint kinase inhibitors are often used in combination with DNA damaging agents, as
described later, they have also been shown to have single-agent activity in many cancer cell
types. One reason for this is thought to be that cancer cells that already have deregulated
cell cycle control might depend on the checkpoint kinases to support the progression
through the cell cycle [75, 103]. These cancer cells may therefore be particularly sensitive to
further stress caused by checkpoint kinase inhibitors. The principles of checkpoint kinase
inhibition will be described in more detail in section 1.4. All in all, molecular aberrations that
lead to or support abnormal cell cycle progression in cancers certainly present opportunities
for targeted treatments.

1.2. The DNA damage response
1.2.1 The DNA damage response: in general
Cells are continuously subjected to damage from both exogenous and endogenous sources,
and more than ten thousand DNA lesions may occur daily [104-106]. Sources of DNA damage
include reactive oxygen species, chemical compounds and radiation, and a variety of lesiontypes may be induced, for instance single-stranded or double-stranded DNA breaks (SSBs
and DSBs, respectively) and alteration of single bases or nucleotides. Damaged DNA can
cause blockage of genome transcription and replication, and lesions that are not repaired or
repaired incorrectly threatens genomic integrity and even cell viability. To protect cells from
the harmful effects of DNA damage, a variety of signaling pathways and mechanisms that
sense and repair this damage have evolved. Collectively, these mechanisms are called the
DNA damage response (DDR) [106, 107].
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Figure 4. General model of the DNA damage response
The DNA damage response consists of a series of signal transduction pathways. In general,
the DNA damage is first recognized by sensor proteins. Information about the nature and
location of the damage is then is relayed by signal transducers to effector proteins. Cellular
responses to DNA damage include induction of cell cycle checkpoints, DNA repair, cell death,
stabilization of the replisome, remodeling of chromatin and changes in transcription and
energy production.
There are a number of distinct but also interconnected pathways and repair mechanisms
that together comprise the DDR, reflecting the variety in sources of DNA insults and the
types of lesions they generate. Some DNA lesion types are directly repaired by proteinmediated reversal, however, the majority of the pathways in the DDR consist of a series of
events, mediated by a wide range of proteins (Figure 4) [106, 107]. DNA damage must first
be recognized by so-called sensor proteins. As there is a vast variety in lesion types, there
are also many different sensor proteins. Secondly, information about the localization and
type of damage must be relayed by signal transducers to effector proteins. This is done
through signaling cascades, which involves different post-translational modifications such as
phosphorylations, poly(ADP-ribosylations), ubiquitinations, etc. The effector proteins that
13

ultimately receive these signals have diverse functions; they are involved in controlling cell
cycle progression, DNA repair and inducing cell death or senescence if the damage is too
severe to be repaired. There are also many other possible responses to DNA damage,
including chromatin remodeling and changes in energy production, transcription, RNA
processing, and replisome stability [106, 107].

1.2.2 DNA damage induced cell cycle checkpoints
To preserve genomic integrity, it is imperative that cells do not proceed with DNA replication
and/or cell division in the presence of DNA damage. The DNA damage-induced cell cycle
checkpoints are critical components of the DNA damage response that work to arrest or
delay the cell cycle to give time for DNA damage repair before the cell continues cell cycle
progression. There are three major DNA damage induced checkpoints; the G1/S checkpoint,
the S phase checkpoint, and the G2/M checkpoint. The way in which the cell cycle is arrested
can be direct, for instance through inhibition of CDK activity, or indirect through
transcriptional regulation [3].

Exposed ends of DNA breaks can be bound by the MRN complex (MRE11, RAD50 and NBS1)
throughout the cell cycle. The MRN complex serves as a sensor for the damage, and recruits
the Ataxia-telangiectasia-mutated (ATM) checkpoint kinase, which belongs to the
phosphoinositide-3 kinase-related protein kinase (PIKK) family of kinases. ATM, in turn,
activates checkpoint signaling through phosphorylating downstream targets [3, 108].
Furthermore, if DSBs are repaired in S or G2 phase, the DNA ends can be processed to
generate long stretches of single-stranded DNA (ssDNA). This ssDNA is covered with
Replication protein A (RPA), resulting in activation of another PIKK family member, namely
ATR [3, 108]. ATM and ATR are regarded as the main mediators of checkpoint induction.

The G1/S checkpoint
ATM is a kinase with a vast number of substrates involved in the DDR, including Histone
H2AX, p53-binding protein1 (53BP1) and Breast cancer type 1 susceptibility protein (BRCA1)
[109]. A major target is Checkpoint kinase 2 (CHK2), which is phosphorylated on T68 by ATM
upon DNA damage [110]. When DNA damage induces the DDR in G1 phase, activated CHK2
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targets the CDC25 family of phosphatases for degradation, resulting in decreased Cyclin-CDK
activity and activation of the G1/S phase checkpoint (Figure 5 A) [108, 109].

Figure 5. Main pathways of inducing cell cycle checkpoints by decreasing CDK activity
A. The main regulator of the G1/S phase checkpoint is the ATM/CHK2 axis. CHK2 targets
CDC25 for degradation, thereby decreasing CDK activity and causing checkpoint induction.
The G1/S checkpoint is maintained by another ATM/CHK2 target, p53. Active p53
transcriptionally upregulates the expression of p21, and p21 binds to and inactivates CyclinECDK2.
B. and C. The ATR/CHK1 axis is the main governor of the S phase and G2/M phase
checkpoints. Activated ATR and CHK1 cause degradation of CDC25, which stabilizes the
WEE1-mediated CDK Y15 phosphorylation and subsequently decreases CDK activity. In S
phase this leads to a decrease in replication origin firing and replication fork speed. In G2
phase, the decrease in Cyclin B-CDK1 activity induces the G2/M checkpoint. As opposed to
the G1/S and G2/M checkpoints, which induce cell cycle arrest, the S phase checkpoint
rather induces a transient delay in cell cycle progression (hence the “slow” label in the
figure). See main text for details and references.
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As this checkpoint induction is initiated directly through protein modification rather than
indirectly through transcription and protein synthesis, it represents a rapid way of activating
cell cycle arrest. However, the G1/S checkpoint is further dependent on a maintenance
component. This role is filled by the p53 transcription factor, which is also a target of
ATM/CHK2. p53, through its downstream effector p21, maintains the G1/S checkpoint by
reducing Cyclin E/CDK2 activity and binding PCNA, as described in section 1.1.3. This
checkpoint maintenance is essential to maintain G1/S cell cycle arrest until conditions are
favorable to enter S phase [108, 109].

Replication stress and the ATR/CHK1-mediated S phase checkpoint
Replication of the genome is a particularly sensitive process during the cell cycle. Billions of
nucleotides need to be correctly copied, and this must be tightly coordinated to avoid
genomic instability, as mentioned previously. Many situations can cause problems with DNA
replication, for instance when the replication machinery collides with active transcription
complexes or encounters DNA lesions [111, 112]. The occurrence of hampered replication
progression is known as replication stress, and this involves slow-down of DNA synthesis
and/or replication fork stalling [112]. In the case of sustained replication stress, irreversible
replication fork breakage can occur. Therefore, molecular pathways comprising the S phase
checkpoint have evolved to deal with failures in replication. This checkpoint is a qualitycontrol mechanism which is key to ensure completion of replication and preserve genomic
stability upon replication stress [112, 113]. It involves inhibition of origin firing and slowing
down of replication, as well as replication fork stabilization and restart.

The central pathway of the S phase checkpoint is the ATR/CHK1 signaling axis (Figure 5 B); a
highly conserved pathway that is crucial for maintaining genome stability upon stalled
replication forks. The common view is that ATR kinase is activated by single-stranded DNA
(ssDNA). During replication stress, ssDNA can arise in different ways, mainly by functional
uncoupling of the replicative polymerase and the helicase machinery, or by nuclease activity,
such as resection at DSBs [113, 114]. ssDNA is coated with RPA [115], and this induces two
signaling cascades that are needed for ATR activation [116, 117]; First, the ssDNA-RPA
complex recruits ATR interacting protein (ATRIP) [118] which is in complex with ATR [119],
generating proximity between ATR and the lesion. Second, DNA topoisomerase 2-binding
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protein 1 (TOPBP1) is independently recruited by RPA-coated ssDNA [120], in a manner
dependent on RHINO (RAD9, RAD1 and HUS1 interacting nuclear orphan) and the 9-1-1
(RAD9, HUS1 and RAD1) complex [121-123]. When TOPBP1 is in close proximity to ATR, ATR
is fully activated [124]. Furthermore, recent work has identified alternative mechanisms for
ATR activation; ETAA1 (Ewing's tumor-associated antigen 1) was identified to be able to
directly activate ATR, independently of TOPBP1 [125]. In another study, the RNA polymerase
II associated factors CDC73 (Cell Division Cycle 73) and PNUTS-PP1 (Protein Phosphatase 1
Nuclear-Targeting Subunit – Protein Phosphatase 1) were shown to influence ATR activity,
suggesting that abnormal phosphorylation and stalling of RNA polymerase II can promote
ATR activation [126].

A major target of activated ATR is CHK1 [18]; ATR phosphorylates CHK1 at S317 and S345
[19, 127], followed by CHK1 autophosphorylation at S296 [128, 129]. Activated CHK1 is
released from chromatin, and is able to phosphorylate its targets [130]. One main target of
CHK1 is the CDC25A phosphatase [17, 131], which normally removes the inhibitory Y15
phosphorylation on CDK1 and CDK2, thus promoting CDK activity in S and G2 phase. Upon
CHK1-mediated phosphorylation in S phase, the phosphatase is degraded [132], which leads
to reduced CDK activity, inhibition of CDC45 loading and thus inhibition of origin firing (see
section 1.1.4) [133]. However, although ATR/CHK1 restrains origin firing globally, it has been
shown that dormant origins nearby stalled replication forks are fired to ensure completion of
replication between the stalled forks [134, 135].

The regulation of replication origin firing by ATR/CHK1 during replication stress is important
to avoid accumulation of ssDNA, which is very unstable and prone to unscheduled nuclease
cleavage unless protected [112, 113]. Excessive ssDNA may cause exhaustion of the RPA pool
and subsequent genome-wide replication fork collapse [136]. In addition, stalled replication
forks have to be processed and protected in order to prevent them from collapsing into
DSBs, and to increase their chance of recovery. In a simplified model, the rescue of stalled
replication forks can be divided into two stages; fork stabilization and fork restart [113].
Replication fork reversal is a key mechanism of fork stabilization, in which forks are allowed
to reverse their course when they encounter DNA lesions and subsequently resume
replication without chromosome breakage [137]. One protein involved in promoting fork
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reversal is the translocase SMARCAL1 (SWI/SNF-related matrix-associated actin-dependent
regulator of chromatin subfamily A-like protein 1) [138]. ATR has been shown to be involved
in proper regulation of fork reversal through phosphorylation of SMARCAL1 [139]. This
modification limits SMARCAL1 activity, and this is important to avoid aberrant fork
processing, fork collapse and subsequent genome instability [139]. Thus, ATR is crucial for
both limiting origin firing and preventing fork collapse upon replication stress. Furthermore,
reversed forks are protected from aberrant nucleolytic degradation by several other
mechanisms, including the BRCA2-RAD51 (breast cancer type 2 susceptibility protein - DNA
repair protein RAD51 homolog 1) axis and the Fanconi Anemia (FA) pathway [112, 113, 137].
When the source of replication stress, or replication blockage, is removed, the stalled forks
must resume replication, a process known as fork restart. This is a complex and not
completely elucidated process, involving homologous recombination factors and DNA
helicases and nucleases [140, 141].

The G2/M checkpoint
If cells enter mitosis and divide with unrepaired DNA damage, they may lose genetic
information due to incorrect chromosome segregation. Therefore, the G2/M checkpoint is
fundamental for preserving genomic integrity in cells that are exposed to DNA damage in G2
phase, or that have escaped earlier checkpoints with unrepaired lesions. The G2/M
checkpoint can be activated by DSBs or ssDNA resulting from resected DSBs or stalled
replicaton forks, and is induced by ATM or ATR activity. As the Cyclin B-CDK complex is the
main promoter of mitotic entry, it is thus the target of the G2/M checkpoint [108, 109].

The main activator of the G2/M checkpoint is the ATR/CHK1 axis, which, as described
previously, functions through negative regulation of the CDC25 phosphatases [6, 142]
(Figure 5 C). Upon checkpoint activation, CHK1 promotes CDC25 degradation, which leads to
maintenance of the Wee1-mediated Y15 phosphorylation on CyclinB-CDK1 and subsequent
reduction of CDK1 activity. Furthermore, the p53-p21 pathway, also activated by ATM/ATR,
has been shown to play a role in G2/M checkpoint maintenance [143, 144]. BRCA1, BRCA2
and Partner and localizer of BRCA2 (PALB2) have also been implicated in this checkpoint,
although the full mechanisms behind this have not been completely elucidated [145, 146].
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1.2.3 DNA double strand break repair
DNA DSBs is the most lethal type of DNA damage. They can occur after exposure to
exogenous agents, for instance ionizing radiation (IR). However, the most common natural
cause of DSBs is DNA replication forks encountering DNA lesions which triggers fork collapse
[147]. Following a DNA DSB, the histone variant Histone H2AX is targeted for
phosphorylation by ATM, ATR or DNA-dependent protein kinase (DNA-PK). These proteins
phosphorylate H2AX on S139 (termed γH2AX) on chromatin around the break site, thereby
expanding the signal up to 1-2 Mb [148, 149]. γH2AX helps linking the DNA break to the DDR
machinery, by directing recruitment of signaling and repair proteins [147]. As γH2AX forms
foci around DSBs, it is a useful marker for damage visualization by antibodies targeting this
phosphorylated histone variant [150]. In this section, the two major repair pathways that
deal with DNA DSBs are described; Non-homologous end joining (NHEJ) and Homologous
recombination repair (HRR). Whether a cell initiates NHEJ or HRR in response to DSBs
depends on the cell cycle phase and the processing of the DNA break ends [147].

NHEJ is initiated when the DSB ends are bound by the KU70/KU80 proteins, which act as
loading proteins that recruit other NHEJ factors that promote joining of the DNA ends. An
essential NHEJ factor that is recruited and bind to KU70/KU80 is DNA-PK catalytic subunit
(DNA-PKcs), forming the DNA-PK complex [151]. 53BP1 is another repair factor that is
enriched at the DSB site, and that is a positive regulator of NHEJ by restraining extensive
DNA end resection [151, 152]. Following DNA-PK activation, the DNA ends are processed by
the nuclease Artemis, followed by re-joining of the ends by DNA ligase IV/XRCC4 [151].
Although the processing of the DNA ends is limited in NHEJ, it often leads to small deletions
or insertions of nucleotides. Thus, NHEJ is an error-prone repair mechanism, which
potentially causes mutations and genomic instability [151, 153].

As NHEJ does not need a homologous template to repair DSBs it can occur throughout the
cell cycle. Conversely, HRR is a repair mechanism that requires homologous sister chromatid
sequences as templates for repair. Thus, HRR is limited to the S and G2 phases of the cell
cycle. However, using the homologous sequence to guide the repair makes this repair
pathway error-free. HRR is the main pathway to repair DSBs that occurs at collapsed
replication forks and is essential for replication fork restart. Mechanistically, HRR begins with
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considerable resection of the broken DNA ends, creating 3' ssDNA overhangs [147, 154]. The
BRCA1 protein has been identified as a factor that promotes resection and counteracts the
NHEJ promoting factor 53BP1 [147, 153, 155, 156]. Resection is initiated by the combined
actions of the MRN complex (of which MRE11 is a nuclease) and CtIP. CtIP is a central part of
regulating HRR to S and G2, as it is phosphorylated in a CDK-dependent manner to promote
its function only in these cell cycle phases [147]. Further resection of the DSB ends involves
Exonuclease 1 (EXO1), DNA replication ATP-dependent helicase (DNA2) and Bloom syndrome
protein (BLM) [147, 154, 157]. Next, BRCA1 interacts with PALB2, which promotes BRCA2mediated loading of RAD51 nucleoprotein filaments that wrap around the ssDNA (replacing
already-bound RPA) [147, 153]. The RAD51 nucleoprotein filaments then search a
homologous template and promote strand invasion into the homologous dsDNA. This
creates a so-called D-loop structure [154, 158]. Subsequently, repair synthesis and cleavage
of the resulting Holliday junction ultimately completes the repair process without loss of
genetic information. Usually, HRR is completed by a process called gene conversion, but
other processes are also possible, for instance involving different modes of resolving the
Holliday junction [153, 154].

1.2.4 Deregulated DNA damage response in cancer
Accumulation of mutations and genomic instability may lead to cells acquiring traits that
drive cancer development. In fact, genomic instability is considered an enabling
characteristic of cancer, and is a prerequisite for a cell being capable of obtaining cancerous
traits [94]. As described above, the DDR is essential to avoid genomic instability. Indeed, it
has been shown that precancerous lesions from patients display activated DNA damage
signaling, which provides a barrier to avoid or delay cancer development [159, 160].
Therefore, cells with dysfunctions in the DDR are selected for during tumorigenesis, and
mutations in DDR components are frequently observed in cancers [161, 162]. For instance,
mutations in the HRR component BRCA2 gene proposes a significant risk of ovarian-, breast-,
pancreatic- and prostate cancer development [163]. Another example is the loss of the G1/S
checkpoint, through loss of p53 function, which was demonstrated to happen early during
cancer development [164]. However, at the same time as DDR defects may allow
accumulation of mutations and cancer progression, such defects make cancer cells more
dependent on remaining and functional DDR pathways to deal with endogenous and
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exogenous insults [161]. Targeting the DDR pathways that remain therefore represents an
anti-cancer treatment strategy, and this is the topic of the next section.

1.3. Targeting the DNA damage response in cancer therapy
1.3.1 DNA damaging agents in cancer treatment
Although DNA damage can cause genomic instability and might contribute to carcinogenesis,
inflicting DNA damage is the most widely used anti-cancer strategy. Radiotherapy and many
chemotherapeutic drugs exert their cytotoxic effects through causing DNA damage. The
radiation field in radiotherapy is focused on the tumor and most chemotherapeutic drugs
target actively replicating cells. However, adverse normal tissue effects remain a major
problem. There is therefore large interest in finding new strategies to make treatment more
specific, by for example inhibiting DNA repair in the cancer cells, thus increasing the cancer
cell killing whilst sparing normal tissue. Such strategies are described below.

1.3.2 Synthetic lethal approaches
The different types of DNA damage that occur in a cell stimulate different signaling pathways
and repair mechanisms. However, there is a level of redundancy in the DDR, meaning that
alternative DDR pathways may compensate for the lack of an optimal pathway. In cancers
that have deficiencies in certain DDR mechanisms, the cells are often dependent on
compensatory pathways to deal with DNA damage which would normally be handled by the
original pathway. As a consequence, the compensatory pathways might be up-regulated,
which presents a challenge when it comes to cancer treatment, as it may cause resistance
towards DNA-damaging agents such as radiation or chemotherapeutic drugs [161]. This has
been one rationale for using inhibitors of components of the DDR in cancer therapy.
However, lost DDR pathways may also represent opportunities to specifically target cancer
cells by exploiting their dependency on compensatory DDR pathways [161, 162].

When cancer cells lack a specific DDR pathway and depend on a compensatory pathway for
survival, this compensatory pathway might be targeted by inhibitors during cancer
treatment. This anti-cancer strategy is based on the principle of synthetic lethality. In this
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context, synthetic lethality means that targeting and inhibiting the compensatory pathway
will render the cancer cell unable to handle endogenously occurring DNA damage (Figure 6
A). As a result, cell death will be cancer specific, as normal cells still have the original DDR
pathway that can deal with this endogenous damage [161, 162]. The classical example of this
approach is the use of PARP (Poly (ADP-ribose) polymerase) inhibition in HRR defective
cancers (for instance HRR deficiency because of BRCA1/2 mutations) [165]. It has been
shown that such HRR deficient cancer cells are killed by PARP inhibitors at concentrations
that are non-toxic to normal cells with functional HRR [166, 167]. The basis for the cancerselective killing is suggested to be that endogenously occurring DNA single-strand breaks
(SSBs) are not repaired properly when PARP is inhibited, leading to stalled and/or collapsed
replication forks. HRR is important for resolving these stalled forks, or repair the resulting
DSBs, in normal cells. However, in HRR deficient cancer cells these stalled forks are not
resolved, leading to DNA break accumulation and cell death [162, 165-167].

1.3.3. Synthetic sickness approaches
As described above, cancer cells with a defective DDR pathway may be particularly sensitive
towards inhibitors that target compensatory pathways. The “synthetic lethality” strategy
involves making the cells unable to cope with endogenously occurring DNA damage.
However, such endogenous DNA damage is not always enough to cause cell death, even in
the absence of both the original and compensatory DDR pathways. In such cases, another
DNA damaging agent (for instance radiation or chemotherapeutic drugs) can be applied to
achieve the wanted cancer cell death. In these cases, the cancer cells might be significantly
more sensitive to the DNA damaging agent because of the DDR defect plus inhibition of the
compensatory pathway (Figure 6 B). Consequently, lower doses of the DNA damaging agent
might be needed for cancer cell killing, thus sparing normal cells [161, 162]. This strategy can
be referred to as synthetic sickness, as it is not synthetic lethality per se [161]. An example of
this is when PARP inhibitors are combined with radiotherapy. In this case, radiosensitization
is obtained by significantly lower doses of the PARP inhibitor than the doses used to achieve
single agent effects [168].
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Figure 6. Synthetic lethal and synthetic sickness approaches for targeting the DNA damage
response in cancer therapy.
A. In this schematic model, cancer cells are killed by endogenously occurring DNA damage
when one pathway of the DNA damage response (Pathway 1) is lost because of a genetic
deficiency and a compensatory pathway (Pathway 2) is inhibited by a molecular targeted
agent. This phenomenon is called synthetic lethality. Normal cells, which usually have a
functioning Pathway 1, can repair the DNA damage and survive. This confers the cancer
specificity of this synthetic lethal approach.
B. In the synthetic sickness approach, cancer cells that have lost the two compensatory
pathways (Pathways 1 and 2), because of a genetic deficiency plus a targeted agent, are not
killed by the endogenously occurring DNA damage, but have become hypersensitive to a
DNA damaging agent. Adding the DNA damaging agent thus kills the cancer cells that cannot
repair the damage. At the same time normal cells survive, because they still retain one
functioning repair pathway (Pathway 1). This synthetic sickness approach is also considered
cancer specific. Furthermore, lower doses of the inhibitor or the DNA damaging agent may
be used, which contributes to sparing normal cells.
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1.4. Targeting the checkpoint kinases WEE1, CHK1 and ATR as an anti-cancer
strategy
1.4.1. Potential cancer selective effects based on G2 checkpoint abrogation and S phase
DNA damage
As described in section 1.2.2, ATR and CHK1 are essential for induction of the S and G2/M
checkpoints after DNA damage; Activated ATR induces CHK1 activity, followed by CHK1
mediated CDC25 phosphorylation and subsequent degradation [17, 19, 131, 132]. The
degradation of CDC25 leads to less removal of the WEE1 mediated CDK1/2 Y15
phosphorylation [12, 14], resulting in decreased Cyclin-CDK activity and cell cycle arrest [16,
18]. This means that inhibition of WEE1, CHK1 or ATR will make cells unable to arrest at the S
and G2/M checkpoints after DNA damage. Such checkpoint kinase inhibition, combined with
induction of DNA damage by chemotherapeutic drugs or radiation, has been hypothesized as
an anti-cancer strategy for cancers with a deficient G1/S checkpoint. This strategy would be
considered a so-called synthetic sickness approach, as described above. In this scenario, the
checkpoint kinase inhibitor causes S and G2/M checkpoint failure in the presence of severe
DNA damage (Figure 7). Normal cells will still be able to arrest at the G1/S checkpoint, repair
the DNA damage and survive. Conversely, cancer cells that lack the G1/S checkpoint will not
be able to arrest the cell cycle and be forced to progress through mitosis with the damage,
ultimately causing loss of genetic material and cell death. As a large number of cancers have
G1/S checkpoint deficiency, for instance due to TP53 mutations, this strategy of treatment
may potentially confer tumor selectivity in a large number of patients [161, 162, 169, 170].
Based on this, inhibitors of WEE1, CHK1 and ATR are currently explored in clinical trials for
cancer treatment in combination with radiotherapy or DNA damaging chemotherapeutic
drugs.
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Figure 7. Principle of cancer-specific effects of WEE1, CHK1 and ATR inhibitors based on
G2/M checkpoint abrogation
After DNA damage, cells are dependent on the cell cycle checkpoints for survival. Inhibitors
of WEE1, CHK1 and ATR cause G2 checkpoint abrogation. If normal cells are subjected to
DNA damage (for instance by ionizing radiation) and a checkpoint kinase inhibitor, they can
arrest in G1 phase, repair the DNA damage and survive. Cancer cells often lack a functioning
G1/S checkpoint because of TP53 mutations, and rely on the G2/M checkpoint to survive
DNA damage. Treatment with a DNA damaging agent together with a checkpoint kinase
inhibitor will therefore cause cancer cell killing, because the cells are not able to arrest the
cell cycle at all.

In addition to causing checkpoint abrogation after DNA damage, it has been demonstrated
that checkpoint kinase inhibitors often have single-agent activity, causing cell death without
exogenously added DNA damaging agents. These effects have been attributed to the
inhibition of checkpoint kinase activities in S phase [75]. Normally, WEE1, CHK1 and ATR are
important for limiting CDK activity during replication and thus promote proper origin firing
(see section 1.1.4). Upon inhibition of checkpoint kinases, the increased CDK activity leads to
unscheduled origin firing and, ultimately, DNA breaks and cell death (Figure 8 A) [75].
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Figure 8. S phase effects of checkpoint kinase inhibition
A. Model of how inhibitors of WEE1, CHK1 and ATR can cause DNA breaks in S phase through their
role in regulating CDK activity: Unscheduled CDK activity in S phase causes an increase in replication
origins that are fired. This leads to a shortage of replication factors, followed by replication fork
stalling. The structures of stalled replication forks are prone to being cut by nucleases, and this
ultimately leads to DNA breaks in S phase. Furthermore, elevated CDK activity could possibly cause
abnormal activity of nucleases, causing further cleavage of stalled forks and DNA breaks. Modified
from [75].
B. Cancer-specific cell death based on S phase effects of checkpoint kinase inhibitors: Inhibitors of
WEE1, CHK1 and ATR may have increased cytotoxic effects in S phase in cancer cells that already
have elevated replication stress. Conversely, normal cells that have low levels of replication stress
will experience tolerable levels of replication stress after treatment with checkpoint kinase inhibitors.
Modified from [101].
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The exact mechanism of how checkpoint kinase inhibition leads to DNA breaks in S phase is
not completely known, and may differ after inhibition of the different checkpoint kinases.
Regardless, the S phase effects of WEE1, CHK1 and ATR inhibition are likely important for
cancer cell death, and may be exploited for cancer treatment; Cancer cells frequently show
increased replication stress, due to oncogene activation or other tumor-associated factors
like hypoxia [171-174]. Since cancer cells with high levels of endogenous stress during
replication may be particularly vulnerable to further drug-induced problems with controlling
CDK activity [75], the S phase effects of checkpoint kinase inhibition may, to a degree, be
cancer specific (Figure 8 B). Of note, S phase effects are also often important when WEE1,
CHK1 or ATR inhibitors are combined with agents causing replication stress (for example
hydroxyurea or gemcitabine) [175, 176]. Furthermore, as S phase cells are known to be more
radioresistant than cells in the other cell cycle phases [177], the S phase effects of WEE1,
CHK1 or ATR inhibitors may be useful to eliminate radioresistant S phase cells.

1.4.2 WEE1 inhibition
The WEE1 protein consists of 646 amino acids, and has regulatory domains at the N- and Ctermini, as well as a central kinase domain [11, 13]. It is a tyrosine kinase, responsible for
phosphorylating CDK1 and CDK2 on Y15, when the CDK is in complex with Cyclins A, B or E.
As described previously, this is an inhibitory phosphorylation, which blocks the enzymatic
activities of the CDKs [12-14, 178]. This inhibitory effect of WEE1 on CDKs is highest during S
and G2 phase, and is subsequently reduced as a cell approaches mitosis, to allow mitotic
entry [13, 179]. There are several pathways responsible for negative and positive regulation
of WEE1 activity. For instance, PLK1 and CDK1 phosphorylate WEE1 on S53 and S123,
respectively, marking WEE1 for ubiquitin-mediated proteasomal degradation [179-181].
Furthermore, prevention of premature WEE1 degradation is achieved through autophosphorylation and removal of the S123 phosphorylation by the CDC14 phosphatase [182,
183].

The most widely studied WEE1 inhibitor is AZD1775 (formerly MK1775, which it is referred
to as in this thesis). This pyrazol-pyrimidine derivate is an ATP-competitive, small-molecule
inhibitor of Wee1, and has been reported to have an IC50 of 5.2 nM in vitro [184]. Initially,
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inhibition of WEE1, and the resulting G2/M checkpoint abrogation, was investigated for
potentiating the efficacy of conventional DNA damaging agents, as described above. This
treatment could hopefully allow a reduction of the cytotoxic treatment and at the same time
maintain clinical efficacy [185]. Mechanistically, the effect of WEE1 inhibition on the G2/M
checkpoint is quite straight-forward: After treatment with a WEE1 inhibitor, cells do not
have the inhibitory Y15 phosphorylation on Cyclin B/CDK1, and thus no way of stopping the
cell in G2 phase after DNA damage, despite activated CHK1. When cells start to divide with
large amounts of unrepaired DNA lesions, this will lead to aberrant chromosome segregation
and loss of genetic information, ultimately causing cell death. This cell death modality is
termed mitotic catastrophe [186]. Many preclinical studies have investigated WEE1
inhibition combined with different DNA damaging agents, including radiation, gemcitabine
and 5-fluorouracil [187-189]. Results from these studies show that the DNA damage induced
G2/M checkpoint is abrogated after co-treatment with MK1775, causing mitotic entry with
unrepaired DNA damage followed by cancer cell death in cell line studies, and tumor growth
delay in xenograft experiments [184, 187-189]. Although WEE1 inhibition was initially
thought to be selectively effective in p53 deficient cancer cells [187-190], later studies
showed efficacy of treatment independent of p53 status, both in co-treatment regiments
and with MK1775 treatment alone [191-194]. An explanation for this could be that cancers
may have a defective G1/S checkpoint because of reasons other than mutations in the TP53
gene [195]. However, studies of WEE1 inhibition alone also turned the focus onto S phase
effects of this treatment, finding additional and/or alternative mechanisms of induction of
cancer cell death after WEE1 inactivation.

Although the exact mechanism of how S phase effects of WEE1 inhibition contribute to
cancer cell death remains elusive, there have been several studies investigating and giving
insight into this topic. As mentioned above, checkpoint kinase inhibition causes increased
CDK activity and deregulated replication initiation in S phase. In more detail, it has been
shown that WEE1 inhibition or depletion causes increased CDK activity and origin firing,
resulting in DNA DSBs in S phase cells, and that this response is dependent on CDK1/2 and
also the replication factors CDT1 and MCM2 [74, 196]. Furthermore, it was demonstrated
that nucleotide depletion is involved in the S phase effects following WEE1 inhibition, as
addition of exogenous nucleosides could partially rescue the DSB formation [196]. This could
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be because of direct exhaustion of the nucleotide pool upon increased replication, and/or
because of the effect of elevated CDK activity on decreasing the levels of the Ribonucleotide
Reductase (RNR) subunit RRM2 - leading to less nucleotide production [197]. Sufficient levels
of nucleotides are required to support proper replication, and nucleotide deficiency causes
decreased fork speed and ultimately DNA breaks [196, 197]. Finally, the endonuclease
MUS81-EME1/2 has been shown to be involved in DSB formation after WEE1
inhibition/depletion, as co-depletion of MUS81 was reported to partially rescue this effect
[196, 198]. MUS81 is normally involved in resolving stalled replication fork intermediates,
thus contributing to replication restart [199], as well as promoting cleavage of aberrant
chromosome interactions at the G2/M transition, and in this way promoting proper
chromosome segregation [200-203]. Although the process of MUS81 regulation is not
completely known, it is proposed that CDK activity is involved in activating the nuclease
[204]. Hence, deregulated CDK activity after WEE1 inhibition may lead to unscheduled
Mus81 nuclease activity and contribute to subsequent DNA break induction.

As well as being investigated in numerous preclinical studies, MK1775 has reached clinical
trial investigations. Phase I clinical trials in patients with advanced solid tumors have
established the maximum tolerated dose (MTD) of the drug, both as a single dose and in
fractionated dosages [205, 206]. Furthermore, MK1775 showed a half life of

̴11 hours,

induced γH2AX signaling in three of five paired tumor biopsies and reduced the CDK1 Y15
levels in two of five paired tumor biopsies [205]. One of the phase I trials also studied
MK1775 in combinations with gemcitabine, cisplatin or carboplatin, and found an increased
response rate in TP53 mutated cancers compared to TP53 wild-type cancers [206]. Another
phase I trial studied MK1775 in patients with previously untreated head and neck squamous
cell carcinoma (HNSCC), with neoadjuvant MK1775 treatment for 1 week followed by
MK1775 combined with cisplatin and docetaxel [207]. This study showed reduction in
pCDK1/CDK1, in addition to increased γH2AX, Cleaved Caspase 3 (apoptosis) and phosphoRPA S4/S8 signalling in responders versus non-responders [207]. A phase II trial, studying
MK1775 in combination with carboplatin, in patients with TP53 mutated ovarian cancer that
relapsed within three months of the first-line therapy, confirmed the reduction in
pCDK1/CDK levels by skin biopsies [208]. Moreover, this study showed that the WEE1
inhibitor enhances carboplatin efficacy in TP53 mutated tumors [208]. Recently, promising
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results with AZD1775 were also obtained in a Phase I trial in pancreatic cancer, where
AZD1775 in combination with gemcitabine and radiotherapy showed substantially higher
overall survival compared to previous trials with gemcitabine and radiotherapy in the
absence of AZD1775 [209].

Although WEE1 inhibition has been extensively studied and even reached clinical trials, the
factors that define MK1775 sensitivity or resistance remain elusive. The results from clinical
studies, and many preclinical studies, have focused on TP53 status, and to a lesser extent
BRCA1/2 status. However, several preclinical studies have shed some light onto other factors
that might be important for the response to WEE1 inhibition. As described previously cells
with elevated replication stress could be especially sensitive to checkpoint kinase inhibition.
In line with this, it was recently demonstrated that Cyclin E overexpression sensitizes TripleNegative Breast Cancer (TNBC) to WEE1 inhibition [210]. In addition, KRAS mutation has also
been connected to sensitivity towards MK1775 [211]. Moreover, silencing several factors in
the Fanconi Anemia (FA) and HRR pathways of the DDR was shown to confer sensitivity to
Wee1 inhibition, as found by a genetic screen [212]. This sensitization was associated with
excessive replication stress and nucleotide depletion upon WEE1 inhibition [212]. Another
study showed that RAD18 (E3 ubiquitin-protein ligase RAD18) and its effector DNA
polymerase κ (Polκ), both involved in Translesion Synthesis (TLS), sustained DNA replication
in cells with increased CDK2 activity, and that RAD18 and Polκ knockout concordantly
sensitized cells to MK1775 [213]. Finally, as mentioned previously, low nucleotide levels are
linked to the S phase effects of WEE1 inhibition. It has been shown that H3K36me3-deficient
cells, which have low levels of the RNR subunit RRM2, are sensitive to MK11775 treatment
as a result of nucleotide starvation [197].

1.4.3 CHK1 inhibition
Checkpoint kinase 1 (CHK1) was first identified in fission yeast as a serine/threonine kinase
[214]. The kinase consists of 476 amino acids, has a molecular size of 54 kDa [17, 215], and is
well known for being crucial for the DNA damage induced S and G2/M checkpoints [132,
142, 216]. Activation of CHK1 by ATR is described in section 1.2.2. However, in addition to
being activated by ATR, it has also been shown that CHK1 can be phosphorylated on S317,
and thus be activated, by DNA-PK, when ATR is inhibited [217]. Activated CHK1 is released
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from chromatin and is then able to phosphorylate its downstream targets [130].
Deactivation of CHK1 is necessary for cell division to proceed after a DNA damage induced
checkpoint response, and this is achieved by both degradation of the CHK1 regulator Claspin
[218, 219] and activated CHK1 itself [220].
The role of CHK1 in regulating CDC25 levels, and in this way restrain CDK activity, both
during normal cell cycle progression and after DNA damage is described in sections 1.1 and
1.2. Initially, this function of CHK1 during the DNA damage response was the basis for
investigating CHK1 inhibitors for cancer treatment. Again, the strategy of simultaneous DNA
damage exposure and checkpoint abrogation (as described above), was in focus. CHK1
inhibitors like UCN-01 [221], AZD7762 [222], and LY2603618 [223] have been developed and
preclinically investigated together with a variety of genotoxic agents, including radiation,
cisplatin, gemcitabine and doxorubicin [221-225]. Increased cancer cell death in cell line
studies and tumor growth delay in xenograft experiments was associated with stabilization
of CDC25 and abrogation of DNA damage-induced cell cycle arrest upon CHK1 inhibition
[221-224, 226-228]. As for WEE1 inhibition studies, studies with CHK1 inhibitors have shown
varying results as to whether TP53 mutated cancers are more sensitive to the drugs [222,
226, 229-232]. These results suggest that G1/S checkpoint status does not solely determine
the response to CHK1 inhibition. In line with this, CHK1 has been implicated in cellular
functions other than promoting checkpoint activation after DNA damage. It was
demonstrated that CHK1 activity promotes the formation of RAD51 foci after Hydroxyurea
exposure, which shows that CHK1 is important for protecting cells against lethal DNA
damage through HRR activation [233]. Furthermore, several studies have revealed a role of
CHK1 during cell division; through phosphorylation of its target Aurora B [234], CHK1
prevents chromosome miss-segregation and cytokinetic defects like binucleation [235237].Finally, the role of CHK1 during S phase has come into focus, both when it comes to
single-agent activity of CHK1 inhibitors, and combinations with a variety of
chemotherapeutic drugs. It has been demonstrated that CHK1 inhibition or depletion causes
increased replication initiation, followed by ssDNA and DNA DSB formation [77]. As these
responses were prevented by knockdown of CDK2 or CDC45, or by addition of the CDK
inhibitor Roscovitine, CHK1 was identified as a factor needed to avoid aberrant replication
initiation during an unperturbed S phase [77]. Moreover, CHK1 is thought to suppress
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replication initiation independently of the CDC25-CDK axis, through its target Treslin. Treslin
and its interaction partner TOPBP1 is required for efficient CDC45 loading to form the
replicative helicase, and CHK1 may inhibit the origin firing activity of Treslin through
interaction and/or phosphorylation [58, 238]. Consistent with the role of CHK1 in replication
initiation, CHK1 suppresses oncogene induced replication stress [196, 239-241], and in this
way CHK1 inhibition may selectively target cancer cells [100, 242]. In fact, preclinical
research has found several factors involved in replication stress that could be important for
determination of the sensitivity of CHK1 inhibitors; for example overexpression of MYC (Myc
proto-oncogene protein) and Cyclin E was shown to confer enhanced sensitivity towards
CHK1 inhibition [100].
Several CHK1 inhibitors have reached clinical trial studies, but the available clinical data are
limited. The early CHK1 inhibitors had issues with toxicity and lack of specificity. For
example, UCN-01 had poor specificity and a long half-life, which was problematic [243, 244],
and AZD7762 showed cardiac dose-limiting toxicity [245, 246]. More specific CHK1 inhibitors
are better tolerated; For instance, MK8776
pharmacokinetic

properties

and

safety

and LY2603618 have shown acceptable
profiles,

either

in

combination

chemotherapeutic drugs or as single agents in clinical studies (phase I/II)

with

[247-253].

However, the effects that have been reported so far on disease progression seem to be
limited [100, 247-253]. This indicates that there is a need for identification of factors or
biomarkers that may affect the efficacy of CHK1 inhibition [100, 254].

1.4.4 ATR inhibition
Ataxia telangiectasia and Rad3-related protein, ATR, was identified as the mammalian
orthologue of the budding yeast checkpoint kinase Mitosis entry checkpoint protein 1
(Mec1) in 1996 [255]. It is a large protein kinase of 2644 amino acids, which form a stable
complex with ATR interacting protein, ATRIP [119, 256]. The role of ATR during normal cell
cycle progression is mentioned in section 1.1.4 and 1.1.5, and its activation during the DDR
and subsequent effects on certain downstream targets is described in section 1.2. Through
one of its main targets, CHK1, ATR is important for preserving genomic integrity by
implementing cell cycle checkpoints after replication stress or DNA damage. However, other
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functions of ATR have been extensively studied when it comes to ATR’s role in preventing
genomic instability through the replication stress response and also during normal cell cycle
progression; First, ATR is known to play a role in preventing collapse of stalled replication
forks. The mechanism behind this is not fully understood, but it is clear that ATR adjusts the
activity of helicases such as SMARCAL1 (see section 1.2.2), to prevent fork cleavage or
promote fork restart [257]. In addition, ATR has been shown to facilitate the recruitment of
certain HR factors such as BRCA2 and PALB2 [258], which promotes break repair if
replication forks collapse. Second, ATR regulates replication initiation in several ways.
Through CHK1 activation and subsequent CDC25 degradation, CDK activity is restricted, as
described above. Moreover, ATR has been implicated in regulating origin firing through
phosphorylation of components of the MCM complex, and the FA component Fanconi
anaemia group I protein (FANCI) [259-261]. Third, it has been shown that ATR activity is
important to increase the transcription of the Ribonuclease reductase subunit gene RRM2,
and thus ensure sufficient biosynthesis of nucleotides [217, 262].
The development of ATR inhibitors was complicated due to the large size of the protein and
the close homology of the ATR active site with the active site of other PIKKs [257]. Early
known ATR inhibitors such as caffeine, was needed at high concentrations which made them
unspecific [257, 263]. Further on, recombinant ATR was used for in vitro kinase assays,
which identified several compounds that target ATR, but not ATM or DNA-PK [264]. One
such compound, VE821 [265] was further studied and developed, and this led to an
improved inhibitor named VE822 [266], which is currently in clinical trials, named as VX970/M6620 [257]. Another recently developed ATR inhibitor which is also in clinical trials is
AZD6738 [267, 268]. Preclinical studies show that ATR inhibitors sensitize cancer cell lines to
a wide range of genotoxic agents, including cisplatin, gemcitabine, camptothecin, etoposide
and ionizing radiation [265, 266, 269-271]. Also in vivo studies using mouse xenograft models
have shown anti-cancer effects of combining ATR inhibition with such agents [268, 269, 271].
The sensitization to genotoxic agents by ATR inhibitors may have several underlying
mechanisms associated with the roles of ATR in regulating cell cycle checkpoints, replication
fork stability, replication initiation and DNA repair [100], and depending on the mode of
action of the genotoxic agent [100]. When it comes to the effects of ATR inhibitors or ATR
loss alone, toxicity has been linked to excessive origin firing, nucleotide depletion and
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breakage of stalled replication forks or impaired repair of such breaks [139, 217, 257, 272,
273]. Furthermore, cell killing upon ATR inhibition may also be a result premature mitotic
entry of cells that have not completed replication [80, 274]. As for WEE1 and CHK1
inhibition, results vary as to whether p53 status is important for the responses to ATR
inhibitors [100, 257, 275]. Other factors that have been implicated in determining sensitivity
to ATR inhibitors include ATM- and BRCA1/2-deficiency [265, 276-279] and overexpression
of replication stress-inducing oncogenes such as RAS or MYC [242, 267, 280].
Compared to WEE1 and CHK1 inhibition, investigation of ATR inhibition in clinical trials is at
an earlier stage. Ongoing studies are recruiting patients with various cancer types to both
single agent and combination studies. In the combination studies, ATR inhibitors are
combined

with

radiotherapy,

chemotherapy

and

other

targeted

agents

(www.clinicaltrials.gov) [275]. VX-970 was investigated in a phase I clinical study, both as
monotherapy and in combination with carboplatin, in patients with advanced cancers [281].
Measured changes in phosphorylated CHK1 (S345) in paired pre-dose/post-dose tumor
biopsies from three patients was used to assess ATR inhibition, and the results showed more
than 70% reduction in phospho-CHK1 after treatment with VX-970. Furthermore, VX-970
was well tolerated, with no dose limiting toxicity observed. The drug was generally well
tolerated in combination with carboplatin as well. Interestingly, one patient that received
monotherapy with VX-970 had a complete response for more than 20 months, and was later
shown to have complete ATM loss. Subsequently, VX-970 has been studied in combination
with gemcitabine [282] and cisplatin [283]. In these studies preliminary evidence of activity
was found, and recommended phase II doses were established. However, the final results
from the trials have not yet been published. Under the name of M6620, this drug was also
tested in combination with topotecan in a phase I trial. The results from this investigation
showed that the combination treatment was generally well tolerated, and it seemed
especially promising in patients with platinum-refractory small-cell lung cancer [284]. The
ATR inhibitors AZD6738 and BAY 1895344 have also reached clinical trials [285, 286],
however, few results from these studies have been published to date. One phase I clinical
trial studying BAY 1895344 as monotherapy did report anti-tumor activity in cancers with
certain DDR deficiencies, at doses that showed biological activity in paired tumor biopsies
[287]. This trial is still ongoing, enrolling patients with cancers with DDR defects [287].
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2. Aims of study

The overall aims of this work were to obtain more knowledge about the biological functions
of the checkpoint kinase WEE1 and how WEE1 inhibition can be used as an anti-cancer
strategy to enhance cancer treatment. In order to explore this, we performed three studies
which aimed to:

I)

Investigate whether loss of the p53 target and CDK inhibitor p21 could affect
the cellular responses to WEE1 inhibition (Paper I).

II)

Perform a flow cytometry based high throughput screen for agents that
enhance the S phase effects of the WEE1 inhibitor MK1775. When two CHK1
inhibitors came out as top candidate hits, we further sought to uncover the
molecular mechanisms that caused the synergy of combined WEE1 and CHK1
inhibition. Paper II is based on this work.

III)

Study the cellular effects of combined WEE1 and ATR inhibition, with
additional focus on exploring whether this combination treatment could be a
promising approach for lung cancer (Paper III – manuscript).
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3. Summary of papers
3.1 Paper I
p21 limits S phase DNA damage caused by the WEE1 inhibitor MK1775.
The WEE1 kinase is well known to be crucial for the S and G2/M cell cycle checkpoints after
DNA damage, and it has also been shown to be of great importance for regulating the Cyclindependent kinase (CDK) activity in S phase during an unperturbed cell cycle. Inhibiting WEE1
will therefore lead to S and G2/M checkpoint abrogation and DNA breaks in S phase due to
unscheduled CDK activity.

WEE1 inhibition is thought to be particularly effective in cells that have defects in the DNA
damage response (such as mutated p53) or that experience high levels of replication stress;
two traits that are more common in cancer cells than in normal cells. Therefore, inhibiting
WEE1 is an anti-cancer strategy that may be cancer specific, assuming the traits that cause
the cancer to be sensitive towards the inhibitor are known. In this paper, we investigated
whether loss of the p53 target p21, a CDK inhibitor and important DNA damage response
component, would affect the responses to WEE1 inhibition.

To explore this issue, we used cancer and normal cells proficient or deficient for p21
(HCT116 wt/p21-/-, RPE wt/p21-/-, and U2OS transfected with p21 siRNA) and treated them
with the small-molecule WEE1 inhibitor MK1775 (AZD1775). The results showed that cells
lacking p21 displayed higher levels of the DNA damage marker γH2AX in S phase than the
parental cells, as measured by flow cytometry. Western Blots confirmed that p21 deficient
cells had more DNA damage, with stronger phospho-DNA-PKcs (S2056) and phospho-RPA
(S4/S8) signals (which indicate DNA double strand breaks). Although cell cycle analyses
showed that these effects were due to an S phase function of p21, the increase in S phase
CDK activity after WEE1 inhibition was similar between p21 positive and negative cells.
Furthermore, p21 deficient cancer cells were more sensitive to WEE1 inhibition, as MK1775induced cell death was increased. The combination of MK1775 with the CHK1 inhibitor
AZD7762 was also more toxic to cancer cells lacking p21, with reduced viability and more S
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phase DNA damage. Finally, p21 deficiency sensitized cells to the combination of WEE1
inhibition and ionizing radiation, as assessed by cell viability.

These results demonstrate that p21 protects cancer cells against WEE1 inhibition, and that S
phase functions of p21 are involved in this protection. Even though p21 mutations are
uncommon in cancers, recent research has revealed that p21 expression can be decreased
due to epigenetic suppression. Therefore, we suggest that p21 levels may be considered in
the future clinical implementation of WEE1 inhibitors.
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3.2 Paper II
Combined inhibition of WEE1 and CHK1 gives synergistic DNA damage in S-phase due to
distinct regulation of CDK activity and CDC45 loading
In this paper, a flow cytometry-based screen for compounds that cause increased S phase
DNA damage when combined with the WEE1 inhibitor MK1775 was performed. Among the
top candidate hits of 1664 tested compounds were the CHK1 inhibitors AZD7762 and
LY2603618. Similar as for WEE1, CHK1 inhibition is well known to induce checkpoint
abrogation and S phase DNA damage. Preclinical studies have previously shown that
simultaneous inhibition of WEE1 and CHK1 gives synergistic antitumor effects, with reduced
cancer cell growth in vitro and in vivo, as compared to treatment with either inhibitor alone.
This suggests that the combination of WEE1 and CHK1 inhibitors may be a promising anticancer treatment approach. However, the molecular mechanisms underlying the synergistic
effects of this drug combination was not known. We reasoned that our screen result,
showing synergistic induction of DNA damage in S phase, could help identifying such
mechanisms.

In our flow cytometry screen, γH2AX was used as the read-out for DNA damage, and the
screen revealed that CHK1 potentiated the S phase DNA damage caused by WEE1 inhibition
in Reh leukemia cells. This was further confirmed in U2OS cells. Phospho-RPA (S4/S8)
measurements and Tunel assay results confirmed that simultaneous inhibition of WEE1 and
CHK1 synergistically increased the amount of severe and massive S phase DNA damage,
when compared to single inhibitor treatment. Clonogenic survival was strongly reduced after
the combination treatment, indicating that the S phase DNA damage contributed to cause
cell death.

Since both WEE1 and CHK1 inhibitors were thought to induce S phase DNA damage largely
through causing increased CDK activity [75], we studied CDK activity after inhibitor
treatment by Western Blotting and a self-developed flow cytometry-based assay which
allows measurements of CDK-dependent phosphorylations in distinct cell cycle phases.
Interestingly, we observed markedly increased S phase CDK activity after WEE1 inhibition
and after combined WEE1 and CHK1 inhibition, but only a slight increase after CHK1
inhibition alone. This revealed that the induction of S phase DNA damage did not strictly
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correlate with CDK activity upon inhibition of WEE1 and CHK1, as CHK1 inhibition caused
more DNA damage than WEE1 inhibition even though the CDK activity was lower. To further
explore this surprising result, we assessed the loading of the replication initiation factor
CDC45, by Western Blotting and flow cytometry. The results showed that CDC45 loading was
considerably increased after combined WEE1 and CHK1 inhibition, compared to treatment
with either inhibitor alone. Furthermore, CHK1 inhibition alone gave more CDC45 loading
than WEE1 inhibition alone, revealing a correlation between CDC45 loading, and thus
replication initiation, and DNA damage induction in S phase.

The results from this study are consistent with the view that unscheduled replication
initiation is a major cause of the massive DNA damage in S phase that is observed after
WEE1 and CHK1 inhibition. Moreover, they suggest that the synergy between WEE1 and
CHK1 inhibitors is due not only to elevated CDK activity, but also to an additional role of
CHK1 in regulating CDC45 loading in a CDK-independent manner. This gives new knowledge
about how the WEE1 and CHK1 inhibitors work alone and in combination.
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3.3 Paper III
Combined inhibition of WEE1/ATR induces DNA damage in S-phase and reduces cancer cell
viability in a synergistic manner
In Paper II we found that the combined inhibition of the two checkpoint kinases WEE1 and
CHK1 was very effective in inducing S phase DNA damage and reduce the survival of cancer
cells. Since ATR is a direct activator of CHK1, and also crucial for the replication stress
response, we hypothesized that the combined WEE1 and ATR inhibition could give a
response similar, or even better, than combined WEE1 and CHK1 inhibition.

In this paper, we investigated the responses to the WEE1 inhibitor MK1775 and the ATR
inhibitors VE822 (VX-970) and AZD6738 in the osteosarcoma cell line U2OS and a panel of
four lung cancer cell lines; SW900, H1975, A549 and H460. In U2OS cells we found that
combined inhibition of WEE1 and ATR gave synergistic induction of S phase DNA damage, as
measured by several DNA double strand break markers with Western Blotting, and by
assessment of γH2AX signals with flow cytometry. Clonogenic survival assays showed that
the combination also induced cell killing in a synergistic manner. Next, we used the four lung
cancer cell lines to address the potential of combined WEE1 and ATR inhibition in lung
cancer. Survival assays confirmed the data from a previous study [192], demonstrating large
variations in the sensitivity towards the WEE1 inhibitor in these cell lines. Combined WEE1
and ATR inhibition effectively reduced survival in a synergistic manner in all cell lines, as
measured by the CellTiter Glo cell viability assay. However, in the most resistant cell lines,
we were not able to show a synergy in cell killing upon combined treatment, as assessed by
clonogenic survival. We next measured induction of S phase DNA damage and effects on
mitotic entry after WEE1 inhibition in these cell lines, to address whether differences in
these responses could explain the differences in survival after treatment. Interestingly, the
two cell lines that were most resistant towards WEE1 inhibition also showed little S phase
DNA damage in response to MK1775, indicating that lack of DNA damage induction in S
phase after WEE1 inhibition is contributing to resistance. Of note, the combination
treatment also caused the least S phase DNA damage in the most resistant cell lines. Analysis
of mitotic fraction upon WEE1 inhibition showed that the effects on mitotic entry were
smaller, and likely not as important as the S phase responses when it comes to contributing
to cell killing. In Paper II we revealed that the induction of S phase DNA damage after WEE1
41

and CHK1 inhibition correlated with replication initiation as measured by CDC45 loading,
rather than with elevated CDK activity. We therefore wanted to measure CDC45 loading and
CDK activity in the lung cancer cell lines after WEE1 and ATR inhibition to address whether
we saw similar effects as in our previous study, and to explore why some cell lines are highly
resistant to WEE1 inhibition. In contrast to the results in Paper II, the levels of CDC45 loading
did not correlate well with the induction of DNA damage when it came to WEE1 and ATR
inhibition, as CDC45 levels clearly increased upon treatment with the ATR inhibitor alone,
whilst DNA damage signaling was low. Interestingly, the two most resistant lung cancer cell
lines, A549 and H460, showed similar increases in CDC45 loading and CDK activity as the
sensitive U2OS cell line. This indicates that some factor(s) downstream of increased
replication initiation may be important for sensitivity/resistance towards WEE1 and ATR
inhibitors. This is a subject that should be further investigated, as identification of such
factor(s) is of great importance if the combination of WEE1 and ATR inhibitors was to be
implemented in the clinic.
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4. Discussion
4.1 Mechanisms underlying cellular toxicity of checkpoint kinase inhibitors as
single agents
4.1.1 Increased replication initiation in response to ATR, CHK1 or WEE1 inhibition
Inhibitors of WEE1, CHK1 and ATR clearly have single agent activity, causing DNA damage
and cell death. As described in section 1.4, these effects have been connected to
unscheduled replication initiation followed by replication fork stalling and subsequent DNA
breakage in S phase. However, the exact mechanisms of how this happens are not fully
understood. For instance, knowledge of how checkpoint kinase inhibition leads to increased
replication initiation has been elusive. Earlier, the effect of CHK1 inhibition was mostly
associated with loss of regulation of CDK activity through control of the CDC25 phosphatases
[142, 288]. More recently, studies have shown that CHK1 may have a more direct impact on
the loading of the replicative helicase component CDC45, possibly through influencing
another replication regulator – Treslin [58, 238]. This was a subject of interest in Paper II,
and our results suggest that the effect of CHK1 inhibition on CDK activity in S phase is less
important for DNA damage induction than the effect on CDC45 loading. When it comes to
ATR inhibition, this may influence replication initiation through the negative effects on CHK1
activity, and thus in much the same way as CHK1 inhibition, consistent with our results in
Paper III. However, ATR has a wide range of substrates, including MCMs (mentioned in
section 1.4.4), and so it is possible, if not likely, that other pathways are also involved.
Conversely, WEE1 inhibition increases CDK activity to a greater extent than CHK1 or ATR
inhibition, as found in Papers II and III, causing an elevated level of replication initiation by
allowing CDK1/2 to increasingly phosphorylate targets that promote replication.

4.1.2 How can increased replication initiation after checkpoint kinase inhibition cause DNA
damage?
How increased replication initiation after checkpoint kinase inhibition leads to DNA damage
is also a pathway that is not very well understood. As mentioned in section 1.4, shortage of
replication factors as a result of increased replication, is likely involved. Studies have shown
that adding nucleosides will limit DNA damage induction after checkpoint kinase inhibition
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[196]. In support of this, one study showed that elevated Ribonucleotide Reductase activity
caused reduced fragile site DNA breaks and extended the lifespan of ATR mutant mice [272].
Shortage of replication factors such as nucleotides, leads to stalled replication forks, which
again may collapse into DNA breaks. CHK1 and ATR have been shown to protect stalled forks
[139, 289], so it is therefore not surprising that inhibiting these two kinases would lead to
fork collapse and DNA breakage after replication stress (which the inhibition in itself
induces). Furthermore, the structures of stalled replication forks are substrates for several
nucleases, and are thus prone for being cut, which in turn may lead to DSBs, especially if the
nucleases display unscheduled activity [75]. In line with this, several publications have
demonstrated that knocking down or inhibiting nucleases such as MUS81 or MRE11 reduces
the DNA damage after inhibition of WEE1 and CHK1 [196, 198, 290, 291], suggesting
nuclease involvement in damage induction. Notably, one study revealed that WEE1 is
important for restraining CDK and PLK1-mediated assembly of the MUS81-SLX4 nuclease
during S phase [204]. In future experiments it would be interesting to address whether
assembly of MUS81-SLX4 is defective in cell lines that are highly resistant to WEE1 inhibition,
such as A549 and H460 cells (Paper III). Nonetheless, whether checkpoint kinase inhibitors
cause unscheduled nuclease activity mainly by directly affecting their regulation, or
indirectly by increasing the amount of DNA structures that are substrates for the nucleases,
is not known. This might also differ between inhibitors of the different checkpoint kinases.

4.1.3 ATR inhibition causes increased CDC45 loading, but low levels of S phase DNA
damage
Notably, in Paper III we found that increased CDC45 loading (and presumably replication
initiation) did not correlate with DNA break induction in S phase, as ATR inhibition caused
more CDC45 loading than WEE1 inhibition, but less DNA damage. This was in contrast to our
results in Paper II, where CDC45 loading and S phase DNA damage appeared to correlate
upon treatment with CHK1 and WEE1 inhibitors. Why ATR inhibition does not cause S phase
DNA damage to a similar extent as CHK1 inhibition or WEE1 inhibition is not known, but it
may involve lack of activation of an endonuclease such as MUS81. Perhaps ATR inhibition
alone, in otherwise unstressed cells, somehow suppresses endonuclease activation. On the
other hand, ATR inhibitors can clearly cause increased S phase DNA damage when added
together with a WEE1 inhibitor (Paper III) or other drugs that induce replication stress, such
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as nucleoside analogues [292, 293]. Interestingly, a recent study also reported distinct
effects upon single treatment with ATR or WEE1 inhibitors (AZD6738 versus AZD1775) in
DLBCL cells, as ATR inhibition caused DNA damage to manifest in G1 phase, and WEE1
inhibition caused DNA damage in S phase [294]. The latter finding is consistent with our
observation in Paper III that WEE1 inhibition generally caused more replication damage than
ATR inhibition in osteosarcoma and lung cancer cell lines. Furthermore, in agreement with
that the ATR inhibitors must cause other effects, we have observed massive reductions in
cell viability in the absence of S phase DNA damage (Paper III and data not shown).
However, we have not detected increased DNA damage in G1 phase upon ATR inhibition,
likely because we have only examined the DNA damage marker gH2AX, while 53BP1 foci
were examined in the DLBCL cells [294].

4.1.4 Effects of WEE1, CHK1 and ATR inhibitors on other pathways in the DDR
In addition to inducing replication stress and DNA breaks, inhibition of WEE1, CHK1 or ATR
has been implicated in compromising several DNA break repair pathways, including
Homologous Recombination Repair [233, 273, 295]. Therefore, inhibiting these kinases may
not only cause an increase in DNA break induction, but presumably also limit the repair of
this damage. Moreover, it is well known that inhibitors of WEE1, CHK1 and ATR cause
abrogation of the G2 checkpoint. When DNA breaks develop after exposure to these
inhibitors, cells will not be able to slow down or arrest cell cycle progression, and thus will
not have time to repair DNA damage before mitotic entry, ultimately leading to mitotic
catastrophe. The elevated CDK activity may also promote premature mitotic entry, making
the outcome for the cells even worse. Although such aberrant entry into mitosis is likely
contributing to cell death after checkpoint kinase inhibitor exposure, other death
mechanisms may also be involved. Despite the fact that inhibitors of WEE1, CHK1 and ATR
are widely studied, much is still unknown about the mechanisms underlying their toxicity.
What is clear is that the mechanisms are complex and that a wide range of cellular processes
are affected by these inhibitors.
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4.2 Combining checkpoint kinase inhibitors
Combining checkpoint kinase inhibitors has been a field of investigation for some time [275,
296-298]. It has been discovered that dual inhibition of checkpoint kinases can enhance DNA
damage induction and cell death, and some studies have shown that this strategy confers
cancer specificity, with bigger effects on cancer than normal cells [296, 298, 299]. By
combining two different checkpoint kinase inhibitors it might thus be possible to use lower,
non-toxic concentrations of the inhibitors, which still are effective towards the cancer cells.
The most studied checkpoint kinase inhibitor combination is the combination of WEE1 and
CHK1 inhibitors. Several studies have shown a synergistic effect on DNA damage and cancer
cell death after this combination, both across a wide range of cancer cell lines and in animal
studies [296, 297, 300-305]. The molecular cause of this effect was previously not known; it
has been suggested to be associated with DNA damage and premature mitotic entry [297,
302, 305]. Our results in Paper II strongly support the previous studies by showing synergistic
effects on cancer cell killing, and they also give new insight about the underlying
mechanisms. Our results suggest that distinct roles of WEE1 and CHK1 in regulating
CDK activity and CDC45 loading cause the synergistic induction of DNA damage in S phase
when both kinases are inhibited (Figure 9).

In agreement with our results upon CHK1 /WEE1 inhibition in Paper II, we observed in Paper
III that ATR inhibition leads to a greater increase in CDC45 loading than WEE1 inhibition,
although Wee1 inhibition causes much higher CDK activity in S phase. Similar as for CHK1,
ATR therefore has a bigger effect in restraining CDC45 loading than in limiting the S phase
CDK activity. The synergistic effects between WEE1 and ATR inhibitors can thus likely occur
in a similar manner as for WEE1 and CHK1 (Figure 9).
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Figure 9. Updated model for how combining checkpoint kinase inhibitors can cause
massive DNA breakage in S phase
A. WEE1 inhibition causes high CDK activity, but ATR/CHK1 can restrain CDC45 loading and
thereby limit replication initiation and downstream DNA damage in S phase.
B. When CHK1 or ATR is inhibited, WEE1 keeps CDK activity relatively low, which limits DNA
damage induction.
C. Combined WEE1 and CHK1 or ATR inhibition removes the restrains on both CDK activity
and CDC45 loading. This causes a strong increase in CDC45 loading followed by massive S
phase DNA damage. Modified from Paper II.

The results in Paper III are consistent with a few very recently published studies showing
increased cancer cell death and DNA damage after combined inhibition of WEE1 and ATR,
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compared to single inhibition [294, 299, 306, 307]. One study showed that WEE1 inhibition
enhanced ATR inhibition-induced reduction of cell proliferation in acute myeloid leukemia
(AML) cell lines. This effect was associated with decreased levels of two Ribonucleotide
Reductase (RNR) subunits, RRM1 and RRM2, leading to lower levels of nucleotides and
increased replication stress and DNA damage [307]. Another study demonstrated that
combined WEE1 and ATR inhibition caused tumor regression and limited metastasis in an
orthotopic breast cancer model [299]. These effects were linked to mitotic progression of
cells with under-replicated DNA or unrepaired DNA damage, leading to mitotic catastrophe.
Moreover, a third study showed increased growth inhibition in Triple Negative Breast Cancer
(TNBC) after combined WEE1 and ATR inhibition, associated with elevated replication stress,
decreased DNA repair and forced mitotic entry leading to mitotic catastrophe [306].
However, the mechanisms underlying the synergistic interaction remain poorly understood,
and our results that WEE1 and ATR regulate two different steps in replication initiation are
therefore valuable.

To further explore the potential of combined WEE1/ATR inhibition, it will be important to
identify biomarkers for the responses. This need is highlighted by our results in Paper III
showing different sensitivity to the inhibitors in different lung cancer cell lines. Notably, the
combined treatment appears well tolerated in normal mouse tissue [294, 299], but
experiments are also needed with human normal cell lines. Another interesting issue to
address is whether simultaneous inhibition of ATR /WEE1 would have better radiosensitizing or chemo-sensitizing capabilities than either ATR or WEE1 inhibition alone.
Furthermore, it would be relevant to test different schedules for delivery of the ATR and
WEE1 inhibitors, for instance by giving the WEE1 inhibitor one or several days prior to the
ATR inhibitor, or vice versa. Demonstrating that scheduling can be highly important, a recent
study showed that sequential administration of PARP and WEE1 inhibitors caused lower
toxicity to normal tissue than simultaneous administration, while the effects on cancer cells
were maintained [308].
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4.3 Factors that affect cellular sensitivity to checkpoint kinase inhibitors
– potential biomarkers
The use of molecular targeted agents in the clinic proposes a major challenge: Only a limited
proportion of patients treated with molecular targeted agents respond to treatment, and
those who respond often develop resistance. It is therefore a critical need for predictive
biomarkers – i.e. identification of tumor characteristics that can predict the response to a
specific therapy [309]. So far there are limited cases in which clinically effective targeted
agents can be associated with specific biomarkers that can predict their response. One
example is the BCR-ABL fusion gene, which can be used as a biomarker to predict the
response to imatinib (an inhibitor of the BCR-Abl tyrosine kinase) in various types of cancers,
including chronic myelogenous leukemia (CML) and acute lymphocytic leukemia (ALL) [309311]. Imatinib was approved by the Food and Drug Administration (FDA) in 2001 and is now
widely used to treat cancer patients with the BCR-ABL gene.

4.3.1 Checkpoint kinase inhibitors may be particularly effective in cells with DDR defects
In the case of checkpoint kinase inhibitors, preclinical studies have identified many factors
that affect the response to these drugs. These factors are frequently associated with either i)
the DNA damage response or ii) replication stress. When it comes to the DDR, cancer cells
with p53 deficiency have in many studies been shown to be more sensitive to checkpoint
kinase inhibitors than p53 proficient cancer cells. However, other studies have not seen this
correlation (described in section 1.4). The p53 status of the cell lines used in papers II and III
is wild-type for H460, A549 and U2OS, and mutant for SW900 and H1975 cells. Since both
U2OS (wt p53) and SW900 (mut p53) are highly sensitive to the WEE1 inhibitor, we therefore
do not find an overall correlation between p53-status and sensitivity to WEE1 inhibition. In a
previous study by Guertin et al., where much larger panels of cancer cell lines were
evaluated, there was also clearly no strict correlation between p53 status and sensitivity to
WEE1 inhibition [192]. Other factors involved in the DDR that have been shown to affect the
responses to checkpoint kinase inhibition include ATM mutations (ATR inhibition) [78, 257,
265], ERCC4 loss (CHK1 and ATR inhibition) [312], absence of TLS factors RAD18 and DNA
polymerase κ (WEE1 inhibition) [213], lack of HR components (WEE1, CHK1 and ATR
inhibition) [100, 257, 275, 279, 313, 314], and lack of components in the FA pathway (WEE1
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and CHK1 inhibition) [212, 315]. Our results in Paper I add the p53 target p21 to this list
(WEE1 and CHK1 inhibition). Notably, inhibitors of WEE1, CHK1 and ATR have all been shown
to sensitise cells to PARP inhibitors in various preclinical models [308, 316-322]. This is a
quite logical finding, as the checkpoint kinases have been shown to compromise HR repair
whilst PARP inhibition is particularly effective in HR-defective cancers. Finally, one recent
study found that downregulation of the YAP-E2F1-DNA damage response pathway, with
subsequent decreased expression of components of the FA pathway, sensitized OVCAR-8
ovarian cancer cells to WEE1 inhibition [323]. The study further showed that Dasatinib,
which inhibits this YAP-E2F1-DDR pathway, improved the responses to treatment with the
WEE1 inhibitor. Interestingly, Dasatinib came out as one of the top candidate hits in our
screen for drugs that increase WEE1-inhibitor induced S phase DNA damage (Paper II).
Altogether, this suggests that checkpoint kinase inhibition may be especially effective in
cancers either when certain DDR pathways are lost because of genetic alterations, or when
DDR functions are absent because of pharmacological inhibition.

4.3.2 p21 status influences the responses to WEE1 inhibition
In Paper I, we found that cancer cells deprived of p21 are more sensitive to WEE1 inhibition
than p21 proficient cancer cells. Taken together with the fact that p21 also can be regulated
by other factors than p53 (for instance through epigenetic regulation), this may perhaps
explain some of the conflicting results as to whether p53 deficiency confers sensitivity
towards checkpoint kinase inhibitors. In light of the results in Paper III, one further
interesting issue to address is whether p21 depletion can sensitize the most resistant cell
lines, such as A549 and H460, to WEE1 inhibition. To date we have carried out experiments
to test this in A549 cells, and the results show more S phase DNA damage when p21 was
knocked down. Furthermore, cell viability was reduced upon p21 knockdown and prolonged
exposure to the WEE1 inhibitor (Figure 10). However, these effects of p21 loss on DNA
damage and viability were considerably smaller in A549 cells compared to U2OS and HCT116
cells (Figure 10 compared to Paper I), and p21 depleted A549 cells showed much less
induction of γH2AX upon MK1775 treatment compared to the most sensitive lung cancer cell
line SW900 (Figure 10 compared to Paper III). This suggests that p21 contributes to cause
protection against MK1775, but other factors must also be identified to explain the big
differences in sensitivity to the WEE1 inhibitor between the cell lines.
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Figure 10. S phase DNA damage and cell viability in p21 proficient and deficient A549 cells
A. Immunoblot analysis showing p21 knockdown efficiency in A549 cells. Cells were harvested 48
hours after transfection with p21 siRNA. The two first lines in the blot were loaded with 10% and 25%
of the mock transfected sample (NT).
B. Flow cytometric analysis of mock (NT) and p21 siRNA transfected A549 cells treated for 24 hours
with MK1775. Scatter plots of γH2AX versus Hoechst (DNA) are shown from a representative
experiment. Numbers are the percentage of cells within the indicated region with strong γH2AX
signal (red color). The histogram to the right shows the mean percentage of cells with strong γH2AX
signals. Error bars: SEM (N = 3).
C. A549 cells mock transfected (NT) or transfected with p21 siRNA were treated with 1 μM of
MK1775 for 24 hours. The cells were then either fixed, washed and then left in fresh medium for
three additional days before fixation, or not washed and left for three additional days before fixation.
Pacific Blue (PB) staining was performed before fixation in order to distinguish viable (PB negative)
from non-viable (PB positive) cells. After staining for DNA content, analysis was performed by flow
cytometry. The histogram shows the mean percentage of PB positive cells after the indicated
treatments. Error bars: SEM (N = 3).
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Interestingly, the results in Paper I strongly indicate that S phase functions of p21 must be
involved in protecting against the DNA damage induced by WEE1 inhibition. However, the
exact mechanism of how this happens is yet to be elucidated. With our flow cytometry CDK
activity assay, we were not able to detect any significant changes in the extent of MK1775induced S phase CDK activity when p21 was lost (Paper I). This result suggests that p21 loss
does not cause increased MK1775-induced DNA damage in S phase through increasing the
CDK activity, although there could be slight changes not detected with our assay. Potentially,
p21 binding to PCNA might also be important for the cellular responses to WEE1 inhibition, if
this somehow could suppress some of the increased replication initiation and/or be involved
in regulating repair of the damage. To examine this, we obtained plasmids with different
types of p21 binding mutants: p21∆CDK, p21∆PCNA and p21∆CDK∆PCNA [324, 325]. In
principle, these plasmids could be useful to elucidate whether the PCNA interacting region of
p21 is involved in protecting against WEE1 inhibition, and/or if the CDK binding domain is
important for this. However, with our transient transfection procedures we were not able to
get a strong expression of the mutants in S phase, as the cells with strong expression of the
plasmids rather accumulated in G1 phase, despite the mutations in the CDK binding domain
(unpublished observations). In conclusion, more research must be performed in order to
reveal how p21 regulates replication after treatment with the WEE1 inhibitor.

4.3.3 Replication stress and sensitivity to WEE1, CHK1 and ATR inhibitors
In addition to being effective in cancer cells with DDR deficiencies, checkpoint kinase
inhibitors have also been shown to be especially potent in cancers that show increased
levels of replication stress. Overexpression of oncogenes that induce replication stress, such
as RAS, Cyclin E and MYC, has been associated with sensitivity towards WEE1, CHK1 and ATR
inhibitors (see sections 1.4.2-1.4.4). Moreover, inhibitors of ATR and CHK1 have shown
increased toxicity in cells that are exposed to severe hypoxia [326, 327], a common trait in
solid tumors that is associated with replication stress induction. At severe hypoxia/anoxia
the activity of Ribonucleotide Reductase (RNR) drops, leading to insufficient amount of
nucleotides and subsequent replication stalling [328, 329]. Interestingly, replication stress
and sensitivity to WEE1 inhibition is also increased in Histone H3K36 trimethylation-deficient
cancers, due to reduced nucleotide availability caused by

downregulation of

the ribonucleotide reductase (RNR) subunit RRM2 [197]. When considering our panel of 4
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lung cancer cell lines with different sensitivity to WEE1 inhibition (Paper III), we have not
observed any obvious correlation between RRM2 levels and sensitivity to the WEE1 inhibitor
(preliminary results, Western blotting). However, the RRM2 subunit of RNR is highly cell
cycle regulated. Therefore, there might be differences in RRM2 levels in S phase between
the cell lines that are not revealed by pooled analysis by Western Blotting. To examine this
issue in more detail, cell synchronization experiments could be performed, or RRM2 levels
relative to cell cycle stage could be measured by flow cytometry. Nonetheless, we have also
obtained preliminary results where H460 cells showed less S phase DNA damage than U2OS
cells also when the WEE1 inhibitor was added subsequent to treatment of the cell lines with
a high concentration of thymidine in attempt to similarly block nucleotide synthesis
(unpublished results, G. E. Rødland). Although more studies are needed to further explore
these findings, they indicate that the resistance to WEE1 inhibition in H460 and A549 cells is
not likely due to an increased intracellular supply of nucleotides.

Taken together, loss of DNA repair components, tumor hypoxia, overexpression of
oncogenes, and certain epigenetic changes (inducing replication stress), are factors that
could be considered as possible biomarkers for checkpoint kinase inhibitor responses. A
common trait for all of these factors is the cancer specificity; normal cells usually do not
inherit DDR defects, elevated replication stress or hypoxia. This means that treatment with
checkpoint kinase inhibitors could be cancer specific in patients that have cancers with such
traits. At the same time, there are many challenges with developing and implementing
predictive biomarkers. For instance, there are challenges associated with tumor
heterogeneity; intratumoral heterogeneity may cause part of a tumor to have acquired
alterations that other parts do not have. Thus, different parts of the tumor may show
different responses to treatment. It is therefore of essence to also know whether a mutation
that may increase the response to treatment (in this case checkpoint kinase inhibitors) is a
driver mutation which is present in most, if not all, of the cancer cells, or if it is a subclonal
alteration [309]. However, although development of biomarkers is a complicated process,
which is not further elaborated in this thesis, many of the traits that confer sensitivity
towards checkpoint kinase inhibitors are quite common in cancers, and they are therefore
promising biomarkers. Furthermore, several of the factors that, when lost, increase the
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effects of checkpoint kinase inhibitors are druggable, revealing promising combination
treatment strategies.

4.4 Using Flow Cytometry to measure CDK activity
As described in the introduction, an important role of checkpoint kinases is to regulate CDK
activity during the S- and G2-phases of the cell cycle. When working with checkpoint kinase
inhibitors, it is therefore of interest to look at how these inhibitors affect CDK activity. The
checkpoint kinases regulate the CDK1/2 Y15 phosphorylation by direct phosphorylation
(WEE1) or by inhibiting the CDK phosphatase CDC25 (ATR and CHK1) (described in the
introduction). With specific phospho-CDK1/2 Y15 antibodies available, this modification is
relatively easily measured by Western Blotting. This may give an indication about the CDK
activity: If the level of CDK1/2 Y15 phosphorylation, which is an inhibitory phosphorylation,
is reduced after inhibitor treatment, CDK activity should be increased. However, this is just
an indirect measure of the CDK activity, and this method may not accurately detect small
changes in CDK activity throughout the cell cycle. In most cases, it is desirable to measure
the actual CDK activity directly, by examining CDK dependent phosphorylations. This could in
theory also be performed with Western Blotting using antibodies against phosphorylated
CDK1/2 targets, but such pooled analysis poses a problem: CDK activity during mitosis is
extremely high compared to other cell cycle phases. This means that if the mitotic fraction
changes after treatment with checkpoint kinase inhibitors, Western Blotting of
phosphorylated CDK1/2 targets will likely reflect the mitotic fraction, and not the CDK
activity of interphase cells (Figure 11). This problem might be alleviated by applying cell cycle
synchronization techniques, such as mitotic shake-off or release of cells from double
thymidine block, to exclude mitotic cells from the measurements. However, this would
require perfect synchronization as just a few mitotic cells in the extracts could give rise to
high signals. An alternative way to measure CDK activity is immunoprecipitation of CDK1/2
followed by an in vitro kinase assay. This can be done measuring radioisotope transfer from
ATP to a substrate, or by newer, non-radioactive, assays that measure ATP or ADP levels. To
study CDK activity in specific cell cycle phases it would be necessary to immunoprecipitate
the cell cycle-relevant Cyclin bound to the CDKs, and/or applying cell synchronization
techniques such as mentioned above. However, the redundancy of CDKs and overlapping
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nature of Cyclins proposes a challenge when utilizing this method to look at cell cyclespecific effects of checkpoint kinase inhibitors.

Figure 11. Measuring CDK activity by Western Blotting and flow cytometry
A. Immunoblot analysis of U2OS cells treated with 300 nM MK1775 for 1 hour. The phospho-CDKsubstrate antibody recognizes proteins that have been phosphorylated at the CDK and MAPK target
sequences (S/T)PXR/K and PX(S/T)P (Cell signaling, #2325S). In this experiment there is an increase in
the CDK-dependent phosphorylations after 1 hour exposure to the WEE1 inhibitor, compared to the
mock treated sample, illustrating the increased CDK activity after WEE1 inhibition. However, this
increase might be a reflection of an increase in mitotic fraction, as the CDK activity, and thus target
phosphorylation levels, are much higher in mitosis than in interphase. Gamma-tubulin was used as
the loading control. Of note, one sample of a different treatment, in a lane between the mock
sample and the MK1775 treated sample, was cropped out of the images.
B. Flow cytometric analysis of the CDK-dependent phosphorylation on B-MYB (T487) versus DNA
content (scatter plots on top) and corresponding DNA histogram (by FxCycle DNA staining) (bottom).
U2OS cells were treated with MK1775 for 90 minutes or left untreated. S phase cells are indicated in
dark color. The mitotic cells (here measured by the p-B-MYB antibody) are shown in blue, and the
number indicates the percentage of cells in this gate. Note the Y-axis on the scatter plots is in log
scale. The increase in p-B-MYB signal in S phase was 1.8 fold after treatment with the WEE1 inhibitor,
relative to the untreated sample. However, if this was to be measured by Western Blotting as in A), it
is likely that the increase in signal would reflect the increase in mitotic fraction, as the CDK activity is
so much higher in this phase compared to in S phase.

In the work of producing the papers presented in this thesis, we developed and used an
intracellular flow cytometry assay to measure CDK activity in specific cell cycle phases. This
was done by applying three commercially available antibodies against CDK-dependent
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phosphorylations: phospho-B-MYB (T487), phospho-BRCA2 (S3291) and phospho-S/T-PMPM2 (mitotic phosphoepitopes), in combination with a DNA stain for cell cycle stage
identification. During analysis, the levels of the CDK target phosphorylations were visualized
together with DNA content, enabling measurements of CDK activity in distinct cell cycle
phases. When using this method, we divided each sample in two during the staining
procedure, making it possible to stain for four parameters in addition to the DNA stain. In
this way it is possible to measure the CDK dependent phosphorylations to assess the CDK
activity, and simultaneously measure one other parameter, for instance γH2AX to evaluate
DNA damage, or Histone H3 S10 to detect the mitotic fraction. Of note, we also performed
barcoding of four differently treated samples, and mixed them into one tube, before staining
with antibodies. In this way we could minimize sample-to-sample variations that may occur
during the staining procedure, making it possible to accurately detect small changes in Sphase CDK activity after WEE1, CHK1 or ATR inhibition. As with the in vitro kinase assays, this
flow cytometry method for measuring CDK activity meets a challenge with CDK redundancy,
in this case making it difficult to decide exactly which CDKs are affected by the checkpoint
kinase inhibitors. Although B-MYB and BRCA2 have been described as CDK2 targets and
MPM2 as CDK1 targets, these antibodies are likely not specific for either CDK1 or CDK2. One
way to determine the extent of CDK1 versus CDK2 activity is to add specific inhibitors for
CDK1 and CDK2, such as done in supplement Figure3 of Paper II, but such analysis is highly
dependent on the specificity of the inhibitors. Nevertheless, the advantage of the flow
cytometry assay is that it can measure CDK activity in individual cells within distinct cell cycle
phases (Figure 11). Our assay is also relatively easy to perform, without the need for cell
cycle synchronization techniques or the immunoprecipitation steps that are necessary for in
vitro kinase assays. In contrast, an in vitro kinase assay could possibly give a more direct
measure of CDK activity towards a specific target than the flow cytometry assay described
here. However, the flow cytometry assay may give a more realistic measure of the CDKdependent effects of checkpoint kinase inhibitors, as CDK activity is measured in the
presence of all other cellular components inside the cells.
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5. Concluding remarks
Inhibition of the checkpoint kinases WEE1, CHK1 and ATR has been shown to be particularly
effective in cells that experience replication stress or have deficiencies in the DNA damage
response. As these traits are mainly found in cancer cells and not in normal cells, checkpoint
kinase inhibition is a promising approach for cancer specific treatment. However, there is
still a considerable need for knowledge about what factors that confer sensitivity or
resistance towards these inhibitors, in order to determine which patients and cancers that
will benefit from the treatment, and at the same time avoid giving the drugs to nonresponders. In Paper I we found that the p53 target and CDK inhibitor p21 protects cancer
cells against WEE1 inhibition, and that S phase functions of p21 are involved in mediating
such protection. Low levels of p21 can thus contribute to make cells more sensitive to WEE1
inhibition, although p21 status alone cannot predict whether a cancer is sensitive or
resistant to this treatment.

Even though WEE1, CHK1 and ATR inhibitors have been shown to be especially effective in
certain circumstances, it is likely that these inhibitors largely will be used together with other
DNA damaging agents. In fact, preclinical research has shown that checkpoint kinase
inhibitors can potentiate the effects of radiotherapy and many chemotherapeutic drugs,
which opens up a possibility for checkpoint kinase inhibitors to widen the therapeutic
window of these drugs. Furthermore, recent research has shown that the combination of
checkpoint kinase inhibitors with each other is very effective in killing cancer cells, often
yielding synergistic effects when compared to single treatment with the inhibitors. In Paper
II we performed a flow cytometry screen for drugs that would increase the S phase DNA
damage induced by WEE1 inhibition, and two CHK1 inhibitors were among the top candidate
hits. Follow-up studies showed that simultaneous inhibition of WEE1 and CHK1 indeed
causes a synergistic increase in S phase DNA damage, followed by a synergistic decrease in
cancer cell survival. When investigating the mechanisms behind the synergy, we found that
WEE1 and CHK1 have distinct functions in regulating CDK activity and CDC45 loading,
respectively, and that these different functions likely underlie the effectiveness of the
combination treatment. In Paper III we explored the combination of WEE1 and ATR
inhibition. The results showed that the combination treatment was effective in increasing S
phase DNA damage in several cell lines. Furthermore, cancer cell viability was reduced in a
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synergistic manner upon simultaneous WEE1 and ATR inhibition. However, the cell lines that
were most resistant to WEE1 inhibition also remained quite resistant when ATR inhibition
was added, although the overall viability was reduced. Mechanistically, we found that WEE1
and ATR inhibition caused a similar increase in CDK activity and CDC45 loading in sensitive
and resistant cell lines. Therefore it seems most plausible that some factor(s) downstream of
these responses is responsible for mediating this sensitivity/resistance. One candidate factor
is the MUS81 endonuclease, but more research will be needed to investigate this issue.

Inhibitors of WEE1, CHK1 and ATR are currently being tested in clinical trials. To be able to
successfully implement these inhibitors in the clinic, it will be important to continue to
search for the determinants of inhibitor sensitivity. This will be detrimental in order to be
able to give the drugs only to patients that would actually benefit from the treatment.
Furthermore, it would be of interest to continue to study the combination of checkpoint
kinases with each other, as this approach emerges as a promising strategy to effectively kill
cancer cells. However, more knowledge about the molecular mechanisms that mediate
treatment efficacy is needed to fully understand the potential of the checkpoint kinase
inhibitors.
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ABSTRACT

ARTICLE HISTORY

The Wee1 inhibitor MK1775 (AZD1775) is currently being tested in clinical trials for cancer
treatment. Here, we show that the p53 target and CDK inhibitor p21 protects against MK1775induced DNA damage during S-phase. Cancer and normal cells deficient for p21 (HCT116 p21-/-,
RPE p21-/-, and U2OS transfected with p21 siRNA) showed higher induction of the DNA damage
marker γH2AX in S-phase in response to MK1775 compared to the respective parental cells.
Furthermore, upon MK1775 treatment the levels of phospho-DNA PKcs S2056 and phospho-RPA
S4/S8 were higher in the p21 deficient cells, consistent with increased DNA breakage. Cell cycle
analysis revealed that these effects were due to an S-phase function of p21, but MK1775-induced
S-phase CDK activity was not altered as measured by CDK-dependent phosphorylations. In the
p21 deficient cancer cells MK1775-induced cell death was also increased. Moreover, p21 deficiency sensitized to combined treatment of MK1775 and the CHK1-inhibitor AZD6772, and to the
combination of MK1775 with ionizing radiation. These results show that p21 protects cancer cells
against Wee1 inhibition and suggest that S-phase functions of p21 contribute to mediate such
protection. As p21 can be epigenetically downregulated in human cancer, we propose that p21
levels may be considered during future applications of Wee1 inhibitors.
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Introduction
Cyclin dependent kinases (CDKs) in complex with
different cyclins propel the progression of the cell
cycle, and the activity of CDKs is therefore subject
to strict regulation. Wee1 kinase phosphorylates
CDK1 on tyrosine 15, and thereby restrains CDK
activity in G2 phase [1,2]. Accordingly, inhibition of
Wee1 causes G2 checkpoint abrogation [3,4]. Based
on this, the Wee1 inhibitor MK1775 (AZD1775) is in
clinical trials for cancer treatment in combination
with radiotherapy or chemotherapeutic drugs [4].
Particularly, G2 checkpoint abrogation by MK1775
may be toxic for p53 mutated cancer cells lacking the
p53-dependent G1 checkpoint [3]. However, Wee1
also plays a role in restraining CDK activity in S phase,
through tyrosine 15 phosphorylation of both CDK1
and CDK2 [5–7]. Loss of Wee1 during S phase leads
to aberrant CDK activity followed by unscheduled
replication initiation and subsequent DNA damage
[7,8]. Such S phase damage has been termed replication catastrophe [9] and is likely a major cause behind
single-agent antitumor activity of Wee1 inhibitors
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[10]. The mechanism of how Wee1 inhibition causes
this DNA damage in S phase is not completely understood. Furthermore, more knowledge is needed about
which factors contribute to resistance or sensitivity
towards Wee1 inhibitors.
The p53 target and CDK inhibitor p21 plays
a fundamental part in regulating cell cycle progression, as well as cellular senescence and apoptosis
[11]. Although p21 mutations are uncommon,
emerging evidence has shown that p21 expression
can be low in cancer due to epigenetical suppression [12–16]. p21 inhibits CDK activity by binding
cyclin-CDK complexes, and thereby induces the
G1 checkpoint after DNA damage [17–19]. In
addition, p21 has also been implicated in G2
checkpoint maintenance [20]. Furthermore, p21
has a strong affinity for PCNA, and prevents replication by blocking the interaction between PCNA
and factors that are necessary for replication, such
as replicative DNA polymerases [21,22]. For this
reason, p21 levels are reduced in S-phase in order
for replication to occur. However, the remaining
p21 may have important S-phase functions, as it is

CONTACT Randi G. Syljuåsen
randi.syljuasen@rr-research.no
Supplemental data for this article can be accessed here
© 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-

CELL CYCLE

involved in regulating translesion synthesis (TLS),
limiting unscheduled use of the error-prone TLS
polymerases [23]. Recently, p21 has also been
implicated in regulation of replication fork progression, although different results were reported
as to whether p21 promotes DNA elongation [24]
or suppresses fork speed [25].
Interestingly, previous studies have demonstrated that p21 status is important for the
responses to a combination of Checkpoint kinase
1 (Chk1) inhibition and irinotecan or gemcitabine
[26,27]. Cells deficient for p21 showed more DNA
damage and cell death after Chk1 inhibition than
p21 proficient cells, but the mechanism behind the
increased damage was not known [26,27].
Inhibition of Chk1, similar as for Wee1 inhibition,
causes unscheduled replication initiation and
DNA damage in S phase [28–30]. Taken together,
this led us to investigate whether p21 status also
affects the cellular responses to Wee1 inhibition,
and whether S phase effects might be involved.
Our study shows that loss of p21 leads to more
S phase DNA damage and cancer cell death after
Wee1 inhibition. These results could be of importance to guide the future clinical implementation
of Wee1 inhibitors, as tumors with low p21
expression may be particularly sensitive.
Materials and methods
Cell culture, drug treatments and radiation

Human U2OS osteosarcoma cells, HCT116 colon
cancer cells and Retinal Pigmented Epithelial (RPE)
cells were cultured in DMEM (Dulbecco’s modified
Eagle’s) (U2OS, HCT116) or DMEM/F12 (RPE)
medium (both from Invitrogen), supplemented with
10% fetal bovine serum (FBS) and 1% Penicillin/
Streptomycin (P/S) at 37°C in a humidified atmosphere with 5% CO2. The Wee1 inhibitor MK1775
(AZD1775) (Merck Calbiochem) was used at concentrations from 25nM to 1000nM. The Chk1 inhibitor
AZD7762 (Selleck Chemicals) was used at 10nM to
400nM, and Nocodazole (Sigma) was used at 0.04 μg/
ml. Irradiation of cells was performed with an X-ray
generator (Faxitron CP160, 160 kV, 6.3 mA) at
a dose-rate of 1 Gy/min. Cells were irradiated immediately after addition of MK1775.
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p21 siRNA transfection and isogenic cell lines

U2OS cells were transfected with a pool of 4
siRNAs (SMARTpool) targeting p21 (CDKN1a),
sequences: GAUGGAACUUCGACUUUGU, GCG
AUGGAACUUCGACUUU, CGAUGGAACUUC
GACUUUG and CGACUGUGAUGCGCUAACG
(Sigma). Alternatively, an independent p21 siRNA
was used when indicated (p21siRNA #2); Mission
siRNA CDK1NA (p21), sequence: CUAAGAG
UGCUGGGCAUUU (Sigma). Cells were subjected
to treatment 48 hours post transfection. The
HCT116 wild type (wt) and p21 negative (p21-/-)
cell lines were purchased from Horizon Discovery
(HD R02-035), and p21 loss was verified by measuring p21 induction after radiation. RPE cells
deficient for p21 were made by the CRISPR/cas9
method: To knock-out the CDKN1A gene, hTERT
RPE-1 cells were transfected with a combination
(1:1) of p21 CRISPR/Cas9 KO Plasmid (Santa
Cruz, sc-400,013), and p21 HDR Plasmid and
stable clones were selected by puromycin (10 μg/
ml). Integration of the HDR cassette to the
CDKN1A locus was confirmed by sequencing,
and loss of p21 expression by immunoblotting.
Flow cytometry

For analysis of protein expression in single cells, cells
were fixed with 70% ethanol and stained with antibodies as described previously [31,32] .The antibodies used were mouse anti-phospho-Histone H2AX
(Ser139) (γH2AX) (05–636, Millipore), rabbit
anti-phospho-RPA (Ser4/Ser8)(A300-245, Bethyl
Laboratories), rabbit anti-phospho-Histone H3
(Ser10) (06–570, Millipore), rabbit anti-phosphoBRCA2 (Ser3291) (AB9986, Millipore), rabbit antiphospho-B-Myb (Thr487) (ab76009, Abcam),
mouse anti-phospho-Ser/Thr-Pro MPM-2 (05–368,
Millipore) and goat anti-R2 (sc-10,846, Santa Cruz).
Secondary antibodies were Alexa Fluor 488 and 647
(Molecular Probes), Dylight 549 (VectorLabs) and
Cy3 (Jackson ImmunoResearch) anti-mouse, antirabbit and anti-goat IgG. The directly conjugated
antibody FITC conjugated anti-phospho-Histone
H2AX (Ser139) (Millipore) was used where indicated. When indicated in the figure legend, barcoding was used as before [31–33] to eliminate variation
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in antibody staining between individual samples.
The DNA stain FxCycle™ Far Red (200nM FxCycle
and 0.1 mg/ml RNase A) (Thermo Fisher Scientific)
was used for the barcoding, EdU and Pacific Blueviability experiments, and Hoechst 33258 (1.5μg/ml)
(Sigma-Aldrich) for other experiments. For estimations of cell viability, cells were harvested and stained
with Pacific Blue (1.5 ng/μl) for 15 minutes at 4°C,
before fixation in 70% EtOH (Pacific Blue is a nonpermeable stain, so Pacific Blue-positive cells have
lost membrane integrity, i.e. they are non-viable).
For EdU incorporation experiments, the Click-iT™
EdU Alexa Fluor™ 488 Flow Cytometry Assay Kit
(Thermo Fisher Scientific) was used according to
manufacturers description. Flow cytometry analysis
was performed on a LSRII flow cytometer (BD
Biosciences) using Diva software, in the Flow
Cytometry Core Facility at The Norwegian Radium
Hospital. Estimation of cell cycle phase distribution
was performed using FlowJo software and the
Watson (Pragmatic) univariate model.
Celltiter-glo® and realtime-glo™ assays

500 U2OS cells (non-transfected or p21siRNA
transfected), and 500 or 700 HCT116 cells (wt or
p21-/- cells, respectively), were seeded in 96 well
plates (Sigma Aldrich, CLS3610-48EA) in medium
containing inhibitors of indicated concentrations.
When indicated, irradiation was performed directly
after seeding. The RealTime-Glo kit (Promega) was
used for viability assessment in U2OS cells 4–6 days
later, and the results presented here are from the 4
days time point (similar results were obtained at the
5 and 6 days time points). The CellTiter-Glo kit
(Promega) was used for assessing viability in
HCT116 cells at 6 days. Relative viability was calculated in each experiment by mean luminescence
signal of treated samples (duplicates were seeded
for each condition) divided by mean luminescence
signal of non-treated sample (or single-treated sample in the case of drug combination experiments).

culture dishes (BD Biosciences) with medium containing the Wee1 inhibitor MK1775 (100 or 300 nM).
After 24 hours the cells were washed and new medium
was added. Cells were then cultured for 14 days, fixed
in 70% ethanol and stained with methylene blue.
HCT116 cells (wt or p21-/-) were seeded at low density
in 6cm dishes, and after approximately 20 hours
MK1775 (600 or 1000 nM) was added. 24 hours later
the cells were washed and new medium was applied.
Cells were then cultured for 11 (wt) or 13 (p21-/-) days,
fixed in 70% ethanol and stained with methylene blue.
Colonies of 50 or more cells were counted as survivors.
Survival fractions were calculated in each experiment
as the average cloning efficiency (from 3 parallel
dishes) after treatment with the inhibitors, divided by
the average cloning efficiency for non treated cells.
Thereafter the survival fraction of p21 deficient cells
was calculated relative to the survival fraction of p21
proficient cells.
Immunoblotting

Cells were lysed in SDS boiling buffer (2% SDS,
10mM Tris-HCl pH 7.5, 100μM Na3VO4), and
immunoblotting was performed as described previously [32]. The following antibodies were used for
blotting: rabbit anti-p21 (SC-756, Santa Cruz), mouse
anti-CDK1 (9112, Cell Signaling), rabbit anti-Actin
(A-5060, Sigma), rabbit anti-phospho-DNA-PKcs
(S2056) (ab18192, Abcam), rabbit anti-phospho
RPA (S4/S8) (A300-245) (Bethyl Laboratories),
mouse anti-gamma-Tubulin (T6557, Sigma) and
mouse anti-MCM7 (SC-65,469, Santa Cruz).
Statistical analysis

Statistical comparisons were made by Two-sample
t tests. P < 0,05 was considered significant. Error
bars represent standard error of mean (N = 3),
unless otherwise stated in the figure legend.
Results

Clonogenic survival assays

U2OS cells were either mock transfected or transfected
with p21 siRNA. 48 hours after transfection, the cells
were harvested and re-seeded at low density in 6cm

p21 deficiency causes increased DNA damage in
S phase after wee1 inhibition

We previously showed that Wee1 inhibition by
MK1775 causes DNA breakage in S phase cells
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[8,32]. To address whether p21 could protect against
such damage, we applied three isogenic cell systems
for p21: HCT116 colorectal cancer (wt/p21-/-),
immortalized normal epithelial RPE (wt/p21-/-) and
U2OS osteosarcoma with and without p21 siRNA
transfection. Lack of p21 expression was verified by
Western blotting (Figure 1(a)). The cells were treated
with MK1775 for 24 hours, and the DNA damage
marker γH2AX and cell cycle phase was assayed in
individual cells by flow cytometry analysis. In all three
systems, the p21 depleted cells showed significantly
more DNA damage in S phase after MK1775 treatment compared to p21 proficient cells, as seen by
a higher amount of S phase cells with strong γH2AX
levels (Figure 1(b)). This was not due to a higher
fraction of cells in S phase prior to MK1775 treatment,
as the percentages of S phase cells were largely similar
for the p21 deficient and proficient cells (Figure S1A).
However, consistent with more replication damage,
the U2OS cells deficient for p21 accumulated more in
S phase upon MK1775 treatment (Figure 1(b), DNA
profiles, U2OS 300nM MK1775). Likewise, HCT116
p21-/- cells accumulated more in late S/G2 phase after
MK1775 treatment, also in agreement with more
replication damage (Figure 1(b), DNA profiles,
HCT116 600nM and 1000nM MK1775). We have
previously observed that different cell lines accumulate at various stages of S-phase upon Wee1 inhibition
(unpublished observations). Although the HCT116
cells accumulate at a later stage than U2OS cells
after treatment, we believe the problems still arise
during replication, as the median values of γH2AX
signals increase in EdU positive (S phase) HCT116
cells after increasing doses of MK1775 (Figure S1B).
In these experiments we applied lower concentrations
of MK1775 for U2OS cells (100–300nM) compared to
the two other cell lines (600–1000nM), because U2OS
cells are highly sensitive to MK1775-induced S phase
DNA damage [32]. Next, we measured phosphorylation of DNA-PKcs S2056 and RPA S4/S8 by Western
Blotting, common markers for DNA double strand
breaks (DSBs) and replication stalling, respectively
[34,35]. Consistent with the results for γH2AX, the
p21 negative cells showed stronger phosphorylation
of both DNA-PKcs S2056 and RPA S4/S8 after
MK1775 treatment compared to the p21 proficient
cells (Figure 1(c)). The enhanced phosphorylation of
RPA S4/S8 in p21 deficient U2OS cells was verified by
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flow cytometry analysis (Figure S2). Furthermore,
simultaneous analysis of both phospho-RPA S4/S8
and γH2AX revealed that the S phase cells with strong
phospho-RPA S4/S8 also displayed strong γH2AX
levels, and vice versa (Figure S2). Taken together,
these results show that p21 protects cells from DNA
damage in S phase after Wee1 inhibition.
The increased DNA damage in p21 deficient cells
occurs specifically in S phase, but is not caused
by elevated CDK activity

Because of the important role of p21 in controlling the
transition from G1 to S phase, we asked whether the
cells with high DNA damage might potentially have
aberrantly entered from G1 into S phase during
MK1775 treatment. To address this issue, we first
treated p21 positive and negative U2OS and RPE
cells with MK1775 in the presence of Nocodazole,
a microtubule inhibitor which stops cells in mitosis
and thereby prevents the cells from proceeding into
a second G1 and S phase during the 24 hours treatment of Wee1 inhibition. Notably, the number of cells
with strong γH2AX levels in S-phase was higher for
the p21 negative cells also in the presence of
Nocodazole (Figure 2(a)). Hence, the increased
DNA damage in p21 deficient cells arises in the first
S phase during MK1775 treatment. Furthermore, we
performed a different set of experiments where U2OS
(± p21 siRNA) and HCT116 (wt/p21-/-) cells were
treated with a pulse of the thymidine analogue
5-Ethynyl-2´-deoxyuridine (EdU) immediately before
adding the Wee1 inhibitor, and the γH2AX levels and
cell cycle profiles of EdU positive cells were assayed at
6 or10 hours later, respectively. In this way we could
follow the fate of cells that were in S phase at the time
of adding MK1775, thus excluding all cells that were
entering S phase from G1 phase during the treatment.
Again, more p21 deficient cells showed strong
γH2AX levels than p21 proficient cells (Figure 2(b),
top). In addition, the resulting cell cycle profiles of the
EdU positive populations showed that p21
deficient S phase cells had more trouble progressing
through the cell cycle after MK1775 treatment than
p21 proficient S phase cells (Figure 2(b), bottom).
These results demonstrate that the increased DNA
damage in p21 negative cells is not caused by cells
entering aberrantly from G1 into S phase during
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Figure 1. p21 deficiency causes increased DNA damage in S phase after Wee1 inhibition.
(a). Immunoblot analysis showing p21 knockdown efficiency in U2OS cells, and confirming p21 knockout in HCT116 and RPE cells.
U2OS cells were harvested 48 hours after transfection with p21 siRNA. The two first lanes in the U2OS blot were loaded with 10%
and 25% of the mock transfected sample (NT). HCT116 wt/p21-/- and RPE wt/p21-/- cells were irradiated with 6 Gy and harvested
after 4 hours. CDK1 or Actin were used as loading controls. (b). Flow cytometric analysis of U2OS (mock (NT) or p21 siRNA
transfected), HCT116 wt/p21-/- and RPE wt/p21-/- cells treated for 24 hours with MK1775. Scatter plots of γH2AX versus Hoechst
(DNA) and the corresponding DNA histograms are shown from representative experiments. Numbers are the percentage of cells
within the indicated region with strong γH2AX signal (red color). The graphs to the right show the mean percentage of cells with
strong γH2AX signals. Error bars: SEM (N ≥ 3).*P < 0,05. (c). Immunoblot analysis showing double strand break signaling in U2OS
(mock (NT) or p21 siRNA transfected), HCT116 wt/p21-/- and RPE wt/p21-/- cells after 24 hours of MK1775 treatment at the indicated
concentrations.
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(c and d). Flow cytometric analysis of CDK-dependent phosphorylations in S phase cells. U2OS cells mock transfected (NT) or transfected with
p21 siRNA, HCT116 wt/p21-/- and RPE wt/p21-/- cells were treated with 1μM MK1775 for 90 minutes, or left untreated (Mock). Samples were
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MK1775 treatment. Rather, the increased DNA
damage occurs as a consequence of events occurring
in S phase upon MK1775 treatment.
As unscheduled CDK activity is thought to
mediate MK1775-induced DNA damage in
S phase, and both p21 and Wee1 are well known
CDK inhibitors [2,5,11], we next addressed
whether the increased DNA damage observed in
p21 negative cells might be caused by increased
CDK activity. We previously developed a flow
cytometry based assay to measure CDK activity
during specific cell cycle phases, by examining
CDK-dependent phosphorylations [31,32]. Using
this method, we measured S phase CDK activity
after 90 minutes of MK1775 treatment in p21
positive and negative U2OS, HCT116 and RPE
cells. As expected and in concordance with previous studies [32], Wee1 inhibition caused
increased phosphorylation of all three markers in
the assay (Figure 2(c,d)). However, this CDK
activity was not further increased in p21 negative
cell lines (Figure 2(c,d)), suggesting that loss of
p21 does not cause increased CDK activity during
S phase. Moreover, it has been shown that
increased CDK activity upon Wee1 inhibition
causes decreased levels of the Ribonucleotide
Reductase subunit R2, which is essential for
nucleotide production [36]. Consistent with the
CDK activity results above, we observed a similar
decrease in R2 levels after MK1775 treatment in
p21 positive and negative cells (Figure S3A and B).
Of note, transient depletion of p21 by siRNA in
U2OS cells did cause a decrease in R2 levels (data
not shown), but the MK1775-induced decrease
was not bigger than in p21 proficient cells.
Altogether, these results suggest that an S phase
function of p21 can protect against MK1775induced DNA damage, but this protection is not
due to an effect of p21 in restraining S phase CDK
activity.
Effects of p21 status on mitotic entry and
G1-arrest after Wee1 inhibition

We next asked whether p21 status might also be
important for mitotic entry or G1-arrest after
MK1775 treatment. We performed flow cytometric
analysis of the percentage of mitotic cells at 90 minutes and 24 hours after Wee1 inhibition in p21

positive and negative cells. As expected, the number
of mitotic cells was increased after MK1775 treatment in all three cell systems (Figure 3(a,b)), consistent with MK1775-induced mitotic entry.
However, the effects of p21 loss on mitotic entry
after MK1775 treatment varied between the cell
lines and with different concentrations of the
Wee1 inhibitor (no effects in U2OS cells; some
effects in HCT116 and RPE cells) (Figure 3(a,b)).
Furthermore, the majority of the cells with strong
S phase γH2AX were not positive for the mitotic
marker phospho-H3 Ser10 and most of the mitotic
cells were negative for γH2AX (Figure 3(c)), indicating that the S phase DNA damage and mitotic
entry are two separate effects after MK1775 treatment. Moreover, few cells showed induction of
premature mitosis (H3P positive cells with <4N
DNA content) after Wee1 inhibition, and p21 loss
did not seem to increase this amount further
(Figure 3(c) lower panels). The latter is in agreement with the CDK activity measurements above,
where we observed no increase in S phase CDK
activity in p21 negative cells compared to p21 positive cells after Wee1 inhibition (Figure 2(c,d) and
S3). Next, we wanted to address whether Wee1
inhibition could induce a p21 dependent first
or second-cycle G1-arrest. To examine first cycle
G1-arrest, we compared the G1 population after
24 hours treatment with MK1775 and Nocodazole
to the G1 population after treatment with
Nocodazole alone. The results showed no indication of a strong first cycle G1-arrest in any of the
cell lines (Figure 3(d)). To measure second-cycle
G1-arrest, we first treated the cells with MK1775
for 24 hours, followed by Nocodazole for the next
24 hours (Figure 3(e)). Again, there was no indication of a strong G1-arrest after Wee1 inhibition in
p21 positive or negative cancer cells, but the p21
positive RPE cells showed some G1 accumulation in
the second cycle which was abrogated by loss of p21
(Figure 3(e), bottom panels: 26.5% versus 8.8% G1
cells for RPE wt and p21-/- cells, respectively).
Taken together, these results show that the effects
of Wee1 inhibition on mitotic entry and G1-arrest
vary between cell lines, but overall, the differences
in these responses between p21 proficient and deficient cells are less pronounced than the differences
in S phase DNA damage (Figure 1). We conclude
that a major consequence of p21 deficiency is
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Figure 3. Effects of p21 status on mitotic entry and G1/S arrest after Wee1 inhibition.
(a). Flow cytometric analysis of U2OS (mock (NT) or p21 siRNA transfected), HCT116 wt/p21-/- and RPE wt/p21-/- cells treated for 24 hours with
MK1775 at the indicated concentrations. Scatter plots of phospho-Histone H3 (S10) versus Hoechst (DNA) are shown from representative
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1μM in RPE cell systems). Samples were analyzed by flow cytometry, and the histograms show the DNA profiles of representative
experiments. (e). Cells were treated for 24 hours with MK1775 (300nM, 600nM and 1μM, respectively) and fixed (top row) or washed and
subsequently grown for 24 additional hours in the presence of Nocodazole (bottom row). Arrows in the bottom panels indicate where cells
arrested at a second cycle G1 checkpoint would be present.
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increased S phase DNA damage in response to the
Wee1 inhibitor MK1775.
p21 protects cancer cells against Wee1 inhibition
induced cell death

As mentioned above, p21 expression can be low in
human tumors due to epigenetical suppression [12–
16]. To address whether p21 might protect cancer
cells from MK1775-induced cell death, we examined
cell growth and viability and clonogenic survival of
the p21 positive and negative U2OS and HCT116
cells. We first measured loss of cell viability by assessing the uptake of the non-permeable dye Pacific Blue
at 3 days after treatment with MK1775 for 24 hours.
Higher numbers of non-viable cells were observed
after MK1775 treatment in p21 deficient compared
to p21 proficient U2OS and HCT116 cells (Figure 4(a,
b)). Similar effects were observed by measuring the
percentage of cells with sub-G1 DNA content (Figure
4(c,d)). These effects were supported by CellTiterGlo/
RealTimeGlo growth assays, which showed reduced
growth in the p21 deficient U2OS and HCT116 cells
after MK1775 treatment compared to p21 proficient
cells (Figure 4(e)). Note that in the latter experiments
the inhibitor was not washed off, but present for
several days, and we therefore used lower concentrations of MK1775. Of note, the lowest concentrations
(25–50 nM) slightly increased growth in p21 positive
U2OS cells (Figure 4(e)). Such growth stimulation has
also been reported previously and is likely a cell type
dependent effect associated with shorthening of the
cell cycle after treatment with low and non-lethal
concentrations of the Wee1 inhibitior [37]. Finally,
we performed clonogenic survival assays in HCT116
and U2OS cells and observed reduced survival of p21
negative compared to p21 positive cells upon Wee1
inhibition (Figure 4(f,g)). We conclude that for U2OS
and HCT116 cancer cells, p21 deficiency leads to
increased cell death in response to MK1775
treatment.
Similar to Wee1 inhibition, inhibition of Chk1 also
causes DNA damage in S phase [29], and we recently
showed that simultaneous inhibition of both Chk1
and Wee1 synergistically increases such damage
[32]. As we found that p21 deficiency enhanced the
S phase DNA damage and cell death after Wee1
inhibition (Figures 1, 2 and 4), we reasoned that
similar effects might be observed in response to

Chk1 inhibition and upon simultaneous Chk1/Wee1
inhibition. To address this issue, we assayed cell
growth by the CellTiterGlo/RealTimeGlo assays and
γH2AX levels by flow cytometry. Cell growth after
treatment with the Chk1 inhibitor AZD7762 was
slightly more reduced in p21 deficient U2OS and
HCT116 cells compared to p21 proficient cells
(Figure 5(a)). Furthermore, the p21 deficient U2OS
and HCT116 cells were more sensitive to the combined treatment of MK1775 and AZD7762 (Figure 5
(b)). The number of cells with strong γH2AX levels
was also higher in p21 deficient HCT116 and U2OS
cells after the combined treatment (Figure 5(c)), consistent with increased S phase DNA damage. These
results show that p21 also protects against the S phase
DNA damage in response to Chk1 inhibition or combined Chk1/Wee1 inhibition.
Finally, as Wee1 inhibitors are typically applied
together with DNA damaging agents such as ionizing radiation, we also assessed the growth of p21
deficient and proficient U2OS and HCT116 cells
upon treatment with 2 Gy of X-ray irradiation in
combination with various concentrations of
MK1775. Again, cell growth was most reduced in
the p21 negative cancer cells (Figure 5(d)), indicating that p21 deficiency can also sensitize cancer
cells to combination treatments of MK1775 with
radiation.
Discussion
In this study we report that the p53 target and
CDK inhibitor p21 can protect cells from S phase
DNA damage induced by the Wee1 inhibitor
MK1775. We also show that p21 deficiency can
sensitize cancer cells to MK1775-induced cell
death, as measured by cell viability, clonogenic
survival and cell growth assays. Moreover, the
p21 deficient cancer cells are also more sensitive
to combination treatments of MK1775 and the
Chk1 inhibitor AZD6772 or MK1775 together
with ionizing radiation. Altogether these results
provide a rationale for the application of Wee1
inhibitors in tumors with low levels of p21, and
support recent studies indicating that p21 can have
important functions in S phase.
p21 is known as a CDK inhibitor important in
the G1 and G2 phases of the cell cycle. As p21
levels are low in S phase, the investigation into the
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Figure 4. p21 protects cancer cells against Wee1 inhibition induced cell death.
(a and b). U2OS cells mock transfected (NT) or transfected with p21 siRNA, and HCT116 wt/p21-/- cells were treated with the indicated
concentrations of MK1775 for 24 hours. The cells were then either fixed, or washed and then left in fresh medium for three additional days
before fixation. Pacific Blue (PB) staining was performed before fixation in order to distinguish viable (PB negative) from non-viable (PBpositive) cells. After staining for DNA content, analysis was performed by flow cytometry. The scatter plots of Pacific Blue versus side scatter
presented in A. show a representative experiment from the HCT116 cell line. Numbers indicate the percentage of PB positive cells. The graphs
in B. show the mean percentage of PB positive cells after the indicated treatments. Error bars: SEM (N = 3 (2 in HCT116 cells “1μM 24h +
3 days”)). *P < 0,05. (c and d). Calculations of the sub-G1 population in the same experiments as in A and B. DNA histograms in C. show
a representative experiment from the HCT116 cell line. Numbers indicate the percentage of cells in the sub-G1 gate. The graphs in D. show
the mean percentage of sub-G1 cells after the indicated treatments. Error bars: SEM. (e). Viability of U2OS (mock or p21 siRNA transfected),
and HCT116 wt/p21-/- cells, measured by the RealTimeGlo (U2OS) or CellTiterGlo (HCT116) assays at 4 and 6 days, respectively, after addition
of MK1775 at the indicated concentrations. Error bars: SEM (N = 3). (f). Clonogenic survival assay of HCT116 wt and p21-/- cells treated with
MK1775 at the indicated concentrations for 24 hours. Results shown are from one representative experiment. Error bars: standard deviation of
three parallel dishes. (g). Average survival fractions of p21 deficient relative to p21 proficient cells from three independent experiments in
U2OS and HCT116 cells performed as in F. The ratios of survival fractions for p21 siRNA transfected U2OS cells relative to mock, and for
HCT116 p21-/- cells relative to wt cells, are shown. Error bars: SEM (N = 3 except for HCT116 cells with 1μM MK1775 (N = 2)).
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Figure 5. Lack of p21 sensitizes cancer cells to combined treatment with Wee1 and Chk1 inhibitors and to the combination of Wee1
inhibition and ionizing radiation.
(a). Viability of U2OS (mock or p21 siRNA transfected), and HCT116 wt/p21-/- cells, measured by the RealTimeGlo (U2OS) or
CellTiterGlo (HCT116) assays at 4 and 6 days, respectively, after addition of AZD7762 at the indicated concentrations. Error bars:
SEM (N = 3 (2 in HCT116 cells 100nM AZD7762)). (b). Viability measured as in A. after addition of MK1775 and AZD7762 at the
indicated concentrations. Error bars: SEM (N = 3 (2 in HCT116 cells 100nM AZD7762)). (c). Flow cytometric analysis of U2OS (mock
(NT) or p21 siRNA transfected) and HCT116 wt/p21-/- cells treated for 24 hours with the Wee1 inhibitor MK1775, the CHK1 inhibitor
AZD7762, or the combination of both, in indicated concentrations. Scatter plots of γH2AX versus Hoechst (DNA) are shown from
representative experiments. Numbers are the percentage of cells within the indicated region with strong γH2AX signal (red color).
(d). Top histograms: Viability of U2OS (mock or p21 siRNA transfected), and HCT116 wt/p21-/- cells, measured by the RealTimeGlo
(U2OS) or CellTiterGlo (HCT116) assays at 4 and 6 days, respectively, after treatment with MK1775 in the indicated concentrations
and X-ray irradiation (2 Gy). Viability was calculated relative to the corresponding non-irradiated p21 proficient or defective sample
(such as in Figure 4E). Bottom graphs: Viability was calculated relative to the 2Gy but otherwise untreated samples, for p21 positive
and negative cells respectively. Error bars: SEM (N = 3).
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role of the remaining p21 in this cell cycle phase
has been limited. Considering the acknowledged
role of p21 in regulating CDK activity, we wondered whether this role could be important also
during S phase when Wee1 is inhibited.
Potentially, higher CDK activity after Wee1 inhibition in p21 negative S phase cells could be the
cause of the higher DNA damage. However, we
did not detect increased CDK activity after p21
loss by our flow cytometric measurements of
CDK target phosphorylations (Figure 2(c,d)).
Furthermore, S phase levels of the CDK target R2
were also not altered in p21 deficient cells upon
Wee1 inhibition (Figure S3). It is therefore likely
that other roles of p21 in S phase protects cells
from DNA damage after Wee1 inhibition.
Interestingly, we have seen higher EdU uptake
in p21 negative compared to p21 positive HCT116
cells, both before and after Wee1 inhibition
(Figure S4). This could possibly indicate that p21
is involved in restraining replication when Wee1
mediated restriction of replication is inhibited.
Moreover, p21 has been implicated in promoting
the Fanconi anemia (FA) DNA repair pathway
[38] and regulation of translesion synthesis (TLS)
[23]. The latter function could be of special importance, as the TLS factor DNA polymerase kappa
has been shown to confer tolerance to Wee1 inhibition [39]. However, we have not been able to see
any marked differences in FANCD2 and PCNA
ubiquitination between p21 proficient and negative samples after Wee1 inhibition (data not
shown). Conceptually, we therefore envision that
p21 is involved in restraining replication after
Wee1 inhibition, limiting S phase DNA damage
and subsequent cell death, but the exact mechanism for how p21 is involved in this remains to be
elucidated.
The Wee1 inhibitor MK1775 (now entitled
AZD1775) is currently being investigated in more
than fifty clinical trials for cancer treatment, as
monotherapy or in combination with chemotherapeutic drugs and/or radiation (www.clinicaltrials.
gov). There is therefore a need for more knowledge about what factors might be of importance
with regards to sensitivity to Wee1 inhibition.
Several preclinical studies suggest that p53 status
may be important for the effects, and recently
published results of phase I and II clinical studies
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show some enhanced sensitivity in p53 mutated
cancers [3,40–44]. There is emerging evidence that
the expression of p21, a major p53 target [11], can
also be deregulated in cancers, as a result of epigenetic changes [12–16]. This, combined with our
finding that p21 protects cancer cells against
MK1775 induced death, suggest that p21 expression could be another factor to be taken into consideration when implementing Wee1 inhibition in
the treatment of cancer.
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ABSTRACT
Recent studies have shown synergistic cytotoxic effects of simultaneous Chk1and Wee1-inhibition. However, the mechanisms behind this synergy are not known.
+HUHZHSUHVHQWDÀRZF\WRPHWU\EDVHGVFUHHQIRUFRPSRXQGVWKDWFDXVHLQFUHDVHG
DNA damage in S-phase when combined with the Wee1-inhibitor MK1775. Strikingly,
the Chk1-inhibitors AZD7762 and LY2603618 were among the top candidate hits of
1664 tested compounds, suggesting that the synergistic cytotoxic effects are due to
increased S-phase DNA damage. Combined Wee1- and Chk1-inhibition caused a strong
synergy in induction of S-phase DNA damage and reduction of clonogenic survival.
To address the underlying mechanisms, we developed a novel assay measuring CDKdependent phosphorylations in single S-phase cells. Surprisingly, while Wee1-inhibition
alone induced less DNA damage compared to Chk1-inhibition, Wee1-inhibition
caused a bigger increase in S-phase CDK-activity. However, the loading of replication
initiation factor CDC45 was more increased after Chk1- than Wee1-inhibition and
further increased by the combined treatment, and thus correlated well with DNA
damage. Therefore, when Wee1 alone is inhibited, Chk1 suppresses CDC45 loading and
thereby limits the extent of unscheduled replication initiation and subsequent S-phase
DNA damage, despite very high CDK-activity. These results can explain why combined
treatment with Wee1- and Chk1-inhibitors gives synergistic anti-cancer effects.

INTRODUCTION

in shortage of replication factors such as nucleotides and
replication factor A (RPA), and subsequent replication
stalling and endonuclease-induced DNA breakage
[7, 9, 10]. Such S-phase damage has been termed
“replication catastrophe” [10] and is most likely the major
cause behind single-agent antitumor activity of Wee1
inhibitors [11].
Similar as for Wee1, inhibition of Checkpoint
kinase 1 (Chk1) causes both G2 checkpoint abrogation
and replication catastrophe [12, 13]. Chk1 is thought to
regulate these processes mainly through phosphorylation
of the Cdc25A phosphatase [7, 13]. Upon Chk1 inhibition
Cdc25A is stabilized, giving increased capacity of
Cdc25A to remove the inhibitory phosphorylation on
CDK1 and CDK2, thereby causing increased CDK
activity [14, 15]. Inhibitors of either Chk1 or Wee1 were
thus considered to induce replication catastrophe through

Inhibitors of Wee1 kinase are currently in clinical
trials for cancer treatment as single agents and in
combination with radiation or chemo-therapy [1]. The
antitumor effects have traditionally been attributed to the
role of Wee1 in preventing G2 checkpoint abrogation [2].
Wee1 is required for the G2 checkpoint through mediating
inhibitory phosphorylation of the Tyr-15 residue on CDK1
[3]. Wee1 inhibition leads to abnormally high CDK1
activity, resulting in G2 checkpoint abrogation followed
by mitotic catastrophe [4, 5].
However, in addition to its role in G2 checkpoint
regulation, Wee1 also plays a major role in suppressing
DNA breakage during S-phase [6–8]. Inhibition of Wee1
leads to high CDK1 and CDK2 activity in S-phase
followed by unscheduled replication initiation. This results
www.impactjournals.com/oncotarget
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with the Wee1 inhibitor MK1775 (Figure 1A). Reh
leukemia cells were incubated with the Lopac 1280 or
Selleck Cambridge Cancer 384 compound libraries for
4 hours with or without MK1775. DNA damage and cellF\FOHSUR¿OHVZHUHDVVHVVHGE\ÀRZF\WRPHWU\XVLQJDQ
DQWLERG\ WR WKH '1$ GDPDJH PDUNHU Ȗ+$; DQG WKH
DNA-stain Hoechst, respectively. Reh cells were used
because they grow in suspension at high density, enabling
ÀRZF\WRPHWU\DQDO\VLVRIVDPSOHVIURPVLQJOHZHOOVRI
384-well plates without trypsinization. Furthermore, these
cells show relatively normal DNA-damage checkpoint
responses [25]. To achieve a wide window for detection
of compounds that enhance MK1775-induced S-phase
DNA damage, a concentration of MK1775 (400 nM) that
JDYHRQO\DVPDOOLQFUHDVHLQȖ+$;VWDLQLQJE\LWVHOI
was chosen (Figure 1B, top panel).
For quantitative analysis of the screen results, a
UHJLRQFRQWDLQLQJ6SKDVHFHOOVZDVGH¿QHGEDVHGRQWKH
'1$FRQWHQW )LJXUH% DQGWKHPHGLDQȖ+$;OHYHOLQ
this region was obtained. As expected, the CDK inhibitor
5RVFRYLWLQH SUHYHQWHG Ȗ+$; LQGXFWLRQ )LJXUH %
middle panel). In contrast, for example the dihydrofolate
UHGXFWDVHLQKLELWRU$PLQRSWHULQFDXVHGLQFUHDVHGȖ+$;
particularly when combined with MK1775 (Figure 1B,
ERWWRPSDQHO +LVWRJUDPVRIWKHGLVWULEXWLRQRIȖ+$;
levels from the samples of individual plates showed a clear
RYHUDOOLQFUHDVHLQȖ+$;OHYHOVLQSODWHVWUHDWHGZLWK
MK1775 plus drugs compared to drugs only (Figure 1C).
)XUWKHUPRUH D IHZ RXWOLHUV ZLWK KLJKHU Ȗ+$; OHYHOV
than the bulk of the samples were present, representing
potential candidate hits.
Notably, a few compounds induced high levels
RIȖ+$;HYHQLQWKHDEVHQFHRI0. )LJXUH&
top panel). We therefore had to discriminate between
synergistic versus additive effects of the compounds
in combination with MK1775. We calculated the
SDUDPHWHUȖ+$;diffUHSUHVHQWLQJWKHȖ+$;YDOXHDIWHU
treatment with the compound and MK1775 (Figure 1C,
ERWWRP SDQHO  PLQXV WKH Ȗ+$; YDOXH DIWHU WUHDWPHQW
with the compound alone (Figure 1C, top panel). Next,
we calculated the Z´-score (described in materials
DQG PHWKRGV  IRU WKH Ȗ+$;diff values (Figure 1D,
Supplementary Figure S1A and Supplementary Table S1).
The compounds with higher Z´ score values than 2.5
were listed as candidate hits (Figure 1E). The candidate
hits included multiple inhibitors of topoisomerase I and
II, three folic acid antagonists, two Chk1 inhibitors and
a few other drugs with diverse functions (Figure 1E).
6RPH RI WKHVH FRPSRXQGV FDXVHG LQFUHDVHG Ȗ+$;
levels also in the absence of MK1775 (Supplementary
Figure S1B). We also listed the compounds with lower
Z´ score values than -2.0, i.e. the compounds that
decreased the MK1775-induced DNA damage in S-phase
(Supplementary Figure S1C and Supplementary Table
6 1RWDEO\¿YHGLIIHUHQW&'.LQKLELWRUVZHUHDPRQJ
the compounds that caused decreased DNA damage

a common multistep pathway involving high CDK
activity, unscheduled replication, replication stalling and
subsequent endonuclease-induced DNA breakage [16].
Interestingly, recent preclinical studies have
demonstrated synergistic antitumor effects by simultaneous
inhibition of Wee1 and Chk1. Cancer cell growth was
synergistically reduced both in vitro and in vivo by
combined Wee1 and Chk1 inhibition, as compared
to inhibition of each of these kinases alone [17, 18].
Similar effects have been reported in various cancer cell
lines of different origin, including ovarian, melanoma,
neuroblastoma, leukemia and lymphoma cells, suggesting
that combined Chk1/Wee1 inhibition may be a promising
approach for cancer treatment [17–22]. However, the
molecular mechanisms behind this synergy are not known.
Unbiased large-scale screening has become a powerful
tool in biomedical research. Libraries of compounds
or siRNAs are widely available and can be applied in
functional screens. Whereas siRNA libraries provide
strong genetic screens, the advantages of compounds are
the possibilities for assays involving rapid kinetics and the
direct clinical relevance of many compounds. A typical
screen readout involves detection of antibody-staining by
automated microscopy [23]. However, recent advances have
PDGHLWSRVVLEOHWRDOVRXVHÀRZF\WRPHWU\LQODUJHVFDOH
VFUHHQV%\FRQQHFWLQJDSODWHORDGHUWRWKHÀRZF\WRPHWHU
samples from 384- or 96- well plates can be automatically
analysed, allowing rapid and accurate multiparameter
analysis of many thousands of cells from each sample [24].
+HUH ZH GHVFULEH D QRYHO ÀRZ F\WRPHWU\EDVHG
screen for compounds that cause increased DNA damage
in S-phase when combined with the Wee1 inhibitor
MK1775. The screen revealed the Chk1 inhibitors
AZD7762 and LY2603618 among the top candidate hits
of 1664 tested compounds. Combined inhibition of Wee1
and Chk1 strongly increased replication catastrophe and
reduced clonogenic survival. Moreover, the increased
DNA damage in S-phase upon Wee1 and Chk1 inhibition
correlated much better with loading of the replication
factor CDC45 than with the CDK activity of S-phase cells.
Our results suggest that Chk1 limits the induction of DNA
damage after Wee1 inhibition by suppressing CDC45
loading. These results provide new knowledge about Chk1
function and can explain why simultaneous inhibition of
Wee1 and Chk1 kinases give synergistic antitumor effects.

RESULTS
Flow cytometry based screen for compounds that
cause increased DNA damage in S-phase after
Wee1 inhibition
To uncover molecular mechanisms behind
replication catastrophe and to identify promising drug
FRPELQDWLRQV IRU FDQFHU WUHDWPHQW ZH GHVLJQHG D ÀRZ
cytometry-based screen combining different compounds
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in S-phase after combined Chk1 and Wee1 inhibition
(Figure 2E), consistent with halted replication. In contrast
to the pronounced S-phase effects, the combined treatment
gave only a modest increase in the percentages of mitotic
cells as examined by the mitotic marker phospho-H3
(Supplementary Figure S2A). Altogether, these data
strongly argue that the combined treatment of U2OS cells
with Chk1 and Wee1 inhibitors synergistically increases
replication catastrophe, and that this may be the major
cause for the synergistic anti-tumor effects of these
inhibitors.
To address whether similar effects were found in
additional cell lines, we examined the lung cancer cell
lines H460, A549 and SW900. A previous study showed
widely variable growth inhibitory effects of MK1775
alone in these cells, H460 and A549 being the second and
third most resistant and SW900 the second most sensitive
of a panel of 70 lung cancer cell lines [11]. In response to
MK1775 as a single agent, we observed highest induction
RIȖ+$;LQ6SKDVHRI6:DQGORZHVWLQ+FHOOV
(Supplementary Figure S2B). For these three cell lines,
WKH LQGXFWLRQ RI Ȗ+$; WKHUHIRUH LQYHUVHO\ FRUUHODWHV
with the published growth inhibition data, consistent
with the notion that growth inhibition may be associated
with DNA damage in S-phase [11]. All three cell lines
showed markedly increased S-phase DNA damage after
combined MK1775 and AZD7762 treatment, as judged
E\ HLWKHU LQFUHDVHG OHYHOV RI Ȗ+$; LQ 6SKDVH FHOOV
or by accumulation of cells with S-phase DNA content
(Supplementary Figure S2B). Thus, although the different
cell lines tested display variable inherent sensitivity
towards Wee1 and Chk1 inhibitors as single agents, the
combined treatment consistently strongly enhanced the
S-phase DNA damage.

(Supplementary Figure S1C). The screen results were
thus highly consistent with our previous reports that the
S-phase damage induced upon Wee1 inhibition depends
on CDK activity [7, 9].
Strikingly, the Chk1 inhibitors AZD7762 and
LY2603618 were among the candidate hits. This indicates
that the recently reported synergistic antitumor effects of
simultaneous Chk1 and Wee1 inhibition [17–22] may be
caused by S-phase DNA damage. To validate this result,
we performed additional experiments with AZD7762 and
LY2603618 and two other Chk1 inhibitors (MK8776 and
UCN01), and one Chk2 inhibitor (PV1019). The latter was
included in order to discriminate between effects of Chk1
and Chk2, since AZD7762 can inhibit both kinases [26].
All four Chk1 inhibitors, but not the Chk2 inhibitor,
FDXVHGLQFUHDVHGȖ+$;LQ6SKDVHZKHQFRPELQHGZLWK
MK1775 (Figure 1F). Of note, the highest concentration
RI 0.  0  DSSHDUHG WR GHFUHDVH Ȗ+$;
(Figure 1F), consistent with a CDK inhibitory function
of MK8776 at high concentrations [27]. We conclude that
combined inhibition of Chk1 and Wee1 causes increased
DNA damage in S-phase in Reh cells.

Wee1 and Chk1 inhibition synergistically
enhances replication catastrophe
We next addressed the effects of combined Wee1
and Chk1 inhibition in U2OS osteosarcoma cells. These
cells were used in our previous studies of replication
catastrophe in response to Chk1 and Wee1 inhibitors as
single agents [7, 9, 12]. Treatment of U2OS cells with
MK1775 in combination with AZD7762, LY2603618,
MK8776 or UCN01 caused a strong increase in induction
RIȖ+$;LQ6SKDVHFRPSDUHGWRWKHLQKLELWRUVJLYHQ
as single agents (Figure 2A, measured at 3 hours).
Clonogenic survival was also strongly reduced
(Figure 2B), indicating that the high S-phase DNA damage
after the combined treatment resulted in cell death. An
exposure time of 24 hours to the inhibitors was chosen
for the clonogenic survival assays to resemble a transient
delivery of such inhibitors upon in vivo single injections.
Furthermore, low concentrations of the inhibitors that
did not cause much reduction in survival by themselves
were used to clearly detect synergistic effects. The cells
ZLWK VWURQJ Ȗ+$; VWDLQLQJ ZHUH DOVR 7XQHOSRVLWLYH
(Figure 2C, measured at 3 hours), consistent with severe
damage and massive DNA breakage in S-phase. Of note,
although the Tunel assay commonly detects apoptosis,
similar Tunel-positive S-phase cells after Chk1 inhibition
alone did not show other typical features of apoptosis,
such as apoptotic nuclear morphology or induction of
caspase activity [12]. The S-phase cells with the strongest
Ȗ+$;OHYHOVDOVRVKRZHGKLJKOHYHOVRISKRVSKR53$
S4/S8 staining (Figure 2D), indicating presence of single
stranded DNA. Moreover, cell cycle analysis at 0–9 hours
after treatment revealed massive accumulation of cells
www.impactjournals.com/oncotarget

Measurement of S-phase CDK activity upon
Wee1 and/or Chk1 inhibition
Wee1 and Chk1 are both negative regulators of CDK
activity, and increased CDK activity is regarded a common
mechanism behind replication catastrophe after individual
inhibition of each kinase [16, 28]. We previously found that
siRNA mediated partial depletion of either CDK1 or CDK2
reduced the S-phase DNA damage upon Wee1, as well as
Chk1, inhibition, suggesting that both CDK1 and CDK2
activities contribute to the effects [7]. To address how the
single and combined treatments affect CDK activity, we
¿UVW H[DPLQHG WKH LQKLELWRU\ SKRVSKRU\ODWLRQ RQ 7\U
in CDK1 and CDK2. Immunoblotting was performed on
parallel samples within the same experiment as in Figure 2A
collected at one hour after treatment. A pronounced
reduction in inhibitory phosphorylation on CDK1 was
detected after inhibition of Wee1 and Wee1/Chk1, but
not after Chk1 inhibition alone (Figure 3A, top panels).
The inhibitory phosphorylation on CDK2 was modestly
reduced after Wee1 inhibition, and even less so after Chk1
10968
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Figure 1: Flow cytometry based screen for compounds that increase DNA damage in S-phase when combined with
Wee1 inhibition. (A) Illustration of screen setup. (B  ([DPSOH RI VFUHHQ UHVXOWV 'HQVLW\ VFDWWHU SORWV DUH VKRZQ IRU Ȗ+$; YHUVXV
+RHFKVWVWDLQLQJ '1$ 9HUWLFDOOLQHVLQGLFDWHWKHUHJLRQXVHGIRUTXDQWL¿FDWLRQRIȖ+$;OHYHOVLQ6SKDVHDQGQXPEHUVLQGLFDWHPHGLDQ
Ȗ+$;OHYHOVZLWKLQWKLVUHJLRQ C) Example of screen results for a pair of single 384-well plates treated with drug library only (top) and
GUXJOLEUDU\SOXVQ00. ERWWRP 7KHKLVWRJUDPVVKRZFRXQWVYHUVXVȖ+$;PHGLDQYDOXHVLQ6SKDVHȖ+$;PHGLDQYDOXHV
were obtained as in (B) .(D =¶VFRUHYDOXHVIRUȖ+$;diff calculated as described in materials and methods. (E) List of candidate hits
JLYLQJV\QHUJLVWLFLQGXFWLRQRIȖ+$;LQ6SKDVHZKHQFRPELQHGZLWK0.7KHFRPSRXQGVZLWKWKHKLJKHVW=¶VFRUHLQWKHVFUHHQ
are shown. (F) Validation of the results of combined Chk1 and Wee1 inhibition. Reh cells were treated with the indicated concentrations
of Wee1 (MK1775), Chk1 (AZD7762, LY2603618, UCN01, MK8776) and Chk2 (PV1019, denoted Chk2i) inhibitors and examined by
DXWRPDWHGÀRZF\WRPHWU\DQDO\VLVDVLQ$DQG%5HVXOWVDUHDYHUDJHRIWKUHHUHSOLFDWHVIURPDUHSUHVHQWDWLYHH[SHULPHQW WKUHHLQGHSHQGHQW
experiments gave similar effects). Error bars represent standard deviation. Validation of additional candidate hits is shown in Figure S1D.
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Figure 2: Combined Wee1 and Chk1 inhibition synergistically enhances replication catastrophe. (A) Flow cytometric
analysis of U2OS cells treated for 3 hours with the Wee1 inhibitor MK1775, either of the Chk1 inhibitors AZD7762, LY2603618, MK8776,
8&1 RU WKH FRPELQDWLRQ RI 0. ZLWK HDFK RI WKH &KN LQKLELWRUV 6FDWWHU SORWV RI Ȗ+$; YHUVXV +RHFKVW '1$  DUH VKRZQ
IURPDUHSUHVHQWDWLYHH[SHULPHQW1XPEHUVDUHWKHSHUFHQWDJHRIFHOOVZLWKLQWKHLQGLFDWHGUHJLRQZLWKVWURQJȖ+$;VLJQDO UHGFRORU 
(B) Clonogenic survival of U2OS cells treated with MK1775 and/or AZD7762 (left) or MK1775 and/or LY2603618 (right), at concentrations
0, 25, 50 or 100 nM for 24 hours. Average survival fractions from three independent experiments are shown. Error bars: SEM (n = 3).
(C) U2OS cells treated with a combination of MK1775 (300 nM) and AZD7762 (150 nM) or LY2603618 (500 nM) for 3 hours were
SURFHVVHGIRUVLPXOWDQHRXVÀRZF\WRPHWULFDQDO\VLVRIȖ+$;DQGWKH781(/DVVD\6FDWWHUSORWVRIȖ+$;YHUVXV+RHFKVW '1$  WRS
SDQHO DQG781(/YHUVXV+RHFKVW ERWWRPSDQHO DUHVKRZQ$UHJLRQGH¿QHGEDVHGRQFHOOVZLWKVWURQJȖ+$;VLJQDOVLVVKRZQLQUHG
color. (D 826FHOOVWUHDWHGDVLQ&SURFHVVHGIRUVLPXOWDQHRXVÀRZF\WRPHWULFDQDO\VLVRIȖ+$;DQGSKRVSKR53$ 6HU6HU $
UHJLRQGH¿QHGEDVHGRQFHOOVZLWKVWURQJȖ+$;VLJQDOVLVVKRZQLQUHGFRORU E) U2OS cells treated with MK1775 or AZD7762 or the
FRPELQDWLRQRIWKHWZRLQKLELWRUVDVLQGLFDWHGZHUHVWDLQHGZLWK+RHFKVWDQGDQDO\]HGE\ÀRZF\WRPHWU\'1$KLVWRJUDPVDUHVKRZQ
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[16, 28], we next examined loading of the replication
initiation factor CDC45 after Wee1 and Chk1 inhibition.
CDC45 is limiting for replication initiation in humans
[34], and we previously showed that partial depletion of
CDC45 by siRNA transfection reduced the DNA damage
in S-phase upon Chk1 inhibition [12]. Immunoblotting of
nonextractable chromatin-bound CDC45 showed a small
increase in CDC45 loading after Wee1 inhibition alone,
but a markedly higher increase after Chk1 inhibition alone,
and the combined treatment further increased CDC45
loading (Figure 4A).
To more accurately measure CDC45 loading in
6SKDVHFHOOVZHFRQGXFWHGÀRZF\WRPHWU\DQDO\VLVZLWK
an antibody to CDC45 combined with a DNA-stain after
extraction of unbound proteins at one hour after treatment.
Again, barcoding of sets of four samples was included to
minimize sample-to-sample variations. Wee1 inhibition
gave a smaller increase in CDC45 loading compared to
Chk1 inhibition, and the combined treatment further
increased CDC45 loading (Figure 4B and 4C). Consistent
with increased replication initiation, measurements of
uptake of the nucleoside analog EdU in S-phase cells
followed the same pattern and was also most increased
upon the combined treatment (Supplementary Figure
6$ DQG 6%  /HYHOV RI Ȗ+$; DQG SKRVSKR%0\E
were examined in parallel samples within the same
experiments to assess induction of DNA damage and
CDK activity, respectively. Again, we observed a strong
synergistic induction of DNA damage in S-phase upon
the combined treatment (Figure 4D), but no synergistic
increase of CDK activity (Supplementary Figure S4C).
When levels of CDC45 loading in S-phase cells at one
hour after treatment with MK1775 and AZD7762 as single
DJHQWVDQGLQFRPELQDWLRQZHUHSORWWHGDJDLQVWȖ+$;
levels, we observed a strong correlation between CDC45
loading and the induction of S-phase DNA damage (Figure
(OHIWSDQHO3HDUVRQFRHI¿FLHQW p < 0.0001)). In
FRQWUDVWȖ+$;OHYHOVFRUUHODWHGOHVVZLWK&'.DFWLYLW\
measurements in the same experiments (Figure 4E, right
SDQHO3HDUVRQFRHI¿FLHQW p = 0.005)). These results
are consistent with the notion that unscheduled replication
initiation is a major cause of the observed S-phase
DNA damage in response to Wee1 and Chk1 inhibitors.
Furthermore, the increased DNA damage in S-phase
upon combined Wee1 and Chk1 inhibition correlates with
increased CDC45 loading rather than with higher CDK
activity.

inhibition, whereas the combined treatment showed a small
reduction (Figure 3A, middle panels). We also examined
Cyclin E levels (Figure 3A, bottom panels). Since Cyclin
E is degraded in S-phase in a manner dependent on CDK2
DFWLYLW\ UHGXFHG &\FOLQ ( OHYHOV PD\ UHÀHFW LQFUHDVHG
CDK2 activity [29]. We observed a small decrease in
Cyclin E levels after Chk1 inhibition (Figure 3A, bottom
panels), consistent with a slight increase in CDK2 activity.
Wee1 inhibition caused a similar or even stronger reduction
in Cyclin E levels, but Cyclin E levels were not more
reduced after the combined treatment. Taken together with
WKHPHDVXUHPHQWVRIȖ+$;IURP)LJXUH$WKHVHUHVXOWV
suggest that the induction of DNA damage in S-phase does
not strictly correlate with CDK1 or CDK2 activity upon
inhibition of Wee1 and Chk1.
7R IXUWKHU LQYHVWLJDWH WKLV ¿QGLQJ ZH GHYHORSHG
D ÀRZ F\WRPHWU\ PHWKRG WR DFFXUDWHO\ PHDVXUH
phosphorylation of CDK targets in individual S-phase
cells. In this method cells were stained with a DNAdye together with antibodies to previously reported
CDK2 targets (phospho-B-Myb [30, 31] and phosphoBRCA2 [32]) and CDK1 targets (phospho-MPM2 [33]),
to measure cell-cycle distribution and CDK activity,
respectively (Figure 3B). Addition of Wee1 or Wee1 plus
Chk1 inhibitors clearly increased the S-phase signals
with all three antibodies (Figure 3B and Supplementary
Figure S3). Furthermore, addition of the CDK1 inhibitor
RO-3306, the CDK2 inhibitor CVT-313 or the dual CDK1
and CDK2 inhibitor Roscovitine reduced the signals
(Supplementary Figure S3A and S3B), indicating that
these phosphorylations depend on both CDK1 and CDK2
activity. Cells were also co-stained with an antibody to
Ȗ+$;WRVLPXOWDQHRXVO\PHDVXUHWKHDPRXQWRI'1$
damage. To eliminate potential errors caused by variation
LQDQWLERG\VWDLQLQJZHHPSOR\HGEDUFRGLQJZLWKSDFL¿F
blue of sets of four samples.
This method allowed us to assess whether the
induction of DNA damage in S-phase correlated with
the increase in CDK activity. To investigate early events
after adding the inhibitors, cells were treated for one hour.
Consistent with our results obtained by immunoblotting,
Wee1 inhibition caused a higher increase in CDK activity
compared to Chk1 inhibition (Figure 3B). However,
&KN LQKLELWLRQ FDXVHG KLJKHU LQGXFWLRQ RI Ȗ+$;
7KH FRPELQHG WUHDWPHQW VWURQJO\ HQKDQFHG Ȗ+$;
but showed no or only slight increase in CDK activity
compared to after Wee1 inhibition alone (Figure 3B).
Thus, the induction of DNA damage in S-phase upon
Wee1 and/or Chk1 inhibition does not show an overall
correlation with levels of CDK activity.

DISCUSSION
This study provides an explanation behind the
previously reported synergy between Wee1- and Chk1inhibitors observed in preclinical cancer treatment studies
[17–22]. Our results suggest that this synergy is due not
only to enhanced CDK activity, but also to an additional,
CDK-independent role of Chk1 in regulating CDC45

Loading of the replication initiation factor CDC45
after Wee1 inhibition is restrained by Chk1
Since unscheduled replication initiation is
considered a major cause of replication catastrophe
www.impactjournals.com/oncotarget
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Figure 3: S-phase CDK activity poorly correlates with the extent of DNA damage after Chk1/Wee1 inhibition. (A) Left:
Immunoblot analysis on parallel samples within the same experiment as in Figure 2A collected at one hour after treatment. U2OS cells
were exposed to MK1775 (300 nM) and/or AZD7762 (150 nM), LY2603618 (500 nM), MK8776 (1000 nM) and UCN01 (300 nM) for
KRXUDQGRIWKHQRQWUHDWHGVDPSOH 0RFN ZHUHORDGHGLQWKHWKUHH¿UVWODQHVWRPHDVXUHWKHG\QDPLFVIRUHDFKDQWLERG\
UHVSHFWLYHO\5LJKW4XDQWL¿FDWLRQVRISKRVSKR&'. 7\U  UHODWLYHWR&'. SKRVSKR&'. 7\U  UHODWLYHWR&'. DQG&\FOLQ
E levels (relative to CDK1 or CDK2). Error bars: SEM (n = 2 or 3). (B) Flow cytometric analysis of CDK-dependent phosphorylations
FRPSDUHGWRȖ+$;LQ6SKDVHFHOOV826FHOOVZHUHWUHDWHGZLWK0. Q0 $=' Q0 RUERWK0. Q0 
DQG$=' Q0 IRUKRXURUOHIWXQWUHDWHG 0RFN 7KHIRXUVDPSOHVZHUHEDUFRGHGZLWK3DFL¿F%OXHEHIRUHDQWLERG\VWDLQLQJ
with the indicated antibodies. S-phase cells are indicated in dark color. Graphs show average median values in S-phase (relative to Mock)
from three independent experiments. Error bars: SEM (n = 3).
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Figure 4: Loading of the replication initiation factor CDC45 after Wee1 inhibition is restrained by Chk1. (A) Immunoblot
analysis of pre-extracted U2OS cells, treated with MK1775 (150 nM) and/or AZD7762 (50 nM), LY2603618 (250 nM), MK8776 (125 nM) or
8&1 Q0 IRURQHKRXU%RWWRP4XDQWL¿FDWLRQRI&'&OHYHOVUHODWLYHWRȖWXEXOLQ Ȗ78% OHYHOV5HVXOWVDUHIURPDUHSUHVHQWDWLYH
experiment. (B) Flow cytometric analysis of U2OS cells treated with MK1775, AZD7762 or the combination of the two inhibitors for 1 hour.
&HOOVZHUHSUHH[WUDFWHGEHIRUH¿[DWLRQEDUFRGHGZLWKSDFL¿FEOXHDQGVWDLQHGZLWKDQWL&'&DQWLERG\DQGWKH'1$VWDLQ)[&\FOH)DU
Red. Numbers indicate median CDC45 signals in S-phase (region shown in green). (C) Median CDC45 values in S-phase U2OS cells treated
ZLWK0. Q0 DQGRU$=' Q0 IRUKRXU3UHH[WUDFWLRQVWDLQLQJDQGÀRZF\WRPHWULFDQDO\VLV
were performed as in B. Error bars: SEM (n = 3). (D 0HGLDQȖ+$;YDOXHVRI6SKDVH826FHOOVWUHDWHGZLWK0.DQGRU$='
IRUKRXUVLPLODUO\DVLQ&$IWHU¿[DWLRQWKHFHOOVZHUHEDUFRGHGVWDLQHGZLWKDQWLȖ+$;DQWLERG\DQGWKH'1$VWDLQ)[&\FOH)DU5HG
DQGDQDO\]HGE\ÀRZF\WRPHWU\(UURUEDUV6(0 n = 3). (E ([DPLQDWLRQRIWKHFRUUHODWLRQEHWZHHQ&'&ORDGLQJDQGȖ+$;DQG&'.
DFWLYLW\ DVPHDVXUHGE\SKRVSKR%0\E DQGȖ+$;IRUWKHUHVXOWVVKRZQLQ&'DQG)LJXUH6&7KHYDOXHVRIȖ+$;IURP'ZHUH
plotted versus the CDC45 values from C (left), or against the p-B-Myb values from Figure S4C (right).
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Figure 5: Model. (A) Wee1-inhibition alone causes very high CDK activity in S-phase, but Chk1 mediated suppression of CDC45
loading limits replication initiation. This results in low levels of S-phase DNA damage. (B) Chk1-inhibition alone causes a moderate
increase in CDC45 loading, which is limited due to Wee1 mediated suppression of CDK activity. This results in moderate levels of
S-phase DNA damage. (C) Simultaneous Wee1- and Chk1- inhibition removes the restraints on both CDK activity and CDC45 loading.
Consequently, there is a strong increase in CDC45 loading and subsequent massive DNA damage in S-phase.
www.impactjournals.com/oncotarget
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loading. According to this model, the activity of Chk1
suppresses CDC45 loading and thereby limits replication
catastrophe upon Wee1 inhibition alone (Figure 5A).
And upon Chk1 inhibition alone, Wee1 suppresses CDK
activity and thereby limits CDC45 loading (Figure 5B).
However, after inhibition of both kinases, both restraints
on CDC45 loading are removed, leading to massive
unscheduled replication initiation and subsequent
replication catastrophe (Figure 5C).
We have applied a novel assay to measure CDK
activity in S-phase (Figure 3B and Supplementary
Figure S3). The inclusion of multiple antibodies to
previously published CDK2 and CDK1 targets and
a DNA-stain to assess cell cycle position, together
with the bar-coding approach, enable highly accurate
PHDVXUHPHQWV RI &'. DFWLYLW\ VSHFL¿FDOO\ LQ 6SKDVH
cells. This method is an extension of our own previous
work with a single CDK target [35], and of others
investigating CDK target phosphorylation in mitosis
versus interphase [36]. The small increase in S-phase
CDK activity upon Chk1 inhibition alone (Figure 3B and
Supplementary Figure S4C) is in agreement with previous
reports that Chk1 suppresses CDK activity in unperturbed
S-phase, through negative regulation of CDC25A
phosphatase [12, 15, 28].
Of note, the antibodies used to detect inhibitory
SKRVSKRU\ODWLRQ )LJXUH$ PD\QRWEHHQWLUHO\VSHFL¿F
for CDK1 versus CDK2 [29], and some of the CDKtargets in Figure 3B may potentially be phosphorylated by
both CDKs. Nevertheless, with all the different readouts
we have used to assay CDK activity, our results show that
Wee1 is a more potent regulator of S-phase CDK activity
compared to Chk1 (Figure 3 and Supplementary Figure
S4C). The exact distinction between CDK1 versus CDK2
activity also becomes less important since our previous
and present data strongly suggest that both CDK1 and
CDK2 contribute to cause the S-phase DNA damage:
Depletion of either CDK1 or CDK2 by siRNA reduced the
LQGXFWLRQRIȖ+$;LQUHVSRQVHWR:HHDVZHOODV&KN
inhibition [7], and inhibitors of either CDK1 (RO-3306)
RU&'. &97 PDUNHGO\UHGXFHGȖ+$;DIWHUWKH
combined treatment (Supplementary Figure S3A and S3B,
bottom panels).
The mechanisms by which Chk1 can suppress
CDC45 loading in the presence of high CDK activity
are intriguing. A CDK-independent function of Chk1 in
UHJXODWLRQRI&'&ORDGLQJZDV¿UVWGHVFULEHGLQFDQFHU
cells exposed to the carcinogen benzo[a]pyrene dihydrodiol
epoxide [37]. Recent work has suggested that Chk1
negatively regulates the action of Treslin, a replication
factor positively stimulating CDC45 loading [38].
The expression of a mutant version of Treslin that could
not bind Chk1 caused increased replication initiation [38].
%DVHG RQ WKHVH ¿QGLQJV LW VHHPV SODXVLEOH WKDW &KN
mediated regulation of Treslin can contribute to suppress
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CDC45 loading. Notably, Wee1 inhibition causes
increased Chk1 activation (Supplementary Figure S4D
and [7]), which may further enhance the Chk1-mediated
suppression of CDC45 loading.
Interestingly, the combined treatment with Wee1
and Chk1 inhibitors caused massive DNA damage in
S-phase without causing premature mitosis (Figure 2 and
Supplementary Figure S2A). In contrast, a previous study
reported premature mitosis from S-phase upon combined
treatment of one breast cancer cell line with MK1775 and
AZD7762 [39]. However, the concentration of MK1775
(1 μM) was higher than in our experiments (300 nM) and
the incubation time with the inhibitors was longer (8 hours
compared to 3 hours in our experiments). Although we
cannot exclude that premature mitosis would happen at a
later timepoint in U2OS cells, our results clearly show that
the massive S-phase DNA damage induced by checkpoint
kinase inhibition is not a consequence of premature
mitosis.
,Q WKLV VWXG\ ZH SUHVHQW D QRYHO ÀRZ F\WRPHWU\
based screen for compounds that give synergistic DNA
damage in S-phase when combined with a Wee1 inhibitor.
The strength of our screening approach is the rapid analysis
of many thousands cells and accurate measurements of
Ȗ+$; OHYHOV VSHFL¿FDOO\ LQ 6SKDVH FHOOV 7KH VFUHHQ
LGHQWL¿HGVHYHUDOFDQGLGDWHKLWVLQDGGLWLRQWRWKH&KN
inhibitors, that have previously been reported to synergize
with Wee1 inhibition (Figure 1E). For example, preclinical
studies have shown that MK1775 potentiates the cytotoxic
effects of Camptothecin [40]. Furthermore, MK1775
combined with Irinotecan Hcl Trihydrate or Topotecan
Hcl are currently being tested in clinical trials (Clinical.
Trials.Gov). Moreover, three anti-folates were among the
candidate hits (Figure 1E and Supplementary Figure S1D).
6LQFH DQWLIRODWHV FDXVH QXFOHRWLGH GH¿FLHQF\ >@ WKH
results of our screen thus support and extend recent work
demonstrating a synthetic lethal interaction between Wee1
inhibition and low levels of the ribonucleotide reductase
subunit RRM2 [42]. In addition, our results show that
MK1775 can enhance the growth inhibitory effects of
Dasatinib (Supplementary Figure S1E). Altogether, this
VWURQJO\ VXJJHVWV WKDW RXU VFUHHQ HI¿FLHQWO\ LGHQWL¿HV
compounds that synergize with MK1775.
,Q FRQFOXVLRQ D QRYHO ÀRZ F\WRPHWU\ EDVHG
compound screen revealed synergistic DNA damage
in S-phase in cancer cells after simultaneous treatment
with Wee1 and Chk1 inhibitors. Our subsequent analysis
uncovered that this synergy can be explained by differential
functions of Wee1 and Chk1 in regulation of CDK activity
and CDC45 loading. Importantly, several of the Wee1
and Chk1 inhibitors used in this study are currently being
tested in clinical trials. Our work gives new knowledge
about how these inhibitors work as single agents and in
combination. These results can help optimizing the future
use of Wee1 and Chk1 inhibitors for cancer treatment.
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MATERIALS AND METHODS

PRXVH,J*GLOXWHG 0ROHFXODU3UREHV DQG¿QDOO\
UHVXVSHQGHGLQȝORI+RHFKVW JPOLQ3%6 
The stained plates were stored at 4°C in the dark overnight.
Flow cytometry analysis in the screen was performed
ZLWKDQ/65,,ÀRZF\WRPHWHU %'%LRVFLHQFHV HTXLSSHG
with a BD High Throughput Sampler using the FACS
Diva Software version 6.1.3 (BD Biosciences) during
acquisition. The FlowJo software (FlowJo, LLC) was used
GXULQJDQDO\VLV$UHJLRQLQ6SKDVHZDVGH¿QHGEDVHGRQ
WKH+RHFKVWVLJQDODQGWKHPHGLDQȖ+$;VLJQDOZLWKLQ
this region was obtained for all samples. To evaluate effects
of the drug libraries alone (Supplementary Figure S1B),
we calculated the Z-score for each sample (the number
RI VWDQGDUG GHYLDWLRQV DZD\ IURP WKH PHGLDQ Ȗ+$;
sample value of the plate). The calculation of Z-score
values separately for each plate enabled comparison
of results across plates, despite variations between the
plates in overall signal intensity. To identify synergistic
effects between MK1775 and the drugs, we calculated the
SDUDPHWHUȖ+$;diffUHSUHVHQWLQJWKHGLIIHUHQFHLQȖ+$;
levels between paired samples treated with drug library
RQO\DQGZLWK0.SOXVGUXJOLEUDU\>Ȗ+$; diff =
Ȗ+$; MK1775+drug Ȗ+$; drug]. Thereafter, we calculated
the Z score for each set of paired plates separately (denoted
Z´: the number of standard deviations away from the
PHGLDQVDPSOHYDOXHRIȖ+$;diff). Samples with higher
Z´ score values than 2.5 were considered as candidate hits
in the screen (Figure 1E).

Cell culture and drug treatments
Human NCI-H460 and A549 lung cancer (ATCC)
and U2OS osteosarcoma cells were cultured in DMEM
'XOEHFFR¶VPRGL¿HG(DJOH¶V PHGLXPDQG6:OXQJ
cancer and Reh pre-B cell leukemia cells in RPMI (Roswell
Park Memorial Institute) medium (both media from Life
7HFKQRORJLHV DW&LQDKXPLGL¿HGDWPRVSKHUHZLWK
5% CO2. The media were supplemented with 10% fetal
bovine serum (origin South America, Life Technologies)
and 1% Penicillin/Streptomycin (Life Technologies).
$OOFHOOOLQHV H[FHSW5HK ZHUHYHUL¿HGE\675 VKRUW
tandem repeat) technology as described previously [43].
The Wee1 inhibitor MK1775 (AZD1775) was from Merck
Calbiochem. The Chk1 inhibitors AZD7762, LY2603618
and MK8776 were from Selleck Chemicals, UCN01
was a gift from R.J. Schultz, National Cancer Institute,
and the Chk2 inhibitor PV1019 was from Millipore. The
dual CDK1/ CDK2 inhibitor Roscovitine and the CDK2
inhibitor CVT-313 were from Cell Signaling, and the
CDK1 inhibitor RO-3306 from Merck Calbiochem.

Flow cytometry-based high-throughput screen
Aliquots of the LOPAC1280 Library of
Pharmacologically Active Compunds and the Selleck
Chem Cambridge Cancer Compound Library distributed
in 384-well plates (V-bottom #6008590, Perkin Elmer)
were obtained from the Chemical Biology platform,
Biotechnology Centre, University of Oslo part of the
NOR-OPENSCREEN infrastructure. The screen was
conducted at the Flow Cytometry Core Facility, Norwegian
Radium Hospital, Oslo University Hospital. A microplate
VDPSOHSURFHVVRU 3UHFLVLRQ;6%LR7HN DQGPLFURSODWH
washer (EL × 405 Select, BioTek) were used to facilitate
WKHFHOOVHHGLQJ¿[DWLRQDQGVWDLQLQJ7KH¿QDOFRPSRXQG
concentration was 10 μM. Exponentially growing Reh
leukemia cells were seeded at 105 cells/100 μl medium
per well. Two parallel plates were processed and analyzed
together: one containing compounds only, and the other
containing an identical set of compounds plus the Wee1
inhibitor MK1775 (400 nM). Cells were incubated
for 4 hours at 37oC/5%CO2 and thereafter pelleted by
centrifugation. The cell pellets were washed once with
3%6DQGȝOPHWKDQROSHUZHOOZDVDGGHGIRU¿[DWLRQ
7KHSODWHVZHUHWKHQVWRUHGDWí&XQWLOIXUWKHUDQDO\VLV
To measure DNA damage in S-phase, cells were stained
ZLWK DQ DQWLERG\ WR WKH '1$ GDPDJH PDUNHU Ȗ+$;
together with the DNA stain Hoechst 33258 (Sigma). Cells
ZHUHLQFXEDWHGIRUKRXUDWURRPWHPSHUDWXUHZLWKȝO
RI PRXVH DQWLSKRVSKR+$; 6HU  DQWLERG\
(05-636, Millipore) diluted 1:1000 in PBS containing
0.2% Tween-20 (Sigma) and 4% milk powder, followed
E\PLQLQFXEDWLRQZLWKȝORI$OH[D)OXRUDQWL
www.impactjournals.com/oncotarget

Flow cytometry analysis of CDK targets, CDC45
loading and DNA damage
For analysis of protein phosphorylation, cells were
¿[HG ZLWK  HWKDQRO DQG VWDLQHG ZLWK DQWLERGLHV DV
described previously [44]. The primary antibodies were
PRXVHDQWLSKRVSKR+$; 6HU  0LOOLSRUH 
rabbit anti-phospho-RPA (Ser4/Ser8)(A300-245, Bethyl
Laboratories), rabbit anti-phospho-H3(Ser10) (06-570,
Millipore), and three antibodies to CDK targets: rabbit
anti-phospho-BRCA2(Ser3291) (AB9986, Millipore),
rabbit anti-phospho-B-Myb(Thr487) (ab76009, Abcam)
and mouse anti-phospho-Ser/Thr-Pro MPM-2 (05-368,
Millipore). Secondary antibodies were Alexa Fluor 488
and 647 (Molecular Probes), Dylight 549 (VectorLabs)
and Cy3 (Jackson ImmunoResearch) anti-mouse and antirabbit IgG. For analysis of CDC45 loading, cells were
SUHH[WUDFWHGDQG¿[HGDVGHVFULEHGLQ>@DQGVWDLQHG
with anti-CDC45 (sc-55569, Santa Cruz) followed by
Alexa Fluor 488 anti-mouse IgG. In experiments where
median values were measured, barcoding of sets of four
VDPSOHV ZLWK SDFL¿F EOXH ZDV XVHG DV EHIRUH > @
to eliminate variation in antibody staining between the
individual samples. The DNA stain FxCycle™ Far Red
(200 nM FxCycle and 0.1mg/ml RNase A) (Thermo
)LVKHU 6FLHQWL¿F  ZDV XVHG LQ EDUFRGLQJ H[SHULPHQWV
and Hoechst 33258 (1.5 μg/ml) in other experiments. The
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Research Programme (Norwegian Financial Mechanism
2009-2014 and the Ministry of Education, Youth and Sports
under Project Contract no MSMT-22477/2014 (7F14061)).

TUNEL TdT kit from Roche, Biotin-16-dUTP (Roche) and
Streptavidin-Cy5 (GE Healthcare) were used according to
the manufacturer’s instruction, combined with antibody
VWDLQLQJRIDQWLSKRVSKR+$; 6HU )ORZF\WRPHWU\
DQDO\VLVZDVSHUIRUPHGRQD/65,,ÀRZF\WRPHWHU %'
Biosciences) using FACS Diva software. The Pearsons
FRUUHODWLRQ FRHI¿FLHQW ZDV FDOFXODWHG WR TXDQWLI\ WKH
degree of correlation between parameters.
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Combined inhibition of Wee1 and Chk1 gives synergistic DNA
damage in S-phase due to distinct regulation of CDK activity
and CDC45 loading
Supplementary Materials

Supplementary Figure S1: (A) Plot shows number of samples (counts) versus the Z’-score values from Figure 1D. (B) List of
Z-scores representing the effects of drug library alone (in the absence of MK1775), for the candidate hits listed in Figure 1E. (C) List
of candidate hits causing reduced Ȗ+$; in 6-phase when combined with MK1775. 7he compounds with the lowest Z’ scores in
the screen are shown. (D) Validation of the results of combined Dasatinib/MK1775 and Methotrexate/MK1775 treatment. Reh cells
were treated with the indicated concentrations of MK1775, Dasatinib and Methotrexate for  hours and examined by Àow cytometry
analysis as in Figure 1%. Error bars 6EM (n = 3). (E) Viability of Reh cells measured by the &ell7iter*lo assay at 7 hours after
addition of MK1775 and Dasatinib at the indicated concentrations. Results are average of three independent experiments performed
in triplicate wells for each treatment. Blue dashed bars indicate the calculated expected value in the case of additive effects of the
two treatments (based on the Bliss independence method). Error bars 6EM (n = 3).

Supplementary Figure S2: (A) 7he samples from Figure $ were co-stained with phospho-+istone +3 antibody, and analy]ed
by Àow cytometry. 6catter plots of phospho-+istone +3 (+3P) versus +oechst (D1$) are shown. 1umbers indicate the percentage
of cells in the region for +3P-positive (mitotic) cells. (B) Flow cytometric analysis of 6:, $5 and + lung cancer cells
treated with MK1775 (3 nM) and/or $ZD77 (3 nM) for  hours. 6catter plots of Ȗ+$; versus +oechst (D1$) and D1$
histograms (counts versus D1$) are shown from a representative experiment (three independent experiments were performed with
similar results). Lines are included for reference purposes.

Supplementary Figure S3: (A) Flow cytometric analysis of 826 cells treated for one hour with the combination of MK1775
( nM) and $ZD77 ( nM), alone and in the presence of Roscovitine (5 ȝM) or R233 (1 ȝM). $fter barcoding with
paci¿c blue, the samples were split in two and co-stained for phospho-B-Myb and phospho-6er/7hr-Pro MPM- (two top panels),
or phospho-BR&$ and Ȗ+$; (two bottom panels). 6-phase regions were de¿ned based on the D1$ content (darN color), and
numbers indicate median signals in 6-phase. (B) 826 cells were treated for one hour with the combination of MK1775 ( nM)
and $ZD77 ( nM), alone or in the presence of &V7-313 (1.5 or 5 ȝM). 6taining and analysis were performed as in $.

Supplementary Figure S4: (A) Flow cytometry analysis of 826 cells treated with Ed8 and the indicated concentrations of
MK1775 and $ZD77 for 1 hour. Density scatter plots for Ed8 versus D1$ content are shown. 1umbers indicate median Ed8
levels in the mid 6 phase region minus the average of the median Ed8 levels of the *1 and */M populations. (B) 4uanti¿cation of
median Ed8 levels in mid 6 phase from  independent experiments as in $. Error bars 6EM (n = 4). (C) Median phospho-B-Myb
values of 6-phase 826 cells treated and analy]ed by Àow cytometry as in Figure 4D. Error bars 6EM (n = 3). (D) Immunoblotting
of samples collected at 1 and 3 hours after treatment with MK1775 (3 nM), $ZD77 (15 nM), L<31 (5 nM) and
combinations as indicated. $n antibody to phospho-&hN1 (6er) was used to assess &hN1 auto-phosphorylation, and P1876
(Protein Phosphatase 1 1uclear 7argeting 6ubunit) levels are included for loading control. 1, 5 and 5 of the mocN sample
was loaded in the left three lanes.

CellTiterGlo viability assay
Reh cells were seeded at 5 cells per well in well plates (white wall/clear bottom plates, Corning) and
treated for 7 hours with 1 ȝm, 5 nM and 1 nM
Dasatinib (6elleNchem) in the presence and absence
of 1 nM MK1775. Cell viability was assessed by
the Cell7iter-*lo® Luminescent Cell Viability $ssay
(Promega) according to the manufacturer’s instruction.
Luminescence was assessed by a 6parN 1M plate reader
(7ecan) using the 6parNControl Magellan 1. software.
7he Bliss independence method >1@ was used to calculate
the expected values for additive effects of Dasatinib and
MK1775 (PDasatinib + MK1775 = PDasatinib + PMK177 í PDasatinib ×
PMK177, where P is the percentage of non-viable cells).

Supplementary Table S1: Screen raw data

EdU uptake
826 cells were treated with MK1775 and/or
$ZD77 in the presence of  ȝM Ed8 for one hour,
barcoded with paci¿c blue (as in Figure 3 and 4) and
stained with the ClicN-i7® Ed8 $lexa Fluor® 4 Flow
Cytometry $ssay Kit (7hermoFisher 6cienti¿c) and
the FxCycle7M Far Red D1$-stain/R1ase $. Flow
cytometry analysis was performed as in Figures 3 and 4.
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