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1. INTRODUCTION:
Prostate cancer is the most common cancer in men, with a lifetime risk of one in seven, 

and it is the second leading cause of cancer death in men. In 2007, 97.5% of Veterans Affairs 
(VA) cancers were diagnosed among men with the most frequent being prostate cancer (31.8%) 
(Zullig et al., 2012). Hormone therapy is an option for men with androgen sensitive prostate cancer 
who are not candidates for surgery, radiation, or have failed these therapies. However, hormone 
therapy is ineffective for androgen insensitive tumors. Here we examine prostate cancer samples 
from patients who failed hormone therapy with the goal of identifying molecular targets that can 
slow prostate cancer cell growth. Most control cells contain one centrosome, but in cancer cells 
supernumerary centrosomes are very common and have been positively associated with 
advanced tumor metastasis (Pihan et al., 2001). However, the mechanisms determining whether 
supernumerary centrosomes lead to increased metastatic behavior in prostate cancer have not 
been determined. The overall goal of this proposal was to determine the impact of centrosome 
deregulation on genome stability and tissue architecture. Specifically, we tested the hypothesis 
that the mitotic kinase, polo-like kinase 1 (PLK1), centrosome-based signaling events regulate 
centrosome function, genome stability, and metastasis. My laboratory made several contributions 
to these goals (Colicino and Hehnly, 2018; Colicino et al., 2018; 2019). Specifically, We 
determined that centrosome localized signaling events regulate genomic stability to subsequently 
influence tissue architecture and cellular behavior. Our findings demonstrated that primary patient 

cell lines with supernumerary centrosomes display 
abnormalities in several PLK1 scaffold protein expression 
and in PLK1 itself (Fig 1). Thus, we proposed a scenario 
where PLK1-centrosome-localized scaffolds, such as 
cenexin and/or Gravin, are disrupted causing a deregulation 
in PLK1-activity at specific sub-centrosome locales. 
Abnormal Plk1 signaling has been linked to genomic 
instability, which can result in copy number alteration and 
chromosomal rearrangements that are associated with 
prostate cancer. Several key regulatory genes are thought 
to be lost due to chromosomal rearrangements, such as 
PTEN at 10q23. With our long-term studies we hope to 
identify specific chromosomal fragile sites (CFSs) to 
determine how a normal genome is reorganized to produce 
a prostate cancer genome. This may reveal a mechanism 
for specific genomic rearrangements in prostate cancer, 
identify new cancer-associated genes, and provide early 
diagnostic tools to predict cancer development. Our long-
term goal is to provide an explanation for how prostate cells 
with abnormal centrosomes could conceivably contribute to 
disease development and progression through abnormal 
PLK1 signaling. 

Figure 1. The use of primary 3D 
cultures to examine the role of 
centrosomes and PLK1 in 
prostate cancer. (A) Protein 
expression patterns of two PLK1 
scaffolds, Gravin and cenexin, and 
PLK1. (B) Characterization of 
supernumerary centrosomes in 
organoids. 
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3. ACCOMPLISHMENTS:
The major accomplishments are described below in accordance with our approved 

SOW and discusses major activities, specific objectives, and significant results with 
resulting publication. 

• What were the major goals of the project?
Aim 1: Determine mechanisms of centrosome amplification and determine its impact on
genome stability. 

1) Determining the mechanism of centrosome amplification.  This task is still underway.
2) Determine whether supernumerary centrosomes lead to increased genetic instability.
This task is still underway.
3) Determine whether supernumerary centrosomes lead to increased cellular invasion.
This task is still underway.

Aim 2: Determine whether loss of specific PLK1 scaffolds affect PLK1 activity. 
Task 1 from this aim has been completed and published in two manuscripts 

(Colicino et al. MBoC 2018, 2019).  Where we completed tasks 1 in our presented SOW 
outlined below. 

1) Determine whether loss of specific PLK1 scaffolds affect PLK1 activity
2) Determine whether supernumerary centrosomes disrupt PLK1 distribution and

subsequent activity. This task is currently underway, and we hope to be preparing it for 
publication. 

• What was accomplished under these goals?

Goals of AIM 1 we accomplished: 
In our submitted SOW we proposed for our first aim to accomplish the optimization of 3-D 

culture for fixed and live-cell imaging to determine the mechanism of centrosome amplification, 
optimize organoid growth for super resolution imaging (e.g. SIM), and processing and 
quantification of all imaging experiments. We have optimized 3-D primary prostate cancer cell 
organoid growth (featured in (Colicino et al., 2018); refer to appendix).  We have quantified the 
percentage of cells that have supernumerary centrosomes (~25-30%, Figure 1).  We are currently 
in the process of trying to express a centrosome marker in primary prostate cancer samples but 
have yet to efficiently do so.   We have successfully done this in immortalized prostate cancer 
cells, which we are also using for our studies.   We have successfully optimized super resolution 
imaging for organoids with either SIM (Zeiss’s Elyra at Cornell University, Figure 2E) or with STED 
(a purchased microscope by the Cancer Center at Upstate Medical).  A STED micrograph was 
included in (Colicino et al., 2018)(refer to appendix). 

Goals for AIM 2 we accomplished: 
My student Erica Colicino has made giant strides in examining the impact of centrosome-

based PLK1 scaffolds on PLK1 dynamics, activity, and downstream PLK1-driven signaling 
events.  Her first manuscript ((Colicino et al., 2018), see appendix) discovered that a gene (down-
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regulated in cancer) Gravin, which is 
a PLK1-scaffold, causes an increase 
in genomic instability by inducing 
micronuclei formation. She developed 
a biosensor to examine PLK1 activity 
specifically at centrosomes.  Her 
studies identified that Gravin-loss 
resulted in an increased PLK1 mobile 
fraction, causing the redistribution of 
active PLK1, which leads to increased 
defocusing and phosphorylation of 
the mitotic centrosome protein 
CEP215 at serine-613.  Our findings 
demonstrated that disruption of a 
Gravin-PLK1 interface leads to 
inappropriate PLK1 activity 
contributing to chromosome 
segregation errors, formation of 
micronuclei, and subsequent DNA 
damage.   

Erica completed her second 
manuscript ((Colicino et al., 2019), 
see appendix) where she examined a 
second PLK1 scaffold, cenexin. 
Erica’s studies identified an inherent 
asymmetry of PLK1 localization and 
activity between the two mitotic 
centrosomes. This asymmetry is 
dependent, at least in part, on mitotic 
centrosome age. We hypothesize this 
dependence is because the oldest 
mitotic centrosome is positive for the 
known PLK1 binding scaffold cenexin 
compared to the youngest mitotic 
centrosome (Figure 2). Our studies 
found that PLK1 asymmetrically 
localizes between spindle poles 
under conditions of chromosome 
misalignment, and chromosomes 
tend to misalign toward the oldest 
spindle pole in a cenexin- and PLK1-
dependent manner (Figure 3). During 
chromosome misalignment, PLK1 
activity is increased specifically at the 
oldest spindle pole, and this increase 
in activity is lost in cenexin-depleted 
cells (Figure 3 and 4). We propose a 
model where PLK1 activity elevates in 
response to misaligned 
chromosomes at the oldest spindle 
pole during metaphase to possibly fix 

Figure 2. PLK1 distribution between the oldest (mother) 
and youngest (daughter) spindle poles. (A) 
Immunofluorescence staining of HeLa GFP-centrin cells at 
metaphase, centrioles (centrin, cyan), cenexin (magenta), 
centrobin (gold), and DNA (blue). Bar = 3 m (B) Insets from 
(A) showing cenexin (magenta), GFP-centrin (cyan), and
centrobin (gold) (Ba’). FIRE LUT depicting intensities of
cenexin, GFP-centrin, and centrobin (Bb’). 3D profile plot of
each pole. Heat map of intensity ranges (Bc’). (C) The
intensity of cenexin, GFP-centrin, CEP164, and centrobin
was measured at the mother and daughter spindle pole.
Violin plot shown, black dashed line at median.
Representative of n=3 experiments, n>30 cells
measured/group. Student’s paired t-test, **p<0.01,
****p<0.0001. (D) Measured fluorescent intensities were
used to calculate a ratio for each metaphase cell where the
mother spindle pole intensity was divided by that of the
daughter spindle pole. Violin plot shown, black dashed line
at median. Representative of n=3 experiments, n>30
cells/group. (E) Structured illumination micrograph (SIM)
volumetric projection of a single metaphase HeLa cell
immunolabeled for PLK1 (magenta), cenexin (cyan), and
CREST (grey). Mother spindle pole (M) and daughter
spindle pole (D). White insets depict single mitotic

centrosomes. Bar = 5m. (F) PLK1 fluorescent intensity was

measured at the mother and daughter spindle pole
(determined by GFP-centrin) across n=30 cells). Violin plot
shown, black dashed line at median. Student’s paired t-test,
**p<0.01.
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misaligned chromosomes.  
Thus, it’s interesting to 
speculate in prostate cancer 
cells that lack cenexin 
expression (Figure 1) 
whether they have a higher 
possibility for chromosome 
misalignment. 

With both of these 
studies we have completed 
tasks of Aim 2, which 
contributes to our 
understanding whether loss 
of specific PLK1 scaffolds 
affect PLK1 activity and have 
resulted in two publications 
(Colicino et al., 2018; 2019) 
and a review article (Colicino 
and Hehnly, 2018). 

• What opportunities
for training and
professional development
has the project provided?
Nothing to report.

• How were the results
disseminated to
communities of interest?

A subset of these 
findings was recently 
published in Molecular 
Biology of the Cell (MBoC), 
and our additional 

unpublished findings have been presented at American Society for Cell Biologists Annual Meeting 
(ASCB) (2017-2019) and will be presented this year (2020); I have also discussed these studies 
at the Gordon Research Conference on Polarity.  I have given invited seminars on this work at 
Syracuse University, SUNY Buffalo, University of Nebraska Medical College, University of 
Toronto, Villanova University, University of Rochester, Ithaca College, Gettysburg College, 
Clarkson University, and University of Iowa. My laboratory also has a joint mitosis micro-
symposium at University of Rochester with Dan Bergstralh’s laboratory, where we meet and share 
data twice a year. 

Figure 3.  PLK1 activity increases at the oldest spindle pole 
(mother) when a misaligned chromosome is in close proximity.  
(A) Models depicting conditions of normal chromosome alignment
(top), misaligned chromosome to the mother spindle pole (center),
and misaligned chromosome to the daughter spindle pole (bottom).
Representative maximum confocal projections of metaphase HeLa
cells immunostained for centrobin (magenta) and DAPI (white). Insets
show inverse FRET ratio of the PLK1-FRET biosensor (right, Fire-
LUT (ImageJ)). The mother (M) and daughter (D) spindle pole labeled

respectively. Bars = 5m. (B) Significantly greater PLK1 activity FRET

ratios are measured at the mother (gray) spindle pole compared to
the daughter (blue) under conditions of normal chromosome
alignment. n=79 cells over n=3 experiments, Data shown as box and
whisker plot, + indicating mean, and each data point representing a
single spindle pole. Student’s paired t-test, p=0.0139. (C) Greater
PLK1 activity FRET ratios are measured at the mother (gray) spindle
pole when there is a misaligned chromosome in close proximity, but
no change in PLK1 activity is measured when chromosomes misalign
towards the daughter (blue). n>20 cells over n=3 experiments, data
shown as box and whisker plot, + indicating mean, and each data 
point representing a single spindle pole. Student’s unpaired t-test, 
lagging chromosomes to mother (p=0.0022), lagging chromosomes 
to daughter (p=0.7044).  
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Figure 4. An increase in PLK1 activity at the oldest spindle pole (mother) in the event of a 
misaligned chromosome is cenexin dependent. (A) Maximum confocal projections of control shRNA 
and cenexin shRNA HeLa cells immunostained for centrin (cyan), cenexin (magenta), and DAPI (gray). 
Yellow arrowhead indicates misaligned chromosomes. Bars = 5 m. (B) Cenexin fluorescence intensity 
at the mother spindle pole in control shRNA and cenexin shRNA HeLa cells. Data shown as a box and 
whisker plot over n>26 cells, + indicating mean, and each data point representing a single spindle pole. 
Representative from n=3 experiments. Student’s t-test p<0.0001. (C) Western blot of HeLa cells 
expressing a control non-targeting shRNA or a cenexin shRNA. Tubulin loading control shown below. 
(D) Bar graph depicting percent (%) metaphase cells with misaligned chromosomes in control and

cenexin-depleted cells under control conditions or after ProTAME (10 M) synchronization in

metaphase. n=3 experiments  S.E.M. With a one-way ANOVA applying multiple comparisons to control

shRNA, cenexin shRNA treated (**, p=0.0023) and cenexin shRNA treated plus proTAME (****,
p<0.0001) are significant. (E) PLK1 activity FRET ratios between the mother (gray) and daughter (blue)
spindle pole in cenexin-depleted cells when chromosomes are properly aligned. n>80 cells over n=3
experiments, data shown as box and whisker plot, + indicating mean, and each data point representing
a single spindle pole. Student’s paired t-test, p=0.3504. (F) PLK1 activity in cenexin-depleted cells in the
presence of a misaligned chromosome toward the mother (gray) spindle pole or the daughter (blue)
spindle pole. n>40 cells over n=3 experiments, data shown as box and whisker plot, + indicating mean,
and each data point representing a single spindle pole. Student’s unpaired t-test, misaligned
chromosome to mother (p=0.0719), misaligned chromosome to daughter (p=0.9415). (G) Bar graph
representing average PLK1 FRET ratio at the mother spindle pole in cenexin-depleted cells compared
to controls in the event of a misaligned chromosome toward the mother spindle pole across n=3

experiments  S.E.M., Student’s t-test, p=0.0018. (H) Ratio of PLK1 FRET between the mother and

daughter (FRET ratios at mother/FRET ratios at daughter) were compared in control cells (gray) and
cenexin-depleted cells (gold) under conditions of equal chromosome misalignment toward both spindle
poles, asymmetry in misaligned chromosomes toward the mother spindle pole, or asymmetry in
misaligned chromosomes toward the daughter spindle pole. Black dotted line at y=1 represents equal
FRET ratios between mother and daughter spindle poles. n>56 cells in graph measured over n=3
experiments. Range of data shown as box plot, center bar represents mean. (I) Model illustrating an
increase in PLK1 activity (magenta) in control cells, which does not occur in cenexin-depleted cells.
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4. IMPACT

• The impact on the principal discipline and other disciplines.  The studies Erica has
published in MBoC (2018, 2019) and the work that is currently being preparing for publication
will have significant impact on how the field thinks about kinase signaling, specifically PLK1.
For instance, in prostate cancer it is commonly reported that one of PLK1’s scaffolds Gravin is
downregulated. However, we did not know how this downregulation could affect PLK1 activity.
Erica’s work demonstrated that loss of Gravin or cenexin causes spatial abnormalities in PLK1
activity at mitotic centrosomes leading to abnormal mitotic spindle formation and chromosome
missegregation errors.  Thus, it is important to understand how loss of scaffolding proteins can
affect mitotic kinases in a spatial and temporal manner, and the impact this has on chromosome
instability. These studies have a broad impact in understanding how chromosome instability
may come about in prostate cancer.  These studies also touch on other disciplines, such as cell
biology, where we are identifying the role of scaffolding PLK1 at the centrosome and what
downstream targets PLK1 has at this site.

• The impact on technology transfer: Nothing to Report

• The impact on society beyond science: Nothing to Report

5. CHANGES/PROBLEMS
Nothing to Report

6. PRODUCTS

• Publications:
Colicino, E. G., Garrastegui, A. M., Freshour, J., Santra, P., Post, D. E., Kotula, L., and Hehnly,
H. (2018). Gravin regulates centrosome function through PLK1. Mol. Biol. Cell 29, 532–541.
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PMID:29282278 

Colicino, E.G., Hehnly, H. (2018). Regulating a key mitotic regulator, polo-like kinase 1 (PLK1). 
Cytoskeleton 75, 481-494 

Colicino, E.G., Stevens K, Curtis E, Rathbun L, Bates M, Manikas J, Amack J, Freshour J, 
Hehnly H. (2019). Chromosome misalignment is associated with PLK1 activity at cenexin-
positive mitotic centrosomes. Mol. Biol. Cell 30, 1598-1609. PMID:31042116 

• Conferences & invited presentations:
o State University of New York at Buffalo State, Buffalo, NY, invited by Dr. Derek Beahm,

October 2017
o Villanova University, Philadelphia, PA, invited by Drs. Elaine Youngman and James Wilson,

December 2017
o Syracuse University, Syracuse NY, invited by Dr. Jessica McDonald, February 2018
o Gettysburg College, Gettysburg PA, invited by Dr. Steven James, March 2018
o University of Rochester, invited by Dan Bergstralh, May 2018
o GRC Polarity Conference, Mount Snow, invited by Dr. Ulrich Tepass, June 2018
o University of Nebraska Medical Center, invited by Dr. Steve Caplan, October 2018
o University of Toronto, invited by Dr. Ashley Bruce, November 2018
o Clarkson University, invited by Dr. Kenneth Wallace, December 2018
o University of Iowa, invited by Dr. Mark Stamnes, September 2019
o University of Rochester Medical School, invited by Dr. John Lueck, January 2020

• Technologies/Techniques:
We developed a way to specifically examine PLK1-activity at centrosomes live. These studies
have been published in two manuscripts (Colicino et al. MBoC 2018, 2019) and PLK1-FRET
activity vectors distributed for sharing on addgene.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

• Individuals that have worked on this project:

Name: Erica Colicino 

Project Role: Graduate Student 

Researcher Identifier 
(e.g. ORCID ID): 0000-0002-3333-1370  

Nearest person month 
worked: 12 months 

Contribution to Project: 

Erica performed has performed all studies on PLK1 activity in live 
cells, the role of scaffolds, and chromosome instability. 

Funding Support: 

Erica’s salary was funded by the State of New York through SUNY 
Upstate. 

Name: Heidi Hehnly 
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Project Role: Principal Investigator 

Researcher Identifier 
(e.g. ORCID ID): 0000-0001-6660-5254 

Nearest person month 
worked: 16 months 

Contribution to 
Project: 

I have managed all aspects of this award, written up manuscripts, and 
reviewed preliminary data. 

Funding Support: 

My salary was supported by the state of NY and is currently 
supported by Syracuse University, and 2 months supported on DOD 
award W81XWH-17-1-0241. 

Name: Judy Freshour 

Project Role: Lab Manager 

Researcher Identifier 
(e.g. ORCID ID): 0000-0003-3235-093X 

Nearest person month 
worked: 36 months 

Contribution to Project: 

Judy performs cloning and other molecular biology in the lab. She 
manages lab stocks, supplies, and assists with budgeting.  

Funding Support: 

Judy’s salary was supported by DOD award W81XWH-17-1-0241 

Name: Leszek Kotula 

Project Role: Collaborator 

Researcher Identifier (e.g. 
ORCID ID): 0000-0002-7977-7124 

Nearest person month worked: 3 months 

Contribution to Project: 

Leszek provided cell lines and expertise on primary prostate 
cell culture methods. 

Funding Support: 

Leszek’s salary was funded by the State of New York through 
SUNY Upstate. 

• Change in active support:
Nothing to Report.

• Other Organizations involved:
Nothing to Report.

8. SPECIAL REPORTING REQUIREMENTS
Nothing to Report.
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9. APPENDICES.
Included is a copy of Erica Colicino’s two studies and review directly relevant to this award.
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Gravin regulates centrosome function 
through PLK1

ABSTRACT  We propose to understand how the mitotic kinase PLK1 drives chromosome 
segregation errors, with a specific focus on Gravin, a PLK1 scaffold. In both three-dimension-
al primary prostate cancer cell cultures that are prone to Gravin depletion and Gravin short 
hairpin RNA (shRNA)–treated cells, an increase in cells containing micronuclei was noted in 
comparison with controls. To examine whether the loss of Gravin affected PLK1 distribution 
and activity, we utilized photokinetics and a PLK1 activity biosensor. Gravin depletion re-
sulted in an increased PLK1 mobile fraction, causing the redistribution of active PLK1, which 
leads to increased defocusing and phosphorylation of the mitotic centrosome protein CEP215 
at serine-613. Gravin depletion further led to defects in microtubule renucleation from mi-
totic centrosomes, decreased kinetochore-fiber integrity, increased incidence of chromosome 
misalignment, and subsequent formation of micronuclei following mitosis completion. Mu-
rine Gravin rescued chromosome misalignment and micronuclei formation, but a mutant 
Gravin that cannot bind PLK1 did not. These findings suggest that disruption of a Gravin–
PLK1 interface leads to inappropriate PLK1 activity contributing to chromosome segregation 
errors, formation of micronuclei, and subsequent DNA damage.

INTRODUCTION
The focus of this study is on understanding the spatial regulation of 
the mitotic kinase Polo-like kinase 1 (PLK1) during mitosis. This ques-
tion remains enigmatic due to a multiplicity of PLK1 interactions and 

substrates located at distinct subcellular sites. Here we examine a 
PLK1 scaffold protein, Gravin/AKAP12/SSeCKS, that localizes to 
pericentriolar material (PCM) and cytosol (Gelman, 2010; Hehnly 
et al., 2015). Gravin has been defined as a scaffold for several kinases 
(Gelman, 2010). Canton et al. demonstrated in vitro that PLK1 inter-
acts with Gravin through a phosphorylated threonine at 766 (Canton 
et al., 2012), which validated an earlier proteomics screen that identi-
fied Gravin as a possible PLK1 scaffold (Lowery et al., 2007). Gravin 
depletion was then shown to cause prometaphase delay and chro-
mosome instability through FISH analysis of chromosome 18 (Canton 
et al., 2012). Gravin also interacts with Aurora A kinase, evidence that 
Gravin, similarly to CEP192 (Joukov et  al., 2014) and Bora (Chan 
et al., 2008), has the potential to facilitate a mitotic signaling cascade 
between Aurora A and PLK1 (Hehnly et al., 2015). The direct interac-
tions and localization patterns of Gravin and PLK1 were previously 
characterized (Canton et  al., 2012; Hehnly et  al., 2015). However, 
these studies did not thoroughly examine or definitively determine 
how, in live cells, Gravin regulates PLK1 distribution, activity, or 
downstream function, which is the main focus of this study.

PLK1 misregulation can drive chromosome missegregation and 
subsequent formation of micronuclei (Lera and Burkard, 2012). Mi-
cronuclei are structures formed as a result of lagging chromosomes 
that contain either whole or partial chromosomes outside of the 
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Gravin short hairpin RNA (shRNA) (Figure 1, F–H) were compared, 
an increase in mitotic delay or formation of micronuclei was noted in 
cells that lacked Gravin. Specifically, PCa1 cells that display a signifi-
cant reduction in Gravin expression (Figure 1A) had an increase in 
mitotic index compared with both control and PCa3 cells (Figure 1, 
B and D). PCa1 also contained 25.04 ± 2.35% of cells containing 
micronuclei compared with 2.65 ± 1.10% in controls and 10.43 ± 
3.93% in PCa3 (Figure 1, C and E). These results suggest that Gravin 
loss contributes to formation of micronuclei in PCa1. From this, we 
wanted to know whether the effects of Gravin loss on micronuclei 
formation are the result of inappropriate PLK1 distribution and/or 
activity causing chromosome missegregation.

Gravin loss disrupts PLK1 dynamics predominately at 
mitotic centrosomes
It is unclear how the loss of Gravin impacts PLK1 in live cells during 
mitosis. One possibility is that scaffold proteins, such as Gravin, help 
coordinate the appropriate spatial organization of PLK1 to direct the 
flow of molecular information. Previous studies identified that 
Gravin phosphorylation at T766 primes it for PLK1 binding (mod-
eled in Figure 2A) and this interaction takes place, at least in part, at 
mitotic centrosomes (Canton et al., 2012; Hehnly et al., 2015). How-
ever, these studies did not examine how this interaction regulates 
the spatial and temporal dynamics of PLK1 in live cells. By structured 
illumination microscopy (SIM), we confirmed the finding of our pre-
vious studies (Hehnly et al., 2015) that Gravin localizes to mitotic 
centrosomes (Figure 2B, a‘, orange arrows*) along with PLK1 (Figure 

2B, b‘, orange arrows). Additionally, PLK1 
localizes to kinetochores (Figure 2B, b‘, ma-
genta arrow) and later in mitosis at the cyto-
kinetic midbody (Figure 2C). Owing to the 
similar localization patterns of Gravin and 
PLK1 at mitotic centrosomes, we predict 
that Gravin loss may disrupt PLK1 dynamics 
at this locale in live cells during mitosis.

We first examined whether there was a 
difference in PLK1 dynamics between the mi-
totic centrosomes, kinetochores, and cytoki-
netic midbody. A previous study carefully 
compared the fluorescence recovery after 
photobleaching (FRAP) kinetics of PLK1 at 
each of these locales by overexpression of 
GFP-PLK1 and analysis at 30°C in a human 
osteosarcoma cell line, U2OS (Kishi et  al., 
2009). Instead of transiently expressing PLK1, 
we utilized a cell line with normal ploidy ex-
pressing a PLK1 shRNA to eliminate endog-
enous PLK1 and exogenously expressed an 
shRNA resistant GFP-PLK1 at endogenous 
levels (RPE cells, Figure 2C). In addition, 
FRAP analysis was performed at 37°C. Simi-
larly to the previous study (Kishi et al., 2009), 
we found significantly different dynamics be-
tween mitotic centrosomes, kinetochores, 
and the cytokinetic midbody for GFP-PLK1 
(Figure 2, C and D; Supplemental Figure 
S1A). However, the half-life of PLK1 at each 
of these locales was considerably shorter 
than reported in Kishi et  al. (2009) (Figure 
2D). We predict that this is the case due to 
endogenous expression levels of PLK1 and 
37°C incubation.

macronucleus (Crasta et al., 2012). Abnormal mitotic kinase expres-
sion and activity, such as with PLK1, has been linked to genomic in-
stability in prostate cancer (Deeraksa et al., 2013). Microarray-based 
studies demonstrated a 3- to 10-fold reduction in relative Gravin 
mRNA levels in breast, prostate, lung, ovarian, testicular, and other 
cancer types compared with controls (Gelman, 2010). One plausible 
mechanism to generate substantial local mutagenesis observed in 
prostate cancer is physical isolation of one or two chromosomes and 
their partition into micronuclei. Chromosomes in micronuclei can be 
subject to massive DNA damage (Holland and Cleveland, 2012). 
Here we are testing the hypothesis that Gravin loss inappropriately 
distributes PLK1 signaling during mitosis, driving chromosome 
missegregation that leads to formation of micronuclei.

RESULTS AND DISCUSSION
Gravin loss is associated with increased formation of 
micronuclei in primary prostate cancer cells
We first analyzed primary hormone therapy–resistant prostate epi-
thelial cells in three-dimensional (3-D) cultures (derived from Gao 
et al., 2014) in parallel with an immortalized prostate epithelial cell 
line, RWPE-1. Using this system, we found that Gravin can be signifi-
cantly down-regulated in primary prostate cancer cells. By compar-
ing two primary patient samples, PCa1 and PCa3, with an immortal-
ized prostate epithelial cell line, RWPE-1, or a control primary 
prostate epithelial cell line, 26Na, we found that Gravin expression 
is diminished in PCa1 (Figure 1A). When 3-D primary cultures (Figure 
1, A–E) and prostate epithelial cells genetically modified using 

FIGURE 1:  Gravin loss is associated with increased micronuclei formation in primary prostate 
cancer cells. (A) Immunoblot analysis showing decreased Gravin expression in PCa1 and PCa3 
cancer cells in comparison with RWPE-1 and normal patient prostate epithelium cells (26Na). 
(B) Control (RWPE-1), PCa1, and PCa3 3-D acini cultures fluorescently labeled for p-H3 (green) 
and actin (red). (C) Control (RWPE-1), PCa1, and PCa3 3-D acini labeled for DAPI (gray) 
displaying micronuclei within a single cell (yellow arrowhead). Confocal micrographs for 
B and C are presented as maximum projections. Bar, 5 μm. (D, E) Quantification of the mitotic 
index (D) and cells (%) with micronuclei (E) for control (RWPE), PCa1, and PCa3 in 3-D acini was 
calculated. n = 30 organoids over n = 3 experiments ± SEM, Student‘s t test p = 0.0099 (D) and 
p < 0.0001 (E). (F) Immunoblot analysis of Gravin expression in RWPE-1 cells expressing a 
control GAPDH shRNA or a Gravin shRNA. Tubulin was used as loading control. (G) Control 
shRNA and Gravin shRNA RWPE-1 3-D acini cultures stained for DAPI displaying micronuclei 
within a single cell (yellow arrow). Bar, 5 μm. (H) Quantification of Gravin shRNA and control 
shRNA treated cells with micronuclei (%) over n = 3 experiments ± SEM. Student‘s t test 
p = 0.0097.
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control shRNA and Gravin-rescued cells, representing the immobile 
fraction of PLK1. In Gravin-depleted and Gravin (T766A) rescue 
cells, GFP-PLK1 fluorescence is almost fully recovered 3 s post-
bleach (Figure 2, F and G). From analysis of multiple metaphase 
cells, rescue with Gravin (T766A) caused a significant decrease in the 
immobile fraction and in the half-life of GFP-PLK1 compared with 
wild-type Gravin rescue (Figure 2, H and I). With wild-type Gravin 
rescue there is a slight increase in total Gravin expression compared 
with that in controls, which is likely causing the significant increase in 
the immobile fraction of GFP-PLK1 (42.68% immobile) compared 
with that for control shRNA (25.33% immobile, Figure 2I). Collec-
tively, these findings suggest that GFP-PLK1 dynamics at mitotic 
centrosomes is partly regulated by its binding scaffold Gravin.

Gravin-depleted cells redistribute active PLK1, causing 
increased phosphorylation events at mitotic centrosomes
We utilized a fluorescence resonance energy transfer (FRET)-based 
phosphorylation sensor (Macůrek et al., 2008) to test whether Gravin 
loss causes a change in PLK1 activity. The PLK1 biosensor is 

We next compared GFP-PLK1 dynamics in Gravin-depleted RPE 
cells (Gravin shRNA) and in control RPE cells (control shRNA; Sup-
plemental Figure S1B). Gravin-depleted cells had a significant de-
crease in GFP-PLK1 half-life at kinetochores (Figure 2E; Supplemen-
tal Figure S1, C and D) and mitotic centrosomes (Figure 2, E and H) 
and no significant difference at cytokinetic midbodies (Supplemen-
tal Figure S1, F and G). We then compared the immobile fraction of 
GFP-PLK1 at each locale, that is, the fraction of GFP-PLK1 that re-
mained after photobleaching. Gravin-depleted cells demonstrated 
a 12% decrease in the immobile fraction at mitotic centrosomes 
when compared with controls (Figure 2, E and I). However, no differ-
ence in the immobile fraction was observed at kinetochores or at the 
cytokinetic midbody (Figure 2E; Supplemental Figure 1, E and H).

Using control and Gravin-depleted cells rescued ectopically with 
wild-type Gravin or Gravin (T766A) that cannot bind PLK1 (Canton 
et al., 2012), we repeated the FRAP experiments at individual mi-
totic centrosomes (Figure 2, F and G; expression levels following 
rescues in Supplemental Figure S1B). A significant proportion of 
GFP-PLK1 fluorescence was not recovered at mitotic centrosomes in 

FIGURE 2:  Gravin loss disrupts PLK1 dynamics predominately at mitotic centrosomes. (A) Model depicting Gravin 
(orange) binding PLK1 (yellow) at phosphorylated T766 (Canton et al., 2012). (B) Maximum projection of structured 
illumination microscopy (SIM) micrographs of Gravin (a‘) and PLK1 (b‘) localizing to mitotic centrosomes (orange arrows) 
in metaphase cells. Magenta arrow represents PLK1 localization at kinetochores in b‘. (C) Representative images of 
fluorescence recovery after photobleaching (FRAP) of GFP-PLK1 (Fire LUT, ImageJ) RPE cells at mitotic centrosomes, 
kinetochores, and cytokinetic midbodies. Bar, 5 μm. (D) Quantification presented as box-and-whisker plot of half-life for 
GFP-PLK1 in control and Gravin-shRNA treated cells (+ indicates mean, n > 20 cells across n = 3 experiments, ANOVA 
indicates significance of p < 0.0001). (E) A curve was fitted using one-phase decay of PLK1 fluorescence recovery at 
kinetochores (left) and mitotic centrosomes (right) in metaphase cells treated with control or Gravin shRNAs (n > 20 cells 
over n = 3 experiments). (F) GFP-PLK1 at a single metaphase mitotic centrosome in control shRNA- or Gravin shRNA-
treated cells rescued with full-length wild-type Gravin, or T766A mutant Gravin prior to and 3 s after bleaching events. 
Confocal micrographs at a single mitotic centrosome are shown (Fire LUT, Image J, bar indicates gradient of integrated 
fluorescence intensity values, A.U.). Bar, 2 μm. (G) Integrated intensity profiles for GFP-PLK1 at a single mitotic 
centrosome before and 3 s after bleaching events are presented. (H, I) The average (H) half-life (t1/2) and (I) immobile 
fraction of GFP-PLK1 at metaphase spindle poles was calculated and presented as box-and-whisker plots with + 
indicating mean (n > 20 cells over n = 3 experiments). One-way ANOVA indicates significance between p < 0.001 
(H) and p < 0.0001 (I).
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ylation of the PLK1 substrate triggers an intramolecular clamp with 
the FHA2, causing a conformational change that decreases the 
amount of FRET from CFP to YFP (Figure 3A). The FRET biosensor 

composed of a monomeric CFP and YFP flanking a PLK1 specific c-
jun substrate sequence tethered by a flexible linker to an FHA2 
phosphothreonine binding domain (Liu et al., 2012). The phosphor-

FIGURE 3:  Gravin-depleted cells redistribute active PLK1, causing increased phosphorylation events at mitotic 
centrosomes. (A) Model of PLK1 biosensor showing how increased PLK1 activity causes a conformational change in the 
biosensor through phosphorylation of c-jun (green) and binding of the FHA2 domain (magenta), resulting in a loss of 
FRET. When there is increased phosphatase activity, the PLK1 biosensor is in a relaxed state, allowing FRET. (B) Equation 
for determining the inverse FRET ratio by dividing the YFPEX→YFPEM by the CFPEX→YFPEM. When the inverse FRET 
ratio is calculated, high ratios correspond with high levels of PLK1 activity while low ratios correspond to low levels of 
PLK1 activity. (C) Relative PLK1 activity shown as an inverse FRET ratio (Fire LUT, ImageJ, bar indicates gradient of FRET 
ratio values) and DIC images taken from nocodazole synchronized and released cells in metaphase. Control shRNA, 
Gravin shRNA, and Gravin shRNA cells plus BI2536 are shown. Bar, 5 μm. (D) Quantification of the inverse FRET 
efficiency nocodazole-released cells in metaphase that were treated with control shRNA, Gravin shRNAs, and/or BI2536 
(BI) is presented as a scatterplot. n > 30 cells over n = 3 experiments, median with interquartile range shown, one-way 
ANOVA p < 0.0001. (E) PLK1-FRET-PACT biosensor localization in metaphase cells. Arrows depict mitotic centrosomes 
(Fire LUT). Bar, 5 μm. (F) The inverse FRET-efficiency of the PLK1-FRET-PACT probe was quantified from nocodazole 
synchronized and released metaphase cells treated with control shRNA, Gravin shRNA, and/or BI2536 (BI) and 
presented as a scatterplot. Representative single mitotic centrosome inverse FRET ratios shown below graph (FIRE-
LUT). n > 50 cells over n = 4 experiments, median with interquartile range shown, one-way ANOVA p = 0.0371. 
(G) Isolated mitotic centrosomes from control shRNA and Gravin shRNA HEK293 cells immunolabeled for centrin (white) 
and phosphoserine/phosphothreonine (pS/pT; FIRE LUT). Bar, 2 μm. (H) Quantification of pS/pT intentsity at mitotic 
centrosomes in G presented as a scatterplot. n = 27 centrioles for each treatment, median with interquartile range 
shown, Student‘s t test p < 0.0001. (I, J) FLAG IP of Mock or FLAG-CEP215 transfected control shRNA- or Gravin 
shRNA ± BI2536-treated HEK293 cells as indicated. Protein expression and immunoprecipitation was analyzed by 
immunoblot for Gravin, CEP215, pS/pT, and GAPDH (as loading control). Black arrowhead indicates pS/pT band at 
250 kDa. (K) Quantification of pS/pT intensities normalized over total FLAG-CEP215 IP (n = 3 experiments ± SEM, 
one-way ANOVA p = 0.0353). (L) Immunoblot analysis of FLAG-CEP215 and FLAG-CEP215-S613A IP from HEK293 cells. 
(M) Quantification of pS/pT expression levels from FLAG-IP normalized over total FLAG-CEP215 (n = 3 experiments ± 
SEM, Student‘s t test p = 0.0264). (N) Working model depicting that phosphorylated Gravin (orange) inhibits PLK1 
(yellow) from phosphorylating CEP215 (purple) during mitosis.



536  |  E. G. Colicino et al.	 Molecular Biology of the Cell

of PLK1 substrates identified a PLK1 phosphorylation site on 
CEP215 at its serine-613 residue (Santamaria et al., 2011). Through 
sequence alignment, we found that this serine is conserved be-
tween human and murine CEP215 (Supplemental Figure S2F). We 
immunoprecipitated a FLAG-tagged nonphosphorylatable mutant, 
CEP215 (S613A), or wild-type FLAG-CEP215, and FLAG-CEP215-
S613A presented with decreased pS/pT phosphorylation compared 
with FLAG-CEP215 (Figure 3, L and M), suggesting that serine-613 
is phosphorylated. Collectively, these data support the idea that 
Gravin constrains a subset of PLK1 to be released at the right time 
and place. When Gravin is depleted, this subset of PLK1 is now free 
to inappropriately phosphorylate downstream substrates, one of 
which is CEP215 at serine 613 (modeled in Figure 3N).

Gravin loss results in CEP215 disorganization and disrupted 
mitotic centrosome function
Since CEP215 phosphorylation is increased in Gravin-depleted 
cells, we examined if its organization at the mitotic centrosomes was 
affected in HEK293 cells treated with Gravin shRNA. Using stimu-
lated emission depletion microscopy (STED), CEP215 in control cells 
clustered into a ring-like structure at both mitotic centrosomes 
(Figure 4A). In Gravin-depleted cells, we found that CEP215 no lon-
ger organized symmetrically across the two poles. One pole con-
tained more CEP215 that was no longer organized in a ring and the 
other pole contained diffusely arranged CEP215. Line scans across 
multiple cells that bisected the mitotic centrosomes demonstrated 
a specific decrease in CEP215 organization on one pole over the 
other in Gravin-depleted cells compared with controls (Figure 4A). 
We then measured the fluorescence intensity of CEP215 at mitotic 
centrosomes in cells treated with either control or Gravin shRNA. 
Gravin-depleted cells contained significantly less CEP215 at mitotic 
centrosomes than controls (Figure 4B). When the ratio of the mitotic 
centrosome with the highest CEP215 fluorescence intensity to the 
mitotic centrosome with the lowest was calculated, Gravin-depleted 
cells had a significantly higher ratio (Figure 4C). Together, these data 
suggest that Gravin loss causes decreased CEP215 organization 
and localization at mitotic centrosomes, leading to an asymmetric 
distribution of CEP215 between the two mitotic centrosomes.

To determine whether Gravin loss and subsequent CEP215 dis-
organization and distribution lead to defects in centrosome func-
tion, we performed a functional test to monitor mitotic centrosome–
mediated MT-nucleating activity over time in HEK293 cells. Spindles 
were disassembled with nocodazole and examined at different 
times after nocodazole washout for MT nucleation. At 0 min there 
was less tubulin at mitotic centrosomes in Gravin-depleted cells 
than in controls. At 2 min of regrowth, mitotic centrosomes in 
control cells showed an increased ability to nucleate MTs (Figure 4, 
D and E). This activity was modestly impaired at first in Gravin-
depleted cells, but by 5 min both Gravin-depleted cells and control 
cells were nucleating MTs to a similar degree, and by 20 min Gravin-
depleted cells formed a complete spindle, whereas control cells 
were still recovering from the regrowth (Figure 4D). This finding sug-
gests that the initial defects in nucleation at 0 and 2 min could be 
caused by downstream defects in PLK1 target organization, such as 
CEP215, which is known to organize the γ-tubulin ring complex 
(Fong et al., 2008). Following this, the redistribution of active PLK1 
caused by Gravin loss likely contributes to the rapid increase in nu-
cleation and spindle assembly after nocodazole washout (Figure 4, 
D and E). One possible consequence for defects in centrosome 
function and/or abnormal PLK1 activity is a loss in kinetochore fiber 
integrity (Paschal et  al., 2012; Hehnly and Doxsey, 2014). To test 
whether Gravin loss affects kinetochore fiber integrity, we employed 

provides a fluorometric readout for PLK1 phosphorylation, and a 
decrease in FRET is measured upon increased activity of PLK1. For 
ease of interpretation, we plotted an inverse ratio of YFPEX→YFPEM 
over CFPEX→YFPEM (Figure 3B), so that an increase in the inverse 
FRET ratio represents an increase in PLK1 activity. To determine 
whether anchoring of PLK1 by Gravin affected PLK1‘s activity, we 
monitored either the PLK1 biosensor in cycling cells (Supplemental 
Figure S2, A and B) or cells synchronously released from mitotic ar-
rest by nocodazole (Figure 3, C and D; Supplemental Figure S2C). 
For these studies we utilized HEK293 cells treated with either a con-
trol shRNA or Gravin shRNA with or without addition of the PLK1 
inhibitor BI2536. In control cells treated with BI2536 a significant 
decrease in the inverse FRET ratio was calculated (Supplemental 
Figure S2C), suggesting that we accurately measured PLK1 activity. 
In cells depleted of Gravin, a significant increase in the inverse FRET 
ratio was calculated when compared with that in control cells (me-
dian of 1.703 compared with 3.09 for Gravin-depleted cells, Figure 
3, C and D), and the increase was lost after treatment with the PLK1 
inhibitor BI2536, indicating that the increase requires PLK1 kinase 
activity (median of 1.63, Figure 3, C and D). Previous studies re-
ported that an upstream PLK1 kinase, Aurora A, activates PLK1 dur-
ing mitosis by phosphorylating it at T210 (Macůrek et al., 2008). 
This is facilitated by these two kinases forming a complex with 
Gravin. We confirmed that Gravin loss resulted in a modest de-
crease in T210 phosphorylation (Hehnly et al., 2015; Supplemental 
Figure S2, D and E). However, Gravin loss caused a significant in-
crease in the FRET-biosensor fluorometric readout (Figure 3, C and 
D). One possibility is that Gravin-depleted cells display a slight de-
crease in global PLK1 activity, shown by decreased phosphorylation 
at T210; however, a population of active PLK1 is redistributed in 
cells, allowing increased phosphorylation and unregulated access 
to its substrates. Thus, we conclude that we are not causing an 
increase in overall activity of PLK1, but a change in distribution of 
already active PLK1 with Gravin loss.

Since Gravin and PLK1 likely interact on mitotic centrosomes 
(Figure 2, B and E; Hehnly et al., 2015), we tested for changes in 
PLK1 centrosome substrate phosphorylation with loss of Gravin. To 
mimic the localization of possible endogenous PLK1 centrosome 
substrates, we attached a pericentrin-AKAP450-centrosomal-target-
ing domain (PACT) to the c-terminus of the FRET biosensor (FRET-
PACT), which successfully targets the PLK1 biosensor to mitotic cen-
trosomes (Figure 3E). To examine FRET-PACT response to changes 
in PLK1 activity in living cells, we imaged mitotic HEK293 cells 
treated with a control shRNA, Gravin shRNA, and/or the PLK1 inhibi-
tor, BI2536. As with the cytosolic PLK1 FRET biosensor, the centro-
some-targeted biosensor demonstrated a significant increase in the 
inverse FRET ratio in Gravin-depleted cells (median of 2.83) com-
pared with controls (median of 2.13; Figure 3F). Treatment with 
BI2536 decreased the FRET ratio for both control cells (median of 
1.84) and Gravin-depleted cells (median of 2.18; Figure 3F).

We confirmed the increase in phosphorylation seen with the 
FRET-PACT biosensor by isolating mitotic centrosomes (Hung et al., 
2015) from control and Gravin-depleted cells. Gravin-depleted mi-
totic centrosomes displayed a significant increase in phosphoser-
ine/phosphothreonine (pS/pT) compared with controls (Figure 3, G 
and H). We next examined a putative centrosome-localized PLK1 
substrate, CEP215 (Santamaria et al., 2011), for increased phosphor-
ylation in Gravin-depleted cells compared with controls (Figure 3I). 
Immunoblot analysis detected a threefold increase in PLK1-depen-
dent pS/pT levels in FLAG-CEP215 isolated from Gravin shRNA–
treated cell lysate compared with control lysate or lysates treated 
with BI2536 (Figure 3, I–K). A previous phosphoproteomics screen 
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whether Gravin-depleted cells, which have decreased centrosome 
function (Figure 4, D and E), present with lagging chromosomes. 
Comparing 3-D prostate epithelial cells depleted of Gravin with con-
trols, we noted an increase in lagging chromosomes (Supplemental 
Figure S3A). To monitor this quantitatively in live cells, we utilized a 
GFP-H2B HeLa cell line stably depleted of Gravin (Gravin shRNA; 
Supplemental Figure S3, B–D), where only 42.28 ± 11.20% of Gravin-
depleted cells displayed normal chromosome alignment, compared 
with 81.16 ± 6.90% of control cells. Of the remaining cells, 32.37 ± 
6.17% of dividing Gravin-depleted cells presented with lagging 
chromosomes compared with 7.95 ± 3.44% in control cells (Supple-
mental Figure 3, B and C). These findings suggest that Gravin loss 
contributes to increased chromosome segregation defects. We fur-
ther tested whether lagging chromosomes can be rescued in cells 
when Gravin is reintroduced (Figure 5, A and B; Supplemental Figure 
S3D). We found that cells lacking Gravin or expressing Gravin T766A 
contained lagging chromosomes compared with rescue cells with 
wild-type Gravin, suggesting that the binding of Gravin to PLK1 is 
essential for proper chromosome alignment during metaphase.

Since chromosome misalignment can result in formation of micro-
nuclei (Crasta et  al., 2012), we examined whether disrupting the 

cold treatment to specifically eliminate dynamic microtubules from 
mitotic HEK293 cells. Kinetochore fibers in control cells were well 
organized and robust (Figure 4F). Following Gravin depletion, ki-
netochore fibers were completely lost in 31 ± 3.84% of mitotic cells 
(Figure 4G). A previous study reported that an active form of PLK1, 
PLK1 T210D, resulted in labile kinetochore fibers, in contrast to wild-
type controls (Paschal et al., 2012). This finding, in combination with 
our findings, suggests that redistribution of active PLK1 caused by 
Gravin loss disrupts centrosome function and kinetochore fiber 
integrity.

Gravin loss and increased phosphorylation of CEP215 
results in higher incidence of cells containing micronuclei
PLK1 is an essential kinase in the regulation of mitotic progression by 
allowing the passage of cells through the G2/M cell cycle check-
points (Zitouni et al., 2014). Premature passage of these checkpoints 
through overactive PLK1 has been shown to cause genomic instabil-
ity in cells through lagging chromosomes and DNA damage (Pan 
et al., 2009). In addition, a disruption in centrosome function through 
the loss of centrioles also results in increased lagging chromosomes 
and micronuclei formation (Sir et  al., 2013). Thus, we examined 

FIGURE 4:  Gravin loss results in CEP215 disorganization and disrupted mitotic centrosome function. (A) STED 
(stimulated emission–depletion) micrographs of metaphase control and Gravin shRNA HEK293 cells are presented as 
maximum projections. Cells were immunostained for CEP215 (Fire-LUT, ImageJ, bar indicates gradient of integrated 
fluorescence intensity values, A.U.) and tubulin (white). Bar, 5 μm. Inserts (white boxes) depict 2× magnification of CEP215 
at mitotic centrosomes. A line scan through the mitotic centrosomes is drawn and the normalized fluorescence intensity 
of CEP215 is plotted (right, each line represents a single line scan over n = 5 cells for each treatment). (B) Quantification 
of total CEP215 fluorescence intensity at mitotic centrosomes in control and Gravin shRNA–treated HEK293ad cells. 
n = 3 experiments, n = 60 cells, median with interquartile range shown, Student‘s t test, p < 0.0001. (C) Ratio of highest 
CEP215 intensity over lowest CEP215 intensity between the two mitotic centrosomes within a single cell. n = 60 cells 
over n = 3 experiments, median with interquartile range shown, Student‘s t test p < 0.0001. (D) A series of confocal 
micrographs demonstrating MT regrowth (α-tubulin, Fire-LUT, bar indicates gradient of integrated fluorescence intensity 
values, A.U.) at mitotic centrosomes for a time course following nocodazole washout in HEK293 cells treated with 
Gravin or control shRNAs. Micrographs presented as maximum projections. Bar, 5 μm. (E) The integrated α-tubulin 
intensity at mitotic centrosomes was quantified and presented as a scatterplot at indicated times following washout. 
n = 50 poles for each time and treatment, median with interquartile range shown, representative of n = 3 experiments, 
Student‘s t test for 0 min (p < 0.0001), 2 min (p < 0.0001), and 5 min (p = 0.60). (F) Maximum confocal projections of 
control shRNA and Gravin shRNA mitotic HEK293 cells treated for 5 min on ice. Cells were immunostained for 
acetylated tubulin (Fire-LUT, ImageJ) and DAPI (white). (G) Quantification of cells (%) lacking K-fibers in HEK293 cells 
treated with control or Gravin shRNAs calculated over n = 3 experiments ± SEM (Student‘s t test p = 0.0020).
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led to a significant reduction in micronuclei 
formation (down to 9.3 ± 2.88%, Figure 5, C 
and D). When Gravin-depleted cells were 
rescued with Gravin-T766A, 32.03 ± 5.61% 
of cells displayed formation of micronuclei. 
To confirm that loss of Gravin resulted in in-
creased formation of micronuclei, we com-
pared wild-type and Gravin-null MEFs (Sup-
plemental Figure S3, E and F). Gravin-null 
MEFs resulted in a twofold increase in for
mation of micronuclei compared with con-
trols (Supplemental Figure S3F). These data 
suggest that disruption of the Gravin–PLK1 
interface results in lagging chromosomes 
and micronuclei formation (modeled in 
Figure 5K). Previous studies suggested that 
micronuclei formed from lagging chromo-
somes develop DNA breaks (Leibowitz et al., 
2015). Since disrupting the Gravin–PLK1 
binding interaction causes an increase in 
chromosome missegregation and forma-
tion of micronuclei (Figure 5, A–D), we ex-
amined whether these micronuclei had an 
increased incidence in developing DNA 
breaks by staining for γ-H2AX (Figure 5, C 
and E). Of cells rescued with Gravin-T766A 
that contained micronuclei, 76.37 ± 24.66% 
contained γ-H2AX-positive micronuclei com-
pared with 33.33 ± 11.55% of wild-type 
Gravin rescue cells (Figure 5E).

CEP215 phosphorylation by PLK1 at ser-
ine-613 when Gravin is depleted (Figure 3, 
I–M) results in CEP215 disorganization at 
mitotic centrosomes (Figure 4, A–C). Thus, 
we tested in Gravin-depleted cells whether 
CEP215-S613A can alleviate chromosome 
missegregation errors and micronuclei for-
mation compared with a phospho-mimetic 
mutant CEP215-S613E or wild-type CEP215 
(Figure 5, F–J; Supplemental Figure S3G). 
The FLAG-tagged nonphosphorylatable 
mutant (S613A) and the FLAG-tagged 
phosphomimetic mutants (S613E) localize 
to mitotic spindle poles in control and 
Gravin-depleted cells (Supplemental Figure 
S3G) and to the interphase centrosome in 
Gravin-depleted cells (Figure 5H). We 
found that 73.33 ± 4.81% of cells express-
ing FLAG-CEP215 and 70.67 ± 3.53% of 
cells expressing FLAG-CEP215-S613E pre-
sented with lagging chromosomes, com-
pared with 42.67 ± 9.62% in cells express-
ing FLAG-CEP215-S613A (Figure 5I). The 
cells expressing FLAG-CEP215 (47 ± 2.65%) 
or FLAG-CEP215-S613E (48.33 ± 2.19%) 
contained significantly more micronuclei 
than cells expressing FLAG-CEP215-S613A 
(24.67 ± 0.67%, Figure 5J). These data sug-
gest that PLK1-dependent CEP215 phos-

phorylation at S613 leads to increased chromosome instability 
through the formation of lagging chromosomes and formation of 
micronuclei. Together, our findings suggest that blocking the ability 

Gravin–PLK1 interface resulted in increased formation of micronu-
clei. In Gravin-depleted cells we found that 22.87 ± 3.92% of cells 
formed micronuclei, whereas rescue with full-length wild-type Gravin 

FIGURE 5:  Gravin loss and increased phosphorylation of CEP215 results in higher incidence of 
cells containing micronuclei. (A–C) Wide-field deconvolved micrographs of Gravin shRNA, 
full-length Gravin rescue, and mutant T766A Gravin cells are presented as maximum projections. 
Cells were immunostained for DAPI (A, B, C white) and γ-H2AX (C, green). Bar, 5 μm. 
(D) Quantification of cells containing micronuclei (%) in Gravin shRNA–treated cells rescued with 
full-length Gravin or Gravin (T766A) over n = 3 experiments ± SEM; Student‘s t test p value = 
0.0034. (E) Quantification of cells containing micronuclei with γ-H2AX (%) in Gravin shRNA 
cells rescued with full-length Gravin or Gravin (T766A) over n = 3 experiments ± SEM. 
(F–H) Deconvolved wide-field micrographs of Gravin shRNA–treated cells expressing FLAG-
CEP215, FLAG-CEP215-S613A, or FLAG-CEP215-S613E presented as maximum projections. 
Cells were immunolabeled for DAPI (F, G, H, white) and FLAG (H, green). Bar, 5 μm. 
(I, J) Quantification of cells containing lagging chromosomes (I) and micronuclei (J) (%) in Gravin 
shRNA cells expressing FLAG-CEP215, FLAG-CEP215-S613A, or FLAG-CEP215-S613E. n = 3 
experiments ± SEM, n > 300 cells, one-way ANOVA p = 0.0290 (I), p = 0.0003 (J). (K) Model 
summarizing that when Gravin is lost, a redistribution of active PLK1 leads to mitotic errors and 
subsequent formation of micronuclei.
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(HRP)-conjugated antibodies included donkey anti-mouse immuno-
globulin G (IgG) (H+L; Jackson ImmunoResearch Labs 715-035-150), 
donkey anti-rabbit IgG (H+L; Jackson ImmunoResearch Labs 711-
035-152), and mouse anti-GAPDH (1:10,000; Sigma Aldrich 45-
G9295). Fluorescent secondary antibodies included AlexaFluor don-
key anti-mouse 488 (Life Technologies A21202), 568 (Life 
Technologies A10037), and 647 (Life Technologies A31571) and Al-
exaFluor donkey anti-rabbit 488 (Life Technologies A21206), 568 
(Life Technologies A10042), and 647 (Life Technologies A31573).

Immunofluorescence for 3-D cultures/2-D cultures
Using a pipette, as in Hung et al. (2016), media were carefully re-
moved from cultures. Cultures were rinsed with PBS and fixed with 
4% paraformaldehyde (PFA) at room temperature for 30 min with 
light shaking. The PFA was carefully removed and replaced with 
fresh PFA for an additional 30 min with light shaking. After the PFA 
was removed, 50 mM NH4Cl was added for 10 min. Cells were 
washed with PBS for 30 min with light shaking and then treated for 
5 min with 0.1% Triton-X, blocked with PBSΔT (PBS, 1% BSA, 0.5% 
Triton X-100), and incubated with primary antibodies for 4 h at room 
temperature. Cultures were washed three times with PBSΔT and 
incubated with secondary antibodies for 4 h at room temperature. 
Cultures were kept in PBS containing DABCO (1,4-diazabicyclo[2.2.2]
octane) antifade reagent (200 mM) for imaging.

Cells were plated on #1.5 coverslips until they reached 90% con-
fluence and fixed using methanol (–20°C). Cells were rehydrated in 
PBS before blocking in PBSΔT for 30 min. Primary antibodies diluted 
in PBSΔT were added to coverslips and incubated for 1 h at room 
temperature, followed by 10 washes with PBSΔT, secondary anti-
bodies for 1 h at room temperature, and then 10 washes with PBSΔT. 
Coverslips were rinsed with diH2O and mounted on glass slides 
using Prolong Diamond with 4,6-diamidino-2-phenylindole (DAPI) 
mounting media.

Imaging
Cells were imaged using either a Leica DMi8 STP800 (Leica, Ban-
nockburn, IL) equipped with a Lumencor SPECTRA X with a Hama-
matsu ORCAflash 4.0 V2 CMOS C11440-22CU camera using either 
a 40 × 1.15 N.A. Lambda S LWD objective or 100 ×/1.4 N.A. HC Pl 
Apo oil emersion objective and Metamorph software to acquire im-
ages or a PerkinElmer Ultraview VoX spinning disc confocal system 
on a Nikon Eclipse Ti-E microscope using a Hammamatsu C9100-50 
EMCCD camera and a 100 ×/1.4 N.A. Apo oil emersion objective 
using Volocity software. Superresolution 3D-SIM images were ac-
quired on a DeltaVision OMX V4 (GE Healthcare) equipped with a 
60 ×/1.42 N.A. PlanApo oil immersion lens (Olympus), 405-, 488-, 
568-, and 642-nm solid-state lasers, and sCMOS cameras (pco.
edge). Image stacks of 5–6 µm with 0.125-µm-thick z-sections and 
15 images per optical slice (three angles and five phases) were ac-
quired using immersion oil with a refractive index 1.518. Images 
were reconstructed using Wiener filter settings of 0.003 and optical 
transfer functions measured specifically for each channel with Soft-
WoRx 6.1.3 (GE Healthcare). Images from different color channels 
were registered using parameters generated from a gold grid regis-
tration slide (GE Healthcare) and SoftWoRx 6.1.3 (GE Healthcare). 
STED imaging was performed using a Leica TCS SP8 (Leica, Ban-
nockburn, IL) equipped with STED 3X, a supercontinuum laser 
(white light laser 470–670 nm) for excitation, 592/546/600-nm STED 
depletion lasers, and an HCS PL APO 100x/1.40 oil STED white ob-
jective. Images were acquired using the Leica LAS software and pos-
timage processing of STED images was performed using SVI Huy-
gens deconvolution software.

of Gravin to scaffold PLK1 causes an increase in DNA damage 
(Figure 5K). This is a potential mechanism by which chromosome 
instability can arise upon PLK1 deregulation in prostate cancer.

MATERIALS AND METHODS
Cell culture
3-D RWPE human prostate epithelial cells were grown in Keratino-
cyte SFM combo from Life Technologies/Fisher (cat. no. 17-005-
042) with 60% Matrigel (Fisher cat. no. CB40234C; Corning no. 
356237). 2-D PLK1-GFP RPE, GFP-H2B HeLa (Hehnly and Doxsey, 
2014), mouse embryonic fibroblasts (MEFs) isolated from wild type 
and Gravin null mice, and human embryonic kidney (HEK) 293ad 
cells were grown in 1× DMEM (Life Technologies) supplemented 
with 10% Seradigm fetal bovine serum (FBS; VWR) and 1% penicil-
lin–streptomycin (10,000 U/ml) (Life Technologies). Phoenix-AMPHO 
cells were used for viral production in Gravin rescue experiments, 
grown in 1X DMEM (Life Technologies) supplemented with 10% FBS 
(Sigma) and 1% penicillin–streptomycin (10,000 U/ml) (Life Technol-
ogies). All cultures were maintained at 37°C with 5% CO2.

Human primary prostate cancer epithelial cells (PCa1, PCa3) 
were grown as 3-D-organoid cultures (Gao et al., 2014). Cells were 
plated in 200-μl DMEM/F12 containing supplements in a multiwell 
plate (Ibidi cell chambers #80827; PCa1 and PCa3 at 3000 cells/
well) coated with collagen type II. Media supplements included epi-
thelial growth factor (EGF), R-spondin 1, noggin, FGF10, FGF2, di-
hydrotestosterone (DHT), nicotinamide, the TGF-b/Alk inhibitor 
A83-01, the p38 MAK kinase inhibitor SB202190, the ROCK inhibi-
tor Y-27632, B27 additive, N-acetyl-l-cysteine, glutamax, HEPES, 
and primocin. Following seeding, media were removed and cells 
overlaid with 200 μl of 50% GFR (growth factor–reduced) matrigel 
(GFR-matrigel from Fisher cat. no. CB40230C; Corning no. 356231) 
and 50% mixture.

shRNA and FRET constructs
Cells depleted of Gravin were made using a lentivirus-infected 
shRNA specific to Gravin (AKAP12 [Gravin] shRNA sc-40305-v). 
Control cells were treated with control shRNA (sc-108080). Gravin 
rescue experiments were performed using the wild-type and phos-
pho-dead mutant T766A of the murine Gravin (SSECKS) gene. 
FRET experiments were performed using a PLK1 FRET biosensor 
containing a PLK1 specific c-jun substrate (Liu et al., 2012). To ex-
amine PLK1 activity specifically at mitotic centrosomes, a localized 
PLK1 FRET-biosensor was constructed by fusing the above FRET 
biosensor to the PACT domain (human pericentrin-kendrin) using a 
10–amino acid linker (R-A-Q-A-S-N-S-G-R-P) as done for kineto-
chores in Liu et  al. (2012). All constructs were verified through 
sequencing.

Antibodies and chemical inhibitors
For Western blot analysis and immunofluorescence imaging, the fol-
lowing antibodies were used: phospho-Histone H3 (Ser10, 1:200; 
Cell Signaling 9701S), mouse anti-PLK1 (E-2, 1:250; Santa Cruz sc-
55504), rabbit anti-PLK1 (1:100; Cell Signaling #4513S), mouse anti-
Centrin (1:1,000; EMD Millipore 04-1624), mouse anti-Gravin (1:250; 
Sigma Aldrich 45-G3795), anti–α-tubulin conjugated with FITC 
(1:250; Sigma Aldrich F2168), Actinred 555vReady Probes reagent 
(Thermo Fisher Scientific R37112), NucBlue fixed cell stain from 
Ready Probes (Thermo Fisher Scientific R37606), rabbit anti–γ-
histone H2A.X (Ser 139, γ-H2AX, 1:500; Cell Signaling 9718S), anti-
CEP215 (1:500; Bethyl Laboratories IHC-00063), anti–acetylated 
tubulin (1:500; Sigma 45-T6793), and phosphoserine/phosphothreo-
nine (1:40; Fisher Scientific 01-672-764). Horseradish peroxidase 
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Microtubule renucleation assay
HEK293ad cells were treated with 10 μg nocodazole in media for 
1 h. Cells were then washed three times with PBS before being 
placed in media at 37°C for times indicated. Cells were fixed using 
ice-cold methanol at –20°C, immunolabeled, and imaged for 
analysis.

Image analysis
A series of 0.2 μm Z-steps of cell volumes are presented as maxi-
mum projections using ImageJ. AutoQuant deconvolution was 
used on wide-field images using Metamorph software. Integrated 
intensities were measured on sum projections as described in 
Hoffman et al. (2001). To measure integrated intensity on either iso-
lated centrosomes or mitotic centrosomes, circular regions of inter-
est (ROIs) were drawn. The larger ROI (ROIL) is used to measure 
background whereas the center smaller ROI (ROIS) measures signal. 
The following equation was used: integrated intensity of ROIL – 
((integrated intensity of ROIS – integrated intensity of ROIL)×(area 
ROIL/(area ROIS– area ROIL))) (Hehnly and Doxsey, 2014). Line scans 
were performed by calculating the normalized fluorescence inten-
sity across a single line. Graphs and statistical analysis (unpaired 
Student‘s t tests or analysis of variance [ANOVA] as labeled) were 
completed using Graphpad Prism software. Error bars represent ± 
SEM; p < 0.05 was considered to be statistically significant. All im-
ages were set to a resolution of 300 DPI or greater after image 
analysis from raw data.

FRAP experiments were performed using a Leica SP5 scanning 
confocal microscope (Leica, Bannockburn, IL) with an HCX Plan 
Apochromat 63 ×/1.40-0.06 N.A. OIL objective or the PerkinElmer 
Ultraview VoX spinning disc confocal system on a Nikon Eclipse Ti-E 
microscope. With the Leica SP5 the LAS AF (Leica application suite 
advanced fluorescence) software (Leica) FRAP wizard was used to 
acquire images. The ImageJ FRAP calculator macro plug-in was 
used to generate FRAP curves and generate half-life and immobile 
fraction values. Graphs were then produced in Prism GraphPad 
software.

Fluorescence resonance energy transfer
HEK293ad cells were transfected with a PLK1 FRET or a PLK1 FRET-
PACT sensor using Mirus Bio TransIT-LT1 transfection reagent 
(Hukasova et al., 2012; Liu et al., 2012; Bruinsma et al., 2015). After 
24 h, cells were synched for 8 h using 100 nM nocodazole and re-
leased. To inhibit PLK1 cells were treated with 100 nM BI2536 for 
20 min. Images were acquired on a Leica DMi8 STP800 (Leica, 
Bannockburn, IL) using a 63 ×/1.4 N.A. HC Pl Apo oil emersion objec-
tive. The YFPex→YFPem/CFPex→YFPem emission ratio in each image 
was calculated after background subtraction and averaged over mul-
tiple cells. The FRET ratio was calculated using an ImageJ Ratio-Plus 
plugin. Experiments were repeated multiple times with similar 
results.

Mitotic centrosome isolation
HEK 293ad cells were treated with 100 nM nocodazole for 18 h. A 
mitotic shake-off was then performed, and centrosome isolation 
was carried out as described in Hung et  al. (2015). In short, 
HEK293ad cells were treated with 20 μg/ml cytochalasin D and 
10 μg/ml nocodazole for 2 h. Cells were then washed with the fol-
lowing buffers in order: 1X PBS, 0.1%PBS:8% wt/wt sucrose, 8% wt/
wt sucrose, lysis buffer (LB) (1 mM Tris-HCl, 8 mM BME). Cells were 
then treated with 1 ml (per 100 mm plate) LB + 0.5% NP40 contain-
ing phosphatase inhibitors at 4°C for 2 min on rocker. Supernatants 
were collected and centrifuged at 1500 × g for 6 min at 4°C. The 
supernatants were then transferred to tubes containing 5 ml Ficoll 
(20% diluted in PE buffer [10 mM PIPES, 1 mM EDTA, 8 mM BME]) 
and centrifuged at 13,000 × g for 15 min at 4°C, and the Ficoll-PE 
interface (∼150 μl) was collected. The interface was diluted in PE 
buffer containing phosphatase inhibitors and isolated onto cover-
slips by centrifugation. Mitotic centrosomes were fixed with ice-
cold methanol and immunostained for pS/pT and centrin.

Immunoprecipitation
HEK293ad cells were transfected with 5 μg (per 100 mm plate) 
FLAG-CEP215. After 48 h, cells were lysed using ice-cold HEPES 
lysis buffer (25 mM HEPES, 150 mM NaCl, 0.5% Triton X-100, 1 mM 
EDTA, 1 mM ethylene glycol-bis(β-aminoethylether)-N,N,N’,N’-
tetraacetic acid [EGTA], 2% glycerol, 10 mM NaF) and then incu-
bated on ice for 10 min, and postnuclear supernatant was collected. 
A quantity of 600 μg–1 mg protein was incubated with anti-FLAG 
M2 affinity gel beads (Sigma) for 1.5 h at 4°C on rotator. Beads were 
washed twice with lysis buffer, and isolated beads were boiled in 
30-μl sample buffer before Western blot analysis.

Ice treatment
HEK293ad cells treated with either control shRNA or Gravin shRNA 
were placed in Leibovitz‘s L-15 media (ThermoFisher #21083027) 
and placed on ice. After 5 min, the cells were washed in PBS and 
fixed in ice-cold methanol at –20°C for 10 min. Cells were then im-
munolabeled and imaged for analysis.
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Supplementary Figure 1. Gravin dynamics disrupts PLK1 dynamics predomi-
nantly at mitotic centrosomes. 
(A) A curve was fit using one-phase decay of GFP-PLK1 normalized fluorescence 
intensity recovery after FRAP of mitotic centrosomes (orange), kinetochores (magen-
ta), and cytokinetic midbodies (green) (n > 20 cells over n = 3 experiments). (B) Immu-
noblot analysis showing Gravin-depletion by shRNA knockdown and rescue of this 
depletion by full-length wild-type murine Gravin and the phospho-dead mutant murine 
Gravin T766A. (C) Representative confocal micrographs of FRAP at kinetochores in 
control and Gravin shRNA treated GFP-PLK1 RPE cells. (D, E) (D) Half-life and (E) 
immobile fraction of GFP-PLK1 at kinetochores (box-and-whisker plot of n>20 cells 
over n=3 experiments, + indicates mean, Student’s t-test p=0.0095 (D), Student’s t-test 
p=0.4876 (E)). (F) Representative images of FRAP at cytokinetic midbodies in control 
and Gravin shRNA treated GFP-PLK1 RPE cells. (G,H) (G) Half-life and (H) immobile 
fraction of GFP-PLK1 at cytokinetic midbodies measured (box-and-whisker plot of 
n>25cells over n=3 experiments, + indicates mean. Student’s t-test p=0.3211 (H), 
Student’s t-test p=0.1887 (I)).  
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Supplementary Figure 2. Gravin-depleted cells redistribute active-PLK1 
causing increased phosphorylation events at mitotic centrosomes. 
(A) Relative PLK1 activity for a control shRNA treated cell passing through 
mitosis is shown as an inverse FRET ratio (Fire LUT, top), corresponding DIC 
images below. Bar, 5μm. (B) Quantification of PLK1 activity in cells treated 
with Gravin shRNA or control shRNA, (n > 5 cells ± SEM, Student’s t-test p = 
0.0109). (C) Quantification of the inverse FRET-efficiency nocodazole 
released cells in metaphase that were treated with control shRNA ±BI2536 
(BI) is presented as a scatter plot (n>20 cells, scatterplot with median and 
interquartile range shown, Student’s t-test p=0.0118). (D) Immunoblot analy-
sis of mitotic lysate showing Gravin, PLK1 pT210, and PLK1 expression 
levels in control shRNA and Gravin shRNA HEK293 cells. GAPDH used as 
loading control. (E) Quantification of pPLK1 expression normalized to PLK1 
expression in HEK293 cells treated with control and Gravin shRNAs. (n=3 
experiments ±SEM, Student’s t-test p=0.0431). (F) Alignment of Human and 
Murine CEP215 showing conservation of PLK1 serine phosphorylation site. 
Non-phosphorylatable mutant (S613A) and a phosphomimetic (S613E) were 
constructed.
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Supplementary Figure 3. Gravin loss results in higher incidence of cells 
containing micronuclei. 
(A) Control shRNA (left) and Gravin shRNA (right) RWPE-1 3-D acini cultures 
immunostained for microtubules (green), pH3 (red), and DAPI (blue) showing 
lagging chromosomes in Gravin-depleted acini. Inset is at 2x magnification. Bar, 5
μm. (B) Live-cell imaging of GFP-H2B HeLa cells from metaphase through telo-
phase to visualize lagging chromosomes (yellow arrow). Bar, 5μm. (C) Quantifica-
tion of control shRNA and Gravin shRNA mitotic cells (%) from (B) that display 
normal chromosome alignment during metaphase, lagging chromosomes, and 
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failed cytokinesis over n=3 experiments ±SEM, Student’s t-test p=0.0176 for 
normal alignment and Student’s t-test p=0.0022 for lagging chromosomes. (D) 
Immunoblot analysis from Gravin shRNA treated HeLa cells rescued with Gravin 
or Gravin (T766A). Proteins were identified using antibodies against Gravin and 
GAPDH loading control. (E) Immunofluorescent images of wild-type (WT) and 
Gravin null MEFs stained for DAPI. Yellow arrows depicting micronuclei. Bar, 5μm. 
(F) Quantification of MEFs (%) containing micronuclei from n=4. (G) Confocal 
micrographs of control shRNA  or Gravin shRNA HEK293 cells expressing 
FLAG-CEP215-S613A or FLAG-CEP215-S613E are presented as maximum 
projections. Cells were immunostained for FLAG (Fire-LUT, ImageJ, bar indicates 
gradient of integrated fluorescent intensity values (A.U.)) and DAPI (white). Insets 
(white boxes) of individual mitotic centrosomes magnified 3x. Bar, 5μm.
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Supplementary Figure 3. Gravin loss results in higher incidence of cells 
containing micronuclei. 
(A) Control shRNA (left) and Gravin shRNA (right) RWPE-1 3-D acini cultures 
immunostained for microtubules (green), pH3 (red), and DAPI (blue) showing 
lagging chromosomes in Gravin-depleted acini. Inset is at 2x magnification. Bar, 5
μm. (B) Live-cell imaging of GFP-H2B HeLa cells from metaphase through telo-
phase to visualize lagging chromosomes (yellow arrow). Bar, 5μm. (C) Quantifica-
tion of control shRNA and Gravin shRNA mitotic cells (%) from (B) that display 
normal chromosome alignment during metaphase, lagging chromosomes, and 

failed cytokinesis over n=3 experiments ±SEM, Student’s t-test p=0.0176 for 
normal alignment and Student’s t-test p=0.0022 for lagging chromosomes. (D) 
Immunoblot analysis from Gravin shRNA treated HeLa cells rescued with Gravin 
or Gravin (T766A). Proteins were identified using antibodies against Gravin and 
GAPDH loading control. (E) Immunofluorescent images of wild-type (WT) and 
Gravin null MEFs stained for DAPI. Yellow arrows depicting micronuclei. Bar, 5μm. 
(F) Quantification of MEFs (%) containing micronuclei from n=4. (G) Confocal 
micrographs of control shRNA  or Gravin shRNA HEK293 cells expressing 
FLAG-CEP215-S613A or FLAG-CEP215-S613E are presented as maximum 
projections. Cells were immunostained for FLAG (Fire-LUT, ImageJ, bar indicates 
gradient of integrated fluorescent intensity values (A.U.)) and DAPI (white). Insets 
(white boxes) of individual mitotic centrosomes magnified 3x. Bar, 5μm.
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Abstract
During cell division, duplicated genetic material is separated into two distinct daughter cells.

This process is essential for initial tissue formation during development and to maintain tissue

integrity throughout an organism’s lifetime. To ensure the efficacy and efficiency of this process,

the cell employs a variety of regulatory and signaling proteins that function as mitotic regulators

and checkpoint proteins. One vital mitotic regulator is polo-like kinase 1 (PLK1), a highly con-

served member of the polo-like kinase family. Unique from its paralogues, it functions specifi-

cally during mitosis as a regulator of cell division. PLK1 is spatially and temporally enriched at

three distinct subcellular locales; the mitotic centrosomes, kinetochores, and the cytokinetic

midbody. These localization patterns allow PLK1 to phosphorylate specific downstream targets

to regulate mitosis. In this review, we will explore how polo-like kinases were originally discov-

ered and diverged into the five paralogues (PLK1-5) in mammals. We will then focus specifically

on the most conserved, PLK1, where we will discuss what is known about how its activity is

modulated, its role during the cell cycle, and new, innovative tools that have been developed to

examine its function and interactions in cells.

KEYWORDS

biosensor, cell division, centrosome, chemical genetics, FRET, kinetochore, midbody, mitosis,

polo-like kinase 1, scaffolds

1 | INTRODUCTION

Mitosis incorporates a multitude of protein interactions and macromo-

lecular machinery to successfully segregate sister chromatids into new

daughter cells (Nigg & Stearns, 2011). The fidelity of mitotic progres-

sion requires regulatory and signaling proteins to be dynamically

recruited and constrained at centrosomes. The centrosome is a struc-

ture that is composed of two centrioles that start their duplication

cycle during S-phase (reviewed in Nigg & Stearns, 2011). Once the

centrosome has duplicated into two mitotic centrosomes, they will

then drive the assembly of the microtubule-based spindle. The assem-

bly of the microtubule-based spindle requires the recruitment of

microtubule nucleating components (e.g., pericentrin, γ-tubulin,

CEP215, γ-turc, CEP170, CEP68, AKAP450, etc.) (Choi, Liu, Sze,

Dai, & Qi, 2010; Doxsey, Steln, Evans, Calarco, & Kirschnefi, 1994;

Fabbro et al., 2005; Kolobova et al., 2017; Zimmerman, Sillibourne,

Rosa, & Doxsey, 2004). The recruitment of these components require

activated mitotic signaling cascades involving the mitotic kinases

Aurora A, polo-like kinases (PLKs), and cyclin-dependent kinase

1 (CDK1) to name a few (Bruinsma et al., 2015; Hehnly et al., 2015;

Lee et al., 2018; Sanhaji et al., 2014; Thomas et al., 2016). One kinase

that seems to be at the center of this process from a single cell

eukaryote to a multi-cellular vertebrate is polo-like kinase 1 (PLK1).

PLK, in mammals, has diverged into five paralogues, PLK1-5

(De Cárcer, Manning, & Malumbres, 2011). Unlike its alternative mam-

malian paralogues (PLK2-5), PLK1 function is evolutionarily conserved

persisting in Schizosaccharomyces pombe (fission yeast), Drosophila

melanogaster (fruit flies), and Caenorhabditis elegans (PLK-1) where it

acts broadly throughout mitosis from G2 until the final stage of cyto-

kinesis, abscission (Nasmyth & Nurse, 1981; Sunkel & Glover, 1988).

While these initial studies defined an essential and conserved role for

PLK1 during the cell cycle, it has been difficult to delineate the spatial

and temporal regulation of PLK1. However, with the onset of chemi-

cal genetics and biosensors to analyze PLK1 activity in live cells, giant
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strides have been made, and likely will still be made, in understanding

PLK1 activity and function during the cell cycle (Bruinsma et al., 2014,

2015; Burkard et al., 2007; Lera & Burkard, 2012; Liu, Davydenko, &

Lampson, 2012; Macůrek et al., 2008). In this review, we will touch

briefly on how polo-like kinases were discovered, as well as its evolu-

tionary conservation and divergence in mammals. We will then specif-

ically focus on PLK1, where we will explore its diverse functions,

subcellular localizations, scaffold–protein interactions, and its known

downstream phosphorylation substrates. Finally, we will discuss the

intramolecular tools that will facilitate future advancements in under-

standing PLK1’s role throughout the cell cycle.

2 | DISCOVERY OF POLO-LIKE KINASES

Polo-like kinase was first identified in budding yeast (Saccharomyces

cerevisiae) through the screening of various cell division cycle (cdc)

mutants (Hartwell, Mortimer, L O, CuLo, & Esposito, 1973). Hartwell

et al. defined and characterized previously identified temperature-

sensitive mutants, which perturbed the progression of the cell cycle.

They determined that cdc5, a homologue of mammalian PLK1, specifi-

cally caused cytokinetic defects when cells were shifted to a restric-

tive temperature, resulting in a significant increase in bi-nucleated

cells. Strikingly, if the cells were shifted to restrictive temperatures

following cytokinesis completion, cells would then arrest during the

second cell cycle. This work demonstrated that the temporal regula-

tion of cdc5/PLK1 is necessary for the initiation and proper progres-

sion of mitosis (Hartwell et al., 1973). PLK1’s role in mitotic

progression was later confirmed in Drosophila melanogaster (Sunkel &

Glover, 1988). In Drosophila, the homologue is called polo. Homozy-

gous polo mutant flies were found to arrest in development, failing to

form a fully developed embryo. This was due to cells of polo embryos

arresting at the same stage of the cell cycle, prometaphase and meta-

phase, where they presented with multipolar spindles, aneuploidy, and

abnormal centrosome structure and microtubule aster formation

(Sunkel & Glover, 1988). This suggested that the gene polo was a vital

mitotic regulator that assists in the proper establishment of the

mitotic spindle through microtubule nucleation from the mitotic cen-

trosomes. When this process is disrupted, a functional bipolar spindle

cannot be formed and chromosome mis-segregation occurs, resulting

in increased aneuploidy (Sunkel & Glover, 1988).

While it was becoming clear that PLK1 is a vital regulator of mito-

sis, scientists were unclear as to how PLK1 regulated this process. By

further examining the Drosophila polo sequence, it was found that polo

contains an N-terminal sequence consistent with serine–threonine

kinases such as SNF1, KIN1, and KIN2 in budding yeast (Llamazares

et al., 1991). It was later discovered through indirect protein kinase

analysis of polo from mitotic Drosophila lysates, that PLK1 was capable

of phosphorylating the protein casein, further supporting the role of

PLK1 as a kinase (Fenton & Glover, 1993). A later study confirmed

that this PLK1 kinase activity was specific during mitosis by perform-

ing in vitro kinase assays with cells released into prometaphase after

nocodazole treatment. Casein phosphorylation by PLK1 was specific

to lysates for 50 min after nocodazole release (Lee, Yuan, Kuriyama, &

Erikson, 1995). Over time, it was found that this kinase was highly

conserved between vertebrates, invertebrates, and single-celled

organisms alike. This includes Caenorhabditis elegans PLK-1 (Ouyanga,

Wangb, & Daia, 1999), Xenopus (Plx1) (Descombes & Nigg, 1998), and

mammals (PLK1) (Lee & Erikson, 1997). The evolutionary conservation

of this gene and role as a mitotic kinase strengthened the notion that

this is a vital component of cellular division.

3 | FUNCTIONS OF THE DIVERGENT
MAMMALIAN PLKS (1–5)

Mammals contain five paralogues (PLK1-5) that are distinct in localiza-

tion, expression patterns, and function within cells. Despite this diver-

gence, each of the paralogues retained the canonical PLK domains,

the N-terminal kinase domain and the C-terminal polo-box domain

(PBD) (depicted in Figure 1). The kinase domain is a catalytic T-loop

domain which allows PLKs to convert ATP to ADP, transferring the

phosphate group to any of the numerous PLK downstream phosphor-

ylation targets (Kothe et al., 2007). The PBD domain is unique in that

it recognizes specific phosphorylation motifs on PLK binding scaffolds

(Elia, Rellos, et al., 2003; Elia, Cantley, & Yaffe, 2003). The main differ-

ence between the five PLK paralogues is the number of PBDs they

contain, their expression patterns within particular cell types, and/or

their expression patterns throughout the cell cycle. For instance, PLK4

has diverged to contain a cryptic polo-box domain (CPB) and a single

polo-box region within the PBD overtime (Figure 1; De Cárcer, Esco-

bar, et al., 2011; Habedanck, Stierhof, Wilkinson, & Nigg, 2005). Due

to the presence of the cryptic polo-box and single PBD, PLK4 homodi-

merizes, altering its structural conformation and causing regulated

spatial activity in cells (Leung et al., 2002; Sillibourne & Bornens,

2010). This localizes the kinase to the centrosome during S-phase to

bind scaffolds, such as CEP192 and CEP152 (Park et al., 2014; Slevin

et al., 2012; Sonnen, Gabryjonczyk, Anselm, Stierhof, & Nigg, 2013),

which restricts its localization and activity to the centrosome allowing

for precise spatial regulation of centrosome duplication (Leung et al.,

2002; Sillibourne & Bornens, 2010; Sonnen et al., 2013). This led

researchers to further try and understand how either a specific PBD

or the number of polo-box regions leads to scaffold-binding specificity

and PLK localization patterns. To answer this question, PLK2-4

PB1 PB21

PBD

PB1 PB21 603KD

PBD

PLK1

PLK2

PLK3

PLK4

PLK5

PB1 PB21 KD

PBD

PB1 PB21 KD

PBD

336

PB1 KD

PBD

970

646

686

CPB

FIGURE 1 There are five mammalian polo-like kinase paralogues. The

five mammalian paralogues contain an N-terminal catalytic kinase
domain (orange) and a C-terminal polo-box domain (PBD, purple). The
PLK4 cryptic polo-box domain (CPB) is shown in green. Adapted from
(De Cárcer, Manning, et al., 2011)
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chimeras containing PLK1 kinase domains were expressed in cells

depleted of endogenous PLK1. These chimeric PLKs were able to res-

cue phenotypes that are present with PLK1-depletion (Van De

Weerdt et al., 2008), supporting the idea that, through the PBDs, spe-

cific scaffolding of polo-kinases is required for PLK spatial localization

and temporal phosphorylation of downstream phosphorylation tar-

gets. A schematic representation of the five PLKs containing both

their kinase and PBDs are demonstrated in Figure 1. The PBD is highly

conserved between PLK1-3 (36–43% homology) and is less so in

PLK4 (16% homology) (Park et al., 2010). Thus, this brings up the

question, what is it about these different PLKs that allow directed

localization and subsequent downstream function?

One possibility is that the expression patterns within a cell and

within an organism varies between PLKs. PLK2, PLK3, and PLK5 are

expressed predominantly during interphase and play a variety of func-

tions. PLK2 has been implicated in neuronal synapse function and sig-

nal transduction (Seeburg, Pak, & Sheng, 2005). Additionally, PLK2

has been implicated during S-phase of the cell cycle, phosphorylating

the protein CPAP and allowing for subsequent centriole assembly

(Chang, Cizmecioglu, Hoffmann, & Rhee, 2010). PLK5 is unique in

humans in that it has lost the kinase domain, but retained the con-

served PBD-domain characteristic of the PLK-family kinases, gaining

its membership into this family (Andrysik et al., 2010; De Cárcer, Esco-

bar, et al., 2011). Like PLK2, PLK5 functions exclusively within quies-

cent brain cells where it aids in the formation of neuritic processes

(De Cárcer, Escobar, et al., 2011). Even less is currently known about

PLK3, but studies have implicated it during G0/G1, during apoptosis,

and later during S/G2-phase as a component of p53-dependent DNA

damage checkpoint (Zimmerman & Erikson, 2007). PLK1 and PLK4

are expressed predominantly during S/G2 and M-phase of diving cells.

PLK1 and PLK4 are the most heavily studied PLKs. PLK1 is the

most highly conserved through single celled eukaryotes up to verte-

brates where it is expressed during the G2/M-phases of the cell cycle

(Figure 2a). This expression is the result of p53-dependent transcrip-

tion which follows the upregulation of two key factors during division,

CDK1 and Cyclin B (Martin & Strebhardt, 2006). These proteins work

in concert with PLK1 to ensure proper mitotic progression. CDK1/

Cyclin B phosphorylates specific serine/threonine residues on
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FIGURE 2 PLK1 subcellular distribution and function during metaphase in mammalian cells. (a) PLK1 (orange) localizes during M-phase to the

mitotic centrosomes, kinetochores, and cytokinetic midbody (magenta) to ensure mitotic progression, microtubule attachments, and anaphase
onset, as well as proper cytokinesis and abscission. Gradient below (orange) represents relative PLK1 activity changes between prometaphase/
metaphase and cytokinesis. (b) Table outlining PLK1 localization patterns with corresponding functions and known binding scaffolds during M-
phase
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PLK1-binding scaffolds, with the sequence motif of Ser-pSer/pThr-

Pro/X, allowing PLK1 to directly bind. Known PLK1 scaffold proteins

include Bora (Seki, Coppinger, Jang, Yates, & Fang, 2008), cenexin

(Soung et al., 2006), Gravin (Canton et al., 2012), BubR1 (Qi, Tang, &

Yu, 2006), PRC1 (Hu, Özlü, Coughlin, Steen, & Mitchison, 2012) to

name a few, and localize subcellularly to the nucleus, centriole

appendages, pericentriolar matrix (PCM), kinetochores, and cytoki-

netic midbody, respectively (Figure 2b). These scaffolds aid PLK1 in its

regulation of centrosome maturation and microtubule nucleation, as

well as regulating its role as a component of the spindle assembly

checkpoint, during which it ensures proper end-on microtubule

attachments at kinetochores and activation of the anaphase promot-

ing complex (APC). The APC is an E3-ubiquitin ligase that degrades

mitotic proteins, allowing sister chromatids to separate and cells to

progress through the end of mitosis and enter G1 (Eckerdt & Streb-

hardt, 2006). Since PLK1 regulates the onset of this complex, PLK1 is

known as a major regulator of the metaphase to anaphase transition

of division.

PLK4 is exclusively expressed during S-phase of the cell cycle.

The expression and localization of PLK4 at the centrioles triggers cen-

triole duplication and procentriole formation (Habedanck et al., 2005).

Following PLK4 localization, PLK4 is able to recruit, phosphorylate,

and bind the protein STIL (Ohta et al., 2014). This leads to the recruit-

ment of additional centriole components such as SAS6, CEP135, and

γ-tubulin, allowing for centriole duplication and assembly to begin

(Kleylein-Sohn et al., 2007; Ohta et al., 2014; Shyang Fong, Kim, Tony

Yang, Liao, & Bryan Tsou, 2014). Centriole duplication produces two

mitotic centrosomes, required for the formation of the microtubule-

based bipolar spindle during M-phase. In the event of PLK4 overex-

pression or an S-phase mitotic delay during this process, such as DNA

damage, persistent PLK4 activity can cause centriole overduplication,

or reduplication to occur (Habedanck et al., 2005). In contrast, when

PLK4 is absent, either through knockdown or drug inhibition by cen-

trinone, centriole duplication fails causing complete centriole loss after

two or more consecutive cell cycles (Habedanck et al., 2005; Wong

et al., 2015). This centriole loss eventually leads to p53-dependent G1

cell cycle arrest. Together, this suggests that PLK4 has specific and

timely roles in centriole duplication during S-phase, and if the thresh-

old expression of PLK4 is disrupted, either due to over- or under-

expression, centriole duplication is impacted.

PLK1 is also involved in centriole duplication, where its signaling

allows for centriole disengagement, allowing for centriole duplication

(Lon Carek, Hergert, & Khodjakov, 2010). Thus, a likely relationship

exists between PLK1 and PLK4, where active-PLK1 is required for

centriole disengagement and maturation to occur during S-phase, and

PLK4 is required for duplication. The inherent nature of the relation-

ship between PLK1 and PLK4, though, is not completely understood.

Despite PLK4 being the major kinase responsible for centriole duplica-

tion, as described above, PLK1-depletion has been implicated in caus-

ing a centriole duplication delay (Hatano et al., 2012; Lon Carek et al.,

2010; Shukla, Kong, Sharma, Magidson, & Loncarek, 2015). It has

been suggested that the reason for this delay is the inability of the cell

to recruit centriole maturation factors, such as γ-tubulin (Lon Carek

et al., 2010). Alternatively, if PLK1 activity is elevated, the centrioles

prematurely disengage, which allows the daughter centriole to recruit

centriole proteins and nucleation factors, such as cenexin and γ-tubu-

lin, triggering an additional round of centriole duplication during S-

phase (Bryan Tsou et al., 2009; Kong et al., 2014; Lon Carek et al.,

2010; Shukla et al., 2015). These studies support the idea that PLK1

and PLK4 are tightly regulated kinases with distinctly choreographed

functions that work to ensure proper centriole disengagement, dupli-

cation, and recruitment of microtubule nucleating factors allowing for

the assembly of a robust mitotic spindle.

4 | FUNCTION OF PLK1

As shown in Figure 1, PLK1 contains two polo-box regions, forming a

PBD sufficient for localizing PLK1 to centrosomes, kinetochores and

the cytokinetic midbody during mitosis (Figures 2 and 3). PLK1 spatial

and temporal localization throughout division is shown using struc-

tured illumination microscopy (SIM) in Figure 3, illustrating its transi-

tion from centrosomes and kinetochores during early M-phase to the

midzone and cytokinetic midbody during the final stages of mitosis

(Figure 3). By expressing the PLK1 kinase domain alone, it is insuffi-

cient to localize PLK1 at the mitotic centrosomes or kinetochores,

whereas expressing the PBD alone localizes PLK1 robustly to mitotic

centrosomes and, to a lesser extent, at kinetochores (Kishi, van Vugt,

Okamoto, Hayashi, & Yaffe, 2009). Together, this suggested that even

though the kinase domain was not required for PLK1 localization to

mitotic centrosomes, it likely assists in PLK1 localization to

kinetochores.

The PBD provides specific PLK1 binding through defined pS/pT

sequences on binding scaffold proteins (Elia, Cantley, et al., 2003).

This binding specificity requires PLK1 to contain both the two polo-

box regions within the PBD and the protein linker sequence separat-

ing the kinase domain from the PBD. To determine this PLK1-specific

binding sequence, a phospho-peptide library was utilized. This library

comprised of motifs known to be phosphorylated by alternative

mitotic kinases, including CDKs and mitogen activated protein kinases

(MAPKs). Using this library, the specific PLK1 PBD binding sequence

was identified to be Ser-pSer/pThr-Pro/X (Elia, Rellos, et al., 2003).

Once this sequence was determined, it was later used to identify

greater than 600 potential putative PLK1 scaffolds to be further

examined. This library of putative scaffolds are potential regulators of

PLK1 that likely control PLK1’s spatial distribution and activity

throughout the cell cycle (Lowery et al., 2007).

While only a select few PLK1 binding scaffolds have been con-

firmed, studies have clearly demonstrated that the subcellular distribu-

tion of PLK1 is tightly regulated through scaffold proteins. The

regulation of these interactions relies heavily on the ability of these

scaffolds to be phosphorylated by the mitotic kinase CDK1. The

CDK1 kinase domain recognizes the motif Ser–Ser/Thr–Pro/X on

PLK1-binding scaffolds and is able to phosphorylate the second amino

acid, known as priming, allowing for PLK1–PBD interactions

(Enserink & Kolodner, 2010). Some of the identified scaffolds that

require this priming by CDK1 are Bora, Gravin, and cenexin (Canton

et al., 2012; Soung et al., 2009; Thomas et al., 2016). PLK1 also has

the ability to phosphorylate its own scaffold, such as PBIP1 and

BubR1 at the centromeres, a mechanism commonly used to maintain
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its localization at kinetochores (Elowe, Hümmer, Uldschmid, Li, &

Nigg, 2007; Lee, Oh, Kang, & Park, 2008). These PLK1-scaffold inter-

actions allow for the localization and regulation of PLK1 dynamics,

activity, and function at its subcellular locales.

Through differential regulation at numerous subcellular locales,

PLK1 displays a variety of functions as a major regulator of mitotic

entry. For instance, PLK1 localizes to the nucleus during G2-phase

where it has been implicated as a DNA damage checkpoint regulator

(Hyun, Hwang, Hwan, & Jang, 2014; Smits et al., 2000; Van Vugt,

Brá, & Medema, 2004; Wakida et al., 2017). During this process, PLK1

is required to recruit initial components of the DNA Damage

Response (DDR), including ATM/ATR (Hyun, Hwang, et al., 2014).

PLK1 is then dephosphorylated in an ATM-Chk1 dependent manner,

effectively inactivating the kinase. Thus, PLK1 is downregulated until

the completion of the DDR, in which newly active-PLK1 then works

as a checkpoint regulator, allowing division to progress into M-phase

(Hyun, Hwan, & Jang, 2014; Lee, Hwang, & Jang, 2010). One possibil-

ity is that while DDR occurs, PLK1 is unable to recruit MT-nucleating

components to the centrosome so mitotic spindle formation cannot

occur. An additional possibility that has yet to be examined is whether

a population of PLK1 that acts within the nucleus can be exchanged

to act on mitotic centrosomes. In this case, it is interesting to predict

that PLK1 acts as a sensor that relays messages between the nucleus

and mitotic centrosomes.

Since PLK1 depletion is lethal, it has been difficult to study its

acute role at different cell-cycle stages. For instance, PLK1 is thought

to be necessary for cytokinesis, but it is difficult to test its direct con-

tributions to this process because early mitotic defects caused by

PLK1-depletion triggers the spindle assembly checkpoint (SAC), pre-

venting cells from entering cytokinesis and hindering these direct

observations of PLK1 during this specific cell cycle stage. One solution

has been to use small-molecules that rapidly inhibit PLK1 during ana-

phase, after the SAC has been satisfied. ATP-analogues that target

and inhibit the PLK1 kinase domain in vitro include BI2536 and

BI6727 (Lenart et al., 2007; Steegmaier, Hoffmann, Baum, Ter Lé Ná

Rt, et al., 2007). However, the specificity of these drugs to specifically

inhibit PLK1 in vivo is either poorly understood or unknown. In addi-

tion, based on the strong conservation of the PLK-kinase domains,

none of these compounds are expected to be selective for individual

PLK-homologues, complicating their use.

To overcome this issue, a chemical genetics system was devel-

oped in order to acutely inhibit specifically PLK1 at select times during

division. A technique was developed based on traditional studies per-

formed in yeast, where monospecific-kinase inhibition could be

achieved by replacing the target enzyme-of-interest with a variant,

whose catalytic pocket was genetically modified to accept bulky

purine analogues to inhibit kinase activity (Bishop et al., 2000). A simi-

lar approach can now be taken with mammalian tissue culture, where

gene-targeting and transgenic complementation can be used to estab-

lish somatic cell lines exclusively expressing an analogue-sensitive

PLK1 (PLK1as) (Figure 4; Burkard et al., 2007). These PLK1as cells grow

in culture similarly to wild-type cells expressing endogenous PLK1.

However, PLK1as cells displayed heightened sensitivity to purine ana-

logues, whereas wild-type cells do not. PLK1as cells, in the presence

of purine analogues, display defects in mitotic spindle assembly, cen-

trosome maturation, and chromosome alignment. These cells were

then used to demonstrate and confirm PLK1’s involvement during

cytokinesis, where treatment with a purine-analogue during anaphase

prevented cleavage furrow formation and abscission (Burkard et al.,

2007). The system was also used to determine that PLK1 kinase func-

tions that are separable by an activity threshold where titrating PLK1

activity leads to specific mitotic defects (Lera & Burkard, 2012).

Together, these studies demonstrated the power of chemical genetics

in dissecting complex, but short-term, events in dividing cells.

While PLK1 is expressed at its peak level during metaphase

(Golsteyn, Mundt, Fry, & Nigg, 1995), there are still small amounts of

PLK1 at other cell cycle stages. For instance, at G1/G0 there is small

but significant amount of PLK1 that may regulate cilia function (Wang

et al., 2013). Such that PLK1 association with the BBsome, an octa-

meric protein complex that localizes at the centrosome/basal body

and is involved in trafficking cargoes to the primary cilium, is required

for cilia disassembly as cells re-enter the cell cycle. It is suggested that

cilia disassembly can occur through two PLK1-dependent pathways:

(1) PLK1-Dvl2 dependent AuroraA-HEF1 recruitment to the ciliary

base, leading to cilia disassembly through the noncanonical Wnt path-

way (Lee et al., 2012) and (2) PLK1-dependent phosphorylation DAZ-

Anaphase CytokinesisMetaphase

Prophase PrometaphaseInterphase

PLK1, kinetochores (CREST)

FIGURE 3 PLK1 distribution throughout mitosis. Structured

illumination microscopy (SIM) volumetric projection micrographs of
RPE cells showing localization of PLK1 (green) from interphase
through cytokinesis. Kinetochore marker: CREST (red). Unpublished
SIM micrographs from Dr. Heidi Hehnly’s lab, performed by Erica
Colicino

1 603
KD PBD

PLK1

1 603
KD PBD

PLK1as

BI2536

purine analogue 

FIGURE 4 Model of PLK1 chemical genetics. The catalytic domain of

PLK1 can be inhibited by treatment with an ATP analogue, such as
the drug BI2536. By mutating and enlarging this catalytic domain,
PLK1 can be inhibited in cells expressing this mutant using a purine
analogue. Adapted from Burkard et al. (2007)
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interacting protein 1 (Dzip1), causing its dissociation from the BBsome

and subsequent cilia disassembly (Zhang et al., 2016). Through the

first pathway, PLK1 is recruited to cilia through Dvl2, a PLK1 scaffold

that is primed for binding by Wnt5a. Once PLK1 binds Dvl2, it was

shown that Aurora A and HEF1 expression increases, allowing a com-

plex to form and be recruited to the cilia, leading to ciliary disassembly

(Lee et al., 2012). In the secondary pathway, PLK1 phosphorylates

Dzip1 at S210, allowing for its removal from the centriolar satellite, or

ciliary base, triggering BBsome removal and eventual ciliary disassem-

bly (Zhang et al., 2016). This suggests that while mitotic entry requires

a robust amount of active-PLK1 for mitotic fidelity, small amounts of

precisely localized active-PLK1 likely regulates essential, nonmitotic

processes.

5 | ROLE OF PLK1 AT CENTROSOMES,
KINETOCHORES, AND CYTOKINETIC
MIDBODIES

5.1 | PLK1 at kinetochores

PLK1’s localization and function has been heavily studied at kineto-

chores, a complex of proteins associated with the centromere of a

chromosome, where microtubules attach during cell division (reviewed

in Saurin, 2018). PLK1-localization at kinetochores is highest during

prometaphase, where it is recruited initially by Bub1 (Qi et al., 2006),

NudC (Nishino et al., 2006), and BubR1 (Elowe et al., 2007; Suijker-

buijk, Vleugel, Teixeira, & Kops, 2012). This localization is significantly

reduced as the cell enters metaphase, similar to many other check-

point signaling proteins, but PLK1 is not, in fact, required for spindle

checkpoint function. PLK1 reduction at kinetochores results from

SAC satisfaction during metaphase, where the CUL3-based E3-ligase

ubiquitinates PLK1, resulting in its dissociation and the stabilization of

kinetochore–microtubule attachments (reviewed in Liu & Zhang,

2017). This suggests that PLK1 activity suppresses kinetochore–

microtubule dynamics. A potential mechanism by which PLK1

achieves this is through stabilizing initial microtubule attachments dur-

ing prometaphase, such as through CLASP-phosphorylation (Maia

et al., 2012) and Kif2b (Hood, Kettenbach, Gerber, & Compton, 2012),

while PLK1 removal during metaphase maintains dynamic microtu-

bules (Liu et al., 2012). When there are no proper end-on attachments

at kinetochores, PLK1 can then act on BubR1 to recruit Mad2, pre-

venting the passage of the SAC until proper end-on attachments form

(Wong & Fang, 2007). Once proper kinetochore–microtubule attach-

ments are made, PLK1 activity decreases at kinetochores, allowing for

passage of the SAC and initiation of the APC/Cyclosome, concluding

metaphase (Beck et al., 2013). After cells enter anaphase/telophase,

PLK1 is thought to transition from kinetochores into the midzone,

where it recruits RhoGEF Ect2, allowing for proper cleavage furrow

and cytokinetic bridge formation (Burkard et al., 2007; PLK1 at mid-

zone shown in SIM micrograph in Figure 3).

In general, it is understood that increased PLK1 concentrations

are found at kinetochores during prometaphase, but exactly how

PLK1 operates within the kinetochore is uncertain. Specifically, it is

unclear whether the spatial distribution of PLK1 within the

kinetochore controls its accessibility to substrates, and its subse-

quent downstream functions, at this locale. However, the PLK1 spa-

tial regulation at kinetochores remains enigmatic due to multiple

PLK1 interactions and substrates along the kinetochore–centromere

axis (Lera et al., 2016). For example, PLK1 interacts with outer kinet-

ochore components, including Bub1, NudC, and BubR1, as well as

inner kinetochore components where it is recruited by CENP-U/50

(Kang et al., 2006) and CENP-Q (Park et al., 2015). PLK1 also func-

tions at the inner centromere, 500 nm from the outer kinetochore,

through binding INCENP (Goto et al., 2006). A recent study utilized

chemical genetics to investigate exactly how PLK1 spatial distribu-

tion within kinetochores contributes to its function and access to

downstream substrates (Lera et al., 2016). This study was important

in determining that pools of PLK1 anchored at one part of the kinet-

ochore axis did not act on substrates localized at another point on

the kinetochore axis. Additionally, the PLK1 pool that acts within the

inner centromere is distinct in function from its role in stabilizing

microtubule attachments at the outer kinetochore (Lera et al., 2016).

This supported the idea that multiple pools of PLK1 exist at distinct

kinetochore subcompartments, and that PLK1 displays discrete func-

tions at these distinct sites.

5.2 | PLK1 at centrosomes

PLK1 plays an essential role in the recruitment of MT-nucleating com-

ponents to mitotic centrosomes, an essential process for building a

robust MT-based spindle and ensuring mitotic fidelity. For instance, in

C. elegans, PLK1 works to organize PCM scaffolding where its activity

allows for the recruitment of PCM components SPD-2 and SPD-5.

Strikingly, in an in vitro reconstitution environment, these two PCM

components can self-assemble into a selective phase PCM that is

dependent on PLK1 activity (Woodruff et al., 2017). In vivo, PLK1

assists the assembly of pericentrin (Lee & Rhee, 2011) and CEP215

(Colicino et al., 2018; Santamaria et al., 2011) at the PCM through

phosphorylation. Both pericentrin and CEP215 are essential PCM

scaffolds required for the recruitment of additional PCM components,

including γ-turc. In the case of pericentrin, inhibiting its PLK1 phos-

phorylation sites, S1235 and S1241, results in the failed recruitment

of PCM proteins, including γ-tubulin, CEP192, and γ-turc (Lee & Rhee,

2011). Little is known about CEP215’s phosphorylation by PLK1,

except for an identified PLK1 phosphorylation site at S613 through a

phosphoproteome (Santamaria et al., 2011). Our recent study dis-

sected the role of the PLK1 scaffold Gravin and further explored the

implications of CEP215 phosphorylation by PLK1 (Colicino et al.,

2018). Interestingly, we found that when PLK1 is unable to be seques-

tered by Gravin at mitotic centrosomes, increased CEP215 phosphor-

ylation occurred at its S613 site. Thus, we created a phospho-mimetic

mutant (CEP215-S613E) to examine the downstream consequences

of this phosphorylation. CEP215-S613E expression led to CEP215

defocusing at mitotic centrosomes and caused chromosome mis-

segregation that further resulted in micronuclei formation (Colicino

et al., 2018). Our study suggested that CEP215 phosphorylation sta-

tus is required for mitotic fidelity, providing interesting implications as

to when and where this phosphorylation should occur. One potential
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possibility is that CEP215 phosphorylation status is increased during

metaphase exit, allowing the PCM to efficiently disassemble.

The centrosome proteins Gravin, CEP215, cenexin, pericentrin,

primary microcephaly (MCHP2), and PLK1 have all been implicated in

regulating the orientation of the mitotic spindle (Chen et al., 2014;

Hanafusa et al., 2015; Hehnly et al., 2015; Hung, Hehnly, & Doxsey,

2016; Miyamoto et al., 2017), which can cause downstream conse-

quences such as heart septation defects and microcephaly (Chen

et al., 2014; Delaval & Doxsey, 2010; Vertii, Bright, Delaval, Hehnly, &

Doxsey, 2015). However, it is unknown how all these molecules act in

concert to correctly position the spindle along the division axis. We

do know that if we un-couple PLK1 from its scaffold Gravin, increased

phosphorylation of its downstream substrate CEP215 occurs, which is

associated with a loss of astral microtubules and corresponding spin-

dle positioning defects (Colicino et al., 2018; Hehnly et al., 2015). It is

unknown, though, where the mother centriole appendage protein

cenexin, or the PCM proteins pericentrin and MCPH2 fits into this

possible pathway. In order to better understand the role of PLK1 at

the mitotic centrosomes, the chemical genetics system described

above could be used to replace endogenous-PLK1 at a single locus

with either a kinetochore-targeted or centrosome-targeted PLK1as

(PLK1-PACT used in Kishi et al., 2009). This will allow centrosome- or

kinetochore-tethered PLK1 to be inhibited using a purine analogue or

wild-type PLK1 using a common PLK1 inhibitor (BI 2536) in order to

tease out the consequences of PLK1 at the mitotic centrosomes ver-

sus the kinetochores. In addition, just as with the kinetochore (Lera

et al., 2016), PLK1as could be tethered to subcompartments of the

centrosome, where it is known to have a specific function (e.g., PCM,

centriole, or mother centriole appendages) (Colicino et al., 2018;

Hehnly et al., 2015; Lee & Rhee, 2011; Soung et al., 2009). These

studies could elucidate whether PLK1 operates in pools within the

centrosome, as it seems to operate at the kinetochore (Lera

et al., 2016).

5.3 | PLK1 at the midbody

PLK1 activity is required for cytokinesis and is regulated, in part,

through binding phosphorylated scaffold proteins with distinct subcel-

lular localization. During metaphase, CDK1 predominately creates the

phosphorylated docking sites for PLK1, but what controls PLK1 dock-

ing post-anaphase and during cytokinesis when less CDK1 activity is

present? Similar to kinetochore-localized PLK1 scaffolds, the

microtubule-associated protein regulating cytokinesis (PRC1) is phos-

phorylated by PLK1, creating a PLK1 docking site on PRC1. Interest-

ingly, PRC1 is phosphorylated by CDK1 adjacent to this PLK1 docking

site during metaphase to prevent PLK1 binding at this time. PLK1

binding to PRC1 is necessary though for cytokinesis (Hu et al., 2012;

Neef et al., 2007), where it phosphorylates MgcRacGAP/Cyk4 on sev-

eral residues and elicits the binding of epithelial cell transforming

sequence 2 (Ect2) (Burkard, Maciejowski, Rodriguez-Bravo, Repka, &

Lowery, 2009; Burkard et al., 2007; Wolfe, Takaki, Petronczki, & Glot-

zer, 2009), a guanine nucleotide exchange factor for the small GTPase

RhoA (Somers & Saint, 2003). MgcRacGAP phosphorylation by PLK1

is crucial to trigger the onset of cytokinesis.

Following the completion of the cytokinetic furrow, many of the

central spindle components are packaged into a structure known as

the cytokinetic midbody. The midbody lies within the intercellular

bridge, which connects the two daughter cells. The abscission of the

intercellular bridge occurs in the vicinity of the midbody, where

numerous abscission proteins are enriched, including PLK1 (reviewed

in Chen, Hehnly, & Doxsey, 2012). Thus, the midbody is a likely plat-

form to coordinate abscission machinery where kinases act to ensure

faithful abscission. One example of this is with the midbody localized

protein CEP55. CEP55 is first phosphorylated by PLK1 where it pre-

vents CEP55’s association with the midzone (Bastos & Barr, 2010).

Only after the loss of PLK1 activity does CEP55 translocate to and

integrate into the midbody. Inhibition of PLK1 causes CEP55 to pre-

maturely translocate to the midbody, causing abscission failure. The

likely reason for this failure is that aberrant midbody architecture

arises and the inability to target ESCRT-III components to the mid-

body, such as ALIX and TSG101 (Kamranvar et al., 2016; Morita et al.,

2007). Thus, PLK1 seems to regulate cytokinesis progression and

faithful abscission through its ability to recruit midbody components

in an orderly manner by phosphorylation of substrates.

Three-dimensional structured illumination microscopy (SIM) and

electron microscopy tomography were used to examine fluorescently

tagged or immunostained components of ESCRT-III [e.g., CHMP4B

(charged MVB protein 4B) and VPS4B (vacuolar protein sorting-

associated protein 4B)]. This work showed that ESCRT-III concen-

trates initially at the midbody and then at a separate site in the inter-

cellular bridge (Elia, Sougrat, Spurlin, Hurley, & Lippincott-Schwartz,

2011; Guizetti et al., 2011), where an array of helical filaments are

assembled (Agromayor et al., 2009; Guizetti et al., 2011; Yang et al.,

2008). The ESCRT-III-dependent helical filaments allow for deforma-

tion of the intercellular bridge membrane adjacent to the midbody,

allowing the bridge to sever. Recent studies have implicated

PLK1-dependent phosphorylation of a proline-rich domain of ALIX is

required to transform ALIX from a closed conformation to an open

conformation, allowing it to function in cytokinetic abscission (Sun

et al., 2016). This suggests a major mechanism for PLK1 in activating

ESCRT function of ALIX to induce abscission.

6 | PLK1-SCAFFOLD INTERACTIONS

While the function of PLK1 at various locales is intriguing and neces-

sary to understanding its importance during division, it is equally as

important to understand how PLK1 is subcellularly localized and regu-

lated. The proteins required to ensure this tightly choreographed reg-

ulation and localization are known as binding scaffolds. The binding of

PLK1 to its scaffold can assist in regulating PLK1’s activity in three

possible ways: (1) To augment or enhance its ability to phosphorylate

downstream substrates; (2) To insulate or sequester it to a specific

locale; (3) To terminate or impede its ability to phosphorylate down-

stream substrates (Langeberg & Scott, 2015). While there is much

known about PLK1 and the mitotic scaffold Bora (Bruinsma et al.,

2016; Macůrek et al., 2008; Seki et al., 2008; Thomas et al., 2016),

here, we will focus on what is known about PLK1 scaffolds specifically

at mitotic centrosomes and our recent study involving PLK1 and its

COLICINO AND HEHNLY 487



PCM localized scaffold Gravin (Figure 5). Strikingly, the two mitotic

centrosomes, which appear to be symmetric in nature, are actually

asymmetric structures (Nigg & Stearns, 2011). While there are PLK1

scaffolds within the PCM (Canton et al., 2012; Colicino et al., 2018;

Hehnly et al., 2015), a presumably symmetric structure between the

two mitotic centrosomes, there is also an identified scaffold that local-

izes exclusively to one of the two mitotic centrosomes (Figure 5,

(Soung et al., 2006). This creates an additional layer of regulation for

the amount and activity of PLK1 that can occur between the two cen-

trosomes and suggests interesting roles for PLK1 in regulating spindle

orientation and cell differentiation.

The asymmetry between the two mitotic centrosomes derives

from the centriole duplication cycle, where one centriole is always

inherently older than the other. The oldest centriole, referred to as

the mother, is structurally distinct from the youngest centriole, or

daughter (Nigg & Stearns, 2011). The mother centriole contains

unique proteins that make up the distal and subdistal appendages,

one of which has been identified as a PLK1-scaffold protein, cenexin.

PLK1 directly binds cenexin at its S796 site after CDK1 phosphoryla-

tion (depicted in Figure 5; Soung et al., 2009). This interaction has

been implicated in regulating the recruitment of the PCM proteins

γ-tubulin and pericentrin to mitotic centrosomes during division.

When this interaction is disrupted through mutating the PLK1 binding

site (S796A), these components fail to be recruited (Soung et al.,

2009). This is interesting to put into context of another study that

found a unique set of mother-centriole appendage proteins known to

require cenexin for appendage localization that include centriolin and

ninein that interact with pericentrin to regulate spindle orientation

(Chen et al., 2014). Cenexin regulates both distal and subdistal

appendage formation; however, it is unknown whether this process

requires cenexin’s interaction with PLK1. Additional studies have

shown that cenexin is vital to orient the mitotic spindle parallel to the

plane of 3D-epithelial expansion (Hung et al., 2016) and mediate the

propensity for stem cells to mis-segregate chromosomes towards the

mother mitotic centrosome (Gasic, Nerurkar, & Meraldi, 2015). How-

ever, it is not clearly understood whether the interaction between

cenexin and PLK1 is required for these processes. Together, it is inter-

esting to design a testable model where cenexin phosphorylation dur-

ing mitotic entry recruits a complex involving pericentrin and CEP215

to the oldest mitotic centrosome to help direct spindle orientation

through modulation of the nucleating capacity of the oldest mitotic

centrosome.

Another PLK1 scaffold that localizes to mitotic centrosomes, spe-

cifically within the PCM, is Gravin (Figure 5). Gravin is a scaffold pro-

tein that interacts with numerous kinases, including protein kinase A

(PKA), protein kinase C (PKC), Aurora A, and PLK1 at various cell cycle

stages. Gravin is specifically phosphorylated at T766 by CDK1, allow-

ing for the direct binding of PLK1 during cell division (depicted in

Figure 5, Canton et al., 2012). Gravin sequesters Aurora A and PLK1,

facilitating a kinase phosphorylation cascade where Aurora A phos-

phorylates PLK1 at its T210 site, which subsequently increases PLK1

activity (Hehnly et al., 2015). Our recent studies additionally demon-

strated that when Gravin is lost in advanced stage prostate cancers,

there is an increased incidence in PLK1-associated errors, including

mitotic delay and chromosome instability (Colicino et al., 2018). While

these studies provided an understanding that Gravin forms a complex

with PLK1 at mitotic centrosomes during mitosis, it was unclear what

significance this interaction had on PLK1 spatial and temporal dynam-

ics and subsequent activity. To test this, we utilized a stable GFP-

PLK1 cell line along with Fluorescent Recovery After Photobleaching

(FRAP) to calculate that Gravin anchors approximately 12% of

PLK1 at mitotic centrosomes at metaphase. We next utilized a Fluo-

rescence Resonance Energy Transfer (FRET) biosensor for PLK1 activ-

ity (Macůrek et al., 2008) and anchored it to the mitotic centrosomes

in order to measure PLK1 activity specifically at mitotic centrosomes

(Figure 6). Using this biosensor, we could calculate that when Gravin

is removed from cells, there is a significant increase in active-PLK1 at

mitotic centrosomes. This suggested that when PLK1 is anchored by

Gravin, it is unable to act on its downstream substrates. Thus, when

Gravin is lost, increased PLK1-dependent phosphorylation of its

downstream centrosome substrate CEP215 (Santamaria et al., 2011)

is measured, resulting in the defocusing and disorganization of
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PLK1
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FIGURE 5 PLK1 scaffolding at the mitotic centrosomes. A model depicting the localization of PLK1 (gold) to the mother centriole appendages

(black) and pericentriolar matrix (PCM, purple) through its binding scaffolds, cenexin (blue) and Gravin (red). PLK1 has been shown to bind
cenexin, a known mother centriole appendage protein, at its phosphorylated S796 site (Soung et al., 2009). PLK1 has also been shown to bind
Gravin, a known PCM component, at its phosphorylated T766 site (Canton et al., 2012). These scaffolds subsequently sequester PLK1 at its
subcentrosomal locales, regulating its activity during mitosis
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CEP215 at mitotic centrosomes (Colicino et al., 2018). The down-

stream consequences of this disorganization includes the loss of cen-

trosome function through decreased microtubule re-nucleation, loss

of stable microtubules, and increased incidence of genomic instability

measured by micronuclei formation (Colicino et al., 2018). While these

studies provide insight as to how PLK1 is regulated at the mitotic cen-

trosomes during division, it is still unclear how additional PLK1 scaf-

folds regulate PLK1 and how PLK1 is regulated between the two

mitotic centrosomes.

6.1 | Innovative tools developed to study PLK1
spatial and temporal dynamics, activity, and function
during division

The development of a PLK1-FRET biosensor allowed, for the first

time, the activity of PLK1 to be examined in an in vivo setting

throughout the cell cycle (Bruinsma et al., 2016; Macůrek et al., 2008).

By manipulating a previously developed Aurora B kinase activity

biosensor (Fuller et al., 2008), a biosensor was developed that pos-

sessed a donor (CFP) and acceptor (YFP), a phospho-binding domain

(FHA2, Forkhead-Associated Domain 2), and a PLK1 specific phos-

phorylation sequence (Myt1). When little or no PLK1 activity is pre-

sent, the biosensor is in a relaxed state, where the excitation and

emission of CFP causes energy transfer which causes the excitation

and emission of YFP, or FRET (refer to Figure 6a). When PLK1 is pre-

sent and active, it is able to phosphorylate the Myt1 substrate

sequence. This causes the FHA2 domain to bind, leading to a confor-

mational change in the biosensor, so the excitation and emission of

CFP no longer causes the excitation/emission of YFP, or a loss of

FRET. By taking a ratio of FRET vs no FRET, the user of this biosensor

can arbitrarily measure the temporal activity of PLK1 within the cell. It

was improved even further by changing PLK1 substrate sequence to

the more specific c-jun, and further increasing PLK1 specificity by

mutating the PLK1-phosphorylation site from serine to threonine

(Figure 6, Liu et al., 2012). While this biosensor was revolutionary in

measuring and visualizing PLK1 activity in vivo throughout cell divi-

sion, it was cytosolically expressed and only provided PLK1 temporal

activity. From there, scientists wanted to be able to additionally exam-

ine the spatial activity of PLK1 during division.

This biosensor was then targeted to specific locales to examine

PLK1 activity at unique sites during the cell cycle such as the nucleus

(Figure 6a,b, Bruinsma et al., 2015; Macůrek et al., 2008), kinetochores

(Figure 6c, Liu et al., 2012), and then the centrosome (Figure 6d, Coli-

cino et al., 2018). PLK1 activation was first identified to occur several

hours before mitotic entry, where it requires Aurora A-dependent

phosphorylation of Thr210 in the T-loop of the PLK1 kinase domain

(Macůrek et al., 2008). This was identified using a novel PLK1 FRET-

biosensor which localized within the nucleus and cytosol (Figure 6a,

Macůrek et al., 2008). This study also determined that Aurora A-

dependent activation of PLK1 at Thr210 was enhanced when the

scaffold Bora was present. A follow-up study used a modified FRET-

biosensor fused to histone-2b (H2B), identifying that PLK1 activity is

increased within the nucleus during G2 in a Bora-dependent manner

(Figure 6b, Bruinsma et al., 2015). Interestingly, a recent study identi-

fied a mechanism for nuclear localization of PLK1 where PBD binding

to the kinase domain masks a nuclear localization signal in PLK1.

Phosphorylation of the kinase domain within the T-loop leads to

exposure of an NLS causing the entry of PLK1 into the nucleus during

G2 (Kachaner et al., 2017).

The PLK1 FRET-biosensor has also been anchored to kineto-

chores by fusing to the kinetochore protein Hec1 (Figure 6c, Liu et al.,

2012). These studies designed a FRET-based phosphorylation sensor

to track phosphorylation changes at the kinetochores during division

in live cells. This sensor demonstrated that when PLK1 levels were

high on kinetochores, such as when cells are treated with the

microtubule-depolymerizing drug nocodazole, that phosphorylation of

the kinetochore-targeted biosensor was high. When PLK1 concentra-

tion on kinetochores was low, such as during metaphase when chro-

mosomes are aligned along the metaphase plate, phosphorylation of

the biosensor was low compared to nocodazole-treated cells. Based

on this consistency, where the PLK1 activity biosensor correlated with

relative concentrations of PLK1 levels at kinetochores, the biosensor

was used to track phosphorylation dynamics as chromosomes align
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FIGURE 6 PLK1 FRET biosensors. (a) A nontargeted PLK1 FRET

biosensor containing a CFP monomer (blue), FHA2 phospho-binding
domain (magenta), Myt1 PLK1-substrate sequence (green), and YFP
monomer (yellow). When active-PLK1 is present, it phosphorylates
the Myt1 sequence (T495), causing a conformational change in the
biosensor, decreasing FRET. When no active-PLK1 is present, the
biosensor is in a relaxed state, allowing for FRET (Macůrek et al.,
2008). (b) A nuclear-localized PLK1 FRET-biosensor fused to H2B
(purple) (Bruinsma, Raaijmakers, & Medema, 2012). (c) A kinetochore-
localized PLK1 FRET-biosensor containing a c-jun PLK1-susbtrate
sequence and fused to Hec1 (cyan). The c-jun substrate sequence was
mutated (S17T), allowing for PLK1-specific phosphorylation of the
biosensor (Liu et al., 2012). (d) A centrosome-localized PLK1 FRET-
biosensor containing a c-jun PLK1-substrate sequence and fused to
the pericentrin AKAP centrosomal-targeting (PACT) domain (orange)
(Colicino et al., 2018)

COLICINO AND HEHNLY 489



during metaphase. These studies demonstrated that as the kineto-

chores aligned at metaphase, the kinetochore-anchored PLK1 biosen-

sor was dephosphorylated in a phosphatase 1 (PP1)-dependent

manner. In addition, they found that phosphatase levels are inversely

correlated with PLK1 recruitment (Liu et al., 2012). This is consistent

with a phosphorylation-dependent mechanism to regulate PLK1 local-

ization, likely through PBD binding to phosphorylated kinetochore

scaffolds (Elia, Rellos, et al., 2003). Thus, PLK1-biosensors not only

can be utilized to understand PLK1-activity, but also the significance

of PLK1-substrate dephosphorylation (Liu et al., 2012).

To examine PLK1-activity specifically at centrosomes, the FRET-

biosensor was fused to the pericentrin AKAP450 centrosomal-

targeting domain (PACT), allowing for specific localization to centro-

somes (Figure 6d, Colicino et al., 2018). Our study utilized

PLK1-FRET-PACT to understand how a PLK1 scaffold, in this case

Gravin, could spatially coordinate PLK1 activity at centrosomes during

metaphase (Colicino et al., 2018). These studies identified that when

one specific centrosome-localized scaffold was depleted, there was an

increase in PLK1 substrate phosphorylation at the centrosome that

correlates with an increase in centrosome disorganization and loss of

nucleation potential during prometaphase (Colicino et al., 2018).

Together, these studies shed light on the tight regulation of PLK1 at

mitotic centrosomes and how this works to ensure proper mitotic cen-

trosome formation and function. With further development of these

technologies, it is hopeful that the interactions between PLK1 at its

subcellular locales can be thoroughly examined, determining how and

when PLK1 responds to cellular cues in an effort to ensure mitotic

fidelity.

6.2 | PLK1 as a targeted cancer therapeutic

Another major field in PLK1 research is developing PLK1 small-

molecule inhibitors as drug therapies in diseases such as cancer

(reviewed in Elizabeth, Gutteridge, Ndiaye, Liu, & Ahmad, 2016; Mur-

ugan et al., 2011). Numerous studies have tested PLK1 inhibitors,

including BI2536, as potential cancer therapeutics for advanced meta-

static tumors, including prostate cancer (Hou et al., 2013; Zhang et al.,

2014), lung cancer (Awad et al., 2017; Breitenbuecher et al., 2017),

neuroblastoma (Pajtler et al., 2017), and non-Hodgkin’s lymphoma

(Vose et al., 2013) to name a few. These studies suggest elevated

levels of PLK1 expression in highly metastatic and advanced cancers,

leads to chromosome instability and aneuploidy (Yamamoto et al.,

2006), providing these cells an advantage to overgrow and invade tis-

sues. By inhibiting PLK1 activity in these cells, it is hypothesized that

the cells will suffer cell cycle arrest, leading to cell death and hindered

tumor growth, allowing for increased survival (Raab et al., 2015). Initial

studies using 2D tissue culture and mouse models of various cancers

yielded promising results. The inhibitor BI2536 impeded tumor

growth in a mouse xenograph models (Steegmaier, Hoffmann, Baum,

Lenart, et al., 2007). The overall survival of the animals significantly

increased compared to controls, suggesting PLK1 inhibitors would be

promising cancer therapeutics in clinical trials.

Despite these results, clinical trials for PLK1 therapeutics have

not yet been successful as monotherapy treatments, but appear

to work best in clinical trials within a chemotherapeutic cocktail

(Yim, 2013). One reason for this is that PLK1 inhibition causes sensi-

tivity to other pathway inhibitors, such as androgen signaling inhibi-

tors, preventing prostate cancer tumor growth (Zhang et al., 2014). An

alternative method for targeting PLK1 activity in these cells is to bet-

ter understand how PLK1 is regulated in cells, specifically through

binding scaffolds as described above. The PLK1 scaffold Gravin is

commonly misregulated in advanced prostate cancer and its depletion

has been shown to increase PLK1 activity (Canton et al., 2012; Coli-

cino et al., 2018). If these kinase-scaffold interactions can be disrupted

instead of the kinase itself, there is the potential to increase the effi-

cacy of PLK1 drug therapeutics.

6.3 | Current gaps of knowledge in research

Despite the new and innovated tools and technologies available, there

is still a lot to learn about PLK1 regulation and function at its various

subcellular locales during division. For instance, while a few newer

studies have emerged looking at PLK1 during cytokinesis and abscis-

sion, it is still unclear whether PLK1 is active and functional during

abscission and whether there is a direct role for PLK1 to ensure

proper cleavage of the cytokinetic bridge. It has been suggested that

PLK1 works as a negative-feedback and checkpoint regulator at this

final stage of division, ensuring that ESCRT-complex components are

properly recruited, and the cell is prepared to undergo abscission.

Despite these studies, a lot more work needs to be done in order to

measure PLK1 dynamics and activity at these sites, to determine spe-

cific PLK1 binding scaffolds and downstream phosphorylation targets,

and to test whether PLK1 has a direct role in ensuring abscission. The

development of a midbody-localized PLK1 FRET biosensor would pro-

vide an opportunity to further study the spatial and temporal activity

of PLK1 at the cytokinetic midbody. From here, PLK1’s interactions

with CEP55 and its role in cytokinesis and abscission can be more

clearly understood. While some of the tools are available and predic-

tions have been made on a number of candidates for binding scaffolds

and phosphorylation targets, many of these candidates have not been

confirmed. By utilizing a combination of innovative tools, including

chemical genetics and FRET-biosensors, with the addition of super

resolution microscopy, it is possible to determine PLK1’s direct, and

indirect, roles in ensuring successful division at mitotic centrosomes,

kinetochores, and the cytokinetic midbody.
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Chromosome misalignment is associated with 
PLK1 activity at cenexin-positive mitotic 
centrosomes

ABSTRACT  The mitotic kinase, polo-like kinase 1 (PLK1), facilitates the assembly of the two 
mitotic spindle poles, which are required for the formation of the microtubule-based spindle 
that ensures appropriate chromosome distribution into the two forming daughter cells. 
Spindle poles are asymmetric in composition. One spindle pole contains the oldest mitotic 
centriole, the mother centriole, where the majority of cenexin, the mother centriole append-
age protein and PLK1 binding partner, resides. We hypothesized that PLK1 activity is greater 
at the cenexin-positive older spindle pole. Our studies found that PLK1 asymmetrically 
localizes between spindle poles under conditions of chromosome misalignment, and chromo-
somes tend to misalign toward the oldest spindle pole in a cenexin- and PLK1-dependent 
manner. During chromosome misalignment, PLK1 activity is increased specifically at the 
oldest spindle pole, and this increase in activity is lost in cenexin-depleted cells. We propose 
a model where PLK1 activity elevates in response to misaligned chromosomes at the oldest 
spindle pole during metaphase.

INTRODUCTION
Mitotic cell division is a process whereby genetic material is dupli-
cated, separated, and packaged to yield two daughter cells. This 
process relies heavily on the spatial and temporal synchronization of 

signaling activity at the mitotic spindle, a structure that segregates 
the chromosomes and guides them toward the daughter cells. The 
mitotic kinase, polo-like kinase 1 (PLK1), is a major regulator of this 
process that works to ensure bipolar spindle formation and chromo-
some alignment at the metaphase plate. This is accomplished by 
PLK1-scaffold interactions at the mitotic centrosomes/spindle 
poles, which modulate the recruitment of centrosome components 
SAS-4, γ-tubulin, γ-TuRC, pericentrin, and CEP215 (reviewed in 
Colicino and Hehnly, 2018). Their recruitment is initiated after PLK1-
dependent SAS-4 phosphorylation (Ramani et al., 2018). This 
phosphorylation allows SAS-4 expansion to occur, followed by the 
recruitment of CEP215 and γ-tubulin and subsequent expansion of 
the pericentriolar material (PCM), playing a crucial role in mitotic 
centrosome/spindle pole formation during division (Ramani et al., 
2018). However, it is unclear whether PLK1 is additionally regulated 
between the two spindle poles during cell division.

Owing to the nature of centriole duplication, the two spindle 
poles are inherently asymmetric from one another. The oldest 
(mother) spindle pole is enriched with the centriole appendage pro-
tein cenexin, compared to the youngest spindle pole (daughter; 
Vertii et al., 2015; Hung et al., 2016). During interphase, mother 
centriole appendages assist in centrosome positioning (Hung et al., 
2016) and primary cilia formation by anchoring the oldest centriole 
(known here as the basal body) to the cell membrane to form 
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the primary cilia (reviewed in Kobayashi and Dynlacht, 2011, and 
Vertii et al., 2016). Prior to mitotic onset, PLK1 is recruited to the 
basal body where it assists in ciliary disassembly (Wang et al., 2013). 
Cenexin regulates appendage formation and has also been identi-
fied as a PLK1 binding partner (Soung et al., 2006, 2009). Previous 
work utilizing ground state depletion (GSD) identified a modest, but 
significant, enrichment of PLK1 at the mother (cenexin-positive) 
spindle pole in fixed in vitro metaphase cells (Hehnly et al., 2015). 
This study suggests an inherent asymmetry in PLK1 distribution that 
is dependent on centrosome age. During division, cenexin has been 
implicated in multiple processes, including modulating preferential 
chromosome misalignment toward the oldest spindle pole in the 
event of mitotic error (Gasic et al., 2015). Knowing this, we wanted 
to test the hypothesis that PLK1 localization and activity is asym-
metrically regulated between the two spindle poles through the 
presence of cenexin at the mother spindle pole, which can modu-
late directional chromosome misalignment.

Using a multidisciplinary approach, we found a significant asym-
metry in PLK1 localization and activity between spindle poles in in 
vivo zebrafish studies and in vitro tissue culture. From here, we 
tested whether the propensity for chromosomes to misalign toward 
one spindle pole altered PLK1 activity. We further examined whether 
altering PLK1 activity influences the preferential misalignment of 
lagging chromosomes toward the oldest spindle pole.

RESULTS
Asymmetric distribution of PLK1 in zebrafish and 
mammalian cells
In mammalian dividing cells, PLK1 is up-regulated during mitosis. 
During this time, it is enriched at spindle poles and kinetochores, 
specifically from prometaphase to metaphase (Kishi et al., 2009; 
Colicino and Hehnly, 2018). Following metaphase exit, PLK1 transi-
tions from kinetochores to the cytokinetic furrow, where it is subse-
quently concentrated at the forming midbody (Burkard et al., 2007; 
Kishi et al., 2009; Colicino et al., 2018; modeled in Supplemental 
Figure 1A). The subcellular distribution of PLK1 in mammalian cells 
has predominately been studied in in vitro cell culture models. How-
ever, in vitro systems do not always represent what is happening in 
vivo. Here, we examine the temporal and spatial regulation of PLK1 
during division first in a developing vertebrate embryo (Figure 1, A–E) 
and then in in vitro cell culture (Figure 1, F–I). Fertilized embryos were 
injected with 100 pg of PLK1-mCherry mRNA. Injected embryos were 
imaged using confocal microscopy 4.5 h postfertilization (hpf). At this 
time, embryonic cells are proliferating asynchronously (Kimmel et al., 
1995), and proliferating cells can be distinguished via PLK1 expres-
sion (Supplemental Figure 1, A–D). By magnifying the PLK1-mCherry–
positive subpopulation, a distinct subcellular distribution of PLK1-
mCherry at spindle poles and kinetochores was noted (Supplemental 
Figure 1, D and E). The spatial and temporal distribution of PLK1-
mCherry in a single dividing cell was monitored over a 360 s time 
span. PLK1-mCherry transitions from spindle pole and kinetochore 
localization in metaphase to cytokinetic furrow localization during cy-
tokinesis where it becomes concentrated at the cytokinetic midbody 
(Figure 1A and Supplemental Video 1).

Upon investigation of the integrated intensity of PLK1-mCherry 
between spindle poles in metaphase cells within the zebrafish 
embryo, we noted that one spindle pole has a significantly larger 
proportion of PLK1-mCherry compared with the other (Figure 1Ba′; 
Fire look-up table [LUT]). This is clearly demonstrated when the maxi-
mum projection of a single metaphase cell (Figure 1Ba′) is presented 
as a three-dimensional (3D) surface plot (Figure 1Bb′), where each 
peak represents a spindle pole (labeled with 1 and 2). The spindle 

pole peak on the left (1) presents with 10% greater PLK1 fluores-
cence intensity than its partnering spindle pole peak on the right (2; 
Figure 1Bb′). To validate this finding, we measured PLK1 fluores-
cence intensity between spindle pole pairs over 49 metaphase cells 
from 10 embryos. The spindle pole with the highest intensity was 
binned as pole 1 and the pole with the lowest intensity was binned 
as pole 2. From this data set, one spindle pole consistently con-
tained 10.31 ± 1.14% less PLK1-mCherry compared with the other 
(Figure 1C). We then examined whether this asymmetry was present 
throughout a 150 s time course of a prometaphase cell transitioning 
through metaphase (Figure 1, D and E). This was measured by plac-
ing a region of interest (ROI) over spindle poles 1 and 2. The inte-
grated intensity of PLK1-mCherry within this region was plotted over 
150 s with images taken every 30 s. The graph demonstrates that 
spindle poles present with asymmetric PLK1 distribution as cells exit 
prometaphase (Figure 1E; beginning at 60 s time point). These find-
ings suggest an inherent asymmetry in the amount of PLK1 between 
the two spindle poles that is similar to the asymmetry reported under 
in vitro fixed cell conditions using GSD (Hehnly et al., 2015).

To determine whether this inherent PLK1 asymmetry between 
metaphase spindle poles is conserved in live mammalian cells, we 
employed a retinal pigment epithelial (RPE) cell line that stably 
expresses GFP-PLK1 at endogenous levels (Colicino et al., 2018). 
Fluorescence recovery after photobleaching (FRAP) was performed. 
To do this, a ROI was placed over both spindle poles (Figure 1F), 
where a 488-nm laser was applied. Upon application of the laser, 
GFP-PLK1 fluorescence within the regions was bleached. After 1.6 s, 
GFP-PLK1 signal returns to that region (Figure 1F and Supplemental 
Video 2). A 3D surface plot was performed for the metaphase cell 
pre-FRAP (−1.2 s), during the FRAP (0 s), and post-FRAP (1.6 s; 
Figure 1F). At −1.2 s (pre-FRAP), pole 1 contained significantly more 
GFP-PLK1 than the other (pole 2). At 0 s, GFP-PLK1 at both poles 
was successfully bleached. At 1.6 s, pole 1 returned to have an 
elevated amount of GFP-PLK1 compared with spindle pole 2 (Figure 
1F), suggesting an increased exchange of GFP-PLK1 at pole 1. 
Along these same lines, we determined over multiple metaphase 
cells that spindle pole 2 contained 14.70 ± 4.12% less GFP-PLK1 
compared with pole 1 (Figure 1G). These findings are strikingly simi-
lar to the differences in GFP-PLK1 between the two spindle poles 
observed in metaphase cells within the zebrafish embryo, where 
one pole had 10.31 ± 1.14% less PLK1 than the other (Figure 1C). 
Together, this suggests a conserved mechanism for an asymmetric 
distribution of PLK1 between the two spindle poles.

Our findings demonstrate an asymmetry in PLK1 distribution be-
tween the two spindle poles; however, a difference in distribution 
does not necessarily confer a difference in PLK1 activity. To test 
activity, we utilized a centrosome-localized PLK1 activity fluores-
cence resonance energy transfer (FRET) biosensor that we devel-
oped and controlled for in Colicino et al., 2018. This biosensor can 
be successfully utilized under either live or fixed conditions (Colicino 
et al., 2018). The PLK1 activity FRET biosensor is composed of 
monomeric cyan fluorescent protein (CFP) and yellow fluorescent 
protein (YFP) flanking a c-jun PLK1 substrate sequence and an 
FHA2-phosphobinding domain, anchored to centrosomes by the 
pericentrin-AKAP450 centrosomal-targeting (PACT) domain using a 
10 amino acid linker (Figure 1H; Colicino et al., 2018). Active-PLK1 
phosphorylates the c-jun region, causing a conformational change 
in the biosensor and a decrease in FRET between CFP and YFP. We 
plotted the inverse FRET ratio, such that an increase in this ratio 
would correspond to an increase in PLK1 activity (Figure 1I; Colicino 
et al., 2018). Using this biosensor, we measured the inverse FRET 
ratio in dividing HeLa cells and binned, from a single metaphase 



1600  |  E. G. Colicino et al.	 Molecular Biology of the Cell

FIGURE 1:  PLK1 asymmetric distribution between spindle poles is conserved in vivo (zebrafish) 
and in vitro (mammalian cell culture). (A–E) Data from a 4.5 hpf embryo expressing PLK1-
mCherry. (A) Confocal maximum projections of a single mitotic cell taken from prometaphase 
through cytokinesis expressing PLK1-mCherry. Images taken every 30 s, over 6 min. Bar = 10 μm. 
(Ba′) Maximum projection of single metaphase cell expressing PLK1-mCherry. Bar = 5 μm. 
(Bb′) 3D surface plot of metaphase cell (from a′) displaying PLK1-mCherry integrated intensity 
measurements ranging between 0 and 250. Spindle poles marked 1 and 2. Fire-LUT (ImageJ). 
(C) PLK1-mCherry integrated intensity at the highest spindle pole (pole 1) was normalized to 
100% and compared with the lowest spindle pole within a single mitotic spindle (n = 49 cells 
measured across 10 embryos ± SEM, Student’s t test, p < 0.0001). (D) Shown is a single 
prometaphase cell expressing PLK1-mCherry with poles 1 and 2 marked by a ROI at time point 
0 s. PLK1-mCherry integrated intensity is displayed through a Fire-LUT where high intensity 
white pixels are 35,000 and lower intensity black pixels are 0. The ROIs where PLK1 intensity 
between poles 1 and 2 is symmetric is highlighted in gray (0 s). Where PLK1 intensity is 
asymmetric is highlighted in blue (120 s). Bar = 5 μm. (E) Line graph of PLK1 intensity over 
2.5 min at poles 1 (magenta) and 2 (cyan) featured in D, illustrating periods of symmetric (gray) 
and asymmetric (blue) PLK1 intensity between the spindle poles. (F–I) Data from human retinal 

pigment epithelial (RPE) cells stably 
expressing GFP-PLK1. (F) Representative 
images of fluorescence recovery after 
photobleaching (FRAP) of GFP-PLK1 
expressing RPE cells at spindle poles during 
metaphase (Fire-LUT, ImageJ). Bar = 5 μm. 
3D surface plot of a single metaphase cell 
displaying GFP-PLK1 integrated intensity 
between the two spindle poles. Spindle 
poles 1 and 2 are marked. (G) GFP-PLK1 
integrated intensity at the highest spindle 
pole (pole 1) was normalized to 100% and 
compared with the lowest spindle pole 
within a single mitotic spindle, over n = 44 
cells in n = 3 experiments ± SEM, Student’s 
paired t test, p < 0.001. (H) Model of 
centrosome-localized PLK1-activity FRET 
biosensor where active PLK1 phosphorylates 
the substrate sequence c-jun (green), causing 
the FHA2 domain (magenta) to bind, and 
leading to a conformational change in the 
biosensor and subsequent loss of FRET. 
Increased phosphatase activity causes the 
biosensor to enter a relaxed conformation, 
allowing FRET (Colicino et al., 2018). 
(I) Quantification of the inverse FRET ratio 
across multiple spindle poles displayed as a 
box and whisker plot. Pole 1 binned as 
mitotic centrosome with highest inverse 
FRET ratio (gray) compared with pole 2 (blue) 
from a single mitotic spindle. Representative 
of FRET ratio at a single mitotic centrosome 
shown (Fire-LUT, ImageJ). n = 60 cells, 
+ indicating mean, and each data point 
representing a single mitotic centrosome, 
Student’s paired t test, p < 0.001.

mitotic spindle, the spindle pole with a 
higher inverse FRET ratio as spindle pole 1 
and the spindle pole with a lower inverse 
FRET ratio as spindle pole 2. This was done 
over 60 metaphase cells, where we calcu-
lated that one spindle pole (pole 1) had a 
significantly greater inverse FRET ratio (me-
dian of 2.43) compared with the other (pole 
2, median of 2.06; Figure 1I). Together, 
these data suggest that an asymmetry in 
PLK1 distribution and activity exists be-
tween the two spindle poles in metaphase 
cells.

Chromosome misalignment drives 
asymmetry in PLK1 distribution
A possible mechanism to respond to 
misaligned chromosomes is to adjust PLK1 
distribution between spindle poles. During 
prometaphase exit and metaphase, mis-
aligned chromosomes can be found that re-
align with the metaphase plate (Figure 2A). 
During these situations, we imaged GFP-
PLK1 RPE cells every 2 min across the full 
volume of the cell until it passed through 
anaphase (∼20 min in duration). GFP-PLK1 
intensity was then measured at each spindle 
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pole over time. The spindle pole with the misaligned chromosome in 
closest proximity was binned as spindle pole 1 and the other as spin-
dle pole 2. When a misaligned chromosome occurred, spindle pole 
1 contained an elevated GFP-PLK1 signal compared with spindle 
pole 2 (Figure 2, A and B). To examine whether this was a consistent 
phenomenon, a ratio was calculated for GFP-PLK1 intensity at the 
spindle pole with a misaligned chromosome (pole 1) over the spindle 
pole without the misaligned chromosome (pole 2) during time points 
of misalignment compared with time points postmisalignment over 
10 dividing cells (Figure 2C). During misalignment, a mean ratio of 
1.33 occurs compared with postmisalignment where a mean ratio is 
at 1.01 (Figure 2C), suggesting that asymmetry in PLK1 between mi-
totic spindle poles is due to adjustments in chromosome alignment.

Next, we tested whether this occurs in vivo by examining division 
in a zebrafish embryo expressing PLK1-mCherry and chromosomes 
stained with 4′,6-diamidino-2-phenylindole (DAPI) or NucBlue. In a 

fixed, 50% epiboly embryo (Figure 2D), we noted metaphase cells 
with misaligned chromosomes compared with cells with a clearly 
aligned metaphase plate (Figure 2E). Under these conditions, we cal-
culated a ratio of the spindle pole with highest intensity over the pole 
with lowest intensity and determined that the mean ratio is signifi-
cantly higher under conditions of misaligned chromosomes (mean at 
1.27) compared with dividing cells with an aligned plate (mean at 
1.12; Figure 2F). Taken together, these studies suggest that chromo-
some misalignment is causing an elevated asymmetric distribution of 
PLK1 at spindle poles both in tissue culture and in vivo.

Determining oldest from youngest mitotic spindle pole and 
PLK1 distribution between the two
Chromosomes preferentially misalign toward the oldest spindle pole, 
the one containing the oldest mitotic centriole (Gasic et al., 2015). In 
our studies, we utilized HeLa cells that stably express GFP-centrin to 

FIGURE 2:  PLK1 asymmetric distribution between spindle poles is driven by chromosome misalignment. (A) GFP-PLK1 
(16-color LUT, Image J) RPE cells treated with NucBlue to stain DNA (white) were imaged every 2 min. Shown is a time 
point with a misaligned chromosome (2 min, arrow) that then assembles within the metaphase plate by 6 min. Bar = 
2 μm. The spindle pole on the side with the misaligned chromosome is marked as 1, and the opposite pole is 2. Ratio 
values for GFP-PLK1 between poles 1 and 2 shown in the lower right corner. (B) The intensity of poles 1 and 2 from A 
was measured over a 20-min time course and plotted. Chromosome misalignment marked on plot. (C) The ratio 
GFP-PLK1 intensity at the spindle pole (labeled 1) with a misaligned chromosome divided by the GFP-PLK1 intensity of 
spindle pole without a misaligned chromosome (labeled 2) was measured during misalignment (magenta) and 
postmisalignment (cyan) in the same cell over n = 10 live-cell data sets. Violin plot shown. Dashed line at median; dotted 
lines at interquartile range. Student’s paired t test; ***, p < 0.001. (D) Maximum projection of a zebrafish embryo 
expressing PLK1-mCherry (cyan) and NucBlue (white). Examples of metaphase cells with proper chromosome alignment 
(orange) and chromosome misalignment (magenta) denoted by boxes. Bar, 100 μm. (E) Example images of mitotic cells 
from D with proper chromosome alignment (top, orange box in D) and chromosome misalignment (bottom, magenta 
box in D). PLK1-mCherry (cyan) and NucBlue (white) shown in left and center images. PLK1-mCherry (16-color LUT) in 
right images to denote areas of high PLK1 intensities. Ratio values for PLK1-mCherry between mitotic spindle poles 
shown in the top right corner. Bar = 5 μm. (F) Violin plot depicting the ratio between the highest PLK1-intensity spindle 
pole over the lowest PLK1-intensity spindle pole in mitotic cells with an aligned metaphase plate (magenta) or 
misaligned (cyan). n > 45 cells/treatment across n = 11 embryos. Student’s paired t test; ****, p < 0.0001.
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FIGURE 3:  PLK1 distribution between the oldest (mother) and youngest (daughter) spindle 
poles. (A) Immunofluorescence staining of HeLa GFP-centrin cells at metaphase, centrioles 
(centrin, cyan), cenexin (magenta), centrobin (gold), and DNA (blue). Bar = 3 μm. (B) Insets from 
A showing cenexin (magenta), GFP-centrin (cyan), and centrobin (gold; Ba′). Fire-LUT depicting 
intensities of cenexin, GFP-centrin, and centrobin (Bb′). 3D profile plot of each pole. Heat map 
of intensity ranges (Bc′). (C) The intensity of cenexin, GFP-centrin, CEP164, and centrobin was 
measured at the mother and daughter spindle pole. Violin plot shown, black dashed line at 
median. Representative of n = 3 experiments, n > 30 cells measured/group. Student’s paired 
t test; **, p < 0.01; ****, p < 0.0001. (D) Measured fluorescence intensities were used to calculate 
a ratio for each metaphase cell where the mother spindle pole intensity was divided by that of 
the daughter spindle pole. Violin plot shown, black dashed line at median. Representative of 
n = 3 experiments, n > 30 cells/group. (E) Structured illumination micrograph (SIM) volumetric 
projection of a single metaphase HeLa cell immunolabeled for PLK1 (magenta), cenexin (cyan), 
and CREST (gray). Mother spindle pole (M) and daughter spindle pole (D). White insets depict 
single mitotic centrosomes. Bar = 5 μm. (F) PLK1 fluorescence intensity was measured at the 
mother and daughter spindle pole (determined by GFP-centrin) across n = 30 cells. Violin plot 
shown, black dashed line at median. Student’s paired t test; **, p < 0.01.

distinguish mother from daughter spindle poles. GFP-centrin is en-
riched at the oldest spindle pole (mother) compared with the young-
est spindle pole (daughter) due to the nature of centriole duplication. 
When new protein synthesis of centrin occurs, new centrioles incor-
porate freshly translated centrin. Thus, the oldest centriole has more 
centrin accumulated (Piel et al., 2000; Wang et al., 2009; Kuo et al., 
2011). Additional markers used to distinguish between the oldest 
and youngest pole were two mother centriole appendage proteins, 
cenexin (a subdistal appendage protein; Ishikawa et al., 2005; Hehnly 
et al., 2012; Hung et al., 2016) and CEP164 (a distal appendage pro-
tein; Schmidt et al., 2012; Hung et al., 2016), along with the daughter 

centriole protein centrobin (Januschke et al., 
2011; Hehnly et al., 2015). When a single 
centrosome duplicates to two spindle poles, 
one spindle pole will inherit the mother cen-
triole, while the other spindle pole does not 
(Hung et al., 2016; Vertii et al., 2018). The 
oldest mitotic centriole is positive for cenexin 
and CEP164 and is enriched for GFP-centrin 
(Figure 3, A–C, and Supplemental Figure 2, 
A and B). The youngest spindle pole has el-
evated amounts of the daughter centriole 
marker, centrobin (Figure 3, A–C; Hehnly 
et al., 2015). We then calculated a ratio be-
tween mother and daughter spindle poles of 
CEP164, cenexin, GFP-centrin, and cen-
trobin. In these studies the mother was dis-
tinguished by its elevated amounts of GFP-
centrin (Piel et al., 2000; Wang et al., 2009; 
Kuo et al., 2011). CEP164, cenexin, and cen-
trin were enriched on the mother (ratios >1; 
an equal distribution of 1 is at the dashed 
line), whereas centrobin was enriched on the 
daughter (ratio <1; Figure 3D).

Cenexin has been identified to interact 
with PLK1 (Soung et al., 2006, 2009). Using 
structured illumination microscopy (SIM) we 
found that cenexin was organized on one 
spindle pole (mother, M) in a specific “ring-
like” pattern, and PLK1 organized in a 
similar pattern (Figure 3E). This finding 
suggests that cenexin may be organizing a 
population of PLK1 specifically on one of 
the two spindle poles. When we measured 
the integrated fluorescence intensity of en-
dogenous PLK1 at mother and daughter 
spindle poles in HeLa GFP-centrin cells, we 
found that the mother spindle pole (the one 
with the most GFP-centrin) contained sig-
nificantly more PLK1 than the daughter 
spindle pole (Figure 3, E and F).

PLK1 activity increases at the oldest 
spindle pole when a lagging 
chromosome is in close proximity
We measured PLK1 activity at spindle poles 
in cells expressing the centrosome-localized 
PLK1 activity FRET-biosensor (Figure 1H; 
Colicino et al., 2018). We did these studies 
with nocodazole synchronized and released 
cells under fixed conditions so that we could 
analyze more cells and induce misaligned 

chromosomes (Crasta et al., 2012). Cells were fixed so that mother 
and daughter spindle poles could be distinguished, and kineto-
chores visualized. To identify the mother and daughter spindle 
poles, we used the molecular marker centrobin (Figure 3, B–D) or 
centrin (Supplemental Figure 2B). Kinetochores were denoted by 
immunostaining for CREST. We measured PLK1 activity under con-
ditions of normal chromosome alignment, misaligned chromo-
somes toward the mother spindle pole, or misaligned chromosomes 
toward the daughter spindle pole (Figure 4A). Misaligned chromo-
somes were determined by identifying kinetochores outside the 
metaphase plate (yellow arrowheads in Figure 4A). These unaligned 
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chromosomes were positive for the mitotic kinase Aurora B (Supple-
mental Figure 2C). Aurora B is at its highest concentration between 
two sister chromatids when misaligned chromosomes are not under 
appropriate tension (Lampson and Cheeseman, 2011). Under con-
ditions of normal chromosome alignment, a slight yet significant 
increase in PLK1 activity was measured at the mother spindle pole 
(median of 2.32) compared with the daughter (median of 2.19; 
Figure 4B). We next compared PLK1 activity at the mother spindle 
pole with and without a misaligned chromosome (Figure 4C, left) to 
the PLK1 activity at the daughter pole with and without a misaligned 
chromosome (Figure 4C, right). In the event of a misaligned chro-
mosome toward the mother, PLK1 activity measured significantly 
higher (median of 3.50) compared with conditions where there were 
no detectable misaligned chromosomes (Figure 4C, left). In the 
event of a misaligned chromosome at the daughter spindle pole, 
there was no significant difference in PLK1 activity (Figure 4C, right). 
From this, we conclude that PLK1 activity can increase at the oldest 
spindle pole specifically when a chromosome misaligns in that 
direction.

An increase in PLK1 activity at the mother spindle pole is 
cenexin dependent
To determine whether an increase in PLK1 activity at the mother 
spindle pole in the event of a lagging chromosome is cenexin-de-
pendent, we utilized a previously published cenexin-depleted HeLa 
cell line (Hung et al., 2016). Immunostaining (Figure 5, A and B) and 
immunoblotting (Figure 5C) confirmed cenexin depletion by short 
hairpin RNA (shRNA). We noted that in control shRNA–treated cells, 
24.98 ± 3.83% of their mitotic cells presented with misaligned chro-
mosomes, whereas in cenexin shRNA–treated cells, this percentage 

significantly increased to 39.3 ± 4.00% (Figure 5, A and D, refer to 
arrow, and Table 1).

We next examined cells synchronized in metaphase using the 
anaphase promoting complex inhibitor, ProTAME (10 μM), or the 
microtubule destabilizing drug, nocodazole (100 nM). In control 
cells treated with ProTAME, 19.93 ± 4.45% of mitotic cells had 
misaligned chromosomes (Figure 5D and Table 1). In ProTAME 
synchronized cenexin-depleted cells there was a threefold increase 
compared with control (64.9 ± 10.60%; Figure 5D and representa-
tive images in Supplemental Figure 2D). The misalignment ob-
served in ProTAME synchronized cells was severe with misaligned 
chromosomes accumulating at both poles (Supplemental Figure 
2D). A similar increase in the percentage of mitotic cells with 
misaligned chromosomes was observed in cenexin-depleted cells 
synchronized in nocodazole (48.47 ± 5.40%) when compared with 
controls (38.80 ± 6.28%; Table 1). Together these studies suggest 
that cenexin loss is causing defects in chromosome alignment.

We next tested whether cenexin localization at the mother spin-
dle pole drives preferential distribution of PLK1 activity. The centro-
some-localized PLK1 FRET activity biosensor was expressed in 
cenexin-depleted HeLa cells. These studies were performed under 
fixed conditions with cells that were nocodazole synchronized and 
released. Under conditions of normal chromosome alignment, 
there was no significant difference in the inverse FRET ratios be-
tween the mother (median of 2.184) and daughter spindle pole 
(median of 2.16; Figure 5E). When a misaligned chromosome was 
present toward the mother spindle pole, there was no significant 
increase in PLK1 activity at this site (Figure 5F, left). Additionally, 
there was no increase in PLK1 activity at the daughter when a mis-
aligned chromosome was present (Figure 5F, right). To directly 

FIGURE 4:  PLK1 activity increases at the oldest spindle pole (mother) when a misaligned chromosome is in close 
proximity. (A) Models depicting conditions of normal chromosome alignment (top), misaligned chromosome to the 
mother spindle pole (center), and misaligned chromosome to the daughter spindle pole (bottom). Representative 
maximum confocal projections of metaphase HeLa cells immunostained for centrobin (magenta) and DAPI (white). Insets 
show inverse FRET ratio of the PLK1-FRET biosensor (right, Fire-LUT; ImageJ). The mother (M) and daughter (D) spindle 
poles labeled respectively. Bars = 5 μm. (B) Significantly greater PLK1 activity FRET ratios are measured at the mother 
(gray) spindle pole compared with the daughter (blue) under conditions of normal chromosome alignment. n = 79 cells 
over n = 3 experiments. Data shown as a box and whisker plot, + indicating mean, and each data point representing a 
single spindle pole. Student’s paired t test, p = 0.0139. (C) Greater PLK1 activity FRET ratios are measured at the 
mother (gray) spindle pole when there is a misaligned chromosome in close proximity, but no change in PLK1 activity is 
measured when chromosomes misalign toward the daughter (blue). n > 20 cells over n = 3 experiments, data shown as a 
box and whisker plot, + indicating mean, and each data point representing a single spindle pole. Student’s unpaired 
t test, lagging chromosomes to mother (p = 0.0022), lagging chromosomes to daughter (p = 0.7044).
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compare the differences in activity at the mother spindle pole when 
a misaligned chromosome is present in cells treated with control 
shRNA or cenexin shRNA, the average inverse FRET ratios for PLK1 
were calculated over n = 3 experiments. A significantly higher aver-
age inverse FRET ratio was calculated in control cells (3.99 ± 0.19) 
compared with cenexin-depleted cells (2.28 ± 0.14; Figure 5G). 
These studies suggest a mechanism where PLK1 activity at the old-
est spindle pole can respond to chromosome misalignment in a 

cenexin-dependent manner. If cenexin is absent, an increase in 
overall misalignment occurs (Figure 5D and Table 1).

We examined how PLK1 activity was distributed between the 
two spindle poles when more than one chromosome misaligns. The 
inverse FRET ratio at the mother spindle pole and the inverse FRET 
ratio at the daughter spindle pole were calculated and presented as 
a mother to daughter ratio (M:D). If there are consistently equal ac-
tivities between the two spindle poles, a tight range of values that 

FIGURE 5:  An increase in PLK1 activity at the oldest spindle pole (mother) in the event of a misaligned chromosome is 
cenexin dependent. (A) Maximum confocal projections of control shRNA and cenexin shRNA HeLa cells immunostained 
for centrin (cyan), cenexin (magenta), and DAPI (gray). Yellow arrowhead indicates misaligned chromosomes. Bars = 
5 μm. (B) Cenexin fluorescence intensity at the mother spindle pole in control shRNA and cenexin shRNA HeLa cells. 
Data shown as a box and whisker plot over n > 26 cells, + indicating mean, and each data point representing a single 
spindle pole. Representative from n = 3 experiments. Student’s t test, p < 0.0001. (C) Western blot of HeLa cells 
expressing a control nontargeting shRNA or a cenexin shRNA. Tubulin loading control shown below. (D) Bar graph 
depicting percent (%) metaphase cells with misaligned chromosomes in control and cenexin-depleted cells under 
control conditions or after ProTAME (10 μM) synchronization in metaphase. n = 3 experiments ± SEM. With a one-way 
ANOVA applying multiple comparisons to control shRNA, cenexin shRNA-treated (**, p = 0.0023) and cenexin shRNA-
treated plus ProTAME (****, p < 0.0001) are significant. (E) PLK1 activity FRET ratios between the mother (gray) and 
daughter (blue) spindle poles in cenexin-depleted cells when chromosomes are properly aligned. n > 80 cells over n = 3 
experiments, data shown as a box and whisker plot, + indicating mean, and each data point representing a single 
spindle pole. Student’s paired t test, p = 0.3504. (F) PLK1 activity in cenexin-depleted cells in the presence of a 
misaligned chromosome toward the mother (gray) spindle pole or the daughter (blue) spindle pole. n > 40 cells over 
n = 3 experiments, data shown as a box and whisker plot, + indicating mean, and each data point representing a single 
spindle pole. Student’s unpaired t test, misaligned chromosome to mother (p = 0.0719), misaligned chromosome to 
daughter (p = 0.9415). (G) Bar graph representing average PLK1 FRET ratio at the mother spindle pole in cenexin-
depleted cells compared with controls in the event of a misaligned chromosome toward the mother spindle pole across 
n = 3 experiments ± SEM, Student’s t test, p = 0.0018. (H) Ratio of PLK1 FRET between the mother and daughter (FRET 
ratios at mother/FRET ratios at daughter) were compared in control cells (gray) and cenexin-depleted cells (gold) under 
conditions of equal chromosome misalignment toward both spindle poles, asymmetry in misaligned chromosomes 
toward the mother spindle pole, or asymmetry in misaligned chromosomes toward the daughter spindle pole. Black 
dotted line at y = 1 represents equal FRET ratios between mother and daughter spindle poles. n > 56 cells in graph 
measured over n = 3 experiments. Range of data shown as a box plot; center bar represents mean. (I) Model illustrating 
an increase in PLK1 activity (magenta) in control cells, which does not occur in cenexin-depleted cells.
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organize around 1 should be calculated. The ratios presented were 
calculated under three different conditions: 1) when chromosome 
misalignment was equal to each pole (e.g., one chromosome toward 
the daughter and one chromosome toward the mother); 2) asym-
metric mother misalignment (e.g., >2 chromosomes toward the 
mother and <2 chromosomes toward the daughter), and asymmet-
ric daughter misalignment (e.g., <2 chromosomes toward the 
mother and >2 chromosomes toward the daughter). In control cells, 
we found a range in activity that always trends above 1 under all 
conditions. However, in cenexin-depleted cells, a tighter trend that 
concentrated around a value of 1 was calculated (Figure 5H). This 
graph suggests that in control cells under both symmetric and 
asymmetric chromosome misalignment conditions, there is a bias in 
PLK1 activity toward the mother spindle pole. This bias is lost, how-
ever, when cenexin is depleted (Figure 5H). From here, we present 
a model where PLK1 acts as a sensor to correct for chromosome 
misalignment at the cenexin-positive oldest spindle pole (mother; 
Figure 5I).

Chromosomes predominately misalign toward the oldest 
spindle pole in a cenexin- and PLK1-dependent manner
A previous report demonstrated an inherent bias for chromosomes 
to preferentially misalign toward the oldest spindle pole (mother) in 
a cenexin-dependent manner (Gasic et al., 2015). This suggests a 
reason for a sensing mechanism to be in place specifically at the 
mother spindle pole. To confirm and expand upon the findings of 
Gasic et al. (2015), we utilized control and cenexin-depleted HeLa 
cells stably expressing GFP-centrin (to determine centrosome age; 
Figure 3, A–D, and Supplemental Figure 3, A and B; Piel et al., 2000; 
Kuo et al., 2011) and mCherry-CENPA (to follow chromosome 
missegregation by marking kinetochores; Posch et al., 2010; Gasic 
et al., 2015). The number of chromosomes (marked by mCherry-
CENPA) that misaligned were evaluated by live-cell video micros-
copy (Supplemental Figure 3, C and D, and Supplemental Video 3). 
We found a preferential directionality in misaligned chromosomes 
toward the mother (53.7%), compared with the daughter (19.5%), 
and toward both spindle poles (26.8%; Supplemental Figure 3C). 
Notably, we found that anywhere between 1 and 6 chromosomes 
can misalign toward the mother, whereas ≤2 chromosomes tend to 
misalign toward the daughter under control conditions (Supplemen-
tal Figure 3C). These studies were confirmed over four experiments 
where 54.17 ± 6.59% of cells presented with preferential chromo-
some misalignment toward the mother (Supplemental Figure 3D). 

However, this preferential misalignment is disrupted in cells where 
cenexin is depleted by shRNA (Supplemental Figure 3D). Together, 
the results suggest that chromosomes preferentially misalign toward 
the oldest spindle pole in a cenexin-dependent manner.

Because chromosomes preferentially misalign toward the oldest 
spindle pole (mother), and PLK1 activity is significantly increased at 
the mother in the presence of misaligned chromosomes, it is possi-
ble that directional chromosome misalignment occurs in a PLK1- 
and cenexin-dependent manner. To test this, we treated both 
control and cenexin-depleted cells with the PLK1 inhibitor, BI2536 
(100 nM), fixed, and then scored metaphase cells that had mis-
aligned chromosomes toward the mother, daughter, or both spindle 
poles (Figure 4A). In control cells, chromosomes tend to misalign 
toward the mother (58.08 ± 4.28% of cells; Figure 6, B and C, and 
Table 1). This preferential misalignment occurs under two methods 
of synchronization, either with 100 nM nocodazole followed by 20–
30 min release (57.49% ± 11.79% mitotic cells misalign chromo-
somes toward the mother) or using 10 μM of ProTAME (56.79 ± 
4.90% mitotic cells misalign chromosomes toward mother; Table 1). 
However, there was a significant decrease in the percentage of cells 
that misalign chromosomes toward the mother in cenexin-depleted 
cells (39.30 ± 4.00%; Figure 6, B and C, and Table 1), with an in-
crease to both spindle poles (31.37 ± 1.90%, compared with con-
trols at 20.10 ± 5.32%; Figure 6, B and C, and Table 1). With PLK1 
inhibition (100 nM BI2536), the percentage of cells with preferential 
chromosome misalignment toward the mother significantly dropped 
to 44.63 ± 3.70% (Figure 6, B and C, and Table 1). These studies 
suggest that either PLK1 inhibition (BI2536 treatment), or cenexin 
depletion, causes an increased probability for chromosomes to 
misalign toward both spindle poles compared with just the mother.

To test whether PLK1 and cenexin might be acting together to 
modulate the direction of chromosome misalignment, we treated 
cenexin-depleted cells with the PLK1 inhibitor BI2536 and com-
pared with control shRNA–treated cells, cells treated with BI2536 
alone, and cenexin shRNA–treated cells. Strikingly, in cells treated 
with both cenexin shRNA and BI2536, cells are restored to control 
conditions, with 54.33 ± 5.21% of mitotic cells with misaligned chro-
mosomes going toward the mother and only 18.07 ± 3.36% of cells 
with misaligned chromosomes toward both spindle poles (Figure 6, 
B and C, and Table 1). Of note, under these conditions 61 ± 3.40% 
of the total population of metaphase cells have misaligned 
chromosomes compared with BI2536- (44.63 ± 3.70%) or cenexin 
shRNA–treated (39.3 ± 4.0%; Table 1) cells.

% metaphase cells  
with misaligned  
chromosomes

% of misaligned metaphase 
cells with chromosomes 

toward mother

% of misaligned metaphase 
cells with chromosomes 

toward both poles

Control shRNA 24.98 ± 3.83 58.08 ± 4.28 20.10 ± 5.32

Control shRNA+ 100 nM nocodazole 38.88 ± 6.28 57.49 ± 11.79 24.75 ± 11.81

Control shRNA+ 10 μM ProTAME 19.93 ± 4.45 56.79 ± 4.90 18.55 ± 12.01

Control shRNA+ 100 nM BI2536 44.63 ± 3.70 41.42 ± 0.72 36.48 ± 3.20

Cenexin shRNA 39.3 ± 4.00 42.9 ± 2.80 31.37 ± 1.90

Cenexin shRNA+ 100 nM nocodazole 48.47 ± 5.40 16.86 ± 0.90 65.45 ± 4.90

Cenexin shRNA+ 100 nM BI2536 61.00 ± 3.40 54.33 ± 5.21 18.07 ± 3.36

The mitotic index, percent of mitotic cells that had chromosomes misaligned toward the mother spindle pole, and the percent of mitotic cells that had chromo-
somes misaligned toward both spindle poles are shown. These measurements were completed for control shRNA HeLa cells as well as cenexin shRNA HeLa cells 
treated with 100 nm of nocodazole, 10 µm of ProTAME, or 100 nm of BI2536. Percentages are mean percentages over n > 3 experiments ± SEM.

TABLE 1:  Cenexin and PLK1 regulate directional chromosome misalignment during metaphase. 
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To test whether there is a bias under conditions where there is 
chromosome misalignment toward both spindle poles, the number 
of chromosomes toward the mother and daughter were scored per 
cell (Figure 6D). Control cells presented with a tendency for more 
chromosomes to misalign toward the mother spindle pole (any-
where from one to seven chromosomes, noted by CREST staining) 
compared with the side of the cell with the daughter (one to three 
chromosomes; Figure 6D). This trend toward the mother, however, 
is diminished when cells are treated with a cenexin shRNA, BI2536, 
or both cenexin shRNA and BI2536. Under these conditions, there is 
equal chromosome segregation to both sides of the spindle 
(anywhere from one to three chromosomes). This result suggests 
that, even under conditions of chromosome misalignment toward 
both spindle poles, there is still a bias for chromosomes to misalign 
toward the oldest spindle pole in a cenexin- and PLK1-dependent 
manner.

DISCUSSION
Through this study, we determined that if chromosomes misalign, 
these chromosomes are more likely to misalign toward the oldest 
spindle pole (mother). Upon misalignment toward the mother, one 
cellular response that occurs is a cenexin-dependent increase in 
PLK1 activity at this site. On the basis of this result, we present 
a model where cenexin and PLK1 work together in response to 
misaligned chromosomes. We propose this model based on the 
known interaction between PLK1 and cenexin (Soung et al., 2006, 

2009), and our studies that identified PLK1 in a ring-like structure at 
the mother spindle pole colocalizing with the ring-like structure 
cenexin forms (Figure 3E). Additionally, we find that PLK1 inhibition 
or cenexin depletion causes chromosomes to no longer preferen-
tially misalign toward the mother (Figure 6, A–C, and Table 1). In-
stead, chromosomes tend to misalign more toward both spindle 
poles (Figure 6, B and C, and Table 1). However, if we combine PLK1 
inhibition with cenexin depletion, we restore the propensity for 
chromosomes to misalign toward the mother (Figure 6, B and C, 
and Table 1), but cause an increased percentage of mitotic cells to 
have misaligned chromosomes (61.00 ± 3.40% compared with 
cenexin depletion at 39.3 ± 4.0%). From these studies we propose a 
model that PLK1 and cenexin work together as a sensor to correct 
and respond to chromosome misalignment.

Another potential model is that the mother spindle pole is driv-
ing chromosomes to misalign toward itself and is not necessarily 
acting as a sensor to fix a misaligned chromosome. If this were the 
case, we would propose that depleting cenexin would decrease 
chromosome misalignment toward the mother, but not affect over-
all chromosome misalignment. Here, we find that cenexin deple-
tion significantly decreases chromosome misalignment toward the 
mother spindle pole (Figure 6B and Table 1), but causes a subse-
quent increase in the total percentage of cells that present with 
misaligned chromosomes toward both spindle poles (Figure 6, B 
and C, and Table 1). We did not find a condition that preferentially 
forced chromosomes to misalign toward the daughter spindle 

FIGURE 6:  Chromosomes predominately misalign toward the oldest spindle pole in a PLK1- and cenexin-dependent 
manner. (A) Maximum confocal projections of HeLa cells stably expressing centrin-GFP, CENPA-mCherry, and either a 
control or cenexin shRNA, treated with 100 nM BI2536. Yellow arrows depict lagging chromosomes. Bar = 5 μm. (B) Bar 
graph quantifying percentage of cells that display misaligned chromosomes toward the mother spindle pole (left) or 
both spindle poles (right) in control and cenexin-depleted cells ± 100 nM BI2536 treatment. Dotted line at 50% 
represents randomization. n = 3 experiments ± SEM, one-way ANOVA (*, p = 0.0131; **, p = 0.0028). (C) Quantification 
of misaligned chromosome directionality (%) in control and cenexin-depleted HeLa cells ± 100 nM BI2536 treatment. 
n > 50 cells over n = 3 experiments ± SEM; a one-way ANOVA was performed for each condition: control shRNA 
(p < 0.0001), cenexin shRNA (p = 0.1099), control shRNA +BI (p = 0.0063), cenexin shRNA +BI (p = 0.0047). (D) Number 
of individual misaligned chromosomes toward either the mother (gray) or daughter (blue) spindle poles under conditions 
where chromosomes misalign in both directions. n > 5 experiments, range of data shown as a box plot, and center bar 
represents mean.
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pole. These data support our first proposed model that PLK1 and 
cenexin work as a sensor to respond to and fix chromosome 
misalignment.

We predict that in order for PLK1 and cenexin to act as a sensor 
to fix misaligned chromosomes, a feedback mechanism needs to be 
in place to alert the spindle pole to a misaligned chromosome in 
close proximity. Active PLK1 resides at the kinetochore of misaligned 
chromosomes, acting as a mitotic checkpoint until proper microtu-
bule attachments have been made and the error has been rectified 
(Liu et al., 2012). To date, distinct, independent pools of active PLK1 
have not been identified between spindle poles and kinetochores. 
This leaves the potential for active-PLK1 to cross-communicate or 
exchange between the kinetochores and centrosomes, alerting the 
oldest spindle pole of a misaligned chromosome. This would allow 
the spindle pole closest to the lagging chromosome to become 
hyperactivated through increased PLK1 activity. This increase in 
PLK1 activity could potentially recruit more PCM components to 
nucleate more microtubules to correct the misaligned chromosome. 
PLK1 activity has been associated with recruiting PCM proteins such 
as pericentrin, CEP215, and γ-tubulin (Lee and Rhee, 2011; Kong 
et al., 2014; Ramani et al., 2018). Each of these components is also 
known to be enriched at the oldest spindle pole and CEP215 and 
pericentrin form a complex with the mother centriole appendage 
protein, centriolin (Conduit and Raff, 2010; Conduit et al., 2010; 
Chen et al., 2014). Thus, increased PLK1 activity specifically at the 
mother spindle pole can lead to pericentriolar material remodeling 
specifically at this spindle pole.

Our finding that a bias exists in chromosome misalignment to-
ward the mother spindle pole may have evolutionary implications. 
For instance, previous studies have determined using the 
Drosophila germline that the mother spindle pole is inherited by 
the daughter cell that remains stem, while the daughter spindle 
pole is inherited by the cell destined for differentiation (Yamashita 
et al., 2007). When stem cells divide, these divisions are responsi-
ble for repopulating the stem-cell niche, as well as providing cells 
that will differentiate. This preference for the mother to be inher-
ited by the cell which remains within the stem cell population 
could shed light on why the oldest spindle pole preferentially mis-
aligns chromosomes during division. Stem cells are better 
equipped to cope with aneuploidy compared with differentiated 
cells (reviewed in Garcia-Martinez et al., 2016), due to the impor-
tance of these cells in maintaining genome integrity. To combat 
aneuploidy, stem cells have multiple forms of defense. These de-
fenses include increased expression of DNA damage repair (DDR), 
which can repair the genomic errors associated with aneuploidy 
(Maynard et al., 2008) and p53-driven apoptosis or spontaneous 
differentiation, which removes the aneuploid cell from the stem 
cell population to retain genomic integrity (Jain et al., 2012). An 
alternative viewpoint in this argument is that stem cells provide an 
opportunity to pass on “cultural adaptations” that may arise as the 
result of aneuploidy (Enver et al., 2005). This would allow stem 
cells to develop an advantage due to this new, unique genome, 
allowing for adaptations in differentiated cells previously unavail-
able. Together, this could explain why our studies showed a pref-
erential, directional misalignment of chromosomes toward the 
mother.

In conclusion, our studies utilize both a zebrafish embryonic 
model and an in vitro cell culture model to demonstrate an asym-
metry in PLK1 distribution and activity between the two spindle 
poles. Here, we argue that this asymmetry is conserved and occurs 
predominately during instances of chromosome misalignment 
toward the mother spindle pole.

MATERIALS AND METHODS
Antibodies and chemical inhibitors
For Western blot analysis and immunofluorescence imaging, the 
following antibodies were used: mouse anti-PLK1 (E-2; Santa Cruz; 
sc-55504; 1:250), rabbit anti-cenexin (Proteintech; 12058-1-AP; 
1:250), mouse anti–α-tubulin monoclonal antibody (Proteintech; 
66031-1-Ig; 1:10,000), human anti-CREST (Antibodies; 15-234-
0001; 1:1000), mouse anti-centrin clone 20H5 (Millipore Sigma; 04-
1624; 1:1000), rabbit anti-CEP164 (Novus Biologicals; NBP1-81445; 
1:50), and mouse anti-centrobin (Abcam; ab70448; 1:500). Horse-
radish peroxidase (HRP)-conjugated antibodies: donkey anti-mouse 
immunoglobulin G (IgG) (H+L; Jackson ImmunoResearch Labs; 715-
035-150), donkey anti-rabbit IgG (H+L; Jackson ImmunoResearch 
Labs; 711-035-152), and mouse anti-GAPDH (1:10,000, Sigma 
Aldrich; 45-9295). Fluorescent secondary antibodies include Alexa 
Fluor donkey anti–mouse 488 (Life Technologies; A21202), 568 (Life 
Technologies; A10037), and 647 (Life Technologies; A31571); Alexa 
Fluor donkey anti–rabbit 488 (Life Technologies; A21206), 568 (Life 
Technologies; A10042), 647 (Life Technologies; A31573), rhoda-
mine-conjugated donkey anti-human (Jackson Immunoresearch; 
709-025-149), and DyLight 649-conjugated goat anti-human 
(Jackson Immunoresearch; 109-495-064). Chemical inhibitors in-
clude nocodazole used on cells at 100 nM (Fisher; AC358240500), 
ProTAME (Fisher; I44001M) used on cells at 10 μM, and BI2536 
(Selleck Chemicals; S1133-5 mg) used on cells at 100 nM.

Zebrafish
Zebrafish embryos (provided by Jeffrey Amack’s laboratory, SUNY 
Upstate Medical University) were injected with 100–150 pg PLK1-
mCherry mRNA immediately following fertilization. Injected zebraf-
ish were then grown at 30°C until 4.5 h postfertilization. For live 
imaging, embryos were mounted in MatTek dishes using 2% agar 
and imaged at 30°C. For fixed imaging, embryos were fixed at 
4.5 hpf in 4% paraformaldehyde (PFA) + 0.5% Triton X-100 over-
night at 4°C. The following day, embryos were washed in phosphate-
buffered saline (PBS) + 0.5% Tween for 20 min, dechorionated, and 
placed in NucBlue fixed cell stain from Ready Probes (Thermo Fisher 
Scientific; R37606) for 30 min before imaging.

Cell culture
HeLa cells expressing either control or cenexin shRNA (Hung et al., 
2016) and PLK1-GFP RPE cells were used throughout this study. For 
live-cell imaging, a GFP-centrin/ mCherry-CENPA HeLa cell line was 
used, a kind gift from Patrick Meraldi, Department of Cell Physiology 
and Metabolism, Université de Genève (Gasic et al., 2015). All 
cultures were grown in 1X DMEM (Life Technologies) supplemented 
with 10% Seradigm FBS (VWR) and 1% penicillin–streptomycin 
(10,000 U/ml; Life Technologies) and maintained at 37°C with 5% 
CO2. Cells were synchronized as noted with either nocodazole 
(100 nM) or ProTAME (10 μM). For nocodazole synchronization, 
cells were incubated for at least 6 h in nocodazole to synchronize in 
prometaphase and then washed with fresh media three times and 
incubated for 20 min for cells to synchronize in metaphase. With 
ProTAME synchronization, cells were incubated for 6 h and then 
immediately fixed.

shRNA and plasmid constructs
Control shRNA and cenexin shRNA (Hung et al., 2016) were infected 
in HeLa cells stably expressing GFP-centrin and mCherry-CENPA to 
create a stable cenexin-depleted cell line. Lentiviruses used to gen-
erate the stable cell lines used the protocol of Hung et al. (2016). 
FRET experiments were performed using a centrosome-localized 
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PLK1 FRET-biosensor. This previously characterized biosensor was 
localized to the centrosome through fusion to the PACT domain 
(Colicino et al., 2018). pCS2-PLK1-mCherry constructs were gener-
ated and verified through sequencing.

Immunofluorescence 2D cultures
Cells were plated on #1.5 coverslips until they reached 90% conflu-
ence, and fixed using either methanol (−20°C; described in Colicino 
et al., 2018) or 4% PFA containing 0.5% Triton X-100 at room tem-
perature for 30 min. Cells were washed, blocked with PBSΔT (PBS, 
1% bovine serum albumin, 0.5% Triton X-100), and incubated with 
primary antibodies for 1 h at room temperature. Cultures were 
washed three times with PBSΔT and incubated with secondary 
antibodies for 1 h at room temperature. Coverslips were rinsed with 
diH2O and mounted on glass slides using either Vectashield (Vector 
Laboratories; H-1000) or Prolong Diamond with DAPI mounting 
media (Thermo Fisher Scientific; P36971).

FRET
HeLa cells expressing either control or cenexin shRNA (Hung et al., 
2016) were transfected with PLK1 FRET-PACT sensor using Mirus Bio 
TransIT-X transfection reagent. After 48 h, cells were treated with 
100 nM nocodazole and synchronously released into metaphase 
after 6 h to induce lagging chromosomes. Cells were imaged live or 
then fixed using 4% PFA containing 0.5% Triton X-100 at room tem-
perature for 30 min. Cells were immunostained for centrobin (1:500) 
or centrin (1:1000) to distinguish between the spindle poles and 
CREST (1:1000) to visualize kinetochores. Coverslips were then 
mounted in vectashield and imaged using a Leica DMi8 STP800 
(Leica, Bannockburn, IL) equipped with an 89 North–LDI laser, 
Photometrics Prime-95B camera, Crest Optics: X-light V2 Confocal 
Unit spinning disk, using a HC PL APO 63×/1.40 NA oil CS2 objec-
tive. For these experiments, YFPex→YFPem control images were 
taken, using a 520-excitation laser. CFPex→YFPem was imaged using 
a 445-excitation laser. The YFPex→YFPem/CFPex→YFPem FRET ratio 
was calculated using ImageJ Ratio-Plus plug-in after background 
subtraction and averaged over multiple cells. Experiments were 
repeated multiple times with similar results.

Imaging
Zebrafish and tissue culture cells were imaged using a Leica SP8 
scanning confocal microscope (Leica, Bannockburn, IL) or a Leica 
DMi8 equipped with a X-light V2 Confocal Unit spinning disk. The 
Leica SP8 was equipped with an HC PL APO 40×/1.10 W CORR CS2 
objective equipped with Leica LAS-X software (Leica). The Leica 
DMi8 STP800 (Leica, Bannockburn, IL) equipped with a Lumencor 
SPECTRA X (Lumencor, Beaverton, OR) with a Hamamatsu ORCA-
flash 4.0 V2 CMOS C11440-22CU camera or 89 North–LDI laser 
with a Photometrics Prime-95B camera taken with a Crest Optics: 
X-light V2 Confocal Unit spinning disk. Optics used were either HC 
PL APO 63×/1.40 NA oil CS2, HC PL APO 40×/1.10 NA WCS2 
CORR, a 40 × 1.15 N.A. Lamda S LWD, or 100×/1.4 N.A. HC Pl Apo 
oil emersion objective. Metamorph or VisiView software was used to 
acquire images. Superresolution 3D-SIM images were acquired on a 
DeltaVision OMX V4 (GE Healthcare) equipped with a 60×/1.42 NA 
PlanApo oil immersion lens (Olympus), 405-, 488-, 568-, and 642-
nm solid-state lasers and sCMOS cameras. Image stacks of 5–6 µm 
with 0.125-µm-thick z-sections and 15 images per optical slice (three 
angles and five phases) were acquired using immersion oil with a 
refractive index of 1.518. Images were reconstructed using Wiener 
filter settings of 0.003 and optical transfer functions measured 
specifically for each channel with SoftWoRx 6.1.3 (GE Healthcare). 

Images from different color channels were registered using param-
eters generated from a gold grid registration slide (GE Healthcare) 
and SoftWoRx 6.1.3 (GE Healthcare).

Image analysis
z-Steps (0.2 μm) of cell volumes are presented as maximum projec-
tions using ImageJ. Integrated intensities were measured on sum 
projections as described in Hoffman et al. (2001). Line scans were 
performed by calculating the normalized fluorescence intensity 
across a single line; poles were determined as the oldest if they had 
elevated centrin (as reported in Kuo et al., 2011). Spindle pole inte-
grated intensities were measured from sum confocal projections. 
Background fluorescence was measured based on values from con-
trol shRNA–treated cells and subtracted from both control and 
cenexin shRNA–treated cells. A ROI was placed over spindle poles 
(marked with GFP-centrin or cenexin, depending) and the fluores-
cence intensity was measured. The same ROI was used for all 
images. Graphs and statistical analysis (unpaired Student’s t tests or 
analysis of variance [ANOVA] as labeled) were completed using 
Graphpad Prism software. Error bars represent ± SEM; p < 0.05 were 
considered to be statistically significant. All images were set to a 
resolution of 300 DPI or greater after image analysis from raw data.

To quantify PLK1 intensity ratios between poles in zebrafish 
embryos, a maximum projection was created using a z-stack that 
encompassed both spindle poles of a metaphase cell. A ROI was 
drawn around one pole of a single cell within an embryo using 
FIJI/ImageJ. The same ROI was used for all images. The mean 
intensity was calculated by subtracting the minimum intensity 
from that measured region. A ratio was calculated by dividing the 
value of the pole with the smaller intensity by the value of the 
pole with the larger intensity. This yielded a value greater or equal 
to 1. Graphs and statistical analysis (unpaired Student’s t tests or 
ANOVA analysis as labeled) were completed using Graphpad 
Prism software.
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Supplemental Figure 1.  

(A) Model depicting PLK1 (magenta) localization to spindle poles, kinetochores, and  

cytokinetic midbody. DNA = blue. (B) Model depicting zebrafish embryo 4.5 hours post  

fertilization (hpf). Drawn inset represents area imaged in (C) along the yolk boundary.  

(C) A maximum confocal projection is presented for PLK1-mCherry. Bar = 50µm. Inset  

of single metaphase cell. Bar = 5µm. Magenta dotted line represents yolk boundary. (D)  

PLK1-mCherry expression at 4.5hpf. Cells positive for PLK1-mCherry are indicative of  

dividing cells. Bar = 10µm. Inset marked 1 is magnified in (E). (E) A maximum confocal  

projection of a single metaphase cell expressing PLK1-mCherry at spindle poles and  

kinetochores. Bar = 5µm.   

   



Supplemental Figure 2. (A) Immunofluorescence staining of Hela cells at metaphase; 

centrioles (centrin, cyan), CEP164 (magenta), and CREST (grey).  M depicts mother 

spindle pole, and D depicts daughter spindle pole. Bar = 5µm. (B) Top, maximum 

confocal images of fixed individual HeLa cells with misaligned chromosomes that are 

stained for CREST (red) and centrin (green) and mounted in Prolong containing DAPI 

shown in metaphase. The images depict either a misaligned chromosome to the mother 

(M) mitotic centrosome (left image), or a misaligned chromosome to the daughter (D) 

mitotic centrosome (right image).  Bottom, line scan bisecting the two spindle poles, 

illustrating centrin concentration predominately localized to the mother (M) spindle pole 

compared to the daughter (D). Bar = 5 µm. (C) A maximum confocal projection of a 

HeLa cell stained for centrin (cyan), Aurora B (magenta), and CREST (grey). A 

misaligned chromosome misaligning towards the older (mother) spindle pole is positive 

for Aurora B between two CREST puncta.  3X zoom of inset in (a’). Bar = 5 µm. (D) 

Maximum confocal projections of control shRNA and cenexin shRNA treated HeLa cells 

that were synchronized at metaphase in proTAME (10 mM).  Cells were stained for 

centrin (cyan), Aurora B (magenta), and CREST (grey). Bar = 5 µm. 

 

  



Supplemental Figure 3. (A) Maximum confocal micrographs of single HeLa cells stably  

expressing CENPA-mCherry (black) and either control or cenexin shRNA from  

prometaphase/metaphase through telophase. Bars = 5µm. (B) Maximum projection  

micrographs of centrin-GFP (magenta) from corresponding images of CENPA-mCherry  

in A. Line graphs (below) bisecting the two spindle poles, representing greater centrin  

concentrations at the mother (M) compared to the daughter (D) in both control and  

cenexin-depleted cells. Bar = 5µm. (C) The number and directionality of misaligned  

chromosomes toward the mother (gray), daughter (blue) or both (orange) mitotic  

centrosomes was counted in control and cenexin-depleted HeLa cells. Each mark along  

the x-axis represents a single cell. Data represents a single representative experiment.  

(D) Bar graphs quantifying percentage of cells with directional chromosome misalignment  

toward either the mother, daughter, or both mitotic centrosomes from live-cell imaging.  

(n=4 experiments± S.E.M, One-way ANOVA, Control shRNA (p=0.0069) and cenexin  

shRNA (p=0.8331)).  

   



Video 1. PLK1-mCherry is enriched at spindle poles, kinetochores, and cytokinetic 
midbody in live zebrafish embryos. 

Maximum confocal micrographs of a single mitotic cell in a live zebrafish embryo (4.5 hpf) 

expressing PLK1-mCherry from prometaphase through cytokinesis. Images from every 

60 seconds, over 6 minutes. Bar = 10µm. 

  



Video 2. PLK1-GFP asymmetrically distributes and is exchanged at the two spindle  

poles during metaphase.  

Fluorescence recovery after photobleaching of RPE cells stably expressing GFP-PLK1  

at mitotic centrosomes during metaphase. Images taken every 113 milliseconds for 18  

seconds. (Fire-LUT, ImageJ). Bar = 5µm.   



Video 3. Chromosomes predominately misalign toward the oldest spindle pole in a 
cenexin-dependent manner.  

Maximum confocal micrographs of single HeLa cells stably expressing CENPA-mCherry 

(black) and either control (left) or cenexin (right) shRNA from prometaphase/metaphase 

through cytokinesis. Images taken every 3 seconds for 84 seconds. Bar = 5µm. 
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