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ABSTRACT  

 Kaposin B (KapB) is a viral protein that induces the formation of actin stress 
fibres (SFs) and promotes stabilization of inflammatory and angiogenic mRNAs by 
disassembling processing bodies (PBs). PBs are ribonucleoprotein granules that control 
mRNA post-transcriptional expression. The canonical cytoskeletal regulatory GTPase, 
RhoA, is required for both KapB-mediated phenotypes – the formation of SFs and PB 
disassembly. I investigated signalling controlling SF formation, bundling and contractility 
in the mechanism of KapB-induced PB disassembly. Knockdown of RhoA-effectors 
known to coordinate SF formation restored PBs in KapB-expressing cells. Inhibition of 
actomyosin contractility also restored PBs, while inducing contraction disassembled PBs. 
Since SFs mediate mechanotransduction, YAP was investigated and shown to mediate PB 
disassembly in the context of KapB and other mechanical forces, including shear stress. 
Using a viral protein, my research identified and dissected a novel mechanoresponsive 
pathway controlling PB turnover and the concomitant stability of inflammatory and 
angiogenic transcripts.  
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CHAPTER 1: INTRODUCTION 

1.1 Kaposi’s Sarcoma (KS) 

Kaposi’s sarcoma (KS) is a highly proliferative and inflammatory endothelial cell 

neoplasm that commonly occurs in immunosuppressed individuals (reviewed in Mesri, 

Cesarman, and Boshoff (2010) and Antman and Chang (2000)). It was first described in 

1872 by Moritz Kaposi as “idiopathic multipigmented sarcomas of the skin” of unknown 

cause in men of Mediterranean descent (Braun 1982). Originally, this disease was thought 

to be restricted to populations in the Mediterranean and Sub-Saharan Africa; however, 

this changed at the end of the 20th century, which saw an epidemic of acquired 

immunodeficiency syndrome (AIDS)-associated KS (Friedman-Kien 1981; Cook-

Mozaffari et al. 1998). This precipitated the search for and eventual discovery of Kaposi’s 

sarcoma-associated herpesvirus (KSHV), or human herpesvirus-8 (HHV-8), in 1994 

(Chang et al. 1994). KSHV is now recognized as the etiologic cause of KS, and is 

associated with two other B-cell lymphoproliferative disorders: multicentric Castleman’s 

disease and primary effusion lymphoma (Chang et al. 1994; Cesarman et al. 1995; Soulier 

et al. 1995).  

The seroprevalence of KSHV varies geographically, with seropositivity at >50% 

in Africa, between 10-25% in the Mediterranean and <10% in non-endemic areas in Asia, 

Europe and North America (Minhas and Wood 2014; Yan et al. 2019). Transmission of 

KSHV has been confirmed to occur through saliva and blood routes (Boldogh et al. 1996; 

Hladik et al. 2006); however, sexual transmission of KSHV is still debated (Yan et al. 

2019). The disease state of KS is classified into four main forms (Mesri, Cesarman, and 

Boshoff 2010): (1) classical KS, which primarily affects men of Mediterranean and 

Eastern European descent, (2) endemic KS, which occurs in Eastern and Central African 

populations, (3) AIDS-associated KS, which is related to immune suppression from 

human-immunodeficiency virus (HIV) infection, and (4) iatrogenic KS, which is 

associated with immune suppression related to transplantation. KS lesions present as 

patches, plaques, nodules or tumours, depending on the disease stage (Mesri, Cesarman, 

and Boshoff 2010). In the context of immunosuppression, these lesions can progress into 

disseminated KS in the skin, lymph nodes and visceral organs, which is associated with 

high morbidity and mortality (Mesri, Cesarman, and Boshoff 2010). The cells in these 
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lesions are highly-proliferative, elongated cells of endothelial origin that are infected with 

KSHV. These cells, known as spindle cells, form aberrant, slit-like blood vessels that leak 

red blood cells and hemosiderin, giving the lesions a characteristic red-purple colour 

(Mesri, Cesarman, and Boshoff 2010). Within the lesion, there is a high amount of 

inflammatory infiltrate, with elevated levels of cytokines, including interleukin-6 (IL-6) 

and interferon-gamma (IFNg) (Mesri 1999).  

 The advent of highly-active antiretroviral therapy to treat HIV infection has 

significantly reduced the occurrence of AIDS-related KS in resource-rich countries 

(Semeere, Busakhala, and Martin 2012). However, KSHV is still a major public health 

concern in Sub-Saharan Africa (Mosam, Aboobaker, and Shaik 2010), and there is 

continued occurrence of classical and iatrogenic KS (Jakob et al. 2011). Further 

understanding of the viral mechanisms that induce oncogenesis is essential to limit the 

health impact of KSHV. Furthermore, understanding the molecular mechanisms by which 

the virus promotes the aberrant proliferation, as well as high levels of inflammation and 

angiogenesis in infected individuals, will progress our foundational understanding of the 

cellular systems that respond to and control these disease-associated phenotypes. KSHV 

provides a unique and useful tool to understand the basal cell regulation of inflammation 

and angiogenesis. 

 

1.2 Kaposi’s Sarcoma-Associated Herpesvirus (KSHV) 

KSHV is a g-herpesvirus with a linear dsDNA genome that is approximately 165 

kb and encodes more than 70 open-reading frames and several non-coding RNAs (Russo 

et al. 1996; Arias et al. 2014). The viral capsid is icosahedral, and is made up of a 

complex arrangement of hexamers and pentamers of the capsid protein (Trus et al. 2002). 

The capsid is enveloped by a cell-derived membrane, which contains the viral 

glycoproteins needed for viral attachment and entry during infection of a cell (Kumar and 

Chandran 2016). Between the capsid and the envelope, there is a layer of tegument, which 

contains both host and viral proteins that are important for virion structure as well as 

entry, trafficking and egress (Sathish, Wang, and Yuan 2012). KSHV encodes a diverse 

variety of genes, including virally-encoded cytokines, host-subversion factors, replication 

machinery and structural genes (Arias et al. 2014). Through tight regulation of the genes 
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across the viral lifecycle, KSHV establishes an environment that promotes viral 

propagation, as well as tumour formation.  

KSHV is able to infect both endothelial cells and lymphocytes, and establishes 

either a lytic or latent infection (Ambroziak et al. 1995; Boshoff et al. 1995). Briefly, the 

virus interacts with the cell through initial attachment of several KSHV glycoproteins to 

heparin sulfate (viral entry reviewed in Kumar and Chandran 2016). Following 

attachment, the interaction of KSHV glycoprotein B with α3β1, αVβ3 and αVβ5 

integrins mediates entry through clathrin-mediated endocytosis or macropinocytosis. The 

membrane of KSHV fuses with the endosomal membrane, releasing the capsid and 

tegument proteins into the cytoplasm, where the capsid traffics along microtubules using 

dynein motors to the nucleus. The viral DNA is then delivered through the nuclear pore 

into the nucleus where the virus will establish either the lytic lifecycle or latency (Kumar 

and Chandran 2016).  

The lytic lifecycle is characterized by expression of most or all of the KSHV 

genes, replication of the viral DNA, assembly of nascent viral particles and viral egress 

involving budding through the nuclear and plasma membrane (Aneja and Yuan 2017). 

The lytic cycle is essential for lesion formation through the promotion of high levels of 

inflammatory and angiogenic mediators, as well as the production of new virions, which 

are then released to infect other cells (Mesri, Cesarman, and Boshoff 2010). However, 

these cells will lyse following lytic reactivation, so cannot make up the mass of a KS-

associated tumour (Mesri, Cesarman, and Boshoff 2010). Accordingly, over 90% of a KS 

lesion is made up of cells latently infected with KSHV (Dupin et al. 2002).  

 

1.2.1 KSHV Latency  

The latent lifecycle of KSHV is characterized by attachment of the viral genome 

to the host chromatin as a circular episome and minimal expression of viral genes 

(reviewed in Purushothaman et al. 2016). The attachment of the viral genome to that of 

the host enables passive replication alongside the host DNA during cell division. The 

genes expressed during latency promote the principal characteristics of the KS lesion: 

inflammation, angiogenesis, proliferation and spindling. The latency locus of the KS 

genome encodes latency-associated nuclear antigen (LANA), vCyclin, viral FLICE-
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inhibitory protein (vFLIP), the Kaposins, as well as a number of different microRNAs 

(Purushothaman et al. 2016). LANA is responsible for binding the viral DNA to the host 

chromatin and plays multiple roles in promoting cell proliferation, inhibition of apoptosis 

and suppression of lytic reactivation (reviewed in Uppal et al. 2014). vCyclin modulates 

the cell cycle, promoting cell proliferation (Van Dross et al. 2005). vFLIP activates 

NFkB, promoting cell survival and expression of pro-inflammatory cytokines (Field et al. 

2003; Efklidou et al. 2008).  The 12 microRNA loci within the KSHV latency locus can 

be processed into 18 mature microRNAs, which can regulate various cellular factors, 

including NFkB, and can inhibit lytic reactivation (Purushothaman et al. 2016).   

The Kaposin locus encodes three different proteins, Kaposin A, B and C, in a 

complex, overlapping reading frame that can initiate translation at several sites (Sadler et 

al. 1999). The transcript is expressed at high levels in the KS lesion, implying these 

proteins or the transcript itself play an important role for the virus (Sadler et al. 1999). 

The locus is composed of two regions of 23 base-pair, GC-rich direct repeats (DR1 and 

DR2) upstream of the K12 open-reading frame (ORF). Kaposin A (KapA) is translated 

from a canonical AUG start codon and consists solely of the K12 region, which encodes a 

transmembrane domain (Sadler et al. 1999; Kliche et al. 2001). KapA is proposed to 

dysregulate cytohesin-1, a cell adhesion regulator, to induce cell transformation 

(Muralidhar et al. 1998; Kliche et al. 2001). Kaposin C (KapC) is in the same reading 

frame as KapA but initiates upstream at a CUG translation initiation site, encoding both 

the DR1 and DR2 repeats as well as the K12 ORF (Sadler et al. 1999). Currently, there is 

no known function attributed to KapC. Finally, Kaposin B (KapB) is encoded in a 

different reading frame from KapA and C and initiates from a CUG or GUG translation 

start codon. The KapB transcript includes the DR1 and DR2 repeats but not the K12 ORF. 

KapB is the focus of this study and its function is discussed in detail below. 

 

1.3 Kaposin B (KapB) 

 Though the precise role of KapB in the context of viral infection is not yet clear, 

overexpression models have shown that it is able to induce endothelial cell spindling, 

increase cell migration, promote endothelial reprogramming and contribute to the KS 

inflammatory and angiogenic environment (McCormick and Ganem 2005; Corcoran, 
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Johnston, and McCormick 2015; King 2013; Wu et al. 2011). KapB expression induces 

spindling of endothelial cells through the formation of actin stress fibres (SFs, discussed 

in more detail below) (Corcoran, Johnston, and McCormick 2015). This modulation of 

the cytoskeleton promotes cell motility (Corcoran, Johnston, and McCormick 2015). 

Additionally, KapB also inhibits the expression of cellular microRNAs (mi221 and 

mi222) that supress cell motility, thereby promoting migration (Wu et al. 2011). Notably, 

promotion of endothelial cell migration contributes to angiogenesis (Lamalice, Le Boeuf, 

and Huot 2007).  

 KapB also promotes alterations to endothelial cell fate through upregulation of 

PROX1 mRNA, encoding a transcription factor involved in endothelial cell 

reprogramming (Yoo et al. 2010). PROX1 controls expression of genes that promote a 

lymphatic endothelial cell phenotype, rather than a blood endothelial cell phenotype 

(Hong et al. 2002). KapB-mediated stabilization of PROX1 promotes the development of 

an intermediate EC phenotype – a feature of KS lesions, of which the significance is not 

clear.  

 KapB also contributes to the inflammatory and angiogenic environment in KS by 

upregulating transcription of and stabilizing inflammatory and angiogenic mRNAs. KapB 

promotes phosphorylation and activation of signal transducer and activator of 

transcription 3 (STAT3), which transcriptionally activates genes that promote pro-

oncogenic, inflammatory and angiogenic environments (King 2013; Bakheet, Hitti, and 

Khabar 2017; Yu, Pardoll, and Jove 2009). KapB also promotes inflammation by 

mediating the disassembly of cytoplasmic RNA granules called processing bodies (PBs, 

discussed in more detail below), important sites of cytokine mRNA decay (Corcoran, 

Johnston, and McCormick 2015; McCormick and Ganem 2005). This increases mRNA 

stability, which corresponds to increased transcript abundance and protein levels of 

certain cytokines, including granulocyte-macrophage colony-stimulating factor (GM-

CSF) and interleukin (IL-6) (Corcoran, Johnston, and McCormick 2015; McCormick and 

Ganem 2005). PB disassembly is observed during KSHV latent infection (Corcoran, 

Johnston, and McCormick 2015). 
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1.4 Processing Bodies (PBs) 

PBs are non-membranous ribonucleoprotein (RNP) granules that act as sites of 

post-transcriptional RNA regulation. They were initially identified as cytoplasmic puncta 

in 1997 when characterizing the exoribonuclease, Xrn-1, in mice (Bashkirov et al. 1997). 

Subsequent studies identified additional proteins that localize to PBs, including the 

mRNA decapping factors, DCP1 and DCP2, and decapping coactivators, Lsm1-7 and 

Hedls (Ingelfinger et al. 2002; Van Dijk et al. 2002). The study of PBs over the last 15 

years has revealed many associated proteins that function in various mechanisms of RNA 

regulation, reviewed in Parker and Sheth 2007, Luo, Na, and Slavoff 2018; and 

Hubstenberger et al. 2017. In mammalian cells, PBs are constitutively present in the 

cytoplasm of cells and are highly dynamic; they are commonly observed to change in 

size, number and composition in response to various stimuli, including cell cycle status 

and cellular stressors, such as starvation, ultraviolet light or osmotic stress (Yu et al. 

2005; Yang et al. 2004; Teixeira et al. 2005).  

 

1.4.1 Structure of PBs 

As an RNP granule, the structural integrity of the PB is dependent on the presence 

of both proteins and RNA. The proteins required for PB integrity include, but are not 

limited to the decapping cofactor human enhancer of decapping large subunit (Hedls, also 

known as EDC4) (Yu et al. 2005), and the RNA helicase DDX6/rck (Chu and Rana 2006; 

Coller and Parker 2005), as knockdown of these proteins leads to a loss of PBs in cells. 

Conversely, knockdown of proteins such as the exonuclease Xrn1 (Cougot, Babajko, and 

Séraphin 2004) and decapping protein DCP1 (Sheth and Parker 2003) lead to increased 

numbers of PBs, likely due to mRNA accumulation in the cytoplasm. RNA is also 

required for PB integrity, mediated through both RNA-protein and RNA-RNA 

interactions (Teixeira et al. 2005; Van Treeck and Parker 2018).  

Within PBs, the exact localization of individual proteins has not been well-

described. From electron microscopy studies, PBs are described to contain a subset of 

resident proteins that act as a core, including DCP1a and certain proteins that localize 

mostly to the periphery and act as a shell, including DDX6 (Cougot et al. 2012). RNA 

localization within the PB is dependent on the function of the RNA (Pitchiaya et al. 
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2019): PB-targeted microRNAs (miRNAs) and mRNAs are more likely to be found 

within the center of PBs, while PB-targeted long non-coding RNAs (lncRNAs) primarily 

localize to the periphery (Pitchiaya et al. 2019).  Since the size of PBs, ranging from 150 

to 340 nm (Cougot et al. 2012), is near to the limit of resolution of conventional light 

microscopy, the increased use of super resolution techniques will improve our 

understanding of the ultrastructure of PBs. 

 

1.4.2 Function of PBs 

  PBs are involved in the processes of RNA surveillance, RNA interference and 

mRNA decay (reviewed in Eulalio, Behm-Ansmant, and Izaurralde 2007). RNA 

surveillance refers to the cellular mechanism regulating nonsense-mediated decay of 

mRNAs. Upon translation of a premature stop codon, the surveillance complex is 

recruited to the RNA, localizes to PBs and then recruits mRNA decay factors (Eulalio, 

Behm-Ansmant, and Izaurralde 2007). RNA interference inhibits the expression of 

transcripts targeted by a specific miRNA through translational repression or accelerated 

decay (reviewed in Wilson and Doudna (2013)). All proteins required for miRNAs to 

inhibit a given transcript can be found at PBs (Eulalio, Behm-Ansmant, and Izaurralde 

2007). Finally, PBs contain all the necessary proteins to conduct mRNA decay through 

the removal of the 5’ cap and subsequent 5’ to 3’ RNA decay by the exonuclease, Xrn1 

(Eulalio, Behm-Ansmant, and Izaurralde 2007). Certain classes of mRNAs are 

constitutively targeted to PBs for decay, including mRNAs containing ARE-elements. 

1.4.2.1 ARE-mRNA Decay 

 ARE elements are cis elements in the 3’ UTR of 22% of human mRNAs and in 

25% of introns (Bakheet, Hitti, and Khabar 2017). The core element consists of an 

AUUUA pentamer with further enrichment of adenines and uracil surrounding the 

element (Bakheet, Williams, and Khabar 2006). The pentamers are often clustered with 

two or more elements overlapping (Bakheet, Williams, and Khabar 2006). As 

diagrammed in Figure 1.1, certain RNA-binding proteins, such as tristetraprolin (TTP), 

can bind to ARE-elements and recruit the mRNA to PBs, where the mRNA can be 

translationally suppressed or decayed (Franks and Lykke-Andersen 2007). Thus, the ARE 

elements target mRNAs for accelerated decay, making these transcripts inherently 
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unstable (Cougot, Babajko, and Séraphin 2004). Experimentally, the presence or absence 

of PBs by microscopy directly correlates with the stability of ARE-mRNAs (Corcoran, 

Johnston, and McCormick 2015; Vindry et al. 2017; Blanco et al. 2014). 

 ARE-mRNAs encode for cytokines and angiogenic factors, including IL-6, IL-8 

TNF, and GM-CSF (Caput et al. 1986; Bakheet, Hitti, and Khabar 2017). The tight 

regulatory control exerted by the cell over this class of messages, both at the level of 

transcription and mRNA decay, highlights how PBs act as essential nodes of gene 

expression control. By enabling precise and rapid changes in mRNA levels in response to 

stress stimuli, PBs control the expression of many disease-associated mRNAs. Research 

into how KapB dysregulates PBs and ARE-mRNAs will further mechanistic 

understanding about how inflammation is promoted both within the KS environment as 

well as other inflammatory diseases.  
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Figure 1.1: mRNAs containing ARE-elements are recruited to PBs for translational 
suppression or decay. Certain ARE-binding proteins bind the AU-rich element for 
recruitment to PBs. At PBs, these mRNAs are translationally supressed or decayed.  
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1.4.3 Associations of PBs with the Cytoskeleton 

  PBs can associate with both microtubules and actin (Aizer et al. 2008). 

Microtubules mediate long-range transport of PBs through actions of the molecular 

motors, dynein and kinesin (Aizer et al. 2008; Loschi et al. 2009). Disruption of 

microtubules or inhibition of dynein or kinesin movement inhibits proper assembly and 

disassembly of PBs (Aizer et al. 2008; Loschi et al. 2009). Aizer et al (2008) initially 

reported that the population of PBs associated with actin are primarily stationary. 

However, subsequent studies have demonstrated actin-associated movement of PBs 

(Lindsay and McCaffrey 2011; Steffens et al. 2014; Hamada et al. 2012). The cargo 

transport protein, Myosin Va (MyoVa), can bind simultaneously to resident PB proteins 

and actin, acting as a linker between actin and PBs (Lindsay and McCaffrey 2011). 

Knockdown of MyoVa causes disassembly of PBs, indicating that, similar to the 

observation with microtubules, PB association with actin is required to maintain proper 

structure (Lindsay and McCaffrey 2011). Though the current literature implicates the 

cytoskeleton as being an important scaffold for PBs, there are no studies that currently 

indicate how changes in actin structures impact PB dynamics.  

 

1.4.4 Methods to Study PBs 

 Microscopy is the primary tool used to study PBs as it is the only currently 

available tool that is capable of direct visualization of cytoplasmic puncta. The presence 

or absence of PBs can be detected via immunofluorescent labeling of endogenous PB 

proteins followed by conventional light microscopy, which are commonly quantified 

through manual counting of endogenous PBs in cells. There are several PB-resident 

proteins that are established to detect endogenous PBs, discussed in Kedersha et al. 

(2008), including Hedls which is used in this study. This technique is the most 

representative of the visible PB status in a given cell, though manual quantification 

introduces potential observation bias and is time-intensive.  

 More advanced techniques, such as live-cell microscopic analysis of fluorescently-

tagged PB-resident proteins, can provide real-time data on changes in the granule, which 

allows for improved understanding of PB movement and dynamics (Kedersha et al. 

2008). However, experiments involving overexpression of aggregative proteins may not 
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be accurately representative of native PB behaviour. This is demonstrated with the 

overexpression of GFP-tagged versions of the PB-resident protein DCP1a. Several studies 

have indicated that overexpression of this construct can result in colocalization of the 

over-expressed Dcp1a with several PB proteins, including DDX6 and Hedls, and had a 

similar phenotypic distribution to endogenous DCP1a (Kedersha et al. 2008; Blumenthal 

and Ginzburg 2008; Wang et al. 2017). Further, granules formed from DCP1a 

overexpression behave analogously to endogenously stained DDX6, indicating potential 

PB-like behaviour (Takahashi et al. 2011). Blumenthal and Ginzburg (2008) examined 

polysome profiles with DCP1a overexpression and saw no differences in the polysome 

profiles, suggesting that global translation had not been affected. However, a separate 

study by Wang et al. (2017) found that overexpression of DCP1a-GFP supressed protein 

translation. These studies indicate that, though DCP1a granules often behave in the same 

manner as PBs, there may be functional and contextual differences. It highlights the 

importance of ensuring careful interpretation of results obtained from experiments 

employing overexpression of a given protein, and to consider the potential impact on the 

function under investigation. 

 More recently, a fluorescence-associated particle sorting technique was used to 

purify PBs and analyze their composition (Hubstenberger et al. 2017). This method 

involved using fluorescent sorting of GFP particles formed from overexpression of 

fluorescently-tagged versions of PB-resident proteins. Sorting of such particles resulted in 

a sufficiently high abundance of granules to quantify RNA-levels associated with PBs 

(Hubstenberger et al. 2017). The analysis of RNA present in PBs informs on the 

functional status of visible PBs by revealing which transcripts are targeted to PBs under a 

given experimental condition. However, since this technique used an overexpression 

model, the cautions described above must be considered. Furthermore, this method was 

only presented in unstressed HEK 293T cells, so must be verified to be responsive to 

various conditions known to alter PBs. 

 Beyond conventional light microscopy, electron microscopy has been the primary 

method used to understand PB higher-level structure (Cougot et al. 2012). In the future, 

advances in super-resolution microscopy techniques will enable a more complete 

understanding of these structures. These techniques provide structural insight to the 
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composition and organization of a PB, but are not useful tools for the wide-scale study of 

population-based changes in PBs due to the laborious preparation involved in these 

techniques. 

 Finally, there are many techniques that can be used to probe the functional status 

of PBs, including luciferase-based assays that monitor stability of mRNA populations 

with AREs (Corcoran, Khaperskyy, and McCormick 2011), but these do not visualize 

PBs directly. Since my work focused on the presence and absence of PBs in cell 

populations, the most feasible and economical approach was to employ conventional light 

microscopy. However, to avoid the laborious and subjective limitations inherent in 

manual quantification of PBs, a quantitative approach to image analysis was developed, 

which minimizes error associated with manual PB counts. This technique uses the 

freeware CellProfiler (Kamentsky et al. 2011) to quantify PBs, and is described in the 

results section below. 

 

1.5 Stress Fibres (SFs) 

During the process of actin polymerization, the monomeric form of actin, globular 

actin (G-actin), aggregates in groups of three subunits or more to nucleate an actin 

filament, which extends via addition of further G-actin monomers through ATP-

dependent polymerization (reviewed in Pollard 2016). Filamentous actin (F-actin) can 

form many different structures by branching and bundling to form actin networks; these 

structures include SFs, lamellipodia and filipodia, but also function to generally maintain 

cell structure in the cortex of the cell, called cortical actin (Pollard 2016). The bundling of 

10 to 30 actin filaments forms a SF (Cramer, Siebert, and Mitchison 1997). SFs are 

defined as ordered cytoskeletal structures composed of bundled actin filaments with 

periodic distribution of actin-crosslinking proteins and non-muscle myosin II (NMII) 

(Small et al. 1998). a-actinin is the primary crosslinking protein that facilitates the 

bundling of actin filaments (Lazarides and Burridge 1975; Pellegrin and Mellor 2007). 

Often, NMII is incorporated into the filaments, which results in a contractile structure 

(Katoh et al. 1998; Tan et al. 2003). Both a-actinin and NMII are discussed in detail in 

section 1.5.3 below.  
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SF formation, and consequently actin polymerization and bundling, is responsive 

to many environmental cues that function to promote cell motility and resist mechanical 

forces (reviewed in Tojkander, Gateva, and Lappalainen 2012). SFs can anchor at focal 

adhesions, which are cellular structures that mediate the connection between the 

cytoskeleton and extracellular matrix-binding proteins, called integrins (reviewed in 

Burridge and Wittchen 2013, Ridley and Hall 1992). In endothelial cells, SFs can also 

localize to cell-cell junctions, known as adherens junctions, to mediate cell-cell adhesion 

(Millán et al. 2010; Efimova and Svitkina 2018). Incorporation of NMII into actin 

bundles forms an actomyosin structure which enables them to be contractile (Tan et al. 

2003). The ability of SFs to provide stability via anchoring, in addition to being 

contractile structures, enables them to act as tension-generating structures in the cell; a 

critical feature for cellular response to external environment and cell motility (Zaidel-bar, 

Zhenhuan, and Luxenburg 2015; Burridge and Wittchen 2013).   

 

1.5.1 Types of SFs 

The term “stress fibre” is used to describe a variety of bundled actin structures. 

Within this group, different types of SFs exhibit distinct mechanisms of formation and 

diverse associations with the extracellular matrix (ECM) (Small et al. 1998; Hotulainen 

and Lappalainen 2006). As shown in Figure 1.2, the main types of SFs include ventral 

SFs, dorsal SFs and transverse arcs (Small et al. 1998). Ventral SFs are attached at both 

termini to the extracellular matrix (ECM) through focal adhesions, and contain NMII, 

which imparts a contractile phenotype (Hotulainen and Lappalainen 2006; Small et al. 

1998). Generally, these structures occur on the ventral side of the cell, closest to the 

ECM. Dorsal SFs are also connected through focal adhesions to the ECM, but only at a 

single terminus and project upwards, away from the ECM into the cell (Heath and Dunn 

1978). Dorsal SFs are not associated with NMII and, thus, are not contractile (Burnette et 

al. 2014). Finally, transverse arcs are not adherent to the ECM at either end, but, rather, 

connect to the dorsal side of dorsal SFs (Heath 1983). These SFs contain both a-actinin 

and NMII, and have been suggested to mediate contractile forces through the attachment 

to dorsal SFs and thus, to the ECM (Burnette et al. 2014; Hotulainen and Lappalainen 

2006). The functional significance of each SF subtype is not well-understood, though in 
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migrating cells, dorsal SFs are thought to be important in the leading edge of the cell, 

while ventral SFs contract to move the trailing edge (Vallenius 2013). 
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Figure 1.2: Types of SFs in adherent cells.   

Dorsal SFs are attached to focal adhesions at one terminus, contain a-actinin but not 
NMII, and often attach to transverse arcs the dorsal side of the cell. Transverse arcs are 
not attached to focal adhesions, contain a-actinin and NMII and can promote contractile 
force through connections with dorsal SFs. Ventral SFs are attached at both termini by 

focal adhesions and contain both a-actinin and NMII. Illustration made with: 
https://app.biorender.com/. 
 
  

a- 
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1.5.2 Signalling Regulating SF Formation 

The formation of SFs is mediated by the Rho-GTPase, RhoA, through the 

activation of actin polymerization, inhibition of actin severing/depolymerization, and 

promotion of fibre contractility (Figure 1.3) (Tojkander, Gateva, and Lappalainen 2012). 

It has been well described that RhoA activates the formin mammalian diaphanous protein 

1 (mDia1), which binds the actin-polymerizing protein, profilin, and promotes the 

elongation of actin filaments (Watanabe et al. 1997; Watanabe et al. 1999). Additionally, 

RhoA binds and activates the kinase Rho-associated coiled-coil kinase (ROCK) (Amano 

et al. 1997), which can then phosphorylate Lim kinase (LimK) (Ohashi et al. 2000). LimK 

can, in turn, phosphorylate and inactivate cofilin, an actin-severing protein, thereby 

promoting actin stability (Moriyama, Iida, and Yahara 1996). Active ROCK promotes 

actin fibre contractility by both directly phosphorylating a component of NMII, myosin 

light chain (MLC), as well as its upstream regulator, MLC-phosphatase, inhibiting the 

phosphatase and preventing dephosphorylation of MLC (Amano et al. 1996; Kimura et al. 

1996). Both mDia1 and ROCK act in concert to form the elongated actin filaments that 

are organized, stable and contractile (Watanabe et al. 1999).  
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Figure 1.3: RhoA controls SF formation through increased actin polymerization, 
increased actomyosin contractility and inhibition of actin severing. RhoA activates 
mDia1 and ROCK. mDia1 promotes actin polymerization, elongating the actin fibres. 
ROCK phosphorylates LimK, MLC-phosphatase and MLC, a component of myosin II. 
Phosphorylated LimK is active, and then phosphorylates and inactivates cofilin, 
preventing actin severing and thus promoting actin stability. Phosphorylation of MLC 
induces contraction. Phosphorylation of MLC-phosphatase prevents dephosphorylation of 
MLC, promoting actomyosin contractility. Illustration made with: 
https://app.biorender.com/. 
 

 

a- 
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While it is known that the formation of SFs requires RhoA and its effectors, 

different subtypes of SFs (mentioned above) are formed through distinct mechanisms 

(Hotulainen and Lappalainen 2006). Dorsal SF are typically formed through mDia1-

mediated actin polymerization, which initiates from nascent focal adhesions (Hotulainen 

and Lappalainen 2006). Conversely, transverse arcs are formed through the joining of 

short actin bundles, which originate at the lamellipodia and are transported by centripetal 

flow toward the cell center (Hotulainen and Lappalainen 2006). Since lamellipodia are 

formed through activity of the RhoGTPase, Rac, and its effector, Arp2/3, transverse arc 

formation is also dependent on other actin-modulating pathways (Hotulainen and 

Lappalainen 2006; Burridge and Wennerberg 2004). Finally, ventral SF form through the 

joining of dorsal SFs with transverse arcs, creating a continuous contractile actin filament 

with focal adhesions at both ends. Thus, formation of this subtype of actin SF filament is 

dependent on both previously described SF formation pathways (Hotulainen and 

Lappalainen 2006).  

Additionally, the recruitment of a-actinin and NMII is also dependent on SF type 

(Hotulainen and Lappalainen 2006). Dorsal SFs recruit a-actinin as they are being 

formed, but NMII is not recruited until the fibres are several micrometers long or are 

attached to transverse arcs. At this point, NMII is inserted between sites of a-actinin 

bundling to form the characteristic, periodic pattern of these two proteins on SFs 

(Hotulainen and Lappalainen 2006). In transverse arcs, the smaller actin structures that 

join to form the arcs already contain a-actinin and NMII, and the periodic pattern of the 

two form from end to end joining of the filaments to form the transverse arc (Hotulainen 

and Lappalainen 2006). Importantly, NMII-mediated contractility and a-actinin bundling 

are required for the formation of organized SF (Hotulainen and Lappalainen 2006; 

Chrzanowska-Wodnicka 2004; Senger et al. 2019). Once formed the structures are very 

stable regardless of SF type (Hotulainen and Lappalainen 2006). While the disassembly 

of SFs is less well-studied, it has been shown that SFs disassemble during mitosis, when 

cells lose the ability to adhere to their substrate and when RhoA is inhibited (Burridge and 

Wittchen 2013).  
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1.5.3 Key Proteins in SF Formation and Structure 

Several key proteins involved in SF formation (Rho-effectors, mDia and ROCK) 

and SF structure (a-actinin and MLC) are discussed in detail below.   

 1.5.3.1 Mammalian Diaphanous Proteins (mDia)  

 The mDia proteins are well-described to direct the location and timing of actin 

polymerization (reviewed in Chesarone, Dupage, and Goode (2010)). They bind both 

profilin and the barbed, or fast-growing, end of F-actin filaments to promote actin 

polymerization at a given filament (Li and Higgs 2003; Watanabe et al. 1997). The mDia 

proteins can also bind to RhoA via GTPase-interacting domains (Maiti et al. 2012). Such 

binding releases the auto-inhibitory conformation of inactive mDia, exposing the formin 

homology domains that dimerize and are able to bind profilin (Maiti et al. 2012). There 

are three isoforms of mDia: mDia1 (DIAPH1), mDia2 (DIAPH3) and mDia3 (DIAPH2), 

which each play very different roles in the cellular coordination of actin polymerization. 

mDia1 is the most well-studied of the formins; along with its role in SF formation, it is 

also implicated in focal adhesion formation and maintenance (Hotulainen and 

Lappalainen 2006; Yamana et al. 2006a), cell junction stabilization (Acharya et al. 2017), 

filipodia and lamellipodia formation (Goh et al. 2012; Isogai et al. 2015), maintenance of 

cortical tension during mitosis (Nishimura et al. 2019), and microtubule stabilization 

(Ishizaki et al. 2001; Qu et al. 2017). mDia2 plays a role in formation of filipodia and 

lamellipodia (Yang et al. 2007; Gupton et al. 2007; Schirenbeck et al. 2005), and is also 

required for cytokinesis (Watanabe et al. 2013, 2008). Finally, mDia3 is required for 

chromosome alignment during mitosis (Cheng et al. 2011; Yasuda et al. 2004).  

 1.5.3.2 Rho-Associated Coiled-Coil Kinase (ROCK) 

 ROCK is a serine-threonine kinase that phosphorylates a wide variety of targets 

(reviewed in Julian and Olson 2014). It participates in a diverse range of cell processes, 

including SF formation, cell division, senescence, apoptosis and autophagy (Julian and 

Olson 2014).  The structure of the ROCK protein consists of an N-terminal kinase 

domain, followed by a coiled-coil containing the Rho-binding domain and at the C-

terminus, an autoinhibitory domain (Julian and Olson 2014). There are two isoforms of 

ROCK: ROCK1 and 2, which regulate different processes, but can also act redundantly 

(Kümper et al. 2016; Julian and Olson 2014). ROCK1 mediates SF formation and focal 



 20 

adhesion assembly (Yoneda et al. 2007), and plays a role in autophagy (Gurkar et al. 

2013). ROCK2 has also been implicated in SF formation and stability (Yoneda, 

Multhaupt, and Couchman 2005; Shi et al. 2013), as well as focal adhesion maturation, 

endocytosis and phagocytosis (Yoneda et al. 2007). In regards to SF formation, both 

ROCK1 and ROCK2 can phosphorylate MLC to promote actomyosin contractility, 

though only ROCK2 is thought to maintain actin fibre stability through phosphorylation 

of LimK (Yoneda, Multhaupt, and Couchman 2005; Shi et al. 2013). Most work 

involving ROCK does not distinguish the two isoforms, so the various roles of each 

isoform are still being discerned. 

 1.5.3.3 a-actinin 

A wide variety of proteins are involved in the bundling of F-actin, but the primary 

protein that bundles actin filaments in SFs is a-actinin (Lazarides and Burridge 1975; 

Pellegrin and Mellor 2007). The basic structure of a-actinin is comprised of an actin-

binding domain and a rod-domain, which can homodimerize in an antiparallel 

arrangement, enabling the simultaneous binding to two separate actin filaments (Sjöblom, 

Salmazo, and Djinović-Carugo 2008; Ylänne et al. 2001). There are four isoforms of a-

actinin: a-actinin-2 and 3 are primarily found in muscle cells, while a-actinin-1 and 4 are 

found in non-muscle cells (Lazarides and Burridge 1975). Much of the formative research 

on this protein has been performed in muscle cells, showing that, in addition to actin 

binding, a-actinin has a wide-array of binding partners that function in cell adhesion 

(Sjöblom, Salmazo, and Djinović-Carugo 2008). Newer research has since expanded our 

understanding of a-actinin in non-muscle cells, which has shown that a-actinin can both 

bind actin fibres in a periodic pattern and promote their assembly, as well as function in 

focal adhesion regulation (Laukaitis et al. 2001; Burnette et al. 2014; Peterson et al. 2004; 

Edlund, Lotano, and Otey 2001; Lazarides and Burridge 1975; Choi et al. 2008; Kovac 

2010). Several studies examining localization of the isoforms converge on the idea that a-

actinin-1 shows a higher association with SFs in the cell, while a-actinin-4 is found more 

diffusely in the cytoplasm and nucleus but can occasionally be found on dorsal SFs 

(Honda et al. 1998; Nikolopoulos et al. 2000; Kovac 2010). Notably, though a-actinin-4 

can localize to dorsal SFs, only a-actinin-1 is required for dorsal SF formation (Kovac 
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2010). Both isoforms can localize to focal adhesions, though play different roles: a-

actinin-1 is required for focal adhesion maturation, while a-actinin-4 suppresses 

maturation to promote cell motility (Kovac 2010; Fukumoto et al. 2015). Interestingly, 

nuclear localization of a-actinin-4 corresponds to several reports that a-actinin-4 can act 

as a transcriptional cofactor involved in cell proliferation and differentiation (Khurana et 

al. 2011; Goffart et al. 2006; Foley and Young 2014). This non-canonical role has not 

been reported for a-actinin-1 and may explain why a-actinin-4 is extensively linked with 

various cancers, reviewed in Honda (2015).  The above-mentioned studies displayed 

many discrepancies, especially in patterns of the immunofluorescence in subcellular 

localization studies (Honda et al. 1998; Araki et al. 2000; Kovac 2010).  These 

discrepancies may be due to cell type so the localization of both isoforms must be 

confirmed in endothelial cells, the system used in this study. 

 1.5.3.4 Non-Muscle Myosin II (NMII) 

 The myosin superfamily consists of 25 classes of actin-based motors of which 

NMII is the largest subfamily (reviewed in Conti and Adelstein 2008). NMII has a 

hexameric structure consisting of two myosin heavy chains (MHC) and two pairs of 

myosin light chains (MLC) (Conti and Adelstein 2008). The structure has two globular 

heads that can bind actin and hydrolyze ATP, followed by helical tails that have the 

ability to multimerize with other myosin II molecules in an antiparallel arrangement 

(Holmes 2008). This multimerization enables the binding of multiple actin filaments to 

mediate contraction. The hydrolysis of ATP promotes a conformational change in the 

head domain that rotates the head like a lever, pulling on the actin and thereby inducing 

contraction (Tan et al. 2003; Holmes 2008). NMII is primarily regulated through 

phosphorylation of the light chain, which increases ATPase activity in the globular 

domain (Conti and Adelstein 2008). The primary kinases that phosphorylate MLC include 

ROCK (Amano et al. 1996) and calmodulin-dependent myosin light chain kinase 

(MLCK) (Bárány et al. 1979), while myosin light chain phosphatase mediates 

dephosphorylation to oppose actomyosin contractility (Morgan, Perry, and Ottaway 

1976). Contractile ability through MLC is an essential process in mechanosensing of the 

environment and is required for cell migration, adhesion and polarity (Zaidel-bar, 

Zhenhuan, and Luxenburg 2015). 
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1.5.4 Methods for SF Induction Converge on RhoA Activation 

  SFs can be induced through both chemical and mechanical stressors. Widely-used 

chemical stressors include serum factors, such as lysophosphatidic acid (LPA), and 

various cytokines, such as tumour necrosis factor (TNF) and transforming growth factor b 

(TGFb) (Ridley and Hall 1992; Hanna et al. 2001; Bakin et al. 2002). SFs can also be 

induced by mechanical stressors, including changes in matrix stiffness (reviewed in Lee 

and Kumar (2016)) and shear stress caused by fluid flow. Shear stress refers to the stress 

caused by hemodynamic factors; the mechanical forces in flowing blood (Davies 1995). 

Unidirectional shear stress from fluid flow over endothelial cells results in alignment of 

the cells in the direction of flow and formation of actin SFs (Noria et al. 2004). RhoA 

coordinates SF formation in response to all these inducers (Ridley and Hall 1992; Hanna 

et al. 2001; Bakin et al. 2004; Lee and Kumar 2016; Davies 1995), thus the signalling 

resulting from many different inputs converge on a common SF formation mechanism. 

 

1.5.5 Mechanotransduction 

 SFs are tension-generating structures that enable conversion of mechanical cues in 

the external environment to changes in cellular signalling in a process called 

mechanotransduction. Mechanical cues can be transmitted to the cell through changes in 

ECM binding, stretch-activated ion channels, receptors and other cell-cell contacts 

(Finch-Edmondson and Sudol 2016). For example, increases in ECM type and stiffness 

induces conformational changes in integrin proteins (Friedland, Lee, and Boettiger 2009; 

Kong et al. 2009), which, in turn, induce conformational changes at focal adhesions to 

then promote the formation of actomyosin structures and increase cytoskeletal tension 

(del Rio et al. 2009; Grashoff et al. 2010; reviewed in Finch-Edmondson and Sudol 

2016). The structural changes in integrins, focal adhesions and actomyosin can 

subsequently modulate cell signalling (Finch-Edmondson and Sudol 2016). Thus, the 

actin cytoskeleton and its component parts, including SFs, function as force transducers 

that convert extracellular mechanical inputs into intracellular biochemical signaling 

cascades that can impact a multitude of cell behaviours. One common outcome of 

mechanical signals is altered gene expression within the cell.  
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 There are two main transcriptional activators that control gene expression changes 

in response to mechanical stress: serum-response factor (SRF) and yes-associated protein 

(YAP). SRF translocates to the nucleus with changes in cytoskeletal polymerization and 

regulates over 300 genes, many involved in actin dynamics, adhesions, growth and 

differentiation (reviewed in Chai and Tarnawski 2002). SRF activation is controlled by 

monomeric G-actin; increased G-actin within the cytoplasm sequesters SRF (Sotiropoulos 

et al. 1999). However, with inducers of actin polymerization, such as RhoA, G-actin 

levels are depleted and SRF translocates to the nucleus to mediate transcription 

(Sotiropoulos et al. 1999). Thus, mechanical changes in the cell that activate RhoA can 

deplete G-actin and induce SRF signalling. YAP is discussed in section 1.6. 

 

1.6 Yes-Associated Protein (YAP) 

One of the primary signalling molecules that mediates mechanoresponsive 

biological changes is the transcriptional regulator YAP (reviewed in Halder, Dupont, and 

Piccolo 2012). YAP is an 80 kDa protein containing many domains responsible for 

protein-protein interaction, including a TEA-binding domain and WW domain at the N-

terminus and a PDZ-binding motif at the C-terminus (Vassilev et al. 2001; Sudol et al. 

1995; Sudol 1994; Oka et al. 2010). The PDZ domain is also required for nuclear 

translocation of YAP (Oka et al. 2010; Shimomura et al. 2014). YAP contains a 

transcriptional activator domain, upstream of the PDZ domain in the C-terminus to 

mediate changes in transcription (Komuro et al. 2003). There are two homologues of 

YAP, YAP1 and 2, that are produced through alternative splicing. YAP1 only contains 

one WW domain, while YAP2 contains two, a difference that potentially modulates the 

binding partners of the two homologues (Iglesias-Bexiga et al. 2015). The difference 

between function of the two isoforms has not yet been well-characterized, so this study 

will report findings in the context of YAP in general. YAP is often reported in 

conjunction with its paralog, transcriptional coactivator with PDZ-binding motif (TAZ). 

The profiles of genes regulated by YAP and TAZ are largely overlapping but have 

definite differences and can be modified by various binding partners (Plouffe et al. 2018; 

Kim, Jang, and Bae 2018).  
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1.6.1 Function in Transcriptional Regulation 

 YAP and TAZ are generally known to regulate cell proliferation, differentiation, 

survival and migration making them important in organ development, size and tissue 

structure (Halder, Dupont, and Piccolo 2012). There are distinct profiles of YAP 

activation that are determined by various DNA-binding partners (reviewed in Kim, Jang, 

and Bae 2018). For instance, YAP association with the transcription factors, TEAD1-4, 

SMADs, TBX5, ERBB4 and RUNX1-3 promote cell growth, often in the context of 

organ development and tissue differentiation (Zhao et al. 2008; Varelas et al. 2010; 

Haskins, Nguyen, and Stern 2014; Rosenbluh et al. 2012; Jang et al. 2017). Conversely, 

YAP association with other transcription factors, p73 and EGR-1, promotes apoptosis 

(Strano et al. 2005; Downward et al. 2004; Zagurovskaya et al. 2009). The diversity of its 

DNA-binding partners enables YAP to fine tune transcriptional responses for a variety of 

different stimuli and signalling inputs. 

 

1.6.2 Regulation of YAP Activation 

 YAP is a nucleocytoplasmic shuttling protein; its localization is regulated by 

phosphorylation, sequestration and degradation (reviewed in Hansen, Moroishi, and Guan 

(2015)). Active YAP translocates to the nucleus, where it associates with a given 

coactivator to mediate transcription of specific genes. Inactive YAP remains in the 

cytoplasm where it is typically sequestered by various binding proteins, or targeted for 

degradation by the proteasome or autophagy (Hansen, Moroishi, and Guan 2015). The 

most well-known signalling cascade controlling YAP is the Hippo pathway, originally 

described in Drosophila, but is now defined for mammalian cells as well. The basic 

components of this pathway include the Ste20-like kinases (MST1/2) which 

phosphorylate large tumour suppressor 1/2 (LATS1/2) kinase, activating it (Zhao et al. 

2007). Active LATS phosphorylates YAP to promote its cytoplasmic retention by 14-3-3 

proteins (Zhao et al. 2007). Serine 127 in YAP is the most potent phosphorylation site of 

YAP, though there are four other sites that are phosphorylated to regulate YAP activity 

(Zhao et al. 2007). Various upstream regulators of YAP activity have been reported; of 

these, only some converge on components of the Hippo pathway while others are 

MST1/2- or LATS1/2-independent.  
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As a mechanoresponsive transcription factor, YAP can respond to a variety of 

changes in the physical environment. This includes cell-cell contact, the regulation that 

first defined the Hippo pathway (Zhao et al. 2007), which is thought to be primarily 

mediated through intracellular junctional signalling (Boggiano and Fehon 2012). Other 

mechanical inputs that are known to modulate YAP include stiffness of the ECM (Dupont 

et al. 2011) or shear stress due to fluid flow (Lee et al. 2017; Nakajima et al. 2017; Chien 

et al. 2016). YAP can also be activated by biochemical signalling inputs, including 

changes in nutrient status and G-protein coupled receptor (GPCR) signalling (Mo et al. 

2015; Yu et al. 2012). Several of the activators of YAP, including increased ECM 

stiffness, shear stress and GPCR signalling, also promote the formation of SFs, (Noria et 

al. 2004; Lee and Kumar 2016) and highlight an important intermediate 

mechanotransducer involved in YAP activation: the actin cytoskeleton. 

 

 1.6.2.1 The Actin Cytoskeleton Controls YAP Activation 

  Several groups have shown that YAP activation can be directly controlled by 

changes in the actin cytoskeleton. Inhibition of F-actin formation through polymerization 

inhibitors and cell detachment prevent YAP nuclear translocation (Wada et al. 2011; Zhao 

et al. 2012; Das et al. 2016). Conversely, overexpression of mDia1 to promote actin fibre 

polymerization promotes YAP activity (Dupont et al. 2011). Furthermore, induction of 

SFs also induces YAP nuclear translocation and transcriptional activity (Wada et al. 2011; 

Dupont et al. 2011). The proteins involved in SF formation, including RhoA, ROCK and 

MLC, have been heavily implicated in nuclear translocation and activity of YAP (Dupont 

et al. 2011; Halder, Dupont, and Piccolo 2012; Yu et al. 2012; Wada et al. 2011). RhoA, 

ROCK and MLC modulate YAP activation upon changes in ECM stiffness through 

changes in cell stretch and cytoskeletal tension (Dupont et al. 2011). ROCK also 

modulates YAP under shear stress conditions (Lee et al. 2017). Notably, YAP can also be 

activated by GPCRs in a Rho-dependent manner (Yu et al. 2012). Yu et al. (2012) 

reported that G12/13 and Gq/11 receptor-signalling with LPA and sphingosine-1-phosphate, 

known SF inducers, can induce RhoA-dependent YAP nuclear localization through 

inhibition of LATS. Since these reports, several studies have indicated a dependence on 

RhoA in YAP-mediated signalling in a variety of different contexts, indicating the 
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conserved actin-dependent control of YAP across systems (Yu et al. 2012; Cai et al. 

2018; Dupont et al. 2011; Torrino et al. 2019; Liu et al. 2017). 

  The signalling events that precisely link actin cytoskeletal changes to YAP 

activation are unclear. Some reports suggest that LATS1/2 but not MST1/2 is required in 

the signalling (Wada et al. 2011; Zhao et al. 2012; Mana-Capelli et al. 2014). However, 

studies that varied both matrix stiffness and shear stress indicated that LATS is likely not 

regulating YAP activation in response to these mechanical stimuli (Dupont et al. 2011; 

Nakajima et al. 2017). Recently, the actin-binding protein angiomotin has been implicated 

in the actin-mediated regulation of YAP (Zhao et al. 2011). It has been proposed that F-

actin and YAP compete for angiomotin binding as follows: when increased actin 

polymerization recruits more angiomotin to F-actin, the increase in unbound YAP enables 

it to translocate to the nucleus (Mana-Capelli et al. 2014). Nakajima et al. (2017) 

demonstrate that angiomotin may regulate YAP during shear stress by this mechanism. 

Despite the confusion regarding intermediate signaling events, it is clear that changes to 

actin cytoskeletal dynamics elicited by the GTPase RhoA promote YAP activation.  

 

1.7 Rationale and Objectives 

 KapB promotes the disassembly of PBs, leading to stabilization of ARE-mRNAs 

which encode inflammatory and angiogenic factors (Corcoran, Johnston, and McCormick 

2015). Notably, KapB-mediated activation of STAT3 upregulates mRNA with AREs like 

IL-6 (King 2013; Bakheet, Hitti, and Khabar 2017; Yu, Pardoll, and Jove 2009). 

Furthermore, PROX1 mRNA, also upregulated by KapB, contains an AU-rich element 

(Yoo et al. 2010). Therefore, in order to promote a tumorigenic environment, it is 

hypothesized that KapB must disassemble PBs to enable increased expression of ARE-

mRNA.  

 KapB also promotes the formation of actin SFs to elicit endothelial cell spindling 

(Corcoran, Johnston, and McCormick 2015). The signalling controlling actin SF 

formation and PB disassembly has not been uncoupled. The molecular signalling cascade 

required for KapB to mediate SF formation and PB disassembly is shown in Figure 1.4. 

KapB interacts with and activates the stress-responsive kinase, mitogen-activated protein 

kinase associated protein kinase 2 (MK2) (McCormick and Ganem 2005). MK2 then 
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phosphorylates and activates heat-shock protein 27 (hsp27) (Corcoran, Johnston, and 

McCormick 2015; Garcia et al. 2009), which complexes with p115RhoGEF to mediate 

RhoA activation (Garcia et al. 2009; Corcoran, Johnston, and McCormick 2015). Active 

RhoA coordinates the formation of actin SFs and it is also essential for the disassembly of 

PBs (Ridley and Hall 1992; Corcoran, Johnston, and McCormick 2015).  

 Previous studies have thoroughly described the role of RhoA in actin SF formation 

(Ridley and Hall 1992; Watanabe et al. 1999; Pellegrin and Mellor 2007; Schmitz et al. 

2000), therefore the requirement for RhoA in KapB-mediated SF formation was 

unsurprising. However, the regulation of PBs by RhoA is not well described. RhoA 

activation was reported to mediate the formation of numerous, tiny PBs during starvation 

compared to the controls that had larger but less abundant PBs (Takahashi et al. 2011). 

RhoA is also important for PB disassembly when activated by a different KSHV protein, 

viral G-protein coupled receptor (vGPCR) (Corcoran et al. 2012). The reported 

association of PBs with the actin cytoskeleton (Aizer et al. 2008; Lindsay and McCaffrey 

2011) also suggests an important role for RhoA and the actin cytoskeleton in PB 

dynamics. Taken together, these studies indicate that RhoA controls PB dynamics; 

however, no studies have investigated what signals downstream of RhoA control PBs.  

 In this study, I sought to address how RhoA downstream effectors, SF structure 

itself and resulting functional outcome of pronounced SF formation modulate PB 

dynamics in the context of KapB expression. To test this hypothesis, the following 

objectives were established: 

1. Investigate whether or not RhoA downstream effector molecules required for 

SF formation are also required for KapB-mediated PB disassembly.  

2. Determine whether bundling of F-actin into SFs and the enhanced actomyosin 

contractility imparted by SFs are required for KapB-mediated PB disassembly. 

3. Examine if KapB mediates mechanoresponsive signalling to activate YAP and 

if this event is required for KapB-mediated PB disassembly.  

 I now show that the RhoA-effectors ROCK and mDia1 contribute to KapB-mediated 

PB disassembly, failing to uncouple the signalling controlling SF formation and PB 

disassembly. I also show that actomyosin contractility is required for PB disassembly; 

however, the requirement of actin-bundling for this process remains unclear. Finally, I 
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discovered that KapB activates the mechanoresponsive transcriptional activator YAP, and 

YAP is required for PB disassembly, both in the context of KapB expression and in 

response to other external mechanical forces known to activate YAP.  
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Figure 1.4: KapB activates the MK2-hsp27-p115-Rho-GEF-RhoA axis to mediate SF 
formation and PB disassembly. KapB binds and activates MK2 (McCormick and 
Ganem 2005), which then phosphorylates and activates hsp27 (Corcoran, Johnston, and 
McCormick 2015; Garcia et al. 2009). Hsp27 complexes with p115RhoGEF to mediate 
RhoA activation (Garcia et al. 2009; Corcoran, Johnston, and McCormick 2015). Active 
RhoA then coordinates the formation of actin SFs and the disassembly of PBs (Ridley and 
Hall 1992; Corcoran, Johnston, and McCormick 2015). 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell Culture 

Cells were cultured in a humidified environment at 37˚C, supplemented with 5% 

CO2 and 20% O2. Human embryonic kidney 293T cells (HEK-293T, ATCC) and human 

cervical adenocarcinoma cells (HeLa, ATCC) were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine 

serum (HI-FBS, Gibco), 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-

glutamine (1% PSQ, Gibco). Cells were passaged using 0.05% tryspin- 

ethylenediaminetetraacetic acid (EDTA, Gibco) at a 1:10 dilution.  

Pooled human umbilical vein endothelial cells (HUVECs, Lonza) were cultured in 

endothelial cell growth medium 2 (EGM-2, Lonza)). EGM-2 contained endothelial cell 

base medium 2 (EBM-2) supplemented with 2% FBS, 0.4% human fibroblast growth 

factor B (hFGF-b), 0.1% vascular endothelial growth factor (VEGF), 0.1% human 

epithelial growth factor (hEGF), 0.1% ascorbic acid, 0.1% long arginine-3 insulin-like 

growth factor (R3-IGF-1), 0.1% gentamicin sulfate and amphotericin, and 0.04% 

hydrocortisone. For HUVEC passaging, tissue culture plates were precoated for 30 min at 

37˚C with 0.1% (w/v) porcine gelatin (Sigma) in 1X sterile phosphate-buffered saline 

(PBS, Gibco). Following gelatin coating, cells were washed with PBS, incubated in 0.5 

mL 0.05% trypsin- EDTA for 1 to 3 min, and resuspended in EBM-2. Cells were 

passaged in 6-well plates at a 1:3 dilution and were seeded for experiments in 12-well 

plates at a 1:6 dilution, unless otherwise indicated. EBM-2 media was replaced 24 h after 

passaging and subsequently, every 48 h. HUVECs between passage 5 and 8 were used for 

experiments.  

 

2.2 Plasmids and Cloning  

The plasmids used in this study can be found in Table 2.1. DNA stocks were 

prepared using the Qiagen Plasmid MiniPrep Kit (Qiagen) or Qiagen Plasmid MidiPrep 

Kit (Qiagen) according to the manufacturer’s instructions. All constructs were sequenced 

using Sanger DNA sequencing by GENEWIZ or University Core DNA Services 

(University of Calgary). 

 



 31 

 

Table 2.1: Plasmids used in this study. 

Plasmid 
Name 

Use Source Bacterial 
Selection 
Cassette 

Mammalian 
Selection 
Cassette 
(Lentiviral 
Plasmids Only) 
 

pLJM-1-EV Control vector 
for lentiviral 
expression 
studies 
 

C. McCormick 
(Dalhousie 
University) 

Ampicillin Blasticidin, 
Puromycin 

pLJM-1 
KapB 
(pulmonary 
KS) 
 

Lentiviral 
expression of 
KapB 
 

C. McCormick 
(Dalhousie 
University) 

Ampicillin Blasticidin 

pLKO-
(shRNA) 

Lentiviral 
expression of 
short hairpin 
RNAs (shRNA 
sequences in 
Table 2.3) 
 

Cloned from: 
pLKO-TRC 
Addgene no.: 
26655 

Ampicillin Puromycin 

pLJM-1 

a-actinin1-
GFP  

Lentiviral 

expression of a-
actinin1-GFP 
 

Cloned from: 

pEGFP-N1 a-
actinin-1, 
Addgene no.: 
11908 
 

Ampicillin Puromycin 

pLJM-1-
YAP-5SA 
(CA-YAP) 

Lentiviral 
expression of 
constitutively 
active YAP 
 

Cloned from: 
p2XFLAG-
YAP-5SA, 
Donated by 
C. McCormick 
(Dalhousie 
University) 
 

Ampicillin Blasticidin 

pcDNA3.1 Transfection 
control 
 

Invitrogen Ampicillin N/A 

pcDNA3.1 
KapB BCBL 

Transfection of 
BCBL-derived 
KapB 

C. McCormick 
(Dalhousie 
University) 

Ampicillin N/A 
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Plasmid 
Name 

Use Source Bacterial 
Selection 
Cassette 

Mammalian 
Selection 
Cassette 
(Lentiviral 
Plasmids Only) 
 

 
pMD2.G Envelope protein 

for lentiviral 
production  
 

Addgene no.: 
12259 

Ampicillin N/A 

psPAX2 Packaging 
proteins for 
lentiviral 
production  
 

Addgene no.: 
12260 

Ampicillin N/A 

 

2.2.1 Cloning Short Hairpin RNA (shRNA) Sequences into pLKO.1  

Forward and reverse shRNA sequences were selected from the TRC Library 

Database in the Broad Institute RNAi consortium. Details on shRNA design can be found 

at Addgene (2006). Sequences were chosen according to the following criteria: targeted 

the coding sequence, had less than 50% identity with an alternate human gene, and had a 

high intrinsic score, which indicated shRNA clonability and predicted knockdown 

performance. YAP target shRNAs in pLKO.1 were obtained from Dr. C. McCormick 

(Dalhousie University), prepared by S. O’Brien. The remainder of the shRNA-expressing 

plasmids were cloned in this study. Sequences for all shRNA oligonucleotides used for 

cloning are listed in Table 2.2. 

Cloning of shRNAs was conducted according to the pLKO.1 protocol (Addgene 

2006). Briefly, pLKO.1-TRC was digested with EcoRI-HF (New England BioLabs) and 

AgeI-HF (New England BioLabs) enzymes. The forward and reverse oligomers were 

annealed and ligated into digested pLKO.1. Colonies were screened for shRNA insertion 

using Sanger sequencing with the pLKO.1 sequencing primer (5’ CAA GGC TGT TAG 

AGA GAT AAT TGG A 3’). 
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Table 2.2: shRNA sequences used in this study. 

Target Sequence (5’ – 3’) 
 

Non-targeting  
sense 

CCGGAGCACAAGCTGGAGTACAACTACTCGAGATCAA
CATGAGGTCGAACACGATTTG 
 

Non-targeting 
antisense  

AATTCAAAAAGCACAAGCTGGAGTACAACTAATCAAC
ATGAGGTCGAACACGATTTG 
 

mDia1 sh1 
sense 

CCGGCCAATTCTGCTCATAGAAATTCTCGAGAATTTCT
ATGAGCAGAATTGGTTTTTG 
 

mDia1 sh1 
antisense 

AATTCAAAAACCAATTCTGCTCATAGAAATTCTCGAG
AATTTCTATGAGCAGAATTGG 
 

mDia1 sh2 
sense 

CCGGAAGATGACGTTGTTACACTTCCTCGAGGAAGTG
TAACAACGTCATCTTTTTTTG 
 

mDia1 sh2 
antisense 

AATTCAAAAAAAGATGACGTTGTTACACTTCCTCGAG
GAAGTGTAACAACGTCATCTT 
 

mDia3 sh1 
sense 

AATTCAAAAAACGTTATTCTGGAGGTTAATGCTCGAG
CATTAACCTCCAGAATAACGT 
 

mDia3 sh1 
antisense 

CCGGACGTTATTCTGGAGGTTAATGCTCGAGCATTAA
CCTCCAGAATAACGTTTTTTG 
 

ROCK1 sh1 
sense 

CCGGAAGATGACGTTGTTACACTTCCTCGAGGAAGTG
TAACAACGTCATCTTTTTTTG 
 

ROCK1 sh1 
antisense 

AATTCAAAAAAAGATGACGTTGTTACACTTCCTCGAG
GAAGTGTAACAACGTCATCTT 
 

ROCK1 sh2 
sense 

CCGGAAGATGACGTTGTTACACTTCCTCGAGGAAGTG
TAACAACGTCATCTTTTTTTG 
 

ROCK1 sh2 
antisense 

AATTCAAAAAAAGATGACGTTGTTACACTTCCTCGAG
GAAGTGTAACAACGTCATCTT 
 

ROCK2 sh1 
sense 

CCGGCGTTGCCATATTAAGTGTCATCTCGAGATGACA
CTTAATATGGCAACGTTTTTG 
 

ROCK2 sh1 
antisense 

AATTCAAAAACGTTGCCATATTAAGTGTCATCTCGAG
ATGACACTTAATATGGCAACG 
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Target Sequence (5’ – 3’) 
 

ROCK2 sh2 
sense 

CCGGGCCTTGCATATTGGTCTGGATCTCGAGATCCAG
ACCAATATGCAAGGCTTTTTG 
 

ROCK2 sh2 
antisense 

AATTCAAAAAGCCTTGCATATTGGTCTGGATCTCGAG
ATCCAGACCAATATGCAAGGC 
 

Cofilin sh1 
sense 

CCGGACGACATGAAGGTGCGTAAGTCTCGAGACTTAC
GCACCTTCATGTCGTTTTTTG 
 

Cofilin sh1 
antisense 

AATTCAAAAAACGACATGAAGGTGCGTAAGTCTCGAG
ACTTACGCACCTTCATGTCGT 
 

Cofilin sh2 
sense 

CCGGCCAGATAAGGACTGCCGCTATCTCGAGATAGCG
GCAGTCCTTATCTGGTTTTTG 
 

Cofilin sh2 
antisense 

AATTCAAAAACCAGATAAGGACTGCCGCTATCTCGAG
ATAGCGGCAGTCCTTATCTGG 
 

⍺-actinin-1 sh1 
sense 

CCGGACGGCGAGAGTGACCTCTAATCTCGAGATTAGA
GGTCACTCTCGCCGTTTTTTG 
 

⍺-actinin-1 sh1 
antisense 

AATTCAAAAAACGGCGAGAGTGACCTCTAATCTCGAG
ATTAGAGGTCACTCTCGCCGT 
 

⍺-actinin-1 sh2 
sense 

CCGGCCAGACCTACCACGTCAATATCTCGAGATATTG
ACGTGGTAGGTCTGGTTTTTG 
 

⍺-actinin-1 sh2 
antisense 

AATTCAAAAACCAGACCTACCACGTCAATATCTCGAG
ATATTGACGTGGTAGGTCTGG 
 

⍺-actinin-4 sh1 
sense 

CCGGGCCACACTATCGGACATCAAACTCGAGTTTGAT
GTCCGATAGTGTGGCTTTTTG 
 

⍺-actinin-4 sh1 
antisense 

AATTCAAAAAGCCACACTATCGGACATCAAACTCGAG
TTTGATGTCCGATAGTGTGGC 
 

⍺-actinin-4 sh2 
sense 

CCGGCCCGTATAAGAACGTCAATGTCTCGAGACATTG
ACGTTCTTATACGGGTTTTTG 
 

⍺-actinin-4 sh2 
antisense 

AATTCAAAAACCCGTATAAGAACGTCAATGTCTCGAG
ACATTGACGTTCTTATACGGG 
 

YAP sh1 sense CCGGCTGGTCAGAGATACTTCTTAACTCGAGTTAAGA
AGTATCTCTGACCAGTTTTTC 
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Target Sequence (5’ – 3’) 
 
 

YAP sh1 
antisense 

AATTGAAAAACTGGTCAGAGATACTTCTTAACTCGAG
TTAAGAAGTATCTCTGACCAG 
 

YAP sh2 sense CCGGAAGCTTTGAGTTCTGACATCCCTCGAGGGATGT
CAGAACTCAAAGCTTTTTTTC 
 

YAP sh2 
antisense 

AATTGAAAAAAAGCTTTGAGTTCTGACATCCCTCGAG
GGATGTCAGAACTCAAAGCTT 
 

MyoVa sh1 
sense 

CCGGGCTGGTTTATGAAGGGTTAAACTCGAGTTTAAC
CCTTCATAAACCAGCTTTTTG 
 

MyoVa sh1 
antisense 

AATTCAAAAAGCTGGTTTATGAAGGGTTAAACTCGAG
TTTAACCCTTCATAAACCAGC 
 

MyoVa sh2 
sense 

CCGGGTGTCGTTCATTCGTACTATACTCGAGTATAGTA
CGAATGAACGACACTTTTTG 
 

MyoVa sh2 
antisense 

AATTCAAAAAGTGTCGTTCATTCGTACTATACTCGAGT
ATAGTACGAATGAACGACAC 
 

 

2.3 Transfection for Lentivirus Production 

 HEK-293T cells at 100% confluence were passaged at a 1:4 dilution into 10-cm 2 

tissue culture dishes to ensure a confluency of 70-80% the following day. For 

transfection, two solutions were prepared: (1) 500 µL Opti-mem (Gibco) with 19 µL 1 

mg/mL polyethyenimine (PEI, Sigma) pH = 7.0 and (2) 500 µL of Opti-mem with 3.3 µg 

of target lentiviral DNA, 2 µg of psPAX2 and 1 µg of pMD2.G. The solutions were 

mixed by inversion and incubated at room temperature (RT) for 5 min. Solution (1) was 

added to solution (2), mixed by inversion and incubated for 15 min at RT. After the 15-

min incubation, HEK-293T cells were washed with PBS, supplied with 4 mL serum-free 

DMEM and the PEI-DNA solution was added drop-wise to plated HEK-293T cells. After 

5-6 h, media was replaced with antibiotic-free DMEM containing 10% FBS and 2 mM L-

glutamine (Gibco). Transfected cells were incubated for 48 h at 37˚C to allow lentivirus 

production. The supernatant media was harvested and filtered through a 0.45 µm 

polyethersulfone (PES) filter (VWR) and aliquoted. Virus was stored at -80˚C until use. 
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2.4 Lentiviral Transduction of Target Cells 

HUVECs were passaged as described in Section 2.1 and allowed to adhere 

overnight. HUVEC medium was replaced with fresh EGM-2 supplemented with 5 µg/mL 

hexadimethrine bromide (polybrene). Lentivirus was thawed at 37˚C in a water bath and 

added into wells of plated HUVECs at the appropriate dilution. For pLJM-1 KapB, 

pLJM-1 YAP-5SA, and the pLJM-1 empty vector control, a dilution of 1:30 was used. 

For all pLKO-shRNA constructs and pLJM-1 ⍺-actinin-1-GFP, a dilution of 1:10 was 

used. After 24 h incubation, the virus-containing EGM-2 media was removed and 

replaced with EGM-2 containing antibiotic selection. Transduced cells were selected with 

either 5 µg/mL blasticidin (Sigma) for 96 h, replacing the media and antibiotic at 48 h, or 

1 µg/mL puromycin (Sigma) for 48 h. Selection markers for each plasmid are indicated in 

Table 2.1. Following selection, HUVEC medium was replaced with EGM-2 without 

antibiotic for at least 24 h recovery before further use. 

 

2.5 Fluorescence Microscopy 

2.5.1 Immunofluorescence Staining 

Cells were grown on coverslips (no. 1.5, Electron Microscopy Sciences) and 

following treatment, coverslips were washed with 1X PBS and fixed in freshly-prepared 

4% paraformaldehyde (PFA, Electron Microscopy Sciences) in 1X PBS (137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 1 mM KH2PO4) at 37°C for 10 min. Coverslips were then 

washed 2 times with 1X PBS prior to storage in 1X PBS at 4°C. Cells were permeabilized 

with 0.1% Triton-X100 (Sigma) in 1X PBS for 10 min at RT and coverslips were then 

washed 4 times with 1X PBS. The coverslips were blocked in 1% Human AB serum 

(blocking buffer, Sigma) in 1X PBS for 1 h at RT.  Coverslips were then incubated with 

diluted primary antibody in blocking buffer overnight at 4°C in a humidified chamber or 

for 30 min at RT. Table 2.3 lists antibodies and staining conditions used for 

immunofluorescence. After primary antibody incubation, coverslips were washed 3 times 

in 1X PBS and incubated in fluorescently-tagged secondary antibody diluted in blocking 

buffer for 1 h at RT.  Coverslips were washed 3 times in 1X PBS and if applicable, 

stained with Phalloidin-conjugated Alexa-Fluor 647 (Invitrogen, 1:100) in 1X PBS for 1.5 

h. Coverslips were then washed 3 times in 1X PBS and mounted onto microscope slides 
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(FisherBrand) using Prolong Gold Antifade Mounting Media (Invitrogen) and allowed to 

cure overnight. 

 

2.5.2 Immunofluorescence for CellProfiler 

Immunofluorescence for CellProfiler analysis was performed as in section 2.5.1, 

with the following modifications: (1) Prior to treatment with Triton X-100, coverslips 

were stained with wheat germ agglutinin (WGA) Alexa-647 conjugate (Invitrogen, 1:400) 

in 1X PBS for 10 min at RT. Coverslips were washed 3 times with 1X PBS before 

permeabilization. (2) Following secondary antibody incubation, coverslips were washed 3 

times in 1X PBS and stained with 4',6-Diamidino-2-Phenylindole (DAPI, Invitrogen, 

1:10,000) in 1X PBS for 5 min. PBs were identified using immunofluorescence for Hedls, 

a PB-resident protein (Kedersha et al. 2008). 

 

2.5.3 Microscopy 

Confocal imaging was performed on the Zeiss LSM 880 Confocal Microscope 

(Charbonneau Microscopy Facility, University of Calgary) at the 63X oil objective. This 

microscope was equipped with the following lasers: a 25 mW multiline Argon 488 nm 

laser, a 20 mW diode-pumped solid state 561 nm laser and 5 mW 633 nm helium neon 

laser. Representative images in immunofluorescence panels were taken at 0.6X zoom and 

exported as .tiff files from the ZenBlack software (Zeiss). 

CellProfiler imaging was performed on the Zeiss AxioImager Z2 (CORES facility, 

Dalhousie University) or Zeiss AxioObserver (Charbonneau Microscopy Facility, 

University of Calgary) with filtered LED illumination at the 40X oil objective. At least 7 

fields of view were obtained per treatment, imaging ≥100 cells per condition. As per 

standard microscopy practices, exposure time (ms) was set to just below pixel saturation  

for the maximum dynamic range of intensity and was kept consistent across all conditions 

within a given experiment. Individual channel images were exported using the ‘Batch 

Export’ function from ZenBlue software (Zeiss) as .tiff files.   
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2.5.4 Quantification of Processing Bodies Using CellProfiler Analysis 

CellProfiler (cellprofiler.org) is an open source software for high-content image 

analysis (Kamentsky et al. 2011) that I used to develop an unbiased method for 

quantifying changes to PB dynamics that is now a standard method in the Corcoran lab. 

The pipeline used for quantifying PBs was structured as follows: To detect nuclei, the 

DAPI image was thresholded into a binary image. In the binary image, primary objects 

between 30 to 200 pixels in diameter were detected and defined as nuclei. Cells were 

identified as secondary objects in the WGA image using a propagation function from the 

identified nuclei which determined the cell’s outer edge. Using the parameters of a 

defined nucleus and cell border, the cytoplasm was then defined as a tertiary object. The 

Hedls channel image was enhanced using an “Enhance Speckles” function to identify 

distinct puncta and eliminate background staining. The cytoplasm image was then applied 

as a mask to the enhanced puncta image to ensure quantitation of only cytoplasmic 

puncta. Hedls puncta were measured in the cytoplasm of cells using a ‘global 

thresholding with robust background adjustments’ function as defined by the program. 

The threshold cut-off for identified Hedls puncta remained constant through all 

CellProfiler experiments. Puncta number per cell, intensity and locations with respect to 

the nucleus were measured and exported as .csv files and analyzed in RStudio. A template 

of the RStudio analysis pipeline is attached in Appendix A. Data was represented as fold 

change in Hedls puncta count per cell normalized to the vector puncta count. ‘Relative 

Hedls Puncta/Cell (KapB/Vector)’ demonstrates the KapB puncta count divided by vector 

puncta count, a ratio that was calculated within each treatment group for each biological 

replicate. 
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Table 2.3: Antibodies used for immunofluorescence in this study. 

Antibody Source Staining Procedure 
 

Mouse a-p70 s6 
kinase (detects Hedls) 

Santa Cruz 
(Cat#:sc-8418) 

1:1000 in blocking buffer (1% Human 
AB in PBS), 4˚C overnight 
 

Rabbit a-KapB Gift from D. 
Ganem and C. 
McCormick 
 

1:1000 in blocking buffer (1% Human 
AB in PBS), 30 min RT 
 

Mouse a-YAP Santa Cruz 
(Cat#:sc-101199) 

1:1000 in blocking buffer (1% Human 
AB in PBS), 4˚C overnight 
 

Rabbit a-YAP Cell Signalling 
Technologies 
(Cat#:4912) 
 

1:100 in blocking buffer (1% Human 
AB in PBS), 4˚C overnight 
 

Rabbit a-a-actinin-1 Abclonal 
(Cat#:A1160) 
 

1:500 in blocking buffer (1% Human 
AB in PBS), 4˚C overnight 
 

Mouse a-a-actinin-4  Santa Cruz 
(Cat#:sc-390205) 
 

1:500 in blocking buffer (1% Human 
AB in PBS), 4˚C overnight 
 

Rabbit a-DDX6 Bethyl Labs 
(Cat#:A300-
461A) 
 

1:1000 in blocking buffer (1% Human 
AB in PBS), 4˚C overnight 
 

Alexa Fluor 555- 
conjugated donkey 

a-mouse IgG (2˚) 
 

Invitrogen 
(Cat#:A31570) 

1:1000 in blocking buffer (1% Human 
AB in PBS), 1h RT 
 

Alexa Fluor 488- 
conjugated chicken 

a-rabbit IgG (2˚) 
 

Invitrogen 
(Cat#:A21441) 

1:1000 in blocking buffer (1% Human 
AB in PBS), 1h RT 
 

Alexa Fluor 555- 
conjugated donkey 

a-rabbit IgG (2˚) 
 

Invitrogen 
(Cat#:A31572) 

1:1000 in blocking buffer (1% Human 
AB in PBS), 1h RT 
 

Alexa Fluor 488- 
conjugated chicken 

a-mouse IgG (2˚) 
 

Invitrogen 
(Cat#:A21200) 

1:1000 in blocking buffer (1% Human 
AB in PBS), 1h RT 
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2.6 Protein Electrophoresis and Immunoblotting 

Cells were washed with PBS and lysed in 2X Laemmli buffer (20% glycerol, 4% 

SDS, 120 mM Tris-HCl), between 150 to 300 µL, depending on cell density. Lysates 

were homogenized with a 0.21-gauge needle and stored at -20˚C until further use. Once 

thawed, protein concentration was quantified using the DC™ protein assay (BioRad) 

according to the instructions of the manufacturer using serial dilutions (0 to 2.8 µg/mL) of 

bovine serum albumin (BSA, Sigma) in 2X Laemmli to generate a standard curve. 

Absorbance at 750 nm was measured on SpectraMax M2 plate reader (Molecular 

Devices). Following protein quantification, lysates were supplemented to contain 0.02% 

(w/v) bromophenol blue (Sigma) and 0.05 M dithiothreitol (DTT, Sigma) and heated at 

95˚C for 5 min. 

7.5 or 12% TGX Stain-Free SDS-polyacrylamide gels (BioRad) were cast 

according to the instructions of the manufacturer and 5 to 15 µg of total protein were 

subjected to SDS gel electrophoresis using 1X SDS running buffer (25 mM Tris, 192 mM 

Glycine, 0.1% SDS). The voltage used for electrophoresis was 100V for 15 min followed 

by 120 V for approximately 1.5 h or until bromophenol blue dye front was no longer 

present on the gel. Precision Plus Protein All Blue Prestained Protein Standards (BioRad) 

was used as a molecular weight marker. After electrophoresis, gels were UV-activated 

using the ChemiDocTouch (BioRad) Stain-Free Gel setting with automated exposure for 

45 s. UV activation resulted in visualization of complexes of tryptophan and the 

proprietary ‘trihalo compound’ in the stain-free gel (BioRad), enabling visualization of 

the total protein levels in each lane. The protein was transferred to low-fluorescence 

polyvinylidene difluoride (PVDF) membranes (BioRad) on the Trans-Blot Turbo Transfer 

System (BioRad) according to the instructions of the manufacturer. Following transfer, 

total protein amounts on membranes were imaged on the ChemiDocTouch using the 

Stain-Free Membrane setting with automated exposure. Membranes were blocked using 

either 5% BSA (Sigma) in 1X TBS-T (150 nM NaCl, 10 mM Tris, pH 7.8, 0.01% Tween-

20) for 1 h at RT. Primary antibody was diluted in 2.5% BSA in 1X TBS-T. Table 2.4 

lists the antibodies used and the appropriate dilution for immunoblotting. Membranes 

were incubated in primary antibody solution overnight at 4˚C with rocking. The following 

day, membranes were washed 3 times for 5 min in 1X TBS-T. Membranes were 
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incubated with the appropriate secondary antibody, conjugated to horseradish peroxidase 

(HRP) for 1 h at RT. Membranes were washed 4 times for 5 min in 1X TBS-T. Clarity™ 

Western ECL Blotting Substrate (BioRad) was mixed at a 1:1 ratio and applied to the 

membrane for 5 min. Chemiluminescent signal was imaged on ChemiDocTouch 

Chemiluminescence setting. Band intensity was quantified using ImageLab software 

(BioRad), normalizing to total protein. 
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Table 2.4: Antibodies used for immunoblotting in this study. 

Antibody Source  Dilution 
 

Rabbit a-mDia1  Cell Signalling 
Technologies (Cat#:5486) 
 

1:1000 in 2.5% BSA 

Rabbit a-mDia3  Cell Signalling 
Technologies (Cat#:5474) 
 

1:1000 in 2.5% BSA 

Rabbit a-ROCK1  Cell Signalling 
Technologies (Cat#:4035) 
 

1:1000 in 2.5% BSA 

Rabbit a-ROCK2  Cell Signalling 
Technologies (Cat#:9029) 
 

1:500 in 2.5% BSA 

Rabbit a-Cofilin  Cell Signalling 
Technologies (Cat#:5175) 
 

1:1000 in 2.5% BSA 

Rabbit a-DCP1a  Cell Signalling 
Technologies (Cat#:15365) 
 

1:500 in 2.5% BSA 

Rabbit a-a-actinin-1 Abclonal (Cat#:A1160) 
 

1:1000 in 2.5% BSA 

Mouse a-a-actinin-4  Santa Cruz (sc-390205) 
 

1:1000 in 2.5% BSA 

Rabbit a-a-actin-
HRP-linked 

Cell Signalling 
Technologies (Cat#:12620) 
 

1:1000 in 2.5% BSA 

Rabbit a-P-YAP 
 

Cell Signalling 
Technologies (Cat#: 4911) 
 

1:1000 in 2.5% BSA 

Rabbit a-YAP 
 

Cell Signalling 
Technologies (Cat#: 4912) 
 

1:1000 in 2.5% BSA 

Rabbit a-DDX6  
 

Bethyl Labs (Cat#:A300-
461A) 
 

1:1000 in 2.5% BSA 

a-Mouse IgG, HRP-
linked (2˚) 
 

Cell Signalling 
Technologies (Cat#: 7076) 
 

1:2000 to 1:4000 in 2.5% BSA 

a-Rabbit IgG, HRP-
linked (2˚) 
 

Cell Signalling 
Technologies (Cat#: 7074) 
 

1:2000 to 1:4000 in 2.5% BSA 

 

 



 43 

2.7 Quantitative Reverse-Transcriptase Polymerase Chain Reaction (qRT-PCR) 

Following treatment as indicated, cells were lysed in 250 µL RLT buffer and RNA 

was extracted using the RNeasy Plus Mini kit (Qiagen) according to the manufacturer’s 

instructions. RNA concentration was quantified using the NanoDrop One 

(ThermoFisher). Complementary DNA (cDNA) was synthesized from 1 µg of total RNA 

using the qScript cDNA SuperMix (QuantaBio) according to the manufacturer’s 

instructions. Real-time quantitative PCR with SsoFast EvaGreen qPCR MasterMix 

(BioRad) was used to quantify the fold-change in mRNA abundance in different 

conditions. The reaction conditions included the following: 4 µL cDNA, 5 µL SsoFast 

EvaGreen MasterMix (BioRad) and 1 µL of a 2 nM mixture of forward and reverse 

primer. All qRT-PCR primer sequences are found in Table 2.5. 

The reaction conditions were as follows: 2 min at 98˚C, cycling 39X between 

98˚C for 2 s and 56˚C for 5 s with a plate read after every cycle, incubation at 65˚C for 10 

s, and 95˚C for 2 s. Melt curves were calculated by increasing the temperature from 75˚C 

to 95˚C, by increments of 0.2˚C/10 s after every run to ensure single products in each 

reaction. Primer efficiency was calculated on a dilution series of pooled samples prior to 

comparing experimental conditions. All samples were run in duplicate and average values 

were normalized to hypoxanthine phophoribosyltransferase-1 (HPRT-1). Relative 

fluorescence was quantified using CFX Connect (BioRad) to determine the cycle 

threshold (Ct) of each sample. The fold change between mRNA expression levels was 

calculated using the delta-delta Ct (∆∆Ct), as follows: 

∆Ct = Average Ct of Target Gene – Average Ct of Control Gene 

∆∆Ct = ∆Ct Experimental Condition - ∆Ct Control Condition 

Fold Change = 2∆∆Ct 
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Table 2.5: qRT-PCR primers used in this study. 

Target Forward/ 
Reverse 
 

Sequence Tm 
(˚C) 

Reference 

CYR61 Forward ATGGTCCCAGTGCTCAAAGA 60 (Chien et 
al. 2016) 
 

CYR61 Reverse GGGCCGGTATTTCTTCACAC 62 (Chien et 
al. 2016) 
 

CTGF Forward CAGCATGGACGTTCGTCTG 60 (Chien et 
al. 2016) 
 

CTGF Reverse AACCACGGTTTGGTCCTTGG 62 (Chien et 
al. 2016) 
 

CTGF Forward CCCTCGCGGCTTACCG 56 (Chien et 
al. 2016) 
 

CTGF Reverse GGACCAGGCAGTTGGCTCT 62 (Chien et 
al. 2016) 
 

ANKRD1  Forward ACGCCAAAGACAGAGAAGGA 60 (Chien et 
al. 2016) 
 

ANKRD1  Reverse TTCTGCCAGTGTAGCACCAG 52 (Chien et 
al. 2016) 
 

YAP  Forward TTGGGAGATGGCAAAGACAT 58 (Chen et 
al. 2013) 
 

YAP  Reverse CGTTCATCTGGGACAGCAT 58 (Chen et 
al. 2013) 
 

18S  Forward TTCGAACGTCTGCCCTATCAA 62 (Singh, 
2019)  
 

18S  Reverse GATGTGGTAGCCGTTTCTCAGG 68 (Singh, 
2019) 
 

B2M  Forward TCGCGCTACTCTCTCTTTCT 60 (Singh, 
2019)  
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2.8 Drug Treatments 

The drug treatments used in this study can be found in table 2.6. All drug 

treatments were performed on HUVECs in EGM-2. 

  

Target Forward/ 
Reverse 

Sequence Tm 
(˚C) 

Reference 

B2M  Reverse TTTCCATTCTCTGCTGGATGAC 64 (Singh, 
2019)  

B2M  Forward TGCTGTCTCCATGTTTGATGTA 62 (Singh, 
2019)  
 

B2M  Reverse GACCAAGATGTTGATGTTGGATAAG 70 (Singh, 
2019)  
 

HPRT-1  Forward CTTTCCTTGGTCAGGCAGTATAA 66 (Singh, 
2019)  
 

HPRT-1  Reverse AGTCTGGCTTATATCCAACACTTC 60 (Singh, 
2019)  
 

HPRT-1  Forward TGGCGTCGTGATTAGTGATG 64 (Singh, 
2019)  
 

HPRT-1  Reverse GACGTTCAGTCCTGTCCATAAT 68 (Singh, 
2019)  
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Table 2.6: Drug treatments used in this study. 

Drug Use Source 
(Cat#) 
 

Concentration  Duration  
 

Y-27623 
dihydrochloride 
(ROCKi) 

Non-isoform 
specific 
inhibition of 
ROCK 
 

Sigma-
Aldrich 
(Cat#:Y0503)  

10 µM 4 h 

(-)-Blebbistatin Inhibition of 
MLC 
contractility  
 

Sigma-
Aldrich 
(Cat#:B0560) 

10 µM 30 min 

Calyculin A Inhibition of 
MLC 
phosphatase, 
resulting in cell 
contraction 
 

Abcam (Cat#: 
ab141784) 

2.5 nM, 5 nM 20 min 

Jasplakinolide  Aberrant 
polymerization of 
actin, decreasing 
monomeric G-
actin 
 

Sigma-
Aldrich 
(Cat#:J4580) 

0.5 µM, 1 µM 30 min  

Latrunculin B Inhibition of 
actin 
polymerization, 
increasing 
monomeric G-
actin 
 

Sigma-
Aldrich 
(Cat#:L5288) 

0.1 µM 30 min 

Cytochalasin D Inhibition of 
actin 
polymerization, 
increasing 
monomeric G-
actin 
 

Sigma-
Aldrich 
(C8273) 

1 µg/mL 30 min 
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2.9 Filamentous and Globular Actin Fraction Separation 

Following treatment, two confluent wells of HUVECs were each lysed in 100 µL 

prewarmed actin stabilization buffer (0.1M PIPES, pH = 6.9, 30% glycerol, 5% DMSO, 

1mM MgSO4, 1mM EGTA, 1% Triton X-100, 1mM ATP, protease inhibitor) and lysates 

were pooled, homogenized with a 21-gauge needle and then incubated at 37˚C for 10 min. 

One hundred µL of lysate was subjected to centrifugation at 350xg for 5 min to remove 

cell debris. The supernatant was transferred into a 600 µL thick-walled centrifuge tube 

(Beckman) subjected to ultracentrifugation at 100,000 xg for 1 h at 37˚C using the TL-

100 ultracentrifuge (Beckman), with the TLA-100-1 rotor (Beckman). In parallel, the 

remaining 100 µL of lysate was used to perform a DC™ protein assay according to the 

instructions of the manufacturer. Following ultracentrifugation, the supernatant (G-actin 

fraction) was removed, mixed with 25 µL 5X SDS sample buffer (0.25 M Tris-Cl, pH = 

6.8, 10% SDS, 50% glycerol, 0.5 M DTT and 0.25% bromophenol blue) and heated at 

95˚C for 5 min. The F-actin pellet was resuspended in 100 µL ice-cold actin 

depolymerization buffer (0.1 M PIPES, pH = 6.8, 1mM MgSO4, 10mM CaCl2, 5 µM 

Cytochalasin D), mixed with 25 µL 5X SDS sample buffer and heated at 95˚C for 5 min. 

Samples were subjected to SDS-12%PAGE and immunoblotting as in Section 2.6. Buffer 

recipes were obtained from Rasmussen et al. (2010) and protocol was adapted from “G-

Actin / F-Actin In Vivo Assay Kit,” (n.d.). 

 
2.10 Transfection for KapB Expression 

HeLa cells were seeded at a density of 100,000 cells/well onto coverslips in a 12-

well plate. After 24 h, the following solutions were prepared per well to be transfected: 

(1) 62.5 µL Opti-mem was mixed with 3 µL 1 mg/mL PEI, pH = 7.0 and (2) 62.5 µL of 

Opti-mem was mixed with 1 µg of pcDNA3.1 KapB-BCBL or pcDNA3.1 control. The 

solutions were mixed by inversion and incubated at RT for 5 min. Solution (1) was added 

to solution (2) for a final reaction mixture volume of 125 µL, mixed by inversion and 

incubated for 15 min at RT. After incubation, cells were washed with PBS and supplied 

with 375 µL serum-free DMEM. The reaction mixture was added drop-wise to the plated 

HeLa cells. After 5 to 6 h, media was replaced with DMEM containing 10% FBS and 1% 
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PSQ. Transfected cells were incubated for 72 h and fixed for immunofluorescence as 

described in section 2.5. 

 

2.11 Collagen-Coating for Altering Matrix Stiffness 

 Coverslips (no. 1.5, Electron Microscopy Sciences) in a 12-well plate were coated 

with a dilution series (0 to 64 µg/mL) of rat-tail collagen-1 (Gibco) in 0.02 M acetic acid 

for 1 h at 37˚. Coverslips were then washed 2 times with sterile PBS prior to seeding 

HUVECs as described in section 2.1. 

 

2.12 Unidirectional Fluid Flow for Endothelial Cell Shear Stress 

Unfrosted microscope slides (Cole-Parmer) were sonicated in a water bath 

sonicator (Cole-Parmer) containing water and 0.5% Sparkleen detergent (FisherBrand) 

for 15 minutes and rinsed twice with ultrapure water. Slides were sterilized with 70% 

isopropanol and allowed to dry in the biosafety cabinet. Slides were then fitted with a 

thick silicone gasket template (Specialty Manufacturing) and 400 µL 0.133 mg/mL rat-

tail collagen-1 (Gibco) in 0.02 M acetic acid was added onto the slide, within the area 

designated by the gasket. Since slide surface area within the area bordered by the template 

gasket was 6.35 cm2, the resulting collagen density was 8.3 µg/cm2. The collagen solution 

was incubated on the slides for 4 h at RT then removed, and the slide was sterilized; first 

under UV light for 15 min and then again for 30 min with the gasket removed. Slides 

were washed twice with sterile PBS and placed in 10 cm2 tissue culture dish for 

subsequent cell plating.  HUVECs were trypsinized as in section 2.1 and subjected to 

centrifugation at 250xg for 5 min. The supernatant was removed and the pellet containing 

cells was resuspended in 3 mL fresh EGM-2. Of the 3 mL cell suspension, 500 µL was 

plated onto each slide on the area coated with collagen-1. HUVECs were allowed to 

adhere for 30 min and then the dishes containing the slides were supplemented with 12 

mL EGM-2 to cover slides adequately. HUVECs were incubated on slides for 24 h.  

Elevated EGM-2 was prepared at least 24 h prior to fluid flow as follows: 15 g 

dextran (Spectrum Chemical) was autoclaved in a 500 mL glass bottle. Once cooled, 500 

mL EGM-2 was added to dextran for a viscosity of approximately 3 cP. Elevated EGM-2 

was stored at 4˚C for at least 24 h to ensure adequate solubilization. 
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The following day, a stock media bottle, flow loop lid (Machine Shop, University 

of Calgary) with attached tubing (Masterflex & Cole-Parmer, size 14 and 16) and thin 

silicone gaskets (Specialty Manufacturing) for the flow chamber were autoclaved. All 

tubing was subsequently purged with sterile gas in a biosafety cabinet. Forty-five mL of 

elevated EGM-2 was added to the stock media bottle and secured with the flow loop lid. 

The flow loop was prepared by using tubing (Masterflex & Cole-Parmer, size 14) to 

attach the pulse dampener (Machine Shop, University of Calgary) to the tubing on the 

flow loop lid, ensuring that the outlet of the flow loop lid was connected with the inlet of 

the pulse dampener. The flow loop was inserted into 37°C incubator and tubing was 

inserted into the pump head (Masterflex) ensuring to match the tubing size to the 

respective pump head (size 14). The direction of fluid flow from the stock bottle and into 

the pulse dampener was confirmed with pump priming. Before cells were inserted into the 

flow loop, the pump was run to fill the pulse dampener with 15 mL of media ensuring to 

cover the outlet of the pulse dampener adequately. Mixed air containing 5% CO2 (Praxair) 

was supplemented into flow loop at an 0.2 µM sterile in-line gas filter (VWR) inlet 

attached to the flow loop lid. Slides with seeded cells were then inserted onto the flow 

chamber (Specialty Manufacturing) with an autoclaved thin gasket between the slide and 

the chamber, clamped and attached to the flow loop following the outlet of the pulse 

dampener. The flow chamber was slightly elevated at the outlet to facilitate elimination of 

air bubbles. The pump head was then primed to send liquid through the flow chamber and 

eliminate any air bubbles. The rate of fluid flow was started at 0.3 L/min and doubled 

every 15 min to avoid sudden stress on the cells. Final flow rates of 0.6 L/min and 2.7 

L/min, corresponding to shear stress rates of 2 and 10 dyn/cm2, were used. Following 20 

to 22 h flow, cells were removed and immediately fixed for immunofluorescence as 

described in section 2.5 or lysed for immunoblotting as described in section 2.6. 

 

2.13 Statistical Analysis 

Statistical analysis of individual CellProfiler experiments was performed in 

RStudio (Appendix A). Error and significance of puncta counts within a given experiment 

was determined using a negative binomial model, commonly used for count data with 

unequal variance. A single biological replicate consisted of 7 images of each treatment in 
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a given experiment, counting 100 to 200 cells per treatment. In order to combine 

biological replicates, data was represented as ‘puncta count per cell normalized to vector 

control’. Statistical analysis of combined biological replicates was performed in 

GraphPad Prism 8.0 software. Significance was determined using a ratio paired t-test or 

repeated measures analysis of variance (ANOVA). Statistical significance was 

determined as p < 0.05.  
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CHAPTER 3: RESULTS  

3.1 CellProfiler Characterizes PB Disassembly in KapB-Expressing HUVECs 

 In order to effectively study PB disassembly, a quantitative microscopy approach 

was needed. CellProfiler is a freeware software program designed for quantitative 

analysis of large image sets (Kamentsky et al. 2011). This program enabled the 

development of an image analysis pipeline through the addition of different modules to 

enhance, identify and measure images. As outlined in Figure 3.1 (A), this pipeline was 

designed to count PBs that were stained by immunofluorescence to the PB-resident 

protein Hedls. The first step was identifying the DAPI-stained nucleus as a primary object 

through applying a threshold to the image, then converting pixels above said threshold to 

a binary image. Nuclei were identified from the binary image as objects between 30 and 

200 pixels in diameter. The pipeline then uses the defined nucleus to apply a propagation 

function in the wheat-germ agglutinin (WGA) image to identify the periphery of a cell. 

The object of a cell was masked with the defined nucleus to define the cytoplasm of the 

cell, which is then applied as a mask in the Hedls channel to ensure only cytoplasmic 

puncta were counted. The intensities of the masked Hedls images were enhanced to avoid 

counts from background staining. Puncta between 1 and 6 pixels above a threshold of 

0.02 intensity units were counted. This threshold was maintained between experiments. 

Puncta counts, intensity and distance from the nucleus were all measured and data 

analysis was performed in RStudio with the attached template code (Appendix A). As a 

proof of concept, KapB- and vector-transduced HUVECs were analyzed through the 

described pipeline (Figure 3.1 (B - E)). Puncta counts confirmed PB disassembly in 

KapB-expressing cells. Figure 3.1 (B) shows the distribution of puncta counts from a 

single experiment, and demonstrated that KapB-expressing cells contained very few cells 

with high puncta counts. Figure 3.1 (C) shows fold change in puncta counts from three 

independent replicates, with consistent decreases in KapB-expressing cells. KapB-

expressing cells also showed decreased puncta intensity (Figure 3.1 (D)). Finally, Hedls 

puncta in KapB-expressing cells were on average closer to the nucleus, though this effect 

was not significant (p = 0.18) (Figure 3.1 (E)). These data confirmed that CellProfiler is 

an effective pipeline for PB analysis. 
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Figure 3.1 CellProfiler pipeline accurately identifies nuclei, cytoplasm and Hedls 
puncta. (A) Schematic of the pipeline identifying nuclei from the DAPI channel, cell 
periphery from the WGA channel and Hedls puncta from the Hedls channel. The program 
enables analysis of several characteristics of PB dynamics, including (B) Hedls puncta 
counts per cell (representative n=1, each dot represents a single cell, mean count denoted 
by red line) (C) fold change in mean Hedls puncta per cell, normalized to vector (D) fold 
change in puncta intensity, normalized to vector, and (E) puncta distance from the 
nucleus, calculated by setting vector puncta distance from the nucleus = 0. Analysis of 
CellProfiler output was performed in RStudio and GraphPad Prism. Error bars represent 
standard deviation. Statistics were determined using a ratio paired t-test, n=3 except in B, 
p < 0.05.   

p = 0.055 
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3.2 RhoA-Effectors and Downstream Signalling that Control Actin SF Dynamics are 

Required for PB Disassembly by KapB 

To understand if the KapB-mediated SF formation could be uncoupled from KapB-

mediated PB disassembly, the downstream effectors of RhoA known to control SF 

formation were interrogated for their role in PB disassembly. The effector mDia1 (gene 

name: DIA1) is a formin that contributes to actin polymerization and SF formation; 

mDia1 was knocked down using shRNAs in cells that expressed KapB, and the number of 

Hedls puncta was examined using CellProfiler (Figure 3.2). The designed shRNAs 

effectively reduced steady-state levels of mDia1 protein, as determined by 

immunoblotting for mDia1 (Figure 3.2 (A)). The knockdown of mDia1 did not eliminate 

SF formation (Figure 3.2 (B)) but, instead, increased elongated cells with SFs across the 

cell in both vector and KapB conditions. Knockdown of mDia1 increased Hedls puncta 

counts in both vector and KapB-expressing cells (Figure 3.2 (B, C)). Both mDia1-

targeting shRNAs resulted in increased numbers of Hedls puncta per cell, with shDIA1-1 

showing a much more robust effect. The difference in Hedls puncta counts between 

shRNAs is likely explained by knockdown efficiency, because shDIA1-1 decreased 

mDia1 protein level more effectively (Figure 3.2 (A)).  

Importantly, to ensure that the loss of mDia1 was not increasing Hedls puncta 

irrespective of KapB expression but rather that mDia1 contributed specifically to KapB-

mediated PB disassembly, the ratio of KapB to vector Hedls puncta per cell within each 

treatment was calculated (Figure 3.2 (D)). The ratio informs whether KapB is still able to 

disassemble Hedls puncta with the treatment applied; if the ratio is restored to ≥1, it 

indicates that KapB is no longer able to disassemble Hedls puncta in comparison to the 

vector control, thus indicating that the protein/process targeted by the treatment 

contributes directly to KapB-mediated Hedls puncta disassembly. Conversely, if the ratio 

is maintained around 0.4 to 0.6, KapB is still disassembling Hedls puncta even in the 

context of the treatment, indicating that though the basal level of Hedls puncta may be 

changed, the protein targeted is not involved in KapB-mediated Hedls puncta disassembly 

specifically. With mDia1 knockdown, the ratio of puncta in the treatment was restored to 

1, as there is no difference between vector and KapB Hedls puncta counts in the absence 

of mDia1. Therefore, mDia1 contributes to KapB-mediated PB disassembly specifically. 
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This ratio will be reported in subsequent figures to ensure that the treatment applied 

changes KapB-mediated PB disassembly specifically and is not just changing global 

Hedls puncta counts.  

To assess if other mDia isoforms that have not been implicated in SF formation 

play a role in KapB-mediated PB disassembly, mDia3 (gene name: DIA2) known to 

control chromosome alignment (Yasuda et al. 2004), was knocked down using targeted 

shRNAs (Figure 3.3 (A)). Unlike mDia1, mDia3 knockdown did not restore Hedls puncta 

counts in KapB-expressing cells and decreased puncta counts in vector cells (Figure 3.3 

(B, C, D)). mDia3 knockdown resulted in elongated actin SF across the center of the cell 

(Figure 3.3 (B)).  

 Another principal RhoA-effector that mediates SF formation is ROCK (Watanabe 

et al. 1999). Inhibition of both isoforms of ROCK, 1 and 2, with a chemical inhibitor 

(Ishizaki et al. 2000) restored Hedls puncta counts in KapB-expressing cells (Figure 3.4 

(A, B)). ROCK inhibition decreased Hedls puncta counts in vector cells and increased the 

ratio of KapB to vector Hedls puncta to greater than 1 (Figure 3.4 (A, B, C)), indicating 

ROCK plays a role in KapB-mediated PB disassembly specifically. Treatment with the 

ROCK inhibitor eliminated SFs. Cells had scalloped edges, minimal cortical actin and an 

apparent lack of fibre organization compared to control cells (Figure 3.4 (A)).  

 Both isoforms of ROCK control SF formation through modulation of actin fibre 

stability via cofilin inhibition and actomyosin contractility (Watanabe et al. 1999). 

ROCK1 primarily mediates actomyosin contractility, while ROCK2 mediates both 

actomyosin contractility as well as inhibition of cofilin to increase actin fibre stability 

(Yoneda, Multhaupt, and Couchman 2005; Shi et al. 2013). To examine the role of each 

ROCK isoform in the disassembly of PBs, isoform-specific shRNAs were designed. 

Immunoblot analysis confirmed that all shRNAs knocked down the isoforms for which 

they were designed (Figure 3.5 (A)). However, two shRNAs (shROCK1-1 and 

shROCK2-1), also increased the protein level of the non-targeted isoform, suggesting a 

cellular mechanism exists that is capable of compensating for ROCK1/2 loss via 

increased production of the alternative isoform (Figure 3.5 (A)). The other two shRNAs 

(shROCK1-2 and shROCK2-2) decreased protein levels of both isoforms, suggesting 

lower levels of specificity by these constructs (Figure 3.5 (A)). The actin phenotypes with 
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ROCK1/2 knockdown were varied, with shROCK1-1, shROCK1-2 and shROCK2-1 

showing phenotypes similar to those observed with ROCK inhibitor treatment, resulting 

in primarily cortical actin and warped cell edges (Figure 3.6 (A)). An exception to this 

was shROCK2-2 which induced robust fibres across the center of the cell (Figure 3.6 

(A)). All shRNAs restored Hedls puncta counts in KapB-expressing cells and restored the 

KapB:vector ratio of Hedls puncta to 1 (Figure 3.6 (A, B, C)). The most robust PB 

restoration was observed with strong knockdown of ROCK2 (Figure 3.6 (A, B,C)). These 

data support the hypothesis that ROCK participates in KapB-mediated PB disassembly.  

 To investigate whether ROCK and mDia1 work synergistically to disassemble 

Hedls puncta in KapB-expressing cells, ROCK was inhibited in the context of mDia1 

knockdown to see if combinatorial inhibition further restored the PB phenotype (Figure 

3.7). I used shDIA1-1 to knock down mDia1 (Figure 3.7 (A)) and in combination, treated 

KD cells with the ROCK1/2 inhibitor. Separate mDia1 knockdown or treatment with the 

ROCK inhibitor restored Hedls puncta in KapB-expressing cells, as observed previously 

(Figure 3.7 (B, C, D)). The combination of shDIA1-1 plus ROCK inhibitor restored Hedls 

puncta in KapB-expressing cells to a level that was slightly higher to mDia1 KD alone 

(Figure 3.7 (B, C, D)). It is unclear whether this is a significant effect.  

There is a strong body of literature demonstrating that ROCK acts as a 

multifunctional kinase (Julian and Olson 2014), that controls many phenotypes in 

addition to actin dynamics. To determine if KapB-mediated PB disassembly required 

ROCK1/2 because of its role as an actin regulator, I explored downstream ROCK targets 

that modulate cytoskeletal behavior. ROCK can phosphorylate and activate LimK, which 

will then phosphorylate and inactivate cofilin, an actin-severing protein (Ohashi et al. 

2000). To investigate the role of cofilin in KapB-mediated PB disassembly, shRNAs to 

knockdown cofilin expression were used (Figure 3.8 (A)). Since ROCK activation results 

in less cofilin activity and reduced actin severing, I hypothesized that knockdown of 

cofilin in KapB-expressing cells would augment KapB-mediated PB disassembly. 

Knockdown of cofilin resulted in elongated cells with more SFs (Figure 3.8 (B)).  

Excluding one outlier, cofilin-knockdown alone disassembled Hedls puncta in vector cells 

and augmented Hedls puncta disassembly in KapB-expressing cells (Figure 3.8 (B, C, 

D)). This indicates that an inhibition of cofilin activity disassembles PBs. This supports 
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the hypothesis that KapB is likely inactivating cofilin through ROCK-mediated 

signalling, and by further reducing cofilin activity, PB disassembly can be enhanced.  
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Figure 3.2: Knockdown of mDia1 restores Hedls puncta in KapB-expressing cells. 
HUVECs were transduced with KapB-expressing and empty vector lentivirus then 
selected with 5 µg/mL blasticidin. Cells were then transduced with shRNAs targeting 
mDia1 (shDIA1-1, shDIA1-2) or with a non-targeting (shNT) control and selected with 1 
µg/mL puromycin. In parallel, cells were fixed for immunofluorescence or lysed for 
immunoblotting. (A) Representative blot and quantification of lysates immunoblotted 
using an antibody to mDia1. mDia1 protein levels in each condition were normalized to 
total protein (not shown). All treatments were normalized to vector NT control. (B) 
Representative images of cells stained for PB-resident protein Hedls (green), KapB 
(blue), and F-actin (red, phalloidin). Boxes indicate the area of the field of view that is 
shown in Hedls (zoom) panel. Scale bar represents 20 µm. (C, D) Fixed cells were stained 
for CellProfiler analysis as detailed in the methods. (C) The number of Hedls puncta per 
cell was quantified and normalized to the vector NT control. (D) CellProfiler data was 
used to calculate the ratio of Hedls puncta count in KapB-expressing cells versus the 
vector control for each treatment condition. Error bars represent standard deviation. 
Statistics were determined using a ratio paired t-test, n=3, p < 0.05.   
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Figure 3.3: Knockdown of mDia3 does not restore Hedls puncta in KapB-expressing 
cells. HUVECs were transduced with KapB-expressing and empty vector lentivirus then 
selected with 5 µg/mL blasticidin. Cells were then transduced with shRNAs targeting 
mDia3 (shDIA2-1) or with a non-targeting (shNT) control and selected with 1 µg/mL 
puromycin. In parallel, cells were fixed for immunofluorescence or lysed for 
immunoblotting. (A) Representative blot and quantification of lysates immunoblotted 
using an antibody to mDia3. mDia3 protein levels in each condition were normalized to 
total protein (not shown). All treatments were normalized to vector NT control. (B) 
Representative images of cells stained for PB-resident protein Hedls (green), KapB 
(blue), and F-actin (red, phalloidin). Boxes indicate images shown in Hedls (zoom) panel. 
Scale bar represents 20 µm. (C, D) Fixed cells were stained for CellProfiler analysis as 
detailed in the methods. (C) The number of Hedls puncta per cell was quantified and 
normalized to the vector NT control. (D) CellProfiler data was used to calculate the ratio 
of Hedls puncta count in KapB-expressing cells versus the vector control for each 
treatment condition. CellProfiler quantification is representative of two independent 
experiments.   
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Figure 3.4: Inhibition of ROCK isoforms restores Hedls puncta in KapB-expressing 
cells. HUVECs were transduced with KapB-expressing and empty vector lentivirus and 

selected with 5 µg/mL blasticidin. Cells were treated with 10 µM Y-27632 (inhibitor of 
both ROCK1 and ROCK2 [ROCKi]) or water control for 4 h and fixed for 
immunofluorescence. (A) Representative images of cells stained for PB-resident protein 
Hedls (green), KapB (blue), and F-actin (red, phalloidin). Boxes indicate images shown in 
Hedls (zoom) panel. Scale bar represents 20 µm. (B, C) Fixed cells were stained for 
CellProfiler analysis as detailed in the methods. (B) The number of Hedls puncta per cell 
was quantified and normalized to the vector NT control. (C) CellProfiler data was used to 
calculate the ratio of Hedls puncta count in KapB-expressing cells versus the vector 
control for each treatment condition. Error bars represent standard deviation. Statistics 
were determined using a ratio paired t-test, n=3, p < 0.05.   
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Figure 3.5: Protein levels of ROCK1 and ROCK2 are reduced with targeted 
shRNAs. HUVECs were transduced with KapB-expressing and empty vector lentivirus 
and selected with 5 µg/mL blasticidin. Cells were then transduced with shRNAs targeting 
ROCK1 and ROCK2 (shROCK1-1, shROCK1-2, shROCK2-1, shROCK2-2) or with a 
non-targeting (shNT) control and selected with 1 µg/mL puromycin. Cells were lysed for 
immunoblotting. (A) Representative blot and quantification of lysates immunoblotted 
using an antibody to ROCK1 or ROCK2. ROCK1/2 protein levels in each condition were 
normalized to total protein (not shown). All treatments were normalized to vector NT 
control. Error bars represent standard deviation. Statistics were determined using a ratio 
paired t-test, n=3, p < 0.05.   
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Figure 3.6: Knockdown of ROCK1 or ROCK2 restores Hedls puncta in KapB-
expressing cells. HUVECs were transduced with KapB-expressing and empty vector 
lentivirus and selected with 5 µg/mL blasticidin. Cells were then transduced with shRNAs 
targeting ROCK1 and ROCK2 (shROCK1-1, shROCK1-2, shROCK2-1, shROCK2-2) or 
with a non-targeting (shNT) control and selected with 1 µg/mL puromycin. Cells were 
fixed for immunofluorescence. (A) Representative images of cells stained for PB-resident 
protein Hedls (green), KapB (blue), and F-actin (red, phalloidin). Boxes indicate images 
shown in Hedls (zoom) panel. Scale bar represents 20 µm. (B, C) Fixed cells were stained 
for CellProfiler analysis as detailed in the methods. (B) The number of Hedls puncta per 
cell was quantified and normalized to the vector NT control. (C) CellProfiler data was 
used to calculate the ratio of Hedls puncta count in KapB-expressing cells versus the 
vector control for each treatment condition. Error bars represent standard deviation. 
Statistics were determined using a ratio paired t-test, n=3, except shROCK1-2, p < 0.05.   
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Figure 3.7: Combined inhibition of mDia1 and ROCK may further enhance Hedls 
puncta restoration. HUVECs were transduced with KapB-expressing and empty vector 
lentivirus then selected with 5 µg/mL blasticidin. Cells were then transduced with 
shRNAs targeting mDia1 (shDIA1-1) or with a non-targeting (shNT) control and selected 

with 1 µg/mL puromycin. Selected cells were treated with 10 µM Y-27632 (RKi) or 
water control for 4 h and fixed for immunofluorescence or lysed for immunoblotting. (A) 
Representative blot and quantification of lysates immunoblotted using an antibody to 
mDia1. mDia1 protein levels in each condition were normalized to total protein (not 
shown). All treatments were normalized to vector NT control. N=1. (B) Representative 
images of cells stained for PB-resident protein Hedls (green), KapB (blue), and F-actin 
(red, phalloidin). Boxes indicate images shown in Hedls (zoom) panel. Scale bar 
represents 20 µm. (C, D) Fixed cells were stained for CellProfiler analysis as detailed in 
the methods. (C) The number of Hedls puncta per cell was quantified and normalized to 
the vector NT control. (D) CellProfiler data was used to calculate the ratio of Hedls 
puncta count in KapB-expressing cells versus the vector control for each treatment 
condition. CellProfiler quantification is representative of two independent experiments.   
  



 67 

 
 
 
 
 
 
 
 
 



 68 

Figure 3.8: Knockdown of cofilin enhances KapB-mediated Hedls puncta 
disassembly. HUVECs were transduced with KapB-expressing and empty vector 
lentivirus then selected with 5 µg/mL blasticidin. Cells were then transduced with 
shRNAs targeting cofilin (shCFN1-1, shCFN1-2) or with a non-targeting (shNT) control 
and selected with 1 µg/mL puromycin. In parallel, cells were fixed for 
immunofluorescence or lysed for immunoblotting. (A) Representative blot and 
quantification of lysates immunoblotted using an antibody to cofilin. Cofilin protein 
levels in each condition were normalized to total protein (not shown). All treatments were 
normalized to vector NT control. (B) Representative images of cells stained for PB-
resident protein Hedls (green), KapB (blue), and F-actin (red, phalloidin). Boxes indicate 
images shown in Hedls (zoom) panel. Scale bar represents 20 µm. (C, D) Fixed cells were 
stained for CellProfiler analysis as detailed in the methods. (C) The number of Hedls 
puncta per cell was quantified and normalized to the vector NT control. (D) CellProfiler 
data was used to calculate the ratio of Hedls puncta count in KapB-expressing cells versus 
the vector control for each treatment condition. Error bars represent standard deviation. 
Statistics were determined using a ratio paired t-test, n=3, p < 0.05.   
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3.3 a-actinin-4 is Required for KapB-Mediated PB Disassembly 

 The signalling controlling SF formation could not be uncoupled from PB 

disassembly by targeting RhoA downstream effectors. As a next step, I decided to 

examine actin fibre bundling, an important component of SF structure, for its role in PB 

disassembly. a-actinin mediates the bundling of actin filaments to form SFs (Lazarides 

and Burridge 1975; Edlund, Lotano, and Otey 2001). Both non-muscle isoforms, a-

actinin-1 and -4, were investigated. Since the localization of a-actinin-1 and a-actinin-4 

is not well-defined in endothelial cells, I first confirmed the localization of both isoforms 

in HUVECs before investigating PB disassembly. Similar to other non-muscle cell types, 

a-actinin-1 was primarily localized to actin fibres and at the periphery of the cell, 

presumably at focal adhesions (Kovac 2010) (Figure 3.9 (A)). In contrast, a-actinin-4 

could be observed tracing along the SF; however, it was largely diffuse throughout the 

cytoplasm and nucleus, congruent with other reports (Honda et al. 1998; Kovac 2010) 

(Figure 3.9 (B)).  

To examine the requirement for actin bundling in KapB-mediated PB 

disassembly, shRNAs targeting a-actinin-1 and a-actinin-4 were used to knockdown 

protein levels of each isoform. All shRNAs were specific for the isoform for which they 

were designed (Figure 3.10 (A)). Knockdown of a-actinin-1 showed varied results, with 

one shRNA restoring Hedls puncta in KapB-expressing cells, while the other decreased 

Hedls puncta (Figure 3.11 (A, B, C)). In both a-actinin-1 knockdown conditions, cells 

were elongated, but only one shRNA (shACTN1-1) maintained SFs across the cell 

(Figure 3.11 (A)). The shRNA (shACTN1-1) that maintained SF across the cell body did 

not exhibit PB restoration.  Knockdown of a-actinin-4 consistently restored Hedls puncta 

in KapB-expressing cells and cells exhibited dense SFs (Figure 3.11 (A, B, C)). In an 

attempt to more clearly discern the role of a-actinin-1 in PB regulation, I overexpressed 

a-actinin-1-GFP in HUVECs. Overexpression of a-actinin-1-GFP, in the absence of 

KapB, elicited disassembly of Hedls puncta (Figure 3.12 (A, B)). Taken together, the data 

indicate the non-muscle a-actinins can modulate PBs, though it is unclear whether a-

actinin-1 contributes to KapB-mediated PB disassembly. 
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Figure 3.9: a-actinin-1 localizes to SFs while a-actinin-4 is primarily found diffusely 
in the cytoplasm and nucleus. Untreated HUVECs were fixed for immunofluorescence 

using antibodies to a-actinin-1 or a-actinin-4. N=1. 
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Figure 3.10: Protein levels of a-actinin-1 and -4 are reduced using shRNAs. HUVECs 
were transduced with KapB-expressing and empty vector lentivirus and selected with 5 
µg/mL blasticidin. Cells were then transduced with shRNAs targeting ACTN1 and 
ACTN4 (shACTN1-1, shACTN1-2, shACTN4-1, shACTN4-2) or with a non-targeting 
(shNT) control and selected with 1 µg/mL puromycin. Cells were lysed for 
immunoblotting. (A) Representative blot and quantification of lysates immunoblotted 
using an antibody to a-actinin-1 or a-actinin-4. a-actinin-1 and a-actinin-4 protein levels 
in each condition were normalized to total protein (not shown). All treatments were 
normalized to vector NT control. N=1. 
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Figure 3.11: Knockdown of a-actinin-4 restores Hedls puncta in KapB-expressing 
cells. HUVECs were transduced with KapB-expressing and empty vector lentivirus and 
selected with 5 µg/mL blasticidin. Cells were then transduced with shRNAs targeting 
ACTN1 and ACTN4 (shACTN1-1, shACTN1-2, shACTN4-1, shACTN4-2) or with a 
non-targeting (shNT) control and selected with 1 µg/mL puromycin. Cells were fixed for 
immunofluorescence. (A) Representative images of cells stained for PB-resident protein 
Hedls (green), KapB (blue), and F-actin (red, phalloidin). Boxes indicate images shown in 
Hedls (zoom) panel. Scale bar represents 20 µm. (B, C) Fixed cells were stained for 
CellProfiler analysis as detailed in the methods. (B) The number of Hedls puncta per cell 
was quantified and normalized to the vector NT control. (C) CellProfiler data was used to 
calculate the ratio of Hedls puncta count in KapB-expressing cells versus the vector 
control for each treatment condition. Error bars represent 95% confidence interval. 
Statistics were determined using a negative binomial regression, p < 0.05. N=1. 
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Figure 3.12: Overexpression of a-actinin-1-GFP disassembles Hedls puncta in 

HUVECS. HUVECs were transduced with a-actinin-1-GFP-expressing and empty vector 
lentivirus and selected with 1 µg/mL puromycin. Cells were fixed for 
immunofluorescence. (A) Representative images of cells stained for PB-resident protein 

Hedls (false-coloured green), a-actinin-1-GFP (false-coloured blue), and F-actin (red, 
phalloidin). Boxes indicate images shown in Hedls (zoom) panel. Scale bar represents 20 
µm. (B) Fixed cells were stained for CellProfiler analysis as detailed in the methods. The 
number of Hedls puncta per cell was quantified and normalized to the vector control. 
CellProfiler quantification is representative of one independent experiment. Error bars 
represent 95% confidence interval. Statistics were determined using a negative binomial 
regression, p < 0.05. N=1. 
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3.4 Actin Contractility is Required for PB Disassembly 

Since signalling controlling SF formation was required for PB disassembly, one of 

the functional consequences of SF formation was examined: actomyosin contractility. 

NMII is incorporated into SF bundles and, when phosphorylated, results in contraction of 

the fibres (Peterson et al. 2004). To determine if SF contractility is important for KapB-

mediated PB disassembly, KapB-expressing cells were treated with blebbistatin, which 

inhibits NMII-mediated actomyosin contractility (Kovacs et al. 2004). Treatment of 

KapB-expressing cells with blebbistatin restored both Hedls puncta levels in KapB-

expressing cells, as well as the KapB:vector ratio of Hedls puncta, indicating that 

contractility is required for KapB-induced PB disassembly (Figure 3.13 (A, B, C)). There 

were no significant changes in the actin cytoskeleton after blebbistatin treatment (Figure 

3.13 (A)). In parallel, lysates from blebbistatin-treated cells were immunoblotted for 

DCP1a, a PB protein previously observed to decrease after expression of KapB 

(Robinson, unpublished). These data showed that blebbistatin treatment increased 

DCP1a steady-state protein levels relative to vehicle-treated KapB-expressing cells 

(Figure 3.13 (D)).  

These data point to the downstream function of actin SFs, actomyosin contractility, 

as an essential signal that elicits PB disassembly. To determine if contraction would 

elicit the same phenotype in the absence of KapB, I treated cells with Calyculin A 

(CalA), an inhibitor of MLC phosphatase that induces NMII activity and actomyosin 

contraction (Asano and Mabuchi 2001). Inducing contraction with CalA decreased 

counts of Hedls puncta, supporting the hypothesis that actomyosin contractility controls 

PB disassembly (Figure 3.14 (A, B)). KapB may be dispersing PBs through induction of 

actin cytoskeleton contraction.  
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Figure 3.13: Inhibition of actin contractility restores Hedls puncta in KapB-
expressing cells. HUVECs were transduced with KapB-expressing and empty vector 
lentivirus and selected with 5 µg/mL blasticidin. In parallel, cells were treated with 10 

µM blebbistatin or DMSO for 30 min and fixed for immunofluorescence or lysed for 
immunoblotting. (A) Representative images of cells stained for PB-resident protein Hedls 
(green), KapB (blue), and F-actin (red, phalloidin). Boxes indicate images shown in Hedls 
(zoom) panel. Scale bar represents 20 µm. (B, C) Fixed cells were stained for CellProfiler 
analysis as detailed in the methods. (B) The number of Hedls puncta per cell was 
quantified and normalized to the vector NT control. (C) CellProfiler data was used to 
calculate the ratio of Hedls puncta count in KapB-expressing cells versus the vector 
control for each treatment condition. (D) Representative blot and quantification of lysates 
immunoblotted with antibodies specific to the PB-resident protein DCP1a. DCP1a protein 
levels in each condition were normalized to total protein (not shown). All treatments were 
normalized to vector DMSO control. Error bars represent standard deviation. Statistics 
were determined using a ratio paired t-test, n=3, p < 0.05.   
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Figure 3.14: Stimulation of actin contractility disassembles Hedls puncta. HUVECs 
were treated with Calyculin A (CalA) or DMSO for 20 min and fixed for 
immunofluorescence. (A) Representative images of cells treated with 2.5 nM CalA and 
stained for PB-resident protein Hedls (green) and F-actin (red, phalloidin). Boxes indicate 
images shown in Hedls (zoom) panel. Scale bar represents 20 µm. (B) Cells treated with 5 
nM CalA or DMSO were fixed and stained for CellProfiler analysis as detailed in the 
methods. Hedls puncta per cell were quantified. CellProfiler quantification is 
representative of two independent experiments.   
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3.5 Alteration to the Ratio of F:G-Actin Does Not Cause PB Disassembly 

 G-actin can act as a signalling molecule. This is illustrated by the observation that 

changes in the availability of G-actin monomers elicit activation of SRF response 

elements (Sotiropoulos et al. 1999). We wondered if KapB induced loss of monomeric G-

actin and if this change controlled PB disassembly. To determine if KapB expression 

increased the F:G-actin ratio because it induced actin polymerization, KapB-expressing 

HUVECs were lysed in cold F-actin stabilization buffer, and the F- and G-actin fractions 

were separated using ultracentrifugation. As expected, there was an increase in the F-actin 

fraction in KapB-expressing cells (Figure 3.15 (A, C)). Jasplakinolide (Jasp), which 

increases the F-actin fraction in cells (Bubb et al. 1999), was used as a control to ensure 

proper separation of F- and G-actin fractions (Figure 3.15 (B, D)). To test whether PBs 

were controlled by the availability of G-actin, cells were treated with chemicals altering 

F:G-actin ratios in the absence of KapB, and Hedls puncta were quantified. Jasp treatment 

increases the F-actin fraction through facilitating actin nucleation resulting in aberrant 

polymerization of actin (Figure 3.16 (A), Bubb et al. 1999). If G-actin levels control PB 

disassembly, decreasing the availability of G-actin with Jasp would mimic effect of 

KapB, and should also result in PB disassembly. This was not observed, as treatment with 

Jasp increased Hedls puncta per cell (Figure 3.16 (B)), indicating that decreasing the 

availability of monomeric G-actin does not disassemble Hedls puncta. The actin 

polymerization inhibitor Latrunculin B (LatB) binds to G-actin monomers directly, 

preventing their incorporation into F-actin (Morton, Ayscough, and McLaughlin 2000; 

Wakatsuki et al. 2001). Similarly, the actin polymerization inhibitor Cytochalasin D 

(CytD) caps the barbed end of actin filaments, preventing further elongation of the actin 

filament (Wakatsuki et al. 2001). Treatment of cells with either LatB or CytD increases 

the availability of monomeric G-actin in the cell (Figure 3.16 (A)). CytD, like Jasp, also 

increased Hedls puncta in the cell, suggesting that the availability of G-actin is not a 

critical regulator of PB levels (Figure 3.16 (B)). LatB did not change the level of Hedls 

puncta in the cell. However, this may be due to the low effective concentration used for 

treatment, as it was difficult to find a concentration of LatB that visibly altered actin 

without causing cell loss. Overall, since both Jasp and CytD increased Hedls puncta in the 

cell, G-actin is not acting as the signalling molecule that elicits PB disassembly. 
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Figure 3.15: KapB increases the F:G-actin ratio. (A,C) HUVECs were transduced with 
KapB-expressing and empty vector lentivirus, selected with 5 µg/mL blasticidin and lysed 
for F-G actin fraction separation. (B,D) HUVECs were treated with 0.5 µM or 1 µM of 
the actin-polymerizing drug jasplakinolide (Jasp) or DMSO control for 30 min and lysed 

for F-actin fraction separation. (A,B) Representative immunoblot probed for b-actin. 
(C,D) Quantification of ratio of F:G actin from band intensity measurements normalized 
to Vector ratio. N=1. 
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Figure 3.16: Changes in the proportion of monomeric actin does not elicit PB 
disassembly. (A) Diagram of mechanisms of action for jasplakinolide (Jasp), latrunculin 

B (LatB) and cytochalasin D (CytD). (B,C) HUVECs were treated with 1 µM Jasp to 
decrease monomeric G-actin, 0.1 µM LatB and 1 µg/µL CytD to increase monomeric G-
actin or DMSO control for 30 min. (B) Representative CellProfiler images of cells stained 
for PB-resident protein Hedls (orange), actin (green), DAPI (blue), and wheat germ 
agglutinin (red). Boxes indicate images shown in Hedls (zoom) panel. Scale bar 
represents 30 µm. (C) Fixed cells were stained for CellProfiler analysis as detailed in the 
methods. The number of Hedls puncta per cell was quantified and normalized to the 
DMSO control. Error bars represent standard deviation. Statistics were determined using 
a ratio paired t-test, n=3, p < 0.05.   
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3.6 KapB Increases YAP Protein Levels 

 Following confirmation that SF and actomyosin contractility are required for PB 

disassembly, mechanoresponsive pathways that have been reported to respond to 

alterations in the actin cytoskeleton were investigated. A central regulator that responds to 

alterations in RhoA activity and cytoskeletal tension is the mechanoresponsive 

transcriptional regulator YAP (Dupont et al. 2011; Wada et al. 2011). To investigate if 

KapB altered YAP localization or phosphorylation status, KapB- and vector-transduced 

HUVECs were fixed for immunofluorescence and lysed for immunoblotting. KapB-

expressing HUVECs showed increased levels of nuclear YAP, as well as increased total 

YAP intensity (Figure 3.17 (A, B, C)). This increase in both nuclear and total YAP was 

also seen in HeLa cells transfected with empty vector and KapB constructs (Figure 3.17 

(D, E)). Phosphorylated YAP (P-YAP) is unable to enter the nucleus and is thus 

considered inactive (Zhao et al. 2007). In KapB-expressing cells, there was a decrease in 

the ratio of P-YAP to total YAP as measured by immunoblotting, suggesting a higher 

fraction of active YAP when KapB is expressed (Figure 3.17 (F, G)). There was also an 

increase in total cellular YAP levels, corroborating the increase in total YAP intensity 

seen by microscopy (Figure 3.17 (H)). Notably, despite the increase in total YAP protein 

levels, there was no change in YAP mRNA levels, suggesting that KapB may be 

preventing YAP degradation rather than driving its expression (Figure 3.17 (I)).  

If YAP is dephosphorylated and nuclear, we would expect KapB expression to 

activate the transcription of endogenous genes known to respond to YAP. To investigate 

this, RNA was harvested from KapB- and vector-expressing HUVECs and RT-qPCR was 

performed for three YAP-responsive genes: connective tissue growth factor (CTGF), 

ankyrin repeat domain 1 (ANKRD1) and cysteine-rich angiogenic inducer 61 (CYR61) 

(Chen et al. 2013). These genes were chosen as they are conventionally-assayed to 

monitor YAP activation, including in the context of mechanical stressors (Chien et al. 

2016; Dupont et al. 2011; Nakajima et al. 2017). Small increases (1.1- to 1.4-fold) of each 

gene were detected in KapB-expressing cells (Figure 3.18 (A, B, C)). Only increases in 

CTGF were significant. The positive control, a construct expressing constitutively active 

YAP (CA-YAP, serine to alanine mutations in the five YAP phosphorylation sites [Zhao 

et al. 2007]), increased all canonical YAP genes substantially (average 5- to 7-fold 
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increase). To confirm this result, HeLa cells were transduced with a high dose of KapB-

expressing and vector lentivirus and the expression levels of these genes were measured 

again. Again, KapB-mediated increases of these canonical YAP activated genes was 

small, 1.1- to 1.4-fold (Figure 3.18 (D, E, F)). 

 

3.7 YAP Is Required For PB Disassembly 

 After observing an upregulation of YAP expression in KapB-expressing cells, 

shRNAs targeting YAP genes were used to examine the role of YAP in PB disassembly 

(Figure 3.19 (A)). Genetic knockdown of YAP increased Hedls puncta in KapB-

expressing cells and restored the ratio of KapB:vector Hedls puncta (Figure 3.19 (B, C, 

D)). Cells with YAP knockdown had primarily cortical actin, although several cells were 

elongated and had few, but prominent SFs (Figure 3.19 (B)). These results confirm that 

YAP is required for PB disassembly in KapB-expressing cells. To understand if YAP 

controls PB disassembly, constitutively-active YAP (CA-YAP) was expressed in 

HUVECs in the absence of KapB. Cells expressing CA-YAP grew very quickly and 

showed a notable loss of contact inhibition (not shown). These cells had few prominent F-

actin fibres and distinctly diffuse cytoplasmic staining with phalloidin relative to control 

cells (Figure 3.20 (A)). Quantification of Hedls puncta in these cells showed that CA-

YAP expression decreased the number of Hedls puncta per cell, showing that active YAP 

alone can elicit disassembly of PBs in the absence of KapB expression (Figure 3.20 (A, 

B)). 
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Figure 3.17: YAP protein levels are increased in KapB-expressing cells. (A-C, F-I) 
HUVECs were transduced with KapB-expressing and empty vector lentivirus and 
selected with 5 µg/mL blasticidin. Cells were fixed for immunofluorescence, lysed for 
immunoblotting or harvested for RNA. (A) Representative CellProfiler images of cells 
stained for YAP. Scale bar represents 30 µM. Images were inputted into a modified 
CellProfiler and (B) nuclear YAP intensity and (C) cellular YAP intensity were quantified 
in each treatment. Error bars represent standard deviation. Statistics were determined 
using a ratio paired t-test, n=3, p < 0.05.  (D,E) HeLa cells were transfected with using 
PEI and an expression plasmid for KapB or an empty vector control. After 72 h, cells 
were fixed for immunofluorescence. Images were input into CellProfiler and (D) nuclear 
YAP intensity and (E) cellular YAP intensity were quantified in each treatment. YAP 
levels in KapB-expressing cells were only measured in cells thresholded for KapB 
immunofluorescence staining above the average background intensity. CellProfiler 
quantification is representative of one independent experiment. Error bars represent 
standard deviation. Statistics were determined using a unpaired t-test with Welch’s 
correction, p < 0.05. (F, G, H) Representative blot and quantification of HUVEC lysates 
immunoblotted with antibodies specific to phosphorylated YAP and YAP. Protein levels 
of phosphorylated YAP and total YAP in each condition were normalized to total protein 
(not shown). All treatments were normalized to vector control. (I) RNA was harvested 
from selected HUVECs and used for qRT-PCR analysis of steady state YAP mRNA 
levels, normalized to steady state HPRT-1 mRNA levels. Error bars represent standard 
deviation. Statistics were determined using a ratio paired t-test, n=3, p < 0.05.   
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Figure 3.18: Canonical YAP target genes demonstrate small changes in KapB-
expressing cells. (A-C) HUVECs were transduced with KapB-expressing, constitutively-
active YAP (CA-YAP)-expressing and empty vector lentivirus and selected with 5 µg/mL 
blasticidin. RNA was harvested and used for qRT-PCR analysis of steady state YAP 
target mRNA levels, normalized to steady state HPRT-1 mRNA levels. CTGF (A), 
ANKRD1 (B) and CYR61 (C) levels are shown in vector and KapB-expressing cells, as 
well as vector and CA-YAP-expressing cells. Error bars represent standard deviation. 
Statistics were determined using a ratio paired t-test, n=3, p < 0.05. (D-F) HeLa cells 
were transduced with KapB-expressing and empty vector lentivirus. RNA was harvested 
from cells and used for qRT-PCR analysis of steady state YAP target mRNA levels, 
normalized to steady state HPRT-1 mRNA levels. CTGF (D), ANKRD1 (E) and CYR61 
(F) levels are shown in vector and KapB-expressing cells. Quantification is representative 
of one independent experiment. 
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Figure 3.19: Knockdown of YAP restores Hedls puncta in KapB-expressing cells. 
HUVECs were transduced with KapB-expressing and empty vector lentivirus and 
selected with 5 µg/mL blasticidin. Cells were then transduced with shRNAs YAP 
(shYAP-1, shYAP-2) or with a non-targeting (shNT) control and selected with 1 µg/mL 
puromycin. In parallel, cells were fixed for immunofluorescence or lysed for 
immunoblotting. (A) Representative blot and quantification of lysates immunoblotted 
using an antibody to YAP. YAP protein levels in each condition were normalized to total 
protein (not shown). All treatments were normalized to vector NT control. (B) 
Representative images of cells stained for PB-resident protein Hedls (green), KapB 
(blue), and F-actin (red, phalloidin). Boxes indicate images shown in Hedls (zoom) panel. 
Scale bar represents 20 µm. (C, D) Fixed cells were stained for CellProfiler analysis as 
detailed in the methods. (C) The number of Hedls puncta per cell was quantified and 
normalized to the vector NT control. (D) CellProfiler data was used to calculate the ratio 
of Hedls puncta count in KapB-expressing cells versus the vector control for each 
treatment condition. Error bars represent standard deviation. Statistics were determined 
using a ratio paired t-test, n=3, p < 0.05.   
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Figure 3.20: Overexpression of constitutively-active YAP (CA-YAP) disassembles 
Hedls puncta in HUVECs. HUVECs were transduced with CA-YAP-expressing and 
empty vector lentivirus and selected with 5 µg/mL blasticidin. Cells were fixed for 
immunofluorescence. (A) Representative images of cells stained for PB-resident protein 
Hedls (green) and F-actin (red, phalloidin). Boxes indicate images shown in Hedls (zoom) 
panel. Scale bar represents 20 µm. (B) Fixed cells were stained for CellProfiler analysis 
as detailed in the methods. The number of Hedls puncta per cell was quantified and 
normalized to the vector control. Error bars represent standard deviation. Statistics were 
determined using a ratio paired t-test, n=3, p < 0.05.   
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3.8 Certain Mechanical YAP Inputs Control PB Disassembly  

 Cell confluence and ECM stiffness are two well-described regulators of YAP 

nuclear translocation and activation (Boggiano and Fehon 2012). Cells at low density 

contain active YAP while high cell density promotes inactive YAP (Zhao et al. 2007). To 

determine if cell confluence influences PB disassembly, HUVECs were seeded at low, 

medium and high densities. As expected, YAP nuclear staining was increased at low 

density (Figure 3.21 (A)). The low density monolayer displayed more Hedls puncta per 

cell then those at medium and high densities (Figure 3.21 (A, B)). This suggests that PB 

dynamics are not regulated by changes in cell-to-cell contact, despite YAP activation in 

this context. Increasing ECM stiffness also correlates with increased YAP nuclear 

translocation and activation (Dupont et al. 2011). To test how ECM stiffness impacted PB 

disassembly, HUVECs were plated on coverslips coated with increasing densities of 

collagen (0 to 64 µg/mL). These data demonstrated that as collagen density increased, 

Hedls puncta decreased (Figure 3.22 (A, B)). However, immunofluorescence analysis of 

HUVECs at different collagen densities showed no visible changes in the levels of 

nuclear YAP or in the morphology of the actin cytoskeleton (Figure 3.22 (A)). Because 

cellular density modulates YAP primarily through cell to cell junctional signalling 

(Boggiano and Fehon 2012), while ECM stiffness activates YAP via enhanced 

cytoskeletal tension, these data support a model which suggests that only mechanical 

activators of YAP that increase cytoskeletal tension promote PB disassembly in 

HUVECs.  

 

3.9 YAP Activation During Shear Stress Elicits PB Disassembly in HUVECs 

 To determine if other mechanical forces that induce SF formation and YAP 

activation can also disassemble PBs, HUVECs were subjected to shear stress by fluid 

flow and PBs were examined via immunofluorescence. Both 2 and 10 dyn/cm 2 of shear 

stress resulted in robust PB disassembly, confirming that mechanical inducers of SF 

formation also elicit PB disassembly (Figure 3.23 (A, B)). Cellular lysates of HUVECs 

that were subjected to fluid flow showed decreases in levels of PB protein DCP1a (Figure 

3.23 (C)). Protein levels of another PB-resident protein, DDX6 remained unchanged in 

shear stress conditions. This is consistent with data seen in KapB-expressing cells, where 



 92 

DCP1a protein levels are decreased, while DDX6 protein levels are unchanged 

(Robinson, unpublished).  

 To confirm if YAP was activated by shear stress in our system, HUVECs that had 

been subjected to 2 and 10 dyn/cm2 of shear stress were lysed and used for 

immunoblotting of P-YAP and total YAP. Shear stress induced large decreases in P-

YAP/YAP ratio levels in both conditions, suggesting increases in activated YAP (Figure 

3.24 (A)). To assess if YAP was directly regulating PB disassembly in response to shear 

stress, YAP knockdown HUVECs were subjected to 10 dyn/cm2 shear stress. Knockdown 

of YAP severely inhibited the ability of the cells to respond to shear stress. A much 

greater cell loss was observed in YAP knockdown cells, as indicated by the nucleus count 

per field of view (Figure 3.24 (B)). There was an increase in the average Hedls puncta per 

cell in YAP knockdown cells subjected to shear stress; however, two distinct phenotypes 

were observed depending on location of the cells the flow chamber (Figure 3.24 (B)). The 

cells near the inlet, where the force of fluid flow is greater, did not maintain SFs and had 

few but very intense PBs. Cells near the outlet, which are subjected to lower degrees of 

force, maintained SFs and displayed Hedls puncta staining in their cytoplasm that was 

more typical of the static NT control. Though confirmation of this phenotype with more 

experiments is necessary, the increase in Hedls puncta in both cases suggests that YAP 

activation regulates PB disassembly in response to mechanical forces, such as shear 

stress.  

 The data presented suggest that KapB is driving RhoA signalling to increase 

cytoskeletal tension and induce YAP in a manner that mimics its activation by external 

forces. This YAP signalling is required for KapB-mediated PB disassembly. 
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Figure 3.21: Confluence-mediated activation of YAP does not disassemble Hedls 
puncta. HUVECs were split at a low, medium and high-density confluence and fixed for 
immunofluorescence. (A) Representative CellProfiler images of cells stained for PB-
resident protein Hedls (red) and YAP (green). Boxes indicate images shown in Hedls 
(zoom) panel. Scale bar represents 30 µm. (B) Fixed cells were stained for CellProfiler 
analysis as detailed in the methods. The number of Hedls puncta per cell was quantified 
and normalized to the low confluence condition. Error bars represent standard deviation. 
Statistics were determined using a ratio paired t-test, n=3, p < 0.05.   
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Figure 3.22: Increasing matrix stiffness disassembles Hedls puncta. Coverslips were 
coated for 1 h with 0 to 64 µg/mL of collagen in 0.02 mM acetic acid. HUVECs were 
grown for 72 h on coated coverslips and fixed for immunofluorescence. (A) 
Representative images of cells stained for PB-resident protein Hedls (green), YAP (blue) 
and F-actin (red, phalloidin). Boxes indicate images shown in Hedls (zoom) panel. Scale 
bar represents 20 µm. (B) Fixed cells were stained for CellProfiler analysis as detailed in 
the methods. The number of Hedls puncta per cell was quantified and normalized to the 0 
µg/mL collagen-coating condition. Error bars represent 95% confidence interval. 
Statistics were determined using a negative binomial regression, p < 0.05. N=1.  
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Figure 3.23: Shear stress disassembles PBs in HUVECs. HUVECs were seeded onto 
collagen-coated microscope slides and exposed to shear stresses of 2 dyn/cm 2, 10 dyn/cm2 

or a static control for 22h. Cells were fixed and stained for immunofluorescence or lysed 
for immunoblotting. (A) Representative images of cells stained for PB-resident proteins 
Hedls (green) and DDX6 (blue), as well as F-actin (red, phalloidin). Boxes indicate 
images shown in Hedls (zoom) and DDX6 (zoom) panels. Scale bar represents 20 µm. 
(B) CellProfiler was used to count nuclei, Hedls puncta and DDX6 puncta. In RStudio 
analysis, puncta with more than 70% correlation between Hedls and DDX6 (PBs) were 
counted in each condition and normalized to number of nuclei per condition. Statistics 
were determined using a ratio paired t-test, n=3, p < 0.05. (C) Representative blot and 
quantification of lysates immunoblotted with antibodies specific to the PB-resident 
proteins DCP1a and DDX6. DCP1a and DDX6 protein levels in each condition were 
normalized to total protein (not shown). All treatments were normalized to vector static 
control. Immunoblot quantification is representative of two independent experiments.   
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Figure 3.24: YAP is likely required for Hedls puncta disassembly in HUVECs 
subjected to shear stress. (A) Representative blot and quantification of lysates from cells 
exposed to shear stresses of 2 dyn/cm2, 10 dyn/cm2 or a static control for 22h. Lysates 
were immunoblotted with antibodies specific to phosphorylated YAP and YAP . Protein 
levels of phosphorylated YAP and total YAP in each condition were normalized to total 
protein (not shown). All treatments were normalized to vector static control and the ratio 
of phosphorylated YAP/YAP was calculated. Immunoblot quantification is representative 
of two independent experiments. (B) HUVECs were transduced with shRNAs targeting 
YAP (shYAP1-2) or with a non-targeting (shNT) control and selected with 1 µg/mL. 
Cells were seeded onto collagen-coated microscope slides and exposed to shear stresses 
of 10 dyn/cm2 or a static control for 22h. Cells were fixed and stained for 
immunofluorescence. Representative images of cells stained for PB-resident protein 
Hedls (green) and F-actin (red, phalloidin are shown for two locations in the flow 
chamber. Boxes indicate images shown in Hedls (zoom) panels. Scale bar represents 20 
µm. CellProfiler was used to count nuclei (nucleus count) and Hedls puncta. In RStudio 
analysis, Hedls puncta were normalized to number of nuclei per condition. Quantification 
is representative of one independent experiment. 
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CHAPTER 4: DISCUSSION 

4.1 Overview 

Prior to this work, KapB was known to activate a non-canonical MK2-RhoA axis 

that mediated both SF formation and PB disassembly (Corcoran, Johnston, and 

McCormick 2015). RhoA has been well-characterized as a cytoskeletal regulatory 

protein, known to mediate SF formation (Ridley and Hall 1992). However, the 

demonstration that activation of RhoA altered PB dynamics after starvation, as well as 

after activation of the MK2-RhoA axis by KapB, was unexpected (Takahashi et al. 2011; 

Corcoran et al. 2012; Corcoran, Johnston, and McCormick 2015). More unexpected was 

the inability to uncouple the signalling controlling SF formation from that controlling PB 

disassembly, leading to my hypothesis that RhoA-activation of SF formation may precede 

PB disassembly. To test this hypothesis, I asked three different questions about SFs: (1) 

Does the signalling that controls SF formation also control PBs? (2) Is the structure of 

SFs required for PB disassembly? and (3) Does functional result of SF formation, for 

example, contractility and mechanotransduction, control PBs? I now show that PB 

disassembly is controlled by the same RhoA-effectors that control SF formation, mDia1 

and ROCK. I also show that actomyosin contractility, a key characteristic of SFs, is 

required for KapB-mediated PB disassembly; furthermore, my model suggests that 

eliciting changes in cytoskeletal tension in the absence of KapB can regulate PB 

dynamics. SFs mediate changes in cytoskeletal tension that activate mechanoresponsive 

signalling, in particular, the mechanoresponsive transcriptional coactivator, YAP. I 

demonstrate that the mechanism of PB disassembly, induced both by KapB and external 

force, is accompanied by the nuclear translocation of YAP and relies on its presence in 

the cell.  

Previous work from our lab and others showed that PBs regulate the stability of 

many transcripts that encode for inflammatory and angiogenic proteins (Corcoran, 

Johnston, and McCormick 2015; Vindry et al. 2017; Blanco et al. 2014). This knowledge, 

taken in combination with my results, leads to the following model. I propose that KapB 

activates a novel mechanoresponsive pathway, thereby controlling the stability of mRNA 

transcripts that may promote inflammation in the context of KSHV infection and KS 

tumorigenesis, and in other pathologies with dysregulated inflammation. In the discussion 
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that follows, I will highlight the main findings of this work that have led to the 

development of this model, including a new PB quantification platform, my evidence for 

a novel mechanoresponsive axis that regulates PBs, and how I believe that this signalling 

axis contributes to the current knowledge of the disease KS.  

 

4.2 Quantitating Changes to PB Dynamics and their Functional Consequences 

I developed the CellProfiler pipeline as a tool for large-scale, reliable PB 

quantification. The robust measurements provided by this pipeline can be combined with 

functional data to understand how post-transcriptional gene expression is regulated by 

PBs. CellProfiler accurately identified distinct puncta that were stained with an antibody 

for Hedls, a PB-resident protein, within the cytoplasm of a given cell. The program 

measured puncta intensity and evaluated nucleus-to-puncta distance (Figure 3.1). In 

KapB-expressing cells, CellProfiler evaluation of PB levels recapitulated previous data 

that were obtained using manual counting, confirming with an unbiased method, that 

KapB elicits PB disassembly (Corcoran, Johnston, and McCormick 2015). The accurate 

replication of these previously published results demonstrates that CellProfiler is able to 

robustly quantify these visible puncta within a cell.  

Importantly, the follow-up of CellProfiler analysis requires linking the PB 

quantification phenotypes with PB functional output. This question highlights an 

important debate ongoing in the PB field: whether microscopically-visible PBs actually 

act as sites of decay. Initially, it was thought that because decay enzymes are localized to 

PBs, and RNA decay intermediates of artificial constructs have been detected at PBs, 

these cellular structures were sites of mRNA decay (Sheth and Parker 2003). However, 

mRNA decay visualized by single-molecule imaging indicated that decay events can 

occur diffusely in the cytosol (Horvathova et al. 2017).  Furthermore, subsequent studies 

have shown that no mRNA decay intermediates were detected in fluorescently-sorted PBs 

(Hubstenberger et al. 2017). One study employing mathematical models of the movement 

of mRNA molecules suggested that mRNA decay is most efficient at the periphery of the 

PB while translationally-repressed mRNAs are stably localized within the PB (Pitchiaya 

et al. 2019). These studies indicate that, although the decay may not always be occurring 

directly within the PB, the presence of PBs are indicative of localized and concentrated 
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RNA translational suppression and/or decay. Thus, even if visible PBs are not exclusive 

sites of decay, their ability to concentration decay factors into visible cytoplasmic foci is 

important for mRNA translational suppression and decay.  

Many different types of RNA decay are attributed to PBs, and whether the visible 

structure of the PB is important for function depends on which PB-related function is 

being examined. Though the enzymes for both nonsense-mediated decay and miRNA 

interference can be found in PBs, it has been shown that loss of PBs does not inhibit 

either process (Eulalio et al. 2007; Stalder and Mühlemann 2009). Therefore, visible PB 

foci are not required for nonsense-mediated decay or RNA interference, but rather, form 

as a result of high levels of either process. An important caveat to these studies is that 

they did not directly examine levels of mRNAs that are subject to rapid turnover, 

including ARE-containing mRNAs, a class of mRNAs that constitutively shuttle to PBs. 

ARE-mRNAs localize to PBs and to accumulate at PBs when mRNA decay is inhibited 

(Franks and Lykke-Andersen 2007). Studies that directly investigate ARE-mRNA decay 

consistently observe that the presence of visible PBs directly correlates with ARE-mRNA 

turnover. Blanco et al. (2014) showed that induction of PBs with TGFb resulted in a 

decrease of ARE-mRNA expression. The converse is also true, as PB loss correlates with 

enhanced ARE-mRNA stability. Studies employing RNA transcriptomic analysis have 

shown striking upregulation of mRNAs containing AREs upon PB disassembly (Vindry 

et al. 2017).  In the Corcoran Lab, we observe that decreased PB abundance correlates 

with increased stability of ARE-mRNAs and increased ARE-mRNA abundance 

(Corcoran et al. 2012; Corcoran and McCormick 2015; Singh 2019). Singh (2019) has 

shown that CellProfiler quantification correlated with increased steady-state levels of 

selected endogenous ARE-mRNAs as well as enhanced ARE-mRNA stability as 

measured by a luciferase reporter assay. These data indicate that CellProfiler 

quantification of PBs imparts an accurate representation of ARE-mRNA status. Thus, in 

studies examining PBs as potential mechanisms for the regulation of inflammatory ARE-

mRNAs, PB presence or absence is a validated indicator of the ARE-mRNA suppression 

and decay occurring in a cell.  

With the understanding that PB abundance reflects the stability of inflammatory 

mRNAs (Corcoran, Johnston, and McCormick 2015; Vindry et al. 2017; Blanco et al. 
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2014, Singh 2019), CellProfiler quantification enables rapid, large-scale analysis of 

potential changes to the inflammatory status of cell populations. Furthermore, because 

this pipeline can analyze different PB properties such as size and localization (Figure 3.1), 

it may extend our understanding of PB functional changes, describing novel PB properties 

that may be important for a given functional output. Because PBs are such dynamic 

granules, this pipeline enables a more comprehensive view of their behaviour within the 

cell. However, there are some technical limitations to this pipeline, which are discussed 

below. 

 

4.2.1 Limitations of CellProfiler: Wheat Germ Agglutinin Staining 

WGA is a lectin that binds to N-acetyl-D-glucosamine and sialic acid on the 

surface of the cell (Chazotte 2011). A common issue with the staining is internalization of 

the lectin and staining of the golgi apparatus (Chazotte 2011). This is a well-known issue 

for use of WGA with living cells but also occurs in fixed cells, likely due to the slight 

permeabilization of the cell membrane that can occur during fixation. This enables WGA 

to enter the cell and stain internal membranes. To minimize permeabilization in our 

system, 4% PFA was always made immediately prior to fixation since older PFA 

increased membrane permeabilization. Additionally, there are glycoproteins with binding 

sites for the lectin in the media from the FBS, so washing prior to fixation is required to 

avoid non-specific binding (Wang et al. 2014). Even with the above precautions, if the 

WGA is internalized to an extent that CellProfiler is unable to identify the outer edge of 

the cell, the distance from the nuclei measurement must be discounted because the PB 

may be associated with the wrong nucleus. The puncta count per cell is a still valid in this 

case since it is normalized to the nuclei count in the DAPI image. Other stains were 

examined, including CellMask (ThermoFisher), but this was discounted as the signal is 

not maintained after permeabilization treatment, so cannot be used for 

immunofluorescence. Another reagent, CellTracker (ThermoFisher), stains the cytoplasm 

of cells through complexing with amine groups on proteins. However, the protocol 

requires live-cell staining of the cells, which results in large cell loss when attempted 

using the primary cell line used in the studies described above, HUVECs. WGA was the 
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most economical and effective of the above options, though this sometimes resulted in 

some data loss.  

 

4.2.2 Limitations of CellProfiler: Microscope Resolution 

Very few studies have attempted to report on the size of PBs; one study has stated 

these structures range from 150 to 340 nm, as measured by electron microscopy (Cougot 

et al. 2012). Since the practical limit of resolution of a conventional light microscope is  

~200 nm (Cox and Sheppard 2004), smaller PBs are not being measured accurately 

through this method. While measurement of clusters of molecules by intensity is valid 

(Waters 2009), the resolution prevents distinguishing clusters of small, individual PBs 

within what appears to be a larger PB. To solve this, examining PBs on a microscope with 

higher resolution would enable distinguishing these potential clusters of PBs, though this 

is not economical on a large scale. Regardless of these limitations, the results show that 

PB counts from CellProfiler correlate to ARE-mRNA stability (Corcoran, Johnston, and 

McCormick 2015; Corcoran, Khaperskyy, and McCormick 2011, Singh 2019), which 

demonstrates that this pipeline is valid for the purposes of examining PB levels and the 

correlative function, ARE-mRNA stability. 

 

4.3 A Novel Mechanoresponsive Axis Controls PB disassembly 

 To briefly summarize the results shown in Section 3.2 to 3.6, PB disassembly is 

controlled by the RhoA-effectors known to coordinate SF formation, actin contractility 

and activation of the mechanoresponsive transcriptional activator YAP. The evidence for 

each component of this axis is described below.  

 

4.3.1 RhoA-Effectors Involved in SF Formation Contribute to KapB-Mediated PB 

Disassembly 

RhoA mediates SF formation through activation of mDia1 and ROCK (Watanabe 

et al. 1999). Alongside SF formation, RhoA controls PB disassembly in the context of 

KapB expression (Corcoran, Johnston, and McCormick 2015). To investigate whether SF 

formation was required for PB disassembly, the RhoA-effectors that mediate SF 

formation were interrogated. mDia1 coordinates SF formation through increased 
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polymerization of actin fibres (Watanabe et al. 1999). Knockdown of mDia1 restored PBs 

in KapB-expressing cells (Figure 3.2). Similarly, the inhibition of ROCK by both 

chemical inhibition and isoform-specific knockdown (Figure 3.4-3.6) also restored PBs in 

KapB-expressing cells. ROCK coordinates SF contractility and stability (Watanabe et al. 

1999). Furthermore, mDia3, which is involved in coordinating the cytoskeleton during 

cell division (Yasuda et al. 2004) did not restore PBs in KapB-expressing cells (Figure 

3.3). Taken together, the results demonstrating that ROCK and mDia1, but not mDia3, are 

required for PB disassembly, suggest there is a specific cellular process, requiring both 

mDia1 and ROCK, which is controlling PB disassembly. Such a process could be SF 

formation or focal adhesion formation and maintenance: these two processes are 

discussed in section 4.3.4. At this time, it is unclear whether combinatorial inhibition of 

mDia1 and ROCK further restores PBs compared to mDia1 knockdown alone (Figure 

3.7). If the effect of combined inhibition is significant in future studies, it will support the 

idea that a process requiring both mDia1 and ROCK, such as SF formation, is required for 

PB disassembly. An alternative possibility is that ROCK inhibition does not augment the 

phenotype further than mDia1 knockdown alone, suggesting that the first treatment has 

exhausted the cell’s capability to reform PBs and further inhibition of actin dynamics 

does not increase PB restoration. However, in this case, more experiments are needed to 

determine statistical significance.  

Attributing a specific role in the PB disassembly phenotype to each of these 

RhoA-effectors is complicated by the diversity of actin phenotypes observed after effector 

knockdown. Cells after knockdown of mDia1 and ROCK2 (shROCK2-2 only) retained 

robust actin fibres in the cytoplasm of the cells. It is unclear from phalloidin staining 

alone what subtype(s) of SFs are retained in these cells (Small et al. 1998). In contrast, 

knockdown of ROCK1 and ROCK2 (shROCK2-1) showed, similar to treatment with the 

non-specific ROCK inhibitor, sparse disorganized actin that was highly cortical. Similar 

actin phenotypes were reported by Yoneda et al. (2005) for ROCK knockdowns, with 

ROCK1 knockdown resulting in sparse cortical actin, robust actin fibres in ROCK2 

knockdown and intermediate phenotypes when both isoforms were targeted. Thus, the 

actin phenotypes in ROCK knockdown are likely a result of the complex interplay 

between isoforms. Additionally, mDia1 actin phenotypes are similar to those seen in 
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various truncation mutants of mDia that inhibited function (Watanabe et al. 1999), though 

a mechanism for how these fibres are formed in the absence of mDia1 has not been 

described. Since SF subtypes are formed through different pathways and mDia1 primarily 

controls dorsal SF disassembly (Hotulainen and Lappalainen 2006), it is possible that the 

absence of mDia1 promotes transverse arc formation in the cell to compensate. 

Regardless, since there is PB restoration in all of the described knockdown conditions, the 

results indicate that microscopically-visible actin fibres do not need to be eliminated to 

see PB restoration, as concept discussed more in section 4.3.4. It also suggests that there 

may be differences in the role of different SF subtypes in PB disassembly.  

Though both ROCK1 and ROCK2 are implicated in various aspects of SF 

formation (Julian and Olson 2014), ROCK2 is specifically regulated by mechanical 

activation of YAP (Sugimoto et al. 2018). Sugimoto et al. (2018) show that with 

increased substrate-rigidity, YAP interacts with the ROCK2 promoter to increase ROCK2 

levels. Increases in ROCK2 then promote actomyosin contraction and increase 

cytoskeletal tension. Increased cytoskeletal tension then promotes YAP localization to the 

nucleus, creating a positive-feedback loop (Shi et al. 2013; Sugimoto et al. 2018). 

Notably, slight increases in ROCK2 steady-state protein levels have been observed in 

KapB-expressing cells (data not shown), supporting that this ROCK2-YAP feedback loop 

may occur. Since YAP is also required for PB disassembly, this interplay between 

ROCK2 and YAP regulation may explain why ROCK2 knockdown showed greater 

restoration of PBs in KapB-expressing cells in comparison to ROCK1 knockdown (Figure 

3.6).  

ROCK2 is also thought to be the primary isoform of ROCK to inactivate cofilin 

through LimK phosphorylation (Shi et al. 2013). Experimentally, cofilin knockdown 

induced PB disassembly in vector cells and seemed to augment PB disassembly in KapB 

expressing cells (Figure 3.8). It can be inferred from this data that a lack of cofilin 

activity, through inactivation or knockdown, promotes PB disassembly.  However, to 

conclusively identify whether or not the inhibition of cofilin activity is required for PB 

disassembly, future experiments should investigate the PB status in the context of 

overexpression of LimK, which would inactivate cofilin, as well as in the context of 

overexpression of a dominant-negative LimK, which would promote cofilin activity. I 
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would predict that cofilin inhibition in this manner would further augment the KapB PB 

disassembly phenotype, while cofilin activation would restore PBs. Maintaining actin 

stability through inhibition of cofilin activity by ROCK is required for SF formation (Shi 

et al. 2013), which suggests that the stability of actin SFs may contribute to KapB-

mediated PB disassembly.  

Though the roles of each protein in PB disassembly are not fully elucidated, these 

data suggest that many of the proteins involved in regulating SF formation are also 

involved in PB disassembly. However, the visible presence of actin fibres does not always 

correlate with PB disassembly. To try to understand the various actin phenotypes seen in 

the knockdown conditions described above and whether or not the structure of SFs, and 

more specifically, the bundling of actin filaments into a fibre, was required for PB 

disassembly, the a-actinins were investigated. The following section discusses the 

experimental results obtained while exploring this process. 

 

4.3.2 SF Bundling May Not Be Required for PB Disassembly 

The a-actinins are primarily known for their role in bundling actin fibres, though 

in non-muscle cells, a-actinin-1 and 4 do not both mediate actin bundling to the same 

extent (Pellegrin and Mellor 2007). a-actinin-4 can, at times, localize to dorsal SFs, but it 

primarily mediates focal adhesion turnover and can act as a transcriptional regulator of 

genes associated with cell proliferation and differentiation (Honda et al. 1998; Kovac 

2010; Honda 2015). Conversely, a-actinin-1 primarily mediates SF bundling and 

formation, as well as focal adhesion maturation (Honda et al. 1998; Kovac 2010). The 

localization of the two isoforms seen in HUVECs (Figure 3.9) is congruent with the 

reported localization and function, as a-actinin-1 is localized to actin fibres and 

a-actinin-4 is more diffusely cytoplasmic and nuclear, with some actin fibre localization 

(Honda et al. 1998; Kovac 2010). In KapB-expressing cells, knockdown of a-actinin-4 

restored PBs, while knockdown of a-actinin-1 was inconclusive because the two 

shRNAs gave opposite results (Figure 3.11). While it is possible that the phenotype of 

one of the shRNAs targeting a-actinin-1 is induced by an off-target effect, Kovac (2010) 

reported that, in the context of a-actinin-1 knockdown, a-actinin-4 can compensate for 
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the other isoform in the bundling of ventral SFs and transverse arcs, and thus a-actinin-1 

knockdown cells maintained robust fibres throughout the cytoplasm. In my work, 

shACTN1-1 shows similar robust fibres, thus it is possible that shACTN1-1 confers the 

valid phenotype, and thus knockdown of a-actinin-1 does not restore PBs. This 

possibility implies that SF bundling and focal adhesion maturation, both controlled by 

a-actinin-1 (Honda et al. 1998; Kovac, Mäkela, and Vallenius 2018), are not required for 

PB disassembly.  

However, overexpression of a-actinin-1-GFP disassembles PBs, suggesting that 

the activity of a-actinin-1 can control PB disassembly (Figure 3.12). a-actinin-1 

overexpression can induce actin bundling and promote formation and maturation of focal 

adhesions (Edlund, Lotano, and Otey 2001). Thus, PB disassembly may rely on actin 

bundling or focal adhesion maturation. If both a-actinin-1 and -4 regulate PB dynamics, 

it suggests that the mechanism by which a-actinin is disassembling PBs is shared. The 

only known shared function between these two isoforms is in maintaining dorsal SFs. If 

maintenance of only dorsal SFs is required for PB disassembly, bundling of ventral SFs 

and transverse arcs is likely not critical for PB disassembly. Supporting this, and similar 

to what had been observed in knockdown of mDia1 and ROCK2 (shROCK2-2), 

prominent actin fibres can be seen in the context of a-actinin-4 knockdown, which also 

shows PB restoration (Figure 3.11). It is possible that the SFs seen in these cells are 

ventral SFs and transverse arcs, and that these SF types are not critical in PB disassembly. 

Notably, both isoforms can also regulate different aspects of focal adhesions. a-actinin-1 

promotes focal adhesion formation and maturation (Kovac 2010), while a-actinin-4 

promotes focal adhesion turnover (Fukumoto et al. 2015). Thus, it cannot be discounted 

that the regulation of PBs by a-actinin-1 and a-actinin-4 are mediated by different 

pathways, perhaps through the complex regulation of focal adhesions. Further 

investigation of this will include verifying current results, designing and testing other 

shRNAs for a-actinin-1 and examining localization of the two isoforms in KapB-

expressing cells.   
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4.3.3 Cytoskeletal Tension Controls KapB-Mediated PB Disassembly 

 SFs are indicative of increased actomyosin contractility and increased cytoskeletal 

tension (Katoh et al. 1998; Tan et al. 2003). Several of the results presented in this thesis 

suggest that KapB requires increased cytoskeletal tension to disassemble PBs. This 

includes the demonstration that actin contractility controls PB disassembly (Figure 3.13, 

3.14)  Furthermore, increasing structural tension on a cell by exposing it to the 

mechanical force of shear stress (Li et al. 2018) can disassemble PBs (Figure 3.23), 

suggesting that mechanical changes controlling cytoskeletal tension can also control PB 

disassembly. This evidence is discussed in detail below. 

Phosphorylation of MLC controls contractility of actin fibres in cells through 

NMII. This function is required for sensing of the ECM, SF formation, formation of cell 

junctions and mechanoresponsive signalling (Zaidel-bar, Zhenhuan, and Luxenburg 

2015). Contraction of actomyosin fibres results in increased cytoskeletal tension when a 

cell is adhered to ECM (Tan et al. 2003). Treatment of KapB-expressing cells with 

blebbistatin, an inhibitor of contractility, restored PBs, indicating that actomyosin 

contractility is tightly tied to KapB-mediated PB disassembly (Figure 3.13). Since KapB-

expressing cells are adherent to the ECM, KapB-mediated contractility could be causing 

an increase in cytoskeletal tension, resulting in disassembly of PBs. Treatment of cells 

(lacking KapB) with CalA, a MLC-phosphatase inhibitor, prevents dephosphorylation of 

MLC and induces actin contraction (Asano and Mabuchi 2001). Treatment with CalA 

also increases cytoskeletal tension through actomyosin contraction (Acharya et al. 2018). 

The induction of cell contraction and cytoskeletal tension through treatment with CalA 

disassembled PBs in HUVECs (Figure 3.14). Conversely, reduction of cytoskeletal 

tension through treatment of cells with Jasp and CytD (Rotsch and Radmacher 2000), 

resulted in an increase of PBs in HUVECs (Figure 3.16). These data suggest that 

cytoskeletal tension is closely linked to PB numbers in HUVECs.  

External forces elicit a cellular response to maintain isometric tension within a cell 

(Discher, Janmey, and Wang 2005). Shear stress mediates SF formation, likely to 

maintain equivalent forces inside and outside of the cell (Noria et al. 2004; Wojciak-

Stothard and Ridley 2003). Shear stress and RhoA activation both increase cytoskeletal 

tension (Tan et al. 2003; Wang Li et al. 2018).  To examine whether or not mechanical 
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induction of SF formation and cytoskeletal tension resulted in PB disassembly, HUVECs 

were exposed to various levels of shear stress forces. Consistent with the literature, under 

both low and high shear stress conditions, cells showed alignment in the direction of fluid 

flow and stress fibre formation (Noria et al. 2004). Strikingly, exposure of HUVECs to 

shear stress conditions dramatically disassembled PBs (Figure 3.23). 

These data indicate that inputs known to increase SFs and cytoskeletal tension 

disassemble PBs and support a model in which KapB is stimulating a mechanoresponsive 

pathway that responds to increases in cytoskeletal tension. To investigate whether KapB 

is changing cytoskeletal tension indirectly, the levels of phosphorylated MLC on SFs will 

be examined by immunofluorescence as an estimation of SF contractility levels in the 

context of KapB. Additional experiments could be performed to directly determine 

whether cytoskeletal tension is changing: cells could be grown on a contractible substrate, 

such as a film or soft microneedles, and the force generated from various treatments could 

be measured through induced changes in the substrate (Discher, Janmey, and Wang 

2005).    

 

4.3.4 Distinguishing Between SFs and Cell Adhesions  

Both actomyosin contractility and cell adhesion are required to generate increases 

in cytoskeletal tension (Discher, Janmey, and Wang 2005). If increased cytoskeletal 

tension is contributing to PB disassembly in KapB-expressing cells, there are likely 

changes in cell adhesion alongside the increases in contractility. When there is a 

disproportional increase in RhoA activity and actomyosin contractility in comparison to 

the ability of a cell to adhere, the cells round up and develop a blebbing phenotype 

(Ikenouchi and Aoki 2017). The KSHV thymidine kinase (TK) both increases actomyosin 

contractility and disassembles focal adhesions (Gill et al. 2015). The increase in 

contractility and decrease in adhesion result in cell blebbing at the periphery (Gill et al. 

2015). Since we do not see that blebbing in KapB-expressing cells, we presume that 

KapB increases the cell adhesion to match the force of the increased cytoskeletal tension 

that is likely occurring in KapB-expressing cells (discussed above). 

As reported above, many of the components required for SFs are also required for 

PB disassembly. However, all of the proteins that have been shown to effect changes in 
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PB levels, including mDia1, ROCK1 and 2, a-actinin 1 and 4 and NMII, also regulate 

various aspects of cellular adhesion molecules (Acharya et al. 2017; Yamana et al. 2006; 

Shi et al. 2013; Ye et al. 2014; Wolfenson et al. 2011). Treatment with the ROCK 

inhibitor, blebbistatin and CalA, all rapidly change focal adhesion composition 

(Wolfenson et al. 2011). Furthermore, the cellular response to shear stress requires both 

the formation of actin SFs and rearrangements of focal adhesions (Noria et al. 2004; 

Verma et al. 2015). Since the data presented in this thesis does not distinguish between 

the roles of these proteins in SF formation or focal adhesion regulation, at this time it is 

not clear whether certain types of SFs, focal adhesions or both are important in the 

mechanism of PB disassembly. However, dorsal SFs require focal adhesions to form and 

focal adhesions require SFs to form and mature (Hotulainen and Lappalainen 2006; 

Oakes et al. 2012). Furthermore, increased cytoskeletal tension in the cell increases the 

formation of both focal adhesions and SFs (Hotulainen and Lappalainen 2006; Oakes et 

al. 2012). Since the two phenotypes are intertwined, it supports that both SFs and focal 

adhesions are altered in the KapB phenotype. Future studies will examine focal adhesion 

components by immunofluorescence to see if there are visible differences in adhesion 

composition or size. For example, with increased cytoskeletal tension, vinculin levels 

increase at focal adhesions, while paxillin levels decrease (Wolfenson et al. 2011), so a 

comparison of the levels of these two proteins at focal adhesions would inform on focal 

adhesion status. Taken together, I observed that many treatments that restore PBs do not 

disrupt visible actin fibres/SFs, suggesting that it is not the actin structure alone but its 

function as a mediator of cell contractility that is required for KapB-induced PB 

disassembly.  

 

4.3.5 Mechanoresponsive Signalling by YAP Controls PB Disassembly  

 Increases in cytoskeletal tension can mediate signalling events, through a process 

called mechanotransduction. The sections below will discuss how the mechanoresponsive 

transcription factor YAP, but not SRF, is required for PB disassembly in response to 

KapB or mechanical force.  
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 4.3.5.1 Serum-Response Factor (SRF) Does Not Control PB Disassembly 

SRF is a major regulator of actin dynamics that is, in turn, activated by changes in 

the cytoskeleton (Miano, Long, and Fujiwara 2007). In this case, SRF is activated by a 

reduction in the concentration of free monomeric G-actin that accompanies F-actin 

polymerization, to modulate genes involved in the actin cytoskeleton and growth 

(Sotiropoulos et al. 1999; Miano, Long, and Fujiwara 2007). Since KapB decreases 

monomeric G-actin (Figure 3.15), I considered the possibility that changes in monomeric 

G-actin were an important signaling event that controlled PB disassembly. To test this 

hypothesis, cells were treated with Jasp, previously shown to induce aberrant actin 

polymerization and decrease the monomeric G-actin; importantly, also activating SRF 

(Sotiropoulos et al. 1999; Bubb et al. 1999). Treatment with Jasp resulted in an increase 

in PBs, indicating that depleting the monomeric G-actin (and by implication, activating 

SRF) is not responsible for PB disassembly (Figure 3.16). Furthermore, I increased the 

monomeric G-actin fraction with CytD, a drug that caps actin, preventing polymerization 

(Wakatsuki et al. 2001) and showed the same effect, an increase in PBs (Figure 3.16). 

This further supports my conclusion that the concentration of monomeric G-actin is not 

responsible for changes in PB levels.  

4.3.5.2 YAP Activation Via Increased Cytoskeletal Tension Controls PB 

Disassembly 

The mechanoresponsive transcriptional activator, YAP, responds to RhoA-

mediated signalling and cytoskeletal tension (Dupont et al. 2011; Das et al. 2016). 

Knockdown of YAP restored PBs in KapB-expressing cells, indicating that YAP was 

integral to the mechanism of PB disassembly (Figure 3.19). Furthermore, ectopic 

expression of constitutively-active YAP induced PB disassembly, indicating that this is 

not only a KapB-specific effect, but that active YAP can induce PB disassembly (Figure 

3.20). 

Various YAP inputs, including shear stress, ECM stiffness and changes in cell 

confluence, were investigated to see if they controlled PB disassembly. Shear stress 

stimulated PB disassembly (Figure 3.23). Additionally, increasing stiffness through 

increasing concentration of collagen incrementally decreased PBs, suggesting that ECM 

stiffness, may control disassembly of PBs (Figure 3.22). However, due to small observed 
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changes in actin structure and YAP localization, this experiment must be repeated. 

Ideally, further replicates of this experiment will utilize matrices of different stiffness 

rather than increases in collagen concentration to directly alter ECM stiffness, rather than 

increasing ECM component concentration, a factor that also functions to increase 

adhesion binding sites. Previous work has demonstrated that YAP is active at low cell 

density and inactive at high cell density (Zhao et al. 2007). Experimentally, PB counts 

were higher in low density cells than in high density cells, suggesting that control of PB 

disassembly does not depend on YAP during changes in confluency (Figure 3.21). Since 

changes in YAP signalling due to confluency are thought to be primarily mediated by 

intracellular junctions (Boggiano and Fehon 2012), my data suggests that decreases in 

intracellular junctions at low confluency does not control PB disassembly. Notably, both 

shear stress and increased ECM concentration activate RhoA to form SFs (Noria et al. 

2004; Lee and Kumar 2016). Furthermore, RhoA activation due to ECM changes has 

been directly controls YAP nuclear localization (Dupont et al. 2011). With YAP 

activation and PB disassembly both being closely tied to RhoA signalling and 

cytoskeletal contractility, it suggests any activator of YAP that induces cytoskeletal 

contractility through RhoA mediate will PB disassembly. In support of this idea, 

signalling through GPCRs, G11/12 and Gq/11 activate YAP in a RhoA-dependent manner 

(Yu et al. 2012). Accordingly, LPA treatment, a known ligand to activate G11/12, induces 

PB disassembly in HUVECs (Corcoran et al. 2012). Furthermore, overexpression of 

KSHV vGPCR (a constitutively active signaling molecule) also induces PB disassembly 

in a RhoA-dependent manner (Corcoran et al. 2012). Therefore, other RhoA-mediated 

YAP activation through GPCRs may also be able to disassemble PBs in a manner 

dependent on RhoA and cytoskeletal tension. 

Though the experiments described above suggest that YAP activation mediated by  

increases in mechanical tension can control PB disassembly, none of these experiments 

directly show that YAP is mediating this change. To investigate if, similar to KapB, YAP 

is controlling PB disassembly in the context of shear stress, YAP knockdown cells were 

subjected to fluid flow and PBs were examined. Substantial cell loss was observed when 

YAP knockdown cells were subjected to shear stress (Figure 3.24). Since shear stress 

requires changes in cell adhesion and YAP can control focal adhesion dynamics (Zhou, 
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Li, and Chien 2014; Nardone et al. 2017), it is likely that the cells were not able to 

appropriately respond to the external force. It is also important to note that there is uneven 

distribution of the force of fluid flow depending on the cell position within the flow 

chamber (Vogel et al. 2007). PB levels were increased in YAP KD cells exposed to shear 

stress near the inlet, however, these cells displayed aberrantly large PBs that were 

phenotypically-different than those seen in the static controls (Figure 3.24, shYAP1-2, 

inlet), perhaps indicating associations with stress granules, as PBs can be associated with 

these structures during certain stressors (Stoecklin and Kedersha 2013). Given that these 

PBs were phenotypically-different and may not be performing the same roles as those in 

the static NT condition, these data should not be considered restoration at this time. 

Conversely, the cells in the center of the flow chamber maintained SFs and had PBs that 

looked akin those in the static controls, suggesting PB restoration (Figure 3.24, shYAP1-

2, outlet). Regardless of the undetermined role of YAP in controlling PB disassembly 

during shear stress, the combined data demonstrates that mechanical forces that activate 

YAP via RhoA can also disassemble PBs. Moreover, during KapB expression, PB loss is 

dependent on YAP, thereby suggesting a role for YAP in controlling the stability of ARE-

mRNAs through PB regulation.   

Though there are no previous reports linking YAP and PB dynamics, several 

YAP-target genes contain ARE elements in their 3’UTR, including CTGF and ANKRD1 

(Shen and Stanger 2015; Bakheet, Hitti, and Khabar 2017). Correspondingly, shear stress 

upregulates many genes containing ARE-mRNAs (Vozzi et al. 2018; Bakheet, Hitti, and 

Khabar 2017). Vozzi et al. (2018) performed microarray analysis of the transcriptomic 

changes in HUVECs subjected to shear stress. There was a 20% enrichment in the 

proportion of genes that contained AREs in the significantly upregulated transcripts from 

HUVECs subjected to shear stress (Vozzi et al. 2018; Bakheet, Hitti, and Khabar 2017).  

Though this does not directly indicate increased stability of the transcripts, it supports the 

working model that YAP-responsive genes may, after their transcription, be further 

enhanced by the decreased ARE-mRNA turnover that results from PB disassembly. 

Precisely how YAP may be mediating PB disassembly to ensure efficient translation of its 

target genes, explored in the following section.  
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4.3.5.3 Autophagy as a Potential Mechanism for YAP-mediated PB 

Disassembly  

 We know that YAP activation can control PB disassembly. Most relevant to my 

work, is data derived from other studies in the Corcoran Lab that suggests PB 

disassembly requires KapB-mediated upregulation of the cellular catabolic program of 

autophagy (Robinson, Singh and Corcoran, unpublished). KapB can upregulate 

autophagy, which mediates the selective degradation of a subset of PB components, 

including DCP1a but not DDX6 (Robinson, Singh and Corcoran, unpublished). YAP has 

recently been linked with the regulation of autophagy, though this role appears to be 

context-dependent. In breast and thyroid cancer cells, YAP expression increases 

autophagic flux (Song et al. 2015; Liu et al. 2017), whereas in endometrial stromal cells, 

increased expression of YAP is correlated with decreased autophagy (Pei et al. 2019). 

Pavel et al. (2018) provide a more mechanistic view of the connection between YAP and 

autophagy. They show that YAP activity at both low confluence as well as increased 

matrix stiffness increases autophagy (Pavel et al. 2018). Furthermore, unidirectional shear 

stress in endothelial cells, hepatocellular carcinoma cells and HeLa cells upregulates 

autophagy (Liu et al. 2015; Yao et al. 2015; Wang et al. 2018; Das et al. 2018). In my 

work, similar to observations in KapB-expressing cells, shear stress resulted in 

degradation of DCP1a but not DDX6 (Figure 3.23), indicating that PB disassembly in 

shear stress may also be mediated by autophagy. Taken together, this suggests the 

possibility that YAP activation is required to elicit autophagy, which in turn is required 

for PB disassembly and that this mechanism is active during both shear stress and after 

KapB-expression. Markers of autophagic flux will be investigated in the context of KapB 

and +/- YAP knockdown to determine the contribution of YAP to KapB-mediated 

alterations in autophagic flux. 

 

4.3.5.4 KapB Alters YAP Dynamics 

Despite the implications of YAP in PB dynamics discussed above, the status of 

YAP activation in KapB-expressing cells is unclear. YAP activation, in the literature, is 

often reported as: i) an increase in YAP nuclear localization, ii) a decrease in the 

phosphorylation of YAP at Ser127, and iii) an upregulation in mRNA transcript 
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abundance of the canonical YAP genes, including CTGF, ANKRD1 and CYR61. These 

activation markers were examined in KapB-expressing cells: KapB-expression in 

HUVECs induced a small but consistent increase in nuclear YAP localization, a decrease 

in the proportion of phosphorylated YAP and a slight upregulation of CTGF (Figure 3.17, 

3.18). Studies of YAP activation during shear stress also show small (1.5- to 2.5-fold), but 

consistent increases in conventionally-assayed YAP target genes (Chien et al. 2016; 

Nakajima et al. 2017), indicating that gene expression changes at a low level can be 

expected with certain mechanical activators of YAP. Despite the reproducibility, qPCR 

may not be sensitive enough to accurately detect these small changes, indicating that this 

data must be replicated in a more sensitive system, such as droplet digital PCR. A 

previous student showed that KapB expression activates TEAD promoters, promoters 

YAP is known to bind, in a TEAD-based luciferase assay (O’Brien and McCormick, 

unpublished). These data argue that YAP is being transcriptionally activated in KapB-

expressing cells. However, unlike what is conventionally reported with YAP 

transcriptional activation, KapB expression also increases total YAP protein levels in 

cells (Figure 3.17). It is possible that the YAP activation seen in KapB-expressing 

HUVECs is not an activation of a given pathway, but instead a passive increase in nuclear 

YAP due to the increase in total YAP. Supporting this, the other genes that are commonly 

activated during YAP mechanical activation, ANKRD1 and CYR61 (Chien et al. 2016; 

Nakajima et al. 2017), are not significantly upregulated in KapB-expressing cells (Figure 

3.18). To discern whether YAP is acting as a transcriptional activator in KapB-expressing 

cells, additional genes known to be regulated by YAP, namely those involved in 

inflammation and angiogenesis, will be measured in the presence and absence of YAP, to 

determine if different, more robust YAP-mediated gene expression changes are occurring. 

The specificity of the genes that are upregulated during YAP activation is directed 

by its binding partners (Kim, Jang, and Bae 2018). Intriguingly, a yeast two-hybrid screen 

using KapC, a protein that contains the same direct repeats as KapB with the addition of a 

transmembrane domain, indicated a potential direct interaction with YAP (McCormick, 

unpublished). Since KapB does not robustly induce canonical YAP targets, perhaps KapB 

has coopted YAP for another purpose, via a direct binding event. Alternatively, YAP may 

be binding to other transcriptional regulators. For example, YAP can bind and activate 
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STAT3 to promote angiogenesis (He et al. 2018). KapB activates STAT3 (King 2013), 

thus it is possible that YAP is playing a role in STAT3 transcription in KapB-expressing 

cells. 

In KapB-expressing cells, the increase in total YAP tends to be more substantial 

than the increase in nuclear YAP (Figure 3.17), indicating that, in addition to mediating 

transcriptional changes, YAP could (1) have a functional role in the cytoplasm or (2) be 

sequestered in the cytoplasm to prevent certain signalling pathways. YAP can carry out 

cytoplasmic functions. For example, cytoplasmic YAP can regulate vascular 

inflammation by promoting degradation of TRAF6, a co-activator of NFKB signalling 

(Lv et al. 2018). NFkB reduces the spontaneous lytic activation of KSHV, suggesting that 

it contributes to the maintenance of latency (Grossmann and Ganem 2008). If YAP is 

increased in the cytoplasm of KapB-expressing cells, it is possible that YAP is decreasing 

NFkB activation by sequestering TRAF6. If KapB were to sequester TRAF6 to inhibit 

NFkB expression, it would suggest that KapB is involved in promoting lytic reactivation. 

Alternatively, YAP may be sequestered to promote cell survival through inhibition of 

apoptotic signalling pathways. Nuclear YAP can control apoptosis through p73 and EGR-

1 (Kim, Jang, and Bae 2018). Furthermore, nuclear YAP can promote detachment-

mediated apoptosis, called anoikis (Zhao et al. 2012), and anoikis resistance is required 

for angiogenesis (Gao et al. 2019). This presents the possibility that YAP is being 

sequestered in the cytoplasm to prevent certain signalling events, such as anoikis, 

resulting in an increase in angiogenesis. Finally, unphosphorylated YAP can inhibit 

activation of the interferon response through sequestration of the interferon-response 

activator TBK-1 in the cytoplasm (Zhang et al. 2017). Another herpesvirus, human 

herpesvirus-1 promotes YAP binding of TBK-1 (Zhang et al. 2017) indicating that KSHV 

may also promote this cytoplasmic function of YAP. 

 Investigating which proteins are acting as YAP binding partners will provide 

insight to which processes are differentially regulated by YAP in KapB-expressing cells. 

A co-immunoprecipitation of YAP in KapB-expressing cells will be performed to see if 

YAP can bind STAT3, TRAF6 or KapB in this context. To further examine whether 

KapB is binding YAP and to elucidate some of the other potential roles of KapB, a BioID 
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experiment in which interacting partners of KapB will be biotinylated, isolated and 

identified will be performed. 

 

4.4 Potential KapB-Mediated Contributions to the KS Lesion 

 While KapB overexpression models have shown that KapB-mediated signalling 

causes PB disassembly in a YAP-dependent manner, it is important to consider what is 

happening in the context of the KS lesion. Some examples of the roles KapB-mediated 

YAP activation and PB disassembly could be playing in the context of cell angiogenesis 

and inflammation, two of the main characteristics of the KS lesion, are discussed below. 

 

4.4.1 Angiogenesis 

Previous studies have shown that KapB increases endothelial cell tubule formation 

in matrigel, which is an in vitro assay for angiogenesis (Corcoran, Johnston, and 

McCormick 2015). YAP-mediated signalling may be contributing to the increase in 

angiogenic potential of KapB-expressing cells. YAP has been implicated as a critical 

activator of VEGF-mediated angiogenesis, as knockdown of YAP resulted in reduced 

sprouting of vessels (Kim et al. 2017). Since there are high levels of VEGF in the KS 

lesion (Samaniego et al. 1998), it is likely that YAP is acting as an effector of VEGF in 

this context and KapB-mediated alterations in YAP signalling may direct or contribute to 

these changes. Additionally, YAP may be increasing angiogenesis by upregulating certain 

genes. For example, the proangiogenic factor, angiopoeitin-2 (Ang-2) was identified as a 

target gene of YAP and YAP is required for Ang-2 mediated vessel growth (Choi et al. 

2015). Furthermore, YAP activation may promote angiogenesis indirectly. For 

angiogenesis to occur, degradation of the ECM is required (Neve et al. 2014). Matrix 

metalloproteinases (MMPs) are proteins that cleave components of the ECM to promote 

cell migration. KSHV infection requires the secretion of MMP-1,-2 and -9 to promote 

HUVEC invasion into the ECM, a function required for the aberrant angiogenesis seen in 

KSHV (Qian et al. 2007). YAP upregulates MMP-7 on stiff substrates, indicating that 

activation of YAP can regulate changes in the ECM (Nukuda et al. 2015). These studies 

suggest that KapB-mediated activation of YAP may be directing responses to angiogenic 

stimuli, and regulating the expression of different genes that promote angiogenesis.  
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Furthermore, VEGF, the VEGF receptor, Ang-2 and several MMPs contain ARE-

elements in the 3’ UTR (Bakheet, Hitti, and Khabar 2017). This indicates that the KapB-

mediated activation of YAP could contribute to angiogenesis through a combination of 

direct transcription regulation but also through PB disassembly, which would result in the 

enhanced stability of key angiogenic transcripts like VEGF.   

 

4.4.2 Inflammation 

The association of YAP to the regulation of inflammation is complex, with reports 

of YAP being both pro- and anti-inflammatory (reviewed in Zhou et al. 2018). For 

example, YAP upregulates IL-6 in endometrial cancer and hepatocellular carcinoma cells, 

as well as COX-2 in colorectal cancer cells (Li et al. 2017; Zhou et al. 2018; Wang et al. 

2019). Notably, both IL-6 and COX-2 are implicated in KS pathology (Miles et al. 1990; 

Sharma-Walia et al. 2010). However, other reports suggest that YAP suppresses COX-2 

in a cell-confluence dependent manner (Qiong Zhang et al. 2018). This suggests a 

complex and context-dependent regulation of inflammatory molecules by YAP. YAP can 

also act as an effector of inflammatory cytokines. For example, stimulation of endothelial 

cells with TNF induces YAP nuclear localization through RhoA activity, which then 

modulates upregulation of leukocyte adhesion molecule VCAM-1 (Choi et al. 2018). 

Thus, YAP has the potential to directly contribute to the upregulation of inflammatory 

transcripts and cellular responses to inflammation, but such hypotheses need to be 

confirmed in the context of KapB.  

As mentioned above, many of the inflammatory cytokines stimulated in KS 

infection, including IL-6 and COX-2, also contain ARE-elements, indicating that PB 

disassembly is likely required for efficient expression of these molecules (Franks and 

Lykke-Andersen 2007; Bakheet, Hitti, and Khabar 2017). Therefore, the regulation of PB 

disassembly by YAP would putatively control expression of inflammatory molecules in 

KS through transcript stability. 

 

4.4.3 Parallels with Atherosclerosis 

The pathway described in this work is active in KapB-expressing cells, and is 

likely also active during shear stress. To gain insight about the physiologically-relevant 
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effects of this pathway, diseases arising from pathogenic shear stress can be examined. 

Atherosclerosis is the formation of a plaque in the wall of an artery, and is partially 

mediated by endothelial dysfunction due to disturbed, or atherogenic, blood flow. 

Recently, YAP has been implicated as a mediator of the pathogenicity in atherosclerosis 

(Chien et al. 2016; Li et al. 2019). Atherogenic shear stress upregulates YAP, which in 

turn upregulates ICAM-1 and VCAM-1, markers of pathogenesis in atherosclerosis 

(Chien et al. 2016). Increases in ICAM-1 and VCAM-1 are known to increase leukocyte 

recruitment (Sans et al. 1999). Accordingly, YAP activation in shear stress also resulted 

in an increased number of monocytes adhering to the endothelium (Chien et al. 2016). 

Notably, ICAM-1, but not VCAM-1, is significantly upregulated in the KS lesion 

following cytokine stimulation (Kaaya et al. 1996; Yang et al. 1994; Sciacca et al. 1994). 

Since KSHV can infect monocytes, YAP-mediated ICAM-1 upregulation may be a 

mechanism for the virus to recruit other cells for further infection (Blasig et al. 1997). 

Additionally, the cytokines promoting pathogenic progression of atherosclerosis include 

IL-1b, IL-6, IL-8, TNF, and GM-CSF (Tousoulis et al. 2016), similar to those seen in the 

KS lesion (Lee et al. 2010). Notably, each of these cytokines contain AREs, indicating 

they are regulated at PBs (Bakheet, Hitti, and Khabar 2017), so PB disassembly seen in 

shear stress and in KapB-expression is likely required for their expression increases. The 

similarities between the inflammatory environment in KS and atherosclerosis support the 

idea that the RhoA-YAP-PB disassembly axis may be mediating pathogenic changes due 

to activation by KapB and shear stress. 

 

4.4.4 From the Perspective of KSHV 

The present discussion has predominately focused on how KapB-mediated 

changes promote the tumorigenic environment in the context of the KS lesion, but has 

largely omitted the rationale for why these changes may be of benefit to the virus. The 

likely answer to this question is that the KS lesion is not actually beneficial to KSHV, but 

rather, is a side-effect of viral immune evasion (Douglas et al. 2010). Increased 

tumorigenesis, mediated in part via enhanced inflammation and angiogenesis, presents no 

clear advantage to the virus. However, both these processes increase the recruitment of 

immune cells to the site of infection; for KSHV, this is believed to facilitate local and 
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wide dissemination of the virus (Cavallin, Goldschmidt-Clermont, and Mesri 2014). 

KSHV may also induce the promotion of cytokines, such as IL-6, that can promote both 

cell survival and proliferation in order to copy the viral episome during latency, thereby 

maintaining chronic infection (Moreno et al. 2001; Meng et al. 2006; Douglas et al. 

2010). Furthermore, the cytokines promoted by KSHV skew the immune response to a 

Th2 response, rather than a more antiviral Th1 response, promoting viral survival 

(Douglas et al. 2010). During such an immune modulation, the signalling pathways that 

are utilized to promote these cytokines, and the cytokines themselves, also mediate 

migration, angiogenesis and inflammation (Douglas et al. 2010). Thus, though this may 

not be a directed response of the virus, the pathway reported in this thesis likely promotes 

the disease state seen in KS and other inflammatory diseases, such as atherosclerosis. 

 

4.5 Model and Conclusions 

 In my thesis, I propose a novel mechanoresponsive pathway that links actin SFs, 

actomyosin contractility, and the transcription factor YAP to the disassembly of PBs, 

corresponding to increased stability of angiogenic and inflammatory mRNAs (Figure 

4.1). In this model, mechanical stresses (shear stress, increasing ECM stiffness) that 

activate the GTPase RhoA mediate formation of SFs through mDia and ROCK, and 

increase actomyosin contractility. Increases in contractility and predicted increases in 

adhesion to the ECM result in an increase in cytoskeletal tension which mechanically 

activates the transcriptional regulator YAP. YAP activation coordinates PB disassembly, 

through an as yet undefined mechanism which may involve the upregulation of 

autophagy. Unlike mechanical activation of YAP originating from an external force, 

KapB hijacks this pathway and activates the same mechanoresponsive pathway from the 

inside. KapB directly binds and activates MK2 and via a non-canonical signaling axis, 

activates RhoA (McCormick and Ganem 2005; Corcoran, Johnston, and McCormick 

2015) to elicit the same constellation of signaling events that are also induced by external 

forces like shear stress. At this time, it is unclear whether YAP is conventionally ‘active’ 

with KapB expression or if it functions through alternative mechanisms, such as 

cytoplasmic sequestration of certain proteins. Regardless, the change in YAP signalling 

induces disassembly of PBs, and corresponds to an increase in the stability of 
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inflammatory and angiogenic transcripts. Changes in YAP signalling may also mediate 

direct transcriptional upregulation of these transcripts. Through direct gene regulation and 

increased transcript stability, KapB-mediated activation of YAP can increase 

inflammation and angiogenesis, which are hallmarks of KS.  

 This RhoA-YAP-PB disassembly axis is not restricted to KSHV latency, but is 

likely activated by any mechanical process that alters cell shape and increases 

cytoskeletal tension. The effects of the mechanical environment surrounding a cell has 

implications in the lab setting, as it informs on how tissue culture conditions may impact 

gene expression. The pathway also imparts mechanistic detail about conserved cell 

responses - how a cell can sense abnormalities in its physical environment and drive an 

immune response to restore homeostasis. Finally, it helps us to understand some of the 

mechanisms that can lead to pathologies in the context of dysregulated blood flow and 

stiffening ECM, such as atherosclerosis and fibrosis respectively. At a broad level, this 

work connects cell morphology with post-transcriptional gene regulation that enables 

rapid immunological responses, a relevant consideration in a wide array of biological 

contexts.  
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Figure 4.1: Model of KapB-mediated activation of a mechanoresponsive pathway 
that mediates PB disassembly. Mechanical forces such as shear stress activate RhoA to 
coordinate SF formation and increased actomyosin contractility. Increases in actomyosin 
contractility in combination with increases in cell adhesion result in increased cytoskeletal 
tension. This controls nuclear translocation of YAP and YAP-mediated transcriptional 
activity. Through an unknown mechanism, YAP activity controls PB disassembly. This 
increases the stability of transcripts with AU-rich elements, known to commonly encode 
inflammatory and angiogenic factors, promoting their expression. KapB activates this 
pathway from inside the cell, through activation of MK2, to control PB disassembly in the 
context of KSHV latent infection. Illustration made with: https://app.biorender.com/. 
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APPENDIX A: Template R Code for CellProfiler Output Analysis 

 
#set up packages that are needed 
library("tidyverse") 
library("pracma") 
library("plyr") 
library("reshape") 
library("MASS") 
library("ggplot2") 
#set the working directory 
setwd(...) 
#import files to read 
dfcytoplasm = read.csv("FileName_Cytoplasm.csv", header = T) 
dfnuclei = read.csv("FileName_Nuclei.csv", header = T) 
dfnames = read.csv("FileName_Image.csv", header = T) 
dfPBs = read.csv("FileName_P_Bodies.csv", header = T) 
dfcells = read.csv("FileName_Cells.csv", header = T) 
#set up dataframes needed for analysis 
subsetdfcytoplasm = subset(dfcytoplasm, select= c("ImageNumber" 
                                                  , "ObjectNumber" 
                                                  , 
"Children_P_Bodies_Count" 
                                                  , "Parent_Nuclei")) 
subsetdfcells = subset(dfcells, select = c("ImageNumber", 
                                             "ObjectNumber", 
"Children_Cytoplasm_Count")) 
subsetdfnuclei = subset(dfnuclei, select = c("ImageNumber", 
                                            "ObjectNumber", 
                                            "Children_Cytoplasm_Count")) 
subsetdfnames = subset(dfnames, select = c("ImageNumber", 
                                           "Count_Cells", 
                                           "FileName_Dapi", 
                                           "Count_P_Bodies")) 
subsetdfPBsize = subset(dfPBs, select= c("ImageNumber" 
                                         , "ObjectNumber" 
                                         , "Parent_Nuclei" 
                                         , "AreaShape_Area" 
                                         , "AreaShape_MeanRadius" 
                                         , 
"Intensity_IntegratedIntensity_CytoplasmicFoci")) 
subsetdfNloc = subset(dfnuclei, select = c("ImageNumber", 
                                           "ObjectNumber", 
                                           "Children_Cytoplasm_Count", 
                                           "Location_Center_X", 
                                           "Location_Center_Y")) 
subsetdfPBloc = subset(dfPBs, select = c("ImageNumber", 
                                         "ObjectNumber", 
                                         "Location_Center_X", 
                                         "Location_Center_Y" 
                                         , "Parent_Cytoplasm")) 
#rename certain columns so dataframes can join and stay distinguished in 
one data set 
subsetdfNloc = plyr::rename(subsetdfNloc, c("ObjectNumber" = 
"Parent_Cytoplasm" 
"Nuclei_Center_X" 
"Nuclei_Center_Y")) 
, "Location_Center_X" = 
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, "Location_Center_Y" = 
subsetdfPBloc = plyr::rename(subsetdfPBloc, c("ObjectNumber" = 
"PBnumber" 
                                  , "Location_Center_X" = "PB_Center_X" 
                                 , "Location_Center_Y" = "PB_Center_Y")) 
#count number of cells in each treatment 
##note: the X,Y is the coordinates of the characters that distinguish 
the treatments in the filename 
subsetdfnames$filefactor = substr(subsetdfnames$FileName_Dapi, X, Y) 
sumTX_1 = sum(subsetdfnames$Count_Cells[subsetdfnames$filefactor == 
"TX_1"]) 
sumTX_2 = sum(subsetdfnames$Count_Cells[subsetdfnames$filefactor == 
"TX_2"]) 
sumTX_3 = sum(subsetdfnames$Count_Cells[subsetdfnames$filefactor == 
"TX_3"]) 
sumTX_4 = sum(subsetdfnames$Count_Cells[subsetdfnames$filefactor == 
"TX_4"]) 
sumTX_5 = sum(subsetdfnames$Count_Cells[subsetdfnames$filefactor == 
"TX_5"]) 
sumTX_6 = sum(subsetdfnames$Count_Cells[subsetdfnames$filefactor == 
"TX_6"]) 
#add treatment labels to the dataframes 
subsetdfcytoplasm$Treatment <- rep(c("TX_1","TX_2","TX_3", 
                                     "TX_4","TX_5",  "TX_6"), 
                                   times = c(sumTX_1, 
                                             sumTX_2, 
                                             sumTX_3, 
                                             sumTX_4, 
                                             sumTX_5, 
                                             sumTX_6)) 
 
subsetdfnuclei$Treatment <- rep(c("TX_1","TX_2","TX_3", 
                                  "TX_4","TX_5",  "TX_6"), 
                                times = c(sumTX_1, 
                                          sumTX_2, 
                                          sumTX_3, 
                                          sumTX_4, 
                                          sumTX_5, 
                                          sumTX_6)) 
 
subsetdfNloc$Treatment <- rep(c("TX_1","TX_2","TX_3", 
                                "TX_4","TX_5",  "TX_6"), 
                              times = c(sumTX_1, 
                                        sumTX_2, 
                                        sumTX_3, 
                                        sumTX_4, 
                                        sumTX_5, 

sumTX_6))  

#count number of processing bodies in each treatment 
sumTX_1PBs = sum(subsetdfnames$Count_P_Bodies[subsetdfnames$filefactor 
== "TX_1"]) 
sumTX_2PBs = sum(subsetdfnames$Count_P_Bodies[subsetdfnames$filefactor 
== "TX_2"]) 
sumTX_3PBs = sum(subsetdfnames$Count_P_Bodies[subsetdfnames$filefactor 
== "TX_3"]) 
sumTX_4PBs = sum(subsetdfnames$Count_P_Bodies[subsetdfnames$filefactor 
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== "TX_4"]) 
sumTX_5PBs = sum(subsetdfnames$Count_P_Bodies[subsetdfnames$filefactor 
== "TX_5"]) 
sumTX_6PBs = sum(subsetdfnames$Count_P_Bodies[subsetdfnames$filefactor 
== "TX_6"]) 
#add treatment labels to the processing body dataframes 
subsetdfPBsize$Treatment <-rep(c("TX_1","TX_2", "TX_3", 
###calculate PB count per cell 
dfmeanPBcount <- 
  aggregate( 
  formula = Children_P_Bodies_Count ~ Treatment 
  , data = subsetdfcytoplasm 
  , FUN = mean 

)  

  "TX_4","TX_5", "TX_6"), 
times = c(sumTX_1PBs, 
          sumTX_2PBs, 
          sumTX_3PBs, 
          sumTX_4PBs, 
          sumTX_5PBs, 
          sumTX_6PBs)) 
write.csv(dfmeanPBcount, file = "FileName_dfmeanPBcount.csv") 
###calculate PB count per cell without cells with counts = 0 
subsetdfcytoplasm %>% 
  dplyr::filter(Children_P_Bodies_Count > 0) %>% 
  group_by(Treatment) %>% 
  dplyr::summarise(x = mean(Children_P_Bodies_Count)) -> 
dfmeanPBcountwithout0 
write.csv(dfmeanPBcountwithout0, file = 
"FileName_dfmeanPBcountwithout0.csv") 
##calculate the percent of cells with PBs 
detach(package:plyr) 
percentcellswithPBs = subsetdfcytoplasm %>% 
  group_by(Treatment) %>% 
    summarise (mean(Children_P_Bodies_Count > 0)) 
library(plyr) 
write.csv(percentcellswithPBs, file = 
"FileName_percentcellswithPBs.csv") 
###calculate the PB distance from the nucleus 
#join the nuclear localization dataframe with the PB localization 
dataframe 
subsetNPBdist <- join(subsetdfNloc, subsetdfPBloc) 
#calculate the distance in the X and Y positions from the parent nucleus 
subsetNPBdistcalc = subset (transform(subsetNPBdist 
                                      , "diff_x" = 
abs(subsetNPBdist$Nuclei_Center_X - subsetNPBdist$PB_Center_X) 
                                      , "diff_y" = 
abs(subsetNPBdist$Nuclei_Center_Y - subsetNPBdist$PB_Center_Y)) 
                            , select = c(diff_x, diff_y)) 
#add the treatment labels to the NPB distance dataframe 
sumTX_1 = sum(subsetNPBdist$Treatment == "TX_1") 
sumTX_2 = sum(subsetNPBdist$Treatment == "TX_2") 
sumTX_3 = sum(subsetNPBdist$Treatment == "TX_3") 
sumTX_4 = sum(subsetNPBdist$Treatment == "TX_4") 
sumTX_5 = sum(subsetNPBdist$Treatment == "TX_5") 
sumTX_6 = sum(subsetNPBdist$Treatment == "TX_6") 
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subsetNPBdistcalc$Treatment <-rep(c("TX_1","TX_2", "TX_3","TX_4","TX_5", 
"TX_6"), 
                                  times = c(sumTX_1nuc, 
                                            sumTX_2nuc, 
                                            sumTX_3nuc, 
                                            sumTX_4nuc, 
                                            sumTX_5nuc, 
                                            sumTX_6nuc)) 
#get rid of the cells without PBs by getting rid of the NAs 
subsetNPBdistcalc = na.omit(subsetNPBdistcalc) 
#calculate the hypotenuse distance from the X and Y distances 
subsetNPBdistcalc$dist_tot = hypot(subsetNPBdistcalc$diff_x, 
subsetNPBdistcalc$diff_y) 
#multiply the calculated pixel distance by the distance value per pixel 
subsetNPBdistcalc$dist_totum = subsetNPBdistcalc$dist_tot*0.21 
#get the average distance from the nucleus per treatment 
dfmeanNPBdist <- 
  aggregate( 
    formula = dist_totum ~ Treatment 
    , data = subsetNPBdistcalc 
    , FUN = mean 
  ) 
write.csv(dfmeanNPBdist, file = "FileName_dfmeanNPBdist.csv") 
##calculate the average PB intensity as a measure of size 
dfmeanPBintensity = 
  aggregate( 
    formula = Intensity_IntegratedIntensity_CytoplasmicFoci ~ Treatment 
    , data = subsetdfPBsize 
    , FUN = mean 
  ) 
write.csv(dfmeanPBintensity, file = "FileName_dfmeanPBintensity.csv") 
##statistics on the PB counts per cell 
#negative binomial model 
summary(NB <- 
          glm.nb(Children_P_Bodies_Count ~ Treatment 
                 , data = subsetdfcytoplasm 
                 , init.theta = 0.95)) 
pred = predict(NB, se.fit = T) 
fits = unique(pred$fit) 
ses = unique(pred$se.fit) 
to_plot1 = data.frame(fits = fits, ses = ses) 
to_plot1$upper = to_plot1$fits + to_plot1$ses*1.96 
to_plot1$lower = to_plot1$fits - to_plot1$ses *1.96 
#neg binom is in log space - exponenciate 
to_plot1$expU = exp(to_plot1$upper) 
to_plot1$expL = exp(to_plot1$lower) 
to_plot1$expF = exp(to_plot1$fits) 
#add labels to the statistics file 
to_plot1$Treatment = c("TX_1","TX_2","TX_3", 
                       "TX_4","TX_5", "TX_6") 
write.csv(to_plot1, file = "FileName_to_plot1.csv") 
#base graphing code to check 
ggplot()+ 
  geom_bar(aes(Treatment, expF), 
           data = to_plot1, 
           stat = "identity" 
  )+ 
  geom_errorbar(data = to_plot1 
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                , aes(x=Treatment, ymin = expL, ymax = expU) 
                , width = .5 
  )+ 
  xlab("")+ 
  ylab("Hedls Puncta per Cell")+ 
  scale_color_grey()+ 
  theme_classic()+ 
  theme(text=element_text(size=25), 
        legend.position = "none", 
        axis.text.x = element_text(angle = 90, hjust = 1), 
        panel.grid.major.y = element_line(color = "grey", size=0.2), 
        panel.grid.minor = element_line(color = "grey", size=0.2)) 
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APPENDIX B: The role of MyoVa in PB disassembly is inconclusive 

Introduction: Myosin Va (MyoVa) is an actin cargo transport protein that is associated 

with PBs (Lindsay and McCaffrey 2011). Lindsay and McCaffrey (2011) showed that 

MyoVa colocalized with several PB components and actin, and could interact with PB-

resident protein eIF4E. Further, knockdown of MyoVa disassembled PBs (Lindsay and 

McCaffrey 2011). Thus, MyoVa likely acts as the linker between actin and PBs. 

 

Results: Since the relationship between PBs and actin was being examined, I investigated 

whether there were any changes in MyoVa in KapB-expressing cells. Lysates from 

HUVECs transduced with KapB-expressing lentivirus or vector were immunoblotted for 

MyoVa. MyoVa levels decreased in KapB-expressing cells (Figure A1). To examine if 

MyoVa contributed KapB-mediated PB disassembly in HUVECs, shRNAs were designed 

to MyoVa and a reduction in MyoVa protein levels was verified by immunoblot (Figure 

A2 (A)). Despite similar knockdown efficacies, the impact of each shRNA on PB 

disassembly was inconsistent. One shRNA (shMYOVA-1) had no effect on PB levels in 

vector and KapB-expressing cells (Figure A2 (B, C)). The other shRNA increased PB 

levels in both vector and KapB conditions (Figure A2, (B, C)).  

 

Discussion: The KapB-specific decrease in MyoVa levels suggests that MyoVa is being 

degraded in KapB-expressing cells. Since data from the lab indicates that autophagy is 

mediating PB degradation (Robinson, Singh, and Corcoran, unpublished), it may be that 

autophagy is mediating the degradation of MyoVa. Notably, the Aradopsis homologue of 

MyoVa, Myo2P interacts with DCP1, the homologue for DCP1a (Steffens et al. 2014b). 

DCP1a is one of the PB proteins that is degraded in KapB-expressing cells (Robinson, 

Singh, and Corcoran, unpublished), suggesting the association between the proteins may 

promote degradation of both components. It is unclear whether degradation of MyoVa is 

happening passively with components of the PB, or MyoVa is being selectively targeted.  

 

The role of MyoVa in PB disassembly was inconclusive because of inconsistencies 

between the behavior of the two shRNAs I used. Neither shRNA decreased Hedls puncta 

levels, which is inconsistent with a previous study that clearly showed that MyoVa 
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knockdown decreased PBs (Lindsay and McCaffrey 2011). This may be due to 

inconsistencies between cell type, as they used HeLa cells. In my project, HeLas do not 

always display PB phenotypes that are congruent with HUVECs. If PB levels do not 

change with MyoVa knockdown, as seen with shMYOVA-1, it suggests that MyoVa does 

not control PB levels in HUVECs. If MyoVa knockdown increases Hedls puncta, it 

suggests that MyoVa is somehow involved in mediating PB disassembly, perhaps through 

directing transport of PBs to the degradation machinery. These results need to be verified 

using alternate approaches (additional shRNAs, overexpression constructs) to confirm or 

refute the role of MyoVa as a regulator of PB dynamics, both in vector and KapB-

expressing cells.   
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Figure A1: Myosin Va levels decrease in KapB-expressing cells. HUVECs were 
transduced with KapB-expressing and empty vector lentivirus then selected with 5 µg/mL 
blasticidin. Cells were lysed for immunoblotting. (A) Representative blot and 
quantification of lysates immunoblotted using an antibody to MyoVa. MyoVa protein 
levels in each condition were normalized to total protein (not shown). Error bars represent 
standard deviation. Statistics were determined using a ratio paired t-test, n=5, p < 0.05.   
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Figure 3.11: The role of MyoVa in PB disassembly is inconclusive. HUVECs were 
transduced with KapB-expressing and empty vector lentivirus and selected with 5 µg/mL 
blasticidin. Cells were then transduced with shRNAs targeting MyoVa (shMYOVA-1, 
shMYOVA-2) or with a non-targeting (shNT) control and selected with 1 µg/mL 
puromycin. Cells were lysed for immunoblotting of fixed for immunofluorescence. (A) 
Representative blot and quantification of lysates immunoblotted using an antibody to 
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MyoVa. MyoVa protein levels in each condition were normalized to total protein (not 
shown). (B) Representative images of cells stained for PB-resident protein Hedls (green), 
KapB (blue), and F-actin (red, phalloidin). Boxes indicate images shown in Hedls (zoom) 
panel. Scale bar represents 20 µm. (C, D) Fixed cells were stained for CellProfiler 
analysis as detailed in the methods. (C) The number of Hedls puncta per cell was 
quantified and normalized to the vector NT control. (D) CellProfiler data was used to 
calculate the ratio of Hedls puncta count in KapB-expressing cells versus the vector 
control for each treatment condition. Error bars represent 95% confidence interval. 
Statistics were determined using a negative binomial regression, p < 0.05. N=1. 
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