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Abstract

Novel strategies for decoding the functions of Polo-like kinase 1

Robert F Lera
Under the supervision of Professor Mark E Burkard

At the University of Wisconsin-Madison

Mitosis is the critical phase during the eukaryotic cell cycle in which replicated
DNA is equally partitioned into the two halves of a dividing cell. Errors in this process
often result in an improper distribution of chromosomes to the daughter cells, which is a
hallmark of cancer. Polo-like kinase 1 (Plk1) regulates many critical activities during
mitosis, including spindle assembly, chromosome alignment, chromosome segregation,
and cytokinesis. Coincident with this, hundreds of substrates have been identified as
potential effectors of its activities. However, a detailed understanding of Plk1 has been
obscured by this multi-functionality and expansive substrate list. Moreover, PIk1
operates primarily within a 60-minute mitotic window, which impedes isolation of its
individual functions for study. To overcome these obstacles, | have developed several
strategies to isolate and decode the functions of Plk1. By titrating chemical inhibition, |
have uncoupled Plk1’s role in chromosome alignment and segregation from its role in
bipolar spindle formation. This has revealed that Plk1 regulates anaphase both by
promoting spindle elongation and chromosome segregation. Failure to perform these

functions results in tetraploidy, senescence and impaired proliferation. Furthermore,



impaired chromosome segregation is characterized by a striking loss of kinetochore
integrity. Combining inhibitor titration with protein tethering and quantitative
phosphoproteomics, | have further elucidated Plk1’s function at the kinetochore. | have
discovered that PIk1 localizes to the inner kinetochore and its role in chromosome
alignment and segregation is partially mediated from this region, which is distinct from
its more established role at the outer kinetochore. Additionally, this strategy has
revealed two proteins, Kif4a and Usp16, that potentially mediate chromosome
segregation. To conclude, the strategies presented in this dissertation reveal new
mechanistic insight into PIk1 activity and suggest potential mediators of these functions.
Moreover, these findings may benefit the development and rational use of Plk1

inhibitors in cancer chemotherapy.
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Chapter |—Introduction



Mitosis: an introduction

Mitosis is the critical phase during the eukaryotic cell cycle in which replicated
DNA is equally partitioned into the two halves of a dividing cell. To do this, the cell
dynamically reorganizes to spatially isolate the sister chromatids before membrane
abscission, ensuring faithful inheritance of the genome by each daughter cell. As a
component of the cell cycle, the mitotic program occurs regularly throughout human
development and maintains adult tissues such as blood, bone, skin, and lining of the
digestive tract. In an adult over the age of 70, the cell cycle will have occurred
approximately 10 million billion times”.

Mitosis is divided into five phases: prophase, prometaphase, metaphase,
anaphase and telophase (Figure 1.1). During prophase, the DNA condenses into
observable chromosomes and microtubules begin to nucleate from the separated
centrosomes. The breakdown of the nuclear envelope signifies the onset of

prometaphase, where centrosome-originating microtubules capture individual

chromatids of a sister pair, also called mono-orientation. Mono-oriented pairs are then
moved toward the spindle equator to allow for capture of the unattached sister by
microtubules from the opposite pole. Metaphase is characterized by the alignment of all
chromosome pairs at the spindle equator with each sister chromatid attached to
microtubules emanating from opposite spindle poles, also called bi-orientation. During
anaphase, the microtubules pull the sister chromatids to opposite spindle poles, while
the machinery designated to divide the cell membrane assemble at the spindle midzone

and equator. At the poles, chromosome decondensation and nuclear envelope



reformation signifies the onset of telophase, which coincides with cell membrane
abscission, also called cytokinesis.

In general, errors in any of the mitotic phases negatively impact the cell. For
example, if some chromosomes fail to attach correctly to spindle microtubules, the cell
may still divide, but partition the chromosomes unequally to each daughter cell, a state
termed aneuploidy. Alternatively, if a spindle fails to form or many chromosomes fail to
attach to microtubules, the cell may exit mitosis without segregating its chromosomes or
attempting cytokinesis, resulting in one cell with twice the number of chromosomes, a
state termed tetraploidy. A tetraploid state may also occur when a cell segregates its
chromosomes but fails to complete cytokinesis?. Although aneuploidy and tetraploidy
occur naturally in some human tissues and a few whole-human aneuploid states are
non-lethal, these conditions are usually associated with inviability during development
and disease states in adults®>™®. Notably, the majority of cancers are aneuploid, with a
small fraction exhibiting near-tetraploid karyotypes®, suggesting that failures in the
mitotic program can initiate or contribute to disease progression. Furthermore, emerging
evidence linking oncogenic signaling with impaired mitotic fidelity” illustrates the
complexity of cellular signaling networks that must be considered when contemplating

therapeutic targets.

Mitotic regulation by protein kinases
(adapted from Lera & Burkard®)
The mitotic program is typically executed within an hour, at a time when DNA is

condensed and largely inaccessible to transcription factors®. Therefore, it is not



surprising that mitotic progression is predominantly regulated by posttranslational
modifications such as phosphorylation. Protein kinases comprise 1.7% of the proteins
encoded in the human genome® and ~200 are thought to be active during mitosis'""?.
Fortunately, several kinase families have emerged as key regulators of mitosis and
cytokinesis: the cyclin-dependent kinases (Cdks), Polo-like kinases (Plks), Aurora
kinases, ‘never in mitosis A’ (NIMA) kinases, mitotic checkpoint kinases (Bub1, BubR1,
Mps1), and cytokinesis kinases (myosin light chain kinase (MCLK), Rho-associated
kinase (ROCK), and citron kinase)'®'*.

Protein kinases perform critical cellular signaling functions by catalyzing the
transfer of the y-phosphate from ATP onto the hydroxyl group of a serine, threonine, or
tyrosine of a target protein. Removal of the phosphate is catalyzed by protein
phosphatases. The addition and removal of phosphates on a target protein can
drastically alter local charge, which regulate protein conformation, enzymatic activity, or
protein-protein interactions. Thus, protein phosphorylation and dephosphorylation,
performed by a handful of kinases and phosphatases, provides the diverse molecular
signaling events required for much of the dramatic intracellular remodeling required to
faithfully partition identical sets of chromosomes into the two daughter cells'*,

Because kinases perform essential functions during mitosis and mitosis is a critical
event for cancer development, it is not surprising that mitotic kinases have been identified
as chemotherapy targets. Numerous inhibitors targeting the Aurora kinases, Cdk1, PIk1,
Haspin kinase and Mps1 are in various stages of pre-clinical and clinical development'®,

however none have yet received approval. There are many reasons why promising

chemicals fail to reach their potential (e.g. chemical efflux pumps, poor



pharmacokinetics/pharmacodynamics, acquired resistance), however one important (and
likely overlooked) reason is a failure to identify the clinically relevant mechanism of action.
This dissertation addresses strategies and techniques to decode the functions of
one of the essential mitotic kinases, PIk1. In doing so, | will highlight how these
innovations elucidate specific activities of PIk1 during mitosis and address how these
findings improve our understanding of mitotic regulation in general and inform the rational

development and use of Plk1 inhibitors in cancer chemotherapy.

Polo-like kinase 1: an essential regulator of mitosis

Polo-like kinase 1 (Plk1) is essential for maintaining genomic fidelity during
mitosis. The PLK1 gene maps to p12 on chromosome 16'®, encoding a serine/threonine
protein kinase of 603 amino acids with a mass of approximately 67 kilodaltons'®"".
Homozygous deletion of the PLK1 gene in mice is embryonic lethal and notably,
heterozygous deletion produces viable animals that exhibit aneuploid splenocytes (12%
vs 1.5% in wildtype littermates) and an increase in tumor incidence (27.5% vs 9%
wildtype controls)'®. Structurally, the Plk1 protein contains two primary domains: an N-

terminal catalytic domain (aa 53-305) and a C-terminal Polo-Box domain (PBD; aa 372-

592) (Figure 1.2A).

The Polo kinase family
Polo was originally identified from a mutational analysis of genes critical for
development in Drosophila'®. Cells from polo mutants exhibited mitotic spindles that

were “highly branched” with “defective poles”. The polo gene encodes a



serine/threonine-directed protein kinase expressed primarily in dividing tissues? and

homologues, named Polo-like kinases (Plks), were identified in mice'’?'?2,

16.17.23 ' and frogs?. Importantly, the Polo-like kinase 1 homologues share high

humans
sequence similarity with budding yeast Cdc5'®, an essential regulator of cell division®®,
suggesting an evolutionarily conserved role of Polo kinases in cell division.

There are 5 members of the mammalian Polo-like kinase family, numbered 1 to
5, with Plk1 the best studied of the family?®. Plk4 is also expressed in a number of
eukaryotes and is required for centriole duplication®”?®. Less is known about the
remaining three. PIk2 appears to regulate centriole duplication?® and neuronal activity®.
Plk3 is important for S-phase entry®! and cellular stress responses®. PIk5, which lacks

a kinase domain, functions in neuronal activity as well*.

Regulation of Plk1 expression and localization

16,17,20-23

PIk1 is primarily expressed in tissues with a high proliferative index and

its expression is cell cycle regulated at both the mRNA and protein level, with peak

expression occurring during G2/M"%%2

, although basal protein levels have been
observed during GO, G1 and S-phases®. Transcript expression is stimulated by the
forkhead transcription factors, although repression during G1 is mediated by p53-p21
and Rb-E2F pathways®. During late mitosis, Plk1 is degraded in the proteasome>® after
ubiquitylation at the D-box-like motif (RxxL) located at aa 337-40 (Figure 1.2A).

However this proteasome-mediated degradation appears important only for timely

cytokinesis®’.



Consistent with its expression, PIk1 activity peaks during G2 and mitosis>*.
Structural and biochemical analysis indicate that PIk1 is auto-inhibited by interactions
between the Polo-Box domain (PBD) and kinase domain®~*° (Figure 1.2B). During G2,
PIk1 is bound by the protein Bora, which interacts with both the kinase domain and
PBD, partially relieving the auto-inhibition*'. This binding allows for phosphorylation at
T210 by Aurora A kinase, dramatically increasing Plk1 catalytic activity*'**?. During
mitosis, Bora is degraded, which allows substrate targeting and further Plk1 activation

by phosphopeptide binding*®*" (

Figure 1.2B). It remains unclear if this sequence of
events is precisely followed in vivo and there is some debate regarding the exclusivity of
Aurora A as the upstream activator of Plk1****. PIk1 commonly targets serine and

4547 where ‘X’ indicates

threonine residues contained within an D/E/N/Q-X-pS/pT moti
any amino acid and ‘p’ indicates a phosphorylated residue.

A specialized feature of PIk1 is its C-terminal phosphopeptide-binding domain,
termed the Polo-Box domain (PBD). This domain is composed of an N-terminal
extension (aa 372-410), Polo-Box 1 (aa 411-492), linker region (aa 493-507) and Polo-
Box 2 (aa 511-592)*. Mike Yaffe’s group*® originally identified the PBD as a
phosphopeptide-binding domain, recognizing an optimal motif of S-pS/pT-P/X, where ‘X’
indicates any amino acid and ‘p’ indicates a phosphorylated residue. Crystal structures
of the PBD bound to a phosphopeptide indicate that both Polo-Boxes contact the
peptide with two residues in Polo-Box 2, H538 and K540, directly contacting the

phosphate group®*“®. Notably, both Polo Boxes and the N-terminal extension are

necessary for phosphopeptide binding*®, suggesting the overall conformation of the



PBD is important, however phosphopeptide binding may be abolished simply by
introducing H538A/K540A mutations>®.

PIk1 diversely localizes in cells. During mitosis, it localizes to centrosomes,
centromeres/kinetochores, chromosome arms, the central spindle and midbody (Figure
1.3A-B). An intact PBD is required for Plk1 localization to these structures®®°°>3,
suggesting that signaling events regulates its subcellular localization. How Plk1 is
specifically targeted to each of these locales is not fully understood, however
localization is thought to occur via two general mechanisms: self-priming and non-self-
priming®*°°. With self-priming, Plk1 initially phosphorylates the target proteins, which
then recruits additional Plk1 molecules via PBD-dependent binding, creating a self-
amplifying signal. With non-self-priming, other kinases, such as Cdk1, generate the
phosphoepitope on the target protein that recruits Plk1. Both of these mechanisms have
been reported: self-primed binding to MgcRacGAP®® and CENP-U/CENP50/PBIP*®,and
Cdk1-primed binding to Bub1°” and BubR1°®. Moreover, it remains unclear whether

PIk1 must bind each of its substrates to exert its activities (termed processive), or if it

also phosphorylates nearby proteins that it does not directly bind (termed distributive).

Current challenges to studying Plk1
Consistent with its localization pattern, Plk1 exhibits an array of mitotic functions.

It is important for mitotic entry®®, particularly after repair of DNA damage®. It is also

59-70

required for centrosome maturation and bipolar spindle formation , chromosome arm

71,72

resolution’"”?, metaphase chromosome alignment®'°%°¢°8.7380 anaphase chromosome

81-83

segregation®®® and spindle elongation®, and cytokinesis®®°. To date, hundreds of



substrates have been identified as potential mediators of these activities. Our group and
others*®*"9%91 haye performed mass spectrometry analyses to identify the Plk1-
dependent phosphoproteome. Combined, these studies have identified 584 unique
proteins containing phosphopeptides with the Plk1 consensus motif (D/E/N/Q-X-pS/pT)
that are down-regulated in response to PIk1 inhibition or depletion (Figure 1.4). Linking
these substrates with specific functions to detail the molecular mechanisms of Plk1
activity has proved challenging. A major reason for this is an inability to isolate specific
PIk1 functions for detailed mechanistic analysis. Current strategies using protein
depletion or chemical inhibition abrogate all Plk1 activity, resulting in a prometaphase-
arrested cell with a monopolar spindle. This obscures mid-late mitotic activities of Plk1
without some form of timed inhibition. These timed inhibition strategies may fail to
identify relationships if the phosphorylation event and biologic function are sufficiently
separated in time. For example, preventing PIk1 substrate phosphorylation is believed

to generate segregation errors during anaphase®'

, yet Plk1 inhibition at the onset of
anaphase fails to replicate this defect®>%*®. A second challenge is the diverse
localization of Plk1 and its substrates within the cell (Figures 1.3,1.4). Identification of
specific functional phosphorylations may require uncoupling Plk1 activity from one

region in the cell from its other locales. Finally, the expansive list of substrates limits the

utility of traditional mutation techniques for screening purposes.

Scope of project
To overcome the barriers outlined above, | will introduce the strategies

developed by myself and others in the Burkard lab to a) specifically interrogate Plk1



10

activity with a high degree of temporal control, b) isolate Plk1 activities through titration
of chemical inhibition, and c) partition PIk1 activity to discrete subcellular locales to
match specific functions with cognate substrates (Chapter 2). Additionally, | will present
findings from our efforts using inhibitor titration (Chapter 3) and partitioning Plk1 activity
to discrete regions of the kinetochore (Chapter 4). Finally, | will address how these
efforts have enhanced our understanding of mitotic regulation by Plk1 and discuss
areas for additional investigation as well as comment on development of Plk1 inhibitors

for cancer chemotherapy (Chapter 5).
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Figure 1.1. Stages of mitosis
(Top) Schematic illustration of a cell progressing through the five stages of mitosis.
(Bottom) Representative micrographs of RPE1 cells during each stage. DNA (cyan),

microtubules (red) and spindle poles (green) are highlighted. Scale bar, 5 um.
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kinase domain Polo-Box domain (PBD)
D-Box | PB1 PB2
1 53 305 372 603
[Cce7 L130| [T210] [K492| [H538/K540]
{ [C67 1130 residues mutated to generate analog-sensitive Pk1 (PI1®) |

T210| phosphorylated by Aurora A kinase, required for Plk1 activation
K492| ubiquitylated by CUL3-KLHL22, promotes Plk1 removal at kinetochore
H538/K540| residues directly contacting phosphate group, mutation (Plk12@) prevents Plk1 binding/localization :

region of Plk1 used for PIk14C fusion constructs

Y

“Inactive” Conformation “Fully Active” Conformation

Figure 1.2. Plk1 structure and activation

A, Linear schematic of the PIk1 protein with important amino acid residues highlighted.
B, Model of Plk1 transitioning from its inactive to fully active conformation. Plk1 is
initially autoinhibited by contacts between its Polo Boxes (PB1 & PB2) and the kinase
domain. Binding by Bora facilitates Aurora A phosphorylation at T210. Degradation of
Bora permits Polo Box interaction with a target substrate (blue), allowing
phosphorylation by the kinase domain. Yellow stars labeled ‘P’ indicate

phosphorylations.



A

Interphase Prophase Prometaphase Metaphase Anaphase Telophase

.
-

Figure 1.3. Cell cycle localization of Plk1

Representative micrographs of Plk1 localization (green) to the centrosomes,
chromosome arms, centromeres/kinetochores, central spindle and midbody. A,
Centrosomal localization, indicated by association with tubulin (closed arrowheads,
bottom row), is prominent from interphase through metaphase. Centromere/kinetochore
localization, indicated by overlap with a centromere marker (open arrowheads, top row),
is observed during interphase, becomes more prominent from prophase to metaphase,
and declines markedly during anaphase and telophase. During anaphase, Plk1

localizes to the microtubule-rich (red) central spindle region between the two DNA
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masses (blue, bottom row). Central localization persists into telophase, becoming part
of the midbody structure. Top row, PIk1 (green), centromeres (red). Bottom row, DNA
(blue), PIk1 (green), microtubules (red). B, PIk1 chromosome arm localization, which is
better visualized with pre-extraction prior to fixation, highlighted in a prometaphase cell.

Scale bars, 5 um.
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Figure 1.4. Mapping the Plk1 phosphoproteome

Mass Spectrometry analyses by our group and others*®*"%%9! haye identified 584
proteins containing phosphopeptides with the Plk1 consensus motif (D/E/N/Q-X-pS/pT)
that are downregulated in response to Plk1 inhibition or depletion. Localization of these

proteins was determined using the COMPARTMENTS database®.
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Adapted from: Lera RF and Burkard ME (2012) Molecules, 17 (12), 12172-12186.
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Introduction

Polo-like kinase 1 (Plk1) is a pleomorphic mitotic kinase that exerts its activities
in a diverse set of locales within the cell. Furthermore, a large number of substrates
have been described as effectors of its function. Importantly, a majority of these
relationships have been established by generating non-phosphorylatable mutants of the
protein of interest. This strategy, while informative, presents a fragmented picture of
PIk1 function. Additionally, the findings are limited when considering which activities or
phosphorylation events are disrupted in the setting of pharmacologic inhibition.
Conversely, pharmacologic inhibition of a multifunctional kinase will reveal defects only
in the first function encountered. Moreover, the diverse localization pattern of PIk1,
including multiple locales during each phase of mitosis, necessitates the isolation of
activity by locale to ascribe functional significance and identify relevant substrates. In
this chapter, | will illustrate our approach to studying Plk1, highlighting the novel

strategies used to decode its functions.

Encoding specificity and temporal control with analog-sensitive (AS) alleles
Genetic manipulations, such as gene deletion or knockdown, offer powerful and
specific strategies to elucidate functions of mitotic genes. However, the slow onset of
action and irreversibility limit the utility of these techniques in probing the dynamic and
distinct activities of protein kinases that occur during the brief mitotic window. Moreover,
when contemplating functions of a protein kinase, it is important to distinguish its
catalytic and structural roles. Although both roles are of interest, only its catalytic

functions can be attributed to molecular phosphorylations. Conversely, the functional



18

consequence of genetic deletion can be masked by homologs, which can supply
essential kinase functions. For example, chemical inhibition, but not gene knockdown,
of Cdk2 significantly inhibits cell cycle progression®®*. Thus chemical inhibition of a
kinase (more relevant to pharmacologic therapy) can yield remarkably different
outcomes than genetic removal.

In contrast to genetics, chemical inhibitors of kinases allow rapid interrogation of
catalytic function without altering kinase expression. These chemicals typically act by
competitive inhibition of the ATP-binding domain to disrupt catalytic function. However,
this strategy often has limited specificity because of high conservation of the ATP-
binding domain across members of the human kinome. For this reason, off-target
activity is encountered among pharmacologic kinase inhibitors, most often among
kinases within the same family®®. Nevertheless, inadvertent attribution of non-specific
inhibitor effects to an incorrect target can be minimized. First, structurally unrelated
compounds specific to one kinase, but with non-overlapping off-targets can be used in
parallel®®. Second, enzyme kinetic modeling may reveal conditions to allow for selective
inhibition even when kinases with similar inhibitory profiles®’. Finally, the kinase may be
mutated to accept non-natural ligands to inhibit activity®®*°. This chemical-genetic
approach is accomplished by mutating the kinase ‘gatekeeper’ residue to a smaller one
such as glycine, to enlarge the ATP-binding pocket, which can then accommodate a
bulky ATP analog as a competitive inhibitor. These analogs are typically pyrazolo-
pyrimidine (PP) derivatives (Figure 2.1A) originally discovered as inhibitors of Sarcoma
kinase (Src). By adding bulky napthylmethyl or methylbenzyl sidechains, these

compounds lose their ability to disrupt Src activity. Because most wildtype protein
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kinases lack a glycine in the gatekeeper position of the binding pocket, they are
insensitive to these ATP analogs (Figure 2.1B). Thus, the catalytic functions of the
‘analog-sensitive’ kinase may be interrogated in a rapid, reversible manner, with a
specificity that is ensured by encoding the mutation genetically.

Remarkably, this chemical-genetic approach has been used successfully for
many protein kinases. Since its introduction, analog-sensitive alleles have been
generated to interrogate the functions of mitotic kinases in diverse model systems:
Cdk1/Cdc2'%%"%2 Ccdk7/Crk1'°%1% Aurora B/Ark1'%41%° Mps11%-1%8 and
Plk1/Cdc5/Plo1%19%1%,

In this dissertation, | use immortalized human retinal pigment epithelial (RPE1)
cells that are depleted of both copies of PLK1 and restored with an analog-sensitive
allele (PIk1%) stably expressed by retroviral transduction®. The Plk12® allele is
generated by introducing two point mutations (L130G/C67V) into the kinase domain
(Figure 1.2). Lysine-130 is the gatekeeper residue and the cysteine-67 mutation
restores catalytic activity lost with the gatekeeper mutation. Notably, this cysteine

163

mutation also confers resistance of the PIk1*" allele against pharmacologic inhibitors of

wildtype PIk1""° (Figure 2.2).

Partitioning Plk1 activity by inhibitor titration

PIk1’s multiplicity of function genuinely represents a double-edged sword. On
one edge, PIk1’s array of activities makes it an excellent tool for probing mechanisms of
mitotic progression. On the other edge, the same activity array obscures our ability to

appreciate most functions in an unbiased manner. Complete Plk1 inhibition or depletion
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prevents cells from establishing a bipolar spindle, activating the mitotic checkpoint, and
halting mitotic progression beyond prometaphase. This arrest prohibits interrogation of
later Plk1 functions, unless inhibition is introduced after satisfaction of the mitotic
checkpoint. Indeed, this strategy has been used to probe Plk1’s role during
cytokinesis®®*®_ Unfortunately, this strategy precludes analysis of phosphorylations
that occur between spindle assembly and anaphase onset, specifically those related to
proper attachment of chromosomes to the mitotic spindle.

In this dissertation, | use inhibitor titration to elucidate Plk1 functions, reasoning
that some activities may be more sensitive to inhibition due to different concentrations of
PIk1, its target substrate, or counteracting phosphatases among the various pools of
PIk1 within the cell. This approach is not without precedent as different mitotic
phenotypes have been observed among polo mutants in Drosophila'"". Moreover,
impaired cell proliferation without concomitant elevation of mitotic index has been
reported for Plk1?° cells using inhibitor titration®, suggesting that Plk1 inhibition disrupts

cell division in the absence of a spindle-associated mitotic arrest.

Partitioning Plk1 activity by subcellular locale to identify functionally relevant
substrates

An effective strategy to define a functional relationship between a kinase and
substrate is to replace the endogenous wildtype substrate with a mutant non-
phosphorylatable form. The first step involves mutating each identified phosphorylated
serine/threonine on the substrate to a non-hydroxyl-containing residue (alanine or

valine), preventing phosphorylation by the kinase. To confirm that no other residues are
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phosphorylated on the substrate, an in vitro kinase assay is performed with wildtype and
mutant substrates. Finally a “knockdown/add-back” experiment is performed in which
the candidate substrate is removed from cells (e.g., by RNAi) and the non-
phosphorylatable mutant is added back. If a functional relationship exists between
substrate and kinase, the non-phosphorylatable mutant should phenocopy kinase
inhibition. Unfortunately, obtaining sufficient homogenous substrate knockdown and
mutant expression in human cells can be challenging; therefore it is difficult to interpret
the experiment if no phenotypic effects are observed. More importantly, it is an
inefficient strategy to use to screen large sets of candidate substrates, requiring a
candidate to be selected prior to initiating this set of experiments. Furthermore, it
requires prior identification of phosphorylation sites. This can impair interpretation
because of both false negatives and false positives. False negatives will occur when a
candidate substrate is selected but one of a series of redundant phosphorylations has
not been identified so that no phenotype is seen. Conversely, false positives occur
when mutations inadvertently disrupt protein folding or function through removal of a
critical hydroxyl group (the difference between serine and alanine side chains); the risk
of this is significant when mutations are simultaneously introduced at multiple
phosphorylation sites.

Genetic replacement is a powerful tool for understanding the functional
significance of phosphorylation events but it is low throughput and results need to be
interpreted cautiously. Moreover, kinases frequently perform multiple functions, so it
may be difficult to reconcile effects of kinase function (observed by inhibition) with a

large number of phosphorylations (observed with replacement strategies for individual
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substrates). Because of these considerations, | have sought intermediate tools to
dissect specific kinase functions and to recover them with targeted re-introduction of
activity.

In this dissertation, | utilize a chemical genetic complementation strategy that
exploits the unique feature of the as-kinase system, namely the insensitivity of wildtype
kinases to the bulky analog that inhibits the as-kinase (Figure 2.1B). For my kinase of
interest, PIk1, | have created fusion constructs containing the catalytic domain of the
wildtype allele tethered to proteins that localize to discrete regions within the cell (Figure
2.3A) and then individually introduced them into cells that express the as-allele (Figure
2.3B). Removal of the PBD prevents off-target binding of the fusion construct, ensuring
localization to a discrete subcellular region.

The as-allele can be inhibited with the ATP analog, whereas the wildtype allele
will remain active. Importantly, this activity will be restricted to the proximity of the
substrate. In cells where an abnormal phenotype (i.e., functional defect) is observed,
the fusion construct is deemed to have failed complementation and PIk1 activity within
that specific locale is considered unlikely to mediate that function (Figure 2.4, constructs
A and C). Conversely, in cells where a normal phenotype is observed, the fusion
construct is deemed to have complemented the as-allele, suggesting a functional role
for Plk1 activity within that locale (Figure 2.4, construct B). This is termed phenotypic
rescue. To increase the power of this activity partitioning approach, | have performed
mass spectrometry analyses to identify the substrates targeted by each Plk1 localization

construct. By combining the phosphoproteomic data with the functional data, | can
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identify the phosphorylations (and substrates) that are most likely to mediate each

function.

Conclusions

To summarize, the decision to use an analog-sensitive (AS) system to inhibit
PIk1 activity enables the specificity and temporal control necessary to probe the
functions of a mitotic kinase. Utilizing inhibitor titration allows for uncoupling of Plk1
activities that are conducted close in time. Additionally, my approach enables separable
control of PIk1 alleles, providing the flexibility necessary to isolate specific activities and

substrates localized at discrete regions within the cell.
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Figure 2.1. Chemical-genetic strategy for specific kinase inhibition

A, Chemical structures of Adenosine triphosphate (ATP), the Src inhibitor PP1, and its
bulky analogs, 1-NM-PP1 and 3-MB-PP1. B, An enlarged ATP-binding pocket in the
catalytic domain of the analog sensitive kinase (as-kinase) accommodates the analog,
inhibiting activity, whereas the non-enlarged pocket of the wildtype kinase (wt-kinase) is

resistant.
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Figure 2.2. Allele-specific control of Plk1 in RPE1 cells

RPE1 cell lines expressing either the wildtype (Plk1"") or analog-sensitive (Plk1*°)
allele were seeded at low density in 24-well plates and grown for 6 days in increasing
concentrations of the bulky ATP analog, 3-MB-PP1 (top) or the pharmacologic inhibitor
of wildtype PIk1, BI-2536 (bottom). A crystal violet assay was then performed to detect

viable cells.
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Figure 2.3. Chemical genetic complementation strategy to probe for functional Plk1

locales
A, Fusion constructs are generated by replacing the Polo-Box domain (PBD) of wildtype
PIk1 (WT) with proteins that localize to discrete subcellular locales. B, Fusion constructs

are introduced into cells expressing the analog-sensitive (AS) allele.
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Figure 2.4. Assay for fusion construct complementation

Challenging cells with the ATP analog inhibits the Plk1?-allele (AS), producing an
abnormal phenotype (illustrated here as starburst cell shape). Note the wildtype (WT)
allele is resistant to the analog, maintaining a normal phenotype. In cells expressing the
fusion constructs, rescue of a normal phenotype suggests a subcellular locale important

for PIk1 function and a starting point for identification of cognate substrates.
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Chapter lll—High Mitotic Activity of Polo-like kinase 1 is required for chromosome

segregation and genomic integrity in human epithelial cells

Adapted from: Lera RF, and Burkard ME (2012) J Biol Chem, 287 (51), 42812-25.
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Abstract

Protein kinases play key roles in regulating human cell biology, but manifold
substrates and functions make it difficult to understand mechanism. We tested whether
we could dissect functions of a pleiotropic mitotic kinase, Polo-like kinase 1 (PIk1) via
distinct thresholds of kinase activity. We accomplished this by titrating Plk1 activity in
RPE1 human epithelial cells using chemical genetics and verifying results in additional
lines. We find that distinct activity thresholds are required for known functions of Plk1
including (from low to high activity): bipolar spindle formation, timely mitotic entry, and
formation of a cytokinesis cleavage furrow. Subtle losses in Plk1 activity impair
chromosome congression and produce severe anaphase dysfunction characterized by
poor separation of chromosome masses. These two phenotypes are separable,
suggesting that they stem from distinct phosphorylation events. Impaired chromosome
segregation in anaphase is the most sensitive to modest loss in PIk1 activity.
Mechanistically, it is associated with unpaired sister chromatids with stretched
kinetochores, suggestive of merotelic attachments. The C-terminal PBD domain of Plk1
is required for its anaphase function, although it is dispensable for forming a bipolar
spindle. The ultimate effect of partial inhibition of Plk1 is formation of micronuclei,
increase in tetraploid progeny, and senescence. These results demonstrate that
different thresholds of Plk1 activity can elicit distinct phenotypes, illustrating a general
method for separating pleiotropic functions of a protein kinase, even when these are

executed close in time.
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Introduction

Polo-like kinase 1 (PIk1) is a key regulator of human mitosis. Its function is
essential for multiple mitotic processes, including centrosome maturation, formation of a
bipolar mitotic spindle, chromosome attachment, loss of cohesion between sister
chromatids, and cytokinesis®*>''?. On a molecular level, PIk1 interacts with many of its
substrates via its C-terminal Polo-box domain (PBD), a phosphopeptide-binding
domain. Binding via the PBD requires substrates to be previously phosphorylated
(‘primed’) by protein kinases such as CDK1, and can elicit positive feedback when Plk1
itself generates the PBD binding site**®. The PBD binding provides a high local activity
of Plk1 that allows it to phosphorylate substrate proteins and elicit its biologic functions.

Despite the importance of Plk1 in cell division, it is difficult to reconcile its mitotic
functions with an expanding list of binding partners and substrates. Although hundreds

of PIk1 interactors and substrates have been identified ">

, strong links between
function and substrates are established for only a handful. Compounding this difficulty,
its activities occur almost exclusively within the ~60 minutes of mitosis, making it difficult
to isolate individual functional events. A comprehensive understanding of PIk1 will
require reconciliation of each mitotic function with its cognate phosphorylation event.
Yet, this has been a challenging goal because the many functions of PIk1 are executed
in a short interval of time.

We previously reported a chemical genetic system for specific interrogation of
Plk1 in immortalized human retinal pigment epithelial (RPE1) cells®. In this system,
loxP sites were introduced flanking exon 3 in one copy of PLK1 and deleted from the

1 flox/A

other, generating a PLK conditional knockout cell line. An EGFP-tagged Plk1
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construct was reintroduced followed by Cre-mediated excision of the flox-PLK1 locus. In
this manner, cells were reconstituted with wildtype Plk1 to create Plk1" RPE1 cells, or
by analog-sensitive Plk1 (C67V/L130G) to generate Plk1%® RPE1 cells. In these cell
lines, EGFP-PIk1" and EGFP-PIk1® transgenes were expressed at similar levels to

endogenously expressed Plk1; however, Plk1%®

was modestly elevated, possibly due to
its decreased catalytic efficiency®®. In the analog-sensitive cell line, PIk1%® can be
selectively inhibited by the bulky ATP-analog, 3-MB-PP1, resulting in loss of PIk1
functions with the expected phenotypes. Importantly, wildtype Plk1 is unaffected by 3-
MB-PP1, allowing explicit controls for on- versus off-target effects®®'">. Moreover, BI-
2536, an inhibitor of wildtype Plk1 does not affect activity of Plk1?°, allowing these two
functional alleles to be orthogonally controlled independently with these chemicals'™.
We previously used this system to identify the role of PIk1 in triggering
cytokinesis concordant with late mitosis and identified the cognate molecular substrate,
HsCyk4/RacGAP1%*%®. This work demonstrates the power of chemical biology to rapidly
and specifically inactivate an enzyme to resolve functions that are separable in time.
Here, we seek to extend the chemical genetic system to allow dissection of
discrete kinase functions that are not separable in time. We hypothesized that kinase
functions that occur close together may be separable by activity thresholds. In this
model, distinct enzyme functions may be interrupted at different Plk1 thresholds due to
differences in local kinase activity, in counteracting phosphatases, or in different

phosphorylation requirements to elicit downstream functions. Indeed, we show here that

careful titration of PIk1 activity in human cells undergoing mitosis reveals several
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discrete functions that are separable at thresholds of PIk1 activity and, in one testable
case, this threshold matches that of the cognate molecular phosphorylation.

We demonstrate the power of this method for dissecting pleomorphic enzymatic
functions that are close in time and space. Moreover, the phenotypes observed with
partial loss of function presage in vivo effects of Plk1-targeted drugs which will cross

these thresholds of inhibition in human subjects at times dictated by pharmacology.

Results

We surveyed the thresholds of activity required for several known functions of
PIk1 using synchronization strategies (Figure 3.1A) and a range of 3-MB-PP1
concentrations up to 10 uM. This maximum concentration was chosen because the
observed phenotype matches the effects of knockdown, knockout, and antibody
microinjection®. The survey of Plk1-dependent phenotypes revealed a graded effect in
PIk1 function on mitotic entry (Figure 3.1B), bipolar spindle formation (Figure 3.1C), and
formation of a cleavage furrow in anaphase (Figures 3.1D-E). Each Plk1-dependent
phenotype had a distinct 50% inhibitory concentration (ICsp) ranging from 400 nM to 2.3
MM (Table 3.1). These results demonstrate that individual Plk1 functions are separable,
as they have distinct thresholds for inactivation.

We hypothesized that the inhibitory concentration for molecular phosphorylation
events will match that of the associated phenotypic events. To test this, we measured
the known Plk1-dependent phosphorylation of HsCyk4/RacGAP1 at the spindle
midzone, an event known to trigger cytokinesis (Figure 3.1E-F)**'"® Indeed, we found

that the 1C5o for HsCyk4 phosphorylation closely matches that seen for furrow formation
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(0.36 vs. 0.40 uM). We conclude that graded inhibition of a kinase such as Plk1 can
resolve and link individual sets of cognate molecular and biologic events.

To calibrate these biologic ICsy’s with biochemical inhibitory concentrations, we
performed in vitro kinase assays using Plk1%°. Using a range of 3-MB-PP1
concentrations and 1uM total ATP, we measured biochemical ICso of 0.15 yM (Figure
3.2). This allows us to estimate the residual kinase activity needed to elicit biologic
functions (Table 3.1, right). The actual residual intracellular catalytic activity depends on
local concentrations of Plk1, ATP, and the protein substrate, which may differ from that
selected in our biochemical assay. However, if intracellular concentrations of these are
uniform, relative values are as reported in Table 3.1.

Our survey revealed that spindle polarity is relatively insensitive to loss of Plk1
function (ICsp 2.3 uM, Fig 3.1B). This allowed us to evaluate detailed spindle-
independent phenotypes associated with loss of Plk1 function. Previous work has
demonstrated the presence of such spindle-independent PIk1 functions using other
approaches®!"’. To evaluate these in detail, we inhibited Plk1 at levels below this
threshold and observed the effect on division of live cells by timelapse videomicroscopy
(Figure 3.3A and Supplementary movies). Three phenotypes were observed: (i) Normal-
appearing divisions (top), typically completed within an hour is seen frequently with 0 —
0.25 uM 3-MB-PP1. (ii) Mitotic arrest (bottom) is seen frequently at high levels of 3-MB-
PP1, even when there is evidence of bipolar spindle formation. (iii) At intermediate
levels of PIk1 inhibition, we observed a distinct phenotype, which we term ‘impaired
segregation.” These phenotypes were observed with frequencies that depended on

level of PIk1 inhibition (Figure 3.3B). Importantly, these phenotypes are not due to an
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off-target effect of 3-MB-PP1 or associated solely with PIk1% cells; a similar phenotype
was observed with RPE1 cells harboring wild-type Plk1 when interrogated with low
levels of BI-2536, a pharmacologic inhibitor of wildtype Plk1%®'"° but no effect in this
cell line was observed with the Plk1%*-specific inhibitor, 3-MB-PP1 (Figure 3.3B, Right).
In addition to impaired chromosome segregation, we also found that chromosomes
frequently aligned at the metaphase plate followed by loss of alignment (Figure 3.3A
insets in 3 and 4™ row). This loss of alignment occurs with increasing frequency as 3-
MB-PP1 is escalated. Again, controls demonstrate that this phenotype is specific to loss
of Plk1 function as it was recapitulated with BI-2536 but not 3-MB-PP1 in cells with
wildtype PIk1 (Figure 3.3C). We conclude that partial loss of Plk1 catalytic activity
impairs chromosome segregation during mitosis in human cells.

Careful observation of cells with impaired segregation revealed additional
abnormalities. In the most striking example, chromosomes congressed at the
metaphase plate followed by loss of alignment and onset of anaphase with poor
separation of chromosome masses (Figure 3.3A, 3™ row, time-point 64; Movie 3.S3). To
characterize the misalignment and anaphase segregation defects, we analyzed cells by
IF (Figure 3.4). We found that chromosomes frequently were misaligned (distinctly
separated from midline-oriented chromosomes) on bipolar spindles at 0.5 and 1 uM 3-
MB-PP1, but this was less common at concentrations <0.5 uM (ICs0 0.5 uM, Figure
3.4A). The number of misaligned chromosomes and their spindle position varied, but
the severity increased with degree of PIk1 inhibition. In many cases, chromosomes
appeared detached from microtubules, judged by a-tubulin staining, and remained

paired, as indicated by the presence of two distinct CREST signals (Figure 3.4A,
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arrowheads). We considered that this chromosome misalignment could simply reflect a
delay in chromosome congression during prometaphase; however, timelapse
videomicroscopy revealed a significant fraction of cells exhibit loss of chromosome
alignment after initial midline congression (Figure 3.3C and Movie 3.54). We conclude
that maintenance of chromosome alignment requires high activity of Plk1.

Compared with chromosome misalignment in metaphase, impaired segregation
in anaphase was more sensitive to loss of PIk1 function (Figure 3.4B). Anaphase
chromosomes frequently lagged in as little as 0.125 yM 3-MB-PP1. Consistent with
timelapse observations, impaired segregation is sometimes severe with a large number
of chromosomes remaining at the midline spindle (Figure 3.4B, top right panel). We
were nevertheless able to confirm that such cells were in anaphase due to both polar-
oriented CREST signals and re-localization of Plk1 at the spindle midzone. Thus,
among the phenotypes observed with loss of Plk1 function, the anaphase chromosome
segregation is most sensitive to partial loss of function, suggesting the existence of a
required substrate that is either not readily accessible to this kinase or is influenced by
high local phosphatase activity.

To ensure that the anaphase segregation defect could be directly attributed to
Plk1, we again analyzed cells with wildtype Plk1. As expected, BI-2536 but not 3-MB-
PP1 elicited the segregation defect in cells with wildtype PIk1 (Figure 3.4C-D). This was
not specific to any one subline as similar observations were obtained with both wildtype
RPE1 cells (with endogenous Plk1) and Plk1*! cells (PLK1"~ knockout cells
complemented with EGFP-PIk1""). Moreover, these findings were not specific to RPE1

cells as they were also observed in MCF-10A, MCF-7, and T47D cells (Figure 3.4D).
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We conclude that anaphase chromosome missegregation is a directly related to loss of
PIk1 activity.

We reasoned that impaired chromosome segregation could be attributable to
either poor chromosome migration in anaphase A or to dysfunction of spindle elongation
in anaphase B, which is known to require Plk1 function®*. To distinguish these, we
performed a detailed analysis of spindle elongation and chromosome segregation after
partial impairment of PIk1 activity (Figure 3.5). Under these conditions, we were able to
confirm anaphase and visualize other PlIk1-dependent processes including its own
localization to the spindle midzone and initiation of cytokinesis, consistent with the
higher IC5so associated with these processes. As expected, we observed a shortening in
average spindle length as was previously reported with complete inhibition of PIk1 at
anaphase onset (Figure 3.5A-B)**. We next surveyed kinetochore position relative to
poles (Figure 3.5C). Using this scheme we evaluated kinetochore position and spindle
length in 12 Plk1®® cells by spindle length for each condition: DMSO control and 0.25
MM 3-MB-PP1 (Figure 3.5D). As illustrated, chromosome laggards (0.8-1.0 fractional
distance) were absent in control cells but present in the maijority of cells after partial loss
of Plk1 activity; no correlation was seen between presence of laggards and spindle
length. We confirmed this finding by comparing 3 cells with similar spindle lengths
(Figure 3.5E-F). This demonstrated that, even controlling for spindle length, there is
impaired chromosome segregation to poles with Plk1 inhibition. We conclude that both
chromosome segregation and spindle elongation are sensitive to modest losses of Plk1

activity.
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Most known functions of Plk1 are dependent on a functional C-terminal PBD
domain, which localizes the kinase activity to specific locales or substrates that are
primed by phosphorylation, often by CDK1 or by Plk1 itself**>"'311% |n the prevailing
model, the PBD binds to substrates to generate a high local Plk1 concentration®®,
although some kinase functions may not require the cis-acting PBD>". We considered
that, in principle, PBD-dependent binding could buffer loss of PIk1 activity by providing a
high local concentration. If so, the PBD-independent substrates may be exquisitely
sensitive to partial PIk1 kinase inhibition because of the absence of this buffering
activity. We therefore tested if the PBD is dispensable for chromosome segregation. To
do this, we employed a chemical genetic complementation assay using either wildtype
or a mutant PBD that is nonfunctional (PBD**; Figure 3.6A)****. We developed cell lines
where Plk1? is complemented by a separate Plk1 allele with a wildtype kinase domain
and either wildtype PBD or nonfunctional PBD**. We confirmed that both are expressed
at similar levels and that the Plk1** fails to localize to kinetochores and centrosomes as
expected (Figures 3.6B-C). Next, we performed the rescue experiment. Whereas Plk1
with wildtype PBD readily rescued the anaphase missegregation phenotype, the allele
with PBD™* failed to rescue this activity (Figure 3.6C right, D). We conclude that the
anaphase functions of Plk1 require its cis-acting PBD-localizing function and reject the
hypothesis that its buffering activity is dispensable for sensitive substrates.

Hanisch and coworkers®' reported that the PBD is not required for formation of
bipolar spindles. We confirmed this result using complementation: Plk1 with the mutant
PBD* is capable of preserving bipolar spindles (Figure 3.6E-F), even though this

mutant fails to localize to centrosomes (Figure 3.6C). These results demonstrate that a
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functional PBD is required to execute Plk1 functions that require high catalytic activities,
but is dispensable for at least one function that requires only a small amount of activity.
We next considered four mechanisms by which loss of Plk1 function could impair
chromosome segregation in anaphase (Figure 3.7, top). We first considered the
possibility that anaphase was triggered prematurely due to an inactive mitotic
checkpoint with partial loss of PIk1 activity (Figure 3.7A). The mitotic checkpoint has
been proposed to detect chromosome attachment to microtubules and possibly inter-

kinetochore tension''®

. We tested whether partial inhibition of PIk1 could interrupt the
checkpoint by challenging cells with nocodazole, which precludes both attachment and
tension. This revealed that loss of Plk1 activity does not impair activation of the mitotic
checkpoint (not shown). Similarly, the checkpoint is active with Taxol, which activates
the mitotic checkpoint by a more subtle effect of loss of attachment and/or tension on
kinetochores (Figure 3.7A). We conclude that the mitotic checkpoint is intact with partial
loss of Plk1 activity.

We turned to the possibility that lagging chromosomes arise from impaired DNA
de-catenation on anaphase onset. During replication, sister chromatids become
intertwined and these topologic links are sundered in mitosis by topoisomerase 11'*°.
When these links are not resolved, protein-coated, DNAse-sensitive ultrafine bridges
can be observed in anaphase. Plk1 has a possible function in resolving DNA catenation
because it is known to regulate both topoisomerase Il and PICH (Plk1-interacting
helicase), which is found on ultrafine bridges®!'?°. To test this, we treated cells with

either 3-MB-PP1 or ICRF-193, an inhibitor of topoisomerase Il (Figure 3.7B). For each,

we quantified anaphase cells with ultrafine bridges, detected through staining of the
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Bloom helicase (BLM)'?'. As expected, ICRF-193 frequently yielded lagging anaphase
chromosomes with BLM-coated bridges. In contrast, 3-MB-PP1-induced laggards rarely
harbored ultrafine bridges. Similar results were obtained when visualizing ultrafine
bridges with an antibody detecting PICH (not shown). We conclude that partial loss of
PIk1 activity does not impair resolution of DNA catenation.

In budding yeast, the polo-kinase homolog, Cdc5, phosphorylates cohesin
subunits at kinetochores, promoting its removal upon anaphase onset'?%. We
considered the possibility that loss of PIk1 activity impairs cohesin removal for some
sister chromatid pairs. To test this, we evaluated CREST signals from kinetochores to
determine if they were singlet or doublet by comparing with paired signals seen in
prometaphase (Figure 3.7C). We found that signals on lagging chromosomes were
single, demonstrating successful separation of sister chromatids in anaphase. This is
consistent with the finding that phosphorylation of cohesin subunits by Plk1 is
dispensable for its cleavage by separase in human cells’.

Finally, we considered the possibility that partial inhibition of Plk1 induces
merotelic attachments of a single kinetochore to both spindle poles. Merotelic
attachments arise when a single kinetochore is simultaneously linked to both spindle
poles, precluding its migration to either pole at anaphase onset. Although difficult to
observe directly, merotelic attachments can be identified by stretching of a kinetochore,
which occurs in anaphase as it is pulled simultaneously to both spindle poles'?. To test
this, we measured width of CREST signals on lagging kinetochores and compared with
nocodazole washout, which increases lagging chromosomes and merotelic

attachments'®* (Figure 3.7D). We observed an increased number of stretched
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kinetochores on lagging chromosomes with 0.25 yM 3-MB-PP1, matching the effect of
nocodazole washout. We conclude that PIk1 function may be important for resolving
merotelic chromosome attachments.

Several Plk1 inhibitors are in clinical development for anticancer therapy'®'?°. In
clinical studies, mitotic arrest and abnormal spindle structure are classically used to
determine whether PIk1 is actually inhibited in vivo. However, treatment doses will
frequently result in partial inhibition of Plk1; even at high drug doses this is virtually
unavoidable given pharmacologic drug metabolism and washout. We therefore sought
to determine the ultimate fate of human cells that encounter partial loss of PIk1 activity.

128 cells or matched Plk1" cells with 24-48h treatment of

To do this, we challenged Plk
0.25 uM 3-MB-PP1 and 45 nM BI-2536 (which provides similar effects of inhibition;
Figure 2.3B). We immediately identified a large number of cells with abnormal nuclear
morphologies, when Plk1 was inhibited (Figure 3.8A). This included not only micronuclei
as noted previously'"” but also lobed, binucleate, and multinucleate cells (Figure 3.8A
right, not shown). Again, this phenotype was specific to inhibition of PIk1 rather than an

off-target effect: similar nuclear morphologies were seen in Plk1"

cells when challenged
with BI-2536 but not with 3-MB-PP1. Moreover, blocking cell cycle progression with
thymidine reduced the effect, consistent with it being the result of an abnormal prior
mitosis.

Based on the findings above, we suspected a loss in genomic integrity in normal
cells that traverse mitosis with partial loss of Plk1. To evaluate this directly, we made

chromosome spreads of cells that experienced reduced Plk1 during proliferation for 48

hours. This revealed a large increase in tetraploid cells (Figure 3.8B), consistent with
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the observation of lobed and binucleated cells and the prior observations of failed
cytokinesis. Thus, modest losses of Plk1 activity result in loss of genomic integrity with
formation of tetraploid progeny, consistent with failed cytokinesis.

To observe the ultimate effect of persistent partial loss of Plk1 function, we
treated Plk1? cells for up to 12 days with 3-MB-PP1 (Figures 3.8C-D). This revealed
interruption of cell proliferation and stable cell number over the entire time observed
(Figure 3.8C). Morphologically, cells were often enlarged, granular, binucleate, and
demonstrated pH-dependent (3-galactosidase activity, consistent with senescence
(Figure 3.8D). Thus, partial loss of Plk1 function can have significant effect on viability of
nonmalignant human cells, leading to impaired chromosome segregation, secondary
failure of cytokinesis, and loss of genomic integrity, and senescence. This can occur in
spite of normal spindle structure and minor mitotic delays. We conclude that mitotic

arrest and spindle morphologies are insensitive biomarkers of Plk1 inhibition.

Discussion

It is difficult to decode complex intracellular signaling networks that regulate
homeostasis and proliferation of human cells. Yet such a comprehensive understanding
is required to rationally utilize enzymatic inhibitors for medical therapy. In cancer,
antimicrotubule antimitotics represent a validated therapeutic paradigm; yet less
success has been realized to date with newer inhibitors of mitotic protein kinases. One
proposed reason for this is that newer antimitotic drugs have an all-or-none effect,
rather than a graded effect observed with antimicrotubule agents such as Taxol'?’. This

is not true for PIk1; we demonstrate here that PIk1 inhibition, like Taxol, exhibits a
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graded effect. Indeed such concentration-dependent effects of a PIk1 inhibitor have
been reported, with differences in spindle structure and mitotic index as a function of
inhibitor concentration''”. This may support the hypothesis that a graded effect is
desirable for anticancer therapy since promising results have been reported in a recent
Phase | clinical study of the Plk1 inhibitor, BI-6727"2°.

Activity thresholds. Our results support a model in which different thresholds of
PIk1 activity are required to execute discrete functions that occur throughout mitosis
(Figure 3.9). Accurate chromosome segregation in anaphase is the most sensitive
function related to loss of PIk1 activity. Additional functions require lower levels of
residual Plk1 activity for proper execution.

Isolating kinase functions with thresholds may assist identification of substrates
that elicit these functions. One current strategy to isolate Plk1 functions utilizes cell
synchronization to separate mitosis into early, middle and late stages. However,
synchronization has limitations. For example, releasing cells from a nocodazole block
generates lagging chromosomes'?*, potentially obscuring effects of Plk1 inhibition.

Our findings indicate that PIk1 functions are separable by careful inhibitor titration
(Figure 3.9, Table 3.1) to permit isolation of functions in an asynchronous cell
population. Notably, we have observed concordance between the PIk1 activity required
for cleavage furrow formation and phosphorylation of HsCyk4 (Figure 3.1E), suggesting
a link between biologic function and cognate molecular phosphorylation. Considering
the numerous substrates reported for individual Plk1 functions (some shown in Figure
3.9), we propose to use activity thresholds to identify the relevant substrate associated

with each.
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Using thresholds to isolate functional kinase activities has limitations. First, it will
not be able to isolate mitotic functions that require minimal kinase activity (Darkly
shaded regions of Figure 3.9). Second, it is possible that the activity threshold for some
phenotypes could depend on the assay selected. For example, an assay that detects
more subtle errors in anaphase chromosome segregation might yield a lower ICs, for
this phenotype than we report. This observer effect may be less for robust assays of
readily detected dichotomous phenotypes (e.g. spindle polarity). Finally, although we
identify cell senescence as a late effect of partial loss of Plk1 activity, we cannot
definitively ascribe this to the observed mitotic defect, as a more subtle effect not
directly visualized could lead to loss of cell viability.

The role of the PBD. It is interesting to speculate on why nature would link a
kinase to a C-terminal phosphopeptide-binding module, the PBD. The PBD domain
detects an upstream signal allowing the kinase activity to be recruited at high local
concentration. This recruited kinase, in turn, can phosphorylate multiple adjacent
proteins, although usually at sites different from the PBD docking site. In effect, Plk1 is a
mitotic signal transducer and amplifier, which allows weak upstream molecular signals
to be converted into substantial increases in local phosphorylation to mediate major
events in cell division. This can even be auto-amplification if the upstream signal is
generated by Plk1 itself, as occurs in late mitosis®'?®. Given this view, it is perhaps
unsurprising that transducer/amplifier Plk1 is involved in a multitude of mitotic functions
or that many PIk1 functions require a functional PBD. Moreover, our observation that
PIk1 functions require different activity thresholds suggests that different degrees of

signal amplification are required for each functional event.



44

Yet, not all Plk1 functions are mediated through a functional PBD (see orange
versus yellow boxes in Figure 3.9). Prior studies with dominant-negative PBD
expression®’ or competitive PBD binding'? have demonstrated abnormal chromosome
congression, but normal spindle formation. Here we confirmed that the PBD is
dispensable for spindle function, suggesting that the Plk1-dependent substrate required
to form a bipolar spindle is readily accessible, and is isolated from phosphatases or
requires little phosphorylation to elicit spindle bipolarity. Moreover, it suggests that the
spindle function of Plk1 might not be mediated by a substrate localized at the
centrosome. The substrate could be, for example, a plus-end directed motor required to
maintain spindle polarity. If so, the centrosome-localized pool of PIk1 may have a more
obscure function, or may simply represent a reservoir of kinase; this idea is supported
by the recent discovery that Plk1 function requires dynamic relocalization from the
centrosome’°.

In contrast to the effect on spindle polarity, a functional PBD is essential for cells
to accurately congress and segregate chromosomes even though these functions can
be readily blocked with modest inhibition of Plk1. Thus the PBD domain appears to
provide a high local activity of Plk1 to overcome phosphatases and saturate substrates.
We speculate that PBD-dependent functions of Plk1 on chromosome congression and
segregation emanate from kinetochores, a complex zone of activities of overlapping
kinases and phosphatases in which high local kinase activity may be required to elicit
effects.

Anaphase function of Plk1. We demonstrate here that PIk1 has a function in

chromosome segregation in anaphase. Indeed this function is distinct from the spindle-
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elongation defect described previously®*. Moreover, we and others did not observe
impaired chromosome segregation when Plk1 was inhibited specifically upon anaphase
onset®*®®” This suggests that the observed anaphase phenotype is related to an
earlier mitotic event that requires a high level of PIk1 activity. This is not related to the
effect on the mitotic checkpoint or impaired resolution of sister chromatid cohesion or
DNA topology. However, the stretched CREST signals at kinetochores suggests
merotelic attachment as a likely mechanism'?>"*". Intriguingly, Aurora B, a known
mediator of resolving merotelic attachments, has recently been described as a direct
activator of Plk1 at the centromere/inner-kinetochore*®. Moreover, improper syntelic
attachments due to kinetochore dysfunction have been reported with Polo depletion in
Drosophila S2 cells'®. These observations suggest a number of intriguing possibilities,
but it remains unclear how Plk1 might mediate resolution of merotelic microtubule
attachments.

Aside from merotely, weak chromosome attachment is an important alternative
explanation for the observed missegregation of chromosomes seen in anaphase. PIk1
is known to mediate stable kinetochore-microtubule attachment in part through
phosphorylation of BubR1°%"*3_ Consistent with this, misaligned chromosomes are often
seen with partial inhibition of PIk1 (Figure 3.3A-C and 3.4A), as expected from the
known function of Plk1 promoting stable end-on attachments®®°®. However, we do not
believe that poor kinetochore-microtubule attachment is sufficient to explain poorly
segregated anaphase chromosomes. First, residual PIk1 activity is sufficient to silence
the mitotic checkpoint and allow cells to proceed into anaphase, suggesting adequate

attachment of all kinetochores. Second, poor chromosome congression at the
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metaphase plate is a characteristic feature of poor kinetochore-spindle attachment, yet
the threshold for this phenotype is distinct from that of impaired anaphase segregation
(0.5 vs. 0.2 uM; Figure 3.4A-B). For these reasons, the anaphase phenotype is unlikely
to be a product of unstable kinetochore-microtubule attachment.

Clinical implications. We demonstrate here that low levels of Plk1 inhibition lead
to loss of genomic integrity. This occurs with the development of micronuclei which can
lead to chromosome pulverization and chromothripsis'>*. However, the primary
abnormality observed at the chromosome is development of tetraploid progeny, which
are known to lead to subsequent chromosome instability®. Loss of Plk1 activity can
therefore allow progression through a bipolar mitosis, albeit abnormally, and result in
loss of genomic integrity and cell senescence.

These results have important implications in the clinical development of Plk1
inhibitors. First, pharmacokinetic endpoints for Plk1 inhibitors should include
chromosome segregation errors, which appears to be the most sensitive phenotype
related to partial loss of Plk1 function. Second, under some conditions Plk1 inhibitors
may lead to a loss of genomic integrity in proliferating healthy cells, similar to classic
chemotherapies and radiation, and (unless prevented by senescence) latent second
malignancies are a consideration when PIk1 inhibition is used as a component of
curative therapy. Third, the therapeutic window for cancer therapy could depend
markedly on drug pharmacology as complete Plk1 loss of function for short times (e.g.
intravenous dosing with short half-life drug) may produce remarkably different effects
than achieved with partial Plk1 loss of function for extended times (e.g. low-dose

continual oral dosing of long half-life drug).
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Conclusions. A major strength of our study is the use of chemical genetics with
explicit controls to ensure that phenotypes are linked to Plk1 inhibition. Although we
confirmed similar phenotypes in other cell lines, we cannot rule out the possibility that
the relative order of Plk1 activity thresholds may be cell line dependent. This may occur
both because of various levels of PIk1 expression, differences in activity of wildtype
versus analog sensitive PIk1 alleles, and different intracellular phosphatase activities.
Despite limitations, we are able to demonstrate that it is possible to dissect the multiple
functions of a kinase through activity thresholds.

In sum, we demonstrate that different thresholds of Plk1 activities are required to
execute each specific biologic function of this kinase. We anticipate that this will allow
dissection of Plk1 functions and ultimately provide a detailed understanding of how the
many substrates of Plk1 mediate its functions in human cell division. Chemical genetics
can separate functions in both time and concentration threshold, allowing dissection and

mechanistic interrogation of discrete functions of a multifunctional kinase.

Materials and Methods

Cell culture procedures. All cell lines were propagated at 37°C and 5% CO in
media supplemented with 10% fetal bovine serum and 100 units/mL penicillin-
streptomycin, except MCF-10A cells which were propagated as previously reported’®.
T47-D, hTert-RPE1 (ATCC, Manassas, VA) and RPE1-derived cell lines were
propagated in a 1:1 mixture of DMEM and Ham’s F-12 medium supplemented with 2.5
mM L-Glutamine. MCF-7 cells were propagated in DMEM supplemented with 4 mM L-

Glutamine, 4500 mg/L glucose and 10 ug/mL insulin.
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EGFP-PIk1?® and EGFP-PIk1*! RPE1 cell lines were previously reported®. Plk1%°
cell lines stably expressing mCherry-Plk1"! constructs with a wild-type (AS/WT) or
“pincer mutant” (AS/AA) PBD were derived as reported® and clones were obtained by
limiting dilutions using 0.4 pg/mL G418 for selection.

12 cells were

To assay cell proliferation with prolonged Plk1 inhibition, 25,000 Plk
plated in individual wells of 12-well plates, allowed to acclimate for 24 hours and then
challenged with DMSO or 0.25 uM 3-MB-PP1 for up to 12 days. Media was replaced
every four days. Adherent and non-adherent cells were collected every 24 hrs,
incubated with Trypan Blue to exclude dead cells and counted with a hemacytometer.
Counts were performed in duplicate and averaged. Cellular senescence was assayed
using a pH-dependent B-galactosidase staining kit (Cell Signaling) according to
manufacturer’s instructions.

Immunoblotting, Immunoprecipitation and Kinase Assays. For immunoblotting,
cells were lysed in buffer (50 mM HEPES pH 7.5, 100 mM NacCl, 0.5% NP-40, 10%
glycerol) containing phosphatase inhibitors (10 mM sodium pyrophosphate, 5 mM -
glycerolphosphate, 50 mM NaF, 0.3 mM Na3zVO,), 1mM PMSF, 1x protease inhibitor
cocktail (Thermo-Scientific) and 1 mM dithiothreitol. Proteins were separated by SDS-
PAGE, transferred to Immobilon PVDF membrane (Millipore), and blocked for 30 min in
4% milk and 0.1% Tween-20 Tris buffered saline ph 7.4 (TBST+milk). Membranes were
incubated with gentle agitation for 2 hours at room temperature with primary antibodies
diluted in TBST+milk, washed 3x with TBST, incubated for 1 hour at room temperature

in secondary antibodies conjugated to horse radish peroxidase in TBST+milk.
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Membranes were washed and developed with luminol/peroxide (Millipore) and
visualized with film.

For immunoprecipitation and in vitro kinase assays, RPE1 cells expressing
EGFP-PIk1%, EGFP-PIk1", or untagged Plk1 were incubated with nocodazole for 16
hours. Whole cell extracts were incubated with EGFP antibody (Invitrogen) at a
concentration of 1ug antibody/1 ml total protein in lysis buffer for one hour on ice.
EGFP-bound Plk1 was immunoprecipitated using protein A and protein G sepharose
beads (GE Healthcare) in a 1:1 ratio for two hours at 4°C with gentle rotation. Beads
were washed three times with lysis buffer, once with kinase buffer (20 mM Tris, pH 7.4,
10 mM MgClz, 50 mM KCI, 1 mM dithiothreitol), and then incubated in kinase buffer plus
5 ug casein, 1 uM ATP, 50 uCi [y->*P] ATP and 3-MB-PP1 for 30 minutes at 30°C. *P
incorporation was observed by SDS-PAGE and Typhoon TRIO imager (GE Healthcare)
and quantified using ImageJ'®.

Immunofluorescence (IF) and Microscopy. For IF, cells were seeded on glass
coverslips in 24-well plates and fixed with 100% ice-cold methanol (centrosomal and
central spindle epitopes) for 15 min to overnight or 4% paraformaldehyde in PBS (all
other epitopes) for 10 min. Fixed cells were then blocked for 30 min in 3% bovine serum
albumin (BSA) and 0.1% Triton X-100 in PBS (PBSTx+BSA). Primary antibodies were
incubated in PBSTx+BSA for 1 hr at room temperature, washed 3 times in PBSTX,
followed by secondary antibody incubation in PBSTx+BSA for 30 min at room
temperature and two washes with PBSTx. Cells were counterstained with DAPI and
mounted on glass slides with Prolong Gold anti-fade medium (Invitrogen) and allowed to

cure overnight.
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Image acquisition was performed on a Nikon Eclipse Ti inverted microscope
equipped with 10x, 20x, 40x and 100x objectives, temperature-controlled motorized
stage with 5% CO; support (In Vivo Scientific), and CoolSNAP HQ2 CCD camera
(Photometrics). Optical sections were taken at 0.2-um intervals and deconvolved using
Nikon Elements. Where appropriate, the observer was blinded to treatment condition
during image acquisition and analysis. For live cell imaging, cells were seeded in 35-
mm glass-bottom plates and incubated with media containing DMSO, 3-MB-PP1 or BI-
2536 for 1 hr prior to imaging in 5% CO, at 37°C. Images were processed and analyzed
using Nikon Elements. Panels were cropped using Photoshop CS5 (Adobe) and
assembled with overlays using lllustrator CS5 (Adobe).

Calculations and statistics. 1Cs calculations 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. Statistical
evaluations were performed using Excel (Office 2008, Microsoft) or Mstat
(http://www.mcardle.wisc.edu/mstat/). Two-tailed t-tests or Wilcoxon Rank sum tests
were used to estimate the likelihood that the observed difference was obtained by
chance. No corrections were made for multiple hypothesis testing.

Chemicals and antibodies. Chemicals used in this study include monastrol (100
MM, Tocris), nocodazole (0.2 mg/mL, EMD Biosciences), thymidine (2.5 mM, EMD),
ICRF-193 (Enzo Life Sciences), 3-MB-PP1 (Toronto Research Chemicals), and BI-2536
(gift of P. Jallepalli). Antibodies used in this study were -actin (AC-15, Abcam)
1:15,000; BLM (C-18, Santa Cruz) 1:500; CREST (Immunovision) 1:2500;

HsCyk4/RacGAP1 (Genetex) 1:375; DsRed (detects m-Cherry, Clontech) 1:1000; Plk1
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(F-8, Santa Cruz) 1:500; a-tubulin (YL1/2, Millipore) 1:1000; y-tubulin (GTU-88, Thermo
Scientific) 1:250. Antibodies against pS170 of Cyk4 were developed as previously

reported®. Alexa-fluor (Life Technologies) secondary antibodies were used at 1:350.
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Figure 3.1. Individual Plk1 phenotypes have distinct thresholds of inactivation
RPE-PIk1® cells were challenged with DMSO (0 uM) or 3-MB-PP1 (0.25, 0.5, 1, 3, 5, 10
uM) to determine the ICsy for mitotic entry (B), bipolar spindle formation (C), cleavage

furrow formation and HsCyk4 phosphorylation (D-F). A, Experimental Schemas—

Synchronization schemes used to assess phenotypes. B, Mitotic Entry— cells were
synchronized in S-phase using a double-thymidine block. Upon release, DMSO or 3-
MB-PP1 was added to the media with nocodazole (to prevent mitotic exit). After 12
hours, cells were fixed and stained with Hoescht 33258 to visualize nuclei. Percentage
of mitotic cells was plotted for each concentration (n=600 cells, 2 independent

experiments) to determine the ICsy. Data represent averages + SEM. C, Bipolar spindle

formation— asynchronously growing cells were challenged with DMSO or 3-MB-PP1 for
8 hours and fixed for IF. Percentage of pre-anaphase mitotic cells exhibiting a normal
bipolar spindle was plotted for each concentration (n=300 cells, 3 independent
experiments) to determine the ICso. Data represent averages + SEM. Representative
images of cells exhibiting a normal bipolar or monopolar spindle are displayed. Other
abnormal spindle structures (i.e. multipolar and unfocused bipolar spindles) were

observed infrequently and are not depicted here. D-F, Cleavage furrow formation and

HsCyk4 phosphorylation— cells were synchronized in prometaphase with a monastrol

block, released into fresh media for 30 min to allow cells to enter anaphase, and then
challenged with DMSO or 3-MB-PP1 for 20 min prior to fixation. D, Late anaphase cells
were scored for the presence (top) or absence (bottom) of a cleavage furrow
(arrowheads). E, Graph indicating the percentage of cells exhibiting a cleavage furrow

(blue plot, n=300 cells/concentration) and the ratio of phosphorylated (pS170) to total
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HsCyk4 intensity (red plot, n=100 cells/concentration). Data represent averages from 3
independent experiments + SEM. F, Representative images of single optical z-sections
through cells demonstrating decreased serine 170 phosphorylation (pS170) with

increasing PIk1 inhibition as compared to total HsCyk4 intensity. Scale bars, 5 um.
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Phenotype ICs50 3-MB-PP1 % Residual
(uM) Activity®
Bipolar spindle formation 2.3 0.4
Mitotic entry 1.2 0.7
Chromosome congression 0.50 11
Formation of cytokinesis furrow 0.40 16
Chromosome segregation 0.21 38

Table 3.1. IC5o values for various phenotypes associated with loss of Plk1 activity
& In vitro inhibition with 1 uM total ATP. For higher intracellular ATP concentrations,

absolute residual activities will be greater but the order will be the same.
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Figure 3.2. Plk1® activity is inhibited by 3-MB-PP1

A, PIk1 was immunoprecipitated from mitotic extracts of RPE1 cells expressing EGFP-
Plk1?, EGFP-PIk1"! (positive control), or untagged Plk1 (negative control) using an
EGFP antibody and then incubated with casein and [y-32P] ATP. Where indicated, 3-
MB-PP1 was added to the reactions. B, Plk1®® activity was quantified by casein labeling

relative to PIk1® reactions without inhibitor and plotted to determine the ICsp.
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Figure 3.3. Live-cell imaging reveals partial loss of Plk1 activity results in
impaired chromosome alignment and segregation
To visualize chromosome movements during mitosis, mCherry-tagged histone 2B (H2B)

was expressed in Plk1?® and Plk1" cells. Cells were challenged with DMSO, 3-MB-PP1
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or BI-2536 and observed for 10 hours at 4-minute intervals using timelapse
videomicroscopy. A, Still frames from timelapse movies (Supplemental Movies S1-S4)
highlighting three observed mitotic fates: a clear separation of chromosomes during
anaphase (‘Division’, top row), anaphase with a few lagging chromosomes (second row,
see inset frame 28) or frank failure to separate chromosome masses (third row, see
inset frame 64), collectively termed ‘Impaired Segregation’, and a sustained (= 240 min)
pre-anaphase mitotic arrest (‘Arrest’, bottom row). 3-MB-PP1 concentrations indicated
in first frame. Time in minutes after nuclear envelope breakdown is shown at upper
right. Scale bars, 5 um. B, Cumulative frequency of mitotic fates observed in A (n=30-
80 cells/concentration). Note PIk1"! cells are resistant to the effects 3-MB-PP1 (> 90%
Division with 10 uM exposure), but sensitive to the pharmacological inhibitor BI-2536 (<
40% Division with 45 nM exposure). C, Chromosomes frequently lost alignment after
initial midline congression (compare inset from frame 172 with frame 20 in ‘Arrest’,
panel A). The frequency of cells exhibiting loss of chromosome alignment after
establishing midline congression was recorded for each concentration (as in B). Plk1%®
cells challenged with 10 uM 3-MB-PP1 are excluded because initial midline congression

did not occur.
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Figure 3.4. Anaphase chromosome segregation is most sensitive to Plk1

inhibition and impairment is associated with shortened spindles and lagging

chromosomes

A-B, To determine the ICs, for metaphase chromosome alignment and anaphase

chromosome segregation, asynchronously growing Plk1%® cells were challenged with
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DMSO (0 uM) or 3-MB-PP1 (0.125, 0.25, 0.5, 1 uM) for 8 hours and fixed for IF. A, For
chromosome alignment, pre-anaphase cells exhibiting distinct midline chromosome
alignment (n= 300 cells/condition, 3 independent experiments) were scored as having
midline alignment of all chromosomes (‘Aligned’, top left) or misalignment of a few (top
center) or many (top right) chromosomes (indicated by arrowheads), collectively termed
‘Misaligned’. Percentage of metaphase cells with aligned chromosomes was plotted for
each inhibitor concentration to determine the ICso. Data represent averages + SEM. B,
For chromosome segregation, anaphase cells (n=75-100 cells/condition from 3
independent experiments) were identified by central-spindle localization of Plk1 (in red)
and scored as having separated chromosome masses without midline-localized
chromosomes (‘Segregated’) or lagging/poorly segregated chromosomes (arrowheads,
‘Impaired Segregation’). Percentage of anaphase cells with segregated chromosomes
was plotted for each inhibitor concentration to determine the I1Cso. Data represent
averages + SEM. C and D, Impaired chromosome segregation is specific to PIk1

inhibition but independent of cell type. C, PIk1™

and hTert-RPE1 cells were challenged
with DMSO, BI-2536 for 8 hours prior to fixation for IF, revealing defects in anaphase

chromosome segregation with lagging chromosomes (arrowheads). D, Anaphase cells
(n=120-150/condition, 3 independent experiments) were identified and scored by IF for

anaphase segregation after 8 hours treatment as shown. Data represent averages +

SEM. Significance determined by t-test. Scale bars, 5 um.
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Figure 3.5. Spindle elongation and chromosome segregation are impaired with
partial loss of Plk1 activity

To characterize impaired chromosome segregation, asynchronously growing Plk1%°
cells were challenged with DMSO or 3-MB-PP1 (0.25, 0.5 uM) for 8 hours and fixed for
IF. A, Anaphase spindle lengths were determined by measuring the distance between
the peak y-tubulin intensities at each centrosome (arrowheads). B, Spindle lengths of
individual cells were plotted for each inhibitor concentration. p-values were determined
by Wilcoxon rank sum test. C-F, Spindle position of individual chromosomes was
determined using a fractional distance calculation, adapted from Lampson et al.”’,
where the distance of the chromosome’s kinetochore (KT) from the spindle pole is
divided by half the length of the spindle axis. Fractional distance is then plotted to
visualize KT positions relative to the spindle midline (1.0) and pole (0). D, Fractional
distance plots in twelve control cells (black) and twelve 3-MB-PP1 treated Plk1®° cells
(red). Cells are ordered by spindle length from shortest to longest (top). E-F, Fractional

distance plots of KTs for three cells with similar spindle lengths. E, Images of cells

presented in F (arrowheads identify midline positioned KTs). Scale bars, 5 um.
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Figure 3.6. The Polo-box domain (PBD) is required for chromosome segregation,
but dispensable for bipolar spindle formation

A, GFP-PIk1%® (AS) cells were transduced with retroviruses expressing mCherry-tagged
wild-type Plk1 (WT) or PIk1 with a mutated PBD (AA) to and clonal populations (2 for
AS/AA) were selected for experiments. B, Total Plk1 expression was determined by
immunoblotting mitotic cell lysates for Plk1 and p-actin (loading control). *indicates
proteolysis products. C, Clonal cells were challenged with 3-MB-PP1 or left untreated
for 8 hours and fixed for IF. Localization of each Plk1 allele was determined by GFP
(AS) or mCh (WT or AA) in untreated metaphase cells. Images scaled identically for
each channel. Note the Plk1 AA allele fails to localize to kinetochores and centrosomes.
Representative images of anaphase chromosome segregation in clonal cells challenged
with 3-MB-PP1. Arrowheads indicate lagging chromosomes. D, Percentage of cells with
segregated chromosomes was determined (as in Fig. 3B) for each clone challenged
with DMSO or 3-MB-PP1 (n=100 cells/condition, 3 independent experiments). Data
represent averages + SEM. p-values determined by t-test. E-F, For bipolar spindle
formation, clonal cells were challenged with DMSO (0 uM) or 3-MB-PP1 (0.5, 1, 3, 10
uM) for 8 hours and fixed for IF. E, Percentage of cells with normal bipolar spindles was
determined (as in Fig. 1C) for each clone (n=200 cells/concentration, 2 independent
experiments). Data represent averages + SEM. F, Representative images of pre-
anaphase mitotic spindles observed for each clone challenged with 10 uM 3-MB-PP1.

Scale bars, 5 um.
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Figure 3.7. Impaired chromosome segregation is not caused by a mitotic
checkpoint failure or persistent topologic linkages, but includes merotelic
attachments

Top, Schematic illustrating four potential sources of impaired segregation with Plk1

inhibition. A, Checkpoint Failure—Plk1%® were challenged with Taxol (to activate the

mitotic checkpoint) and 0.5 uM 3-MB-PP1 and then collected at 4-hour intervals for 20

hours. Percentage of mitotic cells was determined at each timepoint. Data points

1as

represent averages (3 sets of 100 cells) + SEM. B, DNA catenation— Plk1°" cells were

synchronized for 8 hours with monastrol, released into fresh media for 30 min and then
challenged with DMSO or ICRF-193 (topoisomerase Il inhibitor) for 20 min before

fixation. For 3-MB-PP1 exposure, asynchronous Plk1%

cells were challenged with
0.25uM 3-MB-PP1 for 8 hours prior to fixation. Anaphase cells (n=25 cells/condition)
were identified (as in Fig. 3B) and scored for BLM(+) bridges in cells exhibiting
segregated or mis-segregated chromosomes. Scale bars, 5 um. C, Persistent
cohesion— Plk1? cells were challenged with 0.25uM 3-MB-PP1 for 8 hours and fixed.
CREST(+) kinetochores (magnified in insets) depict single lagging chromosomes during
anaphase instead of paired sisters as seen during prometaphase (PM). Scale bars, 5

um. Inset, 0.5 um. D, Merotelism— Asynchronous Plk1%

cells were challenged with
DMSO, 3-MB-PP1 (8 hours) or nocodazole (7 hours + 60 min washout) prior to fixation.
Anaphase cells were identified (as in Fig. 3B). CREST(+) kinetochores of segregated
and lagging chromosomes were measured along their longest dimension. Images

illustrate cells with stretched CREST signals, magnified 300X in insets. Scale bars, 5

um. Graph depicts percentage of segregated and lagging kinetochores in each
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condition that exceeded the maximal segregated kinetochore width (0.74 um) observed
in DMSO-treated cells. Table indicates frequency of cells exhibiting lagging

chromosomes for each condition (n=120 cells/condition, 3 independent experiments).
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Figure 3.8. Impaired chromosome segregation produces progeny that exhibit
abnormal nuclear morphologies, are tetraploid, and fail to proliferate

A, PIk1? and Plk1"! cells were challenged with DMSO, 3-MB-PP1 or BI-2536 for 24 or
48 hours prior to fixation. Interphase cells were scored for normal or abnormal nuclear
morphology. Graph represents average percentage (+ SEM) of interphase cells (n=300
cells/timepoint/condition, 3 independent experiments) with abnormal nuclei. p-values
determined by t-test. Thymidine was added in one condition to verify that effects require

cell cycle progression. Representative images of normal and abnormal nuclei with
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arrowheads indicating micronuclei. Scale bars, 5 um. B, Plk1?® and Plk1"! cells were
challenged with DMSO, 3-MB-PP1 or BI-2536 for 48 hours, released and incubated with
nocodazole for 5 hours. Mitotic cells were collected by shake-off and chromosome
spreads were performed to determine the incidence of tetraploidy. Graph represents
average percentage (+ SEM) of tetraploid cells (> 80 chromosome pairs) for each
condition. n=120 cells/condition, 3 independent experiments. Representative images of

128 cells

diploid or tetraploid chromosome spreads. Scale bars, 10 um. C-D, 25,000 Plk
were seeded in 12-well plates and challenged with DMSO or 0.25 uM 3-MB-PP1 for up
to 12 days to determine the effects of prolonged Plk1 inhibition. C, Live cells (excluding
Trypan Blue) were counted daily and plotted to determine cell proliferation. Data

represent average cell counts (x SEM) from 2 independent experiments. D, Imaging of
DMSO- and 3-MB-PP1-challenged cells at days 4 & 12 indicate that Plk1-inhibited cells

become enlarged, flattened (top) and senescent as evidenced by pH-dependent 3-

galactosidase activity (bottom, blue staining). Scale bars, 50um.
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Figure 3.9. Separation of Plk1 function by activity threshold reveals its most
sensitive functions and may help link these to substrates

Each box represents an observable phenotype seen at a specific time in mitosis
(horizontal axis) and the ICsq for this phenotype (vertical axis). The box is colored by
dependence on the PBD of PlIk1 (mixed for mitotic entry— not tested). Within each box,
substrates that may mediate the observed function are shown. HsCyk4 is shown in
bold because we confirmed here that molecular and biologic effects have similar 1Cs
thresholds. The dark background represents regions in the schematic in which
additional kinase functions and substrates may exist but are not readily isolated by
activity thresholds. Residual Plk1 kinase activity estimated from in vitro assay is

displayed at right.



Movies

Location of movies are provided in parentheses beneath legends

Movie 3.S1. H2B-mCherry expressing Plk1%® cell undergoing a normal division
Related to Figure 2A, top row. 3-MB-PP1 concentration: 0 uM.

(http://www.jbc.org/content/suppl/2012/10/27/M112.412544.DC1/jbc.M112.412544-1.mov)

Movie 3.S2. H2B-mCherry expressing Plk1%® cell dividing with a lagging
chromosome
Related to Figure 2A, second row. 3-MB-PP1 concentration: 0.25 uM.

(http://www.jbc.org/content/suppl/2012/10/27/M112.412544.DC1/jbc.M112.412544-2.mov)

Movie 3.S3. H2B-mCherry expressing Plk1? cell exhibiting severely impaired
chromosome segregation during anaphase
Related to Figure 2A, third row. 3-MB-PP1 concentration: 0.25 uM.

(http://www.jbc.org/content/suppl/2012/10/27/M112.412544.DC1/jbc.M112.412544-3.mov)

Movie 3.S4. H2B-mCherry expressing Plk1%® cell exhibiting initial chromosome
congression with subsequent loss of chromosome alignment
Related to Figure 2A, fourth row. 3-MB-PP1 concentration: 1uM.

(http://www.jbc.org/content/suppl/2012/10/27/M112.412544.DC1/jbc.M112.412544-4.mov)
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Abstract

Protein kinase signaling along the kinetochore-centromere axis is crucial to
assure mitotic fidelity, yet its spatial coordination is obscure. Here, we examined how
pools of Polo-like kinase 1 (Plk1) within this axis control signaling events to elicit mitotic
functions. To do this, we restricted active Plk1 to discrete subcompartments within the
kinetochore-centromere axis using chemical genetics and decoded functional and
phosphoproteomic signatures of each. We observe distinct phosphoproteomic and
functional roles, suggesting that PIk1 exists and functions in discrete pools along this
axis. Deep within the centromere, Plk1 operates to assure proper chromosome
alignment and segregation. Thus, Plk1 at the kinetochore is a conglomerate of an
observable bulk pool coupled with additional functional pools below the threshold of
microscopic detection/resolution. Although complex, this multiplicity of locales provides
an opportunity to decouple functional and phosphoproteomic signatures for a

comprehensive understanding of Plk1’s kinetochore functions.

Introduction

During mitosis, macromolecular kinetochores assemble upon centromeric chromatin
to attach chromosomes to spindle microtubules. In addition to its structural role, the
kinetochore generates signals to promote proper attachment of sister chromatids to
opposite spindle poles (biorientation) to ensure accurate segregation into daughter
cells. Several protein kinases regulate kinetochore signaling, including Aurora B, Bub1,
BubR1, Mps1, Haspin and Polo-like kinase 1 (Plk1)"*'*°. How these mitotic kinases

operate within the kinetochore is obscure, but spatial cues are clearly important. For
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example, one model for Aurora B function is based on a tension-generated loss of
spatial access to its substrates'*"'*2. It is unclear if the spatial distributions of mitotic
kinases within the kinetochore control accessibility of substrates and functions. Here,
we investigated how spatial distribution of Plk1 along the kinetochore contributes to its
function and access to substrates.

Polo-like kinase 1 (PIk1) is a core regulator of mitosis required for centrosome
maturation, bipolar spindle formation, chromosome arm resolution, chromosome
alignment and segregation, and cytokinesis''%. Plk1 localizes to several mitotic
structures, including centrosomes, chromosome arms, kinetochores and the anaphase
spindle midzone''®"'*, Its localization is established primarily via its C-terminal Polo-box
domain (PBD), a phosphopeptide binding domain, which requires its direct binding
partner to be primed through phosphorylation®**°. Preventing Plk1 localization impairs

51,144-146

its functions, resulting in failure to align and segregate chromosomes
impaired cytokinesis®?.

The spatial regulation of PIk1 signaling at the kinetochore remains enigmatic due
to a multiplicity of interactors and substrates that are located at distinct sites along the
entire kinetochore-centromere axis (Figure 4.51). During mitosis, PIk1 is recruited to the
outer kinetochore by Bub1®’, NudC"®, and BubR1, where it phosphorylates BubR1°%"®
and CLASP’ to stabilize kinetochore-microtubule attachments, promoting chromosome
alignment, and Kif2b®? to correct microtubule attachment errors, facilitating accurate
chromosome segregation. At the inner kinetochore, PIk1’s role in chromosome

alignment and segregation also requires recruitment by and phosphorylation of CENP-

U/50 (also called PBIP) and CENP-Q®. Surprisingly, Plk1 is also reported to function
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at the inner centromere, approximately 500 nm from the outer kinetochore, and normal
chromosome dynamics depend on its binding to INCENP'’ and phosphorylation of

76,148

Survivin , members of the chromosome passenger complex (CPC). Microscopically,

PIk1 is visualized as a single kinetochore focus, and its kinase domain is only 5 nm in

length*®

, So it is difficult to envision how a it could span the ~500 nm distance to access
these substrates. The alternative is that multiple pools of Plk1 exist at distinct
kinetochore subcompartments. If so, we would expect kinetochore functions to be
functionally separable by precise spatial control of Plk1 activity.

A detailed understanding of Plk1 signaling at the kinetochore has remained
elusive for several reasons. First, most previous inhibitor and depletion studies abrogate
all Plk1 activity, resulting in prometaphase-arrested cells with monopolar spindles. This
prevents direct evaluation of mitotic activities that require a bipolar spindle, including
chromosome alignment, segregation, and cytokinesis. Second, Plk1’s localization to
multiple mitotic structures necessitates uncoupling its kinetochore activity from other
locales™°. Finally, phosphoproteomic studies have identified hundreds of Plk1-regulated
phosphorylation sites on mitotic proteins, many of which appear direct*®*"%°%' yet the
depth and richness of these findings have impaired efficient assignment of Plk1
phosphorylation events to their biologic functions. To circumvent the first obstacle, we
recently used inhibitor titration to uncouple chromosome alignment and segregation
from bipolar spindle formation'*. Here, we address the second and third obstacles
through chemical genetic complementation combined with high-resolution microscopy
and quantitative phosphoproteomics. These data reveal that PIk1 operates in pools

within the kinetochore and, surprisingly, the bulk pool is at the inner
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kinetochore/centromere. Moreover, Plk1 operates at chromatin and in the inner
centromere, in a manner that is distinct and separable from Plk1’s role to stabilize
microtubule attachments at the outer kinetochore®®’”"®. The separability of Plk1
operation within the kinetochore provides an opportunity to match functional and
phosphoproteomic signatures, and to identify protein phosphorylation events that are

likely to contribute to specific aspects of mitotic progression.

Results
Diffusible Plk1 fails to function at the kinetochore.

To interrogate Plk1 signaling at the kinetochore, we employed a chemical genetic
system wherein each of two distinct PIk1 alleles is separately controlled by chemical
inhibitors. Briefly, human RPE1 cells had the endogenous PLK7 exon 3 deleted and
rescued by GFP-PIk1%, which encodes chemical sensitivity to 3-methylbenzyl-
pyrazolopyrimidine (3-MB-PP1) through two point mutations®®. When wild type Plk1
(PIk1"") is co-expressed in cells with PIk1%°, these complement, and either allele can
execute the essential functions of this kinase. However, PIk1" and Plk1% can be
separately controlled: Plk1" is sensitive to the pharmacologic inhibitor, BI-2536 and
resistant to 3-MB-PP1, whereas Plk1? is resistant to BI-2536'"° (Figure 4.1A). This
empowers exquisite spatial and temporal chemical control of PIk1 activity at specific
subcompartments along the kinetochore-centromere axis.

We first considered that Plk1 signaling at the kinetochore might not require
binding to specific kinetochore proteins to exert its functions. To test this, we generated

RPE1 cell lines that stably co-express GFP-Plk1?® and either PIk1", or PIk1?, which
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has a wild type kinase domain but is delocalized by virtue of a mutant PBD (Figure
4.1B). The PBD of Plk1@ contains two point mutations (H538A/K540M), which are
sufficient to disrupt Plk1 localization®*°3. We generated two lines expressing the
delocalized construct: one with an N-terminal Flag tag (Plk1®), the other with an N-
terminal mCherry tag (Ch-Plk1%®) (Figure 4.1B). Both constructs are expressed and
exhibit catalytic activity similar to PIk1" (Figure 4.S2A-B). As expected, both fail to
localize to centrosomes, kinetochores and the spindle midzone (Figure 4.2C). Notably,
both constructs (Ch-Plk1%® > Plk1%?) partially rescue mitotic bipolar spindles with
inhibition of Plk1®® (Figure 4.1C-D), consistent with previous findings that substrate
binding via the PBD is dispensable for spindle formation®''*°.

We next tested if delocalized Plk1 could restore functions that are likely to arise
from the kinetochore. Because Plk1 affects both spindle polarity and kinetochore
function, it is challenging to decouple these phenotypes to isolate effects specifically
attributable to kinetochore dysfunction. To meet this challenge, we previously titrated
low levels of inhibitor to observe Plk1 loss-of-function phenotypes in which a bipolar
spindle was preserved'*®. With modest losses of kinase activity (500 nM 3-MB-PP1),
bipolar spindles form but chromosomes fail to fully align at the spindle midline,
presumably due to impaired function at the kinetochore. We first complemented with
cells expressing PIk1", which localizes properly (Figure 4.S2C). As expected, Plk1"
restores chromosome alignment (81% vs. 28% with vector, p<0.0001) (Figure 4.1E-F).
Next, we complemented with Plk1#® or Ch-Plk12®, but chromosome alignment was

commonly impaired similar to the vector control (both 26% vs. 28%). We conclude that
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a functional PBD of PIk1 is required for proper alignment of mitotic chromosomes,
consistent with earlier reports®"'*".

We previously identified a second loss-of-function phenotype of Plk1 that is also
likely to arise from the kinetochore—lagging anaphase chromosomes, which occur at
very modest losses of PIk1 activity (250 nM 3-MB-PP1) in which cells properly form a
bipolar spindle, align chromosomes and silence the mitotic checkpoint'*. We therefore
tested if delocalized Plk1 was sufficient to restore accurate anaphase chromosome
segregation. As expected, PIk1"! localized and restored chromosome segregation
compared to uncomplemented (vector) cells (94% vs. 47%, p<0.0001), yet both Plk1*®
and Ch-Plk1% failed to do so (54% and 40%, respectively) (Figure 4.1G-H). We

conclude that, although partly dispensable for bipolar spindle formation, PBD-dependent

kinase localization is required for both chromosome alignment and segregation.

Recapitulating Plk1 at the kinetochore

We next considered how localization of Plk1 within the kinetochore might control
function. At the extremes, Plk1 could bind each substrate directly (processive operation)
or it could bind a single partner and have sufficient reach that allow it to signal
throughout the kinetochore (distributive operation), or it could be intermediate between
these extremes, binding multiple partners each with limited distributivity to reach
adjacent substrates. To test these models, we artificially tethered Plk1 to discrete
subcompartments within the kinetochore axis, by replacing the C-terminal PBD with
cDNAs encoding proteins that localize to the outer kinetochore (Dsn1), to chromatin

(H2B), or to the inner centromere (Kif2c) (Figure 4.2A). We initially selected these



79

because of their diversity of localization and we found them superior to other tether
partners that were unsuitable due to inadequate localization, expression, or activity. We
selected clonal lines in which these fusion proteins localized appropriately without
observable non-physiologic localization (Figure 4.S3A). Typically, the kinetochore-
tethered Plk1 constructs were expressed at lower levels than full-length Plk1 (Plk1*!) but
had a higher specific activity (Figure 4.S3B-C). These constructs were recruited
efficiently to the kinetochore, as evidenced by a low level of delocalized extractable
protein compared with Plk1" or Ch-PIk1% (Figure 4.S3D-F).

To precisely localize Plk1 and the kinetochore-tethered constructs, we employed
high-resolution microscopy of metaphase cells to map mean positions relative to CENP-

I/CENP-C standards as described previously'®*"*?

(Figure 4.2B-D). Surprisingly,
endogenous Plk1 mapped approximately 37 nm inside of the CENP-I probe, within the
inner kinetochore at the centromere periphery (Figure 4.2D). This finding is unexpected
because it spatially isolates bulk Plk1 from known outer kinetochore targets, such as
CENP-U/50 and BubR1, which mapped approximately 64 nm and 80 nm outward from
PIk1, respectively (Figure 4.2B,D). Importantly, we observed similar PIk1 localization in
Hela cells and with antibodies targeting tagged PIk1 (Figure 4.S4), indicating that these
findings were not an artifact of cell type or antibody. For the tethered constructs, we
observed two distinct pools of Plk1AC-Kif2c: one located as expected in the inner
centromere, and a second pool 34 nm outside the inner kinetochore CENP-C probe,
placing it in the region of the Ndc80 complex within the outer kinetochore (Figure 4.2C-

D). Because of the proximity to the Ndc80 complex, this outer kinetochore pool likely

represents Kif2c bound to microtubule tips'*>~'°°. The PIk1AC-Dsn1 construct localized
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an average of 24 nm outside of the CENP-C probe, consistent with endogenous Dsn1

localization'®%'%3

, validating the localization of the fusion constructs.

It was initially unclear whether these re-localized kinases could access Plk1
substrates, and if so, whether they would operate with sufficient distributivity to usefully
separate function. Therefore, to assess substrates accessed, we compared
phosphoproteomic signatures of each with that of Plk1"' and Ch-Plk1%® (Figure 4.3). To
do this, we conducted a multiplexed quantitative high-resolution mass spectrometry

phosphoproteomic analysis. We used 5 constructs: Plk1"

(normal localization) and
Plk1** (delocalized) controls, plus each of the three constructs tethered to Dsn1 (outer
kinetochore), H2B (chromatin), and Kif2c (inner kinetochore and microtubule tips). For
each, we examined phosphoproteomics with tethered/control PIk1 both on (-BI-2536)
and off (+BI1-2536) for a total of 5 cell lines/2 conditions using 10-plex tandem mass tags
(TMT)"® (Figure 4.S5A-B). We detected 531 phosphopeptides decreased >2x by
inhibition of PIk1", corresponding to 396 proteins (Figure 4.3A, Supplementary
Dataset), similar to those found in other Plk1 phosphoproteomic analyses*®*"%%91 we
next considered whether these sites would be partitioned by locale (Figure 4.3B). Of the
531 Plk1-regulated phosphopeptides, the kinetochore-tethered constructs together
restored 94 (Figure 4.3C). These 94 phosphopeptides met three criteria: (i) >2x
decrease when Plk1" was inhibited by BI; (ii) >2x increase with the tethered construct
vs. PIk1"'+Bl; (iii) >2x decrease when the tethered construct was inhibited with BI.
Although some phosphorylation events could be indirect, 47 of these 94

phosphopeptides share the Plk1 consensus motif [D/E/N/Q-X-pS/pT]*¢, demonstrating

many are likely direct and the reach of tethered Plk1 is significant. Additionally, there is
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minimal overlap in phosphopeptides reached by the 3 tethered constructs, with 63/119
unique to one construct and only 7 restored by all. Thus tethered Plk1 effectively
partitions kinase signaling within kinetochore subcompartments.

The phosphopeptides accessed within the kinetochore are largely consistent with
the localization of constructs (Figure 4.4A). For example, PIk1AC-Dsn1 enhances
phosphorylation of proteins that interact with microtubules and cytoskeleton, consistent
with its known function at the outer kinetochore. Further validating outer-kinetochore
activity of this construct, we were able to detect restored Plk1-regulated phosphorylation
of Dsn1 itself. By contrast, PIk1AC-H2B regulated phosphorylation of multiple substrates
involved in DNA repair and transcription. Moreover, overlapping phosphopeptides were
found between Plk1AC-Kif2c with both PIk1AC-Dsn1 and with PIk1AC-H2B, consistent
with the known localization of Kif2c at both the outer kinetochore (near Dsn1) and inner
centromere (near chromatin), but no overlap was found between PIk1AC-Dsn1 and
PIk1AC-H2B, demonstrating these are spatially isolated. We next considered
phosphopeptides from kinetochore proteins that are likely direct; they match the minimal
Plk1 (D/E/N/Q-X-pS/pT) consensus (Figure 4.S5C). Plk1"' is capable of reaching
targets at the outer kinetochore (CENPE, CENPF, CDC27), along chromatin (KIF4A,
ERCCB6L/PICH) and at the inner centromere (INCENP). Plk1?® successfully
phosphorylated targeted proteins both at the outer kinetochore (CENPE, CENP-F) and
the inner centromere (INCENP). This may occur, for example, if low levels of
delocalized PIk1 activity are sufficient to phosphorylate proteins protected from
phosphatases. Alternatively, delocalized PIk1 could phosphorylate soluble substrates in

early mitosis, before kinetochore assembly. Analysis of the tethered Plk1 constructs
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revealed additional remarkable findings. First, Plk1 tethered to the outer kinetochore
(PIk1AC-Dsn1) failed to target kinetochore proteins other than those also targeted by
Plk12®. Second, PIk1AC-Kif2c targeted some, but not all, proteins along the kinetochore-
centromere axis. As expected, chromatin-bound PIk1 (PIk1AC-H2B) was limited to
proteins along chromatin (Kif4A, USP16). These data suggest that Plk1 localized to
discrete sites within the kinetochore have restricted regions of activity that overlap

minimally, yet are sufficiently distributive to elicit ~40 phosphorylation events each.

Plk1 operates at chromatin and the inner centromere

To evaluate where Plk1 operates functionally, we tested the kinetochore-tethered
constructs for complementation. In considering functions of Plk1 that might arise from
the kinetochore, we again turned to chromosome alignment and segregation as in
Figure 4.1, because these phenotypes are separable and elicited by gently titrating
inhibition of PIk1%®. Indeed, we found that Kif2c-tethered Plk1, but not Dsn1-localized or
H2B-localized kinase restored accurate chromosome alignment compared to
uncomplemented (vector) cells (48% vs. 19%, p<0.0001) (Figure 4.4B, left; Fig. 4.S6A).

This rescue was substantial, but incomplete compared to Plk1"!

, possibly due to
insufficient activation of the requisite substrate, or perhaps, complete rescue requires
additional substrate phosphorylation beyond the tethered construct’s reach. Importantly,
this rescue is reversed by inhibiting tethered Plk1 with BI-2536 (Figure 4.4A, right),
demonstrating that activity of re-localized PIk1, not Kif2c expression, facilitates normal

alignment. Additionally, this is unlikely to arise from a soluble pool of Plk14C-Kif2c

because active delocalized Plk1%® is unable to rescue (Figure 4.1E). We conclude that
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Kif2c-tethered PIk1 rescues the chromosome alignment function, either due to activity at
microtubule tips or at the inner centromere.

Similarly, we anticipated that impaired chromosome segregation in anaphase
could originate from PIk1 dysfunction at the kinetochore. As before, PIk1AC-Kif2c
rescued accurate chromosome segregation whereas outer-kinetochore PIk1 (PIk1AC-
Dsn1) failed to restore function (Figures 4.4D-E, 4.S6B). However, in this case,
chromatin-localized Plk1 also restored its function in anaphase chromosome
segregation. Again, rescue requires active kinase, as it is reversed with BI-2536 (Figure
4.4B, right). Moreover, soluble Plk1%® is unable to rescue (Figure 4.1G). Tethered
constructs do not disrupt chromosome alignment or segregation in the absence of
inhibition of Plk1®® by 3-MB-PP1 (Figure 4.S6C-D). Thus Plk1 acts at either chromatin or
at Kif2c sites to elicit its function required for proper chromosome segregation in
anaphase. Moreover, the functionally distinct behavior of PIk1AC-H2B from PIK1AC-
Kif2c in chromosome alignment suggests that Plk1 phosphorylates one or more unique

substrates to execute the disparate functions.

Re-evaluating Plk1 function at the outer kinetochore

We have identified kinetochore functions that appear to arise from Plk1 signals at
chromatin or the inner centromere, where the bulk of PIk1 is located. However, two
caveats are that PIk1AC-Kif2c could operate at the microtubule tips near the outer
kinetochore, and that PIk1AC-Dsn1 could fail to restore activity merely due to impaired
access to key outer kinetochore substrates. To address the first question, we asked

which particular pool of PIk1AC-Kif2c restored its functions. The Kif2c N-terminus is
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important for inner centromere targeting’®” and the SxIP sequence within the N-
terminus promotes microtubule tip-tracking'*'*° (Figure 4.5A, top). To address this, we
generated Kif2c localization mutant constructs (Figure 4.5A, bottom) and repeated the
complementation assay. Both the N-terminal deletion mutant (AN) and the microtubule
tip-tracking mutant (SKNN) were expressed as Plk1 fusions stably in cell lines (Figure
4.S7A) and exhibited catalytic activity similar to PIk1AC-Kif2c" (Figure 4.7B). As
expected, the SKNN mutant, but not the AN mutant, localized to the inner centromere
(Figure 4.5B). Importantly, we could not detect an outer kinetochore localized pool with
the SKNN mutant (Figure 4.S7C), verifying that the previously observed outer
kinetochore signal (Figure 4.2C) was microtubule tip-bound Kif2c, now abolished.
Notably, the SKNN, but not the AN mutant, rescued both chromosome alignment and
anaphase chromosome segregation phenotypes, and rescue depended on tethered
PIk1 activity, as seen by BI-2536-dependent reversal (Figures 4.4E-F and 4.S7D-E).
Thus, PIk1AC-Kif2c operates in the inner centromere to execute key mitotic functions.
We next considered that PIk1AC-Dsn1, though localized correctly and
catalytically active, might not be able to access key outer kinetochore substrates,
resulting in its failure to restore Plk1 functions. As a measure of Plk1 activity at the outer
kinetochore, we tested if any of kinetochore-tethered constructs could phosphorylate
BubR1. During mitosis, Plk1 hyperphosphorylation of BubR1 is detectable by a slower
migrating band on SDS-PAGE®®""°. Therefore, we tested BubR1 phosphorylation from
mitotic extracts, +/- 3-MB-PP1 to inactivate Plk1®® (Figure 4.S8A). Indeed the PIk1AC-
Dsn1 was unable to reach or only weakly phosphorylated BubR1 in the presence of 3-

MB-PP1. Therefore, we generated additional constructs, tethering PIk1 to the outer
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kinetochore proteins Bub1, BubR1 and Hec1. We identified stable cell lines exhibiting
diverse expression levels including ones expressed at high levels, similar levels to the
other tethers with comparable catalytic activity (Figure 4.S8B-D). Moreover, the PIK1AC-
Bub1 and PIk1AC-Hec1 constructs restored a slow-mobility p-BubR1 band (Figure
4.S8A, bottom). Nevertheless, all three constructs failed to rescue either chromosome
alignment or segregation (Figure 4.5E-1 and Figure 4.S8E-F). Together, these data
support the idea that outer kinetochore Plk1 activity is not required for its function in
chromosome alignment or segregation. However, we do not exclude the possibility that

these four constructs all fail to phosphorylate a critical outer kinetochore protein.

Decoding Plk1 function-substrate matches with spatial signatures

Our results afforded the opportunity to decode Plk1 function at the kinetochore by
phenotypic-phosphoproteomic signature. Heretofore, phosphoproteomic analyses of
pleiotropic kinases like Plk1 have succeeded in discovering hundreds of new
substrates, yet have provided limited information to link substrates to cognate kinase
functions. Here, we have identified complex functional signatures for PIk1-dependent
phenotypes, which are expected to match a limited set of substrates (Figure 4.6A). To
identify potential substrates, we matched these functional signatures with those of
phosphopeptides. For example, chromosome alignment is restored by Plk1 tethered to
Kif2c, but is not restored by delocalized Plk1%® or Plk1 tethered to Dsn1 or H2B; only 7
of 176 Plk1-dependent phosphopeptides match this signature (Figure 4.6A, left).
Similarly, chromosome segregation is restored with Plk1 localized either to H2B or

Kif2c, but not to Dsn1 or delocalized Plk1%?; this signature matches that of only 4 of 146
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PIk1-dependent phosphopeptides (Figure 4.6A, right). Because Plk1 operates in
specific pools within the kinetochore, these data demonstrate that an enlarged set of
constructs with restricted localization may effectively decode Plk1 function at the
kinetochore. This match of phosphoproteomic signature with functional signature is a
unbiased tool to hone in on phosphorylation events that concordantly occur with

phenotypic rescue.

Discussion

In this report, we identify the functional and phosphoproteomic signatures of Plk1
tethered to discrete locales within the centromere, chromatin, and kinetochore. A major
finding is that Plk1 is predominantly located deep within the kinetochore, where it
operates to ensure accurate chromosome alignment and segregation. Previous work
has reported that small pools of Plk1 are found in the inner centromere, where it is
activated*®. We find that Plk1 functions at the inner centromere and at chromatin during
mitosis. This finding is supported by concordant data, including high-resolution
microscopy co-localizing endogenous Plk1 with centromeric chromatin, by
phosphoproteomic data identifying chromatin-bound and inner centromere substrates,
and by rescue of PIk1 functions when it is artificially tethered to chromatin or to the inner
centromere. Although the central binding partner of Plk1 at chromatin is unclear, one
candidate is Plk1-Interacting Checkpoint Helicase (PICH), a known binding partner'®.

Although our functional rescue data are limited to active kinase at the chromatin
and inner-centromere, our findings do not exclude the possibility of PIk1 functions

outside of this zone. Indeed, PIk1 phosphorylation at the outer kinetochore mediates its
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function in attaching chromosomes to the microtubule spindle®®”®. Our assays do not
capture the outer kinetochore functions of Plk1, likely because they are observed with
partial loss-of-function*, in which residual activity may be sufficient to retain
phosphorylation of BubR1 and other outer kinetochore substrates. Moreover, we do
identify a number of physiologic phosphorylations that are elicited with Plk1 tethered to
the outer kinetochore (Figures 4.3, 4.4A). Thus, our findings do not conflict with other
strong evidence that Plk1 operates at the outer kinetochore®® 81",

A second key finding of this study is that PIk1 function at the kinetochore can be
uncoupled with distinct functions and phosphorylation events from the inner centromere,
chromatin, and outer kinetochore, suggesting Plk1 operates in distinct pools within the
kinetochore (Figure. 4.6B). A canonical model for Plk1 function is that it directly
engages substrates through its C-terminal PBD**'™ (Figure 4.6B, extreme right), and
discovery of a new substrate is often coupled with an assay for direct binding
(processive operation). Consistent with this model, PIk1 is known to bind many

56,58,73.120 \We are aware

substrates within the kinetochore, including BubR1 and others
of only one counter-example—endogenous Plk1 engages CENP-U/50 to reach CENP-
Q'®®. Yet, our data powerfully demonstrate that direct binding of substrates via the PBD
is not only unnecessary, but that it should not be routinely expected. For example,
Plk12® lacks phosphopeptide-binding activity, yet phosphorylates 21% of the peptides
reached by wild type kinase. Second, PIk1 tethered to each discrete kinetochore
subcompartment restores ~40 phosphopeptides (Figure. 4.3). Thus, Plk1 function at the

kinetochore cannot be accounted for by a processive model where it engages each

substrate directly.



88

Conversely, PIk1 operation in the kinetochore is not purely distributive (Figure
4.6B, extreme left). First, delocalized Plk1** is incapable of rescuing chromosome
alignment or segregation (Figure 4.1E-H) even though it elicits phosphorylation of more
peptides than any tethered construct (Figure 4.3). Indeed, the scale from inner
centromere to outer kinetochore exceeds the ~5 nm width of the Plk1 kinase domain'*°
by two orders of magnitude, making it difficult to imagine how a single focus of kinase
could reach throughout the kinetochore without at least limited diffusion. In addition to
the theoretical considerations, we observe minimal overlap of phosphoproteomic
profiles and ability to rescue Plk1 functions (Figures 4.3, 4.4). Thus, our data support a
pool model, wherein Plk1 engages, perhaps, a small number of interactors that allow
regional distributivity of phosphorylation signals within the kinetochore (Figure 4.6B).
Although a single dominant focus of Plk1 is observed microscopically at each
kinetochore, this can be explained by limited sensitivity and diffraction limit, making it
likely that some pools are not detected or not resolved. Thus, our data converge on a
model that is complex in that it requires both a diversity of interactors and distinct
requirements for operation for each pool of Plk1, depending, perhaps, on accessibility to
phosphatases. A complex interplay of highly regulated kinase and phosphatase
activities are consistent with recent observations that proper kinetochore attachment is
regulated by access and activity of phosphatases'**°".

Our tethered Plk1 constructs cannot fully recapitulate the dynamic nature of PIk1,
which is important for proper mitosis. For example, during transition from prometaphase
to metaphase, CUL3-KLHL22 ubiquitylation removes Plk1 from the kinetochore'®?,

coincident with decline of phosphorylated targets'. Furthermore, non-ubiquitylatable
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Plk1'®? and PIk1 tethered to Hec1'" can produce similar aberrant phenotypes—
impaired kinetochore-microtubule attachments and mitotic delay—suggesting that
dampened activity of Plk1 at the outer kinetochore is important for proper mitotic
progression. We do not exclude a requirement for similar dynamics of Plk1 at the inner
centromere and chromatin. If removal of PIk1 is required, the lack of dynamic activity in
our tethered constructs could account for the inability to completely restore function.
Alternatively, we may have inadvertently mimicked the dynamic localization of inner
centromere Plk1 because Kif2c is removed at the proper time.

In principle, it is possible that rescue is afforded by phosphorylation of a non-
physiologic substrate by tethered Plk1; however it is implausible that a chance
phosphorylation event happens to rescue a specific phenotype by a novel mechanism.
It is possible that PIk1 does not operate at the inner centromere: although we observe
Kif2c at the inner centromere, it is possible that another pool, not readily observable,
exists at centromeric chromatin, where tethered Plk1 operates. Additionally, our
conclusions from the phosphoproteomic data are limited by the small number of
kinetochore peptides detected. Indeed, well-documented substrates such as BubR1 are
absent from our list. It is possible that peptide abundance for these proteins were below
our level of detection and different protein enrichment strategies may identify additional
kinetochore targets which would better illuminate the phosphoproteomic signatures of
our Plk1-tethered constructs. Nevertheless, we are able to identify phosphoproteomic
evidence of PIk1 function across the kinetochore.

In conclusion, concordant microscopic, phosphoproteomic, and functional

evidence places Plk1 deep within the kinetochore and centromere where it executes
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key mitotic functions. The data best support a ‘pool model’ of PIk1 function at the
kinetochore. Thus, Plk1 exists and operates at multiple locations within the kinetochore.
For full function, Plk1 needs to engage the kinetochore in discrete pools via its PBD, but
it need not engage each substrate individually. Moreover, such engagement is
dispensable altogether for certain phosphorylations, such as on CENPE, CENPF or
INCENP, which are phosphorylated well by soluble kinase. Although this complicated
picture challenges our ability to decode functions of Plk1 at the kinetochore, it
simultaneously provides a tool to meet the challenge—PIk1 kinase restricted to discrete
regions of activity within the kinetochore can match functional and phosphoproteomic
signatures. In principle, this approach can be employed to decode function of any
spatially regulated pleiotropic kinase, and enforced control of spatial activity can resolve
kinase signaling at the kinetochore.

From the molecular point of view, the landscape of a kinetochore is finer than can
be appreciated by conventional light microscopy. This molecular point of view is crucial

for accurate models of molecular signaling within small, complex biologic structures.

Materials and Methods
Cell Line Derivation and Culture Procedures

Cell Culture. All cell lines were maintained at 37 °C and 5% CO; in a humidified
incubator and propagated in the following media supplemented with 10% fetal bovine
serum and 100 units/mL penicillin-streptomycin: Phoenix retroviral packaging line,
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 4.0 mM L-Glutamine

and 4500 mg/L glucose; hTERT-RPE1 derived cell lines, 1:1 mixture of DMEM and
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Ham'’s F-12 media supplemented with 2.5 mM L-Glutamine. EGFP-PIk1%® RPE1 cell
lines®® and Plk1? cell lines stably expressing mCherry-Plk1 constructs with a “pincer
mutant” Polo-Box domain (Ch-Plk1%2)'*® were derived as previously reported.

Plasmid Construction. All DNA plasmids were cloned into pQCXIN (Clontech)
retroviral vector. Human Kif2c (MHS1010-73945), Dsn1 (MHS1010-9205748), and
Hec1 (MHS1010-7508250) were purchased from Open Biosystems. Bub1 and BubR1
were gifts from B.A. Weaver. Flag-tagged Plk1 constructs with a wild-type (Plk1"") or
pincer mutant Polo-Box domain (Plk1%®) were generated by PCR amplification of Plk1
from mCherry-tagged constructs and cloned into pQCXIN-Flag (pQCFIN) using
standard restriction digest and ligation procedures. Plk1 fusion constructs were made
using a modified USER cloning strategy (New England Biolabs). First, the Plk1 kinase
domain (PIk1AC, 1-1056aa) was PCR amplified and inserted into pQCFIN using
standard restriction digest and ligation procedures. Next, the Xbal restriction site was
removed by digest with Xbal, overhang removal by T4 DNA polymerase and blunt-end
ligation. A 55-base double-stranded USER acceptance sequence (Table 4.51)
containing Xbal and Nt.BbvCl restriction sites was inserted c-terminal to Plk1 (pQCFIN-
PIk1AC-USER). The plasmid was then linearized by Xbal and NtBbvCl digest, creating
8-base overhangs. Kif2c, H2B and Dsn1 were PCR amplified with primers containing 8-
base complementary sequences with a terminal uracil. Products were digested with
USER enzyme and ligated into pQCFIN-PIk1AC-USER vectors according to
manufacturer’s protocol. Kif2c localization mutants were made by PCR amplification of

amino acids 140-726 (AN) or site-directed mutagenesis (SKNN) using a QuikChange
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protocol (Stratagene). Constructs were fully sequenced to verify integrity. See Table
4.S1 for primer list.

Retroviral Transgenesis. For stable retroviral transduction, constructs were co-
transfected with a VSV-G envelope plasmid into Phoenix cells. Fresh medium was
applied and 24 h post-transfection and harvested 24 h later, clarified by centrifugation
and filtration through a 0.45 um membrane to remove cell debris, and diluted 1:1 with
complete medium containing 10 ug/ml polybrene (Millipore). Target cells were infected
at 40-60% confluence for 24 h, then selected with 0.4 mg/ml G418 for 10-14 d.
Polyclonal transductants were further purified by limiting dilution to obtain individual
clones.

Chemicals. Chemicals used in this study include 3-MB-PP1 (Toronto Research
Chemicals), BI-2536 (Selleck), MG-132 (Enzo Life Sciences), nocodazole and

thymidine (both EMD Biosciences).

Immunoblotting, Immunoprecipitation and Kinase Assays

For all experiments, cells were challenged with 0.2 ug/ml nocodazole for 19 h
and mitotic cells were collected by shakeoff, pelleted, frozen down and stored at -80°C
prior to use. For detection of BubR1, both mitotic and non-mitotic cells were collected
after 19 h nocodazole treatment.

Immunoblotting. Cell pellets were lysed in buffer (50 mM HEPES pH 7.5, 100 mM
NaCl, 0.5% NP-40, 10% glycerol) containing phosphatase inhibitors (10 mM sodium
pyrophosphate, 5 mM B-glycerolphosphate, 50 mM NaF, 0.3 mM NazVO,), 1TmM PMSF,

1x protease inhibitor cocktail (Thermo-Scientific) and 1 mM dithiothreitol. Proteins were
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separated by SDS-PAGE, transferred to Immobilon PVDF membrane (Millipore), and
blocked for 30 min in 4% milk and 0.1% Tween-20 Tris buffered saline ph 7.4
(TBST+milk). Membranes were incubated with gentle agitation for 2 hours at room
temperature with primary antibodies (Table 4.S2) diluted in TBST+milk, washed 3x with
TBST, incubated for 1 hour at room temperature in secondary antibodies conjugated to
horse radish peroxidase in TBST+milk. Membranes were washed and developed with
luminol/peroxide (Millipore) and visualized with film.

All results were obtained from single gels. To simultaneously probe for the
protein of interest and the loading marker, the membrane was divided in two after
transfer and incubated in separate antibody solutions. When identical-sized proteins
prevented membrane division, the membrane was first probed for the protein of interest,
stripped in an acidic glycine wash (100 mM glycine pH 2, 500 mM NacCl, 2% SDS),
rinsed in deionized H,0, and then reprobed for the loading marker.

Immunoprecipitation and in vitro kinase assays. Cell lysates were prepared as
above with up to 1 mg total protein used for pulldown. Protein inputs were adjusted to
promote equivalent quantities after pulldown. Flag-construct lysates were
immunoprecipitated with anti-Flag affinity gel (Biotool) for 1 h at 4°C. mCherry-construct
lysates were incubated for 3 h with 5 ug/mL dsRed antibody, followed by
immunoprecipitation with a 1:1 mixture protein A and protein G sepharose beads (GE
Healthcare) for 1 h at 4°C with gentle rotation. The beads/gel were washed three times
with lysis buffer and then once with kinase buffer (20 mM Tris, pH 7.4, 10 mM MgCl,, 50
mM KCI). Fifteen percent of immunoprecipitated complexes were removed for detection

of bound constructs by Flag or Plk1 immunoblotting. The remainder was then divided
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and incubated in kinase buffer, with or without 200 nM BI-2536, plus 5 ug GST-S
(substrate), 10 uM ATP, 10 mM dithiothreitol and 2.5 uCi [y->?P] ATP for 40 min at 30°C.
2P incorporation was observed by SDS-PAGE and Typhoon TRIO imager (GE
Healthcare). Three kinase assays were performed from two independent pulldowns.
Signal intensity quantification was performed in ImageJ'® by calculating area
underneath the curve for each lane after background subtraction. Final construct
intensities were determined by subtracting signal with BI-2536 from signal without BI-
2536 and expressed as a percentage of the control.

To prepare the Plk1-specific substrate (GST-S) used in the kinase assays, a
single nucleic acid sequence combining 6 known, serine-only, Plk1-specific peptide
sequences identified from PhosphositePlus'® was synthesized by Integrated DNA
Technologies (IDT) and cloned into the pGEX-6P1 vector (GE Healthcare) by Gibson
assembly (New England Biolabs). Vector expression was induced in E. coli (BL21DE3)
by addition of 400 uM IPTG for 3 hours at 37 °C. Bacteria were resuspended in PBS
containing 250 mM NaCl, 10mM EGTA, 10 mM EDTA, 0.1% Tween-20, 1 mM
dithiothrietol, 1 mM PMSF, and 1 mg/ml lysozyme prior to sonication. GST-S was
purified from lysates using Glutathione Sepharose 4B beads (GE Healthcare) and

eluted in 50 mM Tris-HCL pH 8.0.

Immunofluorescence Microscopy
General procedures. Cells were seeded on glass coverslips at low density in 24-
well plates and allowed to grow until 80-90% confluence. For chromosome alignment

experiments, cells were challenged for 2 h with 10 uM MG-132 to prevent anaphase
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onset and 500 nM 3-MB-PP1 + 200 nM BI-2536. For chromosome segregation
experiments, cells were challenged for 6 h with 200 nM 3-MB-PP1 £ 200 nM BI-2536.
For extraction experiments, cells were challenged overnight with 0.2 ug/mL nocodazole.

For pre-extraction, coverslips were initially incubated for 15 s at room
temperature (RT) in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM
magnesium chloride) with 0.5% Triton X-100. Otherwise, coverslips were fixed in 4%
paraformaldehyde in PHEM buffer for 10 min at RT, washed 3 times in PBS, and then
blocked for 30 min at RT in 3% bovine serum albumin (BSA) and 0.1% Triton X-100 in
PBS (PBSTx+BSA). Primary antibodies (Table 4.S2) were pooled and diluted in
PBSTx+BSA. Coverslips were incubated in primary antibodies for 1 h at RT and washed
3 times in PBSTx. Alexa Fluor (Invitrogen) secondary antibodies were pooled and
diluted at 1:350 in PBSTx+BSA. Coverslips were incubated in secondary antibodies for
30 min at RT and then washed twice with PBSTx. Coverslips were counterstained with
DAPI and mounted on glass slides with Prolong Gold anti-fade medium (Invitrogen) and
allowed to cure overnight.

Image acquisition was performed on a Nikon Eclipse Ti inverted microscope
equipped with a 100x/1.4NA (Plan Apo) DIC oil immersion objective, motorized stage
(Prior Scientific), and CoolSNAP HQ2 CCD camera (Photometrics). Optical sections
were taken at 0.2-um intervals and, except for extraction experiments, deconvolved
using the AQI 3D Deconvolution module in Nikon Elements. Panels were cropped using
Photoshop CS5 (Adobe) and assembled with overlays using lllustrator CS5 (Adobe).

During quantitation of spindle polarity, chromosome alignment and segregation

phenotypes, observer blinding was performed by slide label concealment. “Bipolar”
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spindles were defined by tubulin staining that exhibited an oval shape, tapered at
opposite ends, with pericentrin signal at each end. All other spindle types were
considered “abnormal”. For chromosome alignment, all non-prophase pre-anaphase
mitotic cells were included for analysis. Cells were scored as exhibiting “aligned”
chromosomes if all DNA, visualized by DAPI, was present at the cell equator. All other
cells were scored as “misaligned”. For chromosome segregation, anaphase cells were
identified by central spindle localization of GFP-PIk1%® and chromosome position was
determined by DNA (DAPI) and kinetochores (ACA antibody) signals. Cells were scored
as exhibiting “segregated” chromosomes if no lagging DNA or ACA signals were
observed. “Lagging” chromosomes were defined if single DNA or ACA signals were
observed lagging behind the segregating masses or if the two masses were not
sufficiently separated despite elongation of the cytoplasm (see Figure 4.5, panel E for
an example).

Quantitation of cytoplasmic fluorescence intensity was performed using Nikon
Elements. Images of 10 cells were acquired for each condition (pre-extraction vs. no
extraction) per Plk1 construct. Threshold levels were equally applied to all images to
exclude background intensity. Average volume intensity measurements for each
channel were made using a 1.5x1.5 um box placed in the cytoplasm of each cell. To
determine the quantity of construct extracted, the median intensity of the pre-extracted
cells was subtracted from individual intensities in the no extraction group. These values
were then divided by the amount of GFP-Plk1® extracted to control for cell-cell

variability.
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Sample size was selected for cell biology experiments based on prior experience
and biologically significant effect size. For immunofluorescence, the sample size was
typically ~100 cells. Three biologic replicates were performed each with this sample
size.

Data analysis was performed using Prism 6 (GraphPad). Statistical significance
was determined using an ordinary one-way ANOVA with Dunnett’'s multiple
comparisons test with a single pooled variance when comparing multiple cell lines
against the vector control or a two-tailed, unpaired t-test with Welch’s correction when
comparing a single cell line with different chemical treatments.

High-resolution imaging and Delta analysis. Samples were prepared as
previously described'®?. Image acquisition was performed on a Nikon TE300 inverted
microscope equipped with a Yokogawa CSU10 spinning disk confocal with image
magnification yielding a 65 nm pixel size from the Orca ER cooled CCD camera and an
100X/1.4NA (Plan Apo) DIC oil immersion objective (Nikon). Sixty-five flame 3D stacks
of pairs of red and green fluorescent images were obtained sequentially at 200 nm
steps along the z-axis through the cell from coverslip surface using MetaMorph 6.1
software (Molecular Devices).

For each metaphase kinetochore pair, 3D centroid positions were measured with
a 3D Gaussian fitting function as described previously'®*. The centroids of one color
were projected to the axis defined by the centroids of the other color, and the Delta
(average separation of the projection distance between the signals of red and green

colors for theta pair) was calculated to correct for chromatic aberration. Mean Delta
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values were corrected for tilt of the face of the kinetochore relative to the axis between

sister kinetochores.

Mass Spectrometry

Cell Culture. EGFP-PIk1?® RPE1 cell lines stably expressing Flag-Plk1", Ch-
Plk1%®, Flag-Plk1AC-Kif2c, Flag-Plk1AC-H2B, or Flag-Plk1AC-Dsn1 were split in half (2
chemical treatments/cell line) and cultured as above. At approximately 60% confluence,
cells were synchronized in S-phase with 3 mM thymidine. After 24 h, cells were rinsed
twice with Hank’s Balanced Salt Solution (HBSS), then replenished with fresh media
containing 0.2 ug/ml nocodazole. After 18 h, 3-MB-PP1 (final concentration 10 mM) was
added to all cells to inhibit PIk1%°. To half of the cells, BI-2536 (final concentration 200

nM) was also added to inhibit the complementing Plk1"!

allele. One hour later, mitotic
cells were collected by shake-off, pelleted, rinsed x 1 with PBS, pelleted again, snap
frozen in liquid nitrogen and stored at -80°C. A total of 10 cell pellets (5 cell lines + BI-
2536) were prepared in this manner.

MS Sample Preparation. Cell pellets were lysed in buffer (8 M urea, 50 mM Tris
pH 8.0, 100 mM CaCl,) containing dissolved protease and phosphatase inhibitor tablets
(Roche) and then sonicated for 20 min. Protein concentrations were determined using a
BCA kit (Thermo Pierce). Cell lysates were then reduced by addition of dithiothreitol
(final concentration of 5 mM), incubated at 37°C for 45 min, and alkylated by adding
iodoacetamide (15 mM final concentration). Next, lysates were incubated for 45 min in

the dark at room temperature, and remaining iodoacetamide was quenched by bringing

each lysate back to a final 5 mM dithiothreitol concentration. Next, lysates were diluted
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to a 1.5 M urea concentration using a 50 mM Tris and 100 mM CacCl; solution. Trypsin
was added to each lysate in a 50:1 (protein: enzyme) ratio and digested overnight at
ambient temperature. The 10 samples were desalted using 100 mg C18 Sep-Paks
(Waters) and dried down using a vacuum centrifuge to obtain tryptically digested
peptides. 1 mg of peptides for each of the 10 samples was incubated with 10-plex
tandem mass tags (TMT) reagents (Thermo Scientific) for 3 hours at room temperature.
An aliquot of each sample was mixed in a 1:1 ratio and run on an Orbitrap Elite mass
spectrometer (Thermo Scientific) to ensure complete TMT peptide labeling. The 10
samples were mixed in a final 1:1 ratio across all 10 TMT channels and desalted using
a 500 mg C18 Sep-Pak (Waters) to produce a single pooled sample containing
chemically labeled peptides from all 10 samples (5 cell lines + BI-2536). The pooled
sample was fractionated using Strong Cation Exchange (SCX) chromatography to
produce 12 total peptide fractions, which were subsequently lyophilized and desalted.
The resultant 12 peptide fractions were each enriched using Immobilized Metal Affinity
Chromatography (IMAC) Ni-NTA magnetic agarose beads (Qiagen), leading to 12 final
SCX fractionated enriched phosphopeptide and unenriched peptide fractions. Each
fraction was dried down using a vacuum centrifuge and resuspended in 0.2% formic
acid for mass spectrometry analyses.

Nano-LC-MS/MS Methods. Each sample was introduced to an Orbitrap Fusion
mass spectrometer (Thermo Scientific) during a 90 min nano-liquid chromatography
separation using a nanoAcquity UPLC (Waters). A “Top N” Fusion method was used to
analyze eluting peptides, using a 60,000 resolving power survey scan followed by

MS/MS scans collected at 60,000 resolving power. Peptides were fragmented using
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higher-energy collisional dissociation (HCD) at a normalized collision energy of 35%.
Phosphopeptide fractions were analyzed with 200 msec maximum injections times for
MS scans and 120 msec maximum injection times for MS/MS scans, while unenriched
fractions were analyzed with 100 msec maximum injections times for MS scans and 75
msec maximum injection times for MS/MS scans. Only peptides with charge states from
+2 to +8 were selected for MS/MS with an exclusion duration of 30 s. The 12
phosphopeptide samples were run in duplicate.

MS Data Analysis. Data was searched using Proteome Discoverer 1.4.1.14
(Thermo Fisher) with the Sequest search algorithm. Thermo RAW files were searched
against a Homo sapiens target-decoy database (UniProt, downloaded 11/06/2014).
Peptide and phosphopeptide datasets were searched using a 50 ppm precursor mass
tolerance and 0.02 Da fragment tolerance for b and y ions produced by HCD
fragmentation. All fractions were searched with static carbadimomethyl of cysteine
residues, static TMT 10-plex modifications of peptide N-termini and lysines, dynamic
methionine oxidation, and dynamic TMT 10-plex modification of tyrosine residues.
Phosphopeptide fractions were searched with additional dynamic phosphorylation
modifications of serine, threonine, and tyrosine residues. Resulting peptide
identifications were filtered to 1% false discovery rate (FDR) and exported to tab-
delimited text files compatible with the COMPASS software suite'®*. COMPASS was
used to obtain the 10-plex TMT protein and phosphopeptide quantitation for all the 12
peptide fractions and 12 phosphopeptide fractions. Peptides were mapped back to their
parent proteins using COMPASS, and Phospho RS"®® was used to localize

phosphorylation to amino acid residues with a fragment tolerance of 0.02 Da
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automatically considering neutral loss peaks for HCD and considering a maximum of
200 maximum position isoforms per phosphopeptide. The raw 10-plex reporter ion
intensities of localized phosphopeptide isoforms were log, transformed and normalized
against inhibited Plk1"! (+BI-2536) to obtain the relative phosphopeptide and protein
quantitation for each cell line and condition. Phosphopeptides were considered targeted
by each cell line (A) if the uninhibited condition exhibited a 2-fold increase over inhibited
Plk1" (i.e. AA vs. WT_BI) and (B) if the phosphopeptide abundance decreased by half

when the cell line itself was inhibited by BI-2536 (i.e. AA vs. AA_BI).
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Figure 4.1. Plk1 signaling at the kinetochore requires binding via its PBD

A, Schematic indicating orthogonal control of Plk1 alleles. Analog-sensitive (AS) PIk1 is
sensitive to 3-MB-PP1, but not BI-2536, whereas wild-type (WT) PIk1 is the converse.
B, Schematic of complementation strategy. RPE1 cells expressing GFP-PIk1?° (Plk1%°)
were stably infected with an empty Flag vector (Vector), Flag-tagged wild-type Plk1
(PIk1""), or PIk1 with a wild-type kinase domain, but crippled Polo-box domain that
delocalizes the protein (Plk1*® and Ch-Plk1%®). C-H, Delocalized Plk1 (Ch-Plk1%® >
Plk12®) partially restores mitotic bipolar spindles, but fails to restore metaphase
chromosome alignment or anaphase chromosome segregation when GFP-PIk1% is
inhibited with 3-MB-PP1. C, Graph shows average percentage (+ SEM) of pre-
anaphase cells with bipolar spindles for each cell line challenged with 10 uM 3-MB-PP1
(n=150 cells/experiment; 5 independent experiments). D, Representative maximal
intensity projection micrographs from C. Arrowheads highlight pericentrin-decorated
centrosomes. E, Graph shows average percentage (+ SEM) of pre-anaphase mitotic
cells at metaphase with fully aligned chromosomes for each cell line challenged with
500 nM 3-MB-PP1 (n=150 cells/experiment; 3 independent experiments). F,
Representative maximal intensity projection micrographs from E. Arrowheads indicate
misaligned chromosomes. G, Graph shows average percentage (+ SEM) of anaphase
cells with fully segregated chromosomes for each cell line challenged with DMSO
(yellow bar) or 200 nM 3-MB-PP1 (cyan bars) (n=50 cells/experiment; 4 independent
experiments). H, Representative maximal intensity projection micrographs from G.
Arrowheads indicate lagging chromosomes. *P<.05, ***P<0.0001 by one-way ANOVA

or unpaired t-test; NS, not significant (panels C,E,G). Scale bars, 5 um (panels D,F,H)
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Figure 4.2. High-resolution microscopy identifies discrete localization of
endogenous Plk1 and kinetochore-tethered Plk1 constructs along the
kinetochore-centromere axis

A, Schematic of complementation strategy. As in Figure 4.1B, except additional Flag-

tagged lines were generated to localize the wild-type Plk1 kinase domain (PIk1AC) to
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discrete locales at the kinetochore. Flag-PIk1AC was tethered to proteins localizing to
the inner centromere (Kif2c), chromatin (H2B), or to the outer kinetochore (Dsn1). B,
High-resolution single plane images and Delta analysis of endogenous Plk1, CENP-
U/50 (also known as PBIP), and BubR1 used for kinetochore mapping in RPE1 cells. K-
K indicates distances between the two centroids for CENP-I, CENP-U/50 or BubR1. C,
High-resolution single plane micrographs and Delta analysis of kinetochore-tethered
PIk1 constructs. K-K indicates distances between the two centroids for the tethered
constructs. D, Map of kinetochore with summary of Delta measurements from panels B-
C set relative to the N-terminus of CENP-I (red). Endogenous proteins indicated in black
and Plk1 fusion constructs in green. Positive values are outward toward the spindle
microtubules and negative values are inward toward the inner centromere. *CENP-A

position was reported previously'®?. Scale bars, 5 um (panels B-C).
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A, Distribution of phosphopeptides (PPs) regulated by Plk1 activity. Out of a total of
11,407 phosphopeptides encountered, 566 PPs were upregulated (> 2-fold increase

+BI/-Bl) and 531 downregulated (> 2-fold decrease +Bl/-Bl) with exposure to the Plk1"!
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inhibitor, BI-2536. B, Hypothetical distribution of Plk1"* (green) within the KT axis and
partitioning function by locale within the KT axis (Dsn1-outer KT, Kif2c-outer KT/inner
centromere, H2B-chromatin) or by a delocalized control, (Ch-Plk1*?). C, Identification of
phosphopeptides (PPs) that are restored with each tethered Plk1 construct. Each dot on
plot represents one of 531 physiologically Plk1-regulated PPs (downregulated >2x with
Plk1"'+BI). The X axis displays its abundance relative to control (Plk1"'+BI) with values
>2 indicating that phosphorylation is restored by the construct in question. The Y axis
indicates the ratio PP/PP+BI, with values >2 indicating that the restored PP is depleted
with chemical inactivation of the regionally-restricted construct. Color-coded regions
indicate the PPs that are reversibly restored with each regional construct. The Venn
diagram at center illustrates the number of PPs that overlap by the distinct color-coded

constructs.
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Figure 4.4. Restricting Plk1 activity along the kinetochore-centromere axis
produces distinct phosphoproteomic and functional signatures

A, Table of Gene IDs from phosphopeptides regulated by kinetochore-tethered Plk1
constructs. Rows indicate peptide locale or cellular function. Columns indicate peptides
with individual or overlapping construct regulation. Peptides also regulated by
delocalized Plk1 (Ch-Plk1%®) are listed in red. Asterisk(*) denotes peptides that contain
the minimal Plk1 consensus (D/E/N/Q-X-pS/pT) motif. Underline denotes multiple

regulated peptides encountered. B, Cells expressing GFP-Plk1%®

and the respective
kinetochore-tethered Plk1 constructs were challenged with 3-MB-PP1 (inhibits Plk1%°) +
BI-2536 (inhibits PIk1""/ PIk1AC constructs) and assayed for ability of constructs to
rescue chromosome alignment during metaphase or segregation during anaphase. B,
Graphs show average percentage (+ SEM) of pre-anaphase mitotic cells at metaphase
with fully aligned chromosomes for each cell line (n=100 cells/experiment; 3
independent experiments). C, Representative maximal intensity projection micrographs
from B. Arrowheads indicate misaligned chromosomes. D, Graph shows average
percentage (+ SEM) of anaphase cells with fully segregated chromosomes for each cell
line (=40 cells/experiment; at least 3 independent experiments). E, Representative
maximal intensity projection micrographs from D. Arrowheads indicate lagging

chromosomes. *P<0.05, **P<0.005, ***P<0.0001 by one-way ANOVA or unpaired t-test;

NS, not significant (panels B,D). Scale bars, 5 um (panels C,E).
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Figure 4.5. Outer kinetochore tethering of Plk1 fails to restore chromosome
alignment or segregation

A-D, Plk1 tethered to the inner centromere-localized pool of Kif2c is important for
chromosome alignment and segregation. Top, Schematic of Kif2c (also known as
mitotic centromere-associated kinesin, MCAK) highlighting important domains. CC,
coiled coil. Bottom, Schematic of Plk1-tethered to Kif2c localization mutants: AN
disrupts targeting to both the inner centromere and microtubule tips, whereas SKNN
disrupts targeting to the tips only. B, Representative single-plane micrographs
highlighting diffuse spindle localization of the AN mutant and discrete targeting of the
SKNN mutant to the inner centromere (insets). C-D, Cells expressing GFP-PIk1%® and
Kif2c localization mutants were challenged with 3-MB-PP1 (inhibits Plk1?°) + BI-2536
(inhibits PIk1AC constructs) and assayed for ability of constructs to rescue chromosome
alignment during metaphase or segregation during anaphase. C, Graphs show average
percentage (£ SEM) of pre-anaphase mitotic cells at metaphase with fully aligned
chromosomes for each cell line (n=150 cells/experiment; 3 independent experiments).
D, Graph shows average percentage (+ SEM) of anaphase cells with fully segregated
chromosomes for each cell line (n=50 cells/experiment; 4 independent experiments). E,
Schematic of kinetochore indicating positions of outer kinetochore Plk1 tethers. F, As in
panel C (n=150 cells/experiment; 3 independent experiments). G, Representative
single-plane micrographs indicating kinetochore localization of Plk1 tethers in cells
failing to restore chromosome alignment. H, As in panel D (n=30 cells/experiment; 4
independent experiments). /, Representative maximal intensity micrographs indicating

localization of PIk1 tethers in cells failing to restore chromosome segregation. *P< 0.05,
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**P<0.005, ***P<0.0001 by one-way ANOVA or unpaired t-test; NS, not significant

(panels C,D,F,H). Scale bars, 5 um (panel B,G,/).
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Figure 4.6. Functional/proteomic signatures and a model for Plk1 activity in the
kinetochore

A, Phosphopeptides that are restored by constructs concordant with phenotypic rescue
of chromosome alignment (/eft) and accurate chromosome segregation (right).
Phosphopeptides (PPs) containing minimal PIk1 consensus are illustrated for each
phenotype with bars illustrating difference between +/- BI-2536 for each construct. Left,
phosphopeptides that are restored by Plk1"' and Kif2c only. Right, phosphopeptides
that are restored with PIk1"', H2B, and Kif2c. B, A model of Plk1 operation within the
kinetochore could range from a highly distributive operation where one binding partner
provides access to all substrates (extreme left), versus processive operation, where
PIk1 binds each substrate directly (extreme right). Our data support an intermediate
model where Plk1 at each sub-compartment can elicit ~40 phosphorylation events, with

minimal overlap between inner centromere, chromatin, and the outer kinetochore.
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Figure 4.S1. Plk1 substrates and interactors are found along the entire
kinetochore-centromere axis
Left, Schematic of the human kinetochore and centromere. Centromere proteins are

indicated by their respective letters. CPC, Chromosomal Passenger Complex. Right,
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List of known mitotic PIk1 substrates and interactors based on reference articles.
Locales were determined by referenced articles or inferred based on localization or

known binding partners mapped in additional reports, but not referenced here.
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Figure 4.S2. Plk1 signaling at the kinetochore requires binding via its PBD
(companion to Figure 4.1)

A, Immunoblot of mitotic protein extracts from RPE1 cell lines co-expressing GFP-Plk1%®
and the Flag tag (Vector), wildtype Plk1 (PIk1"'), wildtype Plk1 with a mutated PBD
(PIk1%® and Ch-PIk12?) or catalytically inactive Plk1 (Plk1%®*R). Membranes probed for
Flag-tagged (Flag blot) or mCherry-tagged (dsRed) Plk1 and Actin (loading control). B,
PIk1 construct activity determined by Flag- or dsRed-immunoprecipitation from mitotic

protein lysates, followed by incubation with [y-32P]-ATP and PIk1-specific substrate.
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Where indicated, 200 nM BI-2536 added to reactions to inhibit Plk1. Top,
autoradiograph (**P) and Coomassie gel (CBB) of substrate from kinase reactions.
Average substrate labeling (+ SEM) reported relative to Plk1"'. Left-sided membrane in
A and B cropped for presentation- uncropped versions viewable in Figure 4.S3, panels
B and C. Bottom, immunoblot of kinase reaction input after immunoprecipitation (IP).
PIk1 detected by Flag (left) or Plk1 (right) antibodies. C, Representative maximal
intensity projection micrographs demonstrating normal localization of Plk1"",

but impaired localization of Plk1#®/Ch-Plk1%?, to centrosomes and kinetochores during

metaphase and the central spindle during anaphase. Scale bars, 5 pm.
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Figure 4.S3. Analysis of kinetochore-tethered Plk1 constructs (companion to
Figure 4.2)

A, Representative single plane micrographs depicting localization of Flag-tagged PIk1
localized to the inner centromere (PIk1AC-Kif2c), to chromatin (PIk1AC-H2B), or to the
outer kinetochore (PIk1AC-Dsn1). B, Immunoblot of mitotic protein extracts from RPE1
cell lines co-expressing GFP-PIk1? and the Flag tag (Vector), wildtype Plk1 (Plk1"!),
catalytically inactive Plk1 (Plk1%®?%), delocalized Plk1 (Plk1?®) or the kinetochore-
tethered Plk1 constructs. Membranes probed for Flag-tagged PIk1 (Flag blot) and Actin
(loading control). C, Plk1 construct activity determined by Flag-immunoprecipitation
from mitotic protein lysates, followed by incubation with [y->P]-ATP and Plk1-specific
substrate. Where indicated, 200 nM BI-2536 added to reactions to inhibit PIk1. Left,
autoradiograph (**P) and Coomassie gel (CBB) of substrate from kinase reactions.
Average substrate labeling (+ SEM) reported relative to Plk1"'. Right, immunoblot of
kinase reaction input after immunoprecipitation (IP). Plk1 detected by Flag antibody. D-
F, Plk1 tethers exhibit soluble (cytoplasmic) fractions within cells. D, Representative
single-plane, non-deconvolved micrographs of GFP-PIk1?® with and without 15 s pre-
extraction prior to fixation. Numbers represent average fluorescent intensity (+ SD) as a
percent of the average intensity in non pre-extracted cells (n=60 cells/condition). E,
Representative single-plane, non-deconvolved micrographs of Flag-tagged or mCherry-
tagged (dsRed) PIk1 constructs with and without 15 s pre-extraction prior to fixation. F,
Graph indicates percentage of tagged construct extracted relative to amount of GFP-
Plk1®® extracted in cells. Dots represent single cells and bars indicate median values.

Log, scale used for Y-axis. Scale bars, 5um (panels A,D,E).
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Figure 4.S4. Validation of high-resolution Plk1 localization in cells (companion to
Figure 4.2)

A-C, High-resolution single plane micrographs and delta analysis of antibodies targeting
GFP tag of the GFP-PIk1® construct (panel A), Flag tag of the Flag-Plk1*' construct
(panel B) in RPE1 cells or endogenous Plk1 in HelLa cells (panel C). K-K indicates
distance between the two centroids. Yellow stars indicate protein positions targeted by

antibodies. D, Map of kinetochore plotting distances relative to the N-terminus of CENP-
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Figure 4.S5. Sample preparation and results for mass spectrometry (MS) of Plk1
cell lines (companion to Figures 4.3 and 4.4)

RPE1 cells coexpressing GFP-PIk1%® and Flag-Plk1", Ch-Plk1?®, Flag-Plk1AC-Kif2c,
Flag-PIk1AC-H2B, or Flag-Plk1AC-Dsn1 were challenged with 10 uM 3-MB-PP1
(inhibits Plk1%%) +/- 200 nM BI-2536 (inhibits complementing wildtype Plk1 allele) for a
total of 10 samples. Mitotic cells were collected by shake-off. A, Pellets were lysed, and
their resultant proteins were denatured, reduced, alkylated, and tryptically digested. The
10 samples were each chemically labeled with isobaric 10-plex TMT tags and mixed in
equal ratios. The single pooled sample was fractionated by Strong Cation Exchange
(SCX) chromatography, and the 12 resultant SCX fractions were enriched for
phosphopeptides by immobilized metal affinity chromatography (IMAC).
Phosphopeptides from each fraction were chromatographically separated and ionized
for MS analysis. Isobaric, chemically labeled peptide species were isolated and
fragmented to produce sequencing ions. MS fragmentation also releases non-isobaric
reporter ions from the TMT tags, which reveal the relative abundance of each peptide
across the 10 cell lines (inset). B, A total of 11,407 phosphopeptides were encountered,
of which 531 (translating to 396 proteins) were regulated by Plk1 (Flag-Plk1"! cell line
exhibited > 2-fold change when comparing 3-MB-PP1 challenged cells with those
challenged both with 3-MB-PP1 and BI-2536). 176/531 peptides also contained the
D/E/N/Q-X-pS/pT maotif, indicating that these were likely direct PIk1 targets. C,
Quantitative analysis of mitotic kinetochore phosphopeptides directly targeted by wild-
type Plk1 (WT) and relative targeting abilities of the PBD mutant (AA) or kinetochore-

tethered Plk1 (Kif2c, H2B, or Dsn1). Values indicate fold-change (>2-fold considered
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significant) in phosphopeptide abundance of the uninhibited PIk1 constructs compared
to inhibition of WT. Phosphopeptides arranged from outer kinetochore to inner

centromere.
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Figure 4.S6. Plk1 activity tethered to chromatin or the inner centromere promotes
chromosome alighment and segregation (companion to Figure 4.4)

A, Representative maximal intensity projection micrographs of pre-anaphase mitotic
cells challenged with 500 nM 3-MB-PP1. Arrowheads indicate misaligned

chromosomes. B, Representative maximal intensity projection micrographs of
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anaphase cells challenged with 200 nM 3-MB-PP1. Arrowheads indicate lagging
chromosomes. ACA, Anti-Centromere Antibody. Scale bars, 5 um. C-D, Plk1 tethered to
kinetochore proteins Kif2c, H2B, or Hec1 do not produce mitotic errors in untreated
cells. C, Graph shows average percentage (+SEM) of pre-anaphase mitotic cells at
metaphase with fully aligned chromosomes for each cell line (n=150 cells/experiment; 3
independent experiments). D, Graph shows average percentage (tSEM) of

anaphase cells with fully segregated chromsomes for each cell line (n=50
cells/experiment; 3 independent experiments). *P<.05, **P<0.005 by one-way ANOVA;

NS, not significant.
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Figure 4.S7. Plk1 activity tethered to the inner centromere pool of Kif2c rescues

chromosome alighment and segregation (companion to Figure 4.4)

A, Immunoblot of mitotic protein extracts from RPE1 cell lines co-expressing GFP-Plk1%®

1%82R) or wildtype PIk1 tethered to wildtype Kif2c

and catalytically inactive Plk1 (Plk
(WT), Kif2c with an N-terminal deletion that prevents inner centromere and (+)tip

targeting (AN), or Kif2c with a mutated SxIP domain that prevents (+)tip targeting
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(SKNN). Membranes probed for Flag-tagged Plk1 (Flag blot) and Actin (loading control).
B, Plk1 construct activity determined by Flag-immunoprecipitation from mitotic protein
lysates, followed by incubation with [y-**P]-ATP and Plk1-specific substrate. Where
indicated, 200 nM BI-2536 added to reactions to inhibit Plk1. Left, autoradiograph (*P)
and Coomassie gel (CBB) of substrate from kinase reactions. Average substrate
labeling (£ SEM) reported relative to WT. Right, immunoblot of kinase reaction input
after immunoprecipitation (IP). Plk1 detected by Flag antibody. C, Single-plane, high-
resolution micrographs of Kif2c-WT and SKNN mutant showing lack of outer
kinetochore Kif2c signal. Linescans indicate relative signal intensities from the CENP-C
and Flag antibodies of kinetochore pair highlighted in inset. D, Representative maximal
intensity projection micrographs of pre-anaphase mitotic cells challenged with 500 nM
3-MB-PP1. Arrowheads indicate misaligned chromosomes. E, Representative maximal
intensity projection micrographs of anaphase cells challenged with 200 nM 3-MB-PP1.
Arrowheads indicate lagging chromosomes. ACA, Anti-Centromere Antibody. Scale

bars, 5 um
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Figure 4.S8. Analysis of outer kinetochore-tethered Plk1 constructs (companion
to Figure 4.5)

A, Immunoblot for BubR1 in mitotic extracts from cell lines co-expressing GFP-Plk1as
and the Flag tag (Vector), wildtype Plk1 (Plk1*!), delocalized (Ch-Plk12?) or kinetochore-
tethered PIk1 constructs (Top: Kif2c, H2B, Dsn1; Bottom: Bub1, BubR1, Hec1)
challenged with nocodazole + 10 uM 3-MB-PP1. B, Immunoblot of mitotic protein
extracts from RPE1 cell lines co-expressing GFP-PIk1%® and Plk1 tethered to Kif2c,
Bub1, BubR1 or Hec1. Each lane represents a clonal cell line. Membranes probed for
Flag-tagged PIk1 (Flag blot) and Cyclin B (mitotic fraction, Top) or actin (loading control,
Bottom). C-D, Highest expressing cell lines, Bub1 (GO-3), BubR1 (GK-3), and Hec1
(N1) were selected for further characterization. C, Immunoblot of mitotic protein extracts
comparing expression of kinetochore-tethered PIk1 constructs. D, Plk1-tethered
construct activity determined by Flag-immunoprecipitation from mitotic protein lysates,
followed by incubation with [y-*P]-ATP and Plk1-specific substrate. Where indicated,
200 nM BI-2536 added to reactions to inhibit Plk1. Top, autoradiograph (**P) and
Coomassie gel (CBB) of substrate from kinase reactions. Average substrate labeling (+
SEM) reported relative to Plk1"'. Bottom, immunoblot of kinase reaction input after
immunoprecipitation (IP). Plk1 detected by Flag antibody. E-F, Moderate to low
expressing outer kinetochore tethers also fail to restore metaphase chromosome
alignment or anaphase chromosome segregation when GFP-Plk1as is inhibited with 3-
MB-PP1. E, Graph shows average percentage (+ SEM) of pre-anaphase cells with
bipolar spindles for each cell line challenged with 10 uM 3-MB-PP1 (n=100

cells/experiment; 2 independent experiments). F, Graph shows average percentage (+
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SEM) of anaphase cells with fully segregated chromosomes for each cell line (n=30

cells/experiment; 2 independent experiments).
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NAME

SEQUENCE

USER INSERT TOP
USER INSERT BOTTOM

Bub1 FWD
Bub1 REV

BubR1 FWD
BubR1 REV

Hec1 FWD
Hec1 REV

Kif2c FWD
Kif2c REV

H2B FWD
H2B REV

Dsn1 FWD
Dsn1 REV

Kif2c-AN

Kif2c-SKNN TOP
Kif2c-SKNN BOTTOM

5-GAATTGCTGAGGAGACATCTAGAGAATTCTCTAGACTTTCCCTCAGCAATTCCGC-3'
5'-GCGGAATTGCTGAGGGAAAGTCTAGAGAATTCTCTAGATGTCTCCTCAGCAATTC-3'

5'-GGAGACAUATGGACACCCCGGAAAATG-3'
5-GGGAAAGUTTATTTTCGTGAACGCTTACATTCT-3'

5'-GGAGACAUATGGCGGCGGTGAAGAAGG-3'
5'-GGGAAAGUTCACTGAAAGAGCAAAGCCCC-3'

5-GGAGACAUATGAAGCGCAGTTCAGTTTCCAG-3'
5'-GGGAAAGUTCATTCTTCAGAAGACTTAATTAGAGTAGC-3'

5-GGAGACAUATGGCCATGGACTCGTCGC-3'
5-GGGAAAGUTCACTGGGGCCGTTTCTTG-3'

5-GGAGACAUATGCCAGAGCCAGCGAAGTC-3'
5'-GGGAAAGUTAACTTAGCGCTGGTGTACTTGGTG-3'

5-GGAGACAUATGACTTCAGTGACTAGATCAGAGATCA-3'
5-GGGAAAGUTCACTGACAAGATCCAGATCCAGAT-3'

5-GGAGACAUCGCAAGCAGTTTTCAGTTCCTC-3'

5-GTGAATTCCAAAAACAACGCTCCAAAAGAAAGTCTTCGAAG-3'
5'-CGTTGTTTTTGGAATTCACGGATCTCCGTTTTTGTTTCTG-3'

Table 4.S1. Table of primers used for USER cloning and mutagenesis
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Antibody Source Reference
Human anti-ACA Immunovision (HCT-0100) 145
Sheep anti-BubR1 (SBR1.1) [Steven Taylor 173
Rabbit anti-CENP-I Tim Yen 174
Rabbit anti-CENP-C lain Cheeseman 175
Rabbit anti-CENP-U/50 MBL (PD019) 152
Rabbit anti-DsRed Clontech (632496) 145
Mouse anti-Flag (M2) Sigma-Aldrich (F1804) This Study
Mouse anti-GFP (3E6) Invitrogen (A-11120) This Study
Mouse anti-Plk1 (F8) Santa Cruz Biotechnology (sc-17783) 145
Rat anti-Tubulin (YL1/2) EMD Millipore (MAB1864) 145

Table 4.S2. Table of antibodies used for immunofluorescence and

immunoblotting
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Chapter V—Perspectives
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Polo-like kinase 1 (Plk1) regulates many critical activities during mitosis,
including spindle assembly, chromosome alignment, chromosome segregation, and
cytokinesis. Ironically, this multi-functionality limits the ability to interrogate many of
PIk1’s individual functions. Current genetic tools have provided important insights into
PIk1 function by identifying a host of substrates and binding partners. Yet these findings
remain somewhat disconnected. The focus of this dissertation was to develop new
investigative strategies to complement traditional techniques, so we could develop a
comprehensive understanding of Plk1. Here, | highlight several important findings from

my work and suggest future directions for study.

Partitioning Plk1 function by chemical titration elucidates its role in maintaining
genomic fidelity

A major finding from the inhibitor titration experiments was that chromosome
segregation was the most sensitive of the PIk1 functions surveyed (Figure 3.9).
Moreover, impaired segregation was characterized by both lagging chromosomes and
decreased spindle elongation (Figure 3.5). Previously, decreased spindle elongation
was the only anaphase defect identified with chemical inhibition®**®#”. Thus, my results
suggest that PIk1 operates via two distinct mechanisms to promote proper chromosome
segregation during anaphase and these mechanisms likely involve separate substrate
pools. To my knowledge, no PIk1 substrate has been implicated spindle elongation and
only one substrate, Kif2b®, is directly linked to lagging chromosomes. Therefore,
inhibitor titration provides an avenue to probe the mechanisms underlying these

activities.
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The findings from this work have important clinical implications as well.
Numerous Plk1 inhibitors are in clinical development. Chromosome missegregation will
be encountered if these inhibitors are delivered in low doses to limit toxicity or after
pharmacologic washout, which dictates that low drug levels will be traversed (Figure
5.1). Moreover, chromosome missegregation with PIk1 inhibition is associated with
tetraploidy, impaired proliferation and senescence (Figure 3.8B-D) in non-transformed
RPE1 cells. Cancer cells with deregulated cell cycle controls may exhibit markedly
different effects. Therefore, mechanistic understanding of Plk1 inhibitor-induced
chromosome missegregation may be crucial for selection of optimal cancer subtypes

and dosing regime.

Partitioning Plk1 function by kinetochore locale reveals that Plk1 operates at the
inner centromere and chromatin

Isolation of Plk1 functions by inhibitor titration afforded me the opportunity to
develop a chemical genetic complementation strategy to partition PIk1 functions by
subcellular locale. In doing so, | learned that Plk1 operates within centromeric chromatin
and at the inner centromere. Notably, matching functional profiles of the kinetochore-
tethered Plk1 constructs with their phosphoproteomic signatures revealed two
substrates potentially important for chromosome segregation: Kif4a and Usp16 (Figure
4.6A). Kif4a has documented roles in chromosome segregation'’® and central spindle

177

assembly’”” and elongation'’®, whereas Usp16 has recently been identified as a bona

179

fide PIk1 kinetochore substrate . One area of future investigation will be to determine if

either Kif4a or Usp16 are Plk1-specific effectors of chromosome segregation.
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A novel role for Plk1 in maintaining kinetochore architecture

The prevailing model for Plk1 activity at the kinetochore is that it promotes
chromosome alignment and segregation by stabilizing microtubule attachments to the
kinetochore. Several lines of evidence support this concept. First, microscopic analysis
reveals that chemical inhibition of PIk1 prevents the establishment and maintenance of
stable microtubule attachments to the kinetochore®®. Second, Plk1 stabilizes
attachments, promoting chromosome alignment, by phosphorylating BubR1, which in
turn recruits Protein phosphatase 2A (PP2A) to counteract attachment destabilization by
Aurora B’®. Finally, Plk1 phosphorylates the microtubule depolymerase Kif2b to
destabilize incorrect attachments, which results in proper chromosome segregation®.
Both BubR1 (Figure 4.2B, 4.2D) and Kif2b® localize to the outer kinetochore; however,
my findings suggest that Plk1 also operates at the inner kinetochore. Microscopic
evidence localizes PIk1 at the inner kinetochore, internal to the centromere-specific
histone variant CENP-A (Figure 4.2B, 4.2D) and functional analyses using kinetochore-
tethered Plk1 indicate that chromatin- or inner centromere-tethered activity promotes
chromosome alignment and segregation. So how is Plk1 mediating chromosome
alignment and segregation?

My previous attempts to answer this question using inhibitor titration have been
largely unsuccessful, notable only for circumstantial evidence implicating merotelic
attachments (Figure 3.7). Recently, however, | have observed that lagging
chromosomes generated by Plk1 inhibition are largely devoid of major kinetochore

proteins, including CENP-A (Figure 5.2). Notably, this loss is specific to Plk1 inhibition
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as generating lagging chromosomes by nocodazole washout fails to recapitulate this
phenotype (Figure 5.2A-B,D-F). Because CENP-A provides the foundation for

kinetochore assembly'®18

, a simple explanation is that Plk1 mediates CENP-A loading
at centromeric nucleosomes- a finding recently reported by lain Cheeseman’s group'®?.
Failure to properly load CENP-A results in impaired kinetochore assembly, preventing
correct microtubule attachment, which leads to impaired chromosome segregation.
There are several critical limitations to this explanation, however. First, CENP-A loading
occurs exclusively during G1'®*"8°_ The anaphase defects | have observed occur within
6 hours of inhibitor challenge, meaning PIk1 inhibition occurs during G2 at the earliest.
Second, CENP-A is stably associated at the centromere with a 50% reduction occurring
during S-phase as the nucleosomes are equally partitioned between the sister DNA
strands'®*'%_ Therefore, only a 50% signal reduction would be expected with failure to
load CENP-A. My findings demonstrate almost complete loss of CENP-A signal on
lagging chromosomes (Figure 5.2C-D). Moreover, | observe similar reductions in CENP-
C and CENP-T levels (Figure 5.2E-F), which is in contrast to a previous report that
CENP-C and CENP-T reduction at kinetochores is delayed following CENP-A
knockout'®. Thus, my findings do not support a model whereby Plk1 inhibition perturbs
kinetochore loading of CENP-A. Rather, they suggest perturbation in retention of CENP-
A and other kinetochore proteins. How this occurs is an important area of future

investigation, because it establishes a mechanistic link of how Plk1 promotes proper

chromosome segregation during anaphase.
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Conclusion

The findings presented in this dissertation highlight the power of an orthogonal
chemical genetic system to interrogate the functions of a pleiotropic kinase, such as
PIk1. Major findings include: the discovery that Plk1 localizes to the inner kinetochore
and that some of its signaling activities are mediated within this region, and the
characterization of its role in chromosome segregation and the identification of two
substrates that may mediate this activity. Additionally, the strategies developed herein
provide opportunities to interrogate other known PIk1 functions (e.g. chromosome
alignment), or to use activity tethering to elucidate new functions (e.g. cytokinesis
functions with membrane tethering). Moreover, they may be adapted to study other
multifunctional kinases. Finally, this works reinforces the importance of investigating

cellular biology to inform rational development of kinase inhibitors as cancer therapies.
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== |ntermittent Dosing === Continuous Dosing

Plk1 function
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Figure 5.1. Schematic demonstrating differential clinical effects of Plk1 inhibitors
Clinical effects from Plk1 inhibition will likely vary based on serum levels of inhibitor.
Serum levels of PIk1 inhibitors used in a traditional 3-week Intermittent dosing schedule
(red line) will peak initially, affecting spindle assembly in mitotic cells. As the inhibitor
washes out, bipolar spindles will form, but chromosome alignment and segregation
defects may be encountered. To limit toxicity, a continuous dosing schedule may be
used (blue line). In this case, spindle assembly defects may not be observed, however

alignment and segregation defects will be the primary phenotype encountered.
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Figure 5.2. Plk1 inhibition induces lagging chromosomes characterized by loss of
kinetochore proteins

Human RPE1 cells were challenged for 6 h with DMSO or 40 nM BI-2536, or for 5 h
with 0.2 ug/mL nocodazole followed by a 45 min washout. Cells were fixed and
processed for immunofluorescence analysis of the kinetochore proteins Hec1, Nuf2,
CENP-A, CENP-C, and CENP-T during anaphase. A, Graph depicting the average
percentage of anaphase cells (+ SEM) exhibiting lagging chromosomes (n=50
cells/condition, 3 independent experiments. B, Representative maximal intensity
projection micrographs of anaphase cells challenged with BI-2536 or from nocodazole
washout. Insets highlight absence of outer kinetochore proteins Hec1 and Nuf2 with BI-
2536 challenge, but not with nocodazole washout. C, Representative maximal intensity
projection micrographs of anaphase cells challenged with BI-2536. Insets highlight
absence of inner kinetochore proteins CENP-A, CENP-C, and CENP-T. D, Graph of
relative CENP-A intensity at kinetochores of lagging chromosomes or segregated
chromosome masses (n=10 cells/condition, 3 independent experiments). Each dot
represents an individual lagging chromosome or segregated chromosome mass. Bars
indicate the median and interquartile range. E-F, Graphs of relative CENP-C (panel E)
or CENP-T (panel F), Hec1 and ACA intensities at kinetochores of lagging
chromosomes after BI-2536 challenge (triangles) or nocodazole washout (circles) (n=10
cells/condition, 3 independent experiments). Each symbol represents an individual
lagging chromosome. Bars indicate the median and interquartile range. ACA, Anti-

Centromere Antibody. Scale bars, 5 um (panels B and C).
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