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ABSTRACT OF THE DISSERTATION

Functional Characterization of Novel Cell Division Enzymes

by

Ilvan Ramirez

Doctor of Philosophy in Biochemistry and Molecular Biology

University of California, Los Angeles, 2021

Professor Jorge Z. Torres, Chair

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



enzymes that are misregulated in cancer cells and to understand their functions during
cell division. The first enzyme that | analyzed was the previously uncharacterized protein
MyI5, which is a myosin regulatory light chain (RLC). | determined that MylI5 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 | 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

Introduction to the cell cycle



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 GO 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
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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:



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 myosinla have been
observed in patients with colorectal cancer, which has been correlated with faster tumor
progression (40). Similarly, myosinla 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
7



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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The myosin regulatory light chain Myl5 localizes to mitotic spindle poles and is required for
proper cell division

Ivan Ramirez, Ankur A. Gholkar, Erick F. Velasquez, Xiao Guo, Bobby Tofig, Robert
Damoiseaux and Jorge Z. Torres

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 MyI5 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-Il 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-Il 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 HelLa 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 MyI5 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 (MylI5), 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

20



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-MylI5 upon induction with Dox (Figure S1a) (Torres et al. 2009; Bradley et al. 2016).
The LAP-MyI5 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-a-Tubulin and anti-GFP
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antibodies and imaged by immunofluorescence microscopy. During interphase GFP-MylI5
was dispersed throughout the nucleus and cytoplasm of the cell (Figure 2a). Interestingly,
GFP-MylI5 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-
MyI5 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-MyI5 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 | Myl5is 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. HelLa 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. HelLa 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-o-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= 20.75+3.59%, p=.0004 compared to siCtrl= 7.5+1.29%) and anaphase
cells with lagging chromosomes (siM1= 32.25+2.5%, p<.0001 compared to siCtrl=
8.25+3.1%) (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-MyI5 (for multipolar spindles-
siM1+ GFP-Myl5-siRes= 3.0+1.0%, p=.0270 compared to siM1l+ GFP-Myl5-WT=
8.33+2.51%; for lagging chromosomes- siM1+ GFP-Myl5-siRes= 9.67+1.5%, p=.0026
compared to siM1+ GFP-Myl5-WT= 19.67+2.08%) (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 MyI5.
HeLa cells were transfected with non-targeting control siRNA (siCtrl) or siRNAs targeting
MyI5 (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 MyI5 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= 55427.4 minutes (p<.0001) and siM3 = 46422 minutes (p=.0288) compared to

siCtrl= 38.9+21.6 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-a-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 1Q motifs of myosins are key sites for
binding to regulatory light chains (Heissler and Sellers 2014), thus we asked if the 1Q
motifs of MYO10 were necessary for the MYO10-Myl5 interaction. To do this, we removed
the three 1Q 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
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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-a-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-MyI5 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-MyI5 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-MyI5 (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-MyI5
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-MylI5 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 MYOL10, it is possible that MyI5
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 MyI5 has been shown to bind the promoter region of
HIF-lalpha, an important factor in tumorigenesis, and regulates its expression (Rankin
and Giaccia 2016; Zhang et al. 2017). Consistent with this function, GFP-MylI5 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% CO:2 at 37 °C. Cells were synchronized in G1/S by treatment with 2
mM thymidine (Sigma-Aldrich) for 18-hours. The following siRNAs were used for sSiRNA
transfections: ThermoFisher Silencer Select 4390843 (control non-targeting siRNA) and
S9187 and S9188 (M1 and M2 siRNAs targeting MYLS5); 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-MyI5 inducible stable cell line
The HeLa LAP(GFP-TEV-S-Peptide)-Myl5, -Myl5-AA, -MyI5-20E, -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, HelLa 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 pg/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, HelLa 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-CALMS3 vectors. Similarly full-
length MYO10 (encoding amino acid residues 1-2058) or MYO10 lacking amino acids
742-817 that contain the 1Q 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 uL reactions. Magnetic HA beads
(MBL International) were washed three times and equilibrated with wash buffer (50 mM
Tris pH 7.4, 200 mM KCI, 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 °C 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
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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 | Insilico 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
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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 66321-1-1g);
Pericentrin (Novus Biologicals: NB-100-68277); GFP (Abcam: ab13970); Gapdh
(GTX100118); a-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 (UniProtkKB-
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
MyI5 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-o-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 5um. (b-c) Same as
in (a), except that cells were also stained with anti-NUMA (b) or anti-Pericentrin (c)
antibodies. Bar indicates 5um. (d) Analysis of endogenous Myl5 protein levels throughout

the cell cycle. HelLa 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.
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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 MylI5 protein level knockdown (% KD) normalized to Gapdh is
indicated for each oligonucleotide. (b-c) Immunofluorescence microscopy of HelLa cells
transfected with siCtrl or siM1 for 72 hours, fixed, and stained with Hoechst 33342 DNA
dye and anti-a-Tubulin antibodies. Scale bar indicates 5um. (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) HelLa
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-MyI5-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.
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Figure 4 Modulation of Myl5 levels affects the time to cell division. (a) Live-cell time-lapse
microscopy of HelLa 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 HelLa 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-a-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 5um. (b) In vitro binding assays performed in the presence or
absence of radiolabeled (**S methionine) FLAG-MYQO10, 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 1Q-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-MyI5. 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 HelLa 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-a-Tubulin, and anti-Fascin (filopodia marker)
antibodies, and imaged by immunofluorescence (IF) microscopy. Bars indicate 5um.
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 HelLa cells for 16 hours and cells were fixed, stained with Hoechst 33342

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

indicate 5um.
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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

43



were probed with anti-Myl5 or anti-Gapdh antibodies. Immunoblot shows that GFP-MyI5
is expressed only when cells are treated with Dox. The level of GFP-MyI5 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-[J-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 5pum.
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Figure S2 Depletion of MyI5 leads to spindle assembly and cell division defects.

(a) siRNA knockdown of MylI5 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 HelLa cells treated with siCtrl or siM3 for 72 hours,
fixed, and stained with Hoechst 33342 DNA dye and anti-a-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 5um. (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)
HelLa 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.
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Figure S4 Control immunoprecipitation (IP) experiment related to Figure 5c,d.

The in vitro binding assay performed in the presence or absence of radiolabeled (3°S
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 MyI5.
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Table S1 Reagents and resources

REAGENT or RESOURCE 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-g-Tubulin (clone Bio-Rad Cat# MCATSG;
YOL1/34) RRID: AB 325005
Rabbit polyclonal anti-MYO10 Proteintech Cat# 24505-1-AP
Rabbit polyclonal anti-Pericentrin Novus Cat# NB100-68277,
RRID:AB 1109761
Rabbit polyclonal anti-GAPDH Genetex Cat# GTX100118;
RRID:AB 1080976
Rabbit polyclonal anti-MYL3 Proteintech Cat# 14249-1-AP;
RRID:AB 2266762
Mouse monoclonal anti-Cyclin B1 Santa Cruz Cat# sc-245;

RRID:AB_ 627338

Rabbit polyclonal anti-NUMA Gift from D. Compton N/A
Rabbit polyclonal anti-TPX2 Gift from D. Compton N/A
Rabbit polyclonal anti-Centrin Gift from J. Salisbury N/A

Rabbit polyclonal anti-Calmodulin Proteintech Cat# 10541-1-AP
RRID: AB 2069442
Mouse monoclonal anti-Fascin Proteintech Cat# 66321-1-Ig

RRID: AB 2881701

Donkey polyclonal anti-Human IgG (H+L),
Fluorescein (FIT C) AffiniPure

Jackson ImmunoResearch Labs

Cat# 709-095-149;
RRID: AB 2340514

Donkey polyclonal anti-Rat I[gG (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 (FIT C) AffiniPure

Jackson ImmunoResearch Labs

Cat# 711-095-152;
RRID: AB 2315776

Donkey polyclonal anti-Mouse TgG (H+L),
Fluorescein (FIT C) 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

Donkey polyclonal anti-Mouse IgG
(H+L), TRDye 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), TRDye 680RD

LI-COR Biosciences

Cat# 926-68073;
RRID: AB 10954442

Donkey polyclonal anti-Rabbit IgG
(H+L), TRDye 800CW

LI-COR Biosciences

Cat# 926-32213,
RRID: AB 621848
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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 Thermeo Fisher Scientific Cat# H1399, CAS:23491-52-3
Prol.ong 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 Promega Cat#1,2080
Transcription/Translation System

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: Hel.a Flp-In T-Rex Cells Gift from S. Taylor N/A

Oligonucleotides

Silencer™ Select siRNA targeting MYL3 Thermo Fisher Scientific Cat# 4392420,
siRNA 1D: s9187

Silencer™ Select siRNA targeting AT1.5 Thermo Fisher Scientific Cat# 4392420,
sIRNA ID: 59188

Silencer™ Select Negative Control siRNA Thermo Fisher Scientific Cat# 4390843

ON-TARGETplus Human ATLS siRNA Dharmacon Cat# J-011739-03
ON-TARGETplus Human AYL3 siRNA Dharmacon Cat# I-011739-04
ON-TARGETplus Non-targeting Control Dharmacon Cat# D-001810-10
Recombinant DNA

MYL5 ¢cDNA GenScript Clone ID: OHu30367
pDONR221-Myl5 This paper N/A
pGLAP1-Myl5 This paper N/A
pCS2-HA-Myl5 This paper N/A
pDONR221-MYO10 This paper N/A
EGFPCI-hMYO10 Addgene Clone ID: 47608
pCS2-FLAG-MYO10 This paper N/A
pDONRZ221-GFP This paper N/A

pCS2-FL AG-GFP This paper N/A

pDONRZ221 Thermo Fisher Scientific Cat# 12536017
PGLAP1-Myl5-AA This paper N/A

pGLAP1- Myl5-20E This paper N/A

pGLAPI- Myl5-21E This paper N/A

PGLAPI- Myl5-CAD This paper N/A
PGLAPI-Myl5-siRes This paper N/A
PCS2-FLAG-MYO10-IQL This paper N/A

pLDNT7 nFLAG-CALM3 DNASU Clone ID: HsCD00617973
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pDONR221-CALM3 This paper N/A

pCS2-HA-CALM3 This paper N/A

Software and Algorithms

GraphPad Prism 8 GraphPad RRID: SCR_002798

Imagel NIH Imagel https://imagej nih gov/ij/index ht
ml RRID:SCR 003070

Table S2 List of cancer types analvzed for A/YL5 and MYO 10 differential gene expression

Abbreviation | Cancer tvpe
ACC Adrenocortical carcinoma
BLCA Bladder Urothelial Carcinoma
BRCA Breast invasive carcinoma
CESC Cervical squamous cell carcinoma & endocervical adenocarcinoma
CHOL Cholangio carcinoma
COAD Colon adenocarcinoma
DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
ESCA Esophageal carcinoma
GBM Glioblastoma multiforme
HNSC Head and Neck squamous cell carcinoma
KICH Kidney Chromophobe
KIRC Kidney renal clear cell carcinoma
KIRP Kidney renal papillary cell carcinoma
LAMIL Acute Myeloid Leukemia
LGG Brain Lower Grade Glioma
LIHC Liver hepatocellular carcinoma
LUAD Lung adenocarcinoma
LUSC Lung squamous cell carcinoma
MESO Mesothelioma
oV Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma
PCPG Pheochromocytoma and Paraganglioma
PRAD Prostate adenocarcinoma
READ Rectum adenocarcinoma
SARC Sarcoma
SKCM Skin Cutaneous Melanoma
STAD Stomach adenocarcinoma
TGCT Testicular Germ Cell Tumors
THCA Thyroid carcinoma
THYM Thymoma
UCEC Uterine Corpus Endometrial Carcinoma
ucs Uterine Carcinosarcoma
UVM Uveal Melanoma
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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 33

(GSK3p) 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),
GSK3B, B-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). DvI’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). GSK3p has been implicated
in regulating microtubule dynamics as well as being required for proper chromosome
alignment (19). B-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 Cdkl14 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
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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 BiolD2-tagged Cdk14 stable cell lines.
These cell lines were utilized to map the associations of Cdk14 through affinity (LAP-Tag)
and proximity (BiolD2-Tag) based proteomic approaches. Briefly, cells were induced with
Dox to express LAP-tagged or BiolD2-tagged Cdk14 and LAP and BiolD2 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 (PIk1) and the Aurora Kinase A (AurkA)
(Figure 3A). PIk1 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, PIk1,

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 BiolD2-
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 Cdkl14 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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HelLa cells were grown in F12:DMEM 50:50 (Hyclone) with 10% FBS, 2mM L-glutamine
and antibiotics in 5% CO:2 at 37 °C. 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/BiolD2-Cdk14 inducible stable cell line

The Hela BiolD2-Cdk14 and HelLa 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 HelLa 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 pg/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/BiolD2 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 0.1ug/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 BiolD2 purifications, biotinylated proteins were
purified from BiolD2-tagged inducible stable cell lines using protocols described
previously with modifications (Gupta et al., 2015; Kim et al., 2016). Briefly, BiolD2-only
and BiolD2-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 0.1ug/ml doxycycline
and 50 pM Biotin for 16 hours before being lysed in lysis buffer (50 mM Tris-HCI 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 LIiCl, 0.5% deoxycholate, 1 mM EDTA, 10 mM
Tris-HCI pH 8.0), and a final wash with 50 mM Tris-HCI 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-PLK1l, FLAG- Survivin and FLAG-LCMTI1A
(negative control) were in vitro transcribed and translated (IVT) using TNT® Quick
Coupled Transcription/Translation System, (Promega) in 10 uL 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 KCI, 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 °C 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); a-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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Figure 1. (A) Immunofluorescence microscopy of fixed cells overexpressing GFP-Cdk14

stained with Hoechst 33342 DNA dye, anti-a-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-a-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-BiolD2 purification by mass
spectrometry. (B) Shows immunoprecipitation of [35S] methionine-labeled proteins using
HA-tagged Cdk14. Cdk14 co-precipitates with SGO2, CyclinY, PIk1, and Survivin, but not

with the negative control LCMT1A.
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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 Cdkl14. Hela cells were
synchronized in G1/S, released into the cell cycle, and then stained with Hoechst 33342

DNA dye and anti-a-tubulin. (C-E) Shows phenotypes that arise upon depletion of Cdk14
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using sgRNAL 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 | 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-a-Tubulin Bio-Rad Cat# MCA78G;
(clone YOL1/34) 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 Jackson Cat# 712-165-153;
(H+L), Cy3 AffiniPure ImmunoResearch Labs | RRID: AB 2340667
Donkey polyclonal anti-Human Jackson Cat# 709-175-149;
IgG (H+L), Cy5 AffiniPure ImmunoResearch Labs | RRID: AB_2340539
Donkey polyclonal anti-Chicken Jackson Cat# 703-095-155;

IgY (IgG) (H+L), Fluorescein
(FITC) AffiniPure

ImmunoResearch Labs

RRID: AB_2340356

Donkey polyclonal anti-Rabbit IgG | Jackson Cat# 711-165-152;
(H+L), Cy3 AffiniPure ImmunoResearch Labs | RRID: AB 2307443
Donkey polyclonal anti-Rabbit IgG | Jackson Cat# 711-095-152;

(H+L), Fluorescein (FITC)
AffiniPure

ImmunoResearch Labs

RRID: AB_2315776

Donkey polyclonal anti-Mouse 1gG
(H+L), Fluorescein (FITC)
AffiniPure

Jackson
ImmunoResearch Labs

Cat# 715-095-151;
RRID: AB_2335588

Donkey polyclonal anti-Mouse 1gG
(H+L), Cy3 AffiniPure

Jackson
ImmunoResearch Labs

Cat# 715-165-151;
RRID: AB_2315777

Donkey polyclonal anti-Goat 1gG
(H+L), IRDye 680RD

LI-COR Biosciences

Cat# 926-68074;
RRID: AB_10956736
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Donkey polyclonal anti-Mouse 1gG
(H+L), IRDye 680RD

LI-COR Biosciences

Cat# 926-68072;
RRID: AB_10953628

Donkey polyclonal anti-Mouse 1gG
(H+L), IRDye 800CW

LI-COR Biosciences

Cat# 926-32212;
RRID: AB_621847

Donkey polyclonal anti-Chicken
lgG (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 Cat# 87786
Scientific
Hoechst 33342 Thermo Fisher Cat# H1399;
Scientific CAS:23491-52-3
ProLong Gold Antifade Mountant | Thermo Fisher Cat# P36934
Scientific
Lipofectamine RNAIMAX Thermo Fisher Cat# 13778150
Scientific
FUGENE HD Promega Cat# E2311
FuGene 6 Promega Cat# E2691
Critical Commercial Assays
SP6 TnT Quick Coupled Promega Cat# L2080
Transcription/Translation System
PureYield Plasmid Miniprep Promega Cat# Al1222
System
QIAprep Spin Miniprep Kit QIAGEN Cat# 27106
Experimental Models: Cell
Lines
Human: HelLa cells ATCC Cat# CCL-2; RRID:
CVCL_0030
Human: HCT116-GFP-H2B Cells | Gift from P. Jackson N/A
Human: HelLa Flp-In T-Rex Cells | Gift from S. Taylor N/A

Oligonucleotides
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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

Silencer™ Select siRNA targeting
Cdk14

Thermo Fisher
Scientific

Cat# 4392420;
SiRNA ID: 004837-06-
0002

Silencer™ Select siRNA targeting | Thermo Fisher Cat# 4392420;

Cdk14 Scientific SiRNA ID: J-004837-
07-0002

Silencer™ Select Negative Thermo Fisher Cat# 4390843

Control siRNA Scientific

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-BIRCS 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
guestions 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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Human cell division is a highly regulated process that relies
on the accurate capture and movement of chromosomes to the
metaphase plate. Errors in the fidelity of chromosome con-
gression and alignment can lead to improper chromosome
segregation, which is correlated with aneuploidy and tumori-
genesis. These processes are known to be regulated by extra-
cellular signal-regulated kinase 2 (ERK2) in other species, but
the role of ERK2 in mitosis in mammals remains unclear. Here,
we have identified the dual-specificity phosphatase 7 (DUSP7),
known to display selectivity for ERK2, as important in regu-
lating chromosome alignment. During mitosis, DUSP7 bound
to ERK2 and regulated the abundance of active phospho-ERK2
through its phosphatase activity. Overexpression of DUSP7,
but not catalytically inactive mutants, led to a decrease in the
levels of phospho-ERK2 and mitotic chromosome misalign-
ment, while knockdown of DUSP7 also led to defective chro-
mosome congression that resulted in a prolonged mitosis.
Consistently, knockdown or chemical inhibition of ERK2 or
chemical inhibition of the MEK kinase that phosphorylates
ERK2 led to chromosome alignment defects. Our results sup-
port a model wherein MEK-mediated phosphorylation and
DUSP7-mediated dephosphorylation regulate the levels of
active phospho-ERK2 to promote proper cell division.

Critical to the fidelity of cell division is the accurate move-
ment and alignment of chromosomes at the metaphase plate
and their segregation during anaphase. Errors in these processes
are linked to human developmental disorders and tumorigen-
esis (1). Previous research has underscored the importance of
protein phosphorylation as a molecular switch to regulate the
activity of cell division enzymes (2, 3). This is highlighted by the
growing list of essential mitotic kinases and their substrates that
carry out functions related to bipolar spindle assembly,
kinetochore-microtubule attachment, chromosome con-
gression, and chromosome segregation (4—6). Beyond well-
established mitotic kinases, less studied phospho signaling
pathways have been implicated in cell division including the

* For correspondence: Jorge Z. Torres, torres@chem.ucla.edu.

Wnt, mnTOR, and MAPK/ERK pathways, among which MAPK/
ERK is phosphorylated by MEKs (mitogen-activated protein
kinase or extracellular signal-regulated kinase kinase) to regu-
late downstream transcription factors (7-9). In Xenopus laevis
ERK?2 (extracellular signal-regulated kinase 2) is critical for the
spindle assembly checkpoint (10-12). In mammalian cells
ERK1/2 activity is necessary for the G1/S transition and early G2
events for timely entry into mitosis (13, 14). However, whether
human ERK2 is active in mitosis and what roles it plays in hu-
man somatic cell division remains ambiguous.

Our RNAi screen for novel factors important for cell division
identified the dual-specificity phosphatase 7 (DUSP7/MKP-X).
DUSP7, DUSP6/MKP-3, and DUSP9/MKP-4 are members of
the cytoplasmic ERK specific mitogen-activated protein kinase
phosphatases (MKPs) subfamily that share similar amino acid
sequences, subcellular localizations, and substrate preferences
(15-17). DUSPs can dephosphorylate both tyrosine and serine/
threonine residues and are important modulators of signaling
pathways that regulate cellular processes such as proliferation
and apoptosis (16, 17). DUSP7 exhibits selectivity toward ERK1/
2 (18-20) and is a regulator of oocyte meiosis (21-23). DUSP7
contains an N terminal noncatalytic Rhodanese-like domain
and a C-terminal dual-phosphatase domain. A conserved Ki-
nase Interaction Motif (KIM) in the noncatalytic domain is
essential for the interaction between MKPs and ERK (19, 24).
Two key amino acid residues within the conserved catalytic
sequence (H/V)C(X;5)R(S/T) of the phosphatase domain, C331
and R337, are important for DUSP7’s phosphatase activity (25,
26). However, in contrast to MKPs such as DUSP6 and DUSP9,
little is known about the physiological functions of DUSP7.

Here, we have determined that MEK phosphorylation ac-
tivity and DUSP7 phosphatase activity regulate the levels of
active phospho-ERK2, which is important for the fidelity of
chromosome alignment and segregation during cell division.

Results

DUSP?7 interacts with ERK2 and regulates the levels of
phospho-ERK2

To understand the role of DUSP7 during cell division, we
began by defining the protein—protein interaction and protein
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proximity networks of DUSP7 in mitotic cells. Localization
and affinity purification (LAP = GFP-Tev-S-tag)-tagged and
biotin identification 2 (BiolD2)-tagged DUSP7 inducible HeLa
stable cell lines were used to express LAP/BiolD2-DUSP7 and
biochemical purifications were analyzed by mass spectrometry.
In-house R scripts were used to analyze the mass spectrometry
data and protein interaction and proximity networks were
visualized with RCytoscape JS (Fig. S1, A and B). Further, we
applied Gene Ontology (GO) terms (mitotic spindle; kineto-
chore and chromosome segregation) (Fig. S1C) and CORUM
complex annotation analyses to these networks (see
Experimental procedures for details). These analyses deter-
mined that ERK2 (aka MAPK1) was also associating with
DUSP7 in mitosis (Fig. 1, A and B). Next, we validated the
DUSP7-ERK2 mitotic interaction by immunoprecipitation (IP)
experiments using mitotic cell extracts from Taxol- or
nocodazole-arrested LAP-DUSP7 stable cell lines (Fig. 1C).

The KIM domain was shown to be essential for the interac-
tion of some DUSPs (DUSP1, 4, 6) with ERK2 (24, 27, 28), but it
remained unknown which domain of DUSP7 bound to ERK2
and whether its KIM was required for binding to ERK2 or its
ability to dephosphorylate ERK2. To better understand the
DUSP7-ERK2 interaction, we generated DUSP7 KIM mutants
R102A, R103A, and R102,103A double mutants (Fig. 1D and
Fig. S2, A-C). IP experiments from mitotic cells transiently
transfected with DUSP7 or DUSP7 KIM mutants showed that
ERK2 IPed with DUSP7 but not DUSP7 KIM mutants (Fig. 1E).
To further define the interaction domains of DUSP7 involved in
ERK?2 binding, we generated a series of LAP-DUSP?7 stable cell
lines expressing DUSP7 truncations (Fig. S34). ERK2 failed to
associate with DUSP7 truncations (Fig. S3B), likely due to
DUSP?7 destabilization. Next, we sought to determine the sig-
nificance of the DUSP7-ERK2 interaction. Consistent with the
abolished interaction between DUSP7 KIM mutants and ERK2
(Fig. 1E), DUSP7-R103A and DUSP7-R102,103A double mu-
tants showed a slightly reduced ability to dephosphorylate ERK2
in mitotic HeLa cells (Fig. 1F and Fig. S3, C-E). However,
DUSP7-R102A could still dephosphorylate ERK2 (Fig. 1F); this
phenomenon was also observed for conserved KIM mutations
in DUSP6 (29). Similarly, IP experiments using in vitro
expressed proteins or mitotic cell extracts from DUSP7 or
DUSP?7 catalytic dead mutant (C331A and R337A) (Fig. 52, D—
@) cell lines showed that ERK2 IPed with DUSP7 and DUSP7-
R337A but not DUSP7-C331A (Fig. 1, G and H, Fig. S3, F-H).
While overexpression of DUSP7 led to the absence of phospho-
ERK2, overexpressed DUSP7-R337A or DUSP7-C331A showed
areduced ability to dephosphorylate ERK2 in mitotic HeLa cells
(Fig. 11). Together, these results showed that DUSP7 was
binding to ERK2 during mitosis and that the DUSP7 KIM was
required for this interaction, while the DUSP7 catalytic sites
(C331 and R337) within its phosphatase domain were important
for regulating the levels of active phospho-ERK2.

Knockdown of DUSP7 leads to chromosome alignment and
segregation defects

To understand the importance of DUSP7s function in
regulating the levels of active phospho-ERK2 during cell

division, we first identified siRNAs capable of depleting DUSP7
levels by immunoblot analysis (Fig. 24 and Fig. S44) and
DUSP7 mRNA expression by RT-qPCR (Fig. S4, B and C).
Knockdown of DUSP7 led to a failure to dephosphorylate
ERK2 and an increase in phospho-ERK2 levels (Fig. 24). We
then analyzed the consequences of depleting DUSP7 during
metaphase (Fig. 2B) and postmetaphase (Fig. 2E) with immu-
nofluorescence (IF) microscopy. DUSP7 depletion led to an
increased percentage of defective mitotic cells with chromo-
some misalignment (siDUSP7 = 44.6 + 5.6, p < 0.05 compared
with siControl = 29.1 + 2.9) (Fig. 2, C and D). These defective
cells also showed defects in spindle organization including
unfocused and multipolar spindles (Fig. 2C). The chromosome
misalignments defects in siDUSP7 cells translated into an in-
crease in the percentage of lagging chromosomes during
anaphase (siDUSP7 = 24.9 + 3.7, p < 0.05 compared with
siControl = 13.45 + 3.1) (Fig. 2, F and G). The mitotic defects
were rescued by an siRNA resistant DUSP7 (Fig. S2H)
expressed at near endogenous levels but not DUSP7 catalytic
dead mutants (Fig. S4, D—F). Similar results were observed and
statistically analyzed in U20S cells (Fig. S4, G-I) and
HCT116 cells (Fig. S4, J-L).

Next, we analyzed whether DUSP7 depletion could affect
the timing of cell division by live-cell time-lapse microscopy in
HCT116 GFP-H2B cells (Fig. 2H). This analysis showed that
depletion of DUSP7 led to a marked increase in the time from
chromosome condensation to chromosome segregation
(siDUSP7 = 54.0 + 38.3 min, p < 0.01 compared with siCon-
trol = 38.0 + 19.1 min) (Fig. 2, I-K; Movies S1-54). Together,
these results showed that depletion of DUSP7 led to a slowed
mitosis where cells failed to properly align and segregate
chromosomes.

Downregulation of ERK2 leads to chromosome alignment
defects

Next, we sought to determine if ERK2 was important for
human cell division. First, we depleted endogenous ERK2 by
RNAi (Fig. 34) and analyzed the consequences during cell
division (Fig. 3B) with IF microscopy. Depletion of ERK2 led to
an increased number of cells with defects in chromosome
alignment during metaphase (siERK2 = 52.1 + 2.8, p < 0.01
compared with siControl = 30.6 + 3.5) (Fig. 3, C and D), which
was consistent in U20S cells (Fig. S5, A and B) and
HCT116 cells (Fig. S5, C and D). ERK2 depletion also led to an
increase in interphase cells that were multinucleated or con-
tained micronuclei (siERK2 = 22.6 + 6.2, p < 0.01 compared
with siControl = 3.8 + 0.8) (Fig. S5, E and F).

Since phospho-ERK2 levels were lower in mitosis than in
G1/S phase (Fig. S5, G-J), we asked if ERK2 phosphorylation
or ERK2 kinase activity was important for cell division. HeLa
cells were treated with a MEK inhibitor U0126 (30, 31) or the
ERK2 ATP-competitive inhibitor FR180204 (32) and analyzed
by western blotting and IF microscopy (Fig. 3E). Phospho-
ERK2 levels decreased in U0126-treated cells, but were not
affected in FR180204-treated cells (Fig. 3F). In comparison to
the control DMSQO treatment, cells treated with U0126 or
FR180204 showed an increase in chromosome alignment
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Figure 1. DUSP7 interacts with ERK2 and regulates the levels of phospho-ERK2. A and B, DUSP7 protein-protein interaction (PPl) (A) and protein
proximity (B) networks generated using mitotic spindle GO annotations and CORUM complex annotation analyses. Yellow stars indicate the bait protein
DUSP7; red circles indicate putative interactors; blue squares indicate protein complexes; red dashed circles highlight ERK2 (aka MAPK1). C, ERK2 immu-
noprecipitates (IPs) with DUSP7 (D7) in early (nocodazole (Noc) arrested cells) and mid (taxol (Tax) arrested cells) mitosis. D, schematic of DUSP7 domain
structure and key sites. The number of amino acids are indicated for each domain. DUSP7 KIM (R102, R103) and catalytic sites (C331, R337) are in red. E, the
DUSP7 KIM mediates the DUSP7-ERK2 mitotic interaction. F, the DUSP7 KIM is dispensable for its phosphatase activity. Ratios below immunoblots indicate
normalized phospho-ERK2 levels. G and H, the DUSP7-ERK2 mitotic interaction is influenced by DUSP7’s catalytic activity. In (G) HA-ERK2, Flag-DUSP7, Flag-
C331A, Flag-R337A and Flag-GFP (negative control) were IVT expressed and incubated with anti-FLAG M2 magnetic beads in IP assays. In (H) LAP-only, LAP-
DUSP7-WT, LAP-C331A, and LAP-R337A stable cell lines were induced before being harvested for S-tag pull downs. Ratios below immunoblots indicate
relative protein—protein binding affinity. /, DUSP7 regulates mitotic phospho-ERK2 levels through its phosphatase activity. Phosphatase inhibitor (Pl) in the
second lane was added when lysing the cells. Numbers on the right side of immunoblots indicate molecular weights of proteins. All cell-based experiments
and immunoprecipitations were carried out in Hela cells.
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Figure 2. Knockdown of DUSP7 leads to chromosome alignment and segregation defects. A, siRNA knockdown of endogenous and overexpressed
DUSP7. Numbers on the right side of immunoblots indicate molecular weights of proteins. Red arrow indicates endogenous DUSP7 band. B, schematic of IF
microscopy experiment performed in (C). C, knockdown of DUSP7 leads to chromosome misalignment in metaphase. Hela cells were treated with negative
control siRNA or siDUSP7 before being fixed and costained with anti-CREST and anti-o-tubulin antibodies and the DNA dye Hoechst 33342. D, quantification
of the percentage of cells with chromosome misalignment in metaphase (y-axis) for conditions shown in (Q) (x-axis). £, schematic of IF microscopy
experiment performed in (F). F, knockdown of DUSP7 leads to an increase in lagging chromosomes in anaphase. Hela cells were treated with negative
control siRNA or siDUSP7 before being fixed and costained with anti-CREST and anti-a-tubulin antibodies and the DNA dye Hoechst 33342. White arrow
shows the lagging chromosome. G, quantification of the percentage of cells with lagging chromosome in anaphase (y-axis) for conditions shown in (F)
(x-axis). H, schematic of live-cell time-lapse microscopy experiment performed in (/) and (J). / and J, knockdown of DUSP7 leads to a slowed mitosis. Live-cell
time-lapse microscopy of HCT116 GFP-H2B cells treated with negative control siRNA (/) and siDUSP7 (J) undergoing cell division. K, quantification of the
timing of mitosis from chromosome condensation to chromosome segregation (y-axis) for the conditions shown in (/) and (J) (x-axis). Scale bars: 10 um. *p <
0.05, **p < 0.01 (unpaired two-tailed Student’s t-test).

errors (U0126 = 48.7 + 12.7, p < 0.05 and FR180204 = 45.6 + HCT116 cells (Fig. S5, M and N). These results showed that
6.5, p < 0.05 compared with DMSO = 25.8 + 3.9) (Fig. 3, Gand  inhibiting ERK2 phosphorylation, and thereby its activation, or
H), which was consistent in U20S cells (Fig. S5, K and L) and ERK2’s kinase activity led to chromosome alignment defects.
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before being fixed and costained with anti-ERK2, anti-CREST and anti-a-tu

in metaphase. Hela cells were treated with negative control siRNA or siERK2
bulin antibodies and the DNA dye Hoechst 33342. D, quantification of the

percentage of cells with chromosome misalignment in metaphase (y-axis) for conditions shown in (C) (x-axis). £, schematic of western blotting experiment
performed in (F) and IF microscopy experiment performed in (G). F, Hela cells were treated with DMSO (as negative control), 50 uM U0126, or 50 uM
FR180204 before being lysed and analyzed by immunoblot. G, inhibition of MEK kinase activity or ERK2 kinase activity leads to chromosome misalignment
in metaphase. Hela cells were treated with DMSO or the indicated inhibitors, fixed, and costained with anti-CREST and anti-a-tubulin antibodies and the
DNA dye Hoechst 33342. H, quantification of the percentage of cells with chromosome misalignment in metaphase (y-axis) for the conditions shown in (G)
(x-axis). Numbers on the right side of immunoblots indicate molecular weights of proteins. Scale bars: 10 um. *p < 0.05, **p < 0.01 (unpaired two-tailed

Student’s t-test).

DUSP7 promotes chromosome alignment in mitosis by
regulating the activity of ERK2

Since DUSP7 dephosphorylated ERK2 (Fig. 1E), we hy-
pothesized that overexpression of DUSP7 would lead to similar
chromosome alignment defects to those observed in cells
treated with the MEK inhibitor U0126. To test this, we over-
expressed GFP-tagged DUSP7 (validated to decrease phospho-
ERK2 levels, Fig. 1, F and I) or the catalytic dead DUSP7-
C331A or DUSP7-R337A mutants (showed minimal effects
on phospho-ERK2 levels, Fig. 1]) and analyzed the cells by IF

microscopy (Fig. 4A4). While DUSP7 overexpression led to a
significant increase in chromosome alignment defects, over-
expression of DUSP7-R337A or DUSP7-C331A did not
(DUSP7 =42.1 + 6.9, p < 0.05; DUSP7-C331A = 30.6 + 3.5, p =
0.3183; and DUSP7-R337A = 344 + 5.7, p = 0.1386; compared
to the GFP control = 27.3 + 3.5) (Fig. 4, B and C), which was
consistent in U20S cells (Fig. S64) and HCT116 cells
(Fig. S6B). These results showed that an overabundance of
DUSP7 phosphatase activity led to chromosome alignment
defects.
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To further understand the phospho-ERK2 equilibrium
regulated by MEK and DUSP7 during cell division, we asked if
the ERK2-DUSP7 interaction was dependent on ERK2 phos-
phorylation. IP experiments using cell extracts from a U0126-
treated LAP-DUSP7 stable cell line showed that ERK2 bound
to DUSP7 in the absence of MEK kinase activity (Fig. S6C).
Since ERK2 is phosphorylated by MEK at T185 and Y187 (33,
34), we generated the nonphosphorylation mimetic mutant
ERK2-2A (T185,Y187A) (Fig. 52, I and ) and analyzed its
binding to DUSP7. I vitro binding experiments showed that
both ERK2 and ERK2-2A bound to DUSP7 (Fig. S6D). Similar
results were observed in IP experiments from HeLa cell ex-
tracts (Fig. S6E). Together, these results showed that DUSP7’s
binding to ERK2 did not require ERK2 to be phosphorylated.
Instead, D318 within the ERK2 common docking (CD) domain
(24) was responsible for its binding to DUSP7 (Fig. S6F). Next,
we examined if phosphorylation of ERK2 at T185 and Y187
was critical for cell division by analyzing cells overexpressing
GFP-tagged ERK2 or the nonphosphorylation mimetic mutant
ERK2-2A (Fig. 4A4). Compared with the overexpression of
ERK?2, overexpression of ERK2-2A led to a significant increase
in cells with chromosome alignment defects in metaphase
(ERK2 = 28.7 + 44, p = 0.1438; ERK2-2A = 49.7 + 3.0, p <
0.01; compared with GFP control = 20.6 + 6.4) (Fig. 4, D and
E), which was consistent in U20S cells (Fig. S64) and
HCT116 cells (Fig. S6B). These data indicated that the proper
amount of phospho-ERK2 in cells was critical for chromosome
alignment and segregation during mitosis.

Discussion

This study revealed a novel function for DUSP7 in mitotic
chromosome alignment and established the MAPK/ERK
pathway as being important for cell division. Our data are
consistent with a model where, during a normal mitosis,
MEK’s kinase activity phosphorylates ERK2 and DUSP7's
phosphatase activity dephosphorylates ERK2 to establish an
equilibrium of active phospho-ERK2 (Fig. 4F middle panel).
This phospho-ERK2 equilibrium is critical for ensuring the
fidelity of chromosome alignment and segregation. Perturbing
the balance of active phospho-ERK2 through MEK inhibition
(Fig. 4F right panel), DUSP7 depletion (Fig. 4F left panel) or
overexpression (Fig. 4F right panel) leads to defects in chro-
mosome alignment. Together, these results establish DUSP7 as
an important mitotic phosphatase that regulates the abun-
dance of active phospho-ERK2 to ensure the fidelity of chro-
mosome alignment and segregation.

Interestingly, although the DUSP7 KIM mutant R102A did
not bind EKRZ, it could still dephosphorylate it (Fig. 1F, Fig. 53,
C-E). This is consistent with previous DUSP6 observations,
where the DUSP6 KIM mutant R64A did not bind ERK2 but was
able to dephosphorylate it (29). Therefore, it is possible that
these mutants are capable of transiently interacting with ERK2,
but that the interaction is undetectable in IP experiments.

With the exception of ERK2, there is little known about the
repertoire of DUSP7 substrates, regulators, and interactors. The
GO enrichment analyses of the DUSP7 protein association
network and DUSP7 proximity protein network indicate that

DUSP?7 is likely to associate with numerous proteins that carry out
important functions related to a broad array of cellular processes
including apoptosis, regulation of transcription, and cell division
(Table S1). Therefore, future studies aimed at understanding the
importance of these interactions will further aid our under-
standing of DUSP7’s function in cell division and beyond.

Experimental procedures
Cell culture

Table S2 lists all reagents and tools used in this study. HeLa
cells (ATCC) were grown in DMEM/Ham's F-12 with
L-Glutamine (Genesee Scientific), U20S (ATCC) and
HCT116 cells were grown in McCoy’s 5A (Gibco), with 10%
FBS and 5% CO; at 37 °C. Detailed experimental procedures
for cell synchronization, cell transfection, and inhibitor treat-
ments are in the Supporting information.

Generation of vectors and cell lines

DUSP7 and ERK2 mutants were generated by QuikChange
Lightning Site-Directed Mutagenesis (Agilent). cDNAs of GFP,
DUSP7, DUSP7 KIM mutants, DUSP7 catalytic dead mutants,
ERK2, ERK2-2A, and DUSP7 truncations were cloned into
pGLAP1, pGBiolD2, pCS2-HA, or pCS2-Flag via Gateway
LR Clonase reaction (35). pGLAP1-only/DUSP7/DUSP7-
C331A/DUSP7-R337A/ERK2/ERK2-2A/DUSP7-truncations
and pGBiolD2-only/DUSP7 were used to generate Dox
inducible HeLa Flp-In T-REx LAP-GFP/DUSP7-C331A/
DUSP7-R337A/ERK2/ERK2-2A/DUSP7-truncations and
HeLa Flp-In T-REx BiolD2-only/DUSP7 stable cell lines as
described previously (36, 37) (see Supporting information).

LAP/BiolD2 purifications and LC-MS/MS analyses

LAP purifications from Taxol arrested LAP-tagged inducible
stable cell lines were as previously described (36). For BiolD2
purifications, biotinylated proteins were purified from Taxol-
arrested BiolD2-tagged inducible stable cell lines as described
previously (38, 39). Mass spectrometry analysis was performed on
a Thermo Q Exactive Plus Orbitrap as described previously (40).
Protein—protein interaction information was integrated from the
Biological General Repository for Interaction Datasets (BioGRID
v. 3.5) (41). Protein-complex information was derived from the
Comprehensive Resource of Mammalian Protein Complexes
(CORUM v. 3.0) (42). Selected GO terms (Gene Ontology release
June 2019) (43) were used to analyze the protein—protein in-
teractions based on cellular mechanisms. Affinity-based and
proximity-based networks were generated with RCytoscape]S
(44, 45). See Supporting information and Table S3—S6 for details
on purifications, mass spectrometry, quantification of data, and
protein interaction and proximity networks.

Immunoprecipitations, in vitro binding assays, and
immunoblot analyses

Immunoprecipitations, in vitro binding assays, and immu-
noblot analyses were performed as described previously (46)
with minor modifications detailed in the Supporting
information.
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Cell imaging

Fixed-cell and live-cell time-lapse microscopy was carried
out as described previously (47), except that an ImageXpress
XL imaging system (Molecular Devices) was used for live cell
imaging. See Supporting information for details on imaging,
quantification of data, and statistical analyses.

RT-gPCR

RNA from control or DUSP7 siRNA transfected HelLa,
U208, or HCT116 cells and DUSP7 cell lines was isolated
with Direct-zol RNA Miniprep Kits (Zymo Research) and
reverse transcribed with UltraScript 2.0 cDNA Synthesis Kit
(Genesee Scientific). qPCR was carried out with the
synthesized cDNA, oligo(dT) primers, and qPCRBIO
SyGreen Blue Mix Lo-ROX (Genesee Scientific) using a CFX
Connect Real-Time PCR Detection System (Bio-Rad). gPCR
data were analyzed with the Livak—Schmittgen method
(2—AACT)(48)

Antibodies

See Table S2 for a list of the antibodies used for immuno-
blotting and IF microscopy.

Data and code availability

Mass spectrometry data were deposited at the UCSD Center
for Computational Mass Spectrometry MassIVE datasets ftp://
massive.ucsd.edu/MSV000085629/. R scripts used to analyze
and visualize LC-MS/MS results were deposited at
GitHub  https://github.com/uclatorreslab/MassSpecAnalysis.
All remaining data are contained within this article.

Supporting  information—This  article  contains

information (46, 49-51).
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Multi-protein complexes, rather than single proteins acting in isolation, often govern molecular pathways regulating cellular homeostasis. Based
on this principle, the purification of critical proteins required for the functioning of these pathways along with their native interacting partners
has not only allowed the mapping of the protein constituents of these pathways, but has also provided a deeper understanding of how these
proteins coordinate to regulate these pathways. Within this context, understanding a protein's spatiotemporal localization and its protein-protein
interaction network can aid in defining its role within a pathway, as well as how its misregulation may lead to disease pathogenesis. To address
this need, several approaches for protein purification such as tandem affinity purification (TAP) and localization and affinity purification (LAP)
have been designed and used successfully. Nevertheless, in order to apply these approaches to pathway-scale proteomic analyses, these
strategies must be supplemented with modern technological developments in cloning and mammalian stable cell line generation. Here, we
describe a method for generating LAP-tagged human inducible stable cell lines for investigating protein subcellular localization and protein-
protein interaction networks. This approach has been successfully applied to the dissection of multiple cellular pathways including cell division
and is compatible with high-throughput proteomic analyses.

Video Link

The video component of this article can be found at http://www.jove.com/video/54870/

Introduction

To investigate the cellular function of an uncharacterized protein it is important to determine its in vivo spatiotemporal subcellular localization

and its interacting protein partners. Traditionally, single and tandem epitope tags fused to the N or C-terminus of a protein of interest have been
used to facilitate protein localization and protein interaction studies. For example, the tandem affinity purification (TAP) technology has enabled
the isolation of native protein complexes, even those that are in low abundance, in both yeast and mammalian cell lines *“. The localization and
affinity purification (LAP) technology, is a more recent development that modifies the TAP procedure to include a localization component through
the introduction of the green fluorescent protein (GFP) as one of the epitope tagsa. This approach has given researchers a deeper understanding
of a protein's subcellular localization in living cells while also retaining the ability to perform TAP complex purifications to map protein-protein
interaction networks.

However, there are many issues associated with the use of TAP/LAP technologies that has hampered their widespread use in mammalian cells.
For example, the length of time that is necessary to generate a stable cell line expressing a TAP/LAP tagged protein of interest; which typically
relies on cloning the gene of interest into a viral vector and selecting single cell stable integrants with the desired expression level. Additionally,
many cellular pathways are sensitive to constitutive protein overexpression (even at low levels) and can arrest cells or trigger cell death over
time making the generation of a TAP/LAP stable cell line impossible. These and other constraints have impeded LAP/TAP methodologies from
becoming high-throughput systems for protein localization and protein complex elucidation. Therefore, there has been considerable interest in
the development of an inducible high-throughput LAP-tagging system for mammalian cells that takes advantage of current innovations in cloning
and cell line technologies.

Here we present a protocol for generating stable cell lines with Doxycycline/Tetracycline (Dox/Tet) inducible LAP-tagged proteins of interest that
applies advances in both cloning and mammalian cell line technologies. This approach streamlines the acquisition of data with regards to LAP-
tagged protein subcellular localization, protein complex purification and identification of interacting proteins’. Although affinity proteomics utilizes
a wide range of techniques for protein complex elucidation®, our approach is beneficial for expediting the identification of these complexes

and their native interaction networks and is amenable to high-throughput protein tagging that is necessary to investigate complex biological
pathways that contain a multitude of protein constituents. Key to this approach are advancements in cloning strategies that enable high fidelity
and expedited cloning of target genes into an array of vectors for gene expression in vitro, in various organisms like bacteria and baculovirus,
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and in mammalian cells®”. Additionally, the ORFeome collaboration has cloned thousands of sequence validated open reading frames in vectors
that incorporate these advances in cloning, which are available to the scientific communitya'“. In our system, the pGLAP1 LAP-tagging vector
enables the simultaneous cloning of a large number of clones, which facilitates high-throughput LAP-tagging. This expedited cloning procedure
is coupled to a streamlined approach for generating cell lines with LAP-tagged genes of interest inserted at a single pre-determined genomic
locus. This makes use of cell lines that contain a single flippase recognition target (FRT) site within their genome, which is the site of integration
for LAP-tagged genes. These cell lines also express the tetracycline repressor (TetR) that binds to Tet operators (TetO,) upstream of the LAP-
tagged genes and silences their expression in the absence of Dox/Tet. This allows for Dox/Tet inducible expression of the LAP-tagged protein

at any given time. Having the capability of inducible LAP-tagged protein expression is critical, since many cellular pathways are sensitive

to the levels of critical proteins governing the pathway and can arrest cell growth or trigger cell death when these proteins are constitutively
overexpressed, even at low levels, making the generation of non-inducible LAP-tagged stable cell lines impossible12.

NOTE: An overview of the generation of inducible LAP-tagged stable cell lines for any protein of interest is illustrated in Figure 1 and the
overview of LAP-tagged protein expression, purification and preparation for mass proteomic analyses is illustrated in Figure 3.

1. Cloning the Open Reading Frame (ORF) of the Gene of Interest into the LAP-tag Vector

1. Cloning the ORF of the Gene of Interest into the Shuttle Vector.

1. Use polymerase chain reaction (PCR) to amplify the ORF of interest with the appropriate attB1 and attB2 sites within the primers for
either N-terminal fusion or C-terminal fusion. See Table 1 for primer sequences and Table 2 for PCR conditions.

2. Gel purify the PCR products by resolving them on a 1% agarose gel. Excise the amplified band that is the correct size from the gel and
extract it from the gel slice using a DNA gel extraction kit as per manufacturer's instructions.

3. Incubate the purified attB containing PCR products with an attP containing shuttle vector and the recombinase that allows the PCR
products to recombine into the vector as per manufacturer's instructions (see Materials Table).
NOTE: Empty shuttle vectors and LAP-tagging vectors contain the ccdB gene and have to be propagated in ccaB resistant bacterial
cells (see Materials Table). However the ccdB gene is recombined out when an ORF is inserted into these vectors, hence use
standard DH5a E. coli cells when propagating vectors with cloned ORFs.

4. Transform DHSa E. coli cells with 1 pl of the reaction product and plate the transformed cells onto a Luria broth (LB) agar plate with 50
mg/ml Kanamycin“.

5. Select the Kanamycin resistant colonies.

6. Grow the selected colonies in LB media with 50 mg/ml Kanamycin, make a DNA mini-prep and confirm gene integration by DNA
sequencing using the sequencing primers listed in Table 3.

2. Transferring the Gene of Interest from the Shuttle Vector into the LAP-tag Vector.

1. Incubate the shuttle vector containing the sequence verified gene of interest ORF with the LAP-tag vector (pGLAP1 for N-terminal
fusion) and the recombinase that mediates the transfer of the gene of interest from the shuttle vector into the LAP-tag vector as per
manufacturer's instructions (see Materials).

NOTE: A series of LAP/TAP vectors that can be used based on the desired promoter, epitope-tag, and N or C-terminal tagging can be
found in Table 4.

2. Transform DH5a E. coli cells with 1 pl of the reaction product and plate the transformed cells onto an LB agar plate with 100 mg/ml
Ampicillin?.

3. Select the Ampicillin resistant colonies.

4. Grow the selected colonies in LB media with 100 mg/ml Ampicillin, make a DNA mini-prep, and confirm gene integration by DNA
sequencing using the sequencing primers listed in Table 5.

2. Generation of an Inducible Stable Cell Line that Expresses the LAP-tagged Gene of
Interest

1. Select the cell line best suited for the project of interest. Alternatively, create a host cell line from any existing cell line that constitutively
expresses the TetR and contains a FRT site that allows the LAP-tagged gene of interest to be stably integrated into the genome (see
Materials).

NOTE: This protocol uses a HEK293 cell line that contains the TetR and an FRT site, which is grown in -Tet DMEM/F12 media [made with
10% fetal bovine serum (FBS) that is devoid of Tetracycline (-Tet)] 4

2. Determine the minimum concentration of Hygromycin required to kill the host cell line within 1 to 2 weeks after drug addition. The
concentration can vary between host cell lines, with most ranging between 100 pg/ml and 800 pg/ml.

NOTE: HEK293 cells grown in -Tet DMEM/F12 media with 100 pg/ml Hygromycin at 37 °C and 5% CO, will die within 1-2 weeks.

3. Co-transfect the vector that expresses the flippase recombinase (mediates the integration of the LAP-tagged gene of interest into the
FRT site within the genome of the cell) with the LAP-tagged vector into HEK293 cells using a transfection reagent as per manufacturer's
instructions. Use a ratio of 4:1 of recombinase vector to LAP vector .

NOTE: The optimal ratio is dependent on the host cell line and method of transfection, and may require a titration. A ratio of 4:1 works well for
most cell lines. Include a mock-transfected plate as a negative control.

4. One day post-transfection, replace the -Tet DMEM/F12 media with fresh media.

5. Two days post-transfection, split cells to 25% confluence. Allow cells ~5 hr to attach, then add Hygromycin-containing -Tet DMEM/F12 media
at the concentration predetermined in step 2.2. For HEK293 cells use 100 pg/ml Hygromycin.
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NOTE: The FRT containing HEK293 cell line also contains the TetR that is associated with Blasticidin resistance, therefore 5 pg/ml Blasticidin
is used during the stable cell line selection process to select for the TetR and to minimize leaky expression.

6. Replace Hygromycin-containing -Tet DMEM/F 12 media as needed until distinct cell foci appear that resemble opaque spots against the
transparent plate.

7. Add 20 yl of trypsin on top of each cell foci and pipet up and down 2 times with a 200 pl pipet tip. Place cells in a 24 well plate and expand
the cells by continual growth in Hygromycin-containing -Tet DMEM/F 12 media.

8. Screen cells for inducible LAP -tagged protein expression by fixed-cell or live-cell fluorescence microscopy and/or Western blotting for the
GFP tag within the LAP- tag

3. Purification of LAP-tagged Protein Complexes

NOTE: The following LAP-tagged protein purification protocol details recommendations on conditions and volumes used for a typical LAP-tagged
protein purification based on previous experience. However, caution should be exercised to ensure that empirical optimization is carried out for
any protein complex and protein expression level of interest to provide the best results.

1. Cell Growth and Cell Harvesting.

1.

2.

3.

Expand the validated LAP-tagged cell line for TAP isolation of protein complexes, by continually passaging all HEK293 cells into larger
plates and/or roller bottles in -Tet DMEM/F12 media at 37 °C and 5% CO,.

For Tet/Dox inducible cell lines, induce for 10-15 hr at a concentration of 0.2 pg/ml Tet/Dox when the cells reach ~70% confluency,
before harvesting cells.

NOTE: The concentration and induction time should be determined for each protein, a titration of 0.1-1 ug/ml Tet/Dox for 10-15 hr is
recommended.

Harvest cells by agitation or trypsinization and pellet cells at 875 x g for 5-10 min.

2. Coupling Anti-GFP Antibody to Protein A Beads

1.

Use 40 pg of antibody for immunoprecipitation from a lysate prepared from a 0.5 ml cell pellet, packed cell volume (PCV).

NOTE: The amount of antibody needed will depend on the abundance of the LAP-tagged protein, among other factors, and will require
optimization. A titration of 10-40 pg is recommended.

Equilibrate 160 pl packed volume (PV) Protein A beads into PBST (PBS + 0.1% Tween-20) in a 1.5 ml tube. Wash 3 times with 1 ml of
PBST.

NOTE: All washes herein are carried out by centrifuging the beads at 5,000 x g for 10 sec.

Resuspend beads in 500 pyl PBST and add 80 ug of affinity-purified rabbit anti-GFP antibody to each tube of 160 pl beads. Mix for 1 hr
at room temperature (RT).

Wash beads 2 times with 1 ml of PBST. Then, wash beads 2 times with 1 ml of 0.2 M sodium borate, pH 9 (20 ml 0.2 M sodium borate
+ 15 ml 0.2 M boric acid). After the final wash, add 900 pl of the 0.2 M sodium borate, pH 9 to bring the final volume to 1 ml.

Add 100 pl of 220 mM dimethylpimelimidate (DMP) to a final concentration of 20 mM. Rotate the tubes gently at RT for 30 min. For 220
mM DMP, resuspend contents of one 50 mg bottle in 877 pl of 0.2 M sodium borate, pH 9 and add immediately to the bead suspension.
After incubation with DMP, wash beads 1 time with 1 ml of 0.2 M ethanolamine, 0.2 M NaCl pH 8.5 to inactivate the residual
crosslinker. Resuspend beads in 1 ml of the same buffer and rotate for 1 hr at RT. Pellet beads and resuspend beads in 500 pl of 0.2 M
ethanolamine, 0.2 M NaCl pH 8.5. Beads are stable for several months at 4 °C.

3. Preparation of Buffers for Cell Lysis and Complex Purification

1.

Prepare LAPX buffers (where X is the desired salt concentration [mM KCI] of the LAP buffer; 300 mM for cell lysis, 200 mM for

most bead washes, and 100 mM for washing beads prior to eluting proteins) by making a pH 7.4 solution containing 50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), X mM KCI, 1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM MgCl,, and
10% glycerol.

NOTE: The components of this buffer are used to approximate the environment in living cells. HEPES is used as a buffer in the pH
rage of 7.2-8.2. KCl is a salt used to maintain the ionic strength of the buffer. EGTA is a chelating agent that binds calcium ions to
reduce the Ievels of calcium compared to magnesium. Glycerol and MgCl; are used to improve the stability of proteins.

Prepare LAPX" buffer by adding 0.05% nonyl phenoxypolyethoxylethanol to the LAPX buffer.

NOTE: Nonyl phenoxypolyethoxylethanol is a mild detergent that solubilizes proteins, but preserves protein-protein interactions, thus a
higher concentration is used during the extraction process and it is then lowered during the binding and washing steps.

4. Preparation of Cell Lysates

1.

2.

3.

Resuspend 500 pl of PCV into 2.5 ml of LAP300 with 0.5 mM dithiothreitol (DTT) and protease inhibitors. Add S0 pl of 10% nonyl
phenoxypolyethoxylethanol (0.3% final) and mix by inversion.

Place on ice for 10 min. Centrifuge at 21,000 x g for 10 min. Collect this low speed supernatant (LSS). Take a 10 pl sample of the LSS
for gel analysis.

Transfer LSS to a TLA100.3 tube and spin at 100,000 x g for 1 hr at 4 °C. Collect this high speed supernatant (HSS), in a tube and
place on ice. Take a 10 pl sample of the HSS for gel analysis.

NOTE: Avoid taking the top most lipid layer and the bottom most cell debris layer. The lipid layer should be removed by vacuum
aspiration prior to collecting the HSS.

5. First Affinity Capture: Binding to Anti-GFP Beads

1.

Pre-elute antibody coupled beads (use 160 pl of beads per 0.5 ml cell pellet (PCV)) by washing them 3 times with 1 ml of elution buffer
[3.5 M MgCl, with 20 mM Tris, pH 7.4] to get rid of uncoupled antibodies and reduce background. Do quickly. Do not leave beads in
high salt for a long time.

Wash beads 3 times with 1 ml of LAP200". Mix HSS extract with antibody beads for 1 hr at 4 °C. Centrifuge at 21,000 x g for 10 min.
Take a 10 pl sample of the supernatant (i.e., the flow through (FT)) for gel analysis.
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3. Wash beads 3 times with 1 ml of LAP200" with 0.5 mM DTT and protease inhibitors. Wash beads 2 times (5 min each) with 1 ml of
LAP200" with 0.5 mM DTT and protease inhibitors. Wash quickly 2 times with 1 ml of LAP200™ with 0.5 mM DTT and no protease
inhibitors before adding the tobacco etch virus (TEV) protease.

6. TEV Cleavage
1. Dilute 10 ug TEV protease in 1 ml of LAP200" and rotate tubes at 4 °C overnight.
NOTE: This step can be optimized for any LAP-tagged protein to be completed in a few hours by adjusting the concentration of TEV
protease, which can aid the preservation of LAP-tagged protein complexes.
2. Pellet beads and transfer supernatant to a fresh tube. Rinse beads twice with 160 pl LAP200" with 0.5 mM DTT and protease inhibitors
(triple concentration) to remove any residual protein. Take a 10 pl sample of the supernatant for gel analysis.

7. Second Affinity Capture: Binding to S Protein Agarose
1. Wash 1 tube of 80 pl S protein agarose slurry (40 pl packed resin) 3 times with 1 ml of LAP200".
NOTE: S protein binding to the S-tag will reconstitute an active RNase and an alternative second epitope tag should be considered for
RNA containing protein complexes.
2. Add TEV eluted supernatant to S protein agarose beads and rock for 3 hr at 4 °C. Pellet beads and wash 3 times with 1 ml of LAP200"
with 0.5 mM DTT and protease inhibitors. Wash beads 2 times with 1 ml of LAP100.

8. Protein Elution
1. Elute proteins off S protein agarose by adding 50 ul of 4x Laemmli sample buffer and heat at 97 °C for 10 min.
NOTE: Proteins can also be eluted from the beads with elution buffer (3.5 M MgCl, with 20 mM Tris, pH 7.4).

4. ldentify Interacting Proteins by Mass Spectrometry Analysis

1. Test the quality of the purification by analyzing the collected samples by sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), silver staining the gel (see Matenals Table) and by immunoblotting the eluates and probing with anti-GFP antibodies to ensure that
the LAP-tagged purification worked'® , see Figure 4.

2. To identify stoichiometric and substmchiometric co-purifying species, take the final elution sample and separate it by SDS-PAGE. Stain the
gel with a mass spectrometry compatible protein stain. Excise the most prominent bands and the space in between them from the gel and
process them for analysis by mass spectrometry separately .

NOTE: There are numerous approaches for separating the final purification eluates and preparing them for mass spectrometry For example,
LAP-purified complexes can be eluted from S-protein beads by using high salt (3.5 M MgCl,) and the entire protein population en masse can
be analyzed by mass spectrometry . Alternatively, final eluates can be separated for 1 mm by SDS-PAGE and a single 1 mm band can be
excised and analyzed. This clears the complex mixture of any beads or particulate matter that will interfere with the analysis.

Representative Results

To highlight the utility of this system, the open reading frame (ORF) of the Tau microtubule binding protein was cloned into the shuttle vector

by amplifying the Tau ORF with primers containing attB1 and attB2 sites (Table 1) and incubating the PCR products with the shuttle vector and
a recombinase that mediates the insertion of the PCR products into the shuttle vector. The reaction products were used to transform DH5a
bacteria and plasmid DNA from Kanamycin resistant colonies was sequenced to ensure Tau insertion. A sequence validated shuttle-Tau vector
was then used to transfer the Tau ORF into the pGLAP1 vector, which fused Tau in frame with the LAP (EGFP-TEV-S-Protein) tag, by incubating
the shuttle-Tau vector with the pGLAP1 vector and the recombinase that mediates the transfer of the ORF from the shuttle vector to pGLAP1.
The reaction products were used to transform DH5a bacteria' and plasmid DNA from Ampicillin resistant colonies was sequenced to ensure
that the LAP-Tau fusion was in frame. Sequence validated pGLAP 1-LAP-Tau was then co-transfected with a vector that expresses the flippase
recombination enzyme into HEK293 cells that contained a single flippase recognition target (FRT) site within their genome, which is the site of
integration for LAP-tagged genes”. This cell line also expressed the TetR that binds to Tet operators upstream of the LAP-tagged genes and
silences their expression in the absence of Tet/Dox. Stable integrants were selected with -Tet DMEM/F12 media with 100 ug/ml Hygromycin for
5 days. Individual Hygromycin resistant cell foci were harvested by adding 20 pl of trypsin on top and pipetting up and down 2 times. Cells were
placed in a 24 well plate and expanded by continual growth in -Tet DMEM/F12 media.

To verify that the Hygromycin resistant cells were capable of expressing LAP-Tau, HEK293 LAP-Tau cells were induced with 0.1 pg/ml Dox for
15 hr and protein extracts were prepared from non-induced and Dox-induced cells. These extracts were separated by SDS-PAGE, transferred
to a PVDF membrane, and immunoblotted for GFP and Tubulin as loading control. As seen in Figure 4A, LAP-Tau (visualized with anti-GFP
antibodies) was only expressed in the presence of Dox. To valldate that LAP-Tau was properly localized to the mitotic microtubule spindle during
mitosis, as had been previously shown for endogenous Tau'® , HEK293 LAP-Tau cells were induced with 0.1 pg/ml Dox for 15 hr and cells were
fixed with 4% paraformaldehyde and co-stained for DNA (Hoechst 33342) and microtubules (anti-Tubulin antibodies). Consistently, LAP-Tau was
localized to the mitotic spindle during metaphase of mitosis (Figure 4B). To verify that LAP-Tau and its interacting proteins could be purified with
this system, HEK293 LAP-Tau cells were grown in roller bottles to ~70% confluency, induced with 0.1 pg/ml Dox for 15 hr, harvested by agitation,
lysed with LAP300 buffer, and LAP-Tau was purified using the above protocol. Eluates from the LAP-Tau purification were resolved by SDS-
PAGE and the gel was silver stained. Figure 4C shows the LAP-Tau purification, marked with an asterisk is LAP-Tau and several other bands
indicative of Tau interacting proteins can be seen.
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Figure 1: Overview of the Generation of LAP-tagged Inducible Stable Cell Lines for any Protein of Interest. The open reading frame
(ORF) of genes of interest are amplified with attB1 and attB2 sites flanking the 5' and 3' end sequences, respectively (primer sequences are
given in Table 1) and cloned into the shuttle vector. Sequence verified shuttle vectors with the gene of interest are then used to transfer the
gene of interest into the pGLAP1 vector. The sequence verified pGLAP1 vector with the gene of interest is then co-transfected with the vector
containing the flippase recombinase into the desired cell line that contains a single flippase recognition target (FRT) site within their genome,
which is the site of integration for LAP-tagged genes. These cell lines also express the Tet repressor (TetR) that binds to Tet operators (TetO3)
upstream of the LAP-tagged genes and silences their expression in the absence of Tet/Dox. The LAP-tagged gene of interest is then recombined
into the FRT site and stable integrants are selected with Hygromycin. Please click here to view a larger version of this figure.
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Figure 2: Overview of the Applications for LAP-tagged Stable Cell Lines. LAP-tagged inducible stable cell lines are induced to express the
LAP-tagged protein of interest by Dox addition and can be synchronized at various stages of the cell cycle or can be stimulated with chemicals
or ligands to activate any desired signaling pathway. The subcellular localization of the LAP-tagged protein of interest can be analyzed by
live cell or fixed cell imaging. LAP-tagged proteins can also be tandem affinity purified and their interacting proteins can be identified by liquid
chromatography tandem mass spectrometry (LC-MS/MS). Finally, Cytoscape can be used to generate a protein-protein interaction network of the
bait protein. Dox indicates Doxycycline, IP indicates immunoprecipitate, EGFP indicates enhanced green fluorescent protein, Tev indicates TEV
protease cleavage site, and S indicates S-tag. Please click here to view a larger version of this figure.
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Figure 3: Overview of LAP-tagged Protein Expression, Purification and Preparation for Mass Spectrometry. The protocol has 9 steps:
1) growth and induction of LAP-tagged protein expression, 2) cell harvesting and lysis, 3) the preparation of lysates, 4) the binding of lysates
to anti-GFP beads, 5) TEV protease cleavage of the GFP-tag, 6) the binding of lysates to S-protein beads, 7) the elution of the bait protein and
interacting proteins, and 8-9) the preparation of samples for mass spectrometry-based proteomic analyses. Please click here to view a larger
version of this figure.

101



(]
’Dve Journal of Visualized Experiments

Www.jove.com

A LAP-Tau expression B LAP-Tau localization Cc
Merge
(o d,p
\~\0“ & 200
a-GFP 116 -
wa|| —_— 2 a-Tub

314
21_]

97 —
66 —

45

LAP-Tau purification

MW CL E
B
-
—
- —]
- T -

14
Figure 4: Verification of LAP-Tau expression. (A) Western blot (WB) analysis of protein samples from non-induced and Dox induced LAP-
Tau HEK293 cells probed with anti-GFP and anti-Tubulin antibodies to detect the LAP-tagged Tau protein and the Tubulin loading control,
respectively. Note that LAP-Tau is only expressed when the cells are induced with Dox. (B) Mitotic cells expressing LAP-Tau were fixed and
co-stained for DNA (Hoechst 33342) and Tubulin (Tub) with anti-tubulin antibodies and the subcellular localization of LAP-tau was analyzed by
fluorescence microcopy. Note that LAP-Tau localizes to the mitotic spindle and spindle poles during mitosis. (C) Silver stained gel of the LAP-

Tau purification. MW indicates molecular weight, CL indicates cleared

lysates, and E indicates final eluates. Samples were run on a 4-20% SDS-

PAGE and the gel was silver stained to visualize the purified proteins. Note that a band corresponding to LAP-Tau is marked with an asterisk and
several other bands corresponding to co-purifying proteins can be seen. Please click here to view a larger version of this figure.

N-terminal fusion

Forward

5'-GGGGACAAGT TTGTACAAAAAAGCAGGCTTCATG-(>18gsn)-3°

Reverse

5'-GGGGACCACTTTGTACAAGAAAGCTGGGTT TTATCA-(>18gsn)-3’

C-terminal fusion

Forward

5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACC-(>18gsn)-3’

Reverse

5'-GGGGACCACTTTGTACAAGAAAGCTGGGTG-(>18gsn)-3

Table 1: Forward and Reverse Primers for Amplifying ORFs or Interest for Insertion into the Shuttle Vector. The attB sites are highlighted
in bold letters, gsn denotes that more than 18 gene specific nucleotides are added to the primer.

Step Temperature Time
Initial denaturation 94 °C 2 min
PCR Amplification Cycles (35) Denature 94°C 30 sec
Anneal 55 °C (depending on the primer 30 sec
Tm)
Extend 72°C 1 min/kb
Hold 4°C indefinitely

Table 2: PCR Conditions for Amplification of the ORFs of Interest.

Vector

Forward Sequencing Primer

Reverse Sequencing Primer

Shuttle Vector

5-TGTAAAACGACGGCCAGT-3

5-CAGGAAACAGCTATGAC-3

Table 3: Forward and Reverse Sequencing Primers for the Shuttle Vector.
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ID Structure Parental Promoter Bac Res Mam Res Tet reg?

pGLAP1 N-term EGFP-TEV- | pcDNAS/FRT/TO  |CMV Amp Hyg Yes
S peptide

pGLAP2 N-term Flag-TEV-S |pcDNAS/FRT/TO |CMV Amp Hyg Yes
peptide

pGLAP3 N-term EGFP-TEV- | pEF5/FRT-V5 EF1a Amp Hyg No
S peptide; C-term
V5

pGLAP4 N-term Flag-TEV- |pEF5/FRT-V5 EF1a Amp Hyg No
S peptide; ; C-term
V5

pGLAPS C-term S peptide- |pEFS/FRT-V5 EF1a Amp Hyg No
PreProt x2-EGFP

Table 4: List of Available LAP/TAP Vectors with Variable Promoters, Epitope-tags, and Dox Inducible Expression Capabilities for N or
C-terminal Protein Tagging. Vectors are commercially available. Bac Res indicates bacterial resistance marker, Mam Res indicates mammalian
cell resistance marker, Tet reg? indicates whether expression is Tet/Dox regulatable.

Vector Forward Sequencing Primer Reverse Sequencing Primer

pGLAP1 5- 5-
ATCACTCTCGGCATGGACGAGCTGTACAAG-JTGGCTGGCAACTAGAAGGCACAGTCGAGGCH3

pGLAP2 5-CGAACGCCAGCACATGGACAGGG-3' 5-

TGGCTGGCAACTAGAAGGCACAGTCGAGGCH3

pGLAP3 5-AGAAACCGCTGCTGCTAA-3 5-TAGAAGGCACAGTCGAGG-3'

pGLAP4 5-AGACCCAAGCTGGCTAGGTAAGC-3 5-TAGAAGGCACAGTCGAGG-3'

pGLAPS 5-CGTAATACGACTCACTATAG-3’ 5-TCCAGGGTCAAGGAAGGCACGG-3'

Table 5: Forward and Reverse Sequencing Primers for pGLAP Vectors.

The outlined protocol describes the cloning of genes of interest into the LAP-tagging vector, the generation of inducible LAP-tagged stable cell
lines, and the purification of LAP-tagged protein complexes for proteomic analyses. With respect to other LAP/TAP-tagging approaches, this
protocol has been streamlined to be compatible with high-throughput approaches to map protein localization and protein-protein interactions
within any cellular pathway. This approach has been widely applied to the functional characterization of proteins critical for cell cycle progression,
mitotic spindle assembly, spindle pole homeostasis, and ciliogenesis to name a few and has aided the understanding of how misregulation of
these proteins can lead to human diseases'®"%"®% For example, our group recently utilized this system to define the function and regulation

of the STARDS mitotic kinesin (a candidate cancer target) in spindle assembly15’21, to define a new molecular link between the Tctex1d2 dynein
light chain and short rib polydactyly syndromes (SRPS)'B, and to define a new molecular link to understanding how mutation of the Mid2 ubiquitin
ligase can lead to X-linked intellectual disabilities'®. Other laboratories have also successfully applied this method, including one that determined
that Tctn1, a regulator of mouse Hedgehog signaling, was a gart of a ciliopathy-associated protein complex that regulated ciliary membrane
composition and ciliogenesis in a tissue-dependent manner’>%. Therefore, this protocol can be broadly applied to the dissection of any cellular
pathway.

A critical step in this protocol is the selection of LAP-tagged stable cell lines that are Hygromycin resistant. Special care should be taken to
ensure that all cells in the control plate are dead before selecting foci in the experimental plate for amplification. Hygromycin can also be
added during routine cell culturing of LAP-tagged stable cell lines to further ensure that all cells maintain the LAP-tagged gene of interest at
the FRT site. We caution that not all LAP-tagged proteins will be functional and that it is important to have assays in place that can be used
to test protein function. Examples of assays used to test protein function include the rescue of siRNA-induced phenotypes and in vitro activity
assays. To address any potential problems with the addition of a large LAP-tag, we have previously generated TAP-tag vectors compatible
with this system that contain smaller tags, like FLAG, which are less likely to inhibit the function and localization of the protein of interest®.

In addition, LAP-tagging vectors exist for generating C-terminal LAP-tagged proteins or C-terminal TAP-tagged proteins that are compatible
with this system, which can be used in cases where a LAP/TAP tag is not tolerated at the N-terminus of a protein. Additionally, the salt and
detergent concentrations of the purification buffers (LAPXN) can be modified to increase or decrease the purification stringency if none or too
many interactions are observed. Similarly, the tandem affinity purification procedure is more stringent than single purification procedures and
weak interactors may be lost, thus a single purification scheme can be used when few or no interactors are identified.

It is important to note that other GFP epitope tagging approaches exist that allow large scale GFP protein tagging for protein localization and
purification studies” ™. These include the BAC TransgenOmics approach that utilizes bacterial artificial chromosomes to express GFP-tagged
genes of interest from their native environment that contains all the regulatory elements, which mimics endogenous gene expression®*. More
recently, CAS9/single-guided RNA (sgRNA) ribonucleoprotein complexes (RNPs) have been used to endogenously tag genes of interest with

a split-GFP system that allows the expression of GFP-tagged genes from their endogenous genomic loci®®. Although both of these approaches
enable the expression of tagged proteins under endogenous conditions, compared to the LAP-tagging protocol described here, they do not allow
for inducible and tunable expression of the tagged genes of interest. Additionally, they have yet to be applied to tandem epitope tagging for TAP.
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It is also important to note that other tagging systems can also be modified to become compatible with the system described here for generating
inducible epitope-tagged stable cell lines. For example, proximity-dependent biotin identification (BiciD) has garnered considerable attention due
to its ability to define spatial and temporal relationships among interacting proteins™®. This technique exploits protein fusions 10 a promiscuous
strain of the Escherichia coli biotin ligase BirA, which biotinylates any protein within a ~10 nm radius of the enzyme. The biotinylated proteins
are then affinity purified using biotin-affinity capture and analyzed for composition by mass spectrometry. BirA will biotinylate any protein in
close proximity, even transiently, which makes it especially suited for detecting weaker interacting partners within a complex". Additionally, the
purification scheme does not r itate that endogenous protein-protein interactions remain intact and can be carried out under denaturing
conditions, thus reducing the rate of false positives. Within our current protocol, the substitution of the pGLAP 1 vector by a BirA-tagging vector
could transform this system from identifying protein-protein interactions based on affinity to detecting them based on proximity. Such a system
would be highly advantageous for detecting transient protein interactions as is the case between many enzyme-substrate interactions and for
mapping the spatiotemporal protein-protein interactions within defined structures as has been carried cut for the centrosome and cilia™?®,
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