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Abstract 

To ensure faithful cell division, entry into mitosis must be inhibited in cells with 

damage or under-replicated DNA. Wee1 and Myt1 are two partially redundant kinases that 

inhibit mitotic entry through the phosphorylation of the Cdk1/cyclin B complex. Cdk1 is 

an essential mitotic kinase that regulates essentially all mitotic processes including 

chromosome condensation and nuclear envelop breakdown. Ectopic Cdk1 activation 

causes cells to prematurely enter mitosis with under-replicated DNA leading to 

chromosome fragmentation. Moreover, failure to inhibit Cdk1 during the metaphase to 

anaphase transition can induce a mitotic arrest. Centromere fragmentation and mitotic 

arrest induce cell death by mitotic catastrophe. 

Mitotic catastrophe is a common mode of cell death that occurs in tumour cells in 

response to various genotoxic therapies including irradiation. However, many cancer cells 

upregulate Wee1 expression, which promotes cancer cell survival through Cdk1 inhibition. 

To enhance the efficacy of genotoxic anticancer therapies, the Wee1 inhibitor Adavosertib 

was developed. Adavosertib is currently being tested in the clinic against various cancer 

types alone and in combination with different genotoxic agents. 

Our lab has found that monotreatment with Adavosertib is enough to induce cell 

death in a subset of cancer cells. In these cells, Adavosertib has two major effects on the 

cell cycle: premature mitotic entry leading to chromosome fragmentation and prolonged 

mitotic arrest, which is not dependent on chromosome fragmentation. Cell sensitivity to 

Adavosertib is directly correlated with Myt1 protein expression; cells with high Myt1 

protein levels are resistant to Adavosertib (and vice versa). Likewise, Myt1-induced 

overexpression reduces cell sensitivity to Adavosertib. Furthermore, cells selective for 



iii 

 

Adavosertib resistance have upregulated Myt1 protein levels. Adavosertib resistant cells 

have less in vitro Cdk1 activity, do not undergo premature mitosis or centromere 

fragmentation, and do not arrest in mitosis following Wee1 inhibition, suggesting that 

Adavosertib resistance is mediated through reduced Cdk1 activity. 

Cdk1 phosphorylation on Y15 is catalyzed by Wee1 and to a lesser extent Myt1 

whereas Cdk1 phosphorylation on T14 is strictly regulated by Myt1. We found that 

Adavosertib treatment reduced pY15-Cdk1 levels but not pT14-Cdk1 levels, which 

suggests that Adavosertib inhibits Wee1 but not Myt1 activity. siRNA knockdown of Myt1 

sensitizes Adavosertib resistant cells to Wee1 inhibition; these cells have increased in vitro 

Cdk1 activity, are prone to premature mitosis, undergo centromere fragmentation, and 

arrest in mitosis. This data confirm that Myt1 is an important driver of Adavosertib 

resistance. 

  Our data shows that Myt1 is overexpressed in breast cancer tissue and that high 

Myt1 levels are associated with a worse clinical outcome. Myt1 is also reported to be 

overexpressed in other cancer types including colorectal, lung, and head and neck cancers. 

Currently, there are no selective Myt1 small molecule inhibitors available for preclinical 

or clinical use, but our data provides a rationale for the development of such inhibitors. 

  Given the lack of selective small molecule Myt1 inhibitors, we investigated 

alternative treatment strategies for enhancing Adavosertib sensitivity in cancer cells. We 

focused our study on small molecule inhibitors that were either approved for clinical used 

or had the potential for clinical use. Checkpoint kinases such as ATR and Chk1 function 

in a parallel pathway to Wee1 and Myt1. Several ATR and Chk1 inhibitors are being tested 

in the clinic. Both ATR and Chk1 inhibitors induce premature mitosis and synergistic 
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cancer cell killing when used in combination with Adavosertib. Additionally, antimitotic 

agents that delay mitotic exit (e.g. paclitaxel and FTI inhibitor L-744-832) were also found 

to sensitize cancer cells to Adavosertib by inhibiting mitotic exit. Importantly, combination 

treatments with Adavosertib were found to be effective in cells that overexpressed Myt1. 

Our data highlight potential avenues for overcoming Myt1 induced Adavosertib resistance. 
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1 Chapter 1. Background 

1.1 Cell cycle 

The cell cycle is composed of two major parts: interphase and M-phase (Figure 1.1). 

Interphase is further divided into three phases referred to as Gap 1 (G1), synthesis (S), and 

Gap 2 (G2). During the Gap phases, cells obtain mass and accumulate biomolecules 

necessary for DNA replication and cell division, whereas in S phase cells replicate their 

DNA. M-phase is divided into two parts, mitosis (division of chromosomes) and 

cytokinesis (division of cytoplasm). Mitosis consists of five stages (prophase, 

prometaphase, metaphase, anaphase, and telophase) (Figure 1.1). Following cytokinesis, 

cells can either re-enter the cell cycle at G1 or enter a non-dividing state referred to as 

quiescence or G0.  

The cell-cycle is monitored by four major checkpoints: G1/S, intra-S, G2/M, and 

the mitotic checkpoint (also known as the spindle assembly checkpoint (SAC)) [reviewed 

in (Lewis and Chan, 2017; Musacchio, 2015)]. These checkpoints can induce a cell-cycle 

arrest if a problem affecting faithful cell division is detected. Damaged DNA, which arises 

from endogenous processes and exogenous sources, is a major trigger for the activation of 

the G1/S, intra-S, and G2/M checkpoints. Additionally, incomplete DNA replication can 

trigger the activation of the G2/M checkpoint. Once the problem that gave rise to the 

checkpoint has been resolved (i.e. damaged DNA is repaired and DNA replication is 

completed), the interphase checkpoints will be turned off and the cell will continue onto 

the next phase. The mitotic checkpoint prevents cells from undergoing anaphase if bi-polar 

alignment of duplicated chromosomes is not sensed or if other mitotic defects are detected  
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Figure 1.1. The Cell cycle and cell-cycle checkpoints. 
The cell cycle is composed of four distinct phases: G1, S, G2, and M. 
Collectively, G1, S and G2 make up interphase (black inner ring) whereas 
mitosis and cytokinesis make up M-phase (red inner ring). Mitosis can be 
divided into 5 stages (depicted): prophase, the stage in which the nuclear 
envelop breaks down and chromosome condensation begins; prometaphase, 
the stage in which spindle fibers (microtubules) attach to the chromosome 
kinetochores; metaphase, the state in which chromosomes alignment and 
bipolar kinetochore tension is achieved; anaphase, the stage in which sister 
chromatids are separated and; telophase, the stage in which the nuclear 
envelop reforms around daughter nuclei and chromosome de-condensation 
occurs. While telophase is occurring, the cell undergoes cytokinesis resulting in 
two daughter cells. Black boxes on outer ring indicate the four major cell-cycle 
checkpoints. MC refers to the mitotic checkpoint. 

[Reviewed in (Liu and Zhang, 2016)]. Collectively, the main purpose of these cell-cycle 

checkpoints is to ensure genomic stability is maintained during cell division, as the 

disruption of genomic stability can induce cell death and promote diseases such as cancer. 
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Many cancer cells have one or more defective checkpoint(s), which makes them 

susceptible to genomic changes. 

1.2 CDK/cyclin complexes drive the cell cycle 

The cell cycle is driven by a highly conserved group of the serine/threonine kinases, 

known as cyclin-dependent kinases (CDKs). In lower eukaryotic organisms, such as 

Saccharomyces cerevisiae and Schizosaccharomyces pombe, a single CDK controls the 

cell cycle (Russell and Nurse, 1986b). This CDK was designated cell division cycle-28 

(Cdc28) and cell division cycle-2 (Cdc2) in Saccharomyces cerevisiae and 

Schizosaccharomyces pombe respectively. In humans, thirteen different CDKs have been 

identified, but only four of these (Cdk1, Cdk2, Cdk4, and Cdk6) are directly involved in 

cell cycle regulation [reviewed in (Malumbres and Barbacid, 2009)]. CDK activation 

requires dimerization with regulatory subunits known as cyclins.  The binding of cyclin 

induces a conformational change to the ATP binding region of the CDK. This CDK 

conformational change is further stabilized by CDK activating kinase (CAK, a trimeric 

complex consisting of Cdk7, cyclin H and Mat1), which phosphorylates CDKs within the 

T-loop (T161 and T160 on Cdk1 and Cdk2, respectively) (Solomon et al., 1992). Four 

different cyclins regulate cell-cycle CDKs: cyclin A, cyclin B, cyclin E, and cyclin D. 

These cyclins undergo cyclical changes, which regulates cell-cycle phase transition by 

confining CDK activity to specific phases (Zerjatke et al., 2017) (Figure 1.2A). Cyclin 

downregulation can be used to restrict cell division and conserve energy in quiescent cells 

(Zerjatke et al., 2017). Additionally, cyclin downregulation in the presence of damaged 

DNA can reinforce DNA damage checkpoints and induce a cell-cycle arrest (Agami and 

Bernards, 2000; Kikuchi et al., 2010; Nakayama et al., 2009; Pontano et al., 2008).  
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Figure 1.2. CDKs regulate the cell cycle. 
A) Graph shows the cyclic changes in relative protein levels of human cyclin A 
(red), B (blue), E (green), and D (brown). Lower case ‘p’ and ‘a’ denote 
prometaphase and anaphase. Cyclin A and D levels are based on data 
presented in (Fung et al., 2007; Zerjatke et al., 2017), cyclin B levels are based 
on data presented in (Fung et al., 2007; Gavet and Pines, 2010; Zerjatke et al., 
2017) whereas cyclin E levels were based on data presented in (Dong et al., 
2018). B) Model showing when and where the different Cdk/cyclin complexes 
exhibit activity. Cdk4 and Cdk6 (brown line) are active in G1 phase, where they 
inhibit Rb and promote E2F activation. Cdk2/cyclin E (green line) promotes 
transition from G1 to S phase. Cdk2/cyclin A transitions cells into G2 phase 
after DNA replication. Cdk1/cyclin B promotes entry into mitosis following 
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activation by other Cdk/cyclin complexes. CDKs can be inhibited by two inhibitor 
families INK4 and Cip/Kip through direct binding. 

 

Six CDK/cyclin complexes regulate the cell cycle in human somatic cells (Figure 

1.2B). Mitogenic signalling in quiescence cells induces cyclin D synthesis and promotes 

its assembly with Cdk4 and Cdk6 in G1 phase (Matsushime et al., 1994; Meyerson and 

Harlow, 1994; Zerjatke et al., 2017). Cdk4/cyclin D and Cdk6/cyclin D then partially 

inhibit the Retinoblastoma (Rb) (Harbour et al., 1999; Matsushime et al., 1994; Meyerson 

and Harlow, 1994) and RB related proteins (p107 and p310), a group of cell cycle inhibitors 

known as the pocket protein family. Non-phosphorylated Rb binds to, and inhibits, the E2F 

family of activating transcription factors (E2F1, E2F2, and E2Fa) in quiescent cells, 

blocking transcription of downstream genes required for cellular proliferation [reviewed in 

(Trimarchi and Lees, 2002)]. However, Rb phosphorylation by Cdk4 and Cdk6 induces a 

conformational change to Rb, which weakens the interaction with E2F allowing 

transcription of cyclin E (Harbour et al., 1999). Once synthesized, cyclin E forms a 

complex with Cdk2, a process that promotes the transition from G1 into S phase. 

Cdk2/cyclin E adds additional phosphates to Rb, which further disrupts its interaction with 

E2F leading to the transcription of cyclin A and cyclin B (Harbour et al., 1999; Lundberg 

and Weinberg, 1998). In mid-S phase, cyclin E is ubiquitinated by the Skp1/Cul1/F-box 

protein (SCF) complex and then degraded by the proteasome complex [reviewed in 

(Nakayama and Nakayama, 2006)]. Following cyclin E degradation, Cdk2 complexes with 

cyclin A, which facilitates the end of DNA synthesis and the transition into the G2 phase 

(Woo and Poon, 2003). At the end of G2 phase, Cdk2 and Cdk1 in complex with cyclin A 
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promote the activation of the mitotic promoting complex, Cdk1/cyclin B (Fung et al., 

2007). 

1.2.1 Cdk1 is an essential CDK that is required for mitosis 

Genetic studies in mice have shown that Cdk1 can interact with other cyclin molecules to 

maintain cell cycle progression if one or more interphase CDK(s) (e.g. Cdk2) is knocked 

out (Santamaria et al., 2007). This suggests that interphase CDKs are not essential for cell 

division, at least during early mammalian development. In contrast, Cdk1 is essential for 

mitosis and its deletion induces a permanent G2 arrest that cannot be rescued by the ectopic 

expression of other CDKs or cyclins (Fung et al., 2007; Santamaria et al., 2007).  

Cdk1 directly phosphorylates at least two hundred different proteins during mitosis 

(Ubersax et al., 2003), which trigger several key processes including nuclear envelope 

breakdown (NEBD), chromosome condensation, centriole disengagement, mitotic 

checkpoint activation, and endoplasmic reticulum and Golgi fragmentation.  

NEBD occurs during prophase and results in the release of nuclear contents (e.g. 

chromosomes) into the cytoplasm. During interphase, lamin A and lamin C proteins form 

a dense intermediate filament network that provides mechanical support to the nucleus. 

However, Cdk1 phosphorylation of lamin A and lamin C triggers the disassembly of the 

lamin network, which contributes to NEBD (Heald and McKeon, 1990; Peter et al., 1990; 

Szmyd et al., 2019).  

Chromosome condensation is required to prevent chromosomes from becoming 

entangled during chromosome segregation. Cdk1/cyclin B induces chromosome 

condensation through the phosphorylation of histones (Langan et al., 1989; Peter et al., 

1990; Seibert et al., 2019) and through the activation of condensin II subunits (Abe et al., 
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2011). To ensure biorientation of the microtubules and bipolar attachment of 

chromosomes, centrioles must separate and migrate to opposite poles. Cdk1/cyclin B 

induces centriole separation through the phosphorylation of different proteins including the 

kinesin motor Eg5 (Cahu et al., 2008; Smith et al., 2011). As discussed in section 1.1, the 

mitotic checkpoint inhibits chromosome segregation until chromosome bipolar attachment 

is achieved, a process that ensures faithful chromosome division. Cdk1 regulates the 

activation and localization of several key mitotic checkpoint proteins including Aurora B 

and mono-polar spindle 1 (Mps1) (discussed in detail in section 1.4.2). Cdk1 also has a 

role in promoting the fragmentation of membranous organelles. During prophase, 

membranous organelles such as the Golgi, endoplasmic reticulum, and mitochondria are 

fragmented into thousands of vesicles and tubules, which ensures equal division between 

daughter cells during cell division (Shorter and Warren, 2002). Cdk1 promotes the 

fragmentation of these organelles through phospho-inactivation of proteins that positively 

regulate membrane fusion (Nakajima et al., 2008; Shorter and Warren, 2002). In summary, 

Cdk1 is essential for cell division because it drives nearly all mitotic processes.  

1.3 The Wee1/Myt1-Cdk1-Cdc25 axis regulates mitotic timing 

1.3.1 Wee1 and Myt1 negatively regulate mitosis through Cdk1 phosphorylation 

Although Cdk1 protein levels are stable throughout the cell cycle (Welch and Wang, 1992) 

the absence of cyclin B prevents Cdk1 from inducing mitosis during G1 and early S phase 

(Fung et al., 2007; Gavet and Pines, 2010; Zerjatke et al., 2017) (Figure 1.3A). As cells 

progress through S-phase, cyclin B levels slowly increase and peak during the G2/M 

transition. Cdk1/cyclin B complexes that form prior to the G2/M transition are inhibited  
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Figure 1.3. Cdk1/cyclin B activity is inhibited during S and G2 phase. 
A) Graph shows the relative protein levels of cyclin B (top; blue line) and Cdk1 
(middle; yellow line). Bottom graph show the relative activity of Cdk1/cyclin B 
over the cell cycle (red line). The pink region between mid S-phase and NEBD 
represents the region in which Cdk1/cyclin B activity is inhibited by Wee1 and 
Myt1. Cyclin B levels and Cdk1/cyclin B activity are modeled based on data 
presented in (Fung et al., 2007; Gavet and Pines, 2010; Zerjatke et al., 2017). 
B) Cdk1 and cyclin B bind in late S-phase. Cdk1 is then phosphorylated by CAK 
on T161 (depicted with green circle), which is required for Cdk1/cyclin B 
activation. However, phosphorylation of Cdk1 on T14 and Y15 (depicted with 
red circles) by Myt1 and Wee1 during interphase inhibits Cdk1/cyclin B. 
Damaged DNA or replication stress can induce the activation of interphase 
checkpoints, which downregulate Cdk1/cyclin B activity. ATM and ATR activate 
effector kinases Chk1 and Chk2, which phosphorylate and inhibit Cdc25C. In 
parallel, ATM and ATR can induce transcription of p53 leading to the 
transcription of the CDK inhibitor p21. Stimulatory phosphates are shown with 
green circles whereas inhibitory phosphates are shown with red circles. Red 
arrows in indicate pathways that are downregulated during interphase. 

through phosphorylation of Cdk1 on Y15 (and T14 in multicellular eukaryotes) by the 

highly conserved Wee1 and Wee1 related kinases (Figure 1.3B). 

Wee1 (also known as Wee1A in humans) was originally identified in 

Schizosaccharomyces pombe, and was named “wee” based on the resulting small-cell size 

phenotype observed in Wee1 mutant cells (Russell and Nurse, 1987).  Following that 

discovery, additional Wee1 related kinase were identified: Mitosis inhibitor protein kinase 
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1 (Mik1) in Schizosaccharomyces pombe (Lundgren et al., 1991); Protein kinase membrane 

associated tyrosine/threonine 1 (PKMYT1) also known as Myt1 in metazoans (Cornwell 

et al., 2002; Mueller et al., 1995; Palmer et al., 1998); and Wee2 (Wee1B) in vertebrate 

cells (Leise and Mueller, 2002; Nakanishi et al., 2000). In mammalian cells, Wee2 is only 

expressed in germ tissue in the testes and ovaries and not in somatic tissue; therefore, Wee2 

does not regulate Cdk1 and mitotic entry in somatic cells (Han et al., 2005; Nakanishi et 

al., 2000). In contrast, Wee1 and Myt1 are ubiquitously expressed in all tissue types and 

are therefore key regulators of mitotic entry. 

Wee1 is an atypical tyrosine kinase that exclusively phosphorylates Cdk1 (and 

Cdk2) on Y15 of the ATP binding region (Jin et al., 2008; Russell and Nurse, 1987; 

Watanabe et al., 1995). In contrast, Myt1 is a dual tyrosine/threonine kinase that 

phosphorylates Cdk1 on both T14 and Y15 (Jin et al., 2008; Liu et al., 1997; Mueller et al., 

1995). However, in human cells Myt1 preferentially phosphorylates Cdk1 on T14 (Liu et 

al., 1997). Initial studies on Myt1 and Wee1 kinase activities reported that Myt1 could not 

phosphorylate Cdk2 (Booher et al., 1997). Low levels of pT14-Cdk2 in complex with 

cyclin A have been observed by 2-D gel electrophoresis in HeLa cells, suggesting that 

Cdk2 is also a Myt1 substrate in vivo (Coulonval et al., 2011), however  pY15-Cdk2 is the 

main phospho-inhibited form of Cdk2 observed in human cells (Coulonval et al., 2003; 

Coulonval et al., 2011). In addition to having slightly different substrate specificities, Wee1 

and Myt1 also exhibit different subcellular localizations. During most of interphase, Wee1 

localizes to the nucleus (Baldin and Ducommun, 1995; Heald et al., 1993; McGowan and 

Russell, 1995; Russell and Nurse, 1987), whereas Myt1 localizes to the Golgi and 
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endoplasmic reticulum (Liu et al., 1997; Mueller et al., 1995; Nakajima et al., 2008; 

Villeneuve et al., 2013). 

Wee1 and Myt1 negatively regulate Cdk1 activity in a partially redundant manner; 

however, the subcellular localization of each protein has given rise to non-redundant 

specialized Cdk1 regulatory roles. For instance, the nuclear localization of Wee1 ensures 

that Cdk1/cyclin complexes entering the nucleus do not induce premature chromosome 

condensation or NEBD until G2/M transition. Due to its localization at the Golgi and 

endoplasmic reticulum, Myt1 functions as an essential component of an “organelle-based 

checkpoint”, which prevents Cdk1 induced premature fragmentation of Golgi and 

endoplasmic reticulum during G2 phase [(Villeneuve et al., 2013) and reviewed in (Valente 

and Colanzi, 2015)]. Myt1 is also essential for Golgi and endoplasmic reticulum 

reassembly following chromosome segregation (Nakajima et al., 2008). In Drosophila, 

Myt1 inhibition of Cdk1/cyclin A is required to maintain the integrity of the endoplasmic 

reticulum derived fusome in premeiotic G2-arrested spermatocytes (Varadarajan et al., 

2016). Additionally, Myt1 inhibition of Cdk1/cyclin A prevents premature centriole 

disengagement, a process that can lead to the formation of multipolar spindles (Varadarajan 

et al., 2016). 

  The primary structure of Wee1 is composed of a N-terminal regulatory domain 

(NRD), a kinase domain, and a short C-terminal domain [reviewed in (Enders, 2010)] 

(Figure 1.4A). The NRD contains both a nuclear export signal (NES) (Li et al., 2010) and 

a nuclear localization signal (Squire et al., 2005), which are needed to traffic Wee1 out of 

the nucleus during the G2/M transition and then back into the nucleus following nuclear 

envelope reformation in telophase. The NRD also contains a highly conserved negative  
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Figure 1.4. Primary structures of Wee1 and Myt1. 
A) Wee1 is composed a N-terminal regulatory domain (dark blue), a kinase 
domain (tan), and a short C-terminal domain (grey). Wee1 also contains four 
cyclin binding motifs (RxL1, RxL2, RxL3, and RxL4), a highly conserved 
regulatory Wee1 box (red), a nuclear localization sequence (orange), and a 
nuclear export sequence (light green). B) Myt1 is composed of a short N-
terminal regulatory domain, a kinase domain, and a regulatory C-terminal 
domain. Myt1 also contains a hydrophobic binding (membrane-associated) 
motif and a cyclin binding motif. 

regulatory element known as the Wee box (Kim et al., 2005; Li et al., 2010; Okamoto and 

Sagata, 2007) (discussed in section 1.3.1). Wee1 contains four cyclin binding motifs 

(RxL1, RxL2, RxL3, and RxL4), which facilitate the interaction with CDK-cyclin (Li et 

al., 2010). The primary structure of Myt1 is less well characterized, but is also composed 

of three domains: a N-terminal regulatory domain; a kinase domain (Mueller et al., 1995; 

Wells et al., 1999); and a C-terminal regulatory domain (CRD) (Wells et al., 1999) (Figure 

1.4B). In contrast to Wee1, Myt1 contains only one cyclin binding motif (RxL) (Liu et al., 

1999), which facilitates Cdk1 interaction. Myt1 also contains a hydrophobic membrane 
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associated motif, which is required for localization to the Golgi and endoplasmic reticulum 

respectively (Liu et al., 1997). 

1.3.2 p21 binding down regulates Cdk1 activity in normal cells 

CDK activity is negatively regulated by two inhibitor families: INK4 (inhibitors of Cdk4) 

and Cip/Kip (CDK interacting protein/Kinase inhibitory protein) [reviewed in (Malumbres 

and Barbacid, 2005; Malumbres and Barbacid, 2009)] (Figure 1.2). The INK4 family only 

interacts with Cdk4 and Cdk6, whereas the Cip/Kip family can interact with all four cell-

cycle CDKs in vitro. Cip (commonly known as p21) primarily inhibits Cdk2, an essential 

process for maintaining the G1/S DNA damage checkpoint (Aleem et al., 2005). In addition 

to Cdk2, p21 also binds to Cdk1 (Satyanarayana et al., 2008). p21 prevents phospho-

activation of the T-loop (pT161-Cdk1) by CAK (Charrier-Savournin et al., 2004), a process 

that increases in vitro Cdk1 activity by hundred fold (Solomon et al., 1992). p21 is 

transcriptionally regulated by the tumour suppressor p53, a protein that is downregulated 

in at least 50% of all cancers (Cancer Genome Atlas Research, 2008; Cancer Genome Atlas 

Research, 2012; Olivier et al., 2010; Rausch et al., 2012). As such, most cancer cells have 

a defective G1/S checkpoints and must rely on the inhibition of Cdk1 by Wee1 and Myt1 

to initiate a cell cycle arrest [Reviewed in (Aleem et al., 2005; Visconti et al., 2016)]. 

1.3.3 DNA damage checkpoints downregulate Cdk1 activity by inhibiting Cdc25 

phosphatases 

DNA damage checkpoints activate in response to damaged DNA or replication stress, 

which leads to the downregulation of Cdk1 activity (Figure 1.3B). Activation of these 

checkpoints is mediated by apical kinases Ataxia telangiectasia mutated (ATM) and Ataxia 
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telangiectasia and Rad3 related (ATR), which upregulate effector kinases checkpoint 

kinase 2 (Chk2) and checkpoint kinase 1 (Chk1) respectively. Among the key Chk1 and 

Chk2 targets is the Cdc25 family, a group of functionally redundant phosphatases 

consisting of Cdc25A, Cdc25B, and Cdc25C [Reviewed in (Shaltiel et al., 2015)]. The 

Cdc25 family functions to remove inhibitory phosphates from Cdk1 and Cdk2 (Russell and 

Nurse, 1986a). However, Chk1 and Chk2 mediated phosphorylation of the Cdc25 family 

neutralizes their activity. For instance, Chk1 and Chk2 phosphorylation on Cdc25C on 

S216 promotes the association of 14-3-3 proteins and the subsequent sequestration of 

Cdc25C in the cytoplasm, which prevents it from activating Cdk1 in the nucleus (Peng et 

al., 1997; Sanchez et al., 1997). In parallel, ATM and ATR stabilize and upregulate p53, 

which in turn upregulates p21 synthesis [reviewed in (Sperka et al., 2012)]. Additionally, 

p53 is also reported to upregulate tumour suppressor activate pathway 6 [TSAP6 (also 

known as Steap3)], a transmembrane protein that has been reported to interact with Myt1, 

upregulating its activity (Passer et al., 2003). 

1.3.4 Wee1 and Myt1 are downregulated during mitosis by several independent 

mechanisms 

Wee1 and Myt1 are hyper-phosphorylated at the onset of mitosis. In the case of Myt1, 

hyper-phosphorylation inhibits kinase activity, but does not appear to affect protein levels 

or localization (Nakajima et al., 2008; Villeneuve et al., 2013). In contrast, Wee1 

phosphorylation inhibits kinase activity and promotes protein degradation. Moreover, 

Wee1 phosphorylation also promotes translocation out of the nucleus (Katayama et al., 

2005; Li et al., 2010).  
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Myt1 phosphorylation at the Golgi and endoplasmic reticulum is mediated by MEK1 

(Villeneuve et al., 2013). Myt1 mediated phosphorylation by MEK1 is required for normal 

Golgi and endoplasmic reticulum fragmentation, a process regulated by Cdk1  (Nakajima 

et al., 2008; Shorter and Warren, 2002; Villeneuve et al., 2013). Wee1 and Myt1 are both 

phosphorylated by Cdk1 and Cdk2 on several residues, which subsequently provide 

binding motifs for the peptidyl-isomerase Pin1 (Figure 1.5A) (Kim et al., 2005; Okamoto 

and Sagata, 2007; Visconti et al., 2015; Visconti et al., 2012; Wells et al., 1999). Pin1 

induces inactivating conformational changes to Wee1 and Myt1 through prolyl 

isomerization (Shen et al., 1998). For instance, Cdk1/2 phosphorylation and Pin1 prolyl 

isomerization of T239 within the wee regulatory box of Wee1, greatly diminishes kinase 

activity (Kim et al., 2005; Okamoto and Sagata, 2007; Visconti et al., 2015; Visconti et al., 

2012) (Figure 1.4A and Figure 1.5A; top panel). T239 phosphorylation may also create 

binding motifs for other kinases, which reinforce Wee1 inhibition by catalyzing the 

addition of secondary phosphates. HeLa and U-2 OS cells transfected with a Wee1 mutant 

that cannot be phosphorylated on T239 (T239A) cannot enter mitosis and instead arrest in 

G2 phase (Li et al., 2010). In contrast, cells transfected with the phospho-mimetic T239D 

Wee1 mutant cannot phosphorylate Cdk1 (Visconti et al., 2015; Visconti et al., 2012). 

Myt1 phosphorylation on T455 by Cdk1 is another Pin1 substrate (Inoue and Sagata, 2005; 

Wells et al., 1999) (Figure 1.5A; bottom panel). However, in this context Pin1 prolyl 

isomerization does not directly inhibit Myt1 activity and is thought to create a binding 

motif that is recognized by other kinases, which then help downregulate Myt1 kinase 

activity (Inoue and Sagata, 2005). In Xenopus, phosphorylation of Myt1 on T478 (human  
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Figure 1.5. Mechanisms of downregulating Wee1 and Myt1 during the 
G2/M transition. 
A) Cyclin binding to RxL motifs promotes CDK/cyclin phosphorylation of Wee1 
and Myt1 on T239 and T455, respectively. Pin1 alters the protein structure of 
phosphorylated Wee1 and Myt1 through proline isomerization of CDK/cyclin 
phosphorylation sites. Additional kinases may be required to completely inhibit 
Wee1 and Myt1. CDK phosphorylations are shown in red, while non-CDK 
phosphorylations are shown in orange. CDK/cyclin refers to either Cdk1/cyclin 
A/B or Cdk2/cyclin A B) Wee1 phosphorylation on S53 and S123 by Plk1 and 
Cdk1/cyclin, respectively, promote the association of the SCFβ-TrCP1/2 
complex, which poly-ubiquitinates Wee1 labelling it for degradation by the 
proteasome complex. C) XPO1 binds to Wee1 via the NES and facilitates 
translocation out of the nucleus. Phosphorylation of Wee1 on the short C-
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terminal domain (S642) by PKB promotes association with 14-3-3 proteins and 
cytoplasmic retention. 

 

T455) creates a binding motif for Plx1 (human Plk1), which then adds additional inhibitory 

phosphates to the CRD (Inoue and Sagata, 2005).  

Wee1 phosphorylation on S53 and S123 by Plk1 and Cdk1/2 induces ubiquitin 

mediated protein degradation by the SCF complex (Watanabe et al., 2004) (Figure 1.5B). 

Moreover, the NRD of Wee1 also contains three PEST sequences (Watanabe et al., 1995; 

Zhu et al., 2017). PEST sequences are signal peptides rich in proline (P), glutamic acid (E), 

serine (S), and threonine (T), which can be used to induce rapid protein degradation 

(Rogers et al., 1986).  

Wee1 contains an XPO1 nuclear export signal (Figure 1.4A), which facilitates 

XPO1 binding and subsequent translocation out of the nucleus (Li et al., 2010) (Figure 

1.5C). Although it is not clear what stimulates XPO1 binding, it has been suggested that 

Wee1 phosphorylation at an unidentified site by Cdk2/cyclin A enhances Wee1 

translocation out of the nucleus [reviewed in (Enders, 2010)]. Furthermore, Wee1 

phosphorylation on S642 of the short C-terminal domain by Protein kinase B (PKB, also 

known as Akt) can promote cytoplasmic retention via the association of 14-3-3 proteins 

(Katayama et al., 2005). In the absence of Wee1, the nucleus becomes a refuge for 

Cdk1/cyclin B activation.  

1.3.5 Cdk1/cyclin B is activated during the G2/M transition 

Wee1 and Myt1 downregulation is one of two steps required for Cdk1/cyclin B activation 

at the G2/M transition. The second step is Cdc25 upregulation. The inhibitory phosphates 
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that were added to Cdc25 proteins during interphase are removed and new phosphates are 

added, which stabilize protein levels, enhance phosphatase activity, and alter protein 

subcellular localization [Reviewed in (Boutros et al., 2007; Shaltiel et al., 2015)]. For 

instance, Cdc25C is dephosphorylated on S216 and then phosphorylated on S198 by Plk1, 

which both increase catalytic activity and promote translocation into the nucleus (Cho et 

al., 2015; Toyoshima-Morimoto et al., 2002). Cdk1/cyclin B complexes that enter the 

nucleus are then dephosphorylated by Cdc25 (Russell and Nurse, 1986a). Since Wee1 is 

also translocated out of the nucleus at this time (Li et al., 2010), Cdk1/cyclin B activity is 

protected against re-phosphorylation (Figure 1.6A). Cdk1/cyclin B activation is a positive 

feedback system because activated complexes in turn inhibit Wee1 and Myt1 (Figure 

1.6B). Furthermore, Cdk1/cyclin B also upregulate Cdc25 proteins. However, Cdk1/cyclin 

B is antagonized by protein phosphatase 2A (PP2A) and its subunit B55, which upregulate 

Wee1/Myt1 and downregulate Cdc25C [reviewed in (Kishimoto, 2015)] (Figure 1.7A). 

To overcome the PP2A-B55 antagonistic pathway, Cdk1 upregulates Greatwall kinase 

(Gwl). Gwl reinforces Cdk1 activity and together the two kinases upregulate PP2A-B55 

inhibitory molecules α-Endosulfine (ENSA) and cAMP-regulated phosphoprotein 19 

(ARPP19) (Hegarat et al., 2014; Okumura et al., 2014). ENSA and ARPP19 bind to B55 

preventing its association with PP2A (Gharbi-Ayachi et al., 2010; Hached et al., 2019; 

Mochida et al., 2010; Williams et al., 2014). The downregulation of PP2A-B55 by Cdk1 

and Gwl induces a secondary positive feedback system. As such, higher levels of 

Cdk1/cyclin B activity are required for mitotic entry compared to the amount required to 

sustain mitosis (Rata et al., 2018) (Figure 1.7B). 
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Figure 1.6. Cdk1 activation is a positive feedback system. 
A) During the G2/M transition Wee1 is downregulated and transported out of 
the nucleus and Cdc25C is translocated into the nucleus. This provides a safe 
harbor for Cdk1/cyclin B activation. B) Cdk1/cyclin B inhibits Wee1 and Myt1 
and activates Cdc25C, which results in a positive feedback system. Stimulatory 
phosphates are shown with green circles whereas inhibitory phosphates are 
shown with red circles. Black lines depict pathways that are upregulated in 
mitosis, whereas red lines depict pathways that are downregulated. 
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Figure 1.7. Cdk1/cyclin B activity is antagonized by PP2A-B55. 
A) Mitotic entry. Cdk1 activation during the G2/M transition requires 
downregulation of Wee1 and Myt1 and upregulation of Cdc25C. This can be 
achieved by kinases such as Cdk1/2/cyclin A and Plk1. Once active, 
Cdk1/cyclin B can further inhibit Wee1 and Myt1 and activate Cdc25C. 
Cdk1/cyclin B activation is reinforced by Gwl. Together, Cdk1/cyclin B and Gwl 
activate ENSA and ARPP19, inhibitors of the PP2A subunit B55. This prevents 
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PP2A-B55 antagonism of Cdk1/cyclin B. B) Bistable switch of mitotic regulation. 
Graph models the amount of Cdk1/cyclin B1 activity relative to the total amount 
of cyclin B needed for mitotic entry and exit. Graph was adapted from (Rata et 
al., 2018). C) Mitotic exit. During the metaphase to anaphase transition, 
Cdk1/cyclin B activity is counteracted by the upregulation of PP2A-B55 and 
Fcp1. First, Fcp1 removes activating phosphates on ARPP19 and ENSA 
promoting PP2A-B55 upregulation. PP2A-B55, in concert with PP1 (not 
shown), dephosphorylates Gwl resulting in its inactivation. PP2A-B55 and 
Fcp1, upregulate Wee1 and Myt1 and downregulate Cdc25C leading to the re-
phosphorylation of Cdk1 on Y15 and T14. Additionally, ubiquitin mediated 
degradation of cyclin B by APC/C, released from the inhibition of the mitotic 
checkpoint complex (MCC), inhibits Cdk1 activity. Black lines indicate 
upregulated pathways and red lines indicate downregulated pathways (B & C). 
Dotted lines indicate indirect regulation whereas solid lines represent direct 
regulation.  

1.3.6 Cdk1 phosphorylation and cyclin B degradation occurs during mitotic exit 

During the metaphase to anaphase transition, Cdk1 activity is downregulated by cyclin B 

degradation. Cyclin B degradation requires polyubiquitination, which is mediated by the 

anaphase promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase (Figure 1.3A & 

Figure 1.7C). Cyclin B contains a degron sequence known as the destruction box (D-box), 

which is recognized by the APC/C adaptor protein, cell division cycle 20 (Cdc20) (Di Fiore 

et al., 2016). Cdk1 promotes Cdc20 loading onto the APC/C complex through the 

phosphorylation of APC/C subunits including Apc1 and Apc3 [also known as cell division 

cycle 27 (Cdc27)] (Fujimitsu et al., 2016). However, prior to anaphase, Cdc20 is bound by 

mitotic arrest-deficient 2 (Mad2) protein, which together with Budding uninhibited by 

benzimidazole 3 (Bub3) and Bub1 related kinase 1 (BubR1) form the mitotic checkpoint 

complex (MCC) (Sudakin et al., 2001). The MCC is a physiological inhibitor of the APC/C 

complex that responds to kinetochore-microtubule attachment and tension and prevents 

anaphase onset until bipolar-chromosome alignment is achieved (discussed in detail in 

section 1.4.1). During the metaphase to anaphase transition the MCC is deactivated and 

the APC/C-Cdc20 complex initiates cyclin B ubiquitination. In parallel, the PP2A-B55 
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pathway is upregulated by a phosphatase known as Fcp1, which dephosphorylates the B55 

inhibitors ENSA and ARPP19 leading to their inactivation (Hegarat et al., 2014). 

Subsequently, PP2A-B55, along with other phosphatases (e.g. PP1) (Rogers et al., 2016), 

removes the activating phosphates from Gwl (Hegarat et al., 2014) and then downregulates 

Cdc25C and upregulates Wee1 and Myt1 (Figure 1.7C). In addition to inhibiting ENSA 

and ARPP19, Fcp1 has also been shown to directly activate Wee1 during mitotic exit by 

removing the inhibitor phosphate on T239 (Visconti et al., 2015; Visconti et al., 2012). 

Wee1 and Myt1 then re-phosphorylate Cdk1 (Harvey et al., 2011; Hegarat et al., 2014; 

Visconti et al., 2015; Visconti et al., 2012). The re-phosphorylation of Cdk1 during mitotic 

exit is suggested to be a failsafe mechanism, which ensure Cdk1 is inhibited in the event 

that cyclin B degradation is retarded (Chow et al., 2011; Jin et al., 1998). 

During telophase Cdk1 phosphorylation is essential for Golgi and endoplasmic 

reticulum re-assembly (Nakajima et al., 2008). A small amount of cyclin B that is not 

initially degraded during anaphase onset, maintains Cdk1 activity and antagonizes Golgi 

and endoplasmic reticulum re-assembly throughout anaphase and telophase (Nakajima et 

al., 2008). However, Myt1 inhibits Cdk1 activity during anaphase and telophase, which 

allows these organelles to reassemble. Given that Myt1 knockdown prevents re-assembly 

of the Golgi and endoplasmic reticulum in HeLa cells expressing Wee1, regulating Golgi 

and endoplasmic reassembly is likely a specialized function of Myt1. 
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1.4 Mitotic checkpoint 

1.4.1 The kinetochore is a platform for microtubule attachments and MCC activation 

Chromosome alignment at the metaphase plate and the subsequent separation of sister 

chromatids in anaphase require forces that are generated by the mitotic spindle. The mitotic 

spindle is a bipolar array of microtubules, which attach to chromosomes via a massive 

protein structure known as the kinetochore. The kinetochore is composed of hundreds of 

proteins that assemble on the centromere, a heterochromatin region that is characterized by 

repetitive DNA sequences (satellite DNA) that are bound by CENP-B, CENP-C and 

dedicated nucleosomes consisting of histone H3 variant CENP-A [reviewed in (Musacchio 

and Desai, 2017)] (Figure 1.8A). CENP-A nucleosomes form a platform for the 

constitutive centromere-associated network (CCAN). The CCAN and CENP-C bridge 

centromere DNA to microtubule binding complexes Knl1, Ndc80, and Mis12, collectively 

known as the KNM network (Figure 1.8B). In the absence of microtubule binding, the 

mitotic checkpoint kinase Monopolar spindle 1 (Mps1) localizes to the kinetochore via 

Ndc80 [reviewed in (Nilsson, 2015)]. Once bound to Ndc80, Mps1 then phosphorylates 

Knl1 at specific Met-Glu-Lue-Thr (MELT) motifs (Figure 1.8A). Phosphorylated Knl1 

acts as a scaffold for a number of essential mitotic checkpoint proteins including Bub3 

kinase and Budding uninhibited by benzimidazole (Bub1) (Ji et al., 2017; Vleugel et al., 

2013). Bub1 in complex with Bub3 recruit Roughdeal, Zeste-white 10 (ZW10) and Zwilch 

(collectively known as the RZZ complex) and RZZ associated proteins (e.g. Spindly) 

[Reviewed in (Zhang et al., 2015b)]. Bub1 and the RZZ complex recruit Mad1-Mad2 

tetramers to unattached kinetochores (Rodriguez-Rodriguez et al., 2018). Once localized 

at the kinetochore, inactive “open” Mad2 is converted to active “closed” Mad2 (Luo and 
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Yu, 2008; Tipton et al., 2013; Tipton et al., 2011), which then binds to Cdc20 along with 

Bub3 and BubR1 to form the MCC. 

1.4.2 Cdk1 modulates the mitotic checkpoint 

The formation of the kinetochore and activity of the mitotic checkpoint is directly and 

indirectly orchestrated by Cdk1/cyclin B [reviewed in (Hayward et al., 2019b)]. The 

interaction between centromeric proteins CENP-A and CENP-C is required for normal 

kinetochore assembly and long-term cell viability. This interaction is in part mediated 

through the phosphorylation of the C-terminal region of CENP-C on T651 by Cdk1 

(Watanabe et al., 2019). A non-phosphorylatable CENP-C mutant (T651A) fails to interact 

with CENP-A or localize to the kinetochore (Watanabe et al., 2019). Cdk1 activity also 

facilitates the interaction between the CCAN and the KNM network. For example, Cdk1 

phosphorylation of the CCAN subunit CENP-T on T11 and T85 mediates binding and 

kinetochore recruitment of Ncd80 (Rago et al., 2015). Mutating the Cdk1 phosphorylation 

sites on CENP-T abrogates Ncd80 binding and kinetochore recruitment resulting in 

chromosome segregation defects (Rago et al., 2015). 

Cdk1/cyclin B modulates the activity of the mitotic checkpoint through the 

phosphorylation of several mitotic checkpoint proteins including Aurora B, Mps1, Bub1, 

BubR1, and Cdc20 [reviewed in (Hayward et al., 2019b)] (Figure 1.8A). Aurora B kinase 

along with inner-centromere protein (INCENP), Survivin, and Borealin form the 

chromosome passenger complex (CPC), which functions in resolving erroneous 

microtubule-kinetochore attachments (discussed in section 1.4.4). Cdk1 phosphorylates all 
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Figure 1.8. The kinetochore bridges centromeric DNA to microtubules. 
A) Centromere DNA is bound by specialized nucleosomes consisting of histone 
H3 variant CENP-A along with DNA binding proteins CENP-B and CENP-C. 
CENP-A nucleosomes form a platform for the constitutive centromere 
associated network, which forms the inner layer of the kinetochore. The CCAN 
and CENP-C then form a platform for the KMN network consisting of Knl1, 
Mis12, and Ndc80 complexes. In the absence of microtubule binding, Ndc80 
provides a binding site for Mps1 kinase. Mps1 and Plk1 (not shown) then 
phosphorylate a series of MELT motifs along Knl1. The resulting 
phosphorylated MELT motifs are required for the binding of additional mitotic 
checkpoint proteins (e.g. Bub1 and Bub3). Bub1 and Bub3 then bind to Knl1, 
which is required for the subsequent binding of the RZZ complex (Roughdeal, 
Zeste-white 10, and Zwilch) and MCC (BubR1, Bub3, C-Mad2, and Cdc20). 
The CPC binds to the inner kinetochore via phosphorylated histone H2A. 
Cdk1/cyclin B phosphorylate several mitotic checkpoint proteins (depicted with 
green circles) promoting their activation and/or kinetochore localization. B) The 
KMN network binds microtubules via the Knl1 and Ndc80 complexes. End-on 
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kinetochore microtubule attachments displace Mps1 from the kinetochore and 
promote dynein/dynactin mediated shedding of mitotic checkpoint proteins RZZ 
and MCC (represented as “cargo”). 

four components of the CPC, which are required for CPC activation, kinetochore 

localization, and/or interaction with other mitotic checkpoint protein [reviewed in 

(Carmena et al., 2012)]. For example, the phosphorylation of human Borealin by 

Cdk1/cyclin B promotes interaction with shugoshin proteins bound to H2B at the 

centromere (Tsukahara et al., 2010). Cdk1 phosphorylation of INCENP inhibits the 

interaction with kinesins responsible for removing the CPC from the centromere during 

anaphase (Hummer and Mayer, 2009). Mps1 is directly and indirectly regulated by Cdk1. 

The phosphorylation of Mps1 on S821 and S281 by Cdk1 is essential for Mps1 activation 

and kinetochore localization, respectively (Diril et al., 2016; Hayward et al., 2019a). 

Additionally, Mps1 localization requires the phosphorylation of Hec1 by Aurora B (Saurin 

et al., 2011). Cdk1 phosphorylation of Bub1 and BubR1 facilitates the kinetochore 

recruitment of Mad1-Mad2 tetramers (Ji et al., 2017) and Plk1 (Elowe et al., 2007), 

respectively. Newly recruited Plk1 enhances Mps1 mitotic checkpoint signalling by 

phosphorylating additional Knl1 MELT motifs (von Schubert et al., 2015). Additionally, 

Plk1 in concert with Cdk1 adds additional phosphates to BubR1 promoting the recruitment 

of PP2A-B56 phosphatase (Huang et al., 2008). PP2A-B56 counteracts mitotic checkpoint 

kinases like Mps1, Plk1, and Aurora B at the kinetochore during mitotic checkpoint 

silencing (e.g. dephosphorylates Knl1 MELT motifs) (Espert et al., 2014). N-terminal 

phosphorylation of Cdc20 by Cdk1 and other kinases enhances Cdc20 binding affinity to 

MCC and reduces Cdc20 affinity to the APC/C complex (Yudkovsky et al., 2000). 
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Together, these examples highlight the fact that Cdk1 activity is essential for mitotic 

checkpoint activity.  

1.4.3 Disruption of microtubule dynamics prolongs MCC activation  

Microtubule dynamics are essential for chromosome congression. Loss of chromosome 

dynamics inhibits bipolar chromosome alignment and disrupts kinetochore-microtubule 

tension, which results in prolonged MCC activation and mitotic arrest. Microtubule 

dynamics can be inhibited by chemicals that either inhibit microtubule polymerization such 

as nocodazole or vinca alkaloids (e.g. vincristine, and vinblastine), or by small molecules 

that inhibit microtubule depolymerization (e.g. paclitaxel and other taxanes) [reviewed in 

(Jordan and Wilson, 2004)]. Both taxanes and vinca alkaloids are used in the clinic for the 

treatment of several different cancers [reviewed in (Mukhtar et al., 2014)]. Cancer cells 

treated with these inhibitors arrest in mitosis and undergo cell death that is at least partially 

mediated by Cdk1 (described in section 1.6.4). 

1.4.4 Aurora B destabilizes kinetochore-microtubule attachments that are not conducive 

for faithful chromosome segregation.  

Kinetochore localization of kinases such as Mps1, Plk1, Cdk1/cyclin, and Aurora B are 

essential for monitoring bipolar kinetochore microtubule tension (DeLuca et al., 2011; 

Dumitru et al., 2017; Elowe et al., 2007; Ji et al., 2015). Microtubule tension is used to 

detect kinetochore-microtubule attachments that are not conducive for faithful 

chromosome segregation. For instance, if microtubules from the same spindle pole attach 

to kinetochores on both sister chromatids (syntelic attachment) then sister chromatids 

would not have the force required to segregate sister chromatids between daughter cells. 

Additionally, if microtubules from opposite spindle poles attach to the same kinetochore 
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(merotelic attachment) chromosome breakage or aneuploidy can occur, which can promote 

genetic disorders like cancer (Barra and Fachinetti, 2018; Gordon et al., 2012).  

 Incorrect kinetochore-microtubule attachments can be destabilized through 

increased phosphorylation of the KMN network as well as the spindle and kinetochore 

associated (Ska) complex, which directly interface with microtubules (Powers et al., 2009; 

Wei et al., 2007; Welburn et al., 2009).  Aurora B in concert with other kinases (e.g. Cdk1 

and Plk1) participate in kinetochore-microtubule destabilization. Aurora B phosphorylates 

Ncd80 subunit Hec1 on several sites, which induce a charge repulsion between Ndc80 and 

the negatively charged C-terminal tail of tubulin weakening microtubule binding (Ciferri 

et al., 2008; DeLuca et al., 2006; DeLuca et al., 2011). Aurora B also phosphorylates the 

Mis12 complex subunit Dsn1, the N-terminal microtubule-binding domain of Knl1 

(Welburn et al., 2010), and the Ska complex subunits Ska1 and Ska3 (Chan et al., 2012), 

which also disrupt kinetochore-microtubule binding. Moreover, Aurora B also 

downregulates the activity of the kinesin 13 mitotic centromere-associated kinesin 

(MCAK), a potent microtubule depolymerizing enzyme that facilitates chromosome 

movement (Lan et al., 2004; Wordeman et al., 2007). Micro-injection of antibodies against 

Aurora B (Kallio et al., 2002), small molecule Aurora B inhibitors (ZM447439 and 

Hesperadin) (Ditchfield et al., 2003; Isokane et al., 2016), and siRNA knockdown of 

Aurora B (Adams et al., 2001; Ditchfield et al., 2003) leads to defective chromosome 

congression. As a result, cells exit mitosis without proper chromosome alignment. 

Following error correction of kinetochore-microtubule attachments, PP1 along with 

targeting subunits Sds22, repo man and PP2A-B56 dephosphorylate Aurora B substrates 

(Wurzenberger et al., 2012), allowing new bipolar attachments to be made. siRNA (or 
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shRNA) knockdown of Sds22, prevents dephosphorylation of Aurora B substrates leading 

to prolonged activation of the mitotic checkpoint, and mitotic arrest (Eiteneuer et al., 2014; 

Posch et al., 2010; Wurzenberger et al., 2012). 

1.4.5 The mitotic checkpoint is downregulated during metaphase 

Following bipolar chromosomal alignment, the mitotic checkpoint is downregulated by at 

least four major mechanisms: displacement of Mps1 from kinetochores following 

microtubule attachment, dephosphorylation of kinetochore proteins, disassembly of the 

MCC complex, and mitotic checkpoint protein shedding from the kinetochore [reviewed 

in (Lewis and Chan, 2017)] (Figure 1.8B & Figure 1.9A-B). Microtubule binding at 

kinetochores displaces the mitotic checkpoint kinase Mps1 from the Ndc80 complex, thus 

downregulating the mitotic checkpoint signal (Hiruma et al., 2015; Ji et al., 2015).  

Following chromosome bi-orientation, PP2A-B56 (recruited by BubR1) (Huang et al., 

2008) and PP1-Repo man/SDS22 (recruited by the Ska and Knl1 complexes) (Liu et al., 

2010; Sivakumar et al., 2016), initiate the removal of phosphates on kineto-chore proteins 

that provide binding motifs for other mitotic checkpoint proteins (e.g. Knl1 MELT motifs) 

(Espert et al., 2014; Sivakumar et al., 2016). Additionally, these phosphatases remove 

activating phosphates on mitotic kinases like Mps1 (London et al., 2012). MCC 

disassembly is mediated through the direct binding of checkpoint silencing proteins 

p31comet (Teichner et al., 2011; Xia et al., 2004) and thyroid hormone receptor 13 

(TRIP13) (Wang et al., 2014a), CCT chaperonin (Kaisari et al., 2017), and CUEDC2 (Gao 

et al., 2011). Mitotic checkpoint proteins shedding is mediated by dynein/dynactin and 

adaptor protein Spindly (Chan et al., 2009; Famulski et al., 2011). During MCC shedding  
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Figure 1.9. Mitotic checkpoint silencing. 
A) During prometaphase, microtubules emanating from spindle poles attach to 
kinetochores. I. Unattached kinetochores or kinetochores lacking a “full” 
complement of MT attachments recruit dynein/dynactin and mitotic checkpoint 
proteins such as RZZ (Roughdeal, ZW10, and Zwilch) and Mad2. Here the 
kinetochore serves as a platform for the assembly of the mitotic checkpoint 
complex (MCC), which is composed of BubR1, Bub3, Mad2, and Cdc20; 
inactive O-Mad2 is converted to active C-Mad2 (see inset circle). II. 
Kinetochores that have achieved bipolar attachment engage dynein/dynactin-
mediated transport of mitotic checkpoint proteins from the kinetochore toward 
the spindle poles (shedding). III. During transport, dynein/dynactin and the 
mitotic checkpoint proteins, which are not stably interacting with MTs, fall off the 
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mitotic spindle. IV. Dynein/dynactin and the mitotic checkpoint proteins are 
recruited back to unattached kinetochores to maintain the active state of the 
mitotic checkpoint. B) During metaphase, kinetochores achieve bipolar spindle 
attachment. V. Bipolar attachment of kinetochores stimulates the disassembly 
of MCC, which is partly facilitated by the binding of p31Comet and TRIP13 to 
Mad2 (see inset circle). VI. The disassembled MCC components as well as 
other mitotic checkpoint proteins undergo dynein/dynactin-mediated shedding 
to spindle poles. VII. Mitotic checkpoint proteins (e.g., Mad2 and the RZZ) and 
components of the APC/C (e.g., Cdc27) accumulate at the spindle poles. VIII. 
Once all kinetochore-microtubule attachments are made, mitotic checkpoint 
silencing occurs, which leads to the activation of the APC/C-Cdc20. The 
APC/C-Cdc20 is first activated at the spindle poles where it ubiquitylates cyclin 
B, but its activity spreads outward to the kinetochores to allow ubiquitylation of 
securin. Color gradient shows the progression of APC/C-Cdc20 activity. Figure 
adapted from (Lewis and Chan, 2017). 

mitotic checkpoint proteins are transported from the kinetochores to the spindle poles thus 

silencing the checkpoint (Howell et al., 2000). 

1.4.6 MCC shedding requires Spindly 

Spindly and dynein/dynactin form an active trimer complex, which initiates MCC shedding 

following kinetochore-microtubule binding. Knockdown of Spindly by siRNA induces a 

metaphase arrest, possibly due to reduced MCC shedding (Holland et al., 2015; Moudgil 

et al., 2015). Furthermore, Spindly knockdown in lung cancer cell lines (NCI-H460 and 

A549) promotes cell death in mitosis and reduces clonogenic cell survival, which is further 

enhanced by low dose paclitaxel treatment (Silva et al., 2017). Kinetochore localization of 

Spindly requires the addition of a farnesyl group to the C-terminus and interaction with the 

RZZ complex. Mutation or deletion of the Spindly farnesyl motif (CPQQ) inhibits 

kinetochore localization and induces a metaphase-like arrest (Holland et al., 2015; Moudgil 

et al., 2015). Inhibition of Spindly farnesylation with farnesyl transferase inhibitors (L-

744-832 or FTI-277) also prevents Spindly localization and induces a metaphase arrest 

(Moudgil et al., 2015).  

1.5 Functional roles for Wee1 and Myt1 beyond Cdk1 regulation. 
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In the past twenty-five to thirty years, few Wee1 and Myt1 substrates have been identified. 

Wee1 phosphorylates both Cdk1 and Cdk2 in vitro, whereas Myt1 only phosphorylates 

Cdk1 (Booher et al., 1997). Low levels of pT14-Cdk2 in complex with cyclin A have been 

observed by 2-D gel electrophoresis in HeLa cells, suggesting that Myt1 can phosphorylate 

Cdk2 (Coulonval et al., 2011). However, the levels of pY15-Cdk2 were much higher than 

pT14-Cdk2 in this study, which is consistent with other studies that have reported Cdk2 is 

abundantly phosphorylated at Y15 but not T14 in human cells (Coulonval et al., 2003). 

Therefore, it remains unclear what role Myt1 plays in the regulation of Cdk2. Recently, 

Myt1 knockdown in colorectal cancer cells was reported to decrease cell migration and 

invasion in colorectal (Jeong et al., 2018) and lung cancer (Sun et al., 2019). Given that 

Cdk1 in complex with mitotic cyclins promotes cell adhesion and negatively correlates 

with metastasis, it is possible that Myt1 functions in other pathways that are independent 

of Cdk1 (Fang et al., 2015; Jones et al., 2018).  

Wee1 phosphorylation of Cdk2 inhibits DNA replication, which ensures proper S-

phase timing (Hughes et al., 2013). Cells expressing a non-phosphorylatable Cdk2 mutant 

(Cdk2 T14A/Y15F) prematurely enter S-phase, rapidly degrade cyclin E, and cause 

replication stress leading to genomic instability (Hughes et al., 2013). In addition to Cdk1 

and Cdk2, Wee1 also phosphorylates histone H2B on Y37 in late S phase (Mahajan et al., 

2012). pY37-H2B is an epigenetic modification that represses transcription of the histone 

gene cluster 1 (Hist1) (Mahajan et al., 2012), a region containing 55 histone genes 

(Marzluff et al., 2002). Following DNA replication, histone synthesis must be 

downregulated to avoid histone overproduction [reviewed in (Marzluff et al., 2008)]. 

Normally, during S phase non-phosphorylated Y37-H2B recruits transcriptional co-
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activators NPAT (Nuclear Protein, Co-Activator of Histone Transcription) and RNA 

polymerase II, which promotes histone transcription. However, pY37-H2B recruits 

transcriptional co-repressor and histone chaperone HIRA, which leads to a significant 

reduction in mRNA transcript levels of core histones (H2A, H2B, H3, and H4) and linker 

histone H1 (Mahajan et al., 2012). Wee1 inhibition or knockdown following S-phase 

abolishes H2B phosphorylation on Y37 during late S and G2 phase, which results in 

abnormally high levels of histones (Mahajan et al., 2012).  

1.6 Aberrant Cdk1 activity 

1.6.1 Disruption of Cdk1 phosphorylation induces ectopic Cdk1 activity  

In mice, monoallelic expression of a non-phosphorylatable Cdk1 mutant T14A/Y15F 

(Cdk1AF) induces uncontrolled mitotic entry and early embryonic lethality (around E3.5) 

and Cdk1AF induction in adult mice induces lethality within 6 days (Duda et al., 2016; 

Szmyd et al., 2019). HeLa and other human cells expressing Cdk1AF also exhibit 

uncontrolled mitotic entry and cell death (Heald et al., 1993).  

Loss of Wee1 and Myt1 abrogates Cdk1 phosphorylation and mimics Cdk1AF 

expression. In mice, homozygous deletion of Wee1 alone disrupts Cdk1 regulation and 

induces early embryonic lethality (Tominaga et al., 2006). Similarly, Drosophila harboring 

homozygous Wee1 mutations derived from maternal mutants also exhibit early embryonic 

lethality (Price et al., 2000), suggesting that Wee1 is essential for development. Whether 

Myt1 deletion also results in embryonic lethality in mice remains unknown; however, 

Drosophila harboring homozygous Myt1 mutations fully develop, albeit with ectopic 



34 

 

mitosis in some organs/tissues (Jin et al., 2008; Jin et al., 2005). These studies suggest that 

Myt1 is not required for embryonic development.  

Wee1 and Myt1 are functionally redundant in some systems. For example, zygotic 

viability in Drosophila does not require the presence of both Wee1 and Myt1 (Ayeni et al., 

2014; Jin et al., 2008; Price et al., 2000). However, homozygous mutations to both kinases 

completely disrupt Cdk1 phosphorylation and results in synthetic lethality (Ayeni et al., 

2014; Jin et al., 2008). The functional redundancy between Wee1 and Myt1 is lost in many 

human cancer cells. For example, Wee1 is essential for Cdk1 regulation in HeLa, U-2 OS, 

and a subset of breast cancer cell lines, and its inhibition or knockdown induces ectopic 

Cdk1 activation overriding DNA damage checkpoints leading to premature mitosis and 

mitotic cell death (Aarts et al., 2012; Chow and Poon, 2013; Coulonval et al., 2011; Hirai 

et al., 2009; Nakajima et al., 2008; Wells et al., 1999). In at least some of these cells (HeLa 

and U-2 OS), siRNA knockdown of Myt1 alone does not affect either mitotic timing or the 

competency of DNA damage checkpoints (Chow and Poon, 2013; Nakajima et al., 2008). 

However, Myt1 is essential for regulating mitotic timing  in a subset of human glioblastoma 

cells in which Wee1 is downregulated (Toledo et al., 2015). In glioblastoma cells, Myt1 

knockout or knockdown results in cell death, which is preceded by a prolonged mitotic 

arrest (Toledo et al., 2015). 

Overexpression of Cdc25 family members also reduces Cdk1 phosphorylation. 

Cdc25B overexpression induces premature mitosis through the activation of Cdk1 

(Karlsson et al., 1999; Timofeev et al., 2010). The mechanism of action of small molecule 

Chk1 and ATR inhibitors is at least partially attributed to the upregulation of the Cdc25 
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family [reviewed in (Qiu et al., 2018)]. Both Chk1 and ATR inhibitors induce ectopic Cdk1 

activity and cell death (Moiseeva et al., 2019b). 

1.6.2 Checkpoint adaptation induces ectopic Cdk1 activity 

In response to extreme DNA damage, cancer cells can downregulate the S and G2 DNA 

damage checkpoints and enter mitosis in a process known as checkpoint adaptation 

(Kubara et al., 2012; Lewis and Golsteyn, 2016; Rezacova et al., 2011; Swift and Golsteyn, 

2016). Initially ATM, ATR, and Chk1 of the DNA damage checkpoint are activated in 

response to genotoxic agents leading to a cell-cycle arrest. However, despite the presence 

of numerous double stranded DNA breaks, Chk1 is eventually downregulated leading to 

Cdk1 activation (Kubara et al., 2012; Rezacova et al., 2011; Swift and Golsteyn, 2016). As 

such, cells arrested in S and G2 phase enter mitosis with under-replicated and/or damaged 

DNA (Kubara et al., 2012). 

 Although the precise mechanism of checkpoint adaptation remains unclear, 

Wee1/Myt1 downregulation and/or Cdc25 upregulation likely contribute to checkpoint 

adaptation. Chk1 negatively regulates the Cdc25 family during checkpoint activation, but 

overexpression of Cdc25 proteins can override the Chk1-mediated arrest through Cdk1 

dephosphorylation (Varmeh and Manfredi, 2008; Xiao et al., 2003). Consistent with this 

data, chemical inhibition of Chk1 enhances checkpoint adaptation through Cdc25 

upregulation (Lewis and Golsteyn, 2016). Loss of Wee1 activity also promotes checkpoint 

adaptation. Chemical inhibition or siRNA knockdown of Wee1 induces mitosis in various 

cancer cell types exposed to ionizing radiation (Bridges et al., 2011; Chow and Poon, 2013; 

Mir et al., 2010; PosthumaDeBoer et al., 2011). Wee1 inhibition also induces mitosis in 

cancer cells treated with camptothecin, gemcitabine, cisplatin, and 5-fluorouracil (Aarts et 
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al., 2012; Hauge et al., 2017; Hirai et al., 2010; Hirai et al., 2009; Zheng et al., 2017). 

Although the role of Myt1 in the DNA damage checkpoint is less clear, siRNA knockdown 

in HeLa cells induces mitosis in some cells exposed to ionizing radiation (Chow and Poon, 

2013). Furthermore, Myt1 knockdown accelerates the rate at which cells enter mitosis 

when combined with Wee1 or Chk1 chemical inhibitors following irradiation (Chow and 

Poon, 2013). These data strongly suggest that checkpoint adaptation requires the down 

regulation of Wee1/Myt1 and the upregulation of Cdc25. 

1.6.3 Ectopic Cdk1 activity in S phase induces chromosome fragmentation 

Mitotic cells that undergo checkpoint adaptation following genotoxic treatment exhibit 

numerous chromosome breaks and high levels of damaged DNA as signalled by the 

phosphorylation of histone variant H2AX on S139 (γH2AX) (Kubara et al., 2012; 

Rezacova et al., 2011; Swift and Golsteyn, 2016). However, even in the absence of pre-

existing DNA damage, ectopic Cdk1 activity during S-phase induces de novo damage 

through several independent mechanisms (Figure 1.10). Cells acquire damaged DNA 

during periods of persistent replication stress and fork collapse [reviewed in (Alexander 

and Orr-Weaver, 2016)]. Ectopic Cdk1 activity induces replication stress and fork collapse 

through the depletion of deoxyribonucleotides (dNTPs) and aberrant replication origin 

firing (Beck et al., 2012; Hauge et al., 2017; Pfister et al., 2015). Cdk1 phosphorylation of 

the ribonucleotide reductase (RNR) subunit RRM2 induces ubiquitin mediated degradation 

during DNA synthesis resulting in a 70% drop in dNTPs (Pfister et al., 2015).  Ectopic 

Cdk1 activity may also trigger aberrant replication firing through increased loading of 

replication initiating factor Cdc45 (Hauge et al., 2017), likely through increased 

phosphorylation of a Cdc45-interacting protein known as Treslin (Sld3 in Saccharomyces  
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Figure 1.10. Ectopic Cdk1 activity in S-phase induces damage to DNA. 
Ectopic Cdk1 activity upregulates the Mus81-Eme1-Slx4-Slx1 endonuclease, 
which cleaves replication forks leading to chromosome fragmentation. Ectopic 
activation of Cdk1 also induces premature chromosome condensation, which 
causes torsional strain to the DNA backbone leading to chromosome breakage. 
Cdk1 upregulates DNA initiating factor Cdc45 (via Treslin phosphorylation) and 
downregulates PP1 activity through the phosphorylation of RIF1 leading to 
aberrant replication origin firing. Cdk1 also downregulates ribonucleotide 
reductase (RNR) subunit RRM2 through phosphorylation. Together this leads 
to increased replication origin firing and deoxyribonucleotide (dNTP) starvation, 
which in turn causes replication stress and damaged DNA. Inhibitory 
phosphates are labelled with red circles, whereas activating phosphates are 
labelled with green circles. Solid lines indicate direct interactions, whereas 
dotted lines indicate indirect interactions.  
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cerevisiae) (Kumagai et al., 2011). Aberrant origin firing is also induced through Cdk1 

phosphorylation of chromatin factor RIF1, a protein that is required for PP1 recruitment 

(Moiseeva et al., 2019a; Moiseeva et al., 2019b). Normally, PP1/RIF1 counteract Cdk2 

activity during S-phase to prevent the firing of dormant replication origins (Yamazaki et 

al., 2012). However, Cdk1 phosphorylation of RIF1 disrupts PP1 binding leading to firing 

of additional origins (Moiseeva et al., 2019b). Moreover, ectopic Cdk1 activation 

upregulates the endonuclease complex Mus81-Eme1-(and/or Eme2)-Slx1-Slx4 during S-

phase, which triggers widespread endonucleolytic digestion of replication forks resulting 

in massive chromosome pulverization (Dominguez-Kelly et al., 2011; Duda et al., 2016; 

Szmyd et al., 2019). Normally, during the G2/M transition Cdk1 activates the Mus81-

Eme1-Slx1-Slx4 complex through hyper-phosphorylation of Slx4 (also known as FANCP) 

(Wyatt et al., 2013), which cleaves any branched structures that resemble replication forks, 

thereby preventing chromosome tangling and promoting faithful segregation. Ectopic 

Cdk1 activity also promotes condensation of under-replicated chromosomes, which causes 

torsional strain to the DNA backbone leading to centromere fragmentation or 

chromothripsis (Beeharry et al., 2013; El Achkar et al., 2005; Holland and Cleveland, 2012; 

Zhang et al., 2015a). Chromosome regions, such as the centromere, which are replicated 

slower due to a low prevalence of replication origins, are more prone to breakage during 

premature condensation or cleavage by Mus81-Eme1-Slx1-Slx4 (Beeharry et al., 2013; 

Madan et al., 1976). As such, chromosome fragmentation may manifest as centromere 

fragmentation (double stranded DNA breaks at the centromere) (Beeharry et al., 2013). 

1.6.4 Chromosome fragmentation and mitotic arrest are indicators of mitotic 

catastrophe 
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Chromosome fragmentation and other types of DNA damage in mitosis are an indicator of 

mitotic catastrophe, a common mode of tumour cell death that occurs during or following 

an aberrant mitosis [reviewed in (Galluzzi et al., 2012; Vakifahmetoglu et al., 2008; Vitale 

et al., 2011)]. Mitotic catastrophe lacks a mechanistic definition, but growing evidence 

suggests that it is at least partially facilitated by cysteine-aspartate proteases known as 

caspases (Galluzzi et al., 2012; Vakifahmetoglu et al., 2008). Caspases are essential for 

apoptosis (programed cell death) and their activation is negatively regulated by anti-

apoptotic proteins known as the B-cell lymphoma family-2 (Bcl-2), a family which 

includes Bcl-2, B-cell lymphoma extra large (Bcl-XL), and myeloid cell leukemia 1 (Mcl-

1). Together, Bcl-2, Bcl-XL, and Mcl-1 inhibit pro-apoptotic proteins Bcl-2 

antagonist/killer (Bak) and Bcl-2 associated X (Bax). In the absence of Bcl-2, Bcl-XL and 

Mcl-1, Bak and Bax aggregate to form channels in the mitochondria resulting in 

cytochrome C release, a molecule that triggers caspase-9 activation [reviewed in (Green 

and Llambi, 2015)] (Figure 1.11). 

Excessive damaged DNA can trigger apoptosis during interphase through 

continuous signalling of the DNA damage checkpoint leading to p53 mediated apoptosis. 

However, during mitosis, DNA damage checkpoint signalling is turned off. This suggests 

that DNA damage checkpoint signalling does not mediate apoptosis in mitotic cells. 

Importantly, mitotic cells with damaged chromosomes are unable to satisfy the mitotic 

checkpoint due to the presence of damaged chromosomes and instead arrest in 

prometaphase (Beeharry et al., 2013; Chang et al., 2007; Mikhailov et al., 2002). However, 

continuous mitotic checkpoint signalling is also not necessary for apoptosis during mitosis.  
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Figure 1.11. Cdk1/cyclin B upregulates caspase activity during a mitotic 
arrest. 
Disruption of chromosomal alignment (e.g. chromosome fragmentation or 
paclitaxel) and/or failure to down regulate Cdk1/cyclin B during the metaphase 
to anaphase transition induces a mitotic arrest. Cdk1 downregulates anti-
apoptotic proteins (Bcl-2, Bcl-XL, Mcl-1, XIAP, cIAP1, and cIAP2) and 
upregulates pro-apoptotic proteins (Bim and Bid) through phosphorylation. This 
leads to the aggregation of Bak and Bax leading to the releases of cytochrome 
C and the subsequent formation of the caspase-9 platform (apoptosome). 
Downregulation of cIAP1 and cIAP2 promote the activation of the caspase-8 
platform (ripoptosome), which leads to the activation of executioner caspases 
such as caspase-3. Black lines indicate pathways that are upregulated, red lines 
indicate pathways that are downregulated, solid lines represent directly 
regulated processes, and dotted lines represent indirect regulated processes. 
Inhibitory phosphates are labelled with red circles, whereas activating 
phosphates are labelled with green circles.  

Mitotic cells that express a non-degradable cyclin B mutant (Clijsters et al., 2014; Jin et 

al., 1998; Potapova et al., 2011), are transfected with siRNA against Cdc20 (Chow et al., 

2011), or treated with MG132 (Chow et al., 2011; Potapova et al., 2011), are able to satisfy 
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the mitotic checkpoint, but arrest in metaphase due to high levels of Cdk1. Importantly, 

cells arrested in metaphase by the outlined mechanism still degrade and/or inhibit anti-

apoptotic proteins (Mcl-1, Bcl-2, and Bcl-XL), resulting in apoptosis (Sloss et al., 2016). 

Likewise, inhibiting Cdk1 re-phosphorylation during metaphase by inhibiting Wee1 or 

knocking down Fcp-1 also delays mitotic exit and promotes Mcl-1 degradation (Chow et 

al., 2011; Potapova et al., 2011; Visconti et al., 2015). 

Several studies have shown that Cdk1 in concert with other kinases phosphorylate 

Bcl-2, Bcl-XL, and Mcl-1 in cells arrested in mitosis by various anti-mitotic agents (siRNA 

knockdown of Cdc20, vinblastine, vincristine, paclitaxel, colchicine, and nocodazole) 

(Eichhorn et al., 2013; Harley et al., 2010; Poruchynsky et al., 1998; Sloss et al., 2016; 

Terrano et al., 2010). Mcl-1 phosphorylation by Cdk1 induces degradation, whereas Blc-2 

and Bcl-XL phosphorylation leads to their inactivation (Eichhorn et al., 2013; Harley et al., 

2010; Poruchynsky et al., 1998; Sloss et al., 2016; Terrano et al., 2010). Cdk1 mediated 

phosphorylation of Mcl-1 is also been observed in HeLa cells arrested in mitosis following 

Wee1 knockdown or inhibition (Visconti et al., 2015). Prolonged mitosis also promotes 

the accumulation of phosphorylated pro-apoptotic proteins such as Bcl-2 interacting 

mediator of cell death (Bim) and BH3 Interacting Domain Death Agonist (Bid). Bim, Bid, 

and other pro-apoptotic protein such as NOXA inhibit anti-apoptotic Bcl-2 proteins and 

help activate Bak and Bax. Knockdown of Bim, Bid, and NOXA reduce cell sensitivity to 

antimitotic agents (Topham et al., 2015). Normally, phosphorylated Bim and Bid are 

inhibited by degradation and dephosphorylation, respectively, during anaphase (Wan et al., 

2014; Wang et al., 2014b). However, cells arrested in mitosis by paclitaxel or nocodazole 

retain high levels of phosphorylated Bim and Bid (Wan et al., 2014; Wang et al., 2014b). 
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In addition to Bcl-2 family members, Cdk1 also phosphorylates X-linked inhibitor of 

apoptosis (XIAP) (Hou et al., 2017). XIAPs bind to activated caspases and inhibit their 

activity [reviewed in (Eckelman et al., 2006)], but Cdk1 phosphorylation of XIAP on S40 

disrupts this binding in cells arrested in mitosis and induces cell death by apoptosis (Hou 

et al., 2017). Likewise, downregulation of cellular inhibitor of apoptosis protein 1 and 2 

(cIAP1 and cIAP2), inhibitors of the caspase-8 platform (Ripoptosome) [reviewed in 

(Eckelman et al., 2006; Feoktistova et al., 2012)], also increase apoptosis in cells arrested 

in mitosis (Jin and Lee, 2006). Together, these studies show that Cdk1 directly regulates 

several apoptotic proteins and suggest that prolonged Cdk1 activity is the main trigger of 

apoptosis in mitosis. 

1.7 Competing networks model determines whether mitotic cell death or mitotic 

slippage occurs  

Prolonged mitotic arrest can result in cell death during mitosis or after mitotic exit 

(Galluzzi et al., 2012; Gascoigne and Taylor, 2008; Gascoigne and Taylor, 2009). Mitotic 

slippage, a process in which cells exit mitosis without completing cell division, can precede 

cell death following treatment with antimitotic agents. However, mitotic slippage is also a 

mechanism of cellular resistance to anti-mitotic agents (Topham et al., 2015). Cell death 

in mitosis is not always dependent on the type or concentration of the anti-mitotic agent 

(Gascoigne and Taylor, 2008; Gascoigne and Taylor, 2009). Inter- and intra-cell line 

variation can result in portions of a cell population dying in both mitosis and interphase 

(following mitotic slippage) even when treated with the same antimitotic agent. Gascoigne 

and Taylor proposed a “competing-networks model” to help explain how and why such 

variations exist (Gascoigne and Taylor, 2008; Gascoigne and Taylor, 2009) (Figure 1.12).  
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Figure 1.12. Cells arrested in mitosis can die in mitosis or interphase. 
Competing-networks model proposed and adapted from Gascoigne and Taylor 
(Gascoigne and Taylor, 2008; Gascoigne and Taylor, 2009). Cells that slowly 
downregulate Cdk1 (blue line) and/or quickly activate apoptotic pathways (red 
line) die in mitosis (left panel), whereas cells that quickly downregulate Cdk1 or 
slowly activate apoptotic pathways exit mitosis and undergo senescence or die 
in interphase (right panel). Mitotic exit and cell death thresholds are indicated in 
dotted lines. 

In this model, if cell death pathways activate faster than inhibitory Cdk1 pathways 

(e.g. cyclin B degradation), then cell death will occur in mitosis. Conversely, if Cdk1 is 

downregulated prior to the activation of cell death pathways, then cells will undergo mitotic 

slippage. HeLa, HT-29 (colorectal cancer), and RKO (colon cancer) cells treated with Eg5  

inhibitor AZ138 slowly degrade cyclin B and frequently die in mitosis (Gascoigne and 

Taylor, 2008). In contrast, DLD-1 (colon cancer) cells treated with AZ138 degrade cyclin 

B more efficiently, and frequently die in interphase rather than mitosis. Topham et al., 

showed breast cancer sensitivity to docetaxel is correlated with high levels of mitotic 

checkpoint proteins (e.g. Mad1, Mad2, Bub1, BubR1, Mps1, Bub3, Aurora B) (Topham et 

al., 2015), which suggest that robust mitotic checkpoint activity is necessary to prevent 

cyclin B degradation and induce mitotic cell death.  
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Pan-caspase inhibitor Boc-D-FMK when used in combination with AZ138 can 

induce mitotic slippage in cells that are prone to mitotic cell death (Gascoigne and Taylor, 

2008; Gascoigne and Taylor, 2009). Similarly, Bcl-XL inhibition by WEHI-539 in the 

presence of paclitaxel induces mitotic cell death in cells that are prone to mitotic slippage 

(Topham et al., 2015). Topham et al. reported that the expression of the transcription 

factors c-Myc and Egr1 may be key determinants of mitotic cell death (Topham et al., 

2015). RKO cells are prone to mitotic cell death when treated with paclitaxel and other 

anti-mitotic agents, but siRNA depletion of either c-Myc or Egr1 reduces mitotic cell death 

in paclitaxel treated cells resulting in mitotic slippage. Interestingly, depletion of either c-

Myc or Egr1 does not reduce the duration of the mitotic arrest but does affect 

transcriptional levels of apoptotic regulators. siRNA knockdown of c-Myc reduces the 

transcription of pro-apoptotic proteins (Bim, Bid, and NOXA) and increases the 

transcription of anti-apoptotic proteins (XIAP, Bcl-XL, and cFlip), which suggest that c-

Myc and Egr1 are upstream modulators of mitotic cell death pathways (Topham et al., 

2015). Likewise, c-Myc overexpression reduces Bcl-XL levels and increases Noxa levels, 

which promotes mitotic cell death in the presence of different antimitotic agents (paclitaxel, 

nocodazole, GSK923295 (CENP-E inhibitor), BI2536 (Plk1 inhibitor) and AZ138 (Eg5 

inhibitor)) (Littler et al., 2019). Finally, breast tumours with high c-Myc expression exhibit 

higher sensitivity to docetaxel (Topham et al., 2015). Collectively, these data argue that 

robust apoptotic signalling during mitotic arrest induces mitotic cell death.   
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1.8 Cell death following mitotic slippage is dependent on the DNA damage response 

Apoptotic cell death or senescence are common outcomes of mitotic slippage [Reviewed 

in (Galluzzi et al., 2012)]. Additionally, cells may re-enter mitosis in an attempt to 

complete cell division or continue onto DNA replication resulting in increased cell ploidy 

(Colin et al., 2015; Lambrus et al., 2016). The fate of cells that undergo mitotic slippage is 

dependent on factors such as the amount of DNA damage (Hain et al., 2016; Orth et al., 

2012), length of the mitotic arrest (Colin et al., 2015; Lambrus et al., 2016; Uetake and 

Sluder, 2010), robustness of cell death pathways (Topham et al., 2015), and/or status of 

tumour suppressors (e.g. p53) (Colin et al., 2015; Lambrus et al., 2016; Orth et al., 2012). 

Damaged DNA is not repaired during mitosis and can result in a strong DNA 

damage response following mitotic slippage [reviewed in (Giunta and Jackson, 2011)]. 

Antimitotic agents that delay mitotic exit induce de novo DNA damage through the 

activation of caspase-activated DNase (CAD) (Colin et al., 2015; Orth et al., 2012) and 

telomere de-protection (Hain et al., 2016; Hayashi et al., 2012; Hayashi and Karlseder, 

2013). Normally, CAD activity is inhibited through the binding of inhibitor of CAD 

(ICAD). However, mitotic arrest can induce partial activation of caspase-3, -7, and -9, 

which does not induce full blown apoptosis (also known as sublethal apoptosis), resulting 

in ICAD cleavage (Hain et al., 2016; Orth et al., 2012). Orth et al. reported that activated 

CAD can lead to hundreds of double-stranded DNA nicks in mitotically arrested cells (Orth 

et al., 2012). Inhibiting caspase activity with the pan-caspase inhibitor Z-VAD-FMK, 

reduces both CAD activity and damaged DNA (Colin et al., 2015; Orth et al., 2012). 

Caspase activation can also lead to the cleavage of shelterin complex protein telomeric 

repeat-binding factor 2 (TRF2) during mitotic arrest (Hain et al., 2016). As such, telomere 
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DNA is particularly vulnerable to CAD cleavage (Hain et al., 2016). Importantly, longer 

mitotic arrest cause cells to accumulate more damaged DNA (Colin et al., 2015), which in 

turn results in a greater probability of cell death following slippage. Longer mitotic arrests 

are also more likely to induce senescence or apoptotic cell death in cells with functional 

p53 (Colin et al., 2015; Lambrus et al., 2016; Orth et al., 2012). Therefore, longer mitotic 

arrest is more detrimental to cancer cell survival and proliferation even if mitotic cell death 

is avoided. 

1.9 Wee1 inhibitor Adavosertib (also known as MK-1775 and AZD1775) 

Wee1 is reported to be overexpressed in triple negative breast cancer (Iorns et al., 2009; 

Murrow et al., 2010), glioblastomas (Mir et al., 2010; Wuchty et al., 2011), malignant 

melanomas (Magnussen et al., 2012), malignant squamous cell carcinomas (Magnussen et 

al., 2013) and osteosarcomas (PosthumaDeBoer et al., 2011). 

Next to surgery, radiation and other DNA damaging therapies are the most common 

treatments for these cancers [Reviewed in (Baskar et al., 2012)]. The purpose of these 

treatments is to induce lethal amounts of DNA damage in cancer cells. However, Wee1 

overexpression can promote cell survival by reinforcing the DNA damage checkpoints and 

preventing mitotic catastrophe (Mir et al., 2010). Furthermore, Wee1 overexpression can 

lead to repression of histone synthesis via the phosphorylation of histone H2B on Y37 

(Mahajan et al., 2012), which can lead to inefficient DNA packaging making DNA more 

accessible to the DNA damage repair machinery [reviewed in (Mahajan and Mahajan, 

2013)]. As such, increased Wee1 levels may promote resistance to DNA damaging agents 

independent of CDK regulation. As a means of enhancing cancer cell sensitivity to DNA 
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damaging therapies, the small molecule Wee1 inhibitor, Adavosertib (also known as 

AZD1775 and MK-1775) was developed (Hirai et al., 2009).  

Currently, Adavosertib is being tested in the clinic against various cancers including 

triple negative metastatic breast cancer, glioblastoma, small cell lung cancer, prostate, 

ovarian, cervical, and colorectal cancers (ClinicalTrial.gov). These clinical trials are 

examining Adavosertib alone (Bauer et al., 2016; Do et al., 2015; Leijen et al., 2016; Sanai 

et al., 2018) and in combination with genotoxic therapies such as cisplatin and gemcitabine 

(Leijen et al., 2016; Mendez et al., 2018).  

Wee1 inhibition by Adavosertib has been shown to enhance DNA damage induced 

by ionizing radiation and genotoxin chemicals such as 5-fluorouracil, cisplatin, 

camptothecin, and gemcitabine in vitro and in vivo (Aarts et al., 2012; Hauge et al., 2017; 

Hirai et al., 2010; Zheng et al., 2017) . DNA damaging agents that specifically interfere 

with DNA synthesis and arrest cells in S-phase exhibit high synergy with Adavosertib 

(Aarts et al., 2012; Hauge et al., 2017). Cotreating CAL120 (breast cancer) cells with 

Adavosertib and gemcitabine, a molecule that disrupts S-phase, forces cells into mitosis 

resulting in chromosome fragmentation. Cotreatment with Adavosertib and gemcitabine 

also reduces tumour volume five-fold in pancreatic cancer xenografts derived from patient 

tumours (Rajeshkumar et al., 2011). 

As a single agent, Adavosertib induces replication stress through the upregulation of 

Cdk1 and Cdk2, which leads to aberrant origin firing, depletion of dNTPs, and increased 

endonucleolytic cleavage by the Mus81/Eme1/Slx1/Slx4 complex (Hauge et al., 2017; 

Pfister et al., 2015) (section 1.6.3). Furthermore, Adavosertib forces HeLa and a subset of 

breast cancer cells that are arrested in S phase into mitosis with under replicated DNA 

https://clinicaltrials.gov/ct2/results?cond=&term=AZD1775&cntry=&state=&city=&dist=
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(Aarts et al., 2012; Dominguez-Kelly et al., 2011; Duda et al., 2016). Premature mitosis 

coincides with high levels of DNA damage and mitotic arrest (Aarts et al., 2012; 

Dominguez-Kelly et al., 2011; Duda et al., 2016). Nevertheless, some tumours do not 

respond to Adavosertib in the clinic (Do et al., 2015; Van Linden et al., 2013); and the 

mechanisms underpinning clinical resistance are unknown. As such, researchers are 

focussed on identifying specific vulnerabilities, which can increase Wee1 sensitivity in 

cancer cells. 

1.9.1 High levels of mitotic cyclins enhance Adavosertib induced mitotic cell death 

Both cyclin A and cyclin B play essential roles in promoting and maintaining mitosis (Fung 

et al., 2007; Li et al., 2010). Cyclin A in complex with Cdk1 and Cdk2 is required for the 

initial inactivation of Wee1/Myt1 and activation of Cdc25 during the G2/M transition 

(Fung et al., 2007; Li et al., 2010), a key step that promotes Cdk1/cyclin B activation. 

Consistent with the role of cyclin A in Cdk1/cyclin B activation, a RNAi screen in 

pancreatic cancer cells showed that depletion of cyclin A reduced the amount of cell death 

induced by Adavosertib (Chang et al., 2016). Likewise, high levels of cyclin B are required 

for mitosis (Fung et al., 2007) and are strongly correlated with increased Adavosertib 

sensitivity in breast cancer cells (Aarts et al., 2012). These data suggest that tumours with 

high levels of mitotic cyclins will be more sensitive to Adavosertib treatment. 

1.9.2 Adavosertib enhances cell death in a subset of p53 deficient cancer cells 

The first paper to identify Adavosertib as a Wee1 inhibitor reported that Wee1 inhibition 

selectively killed p53 deficient cancer cells (Hirai et al., 2009). p53 knockdown in the 

presence of Adavosertib increases the mitotic index and amount of cell death observed in 
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breast and ovarian cancer cells compared to scrambled control (Aarts et al., 2012; Hirai et 

al., 2009). Additionally, p53 mutations strongly correlate with non-small lung cancer 

sensitivity to Adavosertib (Ku et al., 2017). In vivo, p53-deficient pancreatic cancers in 

mouse xenografts display high sensitivity to Adavosertib and gemcitabine relative to 

cancers with wild-type p53 (Rajeshkumar et al., 2011).  

It should be noted that in at least some cancers, p53 status is not correlated with 

Adavosertib sensitivity. For instance, p53 functional status does not correlate with acute 

myelogenous leukemia cell sensitivity to combination treatments with Adavosertib and 

cytarabine (Van Linden et al., 2013). Additionally, a recent phase I clinical trial reported 

that p53 mutational status did not correlate with solid tumour response to Adavosertib (Do 

et al., 2015). However, it should be noted that most of these studies do not specifically 

address how the p53 mutations in each of the cancer affects the many transcriptional targets 

of p53. Part of the Adavosertib selectivity in p53 deficient cells has been attributed to 

reduced expression of the CDK inhibitor p21 (Aarts et al., 2012). p21 knockdown mimics 

p53 knockdown and enhances Adavosertib efficacy (Aarts et al., 2012). Furthermore, high 

p21 expression in cancer cells is associated with Adavosertib resistance (Aarts et al., 2012; 

Hauge et al., 2019). Therefore, enhanced Adavosertib sensitivity in p53-mutant tumours 

may only be enhanced if p21 transcription is impaired. 

1.9.3 Adavosertib synergizes with Chk1 downregulation  

A functional genetic screen in WiDr (colorectal cancer cells) with Adavosertib identified 

that cells depleted of Chk1 were highly sensitive to Wee1 inhibition (Aarts et al., 2015). In 

this same study, siRNA knockdown of Chk1 in the presence of 300 nM Adavosertib, 

reduced metabolic activity by up to 60% and increased the number of mitotic cells with 
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damaged DNA by 10% in a subset of breast cancer cell lines (MCF7, SK-BR-3, SUM44, 

and CAL120). Consistent with this study, two Chk1 inhibitors (AZD7762 and LY2603618) 

were identified in a drug screen for compounds that cause increased DNA damage in S-

phase when combined with Adavosertib in Reh leukemia cells (Hauge et al., 2017). 

Combination treatments with Adavosertib and either AZD7762 or LY2603618 elicited a 

synergistic effect in inducing replication stress and premature mitosis in U-2 OS cells. 

Adavosertib and AZD7762 also enhance premature mitotic entry and DNA damage in a 

subset of breast cancer cell lines (Aarts et al., 2012).  

Both de novo and acquired resistance to Adavosertib have been linked to the 

upregulation of phospho-activated Chk1. An analysis of a panel of small cell lung cancer 

(SCLC) cells showed that cells exhibiting intrinsic or acquired Adavosertib resistance had 

upregulated receptor tyrosine kinases AXL and MET (Sen et al., 2017). AXL and MET 

upregulation correlated with increased Akt/mTOR and ERK/p90RSK signalling as 

determined by increased phospho-activation of Akt (pS73), S6 (pS240, pS244, pS235 and 

pS236), pERK1/2 (pT202/204), and p90RSK (pT359 and pS363) (Sen et al., 2017). Chk1 

is a downstream effector of both pathways. Increased p90RSK activation and mTOR 

signalling can facilitate nuclear accumulation of Chk1 through phosphorylation on S280 

(Li et al., 2012; Sen et al., 2017). Nuclear accumulation and activation of Chk1 is further 

induced by S317 and S345 phosphorylation by ATM and ATR (Liu et al., 2000; Zhao and 

Piwnica-Worms, 2001) and autophosphorylation on S296 (Kasahara et al., 2010). Reverse-

phase protein assay revealed significantly higher levels of nuclear Chk1 that was 

phosphorylated on these three sites as well as higher levels of phospho-activated ATR 

(pS428) in Adavosertib resistant cells relative to sensitive cells (Sen et al., 2017). In 
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addition to Chk1 inhibitors, Adavosertib co-treatment with either mTORC1 inhibitor 

(RAD001) or AXL inhibitor (TP0903) significantly reduces phosphorylated Chk1 levels 

and overcomes resistance to Wee1 inhibition in vitro and in vivo (Sen et al., 2017). 

1.9.4 Adavosertib selectively targets cancer cells with deficient Fanconi anemia and 

homologous recombination pathways 

A functional genetic screen with Adavosertib identified four Fanconi anemia (FA) genes 

and six homologous recombination genes, which when knocked down, selectively killed 

Wee1 inhibited cells (Aarts et al., 2015). The major function of the FA pathway is to 

remove barriers such as DNA intra-strand crosslinks, which interfere with DNA replication 

and gene transcription. As such, the FA pathway assist in both DNA replication and DNA 

repair. Two of the top gene hits included Fanconi anemia M (FANCM) and the helicase 

Fanconi anemia J (FANCJ) [also known as BRCA1 interacting protein C-terminal helicase 

1 (BRIP1)]. FANCM is an essential core component of the FA complex, which is activated 

in response to damaged DNA induced by replication stress [reviewed in (Nalepa and Clapp, 

2018; Wang et al., 2018)]. Formation of the FA complex leads to the activation of several 

downstream FA proteins that are essential for homologous recombination such as BRIP1 

[reviewed in (Nalepa and Clapp, 2018)]. siRNA knockdown of FANCM and BRIP1 in the 

presence of Adavosertib resulted in an increased percentage of mitotic cells with pan 

nuclear staining of histone γH2AX (Aarts et al., 2015). Breast cancer 1 (BRCA1), Breast 

cancer 2 (BCRA2), and Partner and Localizer of BRCA2 (PALB2) proteins involved in 

homologous recombination, were also identified as gene hits, but were not validated as 

synthetic lethal partners of Wee1 (Aarts et al., 2015). BCRA1, BRCA2, and PALB2 

mutations are commonly observed in triple negative breast and ovarian cancers (Van 
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Cutsem et al., 2004), which may allow Adavosertib to selectively kill tumour cells carrying 

these mutations. In support of this idea, a recently published phase I clinical trial reported 

that patient tumours with BCRA1 mutations exhibit a strong response to Adavosertib 

treatment (Do et al., 2015). Whether tumours carrying BCRA2 or PALB2 mutations will 

respond to Adavosertib remains unclear. 

1.9.5 Adavosertib synergizes with microtubule inhibitors 

Low dose paclitaxel inhibits microtubule depolymerization, which disrupts microtubule 

dynamics leading to prolonged activation of the MCC and delayed mitotic exit (Jordan et 

al., 1993). Wee1 inhibition by Adavosertib enhances the mitotic arrest induced by 

paclitaxel in HeLa cells (Visconti et al., 2015). HeLa and leukemia cell lines (MOLT-4 and 

TOM-1) that are cotreated with paclitaxel are more prone to apoptosis as assayed by 

Annexin-V staining and caspase 3 cleavage (Visconti et al., 2015). Consistent with this 

finding, co-treatment with Adavosertib and vincristine, which inhibits microtubule 

polymerization, decreases trypan-blue exclusion (cell viability assay) in patient derived 

leukemia cells compared to either inhibitor alone (Visconti et al., 2015). Prolonging mitotic 

arrest or delaying mitotic exit highlights a previously unexplored vulnerability that may 

enhance cell sensitivity to Adavosertib and may also help identify crucial mitotic proteins 

that when dysregulated, may alter cell sensitivity to Wee1 inhibition. For instance, a 

previous study showed that overexpression of Fcp1 reduced the duration of mitotic arrest 

and decreased the percentage of cells that undergo apoptosis in the presence of paclitaxel 

(Visconti et al., 2012), but it remains unclear if Fcp1 expression would affect cell 

sensitivity to Adavosertib.  
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1.10 Breast cancer 

Breast cancer is the most diagnosed cancer and accounts for the second highest cancer-

related deaths among women in North America and Europe [reviewed in (Ferlay et al., 

2015; Senkus et al., 2015)]. As mentioned in section 1.9 Wee1 is overexpressed in breast 

cancers (Iorns et al., 2009; Murrow et al., 2010). Thus, we selected breast cancer as a model 

system to study the effects of Adavosertib. 

Breast cancer can be classified into different subtypes based on the status of three cell-

surface receptors: estrogen hormone receptor (ER), progesterone hormone receptor (PR), 

and human epidermal growth factor receptor 2 (HER2) (Dai et al., 2015). Based on these 

receptors, breast cancers are categorized as being luminal A, luminal B, Her2 positive (non-

luminal), or basal-like (also known as triple-negative) [reviewed in (Dai et al., 2015; 

Senkus et al., 2015)] (Table 1.1). Luminal A cancers are characterized by expressing ER 

and PR, but not Her2. These cancers are typically lower grade, well differentiated, less 

aggressive, and have a good prognosis (Sorlie et al., 2003). Luminal B cancers express ER, 

but little to no PR. These cancers have an intermediate prognosis and usually exhibit a 

higher tumour grade than luminal A (Cheang et al., 2009; Sorlie et al., 2003).  Luminal B 

cancers that express Her2 have a worse prognosis relative to those that do not (Cheang et 

al., 2009).  After the tumour is surgically removed, selective therapies can be used to target 

ER and PR in the luminal cancers including aromatase inhibitors and gonadotropin 

releasing hormone agonists, which downregulate estrogen and progesterone synthesis 

[reviewed in (Senkus et al., 2015)]. Additionally, estrogen-ER binding can be inhibited by 

Tamoxifen (also known as Nolvadex). Tamoxifen is a prodrug that once activated binds to 

ER with high affinity. Tamoxifen prevents ER from interacting with transcriptional co- 
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Table 1.1. Breast cancer subtypes 
¥ all listed therapies include surgery  
* Prognosis is worse if Her2 is overexpressed 
** Therapy may also be included Trastuzumab if Her2 is overexpressed 
*** Chemotherapy and radiation may also be necessary for high grade tumours 

Molecular 

subtype 

Luminal A Luminal B Her2+ Triple negative 

Prevalence  40% 20% 10-15% 15-20% 

Prognosis Good Good* Intermediate Poor 

Therapy¥ Endocrine Endocrine** Trastuzumab*** Chemotherapy 

and radiation 

  

activators leading to the recruitment of repressor proteins, thus inhibiting ER response 

genes (Teft et al., 2011). Her2-positive cancers are characterized by the overexpression of 

Her2 and the absence of ER and PR. These cancers are associated with increased metastasis 

in comparison to luminal cancers and have a poor clinical outcome (Sorlie et al., 2003). 

Some Her2-positive cancers can be successfully treated with a combination of 

chemotherapy and trastuzumab (also known as Herceptin), a monoclonal antibody that 

prevents Her2 activation through dimerization. Finally, basal-like cancers are characterized 

by the absence of PR, ER, and Her2. These cancers are associated with a high tumour 

grade, frequent metastasis, and poor clinical outcome (Sorlie et al., 2003; Tseng et al., 

2013). Unlike luminal or Her2-positive cancers, there are currently no selective therapies 

like Tamoxifen or Herceptin that target basal-like cancers. Basal-like cancers are treated 

with surgery, radiation and chemotherapies such as taxanes, cyclophosphamide, 

methotrexate, and fluorouracil [reviewed in (Senkus et al., 2015)]. 

The benefit of studying Adavosertib in breast cancer cells (including the basal-like 

subtype) is that data obtained from our study may have clinical implications. For instance, 

in this study we identified Myt1 as a driver of Adavosertib resistance in breast cancer cells. 
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Furthermore, we determined high Myt1 expression in breast cancer is associated with a 

poor clinical outcome. As such, detecting of high Myt1 expression in breast tumours may 

help identify aggressive and hard to treat tumours. In this study we confirmed that 

antimitotic agents such as paclitaxel enhance Adavosertib induced breast cancer killing 

regardless of Myt1 expression, which may help in the treatment of drug resistant tumours. 
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2 Chapter 2. Prolonged mitotic arrest induced by Wee1 inhibition 

sensitizes breast cancer cells to paclitaxel  

2.1 Abstract  

Wee1 kinase is a crucial negative regulator of Cdk1/cyclin B1 activity and is required for 

normal entry into and exit from mitosis. Wee1 activity can be chemically inhibited by the 

small molecule MK-1775, which is currently being tested in phase I/II clinical trials in 

combination with other anti-cancer drugs. MK-1775 promotes cancer cells to bypass the 

cell-cycle checkpoints and prematurely enter mitosis. In our study, we show premature 

mitotic cells that arise from MK-1775 treatment exhibited centromere fragmentation, a 

morphological feature of mitotic catastrophe that is characterized by centromeres and 

kinetochore proteins that co-cluster away from the condensed chromosomes. In addition to 

stimulating early mitotic entry, MK-1775 treatment also delayed mitotic exit. Specifically, 

cells treated with MK-1775 following release from G1/S or prometaphase arrested in 

mitosis. MK-1775 induced arrest occurred at metaphase and thus, cells required 12 times 

longer to transition into anaphase compared to controls. Consistent with an arrest in 

mitosis, MK-1775 treated prometaphase cells maintained high cyclin B1 and low phospho-

tyrosine 15 Cdk1. Importantly, MK-1775 induced mitotic arrest resulted in cell death 

regardless of the cell-cycle phase prior to treatment suggesting that Wee1 inhibitors are 

also anti-mitotic agents. We found that paclitaxel enhances MK-1775 mediated cell killing. 

HeLa and different breast cancer cell lines (T-47D, MCF7 and MDA-MB-231) treated with 

low dose MK-1775 showed increased sensitivity to paclitaxel with T-47D and MDA-MB-
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231 showing the highest sensitivity to the co-treatments. Our data highlight a new potential 

strategy for enhancing MK-1775 mediated cell killing in breast cancer cells. 

2.2 Introduction 

Cyclin dependent kinase (Cdk)-1/cyclin B1 is the key complex, that when active, initiates 

mitosis with subsequent inactivation triggering mitotic exit [reviewed in (Malumbres and 

Barbacid, 2009)]. Cdk1 activity is tightly regulated in interphase by Wee1 and Myt1 

kinases, which add inhibitory phosphates to Cdk1 on threonine 14 and tyrosine 15 thus 

preventing premature mitosis (Jin et al., 2008; Liu et al., 1997; Mueller et al., 1995; Russell 

and Nurse, 1987; Watanabe et al., 1995). In this way, Wee1 and Myt1 kinases maintain 

competent G1/S, intra-S and G2/M checkpoints that ensure cells have completed DNA 

synthesis as well as repaired any damaged DNA is prior to mitosis (Chow and Poon, 2013). 

When mitosis begins, the inhibitory phosphates on Cdk1 are removed by Cdc25 

phosphatases (Timofeev et al., 2010) and Wee1 and Myt1 are subsequently inactivated 

(and degraded) (Watanabe et al., 2004). However, a small amount of inactive Wee1 

remains throughout mitosis (Chow et al., 2011; Vassilopoulos et al., 2014; Visconti et al., 

2015; Visconti et al., 2012). At the end of mitosis, mitotic exit is characterized by the re-

phosphorylation and inhibition of Cdk1 and degradation of cyclin B1 (Chow et al., 2011). 

In the absence of Wee1 activity, mitotic cells maintain high levels of cyclin B1 and low 

levels of phosphorylated tyrosine 15-Cdk1 (Chow et al., 2011; Jin et al., 1998; Visconti et 

al., 2015).   

Wee1 is reported to be overexpressed in several cancers including breast (De Witt 

Hamer et al., 2011; Iorns et al., 2009; Matheson et al., 2016a; Murrow et al., 2010). High 
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Wee1 activity helps reinforce the DNA damage checkpoint and facilitates DNA repair, 

which in turn allows cancer cells to resist genotoxic therapies (Magnussen et al., 2012). 

Thus, Wee1 has become a target of therapeutic interest. Wee1 activity can be chemically 

inhibited by the small molecule inhibitor MK-1775 (Hirai et al., 2009), which is 

undergoing phase I/II clinical trials in combination with several different genotoxic 

therapies including cisplatin and radiation (clinicaltrials.gov). The rationale of these 

clinical trials is largely supported by human cell line studies, including recent publications, 

which report that MK-1775 sensitizes cancers of the brain (Matheson et al., 2016b) and 

head and neck (Osman et al., 2015) to the genotoxic drug cisplatin as well as pancreatic 

cancer cells to gemcitabine (Kausar et al., 2015).  

The mechanism of MK-1775-mediated cell death in breast and other cancers has been 

largely attributed to either premature mitosis or entry into mitosis with damaged DNA 

following exposure to genotoxic agents (Aarts et al., 2012; Matheson et al., 2016b). These 

treatment strategies induce chromosome defects that are incompatible with viable mitosis. 

MK-1775 treatment is shown to force HeLa and breast cancer cells into mitosis that were 

previously arrested in G1/S by treatment with thymidine, gemcitabine, or hydroxyurea 

(Aarts et al., 2012). While in mitosis these cells display defects including chromosome 

pulverization and abnormal microtubule organization. A similar morphology has been 

described in Chinese hamster ovarian (CHO) cells (Brinkley et al., 1988) and pancreatic 

cancer cells (Beeharry et al., 2013) that underwent mitosis with under-replicated genomes 

(MUG), a morphological marker of mitotic catastrophe. Mitotic catastrophe is a major 

mode of cell death in tumours following genotoxic treatment, however, its molecular 

mechanism is poorly defined (Galluzzi et al., 2012). In the MUG studies, cells were first 
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treated with etoposide, gemcitabine, or thymidine to induce an S phase arrest and then 

treated with either caffeine (ATM/ATR inhibitor) or UCN-01 (Chk1/2 inhibitor) to bypass 

the S and G2/M checkpoints and force cells into mitosis (Beeharry et al., 2013). The 

resulting mitotic cells exhibited centromere fragmentation due to torsional strain caused by 

incomplete centromeric DNA replication leading to abnormal DNA condensation resulting 

in a prolonged mitotic arrest (Beeharry et al., 2013; Brinkley et al., 1988). In our study, we 

will refer to the MUG morphology as centromere fragmentation. Whether inhibiting Wee1 

with MK-1775 also induces centromere fragmentation has yet to be confirmed but 

elucidating the role of Wee1 in this process is important in terms of understanding the 

molecular pathways leading to mitotic catastrophe. These observations explain in part the 

synergistic activity of MK-1775 with genotoxic agents in the clinic.   

In addition to enhancing the efficacy of genotoxic therapeutics, there is also 

evidence that MK-1775 can be used as a mono-treatment, particularly in cells that lack p53 

(Aarts et al., 2012; Hirai et al., 2009). This observation implies that inhibiting Wee1-

mediated mitotic exit may on its own promote cell death, although the steps are not clear. 

In addition to inducing cell death in G1/S synchronized cells, MK-1775 also prolongs 

mitosis in cells with fully replicated chromosomes that are released from prometaphase as 

marked by high cyclin B1 levels and a mitotic specific phosphorylation on serine 10 of 

histone H3 (Visconti et al., 2015). Prolonging mitosis with anti-mitotic drugs such as 

nocodazole, paclitaxel, and the Eg5 kinesin inhibitor AZ-138 have been previously shown 

to induce cell death (Gascoigne and Taylor, 2008). To our knowledge no study has 

determined the cell fate of a mitotic arrest induced by the loss of Wee1. We believe that 

MK-1775 disrupts the cell cycle and induces cell death by two different mechanisms, both 
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of which cause a mitotic arrest: 1) premature mitosis in cells with under replicated DNA 

and 2) unregulated Cdk1 activity in prometaphase cells. We hypothesize that the key to the 

MK-1775 induced cell death in both cases is dependent on a prolonged mitotic arrest. We 

predict that the addition of other clinical agents that also induce a mitotic arrest, such as 

the microtubule poison paclitaxel, will enhance the induction of Wee1 mediated cell death.  

MK-1775 was recently shown to enhance the efficacy of paclitaxel in HeLa cells and 

another microtubule poison vincristine, in leukemia cells (Visconti et al., 2015). 

Importantly, paclitaxel and its derivatives are a first line treatment against breast cancer 

[Reviewed in(Crown et al., 2004)]. However, no preclinical or clinical trials have 

specifically explored the effects of MK-1775 and paclitaxel in solid tumours affecting the 

breast. Here we will show that breast cancer cell lines (T-47D, MDA-MB-231, and MCF7) 

undergo a prolonged mitotic arrest in response to MK-1775 treatment. We also show that 

MK-1775 can sensitize breast cancer cells to paclitaxel treatment. Therefore, our data 

provide a strong rationale to explore the potential benefits of combining MK-1775 and 

paclitaxel in future clinical studies on breast cancer. 

2.3 Methods 

2.3.1 Cell culture and synchronization 

HeLa, U2-OS, MDA-MB-468, and MDA-MD-231 cells were grown as a monolayer in 

high-glucose DMEM supplemented with 2 mM L-glutamine and 10% (vol/vol) FBS. T-

47D cells were grown in RPMI1640 supplemented with 2 mM L-glutamine, 10% (vol/vol) 

FBS, 0.01 mg/ml insulin, and 1 mM sodium pyruvate. MCF7 cells were grown in high-

glucose DMEM supplemented with 2 mM L-glutamine, 10% (vol/vol) FBS, and 0.01 
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mg/ml insulin. MCF 10A cells were grown in MEBM supplemented with SingleQuots 

(Lonza; CC-3150) (0.5 mL of gentamicin sulfate amphotericin B, 2 mL of bovine pituitary 

extract, 0.5 mL hydrocortisone, 0.5 mL epidermal growth factor (rHEGF), and 0.5 mL 

insulin). All cell lines were cultured in a humidified incubator at 37°C with 5% CO2. 

2.3.2 Small molecule inhibitors 

All small molecule inhibitors were stored as 10 mM stock solutions in DMSO at -20◦C. 

Where applicable, cells were treated with 1 µM (unless otherwise indicated) MK-1775 

(Chemie Tek; 955365-80-7), 1 M UNC-01 (Sigma-Aldrich; 112953-11-4), 10 M CR8 

(Sigma-Aldrich; C3249-5MG), 2 µM AZ3146 (Selleckchem; s2731), 2.5-10 nM paclitaxel 

(Sigma; T7191). 

2.3.3 Cell synchronization 

Cells were synchronized in G1/S phase by double thymidine block as previously described 

(Moudgil et al., 2015) (Moudgil et al., 2015). Cells were treated with 2 mM thymidine for 

16 h with an 8 h release interval between thymidine treatments. Cell synchronization in 

prometaphase was performed 8 h post release from thymidine treatment by the addition of 

200 ng/mL of nocodazole (Cell Signalling; 2190S) for 4 h. Cell synchronization described 

in Figure 2.8, Figure 2.9, and Figure 2.10 (measuring NEBD to anaphase), cells were 

released from 2nd thymidine block for 9 h and then subjected to indicated treatments. Cell 

synchronization in metaphase was achieved using 25 µM MG-132 (Sigma-Aldrich; 

M7449). 

2.3.4 RNAi 
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 siRNA for Wee1 (5’-CAUCUCGACUUAUUGGAAAtt-3’), Myt1 (5’-

GGACAGCAGCGGAUGUGUUtt-3’) or a scrambled control siRNA (5’-

UGGUUUACAUGUCGACUAA-3’) from Thermo Fisher Scientific were used at a 

concentration of 20 nM with 0.2% Lipofectamine RNAiMax (Thermo Fisher Scientific) 

for 24 h. siRNA transfections were initiated after the first thymidine block. Knockdown 

efficiency was analyzed by western blotting and normalized to tubulin levels. 

2.3.5 Western blotting 

Cells were harvested and processed for western blot as described previously (Vos et al., 

2011) (Vos et al., 2011). 10 µg of protein extract were separated on 12% polyacrylamide 

gels for 1 h at 150V. PageRuler Plus Prestained protein ladder (Fermentas; Thermo Fisher 

Scientific) was used as a molecular weight marker. Proteins were transferred on to 

Polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories electroblotter system) 

for 17 h at 30 V. Membranes were blocked with Odyssey blocking buffer (LI-COR 

Biosciences).  Membranes were probed with the following primary antibodies: anti-Wee1 

antibodies (Santa Cruz; sc-5285; 1:200 dilution), anti-Myt1 antibodies (Cell Signalling; 

4282; 1:300 dilution), anti-Cdk1 antibodies (Santa Cruz; sc-54; 1:500 dilution), anti-

phospho-tyrosine 15 Cdk (Signalway Antibodies; 11244-2; 1:500 dilution), anti-phospho-

threonine 14 Cdk (Cell Signalling; 2543; 1:1000 dilution), anti-tubulin antibodies (Sigma; 

T5168; 1:4000 dilution), and anti-cyclin B1 antibodies (Santa Cruz; sc-752; 1:200 

dilution). Membranes were then incubated with Alexa Fluor—680 conjugated anti-rabbit 

(Thermo Fisher Scientific; A21109; 1:1000 dilution) or anti-mouse (Thermo Fisher 

Scientific; A21057; 1:1000 dilution). Membranes were scanned by Odyssey IR imager 
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system (LI-COR Biosciences) and then analyzed by Odyssey V3.0 for quantification 

(Eaton et al., 2014). 

2.3.6 Fluorescence microscopy 

Cells were processed for immunofluorescence as previously described (Famulski et al., 

2011) (Famulski et al., 2011).  Cells were seeded on to coverslips at a density of 5 × 104 

cells/ml in a 35-mm dish. Following cell synchronization cells were treated with the 

following inhibitors alone or in combination: 1 µM (unless otherwise indicated) MK-1775 

(Chemie Tek; 955365-80-7), 1 M UNC-01 (Sigma-Aldrich; 112953-11-4), 10 M CR8 

(Sigma-Aldrich; C3249-5MG), and 2 µM AZ3146 (Selleckchem; s2731). Treatments were 

maintained for 4 h and 0.1% DMSO was used as a control in all experiments. siRNA 

transfections were performed as outlined in the RNAi section. DNA was stained with 0.1 

µg/ml DAPI. Coverslips were stained with the following antibodies: anti-phospho-Ser10 

Histone H3 (PH3) antibodies (Abcam; ab5176; 1:1000 dilution), anti-tubulin antibodies 

(Sigma; T5168; 1:4000 dilution), Anti-centromere antibody (ACA) sera (gift from M. 

Fritzler, University of Calgary, Calgary, Canada; 1:4000 dilution), anti-Rod antibodies (N-

terminal 809-aa antigen; Chan et al., 2000; 1:1500 dilution). Coverslips were mounted with 

1 mg/ml Mowiol 4-88 (EMD Millipore) in phosphate buffer, pH 7.4. Alexa Fluor 488–

conjugated anti–rat (1:1000 dilution; Molecular Probes), Alexa Fluor 555–conjugated anti–

rabbit (1:1000 dilution; Molecular Probes), Alexa Fluor 555–conjugated anti–mouse 

(1:1000 dilution; Molecular Probes), and Alexa Fluor 647–conjugated anti–human (1:1000 

dilution; Molecular Probes) secondary antibodies were used to visualize protein 

localization. A microscope (Imager.Z.1; Carl Zeiss) equipped with epifluorescence optics 

was used to collect the images. Cells were visualized with a 100× Plan-Apochromat 
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objective (Carl Zeiss) with 1.4 NA. Images were captured with a SensiCam (Cooke) 

charge-coupled device camera (PCOTECH, Inc.) controlled by Metamorph 7.0 software 

(Universal Imaging Corp.). Images were processed using Photoshop CC (Adobe). 

2.3.7 High-content imaging of mitotic index 

Wide field fluorescence images were taken with a High-content automated microscopy 

imaging system (MetaExpress Micro XLS, software version 6, Molecular Devices, 

Sunnyvale, CA, USA). Briefly, at least 36 images per treatment (covering an area of ~2 

mm2/image) were taken with a 10X (NA 0.3) objective with the equipped siCMOS camera 

using bandpass filters of 447/60 nm for DAPI and 536/40nm for Alexa488 respectively. 

The images were then analyzed with the MetaXpress Cell scoring module which segments 

each cell nucleus using the DAPI signal. Mitotic cells were detected by PH3 staining. 

Positive PH3 stained cells were scored using a combination of criteria: 1) a minimal 

staining intensity threshold; 2) using DAPI as a mask for area staining; and 3) counted as 

percentage of the total number of nuclei (cells). On average, each slide yielded at least 

20000-60000 cells. 

2.3.8 Live cell imaging  

For analysis of mitotic timing, a HeLa cell line stably expressing EGFP-tubulin and 

mCherry H2B was used (Moudgil et al., 2015). Cells seeded in a 35-mm glass-bottom dish 

(MatTek Corporation or Flourodish World Precision Instruments) were placed onto a 

sample stage within an incubator chamber maintained at a temperature of 37°C in an 

atmosphere of 5% CO2. Cell media was replaced with imaging media (OPTI-MEM; 

Gibco) supplemented with 2 mM L-glutamine, 10% (vol/vol) FBS, and 14 mM Hepes 
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before imaging. Following releases from thymidine or nocodazole (see cell 

synchronization), cells were treated with either 1 µM MK-1775 or DMSO for up to 30 h.  

Imaging was performed using a spinning disk confocal on an inverted microscope 

(Axiovert 200M; Carl Zeiss; with a 40× objective lens and 1.3 NA) equipped with an 

electron-multiplying charge-coupled device (EM-CCD) camera (ORCA-FLASH-4.0; 

Hamamatsu Photonics). Images were collected every 5 min for GFP and Cy3 channels 

using 100-ms exposure times, for 10–16 h using the velocity software (Perkin¬Elmer). 

Velocity 6.3.0 software was used to collect and export videos as AVI format using 

Microsoft video 1 compression. Videos were further converted to the mov format with 

Vegas Pro version 12.0 (Build 394; Sony Creative Software Inc.) using Sorenson 3 

compression. Mitotic timing for cells was calculated manually. Still tiff format images 

from videos were exported using Velocity 6.3.0 software and processed using Photoshop 

CC. Statistical analysis was performed using GraphPad Prism version 5.04. 

2.3.9 Crystal violet assay 

G1/S released cells were seeded into 96-well plates for 9 h and then treated with increases 

concentrations of MK-1775 (125-1000 nM, 1:2 series dilution) alone or in combination 

with paclitaxel (2.5, 5, or 10 nM) for 48 h. After treatment, media was aspirated and then 

cells were stained with 0.5% crystal violet assay for 20 min as outlined by Feoktistova et 

al. (Feoktistova et al., 2016). Crystal violet was later removed, and plates were rinsed three 

times with water and left to air-dry for 24 h. Crystal violet stain was then resuspended in 

100% methanol. Absorbance 570 nm (OD570) was measured using Optima Plate reader 

powered by Optima software. Percent surviving attached cells was calculated by 

subtracting off blank wells and then normalizing DMSO controls to 100%. The first point 
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on each curve (64 nM) represents 0 nM MK-1775. Graphs were plotted using Graph Prisms 

V7. 

2.3.10 Flow cytometry 

 At desired times after treatment, cells treated with either 1 µM MK-1775 or DMSO were 

collected by aspiration and trypsinization. Cells were washed in PBS and fixed in 90% 

ethanol (-20◦C) for at least 24 h. Fixed cell suspensions were blocked for 1 h with labelling 

buffer (PBS, 5% serum, 1% BSA and 0.1% sodium azide) before 1 h of incubation with 

anti-phospho-Ser10- histone H3 (PH3) antibody (Abcam; ab5176; 1:1000 dilution), and 30 

min of incubation with Alexa Fluor 488–conjugated anti–rabbit (Thermo Fisher Scientific; 

A-11034; 1:100 dilution) in labelling buffer, separated by wash/centrifuge steps in wash 

buffer (PBS, 1% BSA and 0.1% sodium azide). For analysis, samples were incubated for 

20 min in wash buffer with 0.02 mg/ml propidium iodide (Invitrogen) and 0.2 mg/ml 

RNase A (Sigma) and analysed by a FACSCantoTM II flow cytometer (BD Biosciences) 

using BD FACSDivaTM software. Gating was set using control samples without primary 

antibody. Experiments were carried out three times.  
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2.4 Results 

2.4.1 Inhibition of Wee1 promotes premature mitosis 

To test if Wee1 inhibition induced premature mitosis in HeLa, cells were synchronized in 

G1/S phase by double thymidine block and then released into fresh media containing either 

MK-1775 or a solvent control (DMSO) (Figure 2.1A). Cells were fixed 4 h after treatment 

with MK-1775 and then examined for phospho-serine 10 histone H3 (PH3), which is a 

mitotic specific biomarker (Hendzel et al., 1997), by immunofluorescence microscopy 

(Figure 2.1B). We observed that ~20% of cells were positive for PH3 following MK-1775 

treatment compared to ~1% in the DMSO controls (Figure 2.1B & C; student t-test; P < 

0.05). Cells that stained positive for PH3 had condensed DNA (observed by DAPI staining) 

consistent with a mitotic morphology. We also treated three different breast cancer cell 

lines (MDA-MB-231, T-47D, and MCF7) and one non-tumorigenic breast cell line (MCF 

10A) with MK-1775 following G1/S synchronization (Figure 2.1C). The molecular 

subtype and p53 status for each cell line is indicated in Table 2.1. We observed that MK-

1775 treatment increased the percentage of cells positive for PH3 in HeLa (P < 0.005; 

student t-test), T-47D (P < 0.005; student t-test), and MDA-MB-231 (P < 0.05; student t-

test) from 1-2% to ~20%. In contrast, MK-1775 treatment was less effective in MCF7 cells. 

Here the percent of cells positive for PH3 increased from 2% to 6% (P < 0.05; student t-

test). No significant change was observed in the percentage of cells positive for PH3 in 

MCF 10A cells treated with MK-1775 compared to DMSO. Cells released from G1/S were 

also analyzed by flow cytometry following treatment with MK-1775 or DMSO for up to 8 

h (Figure 2.1D and Supplementary Figure 2.1). At each of the treatment intervals 

analyzed (4, 6, and 8 h), a similar number of MK-1775-treated cells were positive for PH3   
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Figure 2.1. Inhibition of Wee1 kinase promotes premature entry into 
mitosis. 
HeLa cells were released from G1/S phase into media containing either DMSO 
or MK-1775 (MK) and then fixed at indicated times. A) Experimental flow chart 
depicting treatments and times. B) Cells were stained for DNA, PH3, and 
microtubules and then analyzed by immunofluorescence microscopy 4 h post 
treatment. Scale bar = 10 µm. C) Indicated cell lines were treated with DMSO 
or MK-1775 for 4 h and then analyzed by immunofluorescence microscopy for 
PH3 and DNA. Percent total cells positive for PH3 is shown. Student t-test was 
used to determine significance between DMSO and MK-1775 (*p < 0.05). D) 
Cells stained for PH3 and DNA were analyzed by FACS to determined cell cycle 
phase (Supplementary Figure 2.1). Average percentage of cells positive for 
PH3 relative to DNA staining are shown. Error bars are standard error of the 
mean. Black bars represent cells in the G1/S phase and red bars represent cells 
in the G2/M phase. Statistical significance was determined by student t-test (*p 
< 0.05 and **p < 0.01). 
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Table 2.1. p53 status and molecule subtypes of cell lines. 
p53 status for breast cancer cell lines is reviewed in (Muller and Vousden, 
2014). Molecular subtypes were assigned based on ATCC classifications. 

 

Cell line Cell type 
(ATCC) 

Tissue type 
(ATCC) 

p53 status Molecular sub-
type 

HeLa Epithelial  Cervical Wild type HPV E6 
deactivated 

N.A. 

MDA-MB-231 Epithelial Mammary 
gland/breast 

Missense R273H Basal (triple 
negative) 

MDA-MB-468 Epithelial Mammary 
gland/breast 

Missense R280K Basal (triple 
negative) 

MCF 10A* Epithelial Mammary 
gland/breast 

Wild type Basal (triple 
negative) 

MCF7 Epithelial Mammary 
gland/breast 

Wild type Luminal A 
ER+/PR+ 

T-47D Epithelial Mammary 
gland 

Missense L194F Luminal A 
ER+/PR+ 

 

(25-29%), whereas less than 2% of cells treated with DMSO were positive for PH3 at any 

one time (Figure 2.1D). Analysis of DNA content by propidium-iodine staining showed 

that two-thirds of the cells positive for PH3 staining following MK-1775 treatment had less 

than 4N DNA. Together, this data confirms that inhibition of Wee1 kinase forces HeLa 

cells into mitosis directly from G1/S phase. 

 Knowing that inhibiting Wee1 induces premature entry into mitosis from G1/S 

phase, we tested if co-inhibition of other kinases involved in either the entry into or exit 

from mitosis would affect the number of PH3-positive cells. Cells synchronized in G1/S 

were released into media containing different kinase inhibitors (with and without MK-

1775): UCN-01 (Chk1 inhibitor), AZ-3146 (Mps1 inhibitor), and CR8 (Cdk1 inhibitor) 

(Figure 2.2A & B). Of the listed inhibitors, only monotreatment with MK-1775 increased 

the percentage of cells positive for PH3 after a 4 h (~26% in MK-1775 compared to DMSO 

control ~0.5%) (One-way ANOVA and Dunnett’s multiple comparisons test; P < 0.0001)  
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Figure 2.2. Co-inhibition of Wee1 and Chk1 increased premature entry into 
mitosis. 
A) HeLa cells were released from G1/S phase and then treated with different 
kinase inhibitors (Chk1 inhibitor UCN-01 (UCN), Cdk1 inhibitor CR8, and Mps1 
inhibitor AZ-3146 (AZ)) alone or in the presence of MK-1775. MK-1775 alone 
and DMSO were included as controls. After a 4 h treatment, cells were stained 
for DNA (DAPI), centromere (ACA), and PH3 and analyzed by 
immunofluorescence microscopy. Scale bar = 20 µM. B) The graph shows the 
average percentage of cells positive for PH3 relative to DNA staining for each 
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treatment. Error bars represent standard error of the mean. Experiment was 
repeated three times. One-way ANOVA and Dunnett’s multiple comparisons 
test (MK verses treatment) were used to determine significance level (*P < 0.05; 
****P <0.0001). 

(Figure 2.2B). Chk1 inhibition by UCN-01 increased the percentage of cells positive for 

PH3 from 26% (MK-1775 alone) to 33% (combined treatment) (One-way ANOVA and 

Dunnett’s multiple comparisons test; P < 0.05). In contrast, inhibition of Cdk1 by CR8 

decreased the percentage of cells positive for PH3 from 26% to 5% (One-way ANOVA 

and Dunnett’s multiple comparisons test; P < 0.0001). No significant change in the 

percentage of PH3 positive cells was observed following co-inhibition of Mps-1 and Wee1 

with AZ-3146 and MK-1775 versus inhibition of Wee1 alone. 

2.4.2 Wee1 but not Myt1 kinase activity is required to prevent premature mitosis in HeLa 

cells 

We confirmed that siRNA knockdown of Wee1 in G1/S synchronized HeLa cells also 

increased PH3 staining compared to scrambled siRNA (siSc) controls (Figure 2.3A-H; 

student t-test, P < 0.05). Since both Wee1 and Myt1 add inhibitory phosphates to Cdk1, 

we asked if the loss of both Wee1 and Myt1 kinase activity was required to induce 

premature mitosis in HeLa cells. MK-1775 is reported to be 100 times more potent against 

Wee1 than Myt1, but at concentrations above 300 

nM both kinases may be inhibited (Hirai et al., 2009). To determine if premature mitosis 

requires loss of both Wee1 and Myt1, we knocked-down Wee1 and Myt1 alone and in 

combination by siRNA transfection in HeLa cells and then analyzed cells for PH3 (Figure 

2.3A-C). Knockdown efficiencies of Wee1 and Myt1 were analyzed by immunoblotting 

(Figure 2.3D-H). We found that 11% of cells transfected with siRNA against Wee1 

expressed PH3 whereas only 4% of cells transfected with scrambled control siRNA (siSc)  
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Figure 2.3. siRNA mediated knockdown of Wee1, but not Myt1, induces 
premature mitosis. 
HeLa cells synchronized in G1/S phase were transfected with scrambled siRNA 
(siSc) and siRNAs against Wee1, Myt1, and both Wee1 and Myt1. A) 
Experimental flow chart depicting timing and treatments. B) Cells were fixed 24 
h post siRNA transfection and then stained for DNA and PH3. Scale bar = 10 
μm. C) The average percentage of cells positive for PH3 (relative to DNA 
staining) are graphed. Student t-test was used to determine statistical 
significance between siWee1 and other treatments (*P < 0.05). Standard error 
of the mean bars are shown. D) Following transfection, cell lysates were 
analyzed by immunoblot for total levels of Wee1, Myt1, pY15-Cdk1, pT14-Cdk1, 
Cdk1, and tubulin. Graphs show the average levels of (E) Wee1 and (F) Myt1 
(relative to tubulin) and (G) pY15-Cdk1 and (H) pT14-Cdk1 (relative to Cdk1). 
Error bars represent standard error of the mean. Student t-test were used to 
determine significance (*P < 0.05, **P < 0.005, ***P < 0.0005 and ****P < 
0.0001) F) Mitotic cells post transfection with scrambled siRNA or siRNA 
against Wee1 were fixed and then stained for histone H3 phospho-Ser10 (PH3), 
tubulin, anti-centromere antibody (ACA), and DNA. Experiments were repeated 
at least three times. 

expressed PH3 (Figure 2.3C; student t-test; P < 0.05). In contrast to Wee1 knockdown, 

Myt1 knockdown did not affect the number of cells in mitosis; furthermore, combined 

knockdown of both Wee1 and Myt1 kinases did not enhance PH3 staining compared to 

Wee1 knockdown alone (8% vs 11%). These data suggest that Wee1 has a more dominant 

role in regulating Cdk1 activity in HeLa cells and that Myt1 alone cannot prevent 

premature mitosis. 
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2.4.3 Loss of Wee1 activity induces centromere fragmentation 

We next examined the cellular morphology of MK-1775-treated cells that prematurely 

enter mitosis. Previous groups have reported that failure to complete DNA synthesis prior 

to mitotic entry can induce abnormal DNA condensation leading to torsional strain along 

the DNA backbone and centromere fragmentation (Beeharry et al., 2013; Brinkley et al., 

1988). We asked if cells treated with MK-1775 also exhibited centromere fragmentation. 

G1/S synchronized cells treated with MK-1775 were analyzed for the localization of the 

mitotic checkpoint protein Rough Deal (Rod) (Chan et al., 2000) and centromeres (ACA) 

relative to the DNA by immunofluorescence microscopy (Figure 2.4A). In both MK-1775 

and DMSO treatment, we found that Rod staining overlapped with ACA staining 

confirming activation of the mitotic checkpoint (Chan et al., 2000); however, the majority 

of the Rod/ACA in MK-1775-treated cells was clustered away from the main mass of 

chromosomes consistent with centromere fragmentation. We confirmed that siRNA 

knockdown of Wee1 also resulted in the centromere fragmentation morphology (Figure 

2.5), which supports that observed morphology was dependent on Wee1 and not another 

off-target kinase.  

We then asked if MK-1775 induced centromere fragmentation affected the ability 

of cells to complete mitosis. We released HeLa cells (stably transfected with mCherry-H2B 

and GFP-tubulin) from G1/S phase and then monitored the time cells spent in mitosis by 

time-lapse microscopy (Figure 2.4B). We found that cells released into MK-1775 

remained in mitosis for a median time of 203 min whereas DMSO treated cells stayed in 

mitosis for 60 min (Figure 2.4C, student t-test; P < 0.0001). Most MK-1775-treated cells  
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Figure 2.4. Inhibition of Wee1 induces centromere fragmentation and 
prolonged mitosis. 
HeLa cells were synchronized in G1/S phase and then released into media 
containing either DMSO or MK-1775 (MK). A) Mitotic cells fixed 4 h post 
treatment with MK were compared to mitotic cells fixed post treatment with 
DMSO. Cells were stained for Rough deal (ROD), anti-centromere antibody 
(ACA), and DNA. Scale bar = 10 μm. B) HeLa cells stably expressing mCherry-
H2B and EGFP-tubulin were treated with DMSO and MK and then analyzed by 
time-lapse microscopy to determine duration of mitosis (scale bar = 8 µm). Time 
is counted from NEBD in minutes. MK treated cells (lower panel) is also 
depicted as cell 11 in Supplementary Figure 4B. C) The duration of mitosis 
(NEBD to anaphase) is shown for 8 cells for each treatment. Boxes represent 
interquartile distributions and whiskers represent 10th and 90th percentiles. 
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Statistical significance was determined by student t-test (****p < 0.0001). D) 26 
individual HeLa cells stably expressing mCherry-H2B and EGFP-tubulin were 
synchronized in G1/S phase and then released into fresh media containing MK-
1775. Duration of each indicated events was measured by time-lapse 
microscopy.   

 

Figure 2.5. siRNA mediated knockdown of Wee1 induces centromere 
fragmentation. 
HeLa cell extracts were prepared following transfections with scrambled siRNA 
or siRNAs against Wee1. Representative mitotic cells stained for histone H3 
phospho-Ser10 (PH3), tubulin, anti-centromere antibody (ACA), and DNA are 
shown. Experiments were repeated at least three times. 

did not achieve chromosome alignment and exited mitosis without chromosome 

segregation (Figure 2.4D). We monitored the MK-1775 treated cells for 24 hours and 

observed that 86% of cells that underwent centromere fragmentation (6/7) subsequently 

died in interphase (Supplementary Figure 2.2, cells labelled 11-17). These data suggest 

that MK-1775 treatment prolongs mitosis by preventing normal chromosome alignment 

and segregation, which ultimately leads to cell death. 
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2.4.4 Inhibition of Wee1 prevents normal mitotic exit 

Although Wee1 inhibition during G1/S phase induces premature mitosis followed by a 

prometaphase-like arrest, it is not clear if Wee1 inhibition induces a mitotic arrest in cells 

with fully replicated (and undamaged) chromosomes. We synchronized HeLa cells (stably 

transfected with mCherry-H2B and GFP-tubulin) in prometaphase using nocodazole 

treatment (Figure 2.6A). We then released cells from nocodazole treatment into media 

containing either MK-1775 or DMSO and then measured the time required for cells to 

complete anaphase (Figure 2.6B & C). We found that the average time required to 

complete mitosis (metaphase to anaphase) was similar among DMSO treated cells (Figure 

2.6C); however, MK-1775 treated cells arrested at metaphase (Figure 2.6B, right set of 

images). During this metaphase arrest, many cells experienced one or more spindle 

collapses resulting in the temporary loss of chromosome alignment. Overall, we found that 

the transition from metaphase to anaphase in cells treated with MK-1775 took a median 

time of 220 min with some cells requiring greater than 700 min to initiate anaphase (Figure 

2.6C). In contrast, DMSO treated cells took only 20 min to transition from metaphase to 

anaphase (student t-test; P = 0.0023). To confirm the delay in mitotic exit, we also released 

cells synchronized in prometaphase into media containing either MK-1775 or DMSO for 

up to 2 h and then analyzed the levels of cyclin B1 and phospho-tyrosine 15 Cdk1 (pY15-

Cdk1) by western blotting (Figure 2.6D-F). MK-1775-treated cells had low levels of 

pY15-Cdk1 and retained high levels of cyclin B1 (60% relative to time 0) after 2 h. In 

contrast, DMSO-treated cells had higher levels of pY15-Cdk1 and lower levels of cyclin 

B (15% relative to that at time 0) after 2 h (One-way ANOVA and Dunnett’s multiple 

comparisons test; P < 0.0005). We tested if proteasome inhibition by MG-132 could further  
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Figure 2.6. Inhibition of Wee1 prevents normal mitotic exit. 
HeLa cells were synchronized and then released into media containing DMSO, 
MK-1775 (MK), MG-132 (MG) or both MK and MG for two hours. A) 
Experimental flow chart of treatment conditions. B) HeLa cells stably expressing 
mCherry-H2B and EGFP-tubulin were released into DMSO and MK and 
monitored by time-lapse microscopy. Scale bar = 8 µm. C) The duration of the 
transition between metaphase and anaphase was measured for 12 cells for 
each treatment. Boxes represent interquartile distributions and whiskers 
represent 10th and 90th percentiles. Square dots represent outliers. Statistical 
significance was determined by student t-test (**p < 0.005). D) Cell extracts 
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were prepared from treated cells at indicated times. Extracts were then 
analyzed by western blot for the levels of pY15-Cdk1, Cdk1, cyclin B1, and 
tubulin. E) Average levels of pY15-Cdk1 (relative to Cdk1) and F) cyclin B1 
(relative to tubulin) were measured over time. Levels of pY15-Cdk1 and Cyclin 
B1 at time zero were set as 1. Error bars represent standard error of the mean. 
Statistical significance was determined using One-way ANOVA and Dunnett’s 
multiple comparisons test (*p < 0.05 and *** p < 0.0005). Experiments were 
repeated at least three times. 

enhance the effects of MK-1775 (Famulski and Chan, 2007). MG-132 treatment 

completely stabilized cyclin B levels in mitotic cells, but no significant differences were 

observed between cells co-treated  with MG-132 and MK-1775 and those treated with MK-

1775 alone (One-way ANOVA and Dunnett’s multiple comparisons test; P = 0.1246; 

Figure 2.6E & F). We confirmed that treatment with MK-1775 inhibited Cdk1 

phosphorylation and cyclin B1 degradation in three additional cell lines (U-2 OS, T-47D, 

and MDA-MB-231) (Figure 2.7). Together these data confirm that Wee1 activity is 

required for normal mitotic exit from prometaphase through a Cdk1/cyclin B1-dependent 

pathway. 

2.4.5 Mitotic arrest induced Wee1 inhibition leads to cell death 

Since inhibition of Wee1 in prometaphase cells extended mitosis compared to controls, we 

then asked if this increased time in mitosis affected cell viability. We treated mitotic 

synchronized HeLa cells (expressing GFP-H2B) with either MK-1775 or DMSO and then 

examined cell fate by time-lapse microscopy for up to 900 min (Figure 2.8 and Table 2.1). 

We found that 26% (10/38) of mitotic cells examined, died without completing anaphase. 

We observed successful completion of mitosis in 68% (26/38) of cells monitored, but 27% 

(14/52) of resulting daughter cells exhibited extra-nuclear structures or micronucleation 

and 60% (31/52) of the daughter cells died in interphase several hours after anaphase. In  
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Figure 2.7. MK-1775 inhibits cyclin B degradation in cancer cells. 
A) U2-OS, B) T47-D, and C) MDA-MD-231 cell lines were synchronized in 
prometaphase and then released into media containing either DMSO or MK-
1775 (MK) for two hours. Cell extracts were prepared at indicated times. 
Extracts were analyzed by western blot for the levels of pY15-Cdk1, Cdk1, 
cyclin B1, and tubulin. D) Average levels of pY15-Cdk1 (relative to Cdk1) and 
E) cyclin B1 (relative to tubulin) were measured over time. Levels of pY15-Cdk1 
and Cyclin B1 at time zero were set as 1. Error bars represent standard error of 
the mean. Statistical significance was determined using student t-test (*p < 
0.05). Experiments were repeated at least three times.  
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Figure 2.8. MK-1775 induced mitotic arrest promotes cell death. 
HeLa cells expressing EGFP-H2B were released from double thymidine block 
for 9 hours and then treated with either A) DMSO or B) MK-1775 for 900 min.  
A line graph for 38 individual mitotic cells tracked by time-lapse microscopy is 
shown, which includes times for indicated cellular events. A fork in the line 
indicates cell division and cell fate of daughter cells is also shown. 
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Table 2.2. Duration of mitosis and percentage of cell death in HeLa cells 
treated with 1000 nM MK-1775. 

 
DMSO MK-1775 

Average mitotic timing (min) 56 277 

% Cell death in mitosis 0% (0/30) 26% (10/38) 

% Daughter cell death after mitosis 2% (1/60) 60% (31/52) 

% Daughter cells with micronuclei 3% (2/60) 27% (14/52) 

 

contrast, cell death or cells with micronuclei were rarely detected in DMSO controls. These 

data illustrate that Wee1 can induce mitotic cell death independent of premature mitosis. 

2.4.6 Paclitaxel treatment enhances MK-1775 mediated cell killing 

Knowing that Wee1 is required for normal mitotic exit, we tested if co-treatment with the 

anti-microtubule drug paclitaxel could prolong mitosis in Wee1 inhibited cells. Mitotic 

synchronized HeLa cells were treated with 10 nM paclitaxel alone or in the presence of 

different concentrations of MK-1775 (125 nM to 1000 nM) (Figure 2.9 and Table 2.3). 

Mono-treatments of both paclitaxel and MK-1775 (at all tested concentrations) increased 

the average mitotic transit time (NEBD to anaphase) compared to DMSO controls (Table 

2.3). The average mitotic transit time in the presence of paclitaxel was found to be longer 

compared to mono-treatments of MK-1775 at concentration of 125 nM to 500 nM (One-

way ANOVA and Tukey’s multiple comparisons test, P < 0.0001), but no difference was 

observed between paclitaxel and 1000 nM MK-1775. We also observed abnormal spindle 

formation (tri-polar spindles) with paclitaxel treatment alone consistent with previous 

groups (Zasadil et al., 2014). We found that combined treatments with paclitaxel and MK-

1775 (500 nM to 1000 nM) prolonged average mitotic transit time (One-way ANOVA and 

Tukey’s multiple comparisons test; P < 0.0005 and P < 0.0001). In addition to prolonging   
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Figure 2.9. MK-1775 induced mitotic arrest is enhanced by co-treatment 
with paclitaxel. 
HeLa cells stable expressing GFP-H2B were released from G1/S phase for 9 

hours and then treated with DMSO, 10 nM paclitaxel, MK-1775 at indicated 

concentration alone, or both paclitaxel and MK-1775 for 48 h. A) Duration of 

mitosis (NEBD to anaphase) is shown for at least 30 cells for indicated 

treatments. Boxes represent interquartile distributions and whiskers represent 

10th and 90th percentiles. Coloured dots represent statistical outliers. Statistical 

significance was determined by One-way ANOVA and Tukey’s comparisons 

test. Asterisk (*) corresponds to significance between DMSO and indicated 

treatments (**p < 0.005 & ****p < 0.0001), whereas hashtag (#) corresponds to 

significant increases between co-treatments with paclitaxel and MK-1775 
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compared to paclitaxel alone (###p < 0.0005 & ####p < 0.0001). B) Cell fate 

dendrograms corresponding to DMSO, 500 nM MK-1775, 10 nM paclitaxel, or 

500 nM MK-1775 and 10 nM Paclitaxel are presented. A line graph for individual 

mitotic cells tracked by time-lapse microscopy is shown, which includes time for 

an indicated cellular event. A fork in the line indicates cell division.  

Table 2.3. Average time spent in mitosis and percentage of cell death in 
the presence of MK-1775 and paclitaxel. 

  DMSO 10 nM Paclitaxel 

Treatment DMSO 
10 nM 

Paclitaxel 
125 nM 

MK 
250 nM 

MK 
500 nM 

MK 
1000 nM 

MK 
125 nM 

MK 
250 nM 

MK 
500 nM 

MK 
1000 nM 

MK 

Mitosis 
(min) 

72.1 570.6 245.1 258.0 280.7 432.3 567.4 600.1 847.7 1392.3 

Mitotic cell 
death 

0.0% 3.7% 0.0% 9.0% 5.4% 22.0% 12.0% 4.1% 37.5% 68.8% 

Interphase 
cell death 

0.6% 33.3% 18.3% 19.1% 27.0% 78.0% 52.0% 44.9% 62.5% 25.0% 

Total cell 
death 

0.6% 37.0% 18.3% 28.1% 32.4% 100.0% 64.0% 49.0% 100.0% 93.8% 

 

mitosis, we observed that co-treatments increased cell death in mitosis and interphase 

(following mitosis exit). Mono-treatments of paclitaxel and 500 nM MK-1775 resulted in 

37% and 32% cell death respectively; however, combination treatments with both 

paclitaxel and 500 nM MK-1775 resulted in the death of all cells monitored (Figure 2.9B 

and Table 2.3). This data support that prolonging the Wee1 induced mitotic arrest can be 

used to enhance cell killing. 

Since combination treatments with MK-1775 and paclitaxel led to a greater mitotic transit 

time and increased cell death in HeLa cells, we then tested if combining paclitaxel and 

MK-1775 could enhance cell killing in different breast cancer cell lines (T-47D, MDA-

MB-231, MDA-MB-468, and MCF7). We first treated the different cell lines with different 

concentrations of MK-1775 (125-1000 nM) alone or in the presence of different 

concentrations of paclitaxel (2.5-10 nM) for 48 h. We then measured the average percent 

survival (percent crystal violet OD) of attached cells by crystal violet assay (Figure 2.10). 
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Alone, both paclitaxel and MK-1775 significantly reduced the percentage of surviving 

attached cells as determined by a Two-way ANOVA test (Table 2.4, see the first two P-

values corresponding to MK-1775 and paclitaxel for the indicated cell lines). As predicted 

the combination of paclitaxel and MK-1775 also had a significant interaction on cell 

survival in HeLa and the four breast cancer cell lines tested (Figure 2.10A-E and Table 

2.4, see third P-value [interaction] for the corresponding cell lines). We also tested co-

treatments with MK-1775 and paclitaxel in a non-tumorigenic breast cell line (MCF 10A), 

but we did not observe a significant interaction between MK-1775 and paclitaxel (Figure 

2.10F and Table 2.4). These data support that inhibition of Wee1 in the presence of 

paclitaxel can enhance cell killing in breast cancer cell lines. 

 

Please also see: 

See Appendix A for additional data showing that co-inhibition of Wee1 and ATR 

induces premature mitotic entry, centromere fragmentation, and prolonged mitotic arrest 

(Bukhari et al., 2019). 

 

See appendix B for additional (unpublished) data comparing the combined affects of 

MK-1775 with other anti-mitotic agents: Farnesyl transferase inhibitor (L-744-832), 

Aurora inhibitor (ZM447439), siRNA knockdown of PP1 subunit SDS22. 
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Figure 2.10. Paclitaxel enhances MK-1775 mediated cell killing in breast 
cancer cells. 
A) HeLa, B) MDA-MB-231, C) MDA-MB-468, D) T-47D, E) MCF7, and F) MCF 
10A cells were released from G1/S phase for 9 h and then treated with 
increasing concentration of MK-1775 alone (black curve) or in the presence of 
2.5 nM (red curve), 5 nM (blue curve), or 10 nM (purple curve) paclitaxel for 48 
h. Average percent surviving attached cells (% Crystal violet OD) is shown. 
Error bars represent standard error of mean (SEM). Statistical significance was 
determined by Two-way ANOVA.  
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Table 2.4. Paclitaxel and MK-1775 co-treatment significantly reduces cell 
survival. 
Cells were treated with increasing concentration of MK-1775 alone or in the 
presence of increasing concentrations of paclitaxel. Table presented for each 
cell line shows statistical analysis of treatments determined by Two-way 
ANOVA. SS, DF, MS, FDn, and FDd are defined as sum of squares, degrees 
of freedom, mean square, degrees of freedom numerator, and degrees of 
freedom dominator respectively. 

HeLa 

ANOVA table SS DF MS F (DFn, DFd) P value 

MK-1775 31590 4 7898 F (4, 12) = 31.43 P<0.0001 

Paclitaxel 23037 3 7679 F (3, 9) = 15.63 P=0.0007 

Interaction: MK-1775 x Paclitaxel 3120 12 260 F (12, 36) = 7.372 P<0.0001 

Interaction: MK-1775 x Subjects 3016 12 251.3   
Interaction: Paclitaxel x Subjects 4423 9 491.4   
Subjects 9603 3 3201   
Residual 1270 36 35.27   
MDA-MB-231 

ANOVA table SS DF MS F (DFn, DFd) P value 

MK-1775 32916 4 8229 F (4, 12) = 29.33 P<0.0001 

Paclitaxel 22250 3 7417 F (3, 9) = 16.53 P=0.0005 

Interaction: MK-1775 x Paclitaxel 3039 12 253.3 F (12, 36) = 4.076 P=0.0005 

Interaction: MK-1775 x Subjects 3367 12 280.6   
Interaction: Paclitaxel x Subjects 4039 9 448.7   
Subjects 6514 3 2171   
Residual 2237 36 62.14   
MDA-MB-468 

ANOVA table SS DF MS F (DFn, DFd) P value 

MK-1775 21388 4 5347 F (4, 8) = 40.47 P<0.0001 

Paclitaxel 32402 3 10801 F (3, 6) = 24.76 P=0.0009 

Interaction: MK-1775 x Paclitaxel 4878 12 406.5 F (12, 24) = 4.922 P=0.0004 

Interaction: MK-1775 x Subjects 1057 8 132.1   
Interaction: Paclitaxel x Subjects 2618 6 436.3   
Subjects 1342 2 671.1   
Residual 1982 24 82.58   
T-47D 

ANOVA table SS DF MS F (DFn, DFd) P value 

MK-1775 26498 4 6624 F (4, 8) = 23.76 P=0.0002 

Paclitaxel 34684 3 11561 F (3, 6) = 23.64 P=0.0010 

Interaction: MK-1775 x Paclitaxel 5181 12 431.7 F (12, 24) = 3.288 P=0.0063 

Interaction: MK-1775 x Subjects 2230 8 278.8   
Interaction: Paclitaxel x Subjects 2935 6 489.1   
Subjects 2235 2 1118   
Residual 3152 24 131.3   
MCF7 

ANOVA table SS DF MS F (DFn, DFd) P value 

MK-1775 11633 4 2908 F (4, 4) = 30.78 P=0.0029 

Paclitaxel 10673 3 3558 F (3, 3) = 15.42 P=0.0251 

Interaction: MK-1775 x Paclitaxel 1330 12 110.8 F (12, 12) = 4.56 P=0.0068 

Interaction: MK-1775 x Subjects 378 4 94.5   
Interaction: Paclitaxel x Subjects 692.3 3 230.8   
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Subjects 195 1 195   
Residual 291.6 12 24.3   
MCF 10A 

ANOVA table SS DF MS F (DFn, DFd) P value 

MK-1775 10581 4 2645 F (4, 8) = 30.49 P<0.0001 

Paclitaxel 15637 3 5212 F (3, 6) = 8.241 P=0.0150 

Interaction: MK-1775 x Paclitaxel 1026 12 85.5 F (12, 24) = 1.408 P=0.2291 

Interaction: MK-1775 x Subjects 694.1 8 86.76   
Interaction: Paclitaxel x Subjects 3795 6 632.5   
Subjects 4908 2 2454   
Residual 1458 24 60.73   

 

2.5 Discussion  

2.5.1 MK-1775 induces centromere fragmentation, a key morphological feature of 

mitotic catastrophe  

Wee1 kinase is a pivotal negative regulator of Cdk1/cyclin B1 activity and is required for 

normal entry into and exit from mitosis. We find that loss of Wee1 activity promotes both 

premature mitosis and a prolonged mitotic arrest leading to cell death. Normally, HeLa 

cells that are released from G1/S phase require 8-10 h to complete DNA replication and to 

synthesize other crucial biomolecules before entering mitosis (Whitfield et al., 2002). 

However, in our experiments 4-6 h after treatment with MK-1775 one-quarter of G1/S-

synchronized cells entered mitosis and half of these cells had less than 4N DNA. This data 

confirms that MK-1775-treated cells entered mitosis prematurely without completing DNA 

replication. Premature mitosis is typically associated with mitotic catastrophe, a mode of 

cell death that is yet to be defined by a molecular pathway (Galluzzi et al., 2012). In 

addition to premature mitosis, mitotic catastrophe is also associated with centromere 

fragmentation, micronucleation, and prolonged mitosis (Beeharry et al., 2013; Galluzzi et 

al., 2012). 



91 

 

We characterized the morphology of the premature mitotic cells and found that they 

exhibited key features of centromere fragmentation (Beeharry et al., 2013). Centromere 

fragmentation has been reported to occur in both Chinese hamster ovarian (Brinkley et al., 

1988) and human cell lines (Beeharry et al., 2013) that are forced into mitosis with 

damaged DNA from an S-phase arrest. Cells treated with MK-1775 had centromeres 

(marked by ACA) and kinetochore proteins (marked by Rod) that co-localized away from 

condensed DNA (Figure 2.4A). This finding is consistent with that reported by Beeharry 

et al., who reported that during centromere fragmentation, the centromeres and kinetochore 

proteins such as Mis12, Aurora B, and CENP-F co-localized away from the bulk of the 

condensed DNA in pancreatic cancer cells (Beeharry et al., 2013). Furthermore, a previous 

study showed that cells that survive treatment with MK-1775 often exhibit micronuclei or 

micronucleation (Aarts et al., 2012), which is a consistent outcome for cells that have 

previously undergone an abnormal mitosis (Fenech et al., 2011), such as centromere 

fragmentation. Our data confirms for the first time that loss of Wee1 activity in G1/S 

synchronized cells induces centromere fragmentation, which prevents chromosome 

alignment and segregation.   

2.5.2 Wee1 exhibits dominant regulation over Cdk1 in HeLa cells 

Wee1 and Myt1 exhibit partial functional redundancy in the regulation of Cdk1 in some 

model system such as Drosophila (Jin et al., 2008). However, both the inhibition and 

knockdown of Wee1 induced premature mitosis in HeLa and some breast cancer cell lines, 

whereas Myt1 knockdown alone did not induce premature mitosis or centromere 

fragmentation (Figure 2.3 and Figure 2.5). This suggests that Wee1 exhibits a dominant 

role in regulating Cdk1 and mitosis in HeLa cells. Our results are consistent with others 
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who have reported that Myt1 knockdown does not affect entry or exit of mitosis in 

unperturbed HeLa cells (Coulonval et al., 2011; Nakajima et al., 2008). We also did not 

observe an increase in the number of cells in mitosis following combined knockdown of 

Wee1 and Myt1 compared to that of Wee1 alone after 24 h, which suggest that the levels 

of Myt1 in non-transfect HeLa cells are already too low to protect most cells from 

premature mitosis. However, we cannot rule out the possibility that a longer siMyt1 

transfection time (> 24 h) may enhance the effects of Wee1 inhibition or knockdown. 

2.5.3 MK-1775 treatment induces cell death in a manner consistent with other anti-

mitotic drugs  

We confirmed that Wee1 inhibition prolongs mitosis (Chow et al., 2011; Lianga et al., 

2013; Vassilopoulos et al., 2014; Visconti et al., 2015; Visconti et al., 2012), and we show 

that increased time in mitosis results in cell death. We found that cells released from both 

G1/S phase and prometaphase exhibited longer times in mitosis (Figure 2.4B & C), which 

is commonly observed during mitotic catastrophe. Cells that exhibited centromere 

fragmentation remained in mitosis for several hours before exiting and subsequently dying 

(Figure 2.4C and Supplementary Figure 2.2). However, while in mitosis Rod was 

localized to the kinetochore (Figure 2.4A) suggesting that the mitotic checkpoint was 

active (Chan et al., 2000; Karess, 2005). Mitotic checkpoint activation and mitotic arrest 

will occur if there are chromosome attachment errors (Foley and Kapoor, 2013). Therefore, 

a mitotic arrest was expected in cells exhibiting centromere fragmentation because normal 

bipolar chromosome attachment could not be achieved. However, we observed that Wee1 

inhibition prolonged mitosis in cells that did not prematurely enter mitosis or undergo 

centromere fragmentation. This observation is consistent with others who have reported 
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that Wee1 inhibition or knockdown delays mitotic exit in cells previously synchronized in 

prometaphase (Chow et al., 2011; Visconti et al., 2015; Visconti et al., 2012). In support 

of this, we found that prometaphase synchronized cells with fully replicated chromosomes 

that were capable of normal bipolar attachment, still arrested in mitosis when treated with 

MK-1775. We used time-lapse microscopy and resolved that this arrest occurred in 

metaphase but was not due to centromere fragmentation. During the metaphase arrest, cells 

experienced multiple spindle collapses and overall were found to require ~5 times longer 

to complete mitosis (or ~12 times longer to transition from metaphase to anaphase) 

compared to DMSO controls (Figure 2.6). Following this mitotic arrest, 26% of cells died 

in mitosis and 60% of cells died in interphase within ~12 h of anaphase (Figure 2.8 and 

Table 2.2). Cell death in both mitosis and interphase following prolonged mitosis has been 

previously documented in HeLa, A549, and HCT-116 cells that were treated with other 

anti-mitotic drugs such as nocodazole, paclitaxel, and a small molecule inhibitor of Eg5 

(AZ-138) (Gascoigne and Taylor, 2008). The driving mechanism of MK-1775 mediated 

cell killing has been suggested to be premature entry into mitosis from S-phase (Aarts et 

al., 2012; Hirai et al., 2009). However, our data show that MK-1775 also causes cell death 

by delaying mitotic exit (independent of centromere fragmentation or premature mitosis). 

This mode of cell death is consistent with that of other anti-mitotic drugs (Foley and 

Kapoor, 2013; Gascoigne and Taylor, 2008; Gascoigne and Taylor, 2009). We also 

detected further evidence of mitotic catastrophe; 27% of daughter cells exhibited either 

micronucleation or contained extra-nuclear structures (Galluzzi et al., 2012; Vitale et al., 

2011), which likely arose due to repeated spindle collapses (Marcelain et al., 2012).  

2.5.4 Sustained Cdk1 activity prolongs mitosis leading to cell death 
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We believe that sustained Cdk1 activity in the presence of MK-1775 initiates cell death.  

Treatment with other anti-mitotic drugs such as paclitaxel or nocodazole are reported to 

induce the upregulation of pro-apoptotic proteins (Bax) and downregulation of anti-

apoptotic proteins (Mcl-1, Bcl2, Bcl-XL, and XIAPs) (Bennett et al., 2016; Colin et al., 

2015; Hain et al., 2016; Shi et al., 2008; Sloss et al., 2016). Cdk1 initiates the degradation 

or inhibition of at least some of these factors (Mcl-1,  Bcl2, and Bcl-XL) through 

phosphorylation during a mitotic arrest (Sloss et al., 2016; Terrano et al., 2010) and the 

inhibition of Cdk1 by Wee1 inhibits apoptosis and promotes cell survival (Guzman et al., 

2009). In our study, high levels of cyclin B and low levels of pY15-Cdk1 were observed 

in HeLa, U-2 OS, MDA-MB-231 and T-47D cells arrested in mitosis following treatment 

with MK-1775 (Figure 2.6D-F and Figure 2.7). Our findings are consistent with those of 

Visconti et al. who reported prometaphase synchronized cells exposed to MK-1775 or 

transfected with a inactive Wee1 mutant (Wee1-T239D) retain high cyclin B1 and low 

pY15-Cdk1 levels for up to 10 hours (Visconti et al., 2015). Failure to phosphorylate Cdk1 

and degrade cyclin B indicate that Cdk1 is active in cells treated with MK-1775, which 

would allow Cdk1 to initiate apoptosis.  

2.5.5 MK-1775 sensitizes breast cancer cells to paclitaxel 

Since inhibition of Wee1 activity with MK-1775 prevents normal mitotic exit, we tested if 

co-treating cells with the microtubule poison paclitaxel could be used to enhance cell 

killing compared to treating cells with either paclitaxel or MK-1775 alone. Paclitaxel is 

used in adjuvant therapy in breast cancers as well as a single agent therapy for metastatic 

cancers (Senkus et al., 2015). Paclitaxel treatment also prolongs mitosis, which has been 

suggested to be a driving mechanism of cell death (Foley and Kapoor, 2013; Gascoigne 
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and Taylor, 2009). Importantly, many patients do not respond with monotherapies with 

either MK-1775 or paclitaxel. 

In our experiments, we examined the response of breast cancer cell lines to 

cotreatment with paclitaxel and MK-1775. We found that combining paclitaxel with MK-

1775 (500-1000 nM) significantly increased total time in mitosis compared to either 

treatment alone in HeLa cells (Figure 2.9). We also observed an increase in the percentage 

of cells that died in co-treated conditions compared to mono-treatments (Figure 2.9B and 

Table 2.3). These experiments were consistent with crystal violet assay results, where we 

found that paclitaxel enhanced MK-1775 in four different breast cancer cell lines tested (T-

47D, MDA-MB-231, MDA-MB-468, and MCF7) and vice versa (Figure 2.10B-E) but not 

in the non-tumorigenic breast cell line (MCF 10A). Since MK-1775 did not enhance MCF 

10A cell sensitivity to paclitaxel, combined treatments maybe more selective towards 

cancer cells but this would need to be validated in a panel of normal cell lines. In either 

case, our findings are consistent with a recent study that showed MK-1775 sensitized 

MOLT-4 cells and patient derived Acute Lymphoblastic Leukemia (ALL) cells to 

paclitaxel and other microtubule poisons (vincristine, and nocodazole) as marked by an 

increase in apoptosis and a reduction in cell viability (Visconti et al., 2015). Interestingly, 

breast cancer cells treated with paclitaxel are reported to down-regulate Wee1 expression 

(Choi and Yoo, 2012), suggesting that loss of Wee1 activity is an important step in 

paclitaxel mediated-cell killing. Therefore, if paclitaxel induced cell death requires 

inactivation of Wee1, then it makes sense that co-treating cells with MK-1775 will result 

in additional cell killing. 
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Our data highlight a new potential strategy for enhancing MK-1775 mediated cell 

killing in breast cancer cells. Currently, paclitaxel is an approved treatment for breast 

cancer (Gligorov and Richard, 2015) and though MK-1775 is currently undergoing phase 

I/II clinical evaluations with different anti-cancer agents for the treatment of solid tumours 

affecting organ such as the cervix, ovaries, lungs, and pancreas, there are no dedicated 

studies examining the response of breast cancer to MK-1775 and paclitaxel 

(https://clinicaltrials.gov). Therefore, our data provide a rationale for combining MK-1775 

and paclitaxel to treat breast cancer. 

2.5.6 Conclusion 

MK-1775 is a potent small molecule inhibitor that has two modes of cell killing. First, it 

can induce premature mitosis leading to centromere fragmentation in G1/S cells. Second, 

it induces a metaphase arrest because of dysregulated Cdk1 activity in cells synchronized 

in mitosis. In both cases, the abnormal mitosis induced by MK-1775 results in cell death 

in mitosis or cell death in interphase several hours following an extended mitosis. 

Paclitaxel also disrupts and induces a prolonged mitosis. Combining paclitaxel with low 

dose MK-1775 allows greater cell killing than either treatment alone in breast cancer cell 

lines.  



97 

 

 

Supplementary Figure 2.1. MK-1775 induces premature mitosis in G1/S 
synchronized cells. 
HeLa cells were synchronized in G1/S phase by double thymidine block and 
then released into media containing with DMSO or MK-1775. Cells were fixed 
at indicated times, then stained for phospho-Ser10-histone H3 (PH3) and DNA 
and analyzed by FACS to determined cell cycle phase. Histogram of DNA 
content is shown for indicated treatments at each time. Scatterplots show cells 
positive for PH3 (Black = positive; Red = negative). Right side of each dot blot 
represents cells in G2/M whereas left side represents cells in G1/S. 
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Supplementary Figure 2.2. Inhibition of Wee1 kinase induces prolonged 
mitosis and cell death. 
Timelapse panels of movie showing cells 11 and 12 as an example of the 
prolonged mitotic arrest and cell death phenotype. Red – mCherry histone H2B; 
green – EGFP-tubulin; yellow arrow heads indicate planes of cleavage of 
attempted anaphase; yellow arrows indicate plane of fusion of cells 11 and 12 

at approximately 540 min of the movies; scale bar = 11 m. Time is duration 
from the start of the timelapse movie. Cell 12 is the same cell depicted in Fig 
3B lower panel. 
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3 Chapter 3. Cancer cells acquire resistance to the Wee1 inhibitor 

Adavosertib through Myt1 upregulation 

3.1 Abstract 

Adavosertib (also known as AZD1775 or MK1775) is a small molecule inhibitor of the 

protein kinase Wee1, with single agent activity in multiple solid tumours, including 

sarcoma, glioblastoma, and head and neck cancer. Adavosertib also shows promising 

results in combination with genotoxic agents such as ionizing radiation or chemotherapy. 

Previous studies have investigated molecular mechanisms of primary resistance to Wee1 

inhibition. Here, we investigated mechanisms of acquired resistance to Wee1 inhibition, 

focusing on the role of the Wee1-related kinase Myt1. Myt1 and Wee1 kinases were both 

capable of phosphorylating and inhibiting Cdk1/cyclin B, the key enzymatic complex 

required for mitosis, demonstrating their functional redundancy. Ectopic activation of 

Cdk1 induced aberrant mitosis and cell death by mitotic catastrophe. Cancer cells with 

intrinsic Adavosertib resistance had higher levels of Myt1 compared to sensitive cells. 

Furthermore, cancer cells that acquired resistance following short-term Adavosertib 

treatment had higher levels of Myt1 compared to mock-treated cells. Downregulating Myt1 

enhanced ectopic Cdk1 activity and restored sensitivity to Adavosertib. These data 

demonstrate that upregulating Myt1 is a mechanism by which cancer cells acquire 

resistance to Adavosertib. 
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3.2 Graphical abstract (Cancer Research submission) 

 

 

  



101 

 

3.3 Introduction 

Adavosertib (also known as AZD1775 or MK1775) is a narrow spectrum inhibitor of the 

protein kinase Wee1 that has single agent clinical activity in multiple solid tumours, 

including sarcoma, glioma, head and neck cancer, and ovarian cancer (Do et al., 2015; 

Sanai et al., 2018).  

  Wee1 activity is crucial for maintaining the S- and G2/M-phase DNA damage 

checkpoints (Mir et al., 2010; PosthumaDeBoer et al., 2011; Zheng et al., 2017) and as 

such Adavosertib sensitizes cancer cells to genotoxic treatments including ionizing 

radiation, gemcitabine, cisplatin and camptothecin (Aarts et al., 2012; Chow and Poon, 

2013; Hirai et al., 2010; Hirai et al., 2009; Osman et al., 2015). On its own, Adavosertib 

treatment forces S-phase HeLa (cervical cancer cells) and breast cancer cells to directly 

enter mitosis (Aarts et al., 2012; Bukhari et al., 2019; Duda et al., 2016; Lewis et al., 2017). 

This causes premature condensation of under replicated-chromosomes leading to double-

stranded breaks at the centromeres (centromere fragmentation) (Beeharry et al., 2013; 

Brinkley et al., 1988; Lewis et al., 2017). Subsequently, these cells arrest and die in 

prometaphase or following mitotic slippage (Lewis et al., 2017). Nevertheless, some 

tumours do not respond to Adavosertib in the clinic (Do et al., 2015; Van Linden et al., 

2013); and the mechanisms underpinning clinical resistance are unknown. 

In eukaryotes, Wee1 and the related Myt1 kinase (PKMYT1) (Mueller et al., 1995) 

exhibit functionally redundant roles in the inhibition of the mitosis promoting complex – 

Cdk1/cyclin B (Ayeni et al., 2014; Okumura et al., 2002; Palmer et al., 1998). Wee1 

phosphorylates Cdk1 on Y15 whereas Myt1 phosphorylates Cdk1 on both T14 and Y15 

(Jin et al., 2008; Mueller et al., 1995). When cells are ready to enter mitosis, the 
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phosphatase Cdc25C removes these inhibitory phosphates from Cdk1 (Russell and Nurse, 

1986a; Timofeev et al., 2010). Cdk1 is re-phosphorylated by Wee1 during mitotic exit – 

again inhibiting its activity (Chow et al., 2011; Lewis et al., 2017; Visconti et al., 2015; 

Visconti et al., 2012). 

Because Wee1 and Myt1 exhibit functional redundancy in Cdk1 inhibition, 

compensatory Myt1 activation is a candidate mechanism for Adavosertib resistance. 

However, several studies show that knockdown or inhibition of Wee1 alone is sufficient to 

abrogate the S- and G2/M DNA damage checkpoints and to cause cells to prematurely 

enter mitosis (Chow and Poon, 2013; Coulonval et al., 2011; Nakajima et al., 2008; Wells 

et al., 1999). In contrast, the loss of Myt1 (in the presence of Wee1) neither affects the 

timing of mitosis nor abrogates DNA damage checkpoints (Chow and Poon, 2013; 

Coulonval et al., 2011; Nakajima et al., 2008; Wells et al., 1999). These observations led 

some researchers to conclude that Myt1 is not required for Cdk1 inhibition in cancer cells. 

However, a more recent study showed that Myt1 is essential for cell survival in a subset of 

glioblastoma cells that have downregulated Wee1 expression (Toledo et al., 2015). In these 

glioblastoma cells, loss of Myt1 induced a mitotic arrest followed by cell death (Toledo et 

al., 2015). Additionally, Chow and Poon reported that the combined knockdown of Wee1 

and Myt1 causes more HeLa cells to enter mitosis with damaged DNA compared to Wee1 

knockdown alone (Chow and Poon, 2013). Furthermore, Myt1 knockdown enhances 

Adavosertib induced cell killing in cell lines derived from brain metastases (Guertin et al., 

2013).  

Although Adavosertib is in clinical development in multiple cancer types, ongoing 

trials include patients with advanced and metastatic breast cancer. Given the high breast 
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cancer incident and mortality in North America and Europe (Ferlay et al., 2015), we studied 

Adavosertib resistance in breast cancer models, and report that Myt1 upregulation mediates 

intrinsic and acquired Adavosertib resistance through the inhibition of ectopic Cdk1 

activity.  

3.4 Methods 

3.4.1 Cell culture 

HeLa cells were received directly from ATCC whereas breast cancer cells were received 

from Dr. Roseline Godbout (also ordered from ATCC) who amplified, aliquoted, and then 

froze cells at early passage (P3) in liquid nitrogen. A P3 aliquot was subsequently received 

and then re-amplified, aliquoted, and frozen by our lab (P6-9). Cell lines were tested for 

mycoplasma contamination by DAPI staining and confocal imaging. HeLa, MDA-MB-

468, MDA-MB-231, SK-BR-3, and BT-474 cells were grown as a monolayer in high-

glucose DMEM supplemented with 2 mM L-glutamine and 10% (vol/vol) FBS. T-47D and 

MCF7 cells were grown in high-glucose DMEM supplemented with 2 mM L-glutamine, 

10% (vol/vol) FBS, and 0.01 mg/ml insulin. MCF 10A and HME-1 cells were grown in 

MEBM supplemented with SingleQuots (Lonza; CC-3150). Cell lines were maintained in 

culture for a maximum of 2 months (~20-25 passages). MDA-MB-231 cells expressing 

mCherry-H2B and EGFP-tubulin were generated as outlined by Moudgil et al. (Moudgil 

et al., 2015). MDA-MB-231 cells were transfected with mClover3-10aa-H2B (Bajar et al., 

2016). HeLa cells were transfected with mClover3-10aa-H2B (Bajar et al., 2016) and 

tdTomato-CENPB-N-22 (Gao et al., 2012). All cell lines were cultured in a humidified 

incubator at 37°C with 5% CO2. 
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3.4.2 Cell synchronization.  

Cells were synchronized in G1/S phase by double thymidine block as outlined in Moudgil 

et al. (Moudgil et al., 2015). Cells were treated with 2 mM thymidine for 16 h with an 8 h 

release interval between thymidine treatments. For cell synchronization (measuring 

premature entry into mitosis), cells were released from the 2nd thymidine block for 4 h and 

then subjected to indicated treatments.  

3.4.3 Small molecule inhibitors. 

Adavosertib (Chemie Tek; 955365-80-7), RO-3306 (Sigma; SML0569), and thymidine 

(Sigma; T1895) were prepared as 10 mM solutions in DMSO and then stored at -20°C. 

3.4.4 Transfections  

siRNA for Wee1 5’-CAUCUCGACUUAUUGGAAAtt-3’ (Ambion; siRNA ID: s21), 

Myt1 5’-GGACAGCAGCGGAUGUGUUtt-3’ (Ambion; siRNA ID: s194985) and 5’-

GCGGUAAAGCGUUCCAUGUtt-3’ (Ambion; siRNA ID: s194986) and a scrambled 

control siRNA 5’-UGGUUUACAUGUCGACUAA-3’ from Thermo Fisher Scientific 

were used at a concentration of 20 nM (unless otherwise indicated) with 0.2% 

Lipofectamine RNAiMax (Thermo Fisher Scientific) for 24 h prior to treatments with 

Adavosertib. In the siWee1 dilution assay, the amount of RNAiMax Lipofectamine used 

was fixed at 0.2%. Knockdown efficiency was analyzed by western blot and normalized to 

tubulin or actin 48 h post transfection. 

3.4.5 Orthotopic breast cancer xenograft and drug treatments 

2 x 106 MDA-MB-231-fluc2-tdT cells were mixed with Matrigel (Corning, USA) and 1X 

PBS (1:1) and injected using a 1 cc syringe with 26G needle in 50 µL volume orthotopically 
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into inguinal mammary fat pad of 6-8 week old female NSG (NOD/SCID gamma) mice 

procured from Dr. Lynne Postovit’s breeding colony at the University of Alberta. Tumor 

volume was measured every 4 days with a Vernier caliper and volume was calculated as 

[length x (width)2] / 2. When tumors reached a volume of about 150 mm3, mice were 

randomly segregated into 2 groups (n = 3 per group). Mice received daily treatment with 

either vehicle (0.5% methylcellulose dissolved in sterile water) or 60 mg/kg Adavosertib 

via oral gavage for 26 days. Tumors were harvested 24 h post last drug treatment and fixed 

with 10% formalin for 48 h prior to embedding. All animal work was approved by the 

Cross Cancer Institute Animal Care Committee in accordance with the Canadian Council 

on Animal Care guideline. 

3.4.6 DNA microarray 

 Total RNA was isolated from frozen breast tumour biopsies, gene microarray analysis, 

data processing, and reverse transcription-polymerase chain reaction (RT-PCR) were 

processed as outlined in (Germain et al., 2011; Liu et al., 2011; Liu et al., 2012). One Wee1 

(A_23_P127926) and two Myt1 primers (A_24_P105102 and A_23_P398515) were 

available for analysis. Myt1 primers were then averaged together after confirming that 

mRNA detection was similar by comparative analysis.  

3.4.7 Immunoblot 

Cells were harvested and processed for western blot as described previously by Chan et al. 

(Famulski et al., 2011). Protein extracts were separated on 12% polyacrylamide gels for 7-

15 min at 200 V. PageRuler Plus Prestained protein ladder (Thermo Fisher Scientific; 

26619) was used as a molecular weight marker. Proteins were transferred on to 
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nitrocellulose for 7-15 min at 25 V by Trans-Blot® Turbo Transfer System. Membranes 

were blocked with Odyssey blocking buffer (LI-COR Biosciences).  Membranes were 

probed with the following primary antibodies: anti-Wee1 antibodies (Cell Signalling; 

4936; 1:1000 dilution), anti-Myt1 antibodies (Cell Signalling; 4282; 1:1000 dilution), anti-

Cdc25C antibodies (Cell Signalling; 4688; 1:11000), anti-Cdk1 antibodies (Santa Cruz; sc-

54; 1:500 dilution), anti-phospho-tyrosine 15 Cdk1 (Cell Signalling; 9111; 1:1000 

dilution), anti-phospho-threonine 14 Cdk1 (1:1000 dilution), anti-tubulin antibodies 

(Sigma; T5168; 1:4000 dilution), anti-PARP antibodies (Cell Signalling: 9542; 1:1000 

dilution), anti-pT320-PP1C antibody (Abcam: ab62334; 1:30000), and anti-GST 

antibody (Rockland: 600-401-200; 1:2000 dilution). Membranes were then incubated with 

Alexa Fluor-680 conjugated anti-rabbit (Thermo Fisher Scientific; A21109; 1:1000 

dilution), anti-mouse (Thermo Fisher Scientific; A21057; 1:1000 dilution), IR800 anti-

mouse (LI-COR Biosciences; 827-08364 1:1000 dilution) and IR800 anti-rabbit (LI-COR 

Biosciences; 926-32211; 1:1000). Membranes were scanned by the Odyssey Fc (LI-COR 

Biosciences) and then analyzed by Image Studio Lite software. 

3.4.8 Immunofluorescence 

Cells were processed for immunofluorescence as previously described by (Famulski et al., 

2011).  Cells were seeded on to coverslips at a density of 5 × 104 cells/ml in a 35-mm dish. 

Following cell synchronization, cells were treated with either DMSO or Adavosertib at 

indicated concentrations. Treatments were maintained for 4 h and 0.1% DMSO was used 

as a control in all experiments. siRNA transfections were performed as outlined in the 

RNAi section. DNA was stained with 0.1 µg/ml DAPI. Coverslips were stained with the 

following antibodies: anti-phospho-Ser10 Histone H3 (PH3) antibodies (Abcam; ab5176; 
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1:1000 dilution), anti-tubulin antibodies (Sigma; T5168; 1:4000 dilution), and anti-

centromere antibody (ACA) sera (gift from M. Fritzler, University of Calgary, Calgary, 

Canada; 1:4000 dilution). Coverslips were mounted with 1 mg/ml Mowiol 4-88 (EMD 

Millipore) in phosphate buffer, pH 7.4. Alexa Fluor 488–conjugated anti–mouse and anti-

rabbit (1:1000 dilution; Molecular Probes), Alexa Fluor 647–conjugated anti–human 

(1:1000 dilution; Molecular Probes) secondary antibodies were used to visualize protein 

localization. Images were captured at 63X magnification using a Zeiss LSM 710 Meta 

Confocal Microscope (Carl Zeiss, Germany). The pinhole diameter was set at 1 airy unit 

for all channels, and the exposure gain for each channel was kept constant in between image 

acquisition of all samples. 

3.4.9 Immunohistochemistry 

Immunohistochemistry was performed on formalin fixed paraffin embedded (FFPE) tissue 

samples using standard procedures as previously described (Varghese et al., 2014). Briefly, 

4 µm slices were sectioned on precleaned Colorfrost Plus microscope slides (Fisher 

Scientific, USA) using a microtome (Leica, Germany). Tissue samples were baked at 60°C 

for 2 h and deparaffinized 3 times in xylene for 10 mins each and subsequently rehydrated 

in a gradient of ethanol washes (100%, 80%, and 50%). Tissue sections were subjected to 

antigen retrieval in a pressure cooker using 0.05% citraconic anhydride antigen retrieval 

buffer (pH – 7.4). Tissue samples were blocked with 4% BSA for 30 mins and incubated 

with primary antibody against Myt1 (1:50; Cell Signalling; 4282) overnight at 4°C. Next 

day, endogenous peroxidase activity was blocked for 30 mins using 3% H2O2, followed by 

incubation with anti-rabbit HRP labelled secondary antibody (Dako EnVision+ System; 

K4007) for 1 h at room temperature in the dark. Samples were incubated with DAB+ 
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substrate chromogen (Dako, USA) for brown colour development, counter stained with 

hematoxylin, and mounted with DPX mounting medium (Sigma, USA). Images were 

captured using the Zeiss Axioskop2 plus upright microscope (Carl Zeiss) equipped with 

AxioCam color camera. Images were then analyzed using IHC profiler plugin (Varghese 

et al., 2014) for ImageJ as previously described (Kumar et al., 2014) . Briefly, images were 

color deconvoluted to unmix pure DAB and hematoxylin stained areas using the nuclear 

stained image option in the IHC profiler plugin. DAB stained (brown) nuclei were marked 

using the threshold feature of ImageJ and assigned an automated score using the IHC 

profiler macro. The automated score is calculated based on the following formula: Score = 

[(Number of pixels in a zone) x (Score of the zone)] / (Number of pixels in the image). 

Wherein, the score of the zone is assigned as 4 for the high positive (+3) zone, 3 for the 

positive (+2) zone, 2 for the low positive (+1) zone and 1 for the negative (+0) zone 

(Varghese et al., 2014). 

3.4.10 Live cell imaging on spinning disk microscope 

Cells were seeded in a 35 mm glass bottom dishes (MatTek Corporation). Glass bottom 

plates were placed on a motor-controlled stage within an incubator chamber maintained at 

37°C and 5% CO2. Live cell imaging was carried out with the Ultraview ERS Rapid 

confocal imager (PerkinElmer) on an Axiovert 200M inverted microscope (Carl Zeiss) and 

a CMOS camera (ORCA-Flash4.0, Hamamatsu) using the 40X objective lens. Images were 

captured at 5 mins interval for 24 h using the Volocity software. The 488 nm and 561 nm 

lasers were set at 20% power and 200 ms exposure time. Movie files were exported as 

OME-TIFF files and further processed in Imaris 9.0.1 (Bitplane) for background 

subtraction and noise reduction. 
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3.4.11 High content analysis 

Images were taken with a high-content automated microscopy imaging system 

(MetaXpress Micro XLS, software version 6, Molecular Devices, as outline in Lewis et al. 

(Lewis et al., 2017). Briefly, MDA-MB-231 and HeLa cells were seeded onto a 96 well 

plate at a density of 4000 cells per well. Single images were captured in each well with a 

20× (NA 0.75) objective with the equipped siCMOS camera using bandpass filters of 

536/40nm and 624/40 nm. On average 200 cells per well were imaged. The images were 

then manually analyzed with the MetaXpress software using the mCherry-H2B to mark 

changes in DNA organization. Mitotic timing was calculated by the interval between 

nuclear envelope break down (NEBD, indicated by the first evidence of chromosome 

condensation) to the onset of anaphase (or chromosome decondensation in the case of 

mitotic slippage). Only cells that entered mitosis were analyzed for mitotic timing 

experiments and the fates of the mitotic cells (and resulting daughter cells) were tracked 

for the duration of the experiment (48 h). Cell death was determined by the formation of 

apoptotic bodies, loss of cell attachment, and/or loss of membrane integrity. 

3.4.12 Generation of pT14-Cdk1 antibody 

The phospho-specific antibody against pT14-Cdk1 was generated by immunizing rabbits 

with a synthetic peptide phosphorylated at the T14 residue (conjugated to KLH). Sera was 

first depleted of antibodies against the unphosphorylated epitopes with a non-

phosphorylated peptide column. Cdk1-pT14 antibodies were then affinity-purified with a 

pT14 peptide column. Specificity of the antibodies was demonstrated by no signal in 

western blot of mutant myt1 fly extracts. 
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3.4.13 Crystal violet assay 

Cells were seeded into 96-well plates and transfected with siRNAs against Wee1, Myt1, 

and scrambled control for 24 h. Cells were then treated with increasing concentrations of 

Adavosertib (16-4000 nM, 1:2 serial dilution). After 96 h treatment, media was aspirated 

and then cells were stained with 0.5% crystal violet for 20 min as outlined by Bukhari et 

al. (Bukhari et al., 2019). Crystal violet was then removed, and plates were rinsed three 

times with water and left to air-dry for 24 h. Crystal violet within stained cells was 

resuspended in 100% methanol. Absorbance at 570 nm was measured using FLUOstar 

OPTIMA microplate reader (BMG Labtech). Percent cell survival was calculated by 

subtracting blank wells and then normalizing DMSO controls to 100%. The first point on 

each curve represents 0 nM Adavosertib. Graphs were plotted using GraphPad Prism V7. 

3.4.14 Kinase assay 

Cdk1 kinase assays were completed as outlined in Lewis et al. (Lewis et al., 2016; Lewis 

et al., 2013). Briefly, 20 ng of GST fused with a 9 amino acid PP1C peptide 

(GRPITPPRN) was combined with 2000 cells in 2x Cdk1 phospho-buffer (100 mM β-

glycerophosphate, 20 mM MgCl2, 20 mM NaF, 2 mM DTT), 400 µM ATP and then 

incubated at 37°C for 15 min. Reactions were then terminated with Laemmli sample buffer 

(BioRad; 161-0747) and then analyzed by western blot. The ratio of pT320-PP1C to GST, 

minus “no lysate” control, was calculated for each sample. DMSO was set to one for 

Adavosertib serial dilution and HeLa for baseline Cdk1 experiment. 

3.5 Results 

3.5.1 Upregulation of Myt1 confers resistance to Wee1 inhibition in vitro 
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To test acquired resistance to the Wee1 inhibitor Adavosertib, we derived Adavosertib 

resistant cell lines from HeLa (cervical cancer) and MDA-MB-231 (breast cancer) cell 

lines.  We and others have previously shown that HeLa and MDA-MB-231 are highly 

sensitive to Adavosertib as single agent treatment (Aarts et al., 2012; Bukhari et al., 2019; 

Lewis et al., 2017). We selected for resistant cells by culturing these cell lines in medium 

containing 500 nM Adavosertib for approximately 2 months (Figure 3.1A). The resulting 

cell populations were tested for Adavosertib sensitivity by crystal violet assays (Bukhari et 

al., 2019). In the case of both MDA-MB-231 and HeLa, Adavosertib-selected cells 

(denoted as “R500”) showed much higher resistance to the Wee1 inhibitor compared to 

mock-treated (Parental, “P”) cells (Figure 3.1B-C). Selection increased the IC50 from 305 

nM to 1090 nM in HeLa and from 349 nM to 1217 nM in MDA-MB-231.  Since the 

activities of two related kinases Myt1 and Wee1 were found to be redundant in Cdk1 

regulation in various organisms/tissues (Jin et al., 2008; Okumura et al., 2002; Palmer et 

al., 1998; Toledo et al., 2015), we hypothesized that upregulation of Myt1 could underline 

Wee1 inhibitor resistance. We therefore compared Myt1 protein levels in the derived 

Adavosertib-resistant cell lines to the parental cell lines. Indeed, resistant cell populations 

had increased Myt1 levels; 2.0-fold in HeLa and 3.1-fold in MDA-MB-231 relative to 

parental cell populations. To test if decreasing Myt1 levels could re-sensitize resistant cells 

to Adavosertib, we used two different siRNAs to knockdown Myt1 (siMyt1 #1 and #2) and 

compared Adavosertib sensitivity to siRNA scrambled control treated cells (siSc). Myt1 

knockdown in R500 HeLa cells decreased the IC50 from 1261 nM in siSc-treated cells to 

283 nM and 373 nM in siMyt1 (#1 and #2) transfected cells respectively (Figure 3.1D). In 

R500 MDA-MB-231 cells, Myt1 knockdown decreased the IC50 from 1447 nM (siSc) to  
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Figure 3.1. Adavosertib acquired resistance correlates with Myt1 
upregulation in vitro and in vivo. 
A) Flow chart depicting the generation of Adavosertib resistant cell lines. 
Adavosertib sensitivity was tested in parental (P) and resistant (R500) HeLa (B) 
and MDA-MB-231 (C) cells by crystal violet assays. Error bars represent SEM. 
Myt1 and tubulin expression was analyzed by immunoblot. Representative 
images and quantitation of average Myt1 levels (n = 4) relative to tubulin are 
shown to the right. Adavosertib sensitivity was re-tested in D) HeLa and E) 
MDA-MB-231 cells following Myt1 knockdown by siRNA. Myt1 knockdown was 
confirmed by western blot. F) MDA-MB-231 xenograft tumours of mice treated 
with vehicle control or 60 mg/kg Adavosertib for 26 days were excised on the 
last day of drug administration. Paraffin embedded tumour slices were analyzed 
for Myt1 expression by immunohistochemistry. Scale bar = 50 μm. 

  



113 

 

163 nM and 371 nM for siMyt1 #1 and #2, respectively (Figure 3.1E). These data suggest 

that Myt1 upregulation is a driver of resistance in the R500 HeLa and MDA-MB-231 cell 

lines. 

3.5.2 Selection for Wee1 resistance leads to Myt1 upregulation in vivo 

We previously tested the efficacy of Adavosertib treatment in an orthotopic breast cancer 

xenograft model (Bukhari et al., 2019). In that study using a luciferase labelled MDA-MB-

231 cell line, mice were treated with 60 mg/kg of Adavosertib for 26 days. Although 

Adavosertib treatment caused significant tumor growth delay, no tumor shrinkage was 

observed (Bukhari et al., 2019). This indicates that the tumours had at least partially 

acquired Adavosertib resistance. To investigate whether increased Myt1 expression 

contributed to tumor resistance, we harvested MDA-MB-231-derived tumors from NSG 

(NOD/SCID gamma) mice immediately after a 26-day treatment with 60 mg/kg of 

Adavosertib. Tumor slices were analysed for Myt1 expression and Wee1 inhibition by 

immunohistochemistry (Figure 3.1F; n = 3 per group). Tumors treated with Adavosertib 

showed increased Myt1 expression (+2; positive) compared to vehicle control treated mice 

(+1; low positive). These results strongly support Myt1 upregulation as a mechanism for 

acquired Adavosertib resistance in vivo. 

3.5.3 Cellular Myt1 levels determine Adavosertib sensitivity  

To confirm that upregulation of Myt1 can confer Adavosertib resistance, we transiently 

overexpressed Myt1 tagged with GFP (GFP-Myt1) or GFP alone in HeLa and MDA-MB- 
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Figure 3.2. Transient overexpression of Myt1 promotes resistance to 
Adavosertib, whereas Myt1 knockdown enhances sensitivity. 
A) HeLa and MDA-MB-231 cells were transiently transfected with either GFP 
(solid line) or GFP-Myt1 (dotted line) for 24 h and then treated with Adavosertib 
for 96 h. Cell survival was analyzed by crystal violet assay. Error bars represent 
SEM. P-values are indicated (Two-way ANOVA). Protein levels of Myt1, tubulin, 
and GFP were analyzed in both HeLa and MDA-MB-231 cell lines. Exogenous 
GFP-Myt1 (*) and endogenous Myt1 bands (**) are indicated. *** and ¥ denote 
untagged GFP and a GFP-Myt1 degradation product respectively. B) HeLa, C) 
MDA-MB-231, D) SK-BR-3, E) BT-474, F) MDA-MB-231, G) T-47D, H) MCF 
10A, I) MCF7, and J) HME-1 cells were transfected with siSc (solid line) or 
siMyt1 (dotted line) and then treated with Adavosertib for 96 h and surviving 
attached cells measured by crystal violet assays. Error bars represent SEM. P-
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values are indicated (Two-way ANOVA). Myt1 knockdown was determined by 
immunoblot (right panel) (quantitation of Myt1 relative to tubulin is shown). All 
experiments were repeated at least three times.  

231 cells and then measured cell sensitivity to Adavosertib by crystal violet assays (Figure 

3.2A). GFP-Myt1 overexpression resulted in a modest but significant increase in the 

Adavosertib IC50s for both cell lines relative to GFP transfected controls (2.2-fold and 1.7-

fold increase in HeLa (P < 0.001; Two-way ANOVA) and MDA-MB-231 (P = 0.0079; 

Two-way ANOVA) respectively. Although HeLa exhibited a greater increase in the 

Adavosertib IC50 compared to MDA-MB-231, HeLa also exhibited higher GFP-Myt1 

expression levels compared to MDA-MB-231. Since increased Myt1 expression induced 

Adavosertib resistance in HeLa and MDA-MB-231, we wondered if endogenous Myt1 

expression in other cell lines could be used as a biomarker to predict Adavosertib 

sensitivity. Adavosertib sensitivity was screened in a panel of breast cell lines (5 cancer 

and 2 non-tumorigenic [Table 3.1]). HeLa and MDA-MB-231 cells were included as 

positive controls for Adavosertib sensitivity. Cell lines were transfected with siMyt1 or 

siSc and then treated with Adavosertib for 96 h. Adavosertib treatment reduced cell number 

in a dose dependent manner in all 9 cell lines tested, and as expected Myt1 knockdown 

(confirmed by immunoblot) further reduced cell number (Figure 3.2B-J). The reduced cell 

number was associated with an increase in PARP cleavage (a biomarker for apoptosis) in 

HeLa and MDA-MB-231 cells transfected with siSc or siMyt1 and treated with 

Adavosertib (250-500 nM) (Figure 3.3).   

We calculated IC50 values for each cell line (Table 3.2). HeLa, MDA-MB-231, 

and HME-1 cell lines had IC50 values in the 300 nM range, but the remaining 6 cell lines 

(MCF10A, MDA-MB-468, SK-BR-3, MCF7, T-47D, and BT-474) had IC50 values that 
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Table 3.1. p53 and molecular subtypes of breast cell lines.  
* indicate non-tumorigenic cell lines. 

 

 

 

Figure 3.3. Myt1 knockdown induces apoptosis in cells treated with 
Adavosertib. 
HeLa and MDA-MB-231 cells were transfected with siMyt1, siWee1, or siSc for 
24 h and then treated with Adavosertib (250-500 nM) for additional 24 h. Cell 
lysates were prepared and analyzed for total levels of Wee1, Myt1, total PARP, 
cleaved PARP, and actin by immunoblot. This data was not published in the 
original manuscript. 

Cell line Cell type 
(ATCC) 

Tissue type 
(ATCC) 

p53 status 
(67,68) 

Molecular sub-
type (69,70) 

HeLa Epithelial  Cervical Wild type HPV E6 
deactivated 

N.A. 

MDA-MB-231 Epithelial Mammary 
gland/breast 

Missense R280K Basal (triple 
negative) 

MDA-MB-468 Epithelial Mammary 
gland/breast 

Missense R273H Basal (triple 
negative) 

MCF7 Epithelial Mammary 
gland/breast 

Wild type Luminal A 
(ER+/PR+) 

T-47D Epithelial Mammary gland Missense L194F Luminal A 
(ER+/PR+) 

BT-474 Epithelial Mammary 
gland/breast 

Missense E285K Luminal B (PR+/ER-
/HER+) 

SK-BR-3 Epithelial Mammary 
gland/breast 

Missense R175H HER2+ (ER-/PR-) 

MCF 10A* Epithelial Mammary 
gland/breast 

Wild type N.A. 

HME-1* Epithelial Mammary 
gland/breast 

Wild type N.A. 
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Table 3.2. Cell line sensitive to Adavosertib in the presence of siSc or 
siMyt1. 

Cell line 
IC50 (nM) Fold 

Change siSc siMyt1 

HeLa 356 100 3.5 

MDA-MB-231 363 63 5.8 

HME-1 388 91 4.3 

MCF 10A 630 128 4.9 

MDA-MB-468 686 346 2.0 

SK-BR-3 736 110 6.7 

MCF7 800 267 3.0 

T-47D 1400 226 6.2 

BT-474 1441 274 5.3 

 

were approximately 2-4 times higher. To investigate how the high IC50 values correlated 

with Myt1 levels, Myt1 protein levels (normalized to total protein content) were quantified 

in each cell line (Figure 3.4A; top panel) and then plotted against the corresponding IC50 

values. Linear analysis revealed a strong correlation between calculated IC50 values and 

Myt1 protein levels (Figure 3.4B; top panel; R2 = 0.6903) in agreement with our 

prediction. We also tested if the levels of Wee1 or Cdc25C (the phosphatase responsible 

for reversing Cdk1 phosphorylation, by Wee1 and Myt1) correlated with cell sensitivity to 

Adavosertib, but no significant correlations were observed (Figure 3.4A-B). These data 

strongly support that Myt1 levels can be used as predictive biomarkers for cell sensitivity 

to Adavosertib. 
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Figure 3.4. High Myt1 protein levels correlate negatively with cancer cell 
sensitivity to Adavosertib. 
A) Cell extracts were prepared from cell lines and analyzed for total Myt1, 
Wee1, Cdc25C, and total protein by immunoblot. HeLa protein levels were used 
as reference. Quantitation of Myt1, Wee1, and Cdc25C levels (normalized to 
total protein) are shown below. B) Protein levels of Myt1, Cdc25C, and Wee1 
were plotted against Adavosertib IC50 concentrations for various cell lines 
(Table 3.2). Experiments were repeated at least three times. 

3.5.4 siRNA knockdown of Wee1 mimics Adavosertib treatment in the presence of siMyt1 

In addition to Wee1, Adavosertib also exhibits activity against Polo-like kinse-1 (Plk1) in 

some cell types including small cell lung carcinoma cells (Serpico et al., 2019; Wright et 

al., 2017). However, Adavosertib treatment induces premature mitosis in cells consistent 

with the inhibition of Wee1, whereas inhibition of Plk1 prolongs G2 phase (Gheghiani et 

al., 2017). To confirm that the reduced cell survival observed following 
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Adavosertib/siMyt1 treatment was dependent on loss of Wee1 activity and not an off-target 

effect of Adavosertib, we substituted the treatment with Adavosertib for a validated siRNA 

targeting Wee1 (siWee1) (Lewis et al., 2017). Select cell lines (HeLa, MDA-MB-231, 

MDA-MB-468, and T-47D) were transfected with increasing amounts of siWee1 in the 

background of either siSc or siMyt1 (Figure 3.5A-D). siWee1 transfection decreased cell 

survival in a dose dependent manner. However, cells transfected with siMyt1 + siWee1 

had fewer surviving attached cells compared to siSc + siWee1 controls in all four cell lines 

(P < 0.0001; Two-way ANOVA). The reduced surviving attached cells following 

transfection with siWee1 + siMyt1 was also associated with increased PARP cleavage 

(Figure 3.3).  These data corroborate that the observed cell death with Adavosertib and 

siMyt1 is due to loss of Wee1 and Myt1 activity.  

3.5.5 Adavosertib does not inhibit Cdk1 phosphorylation by Myt1 

Due to the role of Myt1 in cell cycle regulation, we suspected that Myt1 promotes 

Adavosertib resistance by maintaining Cdk1 inhibition. Structure-function studies have 

reported that Adavosertib does not strongly interact with Myt1 and is 100 times more 

selective towards Wee1 (Hirai et al., 2009; Zhu et al., 2017). To confirm this, we treated 

MDA-MB-231 and MDA-MB-468 cells with Adavosertib, and then assayed Myt1 and 

Wee1 activity by examining Cdk1 phosphorylation. In the presence of Adavosertib, the 

cellular levels of pT14-Cdk1 (a surrogate biomarker for Myt1 activity) remained stable, 

whereas the levels of pY15-Cdk1 (a surrogate biomarkers of Wee1 activity) declined 

(Figure 3.6A & B). These data show that even 1000 nM Adavosertib does not inhibit 

Myt1. 
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Figure 3.5. Wee1 knockdown mimics Adavosertib treatment. 
A) HeLa, B) MDA-MB-231, C) MDA-MB-468, and D) T-47D cells were 
transfected with siMyt1 or siSc in the presence of increasing concentrations of 
siWee1 and 0.2% lipofectamine for 96 h. The average percent surviving 
attached cells was analyzed by violet assay. Error bars represent SEM. 
Experiments were repeated at least three times. P values are indicated (Two-
way ANOVA). 
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Figure 3.6. Adavosertib does not inhibit Myt1 activity.  
Cell lysates were prepared from A) MDA-MB-231 and B) MDA-MB-468 cells 
treated with either DMSO or 125-1000 nM Adavosertib for 4 h or transfected 
with siMyt1 for 48 h. Lysates were analyzed for total levels of Wee1, Myt1, 
tubulin, pY15-Cdk1, pT14-Cdk1, and Cdk1 by western blot. Experiments were 
repeated at least three times.  

 

3.5.6 Adavosertib resistant cells have low Cdk1 activity 

To confirm that high Myt1 levels inhibit Cdk1 activity even in the presence of Adavosertib, 

we assayed in vitro Cdk1 activity (Lewis et al., 2013). First, we examined if R500 cells 

had lower activity relative to parental cells. R500 and parental HeLa and MDA-MB-231 

were treated with Adavosertib for 4 h following G1/S release. Lysates were then prepared 

and incubated with a recombinant Cdk1 substrate, GST-PP1C. Total levels of pT320 

GST-PP1C (an indicator of Cdk1 activity) were then quantified by immunoblot (Kwon 

et al., 1997; Lewis et al., 2013) (Figure 3.7A). Adavosertib treatment increased in vitro 

Cdk1 activity in a dose dependant manner; however, R500 HeLa and MDA-MB-231 had 

significantly less in vitro Cdk1 activity relative to parental cells (Figure 3.7B-C). Next, we 

directly tested if transient overexpression of Myt1 could suppress Cdk1 activity in HeLa 

and MDA-MB-231 parental cells. Cells were transfected with GFP or GFP-Myt1 and then  
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Figure 3.7. Myt1 inhibits ectopic Cdk1 activity induced by Adavosertib.  
A) Flow chart depicts in vitro kinase assay. Cdk1 activity in lysates from cells 4 
h after G1/S release was assessed in vitro by incubation with GST-PP1Cα (a 
Cdk1 substrate). Total pT320-PP1Cα peptide and GST levels were determined 
by immunoblot. Where indicated cells were transfected prior to synchronization. 
B) In vitro Cdk1 activity was analyzed in R500 and parental (P) HeLa and MDA-
MB-231 cells treated with Adavosertib. C) Graphs show quantitation of average 
Cdk1 activity (normalized to control parental/DMSO). Error bars represent SEM. 
D) In vitro Cdk1 activity (top two panels) HeLa and MDA-MB-231 were 
transiently transfected with GFP or GFP-Myt1 and then treated with DMSO or 
Adavosertib. GFP, GFP-Myt1, and tubulin levels were analyzed by immunoblot 
(bottom two panels). * denotes GFP-Myt1, whereas ** and ¥ denote untagged 
GFP and GFP-Myt1 degradation products respectively. E) Graph shows the 
quantitation of average Cdk1 activity (relative to control GFP/DMSO). Error bars 
represent SEM. F) Baseline Cdk1 activity was analyzed in HeLa, MDA-MB-231, 
SK-BR-3, and BT-474 cells 4 h post release from G1/S. Average in vitro Cdk1 
activity is shown (normalized to HeLa). G) HeLa, MDA-MB-231, SK-BR-3, and 
BT-474 were transfected with siSc or siMyt1. 24 h after knockdown, cells were 
released from G1/S with DMSO or 250 nM Adavosertib before testing in vitro 
Cdk1 activity in cell lysates. Average in vitro Cdk1 activity is shown below 
(normalized to DMSO). H) In vitro Cdk1 activity was analyzed in HeLa, MDA-
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MB-231, SK-BR-3, and BT-474 treated with DMSO or Adavosertib. I) Graph 
shows absolute in vitro Cdk1 activity (normalized to total cellular protein) in cell 
lines. Error bars represent SEM. All experiments were repeated at least three 
times. *, **, ***, and **** indicate P values < 0.05, < 0.01, 0.001 and < 0.0001 
(Two-way ANOVA). Parts B and C were not published component in the original 
Cancer Research manuscript. 

treated with Adavosertib for 4 h following G1/S release. GFP-Myt1 overexpression 

(confirm by immunoblot) significantly reduced absolute in vitro Cdk1 activity in both 

HeLa and MDA-MB-231 cells relative to cells expressing only GFP (Figure 3.7D-E).  

Next, we tested if Adavosertib-resistant cell lines (SK-BR-3 and BT-474) exhibited less in 

vitro Cdk1 activity compare to HeLa or MDA-MB-231. We first established the baseline 

Cdk1 activity in cell lines in the absence of Adavosertib. Cell lysates were prepared from 

cells 4 h after release from G1/S arrest and normalized by total protein (Figure 3.7A; no 

transfection). SK-BR-3 and BT-474 had 50-60% less in vitro Cdk1 activity compared to 

the more Adavosertib sensitive HeLa and MDA-MB-231 (Figure 3.7F).  

Next, we tested the effects on Cdk1 activity of combining Myt1 knockdown with 

Adavosertib. HeLa, MDA-MB-231, and two Adavosertib resistant cell (SK-BR-3, and BT-

474) were transfected with siSc or siMyt1 and then treated with Adavosertib (Figure 

3.7G). Low in vitro Cdk1 activity was observed in siSc and siMyt1 transfected cells in the 

absence of Adavosertib. Adavosertib treatment in siSc transfected cells increased Cdk1 

activity 2- to 4-fold compared to DMSO. However, the highest Cdk1 activity was observed 

in cells treated with Adavosertib and transfected with siMyt1. Together these data show 

that high Myt1 levels suppress Cdk1 activity in the presence of Adavosertib.  

 Subsequently, we treated each cell line with increasing concentrations of 

Adavosertib (Figure 3.7H). To compare the absolute change in Cdk1 activity between cell 

lines, the baseline Cdk1 activity (normalized to total protein) (Figure 3.7F) was multiplied 



126 

 

by the change in in vitro Cdk1 activity within each cell line. We found that resistant cell 

lines (SK-BR-3 and BT-474) had less absolute Cdk1 activity in the presence of Adavosertib 

compared to that of HeLa and MDA-MB-231 (Figure 3.7I).  To investigate whether the 

observed Cdk1 activity correlated with entry into mitosis, Adavosertib treated cells were 

stained for pS10 histone H3 (PH3) (a mitosis biomarker) (Hendzel et al., 1997) and 

analyzed by immunofluorescence microscopy (Figure 3.8A). Consistent with in vitro 

Cdk1 kinase assay, even at 2000 nM Adavosertib, <10% of SK-BR-3 and BT-474 cells 

stained positive for PH3 compared to 40-50% in HeLa and MDA-MB-231 (Figure 3.8A 

& B). Together these data strongly support that high Myt1 expression drives Adavosertib 

resistance by supressing Cdk1 activity.  

3.5.7 Myt1 protects cells from Adavosertib induced mitotic arrest 

Wee1 is required for normal mitotic exit and the loss of Wee1 causes cells to arrest in 

mitosis (Chow et al., 2011; Visconti et al., 2015; Visconti et al., 2012). Similarly, Myt1 

knockout in glioblastoma cells has been previously shown to prolong the duration of 

mitosis leading to cell death (Toledo et al., 2015). We therefore wondered whether Myt1 

levels may affect how long cancer cells arrest in mitosis following Adavosertib treatment. 

We transfected MDA-MB-231 cells expressing mCherry-H2B and GFP-tubulin with 

siMyt1 or siSc and then treated cells with Adavosertib or DMSO. Next, we measured the 

duration of mitosis by timelapse microscopy (Figure 3.9A & B). No significant differences 

were observed between siMyt1 or siSc transfected MDA-MB-231 cells in the absence of 

Adavosertib (Figure 3.9B; 0 nM); cells exhibited normal chromosome alignment and 

mitotic timing. In contrast, Adavosertib (in the background of siSc) increased the total time  
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Figure 3.8. Adavosertib resistant cells do not prematurely enter mitosis. 
Adavosertib sensitive (HeLa and MDA-MB-231) and resistant (BT-474, and SK-
BR-3) cell lines were released from G1/S phase into media containing 125-2000 
nM Adavosertib. A) Cells were analyzed for positive PH3 by 
immunofluorescence microscopy. Scale bar = 25 µm. B) Percentage of PH3 
cells (relative to DAPI) are presented in the graph. Error bars represent SEM. 
Experiments were repeated at least three times. 
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Figure 3.9. Myt1 knockdown and Adavosertib cooperatively lead to mitotic 
arrest and cell death.  
A) MDA-MB-231 cells expressing GFP-tubulin (green) and mCherry-H2B (red) 
were transfected with siSc or siMyt1 for 24 h and then treated with Adavosertib 
or vehicle control (DMSO). Cells were then analyzed by time-lapse imaging. 
Representative images are shown. Whisker-box plots show the duration of 
mitosis for MDA-MB-231 (B) and HeLa (C) treated as indicated (0 nM = DMSO). 
(D, E) Donut plots showing the proportion of cell survival (white) and cell death 
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in mitosis (red) or interphase (black) following mitotic arrest. The number of cells 
analyzed is indicated in the inner circle of the donut plots. *** and **** indicate 
P values < 0.001 and < 0.0001 (Two-way ANOVA). 

in mitosis compared to DMSO controls. Normal chromosome alignment and segregation 

was observed in most cells at low concentrations of Adavosertib (≤ 250 nM), but 

Adavosertib concentrations ≥ 500 nM induced abnormal chromosome condensation, which 

frequently was followed by in mitotic slippage (Figure 3.10A & B; two phenotypes are 

shown). Combined knockdown of Myt1 with Adavosertib (125-250 nM) prolonged mitosis 

more than Adavosertib alone (Figure 3.9B; P < 0.0001). siMyt1 combined with 

Adavosertib also increased the percentage of cells that exhibited abnormal chromosome 

condensation and/or mitotic slippage. No increases in the duration of mitosis were observed 

after siMyt1 transfection and Adavosertib concentrations ≥ 500 nM. To compare the effects 

on mitosis in MDA-MB-231 to another cell line, we repeated the experiment in HeLa cells 

expressing GFP-H2B (Figure 3.9C). Like MDA-MD-231, Adavosertib/siSc increased the 

duration of mitosis in HeLa compared to DMSO/siSc.  Unlike in MDA-MB-231, siMyt1 

significantly enhanced the duration of mitosis compared to Adavosertib /siSc in HeLa cells 

even at concentrations higher than 500 nM.  

We measured the percentage of cell death in MDA-MB-231 and HeLa cells by 

time-lapse microscopy for up to 48 h (Figure 3.9D-E). Few cell deaths were observed in 

siSc/DMSO controls for either cell line; however, 18% of MDA-MD-231 and 25% of HeLa 

cells died during mitosis or after slippage in siMyt1/DMSO treated cells. Consistent with 

cell survival assay data (Figure 3.2B-C), we observed that Adavosertib alone induced cell 

death in a dose dependent manner in both MDA-MB-231 and HeLa, which was further 

enhanced by siMyt1. Mitotic cell death commonly occurred at high concentrations of  
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Figure 3.10. Adavosertib induced mitotic exit delays occur in cells with 
and without abnormal chromosome condensation and spindle 
organization.  
MDA-MB-231 cells expressing EGFP-tubulin (green) and mCherry-H2B (red) 
were treated with 500 nM Adavosertib for 24 h and then analyzed by timelapse 
imaging. A) Mitotic cells with extended mitotic duration. B) Mitotic cells 
undergoing mitotic slippage (aborted mitosis). 

Adavosertib (≥ 500 nM) in siSc-transfected cells and at lower doses of Adavosertib (125-

250 nM) in siMyt1-transfected cells. These data suggest that loss of both Wee1 and Myt1 

prolongs mitosis and induces mitotic cell death compared to loss of either kinase alone. 

3.5.8 Myt1 knockdown induces centromere fragmentation in cancer cells treated with 

Adavosertib 

Centromere fragmentation occurs when cells enter mitosis without completing DNA 

synthesis (Beeharry et al., 2013; Lewis et al., 2017). We previously reported that 20% of 

HeLa cells treated with 1000 nM Adavosertib underwent mitosis accompanied with 

centromere fragmentation (Lewis et al., 2017); however, at concentrations close to the IC50 

of HeLa (250 nM), centromere fragmentation was rarely observed. Here we show that after 
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Myt1 knockdown, abnormal chromosome condensation and alignment (characteristic signs 

of centromere fragmentation (Beeharry et al., 2013; Lewis et al., 2017)) are observed in 

both MDA-MB-231 and HeLa cells treated with only 250 nM Adavosertib. HeLa and 

MDA-MB-231 cells were transfected with siSc or siMyt1, synchronized in G1/S, and then 

released into media containing Adavosertib or DMSO for 4 h (Lewis et al., 2017). Cells 

were then fixed and stained for centromeres, microtubules, and DNA and analyzed by 

immunofluorescence microscopy (Figure 3.11A). In the absence of Adavosertib, < 2% of 

HeLa and MDA-MB-231 cells transfected with siSc or siMyt1 entered mitosis; observed 

mitotic cells exhibited normal centromere localization, chromosome morphology and 

mitotic spindles. Treatment with 250 nM Adavosertib in the presence of siSc increased the 

percentage of mitotic cells to 12% and 17% in HeLa and MDA-MB-231 respectively 

(Figure 3.11A & B). Of these mitotic cells observed in the presence of Adavosertib alone, 

most exhibited abnormal chromosome condensation and had centromeres and 

microtubules that clustered away from the bulk of the chromosomes, consistent with 

centromere fragmentation (Figure 3.11A & B). However, 250 nM Adavosertib in the 

presence of siMyt1 increased centromere fragmentation 11-fold in HeLa, and 4-fold in 

MDA-MD-231 (Figure 3.11B). We repeated this experiment in an Adavosertib resistant 

cell lines (T-47D) using a higher concentration of the Wee1 inhibitor (1000 nM), consistent 

with HeLa and MDA-MB-231, Myt1 knockdown increased the number of cells exhibiting 

centromere fragmentation (Figure 3.11A & B)   

To acquire higher resolution images of the chromosomes from mitotic cells, HeLa 

cells were prepared for karyotype analysis (Figure 3.11C). The chromosomes in DMSO  
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Figure 3.11. Myt1 knockdown enhances Adavosertib induced centromere 
fragmentation. 
A) siSc or siMyt1 transfected cells were released from G1/S phase into media 
containing either DMSO or 250 nM (for HeLa and MDA-MB-231) or 1000 nM 
(for T-47D) for 4 h. Cells were then fixed and stained for tubulin (green), 
centromeres (red), and DNA (blue) and analyzed by confocal microscopy. 
Representative mitotic cells for each treatment are shown. B) Donut plots show 
the proportions of interphase (white), mitotic (red), centromere-fragmented 
(blue), and dead cells (black). The number of cells analyzed is indicated in the 
inner circle of the donut plots. C) Metaphase spreads of HeLa and T-47D cell 
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chromosomes following treatment conditions described in (A). D) HeLa cells 
expressing GFP-H2B (green) and td-Tomato-CENP-B (red) were analyzed by 
live cell imaging. E) Dendrograms show the cell fates of HeLa following 
transfection with siMyt1 and 250 nM Adavosertib treatment (n =39). Each line 
represents a single cell and forked lines indicate cell division. Capped black 
lines indicate cell death whereas uncapped lines represent cells that either 
survived treatment or exited the imaging field prior to the end of the experiment. 
T-47D data was not included as part of the original Cancer Research 
publication. 

treated cells that were transfected with siSc or siMyt1 showed no signs of abnormalities. 

Likewise, in HeLa cells treated with 250 nM Adavosertib and were transfected with siSc 

had intact chromosomes with only a small number exhibiting signs of chromosome 

shattering. In contrast, treatment with Adavosertib resulted in chromosome shattering in 

nearly all mitotic spreads from Myt1 knockdown cells. Similar results were observed in 

the karyotype of T-47D cells transfected with siSc or siMyt1 and treated with DMSO or 

1000 nM Adavosertib. Albeit high numbers of cells exhibiting chromosome shattering 

were observed in the presence of Adavosertib regardless of whether T-47D cells were 

transfected with siSc or siMyt1. 

 Finally, to further investigate the phenomenon of centromere fragmentation, a 

HeLa cell line expressing GFP-H2B and tdTomato-CENP-B was established to monitor 

chromosomes and centromeres respectively. Asynchronous cells were transfected with 

siMyt1 or siSc and then treated with either DMSO or 250 nM Adavosertib for 24 h. No 

centromere fragmentation was observed in cells treated with siSc/DMSO, siMyt1/DMSO, 

or siSc/250 nM Adavosertib (Figure 3.11D & E and Table 3.3). However, combining 250 

nM Adavosertib with siMyt1 resulted in centromeres clustering away from the bulk of the 

chromosomes in 26.7% of cells (Figure 3.11D and Table 3.3). Cell death was observed in 

100% of cells exhibiting centromere fragmentation (Figure 3.11E). To confirm that  
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Table 3.3. Cdk1 inhibition prevents centromere fragmentation. 
 

Treatment (24 h) Centromere fragmentation 

siSc/DMSO 0% (0/72) 

siSc/1000 nM Adavosertib 8.3% (2/24) 

siMyt1/DMSO 0% (0/60) 

siSc/250 nM Adavosertib 0% (0/35) 

siMyt1/250 nM Adavosertib 26.7% (40/150) 

RO-3306 + siMyt1/250 nM Adavosertib 0% (0/40) 

 

centromere fragmentation was dependent on upregulated Cdk1 activity following loss of 

Wee1 and Myt1 activity, we treated cells with the small molecule Cdk1 inhibitor RO3306. 

We found that RO3306 completely supressed centromere fragmentation in 

siMyt1/Adavosertib treated cells (Table 3.3). Collectively, these findings may indicate that 

the ability of Myt1 to inhibit Cdk1 during DNA replication protects cells from undergoing 

centromere fragmentation when Wee1 is inhibited by Adavosertib. 

3.5.9 High Myt1 expression is associated with a worse clinical outcome in breast cancer 

Since most of our data were derived from breast cancer cell lines, we wanted to know if 

Myt1 was overexpressed in tumours from breast cancer patients. We compared Myt1 

mRNA levels in breast cancer patient tissue (176 samples) (Germain et al., 2011; Liu et 

al., 2011; Liu et al., 2012) against normal breast tissue (10 samples) by cDNA microarray 

(Germain et al., 2011; Liu et al., 2011; Liu et al., 2012) and found that median mRNA 
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levels of Myt1 were  approximately 14-fold higher in cancer tissue compared to normal 

tissue (P = 0.0004; student t-test) (Figure 3.12A and Supplementary Figure 3.1A & B; 

average of two primes). Nevertheless, we noted that Myt1 mRNA levels varied greatly 

among samples. We then correlated Myt1 expression with overall disease grade, mitotic 

grade, and hormone receptor status (basal like vs ER positive) (Figure 3.12B-D and 

Supplementary Figure 3.1C-E). We found that higher Myt1 expression was associated 

with a higher overall disease grade (P < 0.0001; student t-test) a higher mitotic grade (P < 

0.0001; student t-test), and basal like (triple negative) hormone receptor status (P = 0.009; 

student t-test). We next evaluated whether Myt1 expression was associated with either 

disease recurrence (disease-free survival) or overall patient survival (Figure 3.12E & F). 

We therefore dichotomized the samples into high and low Myt1 expression groups with 

the low group representing the bottom quarter percentile of the samples, which is 

comparable to Myt1 expression in normal tissue. We found that higher Myt1 expression 

was associated with both a worse disease-free survival (P = 0.0118; Mantel-Cox test) and 

overall survival (P = 0.0121; Mantel-Cox test). Since our sample size (n = 176) was 

relatively small, we accessed the cBioPortal database to compare high and low Myt1 

expressing breast cancers to confirm our findings. An analysis of 1423 additional samples 

confirmed high Myt1 levels were strongly associated with a lower overall survival 

(Supplementary Figure 3.1F; P < 0.0001; Mantel-Cox test) (Cerami et al., 2012; Gao et 

al., 2013). Previous studies have reported that Wee1 is overexpressed in various cancers 

including breast cancer (De Witt Hamer et al., 2011; Iorns et al., 2009; Matheson et al., 

2016a; Murrow et al., 2010). In this study, no differences in Wee1 expression were 

observed between breast cancer and normal tissue samples (Figure 3.13A). Breast cancer  
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Figure 3.12. High Myt1 expression is associated with a worse clinical 
outcome in breast cancer. 
 Patient breast cancer tissue was analyzed for Myt1 mRNA expression by cDNA 
microarray (average of two primers; Supplementary Figure 3.1). A) 
Normalized Myt1 expression in breast cancer tissue (n =176) was compared to 
normal breast tissue (n = 10). B) Overall disease grade, C) mitotic grade and 
D) hormone status was compared with Myt1 expression. Tumour samples were 
grouped into high (above the 25th percentile; n = 132) and low (below the 25th 
percentile; n = 44) Myt1 expressing samples. Kaplan-Meier curves show E) 
overall survival and F) relapse free survival of breast cancer patients with 
tumours that express high and low levels of Myt1. 

cells with Wee1 levels above the median expression were associated with a higher overall 

and mitotic grade (Figure 3.13B & C), but there were no differences in hormone status, 

overall survival, and disease-free survival (Figure 3.13D-F). Although it is worth pointing 

out that we examined only Myt1 mRNA levels, not Myt1 protein expression, these data 

suggest that Myt1 overexpression may be an important mechanism promoting cancer 

development. 
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Figure 3.13. High Wee1 expression is associated with a higher tumour 
grade. 
Normalized Wee1 expression in breast cancer tissue (n =176) was compared 
to normal breast tissue (n = 10). A) Overall disease grade, B) mitotic grade, and 
C) hormone status was compared between cancers with high (above the 50th 
percentile; n = 88) and low (below the 50th percentile; n = 88) Wee1 expression. 
Kaplan-Meier curves show D) overall survival and E) relapse free survival. 

 

3.6 Discussion 

Clinical trials show that Adavosertib treatment responses are variable, and some cancers 

do not respond to Adavosertib (Do et al., 2015; Van Linden et al., 2013); however, the 

mechanisms of drug resistance are unknown. We find that cancer cells can acquire 

resistance to Adavosertib through the upregulation of Myt1. HeLa and MDA-MB-231 cell 

lines, which initially exhibited high sensitivity to Wee1 inhibition, after selection acquired 

resistance to Adavosertib that was marked by a 2- to 3-fold increase in Myt1 expression 
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(Figure 3.1B-C). Additionally, in vivo experiments using an orthotopic breast cancer 

xenograft model demonstrated that tumours following 26 days of Adavosertib treatment 

had increased Myt1 expression compared to control treated tumour tissue (Figure 3.1F). 

Together, these data strongly suggest that Myt1 upregulation is a mechanism for tumour 

cells to acquire resistance to Wee1 inhibition. However, our data does not exclude the 

possibility that other proteins or pathways may also promote resistance to Adavosertib. 

Recently, proteomics study showed that primary resistance to Adavosertib is also 

associated with the upregulation of the mTOR pathway in small-cell lung carcinoma cells 

(Sen et al., 2017).  

To validate that Myt1 upregulation had a direct role in Adavosertib resistance, we 

tested the effects of Myt1 knockdown and overexpression. Myt1 knockdown re-sensitized 

resistant HeLa and MDA-MB-231 cell lines to Adavosertib (Figure 3.1D & E), which 

suggested that Myt1 upregulation was required to sustain resistance in these cells. 

Furthermore, Myt1 knockdown also enhanced Adavosertib sensitivity in breast cancer cell 

lines initially exhibiting intrinsic resistance to the Wee1 inhibitor (Figure 3.2). Moreover, 

we were able to induce Adavosertib resistance directly in parental HeLa and MDA-MB-

231 cells by transiently overexpressing GFP-Myt1 (Figure 3.1A). Collectively, these data 

argue that Myt1 upregulation directly drives Adavosertib resistance. 

Our results suggest that Myt1 expression level is a candidate predictive biomarker 

for tumour sensitivity to Adavosertib. We compared Adavosertib sensitivity in cancer cell 

lines and identified a strong correlation (R2 = 0.69) between Adavosertib resistance and 

Myt1 protein expression (Figure 3.4 and Table 3.2), in agreement with a study suggesting 

a negative correlation of Myt1 mRNA levels with Wee1 inhibitor sensitivity (Guertin et 
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al., 2013). Although Wee1 and Cdc25C are important regulators of Cdk1 activity (Russell 

and Nurse, 1986a; Russell and Nurse, 1987; Timofeev et al., 2010), we did not observe any 

significant correlation between the expression of these proteins and Adavosertib 

sensitivity.  

Developmental studies in model organisms have shown that Wee1 and Myt1 are at 

least partially redundant in the regulation of Cdk1 (Ayeni et al., 2014; Okumura et al., 

2002; Palmer et al., 1998). This redundancy is important because ectopic Cdk1 activity is 

lethal due to the promotion of replication stress, premature entry into mitosis and the 

dysregulation of mitotic processes (Aarts et al., 2012; Duda et al., 2016; Jin et al., 2008). 

We confirmed that Myt1 retained its activity even in the presence of Adavosertib, 

indicating that Myt1 could compensate in Cdk1 regulation when Wee1 is inhibited (Figure 

3.6) (Hirai et al., 2009; Zhu et al., 2017). However, we found that in cells with low levels 

of Myt1, such as HeLa and MDA-MB-231 (Figure 3.4), Myt1 activity is insufficient to 

suppress ectopic Cdk1 activity when Wee1 is inhibited (Figure 3.7). Upregulation of Myt1 

in R500 HeLa and MDA-MB-231 reduced in vitro Cdk1 activity relative to parental cell 

controls (Figure 3.7B & C). Likewise, transient overexpression of GFP-Myt1 HeLa and 

MDA-MB-231 parental cells also reduced in vitro Cdk1 activity relative to GFP controls 

(Figure 3.7D & E), which argues that higher Myt1 levels can induce resistance in these 

cells by inhibiting Cdk1. Likewise, SK-BR-3 and BT-474 have high Myt1 levels (Figure 

3.4A & B) and exhibit low Cdk1 activity in the presence of Adavosertib (Figure 3.7H-I). 

Myt1 knockdown enhanced ectopic in vitro Cdk1 activity induced by Adavosertib in all 

cell lines tested (Figure 3.7G), which further argues that Myt1 at least partially inhibits 
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Cdk1 activity if Wee1 is inhibited. Together, these data corroborate that Myt1 promotes 

resistance to Adavosertib through the inhibition of Cdk1.   

Our data suggest Myt1 inhibition of ectopic Cdk1 activity protects cells from mitotic 

catastrophe, the mode of cell death induced by Wee1 inhibition (Aarts et al., 2012; Bukhari 

et al., 2019; Lewis et al., 2017). Mitotic catastrophe is not defined by a molecular pathway, 

but it can be identified by mitotic abnormalities including premature mitosis, centromere 

fragmentation (Beeharry et al., 2013; Brinkley et al., 1988) and mitotic exit delays 

(Gascoigne and Taylor, 2008; Orth et al., 2012; Uetake and Sluder, 2010). We observed 

that the type and incidence of these mitotic abnormalities prior to cell death varied 

depending on the concentration of Adavosertib used and cellular Myt1 levels. Despite 

HeLa and MDA-MB-231 cells having similar Myt1 protein levels and Adavosertib IC50s, 

we did note that siMyt1 transfection in the presence of Adavosertib had a more significant 

effect on the duration of mitosis in HeLa compared to MDA-MB-231 (Figure 3.9). This 

difference may be explained by other biological differences that may exist between the two 

cell lines. Apart from Myt1, differences in the expression (or activity) of other cell-cycle 

regulators may cause longer mitotic delays following Adavosertib treatment (Figure 3.14). 

The cellular levels of mitotic cyclins and their degradation rate in anaphase is known to 

affect the duration of mitosis in cells treated with other anti-mitotic drugs (Gascoigne and 

Taylor, 2008; Gascoigne and Taylor, 2009). The upregulation of mitotic cyclins (cyclin 

A/B) and the downregulation of CDK interacting protein p21 have been suggested to 

correlate with increased cancer cell sensitivity to Adavosertib (Aarts et al., 2012). 

Alternatively, differences in the activity of the upstream kinase/phosphatase signalling 

pathway that regulates Wee1, Myt1, or Cdc25C could also affect the duration of mitosis in 
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these cells. It is also possible that the loss of Myt1 and Wee1 activity may induce mitotic 

catastrophe by an unknown mechanism that is independent of Cdk1 activity. 

 

 

Figure 3.14. Model of Myt1 induced resistance in cancer cells. 
Wee1 inhibition by Adavosertib induces ectopic Cdk1 activity in cells with low 

Myt1 expression (A) but not cells with high Myt1 expression (B). C) Ectopic 

activation of Cdk1 promotes cell death by mitotic catastrophe. Other cell-cycle 

regulators may also contribute to cell sensitivity to Adavosertib through the 

regulation of Cdk1, Wee1, Myt1, Cdc25C, or through a parallel signalling 

pathway. 

In the case of SK-BR-3 and BT-474, the amount of Myt1 expressed was enough to 

prevent premature mitosis in most cells treated with Adavosertib. At the highest 

concentration tested (2000 nM), less than 10% of SK-BR-3 or BT-474 prematurely entered 
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mitosis. In contrast, 10-20% of HeLa and MDA-MB-231 underwent premature mitosis at 

250 nM and 40-50% of cells entered mitosis at 2000 nM Adavosertib. Although Myt1 did 

not protect most HeLa and MDA-MB-231 cells from mitotic catastrophe at high 

concentrations of Adavosertib (500-2000 nM), Myt1 was essential for cell survival at 

lower, more clinically relevant concentrations. Cells treated with 125-250 nM Adavosertib 

progressed through mitosis significantly slower than those treated with DMSO, but cell 

death was relatively low (10-20% cell death at 250 nM) (Figure 3.9D & E). Myt1 

knockdown in combination with 125-250 nM Adavosertib caused cells to arrest in mitosis 

2-3 times longer than in the case of Adavosertib alone and caused cell death to increase to 

75%. Similarly, 10% of HeLa and 17% of MDA-MB-231 cells underwent premature 

mitosis associated with centromere fragmentation when treated with 250 nM Adavosertib 

(Figure 3.11). However, Myt1 knockdown in combination with Adavosertib induced 

mitosis associated with centromere fragmentation in 75% of HeLa and 50% of MDA-MB-

231 cells. Together these data show that Myt1 and Wee1 cooperatively suppress cell death 

by mitotic catastrophe. 

Our findings establish Myt1 level as a candidate predictive biomarker for tumour 

response after Adavosertib treatment. This could have wide-ranging clinical implications 

as Adavosertib enters the clinic. Currently, Adavosertib is undergoing phase I/II clinical 

trials against different cancer types alone and in combination with different anti-cancer 

agents. Although tumour response is observed in some patients, cancer progression 

continues in many other patients treated with Adavosertib (Do et al., 2015; Leijen et al., 

2016). To our knowledge, clinical studies on Adavosertib do not take Myt1 expression 

levels into account prior to treating patients with this inhibitor. However, Myt1 expression 
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should be assessed in pre- and post-treatment tissue samples from participants in these 

studies to evaluate if there is a relationship between Myt1 expression and the clinical 

response to Adavosertib. If a correlation between high Myt1 levels and Adavosertib 

resistance is identified, Myt1 expression levels could be used to stratify cancer patients in 

a future clinical trial on Adavosertib. Our data shows that Myt1 is overexpressed in tumour 

tissue (relative to normal tissue) (Figure 3.12A). Likewise, Myt1 is also reported to be 

upregulated in other cancer types such as colorectal cancer and glioblastomas (Jeong et al., 

2018; Toledo et al., 2015). If high Myt1 levels are indeed a predictive biomarker for tumour 

response to Adavosertib, it is unlikely that Adavosertib on its own will be effective in 

targeting these tumour types. Furthermore, the finding that Myt1 overexpression is 

associated with poor breast cancer prognosis suggests that those breast cancer patients most 

in need of new therapies are least likely to benefit from Adavosertib. 

Combining Adavosertib with a small molecule Myt1 inhibitor will likely prove 

beneficial in overcoming resistance. However, there are additional reasons why a Myt1 

inhibitor may be beneficial in the clinic. Myt1 level is a candidate prognostic biomarker, 

since high levels in breast cancer is associated with a higher tumour grade, triple negative 

status, reduced overall survival, and increased disease relapse (Figure 3.12B-F). 

Additionally, Myt1 upregulation is associated with cancer cell metastasis and lower overall 

survival in colorectal cancers (Jeong et al., 2018). Myt1 is also a crucial survival factor in 

a subset of glioblastomas (Toledo et al., 2015). Together these data suggest that Myt1 

maybe a driver of tumour aggressiveness, which further provides a rationale for developing 

Myt1 inhibitors. 

 



147 

 

Acknowledgements: We thank Dr. Michael Weinfeld (and laboratory members), Dr. 

Michael Hendzel, and Chan laboratory members for their helpful discussion. We also thank 

Dr. Xuejun Sun and Geraldine Barron for assistance in the cell imaging facility. CWL is 

supported by the NSERC Alexander Graham Bell Canada Graduate Scholarship and Izaak 

Walton Killam Memorial Scholarship. ABB is supported by Alberta Cancer Foundation’s 

Dr. Cyril M. Kay Graduate Scholarship. JDS was supported by the Queen Elizabeth II 

Graduate Scholarship. EJX was supported by a NSERC USRA award. The Chan laboratory 

was funded by NSERC, CIHR and the Cancer Research Society. The Gamper laboratory 

was funded by a start-up grant from the University of Alberta and a CIHR grant.  



148 

 

 

Supplementary Figure 3.1. Upregulation of Myt1 is associated with a 
worse clinical outcome 
Patient breast cancer tissue was analyzed for Myt1 mRNA expression by DNA 
microarray. A) Comparative analysis of Myt1 probes (A_24_P105102 and 
A_23_P398515). Average of the two probes is shown in Figure 1. B) 
Normalized Myt1 expression (A_24_P105102 and A_23_P398515) in breast 
cancer tissue (n =176) was compared to normal breast tissue (n = 10). C) 
Overall disease grade, D) mitotic grade, and E), hormone receptor status was 
compared between cancers with high (above the 25th percentile; n = 132) and 
low (below the 25th percentile; n = 44) Myt1 expression. F) Kaplan-Meier curves 
show overall survival in high and low Myt1 expressing cancer (1423 breast 
cancer patients; cBioPortal database).  
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4 Chapter 4. Myt1 overexpression restores Cdk1 regulation in Wee1 

inhibited cancer cells 

4.1 Background/rationale 

We showed that transient overexpression of GFP-Myt1 in HeLa and MDA-MB-231 

cells promoted Adavosertib resistance (Lewis et al., 2019); GFP-Myt1 reduced in vitro 

Cdk1 activity and promoted cell survival in Wee1 inhibited cells. However, we were unable 

to test the effects of GFP-Myt1 expression on mitosis directly due to high cytotoxicity 

induced by transfection. Furthermore, transfection efficiencies varied between experiments 

and we were unable to generate a stable cell line. To overcome these technical issues, we 

in collaboration with the Gamper lab developed a tetracycline inducible (Tet-On) Myt1 

system using Flp-InTM T-RexTM HeLa cells (a gift from Dr. Stephen Taylor, University of 

Manchester, UK) (Tighe et al., 2008). The Flp-InTM element contains a site directed 

Flippase (Flp) recombination target (FRT) site (Sauer, 1994), which allows site directed 

gene integration of a plasmid containing a FTR site in the presence of the Flp [reviewed in 

(Ward et al., 2011)]. The T-RexTM element encodes a tetracycline repressor (tetR) (Yao et 

al., 1998), which recognizes and binds to a tetracycline operator (tetracycline operator 2) 

[reviewed in (Ward et al., 2011)] (Figure 4.1A). However, in the presence of tetracycline 

the tetR is inhibited permitting Myt1 expression. This system was advantageous in that we 

were able to generate a site directed isogenic inducible stable cell line to study the effects 

of Myt1 overexpression.  

We cloned full length Myt1 into a plasmid vector containing the tetracycline-

inducible promoter and the FRT site (pcDNA5/FRT/TO APEX2-GFP) (Padron et al., 
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2019). The tetracycline-inducible promoter is consisted of a cytomegalovirus (CMV) 

promoter containing with two copies of the tetracycline operator 2 (Yao et al., 1998). The 

tetracycline inducible APEX2-GFP-Myt1 expression vector and a Flp recombinase 

expression vector (pOG44) were co-transfected into Flp-InTM T-RexTM HeLa cells to 

generate a 110 kDa Myt1 fusion protein APEX2-GFP-Myt1 Flp-InTM T-RexTM. 

The GFP tag was utilized for imaging experiments. The APEX2 tag is an 

engineered 28 kDa monomeric ascorbate peroxidase that catalyzes the oxidation of biotin-

phenol to the short-lived (~1 ms) biotin-phenoxyl radical in the presence of H2O2 [reviewed 

(Trinkle-Mulcahy, 2019)]. The resulting biotin-phenoxyl radical then covalently attaches 

to adjacent amino acids of neighboring proteins. The APEX2 tagged was to be used in 

future experiments to label Myt1 interacting proteins but was not utilized in our 

experiments. For simplification, GFP-APEX2-Myt1 is referred to as GFP-Myt1 from here 

on out. 

4.2 Results  

4.2.1 Induction of Myt1 in HeLa cells does not affect cell division in not treated cells 

To validate our inducible Myt1 system, Flp-InTM T-RexTM HeLa cells containing GFP-

Myt1 were either not treated or treated with 2 µM tetracycline. Within 24 h of tetratcycline 

treatment, we observed ubiquitous GFP-Myt1 expression by immunoblot and fluorescence 

microscopy (Figure 4.1B & C); however, in the absence of tetracycline, GFP-Myt1 was 

not detected. Given the functional role of Myt1 is to inhibit Cdk1, Myt1 overexpression 

may induce a cell cycle arrest (Liu et al., 1999; Mueller et al., 1995). To confirm that GFP-

Myt1 induction did not induce a cell-cycle arrest in our system, we treated cells with 

tetracycline for 48 h and then fixed and stained cells with pS10-histone H3 (PH3) and 
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DAPI (Figure 4.2A & B). Similar proportions of PH3 positive cells were observed with 

or without tetracycline, confirming that GFP-Myt1 does not induce a cell-cycle arrest in 

interphase. Furthermore, mitotic cells expressing GFP-Myt1 exhibited normal 

chromosome condensation and segregation (Figure 4.2C). 

GFP-Myt1 appeared as concentrated rounded hollow structures less than 2 µm in 

size outside the nucleus during interphase (Figure 4.2C; top two panels). The structures in 

question were absent in prometaphase and metaphase cells, but not in anaphase and 

telophase cells (Figure 4.2C; bottom three panels). This may suggest that these structures 

are disassembled during the onset of mitosis and then reassembled following anaphase. 

Diluting the amount of tetracycline from 2 µM down to 30 nM reduced GFP-Myt1 

expression in some cells but did not affect the formation of these structures. Furthermore, 

similar structures were previously observed by our lab during transient transfection with 

an alternative GFP-Myt1 plasmid lacking APEX2 (pEGFP-Myt1-GW) in HeLa and MDA-

MB-231, confirming that the formation of these structures is not unique to the Flp-InTM T-

RexTM GFP-APEX2-Myt1 HeLa system. Still, we are unclear of the precise nature of these 

structures. 

4.2.2 Cells expressing GFP-Myt1 exhibit increased survival in the presence of 

Adavosertib 

We previous showed that Adavosertib resistance is correlated with high Myt1 expression. 

To test if GFP-Myt1 induction promoted resistance in the HeLa Flp-InTM T-RexTM system, 

cells were treated with Adavosertib in the presence or absence of tetracycline (Figure 4.3). 

Non-induced cells had a an IC50 of 101 nM, which was much lower that the IC50 

previously observed in HeLa cells that did not contain the Flp-InTM T-RexTM system. 
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Regardless, GFP-Myt1 induction increased the Adavosertib IC50 3-fold (Two-way 

ANOVA; P < 0.049).  

4.2.3 GFP-Myt1 induction prevents mitotic entry from S-phase and promotes mitotic exit 

in Wee1 inhibited cells 

Next, we tested if GFP-Myt1 could rescue cells from aberrant mitosis induced by 

Adavosertib. We first established stable Flp-InTM T-RexTM GFP-Myt1 cells expressing 

mRuby-H2B. Asynchronous cell populations treated with either DMSO or 250 nM 

Adavosertib (+/- tetracycline) were then analyzed by time-lapse microscopy (Figure 4.4A 

& B). Induced and non-induced cells had similar median mitotic times (55 min and 50 

min). Furthermore, GFP-Myt1 induced cells did not any display defects in chromosome 

alignment or segregation (Figure 4.4A & C). In contrast, nearly all Adavosertib-treated 

cells were unable to achieve chromosomal alignment in the absence of tetracycline; instead, 

cells arrested in prometaphase for several hours and then died without completing mitosis 

(Figure 4.4A, C & D). However, GFP-Myt1 induction in the presence of Adavosertib 

permitted chromosomal alignment and mitotic exit (Figure 4.4A, C & D). 

 We previously showed that Adavosertib disrupts the cell cycle by at least two 

independent mechanisms: forced mitotic entry from S phase and delayed mitotic exit. To 

test if GFP-Myt1 prevented cells from entering mitosis directly from S phase, G1/S 

synchronized cells were released from media containing either DMSO or Adavosertib in 

the absence or presence of tetracycline. The point at which cells enter mitosis was then 

analyzed by time-lapse microscopy (Figure 4.5A). Most DMSO-treated cells, with or 

without tetracycline, entered mitosis 9-11 h post G1/S release (Figure 4.5A; top two 

panels). Non-induced cells treated with 125-250 nM Adavosertib entered mitosis within 3-
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5 h, indicating premature mitotic entry (Figure 4.5A; 3rd and 4th panel). In contrast, GFP-

Myt1 induced cells treated with Adavosertib entered mitosis at a similar time to that of 

DMSO controls, which suggests Myt1 prevents premature mitotic entry in the absence of 

Wee1 activity. To further confirm this, in vitro Cdk1 activity was measured 4 h after 

releases from G1/S phase (Figure 4.5B-D). Consistent with imaging experiments, GFP-

Myt1 induced cells exhibited significantly lower in vitro Cdk1 activity relative to non-

induced cells in the presence of Adavosertib. 

 Next, we tested if Myt1 could facilitate mitotic exit in Wee1-inhibited cells that 

were synchronized in mitosis. G1/S phase cells were released for 8 h and then treated with 

Adavosertib and analyzed by time-lapse microscopy (Figure 4.6A & B). Most DMSO-

treated cells (+/- tetracycline) underwent NEBD and chromosome segregation within 60-

65 min, consistent with a normal mitotic duration for HeLa cells (Lewis et al., 2017). In 

contrast, non-induced cells that were treated with Adavosertib were more prone to 

prometaphase arrest and cell death in mitosis (Figure 4.6A-C). GFP-Myt1 induction 

decreased the number of cells that arrested in prometaphase and died in mitosis, which 

suggests that Myt1 promotes mitotic exit in the absence of Wee1 activity.  
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Figure 4.1. Tetracycline induced GFP-Myt1 expression in HeLa Flp-In T-
REx cells. 
A) Schematic of Flp-InTM T-RExTM system. In the absence of Tetracycline (top), 
transcription repressor protein binds to the tetracycline (Tet) response element 
inhibiting Myt1 expression. In the presence of tetracycline (bottom), the 
transcription repressor protein dissociates from the Tet-response element 
permitting GFP-Myt1 transcription. Scale bar = 20 µm B) Nontreated and 
tetracycline-treated HeLa cells were analyzed by immunoblot for total levels of 
Myt1, GFP, and tubulin. Long exposure shows endogenous Myt1 levels. C) Not-
treated and tetracycline-treated HeLa cells were fixed and stained for DAPI. 
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Figure 4.2. GFP-Myt1 does not induce a cell cycle arrest. 
A) HeLa cells were either not treated or treated with 2 µM tetracycline for 48 h 
and then analyzed for total levels of PH3 by immunofluorescence microscopy. 
Scale bar = 20 µm. B) Donut plot show the portion of PH3 positive cells relative 
to DAPI. The number of cells counted for each treatment is presented in the 
centre of each plot. C) Representative interphase and mitotic cells (at indicated 
stages) expressing GFP-Myt1 are shown. Scale bar = 20 µm. Experiments were 
repeated three times. 
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Figure 4.3. GFP-Myt1 induction promotes Adavosertib resistance. 
HeLa cells were either not treated or treated with 2 µM tetracycline for 24 h and 
then treated with Adavosertib for an additional 96 h. Graph shows the average 
percent cell survival analyzed by crystal violet assay. Error bars represent SEM. 
Experiment was repeated three times.  
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Figure 4.4. GFP-Myt1 induction rescues cells from Adavosertib induced 
mitotic arrest. 
A) HeLa cells were treated with 250 nM Adavosertib in the presence or absence 
of 2 µM tetracycline and then analyzed by time-lapse microscopy. Scale bar = 
10 µm. B) Immunoblot shows total levels of GFP, Myt1, and tubulin. C)  Time in 
mitosis for indicated treatments is shown. **** denotes P < 0.0001 (ANOVA). 
Median mitotic times are included in table below. D) Donut plot show the 
proportion of cell death for each treatment. Number of cells counted is shown 
within each donut plot. Experiments were repeated at least three times. 
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Figure 4.5. GFP-Myt1 prevents premature mitotic entry from S phase in 
the presence of Adavosertib. 
A) Not treated or tetracycline treated HeLa cells were released from G1/S phase 
into media containing either DMSO or Adavosertib and then analyzed by time-
lapse microscopy (3 post G1/S release). Each line represents a single cell and 
forked lines indicate cell division. Dark grey box indicates the time when 
nontreated cells are expected to enter mitosis (9-11 h). B) Flow chart depicts in 
vitro kinase assay. Cdk1 activity in lysates from cells 4 h after G1/S release was 
assessed in vitro by incubation with GST-PP1Cα (a Cdk1 substrate). Total 
pT320-PP1Cα peptide and GST levels were determined by immunoblot. C) In 
vitro Cdk1 activity (top two panels) was assessed in HeLa cells (treatments are 
indicated). GFP, Myt1, and tubulin levels were analyzed by immunoblot (bottom 
two panels). D) Graph shows the quantitation of average Cdk1 activity (relative 
to control Tet-/DMSO). Error bars represent SEM. ** and *** denote P < 0.01 
and P < 0.0001 (Two-way ANOVA). Experiments were repeated at least three 
times. 
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Figure 4.6. GFP-Myt1 induction promotes mitotic exit in the presence of 
Adavosertib. 
A) Nontreated and tetracycline treated HeLa cells were released from G1/S for 
8 h into media containing either DMSO or Adavosertib and then analyzed by 
time-lapse microscopy. Each line represents a single cell and forked lines 
indicate cell division. B) Graph indicates the duration of mitosis (NEBD to 
anaphase/mitotic slippage). Median mitotic times are included in table below. 
C) Donut plots indicate the proportion of cell death observed for each treatment. 
Number of cells counted is indicated within each donut plot. Experiments were 
repeated at least three times.  
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4.3 Discussion 

Upregulation of Myt1 induces intrinsic and acquired Adavosertib resistance in cancer cells; 

high Myt1 expression is associated with reduced ectopic Cdk1 activity, resistance to 

premature mitotic entry, and increased cancer cell survival in the presence of Adavosertib 

(Lewis et al., 2019). We previously showed that siRNA knockdown of Myt1 increased the 

number of cells that prematurely entered mitosis as well as increased the duration of mitotic 

arrest in HeLa and MDA-MB-231 cells (Lewis et al., 2019). However, the effects of Myt1 

overexpression on mitotic timing in Wee1 inhibited was not directly addressed. Here we 

demonstrate that Myt1 rescues cells from aberrant mitosis induced by Wee1 inhibition. 

Wee1 inhibition by Adavosertib disrupts the cell cycle by two independent 

mechanisms. First, Wee1 inhibition by Adavosertib in S-phase leads to an upregulation in 

Cdk1 activity, which forces cells into mitosis with under-replicated chromosomes leading 

to chromosome fragmentation (Aarts et al., 2012; Duda et al., 2016; Lewis et al., 2017). 

Chromosome fragmentation prevents bipolar chromosomal alignment, which prolongs 

MCC activation and Cdk1 activity. Second, Cdk1 re-phosphorylation and cyclin B 

degradation are key steps required for mitotic exit (Chow et al., 2011; Jin et al., 1998; 

Lewis et al., 2017; Visconti et al., 2015; Visconti et al., 2012). Mitotic synchronized cells 

released from nocodazole into media containing Adavosertib also arrest in mitosis despite 

having fully replicated undamaged chromosomes (Lewis et al., 2017). We show that Myt1 

induced expression prevents premature entry into mitosis in cells synchronized in G1/S 

and treated with Adavosertib (Figure 4.5). We also show that Myt1 induced expression 

also promotes mitotic exit in cells treated with Adavosertib (Figure 4.6).  
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A previous study reported that mitotic synchronized HeLa cells expressing an 

inactive Wee1 mutant cannot exit mitosis, a finding that was attributed to loss of Cdk1 re-

phosphorylation (Visconti et al., 2015). Although siRNA knockdown of Myt1 alone in 

HeLa cells does not affect the timing of mitosis (Chow and Poon, 2013; Lewis et al., 2019; 

Lewis et al., 2017; Nakajima et al., 2008), Myt1 phosphorylates residual Cdk1/cyclin B 

complexes at the Golgi and endoplasmic reticulum during anaphase and telophase, a 

process that is essential for reassembly of these organelles after mitosis (Nakajima et al., 

2008). We previously showed that Myt1 expression in HeLa cells is low relative to other 

cancer cell lines (Lewis et al., 2019). As such, it remains unclear if the loss of functional 

redundancy between Wee1 and Myt1 in HeLa cells is the reason why Myt1 cannot 

compensate for the loss of Wee1 activity in terms of regulating mitotic timing. Loss of the 

functional redundancy between Wee1 and Myt1 has been previously described in a subset 

of patient derived glioblastoma cells (Toledo et al., 2015). In these cells, Wee1 is 

downregulated relative to normal neural cells and as a result glioblastoma cells rely on 

Myt1 for Cdk1 regulation and mitotic timing. Myt1 knockdown or knockout by siRNA or 

CRISPR/Cas9 respectively, induces a mitotic arrest and cell death in mitosis. Therefore, 

we hypothesize that higher Myt1 levels in other cancer cells allow Myt1 to function more 

redundantly with Wee1 in regulating Cdk1 activity during interphase and during mitotic 

exit.    
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5 Chapter 5. Comparing the effects of PD0166285 and Adavosertib in 

cancer cells 

5.1 Background/rationale  

We previously showed that Myt1 upregulation induces Adavosertib resistance in HeLa and 

breast cancer cells (Lewis et al., 2019). In this study, we found that knockdown of Myt1 

by siRNA could sensitize resistance cells to Wee1 inhibition, which suggested that co-

inhibition of Wee1 and Myt1 could be an effective means of overcoming Adavosertib 

resistance. Currently, there are no selective small molecule Myt1 inhibitors; however, there 

are several broad-spectrum inhibitors, such as PD0166285 that inhibit both Wee1 and Myt1 

(Najjar et al., 2019; Wang et al., 2001). Wang et al. reported that PD0166285 inhibits the 

in vitro kinase activity of Wee1 and Myt1 at IC50s of 24 nM and 72 nM respectively (Wang 

et al., 2001). Furthermore, in human colorectal cell lines, 500 nM PD0166285 was found 

to reduce Cdk1 phosphorylation on both T14 and Y15 (biomarkers for Wee1 and Myt1 

activity respectively) (Wang et al., 2001). 

In contrast, in vitro studies show that Adavosertib inhibits Wee1 and Myt1 at 5 nM 

and >500 nM (Hirai et al., 2009). In breast cancer cell lines (MDA-MB-231 and MDA-

MB-468), Adavosertib treatment reduces pY15-Cdk1 at concentrations as low as 125 nM, 

but has little effect on pT14-Cdk1 even at concentrations as high as 1000 nM (Lewis et al., 

2019). To take advantage of the dual specificity of PD0166285, we set out to evaluate the 

efficacy of PD0166285 in the presence or absence of Adavosertib.  
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5.2 Results 

5.2.1 PD0166285 reduces both pT14- and pY15-Cdk1 in HeLa cells 

To compare Adavosertib and PD0166285 potency against Wee1 and Myt1, HeLa and 

MDA-MB-231 cells were treated with 250 nM and 500 nM of each inhibitor for 4 h and 

then analyzed for total levels of pT14- and pY15-Cdk1 relative to total Cdk1 levels (Figure 

5.1). Consistent with previous studies (Lewis et al., 2019), Adavosertib reduced pY15-

Cdk1 in a dose dependent manner but did not affect pT14-Cdk1 in either HeLa or MDA-

MB-231 cells, confirming that Adavosertib inhibits Wee1 but not Myt1 (n = 2). In contrast, 

PD0166285 reduced both pT14- and pY15-Cdk1 levels (Wang et al., 2001); however, at 

both concentrations tested (250 nM and 500 nM) pY15-Cdk1 levels decreased greater than 

pT14-Cdk1 suggesting that PD0166285 inhibits Wee1 slightly better than Myt1 (N = 2 for 

HeLa and N = 1 for MDA-MB-231). 

5.2.2 PD0166285 is less cytotoxic towards cancer cells than Adavosertib 

We compared HeLa and breast cancer cell sensitivity to PD0166285 and Adavosertib. 

HeLa, MDA-MB-231, SK-BR-3, and BT-474 cells were treated with increasing 

concentrations of either PD0166285 or Adavosertib for 96 h and then analyzed for cell 

survival by crystal violet assay (Bukhari et al., 2019; Feoktistova et al., 2016; Lewis et al., 

2019) (Figure 5.2A-D). In three of the cell lines examined (HeLa, SK-BR-3, and BT-474), 

the IC50s for Adavosertib were lower compared to PD0166285, suggesting that 

monotreatment with Adavosertib induce more cell killing relative to that of PD0166285 (n 

= 3). Both Adavosertib and PD0166285 exhibited similar IC50s in MDA-MB-231 cells (n 

= 3). 
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5.2.3 Adavosertib has little to no effect on PD0166285 induced-cell death  

We next tested if low dose Adavosertib could enhance the effects of PD0166285. HeLa 

and MDA-MB-231 cells were pre-treated with either DMSO or a sublethal concentration 

of Adavosertib (100 nM) for 16 h and then treated with increasing concentrations of 

PD0166285 for an additional 96 h (Figure 5.3A & B). Adavosertib slightly reduced the 

PD0166285 IC50 in HeLa cells from 241 nM to 122 nM but had no effect on MDA-MB-

231 cells (n =2). 
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Figure 5.1. PD0166285 inhibits Cdk1 phosphorylation on T14 and Y15. 
HeLa and MDA-MB-231 cells were treated with indicated concentrations of 
Adavosertib (Adav) or PD0166285 (PD) for 4 h and then analyzed for total levels 
of pY15-Cdk1, pT14-Cdk1, and Cdk1 by immunoblot. The quantitation of pT14- 
and pY15-Cdk1 relative to total Cdk1 levels are presented below respective 
immunoblots. For HeLa, quantitation reflects an average of 2 experiments 
whereas for MDA-MB-231 the quantitation is from a single experiment. 
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Figure 5.2. PD0166285 is less cytotoxic to cancer cells compared 
Adavosertib. 
A) HeLa, B) MDA-MB-231, C), SK-BR-3, and D) BT-474 cells treated with 
Adavosertib or PD0166285 for 96 h and then analyzed for cell survival by crystal 
violet assay. Calculated IC50 values are presented in tables for each cell line. 
Experiments were repeated twice. 
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Figure 5.3. Adavosertib has little to no effect on PD0166285 induced-cell 
death. 
A) HeLa and B) MDA-MB-231 cells were pre-treated with DMSO or 100 nM 
Adavosertib for 16 h and then treated with PD0166285 for an additional 96 h. 
Cell survival was analyzed by crystal violet assay. Calculated IC50 values are 
presented below graphs. Experiments were repeated twice.  
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5.3 Discussion 

A one to one comparison of PD0166285 and Adavosertib showed that PD0166285 reduced 

both pT14- and Y15-Cdk1 levels in HeLa and MDA-MB-231 cells, whereas Adavosertib 

only reduced the levels of Y15-Cdk1. This data confirms previous studies that PD0166285 

inhibits both Wee1 and Myt1 whereas Adavosertib inhibits Wee1 but not Myt1 in cancer 

cells (Lewis et al., 2019; Wang et al., 2001). We previously showed that Myt1 knockdown 

by siRNA enhanced the efficacy of Adavosertib treatment in HeLa and a subset of breast 

cancer cell lines (Lewis et al., 2019), suggesting that Myt1 inhibition may enhance the 

effects of Wee1 inhibition. Given the dual specificity of PD0166285 against both Wee1 

and Myt1, we predicted that PD0166285 would exhibit higher cancer cell cytotoxicity 

compared to Adavosertib. However, PD0166285 was found to be less cytotoxic compared 

to Adavosertib in three of the four cell lines tested. Furthermore, Adavosertib only slightly 

enhanced the effects of PD0166285 in HeLa but not MDA-MB-231 cells. 

A major limitation of small molecule inhibitors is that they often have unintended off-

target effects. Adavosertib is reported to exhibit activity against several other kinases 

including Plk1, Yes, and Src at concentrations of 100-1000 nM (Hirai et al., 2009; Wright 

et al., 2017; Zhu et al., 2017). Similarly, PD0166285 has been shown to exhibit activity 

against Chk1, Src, epidermal growth factor receptor (EGFR), fibroblast growth factor 

receptor 1 (FGFR1), and platelet-derived growth factor receptor b (PDGFRb) in the low 

nanomolar range (De Witt Hamer et al., 2011; Dimitroff et al., 1999; Panek et al., 1997; 

Wang et al., 2001). The unintended inhibition of one or more of these kinases may enhance 

Wee1 inhibition by Adavosertib or diminished the effects of Wee1/Myt1 inhibition by 

PD0166285.  
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Another issue was that PD0166285 only partially inhibited Myt1 activity. At 250-500 

nM, PD0166285 only reduces pT14-Cdk1 levels by 40-60% in HeLa and 50-70% in MDA-

MB-231 cells. Therefore, the pool of uninhibited Myt1 may have been enough to protect 

cells from premature mitosis in Wee1 inhibited cells. In future experiments, it would be 

useful to compare how mitotic timing is affected by mono- and co-treatment with 

PD0166285 and Adavosertib. 

It is worth mentioning that Myt1 kinase activity might not be required for Cdk1 

inhibition in cells that overexpress Myt1. Wells et al. reported that overexpression of either 

wild-type or catalytically inactive Myt1 (Myt1 D251A) equally arrested HeLa cell 

populations in G2 phase (Wells et al., 1999). This G2 arrest was attributed to the ability of 

Myt1 to sequester Cdk1/cyclin B at the Golgi and endoplasmic reticulum independent of 

Cdk1 phosphorylation (Wells et al., 1999). Cytoplasmic sequestration of a non-

phosphorylatable Cdk1 mutant (Cdk1 T14A/Y15F) was also reported to maintain G2 arrest  

in U-2 OS cells (Heald et al., 1993). If Myt1 kinase activity is not required to inhibit Cdk1 

activity, then small molecule Myt1 inhibitors are unlikely to exhibit a strong effect on cell 

cycle progression. In future experiments, it will be important to elucidate whether Myt1 

kinase activity is required to inhibit Cdk1 activity in the presence of Adavosertib or 

PD0166285. This could be tested by independently overexpressing wild-type or kinase 

dead Myt1 with these inhibitors and then analyzing Cdk1 activity both in vitro and in intact 

cells expressing a Cdk1 FRET biosensor (Gavet and Pines, 2010).  

 Several groups are currently in the process of developing novel selective Myt1 

inhibitors (Najjar et al., 2019; Platzer et al., 2018). Once these inhibitors become available 

it will be important to re-evaluate these inhibitors with Adavosertib.  
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6 Chapter 6. Discussion and future directions  

6.1 Wee1 inhibitors were developed to override DNA damage checkpoints 

Wee1 is reported to be overexpressed in triple negative breast cancer (Iorns et al., 2009; 

Murrow et al., 2010), glioblastomas (Mir et al., 2010; Wuchty et al., 2011), malignant 

melanomas (Magnussen et al., 2012), malignant squamous cell carcinomas (Magnussen et 

al., 2013), and osteosarcomas (PosthumaDeBoer et al., 2011). Radiation and other DNA 

damaging therapies are the mainstays in anticancer therapy [Reviewed in (Baskar et al., 

2012; Cheung-Ong et al., 2013)]. Most cancer cells have one or more defective DNA 

damage checkpoints, which causes cells to enter mitosis with damaged DNA, resulting in 

cell death by mitotic catastrophe [Reviewed in (Aleem et al., 2005; Visconti et al., 2016)]. 

However, Wee1 overexpression reinforces DNA damage checkpoints and prevents mitotic 

catastrophe (Mir et al., 2010). Additionally, Wee1 upregulation also decreases DNA 

packaging through histone H2B phosphorylation, which has been suggested to enhance 

DNA accessibility to repair machinery, further promoting resistance to DNA damaging 

therapies [(Mahajan et al., 2012) and reviewed in (Mahajan and Mahajan, 2013)]. As such, 

the Wee1 inhibitors such as Adavosertib and PD0166285 were developed as means of 

enhancing the efficacy of DNA damaging therapies (Hirai et al., 2009; Wang et al., 2001). 

Adavosertib is the only Wee1 inhibitor currently in clinical trials for the treatment of 

cancer. Currently, most Adavosertib trials are focused on combination therapies with one 

or more DNA damaging agents (ClinicalTrial.gov). However, Adavosertib alone also 

exhibits strong anti-cancer effects in the clinic (Do et al., 2015; Sanai et al., 2018). 

Understanding why some cancer cells are sensitive to Wee1 inhibition alone is important 

https://clinicaltrials.gov/ct2/results?cond=azd1775&term=&cntry=&state=&city=&dist=
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for understanding mechanisms of Adavosertib resistance, and for developing novel 

combination treatments. 

6.2 Monotreatment with Adavosertib disrupts S-phase and mitosis 

We show that Adavosertib disrupts both S-phase and mitosis in a subset of cancer cells 

(Figure 6.1A-C). Adavosertib forces cancer cells into mitosis directly from S-phase 

(Figure 6.1B). Normally, mitotic entry from G1/S release requires 8-10 h in HeLa cells. 

However, within 4 h of G1/S release mitosis was detected in Adavosertib-treated cells. 

Analysis of DNA content showed that Adavosertib treated cells had less than 4N DNA, 

confirming that these cells had entered mitosis with under-replicated chromosomes. 

Previous groups have shown that loss of Wee1 activity during S-phase promotes ectopic 

Cdk1 activity resulting in replication stress, aberrant nuclease activity, and premature 

mitotic entry and condensation of under-replicated chromosomes (Figure 1.10) (Aarts et 

al., 2012; Dominguez-Kelly et al., 2011; Duda et al., 2016; Hauge et al., 2017; Moiseeva 

et al., 2019a; Pfister et al., 2015; Szmyd et al., 2019). Consistent with premature Cdk1 

activation in S-phase, we observed centromere fragmentation in nearly all cells that 

prematurely entered mitosis.  

HeLa and breast cancer cells exhibiting centromere fragmentation displayed 

abnormal mitotic spindles and could not align chromosomes, which resulted in mitotic 

arrest and cell division failure. Moreover, we also observed that cells treated with 

Adavosertib after normal mitotic entry also arrested in mitosis (Figure 6.1C). These cells 

displayed normal mitotic spindles and were able to achieve chromosome alignment. 

However, progression from metaphase to anaphase was much slower in Adavosertib-  
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Figure 6.1. Adavosertib disrupts S-phase and mitosis. 
A) Wee1 and Myt1 inhibit Cdk1 activity during interphase and during the 
metaphase to anaphase transition. B) Wee1 inhibition by Adavosertib permits 
premature Cdk1 activation in S-phase (See also Figure 1.10) and C) delays 
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mitotic exit. D) High Myt1 levels maintain Cdk1 inhibition in Wee1 inhibited cells 
resulting in normal cell cycle progression. E) siRNA knockdown of Myt1 in the 
presence of Adavosertib induces premature mitosis and mitotic arrest in 
Adavosertib resistant cells. F) Antimitotic agents that delay mitotic exit (e.g. 
paclitaxel or L-744-832) reinforce mitotic arrest induced by Adavosertib. Black 
lines are upregulated pathways whereas red lines are downregulated pathways. 
Solid lines represent direct regulatory processes whereas dotted lines represent 
indirect regulatory processes. 

treated cells relative to DMSO controls. Our data is consistent with others who have 

reported that Wee1 is essential for normal mitotic exit in HeLa and other cancer cell lines 

(Visconti et al., 2015; Visconti et al., 2012). 

Importantly, some breast cancer cell lines exhibited intrinsic Adavosertib resistance 

(Figure 6.1D). Other groups have also reported Adavosertib resistance in breast and other 

cancer cell lines (Aarts et al., 2012; Guertin et al., 2013; Sen et al., 2017). Knowing that 

both S-phase and mitotic cells were vulnerable to Adavosertib, we selectively examined 

how the downregulation of other regulatory proteins in these phases affected cell sensitivity 

to the Wee1 inhibitor. 

6.3 High Myt1 levels facilitate resistance to Adavosertib 

6.3.1 Myt1 protein levels determine cell sensitivity to Adavosertib 

Both Wee1 and Myt1 negatively regulate Cdk1 activity; however, previous studies using 

cancer cell lines such as HeLa and U-2 OS showed that inhibition or knockdown of Wee1, 

but not Myt1, was sufficient to override DNA damage checkpoints and trigger premature 

mitotic entry (Chow and Poon, 2013; Nakajima et al., 2008). This suggested that Wee1 

exhibited a more dominant role in Cdk1 regulation in cancer cells. However, Myt1 was 

recently shown to be essential for cell survival in a subset of patient-derived glioblastoma 

cell lines that had downregulated Wee1 (Toledo et al., 2015). In the study by Toledo et al., 

knockout or knockdown of Myt1 arrested cells in mitosis, a phenotype that is consistent 
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with HeLa cells depleted of Wee1 activity (Toledo et al., 2015). This study confirmed that 

Myt1 can compensate for the loss of Wee1 activity in at least some cancer cells. As such, 

we focussed on elucidating the role of Myt1 in breast cancer cells that are resistant to Wee1 

inhibition. 

In our experiments, breast cancer cell sensitivity to Adavosertib was strongly 

correlated with Myt1 protein expression. Cell lines with low Myt1 protein expression (e.g. 

HeLa and MDA-MB-231) were prone to both premature mitotic entry, centromere 

fragmentation, and prolonged mitotic arrest in the presence of Adavosertib suggesting that 

Wee1 exhibits a more dominant role in Cdk1 regulation in these cells. In contrast, high 

Myt1 expressing cell lines (e.g. BT-474, and SK-BR-3) were resistant to premature mitosis 

in the presence of Adavosertib (Figure 6.1B & D). 

Depletion of Myt1 activity is reported to induce meiotic and mitotic defects in some 

cell systems. For instance, Drosophila expressing a homozygous loss-of-function Myt1 

mutant are prone to premeiotic centriole disengagement, which induces a multipolar 

spindle during meiosis (Varadarajan et al., 2016). In our study, Myt1 knockdown alone did 

not induce multipolar spindle formation in any of the cell lines analyzed. Furthermore, 

Myt1 knockdown alone did not induce centromere fragmentation, disrupt chromosome 

alignment, or arrest cells in mitosis. This suggests that HeLa and the breast cancer cell lines 

examined here are not dependent on Myt1 for mitosis, which contrasts with observation in 

glioblastoma cells (Toledo et al., 2015). 

siRNA knockdown of Myt1 strongly sensitized all cell lines to Adavosertib. 

Adavosertib treatment in the presence of siMyt1 increased ectopic Cdk1 activity in S-phase 

cells leading to increased premature mitosis and centromere fragmentation relative to Wee1 
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inhibition in siSc transfected cells (Figure 6.1E). Furthermore, Myt1 knockdown 

reinforced the Adavosertib induced mitotic arrest. In contrast, exogenous overexpression 

of Myt1 in HeLa cells reduced ectopic Cdk1 activity in S phase, prevented premature 

mitotic entry, and facilitated mitotic exit in cells treated with Adavosertib. This data 

confirms that Myt1 plays a role in Cdk1 regulation in both S-phase and mitosis, 

highlighting a major mechanism of intrinsic resistance to Adavosertib.  

We also showed that cell lines that initially exhibited high sensitivity to 

Adavosertib (HeLa and MDA-MB-231) acquired resistance to Wee1 inhibition through the 

upregulation of Myt1 both in vitro and in vivo. The increased Myt1 levels correlated with 

reduced Cdk1 activity, suggesting that the functional redundancy between Wee1 and Myt1 

had been restored. Myt1 knockdown by siRNA restored cell sensitivity to Adavosertib, 

resulting in enhanced Cdk1 activity and increased cell death. Together, our data argues that 

Myt1 upregulation is also a major mechanism of acquired Adavosertib resistance. 

In the future, it would be useful to investigate if high Myt1 protein levels could be 

used as a predictive biomarker for tumour resistance to Adavosertib in the clinic. It would 

also be useful to know if Myt1 levels increase in tumours that acquire Adavosertib 

resistance. If Myt1 levels are found to play a role in Adavosertib resistance in the clinic, 

there would be a rationale for developing small molecule Myt1 inhibitors to counteract 

Wee1 inhibitor resistance. 

6.3.2 Myt1 mRNA levels are weakly correlated with Adavosertib sensitivity 

In contrast to Myt1 protein levels, Myt1 mRNA levels obtained from the Cancer Cell Line 

Encyclopedia (CCLE) exhibited only a weak correlation with Adavosertib sensitivity 

(Figure 8.13; R2 = 0.2610). Furthermore, despite R500 HeLa cells having upregulated 

https://portals.broadinstitute.org/ccle/page?gene=PKMYT1
https://portals.broadinstitute.org/ccle/page?gene=PKMYT1
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Myt1 protein levels relative to parental cells, Myt1 mRNA levels were similar in R500 and 

parental cells (Figure 8.14). This data confirms that the increased Myt1 protein levels in 

R500 cells are not due to increased mRNA transcription. Besides transcription, other 

factors can affect protein levels including rate of protein translation or degradation 

[reviewed in (Vogel and Marcotte, 2012)]. In the future, it would be important to test if the 

rate of protein synthesis or degradation are altered in R500 cells relative to parental cells. 

Additionally, it will also be important to examine Myt1 mRNA levels in parental and R500 

MDA-MB-231 cells. 

6.3.3 High Myt1 mRNA levels correlate with poor cancer prognosis 

 Our data shows that Myt1 mRNA is overexpressed in patient breast cancer tissue 

relative to normal breast tissue. Moreover, high Myt1 mRNA levels are associated with a 

higher tumour grade, lower overall patient survival, higher disease relapse and triple 

negative receptor status. High Myt1 expression is also associated with reduced patient 

survival and higher tumour grade in non-small cell lung carcinoma, esophageal squamous 

cell carcinoma and colorectal cancer (Jeong et al., 2018; Sun et al., 2019; Zhang et al., 

2019). Interestingly, Myt1 knockdown by siRNA was recently found to reduce cell 

invasion and migration in colorectal cancer cells (Jeong et al., 2018), which may suggest 

that Myt1 may function in oncogenic pathways independent of Cdk1. However, mRNA 

levels do not always predict protein levels and therefore it remains unclear if Myt1 protein 

levels are upregulated in breast cancer and other cancer tissue relative to normal tissue. If 

Myt1 protein levels are indeed upregulated in these cancers, there may be additional 

reasons for developing small molecule Myt1 inhibitors beyond enhancing Adavosertib 

sensitivity. 
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6.3.4 PD0166285 does not sensitize cells to Adavosertib 

We showed that siMyt1 knockdown reduces pT14-Cdk1 but not Y15-Cdk1 in HeLa cells, 

whereas siWee1 reduced pY15-Cdk1 but not pT14-Cdk1 (Figure 2.3). In a one to one 

comparison of Adavosertib and PD0166285, Adavosertib was found to only reduce pY15-

Cdk1 levels, while PD0166285 reduced both pY15- and pT14-Cdk1 levels (Figure 5.1). 

This suggests that Adavosertib inhibits Wee1 activity while PD0166285 inhibits both 

Wee1 and Myt1 activity. Based on this data, we predicted that PD0166285 would exhibit 

higher cytotoxicity compared to Adavosertib, possibly mimicking the effects of 

Adavosertib in the presence of siMyt1. Surprisingly, PD0166285 was found to be less 

cytotoxic than Adavosertib in HeLa and two other cell lines tested (SK-BR-3, and BT-

474). There are several reasons that may explain the lack of cytotoxicity induced by 

PD0166285 relative to that of Adavosertib. Both Adavosertib and PD0166285 are reported 

to inhibit off target kinases, which may enhance or counteract the effects of Wee1 and/or 

Myt1 inhibition (De Witt Hamer et al., 2011; Dimitroff et al., 1999; Hirai et al., 2009; 

Panek et al., 1997; Wang et al., 2001; Wright et al., 2017; Zhu et al., 2017). Additionally, 

HeLa cells treated with 500 nM PD0166285 retained at least 40% of T14-Cdk1, which may 

have been enough to maintain Cdk1 inhibition. Alternatively, Myt1 may inhibit Cdk1 by a 

mechanism independent of Y15 and T14 phosphorylation in the presence of either 

PD0166285 or Adavosertib. Wells et al. reported that catalytically dead Myt1 can at least 

partially inhibit Cdk1 activity and maintain a G2 arrest through cytoplasmic sequestration 

(Wells et al., 1999). If Myt1 kinase activity is not required for Cdk1 inhibition, this might 

explain why PD0166285 does not exhibit higher cytotoxicity compared to Adavosertib. In 

the future, it would be interesting to test if transient overexpression of kinase dead Myt1 
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mimics the effects of wildtype Myt1 in inducing resistance to either Adavosertib or 

PD0166285. If kinase dead Myt1 mimics the wild type protein, then small molecule Myt1 

kinase inhibitors are unlikely to affect mitotic entry (on their own or in the presence of 

Wee1 inhibitors). As such, it may be necessary to develop inhibitors that disrupt the 

physical interaction between Cdk1 and Myt1. 

6.4 Inhibition of either Chk1 or ATR enhances cell sensitivity to Adavosertib 

Given that there are no Myt1 specific inhibitors alternative approaches are required to 

enhance Adavosertib efficacy. The ATR-Chk1 pathway downregulates Cdk1 activity by 

inhibiting the Cdc25 family in response to replication stress [reviewed in (Qiu et al., 2018)]. 

Based on their effect on Cdc25 and Cdk1, ATR and Chk1 likely counteract the effects of 

Adavosertib by reducing ectopic Cdk1 activity. Lung cancer cells that acquire Adavosertib 

resistance are reported to have upregulated ATR and Chk1 activity, which suggests that 

these kinases play an important role in determining cancer cell sensitivity to Adavosertib 

(Sen et al., 2017).  

We observed that inhibition of Chk1 by UCN-01 enhanced Adavosertib-induced 

premature mitosis in HeLa cells, which is consistent with publications reporting that 

Adavosertib synergizes with other Chk1 inhibitors (Aarts et al., 2012; Hauge et al., 2017; 

Sen et al., 2017). Although co-inhibition of Wee1 and Chk1 induces synergistic cancer cell 

killing, combined inhibition of Wee1 and Chk1 might not be safely tolerated in humans. 

Several Chk1/2 inhibitors including UCN-01 have been recently pulled from clinical trials 

owing to their toxicity in normal tissue [Reviewed in (Pilie et al., 2019)]. However, three 

selective Chk1 inhibitors are still being evaluated in ongoing clinical trials and could 

potentially be tested in combination with Adavosertib. Alternatively, inhibitors of ATR can 
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also be used to enhance Adavosertib efficacy. In collaboration with the Gamper lab, we 

recently showed that inhibition of ATR by AZD6738 also enhances Adavosertib-induced 

premature mitosis and centromere fragmentation in HeLa and breast cancer cells (Bukhari 

et al., 2019). Importantly, ATR and Wee1 inhibitors exhibit synergistic cell killing in 

Adavosertib resistant breast cancer cell lines with high Myt1 expression (T-47D, MDA-

MB-468 and SK-BR-3) but not in non-tumorigenic cells (MCF 10A and HME-1). Relative 

to Chk1 inhibitors, ATR inhibitors exhibit less toxicity in normal cells and can be used in 

combination with Adavosertib to selectively kill breast cancer cells in xenograft mouse 

models (Bukhari et al., 2019). AZD6738 is currently being tested in the clinic and is 

generally found to be well tolerated by patients [Reviewed in (Pilie et al., 2019)]. As such, 

cotreatment with AZD6738 and Adavosertib may prove to be a safer alternative to Chk1 

inhibitors. 

6.5 Total Cdc25C protein levels do not correlate with Adavosertib sensitivity 

Despite the role of Cdc25C in Cdk1 activation, we did not observe a correlation between 

total Cdc25C protein levels and Adavosertib sensitivity. However, there is evidence that 

reduced Cdc25 activity can counteract the effects of Wee1 inhibition. Potapova et al. 

showed co-inhibition of Cdc25C and Wee1/Myt1 in G1/S synchronised cells by 

NSC663284 and PD0166285, respectively, reduced Cdk1 activity and the percentage of 

mitotic cells relative to Wee1/Myt1 inhibition alone (Potapova et al., 2011). Moreover, 

ATR and Chk1 activity, which negatively regulates the Cdc25 family, is upregulated in 

lung cancer cells that acquire Adavosertib resistance (Sen et al., 2017). In our experiments 

we did not test the effects of Cdc25C knockdown or inhibition in the presence of 

Adavosertib. As such, we cannot exclude the possibility that low Cdc25C protein levels 
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may play a role in Adavosertib resistance. We also did not directly assay Cdc25C 

phosphatase activity in cell lines. In the study by Sen et al., nuclear accumulation of 

phospho-active Chk1 (e.g. pS280-, pS196-, and pS345-Chk1), as opposed to total Chk1 

levels, were associated with Adavosertib resistance (Sen et al., 2017). As such, pS216- and 

pS198-Cdc25C, which are biomarkers for inactive and active Cdc25C respectively, may 

correlate better with Adavosertib sensitivity (Cho et al., 2015; Toyoshima-Morimoto et al., 

2002). 

 It will also be important to assay the levels and activity of Cdc25C homologues 

(Cdc25A and B) which also participate in Cdk1 dephosphorylation [Reviewed in (Boutros 

et al., 2007; Shaltiel et al., 2015)]. Both Cdc25A and B are reported to affect mitotic timing 

in cancer cells. For instance, Cdc25B overexpression overrides Chk1-mediated arrest and 

can induce premature mitosis in the presence of damaged DNA  (Varmeh and Manfredi, 

2008). Cdc25A deficiency was recently reported to induce resistance to ATR inhibition by 

preventing premature mitotic entry in embryonic stem cells (Ruiz et al., 2016). Therefore, 

the combined expression and/or activity of Cdc25A, B and C may be better indicators of 

cell sensitivity to Adavosertib. 

6.6 p53 status is a poor predictor of cancer cell sensitivity to Adavosertib 

p53 is a key transcriptional activator of the CDK inhibitor p21 as well as several apoptotic 

genes. Previous studies have reported that Adavosertib selectively kills cancer cells that 

lack p53 activity (Aarts et al., 2012; Hirai et al., 2009; Rajeshkumar et al., 2011). However, 

we did not observe a strong correlation between the functional status of p53 and 

Adavosertib sensitivity. HeLa and MDA-MB-231 cells, which are highly sensitive to 

Adavosertib, have downregulated and mutant p53, respectively (Lacroix et al., 2006; Leroy 
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et al., 2014); yet, three of the top four most resistant cell lines (BT-474, T-47D, and SK-

BR-3) also have mutant p53 (Lacroix et al., 2006; Leroy et al., 2014). Furthermore, HME-

1 cells have wild type p53 and exhibit Adavosertib sensitivity comparable to HeLa or 

MDA-MB-231 cells. Our data suggests that p53 status is a poor predictor of Adavosertib 

sensitivity. Nevertheless, we did not test if p53 knockdown in cells with mutant p53 could 

be used to enhance Adavosertib sensitivity. Depending on how p53 is mutated, p53 may 

gain or lose function. Therefore, downstream p53 targets such as p21, maybe a better 

indicator of Adavosertib sensitivity. p21 expression is reported to protect against 

Adavosertib induced DNA damage, suggesting that p21 levels may correlate with Wee1 

inhibitor sensitivity (Aarts et al., 2012; Hauge et al., 2019). 

6.7 Adavosertib treatment enhances the effects of other anti-mitotic agents 

Most preclinical Adavosertib studies have focused on S-phase cell vulnerability to Wee1 

inhibition and few studies have investigated mitotic cell vulnerability to Adavosertib. Our 

data shows that Wee1 inhibition in mitotic synchronized cells induces a mitotic arrest and 

promotes cell death either during mitosis or following mitotic exit/slippage (Figure 6.1F). 

Wee1 inhibition in HeLa cells has been previously reported to downregulate the anti-

apoptotic protein Mcl-1 in a Cdk1 dependent manner (Visconti et al., 2015). Moreover, 

Adavosertib treatment has been shown to downregulate Mcl-1 and XIAP in head and neck 

squamous cell carcinomas (Tanaka et al., 2015). Likewise, Cdk1, in concert with other 

kinases, downregulate Mcl-1 and other anti-apoptotic proteins (Bcl-2, Bcl-XL, and XIAP) 

and upregulate of pro-apoptotic proteins (Bim and Bid) in cells arrested in mitosis by 

siRNA knockdown of Cdc20 or treatment with antimitotic agents such as paclitaxel, 

nocodazole or vinblastine (Figure 1.11) (Harley et al., 2010; Hou et al., 2017; Poruchynsky 
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et al., 1998; Sloss et al., 2016; Terrano et al., 2010; Topham et al., 2015; Wang et al., 

2014b). As such, cells arrested in mitosis activate caspases and frequently undergo 

apoptosis. Additionally, cells arrested in mitosis acquire de novo DNA damage through 

partial caspase activity (also known as sublethal apoptosis) (Hain et al., 2016; Hayashi et 

al., 2012; Hayashi and Karlseder, 2013; Orth et al., 2012). While partial caspase activity 

may not induce mitotic cell death, it can trigger interphase cell death or senescence. 

Given that Adavosertib induced a mitotic arrest, we predicted that the combined 

activity of Adavosertib with other anti-mitotic agents that delay mitotic progression could 

be used to enhance cancer cell killing. Here we show that paclitaxel, L-744-832, and 

ZM447439 delay mitotic exit and can be used to enhance cell sensitivity to Adavosertib. 

Furthermore, we also show that siRNA knockdown of SDS22 (a PP1 regulatory subunit) 

enhances cell sensitivity to Adavosertib. 

6.7.1 Paclitaxel enhances Adavosertib efficacy 

Paclitaxel disrupts microtubule dynamics leading to defects in chromosome 

congression, which prolongs mitotic checkpoint activation, delays mitotic exit, and induces 

cell death. Our data shows that low dose paclitaxel sensitizes HeLa and breast cancer cell 

lines to Adavosertib. Our data is consistent with that of Visconti et al. who reported that 

paclitaxel and Adavosertib co-treatment increases apoptotic activity and sensitizes 

leukemia cells to Adavosertib (Visconti et al., 2015).  

T-47D, MCF7, and MDA-MB-468 were among the cell lines confirmed to exhibit 

high sensitivity to co-treatment with Adavosertib and paclitaxel. Notably, these cells 

exhibit high Myt1 levels and were found to be resistant to mono-treatment with 

Adavosertib. As such, our data suggests that paclitaxel maybe used to overcome 
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Adavosertib resistance in high Myt1 expressing cells, although this would need to be 

further tested. Likewise, Adavosertib may be used to overcome paclitaxel resistance. Triple 

negative breast cancer cell lines MDA-MB-231 and MDA-MB-468 are reported to be 

resistant to mono-treatment with paclitaxel (Craik et al., 2010). In our study, both cell lines 

exhibited high sensitivity to co-treatment with Adavosertib and paclitaxel. Given that 1) 

paclitaxel is used as a frontline chemotherapeutic agent for treating metastatic breast 

cancer, and 2) that cancer cells frequently acquire paclitaxel resistance (Nemcova-Furstova 

et al., 2016; Senkus et al., 2015), there is a strong rationale to investigate the combined 

efficacy of Adavosertib and paclitaxel in animal models. 

6.7.2 L-744-832 enhances Adavosertib efficacy 

 L-744-832 has been previously shown to exhibit anti-mitotic activity in HeLa cells 

(Moudgil et al., 2015). L-744-832 and other FTIs inhibit Spindly farnesylation leading to 

loss of Spindly kinetochore localization. Spindly kinetochore localization is required for 

the recruitment of motor proteins dynein/dynactin (Chan et al., 2009). Importantly, 

dynein/dynactin is required for chromosome congression and for the removal of mitotic 

checkpoint proteins from kinetochores following bipolar kinetochore microtubule 

attachment [reviewed in (Lewis and Chan, 2017)]. Therefore, it is likely that the loss of 

Spindly farnesylation and kinetochore localization accounts for at least part of the mitotic 

exit delay. Although L-744-832 is not in clinical trials, two FTI inhibitors (Tipifarnib and 

Lonafarnib) are being tested in phase I/II clinical trials against different cancer types, 

including breast cancers [ClinicalTrials.gov and (Sparano et al., 2009; Yam et al., 2018)]. 

The efficacy of FTIs in cancer treatment is unclear. Several clinical trials have reported 

that FTIs exhibit little anti-cancer activity, either alone or in combination with other anti-

https://clinicaltrials.gov/ct2/home
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cancer drugs (Van Cutsem et al., 2004; Yam et al., 2018) and most clinical trials are 

evaluating FTIs in other diseases (progeria and Alzheimer’s disease). Regardless, L-744-

832 enhanced Adavosertib efficacy in HeLa cells (and vice versa), which provides a 

rationale for their continued examination in cancer models. Currently, our lab is testing 

combination treatments with Tipifarnib with Adavosertib in breast cancer cells. 

6.7.3 ZM447439 enhances Adavosertib efficacy 

ZM447439 treatment has been previously reported to disrupt the alignment and 

segregation of chromosomes as well as disrupt cytokinesis (Bekier et al., 2009; Ditchfield 

et al., 2003; Kaestner et al., 2009). In our experiments ZM447439 prevented chromosome 

alignment and segregation, consistent with these studies. However, we also observed that 

ZM447439 delayed mitotic exit in HeLa cells, which was inconsistent with the previously 

cited studies. These studies show that ZM447439 treatment alone and in combination with 

other antimitotic agents (e.g. MG132, paclitaxel, or nocodazole) promote premature 

mitotic exit through Aurora B inhibition and downregulation of mitotic checkpoint signals 

(Bekier et al., 2009; Ditchfield et al., 2003; Kaestner et al., 2009). However, a recent report 

by Isokane et al. showed that Aurora B inhibition by hesperadin can delay chromosome 

alignment and mitotic exit in HeLa cells (Isokane et al., 2016), which is consistent with our 

observations. One reason for the discrepancy in the phenotypes observed in these different 

studies may be related to the concentration of ZM447439 or hesperadin. In studies where 

premature mitotic exit was observed, three to eight fold higher concentrations of 

ZM447439 were used relative to the concentration used in our experiments (1000-2500 

nM vs 300 nM) (Bekier et al., 2009; Ditchfield et al., 2003; Kaestner et al., 2009). Kaestner 

et al. reported that ZM-447439 concentrations below 500 nM did not cause cells to undergo 



188 

 

premature mitotic exit; however, mitotic arrest was also not observed (Kaestner et al., 

2009). A low concentration of ZM447439 might partially inhibit, rather than completely 

inhibit Aurora B, leading to prolonged (rather than premature) mitotic exit. Alternatively, 

the discrepancy may be due to the inhibition of an off-target kinase or specific to the HeLa 

cell clone generated for our experiments. Further experiments will be needed to clarify this 

issue. In any case, we observed that cells co-treated with Adavosertib and ZM447439 

exhibited longer mitotic durations and more cell death compared to cells treated with either 

inhibitor alone. 

6.7.4 SDS22 knockdown enhances Adavosertib efficacy 

PP1-SDS22 is required for kinetochore-microtubule attachment stabilization during 

metaphase, and the loss of SDS22 is reported to delay anaphase onset (Eiteneuer et al., 

2014; Posch et al., 2010; Wurzenberger et al., 2012). PP1-SDS22 also promotes cytokinesis 

through polar relaxation, which is characterized by localized cellular blebbing adjacent to 

the mitotic spindle (Rodrigues et al., 2015). We observed that siRNA knockdown of SDS22 

in HeLa, MCF7, T-47D and A549 cells significantly reduced colony formation relative to 

siRNA controls. Although we did not measure mitotic duration, we did confirm that SDS22 

knockdown in the presence of Adavosertib increased the number of PH3-positive HeLa 

cells relative to either DMSO/siSDS22 or Adavosertib/siSc controls. This may indicate a 

longer mitotic duration in Adavosertib/siSDS22 treated cells, but this will need to be 

confirmed through additional experiments. 
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6.8 Conclusions 

Wee1 inhibition by Adavosertib is a promising means of inducing mitotic 

catastrophe in some cancer cells, but intrinsic and acquired resistance to Wee1 inhibition 

are likely to be major obstacles as Adavosertib progresses through clinical trials. Validation 

of Myt1 as a predictive biomarker for Adavosertib cell sensitivity will likely aid in the 

understanding of clinical resistance. Additionally, development of selective Myt1 

inhibitors are likely to improve tumour response to Adavosertib. 

 In the meantime, our data suggests that Adavosertib efficacy can be enhanced by 

treating cancer cells with Chk1 and ATR inhibitors, which are currently being tested in the 

clinic. Our data also show that Adavosertib efficacy can be enhanced by antimitotic agents 

that induce a mitotic arrest including paclitaxel and farnesyl transferase inhibitors. Given 

paclitaxel is already used as a frontline therapy for breast and other cancer types, our 

findings are likely to have a direct translational outcome. 
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8 Appendix 

8.1 Appendix A: Co-inhibition of Wee1 and ATR  

This appendix includes published and unpublished data characterizing the effects of 

combined inhibition of Wee1 and ATR on mitosis in HeLa and other cancer cell lines. The 

Chan lab contributed to this project by providing stably fluorescent cell lines and 

performing some of the mitotic assays included in this appendix. Additionally, our lab 

performed survival assays showing that siWee1 mimics the effects of Adavosertib in the 

presence of AZD6783. Portions of Figure 8.1, Figure 8.2, and Figure 8.3 are published 

in Bukhari AB, Lewis CW, Pearce JJ, Luong D, Chan GK, and AM Gamper, “Inhibiting 

Wee1 and ATR kinases produces tumor-selective synthetic lethality and suppresses 

metastasis,” The Journal of Clinical Investigations, volume 129, issue 3, 1329-1344 (2019). 
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Figure 8.1. Co-inhibition of ATR and Wee1 leads to mitotic defects and 
cancer cell death. 
Live cell imaging of. A) MDA-MB-231 cells expressing mCherry–histone H2B 
and GFP-tubulin were analyzed by time lapse-microscopy. Representative 
images of cells following nuclear envelope breakdown (NEBD) are shown. B) 
Line graph for individual mitotic cells tracked by time-lapse microscopy is 
shown, which includes times for indicated cellular events. A fork in the line 
indicates cell division and cell fate of daughter cells is also shown. Adapted from 
(Bukhari et al., 2019). 
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Figure 8.2. Wee1 and ATR inhibition induces centromere fragmentation. 
A) Representative images of mitotic HeLa, MDA-MB-231, and T-47D cells 
treated with ATR and/or Wee1 inhibitor (1 μM AZD6738; 300 nM Adavosertib). 
Fixed cells were stained for centromeres (red) and tubulin (green) by 
immunofluorescence and for DNA with DAPI (blue). Drug-induced clustering of 
centromeres spatially separated from the main mass of chromosome, a feature 
of centromere fragmentation, is clearly visible. Quantification of cells (n > 1000), 
fixed 4 h after release from a double thymidine block in the presence of the 
indicated inhibitors, that are in mitosis (red and blue) and display centromere 
fragmentation (blue). Adapted from (Bukhari et al., 2019). B) Metaphase 
spreads of representative HeLa cells is shown for indicated treatment. Scale 
bar = 12 µm. This data was not published in 2019 Bukhari et al. manuscript. 
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Figure 8.3. siRNA knockdown of Wee1 enhances AZD6783 induced cell 
death. 
A) HeLa, B) MDA-MB-231, C) MDA-MB-468, and D) U-2 OS cells were treated 
with DMSO or with indicated amounts of AZD6738 in the presence of increasing 
concentrations of siWee1 and 0.2% lipofectamine for 96 h. The average percent 
surviving attached cells was analyzed by violet assay. Error bars represent 
SEM. Experiments were repeated at least three times. Adapted from (Bukhari 
et al., 2019). 
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8.2 Appendix B: Co-inhibition of Wee1 and farnesyl transferases 

8.2.1 Inhibition of Farnesyl transferases prolongs mitosis.  

Farnesyl transferases are enzymes that add a 15-carbon isoprenoid (farnesyl group) to 

proteins, which can be used to targeting a protein to the membrane. Several proteins are 

known to be farnesylated including the oncogenic protein Ras GTPase [reviewed in (Wang 

et al., 2017)]. The Ras signalling pathway is frequently dysregulated in cancer cells 

[reviewed in (Fernandez-Medarde and Santos, 2011)]. As such, small molecule inhibitors 

[known to as farnysel transferase inhibitors (FTIs)] were developed to block farnesyl 

transferase activity as a means of downregulating Ras signaling. However, blocking Ras 

farnesylation by FTI treatment promoted Ras geranylgeranylation (addition of a 

geranylgeranyl isoprene group), which allowed Ras to maintain its membrane association 

and signalling (Whyte et al., 1997). As such, many FTIs failure to show strong efficacy 

against cancers in the clinic [reviewed in (Wang et al., 2017)]. FTIs can disrupt 

chromosomal alignment and induce a mitotic arrest and are known to sensitize cancer cells 

to other antimitotic drugs such as paclitaxel (Moasser et al., 1998). Our lab has shown that 

HeLa cells treated with the FTI L-744-832, progress though mitosis 2 times slower 

compared to controls (Moudgil et al., 2015). FTI inhibits the farnesylation of at least three 

kinetochore proteins (CENP-E, CENP-F, and Spindly) [reviewed in (Wang et al., 2017)]. 

Although FTI treatment does not affect the kinetochore localization of CENP-E or CENP-

F, FTIs do disrupt the kinetochore localization of Spindly (Moudgil et al., 2015). Non-

farnesylatable Spindly mutants fail to localize to the kinetochore and loss of Spindly 

localization delays chromosome segregation (Moudgil et al., 2015). This suggest that loss 

of Spindly farnesylation drives the mitotic arrest phenotype observed by FTIs. 
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FTIs synergistically induce apoptosis in breast cancer cells when combined with 

the Chk1 inhibitors (Dai et al., 2005). Chk1 inhibition induces ectopic Cdk1 activity, which 

induces premature mitosis and mitotic arrest, a mechanism comparable Adavosertib. As 

such, we tested if  

L744832 could also enhance death induced by Adavosertib. 

8.2.2 Cells cotreated with L-744-832 and Adavosertib arrest in mitosis longer and 

exhibit more cell death compared to either inhibitor alone  

We first established the cellular response to mono-treatment with either L-744-832 or 

Adavosertib in HeLa cells by colony formation assay (Figure 8.4). We determined that 

both inhibitors reduced colony formation in a dose-dependent manner but concentrations 

less than 300 nM L-744-832 and < 125 nM Adavosertib did not appear to effect colony 

formation in HeLa cells.  

   Using this information, we examined the effect of co-treating HeLa cells with both 

inhibitors. HeLa cells were treated with increasing concentrations of Adavosertib in the 

presence or absence of 100 nM or 300 nM L-744-832 for 48 h (Figure 8.5A). Relative to 

the DMSO control, L-744-832 decreased the number of colonies formed in HeLa cells 

treated with Adavosertib. We then performed a reciprocal experiment in which increasing 

concentrations of L-744-832 were added to cells in the presence or absence of 62.5 nM or 

125 nM Adavosertib (Figure 8.5B).  Relative to the DMSO control, Adavosertib treatment 

reduced colony formation in HeLa cells treated with L-744-832.  

 We next examined the duration of mitosis (NEBD to anaphase/mitotic slippage) in 

HeLa cells stably expressing GFP-H2B by live-cell imaging. DMSO treated cells exhibited 

a median mitotic duration of 65 min, which is consistent with a normal mitosis (Figure 
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8.6A). Cells treated with either 300 nM L-744-832 or 125 nM Adavosertib had median 

mitotic durations of 85 min. Consistent with the colony forming assay, neither inhibitor 

alone increased cell death relative to DMSO control (Figure 8.6B). However, cells co-

treated with both Adavosertib and L-744-832 had a median mitotic time of 145 min, which 

resulted in 32% cell death over 48 h (Figure 8.6A & B). This data suggests that prolonged 

mitotic arrest increased cell death.  
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Figure 8.4. Mono-treatment with L-744-832 and Adavosertib reduces the 
colony forming ability of HeLa cells. 
HeLa cells were treated with with either L-744832 (A) or Adavosertib (B) and 
then analyzed for colony forming ability. Average percent colonies formed 
(relative to DMSO control) is shown. Error bar represent standard deviation. 
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Figure 8.5. Co-treatment with Adavosertib and L-744-832 inhibits colony 
formation in HeLa cells more than mono-treatment. 
Colony formation was assayed in HeLa cells. A) Cells were treated with DMSO 
or L-744832 (100 nM or 300 nM) in the presence of increasing concentration of 
Adavosertib for 48 h. B) Cells were treated with DMSO or Adavosertib (62.5 nM 
or 125 nM) in the presence of increasing concentration of L-744832 for 48 h. 
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Figure 8.6. Adavosertib and L-744-832 cotreatment exhibit a stronger 
mitotic arrest compared to either inhibitor alone. 
HeLa cells stably expressing GFP-H2B were released from G1/S for 9 h and 
then treated with either DMSO (lane 1 denoted as -/-), Adavosertib, L-744-832, 
or Adavosertib and L-744-832. Cells were analyzed by time-lapse imaging. A) 
Whisker-box plots show the duration of mitosis for each treatment. Tables show 
median mitotic time and statistical differences between median mitotic times. P-
values are shown in table below (One-way ANOVA and Tukey’s multiple 
comparisons test). B) Proportion of cell death in mitosis and interphase are 
shown in donut plots. Number of cells counted for each treatment is shown 
within donut plots.  
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8.3 Appendix C: Co-inhibition of Wee1 and Aurora B 

8.3.1 Aurora B inhibition by ZM447439 impairs chromosomal congression and induces 

chromosome segregation errors 

 Incorrect kinetochore-microtubule attachments can be destabilized by Aurora B in 

concert with other kinases (Cdk1 and Plk1). Aurora B phosphorylates Ncd80 subunit Hec1 

on several sites, which induce a charge repulsion between Ndc80 and the negatively 

charged C-terminal tail of tubulin weakening microtubule binding (Ciferri et al., 2008; 

DeLuca et al., 2006; DeLuca et al., 2011). Aurora B is also phosphorylates the Mis12 

subunit Dsn1, the N-terminal microtubule-binding domain of KNL1 (Welburn et al., 2010), 

and Ska subunit Ska1 and Ska3 (Chan et al., 2012), which also disrupt kinetochore-

microtubule binding. Moreover, Aurora B also downregulates the activity of the kinesin 13 

mitotic centromere–associated kinesin (MCAK), a potent microtubule depolymerizing 

enzyme that facilitates chromosome movement (Lan et al., 2004; Wordeman et al., 2007). 

Micro-injection of antibodies against Aurora B (Kallio et al., 2002), small molecule Aurora 

B inhibitors (ZM447439 and Hesperadin) (Ditchfield et al., 2003; Isokane et al., 2016), 

and siRNA knockdown of Aurora B (Adams et al., 2001; Ditchfield et al., 2003) leads to 

defect in chromosome congression. As a result, cells mitotic exit without proper 

chromosome alignment. 

Following error correction of kinetochore-microtubule attachments, PP1 along with 

targeting subunits Sds22 and repo man) and PP2A-B55 dephosphorylate Aurora B 

substrates (Wurzenberger et al., 2012), allowing new bipolar attachments to be made. 

siRNA (or shRNA) knockdown of Sds22, prevents dephosphorylation of Aurora B 
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substrates leading to prolonged activation of the mitotic checkpoint, and mitotic arrest 

(Eiteneuer et al., 2014; Posch et al., 2010; Wurzenberger et al., 2012).  

ZM447439 is a potent Aurora B inhibitor that has been previously reported to 

disrupt the alignment and segregation of chromosomes as well as disrupt cytokinesis 

(Bekier et al., 2009; Ditchfield et al., 2003; Kaestner et al., 2009). 

8.3.2 Cells cotreated with ZM447439 and Adavosertib arrest in mitosis longer and 

exhibit more cell death compared to either inhibitor alone 

We treated A549 lung cancer cells with increasing concentration of ZM447439 in 

the presence or absence of 300 nM Adavosertib and then analyzed cells by CellTiter-Blue® 

Cell Viability Assay (a metabolic assay used to screen for potential cell killing) (Figure 

8.7). We observed a reduction in metabolic activity in a dose dependent manner with 

ZM447439, which was further enhanced with Adavosertib treatment. A549 cells were used 

here because they were shown to be Adavosertib resistant by a project student; however, 

subsequent experiments were performed in HeLa Flp-In T-Rex GFP-Myt1 cells. Although 

we planned to study the effects of Myt1 overexpression in these cells, Myt1 induction was 

not tested at the time this document was written. 

 To study the effects of Aurora B and Wee1 inhibition in mitotic cells, we released 

cells from G1/S for 9 hours and then treated cells with either DMSO, Adavosertib, 

ZM447439, or both Adavosertib and ZM447439 (Figure 8.8A). Normal mitotic 

progression and cell division was observed in DMSO-treated cells (median mitotic duration 

= 50 min). Consistent with the Aurora B inhibition phenotype, we observed chromosome 

congression failure and mitotic slippage in ZM447439 treated cells. Adavosertib and 

ZM447439 increased the median mitotic time from 50 min in DMSO treated cells to 140 
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min and 145 min respectively (Figure 8.8B). However, combined treatment with both 

Adavosertib and ZM447439 resulted in the longest mitotic arrest (320 min). Individually, 

Adavosertib and ZM447439 induced greater than 50% cell killing, but combined the two 

inhibitors resulted in nearly 75% cell killing (Figure 8.8C).   
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Figure 8.7. ZM447439 enhances Adavosertib mediated cell killing. 
A549 cells were treated with increasing concentrations of Adavosertib alone or 
in combination with 300 nM ZM447439. Cell survival was analyzed by crystal 
violet assay. Experiments were repeated two times. 
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Figure 8.8. ZM447439 enhances Adavosertib induced cell killing by 
delaying mitotic exit. 
HeLa Flp-In GFP-Myt1 cells stably expressing mCherry-H2B were released 
from G1/S for 9 hours and then treated with DMSO, Adavosertib, ZM447439, or 
both Adavosertib and ZM447439. Duration for mitosis was analyzed by time-
lapse imaging. A) Line graph for individual mitotic cells tracked by time-lapse 
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microscopy is shown, which includes times for indicated cellular events. A fork 
in the line indicates cell division and cell fate of daughter cells is also shown. B) 
Whisker-box plots show the duration of mitosis for each treatment. C) 
Proportion of cell death in mitosis and interphase are shown in donut plots. 
Number of cells counted for each treatment is shown within donut plots. P-
values are shown in table below (One-way ANOVA and Tukey’s multiple 
comparisons test). 

  



231 

 

8.4 Appendix D: SDS22 enhances Adavosertib induced cancer cell killing 

8.4.1 siRNA phosphatase screen with Adavosertib 

We completed a preliminary RNAi screen of a human phosphatase library (267 gene; 

Ambion) in the presence of Adavosertib as means of identify genes that when knocked 

down enhanced cancer killing compared to Adavosertib alone. We transfected HeLa cells 

with a pool of 3 siRNAs targeting different phosphatases alone or in the presence of a 

sublethal concentration of Adavosertib (250 nM). We used the CellTiter-Blue® Cell 

Viability Assay as a high throughput surrogate measure for cancer cell killing. We 

identified 16 “positive gene hits” that when knockdown, enhanced Adavosertib efficacy in 

this assay (Figure 8.9). Despite the name, CellTiter-Blue® Cell Viability Assay is 

metabolic assay and not a survival assay. Therefore, further assays were used to validate 

select gene hits. 

 Our preliminary screens identified Protein phosphatase 1 regulatory subunit 

(PPP1R7) also known as SDS22 as a possible “positive gene hit”. SDS22 is a kinetochore 

protein and a PP1 regulator (Posch et al., 2010; Rodrigues et al., 2015; Wurzenberger et 

al., 2012). To validate SDS22 as a positive gene hit, we transfect HeLa, A549, MCF7, and 

T-47D cells with a single siRNA targeting SDS22 alone or in the presence of Adavosertib 

for 48 h and then analyzed colony formation (Figure 8.10A-D). We observed that siSDS22 

knockdown enhanced the effects of Adavosertib and reduced colony formation in all four 

cell lines. SDS22 and tubulin protein levels were analyzed in HeLa and A549 cells by 

immunoblot (Figure 8.10A & B). As expected, cells transfected siSDS22 had lower 

SDS22 levels relative to cells transfected with siSc. 
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 To test if SDS22 knockdown affected the number of cells in mitosis, we transfected 

Hela cells with siSDS22 or siSc for 24 h and then treated cells with Adavosertib for an 

additional 4 h. Cells were then analyzed for PH3 (relative to DAPI) by 

immunofluorescence (Figure 8.11A & B). In the absence of Adavosertib, SDS22 

knockdown has little effect on the percentage of PH3 positive cells (3% in siSc verses 5% 

in siSDS22). However, siSDS22 in the presence of Adavosertib increased the percentage 

of PH3 positive cells from 25% to 35%.   
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Figure 8.9. siRNA screen of human phosphatases with Adavosertib. 
HeLa cells were transfected with a pool of three siRNAs targeting different 
human phosphatases for 24 h and then treated with 250 nM Adavosertib for an 
additional 72 h. siRNAs that reduced metabolic activity in the presence of 
Adavosertib compared to DMSO (as assayed by CellTiter Blue®) were 
considered positive hits.   
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Figure 8.10. Knockdown of SDS22 sensitizes cancer cells to Adavosertib. 
A) HeLa, B) A549, C) MCF7 and D) T-47D cells were transfected with either 
siSc or siSDS22 for 24 h and then treated with increasing concentration of 
Adavosertib for 48 h. Cells were then analyzed for colony forming ability. 
Number of repeats are included below each cell line. Knockdown efficiency of 
SDS22 (relative to tubulin) was determined in HeLa and A549 by immunoblot. 
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Figure 8.11. SDS22 knockdown promotes mitotic arrest in the presence of 
Adavosertib. 
HeLa cells were transfected with either siSc or siSDS22 for 24 h and then 
treated with Adavosertib for 4 h. Cells were than analyzed by 
immunofluorescence microscopy for the percentage of PH3-positive cells 
relative to DAPI. A) Representative images for treatments are shown. B) Graph 
shows the percentage of cells that were PH3 positive. At least 500 cells were 
scored for each treatment. Experiment has not been repeated.  
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8.5 Appendix E: 

 
Figure 8.12. Myt1 knockdown induces cell rounding, shrinkage, and 
detachment in the presence of Adavosertib. 
Indicated cells were transfected with siSc or siMyt1 and then treated with 
Adavosertib for 72 h. Representative images are shown for treatments.  
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Figure 8.13. Myt1 and Cdc25C mRNA levels are weakly correlated with 
Adavosertib sensitivity in cell lines. 
mRNA expression z-scores obtained from the Cancer cell Line Encyclopedia 
(CCLE) were plotted against IC50 values calculated from crystal violet assay 
(Table 3.2; siSc + Adavosertib).   
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Figure 8.14. Cell that acquire resistance to Adavosertib have similarly 
Myt1 mRNA levels. 
Myt1 mRNA levels were analyzed by real time quantitative polymerase chain 
reaction (RT-qPCR) in parental and R500 HeLa cells. mRNA levels were 
normalized to parental cells. Error bar equal standard deviation (three 
replicates). 

 


