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The discovery of novel cell division proteins is important to further understand the 

basic mechanisms of cell division. Equally important is an understanding of how these 

proteins are misregulated to induce cell proliferation and the associated human diseases 

like cancer. Therefore, the discovery of novel cell division proteins and their functional 

characterization creates opportunities to define new cancer targets that can be used to 

develop new cancer therapeutics. The primary goal of this thesis was to identify new 
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enzymes that are misregulated in cancer cells and to understand their functions during 

cell division. The first enzyme that I analyzed was the previously uncharacterized protein 

Myl5, which is a myosin regulatory light chain (RLC). I determined that Myl5 localizes to 

the mitotic spindle and is important for cell division. Depletion of MYL5 in cancer cells led 

to mitotic defects and a slower transition through mitosis. In contrast, overexpression of 

MYL5 in cancer cells led to a faster mitosis. To my knowledge this the first myosin RLC 

that has been implicated in mitotic spindle assembly. The second protein that I analyzed 

was the cyclin dependent kinase Cdk14. Cdk14 has been linked to the cell cycle via the 

WNT signaling pathway. However, Cdk14 had not been implicated in cell division. My 

work showed that Cdk14 localizes to the mitotic spindle during mitosis and its down 

regulation resulted in severe mitotic defects and a faster cell division. This study 

enhanced our understanding of how the spindle assembly checkpoint (SAC) is regulated 

and how its dysregulation can impact cancer cell proliferation and anticancer drug 

resistance. Together, my work on Myl5 and Cdk14 has elucidated the function of these 

two previously underappreciated proteins in cell division.  
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Chapter 1 
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Overview of Cell Division: 

The cell cycle is a sequence of events in which a cell will grow, duplicate its genome and divide 

into two identical daughter cells. This process is regulated by cyclins and cyclin dependent 

kinases (Cdk) whose presence and activity can speed up, slow down, or halt cell division (1). 

Eukaryotic cell division is encompassed by two major phases interphase and mitosis (M 

phase). Cells spend the majority of the time in interphase and do not divide during this time. 

Division of the genetic material occurs in mitosis which results in the formation of two new 

nuclei. Some cells may exit the cell cycle and enter a G0 phase where they are quiescent and 

do not divide (2). This phase can be temporary or permanent depending on whether or not 

they receive proliferative stimuli to re-enter the cell cycle (B). Interphase is composed of three 

phases Gap 1 (G1), DNA synthesis (S) and Gap 2 (G2). During G1 phase the cell will grow 

bigger and begin to synthesize the necessary proteins, RNA, and membranes needed for DNA 

synthesis (3). During S phase the cell will duplicate its genome and centrosomes (3). During 

G2 phase the cell will continue to grow and will synthesize the necessary proteins required to 

enter the mitotic M phase (4). During M phase the cell will segregate its duplicated DNA into 

two identical daughter cells by going through a series of subphases; Prophase, Metaphase, 

Anaphase/Telophase and Cytokinesis. Prophase can be further broken down into early 

prophase where the cell will begin to condense its DNA and prometaphase where the nuclear 

membrane starts to break down and centrosomes move to opposite sides of the cell. During 

Metaphase the chromosomes will begin to align at the metaphase plate and the centrosomes 

move to opposite sides of the cell. Microtubules then radiate out from the centrosomes, attach 

to the kinetochore region of the chromosomes, form the mitotic spindle, and align the 

chromosomes at the cell midplane. During anaphase the microtubules begin to pull the 

chromosomes to opposite ends of the cell and during telophase the DNA begins to unwind 
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and the nuclear envelope begins to reform. Finally, during cytokinesis the cell splits apart into 

two identical daughter cells completing the cell division cycle.  

 

Cell Cycle Checkpoints: 

The sequence of events that occur during the cell cycle are carefully monitored by a series of 

checkpoints that ensure proper cell division. These checkpoints ensure that cell has the 

necessary components to enter and exit each cell cycle phase. Without these checkpoints the 

cell could transition into the next phase without the necessary components, which could lead 

to cell defects and/or cell death. The three major cell cycle checkpoints are at the G1/S 

transition, G2/M transition, and the metaphase to anaphase transition (also known as the 

spindle assembly checkpoint, SAC). It is important for the cell to properly duplicate its DNA in 

G1/S before going into mitosis and not doing so can result in unequal genome distribution and 

cell death. The cell can also duplicate its chromosomes but not undergo cell divisions, which 

can also become problematic because it leads to polyploidy (5). Additionally, a cell can divide 

and have each cell inherit a different number of chromosomes called aneuploidy, which occurs 

when the SAC is dysfunctional and proper microtubule-kinetochore attachment cannot be 

monitored (6). Aneuploidy is a hallmark of many types of cancer cells, leading to the belief that 

accurate chromosome segregation is important for preventing proliferative diseases (7). Even 

if the cell transitions through all the checkpoints, if it is not able to divide during cytokinesis 

then the daughter cells may still become polyploidy (8). This doubling of the genome in the cell 

makes it more susceptible to chromosome segregation errors in future cell divisions. The 

mitotic microtubule-based spindle is responsible for congressing chromosomes to the 

metaphase plate and for separating sister chromatids into two identical pools for each daughter 

cell. Therefore, the spindle must be formed in a bipolar manner in order to carry out its 



4 

functions. Also the orientation and positioning of the mitotic spindle are important for 

establishing the cell division plane (6). Abnormal spindle assembly can result in a delayed 

mitosis and aneuploidy (6). Although many components involved in assembling and orienting 

the spindle are known, the molecular signaling pathways that govern these events are not well 

understood. Increasing evidence indicates that both the actin and microtubule cytoskeletal 

systems are necessary for proper cell division (9). For example, astral microtubules that 

emanate from the spindle poles are essential for the proper orientation of the spindle (10). 

Recently, the unconventional myosin 10 (Myo10), was shown to be an important factor for the 

architecture and function of the mitotic spindle; through its binding to both actin and 

microtubules (11).  

 

Spindle Assembly Checkpoint: 

Pivotal to cell division is the metaphase to anaphase transition, which is a highly regulated 

process involving a multitude of protein-protein interactions that are regulated by 

posttranslational modifications like phosphorylation and ubiquitination that function as 

switches to activate/inactivate protein function (12). For example, the multi-component spindle 

assembly checkpoint (SAC) is essential for maintaining the fidelity of chromosome segregation 

from a mother cell to the daughter cells. Misregulation of the spindle assembly checkpoint can 

lead to segregation errors, chromosomal instability, aneuploidy and tumorigenesis (13). 

However, there is currently no consensus as to the pathways and factors that are deregulated 

to induce aneuploidy, why it is prevalent in cancer and how it contributes to tumorigenesis. 

Many cancers will also down-regulate the SAC to bypass their sensitivity to antimitotic agents 

(14). The SAC becomes activated when unattached kinetochores or nonproductive (monotelic, 

syntelic, and merotelic) microtubule attachments are sensed (15). The SAC then arrests cells 
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in metaphase to give time to correct these deficiencies and to generate proper microtubules-

kinetochore attachments. A key factor in SAC activation is the mitotic checkpoint complex 

(composed of Mad2, BubR1/Mad3, and Bub3) that binds to the anaphase promoting complex, 

cyclosome (APC/C) ubiquitin ligase substrate adapter protein Cdc20 and inactivates the 

APC/C (12). Once proper microtubule-kinetochore attachment is sensed, the SAC is satisfied 

and the inhibitory effects of the MCC on the APC/C are relieved. Activated APC/C will then 

ubiquitinate Securin and target it for proteasome-dependent degradation, which in turn 

activates Separase. Separase subsequently cleaves the cohesion complex, allowing for 

chromosome segregation and marking the entry into anaphase. 

 

Cyclin Dependent Kinases: 

Cyclin-dependent kinases (Cdks) play an essential role in cell cycle regulation. They are the 

main machinery that drives cell cycle progression. Cdks are serine/threonine protein kinases 

that consist of a catalytic Cdk subunit and its corresponding activating cyclin subunit (16).  

Their activation by specific cyclin subunits coordinates the progression of the cell cycle from 

one stage to another. The ability of Cdks to phosphorylate different substrates allows them to 

regulate the cell cycle in response to different cellular cues (17). There are more than 20 CDK 

genes and more than 10 cyclin genes in the human genome (18,19). Cdks phosphorylate (and 

regulate the function of) a myriad of substrates with distinct functions that influence 

transcription, signal transduction, epigenetic regulation, metabolism, stem cell self-renewal, 

neuronal functions, and spermatogenesis (20). Each Cdk has a conserved catalytic core that 

is encompassed by the PSTAIRE domain, an activating T-loop, and an ATP binding pocket. 

Important for Cdk function is the binding of a cyclin to the Cdk via the PSTAIRE-like cycling 

biding domain which in turn induces and a structural shift in the Cdk exposing the substrate 
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binding interface and realigns residues in the active site. Most Cdks can bind different cyclins 

allowing them to interact with a wide range of substrates for phosphorylation. However, 

dysregulation of Cdks and cyclins can lead to the misregulation of the cell cycle, cell growth, 

and cell proliferation (21). Similarly, mutations that lead to hyperactivation of Cdk activity have 

been found in human cancer genomes and lead to selective growth advantage (22,23,24). 

Therefore, Cdks have been extensively studied with in the context of cancer and are the 

subject of many ongoing cancer therapeutic studies. For example, over 30 small drug-like 

molecules have been developed to target hyper active Cdks in cancer cells (25). 

 

Myosins: 

Myosins perform a variety of functions in muscle contraction, cargo transport, cell adhesion, 

and cell division; including spindle assembly, spindle orientation and cytokinesis (26). There 

are about 40 different myosin genes in the human genome which categorized into 12 

subfamilies (27). Myosins can be further divided into two major groups; conventional and 

unconventional (28). The only conventional myosin is myosin-II, which is highly expressed in 

muscle cells and is required for muscle contraction (29). Additionally, myosin-II can also be 

found in non-muscle cells at the contractile ring, which is necessary for physically dividing the 

cytoplasm of a diving cell into to cells (30). Myosin-II contains a long coiled-coil dimerization 

domain at its C-termini that helps it form bipolar filaments (31,32). The remainder of the myosin 

motors form the unconventional myosin group and have varying domain compositions, outside 

of their conserved motor domain, which helps them carry out diverse functions like actin-based 

cytoplasmic transport of cargos (33,34).  

 

Myosins in Cancer: 



7 

A number of unconventional myosin motors have been implicated in cellular processes that 

affect tumor progression and metastasis (35). Interestingly, myosins have been shown to 

function as tumor suppressors and are found mutated in 2-45% of tumor samples (36,37,38). 

This is very similar to other tumor suppressors like TP53 which is mutated in 5-50% of tumors, 

depending on the cancer type (39). For example, lower levels of myosin1a have been 

observed in patients with colorectal cancer, which has been correlated with faster tumor 

progression (40). Similarly, myosin1a is found mutated at a high frequency in patients with 

gastric tumors (40). Another example is myosin 5 that when sequestered to the actin 

cytoskeleton has been shown to promote cancer cell survival (41).  Blocking of the myosin 5 

sequestration in melanoma cells leads to apoptosis and a decrease in tumor growth in mice, 

indicating that myosin 5 may be involved in regulating tumor cell death (42).   

 

Myosin Light Chains 

The myosin holoenzyme consists of heavy and light chains. However less is known about 

myosin light chains in cell division. Myosin light chains are required for the structural integrity 

of the myosin holoenzyme and have regulatory functions that affect the activity of the protein 

complex (26). There are two major groups of myosin light chains, the Essential Light Chains 

(ELCs) and Regulatory Light Chains (RLCs). The regulatory light chains, as the name implies, 

are involved in the regulation of the enzymatic activity of the myosin (43). While the essential 

light chains are essential for the enzymatic activity of the myosin, which when removed under 

harsh conditions the enzyme activity of the myosin is lost (43). Myosin regulatory light chains 

have also been implicated in tumorigenesis via their phosphorylation. These MLC are usually 

phosphorylated by myosin light chain kinases (MLCK) and dephosphorylated by myosin 

phosphatases. Interestingly, low levels of MLC phosphorylation have been correlated with a 
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failure to undergo proper cytokinesis in cancer cells (44), which results in multinucleated cells 

(44). Additionally, overexpression of unphosphorylatable MLC in mammalian cells results in 

chromosome separation defects at the metaphase to anaphase transition and in cytokinetic 

defects that lead to a failure in cytokinesis (45). 
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ABSTRACT 

Myosins are ATP-dependent actin-based molecular motors critical for diverse cellular 

processes like intracellular trafficking, cell motility, and cell invasion. During cell division, 

myosin MYO10 is important for proper mitotic spindle assembly, the anchoring of the spindle 

to the cortex, and positioning of the spindle to the cell mid-plane. However, myosins are 

regulated by myosin regulatory light chains (RLCs), and whether RLCs are important for cell 

division has remained unexplored. Here, we have determined that the previously 

uncharacterized myosin RLC Myl5 associates with the mitotic spindle and is required for cell 

division. We show that Myl5 localizes to the leading edge and filopodia during interphase and 

to mitotic spindle poles and spindle microtubules during early mitosis. Importantly, depletion 

of Myl5 led to defects in mitotic spindle assembly, chromosome congression, and chromosome 

segregation and to a slower transition through mitosis. Furthermore, Myl5 bound to MYO10 in 

vitro and co-localized with MYO10 at the spindle poles. These results suggest that Myl5 is 

important for cell division and that it may be performing its function through MYO10.  

 

1  |  INTRODUCTION

The proper assembly of the bipolar mitotic microtubule spindle is critical to the fidelity of 

chromosome congression and segregation during cell division (Walczak and Heald 2008). 

During development, the anchoring and positioning of the mitotic spindle regulates the 

establishment of the cell division plane that is critical for cell fate determination (Morin 

and Bellaiche 2011). Important to mitotic spindle anchoring and positioning are astral 
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microtubules that radiate out from the spindle poles and make contacts with the cell cortex 

(Nakajima 2018; di Pietro et al. 2016; Morin and Bellaiche 2011). Abnormal spindle 

assembly and orientation can result in defective cell divisions that can lead to 

developmental and proliferative diseases (Morin and Bellaiche 2011; di Pietro et al. 2016; 

Nakajima 2018). Although numerous components involved in assembling and orienting 

the spindle are known (Walczak and Heald 2008; Morin and Bellaiche 2011), the full 

complement of factors and the molecular signaling pathways that govern these events 

are not completely understood. Increasing evidence indicates that both the actin and 

microtubule cytoskeletal systems are necessary for proper cell division (Akhshi et al. 

2014; Kita et al. 2019). Although actin has been highly studied within the context of 

interphase cells where it establishes the cellular architecture and regulates numerous 

important processes like cell motility, intracellular trafficking, cell signaling pathways, and 

gene expression (Hyrskyluoto and Vartiainen 2020; Moujaber and Stochaj 2020; Svitkina 

2018; Titus 2018), less is known about its role during early cell division. However, actin 

has been shown to be critical for anchoring the spindle through microtubule-actin 

interactions at the cell cortex, for spindle positioning at the mid plane, and for actomyosin 

cellular constriction during cytokinesis (Akhshi et al. 2014; Thery and Bornens 2006; Uraji 

et al. 2018; Chaigne et al. 2016). Additionally, evidence indicates that an actin mesh 

assembly supports the bipolar meiotic and mitotic spindles, where actin provides rigidity 

and aids in focusing the spindle (Wuhr et al. 2008; Woolner et al. 2008; Mogessie and 

Schuh 2017; Kita et al. 2019). Therefore, actin plays an important role in ensuring the 

fidelity of cell division.  
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Myosins are ATP-dependent actin-based molecular motors that perform a variety of 

functions in muscle contraction, cargo transport, cell adhesion, and cell division; including 

spindle assembly, spindle orientation, and cytokinesis (Li et al. 2016; Hartman and 

Spudich 2012). During cell division, myosin-II is critical for acto-myosin ring contraction 

during cytokinesis, which is essential for bisecting one cell into two daughter cells (Murthy 

and Wadsworth 2005; Robinson and Spudich 2000). Of interest, the unconventional 

myosin-10 (MYO10) has been shown to be an important factor for establishing the 

architecture and function of the mitotic spindle through its binding to both actin and 

microtubules (Woolner et al. 2008; Wuhr et al. 2008; Sandquist et al. 2016; Weber et al. 

2004; Kwon et al. 2015). MYO10 localizes to the spindle poles throughout mitosis and 

depletion of MYO10 leads to structural defects in the mitotic microtubule spindle, 

chromosome congression defects, and chromosome segregation defects (Woolner et al. 

2008; Wuhr et al. 2008; Weber et al. 2004; Kwon et al. 2008). MYO10 also has important 

non-mitotic functions during interphase and in post-mitotic cells where it is important for 

filopodia formation and function (Sousa and Cheney 2005; Quintero and Yengo 2012; 

Kerber and Cheney 2011). The filopodia core is composed of actin filaments (Leijnse et 

al. 2015) and MYO10 has been shown to be recruited to focal adhesions at the leading 

edge, undergoes intrafilopodial motility, accumulates at the filopodial tips, and promotes 

the formation and extension of filopodia (Tokuo et al. 2007; Berg and Cheney 2002; Bohil 

et al. 2006; Kerber et al. 2009; He et al. 2017; Sato et al. 2017). Therefore, myosins 

perform important functions that are necessary for cell division and cell motility. 

The unconventional myosin holoenzymes typically consists of heavy and light chains (Li 

et al. 2016). Myosin light chains are required for the structural integrity of the myosin 
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holoenzyme and have regulatory functions on the activity of the protein complex (Li et al. 

2016; Heissler and Sellers 2016; Heissler and Sellers 2014). There are two major groups 

of myosin light chains, the Essential Light Chains (ELCs) and the Regulatory Light Chains 

(RLCs) (Heissler and Sellers 2016; Heissler and Sellers 2014). The ELCs  are essential 

for the enzymatic activity of the myosin and removal or depletion of the ELCs from the 

myosin leads to a dramatic loss of myosin enzymatic activity (Heissler and Sellers 2016; 

Heissler and Sellers 2014). The RLCs are involved in regulating the enzymatic activity of 

the myosin and their removal or depletion typically leads to moderate effects on myosin 

activity (Heissler and Sellers 2016; Heissler and Sellers 2014). For example, both 

calmodulin (CaM) and calmodulin-like protein (CLP) have been shown to be MYO10 light 

chains that regulate MYO10 motility and function (Homma et al. 2001; Bennett et al. 2007; 

Bennett et al. 2008; Rogers and Strehler 2001). Although myosin-II and MYO10 have 

important roles in cell division, the role of RLCs (if any) in cell division has remained 

unexplored.  

We recently performed a microscopy-based RNAi screen using an siRNA library (25,620 

siRNAs) targeting the druggable genome in HeLa cells, that included enzymes like 

kinases and components of molecular motors like myosins, to identify novel factors whose 

depletion led to a slowed cell division (Torres lab unpublished). This screen identified 13 

novel proteins that were not known to be important for cell division, among which was 

myosin light chain 5 (Myl5). Although Myl5 has remained poorly characterized, based on 

its protein sequence similarity it is predicted to be a myosin RLC (Collins et al. 1992). 

Dysregulation of MYL5 mRNA levels has been observed in glioblastoma multiforme, 

cervical carcinoma, and breast cancer (Zhang et al. 2017; Alshabi et al. 2019; Savci-
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Heijink et al. 2019). For example, MYL5 mRNA levels are upregulated in late stage 

cervical cancer patients and is associated with poor survival (Zhang et al. 2017). 

Additionally, MYL5 overexpression promoted tumor cell metastasis in a cervical cancer 

mouse model (Zhang et al. 2017). Here, we have discovered that Myl5 is important for 

mitotic spindle assembly, chromosome congression, and proper cell division. GFP-Myl5 

localizes to the spindle poles during mitosis, indicating that its localization is cell cycle 

phase dependent. GFP-Myl5 co-localized with spindle pole proteins and MYO10 and 

bound to MYO10 in vitro. Importantly, depletion of Myl5 led to spindle assembly defects, 

chromosome congression defects, and chromosome segregation errors. These results 

suggest that Myl5 has important roles in spindle assembly and chromosome segregation 

and that it may be performing its function through its association with MYO10. 

 

2  |  RESULTS AND DISCUSSION  

2.1  |  In silico analysis of Myl5  

Our recent genetic RNAi screen for novel cell division proteins led us to discover myosin 

light chain 5 (Myl5), an uncharacterized hypothetical myosin regulatory light chain (RLC) 

of the MLC2 type. Human Myl5 is a 173 amino acid protein with 3 EF hand domains 

predicted to be important for calcium binding in other myosin regulatory light chains 

(Figure 1a) (Heissler and Sellers 2014; Grabarek 2006). A phylogenetic tree (Hunt et al. 

2018) analysis indicated that Myl5 was conserved among vertebrates (Figure 1b). An 

Online Mendelian Inheritance in Man (OMIM) search showed that the MYL5 gene was 

within the 4p16.3 region where the Huntington Disease locus is located. However, MYL5 

has not been linked to inherited human diseases. Due to recent studies showing the 
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upregulation of MYL5 expression in cervical cancer (Zhang et al. 2017) and the down 

regulation of MYL5 expression in breast (Savci-Heijink et al. 2019) and brain cancers 

(Alshabi et al. 2019), we sought to determine if MYL5 was widely dysregulated in other 

types of cancers. Interestingly, analysis of MYL5 and MYO10 differential gene expression 

across a broad array of cancers using the Gene Expression Profiling and Interactive 

Analysis (GEPIA) web server (Tang et al. 2017) showed that MYL5 mRNA levels were 

lower in most cancers compared to matched normal samples, whereas MYO10 mRNA 

levels were elevated in most cancers compared to normal samples (Figure 1c). 

Additionally, a GEPIA survival analysis showed that low MYL5 mRNA levels and high 

MYO10 mRNA levels related to an unfavorable overall survival (Figure 1d). Together, 

these analyses showed that the Myl5 protein is conserved among vertebrates and that 

MYL5 and MYO10 gene expression is widely dysregulated in cancer.   

 

2.2  |  Myl5 localizes to the spindle poles and spindle microtubules during cell 

division  

Although previous genomic and bioinformatic studies had implicated Myl5 in myosin 

related functions and in tumorigenesis, its biological function had remained poorly 

characterized. To begin to understand the cellular role of Myl5 and its link to 

tumorigenesis, we analyzed its subcellular localization throughout the cell cycle. First, we 

generated a LAP(GFP-TEV-S-Peptide)-Myl5 inducible stable cell line that expressed 

GFP-Myl5 upon induction with Dox (Figure S1a) (Torres et al. 2009; Bradley et al. 2016). 

The LAP-Myl5 cell line was treated with Dox for 16 hours to express GFP-Myl5 and cells 

were fixed, stained with Hoechst 33342 DNA dye, and anti--Tubulin and anti-GFP 



22 

antibodies and imaged by immunofluorescence microscopy. During interphase GFP-Myl5 

was dispersed throughout the nucleus and cytoplasm of the cell (Figure 2a). Interestingly, 

GFP-Myl5 localized to the spindle poles in early mitosis, and to a lesser extent the mitotic 

spindle, and remained associated with the poles until mitotic exit (Figure 2a). To further 

define the GFP-Myl5 subcellular localization in early mitosis, we performed 

immunofluorescence co-localization studies with centrosome and spindle pole markers. 

The GFP-Myl5 localization signal overlapped with NUMA at the spindle poles and 

encompassed the Pericentrin and Centrin signals, which stained the centrosomes (Figure 

2b,c; Figure S1b). Furthermore, in cells with high levels of GFP-Myl5 expression, GFP-

Myl5 also co-localized with TPX2 on the spindle microtubules (Figure S1c). Due to the 

change in GFP-Myl5 localization at mitotic entry, we next asked if endogenous Myl5 

protein levels were also cell cycle regulated. HeLa cells were synchronized in G1/S with 

thymidine treatment, released into the cell cycle, cells were harvested every hour, and 

protein extracts were prepared. Immunoblot analysis of these samples with anti-Myl5 and 

anti-Cyclin B antibodies indicated that endogenous Myl5 protein levels remained steady 

in G1/S and G2/M and decreased slightly during mitotic exit, a time when mitotic Cyclin 

B levels decreased (Figure 2d). Additionally, the anti-Myl5 antibody recognized two 

protein bands that corresponded with the size of the two Myl5 isoforms (19.5 kD, 

UniProtKB-Q02045-1; 14.9 kD, UniProtKB-Q02045-2). Together, these results indicated 

that the Myl5 protein is abundant throughout the cell cycle and that it undergoes a 

dynamic cell cycle dependent change in subcellular localization where it redistributes from 

the nucleus and cytoplasm in interphase to the spindle poles during mitotic entry and 

remains associated with the poles throughout mitosis. 
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2.3  |  Myl5 is required for proper cell division  

Next, we asked if Myl5 was required for cell division by depleting Myl5 in HeLa cells. First, 

we sought to identify siRNA oligonucleotides which reduced Myl5 protein levels to less 

than 10% compared to non-targeting control siRNA. HeLa cells were transfected with 

non-targeting control siRNA (siCtrl) or siRNAs targeting Myl5 (siM1-siM4) for 72 hours 

and cell lysates were prepared and analyzed by immunoblotting. The siM1-siM4 

oligonucleotides depleted Myl5 protein levels to undetectable levels (Figure 3a; Figure 

S2a). Next, we sought to analyze the consequences of depleting Myl5 protein levels 

during cell division. HeLa cells were transfected with siCtrl or siM1-siM4 siRNAs for 72 

hours. The cells were then fixed and co-stained with Hoechst 33342 (to visualize the 

DNA) and anti--Tubulin antibodies to detect the mitotic microtubule spindle. 

Interestingly, depletion of Myl5 led to a significant increase in cells with a defective 

mitosis, including an increase in the percentage of prometaphase cells with multipolar 

spindles (siM1= 20.753.59%, p=.0004 compared to siCtrl= 7.51.29%) and anaphase 

cells with lagging chromosomes (siM1= 32.252.5%, p<.0001 compared to siCtrl= 

8.253.1%) (Figure 3b-e; Figure S2b-f). Importantly, the mitotic defects (multipolar 

spindles and lagging chromosomes) observed upon siM1 treatment were rescued with 

the expression of a siRNA-resistant (siRes) version of GFP-Myl5 (for multipolar spindles- 

siM1+ GFP-Myl5-siRes= 3.01.0%, p=.0270 compared to siM1+ GFP-Myl5-WT= 

8.332.51%; for lagging chromosomes- siM1+ GFP-Myl5-siRes= 9.671.5%, p=.0026 

compared to siM1+ GFP-Myl5-WT= 19.672.08%) (Figure 3f,g; Figure S3). Together, 

these results indicated that Myl5 was required for proper cell division and that its depletion 

led to cell division errors.  
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2.4  |  The levels of Myl5 affect the timing of cell division  

Next, we asked if the overall time to cell division was affected by the depletion of Myl5. 

HeLa cells were transfected with non-targeting control siRNA (siCtrl) or siRNAs targeting 

Myl5 (siM1 and siM3) for 48 hours, synchronized in G1/S with thymidine treatment for 18 

hours, and released in media containing the cell permeable DNA specific stain SiR-DNA 

(visible in the far-red channel). Five-hours post release live cells were imaged at 20X 

magnification at five-minute intervals for 18 hours. Movies were then analyzed and the 

time from nuclear DNA condensation to nuclear separation was quantified. This analysis 

showed that depletion of Myl5 led to a significant increase in the time that cells spent in 

mitosis with the average time from nuclear DNA condensation to nuclear separation for 

siM1= 5527.4 minutes (p<.0001) and siM3 = 4622 minutes (p=.0288) compared to 

siCtrl= 38.921.6 minutes (Figure 4a,b; Supporting Videos S1-S3).  

  

2.5  |  Myl5 binds MYO10 and colocalizes with MYO10 to the spindle poles  

Due to the ability of MYO10 to localize to the spindle poles in early mitosis and its 

functional importance in ensuring the fidelity of spindle assembly, chromosome 

congression, chromosome segregation, and cell division (Woolner et al. 2008), we asked 

if Myl5 and MYO10 shared a similar localization during mitosis. The LAP-Myl5 cell line 

was used to express GFP-Myl5 and cells were fixed, stained with Hoechst 33342 DNA 

dye, and anti--Tubulin, anti-MYO10, and anti-GFP antibodies and imaged by 

immunofluorescence microscopy. Indeed, the GFP-Myl5 and MYO10 localization signals 

overlapped at the spindle poles throughout mitosis (Figure 5a). Next, we sought to 
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determine if Myl5 and MYO10 could associate directly. In vitro binding experiments were 

performed with HA-Myl5 and FLAG-GFP or FLAG-MYO10. Indeed, MYO10 co-

immunoprecipitated with Myl5 (Figure 5b). The IQ motifs of myosins are key sites for 

binding to regulatory light chains (Heissler and Sellers 2014), thus we asked if the IQ 

motifs of MYO10 were necessary for the MYO10-Myl5 interaction. To do this, we removed 

the three IQ motifs from MYO10 to generate MYO10 IQ-less (MYO10-IQL). In vitro 

binding experiments with HA-Myl5 or HA-CALM3 (Calmodulin 3, a known MYO10 

regulatory light chain that binds to the MYO10 IQ motifs (Rogers and Strehler 2001)) and 

FLAG-GFP, FLAG-MYO10, or FLAG-MYO10-IQL showed that Myl5 was able to bind to 

both MYO10 and MYO10-IQL, while CALM3 only bound to MYO10 and not MYO10-IQL 

(Figure 5c,d; Figure S4). Together, these data indicated that Myl5 binds to MYO10, 

independent of the IQ motifs, and colocalizes with MYO10 at the spindle poles during 

mitosis. 

 

2.6  |  Myl5 localizes to the leading edge of the cell and to filopodia in interphase 

cells  

Within the context of cancer, actin-based structures like filopodia are critical for cell 

migration, invasion, and metastasis (Caswell and Zech 2018; Jacquemet et al. 2015). Of 

interest, MYO10 has a critical role in filopodia formation and accumulates at the tips of 

filopodia (Bohil et al. 2006; Tokuo et al. 2007; Kerber et al. 2009) and has been linked to 

promoting cancer invasion and metastasis, including in breast cancer and melanomas 

(Arjonen et al. 2014; Courson and Cheney 2015; Tokuo et al. 2018; Cao et al. 2014). Due 

to the association of Myl5 with MYO10, we sought to determine whether Myl5 also 



26 

localized to filopodia like MYO10. The LAP-Myl5 or LAP-MYO10 cell lines was used to 

express GFP-Myl5 or GFP-MYO10 and cells were fixed, stained with Hoechst 33342 DNA 

dye, anti--Tubulin, anti-Fascin (marker for filopodia (Edwards and Bryan 1995; Otto et 

al. 1979)), and anti-GFP antibodies and imaged by immunofluorescence microscopy. 

Interestingly, GFP-Myl5 localized to the leading edge of the cell and throughout filopodia, 

but did not accumulate at the tips of filopodia like MYO10 (Figure 6a). Calcium binding 

and phosphorylation are two key mechanisms for regulating myosin RLC function 

(Heissler and Sellers 2016). RLCs typically have multiple EF hands that are generally 

thought bind calcium, however, only EF hands with a calcium binding consensus pattern 

of amino acids are predicted to have the ability to bind calcium (prosite prorule annotation 

rule: PRU00448, (Sigrist et al. 2005)) (Grabarek 2006). Specifically, Myl5 has three EF-

hands, but only the N-terminal EF-hand contains the calcium binding consensus (amino 

acids 43-54) (Figure 1a). Additionally, RLCs are typically phosphorylated at consensus 

Ser/Thr residues in their N-terminus, which are conserved in Myl5 (Figure S5) (Yu et al. 

2016). Therefore, we sought to determine whether deletion of the predicted Myl5 calcium 

binding site or mutation of the conserved RLC sites of phosphorylation (serines 20 and 

21, Figure S5) would perturb the localization of GFP-Myl5 to cytoskeletal structures. To 

do this, we generated LAP-tagged inducible stable cell lines of Myl5 calcium binding site 

deletion (CAD), phospho-null (20A and 21A (AA)) and phospho-mimic (20E or 21E) 

mutants; although phospho-mimetic mutants in other RLCs do not always have the 

anticipated effect on myosin activity (Heissler and Sellers 2015; Vasquez et al. 2016). 

Immunofluorescence microscopy of HeLa cells overexpressing these GFP-Myl5 mutants, 

showed that they were capable of localizing to the leading edge, filopodia, and the spindle 
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poles, similar to wild type GFP-Myl5 (Figure 6b-e). Additionally, no major perturbations to 

the overall architecture of filopodia, spindles, and spindle poles were observed by the 

overexpression of these Myl5 mutants. Together, these results showed that GFP-Myl5 

localizes to the leading edge and filopodia during interphase and that conserved residues 

in Myl5 that regulate the function of other RLCs are not required for its localization to 

these structures.  

   

2.7  |  CONCLUSION 

Although actin and the unconventional myosin MYO10 had been implicated in ensuring 

the fidelity of mitotic spindle assembly and cell division, the role of myosin RLCs during 

cell division remained unknown. Here, we have determined that Myl5 is a novel and 

important factor necessary for proper cell division. GFP-Myl5 localized to the leading edge 

and filopodia in interphase cells and to the spindle poles and spindle microtubules during 

early mitosis. Depletion of Myl5 led to mitotic spindle defects, errors in chromosome 

congression and segregation, and a slowed progression through mitosis. These Myl5 

depletion phenotypes were similar to those reported upon MYO10 depletion (Woolner et 

al. 2008), albeit less severe. Interestingly, the GFP-Myl5 immunofluorescence signal 

overlapped with MYO10 at the spindle poles throughout mitosis and Myl5 bound directly 

to MYO10 in vitro. Our results suggest that Myl5 is important for cell division and that it 

may function through MYO10. To our knowledge, Myl5 is the first myosin RLC family 

member that has been implicated in mitotic spindle assembly.  

Of the ~40 myosins encoded in the human genome, at least ten (including MYO10) have 

been implicated in tumorigenesis (Li and Yang 2016). Our analysis showing that MYL5 
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and MYO10 gene expression are frequently dysregulated in cancer compared to normal 

samples is intriguing and puzzling. While MYL5 mRNA levels were lower in most cancers 

and related to unfavorable survival, MYO10 mRNA levels were elevated in most cancers 

and related to unfavorable survival (Figure 1c,d). These results are consistent with reports 

showing low levels of MYL5 mRNA in breast (Savci-Heijink et al. 2019) and brain cancers 

(Alshabi et al. 2019) and high MYO10 mRNA levels in invasive and metastatic breast 

cancer and melanoma (Arjonen et al. 2014; Courson and Cheney 2015; Tokuo et al. 2018; 

Cao et al. 2014). However, others have reported that MYL5 mRNA levels are elevated in 

late stage cervical cancer patients, are associated with poor survival, and can promote 

tumor cell metastasis in mouse models of cervical cancer (Zhang et al. 2017). Similarly, 

the upregulation of MYO10 mRNA levels in invasive and metastatic cancers is consistent 

with its critical role in promoting filopodia formation, which are important for cell motility 

and invasion (Tokuo et al. 2007; Berg and Cheney 2002; Bohil et al. 2006; Kerber et al. 

2009; He et al. 2017; Sato et al. 2017; Caswell and Zech 2018; Jacquemet et al. 2015). 

However, it is the depletion of MYO10 that leads to cell division defects and genetic 

instability (Woolner et al. 2008; Wuhr et al. 2008; Weber et al. 2004; Kwon et al. 2008) 

and what role this may play in early stage cancers remains to be determined. Therefore, 

it is possible that MYL5 and MYO10 mRNA levels are differentially expressed in early 

versus late stage tumors and further research in this area is warranted. Although our data 

suggest that Myl5 may be affecting cell division through MYO10, it is possible that Myl5 

may function independently or with other non-motor proteins. We also note that during 

interphase, myosin light chains have been implicated in regulating gene expression by 

binding to specific sequences within the promoter region of target genes (Zhang et al. 
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2015; Li and Sarna 2009) and that Myl5 has been shown to bind the promoter region of 

HIF-1alpha, an important factor in tumorigenesis, and regulates its expression (Rankin 

and Giaccia 2016; Zhang et al. 2017). Consistent with this function, GFP-Myl5 localized 

to both the cytoplasm and nucleus in interphase cells (Figure 6a). Therefore in addition 

to its cytoskeleton-related function, Myl5 has cytoskeleton unrelated functions in gene 

expression that may contribute to tumorigenesis.  

 

3  |  MATERIALS and METHODS 

3.1  |  Cell culture  

HeLa cells were grown in F12:DMEM 50:50 (Hyclone) with 10% FBS, 2mM L-glutamine 

and antibiotics in 5% CO2 at 37 oC. Cells were synchronized in G1/S by treatment with 2 

mM thymidine (Sigma-Aldrich) for 18-hours. The following siRNAs were used for siRNA 

transfections: ThermoFisher Silencer Select 4390843 (control non-targeting siRNA) and 

S9187 and S9188 (M1 and M2 siRNAs targeting MYL5); Dharmacon ON-TARGETplus 

D-001810-10 (control non-targeting siRNA) and J-011739-03 and J-011739-04 (M3 and 

M4 siRNAs targeting MYL5) were used as described previously (Torres et al. 2010). See 

Table S1 for a list of key reagents and resources used in this study and their pertinent 

information.  

 

3.2  |  Generation of the LAP-Myl5 inducible stable cell line 

The HeLa LAP(GFP-TEV-S-Peptide)-Myl5, -Myl5-AA, -Myl5-20E, -Myl5-21E, -Myl5-CAD, 

-Myl5-siRes, and -MYO10 inducible stable cell lines were generated as described 

previously (Torres et al. 2009; Bradley et al. 2016). Briefly, full-length MYL5 (coding for 
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amino acid residues 1-173) and mutant derivatives (alanine mutations at both Ser20 and 

Ser21 (AA); Glu mutations at either Ser20 (20E) or Ser21 (21E); deletion of the calcium 

binding domain (amino acids 43-54, CAD)) and full-length MYO10 (coding for amino acid 

residues 1-2058) were cloned into pDONR221 and transferred to pGLAP1 through a 

Gateway reaction to generate the pGLAP1 vectors with these ORFs that were transfected 

into HeLa Flp-In T-Rex cells to generate their respective inducible stable cell lines. 

 

3.3  |  Immunoblotting 

For Myl5 cell cycle protein expression analysis, HeLa cells were synchronized in G1/S 

with 2 mM thymidine for 18-hours. Cells were then washed with PBS three times and 

twice with F12:DMEM media with 10% FBS and released into the cell cycle. Cells were 

harvested at the indicated time points, lysed, and protein extracts were resolved on a 4-

20% SDS-PAGE and transferred to a PVDF membrane. The membranes were 

immunoblotted with the indicated antibodies and imaged with a LiCOR system. The same 

approach was used to detect Myl5 protein depletion upon siRNA transfections without the 

cell synchronization step. Cell extract preparation and immunoblot analyses with the 

indicated antibodies were as described previously (Gholkar et al. 2016). 

 

3. 4  |  Fixed-cell immunofluorescence microscopy and live-cell time-lapse 

microscopy 

Fixed-cell immunofluorescence microscopy was performed as described previously 

(Gholkar et al. 2016). Briefly, non-transfected cells or cells that had been transfected with 

the indicated siRNAs for 48 hours were arrested in G1/S with 2 mM thymidine for 18 
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hours, washed, and released into fresh media for eight hours. Cells were then fixed with 

4% paraformaldehyde, permeabilized with 0.2% Triton X-100/PBS, and co-stained with 

0.5 g/ml Hoechst 33342 (ThermoFisher) to visualize the DNA and the indicated 

antibodies. A Leica DMI6000 microscope (Leica DFC360 FX Camera, 63x/1.40-0.60 NA 

oil objective, Leica AF6000 software) was then used to capture the images, which were 

deconvolved with the Leica Application Suite 3D Deconvolution software and exported as 

TIFF files. For quantifying mitotic defects, the data from four independent experiments, 

with 100 cells counted for each, was used to quantify the average ± standard deviation 

(SD). For time-lapse microscopy, HeLa cells were transfected with the indicated siRNAs 

for 48 hours, arrested in G1/S with 2 mM thymidine for 18 hours, washed, and released 

into fresh media containing 100 nM SiR-DNA stain (Cytoskeleton Inc.). Cells were imaged 

live five-hours post release for 18 hours using an ImageXpress XL imaging system 

(Molecular Devices) with a 20x air objective at 37 °C in 5% CO2. Captured images were 

exported as a video at one half frames per second using Image J and the videos were 

saved as AVI movies. Each frame represents a five-minute interval. For quantifying the 

timing of cell division, the data from three independent experiments, with 30 cells counted 

for each, was used to quantify the average time in minutes from DNA condensation for 

nuclear separation ± standard deviation (SD). 

 

3.4.1  |  Statistical analysis 

All statistical data are presented as the average  ± SD from at least three independent 

experiments. Outliers were considered in time-lapse experiments by using Tukey’s 

method in R (https://www.r-project.org/). For experiments where two groups were 
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compared, they were analyzed using unpaired Student’s t test. Data was judged to be 

statistically significant when p < 0.05. For experiments where three or more groups were 

compared, they were first tested for significance using ANOVA statistical test. If p-value 

showed significance (p <0.05), multiple pair-wise comparisons were performed between 

the means of groups using Tukey Honest Significant Difference and Dunnet’s tests. All 

statistical figures were generated with GraphPad Prism 5. 

 

3.5  |  Generation of plasmids and in vitro binding assays 

For in vitro binding assays, full-length human MYL5 (encoding amino acid residues 1-

173) or CALM3 (encoding amino acid residues 1-149) were fused to the C-terminus of 

the HA-tag to generate the pCS2-HA-MYL5 and pCS2-HA-CALM3 vectors. Similarly full-

length MYO10 (encoding amino acid residues 1-2058) or MYO10 lacking amino acids 

742-817 that contain the IQ motifs (MYO10-IQL) were fused to the C-terminus of the 

FLAG-tag to generate the pCS2-FLAG-MYO10 and pCS2-FLAG-MYO10-IQL vectors.  In 

vitro binding assays were performed as described previously (Gholkar et al. 2016). Briefly, 

HA-Myl5, HA-CALM3, FLAG-MYO10, FLAG-MYO10-IQL, and FLAG-GFP (negative 

control) were in vitro transcribed and translated (IVT) using TNT® Quick Coupled 

Transcription/Translation System, (Promega) in 10 L reactions. Magnetic HA beads 

(MBL International) were washed three times and equilibrated with wash buffer (50 mM 

Tris pH 7.4, 200 mM KCl, 1 mM DTT, 0.5% NP-40, and Halt Protease and Phosphatase 

Inhibitor Cocktail). IVT reactions were added to the equilibrated HA beads and incubated 

for 1.5 hours at 30 oC with gentle shaking. Beads were washed three times with wash 

buffer and eluted by boiling for five minutes with 2X Laemmli SDS sample buffer. Samples 



33 

were resolved on a 4-20% gradient Tris gel with Tris-Glycine SDS running buffer, 

transferred to an Immobilon PVDF membrane (EMD Millipore), and membranes were 

analyzed with a PharosFX Plus molecular imaging system (Bio-Rad).  

 

3.6  |  In silico analysis of Myl5 

The Myl5 phylogenetic tree was constructed by querying Ensembl (Hunt et al. 2018) 

(https://www.ensembl.org/) for Myl5 (ID: ENSGT00940000163023) and Figure 1b was 

generated by reconstructing the phylogenetic tree on Ensembl using images from 

LogoMarkr (https://logomakr.com/). For analysis of MYL5 and MYO10 differential gene 

expression in cancer cells compared to normal counterparts, their gene expression 

profiles were retrieved from the Gene Expression Profiling Interactive Analysis (GEPIA), 

an interactive web server for cancer genomics that compares cancer and normal gene 

expression (Tang et al., 2017). For a list of cancer types considered and their 

corresponding abbreviations refer to Table S2. The median gene expression for both 

tumor and matched normal samples were compared by subtracting median normal from 

tumor gene expression for each cancer type. Positive values represent higher gene 

expression in tumor samples compared to normal samples and negative values represent 

lower gene expression in tumor samples compared to normal samples. Figure 1c 

summarizes the gene expression compared to normal samples in different tumor types 

for both MYL5 and MYO10. Correlation analysis between MYL5 and MYO10 mRNA 

levels and the overall survival of cancer patients was carried out using the Survival Plot 

tool in GEPIA with default parameters. Datasets for all cancers and matched normal 



34 

samples listed on Table S2 were used in the analysis. Survival plots were exported as 

PDF files.  

 

3.7  |  Antibodies 

Immunofluorescence and immunoblotting were carried out using antibodies against: 

Myl5, MYO10, and Fascin (Proteintech: 14249-1-AP, 24565-1-AP, and 66321-1-lg); 

Pericentrin (Novus Biologicals: NB-100-68277); GFP (Abcam: ab13970); Gapdh 

(GTX100118); -Tubulin (Bio-Rad: MCA78G); Cyclin B (Santa Cruz: sc-245). Centrin 

antibodies were a gift from J. Salisbury and NUMA and TPX2 antibodies were gifts from 

D. Compton. Secondary antibodies conjugated to FITC, Cy3, and Cy5 were from Jackson 

Immuno Research and those conjugated to IRDye 680 and IRDye 800 were from LI-COR 

Biosciences. 
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Figure 1 In silico analyses of Myl5. (a) Schematic of the human Myl5 (UniProtKB-

Q02045) protein domain architecture with the EF hand domains highlighted in blue. The 

number of amino acid residues are indicated. (b) Phylogenetic tree analysis showing that 

Myl5 is conserved among vertebrates. (c) Analysis of MYL5 and MYO10 differential gene 

expression in a broad array of cancers versus matched normal samples with the Gene 

Expression Profiling and Interactive Analysis (GEPIA) web server. See Table S2 for a list 

of cancer types considered and their corresponding abbreviations. The median gene 

expression levels are on the x-axis and cancer type is on the y-axis. Positive values 

represent higher gene expression in tumor samples compared to normal samples and 

negative values represent lower gene expression in tumor samples compared to normal 

samples. (d) Correlation analysis between MYL5 and MYO10 mRNA levels and the 

overall survival of cancer patients using the GEPIA web server. Survival plots indicate 

time in months on the x-axis and percent survival on the y-axis. See materials and 

methods for analysis details.  
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Figure 2 Myl5 localizes to mitotic spindle poles during mitosis. (a) The LAP (GFP-TEV-

S-Peptide)-tagged-Myl5 HeLa inducible stable cell line was treated with Dox for 16 hours 

to express GFP-Myl5 and cells were fixed, stained with Hoechst 33342 DNA dye, and 

anti--Tubulin and anti-GFP antibodies and imaged by immunofluorescence microscopy. 

Images show the cell cycle subcellular localization of GFP-Myl5 during interphase, 

prometaphase, metaphase, anaphase and cytokinesis. Bar indicates 5m. (b-c) Same as 

in (a), except that cells were also stained with anti-NUMA (b) or anti-Pericentrin (c) 

antibodies. Bar indicates 5m. (d) Analysis of endogenous Myl5 protein levels throughout 

the cell cycle. HeLa cells were synchronized in G1/S, released into the cell cycle and cells 
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were harvested at the indicated time points. Protein extracts were prepared, resolved by 

SDS-PAGE, transferred to a PVDF membrane and immunoblotted with the indicated 

antibodies. Gapdh is used a loading control. 

 

 

Figure 3 Depletion of Myl5 leads to spindle assembly and cell division defects. (a) 

Immunoblot analysis showing that siRNA oligonucleotides targeting MYL5 (M1 and M2) 

expression deplete Myl5 protein levels in HeLa cells compared to non-targeting control 

siRNA (siCtrl). Percent Myl5 protein level knockdown (% KD) normalized to Gapdh is 

indicated for each oligonucleotide. (b-c) Immunofluorescence microscopy of HeLa cells 

transfected with siCtrl or siM1 for 72 hours, fixed, and stained with Hoechst 33342 DNA 

dye and anti--Tubulin antibodies. Scale bar indicates 5μm. (d-e) Quantitation of the 

percent mitotic cells with multipolar spindles (d) and lagging chromosomes (e) in siCtrl or 
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siM1 transfected cells. Data represent the average ± SD of four independent experiments, 

100 cells counted for each. *** indicates a p value =.0004 and **** a p value <.0001. (f-g) 

The LAP-Myl5-WT and LAP-Myl5-siRes (resistant to siM1 siRNA targeting Myl5) HeLa 

inducible stable cell lines were transfected with siM1 for 46 hours, synchronized in G1/S 

with thymidine for 18 hours, released into the cell cycle for 8 hours, and induced with Dox 

during the last 16 hours of the experiment to overexpress either GFP-Myl5-WT or GFP-

Myl5-siRes. Cells were then fixed and analyzed by immunofluorescence microscopy and 

the percent mitotic cells with mitotic defects (multipolar spindles (f) and lagging 

chromosomes (g)) was quantified. Data represent the average ± SD of three independent 

experiments, 100 cells counted for each. ** indicates a p value =.0026 and * indicates a 

p value =.0270. 

 

Figure 4 Modulation of Myl5 levels affects the time to cell division. (a) Live-cell time-lapse 

microscopy of HeLa cells transfected with siCtrl or siM1 or siM3 for 72 hours. Cells were 

then synchronized in G1/S with thymidine treatment for 18 hours, released, and imaged 

by staining the cells with SiR-DNA stain at five hours post-release. The indicated times 
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are in minutes. See Videos S1-S3. (b) Quantitation of the time cells spend in mitosis from 

DNA condensation to chromosome separation. Y-axis indicates time in minutes. X-axis 

indicates the siRNA transfections. Data represent the average ± SD of three independent 

experiments, 30 cells counted for each. **** indicates p value <.0001. 
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Figure 5 Myl5 colocalizes with MYO10 at mitotic spindle poles during mitosis and binds 

to MYO10 in vitro. (a) The LAP (GFP-TEV-S-Peptide)-tagged-Myl5 HeLa inducible stable 

cell line was treated with Dox for 16 hours to express GFP-Myl5 and cells were fixed, 

stained with Hoechst 33342 DNA dye, and anti--Tubulin and anti-MYO10 antibodies and 

imaged by immunofluorescence microscopy. Images show the cell cycle subcellular 

localization of GFP-Myl5 and MYO10 during interphase, metaphase, anaphase and 

cytokinesis. Bar indicates 5m. (b) In vitro binding assays performed in the presence or 

absence of radiolabeled (35S methionine) FLAG-MYO10, FLAG-GFP, or HA-Myl5. HA-

Myl5 was immunoprecipitated (IP) and eluates were analyzed by radiometry. See 

materials and methods for experimental details. (c) Same as in (b), except that FLAG-

MYO10-IQL (MYO10 IQ-less mutant) was added to the analysis. (d) Same as in (c), 

except that the binding of HA-CALM3 to FLAG-MYO10 or FLAG-MYO10-IQL was 

analyzed instead of HA-Myl5. See Figure S4 for control experiment showing that FLAG-

MYO10 and FLAG-MYO10-IQL do not bind non-specifically to anti-HA beads. 
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Figure 6 Myl5 localizes to the leading edge and filopodia. (a) The LAP (GFP-TEV-S-

Peptide)-tagged-Myl5 or MYO10 HeLa inducible stable cell lines were treated with Dox 

for 16 hours to express GFP-Myl5 or GFP-MYO10 and cells were fixed, stained with 

Hoechst 33342 DNA dye, anti-GFP and anti--Tubulin, and anti-Fascin (filopodia marker) 

antibodies, and imaged by immunofluorescence (IF) microscopy. Bars indicate 5m. 

Bottom panels of GFP-Myl5 and GFP-MYO10 IF images show magnified view of 

filopodia. (b-e) GFP-Myl5-AA (phospho-null), GFP-Myl5-20E and GFP-Myl5-21E 

(phospho-mimics), and GFP-Myl5-CAD (calcium-binding domain deletion) mutants were 

expressed in HeLa cells for 16 hours and cells were fixed, stained with Hoechst 33342 

DNA dye, and anti--Tubulin and anti-GFP antibodies and imaged by IF microscopy. Bars 

indicate 5m.   

 

SUPPLEMENTAL MATERIAL 

 
 
Figure S1  Expression of GFP-Myl5 and its localization to mitotic spindle poles during 

mitosis. 

(a) Immunoblot analysis of protein extracts from the Dox inducible LAP (GFP-TEV-S-

Peptide)- tagged-Myl5 stable cell line in the absence (-) or presence (+) of Dox. Blots 

(a) (b)

(C)

- +      Dox      

- GFP-Myl5

- Myl5

GFP-Myl5 expression
GFP-Myl5 Centrin DNA α-Tub Merge

GFP-Myl5 TPX2 DNA α-Tub Merge

Gapdh



44 

were probed with anti-Myl5 or anti-Gapdh antibodies. Immunoblot shows that GFP-Myl5 

is expressed only when cells are treated with Dox. The level of GFP-Myl5 is ~5.8 times 

the level of endogenous Myl5. (b and c) The LAP (GFP-TEV-S-Peptide)-tagged-Myl5 

HeLa inducible stable cell line was treated with Dox for 16 hours to express GFP-Myl5 

and cells were fixed, stained with Hoechst 33342 DNA dye and anti- -Tubulin, anti-GFP, 

anti-TPX2 (b), and anti-Centrin (c) antibodies and imaged by immunofluorescence 

microscopy. Images show the localization of GFP-Myl5 during metaphase in relation to 

TPX2 and Centrin. Bars indicate 5m. 
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Figure S2  Depletion of Myl5 leads to spindle assembly and cell division defects.  

(a) siRNA knockdown of Myl5 protein levels. Immunoblot analysis showing that siRNA 

oligonucleotides targeting MYL5 (M3 and M4) expression deplete Myl5 protein levels in 

HeLa cells compared to non-targeting control siRNA (siCtrl). Percent Myl5 protein level 

knockdown (% KD) normalized to Gapdh is indicated for each oligonucleotide. (b-c) 

Immunofluorescence microscopy of HeLa cells treated with siCtrl or siM3 for 72 hours, 

fixed, and stained with Hoechst 33342 DNA dye and anti--Tubulin and anti-Pericentrin 

(b) antibodies. Note that siM3-treated cells display multipolar spindles in prometaphase 

(b), Pericentrin (marker for pericentriolar material- PCM) fragmentation with >2 foci (b), 

and lagging chromosomes (c) in anaphase. Scale bars indicate 5μm. (d-f) Quantitation of 

the percent mitotic cells with PCM fragmentation (d), multipolar spindles (e) and lagging 

chromosomes (f) in siCtrl or siM3 treated cells. Data represent the average ± SD of 4 

independent experiments, 100 cells counted for each. * indicates a p value <.05 as 

indicated above each asterisk.   
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Figure S3  Generation of a Myl5 siRNA-resistant clone for use in rescue experiments. (a) 

HeLa cells were induced to overexpress (OE) an siRNA-sensitive wild type Myl5 (Myl5-

WT) or an siRNA-resistant Myl5 (Myl5-siRes) mutant. Cells were transfected with or 

without siRNA targeting Myl5 (siM1) and immunoblot analysis was performed on cell 

extracts. Note that the overexpressed Myl5-WT is depleted upon treatment with siM1 

(lane 1), while Myl5-siRes remains abundant (lane 3). Gapdh was used as a loading 

control and its levels remain unchanged. 

 

 

 

Figure S4 Control immunoprecipitation (IP) experiment related to Figure 5c,d.  

The in vitro binding assay performed in the presence or absence of radiolabeled (35S 

methionine) FLAG- MYO10 or FLAG-MYO10-IQL (MYO10 IQ-less mutant) and anti-HA 

beads. The anti-HA bead immunoprecipitation (HA-IP) shows that FLAG-MYO10 or 

FLAG-MYO10-IQL are not binding to the beads non-specifically. MW indicates molecular 

weight. 
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Figure S5 Myl5 shares conserved S/T phosphorylation sites with other myosin regulatory 

light chains (RLCs). The indicated human myosin RLC protein sequences were derived 

from UniProt (UniProtKB ID numbers are indicated for each) and aligned using the Clustal 

Omega multiple sequence alignment tool with default parameters. The conserved myosin 

RLC Ser/Thr sites of phosphorylation are indicated with red arrows, which correspond to 

serine 20 and serine 21 in Myl5. 
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Abstract 

The spindle assembly checkpoint (SAC) plays a vital role in cell division by halting 

cell division until chromosomes are properly aligned at the metaphase plate and proper 

tension is sensed at the kinetochores. However, cancer cells are able to dysregulate the 

levels of SAC proteins, which enables them to bypass the SAC and continue with cell 

division, even when conditions are unfavorable. Through an siRNA screen we determined 

that depletion of cyclin dependent kinase 14 (Cdk14) allowed cancer cells to bypass the 

SAC. Cdks are known to play a role in signaling events that are necessary to start and 

complete cell division. Cdks have also been implicated in the Wnt signaling pathway 

though their ability to phosphorylate Wnt components, which has been shown to regulate 

G2/M phase progression. Although there are many factors that contribute to the 

establishment and maintenance of the SAC, our data indicates that Cdk14 may be a novel 

Cdk that is important for proper SAC functioning through the Wnt signaling pathway.  

 

Introduction 

The spindle assembly checkpoint (SAC) is important for the proper separation of 

sister chromatids during cell division. Dysregulation of SAC functioning can result in 

premature sister chromatid separation and in cases where the SAC is completely 

abolished can result in cell death (1). Many types of cancer cells have a weakened SAC 

that allows them to divide with mis-segregated chromosomes, as has been shown in 

human carcinomas (2). Experiments in mice have also shown that mutations in SAC 

genes can lead to aneuploidy and chromosomal instability, which later in life promotes 

tumor formation (3,4). Important for the functioning of the SAC is the mitotic checkpoint 
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complex (MCC) that is composed of cell division cycle protein 20 (Cdc20), mitotic arrest 

deficient 2 (Mad2), budding uninhibited by benzimidazole-related 1 (BubR1) and budding 

uninhibited by benzimidazole 3 (Bub3), which inhibits the anaphase-promoting 

complex/cyclosome (APC/C) activation (5). The MCC is activated when unattached 

kinetochores are present or when lack of tension across the kinetochore is sensed (6). 

Once the APC/C is activated, it is able to ubiquitinate securin (protein that holds sister 

chromatids together) and target it for degradation, thus allowing for sister chromatid 

separation (7).  

In order to better understand the SAC and its regulation, the Torres lab sought to 

identify novel genes important for SAC function. We conducted a high throughput cell-

based siRNA screen to define gene expression knockdowns that bypassed the SAC in 

response to low doses of the chemotherapeutic agent Taxol. This approach identified the 

novel cyclin dependent kinase 14 (Cdk14). Cdks are a large family of kinases that 

phosphorylate serine and threonine amino acids on proteins. They remain catalytically 

inactive until they bind to their cognate cyclin protein (8) and Cdk’s can have multiple 

cyclin partners which modulate their function throughout the cell cycle (9). 

Cdk14 was previously been shown to be involved in the Wnt signaling pathway (11). It 

was also shown to interact with cyclin Y (10) and through this interaction phosphorylate 

low-density lipoprotein receptor-related protein 5/6 (LRP5/6) (14). This phosphorylation 

was important for priming LRP5/6 for further incoming Wnt signals (12) that then illicit a 

stop to Wnt signaling called Wnt/STOP. The Wnt/STOP signal stabilizes proteins at the 

G2/M transition that would otherwise be phosphorylated by glycogen synthase kinase 3β 

(GSK3β) and targeted for degradation, which have a role in ensuring proper microtubule 
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dynamics (12). Interestingly, the blocking of LRP6 from further incoming Wnt signals has 

been shown to contribute to the pathology of Alzheimers disease (14). 

Recently a relationship between Wnt signaling and mitotic progression was 

established (14), where numerous Wnt pathway components were found to be essential 

for regulating cell division (16).  More specifically, the Wnt pathway components 

dishevelled (Dvl), Axis inhibition protein 1 (Axin-1), Axis inhibition protein 2 (Axin-2), 

GSK3β, β-catenin, and APC are all important for centrosome and mitotic spindle 

homeostasis. Dvl localizes to the centrosomes and mitotic spindle where it can interact 

with polo like kinase 1 (Plk1) to regulate spindle orientation and kinetochore-microtubule 

attachment (17). Dvl’s function in spindle orientation is dependent upon LRP6 activation 

(17). Axin 1 and 2 localize to the centrosomes where they play a role in centrosome 

cohesion and microtubule nucleation and stabilization (18). GSK3β has been implicated 

in regulating microtubule dynamics as well as being required for proper chromosome 

alignment (19). β-catenin also localizes to the centrosome where it functions in proper 

spindle assembly and centrosome separation (20). 

As very little was known about Cdk14 with regard to centrosome homeostasis and 

the SAC, we sought to better understand the function of Cdk14 in the Wnt signaling 

pathway and in cell division. First, we sought to determine the localization and protein 

levels of Cdk14 during mitosis. To do this, we generated Cdk14 truncations and 

determined their subcellular localization using immunofluorescence (IF) microscopy. We 

then utilized two complementary biochemical purification approaches to define the Cdk14 

protein-protein interaction network. In-vitro binding experiments were then used to test 

and verify protein-protein interactions identified in the Cdk14 interactome. Finally, the 



66 

Cdk14 protein levels were depleted using different CRISPR sgRNAs and cell division 

defects were analyzed by IF microcopy. Our results indicate that Cdk14 is important for 

SAC function and proper cell division.  

 

Results and Discussion 

Cdk14 localizes to the mitotic spindle and Cdk14 protein levels increase during 

mitosis 

To better understand the function of Cdk14, we first analyzed its subcellular 

localization. To do this, we established EGFP-tagged Cdk14 expression vectors and 

analyzed their localization throughout the cell cycle. We determined that Cdk14 localizes 

to the mitotic microtubule spindle during metaphase (Figure 1A). Additionally, we 

analyzed the Cdk14 protein levels throughout the cell cycle by arresting cells in G1/S with 

thymidine, in G2/M with nocodazole, and in prometaphase of mitosis with Taxol. The cells 

were then released into the cell cycle and harvested at various time points post release 

(Figure 1B-D). Next, cells were lysed and the extracts were immunoblotted for Cdk14, 

Cyclin B (protein levels accumulate in mitosis, a mitotic marker), and Gapdh (loading 

control). Interestingly, all three synchronization and release experiments showed that 

Cdk14 protein levels increased as the cells entered mitosis and decreased as the cells 

exited mitosis (Figure 1B-D). These results indicated that the protein stability of Cdk14 

was regulated in a cell cycle dependent manner and that Cdk14 levels were the highest 

during mitosis. 

 

Full length CDK14 required for proper spindle localization    
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Next, we developed a truncation series of EGFP-tagged Cdk14 and analyzed the 

ability of these truncations to localize to the mitotic spindle during metaphase. This 

included an N-terminal domain (NT), the N-terminal and kinase domain (NTKD), the 

kinase domain (KD), the kinase and C-terminal domain (KDCT), and the C-terminal 

domain (CT). These experiments showed that the Cdk14 NTKD was the only truncation 

that retained the ability to localize to the spindle and the rest of the Cdk14 truncations 

were mislocalized from the spindle microtubules to the spindle poles (Figure 2A-B). 

Interestingly, the N-terminal region or C-terminal regions of Cdk14 alone were able to 

localize to the spindle poles, indicating that Cdk14 may have multiple domains that 

interact with spindle pole proteins (Figure 2B).   

 

Cdk14 protein associations 

Next, we established inducible LAP and BioID2-tagged Cdk14 stable cell lines. 

These cell lines were utilized to map the associations of Cdk14 through affinity (LAP-Tag) 

and proximity (BioID2-Tag) based proteomic approaches. Briefly, cells were induced with 

Dox to express LAP-tagged or BioID2-tagged Cdk14 and LAP and BioID2 biochemical 

purifications were performed, followed by mass spectrometry analyses of the 

purifications. The mass spectrometry data was analyzed to identify statistically significant 

associations and these associations were visualized as an interaction network using 

Cytoscape (Figure 3A). This preliminary analysis identified two mitotic kinases as 

potential Cdk14 interactors, the Polo-like kinase 1 (Plk1) and the Aurora Kinase A (AurkA) 

(Figure 3A). Plk1 localizes to kinetochores and regulates kinetochore-microtubule 

attachment (Liu 2018), while AurkA localizes to spindle poles and is involved in 
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centrosome function (Dutertre 2002). Additionally, we identified several other proteins 

involved in mitotic spindle assembly and the SAC, including Bub3 and the Bub3 

interacting protein ZNF207, TPX2, SGO2, Survivin, and KIF23. Due to the importance of 

these proteins to the SAC and to spindle formation we decided to test the binding of some 

of these proteins to Cdk14. To do this, we performed in-vitro binding experiments with 

HA-Cdk14 and FLAG-TPX2, FLAG-SGO2, FLAG-KIF23, FLAG-Cyclin Y, FLAG-PLK1, 

FLAG- Survivin, and FLAG-LCMT1A. Interestingly, Cdk14 bound to SGO2, CyclinY, Plk1, 

and Survivin. 

 

Cdk14 is important for SAC function 

To further understand the function of Cdk14 in the SAC, we first defined siRNA 

oligos that were able to deplete the levels of Cdk14 in cells (Figure 4A). We also 

established Dox inducible CRISPR-Cas9 stable cell lines that were able to deplete Cdk14 

protein levels upon Dox treatment (Figure 4B). These cell lines contained a Dox inducible 

Cas9 and constitutive sgRNAs that targeted Cdk14 expression. An initial characterization 

of one of the Cdk14 knockout cell lines, indicated that deletion of Cdk14 led to defects in 

chromosome congression, chromosome segregation, and to the generation of 

multinucleated cells (Figure 4C-E). Although preliminary, these results indicate that 

Cdk14 is indeed important for SAC function.  

 

Conclusions and future perspectives 

We have determined that Cdk14 localizes to the mitotic spindle during metaphase 

and is important for SAC function (Figure 1A). Cdk14 protein levels peaked during mitosis 
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and decreased after mitotic exit (Figure 1B) Truncation analysis of Cdk14 showed that 

the N terminus fragment containing the kinase domain (NTKD) contained the minimal 

sequences required for spindle localization. (Figure 2B), while the rest of the truncations 

localized to the spindle poles (Figure 2B). The establishment of inducible LAP and BioID2-

tagged Cdk14 stable cell lines and subsequent biochemical purifications followed by 

mass spectrometry analyses of the purifications yielded interesting putative protein-

protein interactions. Of interest, we identified two mitotic kinases as potential Cdk14 

interactors; PLK1 and AurkA (Figure 3A). Finally, depletion of Cdk14 led to mitotic 

chromosome congression and segregation errors indicating it may have a role in the SAC 

(Figure 4). 

As the Cdk14 depletion and phenotypic analysis results are preliminary, future 

studies should focus on validating siRNAs and CRISPR sgRNAs that deplete Cdk14 and 

analyzing the resulting cell division defects via fixed-cell and live-cell time-lapse 

microscopy. Although we have identified and validated several novel Cdk14 interacting 

proteins, future studies should focus on determining whether these proteins are 

substrates of Cdk14 and/or if they are regulating Cdk14 localization and/or activity 

through phosphorylation. Additionally, it will be important to determine which domains of 

Cdk14 are important for binding to these novel interactors and what the importance of 

these interactions are to mitotic spindle assembly and the SAC. 

 

Materials and Methods 

Cell culture  
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HeLa cells were grown in F12:DMEM 50:50 (Hyclone) with 10% FBS, 2mM L-glutamine 

and antibiotics in 5% CO2 at 37 oC. Cells were synchronized in G1/S by treatment with 2 

mM thymidine (Sigma-Aldrich) for 18-hours. The following siRNAs were used for siRNA 

transfections: Thermo Fisher Silencer Select 4390843 (control non-targeting siRNA) and 

(M1, M2, M3, and M4 siRNAs targeting Cdk14) were used as described previously 

(Torres et al. 2010).  

 

Generation of the LAP/BioID2-Cdk14 inducible stable cell line 

The HeLa BioID2-Cdk14 and HeLa LAP(GFP-TEV-S-Peptide)-Cdk14, -Cdk14-NT, -

Cdk14-NTKD, -Cdk14-Kd, -Cdk14-KDCT, and -Cdk14-CT inducible stable cell lines were 

generated as described previously (Torres et al. 2009; Bradley et al. 2016). Briefly, full-

length Cdk14 (coding for amino acid residues 1-469) and truncation derivatives NT 

(coding for amino acid residues 1-134), NTKD (coding for amino acid residues 1-419),  

KD (coding for amino acid residues 135-419), KDCT (coding for amino acid residues 135-

469), CT (coding for amino acid residues 419-469), were cloned into pDONR221 and 

transferred to pGLAP1 through a Gateway reaction to generate the pGLAP1 vectors with 

these ORFs that were transfected into HeLa Flp-In T-Rex cells to generate their 

respective inducible stable cell lines. 

 

Immunoblotting 

For Cdk14 cell cycle protein expression analysis, HeLa cells were synchronized in G1/S 

with 2 mM thymidine for 18-hours. Cells were then washed with PBS three times and 

twice with F12:DMEM media with 10% FBS and released into the cell cycle. Cells were 
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harvested at the indicated time points, lysed, and protein extracts were resolved on a 4-

20% SDS-PAGE and transferred to a PVDF membrane. The membranes were 

immunoblotted with the indicated antibodies and imaged with a LiCOR system. The same 

approach was used to detect Cdk14 protein depletion upon siRNA transfections without 

the cell synchronization step. Cell extract preparation and immunoblot analyses with the 

indicated antibodies were as described previously (Gholkar et al. 2016). 

 

Fixed-cell immunofluorescence microscopy  

Fixed-cell immunofluorescence microscopy was performed as described previously 

(Gholkar et al. 2016). Briefly, non-transfected cells or cells that had been transfected with 

the indicated siRNAs for 48 hours were arrested in G1/S with 2 mM thymidine for 18 

hours, washed, and released into fresh media for eight hours. Cells were then fixed with 

4% paraformaldehyde, permeabilized with 0.2% Triton X-100/PBS, and co-stained with 

0.5 g/ml Hoechst 33342 (Thermo Fisher) to visualize the DNA and the indicated 

antibodies. A Leica DMI6000 microscope (Leica DFC360 FX Camera, 63x/1.40-0.60 NA 

oil objective, Leica AF6000 software) was then used to capture the images, which were 

deconvolved with the Leica Application Suite 3D Deconvolution software and exported as 

TIFF files. For quantifying mitotic defects, the data from four independent experiments, 

with 100 cells counted for each, was used to quantify the average ± standard deviation 

(SD).  

 

LAP/BioID2 Purifications and LC-MS/MS Analyses 
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For LAP purifications, GFP as the negative control and Cdk14 were purified from LAP-

tagged inducible stable cell lines as previously described (Torres et al., 2009). Briefly, 

LAP-GFP and LAP-Cdk14 stable cell lines were induced with 0.1μg/ml doxycycline and 

lysed. The cell lysates were subjected to tandem affinity purification by incubating with 

anti-GFP antibody beads; the bound eluates were incubated with S-protein Agarose. The 

final eluates were resolved on a 4-20% gradient SDS PAGE gel; the gel was excised and 

prepared for LC-MS/MS analysis. For BioID2 purifications, biotinylated proteins were 

purified from BioID2-tagged inducible stable cell lines using protocols described 

previously with modifications (Gupta et al., 2015; Kim et al., 2016). Briefly, BioID2-only 

and BioID2-Cdk14 stable cell lines were washed with PBS and DMEM/Ham's F-12 before 

being shifted into DMEM/Ham's F-12 supplemented with 10% Dynabeads treated FBS 

(FBS was incubated with Dynabeads at 4°C overnight and the Dynabeads were removed 

with magnetic stand the following day). The cells were induced with 0.1μg/ml doxycycline 

and 50 μM Biotin for 16 hours before being lysed in lysis buffer (50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton-X-100, 0.1% SDS, protease inhibitor 

cocktail) for 1 hour at 4°C with gentle rotation. The cell lysates were centrifuged at 15,000 

rpm for 15 minutes and transferred to TLA-100.3 tubes for a second high speed centrifuge 

at 45,000 rpm for 1 hour at 4°C. The supernatants were incubated with Dynabeads at 

4°Covernight with gentle rotation. The beads were washed twice with 2% SDS, one time 

with WB1 (0.1% sodium deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM EDTA, 50 

mM HEPES), one time with WB2 (250 mM LiCl, 0.5% deoxycholate, 1 mM EDTA, 10 mM 

Tris-HCl pH 8.0), and a final wash with 50 mM Tris-HCl pH 7.5 before being resuspended 

in elution buffer (50 mM triethyl ammonium bicarbonate, 12 mM sodium lauroyl sarcosine, 
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0.5% sodium deoxycholate). The resuspended beads were proceeded to on-bead 

digestion and LC-MS/MS analysis. Mass spectrometry analysis was performed at the 

UCLA Pasarow Mass Spectrometry Laboratory on a Thermo LTQ-Orbitrap XL as 

described previously (Patananan et al., 2014).  

 

Statistical analysis 

All statistical data are presented as the average ± SD from at least three independent 

experiments. The data was analyzed using an unpaired Student’s t test. Data was judged 

to be statistically significant when p < 0.05. All statistical figures were generated with 

GraphPad Prism 5. 

 

Generation of plasmids and in vitro binding assays 

For in vitro binding assays, full-length human CDK14 (encoding amino acid residues 1-

469) was fused to the C-terminus of the HA-tag to generate the pCS2-HA-CDK14 vector. 

Similarly, full-length TPX2, KIF23, Cyclin Y, PLK1, Survivin, LCMT1A were fused to the 

C-terminus of the FLAG-tag to generate the pCS2-FLAG-TPX2, pCS2-FLAG-SGO2, 

pCS2-FLAG-KIF23, pCS2-FLAG-CCNY, pCS2-FLAG-PLK1, pCS2-FLAG-Survivin 

(BIRC5) and pCS2-FLAG-LCMT1A vectors. In vitro binding assays were performed as 

described previously (Gholkar et al. 2016). Briefly, HA-Cdk14, FLAG-TPX2, FLAG-SGO2, 

FLAG-KIF23, FLAG-Cyclin Y, FLAG-PLK1, FLAG- Survivin and FLAG-LCMT1A 

(negative control) were in vitro transcribed and translated (IVT) using TNT® Quick 

Coupled Transcription/Translation System, (Promega) in 10 L reactions. Magnetic HA 

beads (MBL International) were washed three times and equilibrated with wash buffer (50 
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mM Tris pH 7.4, 200 mM KCl, 1 mM DTT, 0.5% NP-40, and Halt Protease and 

Phosphatase Inhibitor Cocktail). IVT reactions were added to the equilibrated HA beads 

and incubated for 1.5 hours at 30 oC with gentle shaking. Beads were washed three times 

with wash buffer and eluted by boiling for five minutes with 2X Laemmli SDS sample 

buffer. Samples were resolved on a 4-20% gradient Tris gel with Tris-Glycine SDS 

running buffer, transferred to an Immobilon PVDF membrane (EMD Millipore), and 

membranes were analyzed with a PharosFX Plus molecular imaging system (Bio-Rad). 

 

Antibodies 

Immunofluorescence and immunoblotting were carried out using antibodies against: 

Cdk14 (21612-1-AP), Cas9 ( ); GFP (Abcam: ab13970); Gapdh (GTX100118); -Tubulin 

(Bio-Rad: MCA78G); Cyclin B (Santa Cruz: sc-245). Secondary antibodies conjugated to 

FITC, Cy3, and Cy5 were from Jackson Immuno Research and those conjugated to 

IRDye 680 and IRDye 800 were from LI-COR Biosciences. 
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Figures 

 

 

Figure 1. (A) Immunofluorescence microscopy of fixed cells overexpressing GFP-Cdk14 

stained with Hoechst 33342 DNA dye, anti-α-tubulin, and anti-GFP. Images show the 

localization of Cdk14 in interphase and mitosis. (B-D) Immunoblot analysis of Cdk14 

protein levels throughout the cell cycle. Hela cells were synchronized in G1/S 

(Thymidine), G2/M (Nocodazole), metaphase (Taxol), released into the cell cycle and 

cells were harvested at the indicated time points. Cyclin B is used as a mitotic marker 

since it is highly expressed during mitosis and Gapdh is a loading control. 
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Figure 2. Cdk14 truncation analysis. (A) Schematic figure of the Cdk14 truncations that 

were generated. (B) Immunofluorescence microscopy of fixed cells overexpressing 

truncated versions of GFP-Cdk14 stained with Hoechst 33342 DNA dye, anti-α-tubulin, 

and anti-GFP. Images show the localization of the GFP-Cdk14 truncations during 

metaphase.  
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Figure 3. Cdk14 protein associations. (A) Cdk14 protein association network comprised 

of kinetochore and spindle pole proteins identified in a Cdk14-BioID2 purification by mass 

spectrometry. (B) Shows immunoprecipitation of [35S] methionine-labeled proteins using 

HA-tagged Cdk14. Cdk14 co-precipitates with SGO2, CyclinY, Plk1, and Survivin, but not 

with the negative control LCMT1A.  

 

 

 

 

Figure 4. Cdk14 depletion analysis. (A) Immunoblot analysis showing knockdown of 

Cdk14 with different siRNA oligos targeting different regions of Cdk14 and Gapdh is used 

as a loading control. (B) Immunoblot analysis showing knockdown of Cdk14 using 

different guide RNAs targeting different regions of Cdk14 and Gapdh is a loading control 

and Cas9 shows proper induction of Cas9. (C-E) Immunofluorescence microscopy of 

fixed cells showing phenotypes of CRIPR/Cas9 depletion of Cdk14. Hela cells were 

synchronized in G1/S, released into the cell cycle, and then stained with Hoechst 33342 

DNA dye and anti-α-tubulin. (C-E) Shows phenotypes that arise upon depletion of Cdk14 
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using sgRNA1 that targets Cdk14. Cdk14 knockdown leads to multinucleated cells (C), 

multipolar spindles (D), and lagging chromosomes (E) when compared to the control. 

 

Table S1 Reagents and resources 

REAGENT or RESOURCE 
 
E 

SOURCE IDENTIFIER 

Antibodies 

Chicken polyclonal anti-GFP Abcam Cat# ab13970;  
RRID: AB_300798 

Rabbit polyclonal anti-HA Proteintech Cat# 51064-2-AP;   
RRID: AB_11042321 

Rat monoclonal anti-α-Tubulin 
(clone YOL1/34) 

Bio-Rad Cat# MCA78G;  
RRID: AB_325005  

Rabbit polyclonal anti-GAPDH Genetex Cat# GTX100118; 
RRID:AB_1080976 

Mouse monoclonal anti-Cyclin B1 Santa Cruz Cat# sc-245;  
RRID:AB_627338 

Rabbit polyclonal anti-Cdk14 Proteintech Cat# 21612-1-AP 
Anti-CRISPR-Cas9 Abcam Cat# ab191468 

RRID# AB_2692325 
Rabbit polyclonal anti-Centrin Gift from J. Salisbury N/A 
Donkey polyclonal anti-Human 
IgG (H+L), Fluorescein (FITC) 
AffiniPure 

Jackson 
ImmunoResearch Labs 

Cat# 709-095-149;  
RRID: AB_2340514 

Donkey polyclonal anti-Rat IgG 
(H+L), Cy3 AffiniPure 

Jackson 
ImmunoResearch Labs 

Cat# 712-165-153;  
RRID: AB_2340667 

Donkey polyclonal anti-Human 
IgG (H+L), Cy5 AffiniPure 

Jackson 
ImmunoResearch Labs 

Cat# 709-175-149;  
RRID: AB_2340539 

Donkey polyclonal anti-Chicken 
IgY (IgG) (H+L), Fluorescein 
(FITC) AffiniPure 

Jackson 
ImmunoResearch Labs 

Cat# 703-095-155;  
RRID: AB_2340356 

Donkey polyclonal anti-Rabbit IgG 
(H+L), Cy3 AffiniPure 

Jackson 
ImmunoResearch Labs 

Cat# 711-165-152;  
RRID: AB_2307443 

Donkey polyclonal anti-Rabbit IgG 
(H+L), Fluorescein (FITC) 
AffiniPure 

Jackson 
ImmunoResearch Labs 

Cat# 711-095-152;  
RRID: AB_2315776 

Donkey polyclonal anti-Mouse IgG 
(H+L), Fluorescein (FITC) 
AffiniPure 

Jackson 
ImmunoResearch Labs 

Cat# 715-095-151;  
RRID: AB_2335588 

Donkey polyclonal anti-Mouse IgG 
(H+L), Cy3 AffiniPure 

Jackson 
ImmunoResearch Labs 

Cat# 715-165-151;  
RRID: AB_2315777 

Donkey polyclonal anti-Goat IgG 
(H+L), IRDye 680RD 

LI-COR Biosciences Cat# 926-68074;  
RRID: AB_10956736 



79 

Donkey polyclonal anti-Mouse IgG 
(H+L), IRDye 680RD 

LI-COR Biosciences Cat# 926-68072;  
RRID: AB_10953628 

Donkey polyclonal anti-Mouse IgG 
(H+L), IRDye 800CW 

LI-COR Biosciences Cat# 926-32212;  
RRID: AB_621847 

Donkey polyclonal anti-Chicken 
IgG (H+L), IRDye 800CW 

LI-COR Biosciences Cat# 926-32218;  
RRID: AB_1850023 

Donkey polyclonal anti-Rabbit IgG 
(H+L), IRDye 680RD 

LI-COR Biosciences Cat# 926-68073;  
RRID: AB_10954442 

Donkey polyclonal anti-Rabbit IgG 
(H+L), IRDye 800CW 

LI-COR Biosciences Cat# 926-32213;  
RRID: AB_621848 

Chemicals, Peptides, and 
Recombinant Proteins 

  

Paclitaxel Sigma-Aldrich Cat# T7191; 
CAS:33069-62-4 

Nocodazole Sigma-Aldrich Cat# 1404; 
CAS:31430-18-9 

Thymidine Sigma-Aldrich Cat# T1895; CAS:50-
89-5 

Doxycycline Sigma-Aldrich Cat# D9891; 
CAS:24390-14-5 

Halt Protease Inhibitor Cocktail Thermo Fisher 
Scientific 

Cat# 87786 

Hoechst 33342 Thermo Fisher 
Scientific 

Cat# H1399; 
CAS:23491-52-3 

ProLong Gold Antifade Mountant Thermo Fisher 
Scientific 

Cat# P36934 

Lipofectamine RNAiMAX Thermo Fisher 
Scientific 

Cat# 13778150 

FuGENE HD Promega Cat# E2311 

FuGene 6 Promega Cat# E2691 

Critical Commercial Assays   

SP6 TnT Quick Coupled 
Transcription/Translation System 

Promega Cat# L2080 

PureYield Plasmid Miniprep 
System 

Promega Cat# A1222 

QIAprep Spin Miniprep Kit QIAGEN Cat# 27106 

Experimental Models: Cell 
Lines 

  

Human: HeLa cells ATCC Cat# CCL-2; RRID: 
CVCL_0030 

Human: HCT116-GFP-H2B Cells Gift from P. Jackson N/A 
Human: HeLa Flp-In T-Rex Cells Gift from S. Taylor N/A 

Oligonucleotides   

https://www.sigmaaldrich.com/catalog/search?term=33069-62-4&interface=CAS%20No.&lang=en&region=US&focus=product
https://www.sigmaaldrich.com/catalog/search?term=31430-18-9&interface=CAS%20No.&lang=en&region=US&focus=product
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Silencer™ Select siRNA targeting 
Cdk14 

Thermo Fisher 
Scientific 

Cat# 4392420;  
siRNA ID: 004837-06-
0002 

Silencer™ Select siRNA targeting 
Cdk14 

Thermo Fisher 
Scientific 

Cat# 4392420;  
siRNA ID: J-004837-
07-0002 

Silencer™ Select Negative 
Control siRNA  

Thermo Fisher 
Scientific 

Cat# 4390843 

Recombinant DNA   

Cdk14 cDNA GenScript Clone ID: OHu01143C 
pDONR221-Cdk14 This paper N/A 
pGLAP1-Cdk14 This paper N/A 

pCS2-HA-Cdk14 This paper N/A 
pCS2-FLAG-TPX2 This paper N/A 
pCS2-FLAG-SGO2 This paper N/A 
pCS2-FLAG-KIF23 This paper N/A 
pCS2-FLAG-CCNY This paper N/A 
pCS2-FLAG-PLK1 This paper N/A 
pCS2-FLAG-BIRC5 This paper N/A 
pCS2-FLAG-LCMT1A This paper N/A 
pDONR221-GFP This paper N/A 
pCS2-FLAG-GFP This paper N/A 

pDONR221 Thermo Fisher Cat# 12536017 
pGLAP1-Cdk14-NT This paper N/A 
pGLAP1-Cdk14-NTKD This paper N/A 
pGLAP1-Cdk14-KD This paper N/A 
pGLAP1-Cdk14-KDCT This paper N/A 
pGLAP1-Cdk14-CT This paper N/A 

Software and Algorithms   

GraphPad Prism 8 GraphPad RRID: SCR_002798 
ImageJ NIH ImageJ https://imagej.nih.gov/ij

/index.html 
RRID:SCR_003070 
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Chapter 4 
 

Final Thoughts 
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The Myl5 research studies have demonstrated that a myosin light chain can 

interact with a myosin in a region outside of a myosin binding site. This leads to new 

questions about whether there are other unconventional myosin RLCs and whether 

other non-canonical mechanisms exist to regulate myosin activity. Future research 

studies should address these pressing questions and whether these processes regulate 

cell division. Similar to cyclins, which can bind to different Cdk’s to either activate or 

target for degradation different substrates during different cell cycle phases, it will be 

interesting to determine if Myl5 interacts with and regulates different myosins during 

different phases of the cell cycle. This could be accomplished by using cell 

synchronization experiments coupled to proximity-based proteomics approaches to 

generation cell cycle phase-specific interaction networks.    

The Cdk14 research studies have shed light on the function of a new cyclin 

dependent kinase whose roll in cell division is still not fully understood. Moving forward, 

it will be important to validate Cdk14s role in the sac, to determine if the identified 

interacting kinases are Cdk14 substrates or if Cdk14 is a substrate of these enzymes, 

and more importantly how this phospho-regulation interplay is important for proper cell 

division. 
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Appendix Chapter 1 

 

DUSP7 Regulates the Activity of ERK2 to Promote Proper Chromosome Alignment 

During Cell 
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Appendix Chapter 2 

 

Inducible LAP-tagged Stable Cell Lines for Investigating Protein Function, Spatiotemporal 

Localization and Protein Interaction Networks 
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