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Preface 

Protein interactions within a living cell are complex and are necessary for 

transmitting signals quickly and accurately. Kinases provide an important source of 

regulation and communication. They activate, inactivate, or change the conformation of a 

protein to alter signaling events and play important roles for triggering and maintaining 

signaling cascades. These processes are themselves restrained so that they occur at the 

correct time and place. Due to the complexity of these processes and the need for improved 

methods, there remain many unresolved questions regarding the interconnectedness of 

signaling pathways and the extent that posttranslational modifications on kinases play for 

regulating kinase activity and function. 

Many kinases are known to be activated by phosphorylation within its catalytic 

loop; however, these proteins have multiple sites of modification including additional sites 

of phosphorylation and ubiquitination. Whether and how much these sites influence the 

activity and function of the kinase is unresolved. Using analog-specific kinases, I have 

discovered that Plk1 is not only regulated by the activating phosphorylation within the 

catalytic loop, T210, but also requires a neighboring site, T214. Additionally, other 

phosphorylation sites within the catalytic domain, but not in the C-terminal localization 

domain, redundantly control mitotic functions of Plk1 and cell cycle progression.  These 

results demonstrate the intricacy of signaling to control and regulate Plk1. 

Further analysis of the complexity of signaling within a cell is demonstrated by 

comparing the pathways of two proteins. For a cellular process, involved proteins can act in 

parallel or overlapping pathways. If they overlap, can moderately perturbing a pathway 

from multiple directions simultaneously cause a greater response than each individual 

assault? This idea was used to design a screen between differing therapeutic agents. Many 
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of the drugs include those that directly target proteins key to signaling pathways, kinases, 

while others were agents that would activate signaling pathways through error induction, 

such as mitotic checkpoint signaling activation with nocodazole treatment. Aurora A 

inhibition was found to potentiate the effect of a Plk1 inhibitor, a pan-Cdk inhibitor, and 

DNA damage response inducer, IUdR.  

Overall, this work expands the knowledge of and provides insight into the way that 

signaling networks function within the cell. It reveals that Plk1, and likely other kinases, are 

regulated not only by a single T-loop residue but also others including redundant 

phosphorylations. Also, the screen demonstrates that multiple kinases or kinase mediated 

pathways can be targeted concurrently to elicit a larger response.  
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Protein Interactions and Signaling  

Cell processes depend on signaling networks and cascades to transmit information 

and to progress the cell cycle when appropriate. These processes need to be efficient and 

are facilitated by enzymes that alter the activities of other enzymes. Kinases are one class of 

enzymes that help to ensure that cellular communication occurs in a timely manner.  They 

signal rapidly by transferring a phosphate group to a target substrate, influencing the 

activity, expression, and/or conformation of itself or other proteins. This can trigger 

signaling cascades and influence the fate of a cell. For example, the mitogen-activated 

protein (MAP) kinases are activated by a MAP2K (MAPKK), which are in turn activated by a 

MAP3K (MAPKKK) (MacCorkle and Tan, 2005). This cascade can trigger numerous pro-

growth or differentiation processes, including exit from G0 to reenter the cell cycle (Nishida 

and Gotoh, 1993; Robinson and Cobb, 1997; Chang and Karin, 2001; Yamamoto et al., 2006; 

Margadant et al., 2013). Although kinase cascades are well recognized to control signaling 

pathways, their role in controlling mitosis remains poorly defined.  The interactions 

between kinases and their pathways are a major focus of this thesis, especially those 

involved in cell growth and division. Notably, protein phosphorylation provides reversible 

control over cycle progression. In mitosis, Aurora B phosphorylation destabilizes 

kinetochore-microtubule attachments, delaying satisfaction of the mitotic checkpoint 

(Lampson et al., 2004; Gregan et al., 2011; Lampson and Cheeseman, 2011). This helps to 

preserve genomic fidelity by allowing for the correction of erroneous attachments prior to 

anaphase onset. Once proper attachments are made, Aurora B phosphorylation is reduced 

(in part by protein phosphatase 1), and mitosis continues. 

Although phosphorylation controls many aspects of mitosis, it is fully reversible 

(Potapova et al., 2006). By contrast, other molecular mechanisms, such as ubiquitination-
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signaling proteolysis, control the unidirectionality of mitotic progression (Song and Rape, 

2008; Wickliffe et al., 2009). During mitosis, the transfer of an ubiquitin group to cyclin B by 

the ubiquitin ligase anaphase-promoting complex/cyclosome (APC/C) targets cyclin B for 

proteasomal degradation, enabling anaphase onset (Glotzer et al., 1991; Hershko, 1999; 

Chang et al., 2003). Conversely, if cyclin B levels are not reduced, the cell cannot transition 

from metaphase to anaphase, resulting in mitotic arrest. Although degradation is 

irreversible, the cell has deubiquitinating enzymes (DUBs) to help ensure that proteins 

aren’t degraded too early (Rape et al., 2006; Stegmeier et al., 2007; Song and Rape, 2008). 

They remove ubiquitin by hydrolyzing the isopeptide bond (Naviglio et al., 1998). DUBs 

themselves are regulated by protein-protein interactions, adding another layer of regulation 

(Naviglio et al., 1998; Huang et al., 2006; Stegmeier et al., 2007). Besides targeting a 

substrate for degradation, the addition of ubiquitin moieties to a substrate can also alter its 

activity, regulate its cellular localization, or recruit other proteins (Wickliffe et al., 2009). 

Collectively, cellular enzymes provide essential mechanisms for communication and 

triggering cell processes; in particular, they enable efficient but regulated information 

propagation that can progress or halt the cell cycle as necessary.   

 

Kinases 

Kinases are a class of proteins that facilitate the transfer of a phosphate group from 

ATP to a target protein; this can elicit many different effects on the substrate, including: (i) 

changing enzymatic activity; (ii) inducing protein-protein interactions; (iii) creating a signal 

for degradation (phospho-degron). Importantly, this modification is reversible (removed by 

protein phosphatases), allowing for temporary alterations in cell signaling. Modified amino 

acids include serines, threonines, tyrosines, and histidines. Protein kinases contain an N-
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terminal lobe and a C-terminal lobe which are connected by a hinge region. In general, the 

C-terminal lobe recognizes the sequence up and downstream of the targeted residue and 

contains the kinase domain (Lowe et al., 1997; Williams and Cole, 2001). The ATP binding 

pocket in the kinase domain is a hydrophobic region that accommodates the γ-phosphate of 

ATP (Bayliss et al., 2012). ATP binds in the opening between the lobes in the highly 

conserved activation segment/loop or T-loop (Johnson et al., 1996; Huse and Kuriyan, 2002; 

Nolen et al., 2004; Bayliss et al., 2012). The γ-phosphate of ATP is activated by a magnesium 

ion coordinated by the aspartic acid of the DFG motif (Johnson et al., 1996; Nolen et al., 

2004; Bayliss et al., 2012). The DFG motif is highly conserved and is essential for active 

kinases. Another conserved and essential aspartic acid is in the HRD motif (Johnson et al., 

1996). This aspartic acid is conserved among kinases activated by T-loop phosphorylation 

and is important for catalytic activity because it deprotonates the target residue of the 

substrate (Knighton et al., 1991). Kinases themselves are regulated by posttranslational 

modifications and protein-protein interactions. The efficiency and efficacy of these 

processes are especially important in stages such as mitosis to provide rapid response to 

events in minutes. 

 

Mitotic Kinase Regulation 

Kinases are key players for progressing and restricting the cell cycle and need to be 

tightly regulated. The kinases featured in this thesis are Plk1, Aurora A, and Cdk1. The 

conserved polo-like kinase family consists of 5 members (Plk1-4)(Llamazares et al., 1991; 

Clay et al., 1993; Lake and Jelinek, 1993; Fode et al., 1994; Golsteyn et al., 1994, 1996; 

Hamanaka et al., 1994; Holtrich et al., 1994; Li et al., 1996; Glover et al., 1998). All contain 

an N-terminal kinase domain and a characteristic C-terminal polo-box domain (PBDs), 
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consisting of one or more polo-box repeats (Golsteyn et al., 1996; Lowery et al., 2005).  Plk1 

is an essential cell cycle and mitotic regulator and is itself regulated by phosphorylation, 

ubiquitination, and binding to phosphorylated substrates. Plk1’s PBD binds to substrates by 

recognizing a primed phosphorylation site on the protein. Priming is where a kinase first 

phosphorylates the target protein, allowing for Plk1 docking and subsequent 

phosphorylation of the substrate (Elia et al., 2003b; Lee et al., 2008). Many Plk1 substrates 

are primed by Cdk1 or Plk1 itself, and Plk1 has a binding preference for substrates with the 

conserved S-[pS/pT]-P/X motif (Elia et al., 2003a, 2003b; Lee et al., 2008). Binding to these 

phosphorylated substrates is disrupted by the pincer mutant H538A/K540M (Elia et al., 

2003a; Qi et al., 2006; Burkard et al., 2009). Plk1 is believed to be activated by 

phosphorylation within Plk1’s T- or activation-loop at threonine 210 (T210) by Aurora A 

and possibly Aurora B (Macůrek et al., 2008; Seki et al., 2008; Carmena et al., 2012; 

Bruinsma et al., 2014; Lasek et al., 2016). In the unphosphorylated state, Plk1 resides in a 

closed confirmation that involves self-interaction with the (PBD). Interaction with the 

protein Bora opens Plk1, allowing for phosphorylation by Aurora. Plk1 ubiquitination does 

not appear to be strictly required as I will demonstrate in Chapter 2, however modification 

at K492 may regulate Plk1 removal from kinetochores at the metaphase-anaphase 

transition (Beck et al., 2013). Plk1 expression is cell cycle regulated and is essential for 

proper mitotic exit and cytokinesis. The C-terminus of Plk1 contains the conserved 

destruction box RxxL (R337, L340 in Plk1) and degradation is mediated by the APC/C 

bound to Cdh1 (Lindon and Pines, 2004; Bassermann et al., 2008). Overall, Plk1 is regulated 

by phosphorylations on itself and on target substrates and through controlled expression. 

The requirement for multiple levels of regulation is a common feature of crucial biologic 

pathways, as it is a fail-safe.   
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The Aurora kinases are another cell cycle regulated kinase family. In mammals, 

there are three members of the Aurora family: A, B, and, C. Aurora B and C are both 

members of the chromosomal passenger complex (CPC)(Fu et al., 2007). Aurora A localizes 

and operates on the mitotic spindle and at the centrosome (Gopalan et al., 1997; Kimura et 

al., 1997; Schumacher et al., 1998; Berdnik and Knoblich, 2002; Asteriti et al., 2011). Aurora 

A is activated by autophosphorylation within its T-loop at threonine 288 (T288) that is 

facilitated by its binding partner TPX2 (Dodson and Bayliss, 2012; Zorba et al., 2014). It’s 

also been shown that TPX2 binding alone is sufficient to increase Aurora A activity and this 

dephosphorylated form may be important for Aurora A functions at the spindle 

microtubules (Dodson and Bayliss, 2012; Zorba et al., 2014). Aurora is degraded in a similar 

fashion to Plk1 in that it has a C-terminal D- box (R378) that targets it for degradation by 

Cdh1-bound APC/C; however, the D-box is only functional with an intact D-box-activating-

domain (DAD) (Honda et al., 2000; Castro et al., 2002a, 2002b; Littlepage and Ruderman, 

2002). Regulation of Aurora A expression is essential and overexpression has been 

attributed to mitotic errors and aneuploidy (Hoar et al., 2007; Nikonova et al., 2013; Asteriti 

et al., 2014).   

In contrast to the polo-like and Aurora kinases, the expression of cyclin-dependent 

kinases (Cdks) are not cell cycle regulated (Morgan, 1995). Instead, the oscillation of their 

interaction partners, the cyclins, controls Cdk activities. Cdk-cyclin binding activates the 

complex and, together, these proteins provide an important source of regulation by 

moderating cell cycle progression and transcription (Lim and Kaldis, 2013; Malumbres, 

2014). There are thought to be 16 (and counting) Cdks in mammals, but Cdk1, especially, 

has important roles for regulating mitosis (Malumbres, 2014). Cdk1 binds cyclin B and 

helps regulate centrosome separation, the G2/M transition, and mitotic exit (Murray et al., 

1989; Nurse, 1990; Karsenti, 1991; Blangy et al., 1995; Jackman et al., 2003; Gavet and 
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Pines, 2010). Phosphorylation of Cdk1 threonine 161 (T161) by Cdk activating kinase (CAK) 

helps to stabilize this interaction and maintain the active conformation (Russo et al., 1996; 

Larochelle et al., 2007; Deibler and Kirschner, 2010). Cdk1 is also inhibited by 

phosphorylation at tyrosine 15 (Y15) by Wee1 (and at Y14 by Myt1) (Deibler and Kirschner, 

2010; Chow et al., 2011). Importantly, this inhibitory phosphorylation can be reversed by 

the members of the protein phosphatase family, Cdc25 (Borgne and Meijer, 1996). The 

balance between Cdk1 activation and inactivation appears to be at least minimally 

determined by localization (Takizawa and Morgan, 2000). During interphase, Wee1 is 

localized to the nucleus where it can confine Cdk1 to the inactivated state (Heald et al., 

1993); however, as the cell cycle progresses, Cdk1 translocation to the nucleus increases, 

possibly diluting Wee1 inhibitory signals and allowing for Cdk1 activation (Takizawa and 

Morgan, 2000). Once the cycle is ready to proceed, active Cdk1, Plk1, and Aurora A 

stimulate efficient signaling and orchestrate mitosis. 

 

Interplay of Kinase Signaling In and Immediately Prior to Mitosis 

The mitotic stage of the cell cycle is responsible for separating the duplicated 

genetic content but occurs on a comparatively short timeframe, so it’s important that 

signaling occurs quickly and accurately. Kinase phosphorylation provides a solution for this 

problem and thus plays important roles for signal transmission during mitosis. 

Many kinases that are active during mitosis are upregulated beginning in G2 

(Katayama et al., 2003; Lindon and Pines, 2004). Prior to mitotic entry, the cell needs to 

ensure that DNA replication occurred faithfully and that no errors remain; this is the DNA 

damage checkpoint (Figure 1-1). Some of the key mitotic kinases involved in this checkpoint 

are Wee1, Cdk1, Plk1, and Aurora  A (Smits et al., 2000; Macůrek et al., 2008; van Vugt et al., 
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2010). Major sources of DNA damage are double-stranded breaks which can be caused by 

chemicals, radiation, or cases where single-stranded breaks from errors in repair, 

replication, or mechanical stress become double-stranded. These breaks are detected by the 

Mre11-Rad50-Nbs1 complex  and H2AX is recruited to the site of breaks following 

phosphorylation by ATM kinase (Paull et al., 2000; Yuan and Chen, 2010). Repair is carried 

out by non-homologous end-joining (NHEJ) or homologous recombination (HR). Once 

damage is detected, pATM targets Chk2. Chk2 inactivates Cdc25 phosphatases, maintaining 

inhibitory phosphorylation of Cdk1-cyclin B by Wee1. Once all the damage is repaired, 

Cdc25 phosphatases remove the inhibitory phosphorylation, allowing for Cdk1-cyclin B 

activity.  In a parallel and overlapping pathway, cells require active Plk1 to recover from 

DNA damage and enter mitosis (Macůrek et al., 2008). As mentioned above, Plk1 is 

phosphorylated by Aurora A and the co-factor, Bora (Seki et al., 2008; Bruinsma et al., 

2014).  Upon DNA damage, however, activated ATM/ATR phosphorylates Bora, signaling it 

for degradation (Hyun et al., 2014). This blocks Plk1 activation and arrests cells in G2. 

Conversely, constitutively active Plk1 can bypass the DNA damage-induced G2 arrest, 

though this is controversial (Smits et al., 2000; Paschal et al., 2012). It’s also been 

demonstrated that Cdk1 phosphorylates Bora, but in this instance, phosphorylation 

increases Plk1 activity and promotes mitotic entry  (Thomas et al., 2016). Further 

demonstrating the interconnectedness of this pathway, Plk1 also plays a role in the 

activation of Cdk1. Active Plk1 phosphorylates Cdc25C, promoting Wee1 degradation 

(Watanabe et al., 2004; Tsvetkov et al., 2005) and facilitating Cdk1-cyclin B activation (van 

Vugt et al., 2004). Once the damage in the cell is repaired, Bora is restored, Cdc25 is active, 

and the cell can enter mitosis.  Beginning in G2 and extending into early mitosis, Plk1, 

Aurora A, and Cdk1 function and cooperate to assist in generating the mitotic spindle 

apparatus. 
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Kinases play roles in many aspects of mitosis. Plk1, Aurora A, and Cdk1 have roles in 

centrosome maturation and establishment of the bipolar spindle which determine whether 

and how quickly mitosis will progress. All three proteins localize at or near the centrosomes 

in G2 and early mitosis (Lee et al., 1998; Jackman et al., 2003; De Luca et al., 2006; Joukov et 

al., 2010; Santamaria et al., 2011). Evidence in Xenopus and mammals shows that the 

centrosomal protein Cep192 recruits Plk1 and Aurora A to the centrosome and works as a 

scaffold, facilitating activation of each kinase; here, Aurora A dimerizes to 

autophosphorylate and active Aurora A phosphorylates and activates Plk1 (Joukov et al., 

2010, 2014). Centrosome maturation and separation begins in interphase but is essential 

for mitotic progression as monopolar spindles result in prometaphase arrest. Plk1 

inhibition, knockdown, or knockout results in monopolar spindles and was named because 

of this characteristic phenotype (Sunkel and Glover, 1988; Llamazares et al., 1991; Glover et 

al., 1995). Without proper spindle formation, the cell will not be able to establish proper 

kinetochore-microtubule attachments, to satisfy the mitotic (or spindle-assembly) 

checkpoint.  Plk1’s importance for establishing the bipolar spindle is firmly established and 

evidence supports that this is due to errors in centrosome maturation, centrosome 

migration, and γ-tubulin and pericentrin recruitment (Lane and Nigg, 1996; Nigg et al., 

1996; Liu and Erikson, 2002; Casenghi M, Meraldi P, Weinhart U, Duncan PI, Körner R, Nigg, 

2003; Sumara et al., 2004; van Vugt et al., 2004; Haren et al., 2009; Johmura et al., 2011; Lee 

and Rhee, 2011; Smith et al., 2011). Aurora A similarly is proposed to be important for 

centrosome maturation, although there are some differences seen between species (Glover 

et al., 1995; Bischoff and Plowman, 1999; Goepfert and Brinkley, 2000; Hannak et al., 2001; 

Katayama et al., 2001; Berdnik and Knoblich, 2002; Marumoto et al., 2003, 2005). Cdk1, 

however, appears to have a more minor role in centrosome separation. Eg5 binding to the 

spindle requires phosphorylation by Cdk1 (Blangy et al., 1995; Sawin and Mitchison, 1995; 
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Cahu et al., 2008). In spite of this, centrosome separation can occur in the absence of Cdk1, 

but the process is significantly delayed (Gavet and Pines, 2010; Smith et al., 2011). Plk1, 

Aurora A, and Cdk1 play significant roles in the establishment of bipolar spindle (by 

metaphase). As mitosis progresses, these kinases continue to be important as the cell 

divides its chromosomes. 

Early in mitosis and into anaphase, Plk1 and Aurora A are crucial for proper 

distribution of genetic material. Although cells with low Plk1 and Aurora can establish a 

bipolar spindle and proceed to anaphase, cells frequently missegregate chromosomes 

(Hanisch et al., 2006; Asteriti et al., 2011; Lera and Burkard, 2012). Aurora A is necessary to 

not only achieve a bipolar spindle, but also to maintain it. Aberrant Aurora A expression can 

cause spindle fragmentation and microtubule hyperstabilization leading to abnormal 

divisions including multiway divisions (De Luca et al., 2008; Asteriti et al., 2011, 2014). 

Similarly, reduced active Plk1 leads to abnormal divisions resulting in lagging chromosomes 

(Lera and Burkard, 2012). This appears to be due to regulation of kinetochore-microtubule 

attachments where Plk1 stabilizes K-MT attachments (Sumara et al., 2004; O’Connor et al., 

2015). Plk1 may itself have roles in the mitotic checkpoint, however this is controversial 

(Sumara et al., 2004; van Vugt et al., 2004; Lenart et al., 2007; Beck et al., 2013; von 

Schubert et al., 2015). 

Proper anaphase and mitotic exit depends on inactivation and/or degradation of all 

three kinases discussed here: Plk1, Aurora A, and Cdk1.  As mentioned above, Plk1 and 

Aurora A degradation is dependent on the switch from Cdc20-bound APC/C to Cdh1-bound 

(Castro et al., 2002a; Littlepage and Ruderman, 2002; Lindon and Pines, 2004; Floyd et al., 

2008). Mutation of their respective D-boxes reduces degradation of the protein and 

overexpression or inhibition of the kinase delays mitotic exit (Castro et al., 2002a; Lindon 
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and Pines, 2004; Reboutier et al., 2015). However, Plk1 and Aurora A also have essential 

roles from anaphase to the end of mitosis. Plk1 binding to anaphase furrow and midbody 

components are essential for furrow ingression and cytokinesis (Petronczki et al., 2007; 

Wolfe et al., 2009; Lera and Burkard, 2012). Plk1 phosphorylates numerous proteins 

including Mklp1 and hCyk4 (also known as MgcRacGAP) (Neef et al., 2003; Burkard et al., 

2009). Plk1 inhibited cells show reduced recruitment of Ect 2, Rho A, citron kinase, and 

anillin (Burkard et al., 2007, 2009). Failure to phosphorylate and/or recruit these core 

components to the equator, results in cytokinesis failure and binucleate cells. Similarly, 

Aurora A inhibition disrupted the central spindle, causing cytokinesis failure and an 

increase in binucleate cells (Reboutier et al., 2013). These phenotypes appear to be caused 

by disgregulation of microtubule dynamics, possibly mediated through a loss of Aurora A 

phosphorylation of the dynactin component, p150glued (Romé et al., 2010; Reboutier et al., 

2013). 

Cdk1, however, is not degraded. Instead, inactivation depends on the degradation of 

its binding partner, cyclin B (Gavet and Pines, 2010).  Interestingly, high levels of Cdk1 

during the previous interphase are essential for sufficient activation of the APC/C. Without 

this phosphorylation, cyclin B ubiquitination, and therefore Cdk1 inactivation, does not 

occur, showing Cdk1 self-regulation (Patra and Dunphy, 1998; Rudner et al., 2000; 

Lindqvist et al., 2007). Cdk1 activity can also be reduced towards the end of mitosis through 

the same Wee1 catalyzed inhibitory phosphorylation (Y15) as discussed above (Potapova et 

al., 2009). Finally, Cdc14 phosphatase dephosphorylates Cdk1 targets, without which 

cytokinesis does not occur. As an example, the removal of the Cdk1 phosphorylation on 

PRC1 allows for PRC1 dimerization and midzone localization (Zhu et al., 2006). In the 

absence of this, proper microtubule bundling and midzone formation is impaired. 
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This summary of Plk1, Aurora A, and Cdk1 activities makes obvious the interplay 

between these kinases and the overlap in the processes they regulate. They serve as 

important regulators of cell cycle progression before and during mitosis (Macůrek et al., 

2008; Van Horn et al., 2010; Asteriti et al., 2015) and inhibition or knockout results in cell 

cycle and mitotic arrest. As mentioned above, Plk1, Aurora A, and Cdk1 have roles in mitotic 

entry and the recovery from DNA damage, in achieving a bipolar spindle, and at the end of 

mitosis. So far we know that Cdk1 phosphorylation creates docking sites on Plk1 substrates 

for Plk1 binding, Plk1 targets Wee1 for degradation, and Cdk1 inhibition prevents mitotic 

activation of Aurora A, but Aurora A inhibition does not inhibit Cdk1 activation (Van Horn et 

al., 2010). Additionally, it is known that Plk1 activation requires release of the inhibitory 

association between the PBD and kinase domain and T-loop phosphorylation. This is 

mediated through co-factor (Bora) and substrate binding and phosphorylation at residue 

T210 by Aurora A. What remains unknown is whether the many other phosphorylations 

and ubiquitinations on Plk1 have important functional roles for Plk1 and how these kinases 

interact functionally. 

 

Interactions of Kinase Inhibitors in Cancer Therapy 

The functional relationships between mitotic kinases suggest a possible role for 

combination cancer therapy.  Heretofore, the role that kinases play in mitosis led to the 

development of clinical inhibitors as cancer therapeutics.  However, the effects of these 

drugs in the clinic have been modest. The pan-Cdk inhibitor flavopiridol, was the first Cdk 

inhibitor to enter clinical trials; however low specificity and potency responses have not 

been sufficient to justify further use as a single agent (Komlodi-Pasztor et al., 2012; Blachly 

and Byrd, 2013; Lanasa et al., 2015; Murphy and Dickler, 2015). With this, doses need to be 
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limited due to toxicities such as diarrhea and neutropenia. Combination studies with 

flavopiridol are in trials and a few studies have looked promising. Flavopiridol in 

combination with other chemotherapeutic agents such as Taxol or with cytosine 

arabinoside and mitoxantrone (FLAM) have shown lower toxicities and more favorable 

patient responses (Colevas et al., 2002; Schwartz et al., 2002; Zhai et al., 2002; Karp et al., 

2011; Marzo and Naval, 2013). These results advocate for further analysis of the benefits of 

flavopiridol treatment in combination.  

Also marred by problems with efficacy vs toxicity ratios, trials using the Aurora 

inhibitor MLN8054 have been terminated due to somnolence (Malumbres and Pérez de 

Castro, 2014). In part, this was believed to be due to off-target GABA-binding (Dees et al., 

2011). In response, Takeda introduced MLN8237, an Aurora inhibitor with much higher 

potency for Aurora A inhibition (Karthigeyan et al., 2011; Kollareddy et al., 2012; Sells et al., 

2015; D’Assoro et al., 2016). Although this inhibitor displays similar GABA-binding to 

MLN8054, toxicities related to this target were mitigated (Sells et al., 2015). A phase 2 trial 

showed an objective response to MLN8237 in 18% of breast cancer patients (Melichar et al., 

2015); however, in a phase 3 trial, the primary endpoint was not expected to be met  and 

the trial was terminated (NCT01482962) (D’Assoro et al., 2016). With the hopes to actualize 

MLN8237 use clinically, MLN8237 combination studies have begun (Matulonis et al., 2012; 

Marzo and Naval, 2013; DuBois et al., 2016; Graff et al., 2016). Patients with small cell lung 

cancer (SCLC) are being treated in combination with paclitaxel with the hopes to find an 

effective and safe dose (NCT02038647) (U.S. National Institutes of Health, 2013).  Although 

results have been discouraging overall, the efficacy of MLN8237 has not been fully resolved. 

The Plk1 targeting BI2536 is another kinase inhibitor where the benefits of 

combination therapy have not been fully elucidated. Its use in monotherapy initially looked 
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promising (Mross et al., 2008; Schöffski, 2009; Sebastian et al., 2010; Frost et al., 2012), but 

has been terminated.  BI2536 demonstrates polypharmacological activity and a short half-

life in vivo; therefore, it is being replaced with BI6727, which has shown more favorable 

results (Rudolph et al., 2009; Schöffski et al., 2010; Mross et al., 2012; Vose et al., 2013). 

Despite this, BI2536 use in combination encourages further analysis (Hofheinz et al., 2010; 

Ellis et al., 2013); however, clinicaltrials.gov does not list any active BI2536 trials and 

published studies using the drug clinically are sparse (Haroon, 1998; U.S. National Institutes 

of Health, 2013). While, in general, single-agent kinase inhibitors have not performed well, 

the known functional interactions between kinases and their pathways suggest possible 

benefits from use in combination. Further exploration in vitro may identify valuable 

interactions to exploit clinically. 

 

Scope of Project 

Overall, I have delved into uncovering the ways that mitotic kinases interact. 

Gap 1: Posttranslational Regulation of Plk1 

Here, I develop a chemical-genetic complementation system for Plk1 and use it to 

methodically evaluate the functional roles of each of 25 phosphorylation sites and nine 

ubiquitination sites on this kinase singly and in combination.  This reveals that two residues 

within Plk1’s T-loop (T210 and T214) are essential, while all other sites of phosphorylation 

or ubiquitin modification are individually nonessential; instead, phosphorylation events 

within the kinase domain operate redundantly to perform its essential mitotic functions 

(Chapter 2). This demonstrates the existence of redundancy as a source of kinase 

regulation. The varying levels of Plk1 regulation exemplify a mechanism for moderating 
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kinase activity, so that signaling cascades are not triggered without proper upstream 

signals.   

Gap 2: Identifying new interactions between kinase inhibitors 

Although it’s known that Plk1, Aurora A, and Cdk1 have roles regulating each other 

and similar cell processes, elucidation of the overlap between their respective pathways 

remains to be fully resolved. Additionally, whether these pathways can be targeted 

simultaneously to reduce cell growth has not been shown. Clinically, Cdk1, Plk1, and Aurora 

A inhibitors have not shown an adequate therapeutic window and although combination 

studies have been proposed, these do not include multiple kinase pathway targeting drugs. I 

demonstrate that the Aurora inhibitor, MLN8237, cooperates with: the Plk1 inhibitor 

BI2536 to induce apoptosis, the Cdk inhibitor flavopiridol to delay mitotic entry, and the 

radiosensitizer IUdR by compounding DNA damage.  In all, these drugs combine to reduce 

cell growth in vitro and in vivo.   
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Figure 1-1 

  



17 

 

Figure 1-1: Kinase signaling regulates the DNA damage checkpoint. 

Figure depicts signaling pathways involved in halting cells at the G2-M transition in 

response to damaged DNA.   
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Chapter 2: The functional significance of posttranslational modifications on Polo-like 

kinase 1 revealed by chemical genetic complementation 

 

 

Work in this chapter was modified from article published in PLoS One: 

The functional significance of posttranslational modifications on Polo-like kinase 1 

revealed by chemical genetic complementation 

Lasek AL, McPherson BM, Trueman NG, Burkard ME 

PLoS One. 2016 Feb 26;11(2). PMCID: PMC769148 
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Abstract 

Mitosis is coordinated by carefully controlled phosphorylation and ubiquitin-

mediated proteolysis. Polo-like kinase 1 (Plk1) plays a central role in regulating mitosis and 

cytokinesis by phosphorylating target proteins. Yet, Plk1 is itself a target for 

posttranslational modification by phosphorylation and ubiquitination.  We developed a 

chemical-genetic complementation assay to evaluate the functional significance of 34 

posttranslational modifications (PTMs) on human Plk1.  To do this, we used human cells 

that solely express a modified analog-sensitive Plk1 (Plk1AS) and complemented with 

wildtype Plk1.  The wildtype Plk1 provides cells with a functional Plk1 allele in the presence 

of 3-MB-PP1, a bulky ATP-analog inhibitor that specifically inhibits Plk1AS.  Using this 

approach, we evaluated the ability of 34 singly non-modifiable Plk1 mutants to complement 

Plk1AS in the presence of 3-MB-PP1. Mutation of the T-loop activating residue T210 and 

adjacent T214 are lethal, but surprisingly individual mutation of the remaining 32 

posttranslational modification sites did not disrupt the essential functions of Plk1. To 

evaluate redundancy, we simultaneously mutated all phosphorylation sites in the kinase 

domain except for T210 and T214 or all sites in the C-terminal polo-box domain (PBD).  We 

discovered that redundant phosphorylation events within the kinase domain are required 

for accurate chromosome segregation in anaphase but those in the PBD are dispensable. We 

conclude that PTMs within the T-loop of Plk1 are essential and nonredundant, additional 

modifications in the kinase domain provide redundant control of Plk1 function, and those in 

the PBD are dispensable for essential mitotic functions of Plk1. This comprehensive 

evaluation of Plk1 modifications demonstrates that although phosphorylation and 

ubiquitination are important for mitotic progression, many individual PTMs detected in 

human tissue may have redundant, subtle, or dispensable roles in gene function. 
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Introduction 

In mitosis, posttranslational modifications (PTMs) are crucial for regulating protein 

function and degradation (Walter et al., 2000; Lindon and Pines, 2004; Burkard et al., 2009; 

Lindqvist et al., 2009; Beck et al., 2013). Mass spectrometry has identified a large set of 

mitotic posttranslational modifications (Daub et al., 2008; Khoury et al., 2011; Hornbeck et 

al., 2012; Oppermann et al., 2012), but functional annotation is sparse.  Therefore, it is 

critical to develop efficient techniques to accurately interrogate PTM function. Towards this 

goal, we have thoroughly evaluated PTMs on polo-like kinase 1 (Plk1), a core regulator of 

mitosis using chemical genetic complementation.  

Plk1 is an ideal target for analysis because it is essential and plays multiple roles in 

mitotic progression. Knockout of PLK1 in mice results in embryonic lethality and, in human 

cells, failure of mitotic progression and proliferation (Burkard et al., 2007; Lu et al., 2008). 

Complete loss of Plk1 function arrests cells in prometaphase, yet it also plays roles in other 

mitotic stages. Specifically, Plk1 is involved in mitotic entry after DNA damage (Bassermann 

et al., 2008; Macůrek et al., 2008; van Vugt et al., 2010), centrosome separation (Sumara et 

al., 2004; van Vugt et al., 2004; Johmura et al., 2011), stabilizing kinetochore-microtubule 

attachments (Sumara et al., 2004; van Vugt et al., 2004; Elowe et al., 2007), removal of 

cohesin from sister chromatids (Sumara et al., 2004; Hanisch et al., 2006), and in triggering 

cytokinesis (Neef et al., 2003, 2007, Burkard et al., 2007, 2009). Thus it is possible that 

distinct Plk1functions depend on specific PTMs. 

Here, we present a comprehensive strategy to evaluate the functional significance of 

PTMs on Plk1. We first evaluated databases of human Plk1 to identify 34 phosphorylation 

and ubiquitination modifications (Figure 2-1A) (Gnad et al., 2011; Hornbeck et al., 2012; 

Kasahara et al., 2013). One crucial site is the activation loop phosphorylation on threonine 
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210.  This site is phosphorylated by Aurora kinases A and/or B and the inability of cells to 

phosphorylate this residue leads to the Plk1-null phenotype (van Vugt et al., 2004; van de 

Weerdt et al., 2005; Hanisch et al., 2006; Seki et al., 2008; Carmena et al., 2012; Bruinsma et 

al., 2014). Modifications at S137 and S326 have also been implicated in regulation of Plk1 

functions. Phosphorylation at S137 increases the activity of Plk1 and is reduced in response 

to DNA damage (Jang et al., 2002; Tsvetkov and Stern, 2005). Phosphorylation of Plk1 S326 

promotes progression through mitosis (Tang et al., 2008). Additionally, ubiquitination of 

K492 may be important for removal of Plk1 at the metaphase-anaphase transition (Beck et 

al., 2013). However, the function of most posttranslational sites remains obscure. 

To evaluate the function of the identified PTMs, We used non-modifiable mutant 

Plk1 to complement in a chemical genetic system. We employed previously established 

Plk1AS cells as a chemical genetic tool to probe functions of Plk1 (Burkard et al., 2007). The 

analog-sensitive system is a versatile technique for studying kinases that provides a method 

for potent and reversible chemical inhibition with explicit controls for off-target effects 

(Bishop et al., 2000). In this system, GFP-tagged recombinant Plk1 (C67V/L130G) analog-

sensitive (AS) mutant (GFP-Plk1AS; Figure 2-1B) was introduced into human hTERT-

immortalized retinal pigment epithelial cells (RPE1) in which both endogenous alleles had 

been deleted.  Plk1AS is fully inactivated by 3-methylbenzyl pyrazolopyrimidine (3-MB-PP1) 

to reveal the Plk1 inhibition phenotypes including mitotic arrest and immature spindle 

poles. 

Using this complementation assay, Plk1AS cells were stably transduced with a 

second construct to express Flag-tagged Plk1 that harbors a wildtype kinase domain 

(Plk1WT) and is thus resistant to 3-MB-PP1, allowing for chemical genetic complementation 

(Burkard et al., 2012) (Figure 2-1B). When challenged with 3-MB-PP1, the complementing 
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wildtype Plk1 restores activity, allowing cells to complete normal mitosis (Burkard et al., 

2012). We then introduced mutations into the Plk1 rescue construct to determine whether 

non-modifiable mutants can execute specific functions within mitosis. This system, chemical 

genetic complementation, allows for rapid temporal inhibition and we demonstrate that it 

can robustly identify functional PTMs on Plk1. 

As we report here, most PTMs on Plk1 have redundant or subtle functions when 

evaluated singly. Only single PTMs in the kinase activating loop are essential for mitotic 

progression and long-term proliferation.  Additional kinase domain sites operate 

redundantly.  In contrast phosphorylation sites in the PBD are dispensable for essential 

Plk1 functions as a 16-site mutant restores viability.  These data reveal the complexity of 

PTM-regulation of an essential mitotic protein wherein some PTMs are strictly required, 

some are redundant, and many are dispensable. 

 

Results 

Functional survey of PTMs on Plk1 

To evaluate the functional significance of previously identified PTMs, we surveyed 

34 mutations which prevent phosphorylation or ubiquitination of Plk1, selected from 

modification sites identified in proteomic analyses (Gnad et al., 2011; Hornbeck et al., 2012; 

Kasahara et al., 2013). To do this, we stably expressed constructs each harboring a single 

non-modifiable mutation. Constructs were generally expressed at levels close to or greater 

than GFP-Plk1AS (Figure 2-2A). To survey these for function, we challenged each cell line 

with 10 μM 3-MB-PP1 and evaluated for mitotic arrest (Figure 2-2B,C) and proliferation 

(Figure 2-2D).  These two assays were selected because the mitotic arrest phenotype 

evaluates the function of Plk1 in assembling a mitotic spindle, whereas long-term 
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proliferation requires Plk1 to execute its non-spindle mitotic functions.  Additionally, hits in 

the mitotic arrest phenotype using polyclonal cell lines (Figure 2-2B) were re-evaluated in 

two clonal cell lines (Figure 2-2C and Supplemental Figure 2-1A) to rule out artificial 

elevation in mitotic index through a sub-population of low-expressing cells. 

As expected, mitotic arrest and proliferation defects occur in control (Flag Only), but 

not in cells rescued by Flag-Plk1WT, which is unaffected by 3-MB-PP1(Figure 2-2B,C,D; 

leftmost bars or wells) (Burkard et al., 2012). Strikingly, most singly non-modifiable 

mutants of Plk1 restored mitotic progression and cell viability.  A key exception is that bona 

fide mitotic arrest occurs with Plk1T210V, as noted previously, validating our assay (van Vugt 

et al., 2004; van de Weerdt et al., 2005; Hanisch et al., 2006; Seki et al., 2008; Carmena et al., 

2012).  Similarly, cells with Plk1T210V are unable to proliferate over the long term in the 

presence of 3-MB-PP1 (Figure 2-2D). 

In surveys of other mutations, we identified and confirmed defects in Plk1T214V, and 

to a lesser degree, Plk1Y217F, although the latter mutation was not essential for long-term 

proliferation (Figure 2-2D).  Surprisingly, clonal Plk1S137A is sufficient to rescue mitotic 

progression and proliferation, despite the known role of phosphorylation of this site in DNA 

damage and mitotic entry (Jang et al., 2002; Tsvetkov and Stern, 2005; van de Weerdt et al., 

2005; Matsumoto et al., 2009). We conclude that while most single Plk1 modifications are 

non-essential under ordinary conditions, mutations at T210, T214, and to a lesser degree 

Y217 preclude the ability of Plk1 to execute its essential function for mitotic progression. 

It is possible that some residual catalytic activity from GFP-Plk1AS contributed to the 

rescue phenotypes. To evaluate this possibility, we employed a conditional knockout system 

to evaluate mutant Plk1 function in cells that do not express any other Plk1 allele. To do 
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this, constructs were stably introduced into a Cre-sensitive PLK1flox/Δ RPE1 cell line 

(Burkard et al., 2007) (Supplemental Figure 2-1B). Next, mitotic index was measured after 

challenging each with Cre recombinase to delete exon 3 of the floxed PLK1 locus.  Plk1T210V 

and Plk1T214V failed to rescue mitotic progression (Supplemental Figure 2-1C), in contrast to 

other constructs. Likewise, clonal cell lines showed similar results upon Cre treatment 

(Supplemental Figure 2-1D,E).  Additionally, we subcloned cell lines after introducing Cre to 

determine if viable clones could be obtained.  We recovered monoclonal PLK1Δ /Δ cell lines 

for S137A, K200R, and Y217F (Supplemental Figure 2-1F). We conclude that PTMs of single 

sites, excepting T210 and T214, are dispensable for viability and mitotic progression in 

human cells. 

Functional evaluation of Plk1T214V 

Of the two functional Plk1 sites identified in our survey, T214 is novel. We 

considered whether function is impaired because of phosphorylation or if its hydroxyl 

group is important for these functions. To evaluate this, we first tested if T214 

phosphorylation is detectable in mitotic cells. Multiple phosphoproteomic analyses have 

identified T214 phosphorylation (Daub et al., 2008; Dephoure et al., 2008; Oppermann et al., 

2012).  Although we were unable to generate a phospho-specific antibody, mass 

spectrometry confirmed T214 phosphorylation on Plk1 immunoprecipitated from mitotic 

HeLa extracts (Supplemental Figure 2-2). To verify that mutation of T214 does not result in 

unfolding or prevent ATP binding, we employed differential scanning fluorimetry (DSF) 

(Simeonov, 2013). Using recombinant Plk1 kinase domain, we examined melting 

temperatures in the presence and absence of ligand. Both Plk1WT and Plk1T214V had similar 

melting temperatures, indicating that the mutation does not disrupt Plk1 folding (Figure 2-

3A). Moreover, both Plk1WT and Plk1T214V kinase domains are competent to bind ATP, as 
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evidenced by temperature shifts upon ATP and Mg++ addition. These results are not an 

artifact of reaction conditions- no shift is detected with GTP and absorbance is absent 

without SYPRO or Plk1 protein (not shown).  Further, Plk1T214V retains some catalytic 

activity in an in vitro kinase assay with recombinant Plk1 (Figure 2-3B), indicating that 

T214 mutation does not completely abrogate kinase activity. Taken together, our findings 

confirm that T214 is phosphorylated and is required for Plk1 function, with no evidence 

that mutation merely interferes with kinase folding or ATP binding. 

Because Plk1 has multiple roles in mitosis, we tested which particular function is 

impaired by failure to phosphorylate Plk1 at T214. Centrosome separation and bipolar 

spindle formation are early mitotic activities mediated by Plk1 (Sumara et al., 2004; van 

Vugt et al., 2004). As expected, Flag-Plk1WT restored bipolar spindle formation whereas cells 

complemented with control (Flag Only) had a higher percentage of monopolar spindles 

(Figure 2-3C).  Similar to Flag Only, Plk1T214V failed to rescue bipolar spindle formation, 

demonstrating that the elevated mitotic index in these cells is mediated in part by impaired 

spindle assembly. 

We considered the upstream kinase mediating phosphorylation of Plk1 T214. Plk1 

does not autophosphorylate at T214 (Supplemental Figure 2-3A), so we examined the 

sequence flanking this phosphorylation to identify possible candidates. The +1 proline is 

conserved across species, and suggests phosphorylation by a proline-directed kinase, such 

as Cdk1 (Figure 2-4A). Furthermore, Cdk1 is a major mitotic regulator and its yeast 

homolog, cdc28, phosphorylates S. cerevisiae polo, Cdc5, at the homologous residue 

(Mortensen et al., 2005). To test if Cdk1 activates human Plk1, we performed an in vitro 

kinase assay (Figure 2-4B).  Cdk1 highly phosphorylated its substrate, Histone H1, but little 

phosphorylation was detected on purified Plk1 kinase domain, and this was not modulated 
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by mutation at T214. We conclude that Cdk1 does not directly phosphorylate T214 of 

human Plk1.   

The lack of Cdk1-dependent phosphorylation of T214 in our biochemical assay was 

surprising given the homology to S. cerevisiae; we therefore confirmed our findings with 

cell-based assays.  Cdk1 activity markedly increases at mitotic onset and rapidly declines at 

anaphase (Potapova et al., 2009; Gavet and Pines, 2010; Van Horn et al., 2010; Chow et al., 

2011).  If Cdk1 is required to activate Plk1, then Plk1 function will be impaired during DNA 

damage-recovery, before Cdk1 is activated (Macůrek et al., 2008; van Vugt et al., 2010) or 

during mitotic exit, when Cdk1 activity declines (Neef et al., 2003; Burkard et al., 2009; 

Wolfe et al., 2009). To test the former, we evaluated if Plk1T214V promotes mitotic entry 

following DNA damage (Macůrek et al., 2008; van Vugt et al., 2010) and for the latter, we 

tested if Plk1T214V can trigger cytokinesis furrow formation and RhoA localization to the 

equatorial cortex (Burkard et al., 2009). We found that Plk1T214V fails to function on all 

accounts (Figure 2-4C,D,E). Combined with our biochemical assay, we conclude that Cdk1 is 

not the upstream kinase of Plk1 T214.  We considered additional proline-directed kinases, 

ERK1 and ERK2, but did not detect strong phosphorylation from either (Supplemental 2-

3B), suggesting that neither are the upstream kinase for T214 phosphorylation. Although 

the upstream kinase of T214 phosphorylation remains elusive, we conclude that T214 is a 

crucial residue for mitotic functions of Plk1, although it remains possible that the hydroxyl 

is required for catalysis independent of its phosphorylation.  

Because of T214’s proximity to the known Plk1 activation site, T210, we determined 

if T210 phosphorylation is contingent on intact T214. We found that T210 is 

phosphorylated in Plk1T214V (Supplemental Figure 2-3C).  We conclude that T214 is a crucial 

residue for Plk1 function in mitosis, but is not upstream of T210 phosphorylation. 
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Phosphorylations on Plk1 kinase domain have redundant functions 

Most individual PTMs surveyed in our complementation assays were not strictly 

required for viability of human cells.  One possible explanation is redundancy of 

phosphorylation sites, in which phosphorylation at any one of several possible sites is 

sufficient to restore phosphorylation-dependent function.  To evaluate this, we tested if 

simultaneous mutation of the 23 surveyed phosphorylation sites (Plk1Pan) abrogates Plk1 

function (the 25 sites initially surveyed, without T210 or T214 mutation) or domain specific 

mutants (7 sites; Plk1Kin, 16 sites; Plk1PBD, Figure 2-5A,B).  If the phosphorylation sites were 

redundant, simultaneous mutation of these sites would result in failure to restore essential 

functions of Plk1.  Indeed, simultaneous mutation of all sites in Plk1Pan resulted in elevated 

mitotic index and interfered with long-term proliferation of human cells as compared to 

Plk1WT (Figure 2-5C,D), although these constructs localized properly in mitotic cells 

(Supplemental Figure 2-4A). Surprisingly, Plk1PBD restored both mitotic progression and 

cell proliferation, indicating that PBD phosphorylation sites are dispensable for the 

essential functions of Plk1. In contrast, Plk1Kin is unable to restore mitotic progression or 

cell viability (Figure 2-5C,D), so redundant phosphorylation within the kinase domain is 

important for Plk1 function. 

To characterize the mitotic defect, cells were labeled with fluorescent H2B and 

imaged by timelapse videomicroscopy (Figure 2-6A).  This revealed prolonged mitoses in 

the kinase domain mutant, characterized by congression defects and lagging chromosomes. 

In contrast, the Plk1PBD 16-site mutant robustly restored mitosis with minimally changed 

mitotic duration.  To characterize the mitotic defect further, we employed fixed cell analysis 

with indirect immunofluorescence.  The Plk1Kin mutant had increased frequency of 

prometaphase and metaphase cells, consistent with an early mitotic defect in spindle 
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attachment (Supplemental Figure 2-4B).  However, these constructs were capable of 

separating centrosomes, an essential component of forming a bipolar mitotic spindle 

(Supplemental Figure 2-4C).    

We next characterized chromosome alignment.  In the Plk1Kin and Plk1Pan lines, cells 

frequently had misaligned chromosomes on the metaphase plate (Figure 2-6B).  

Additionally, cells that proceeded into anaphase frequently had an increase in anaphase 

segregation errors (Figure 2-6C). These phenotypes were concordant between Plk1Kin and 

Plk1Pan, but distinct from Plk1PBD, and consistently demonstrated the importance of 

redundant phosphorylation in the Plk1 kinase domain.  Additionally, these phenotypes are 

consistent with chromosome-microtubule attachment errors, seen previously with defects 

in Plk1 kinase activity (Lera and Burkard, 2012). The Plk1Kin has some reduced catalytic 

activity in an in vitro kinase assay relative to immunoprecipitated WT Plk1 (Supplemental 

Figure 2-4D), suggesting that impaired catalytic activity may be, in part or wholly, 

responsible for this phenotype. We conclude that phosphorylation events within the kinase 

domain operate in a redundant manner, and are required for full Plk1 function. 

 

Discussion 

Mass spectrometry has led to the discovery of a large number of PTMs on mitotic 

proteins (Daub et al., 2008; Khoury et al., 2011; Hornbeck et al., 2012; Oppermann et al., 

2012). However, functional assessment of PTMs can be challenging with commonly used 

techniques.  In this study, we extend our chemical genetics system to evaluate the functional 

significance of 34 PTMs on a single mitotic protein, Plk1. Surprisingly, two sites are strictly 

and singly essential, there is redundancy among an additional 7 phosphorylation sites 

within the kinase domain, and 16 phosphorylation sites within the C-terminal polo-box 
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domain are not required for essential functions of Plk1. This reveals that many observed 

mitotic PTMs are redundant, non-essential, or dispensable.  If this is representative of PTMs 

on other mitotic proteins, then many observed PTMs will have subtle or dispensable 

functions. 

We have identified T214 as a novel residue essential for Plk1mitotic functions. This 

is similar to that observed in yeast where the homologous residue is phosphorylated to 

promote mitotic functions of Cdc5 (Mortensen et al., 2005). This site is required either 

because it is phosphorylated, or because the hydroxyl is required for catalysis exclusive of 

its phosphorylation state (Bayliss et al., 2012). We and others have detected T214 

phosphorylation in nocodazole treated cells, however it is unclear if it occurs during 

unperturbed mitosis. Supporting the former idea, phosphorylation on the equivalent 

residue has been observed in other mitotic kinases, including MPS1 and Aurora A (Bayliss et 

al., 2012; Hornbeck et al., 2012). However, we have been unable to identify the upstream 

kinase phosphorylating this site. 

Surprisingly, most single phosphorylation sites on Plk1 are not required for its 

essential functions.  However, the identification of redundant phosphorylation sites within 

the kinase domain has important implications. These redundant sites are essential for 

chromosome alignment in metaphase and maintenance of proper chromosome segregation 

during anaphase, which may be attributable to a moderate loss of catalytic activity (Lera 

and Burkard, 2012).  This phenotype may also support a role of Plk1 in the spindle 

assembly checkpoint (Liu et al., 2012; von Schubert et al., 2015).  These mutations do not 

disrupt all Plk1 function, as rescue of centrosome separation was observed. Taken together, 

these data demonstrate that proper Plk1 function in mitosis requires specific 

phosphorylation of T-loop residues and one or more redundant phosphorylations in the 
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kinase domain, but does not require PBD phosphorylation for its ordinary functions.  

Among the mutations, functional rescue with Plk1S137A was most surprising. 

Previous studies have demonstrated that S137 can be phosphorylated in mitosis (Tsvetkov 

and Stern, 2005; van de Weerdt et al., 2005), although levels of phosphorylation are low in 

HeLa cells (Jang et al., 2002). Phospho-mimetic S137D increases Plk1 kinase activity and 

alters mitosis (Jang et al., 2002; van de Weerdt et al., 2005). In U2OS cells, knockdown of 

endogenous Plk1 and replacement with Plk1S137A results in metaphase arrest, suggesting 

that phosphorylation of this residue is important for metaphase-anaphase transition (van 

de Weerdt et al., 2005). These are difficult to reconcile wholly with our observations here. 

However, the phosphomimetic findings do not indicate that S137 phosphorylation is 

necessary and S137A mutation does not reduce Plk1 activity (Jang et al., 2002).  Moreover, 

we do not exclude the possibility that S137 phosphorylation plays a critical role in the 

context of DNA damage. Similarly, we did not confirm a crucial role for K492. It has been 

suggested that ubiquitination of this residue is important for removal of Plk1 from the 

kinetochores (Beck et al., 2013). In HeLa cells, knockdown of endogenous Plk1 and 

replacement with Plk1K492R results in mitotic delay and an increase in apoptosis. The low 

penetrance of this phenotype may explain why we did not observe proliferation defects 

with K492R mutation.  Alternatively there could be differences due to alternative models 

and methods used previously to deplete/replace endogenous Plk1.  Some differences could 

be attributed to cell lines, since p53 null cells like Hela are more susceptible to Plk1 

inhibition (Sur et al., 2009). Our data suggest that S137 phosphorylation or K492 

ubiquitination of Plk1 play important roles only for non-essential functions of Plk1.   

There are some limitations of our observations. First, our assays are designed to 

observe Plk1 functions that are essential occur in differentiated human epithelial cells in 



31 

 

mitosis.  For example, our assays would not identify the effects of Plk1 phosphorylation of 

Orc2, which is not strictly required for S-phase (Song et al., 2011). Second, it is formally 

possible that the wildtype PBD of the Plk1AS allele could complement in trans- with the 

second Plk1 allele. However, we find this unlikely as previous studies have shown the 

importance of a cis-acting PBD to localize Plk1 kinase activity (Elia et al., 2003b; Hanisch et 

al., 2006; Lera and Burkard, 2012), and we found concordant results using knockout for 

many mutants. Third, the polyclonal pools used for screening have varying expression 

levels. Although overexpression could cause mitotic defects, we derived subclones for 

mutants with strong mitotic defects making it unlikely that the defects were due to 

expression. 

In conclusion, chemical genetics complementation can reveal the role of PTMs on 

Plk1. This system could be extended to other non-catalytic mitotic proteins using auxin-

inducible degradation which is rapid and reversible (Nishimura et al., 2009). Many other 

techniques, however, have limitations and the data can be difficult to interpret. RNA-

interference based depletions may not sufficiently deplete endogenous protein and re-

expressed non-modifiable mutants can be expressed heterogeneously by transient 

transfection. Residual levels of endogenous protein may impair phenotypic assessments—

for  example, 10% residual Plk1 is sufficient to complete mitosis, whereas knockout or 

>90% chemical inhibition reveals the null phenotype (Liu et al., 2006; Burkard et al., 2007; 

Lera and Burkard, 2012). Genetic techniques can edit the genomic copy, but complex 

conditional systems are required for essential proteins. Moreover, these techniques lack the 

temporal resolution necessary to assess functions within the timescale of human mitosis of 

approximately one hour. Chemical genetic complementation, demonstrated here, provides 

allele specific, highly penetrant inhibition with the time advantage of a small molecule 
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inhibitor to allow comprehensive analysis of PTM function. This can be applied to study 

function of other mitotic protein kinases. 
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Materials and Methods 

Cell culture and synchronization 

HeLa and hTERT-RPE1 (ATCC, Manassas, VA) cells were grown at 37°C in 5%CO2 in 

1:1 mixture of DMEM and Ham’s F-12 medium supplemented with 2.5mM L-glutamine 

(hTERT-RPE1) or DMEM supplemented with 4 mM L-glutamine, 4500 mg/liter glucose 

(HeLa). Both were further supplemented with 10% fetal bovine serum and 100 units/ml 

penicillin-streptomycin.  

Stable cell lines were created by retroviral infection.  Recombinant viral particles 

were generated by cotransfecting Flag-tagged constructs in pQCXIN plasmid (Clontech) 

with vesicular stomatitis virus glycoprotein envelope plasmids into gag-pol expressing 

293T Phoenix packaging cells using Fugene HD (Promega E2311). Target cells were treated 

with viral-containing media in the presence of polybrene. Cells expressing rescue construct 

were selected for using 0.4μg/ml G418. Cell lines for chemical genetic complementation 

were created from the EGFP-Plk1as cell line used by Burkard et al. (Burkard et al., 2007).  

For experiments, cell lines selected by this method were used except when subcloned as 

indicated.  For Cre-dependent knockout, constructs were created from flox/Δ cell line 

(Burkard et al., 2007). Clones were obtained by limiting dilution and selected using 

0.4μg/ml G418. 

All transient transfections were performed with HeLa cells and FuGENE HD 

transfection reagent with mitotic synchronization as noted.  For anaphase synchronizations, 

cells were treated with monastrol for 8 hours, released for 40 minutes, treated for 20 

minutes with 3-MB-PP1 +/- blebbistatin, and then fixed with 4% paraformaldehyde or 10% 

trichloroacetic acid.  For Cre-dependent knockout of PLK1flox/Δ, cells were treated with Ad-

Cre (Baylor University Vector Development Laboratory) at a multiplicity of infection of 
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5x104 plaque-forming units per cell. 

Chemicals 

Chemicals used in this study include 10μM 3-MB-PP1 (Toronto Research 

Chemicals), 5mM caffeine, 100μM monastrol (Tocris), 0.2μg/ml nocodazole (EMD 

Biosciences), 5mM thymidine (EMD Biosciences), 0.2μg/ml doxorubicin (MP Biomedicals), 

50μM blebbistatin. 

Antibodies and Cell Stains 

Antibodies used in this study include anti-phospho-210 PLK1 (BD 558400), anti-γ-

tubulin (Thermo MA1-20248, clone GTU-88), anti-α-tubulin (MAB1864 Millipore),  anti-

anillin (polyclonal rabbit, Kim and Burkard, unpublished), anti-Plk1 (F-8, Santa Cruz 

Biotechnology sc-17783), anti-β-actin (AC-15, ab6276), anti-flag (M2) HRP (Sigma A8592), 

anti-RhoA (SC418 Santa Cruz), anti-pericentrin (ab44448 Abcam), anti-ACA (HCT0100 

Immunovision), and anti-mouse HRP (Jackson Immunoresearch Laboratories Inc. #115-

035-003).  Immunoprecipitation of flag constructs was performed using anti-flag M2 affinity 

gel (Sigma A2220).   For immunofluorescence, Alexa-flour antibodies were used 

(Invitrogen). Mitotic index was determined through Hoechst 33258 staining and 

microscopy.  Crystal violet stain is composed of crystal violet (Sigma C-0775) with buffered 

formalin (Sigma HT-50-1-128). 

Recombinant Proteins 

His-tagged constructs were cloned into pET-28a vector and kinase dead version has 

K82R mutation. Proteins were purified using Rosetta DE3 cells and extracted with Ni-NTA 

His-Bind Resin (Novagen, 70666). GST-tagged construct were cloned into pGEX-6P-1 vector. 
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Proteins were purified using BL21 DE3 cells and extracted with Glutathione Sepharose 4B 

(GE Healthcare, 17-0756-01). Truncated protein included amino acids 1-352. Active Cdk1-

Cyclin B (Invitrogen, PV3292), ERK1 (Promega, V1951), and ERK2 (Promega, V1961) were 

purchased as well as substrates Histone H1 (ab89813) and α-casein (Sigma C8032). 

Immunofluorescence, Microscopy, and Immunoblotting 

For western blotting, cells were washed with PBS, incubated for 20 minutes on ice in 

lysis buffer (50mM HEPES, pH 7.5, 100 mM NaCl, 0.5% Nonidet P-40, 10% glycerol, 10mM 

sodium pyrophosphate, 5mM β-glycerol phosphate, 50mM NaF, 0.3mM Na3VO4,1mM 

phenylmethylsulfonyl fluoride (PMSF), 1X protease inhibitor mixture (Thermo Scientific), 

and 1mM dithiothreitol (DTT)), and centrifuged at 4°C. Equal amounts of protein were 

separated on SDS-PAGE, immunoblotted, and detected by chemiluminescence on film 

(Denville Scientific). Antibody incubations were performed in TBST + 4% milk or TBST + 

5% BSA for phosphospecific antibodies. 

For immunofluorescence (IF) cells were plated on coverslips. Antibody incubations 

were performed in PBS + 0.1% Triton X-100 with 3% BSA. Centrosome separation was 

determined following fixation with 100% ice cold methanol. Furrow formation was 

determined following fixation with 4% paraformaldehyde. RhoA accumulation at the 

equatorial cortex was determined following fixation with 10% trichloroacetic acid. 

Image acquisition and analysis was performed on a Nikon Eclipse Ti inverted 

microscope with a CoolSNAP HQ2 charge-coupled device camera (Photometrics). Nikon 

Elements was used to process images which were transferred to Adobe Photoshop and 

Illustrator for final figures. 
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Kinase Assays 

All kinase assay reactions were incubated at 30°C for 30 minutes and resolved by 

SDS-PAGE. γ-32P incorporation was visualized by Typhoon TRIO imager (GE Healthcare).  

For Cyclin-dependent kinase 1, 100ng Cdk1-Cyclin B was incubated in buffer (50mM Tris-

HCl, pH 7.5, 10mM MgCl2, 0.1mM NaF, 10μM Na3VO4) with 1mM DTT 1μM cold ATP, 5μCi 

[γ-32P] ATP, and 2μg substrate. For Plk1 autophosphorylation kinase assays, 100ng GST-

Plk1 AA1-352 was incubated with concentration-matched indicated His-Plk1 substrate 

(His-tagged kinase dead Plk1kinase domain with or without T214V mutation), buffer 

(20mM Tris, pH 7.4, 10mM MgCl2, 50mM KCl), 100mM DTT, 1μM cold ATP, and 5μCi [γ-

32P] ATP.  For recombinant Plk1 kinase assays, His-tagged kinase domain of Plk1 with or 

without T214V mutation and α-casein were incubated with buffer (20mM Tris, pH 7.4, 

10mM MgCl2, 50mM KCl), 100mM DTT, 1μM cold ATP, and 5μCi [γ-32P] ATP. For ERK 

kinase assays, ERK1 and ERK2 (Signal Chem, M29-10Uand M28-10G) were incubated in 1X 

Signal Chem buffer (K01-09) with 1mM DTT, 1μM cold ATP, 5μCi [γ-32P] ATP, and 

concentration-matched substrates. 

Kinase activity of flag-tagged Plk1 was determined from stable cell lines. Flag 

constructs were immunoprecipitated with M2-agarose slurry and incubated in buffer 

(20mM Tris, pH 7.4, 10mM MgCl2, 50mM KCl) with 1mM DTT 1μM cold ATP, 5μCi [γ-32P] 

ATP, and 5μg α-casein. 

Mass Spectrometry 

HeLa cells were transiently transfected with Flag-Plk1 and treated with nocodazole 

for 17 hours. Flag-Plk1 was immunoprecipitated with M2-agarose slurry and resolved by 

SDS-PAGE.   Coomassie R-250 stained gel pieces were de-stained, dried, and rehydrated 
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with 20μl of trypsin solution with 0.01% ProteaseMAX surfactant [10ng/μl trypsin (Trypsin 

Gold from PROMEGA Corp.) in 25mM NH4HCO3/0.01% w/v of ProteaseMAX (Promega 

Corp.)]  The digestion was conducted for 3hrs at 42°C, peptides generated from digestion 

were transferred to a new Protein LoBind tube (~50μl volume) and digestion was 

terminated by acidification with 2.5% TFA [Trifluoroacetic Acid] to 0.3% final (7μl added). 

Supernatant was collected for spectrometry. 

Peptides were analyzed by nanoLC-MS/MS using the Agilent 1100 nanoflow system 

(Agilent, Palo Alto, CA) connected to a hybrid linear ion trap-orbitrap mass spectrometer 

(LTQ-Orbitrap, Thermo Fisher Scientific, Bremen, Germany) equipped with a 

nanoelectrospray ion source.  Chromatography of peptides prior to mass spectral analysis 

was accomplished using C18 reverse phase HPLC trap column (Zorbax 300SB-C18, 5µM, 

5x0.3mm, Agilent) and capillary emitter column (in-house packed with MAGIC C18, 3 µM, 

150x0.075mm, Michrom Bioresources, Inc.) onto which 8µl of extracted peptides were 

loaded. As peptides eluted, MS scans were acquired in the Orbitrap with a resolution of 

100,000 and up to 5 most intense peptides per scan were fragmented and detected in the 

ion trap over the 300 to 2000 m/z; redundancy was limited by dynamic exclusion. Raw 

MS/MS data were converted to mgf file format using Trans Proteomic Pipeline (Seattle 

Proteome Center, Seattle, WA).  Resulting mgf files were used to search against human Plk1 

sequence.  All of the predicted phosphopeptides were manually investigated to confirm 

proper phosphoresidue assignment. 

Differential Scanning Fluorimetry (DSF) 

Recombinant Plk1 protein (5μg) was mixed with DSF buffer (400mM Hepes, 600mM 

NaCl, pH 7.5), 15X SYPRO, DMSO, and 5mM DTT. As indicated ATP (MP Biomedicals), GTP 
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(Amersham Pharmacia Biotech Inc), and/or MgCl2 are added to the above mix and are run 

in 96 well plate in a RT-qPCR machine (Roche LightCycler® 480 Instrument II) with the 

following protocol: Step 1: Temperature is increased 2°C per second to 25°C. Hold at 25°C 

for six seconds. Step 2: Temperature is increased 0.11°C per second to 95°C, acquiring five 

fluoresce measurements per degree; hold 95°C for 30 seconds.  

Genomic DNA 

Genomic DNA was purified using Wizard SV Genomic DNA Purification System 

(Promega, A2360). Touchdown PCR was used to visualize the floxed locus using primers: 

AGGAAAGCCCTGACTGAGCC and TGCTTTTTACACAACTTTTGGGTTAC. Products were run on 

agarose gel and detected by ethidium bromide staining. 
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Figure 2-1 
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Figure 2-1: Using chemical genetics to assess the functional significance of Plk1 

posttranslational modification sites.  

(A) Distribution of identified phosphorylation and ubiquitination sites on Plk1 by domain. 

(B) Analog sensitive Plk1 (Plk1AS) is complemented with flag-tagged (analog resistant) 

rescue constructs. Flag-Plk1 is mutated (Plk1Mutant) to render it non-modifiable.  
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Figure 2-2 
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Figure 2-2: Plk1 T214V disrupts progression of mitosis and cell proliferation.  

(A) Western blots showing the expression of analog sensitive Plk1 (GFP-Plk1AS) and Flag-

tagged Plk1 (Flag-Plk1) constructs with and without different S/T mutations in RPE cell 

lines. Cells were synchronized in mitosis with nocodazole prior to collection. Blot probed 

with anti-Plk1 (upper) and anti-β-actin (lower) antibodies. (B) Mitotic index of AS cell lines 

in (A) treated with 10µM 3-MB-PP1 for 16 hours. 900 cells were scored as mitotic or non-

mitotic through Hoechst 33258 staining. n≥3, *p<0.05 compared to WT (GFP-Plk1AS/Flag-

Plk1WT). (C) Mitotic index of Flag only and monoclonal AS cell lines in (Supplemental Figure 

2-1A) treated with 10µM 3-MB-PP1 for 16 hours. 900 cells were scored as mitotic or non-

mitotic through Hoechst 33258 staining. n≥3, *p<0.05 compared to WT Clone (GFP-

Plk1AS/Flag-Plk1WT). (D) 6000 cells were plated in complete medium and treated with 

concentrations of 3-MB-PP1 as indicated, and allowed to grow until control (DMSO) wells 

were confluent (six days). Cell density is qualitatively detected by crystal violet staining. 
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Figure 2-3 
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Figure 2-3: Plk1 T214V does not rescue Plk1 functions.  

(A) Plk1 T214V is not unfolded and can bind ATP. Recombinant His-tagged Plk1 kinase 

domains with and without T214V mutation were assessed for proper protein folding using 

Differential Scanning Fluorimetry. Equivalent conditions except where indicated. n=3 (B) 

Recombinant His-tagged kinase domain of Plk1 with or without T214V mutation and α-

casein were incubated with [γ-32P], resolved by SDS-PAGE, and visualized by 

autoradiography. (C) Cells shown were treated with 3-MB-PP1 for 6 hours, fixed, and 

stained with DAPI and for pericentrin, γ-tubulin and α-tubulin. n=3, 300 or more cells were 

counted for each cell line. *p<0.05 compared to incidence of monopolar spindles in GFP-

Plk1AS/Flag-Plk1WT cells. Scale bar, 10μm. 
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Figure 2-4 
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Figure 2-4: Plk1 T214 is not phosphorylated by Cdk1.  

(A) Sequence alignment of polo kinases with T214 or equivalent in red. (B) Recombinant 

Cdk1 and indicated substrates (His-tagged Plk1 kinase domains with or without T214V 

mutation or Histone H1) were incubated with [γ-32P], resolved by SDS-PAGE, and 

visualized by autoradiography. (C) Cell lines were synchronized with 5mM thymidine for 24 

hours, released into complete media, treated with 0.2μg/ml doxorubicin for one hour, 

treated as indicated for 9 hours, stained with Hoechst, and scored as mitotic or non-mitotic. 

n=3, 300 cells each, *p<0.05 compared to GFP-Plk1AS/Flag-Plk1T214V cells treated with 5mM 

caffeine and 3-MB-PP1. (D) Cell lines were treated with 100μM monastrol for 8 hours, 

released for 40min, treated with 3-MB-PP1 for 20 min, fixed, and stained for Plk1, and 

Anillin and with DAPI. n=3, >300 anaphase cells were quantified as having a furrow or not. 

*p<0.05 compared to incidence for furrow formation in GFP-Plk1AS/Flag-Plk1WT cells. Scale 

bar, 10μm. Arrows indicate site of cleavage furrow. (E) Plk1 activity is required to localize 

RhoA to the equatorial cortex. Cells were synchronized with monastrol, released for 40 min, 

and then treated for 20 min with blebbistatin and 3-MB-PP1. Cells were scored for 

equatorial RhoA staining. n=1, 100 cells per cell line were scored for RhoA localization. 
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Figure 2-5 
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Figure 2-5: Plk1PBD rescues mitotic progression and cell proliferation.   

(A) Plk1AS is complemented with one of the indicated flag-tagged (analog resistant) rescue 

constructs. Flag-Plk1 is mutated at 23 phosphorylation sites (Plk1Pan, excluding T210 and 

T214) that were able to rescue in previous experiments.  These 23 phosphorylation groups 

were then divided into two groups, based on domain. Plk1Kin has 7 mutations in the kinase 

domain, while Plk1PBD has 16 in the PBD region of the protein. (B) Western blot to show 

expression in indicated monoclonal cell lines probed with anti-Plk1 (upper) and anti-β-actin 

(lower) antibodies. (C) Mitotic index of AS cell lines from (B) treated with 3-MB-PP1 for 16 

hours. 900 cells were scored as mitotic or non-mitotic through Hoechst staining. n≥3, 

*p<0.05 compared to WT Clone (GFP-Plk1AS/Flag-Plk1WT). (D) 6000 cells were plated in 

complete medium and treated with concentrations of 3-MB-PP1 as indicated, and allowed 

to grow until control wells were confluent (eight days). Cell density is qualitatively detected 

by crystal violet staining. 
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Figure 2-6 
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Figure 2-6: Plk1Kin is unable to rescue chromosome alignment or chromosome 

segregation.  

(A) Cells were infected with H2B-FusionRed lentivirus for 48 hours, treated with 3-MB-PP1, 

and placed on microscope in chamber containing 5% CO2 at 37°C. Images were taken every 

4min with a 20X objective for 16+ hours. Duration of mitosis was quantified from mitotic 

entry to when daughter cells sat down. Still frames from time lapse showing representative 

cell fates for WT and Plk1Kin clones.  Times indicate minutes from nuclear envelope 

breakdown (NEB). Arrows indicate examples of misaligned (middle row) and lagging 

chromosomes (bottom row). Scale bar, 5μm. Graph indicates individual cell fate and time in 

mitosis (≥ 79 cells in each condition). Average division time in lower right hand corner only 

includes cells that divided. Arrested (blue bars) indicates cells that did not divide during the 

movie. In this case, the data was censored and time in mitosis was quantified from mitotic 

entry to the end of the movie. Cells that began mitosis with <120min to the end of the movie 

and did not divide or left the screen were discarded. (B) Cells were treated with 3-MB-PP1 

for 6 hours, fixed, and stained for Plk1 and ACA and with DAPI. n=3, 63 or more metaphase 

cells were counted for each cell line for each replicate. *p<0.05 compared to incidence 

misaligned metaphases in WT Clone. Scale bar, 5μm. (C) Cells shown were treated with 3-

MB-PP1 for 6 hours, fixed, and stained for DAPI, Antibody Against Centromere (ACA), and 

Plk1. n=3, 60 or more anaphase cells were counted for each cell line for each replicate. 

*p<0.05 compared to incidence of anaphase segregation errors in WT Clone. Scale bar, 5μm. 
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Supplemental Figure 2-1 
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Supplemental Figure 2-1: Probing the importance of Plk1 PTMs.  

(A) Western blots showing the expression in monoclonal analog sensitive Plk1 (GFP-Plk1AS) 

and flag-tagged Plk1 (Flag-Plk1) constructs with and without different S/T mutations in 

RPE cells. Blot probed with anti-Plk1 (upper) and anti-β-actin (lower) antibodies. (B) 

Western blot showing expression levels in indicated Cre-sensitive cell lines. Blots probed 

with anti-flag HRP (upper) and anti-β-actin (lower) antibodies. (C) Mitotic index of cells 

treated with Ad-Cre for ~48 hours. 900 cells were scored as mitotic or non-mitotic through 

Hoechst staining. n≥3, *p<0.05 compared to Plk1flox/WT cell line.  (D) Western blot showing 

expression levels in indicated monoclonal Cre-sensitive cell lines. Blots probed with anti-

flag HRP (upper) and anti-β-actin (lower) antibodies. (E) Mitotic index of cells treated with 

Ad-Cre for ~48 hours. 900 cells were scored as mitotic or non-mitotic through Hoechst 

staining. n≥3. (F) Genomic DNA was isolated from Cre-sensitive cell lines were treated with 

Ad-Cre for ~48 hours and then subcloned into 96-well plates. PCR was run using primers 

flanking either side of the floxed locus. Upper band indicates PCR fragment containing 

floxed-Plk1. Lower band indicates Plk1 locus excision. 
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Supplemental Figure 2-2 
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Supplemental Figure 2-2: Mass spectrometry confirms phosphorylation of Plk1 T214.  

Flag-Plk1 was transfected into HeLa cells, which were synchronized in mitosis for 

collection.  After immunoprecipitation, samples were processed as indicated in methods.  

MS/MS spectra of peptides corresponding to the T214 tryptic fragment are shown with b-

ions in red and y-ions in blue.  The table shows the expected m/z for ions observed. 
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Supplemental Figure 2-3 
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Supplemental Figure 2-3: Plk1 is not autophosphorylated or phosphorylated by 

ERK1/2 or Aurora A/B.  

(A) GST-Plk1 and kinase dead (KD) His-Plk1 kinase domains, with and without T214V 

mutation, were incubated with [γ-32P], resolved by SDS-PAGE, and visualized by 

autoradiography. (B) ERK1 or ERK2 and His-Plk1KD kinase domain, with and without T214V 

mutation, were incubated with [γ-32P], resolved by SDS-PAGE, and visualized by 

autoradiography. (C) HeLa cells were transiently transfected with flag-tagged constructs 

and arrested with nocodazole for 5.5 hours. Cell extracts were incubated with anti-flag 

agarose beads. Pulldown samples were resolved by SDS-PAGE and blotted with anti-

phospho-T210 antibody. At right, western blot showing input and immunoprecipitation (IP) 

controls. Blots probed with anti-flag antibody. 
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Supplemental Figure 2-4 
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Supplemental Figure 2-4: Plk1Kin rescues some Plk1 functions 

(A) Plk1Pan localizes properly in early and late mitosis. Cells were stained for total Plk1, Flag, 

and ACA and with DAPI. (B) Cells were treated with 3-MB-PP1 for 6 hours, fixed, and 

stained for DAPI, ACA, and Plk1. n=3, 200 or more mitotic cells were counted for each cell 

line for each replicate. (C) Cells were treated with 3-MB-PP1 for 6 hours, fixed, and stained 

for DAPI and γ-tubulin. n=3, 60 or more cells were counted for each cell line for each 

replicate. *p<0.05 compared to incidence of not separated centrosomes in WT Clone. (D) 

Stable cell lines with indicated flag-tagged constructs were arrested with 0.2μg/ml 

nocodazole. Cell extracts were incubated with anti-flag agarose beads. Pulldown samples 

were incubated with [γ-32P] and α-casein, resolved by SDS-PAGE, stained with coomassie, 

and visualized by autoradiography. Western blot showing immunoprecipitation control 

probed with anti-flag antibody.  
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Abstract 

Triple-negative breast cancer (TNBC) is a highly proliferative tumor with overall poor 

prognosis due to an aggressive and early pattern of metastasis and a relative lack of 

therapeutic targets. Chemotherapy remains the cornerstone of treatment but has relatively 

high toxicity and is often ineffective.  Recently, MLN8237, an inhibitor of Aurora A, has 

shown modest efficacy in treating breast cancer.  We hypothesized that combining 

antimitotics and cell cycle agents could enhance effectiveness, decrease resistance, and 

reduce toxicities. Here, we focused on combinations between cell cycle targeting agents 

given TNBC is often highly proliferative. We assembled a library of antiproliferative agents 

with unique mechanisms and targets that have subtly different effects on cancer cell 

proliferation. We performed a screen testing 105 unique two-drug combinations in MDA-

MB-231 TNBC cells. We validated hits through Chou Talalay Combination Index (CI) and 

mechanistic analyses. We discovered an enhanced antiproliferative response between 

MLN8237 (Alisertib) and two kinase inhibitors (BI 2536 and flavopiridol) and one 

radiosensitizer (IPdR). Each combination cooperated in distinct pathways revealing novel 

mechanisms of action and the potential to enhance the effectiveness of clinically utilized 

drugs: MLN8237 in combination with flavopiridol arrested cells in G2 due to delayed or 

inhibited mitotic entry; MLN8237 with BI2536 led to a G2 arrest-associated induction of 

apoptosis; MLN8237 increased DNA damage when coupled with IUdR treatment. 

Surprisingly, none of these combinations obviously augmented errors during mitosis which 

are anticipated with Aurora A inhibition. This screen not only offers a strategy for 

combinatorial therapeutics, but also provides new insights into their biologic targets and 

the complex dynamics of cell cycle regulation.  These findings suggest that Aurora A 

inhibition is privileged for cancer therapy as it coordinates with multiple other agents and 

with distinct mechanisms. 
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Introduction  

One of eight U.S. women is diagnosed with breast cancer during her lifetime 

(National Cancer Institute, 2009).  Triple-negative breast cancer (TNBC) is a highly 

proliferative breast cancer type that lacks estrogen (ER), progesterone receptors (PR), and 

human epidermal growth factor 2 (HER2) and constitutes ~15% of breast cancers (Hudis 

and Gianni, 2011; Boyle, 2012). Chemotherapy is the mainstay of medical treatment for 

TNBC, but outcomes are poor compared with other breast cancer subtypes (Kassam et al., 

2009; Gelmon et al., 2012). This is due to innate aggressive biological characteristics and a 

relative dearth of effective therapeutics. An attractive therapeutic approach is to reduce or 

exploit the high proliferative rate commonly associated with TNBC. Amongst available 

chemotherapeutic options, antimitotic agents like taxanes (paclitaxel, nab-paclitaxel and 

docetaxel) are among the most effective, albeit with disappointing single agent activity 

(response rates of ~25% and short overall survival) (Winer et al., 2004; Harris et al., 2006). 

New effective therapeutics are critically required.  

A key to improving treatments may be the identification of drug combinations 

which enhance effectiveness, decrease resistance, and reduce toxicities. Given that 

antimitotics have performed comparatively well, using these agents in combination may 

prove to provide a valid strategy.  Here, we investigated the potential utility of antimitotics 

and agents that target specific aspects of proliferation. MLN8237 is a selective inhibitor of 

Aurora A kinase; Aurora A localizes to centrosomes where it enforces spindle bipolarity by 

managing centrosome organization and microtubule assembly. If this is misregulated, 

spindle defects lead to monopolar, multipolar, or fragmented spindles, often leading to 

aneuploidy (Fu et al., 2007; Hoar et al., 2007; Asteriti et al., 2011, 2014). Aurora A is 

amplified or overexpressed in human cancer and contributes to genomic instability and 
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invasiveness (Tanaka et al., 1999; Miyoshi et al., 2001; Katayama et al., 2003). The TNBC 

basal subtype, notably, is characterized by an increased proliferative index and is enriched 

for cell cycle components, including Aurora A (Nadler et al., 2008; Yamamoto et al., 2009; 

Lehmann et al., 2011). In a recently completed multicenter phase II clinical trial, MLN8237 

demonstrated promising activity in breast cancer patients treated with multiple prior lines 

of therapy (80% of patients with ≥ 4 lines) with an objective response rate of 18% 

(Melichar et al., 2015).  

 We evaluated the effect of combining the Aurora A inhibitor MLN8237 with a 

number of new drugs with unique intracellular mechanisms and targets that have subtly 

different effects on cell division. These include checkpoints activators (microtubule poisons 

and inhibitors for polo-like kinase 1 (Plk1), cyclin dependent kinases (Cdks), and 

centromere protein E (CENP-E)) as well as checkpoint inactivators (inhibitors for 

monopolar spindle 1 kinase (MPS1) and Aurora B kinase). Further, agents with non-mitotic 

primary targets can also alter mitotic function through abnormal chromosome replication 

and/or damage to DNA (PARP inhibitor and ropidoxuridine (5-iodo 2-deoxypyrimidinone 

2'-deoxyribose, IPdR).  

We have identified novel distinct combinations of MLN8237with flavopiridol, a Cdk 

inhibitor (Senderowicz, 1999; Sedlacek, 2001), BI2536, a selective Plk1 inhibitor 

(Steegmaier et al., 2007; Degenhardt and Lampkin, 2010), and IPdR, a radio-sensitizing 

agent (Kinsella et al., 1994, 2008; Saif et al., 2007; Kummar et al., 2013) using in vitro and in 

vivo models of TNBC. This establishes that it may be possible to potentiate the response to 

MLN8237 in TNBC. Collectively, the enhanced effects seen in these combinations 

demonstrate that Aurora A targeting MLN8237 is privileged in its ability to collaborate with 

other drugs through diverse pathways and mechanisms. 
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Results   

Drug Screen 

We assembled a drug library, and constructed dose-response curves (DRC) for each 

chemical using fluorescent analysis of proliferation in MDA-MB-231, a TNBC cell line (Table 

3-1). A concentration leading to 20% loss in cell viability (EC20) was computed for each 

agent. EC20 was selected because of the steep slope of the DRC just above this concentration. 

We subsequently performed the screen with 15 different chemicals for 105 unique two-

chemical combinations (Figure 3-1). Our screen discovered some promising combinations 

of MLN8237.  Interestingly, MLN8237 furthered the antiproliferative effect of the 

radiosensitizer IPdR, the Plk1 inhibitor BI2536, and the Cdk inhibitor flavopiridol.  

We analyzed whether these combinations followed Chou Talalay’s definition of 

synergy using Combination Index (CI) analysis and constant combination ratio 

experimental design after determining the EC50’s for each drug in multiple cell lines (Chou 

and Talalay, 1984; Chou, 2010; Chou et al., 2010; Zhang et al., 2016) (Example shown in 

Supplemental Figure 3-1). In this assay, a CI of < 1 indicates synergism, CI = 1 indicates 

additivity and a CI > 1 indicates antagonism. IUdR (5-iodo-2'-deoxyuridine), rather than 

IPdR, was used at this point forward since it is the metabolite of the pro-drug IPdR and is 

believed to be the active molecule (Kinsella et al., 1994). Moreover, the effective 

concentration of IUdR (EC20 ~10 µM) is significantly lower, suggestive that the higher 

effective concentration for IPdR (EC20 ~750 µM) is merely due to poor metabolism into 

active IUdR in a cell line system. Low to moderate synergy was observed in some of the 

combinations: B+M in MDA-MB-468 cells and F+M in MCF10A, Cal51, and MDA-MB-231 

cells (Supplemental Figure 3-2); nevertheless, understanding the mechanisms and 
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pathways that MLN8237 utilizes to enhance the antiproliferative response will help to 

identify biologic targets and unravel the complex dynamics of cell cycle regulation. 

 

MLN8237 combinations do not increase mitotic errors 

MLN8237 inhibits Aurora A and elicits mono and multipolar mitotic spindles and 

arrest (Asteriti et al., 2011, 2014; Zhou et al., 2013).  To assess the mechanism for synergy 

in these drug combinations, we first assessed mitotic arrest after exposure to single drugs 

or combinations (Figure 3-2).  Although each combination treatment includes at least one 

mitotic kinase inhibitor, there was no statistically significant increase in the mitotic indices 

at the indicated timepoints.  This was especially surprising for the B+M combination since 

both inhibit mitotic kinases that, when used at high concentrations, cause a mitotic arrest. 

We conclude that none of these combinations generate a mitotic arrest, but we further 

explored particular mitotic phenotypes since all of the combinations include at least one 

drug that is known to affect mitosis.  

Aurora A inhibition is known to result in monopolar and multipolar spindles 

(Asteriti et al., 2011, 2014) (Supplemental Figure 3-3A).  To evaluate spindle structure, we 

probed for α- and γ-tubulin after exposure to drug treatments. However, there was no 

significant effect of the combination treatments on spindle structure, as judged by a lack of a 

difference between drug combinations and MLN8237 alone (Figure 3-3A,B). Since 

MLN8237 and Aurora A inhibition is also known to cause chromosome congression and 

segregation problems (Hoar et al., 2007), we quantified the incidence of misaligned 

chromosomes in metaphase (Figure 3-4A) and segregation errors during anaphase, 

including lagging chromosomes and chromosome bridges (Figure 3-4B and Supplemental 

Figure 3-3B). We also added conditions with a reduced dose of MLN since the MLN alone 
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treatment was sufficient to cause about 80% of mitoses to be defective and could mask 

enhanced effects when used in combination. However, no increase was seen in the 

combination conditions, at any concentration of MLN.  Thus we conclude that the drug 

combinations are not enhancing Aurora A inhibition effects through mitotic defects 

associated with spindle structure or chromosome separation.  

Despite the lack of synergy in mitotic phenotypes, it is possible that subtle defects 

occur.  To assess this, we performed timelapse imaging of cells expressing fluorescently 

labeled histone H2B (H2B-mcherry) (Supplemental Figure 3-4A,B). Nevertheless, no 

differences were detected in the time from nuclear envelope breakdown to anaphase onset. 

Although there appeared to be an increased incidence of cells that failed to complete mitosis 

or cytokinesis (Supplemental Figure 3-4C), fixed analysis did not support a significant 

increase in multinucleated cells (Supplemental Figure 3-5).  We conclude that MLN8237 

does not cooperate with IUdR, BI2536, or flavopiridol to affect mitotic phenotypes. 

 

MLN8237 synergizes to arrest cells in G2 with Flavopiridol and BI2536, but not with 

IUdR 

To broadly survey the cell-cycle defects elicited by these combinations, we 

employed flow cytometry. Following four days of treatment, cell populations were 

subjected to cell cycle analysis with PI staining or cells were probed with an antibody 

against pS10-Histone H3 (pH3). Here, we uncovered a difference between the drug 

combinations. While the G2/M fraction in the I+M combination was similar to MLN alone, 

B+M and F+M had an increased presence of G2/M cells (Figure 3-5A). When scrutinized 

with the pH3 data, we discovered that this increase was due to an increased G2 population, 

without an increase in the mitotic population (Figure 3-5B). Importantly, the pH3 data 
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closely matched mitotic assessment performed as in 2A (Supplemental Figure 3-6).  We 

conclude that B+M and F+M combinations operate similarly by delaying cells in G2, but 

distinctly from IUdR. 

 

Flavopiridol, MLN8237 combination reduces mitotic entry 

Because of the increase in G2, we next focused on the B+M and F+M combinations to 

evaluate their respective mechanisms of action.  We anticipated a delay in mitotic entry for 

these combinations as inhibition of Aurora A, Plk1, and Cdk1, all can delay mitotic entry 

(Seki et al., 2008; Lindqvist et al., 2009; Lobjois et al., 2009; Gavet and Pines, 2010; Van 

Horn et al., 2010; Aspinall et al., 2015; Asteriti et al., 2015; Lee et al., 2015).  To do this, we 

used timelapse microscopy to look for defects. For these experiments, cells were 

synchronized with aphidicolin for 24 hours, released for 4 hours before indicated drug 

treatment, and subjected to image acquisition to determine whether and how quickly cells 

entered mitosis (Figure 3-6) (Aspinall et al., 2015). Only cells present in the field of view at 

the beginning of the movie were included in analysis. Intriguingly the F+M combination 

showed a slight increase in cells that never entered mitosis, although there was only a small 

difference in time to mitosis for those that did enter. Additionally, for those that were able 

to enter, fewer were able to reach a second mitosis in the duration of the movie as 

compared to the other treatment conditions. This mitotic entry delay would result in an 

accumulation of G2 cells, as seen in the flow experiments above and distinguishes the 

mechanism of action of the F+M combination.  There was also a slight reduction of cells that 

entered a second mitosis for the B+M combination, which also supports an interphase delay 

in this condition. It was surprising, however, that a more dramatic phenotype wasn’t seen 



68 

 

given Plk1’s known roles at the G2/M transition. We conclude that concurrent Aurora A and 

Cdk inhibition is able to reduce proliferation through a decrease in mitotic entry.   

   

Early apoptotic events are seen in MLN8237, BI2536 combination 

Aurora A inhibition has been shown to cause apoptosis, while its overexpression 

reduces it (Wang et al., 2006; Scharer et al., 2008; Li et al., 2010; Ding et al., 2015); 

therefore, it’s plausible that MLN8237 could collaborate with one of the other drugs to 

trigger apoptosis. Similarly, reduced Plk1 or Plk1 activity and flavopiridol treatment 

induces apoptosis (Bible and Kaufmann, 1996; König et al., 1997; Parker et al., 1998; Lei and 

Erikson, 2008; Maire et al., 2013; Matthess et al., 2014). Although an increased incidence of 

dead cells were not observed in timelapse analysis following 4 days of treatment,  Annexin 

V staining revealed evidence of early apoptosis in the B+M combination (Annexin V+ and 7-

AAD-, Figure 3-7 and Supplemental Figure 3-7). Phosphatidylserine exposure, detected by 

Annexin V, is considered to be an early and widespread event in apoptosis and can occur 

prior to the customary morphological changes associated with apoptosis (Martin et al., 

1995; Wlodkowic et al., 2011). Interestingly, the population as a whole is shifted right; we 

hypothesize that this indicates that the “healthy” cells may also be in the early stages of 

apoptosis, where plasma membrane alterations are beginning. This may be caused by 

unresolved roles of Aurora A or Plk1 in apoptotic induction or through off-target effects. 

These results suggest that simultaneous treatment with MLN8237 and BI2536 causes cells 

to enter the apoptotic process through mechanisms associated with G2 arrest instead of the 

classically defined induction attributed to mitotic arrest. 
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MLN8237 and IUdR combination enhances DNA damage 

Finally, we focused on the MLN, IUdR combination. As mentioned above, IPdR is an 

orally bioavailable pro-drug of the radiosensitizer IUdR (Saif et al., 2007; Kinsella et al., 

2008; Kummar et al., 2013). IUdR is a dThd (thymidine) analog which is sequentially 

phosphorylated to 5-iodo-dUTP (deoxyuridine triphosphate) and is incorporated into DNA. 

This DNA incorporation is the proposed mechanism of action for IUdR and through an 

increased sensitivity to radiation exposure and the effects of steric hindrance, causes DNA 

damage (Sundell-Berman and Johanson, 1992; Wang and Iliakis, 1992; Seo et al., 2006; 

Gurkan et al., 2007). Importantly, we were able to detect IUdR and DNA colocalization in 

vitro (Figure 3-8A). Analogously, Aurora A has been implicated in the DNA damage response 

(Wang et al., 2014). To see if the I+M combination caused an increase in DNA damage over 

IUdR alone, we probed for pS139-Histone H2AX (γH2AX) positive cells by flow cytometry.  

I+M had an increased percentage of γH2AX positive cells (Figure 3-8B) that was not seen in 

the BI/Flavo and MLN combinations (Supplemental Figure 3-8A). A higher concentration of 

IUdR (20μM, I20) also caused an increase in DNA damage, consistent with earlier data 

(Sedelnikova et al., 2002), and strengthening this proposed mechanism of action. Using 

quantitative immunofluorescence there was no difference seen in overall γH2AX signal, 

however (Supplemental Figure 3-8B), demonstrating the importance of employing the 

correct assay. Additionally, no difference was seen in overall p53 or phospho-p53 signal 

(Supplemental Figure 8C,D). We proceeded with validating the IUdR and MLN combination 

in animal models of TNBC (Figure 3-8C). Three mice per group were treated for 14 days: 

control (red); IPdR (green; 750 mg/kg/day by gavage); MLN8237 (blue; 30 mg/kg/day by 

gavage); and IPdR + MLN8237 at same doses (black). This revealed that IPdR alone does not 

have direct anticancer effects and MLN8237 had modest effects. However, the combination 

of these two markedly reduced tumor growth, demonstrating that IPdR potentiates 
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MLN8237 activity. Although there wasn’t a statistically significant difference (combination 

vs. MLN8237 arm, p = 0.2606), this may be in part due to small sample size. Importantly, we 

did not observe differences in mouse behavior or toxicity across arms in this study, possibly 

due to the MLN8237 dose being relatively modest. These results support the clinical 

validation of this drug combination.  

 

Discussion 

We have identified novel combinations of Aurora A inhibition. MLN8237 is a 

selective inhibitor of Aurora A kinase which has numerous roles both prior to and within 

mitosis (Macůrek et al., 2008; Seki et al., 2008; Sourisseau et al., 2010; Cervigni et al., 2011; 

Katayama et al., 2013; Mahankali et al., 2014; Sun et al., 2014; Wang et al., 2014). This 

provides multiple potential avenues to target the heterogeneity within and between tumors. 

It also provides numerous targetable pathways to utilize in the clinic and helps to unravel 

the complex network of protein interactions within the cell. This study provides 

mechanistic insight into interactions between MLN8237 and other therapeutics with 

differing mechanisms of action. Aurora A inhibition appears to be uniquely suited for 

combination therapies. MLN8237 potentiated the effects of the Cdk inhibitor flavopiridol to 

impede mitotic entry, the Plk1 inhibitor to induce apoptosis, the radiosentizer IUdR to 

increase DNA damage. This study not only represents a key therapeutic advancement for 

the treatment of proliferative TNBC, providing new targets to investigate clinically, but also 

provides a strategy to assess the interaction of cellular pathways.  

To our knowledge, this is the first evidence that MLN8237 can potentiate the effects 

of flavopiridol, BI2536, or ropidoxuridine. It is surprising that the Aurora A and Cdk 

inhibitors collaborate at mitotic entry given that both kinases appear to function in the 
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same pathway (Lindqvist et al., 2009), however it is possible that both drugs reduce the 

activation of Plk1 through reducing T-loop phosphorylation or Bora-associated Plk1 

activation, respectively (Macůrek et al., 2008; Seki et al., 2008; Bruinsma et al., 2014; 

Thomas et al., 2016). The discovery that MLN8237 and BI2536 combine to push cells 

towards apoptosis is also novel. Plk1 inhibition or knockdown has been shown to induce 

apoptosis through Fas mediated death receptor signaling (Matthess et al., 2014). Plk1 

phosphorylates procaspase-8, contributing to an anti-apoptotic signal within the extrinsic 

pathway; however, reduced Plk1 leads to increased caspase-8 cleavage and apoptosis. 

Numerous kinases have been shown to phosphorylate procaspase-8, depending on cell type 

(Alvarado-Kristensson et al., 2004; Cursi et al., 2006; Matthess et al., 2010; Peng et al., 2011) 

and it’s conceivable that Aurora A could also partake in this pathway, especially given the 

known role of Aurora A in apoptosis (Wang et al., 2006; Scharer et al., 2008; Li et al., 2010; 

Ding et al., 2015). It’s also possible that these drugs alter the cells redox status through 

unknown direct or off-target means. Indeed, MLN8237 treatment has also been shown to 

induce the production of reactive oxygen species (Niu et al., 2015).   

Moreover, this is the first time reduced proliferation was observed with IPdR in 

combination with any anti-mitotic agents. As seen in our initial screen, this is the first 

discovery of cytotoxic effect of IPdR without requiring hepatic metabolism to IUdR. We 

propose that in cell-lines, there may be limited metabolism of IPdR by aldehyde oxidase to 

IUdR mediating biological effects. Further, in our screen validation and mechanistic studies, 

we have provided evidence that the underlying biologically active metabolite of IPdR is 

IUdR. Although useful for cell culture studies, IUdR has a short half-life (t1/2) making it a 

cumbersome drug to use in vivo (Kinsella et al., 1994, 1998). Additionally, IPdR has an 

improved therapeutic index compared with IUdR (Kinsella et al., 1998; Kummar et al., 

2013). It is a promising radiosensitizer and a phase 1 dose escalation study of IPdR in 
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combination with radiotherapy in advanced gastrointestinal malignancies is expected to 

open in the next few months (National Cancer Institute (NCI)). Importantly our in vivo, 

xenograft mouse model study demonstrates the translatability of this drug combination.  

Although our study identified novel combinations of MLN8237, there are some 

limitations. Using Chou- Chou Talalay’s definition of synergy, our combinations 

demonstrated low synergy. Despite this, the ability to reduce doses clinically could 

potentiate patient responses when compared to single agent treatment. Additionally, we did 

not observe selectivity for cancer cell lines over the breast epithelial cell line, MCF10A; 

however, MCF10A cells are highly proliferative with a doubling time of about 16 hours 

(American Type Culture Collection, 2012); therefore, they may not serve as an accurate 

control to demonstrate selectivity for transformed, proliferative tumor cells. Further, 

although we saw encouraging effects with MLN8237 and IPdR in vivo mouse models, it’s 

possible the other combinations will not translate, but further investigation is required. 

 In addition to exploring the translatability of the MLN8237 combinations explored 

here, additional analysis should probe the combination of other therapeutic agents. In 

particular, given the relative efficacy of taxanes clinically, a more thorough examination of 

the validity of these agents in combination is imperative. With agents such as Taxol, 

toxicities are often dose-limiting; combinatorial strategies could provide the means to 

moderate these effects. In general, combining clinical or investigative agents may elucidate 

new effective therapies and provides hope for the future of cancer treatment. 
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Materials and Methods 

Cell-culture  

 MDA-MB-231, MDA-MB-468, and MCF10A cell lines were obtained from American 

Type Culture Collection (ATCC, Manassas VA). CAL-51 cell lines were obtained from Beth 

Weaver, UW Madison. MCF10A cells were cultured in Dulbecco's Modification of Eagle's 

Medium (DMEM) F12 (HyClone, Utah USA) plus 5% (vol/vol) horse serum, 20 ng/mL EGF, 

0.5 mL/mL hydrocortisone, 100 ng/mL cholera toxin, and 10 μg/mL insulin. All other cell 

lines were cultured in DMEM – high glucose (HyClone, Utah USA) supplemented with 10% 

(vol/vol) fetal bovine serum (FBS). All media contained 100 U/mL Penicillin-Streptomycin 

and cells were incubated at 37º C in a humidified atmosphere containing 5% CO2.  

 

Chemicals  

Chemicals used throughout this study include Ropidoxuridine (IPdR, National 

Cancer Institute (NCI), used at 750μM), IUdR (5-iodo-2'-deoxyuridine, Sigma-Aldrich, used 

at 5μM unless otherwise stated), BI2536 (ThermoFisher, used at 3.125nM), Flavopiridol 

(Selleck, used at 50nM), and MLN8237 (Alisertib, Millennium Pharmaceuticals, Selleck, used 

at 25nM unless otherwise stated). For xenograft experiments, bulk MLN8237 was obtained 

from Adooq Biosciences. Other chemicals for the screen included paclitaxel, monastrol and 

reversine (ThermoFisher, Waltham MA), vinflunine, ispinesib, ZM447439, AZ3146 and 

ABT888 (Selleck Chemicals), vincristine (NCI), 0.2μg/ml nocodazole (Sigma-Aldrich), and 

GSK923295 (ChemScene, Monmouth NJ) 50μM blebbistatin (EMD Millipore), 0.2μg/ml 

doxorubicin (MP Biomedicals), and 0.2μM Staurosporine (Enzo Life Sciences). 

 

Antibodies and Cell Stains 
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Antibodies used in this study include anti-γ-tubulin (MA1-20248, clone GTU-

88Thermo), anti-α-tubulin (MAB1864 Millipore), anti-Plk1 (F-8, sc-17783 Santa Cruz 

Biotechnology), anti-pericentrin (ab44448 Abcam), anti-ACA/CREST (HCT0100 

Immunovision), anti-pH3-S10 (9701S Cell Signaling), anti-pH2AX-S139 (05-636 Millipore), 

and anti-IdU (SAB3701448 Sigma).   For immunofluorescence and flow cytometry, Alexa-

fluor secondary antibodies were used (Invitrogen). Mitotic index was determined through 

Hoechst 33258 staining and microscopy. 

 

Synergy Screen  

The synergy screen was performed for 105 unique two-chemical combinations. 

Prior to the screen, dose-response curves for each chemical was constructed using 

fluorescent analysis of proliferation. Cells were plated in 96-well plates at initial counts of 

5000 cells/100 µl/well. After overnight incubation, cells were treated with DMSO vehicle 

control or chemical at serially diluted concentrations. 96 h post treatment, SYBR green 

(Lonza) was diluted 1:600 in 1X phosphate-buffered saline (PBS) and 20 µl were added to 

make final volume 140 µl. After an overnight incubation, fluorescence was read using the 

BioTek Synergy 4 plate reader. Assays were prepared in triplicate with average values 

recorded. A concentration leading to 20% loss in cell viability (EC20) was computed for each 

chemical agent. Analysis of proliferation was performed as above with MDA-MB-231 cells 

treated with DMSO control, individual chemical at EC20 or in pairs with each chemical at ½ 

EC20.  

 

Combination Index (CI) Analysis 

To test for synergy in the drug combinations, combination Index (CI) analysis was 

performed using the Chou Talalay principle using the constant combination ratio design. In 
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this assay, treatment concentrations were centered around the EC50 calculated for each cell 

line: IUdR (MDA-MB-231: 312.5-5000μM; MDA-MB-468: 78.125-1250μM; Cal51: 25-

400μM; MCf10A: 25-400μM), MLN8237 (MDA-MB-231: 75-1200μM; MDA-MB-468: 12.5-

200μM; Cal51: 12.5-200μM; MCf10A: 50-800μM), BI2536 (MDA-MB-231: 5-80μM; MDA-

MB-468: 0.625-10μM; Cal51: 5-80μM; MCf10A: 5-80μM), and flavopiridol (MDA-MB-231: 

312.5-5000μM; MDA-MB-468: 78.125-1250μM; Cal51: 25-400μM; MCf10A: 25-400μM) and 

were used singly and in combination. Cells were plated in 96-well plates at initial counts of 

5000 cells per well and were treated for 4 days.  The effect size was measured using 

colormetric analysis of proliferation (Vita-Orange. Biotool.com; B34302) and CI analysis 

was performed using the Compusyn® software. Three independent replicates were 

performed unless otherwise indicated. Dose-response curves were created in Prism using 

data collected from VitaOrange analysis. CI scores above 10 were excluded and believed to 

the result of amplified noise in the experiment. 

 

Immunofluorescence (IF) and Microscopy 

For IF cells were plated on coverslips and antibodies were incubated in PBS + 0.1% 

Triton X-100 with 3% BSA. Spindle structure was determined following fixation with 100% 

ice cold methanol. IUdR incorporation was determined following fixation with 4% PFA, DNA 

denaturing with 2N HCl, and neutralization with sodium borate. Other phenotypes were 

determined following fixation with 4% paraformaldehyde.  

Nikon Eclipse Ti inverted microscope with a CoolSNAP HQ2 charge-coupled device 

camera (Photometrics) was used to acquire images. Nikon Elements software was used to 

process and analyze images. Final figures were formatted in Adobe Photoshop and 

Illustrator. 
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All timelapse movies were performed using H2B-RFP labeled MDA-MB-231 cells. 

For mitotic entry experiments, cells were seeded in 6-well plates to be at about 60% 

confluency when treated with aphidicolin. 24 hours later, cells were released into complete 

media for 4 hours, then treated with indicated drugs for one hour before movie was started. 

Images were collected every 5 minutes for 48 hours. Cellular phenotypes were only 

recorded for those that were present at the beginning of the movie. For other timelapse 

movies, cells were plated to reach about 60% confluency when movie was started, following 

indicated treatment times and conditions. Images were collected every 4 minutes for 24 

hours.  

 

Mitotic Index 

MDA-MB-231 cells were seeded in a 12-well plate to reach 60-80% confluency on 

day of collection. Adherent and non-adherent cells were collected at 24 hour, 48 hour, 72 

hour, and 96 hour time points post-treatment and stained with Hoeschst 33258. 300 cells 

were counted for each condition categorizing cells as mitotic vs. non-mitotic.  

 

Flow cytometry 

All flow cytometry experiments were analyzed on a BD FACScalibur flow cytometer 

(BD Biosciences). Any experiments where control treatments (nocodazole, doxorubicin, 

staurosporine) did not produce the anticipated effects were omitted.  

For apoptosis assays, cells were treated with indicated drugs for 4 days. 60 nmol/L 

staurosporine was used overnight. Apoptosis was evaluated by an Annexin V-PE/7-AAD 

apoptosis detection kit (Ebiosciences). For analysis, the percent early apoptotic cells 

positive cells were Annexin V+ and7-AAD- (lower right quadrant). 
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DNA content was determined by fixing cells in ethanol and staining with propidium 

iodide (PI, MP Biomedicals). 

 

Xenograft assays 

5x106 MDA-MB-231 cells in PBS were inoculated into the mammary pads of 6-week-

old female athymic nude mice (Jackson laboratories, ME). When average tumor size reached 

50 to 80 mm3, 3 mice per group were treated for 14 days: control; ropidoxuridine (750 

mg/kg/day by gavage); MLN8237 (30 mg/kg/day by gavage); and ropidoxuridine + 

MLN8237 at same doses. Tumors were measured every 3 days by calipers during treatment 

and mice were sacrificed at 14 days. Mice were monitored daily for toxicity while on 

treatment.  

 

Statistical Analysis 

Dose-response curves and EC20 calculations for the initial screen were performed 

using BioDataFit 1.02 (Chang Bioscience) using an exponential decay model. Replicate 

experiments were performed, and standard errors are reported as indicated below. 

Combination indices (CI) and Isobolograms were constructed using the CompuSyn® 

software and prisim. For animal studies, a sample size of 3 mice per group afforded a power 

of 80%, to detect a tumor volume change of 40% more by the drug combination than each 

drug individually, with two-sided significance level of 0.05 and expected variation of 30% 

amongst tumor sizes in individual cohorts. Differences in the mean tumor value between 

cohorts were analyzed using a paired t test.  
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Table 3-1 
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Table 3-1: Drug library 

Drugs included in the drug combination screen.  
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Figure 3-1 
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Figure 3-1: Drug screen identifies possible synergistic combinations.  

Drug combinations are color coded for the level of synergy observed, with red being the 

most synergistic and green being the least. 
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Figure 3-2 
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Figure 3-2: BI2536, flavopiridol, and IUdR do not enhance mitotic cell accumulation 

observed with MLN8237 treatment. 

Mitotic index of cells treated with indicated drugs for 4 days. Nocodazole treatment 

indicated by blue line. 900 cells were scored as mitotic or non-mitotic through Hoechst 

33258 staining. n≥3. Error bars indicate SEM. No MLN combinations compared to single 

drug treatments were statistically significant.  
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Figure 3-3 
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Figure 3-3: BI2536, flavopiridol, and IUdR do not alter spindle structure with 

MLN8237 treatment. 

(A,B) Cells were treated as indicated for 4 days, fixed, and stained with DAPI and for 

pericentrin, γ-tubulin and α-tubulin to characterize spindle structure. n=3, 300 or more 

cells were counted for each condition. Error bars indicate SEM. No MLN combinations 

compared to single drug treatments were statistically significant. Scale bar, 10μm.   
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Figure 3-4 
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Figure 3-4: BI2536, flavopiridol, and IUdR do not enhance mitotic errors observed 

with MLN8237 treatment. 

(A,B) Cells were treated as indicated for 4 days, fixed, and stained with DAPI and probed for 

ACA and α-tubulin to determine whether metaphase cells are characterized by misaligned 

chromosomes or whether anaphase/telophase cells had segregation errors. Here, MLN High 

cells were treated with 25nM MLN8237 (same concentration used throughout this chapter). 

MLN Low cells were treated with 5nM MLN8237. n=3, 300 or more cells were counted for 

each condition. Error bars indicate SEM. No MLN combinations (for analogous MLN 

concentrations) compared to single drug treatments were statistically significant. Scale bar, 

10μm. 
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Figure 3-5  
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Figure 3-5: MLN8237 co-treament with BI2536 and flavopiridol results in G2 

accumulation  

(A) Cells were treated as indicated for 4 days. Nocodalzole (Noc) and doxorubicin (Dox) 

treatments were for 16 hours. All cells were collected, fixed with ethanol, and stained with 

PI. Stage distribution was determined following data collection on BD FACScalibur flow 

cytometer and cell cycle analysis. n=2. (B) Cells were treated and collected as in (A), 

however cells were fixed with 4%PFA, methanol and stained with pH3 antibody to 

determine the proportion of mitotic cells.  % G2 cells were determined by subtracting 

%pH3 positive cells from the G2/M population in (A). n=2.    
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Figure 3-6 
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Figure 3-6: Flavopiridol and MLN8237 co-treatment delays and reduces mitotic entry.  

Cells were treated with aphidicolin for 24 hours, released into complete media for 4 hours, 

and treated with indicated drug for one hour. Cells were then imaged every 5 minutes for 

48 hours. Three fields of view for each condition. n=3. Error bars indicate SEM. Only cells 

present in the first field were analyzed. Montage shows representative time to 1st mitosis 

for Untreated and F+M treated cells that divided. Time in minutes indicated in upper right 

hand corner. % That Didn’t Enter indicates that during the time of the movie, the cell never 

entered mitosis. Time to 1st Mitosis (min) indicates how long, from the beginning of the 

movie, it took each cell to enter its first mitosis. % with 2nd Mitosis indicates, of the cells that 

entered mitosis one time, the number of cells that entered a second mitosis. Although a 

trend is observed, none of the MLN combinations compared to single treatments were 

statistically significant.  
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Figure 3-7 
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Figure 3-7: BI2536 and MLN8237 combination increases the incidence of apoptotic 

cells. 

Cells were treated as indicated for 4 days. Staurosporine treatments were for 16 hours. All 

cells were collected and stained with Annexin V and 7-AAD to determine the proportion of 

apoptotic cells. % apoptotic cells indicates % of cells that were in early apoptosis: Annexin V 

positive and7-AAD negative. N=3. Error bars indicate SEM. Although a trend is observed, 

none of the MLN combinations compared to single treatments were statistically significant. 
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Figure 3-8 
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Figure 3-8: MLN8237 with IUdR increases DNA damage in vitro and reduces tumor 

volume in vivo. 

(A) Cells were treated as indicated for 48 hours, fixed, and stained with α-IdU antibody. (B) 

Cells were treated as indicated for 4 days. Doxorubicin (Dox) treatments were for 16 hours. 

All cells were collected, fixed with 4%PFA, methanol and stained with γH2AX antibody to 

determine the proportion of cells with DNA damage. n≥5. (C) Quantification of tumor 

volumes from MDA-MB-231 xenograft mice treated with indicated drugs. Three tumors for 

each treatment condition. Although a trend is observed, there was no statistical significance 

(I+M vs MLN8237 p = 0.2606 by t-test).  
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Supplemental Figure 3-1 
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Supplemental Figure 3-1: Representative dose response curve used to determine 

EC50. 
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Supplemental Figure 3-2 
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Supplemental Figure 3-2: CI-Fa plots for MLN8237 combinations in MDA-MB-231, 

MDA-MB-468, Cal51, and MFC10A cell lines. 

Plots showing combination index (CI) versus effect (fa) for indicated cell lines and drug 

combinations. n=3. 
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Supplemental Figure 3-3 
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Supplemental Figure 3-3: BI2536 and flavopiridol do not alter the type of mitotic 

errors observed with MLN8237 treatment. 

(A) Cells were treated as indicated for 16 hours. Spindle pole structure was determined as 

in Figure 3-2B. n=1. (B) Anaphase segregation errors from Figure 3-2D were qualified based 

on number of lagging chromosomes or type or error. n=1 for conditions in BI2536 graph, 

n=3 for conditions in flavopiridol graph. No statistical significance. Error bars indicate SEM.  
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Supplemental Figure 3-4 
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Supplemental Figure 3-4: BI2536, flavopiridol, and IUdR do not increase time in 

mitosis. 

(A,B) Cells with mcherry labeled H2B were treated for indicated time (Day) and imaged 

every 4 minutes for 24 hours. Each point represents time from nuclear envelop breakdown 

(NEB) to anaphase onset for an individual cell. n=1. Time for at least 20 cells were counted 

and are displayed in the above charts. Error bars indicated SEM. (C) % of cells that entered 

mitosis but did not divide from Day 3-4 movie from (B). n=1.  
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Supplemental Figure 3-5 
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Supplemental Figure 3-5: BI2536, flavopiridol, and IUdR do not increase 

multinucleate cells with MLN8237 treatment. 

Cells were treated for 4 days as indicated, fixed, and stained with DAPI and phalloidin. 

Number of nuclei was quantified for least 600 cells for each treatment condition. n=3. Error 

bars indicate SEM. No statistical significance.   
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Supplemental Figure 3-6 
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Supplemental Figure 3-6: Methods for quantifying % mitotic cells were equivalent.  

Cells were treated as indicated for 4 days. pH3 positive cells were quantified as in Figure 3-

3B. Mitotic Index cells were quantified as in Figure 3-2A. n=1.  
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Supplemental Figure 3-7 
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Supplemental Figure 3-7: BI2536 and MLN8237 combination increases the incidence 

of apoptotic cells. 

Example of flow data showing incidence of apoptosis in varying treatment conditions. Cells 

were treated for 4 days and stained with Annexin V and 7-AAD. 
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Supplemental Figure 3-8 

 

  



111 

 

Supplemental Figure 3-8: MLN8237 does not increase DNA damage in combination 

with BI2536 or flavopiridol. 

(A) Cells were treated, fixed, and stained as in Figure 3-6B. n=3. (B,C,D) Cells were treated 

as indicated for 4 days. Doxorubicin treatments were for 16 hours. Cells were fixed with 4% 

PFA, probed for indicated antibodies, and stained with DAPI. Cells in each graph were 

imaged on the same day. n=1. Error bars indicate SEM. 
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Protein kinases provide efficient and controlled machinery for the propagation of 

signals. Through ATP catalysis and phosphate transfer, a kinase can quickly alter the 

activity and/or conformation of another protein or itself to influence a particular action in a 

cell. They can signal to progress the cell cycle or to halt it due to the presence of errors such 

as DNA damage. Together, this thesis has provided further insight into the complex nature 

of this signaling. It has further elucidated the nature of phosphoregulation of kinases and 

the interconnectedness of involved pathways.   

Regulation of Plk1 by posttranslational modifications 

Work in Chapter 2 revealed that regulation of the mitotic kinase Plk1 is not confined 

to a single modification within the kinase domain. Although it was previously known that 

phosphorylation of residue T210 was crucial, the significance of other residues, such as 

S137, is somewhat controversial (Jang et al., 2002; van de Weerdt et al., 2005). In my 

analysis, mutation of this residue to an alanine did not delay mitotic progression (Figure 2-2 

and Supplemental Figure 2-1); however, my experiments would only expose essential 

residues. Further analysis needs to be done to determine whether these modifications are 

involved at more minor levels or for a particular condition in the cell, such as when 

subjected to a stressor (i.e. cold).  These discrepancies are in part due to advancements in 

the tools used to study these modifications. As discussed in Chapter 2, the Plk1AS system is 

superior to many of the methods used previously; looking forward, however, as 

advancements continue to be made, further analysis of the precise role that 

posttranslational modifications play in the cell will continue to evolve. For example, the 

advent of CRISPR technology has significantly improved methods to investigate protein 

function and regulation. In my AS system, both endogenous loci are deleted, and GFP-Plk1AS 

and Flag-Plk1Mut were inserted randomly into the genome under control of the CMV 
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promoter; in contrast, using CRISPR, the AS mutation can be made in one of the endogenous 

loci to better mimic innate conditions. The other locus should remain WT or have the 

posttranslational modification mutation created. This way, genes can be controlled by 

endogenous regulators such as promoters and transcription factors. 

Major findings for Chapter 2 developed from elucidation of the role that 

phosphorylation and ubiquitination sites play for the activity and functionality of kinases; 

although my experiments focused on Plk1, this insight likely translates to other kinases and 

other proteins. To start, I identified the essential nature of the phosphorylation site, T214. 

Although T214 is proposed to be important for forming a hydrogen bond with the HRD 

motif’s aspartic acid (discussed in Chapter 2) (Bayliss et al., 2012), numerous studies have 

identified its phosphorylated state (Mortensen et al., 2005; Daub et al., 2008; Dephoure et 

al., 2008; Oppermann et al., 2012), including my own analysis (Figure 2-2). Further work is 

needed to distinguish whether the phosphorylation or the hydroxyl controls Plk1 function. 

Perhaps phosphorylated Plk1T214 is crucial for restraining Plk1 activity or it causes a minor 

change in conformation, increasing its activity above a required threshold (Liu et al., 2006; 

Burkard et al., 2007; Lera and Burkard, 2012). Current models show a hypothesized 

hydrogen bond between T214 and D176 (Elling et al., 2008; Bayliss et al., 2012) (Figure 4-

1), however, one crucial piece of evidence to settle this matter would be resolution of Plk1’s 

crystal structure with T214 in its phosphorylated state.  A comparison of the 

phosphorylated and unphosphorylated structures would identify how Plk1 is able to 

accommodate a bulky phosphate group at T214 and how this would alter the positioning of 

other catalytic residues important for Plk1 activity and functions. This is likely to apply to 

other kinases as well; the T-loop of kinases is highly conserved and many contain a 

threonine at the site equivalent to T214 including the mitotic kinases Aurora A and Aurora 

B (Table 4-1). 
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In addition to exposing the functional role of individual phosphorylation sites, my 

work mutating phosphorylated residues grouped by domain, revealed that 

phosphorylations within the PBD are not required (Figure 2-5 and 2-6). Surprisingly, 

mutation of 16 sites concurrently within this region did not inhibit cell cycling or other 

investigated Plk1 functions. It would have been expected that mutation of this many 

residues simultaneously would severely disrupt the kinase through protein folding or 

protein-protein interactions. Others have shown that the PBD is essential for some 

functions of Plk1.  The truncated form of Plk1 lacking the PBD, is able to perform various 

roles of Plk1, although Plk1 localization and anaphase are disrupted (Elia et al., 2003b; 

Hanisch et al., 2006; Lera and Burkard, 2012); however, this was not seen in my 

experiments with the mutated PBD (Figure 2-5 and 2-6 and Supplemental Figure 2-4). This 

discrepancy may be because, in my constructs, the PBD and the phospho-substrate binding 

pincer residues, His-538 and Lys-540, are still present. What remains of the PBD in the 

Plk1PBD cell lines is sufficient to perform the essential functions of Plk1. Further analysis 

should test whether Plk1PBD expressed at endogenous levels would similarly rescue assayed 

functions and whether the non-essential nature of posttranslational modifications in the C-

terminus of Plk1 is conserved among other polo-boxes in the polo-like kinase family. It will 

also be interesting to investigate whether phosphorylation sites in the binding domains of 

other kinases, such as C1 domains, are similarly nonessential. 

  Mutation of the N-terminal kinase domain was also revealing. Although only 7 

residues were mutated, the Plk1Kin cell lines were unable to rescue cell cycle progression, 

metaphase congression, and proper chromosome segregation in anaphase (Figure 2-5B,C). 

When compared to Plk1WT, immunoprecipitated Plk1Kin has reduced kinase activity 

(Supplemental Figure 2-4D). Interestingly, this cell line did not have errors in centrosome 

separation, demonstrating that there is enough activity for less sensitive phenotypes 
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(Supplemental Figure 2-4C). This data supports redundancy of these phosphorylated 

residues at the N-terminus. Future work should analyze the effect of mutating these 

residues in differing combinations, differing by number of altered residues and the 

combinations. I hypothesize that these residues contribute to a titering of Plk1 activity, and 

combinations of fewer mutations will have a reduction of Plk1 activity that is between that 

of Plk1WT and Plk1Kin. It will also be important to see if this redundancy is conserved in other 

kinase domains.  

 

Targeting kinase-mediated networks to reduce cell proliferation 

Following investigation on how individual protein kinases are regulated, work in 

Chapter 3 expanded upon our knowledge of the signaling networks facilitated by kinases. 

Kinase signaling cascades transmit information in the cell and form large networks; as a 

result, an alteration in one kinase pathway can influence signaling in others. Further, 

targeting two converging pathways simultaneously can expose functions at their juncture 

that may be otherwise obscured by dominant phenotypes. Utilizing this strategy, my work 

revealed that combining Aurora A inhibition with IUdR treatment and Cdk and Plk1 

inhibition reduces proliferation over Aurora A inhibition alone. More specifically, the 

Aurora A inhibitor MLN8237 cooperated with the Cdk inhibitor flavopiridol to reduce 

mitotic entry, the Plk1 inhibitor BI2536 to induce apoptosis, and the radiosensitizer IUdR to 

increase DNA damage.  

MLN8237 and flavopiridol reduced proliferation due to a mitotic entry delay during 

G2. It was previously known that both Aurora A and Cdk1 have roles in mitotic entry; 

however, it was somewhat surprising that the effect would be greater than either individual 

treatment since the kinases appear to function in the same pathway (Lindqvist et al., 2009). 
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For example, Cdk1 phosphorylation of Bora, increases the activity of Plk1. Likewise, Aurora 

A also increases Plk1 activity through direct phosphorylation of Plk1’s T-loop. It is possible 

that reduced active Aurora A and Cdk1 combine to reduce active Plk1 in an additive fashion. 

Even still, inhibition of these kinases in combination could also decrease mitotic entry 

through other pathways such as suppressing Aurora A-mediated Cdk1 activation. Aurora A 

phosphorylation of Cdc25B, stimulates the phosphatase to remove the inhibitory 

phosphorylation on Cdk1 (Dutertre et al., 2004). In this way, reduced Aurora A could 

decrease Cdk1 activity. To resolve these questions, it will be necessary to monitor the extent 

of Plk1 activation, the phosphorylation status of Plk1 substrates, and the phosphorylation 

status of Cdc25 (S353).   

Additionally, flavopridol is a pan-Cdk inhibitor so it’s likely some of the effects seen 

could develop from inhibition of a kinase other than Cdk1 (Losiewicz et al., 1994; Bible and 

Kaufmann, 1996; Carlson  B.A. et al., 1996; Filgueira de Azevedo et al., 2002; Baumli et al., 

2008; Zeidner and Karp, 2015; Roskoski, 2016). To resolve this question, the 

phosphorylation status of substrate proteins could be monitored. Although this is not a 

particularly restrictive concern for clinical use, the phenotypes observed more closely 

match those associated with Cdk1 (granted, not all relevant phenotypes were probed). In 

any case, if effects were mediated through inhibition of Cdk9, phenotypes associated with 

transcription, such as delays in S phase, would have been expected (Chao and Price, 2001); 

instead, a G2 and mitotic entry delay was observed (Figure 3-5B and 3-6). Concurrently, I 

also did not detect an  induction of apoptosis, as seen in various studies (Bible and 

Kaufmann, 1996; König et al., 1997; Parker et al., 1998).  These findings exemplify the idea 

that using drugs in combination, can not only give old drugs new life in the clinic but also 

may reveal secondary pathways utilized by a particular drug.  
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In combination, MLN8237 and BI2536 caused an increased incidence of cells in 

early apoptosis. There is precedent for inhibition or reduction of these kinases to cause an 

increase in this mechanism for cell death. In cells with reduced Plk1 expression, there was 

an increase in the G2/M population with a significant fraction undergoing apoptosis (Lei 

and Erikson, 2008; Maire et al., 2013; Matthess et al., 2014). Aurora A inhibition also 

increased the incidence of apoptosis (Scharer et al., 2008; Li et al., 2010; Ding et al., 2015; 

Niu et al., 2015), although in some cases, this induction was hypothesized to be due to 

prolonged mitotic arrest (Zhou et al., 2013). In my experiments, however, this does not 

appear to follow a prolonged or errored mitosis as there was no increase in the mitotic 

index, mitotic errors, or time in mitosis (Figure 3-2 and Figure 3-4 and Supplemental Figure 

3-4A). Additionally, when the G2/M population identified by flow cytometry was separated 

out, the delay was identified to be in G2 and not mitosis (Figure 3-5B). It would be expected 

to see an increase in DNA damage in apoptosis, however, the events associated with early 

apoptosis, such as phosphatidylserine externalization, precede any nuclear changes 

(Wlodkowic et al., 2011). This phospholipid exposure signals macrophages to initiate 

phagocytosis, however, these cells were not co-cultured in vitro with other cell types. To 

demonstrate translatability, it would be interesting to test whether co-culturing would lead 

to macrophage activation and increased cell death in the combination-treated epithelial 

cells. It is also important to further examine the induction of apoptosis as one experiment 

does not finalize this conclusion (Blagosklonny, 2000; Wlodkowic et al., 2011).  To help 

reconcile this and provide a mechanism, probing for players involved in apoptotic signaling 

or assessing mitochondrial membrane potential may further elucidate this phenotype.  

Additionally, cellular membranes in apoptotic cells become penetrable by cyanine dyes 

prior to larger cations such as PI or 7-AAD, and cellular incorporation of these dyes would 

lend credence to this line of reasoning (Idziorek et al., 1995; Wlodkowic et al., 2011). 
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Additionally, since the effects are subtle, it may be necessary to increase the dosage to 

heighten the response. This may also be sufficient to push the cells into later stages of 

apoptosis. 

This analysis reveals that Plk1 and Aurora A co-inhibition potentiates the effect of 

either individual treatment. This could have important clinical applications; if the required 

dosages can be reduced there is the potential to also reduce off-target and side effects. 

BI2536, however, has the least promise clinically since low intratumoral levels are 

characteristic with treatment (Haupenthal et al., 2012). Conversely, The Plk1 inhibitor 

BI6727 has been shown to have even greater pharmacokinetics and improved clinical 

activity (Rudolph et al., 2009; Schöffski et al., 2012; Yim, 2013); therefore, for clinical 

applications, combination studies with BI6727 and MLN8237 should be performed. 

Notwithstanding, additional in vitro combination studies may expose new signaling 

networks and identify novel drug collaborations. 

MLN8237 and IUdR co-treatment increases the presence of DNA damage in cultured 

cells. IUdR is used clinically as a radiosensitizer and has been shown to induce damage on 

its own (Figure 3-8B) (Sedelnikova et al., 2002); however usage in combination with Aurora 

inhibition is novel.  Aurora A has been shown to be involved in the DNA repair machinery 

and its inhibition could impede this response (Wang et al., 2014). Moreover, IUdR treatment 

has also been hypothesized to reduce DNA damage repair and could further potentiate the 

accumulation of damage. To this end, mismatch repair (MMR) deficient cells incorporate 

more IUdR than MMR proficient cells (Berry et al., 1999, 2000; Yan et al., 2006). Similar 

results were also seen in assessments of base-excision repair (BER) (Taverna et al., 2003). 

To help resolve this, the recruitment and activity of these repair mechanisms should be 

analyzed. For example, quantification of Rad51 foci would gauge the recruitment of repair 
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machinery (Zhang et al., 2005), while the phosphorylation status of ATM-Chk2/ATR-Chk1 

would assess the activation of signaling pathways. 

Alternatively, Aurora A inhibition may increase DNA damage through mitotic 

defects associated with erroneous spindle structure and lagging chromosomes. Errors in 

mitosis have been shown to cause DNA damage (Hoffelder et al., 2004; Janssen et al., 2011; 

Crasta et al., 2012; Ganem and Pellman, 2012; Zhang et al., 2015) and since MDA-MB-231s 

are cancer cells containing mutated p53 (Olivier et al., 2002), it’s possible that some of these 

errors would go uncorrected. The persistence of these errors in combination with those 

induced by IUdR could result in an overall increase that’s larger than either individual 

insult. However, if this is the mechanism of action, IUdR treatment should further increase 

the presence of mitotic errors since DNA damage prior to mitosis has been shown to cause 

mitotic errors (Hayashi and Karlseder, 2013; Bakhoum et al., 2014). In disagreement, IUdR 

did not potentiate mitotic errors, even following 4 days of treatment (Figure 3-4). 

Additionally, p53 mutant MDA-MB-231s and MDA-MB-468s did not show increased 

sensitivity over p53 WT lines Cal51s and MCF10As (Supplemental Figure 3-2). 

MLN8237 and IUdR is an intriguing combination particularly because the IUdR 

prodrug IPdR is already approved for clinical use. Though IPdR is used as a radiosensitzer, 

I’ve shown that combining IUdR and MLN8237 can induce DNA damage, without the need 

for radiation. This could have important clinical implications because it could omit, or 

greatly reduce the need for patient radiation exposure. To further support its applicability 

for use in patients, it’s necessary to confirm the presence of DNA damage in tissues. To this 

end, work is underway to test this in the mouse xenograft models treated with the varying 

drug conditions (Control, IPdR, MLN8237, or IPdR, MLN combination). The abundance of 

γH2AX in epithelial tumor cells (identified by pan-cytokeratin antibody) will be quantified 
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and compared across treatment groups; nevertheless, these xenograft tumors were only 

collected at one time point and the window for observable damage may be missed. If the 

damage occurs early and results in cell death, the tissues could be probed for markers for 

apoptosis, autophagocytosis, or necrosis (Krysko et al., 2008; Christofferson and Yuan, 

2010), however this would not confirm DNA damage as the mechanism for their demise. 

Even still, since it’s believed that IUdR is incorporated during S-phase and incorporation is 

confined to proliferating tissues, it’s conceivable that there would be selectivity for growing 

tumors over normal tissue (Fornace et al., 1990; Kinsella et al., 1994, 2000; Seo et al., 2005). 

This may also provide an opportunity for personalized medicine as patients with 

proliferative disease may benefit more. The translatability of this combination makes it 

particularly exciting. IPdR has FDA approval and I’ve shown that this combination is 

effective in mouse models; to support this idea, more investigation in vivo needs to be 

performed to verify efficacy and confirm low toxicities.  

Overall, I’ve shown that MLN8237 in combination with other drugs is able to reveal 

new insights into kinase signaling networks and may have identified new clinical targets. 

With a focus on cell cycling pathways, this has the potential to be especially true for those 

with proliferative disease. Although many of the effects are subtle, they have the potential to 

make big impacts in patients. Incidentally, these inhibitors likely target multiple kinases 

even at the low concentrations used for our experiments. This could have advantages and 

disadvantages. On one hand, it complicates analysis of signaling pathways of a particular 

kinase; however, in cells there is extensive overlap and compensation built into signaling 

pathways. It’s plausible that these small-molecule/ATP-competitive inhibitors off-targetly 

affect similar kinases and may ultimately target the same pathway. Additionally, in clinical 

applications, it’s unlikely that a tumor has evolved to take advantage of a single pro-growth 

pathway; therefore, targeting growth from multiple angles may prove more effective. Going 
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forward, additional investigation of in vitro and in vivo combinations of kinase altering 

drugs will further expand our understanding of the interconnectedness of these networks 

and may identify combinations with even larger responses. 

 

Outlook 

 This thesis has uncovered the intricacies of kinase regulation and novel overlap in 

kinase mediated pathways. This analysis is valuable collectively because if we know how 

kinases are regulated, we can better anticipate the effects of targeting them therapeutically. 

Additionally, this may identify new means for perturbing these pathways. Rather than 

modifying whole kinase activity, we may be able to more specifically target a particular 

function of that kinase. If phosphorylation sites that control specific functions can be 

identified and targeted, we gain precise control over effects in cells. Then, when used in 

combination with other therapies, these subtle effects can potentiate clinical responses.  
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Figure 4-1 

  

T214 D176 
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Figure 4-1: Resolved Plk1 crystal structure for Plk1 showing proposed hydrogen 

bond between threonine 214 and aspartic acid 176(Elling et al., 2008). 
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Table 4-1 

 

Kinase  

Plk1 RKKTLCGTPNYIAPE 

Aurora A RRTTLCGTLDYLPPE 

Aurora B RRKTMCGTLDYLPPE 

Nek1 LARTCIGTPYYLSPE 

Nek2 FAKTFVGTPYYMSPE 

Nek6 AAHSLVGTPYYMSPE 

Nek9 MAETLVGTPYYMSPE 

Nek11 LATTLTGTPHYMSPE 

LATS 1/2 LAHSLVGTPNYIAPE 

Greatwall DDGRILGTPDYLAPE 

Citron  NAKLPIGTPDYMAPE 

ROCK 1/2 YEMLVGDTPFYADSL 
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Figure 4-1: T-loop conservation adjacent to Plk1 T214 

Plk1 T214 or analogous threonine residues in other kinases are in bold.   
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Appendix 

 

Peptide array to investigate upstream kinases of kinase T-loops and other proteins of 

interest 
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Figure 1 
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Figure 1: List of peptides included on array slide. 

Sequences for A1-D3 were chosen to assay for the upstream kinases of phosphorylation 

sites in kinase T-loops. All other peptides span regions of interest for MCAK, Anillin, or α-

Tubulin 1B. 
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Figure 2 
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Figure 2: Peptide placement on slide arrays.  

Letter-number combination corresponds to indicated peptide on peptide list 
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Figure 3 
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Figure 3: Results of peptide arrays incubated with indicated kinase 
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Figure 4  
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Figure 4: Results of peptide array incubated with recombinant Plk1 
 
Summarized results of peptide array incubated with GST-Plk1 kinase domain (Amino Acids 
1-352)  
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Figure 5 
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Figure 5: Results of peptide arrays incubated with indicated kinase following 

blocking step 
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Methods  

Adapted from JPT protocol: 

https://www.jpt.com/fileadmin/user_upload/Protocol_Random_Kinase_Peptide_Microarra

y.pdf 

 

Reaction Mixture 

Applicable kinase buffer- up to 350µl 

Kinase- 1Unit (for recombinant Plk1 that I purified, I used 20µg) 

1µM cold ATP 

1mM DTT   

50µCi [32P] ATP 

 

Procedure: 

1. Set heat block so that humidity chamber is at 30°C (monitor with thermometer, 

31°C worked for me) 

2. Create humidity chamber (heat up ahead of time) and array sandwich.  

a. Soak thick filter paper in 1:1 PBS:ddH2O 

b. Suggested humidity chamber: medium petri dish inside large petri dish. 

However, other formats may work. 

c. Lay peptide array face up inside humidity chamber. If surface is glass, lay 

peptide array on filter paper to reduce glass-glass sticking 

d. Place spacers on each short side of array and place dummy slide on top 

3. Optional blocking step 

a. Kinase buffer, cold ATP, DTT, GTP (1mM), BSA (2%) 

b. 30°C, 2+ hous 

c. Open in beaker of PBS 

4. Create reaction mixture and pipette carefully between slides. Watch for dry gaps. 

Detergent may help. Record dry areas in notebook so can compare to resulting 

image 

5. Incubate for 3-5 hours 

6. Open slides in beaker of PBS, to reduce surface tension that could pull peptides off 

the slide 

7. Wash slides in 0.1M Phosphoric Acid 5X, 3-4 minutes each (I did wash steps inside 

medium petri dish on orbital shaker). 

8. Wash slides in ddH2O 5X, 3-4 minutes each 

9. Wash slides in methanol 1X-alllow slide to dry 

10. For exposure and development 

a. Place slides in cassette, place film on top 
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b. I placed flexible rubber and then a piece of hard plastic (borrowed from 

Beebe lab) on top to help get slide as close to the film as possible 

c. Close cassette and place weights on top (again to get the slide as close to the 

film as possible) 

d. Expose overnight, develop as usual 

 

 


