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Abstract 

Cell-cell fusion is mediated by distinct types of protein fusogens. Class I, II and III 

enveloped virus fusogens facilitate fusion through interaction with receptors on an 

apposing membrane that trigger conformational transitions in the fusogen that provide 

the energy necessary to fuse the two apposed membranes. Small fusogens, such as the 

reovirus fusion-associated small transmembrane (FAST) proteins and the vertebrate 

muscle fusogen myomerger, have small extracellular domains that do not span the 

intermembrane aqueous layer and have not been observed to undergo large 

conformational changes to drive the fusion process. These small fusogens may co-opt 

cell machinery and processes to drive cell fusion. To investigate this possibility, I 

conducted genetic and drug kinase screens that identified the PI3K(p110α)-Akt kinase 

pathway as essential for syncytiogenesis mediated by the reovirus p15 and p14 FAST 

proteins and myomerger, but dispensable for SARS CoV2 spike syncytium formation. I 

demonstrate that small fusogen-mediated fusion increases PIP(3,4,5) production 

through PI3K(p110α), that PIP(3,4,5) is necessary for fusion, and that PIP(3,4,5) and p14 

colocalize to membrane ruffles at the fusion synapse. Using genetic and small molecule 

kinase inhibitors, I also show that Akt phosphorylation by PDK1 and mTORC2 but not 

mTORC1 is essential for small fusogen-mediated cell fusion. Furthermore, I demonstrate 

that p14 upregulates membrane ruffling and macropinocytosis through the PI3K-Akt 

pathway, which colocalizes spatiotemporally with the cell fusion synapse. In 

combination with the inhibitory effect of mechanistically diverse macropinocytosis 

inhibitors on p14 and myomerger fusion, these findings indicate that macropinocytosis is 

essential for efficient small fusogen-mediated cell-cell fusion and may promote fusion by 

increasing membrane tension via macropinosome formation. 
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Chapter 1: Introduction 

 
1.1.  Cell-cell fusion overview  

Cell-cell fusion is a crucial biological process that plays a significant role in various 

physiological processes such as fertilization, development, and immune responses. 

These programmed cell-cell fusion events occur in response to specific signals and 

activate actin- and membrane-remodeling pathways required to construct a fusion 

synapse and recruit protein fusogens to mediate cell-cell membrane fusion (Brukman et 

al., 2019; Hernández & Podbilewicz, 2017). Much of our understanding of these cellular 

pathways derives from studies of muscle cell fusion in Drosophila melanogaster, where 

formation of an actin-driven membrane protrusion projects into the adjoining cell 

inducing membrane tension and fusion (Bothe et al., 2014; E. H. Chen, 2011; Chuang et 

al., 2019; Randrianarison-Huetz et al., 2017; Segal et al., 2016; Vasyutina et al., 2009). In 

addition, the process of cell-cell fusion can also be induced by viruses for the purposes 

of infection and spread (R. Duncan, 2019; Harrison, 2015; Podbilewicz, 2014). These 

virally induced cell fusion events usually reflect the activity of an enveloped virus 

membrane fusion protein. These large, complex, multimeric, membrane fusion proteins 

evolved primarily to mediate virus-cell fusion, but when present in the plasma 

membrane can function as cell-cell fusogens to promote the fusion of host cells and 

lateral dissemination of the infection. Over the past few years, several homologues of 

enveloped virus membrane fusion proteins were identified as the fusogens mediating 

programmed cell-cell fusion processes such as syncytiotrophoblast fusion (syncytin), 

epidermal fusion in Caenorhabditis elegans (Epithelial fusion failure 1 (EFF-1)), and 

gamete fusion in Chlamydomonas (Hapless 2 (Hap2)) (Krey et al., 2017; Mi et al., 2000; 

Mohler et al., 2002). In the case of EFF-1, similar invadosomes as observed in Drosophila 

muscle cell fusion were envisioned to drive the cell-cell fusion process (Shilagardi et al., 

2013a).  

There are two exceptions to the above generalizations and specific examples of 

cell-cell fusogens; the fusion-associated small transmembrane (FAST) proteins encoded 

by fusogenic dsRNA viruses, and the small component of a bi-partite muscle cell fusion 
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protein complex discovered independently by three labs in 2017, variously referred to as 

myomerger, myomixer, or minion (Bi et al., 2017; Quinn et al., 2017; Q. Zhang et al., 

2017). The FAST proteins and myomerger share similar biophysical and biochemical 

properties, with some notable exceptions (e.g., their inverse membrane topologies) (R. 

Duncan, 2019; Segev et al., 2018; Vance & Lee, 2020), and both are clearly structurally 

and evolutionarily distinct from the enveloped virus fusogens and their cellular 

paralogues (Fig. 1A).  

At the time I started my graduate research, the only detailed understanding of 

the architecture of a fusion synapse and the processes involved in its construction was 

the aforementioned Drosophila developmental myogenesis model. It was unclear how 

these cellular processes might apply to other physiological cell-cell fusion events, and 

whether FAST proteins rely on similar processes to construct a FAST protein fusion 

synapse. My objective was to use high-content screens to identify tentative cellular 

pathways and mediators needed for FAST protein-induced syncytium formation, and to 

then characterize how these events contribute to cell-cell fusion and syncytiogenesis. As 

the field advanced, I included an analysis of the newly discovered myomerger fusogen. 

To establish the context for my research, the subsequent sections of this 

Introduction will address several key topics vital to comprehending membrane fusion 

and its impact on cell biology and virology. We'll begin by exploring the common 

attributes observed in cell-cell fusion across numerous biological systems. The aim here 

is to unravel the regulatory mechanisms that govern this process across different cellular 

contexts. The next section will detail with the hemifusion stalk-pore model of membrane 

fusion, a theoretical model that characterizes the step-by-step process of membrane 

fusion. This section will focus on the energy dynamics associated with fusion, the 

function of fusogens and lipids, and the transition states such as hemifusion and stalk 

formation. We will then transition into various cell fusion paradigms, demonstrating the 

breadth of biological scenarios where fusion is indispensable, from myogenesis to 

fertilization, and more. Subsequently, we will investigate how enveloped viruses 

instigate cell fusion. This portion will center on the strategies utilized by these viruses to 
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induce membrane fusion, facilitating successful infection, while concurrently offering 

insights into the overarching principles of membrane fusion. After examining viruses, we 

will proceed to metazoan cell fusion. We'll review its roles in different biological 

processes and organisms, focusing on the underlying molecular mechanisms and 

signaling pathways. Finally, we'll turn our focus to the specific pathways implicated in 

FAST protein-mediated fusion. Here, the primary emphasis will be on the PI3K-Akt 

pathway and macropinocytosis, both of which have been found to play crucial roles in 

this process. Collectively, these sections aim to provide a thorough understanding of 

membrane fusion, its biological implications, and the intricate mechanisms that viruses 

utilize, thus setting the stage for an in-depth analysis of the research conducted in this 

domain. 

 

1.2.  Cell fusion paradigms 

In the evolution of life on earth, the transition of reproducing entities from what were 

likely phase condensates to membrane bound entities, both cells and eventually cellular 

organelles, were critical steps in the emergence of complex multicellular life forms. 

Equally, the merging or fusion of membrane bound units, both organelles and cells, 

underpins many elements of metazoan development.  Within the cell, membrane fusion 

is critical to both the import and export of biomolecules, intracellular trafficking of 

proteins, and the homeostatic maintenance of membrane delimited organelles such as 

the endoplasmic reticulum and mitochondrial network.  Cellular fusion itself is seen in a 

diversity of roles including fertilization, syncytiotrophoblast formation, myogenesis, 

osteogenesis, elements of the immune system, platelet formation,  stem cell–mediated 

tissue regeneration and eye lens formation (Hernández & Podbilewicz, 2017; Ogle et al., 

2005). Pathologic cell-cell fusion can also be seen in cancer progression and many viral 

infections (Bastida-Ruiz et al., 2016). Interest in virally mediated cell-cell fusion was 

catalyzed 60 years ago by Yoshio Okada’s observation of giant polynuclear cell formation 

caused by incubating Sendai virus (then referred to as Hemagglutinating virus of Japan 

or HVJ virus) with Ehrlich tumor cells (Okada, 1962). Virally, and then chemically induced 
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cell-cell fusion was used in the intervening decades for analysis of gene expression, 

chromosomal mapping, monoclonal antibody production, and even cancer 

immunotherapy (E. H. Chen & Olson, 2005). 

 

1.2.1. Enveloped virus class I, II and III fusogens 

The entry of enveloped viruses into host cells involves the fusion of the viral envelope 

and host cell membrane, an energetically unfavorable action which is wholly dependent 

on viral transmembrane fusion proteins or “fusogens”.  In addition to driving the fusion 

of virus with cells, many viral fusogens can also trigger cell-cell fusion as well (Brukman 

et al., 2019; R. Duncan, 2019; Hernández & Podbilewicz, 2017; Podbilewicz, 2014; Vance 

& Lee, 2020). 

There exist three known enveloped viral fusogen classes defined by the distinct 

topologies of the fusogens themselves (Harrison, 2015; Segev et al., 2018) (Fig. 2B):  

• Class I fusogens found in viruses such as influenza, coronavirus, human 

immunodeficiency virus (HIV), and Ebola form coiled-coil trimers 

• Class II fusogens normally exist as dimers but, during fusion, produce an 

elongated β sheet rich ectodomain and transition to a hairpin trimer.  Class 2 fusogens 

are encoded by Dengue, West Nile, Zika and tick-borne encephalitis viruses.  

• Class III proteins, found in vesicular stomatitis virus, herpes simplex virus 1, and 

rabies virus, combine elements from class 1 and 2, taking on a post-fusion coiled-coil 

trimerization region similar to class I, and an elongated trimer of hairpins as in class 2 

following cell fusion.  

Gene analogues of viral class I-III fusogens can be found in metazoans including 

humans.  This includes the syncytins, the endogenous retroviral envelope proteins 

required for multinucleated syncytiotrophoblast generation during placental 

development (Mi et al., 2000; Renaud & Jeyarajah, 2022).   The N- and C-terminal 

heptad repeats domains of syncytin-1 share significant structural homology with the 

corresponding N-peptide and C-peptide of class I viral fusogen HIV gp160 (Y. Yang & 

Margam, 2021). Two other fusogens, EFF-1 with wide ranging cell fusion activity in C. 
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elegans  and HAP2 that mediates gamete fusion in invertebrates resemble class II viral 

fusogens, containing three beta-sheet-rich domains (Krey et al., 2017; Pérez-Vargas et 

al., 2014).  The structural similarities between these three cell–cell fusogens and viral 

fusogens and the obvious viral origin of the syncytins have led some to suggest that all 

eukaryotic cell fusion proteins may have descended from a viral ancestor (Krey et al., 

2017; Vance & Lee, 2020). 

 

1.2.2. The FAST proteins 

There is a fourth distinct class of viral fusogens encoded by the double-stranded RNA 

reoviruses.  Unlike the viruses encoding class I-III fusogens, reoviruses lack a lipid 

envelope and package their segmented genome within multi-layered capsids, obviating 

the need for the viral envelope-cell membrane fusion driven by the enveloped virus 

fusogens (Duncan, 2019; Eledge et al., 2019).  Nonetheless, these nonenveloped virus 

fusion proteins, known as FAST proteins, are potent fusogens.  The FAST proteins are not 

part of the mature virion and although not involved in initial viral entry, are expressed 

inside virus-infected cells and can fuse multiple cells into multinucleate cells or syncytia 

at later stages of infection.  This helps both with the local spread of virus between cells 

while inducing cell death to promote eventual lysis and release of viral progeny. 

FAST proteins including avian orthoreovirus p10, reptilian orthoreovirus p14, and 

baboon orthoreovirus p15 are nonstructural viral proteins which, ranging in size from 

100–200 amino acids, are much smaller than are the other viral fusogens (Fig. 2A) (R. 

Duncan, 2019).  All FAST proteins identified to date are type I transmembrane proteins 

of a similar small size (10 to 22 kDa), with a characteristic modular architecture: an N 

terminal 20–40 amino acid structurally diverse ectodomain, including polyproline helices 

and cysteine loops, a single transmembrane domain, and a larger (∼40–140 residues) 

cytoplasmic C terminus (Fig. 2B).  All domains save the polyproline patch in the p14 

cytosolic domain are essential for FAST protein fusion activity (Barry & Duncan, 2009; 

Corcoran & Duncan, 2004; R. Duncan, 2019). 
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In general, the ectodomains of the FAST proteins consist of small, amphiphilic 

peptides. Most of these peptides undergo a post-translational modification known as 

myristoylation at the penultimate N-terminal glycine, a critical step to ensure fusion 

competency. The cytoplasmic endodomains of FAST proteins are marked by three key 

features. Firstly, they exhibit intrinsic disorder, which potentially allows for interactions 

with a diverse array of cellular partners. Secondly, they possess a juxtamembranous 

polybasic motif with at least three basic residues (Shmulevitz et al., 2004). In the case of 

the p14 protein, this motif facilitates, in a sequence-independent manner, the protein's 

interaction with Ras associated binding protein (Rab) 11 (Rab11) and its subsequent 

sorting into adaptor protein 1 (AP1) -coated vesicles (Parmar & Duncan, 2016). This 

allows for the anterograde transport of p14 to the plasma membrane. Thirdly, these 

endodomains contain at least one amphipathic α-helix region, frequently referred to as 

a hydrophobic patch. This structural feature is thought to promote the formation of the 

essential fusion pores (Read et al., 2015). These shared characteristics hint at a common 

mechanistic underpinning for the fusogenic activity of these proteins, notwithstanding 

the viral species from which they originate (Fig. 1B).   

Following expression in virus-infected cells, FAST proteins are channeled through 

the endoplasmic reticulum (ER)-Golgi secretory pathway to the plasma membrane. This 

trafficking mechanism is mediated by the membrane-proximal polybasic motif inherent 

to these proteins. Notably, the p14 FAST protein exhibits multimeric functionality, which 

is established during transit through the Golgi apparatus (Corcoran et al., 2011). This 

propensity for multimerization isn't confined to p14; the Nelson Bay Virus (NBV) and 

Avian Reovirus (ARV) p10 proteins also form octameric assemblies on the plasma 

membrane. Intriguingly, this octameric organization of p10 is contingent on the 

presence of cholesterol within lipid rafts, underscoring the complex interplay between 

viral proteins and host cellular membrane components (Key & Duncan, 2014). 

Evolutionarily, FAST proteins appear to diverge into two distinct clades, broadly 

categorized as p16 and p22 Aquareovirus (AqRV) FAST proteins and p10, p13, p14, and 

p15 Orthoreovirus (ORV) FAST proteins (Nibert & Duncan, 2013; Y. Yang et al., 2020). A 
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recent discovery includes a new FAST protein, nonstructural protein 1-1 (NSP1-1), 

identified in the genomes of multiple species of rotaviruses. Phylogenetic analysis places 

NSP1-1 within a clade closely related to Baboon Reovirus (BRV) p15 (Diller et al., 2019). 

The emergence of NSP1-1 may have resulted from a gene transfer event, further 

complicating the evolutionary narrative of these proteins. The term 'viroporins' has been 

proposed to represent a common ancestor of the FAST proteins found in both clades.  

These small, non-fusogenic membrane-associated proteins are encoded by most viruses 

and possess the ability to form oligomeric pores or to modulate membrane ion flow in 

other ways (Nieva et al., 2012). However, the lack of sequence similarity and the 

divergence in both structure and membrane topologies between viroporins and FAST 

proteins suggest that these groups may have arisen by convergent evolution. 

Nevertheless, viroporins carry motifs, such as transmembrane domains and amphipathic 

helices, analogous to those found in FAST proteins, which are capable of altering 

membrane curvature and remodeling intracellular membranes. 

 

1.2.3. The hemifusion stalk-pore model of membrane fusion 

Membrane fusion is a fundamentally important physiological process, and 

understanding its energy dynamics is crucial to comprehend how the process is 

regulated. According to the classical model proposed by Koslov and Markin in 1983, and 

refined over time by many researchers, the process of membrane fusion involves 

overcoming several energy barriers (Chakraborty et al., 2013; Chernomordik et al., 1987; 

Giraudo et al., 2005; Kawamoto & Shinoda, 2014; Kozlov & Markin, 1983; Lu et al., 

2005). The model describes the fusion process as a progression through several energy-

demanding stages (Chernomordik & Kozlov, 2008). The first barrier is bringing two 

negatively charged membranes close together, which involves overcoming electrostatic 

repulsion forces (Fig. 2A&B). This proximity facilitates the induction of small hydrophobic 

defects in the opposing bilayers, leading to the formation of a stalk-like intermediate. 

This stage is characterized by high energy due to the exposure of hydrophobic lipid tails 

to the aqueous environment. Next, the expansion of the stalk structure into a 
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hemifusion diaphragm is energetically favorable (Chakraborty et al., 2013; Dong Woog 

Lee et al., 2015; Lu et al., 2005). However, the subsequent barrier is the opening of a 

fusion pore within the hemifusion diaphragm, once again exposing hydrophobic lipid 

tails to water. Finally, the fusion pore expands, which is typically energetically favorable 

due to the increase in the radius of curvature at the fusion pore edge (Chernomordik & 

Kozlov, 2008; Lai et al., 2013; Martens & McMahon, 2008). 

Importantly, fusion proteins, or fusogens, are key players in navigating these 

energy barriers (Shuhei Kawamoto et al., 2015). They undergo conformational changes 

that lower the energy barriers, facilitating the progression through the fusion pathway. 

For instance, in the case of soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor (SNARE) proteins involved in vesicle fusion, the formation of the trans-

SNARE complex pulls the membranes together through binding then zippering of vesicle-

SNAREs to target-SNAREs,  providing the energy required to overcome the initial energy 

barriers to membrane fusion (J. Han et al., 2017). Moreover, lipid composition can also 

modulate these energy barriers. For example, the presence of cholesterol or certain 

types of phospholipids can reduce the energy required for the transition between 

various fusion intermediates (Haque et al., 2001; Key & Duncan, 2014; Meher & 

Chakraborty, 2019). However, these lipid characteristics supplement the primary driving 

force - the fusogen applying force to membrane through conformational changes and 

membrane associated domains which alter membrane curvature, that predominantly 

determine the energy dynamics of the pore formation and expansion process. 

 

1.2.4. FAST protein-mediated cell-cell fusion 

In the pre-fusion state, FAST proteins are enriched in cholesterol-dependent membrane 

microdomains or lipid rafts, somewhat thicker than adjacent normal lipid bilayers 

(Corcoran et al., 2011). The membrane fusion reaction is contingent upon the presence 

of strong membrane apposition driven by cellular cadherins in so-called adherens 

junctions, regions to which FAST proteins nonspecifically localize (Salsman et al., 2008; Y. 

Yang & Margam, 2021).  At this stage, actin-mediated membrane protrusions presumed 
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to decrease the distance helping trigger the fusion reaction are observed (K. M. C. Chan 

et al., 2020, 2021; R. Duncan, 2019). As outlined in this thesis, we have reason to believe 

these actin-driven membrane protrusions are macropinocytosis-related membrane 

ruffles which are induced by FAST proteins.  The fusion peptide and membrane-proximal 

external region (MPER) motifs found in the ectodomain and motifs present in the 

transmembrane (TM) domain are envisioned to cooperate in altering lipid hydration and 

lipid packing inducing positive curvature in the outer plasma membrane leaflet which 

mitigates tension in the membrane (R. Duncan, 2019; Read et al., 2015) 

In the period prior to fusion, the FAST protein ectodomains are structurally 

dynamic, possibly permitting their reversible interaction with both the donor membrane 

as well as the closely apposed target membrane.  In most fusion models the site of 

fusion is proposed to involve a highly curved membrane under tension (Akimov et al., 

2020; Kozlov & Chernomordik, 2015; Martens & McMahon, 2008). The compression of 

the phospholipid heads of the outer leaflet occurring with donor membrane curvature 

results in negative curvature of the inner membrane. The juxta-membranous 

amphipathic helix (AH) motif residing in FAST protein endodomain functions as a lipid 

packing sensor resulting in FAST protein partitioning into and thus importantly stabilizing 

the tightly packed phospholipids in the inner membrane present in highly curved 

membranes. This characteristic, which is proposed to lower the energy barrier to pre-

fusion donor-target membrane leaflet mixing, is seen in studies of liposomes of varying 

dimensions with the FAST protein p15 AH showing a predilection to bind to smaller (and 

thus more curved) vesicles (Read et al., 2015). Significantly, within the realm of FAST-

mediated fusion, the AH domains are postulated to function as fusion-inducing lipid 

packing sensors (FLiPS) (Read et al., 2015). These domains, housed in the cytosolic 

endodomain of the FAST proteins, exhibit a hydrophobic helix-loop-helix structure, 

which demonstrates a predilection for insertion into high positive curvature membranes, 

akin to those found at the rim of nascent fusion pores. Further, these AH domains 

display substantial structural plasticity, manifesting as a spectrum of conformations from 

linear amphipathic helix-kink-helix structures to amphipathic helical hairpins (Giménez-
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Andrés et al., 2018). This dynamic structural adaptability may be a critical aspect of their 

functional role in membrane fusion.  

Once the FAST proteins are embedded in the outer leaflet of the curved donor 

membrane and closely apposed to an adjacent target cell membrane under actin-driven 

stresses, their structurally dynamic, myristoylated ectodomains can embed readily not 

only in a “cis” fashion to donor membranes but also into the outer leaflet of the target 

membrane thus serving as a critical fusion promoting tether (Corcoran & Duncan, 2004). 

At this stage of initial lipid intermingling between the outer contacting leaflets of the 

two bilayers an unstable transient hemifusion intermediate is generated (depicted as a 

stalk-like structure in Fig.  2A). It should be acknowledged that the discussion of stages 

as discrete entities is likely an oversimplification; and at the very least, one hypothetical 

stage likely overlaps significantly with the next.   The labile hemifused stalk then either 

returns to a two planar bilayer configuration or progresses to a nascent fusion pore, a 

critical entity in cell fusion and frequently a point of no return for the process of cell 

fusion (Kawamoto & Shinoda, 2014; Lu et al., 2005; Risselada et al., 2014; Schwenen et 

al., 2015).   

A successful membrane fusion reaction results in a fusion pore that, being only a 

few nanometers in diameter, initially has an energetically unfavorable high degree of 

rim curvature and thus, if it is not to be quickly resorbed, requires a rapid expansion to 

micrometer-sized macropore. Such pore enlargement is contingent upon the 

recruitment of the calcium-dependent membrane-binding protein annexin A1 (AX1) by 

the disordered endodomains of the membrane resident FAST protein. This results in the 

calcium-dependent activation of AX1 impacting membrane curvature and promoting 

membrane aggregation.  In one study, both AXI knockdown and calcium chelation 

inhibited syncytium formation but not the inter-cellular transfer of small aqueous fluors, 

in keeping with a role for AX1 in pore expansion following pore formation (Ciechonska et 

al., 2014).  

Exactly how annexins modulate membrane curvature is unclear although the 

annexin core domain which contains membrane attachment sites is shaped as a convex 
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disc (Huber et al., 1990); attachment at these sites may naturally lead to increased 

membrane curvature. In a recent study, AX1 along with AX2, of the nine annexins 

studied, were the only ones found to rapidly induce blebbing and vesiculation in planar 

membrane patches.  This activity was ascribed to an asymmetric binding of annexin to 

the outer leaflet of the membrane and subsequent generation of a spontaneous 

curvature (Boye et al., 2018).  Interestingly, the AX1 involvement observed in FAST 

protein associated pore expansion and syncytium formation, contrasting to its role in 

enveloped virus fusogens and both macrophage and myoblast fusion where Annexin A1 

is a protein that can facilitate cell-cell fusion by binding to phosphatidylserine and 

inducing membrane cross-linking prior to hemifusion. Annexin A1 may also play a role in 

subsequent steps of the fusion process as the alteration of membrane curvature by 

annexins as well as dynamins during post-fusion pore expansion has been observed 

(Leikina et al., 2013, 2015; Richard et al., 2011; Verma et al., 2014).  

It is unclear what the source of intracellular calcium that is also needed for pore 

expansion is, whether it is an influx through the cell membrane mediated by FAST 

protein porin activity or it is derived intracellularly by the formation of membrane-

proximal AHs into calcium-conducting ion channels as has been documented for 

rotaviral nsp4 and picornaviral 2B viroporins (R. Duncan, 2019; Pham et al., 2017; van 

Kuppeveld et al., 1997). Another plausible source of increased intracellular calcium could 

be attributable to "leaky fusion," a process where disordered lipids in the plasma 

membrane during fusion render the membrane somewhat permeable. Regardless of the 

source, the modulation of calcium influx could be a significant contributor to the 

cytotoxicity induced by the FAST protein. Interestingly, recent studies have shown that 

amphiphilic nanoparticles can precondition two bilipid membranes to fuse when 

exposed to high concentrations of calcium, which is hypothesized to influence the outer 

leaflet. In this scenario, calcium effectively condenses the area-per-lipid of the inner 

leaflet, generating positive curvature in the outer leaflet. This asymmetry eventually 

drives trans leaflet contact and swiftly expands the stalk into a fusion pore (Tahir et al., 

2020). 
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1.2.5. Myogenic cell fusion 

Myogenic cell fusion, an essential process in myogenesis, is characterized by the 

intricate interaction of myoblasts, myotubes, and fusion-related proteins. This process 

begins with the activation of quiescent muscle stem cells, or satellite cells, residing 

beneath the basal lamina of mature muscle fibers. In response to muscular injury or 

physiological signals, these satellite cells proliferate and differentiate into myoblasts, 

which are primed for fusion (Lehka & Rędowicz, 2020). The myoblasts' commitment to a 

muscle-specific lineage is guided by the expression of myogenic regulatory factors 

(MRFs) like myogenic differentiation 1 (MyoD) and myogenic factor 5 (Myf5). This leads 

to the initiation of the fusion process, comprising two primary stages: the formation of 

multinucleated myotubes through myoblast-myoblast fusion, and the subsequent 

accretion of myoblasts to these newly formed myotubes, referred to as myoblast-

myotube fusion (Zammit, 2017). 

Key proteins play a crucial role in the fusion process. Cell adhesion molecules, 

including N-cadherin and integrins, enable the initial recognition and adhesion of 

myoblasts, leading to their alignment along the same axis (Y. Liu et al., 2021). Fusogenic 

proteins then mediate the merging of the plasma membranes, with proteins like 

Myomaker (Tmem8c) and Myomerger (Myomixer or Minion) in mice playing a pivotal 

role in the formation of nascent myotubes (Bi et al., 2017; Millay et al., 2013; Quinn et 

al., 2017; Q. Zhang et al., 2017). Additionally, Dysferlin protein contributes to the repair 

of the sarcolemma after fusion (Defour et al., 2014). Recently, Brain-specific 

angiogenesis inhibitor 3 (BAI3) has been identified as playing a significant role in 

myoblast fusion and muscle development. BAI3 interfaces between extracellular signals 

and the intracellular signaling machinery by binding with engulfment and cell motility 

(ELMO) proteins, facilitating the activation of the small GTPase Rac, thereby promoting 

myoblast fusion (Hamoud et al., 2014). Furthermore, signaling pathways like the Janus 

kinase/signal transducer and activator of transcription (JAK/STAT) pathway, induced by 

Interleukin-6 (IL-6), have been found to promote myoblast fusion (Trenerry et al., 2011). 
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Other pathways, including the insulin/IGF-1 signaling pathway and the PI3K/Akt 

pathway, also regulate their differentiation and function (Gardner et al., 2012; G. Wang 

et al., 2018). Despite significant advancements in understanding the process, the 

intricate molecular choreography governing myogenic cell fusion remains not fully 

deciphered.  

 

1.2.6. Syncytiotrophoblast cell fusion 

The syncytiotrophoblast, a multi-nucleated layer in the placenta, is formed and 

maintained through a complex process known as trophoblast fusion. This process 

involves the continuous merging of single-nucleated cytotrophoblast cells from the 

placental villi, which results in the formation of the placental barrier. This barrier is 

critical for nutrient exchange, gas exchange, and waste removal between the maternal 

and fetal circulations (Pfeffer & Pearton, 2012; Renaud & Jeyarajah, 2022). One key 

facilitator of trophoblast fusion is syncytin, a class I fusogen. Syncytin is a unique protein 

encoded by the human endogenous retrovirus-W (HERV-W) (Mi et al., 2000). Its primary 

role is to mediate the fusion of cytotrophoblasts, leading to the formation of the 

syncytiotrophoblast layer. Overexpression of syncytin has been implicated in the 

progression of certain cancers and autoimmune diseases, highlighting the importance of 

tightly controlled syncytin, expression during trophoblast fusion (Bjerregaard et al., 

2006; Fei et al., 2019; Giménez-Orenga & Oltra, 2021). 

 

1.2.7. Macrophage fusion 

Macrophages, versatile components of the immune system, have an extraordinary 

capability that sets them apart from other immune cells: the ability to fuse together. 

This fusion capacity enables them to form specialized structures, such as Langerhans 

giant cells (LGCs),  foreign-body giant cells (FBGCs) and osteoclasts, which play 

significant roles in various physiological and pathological processes (Pereira et al., 2018). 

For example some multinucleated macrophages have enhanced phagocytic capabilities, 

FBGCs can form in response to foreign bodies that are too large to be engulfed by single 
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macrophages, and osteoclasts have increased mitochondrial activity, as they are the 

primary cells responsible for the energetically taxing process of bone resorption and are 

essential for bone remodeling and maintenance (Ahmadzadeh et al., 2023; Kodama & 

Kaito, 2020).  

Fusion of macrophages is a complex process triggered by specific cytokines, such 

as interleukin-4 (IL-4) for FBGCs,  interferon (IFN) -γ for LGCs and receptor activator of 

nuclear factor kappa-B ligand (RANKL) inducing osteoclastogenisis (Ahmadzadeh et al., 

2023; Novack & Teitelbaum, 2008; Pereira et al., 2018). This process is thought to 

involve the upregulation of certain fusion mediators, like E-cadherin and cluster of 

differentiation 47 (CD47) (X. Han et al., 2000; Helming & Gordon, 2009; Mbalaviele et al., 

1995). Moreover, protein tyrosine phosphatase PTP-PEST, which interacts with and 

dephosphorylates various cytoskeleton-associated proteins, is believed to play a role in 

regulating cellular functions critical to fusion, such as migration, adhesion, proliferation, 

and transformation (Rhee et al., 2013). In addition to their primary roles in the body's 

defense against pathogens and bone remodeling, in certain contexts, fused 

macrophages can paradoxically stimulate tumor growth, underscoring the complexity of 

their role in health and disease. 

 

1.2.8. Cancer cell fusion 

First identified over a century ago, cancer cell fusion plays a pivotal role in the creation 

of polyploid giant cancer cells (PGCCs) within tumors (Carter, 2008; Parris, 2013; 

Pawelek, 2005). PGCCs are formed through cell fusion, emerging larger than regular 

cells, and demonstrating characteristics akin to those of cancer stem cells (CSCs), 

expressing markers that are typically found in both normal cells and stem cells, and also 

possess the ability to form tumors (Carter, 2008; Herbein & Nehme, 2020; Najafi et al., 

2019). Intriguingly, it has been observed that chemotherapy may inadvertently promote 

cell fusion, thereby leading to an increased potential for drug resistance (Bjerregaard et 

al., 2006).  
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Human endogenous retroviruses (HERVs) have been suggested to play a role in 

the formation of PGCCs. For instance, under the influence of arsenic trioxide treatment, 

colon cancer cell lines fuse to form PGCCs via Syncytin-1 expression (Li et al., 2021). 

Oncoviruses such as Kaposi's sarcoma virus and Hepatitis B virus are also implicated in 

the induction of PGCC formation (Herbein & Nehme, 2020). For most oncoviruses that 

contribute to the formation of PGCCs, the mechanism typically involves virally induced 

dysregulation of mitotic division. However, the human papilloma virus 16 (HPV16) might 

be an exception to this rule. The HPV16 E5 viroporin protein is known to induce cell 

fusion and PGCC formation, and has been shown to influence the development of early 

cancerous lesions in the cervix (Cullen et al., 1991; Delespaul et al., 2019; Hu et al., 2009; 

Shirasawa et al., 1987). Besides cell fusion, E5 performs numerous other functions and 

further study is warranted to determine if cell fusion contributes to the oncogenic 

potential of HPV16 (Gutierrez-Xicotencatl et al., 2021). The formation of PGCCs often 

corresponds with highly malignant and invasive cancers, contributing to poor patient 

outcomes (Herbein & Nehme, 2020).  

While there are limited examples supporting the notion that cell fusion results in 

highly malignant cancer, recent studies have illuminated the potential role of cell fusion 

in facilitating metastases. Several promising hypotheses have emerged suggesting that 

cell fusion may serve to amplify the aggressiveness of cancerous growths. Cancer 

heterotypic hybrid cell formation is a cell fusion phenomenon in which cancer cells fuse 

with non-cancerous cells in the tumor microenvironment (Gast et al., 2018; Tretyakova 

et al., 2022). This process can occur in various types of cancer cell types, including breast 

cancer, prostate cancer, and melanoma and tumor cell scan fuse with various types of 

cell types including mesenchymal cells and leukocytes (Bjerregaard et al., 2006; 

Chitwood et al., 2018; Danila et al., 2007; Gauck et al., 2017; Lartigue et al., 2020; Xue et 

al., 2015). Tumor cells can also fuse with macrophages to acquire immune evasion by 

presenting macrophage surface markers (Dietz et al., 2021; Gast et al., 2018). 

Macrophage cancer hybrids form the majority of the circulating tumor cell population 

and the number of macrophage cancer hybrids correlates with cancer stage and disease 
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outcome. The exact mechanisms and consequences of macrophage and cancer cell 

fusion are not fully understood, but it is thought to play a role in the progression and 

metastasis of certain types of cancer with cancer hybrid cells seeding new metastases. 

These cell fusion events can also lead to the creation of CSCs which are highly resistant 

to chemotherapy and radiotherapy and can lead to tumor recurrence and metastasis 

(Ding et al., 2012; Gauck et al., 2017).  

 

1.3. The PI3K-Akt pathway 

1.3.1. Phosphatidylinositol-3-Kinase Isoforms and Function 

Phosphoinositide 3-kinases (PI3Ks) comprise a crucial family of enzymes that dictate the 

course of numerous cellular processes, including cell growth, proliferation, survival, and 

metabolism. They catalyze the transformation of phosphatidylinositol lipids into 

phosphorylated phosphoinositides, functioning as secondary messengers in an array of 

cellular signaling pathways (Bilanges et al., 2019; Deng & Liu, 2022; Fruman et al., 2017). 

These enzymes are divided into three distinct classes (I, II, and III) based on their 

substrate specificity and structural attributes. The eight known PI3K isoforms are 

dispersed across these classes. Class I PI3Ks are heterodimeric complexes that consist of 

a catalytic subunit (p110) and a regulatory subunit (p85). The regulatory subunits act as 

stabilizers and modulators of the catalytic subunits, regulating their kinase activity. 

Meanwhile, class II and III PI3Ks are monomeric enzymes that assemble into tetrameric 

complexes (Bilanges et al., 2019; L. Duncan et al., 2020; M. Zhang et al., 2020). 

Class IA PI3Ks are activated downstream of plasma membrane-bound receptors, 

such as receptor tyrosine kinases and G protein-coupled receptors (GPCRs). Activation 

occurs via recruitment to the plasma membrane through binding of the SH2 domains in 

the regulatory subunit to tyrosine-phosphorylated proteins (Deng & Liu, 2022; 

Vanhaesebroeck et al., 2012). Once activated, the catalytic subunits of class IA PI3Ks 

phosphorylate phosphatidylinositol 4,5-bisphosphate (PIP(4,5)) at the plasma membrane 

to generate the lipid secondary messenger phosphatidylinositol 3,4,5-trisphosphate 

(PIP(3,4,5)). Class II and III PI3Ks primarily regulate membrane trafficking and indirectly 

control signaling. Class II PI3Ks can phosphorylate the 3’ prime position of either 
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phosphatidylinositol (PIP) and PIP(4) to produce PIP(3) or PIP(3,4) whereas Class III PI3Ks 

exclusively phosphorylates PIP to generate PIP(3) (Bilanges et al., 2019; Vanhaesebroeck 

et al., 2012). 

The cellular concentrations of PIP(3,4,5) and PIP(3,4), which at most comprise 

less than 0.01%  of phospholipids within the cell (Ebner et al., 2017; Ijuin & Takenawa, 

2012).  PIP(3,4,5) and PIP(3,4) concentrations are meticulously regulated by an array of 

phosphatases, such as the inositol lipid 3-phosphatase PTEN and various 5-

phosphatases, including Src homology 2 (SH2)-containing inositol phosphatase 1 and 2  

(SHIP1, SHIP2) inositol polyphosphate-4-phosphatase type I  A and B (INPP4A, INPP4B) 

(Heinke, 2022; Posor et al., 2022; Vanhaesebroeck et al., 2012). PTEN converts 

PIP(3,4,5)and PIP(3,4) into PIP(4,5)and phosphatidylinositol 4-phosphate (PIP(4)), 

respectively (Martini et al., 2014). Concurrently, 5-phosphatases sequentially 

dephosphorylate PIP(3,4,5), generating PIP(3,4), PIP(3), and PIP, ultimately leading to 

the cessation of PI3K signaling. This intricate network of enzymes underscores the 

complexity of phosphoinositide regulation and its integral role in cellular function and 

homeostasis. 

. 

1.3.2. PI3k activation and signal transduction 

Receptor Tyrosine Kinases (RTKs) are a family of cell surface receptors that play a crucial 

role in cellular signaling by transmitting extracellular signals to the interior of the cell. 

Upon binding of a receptor ligand, RTKs homodimerize or heterodimerize and 

autophosphorylate, which leads to the activation of downstream signaling pathways. 

One of the downstream pathways activated by RTKs is the PI3K pathway (Deng & Liu, 

2022; Lemmon & Schlessinger, 2010). There are three ways in which RTKs can activate 

PI3K. The first method involves the direct binding of the p85 subunit of PI3K to the 

phospho-YXXM motifs on the activated RTK (M. Zhang et al., 2019). The second method 

is mediated by Growth Factor Receptor-bound Protein 2 (GRB2), which preferentially 

binds to the phospho-YXN motifs of the RTK (Lowenstein et al., 1992; Ogura et al., 1999). 

GRB2 can bind to the scaffolding GRB2-associated-binding protein  (GAB), which in turn 
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can bind to p85 and activate PI3K (Jiang & Ji, 2019; M. Zhang et al., 2019). The third 

method of RTK-mediated activation of PI3K occurs via the binding of RTKs to Ras. GRB2 

binds to and activates Son of Sevenless (SOS), which then activates Ras. Ras, in turn, 

activates p110 independently of p85, leading to the activation of PI3K. GRB2 can also 

exist in a large complex that contains SOS, Ras, and GAB or other scaffolding proteins, 

which brings these activators into close proximity to p110 subunit of PI3K (Cuesta et al., 

2021; Krygowska & Castellano, 2018).  

The enzyme's catalytic and regulatory subunits interact in various ways to 

maintain low enzymatic activity levels under normal conditions. Specifically, the catalytic 

subunit's helical, kinase, and C2 domains make contact with the p85-N-SH2 domain, 

while its C2 domain interacts with the p85-iSH2 domain (T. O. Chan et al., 2002; Kano et 

al., 2019; Sun et al., 2010). These additional connections serve to inhibit the enzyme's 

activity in the absence of external signals. However, when the regulatory subunit binds 

to phosphotyrosines, its SH2 domains release these inhibitory contacts and reposition 

the enzyme dimer near the cell membrane (Deng & Liu, 2022). This enables the enzyme 

to access its substrate and receive further inputs from Ras and other signaling 

components. The two isoforms of the PI3K catalytic subunit, p110α and p110β, have 

different modes of activation. While p110α interacts with Ras, a small GTPase protein, 

p110β is activated by Rac1 and cell division control protein 42 (Cdc42, which are also 

small GTPases (Bilanges et al., 2019; Deng & Liu, 2022; Martini et al., 2014). This 

distinction in activation mechanisms highlights the diversity in how different signaling 

pathways are regulated by the PI3K pathway and may have implications for developing 

targeted therapies for diseases where these isoforms play a role. 

 

1.3.3. Phosphatidylinositol (3,4,5)-triphosphate  

Phosphatidylinositol (3,4,5)-trisphosphate (PIP(3,4,5)) is a phospholipid molecule that is 

of utmost importance in cellular signaling and membrane organization (Manna & Jain, 

2015; Riehle et al., 2013; Salamon & Backer, 2013). The class IA phosphoinositide 3-

kinases (PI3K) phosphorylate phosphatidylinositol (4,5)-bisphosphate (PIP2) to produce 
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PIP(3,4,5). PIP(3,4,5) serves as a membrane organizer and has multiple functions that 

significantly impact the physical properties of the plasma membrane. 

The regulation of membrane curvature is a complex process that involves the 

participation of various molecules. PIP(3,4,5) is one such molecule that plays a crucial 

role in the formation of membrane structures such as invaginations and protrusions. 

These structures are essential for several cellular processes, including endocytosis, 

exocytosis, and cell migration. The negatively charged head group of PIP(3,4,5) recruits 

positively charged regions of proteins, thereby facilitating the recruitment of proteins 

such as dynamin, Epsin, and BAR-domain proteins (Basquin et al., 2013; Coutinho-Budd 

et al., 2012; Goldenberg & Steinberg, 2010; Itoh et al., 2001). These proteins are known 

to possess the ability to bend the membrane, thus contributing to the regulation of 

membrane curvature (Lemmon, 2008). For protein recruitment, PIP(3,4,5) serves as a 

docking site for proteins containing specific lipid-binding domains, such as the PH 

(pleckstrin homology), FYVE, and PX domains (Banerjee et al., 2010; Lemmon, 2007). 

Examples of proteins recruited by PIP(3,4,5) include Akt (a serine/threonine kinase), 

phospholipase C-γ (PLC-γ), and guanine nucleotide exchange factors (GEFs) for the Rho 

family GTPases (Carretero-Ortega et al., 2010; P.-W. Chen et al., 2022; H.-S. Li et al., 

2003; Mahankali et al., 2011). 

In relation to the remodeling of the actin cytoskeleton, PIP(3,4,5) has the ability 

to enlist and activate proteins that are involved in actin cytoskeleton remodeling, such 

as Rho family GTPases (e.g., Rac, Rho, and Cdc42) and their downstream effectors, 

namely, WASP (Wiskott-Aldrich syndrome protein) and WAVE (WASP-family verprolin-

homologous protein). These modifications in the actin cytoskeleton can result in 

changes to the shape and tension of the plasma membrane, which can subsequently 

impact cellular processes such as adhesion, migration, morphogenesis, and actin based 

membrane protrusions (Bretschneider, Anderson, & Ecke, 2009; Chang et al., 2005; 

Jiménez et al., 2000; Takahashi & Suzuki, 2011; Zhou et al., 2020). 

PIP(3,4,5)triggers multiple signaling pathways, showcasing its diversity in cellular 

functions. For instance, PIP(3,4,5) recruits and activates Akt (Protein Kinase B), 
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influencing cell survival and growth. It also facilitates the membrane recruitment of 

PDK1 (3-Phosphoinositide-Dependent Protein Kinase 1), which in turn activates Akt and 

other kinases. Additionally, PIP(3,4,5) interacts with proteins such as Rac1 and Cdc42, 

affecting cell motility and shape. Therefore, PIP(3,4,5) serves as a signaling nexus, 

directing an array of cellular processes. 

 

1.3.4. Akt isoforms, activating phosphorylations, and known functions 

The Akt family, consisting of three highly homologous isoforms—Akt1, Akt2, and 

Akt3—plays a critical role in the regulation of numerous cellular processes (Hinz & 

Jücker, 2019; J. Wang et al., 2018). These serine/threonine kinases have been 

extensively studied due to their involvement in cell growth, proliferation, survival, and 

metabolism (Yudushkin, 2019). Dysregulation of Akt signaling has been implicated in 

several pathological conditions, including cancer, diabetes, and neurological disorders. 

To better understand the diverse functions and regulation of Akt isoforms, this 

background section will provide an overview of their structural features, activation 

mechanisms, phosphorylation patterns, and known roles in physiological and 

pathological contexts. 

All three Akt isoforms share a highly conserved structure, comprising an N-

terminal pleckstrin homology (PH) domain, a central kinase domain, and a C-terminal 

regulatory domain. Despite their structural similarities, the isoforms exhibit distinct 

tissue expression patterns and substrate specificities, suggesting unique roles in cellular 

processes (J. Wang et al., 2018). Akt1 is ubiquitously expressed, whereas Akt2 is 

predominantly found in insulin-responsive tissues, and Akt3 expression is mainly 

restricted to the brain and testes (Hinz & Jücker, 2019). Akt activation occurs through a 

complex signaling cascade initiated by growth factors, cytokines, and other extracellular 

stimuli. Key components of this cascade include receptor tyrosine kinases, PI3K, and 

PDK1. The binding of growth factors to their cognate receptors leads to PI3K activation, 

which in turn generates PIP(3,4,5). PIP(3,4,5) recruits both Akt and PDK1 to the plasma 

membrane, facilitating Akt phosphorylation by PDK1 and subsequent full activation by 
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mammalian target of rapamycin complex 2 (mTORC2)-mediated phosphorylation 

(Yudushkin, 2019). 

The phosphorylation dynamics of Akt isoforms are crucial for their activation and 

downstream signaling. Akt is typically phosphorylated at two key residues: the activation 

loop within the kinase domain (Thr308 in Akt1, Thr309 in Akt2, and Thr305 in Akt3) and 

the hydrophobic motif within the C-terminal regulatory domain (Ser473 in Akt1, Ser474 

in Akt2, and Ser472 in Akt3) (Yudushkin, 2020). Isoform-specific phosphorylation events 

and their implications for substrate specificity and signaling outcomes are still being 

explored (Gao et al., 2014). Substrates of Akt include the forkhead box proteins (FOXOs), 

which upon phosphorylation by Akt are inhibited from promoting apoptosis and cell 

cycle arrest, and glycogen synthase kinase 3 beta (GSK-3β), which is involved in glycogen 

synthesis and when phosphorylated by Akt is inactivated, promoting cell survival and 

growth (Manning & Toker, 2017; Song et al., 2005; Yudushkin, 2020). Another key 

substrate of Akt is the mechanistic target of rapamycin (mTOR), a protein that regulates 

cell growth, cell proliferation, and protein synthesis. When Akt phosphorylates mTOR, it 

enhances its activity, promoting protein synthesis and cell survival (Manning & Toker, 

2017; Song et al., 2005; Yudushkin, 2020). 

 

1.4. Macropinocytosis 

1.4.1. Macropinocytosis overview 

Eukaryotic cells are capable of internalizing different types of cargo by plasma 

membrane ruffling and forming vesicles in a process known as endocytosis. The most 

extensively characterized endocytic pathways are arguably endocytosis by clathrin-

coated pits, lipid raft/caveolae-mediated endocytosis and phagocytosis (Doherty & 

McMahon, 2009).  A fourth is macropinocytosis (MaPi), defined as the nonselective 

endocytic process driven by the actin cytoskeleton and involving internalization of 

extracellular fluid, solutes, and membrane into large vesicles (0.2 to as many as 5 µM in 

diameter) known as macropinosomes (Kay, 2021).   Its functions are manifold; in 

addition to the “eating and drinking” observed in life forms such as the soil dwelling 
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eukaryotic amoeba Dictyostelium discoideum (Kay et al., n.d.), MaPi is observed in 

phagocytes, T cells, B cells, and neurons subserving antigen presentation, nutrient 

sensing, cell migration, and signaling. Given the capacity of macropinosomes, it can also 

serve as a means of host cell entry by viruses and bacteria (García-Pérez et al., 2003; 

Mañes et al., 2003). In addition, rapid plasma membrane remodeling as well as change 

in overall cellular volume can occur by internalization of large membrane patches into 

macropinosomes (Donaldson et al., 2009; Freeman et al., 1979). 

 

1.4.2. Immune defense and macropinocytosis 

MaPi is also involved in immune defense, as it allows immune cells such as macrophages 

to take up and eliminate pathogens, such as bacteria and viruses (BoseDasgupta & 

Pieters, 2014). More importantly, MaPi by both dendritic cells and macrophages samples 

the environment for foreign proteins enabling presentation of oligopeptide fragments to 

major histocompatibility (MHC) complex class I and class II molecules (A et al., 2006; 

Canton, n.d., 2018; Lim et al., 2012).  MHC I and MHC II peptide complexes are 

recognized by CD8+ (cytotoxic) and CD4+ (helper) T cells, respectively to initiate T cell 

response against a pathogen.   In distinction from transformed cells in which MaPi is 

induced, MaPi observed in macrophages appears more constitutive in nature.  The exact 

degree to which MaPi serves as a source of foreign proteins versus the more traditional 

phagocytosis is currently unclear (Canton, 2018).  In addition to macrophages and 

dendritic cells, MaPi is also observed in B cells (Charpentier et al., 2020; García-Pérez et 

al., 2003) as well as recently being shown to be an important source of extracellular 

proteins and amino acids helping fuel mTORC1 enabled T cell activation (Lim et al., 

2012). 

 

1.4.3. Nutrient uptake and macropinocytosis 

It was originally thought that mammalian cells exclusively used transmembrane 

transporter proteins and complexes and traditional endocytosis to acquire bulk nutrients 

for the supply of components for cellular synthesis as well as energy.  It has since been 
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appreciated that this may not exclusively be the case. Indeed, much of the energy and 

chemical matter existing in the extracellular space is comprised of complex 

macromolecules, for example in proteins rather than individual amino acids.  These can 

serve as important nutrient sources but are clearly ill suited for cellular entry by bespoke 

transporters.  Rather, the comparatively large macropinosomes may carry such 

macromolecules from the immediate cellular environment, targeting them to the 

lysosome where hydrolases break them down into their constituent amino acids, lipid 

and carbohydrate parts thereby creating an intracellular source of energy and anabolism 

(Palm, 2019). 

 

1.4.4. Cancer and macropinocytosis 

The study of cancer has been instructive with the realization that activating point 

mutations in oncogenes, such as the RAS (Rat sarcoma virus) small GTPase, dramatically 

stimulate cancer cell MaPi both in vitro (Bar-Sagi & Feramisco, 1979) and in vivo 

(Commisso, 2019; Seguin, n.d.). Members of the RAS family, (HRAS, KRAS, and NRAS) are 

the most frequently mutated oncogenes in common human tumours including lung, 

colorectal, and pancreatic cancer. Activating KRAS mutations are observed in 84% of all 

RAS-mutant cancers and are observed in nearly 100% of the usually fatal pancreatic 

ductal adenocarcinoma (Waters & Der, 2018). It was demonstrated that, analogous to 

the axenic (i.e. not living on live prey) variant slime mold Dictyostelium, the increased 

MaPi serves as a critical nutrient delivery pathway in cancer cells (Commisso et al., 2013; 

Lambies & Commisso, 2022) with the ensuing lysosomal degradation of 

macropinocytosed extracellular proteins (Lawrence & Zoncu, 2019) supplying an 

important source of nutrients and energy in what are frequently harsh environments. 

 

1.4.5. Mechanism of macropinocytosis induction by receptor tyrosine kinase 

activation of ras 

In addition to illuminating the potential anabolic role of MaPi in cancer cell “feeding”, 

cancer studies have revealed the interplay between MaPi and cell signaling.  In this 
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regard, although sharing common mechanisms of action, MaPi can either be induced 

(e.g. by growth factors in cancer and other cells) or constitutive (e.g. in macrophages 

and dendritic cells).  In reality, Ras-mutant tumor cells, as exemplars of inducible cells, 

normally express low levels of MaPi; to macropinocytose they need epidermal growth 

factor (EGF) binding to the tyrosine kinase receptor EGFR (Araki et al., 2007; Nakase et 

al., 2015). In addition to EGF, platelet derived growth factor (PDGF),  macrophage colony 

stimulating factor (M-CSF) and the chemokine CXCL12, have all also been shown to 

induce MaPi in a variety of cells (Lambies & Commisso, 2022).  

Ras is next activated by the liganded EGFR or another receptor tyrosine kinase 

(RTK) through exchange of bound guanosine diphosphate (GDP)  guanosine triphosphate 

(GTP) (Simanshu et al., 2017).The Ras guanine exchange factor (GEF) Son of Sevenless 

(SOS) and growth factor receptor bound protein 2 (Grb2) both then bind to 

phosphotyrosine residues on activated RTKs. The ensuing translocation of this complex 

to the plasma membrane brings SOS in close contact with Ras, leading to its conversion 

to the GTP-bound, active state. The regulatory p85 subunit of PI3-kinase then binds to 

phosphotyrosine residues on the RTK (e.g. EGFR), which induces a conformational 

change that relieves autoinhibition of the p110 catalytic subunit (Krygowska & 

Castellano, 2018). Simultaneously, recruitment of PI3-kinase to RTKs brings the enzyme 

together with its substrate lipid PIP2 in the cytosolic leaflet of the plasma membrane. 

Translocation of PI3-kinase to the plasma membrane is further supported by interaction 

of its Ras-binding domain with activated Ras (Gupta et al., 2007). In this fashion, RTKs 

recruit PI3-kinase to the plasma membrane through binding directly to the regulatory 

p85 subunit, and indirectly through activation of Ras. 

 

1.4.6. The molecular underpinnings of macropinocytosis 

Although the exact mechanism of MaPi initiation is not known, it appears the binding of 

GTP-Ras to the Ras-binding domains of PI3K catalytic subunits especially p110α may fuel 

local generation of PIP(3,4,5) rich patches (Porat-Shliom et al., 2008). Such a PIP(3,4,5) 

domain could direct dendritic actin polymerization to the extending lip of 
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macropinocytic cups by recruiting a ring of the SCAR/WAVE complex and thus activating 

the actin related protein (Arp) 2/3 complex. Much of what we know about the ensuing 

process comes from the soil dwelling eukaryotic amoeba Dictyostelium, where both 

MaPi and the closely related cell migration related pseudopod formation have been 

intensively studied (Veltman et al., 2012).   

The actin geometry in macropinocytic cups can be viewed through the lens of 

actin waves, closed structures with a ring of actin polymerization encircling a central 

PIP(3,4,5) domain, a subset of which will progress to MaPi (Bretschneider, Anderson, & 

Ecke, 2009; Gerisch et al., 2019a; Veltman et al., 2016). Cryo-electron microscope 

tomography shows that the central area of the wave largely consists of actin filaments 

parallel to the membrane packed more densely than elsewhere in the membrane while 

the tip of wave contains a branched or dendritic actin network (Jasnin et al., 2019). The 

dendritic network is largely generated by the Arp2/3 complex, recruited by the SCAR/ 

WAVE.   Arp2/3 can be found at 70° junctions between fibers, generating novel fibers 

that point predominantly outwards toward the membrane and possibly are a source of 

outward force as they extend (Kay et al., 2022). The accumulation of the SCAR/WAVE 

and Arp2/3 complexes at the periphery of PIP(3,4,5) patches provides a general 

mechanism for forming cups in the plasma membrane, not only in MaPi but also in 

circular dorsal ruffles and in phagocytosis (Veltman et al., 2014).   

When viewing this process in terms of our FAST protein cell fusion pathway, 

Dictyostelium work emphasizes the importance of the signaling axis of Ras, Ras-activated 

PI3K, and the protein kinases Akt and serum and glucocorticoid-regulated kinase (SGK) 

together with associated regulators neurofibromin 1, PTEN, mTORC2, and PDK1 in MaPi. 

Specifically, activation of mTORC2 and substrates of the Akt family kinases, along with 

the PI3K that catalyze the conversion of PIP2 into PIP(3,4,5), can be found at the growing 

edge of the nascent macropinosome cup, in addition to Ras and Rac family GTPases (Kay 

et al., 2022; Williams et al., 2019). Furthermore, deletion of PI3K, double deletion of the 

Akt and SGK protein kinases, or deletion of  either of their activators PDK1 and TORC2, 
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all block MaPi, and as I determined they similarly inhibit p14 mediated cell fusion (Kay et 

al., 2022; Veltman et al., 2014).  

 

1.4.7. Macropinocytosis fission 

MaPi is a form of endocytosis characterized by the formation of macropinosomes, 

cellular compartments enclosed by the plasma membrane. While the process bears 

similarities to other endocytic pathways, the membrane fission mechanism in MaPi is 

less well understood. Technological advancements in live microscopy have, however, 

proposed multiple potential mechanisms for macropinosome closure. In each case, the 

closure of a macropinosome results from plasma membrane fission, creating a distinct 

vesicle separate from the cell's cytoplasm. This final step shares features with 

membrane fusion as it requires merging different regions of the plasma membrane. A 

variety of proteins have been implicated in this process. For instance, the activation of C-

terminal-binding protein/brefeldin A ADP-ribosylated substrate ( CtBP1/BARS) by p21-

activated kinase (Pak1) is  known to mediate membrane curvature. CtBP1/BARS  is also 

necessary for MaPi cup closure and the deactivation of Rac1 which is essential in the 

formation of the macropinocytotic cup and membrane ruffles.(Liberali et al., 2008; 

Yoshida et al., 2009, 2015). The original proposed mechanism of MaPi fission involves a 

"purse-string" approach, where a contractile ring made predominantly of polymerizing 

actin proteins encircles the intended fission area (Buckley & King, 2017; King & Kay, 

2019). As the contractile ring contracts, akin to a closing drawstring, it draws the two 

membrane edges closer, eventually leading to their pinch-off potentially by a dynamin 

like protein and the formation of two separate membranes (King & Kay, 2019). Some 

intermediate stages in membrane fission bear similarities with membrane fusion. Both 

processes, for instance, involve the formation of hemifused or partially divided 

structures composed of highly curved membranes (Mattila et al., 2015). However, 

despite the similarity in protein utilized and intermediate, the critical difference lies in 

the outcomes: membrane fusion results in the merging of two membranes, while fission 

leads to their separation. 
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1.5. Rationale and objectives  

FAST proteins exhibit minimalistic structures and operate within the cellular milieu, 

suggesting that they may co-opt host machinery for cell fusion. Kinases play a vital role 

as signaling control hubs within cells, and thus, utilizing medium content screens to 

investigate which kinases are essential for FAST-mediated fusion serves as an efficient 

preliminary step in identifying the cellular components that act as cofactors for fusion. 

Through the identification of necessary kinases, such as PI3K and Akt, and by analyzing 

the indispensable downstream signaling mediators and spatiotemporal localization of 

their signaling during cell fusion, this study was able to identify MaPi as a necessary 

process for fusion. The subsequent question that arises is whether the involvement of 

these kinases in fusion and MaPi is unique to FAST proteins or if other fusogens, both 

structurally similar and dissimilar to FAST proteins, also rely on this process. 

To achieve the desired outcomes of this study, several objectives have been 

outlined. First, we will investigate the necessary kinases, such as PI3K and Akt, in FAST-

mediated fusion, which will help us understand the cellular components involved in the 

fusion process. Next, we aim to determine the indispensable downstream signaling 

mediators and spatiotemporal localization of their signaling during cell fusion, allowing 

us to gain insights into the mechanisms that drive the fusion event. Furthermore, we will 

establish the role of MaPi in FAST protein-mediated cell fusion, shedding light on the 

cellular processes that facilitate fusion. Finally, our goal is to examine whether the 

relationship between the identified kinases, fusion, and macropinocytosis is unique to 

FAST proteins or if it is shared by other fusogens with different structural features, 

thereby broadening our understanding of the factors that govern cell fusion across 

various fusogens. By addressing these objectives in a systematic manner, this study aims 

to contribute significantly to the existing knowledge of cell fusion processes and their 

underlying mechanism. 
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1.6. Figure 1: Comparative analysis of p14 FAST protein and SARS-CoV-2 Spike 

protein.  

A. Schematic representation of p14 FAST protein (left) and SARS-CoV-2 spike protein 
(right) embedded in a cell plasma membrane. The p14 FAST protein contains a fusion 
peptide region and a transmembrane domain, which are essential for its fusogenic 
activity. In contrast, the SARS-CoV-2 spike protein exhibits a more complex structure, 
with a receptor-binding domain responsible for recognizing and binding to host cell 
receptors, a fusion peptide region facilitating the fusion process, a heptad repeat region 
promoting the structural rearrangement necessary for membrane fusion, and a 
transmembrane domain anchoring the protein in the viral membrane. These distinct 
structural features determine their respective cell-cell fusion mechanisms and 
efficiencies. B.Diagrammatic representation of the fusion-associated small 
transmembrane (FAST) protein family, which is encoded by orthoreoviruses and 
aquareoviruses, as adapted from the work of Boutilier and Duncan in 2011 and Marta 
Ciechonska, 2014. Each protein within this family incorporates a singular 
transmembrane domain (TMD), as designated by the amino acid residues highlighted 
underneath. FAST proteins include p10 from avian and Nelson Bay reovirus (ARV and 
NBV), p13 from Broome reovirus (BroV), p14 from reptilian reovirus (RRV), p15 from 
baboon reovirus (BRV), and p16 and p22 from group-C and group-A Aquareovirus (AqRV-
C and AqRV). All contain a cytoplasmic region abundant in basic amino acids, depicted in 
green, and a hydrophobic section, colored in yellow. Additionally, RRV p14 includes a 
"FLiPS" motif, displayed in red. The RRV p14 also houses a poly-proline (PP) helix within 
its endodomain, shown in blue. Conversely, BRV p15 possesses the PP helix within its 
ectodomain. All FAST proteins are modified by acylation, either through the N-terminal 
myristic acid (myr), seen in RRV p14, BRV p15, and AtRV p22, or by the attachment of 
two palmitic acids (represented as diamonds) situated adjacent to the membrane in the 
endodomain of ARV and NBV p10. Furthermore, AtRV p22 features three regions 
abundant in arginine, proline, and histidine (RPH), denoted in orange. The length of each 
protein is indicated at the right end of each depiction. 
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1.7. Figure 2. Models of the mechanisms of membrane fusion by Enveloped Virus 

Class I, II, & III fusion proteins. 

This description has been adapted from the work of Sapir and colleagues (Sapir, 
Avinoam et al., 2008). A. A series of schematics illustrating the six stages of cell-cell 
fusion intermediates: (1) Cell-cell adhesion, in which proteins on the surface of two cells 
interact, enabling the cells to establish a close contact; (2) Tight membrane apposition, 
wherein the plasma membranes of the two cells are brought into close proximity, 
preparing them for fusion; (3) Hemifusion stalk formation, during which the lipid bilayers 
of the two cells begin to merge at the point of contact; (4) Hemifusion diaphragm 
formation, where the outer leaflets of the lipid bilayers have fused, while the inner 
leaflets remain separate, creating a thin barrier between the cells' cytoplasm; (5) Fusion 
pore formation, in which a small aqueous channel is established between the two cells, 
allowing for limited exchange of cellular contents; and (6) Fusion pore expansion, 
whereby the fusion pore enlarges, permitting the mixing of cytoplasmic contents and 
resulting in complete cell-cell fusion. This stepwise process facilitates efficient cell-cell 
fusion mediated by the p14 FAST and SARS-CoV-2 spike proteins. B. The diagram 
illustrates the structures of Class I, II, and III viral fusogens. Fusion peptides or loops are 
highlighted in orange. The Class I fusogen includes HR1 alpha helices in red and HR2 
alpha helices in blue, along with a green transmembrane domain. In Class II, the fusogen 
structure comprises Domain I beta sheets colored in pink, Domain III beta sheets in 
purple, and Domain II beta sheets in green. The Class III fusogen exhibits a distinct 
Domain IV in globular red and Domain I/II presented in green.   The structure prior to 
fusion in class I enveloped virus fusogen comprises two alpha-helical domains, which 
hide the N-terminal fusion peptide. Once the protein is activated, it results in the 
formation of coiled coil domains and reveals the fusion peptide. This, combined with its 
interaction with the host membrane and the folding back of the fusion protein, leads to 
a close approach of the membranes and the mixing of lipids. The pre-fusion structure of 
the class II enveloped virus fusogen consists of beta-sheets positioned tangent to the 
plasma membrane. Each monomer's apex contains internal fusion loops. When 
activated, the fusion loops are exposed, and the fusion proteins form a trimer, interact 
with the host membrane, and fold back. This sequence brings the membranes into close 
proximity. The fusogens in class III enveloped viruses contain fusion loops akin to those 
in class II fusogens, but instead of being embedded in beta-sheets, these are attached to 
alpha-helices. 
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Chapter 2: Materials and Methods 

 
2.1. Cell Lines 

The entire cultivation process was executed at 37°C with an atmosphere containing 5% 

CO2. General cultivation saw cells grown until they reached 80% confluence, after which 

they were divided in a 1:5 ratio every 48 hours (h). However, the growth procedure for 

C2C12 mouse muscle myoblasts was different; these were allowed to grow until 60% 

confluence was achieved and were then divided in a 1:20 ratio every other day. 

The growth medium varied based on the cell type. Quail muscle fibroblast (QM5) 

cells were cultured in a 199 medium, complete with Earle's salts (Invitrogen) and 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen). Vero 

cells were also grown in the same 199 medium combined with Earle's salts but 

supplemented with 5% FBS. On the other hand, HT1080, HeLa and human embryonic 

kidney (HEK) cells were grown in Dulbecco's modified Eagle medium (DMEM) that was 

enriched with 10% FBS and 25 mM HEPES. 

 

2.2. Primary antibodies:  

Primary antibodies: The polyclonal anti-RRV p14 rabbit antiserum has been previously 

described (Corcoran and Duncan, 2004). Additional primary antibodies utilized in this 

study include monoclonal anti-Akt and anti-phospho-Akt(473) antibodies, obtained from 

Cell Signalling (Catalog 9272, 4060), anti-phospho-AKT(308) (Cell Signaling #13038), anti-

PKC-Alpha (PKCalpha Cell Signaling 2056), anti-Sin1 (Cell signaling 12860), Phospho-

SinT87 (Cell Signaling 14716), Myomerger (R&D AF4580), and MHCII antibodies. We also 

used the monoclonal SARS-CoV2 Spike (ELabBiosciences #E-AB-V1006), pS6 (Cell 

Signaling, 2211s), S6K (Cell Signaling, 2217ss), and 4EBP (Cell Signaling, 9644)antibody in 

the experimental procedures. 

Secondary antibodies: Polyclonal anti-rabbit horseradish peroxidase (HRP) and anti-

mouse HRP were purchased from Cell Signaling Technologies. Polyclonal anti-rabbit 

Alexa Fluor 647 antibody was obtained from Thermofisher Scientific.  
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2.3. Plasmids 

The research conducted for this study was greatly facilitated by several generously 

donated plasmids. John Cooper (Washington University in St. Louis) gifted us with two 

plasmids, BOB-LCK-GFP and pBOB-LCK-tdTomato, which were designated as Addgene 

plasmids #118738 and #118739 respectively (RRID:Addgene_118738 and 

RRID:Addgene_118739). We received the pcDNA3-PH(Akt)-GFP plasmid from Craig 

Montell (UC Santa Barbara) (Addgene plasmid #18836, RRID:Addgene_18836), which we 

subsequently cloned into a pljm1 backbone to create the HeLa-TRE-p14-rTA3 (TetOn-

p14-HeLa). Additionally, David Sabatini (Massachusetts Institute of Technology) provided 

us with the Raptor_1 and Raptor_2 shRNA plasmids (Addgene plasmid #1857 and #1858, 

RRID:Addgene_1857 and RRID:Addgene_1858, respectively), as well as the Rictor_1 and 

Rictor_2 shRNA plasmids (Addgene plasmid #1853 and #1854, RRID:Addgene_1853 and 

RRID:Addgene_1854, respectively). 

To perform Sin1 knockdown, we utilized Addgene plasmids #13483 and #13484, 

denoted as mSin1 shRNA#1 and mSin1 shRNA#2, respectively. The PKC shRNA plasmids 

V2LHS_170435 and V3LHS_318575 from the GIPZ library were used, along with the 

NSshRNA from the same library. Eric Pringle (Dalhousie University) contributed the Sars-

Cov2 Spike plasmid in pcDNA3, pLJM1-B*-BSD-ACE2 (for the 293A-ACE2/TMPRSS2 cells), 

and PLJM1-Bpuro-TMPRSS2. The pLVX-Mymg (Myomerger) and pBabe-X-Tmem8c 

(Myomaker) plasmids were gifts from Douglas Millay (University of Cincinnati), 

subsequently cloned into pLJM1-B-Puro-TRE and pLJM1-B* by Nichole McMullen 

(Dalhousie University). 

Plasmid constructs containing RRV p14, p14 G2A, p14C88, and BRV p15, as described 

in previous literature (Dawe and Duncan 2002, Corcoran and Duncan 2004, Noyce, 

Taylor et al. 2011), were also used. Additionally, the pLJM1-B*-Puro-TRE-p14-mRuby2 

construct was cloned by Nichole McMullen from pcDNA3-p14 mRuby2-Lifeact-7, a gift 

from Michael Davidson (Addgene plasmid #54674, RRID:Addgene_54674). Nichole 

McMullen also contributed the previously undescribed pLJM1-B*-BSD-PH(AKT)-GFP 

domain and PLJM1-B*-BSD-eGFP plasmids. The pLJM1-B*-puro-tre-p14 construct was 
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produced by Katie Proudfoot (Dalhousie University), and rtTA3 plasmids to control dox 

induction were supplied by Craig McCormick (Dalhousie University).The collective 

contributions of these researchers have significantly aided the progress of our study. 

2.4. BRV p15 kinome inhibitor and siRNA fusion screens 

For the BRV p15 Kinase inhibitor and siRNA fusion screen, HT1080 cells were transfected 

with pcDNA3.1-Tre-p15 and pLenti-CMVrtTA3-hydro and maintained under hygromycin 

and puromycin selection. For the siRNA screen, 2.5 x 103 cells per well, and for the 

kinase inhibitor screen, 5 x 103 cells per well were seeded into 384-well dishes. 24 hours 

post-seeding, the kinase inhibitor screen was initiated by exposing cells to 258 distinct 

small molecule kinase inhibitors, in triplicate, at concentrations of 0.025, 0.25, and 

2.5µM. Alongside this, cell fusion was triggered with a doxycycline (DOX) treatment (5 

µg/ml). 

The siRNA screen involved reverse transfection of 2130 unique siRNA sequences, 

targeting 710 kinases. To execute this, Lipofectamine reagent and siRNA, pre-distributed 

in the 384-well plate, were independently diluted in Opti-MEM reduced serum medium. 

After a brief incubation, the two solutions were mixed gently and incubated for an extra 

20 minutes at room temperature, facilitating the formation of siRNA-Lipofectamine 

complexes. The complexes were then evenly distributed across each well. Next, the 

HT1080 cells, in appropriate growth medium, were added to the wells ensuring 

immediate exposure to the complexes. Post-seeding, the plate was placed in a 

humidified incubator set at 37°C and 5% CO2. Following a 36-hour incubation period for 

gene silencing, p15 expression was induced using a doxycycline treatment.  

For both screens, 24 hours after doxycycline induction cells were fixed with 4% 

paraformaldehyde for 20 minutes. Subsequently, staining was performed using CellMask 

deep orange for cytoplasm and Hoescht 33342 for nuclei, in accordance with the 

manufacturer's instructions. The Opera high content screening system captured 15 

images per well using a 20x objective air lens. For fusion quantification, the Columbus 

software automated the process of counting nuclei per cell. Syncytial cells with over 4 

nuclei were classified as having undergone fusion. Treatments resulting in over a 33% 
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decrease in total nuclei count, compared to untreated controls, were excluded from the 

final analysis.  

 

2.5. Lentivirus production and generation of cell lines 

Lentivirus particles were produced by co-transfecting HEK293T cells with packaging 

plasmids psPAX2 and pMD2.G and the appropriate lentiviral expression plasmid. The 

various lentiviral expression plasmids are as follows: pLJM1-Akt(PH)-GFP, pLJM1-B*-

Puro-TRE-p14, pLJM1-B*-Puro-TRE-p14-mRuby2, pLenti-CMV-rtTA3-hygro, pLenti-CMV-

rtTA3-BSD, pLJM1-B*-Puro-TRE-Mymg, pLJM1-B*-BSD-Tmem8c or shRNA vector.  

Supernatants were harvested 48 to 72 h post-transfection and filtered through 0.45 µm 

filters (Millipore).  

 Cells were seeded in 6-well dishes at density of 50,000 and 24 h later were 

transduced with serial dilutions of lentivirus containing the vectors listed above.  

Subsequently, cell lines were placed under antibiotic selection for 72 h then transferred 

to 175 cm2 cell culture flasks and allowed to divide until 70% confluent, then trypsinized 

and frozen in cell culture media with 10% dimethyl sulfoxide (DMSO) and kept in liquid 

nitrogen.  

 

2.6. Cell fusion experiments 

Stable cell line with a DOX inducible p14 (TetOn-p14) was created by transducing HeLa 

cells with pLJM1-B*-Puro-TRE-p14 and pLenti-CMV-rtTA3-hygro as described above. For 

cell fusion experiments, 1.5 x 105 TetOn-p14 HeLa cells were seeded in 12 well dishes 

and the next day were induced to fuse with doxycycline (5 µg/ml) for 5 h and then 

treated with small molecule inhibitors for 9 h in the presence of doxycycline. Cells were 

then fixed with 4% paraformaldehyde and stained with wheat germ agglutinin (WGA) -

Alexa 594 and Hoechst. Images were acquired with the 10x objective on the Axio 

observer microscope. To minimize variation arising from user bias, the same 5 regions 

within each well were selected for imaging using Zen Blue sample carrier setup.  The 

ImageJ Stardist nuclei detection plugin was used to automate syncytial and total nuclei 
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identification and quantification after syncytia were manually annotated.   The fusion 

index was then calculated by the ratio of syncytial nuclei (nuclei in cells containing 

greater than 4 nuclei) to total nuclei within a field of view. The relative fusion index 

within an experiment was calculated as the ratio of the mean (5 fields of views) 

treatment fusion index to the vehicle control treated fusion index. The mean of the 

relative fusion index of 3 independent experiments was used for the final quantitation of 

a relative fusion index.  

For cell fusion experiments involving shRNA knockdown of PKC-alpha or 

Rictor+Raptor, cells were maintained in DMEM supplemented with 10% FBS and 1% 

penicillin-streptomycin solution (all from Thermofisher Scientific). For lentiviral 

transduction, cells were seeded at a density of 1 x 105 cells per well in 6-well plates and 

incubated with the lentivirus-containing medium in the presence of 8μg/ml Polybrene 

(Sigma-Aldrich) for 24 h. After 24 h of transduction, the medium was replaced with fresh 

DMEM containing 2μg/ml puromycin (Thermofisher Scientific) and blasticidin 

(Thermofisher Scientific) to select for successfully transduced cells. Puromycin selection 

was carried out for 72 h, after which surviving cells were further expanded. TetON-p14 

HeLa cells with RICTOR, RAPTOR, PKC alpha and Scrambled shRNA.  Cells were then 

trypsinized and seeded in 12 well plates, allowed to incubate overnight and then treated 

with doxycycline to induce pexpression. 12 h later cells were fixed and fusion quantified 

with the same protocol outlined above. 

 

2.7. Selection and verification of knockdown cells 

Knockdown efficiency of RICTOR, RAPTOR, and PKC alpha genes was confirmed by 

Western blot analysis. For Western blot, cells were lysed and protein concentrations 

were determined by BCA Protein Assay (Biorad). Equal amounts of protein were loaded 

on SDS-PAGE gels, transferred to PVDF membranes (Biorad), and probed with specific 

antibodies against RICTOR, RAPTOR, PKC alpha, and Coomassie blue protein stain  as a 

loading control. All western experiments were performed n≥2. 
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2.8. Cell fusion assays 

Mouse C2C12 myoblasts were cultured in Dulbecco's Modified Eagle Medium (DMEM), 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells 

were maintained at 37°C in a humidified atmosphere of 5% CO2. When the cells reached 

about 60% confluence, differentiation was induced by switching the medium to DMEM 

supplemented with 2% horse serum (HS). The medium was changed every 24 h. The 

treatment group received BYL719 at a concentration of 1μM and 2.5μM. BYL719 was 

dissolved in DMSO and added to the medium every 24 h, immediately after the medium 

change. The control group received the same volume of DMSO without BYL719. Three 

days post-differentiation, cells were fixed with 4% paraformaldehyde for 15 minutes and 

then permeabilized with 0.1% Triton X-100. Nuclei were stained with DAPI and 

myotubes were stained with an anti-myosin heavy chain (MHC) antibody followed by an 

Alexa Fluor-conjugated secondary antibody. Images were captured using a fluorescence 

microscope. The fusion index, representing the degree of myoblast fusion into 

myotubes, was calculated as the number of nuclei within MHC-positive cells divided by 

the total number of nuclei. At least five random fields were counted for each condition 

in each experiment. 

Fusion experiments were conducted using transfected p14 and p14 mutants in 

HT1080, HeLa, Vero, A549 cells and SARS-CoV2 spike protein in HEK293A-

ACE2/TMPRSS2 cells. Cells were transfected with 1 µg of DNA and 3 µl of Lipofectamine 

(Invitrogen) per well Lipofectamine 2000 (Thermofisher Scientific) in cell line appropriate 

medium supplemented with 10% FBS. Cells were fixed using methanol and stained with 

Wright-Giemsa stain following the manufacturer's protocol. Syncytial nuclei were 

counted in five fields of each well at 10X magnification, and images were captured using 

a Nikon Diaphot TMD microscope under bright field illumination.  

 

2.9. Exogenous addition of PIP(3,4,5) to cultured cells 

This study employed a synthetic, cell-permeable derivative of PIP(3,4,5) and PI3P, 

provided by Echelon Biosciences. The PIP(3,4,5) (pip3) solution was freshly prepared in a 
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buffer composed of 150 mM NaCl, 4 mM KCl, and 20 mM HEPES (pH 7.2). The solution 

was resuspended by either bath sonication or vigorous vortexing to ensure uniform 

mixing. A mixture was prepared using 300μM of the phospholipids and 100μM of freshly 

prepared histone, also supplied by Echelon. This mixture was incubated at room 

temperature for 5 minutes. 

 

Subsequently, the mixture was diluted to 1/10th of its original concentration 

using a modified HBSS buffer. This diluted mixture was immediately applied to TetOn-

p14-HeLa cells that had previously been treated with DOX (5 µg/ml). TetOn-p14-HeLa 

cells   were seeded in 24 well cell culture plates at a density of 2×104cells per well and 

cultured overnight. Cells are treated with DOX and fresh cell culture media, 8 h later 

cells were treated with vehicle control or BYL 719 (2.5µM) in combination with the 

addition of media containing alone, PIP(3,4,5) (7.5µM) or PIP(3) (7.5µM). Cells were then 

fixed and fusion quantified 6-8h post treatment.   

 

2.10. Pore-forming assay 

HeLa cells were stained with Cellmask Deep red according to the manufacturer's 

instructions and 1 x 104 cells were seeded with 1 x 104 HeLa transduced with Tre-p14, 

rTA3, and GFP per well in a 96 well plate. 24 h later cells were treated with doxycycline 

(5µg/ml) and 5 h later treated with vehicle control and small molecule inhibitors. At 10 h 

post fusion induction, cells were fixed with 4% P.F.A. and stained with Hoechst and 

WGA-Alexa-555 according to the manufacturer's protocol.  Images were captured on the 

Axio Observer on the 20x objective. 8 images were captured per well and cells positive 

for both cytoplasmic stains were counted and binned by number of nuclei within the cell 

(1, 2-4, 5-7, or >8 nuclei per cell.  Vehicle controls and treatments were performed in 

triplicate. 
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2.11. Dextran uptake 

For the fixed-cell dextran uptake assays, HeLa cells transduced with Tre-p14 and rTA3 

were utilized. These cells were initially seeded in 96-well optical bottom Corning plates 

at a density of 1.2 x 104 cells. To induce p14 expression, a treatment with doxycycline 

was performed. Following 9 h post-induction, cells underwent pre-treatment with the 

designated drugs for a period of 1 hour. Subsequently, a concentration of 1 µg/ml of 

dextran-70kDa-Alexa 488 was introduced to the cells and left to incubate for 30 minutes. 

Upon completion of the incubation period, cells were thoroughly washed three times 

with Hanks' Balanced Salt Solution (HBSS). Next, cells were stained with Hoechst and 

fixed using 2% paraformaldehyde for a duration of 20 minutes. Imaging of the cells was 

performed on the Axio Observer, capturing 18 fields of view per condition with 20 z-

stacks and a 500nm spacing. Utilizing a 40x objective, images were captured in two 

independent experiments using pre-selected areas within each well. 

The quantification of dextran uptake was carried out utilizing the software tool 

CellProfiler. This image analysis software was used to measure the integrated intensity 

of dextran fluorescence per nuclei. CellProfiler's flexible, modular pipeline system 

allowed for the customization of analysis to accommodate the specific characteristics of 

our dextran uptake images. Firstly, the images were loaded into the software. The 

identification of individual cells was then achieved by segmenting the Hoechst stained 

nuclei and the cell boundaries. The software then facilitated the measurement of mean 

dextran fluorescence within the segmented cell areas. These measurements were 

exported into a spreadsheet for further analysis. 

 

2.12. Live Cell imaging 

Cell lines expressing fluorescent tags were seeded into 4 compartment 35mm dishes at a 

density of 6 x 105 cells. Cells were cultured in FluoroBrite imaging medium 

supplemented with 2mM glutamine, 100 U/ml pen-strep and 10% FBS.  Cells were 

imaged on the Zeiss Z1 Observer spinning disk microscope on either 63x or 100x oil 

immersion objectives.  
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2.1.1. PH(Akt)-GFP Translocation  

TetOn-p14 HeLa cells transiently transduced with PH(Akt)-GFP were incubated in phenol 

red-free DMEM and imaged using a spinning disk microscope (Zeiss) with a 63x oil 

immersion objective. The cells were maintained at 37°C and 5% CO2 using a live-cell 

imaging chamber (Tokai Hit, Shizuoka, Japan). Cells were treated with DOX (5 µg/ml) at 

0h and then media was replaced at 9 h with, fresh media containing either vehicle 

control, Dox (5 µg/ml), Dox+ BYL719 (1µM) or+ EIPA (20µM). Images were acquired 

every 2 minutes for 16 h using excitation/emission wavelengths of 488/510 nm for GFP. 

Z-stacks were acquired at 1μm intervals, and a maximum intensity projection was used 

for analysis. 

The images were processed and analyzed using ImageJ software. Briefly, the GFP 

fluorescence intensity at the plasma membrane was measured using 1um wide region of 

interest (ROI) of starting at the cell edge. The mean fluorescence intensity of the plasma 

membrane was calculated by averaging the intensity values along the line-scan. The 

background fluorescence was subtracted from the mean fluorescence intensity. The 

PIP(3,4,5) levels were calculated by normalizing the Akt(PH)-GFP fluorescence intensity 

at the plasma membrane to the total Akt(PH)-GFP fluorescence intensity in the cell. The 

data were analyzed using GraphPad Prism software and presented as mean ± standard 

error mean (SEM). Statistical significance was determined using one-way ANOVA 

followed by Tukey's post hoc test. A p-value of less than 0.05 was considered statistically 

significant. 

 

2.1.2. LCK-GFP and LCK-tdTomato live cell imaging 

HeLa cells expressing LCK-GFP and LCK-tdTomato were imaged using the spinning disk 

microscope equipped with appropriate excitation/emission settings to separately 

capture the signals from GFP (488 nm excitation, 509 nm emission) and tdTomato (554 

nm excitation, 581 nm emission). Z-stack images were captured at a step size of 0.5 µm 

to adequately resolve the entire cellular volume. 
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Raw image data were loaded into ChimeraX (UCSF). To improve visualization and 

reduce background noise, the images were median filtered with a radius of one voxel. A 

3D surface model of each cell population was created using the "surface" command. The 

voxel threshold for surface creation was manually adjusted to best represent the 

observed structures. Different colors were assigned to the LCK-GFP and LCK-tdTomato 

labeled cells for clear differentiation. The 3D models were visualized using the default 

lighting and shading in ChimeraX. 

For volumetric rendering, the raw z-stack images were imported into Arivis 

Vision4D software. The 3D volume rendering mode was selected in the "Visualization" 

tab. This software allows interactive exploration of the volumetric dataset in real time. 

Similar to ChimeraX, different colors were assigned to LCK-GFP and LCK-tdTomato 

channels, and the voxel intensity thresholds were manually adjusted to optimally 

visualize the cell populations. 

The fusion events between the LCK-GFP and LCK-tdTomato labeled cell populations 

were identified as regions where the two different fluorescence signals co-localize. This 

was achieved by applying the "blend" function in both ChimeraX and Arivis, which allows 

visualizing the overlay of the two fluorescence signals. Fusion events were analyzed by 

quantifying the volumetric overlap of GFP and tdTomato signals. 
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Chapter 3: Results 

3.1. Results overview  

I aimed to investigate the cellular cofactors essential for FAST-mediated cell-to-cell 

fusion. Previous research that identified annexin A1 as a crucial fusion cofactor strongly 

supported the involvement of FAST proteins in co-opting host proteins and pathways for 

cell-to-cell fusion. Since kinase and kinase-associated proteins play a central regulatory 

role, they are suitable targets for a limited number of interventions, such as siRNA or 

small molecule inhibition, to assess the involvement of a broad range of cellular 

processes in fusion. 

To identify kinase signaling pathways that regulate p15 FAST protein-mediated 

syncytiogenesis, I developed an automated imaging assay to quantify cell-to-cell fusion 

in HT1080 cells (Fig. 3A and B) and evaluated the fusion function using the relative fusion 

index (Fig. 3C). Extensive pilot studies were first conducted to determine the optimal 

screen parameters, including cell plating density, fusion duration, and staining protocols. 

Concurrently, the Columbus software was trained to a computer vision algorithm to 

automate the counting of syncytial nuclei over nine fields of view using an Opera high-

content screening microscope. To facilitate automatic segmentation the nuclei were 

stained with Hoechst, while the cell body was stained with Oregon green-CellMask (Fig. 

3B). 

Using the automated p15 cell-to-cell fusion assay, two high-content screens were 

conducted to evaluate the contribution to fusion of kinases and kinase-associated 

proteins. The first screen (Fig. 4) was a pharmacological screen comprising treatments 

with 165 well-characterized small molecule kinase inhibitors at three different 

concentrations (0.025, 0.25, and 2.5µM). The second screen (Fig. 5) was an siRNA 

knockdown screen targeting 710 kinases and kinase-related proteins using three unique 

siRNA sequences for each target. The use of two distinct screens, one inhibiting protein 

function and the other protein expression, aimed not only to provide corroboration but 

also to address the possibility of compensatory effects, which have previously been 
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reported for PI3K. For example, there are three isoforms of the p110 catalytic subunit of 

Class IA PI3K. If an individual p110 isoform is silenced with siRNA, it may not necessarily 

inhibit its isoform-specific function. This is because all p110 isoforms can produce 

PIP(3,4,5), making them only distinguishable by their activators. Therefore, in the 

absence of the silenced isoform, other p110 isoforms may bind with p85 and other 

regulatory factors, potentially performing compensatory functions. Conversely, isoform-

specific pharmacological inhibition of p110 does not deplete the protein, which could 

still bind to p85 and block any compensatory function of another isoform (Weiss et al., 

2007). 

The kinase inhibitor screen was performed in triplicate, and three small molecule 

inhibitors generated high probability hits: PIK75 at two concentrations (2.5uM and 

0.25µM), A443654 at 2.5uM concentration, and PHA767491 at 2.5uM. These inhibitors 

potently inhibited p15 syncytia formation without significantly decreasing cell 

proliferation and viability (Fig. 4A). PIK75 is a class IA PI3K inhibitor with specificity for 

the p110α isoform over the p110β (200-fold) and p110ɣ (~100-fold) isoforms (Knight et 

al., 2006; Y. Li et al., 2012). PIK75 has also been reported to inhibit DNA-PK (Knight et al., 

2006). A443654 inhibits Akt, an effector kinase of class I PI3Ks, while PHA767491 inhibits 

Cdc7/Cdk9 (Y. Luo et al., 2005; Montagnoli et al., 2008).  

Interestingly, none of the siRNAs targeting PI3K Class 1 isoforms (PIK3CA, PIK3CB, 

PIK3CD, or PIK3CG) or Akt isoforms (Akt1, Akt2, and Akt3) inhibited syncytiogenesis 

sufficiently to classify as a hit in the siRNA screen. However, several factors confounded 

this screen and data analysis. For example, the varying efficiencies of gene knockdown 

by the non-pooled siRNAs made it necessary to score hits from unique siRNAs that 

inhibited fusion by greater than 50% rather than the mean fusion inhibition of the three 

siRNAs with the same target. Further discussion on the reasons why the PI3K-Akt 

pathway was resistant to siRNA inhibition is outlined in the Discussion. 

To reconcile the seemingly conflicting results from the drug inhibitor screen and 

siRNA screen regarding the role of PI3K-Akt signaling in p15-mediated cell fusion, a 

network enrichment analysis was performed on the siRNA dataset using Kinase 
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Enrichment Analysis 3 (KEA3) software (Kuleshov et al., 2021). The analysis used a 

database of known kinase interactions to identify central signaling kinases and networks 

from a subset of the kinome, consisting of 52 gene targets within the siRNA screen that 

inhibited p15 syncytiogenesis by 50% or greater (Fig 5A). Akt was found to be the most 

common downstream signaling kinase among the 52 siRNA targets (Fig. 5C). Based on 

this finding, the PI3K-Akt pathway was selected for further investigation as it is known to 

regulate actin remodeling at the plasma membrane, which is essential for myoblast, 

osteoclast, and FAST protein fusion. 

 

3.2. Validation of PI3K-Akt Involvement in FAST fusion  

I next sought to determine if PI3K-Akt signaling was required for FAST protein cell 

fusion in various cell types, or if it was p15 or cell type dependent. HT1080 cells were 

transfected with BRV p15, or RRV FAST protein p14 in the absence or presence of PIK75 

(250 nM) or A443654 (100 nM) (Fig. 4B) and Vero and A549 cell lines were transfected 

with p14 and also treated with PIK75 and A443654 (Fig. 4C). Cells were then fixed and 

Giemsa stained, and five random fields of view were selected (n=3). Fusion inhibition 

was qualitatively assayed by visual inspection, with the absence of large syncytia 

(greater than 10 nuclei in a multinucleate) within the field of view being scored as 

significant fusion inhibition. The results showed that both PIK75 and A443654 

significantly inhibited fusion of both p15 and p14 in H1T1080 cells, and of p14 mediated 

fusion in A549, Vero and HeLa cells (Fig.  4B-D). 

For subsequent evaluations of inhibitor treatment or genetic silencing on p14 

mediated cell fusion, fusogenicity was quantified using relative fusion index.  The 

relative fusion index was calculated from five fields of view, using the Ziess Zen Blue 

plate map module to select the same relative position within each well for treatment- 

and vehicle-treated controls. To assist with quantification of fusion index a semi-

automated protocol was developed in which syncytia with greater than 4 nuclei were 

manually annotated and the machine learning computer vision program Stardist was 
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used to quantify syncytial nuclei and total nuclei within a field of view (Schmidt et al., 

2018).  

To confirm the specificity of the p110α and Akt involvement in FAST-mediated 

fusion, two additional small molecule inhibitors of p110a and Akt were employed, 

BYL719 and MK2206, respectively, which inhibit through distinct mechanisms of action 

from PIK75 and A443654. PIK75 competitively inhibits p110α binding of the 

phosphatidylinositol substrate PIP(4,5), whereas BYL719 inhibits p110α by binding to the 

ATP acceptor site of p110α (Gobin et al., 2015; Zheng et al., 2011). A443654 associates 

with ATP binding pocket of Akt, inhibiting kinase function and dephosphorylation by 

PP25, while MK2206 binds the Trp-80 residue and allosterically inhibits Akt kinase 

function (Fig. 7) (T. O. Chan et al., 2011; Rehan et al., 2014). Treatment with BYL719 (1 

µM) or MK2206 (1 µM) significantly inhibited p14 syncytiogenesis (Fig. 4D) and 

immunoblot analysis of lysates of HeLa-Tet-On-p14 harvested 13 hours post-induction 

with doxycycline revealed that BYL719 and MK2206 did not alter p14 protein levels (Fig. 

4E). These results established for the first time the importance of PI3K-Akt signaling in 

FAST protein-mediated cell fusion and validated a reliable experimental model for 

further investigation of the underlying mechanisms involved. 

 

3.3. System-wide assay of host pathways utilized by p14 in cell fusion using 

multiplexed antibody-paired detection assay 

The results from our high-content loss-of-function screens and subsequent confirmation 

experiments suggested that PI3K-Akt signaling may be the only kinase pathway required 

for FAST protein-mediated fusion. However, due to the limitations of high content 

screens and the complexity of metazoan cell fusion programs, I conducted another 

system-wide experiment to identify the host pathways utilized by FAST proteins in cell 

fusion.  

In collaboration with ActivSignal, a multiplexed antibody-paired (MAP) detection 

assay was employed to quantify changes in 26 canonical signaling pathways by 

measuring the expression or phosphorylation of 70 signaling proteins (Alexandrov et al., 
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2019). Lysates from HT1080 cells transfected with p14 or pcDNA3 for 10 hours (n=2) 

were incubated with multiple antibody pairs targeting two distinct epitopes on their 

respective kinase, phosphatase, or other signaling protein. Prior to incubation with 

protein lysates, paired antibodies were each tagged with half of a nucleotide sequence 

barcode, and then the pooled antibodies (140 antibodies, 70 pairs) were incubated with 

protein lysate samples. Subsequently, samples were washed and treated with a 

proprietary DNA ligase, which would ligate the nucleotide sequences if they were in 

close proximity (i.e., both bound to the target protein through their conjugated 

antibodies). To quantify the signal, nucleotide barcodes were read by next-generation 

sequencing, and only reads with the correct full-length nucleotide barcode were 

quantified to minimize false-positive detection from non-antigen-specific binding.  

Comparing MAP detection assay results from p14 and mock-transfected cells, it 

was found that p14 expression influenced only Akt Ser473 phosphorylation and H2AX 

expression among the 70 signaling proteins examined, with more than a 2-fold increase 

in both Ser473 phosphorylation and H2AX expression in comparison to mock-

transfected samples (Fig. 7B). The upregulation of Akt phosphorylation at ser473 

supports the results from the p15 kinome screen (Fig. 5). Although the DNA damage 

response protein H2AX may play a role in FAST protein-mediated fusion, it has been 

previously known to be upregulated in the context of SARS-CoV-2 fused syncytia as a 

result of micronuclei formation and dsDNA in the cytosol and may not be directly 

involved in the cell fusion process (Costa et al., 2022; X. Liu et al., 2022). Taken together, 

the siRNA and small molecule inhibitor screens, as well as the MAP assay, provided 

strong evidence that PI3K-Akt signaling is an important host cofactor for p14- and p15-

mediated fusion.  

3.4. p14-mediated cell fusion is dependent on p14 induction of PI3K(p110α) but not 

p110β production of PIP(3,4,5).  

To better understand the involvement of the PI3K-Akt signaling pathway in FAST protein 

cell fusion, I investigated whether p14-mediated fusion relied on constitutive activity of 

the PI3K-Akt pathway or if p14 modulated PI3K-Akt signaling activity. To this end, 
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western blots of pAkt p473 lysates were performed from Tet-ON-p14 HeLa cells induced 

to express p14 for 13 hours with doxycycline or left untreated (Fig. 8A). Since an 

antibody to quantify PIP(3,4,5) was not available, pAkt473 was used as an indirect 

measure of upregulation of PIP(3,4,5) production. Results showed that p14-

expressing Tet-ON-p14 HeLa cells consistently had higher levels of pAkt473 than Tet-ON-

p14 HeLa cells not expressing p14, indicative of PI3K-Akt activation.  

While there were other PI3K inhibitors with specificity toward other PI3K 

isoforms present within the small molecule inhibitor screen, only PIK75 inhibited 

syncytiogenesis. To confirm that p14 induction of the PI3K-Akt pathway was dependent 

specifically on the p110α isoform, two additional inhibitors were screened; the p110β 

inhibitor TGX221 as well as wortmannin, a pan-Class 1 PI3K inhibitor (Jackson et al., 

2005; Powis et al., 1994). In HeLa Tet-On cells, p14-induced phosphorylation of AktS473 

was inhibited by PIK75, BYL719, and wortmannin treatments, but not by TGX221 (Fig. 

8A), which is consistent with p14 activating the PI3K(p110α)-Akt signaling axis. As 

expected, PIK75, BYL719, and wortmannin also had an inhibitory effect on cell fusion 

when evaluated with p14 (Fig. 8B).   

To further emphasize the significance of PIP(3,4,5) and PI3K signaling in FAST 

protein fusion, the PI3K-Akt pathway was hyperactivated by inhibiting PTEN using 

bpV(OHpic), the phosphatase primarily responsible for PIP(3,4,5) depletion (Schmid et 

al., 2004). This strategy facilitated the manipulation of PIP(3,4,5) accumulation without 

interfering with p14 activation of PI3K(p110α). Treatment of Tet-On-p14 HeLa cells with 

bpV(HOpic) (10uM & 20µM) led to a dose-dependent increase in p14-induced syncytium 

formation and hyperactivation of the PI3K-Akt pathway, as evidenced by the dose-

dependent increase in pAktS473 detected through western blotting of HeLa Tet-On-p14 

cells (Fig. 9A&B). Collectively, these results support the notion that FAST proteins 

promote PIP(3,4,5) production and Akt signaling activation via PI3K p110α, and that this 

pathway is crucial for efficient FAST protein-mediated cell-cell fusion. Additionally, 

beyond its role in Akt activation in facilitating cell fusion, PIP(3,4,5) may directly recruit 

other proteins that contribute to the fusion process. 
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To further support the essential role of PIP(3,4,5) in FAST protein cell-cell fusion, 

we conducted an inhibition-rescue experiment (Fig. 9C). Tet-ON-p14 HeLa cells were 

induced to express p14 and then treated with BYL719 (1µM) at 5 hours post-induction, 

just prior to the onset of syncytium formation, to inhibit the p110α-dependent increase 

in PIP(3,4,5), followed by exogenous addition of PIP(3,4,5) or another phosphoinositide, 

PIP(3). The exogenous addition of PIP(3,4,5), but not PIP(3), partially rescued p14 fusion 

function as indicated by a significant increase in the fusion index relative to the BYL719 

treatment alone. 

 

3.5. Assay of PIP(3,4,5) levels confirms essential role in FAST protein cell-cell fusion 

To investigate the role of PIP(3,4,5) in p14-mediated cell-cell fusion, I assayed relative 

PIP(3,4,5) levels using a PIP(3,4,5) biosensor PH(Akt)-GFP in Tet-ON-p14 HeLa cells. After 

inducing p14 expression with doxycycline treatment, cells were observed by time-lapse 

confocal microscopy with six Z-stacks spanning from the dorsal plasma membrane to 

ventral surface (Fig. 10A). The ratio of fluorescent plasma membrane-proximal PH(Akt)-

GFP bound to PIP(3,4,5) compared to unbound PH(Akt)-GFP diffuse in the cytoplasm 

(FPM/Fcyto) was quantified in each preselected mononucleated cell at the Z plane 1.5uM 

from the bottom of the cell. Results indicated a significant increase in the FPM/Fcyto ratio 

at 8, 12, and 16 hours in p14-expressing cells, indicating a rise in PIP(3,4,5) plasma 

membrane concentration (Fig. 11B). In contrast, there was no increase in PIP(3,4,5) in 

Tet-ON-p14 HeLa cells not induced to express p14 with doxycycline. Furthermore, 

BYL719 treatment at 10h rapidly reduced the FPM/Fcyto ratio to levels that were not 

significantly different from time 0h baseline or non-induced Tet-ON-p14 control cells, 

indicating the PIP(3,4,5) rise was p110α-dependent. Cells that fused were excluded from 

the above PH(Akt)-GFP ratiometric analysis of mononucleated cells, suggesting that the 

PIP(3,4,5) rise occurred before fusion. These results further substantiated the essential 

role played by PIP(3,4,5) and/or the PI3K-Akt signaling axis in p14-mediated cell-cell 

fusion. 
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3.6. Live imaging correlates spatiotemporal activation of PI3K-Akt with p14-induced cell 

fusion synapse formation 

The PI3K-PIP(3,4,5)-Akt signaling axis plays a crucial role in the remodeling of the 

cytoskeleton and plasma membrane, as well as coordinating transcriptional and 

translation changes during cell fusion (Gardner et al., 2012; Matheny et al., 2015; 

Oikawa et al., 2012). In other forms of cell fusion, such as myoblast, osteoclast, and 

trophoblast multinucleation, multiple signaling pathways act in concert to coordinate 

differentiation from precursor cells to the mature multinucleated cell type (Podbilewicz, 

2014). However, except for osteoclast fusion, if and how PI3K and Akt contribute directly 

to the mechanism of membrane fusion during syncytiogenesis remains unclear. 

My previous live imaging results of PIP(3,4,5) showed that PI3K-Akt activation 

occurs prior to cell-cell fusion. In this study, I sought to correlate the activation of PI3K-

Akt with p14-induced cell fusion using greater spatial and temporal resolution. To do so, 

I employed short interval 3D time-lapse microscopy of a population of HeLa cells stably 

expressing PH(Akt)-GFP and TetOn-p14-mRuby co-cultured with wild type HeLa cells. 

Using this approach, I observed PIP(3,4,5) in membrane ruffles and p14 both localizing to 

sites of cell-to-cell fusion immediately prior to fusion (Fig. 10 A). By quantifying the 

change of mean PH(Akt)-GFP fluorescence within a two regions of interest (ROI, shown 

with dashed line circles in Fig. 10A), one each in the cytoplasms of a PH(Akt)-GFP + p14-

mRuby HeLa cell and the adjacent wild type HeLa, and identifying when fluorescent 

intensity equalization between the two cells occurs (shown with the red line in Fig. 10B), 

I was able to approximate the time of cytosolic mixing between the two cells following 

membrane fusion and pore expansion. The fusion synapse was seen in an expanded 

view and was identified by locating the initial disappearance of the cell border of the 

p14-mRuby cell. Both p14-mRuby and PH(Akt)-GFP in the transduced HeLa cell could be 

seen to localize to the fusion synapse immediately prior to the cytoplasmic mixing of the 

two cells (right panel, white arrow, Fig. 10B). The localization of both PIP(3,4,5) and 

p14mRuby to the fusion synapse prior to cytosolic mixing provided compelling evidence 
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that PI3K-Akt functions at points of cell-cell contact as part of the FAST protein cell 

fusion mechanism. These findings suggest that p14 plays a critical role in PI3K-PIP(3,4,5)-

Akt signaling during cell fusion and provide insight into the molecular mechanisms 

underlying the fusion process. 

 

3.7. Insights into the role of Akt phosphorylation and downstream mediators in cell 

fusion 

To investigate the downstream effectors of Akt signaling and their role in cell fusion, I 

used genetic and small molecule kinase inhibitors to determine whether the Akt-

phosphorylating protein complexes mTORC1 and mTORC2 are necessary for p14-

mediated cell fusion (Fig. 7). TetOn-p14 HeLa cells were treated with torin-1, a small 

molecule inhibitor of mTORC1 and mTORC2, or rapamycin, an inhibitor of mTORC1, and 

the effects on syncytiogenesis and Akt phosphorylation were examined. Treatment with 

torin-1 resulted in a significant inhibition of p14-mediated cell fusion and AktS473 

phosphorylation (Fig. 12B), while treatment with rapamycin had no effect on p14-

mediated syncytiogenesis (Fig. 12A), suggesting that mTORC2 activity, but not mTORC1, 

is required for p14 fusion. Akt activation is also tightly regulated by PDK1 that 

phosphorylates Thr308 in Akt after binding to PIP(3,4,5) and prior to Ser473 

phosphorylation by mTORC2 (Manning & Toker, 2017). In accordance, treatment of 

TetOn-p14 HeLa cells with BX795, a PDK1 inhibitor, significantly decreased both p14-

induced AktS473 phosphorylation and the relative fusion index (Fig. 12C&D).  

The involvement of mTORC2 in cell fusion was further investigated by performing 

a lentiviral transduction of HeLa cells with shRNA targeting the mTORC2 subunit Rictor 

or the mTORC1 subunit Raptor in p14 Tet-On HeLa cells. Protein knockdown was 

confirmed by western blotting (Fig. 13A), and quantifying the relative fusion index of the 

four cell lines showed that Rictor, but not Raptor, knockdown significantly inhibited cell 

fusion (Fig. 13B) and AktS473 phosphorylation (Fig. 13C). Furthermore, p14 induced 

phosphorylation of Thr86 in the Sin1 subunit of mTORC2 (Fig. 13D), which is known to be 

a substrate of Akt and enhance activity of mTORC2 as part of a positive feedback loop 
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between mTORC2 and Akt, and genetic knockdown of Sin1 decreased p14-mediated 

syncytiogenesis (Fig. 13E) (G. Yang et al., 2015).   Thus, p14 expression activates mTORC2 

to upregulate a PI3K-Akt signaling axis required for FAST protein-mediated 

syncytiogenesis. 

mTORC2 phosphorylates a regulatory hydrophobic motif in the C-terminal tail of 

Akt, but also in other AGC kinases like protein kinase C alpha (PKCα) and SGK1 that are 

involved in actin remodelling and cell migration (Ballesteros-Álvarez & Andersen, 2021). 

To determine whether these other mTORC2 targets act in parallel with Akt to regulate 

cell-cell fusion, TetOn-p14 HeLa cells were treated with the SGK1 inhibitors EMD638683 

and GSK-650394. These treatments did not significantly alter the relative fusion index 

(Fig. 14A). Similarly, shRNA knockdown of PKCα in TetON-p14 HeLa cells had no 

significant effect on the relative fusion index (Fig. 14C&D), suggesting Akt is the primary 

AGC kinase target of mTORC2 driving cell-cell fusion. However, treatment of cells with 

the conventional PKC inhibitor Go6976 resulted in a modest reduction in the relative 

fusion index in some experiments (Fig. 14B). Further experiments are required to 

determine whether PKCα, a calcium effector and important regulator of actin dynamics, 

is involved in FAST protein-mediated cell-cell fusion. 

 

3.8. Akt activation precedes fusion and is not sufficient for syncytia formation, 

while PI3K-Akt signaling is critical for fusion pore expansion  

My screens and pathway analyses demonstrated that p14 activates PI3K which in turn 

activates a PDK1-mTORC2-Akt signaling axis that is required for efficient FAST protein-

mediated syncytiogenesis. Given that syncytia formation is the end stage of a multi-step 

cell-cell membrane fusion process, the fusion index I employed is an indirect measure of 

plasma membrane fusion. It was conceivable that the PI3K-dependent p14 mediated 

processes could occur after membrane fusion and pore formation. For example, PI3K 

and/or Akt could mediate the post-fusion pore expansion needed to allow nuclear 

transfer and syncytium formation or perhaps Akt signaling is activated in response to 

plasma membrane fusion and is needed to maintain survival of syncytia.  
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To determine whether Akt activation is required for membrane fusion and pore 

formation or occurs in response to membrane fusion, HeLa cells were transfected with 

the fusion-incompetent p14 mutant p14G2A or the fusion-defective mutant p14c88, a C-

terminal truncation that retains some vestigial ability to induce formation of a few small 

syncytia (Fig. 15A) (Corcoran et al., 2006; Corcoran & Duncan, 2004). Western blot 

analysis of lysates from HeLa cells transfected with p14, p14G2A, and p14c88 showed 

comparable levels of pAktS473 phosphorylation, which were higher than mock-

transfected HeLa cells (Fig. 15B), indicating PI3K-Akt signaling is not activated in 

response to cell-cell fusion. This was consistent with my previous demonstration that 

p14 upregulates PIP(3,4,5) expression in mononucleated Tet-ON-p14 HeLa cells prior to 

their fusion (Fig. 10). 

To determine whether PI3K-Akt signaling is required for pore formation prior to 

syncytium formation, I developed a quantitative two-colour fluorescence fusion pore 

assay. TetOn-p14 HeLa cells labeled by GFP transduction were co-cultured at a 1:1 ratio 

with wild-type HeLa cells labeled with CellTracker Deep Red dye, p14 expression was 

induced with Dox, and cells were treated with the various small molecule kinase 

inhibitors starting just prior to the expected onset of cell-cell fusion and syncytium 

formation (~5-7 h post-induction). Fluorescence microscopy was then used to quantify 

cells that contained both CellTracker Deep Red and GFP, and these cells were binned by 

their number of nuclei (Purple arrows, Fig. 16A). Cells treated with BYL719, MK2206, or 

BX795 to inhibit PI3K, Akt or PDK1, respectively, all showed a dramatic decrease in the 

numbers of co-labeled cells of all sizes, relative to mock-treated, p14-expressing cells 

(Fig. 16B).  A control population that were not induced to express p14 showed no co-

labelled cells. The largest number of dual-coloured p14-expressing cells detected were 

mononucleated, consistent with the limited number of multinucleated cells at this early 

timepoint. These cells are likely the result of cytoplasmic mixing through a fusion pore 

that had either not yet undergone the fusion pore expansion necessary for 

multinucleated cell formation or had failed to expand and subsequently closed. As well 

as an overall decrease in dual-coloured cells of all sizes, cell populations treated with the 
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inhibitors all had a lower ratio of dual-labeled mononucleated cells to multinucleated 

syncytia when compared to control (Fig. 16B), further indicating that these inhibitors 

block syncytium formation upstream of fusion pore formation and implying the PI3K-Akt 

pathway is required for membrane fusion.  

 

3.9. Is the PI3K-Akt pathway universally required by cell-cell fusogens?  

Myomerger, a small protein that shares many features with the FAST proteins, mediates 

membrane fusion during metazoan myogenesis and myogenesis is known to be Akt-

dependent (Gardner et al., 2012; Quinn et al., 2017). I was interested in determining 

whether this PI3K-Akt pathway I discovered to be required for efficient FAST-protein 

mediated cell-cell fusion was similarly required for cell-cell fusion mediated by 

myomerger. I used stably transduced HEK293A cells provided by Nichole McMullen. 

These cells constitutively express myomaker and express myomerger under TetOn-

control. When induced, ~15-20% of the cell population fuses over 24 hours. As shown 

(Fig. 17A), treatment of these myomaker+TetOn-myomerger HEK293A cells with BYL719, 

PIK75 MK2206, torin-1 but not rapamycin downregulated syncytia formation (Fig. 17B). 

Western blot analysis of lysates from the same experiment revealed that dox-induction 

of myomerger expression in myomaker+TetOn-myomerger HEK293A cells increased 

AktS473 phosphorylation (Fig. 17C). Treatment with BYL719, PIK75, MK2206 and torin-1, 

but not rapamycin, inhibited both syncytium formation and myomerger-dependent 

AktS473 phosphorylation but did not significantly reduce myomerger protein expression. 

The p110α-Akt signaling pathway is therefore required for cell-cell fusion mediated by 

both FAST proteins and myomerger/myomaker. This provides the first evidence of 

PI3K(p110α) and mTORC2 involvement in myomerger fusion. 

Similar results were obtained by Dr. Nandini Margam using similar kinase 

inhibitor and fusion function experiments in differentiating C2C12 mouse myoblasts 

undergoing primary myotube formation. At 3 days post-differentiation, AktS473 

phosphorylation was elevated, and BYL719 treatment inhibited both multinucleation 

and Akt activation in a dose-dependent manner (Fig. 18A-C). We were unable to study 
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the effects of Akt inhibition on C2C12 myotube formation using MK2206 because of 

toxicity issues with long-term Akt inhibition (3 days). However, small molecules that 

activate Akt have been shown to increase myotube formation in C2C12 cells (W. Luo et 

al., 2019).  

To assess whether the PI3K-Akt pathway was required by just small fusogens for 

cell-cell fusion, we transfected ACE2/TMPRSS2-transduced HEK293A cells with SARS-

CoV2 Spike protein, a Class I fusion protein. Western blots revealed no significant 

change in Akt activation in cells expressing the enveloped virus fusion protein, and while 

AktS473 phosphorylation was inhibited by BYL719 and MK2206, Spike fusion activity was 

not inhibited (Fig. 19). Nichole McMullen obtained similar results using VSV G protein, 

where the above inhibitors had no effect on fusion (personal communication). It would 

appear that activation of, and reliance on, a PI3K-Akt pathway is feature of the small 

fusogens, not the enveloped virus fusogens.  

 

3.10. Membrane ruffling and macropinocytosis are critical for FAST protein mediated 

cell fusion.   

As previously mentioned, during time-lapse microscopy observations of HeLa TetOn-

p14-mRuby cells transduced with PH(Akt)-GFP, I noticed an increase in PIP(3,4,5) and 

p14-enriched plasma membrane ruffles (Fig. 20 A). Additionally, I observed the 

formation of large, µm-sized endocytic vesicles at these membrane ruffles (Fig. 20A 

white arrows). These vesicles contained p14-mRuby within their membrane, and the 

PIP(3,4,5) biosensor associated transiently with the vesicle,  rapidly losing signal as the 

vesicle moved toward the center of the cell. Notably, live cell imaging observations 

revealed that both ruffling and the formation of large endocytic vesicles are 

qualtitatively upregulated in HeLa TetOn-p14-mRuby cells expressing p14 (Fig. 20A). 

The large vesicles observed were the size of macropinosomes, and since PI3K-Akt 

signaling is known to play a crucial role in both cell membrane ruffling and MaPi, I 

explored the possibility that the induction of MaPi serves as the functional role of PI3K-

Akt signaling in p14 protein-mediated cell fusion. To investigate this, I treated p14-
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TetOn-HeLa cells with a variety of inhibitors targeting individual components of the 

macropinocytotic pathway (Fig. 20B). Ethyl-isopropyl amiloride (EIPA), a 

sodium/hydrogen exchange inhibitor, is the most widely used MaPi inhibitor, selectively 

blocking MaPi without affecting other forms of endocytosis. EIPA works by reducing 

cytoplasmic pH at the plasma membrane, consequently blocking Rac1-actin 

polymerization of membrane ruffles and MaPi (Koivusalo et al., 2010). The GTP-binding 

protein ADP-ribosylation factor 6 (Arf6) is essential for macropinosome closure but not 

membrane ruffling, and it operates downstream of PI3K (Williamson & Donaldson, 

2019). Arf6 was targeted by the indirect inhibitor NAV 2729 and the direct inhibitor 

secinH3 (Benabdi et al., 2017; Hafner et al., 2006). Additionally, macropinosome closure, 

but not membrane ruffling or actin polymerization, was inhibited by blocking 

microtubule polymerization with nocodazole (Leyden et al., 2021). 

As demonstrated in Figure 21A, treating p14-TetOn-HeLa cells with all the above 

MaPi inhibitors significantly impeded cell fusion, suggesting that MaPi is a necessary 

process for cell fusion. Moreover, the inhibition of p14-mediated fusion with Arf6 

inhibitors and nocodazole suggests that macropinosome closure, rather than just 

membrane ruffles, plays a critical role in cell-cell fusion. Using the PH(AKT)-GFP 

translocation assay, which measures changes in PIP(3,4,5) concentration at the plasma 

membrane,  I determined that treatment with EIPA did not inhibit p14 mediated 

PIP(3,4,5) production and therefore MaPi was not upstream of PI3K-Akt activation (Fig. 

21B).   

To confirm and further investigate the role of p14-induced MaPi in cell-cell 

fusion, I employed two common assays for MaPi, the cellular uptake of fluorescent high 

molecular weight dextran, and uptake of fluorescent latex beads. Compared to control 

p14-TetOn-HeLa cells, dox-induction of p14 expression increased the uptake of both 

unconjugated latex beads dyed with high molecular weight dextran (Fig. 22 A) and 

Oregon green (Fig. 23 A) by over 2-fold as measured by integrated intensity per nuclei to 

account for variable cell density (Fig. 22B & Fig. 23B). Moreover, increased cellular 

uptake of the 70kDa dextran was significantly reduced when cells were treated to inhibit 
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PI3K (BYL719&PIK75) and MaPi (EIPA), but not when clathrin-mediated endocytosis was 

inhibited using PITSTOP2 (Fig. 22B). Additionally, treatment of cells with the p110α 

inhibitor PIK-75 blocked the p14-induced uptake of uncoated latex beads labeled with 

Oregon Green (Fig. 23B). In contrast, treatment of p14-expressing cells with the PTEN 

inhibitor bpV(HOpic), which increased PIP(3,4,5) and cell-cell fusion (Fig. 11A), 

upregulated dextran uptake (Fig. 22B). These findings provide compelling evidence that 

MaPi is an effector function of p14-induced PI3K-Akt signaling and is required for p14-

mediated cell-cell fusion.  

 

3.11. Active macropinocytosis with the generation of macropinosomes is observed at 

time and points of cell-cell fusion   

Having previously observed PIP(3,4,5)-positive membrane ruffles at sites of cell-to-cell 

fusion, it was likely that MaPi was occurring at the fusion synapse. Using the same logic 

from our studies on MaPi mediation of fusion, I aimed to capture MaPi facilitating p14-

mediated cell-cell membrane fusion by employing live microscopy. Unfortunately, the 

temporal and spatial resolution of our previous imaging experiments was insufficient to 

capture the fast and subtle dynamics of plasma membrane fusion.  

To improve these parameters, two bright fluorescent tags fused to the 

lymphocyte-specific protein tyrosine kinase (LCK) membrane-targeting domain were 

selected to provide consistent visualization of the membrane. These LCK tagged 

fluorophores enabled better visualization of the membrane compared to the tagged p14 

and Akt constructs as higher expression of LCK-fluorophores did not induce cell death by 

either cell fusion or inhibition of the Akt survival pathways. Magnification was increased 

from a 63x to a 100x objective, and the Evolve camera with a 512x512 pixel chip was 

replaced with an Axiocam camera with a 1388x1048 pixel chip, reducing pixel scaling 

from 333nm to 63nm. To further enhance imaging quality, fewer z slices were captured, 

allowing for an increase in imaging frequency from 2-minute intervals to intervals of less 

than 1 minute. 
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With these optimized imaging conditions, live cell imaging was employed to 

capture fusion events between p14-Tet-On HeLa cells transduced with the membrane 

bio-label LCK-tdTomato and HeLa cells expressing LCK-GFP or left unlabelled to allow for 

further enhancement of imaging frequency (every 15s). Eight instances of cell fusion 

were captured, in which the point of plasma membrane fusion was clearly identifiable 

(within the z-stack and not obscured by overlapping membranes) with two examples 

shown (Fig. 24&25).  In 6 out of the 8 instances membrane fusion coincided with or was 

immediately preceded by large vesicle formation proximal to the fusion synapse (Fig. 

24). As shown in the supplemental video (Supplemental Video 1) and captured still 

images from the time series of this example experiment (Fig.25), membrane ruffles 

arising from p14-expressing cells were consistently observed prior to, and in the region 

of, cell-cell fusion events.   In the captured cell fusion events, fusion did not occur at 

points or times of maximal penetration, where one plasma membrane projection 

extends into the opposing cell. A volumetric 3D rendering of one such event is shown in 

Figure 24A, depicting a p14-Tet-On HeLa cell expressing LCK-tdTomato (magenta) and an 

adjacent HeLa cell expressing LCK-GFP (yellow). The time and location of the cell-cell 

fusion event were identified within a 55-second window and a 3.5 µm range. 

To quantify the loss of the intercellular barrier, I analyzed signal intensity of LCK-

tdTomato and LCK-GFP along two parallel lines (grey and teal lines in Fig. 24B spaced 3.5 

µm apart) that bisected the approximate location of plasma membrane apposition 

where cell fusion occurred. In Figure 24B, the upper grey and teal plot profiles [Right] 

display fluctuating signal intensities for each fluorophore, resulting from intracellular 

vesicle labeling by the LCK tag. A distinct maximum signal intensity is observed at the 

intact plasma membrane, followed by a sharp decline when the line passes into the 

opposing cell not expressing the respective fluorophore. For LCK-tdTomato, this occurs 

from left to right, while for LCK-GFP, it is from right to left. 

As shown in Figure 24B right panel, the intensity profile along the grey line 

exhibits a rapid loss of the two distinct fluorophore peaks between the 0-second and 55-

second images and then equalization of signal intensity along the length of the plot 
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profile, while distinct fluorophore maxmima remain in plot profiles of the teal line even 

at 110s. These results indicate that fusion occurs in the immediate vicinity of grey line 

intersection of plasma membrane between the two in the interval between images 

capture at 0s and 55s. Notably, a large vesicle was observed (white arrow, Fig. 24 C 

bottom panel, z-height = 0.7 µm) forming at 165 seconds near the site of plasma 

membrane fusion. Utilizing the improved resolution of our 3D imaging (Fig. 24 C, D), the 

appearance of a membrane ruffle from the LCK-tdTomato p14-Tet-On HeLa cell can be 

observed between 0 seconds to 55 seconds in the upper panel of Fig. 24 C from the 

complete volumetric (z-height 1.4 µm) rendering. In the volumetric rendering at 55 

seconds, which bisects the cell at a z-height of 0.7µm (Fig. 244 C bottom row), one can 

observe a hollow within the ruffle, suggesting macropinosome formation. Subsequently, 

at 110 seconds and 165 seconds in the upper panel (Fig. 24C), ruffle collapse and the 

corresponding formation of a macropinosome can be observed. By using a 3D surface 

plot of both fluorophores, where height and color represent signal intensity, and 

centered on the macropinosome formation (50x50 pixels) (Fig. 24D), one can observe 

the presence of LCK-GFP signal in the lumen of the nascent macropinosome/membrane 

ruffle of the LCK-tdTomato Tet-On p14 HeLa cell at 55 seconds, which is concurrent with 

or precedes plasma membrane fusion. 

In the surface plots at 165 seconds and 220 seconds, a distinct LCK-GFP signal 

(Fig. 24D, white arrow) can be seen within the dual-labeled LCK-tdTomato and LCK-GFP 

macropinosome. The persistence of the LCK-GFP signal within the macropinosome for 

more than one minute suggests that a portion of the plasma membrane of the LCK-GFP-

expressing cell is being pinched off by the macropinocytotic action of the LCK-tdTomato 

cell. If the internalized membrane fragment was part of a membrane recycling pathway 

induced after fusion, the lateral diffusion of lipids (and fluorescently tagged membrane 

binding domains) within the fused membranes would have mixed. Furthermore, the 

presence of GFP signal but not tdTomato signal in the lumen of the macropinosome 

indicates that the plasma membrane associated with LCK-GFP was sequestered within 

the macropinosome prior to fusion with the LCK-tdTomato-expressing cell.  In contrast, 
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plasma membrane and vesicles in the LCK-GFP expressing cell proximal to the fusion 

pore and not isolated prior to fusion are rapidly labelled with LCK-tdTomato (better 

visualized in composite images of Fig. 24 B white arrow). 

Not only is this the first evidence of MaPi occurring at and concurrent with, or prior 

to cell fusion, but it also provides circumstantial evidence that through force exerted 

from the plasma membrane of a p14-expressing cell, membrane remodeling can be 

induced in an opposing cell. In this case, the exocytotic fission of a mono-labeled LCK-

GFP vesicle inside a macropinosome demonstrates this effect. 

 

3.12. Live cell imaging reveals macropinocytosis at the fusion synapse during p14-

mediated cell-cell fusion 

Membrane invaginations driven by actin-mediated membrane projections near sites of 

cell-cell fusion were first identified in Drosophila myogenesis, leading to the 

development of the actin protrusion-mediated membrane tension model for cell fusion 

(E. H. Chen, 2011). Subsequently, similar structures were observed in fusing osteoclasts, 

mammalian myoblasts, and during pathogen-induced cell-cell fusion. In line with these 

observations, innovative studies on artificial membranes and Drosophila myoblast fusion 

have demonstrated that increased membrane tension promotes fusion. However, high-

resolution live imaging of cell-cell fusion in models where fusion occurs slowly over 

several days is challenging due to rapid induction of phototoxicity by laser exposure. 

Furthermore, the absence of tools to directly measure plasma membrane tension at 

subcellular resolutions during fusion has hindered the identification of conclusive 

evidence linking protrusive force from these membrane projections to increased 

membrane tension and cell fusion. 

The potent fusogenic activity of FAST proteins, characterized by cell fusion events 

occurring over minutes to hours, provided a unique opportunity to perform high-

resolution live cell imaging of the plasma membrane immediately before and after cell-

cell fusion. Although quantitative measurements of membrane tension at the fusion 

synapse were not conducted, high-resolution imaging captured fusion events within 
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membrane ruffles. By examining the movement and deformation of the plasma 

membrane in both the invading and invaded cells at the site of cell fusion, just before 

the fusion process, insights were gained into the mechanism by which membrane 

tension is increased to facilitate fusion. Additionally, the relationship between 

membrane ruffles, macropinosome generation, and the sites at which these occur were 

characterized. 

To this end, live cell imaging experiments of fusion events between TetOn-

p14+LCK-Tdtom HeLa cells and LCK-GFP HeLa cells were conducted using Zeiss spinning 

disk confocal 3D microscopy of Z-stacks (z-slice = 4). Surface renderings were produced 

by thresholding the minimum signal intensity of LCK-tagged fluorophores associated 

with the plasma membrane, resulting in a more accurate view of the cell and membrane 

projections (Fig. 25 right column of A&A’, bottom two rows of B). Transparent maximum 

intensity volumetric renderings of the acquired 3D images allowed for optimal 

visualization of macropinosome formation and cell to cell interface when viewed in 

conjunction with the surface projections (Fig. 25 left column of A&A’, top two rows of B 

and C).  

Figure 25 panel B illustrates the formation and closure of multiple 

macropinosomes (blue arrows), as well as their movement towards the cell center 

(orange arrows) following the collapse of membrane ruffles at the cell periphery. 

Notably, multiple macropinosomes can form from a single ruffle, and these ruffles do 

not necessarily arise at areas of cell-to-cell contact. The impact of macropinocytotic 

membrane ruffles from a p14-expressing cell on the plasma membrane topology of 

neighboring cells was also investigated. In the example video (Supplemental Video 2) 

and time series of still images (Figure 25 D), a multinucleated TetOn-p14+LCK-Tdtom 

HeLa cell (purple) was observed to form putative macropinocytotic vesicles, as depicted 

in the surface rendering of the bottom half of panel B of Figure 25. In panel C, a 

membrane ruffle travels along the cell periphery, undergoing periodic cycles of 

protrusive extension and retraction before reaching a mononucleated LCK-GFP HeLa cell 

(yellow). Panel D provides a zoomed-in time series view of the fusion synapse, visualizing 
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the deformation of the target LCK-GFP HeLa cell caused by a membrane ruffle 

emanating from the TetOn-p14+LCK-Tdtom HeLa donor cell, which ultimately results in 

cell-to-cell fusion.  

At time 570.18s, the membrane ruffle encounters the plasma membrane of the 

mononucleated LCK-GFP cell. In the subsequent image, the area of cell-to-cell contact 

elongates as the ruffle travels along the edge of the yellow cell. Two macropinosomes 

can be observed forming at 670.8s, with the membrane of the LCK-GFP cell appearing to 

protrude towards the ruffle, as if being pinched by it. In the following acquisition, fusion 

can be observed having occurred between the two cells at the position of the upper 

macropinosome (Fig. 25, D, red arrow). Intriguingly, the initial plasma membrane fusion 

occurred at the macropinosome closure rather than the protrusive tips at the edge of 

the cup. Interestingly, the lower macropinosome continues to form successfully, as 

indicated by the orange arrow at 737.88 seconds. Notably, in determining the direction 

of force applied, it can be observed that the membranes at the fusion synapse deform 

towards the cytoplasm of the multinucleated p14-expressing cell as the membrane 

ruffle collapses and retracts in the seconds immediately preceding fusion. The 

deformation of the target plasma membrane (yellow membrane) was towards the 

cytoplasm of the retracting p14-expressing cell (purple membrane). These observations 

suggest the possibility that the activated MaPi process induced by p14 might generate 

membrane tension by pulling on an adjacent cell membrane, which could act in 

conjunction with or in place of the cellular protrusion model to facilitate cell fusion. 

The formation of a macropinosome in the final image series supports the 

assertion that fusion synapse was an area of active MaPi. The combined results from live 

imaging experiments and those using MaPi inhibitors demonstrated that MaPi acts at 

the fusion synapse to facilitate p14-mediated cell-cell fusion, and at least some fusion 

events occur within the immediate vicinity of macropinosome formation. In conclusion, 

my results provide compelling evidence that p14 activates PI3K-Akt signaling that 

promotes membrane ruffling and MaPi, which plays a critical role in p14-mediated cell-

cell fusion. In addition, my live imaging experiments provided insights into the dynamics 
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of plasma membrane fusion, showing that fusion can occur within a macropinocytotic 

cup rather than at the protrusive tip of invasive membrane protrusions, raising the 

intriguing concept that retraction forces might provide an alternate means to generate 

membrane tension and promote membrane fusion.  
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3.13. Figure 3: Experimental protocol and quantification of cell fusion in HT1080 Tet-

On-P15 cells.  

A. Timeline of the experimental protocol for two screens of cell fusion in HT1080 Tet-
On-p15 cells. Cells were incubated in 384-well plates and treated either with kinase 
inhibitors (24 h) at three different concentrations (0.025, 0.25, and 2.5 µM; n=165) or 
with siRNAs targeting 710 kinases and kinase-related proteins, each with three unique 
sequences (72 h total; siRNA 48h, Dox 24h; n=2130). Syncytial nuclei per well were 
counted after treatment. B. Representative fluorescence microscopy images of cells 
stained with CellMask (green) to visualize cell cytoplasm and Hoechst (blue) to stain 
nuclei. Cell and nuclei segmentation were performed using a unique algorithm in 
Columbus software. C. Equations used to quantify cell fusion: Fusion Index (FIndex) is the 
ratio of syncytial nuclei (cells with >4 nuclei) to the total nuclei within a field of view, 
providing a measure of the extent of cell fusion. Relative Fusion Index (Relative FIndex) is 
the ratio of the FIndex of a treatment group to that of a mock-treated control from the 
same experiment, enabling the comparison of cell fusion efficiency between treatment 
groups. 
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3.14. Figure 4: Small molecule kinome inhibitors identify PI3K (P110α)-Akt pathway 

as necessary for FAST protein-mediated cell fusion. 

 A. Volcano plot of the kinase inhibitor screen, displaying the Relative FIndex on the x-axis, 
which represents the difference in Fusion Index between the treatment groups (165 
drugs at 0.01, 0.1, and 10 µM) and the control group, and the negative log of the p-value 
of treatment vs. control on the y-axis. Three notable points are highlighted: Akt inhibitor 
A-443654 (1 µM; purple circle) and PI3K p110α inhibitor PIK-75 (0.1 µM; yellow circle 
and 1 µM; red circle &). B. Giemsa-stained HT1080 cells transfected with p14 and p15 
fusogens alone (top row) or fusion inhibition with the p110α inhibitor PIK-75 (0.25 µM, 
middle row) or the Akt inhibitor A-443654 (0.25 µM; bottom row), demonstrating the 
impact of these inhibitors on cell fusion. C. Validation of hits in different cell lines: 
Giemsa-stained A549 and Vero cells transfected with p14 and treated with PIK75 or 
A443654, showing similar effects on cell fusion. D. Relative fusion index of HeLa cells 
transduced with a tetracycline-inducible p14 expression system, treated with 
doxycycline (5 µg/ml), and subsequently treated with either PI3K (p110α) inhibitors 
PIK75 (100 nM) or BYL719(1 µM) or Akt inhibitors A443654 or MK2206 (1µM) 5 hours 
post doxycycline induction of p14 expression. Cells were fixed and Giemsa-stained at 14 
hours post induction, and the relative fusion index was measured to assess the impact of 
these inhibitors on p14-mediated cell fusion. E. Phospho-AktS473 and total Akt levels in 
TetOn-p14 HeLa cells, either untreated or treated with doxycycline (5μg/ml) and 
exposed to vehicle control, BYL719 (1μM), or MK2206 (1μM). Akt activation by p14 is 
blocked by inhibitors without affecting p14 expression. 
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3.15. Figure 5: SiRNA screen targeting the kinome for modulators of syncytia 

formation In HT1080- TetOn-P15 Cells.  

A. Cells were incubated in 384-well plates with siRNAs targeting 710 kinases and kinase-
related proteins, each with three unique nucleotide sequences (72h total; siRNA 48h, 
Dox 24h; n=2130). Relative fusion index was determined for each unique siRNA (plotted 
on the y-axis) versus the mean of the three siRNAs targeting the same gene (x-axis). 
Notably, there was significant variation in fusion inhibition between the three siRNAs 
targeting the same gene. B. Relative Fusion Index of HT1080-Tet-ON-p15 cells 
transfected with either pcDNA3 or two non-targeting siRNAs for 48 hours, 
demonstrating that non-targeting siRNA transfection significantly increased fusion. C. 
Schematic of known interactions among the hits from the screen, identified by 
performing an siRNA network enrichment analysis of hits that significantly reduced cell-
cell fusion (reduction in fusion >50%). The analysis was conducted using Kinase 
Enrichment Analysis 3 (KEA3), which utilizes libraries of known protein-protein 
interactions and kinase-substrate interactions to infer kinase signaling networks most 
likely to modulate a user-inputted subset of proteins (the "hits"). The schematic of the 
protein hits from the siRNA kinase screen of p15-mediated cell fusion reveals the most 
significant signaling networks converging upstream of Akt, highlighting the importance 
of these interactions in modulating cell-cell fusion.  
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3.16. Figure 6: p14 selectively activates the PI3K(p110α)-Akt pathway, essential for 

p14 fusion activity. 

A heat map of results from the ActivSignal Immuno-Paired-Antibody-Detection (IPAD) 
assay on lysates from HT1080 cell transfected with p14 or pcDNA3 for 10 hours. The 
IPAD assay the evaluates the activity of 20 canonical signaling pathways by quantifying 
70 known signaling mediators (protein expression levels or phosphorylation status. The 
assay demonstrates p14 selectively increases Akt Ser473 phosphorylation and histone 
variant H2AX expression in HT1080 cells 10h post-transfection with pcDNA3 or p14 
(n=2). No other pathways exhibited more than a 2-fold upregulation or downregulation.  
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3.17. Figure 7: PI3K-Akt pathway function in cell-cell fusion mediated by FAST 

proteins. 

 The schematic illustrates the key components of the PI3K(p110α)-Akt signaling cascade 
and the role of this pathway in regulating cell-cell fusion mediated by FAST proteins. 
Small molecule inhibitors are used to modulate the pathway and investigate its impact 
on the fusogenic activity of FAST proteins. BpV(HOpic) inhibits PTEN, a phosphatase that 
negatively regulates the pathway. PIK75 and BYL719 selectively inhibit PI3K (p110α), 
which phosphorylates PIP2 at the 3' position, generating PIP(3,4,5). PIP(3,4,5) formation 
leads to the recruitment of PDK1, mTORC2, and Akt to the plasma membrane via their 
PH domains. BX795 targets and inhibits PDK1, a key kinase that phosphorylates and 
activates Akt. Torin-1 is a dual inhibitor of mTORC1 and mTORC2, with mTORC2 
responsible for phosphorylating Akt at Ser473, a crucial step for Akt activation. 
Rapamycin specifically inhibits mTORC1, a central hub for transcriptional control 
downstream of Akt. MK2206 and A443654 directly inhibit Akt kinase function, 
suppressing its downstream effects on cell survival, proliferation, and metabolism. 
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3.18. Figure 8: PI3K isoform p110α-dependent PIP(3,4,5) production is essential for 

p14-mediated cell fusion.  

A. Inhibition of p110α by PIK-75 (P75), BYL719 (BYL), or the pan-PI3K inhibitor Wortmannin 
(Wort) results in a reduction of doxycycline-treated TetOn-p14 HeLa cell fusion (x-axis 
concentrations inμM), while the p110β inhibitor TGX-221 (TGX) does not have a significant 
impact. B. A similar pattern is observed in Akt Ser473 phosphorylation at the same μM 
concentrations, suggesting a strong correlation between the PI3K isoform p110α and its 
downstream signaling via Akt phosphorylation in modulating p14-mediated cell fusion.  
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3.19. Figure 9: PIP(3,4,5) production by p110α is essential for p14-mediated cell 

fusion. 

 A. Graph of the relative fusion index of TetOn-p14 HeLa cells at 13 hours post dox 
induction treated with bpV(HOpic) (concentrations in μM) 7 hours post dox induction of 
p14. B.  Western blot of lysates from panel A. showing that bpV(HOpic) treatment 
increases p14-mediated Akt S473 phosphorylation C. Relative fusion index of TetOn-p14 
cells treated with vehicle control, BYL719, BYL719 and PIP(3,4,5), or BYL719 and PIP(3) at 
9 hours post dox induction and allowed to fuse for 3 hours. Inhibition of cell fusion by 
the PI3Kα inhibitor BYL719 (BYL) is partially reversed with the addition of PIP(3,4,5) but 
not PIP(3).  
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3.20. Figure 10: p14 expression induces PIP(3,4,5) production at the plasma 

membrane through PI3K (p110α) activation. 

 A. TetOn-p14 HeLa cells were transduced with the PIP(3,4,5)-binding pleckstrin domain 
of Akt tagged with GFP. Images depict untreated cells (top row), cells treated with 
doxycycline at time 0 (middle row), and cells treated with doxycycline at time 0 and the 
PI3Kα inhibitor BYL719 (1μM) at 9 h (bottom row) at timepoints 0, 8, and 12 h (1st, 2nd, 
3rd columns, respectively). Scale bar = 25 µm. B. A graph displaying the cytosolic-to-
plasma membrane ratio of PH(Akt)-GFP fluorescence intensity quantified in 
mononucleated cells at 0, 4, 8, 12, and 16 hours, providing a relative measure of 
PIP(3,4,5) concentration for the three treatments in (A). The time of BYL719 treatment is 
indicated by a dashed red line. These results demonstrate that p14 expression leads to 
an increase in PIP(3,4,5) production at the plasma membrane, which can be diminished 
by treatment with the PI3Kα inhibitor BYL719. 
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3.21. Figure 11: PIP(3,4,5) membrane ruffles and p14 localize to the fusion synapse 

prior to cell fusion.  

A. Left panels show time-lapse images of a PH(Akt)-GFP (Green) and p14-mRuby (Red) 
transduced HeLa cell (left) adjacent to a non-transduced HeLa cell (right) 12h after 
doxycycline induction. The images display PH(Akt)-GFP and p14 localizing to the 
membrane in general and to the lower right cell fusion synapse (red arrow) in particular, 
during the 10 minutes preceding membrane fusion. Scale bar = 20µm. The enlarged 
boxed region in the cutout panel to the right shows p14 and PIP(3,4,5) at the site of cell-
to-cell fusion immediately prior to cell fusion and transfer of the intracellular PH(Akt)-
GFP signal between the PH(Akt)-GFP & transduced cell and adjacent non-transduced 
cells over time (assayed within the purple and blue circles shown in the top left panel). 
The white arrow indicates site of fusion pore expansion and PH(Akt)-GFP and p14-
mRuby localization. Scale bar = 10µm. B. A graph depicting the PH(Akt)-GFP fluorescent 
intensity within the region of interest (ROI) in the p14-mRuby + PH(Akt)-GFP transduced 
HeLa cell (purple line from purple circle in panel A) and the non-transduced HeLa cell 
(blue line from blue circle in panel A). Fluorophore transfer following cell fusion is 
detected at approximately 40 minutes, as indicated by the vertical red line, after p14-
mRuby and PH(Akt)-GFP localization to the point of fusion pore expansion.  
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3.22. Figure 12. mTORC2 and PDK1 activation is necessary for p14 cell fusion.  

A. Relative fusion indices for TetOn-p14 HeLa cells treated for 8 hours with mTOR kinase 
inhibitor Torin 1 (Tor) or mTORC1 inhibitor rapamycin (Rap), concentrations shown in 
μM at 5 hours post Dox induction. B. Immunoblots of TetOn-p14 HeLa lysates showing 
p14-mediated phosphorylation of Akt-S473 with the same treatment concentrations of 
mTOR kinase inhibitor Torin 1 (Tor) as panel A. C. Immunoblots displaying the effect of 
PDK1 inhibitor BX795 (2µM) on Akt-T308 phosphorylation in doxycycline-activated 
TetOn-p14 HeLa cells. Treatment with BX795 results in a decrease in Akt T308 
phosphorylation. D. Relative fusion indices of doxycycline-activated TetOn-p14 HeLa 
cells treated with PDK1 inhibitor BX795(2µM) or vehicle control. 
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3.23. Figure 13. PI3K-mTORC2-Akt signalling does not activate mTORC1 to mediate 

p14 cell fusion.  

A. Immunoblots showing lentiviral transduced shRNA knockdown of mTORC2 subunit 
Rictor and mTORC1 subunit Raptor in TetOn-p14 HeLa cells, with two distinct shRNAs for 
each target and a non-targeting shRNA as a control. Cells were treated with or without 
doxycycline (5µg/ml) for 14 hours before harvesting. B. Fusion quantification of TetOn-
p14 HeLa cells transduced with non-targeting shRNA and two shRNAs each targeting 
Rictor or Raptor. Cells were treated with doxycycline (5µg/ml) for 13 hours before 
harvesting. C. Immunoblots revealing inhibition of Akt Ser473 phosphorylation in TetOn-
p14 HeLa cells with Rictor knockdown, but not with Raptor knockdown, following 14-
hour doxycycline treatment. D. Immunoblots showing lentiviral transduced shRNA 
knockdown of mTORC2 subunit SIN1 in TetOn-p14 HeLa cells, with two distinct shRNAs 
for the target and a non-targeting shRNA as a control and immunoblots revealing p14-
mediated activation of SIN1, as indicated by phosphorylation at SIN1 T87 in TetOn-p14 
HeLa cells treated with or without doxycycline.  E. Fusion quantification of cells 
transduced with two shRNAs targeting SIN1. F. Immunoblots of phospho-Akt S473, Akt, 
phospho-p70S6 kinase beta-1 (pS6), p70S6 kinase beta-1(S6), and eukaryotic translation 
initiation factor 4E-binding protein 1  (4EBP1) from lysates of TetOn-p14 HeLa treated 
with vehicle control, PIK75, MK2206, torin-1 or rapamycin (concentrations in μM). The 
phosphorylation of S6 and the presence of multiple bands for 4E-BP1 represent distinct 
phosphorylation states of these proteins, which is indicative of mTORC1 activity. The 
number of bands for 4E-BP1 and their migration rates (as seen in their relative positions 
on the gel) are indicative of the different degrees of phosphorylation. These changes 
were shown to not correlate with alterations in the fusogenicity of p14 brought about by 
treatments with kinase inhibitors (Fig. 4D &12A).   
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3.24. Figure 14. The AGC kinase PKC, but not SGK1, may be required for p14-

mediated cell fusion.  

A. The relative fusion index at 13 hours post dox induction and either not treated or 
treated with two SGK1 inhibitors, EMD 638683 and GSK-650394 for 8 hours, at the 
concentration of 10μM. B. The relative fusion index of TetOn-p14 HeLa cells using the 
same time course as A. and treated with the conventional PKC inhibitor, Go6976, at a 
concentration of 5μM. C. Immunoblots of TetOn-p14 HeLa cells stably transduced with 
one of two shRNAs knocking down PKCα or a scrambled shRNA control, with or without 
dox induction of p14 for 13 hours. D. Corresponding graph of relative fusion index 
showing no inhibition with PKC knockdown in TetOn-p14 HeLa cells.  
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3.25. Figure 15. p14 activates Akt prior to cell fusion. 

 A. Micrographs of HeLa cells transfected with wild-type p14, and non-fusogenic mutants 
p14-G2A (point mutation that eliminates myristoylation motif) and cytoplasmic tail 
truncation p14Δ88-144 (p14c88). Cells were fixed and Giemsa-stained 14h post-
transfection. B. Corresponding lysates were immunoblotted for p14, p14-G2A, and 
p14Δ88-144 (p14c88), AktS473 phosphorylation, and total Akt. The results show that 
expression of non-fusogenic mutants still activates Akt, suggesting that p14-mediated 
Akt activation occurs before, and is not a sequelae of, cell fusion events. 
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3.26. Figure 16. p14-mediated activation of p110α-Akt is essential for the pore 

formation step during cell fusion.  

A. Fluorescence micrograph depicting TetOn-p14 HeLa cells expressing GFP mixed with 
HeLa cells labeled with CellTracker Deep Red at a 1:1 ratio. p14 expression was induced 
by treating cells with doxycycline for 5 hours. Hoechst and WGA-555 were used to stain 
nuclei and cell borders, respectively. The number of nuclei within each cell containing 
both GFP and CellTracker Deep Red was quantified across 5 fields of view at 20x 
magnification (n=3) and grouped by nuclei count. Mononucleated cells (indicated by 
magenta arrows) exhibiting both fluorescent markers demonstrate fusion pore 
formation without the completion of subsequent fusion steps. B. Graph of the number 
cells positive for both fluorescent population markers (GFP and CellTracker Deep Red) 
binned by number of nuclei. Mixed populations were treated with BYL719 (1µM), 
BX795(2µM) and MK2206(2µM) 5 hours post dox induction and then fixed and dual 
color cells were counted 5 hours later. Cells co-stained with CellTracker Deep Red and 
GFP were manually identified and the quantification number of nuclei per dual color cell 
was automated.  
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3.27. Figure 17. Myomerger activates Akt prior to cell fusion.  

A. Representative images of fusion in Geimsa stained Myomerger-Tet-On 293A (mymg) 
cells expressing Myomaker and treated with doxycycline (5μg/ml) for 24 hours alone or 
with BYL719 (1μM), PIK75 (100 nM), MK2206 (1μM), or rapamycin (500 nM) for 18 
hours. B. Quantification of the relative fusion index for treatments described in Panel A. 
C. Western blot analysis of Akt Ser473 phosphorylation and total Akt in lysates from 
293A Tet-On Myomerger cells. 
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3.28. Figure 18. C2C12 myogenic differentiation and fusion correlates with p110α-

mediated Akt activation. 

 A. Fluorescent micrographs of C2C12 cells stained for MyoD (green) and nuclei 
(DRAQ5), treated with either vehicle control (DMSO) or BYL719 at two concentrations. 
B. Quantification of the relative fusion index of C2C12 cells, 3 days post-differentiation, 
treated daily with either BYL719 1μM (compared to DMSO 1μM) or BYL719 2.5μM 
(compared to DMSO 2.5μM) starting from day 1. C. Western blot analysis of phospho-
Akt Ser473 and total Akt in C2C12 lysates collected at 0 days and 3 days post-
differentiation, treated with either vehicle control (DMSO) or BYL719. The analysis 
shows an increase in pAkt S473 levels in vehicle control-treated C2C12 cells at 3 days 
post-differentiation compared to the BYL719-treated cells. 
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3.29. Figure 19. SARS-CoV2 Spike-mediated cell fusion is not dependent on p110α 

activation of Akt.  

A. Giemsa-stained images of 293A cells stably transduced with ACE2 and transfected 
with either empty vector (pcDNA3) or SARS-CoV2 Spike, and treated with vehicle 
control, BYL719 (1μM), MK2206 (1μM) or EIPA(10μM) 4 hours post-transfection and 
fixed at 10 hours post-transfection. B. Relative fusion index of PI3K and Akt inhibitor 
treatments shown in A. C. Western blot analysis of pAkt and total Akt in lysates from the 
same experiments in Panels A and B. 
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3.30. Figure 20. p14 is incorporated into large PIP(3,4,5) vesicles. 

 A. Time series of a PH(Akt)-GFP and p14-mRuby transduced HeLa cell 12 hours post 
doxycycline activation, displaying localized membrane ruffling. Scale bar = 15µM. In the 
insets of the two boxed areas (highlighted in purple and blue), large vesicles positive for 
PH(Akt)-GFP and p14-mRuby can be observed that resemble macropinosomes. Scale bar 
= 2µM. B. Diagram of the macropinocytosis pathway illustrating the targets of various 
inhibitors and their roles in the process; sodium/hydrogen exchange inhibitor ethyl-
isopropyl amiloride (EIPA), cytohesin inhibitor SecinH3, ARF6 inhibitor NAV 2729, 
vacuolar H+-ATPase inhibitor bafilomycin A1, and tubulin-binding agent nocodazole. See 
text for details. 
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3.31. Figure 21. The macropinocytosis pathway is essential for p14-mediated cell 

fusion. 

 A. Graph of the relative fusion indices of TetOn-p14 HeLa cells treated with the 
indicated five macropinocytosis inhibitors. The inhibitors utilized in the study include the 
sodium/hydrogen exchange inhibitor Ethyl-isopropyl Amiloride (EIPA, 30μM), cytohesin 
inhibitor SecinH3 (25μM), ARF6 inhibitor NAV 2729 (5μM), tubulin-binding agent 
nocodazole (1μM), and V-ATPase inhibitor Bafilomycin A1 (100nM). Following 5 hours 
post-induction, TetOn-p14 HeLa cells were pre-treated with these specific inhibitors for 
8 hour and fusion index for each treatment was calculated. B. The graph illustrates the 
ratio of cytosolic-to-plasma membrane PH(Akt)-GFP fluorescence intensity, serving as a 
relative measure of PIP(3,4,5) concentration. TetOn-p14 HeLa cells transduced with the 
PIP(3,4,5)-binding pleckstrin domain of Akt tagged with GFP were treated with 
doxycycline at time 0 and EIPA (30μM) at 9 hours. Measurements were made at 0, 4, 8, 
12, and 16 hours in mononucleated cells for the three treatments: No Dox, Dox, and 
Dox+EIPA. The application of EIPA is marked with a dashed red line. The results suggest 
that p14 expression prompts an upsurge in PIP(3,4,5) production at the plasma 
membrane, an effect that remains unabated by the EIPA treatment, a macropinocytosis 
inhibitor.  
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3.32. Figure 22. p14 increases high molecular weight dextran uptake in a p110α-

dependent manner prior to cell fusion. 

 A. Micrograph showing fluorescent nuclei in blue (Hoechst) and high molecular weight 
dextran in white (70 kDa-dextran-TMR-Red) in doxycycline-activated TetOn-p14 HeLa 
cells 10h post induction. Cells were not-treated (NT) or treated with the PTEN inhibitor 
bpV(HOpic), 5μM), p110α inhibitor BYL719 (1μM), or macropinocytosis inhibitor EIPA 
(50μM). B. Quantification of high molecular weight dextran uptake in doxycycline-
activated TetOn-p14 HeLa cells 10h post induction. Cells were treated for 1h with p110α 
inhibitors PIK75 (100nM) or BYL719 (1μM), macropinocytosis inhibitor EIPA (30μM), or 
endocytic inhibitor Pitstop2 (30μM) (left panel), or with bpV(HOpic)(5μM) (right panel) 
followed by incubation with 70 kDa-dextran-TMR-Red. Dextran uptake was normalized 
to the number of nuclei in the field of view as identified by Stardist nuclei segmentation 
software. Solid circles represent cells without p14 while open circles represent 
doxycycline-induced p14 cells. C. Same assay as in B with different y-axis range to 
demonstrate bpV(OHpic) increases in dextran uptake.  
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3.33. Figure 23. p14 increases latex bead uptake in a p110α-dependent manner. 

 A. Micrographs illustrating the uptake of latex beads (0.8μm) in doxycycline-activated 
TetOn-p14 HeLa cells HeLa cells were seeded and either induced to express p14 with 
doxycycline treatment (Dox+) or left untreated (Dox-). After 7 hours, the cells were 
treated with 100 nM PIK75 (PIK75+) or vehicle control (PIK75-) for 1 hour before 
incubation with latex beads for 4 hours in the presence of vehicle control or PIK75. 
Images were captured after washing out the latex bead-containing media. B. Graph 
showing the quantification of latex bead uptake in doxycycline-activated TetOn-p14 
HeLa cells with or without PIK-75 treatment. Solid circles represent cells without p14, 
while open circles represent doxycycline-induced p14 cells.  
 
 
  



102 

 
  



103 

3.34. Figure 24. Active macropinocytosis with the generation of macropinosomes is 

observed at time and points of cell-cell fusion.  

 A. Volumetric rendering of a time series of a doxycycline treated TetOn-p14 HeLa cell 
expressing LCK-tdTomato (LCK-tdTom) (magenta) fusing with a LCK-GFP expressing cell 
(yellow) at 12h post doxycycline induction of p14. Scale bars = 20μM. B. Magnified 
images of the boxed region in panel A, with parallel teal and grey lines corresponding to 
the regions depicted in the accompanying fluorescence intensity plot profiles of the two 
fluors. Scale bars = 5μM. The time-dependent reduction in the peak intensity of the two 
distinct fluor peaks in the grey plot profiles from 55s to 165s, but not the teal plot 
profiles, corresponds with loss of the intact plasma membrane and equalization of the 
signals along the plot profile, indicating pore formation occurred where the grey bar 
transects the two membranes. 
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Figure 24 (cont’d). Active macropinocytosis with the generation of macropinosomes is 
observed at time and points of cell-cell fusion. 
  C. Magnified images of the same region depicted in panel B, captured at the two 
indicated focal planes relative to the ventral cell surface. White arrowheads in the 
different timepoints indicate the same location in the respective focal planes and show 
the formation of a LCK-tdTom macropinosome at the fusion synapse containing a 
discrete LCK-GFP signal. D. Series of 3D surface plots (fluorescence intensity represented 
by peak height and color intensity) of the 50x50 pixel area centered on the 
macropinosome format of the lowest z plane. The formation of a LCK-TdTom 
macropinosome with a LCK-GFP signal localized within the cup and persisting in the 
lumen of the LCK-tdTom (white arrows) macropinosome, is an architecture consistent 
with the prefusion formation of macropinosomes wherein the LCK-tdTom expressing cell 
engulfs the GFP expressing cell before fusion pore formation and lipid mixing.  
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3.35. Figure 25.  Membrane ruffling and macropinocytosis cup formation precede 

membrane fusion at cell-cell fusion synapse. 

  A/A’.  A time series of 3D-volumeric (A) and surface rendering (A’) of a multinucleated 
LCK-tdTom TetOn-p14-HeLa syncytium (purple) fusing with LCK-GFP HeLa cell (yellow) 
not expressing p14. Image capture started at 12.5 hours post fusion induction (0 
seconds) and then every 33.54 seconds taking 5 z-slices spaced 1.5 um apart. B. Cutout 
1: Large vesicles (macropinosomes in max intensity projection; orange arrows) can be 
seen forming at the cell periphery of LCK-tdTom multinucleated cell from membrane 
ruffles (surface projection and max intensity projection; blue arrows) projecting upwards 
from the cell edge before fusing with the dorsal surface. B. A membrane ruffle travels 
along the edge of the syncytial cell from area of macropinosome formation toward LCK-
GFP mononucleated cell, indicating macropinocytosis does not preferentially localize to 
sites of cell to cell contact.  C. A cutout illustrating a membrane ruffle and the formation 
and closure of a macropinocytotic cup in LCK-tdTom containing and deforming the 
apposing LCK-GFP plasma membrane into the lumen of the macropinocytotic cup (white 
arrow) immediately prior to fusion at the fusion synapse and fluorophore transfer 
between cells (red arrow). A macropinosome (orange arrow) can be seen to originate 
from the same ruffle closure where fusion occurs confirming macropinocytosis occurs at 
points of cell to cell fusion.  
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Chapter 4: Discussion 

4.1. Overview 

The small size of the FAST proteins and their ability to robustly induce cell to cell fusion 

in nearly all cell types make them an excellent model for examining the minimal 

determinants of cell fusion. The use of “-omic” approaches was intended to provide a 

broad view of cellular cofactors needed for FAST protein-mediated cell-cell fusion while 

perhaps also providing some insights into more universal features of cell-cell fusion. 

Three different high-content assays, the siRNA and kinase inhibitor screens along with 

the MAC assay, all identified the PI3K-Akt pathway as a mediator of FAST protein-

mediated cell-cell fusion (Fig. 28) This signaling hub is a central cellular signalling 

pathway with over 100 known substrates (Humphrey et al., 2013, 2015; Toker & 

Marmiroli, 2014), so merely identifying it as being required for FAST protein-mediated 

cell-cell fusion was not particularly informative.  The breakthrough in our understanding 

of how this pathway promotes fusion synapse formation came from live cell imaging 

experiments and optimized dual colour fluorescence imaging protocols I developed.  

Using a dox-inducible, p14 HeLa cell system, I could synchronize p14 expression and 

cell-cell fusion to allow 3D imaging over relatively short time frames. This allowed me to 

capture cell fusion at high-spatial and temporal resolution. I was also able to image 

macropinocytic vesicles that were dual-labeled for p14 and PIP(3,4,5) forming at the 

fusion synapse coincident with pore formation. Together, these results revealed for the 

first time that p14, via activation of PI3K-Akt signaling, upregulates MaPi pathways to 

promote cell-cell membrane fusion (Fig.28).  Furthermore, collaborative studies 

indicated this pathway was also involved in myomerger-mediated syncytiogenesis (Fig. 

26) and possibly during mouse myotube formation, but not during syncytium formation 

induced by diverse enveloped virus fusogens, suggesting a conserved mechanistic link 

between small protein fusogens.  Intriguingly, time lapse image analysis showed fusion 

pore formation occurring in or immediately proximal to the macropinocytic cup and 

concurrent with retraction of the macropinocytic membrane to form a macropinocytic 

vesicle, suggesting a novel retraction mechanism rather than protrusion mechanism for 
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how actin-driven membrane deformations could induce the membrane tension needed 

for cell-cell fusion.  

 

4.2. SiRNA and small molecules screens reveal the pi3k-akt pathway as a key 

regulator of fast-mediated cell fusion 

An initial siRNA screen was conducted using multiple siRNAs to target numerous kinases. 

This medium-throughput screening method aimed to strike a balance between 

identifying potential hits and controlling costs. Kinases were targeted due to their 

central role in signaling networks and well-differentiated druggable nodes, such as 

individual kinases and well-characterized signaling cascades. This approach enabled the 

identification of pathways associated with rapid protein fusion, with multiple hits along 

a similar pathway reducing the likelihood of false positives. Additionally, kinases have 

been identified as mediators of various cell fusion forms (Omata et al., 2013; Weichert 

et al., 2016; H. Zhang et al., 2021). 

However, no target gene in the p15-mediated fusion siRNA screen demonstrated 

greater than 60% fusion inhibition with all three siRNAs targeting that gene due to 

several confounding factors. For instance, cells transfected with the control non-

targeting siRNA exhibited an increased rate of syncytiogenesis, complicating the 

standardization of results (Fig. 5B). Another factor complicating the analysis was that 

many kinases have multiple isoforms with similar structures. The removal of one isoform 

from the cellular environment can allow the remaining isoforms to compensate by 

binding interacting partners that they would normally be competitively inhibited from 

interacting with. For example, of the three Akt isoforms, in vivo studies indicate Akt2 is 

the primary isoform expressed in skeletal muscle and deletion of Akt2 decreases the 

myofiber area and fusion index (Gardner et al., 2012; Glass, 2011; Rommel et al., 2001). 

However, a single isoform of Akt is sufficient for myotube formation and over expression 

of Akt1 can restore function from loss of Akt2 (Gardner et al., 2012).  In addition, studies 

on C2C12 fusion revealed that while pharmacological inhibition of PI3K isoform p110β 

results in a fusion defect, genetic knockdown leads to hyperactivation of p110α, 
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resulting in increased myotube size and nuclei number (Matheny et al., 2012, 2015). In 

my screen, each isoform of PI3K and Akt was individually targeted, making it challenging 

to assess the collective contribution of Akt to p15-mediated fusion.  

Despite these limitations, the STRING network analysis and KEA3 identified 

subnetworks of kinase signaling that were overrepresented within these hits. Akt was 

found to be the most common downstream signaling kinase, which I subsequently 

confirmed is an essential kinase for efficient p14-mediated cell-cell fusion. STRING 

analysis of the hits compared to the targeted proteins in the screen revealed a 

significantly larger number of interactions between hits than would be expected by 

random chance (p=0.0202). This indicates that a protein signaling network is likely 

contributing to p15 fusion activity. Interestingly, p21-activated kinase 1 (PAK1) was 

identified as the highest scoring upstream kinase in the KEA3 analysis. PAK1 specifically 

contributes to myoblast fusion during muscle development by regulating the actin 

cytoskeleton, ensuring proper cell-cell contact for fusion (Joseph et al., 2017). In 

osteoclast formation during bone remodeling, PAK1 also regulates the actin 

cytoskeleton, aiding in the fusion of mononuclear precursors to form functional 

osteoclasts (Pereira et al., 2018). PAK1 is also known to be involved in other fusion 

events, including HIV-env fusion and Cryptococcus neoformans in cell fusion (Nichols et 

al., 2004; Pontow et al., 2004). It would be interesting to evaluate PAK1 relationship to 

the fusion-promoting PI3K-Akt signaling axis I identified and characterized. 

While siRNA can effectively silence proteins, it may not always inhibit function to 

the same extent as drug inhibition. To validate the siRNA predictions and perform a 

more rigorous interrogation of kinase signalling in p15-mediated fusion we decided to 

perform an additional small molecule inhibitor screen.  The small molecule kinome 

screen had a vastly reduced number of targets (165 vs 710 siRNA targets), and each drug 

was assayed at 3 concentrations in triplicate providing a robust dataset that also allowed 

detection of dose-dependent effects. Three small molecule inhibitors emerged as high 

probability hits from the inhibitor screen for their potent inhibition of p15 syncytia 

formation without causing a significant decrease in cell proliferation or viability: PIK75 at 
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concentrations of 2.5uM and 0.25uM, A443654 at 2.5uM concentration, and PHA767491 

at 2.5uM (Fig. 4A).  

PIK75 is a class IA PI3K inhibitor with specificity for the p110α isoform over the 

p110β (200-fold) and p110ɣ (~100-fold) isoforms (Knight et al., 2006; Y. Li et al., 2012). 

However, PIK75 has also been reported to inhibit DNA-dependent protein kinase (DNA-

PK), an enzyme involved in DNA repair and V(D)J recombination (Liang & Blundell, 2023), 

hence a potential contribution of DNA-PK to p15 syncytia formation cannot be excluded. 

A443654 is an inhibitor of Akt, an effector kinase of class I PI3Ks [4], and previous studies 

implicate PI3K-Akt signaling in various cell fusion events (Jin & Woodgett, 2005; Oikawa 

et al., 2012). PHA767491 inhibits cdc7/cdk9, enzymes known to be involved in cell cycle 

regulation and transcription (Anshabo et al., 2021; Montagnoli et al., 2008). The 

involvement, if any, of these two kinases in cell fusion requires further investigation.  

Of the four high-confidence hits from the kinase inhibitor screen, three identified 

the PI3K-Akt signaling axis as being necessary for p15 induced syncytiogenesis. This 

finding was corroborated by the MAC assay (Fig. 7B), which identified Akt and H2AX as 

the sole hits for inhibiting p14 fusion in the same cell line. The congruence of results 

from both the MAC assay and kinase inhibitor screen provided a high degree of 

confidence that these results warranted further investigation. The absence of other hits 

from these assays (aside from H2AX and cdk7/9) also pointed to the central role of PI3K-

Akt signaling in both p15 and p14 fusion. Furthermore, the activation of PI3K-Akt by p14 

strengthens the notion that PI3K-Akt signaling plays a more direct and significant role in 

the regulation of cell fusion events, rather than merely regulating cellular homeostasis. 

Due to known off-target effects of small molecule inhibitors, such as PIK75 

inhibiting DNA-PK, it was necessary to confirm PI3K-Akt involvement in p14-mediated 

cell fusion. Although genetic inhibition is ideal for this confirmation, pharmacological 

inhibitors of PI3K p110α and Akt were utilized instead. The kinase siRNA screen did not 

reveal significant fusion inhibition with any PI3K isoform or Akt isoform knockdown, 

which could be attributed to known issues with the genetic knockdown of single 

isoforms of p110 PI3K or Akt enabling non-physiological compensatory functions 
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(Arcucci et al., 2021). For instance, in C2C12 myoblast fusion, knockdown of p110β has 

been shown to hyperactivate p110α, resulting in increased Akt activation as well as 

myotube size and nuclei number. However, pharmacological inhibition of p110β with 

TGX221 hindered differentiation. (Jin & Woodgett, 2005). The specificity of p14-induced 

PI3K-Akt activation for the p110α isoform was confirmed by testing three additional 

inhibitors: BYL719 (p110α-specific), TGX221 (p110β-specific), and wortmannin (pan-Class 

1 PI3K inhibitor). The results indicated that p14-induced AktS473 phosphorylation and 

fusion were inhibited by PIK75, BYL719 (p110α-specific), and wortmannin, but not by 

TGX221, supporting the notion that p14 activates the PI3K (p110α)-Akt signaling axis.  

p14 Tet-On HeLa cells were treated with A443654, a competitive inhibitor of substrate 

binding, and MK-2206, an allosteric inhibitor of Akt, to further investigate their role in 

fusion (Fig. 7A). The observed inhibition of fusion in both treatments indicated the 

necessity of Akt in p14-mediated fusion. Moreover, hyperactivation of the PI3K-Akt 

pathway induced by inhibiting PTEN with bpV(HOpic), which allowed manipulation of 

PIP(3,4,5) accumulation without directly affecting p14-mediated activation of 

PI3K(p110α),  (Fig. 11A&B). further emphasized the significance of the PI3K-Akt signaling 

pathway in FAST protein-mediated syncytiogenesis. 

Our investigation of fusion pore formation revealed that the PI3K-Akt pathway 

was required at or prior to pore formation. p14 expression in GFP-transduced HeLa cells 

resulted in cytosolic mixing with neighboring HeLa cells labeled with CellTracker Deep 

Red, without full fusion (Fig. 16A purple arrows). This was indicated by the presence of 

numerous dual-color mononucleated cells, suggesting that GFP can indeed diffuse 

between cells through fusion pores that have not yet expanded, or failed to do so. This 

observation was further corroborated by live-cell imaging, where we witnessed the 

transfer of GFP between cells for several minutes before the plasma membrane 

vanished (data not shown or reference a video). These results suggest that the fusion 

pores were sufficiently large to permit the transfer of GFP, thus validating our assay as a 

suitable method to investigate the role of PI3K-Akt signaling in fusion pore formation 

and expansion. Our study provides strong evidence that PI3K-Akt activation is not solely 
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a consequence of cell fusion but rather plays a vital role in the early stages of syncytium 

formation.  

 

4.2 Understanding PI3K-Akt Dynamics in p14 Fusion Through the Lens of Other Fusion 

Models 

Given the diverse functions of the PI3K-Akt pathway within cells, an examination of the 

existing literature on PI3K-Akt signaling regulation in other cell-to-cell fusion models 

provided valuable insights into the pathway's potential function in FAST protein fusion. 

The PI3K-Akt pathway has been associated with various fusion paradigms, performing 

distinct functions such as altering transcription and/or translation to differentiate fusion-

incompetent cells into fusion-competent cells, as observed in myoblast fusion, or driving 

the formation of fusogenic invasive membrane projections at the fusion synapse in 

osteoclast fusion (E. H. Chen, 2011; Faust et al., 2019; Gardner et al., 2012). Guided by 

these contrasting models, we employed siRNA and inhibitor experiments to elucidate 

the necessary downstream effectors of PI3K-Akt signaling in FAST-mediated fusion, and 

live cell imaging to localize PI3K-Akt signaling and observe changes in cell morphology 

induced by this signaling. My results revealed that p14 mediated cell fusion, does not 

utilize the mTORC1 translation signaling hub critical for cell differentiation in myoblast 

fusion, and while p14 did induce membrane projections, their contribution to cell fusion 

is likely distinct from the protrusive force mechanism of invadopodia/podosomes 

previously described in osteoclast and Drosophila fusion. 

To determine if p14-mediated fusion is distinct from myoblast fusion, we 

investigated whether p14 induces a myogenic-like differentiation program by drawing 

from the existing literature on downstream mediators of PI3K-Akt signaling in vertebrate 

myoblast cell differentiation. We employed inhibitor and siRNA approaches targeting 

the downstream mediator, mTORC1, which is required for C2C12 myotube formation 

and the expression of IGF-II and proliferation (Erbay et al., 2003; Rion et al., 2019). In 

mouse studies, satellite cells contribute a significant portion of myonuclei to mature 

myotubes through fusion, and p110α of PI3K signaling through mTORC1-cJun and FOXO 
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3a is necessary and sufficient for quiescence exit of adult muscle satellite cells prior to 

fusion (G. Wang et al., 2018). 

However, our results revealed that p14-mediated fusion is not mTORC1 

dependent, as evidenced by the lack of fusion inhibition by rapamycin treatment or 

Raptor shRNA knockdown, and the absence of a decrease in Akt S473 phosphorylation 

following rapamycin treatment in C2C12 cells. Additionally, while the mTORC1-pS6 

pathway has been implicated in the regulation of myogenic differentiation by controlling 

the expression of key myogenic transcription factors such as MyoD, myogenin, and 

myocyte enhancer factor 2 (MEF2) (Lehka & Rędowicz, 2020; Yoon, 2017), the 

phosphorylation of S6, which was upregulated by p14 and inhibited by rapamycin (Fig. 

13F) did not show a correlation with fusion as rapamycin treatment of TetON-p14 HeLa 

cells did not inhibit fusion (Fig. 12B). These findings further support the notion that p14-

mediated fusion employs a distinct mechanism from that of myoblast differentiation 

(Gardner et al., 2012; Glass, 2011).   

In contrast to the primarily transcriptional role of PI3K-Akt signaling in vertebrate 

muscle development, my study suggests PI3K-Akt signaling acts locally at points of cell-

to-cell fusion.  Specifically, we found that p14 activates PI3K, and the synergistic action 

of p14 and PI3K increases the proportion of syncytial nuclei to single cells within a cell 

population. The increase in Akt S473 phosphorylation coincides with the fusion-critical 

function of PI3K-Akt signaling, as PI3K-Akt signalling occurs prior to fusion in 

mononucleated cell (Fig. 9) and non-fusogenic p14 mutants induce Akt activation (Fig. 

15). Experiments to quantify fusion pore formation showed that PI3K-Akt signaling is 

critical prior to fusion pore formation and/or pore expansion, but not for syncytia 

maintenance (Fig. 16). These findings suggest that PI3K-Akt signaling is not mediating 

global transcriptional changes during muscle development, but instead, plays a critical 

role in the molecular mechanisms underlying cell fusion. 
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4.3. p14 and the podosome-like-structure fusion model 

The involvement of invadopodia/podosomes in cell fusion processes has gained 

attention in recent years (Brukman et al., 2019; Chuang et al., 2019, 2019; Dufrançais et 

al., 2021; Kim et al., 2015; Shilagardi et al., 2013a). Podosomes and invadopodia, 

collectively referred to as invadosomes, are dynamin and branched actin-rich structures 

on the cell's ventral surface, characterized by an Arp2/3-nucleated F-actin core and a 

surrounding ring of various proteins. Adhesion proteins in this ring, such as integrins 

(αvβ3, αvβ5) and talin, facilitate extracellular matrix interaction. Scaffolding proteins like 

vinculin, paxillin, and Hic-5 anchor the actin core to the membrane, providing structural 

stability. The dynamics and life cycle of these structures are regulated by signaling 

proteins, including Src kinase, Cdc42, and Rho-GTPases. Nucleation promoting factors 

like N-WASP and cortactin catalyze actin polymerization in the core. Tyrosine kinase 

substrate 5 (TKS5), a key component of invadopodia, connects the actin cytoskeleton to 

membrane-bound metalloproteases, enabling ECM degradation. (Linder et al., 2023; 

Murphy & Courtneidge, 2011). The spatial organization of fusogenic invadosomes differs 

from traditional invadosomes. While classic invadosomes are formed on the ventral cell 

surface and penetrate vertically into the extracellular matrix, fusogenic invadosomes 

project perpendicularly from the cell edge and protrude into neighbouring cells.  

In osteoclast fusion, the catalytic subunit isoform p110α but not p110β of PI3K is 

essential for inducing the formation of these fusogenic invadopodia, while scaffold 

protein TKS5, which binds PIP(3,4) produced from PIP(3,4,5) by phosphatase SHIP2, 

plays a crucial role in invadopodia formation and function, directly interacting with 

dynamin-2 and regulating actin filament assembly within the fusogenic podosome 

(Kodama & Kaito, 2020; Oikawa et al., 2012; Pereira et al., 2018). The specific 

contribution of Akt to the formation of fusogenic invadopodia in osteoclasts is unclear, 

as it is negatively regulated by SHIP2 depletion of PIP(3,4,5), however, a separate study 

demonstrated that mTORC2-Akt signaling is necessary for osteoclast fusion, while 

mTORC1 is dispensable (Tiedemann et al., 2017a). This finding parallels the isoform 
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specific kinase requirements for p14-mediated fusion, emphasizing the similarity of 

PI3K-Akt signalling in both osteoclast fusion and p14-mediated fusion.  

Broadly speaking, the plasma membrane of metazoan cells is intricately linked to 

an elaborate and dynamic underlying cortical cytoskeleton composed of filamentous 

actin (F-actin) (Chugh & Paluch, 2018). The cortical actin networks comprise both 

branched and unbranched filaments that are generally lying parallel to the overlaying 

lipid bilayer. In most metazoan cells, including those capable of cellular fusion, the 

cortex is a critical determinant of morphology and surface tension.   Elizabeth Chen and 

others have made the case for the presence of significant mechanical tension between 

apposing cells involving rapid modulation of the cortical network as an essential 

prerequisite for cell-to-cell fusion. (Chen, 2011; Hammers et al., 2021).  Under this 

model, there exists an underlying asymmetry observed at the fusogenic synapse 

wherein actin propelled protrusions termed F-actin-enriched podosome-like structure 

(PLS) from one cell indents and thus elicits a myosin II (MyoII)-mediated 

mechanosensory induction of actin polymerization in the tightly apposed “recipient” cell 

that resists the invasive projections (Kim et al., 2015).   The ensuing high mechanical 

tension is proposed to promote both fusogen engagement and, ultimately, fusion of the 

cell membranes themselves.   

The role of membrane tension in the fusion of membranes has been the study of 

many recent investigations as new tools are developed to measure force in the 

microenvironment. However, the exact role of mechanical force remains controversial 

and poorly understood. In one report, Drosophila S2R+ cell lines, which normally do not 

fuse, were induced to do so by transfecting cells either with the C. elegans fusogenic 

protein Eff-1 alone or in combination with the fusion-competent myoblast (FCM)-

specific cell adhesion molecule Sns (Sticks-and-Stones) and co-incubating the two 

populations (Shilagardi et al., 2013).  Actin-propelled podosome-like structures (PLS) 

were observed protruding from the Sns-Eff-1-expressing “attacking” cells into the Eff-1-

expressing “receiving” cells. The receiving cell resists invasion by promoting the 

accumulation of contractile cortical actin, facilitated by myosin.  The cells in this system 
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appear to impose a mechanical force on the receiving fusion partner with inward 

membrane curvatures observed in the latter.  

In a subsequent study using atomic force microscopy (AFM), a pushing force was 

applied to the cell cortex using a cantilever (100 nm width) thus approximating the 

mechanical force observed by PLS invasion in cell-cell fusion, resulting in a similar degree 

of cortical deformation and cell-cell fusion (Kim et al., 2015).  These results highlight the 

need for membrane tension to allow fusion to occur. Subsequent research has revealed 

the presence of membrane projections in various cell fusion contexts, including 

osteoclast and murine myoblast fusion, as well as during Burkholderia thailandensis 

infection (Kostow & Welch, 2022). In addition, increased tension in MCF-7 cells within 

3D culture has been shown to induce cell fusion, resulting in multinucleated giant cells 

(Bühler et al., 2022). Lateral membrane tension has been found to significantly enhance 

SNARE-mediated fusion of giant unilamellar vesicles with a planar bilipid layer and to be 

crucial for pore expansion in HIV-1 viral fusion with the plasma membrane (Coomer et 

al., 2020; Kliesch et al., 2017). 

Drawing on recent studies from Dan Fletcher's lab, it appears that FAST proteins, 

including p14, may drive cell fusion through a membrane projection mechanism. This 

process is facilitated by the recruitment of cytoskeletal regulatory proteins to stimulate 

filamentous actin formation at the plasma membrane. Specifically, p14 recruits the 

growth factor receptor-bound protein 2 (GRB2) by binding to a phosphotyrosine residue 

at position 116 within its cytoplasmic tail (K. M. C. Chan et al., 2020). Receptor tyrosine 

kinases (RTKs) frequently function upstream of GRB2, acting as a bridge to transmit 

signals from activated RTKs to PI3K and other downstream effectors (T. O. Chan et al., 

2002; Lowenstein et al., 1992). By binding to the p85 subunit of PI3K, GRB2 facilitates 

PI3K activation, which in turn impacts various cellular processes (Jiang & Ji, 2019). 

The recruitment and activation of GRB2 by p14 appeared to be a promising 

mechanism for p14's activation of PI3K. However, both the fusion-dead mutant p14G2A 

and the severe fusion inhibition mutant p14C88, which lacked the polyproline GRB2 

binding domain, were able to activate Akt. This suggests that GRB2 is not responsible for 
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p14's activation of the PI3K-Akt pathway. Moreover, these results indicate that 

activation of the PI3K-Akt pathway, while necessary, is not sufficient for p14 fusion and 

occurs prior to fusion. Nevertheless, p14's recruitment of actin polymerizers aligns with 

the idea that p14-induced fusion, as suggested by Fletcher's work, is one of a growing 

number of cell fusion paradigms in which cytoskeletal membrane protrusions play a 

crucial role. The role of membrane projections in mediating cell-cell fusion is an essential 

area of investigation. These dynamic, actin-rich structures, including filopodia and 

invadopodia, extend from the cell surface and facilitate cell adhesion, migration, 

membrane tension, and fusion. Membrane projections are thought to serve as initial 

contact points between cells, allowing them to come into close proximity and 

subsequently undergo fusion.  

 

4.4. Unveiling the mechanisms of p14-induced fusion through advanced imaging 

To unravel the mysteries of p14-induced fusion and membrane projection-mediated cell 

fusion, suggested by Fletcher's work, we saw an urgent need for an innovative approach 

to visualize these processes with unprecedented clarity. p14's activation of the PI3K-Akt 

pathway through a GRB2-independent mechanism, as indicated by the ability of the 

fusion-deficient p14G2A and p14C88 mutants to activate Akt, suggested a deeper level 

of complexity. While PI3K-Akt pathway activation appeared necessary, it was not 

sufficient for p14 fusion, indicating additional processes or mechanisms at play. One 

intriguing lead was the involvement of actin polymerizers, hinting at a role for 

cytoskeletal membrane projections in cell fusion, an emerging paradigm in the field. 

Our ambition to visualize and analyze these membrane projections and fusion 

processes in real-time led us to embrace advanced imaging techniques. New state of the 

art imaging techniques, including confocal microscopy, total internal reflection 

fluorescence (TIRF) microscopy, and super-resolution stimulated emission depletion 

(STED) microscopy, have been employed in live-cell imaging to visualize membrane 

fusion events in exocytosis of synaptic vesicles and viral envelope-plasma membrane 

interactions. However, due to the relatively long timescales and stochastic nature of cell 
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fusion, conducting similar high spatial and temporal resolution microscopy experiments 

remains challenging. A second challenge is quantifying membrane tension at sites of 

membrane invasion from one cell into another. A focus of my PHD research has been 

maximizing the spatial and temporal resolution of the fusion synapse before, during and 

after fusion which in turn allows for the inference of which direction mechanical force is 

being applied from one plasma membrane to the other. 

Cell-cell fusion studies have historically faced challenges due to the reliance on 

2D microscopy techniques to capture fusion events. These methods frequently employ 

high-magnification objectives that, despite their superior resolution, have a limited 

depth of field. Consequently, the field of view encompasses a mere 250-300 nanometers 

on the z-axis, providing only a narrow glimpse of the interface between two opposing 

cells, which can span up to 3 micrometers before fusion. Alternatively, researchers have 

used lower magnification objectives with a larger depth of field. While this approach can 

survey a broader region, it sacrifices lateral resolution, making it ill-suited for accurately 

capturing the intricate details of the fusion synapse. 

In pursuit of a more refined understanding of cellular fusion, we adopted an 

advanced approach employing live-cell 3D imaging with enhanced temporal resolution. 

This transition necessitated the mitigation of phototoxicity, a byproduct of reactive 

oxygen species generation due to laser exposure. Our pioneering experiments served as 

the springboard for this advancement, revealing that the majority of cell fusion events 

occurred within 2-3 microns of the coverslip's top. This discovery allowed us to 

strategically reduce the number of z-slices necessary to capture the fusion site, 

circumventing the need to image the entire cell height and thereby minimizing laser 

exposure. This minimization was compounded by our decision to utilize larger gaps 

between the slices. 

Simultaneously, we focused on optimizing the speed of p14 fast protein-induced 

cell fusion, allowing for a further reduction in laser exposure. We noted that fusion 

transpired more slowly when cells were seeded on glass coverslips or optical plastic 

compared to plastic cell culture multi-well plates. This observation led us to hypothesize 
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that cell adhesion influences fusion kinetics. To test this, we explored various substrates 

such as fibronectin, Poly-L-lysine, and collagen, aiming to enhance both fusion and cell 

attachment. Among these, Poly-L-lysine emerged as the most successful in replicating 

fusion kinetics observed in traditional cell culture. 

Our strategy also incorporated the use of Fluorobrite media, a formulation 

designed specifically to reduce reactive oxygen species production and bolster the 

signal-to-noise ratio. Used in conjunction with a spinning disk microscope and 

meticulously optimized capture parameters, we substantially improved the accuracy of 

our imaging. An integral part of this enhancement came from Noise2Void, an 

unsupervised machine learning algorithm adept at reducing noise (Krull et al., 2019). By 

boosting the signal-to-noise ratio, Noise2Void enabled us to depict fusion synapse 

features more precisely, even while using lower laser intensities. 

The culmination of these strategic adjustments resulted in a sophisticated 

imaging setup. This approach not only allowed for a more nuanced visualization of the 

fusion synapse but also represented a significant leap from previous methodologies. I 

first used 3D imaging to investigate the localization of PIP(3,4,5) using the PH(Akt)-GFP 

biosensor and p14 tagged with the fluorescent protein mRuby, as well as the dynamics 

of membrane projections at the fusion synapse. This approach allowed tracking 

spatiotemporal changes in key signaling molecules and observing morphological 

alterations during fusion. I was able to localize both PIP(3,4,5) and p14 to the fusion 

synapse prior to fusion (Fig.10A) and accurately determine when fusion occurs by 

measuring the diffusion of PH(Akt)-GFP to the unlabeled cell (Fig. 10B). Intriguingly, 

fusion took place near membrane ruffles and upon their closure, as opposed to 

instances when the largest invasion of one cell into another occurred. Nonetheless, to 

accurately visualize the plasma membrane remodeling at the fusion synapse, further 

enhancements in resolution are required, as will be discussed later. 

The involvement of PI3K-Akt signaling in the fusion synapse of myoblast fusion 

and its potential effects on transcriptional or translational activity in osteoclasts should 

not be ruled out. Numerous studies have indeed implicated PI3K, mTORC2, and Akt as 
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essential factors for myoblast fusion. Recently, TKS5-positive invadopodia have been 

observed at the fusion synapse in C2C12 cells, further supporting this hypothesis 

(Chuang et al., 2019). Additionally, the inhibition of Akt signaling has been shown to 

decrease DC-STAMP expression, a critical transmembrane protein involved in osteoclast 

fusion (Tiedemann et al., 2017b).  To completely rule out that p14 or the FAST proteins 

induction of PI3K-Akt signaling is modulating fusion through transcriptional or 

translational alterations as well as acting at the fusion synapse a more global evaluation 

of alternations is necessary.  

 

4.5. PI3K-mTORC2-Akt signaling is essential for myoblast fusion via myomerger and 

myomaker, but not for cell fusion induced by enveloped virus fusogens 

The PI3K-Akt pathway is well-established for its roles in cell survival, proliferation, and 

growth (Martini et al., 2014; Riehle et al., 2013). However, the involvement of this 

pathway in the fusion activity of small fusogens, such as myomerger and FAST proteins, 

has not been extensively explored. My collaborative study between Nichole McMullen 

and Dr. Nandini Margam provides new evidence that the PI3K-Akt pathway is required 

for cell-cell fusion mediated by small fusogens but is dispensable for enveloped viral 

fusogens. Furthermore, this study contributes novel information regarding the 

requirement of mTORC2, but not mTORC1, in myomerger/myomaker-mediated cell 

fusion.  

As previously described, p110α PI3K-Akt signaling is required for both p15 and 

p14-mediated cell-to-cell fusion. Using the same inhibitor treatments, BYL719, PIK-75, 

and MK-2206, to inhibit PI3K-Akt signaling in HEK293A cells transduced with myomaker 

and Tet-On myomerger, we observed a significant decrease in the relative fusion index 

at 24 hours post-doxycycline induction (Fig. 19B). Induction of myomerger expression 

increased Akt S473 phosphorylation, which was decreased by the kinase inhibitor 

treatments (Fig. 19C). 

In the context of viral fusogens, previous studies have reported the involvement 

of different signaling pathways in regulating enveloped virus fusion protein-mediated 



123 

cell-cell fusion, such as the Rab family of small GTPases, the endosomal sorting 

complexes required for transport (ESCRT) machinery, and the actin cytoskeleton 

(Dittmar et al., 2021; Leroy et al., 2020; Podbilewicz, 2014). However, our findings 

suggest that the PI3K-Akt pathway may not be universally required by enveloped virus 

fusogens, as its inhibition by BYL719 and MK-2206 did not affect the fusion activity of 

SARS-CoV-2 Spike protein (Fig. 17B). This observation implies that the role of the PI3K-

Akt pathway in cell-cell fusion processes may be specific to small fusogens and not a 

general feature of all fusogens. 

The selective requirement of the PI3K-Akt pathway for small fusogens may be 

related to the unique mechanisms underlying their fusion processes. Small fusogens, 

such as myomerger/myomaker and FAST proteins, may utilize the PI3K-Akt pathway to 

regulate key aspects of the fusion machinery or coordinate the multiple steps of 

membrane fusion. Being much smaller than their enveloped virus counterparts, the 

PI3K-Akt pathway may be required for close membrane opposition that is not needed by 

their larger counterparts, whose large extracellular domains may easily span the ~20nm 

aqueous layer between membranes. Alternatively, PI3K-Akt signaling may act in place of 

the large and energetic conformational changes described in enveloped virus fusogens, 

which are believed to provide the kinetic energy to drive the energetically unfavorable 

merging of membranes.  

While PI3K and Akt signaling are known to be required for mammalian myoblast 

differentiation and fusion, the role of mTORC1 and mTORC2 in satellite cell fusion and 

myotube formation remains debated. It is known that p110α of PI3K signaling through 

mTORC1-cJun and FOXO3a is necessary and sufficient for the process of quiescence exit 

to occur in adult muscle satellite cells (G. Wang et al., 2018). Rapamycin, an inhibitor of 

the mTOR pathway, has been shown to block mTORC1 signaling and inhibit the 

differentiation of myoblasts into muscle cells (Yoon, 2017). Short-term treatment with 

rapamycin blocks mTORC1 signaling, while long-term treatment additionally inhibits 

mTORC2, impairing myotube formation and causing muscle atrophy in animal 

models(Shu & Houghton, 2009; G. Yang et al., 2021). Recent studies have introduced 
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ambiguity to the role of mTORC1 and mTORC2 in muscle development. In vitro studies 

have indicated that the mTORC2 protein Rictor is essential for cell fusion in C2C12 cells 

(Shu & Houghton, 2009). In contrast, in vivo studies have demonstrated that muscle-

specific deletion of Rictor is dispensable for muscle development in mice, while Raptor, 

an mTORC1 component, is required (Rion et al., 2019). 

In contrast, by studying myomaker and myomerger fusion in non-muscle cells, we 

were able to directly assess mTOR requirements for fusion, circumventing confounding 

effects of mTOR inhibition on the differentiation pathway. By utilizing HEK293A cells 

stably transduced with myomaker and having myomerger under a Tet-inducible 

promoter, it was possible to acutely treat cells with rapamycin using treatment lengths 

where rapamycin is known to only inhibit mTORC1. Under such conditions, rapamycin 

treatment did not significantly inhibit fusion mediated by myomerger and myomaker, 

indicating that myomerger and myomaker fusion is dependent on mTORC2 function, but 

not mTORC1. Therefore, while mTOR signaling plays a crucial role in muscle cell growth 

and development, its specific role in muscle fusogen function requires further 

investigation. Current knowledge in the field suggests that fusion during muscle 

differentiation is regulated by multiple signaling pathways, including the RhoA-ROCK and 

MAPK-ERK pathways (Pavlath, 2010; Schejter, 2016). Our results demonstrate that the 

PI3K-Akt pathway is required for efficient myomerger/myomaker-mediated cell-cell 

fusion, providing the first evidence of PI3K(p110α) involvement in myomerger fusion. 

This finding expands our understanding of the molecular mechanisms governing 

myomerger/myomaker-mediated fusion and highlights the complexity of the signaling 

networks underlying this process. 

 

4.6.  Macropinocytosis is a central and essential feature of FAST protein mediated 

cell to cell fusion.  

The involvement of MaPi as a central feature in cell-to-cell fusion is a novel discovery. 

This realization initially stemmed from live imaging of p14 transfected cells transduced 

with p14-mRuby and PH(Akt)-GFP, which depicted extensive PIP(3,4,5)  and p14-
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enriched plasma membrane ruffling and the generation of large intracellular vesicles 

near nascent fusion pores. Notably, both ruffling and large endocytotic vesicles were 

significantly upregulated in TetOn-p14 HeLa cells induced to express p14. Further 

investigation reveals that p14 expression in cells not only promotes cell fusion but also 

increases the macropinocytotic uptake of high molecular weight dextran and the non-

specific uptake of latex beads. As with cell fusion, this process is effectively abolished by 

PI3K inhibition. This marks the first time the PI3K-Akt signaling pathway is implicated in 

upregulating MaPi to promote cell-cell fusion.  Importantly, a panel of inhibitors known 

to interfere with MaPi also demonstrated an inhibitory effect on cell-cell fusion (Fig. 

20B). 

Investigations into MaPi in HT1080 cells have uncovered that Arf6 knockdown 

and Arf6 dominant-negative mutants, or inhibiting Arf6 function with SecinH3, NAV 2729 

or nocodazole treatment, do not interfere with the frequency or size of membrane 

ruffling (Williamson & Donaldson, 2019). Instead, they specifically inhibit 

macropinosome closure. In contrast, treatment with EIPA, an inhibitor of actin 

remodeling, directly affects membrane ruffling, emphasizing the distinct impact of these 

interventions on different aspects of MaPi. All of these inhibitors reduced p14 cell-cell 

fusion by 53-91%, with NAV 2729 showing the greatest potency (Fig. 21B). While there is 

always concern with potential off target effects of small molecule inhibitors, the 

plethora of inhibitors used coupled with functional assays of MaPi (dextran and latex 

bead uptake) showing p14 upregulates MaPi (Fig. 22&23), imply that MaPi is required 

for efficient FAST protein-mediated cell-cell fusion.  

 

4.7. What role might MaPi play in cell fusion? 

 Our understanding of cell-cell fusion has been largely shaped by the observations of 

actin-mediated membrane projections resulting in membrane invaginations near fusion 

sites, first identified in Drosophila myogenesis. This led to the development of the actin 

protrusion-mediated membrane tension model for cell fusion (Kim et al., 2015).  Static 

imaging has detected similar podosome-like structures (PLSs) in fusing osteoclasts, 
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mammalian myoblasts, and during pathogen-induced cell-cell fusion, thereby further 

reinforcing the model. Despite these observations, a definitive link between these 

protrusive forces and increased membrane tension leading to cell fusion has been 

elusive, primarily due to the challenges associated with performing phototoxic high-

resolution live imaging in models where fusion occurs slowly over several days, and the 

difficulty of measuring plasma membrane tension at subcellular resolutions. 

Enter the FAST proteins, with their potent fusogenic activity, characterized by cell 

fusion events that occur within a span of minutes to hours. This presented a unique 

opportunity to perform high-resolution live microscopy of cell-cell fusion. While we were 

unable to perform quantitative measurements of membrane tension at the fusion 

synapse, our high-resolution imaging managed to capture fusion events within 

membrane ruffles and observed a relationship between membrane ruffles, 

macropinosome generation, and the initial site of plasma membrane fusion. By 

observing the movement and deformation of the plasma membrane in both the 

invading and invaded cells just before the fusion process, we gleaned a better 

understanding of how membrane tension might be generated to facilitate fusion. When 

considering how MaPi might contribute to cell fusion, the critical step is likely the 

modulation of membrane tension at the fusion synapse. While it is conceivable that 

MaPi could “indirectly” promote cell-cell fusion, for example by increasing the rate of 

endocytosis without a corresponding increase in exocytosis which would reduce the 

surface area of the plasma membrane and increase plasma membrane tension, there 

are three more specific ways in which MaPi could increase tension between membranes 

(Fig. 28). The first is membrane invasion, similar to the model described in Drosophila 

myoblast fusion; the second is a compressive force during the closure of the 

macropinosome cup; and  the third is a retractive force exerted by the pulling of one 

membrane into the other. Of the 17 cell fusion events captured using either the 63X or 

100X objectives with PH(Akt)-GFP or the LCK tagged constructs visualized at the 

membrane where the site of fusion pore formation was clearly discernible, only one 

fusion event coincided with the moment of maximal membrane projection from the 
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invading cell into the recipient cell, when the protrusive force would be at its peak. In 

contrast, the remaining 16 fusion events were observed to occur during or immediately 

following the closure or collapse of the membrane ruffle (seen in Fig. 25 D). This pattern 

of observations suggests that the forces exerted during the closure or collapse of 

membrane ruffles, which could be considered retractive or compressive forces 

associated with MaPi, may function in addition to, or possibly instead of, protrusive 

actin-driven forces to promote the membrane tension needed for cell-to-cell fusion.  

MaPi vesicle closure involves the separation of one membrane into two distinct 

membranes. The closure of MaPi vesicles was classically thought to be a “kissing lip” 

phenomenon involving fusion of the distal/uppermost margins of ruffles (Canton, 2018) 

or constriction of large membrane folds through a “purse string” mechanism 

(Donaldson, 2019).  Although this can be observed, it is perhaps too neat a model for the 

chaotic pre-MaPi cellular membrane landscape which is characterized by ruffles of 

various shapes and sizes emerging and subsiding. More often, constrictions at mid-level 

or even near the base of the circular ruffles caused by a proposed twisting movement of 

tent-pole like actin bundles within the ruffles are seen to close, forming somewhat 

smaller macropinosomes (Philip & Harrison, 2018).  Finally, and similar to our 

observations, wavelike ruffles arise from lamellipodia like projections at the edge of the 

cell, and crest and collapse of these ruffles against the dorsal plane of the cell (Fig. 25C). 

These ruffles can fuse with the dorsal membrane trapping extracellular fluid into plasma 

membrane-derived vesicles (Mylvaganam et al., 2021). In this regard, so called actin 

waves capable of exerting considerable force have been previously reported 

(Bretschneider, Anderson, Ecke, et al., 2009; Gerisch et al., 2019b). 

  In our model (Fig. 28), the crest of the wave, which can be likened to Chen's 

invasive podosome, encounters the tightly apposed membrane of the adjacent cell. 

However, a critical distinction lies in the capture of the opposing plasma membrane of 

the recipient cell within the lumen of the ruffle. This unique interaction ultimately leads 

to the merging of membranes from different cells, resulting in cell fusion (Fig. 24B). One 

difference between the two models is the observed movement of force; rather than 
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outward-penetrating force directed into the recipient cell described in the Chen model 

(Shilagardi et al., 2013b), we see an inward pointing force directed back towards the 

“invading” cell.  To explain this, we envision the wave lip curling around and, in the 

instant just prior to fusion, the greatest apparent force is observed in the final pinching 

off of a section of the contiguous cell, but rather than the tip of the crest pinching the 

entrapped section of cell, fusion of the “invading” membrane occurs.  Given the variable 

rather stochastic nature of this process, one might also envision “failed” cell fusion 

events wherein the wave structure will pinch off a section of the neighbouring cell and 

successfully form a macropinosome containing the neighbouring cell membrane as well 

as its some of its cytosolic contents. This is indeed what I have seen in the form of the 

two coloured macropinosomes depicted in Figure 24D.   

As regards the underlying mechanism, it may be the wave like ruffles are formed 

in regions of the cell not as tightly apposed to the neighbouring cell, but ultimately 

encounter a region of tighter contiguity and at that stage entrap a portion of the 

neighbouring cell pulling the membranes taught thereby increasing lateral membrane 

tension.  Our imaging data is not of sufficient resolution to prove or disprove this 

possibility, although in keeping with this notion the wave structures observed where 

cells appear overlaid are smaller in size and thus may have less energy and force. In this 

regard, while class I PI3Ks, most frequently p110α, are occasionally necessary for 

membrane ruffling, they are nearly always required for macropinosome closure (Buckley 

& King, 2017; King & Kay, 2019). Furthermore, according to J.A. Swanson et al. (1999), 

the constriction responsible for sealing ruffles and forming macropinosomes involves a 

PI3K-dependent contractile activity mediated by non-muscle myosins. This offers a 

potential alternative explanation for the observed requirement of myosin II in 

Drosophila myoblast fusion.  

Both cell-cell fusion and MaPi are intricate cellular processes that share a 

dependency on key proteins and lipid dynamics. The Rho family GTPases, particularly 

Rac1 and Cdc42, are essential regulators in both processes as they modulate actin 

cytoskeleton remodeling, a central mechanism in these events. Downstream effectors, 
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including WASP and WAVE, facilitate the formation of actin filaments, driving 

macropinosome formation in MaPi and contributing to membrane fusion in cell-cell 

fusion events. Additionally, the lipid milieu, with phosphatidylinositol 4,5-bisphosphate 

(PIP2) and cholesterol as significant constituents, plays a pivotal role. PIP2 is integral to 

the initiation of actin polymerization that underlies the formation of membrane ruffles 

during MaPi (Lambies & Commisso, 2022), while cholesterol imparts fluidity to the 

membrane, a property that facilitates the mixing of lipid bilayers necessary for fusion. 

Furthermore, PI3K serves as a bridge between protein and lipid interactions. In MaPi, 

PI3K generates PIP(3,4,5) attracting and activating downstream proteins essential for 

macropinocytic cup formation and closure. In cell-cell fusion, PI3K and PIP(3,4,5) can 

orchestrate the recruitment and activation of fusogens, proteins that directly mediate 

the fusion of membranes. The interconnectedness between proteins and lipids, as well 

as their shared molecular components, underscore the mechanistic similarities between 

MaPi and cell-cell fusion, highlighting the exquisite complexity of these cellular 

processes. Lastly, the intracellular signaling pathways regulating MaPi can also impact 

cell fusion. MaPi is controlled by various intracellular signaling molecules, including small 

GTPases like Rac1 and Cdc42, as well as kinases such as PI3K (Lutton et al., 2022; 

Mylvaganam et al., 2021; Swanson, 2008). These molecules modulate the actin 

cytoskeleton and membrane dynamics, which can have a direct impact on cell fusion 

events. By orchestrating membrane interactions and modulating the overall behavior of 

the plasma membrane, these signaling pathways can enhance cell fusion through their 

role in MaPi regulation.  

In summary, our research provides compelling evidence that p14 activates PI3K-Akt 

signaling, which promotes membrane ruffling and MaPi, and plays a critical role in p14-

mediated cell-cell fusion. Our live imaging experiments offer insights into the dynamics 

of plasma membrane fusion, suggesting that fusion can occur within a macropinocytotic 

cup rather than at the protrusive tip of invasive membrane protrusions. This raises the 

intriguing concept that retraction forces might provide an alternate means to generate 

membrane tension and promote membrane fusion. 
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4.8. Membrane protrusions unlike podosomes mediate FAST protein fusion  

The comparatively detailed model of the fusion synapse in Drosophila developmental 

muscle cell fusion shares some interesting features with the FAST protein fusion synapse 

I have described in this study, but with some notable exceptions that have important 

potential implications on the mechanism driving membrane fusion. In this regard, the 

membrane ruffles and large membrane protrusions that from, fold back, fuse and seal 

during MaPi share structural similarities with Chen’s F-actin-enriched podosome-like 

structures, but function in a different manner to generate membrane tension. The 

fusogenic podosome is relatively static and can persist for 30 minutes (Chuang et al., 

2019; Sens et al., 2010)  while p14 induced membrane ruffles can travel along the edge 

of the cell and protrude and retract within seconds.  MaPi membrane ruffles, like 

fusogenic podosomes, are rich in dendritically branched actin networks, the result of 

Rac-dependent, Arp2/3-mediated polymerization, linear F-actin nucleators such as the 

formin FMNL44 and Spire-family protein Cordon-bleu have also been observed at the 

leading edge of lamellipodia.  Their presence may contribute to the force generation 

needed for macropinocytotic driven cellular fusion (Mylvaganam et al., 2021).  We 

believe the identical timing and locale of MaPi and cell fusion is not merely coincidental.  

In our model, the increased level of membrane ruffling alone is insufficient for cell fusion 

requiring full macropinocytosis. In keeping with this model was our observation of 

potent fusion inhibition despite unaltered high level membrane ruffling and protrusion 

formation when p14 induced cell systems were treated with the secinH3, the ARF6 

inhibitor known to act at macropinosome closure (Williamson & Donaldson, 2019). 

 

4.9. Expanding the macropinocytosis model: a role for plasma membrane repair 

pathway? 
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Elucidating the FAST fusion mechanism necessitates understanding the activation of the 

PI3K-Akt pathway and p14's role in inducing MaPi. Drawing on insights from the 

literature, we are currently investigating if p14 triggers the plasma membrane repair 

(PMR) pathway to drive MaPi and fusion. The p14-induced MaPi and cell fusion share 

constituent proteins with the PMR pathway. Importantly, FAST protein are viroporins (R. 

Duncan, 2019), a class of viral proteins known to induce plasma membrane permeability 

(Nieva et al., 2012), which subsequently stimulates the PMR pathway (Ammendolia et 

al., 2021; Cooper & McNeil, 2015). 

The PMR pathway is a vital cellular defense mechanism activated in response to 

changes in plasma membrane permeability. This network of proteins rapidly detects and 

repairs membrane disruptions, preserving cell survival and preventing uncontrolled 

leakage of intracellular contents(Andrews, 2019; Cooper & McNeil, 2015). Central to this 

process is lysosome exocytosis, driven by increased intracellular calcium levels and 

facilitated by the calcium-sensing protein Synaptotagmin-7 (Martinez et al., 2000). This 

exocytosis event results in the secretion of acid sphingomyelinase (ASM), which converts 

sphingomyelin into ceramide in the outer leaflet of the plasma membrane, mediating 

plasma membrane internalization (Andrews, 2019; Nozaki et al., 2022). Annexins, a 

family of calcium-dependent phospholipid-binding proteins, also play an essential role in 

membrane fusion events and repair at sites of plasma membrane damage, particularly 

Annexin A1, A2, A5, and A6 (McNeil et al., 2006; Simonsen et al., 2023). A recent ground-

breaking study revealed that MaPi is induced by plasma membrane damage, functioning 

as a recycling mechanism to restore damaged areas and further emphasizing the 

interplay between plasma membrane repair and MaPi in maintaining cellular integrity 

(Sønder et al., 2021). 

Several bacterial pathogens exploit the host plasma membrane repair (PMR) 

pathway, using it to enable their entry into host cells. For example, the epsilon toxin 

produced by Clostridium perfringens forms pores in host cell membranes, prompting 

endocytosis and cellular entry by hijacking the PMR pathway (Linden et al., 2019). 

Another example, is the Clostridium botulinum C2 toxin, which stimulates the secretion 
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of ASM and the subsequent generation of ceramide in the plasma membrane, ultimately 

activating the PMR pathway and facilitating bacterial entry (Nagahama et al., 2017, 

2021). Increasing plasma membrane permeability is also a common viral strategy for 

cellular entry, even though it is not explicitly categorized as PMR induction. For instance, 

non-enveloped adenoviruses utilize protein VI, which forms a lesion in the plasma 

membrane, triggering the PMR pathway to facilitate cell entry. Furthermore, research 

has highlighted the importance of secreted ASM, membrane ceramide enrichment and 

PMR in the entry of other non-enveloped viruses such as rhinoviruses, Japanese 

encephalitis virus, measles virus, Ebola virus, and pseudorabies virus (Tani et al., 2010).  

In the context of viral proteins that are likely to induce the PMR pathway, 

viroporins such as FAST proteins, emerge as key players. These proteins, commonly 

found in viruses, are characterized by their small size and their ability to alter host cell 

membrane permeability properties. Viroporins have amphipathic helices and 

transmembrane domains, which enable them to multimerize and alter cellular 

membranes. Some viroporins modify membrane curvature while others disrupt 

membrane integrity by forming small pores. Importantly, when trafficked to the plasma 

membrane they can cause calcium ion influx and increase plasma membrane 

permeability (Nieva et al., 2012). Although not thoroughly investigated, some 

researchers hypothesize that these plasma membrane-targeted viroporins have the 

potential to induce the PMR pathway. Notable viroporins that enhance plasma 

membrane permeability and contribute to viral replication and pathogenesis include the 

influenza A virus M2 protein, HIV-1 Vpu protein, hepatitis C virus p7 protein, and SARS-

CoV E protein (Cady et al., 2009; Deora & Ratner, 2001; Lee et al., 2020; Liao et al., 2004; 

Manzoor et al., 2017). It is important to note that FAST proteins are unique among 

viroporins due to their ability to fuse cells. Consequently, inducing plasma membrane 

permeability or the PMR pathway alone is not sufficient to promote cell fusion 

(Ciechonska et al., 2014; Wong et al., 2016). 

Ciechonska et al.'s work, linked the PMR pathway with p14-mediated fusion by 

demonstrating that knockdown of annexin A1 expression and intracellular calcium 
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chelation inhibited p14-mediated cell fusion. To further investigate the interplay 

between p14-mediated fusion and calcium signaling, I employed live imaging of TetOn-

p14 HeLa cells transduced with the calcium biosensor GCaMP6G (Fig.  27D). Imaging was 

conducted at a frequency of 35s and revealed that p14 expression increased cytosolic 

calcium concentration, as evidenced by the enhanced fluorescent intensity of GCaMP6G 

compared to the baseline fluorescent intensity, starting at 9 hours post-induction. 

Although the imaging frequency was insufficient to capture all instances of calcium 

transients, there was a corresponding increase in calcium spikes and an overall increase 

in fluorescence, as shown by numerous local maxima in the plot of GCaMP6G 

fluorescence in p14 expressing HeLa cells compared to control HeLa cells. These 

observations suggest a potential link to increased calcium signaling. However, further 

studies at higher cellular resolution would be needed to confirm this observation and 

elucidate the precise relationship between p14-mediated fusion and calcium signaling in 

the context of the PMR pathway. 

Recent preliminary studies led by Nichole McMullen provide compelling evidence 

for the connection between p14 expression and lysosomal exocytosis. These studies 

suggest that p14 expression in HeLa TetOn-p14 cells induces lysosomal exocytosis, as 

measured by extracellular N-acetylglucosaminidase activity (personal communication). 

Furthermore, Clostridium botulinum C2 toxin has been demonstrated to activate PI3K by 

stimulating the secretion of acid sphingomyelinase (ASMase) (Nagahama et al., 2009). 

This process generates ceramide in the plasma membrane, which in turn leads to the 

activation of the PI3K signaling pathway. Ceramide generated by secreted 

ASMase(sASMase) has also been reported to modulate PI3K/Akt signaling in various 

cellular contexts, such as during oxidative stress, apoptosis, and cellular migration.  

However, the exact mechanisms through which ceramide or sASMase modulate PI3K 

activation have yet to be fully elucidated. 

In the context of p14-mediated fusion, preliminary experiments show that the 

exogenous addition of ASM to HeLa TetOn-p14 cells leads to phosphorylation of 

AktS473, regardless of p14 expression (Fig. 27 B). On the other hand, inhibition of ASM 
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activity using vacuolin-1 results in downregulation of AktS473 phosphorylation, which is 

partially rescued by exogenous ASMase treatment. Treatment of TetOn-p14 HeLa cells 

with desipramine, known to inhibit lysosomal exocytosis, and vacuolin-1 results in a 

decrease in the relative fusion index (Fig. 27A), while the addition of ASM moderately 

increases fusion (Fig. 27B). These findings suggest a functional role for ASM in regulating 

the PI3K/Akt signaling pathway during p14-mediated fusion events. 

A key question in the study of FAST proteins is the mechanisms by which they 

confer a fitness advantage to orthoreoviruses. One leading hypothesis suggests that cell 

fusion promotes cell-to-cell transmission, allowing the virus to circumvent extracellular 

host immune defenses. Supporting this idea, research has demonstrated that the 

transmission and replication of double-stranded RNA viruses are enhanced by the 

presence of a FAST protein (Kanai et al., 2019). However, whether fusogenic properties 

are the sole enhancers of viral fitness remains to be determined. A non-fusogenic p10 

has been recently identified in a subclade of Muscovy Duck Reovirus (Y. Yang et al., 

2020).  Given the significant evolutionary selection of non-enveloped viral genomes, the 

conservation of a non-fusogenic p10 may imply that FAST proteins have additional 

uncharacterized pathogenic functions including induction of MaPi and PMR.  

 

4.10. Summary 

In conclusion, this thesis investigated the mechanisms of cell-cell fusion mediated by 

small fusogens, such as the reovirus FAST proteins and myomerger. It was found that 

these small fusogens co-opt the PI3K(p110α)-Akt kinase pathway to drive 

syncytiogenesis. The production of PIP(3,4,5), facilitated by PI3K(p110α), was identified 

as a crucial step in fusion, and its colocalization with the p14 protein at membrane 

ruffles further supported its role in the process. Additionally, Akt phosphorylation by 

PDK1 and mTORC2 was shown to be essential for small fusogen-mediated fusion, while 

mTORC1 was dispensable. The study also revealed the significance of MaPi, which may 

enhance fusion efficiency by increasing membrane tension through macropinosome 

formation. Future directions should investigate the specific role of MaPi in myomerger 
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fusion and explore the interplay between the Plasma Membrane Repair (PMR) pathway 

and FAST-mediated fusion. Preliminary evidence suggests a potential relationship 

between PMR and FAST proteins, making it a promising area for further investigation. 

These future studies will provide insights into the mechanisms of fusion and may 

uncover novel therapeutic targets for viral infections and muscle disorders. 
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4.11. Figure 26. Macropinocytosis inhibition blocks myomerger fusion.  

 A graph of the relative fusion index of myomerger-Tet-On 293A cells (expressing 
Myomaker) treated with doxycycline (5μg/ml) for 24 hours, either alone or in 
combination with the macropinocytosis inhibitor EIPA (12.5μM) for the final 18 hours.  
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4.12. Figure 27. The activity of acid sphingomyelinase released during lysosomal 

exocytosis is required for p14 PI3K/Akt and cell fusion. 
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 A.  This graph illustrates the relative fusion index of TetOn-p14 HeLa cells following 
treatment with desipramine (10μM), an inhibitor of lysosomal exocytosis, and vacuolin-1 
(10μM) at 5 hours post-doxycycline induction for an 8-hour duration. Both treatments 
result in a decrease in the relative fusion index. B. Displayed are immunoblots of 
pAktS473 in TetOn-p14 HeLa cells, with or without doxycycline, and treated with Vac-1 
(10μM), ASMase (0.5 ng/ml), or both. C.  Graph of the relative fusion index of TetOn-p14 
HeLa cells following a 4 hour treatment with different concentrations of ASMase at 9 
hours post-doxycycline induction. D. Graph of the relative fluorescence intensity of the 
calcium biosensor gCaMP6s in a field of view within a population of transduced TetOn-
p14 HeLa cells to time 0 min, representing increased cytosolic calcium concentration, 
and measured every 30 seconds.  
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4.13. Figure 28 Illustration of the p14-induced cell fusion process through the 

activation of the PI3K/Akt signaling pathway and macropinocytotic membrane 

ruffles.   

Top panel. Presentation of p14 activation of the PI3K-Akt signaling pathway, which triggers 
macropinocytotic fusogenic membrane ruffles. Middle Panel. Various mechanisms (Invasion, 
Compression, or Retraction) through which membrane ruffles of the p14 expressing cell can 
exert force on plasma membrane of the recipient cell catalyzing the cell fusion process. Areas in 
which these forces may be greatest are highlighted in light blue boxes. Lower panel. An 
expanded view of the light blue boxes from the middle panel. This view showcases how these 
mechanisms lower the energetic barriers to cell fusion through increased lateral membrane 
tension and close membrane apposition. While FAST proteins possess innate fusogenic activity, 
as demonstrated in liposome fusion experiments, they require host machinery, such as 
macropinocytotic membrane ruffles, to efficiently drive cell fusion by making the process more 
energetically favorable. 
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