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Abstract

During cell division, one mitotic cell generates two daughter cells. Molecular pathways
that build, stabilize and orient the mitotic spindle are critical during cell division as the mitotic
spindle ensures equal segregation of chromosomes and controls the size of the daughter cells.
During anaphase, the spindle mid-zone signals the cleavage site, a site that defines the separation
of the daughter cells in most animal cells. Under normal conditions, the spindle is centred in the
dividing cell, leading to equal-sized daughter cells. However, daughter cells with different
physical sizes can be generated due to an off-centre spindle during anaphase. Unequal-sized
daughter cells differ in their relative amounts of cytoplasmic content, such as organelles, which
can affect their survival, growth, and behavior.

Several mechanisms regulate daughter cell size in mitosis, including asymmetric cortical
dynein pulling forces on the spindle and asymmetric membrane elongation at the cell surface.
The Maxwell Lab revealed that the gene product hyaluronan mediated motility receptor (HMMR)
plays an important role in the asymmetric cortical localization and activity of dynein, a pulling-
force generating microtubule motor protein. Moreover, HMMR is a breast cancer susceptibility
gene. My research now shows that HMMR also regulates asymmetric membrane elongation to
control daughter cell size. My results reveal that HMMR-overexpressing cells display ectopic
membrane elongation at anaphase as well as the ultimate loss of daughter cell size control;
moreover, elevated HMMR expression correlates with activation of Aurora kinase A and mis-
localization of components of the ARP2/3 complex, which potentially disrupts the stability of the
cortex during mitosis.

Collectively, my research identifies a new role for HMMR in the regulation of cortical

integrity and daughter cell sizes potentially through an Aurora kinase A-dependent control of
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ARP2/3 complex localization to the mitotic spindle poles. The disruption of daughter cell size
control mediated by elevated HMMR expression may contribute to heterogeneous cell size and

genome instability that often occurs during tumorigenesis.
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Lay Summary

Cell division is needed for animal development and proper tissue functioning. During
most cell divisions, the parental cell gives rise to two equal-sized daughter cells that inherit
identical genetic information. The control of daughter cell size during cell division relies on
proper spindle positioning during anaphase. There are several mechanisms to maintain a centred
mitotic spindle. However, some of these molecular mechanisms remain unclear. In this thesis, I
identified a new pathway that controls daughter cell size during mitosis. When I disrupted this
pathway, I uncovered consistent phenotypes in immortal cell lines, and primary samples taken
from human donors or transgenic mice. My thesis provides new insight about mechanisms that
control daughter cell sizes and may shed light on the process of tumorigenesis that is associated

with defective cell division.



Preface

The following manuscript is associated with this thesis.

F. Mateo*, Z He*, L Mei*,(*co-first authors), G Ruiz de Garibay, C Herranz, N Garcia, A
Lorentzian, A Baigés, E Blommaert, A Goémez, O Mirallas, A Garrido-Utrilla, L. Palomero, R
Espin, Al Extremera, MT Soler Mons6, A Petit, R Li, J Brunet, K Chen, S Tan, C Eaves, C
McCloskey, R Hakem, R Khokha, PF Lange, C Lazaro, CA Maxwellf and MA Pujanat (1 co-
senior authors).

Modification of BRCA1-associated cancer risk by HMMR overexpression.

Nature Communications 2022 Apr 7;13(1):1895. doi:10.1038/s41467-022-29335-7

Following figures in this thesis have been published in the manuscript above:
Figure 3.1 to 3.4, 3.7 to 3.10, and 3.13 to 3.19 in Chapter 3.

Figures 4.3 to 4.8, and 4.10 in Chapter 4.

Figures 5.3, 5.5, and 5.9 presented in Chapter 5.

In association with Dr. Maxwell and committee members, I have designed the experiments. I

completed the experiments and data analyses in this thesis, with the following exceptions:

e The immunoprecipitation-mass spectrometry experiments and analysis in Chapter 3 were
performed by Dr. Jihong Jiang (Maxwell Lab) and Charlie Kuan, M.Sc. (Lange Lab) (BC
Children’s Hospital) as Figure 3.9.

e Lentiviruses with plasmids expressing eGFP and GFP-Aurora A used in Chapter 4 were
provided by Dr. Zhengcheng He and Shanshan Wang (Maxwell Lab).

e Dr. Marisa Connell generated Drosophila lines expressing UAS-GFP-HMMR and UAS-
Cherry-jupiter/UAS-HMMR. Dr. Connell generated the movies from which I quantified the
percentage and size of blebbing neuroblasts in Chapter 5 as Figure 5.1.

e Dr. Francesca Mateo and Dr. Miquel Angel Pujana (Pujana Lab) shared paraffin embedded

and frozen mouse mammary gland tissues for analysis in Chapter 5.
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Dr. Zhengcheng He (Maxwell Lab) helped with the isolation and single-cell suspension of
the primary mammary epithelial cells from mouse. After lentivirus transduction to express
EGFP or EGFP-Cre, Dr. Zhengcheng He sorted the GFP-positive cells 24 hours post-
transduction in Chapter 5.

Dr. Zhengcheng He (Maxwell Lab) helped with the gene editing design using CRISPR-Cas9
and Prime editing for rs299290 in Chapter 5.

The primary mammary luminal progenitor cells were isolated and sorted by Dr. Connie
Eaves’ laboratory (BC Cancer) in Chapter 5.

Dr. Zhengcheng He (Maxwell Lab) cultured and obtained movies of the primary mammary

luminal progenitor cells in Chapter 5 as Figure 5.10A.

Samples obtained from human donors and animal models were obtained and manipulated

following the approved protocols listed:

Mammary tissues from donors with consent were processed according to the University of
British Columbia Research Ethics Board (reference H19-04034).

Animal experiments regarding the BLG-Cre Trp53* Brcal™" HMMR¥"¢ mice were
conducted in the University of Barcelona-Bellvitge animal facility with the permission of the
IDIBELL University of Barcelona-Bellvitge Ethics Committee, according to the Generalitat

de Catalunya license authority (reference 9774) .
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Chapter 1: Introduction

Proper tissue development relies on the ability of stem cells to undergo symmetric or
asymmetric cell divisions (Morrison and Kimble, 2006). For example, neurogenesis is a process
where neural stem and progenitor cells generate neurons (Sun and Hevner, 2014). In vertebrates,
neurogenesis takes place throughout the neural tube during the development of the central
nervous system (CNS) (Taverna et al., 2014). Subsequent processes include neuronal migration
and differentiation, the formation of dendrites and axons, and the development of neuronal
connectivity (Kriegstein and Noctor, 2004). During cortical neurogenesis, cortical stem and
progenitor cells undergo different modes of cell division to generate different cell types, which
are categorized based on the location of mitosis, cell polarity and the capacity to proliferate of
the produced daughter cells (Taverna et al., 2014).

Cortical stem cell and progenitor cells can undergo either symmetric or asymmetric cell
division, which gives rise to different types of daughter cells (Habib and Acebron, 2022).
Symmetric proliferative, symmetric consumptive, asymmetric self-renewing, and asymmetric
consumptive are the four modes of cell division that occur during neurogenesis (Taverna et al.,
2014). In symmetric proliferative division, the two daughter cells generated from a division are
identical to the mother cell. In symmetric consumptive division, the mother cell generates two
identical daughter cells that are different from the mother cell. During asymmetric self-renewing
division, one daughter cell is identical to the mother cell while the other daughter cell is
phenotypically or functionally different. Asymmetric consumptive division results in two
daughter cells that are distinct from each other and from the mother cell. Since asymmetric cell
division results in uneven distribution of polarized factors, the daughter cells can behave

differently and have different cell fates. Thus, while each cell division must ensure the equal



segregation of genetic information (chromosomes), the two daughter cells can differ in their
acquisition of non-genetic information and/or their environmental context, each of which can

have dramatic consequences on the ultimate phenotype or function of that daughter cell.

1.1 Mitosis

Humans begin as a single zygote cell that develops through mitosis. During these
development and growth stages, mitosis increases the number of cells and produces specialized
cells that must ultimately perform different functions. During adulthood, mitosis maintains and
replaces cells in order to support tissue function in the organism. Consequently, cell division is a
tightly regulated process where a parental cell gives rise to two daughter cells inheriting identical
genetic material. In order to ensure the stable segregation of chromosomes, more than 800
proteins are known to contribute to the formation and regulation of the mitotic spindle (Sauer et

al., 2005).

1.1.1  Stages of mitosis and mechanisms of chromosome alignment and segregation
Mitosis begins with prophase, a stage where chromosomes condense within the nucleus
while at the same time microtubules nucleate at the centrosomes (Walczak et al., 2010). When
the cell enters prometaphase, the nuclear envelope breaks down (NEBD) and microtubules attach
to the chromosomes through kinetochores. ‘The dance of chromosomes’ is also initiated at
prometaphase where chromosomes can migrate towards or away from the spindle pole. This
chromosome movement eventually leads to metaphase, which is defined by the alignment of
chromosomes at the spindle equator to form the metaphase plate. When the cell passes the

metaphase checkpoint, sister chromatid cohesion is cleaved, and the cell enters anaphase. During



anaphase, sister chromatids are pulled toward opposite spindle poles in order to evenly distribute
the genetic material into both daughter cells. Next, the chromosomes decondense and a nuclear
envelope reforms around the two nuclei in telophase. During cytokinesis, ingression of the cell
membrane between the two nuclei forms the midbody and two daughter cells are produced,

following the abscission of the midbody.

1.1.2  Anaphase spindle position determines daughter cell size

During late anaphase, the spindle midzone between the separating chromosomes sends
signals to determine the site of cleavage between the two daughter cells (Burgess and Chang,
2005). Consequently, the two daughter cells often inherit equal volumes of cytoplasm. However,
cytoplasmic factors, including polarized cell-fate determinants, and extrinsic niche signals can be
distributed evenly or unevenly to the daughter cells through symmetric and asymmetric cell
division, respectively (Kiyomitsu, 2015). Spindle orientation affects the distribution of polarized
factors in the mitotic cell and these polarized factors play a role in the fate of the two daughter
cells (Tzur et al., 2009; Kiyomitsu, 2015) (Figure 1.1).

Mitotic spindle position also determines the physical size of the two daughter cells. The
spindle is positioned at the cell centre in most vertebrate cell divisions, which gives rise to two
equal-sized daughter cells. For example, mouse skin lymphoblasts undergo symmetric cell
division where the difference in cell volume between the two daughter cells is usually less than
10 percent (Tzur et al., 2009; Sung et al., 2013). Yet, some cells displace the mitotic spindle to
generate unequal-sized daughters, including in the early embryo of Caenorhabditis elegans and

Drosophila neuroblasts (Kiyomitsu, 2015).
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Figure 1.1 Different spindle position and orientation that affect daughter cells.

The spindle mid-zone signal (red dashed line) defines the cleavage site to generate two daughter
cells. Spindle orientation determines the distribution of polarized factors (blue shaded areas) in
the daughter cells, including asymmetric (left) and symmetric distributions (middle and right).
Spindle position also affects daughter cell size. For example, an off-centre spindle in anaphase
leads to unequal-sized daughter cells (right). Figure adapted from (Kiyomitsu, 2015).

Daughter cell size can determine cell function and behavior, which further regulates
tissue architecture (Sung et al., 2013). For example, different daughter cell sizes indicate
different relative amounts of cytoplasmic components, molecules and organelles (Dalton and
Carroll, 2013). Unequal daughter cell size may have an effect on nucleus formation during early
interphase, leading to differences in the relative volumes of the nucleus and cytoplasm that is
preserved in the cell cycle (Hara and Kimura, 2011). Moreover, changes of cell size can affect
the rate of nuclear import and export (Brownlee and Heald, 2019). Finally, the growth behavior

of large and small cells after cell division is different (Tzur ef al., 2009). Therefore, the correct



regulation of daughter cell sizes is an essential determinant of cellular phenotypes and tissue

function.

1.2 Spindle positioning mechanisms

Unlike the metaphase checkpoint, which functions to ensure proper chromosome
segregation (London and Biggins, 2014), there is no known checkpoint to safeguard spindle
position (Kiyomitsu, 2015). However, several mechanisms work together to correct spindle
positioning and control daughter cell size, including asymmetric cortical dynein pulling forces

and asymmetric membrane elongation (Figure 1.2A).
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Figure 1.2 Mechanisms that regulate spindle positioning during mitosis.
A) Figure adapted from (Kiyomitsu, 2015). Most vertebrate cell divisions result in a centred

B)

metaphase spindle, which results in a centred anaphase spindle and spindle mid-zone (left).
However, some metaphase spindles are off-centre and, thus, undergo positioning control
mechanisms (right):

(1) During metaphase and early anaphase, asymmetric cortical dynein pulling forces (yellow)
act on an off-centre spindle to correct and maintain its position till late anaphase.

(2) An off-centre spindle in early anaphase activates asymmetric membrane elongation,
where asymmetrically localized actomyosin (red) contracts one polar side of the membrane
to generate a cytosolic flow that leads to expansion/blebbing on the opposite polar side.

(3) Spindles can also elongate during anaphase until the spindle is correctly centred.

During metaphase, NuMA-LGN-Gai at the actin rich cell cortex recruits dynein, which pulls
on spindle microtubules. When the spindle pole approaches the cortex, chromosome-derived
Ran-GTP gradient attenuates the interaction between LGN-NuMA and Gai whereas PLK1 at
spindle pole downregulates the interaction between LGN-NuMA and dynein.



1.2.1 Asymmetric cortical dynein forces correct spindle position prior to metaphase

Multiple mechanisms work together to regulate spindle position during mitosis. A well-
described mechanism during prometaphase is cortical pulling forces on astral microtubules
(those microtubules that extend from the spindle poles to the cell cortex) generated by dynein
minus end-directed microtubule-based motor complexes, which control both spindle orientation
and spindle positioning (Morin and Bellaiche, 2011; McNally, 2013) (Figure 1.2).

Dynein contains a dynein heavy chain (DHC) and other non-catalytic subunits, which
form a complex with dynactin to regulate cortical dynein motor activity (Kardon and Vale, 2009).
In vertebrates, the recruitment of dynein to the cell cortex depends on the localization of nuclear
mitotic apparatus protein (NuMA)/G-protein signaling modulator 2 (LGN)/Gai complex at the
cell cortex (McNally, 2013). These cortical dynein complexes, located at opposing sides of the
dividing cell, essentially play ‘tug-of-war’ on spindle microtubules to establish a centred and
oriented mitotic spindle.

In a cell with a centred spindle in metaphase, the spindle position is often maintained
until late anaphase as the cell divides symmetrically (Kiyomitsu, 2015). In the case of a mis-
positioned metaphase spindle, however, dynein is stripped from the cortex closest to the mis-
positioned pole and asymmetrically localized dynein at the far side of the cell cortex generates
pulling forces that centre the spindle (Figure 1.2B) (Kiyomitsu and Cheeseman, 2012). The
localization of dynein complexes at the cortex is controlled by a chromosome-derived Ran-GTP
gradient that reduces cortical complexes of NuMA-LGN and Gai when the metaphase
chromosomes are close to the cell cortex at one pole (Kiyomitsu and Cheeseman, 2012, 2013). In
parallel, polo-like kinase 1 (PLK1), which is localized at the spindle pole, provides signals that

lead to the disassociation of the NuMA-LGN complex from dynein-dynactin (Kiyomitsu and



Cheeseman, 2012). During anaphase, an additional pool of NuMA is recruited by 4.1G/R to the
cell cortex and acts synergistically with the LGN pathway (Kiyomitsu and Cheeseman, 2013).
Cortical dynein is also regulated by a complex of hyaluronan mediated motility receptor
(HMMR)-CHICA-dynein light chain 1 (DYNLL1), which binds microtubules and creates a
gradient of DYNLLI around the spindle pole (Dunsch et al., 2012). DYNLLI1 binds dynein to
inhibit its interaction with adaptors and thus reduces the amount of cortical dynein (Dunsch et al.,
2012). Moreover, HMMR plays an important role in PLK1-Ran-GTP axis: PLK1-
phosphorylated HMMR localizes Ran-GTP to the spindle poles, where Ran-GTP regulates
cortical localization of NuMA-LGN (Kiyomitsu and Cheeseman, 2012; Connell et al., 2017).
Because HMMR contributes to the cortical dynein localization needed to orient and position the
mitotic spindle, HMMR-silenced cells exhibit abnormally rotating spindle and decreased PLK1

activity at kinetochores and spindle poles (Chen et al., 2014; Connell et al., 2017).

1.2.2 Asymmetric membrane elongation corrects daughter cell size during anaphase
Although cortical dynein forces during metaphase and anaphase contribute to spindle
positioning, a portion of HeLa cells still show an off-centre spindle in late anaphase, which
requires another spindle positioning mechanism to fix the problem (Kiyomitsu and Cheeseman,
2013). An off-centre spindle in late anaphase is corrected by asymmetric membrane elongation,
where the polar cell cortex that is closer to the spindle expands asymmetrically to alter the site of
cleavage relative to the cell size (Kiyomitsu, 2015) (Figure 1.2). This rapid process generates a
cytosolic flow that: (1) pushes on the spindle requiring cortical dynein to stabilize one spindle
pole, and (2) expands the cell membrane (Kiyomitsu, 2015). Moreover, the sudden membrane

elongation is not due to the production of new membrane, but is mediated by remodeling of pre-



existing cell cortex (Kiyomitsu and Cheeseman, 2013). During anaphase, actomyosin not only
contributes to the formation of the contractile ring, but also localizes at the cell cortex to generate
actomyosin-based contractile forces on the plasma membrane (Kiyomitsu, 2015).

Asymmetric cortical actomyosin produces stronger contractile forces on the cortex at one
pole of the cell to destabilize the cell shape and generate asymmetric membrane elongation at the
opposite side (Kiyomitsu, 2015). Asymmetric localization of cortical factors may play a role in
this process. For example, anillin, a cortical scaffold protein that regulates myosin II, is removed
from the cortex by chromosome-derived Ran-GTP (Kiyomitsu, 2015; Beaudet et al., 2017).
Depletion of anillin using small interfering ribonucleic acid (siRNA) induced premature
membrane blebbing in metaphase and enlarged membrane blebs in anaphase (Kiyomitsu and
Cheeseman, 2013). Although a Ran-GTP gradient plays a key role in regulating this second
spindle positioning system, cortical actomyosin may also be regulated during mitosis by other
pathways. A third mechanism to position the mitotic spindle relies on the full extension of the
spindle such that it reaches both sides of the cell cortex and the spindle becomes centred

spontaneously (Kiyomitsu, 2015; Garzon-Coral et al., 2016) (Figure 1.2).

1.3 Mechanism of membrane blebbing

Membrane blebbing of cells is a phenomenon described in multiple processes including
apoptosis, cell division, cell motility and cell spreading (Bereiter-Hahn et al., 1990; Hickson et
al., 2006; Ridley, 2015; Zhang et al., 2018). A dense actin network form the actin cortex that is
connected to the plasma membrane and the coupling of the actin cortex with membrane provides
mechanical rigidity to prevent bleb formation (Peukes and Betz, 2014). Actomyosin at the cortex

induces contractile forces to generate hydrostatic pressure that pushes against the plasma



membrane (Tinevez et al., 2009; Peukes and Betz, 2014). When the hydrostatic pressure is in
balance with the rigidity of the actin cortex, no bleb forms (Peukes and Betz, 2014). However,
this balance of force is broken when the plasma membrane decouples from the actin cortex or the
actin cortex ruptures (Charras, 2008; Peukes and Betz, 2014). As a result, the hydrostatic

pressure pushes outward on the membrane, forming a bleb (Figure 1.3).

Actin cortex ruptured
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Figure 1.3 Mechanism of membrane blebbing

At steady-state, there is a balance between actin cortex rigidity and hydrostatic pressure
generated by actomyosin contraction forces. However, when the actin cortex ruptures,
hydrostatic pressure pushes against the membrane and form a bleb. Similarly, actomyosin can
drive intracellular pressure that delaminates membrane from the actin cortex, resulting in the
formation of a bleb.
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1.4 Aurora kinase A regulates mitotic spindle assembly and integrity

Several kinase families are important regulators of cell division, including aurora kinases,
cyclin-dependent kinases, polo-like kinases and NIMA-related protein kinases (NEKs). Aurora
kinase A (Aurora A, AURKA), is an important mitotic kinase that regulates centrosome
maturation and bipolar spindle assembly (Marumoto et al., 2005). Chapter 4 discusses a potential
daughter cell size control mechanism involving Aurora A. Thus, I will provide a brief review of

Aurora A in this section.

1.4.1 A brief introduction to the discovery, structure, subcellular localization and
expression of Aurora A

Aurora A was identified in Drosophila as aurora. Mutations of the aurora gene impedes
centrosome separation, leading to a monopolar microtubule aster that was phenotypically similar
to Aurora Borealis (Glover et al., 1995). In vertebrates, Aurora A is a serine/threonine kinase
that regulates centrosome maturation and separation and the formation of bipolar spindles (Giet
and Prigent, 1999; Carmena et al., 2009).

Aurora kinases consist of two main components: a regulatory domain that resides in the
N-terminus and a catalytic C-terminal domain (Dodson ef al., 2010). The N-terminus of the
kinase family varies whereas the catalytic C-terminal is highly conserved with greater than 70%
sequence homology between Aurora A and Aurora B (Carmena et al., 2009). Degradation of
Aurora A is regulated by ubiquitination through several degradation motifs: the D-box, A-box
and KEN-box (Castro et al., 2002; Crane et al., 2004). Activation of Aurora A depends on
interactions with cofactors through the catalytic domain, followed by a conformational change in

the kinase domain that facilitates autophosphorylation of Threonine 288 in the T-loop (Bayliss et
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al., 2003; Eyers et al., 2003, 2005; Hirota et al., 2003; Satinover et al., 2004; Carmena et al.,
2009; Dodson and Bayliss, 2012). Protein phosphatase 1 (PP1) inactivates Aurora A by
dephosphorylating T288 (Katayama et al., 2001). Also, protein phosphatase 6 dephosphorylates
TPX2 bound Aurora A at T288 to control mitotic spindle formation (Zeng et al., 2010).

During interphase, Aurora A localizes to both the nucleus and the centrosome (Rannou et
al., 2008), but is found only on the centrosomes in G2 phase (Bischoff et al., 1998; Lens et al.,
2010). In mitotic cells, Aurora A stays on the spindle poles and decorates the spindle fibers
(Bischoff et al., 1998).

Expression of Aurora A is cell-cycle dependent with peak expression from late G2 to
metaphase (Katayama et al., 2004). Upon onset of mitotic exit, Aurora A is degraded through the
anaphase promoting complex/cyclosome (APC/C) (Castro et al., 2002; Crane et al., 2004;
Giubettini et al., 2011). Analysis of mRNA revealed that the level of Aurora A expression is
high in thymus, testis and fetal liver, and low in lymph nodes, bone marrow and spleen (Bischoff

et al., 1998).

1.4.2 The role of Aurora A during cell division

Aurora A is a critical regulator of cell division that phosphorylates multiple substrates in
different phases of the cell cycle. In late G2 phase, Aurora A is activated by the LIM protein,
Ajuba, and this activation is essential for the activation of cyclin BI-Cdk1 and entry into mitosis
(Hirota et al., 2003). Aurora A also facilitates the nuclear localization of cyclin B by
phosphorylating CDC25B at the G2-M transition to drive mitotic entry (Cazales et al., 2005).

Active Aurora A promotes the phosphorylation and recruitment of spindle assembly factors

12



(SAFs) to the centrosome (Berdnik and Knoblich, 2002; Giet et al., 2002; Terada et al., 2003;
Barros et al., 2005; Kinoshita et al., 2005; Mori et al., 2007).

As cells enter prophase, Aurora A induces centrosome separation (Glover et al., 1995;
Roghi et al., 1998; Giet et al., 1999). After NEBD, Aurora A autophosphorylation on T288 is
promoted by TPX2 (Bayliss et al., 2003; Eyers et al., 2003; Tsai et al., 2003; Xu et al., 2011;
Dodson and Bayliss, 2012). TPX2 binding also stabilizes active Aurora A by inducing a
conformational change that prevents dephosphorylation (Bayliss et al., 2003; Eyers et al., 2003;
Tsai et al., 2003; Satinover et al., 2004), and localizes the kinase to the spindle poles (Kufer et
al., 2002; De Luca et al., 2006; Giubettini et al., 2011). The TPX2-mediated spindle pole
localization of Aurora A depends on HMMR (Groen ef al., 2004; Maxwell et al., 2005; Chen et
al., 2014; Scrofani et al., 2015).

Active Aurora A induces microtubule nucleation and assembly through recruitment of
SAFs to the centrosomes (Berdnik and Knoblich, 2002; Giet et al., 2002; Terada et al., 2003;
Barros et al., 2005; Kinoshita et al., 2005; Mori et al., 2007). Moreover, Aurora A
phosphorylates breast cancer 1 (BRCA1) to inactivate the E3 ubiquitin ligase complex, BRCA1-
BRCA1 associated ring domain protein 1 (BARDI), and this inactivation stabilizes SAFs
(Sankaran et al., 2005, 2006, 2007; Pujana et al., 2007). In C. elegans zygotes, Aurora A (AIR-1
in C. elegans) concentrates around the spindle poles to inhibit local actomyosin contractile
activity at the proximal cortex, inducing cortical flows to break symmetry (Zhao et al., 2019).
Thus, Aurora A may also regulate cytoplasmic flow during mitosis by inhibiting cortical
actomyosin activity in vertebrate cells. In conclusion, Aurora A is involved in multiple mitotic
processes, which highlights the importance of active Aurora A at the proper intracellular location

and time.
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1.5 Hyaluronan mediated motility receptor (HMMR) participates in spindle assembly,
stability and positioning pathways

Hyaluronan-mediated motility receptor (HMMR also known as RHAMM) is a non-motor
spindle assembly factor that associates with microtubules and is critical to mitotic spindle
structure (Assmann et al., 1999; Maxwell et al., 2003; Chen et al., 2014). While historically
HMMR is identified as a hyaluronan binding protein, several lines of evidence regarding HMMR
gene and protein structure, protein function and gene location through evolution suggest that
HMMR is an evolutionarily conserved intracellular protein that regulates homeostasis, mitosis

and meiosis regulator (He ef al., 2020).

1.5.1 A brief history of HMMR

Hyaluronan (HA) is a linear polysaccharide found in the extracellular matrix (ECM) that
acts as a signaling molecule that binds cell-surface receptors (Lee and Spicer, 2000). HMMR
was first purified from mouse NIH-3T3 cells, and mouse sarcoma virus transformed 3T3 cells, as
part of a multi-component hyaluronan-binding protein (HABP) fraction (Turley et al., 1987).
HABP was found to be composed of three bands showed by sodium dodecyl sulfate (SDS)-gel
electrophoresis: 70 kilodaltons (kDa), 66 kDa and 56 kDa (Turley et al., 1987). A few years later,
an antibody binding the 56 kDa component of the HABP was found to block the locomotion of
10T1/2 cell (Turley et al., 1991). The complimentary deoxyribonucleic acid (cDNA) of the 56
kDa HABP was cloned from 3T3 cells and antibodies raised against this protein were shown to
inhibit ras-regulated locomotion, which led to the gene product being given the name Receptor
for Hyaluronan-Mediated Motility (RHAMM also known as HMMR) (Hardwick et al., 1992).

The gene product binds via ionic interactions with HA or heparin in vitro, and the key domains
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for this interaction are located in the C-terminus, at amino acids 636-646 and amino acids 658-
667 (Yang et al., 1993, 1994). These two basic HA-binding motifs were later found to lie within
the highly basic leucine zipper motif (bZIP), which is needed to localize the protein to the
centrosome. We now know that murine HMMR runs at 95 kDa (Hofmann et al., 1998b; Fieber et
al., 1999), which is not consistent with the 56 kDa component of the HABP.

Much of the work that defined murine HMMR as a HA binding gene product was
performed with truncated variants, including the RHAMMI1 variant (exon 6-18 without exon 8),
RHAMM? variant (exons 10-18), and the RHAMM 1v4 variant (exons 6-18) (Hardwick et al.,
1992; Entwistle et al., 1995; Hall et al., 1995). RHAMMI1v4 is commonly found in ras-
transformed cells (Entwistle et al., 1995; Hall et al., 1995) as a 73 kDa protein containing exon 4
(which is now known to be exon 8 in full-length HMMR). Later, in mice, full-length HMMR
was found to be a 95 kDa protein encoded by the complete Hmmr gene that consists of 18 exons
(Hofmann et al., 1998b; Fieber ef al., 1999). In mice, full-length HMMR is expressed in many
organs with the highest expression levels in spleen, thymus and testes (Fieber et al., 1999).

In humans, full-length HMMR was identified by using murine RHAMM?2 cDNA to
screen the cDNA library of a human breast sample (Wang et al., 1996). Human HMMR is an 84
kDa protein that consists of 725 amino acids (Wang et al., 1996) (termed HMMR isoform a;
HMMR isoform b lacks a single codon and consists of 724 aa). Two splice variants of human
HMMR were identified: HMMR lacking exon 13 (HMMR*"3) and HMMR lacking exon 4
(HMMR-*°" also known as HMMR isoform ¢) (Assmann et al., 1998; Wang et al., 1998;
Crainie et al., 1999; Line et al., 2002). HMMR-*°"13 i5 found in breast cancer carcinoma and

multiple myeloma (Wang et al., 1998; Crainie et al., 1999) whereas HMMR*°™ is present in
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many cancer tissues, such as myeloma, breast and colorectal cancers (Assmann et al., 1998;
Crainie et al., 1999; Line et al., 2002).

Although HMMR was initially considered to be a cell surface receptor, studies show that
HMMR exhibits intracellular localization and function (Assmann et al., 1998; Hofmann et al.,
1998b; Fieber et al., 1999). Antibodies against murine full-length HMMR revealed that HMMR
is localized intracellularly instead of at the cell surface (Hofmann et al., 1998b). Because
HMMR co-localizes with and interacts with microtubules and actin filaments (Assmann et al.,
1999), the gene product has also been referred to as intracellular hyaluronic acid binding protein

(IHABP) (Assmann et al., 1998; Hofmann et al., 1998b; Fieber et al., 1999).

1.5.2  Structural domains of HMMR

In humans, HMMR is encoded by HMMR, a gene located at 5q33.2-qter (Spicer et al.,
1995). The HMMR gene product consists of three major regions: 1) a basic N-terminal region
containing the microtubule-interacting exon 4 (Assmann et al., 1999); 2) a coiled-coil stalk
ranging from aa 69-681 that may be a dimerization domain; and 3) a highly conserved, C-

terminal basic leucine zipper (bZIP) motif (Maxwell et al., 2003) (Figure 1.3).

Microtubule
binding domain Centrosome target-

(exon 4) ing bZip motif aa |/ P\x

aa91-107 627-670 g7
I Coiled-coil

N \ aa 68-681 I c
1 68 91 107 627 670 *, 725
Aurora A/PLK1
substrate
Thr703

Figure 1.4 Structural domains of HMMR.

HMMR is predicted to be a largely coiled-coil (blue) protein with microtubule binding domain
(green) at the N-terminus and a centrosome targeting bZip motif (orange) at the C-terminus.
Exon4 (amino acids 91-107) is not only a splice variant but also a microtubule-binding domain.
Threonine 703 is a substrate of the mitotic kinases Aurora A and/or PLK1.
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The N-terminal domain in HMMR binds directly to microtubules (Assmann et al., 1999)
whereas the C-terminus can interact with microtubules indirectly through dynein (Maxwell ef al.,
2003; Chen et al., 2014). Thus, HMMR can potentially crosslink microtubules (Chen et al.,
2014). The C-terminal motif of HMMR contains a centrosome-targeting motif and is required for
TPX2 localization, proper spindle assembly and spindle integrity (Maxwell et al., 2003; Chen et
al.,2014). A CHICA-interacting region is located within the stalk region in HMMR (aa 365-546)
(Dunsch et al., 2012). Although the function remains unclear, a calcium-dependent calmodulin
binding domain is found at aa 574-602 in HMMR (Assmann et al., 1998). In addition, PLK1
(Grosstessner-Hain et al., 2011) and Aurora A (Maxwell ef al., 2011) recognize and

phosphorylate T703, a site that is C-terminal to the bZIP motif.

1.5.3 Expression and intracellular functions of HMMR
The first Hmmr mutant mice were generated by deleting exons 8-16 of Hmmr gene

exon8-16

(Hmmr*"8-16) in embryonic stem cells (Tolg et al., 2003). Hmmr mice did not display

obvious developmental defects at birth with respect to size and gross anatomy (Tolg et al., 2003).

Hmmr—exon8—16

mice generally lived up to 2 years, similar to wild type (WT) mice (Tolg et al.,
2003). However, neonates of homozygous mating were reduced in number indicating a possible
defect in fertility (Tolg et al., 2003).

A different HMMR mutant (Hmm#™) mouse model was generated by inserting a
neomycin cassette that contains stop codons between exon 10 and 11 of Hmmpr, resulting in a
gene product lacking the C-terminus (Li et al., 2015). These Hmmr™™ mice also survived and did

not display detectable differences in appearance compared to WT mice (Li et al., 2015).

However, Hmmr™" females exhibited hypofertility, which became more serious as they aged (Li
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et al., 2015). Moreover, Hmmr™"™ neuroprogenitor cells displayed metaphase spindle rotation
more frequently than WT cells and this spindle abnormality correlated with transient
megalencephaly, a developmental defect of the brain (Li et al., 2017).

Another HMMR knockout (KO) mouse model (Hmm#™¢"1@) was generated in the
Maxwell lab through the insertion of the /acZ gene after exon 2 of Hmmr to disrupt HMMR
expression (Connell et al., 2017). Hmmr™!@™¢ mice (Hmmr KO) had a very low survival rate
compared to their wild-type (WT) littermates, with only 20% of Hmmr KO newborns surviving
after two days (Connell et al., 2017). Hmmr KO mice were smaller than their WT littermates
(Connell et al., 2017). Moreover, a shrinkage of seminiferous tubules and increased apoptosis in
the testes were observed in Hmmr KO mice (Connell et al., 2017). Finally, the brain size of
Hmmr KO mice showed large variation, including both microcephaly and megalencephaly
(Connell et al., 2017).

The brains in Hmmr KO neonatal mice had a reduced cortical area and enlarged
ventricles, which were associated with mis-oriented cell division of the neuroepithelial
progenitors (NPs) (Connell et al., 2017). In WT E14.5 embryos, HMMR localized to the spindle
microtubules that oriented along the ventricle surface whereas, in Hmmr KO embryos, HMMR
was lost and only up to 66.6% of NPs had spindles lining within 30 degrees of the ventricle
surface (Connell ef al., 2017). Similarly, Xenopus laevis embryos injected with Hmmr
morpholino oligomers (MO), which silence HMMR expression during development, showed
defects during neural tube closure, consequently leading to narrowed forebrains, loss of
hemispheric separation, and smaller olfactory bulbs (Prager ef al., 2017). 1t is likely that Hmmr

exon8-16

KO mice presented more severe defects than those observed in Hmmr mice and Hmmr™™

mice because insertion of lacZ after exon 2 produced a more complete knockout whereas the
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other two gene disruption strategies result in the expression of truncated versions of HMMR with
some functionality.

Taken together, three animal models for Hmmr/hmmr KO or mutation demonstrate
defects in neurodevelopment associated with neuroprogenitor cell division as well as deficits in
fertility, which is expected given the heightened expression of HMMR in human testis and

reproductive tissues.

1.54 HMMR regulates Aurora A and Polo-like kinase 1

HMMR is an intracellular protein that binds to interphase microtubules and accumulates
at centrosomes to play important roles in mitosis (Assmann ef al., 1999; Maxwell et al., 2003).
During prophase, HMMR is located at the microtubules between the two asters as well as
directly at the asters (Maxwell ef al., 2003). When the cell enters prometaphase, HMMR
becomes concentrated at the spindle pole and along the spindle microtubules (Maxwell ef al.,
2003). In the Ran-GTP-dependent microtubule nucleation pathway, Ran-GTP induces the
interaction of HMMR and TPX2, an activator of Aurora A (Groen et al., 2004; Chen et al., 2014;
Scrofani et al., 2015) (Figure 1.4). HMMR recruits TPX2 to the sites of microtubule assembly to
activate Aurora A (Chen et al., 2014). Active Aurora A then recruits downstream substrates to
the site of microtubule assembly (Macurek et al., 2008).

HMMR-silenced cells showed a significant increase in mitotic spindle defects including
disorganized spindles and multipolar spindles, as well as delayed mitotic kinetics in terms of
both bipolar spindle assembly and completion of mitosis (Chen et al., 2014). In addition,
HMMR-silenced cells undergo mitotic spindle rotation (Chen et al., 2014). HMMR-depleted

cells also display reduced microtubule nucleation at non-centrosomal sites as well as lower
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TPX2 abundance due to increased proteasome-mediated degradation (Chen et al., 2014). In these
HMMR-silenced cells, inhibition of the proteasome restored TPX2 abundance but did not rescue
Aurora A activity because TPX2 was still not properly localized to the spindle poles in the
absence of HMMR (Chen et al., 2014). In general, HMMR affects Aurora A activity through the
regulation of the localization and abundance of TPX2.

HMMR also affects PLK1 activity. HMMR promotes PLK1 activity at mitotic spindle
poles, which stabilizes astral microtubules and localizes Ran to mitotic spindle poles (Connell et
al., 2017). HMMR-silenced cells exhibit decreased PLK1 activity at kinetochores (Chen ef al.,
2014; Connell et al., 2017). In addition, PLK1 may reciprocally regulate HMMR that mitotic
phosphoproteome analysis identifies HMMR-threonine 703 as a potential substrate of PLK 1

(Nousiainen et al., 2006).

1.5.5 HMMR regulates the Ran-GTP pathway

HMMR is involved in the Ran-GTP-importin A pathway where HMMR localizes Ran-
GTP to the spindle pole and Ran-GTP activates spindle assembly factors (SAFs), such as NuMA
and TPX2, by releasing the SAFs from importin o/ (Joukov et al., 2006; Connell et al., 2017).

HeLa cells with overexpression of green fluorescent protein (GFP) -tagged HMMR
(GFP-HMMR) require more time to complete the spindle checkpoint and to complete mitosis.
However, GFP-HMMR overexpression does not affect TPX2 and p-Aurora A localization at the
mitotic spindle poles although a significant proportion of the GFP-HMMR expressing cells
display off-centred spindles (Connell et al., 2017). Moreover, in GFP-HMMR overexpressing
cells, Ran-GTP localized not only on the spindle pole but also ectopically along mitotic spindles

while cortical NuMA localization was completely lost (Connell et al., 2017) (Figure 1.4). Ran-
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GTP regulates cortical dynein and asymmetric localization of actomyosin (as discussed in
section 1.3.1 and 1.3.2). Thus, the aberrant expression of GFP-HMMR may also disturb these

two pathways through the ectopic localization of Ran-GTP at mitotic spindles.

1.5.6 HMMR controls dynein and kinesin motor activities during mitosis

During mitosis, dynein is critical for maintaining proper spindle orientation and position
(Maxwell et al., 2003; Dunsch et al., 2012; Kiyomitsu and Cheeseman, 2012; Kiyomitsu, 2015).
Dynein molecular motors and kinesin molecular motors move along microtubules towards the
minus ends and positive ends, respectively (Kardon and Vale, 2009). HMMR regulates these
activities; for example, through a DYNLL1-CHICA-HMMR complex, HMMR contributes to
asymmetric cortical dynein localization during cell division (Dunsch et al., 2012). The CHICA-
HMMR complex binds to the mitotic spindle and, through the C-terminus of CHICA, recruits
DYNLLI, a regulator that can remove dynein for the cell cortex to generate a gradient of
DYNLL1 around the spindle poles (Dunsch et al., 2012). As the spindle pole approaches the cell
cortex during cell division, the gradient around the spindle pole downregulates cortical dynein
through the action of DYNLL1 (Dunsch et al., 2012) (Figure 1.4). Moreover, HMMR affects
cortical dynein localization indirectly through PLK1 activity and Ran-GTP localization at the
spindle poles (Chen et al., 2014; Connell et al., 2017). Thus, HMMR modifies localization of
dynein at cell cortex during cell division.

HMMR also regulates a plus-end directed molecular motor, kinesin Eg5. The metaphase
spindle is stabilized by forces generated by the plus-end-directed kinesin motor kinesin-5 (Eg5),
which slides antiparallel microtubules outward, and the minus-end-directed kinesin-14, which

slides antiparallel microtubules inward (Ou and Scholey, 2022). Eg5 is a key kinesin that is
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found near centrosomes and regulates centrosome separation in prophase (Eibes et al., 2018).
Cortical dynein together with Eg5, generate the outward movement of spindle elongation by
pulling and pushing forces, respectively (Ou and Scholey, 2022).

Centrosomes are critical for spindle assembly and the separation of the centrosomes leads
to formation of the two spindle poles during mitosis (Eibes et al., 2018). Xenopus HMMR (also
known as XRHAMM) regulates centrosome separation by controlling centrosomal localization
of TPX2, which is important for the organization of the microtubule aster and the localization of
Eg5 (Eibes et al., 2018). The binding of TPX2 inhibits Eg5 activity, reducing outward-directed
forces (Chen et al., 2018). Therefore, the balance between the outward- and inward-directed
forces was disrupted in HMMR -silenced cells and can result in activation of spindle assembly
checkpoint (SAC), which is activated when kinetochores are not properly attached to

microtubule (Chen et al., 2018; Lara-Gonzalez et al., 2021).

22



Ran-GTP

PLK1

HMMR @
P
Ran-GTP

BB H

Centrosome

Centrosome
CHICA
DYNLL1
\» v
NuMA
Cell cortex /
HMMR
N CHICA

DYNLLA1
Centrosome

Cell cortex

Figure 1.5 HMMR mediated pathways during mitosis.

1) Ran-GTP induces the interaction between HMMR and TPX2. HMMR recruits TPX2 to the
mitotic spindle, where TPX2 activates and stabilizes Aurora A.

2) HMMR facilitates centrosomal localization of Ran-GTP in a PLK1-dependent manner,
which may affect cortical NuMA retention.

3) HMMR-CHICA-DYNLLI complex localizes to the mitotic spindle to regulate cortical
dynein.
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1.5.7 BRCA1-BARDI1 and the anaphase promoting complex/cyclosome (APC/C) regulate
the degradation of HMMR

During anaphase and telophase, HMMR localizes to the spindle midzone (Maxwell,
2003). During mitotic exit, HMMR is degraded during anaphase by both the ubiquitin ligase
anaphase-promoting complex/cyclosome (APC/C) (Song and Rape, 2010) and the E3 ubiquitin
ligase complex BRCA1/BARD1 during anaphase (Pujana et al., 2007). APC/C recognizes the
destruction (D) box, KEN box, and TEK box in the C-terminal domain of HMMR (Song and
Rape, 2010). Moreover, in Xenopus, the proper degradation of HMMR by BRCA1/BARD1
maintains an adequate level of TPX2 and ensures proper spindle assembly and integrity (Joukov
et al.,2006). Loss of BRCAL leads to aberrant localization of TPX2 and disrupts spindle
integrity (Groen ef al., 2004; Joukov et al., 2006). Finally, HMMR is a breast cancer
susceptibility gene and HMMR haplotypes, which are associated with either elevated or reduced
HMMR germline expression, affect the risk of breast cancer development in BRCA [ mutation

carriers (Pujana et al., 2007; Blanco et al., 2015).

1.5.8 HMMR and cancer

The level of HMMR is generally low in most tissues. In proliferative tissues, for example
in spleen, thymus, testis and placenta, HMMR expression is elevated (Fieber et al., 1999;
Connell et al., 2017). Breast cancer development is associated with HMMR haplotype tagging
single nucleotide polymorphisms (htSNPs) that correlate with either HMMR overexpression or
HMMR downregulation, implying any aberrant HMMR expression level can affect

tumorigenesis (Pujana et al., 2007).
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HMMR overexpression affects disease progression and survival in multiple types of
tumors (Wang et al., 1998; Yamada et al., 1999; Li et al., 2000; Rein et al., 2003; Even-Ram et
al., 2007; Gust et al., 2009; Shigeishi et al., 2014). In addition, high HMMR expression
correlates with poor prognosis in many cancer types, for example in breast, stomach, endometrial
prostate, colorectal cancers and multiple myeloma (Li ef al., 2000; Assmann et al., 2001;
Maxwell et al., 2004; Zlobec et al., 2008; Gust et al., 2009). Moreover, the long noncoding RNA
(IncRNA), HMMR antisense RNA I (HMMR-AS1), stabilizes HMMR levels and regulates
tumorigenesis progression (Liu et al., 2016; Li et al., 2018). Yet, low HMMR expression is also
associated with poor survival in other cancers, such as peripheral nerve sheath tumors and
seminomas (Mantripragada et al., 2008; Mohan et al., 2013; Li et al., 2015). In addition, the
expression of a splice variant of HMMR that lacks exon 4 (HMMR *°™) is elevated in a variety
of cancers (He ef al., 2020). The N-terminal exon 4 of HMMR encodes a part of the microtubule-
binding domain and expression of HMMR*" can induce the growth of pancreatic islet tumors
as well as its metastasis (Assmann et al., 1999; Maxwell et al., 2003; Du et al., 2011).

Multiple complexes or pathways regulate HMMR expression in cells, such as TP53, the
Hippo pathway, APC/C and BRCA1-BARDI activity (Pujana ef al., 2007; Sohr and Engeland,
2008; Song and Rape, 2010; Wang et al., 2013). Aberrant HMMR expression, either
overexpression or depletion, may disrupt microtubule-based processes during mitosis and
promote tumorigenesis. Thus, the association between HMMR and tumorigenesis is likely
multifactorial. Increased proliferation (and high HMMR expression) correlates with poor
prognosis. Conversely, abnormally low HMMR expression, or expression of an isoform that may
lose normal function (-exon 4), is associated with genome instability and correlates with poor

prognosis.
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1.6 Actin binding proteins and mitosis

The actin cytoskeleton is the major constituent of the cell cortex and plays an essential
role during mitosis to facilitate cell rounding, strengthen the cell cortex and cytokinesis (Kunda
and Baum, 2009; Kelkar ef al., 2020). Actin filaments and myosin II contribute to normal spindle
assembly and positioning by separating and positioning the centrosomes in early cell division
(Rosenblatt et al., 2004). Moreover, asymmetric cortical actomyosin in anaphase generates
membrane blebs rapidly to re-adjust the cellular boundary (Kiyomitsu, 2015). Finally, during
cytokinesis, actomyosin at the cleavage furrows generates the contractile ring to cleave the
daughter cells (Heng and Koh, 2010). HMMR also interacts with filamentous actin (F-actin) by
immunofluorescence and co-sedimentation assay (Assmann et al., 1999). Although the actin-
binding motif in HMMR and how HMMR regulates the actin network requires further
investigations, HMMR is similar to tropomyosin, an actin-binding protein (ABP), with respect to
sequence and predicted structure (Ayscough, 1998; Assmann et al., 1999).

The molecular control of the actin network is important for multiple mitotic stages. For
example, the overexpression of cofilin, a protein that depolymerizes actin, results in G1 phase
arrest (Lee and Keng, 2005). Also, aggregation of F-actin occurs around chromosomes in cells
with disrupted actin-related protein 2/3 (ARP2/3) complex (Heng and Koh, 2010). In addition,
actomyosin generates force that contributes to chromosome segregation (Heng and Koh, 2010).
Therefore, actin dynamics and remodeling are critical to mitosis and these processes are
regulated by a group of ABPs that control F-actin assembly and disassembly, stability, actin

bundling, and cross-linking (Winder and Ayscough, 2005).
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1.6.1 Non-muscle myosin IIa (NMIIa/MYH9) during cell division

There are three isoforms of non-muscle myosin I (NMII): NMIla (MYH9), NMIIb
(MYH10), and NMIIc (MYH14) (Ouderkirk and Krendel, 2014). All three NMII isoforms
localize to the cell cortex (Biro et al., 2013; Maliga et al., 2013; Beach et al., 2014).

NMIlla is encoded by the gene MYH9 (Ma and Adelstein, 2014; Shutova and Svitkina,
2018). NMllIa filaments can cluster with disordered actin filaments to form actin-NMII networks
for large-scale contractions during cell migration and cytokinesis (Svitkina ef al., 1997; Baird et
al.,2017; Spira et al., 2017). NMIlIa plays a major role in junction assembly, cell rear retraction
and remodeling of extracellular matrix (Even-Ram et al., 2007; Smutny et al., 2010; Liu et al.,
2014). Similar to other NMII paralogs, NMlIla is involved in contraction forces during
cytokinesis (Beach and Egelhoff, 2009).

NMII is important for bleb formation and the regulation of cell shape (Shutova and
Svitkina, 2018). Ectopic expression of NMIla induces membrane blebbing while NMIIa
knockdown (KD) in MCF-7 cells reduces the percentage of cells that form multiple blebs (Dey et
al., 2017). Generally, NMlIla contributes mainly to rapid and strong contractile forces during
multiple cellular processes due to its high adenosine triphosphatease (ATPase) rate compared to
NMIIb and NMllIc (Shutova and Svitkina, 2018). In addition, NMIla drives the retraction of

membrane bleb during cytokinesis (Taneja and Burnette, 2019).

1.6.2 Non-muscle myosin IIb (NMIIb/MYH10) in cell division

Non-muscle myosin I[IB (NMIIb) is a component of the actomyosin contractile ring that

is established at the cleavage furrow (Roy ef al., 2016). The adenosine triphosphate (ATP)-
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dependent interaction between NMIIb and actin filaments promotes sliding of the filaments and
generates tension forces (Vicente-Manzanares ef al., 2009).

Besides a role in contractile ring formation, NMIIb also contributes to cortical stability
during mitosis (Ma ef al., 2012). NMlIIb-silenced COS-7 cells exhibit a fluctuating cortical
surface during cytokinesis (Ma et al., 2012). NMIIb contributes to cortical force generation and
this function does not rely on actin-sliding ability but rather on interactions with actin and the
ability to produce tension on actin filaments (Ma et al., 2012). In addition, Xenopus NMIIb was
shown to bind anillin directly using affinity chromatography (Straight et al., 2005) and anillin is
a cortical scaffold protein that regulates myosin II during cell division (Kiyomitsu, 2015).
Therefore, NMIIb plays a critical role in regulating actin structures and maintaining durable

stresses and cytoskeleton stability during mitosis.

1.6.3 ARP2/3 complex during cell division

The ARP2/3 complex consists of seven subunits in total, including ARP2, ARP3, ARPCI,
ARPC2, ARPC3, ARPC4, and ARPCS5 (Goley and Welch, 2006). When activated, the ARP2/3
complex mimics an actin dimer to initiate actin nucleation by generating a branched actin
filament (Rodnick-Smith et al., 2016). ARP2/3 is usually inactive and becomes active in the
presence of ATP, existing F-actin, globular actin monomers (G-actin) and nucleation promoting
factors (NPFs) for example the WASP family proteins, WISH/DIP/SPIN90 (WDS)-family
proteins and cortactin (Rodnick-Smith et al., 2016; Gautreau et al., 2022).

ARP2/3 activity regulates membrane bleb formation by modifying cortical actin
organization (Severson et al., 2002; Pollard and Borisy, 2003; Roh-Johnson and Goldstein, 2009;

Bergert et al., 2012; Bovellan et al., 2014). The ARP2/3 complex is the major actin filament
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regulator in lamellipodium and the inhibition of ARP2/3 complex activity by drugs, or siRNA
treatment, can transform lamellipodium into membrane blebs in adherent carcinoma cells
(Pollard and Borisy, 2003; Bergert et al., 2012). Similar results were found in C. elegans in that
depletion of ARP2/3 induces blebbing (Severson et al., 2002; Roh-Johnson and Goldstein, 2009).
During mitosis, ARP2/3 is also required for the formation of an amorphous actin cluster that
revolves underneath the cell membrane (Mitsushima ef al., 2010). This unique mitotic actin
cluster is due to rapid actin polymerization and depolymerization (Mitsushima et al., 2010).
Although the physiological function of the revolving actin cluster remains unclear, disrupted
ARP2/3 complex activity resulted in a prolonged period from prometaphase to anaphase and
more cells displays multiple nuclei due to aberrant cytokinesis (Moulding et al., 2007).

Other subunits of the ARP2/3 complex have critical mitotic functions. For example,
ARPCI1B interacts with Aurora A and regulates G2/M progression (Molli et al., 2010). Moreover,
recent studies tracking ARPC2, as a marker for the ARP2/3 complex, have found a role for the
ARP2/3 complex in the regulation of centrosomal actin (Farina et al., 2019; Plessner et al., 2019).
It is intriguing to discover that ARPC2 dynamically localizes at the cortex and around
centrosomes during cell division (Mitsushima et al., 2010; Farina et al., 2019; Plessner et al.,
2019). ARPC2 and ARPC4 form a dimer that serves as a structural backbone of the complex and
the major surface for mother actin filament interaction (Gournier et al., 2001; Robinson et al.,
2001; Rouiller et al., 2008). Conditional depletion of ARPC2 in murine bone-marrow-derived
macrophages results in loss of both the ARP2 and ARP3 subunits, suggesting absence of the
complex as all 7 subunits are required for stability of the ARP2/3 complex (Rotty et al., 2015).
ARPC2”- mammalian fibroblasts have less dynamic actin filaments compared to wild-type

controls (Rotty et al., 2015). Thus, ARPC2 localization may determine ARP2/3 complex
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functions. Yet, it remains unclear how the ARP2/3 complex may affect other mitotic phases and
whether spindle pole-localized proteins can regulate ARP2/3 complex activity at in order to

regulate cytokinesis.

1.7 Rationale, hypothesis and significance of study

1.7.1 Summary of rationale, hypothesis and aims

During mitosis, HMMR interacts with TPX2, forming a ternary complex with dynein to
maintain spindle integrity (Maxwell et al., 2003; Groen et al., 2004). TPX2 is a co-factor of
Aurora A that is required for optimal kinase activity (Bayliss et al., 2003; Dodson and Bayliss,
2012), and HMMR facilitates the correct localization of TPX2 and proper activation of Aurora A
(Maxwell et al., 2011; Chen et al., 2014). Aurora A affects actin organization by regulating
actin-regulating proteins such as ARP2/3 complex, cofilin and actomyosin components (Molli et
al., 2010; Ritchey and Chakrabarti, 2014; Zhao et al., 2019). Regulated localization of
actomyosin components at the cortex is critical for cell shape changes during mitosis and
therefore determines daughter cell-size (Kiyomitsu, 2015). Collectively, these results suggest the
elevated expression of HMMR, which correlates with tumorigenesis, may affect complexes at
the cortex with downstream consequences on asymmetric membrane elongation, genome

stability, and daughter cell-size control pathways.

30



HMMR

Centrosome

’...
...
...‘

‘e
% Aurora A
., /

4

\

Actin

}

Cell shape, daughter cell size

Figure 1.6 Potential HMMR-mediated pathway to regulate daughter cell size.

A) HMMR recruits TPX2 to the mitotic spindle and TPX2 promotes optimal Aurora A activity
at spindle pole.

B) HMMR may regulate actin-binding proteins directly or indirectly through Aurora A during
cell division to modify daughter cell size.
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Hypothesis: HMMR regulates asymmetric membrane elongation and daughter cell size by

modifying cortical actomyosin components during anaphase.

Aim 1. Investigate whether HMMR-overexpression affects membrane elongation and the control

of daughter cell size during cell division.

Aim 2. Discover putative HMMR binding proteins that may regulate cortical stiffness and
membrane blebbing during anaphase to elucidate potential HMMR-mediated kinase pathways
that may govern daughter cell size.

Aim 3. Examine the effect of altered HMMR expression in vivo, in situ and ex vivo on

phenotypes that relate to the control of daughter cell size.

1.7.2  Significance

Cell size affects cell behaviour (Fuse ef al., 2003; Ou et al., 2010; Kiyomitsu and
Cheeseman, 2013; Jankele ef al., 2021). Daughter cell size may also affect cell cycle and
proliferation, due to altered ratio of nucleus and cytoplasm volume (Hara and Kimura, 2011);
indeed, a difference of cell size in cancer is an cell-autonomous trait that may influence
metastatic potential (Ginzberg et al., 2015; Mu et al., 2017). Thus, the control of daughter cell
size is an essential homeostatic and tumor suppressive function. However, it is not known how
asymmetric membrane elongation is regulated (Kiyomitsu, 2015). Findings from my study
provide new insights into how the level of HMMR expression regulates anaphase spindle

positioning and daughter cell size.
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Chapter 2: Materials and methods

2.1 Isolation and culturing of human mammary epithelial cells (collaboration with the
Eaves Lab, BC Cancer Research Center)

Mammary tissues were obtained from donors with consent and manipulated following
approved protocols by the University of British Columbia Research Ethics Board
(reference H19-04034). Human mammary epithelial cells were isolated from normal reduction
mammoplasty tissues as described (Eirew et al., 2008). Tissue was ground using scalpels
followed by dissociation in DMEM/Ham’s F12 media (1:1, STEMCELL Technologies)
supplemented with 2% BSA (Gibco), 100 U/mL hyaluronidase (Sigma), and 300 U/mL
collagenase (Sigma) at 37 °C for 18 hours. The dissociated mammary organoids were then
centrifuged at 80 x g for 4 minutes, suspended in 6% dimethyl sulfoxide (DMSO) in fetal bovine
serum (FBS) and then cryopreserved in liquid nitrogen.

To obtain mammary epithelial cells, the cryopreserved mammary organoids were thawed
and washed with 2% FBS in Hank’s Balanced Salt Solution (HF), followed by dissociation in 5
mg/mL dispase (STEMCELL Technologies), 2.5 mg/mL trypsin with 1 mM
ethylenediaminetetraacetic acid (EDTA) (STEMCELL Technologies) and 100 pg/mL DNase I
(Sigma). Dissociated cells were then washed in HF and single cell suspension was achieved by
passing the suspension through a 40 pum cell strainer. The single-cell suspension was first sorted
by fluorescence-activated cell sorting (FACS) to obtain DAPI'CD45CD31" cells, followed by
purification based on epithelial cell adhesion molecule (EpCAM) and CD49f expression:
EpCAMYCD49" for basal cells (BCs), EpCAM"#"CD49" for luminal progenitors (LPs),
EpCAM"e"CD49- for luminal cells (LCs) and EpCAM-CD49- for stromal cells (SCs). Purified

human mammary cells were cultured in 1:1 DMEM/F12 (STEMCELL Technologies)
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supplemented with 5% FBS, 1 pg/mL insulin (Sigma), 0.5 pg/mL hydrocortisone (Sigma), 10

ng/mL EGF (Sigma) and 10 ng/mL cholera toxin (Sigma).

2.2 Generation of BLG-Cre Trp53*" Brcal HMMR'%"¢ mice (collaboration with Pujana
Lab, Spain)

All animal experiments were conducted in the University of Barcelona-Bellvitge animal
facility, under the Generalitat de Catalunya license authority (reference 9774) and with the
permission of the IDIBELL University of Barcelona-Bellvitge Ethics Committee. Homologous
recombination in embryonic stem cells (ESCs) (genOway’s custom development) was used to
generate a mouse model with conditional expression of human HMMR gene. First, human
HMMR c¢DNA and hGHpA signal were cloned into the genOway Rosa26 Quick KnockinTM
targeting vector. A 5’-loxP-flanked STOP-neomycin selection (Neo) cassette is flanked by the
Cre recombinase, thus activating the HMMR transgene controlled by the endogenous Rosa26
promoter upon recombination. Asc I restriction enzyme cut the targeting vector and ES cells
were transfected with the linear construct by electroporation. Colonies were selected by G418,
followed by PCR and Southern blot to screen for homologous recombination of 3’ end of the
targeting vector and 5’ end of the Rosa 26 locus. The verified ES cells were injected into
C57L/6J-recipient blastocytes, followed by implantation into pseudo-pregnant females for
further development. The resulting chimeric males were mated with C57BL/6 wild-type females.
Germline transmission of the knock-in allele in F1 mice was confirmed by polymerase chain
reaction (PCR) analysis. F1 heterozygous offspring were crossed to produce F2 homozygous
mice. F2 mice were then mated with the Trp53tm1Brd Brcaltm1Aash Tg(LGB-cre)74Acl/J mice,

also known as BLG-Cre; BrcalF22-24/F22-24; Trp53+/- mice (The Jackson Laboratory, cat#
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012620). Upon lactation, the BLG-Cre is active and leads to loss of Brcal and human HMMR

expression in mammary tissue.

2.3 Mouse tissue processing and paraffin embedding

Mouse tissues were freshly frozen or fixed in 4% formaldehyde in phosphate buffered
saline (PBS), then embedded in paraffin. Tissues were sectioned at intervals of 4 um. Sectioned
tissues were deparaffinized prior to antigen-retrieval processing and sections were further

processed for immunostaining as described in (Li ef al., 2015).

2.4 Generation and imaging of Drosophila neuroblasts expressing human HMMR
(performed by Dr. Connell in Maxwell Lab, collaboration with Allan Lab, UBC)

This work was performed by Marisa Connell in the Maxwell Lab in collaboration with
the Allan Lab (UBC). HMMR transgenic lines were generated by Genetic Services Inc. using
site-specific insertion of attB vectors into the attP40 locus by phiC31-integrase. D. melanogaster
were maintained on standard cornmeal-agar food at RT. For live imaging, larvae were grown at
25 °C. Embryos were collected at 25 °C for 15 hours. Second instar larval brains were dissected
and mounted in Schneider’s media supplemented with 10% FBS and 0.5 M ascorbic acid
(Sigma). Images were taken at intervals of 12 seconds using a Perkin Elmer Ultraview VOX
spinning disc confocal microscope and a Leica DMI6000 inverted microscope equipped with a

Hamamatsu 9100-02 camera.

2.5 Cell culture

All cell lines were grown at 37°C in a 5% (v/v) COz incubator.
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2.5.1 Maintenance and propagation of HeLa cells and tet-on HeLa cells

HeLa cells were purchased from American Type Culture Collection (ATCC) and cultured
in Dulbecco’s modified eagle medium (DMEM, Thermo Fisher) with 10% fetal bovine serum
(FBS, Invitrogen), 20 U/ ml penicillin (Invitrogen) and 20 ug/ ml streptomycin (Invitrogen).

Tetracycline-inducible (tet-on) HeLa cells were created and provided by the Pilarski
laboratory (University of Alberta) (He et al., 2017). Tet-on HeLa cells were cultured in DMEM
with 10% tetracycline-free FBS (Clontech), 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (Invitrogen), 1 mM Na pyruvate (Invitrogen), 4 mL L-
glutamax (Invitrogen), 200 pg/ ml hygromycin B (Invitrogen), and 200 pg/ ml Geneticin (Fisher).
GFP-HMMR expression was induced with addition of 1 pg/ml doxycycline (Clontech).
Expression of induced GFP-HMMR was visualized by fluorescence microscopy. Cells were

passaged at 85% confluence and reseeded at 15-20% confluence.

2.5.2 Maintenance and propagation of MCF10A cells

MCF10A non-tumorigenic human mammary epithelial cells were purchased from ATCC.
MCF10A-TUBAI1B-RFP is a subline expressing Red Fluorescent protein (RFP)-tagged Tubulin
a 1B that was purchased from Sigma-Aldrich (Cat# CLL1039). All sublines of MCF10A cells
were cultured in DMEM/F12 (1:1) media supplemented with 5% horse serum, 20 U/ml
penicillin (Invitrogen), 20 ug/ml streptomycin (Invitrogen), 20 ng/mL epidermal growth factor
(EGF, Sigma), 0.5 pg/mL hydrocortisone (Sigma), 10 pg/mL insulin (Sigma), and 100 ng/mL

cholera toxin (Sigma).
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2.5.3 Cell synchronization

Mitotic HeLa cells were synchronized in mitosis (M) phase by treating cells with 200 ng/
ml nocodazole (Sigma) for 16 hours. The cells were then washed and incubated in a proteasome
inhibitor, 15 uM MG132 (Sigma), for 2 hours followed by collection. For G2/M phase
synchronization, the cells were incubated in a CDK1 inhibitor, 10 uM RO-3306, for 16 hours
and released for 2 hours with 15 pM MG132. For monopolar synchronization, the cells were
incubated with an Eg5 inhibitor, 5 uM of (+)-S-Trityl-L-cysteine (Sigma), for 18 hours and

mitotic exit was forced by the addition of 20 uM RO-3306 (Sigma) for 15 minutes.

2.6 siRNA transfection
HeLa cells were seeded at 70% confluence in 6-well plates and allowed to adhere

overnight. Small interfering RNA (siRNA) sequences are listed in Table 2.1.

Table 2.1 siRNA sequences

siRNA
Sense (S):
siHMMR 3’ UTR-A 5> GAAAUAAGGACAAGCCUAAUU
Antisense (AS):
5’ PUUAGGCUUGUCCUUAUUUCUU
siHMMR 3° UTR-B S: 5" GCAAAUACCUCCUCCCUAAUU
AS: 5 UUAGGGAGGAGGUAUUUGCUU
siHMMR 5° UTR S: 5> UGGCUUUCCAAUUGGCUAAUU

AS: 5> PUUAGCCAAUUGGAAAGCCAUU
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For transfection in one well, 2 pg siRNA construct was mixed with 200 pl jetPRIME
buffer (VWR) and then mixed with 4.5 ul jetPRIME reagent (VWR) followed by a 12-minute
incubation at room temperature. To each well, 200 pl of transfection mixture was added
dropwise evenly onto the cells in the medium and the plate was gently rocked back and forth and
side-to-side to mix. The cells were washed after 24 hours and reseeded in 6-well plates and 96-

well plates for western blot analysis and live-cell imaging, respectively.

2.7 Lentivirus production

Lentiviruses with plasmids expressing eGFP and GFP-Aurora A were provided by Dr.
Zhengcheng He and Shanshan Wang, respectively (Maxwell Lab). Lentiviral particles were
made as described (He et al., 2017). Briefly, HEK-293FT cells (Invitrogen) were cultured in 10%
FBS/DMEM with a density of 4-4.5 million cells in a 10 cm plate. The cells were incubated
overnight and 4 hours after replacing media, the cells were transfected with a mixture of 2.5 pg
pMD2.G envelope plasmid, 7.5 pg psPAX2 packaging plasmid, 10 pg target shRNA plasmid and
87 wul calcium solution. The transfection cocktail was added to the plate dropwise. The
transfected HEK-293FT cells were incubated in a lentiviral facility room for 12 to 15 hours. Next
day morning, the transfected cells were cultured with fresh media and the cells were allowed to
recover for 24 hours. Then, virus was collected in a polypropylene storage tube and stored at
4 °C. Fresh media was added to the plate again for a second collection after another 24 hours. The
harvested virus was centrifuged at 1500 rpm to remove debris and the supernatant was passed
through a 0.45 pm low protein binding Millipore filter into an ultracentrifuge tube (Beckman
#326823). The tubes were centrifuged at 25,000 rpm for 100 minutes at 4 °C and resuspended in

70 pL PBS.
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2.8 Lentivirus transduction

HeLa cells were seeded in 6 well plates to reach 80% confluency and media was
refreshed four hours prior to lentiviral transduction. Cells were incubated with virus-containing
media overnight. On the next day, media was replaced and transduction efficiency was examined

by fluorescence microscopy.

2.9 Generation of rs299290 SNP in RFP-TubA1B MCF10A cells by gene editing
Several methods of gene editing were performed to generate rs299290 SNP in RFP-
tubulin MCF10A cells, including clustered regularly interspaced short palindromic repeats

(CRISPR) - CRISPR-associated protein 9 (Cas9), Prime editing and PRIME-Del.

2.9.1 CRISPR-Cas9

UCSC Genome Browser was used to select guide RNAs (gRNA) for CRISPR-Cas9
(Kent et al., 2002). A single-stranded DNA (ssDNA) complementary to the targeted strand
containing the PAM site was designed to include the gene editing changes as well as silent
mutation to modify the original PAM site. The gRNA pair was ligated to Bbsl restriction enzyme
digested pSpCas9(BB)-2A-GFP (PX458) plasmid (Addgene #48138). The constructed plasmids
were transformed into DH5a and incubated in ampicillin added agar plates at 37 °C overnight for
selection. Three colonies were picked and cultured in LB/ampicillin media at 37 °C overnight,
followed by plasmid extraction (Qiagen, #2706X4). Cloning results were confirmed by Sanger
sequencing provided in the Center for Molecular Medicine and Therapeutics (CMMT).
Lipofectamine™ 3000 Transfection Reagent (Invitrogen™, #1.3000001) was used to transfect

CRISPR-Cas9 plasmids and ssDNA. The prepared transfection reagent was added dropwise to
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RFP-tub MCF10A cells in 6 well plate followed by overnight incubation at 37°C. GFP signal

was verified for transfection efficiency using live-cell fluorescence microscopy.

2.9.2 Prime editing

The design of prime editing components, including primer binding sites (PBS), 3’ reverse
transcription templates (RTT), spacer/gRNA, and nicking gRNA (ngRNA) were selected from
PrimeDesign web tool (Hsu et al., 2021). The linker sequence for connecting 3’RTT and
tevopreQ1 motif was calculated by pegLIT software developed by the Liu Lab (Nelson et al.,
2021). The spacer, 3’RTT and scaffold were ligated to Bsal-HFv2 digested pU6-pegRNA-GG-
Vector (Addgene #132777). The ngRNA of Prime editing was ligated into BsmBI digested
BPK1520 plasmid (Addgene #65777). PE2 (Addgene, #169850) was initially used for Prime
editing. Two plasmids encoding Prime editor max (PEmax) and hMLH1dn were purchased from
Addgene (#178113, 178114) to increase Prime editing efficiency. The plasmids preparation,
plasmid sequencing and transfection of plasmids were identical to that described in section 2.9.1.

For direct RNA delivery of Prime editing method, in vitro transcription (IVT) protocol
was modified based on the protocol described in Supplementary Note S2 (Adikusuma et al.,
2021). To generate RNA from the constructed pegRNA plasmid, amplification of the linear
target components was performed by PCR using Q5® Hot Start High-Fidelity 2X Master Mix
(NEB, #M0494S). Amplification of pT7-PEmax and pT7-hMLH1dn was performed using the
same PCR kit and IVT primers to correct T7 promoter inactivation. The resulting PCR product
was confirmed by DNA gel electrophoresis prior to PCR purification (Qiagen, #28104). IVT was
performed following protocol provided with HiScribe T7 High-Yield RNA Synthesis Kit (NEB,

#E2040S). CleanCap AG (TriLink biotechnologies) was added for IVT of PEmax and hMLH1dn.
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The resulting RNA was treated with DNase [ (NEB, #M0303S). RNA from pegRNA plasmid
was purified as described in RNA cleanup protocol (Qiagen, #74034). RNA transcribed from
pT7-PEmax and pT7-hMLH1dn was purified using lithium chloride (Thermo Fisher Scientific,
#AM9480). Synthetic RNA of ngRNA was ordered from Synthego and Clean Cap EGFP mRNA
(TriLink biotechnologies, #L.-7601)) was ordered as a positive control for nucleofection.
Reconstituted and purified RNA was stored at -80°C.

Nucleofection was performed for RNA delivery. RFP-tub MCF10A cells were collected
and counted so that 200,000 cells were resuspended in 5 uL. Opti-MEM (Gibco) media. Cargo
mix was made from 2 pg of hMLH1dn RNA, 1 pg in 0.5 pL of PEmax RNA, 90 pmol in 0.9 pL
of pegRNA RNA, 60 pmol in 0.6 pL of ngRNA RNA. Cargo mix was added to the resuspended
cells and 50 pL Opti-MEM was added following gentle mixing. The cell mixture was transferred
to the electroporation cuvette (VWR, #89047-208) and placed in the Nucleofector™ Platform,
using T-020 program. The treated cell mixture was transferred to a collagen-coated 24 well plate
supplied with pre-warmed MCF10A media and incubated at 37°C overnight. After 24 hours,
nucleofection efficiency was verified by examining EGFP signal from EGFP mRNA positive

control. When the cells reached 90% confluency, cells were cloned by single-cell seeding.

2.9.3 PRIME-Del

PRIME-Del design was generated by an online tool (Choi et al., 2022). Preparation of

plasmids and plasmid transfection procedures were identical to that described in section 2.9.2.
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2.9.4 Single-cell colony seeding and PCR analysis

Harvested cells after transfection were counted and manually seeded into 96 well plate to
achieve single-cell seeding. The seeded cells were allowed to grow for about two weeks until 90%
confluent. The single cell colonies were collected and split into 96 well and 24 well plates for
storage and DNA extraction, respectively. Genomic DNA was extracted from these cell colonies
(Qiagen, #69504) and PCR amplification around the target site was performed using Platinum™
Taq DNA polymerase (Invitrogen™, #15966005). DNA gel electrophoresis was performed prior

to PCR purification and the target mutation was verified by Sanger sequencing.

2.10 Immunofluorescence and image acquisition

Cells were seeded on coverslips and fixed with ice-cold methanol for 3 minutes at -20 °C
or with 4% paraformaldehyde at room temperature for 10 minutes, followed by ice-cold
methanol fixation at -20 °C for 10 minutes. Cells were permeabilized with PBS-0.25% Triton X-
100 (Sigma) for 20 minutes at room temperature. Fixed and permeabilized cells were washed
with PBS and blocked in PBS with 0.1% Triton X-100 and 3% bovine serum albumin (BSA) for
1 hour at room temperature. Antibodies were diluted in PBS with 0.1% Triton X-100 and 3%

BSA accordingly (Table 2.2).
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Table 2.2 Primary antibody and chemical dilutions

Antibodies Company Catalog # Host Dilution
Anti-ARP3 Abcam ab49671 Mouse WB: 1:5000
Anti-ARPC2 Santa-Cruz SC-515754 Mouse IF: 1:200
Cell
Anti-Aurora A 4718 Rabbit IF: 1:1000
signalling
Cell
Anti-cGAS #15102 Rabbit IF: 1:500
signalling
Anti-CHICA Abcam ab112899 Rabbit WB: 1:500
Anti-EB1 Abcam ab53358 Rat IF: 1:1000
Anti-GAPDH Proteintech 60004-1-Ig  Mouse WB: 1:5000
Anti-GFP Abcam ab1218 Mouse WB: 1:500, IF: 1:500
WB: 1:1000, IP: 1:10, IF:
Anti-HMMR Abcam ab124729 Rabbit
1:100
Anti-HMMR Abcam ab108339 Rabbit WB: 1:1000
Anti-Lamin B1 Abcam ab16048 Rabbit IF: 1:1000
EMD '
Anti-NF-kB p52 06-413 Rabbit IF: 1:500
Millipore
Anti-NMlla Abcam ab55456 Mouse IF: 1:500
Anti-NMIIb Abcam ab684 Mouse IF: 1:50
Anti-NMIIb Abcam ab204358 Rabbit WB: 1:250
Anti-PCNT Abcam ab28144 Mouse IF: 1:1000
Anti-PCNT Convance PRB-433C  Rabbit IF: 1:1000
Anti-phospho-Aurora A Cell 3079 Rabbit IF: 1:1000
(T288) signalling
CellLight™ Actin-RFP ~ ThermoFisher C10583 2 u1/10,000 cells
Hoechst 33342 Invitrogen H3570 IF: 1:5000, live cell

imaging: 1:1000
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Coverslips were incubated with diluted antibodies for 3 to 4 hours at room temperature,
followed by three PBS washes. The coverslips were then incubated with diluted secondary
antibodies at room temperature for 1.5 hours. Cells were incubated in PBS with Hoechst dye for
15 minutes, followed by two PBS washes and a dH>O wash prior to mounting. Coverslips were
mounted using ProLong Gold Antifade Reagent (Invitrogen) and allowed to seal overnight at
room temperature.

Fixed cells were imaged using the Olympus Fluoview FV10i confocal microscope with
Fluoview software (Olympus). The images were taken using a 60X 1.2 NA oil objective as a
stack of 5 optical sections with a spacing of 0.5 pm through the cell volume. The images were
analyzed using ImageJ v1.46j (National Institute of Health) to generate maximum intensity

projections of the fluorescence channels.

2.11 Proximity ligation assay (PLA)

Primary antibodies were conjugated to Red Oligo A or Red Oligo B (Duolink™ PLA
Multicolor Probemaker Kit, Sigma-Aldrich) overnight according to the manual provided. Cells
were fixed with ice-cold methanol for 3 minutes at -20°C, followed by permeabilization with
PBS-0.25% Triton X-100 (Sigma-Aldrich) for 20 minutes at room temperature. Then, the cells
were processed for PLA fluorescence imaging as described by Duolink® PLA Fluoresecence
Protocol (Sigma-Aldrich) with steps including blocking, primary antibody incubation, probe

incubation, ligation, amplification, final washes and mounting.
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2.12 Live cell imaging

Cells were grown in Falcon plastic 96-well plates and stained with Hoechst for 5 minutes,
followed by three PBS washes prior to imaging. The plate was mounted with a silicone gasket
(Chamlide CMM) in a 37°C environmental chamber supplied with 5% CO; (Precision Control).
The plates were imaged with an Olympus IX81 epifluorescence microscope (Olympus) and a
cooled charge coupled device camera (CoolSNAP HQ2; Photometrics) controlled by the
MetaMorph 7.5 software (Molecular Devices Inc.). Images were taken using a 40X or 20X 0.75
NA dry objective. For blebbing analysis, the interval between frames varied for each experiment

as indicated.

2.13 Western blot and immunoprecipitation protocols

Cells were collected and washed with cold PBS once. Washed cells were lysed with 5-10
x 10% cells/ml in RIPA buffer (25 mM Tris, pH7.8, 150 mM NaCl, 0.1% SDS, 1.0% NP-40, 0.5%
sodium deoxycholate) with protease inhibitor cocktail and PhosSTOP tablets that target a broad
spectrum of proteases and phosphatases, respectively (Roche). For immunoprecipitation, the
samples were standardized by cell count numbers. Cells were lysed in 0.5% NP-40
immunoprecipitation buffer (50 mM Tris-HCL, pH7.4, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40)
supplemented with protease inhibitors and phosphatase inhibitors (Roche). Cell lysates were
rotated at 4°C for 30 minutes and passed through a 25-gauge needle for 15 times to homogenize.
The lysates were centrifuged at 16,000 X g for 15 minutes at 4°C, followed by a BCA protein
assay to determine the protein concentration.

For immunoprecipitation experiments, cell lysates were pre-cleared with protein A/G

PLUS-Agarose beads (Santa Cruz) and rotated for 30 minutes at 4°C. Antibodies were added to
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the pre-cleared lysates and rotated at 4°C overnight to bind the protein complex. Clean A/G
PLUS-Agarose beads (Santa Cruz) were then added to the cell lysates and rotated at 4°C for 4
hours. Complex-bound beads were washed with lysis buffer three times. SDS-PAGE sample
buffer was added to the sample and boiled at 95°C. The prepared samples were separated by
SDS-PAGE, transferred to nitrocellulose, and blotted with primary antibodies, followed by
secondary antibodies conjugated to horseradish peroxidase (HRP). The blotted membranes were

treated with enhanced chemiluminescence (GE Healthcare) for imaging.

2.14 Immunoprecipitation-Mass spectrometry of protein complexes (collaboration with
Lange Lab, BCCHR)

HeLa cells were synchronized with 200 ng/ ml nocodazole (Sigma-Aldrich) for 17 hours
and 15 pM MG132 (Sigma) for 2 hours prior to collection. Cells were lysed at 5-10 x 10°
cells/ml in immunoprecipitation buffer (50 mM Tris-HCL, pH7.4, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 0.1% sodium deoxycholate in HPLC H>0) supplemented with protease and phosphatase
inhibitors (Roche), as described (Dunsch et al., 2012). Cell lysates were collected by
centrifugation at 16,000 X g for 10 min at 4°C with the protein concentration was determined by
the BCA protein assay kit (Thermo Fisher). Cell lysates were pre-cleared with protein A/G
PLUS-Agarose beads (Sigma-Aldrich) for 30 min, followed by anti-HMMR antibody (ab124729)
or rabbit IgG (Sigma-Aldrich 12-370) incubation at 4°C on rotation for 24 hours. Then, protein
A/G PLUS-Agarose beads were added and incubated for 22 hours at 4°C on rotation. Isolated
complexes with the beads were washed with lysis buffer three times and twice with PBS to

remove detergent. The protein samples were eluted with 50 pl of 100 mM citric acid, pH 2.6 at
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50°C followed by centrifugation at 1300 rpm for 10 min. The supernatant was collected and 125
ul of 1 M HEPES, pH 8.5 was added to neutralize the sample.

Proteins were reduced by incubation with 5 pl of 200 mM dithiothreitol (DTT) at 37°C
for 1 hour and alkylated by incubating with 10 pl of 400 mM indole-3-acetic acid (IAA) for 1
hour in the dark, quenched by 10 pl of 200 mM DTT. Trypsin/Lys-C mix (Promega, Madison,
WI) was added to the protein sample at a 1:100 enzyme to protein ratio at 37°C for 16 hours.
Reductive dimethylation was used for stable isotope labelling by adding formaldehyde and heavy
formaldehyde (C'*D»0) to IgG control and HMMR IP samples with a final concentration of 40
mM, followed by immediate addition and incubation with 20 mM sodium cyanoborohydride at
21°C for 1 hour. The samples were combined and acidified to pH 2.5 by adding trifluoroacetic
acid (TFA), followed by peptides purification with C18-STAGE tips as described (Rappsilber et
al., 2003).

The Easy nLC ultra-high-pressure LC system (Thermo Fisher Scientific) was coupled to
a Q Exactive HF mass spectrometer with an EASY-Spray source to perform liquid
chromatography tandem mass spectrometry analysis. For separation and injection, an EASY-
Spray C18 column (Thermo Fisher Scientific, 50 cm long, 75 um inner diameter) heated to 50°C
and dried stage-tip eluates suspended in 10 pl buffer A (0.1% FA) and 2 ul were used,
respectively. Loading of the peptides was by a back pressure of 550 bar, followed by separation
of peptides through a gradient of 3-25% buffer B (0.1% FA in 80% CAN) over 105 min, then 25-
40% buffer B over 20 min at a flow rate of 300 nl/ min. The chromatography method terminates
by increasing buffer B from 40 to 100% over 3 min followed by 100% buffer B for 12 min. The

column was equilibrated with 11 pl buffer A before the next sample loading.
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Acquired spectra were analysed by Proteome Discoverer software (Thermo Fisher
Scientific, version 2.5) to search against the Homo sapiens reference proteome including
isoforms, downloaded from the UniProt database (2017-07) (Bateman, 2019). The searches
utilized a 1% false discovery rate-cut-off at peptide and protein level with modifications
including: static modifications, +57.021 Daltons (Da) on C residue; variable modifications,
+15.995 Da on M, and +28.031 or +34.063 on K; and peptide N terminus, +42.011 Da. A
Student’s t-test was used to determine the differential abundance in anti-HMMR versus rabbit
IgG immunoprecipitates. Proteins commonly identified in affinity enrichment experiments were
flagged based on information derived from the CRAPome (version 2.0) database (Mellacheruvu

etal.,2013).

2.15 Cytotoxicity assay

HeLa cells were seeded in 9 wells of the 96-well plate with 7 x 10° cells per well. Serial
dilutions of each drug were added when cell density reached about 20 x 10° per well. After a 48-
hour incubation, media was removed and 100 pl fresh media was added followed by 20 pul Assay
Solution of the cell cytotoxicity assay kit (Abcam, ab112118). Cells were then incubated at 5%
CO», 37°C for 4 hours, protected from light. After a 4-hour incubation, absorbance change at 570
nm and 605 nm were monitored using a plate reader and the ratio of OD570 and OD605 was

calculated for each dose treatment to generate an inhibitor curve.

2.16 Reagents and antibodies

Hoechst (Invitrogen) was used to stain the nucleus in live-cell imaging and

immunofluorescence staining. Primary antibodies and their working concentrations are listed in
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Table 2.2. Secondary antibodies were conjugated to HRP (Sigma) or to Alexa Fluor 488, 594, or

647, for western blot analysis and immunofluorescence labeling, respectively.

2.17 Statistics

Data were displayed in each figure as mean + standard deviation (SD) or individual cell
analysis from at least three experimental replicates, unless noted otherwise. Statistical analysis
was performed using two-tailed Student’s t-test (unpaired or paired) or one-way ANOVA as
indicated in figures. When P-value was < 0.05, the results were considered significant. In
specified figures, the data was analysed with ANOV A with Sidak’s multiple comparisons test
and P-value was multiplicity adjusted for each comparison with a family-wise significance and

confidence levels of 0.05 (95% confidence interval).
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Chapter 3: The consequence of HMMR overexpression and the effects on

membrane elongation and the control of daughter cell size

3.1 Rationale and hypothesis

In symmetric cell division, the size difference between daughter cells is typically less
than ten percent (Tzur et al., 2009; Sung et al., 2013) because dissimilar daughter cell sizes may
affect the relative size of the nucleus, the cytoplasm and its content, and daughter cell function
(Hara and Kimura, 2011; Dalton and Carroll, 2013). For instance, unequal daughter cell sizes
with uneven distribution of cell-fate determinants can result from asymmetric cell divisions,
which produce two daughter cells with different functions (Kiyomitsu, 2015)

During cell division in most vertebrate cells, the mitotic spindle is positioned at the centre
of the cell in metaphase and the spindle position in anaphase determines the cell cleavage site,
which defines the boundary of the emerging two daughter cells (Kiyomitsu, 2015). Vertebrate
cells have compensatory mechanisms to correct off-centre mitotic spindles and prevent
dissimilar daughter cell sizes.

At anaphase, an off-centre spindle will activate asymmetric membrane elongation, which
is regulated by cortical actomyosin contractile forces, to induce blebbing on one side of the
dividing cell cortex and correct the central position of the spindle (Kiyomitsu, 2015). Prior work
from the Maxwell Lab found that the aberrant expression of GFP-HMMR in HeLa cells induces
metaphase spindles that are frequently rotated or mis-positioned relative to control-treated
groups (Connell et al., 2017; He et al., 2017). Therefore, I hypothesize that overexpression of
GFP-HMMR may be sufficient to induce anaphase membrane blebbing, which is needed to

correct daughter cell sizes that may result from off-centre mitotic spindles.

50



3.2 Results

3.2.1 HeLa cells that express GFP-HMMR are delayed in metaphase

HeLa cells that express GFP-HMMR and HeLa cells in which HMMR s silenced both
induce abnormal spindle rotation phenotypes (Connell et al., 2017). HMMR-silenced cells also
delay their progression through mitosis (Chen et al., 2014; Connell et al., 2017). The kinetics of
mitotic progression are not yet clear for cells induced to express GFP-HMMR, termed tet-on
HeLa cells. So, I first measured the expression levels for both GFP-HMMR and endogenous
HMMR in M-phase synchronized lysates collected from parental HeLa cells and tet-on HeLa
cells grown in the absence (-dox) or presence (+dox) of doxycycline (Figure 3.1). Although I
observed some leaky expression of GFP-HMMR in tet-on HeLa cells (-dox), the endogenous
HMMR level was lower in these cells (Figure 3.1). Thus, the total level of HMMR expressed in
tet-on HeLa cells (-dox) was similar to the level in control HeLa cells. For tet-on HeLa cells
(+dox), induced GFP-HMMR expression approximately doubled the levels of HMMR in lysates

relative to those from parental cells or tet-on HeLa cells (-dox) (Figure 3.1 table).
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Figure 3.1 HMMR expression in parental and tet-on HeLa cells.

Tet-on HeLa cells were treated with doxycycline (or water) for 24 hours to induce GFP-HMMR
overexpression. Cells were synchronized at M phase with nocodazole and MG132, lysed, and
HMMR expression was measured by Western blot with Licor imaging. Equal loading was
verified by GAPDH level. Signal intensity of arbitrary values were quantified and tabulated. This
experiment is representative of 2 independent experiments.

51



To characterize the kinetics of mitotic progression for GFP-HMMR overexpressing cells,
I induced tet-on HeLa cells through treatment with doxycycline for 24 hours, or water as a
control (-dox). I then tracked mitosis using time-lapse microscopy of cells counterstained with
Hoechst dye. I defined metaphase duration as the time required to transition from chromosome
alignment to the separation of sister chromatids (Figure 3.2A). I defined anaphase duration as the
time required to progress from chromosome segregation to cleavage furrow formation and I
defined telophase duration as the time required from the end of anaphase until chromosome
decondensation (Figure 3.2B,C). Using these definitions, I measured the kinetics of the various
mitotic stages. I found no significant difference in the duration of anaphase or telophase among
the three treatment groups (not shown). However, I found that GFP-HMMR overexpressing tet-
on HeLa cells (+dox) remained in metaphase longer than control-treated HeLa cells (Figure
3.2A,B). I determined that the metaphase duration in control and non-induced tet-on HeLa cells
(-dox) was 27 + 12.7 minutes and 33 £+ 19.5 minutes, respectively. The time spent in metaphase
was increased to 42 + 28.8 minutes in GFP-HMMR overexpressing tet-on HeLa cells (+dox).
Moreover, I found that GFP-HMMR overexpressing tet-on HeLa cells (+dox) frequently had
mis-oriented spindles during metaphase (Figure 3.2C), which is consistent with the published

literature from the Maxwell Lab (He et al., 2017).
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Figure 3.2 GFP-HMMR expression delays metaphase and induces rotated spindles.

A) Images of mitotic progression for HeLa cells, tet-on HeLa cells (-dox), and tet-on HeLa cells
(+dox) tracked by time-lapse microscopy. Mitotic phases are color-coded and the mitotic
kinetics of 50 cells per condition is tabulated. Scale bar=5 pum.

B) Quantitation of metaphase duration of HeLa cells or tet-on HeLa cells (-dox), and tet-on
HeLa cells (+dox) tracked by time-lapse microscopy (Mean + S.D., n=50 cells, 2
experiments, **P=0.0034, one-way ANOVA).

C) Illustration of spindle angle rotation during metaphase. Orientation of condensed
chromosomes at the beginning of metaphase is indicated by a red dashed line and the
orientation of condensed chromosomes before anaphase is indicated by a blue dashed line.
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3.2.2 Anaphase membrane blebbing is common in GFP-HMMR-overexpressing cells

A mis-oriented or mis-positioned mitotic spindle during cell division can stimulate
asymmetric membrane blebbing (Kiyomitsu, 2015). To assess this phenotype, I treated tet-on
HeLa cells with doxycycline, or water (-dox), for 24 hours and I then imaged mitotic cells using
time-lapse microscopy (Figure 3.3A). I quantified the percentage of cells that had membrane
blebs during anaphase for each experiment. In non-induced tet-on HeLa cells (-dox) and parental
cells, I found no or very few membrane blebs during anaphase; however, I found that GFP-
HMMR overexpressing tet-on HeLa cells (+dox) displayed a significantly higher occurrence of
membrane blebbing events with various sizes (Figure 3.3B). I also observed mis-oriented and
constantly moving spindles in GFP-HMMR overexpressing tet-on HeLa cells (+dox), and this
phenotype correlated with a higher frequency of membrane elongation.

It is also important to note that the phenotype of blebbing was dramatically different
between control HeLa cells and GFP-HMMR overexpressing tet-on HeLa cells (+dox). Indeed,
GFP-HMMR overexpressing tet-on HeLa cells often displayed either multiple small cortical
spikes (Figure 3.3A +dox cell#1) or very prominent membrane elongations (Figure 3.3A +dox

cell#2).
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Figure 3.3 GFP-HMMR-overexpressing HeLa cells present frequent and large membrane
blebs during anaphase.

tet-on HeLa
(+dox)

A) Living parental HeLa cells or tet-on HeLa cells were pre-treated with water (-dox) or

doxycycline (+dox) for 24 hours and mitotic cells were followed by time-lapse microscopy.
Images were taken at 1 frame per minute. Membrane blebbing events are highlighted with
white arrowheads (Green channel = Transmitted light 50%; Red channel = Hoechst). Scale

bar =20 um.

B) Quantification of anaphase membrane blebbing events in parental HeLa cells, tet-on HeLLa

cells (-dox), or tet-on HeLa cells (+dox). Means from individual experiments are colour-
coded and displayed along with Mean + SD (n=3 experiments, ***P=0.0001, one-way
ANOVA).
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3.2.3 Daughter cell size control is altered in GFP-HMMR-overexpressing cells

I next quantified daughter cell sizes when cells entered late cytokinesis (Figure 3.4A) in
order to investigate if the increased frequency of anaphase blebbing correlated with a loss of
daughter cell size control. Indeed, I observed dramatic alterations in daughter cell size ratios in
GFP-HMMR overexpressing tet-on HeLa cells (+dox). That is, the induction of asymmetric
membrane elongation in these cells did not normalize the daughter cell size ratio (Figure 3.4B). |
then separately analyzed cells as those that did (+) or did not (-) undergo asymmetric membrane
elongation. I observed no significant difference between daughter cell-size ratio resulted from
cells with and without anaphase blebbing in control groups (Figure 3.4B). As well, I found that
the process of asymmetric membrane elongation was not correlated with a normalization of
daughter cell sizes in GFP-HMMR overexpressing tet-on HeLa cells (+dox). In fact, daughter
cell size differences were actually larger in GFP-HMMR overexpressing tet-on HeLa cells (+dox)
that exhibited membrane blebbing events.

In conclusion, I observed a significant increase in membrane blebbing events in GFP-
HMMR overexpressing tet-on HeLa cells (+dox), which is predicted by the elevated frequency
of mis-oriented or rotating spindles that I also observed in these cells. However, the induction of
anaphase membrane blebbing events in GFP-HMMR overexpressing tet-on HeLa cells (+dox)
was not accompanied by a normalization of the daughter cell size ratio suggesting anaphase

membrane elongation under this condition may not be regulated properly.
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Figure 3.4 Daughter cell size control is altered in GFP-HMMR-overexpressing HeLa cells.

A) Daughter cell size ratio was calculated as the area of the bigger daughter cell divided by the
area of the smaller daughter cell during cytokinesis.

B) Quantification of average daughter cell size ratio of HeLa cells, tet-on HeLa cells (-dox) and
induced tet-on HeLa cells (+dox) (Mean = SD, n=3 experiments, individual experiments are
colour-coded, ****P<0.0001, one-way ANOVA).

C) Quantification of average daughter cell size ratio of HeLa cells, tet-on HeLa cells (-dox) and
induced tet-on HeLa cells (+dox) with and without anaphase membrane blebs (Mean + SD
n=3 experiments, individual experiments are colour-coded, P=0.12 (HeLa), P=0.72 (tet-on
HeLa (-dox)), *P=0.023 (tet-on HeLa (+dox)), paired t-test).
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3.24 Induced membrane elongation is phenotypically different in GFP-HMMR-
overexpressing HeLa cells

Anaphase membrane blebbing frequency was increased in GFP-HMMR overexpressing
tet-on HeLa cells (+dox) compared with control-treated cells and the appearance of blebs was
distinct from control groups. To measure the difference in blebbing observed between groups, I
quantified the size of the largest anaphase membrane bleb relative to the cell size at the same
time point (Figure 3.5A). I found that GFP-HMMR overexpressing tet-on HeLa cells (+dox)
displayed phenotypically distinct membrane blebbing events, which were of various sizes,
whereas the size of blebs in control-treated cells (~2% of total size) were relatively consistent
across treatments (Figure 3.5B). In GFP-HMMR overexpressing tet-on HeLa cells (+dox), [
found the size of membrane elongation was pronounced and averaged 5-fold larger than those

observed in control-treated sub-line.
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Figure 3.5 GFP-HMMR-overexpressing cells present with pronounced membrane blebbing
events during anaphase.

A) Membrane bleb size was quantified by measuring the size of the largest bleb that occurred.
Bleb size was then divided by the cell size measured at the same time during anaphase.

B) Bleb size in HeLa, tet-on HeLa (-dox), tet-on HeLa (+dox cells) (Mean + SD, n=3
experiments, individual experiments are colour-coded, *P=0.016, one-way ANOVA).
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Taken together, my findings indicate that expression of GFP-HMMR delays mitotic
progression, mis-orients mitotic spindles, and induces an asymmetric membrane elongation
pathway during anaphase. However, the asymmetric membrane elongation pathway is not able to
correct daughter cell size control. Importantly, the phenotype of blebbing is very distinct in GFP-
HMMR overexpressing tet-on HeLa cells (+dox), with average bleb sizes five times larger than
those observed under control conditions. The appearance of large protrusions on the cell cortex is
likely related to cortical stability (Roh-Johnson and Goldstein, 2009; Bovellan ef al., 2014),

which suggests that overexpression of GFP-HMMR may directly reduce cortical contractility.

3.2.5 Global inhibition of membrane blebbing does not reduce daughter cell size
difference in GFP-HMMR overexpressing cells

To examine if a reduction of membrane blebbing can improve daughter cell size control,
I treated GFP-HMMR overexpressing tet-on HeLa cells (+dox) with blebbistatin, an inhibitor of
non-muscle myosin II (NMII) that prevents membrane blebbing globally (Straight ef al., 2003;
Kovécs et al., 2004; Roman et al., 2018). As I did not want to significantly alter mitotic
progression, I first determined the half maximal inhibitory concentration (IC50) of blebbistatin
and titrated that dose down between 50-fold to about 10,000-fold for live cell imaging
experiments (Figure 3.6A). I measured an IC50 dose of 36.16 uM (Figure 3.6B). I also observed
a significantly decreased frequency of anaphase membrane blebbing as the concentration of drug
increased from 0.005 uM to 1 uM (Figure 3.6B). Although membrane blebbing was significantly
reduced in these blebbistatin-treated cells, the daughter cell size ratio did not change significantly
(Figure 3.6C). However, drug-mediated correction of the abnormal membrane elongation

phenotypes may recover some but not all daughter cell sizes in GFP-HMMR overexpressing tet-
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on HeL a cells (+dox) because inhibition of blebbing prevented large tension forces in anaphase

but did not rescue spindle position that was affected by other HMMR-mediated pathways.
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Figure 3.6 Global reduction of membrane blebs does not rescue daughter cell size control.

A)

B)

)

Viability of HeLa cells treated for 48 hours with graded doses of blebbistatin to inhibit
myosin T activity. Shaded blue area indicates the sub-lethal doses selected for phenotype
screening (n=3 experiments). The curve fitting (red line) used Dose-response — Inhibition,
equation: log(inhibitor) vs. response model of Prism 6. Equation used was Y=Bottom value +
(Top value —Bottom value)/(1+10"((X-LoglIC50))).

Frequency of anaphase blebbing in parental cells (+vehicle) or tet-on HeLa cells (+dox)
treated with different doses of blebbistatin (Mean + SD, n= 3 experiments, colour-coded,
*P=0.037 (HeLa+DMSO vs. tet-on HeLa +DMSO), P=0.96 (tet-on HeLa+DMSO vs. tet-on
HeLa+5 nM), *P=0.037 (tet-on HeLa+DMSO vs. tet-on HeLa +50 nM), ***P=0.004 (tet-on
HeLa+DMSO vs. tet-on HeLa +500 nM), ***P=0.001 (tet-on HeLa+DMSO vs. tet-on
HeLa+1000 nM), one-way ANOVA with Sidak’s multiple comparisons test).

Daughter cell size ratio in parental cells (+vehicle) or tet-on HeLa cells (+dox) treated with
different doses of blebbistatin (Mean + SD, n= 3 experiments, colour-coded, P=0.23
(HeLa+DMSO vs. tet-on HeLa+DMSO), P=0.97 (tet-on HeLa+DMSO vs. tet-on HeLa+5
nM), P=0.89 (tet-on HeLLa +DMSO vs. tet-on HeLa +50 nM), P=0.96 (tet-on HeLLa +DMSO
vs. tet-on HeLa+500 nM), P=0.52 (tet-on HeLa+DMSO vs. tet-on HeLa+1000 nM), one-way
ANOVA with Sidak’s multiple comparisons test).
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3.2.6 GFP-HMMR overexpressing HeL.a cells show frequent chromosome mis-
segregation

Uncontrolled blebbing during cell division can introduce cortical tension and induce
shape instability (Tinevez et al., 2009; Sedzinski et al., 2011). To mechanistically connect
membrane blebbing with chromosome segregation defects, I followed mitosis with live-cell
imaging and incorporated RFP-actin to observe cortical actin organization during blebbing and
Hoechst to track chromosome movements (Figure 3.7A). To examine if cell behavior in the
presence of RFP-actin was consistent with untreated cells, I measured blebbing frequency,
daughter cell-size ratio and bleb size, which showed similar results as in previous sections
(Figure 3.7B-D). Importantly, cortical RFP-actin localization was not evenly distributed with
cells having unstable shape changes during mitosis in GFP-HMMR overexpressing cells (Figure
3.7E). In cells with unstable shape changes (green arrow), I observed abnormal cytokinesis with

a high frequency of lagging or bridging chromosomes (Figure 3.7E).
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Figure 3.7 GFP-HMMR overexpressing cells show higher chromosome mis-segregation.

A) Parental HeLa cells or tet-on HeLa cells pre-treated with water (-dox) or doxycycline (+dox)
for 24 hours were incubated overnight with CellLight™ Actin-RFP. Mitotic cells were
followed with images taken every 5 minutes. Membrane blebbing events and lagging
chromosomes are highlighted with a yellow asterisk or a green arrowhead, respectively
(White channel = Actin RFP; Red channel = DAPI). Scale bar=10 pum.

B) Quantitative analysis of anaphase membrane blebbing in parental HeLa cells, tet-on HeLa
cells (-dox), or induced tet-on HeLa cells (+dox) (Mean + SD, n=4 experiments, colour-
coded, **P=0.0055, one-way ANOVA).

C) Quantitative analysis of average daughter cell size ratio of parental HeLa cells, tet-on HeLa
cells (-dox), or induced tet-on HeLa cells (+dox) (Mean + SD, n=4 experiments, colour-
coded, *P=0.029, one-way ANOVA).
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D) Bleb size in parental HeLa cells, tet-on HeLa cells (-dox), or tet-on HeLa cells (+dox) (Mean
+ SD, n=4 experiments, colour-coded, *P=0.014, one-way ANOVA).

E) Quantification of the percentage of abnormal mitotic chromosome phenotypes, including
lagging or bridging chromosomes, observed in parental HeLa cells, tet-on HeLa cells (-dox),
or tet-on HelLa cells (+dox) (Mean = SD, n=2 experiments, *P=0.037, one-way ANOVA).

3.2.7 GFP-HMMR overexpressing cells demonstrate interphase genome instability

Lagging and bridging chromosomes during mitosis can lead to the formation of
micronuclei (Thompson and Compton, 2011). Therefore, I measured several phenotypes related
to interphase genome instability, including the frequency of nucleus budding and the presence of
a micronucleus.

In fixed samples, I used immunofluorescence to detect HMMR and confirm its elevated
expression in tet-on HeLa cells (+dox) after 24 hours of induction (Figure 3.8A). Then, I
investigated the proportion of cells showing nucleus budding and micronuclei through
immunofluorescence detection of the nuclear envelop protein Lamin B (Funkhouser et al., 2013)
and cyclic GMP-AMP synthase (cGAS), which frequently localizes to a micronucleus
(Mackenzie et al., 2017; Khoo and Chen, 2018; Liu et al., 2018) (Figure 3.8B, C). Compared to
control-treated cells, I observed a significantly higher proportion of GFP-HMMR overexpressing
tet-on HeLa cells (+dox) with nucleus budding and micronuclei with associated cGAS (Figure
3.8B, C). Because the activation of the cGAS and stimulator of interferon genes (STING)
pathway induces nuclear translocation of p52-RELB as part of the non-canonical NF-kB
signaling (Bakhoum et al., 2018; Hou et al., 2018), I performed immunofluorescence analysis to
evaluate the intensity signal of p52 in the nucleus versus cytoplasm (Figure 3.8D). I found a
significantly higher level of p52 in the nucleus in GFP-HMMR overexpressing tet-on HeLa cells

(+dox), which is consistent with the activation of the cGAS-STING pathway.
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Figure 3.8 GFP-HMMR overexpressing cells present with a higher frequency of nucleus
budding and micronuclei.

A) Immunofluorescence analysis of HMMR in parental HeLa cells, tet-on HeLa cells (-dox) and
tet-on HeLa cells (+dox). Scale bar = 50 um.

B) Immunofluorescence analysis of Lamin B or cGAS in parental HeLa cells, tet-on HeLa cells
(-dox) and tet-on HeLa cells (+dox). Scale bar = 10 pum.

C) Quantification of the percentage of cells with micronuclei or budding nucleus, including
nucleus budding and micronuclei, in parental HeLa cells, tet-on HeLa cells (-dox), and tet-on
HeLa cells (+dox) (Mean + SD, n=3 experiments, colour-coded, *P=0.0144, one-way
ANOVA).

D) Immunofluorescence detection and localization of p52 in parental HeLa cells, tet-on HelLa
cells (-dox), and tet-on HeLa cells (+dox). Scale bar = 30 um. Quantitative analysis of p52
nucleus localization was determined as the intensity of p52 in the nucleus relative to the
intensity in the cytoplasm (Mean = SD, n=150 cells per group, ****P<(0.0001, one-way
ANOVA).

In conclusion, GFP-HMMR overexpressing tet-on HeLa cells mis-segregated

chromosomes and displayed markers of genome instability including an active cGAS-STING
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pathway. As an active cGAS-STING pathway has been linked with pro-inflammatory signaling
that can be either growth suppressive or stimulatory (Mackenzie et al., 2017; Khoo and Chen,
2018; Liu et al., 2018), this result may provide a mechanistic link between HMMR

overexpression and tumorigenesis.

3.2.8 HMMR potentially interacts with a set of actin-binding proteins during mitosis

HMMR is a non-motor mitotic spindle assembly factor that alters mitotic kinase and
motor protein activities by localizing regulatory proteins for these enzymes, including TPX2,
CHICA/FAMS3D, or DYNLLI, to the spindle and spindle poles (Dunsch et al., 2012; Chen et
al.,2014; Connell et al., 2017; Li et al., 2017; Fulcher et al., 2019). To discover new partner
proteins for HMMR in mitotic cells, the Maxwell and Lange Labs performed anti-HMMR
immunoprecipitation-mass spectrometry (IP-MS) analysis on M-phase synchronized HeLa cell
lysates. HeLa cells were synchronized to M-phase with 200 ng/ml nocodazole and lysed. HMMR
complexes were immunoprecipitated using anti-HMMR antibody (Abcam; ab124729) and mass-
spectrometry was performed on the immunoprecipitated proteins by Dr. Philipp Lange and
Charlie Kuan at the BC Children’s Hospital Research Institute.

Mass spectrometry analysis of HMMR immunoprecipitates identified known HMMR
partner proteins, including DYNLL1, CHICA and calmodulin (highlighted in red) (Figure 3.9).
The HMMR immunoprecipitate was also found to contain a set of actin-binding proteins,
including: myosin 18A (MYO18A), non-muscle myosin IIb (NMIIb/MYH10) and actin-related
protein 3 (ARP3/ACTR3) (highlighted in blue, Figure 3.9), a well as non-muscle myosin [la
(NMIIa/MYH9), vimentin, and tropomyosin (processed data deposited in MassIVE,

MSV000088870) (Mateo, He, Mei et al., 2022). Many of these putative interactors are actin-
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regulating proteins that are known to affect actomyosin structures (Charras, 2008; Murrell ef al.,
2015; Sorce et al., 2015; Beaudet et al., 2017; Agarwal and Zaidel-Bar, 2019). Thus, it is
possible that overexpressed GFP-HMMR directly localize actin-regulating proteins to the spindle

to reduce their retention at the cortex and augment bleb size and frequency.
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Figure 3.9 HMMR interactome during mitosis.

Mass spectrometry analysis of proteins co-precipitated from mitotic HeLa lysates with antibodies
targeting HMMR or control immunoglobulin (logz-fold change in HMMR:control ratio). Known
HMMR-binding partners are highlighted in blue and actin-binding proteins (ARP3 (ACTR3),
MYHI10, and MYO18A) are highlighted in red. The plot shows the -logio two-sided Student’s z-
test normal p values against log> fold-change of HMMR versus control immunoglobulin IP
results. The vertical and horizontal dashed lines indicate p < 0.05 and log» fold-change > 1,
respectively. The symbols indicate the frequency at which proteins were found in the interaction
screens as listed in the CRAPOME database (circle: rare interactor; open circle: common
interactor; diamond: not listed in database); protein names in blue, red, and grey indicate known
HMMR interactors, potential interactors (this study), and additional proteins found moderately to
strongly enriched, respectively; and symbol size was proportional to the number of replicas a
protein was identified in (n = 2 experiments; 2 replicates/condition). Mass-spectrometry analysis
was performed by Dr. Philipp Lange and Charlie Kuan.
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3.2.9 Recruitment of the ARP2/3 complex to the spindle pole may not be through a direct
interaction with HMMR

The result of IP-MS analysis suggests that HMMR interacts with ARP2/3 complex
components during mitosis, which potentially alters ARP2/3 complex localization. To confirm
the interaction between HMMR and ARP2/3 complex, I synchronized HeLa cells at different
stages of mitosis, using several methods, prior to cell lysis. I then performed
immunoprecipitation (IP) using anti-HMMR antibody and detected target proteins using
immunoblot analysis.

I first synchronized HeLa cells in M phase using nocodazole to prevent the formation of a
mitotic spindle, followed by a treatment with the proteasome inhibitor MG132 to prevent mitotic
exit. The synchronized cells were then lysed and subjected to IP incubation. Western blot
analysis confirmed depletion of HMMR from lysates following incubation with anti-HMMR
antibodies (post-IP fraction). The post-IP fractions also showed co-depletion of CHICA, a
published HMMR interactor (Figure 3.10A); consistently, HMMR and CHICA were robustly
detected in the anti-HMMR immunoprecipitates (IP:HMMR) (Figure 3.10A). However, ARP3
and NMIIb were not detected in the HMMR IP from M phase synchronized lysates, indicating
that the level of co-precipitated protein, if any, was below the limit for detection.

The process of asymmetric membrane elongation is temporally restricted to anaphase. So,
I then performed an alternative method of synchronization to enrich for cells in anaphase. I first
treated parental HeLa cells with S-trityl-L-cysteine (STLC), an Eg5 motor inhibitor to prevent
centrosome separation, followed by the Cdk1 inhibitor RO-3306 to stabilize microtubule-
kinetochore attachments and forced to exit mitosis (Figure 3.10B). I used immunofluorescence

analysis of the same batch of cells to confirm the synchronization enriched for anaphase cells
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(not shown). I then performed a similar IP experiment and I used the post-IP fraction to confirm
HMMR pull-down and I confirmed the positive control interaction with CHICA (Figure 3.10B).
It is important to note that the post-IP fractions revealed less complete depletion of HMMR from
these lysates and, as a consequence, little co-depletion of CHICA was apparent. Still, HMMR
and CHICA were readily detected in the [IP:HMMR fraction (Figure 3.10B). However, ARP3
was once again not detected in the IP>:HMMR fraction (Figure 3.10B).

As I observed abnormal cortical instability in GFP-HMMR overexpressing tet-on HeLa
cells (+dox), this suggested that a putative HMMR-ARP3 interaction may be more readily
detected using this experimental model. Thus, I induced GFP-HMMR overexpression prior to
metaphase synchronization using the CDK1 inhibitor RO-3306, which blocks cells in G2 phase.
I released cells from the proteasome inhibitor MG132 for two hours, to again arrest cells at
metaphase. I then performed a similar IP experiment and I used the post-IP fraction to confirm
HMMR pull-down and performed experiments using two anti-HMMR antibodies (Abcam,
ab124729, ab108339). I confirmed the positive control interaction with CHICA (Figure 3.10C,D).
Again, the post-IP fractions showed the depletion of HMMR and GFP-HMMR was incomplete,
which is likely due to the elevated levels of HMMR expression in these cells (Figure 3.10C,D).
However, I did observe robust detection of GFP-HMMR and HMMR in the IP:HMMR fraction.
Similarly, CHICA was depleted from the post-IP HMMR fraction and was robustly detected in
the [IP:HMMR fraction (Figure 3.10C,D). However, ARP3 was not similarly depleted and
detected in the IP:HMMR fraction. I did observe a possible depletion of NMIIb from the post-IP
HMMR fraction but its detection in the [IP:HMMR fraction was obscured. Moreover, I repeated
the IP experiment using anti-GFP antibody and I observed similar results (Figure 3.10E). Also, it

is worth mentioning the GFP-IP was not robust. Thus, I conclude that a significant proportion of
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ARP3 does not interact with HMMR in a manner that is detectable through western blot analysis,

although it was implicated in our prior IP-MS analysis.
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Figure 3.10 Immunoblots for HMMR immunoprecipitation from synchronized populations
of HeLa or GFP-HMMR overexpressing tet-on HeLa cells (+dox).

A) Immunoprecipitation of HMMR from nocodazole and MG132-synchronized, M-phase Hel.a
cell lysates using an IgG control antibody or an anti-HMMR antibody. Co-precipitation of
CHICA was a positive control. Co-precipitation of ARP3 was not detected. GAPDH was
probed for equal loading and negative control.

B) Immunoprecipitation of HMMR from STLC and RO-3306 synchronized, M-phase
populations of HeLa cell lysates with an IgG control antibody or an anti-GFP antibody. Co-

precipitation of CHICA was

a positive control. Co-precipitation of ARP3 was not detected.

GAPDH was probed for equal loading and negative control.
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C) Immunoprecipitation of HMMR from RO-3306 and MG132 synchronized, M-phase GFP-
HMMR induced tet-on HeLa cell (+dox) lysates with an IgG control antibody or an anti-
HMMR antibody. Co-precipitation of CHICA was a positive control. Co-precipitation of
ARP3 was not detected. GAPDH was probed for equal loading and negative control.

D) Immunoprecipitation of HMMR from RO-3306 synchronized, M-phase GFP-HMMR
induced tet-on HeLa cell (+dox) lysates with an IgG control antibody or an anti-HMMR
antibody that targets C-terminus (ab108339). Co-precipitation of CHICA was a positive
control. Co-precipitation of ARP3 was not detected. GAPDH was probed for equal loading
and negative control.

E) Immunoprecipitation of GFP from RO-3306 synchronized, M-phase GFP-HMMR induced
tet-on HeLa cell (+dox) lysates with an IgG control antibody or an anti-GFP antibody. Co-
precipitation of CHICA was a positive control. Co-precipitation of ARP3 was not detected.
GAPDH was probed for equal loading and negative control.

Proximity ligation assay (PLA) is a much more sensitive method to detect the physical
proximity of two proteins within 40 nm of each other (Alam, 2018). However, PLA requires
significant optimization in order to be confident in putative positive or negative results. Thus, I
used immunofluorescence analysis to optimize the working conditions for the antibodies to
detect the localization and expression level of proteins-of-interest in the HeLa cell lines at
metaphase (Figure 3.11).

For my PLA analysis, I included three controls for detection of an interaction with
HMMR in mitotic cells. First, I detected the proximity of GFP with HMMR in the GFP-HMMR
overexpressing tet-on HeLa cells (+dox). For this pairing, I first confirmed the anti-GFP
antibody signal was specific for HMMR overexpressing tet-on HeLa cells (+dox) and the
localization was as expected for GFP-HMMR (Figure 3.12). Second, I detected the proximity of
well-defined HMMR interactor proteins: CHICA and TPX2 (Dunsch et al., 2012; Chen et al.,
2018). For these pairings, I confirmed the predicted localization of HMMR, TPX2 and CHICA
to spindle microtubules (Kufer et al., 2002; Marumoto et al., 2005; Dunsch et al., 2012). Third, I

detected the spatial localization of putative PLA interactions with HMMR. So, I optimized the
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detection of mitotic spindle poles, using a pericentrin antibody, and spindle microtubules, using a
beta tubulin (TUBB) antibody. Finally, I optimized the working conditions for the detection of
ARPC2, a component of the ARP2/3 complex. As expected, I observed cortical localization for
ARPC2 in metaphase control-treated cells; provocatively, however, the localization of ARPC2
was dramatically altered in HMMR-overexpressing tet-on HeLa (+dox) cells, where it

accumulated at mitotic spindles rather than the cell cortex.
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Figure 3.11 Localization of proteins of interest for PLA analysis in metaphase HeLa, tet-on
HeLa cells (-dox), or GFP-HMMR overexpressing tet-on HeLa cells (+dox).

Localization of antibodies to be used in the proximity ligation assay in parental HeLa cells, tet-
on HeLa cells (-dox) and tet-on HeLa cells (+dox). Scale bar = 10 um.



After I optimized the working condition for each antibody, I performed a series of PLA in
different combinations. First, I verified that I could detect a PLA signal between GFP and
HMMR (Figure 3.12). As expected, I observed few PLA foci in parental HeLa cells and tet-on
HeLa cells (-dox) at metaphase. Moreover, a strong PLA signal was detected at mitotic spindles
in GFP-HMMR overexpressing tet-on HeLa cells (+dox). It is worth noting that a significant
amount of PLA foci was also detected in the cytoplasm and the PLA signal between GFP and
HMMR did not clearly match the spindle-localized GFP channel.
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Figure 3.12 Proximity ligation assay probing HMMR, CHICA, and ARPC2 interaction.
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Proximity ligation assay to detect interactions between HMMR-GFP, HMMR-CHICA and
HMMR-ARPC2. Scale bar = 10 um.

I next tested the PLA using a combination of CHICA and HMMR antibodies.
Surprisingly, I observed few PLA foci in metaphase cells, and while I detected more positive
foci in GFP-HMMR overexpressing tet-on HeLa cells (+dox), the PLA foci did not localize to

the spindle as expected. I observed similar results using a combination of ARPC2 and HMMR

antibodies.
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3.2.10 Cortical ARP2/3 complex localization is altered in GFP-HMMR overexpressing
cells

ARPC2 (p34-ARC) is a component of the ARP2/3 complex that has recently been shown
to locate transiently to the mitotic spindle pole as cells enter anaphase (Farina ef al., 2019) at a
time when the mitotic membrane expands. Inhibition of ARP3 induces membrane blebbing in
both cell and animal models (Roh-Johnson and Goldstein, 2009; Bergert et al., 2012; Beckham
et al., 2014). Thus, I queried whether the pronounced membrane blebbing observed in GFP-
HMMR overexpressing tet-on HeLa cells (+dox) correlated with disturbed localization of
ARPC2.

In section 3.2.9, I observed different localization of ARPC2 between parental HeLa cells,
tet-on HeLa cells (-dox) and GFP-HMMR overexpressing tet-on HeLa cells (+dox). Here, I
investigated the localization of this component of the ARP2/3 complex in anaphase cells using a
method described (Beaudet ef al., 2017; Farina et al., 2019). Consistent with other studies, I
found a significant amount of ARPC2 localized to the cortex in anaphase HeLa cells (Figure
3.13A). Although not completely lost, this cortical enrichment of ARPC2 was dampened in
anaphase GFP-HMMR overexpressing tet-on HeLa cells (+dox) (Figure 3.13B,C). Instead,
ARPC?2 appeared to co-localize with GFP-HMMR on the spindle fibers; this change in
localization was easily visualized through line profiles of signal intensities (Figure 3.13B).
Therefore, I measured the intensity of ARPC2 localized at the cell cortex, or co-localized at
GFP-HMMR positive mitotic spindles, in anaphase cells. My measurements confirmed loss of
ARPC?2 at the cortex and a significant augmented localization of ARPC2 to the spindle pole area
in anaphase GFP-HMMR overexpressing tet-on HeLa cells (+dox) (Figure 3.13D), without

concurrent alterations in the total abundance of ARPC2 (Figure 3.13E).
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Figure 3.13 Cortical localization of ARP2/3 is lost in GFP-HMMR-overexpressing cells.

A) Immunofluorescence analysis of HMMR and ARPC2 in anaphase cells. Scale bar = 5 pm.
White and red dash lines indicate the measurement of plot profile in panel B.

B) A plot profile measuring fluorescence intensity across the cells shown by the dash lines in
panel A. The blue shaded areas are marks for 3 pm from the cortex.

C) Cortical ARPC2 enrichment in anaphase cells. The diagram presents the ratio of the average
of the highest fluorescence intensity in the blue shaded areas divided by the highest
fluorescence reading in the non-shaded area shown in panel B (Mean + SD, n=40 cells per
group, ****P<(.0001, one-way ANOVA).

D) ARPC2 spindle enrichment in anaphase cells was measured as the intensity of ARPC2
overlapped with HMMR at the spindle poles. Ratio was calculated using mean intensity
(Integrated Intensity/Area) (Mean = SD, n=30 cells per group, ****P<0.0001, one-way
ANOVA).

E) Total abundance of ARPC2 in anaphase cells (Mean + SD, n=30 cells per group, colour-
coded, ns., P=0.93, one-way ANOVA).
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3.2.11 Cortical localization of NMII is not altered in GFP-HMMR overexpressing cells
NMlIla (MYH9) and NMIIb (MYH10) are ABPs that are associated with cortical integrity
and inhibited by blebbistatin, and which regulate progression through mitosis and mitotic cell
shape (Beach and Egelhoff, 2009; Badirou et al., 2014; Bovellan et al., 2014; Roy et al., 2016;
Dey et al., 2017; Shutova and Svitkina, 2018; Smith et al., 2018; Chikina et al., 2019; Svitkina,
2020). So, in addition to the localization of ARPC2, I also investigated the localization of NMlla
and NMIIb. However, my immunofluorescence analysis revealed that the subcellular and cortical
localization of NMllIa (Fig. 3.14) and NMIIb (Figure 3.15) were not significantly altered in
anaphase GFP-HMMR overexpressing tet-on HeLa cells (+dox). Therefore, the ectopic mis-
localization of ARPC?2 that I observed in anaphase GFP-HMMR overexpressing tet-on HeLa
cells (+dox) does not appear to be a general disturbance of the localization of ABPs but rather a

specific mis-localization of a key component of the ARP2/3 complex.
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Figure 3.14 Subcellular localization of NMIIa does not change in the presence of GFP-
HMMR overexpression.

A) Immunofluorescence analysis of GFP-HMMR overexpressing anaphase cells and control-
treated anaphase cells probing for HMMR and NMlla. Scale bar = 5 um. White, pink and red
dash lines in the middle column indicate the measurement of plot profile in panel B.

B) A plot profile measuring fluorescence intensity across the anaphase cells shown by the dash
lines in panel A. The blue shaded areas are marks for 3 pum from the cortex.

C) Quantitation of cortical NMIIa enrichment in anaphase cells. The diagram presents the ratio
of the average of the highest fluorescence intensity in the blue shaded areas divided by the
highest fluorescence reading in the non-shaded area shown in panel B (Mean + SD, n=30
cells per group, ns., P=0.25, one-way ANOVA).

D) Quantitation of the total abundance of NMlIIa in anaphase cells (Mean = SD, n=30 cells per
group, ***P=0.0003, one-way ANOVA).
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Figure 3.15 Cortical NMIIDb is not affected in GFP-HMMR-overexpressing anaphase cells.

A) Immunofluorescence analysis of HMMR and NMIIb in anaphase cells. Scale bar = 5 pm.
White and red dash lines in the middle column indicate the plot profile in panel B.

B) A plot profile measuring fluorescence intensity across the cells shown by the dash lines in
panel A. The blue shaded areas are marks for 3 pm from the cortex.

C) Cortical NMIIb enrichment in anaphase cells presenting the ratio of the average of the
highest fluorescence intensity in the blue shaded areas divided by the highest intensity in the
non-shaded area shown in panel B (Mean + SD, n=30 cells per group, ns., P=0.50, one-way
ANOVA).

D) Abundance of NMIIb in GFP-HMMR overexpressing cells and control cells (Mean + SD,
n=30 cells per group, **P=0.0038, one-way ANOVA).
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3.2.12 Mis-localization of ARP2/3 complex begins as cells enter mitosis

Although most ARP2/3 localizes to the cortex during cell division, a small pool of
ARP2/3 also accumulates at the centrosomes in anaphase, which induces the formation of
centrosomal actin filaments to facilitate mitotic exit (Bompard et al., 2008; Mitsushima et al.,
2010; Sun et al., 2011; Bovellan et al., 2014; Farina et al., 2019). Centrosomal localization of
ARP2/3 is regulated temporally and only occurs when cells enter anaphase (Farina et al., 2019).
However, I found that the ARP2/3 complex component ARPC2 localized to the metaphase
spindle in GFP-HMMR overexpressing tet-on HeLa cells (+dox) (Figure 3.11), suggesting
HMMR may modify the localization of the ARP2/3 complex during cell division.

As a first step to understand a putative relationship between elevated HMMR expression
and ARPC?2 localization, I performed immunofluorescence analysis to track ARPC2 localization
in each mitotic phase, as indicated by chromosome compaction and structure. In cells during
interphase, I noted a trend towards augmented microtubule density at TUBB-positive and GFP-
HMMR-positive centrosomes and a potential trend towards augmented localization of ARPC2 to
these GFP-HMMR positive centrosomes in GFP-HMMR overexpressing tet-on HeLa cells
(+dox) (Figure 3.16A); I observed an increase in ARPC2 level at centrosomes in prophase cells
(Figure 3.16B). When cells proceeded to prometaphase, a significant amount of ARPC2
concentrated at spindle poles in GFP-HMMR overexpressing tet-on HeLa cells (+dox) (Figure
3.16C), whereas ARPC2 was largely retained in proximity to the cortex in control-treated

prometaphase cells.
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Figure 3.16 ARPC?2 is mis-localized in GFP-HMMR overexpressing cells during mitosis.

A) Localization of ARPC2 and intensity at centrosomes or the cell cortex in interphase. Scale
bar=10 um. Mean £+ SD n=40 (HeLa), 40 (-dox), 38 (+dox) cells, P=0.42 (centrosome), 0.25
(cortical), one-way ANOVA). Cortical ARPC2 intensity was calculated by measuring the
intensity of ARPC2 within an area ~2 pm underneath the cell membrane.

B) Localization of ARPC2 and intensity at centrosomes or the cell cortex in prophase. Scale
bar=10 um. Mean £ SD, n=40 (HeLa), 40 (-dox), 35 (+dox) cells, ****P<0.0001 (spindle),
P=0.4621 (cortical), one-way ANOVA).
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C) Localization of ARPC2 at centrosomes during prometaphase. Scale bar=10 pm. ARPC2
intensity at the centrosome or the cell cortex in prometaphase cells (Mean £ SD, n=40
(HeLa), 39 (-dox), 38 (+dox) cells, ****P<0.0001 (spindle), P=0.19 (cortical), one-way
ANOVA).

3.2.13 Accumulation of ARP2/3 complex at centrosomes normally occurs in anaphase

I then used immunofluorescence to confirm the published localization of ARPC2 and
HMMR at the spindle pole in prometaphase cells and in cells forced to exit mitosis. I treated
parental HeLa cells with 5 pM STLC for 18 hours to arrest them at prometaphase, and then I
forced mitotic exit by the subsequent addition of 20 uM Cdk1 inhibitor, RO-3306, as described
by Farina et al. (2019). Consistent with published findings, ARPC2 was not observed at spindle
poles in cells arrested at prometaphase (Figure 3.17A). However, a small pool of ARPC2
accumulated around the spindle pole upon mitotic exit (Figure 3.17A).

To confirm the temporally-controlled spindle pole localization of ARPC2, I used
pericentrin to demarcate centrosomes and I quantified the centrosome-localized relative to the
cytoplasm-localized ARPC?2 intensity. These analyses confirm that ARPC2 concentrated at the
spindle pole during forced mitotic exit but not in prometaphase (Figure 3.17B).

As cortical ARP2/3 complexes may directly affect membrane blebbing, and cortical
localization may be inversely linked to spindle pole intensity, I quantified ARPC2 intensity at the
spindle pole relative to the cortex. The thickness of the cell cortex ranges from 0.2 ym to 1.0 um
depending on cell type and cell cycle status (Salbreux et al., 2012; Clark et al., 2013; Chugh et
al., 2017). So, I manually defined the cortex area as ~2 um underneath the membrane (Figure
3.17C). The ARPC2 intensity level I measured was consistent with that observed by Farina et al.
(Farina et al., 2019). Using these parameters, I observed a significant increase in ARPC2

intensity at centrosomes and a reduction at the cortex as cells exit mitosis (Figure 3.17D,E).
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Figure 3.17 ARP2/3 and HMMR both localize to the spindle pole during forced mitotic exit.
A) Immunofluorescence analysis of ARPC2 and HMMR in HeL a cells arrested at prometaphase

or

forced to exit mitosis. Scale bar = 5 um and for zoom = 2 um.

B) Immunofluorescence analysis of ARPC2 and pericentrin in HeLa cells arrested at
prometaphase or forced to exit mitosis. Scale bar = 5 um and for zoom = 2 pm.

C) Spindle pole localized intensity measured in an area defined by pericentrin (green lines) and
cortical intensity measured within an area ~2 um underneath the cell membrane (white lines).
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D) Spindle pole intensity for ARP2/3 complexes at prometaphase and anaphase. Experiments
are colour coded. Mean + SD, n=60 cells per group, ****P<0.0001, paired t-test).

E) Cortical intensity for ARP2/3 complexes at prometaphase and forced mitotic exit. Colour
coded. Mean £ SD, n=60 cells per group, ****P<0.0001, paired t-test).

3.2.14 Centrosomal recruitment of ARPC2 is altered in GFP-HMMR-overexpressing cells

To measure centrosome recruitment of ARPC2 in GFP-HMMR overexpressing tet-on

HeLa cells (+dox), I performed immunofluorescence analysis similar to that in section 3.13. First,

I quantified spindle pole recruitment as well as cortical retention of ARPC2 in tet-on HeLa cells

(-dox). The localization of ARPC2 in tet-on HeLa cells (-dox) showed a similar pattern as

observed in parental HeLa cells. That is, cells forced to exit mitosis showed ARPC2 at the

spindle poles but this localization was not apparent at prometaphase (Figure 3.18A). Moreover,

the increased localization at the spindle pole during forced mitotic exit was observed concurrent

with a reduced localization to the cell cortex (Figure 3.18B,C).
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Figure 3.18 Spindle pole recruitment and cortical retention of ARP2/3 in non-induced tet-

on HeLa cells display similar trend as those observed in control HeLa cells.

A) Tet-on HeLa cells (-dox) were arrested at prometaphase using STLC at 5 uM for 18 hours
and forced to exit mitosis by the addition of 20 pM RO-3306 for 5 min. Cells were probed
for ARPC2 and HMMR. Scale bar = 5 um and for zoom = 2 pum.

B) Spindle pole intensity of ARP2/3 complexes at prometaphase and anaphase in tet-on HeLa
cells (-dox) (Mean + SD, n=60 cells per group, ****P<(0.0001, paired t-test).

C) Cortical intensity of ARP2/3 complexes at prometaphase and forced mitotic exit in tet-on
HeLa cells (-dox) (Mean £ SD, n=60 cells per group, ****P<0.0001, paired t-test).
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In GFP-HMMR overexpressing tet-on HeLa cells (+dox), however, ARPC2 localized at
the spindle pole in prometaphase cells prior to forced mitotic exit (Figure 3.19A). Moreover, the
spindle pole intensity of ARPC2 in GFP-HMMR-overexpressing cells was higher than that
observed in control cells undergoing forced mitotic exit. The ratio of ARPC2 intensity at spindle
versus cortex, and the cortical ARPC2 intensity remained unchanged between prometaphase and
forced mitotic exit (Figure 3.19B,C). This result indicates that the ARP2/3 complex is ectopically
recruited to the spindle pole before anaphase onset in HeLa cells expressing GFP-HMMR.

Taken together, my findings indicate that the recruitment of ARPC2, a component of the
ARP2/3 complex, is elevated at mitotic spindle poles in cells expressing GFP-HMMR and this
localization correlates with reduced ARPC2 localization at the cell cortex. Although I observed a
slight decrease of cortical ARPC2 localization in HMMR-silenced HeLa cells, it does not appear
that HMMR depletion affects ARPC2 localization at cortex significantly (Figure 3.20). Thus,
cortical integrity might be perturbed in GFP-HMMR-overexpressing cells compared with that in
control cells not only in anaphase but also during prometaphase, which may expedite the

membrane blebbing events that occur in late metaphase and anaphase.
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Figure 3.19 ARP2/3 abnormally accumulates at the centrosomes prior to anaphase onset in

GFP-HMMR-overexpressing HeLa cells.

A) Tet-on HeLa cells (+dox) were arrested at prometaphase using STLC at 5 uM for 18 hours
and forced to exit mitosis by the addition of 20 pM RO-3306 for 5 min. Cells were probed
for ARPC2 and HMMR. Scale bar = 5 um and for zoom = 2 pum.

B) Spindle pole intensity of ARP2/3 complexes at prometaphase and anaphase in tet-on HeLa
cells (+dox) (Mean + SD, n=60 cells per group, P=0.32, paired t-test).

C) Cortical intensity of ARP2/3 complexes at prometaphase and forced mitotic exit in tet-on
HeLa cells (+dox) (Mean + SD, n=60 cells per group, P=0.19, paired t-test).

&5



@ HMMR ARPC2 Merge/DAPI

HMMR

siScramble

2
==
GAPDH| )

x
=
=
L

®

(@)
O
m

8000 — siScramble 4 s 3000~ ns.

— siHMMR

6000

N
o
o
o
]
o

4000-

Average intensity
(arbitrary values)
)
8
1

2000

Cortex Int. vs Cytoplasm Int.

(arbitrary values)

0 T T
0 10 20

Distance (um)

Fluorescence intensity

Figure 3.20 HMMR depletion does not affect cortical enrichment of the ARP2/3 complex.
A) HelLa cells were transfected with scrambled siRNA (siScramble) or siRNA targeting HMMR
(siHMMR). HMMR expression was quantified by western blot analysis at 72 hours post

transfection. GAPDH served as a loading control.

B) Immunofluorescence analysis of HMMR and ARPC2 in anaphase HeLa cells. Scale bar = 10
um. White and red dash lines indicate the measurement of plot profile in panel B.

C) A plot profile measuring fluorescence intensity across anaphase cells, as shown by the dash
lines in panel A. The blue shaded areas are marks for 3 pum from the cortex.

D) Cortical ARPC2 enrichment in anaphase cells. The diagram presents the ratio of the highest
fluorescence intensity in the blue shaded areas divided by the highest fluorescence reading in
the non-shaded area shown in panel B (Mean + SD, n= 80 cells per group, P=0.16, unpaired
t-test).

E) Total abundance of ARPC2 in anaphase cells (Mean + SD, n= 80 cells per group, P=0.14,
unpaired t-test).
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3.3 Key findings

1. GFP-HMMR overexpression prolongs metaphase and results in rotating mitotic spindles.

2. GFP-HMMR overexpression induces unique and pronounced, but ineffective,
asymmetric membrane elongation events.

3. GFP-HMMR overexpressing cells show higher probability of nucleus budding and
micronuclei.

4. HMMR potentially interacts with a group of actin-binding proteins during mitosis.

5. The ARP2/3 complex component ARPC2, but not NMIla or NMIIb, is mis-localized to
the centrosome and mitotic spindle in GFP-HMMR overexpressing cells when cells enter

mitosis, with a concurrent reduction at the mitotic cell cortex.

3.4 Discussion

Mitotic spindle position in anaphase determines the cellular boundary during cytokinesis
and defines the cleavage site connecting the two daughter cells and thus daughter cell size
(Kiyomitsu, 2015). The size difference between the daughter cells affects their cytoplasmic
content, division frequency, nucleus formation, and even the behaviour of the cells (Fuse et al.,
2003; Tzur et al., 2009; Ou et al., 2010; Hara and Kimura, 2011; Dalton and Carroll, 2013;
Kiyomitsu and Cheeseman, 2013; Sung et al., 2013).

Mitotic spindle position is regulated by two main pathways: cortical dynein pulling forces
that centre the spindle and asymmetric membrane elongation that corrects the cell boundary
(Kiyomitsu, 2015). HMMR is involved in the regulation of cortical dynein localization directly
through the localization of CHICA-DYNLL1 and indirectly through the centrosomal localization

of Ran-GTP (Dunsch et al., 2012; Kiyomitsu, 2015; Connell et al., 2017). In both HMMR-
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silenced and GFP-HMMR overexpressing cells, the mitotic spindle is mis-positioned more
frequently than in control-treated cells and cortical dynein pulling forces are disrupted (Connell
et al.,2017). Yet, it remained unclear whether asymmetric membrane elongation is activated
more frequently in response to off-centre spindles and if the size of daughter cells is affected in
these cell models.

In this chapter, | measured the percentage of cells showing membrane blebbing events in
anaphase and daughter cell size differences in HMMR overexpressing cells. I found that
asymmetric membrane elongation was activated frequently in GFP-HMMR-overexpressing
HeLa cells. Connell et a/ (2017) found that both HMMR-silenced and GFP-HMMR -
overexpressing HeLa cells displayed off-centre spindles in metaphase (Connell et al., 2017).
Consistent with this result, I also find that GFP-HMMR-overexpressing cells spent a longer time
in metaphase, which resembled mitotic phenotypes observed in HMMR-silenced cells (Chen et
al., 2014; Connell et al., 2017). Since asymmetric membrane elongation is activated to normalize
daughter cell size in mitotic cells with off-centre spindles, I analysed daughter cell sizes in these
cell models. I found that daughter cell size control was defective in GFP-HMMR-overexpressing
cells. While the elevated frequency of asymmetric membrane elongation events may simply
reflect the elevated frequency of off-centre spindles in GFP-HMMR overexpressing cells,
another possibility is that asymmetric membrane elongation was prompted by disrupted cortical
integrity.

In order to determine if asymmetric membrane elongation improved daughter cell size
control, I categorized daughter cell size ratios according to cells with and without blebbing
events. While control treated cells showed consistent daughter cell-size ratios with and without

blebbing, these ratios were altered with GFP-HMMR overexpression. In fact, asymmetric
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membrane elongation not only failed to correct size ratios but also appeared to aggravate
daughter cell size differences. Indeed, the bleb size observed in GFP-HMMR-overexpressing
cells was phenotypically distinct from those observed in control-treated cells. This is quite
surprising given that asymmetric membrane elongation is a tightly regulated and dynamic
process that regulates cortical tension and stability in a temporally-controlled manner (Charras et
al., 2006; Bovellan et al., 2014; Kiyomitsu, 2015). Consistent with an underlying fundamental
defect, I found that simply reducing blebbing events, through treatments with blebbistatin, was
not sufficient to rescue daughter cell size ratios in HeLa cells overexpressing GFP-HMMR.

I also observed abnormal chromosome segregation and elevated indicators of genome
instability, which can also be induced by changes to cortical tension and improper blebbing in
late anaphase (Pacquelet ef al., 2019). The population of GFP-HMMR overexpressing cells also
displayed an elevated frequency of cGAS positive interphase cells and nuclear p52, an indicator
of active NF-kB signalling. Such pro-inflammatory STING-IRF3-type I IFN signalling could
result in inflammation-driven carcinogenesis (Khoo and Chen, 2018; Liu et al., 2018; Ng et al.,
2018), and provide a mechanism for HMMR associated cancer progression.

Cortical actin and actin-binding proteins determine cortical stability and cell shape during
cell division (Bovellan ef al., 2014). We identified a set of actin-binding proteins as potential
binding partners of HMMR using IP-Mass spectrometry, including ARP3, a component of
ARP2/3 complex. However, I was not able to confirm these putative interactions using
immunoprecipitation followed by immunoblot analysis. It is probable that MS is more sensitive
than immunoblot analysis for the detection of HMMR interacting peptides/proteins. It is also
probable that an interaction between HMMR and components of the ARP2/3 complex would be

spatially and temporally restricted to the centrosome/spindle pole during late metaphase or
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anaphase. For this reason, I undertook multiple synchronization protocols to optimally collect
cells at the metaphase-anaphase transition, but I was unable to confirm the interactions.

I undertook experiments using an additional method to detect potential interactions with
HMMR, termed PLA. To achieve the optimal PLA results, the antibody used must have a
concentration of 1 mg/mL in an amine-free buffer (Millipore Sigma, DUO96010). Although anti-
GFP and anti-HMMR antibodies met the optimal requirement, the antibodies targeting CHICA
and ARPC2 did not; this may partially explain my inability to confirm the positive control
HMMR-CHICA interaction via PLA, thereby reducing confidence in the negative result for
HMMR-ARPC2. Therefore, I cannot discount a potential interaction between HMMR and
ARP2/3 complex, which was identified by [P-MS, as mass spectrometry can detect small
amounts of proteins whereas western blot may require a larger amount for a detectable signal
(Vasilescu and Figeys, 2006). Moreover, my PLA results are complicated by non-optimal
antibody concentrations. Further experiments are needed to confirm or exclude a potential
interaction between the ARP2/3 complex and HMMR, which is likely to be both spatially
restricted to the spindle pole (a relatively small amount of ARP2/3) and temporally restricted to
anaphase (a relatively brief period during mitosis). It is also plausible that HMMR and ARP2/3
complex components belong to the same multiprotein complex in a time sensitive manner.

As cells enter mitosis, a significant amount of ARP2/3 complex localizes to the cell
cortex (Mitsushima et al., 2010; Sun et al., 2011; Bovellan et al., 2014) and this activity is
needed to maintain cortical stability and tension (Severson et al., 2002; Roh-Johnson and
Goldstein, 2009; Bergert ef al., 2012; Beckham et al., 2014; Bovellan et al., 2014) and prevent
membrane protrusions forming due to cytosolic flow occurring in the cell (Sheetz and Dai, 1996;

Paluch et al., 2005, 2006; Wu et al., 2013; Beckham et al., 2014). My work indicates that
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augmented HMMR abundance disturbs cortical stability and tension through the abnormal
recruitment of the ARP2/3 complex to prophase and prometaphase centrosomes (peaks at
prometaphase) and spindle microtubules, a process that is normally restricted to anaphase to
facilitate mitosis exit (Farina et al., 2019). Cortical intensity of ARP2/3 complex from interphase
to prometaphase was not significantly different in bipolar spindle cells but more obvious in
STLC-synchronized monopolar spindle cells. This may be due to the fact that as cells enter
mitosis, ARP2/3 complex is remodelled from lamellipodia to facilitate the change of cell shape
(Bovellan et al., 2014; Rosa et al., 2015; Farina et al., 2019). Quantitative analysis of bipolar
spindle cells might include the actin cytoskeleton transition to cell rounding whereas STLC-
synchronized cells were rounded. Since asymmetric membrane elongation and centrosomal
localization of ARP2/3 complex both occur during anaphase, and inhibition or depletion of
ARP3 induces membrane blebbing or bleb-like protrusions (Severson et al., 2002; Roh-Johnson
and Goldstein, 2009; Bergert et al., 2012; Beckham et al., 2014; Bovellan et al., 2014;
Kiyomitsu, 2015; Farina ef al., 2019), it is possible that the directed localization of ARP2/3
complex away from the cortex to the spindle pole leads to thinner polar cortex so that
asymmetric membrane elongation can be promoted quickly when the spindle is off-centre.
However, in GFP-HMMR-overexpressing cells, the spindle accumulation of ARPC2 is
abnormally promoted, via a potential direct interaction or another biochemical pathway (see

Chapter 4), resulting in a less stable cortex that is prone to membrane blebbing events.

Caveats — In this study, I used GFP-HMMR inducible tet-on HeLa cells as a model for

HMMR overexpression. With tetracycline induction for 24 hours, GFP-HMMR was expressed at

a 1:1 ratio with endogenous HMMR. However, the non-induced tet-on HeLa cells also expressed
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a low level of GFP-HMMR, although it appears that these cells express slightly lower level of
endogenous HMMR so that the total amount of HMMR was similar to that of control HeLa cells
(Figure 3.1A). Also, I repeated experiments using live cell imaging to analyze blebbing
frequency and daughter cell size ratio in HeLa cells (+dox) and there was no difference between
the results of HeLa cells (+dH20) and HeLa cells (+dox) (not shown). However, the caveat
regarding the control is that I only tested this set for blebbing frequency and daughter cell-size
analysis but not for other experiments.

Inter- and intra-experimental variation in expression is one potential caveat associated
with this system. To minimize this variation, I standardized the passage of cells that I used
(parental and tet-on HeLa cells within 15 passages) and I standardized the doxycycline that I
used (each newly thawed tube of doxycycline was used for no longer than two months). Within
each experiment, I selected cells that showed a consistent level of GFP-HMMR overexpression
for analysis by immunofluorescence.

HeLa cells are a standard experimental model for the study of mitosis, as these cells have
predictable doubling time and are relatively amenable to different experimental manipulations,
including drug treatments, frequent imaging and tetracycline-induction. Since membrane
blebbing can be induced when cells are stressed, high tolerance to manipulations allow more
accurate analysis of anaphase membrane blebbing (Gores ef al., 1990; Lane ef al., 2005; Charras
et al., 2008; Zhang et al., 2018). However, HeLa cells are near tetraploid with extensive genomic
rearrangements and a high level of aneuploidy and instability (Adey et al., 2013; Landry et al.,
2013). In addition, p53 is absent in HeLa cells (Scheffner et al., 1990; Berglind et al., 2008) and
p53 suppresses the expression and oncogenic activity of Aurora A (Chen et al., 2002; Wu et al.,

2012). A significant caveat is that the findings from this chapter are limited to one cancer cell
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line and, therefore, may represent responses that are not generalizable to non-cancerous cell lines
or primary cells and tissues. Importantly, I address this significant caveat in Chapter 5.

A final important caveat associated with these findings is that the tet-on HeLa
experimental model system expresses HMMR tagged with GFP. The benefit of this is the ability
to track in real-time the expression levels of the tagged protein. Importantly, GFP-HMMR has
been shown to localize similar to endogenous HMMR and GFP-HMMR expression has been
shown to rescue functions in HMMR siRNA-treated cells (Chen ef al., 2014). Nevertheless, |
cannot exclude the potential that GFP expression alters the phenotypes of interest and the
expression levels of GFP-HMMR are clearly not physiological. To address the latter two points,
I also examined these phenotypes in several in vivo, in situ and ex vivo models without GFP-

tagging in Chapter 5.

Future studies — Future experiments can utilize alternative ways to manipulate HMMR
expression to examine the effects on ARP2/3 complex localization as well as daughter cell-size
related phenotypes. For example, the use of affinity-directed protein missile (AdPROM)
technologies is an effective targeted proteolytic method based on the ubiquitin proteosome
system (Fulcher et al., 2016, 2017). The AAPROM system includes a cameloid anti-GFP (aGFP)
nanobody fused to the von Hippel-Lindau (VHL) protein which recruits GFP-tagged proteins to
the CUL2 E3 ubiquitin ligase and facilitates degradation by the proteasome (Fulcher et al., 2016,
2017). This system would allow for the regulated expression of GFP-HMMR, with or without
aGFP-VHL, to toggle between overexpression and no overexpression. With this technique, I
expect to observe a significant rescue of ARP2/3 complex localization, reduced blebbing

frequency and equal daughter cell-size.
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Although I focused my work on the confirmation of putative HMMR-ABP interactions,
the mass spectrometry analysis also identified a set of S100 proteins, including S100A7, ST00AS,
S100A9 and S100A10, within the mitotic HMMR immunoprecipitates. Future studies may focus
on the confirmation of these putative interactions and their possible effects on proinflammatory
signalling, similar to my hypothesis that GFP-HMMR induces proinflammatory cGAS-positive
micronuclei in tet-on HeLa cells (+dox). A S1008/9 heterodimer was first identified as
immunogenic protein released by phagocytes (Ghavami et al., 2009). On the other hand, primary
tumours release soluble factors that promote expression of SI00A8 and S100A9 (Rafii and
Lyden, 2006). ST00A8/9 can induce cancer cell proliferation and facilitate invasion and adhesion
of malignant cells (Ghavami et al., 2009). Similar to cGAS-STING, S100A8/9 shows anti-
tumorigenic effects but can also be tumour-promoting, which depends on the concentration
(Ichikawa et al., 2011; Mondet et al., 2021). Intracellular SI00A8/9 promotes the activity of
phosphatase 2A (PP2A) (Khammanivong et al., 2013), which targets G2/M Cdc25C to inhibit
cell division (Margolis et al., 2006; Forester et al., 2007). It is plausible that an interaction
between HMMR and S100A8/9 during cell division can alter tumour microenvironmental

changes that promote tumorigenesis.

Significance — In Chapter 3, my research shows that altered expression of HMMR
dysregulates asymmetric membrane elongation and the control of daughter cell size. My results
reveal that HMMR overexpressing cells display a higher percentage of cells with anaphase-
specific membrane elongation as well as the ultimate loss of daughter cell size control. I find that
elevated HMMR expression correlates with the mis-localization of components of the ARP2/3

complex, which potentially disrupts cortical stability during mitosis.
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Chapter 4: HMMR regulates ARP2/3 complex localization through Aurora

kinase A during mitosis

4.1 Rationale and hypothesis

Asymmetric membrane elongation depends on the cortical localization of actomyosin, a
network formed by actin and myosin that generates contractile forces (Kiyomitsu, 2015). Actin-
related proteins play a role in regulating the actomyosin structures by re-organizing actin (Yang
et al., 2012; Schell et al., 2018). The proximity of the mitotic spindle, and the proteins which
localize to the spindle poles (Kiyomitsu, 2015; Connell et al., 2017), acts as a signaling cue to
regulate protein retention and the composition of cortical proteins. For example, HMMR
localizes to the spindle poles and regulates the centrosomal localization of Ran-GTP in a PLK1-
dependent manner (Connell et al., 2017). Ran-GTP at the spindle poles and chromosomes acts
on anillin to modify cortical actomyosin (Kiyomitsu and Cheeseman, 2013; Kiyomitsu, 2015;
Connell et al., 2017). Similarly, PLK1 activity at the mitotic spindles is regulated by the levels of
HMMR (Chen et al., 2014; Connell ef al., 2017) as is the cortical retention of dynein via the
HMMR-CHICA-DYNLLI complex (Dunsch et al., 2012; Kiyomitsu and Cheeseman, 2012,
2013; Connell et al., 2017). HMMR-CHICA complexes also recruits casein kinase 1o (CK1a) to
the spindle, which affects spindle orientation and mitotic progression (Fulcher et al., 2019).
Similarly, HMMR-TPX2 complexes at mitotic spindle poles control the local activity of Aurora
kinase A (Kufer et al., 2002; Chen et al., 2014). Thus, I hypothesize that HMMR at the spindle
has the potential to affect the activities of PLK1, Aurora A, or CK1a, which influence cortical

actomyosin components and daughter cell size control during cell division.
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4.2 Results

4.2.1 Mis-localization of the ARP2/3 complex is not correlated with cortactin localization
Cortactin is a class II nucleation-promoting factor that activates the ARP2/3 complex and
binds to actin filaments (Schnoor et al., 2018). To determine if ARP2/3 complex mis-localization
during cell division is relevant to cortactin. I stained GFP-HMMR overexpressing cells with an
antibody targeting cortactin and performed immunofluorescence analysis (Figure 4.1). If
cortactin regulates ARP2/3 complex mis-localization in GFP-HMMR overexpressing tet-on
HeLa cells (+ dox) cells, I expect to observe spindle/cortical ratio identical to that of ARP2/3
complex: spindle pole/cortical ratio is higher than control from prophase to anaphase (section
3.2.12, 3.2.14). Nevertheless, immunofluorescence analysis on prometaphase tet-on HeLa cells
(+ dox) showed lower spindle pole/cortical ratio of cortactin and no significant difference during
prophase. In metaphase and anaphase, the spindle/cortical ratio of cortactin was significantly
higher in GFP-HMMR overexpressing tet-on HeLa cells (+ dox) cells. Unlike the higher spindle
pole/cortical ratio of ARP2/3 complex that began at prophase, similar localization pattern of
cortactin occurred later in metaphase. Therefore, I conclude that the mis-localization of the
ARP2/3 complex in GFP-HMMR tet-on HeLa cells (+ dox) was not correlated with cortactin

localization.
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Figure 4.1 Cortical cortactin level is altered in GFP-HMMR overexpressing anaphase cells.
Quantitative analysis of intracellular cortactin localization in HeLa, tet-on HeLa (-dox), tet-on
HeLa (+dox) cells at interphase, prophase, prometaphase, metaphase and anaphase (Mean + SD,
Interphase: n=47 (HeLa), 42 (-dox), 53 (+dox) cells, **P=0.0053; Prophase: n=39 (HeLa), 49 (-
dox), 41 (+dox) cells, P=0.5035; Prometaphase: n=40 (HeLa), 32 (-dox), 53 (+dox) cells,
**P=0.0039; Metaphase: n=44 (HeLa), 47 (-dox), 52 (+dox) cells, *P=0.0363; Anaphase: n=40
(HeLa), 40 (-dox), 33 (+dox) cells, ****P<0.0001,one-way ANOVA). Scale bar = 10 um.
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4.2.2 Reduction of cortical ARP2/3 complex during anaphase is not due to the process of
polar relaxation

The retention of cortical proteins that maintain cortex stability and cell shape can be
affected by astral microtubules during anaphase and cytokinesis. Through a process termed polar
or astral relaxation, astral microtubules extend to the polar cortex to send inhibitory signals that
impede actomyosin-mediated contraction (Verma et al., 2019; Chapa-Y-Lazo et al., 2020).
HMMR regulates the location of TPX2 and its activation of Aurora A, which controls mitotic
microtubule assembly (Chen et al., 2014). Thus, I hypothesized that GFP-HMMR
overexpressing cells may have a higher density of astral microtubules, which may send
premature signals to affect ARP2/3 complex localization.

To investigate the number of nucleation events of astral microtubules at the cortical area,
I performed immunofluorescence analysis of end binding 1 (EB1), a protein that binds to the plus
end of microtubules (Nehlig et al., 2017). Specifically, I counted the number of EB1 foci around
the cortex, which I defined as 2 pm from the cell boundary. However, I found that EB1 density
was not elevated between control cells and GFP-HMMR overexpressing tet-on HeLa cells (+dox)
in prophase or prometaphase (Figure 4.2A,B). On the contrary, EB1 density was significantly
lower in metaphase and anaphase cells (Figure 4.2C,D). It is important to note that this
significant reduction of astral microtubules in metaphase and anaphase occurs after the ectopic
recruitment of ARPC?2 to the spindle, which occurs during prophase in GFP-HMMR
overexpressing tet-on HeLa cells (+dox). Thus, my observation of EB1 density implies that
HMMR-overexpression does not lead to premature polar relaxation and further suggests the mis-
localization of ARPC2 does not occur via microtubule dependent motors as astral microtubules

are not reaching the cortex during metaphase and anaphase.
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Figure 4.2 EBI1 density at cortical area is reduced in metaphase and anaphase but not

prophase or prometaphase.

A) Immunofluorescence analysis of EB1 in prophase parental HeLa cells, tet-on HeLa cells (-
dox) and tet-on HeLa cells (+dox). Scale bar=10 pm. Cortical EB1 density was measured by
the number of EB1 foci in an area ~2 pm underneath the cell membrane divided by the area
(Mean + SD, n=18 (HeLa), 25 (-dox), 30 (+dox) cells, P=0.40, one-way ANOVA).

B) Immunofluorescence analysis of EBI in prometaphase parental HeLa cells, tet-on HeLa cells
(-dox) and tet-on HeLa cells (+dox). Scale bar=10 um. Cortical EB1 density (Mean + SD,
n=32 (HeLa), 27 (-dox), 36 (+dox) cells, P=0.3266, one-way ANOVA).

C) Immunofluorescence analysis of EBI in metaphase parental HeLa cells, tet-on HeLa cells (-
dox) and tet-on HeLa cells (+dox). Scale bar=10 pm. Cortical EB1 density (Mean + SD,
n=40 (HeLa), 33 (-dox), 35 (+dox) cells, ****P<0.0001, one-way ANOVA).

D) Immunofluorescence analysis of EB1 in anaphase parental HeLa cells, tet-on HeLa cells (-
dox) and tet-on HeLa cells (+dox). Scale bar=10 pm. Cortical EB1 density (Mean + SD,
n=60 (HeLa), 60 (-dox), 60 (+dox) cells, ****P<0.0001, one-way ANOVA).
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4.2.3 Inhibition of Aurora A rescues changes in daughter cell size control caused by

HMMR overexpression

HMMR is a spindle assembly factor that maintains the structural integrity of the mitotic
spindle (Maxwell et al. 2003). HMMR does not have enzymatic activity but functions to localize
partner proteins (such as TPX2, FAM83D/CHICA, and BACH) to the spindle, which in turn
regulates enzymatic activities, including kinases and molecular motors. For example, HMMR
promotes the activity of several important kinases during mitosis, including Aurora A, PLK1 and
CKla (Chen et al., 2014; Connell et al., 2017; Fulcher et al., 2019). Because my analysis of
astral microtubules suggested that the mis-localization of ARPC2 may occur independent of
motor activity along astral microtubules, I investigated the hypothesis that ectopic expression of
GFP-HMMR augmented kinase activities to disturb the correct localization of ARPC2 during
mitosis.

I postulated that the overexpression of GFP-HMMR may activate one or more related
mitotic kinases to disturb the correct localization of the ARP2/3 complex. To test this hypothesis,
I first performed a kinase inhibitor screen using small-molecule inhibitors for Aurora A
(MNL8237), PLK1 (BI2536), and CK1a (D4476). In addition to these three kinases, I also
included Aurora kinase B (Aurora B, AZD1152) as a related mitotic kinase that is not activated
by HMMR (Chen et al., 2018). Following exposure to graded doses of each inhibitor, I measured
the frequency of membrane blebbing events and the daughter cell size ratio in GFP-HMMR
overexpressing tet-on HeLa cells (+dox).

Each of the selected kinases control many pathways in cell division, affect cell cycle
progression, and thus the inhibitors are cytostatic or cytotoxic. Thus, I first determined the dose

response curve for each small-molecule inhibitor so that I could select a range of doses that
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would not impact cell viability. I used a cytotoxicity assay (Abcam, ab112118) to examine the
viability of HeLa cells 48 hours after exposure to different inhibitor doses. For MLN8237, I
determined the IC50 dose to be ~41 nM. Because the MLN8237 dose response indicated that cell
viability was not altered at doses less than 2.5 nM (6% of IC50) (Figure 4.3A), I performed ~2-
fold dilutions from this dose for the following experiments (blue area, Figure 4.3A).

To determine whether the inhibition of Aurora A activity was sufficient to normalize
daughter cell size control, I incubated GFP-HMMR-overexpressing tet-on HeLa cells (+dox)
with the selected doses of Aurora A inhibitor (AKI), and mitotic cells were followed by time-
lapse microscopy. Exposure to either 2.5 nM or 1.0 nM MLN8237 showed a decreasing trend of
membrane blebbing events that occurred during anaphase (Figure 4.3B). Importantly, these sub-
lethal doses of MLN8237 were also sufficient to rescue daughter cell size control in GFP-
HMMR overexpressing tet-on HeLa cells (+dox) (Figure 4.3C). Other work in the Maxwell Lab
found that 1 nM MLNS8237 significantly reduced the intensity of endogenous active p-Aurora A
(Thr288) at metaphase spindle poles in MCF10A cells (personal communication, Dr. Z. He,
Maxwell Lab). Thus, low-dose AKI treatment is sufficient to dampen membrane blebbing events
and recover control of daughter cell sizes in GFP-HMMR overexpressing tet-on HeLa cells
(+dox).

In general, HMMR-overexpression may cause excess Aurora A kinase activity, which
leads to frequent membrane blebbing and loss of daughter cell size control. Inhibition of Aurora

A activity by low doses of AKIs can correct these phenotypes.
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Figure 4.3 Inhibition of Aurora A rescues daughter cell size ratio in GFP-HMMR
overexpressing HeLa cells.

A) HelLa cells were incubated with 8 titrated doses of Aurora A inhibitor (MLN8237) including
a dimethyl sulfoxide (DMSO) control. Shaded blue area indicates the sub-lethal doses
selected for following drug screening (n=3 experiments). Curve fitting used Dose-response —
Inhibition, equation: log(inhibitor) vs. response model of Prism 6. Equation used was
Y=Bottom value + (Top value —Bottom value)/(1+10"((X-LogIC50))).

B) Anaphase blebbing occurrence in GFP-HMMR-overexpressing tet-on HeLa cells (+dox)
treated with Aurora A inhibitor (Mean + SD, n=4 experiments, colour-coded, ****P<(0.0001
(HeLa+DMSO vs. tet-on HeLa+DMSO), P=1.0 (tet-on HeLa+DMSO vs. tet-on HeLa+0.5
nM), *P=0.035 (tet-on HeLa+DMSO vs. tet-on HeLa+1 nM), P=0.095 (tet-on HeLa+DMSO
vs. tet-on HeLa+2.5 nM), one-way ANOVA with Sidak’s multiple comparisons test).

C) Daughter cell size ratio in GFP- HMMR-overexpressing tet-on HeLa cells (+dox) treated
with Aurora A inhibitor (Mean + SD, n=4 experiments, colour-coded, ***P=0.0001,
(HeLa+DMSO vs. tet-on HeLa+DMSO), P=0.8678 (tet-on HeLa+DMSO vs. tet-on
HeLa+0.5 nM), **P=0.0076 (tet-on HeLa+DMSO vs. tet-on HeLa+1 nM), *P=0.046 (tet-on
HeLa+DMSO vs. tet-on HeLa+2.5 nM), one-way ANOVA with Sidak’s multiple
comparisons test).
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4.2.4 Inhibition of Aurora B, PLK1, or CK1a do not significantly alter loss of daughter

cell size control due to HMMR overexpression

To address the specificity of the effects I observed with AKI, I performed similar
experiments using small-molecule inhibitors directed against PLK1 (BI2536) (Figure 4.4), CK1a
(D4476) (Figure 4.5), or Aurora B (AZD1152) (Figure 4.6). I determined the following IC50

doses and sub-lethal effective doses that did not impact viability or cell cycle progression:

BI2536 (PLK1) D4476 (CK1a) AZD1152 (Aurora B)
1C50 21aM 35 uM 7 uM
Doses 0.3 nM, 0.1 nM, 0.05nM I5uM, S M, 1 uM 10 nM, 5nM, 0.5 nM *

* The IC50 dose at 48 hours for AZD1152 (Aurora B) was 7 uM. But, the essential need for Aurora B during the
metaphase checkpoint resulted in metaphase arrest for cells treated with doses 1000-fold below the IC50 dose.

Next, I treated the cells with the sublethal doses for each inhibitor and utilized live-cell
microscopy to track cell division, as described previously. Cells treated with the highest dose of
PLKI1 (0.3 nM) and CKla (15 uM) showed a tendency of decreasing in both blebbing frequency
and daughter cell size ratio. However, it is worth noting that cells treated with doses above these
concentrations did not undergo proper cell division. Overall, neither the frequency of blebbing
nor the daughter cell size ratio measured in GFP-HMMR overexpressing tet-on HeLa cells (+dox)
were significantly reduced with sublethal inhibition of PLK1 or CK1a (Figures 4.4 to
4.6). Although daughter cell size ratios changed slightly with inhibition of Aurora B, the
responses were not dose-dependent; moreover, inhibition of Aurora B did not significantly alter
blebbing frequency.

In conclusion, inhibition of Aurora A in a sublethal range, but not other similarly tested
mitotic kinase inhibitors, was sufficient to rescue daughter cell size control in cells with GFP-

HMMR overexpression.
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Figure 4.4 Inhibition of PLK1 does not affect daughter cell size ratio in GFP-HMMR-
overexpressing HeLa cells.

A) HelLa cells were incubated with 8 titrated doses of PLK1 inhibitor (BI2536) including a
DMSO control. Shaded blue area indicates the sub-lethal doses selected for following drug
screening (n=3 experiments). Curve fitting used Dose-response — Inhibition, equation:
log(inhibitor) vs. response model of Prism 6. Equation used was Y=Bottom value + (Top
value —Bottom value)/(1+10"((X-LogIC50))).

B) Anaphase blebbing frequency in GFP-HMMR overexpressing tet-on HeLa cells (+dox)
treated with Plk1 inhibitor (Mean + SD, n=4 experiments, colour-coded, ****P<(.0001,
(HeLa+DMSO vs. tet-on HeLa+DMSO), *P=0.037 (tet-on HeLa+DMSO vs. tet-on
HeLa+0.05 nM), P=0.33 (tet-on HeLa+DMSO vs. tet-on HeLa+0.1 nM), P=0.33 (tet-on
HeLa+DMSO vs. tet-on HeLa+0.3 nM), one-way ANOVA with Sidak’s multiple
comparisons test).

C) Daughter cell size ratio in GFP-HMMR overexpressing tet-on HeLa cells (+dox) treated with
Plk1 inhibitor (Mean + SD, n=4 experiments, colour-coded, ****P<0.0001 (HeLa+DMSO vs.
tet-on HeLa+DMSO), P=0.96 (tet-on HeLa+DMSO vs. tet-on HeLa+0.05 nM), P=1.0 (tet-on
HeLa+DMSO vs. tet-on HeLa+0.1 nM), P=0.44 (tet-on HeLa+DMSO vs. tet-on HeLa+0.3
nM), one-way ANOVA with Sidak’s multiple comparisons test).
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Figure 4.5 Inhibition of CK1a does not affect daughter cell size ratio in GFP-HMMR-
overexpressing HeLa cells.

A)

B)

)

HeLa cells were incubated with 8 titrated doses of CK1a inhibitor (D4476) including a
DMSO control. Shaded blue area indicates the sub-lethal doses selected for following drug
screening (n=3 experiments). Curve fitting used Dose-response — Inhibition, equation:
log(inhibitor) vs. response model of Prism 6. Equation used was Y=Bottom value + (Top
value —Bottom value)/(1+10"((X-LogIC50))).

Anaphase blebbing frequency in GFP-HMMR overexpressing tet-on HeLa cells (+dox)
treated with CK1a inhibitor (Mean = SD, n=4 experiments, colour-coded, ****P<0.0001
(HeLa+DMSO vs. tet-on HeLa+DMSO), *P=0.023 (tet-on HeLa+DMSO vs. tet-on
HeLa+1000 nM), **P=0.0081 (tet-on HeLa+DMSO vs. tet-on HeLa+5000 nM), P=0.88 (tet-
on HeLa+DMSO vs. tet-on HeLa+15000 nM), one-way ANOVA with Sidak’s multiple
comparisons test).

Daughter cell size ratio in GFP-HMMR overexpressing tet-on HeLa cells (+dox) treated with
CKla inhibitor (Mean + SD, n=4 experiments, colour-coded, ****P<(0.0001 (HeLa+DMSO
vs. tet-on HeLa+DMSO), P=1.0 (tet-on HeLa+DMSO vs. tet-on HeLa+1000 nM), P=0.89
(tet-on HeLa+DMSO vs. tet-on HeLa+5000 nM), P=0.086 (tet-on HeLa+DMSO vs. tet-on
HeLa+15000 nM), one-way ANOVA with Sidak’s multiple comparisons test).
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Figure 4.6 Inhibition of Aurora B shows no effect on daughter cell size ratio in GFP-
HMMR-overexpressing HeLa cells.

A)

B)

)

HeLa cells were incubated with 8 titrated doses of Aurora B inhibitor (AZD1152) including a
DMSO control. Shaded blue area indicates the sub-lethal doses selected for following drug
screening (n=3 experiments). Curve fitting used Dose-response — Inhibition, equation:
log(inhibitor) vs. response model of Prism 6. Equation used was Y=Bottom value + (Top
value —Bottom value)/(1+10"((X-LogIC50))).

Anaphase blebbing frequency in GFP-HMMR overexpressing tet-on HeLa cells (+dox)
treated with Aurora B inhibitor (Mean + SD, n=4 experiments, colour-coded, ****P<0.0001
(HeLa+DMSO vs. tet-on HeLa+DMSO), P=0.2482 (tet-on HeLa+DMSO vs. tet-on
HeLa+0.5 nM), P=0.5372 (tet-on HeLa+DMSO vs. tet-on HeLa+5 nM), P=0.9725 (tet-on
HeLa+DMSO vs. tet-on HeLa+10 nM), one-way ANOVA with Sidak’s multiple
comparisons test).

Daughter cell size ratio in GFP-HMMR overexpressing tet-on HeLa cells (+dox) treated with
Aurora B inhibitor (Mean + SD, n=4 experiments, colour-coded, ***P=0.0001
(HeLa+DMSO vs. tet-on HeLa+DMSO), *P=0.0493 (tet-on HeLa+DMSO vs. tet-on
HeLa+0.5 nM), P=0.3633 (tet-on HeLa+DMSO vs. tet-on HeLa+5 nM), P=0.1373 (tet-on
HeLa+DMSO vs. tet-on HeLa+10 nM), one-way ANOVA with Sidak’s multiple
comparisons test).
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4.2.5 Phosphorylated Aurora A is higher at centrosomes in GFP-HMMR overexpressing

cells entering prometaphase

Inhibition of Aurora A at 2% of IC50 dose partially rescued blebbing frequency and
daughter cell-size ratio in GFP-HMMR overexpressing tet-on HeLa cells (+dox). Moreover,
HMMR activates TPX2-Aurora A complexes at the spindle (Groen et al., 2004; Chen et al.,
2014; Scrofani et al., 2015). During cell division, HMMR localizes and stabilizes TPX2 to the
sites of microtubule assembly (Chen et al., 2014). TPX2 is a co-factor of Aurora A which is
required for optimal Aurora A kinase activity (Bayliss ef al., 2003; Dodson and Bayliss, 2012).
Therefore, I hypothesized that active Aurora A may be elevated at mitotic centrosomes in GFP-
HMMR overexpressing tet-on HeLa cells (+dox).

I performed immunofluorescence analysis of phosphorylated Aurora A over different
phases of mitosis (Figure 4.7A) using confocal microscopy to acquire images at 0.5 um stacks
with total of 5 slices and measuring maximum intensity projections. My analysis revealed the
level of phosphorylated Aurora A at centrosomes was higher in GFP-HMMR overexpressing tet-
on HeLa cells (+dox). During prometaphase and metaphase (Figure 4.7B) which coincides with
the aberrant accumulation of ARP2/3 complex at spindle poles examined in section 3.2.12.
Therefore, it is plausible that GFP-HMMR overexpression mediated hyperactivity of Aurora A
mis-localizes ARP2/3 complex during prometaphase, affecting subsequent localization of the

ARP2/3 complex, leading to changes in cortical stability.
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Figure 4.7 Phosphorylated Aurora A level at centrosomes is higher during prometaphase in
GFP-HMMR overexpressing HeLa cells.

A) Immunofluorescence analysis p-Aurora A (T288) in parental HeLa cells, tet-on HeLa cells (-
dox) and tet-on HeLa cells (+dox) at prophase, prometaphase, and metaphase. Centrosomes
were marked by anti-pericentrin antibody. Scale bar = 10 um.

B) Level of phosphorylated Aurora A at centrosomes during different mitotic phases.
Centrosomes were marked by anti-pericentrin antibody (Mean + SD, Prophase: n= 37 (HeLa),
54 (-dox), 33 (+dox) cells, P=0.0870; Prometaphase: n= 55 (HeLa), 54 (-dox), 62 (+dox)
cells, ****P<(0.0001; Metaphase: n= 55 (HeLa), 54 (-dox), 51 (+dox) cells, ****P<0.0001,
one-way ANOVA).
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Next, I also used immunofluorescence analysis to confirm the inhibitory effect of 1 nM
MLN8237 during prometaphase and anaphase. I examined these stages as the ARP2/3 complex
abnormally accumulates at spindle poles during prometaphase and asymmetric membrane
blebbing occurs during anaphase. I treated parental HeLLa and GFP-HMMR overexpressing tet-
on HeLa cells (+dox) with DMSO or 1.0 nM MLN8237 for two hours before fixation for
immunofluorescence analysis (Figure 4.8). My measurement of fluorescence intensity indicated
that the levels of phosphorylated Aurora A at centrosomes was reduced with 1 nM MLN8237

treatment in both prometaphase and anaphase by about 40%.
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Figure 4.8 Treatment of 1 nM AKI decreases the level of p-Aurora A level at centrosomes.

A) Immunofluorescence analysis of phosphorylated Aurora A in prometaphase parental HeLa
cells and tet-on HeLa cells (+dox) treated with DMSO or 1 nM MLNS8237 for 2 hours prior
to fixation. Centrosomes were marked by anti-pericentrin antibody. Scale bar = 10 pm.

B) Level of phosphorylated Aurora A at centrosomes during prometaphase. Centrosomes were
marked by anti-pericentrin antibody (Mean + SD, n= 33 (HeLa+DMSO), 28 (HeLa+AKI), 34
(+dox+DMSO), 34 (+dox+AKI) cells, ****P<0.0001, paired t-test).

C) Immunofluorescence analysis of phosphorylated Aurora A in anaphase parental HeLa cells
and tet-on HeLa cells (+dox) treated with DMSO or 1 nM MLN8237 for 2 hours prior to
fixation. Centrosomes were marked by anti-y-tubulin antibody. Scale bar = 10 um.

D) Level of phosphorylated Aurora A at centrosomes during anaphase. Centrosomes were
marked by anti-y-tubulin antibody (Mean + SD, n=69 cells per group, ****P<0.0001, paired
t-test).
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4.2.6 Aurora A inhibition is not sufficient to rescue spindle position

Aurora A regulates spindle position and orientation through TPX2 and NuMA (Gallini et
al., 2016; Polverino et al., 2021). While asymmetric membrane elongation is a mechanism in
cells to correct spindle position during anaphase, that reduced anaphase blebbing and partial
rescue of daughter cell-size ratio in AKI treated cells might be a result of corrected spindle
position instead of effects on cortical stability. To address this question, I analyzed spindle
position and orientation in cells treated with 1.0 nM AKI from movies collected by live-cell
imaging microscope. For spindle position, I examined the spindle position as indicated in Figure
4.9A using the frame immediate before anaphase whereas for spindle orientation, I calculated the
angle resulting from the difference of spindle orientation as cells entered metaphase and
immediate before anaphase (Figure 4.9B). The analysis shows that there was no significant
difference in terms of spindle position but might have an effect on spindle orientation in GFP-
HMMR overexpressing group (Figure 4.9C). Since asymmetric membrane elongation occurs in
response to off-centered spindle and spindle position was not affected by AKI treatment, the

rescued blebbing and daughter cell-size was not a result of corrected spindle position.
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Figure 4.9 Low-dose inhibition of Aurora A does not affect spindle position of GFP-HMMR

overexpressing cells.

A) Live-cell images of HeLa, tet-on HeLa (-dox), tet-on HeLa (+dox) expressing RFP-tubulin.
Scale bar = 10 pm. Metaphase plate in the beginning frame is highlighted with green dash
line and in the end frame is highlighted with blue dash line.

B) A cartoon presenting how spindle position was quantified (Left). Quantitative analysis of
spindle position of HeLa, tet-on HeLa (-dox), tet-on HeLa (+dox) treated with DMSO or 1
nM AKI before cells entering anaphase (Mean + SD, n= 3 experiments, colour-coded,
DMSO vs. AKI, P=0.14 (HeLa), P=0.23 (tet-on HeLa (-dox)), P=0.65 (tet-on HeLa (+dox)),
paired t-test).

C) A cartoon presenting how spindle orientation was quantified (Left). Quantitative analysis of
spindle orientation of HeLa, tet-on HeLa (-dox), tet-on HeLa (+dox) treated with DMSO or 1
nM AKI (Mean + SD, n= 3 experiments, colour-coded, DMSO vs. AKI, P=0.32 (HeLa),
P=0.18 (tet-on HeLa (-dox)), P=0.066 (tet-on HeLa (+dox)), paired t-test).

113



4.2.7 Inhibition of Aurora A activity regulates cortical localization of ARP2/3 complex in

GFP-HMMR overexpressing cells

I found augmented frequency of anaphase blebbing (Figure 3.3), loss of daughter cell-
size control (Figure 3.4), with concurrent ARPC2 spindle accumulation and attenuated cortical
retention (Figure 3.13), in GFP-HMMR overexpressing tet-on HeLa cells. Because low-dose
inhibition of Aurora A reduced membrane blebbing in anaphase and recovered daughter cell size
ratios (Figure 4.3), I next examined the effect of AKI on the cortical localization of ARPC2 in
cells overexpressing GFP-HMMR. I treated these cells with 1 nM AKI for 2 hours and visualized
ARPC?2 subcellular localization using confocal microscopy (Figure 4.10). Treatment with a low
dose of AKI in parental HeLa cells did not significantly alter the localization of ARPC2 (Figure
4.10B,C), suggesting that Aurora A may not be necessary for this localization. In GFP-HMMR
overexpressing tet-on HeLa cells (+dox), however, inhibition of Aurora A slightly increased the
cortical localization of ARPC2 and significantly reduced the abnormal spindle pole localization
(Figure 4.10C). These observations suggest that, in the context of hyperactive Aurora A activity
induced via GFP-HMMR overexpression, low dose AKI treatment is sufficient to dampen
ectopic localization of ARPC2 to the spindle. This change in localization of ARP2/3 complexes
may block the induction of abnormal membrane blebbing phenotypes observed in GFP-HMMR

overexpressing tet-on HeLa cells (+dox).
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Figure 4.10 Reduction of Aurora A activity partially restores ARP2/3 cortical retention in
GFP-HMMR-overexpressing cells.

A) Immunofluorescence analysis of HMMR (Green) and ARPC2 (Red) in GFP-HMMR
overexpressing tet-on HeLa cells treated with 1 nM Aurora A inhibitor (MLN8237). Scale
bar=5 pm.

B) Cortical enrichment of ARP2/3 complexes in cells treated with 1.0 nM AKI (Mean + SD,
n=30 cells per group, P=0.63 (HeLa), ***P=0.0004 (tet-on HeLa (+dox), paired t-test).

C) Spindle enrichment of ARP2/3 complexes in cells treated with 1.0 nM AKI. Ratio was
calculated using mean intensity (Integrated Intensity/Area) (Mean £ SD n=30 cells per group,
P=0.5364 (HeLa), ***P=0.0007 (tet-on HeLa (+dox), paired t-test).
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4.2.8 The level of active Aurora A at centrosomes is higher in Aurora A overexpressing

HelLa cells

My prior results suggested that hyperactive Aurora A activity, induced via GFP-HMMR
overexpression, augments the ARP2/3 complexes at the spindle. I also observed lower
abundance of the ARP2/3 complexes at the cortex and induced abnormal membrane blebbing
phenotypes in GFP-HMMR overexpressing tet-on HeLa cells (+dox). To investigate whether the
elevated expression of Aurora A alone is sufficient to engender similar phenotypes, I transduced
HeLa cells with a lentivirus plasmid expressing GFP-AURKA or GFP as a control. Once |
generated these cells, I first measured the level of Aurora kinase expression in prometaphase,
metaphase and anaphase cells (Figure 4.11). Using immunofluorescence analysis, I detected
increasing levels of Aurora A at the centrosome and throughout the cell as GFP-expressing cells
progressed from prometaphase through anaphase (Figure 4.11B,C). The intensity of Aurora A
was significantly elevated in all phases of mitosis for cells expressing GFP-AURKA (Figure
4.11B,C).

I next measured the intensity of p-Aurora A (Thr288) using immunofluorescence analysis.
Similarly, the intensity of p-Aurora A (Thr288) increased from prometaphase to metaphase, but
decreased in anaphase, in GFP-transduced cells (Figure 4.12). I observed an increased intensity
of p-Aurora A (Thr288) at centrosomes in GFP-AURKA expressing cells (Figure 4.12B).

However, the total abundance of p-Aurora A (Thr288) did not change (Figure 4.12C).
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Figure 4.11 Aurora A level at centrosomes in GFP-AURKA overexpressing HeLa cells.

A) Immunofluorescence analysis of Aurora A and pericentrin in HeLa cells expressing GFP or
GFP-AURKA at different mitotic phases. Scale bar=10 um.

B) Quantitative analysis of Aurora A level at centrosomes in GFP or GFP-AURKA expressing
HeLa cells at different mitotic phases (Mean = SD, Prometaphase: n= 30 (GFP), 28 (GFP-
AURKA) cells; Metaphase: n= 30 (GFP), 30 (GFP-AURKA) cells; Anaphase: n= 30 (GFP),
28 (GFP-AURKA) cells, ****P<0.0001, unpaired t-test).

C) Quantitative analysis of total Aurora A levels in GFP or GFP-AURKA expressing HeLa cells
at different mitotic phases (Mean = SD, Prometaphase: n= 30 (GFP), 28 (GFP-AURKA)
cells, ****P<0.0001; Metaphase: n= 30 (GFP), 30 (GFP-AURKA) cells, **P=0.0002;
Anaphase: n= 30 (GFP), 28 (GFP-AURKA) cells, *P=0.0174, unpaired t-test).
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Figure 4.12 Phosphorylated Aurora A is higher at centrosomes in GFP-AURKA

overexpressing HeLa cells.

A) Immunofluorescence analysis of p-Aurora A (Thr288) and pericentrin in HeLa cells
expressing GFP and GFP-AURKA at different mitotic phases. Scale bar=10 um.

B) Quantitative analysis of p-AURKA at centrosomes in GFP and GFP-AURKA expressing
HelLa cells at different mitotic phases (Mean = SD, Prometaphase: n=50 (GFP), 49 (GFP-
AURKA) cells, **P=0.0041; Metaphase: n=48 (GFP), 60 (GFP-AURKA) cells, **P=0.0013;
Anaphase: n=49 (GFP), 35 (GFP-AURKA) cells, ***P=0.0008, unpaired t-test).

C) Quantitative analysis of total p-AURKA in GFP and GFP-AURKA expressing HeLa cells at
different mitotic phases (Mean + SD, Prometaphase: n=50 (GFP), 49 (GFP-AURKA) cells,
P=0.66; Metaphase: n=48 (GFP), 60 (GFP-AURKA) cells, P=0.86; Anaphase: n=49 (GFP),
35 (GFP-AURKA) cells, P=0.097, unpaired t-test).
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4.2.9 Aurora A overexpression has a limited impact on APRC2 localization

After determining the levels of Aurora A and p-Aurora A at centrosomes in GFP-
AURKA expressing cells, I examined ARPC2 localization from prometaphase to anaphase by
immunofluorescence (Figure 4.13A). I quantified the cortical localization and spindle enrichment
of ARPC2, as described in previous sections. I measured an increased spindle enrichment and
reduced cortical intensity for ARPC2 in GFP-AURKA overexpressing cells (Figure 4.13B,C).
However, the decreased cortical ARPC2 level was not as pronounced as that observed in GFP-
HMMR overexpressing cells; similarly, the increase of p-Aurora A level at centrosomes was not

as distinct as those in GFP-HMMR overexpressing cells (section 4.2.8).
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Figure 4.13 GFP-AURKA expressing cells presented potential cortical ARPC2 loss.

A) Immunofluorescence analysis of HeLa cells expressing GFP and GFP-AURKA probing
ARPC2 and pericentrin at difference mitotic phases. Scale bar=10 pum.

B) Quantitative analysis of ARP2/3 complex spindle enrichment (Mean + SD, Prometaphase:
n=35 (GFP), 39 (GFP-AURKA) cells, ****P<0.0001; Metaphase: n=42 (GFP), 53 (GFP-
AURKA) cells, ***P=0.0001; Anaphase: n=29 (GFP), 28 (GFP-AURKA) cells,
*H%4P<(0.0001, unpaired t-test).

C) Quantitative analysis of ARP2/3 complex cortical localization (Mean = SD, Prometaphase:
n=35 (GFP), 39 (GFP-AURKA) cells, ****P<0.0001; Metaphase: n=42 (GFP), 53 (GFP-
AURKA) cells, **P=0.0012; Anaphase: n=29 (GFP), 28 (GFP-AURKA) cells, P=0.48,
unpaired t-test).
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4.2.10 Aurora A overexpression increases blebbing frequency and induces an unequal

daughter cell-size

I next examined the effect of Aurora A overexpression on the frequency of membrane
blebbing and daughter cell-size control. To approach this question, I followed GFP-AURKA and
GFP expressing cells using live-cell imaging as described in section 3.2.2 and 3.2.3. In general,
cells expressing GFP-AURKA showed a similar trend as those expressing GFP-HMMR,
including a higher frequency of blebbing with larger bleb sizes and loss of daughter cell-size
control (Figure 4.14A-C). However, the difference between GFP-AURKA overexpression and
control was modest compared to the results in GFP-HMMR overexpressing cells. For example, it
is worth noting the anaphase bleb size in GFP-AURKA expressing cells (~1.6% of cell size) was
less pronounced than those in GFP-HMMR overexpressing cells (~10% of cell size) (Figure
4.14D). The more modest phenotypes that I observed in GFP-AURKA expressing cells
correlates with the more limited increase in p-Aurora A intensity in GFP-AURKA expressing

cells than in GFP-HMMR overexpressing cells.
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Figure 4.14 GFP-AURKA overexpressing HeLa cells showed similar trend in blebbing and

daughter cell-size as in GFP-HMMR overexpressing cells.

A) Living cell images of mitotic HeLa cells transduced with lentivirus plasmid expressing GFP
or GFP-AURKA followed by time-lapse microscopy. Images were taken at 3 minutes/ frame.
Membrane blebs are highlighted with white arrowheads (Green channel = GFP; Grey channel

= Transmitted light 50%). Scale bar=20 pm.

B) Quantification of anaphase membrane blebbing events in GFP-AURKA overexpressing
HeLa cells (Mean + SD, n=4 experiments, colour-coded, *P= 0.019, unpaired t-test).

C) Quantification of daughter cell ratio in GFP-AURKA overexpressing HeLa cells. (Mean +

SD, n=4 experiments, colour-coded, *P= 0.043, unpaired t-test).

D) Quantitation of bleb size in GFP-AURKA overexpressing HeLa cells (Mean + SD, n=4

experiments, colour-coded, ***P=(0.0009, unpaired t-test).
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I next analyzed spindle position and orientation between GFP-AURKA and GFP
expressing cells as described in section 4.2.6 (Figure 4.15A). Similar to GFP-HMMR
overexpressing HeLa cells, GFP-AURKA expressing cells also showed consistent level of off-
centred spindle and spindle mis-orientation (Figure 4.15B,C). This result suggests that the
increase in the level of p-AURKA at centrosomes (Figure 4.12B) was associated with spindle

mis-positioning and mis-orientation.
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Figure 4.15 GFP-AURKA overexpressing HeLa cells showed off-centre spindle and mis-

orientation as in GFP-HMMR overexpressing cells.

A) Live-cell images of GFP-AURKA and GFP expressing HeLa cells. Scale bar = 10 um.
Metaphase plate in the beginning frame is highlighted with green dash line and in the end
frame is highlighted with blue dash line.

B) Quantitative analysis of spindle position of GFP-AURKA and GFP expressing HeLa cells
before cells entering anaphase (Mean =+ SD, n= 3 experiments, colour-coded, *P=0.011,
unpaired t-test).

C) Quantitative analysis of spindle orientation of GFP-AURKA and GFP expressing HeLa cells
(Mean + SD, n= 3 experiments, colour-coded, *P=0.011, unpaired t-test).
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4.3 Key findings

1. Cortical EBI density is not increased in GFP-HMMR overexpressing cells suggesting
premature polar relaxation is not the cause for ARPC2 mis-localization.

2. Phosphorylated Aurora A (Thr288) is augmented in GFP-HMMR overexpressing cells,
and inhibition of Aurora A partially rescues the localization of ARPC2, reduces
membrane blebbing frequency, and improves daughter cell size control.

3. Overexpression of GFP-AURKA partially, but not completely, recapitulates the
alterations in ARPC2 localization, blebbing, and daughter cell-size related phenotypes

observed in GFP-HMMR overexpressing cells.

4.4 Discussion

In Chapter 3, I found that HeLa cells expressing GFP-HMMR showed a mis-localization
of the ARP2/3 component ARPC2, and pronounced membrane blebbing, which aggravated the
daughter cell size ratio. IP-MS revealed a potential interaction between HMMR and ARP2/3
complex, but I was unable to confirm a direct interaction that may explain the observed mis-
localization. Here, I investigated potential HMMR-mediated mechanisms that may explain the
observed changes to ARP2/3 complex localization and cortical blebbing.

First, I examined the possibility that GFP-HMMR overexpression may induce a
premature polar relaxation, which enables successful cytokinesis during cell division (Glotzer,
2004). In this model, astral microtubules reach the polar cortex and aid to reduce tension in the
area by removing cortical proteins (Glotzer, 2004; Chapa-Y-Lazo et al., 2020; Chen et al.,
2021a). The removed proteins from the cortex are mostly actin-regulating proteins that

contribute to cortical stiffness and contractility (Glotzer, 2004; Chapa-Y-Lazo et al., 2020; Chen
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et al., 2021a). I hypothesized that overexpression of HMMR may lead to a higher density of
astral microtubules and thus induce premature cortical relaxation. However, my analysis of
cortical EB1 density indicates a reduced level of astral microtubules in metaphase and anaphase,
rather than the predicted higher density. This observation is surprising given that I also found an
elevated level of active Aurora A at spindle poles in GFP-HMMR overexpressing cells. I would
expect elevated Aurora A activity would promote astral microtubule density and stability. To
reconcile these observations, I propose that the reduced levels of astral microtubules are likely
related to the dramatic spindle rotation that is also observed in GFP-HMMR overexpressing cells.
It is also possible that higher active Aurora A leads to centrosome dysfunction and thus reduced
astral microtubule stability. Also, the ARP2/3 complex accumulation at mitotic spindle may
contribute to the effect on spindle microtubules. The reduction of astral microtubule stability as
well as disrupted actin cell cortex in GFP-HMMR overexpressing cells could result in spindle
rotation due to less connection between the spindle and the cortex. That is, the constantly
rotating mitotic spindle may be a cause, or consequence, of the dramatic reduction in astral
microtubule densities.

The change in ARPC2 localization is not likely a result of increased astral microtubule
densities and so I tested a second hypothesis: GFP-HMMR overexpression induces a mitotic
kinase mediated mechanism. During cell division, HMMR mainly localizes to the spindle poles,
where it recruits multiple proteins, such as TPX2 and CHICA, which regulate the mitotic kinases
Aurora A, PLK1 and CK1la (Chen et al., 2014; Connell et al., 2017; Fulcher et al., 2019). These
kinases regulate important cell division pathways, especially for spindle orientation and

positioning (Chen et al., 2014; Kiyomitsu, 2015; Connell et al., 2017; Fulcher et al., 2019). Thus,
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I performed an inhibitor drug screen to determine whether the inhibition of these kinases may
reduce the phenotypes I observed in HMMR-overexpressing tet-on HeLa cells.

I found that the inhibition of Aurora A partially restored daughter cell size control and
reduced the spindle localization of cortical ARPC2. Although the measurements were not
significantly different from DMSO control-treated cells, I found similar trends for the rescue of
daughter cell size control when cells were treated with inhibitors against PLK1 or CK1la (section
4.2.4). This is perhaps not surprising given the strong interconnection of these mitotic kinase
pathways in the control of mitotic microtubule growth, stability and orientation (Macurek et al.,
2008; Chen et al., 2014; Joukov and De Nicolo, 2018; Fulcher et al., 2019; Wellard et al., 2021;
He et al., 2022).

We do not yet know how the abnormal activation of Aurora A may dysregulate the
localization of the ARP2/3 complex. Aurora A is a serine/threonine kinase (Giet and Prigent,
1999; Kufer et al., 2002) and ARP3 contains 13 putative phosphorylation sites based on
discovery proteomics mass spectrometry analysis according to the database of PhosphoSitePlus.
Serine and threonine phosphorylation was identified in all components of ARP2/3 complex,
including ARP2, ARP3, ARPCI11, ARPC1B, ARPC2, ARPC3, ARPC4 and ARPCS, through
quantitative phosphoproteomics in mitotic cells (Kettenbach et al., 2013). These phosphorylation
events modify the activity of the complex (Pizarro-Cerda et al., 2017). Moreover, Aurora A
interacts with the ARP2/3 complex and with ARPC1B (Mitsushima et al., 2010) and
phosphorylates Thr21 of ARPC1B (Molli et al., 2010). Indeed, ARPC1B localizes to the
centrosomes and activates Aurora A (Molli ef al., 2010). Thus, it is possible that the augmented

activation of Aurora A at mitotic centrosomes, via the overexpression of HMMR, leads to the
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ectopic localization of ARPC2 through its direct phosphorylation, or that of other components of
the ARP2/3 complex.

Although we do not know how Aurora A may modify the localization of ARPC2, other
work definitively demonstrates that Aurora A regulates the actin cytoskeleton during mitosis.
Centrosome-associated Aurora A inhibits cortical actomyosin in order to promote symmetry
breaking in C. elegans (Zhao et al., 2019). In Drosophila, active Aurora A regulates actin-related
processes by phosphorylating Rho-kinase (Berdnik and Knoblich, 2002; Moon and Matsuzaki,
2013). Also, Aurora A interacts with LIM domain kinase 1 (LIMK1) and LIM domain
containing protein Ajuba, which facilitate the rearrangement of actin (Hirota et al., 2003; Ritchey
et al., 2012). Overexpression of Aurora A also activates cofilin, an actin depolymerizing protein
(Wang et al., 2010). Thus, Aurora A may be critical for the regulation of actin cytoskeleton
during mitosis.

Here, I demonstrate the overexpression of HMMR can hyperactivate Aurora A at the
centrosome, induce the mis-localization of ARPC2, and promote abnormal membrane blebbing;
these abnormal processes can be partially phenocopied by overexpression of Aurora A. In
metaphase, a large pool of ARP2/3 complex is retained at the cell cortex to promote the round
shape of the mitotic cell. My results suggest that as cells enter anaphase and the spindle is
displaced from the centre, a gradient of HMMR and Aurora A at the spindle pole proximal to the
cell cortex can recruit and phosphorylate components of ARP2/3 complex, which releases them
from the cell cortex. This would enable the elongation of the anaphase cell membrane or
facilitate asymmetric membrane elongation. Further investigation is needed to give more insights

to the pathway.
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Caveats — In Chapter 4, all the experiments were conducted in HeLa cells with the same
caveats outlined in Chapter 3. Similar to tet-on HeLa cells that express GFP-HMMR, GFP-
AURKA expression in HeLa cells was a non-physiological overexpression and the GFP tag may
alter function although it did not alter localization. Although not addressed specifically in this
thesis, other cell lines or samples with elevated Aurora A expression should be considered for
validation.

Another major caveat for my findings is my use of small molecule inhibitors. Although I
optimized doses by measuring cytotoxicity (and reducing doses up to 1000-fold) and confirmed
target inhibition, target specificity is still a concern. To determine the correct dose of MLN8237,
I performed a dose response from 50 uM to 5 pM and determined the IC50 dose to be ~41 nM. 1
then used 1 nM MLN8237 for my experiments. In another study that used a cell free assay
measuring Aurora A Threonine 288 (Thr288) autophosphorylation and Serinel0 (Ser10)
phosphorylation of histone H3, respectively (Manfredi ef al., 2011), the inhibitory concentration
for MLN8237 was 1.2 nM against Aurora A activity and 396.5 nM against Aurora B activity. In
cell-based assays, the IC50 for Aurora A (IC50 = 6.7 nM) was more than 200-fold lower than for
Aurora B (IC50 = 1,534 nM) and no significant effect was observed for 205 other kinases in cell-
based assays (Manfredi et al., 2011). Thus, I am confident that my observed effects using 1 nM
MLNS8237 were specific for the inhibition of Aurora A activity. Also, I should perform
immunofluorescence to examine the inhibitory effect of other kinase inhibitors on the target. For
the PLK1 inhibitor, BI2536, treatment of 0.1 nM was sufficient to reduce p-PLK1 (Thr210) in
MCF10A cells (He et al., 2022). It is important to note that it is challenging to confirm the small

molecule inhibition effect by siRNA or shRNA depletion; knockdown of mitotic kinases often
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prevents cell division or induces apoptosis (Liu and Erikson, 2003; Zhang et al., 2011; Lu et al.,
2014).

Moreover, I used ARPC2 for immunofluorescent analysis to indicate ARP2/3 complex as
it was used in another study (Farina ef al., 2019). A caveat of probing ARP2/3 complex is that
the ARP2/3 complex components are not always regulated together. Thus, repeated experiments
probing for other components of ARP2/3 complex can be performed to examine if HMMR
overexpression affects the localization of certain ARP2/3 components instead of the entire

complex.

Future studies — In Chapter 4, it is interesting that overexpression of GFP-AURKA was
not sufficient to significantly elevate total p-Aurora A levels. Yet, p-Aurora A levels at
centrosomes were significantly higher in the presence of GFP-HMMR overexpression. During
cell division, overexpression of HMMR facilitates TPX2 localization and the phosphorylation of
Aurora A (Chen et al., 2014; Scrofani et al., 2015). Consistently, I observed elevated p-Aurora A
levels at centrosomes in GFP-HMMR expressing cells. In GFP-AURKA cells, however, I
hypothesize that HMMR and TPX2 levels are unchanged, which limits their localization to
centrosomes and, as a consequence, restricts p-Aurora A level at centrosomes and total p-Aurora
A level. To address this question, I suggest to first examine the level of spindle TPX2 in both
GFP-HMMR and GFP-AURKA overexpressing cells to determine if TPX2 level is elevated only
in cells with HMMR overexpression. If TPX2 levels at the spindle are elevated in GFP-HMMR
overexpressing cells, we can knockdown TPX2 by siRNA to rescue the hyperactive p-AURKA

at centrosomes and the daughter cell-size relevant phenotypes.

129



Significance — In Chapter 4, my research shows that altered expression of HMMR
activates Aurora A and inhibition of Aurora A is sufficient to partially reduce membrane
blebbing events and rescue the control of daughter cell size. Ectopic expression of GFP-AURKA
phenocopies many, but not all, of the phenotypes induced by overexpression of GFP-HMMR and
the levels of p-Aurora A at the centrosome appears to be a critical determinant for the

localization of the ARP2/3 complex and the ultimate loss of daughter cell size control.
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Chapter S: Overexpression of HMMR affects phenotypes related to daughter

cell-size control ex vivo and in vivo

5.1 Rationale and hypothesis

Regulated cell division, including the control of mitotic spindle orientation and daughter
cell size, is critical for tissue homeostasis and development (Cabernard and Doe, 2009; Morin
and Bellaiche, 2011; Kiyomitsu, 2015; di Pietro et al., 2016; Hu and Jasper, 2019). In the
previous chapters, I investigated phenotypes during cell division in GFP-HMMR overexpressing
HeLa cells. HeLa cells are a standard experimental model for the study of cell division, but there
are multiple caveats associated with the study of an immortal, polyploid cancer cell line grown
on tissue culture plastic. Thus, it is necessary to validate my prior findings in other models for
HMMR overexpression.

The Drosophila neuroblast is one of the best described in vivo models for an asymmetric
cell division (Chia et al., 2008; Zhong and Chia, 2008; Chang et al., 2011; Roth et al., 2015).
During embryogenesis of Drosophila, neuroblasts delaminate from the neuroectoderm and
undergo mitosis (Yu et al., 2006). In prophase, the centrosomes separate along the epithelium
laterally followed by a 90° spindle rotation in metaphase, aligning the apical-basal axis (Yu et al.,
2006). During cytokinesis, a neuroblast divides into two daughter cells with different sizes and
cell fate determinants, such as Miranda (Mira), which facilitates asymmetric localization of cell-
fate regulating key proteins and mRNAs (Yu et al., 2006; Chang et al., 2011). The larger
daughter cell remains a neuroblast and continues dividing whereas the smaller ganglion mother
cell (GMC) divides to produce two neurons or glia (Yu et al., 2006).

HMMR shares structural and sequence similarities with Miranda (Chang et al., 2011; He

et al., 2020). Interestingly, Miranda is only encoded in the order Diptera while Hmmr is encoded
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in all other insect orders and in vertebrates (He et al., 2020). During cell division, Miranda
mostly localizes to the cortical area, although Miranda also localizes to the centrosomes (Schuldt
et al., 1998; Mollinari et al., 2002; Atwood and Prehoda, 2009). However, it has not yet been
examined if HMMR and Miranda have orthologous functions during asymmetric cell division.
We speculated that Drosophila neuroblasts, which have a null background for Hmmr, may
present an interesting opportunity to examine HMMR overexpression in a genetically tractable
and easily manipulated model system.

Transgenic mouse models are an excellent mammalian system to dissect gene function in
vivo or ex vivo. In human populations, HMMR was identified as a low penetrance breast cancer
susceptibility gene and, subsequently, an HMMR polymorphism (termed rs299290) is associated
with elevated expression and modifies the risk of developing breast cancer in female BRCA 1
mutation carriers (Pujana et al., 2007; Maxwell et al., 2011). Indeed, HMMR abundance is
regulated through ubiquitination by BRCA1/BARDI (Joukov ef al., 2006; Pujana et al., 2007)
leading to its elevated expression in BRCA I-deficient cells (Li et al., 2016). The Pujana Lab
generated a new mouse model in which human HMMR is expressed under the control of beta-
lactoglobulin-Cre in combination with floxed Brcal, termed BLG-Cre Tp53™"; Brcal™";
HMMR™"¢ mice (Mateo, He, Mei et al., 2022). Primary mammary epithelial cells were isolated
from these animals and transduced with lenti-Cre to drive HMMR overexpression in the
presence of Brcal mutation. These cells provide a model to examine the effects of HMMR
overexpression on primary mouse mammary cell division ex vivo.

As mentioned above, HMMR 15299290 is associated with elevated HMMR expression in
mammary tissues (Mateo, He, Mei et al., 2022). Thus, the study of cells expressing HMMR

15299290 allows for the measurement of physiological increases in HMMR expression. Such
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cells can be isolated from mammary tissues donated from human females or these cells can be
created through the use of a variety of genome editing technologies. HMMR 1s299290 cells
provide a model to examine the effects of physiological levels of HMMR overexpression on cell
division.

In this chapter, I inspect the mitotic phenotypes of a variety of experimental models with
elevated HMMR expression, in order to validate my findings from the study of GFP-HMMR

overexpressing tet-on HeLa cells (+dox).

5.2 Results

5.2.1 Ectopic expression of human HMMR in Drosophila neuroblasts induces large
membrane blebbing during cell division

In Chapter 3, I found that GFP-HMMR-overexpressing tet-on HeLa cells (+ dox)
displayed pronounced membrane blebbing that followed mis-oriented mitotic spindles. I was
interested in whether similar processes occur in tissues from model organisms. Dr. Marisa
Connell, a prior postdoctoral fellow in the Maxwell Lab, created a number of Drosophila lines,
including lines expressing UAS-GFP-Hmmr, UAS-Hmmr and UAS-Cherry-Jupiter; Jupiter is a
microtubule binding protein and serves as an marker of mitotic spindle poles (Karpova et al.,
2006). Dr. Connell had collected embryos and imaged living neuroblast cells as they underwent
asymmetric cell division in situ, and I examined those movies for the occurrence of asymmetric
membrane blebbing.

In neuroblasts expressing UAS-GFP-Hmmr GFP-HMMR localized to the spindle poles in
Drosophila (Figure 5.1A) as it is known to do in mammalian cells. Moreover, HMMR-

expressing neuroblasts showed a significantly increased frequency of membrane blebbing during
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anaphase compared with control neuroblasts (Figure 5.1C), which was similar to the blebbing
frequency observed in GFP-HMMR-overexpressing HeLa cells (Chapter 3). I also quantified the
bleb size relative to the cell size at the same time point during anaphase (Figure 5.1B,D).
Statistical analysis showed no significant difference between bleb size in control neuroblasts and
HMMR-expressing neuroblast cells in situ. However, some HMMR expressing neuroblasts
presented with large membrane blebs that are phenotypically similar to those I observed in GFP-
HMMR-overexpressing HeLa cells. Moreover, the size of GMC was often smaller in HMMR-
expressing neuroblasts compared to control, although this phenotype was difficult to measure
given the positioning of GMC daughter cells. Finally, it is important to note that these HMMR
transgenic flies did not suffer gross phenotypic defects in neurodevelopment nor changes in
lifespan (personal communication, M. Connell, Maxwell Lab). In conclusion, HMMR
overexpression in Drosophila neural progenitors in vivo is associated with more pronounced
anaphase membrane blebbing and larger bleb sizes in cells undergoing asymmetric cell division,
which is consistent with my observations in GFP-HMMR overexpressing tet-on HeLa cells

(+dox).
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Figure 5.1 Drosophila neuroblasts expressing human HMMR undergo frequent and large

membrane blebbing.

A) Expression of UAS-GFP-Hmmr in neuroblast cell division. Scale bar=10 um.

B) Expression of UAS-Cherry-Jupiter and UAS-Hmmr induced membrane blebbing in
neuroblast cell division. Arrows indicates cortical blebbing. Scale bar=20 pum. Bleb size was
quantified by the largest bleb size (yellow) divided by the cell size (red).

C) Membrane blebbing frequency of neuroblasts expressing UAS-Cherry-Jupiter and UAS-
Hmmpr under the wor-Gal4 promoter (Mean, n=21 (Control), 19 (HMMR)).

D) Cortical bleb size in neuroblasts with UAS-Cherry-Jupiter and UAS-Hmmr under the wor-
Gal4 promoter (Mean + SD, n=5 (WT), 13 (HMMR), ns., P=0.11, unpaired t-test).
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5.2.2 Primary mammary epithelial cells isolated from Trp53*"; Brcal’'; HUMR"%'"s
mice exhibit higher blebbing frequency in anaphase and different daughter cell size

HMMR is a low penetrance breast cancer susceptibility gene, which modifies breast
cancer risk in BRCA I mutation carriers (Pujana et al., 2007; Maxwell et al., 2011). Analysis in
mutation carriers identified HMMR 15299290 as a polymorphism associated with disease
progression in BRCAI but not BRCA2 mutation carriers (Maxwell et al., 2011). Moreover,
HMMR 15299290 is an expression quantitative trait loci associated with elevated HMMR
expression in several tissues, including normal breast (Mateo, He, Mei et al., 2022). Yet, it
remains unclear how elevated HMMR expression mechanistically affects tumorigenesis in a
BRCAI mutation background.

To approach this question, Dr. Miquel Angel Pujana’s laboratory (Catalan institute of
Oncology, Barcelona, Spain) generated a mouse model with Cre-loxP-mediated expression of
the full-length human HMMR under control of a mammary-specific promoter. The human
HMMR coding sequence (NM_001142556, ENST00000393915) was cloned in the Rosa26 locus,
downstream of the loxP-STOP-loxP cassette. B-lactoglobulin promoter-Cre (Blg-Cre) was
engineered in the mice to control the Cre expression, and thus induce human HMMR. Moreover,
the mice with Cre-driven human HMMR expression were crossed with other mice with a Tp53
heterozygous (Trp53+/-) and Brcal floxed background. The resultant mice (Blg-Cre Trp53*-
Brcal™" HMMR'#€) have Cre-driven loss of BRCA1 and elevated expression of HMMR in the
mammary gland following two rounds of pregnancy. The parental Blg-Cre Trp53*- Brcal™!
mice develop mammary tumors that phenocopy the breast cancer subtypes that arise in human

female carriers of BRCA I mutations (Molyneux et al., 2010).
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The initial analysis of mammary tissues isolated from Blg-Cre Trp53*" Brcal™"
HMMR"®"¢ mice revealed a moderate increased in HMMR expression, which was associated
with higher penetrance of Brcal-mutant mammary tumors (Mateo, He, Mei et al., 2022). The
Pujana Lab provided our lab with tissue to examine the mitotic phenotypes of the primary
mammary cells. I isolated the mammary epithelial cells (MECs) from mammary glands of the
virgin six-week-old Blg-Cre Trp53*" Brcal HMMR™ ™8 mice provided by the Pujana Lab. I
thawed the frozen mouse mammary tissues and resected them for processing and partial
dissociation to obtain single-cell suspensions. I then cultured the isolated cells and transduced
them with lentiviruses expressing either EGFP or EGFP-Cre, to drive recombination events. Dr.
Zhengcheng He (Maxwell Lab) sorted the GFP-positive cells 24 hours post-transduction and
confirmed the Cre-induced HMMR overexpression (Mateo, He, Mei et al., 2022).

Next, I seeded the sorted cells for live-cell imaging (Figure 5.2A). To determine the
effect of HMMR overexpression, I isolated and examined MECs from Blg-Cre Trp53"" Brcal™
in parallel. It is important to note that MECs from all four experimental groups are TP53
heterozygous. The two control groups (GFP-transduced), and the GFP-Cre — transduced Brcal
floxed cells, presented similar mitotic cell morphology with about 15-30% blebbing frequency in
anaphase and a daughter cell size ratio of 1.1-1.15 (Figure 5.2B,C). GFP-Cre — transduced Brcal
floxed HMMR¢2 cells, however, displayed higher blebbing frequency during anaphase and
higher daughter cell-size difference (Figure 5.2B,C), which are consistent phenotypes with other
HMMR overexpression models. Moreover, some HMMR'¢¢ cells did not round up properly
during metaphase and remained an irregular shape for the entire cell division process. These
results confirm HMMR overexpression is sufficient to cause cell shape changes and aberrant

blebbing in primary murine mitotic cells.
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Figure 5.2 Cre-driven human HMMR overexpressed MECs with frequent anaphase
blebbing and loss of daughter cell-size control.

A) Live-cell imaging of mitotic progression of BLG-Cre Brcal”’ Trp53* and BLG-Cre Brcal”!
Trp53* HMMR™¢"2 cells transduced with GFP or GFP-Cre. Transmitted light channel, 2
min/frame. Membrane blebbing was highlighted with white arrows. Scale bar=10 um.

B) Quantitative analysis of blebbing frequency in anaphase (Mean + SD, n=2 experiments,
colour-coded, **P=0.0072, one-way ANOVA).

C) Quantitative analysis of daughter cell-size ratio in cytokinesis (Mean + SD, n=2 experiments,
colour-coded, *P=0.033, one-way ANOVA).
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5.2.3 Primary mammary epithelial cells isolated from Trp53*"; Brcal’'; HUMR'%'"s
mice show attenuated cortical ARPC2 retention and a larger nucleus size

I next performed immunofluorescence analysis for ARPC2 in BLG-Cre Breal” Trp53*-
and BLG-Cre Brcal”/ Trp53* HMMR2 cells transduced with either GFP or GFP-Cre (Figure
5.3A,B). There is no significant difference across the groups in terms of total level (Figure 5.3C).
However, I observed a loss of cortical ARPC2 in GFP-Cre transduced BLG-Cre Brcal”’ Trp53™-
HMMR™"¢ MECs but no significant localization of ARPC2 at the spindle (Figure 5.3D-F).

I also measured the nucleus size as it remains proportional to cell size even with altered
DNA content or cell volume (Huber and Gerace, 2007). I found a wide range of nucleus sizes in
GFP-Cre transduced BLG-Cre Brcal”/ Trp53*- HMMR'®'2 cells, which were generally larger
than in the control groups (Figure 5.4). Although cell size is affected by cell growth and cell
cycle, the size of daughter cells post mitosis may also influence the general cell size. In addition,
GFP-Cre-transduced BLG-Cre Brcal”/ Trp53*- HMMR™22 cells also exhibited high genomic
instability, as indicated by an elevated frequency of micronuclei and nuclear budding (Mateo, He,
Mei et al., 2022). In general, GFP-Cre-transduced BLG-Cre Breal”/ Trp53*- HMMR™2 cells

showed similar phenotypes as those found in GFP-HMMR-overexpressing HeLa cells.
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Figure 5.3 Intracellular localization of ARP2/3 complex in HMMR'¢7¢ MECs.
A) Immunofluorescence analysis of ARPC2 localization in HMMR'¢72 cells and control groups.

Scale bar=10 pum.

B) A plot profile measuring fluorescence intensity across the anaphase cells shown by the dash

lines in panel A.

C) Total abundance of ARPC2 in anaphase cells (Mean + SD, n= 40 cells per group, P=0.41,

one-way ANOVA).

D) Spindle enrichment of ARPC2 in mammary epithelial cells transduced with EGFP or EGFP-
Cre lentivirus (Mean = SD, n= 40 cells per group, P=0.92, one-way ANOVA).

E) Cortical enrichment of ARPC2 in mammary epithelial cells transduced with EGFP or EGFP-
Cre lentivirus (Mean = SD, n= 40 cells per group, **P=0.0020, one-way ANOVA).

F) ARPC?2 spindle pole vs. cortical enrichment in mammary epithelial cells transduced with
EGFP or EGFP-Cre lentivirus (Mean + SD, n= 40 cells per group, ****P<0.0001, one-way

ANOVA).
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Figure 5.4 Mammary epithelial cells isolated from mice with genetic background
simulating the breast cancer with a polymorphism associated with HMMR overexpression.

A) Immunofluorescence images of mammary epithelial cells isolated from C57BL/6J mice (left)

and Trp53*" Brca ' HMMR™'"8 EGFP (middle), Trp53*" Brca "' HMMR™¢"¢ EGFP-Cre
(right). Scale bar = 20 um.

B) Quantitation of the nucleus size of mammary epithelial cells described in panel A (Mean +
SD, n= 4 experiments, colour-coded, ****P<(.0001, one-way ANOVA).
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5.24 Cortical ARP2/3 complex is reduced in Trp53*"; Brcal'; HMMR™¢'7s MECs
To examine the consequence for HMMR overexpression in situ, I processed paraffin
embedded mammary gland tissues dissected from 10- to 11-month-old BLG-Cre Trp53™"
Brca " mice and BLG-Cre Trp53*” Brea ' HMMR™'™8 mice that had undergone two
pregnancies. We chose to dissect mammary tissue that was contralateral to incident tumours,
without evidence of tumors, to study the premalignant state. Using immunofluorescence, |
confirmed elevated expression of HMMR in BLG-Cre Trp53™" Brea /" HMMR™'8 mice
(Mateo, He, Mei et al., 2022). Then, I performed immunofluorescence analysis of ARPC2
localization (Figure 5.5A). MECs in dissected mammary tissues in situ are denser, with few

mitotic cells, making it challenging to identify intracellular ARPC2 localization. To do so, I

measured the cortical intensity of ARPC2 within 1 um width around the cortex (due to the tightly

packed cells in tissues) and included all mitotic stages prior to telophase/cytokinesis in the

analysis. The quantitative result revealed a significant reduction in ARPC2 cortical intensity in

BLG-Cre Trp53*" Brcal™" HMMR'™8 mice (Figure 5.5B). This result was expected and aligned

with the results observed in ex vivo cultured GFP-Cre-transduced BLG-Cre Brcal’”/ Trp53*-

HMMR™#2 cells.
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Figure 5.5 Cortical ARPC2 intensity in HMMR overexpressing murine mammary tissue.

A) Immunofluorescence analysis of ARPC2 localization in mammary tissue of BLG-Cre
Trp53*" Breal™" and BLG-Cre Trp53™" Brcal HMMR'#"2 mice. Scale bar = 10 um.

B) Quantitative analysis of cortical ARPC2 level in mammary tissue of BLG-Cre Trp53*"
Brcal" and BLG-Cre Trp53*” Brea ' HMMR™'™8 mice (Mean + SD, n= 36 (Trp53*"
Brcal™), 60 (Trp53*- Breal”! HMMR™9'?), **P=(.029, unpaired t-test).
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5.2.5 Generation of rs299290 SNP in MCF10A cells using gene editing tools

In previous sections, I examined immortal cancer cells as well as primary Drosophila
neuroblasts, or primary MECs isolated from transgenic mice, with genetically-driven abnormal
expression of human HMMR. HMMR 15299290 is an expression quantitative trait loci associated
with elevated physiological HMMR expression in several tissues, including normal breast (Mateo,
He, Mei et al., 2022). Thus, I aimed to generate and study HMMR 15299290 in the non-
tumorigenic immortal RFP-TUBA1B MCF10A human mammary cells using gene editing tools.

The general workflow of gene editing is: 1) use digestion and ligation method to insert the
desired components into the delivering plasmids followed by cloning; ii) transfect the plasmid(s)
encoding the required components such as enzyme, gRNA and template into the cell line for
editing; iii) culture the cells and do single-cell sorting; iv) grow clones to confluence, split and
collect DNA; and, v) sequence the targeting region using Sanger sequencing method.

Successful editing by CRISPR-Cas9 relies on the choice of gRNA based on the
protospacer adjacent motif (PAM) sequence, about 3 bp downstream from the targeting site
(Jiang and Doudna, 2017). However, there are only two candidate gRNA available according to
the PAM sites surrounding the rs299290 site and the CRISPR targets database on UCSC
Genome Browser (Kent ef al., 2002). In addition to the target site, I also designed a silent
mutation to disrupt the PAM in order to avoid repetitive editing due to existing PAM site (Figure
5.6 highlighted in green).

For the first attempt, I chose a high efficiency scoring gRNA for the CRISPR design (Hsu
etal.,2013; Bae et al., 2014; Moreno-Mateos et al., 2015; Doench et al., 2016; Haeussler et al.,
2016) and used lipofectamine3000 (Thermo Fisher Scientific) to deliver the plasmids. Yet, I

detected neither the edited PAM site nor the desired mutation in the cells (Figure 5.6A). For the
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second CRISPR-Cas9 attempt, I chose the second gRNA provided in UCSC Genome Browser
database (Kent et al., 2002). Although the second PAM site is proximal to the targeting site, the

efficiency score was low and no desired editing detected (Figure 5.6B).
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Figure 5.6 Gene editing designs to generate rs299290 SNP in MCF10A cells part 1.

First attempts of gene editing using different CRISPR-Cas9 with the designed sequences for each
component. Target site is highlighted in red and outlined in the Sanger sequencing result. PAM
sequence is highlighted in green with labelled PAM disruption and outlined in green box in the
Transfected cells indicate RFP-tub MCF10A cells transfected with gene editing plasmids
containing the designed components.
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Due to my lack of success with the traditional CRISPR-Cas9 approach, I then decided to
utilize Prime editing. Prime editing is a more advanced method where Cas9 is fused to a reverse
transcriptase, along with a 3’ RTT after the sgRNA, enabling the reverse transcriptase to
transcribe according to the template and increasing accuracy for the repair (Anzalone et al.,
2019). I attempted three different designs by altering the position of targeting site in extension
template and changing the distance of ngRNA from the targeting site (Figure 5.7).

For the first attempt, I chose a design combination from the design webtool (Hsu et al.,
2021) but I did not detect the desired mutation or disrupted PAM sequence in the edited cells
(Figure 5.7A). Then, I optimized the design by modifying the position of the target site in the
3’RTT and adding a “G” in front of the spacer since the U6 promoter must begin with a “G”
(Anzalone et al., 2019) (Figure 5.7B). In the third attempt, I chose another PAM site but again no

desired mutation was identified (Figure 5.7C).
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Figure 5.7 Gene editing designs to generate rs299290 SNP in MCF10A cells part II.
Multiple attempts of gene editing using Prime editing with the designed sequences for each
component. Target site is highlighted in red and outlined in the Sanger sequencing result. PAM
sequence is highlighted in green with labelled PAM disruption and outlined in green box in the
Sanger sequencing graph. Sequence with orange highlighted “G” is added for U6 promoter.
Transfected cells indicate RFP-tub MCF10A cells transfected with gene editing plasmids
containing the designed components.
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The challenge of Prime editing design is the U6 promoter, which drives Pol IIl RNA
polymerase for transcription, and terminates when it encounters consecutive Ts in the sequence
(Anzalone et al., 2019). Due to the limited PAM around the rs299290 targeting site, I had to
include the group of four consecutive Ts in the spacer gRNA. So, to try to circumvent this, I also
performed PRIME-Del, which is Precise genomic deletion using paired Prime editing, to tackle
(Choi et al., 2022).

My plan was to first perform a precise deletion to remove the 4Ts and surrounding
sequence, followed by an accurate insertion by Prime editing. In this case, the design for gRNA
would no longer be limited to the PAM around rs299290. The PRIME-Del software (Choi et al.,
2022) provided one set of oligos, but, after performing the edit, I did not identify the deletion in
the resulting colonies (Figure 5.8A).

My subsequent plan was to in vitro transcribe Prime editing components and then deliver
the RNA components into the cells. In this case, I only modified the PAM site and the target site.
To further improve the efficiency, I added a 3’pseudoknot structure with a linker after 3’RTT to
stabilize RNA, as described (Nelson et al., 2021) (Figure 5.8B). The pseudoknot prevents RNA
degradation and is small enough to not interrupt pegRNA function (Nelson et al., 2021). I co-
expressed an engineered dominant negative of a DNA mismatch repair gene MLHI (MLH1dn)
to reduce the effect of DNA mismatch repair on Prime editing efficiency (Chen et al., 2021b).
Thus, I performed in vitro transcription on the pegRNA, Prime editor (PE) and MLH1dn
plasmids, followed by nucleofection to deliver the RNA components.

The Sanger sequencing result from the bulk edited cells revealed an unexpected result. |
identified a small peak (~10%) for the disrupted PAM (GAG>GAA) but no sign of targeted

mutation (Figure 5.8B). The result was surprising because I expected PAM disruption and target
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edit would occur together since they are both within 3’RTT for onsite reverse transcription
simultaneously. Yet, the target site was near the end of the template which might be degraded
before transcription despite the addition of RNA stabilizing components. In future experiment,

an alternative design of Prime editing with a centered target site in 3’RTT should be considered.
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Figure 5.8 Gene editing designs to generate rs299290 SNP in MCF10A cells part III.
Multiple attempts of gene editing using PRIME-Del and Prime editing with RNA delivery
designed sequences for each component. Target site is highlighted in red and outlined in the
Sanger sequencing result. PAM sequence is highlighted in green with labelled PAM disruption
and outlined in green box in the Sanger sequencing graph. Sequence with orange highlighted “G”
is added for U6 promoter. Linker and pseudoknot motif for RNA stability are highlighted in blue
and purple, respectively. Transfected cells indicate RFP-tub MCF10A cells transfected with gene
editing plasmids containing the designed components.
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5.2.6 Primary mammary epithelial cells isolated from BRCA1 mutation carriers present
with elevated blebbing, daughter cell-size differences and ARPC2 mis-localization.

While I was optimizing the generation of HMMR 1s299290 in immortal MCF10A cells, I
investigated other physiological systems with elevated expression of HMMR. The expression of
HMMR is regulated through the cell cycle, increasing prior to mitosis (Maxwell et al., 2003),
and is transcriptionally regulated via TP53 (Sohr and Engeland, 2008) and post-translationally
regulated by BRCA1/BARDI1 (Pujana ef al., 2007). Via ubiquitination, the BRCA1-BARD1
complex facilitates degradation of HMMR (Pujana et al., 2007; Maxwell ef al., 2011) and the
silencing of BRCAL leads to the elevated expression of HMMR (Maxwell ef al., 2011; Li et al.,
2016; He et al., 2017). In this section, I inspected these phenotypes in primary MECs isolated
from human BRCA ] mutation carriers.

Primary mammary epithelial cells were isolated from BRCA I mutation carriers (n=3) or
age-matched non-carriers (n=3), followed by fluorescent-activated cell sorting to isolate luminal
progenitor cells (LPs), as described (Mateo, He, Mei et al., 2022). I cultured the LPs on collagen-
coated plates for further analysis. It is important to note that each patient or donor sample
showed varying levels of proliferation and, for the BRCA I mutation carriers, one sample (which
happened to also carry a HMMR 15299290 polymorphism) contributed the majority of cell
division events ex vivo.

First, I used immunofluorescence analysis to measure the HMMR expression levels in
LPs and found significantly higher levels of expression in MECs isolated from BRCA mutation
carriers (Figure 5.9A,B). I also measured ARPC2 localization, and my analysis suggested a loss
of cortical ARPC2 in BRCA I mutation carriers, as indicated by an increased spindle/cortex ratio

(Figure 5.9C).
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Figure 5.9 LPs from BRCA1 mutation carriers showed elevated HMMR level and loss of

cortical ARPC2.

A) Immunofluorescence analysis of mitotic LPs isolated from BRCA 1 mutation carriers (n=3)
and non-carriers (n=3). Scale bar=10 um.

B) HMMR level in mitotic LPs isolated from BRCA I mutation carriers (n=3) and non-carriers
(n=3) (Mean + SD, n= 3 (non-carriers), 3 (BRCAI carriers), colour-coded for each donor,
*#P=0.0006, unpaired t-test).

C) Quantitative analysis of ARPC2 localization in mitotic LPs isolated from BRCA I mutation
carriers (n=3) and non-carriers (n=3) (Mean = SD, n= 48 (non-carriers), 31 (BRCA carriers),
*#%%P<0.0001, unpaired t-test) (Left). An average analysis of ARPC2 localization in mitotic
LPs for each donor (Mean + SD, n=3 (non-carriers), 3 (BRCAI carriers), ns., P=0.37,
unpaired t-test)
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In collaboration with Dr. Zhengcheng He, I imaged LP cell divisions on coated
micropattern plates taking images every 10 min using live-cell imaging microscopy (Figure
5.10A). This was not ideal to capture anaphase and was designed to capture the cell division axis.
Thus, I analysed membrane blebbing during cytokinesis since cytokinetic blebbing also reflects
perturbation of the cortex (Dorn and Maddox, 2011). Membrane blebbing events were more
frequent in LPs from BRCA I mutation carriers, although the mean frequency was not
significantly different from LPs isolated from non-carrier control samples (Figure 5.10B,C). The
trend was most pronounced between LPs isolated from non-carriers and LPs isolated from a
BRCA1 mutation carrier that also encoded HMMR 1299290, although the difference was not
statistically significant (Figure 5.10B,C).

My analysis of primary mammary cells with physiologically elevated levels of HMMR,
through mutation of BRCA and/or expression of the eQTL HMMR 15299290, was limited by the
availability of primary samples and the heterogeneous proliferation capacity of primary MECs
across patient samples. However, my analysis reveals mitotic phenotypes consistent with those I
identified in immortal cancer cells as well as primary Drosophila neuroblasts or primary MECs

isolated from transgenic mice with genetically-driven abnormal expression of human HMMR.
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Figure 5.10 LPs from BRCA1 mutation carriers exhibited increased membrane blebbing
and daughter cell-size ratio.

A) Live-cell imaging of LP cell division from MECs isolated from BRCA I mutation carriers
(n=2), BRCAI mutation carrier with 1299290 (n=1) and non-carriers (n=3). Membrane
blebbing is highlighted with white arrows. Scale bar=10 pum.

B) Proportion of cytokinesis blebbing cells from BRCA! carriers, BRCAI carrier with rs299290
and non-carriers (Mean £+ SD, n=2 experiments, one-way ANOVA).

C) Daughter cell-size ratio of LPs during cytokinesis from BRCAI carriers, BRCAI carrier with
rs299290 and non-carriers (Mean + SD, n=2 experiments, *P=0.037, one-way ANOVA).
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5.3 Key findings

1. HMMR expression in Drosophila neuroblasts induces frequent and pronounced anaphase
membrane blebbing during asymmetric cell division in vivo.

2. BLG-Cre Trp53*" Brcal”” HMMR™¢ MECs present higher anaphase blebbing
frequency and daughter cell-size difference than BLG-Cre Trp53* Brca /' MECs.

3. Both ex vivo cultured mitotic MECs and mitotic MECs in mammary tissue section from
BLG-Cre Trp53*"- Breal’”’ HMMR™¢'¢ mice reveal decreased cortical ARP2/3 complex
localization.

4. LPs from BRCAI mutation carriers show elevated HMMR expression and exhibit
frequent anaphase blebbing and higher daughter cell-size ratio.

5. LPs of BRCAI mutation carrier with 1299290 SNP show attenuated cortical ARP2/3

complex during mitosis.

5.4 Discussion

In this chapter, I investigated the phenotypes related to daughter cell-size control in
several different models. I utilized Drosophila neuroblasts expressing GFP-HMMR, or HMMR,
to determine whether the ectopic expression of HMMR is sufficient to augment anaphase
membrane blebbing in vivo. In Drosophila neuroblasts, GFP-HMMR localized to the mitotic
spindle during cell division and HMMR expressing cells showed significantly higher membrane
blebbing events. Consistent with the result observed in GFP-HMMR-overexpressing HeLa cells,
HMMR expressing neuroblasts presented blebs with larger size than those in control group,
suggesting the same pathways may be affected. As mentioned before, spindle position during
anaphase can affect cellular boundary of the two daughter cells and result in different relative

amount of cytoplasmic content (Kiyomitsu, 2015). Thus, abnormal membrane blebbing during
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cell division may also affect developmental process in Drosophila neuroblasts expressing
HMMR however no gross pathologies nor shortened live span was observed in these flies
(personal communication, Dr. Marisa Connell, Maxwell Lab).

I also investigated the link between HMMR overexpression and tumorigenesis. Many
factors, such as lifestyle, diet, environments and other genetic variants, can contribute to the
penetrance of BRCAI mutant breast cancer (Howell ef al., 2014). Moreover, a polymorphism of
HMMR, 15299290, is linked to the risk of developing breast cancer in the presence of BRCAI
mutation (Pujana et al., 2007; Maxwell et al., 2011). Yet, the mechanism by which HMMR
affects the progression of tumorigenesis in BRCA/ mutants remains unclear. In previous chapters,
my findings demonstrated that elevated HMMR expression can lead to aberrant anaphase
blebbing and different daughter cell-size, resulting in chromosome mis-segregation and
micronuclei formation. Because genome instability increases the risk of tumorigenesis (Tubbs
and Nussenzweig, 2017), it is significant to examine if elevated HMMR expression also modifies
cell division integrity in a mouse model for hereditary BRCA/ mutant breast cancer.

My analysis of primary MECs isolated from BLG-Cre Trp53*" Brca ' HMMR™'™8 mice
showed a reduction in the cortical ARP2/3 complex, which is consistent with my findings in
vitro wherein the frequency of anaphase blebbing and daughter cell-size ratio were significantly
higher. Similarly, primary LPs isolated from BRCA [ mutation carriers presented with an elevated
blebbing frequency and daughter cell-size ratio with reduced cortical ARP2/3 localization,;
however, BRCA 1 mutation LPs with 1rs299290-C did not show a more pronounced effect. It is
important to note the degree of HMMR expression was only moderately increased in BRCA 1
mutation LPs and BLG-Cre Trp53*" Brcal”” HMMR"¥7¢ MECs, whereas the HMMR level was

about 1.7 times higher in GFP-HMMR expressing HeLa cells (Figure 3.1A).
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Caveats — The analysis of Drosophila neuroblasts in section 5.2.1 was retrospective. The
experiments were conducted by Dr. Marisa Connell in the past and the flies were no longer
available. Thus, the number of experiments was limited. Although more repeats of the
Drosophila experiment would be supportive to the conclusion, analysis of ex vivo Trp53*;
Brcal™'; HMMR™'™ MECs and LPs of BRCAI mutation carriers showed consistent blebbing
phenotypes.

For ex vivo analysis of human LPs, the number of donor samples was limited. It is
challenging to compare and draw conclusions for the difference between samples of BRCA1
mutation carriers with and without rs299290 SNP since only one sample was available with the
HMMR 15299290 SNP. Another caveat is the non-equal contribution of patient samples to the
dataset of BRCA 1 mutant cells. Due to limited number of mitotic cells obtained for
immunofluorescence analysis, the majority of mitotic cells analyzed in the BRCA I mutation
carrier group were from LPs with rs299290-C. The level of HMMR expression in mutants with
and without rs299290 SNP was challenging to compare because the presence of a BRCAI
mutation is documented to elevate the HMMR expression at the posttranslational level. It would
be beneficial to evaluate the effect of 15299290 on HMMR expression level without the BRCA [
mutation.

Although r$299290-C is a valine-to-alanine benign missense variant of HMMR, we
cannot rule out the possibility that this genetic variant may function with other trans-acting
variants (Cheung and Spielman, 2009). Trans-acting variants of a target gene are more difficult
to identify because no pattern of variant localization relative to the target gene was identified and
each trans-activating variant imposes smaller effects on the target gene (Cheung and Spielman,

2009). Thus, further investigation on this SNP is required to draw a final conclusion.
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Future studies — As mentioned in the previous section, the investigation of rs299290 SNP
independent of BRCA 1 mutation is significant to uncover the effect of this mutation on cell
division: whether it is sufficient to disrupt mitotic events or it aggravates mitotic phenotypes in
BRCAI mutation background. Therefore, I propose to further optimize the gene editing design to
obtain MCF10A cells with r$299290-C mutation. Many potential factors could contribute to the
low editing efficiency, for example, RNA stability and counterproductive secondary structure of
RNA (Nelson et al., 2021). In the last attempt of Prime editing with RNA delivery, I identified
an edited PAM site but no desired editing on the target site (Figure 5.8B). Although a
pseudoknot and MLH1dn were included to improve RNA stability, the target site was located at
the end of 3’RTT and therefore it is plausible that the target site on the RNA was degraded. For
future design, I propose to design a 3’RTT with a centred target site as well as a new ngRNA that
is more proximal to the target site, facilitating the editing on the opposite strand. Base editing is

also an alternative approach but the limited PAM sites around the target may still be a challenge.

Significance — In Chapter 5, my research showed that altered expression of HMMR in
primary cells in vivo and ex vivo dysregulates asymmetric membrane elongation and the cortical
localization of the ARP2/3 complex. I also found consistent results through my examination of
physiological levels of elevated HMMR expression, as documented in mammary cells isolated
from BRCA I mutation carriers with and without germline expression of HMMR 1s299290. I also
found that elevated HMMR expression correlates with the mis-localization of components of the

ARP2/3 complex, which potentially disrupts cortical stability during mitosis.
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Chapter 6: Discussion and conclusions

6.1 Summary and working models

The findings from my thesis provide insight into the molecular control of daughter cell
sizes following cell division. The focus of my study is HMMR, the hyaluronan-mediated motility
receptor, which is a microtubule-associated protein that regulates multiple pathways during
mitosis (Dunsch et al., 2012; Chen et al., 2014; Connell et al., 2017). HMMR was first
considered as an extracellular receptor for a glycosaminoglycan, hyaluronan, which induces cell
motility (Turley et al., 1987). However, later studies discovered intracellular roles of HMMR,
including interactions with the cytoskeleton (Assmann et al., 1998, 1999; Hofmann et al., 1998a),
spindle integrity (Maxwell et al., 2003, 2005), anastral spindle assembly (Groen et al., 2004;
Joukov et al., 2006) and regulation of several kinases that are critical for cell division (Chen et
al., 2014; Connell et al., 2017; Fulcher et al., 2019).

HMMR is critical for spindle orientation and positioning pathways, regulating cortical
proteins either directly or indirectly. During cell division, spindle position is regulated by two
main pathways: 1) cortical dynein pulling forces and 2) asymmetric membrane elongation
(Kiyomitsu, 2015). HMMR regulates cortical dynein by interacting with CHICA and DYNLL1
directly or through regulation of Ran-GTP and PLK1 activity at the spindle poles (Dunsch et al.,
2012; Chen et al., 2014; Connell et al., 2017).

Here, my findings indicate that a HMMR-mediated pathway can regulate cortical
stability to adjust the cellular boundary and daughter cell size during cell division (Figure 6.1A).
Ectopic overexpression of HMMR hyperactivates Aurora A leading to the abnormal recruitment
of the ARP2/3 complex away from the cortex and to the spindle; these results suggest that during

anaphase, HMMR promotion of Aurora A activity may recruit a small pool of nearby ARP2/3
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complex to the spindle poles, reducing cortical retention to potentially lower actin branching
efficiency and facilitate asymmetric membrane elongation and changes of cell shape (Figure
6.1B). This pathway may also be active when the mitotic spindle is off-centre during anaphase,
to enable membrane elongation or blebbing on one side of the cortex to correct the cellular

boundary of the eventual two daughter cells.

A

Normal HMMR-overepxression

- Higher p-Aurora A at centrosomes

Metaphase ARP2/3 complex - F_{an_-GTP at centrosomes and ectopically
(red) mitotic spindle
- Off-center and mis-oriented spindle
N

- Frequent membrane blebs

A h - Pronounced bleb size
naphase - Lagging or bridging chromosomes

- Loss of daughter cell-size control
Da:gll;ter @@ @@ - Micronucleus formation

Aurora A <— HMMR

ARP2/3 complex

Elongation

Figure 6.1 HMMR-mediated pathways that regulate anaphase asymmetric membrane

blebbing and daughter cell size.

A) Summary of results observed from HMMR-overexpressing models.

B) As cells enter anaphase, a pool of ARP2/3 complex concentrates at the spindle poles to
facilitate mitotic exit by altering cortex stability. When the mitotic spindle is displaced from
the centre, HMMR on the spindle pole proximal to the cell cortex recruits cortical ARP2/3
complex to the spindle pole, where ARP2/3 complex may be phosphorylated by active
Aurora A to inhibit its cortical retention.
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6.2 Optimal HMMR levels are required for correct asymmetric membrane elongation
during cell division

HMMR is involved in multiple pathways during mitosis and the maintenance of optimal
levels of HMMR is critical. For example, BRCA1/BARDI facilitates the degradation of HMMR
to regulate TPX2 concentration on the spindle poles (Joukov et al., 2006; Chen et al., 2014),
which is essential for activation of Aurora A and the recruitment of spindle assembly factors
(SAFs) (Wittmann et al., 2000). Both silencing and overexpression of HMMR leads to mitotic
spindle defects such as multipolar spindles and consequent chromosome mis-segregation (Chen
et al.,2014; He et al., 2020), which can result in genomic instability and tumorigenesis (Telmer
etal.,2011).

Optimal HMMR levels are also important for effective asymmetric membrane elongation
because the absence of HMMR in HMMR-silenced cells leads to constantly rotating and moving
spindles (Connell et al., 2017). These kinetic spindles may reduce the time needed for
asymmetric membrane blebbing to generate cytosolic flow in response to spindle proximity. On
the other hand, in GFP-HMMR-overexpressing HeLa cells, small protrusions occur in metaphase
to anaphase and the presence of pronounced bleb size both suggest reduced cortical-membrane
attachment strength (Roh-Johnson and Goldstein, 2009; Beckham et al., 2014).

Although non-apoptotic membrane blebbing has been reported to occur in mitotic cells in
different cell lines, very few studies provide mechanistic insight into membrane blebbing as a
mechanism to adjust the cellular boundary (Laster and Mackenzie, 1996; Boucrot and
Kirchhausen, 2007; Khajah and Lugmani, 2016). Membrane blebbing appears more frequently
from anaphase onset till cytokinesis compared to other mitotic phases as the amount of plasma

membrane also increases rapidly during this period to facilitate the generation of daughter cells
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(Boucrot and Kirchhausen, 2007). Here, my results suggest that the increased membrane
blebbing during anaphase and cytokinesis may be not only a rapid method to increase the surface
area of the cell, but also a regulated process that the position or direction of the blebs, the size of

the blebs and the timing of blebbing are tightly controlled.

6.3 HMMR may play a role in the crosstalk between filament systems during mitosis

HMMR regulates spindle orientation and position through control of cortical protein
localization during mitosis (Dunsch et al., 2012; Chen et al., 2014; Connell et al., 2017). HMMR
also affects spindle assembly and integrity through TPX2 and Aurora A, which regulate the
recruitment of spindle assembly factors and motor proteins that move along microtubules (Chen
et al., 2014, 2018). These findings address the effect of HMMR on microtubule regulation during
cell division. Here, my study sheds light on the link between HMMR and the actin network.

Although HMMR does not contain canonical actin-binding motifs, it shares similar
sequence and structures with tropomyosin, which stabilizes filamentous actin (Ayscough, 1998).
HMMR interacts with polymerized actin using standard in vitro binding assays (Assmann ef al.,
1999). Also, HMMR-regulated Aurora A plays a role in actin cytoskeleton organization by
phosphorylating actin-regulatory proteins (Berdnik and Knoblich, 2002; Hirota et al., 2003;
Wang et al., 2010; Ritchey et al., 2012; Moon and Matsuzaki, 2013; Zhao et al., 2019). In this
study, we identified a novel set of actin-binding proteins as potential binding partners of HMMR
during mitosis and I specifically focused on the ARP2/3 complex. Similar to other Aurora A
substrates that regulate actin, ARP2/3 complex may be phosphorylated by Aurora A at the
spindle pole to modify its actin branching ability. The ARP2/3 complex plays a role in

assembling spindle actin at the spindle and aberrant spindle actin is associated with impaired
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mitotic spindle formation, resulting in disorganized chromosome segregation (Plessner ef al.,
2019). This result is consistent with my observation of induced bridging and lagging
chromosomes during anaphase and cytokinesis in GFP-HMMR overexpressing cells. Also,
cytoskeletal structures change around the spindle poles as cells enter anaphase (Farina et al.,
2019). During anaphase, the intensity of microtubules decreases while actin filaments begin to
form around the centrosomes and this change of cytoskeletal structures in the cells may facilitate
mitotic exit (Farina et al., 2019).

The changes in the ARP2/3 complex localization at cortex and spindle in cells with
increased HMMR levels is associated with anaphase blebbing events, which are regulated by
actomyosin and cortical stability. HMMR interacts with both microtubules and actin filaments
and potentially regulates actin-regulating protein such as the ARP2/3 complex. Hence, HMMR

may contribute to this crosstalk between the two filament systems during mitosis.

6.4 Aberrant daughter cell-size related phenotypes associated with HMMR
overexpression might accelerate tumorigenesis

The effect of HMMR overexpression in vivo was examined in Drosophila neuroblasts
expressing human HMMR and in transgenic mouse mammary epithelial cells following Cre-
driven recombination events in situ and ex vivo. Consistent with the results I found in HeLa cells,
the abnormal expression of HMMR in Drosophila neuroblasts induced membrane blebbing
events that displayed greater bleb size compared with control. Nevertheless, the expression of
HMMR, or GFP-HMMR, in neuroblasts did not result in gross abnormal phenotypes in these
flies. Ectopic expression of HMMR in mouse mammary epithelial cells, however, did have a

pronounced effect on Brcal-related tumorigenesis (Mateo, He, Mei et al., 2022).
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HMMR expression is linked to progression of disease and decreased survival rate in
different cancers (Wang et al., 1998; Yamada et al., 1999; Li et al., 2000; Rein et al., 2003; Gust
et al., 2009; Shigeishi ef al., 2014) and is considered as a sign for poor prognosis (Hall et al.,
1995; Akiyama et al., 2001; Zlobec and Lugli, 2008; Gust et al., 2009; Ishigami et al., 2011).
HMMR is a breast cancer susceptibility gene (Pujana et al., 2007), and haplotypes associated
with either elevated HMMR expression or reduced HMMR expression both correlate with
elevated risk for developing breast cancer in BRCA [ mutation carriers (Pujana et al., 2007).
However, it was unclear how HMMR might play a role in tumorigenesis of BRCA 1-associated
cancers.

I found that abnormal blebbing during anaphase in HMMR-overexpressing cells was
associated with bridging and lagging chromosomes, resulting in the formation of micronuclei. In
the Blg-Cre; HMMR™'"8; Brcal’’; Trp53*- mouse model, we detected an increased number of
cells with micronuclei, which was associated with activated cGAS-STING pathway and non-
canonical NF- kB to recruit tumor-associated macrophages (TAMs) (Mateo, He, Mei et al.,
2022). Premalignant Blg-Cre; HMMR™¢"8; Brcal”’; Trp53*- mouse tissue showed a higher level
of CD45-positive cells as well as cells that express TAM markers, including CD68, F4/80, and
VCAMI1 (Mateo, He, Mei et al., 2022). Collectively, these results suggest that HMMR
overexpression induces mitotic instability that aggravates pro-tumorigenic processes, resulting in
greater tumorigenesis in mammary tissues.

Our recent study focussed on the proinflammatory signals induced by mitotic instability
in HMMR-overexpressing cells (Mateo, He, Mei ef al., 2022). In addition, I found a dramatic
effect on daughter cell sizes. Similarly, Mu et al. found heterogenous cell sizes in a carcinoma

cell-line with the smaller cells being more prone to metastasis (Mu et al., 2017). As well, the
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smaller colorectal cancer cells show higher levels of YAP1 which controls cell size and growth
(Tumaneng et al., 2012; Mu et al., 2017). Finally, different level of cytoplasmic content can
affect cell behaviour (Kiyomitsu, 2015). Thus, the loss of daughter cell size control, induced via

elevated expression of HMMR, may also augment tumorigenesis.

6.5 HMMR is a centrosome protein rather than an extracellular receptor

HMMR is a controversial protein due to its potential intracellular and extracellular
functions. As mentioned in the introduction, HMMR was first identified from murine cells as
part of a hyaluronan receptor complex (Hardwick et al., 1992). However, early studies used
reagents that identified proteins smaller than full-length HMMR (Hofmann et al., 1998a). Later
studies identified full-length HMMR and the gene product was intracellular; thus, it was also
named IHABP (Hofmann et al., 1998b; Fieber et al., 1999). In this thesis, my research focuses
on the role of HMMR during cell division, when HMMR expression is elevated (Sohr and
Engeland, 2008; Ly et al., 2017).

To examine the correlation between HMMR and cell proliferation across different non-
cancerous tissues, I compared expression level of HMMR and a set of proliferation markers,
including PCNA, Ki67 and MCM2 (Whitfield et al., 2006). I re-analysed data from NCBI GEO
public database that is processed by Gene Expression database of Normal and Tumour tissues 2
(GENT2) (Park et al., 2019) to examine the trend between the expression level of HMMR and
the proliferation markers (Figure 6.2A). I observed a modest association between elevated
expression of HMMR and proliferation markers. Individual tissue sample analysis also showed
positive correlation between HMMR and the proliferation markers except MCM2 in bladder and

PCNA in adipose, adrenal gland, bladder, pharynx and prostate (Figure 6.2B). In addition,
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similar analysis from RNA-seq data collected by the Genotype-Tissue Expression (GTEx)
project across normal tissues and the data was first processed by Expression atlas, as described
(Papatheodorou et al., 2018). Gene expression data from RNA-seq also suggests a correlation
between HMMR and the selected proliferation markers in tissues with HMMR expression >1
TPM (Figure 6.2C). Although HMMR expression level varies in some tissue types between the
two datasets, higher expression of HMMR and proliferation markers in testis are consistent.

In addition to the correlation with proliferation markers, I also extracted data for a set of
mitotic markers (TPX2, AURKA, CCNBI, PLK1, BUBI) which show high expression during
cell division (Whitfield et al., 2002) and I repeated the analysis as described for Figure 6.2.
Compare to data of proliferation markers, gene expression of mitotic markers shows a higher
correlation with higher HMMR expression (Figure 6.3A) with positive correlation across most
tissue types (Figure 6.3B) in both datasets (Figure 6.3C). This gene expression analysis

emphasizes the role of HMMR in proliferation and cell division in human tissues.

165



PCNA
Ki67
MCM2

HMMR expression

Expression of proliferation markers

15+
1.04

) - 2 ! =P
&v@ g 1 \ew,@
° - C— |-«
&,ms % H B [— o2,
o0 -6, e, g & %,
% g [— A
oo RS owv gl [ % %,
C = -
a8 - %0 K4 g€ | &, %
7 5 ¥ % A
-5 % H E [E—] 7 N
0 [— A AR
' i Q@ —TIr NO\MV .\Nowowe
[ - 0, LI %7 %%,
S, e, %Y
9 | %%, — RN
O [— % S A
% %, , 57 %, %
Y, %, <, - 0T, Y,
® " %% % %, T,
%% © 4 O AN
- [ 9% o _”é,&wxw&@ e
< " %%, X = SleTidel =
. DA e,
7 D g - 9y 0
= o, ] B oro\\m,o.%@e
L % ) Z w050,
& | .*ﬁ. © T Mw\v\o \«waom.e
sv,o«,\ s = ew\oe @Qeoo
L ~+, % = L o2 % %,
KA ° oM g
. 5 5 - s, 7,
> e - Q\Gm. @ — W\oov 7% e
LY - A\OA\Q > - eoo\
6. %
S 14 L £,
e - &%, s NS
oo ovoo = _H 50578 o%* 4
L ACHAD
> < v = B \%\MMO\W&M\
" 5,0 = T,
o ) - (06 60 B 000.4\0 o.\\«\»o
579, = 205%, "%,
ceo B 0\\\0 _I 9«\0\ \%0 Che
> & L 9O I«owwooq %,
4 _ %% % ®
) |.000.\ .H \..u.o.w\o‘%oo
- ” | %, N &voo&o&oe
&7 e,
<, @\ = Yo S 0%
o> - o % L %%
%067 S X%
@ [ ] ™ b@@& h,nmvwo %0 Qo.. 60%%\
0,
N " i @o\o,\o MM@M 3 owww
L % N
e oe .\06@«\&.\0 %.M\omoomv@\ oeowe
- o Y 2, i
> — XA T T T T 1 aozw‘o,‘véo “,
IR 8 8 8 B ° %y %
L] = < by & ~N - - o..\»WM\\ev s
)
anjeA uone|aii0) (INdL) uoniw sad syduosues) %,

o

166

Expression of proliferation markers



Figure 6.2 Correlation between HMMR and proliferation markers across different normal
human tissues.

A) Gene expression of proliferation markers including PCNA, Ki67 and MCM2 across normal

B)

human tissues. Expression data was generated by U133Plus2 microarray platform from
NCBI GEO database and the data is further processed with the MASS5 algorithm, as
described (Park et al., 2019). Mean expression of the three proliferation markers in each
tissue type was calculated respectively and plotted for each tissue type. Expression level of
HMMR is categorized and colour-coded.

Correlation value between HMMR and each proliferation markers (PCNA, Ki67, MCM2)
across normal human tissues. Expression data was generated by U133Plus2 microarray
platform from NCBI GEO database and the data is further processed with the MASS
algorithm, as described (Park et al., 2019).

C) Gene expression of proliferation markers including PCNA, Ki67 and MCM2 across normal

human tissues. Tissue-specific gene expression data was generated by RNA-seq from 52
human tissue samples from the Genotype-Tissue Expression (GTEx) project and expression
values as TPM for each sample was calculated by Expression atlas, as described
(Papatheodorou et al., 2018). Expression level shown in transcripts per million (TPM).
Expression level of HMMR is categorized and colour-coded.
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Figure 6.3 Correlation between HMMR and mitotic markers across different normal
human tissues.

A) Gene expression of mitotic markers including TPX2, AURKA, CCNB1, PLK1 and BUBI1
across normal human tissues. Expression data was generated by U133Plus2 microarray
platform from NCBI GEO database and the data is further processed with the MAS5
algorithm, as described (Park et al., 2019). Mean expression of the three proliferation
markers in each tissue type was calculated respectively and plotted for each tissue type.
Expression level of HMMR is categorized and colour-coded.

B) Correlation value between HMMR and each mitotic marker (TPX2, AURKA, CCNBI,
PLK1, BUBI) across normal human tissues. Expression data was generated by U133Plus2
microarray platform from NCBI GEO database and the data is further processed with the
MASS algorithm, as described (Park et al., 2019).

C) Gene expression of mitotic markers including TPX2, AURKA, CCNBI, PLK1 and BUBI
across normal human tissues. Tissue-specific gene expression data was generated by RNA-
seq from 52 human tissue samples from the Genotype-Tissue Expression (GTEx) project and
expression values as TPM for each sample was calculated by Expression atlas, as described
(Papatheodorou et al., 2018). Expression level shown in transcripts per million (TPM).
Expression level of HMMR is categorized and colour-coded.

6.6 Limitations in the scope of this thesis

In my thesis, I propose an HMMR-mediated pathway that regulates daughter cell-size
ratio by modifying localization of ARP2/3 complex through Aurora A. It is worth discussing that
HMMR also regulates other pathways that contribute to spindle positioning and potentially
cortical actomyosin localization simultaneously during cell division.

First, HMMR regulates Ran-GTP localization to the centrosomes in a PLK 1-dependent
manner (Connell et al., 2017). Chromosome-derived Ran-GTP strips off cortical anillin locally
when spindles approach to one side of the cortex and thus induces asymmetric membrane
elongation (Kiyomitsu and Cheeseman, 2013). In GFP-HMMR-overexpressing HeLa cells, Ran
localizes to the mitotic spindles ectopically along with loss of cortical NuMA localization, which
phenocopied results observed in cells expressing constitutively active Ran (Connell et al., 2017).
Although HMMR is not essential for Ran localization at chromosomes which removes cortical

NuMA and dynein at midzone during anaphase, I cannot exclude a potential effect on cortical
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actomyosin from ectopic Ran localized at centrosomes in GFP-HMMR overexpressing cells
(Kiyomitsu and Cheeseman, 2012; Connell et al., 2017).

Second, I propose that the HMMR-Aurora A-ARP2/3 complex axis regulates cortical
stability or actin structure that potentially leads to pronounced membrane blebbing phenotypes in
anaphase. It is important to keep in mind that Aurora A interacts with several other actin related
proteins which may also affect cortical stability (Berdnik and Knoblich, 2002; Hirota et al., 2003;
Wang et al., 2010; Ritchey et al., 2012; Moon and Matsuzaki, 2013; Chen et al., 2014; Zhao et
al., 2019).

Third, HMMR modifies multiple proteins that regulate spindle positioning and
orientation, including Aurora A (Chen et al., 2014), PLK1 (Nousiainen ef al., 2006; Chen et al.,
2014), CKla (Fulcher et al., 2019), and CHICA-DYNLL1 (Dunsch et al., 2012). As a result,
overexpression of HMMR leads to a rotating spindle and can recruit proteins to the centrosomes,
spindle and chromosomes in close proximity to the cortex randomly. For example, PP1 at the
kinetochore dephosphorylates erzin/radixin/moesin proteins as the chromosomes are close to the
polar cortex, inducing clearing of cortical actin (Rodrigues et al., 2015). These pathways may
also contribute to the regulation of cortical actin and thus affecting membrane blebbing events.
Therefore, multiple pathways may contribute to asymmetric membrane blebbing or cortical
stiffness regulation simultaneously during anaphase, and the relative contribution of the proposed

HMMR-Aurora A-ARP2/3 complex pathway, warrants further study.
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6.7 Suggested future studies

6.7.1 How are actin and microtubule structures changing during cell division in HMMR
overexpressing cells?

In this thesis, I propose that cortical instability is associated with mis-localization of
ARP2/3 complex. However, I have not yet examined the effect of HMMR overexpression or
ARP2/3 complex localization on the cytoskeleton during cell division.

The actin cytoskeleton is critical for the regulation of mitotic cell shape and cortical
tension (Chugh et al., 2017). Compared to interphase cells, mitotic cells show lower cortical
thickness and higher cortical tension (Chugh et al., 2017). Although many studies focus on the
role of myosin on cortical tension, mechanical changes by modification of actin filaments also
contribute to cortical stability (Taubenberger et al., 2020). For example, an amorphous cluster of
actin filaments revolves along the cell cortex from prometaphase to anaphase and fuses into the
contractile ring (Mitsushima et al., 2010). This revolving cloud of actin structures depends on
rapid depolymerization and polymerization along the cell cortex and the ARP2/3 complex is
essential for the formation and movement of the actin cluster (Mitsushima et al., 2010).

I found that cortical ARPC2 was reduced in GFP-HMMR overexpressing cells that had
increased blebbing frequency. Therefore, I hypothesize that GFP-HMMR overexpressing cells
may display aberrant cortex thickness and disrupted revolving actin clusters. Indeed, the
distribution of the actin network was abnormal in GFP-HMMR overexpressing tet-on HeLa cells
(Figure 3.6). In these cells, reduced cortical ARP2/3 complex may affect actin turnover and
structure, thus altering cortex integrity (Charras et al., 2005). To test this, atomic force
microscopy can be used to measure cortical tension and I expect a decrease of membrane tension

in GFP-HMMR overexpressing cells compare to parental and non-induced HeLa (-dox) cells. In
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addition, live cell imaging using Life-Act to visualize actin filaments, or by expressing GFP-
Utrch that binds to actin filaments, can detect the revolving actin cluster in parental and HMMR
overexpressing cells. Finally, the decoupling of the cortex and membrane promotes blebbing
(Beckham et al., 2014), and I would evaluate cortex-membrane coupling through localization of
myosin regulatory light-chain and the PH domain of phospholipase C (PLC), respectively. In
GFP-HMMR overexpressing cells, I expect to observe reduced co-localization of the cell cortex
and membrane.

The actin and microtubule cytoskeletons influence each other during cell division (Farina
et al.,2019). As mentioned in section 6.3, a decrease in microtubule density around centrosomes
correlates with an increase in ARP2/3 complex when cells enter anaphase (Farina et al., 2019).
Inhibition of the ARP2/3 complex reduces spindle actin assembly and results in mitotic defects,
such as chromosome mis-segregation, promoting micronuclei formation (Plessner et al., 2019).
Since I found that a pool of ARP2/3 complex was prematurely accumulating around the spindle
poles prior to anaphase, I would examine actin and microtubule density around centrosomes
from prometaphase to anaphase. An elevated level of ARP2/3 complex concentrated at the
mitotic spindle, instead of inhibition or depletion, may also disrupt astral spindle assembly of
microtubules and feed into the pronounced spindle rotation phenotypes I observed during mitosis

in GFP-HMMR overexpressing tet-on HeLa cells.

6.7.2 How is the ARP2/3 complex recruited to the spindle poles?
In this study, I found that HMMR overexpression reduced the cortical localization of
ARP2/3 complex during mitosis and that this effect was reversible through the inhibition of

Aurora A. Accumulation of the ARP2/3 complex at the spindle poles, which normally occurs as
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cells enter anaphase (Farina et al., 2019), and the activity of Aurora A (Thr288) were both
increased in GFP-HMMR-overexpressing cells. Consistently, GFP-AURKA expressing cells
showed similar but relatively muted alterations to ARPC2 and downstream events; in fact, GFP-
AURKA expressing cells did not result in higher p-Aurora A measured at spindle poles. It is
possible that TPX2 might be the limiting factor in this pathway; that is, overexpression of
HMMR may activate Aurora A more efficiently through the correct localization of TPX2,
whereas overexpression of GFP-AURKA may require additional localization of TPX2 for
optimal activation. To test this, we can transduce HeLa cells with lentivirus plasmid expressing
GFP-TPX2 and determine if p-Aurora A level at centrosomes is elevated as observed in GFP-
HMMR overexpressing cells. To investigate the movement of ARP2/3 complex in living cells,
wild-type ARP2/3 components fused to RFP could be imaged in the corresponding component-
depleted cells while inducing GFP-HMMR or GFP-TPX2 expression. Moreover, I suggest to use
AdPROM to rescue the potential phenotypes in GFP-TPX2 overexpressing cells.

The mechanism by which active Aurora A promotes the spindle pole localization of
ARPC?2 is not known. Multiple potential S/T phosphorylation sites in components of the ARP2/3
complex were identified in Chapter 4. Among the seven subunits, I would focus future
experiments on examining the phosphorylation sites of ARP3, ARPC2 and ARPC1B. ARP3 is
highlighted in the IP-MS data analysis in section 3.2.8. Aurora A phosphorylates Thr21 of
ARPCI1B (Molli et al., 2010). To study the effect of Thr21 phosphorylation on ARP2/3 complex
localization, I would generate phosphomimetic mutants of the subunits separately or in
combination by mutating serine and threonine to aspartic acid and glutamic acid in HeLa cells

(Chen and Cole, 2015). In this case, we can track the localization of ARP2/3 complex using live
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cell imaging or immunofluorescence and determine if phosphorylation of these components

would resemble the results in GFP-HMMR overexpressing cells.

6.7.3 How does HMMR rs299290 affect cell division?

In Chapter 5, I examined luminal progenitor cells isolated from BRCA mutation carriers
and evaluated the mitotic phenotypes relevant to daughter cell size control. Among the three
BRCAI mutation carriers, the luminal progenitor cells from a carrier with HMMR 15299290
expressed elevated levels of HMMR compared to control groups. Due to the limited number of
mitotic cells from the other carrier samples, it remained unclear if BRCA 1 mutated cells with
HMMR 15299290 expressed a higher level of HMMR than other BRCA 1 mutant cells. Moreover,
the exclusive effect of HMMR 15299290 without BRCA I mutation is unknown. We are still not
sure yet to what degree HMMR 15299290 solely can affect cell division process.

To investigate this, I intended to generate rs299290 T>C substitution using gene editing
methods, including CRISPR-Cas9, Prime editing, PRIME-Del and Prime editing with mRNA
delivery. Due to sequence complexity for efficient gene editing, we are still in the process of
optimizing editing design and method. Once clonal MCF10A cells with rs299290 SNP are
generated, [ propose to examine the HMMR expression level in order to determine if rs299290
SNP without BRCA1 mutation can lead to elevated HMMR level. Next, [ would investigate
whether HMMR 1299290 affects daughter cell-size relevant phenotypes, including spindle
position, anaphase blebbing frequency, bleb size and ARP2/3 complex localization.

HMMR 15299290 is an eQTL for HMMR and a missense valine-to-alanine change (amino
acid 368), which falls within the defined CHICA binding region (amino acid 365-546) (Maxwell

et al.,2011; Dunsch et al., 2012). HMMR interacts with CHICA and forms a complex with
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DYNLLT1 to regulate cortical dynein localization (Dunsch et al., 2012). I hypothesize the
rs299290 T>C substitution may attenuate the interaction between HMMR and CHICA and, thus,
lower the level of DYNLLI on the spindles. As a result, cortical localization of dynein may not
be regulated in response to spindle position, which may cause more frequent membrane blebbing
in order to correct the daughter cell-size ratio. I propose to investigate the interaction between
15299290 T>C HMMR and CHICA by performing reciprocal immunoprecipitation and
evaluating the localization of cortical dynein, using DHC-GFP, with respect to spindle position.
Together, these studies will determine whether HMMR 1s299290 increases the absolute
expression of HMMR and alters the critical HMMR-CHICA interaction, which is needed to

control intrinsic spindle positioning pathways.

6.8 Final remarks

This study identified a HMMR-Aurora A kinase mediated pathway that affects the
localization of ARPC2 and induces abnormal asymmetric membrane elongation events. This
molecular axis may be critical for the normal regulation of daughter cell sizes through rapid
membrane blebbing during anaphase. This pathway was identified through the in vitro study of
immortal cancer cells but was also found to influence membrane blebbing events in Drosophila
neuroblasts, transgenic mouse models, and primary samples isolated from BRCA I mutation

carriers.
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