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Abstract 

 

Ebola virus (EBOV) and other members of the Filoviridae family are enveloped RNA 

viruses that are the causative agents of sporadic outbreaks of highly lethal disease in humans and 

non-human primates. EBOV entry into host cells requires attachment, internalization, and 

subsequent trafficking to the late endosomal/lysosomal compartment in order to reach the 

filovirus entry receptor, Niemann-Pick C1 (NPC1) and other triggering factors required for 

EBOV glycoprotein (GP)-mediated fusion between the viral and host membranes. 

The highly regulated nature of endosomal trafficking coupled with the dependence of 

EBOV on accurate endolysosomal trafficking for entry led us to hypothesize that the virus 

depends on—and potentially actively regulates—a consortium of specific host trafficking 

factors. In this thesis, we investigated the role of two trafficking complexes involved in 

endosomal maturation and trafficking, the Homotypic Fusion and Vacuole Protein Sorting 

(HOPS) complex and the PIKfyve-ArPIKfyve-Sac3 (PAS) complex, in EBOV entry. 

Furthermore, in order to further dissect how the PAS complex is regulated and performs its 

effector functions, we performed a protein-protein interaction screen using BioID in order to 

define the PAS cellular interactome. 

Using an inducible CRISPR/Cas9 system, we found that depletion of each HOPS subunit, 

as well as depletion of a positive regulator of the HOPS complex, UVRAG, impaired EBOV 

entry. Furthermore, we mapped a region of UVRAG spanning residues 269-442 to be key for 

binding to the HOPS complex and mediating EBOV entry, indicating that expression of and 

coordination between the HOPS complex and UVRAG are required for EBOV entry. 
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Similarly, knockout of each subunit of the PAS complex was found to impair EBOV 

entry. Further molecular dissection using small molecule inhibitors and enzymatic mutants of 

PIKfyve and Sac3 demonstrated that PIKfyve kinase activity is required for EBOV entry, while 

Sac3 phosphatase activity is dispensable. Using a fluorescent probe for 

phosphatidylinositol(3,5)bisphosphate, the lipid product generated by PIKfyve, we also found 

evidence that stimulation of cells by EBOV virus-like-particles enhances PIKfyve activity, 

suggesting that the virus can promote its entry by activating the PAS complex.  

Finally, using BioID to screen for interacting proteins of the PAS complex, we identified 

candidate interactors involved in endosomal trafficking as well as other cell processes including 

mitochondrial function and cell cycle regulation. Further characterization of one candidate 

interactor, the coatomer complex I (COPI), using proximity ligation assays validated the 

interaction between ArPIKfyve and COPI subunit COPB1, and provides further evidence for a 

role of COPI in endosomal trafficking. 

Taken together, these results highlight the importance of cellular trafficking factors 

involved in diverse facets of endosomal dynamics, from lipid metabolism to membrane tethering, 

for the entry of EBOV and other filoviruses, and further shed light on how EBOV can actively 

modulate host trafficking networks to promote successful viral entry and infection. Further 

molecular dissection of how the virus hijacks cell trafficking will facilitate the development of 

antiviral therapeutics as well as elucidate how these fundamental cellular processes are regulated. 
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But, sure, the sky is big, I said; 

Miles and miles above my head; 

So here upon my back I'll lie 

And look my fill into the sky. 

And so I looked, and, after all, 

The sky was not so very tall. 

The sky, I said, must somewhere stop, 

And—sure enough!—I see the top! 

The sky, I thought, is not so grand; 

I 'most could touch it with my hand! 

And reaching up my hand to try, 

I screamed to feel it touch the sky. 

 

 

-Edna St. Vincent Millay, Renascence (1912) 
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Chapter 1: General Introduction 

 

They can’t run, they can’t walk, they can’t swim, they can’t crawl. They ride. 

-David Quammen, Spillover 

 

1.1 Filovirus biology and epidemiology 

1.1.1 The Filoviridae family 

The Filoviridae family of viruses comprises of six known genera: Ebolavirus, 

Marburgvirus, Cuevavirus, Dianlovirus, Striavirus, and Thamnovirus (Figure 1.1) (1). 

Ebolavirus and Marburgvirus species are associated with highly lethal viral hemorrhagic fever 

diseases in humans and non-human primates, with case fatality rates ranging from 20% to over 

90% (2). The Cuevavirus and Dianlovirus genera each contain a single virus, Lloviu virus 

(LLOV) and Měnglà virus (MLAV), respectively, both of which have only been sequenced in 

bat species and are not known to infect humans (3,4) . The Striavirus and Thamnovirus genera 

likewise each contain a single virus, whose sequences were identified from high throughput 

sequencing of fish samples from the South China Sea (5). 

 The Ebolavirus genus contains six identified species to date: Ebola virus (EBOV, 

formerly Zaire Ebola virus), Sudan virus (SUDV), Bundibugyo virus (BDBV), Taï Forest virus 

(TAFV, formerly Côté D’Ivoire Ebola virus), Reston virus (RESTV), and the recently identified 

Bombali virus (BOMV) (1,6). EBOV, SUDV, and BDBV have been the sources of sporadic 

outbreaks of Ebola virus disease (EVD) since 1976, with EBOV being the causative agent of the 

majority of outbreaks. Until the large scale 2013-2016 west Africa outbreak of EVD, the 

majority of EVD outbreaks were restricted to the Democratic Republic of the Congo (DRC,  
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Figure 1.1. The Filoviridae family 

A phylogenetic tree showing genera and species of known viruses within Filoviridae. Modified 

from Kuhn et al. (2020) with permission in accordance with the Creative Commons Attribution 

License BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0/) (1). 
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formerly Zaire), Sudan, and Uganda (2). Only one case of a human TAFV infection has been 

recorded, in a scientist who performed an autopsy on an infected chimpanzee in Taï national 

park, Côté D’Ivoire in 1994; she later recovered (7). RESTV, which was first identified in 

cynomolgus macaques imported from the Philippines to a research facility in Reston, Virginia in 

1989, is highly pathogenic in non-human primates but not known to cause disease in humans (8). 

The Marburgvirus genus contains a single species, Marburg marburgvirus, which is 

further subclassified into two closely related viruses, Marburg virus (MARV) and Ravn virus 

(RAVV), both of which are pathogenic to humans and nonhuman primates (9).  

 We are only just beginning to understand the full diversity of filoviruses. Analysis of 

mammalian genomes, particularly bat genomes, has uncovered numerous endogenous filoviral-

like elements, suggesting that filoviruses may have been circulating in mammalian hosts as long 

as 40 million years ago (10–12). 

1.1.2 Filovirus structure 

The name Filoviridae is derived from the latin word filum, meaning “thread”, in 

reference to their filamentous morphology. Filovirus virions are pleomorphic, with a uniform 

diameter of 80 nm and varying lengths of up to 14000 nm, with a median length of 1000 nm for 

EBOV virions (Figure 1.2A) (13). Virions are enveloped in a lipid membrane derived from the 

host cell plasma membrane during viral budding and egress. Each virion contains a single copy 

of a single stranded, negative sense RNA genome, which is approximately 19kb in size (Figure 

1.2B). The filovirus genome encodes seven major gene products, all of which are structural 

protein incorporated into nascent virions: the nucleoprotein (NP), viral protein 35 (VP35), VP40, 

VP24, the viral glycoprotein (GP), VP30, and the RNA-dependent RNA polymerase (L) (14–17).  
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Figure 1.2. Filovirus structure and genome organization 

(A) Schematic of the general structure of a filovirus virion. Created with BioRender.com. (B) 

Genome organization of Marburg virus (MARV) and Ebola virus (EBOV). Open reading frames 

are labeled and indicated by colored boxes, non-coding regions by empty boxes. Vertical arrows 

indicate transcription initiation and termination sites, except for regions of overlap, where these 

sites are not marked. The pink arrowhead points to the location of an editing site in the GP gene 

of EBOV. Reprinted from Belyi et al. (2010) with permission in accordance with the Creative 

Commons Attribution License BY 4.0 (https://creativecommons.org/licenses/by/4.0/) (12). 
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The viral genome is complexed with NP, VP30, VP35, and L to form the ribonucleoprotein 

complex (RNP) (18,19). The RNP in turn is further complexed with the major and minor matrix 

proteins (VP40 and VP24), and the entire viral particle is surrounded by a lipid membrane 

studded with the trimeric GP, which is the only viral protein expressed on the surface of the 

virion and plays a critical role in viral entry (17,20).  

The major matrix protein VP40 is the primary determinant of viral morphogenesis and 

plays a key role in viral budding (21–23). Filovirus-like-particles (VLPs), structurally 

indistinguishable from the native virus, can be produced simply through expressing VP40 in cells 

(24,25). For the purposes of studying viral entry, VLPs are typically generated by co-expressing 

VP40, NP, and the GP of the filovirus of interest, which can then be used to recapitulate the 

filovirus entry pathway in target cells (24,26,27). 

A feature unique to members of the Ebolavirus genus is the production of two GP 

variants from the GP open reading frame due to transcriptional editing: soluble GP (sGP) and 

small soluble GP (ssGP) (28,29). sGP and ssGP share a common N-terminal sequence with the 

full length viral membrane associated GP, but contain unique C-terminal sequences. In addition, 

both sGP and ssGP form homodimers, in contrast to the trimeric form of virus associated GP 

(30). Furin cleavage of the sGP precursor protein also results in the production of an additional 

peptide, delta-peptide (31). While these GP variants are not incorporated into virions, they still 

can be shed from cells and have been shown to have roles in immunoregulation and pathogenesis 

during EBOV infection (32,33). sGP is known to compete for binding with host antibodies 

directed against virus associated GP, acting as a decoy for the immune system (34), while delta-

peptide has been shown to act as a viroporin, able to induce membrane permeabilization and 

cytotoxicity in cells (35–37). 
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1.1.3 Filovirus epidemiology and zoonosis 

The severe virulence and at times sensationalized media depictions of filovirus disease 

outbreaks has engendered this virus family with a fearsome image that has inspired an unusual 

degree of public attention not normally garnered by so-called neglected tropical pathogens. 

As zoonotic pathogens, filoviruses circulate and persist in non-human animal reservoirs 

and are sporadically transmitted to humans during spillover events, either directly from the 

reservoir animal or through an intermediate or amplifying host. Various species of bats have long 

been suspected or confirmed to be the wild reservoir for currently known filoviruses (38–41). 

Live MARV has been isolated from Egyptian fruit bats (Rousettus aegyptiacus) found in Kitaka 

Cave, Uganda, which were the likely source of a small outbreak of Marburg virus disease 

(MVD) in miners working in the cave (42). No live ebolavirus has been isolated from bats, while 

indirect evidence in the form of viral RNA and ebolavirus-specific antibodies has been detected 

in a number of bat species in multiple geographic locations, including the DRC, Spain, China 

and the Philippines (4,43–48). Nonhuman primates and domesticated pigs have been implicated 

as intermediate hosts for filoviruses (49,50). 

The first recorded filovirus-associated outbreak was a small outbreak of MVD amongst 

laboratory workers in Germany and Yugoslavia in 1967, acquired from infected African green 

monkeys imported from Uganda (51). A total of 31 cases was reported, with 7 deaths (case 

fatality rate (CFR) of 23%). The etiological agent was named Marburg virus, after the German 

city which was the site of one of the outbreaks. Since this initial MVD outbreak, 12 others have 

been recorded, all of which (aside from laboratory acquired infections) have occurred in Africa 

(52). The largest MVD outbreak occurred in Angola in 2004-2005, with 227 deaths amongst 252 

recorded cases (CFR 90%) (53).  
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Figure 1.3. Global Ebola virus disease (EVD) outbreaks 

Recorded cases and deaths from EVD since the discovery of EBOV in 1976 and as of November 

18, 2020. Repeated years indicate outbreaks in different locations within the same year. Data 

obtained from the Centers for Disease Control and Prevention (2). 
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The first recorded incidences of EVD occurred simultaneously in the Yambuku region of 

Zaire (now the DRC) and in Sudan in 1976. They were later determined to have been caused by 

separate ebolavirus species, which were named Zaire ebolavirus (now renamed Ebola virus) and 

Sudan ebolavirus, and in both cases were spread primarily within hospitals where infected 

patients were treated (54). The Zaire outbreak resulted in 318 cases (280 deaths, CFR 88%) and 

the Sudan outbreak resulted in 284 cases (151 deaths, CFR 53%). EBOV and SUDV have been 

responsible for the majority of EVD outbreaks to date, with EBOV being responsible for over 

70% of outbreaks (Figure 1.3). Until the 2013-2016 West African epidemic, most EVD 

outbreaks were limited to under 500 cases and contained to mainly rural areas of the DRC, 

Republic of the Congo, Sudan, Gabon and Uganda (2). The West African epidemic, also known 

as the Makona outbreak, after the strain of EBOV responsible, was by far the largest in 

magnitude to date with 28,646 recorded cases (11,323 recorded deaths, CFR 40%), which is 

likely an underestimate due to the large number of unrecorded cases (55–57). The Makona 

outbreak was unique from other EVD outbreaks in numerous ways, including its epicentre in 

three countries it previously had not affected (Guinea, Sierra Leone, and Liberia), its 

uncontrolled and exponential spread in urban areas, and the international export of several cases, 

heightening fears of its pandemic potential. It was this epidemic that brought the Ebola virus 

spectre to global public attention, galvanizing research efforts towards the production of vaccines 

and therapeutics, including a live attenuated vaccine based on recombinant VSV (rVSV-

ZEBOV), developed by the Public Health Agency of Canada (PHAC) and deployed in Guinea in 

a phase III clinical trial in 2015 (58). Results of this and subsequent trials showed the vaccine to 

be protective and effective at containing transmission; it was later approved for use by the WHO, 

European Medicines Agency (EMA) and the FDA (59,60).  
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Since the end of the West African epidemic and as of this writing, three more outbreaks 

of EVD have occurred in the DRC and Uganda (61), with the most recent outbreak declared over 

on November 18, 2020 by the DRC Ministry of Health and WHO. These outbreaks recorded 

3654 cases and 2375 deaths. The administration of the rVSV-ZEBOV vaccine under 

Compassionate Use protocols during these outbreaks appeared to be effective in reducing 

transmission according to an interim WHO report, although vaccine deployment was hampered 

by military conflict and civil unrest in the affected regions (62).  

1.1.4 Clinical presentation of filovirus disease 

EVD and MVD present similar clinical symptoms as other viral hemorrhagic fever 

diseases such as Lassa fever or yellow fever, as well common comorbidities such as malaria, 

complicating diagnosis in regions where multiple diseases are present. The incubation period is 

between 2 and 21 days, with 5-10 days being the average (63). Transmission occurs through 

direct contact and mucous membrane exposure to infected bodily fluids, including through 

handling of infected corpses (64). Transmission during outbreaks frequently occurs through 

funeral practices that involve close contact with the body, as well as to caregivers and health care 

workers not adequately protected by PPE. Only symptomatic patients appear to be infectious 

(64,65). 

Initial symptoms are nonspecific and commonly include fever, myalgia, headache and 

abdominal discomfort. Other commonly reported symptoms include a maculopapular rash and 

conjunctivitis (66). In patients with severe disease, symptoms such as dehydration, leukopenia, 

and bradycardia present 7-14 days after initial illness onset, and are associated with high viremia 

(67). Despite being known as a hemorrhagic fever disease, internal or external hemorrhage is not 

a universal symptom and typically occurs in fewer than 50% of clinical cases (68). In fatal cases, 
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death occurs from multiple organ failure and shock, generally 6-9 days from initial illness onset. 

While in some cases experimental therapeutics have been administered to infected patients, care 

is primarily supportive, involving rehydration and pain management (69).  

Survivors may experience a constellation of symptoms known as “post-Ebola syndrome,” 

these include prolonged muscle and joint pain, vision impairment, and neurological issues such 

as headache and memory loss (70–72). Profound mental effects, including post traumatic stress, 

are also common among EVD survivors. Viral persistence in immune privileged sites such as the 

eye or urogenital tract has been reported, and virus shedding in semen and subsequent sexual 

transmission has been reported in two studies (73,74). However, the incidence, effects, and risk 

of transmission from Ebola virus persistence are still largely unknown (75). 

1.1.5 Host immune response to filovirus infection 

Filoviruses display a broad cell tropism and can infect diverse cell types, with the 

exception of lymphocytes (76,77). In vivo, macrophages and dendritic cells (DC) are major early 

and sustained targets of infection, and contribute to dissemination of the virus to other organs 

and tissues (78,79). Viral replication can occur in all organs, with the liver, spleen and other 

lymphoid tissues known to be the primary sites for virus production (63). 

The high virulence and mortality rate of filovirus disease is associated with multiple 

mechanisms of both innate and adaptive immune dysfunction induced by the virus, including 

suppression of type I interferon (IFN) response, impairment of DC maturation, induction of 

lymphocyte and NK cell apoptosis and stimulation of a massive release of pro-inflammatory 

cytokines (“cytokine storm”) (77,80–89). Multiple viral proteins have been shown to interfere 

with cellular immune responses in addition to their functions in viral replication. For example, 

VP35 has been shown to antagonize IFN I signalling by impairing signalling through RIG‑I‑like 
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receptors (90–98), while VP24 blocks the transcription factor STAT1 from entering the nucleus 

(99–103). Viral evasion and dysregulation of the host immune response is an important marker 

of disease severity and survival outcomes in patients, with an early and robust induction of 

inflammatory mediators and antibodies correlated with better survival outcomes (104–110). 

1.1.6 Filovirus replication and budding 

Filoviruses share the same general mechanisms of replication as other viruses within the 

Mononegavirales order (111). The filoviral RNA dependent RNA polymerase (RdRp) L 

mediates transcription and replication of the genome. Following viral entry and release of the 

nucleocapsid into the cytoplasm, L works in concert with NP, VP35, and VP30 to transcribe 

RNA using the incoming viral genome as a template. The polymerase complex initiates 

transcription at a single promotor site at the 3’ end of the genome, generating monocistronic 

mRNAs in decreasing abundance based on distance from the 3’ end, due to polymerase 

stuttering. Therefore NP is produced in the most abundance and L is produced in the least 

abundance (112).  

Genome replication proceeds through the synthesis of a positive sense RNA intermediate 

(the antigenome), which serves as a template for the synthesis of new negative sense viral 

genomes. Mature nucleocapsids assemble with GP and VP40 at the plasma membrane for 

budding of nascent virions (24,25,113). Positively charged lysine residues exposed on VP40 

dimers facilitate their initial recruitment to the plasma membrane by interacting with anionic 

membrane lipids (23,114,115). Following initial association with the plasma membrane, VP40 

dimers have been shown to oligomerize further to form the viral matrix (116–118). Both 

phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) and phosphatidylserine (PS), which are 

abundant on the inner leaflet of the plasma membrane, have been shown to interact with VP40 to 
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promote oligomer stability and budding (119–123). The role of PS in the filovirus life cycle is of 

particular interest as it seems to play important roles in both budding and entry (for its 

involvement in entry see section 1.2.2). EBOV and MARV budding are dependent on 

interactions between VP40 and PS, while incorporation of PS in the filoviral envelope enhances 

attachment and internalization via binding to PS receptors on target cells (120,121,124). It has 

been demonstrated that EBOV co-opts a host scramblase, Xkr8, to externalize PS on the surface 

of budding virions (125). 

1.2 Ebola virus entry 

1.2.1 Ebola virus glycoprotein structure and function 

As an enveloped virus, EBOV entry is contingent upon fusion of the viral envelope with 

the cellular membrane, in order to release the viral nucleocapsid into the cytoplasm to initiate 

replication. This fusion event is catalyzed by the viral envelope protein, GP, the only viral 

protein to be expressed on the surface of virions and the primary determinant of viral entry (126).  

The EBOV GP is synthesized as a single polypeptide precursor, GP0 (160kDa), which is 

cleaved into two subunits, the amino terminal GP1 (140 kDa) and the carboxyl terminal GP2 (26 

kDa) by the enzyme furin in the golgi (127). GP1,2 heterodimers remain associated through 

disulfide bonds, and further associate into trimers via non-covalent interactions to form the 

mature virion-associated GP (Figure 1.4) (29,128,129). GP1 is the subunit responsible for cellular 

attachment and contains the receptor binding domain (RBD) required to trigger membrane 

fusion, while GP2 contains the fusion peptide responsible for mediating the fusion event itself 

(20).  
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Figure 1.4. Ebola virus glycoprotein (GP) structure 

Schematic of the membrane associated EBOV glycoprotein, composed of a trimer of GP1-GP2 

heterodimers. The receptor binding domain (RBD) on GP1 is shielded by the highly glycosylated 

glycan cap and mucin-like domain (MLD). Reprinted from Moller-Tank and Maury (2015) with 

permission in accordance with the Creative Commons Attribution License BY 4.0 

(https://creativecommons.org/licenses/by/4.0/) (130). 
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Trimeric GP exists as a metastable structure in its prefusion form, undergoing a cascade 

of conformational changes upon encountering the required triggering factors within target cells 

in order to reach its final stable conformation upon membrane fusion. These conformational  

changes are irreversible, therefore premature triggering of GP results in inactivation of the virus 

(131). EBOV has evolved mechanisms in order to exquisitely control the sequence of events 

during viral entry to ensure proper GP triggering and viral fusion in the appropriate cellular 

compartment. 

GP1 can be divided into four subdomains: the base, the RBD, the glycan cap and the 

mucin-like domain (MLD). The base domain forms a hydrophobic, semicircular surface that acts 

as a clamp to stabilize the fusion loop within GP2 (132). The glycan cap and MLD are heavily 

glycosylated with both N- and O-linked glycans present. These glycans shield the highly 

conserved RBD from immune detection and can enhance cellular attachment by binding to cell 

surface lectins (128,133–136). A recent study has suggested that the glycan cap may play an 

additional role in stabilizing the prefusion conformation of GP by preventing premature 

triggering (137). Deletion of the MLD from GP (ΔM mutation) does not impair infectivity of the 

virus and in fact enhances GP incorporation onto virions and reduces cytotoxicity in virus 

producing cells (128,138), therefore ΔM GP variants are commonly used for in vitro EBOV 

entry assays. 

GP2 contains a fusion peptide, transmembrane domain, and a short cytoplasmic tail, and 

is categorized as a class I viral fusion protein on the basis of its α-helical two heptad repeats that 

associate during fusion to form a six helix bundle (139,140). The fusion peptide resides in an 

internal loop and contains a series of hydrophobic residues bounded by an antiparallel, disulfide-

linked β-scaffold. In the prefusion state, the internal fusion loop wraps around the outside of the 
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GP trimer. Its hydrophobic side chains are sequestered from solvent by packing into a 

neighboring GP1 monomer (132,141). Fusion requires extrication of the fusion loop and 

extension into the apposing host cell membrane. 

1.2.2 Attachment and internalization 

EBOV entry begins with attachment of virions to the cell surface and triggering of 

internalization. Viral attachment is mediated by non-specific interactions between EBOV and 

cell surface proteins. Two types of nonspecific attachment have been described for EBOV: 

interaction between GP and various carbohydrate binding receptors, and interactions between PS 

embedded in the viral envelope and cell surface PS receptors. 

Glycosylated residues on GP have been shown to mediate binding to numerous C-type 

lectin receptors (CLRs), including dendritic cell-specific ICAM-3-grabbing non-integrin (DC-

SIGN), liver/lymph node-specific SIGN (L-SIGN), lymph node sinusoidal endothelial cell C-

type lectin (LSECTin), and human macrophage galactose- and acetylgalactosamine-specific C-

type lectin (hMGL) (133,142–148). The glycosaminoglycans (GAGs) heparin and heparan 

sulfate have also been shown to bind to GP and act as potential attachment factors (149). The 

wide distribution of CLRs and other carbohydrate receptors among different cell types may 

contribute to the broad cellular tropism of EBOV, however, more work is required to understand 

the role of these attachment factors in vivo during EBOV infection and pathogenesis. 

In addition to GP-dependent cell attachment, PS expressed on the EBOV envelope has 

been shown to facilitate attachment by interacting with TIM (T-cell immunoglobulin and mucin) 

and TAM (Tyro3, Axl, Mer) families of PS receptors. Normally retained on the inner leaflet of 

the plasma membrane, PS is externalized to the outer leaflet during apoptosis and acts as a 

marker for apoptotic bodies (150). Recognition by PS receptors on phagocytes and other immune 



16 

 

cells facilitates the engulfment and clearance of apoptotic bodies, and expression of PS on viral 

envelopes to enhance their uptake by phagocytes is known as apoptotic mimicry (151). Two of 

the TIM family receptors in humans (TIM-1 and TIM-4) have been shown to enhance EBOV 

entry by directly binding to virion associated PS (152–155), while the TAM receptors interact 

with PS via an intermediate protein (Gas6 or Protein S) (156,157). Unlike carbohydrate receptors 

which appear to mediate attachment only, PS receptors may function in both attachment and 

internalization of EBOV by enhancing macropinocytosis (152,153,157,158), however it is still 

unclear whether these receptors are sufficient to activate viral internalization or work in concert 

with other internalization triggers. 

Due to the large size of filovirus particles (>1µm in length), macropinocytosis is 

considered the predominant mechanism of viral internalization. Macropinocytosis involves the 

nonselective uptake of fluid, solutes, ligands and other particles into large endocytic vesicles 

called macropinosomes, and is driven by actin rearrangements at the plasma membrane that form 

protrusions that engulf extracellular contents (159). Unlike clathrin- or caveolin-mediated 

endocytosis, which generate vesicles smaller than 100nm in diameter, macropinosomes can 

range from 0.2-5 µm in diameter (160). Internalization of EBOV displays several hallmarks of 

macropinocytosis, including induction of actin ruffling at the plasma membrane, a concomitant 

transient elevation in fluid uptake, and sensitivity to macropinocytosis inhibitors such as EIPA 

(an inhibitor of Na+/H+ exchange) and staurosporine (an inhibitor of protein kinase C) (157,161–

165). The requirement for Dynamin-2 (a GTPase involved in the scission of newly formed 

macropinosomes) in EBOV internalization is unclear, and appears to be cell-type dependent 

(157,161–163,165).  
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In most cell types macropinocytosis is not a constitutive process and must instead be 

triggered, typically through engagement of cell surface receptors by ligands such as growth 

factors or PS, which induces a cell signalling cascade that results in actin mobilization. A key 

remaining question is how EBOV triggers its macropinocytic uptake. In addition to activation of 

the TIM and TAM family of PS receptors, recent studies have also suggested that EBOV can 

activate other receptor tyrosine kinases such as epidermal growth factor receptor-2 (HER2) and 

insulin like growth factor 1 receptor (IGF1R) (166,167), which results in the activation of the 

PI3K/Akt pathway known to be important for macropinocytosis. Further work is required to 

elucidate the exact mechanisms by which EBOV triggers macropinocytosis in multiple cell 

types. 

1.2.3 Endosomal trafficking of virions and proteolytic priming of EBOV GP 

Following internalization, EBOV particles enclosed in nascent endosomes must undergo 

trafficking to the late endosome/lysosome (LE/LY) compartment, which contains triggering 

factors required for GP-mediated membrane fusion. To date two triggering factors for EBOV 

have been well characterized: proteolytic cleavage of GP by pH-dependent cellular cathepsin 

proteases, and GP binding to the filoviral entry receptor, Niemann-Pick C1 (NPC1).  

Multiple lines of evidence support the key importance of endolysosomal trafficking for 

EBOV entry. Experiments examining the kinetics of EBOV entry have observed that while VLPs 

or VSV pseudotypes bearing EBOV GP are internalized relatively quickly, they experience a lag 

in cytoplasmic entry compared to particles bearing the envelope proteins of other viruses such as 

VSV G, Influenza HA and LCMV GP, with delivery to NPC1+ endolysosomes acting as the rate 

limiting step (168). This is further supported by studies tracking real time EBOV trafficking and 

fusion in live cells, which have demonstrated that the slower trafficking kinetics of virus 
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particles bearing EBOV GP is a due to the requirement for the virus to reach Rab7+ and NPC1+ 

LE/LY compartments (169,170). Furthermore, EBOV GP-mediated entry is impaired in cells 

expressing dominant negative forms of Rab5 and Rab7, GTPases that are required for maturation 

of early endosomes (EEs) to LE/LYs (163). Finally, a genetic screen for cellular proteins 

important for EBOV GP-mediated entry using mutagenized haploid cells found that regulators of 

endolysosomal architecture and trafficking predominated the top candidate hits. In addition to 

the now well characterized EBOV entry factors cathepsin B and NPC1, the screen also identified 

all members of the homotypic fusion and vacuole protein sorting (HOPS) complex, a tethering 

complex involved in LE/LY fusion, as well as PIKfyve and Sac3 (also known as Fig4), 

regulators of phosphoinositide lipids required for endosomal maturation. Follow-up 

characterization of EBOV GP-mediated entry into cells deficient in the HOPS subunit VPS33a 

revealed a defect in a later, post-internalization step of viral entry, consistent with the 

localization and function of the HOPS complex in the LE/LY compartment (171). 

Endosomal pH plays a key role in EBOV entry. Firstly, EBOV must reach low pH (<5.5) 

endosomal compartments containing activated cathepsins B and L (CatB and CatL). These low 

pH-dependent cysteine proteases proteolytically prime GP for receptor interaction by cleaving 

GP1 to remove the glycan cap and MLD (172–174). This exposes the RBD, and appears to 

additionally prime GP for fusion by removing the β13-β14 loop in GP1, which overlays the GP2 

internal fusion loop (IFL), forming part of the GP1 clamp (132,175,176). Furthermore, 

Rab7+/NPC1+ LE/LYs have higher CatL activity than early endosomes lacking these markers, 

likely a function of their lower pH (168). Low pH has also been found to stabilize GP both pre- 

and post cathepsin cleavage, which may prevent premature fusion triggering (177). Finally, a low 

pH environment appears to be required for conformational changes in the IFL required for 
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insertion into the target membrane, as well as stabilization of the six helix bundle during fusion 

(141,178,179). These findings indicate that a low pH is required for the fusion event itself as 

well as for optimal activity of cathepsin proteases. 

While it is well established that cathepsin cleavage is essential for EBOV GP-mediated 

fusion, the specific dependence on CatB and/or CatL appears to be both virus-specific and cell-

type dependent. For example, while CatB is required for EBOV, BDBV, and TAFV entry, it is 

dispensable for RESTV, LLOV, and MARV, while SUDV has intermediate sensitivity to CatB 

inhibition (180,181). EBOV entry in Vero cells is dependent on both CatB and CatL, while CatL 

is dispensable for EBOV entry into DCs (182). Finally, an additional role for cathepsins beyond 

unmasking of the RBD of GP has been suggested, as evidenced by the surprising finding that 

pre-cleaved EBOV GP remains sensitive to inhibition with E64d, a pan cysteine protease 

inhibitor (173,174,183). Specifically, while pre-cleaved EBOV GP can mediate at least partial 

fusion in the presence of E64d, full fusion and genome release is impaired (169). This implies an 

additional role for cathepsins for full fusion pore formation and expansion.  

1.2.4 NPC1 binding and fusion 

The LE/LY resident protein NPC1 was identified to be the receptor for EBOV in two 

independent studies in 2011 (171,184), and has been found to be the cellular receptor for all 

known filoviruses (181,185–188). NPC1 is a large, ubiquitously expressed 13-pass 

transmembrane cholesterol transporter localized to the limiting membrane of LE/LYs. In concert 

with the soluble cholesterol binding protein NPC2, it functions in the efflux of cholesterol from 

LE/LYs to the ER and other sites (189). Mutations resulting in loss of function of either gene 

underlie the lysosome storage disease Niemann Pick disease type C (190). NPC1 contains three 

major luminal domains, A, C and I. Structural characterization of EBOV GP bound to NPC1 
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along with mutagenesis studies have identified key residues on both proteins that participate in 

binding. The RBD on GP has been mapped to residues 54-201 (191–193), with the receptor 

binding site on cleaved GP (GPCL) forming a wave-like contour, with a basic/polar crest and a 

hydrophobic trough previously occupied by the glycan cap (176,194). On NPC1, the GP binding 

site has been mapped to residues 372-640, which comprise the C luminal domain (NPC1-C) 

(176). NPC1-C forms two protruding loops, both of which engage with the hydrophobic cavity 

on GPCL (175,176,195,196). These hydrophobic interactions appear to form the primary basis of 

GPCL-NPC1-C binding, while the hydrophilic residues in the polar crest participate in more 

nonspecific electrostatic interactions with one NPC1-C loop (191,194). Mutations in GP that 

result in the occlusion of the hydrophobic trough or disrupt the overall basic charge of the polar 

crest impair binding to NPC1-C; similarly, mutating residues in the NPC1-C loops that form 

contacts with the GPCL hydrophobic cavity abrogate binding (175,176,194). 

The specificity of the interaction between NPC1 and EBOV GP and the use of NPC1 as 

the receptor by all known filoviruses strongly implies that NPC1 is a highly conserved host 

factor for filoviruses and is a major determinant of host range and zoonotic transmission, as 

mutations in the NPC1-C domain have been found to confer resistance to EBOV infection in 

other vertebrates such as reptiles (186,197,198). 

Following proteolytic priming and NPC1 binding, EBOV GP-mediated membrane fusion 

proceeds through a sequence of conformational changes shared by class I viral fusion proteins; 

namely: (1) release of the fusion loop and insertion into the endosomal membrane, forming an 

extended intermediate structure connecting the viral and host membrane, and (2) folding back of 

the α-helical heptad repeats to form a final, stable six helix bundle conformation of the trimeric 

GP. These conformational changes bring the viral and cell membranes in close apposition,  
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Figure 1.5. Schematic of membrane fusion mediated by a class I viral fusion protein 

Fusion between viral and cell membranes catalyzed by a generic class I viral fusion protein. Prior 

to triggering, the receptor binding (rb) subunit of the viral envelope protein forms a clamp over 

the fusion subunit (f). Upon encountering the appropriate triggering factor(s), the fusion peptide 

is released and able to insert into the target membrane, forming an extended intermediate 

structure (also called the prehairpin) connecting the viral (light blue) and host cell (light pink) 

membranes (iii). The fusion protein then folds back, causing the N- and C-terminal heptad 

repeats to form the final, stable six helix bundle (6HB) conformation. This brings the two 

membranes into close apposition, hemifusion, and full fusion, allowing the formation of a fusion 

pore. The final post fusion conformation of the viral fusion protein is termed a trimer of hairpins. 

Reprinted from White and Whittaker (2016) with permission (199). 
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followed by hemi-fusion of the outer leaflets, full fusion of the inner leaflets forming a fusion 

pore, then expansion of the pore, allowing release of the viral nucleocapsid (131) (Figure 1.5). 

The direct fusion trigger that initiates this sequence of conformational changes in GP is 

still unresolved. There remains debate on whether GPCL:NPC1 binding is sufficient to initiate 

full fusion. Protein crystallography analysis comparing uncleaved GP to GPCL bound to NPC1 

has revealed several conformational changes, namely an upward movement of the β3-α1 loop 

that may facilitate the release of the IFL, initiating fusion (176). However, incubation of viral 

particles bearing GPCL with cells ectopically expressing NPC1-C on the plasma membrane does 

not permit viral fusion and entry, even under low pH conditions (185). Similarly, the requirement 

for cathepsins post-fusion but pre nucleocapsid release discussed in section 1.2.3 suggests an 

additional role for cathepsins in GP-mediated fusion. Similar to other membrane fusion events, 

GP-mediated fusion is dependent on Ca2+ (200,201), however, whether Ca2+ is a direct fusion 

trigger has not been determined. A potential role for the endosomal calcium two-pore channels 

(TPCs) in fusion triggering has been proposed, however it remains unclear whether TPCs are 

directly involved in fusion triggering or whether they play a role in endosomal trafficking of 

virions (170,202,203). Further investigation is required to delineate the exact mechanism by 

which GP mediates fusion. A schematic of the EBOV entry pathway is summarized in Figure 

1.6. 

 

1.3 Endosomal trafficking 

1.3.1 Overview of endosomal trafficking pathways 

Endocytosis is a complex and tightly regulated process involving the uptake of 

extracellular fluids, solutes, ligands, and other particles into membrane-bound vesicles called 
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endosomes. Endocytosed contents enter a highly dynamic and heterogeneous endosomal 

labyrinth that feeds into multiple trafficking pathways functionally connecting all cellular 

compartments. Broadly speaking, endocytosed cargos are funnelled into three trafficking routes: 

the recycling pathway leading back to the plasma membrane (either directly from early 

endosomes or through intermediate recycling endosomes), the degradation pathway culminating 

in the lysosomal compartment, and a bidirectional pathway from endosomes to the golgi network 

(Figure 1.7). The sorting of cargo to specific pathways, the motility of endosomes, and the 

maintenance of organelle and endosome identity and morphology is regulated by an extensive 

and interconnected signalling network consisting of phosphoinositide signalling lipids and the 

cytosolic proteins they recruit in a dynamic spatiotemporal manner (204).  

 Pathogens that utilize the endosomal system for infection also depend on this signalling 

network, and it is becoming increasingly evident that they frequently hijack regulators of cell 

trafficking to their advantage (205–209). An overview of the degradative endosomal pathway 

utilized by EBOV and other late-penetrating viruses which enter the cytoplasm through the 

LE/LY compartment is presented below. 

1.3.2 Regulation of endosome maturation 

While there exist various cell-type dependent intricacies in endosomal dynamics, 

endosome maturation follows a set of broadly conserved mechanisms and hallmarks. All 

endocytic pathways (i.e., clathrin/caveolin-mediated endocytosis, macropinocytosis, 

phagocytosis, etc) converge at the early endosome (EE) compartment. EEs are a mosaic 

heterogenous structures, containing both tubular and vacuolar domains, and are recognized as the 

primary sorting centre of the endosomal system. EEs destined for maturation into LEs/LYs as 

part of the degradation pathway undergo a sequence of specific changes. These include a  
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Figure 1.6. Overview of the Ebola virus entry pathway 
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decrease in the luminal pH and acquisition of LE/LY hydrolases, a change in overall morphology 

including the formation of intraluminal vesicles (ILVs), and a net movement towards the cell 

centre mediated by specific microtubule (MT) motor proteins. Two molecular switching events 

central to endosome maturation are (1) the switch from the EE-associated Rab5 GTPase to the 

LE/LY-associated Rab7 GTPase and (2) the conversion of phosphoinositide lipids on endosomal 

membranes (PtdIns3P→PtdIns(3,5)P2). PtdIns3P and PtdIns(3,5)P2 regulators and effectors work 

in concert and often in feedback loops with Rab5 and Rab7 effectors to sequentially recruit 

cytosolic effectors such as tethering complexes, SNARE proteins, MT motor proteins and their 

adaptors that together facilitate endosome maturation (204).  

A well-recognized marker of endosome maturation is the switch from Rab5 to Rab7, 

which are considered master regulators of endosome maturation based on their recruitment of 

EE- and LE/LY-specific cytosolic effectors (209–212). Rab5 is activated on EEs by Rabex-5, a 

guanine nucleotide exchange factor (GEF) which further forms a complex with the Rab5 effector 

Rabaptin-5 (213–218). Rabaptin-5 further stimulates Rabex-5 GEF activity, generating a 

feedback loop enhancing Rab5 activation and resulting in the rapid recruitment of numerous 

Rab5 effectors (213). These include EE-specific tethering factors such as the CORVET complex, 

Rabenosyn-5, and EEA1, as well as the phosphoinositide 3-kinase (PI3K) Vps34, which 

generates PtdIns3P on EE membranes (219–227). The displacement of Rab5 for Rab7 is 

mediated in part by the inactivation of Rab5 by GTPase activating proteins (GAPs) such as Rab 

GAP-5 and TBC-2, which activate Rab5-mediated hydrolysis of GTP to GDP (228–230). The 

switch from Rab5 to Rab7 is also mediated by the Ccz1-Mon1 GEF complex, which can bind to 

both PtdIns3P and GTP-bound Rab5, and activates Rab7 activity (231–235). Ccz1-Mon1 has 

also been shown to displace Rabex-5 from the membrane, thereby providing a possible  
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Figure 1.7. Overview of endocytic trafficking pathways 
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mechanism by which Rab7 recruitment in turn releases Rab5 from endosomal membranes (212). 

Rab7 effector proteins include the LE/LY-specific HOPS tethering complex and its adaptors 

PLEKHM1 and Arl8b (236–238), adaptor proteins that link endosomes to MT motor proteins 

such as RILP (239,240), and phosphoinositide regulators that downregulate PtdIns3P such as 

WDR91 (241). Rab7 activation further promotes activity of the HOPS complex by releasing 

UVRAG, a positive regulator of the HOPS complex, from Rubicon, which normally sequesters 

UVRAG away from the HOPS complex (242,243). Together these effectors promote movement 

of LEs towards the cell centre as well as fusion between LEs and LYs. 

Similar to the Rab switch, the switch from PtdIns3P to PtdIns(3,5)P2 on endosomal 

membranes is another key mediator of endosome maturation. PtdIns3P and PtdIns(3,5)P2 belong 

to a class of seven phospholipids called phosphoinositides (PIs), which are differentially 

localized on membranes throughout the cell and act as finely tuned molecular switches through 

their ability to be rapidly interconverted via (de)phosphorylation by various PI kinases and 

phosphatases. This in turn allows the dynamic recruitment of PI-specific effectors to regulate a 

diverse array of cellular processes such as trafficking, signalling, and cytoskeletal dynamics 

(244).  

PtdIns3P is generated on EE membranes by the PI3-kinase Vps34, which forms a 

complex with p150 and Beclin-1 (245). Vps34 is initially recruited to EE membranes via a direct 

interaction between p150 and Rab5-GTP (219,246). PtdIns3p effectors, some of which are also 

Rab5 effectors (ex. EEA1 and Rabenosyn-5) contain PtdIns3P binding domains such as FYVE, 

PX and GLUE (220,223,247,248). Among these effectors are several components of the 

Endosomal Sorting Complexes Required for Transport (ESCRTs), including Hrs (ESCRT-0) and 

EAP45 (ESCRT-II) (249). ESCRT proteins play a key role in the sorting of ubiquitinated 
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proteins on the limiting membrane of endosomes into ILVs, generating intermediate endosomes 

known as multivesicular bodies (MVBs) (250). ILV formation can also occur through ESCRT-

independent mechanisms, such as through the lipids lysobisphosphatidic acid (LBPA) and 

ceramide, which are enriched in ILVs (251–253). ILVs serve multiple functions in both 

degradation and secretion: facilitating the sequestration and delivery of biomolecules to the 

lysosome, serving as transport vesicles for delivering contents back to the plasma membrane, or 

are even released into the extracellular milieu as exosomes (254,255). The mechanisms 

regulating these differential functions of ILVs are complex and under active investigation. 

Another key PtdIns3P effector is PIKfyve, recruited via its FYVE domain (256). PIKfyve 

(Fab1 in yeast) is a lipid kinase that specifically phosphorylates the D5 position of the PI inositol 

head group to generate PtdIns(3,5)P2 from PtdIns3P as well as PtdIns5P from PtdIns. It 

associates in a ternary complex with the opposing phosphatase Sac3 (Fig4 in yeast, which 

specifically dephosphorylates PtdIns(3,5)P2 to PtdIns3P) and the scaffolding protein ArPIKfyve 

(Vac14 in yeast) (257–266). PIKfyve is the sole enzyme known to generate PtdIns(3,5)P2, 

therefore is a crucial regulator of endosome maturation (267,268). Furthermore, the activity of 

both PIKfyve and Sac3 is tightly coordinated within the PIKfyve-ArPIKfyve-Sac3 (PAS) 

complex, as numerous studies have demonstrated that integrity of the complex is necessary for 

enzymatic activity of both proteins (259,260,262,264,266,269–272). Indeed, recent structural and 

biochemical characterization of the PAS complex has revealed that PIKfyve and Sac3 mutually 

regulate each other’s function via their protein phosphorylation and dephosphorylation activities, 

respectively. PIKfyve autophosphorylation represses its lipid kinase activity and stimulates Sac3 

lipid phosphatase activity, while Sac3 can directly dephosphorylate PIKfyve to stimulate its lipid 
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kinase activity (262). However, how this protein (de)phosphorylation activity within the PAS 

complex is regulated remains uncharacterized. 

Generation of PtdIns(3,5)P2 is crucial for endosome maturation as well as endosomal 

membrane homeostasis. Impairment of PtdIns(3,5)P2 production via inhibition of PIKfyve or 

perturbation of PAS complex formation results in impairment of cargo delivery to lysosomes as 

well as abnormally enlarged vacuole-like endosomal compartments (258,263,273–279). The 

origins and mechanisms governing PAS-dependent vacuole formation remain unclear and appear 

to be cell-type dependent, although a recent report has suggested that vacuole formation occurs 

through an imbalance in fission-fusion cycles within the endolysosomal system, resulting in 

lysosome coalescence (277). Despite the importance of PtdIns(3,5)P2 for cell trafficking, 

relatively few PtdIns(3,5)P2 effectors have been identified compared to PtdIns3P effectors, 

particularly in mammalian cells. The low abundance of PtdIns(3,5)P2, accounting for 

approximately 0.05 - 0.1% of total PIs in quiescent cells, presents technical challenges in its 

measurement as well as the identification of effectors (280). Proposed PtdIns(3,5)P2 effectors in 

mammalian cells include ESCRT-III component CHMP3 (Vps24p) (281), as well as transient 

receptor potential mucolipin 1 (TRPML1) and the two-pore channels (TPCs) TPC-1 and TPC-2, 

which are endosomal cation channels permeable to Ca2+ (282,283). The TPCs and TRPML1 have 

been the most well characterized PtdIns(3,5)P2 effectors to date, and the ML1N probe, derived 

from the PtdIns(3,5)P2-binding N-terminus of TRPML1, has been used in vitro to visualize 

PtdIns(3,5)P2 dynamics in cells (284). Ca2+ flux plays a central role in membrane fusion, and 

these Ca2+ permeable channels are themselves key trafficking regulators (285–290). The 

mechanisms regulating the interaction between the PAS complex and Ca2+ channels remain 

unclear. One hypothesis is that activation of PIKfyve and resulting PtdIns(3,5)P2 production 
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occurs in localized microdomains on endosomal membranes, perhaps at docking sites for 

membrane fusion. These domains also contain other tethering and fusion factors, including 

TRPML1/TPCs and SNARE proteins, thereby localizing transient PtdIns(3,5)P2 and Ca2+ flux to 

facilitate membrane tethering and SNARE-mediated fusion (282,289,291). However, it is likely 

that there are other PtdIns(3,5)P2/PIKfyve effectors that work in concert with these Ca2+ 

channels, as attempts to rescue phenotypes associated with PIKfyve disruption such as enlarged 

vacuoles or impaired endolysosomal trafficking using TRPML agonists (MLSA1) or Ca2+ 

ionophores (ionomycin) have resulted in complete, partial, or no rescue depending on the cell 

type and assay used (282,289,291–297). Therefore further molecular dissection of the interplay 

between PtdIns(3,5)P2 and Ca2+ channels as well as identification of other PtdIns(3,5)P2 effectors 

are required to fully understand how this PI regulates endosome maturation and fusion. 

Finally, progressive acidification of the endosomal lumen from EEs (pH ~ 6.5) to LYs 

(pH ~ 4.5) is another key marker of endosomal maturation. Endosome acidification proceeds 

primarily through the activity of vacuolar H+ ATPases (V-ATPases), as well as ion channels and 

pumps that counter the positive charge generated in the lumen by V-ATPases, such as Na+/K+-

ATPase, chloride channels, and Ca2+ channels (298,299). The decrease in luminal pH serves 

multiple functions in the degradation pathway, including cargo sorting and the activation of low-

pH dependent hydrolases such as cathepsin proteases. Numerous viruses also depend on low pH 

for activation and conformational changes during entry (207). Common agents used to perturb 

endosomal pH include lysosomotropic weak bases such as ammonium chloride (NH4Cl) and V-

ATPase inhibitors such as bafilomycin (300,301). 
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1.4 Rationale, hypothesis and objectives 

EBOV entry into target cells requires internalization and intracellular trafficking of virions 

to the late endosomal/lysosomal compartment, which contains triggering factors required for 

viral membrane fusion, including the filovirus receptor, NPC1. Because of the importance of 

accurate endolysosomal trafficking for EBOV to reach entry-conducive cellular compartments, 

we hypothesize that the virus relies on—and potentially actively regulates—a consortium of 

specific host trafficking factors, which represent potential targets for antivirals. The overarching 

objective of this thesis is to characterize how these trafficking factors are involved in EBOV 

entry.  

The specific aims of each chapter are outlined below: 

Chapter 2: Characterize the role of UVRAG and the HOPS tethering complex in EBOV entry 

a) Assess the importance of expression of each HOPS subunit and UVRAG for viral entry 

b) Characterize how the HOPS complex and UVRAG interact during viral entry 

Chapter 3: Characterize the role of PIKfyve-ArPIKfyve-Sac3 (PAS) phosphoinositide regulating 

complex in EBOV entry 

a) Assess the importance of expression of each subunit for viral entry 

b) Determine the role of PIKfyve and Sac3 enzymatic activity for viral entry 

c) Visualize PtdIns3P and PtdIns(3,5)P2 dynamics during viral entry 

Chapter 4: Investigate the PAS cellular interactome 

a) Screen for the PAS proximal interactome using BioID 

b) Perform network and gene ontology analysis on high confidence BioID screen hits 

c) Assess the interaction between the PAS complex and the COPI complex 
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2.1 Abstract 

Ebola virus (EBOV) entry requires internalization into host cells and extensive trafficking 

through the endolysosomal network in order to reach late endosomal/lysosomal compartments 

that contain triggering factors for viral membrane fusion. These triggering factors include low-

pH activated cellular cathepsin proteases, which cleave the EBOV glycoprotein (GP) to expose 

the binding domain of the filoviral receptor, Niemann-Pick C1 (NPC1). Here, we report that 

trafficking of EBOV to NPC1 requires expression of the homotypic fusion and protein sorting 

(HOPS) tethering complex as well as its regulator, UV radiation resistance associated gene 

(UVRAG). Using an inducible CRISPR/Cas9 system, we demonstrate that depletion of HOPS 

subunits as well as UVRAG impairs entry by all pathogenic filoviruses. UVRAG depletion 

resulted in reduced delivery of EBOV virions to NPC1+ cellular compartments. Furthermore, we 

show that deletion of a domain on UVRAG known to be required for interaction with the HOPS 

complex results in impaired EBOV entry. Taken together, our studies demonstrate that EBOV 

requires both expression and coordination between the HOPS complex and UVRAG in order to 

mediate efficient viral entry. 

2.2 Introduction 

Ebola virus (EBOV) and other members of the Filoviridae family are highly pathogenic 

enveloped RNA viruses and are the causative agents of multiple outbreaks of hemorrhagic fever 

diseases in humans and non-human primates, primarily in central and east Africa (55). Recent 

outbreaks of Ebola virus disease, including the 2013-2016 outbreak in West Africa that resulted 

in nearly 29,000 reported cases and over 11,000 deaths, have spurred the development of 

antibody-based therapeutics and vaccines currently under clinical review (302–305).  
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Filovirus virions harbor a characteristic filamentous morphology and are enclosed by a 

host cell derived lipid envelope studded with the trimeric viral glycoprotein (GP). The EBOV GP 

is classified as a class I viral fusion protein, comprised of heterodimers of subunits GP1 and 

GP2. GP1 contains a receptor binding domain shielded by a glycan cap, while GP2 contains a 

hydrophobic fusion loop, heptad repeat regions and a transmembrane domain (20,132,176). GP-

mediated fusion requires triggering factors within the host cell, including cleavage of the GP1 

glycan cap by host low pH-dependent cathepsin proteases, and interaction with the filoviral 

receptor, the cholesterol transporter Niemann Pick-C1 (NPC1), localized in late 

endosomes/lysosomes (171,173,174,180,184,185). Due to the late endosomal localization of 

these triggering factors, EBOV entry is not only dependent on internalization in host cells, but 

also trafficking to the entry-conducive intracellular compartments (168–170). 

Previous work has shown that EBOV entry requires the activity of cellular trafficking 

factors, such as the PIKfyve-ArPIKfyve-Sac3 phosphoinositide regulating complex and the 

homotypic fusion and protein sorting (HOPS) complex, both involved in maturation and fusion 

of late endocytic compartments (171,227,260,296,306). Many of these trafficking factors were 

identified in a loss-of-function haploid (HAP) genetic screen performed by Carette et al., 

including all members of the HOPS complex (171). Using cells deficient in a component of the 

HOPS complex, VPS33A, they demonstrated accumulation of VSV pseudotypes bearing EBOV 

GP in endosomal compartments, indicating a defect in viral fusion and cytoplasmic escape in 

these cells. However, whether the class C core vacuole/endosome tethering (CORVET) complex, 

which shares 4 core subunits (C-Vps core) with the HOPS complex (227), is also required for 

filoviral entry has yet to be determined. In addition, how the HOPS complex is regulated during 

viral entry is uncharacterized. Interestingly, studies have demonstrated that UV radiation 
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resistance associated gene (UVRAG) positively regulates endocytic trafficking by directly 

binding to members of the HOPS complex (243,307). Furthermore, Pirooz et al. demonstrated 

that UVRAG is required for endocytic transport of vesicular stomatitis virus (VSV) and 

influenza A viruses (IAV) through interactions with core components of the HOPS complex and 

SNAREs (308). Whether filoviruses also require UVRAG for entry remains to be determined. 

Using an inducible Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/Cas9 system, we demonstrate that members of the C-Vps core and HOPS-specific, but 

not CORVET-specific, subunits are required for entry mediated by all pathogenic filoviral GPs. 

Furthermore, we show that UVRAG expression is required for filovirus entry, with evidence that 

its ability to bind to the HOPS complex is key to its role in viral entry. Taken together, our 

studies suggest that filoviruses require coordination of the HOPS complex and UVRAG for 

delivery to NPC1+ compartments and efficient viral entry. 

2.3 Results 

2.3.1 An inducible CRISPR/Cas9 system to investigate host trafficking factors required for 

viral entry 

One potential confounding factor with studying vesicular trafficking proteins by 

generating knockout (KO) cell lines is the development and selection of compensatory 

mechanisms over several cellular divisions (309). Therefore, to mitigate this problem and 

investigate the roles of trafficking host factors in viral entry, we designed a CRISPR/Cas9 

system by which KOs can be rapidly induced and tested. In this approach, cell lines are 

engineered to encode Cas9 under the control of a doxycycline (Dox) inducible promoter and two 

guide RNAs (gRNAs) targeting the gene of interest (Fig. 2.1A). 
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Figure 2.1. An inducible CRISPR/Cas9 system to investigate host trafficking factors 

required for viral entry 

(A) Schematic of doxycycline (Dox)-inducible CRISPR/Cas9 system using dual gRNAs in 

HT1080 cells. (B) Time course of Flag-Cas9 expression in CRISPR cells after Dox induction. 

(C) Left: Surveyor nuclease assay showing region of NPC1 targeted by one of the dual gRNAs. 

Right: Expression of Flag-Cas9 and NPC1 in NPC1 CRISPR cells after 4 days of Dox induction. 

(D) NPC1 CRISPR cells were induced for 4 days in Dox, followed by infection with βlam-VLPs 

harboring EBOV GP, MARV GP, VSV G or JUNV GPC. Entry was detected by measuring the 

percentage of cells with cleaved CCF2, normalized to uninduced cells. Results are representative 

of 3 independent experiments. Asterisks indicate significant difference in entry compared to 

uninduced cells. *** p<0.001. 
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For this study, the human fibrosarcoma cell line, HT1080, was chosen as: 1) it is 

susceptible to filoviral GP-mediated entry and that of other viral glycoproteins, 2) its flat 

morphology allows for easy visualization and tracking of viral particles by microscopy 

(296,310), and 3) it is pseudodiploid and more karyotypically stable then U2-OS cells, which are 

also used for microscopy analysis of EBOV trafficking due to their advantageous morphology 

(169). We first created monoclonal HT1080 cell lines by transduction of a lentiviral vector 

encoding a Dox-inducible Cas9 and selection with puromycin (311) (Fig. 2.1A). Following 

characterization of the clones, one cell line was selected based on its lack of leakiness and high 

and sustained levels of Cas9 expression following Dox treatment (Fig. 2.1B). This HT1080 Cas9 

monoclonal cell line can then be transduced with lentiviral vectors encoding gRNAs for the gene 

of interest. To increase the likelihood of KO generation, we generated lentiviral vectors 

containing two guide RNAs for each gene of interest (312) (Fig. 2.1A). This strategy allows the 

targeting of different exons, which is valuable when splicing variants are reported, and alleviates 

the impact of one guide RNA with low targeting efficiency. The lentiviral vector also encodes a 

zeocin resistance gene allowing the selection of a polyclonal cell line (Fig. 2.1A).  

As a proof of concept, we targeted NPC1, the filovirus receptor (171,184,185), and 

generated an HT1080 NPC1 CRISPR cell line (Fig. 2.1 A,C,D). Cas9 expression was induced 

with Dox and cells were incubated for four days to allow efficient gene editing. To confirm that 

the gene was edited, we performed a surveyor endonuclease assay. For this, the region of interest 

was amplified by PCR using primers flanking the gRNA-targeted site and genomic DNA 

extracted from the induced or non-induced cell populations. The PCR products are then 

denatured at high temperature and slowly cooled down to allow DNA homo and heteroduplexes 

to form. Heteroduplexes, which indicate that targeting of the gene resulted in indels, are then 
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digested with T7 endonuclease I. Analysis of the NPC1 genomic DNA regions around the 

gRNAs using the endonuclease assay revealed that the region was modified for the HT1080 

NPC1 CRISPR cells (presence of a cleaved band in addition to the uncleaved band), but not for 

another CRISPR cell line (Fig. 2.1C, left panel, gRNA 2 shown). While this method indicates 

that the targeting was successful, it does not allow quantitative assessment of knockdown. 

Therefore, we measured NPC1 expression by immunoblot and found it to be undetectable 

following four days of Dox stimulation (Fig. 2.1C, right panel). 

Finally, to assess the potential of this strategy to investigate viral entry host factors, we 

used viral-like particles (VLPs) which can be generated by the co-expression of the EBOV 

nucleoprotein and matrix protein (VP40) (24). These VLPs have the characteristic filamentous 

morphology of filoviruses and can enter cells when viral GPs are co-expressed during 

production. In addition, using a VP40 construct fused with Beta-lactamase (βlam), viral entry 

and delivery of VP40 into the target cell cytoplasm can be measured after loading the target cells 

with the βlam fluorescence resonance energy transfer (FRET) substrate, CCF2. Dox induced or 

non-induced NPC1 CRISPR cells were incubated with VLPs harboring EBOV or MARV GPs, 

or the rhabdovirus vesicular stomatitis virus (VSV) glycoprotein (G), or the arenavirus Junin 

virus (JUNV) glycoprotein precursor (GPC) as controls. As expected, we found that entry was 

abrogated specifically for EBOV and MARV VLPs upon NPC1 targeting, while entry mediated 

by VSV G or JUNV GPC was not affected (Fig. 2.1D). Taken together, these experiments 

validate our CRISPR/Cas9 strategy for the rapid and efficient generation of KO cell lines to test 

the importance and roles of host factors in viral entry.                   
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2.3.2 HOPS, but not CORVET, is required for efficient EBOV GP-mediated entry 

To further test our system, we first sought to investigate the HOPS complex as it was 

previously identified in a screen for EBOV host factors using haploid cells (171). The HOPS 

complex shares 4 subunits (C-Vps core, composed of Vps11, Vps16, Vps18, and Vps33a) with 

the CORVET complex (227). In addition, each contains 2 specific subunits (HOPS, Vps39 and 

Vps41; CORVET, Vps3 and Vps8). In order to investigate the importance of the C-Vps core as 

well the HOPS- and CORVET-specific subunits in filovirus entry, we generated HT1080 

CRISPR cell lines targeting the C-Vps core (Fig. 2.2), as well as a Vps39, as a representative for 

the HOPS complex and Vps3 and Vps8, the two accessory subunits of the CORVET complex 

(Fig. 2.3). Following four days of Dox induction of Cas9 expression, genomic DNA targeting 

was assessed by endonuclease assays (Figs. 2.2, 2.3, inserts) and viral entry was assessed using 

VLPs harboring the glycoproteins of EBOV, MARV, VSV, or JUNV. We found that the genetic 

targeting of all of the C-Vps subunits reduced viral entry mediated by both EBOV and MARV 

GP, but had no effect on that by VSV G or JUNV GPC (Fig. 2.2). These results indicated that 

efficient filovirus entry into cells requires an intact C-Vps core and suggest dependence on the 

CORVET and/or HOPS complex(es) for entry (Fig. 2.2, A-D).    

Therefore, we next investigated subunits exclusive to CORVET (Vps3 and Vps8) or 

HOPS (Vps39) (Fig. 2.3A-C). Again, targeting of the genes was confirmed by endonuclease 

assay (Fig. 2.3, inserts). Using VLPs, we found that targeting the CORVET-specific subunits, 

Vps3 and Vps8, had no effect on viral entry by any of the EBOV- or MARV-GP VLPs (Fig. 

2.3A,B). In contrast, targeting of the HOPS-specific subunit, Vps39, specifically reduced EBOV 

and MARV GP-mediated entry (Fig. 2.3C). Collectively, these data suggest that viral entry in the  
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Figure 2.2. The C-Vps core is required for filovirus entry 

Infection by a panel of βlam-VLPs harboring EBOV GP, MARV GP, VSV G or JUNV GPC in: 

(A) VPS11, (B) VPS16, (C) VPS18, and (D) VPS33a CRISPR cells following 4 days of Dox 

induction. Entry was detected by measuring the percentage of cells with cleaved CCF2, 

normalized to uninduced cells. Results are representative of 3 independent experiments. 

Asterisks indicate significant difference in entry compared to uninduced cells. Surveyor nuclease 

assay results for one gRNA of each targeted gene are shown on the right. ** p<0.01, *** 

p<0.001. 
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Figure 2.3. A HOPS-specific, but not CORVET-specific subunit is required for filovirus 

entry 

Infection by a panel of βlam-VLPs harboring EBOV GP, MARV GP, VSV G or JUNV GPC in: 

(A) VPS3, (B) VPS8, and (C) VPS39 CRISPR cells following 4 days of Dox induction. Entry 

was detected by measuring the percentage of cells with cleaved CCF2, normalized to uninduced 

cells. Results are representative of 3 independent experiments. Asterisks indicate significant 

difference in entry compared to uninduced cells. Surveyor nuclease results for one gRNA of each 

targeted gene are shown on the right. *p<0.05, *** p<0.001.  
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CRISPR cells targeting C-Vps and a HOPS-specific subunit was consistently reduced for VLPs 

harboring the GPs of EBOV or MARV, suggesting that the HOPS complex plays an important 

role in filoviral entry, while the CORVET complex is dispensable. In addition, these experiments 

indicate that our inducible CRISPR/Cas9 system can be broadly used to study the importance of 

host trafficking factors in viral entry.  

 

2.3.3 UVRAG is required for EBOV GP-mediated entry 

Previous studies have shown that UVRAG positively regulates the C-Vps core complex 

during autophagosome and endosomal maturation, and can pull-down the HOPS-specific subunit 

Vps39, indicating that UVRAG plays a role in HOPS activity (307). To investigate whether 

UVRAG is also required for EBOV GP-mediated entry, we used our inducible CRISPR/Cas9 

system and engineered HT1080 UVRAG CRISPR cells (Fig. 2.4A). Targeting of the UVRAG 

gene was confirmed by an endonuclease assay (Fig. 2.4A, insert). Interestingly, we noticed that 

UVRAG depletion resulted in decreased cell growth (data not shown).  

Using VLPs harboring the EBOV GP or VSV G, we tested the effect of UVRAG 

depletion on viral entry. We found that Dox stimulation of the UVRAG CRISPR cells reduced 

EBOV GP-mediated entry, but had no effect on entry of VLPs harboring VSV G (Fig. 2.4A). To 

confirm that the decrease in viral entry was specifically due to UVRAG depletion, we engineered 

the UVRAG CRISPR cells to stably express UVRAG cDNA with silent mutations at the 

protospacer adjacent motif (PAM) sequences of both gRNA-targeted sequences. Because the 

PAM sequences are required for Cas9 binding (313), this UVRAG cDNA is not targeted and can 

be expressed following Dox treatment. As expected, entry mediated by both EBOV GP and VSV  
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Figure 2.4. UVRAG expression is required for filovirus entry 

(A) UVRAG KO and WT-addback CRISPR cells were induced in Dox for 4 days, followed by 

infection with βlam-VLPs harboring EBOV GP or VSV G. Entry was detected by measuring the 

percentage of cells with cleaved CCF2, normalized to uninduced cells. Results are representative 

of 3 independent experiments. Asterisks indicate significant difference in entry compared to 

uninduced cells. Surveyor nuclease results for UVRAG gRNA2 is shown on the right (B) 

Infection of UVRAG KO or WT-addback CRISPR cells by a panel of VLPs bearing different 

filoviral glycoproteins or VSV G following 4 days of Dox induction. Asterisks indicate 

significant difference in infection compared to uninduced cells. Results are representative of 3 

independent experiments.  (C) UVRAG KO and WT-addback CRISPR cells were induced and 

infected with VLPs as in (A). Entry in the low (lo), medium (med) and high (hi) mCherry-

UVRAG expressing cells was determined by mCherry expression (dot plot, inset). Percent entry 

was significantly increased for both EBOV and VSV with increasing mCherry expression (One-

way ANOVA, Tukey’s test. p<0.05). ** p<0.01, *** p<0.001. 
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G was unaffected by Dox treatment in the rescued UVRAG CRISPR cells (Fig. 2.4A), indicating 

that the specific reduction in entry for EBOV VLPs was due to UVRAG depletion. To test 

whether UVRAG is required for entry by multiple filoviruses, we generated VLPs harboring the 

GPs of the other pathogenic ebolavirus species: BUDV and SUDV, and MARV. Using those 

VLPs, we found that entry by all filoviruses tested was decreased in the Dox-induced UVRAG 

CRISPR cells, yet was rescued when UVRAG cDNA was added back (Fig. 2.4B). These results 

indicate that UVRAG is required for a filovirus-specific entry step.  

 Because the UVRAG construct is fused with mCherry, the effect of the UVRAG 

expression level on viral entry can be analyzed. The UVRAG-mCherry positive population was 

separated into three groups: the low, medium and high expressors (Fig. 2.4C). Viral entry in each 

of these groups was then determined. We found an increase in the percentage of cells with 

cleaved CCF2 with increasing expression of UVRAG (Fig. 2.4C), indicating enhanced viral 

entry when UVRAG is overexpressed. This increase was not specific to EBOV GP-mediated 

entry as it was also observed for VLPs harboring VSV G (Fig. 2.4C). Taken together, these 

results suggest that UVRAG is a nonspecific positive regulator of viral entry, yet is specifically 

required for filovirus entry.    

2.3.4 EBOV trafficking to NPC1+ compartments requires UVRAG 

UVRAG is involved in multiple cellular roles, such as autophagosome formation and 

maturation, and endosomal maturation (307,314). Because all filoviruses require trafficking to 

compartments containing NPC1 for entry, a simple hypothesis is that UVRAG depletion leads to 

accumulation of viral particles in early compartments lacking NPC1 due to a failure in endosome 

maturation. To test this hypothesis, we produced fluorescent EBOV VLPs using VP40 fused to 

green fluorescent protein (GFP) and fusion defective EBOV GPF535R to allow viral accumulation 
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in compartments containing NPC1 (172,296). Following four days of Dox induction, UVRAG 

CRISPR cells were incubated with fluorescent EBOV VLPs at 4°C to allow virus binding to the 

cell surface, before switching to 37°C to allow internalization and trafficking of viral particles in 

cells. After 3 hours, cells were fixed, stained for NPC1, and visualized by confocal microscopy 

(Fig. 2.5A). While we did not observe differences in the number of internalized EBOV VLPs in 

the UVRAG CRISPR cells following Dox stimulation (Fig. 2.5A, B), we found that 

colocalization with NPC1 was drastically decreased (Fig. 2.5A,C). Interestingly, we noticed a 

slight increase in internalized VLPs in the rescued UVRAG cells, irrespective of Dox treatment 

(Fig. 2.5B). Importantly, in the rescued cells, colocalization of VLPs with NPC1 remained 

unchanged upon Dox stimulation (Fig. 2.5A,C). Taken together, these data suggest that UVRAG 

is required for EBOV trafficking to NPC1.    

2.3.5 Deletion of UVRAG domains required for HOPS association impairs EBOV entry 

Using an inducible CRISPR strategy, our results suggest that the C-Vps core and the 

HOPS complex, but not the CORVET complex, are required for filovirus entry (Figs. 2.2, 2.3). 

In addition, using the same strategy, we showed that UVRAG is required for filovirus entry (Fig. 

2.4), more specifically for delivery of viral particles to NPC1 compartments (Fig. 2.5). Because 

previous studies have shown that endosome fusion and autophagosome-lysosome fusion are 

mediated by a C-Vps-UVRAG complex (307), it is likely that the function of these proteins is 

also linked during filovirus-GP mediated entry. Two regions of UVRAG have been shown to 

interact with the C-Vps core subunit Vps16: the Ca2+-dependent phospholipid binding C2 

domain and a region that encompasses amino acids 269-442 located in a domain of unknown 

function (307). To investigate whether expression of these regions is required for UVRAG  
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Figure 2.5. EBOV trafficking to NPC1+ compartments is impaired in UVRAG deficient 

cells 

(A) UVRAG CRISPR KO and WT-addback cells were induced in Dox for 4 days, followed by 

reseeding onto coverslips. Cells were then infected with GFP-VLPs harboring fusion deficient 

EBOV ΔM GPF535R for 3 hours. Cells were fixed, permeabilized, and stained with a NPC1 

antibody and Hoechst. Cells were imaged on an LSM800 confocal microscope (Zeiss). (B) 

Number of internalized VLPs and (C) colocalization between VLPs and NPC1 was analyzed 

using Imaris software (Bitplane). Results shown are combined normalized data from 3 

experiments. Asterisks indicate significant difference in colocalization compared to uninduced 

cells, as determined by unpaired t-test with Welch’s correction, and statistical significance 

determined using the Holm-Šídák method. *** p<0.001. 
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function and viral entry, we deleted the C2 domain (ΔC2), the middle region (Δ269-442), or both 

regions (ΔC2/Δ269-442) in the UVRAG PAM mutated cDNA (Fig. 2.6A). Using lentiviral 

vectors, these constructs were transduced in the UVRAG CRISPR cells. All deletion mutants 

were expressed at similar levels, suggesting that the deletions had no effect on protein stability 

(Fig. 2.6B). 

  UVRAG interacts with C-Vps to perform at least two functions: endosome and 

autophagosome maturation (307). This latter process involves the fusion of autophagosomes with 

late endosomes/lysosomes for degradation of autophagosome contents. A block in 

autophagosome maturation can be detected by the accumulation of the lipidated form of LC3 

(LC3-II) which would be otherwise degraded in the lysosomes (315). To characterize the effect 

of the UVRAG deletions mutants on this C-Vps-dependent function, we treated the UVRAG 

CRISPR cells with Dox to deplete endogenous UVRAG and tested for the ability of UVRAG 

WT, ΔC2, Δ269-442, or ΔC2/Δ269-442 to rescue autophagosome maturation by blotting for 

LC3. As expected, an increase in LC3-II was observed in the UVRAG-depleted cells, which was 

rescued when UVRAG WT was expressed (Fig. 2.6C). Similarly, expression of UVRAG ΔC2 

was also able to rescue autophagosome maturation, suggesting that the C2 domain is not required 

for UVRAG-mediated autophagosome maturation (Fig. 2.6C). Interestingly, the UVRAG 

deletion mutants Δ269-442 and ΔC2/Δ269-442 were both unable to rescue autophagosome 

maturation (Fig. 2.6C). These results suggest that Δ269-442 is required for UVRAG’s ability to 

mediate autophagosome maturation in HT1080 cells, while C2 is dispensable for this function. 

 Next, we sought to investigate whether the UVRAG deletion mutants could rescue 

EBOV GP-mediated entry. The UVRAG CRISPR cells were treated with Dox and exposed to  
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Figure 2.6. Deletion of UVRAG domains required for HOPS association impairs EBOV 

entry 

(A) Schematic of mCherry tagged UVRAG deletion constructs. (B) Immunoblot of mCherry-

UVRAG in UVRAG CRISPR cells transduced with the deletion constructs. (C) Expression of 

LC3 in UVRAG CRISPR cells transduced with the deletion constructs was detected by 

immunoblot following 4 days of induction in Dox. (D) UVRAG CRISPR KO, WT-addback, or 

deletion construct-addback cells were induced in Dox for 4 days, followed by infection with 

βlam-VLPs harboring EBOV GP or VSV G. Entry was detected by measuring the percentage of 

cells with cleaved CCF2, normalized to uninduced cells. Asterisks indicate significant difference 

in entry compared to uninduced cells. Results are representative of 3 independent experiments. 

*** p<0.001. 
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VLPs harboring EBOV GP or VSV G. As previously shown, the expression of UVRAG WT 

rescued the inhibition in EBOV VLP entry, while entry mediated by VSV G remained unaffected 

(Fig. 2.6D). Similar to its ability to restore autophagosome maturation (Fig. 2.6C), we found that 

UVRAG ΔC2 was also able to compensate for endogenous UVRAG depletion in the context of 

EBOV entry (Fig. 2.6D). In contrast, UVRAG Δ269-442 and the double deletion, which could 

not restore autophagosome maturation (Fig. 2.6C), did not rescue EBOV VLP entry (Fig. 2.6D). 

These data suggest that there are functional similarities in the interactions between UVRAG and 

C-Vps to perform autophagosome or endosomal maturation. Taken together, these results 

provide further evidence suggesting that UVRAG is required for EBOV GP-mediated entry. 

2.4 Discussion 

To infect cells, filoviruses are internalized via macropinocytosis and trafficked to 

endosomal/lysosomal compartments containing triggering factors required for viral membrane 

fusion and subsequent delivery of the viral genome into the host cell cytoplasm. In this study, we 

present an inducible dual-gRNA CRISPR/Cas9 strategy to investigate the roles of host factors in 

viral entry. We demonstrate that filoviruses require the HOPS, but not the CORVET, complex 

for entry. In addition, we show that UVRAG is required for filovirus entry, more specifically, for 

delivery of EBOV particles to intracellular vesicles containing the entry receptor, NPC1. Finally, 

the ability of UVRAG to mediate EBOV GP-mediated entry depends on a domain known for 

interacting with the HOPS complex, suggesting that its role in viral entry involves coordination 

with the HOPS complex. Our findings strengthen the notion that a specific trafficking pathway is 

required for efficient filovirus entry, more specifically one that involves the HOPS complex and 

UVRAG.  
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Multiple genetic strategies have been used to identify host factors required in viral entry, 

including RNAi screens and more recently, screens based on mutagenized haploid cells and 

CRISPR/Cas9 (171,316–318). One main advantage of these methods is the non-biased discovery 

of novel genes. However, because of the requirement for multiple days of selection and 

expansion of initial cell populations, genes required for cell proliferation and survival are 

generally negatively selected, preventing investigation of their potential roles in viral entry. 

Here, we used an inducible Cas9 system combined with a dual-gRNA strategy for the specific 

investigation of the roles of proteins involved in endosomal/lysosomal cargo trafficking. The 

rapid testing of viral entry after inducing expression of Cas9 and knocking out specific genes 

makes the study of essential cellular genes possible. For instance, this system allowed us to study 

the role of UVRAG in filovirus entry. UVRAG’s role in autophagy is very well characterized, 

yet autophagy-independent functions have also been described (307,314). While its role in 

vesicular trafficking was the focus of this study, UVRAG is also involved in cell proliferation 

and homeostasis (314,319). The negative effect of UVRAG knockout on cellular proliferation 

could explain why UVRAG was not identified in the HAP screen for EBOV host factors (171). 

While the dual guide strategy is not easily amenable for non-biased screens, using the inducible 

Cas9 with a single gRNA could allow such screens.   

Previous studies have shown that, following internalization, EBOV particles traffic from 

a Rab5+ early compartment to a Rab7+ late compartment (163). The passage through a Rab5+ 

vesicle could imply a role for the CORVET complex, a Rab5 effector, which has been implicated 

in early endosome fusion (225). In addition, transition to late compartments implies the use of 

the HOPS complex. Using the inducible CRISPR/Cas9 strategy, we targeted all members of the 

C-Vps core which have been found to be localized to both early and late endosomal 
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compartments (227). Interestingly, we found that targeting the subunits of the C-Vps core and 

those of the HOPS complex specifically reduced entry by the GPs of EBOV and MARV but had 

no effect on that by VSV G and JUNV GPC, which is in agreement with results from Carette et 

al (171). In contrast, targeting Vps3 or Vps8 did not affect entry by any of the VLPs, suggesting 

that filovirus entry does not depend on the CORVET complex (Fig. 2.3A,B). Previous studies 

have shown that while the depletion of CORVET-specific subunits has no effect on late 

endosomal compartments, it alters early endosomal subpopulations differentially (320). These 

endosomal populations are characterized by the presence of Rab5 with either the early endosome 

antigen 1 (EEA1), the adaptor protein, phosphotyrosine interacting with PH domain and leucine 

zipper 1 (APPL1), or both (321). Interestingly, Vps3 depletion seemed to mostly affect APPL1 

positive endosomal population causing its fragmentation (321). While more work is needed to 

characterize our CORVET CRISPR cell lines, it is possible that if filoviral VLPs, or even those 

harboring VSV G and JUNV GPC, transit through early endosomal compartments, those early 

compartments are among the subpopulations that are not coordinated by CORVET. Another 

possibility is that Vps3 or Vps8 targeting only slows viral trafficking to entry-conducive 

compartments and kinetic experiments may be necessary to reveal a role for the CORVET 

complex in filoviral entry.   

Recent studies have shown that UVRAG can coordinate C-Vps and HOPS functions 

(307). Here we show that depletion of UVRAG specifically leads to reduced filovirus GP-

mediated entry (Figs. 2.5, 2.6). In a previous study, Pirooz et al. showed an increase in VSV and 

influenza A entry when UVRAG was overexpressed and an inhibition when UVRAG, Vps16, or 

Vps18 were depleted (308). While we also observed increase entry upon UVRAG 

overexpression (Fig. 2.4C), our results suggest that UVRAG and the C-Vps are not required for 
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VSV G-mediated entry (Figs. 2.2, 2.4). The C-Vps and HOPS complex were also showed to be 

dispensable for VSV infection by Carette et al (171). Since VSV G-mediated membrane fusion 

in the endosome is triggered by low pH, it is possible that the need for VSV to traffic deeper in 

the endosomal pathway, which is mediated by the HOPS and UVRAG, depends on the pH of 

early endosomes which is likely cell-type specific and can also be modulated by cell-extrinsic 

factors such as extracellular pH (322). This could explain differences in the observed dependence 

on UVRAG and endosomal maturation for VSV entry. In addition to a role in 

endosome/lysosome fusion, UVRAG is known to be important for both the initiation and 

maturation of autophagosomes (307,314). Initiation of autophagosomes requires UVRAG 

interaction with Beclin and maturation is dependent on interaction with the C-Vps complex. 

While a defect in autophagy initiation was not observed in our HT1080 UVRAG CRISPR cells, 

autophagosome fusion with lysosomes seemed impaired as an accumulation of LC3-II was 

apparent in the Dox-treated cells (Fig. 2.6C). An absence of an effect on autophagy initiation in 

UVRAG KO cells was also reported in lymphocytes (319), suggesting that a role for UVRAG in 

autophagosome formation may be cell type specific. A recent study reported a role for 

autophagy-associated proteins, such as Beclin and LC3, in EBOV internalization (323). While 

we did not observe a reduction in VLP internalization in UVRAG-depleted cells, more work 

needs to be done to assess the autophagy-dependent functions of UVRAG in EBOV entry. 

Interaction of UVRAG with C-Vps and the HOPS complex has been previously shown to map to 

the C2 (42-147) and 269-442 regions of UVRAG (307,308). Interestingly, we found that 

UVRAG function in viral entry requires the domain comprising of amino acids 269-442, while 

the C2 deleted UVRAG was able to both rescue infection and autophagosome clearance (Fig. 

2.6C,D), suggesting that this region is not involved in C-Vps and HOPS complex function in 
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HT1080 cells. Instead, in our system, region 269-442 was critical for UVRAG-mediated 

autophagosome maturation and virus trafficking (Fig. 2.6C,D). More work is required to analyze 

the contribution of this region for UVRAG functions in autophagosome/endosome maturation 

and viral entry.  

In conclusion, our study describes a dual gRNA and inducible CRISPR/Cas9 system to 

study host factors involved in viral entry. Using this strategy, our data support a model by which 

filovirus entry requires a specific set of host trafficking proteins for virus delivery to the 

intracellular entry receptor, NPC1. Better molecular characterization of this conserved trafficking 

pathway and the identification of additional host proteins involved in its regulation could pave 

the way to the development of panfiloviral therapeutic strategies.  

2.5 Materials and Methods 

Cell lines and antibodies 

HEK293T and HT1080 cells (ATCC) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM, Wisent) supplemented with 10% Fetal Bovine Serum (Sigma), 1U/mL 

penicillin, 1µg/mL streptomycin, 3μg/mL glutamine (Corning) at 37°C and 5% CO2. Antibodies 

used were NPC1 (Abcam), Flag (Sigma), mCherry (Abcam), LC3 (Novus Biologicals), GAPDH 

(Abcam), and vinculin (Abcam). 

CRISPR cloning and cell lines 

HT1080 cells expressing doxycycline (Dox)-inducible Cas9 were generated by first 

producing lentiviral vectors via co-transfection of HEK293T cells with pCW-Cas9 (gift from 

Eric Lander & David Sabatini, addgene #50661) (311), packaging vector psPAX2 (gift from 

Didier Trono, addgene #12260) and a plasmid encoding VSV G (pMDG, gift from James 
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Cunningham, Brigham and Women’s Hospital, Boston) in a 4:3:1 ratio using JetPRIME 

transfection reagent (Polyplus). Lentiviruses were harvested 48h post transfection, filtered with a 

0.45 µm filter, then used to infect HT1080 cells in the presence of 8μg/mL polybrene. Following 

puromycin selection, monoclonal cell populations were isolated via ring cloning and expanded. 

Several clones were induced in 1µg/mL Dox over 4 days and were assessed for Flag-Cas9 

expression by immunoblot. Uninduced clones were also assessed for leaky expression of Flag-

Cas9 by immunofluorescence and immunoblot. One clone with strong expression of Flag-Cas9 

upon Dox induction and no detectable expression in the absence of Dox was ultimately chosen 

for further experimentation. 

Paired gRNA constructs were generated as described previously (312). Briefly, two 

gRNAs targeting the gene of interest were cloned into the lenti sgRNA(MS2)_zeo backbone (gift 

from Feng Zhang, Addgene #61427) using pDonor sU6 (gift from Andrea Ventura, Addgene 

#69351) (324). The gRNA sequences were as follows: NPC1 (ACGCCTGTAATGCCACCAAC, 

CACAAGCAAAAACGCCATGT), VPS11 (GCGCTTCGTTTTCTTCGACA, 

GTGTGTCACCCGTAGTTTGT), VPS16 (GCAGAGTATATATCGAGCAC, 

GATGGTGCTGTACTGGTTTA), VPS18 (GTCCTCTACGTGAACCGAAA, 

GGACATGAACCGCTTCGATC), VPS33A (GAACCTAAACGTGTTGCGCG, 

GAATACCTAACTGGACCCTT), VPS3 (GTGGTAGACGAAGCAGTCGT, 

CATGAGGAAGCGTTTGCACT), VPS8 (GTTGGAGGAGTATCAACTTG, 

GGAAGCGCTCATTGTACATA), VPS39 (TATAGATCCCACCCATGTGA, 

GTCAAGCACCTCACCGCTCA), and UVRAG (ATCTTCGGAACATTGCTGCC, 

GATATCTGAGGGGCACTTGT). 
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Lentiviruses expressing dual gRNAs were produced by co-transfecting HEK293T cells 

with the lentiviral vector containing the dual gRNAs, psPAX2, and pMDG in a 4:3:1 ratio, as 

described above. Lentiviruses were then used to infect the monoclonal Cas9-inducible HT1080 

cells in the presence of 8μg/mL polybrene, followed by zeocin selection. Cas9 expression was 

induced by seeding the CRISPR cell lines in 6-well plates to approximately 30% confluence in 

the presence of 1µg/mL Dox. Untreated cells were kept as controls. Cells were allowed to 

proliferate for 96h, at which point they were reseeded for further experimentation in the absence 

of Dox. 

Genomic DNA extraction was performed by lysing cell pellets in 50mM NaOH at 95°C 

for 20 min, followed by neutralization with 1M Tris pH 7.0 to a final concentration of 0.8 M, pH 

8.3. Samples were centrifuged at 17,000g for 5 min, and supernatant transferred to new tubes. 

Amplicons containing gRNA target regions were generated by PCR using Herculase II fusion 

DNA polymerase (Agilent). Surveyor endonuclease assays were performed by incubating PCR 

products in 1X NEBuffer2 with the following thermocycler conditions: 95°C (10 min), 95-85°C 

(ramp rate -2°C/sec), 85-25°C (ramp rate -0.3°C/sec) to allow DNA duplexes to form. Due to the 

heterogeneity of the cell population from which DNA was extracted, both homoduplexes and 

heteroduplexes of DNA may form. Heteroduplexes, which indicate that targeting of the gene 

resulted in indels, were then digested with T7 endonuclease I (NEB) at 37°C for 1h. Digested 

products were resolved by agarose gel electrophoresis and visualized under UV light. 

UVRAG cloning and generation of polyclonal cell line expressing gRNA insensitive UVRAG 

Synonymous mutations of PAM sequences on mCherry-UVRAG cDNA (gift from Do-

Hyung Kim, Addgene #86743) (243) were performed using overlapping PCR and confirmed by 

Sanger sequencing. Further cloning was done using this PAM-mutated UVRAG construct. C2 
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and 269-442 deletions were generated using overlapping PCR, and confirmed by Sanger 

sequencing and immunoblot. All mCherry-UVRAG constructs were cloned into the pLV-EF1a-

IRES-Blast (gift from Tobias Meyer, Addgene # 85133) (325) lentiviral vector. 

UVRAG rescue cell lines with addback of WT or mutant UVRAG were generated by 

transducing UVRAG CRISPR cells with the mCherry-UVRAG constructs. Lentiviruses were 

generated as described above, and used to infect UVRAG CRISPR cells in the presence of 

8μg/mL polybrene, followed by selection in blasticidin. Expression of mCherry-UVRAG in the 

cell lines was validated by microscopy, flow cytometry and immunoblot. 

Viral-like-particle production and viral entry assays 

EBOV virus-like-particles (VLPs) were produced by co-transfecting HEK293T cells with 

plasmids encoding EBOV NP, EBOV VP40 fused to β-lactamase or GFP (kind gifts of Dr. Lijun 

Rong, University of Illinois), and the viral envelope protein (mucin deleted EBOV GP or EBOV/ 

Bundibugyo ebolavirus (BUDV)/ Sudan ebolavirus (SUDV)/ Taï Forest ebolavirus (TAFV)/ 

Reston ebolavirus (RESTV) GP, or the glycoproteins of Marburg virus (MARV), VSV, Junin 

(JUNV)) (all plasmids were kind gifts of Dr. James Cunningham, Brigham and Women’s 

Hospital) using JetPRIME transfection reagent at a 1:1:1.15 ratio. Virus containing supernatants 

were collected and concentrated by ultracentrifugation (20,000 RPM, 1.5h, 4°C, Beckman 

Coulter Optima XPN-100, SW32Ti rotor) through a 20% (w/v) sucrose cushion. Viruses were 

resuspended in PBS and stored at -80°C. 

Entry assays were performed by seeding HT1080 cells in 48-well plates at approximately 

90% confluence. VLPs were added and plates were centrifuged at 200g for 30 min at 4°C, then 

incubated at 37°C for 3 h. Cells were washed with serum-free DMEM and loaded with CCF2-
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AM (Invitrogen) according to kit instructions for 1h at room temperature. The staining solution 

was supplemented with 15 mM NH4Cl and 250µM probenecid (Sigma). Following staining, cells 

were washed once in PBS, trypsinized, and cleavage of CCF2 analyzed using a FACSCelesta 

flow cytometer (BD Biosciences). Stained cells were defined as cells positively shifted compared 

to unstained cells (emission in 525/50 filter), and β-lactamase+ (successful reporter release post-

VLP fusion) cells defined as cells shifted positively (emission in 450/50 filter) compared to 

stained, uninfected cells. 

Immunofluorescence and microscopy 

HT1080 cells were seeded onto 18 mm coverslips and grown to approximately 60% 

confluence. Fusion deficient (GPF535R) ΔMuc EBOV VLPs containing VP40-GFP were 

spinoculated onto cells (200g, 30 min, 4°C) to allow cell surface binding but not internalization. 

Cells were shifted to 37°C for 3h to allow infection to proceed, followed by fixation in formalin, 

permeabilization with 0.5% triton X-100, and block in 20% FBS for 30 min. Cells were then 

incubated in an NPC1 antibody (5µg/mL concentration) for 1h, followed by incubation with an 

Alexafluor 647-conjugated secondary antibody (Thermo) for 1 hour, Hoechst staining (1µg/mL, 

Thermo) and mounting in PermaFluor Aqueous Mounting medium (Thermo). 

Immunofluorescence images were captured on an LSM800 Zeiss confocal microscope using a 

63X/1.4 Oil Plan-Apochromat objective. Fifteen to twenty Z-stacks were acquired per image. 

Immunoblots 

Cells were washed in PBS, then lysed in buffer containing 1% Triton X-100, 0.1% NP40, 

150mM NaCl, 10mM Tris-HCl pH 7.4 supplemented with a protease inhibitor cocktail (Cell 

signaling). Protein concentration was determined using a BCA assay following manufacturer 

protocol (Thermo). Equal amounts of protein were resolved by SDS-PAGE and transferred on 
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PVDF membranes. Proteins were detected using the indicated primary antibodies (1µg/mL 

concentration), HRP-conjugated secondary antibodies and visualized using chemiluminescence 

according to manufacturer protocol (Biorad Clarity ECL substrate). 

Image and Statistical Analysis 

Image analysis was performed using Imaris software (Bitplane) as described previously 

(296). Briefly, VLPs were modeled as GFP+ puncta with a diameter of 0.3 µm or greater. For 

determination of colocalization with NPC1, VLPs were assigned colocalization values based on 

intensity correlation to the Alexafluor647 channel (NPC1), and colocalization threshold 

manually determined for each experiment. The same threshold was used for both induced and 

noninduced cells in each experiment. Percentage of VLPs colocalized to NPC1 was then 

determined by dividing the number of VLPs above the colocalization threshold by the total VLP 

count per cell. For determination of number of internalized VLPs per cell, cell boundaries were 

modeled using cell fluorescence background intensity (647nm), and VLPs were modeled as 

described above.  

Data are presented as mean ± S.D. Statistical analysis was performed by unpaired t-test 

with Welch’s correction, and statistical significance determined using the Holm-Šídák method, 

unless otherwise indicated. *p<0.05, ** p<0.01, *** p<0.001. 
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3.1 Abstract 

For entry, Ebola virus (EBOV) requires the interaction of its viral glycoprotein with the 

cellular protein Niemann-Pick C1 (NPC1) which resides in late endosomes and lysosomes. How 

EBOV is trafficked and delivered to NPC1 and whether this is positively regulated during entry 

remain unclear. Here we show that the PIKfyve-ArPIKfyve-Sac3 cellular complex, which is 

involved in the metabolism of phosphatidylinositol (3,5) bisphosphate (PtdIns(3,5)P2), is critical 

for EBOV infection. Although the expression of all subunits of the complex was required for 

efficient entry, PIKfyve kinase activity was specifically critical for entry by all pathogenic 

filoviruses. Inhibition of PIKfyve prevented colocalization of EBOV with NPC1 and led to virus 

accumulation in intracellular vesicles with characteristics of early endosomes. Importantly, 

genetically-encoded phosphoinositide probes revealed an increase in PtdIns(3,5)P2-positive 

vesicles in cells during EBOV entry. Taken together, our studies suggest that EBOV requires 

PtdIns(3,5)P2 production in cells to promote efficient delivery to NPC1. 

3.2 Introduction 

Ebola virus (EBOV) is a highly pathogenic zoonotic virus belonging to the Filoviridae 

family and the causative agent of severe hemorrhagic fever disease in humans and non-human 

primates. Currently, there are no FDA-approved therapeutics for the treatment of Ebola virus 

disease. Virions harbour the characteristic filoviral filamentous morphology and are surrounded 

by a host-derived lipid envelope which is acquired during budding from cells. Studded on the 

viral envelope is the metastable trimeric EBOV glycoprotein (GP), which is the primary 

determinant of viral entry (20). GP is composed of heterodimers of the subunits GP1, which 

contains the receptor binding domain shielded by a glycan cap (132), and GP2, which contains a 

hydrophobic fusion loop and heptad repeat regions (140). Viral fusion requires a number of 
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triggering factors, including cleavage of the glycan cap on GP1 by low-pH dependent cysteine 

proteases, and interaction with a host receptor (173,174,184,185). 

Identification of Niemann-Pick C1 (NPC1), a late endosomal/lysosomal resident protein, 

as the filovirus receptor indicated that viral particles require not only initial internalization but 

also trafficking through the endosomal system for delivery to intracellular compartments 

containing NPC1 (171,184). In support of this, recent studies have shown that EBOV displays 

late entry kinetics due to the need to traffic deep into the endocytic pathway (168). Using live 

cell imaging to visualize viral-host membrane lipid mixing, Spence et al. and Simmons et al. 

found that EBOV GP-mediated viral membrane fusion occurs primarily in NPC1+ and Rab7+ 

compartments (169,170). However, which cellular proteins are involved in viral trafficking and 

whether EBOV actively regulates its delivery to NPC1+ compartments remains largely 

unexplored.    

A previous genetic screen for EBOV entry host factors uncovered a number of genes 

encoding trafficking factors in addition to genes encoding the triggering factors, cathepsin B and 

NPC1. Among others, genes of the subunits that form the Homotypic Fusion and Protein Sorting 

(HOPS) complex, as well as those of PIKfyve and Sac3 were found to be enriched for gene-trap 

insertions in a cell population resistant to vesicular stomatitis virus expressing EBOV GP 

compared to unselected control cells (171). Interestingly, PIKfyve and Sac3 are found in the 

same ternary complex, which is scaffolded by the adaptor protein ArPIKfyve (259,264,266). The 

PIKfyve-ArPIKfyve-Sac3 (PAS) complex is recruited to phosphatidylinositol (3) phosphate 

(PtdIns3P)-enriched endosomal membranes via a FYVE domain located at the N-terminal of 

PIKfyve and plays an essential role in regulating vesicular trafficking (256). PIKfyve, a lipid 

kinase, is the sole known enzyme capable of producing phosphatidylinositol (3,5) bisphosphate 
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(PtdIns(3,5)P2) in mammalian cells, while the phosphatase function of Sac3 hydrolyzes 

PtdIns(3,5)P2 to regenerate PtdIns3P (263). Biochemical characterization of the complex has 

shown that integrity of the entire complex is critical for maintaining PIKfyve kinase activity, 

while Sac3 stability depends primarily on association with ArPIKfyve (264,269,270,326,327).  

PtdIns(3,5)P2 is a member of a family of phospholipids collectively called 

phosphoinositides (PIs), whose precise spatiotemporal localization on membranes throughout the 

cell allows them to dynamically regulate signalling events by recruiting and activating various 

effectors (Balla, 2013). PtdIns(3,5)P2, despite composing less than 1% of the total PI pool, is 

known to be a critical regulator of endosomal membrane homeostasis and progression of cargo 

through the endosolysosomal trafficking system (328,329). Cells with reduced PtdIns(3,5)P2 

levels display profoundly enlarged endosomes as well as defective autophagy, endosomal 

maturation and trafficking of endocytosed cargoes (278,330–333). Knock-out of any member of 

the PAS complex is embryonic or perinatal lethal in mice and dysfunction of the complex has 

been implicated in a number of neurological and motor diseases, including Charcot-Marie Tooth 

Disease Type 4J and Amyotrophic Lateral Sclerosis (265,334–338).  

Despite its critical role in development and cell homeostasis, little is known about the PAS 

complex’s mechanisms of action and activation. Furthermore, the role of this complex in host-

pathogen interactions in the context of virus entry is largely uncharacterized. In this study, we 

determined that all three subunits of the PAS complex are required for EBOV entry. Specifically, 

the presence of all subunits is required for PIKfyve kinase activity and PtdIns(3,5)P2 production, 

which is critical for EBOV entry, while Sac3 phosphatase activity appears to be dispensable. 

Loss of PIKfyve activity reduced EBOV colocalization with its receptor NPC1 and resulted in 

viral particle accumulation in predominantly early endocytic compartments. Importantly, we 
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observed increased PtdIns(3,5)P2 onto vesicular membranes during viral entry, raising the 

possibility that EBOV both requires and upregulates PtdIns(3,5)P2 to promote its delivery to 

NPC1.   

3.3 Results 

3.3.1 Expression of Sac3 and ArPIKfyve is required for efficient EBOV GP-mediated entry in 

cells 

To investigate a role for the PAS complex in EBOV entry, we first sought to generate cell 

lines deficient in the expression of each subunit of the complex using CRISPR/Cas9. Human 

fibrosarcoma cells, HT1080, were infected with lentiviral vectors encoding Cas9 and specific 

gRNAs for the Sac3, ArPIKfyve, and PIKfyve genes. Following puromycin selection of the 

transduced cells, we subcloned the polyclonal populations to obtain monoclonal cell lines. This 

strategy allowed us to isolate knockout (KO) clones for ArPIKfyve and Sac3, but not PIKfyve. 

Immunoblot analysis confirmed loss of expression of the proteins and genotyping indicated the 

presence of frame-shift mutations in the KO cells (Fig. 3.1A, data not shown). In agreement with 

previous studies, Sac3 levels were also reduced in ArPIKfyve KO cells, presumably due to the 

requirement of ArPIKfyve to stabilize Sac3 within cells (269). Importantly, both ArPIKfyve and 

Sac3 KO cell lines exhibited the enlarged vacuole phenotype indicative of reduced cellular 

PtdIns(3,5)P2 (Fig. S3.1A) (264). 

Using these cells, we tested whether loss of ArPIKfyve or Sac3 influenced entry by virus-

like-particles (VLPs) harbouring EBOV GP or Junin virus (JUNV) GP.  These VLPs, which 

harbour the native filovirus morphology, were produced by co-transfection of plasmids encoding 

the EBOV nucleoprotein (NP), the matrix protein VP40 fused to Beta-lactamase (βlam), as well 

as either EBOV GP or JUNV GP (24). Viral entry following fusion of the viral membrane with 
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the cellular membrane can be detected in cells loaded with the cytoplasmic CCF4-AM β-

lactamase cleavable dye (24,27,339). Because the mucin domain of EBOV GP causes toxicity in 

GP-expressing cells but has been shown to be dispensable for viral entry, we used EBOV GP 

with the mucin domain deleted (ΔM) for our studies (128). Using this assay, we found that while 

entry of JUNV VLPs was similar in all cell lines, EBOV VLP entry was defective in cells 

knocked-out for Sac3 or ArPIKfyve (Fig. 3.1B). In addition, when compared side-by-side, entry 

of EBOV VLPs was always more reduced in ArPIKfyve KO than in Sac3 KO cells. We also 

tested infection of murine leukemia virus (MLV) pseudotypes bearing EBOV GP or vesicular 

stomatitis virus (VSV) G, and observed similar results (Fig. S3.1B). Because JUNV GP- and 

VSV G-mediated entry also require internalization and the low pH in early or late endosomes 

(340–343), our data indicate that the loss of Sac3 or ArPIKfyve expression does not lead to a 

generalized block of viral entry in the endosomes but specifically inhibits EBOV GP-mediated 

entry. 

To confirm that the inhibition of entry was specific to the loss of Sac3 or ArPIKfyve 

expression and not due to potential off-targets of our CRISPR/Cas9 strategy, we expressed the 

proteins in trans in the KO cells. Because of the stable expression of Cas9 and gRNA in our 

monoclonal cell lines, we modified the cDNA of WT ArPIKfyve and Sac3 by the introduction of 

synonymous mutations generating 2 mismatches in the target sequence of the gRNA. 

Transfection of plasmids encoding the modified cDNAs into the KO cell lines led to expression 

of the proteins and rescue of the enlarged vacuole phenotype indicating that the PtdIns(3,5)P2 

levels were restored (Fig. 3.1C,E, Fig. S3.1C). Entry of EBOV VLPs was partially or completely 

restored to WT cell levels when the WT proteins were re-introduced in the KO cells  
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Figure 3.1. EBOV GP-mediated entry requires ArPIKfyve and Sac3 expression, but not 

Sac3 phosphatase activity 

(A) Expression of ArPIKfyve and Sac3 in the HT1080 CRISPR/Cas9 monoclonal KO cells. (B) 

Entry of βlam-VLPs harbouring EBOV ΔM GP or JUNV GP in Sac3 and ArPIKfyve KO cells 

was detected by measuring the percentage of cells with cleaved CCF4, normalized to WT cells. 

Asterisks indicate significant difference in entry compared to WT cells. (C,D) ArPIKfyve KO 

cells were transfected with plasmids encoding LacZ (mock) or gRNA-insensitive ArPIKfyveWT 

and infected with βlam-VLPs. Protein expression (C) and viral entry (D) were assessed 48 hours 

post-transfection. (E,F) Sac3 KO cells were transfected with plasmids encoding LacZ (mock) or 

gRNA-insensitive Sac3WT or phosphatase-deficient Sac3D488A and infected with βlam-VLPs. 

Protein expression (E) and viral entry (F) were assessed 48 hours post-transfection. *p<0.05, ** 

p<0.01, *** p<0.001. 
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(Fig. 3.1D,F). The partial rescue of EBOV VLP entry in the ArPIKfyve-transfected KO cells 

may be a result of the incomplete restoration of endogenous Sac3 upon ArPIKfyve transfection 

(Fig. 3.1C). Interestingly, we also noticed that the level of infection by JUNV VLPs was slightly 

increased in the rescued cells compared to the mock transfected cells.  

3.3.2 The phosphatase activity of Sac3 is dispensable for efficient EBOV GP-mediated entry 

To tease out the role of the catalytic activity of Sac3 in EBOV entry, we introduced a 

D488A mutation in the Sac3 cDNA modified to be insensitive to the gRNA. This mutation was 

previously shown to abrogate Sac3 phosphatase activity (344) while still allowing its interaction 

with ArPIKfyve and PIKfyve for full complex formation (260,345). Therefore, a PAS complex 

containing Sac3D488A would be able to synthesize PtdIns(3,5)P2 but be incapable of hydrolyzing 

it to PtdIns3P. As expected, expression of Sac3D488A in the KO cells rescued the enlarged vacuole 

phenotype, indicating that PIKfyve activity is restored following PAS complex formation (Fig. 

S3.1C). Interestingly, we found that expression of Sac3D488A rescued EBOV VLP entry in cells to 

a similar extent as Sac3WT (Fig. 3.1E,F), suggesting that EBOV GP-mediated entry requires 

formation of the PAS complex but not Sac3 phosphatase activity.  

3.3.3 PIKfyve is required for efficient EBOV GP-mediated entry 

As we were not successful in generating a PIKfyve deficient cell line using the above 

single gRNA strategy, we engineered an expression system that allows dual expression of 

gRNAs targeting two different exons of the gene (Fig. 3.2A) (312). For this, we first generated 

an HT1080 monoclonal cell line expressing a doxycycline-inducible Cas9 gene (311). This cell 

line was then transduced with a lentiviral vector encoding two different gRNAs targeting 

PIKfyve and a zeocin resistance gene. Following selection, cells were induced with doxycycline,  
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Figure 3.2. EBOV GP-mediated entry requires PIKfyve 

(A) Schematic of the inducible and dual gRNA CRISPR strategy. spCas9 = S. pyogenes Cas9, 

Puro = puromycin, LTR = Long Terminal Repeat, Zeo = zeocin. (B) Phase-contrast images of 

PIKfyve WT and PIKfyve CRISPR clone 6 (C6) cells (C) PIKfyve CRISPR C6 cells were lysed 

and PIKfyve protein expression was examined by immunoblot and densitometry. (D) Entry of 

βlam-VLPs harbouring EBOV ΔM GP or JUNV GP in the PIKfyve WT and PIKfyve CRISPR 

C6 cell lines was detected by measuring the percentage of cells with cleaved CCF4, normalized 

to WT cells. Asterisks indicate significant difference in entry compared to WT cells. *** 

p<0.001. 
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monoclonal cells were obtained, and one clone exhibiting enlarged vacuoles without displaying 

an obvious growth defect was selected and characterized (Fig. 3.2B,C). Analysis of the genomic 

target regions in PIKfyve revealed that the selected clone had one allele with a partial deletion of 

exons 10 and 11, and another with a nucleotide insertion in exon 11, both causing frameshifts 

(data not shown). Surprisingly, immunoblot analysis revealed that PIKfyve was still expressed, 

albeit at a lower level compared to WT cells (Fig. 3.2C). The protein detected in the CRISPR 

cells could be PIKfyve splicing variant(s) of similar molecular weight to the PIKfyve detected in 

the WT cells, as splicing variants have been observed and predicted for the PIKfyve gene (346), 

or it could be a non-functional protein of similar molecular weight to the WT protein generated 

by the frameshift introduced by CRISPR/Cas9. Nevertheless, the presence of enlarged vacuoles 

indicates that the residual expression of PIKfyve in these cells leads to insufficient levels of 

PtdIns(3,5)P2 (Fig. 3.2B). We therefore sought to test if EBOV entry is impacted in these 

PIKfyve deficient cells. As observed with the ArPIKfyve and Sac3 KO cells, EBOV VLP entry 

was reduced in the PIKfyve deficient cells while entry of VLPs harbouring JUNV GP was 

unaffected (Fig. 3.2D). Taken together, our data indicate that the expression of PIKfyve, 

ArPIKfyve, and Sac3 is required for efficient EBOV GP-mediated viral entry. 

3.3.4 PIKfyve kinase activity is required for EBOV GP-mediated entry 

Previous studies have shown that the kinase activity of PIKfyve is dependent on its 

association within an intact complex composed of Sac3 and an ArPIKfyve homodimer 

(264,347). Our data demonstrating that formation of the PAS complex is required for EBOV 

entry while Sac3 phosphatase activity is dispensable strongly suggest that it is PIKfyve kinase 

activity that is critical for viral entry. To further validate the importance of PIKfyve kinase 

activity, we first examined the effect of specific small molecule inhibitors of PIKfyve activity, 
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YM-201636 and apilimod, on EBOV entry (258,348). Vero cells were treated with increasing 

concentrations of YM-201636 or apilimod and exposed to MLV pseudotypes encoding LacZ and 

bearing EBOV GP or VSV G. We found that the PIKfyve kinase inhibitors specifically blocked 

EBOV GP-mediated infection, but not that of VSV G (Fig. 3.3A). The IC90 was lower for 

apilimod than YM-201636, 25 nM and 1.5 µM respectively, which correlates with the respective 

potency of both inhibitors to target PIKfyve activity (258,348). Neither inhibitor was cytotoxic at 

the concentrations and durations tested, as measured using Cell Titer-Glo, a metabolic activity 

assay (data not shown). Because lower concentrations of apilimod were needed to block PIKfyve 

activity and EBOV-GP mediated entry, we further tested apilimod on VLP entry. As expected, 

entry by VLPs bearing EBOV GP was reduced (88% reduction) while entry by VLPs bearing 

VSV G was largely unaffected (8% reduction) (Fig. 3.3B).  

As a complementary approach, we overexpressed PIKfyveWT or the characterized kinase-

dead mutant PIKfyveK1877E in 293T cells (261,263). 293T cells were selected for these 

experiments as the large size of the PIKfyve open reading frame rendered transfection of Vero 

cells and HT1080 cells inefficient. When overexpressed, the kinase-dead mutant acts as a 

dominant negative form as it replaces endogenous PIKfyve in the PAS complex. In addition, we 

fused the proteins to RFP to enable analysis of viral entry exclusively in the transfected RFP-

positive cells by flow cytometry. As expected, cells expressing PIKfyveK1877E exhibited the 

enlarged vacuole phenotype indicative of reduced PtdIns(3,5)P2 levels (data not shown) 

(261,263). Furthermore, entry by EBOV VLPs was reduced in cells expressing PIKfyveK1877E 

compared to cells expressing PIKfyveWT (78% reduction), while entry by JUNV VLPs was 

mostly unaffected (24% reduction) (Fig. 3.3C). Collectively, these studies indicate that PIKfyve 

activity is critical for EBOV entry in cells. 
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Figure 3.3. EBOV GP-mediated entry requires PIKfyve kinase activity 

(A) Infection by MLV pseudotypes harbouring EBOV ΔM GP or VSV G in Vero cells treated 

with increasing concentrations of YM-201636 or apilimod was measured by quantitation of 

LacZ+ foci. (B) Entry of βlam-VLPs harbouring EBOV ΔM GP or VSV G in Vero cells treated 

with DMSO or 50nM apilimod was detected by measuring the percentage of cells with cleaved 

CCF4, normalized to DMSO treated cells. Asterisks indicate significant difference in infection 

compared to DMSO-treated cells. (C) 293T cells transfected with plasmids encoding 

PIKfyveWT or kinase-dead PIKfyveK1877E both fused to RFP were exposed to βlam-VLPs 

harbouring EBOV ΔM GP or JUNV GP. Entry of the VLPs in cells was detected by measuring 

the percentage of RFP+ cells with cleaved CCF4, normalized to PIKfyveWT-transfected cells. 

Asterisks indicate significant difference in infection compared to PIKfyveWT-transfected cells. 

*p<0.05, ** p<0.01, *** p<0.001. 
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3.3.5 PIKfyve activity is required by all pathogenic filoviruses, for EBOV GP-mediated entry 

in a differentiated monocytic cell line, and for replication of infectious EBOV 

We next determined whether PIKfyve activity is required for entry of other filoviruses by 

examining the effect of apilimod on entry by MLV pseudotypes harbouring the GPs of the 

pathogenic EBOV species as well as Marburg GP. We found that apilimod efficiently blocked 

entry of all filoviruses tested (Fig. 3.4A), suggesting that PIKfyve activity is required by all 

pathogenic filoviruses.  

Based on previous studies in nonhuman primates and in infected patients suggesting that 

mononuclear phagocytes are the initial targets of EBOV (349), we sought to test apilimod on 

VLP entry in a human monocytic cell line. THP-1 cells were differentiated with phorbol 

myristate acetate (PMA) and incubated with apilimod before exposure to VLPs bearing EBOV 

GP or VSV G. Again, EBOV GP-mediated entry of VLPs was reduced by apilimod (63% 

reduction), albeit requiring a higher concentration than in Vero cells, while VSV G-mediated 

entry was mostly unaffected (15% reduction) (Fig. 3.4B). This result suggests that PIKfyve 

kinase activity is important for EBOV entry in multiple cell types. Finally, to confirm that 

PIKfyve is important for replicative EBOV, we tested the effect of apilimod on replication of 

infectious EBOV in Vero cells. As expected, EBOV replication was dramatically impaired in the 

presence of apilimod compared to untreated cells (Fig. 3.4C).  

3.3.6 PIKfyve inhibition does not influence NPC1 expression and blocks entry of precleaved 

EBOV VLPs 

Previous studies have shown that the PAS complex is important for endosomal/lysosomal 

homeostasis and that PIKfyve inhibition can lead to a decreased degradative capacity of 

lysosomes and altered abundance of lysosomal proteins in some cell types (276,278). Since 

EBOV entry requires the lysosomal proteins cathepsin B and NPC1, we sought to determine if  
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Figure 3.4. PIKfyve activity is required by all pathogenic filoviruses, for EBOV GP-

mediated entry in a differentiated monocytic cell line and for replication of infectious 

EBOV 

(A) Infection by MLV pseudotypes harbouring filoviral GPs or VSV G in Vero cells treated with 

25 nM apilimod was measured by quantitation of LacZ+ foci. Infection by all MLVs bearing 

filoviral GPs was significantly reduced (p<0.001).  (B) Entry of βlam-VLPs harbouring EBOV 

ΔM GP or VSV G in PMA-differentiated THP-1 macrophages treated with DMSO or 1µM 

apilimod was detected by measuring the percentage of cells with cleaved CCF4, normalized to 

DMSO treated cells. Asterisks indicate significant difference in infection compared to DMSO 

treated cells. (C) Replication of recombinant infectious EBOV expressing GFP was measured 6 

days post-infection in Vero cells treated with the indicated concentrations of apilimod. *p<0.05, 

** p<0.01. 
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the anti-EBOV effect of apilimod and YM-201636 is due solely to a block at the GP cleavage 

step or an effect on NPC1 expression. To examine whether PIKfyve inhibition affects a different 

step than the cathepsin cleavage step, we tested the effect of apilimod on thermolysin-cleaved 

virions. As previously shown, treatment of viruses with thermolysin mimics cathepsin B 

cleavage of GP and renders the cleaved virions insensitive to CA-074, a specific cathepsin B 

inhibitor (173).  Using EBOV VLPs bearing thermolysin-cleaved GP, we found that although 

these virions were not blocked by CA-074, their entry was still inhibited by apilimod (Fig. 3.5A). 

This indicates that, while PIKfyve inhibition may or may not have an effect on the cathepsin 

cleavage of GP, PIKfyve activity is required for a step other than GP cleavage by cathepsin B. 

Next, we looked at the expression of NPC1 in cells treated with increasing concentrations of 

apilimod and did not observe any significant change in the expression (Fig. 3.5B). Taken 

together, our data suggest that the PIKfyve inhibitors block at a step distinct than that of 

cathepsin B cleavage and do not alter NPC1 expression in cells.  

3.3.7 PIKfyve activity is required for trafficking of virions to NPC1+ endolysosomes 

To examine the fate of VLPs in cells treated with PIKfyve inhibitors, we used EBOV 

VLPs containing VP40 fused to the green fluorescent protein (GFP), NP, and fusion deficient 

EBOV GP (F535R) (172). This modification on GP still allows viral particles to undergo 

endocytosis and trafficking, including cleavage by cathepsin proteases and binding to NPC1. 

However, complete membrane fusion is inhibited, potentially at the hemifusion step (Spence et 

al., 2016). Therefore, we used these particles to monitor VLP accumulation at the site of fusion. 

HT1080 cells were incubated with the fusion-deficient GFP VLPs for 3 hours in the presence or 

absence of apilimod, fixed, and stained for NPC1 (Fig. 3.6A). We found that cells treated with 

apilimod internalized similar levels of VLPs compared to the DMSO treated cells (Fig. 3.6B).  
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Figure 3.5. Apilimod block of infection cannot be bypassed by precleavage of EBOV GP 

and does not affect viral receptor expression 

(A) βlam-VLPs harbouring EBOV ΔM GP were precleaved using thermolysin. Vero cells treated 

with DMSO, apilimod (50nM) or cathepsin B inhibitor CA-074-Me (80 µM) were exposed to 

precleaved or mock treated VLPs, or to VLPs harbouring VSV G, and entry was detected by 

measuring the percentage of cells with cleaved CCF4, normalized to DMSO treated cells. 

Asterisks indicate significant difference in infection compared to DMSO treated cells. N.D. = 

Not Done. *** p<0.001 (B) HT1080 cells were treated with two-fold dilutions of apilimod 

starting at 100nM for 4 hours, followed by cell lysis and detection of NPC1 expression by 

immunoblot. 
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Figure 3.6. Inhibition of PIKfyve activity leads to reduced co-localization of EBOV VLPs 

with NPC1 but does not affect endocytosis of VLPs 

(A) Coverslip-bound HT1080 cells treated with apilimod (50nM) were infected with GFP-

expressing VLPs harbouring fusion deficient EBOV ΔM GPF535R  for 3 hours. Cells were then 

fixed, permeabilized, and stained with an NPC1 antibody and Hoechst. Cells were imaged on an 

LSM800 confocal microscope (Zeiss). Pixel size = 0.05µm. Bar = 10 µm (B) Endocytosed VLPs 

(n=29) and (C) Colocalization between VLPs and NPC1 (n=13) were analyzed using Imaris 

software (Bitplane). *** p<0.001. 
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However, when we examined NPC1 stained by immunofluorescence, we observed decreased 

colocalization of the EBOV VLPs with NPC1 in the apilimod treated cells (Fig. 3.6A,C). We 

then sought to characterize the site of VLP accumulation in these cells. Upon staining with Rab7 

and EEA1, we observed that the apilimod-induced vacuoles were either exclusively Rab7+ or 

EEA1+ (Fig. 3.7). In addition, when cells were exposed to VLPs and treated with apilimod, an 

accumulation of the VLPs within EEA1+ vacuoles was noticeable, while a majority of VLPs 

were closely associated with Rab7+ vesicles in the DMSO treated cells, suggesting that the VLPs 

were trapped in compartments characteristic of early endosomes upon apilimod treatment (Fig. 

3.7). Taken together, these data suggest that PIKfyve activity is required for trafficking and 

delivery of EBOV particles to late endosomal or lysosomal NPC1+ compartments. 

3.3.8 EBOV induces relocalization of a PtdIns(3,5)P2 probe to intracellular vesicles 

While basal levels of PIKfyve activity could be sufficient for EBOV entry, it is also 

possible that, during entry, EBOV induces PIKfyve activation. To monitor PtdIns(3,5)P2 in cells, 

we transfected Vero cells with a previously described genetically-encoded tandem PtdIns(3,5)P2 

probe, 2XML1N, that allows visualization of the dynamics of this phospholipid in cells (284). 

This probe is derived from the N-terminus of the endosomal transient receptor potential cation 

channel, mucolipin-1 (TRPML1) which binds to PtdIns(3,5)P2 in the nanomolar range. Previous 

characterization of the probe revealed that it binds to PtdIns(3,5)P2 with high specificity in vitro 

and that its expression in cells allows detection of changes in PtdIns(3,5)P2 levels, with 

cytoplasmic localization when PtdIns(3,5)P2 levels are low and vesicular localization when 

levels are high (284). We also monitored PtdIns3P expression by co-transfecting the FYVE-RFP 

probe. Cells were serum-starved, exposed to the Epidermal Growth Factor (EGF), which is 

known to activate the PI3K/Akt pathway and PIKfyve (330), or exposed to EBOV  
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Figure 3.7. Inhibition of PIKfyve activity leads to EBOV VLP accumulation in primarily 

EEA1+ vacuoles 

Coverslip-bound HT1080 cells treated with apilimod (50nM) were infected with GFP-expressing 

VLPs (green) harbouring fusion deficient EBOV ΔM GPF535R for 3 hours. Cells were then 

fixed, permeabilized, and stained with EEA1 (red) and Rab7 (purple) antibodies and Hoechst. 

Cells were imaged on an LSM800 confocal microscope (Zeiss). Images are representative of 3 

independent experiments. Pixel size = 0.22µm. Filled arrowheads indicate VLPs within EEA1+ 

vacuoles, and open arrowheads indicate VLPs associated with Rab7. Bar = 10 µm. 
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VLPs, both in the presence or absence of apilimod. Using this assay, we found that, as expected, 

EGF treatment induced a change in the expression pattern of the 2XML1N probe from diffuse to 

punctate, suggesting increased production of PtdIns(3,5)P2 on vesicular membranes (Fig. 

3.8A,B). Interestingly, cells exposed to EBOV VLPs also displayed vesicular relocalization of 

the 2XML1N probe, indicating that EBOV triggers increased vesicular PtdIns(3,5)P2 in the host 

cell during entry. The upregulation of 2XML1N puncta by EGF or VLPs was specifically 

abolished by apilimod treatment, validating the specificity of the probe for PtdIns(3,5)P2 in our 

assay. As expected, in contrast, apilimod treatment did not reduce the FYVE-RFP vesicular 

localization. Instead, a slight increase in vesicular localization of FYVE-RFP could be observed, 

especially when apilimod-treated cells were stimulated with EGF, suggesting an increase in 

PtdIns3P on vesicular membranes. Further validation of the PtdIns(3,5)P2 probe was performed 

by transfection of a mutated 2XML1N probe (7Q-2XML1N) with modifications of the 

PtdIns(3,5)P2 binding domain, which rendered the probe cytoplasmic in distribution in all 

conditions tested (Fig. 3.8C, data not shown) (284). In addition, incubation of cells with an 

unrelated cargo, dextran, did not result in increased 2XML1N puncta compared to serum 

starved-cells (Fig. S3.2). Taken together, our data suggest that, as measured by the 2XML1N 

probe localization, EBOV actively regulates vesicular PtdIns(3,5)P2 in the host cell during viral 

entry.          

3.4 Discussion 

EBOV entry is a multi-step process involving binding to the cell surface, internalization 

via macropinocytosis and trafficking through the endolysosomal system for delivery to 

compartments containing the priming and triggering factors for viral fusion, cathepsin proteases  
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Figure 3.8. EBOV induces relocalization of a PtdIns(3,5)P2 probe to intracellular vesicles 

(A) Serum-starved Vero cells transfected with FYVE-RFP and 2XML1N-GFP probes were 

seeded in 8 well chamber slides and treated with EGF (100ng/mL), EGF + apilimod (50nM), 

VLPs harbouring EBOV ΔM GP (MOI~100), or VLPs + apilimod for 30 minutes. Live cells 

were imaged on an LSM800 confocal microscope (Zeiss). Pixel size = 0.19µm (B) ML1N+ 

puncta were quantitated using Imaris software (Bitplane) n≥22. Number of puncta was 

significantly increased in EGF- and EBOV ΔM-treated cells compared to serum starved cells 

(p<0.01) and number of puncta was significantly reduced with apilimod treatment (p<0.001). (C) 

Serum-starved Vero cells transfected with FYVE-RFP and 7Q-2XML1N-GFP probes were 

seeded in 8 well chamber slides and incubated in the presence or absence of EGF (100ng/mL) for 

30 minutes. Cells were imaged as in (A). Bar = 10 µm. 
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Figure S3.1. Phenotype of ArPIKfyve and Sac3 CRISPR/Cas9 HT1080 cells 

(A) Phase-contrast microscopy images of the ArPIKfyve and Sac3 KO cells. (B) Entry of GFP-

expressing MLV pseudotypes harbouring EBOV ΔM GP or VSV G in ArPIKfyve and Sac3 KO 

cells was measured by visualization of GFP+ foci on an Incucyte ZOOM Cell Analysis system 

(Essen Biosciences). Images are representative of 2 independent experiments. (C) Phase-contrast 

images of ArPIKfyve and Sac3 KO cells transfected with gRNA-insensitive plasmids encoding 

WT cDNA. Images were taken 24 hours post-transfection. 
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Figure S3.2. Incubation of cells with dextran does not increase vesicular localization of a 

PtdIns(3,5)P2 probe 

Serum-starved Vero cells transfected with 2XML1N-GFP were seeded in 8 well chamber slides 

and treated with or without red dextran (10 µg/mL) for 30 minutes. Live cells were imaged on an 

LSM800 confocal microscope (Zeiss). ML1N+ puncta were quantitated using Imaris software 

(Bitplane) n=17. 
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and NPC1 (155,163,165,169,170,174). The requirement for interaction with proteins localized in 

specific intracellular vesicles suggests that EBOV depends on specific host trafficking proteins 

for viral entry. However, the host factors involved in viral trafficking are largely uncharacterized. 

A previous genetic screen hinted into the requirement of a specific set of host trafficking factors, 

including the HOPS tethering complex, lysosomal biogenesis regulator BLOC1, and the 

phosphoinositide regulators PIKfyve and Sac3. Interestingly, PIKfyve and Sac3 associate in a 

ternary complex along with scaffolding protein ArPIKfyve, which, although not identified in the 

screen, is critical for regulating the enzymatic activity of PIKfyve and Sac3. Here we 

characterized the role of the PIKfyve-ArPIKfyve-Sac3 complex in EBOV entry.  

In our study, we found that expression of all subunits of the PAS complex is required for 

EBOV infection, and loss of expression of any member of the complex led to inhibition of 

EBOV GP-mediated but not JUNV GP- or VSV G-mediated entry. Further studies using 

enzymatically-dead mutants revealed that the lipid kinase activity of PIKfyve is required for 

EBOV entry, whereas the lipid phosphatase activity of Sac3 is dispensable. Pharmacological 

inhibition of PIKfyve activity using two distinct PIKfyve inhibitors, YM-201636 and apilimod, 

also led to a block of EBOV pseudotype and VLP entry in Vero, HT1080, and differentiated 

THP-1 cells. In addition, PIKfyve activity was required for entry by all known pathogenic Ebola 

viruses and Marburg virus as well as replication of infectious EBOV. Our studies suggest that 

PIKfyve is a critical filovirus entry factor in multiple cell types. The inhibition of EBOV entry 

and replication by apilimod was also reported by Nelson et al. while the current article was in 

preparation (306). Using pseudotypes and VLPs, they determined that apilimod blocked viral 

entry in Huh 7, Vero, and primary macrophages. Interestingly, they observed that the 

concentration of apilimod required to inhibit EBOV was higher in Huh7 cells than in Vero cells 
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and primary macrophages. In our study, a higher concentration of apilimod was required to block 

viral entry in differentiated THP-1 than in Vero cells. This could possibly be due to higher 

endogenous levels of PIKfyve in differentiated THP-1 cells, active drug efflux mechanisms, or 

the existence of a minor PIKfyve-independent entry pathway in THP-1 cells. Interestingly, in an 

earlier study in which the target of apilimod was identified, Cai et al. also reported that higher 

concentrations of apilimod were required to inhibit TLR signaling in THP-1 cells compared to 

human peripheral blood mononuclear cells (348).  Nevertheless, our study and that of Nelson et 

al. demonstrate that apilimod blocks EBOV entry in multiple cell lines and in primary cells, 

indicating that the requirement for PIKfyve activity during EBOV entry is robust among multiple 

cell types. Nelson et al. also found that VLPs failed to reach NPC1+ compartments, and reported 

viral accumulation in EEA1+ compartments. Similarly, we found that apilimod reduced 

colocalization between EBOV VLPs and NPC1 and caused the accumulation of the viral 

particles in EEA1+ and Rab7- vesicles. Although the precise cellular compartment in which 

VLPs accumulate remains to be elucidated, our studies suggest that EBOV requires a functional 

PAS complex for entry and that inactivation of PIKfyve results in sequestration of EBOV 

particles in early endocytic compartments which are not conducive to full fusion and 

nucleocapsid release (169,170).  

EBOV-specific dependence on PIKfyve kinase activity suggests that the production of 

PtdIns(3,5)P2 is required for viral entry. In support of this, our data indicate an increase in 

PtdIns(3,5)P2-containing vesicles during EBOV entry as visualized using a specific fluorescent 

probe. It is tempting to speculate that PIKfyve activity is altered during viral entry to promote 

EBOV delivery to NPC1.  A previous study has indicated that EBOV can activate the PI3K 

pathway, in part by inducing the phosphorylation of Akt (350). Interestingly, it has been shown 
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that PIKfyve can be activated directly by Akt upon EGF stimulation (330). An additional study 

has suggested that EBOV requires AMP-activated Protein Kinase during viral internalization 

(164), which has also been shown to activate PIKfyve directly (351). If and how the virus 

activates and regulates the PAS complex remains to be determined. 

In addition, the role of PtdIns(3,5)P2 effectors during viral entry remains uncharacterized. 

Investigation of PtdIns(3,5)P2 effectors remains technically challenging due to the paucity of 

effectors identified to date. The best characterized effectors thus far are TRPML1 and the two-

pore channels (TPC), TPC-1 and TPC-2, all of which are cation channels permeable to Ca2+ 

(282,283). Interestingly, Sakurai et al. reported that TPCs are required for EBOV entry, and 

infection is reduced via TPC knock-out or small-molecule inhibition (202). Simmons et al. have 

also reported that EBOV particles fuse in both NPC1+ and TPC+ endosomal compartments, 

further suggesting that Ca2+ channels may play a role in EBOV trafficking (170). In an attempt to 

investigate the involvement of TRPML1 during EBOV entry, we examined whether MLSA1, a 

TRPML1 agonist, could restore infection by MLV pseudotypes bearing EBOV GP in apilimod-

treated cells. We did not observe a rescue in EBOV infection in the presence of increasing 

concentration of MLSA1 (up to 80 μM) even with concentrations of apilimod as low as 5 nM 

(data not shown). While this result indicates that TRPML1 activation is not sufficient to rescue 

EBOV infection in apilimod treated cells, TRPML1 activation by PtdIns(3,5)P2 could still be 

essential for EBOV entry in addition to the activation of one or more other effectors all working 

cooperatively. 

In this study, we have demonstrated that an intact PAS complex and PIKfyve kinase 

activity is required for EBOV GP-mediated entry, but not VSV G- and JUNV GP-mediated 

entry, indicating that these viruses have differential requirements for host trafficking machinery 
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during entry. VSV entry has been shown to require the LDL receptor, endocytosis and low pH-

dependent viral membrane fusion in early endosomes (342,352,353). JUNV entry is known to 

require the transferrin receptor (TfR) and endocytosis (340). If viral entry follows the usual 

cellular trafficking of TfR, this would indicate that the virus-receptor complex would be targeted 

to recycling endosomes, where TfR is sorted to be recycled back to the cell surface (354). 

Whether recycling endosomes are the site of fusion for JUNV remains to be determined, but the 

fact that JUNV entry is largely insensitive to PIKfyve inhibitors indicates that, similarly to VSV, 

JUNV does not require extensive endolysosomal trafficking for entry. Interestingly, Rizopoulos 

et al. recently demonstrated that PIKfyve is required for vaccinia virus infection (355), and two 

groups found that Salmonella enterica requires PIKfyve for infection and actively modulates 

PtdIns(3,5)P2 levels through secretion of a bacterial phosphatase (356,357). Collectively, these 

and our studies indicate that the PAS complex and its product PtdIns(3,5)P2 are critical for 

infection by a number of pathogens.  

Finally, given that the PAS complex is important for EBOV entry in multiple cell types, 

including macrophages, and given that it is required for replication of infectious EBOV, our 

study suggests that the complex is a potential therapeutic target. Additionally, since all 

pathogenic filoviruses were sensitive to PIKfyve inhibition, this complex could represent a target 

for pan-filoviral therapy. 

3.5 Materials and Methods 

Cells, antibodies, and inhibitors 

HEK293T, Vero E6, and HT1080 cells (ATCC) were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, Lonza) supplemented with 10% Fetal Bovine Serum (Sigma), 100U/mL 

penicillin and 100µg/mL streptomycin (Wisent). THP-1 cells (ATCC) were cultured in Roswell 
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Park Memorial Institute medium (RPMI, Wisent), supplemented with 10% FBS (Wisent), 

100U/mL penicillin and 100µg/mL streptomycin (Wisent), 50µM β-mercaptoethanol (MP 

Biomedical), 1 mM sodium pyruvate (Gibco), and 4.5 g/L glucose (Gibco). Cells were 

maintained at 37°C in 5% CO2. Three days prior to infection, THP-1 cells were differentiated 

with 100nM phorbol 12-myristate 13-acetate (PMA, Sigma) in RMPI supplemented with 10% 

FBS and penicillin/streptomycin. 

Stock solutions of YM-201636 (Cayman), apilimod (Ark Pharm, Inc), MLSA1 (Tocris), 

and CA-074-Me (Sigma) were prepared in DMSO and stored at -20°C. Antibodies used were 

NPC1 (Abcam), EEA1 (Thermo), Rab7 (Abcam), PIKfyve (Millipore), VAC14/ArPIKfyve 

(Ptglabs), FIG4/Sac3 (Millipore), and GAPDH (Cell Signalling). 

Plasmids and cloning 

The Sac3 cDNA (OriGene Technologies) was cloned into the pCaggs vector. The D488A 

mutation and nucleotide changes in the gRNA target sequence were performed by overlapping 

PCR. The HA-ArPIKfyve construct was a kind gift from Dr. Assia Shisheva, Wayne State 

University. HA-ArPIKfyve was subcloned in pCaggs and mutations were performed by 

overlapping PCR. The HA-PIKfyve and citrine-PIKfyve constructs were kind gifts of Dr. Lois 

Weisman, University of Michigan. The citrine at the N-terminus of PIKfyve was replaced by 

RFP using Gibson assembly. Mutations were also introduced using Gibson assembly. All 

mutations were confirmed by Sanger sequencing.  

Generation of PIKfyve, ArPIKfyve and Sac3 deficient cells 

ArPIKfyve and Sac3 knock-out cells were generated using a lentiviral CRISPR/Cas9 

system. Briefly, gRNA were cloned into lentiCRISPR v2 (gift from Feng Zhang, Addgene 
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plasmid # 52961) (358). The gRNA sequences used are the following: 

CGCACGATGTTAGGCGTGAG for ArPIKfyve, TTCTGGACCGAGCTGATGAT for Sac3, 

and CTGACTGATGTGCGCTTGCT for PIKfyve. Lentiviral vectors were produced in 293T 

cells by co-transfection of the lentiCRISPR v2 with packaging vector psPAX2 (gift from Didier 

Trono, Addgene plasmid # 12260) and a plasmid encoding VSV G (gift from James 

Cunningham, Brigham and Women’s Hospital) in a 4:3:1 ratio. Lentiviruses were used to infect 

HT1080 cells in the presence of 5μg/mL polybrene and transduced cells were selected in 

puromycin 72 hours post-infection. Cells exhibiting a vacuolar phenotype indicative of 

PtdIns(3,5)P2 reduction were ring-cloned and further analyzed by immunoblot and genotyping. 

The PIKfyve deficient cells were generated by first producing lentiviral vectors via 

transfection of 293T with plasmids encoding pCW-Cas9 (gift from Eric Lander & David 

Sabatini, Addgene plasmid # 50661) (311), psPAX2 and VSV G in a 4:3:1 ratio. Lentiviral 

vectors were then used to infect HT1080 cells, followed by puromycin selection, to obtain a 

doxycycline-inducible Cas9 population. Two gRNAs targeting PIKfyve were cloned into the 

lenti sgRNA(MS2)_zeo backbone (gift from Feng Zhang, Addgene plasmid # 61427) (324) 

using pDonor_sU6 (gift from Andrea Ventura, Addgene plasmid # 69351) using a previously 

published method (312). The two gRNA sequences used were AGTTTCAGGATCACCGCTAC 

and AATGGTTGATGGACGTTGGC. Lentiviruses encoding dual gRNAs were produced in 

293T cells as above and used to infect the dox-inducible Cas9 HT1080 cells. Following zeocin 

selection, Cas9 expression was induced for four days using doxycycline and cells exhibiting a 

vacuolar phenotype indicative of reduced PtdIns(3,5)P2 were ring-cloned and further analyzed 

for PIKfyve expression by immunoblot and genotyping. 
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Genotyping was performed by extracting genomic DNA from cells using the 

QuickExtract solution (Epicenter) following the manufacturer protocol. A 500-600 base pair 

region surrounding the gRNA target site was amplified by PCR using primers containing 

restriction sites for cloning into pCAGGS. Five to twelve clones per cell line were sequenced by 

Sanger sequencing. 

Viral pseudotype and virus-like-particle production 

Murine leukemia virus (MLV) pseudotypes were produced in 293T cells by 

cotransfecting an MLV retroviral vector encoding LacZ or GFP, the packaging plasmid MLV 

gag/pol, and a plasmid encoding the viral envelope protein (EBOV Δmucin GP, other Ebola 

species (all Δmucin), MARV GP, VSV G or JUNV GP) (all plasmids were kind gifts of Dr. 

James Cunningham, Brigham and Women’s Hospital) using Lipofectamine 2000 at a 1:1:1.15 

ratio. Virus-containing cell supernatants were harvested at 48, 72, and 96 hours post-transfection. 

Viruses were concentrated via ultracentrifugation (20,000 RPM, 1.5 hours, 4°C, Beckman 

Coulter Optima XPN-100, SW32Ti rotor) through a 20% (w/v) sucrose cushion. Viruses were 

resuspended in PBS and stored at -80°C. 

EBOV virus-like-particles (VLPs) were produced in 293T cells by cotransfecting 

plasmids encoding the EBOV NP, EBOV VP40 fused to β-lactamase or GFP (kind gifts of Dr. 

Lijun Rong, University of Illinois), and the viral envelope protein at a 1:1:1.15 ratio. Virus 

containing supernatants were collected and concentrated as described above. 

Cleavage of EBOV GP on VLPs was performed by incubating concentrated VLP 

preparations in 250 µg/mL thermolysin (Sigma) for 1 hour at 37°C. Thermolysin activity was 

quenched by incubation in 10mM EDTA on ice for 10 minutes, and VLPs were stored at -80°C. 
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Infection and entry assays 

For the VLP entry assays, cells were seeded in 48-well plates and grown to 

approximately 90% confluence. VLPs were added and plates were centrifuged at 250xg for 1 

hour at 4°C before incubation at 37°C for 3 hours. Cells were washed with serum-free DMEM 

and loaded with CCF4-AM (Invitrogen) according to kit instructions for one hour at room 

temperature. The staining solution was supplemented with 15mM NH4Cl and 250µM probenecid 

(Sigma). Following staining, cells were washed once in PBS, trypsinized, and fluorescence 

analysed using a FACSCelesta flow cytometer (BD Biosciences). Stained cells were defined as 

cells positively shifted compared to unstained cells (emission in 525/50 filter), and β-lactamase+ 

(successful reporter release post VLP fusion) cells defined as cells shifted positively (emission in 

450/50 filter) compared to stained, uninfected cells. VLP titres were calculated to obtain 20-40% 

entry in the control cells (WT or DMSO-treated) for each experiment. 

For infections by MLVs encoding LacZ, Vero cells were seeded in 24-well plates and 

grown to approximately 50% confluence. Cells were preincubated with inhibitors for one hour 

and then incubated with virus for 4-6 hours in the presence of 5µg/mL polybrene. Cells were 

then placed in fresh medium supplemented with 15mM NH4Cl overnight, washed, then 

incubated for 72 hours, at which point they were fixed in formalin and stained with 100µM X-

Gal in staining buffer (5mM potassium ferricyanide, 5mM potassium ferrocyanide, 2mM 

magnesium chloride in PBS). Positive foci were counted visually using a light microscope. For 

the apilimod/MLSA1 matrix assay using LacZ MLVs, HT1080 cells were seeded in white 

bottom 96-well plates (Thermo) and grown to approximately 50% confluence. Cells were 

incubated with inhibitors and infected with viruses as above. LacZ+ cells were quantitated 72 

hours post-infection using the Beta-glo Assay System (Promega) according to manufacturer 
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protocol. For infections by MLVs encoding GFP, HT1080 cells were seeded in 96-well plates 

and grown to approximately 50% confluence. Cells were incubated in inhibitors and virus as 

above and wells were imaged for GFP-expressing cells using an incucyte ZOOM cell analysis 

system (Essen Biosciences). Cytotoxicity of the drugs was measured using the metabolic activity 

assay Cell Titer-Glo (Promega), following the manufacturer protocol. 

For infection with replication-competent EBOV, black 96-well plates with glass bottom 

wells (Matrix) were coated with poly-lysine prior to seeding with Vero cells.  After 48 hours, the 

culture medium was removed and cells were pretreated with inhibitors in DMEM with 1% FBS 

for 1 hour. Ebola virus (strain Mayinga) expressing GFP was added to each inhibitor and virus-

inhibitor mixtures were incubated for 15 minutes at room temperature. Virus-inhibitor mixtures 

were then added to cells to provide a final MOI of 1.  Control wells contained virus diluted in 

DMEM with 1% FBS or medium only.  GFP expression was read daily after infection using a 

BioTek Synergy/HTX plate reader. All experiments with EBOV were performed in the Biosafety 

Level 4 facility at the National Microbiology Laboratory of the Public Health Agency of Canada 

in Winnipeg. 

Fluorescence microscopy 

For immunofluorescence experiments, HT1080 cells were seeded onto 18 mm coverslips 

and grown to approximately 60% confluence. Cells were pre-incubated in DMSO or 50nM 

apilimod for 1 hour prior to infection. Fusion deficient (GPF535R) ΔM EBOV VLPs expressing 

GFP were spinoculated onto cells (250xg, 1 hour) at 4°C to allow binding but not endocytosis. 

Cells were then immediately incubated in pre-warmed (37°C) media with inhibitors for 3 hours, 

at which point cells were fixed in formalin, permeabilized with 0.5% triton X-100, and blocked 

in 20% FBS for 30 minutes. Cells were then incubated in an NPC1 antibody, or EEA1 and Rab7 
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antibodies for 1 hour followed by incubation with the appropriate secondary antibodies (Thermo) 

for 1 hour, Hoechst staining and mounting in PermaFluor Aqueous Mounting medium (Thermo). 

Immunofluorescence images were captured on an LSM800 Zeiss confocal microscope using a 

63X/1.4 Oil Plan-Apochromat objective. Ten to fifteen Z-stacks were acquired per image, with a 

pixel size of 0.05µm for NPC1 stained images and 0.22µm for EEA1/Rab7 stained images.  

The 2XML1N WT and mutant probes were kind gifts of Dr. Rob Parton, University of 

Queensland (Addgene plasmids # 67796 and 67797) (359). Vero cells were seeded to 

approximately 80% confluence and transfected with the 2XML1N-GFP and FYVE-RFP probes 

at a 1:1 ratio using Lipofectamine 2000 according to manufacturer protocol. For experiments 

including red dextran (MW 10 000, Thermo), cells were only transfected with the 2XML1N-

GFP probe. Twenty-four hours post-transfection, cells were seeded into coverglass bottom 8-

chamber slides (Thermo) and grown to approximately 60% confluence, and incubated with EGF, 

apilimod, VLPs, or red dextran (10 µg/mL) in phenol red- and serum-free medium for 30 

minutes. Cells were imaged live on an LSM800 Zeiss confocal microscope equipped with an 

environmental chamber to maintain a humidified environment of 37°C, 5% CO2. Images were 

captured using a 63X/1.4 Oil Plan-Apochromat objective, and ten to fifteen Z-stacks were 

acquired per image, with a pixel size of 0.19µm. 

Image and statistical analyses 

Image analysis was performed using Imaris software (Bitplane). For quantitation of 

VLPs, VLPs were modeled as GFP+ puncta with a diameter of 0.35 µm or greater. For 

determination of colocalization with NPC1, VLPs were assigned colocalization values based on 

intensity correlation to NPC1, and colocalization threshold manually determined for each 
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experiment. The same threshold was used for both DMSO and inhibitor-treated cells in each 

experiment. Percentage of VLPs colocalized to NPC1 was then determined by dividing the 

number of VLPs above the colocalization threshold by the total VLP count per image. For 

determination of number of internalized VLPs per cell, cell boundaries were modeled using cell 

fluorescence background intensity (647nm), and VLPs were modeled as described above. For 

quantitation of 2XML1N-GFP labelled puncta, GFP+ puncta were modeled as objects with a 

diameter of 1–1.5 µm, and cell volume was determined using cell fluorescence background 

intensity (510nm). 

Data are presented as mean ± S.D. and are representative of three independent experiments 

unless stated otherwise. Statistical analysis was performed by unpaired t-test with Welch’s 

correction, and statistical significance determined using the Holm-Šídák method. *p<0.05, ** 

p<0.01, *** p<0.001. 
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4.1 Abstract 

Conversion between phosphatidylinositol-3-phosphate and phosphatidylinositol-3,5-

bisphosphate on endosomal membranes is critical for maturation of early endosomes to late 

endosomes/lysosomes, and is regulated by the PIKfyve-ArPIKfyve-Sac3 (PAS) complex. 

Despite the importance of the PAS complex for endosomal homeostasis and cell survival, there 

is still little known about how PAS activity is regulated or how it coordinates its activity with 

other cellular proteins. In this study, we screened for the cellular interactome of the PAS 

complex using proximity-dependent biotin labelling (BioID). After independently screening the 

interactomes of ArPIKfyve and Sac3, we identified 89 high confidence protein hits shared by 

both proteins. Network and functional enrichment analysis of these hits revealed pathways with 

known involvement of the PAS complex, including vesicular organization and PI3K/Akt 

signalling, as well as potentially novel pathways, such as cell cycle and mitochondrial regulation. 

Interestingly, we also identified two subunits of the coatomer complex I (COPI), a golgi-

associated complex with an emerging role in endosomal dynamics. We validated the specific 

interaction between ArPIKfyve and COPI subunit COPB1 via immunofluorescence and 

proximity ligation assays. Furthermore, this interaction was insensitive to treatment with 

brefeldin A or the PIKfyve inhibitor apilimod, suggesting that the COPI-PAS interaction is not 

dependant on PIKfyve mediated PtdIns(3,5)P2 production or a Brefeldin A sensitive guanine 

nucleotide exchange factor (GEF). Taken together, these results provide insight into the PAS 

complex interactome, including the first known interactome study of Sac3, and provide 

preliminary evidence of interaction between the PAS and COPI complexes. 
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4.2 Introduction 

Endosomal trafficking is a dynamically regulated process dependent on precise 

coordination between membrane-associated proteins and lipids embedded in endosomal 

membranes. Phosphoinositide lipids (PIs) are a group of seven signalling lipids, each of which 

possesses a unique subcellular distribution and entourage of effector proteins. Each PI contains 

an inositol head group which can be phosphorylated or dephosphorylated on its D3, D4, and/or 

D5 positions. The interconversion between the seven PI species, catalyzed by specific lipid 

kinases and phosphatases, enables dynamic recruitment of effector proteins and thus control of 

both organelle identity and function (244,360–363). 

The conversion between phosphatidylinositol-3-phosphate (PtdIns3P) and 

phosphatidylinositol-3,5-bisphosphate (PtdIns(3,5)P2) is a key event for the maturation of early 

endosomes to late endosomes and lysosomes. PtdIns3P and PtdIns(3,5)P2 dynamics are regulated 

by the PIKfyve-ArPIKfyve-Sac3 (PAS) ternary complex, composed of the lipid kinase PIKfyve, 

lipid phosphatase Sac3 (also known as Fig4), and the scaffolding protein ArPIKfyve (associated 

regulator of PIKfyve, also known as Vac14). The PAS complex is recruited to PtdIns3P-enriched 

early endosomal membranes via an N-terminal FYVE domain found on PIKfyve (256). PIKfyve 

catalyzes the phosphorylation of PtdIns3P to PtdIns(3,5)P2, which is reversibly dephosphorylated 

by Sac3 to regenerate PtdIns3P. Recent structural characterization of the PAS complex has 

revealed it to be composed of a pentamer of ArPIKfyve, with one copy each of PIKfyve and 

Sac3 (262). In addition to their lipid kinase and phosphatase activities, PIKfyve and Sac3 can 

also modulate each other’s activity within the complex via PIKfyve autophosphorylation and 

dephosphorylation of PIKfyve by Sac3 (262). The mechanisms by which this is regulated are 

unknown. 
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Production of PtdIns(3,5)P2 on endosomal membranes is a crucial precursor to endosomal 

maturation and eventual delivery of endocytosed cargo to endolysosomes for degradation. Cells 

with reduced PtdIns(3,5)P2 levels can be characterized by the formation of aberrantly enlarged 

cytoplasmic vacuoles. In vivo, dysfunction of the PAS complex has been implicated in a number 

of neurological and motor diseases, including Charcot-Marie Tooth Disease Type 4J, Yunis-

Varón Syndrome, and Amyotrophic Lateral Sclerosis (269,334–337,364). In addition to its 

central role in endosomal maturation, the PAS complex is involved in regulating diverse cellular 

trafficking pathways, including endosome-to-golgi retrograde transport (332,365), autophagy 

(331,333,366–368), and toll-like receptor (TLR) localization (348,369,370). In addition, the PAS 

complex plays a key role in the entry of a number of viruses dependent on trafficking to late 

endosomal compartments, including Ebola virus and Vaccinia virus, as well as in the persistence 

and replication of endosomal pathogens such as Salmonella (205,296,306,357). 

Despite the critical role of this complex in maintaining cellular homeostasis, the 

mechanisms of action underlying its regulation as well as its effector functions remain elusive. In 

particular, the cellular interactome of the PAS complex in metazoan cells has been relatively 

uncharacterized. Previous reports examining ArPIKfyve have identified possible interactions 

with endolysosomal regulators such as Rab9, the homotypic fusion and vacuole protein sorting 

(HOPS) complex, and amyloid precursor protein (APP) (371–373). However, these studies relied 

on co-immunoprecipitation of interacting proteins, which likely represent a fraction of the true 

ArPIKfyve interactome due to the limited ability of co-IP techniques to capture weak and/or 

transient PPIs. 

In this study, we used BioID, a sensitive and high throughput proximity-based labelling 

method, to investigate the cellular interactome of the PAS complex (374–376). Using ArPIKfyve 
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and Sac3 birA fusion proteins, we were able to identify 89 high confidence protein interactions 

shared by both proteins. Gene ontology analysis of these hits returned pathways known to 

involve PAS activity, such as the PI3K/Akt signalling pathway and phosphoinositide 

metabolism, as well as pathways not previously known to involve the PAS complex, such as cell 

cycle regulation. Interestingly, consistent with an ArPIKfyve interactome study performed by 

Schulze et al. (373), we recovered COPB1 and COPG1, members of the coatomer complex I 

(COPI). COPB1 was also identified in a screen for PtdIns(3,5)P2 interacting proteins (377), 

providing further evidence of a possible interaction between these two membrane associated 

complexes. While COPI is well characterized as coat protein complex involved in retrograde 

golgi transport, there is evidence that at least some COPI subunits are recruited to endosomal 

membranes and participate in endosome function and dynamics (378,378–383). Using the highly 

sensitive proximity ligation assay (PLA), we confirmed an interaction between COPB1 and 

ArPIKfyve. This interaction was not sensitive to treatment with apilimod (an inhibitor of 

PIKfyve kinase activity) or Brefeldin A (an inhibitor of Arf1, a GTPase required for COPI 

assembly on golgi membranes), suggesting that the PAS-COPI interaction is not dependant on 

PtdIns(3,5)P2 production or Arf1 in a Brefeldin A-sensitive manner. Taken together, our BioID 

screen has revealed a largely overlapping ArPIKfyve and Sac3 interactome, with both previously 

identified and novel potential protein interactions in numerous cellular pathways. In particular, 

we highlight the COPI complex as a potential functional interactor of the PAS complex on 

endosomal membranes, which may play a role in the mechanism by which COPI regulates 

endosome function. 
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4.3 Results 

4.3.1 Validation of BioID fusion proteins 

BioID protein-protein interaction (PPI) screening relies on the fusion of birA*, a 

modified promiscuous biotin ligase derived from Escherichia coli (R118G mutation, hereafter 

referred to as simply birA), and the protein of interest. Expression of this fusion protein in cells 

results in proximity-based biotinylation of vicinal proteins, which can then be isolated using 

streptavidin affinity purification and identified by mass spectrometry (Fig. 4.1A). Due to the 

difficulty of expressing exogenous PIKfyve in cells, we focused on generating ArPIKfyve and 

Sac3 birA fusion proteins, using a previously described myc-birA construct (375). BirA was 

fused at the N-terminus and expression was validated in 293T cells by probing lysates from 

transfected cells with anti-myc and antibodies recognizing ArPIKfyve and Sac3 (Fig. 4.1B). 

Next, in order to assess whether the fusion proteins were functional in their roles within the PAS 

complex, we used our previously established ArPIKfyve and Sac3 CRISPR knockout (KO) cells 

(296). A characteristic phenotype of depletion of any subunit of the PAS complex is the 

formation of enlarged cytoplasmic vacuoles, concomitant with reduced PtdIns(3,5)P2 levels. 

Previous characterization of the ArPIKfyve and Sac3 CRISPR cells has shown that the vacuole 

phenotype can be ablated by expressing the WT protein in trans, which is a qualitative indication 

of restoration of PAS functionality (296). We found that transfection with plasmids encoding the 

birA fusion proteins into their respective KO cells reduced the vacuole phenotype, confirming 

their functionality in cells (Fig. 4.1C).  

Next, we assessed biotin labelling by expressing birA-ArPIKfyve and birA-Sac3 in 293T 

cells (birA alone was used as a control) and performing a biotin labelling time course (15 min to 

18 hrs). Cell lysates were probed with streptavidin-HRP to visualize biotinylated proteins. 

Consistent with previous studies on birA labelling (375,384,385), we observed an optimal 
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labelling time of 18 hrs for all birA constructs (Fig. 4.1D). As expected, the birA-ArPIKfyve and 

birA-Sac3 proteins shared some similarities in labelling patterns consistent with their close 

interaction and potentially overlapping interactomes, while still each displaying a unique general 

labelling pattern.  

 

4.3.2 BioID screen and SAINT analysis reveal overlapping ArPIKfyve and Sac3 interactomes 

To screen for the cellular interactome of each protein, birA-ArPIKfyve or birA-Sac3 

were transfected into 293T cells. To retain the stoichiometry of the PAS complex, the birA 

fusion proteins were co-transfected with the other PAS subunits (PIKfyve and either ArPIKfyve 

or Sac3). Cells transfected with birA alone were used as a negative control. Twenty-four hours 

post transfection, cells were incubated overnight (18h) in biotin, and biotinylated proteins were 

subsequently isolated using streptavidin agarose beads. Following extensive washing, beads were 

boiled in SDS loading buffer, and proteins were resolved by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE), trypsin digested in-gel, and peptides were analysed by LC-

MS/MS. 

Maxquant analysis of three independent BioID experiments yielded a total of 930 

identified prey proteins using ArPIKfyve-birA as bait, and 944 proteins using Sac3-birA as bait. 

Importantly, PIKfyve was captured by both ArPIKfyve and Sac3 baits as a top prey protein by 

spectral count, in part validating that the birA fusion proteins were expressed in the appropriate 

location within cells and in the same subcellular complex.  

 Statistical analysis of the protein hits was performed using SAINT (Significance Analysis 

of INTeractome), which uses label free quantitative information to score probability of specific  
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Figure 4.1. A proximity biotin labelling approach to investigate the ArPIKfyve and Sac3 

cellular interactome 

(A) Schematic of the BioID assay using birA-ArPIKfyve and birA-Sac3 fusion proteins. Created 

with Biorender.com (B) HEK293T cells were transfected with plasmids encoding birA-

ArPIKfyve and birA-Sac3 fusion constructs. Cells were lysed and expression of myc-birA and 

ArPIKfyve/Sac3 was detected by immunoblot using specific antibodies (C) birA-ArPIKfyve, 

birA-Sac3 or birA alone (mock) were transfected into ArPIKfyve or Sac3 CRISPR knockout 

HT1080 cells. Cells were imaged pre- and post-transfection by phase contrast microscopy to 

visualize cytoplasmic vacuoles. (D) birA, birA-ArPIKfyve, or birA-Sac3 were transfected into 

HEK293T cells. Cells were incubated with biotin (50µM) for 0.25–18 hours, lysed, and biotin-

labelled proteins were detected by immunoblot using streptavidin-HRP. 
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vs nonspecific interactions (386). Proteins captured using birA alone as bait were incorporated as 

a control dataset to control for background interactions. SAINT analysis yields a SAINT 

probability (SP) score for each protein identified in the screen, and a SP score ≥ 0.9 was used to 

further screen hits for both the ArPIKfyve and Sac3 baits. This yielded 146 and 190 high 

confidence hits for ArPIKfyve and Sac3, respectively (Fig. 4.2A,B). Of these, 89 proteins were 

shared by both ArPIKfyve and Sac3, indicating a substantial overlap in their respective 

interactomes (Fig. 4.2A). As expected, the top three SAINT hits for both proteins were the three 

subunits of the PAS complex, further validating the robustness of the BioID assay. 

 In order to gain an overview of the cellular localization of the top SAINT hits for 

ArPIKfyve and Sac3, we performed a Gene Ontology analysis based on cellular component for 

the high confidence hits for each bait. This revealed the hits for each protein to be broadly 

distributed throughout the cell, while being primarily associated with membranes and membrane-

bound organelles, consistent with the PAS complex’s known membrane-associated functions, 

such as endosomal maturation, autophagy regulation, and endosome-to-golgi retrograde transport 

(Fig. 4.2C).  

We also cross-referenced our complete list of ArPIKfyve and Sac3 BioID hits with two 

previous studies examining the ArPIKfyve interactome (Schulze et al, (373)) and the 

PtdIns(3,5)P2 interactome (Catimel et al, (377)) (Fig. 4.2D). We elected to compare all identified 

hits for ArPIKfyve and Sac3 instead of the top SAINT hits in order to account for different 

methodologies and stringency levels in screening interactome hits in the three studies. This 

revealed that 19% of the total BioID hits for ArPIKfyve and Sac3 were also uncovered by one or 

both of Schulze et al. and Catimel et al. These included selected proteins of interest highlighted 

by the respective authors, including NSF (Sac3 SP, 0.84; ArPIKfyve SP, 0.36), TBC1D15 (Sac3  
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Figure 4.2. SAINT analysis reveals overlapping ArPIKfyve and Sac3 interactomes 

(A) Scoring of hits from the ArPIKfyve and Sac3 BioID screens was performed using SAINT 

(Significance Analysis of INTeractome) within the CRAPome online interface (389). Scatter 

plots display each hit as a function of its saint probability (SP) score vs its fold change in spectral 

count over the birA negative control (FC-B). Inset venn diagram displays overlapping BioID hits 

for ArPIKfyve and Sac3 with a SP ≥ 0.9. (B) Heat map showing spectral counts for the high 

confidence BioID hits (SP ≥ 0.9) for ArPIKfyve and Sac3 (compared to birA control). Generated 

using ProHits-viz (390). (C) Pie chart displaying the top represented cellular component Gene 

Ontology (GO) terms for the high confidence BioID hits for ArPIKfyve and Sac3. Percentages 

represent the number of genes annotated with each term over the total number of annotated 

genes. Charts were generated using Blast2GO (391). (D) Venn diagram displaying overlaps of 

ArPIKfyve and Sac3 BioID screen hits with hits from an ArPIKfyve interactome screen (Schulze 

et al., (373)) and a PtdIns(3,5)P2 interactome screen (Catimel et al., (377)). Diagram generated 

using InteractiVenn (392). 
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SP, 0.72; ArPIKfyve SP, 0), GAPVD1 (Sac3 SP, 0.82; ArPIKfyve SP, 0.19) (which were 

identified in our BioID screen but did not meet the SAINT cut-off probability score), and 

members of the COPI complex: COPA (Sac3 SP, 0.12; ArPIKfyve SP, 0.81), COPB1 (Sac3 SP, 

1; ArPIKfyve SP, 1), and COPB2 (Sac3 SP, 0.8; ArPIKfyve SP, 0.39). Interestingly, while we 

expected the greatest overlap to be between the ArPIKfyve BioID hits and the Schulze et al. 

ArPIKfyve interactome study hits, we found instead that the largest overlap included both 

ArPIKfyve and Sac3 BioID hits and hits from the Schulze et al. study (143 proteins), further 

signifying a largely shared ArPIKfyve and Sac3 proximal and potentially functional interactome 

(Fig. 4.2D). 

4.3.3 Network and gene ontology analysis of BioID screen hits 

In order to narrow down proteins and pathways of interest within the ArPIKfyve and 

Sac3 shared interactome, we used the Prize-collecting Steiner Forest (PCSF) approach to model 

a network using the top SAINT hits shared by both proteins (387,388). PCSF is a graph theory 

problem described as follows: given an undirected graph G = (V, E), where the vertices are 

labeled with prizes pv and the edges are labeled with costs ce > 0, the goal is to identify a 

subnetwork G′ = (V′, E′) with a forest structure, minimizing the total edge costs in E′, the total 

node prizes left out of V′, and the number of trees in G′. 

Applied to biological networks, PCSF aims to identify compact and biologically relevant 

subnetworks. The vertices, or nodes, represent biomolecules (such as proteins), and every edge 

corresponds to the cellular interaction between two biomolecules. The PCSF approach is 

becoming increasingly popular for the analysis of large “-omics” datasets, and is advantageous 

for uncovering subnetworks missed by traditional network analysis methods due to its ability to 

reduce bias towards pathways surrounding “hub vertices” that have a large number of reported 
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interactions (393,394). In addition, PCSF returns networks containing both terminal vertices 

(representing proteins from the experimental dataset) as well as Steiner vertices (representing 

proteins that link subnetworks but are not present in the experimental dataset). The number of 

Steiner vertices returned can be adjusted based on the desired stringency of the algorithm, and is 

useful for identifying proteins missed by experimental assays that may still be functionally 

related to the protein or pathway of interest.  

For our BioID data, prizes were assigned to proteins based on their SP score. Costs were 

assigned based on the frequency of interaction between two proteins, using PPI data from the 

STRING protein interaction database (395). In order to further cluster the resulting subnetwork 

into functional groups, we performed functional enrichment analysis using EnrichR (396), which 

returned 8 clusters grouped by biological processes (Fig. 4.3). Table 4.1 outlines the genes in 

each cluster and a selection of the top biological process GO terms for each group. 

Examining the biological processes within the 8 clusters, we recognized four broader 

cellular processes: intracellular trafficking (clusters 1, 2, 3, 7), cell growth and survival 

signalling (clusters 4, 5), neuron function (clusters 1, 5), and cell cycle/DNA regulation (clusters  

1, 4, 5, 6, 8). Within these processes we identified pathways with known direct involvement of 

the PAS complex, such as vesicle organization (cluster 2), phosphoinositide regulation (cluster 

7), and PI3K/Akt signalling (cluster 4). We also observed pathways in which PAS complex 

activity has been indirectly implicated, including synaptic vesicle function and NCAM signalling 

(371,372,397,398), and insulin receptor signalling (399–401).  

Interestingly, we observed multiple pathways related to cell cycle and DNA regulation, as 

well as regulation of golgi trafficking. There is little known about whether and how the PAS 

complex is involved in these processes. We were particularly intrigued by cluster 2, which  
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Figure 4.3. Functional network analysis of the top shared ArPIKfyve and Sac3 BioID hits 

using the Prize Collecting Steiner Forest (PCSF) algorithm 

Final PCSF subnetwork of high confidence BioID hits shared between ArPIKfyve and Sac3 

(SP ≥ 0.9), clustered by Gene Ontology (GO) biological processes using EnrichR. The 

vertex sizes and edge widths are proportional to the amount of times that a vertex or edge 

appeared in the PCSF runs. The network contains terminal vertices (representing proteins 

from the BioID screens) as well as Steiner vertices (representing proteins that link 

subnetworks but were not present in the BioID dataset). Clusters are described in Table 1. 
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Table 4.1. Top gene ontology (GO) biological process enrichment terms for the PCSF 

network 
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Cluster GO Term P-Value Genes 

1 

Mitotic cell cycle  0.00206 

FEN1, NCAPG, NCAPD2, SMC4, 
AP3S1, AP3B1 

 

DNA conformation change  0.00242 

Anterograde synaptic vesicle transport  0.00666 

Golgi Associated Vesicle Biogenesis  0.0272 

Clathrin derived vesicle budding  0.0343 

Trans-Golgi Network Vesicle Budding  0.0392 

2 

COPI-dependent Golgi-to-ER retrograde traffic  0.00169 

ARF1, ARHGAP21, COPB1, 
COPG1, OAT, PDHA1, SPAG9 

COPI-mediated anterograde transport  0.00302 

Vesicle organization  0.00871 

Asparagine N-linked glycosylation  0.0158 

3 
Mitochondrial calcium ion homeostasis  1 

GANAB, ARMCX3, GPN1, IMMT, 
SRP54 

Intracellular protein transmembrane transport  1 

Protein transmembrane transport 1 

4 
PI3K-Akt signaling pathway  0.00479 

PPP2R1B, PPP2R2D, PPP2R2A, 
STRN, ATAD3B, FAM107A, STRIP1 

M Phase 0.0245 

Cyclin D associated events in G1  0.0281 

5 

NCAM signaling for neurite out-growth  0.00102 

PSMC5, PSMD12, PSMD1, SSR1, 
CANX, FKBP8, PGRMC1 

 

M Phase 0.00104 

MAPK family signaling cascades  0.00121 

Insulin receptor signalling cascade  0.00124 

Regulation of G1/S transition of mitotic cell cycle  0.00126 

Signaling by Wnt  0.00128 

Signal transduction by p53 class mediator  0.00128 

6 

Translesion synthesis by POLK  0.001 

RAD50, PCNA, RFC1, MRE11A, 
NBN, CCNO, NEK1, ITSN1 

PCNA-Dependent Long Patch Base Excision Repair  0.00107 

Regulation of TP53 Activity  0.0011 

Lagging Strand Synthesis  0.00116 

Telomere C-strand (Lagging Strand) Synthesis  0.0013 

Resolution of AP sites via the multiple-nucleotide 
patch replacement pathway  

0.00133 

Gap-filling DNA repair synthesis and ligation  0.00138 

Cell Cycle Checkpoints  0.00154 

Non-homologous end-joining  0.0016 

7 

Phosphatidylinositol biosynthetic process  0.0183 

FIG4, VAC14, PIKFYVE, NOS1, 
STUB1, DNAJC13, S100A2, FKBP4 

Phosphatidylinositol-3-phosphate biosynthetic 
process  

0.019 

Myelin assembly  0.02 

Glycerophospholipid biosynthetic process  0.039 

8 

Activation of NIMA Kinases  0.00449 

NEK9, PSMA4, NEK6, TUBG1, 
MARK4, PPAT, USP9X, MCL1 

Cell Cycle  0.0207 

Nuclear Pore Complex (NPC) Disassembly  0.0299 

Nuclear Envelope Breakdown  0.0451 
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contains COPB1 and COPG1, members of the COPI complex, a vesicular coat complex involved 

in retrograde golgi transport, as well as ADP-ribosylation factor 1 (ARF1) (a GTPase required 

for COPI recruitment to golgi membranes) as a Steiner node. Schulze et al. recovered COPI 

subunits COPA, COPB2, COPD, and COPE in their ArPIKfyve interactome screen, and Catimel 

et al. recovered COPB1 and COPZ1 in their PtdIns(3,5)P2 interactome screen. These concurrent 

findings strongly suggest some sort of interaction between the PAS complex and the COPI 

complex. While the COPI complex is associated with golgi trafficking, previous studies have 

found additional roles for COPI in multivesicular body formation, endosomal maturation, and 

phagocytosis, although the mechanism of action is still poorly understood (378,378–383). 

Therefore we decided to further investigate the interaction between the PAS complex and the 

COPI complex. 

4.3.4 Validation of interaction between ArPIKfyve and COPB1 

Whether COPI interacts mechanistically with the PAS complex has not been investigated. 

In addition, little is known about what regulates its recruitment and function on endosomal 

membranes. To begin examining how COPI interacts with the PAS complex, we used 

ArPIKfyve as a representative of the PAS complex and COPB1 as a representative of the COPI 

complex. First, we used immunofluorescence to label endogenous COPB1 and ArPIKfyve in 

HT1080 cells to examine their localization patterns. As expected, COPB1 displayed a mainly 

perinuclear, golgi-associated localization pattern, while ArPIKfyve displayed a more diffuse 

cytoplasmic localization (Fig. 4.4A). While COPB1 endosomal staining was much weaker 

compared to its perinuclear staining, likely due to the low amount of endosome-associated 

COPB1 relative to golgi-associated COPB1, there appeared to be a small amount of COPB1 

colocalizing with ArPIKfyve. 
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To gain better resolution of endosomal COPB1, we performed a proximity ligation assay 

(PLA), a highly sensitive immunofluorescence-based method to detect protein-protein 

interactions. Briefly, both COPB1 and ArPIKfyve were labelled with their respective primary 

antibodies, which were then labelled with oligonucleotide-conjugated secondary antibodies (PLA 

probes). Next, hybridizing connector oligos join the PLA probes only if they are in close 

proximity to each other and a ligase forms a closed, circle DNA template for rolling-circle 

amplification by a DNA polymerase. Lastly, labeled oligos hybridize to the complementary 

sequences within the amplified DNA, which are then visualized and quantified as discrete spots 

(PLA signals) by microscopy. Compared to the COPB1 and ArPIKfyve single antibody negative 

controls, adding both antibodies revealed a significant increase in PLA signals (Fig. 4.4B). 

Furthermore, these signals showed a diffuse localization pattern in cells, suggesting that COPB1-

ArPIKfyve interactions occur throughout the cytoplasm, presumably on endosomal membranes. 

4.3.5 ArPIKfyve-COPB1 interaction is not brefeldin A sensitive or affected by inhibition of 

PIKfyve kinase activity 

Next, we sought to delineate a possible mechanism underlying the interaction between 

the PAS complex and COP1 using inhibitors for each complex. First, we tested whether 

inhibition of PIKfyve kinase activity alters ArPIKfyve-COPB1 association. In order to do so, we 

repeated the PLA assay after treating cells with apilimod, a potent PIKfyve inhibitor. However, 

we did not see a significant reduction in PLA signals between COPB1 and ArPIKfyve (Fig. 4.5). 

Previous reports have indicated that Arf1 GTPase activity is required for recruitment of COP1 to 

endosomal membranes (379,382). To test whether inhibition of Arf1 alters COPB1-ArPIKfyve 

interaction, we tested whether brefeldin A, which inhibits guanine nucleotide exchange factors 

(GEFs) required for Arf1 activation, alters PLA signals between COPB1 and ArPIKfyve. 

However, we did not observe a significant change with Brefeldin A treatment (Fig. 4.5), 
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suggesting that either Arf1 is not required for COPB1-ArPIKfyve interaction or that is uses a 

GEF that is brefeldin A insensitive for recruitment endosomal sites containing ArPIKfyve. 

4.3.6 Dynamic detection of protein-protein interactions using TurboID 

While BioID is a robust method to screen for the global cellular interactome of a protein of 

interest, its relatively long overnight labelling time reduces its sensitivity to detect more transient 

protein-protein interactions that occur during dynamic events such as viral entry or growth factor 

stimulation. This issue is particularly pronounced for cellular trafficking proteins such as the 

PAS complex that rapidly dock and release from other proteins to precisely regulate fusion and 

fission events between endosomal compartments. In order to address these issues, we have also 

cloned ArPIKfyve and Sac3 fusion constructs with TurboID, a modified biotin ligase that has a 

labelling time as short as ten minutes (385). When compared side-by-side with their respective 

BioID fusion constructs, we observed similar labelling efficiency at 15-30 minutes with the 

TurboID constructs as overnight labelling with the BioID constructs (Fig. 4.6). This drastically 

shortened labelling time will allow us to capture dynamic and short-lived protein-protein 

interactions that occur during cell stimulation by growth factors, small molecule inhibitors and 

virus particles. 

4.4 Discussion 

Here we present a systemic study of the cellular PAS interactome using BioID. BioID and 

other proximity-based labelling methods have become powerful tools for PPI screening, with 

BioID being advantageous for its ability to capture PPIs that are too weak and or/transient to be 

recovered by traditional co-immunoprecipitation methods, its applicability to both soluble and 

insoluble proteins, and the strength of the biotin-streptavidin interaction which allows more 

stringent purification conditions to reduce background contamination. Using this approach, we 

aimed to uncover novel protein regulators and effectors of the PAS complex. 
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Figure 4.4. Validation of interaction between ArPIKfyve and COPB1 using 

immunofluorescence and proximity ligation assay (PLA) 

(A) Coverslip-bound HT1080 cells were fixed, permeabilized, and stained with ArPIKfyve 

(green) and COPB1 (magenta) antibodies, and Hoechst. Cells were imaged on an LSM800 

confocal microscope (Zeiss). Bar = 10µm. (B) HT1080 cells seeded in angiogenesis chambers 

were fixed, permeabilized, and PLA was performed according to manufacturer protocol (Sigma) 

using ArPIKfyve and COPB1 antibodies and Hoechst. Cells were imaged as above. Bar = 10µm. 
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Figure 4.5. COPB1-ArPIKfyve interaction is not sensitive to brefeldin A or PIKfyve 

enzymatic activity 

HT1080 cells seeded in angiogenesis chambers were treated with brefeldin A (50µM), apilimod 

(50nM) or a control (DMSO) for 1 hour, fixed, permeabilized, and PLA was performed 

according to manufacturer protocol (Sigma) using ArPIKfyve and COPB1 antibodies and 

Hoechst. Cells were imaged on an LSM800 confocal microscope (Zeiss). Bar = 10µm. PLA 

spots were quantitated using Imaris (Bitplane). 
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Figure 4.6. Comparison of labelling time for BioID and TurboID biotin ligases 

HEK293T cells were transfected with the indicated BioID (birA) or TurboID constructs, 

followed by incubation in biotin (50µM) for 0.25–18 hours. Cells were then lysed and biotin-

labelled proteins were detected by immunoblot using streptavidin-HRP. 
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In our study we generated birA fusion proteins for both ArPIKfyve and Sac3, which 

enabled us to screen for interactions specific to each protein, as well as common interactions 

shared by both. ArPIKfyve shared approximately 61% of its high confidence BioID hits with 

Sac3, and Sac3 shared approximately 47% of its high confidence BioID hits with ArPIKfyve, 

suggesting a largely shared interactome for both proteins. This is consistent with previous 

characterization of the complex demonstrating that association and integrity of the ternary 

complex is necessary for PIKfyve and Sac3 enzymatic function (262,264,269–271). Sac3 in 

particular is dependent on associating with ArPIKfyve for stability and protection from 

proteosome-dependent degradation (269). It is important to note that while the labelling radius of 

the birA enzyme used in this study is relatively stringent (approximately 10nm), as a purely 

proximity dependent labelling method, BioID cannot distinguish between direct interactions, 

indirect interactions, or vicinal non-interacting proteins. Nonetheless, as the first interactome 

study of the PAS complex to examine two of its subunits side by side, we were interested to 

examine the common hits of ArPIKfyve and Sac3, which could represent functional regulators or 

effectors of the PAS complex as a whole and are prime candidates for follow-up validation and 

characterization.  

Two previous studies have examined the PAS complex-related interactome. Schulze et al. 

examined the ArPIKfyve interactome by expressing Flag-tagged ArPIKfyve in HEK293T cells 

and purifying co-immunoprecipitated proteins (373). Catimel et al. screened for the PtdIns(3,5)P2 

interactome by incubating cytosolic colon carcinoma cell extracts with PtdIns(3,5)P2 liposomes 

and beads and purifying bound proteins, which represent potential PAS interacting proteins, 

particularly PIKfyve effector proteins (377). Comparison of the 344 and 201 reported hits from 

Schulze et al. and Catimel et al., respectively, with the 930 ArPIKfyve and 944 Sac3 BioID hits 
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from our study revealed a substantial overlap with Schulze et al. (143 proteins) and a smaller 

overlap with Catimel et al. (26 proteins). While it is expected that different methodologies will 

identify different sets of interactors, we recovered a number of the hits highlighted by Schulze et 

al. using both birA-ArPIKfyve and birA-Sac3, including TBC1D15, GAPVD1, and NSF, 

although these did not meet our SAINT threshold. Similarly, we also recovered a number of 

endosomal trafficking regulators shared with the Catimel et al. study, such as Rab5C, SNX1 and 

SNX2.  

We were particularly interested in following up on the COPI complex, the sole 

multisubunit trafficking complex to be identified in all three screens. USO1 (general vesicular 

transport factor p115), which is involved in COPII-mediated anterograde golgi transport, was 

also one of the few proteins identified in all three screens. Catimel et al. also identified the COPI 

associated GTPase Arf1 in their screen, which was also present as a Steiner vertex in the PCSF 

network of our BioID hits. Schulze et al. identified the Arf1 regulators ARL1 and BIG1 in their 

screen, further evidence of a functional interaction between golgi trafficking factors, primarily 

the COPI complex, and the PAS complex.  

The COPI complex consists of seven core subunits: COPA, COPB1, COPB2, COPD, 

COPE, COPG and COPZ. Recruitment of the COPI complex to golgi membranes requires the 

GTPase Arf1, which in turn is regulated by a complement of ArfGEFS and Arf GTPase 

activating proteins (GAPs) (402,403). Similar to other coat protein complexes such as clathrin 

coats, COPI facilitates vesicle formation and cargo selection, and operates in the transport of 

cargo from the trans golgi network to the cis golgi network, as well as from the golgi to the 

endoplasmic reticulum. While best characterized for its function in retrograde golgi trafficking, 

accumulating evidence has revealed roles for COPI in the endosomal system. For example, 
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inhibition of Arf1 by Brefeldin A or depletion of COPI subunits by siRNA were found to disrupt 

endosomal trafficking, sorting of proteins to the lysosome for degradation, and recycling of 

internalized cargo such as transferrin receptors and SNAREs (379,381–383,404,405). Similarly, 

studies using IdIf CHO cells, which harbour a temperature sensitive COPE mutant that is lost at 

the nonpermissive temperature have also shown that COPE loss is coupled with disruption of 

endocytic trafficking and endosomal structure (378,381,404). 

However, how COPI recruitment to endosomal membranes is regulated is unknown, and a 

functional interaction between the PAS complex and COPI has been unexplored. Previous 

studies have reported that COPI recruitment to endosomes is dependent on Arf1, and that Arf1 

recruitment to endosomes requires an acidic luminal pH, suggesting that COPI may be 

specifically recruited to late endosomes and lysosomes (381,382,406). Using a highly sensitive 

PLA assay, we validated the specific interaction between ArPIKfyve and COPB1. This 

interaction was not affected by inhibiting PIKfyve kinase activity or by treatment with Brefeldin 

A. The latter contrasts with previous reports indicating that Arf1 is required for recruitment of 

COPI to endosomes, however, it is possible that the COPI-PAS interaction occurs independent of 

Arf1, or engages with an ArfGEF or other Arf GTPase that is Brefeldin A insensitive. 

Furthermore, it is still unclear whether the PAS-COPI interaction occurs directly or via 

PtdIns(3,5)P2, and further work is required to dissect which COPI subunits participate in the 

interaction. Finally, the functional consequences of PAS-COPI interaction remain to be 

determined. The fact COPI was captured by three independent interactome screens, as well as the 

fact that we performed our BioID screen in unstimulated cells suggests some level of basal 

interaction between the PAS complex and COPI. Whether this interaction can be upregulated or 

inhibited remains to be determined. A deeper molecular dissection of the PAS-COPI interaction 
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is warranted in order to understand both the mechanisms underlying the interaction as well as its 

biological consequences in cells.  

BioID is a powerful approach for PPI screening, particularly for the interrogation of 

trafficking pathways that contain numerous membrane-associated proteins, since the covalent 

attachment of biotin to proteins allows the use of harsher lysis conditions in order to effectively 

solubilize membranes. However, there are limitations to this study, pointing to the need of 

multiple complementary approaches in order to gain a robust interactome map for the PAS 

complex. First, the relatively long labelling time of the birA enzyme precludes its use for the 

analysis of rapid changes in PPIs during dynamic events that occur in the time scale of minutes 

or hours. While this was not a major concern for this interactome study as we were interested in 

characterizing PAS complex interactions under basal conditions, it would be significantly less 

efficient at capturing changes in PAS PPIs that occur during dynamic processes such as 

stimulation by growth factors or pathogens. Secondly, recent structural characterization of the 

PAS complex has illuminated that the relative orientation of each subunit plays a key role in how 

PIKfyve and Sac3 access their lipid substrates on membranes and therefore how the complex 

functions as a whole. Although we validated functional activity of the birA-ArPIKfyve and birA-

Sac3 fusion proteins prior to performing the screen, we cannot exclude the possibility that the 

addition of multiple birA tags within the complex could affect its interactions with other 

proteins. The use of modified biotin ligases like TurboID and miniTurbo, which are smaller than 

birA and display comparable biotin labelling in time frames as short as ten minutes could 

ameliorate the above issues (Fig. 4.6) (385). Finally, it will be important to examine the PAS 

interactome in multiple cell types, as the PAS complex is known to have distinct roles in 

regulating trafficking in specialized cells such as adipocytes, neurons, and melanocytes 
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(333,398,399,407–409). An interactome map of the PAS complex in these different cell types 

will allow a comprehensive understanding of PAS function in cellular homeostasis and elucidate 

its role in disease pathogenesis. 

In conclusion, this study highlights BioID as a valuable tool to interrogate the PAS 

interactome, that could be easily applied to study the cellular interactomes of other trafficking 

complexes and regulators. We also provide additional evidence of a functional interaction 

between the PAS complex and the COPI complex. 

4.5 Materials and Methods 

Cell, inhibitors and antibodies 

HEK293T and HT1080 cells (ATCC) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM, Lonza) supplemented with 10% Fetal Bovine Serum (Sigma), 100U/mL 

penicillin and 100µg/mL streptomycin (Wisent).  

Stock solutions of apilimod (Ark Pharm, Inc) and BrefeldinA (Cayman) were prepared in 

DMSO and stored at -20°C. Antibodies and HRP conjugates used were Myc (Cell Signalling), 

ArPIKfyve (Thermo and Santa cruz), FIG4/Sac3 (Millipore), GAPDH (Cell Signalling), 

Streptavidin-HRP (Cell Signalling), and COPB1 (Abcam). 

Plasmids and cloning 

ArPIKfyve (gift from Dr. Assia Shisheva, Wayne State University) and Sac3 (Origene) 

were cloned onto the C-terminal of myc-BioID (gift from Kyle Roux, Addgene plasmid # 35700) 

using restriction enzyme cloning. ArPIKfyve and Sac3 were cloned onto the C-terminal of V5-

TurboID (gift from Alice Ting Addgene plasmid # 107169) using Gibson assembly. Sequences 

of all cloned constructs were confirmed by Sanger sequencing. 
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BioID screen, affinity purification and mass spectrometry 

HEK293T cells were transfected with plasmids encoding ArPIKfyve-birA or Sac3-birA 

complemented with plasmids encoding the other subunits of the PAS complex (HA-PIKfyve and 

either myc-ArPIKfyve or Flag-Sac3) in 1:1:1 ratio, using Jetprime transfection reagent 

(Polyplus) following manufacturer protocol. Cells transfected with a plasmid encoding birA were 

used as a control. Twenty-four hours post transfection, cells were incubated overnight in the 

presence or absence of biotin (Sigma, 50µM), followed by cell lysis in 1% Triton X-100, 0.1% 

NP40, 150mM NaCl, 10mM Tris-HCl pH 7.4. Protein concentration was assessed using a 

bicinchoninic acid (BCA) assay (Thermo) and lysates were incubated with streptavidin-agarose 

beads for 1 hr. Bound proteins were eluted by boiling in SDS buffer for 10 minutes. Eluted 

proteins were resolved by SDS-PAGE, and gels were subsequently silver stained following 

manufacturer protocol (Thermo). Stained lanes were excised and stored in 1% acetic acid. 

Proteomics analysis was performed at the Ottawa Hospital Research Institute Proteomics Core 

Facility. Proteins were digested in-gel using trypsin, peptide extracts were concentrated by 

Vacufuge (Eppendorf) and LC-MS/MS was performed using a Dionex Ultimate 3000 RLSC 

nano HPLC (Thermo) and an Orbitrap Fusion Lumos mass spectrometer. This experiment was 

performed three independent times (one technical replicate per experiment), and all three 

experiments were combined into one MaxQuant analysis to identify peptides from mass spectra. 

The results were exported to Scaffold (Proteome Software, USA) for further validation and 

viewing. Protein identifications were filtered with a FDR < 1%. 

SAINT and PCSF Analysis 

SAINTexpress analysis was performed using combined data from 3 biological replicates 

of the BioID within the CRAPome interface (389). Negative controls using birA as bait were 
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given to SAINT to model non-specific interations. A saint probability (SP) score ≥  0.9 was used 

to further screen hits for both the ArPIKfyve and Sac3 baits, and shared hits for both baits with 

SP ≥ 0.9 were selected for PCSF and network analysis. 

PCSF analysis was implemented within R using a previously optimized package (388). 

Prizes were assigned to proteins based on their SP score. Costs were assigned based on the 

frequency of interaction between two proteins, using PPI data from the STRING protein 

interaction database (395). The hub penalization parameter mu was set to 0.005. To increase 

robustness of the final network, the PCSF analysis was run 10 times with added noise (0.1% of 

each edge cost) to edge costs with each run. Functional enrichment analysis on the final PCSF 

network was performed using EnrichR, which is included in the PCSF R package. The p-values 

are calculated using the Fisher test and adjusted for multiple hypotheses using the Benjamini-

Hochberg method.  

Immunoblots 

Cells were washed in PBS, then lysed in buffer containing 1% Triton X-100, 0.1% NP40, 

150mM NaCl, 10mM Tris-HCl pH 7.4 supplemented with a protease inhibitor cocktail (Cell 

signaling). Protein concentration was determined using a BCA assay following manufacturer 

protocol (Thermo). Equal amounts of protein were resolved by SDS-PAGE and transferred on 

PVDF membranes. Proteins were detected using primary antibodies and HRP-conjugated 

secondary antibodies and visualized using chemiluminescence according to manufacturer 

protocol (Biorad Clarity ECL substrate). For detection of biotinylated proteins, membranes were 

blocked in 2% BSA and biotinylated proteins were detected using streptavidin-HRP (1:10000 

dilution). 
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PLA, immunofluorescence and microscopy 

For immunofluorescence experiments, HT1080 cells were seeded onto 18 mm coverslips 

and grown to approximately 60% confluence. Cells were then by fixed in formalin, 

permeabilized with 0.5% triton X-100, and blocked in 20% FBS for 30 min. Cells were then 

incubated in ArPIKfyve (Thermo) and COPB1 (Abcam) primary antibodies (1:50 and 1:100 

dilutions, respectively) for 1h, followed by incubation with appropriate Alexafluor-conjugated 

secondary antibodies (Thermo) for 1 hour, Hoechst staining (1µg/mL, Thermo) and mounting in 

PermaFluor Aqueous Mounting medium (Thermo). Immunofluorescence images were captured 

on an LSM800 Zeiss confocal microscope using a 63X/1.4 Oil Plan-Apochromat objective. 

Fifteen to twenty Z-stacks were acquired per image. 

For PLA experiments, HT1080 cells were seeded in poly-D-lysine (Sigma) coated 

angiogenesis chambers (Ibidi) and grown to approximately 60% confluency. If necessary, prior 

to fixation cells were incubated with inhibitors for 1 hour. Cells were fixed in formalin and 

permeabilized with 0.5% triton X-100. PLA was performed using manufacturer protocol (Sigma) 

using ArPIKfyve (Santa cruz, 1:50 dilution) and COPB1 (Abcam, 1:100 dilution) antibodies. 

Images were captured on an LSM800 Zeiss confocal microscope as described above.  
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5 Chapter 5: General Discussion and Future Directions 

 

5.1 Summary of thesis findings and future directions 

EBOV and other filoviruses undergo a complex entry sequence that is highly dependent on 

host cell trafficking pathways in order to gain passage to entry-conducive compartments deep 

within the LE/LY network. The overall goal of this thesis was to identify and dissect how EBOV 

regulates its transport to these compartments through co-opting host cell trafficking factors. 

Results from the studies presented in this thesis have demonstrated that the entry of EBOV and 

other filoviruses depends on cellular proteins that regulate multiple facets of endosomal 

trafficking, from metabolism of phosphoinositide signaling lipids required for endosome 

maturation to activation of tethering complexes required for endosome fusion. In addition to 

these findings that contribute to our knowledge of the mechanisms of filovirus entry, work in this 

thesis has also optimized and advanced a number of experimental tools and methodologies that 

can be applied not only to the field of viral entry but are broadly applicable to studying how 

fundamental cellular trafficking processes are regulated in the context of cellular homeostasis 

and dysregulated in the context of disease pathogenesis. 

In Chapter 2, we examined the role of the LE/LY-associated HOPS tethering complex in 

EBOV entry using an optimized inducible dual gRNA CRISPR strategy. This approach allowed 

us to individually interrogate each subunit of the HOPS complex as well as those of the closely 

related EE-associated CORVET tethering complex. In doing so we were able to differentiate the 

importance of the HOPS and CORVET complexes in EBOV entry and validate the specific 

importance of the HOPS complex and its role in regulating LE/LY fusion. Furthermore, using 

the same CRISPR approach as well as microscopy to visualize EBOV trafficking in cells, we 

determined that efficient EBOV trafficking to NPC1 requires binding between the HOPS 
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complex and its positive regulator, UVRAG. Using site-directed mutagenesis, we were able to 

further define the mechanism of UVRAG–HOPS coordination by mapping the specific regions 

on UVRAG required for binding to the HOPS complex.  

The HOPS complex was first identified as an EBOV entry factor in a genetic screen 

performed by Carette et al. in 2011, which also uncovered PIKfyve and Sac3 (171). As 

preliminary follow up in the same report, the authors validated that EBOV entry was impaired in 

cells deficient in the HOPS subunits Vps11 and Vps33a. However, as these subunits form part of 

the C-Vps core that is shared with the CORVET complex, we sought to delineate the role of the 

HOPS and CORVET complexes in EBOV entry by examining their shared and specific subunits. 

Using individual KO cells for each subunit, we determined that functionality of HOPS complex, 

but not the CORVET complex, is required for efficient EBOV entry.  

These results further highlight the role of UVRAG in regulating HOPS activity and viral 

trafficking, which was first reported in a study by Pirooz et al. that found UVRAG to be 

important for IAV and VSV entry (308). A recent study has also reported that the SARS-CoV-2 

ORF3a protein can subvert autophagy by directly binding to the HOPS subunit Vps39, 

preventing its association with the SNARE STX17, suggesting that the HOPS complex may be a 

shared target for multiple viruses (410). 

A key remaining question is how EBOV regulates the activity of UVRAG and the HOPS 

complex, including whether EBOV can enhance their association to promote viral entry. 

Previous studies have shown that UVRAG activity can be modulated via post translational 

modifications including phosphorylation and ubiquitination (243,411,412). However, our 

understanding of the precise mechanisms underlying UVRAG regulation are complicated by its 

multifunctional roles in autophagosome induction and maturation, endocytic trafficking and 
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DNA repair. This multifunctionality is enabled in part by UVRAG’s ability to associate in 

several distinct cellular complexes to regulate different processes (413,414). For instance, 

UVRAG associates in a complex with Beclin-1 and the PI3-kinase Vps34 to induce 

autophagosome formation, while it associates with Rab7 and the HOPS complex to promote both 

autophagosome and endosome maturation (307,314). Its overlapping roles in both endocytic 

trafficking and autophagy reflect the closely intertwined nature of these two processes, and how 

UVRAG is able to regulate multiple distinct trafficking steps remains poorly understood, with 

studies at times reporting conflicting results. For example, two groups have shown that UVRAG 

can be phosphorylated on multiple residues by mTORC1. Kim et al. found that mTORC1 

mediated phosphorylation on UVRAG S498 negatively regulates UVRAG activity and 

endosome maturation by sequestering UVRAG with RUBICON, preventing its association with 

the HOPS complex and the activation of Vps34 (243). In contrast, Munson et al. reported that 

mTORC1 phosphorylates UVRAG on S550 and S571, which enhances Vps34 activity and 

regulates autophagosome and lysosome reformation in order to maintain lysosome integrity 

(412). It is unclear how mTORC1 is able to both positively and negatively regulate UVRAG 

functions, however, it would be of particular interest to explore further in the context of EBOV 

entry as it is known that EBOV can stimulate the PI3K/Akt pathway during entry, with mTORC1 

being a major downstream effector of PI3K/Akt activation (350,415). 

This study also presented a CRISPR strategy that has broad utility for the study of 

trafficking factors applicable beyond the field of viral entry. Genetic knockout of proteins 

involved in cellular trafficking can often have a deleterious effect on cell viability, as was 

observed in the case of UVRAG, which makes both generation of and experimentation with 

these KO cells technically challenging. The inducible CRISPR approach utilized in this study 
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enables the rapid induction of KO cells for experimentation, reducing the confounding effects of 

gene deletions on cell viability and potential off-target effects on other cell pathways. 

Furthermore, combining the inducible CRISPR approach with a dual gRNA strategy further 

enhances the efficiency of generating the desired gene knockout, particularly for larger genes 

(such as PIKfyve) or genes with multiple splicing variants. 

In Chapter 3, we examined the role of the PIKfyve-ArPIKfyve-Sac3 phosphoinositide 

regulating complex in EBOV entry. Using complementary approaches incorporating CRISPR 

KO of each PAS subunit, small molecule PIKfyve inhibitors, site-directed mutagenesis of 

PIKfyve and Sac3, and a fluorescent PtdIns(3,5)P2-binding probe as a proxy for PIKfyve 

activity, we were able to dissect the importance of each subunit for EBOV entry. We determined 

that PIKfyve kinase activity, but not Sac3 phosphatase activity, was required for EBOV entry. 

However, expression of both Sac3 and ArPIKfyve was still required for PAS complex integrity, 

which enables optimal PIKfyve kinase activity. Intriguingly, we also reported the first evidence 

that EBOV stimulates increased PtdIns(3,5)P2 production during entry, suggesting that the virus 

is able to activate and/or enhance PIKfyve activity through a still unknown mechanism. 

Following the above finding that EBOV could potentially stimulate PAS activity, we sought 

to further explore how the PAS complex could be regulated in Chapter 4 using a BioID PPI 

screen to identify PAS interacting proteins. By running parallel screens using ArPIKfyve and 

Sac3 birA fusion proteins and comparing the resulting pools of candidate interactors for each 

protein, we were able to screen for high probability hits for interactors of the PAS complex as a 

whole. Among these hits were multiple members of the COPI complex, which was of interest to 

us as COPI has been increasingly implicated as a regulator of endosomal trafficking in addition 



132 

 

to its role as a golgi trafficking regulator. However, the mechanisms regulating COPI recruitment 

to and function on endosomes are largely unknown. 

As preliminary follow-up on the COPI complex, we confirmed the interaction between the 

PAS and COPI complexes using a highly sensitive PLA assay. Using ArPIKfyve as a 

representative of the PAS complex and COPB1 as a representative of the COPI complex, we saw 

a specific interaction between both proteins that appeared to be diffusely localized throughout 

the cell. This suggests that the interaction between the PAS and COPI complexes could take 

place on endolysosomal membranes, signifying a possible functional relationship between the 

two complexes in regulating endosomal trafficking.  

Whether COPI function on endosomes is required for EBOV entry is unknown, however, it 

has been implicated in the entry of other viruses. Endosomal COPI function was first implicated 

in viral entry by reports that injection of COPB1 antibodies block VSV and Simian virus 40 

(SV40) entry (379,416). Similarly, VSV and SV40 entry are also impaired in ldlF CHO cells that 

are deficient in COPE (378). In the case of SV40, as well as Human Papillomavirus Type 16 

(HPV16), COPI appears to be required for transport of newly internalized virions to the ER 

(417,418). An siRNA screen also identified COPD to be an entry factor for IAV (419). However, 

in the case of VSV and IAV, disruption of COPI function appears to indirectly affect entry by 

perturbing general membrane trafficking dynamics, as prolonged COPI inhibition using siRNA 

knockdown or prolonged Brefeldin A treatment impairs viral entry, while shorter incubations 

with Brefeldin A do not impact entry (420,421). Experiments incorporating genetic knockdown 

or knockout of COPI subunits as well as pharmacological inhibition using Arf1 inhibitors like 

Brefeldin A or Golgicide A will be useful in dissecting a potential role of the COPI complex in 

EBOV entry. Likewise, experiments using TurboID to assess the interaction between the PAS 
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complex and the COPI complex during EBOV entry will shed light on whether EBOV could 

stimulate or modulate PAS-COPI interactions. 

With these studies taken together, we propose a model of EBOV entry as a regulated process 

involving the concerted activity of trafficking factors specifically required for shuttling of 

endocytosed cargo to the LE/LY compartment (Figure 5.1). Viral-induced activation of these 

trafficking factors likely occurs through activation of cell surface receptors through GP-

dependent and/or GP-independent mechanisms. Activation of the PAS complex, potentially via 

the PI3K/Akt pathway, results in PtdIns(3,5)P2 production and endosomal maturation, while 

activation of UVRAG and the HOPS complex, potentially via mTORC1, promotes fusion of 

LE/LYs, which together enhance delivery of EBOV virions to entry-conducive compartments. 

5.2 Targeting viral entry in the development of therapeutics 

Viral entry has long been an attractive target for antiviral therapies. As the first step of the 

viral life cycle, blocking entry could inhibit both viral spread within the host and reduce 

cytopathic effects associated with infection. Furthermore, viruses that share similar entry 

mechanisms may have conserved requirements for specific entry factors, which represent 

potential broad spectrum antiviral targets (422–424). 

Despite these advantages, relatively few entry inhibitors have been approved by regulatory 

agencies such as the FDA and EMA for clinical use. These approved agents all target enveloped 

viruses, and either directly target viral envelope proteins (such as the HIV-1 inhibitor 

Enfuvirtide, a peptide that mimics the HR2 region of gp41 and inhibits viral fusion) or prevent 

viral receptor engagement by blocking cellular entry receptors (such as Bulevirtide, which binds 

to Na+-taurocholate cotransporting polypeptide (NTCP), the entry receptor used by hepatitis 

delta virus and hepatitis B virus) (425,426). 
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Figure 5.1 A model of Ebola virus trafficking with proposed roles for the PAS complex, the 

HOPS complex, and UVRAG 

EBOV virions engage with cell surface receptors during attachment and internalization, 

including signalling receptors such as TIM/TAM family phosphatidylserine receptors and 

epidermal growth factor receptor tyrosine kinases. Through still ill-defined mechanisms, EBOV-

induced activation of cell signalling pathways promotes viral internalization through 

macropinocytosis and potentially enhances trafficking of virions to the LE/LY compartment. 

Signalling through the PI3K/Akt axis may stimulate activity of the PAS complex, which is 

recruited to early endosomes and catalyzes PtdIns3P→PtdIns(3,5)P2 conversion required for 

endosome maturation and activates PtdIns(3,5)P2 effectors such as Ca2+ channels. Viral-induced 

activation of signalling, potentially through mTORC1, may also stimulate association of 

UVRAG with the HOPS complex, which stimulates tethering and fusion between LEs and LYs. 

The COPI complex may also participate in endosomal trafficking via association with the PAS 

complex through an unknown mechanism.  



135 

 

Targeting viral entry presents several challenges in the development of antivirals. Direct 

acting antivirals that target viral proteins risk selecting for viral escape mutants resistant to the 

drug, as has been observed in clinical trials for Enfuvirtide (426). Furthermore, fusion mimetic 

peptides are not easily administered as they cannot be taken orally and must be injected. Entry-

specific indirect acting antivirals that target host cell proteins have thus far been restricted to cell 

surface entry receptors due to the difficulty of accessing intracellular receptors, thus hindering 

their use for viruses that enter through endosomal compartments such as filoviruses. 

Thus far the avenue of targeting cell trafficking pathways to inhibit entry of such viruses 

has been largely unexplored. However, targeting viral trafficking has several advantages that 

warrant further investigation for the development of antiviral therapeutics. In addition to the 

potential to inhibit infection by viruses that use intracellular receptors, viruses that enter through 

endosomal compartments often share conserved requirements for trafficking factors that 

represent broad spectrum antiviral targets. As shown in this thesis, inhibiting trafficking factors 

such as PIKfyve or UVRAG was effective against multiple filoviruses, including MARV. 

Furthermore, inhibiting PIKfyve has been shown to be effective in blocking entry of SARS CoV-

1 and SARS CoV-2 (168,427,428). In addition, many proteins involved in endosomal trafficking 

have identified small molecule inhibitors, including those approved for clinical use for other 

purposes. Screening libraries of these inhibitors for their effect on viral infection is a promising 

strategy for the accelerated development of antiviral therapeutics, and indeed trafficking 

inhibitors are routinely identified in small molecule screens for antiviral compounds (166,428–

430). 

Of course, we cannot overlook the potential cytotoxic effects of inhibiting essential 

trafficking mechanisms in cells, which is perhaps the primary argument against this strategy. 
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While cytotoxicity must be a primary consideration for any drug treatment, recent investigation 

into the use of apilimod for the treatment of COVID-19 offers an exciting opportunity to study 

the utility of targeting viral trafficking as an antiviral strategy. Apilimod (also known as STA-

5326 and LAM-002A) was first uncovered in a small molecule inhibitor screen for IL-12/IL-23 

inhibitors (431), and has been tested in phase I/II clinical trials for the treatment of Crohn’s 

disease, rheumatoid arthritis, psoriasis and B-cell cancers (432–436). While these trials did not 

ultimately establish significant anti-inflammatory effects of apilimod treatment over placebo, 

they did find apilimod to be well tolerated with only minor side effects, despite the vacuolization 

and other cytopathologies observed with apilimod treatment in vitro by our lab and others. This 

favourable safety profile is encouraging for the potential repurposing of apilimod for other 

clinical therapies, and following two studies that independently found apilimod to be highly 

effective in blocking SARS-CoV-2 infection in vitro, apilimod is now being tested in a phase II 

clinical trial for the treatment of COVID-19 by AI Therapeutics, Inc in collaboration with Yale 

University (427,428,437). Results from this study will provide valuable insight into the 

effectiveness of viral trafficking inhibitors in a clinical setting, and have potential to be expanded 

to the treatment of filovirus associated diseases. 

5.3 Concluding remarks 

In many ways, viruses are both the first and the most proficient cell biologists, and by their 

ancientness and ubiquity are perhaps evolution’s greatest success. Although they are seen as inert 

molecules with no conscious direction, they are nonetheless able to infiltrate, exploit and in 

many cases intricately manipulate the most fundamental cellular processes of their hosts to the 

benefit of their survival and replication.  
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Viral entry is no exception to this paradigm, and work in this thesis contributes to a century 

of research aimed at dissecting how viruses harness cellular pathways to enter cells and initiate 

infection. In particular, we provide evidence that EBOV is not just a benign passenger through 

the endosomal system but is able to activate cell trafficking factors to promote its entry. How 

EBOV and other filoviruses are able to precisely manipulate cellular signalling and trafficking 

pathways through a single envelope protein and its viral envelope lipids remains a tantalizing 

mystery waiting to be unravelled. In doing so, we can hope to gain insight not only into the 

molecular mechanisms underlying filovirus entry, but, as filoviruses have had millions of years 

of coevolution with their hosts to understand the intricacies of host cell biology, also insight into 

how these fundamental cellular processes are regulated.  
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6.2 BioID screen data 

 

 Total spectral count SAINT probability score Fold change B score* 

Gene birA ArPIKfyve Sac3 ArPIKfyve Sac3 ArPIKfyve Sac3 

AAK1 6 4 11 0.01 0.78 1.09 2.23 

AARS 5 0 4 0 0.05 0 1.1 

AARS2 3 1 2 0 0.08 0.72 0.96 

ABCE1 6 3 5 0 0.01 0.79 1.04 

ABCF1 5 4 11 0 0 0.56 1.16 

ABCF2 4 6 6 0 0 1 0.87 

ABI1 9 6 5 0 0 1.09 0.82 

ABRAXAS2 4 10 9 0.89 0.87 3.21 2.52 

ACACA 117 55 87 0 0 0.33 0.44 

ACADSB 1 4 3 0.96 0.87 3.09 2.19 

ACBD3 1 6 2 0.97 0.24 3.39 1.31 

ACIN1 26 13 18 0 0 0.36 0.42 

ACLY 15 30 25 0.84 0.55 3.09 2.21 

ACO2 2 3 3 0.53 0.56 1.81 1.6 

ACTL6A 5 0 0 0 0 0 0 

ACTN4 0 0 8 0 0 0 0.78 

ACTR1A 22 20 15 0 0 1.48 0.96 

ADD1 3 2 4 0.07 0.48 1.07 1.56 

ADRM1 12 16 16 0.05 0.05 1.96 1.68 

ADSL 3 8 4 0.89 0.48 3.19 1.56 

AFDN 27 44 75 0.17 0.97 2.61 3.74 

AFG3L2 0 6 0 1 0 6.85 0 

AGK 0 8 1 1 0 8.8 1.83 

AGPS 3 5 1 0.64 0 2.13 0.66 

AHCY 5 3 6 0.01 0.31 1 1.52 

AHNAK 1 0 4 0 0 0 0.02 

AHSA1 0 5 4 0.01 0 1.45 1.06 

AIFM1 13 23 30 0.68 0.93 2.72 2.99 

AIMP1 11 15 8 0.2 0 2.1 1.02 

AIMP2 4 6 6 0.24 0.27 1.81 1.58 

AKAP1 5 2 4 0 0 0.36 0.52 

AKAP8L 0 0 4 0 1 0 4.3 

ALB 62 19 18 0 0 0.52 0.43 

ALDH18A1 3 5 5 0.64 0.68 2.13 1.86 

ALDH1B1 4 5 4 0.36 0.2 1.76 1.29 

ALDH3A2 0 5 3 0.36 0.07 2.14 1.27 

ALDOA 14 11 23 0 0.53 1.27 2.17 



179 

 

ALYREF 21 14 8 0 0 1.1 0.57 

AMOT 12 1 1 0 0 0.25 0.23 

ANKFY1 0 3 0 0.99 0 3.92 0 

ANKHD1 4 6 17 0 0.05 0.89 1.95 

ANKRD17 3 5 18 0 0 0.42 1.13 

ANXA2 19 6 8 0 0 0.3 0.33 

AP1M1 0 0 3 0 1 0 3.48 

AP3B1 1 4 8 0.96 1 3.09 4.8 

AP3D1 0 3 0 0.53 0 2.1 0 

APC 2 2 4 0 0 0.68 0.99 

APOD 1 0 3 0 0.87 0 2.19 

APOL2 4 3 6 0.06 0.59 1.17 1.78 

ARCN1 10 11 15 0.01 0.21 1.61 1.84 

ARHGAP21 1 5 9 0.99 1 3.7 5.32 

ARHGEF12 1 3 2 0.85 0.63 2.47 1.67 

ARHGEF7 3 7 7 0.84 0.86 2.84 2.46 

ARID3A 4 0 0 0 0 0 0 

ARMCX3 2 7 6 0.95 0.92 3.6 2.74 

ARPIN 2 2 5 0.27 0.85 1.36 2.36 

ATAD3B 4 23 17 1 0.99 7 4.5 

ATP1A1 23 39 34 0.38 0.07 2.7 2.01 

ATP2A2 1 8 5 0.99 0.74 3.58 2.09 

ATP5F1A 26 41 36 0.12 0.01 2.52 1.89 

ATP5F1B 31 43 34 0 0 2.24 1.52 

ATP5F1C 10 11 10 0.04 0.02 1.71 1.35 

ATP6V1A 4 4 3 0.03 0.01 1.3 0.92 

ATP6V1B2 0 3 0 0.99 0 3.92 0 

ATP6V1E1 4 3 2 0.06 0 1.17 0.79 

ATXN2 2 1 3 0 0.01 0.57 1 

ATXN2L 19 27 24 0 0 1.19 0.9 

AURKB 3 3 5 0.23 0.68 1.42 1.86 

B3GAT3 0 2 0 0.97 0 2.95 0 

BAG6 0 0 4 0 1 0 4.3 

BCAP31 0 0 2 0 0.97 0.09 2.65 

BCLAF1 8 1 7 0 0 0 0.32 

BPTF 3 0 0 0 0 0 0 

BRCC3 1 3 1 0.85 0 2.47 1.15 

BSG 3 23 5 1 0.68 8.49 1.86 

BUB3 7 4 6 0 0 0.76 0.93 

BYSL 4 6 4 0.56 0.2 2.05 1.29 

C1QBP 3 5 7 0.64 0.86 2.13 2.46 

C2CD5 0 3 0 0.99 0 3.92 0 

CACYBP 5 3 6 0 0.08 0.9 1.36 
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CAD 6 6 8 0.09 0.4 1.52 1.69 

CALD1 3 3 13 0 0 0.11 0.34 

CALML5 6 2 1 0 0 0.65 0.4 

CAMLG 0 4 2 1 0.97 4.9 2.65 

CAMSAP1 0 0 3 0 0.87 0 2.42 

CAND1 3 7 2 0.84 0.08 2.84 0.96 

CANX 0 8 5 1 0.99 6.12 3.57 

CAP1 6 10 4 0.2 0 1.99 0.8 

CAPRIN1 14 6 14 0 0 0.58 1.06 

CAPZA1 11 25 15 0.84 0.02 3.05 1.61 

CAPZA2 7 14 11 0.73 0.34 2.65 1.82 

CAPZB 9 10 5 0.02 0 1.6 0.76 

CBR1 0 0 6 0 1 0 5.96 

CBSL 9 5 9 0 0.03 0.94 1.35 

CBX3 5 16 0 0.87 0 2.53 0 

CBX5 0 3 0 0.85 0 2.73 0 

CCAR2 17 3 5 0 0 0.3 0.39 

CCDC124 2 4 7 0.42 0.97 1.88 2.6 

CCDC43 3 11 7 0.99 0.6 3.23 1.87 

CCDC6 0 0 5 0 1 0 5.13 

CCDC8 0 2 3 0.97 1 2.95 3.48 

CCDC85C 1 6 6 1 1 4.32 3.76 

CCDC88A 1 3 2 0.85 0.63 2.47 1.67 

CCT2 58 68 127 0 0.9 1.9 2.99 

CCT3 57 62 156 0 0.98 1.79 3.78 

CCT4 76 71 167 0 0.86 1.51 3 

CCT5 21 25 72 0 0.99 1.79 4.27 

CCT6A 26 45 90 0.06 0.99 2.56 4.3 

CCT7 45 58 131 0 0.98 2.1 3.99 

CCT8 86 107 215 0 0 1.54 2.61 

CD2AP 2 5 17 0 0 0.37 0.96 

CD2BP2 3 3 2 0.03 0 1.23 0.83 

CDC37 0 8 2 0.97 0.29 4.7 1.42 

CDC5L 8 1 2 0 0 0.14 0.19 

CDC73 5 0 0 0 0 0 0 

CDK1 5 5 11 0.13 0.88 1.49 2.57 

CDK12 6 0 3 0 0 0 0.43 

CDK9 8 0 3 0 0 0 0.57 

CENPV 2 5 1 0.83 0 2.7 0.84 

CEP131 9 3 6 0 0 0.63 0.95 

CEP170 11 45 52 1 1 3.02 2.96 

CEP170B 0 4 3 1 1 4.9 3.48 

CEP97 0 7 13 1 1 7.82 11.74 
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CFAP410 0 9 2 1 0.97 9.77 2.65 

CGN 11 0 1 0 0 0 0.25 

CHAF1B 5 1 4 0 0.05 0.5 1.1 

CHD4 33 4 11 0 0 0.07 0.15 

CHMP2B 3 2 3 0 0.04 0.92 1.09 

CHMP4B 4 3 2 0 0 0.93 0.63 

CHTOP 10 15 10 0.41 0.02 2.28 1.35 

CIP2A 2 9 20 0.99 1 4.5 8.07 

CKAP4 10 33 27 0.97 0.95 4.84 3.4 

CKAP5 35 58 82 0 0.01 1.62 1.94 

CKB 5 7 9 0.46 0.76 1.99 2.15 

CLNS1A 0 5 2 1 0.97 5.87 2.65 

CLPB 0 0 2 0 0.97 0 2.65 

CLTC 28 25 36 0 0 1.39 1.68 

CLUH 1 0 4 0 0.96 0 2.71 

CNN3 4 18 19 1 1 4.4 3.96 

CNOT1 6 25 20 0.98 0.97 5.62 3.88 

CNOT2 11 11 6 0.01 0 1.57 0.8 

CNOT9 3 5 2 0.64 0.08 2.13 0.96 

COG4 0 3 1 0.99 0 3.92 1.83 

COPA 13 27 19 0.81 0.12 3.02 1.84 

COPB1 4 36 24 1 1 7.09 4.09 

COPB2 6 11 13 0.39 0.8 2.18 2.18 

COPG1 0 17 11 1 1 9.38 5.39 

COPG2 14 41 34 0 0 1.64 1.17 

COPS3 4 3 3 0.06 0.07 1.17 1.04 

COPS4 2 4 1 0.72 0 2.26 0.84 

CORO1B 0 2 8 0 0 0.15 0.38 

CORO1C 4 5 12 0 0 0.68 1.27 

CPSF1 7 0 2 0 0 0 0.52 

CPSF7 9 3 5 0 0 0.63 0.82 

CPVL 2 3 2 0.53 0.29 1.81 1.22 

CRK 12 15 22 0 0 1.1 1.36 

CRKL 8 16 13 0.73 0.39 2.71 1.92 

CS 1 0 5 0 0.74 0 2.09 

CSDE1 18 12 22 0 0 0.63 0.95 

CSE1L 6 6 10 0.09 0.69 1.52 2.05 

CSNK1E 0 3 1 0.99 0 3.92 1.83 

CSNK1G3 3 0 0 0 0 0 0 

CSTF1 4 0 1 0 0 0 0.55 

CSTF2 7 4 7 0 0 0.67 0.93 

CTNNA1 7 4 3 0 0 0.82 0.58 

CTNNB1 7 5 4 0.01 0 1.15 0.84 
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CTNND1 9 1 0 0 0 0.19 0 

CTPS1 0 6 4 0 0 0.65 0.41 

CTTN 3 17 35 0 0 0.77 1.31 

CWC15 6 3 0 0 0 0.59 0 

CXXC1 3 0 0 0 0 0 0 

CYFIP1 9 13 20 0.37 0.91 2.18 2.79 

DAP3 1 2 4 0.6 0.96 1.86 2.71 

DARS 25 28 26 0 0 1.76 1.4 

DBNL 4 10 17 0.69 1 2.31 3.23 

DBT 21 17 27 0 0.01 1.32 1.75 

DCTN1 31 46 42 0 0 2.19 1.71 

DCTN2 4 13 6 0.95 0.59 4.09 1.78 

DCTN4 3 0 0 0 0 0 0 

DDOST 2 11 5 0.87 0 2.69 1.18 

DDX1 0 0 7 0 1 0 4.72 

DDX17 48 26 56 0 0 0.87 1.55 

DDX21 7 2 8 0 0 0.21 0.55 

DDX39B 11 4 10 0 0 0.43 0.81 

DDX3X 32 24 39 0 0 0.88 1.2 

DDX42 5 0 0 0 0 0 0 

DDX46 13 0 2 0 0 0 0.09 

DDX5 27 16 30 0 0 0.75 1.17 

DDX6 8 4 5 0 0 0.8 0.84 

DEK 7 2 4 0 0 0.58 0.84 

DHX15 8 1 9 0 0 0.21 0.88 

DHX29 3 3 8 0 0.17 0.87 1.69 

DHX30 19 8 18 0 0 0.73 1.31 

DHX9 29 10 37 0 0 0.32 0.94 

DIAPH3 0 2 1 0 0 0.73 0.45 

DIDO1 9 1 0 0 0 0.06 0 

DLD 4 4 7 0.18 0.73 1.47 2.03 

DLGAP5 0 0 3 0 0 0 0.96 

DLST 8 14 9 0.71 0.11 2.58 1.48 

DNAJA1 13 23 31 0.68 0.94 2.72 3.09 

DNAJA2 4 7 10 0.7 0.9 2.34 2.77 

DNAJA3 1 10 2 1 0.63 6.78 1.67 

DNAJB1 10 10 13 0 0 1.25 1.36 

DNAJB11 2 3 6 0.53 0.92 1.81 2.74 

DNAJB12 0 8 7 1 1 8.8 6.78 

DNAJB6 1 5 5 0.99 0.99 3.7 3.24 

DNAJC13 5 21 25 0.98 0.99 5.46 5.51 

DNAJC7 6 5 13 0.03 0.88 1.3 2.6 

DNTTIP2 0 0 3 0 0 0 0.71 
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DOCK7 5 12 12 0.89 0.9 3.23 2.78 

DPYSL2 2 6 13 0.91 1 3.15 5.41 

DPYSL4 0 9 8 1 1 9.77 7.61 

DPYSL5 3 4 7 0.45 0.86 1.78 2.46 

DRG1 6 17 13 0.95 0.83 3.55 2.37 

DSG1 34 18 21 0 0 0.89 0.88 

DSG2 15 0 0 0 0 0 0 

DSN1 3 4 3 0.45 0.25 1.78 1.26 

DSP 83 39 9 0 0 0.78 0.17 

DTD1 0 2 3 0.97 1 2.95 3.48 

DVL2 3 14 27 0 0.19 1.57 2.51 

DYNC1H1 29 47 41 0.13 0.01 2.6 1.94 

DYNC1I2 10 15 15 0.41 0.45 2.28 1.95 

DYNC1LI1 9 10 10 0.07 0.08 1.71 1.48 

DYNC1LI2 2 5 5 0.72 0.74 2.25 1.97 

EBNA1BP2 0 2 0 0.27 0 1.57 0 

ECH1 2 8 2 0.97 0.29 4.05 1.22 

ECPAS 5 1 2 0 0 0.5 0.68 

EDC3 2 5 5 0.83 0.85 2.7 2.36 

EDC4 4 13 25 0.03 1 2 3.17 

EEF1A1 9 26 34 0 0 0.92 1.02 

EEF1B2 2 1 3 0 0.04 0.65 1.14 

EEF1D 8 14 12 0 0 1.34 1 

BLOC1S5 3 2 1 0.07 0 1.07 0.66 

EEF1G 55 57 49 0 0 1.64 1.2 

EEF2 40 52 75 0 0 1.6 1.95 

EFHD2 2 6 6 0 0 1.21 1.05 

EFTUD2 3 5 6 0.34 0.68 1.84 1.87 

EHBP1 0 4 6 0.72 0.92 2.62 3.18 

EIF2B4 0 5 3 1 1 5.87 3.48 

EIF2S1 10 7 4 0 0 1.01 0.56 

EIF2S3 9 7 9 0 0 0.84 0.9 

EIF3A 35 51 41 0 0 2.27 1.56 

EIF3B 14 15 14 0.01 0 1.7 1.37 

EIF3C 21 34 45 0.01 0.63 2.27 2.54 

EIF3D 3 5 4 0.34 0.14 1.84 1.35 

EIF3E 19 18 12 0 0 1.53 0.9 

EIF3F 6 9 8 0.25 0.14 1.97 1.54 

EIF3G 2 6 11 0.06 0.97 1.75 2.58 

EIF3H 5 4 7 0.05 0.5 1.25 1.73 

EIF3I 5 8 9 0.62 0.76 2.24 2.15 

EIF3J 0 3 0 0.99 0 3.92 0 

EIF3L 7 7 10 0.07 0.46 1.53 1.82 
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EIF3M 13 12 13 0 0.01 1.47 1.36 

EIF4A1 26 21 23 0 0 1.17 1.09 

EIF4A3 15 13 14 0 0 1.34 1.23 

EIF4B 9 11 26 0 0 0.51 0.98 

EIF4G1 67 42 60 0 0 0.7 0.84 

EIF4G2 15 17 31 0 0 1 1.51 

EIF4G3 24 15 17 0 0 0.95 0.92 

EIF5 1 2 2 0 0 0.2 0.18 

EIF5B 2 0 3 0 0 0 0.61 

ELAVL1 7 10 4 0.05 0 1.8 0.72 

ELP5 0 4 1 0.18 0 1.78 0.67 

EMC2 2 4 2 0.72 0.29 2.26 1.22 

EMD 23 22 22 0 0 1.28 1.09 

ENAH 4 13 12 0.99 0.98 3.62 2.89 

ENO1 18 12 40 0 0.81 0.99 2.65 

ENTR1 0 0 5 0 1 0 5.13 

EPB41 2 5 13 0 0 0.71 1.42 

EPB41L2 7 7 6 0 0 0.34 0.26 

EPB41L3 3 3 9 0.01 0.94 1.08 2.32 

EPRS 83 103 96 0 0 1.74 1.38 

EPS15 0 2 4 0.6 0.96 2.05 3 

EPS15L1 0 4 7 0 0 0.41 0.57 

ERC1 3 9 20 0.39 1 2.17 3.89 

ERH 3 2 0 0 0 0.81 0 

ERLIN2 10 9 7 0.01 0 1.42 0.99 

ESYT2 5 5 6 0 0 1.04 1.05 

ETFA 2 7 6 0.96 0.9 3 2.28 

EWSR1 16 15 13 0 0 1.51 1.13 

EXOC2 0 0 4 0 1 0 4.3 

EXOC4 17 17 20 0 0 1.54 1.54 

EXOSC6 4 2 2 0 0 0.88 0.79 

FAF2 6 8 9 0.36 0.56 1.95 1.87 

FAM120A 2 3 7 0.16 0.97 1.5 2.6 

FAR1 5 2 1 0 0 0.75 0.46 

FARSA 28 18 27 0 0 1.07 1.34 

FASN 126 202 267 0 0 1.92 2.15 

FH 0 0 7 0 1 0 6.78 

FHL1 5 3 3 0.01 0.01 1 0.89 

FIG4 0 348 480 1 1 340.1 397.48 

FIP1L1 17 2 8 0 0 0.24 0.62 

FKBP15 4 1 3 0 0.01 0.52 0.92 

FKBP4 0 3 12 0.99 1 3.92 10.91 

FKBP8 0 7 2 1 0.97 7.82 2.65 
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FLG2 37 16 23 0 0 0.73 0.88 

FLII 5 7 10 0.46 0.83 1.99 2.36 

FLNB 28 43 81 0 0 0.32 0.51 

FLNC 21 35 43 0 0 0.66 0.69 

FLOT1 5 0 0 0 0 0 0 

FMR1 6 2 9 0 0.56 0.65 1.87 

FUBP1 5 1 5 0 0 0.38 0.98 

FXR2 6 0 3 0 0 0 0.77 

FYN 3 0 0 0 0 0 0 

G3BP1 14 3 11 0 0 0.31 0.79 

G3BP2 6 4 6 0 0 0.91 1.11 

GALK1 1 3 4 0.85 0.96 2.47 2.71 

GANAB 3 9 20 0.93 1 3.54 6.36 

GAPDH 14 17 17 0.03 0.04 1.91 1.64 

GAPVD1 2 15 20 0.19 0.82 2.56 2.87 

GART 0 0 2 0 0.97 0 2.65 

GATAD2A 27 6 11 0 0 0.36 0.53 

GATAD2B 26 4 6 0 0 0.22 0.27 

GCC2 6 5 5 0.03 0.04 1.3 1.14 

GCDH 2 3 2 0.53 0.29 1.81 1.22 

GCN1 10 28 26 0.95 0.94 4.13 3.28 

GEMIN4 6 0 1 0 0 0 0.4 

GEMIN5 8 16 17 0 0 0.68 0.62 

GFPT1 2 0 6 0 0.92 0 2.74 

GIGYF2 55 83 136 0 0 1.25 1.73 

GLG1 8 4 0 0 0 0.86 0 

GLIPR2 6 0 0 0 0 0 0 

GLUD1 3 5 3 0.64 0.25 2.13 1.26 

GNAI2 4 1 0 0 0 0.59 0 

GNAI3 4 3 2 0.06 0 1.17 0.79 

GNB1 6 3 0 0 0 0.79 0 

GNB2 3 0 0 0 0 0 0 

GOLGA3 0 3 2 0.85 0.63 2.73 1.85 

GOLGA4 0 3 0 0.99 0 3.92 0 

GOLGA5 2 0 2 0 0.29 0 1.22 

GOT2 5 3 13 0.01 0.92 1 2.99 

GPC4 6 0 0 0 0 0 0 

GPHN 7 6 8 0.02 0.17 1.34 1.49 

GPN1 0 4 3 1 1 4.9 3.48 

GPS1 0 3 3 0.99 1 3.92 3.48 

GRSF1 5 2 2 0 0 0.68 0.61 

GSTP1 0 0 4 0 1 0 4.3 

GTF2F1 9 0 2 0 0 0 0.42 
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GTF2I 50 20 45 0 0 0.52 0.97 

GTPBP4 3 0 0 0 0 0 0 

H1F0 3 6 2 0.77 0.08 2.48 0.96 

H1FX 16 14 7 0 0 1.41 0.65 

H2AFY 2 5 5 0.34 0.37 1.93 1.69 

H3F3B 2 7 0 0.05 0 1.8 0 

HACD3 4 7 2 0.7 0 2.34 0.79 

HADHA 12 13 13 0.02 0.02 1.7 1.46 

HADHB 7 10 6 0.43 0.03 2.11 1.17 

HAT1 4 12 8 0.98 0.72 3.36 2.01 

HAUS1 1 0 3 0 0.87 0 2.19 

HAUS3 1 1 4 0 0.96 1.25 2.71 

HAUS4 0 8 5 1 1 8.8 5.13 

HAUS5 6 9 18 0.53 0.95 2.16 3.52 

HAUS6 4 4 18 0 0.92 0.72 2.32 

HAUS7 2 6 6 0.91 0.92 3.15 2.74 

HAX1 2 5 2 0.83 0.29 2.7 1.22 

HCFC1 10 0 4 0 0 0 0.15 

HDAC2 8 0 2 0 0 0 0.36 

HDDC2 2 8 2 0.97 0.29 4.05 1.22 

HDHD5 1 0 2 0 0.63 0 1.67 

HDLBP 27 39 40 0 0 1.36 1.19 

HEATR5B 7 7 8 0.07 0.17 1.53 1.49 

HGS 3 5 7 0.64 0.86 2.13 2.46 

HIST1H1E 78 87 53 0 0 1.7 0.88 

HIST1H2BO 34 79 9 0.04 0 2.84 0.31 

HIST1H4A 19 62 22 1 0 3.83 1.19 

HLA-B 5 11 13 0.86 0.92 2.98 2.99 

HMGA1 5 4 0 0 0 1.02 0 

HMGA2 14 16 1 0.02 0 1.8 0.2 

HMGN1 2 7 0 0.95 0 3.6 0 

HMGN2 3 7 4 0.84 0.48 2.84 1.56 

HMGN4 1 4 0 0.96 0 3.09 0 

HNRNPA0 5 1 2 0 0 0.35 0.47 

HNRNPA1 33 57 39 0 0 2.25 1.32 

HNRNPA2B1 75 101 59 0 0 1.93 0.97 

HNRNPAB 20 22 14 0 0 1.65 0.92 

HNRNPC 18 30 11 0.01 0 2.2 0.74 

HNRNPD 10 14 6 0 0 1.48 0.6 

HNRNPDL 4 11 0 0.88 0 2.52 0 

HNRNPF 12 11 15 0 0 1.02 1.16 

HNRNPH1 47 42 26 0 0 1.39 0.74 

HNRNPH3 4 12 4 0.93 0.2 3.8 1.29 
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HNRNPK 16 7 24 0 0 0.34 0.9 

HNRNPL 3 0 3 0 0 0 0.28 

HNRNPM 74 58 105 0 0 1.12 1.71 

HNRNPR 20 4 16 0 0 0.32 0.93 

HNRNPU 23 35 50 0 0 1.51 1.82 

HNRNPUL2 0 0 2 0 0.63 0 1.85 

HP1BP3 6 3 8 0 0 0.59 1.14 

HPRT1 4 2 5 0 0.4 0.88 1.53 

HRNR 15 7 8 0 0 0.8 0.78 

HS2ST1 0 5 0 1 0 5.87 0 

HSD17B10 1 6 6 0.97 0.98 3.39 2.95 

HSP90AB1 109 136 220 0 0 1.7 2.33 

HSP90B1 12 18 19 0.06 0.12 2.08 1.88 

HSPA1B 185 149 273 0 0 1.21 1.88 

HSPA4 16 10 24 0 0.04 0.96 1.85 

HSPA4L 9 2 11 0 0.15 0.47 1.61 

HSPA5 80 63 76 0 0 1.14 1.16 

HSPA8 140 114 195 0 0 1.04 1.51 

HSPA9 45 36 73 0 0 1.17 1.99 

HSPBP1 0 2 1 0.97 0 2.95 1.83 

HSPD1 68 63 77 0 0 1.39 1.44 

HSPH1 18 14 25 0 0 1.1 1.63 

HTATSF1 2 0 2 0 0 0 0.47 

HUWE1 6 16 12 0.92 0.84 3.68 2.42 

IARS 37 32 33 0 0 1.39 1.22 

IFT74 0 1 3 0 1 1.97 3.48 

IFT81 2 1 5 0 0.85 0.91 2.36 

IGBP1 0 2 3 0.6 0.87 2.05 2.42 

IGF2BP1 45 25 45 0 0 0.93 1.4 

IGF2BP2 14 6 13 0 0 0.74 1.28 

IGF2BP3 26 11 16 0 0 0.72 0.88 

IGF2R 2 4 6 0.72 0.92 2.26 2.74 

ILF3 7 9 29 0 1 1.14 2.91 

IMMT 6 26 14 0.99 0.9 5.83 2.78 

IMPDH2 9 3 6 0 0 0.58 0.89 

INA 52 38 50 0 0 1.19 1.33 

IQGAP1 2 5 6 0.83 0.92 2.7 2.74 

IRAK1 4 10 9 0.89 0.87 3.21 2.52 

IRS4 51 11 15 0 0 0.38 0.43 

ITSN1 0 3 3 0.99 1 3.92 3.48 

JPT2 3 3 4 0.23 0.48 1.42 1.56 

JUP 36 20 7 0 0 0.86 0.28 

KARS 24 18 17 0 0 1.23 1 
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KDM3B 5 0 1 0 0 0 0.16 

KEAP1 0 1 5 0 0.68 0.86 2.22 

KHSRP 38 14 36 0 0 0.51 1.08 

KIF11 14 15 30 0 0.34 1.27 2.1 

KIF13A 0 3 3 0.99 1 3.92 3.48 

KIF14 12 7 9 0 0 0.97 1.05 

KIF23 8 0 0 0 0 0 0 

KIF2A 3 8 7 0.89 0.86 3.19 2.46 

KIF4A 8 0 3 0 0 0 0.31 

KIF5B 69 85 103 0 0 1.72 1.76 

KIF7 2 0 6 0 0.92 0 2.74 

KLC2 16 10 21 0 0 0.92 1.57 

KLC4 2 3 10 0.53 0.99 1.81 4.26 

KPNA2 10 8 14 0 0.31 1.28 1.83 

KPNB1 9 18 22 0.84 0.93 2.96 3.06 

KPRP 28 1 1 0 0 0.11 0.1 

KTN1 15 15 14 0 0 0.96 0.77 

LAP3 1 3 3 0.85 0.87 2.47 2.19 

LARP1 16 11 13 0 0 0.4 0.4 

LARP4 2 3 3 0.01 0.01 1.13 1 

LARP7 6 0 2 0 0 0 0.54 

LARS 8 15 11 0.28 0.01 2.23 1.44 

LDHA 19 34 27 0.07 0 2.46 1.68 

LDHB 25 26 29 0 0 1.55 1.47 

LIMA1 4 0 0 0 0 0 0 

LMAN2 2 6 2 0.91 0.29 3.15 1.22 

LMNA 3 2 2 0 0 0.55 0.49 

LMNB1 4 2 6 0 0 0.43 0.87 

LMNB2 2 3 5 0.16 0.74 1.5 1.97 

LRPPRC 26 20 37 0 0 1.2 1.85 

LRRC47 3 2 8 0.07 0.9 1.07 2.76 

LRRC59 1 4 5 0.78 0.92 2.42 2.54 

LRRFIP1 9 8 12 0 0.01 1.16 1.44 

LSM12 12 4 2 0 0 0.61 0.33 

LUZP1 8 2 11 0 0 0.16 0.56 

LYN 15 0 0 0 0 0 0 

MAGED1 6 10 11 0.41 0.61 2.17 2.04 

MAGED2 11 20 21 0.05 0.13 2.13 1.91 

MAP1B 2 9 7 0.99 0.96 4.5 3.12 

MAP3K7 2 4 8 0.72 0.98 2.26 3.5 

MAP4 40 43 54 0 0 0.73 0.77 

MAP7D3 24 28 28 0 0 1.36 1.16 

MAPRE1 4 7 5 0.47 0.11 2.07 1.36 
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MAPRE2 2 4 0 0.42 0 1.88 0 

MARCKSL1 9 11 14 0.14 0.54 1.87 2 

MARS 11 18 11 0.56 0.01 2.49 1.36 

MATR3 17 3 11 0 0 0.24 0.61 

MCCC1 48 28 43 0 0 0.49 0.63 

MCCC2 100 82 112 0 0 1.36 1.57 

MCM3 4 1 9 0 0.86 0.52 2.23 

MCM4 3 0 1 0 0 0 0.41 

MCM6 5 4 6 0 0 0.94 1.14 

MCM7 12 4 9 0 0 0.61 1.05 

MDC1 0 0 4 0 0 0 0.26 

MDH2 4 3 10 0.06 0.9 1.17 2.77 

MED24 4 0 0 0 0 0 0 

MFAP1 0 0 2 0 0 0 0.54 

MKI67 0 0 4 0 0 0 0.05 

MKLN1 3 0 0 0 0 0 0 

MOV10 2 0 2 0 0.29 0 1.22 

MPRIP 1 1 9 0 1 0.98 4.17 

MRE11 5 7 13 0.46 0.92 1.99 2.99 

MRPL18 0 3 0 0.99 0 3.92 0 

MRPS22 3 3 6 0.23 0.79 1.42 2.16 

MRPS31 0 5 3 1 1 5.87 3.48 

MRTFB 9 3 26 0 0.96 0.63 3.58 

MTA1 3 0 0 0 0 0 0 

MTA2 8 0 2 0 0 0 0.36 

MTDH 21 9 13 0 0 0.48 0.58 

MTHFD1 13 15 15 0.03 0.03 1.81 1.55 

MTX1 0 3 2 0.99 0.97 3.92 2.65 

MYBBP1A 9 2 5 0 0 0.3 0.53 

MYCBP2 1 0 2 0 0.63 0 1.67 

MYO1C 4 0 1 0 0 0 0.48 

MYO1D 2 0 0 0 0 0 0 

MYO6 7 6 9 0.02 0.3 1.34 1.65 

NAA15 3 1 17 0 1 0.72 5.46 

NACA 10 13 32 0 1 1.59 3.19 

NAP1L4 19 16 29 0 0 1.2 1.8 

NAPA 2 4 1 0.72 0 2.26 0.84 

NASP 5 0 0 0 0 0 0 

NBR1 0 0 3 0 0.56 0 1.86 

NCAPD2 7 20 20 0.94 0.95 4.02 3.44 

NCAPG 3 14 14 1 1 3.6 3.09 

NCAPH 5 5 7 0 0 0.64 0.74 

NCK1 0 3 3 0.53 0.56 2.1 1.86 
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NCKAP1 14 15 16 0 0 1.49 1.35 

NCL 47 41 60 0 0 0.86 1.06 

NCOR1 7 0 2 0 0 0 0.39 

NDUFS1 4 4 7 0.18 0.73 1.47 2.03 

NDUFS7 0 2 0 0.97 0 2.95 0 

NEFL 12 8 14 0 0.05 1.1 1.57 

NEFM 37 30 20 0 0 1.31 0.76 

NEK1 0 5 3 1 1 5.87 3.48 

NEK9 1 13 18 1 1 8.62 10.01 

NELFE 3 0 1 0 0 0 0.26 

NFRKB 2 0 0 0 0 0 0 

NIFK 2 6 1 0.91 0 3.15 0.84 

NME2 0 3 1 0.99 0 3.92 1.83 

NMT1 0 4 17 0.72 1 2.62 8.03 

NOLC1 3 1 5 0 0 0.21 0.55 

NOM1 5 1 7 0 0.5 0.5 1.73 

NONO 51 6 17 0 0 0.16 0.35 

NOP16 0 4 0 1 0 4.9 0 

NOP2 7 1 9 0 0 0.27 1.16 

NOP56 0 0 6 0 0.01 0 1.33 

NOP58 0 0 5 0 0 0 0.96 

NPM1 50 37 26 0 0 0.39 0.24 

NSDHL 2 3 2 0.53 0.29 1.81 1.22 

NSF 6 8 12 0.36 0.84 1.95 2.42 

NSUN2 5 4 2 0 0 1.02 0.55 

NUDC 6 13 41 0 1 1.71 4.36 

NUDT5 0 4 3 0.96 0.87 3.41 2.42 

NUF2 3 1 3 0 0.25 0.72 1.26 

NUFIP2 13 4 10 0 0 0.22 0.42 

NUMA1 18 0 7 0 0 0 0.11 

NUP107 4 2 7 0 0.73 0.88 2.03 

NUP153 14 0 1 0 0 0 0.07 

NUP214 9 8 16 0 0 0.34 0.55 

NUP88 3 3 5 0.01 0.1 1.08 1.41 

NUP93 3 2 5 0.07 0.68 1.07 1.86 

OAT 0 2 4 0.97 1 2.95 4.3 

OCIAD1 2 4 4 0.72 0.75 2.26 1.98 

OCLN 3 0 0 0 0 0 0 

OGA 6 3 0 0 0 0.87 0 

OGT 21 6 15 0 0 0.51 1.01 

OSBPL9 8 4 8 0 0.05 0.86 1.34 

PA2G4 5 7 14 0 0.12 1.12 1.8 

PABPC1 58 39 53 0 0 1.04 1.19 
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PABPC4 35 26 39 0 0 1.15 1.46 

PABPN1 12 6 5 0 0 0.85 0.64 

PACSIN3 2 0 0 0 0 0 0 

PAICS 21 35 28 0 0 1.85 1.27 

PARP1 40 40 58 0 0 1.41 1.73 

PC 103 137 115 0 0 0.36 0.26 

PCBP1 39 41 38 0 0 1.5 1.19 

PCBP2 32 35 36 0 0 1.46 1.28 

PCCA 61 39 68 0 0 0.53 0.77 

PCCB 78 71 82 0 0 1.14 1.12 

PCM1 13 6 18 0 0 0.49 1.15 

PCNA 6 16 15 0.92 0.92 3.68 2.97 

PDCD6IP 2 4 5 0.72 0.85 2.26 2.36 

PDCL3 0 3 4 0.99 1 3.92 4.3 

PDHA1 0 3 3 0.99 1 3.92 3.48 

PDHB 6 10 8 0.66 0.4 2.38 1.69 

PDIA3 13 7 17 0 0.11 0.91 1.75 

PDIA4 5 0 10 0 0.83 0 2.36 

PDLIM1 5 13 11 0.95 0.65 2.61 1.93 

PDS5A 3 2 5 0 0.02 0.73 1.26 

PEAK1 0 0 2 0 0.63 0 1.85 

PELO 3 7 4 0.84 0.48 2.84 1.56 

PES1 5 2 4 0 0 0.24 0.35 

PEX14 5 9 8 0.11 0.04 1.87 1.45 

PFAS 5 0 5 0 0 0 0.98 

PFDN2 1 4 1 0.96 0 3.09 1.15 

PFKL 3 5 3 0.64 0.25 2.13 1.26 

PGAM5 13 17 11 0.1 0 2.04 1.17 

PGRMC1 0 3 2 0.99 0.97 3.92 2.65 

PHB 7 10 14 0.43 0.85 2.11 2.46 

PHB2 31 34 34 0 0 1.78 1.52 

PHF5A 3 2 0 0.07 0 1.07 0 

PHF8 3 0 0 0 0 0 0 

PHGDH 47 44 52 0 0 1.54 1.54 

PHKA1 0 0 2 0 0.97 0 2.65 

PIH1D1 5 5 5 0.02 0.03 1.35 1.18 

PIK3C3 0 1 3 0 1 1.97 3.48 

PIKFYVE 0 203 278 1 1 198.81 230.63 

PKM 19 9 27 0 0 0.44 1.05 

PKP1 8 8 2 0.04 0 1.55 0.47 

PKP4 7 0 0 0 0 0 0 

PLEC 55 28 27 0 0 0.78 0.64 

PLIN3 6 16 6 0 0 1.56 0.56 
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PNN 14 7 10 0 0 0.28 0.34 

POLDIP3 7 6 5 0 0 1.15 0.86 

POLR2A 2 3 3 0.03 0.04 1.29 1.14 

POLR2B 7 6 6 0.02 0.03 1.34 1.17 

POLR3C 3 0 0 0 0 0 0 

PPAT 0 5 2 1 0.97 5.87 2.65 

PPFIA1 1 0 6 0 1 0 3.76 

PPP1CB 20 16 4 0 0 1.26 0.33 

PPP1R10 14 6 6 0 0 0.36 0.32 

PPP1R12A 1 5 6 0.01 0.02 1.4 1.42 

PPP2R1A 2 4 6 0.72 0.92 2.26 2.74 

PPP2R2A 0 3 4 0.99 1 3.92 4.3 

PRDX1 4 2 3 0 0 0.36 0.43 

PRDX6 1 2 3 0 0 0.7 0.83 

PRKAR1A 21 24 21 0 0 1.83 1.38 

PRKAR2A 5 5 5 0.02 0.03 1.35 1.18 

PRKCSH 7 1 5 0 0.01 0.39 1.01 

PRKDC 59 67 61 0 0 1.86 1.45 

PRPF19 6 1 2 0 0 0.44 0.59 

PRPF31 3 0 0 0 0 0 0 

PRPF40A 7 0 1 0 0 0 0.33 

PRPF6 6 2 5 0 0.04 0.65 1.14 

PRPF8 7 3 3 0 0 0.4 0.35 

PRPS1 0 4 4 1 1 4.9 4.3 

PRPSAP2 0 4 2 1 0.97 4.9 2.65 

PRRC2A 2 3 3 0 0 0.69 0.61 

PRRC2B 6 4 8 0 0.14 0.99 1.54 

PRRC2C 26 18 34 0 0 0.77 1.21 

PSMA1 4 1 1 0 0 0.59 0.55 

PSMA4 0 2 5 0.97 1 2.95 5.13 

PSMC1 7 5 11 0.01 0.61 1.15 1.98 

PSMC2 16 13 16 0 0 1.02 1.06 

PSMC3 10 5 4 0 0 0.86 0.63 

PSMC4 4 2 2 0 0 0.88 0.79 

PSMC5 8 20 19 0.92 0.92 3.6 2.94 

PSMC6 8 8 12 0.04 0.51 1.55 1.92 

PSMD1 1 6 10 1 1 4.32 5.84 

PSMD11 19 12 15 0 0 1.05 1.1 

PSMD12 1 8 7 1 0.99 4.35 3.35 

PSMD13 3 4 3 0.45 0.25 1.78 1.26 

PSMD2 8 18 20 0.86 0.93 3.03 2.86 

PSMD3 6 4 13 0.01 0.88 1.09 2.6 

PSMD4 9 7 4 0 0 1.17 0.64 
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PSMD7 5 7 4 0.46 0.05 1.99 1.1 

PSME3 12 3 1 0 0 0.34 0.16 

PTBP1 7 2 7 0 0 0.29 0.66 

PTMA 2 3 12 0.53 1 1.81 5.03 

PUM1 2 0 3 0 0.56 0 1.6 

PYCR2 2 8 9 0.97 0.99 4.05 3.88 

PYCR3 1 6 6 1 1 4.32 3.76 

PYGL 3 2 8 0.07 0.9 1.07 2.76 

PYM1 5 4 7 0.05 0.5 1.25 1.73 

QARS 19 21 33 0 0.22 1.65 2.17 

QKI 3 2 5 0.07 0.68 1.07 1.86 

RAB11FIP5 1 3 3 0.51 0.54 1.94 1.72 

RAB3GAP2 0 3 6 0.85 1 2.73 4.15 

RAB5C 4 7 4 0.7 0.2 2.34 1.29 

RACGAP1 17 0 8 0 0 0 0.69 

RACK1 5 12 6 0.89 0.31 3.23 1.52 

RAD50 1 6 8 1 1 4.32 4.8 

RADX 3 0 0 0 0 0 0 

RAE1 1 4 3 0.78 0.54 2.42 1.72 

RAN 4 7 9 0 0 0.96 1.04 

RANBP2 13 15 17 0 0 0.25 0.24 

RANBP3 10 11 9 0 0 0.9 0.65 

RANBP9 6 0 1 0 0 0 0.4 

RANGAP1 8 17 20 0 0 0.89 0.89 

RARS 41 29 42 0 0 0.87 1.06 

RASAL2 1 2 3 0.6 0.87 1.86 2.19 

RBBP4 14 7 5 0 0 0.85 0.56 

RBBP7 12 5 5 0 0 0.69 0.61 

RBM10 2 0 0 0 0 0 0 

RBM14 12 7 10 0 0 0.97 1.15 

RBM17 6 0 1 0 0 0 0.22 

RBM25 7 4 2 0 0 0.54 0.29 

RBM26 9 2 0 0 0 0.23 0 

RBM39 5 0 9 0 0.13 0 1.61 

RBM4 6 6 6 0.09 0.11 1.52 1.32 

RBM7 4 1 2 0 0 0.59 0.79 

RBMX 12 17 3 0.09 0 2.08 0.41 

RCOR1 3 0 0 0 0 0 0 

RDX 2 7 4 0.01 0 1.63 0.9 

RELA 1 3 4 0.85 0.96 2.47 2.71 

REPS1 0 3 7 0.85 1 2.73 4.72 

RFC1 6 0 12 0 0 0 0.99 

RFC2 2 5 1 0.83 0 2.7 0.84 
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RFC3 9 18 8 0.84 0.01 2.96 1.21 

RFC5 2 6 3 0.91 0.56 3.15 1.6 

RFX5 2 0 0 0 0 0 0 

RNF20 4 1 4 0 0.03 0.52 1.14 

RNH1 0 2 5 0.97 1 2.95 5.13 

ROCK1 0 2 6 0.97 1 2.95 5.96 

RPAP3 4 4 27 0 1 0.77 3.64 

RPL10 7 4 5 0 0 0.82 0.86 

RPL10A 4 7 9 0.7 0.87 2.34 2.52 

RPL11 12 8 9 0 0 0.9 0.86 

RPL12 6 6 2 0 0 1.09 0.42 

RPL13 36 22 19 0 0 0.96 0.71 

RPL13A 7 7 5 0 0 1.31 0.86 

RPL14 9 6 8 0 0 1.02 1.13 

RPL15 4 1 2 0 0 0.31 0.41 

RPL17 3 2 0 0 0 0.92 0 

RPL18 15 8 9 0 0 0.86 0.83 

RPL18A 11 5 8 0 0 0.64 0.83 

RPL19 3 3 10 0.01 0.98 1.08 2.55 

RPL21 4 5 1 0.09 0 1.55 0.48 

RPL22 2 5 2 0.02 0 1.5 0.68 

RPL23 1 3 1 0.03 0 1.36 0.63 

RPL23A 9 0 2 0 0 0 0.42 

RPL24 6 7 3 0 0 1.17 0.52 

RPL26 15 1 0 0 0 0.2 0 

RPL27 3 1 0 0 0 0.72 0 

RPL28 12 8 0 0 0 0.86 0 

RPL3 16 10 15 0 0 0.89 1.11 

RPL30 2 1 1 0 0 0.91 0.84 

RPL4 48 54 49 0 0 1.76 1.36 

RPL5 7 7 15 0 0 0.91 1.56 

RPL6 17 14 13 0 0 0.71 0.57 

RPL7 8 9 15 0.1 0.81 1.72 2.36 

RPL7A 20 19 22 0 0 1.48 1.46 

RPL8 16 8 11 0 0 0.85 0.97 

RPL9 6 4 5 0 0 0.61 0.64 

RPLP0 37 18 30 0 0 0.79 1.1 

RPLP2 2 0 0 0 0 0 0 

RPN1 4 9 5 0.39 0 2.1 1.1 

RPRD1B 5 2 0 0 0 0.75 0 

RPS11 6 3 0 0 0 0.67 0 

RPS12 2 5 1 0.83 0 2.7 0.84 

RPS13 2 2 1 0.27 0 1.36 0.84 



195 

 

RPS14 10 7 2 0 0 0.96 0.32 

RPS16 7 5 0 0 0 0.92 0 

RPS18 10 5 4 0 0 0.86 0.63 

RPS19 10 5 5 0 0 0.86 0.75 

RPS2 13 11 9 0 0 1.18 0.85 

RPS23 4 0 0 0 0 0 0 

RPS25 3 6 2 0.77 0.08 2.48 0.96 

RPS26 5 6 2 0.07 0 1.57 0.61 

RPS27 9 10 3 0 0 1.42 0.46 

RPS27A 46 56 42 0 0 1.99 1.28 

RPS3 33 39 38 0 0 1.7 1.41 

RPS3A 47 49 47 0 0 1.59 1.3 

RPS4X 13 8 14 0 0.01 1.02 1.46 

RPS5 3 6 4 0.77 0.48 2.48 1.56 

RPS6 16 11 13 0 0 0.97 0.97 

RPS7 1 4 0 0 0 1.17 0 

RPS8 28 21 24 0 0 1.1 1.06 

RPS9 9 4 2 0 0 0.73 0.4 

RPSA 25 28 24 0 0 1.76 1.3 

RRBP1 48 19 28 0 0 0.66 0.82 

RRP1 5 4 4 0.05 0.05 1.25 1.1 

RRP1B 0 0 8 0 1 0 5.3 

RTCB 7 6 11 0 0.14 1.15 1.69 

RUFY1 0 1 8 0 1 1.97 7.61 

RUVBL1 26 28 31 0 0 0.92 0.87 

RUVBL2 67 60 77 0 0 1.48 1.61 

SAMHD1 4 4 4 0.18 0.2 1.47 1.29 

SART1 13 2 4 0 0 0.13 0.19 

SART3 16 2 5 0 0 0.16 0.27 

SCAMP3 0 3 4 0.85 0.96 2.73 3 

SCFD1 4 6 5 0.56 0.4 2.05 1.53 

SCRIB 7 0 0 0 0 0 0 

SDHA 4 4 3 0.03 0.01 1.3 0.92 

SEC13 4 2 4 0 0.2 0.88 1.29 

SEC16A 7 9 13 0 0.04 1.34 1.61 

SEC22B 3 4 4 0.45 0.48 1.78 1.56 

SEC23IP 3 2 4 0.07 0.48 1.07 1.56 

SEC62 2 10 2 0.99 0.29 4.95 1.22 

SELENBP1 0 4 0 1 0 4.9 0 

SEPTIN11 10 17 17 0.65 0.68 2.56 2.19 

SEPTIN2 10 18 10 0.73 0.02 2.7 1.35 

SEPTIN7 7 9 9 0.27 0.3 1.92 1.65 

SEPTIN9 11 15 20 0.2 0.77 2.1 2.35 
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SERBP1 45 53 70 0 0 1.22 1.37 

SERPINH1 5 5 7 0 0 0.52 0.6 

SETD1A 14 3 2 0 0 0.43 0.29 

SF1 8 2 4 0 0 0.23 0.34 

SF3A1 44 37 44 0 0 1 1 

SF3A3 16 5 5 0 0 0.57 0.49 

SF3B1 46 8 19 0 0 0.16 0.29 

SF3B2 14 0 4 0 0 0 0.16 

SF3B3 19 3 17 0 0 0.31 1.2 

SFPQ 39 10 20 0 0 0.35 0.58 

SFXN1 8 11 13 0.33 0.64 2.06 2.06 

SH3GL1 8 12 7 0.22 0 2.07 1.11 

SH3GLB1 0 2 2 0.97 0.97 2.95 2.65 

SHMT2 7 3 7 0 0.07 0.77 1.33 

SHTN1 0 2 6 0.97 1 2.95 5.96 

SIN3A 3 0 0 0 0 0 0 

SKA3 0 4 1 1 0 4.9 1.83 

SLC16A1 2 5 0 0.02 0 1.5 0 

SLC25A10 2 7 1 0.95 0 3.6 0.84 

SLC25A11 10 9 9 0.01 0.01 1.42 1.23 

SLC25A13 2 8 10 0.97 0.99 4.05 4.26 

SLC25A3 23 19 15 0 0 1.27 0.87 

SLC25A5 14 37 21 1 0 2.92 1.45 

SLK 23 32 39 0 0 1.44 1.49 

SMARCA4 7 1 2 0 0 0.2 0.27 

SMARCA5 10 1 4 0 0 0.1 0.21 

SMARCC1 3 0 0 0 0 0 0 

SMARCC2 3 0 0 0 0 0 0 

SMC1A 9 5 11 0 0.15 0.94 1.61 

SMC2 23 31 18 0.01 0 2.16 1.1 

SMC3 23 11 31 0 0.02 0.81 1.84 

SMC4 4 33 18 1 1 7.87 3.76 

SMG7 0 3 6 0.99 1 3.92 5.96 

SMN2 1 2 3 0.22 0.54 1.46 1.72 

SNAP23 8 3 0 0 0 0.69 0 

SND1 7 7 23 0 1 1.01 2.59 

SNRNP200 7 0 1 0 0 0 0.16 

SNRNP70 0 0 5 0 1 0 5.13 

SNRPA 2 0 4 0 0.46 0 1.65 

SNRPA1 6 3 3 0 0 0.35 0.31 

SNRPD2 4 1 2 0 0 0.42 0.57 

SNRPD3 0 4 0 0.72 0 2.62 0 

SNW1 8 0 6 0 0 0 0.43 
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SNX1 9 16 28 0 0.99 1.56 2.27 

SNX2 8 10 13 0.01 0.18 1.64 1.79 

SNX5 3 6 5 0.77 0.68 2.48 1.86 

SNX6 2 4 5 0.72 0.85 2.26 2.36 

SNX9 2 2 8 0.27 0.98 1.36 3.5 

SORT1 0 6 0 1 0 6.85 0 

SPAG9 1 8 9 0.99 1 3.58 3.43 

SPART 3 9 11 0.93 0.97 3.54 3.66 

SPTAN1 13 1 5 0 0 0.17 0.44 

SPTBN1 10 0 1 0 0 0 0.24 

SPTBN2 5 2 2 0 0 0.75 0.68 

SPTLC1 1 6 1 1 0 4.32 1.15 

SRGAP2 1 0 3 0 0.87 0 2.19 

SRP14 5 4 0 0 0 1.02 0 

SRP19 1 1 5 0 0.99 1.25 3.24 

SRP54 2 6 11 0.91 1 3.15 4.65 

SRP68 17 17 22 0 0 0.96 1.04 

SRP72 13 19 34 0.04 0.95 2.06 3.07 

SRPK2 4 0 0 0 0 0 0 

SRPRB 1 3 7 0.85 1 2.47 4.28 

SRRM2 5 2 2 0 0 0.16 0.14 

SRRT 4 0 3 0 0.07 0 1.04 

SRSF1 4 11 4 0.91 0.2 3.51 1.29 

SRSF3 4 15 0 1 0 3.36 0 

SRSF9 3 7 0 0.84 0 2.84 0 

SSB 17 8 9 0 0 0.8 0.77 

SSR1 0 5 2 1 0.97 5.87 2.65 

SSRP1 4 0 9 0 0.86 0 2.23 

STAU1 6 2 8 0 0.14 0.6 1.54 

STAU2 4 2 8 0 0.72 0.78 2.01 

STIP1 6 4 30 0 1 0.99 5.21 

STMN1 4 3 3 0.01 0.01 1.04 0.92 

STOML2 3 6 0 0.77 0 2.48 0 

STRAP 16 20 17 0.03 0 1.98 1.45 

STRIP1 0 4 3 1 1 4.9 3.48 

STRN 6 15 14 0.91 0.9 3.46 2.78 

STRN3 7 14 14 0.73 0.75 2.65 2.27 

STRN4 1 5 3 0.91 0.54 2.9 1.72 

STUB1 0 2 2 0.97 0.97 2.95 2.65 

STX12 0 3 1 0.99 0 3.92 1.83 

STX4 1 2 0 0.6 0 1.86 0 

STX7 3 7 1 0.84 0 2.84 0.66 

SUGT1 6 9 12 0.25 0.74 1.97 2.2 
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SUPT16H 1 0 2 0 0 0 0.8 

SYNCRIP 24 7 23 0 0 0.45 1.16 

TACC3 2 1 9 0 0.99 0.65 2.77 

TAF15 8 7 12 0 0.09 1.19 1.66 

TAF4 9 0 2 0 0 0 0.42 

TAGLN2 8 11 11 0 0 0.84 0.72 

TARDBP 12 15 13 0 0 1.6 1.2 

TARS 0 0 2 0 0.97 0 2.65 

TBC1D15 1 2 8 0 0.72 0.89 2.28 

TCOF1 31 0 1 0 0 0 0.04 

TCP1 51 80 181 0 0.99 2.56 4.88 

TFAM 7 7 4 0.07 0 1.53 0.84 

TFRC 2 3 6 0.03 0.68 1.29 1.96 

THOC2 4 0 0 0 0 0 0 

THRAP3 18 0 9 0 0 0 0.32 

TIMM23 1 5 2 0.99 0.63 3.7 1.67 

TIMM44 0 3 3 0.99 1 3.92 3.48 

TIMM50 8 23 8 0.95 0.01 3.82 1.24 

TJP1 11 6 15 0 0 0.3 0.58 

TJP2 14 23 39 0.29 0.96 2.43 3.45 

TKT 1 0 4 0 0.8 0 2.13 

TLN1 61 70 81 0 0 1.49 1.47 

TMEM43 0 3 2 0.99 0.97 3.92 2.65 

TMF1 0 3 7 0.99 1 3.92 6.78 

TMPO 18 10 9 0 0 0.33 0.26 

TNIP1 2 5 9 0.72 1 2.25 3.23 

TNKS1BP1 5 7 7 0 0 0.9 0.78 

TNRC6B 7 6 17 0 0.85 0.94 2.07 

TOMM22 5 9 7 0.53 0.19 2.24 1.55 

TOP1 12 1 7 0 0 0.2 0.69 

TOR1AIP1 3 6 6 0.06 0.07 1.68 1.47 

TOX4 11 1 3 0 0 0.11 0.19 

TP53 28 8 1 0 0 0.51 0.1 

TP53BP2 5 10 9 0.7 0.57 2.46 1.93 

TPD52L2 2 6 5 0.91 0.85 3.15 2.36 

TPI1 11 4 9 0 0 0.66 1.13 

TPR 117 61 82 0 0 0.59 0.68 

TRAP1 15 10 14 0 0 1.05 1.23 

TRIM28 67 14 25 0 0 0.27 0.4 

TRIP12 9 6 5 0 0 0.96 0.72 

TTC1 1 2 3 0.6 0.87 1.86 2.19 

TTC28 3 16 26 1 1 5.2 7.04 

TTC4 1 2 4 0.6 0.96 1.86 2.71 
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TUBG1 2 14 6 1 0.92 6.74 2.74 

TUBGCP2 2 3 4 0.53 0.75 1.81 1.98 

TUBGCP3 4 1 4 0 0.03 0.52 1.14 

TUFM 14 20 18 0 0 1.87 1.45 

TXNDC5 3 2 6 0.07 0.79 1.07 2.16 

U2SURP 3 0 0 0 0 0 0 

UBA1 15 3 23 0 0.33 0.4 2.04 

UBAP2 8 3 11 0 0 0.39 1 

UBAP2L 13 10 16 0 0 0.52 0.68 

UBE2O 2 12 6 1 0.92 5.85 2.74 

UGGT1 0 0 3 0 1 0 3.48 

UNC45A 7 21 28 1 1 3.14 3.53 

UPF1 0 0 4 0 1 0 4.3 

UQCRC1 6 10 6 0.66 0.11 2.38 1.32 

UQCRC2 22 13 20 0 0 0.98 1.26 

URI1 0 0 6 0 1 0 5.96 

USO1 10 15 11 0.07 0 2.02 1.31 

USP15 4 14 3 0 0 1.13 0.27 

USP9X 2 23 20 1 1 10.78 8.07 

UTRN 4 15 13 0.97 0.96 4.67 3.51 

VAC14 10 1695 1059 1 1 241.05 127.73 

VARS 4 1 1 0 0 0.42 0.39 

VCL 3 12 6 0.98 0.79 4.6 2.16 

VCP 25 12 22 0 0 0.81 1.23 

VCPIP1 4 4 13 0 0.49 0.82 1.97 

VDAC1 1 10 6 0.92 0.27 3.23 1.79 

VDAC2 5 23 8 0.41 0 2.68 0.87 

VDAC3 2 3 2 0.01 0 1.13 0.76 

VPS52 4 0 1 0 0 0 0.55 

VTA1 3 7 3 0.84 0.25 2.84 1.26 

WARS 5 9 13 0 0 0.93 1.12 

WASF2 3 6 3 0.77 0.25 2.48 1.26 

WASH6P 8 3 8 0 0.05 0.69 1.34 

WASHC2A 2 4 5 0.72 0.85 2.26 2.36 

WDHD1 6 0 0 0 0 0 0 

WDR26 7 2 4 0 0 0.58 0.84 

WDR5 7 3 4 0 0 0.77 0.84 

WNK1 3 8 8 0.89 0.9 3.19 2.76 

XIAP 3 7 1 0.01 0 1.58 0.37 

XPO1 2 5 6 0.83 0.92 2.7 2.74 

XPO5 4 0 2 0 0 0 0.79 

XRCC5 7 7 14 0 0 0.87 1.39 

XRCC6 17 1 13 0 0 0.12 0.71 
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YBX1 63 61 79 0 0 1.59 1.75 

YBX3 23 20 37 0 0.24 1.42 2.18 

YLPM1 7 2 2 0 0 0.27 0.25 

YME1L1 2 4 8 0.72 0.98 2.26 3.5 

YTHDF2 8 6 11 0.01 0.36 1.2 1.77 

YTHDF3 3 2 9 0.07 0.93 1.07 3.06 

YWHAB 0 0 6 0 1 0 5.96 

YWHAE 15 15 14 0 0 1.6 1.28 

YWHAG 3 2 3 0.07 0.25 1.07 1.26 

YWHAH 2 2 5 0.27 0.85 1.36 2.36 

YWHAQ 11 11 13 0.01 0.07 1.57 1.58 

YWHAZ 12 14 17 0.04 0.26 1.82 1.87 

ZC3H11A 7 0 0 0 0 0 0 

ZC3H14 10 2 1 0 0 0.21 0.13 

ZC3H4 7 1 2 0 0 0.22 0.29 

ZC3HAV1 25 14 36 0 0 0.64 1.33 

ZFR 9 0 6 0 0 0 0.38 

ZNF428 0 2 0 0.97 0 2.95 0 

ZNF598 4 3 10 0.06 0.9 1.17 2.77 

ZNF638 2 0 0 0 0 0 0 

ZW10 2 4 7 0.72 0.96 2.26 3.12 

ZYX 12 20 30 0 0.97 1.92 2.42 

* The fold change score B (FC-B) is a more stringent fold change metric that takes the average of the top 3 highest spectral 

counts for the abundance estimate 
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Abstract 

Signalling through phosphoinositide lipids is essential for regulating many cellular processes, 

including endosomal trafficking. A number of intracellular pathogens have found ways to 

subvert host trafficking pathways via exploitation of endosomal phosphoinositides. This review 

will discuss how pathogens such as bacteria, viruses, and eukaryotic parasites depend on 

endosomal phosphoinositides for infection, as well as the mechanisms through which some are 

able to actively manipulate these signalling lipids to facilitate invasion, survival, replication, and 

immune evasion. 

Key words: Endosomal trafficking, phosphoinositides, lipid signalling, host-pathogen 

interactions 
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Introduction 

Vesicular trafficking is a defining characteristic of eukaryotic cells. The sorting and 

transport of macromolecules between cellular compartments is a dynamically regulated process 

involving precise spatiotemporal signalling events on membranes. The highly regulated nature of 

endosomal trafficking is essential not only for proper transport of cargos throughout the cell, but 

also for maintaining organelle and endosome identity and function. Central to this regulation is 

the turnover of a repertoire of signalling lipids known as phosphoinositides (PIs) on the cytosolic 

leaflet of cell membranes. Generated by the reversible phosphorylation of the 

glycerophospholipid phosphatidylinositol (PtdIns), these lipids are responsible for recruiting and 

activating effector proteins on cellular membranes. These proteins in turn carry out various 

downstream effector functions as enzymes, ion channels, recruiters of other proteins, and more. 

Together with these effectors, PIs help define the identity of cellular compartments (Balla 2013, 

Di Paolo and De Camilli 2006, Mayinger 2012).  

Seven PIs are found in mammals in vivo, generated by the reversible phosphorylation of 

the D3, D4, and/or D5 positions on the myo-inositol head group of PtdIns. The turnover and 

interconversion between the different PIs is controlled by lipid kinases and phosphatases, which 

serve as the master regulators of PI localization, and in turn, membrane identity (Sasaki et al. 

2009). The location of PIs is essential to their function. For example, PtdIns(4,5)P2 is found 

primarily on the plasma membrane (PM), where it is involved in regulating endocytosis and 

exocytosis, cytoskeleton remodelling, and generating secondary messengers for signal 

transduction (Bout and Divecha 2009). In contrast, PtdIns3P, PtdIns(3,5)P2, and (as recently 

determined), a pool of PtdIns5P, are mainly localized to endosomal membranes and have 
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important roles in regulating endosomal maturation, sorting, and trafficking (McCartney et al. 

2014, Schink et al. 2013, Viaud et al. 2014a). This minireview will focus primarily on these 

endosomal PIs (Table 1). 

PIs regulate vesicular trafficking by recruiting and activating proteins with PI-binding 

domains. One important class of PI effectors are the Rab GTPases, which in their active GTP-

bound form further recruit cytosolic proteins with important effector functions for endosomal 

trafficking. PIs and Rabs may also regulate each other in a feedback loop, as certain Rab 

effectors are PI kinases and phosphatases that act to quench PI-induced signalling. PIs 

themselves may also recruit Rab guanine nucleotide exchange factors (GEFs) and GTPase 

activating proteins (GAPs) that activate and arrest Rab activity, respectively (Di Paolo and De 

Camilli 2006).  

PtdIns3P is generated primarily from PtdIns by the Class III PI3 kinase (PI3K) vacuolar 

protein sorting 34 (Vps34), and is enriched on early endosomes (EEs) and multivesicular bodies 

(MVBs). Rab5 has been shown to be important for PtdIns3P production on EEs, as Vps34 is a 

Rab5 effector (Christoforidis et al. 1999). PtdIns3P effectors include early endosome antigen 1 

(EEA1), the PtdIns-3 kinase PIKfyve, several members of the sorting nexin (SXN) family, and 

Hrs, a component of the endosomal sorting complexes required for transport (ESCRT), all of 

which contain PtdIns3P binding domains such as FYVE (Fab1, YOTB, Vac1, EEA1) or PX 

(phox homology) (Lemmon 2008). These effectors are responsible for a number of functions 

downstream of EEs, such as sorting into MVBs, homotypic fusion between EEs as well as 

heterotypic fusion with other endosomes, and maturation of EE into late endosomes (LEs) and 

lysosomes (LYs) (Schink et al. 2013).  
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PtdIns(3,5)P2, which is generated from PtdIns3P by the lipid kinase PIKfyve in 

mammalian cells, is enriched in LE/LY compartments. Conversion between PtdIns3P and 

PtdIns(3,5)P2 is a hallmark of endosomal maturation and progression through the degradative 

endocytic pathway. Regeneration of PtdIns3P from PtdIns(3,5)P2 is catalyzed by the PtdIns-5 

phosphatase Sac3 (Sbrissa et al. 2007), which exists in a ternary complex with PIKfyve and 

adaptor protein ArPIKfyve (associated regulator of PIKfyve) (Ikonomov et al. 2009). 

PtdIns(3,5)P2 can also be dephosphorylated by the 3-phosphatases of the 

myotubularin/myotubularin-related (MTM/MTMR) family (Begley and Dixon 2005). Although 

PtdIns(3,5)P2 accounts for less than 1% of all cellular PIs, it is critical for endosomal membrane 

homeostasis. This is most strikingly demonstrated by the appearance of enlarged cytoplasmic 

vacuoles of late endocytic origin when PtdIns(3,5)P2 levels are reduced (Ikonomov et al. 2001). 

Bona fide PtdIns(3,5)P2 effectors are scarce compared to PtdIns3P effectors; however, those 

identified to date include the transient receptor cation channel mucolipin-1 (TRPML-1) as well 

as the two pore channels TPC1 and TPC2 (Dong et al. 2010, Jha et al. 2014), all of which are 

permeable to Ca2+, an important signalling messenger for membrane fusion. How exactly these 

and other effectors are modulated by PtdIns(3,5)P2 still remains largely unexplained. 

Finally, PtdIns5P, the most recently identified PI, has also been revealed to play a role in 

endosomal membrane dynamics. PtdIns5P is generated primarily from phosphorylation of PtdIns 

by PIKfyve, and potentially via dephosphorylation PtdIns(3,5)P2 by the MTM/MTMR 3-

phosphatases (Shisheva et al. 2015). Previously thought to be primarily nuclear in localization, 

where it is involved in regulating transcriptional activity (Shisheva 2013, Viaud et al. 2014b), a 

cytoplasmic pool of PtdIns5P was recently identified, primarily on the PM, but also on 

endosomes, autophagosomes, the endoplasmic reticulum and the golgi (Sarkes and Rameh 2010, 
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Vicinanza et al. 2015). Recent characterization of PtdIns5P has revealed that it may be involved 

in actin cytoskeleton rearrangement as well as degradation of some PM receptors such as EGFR 

(Ramel et al. 2011, Viaud et al. 2014a). Under basal conditions, levels of PtdIns5P are low in 

cells, though PtdIns5P levels can increase transiently upon stress conditions such as UV 

irradiation and osmotic shock (Hill et al. 2010, Jones et al. 2006). Currently, the only known 

direct PtdIns5P effector is the nuclear protein inhibitor of growth 2 (ING2) through its plant 

homeodomain (PHD) (Gozani et al. 2003). 

Because the maintenance of endosomal homeostasis is critical for nearly all facets of cell 

function, it is not surprising that dysregulation of the intricate signalling network that governs 

trafficking events has been implicated in several diseases and disorders. In particular, mutations 

in the enzymes that catalyze the interconversion between PtdIns3P and PtdIns(3,5)P2 have been 

implicated in several neuron and motor diseases, including Charcot Marie Tooth Disease Type 4J 

and ALS (Sac3) (Lenk et al. 2011), X-linked myotubular myopathy (MTM1) (Pierson et al. 

2005) and Charcot Marie Tooth Disease Type 4B (MTMR13) (Azzedine et al. 2003). 

Endosomal PIs have also been shown to play an important role in host-pathogen 

interactions (Table 2). Intracellular pathogens rely on host trafficking machinery for invasion, 

replication, and immune evasion. Interestingly, it is becoming increasingly clear that these 

pathogens not only rely on host trafficking machinery, but are often able to manipulate and 

exploit host lipids to facilitate infection. For example, bacteria can manipulate endosomal PIs to 

generate an intracellular niche favourable to growth and replication, while viruses may modulate 

PIs in order to facilitate trafficking to viral receptors. Understanding how pathogens are able to 
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exploit host PIs, their effectors, and their metabolizing enzymes will provide crucial insight into 

host-pathogen interactions and may facilitate the development of antimicrobial therapeutics. 

Bacteria 

Many bacteria have been found to both require and manipulate endosomal PIs via the 

secretion of bacterial effectors into host cells, which modulate PI metabolism to promote 

invasion, replication, and immune evasion. 

Salmonella 

Modulation of host PIs has been well documented in the enteropathic bacterium 

Salmonella enterica, which causes gastroenteritis and typhoid in humans (Figure 1A). Upon 

initial invasion of host cells, this intracellular pathogen establishes a specialized niche within the 

host cell’s endosomal system known as the Salmonella containing vacuole (SCV). Biogenesis of 

the SCV depends upon bacterial effector proteins, which are secreted into the host cytosol by a 

type III secretion system (T3SS) during invasion. These effectors are responsible for inducing 

actin cytoskeletal rearrangement to facilitate engulfment of bacteria into nonphagocytic cells 

(McGhie et al. 2009) . The Salmonella-containing macropinosome then undergoes a process 

similar to classic endosomal maturation, acquiring early endosome markers such as Rab5 and 

EEA1, followed by late endosome markers such as LAMP1 and Rab7. However, unlike typical 

late endosomes, the SCV avoids fusion with lysosomes, thereby avoiding degradation and 

establishing a specialized endosomal niche for replication (Knodler and Steele-Mortimer 2003). 

Though the molecular mechanisms by which S. enterica induces and maintains the 

formation of the SCV are not completely understood, it is clear that modulation of host PIs is 
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important for SCV biogenesis and bacterial survival. This is achieved in part by a T3SS effector, 

the lipid phosphatase SopB (SigD). Expression of SopB appears to be important for generation 

of SCVs after invasion, as isogenic S. enterica with deleted or phosphatase-deficient SopB are 

capable of invading cells but show reduction in SCV retention and size (Hernandez et al. 2004). 

Furthermore, expression of SopB alone in cells can induce formation of macropinosomes from 

the PM that migrate to the perinuclear region (Hernandez et al. 2004). SopB expression is 

required for multiple stages of SCV maturation, including initial PtdIns3P enrichment and 

subsequent recruitment of endosomal markers such as EEA1 and Rab7 (Mallo et al. 2008, Scott 

et al. 2002), as well as inhibition of fusion between SCVs and lysosomes (Bakowski et al. 2010, 

Dukes et al. 2006). Most intriguing is its ability to directly metabolize PIs through its 

phosphatidylinositol-5-phosphatase activity. In vitro SopB is able to hydrolyze PtdIns(3,4)P2, 

PtdIns(3,5)P2, and PtdIns(3,4,5)P3 ; however, Mallo et al. have demonstrated that infection by S. 

enterica results in an increase in PtdIns4P and PtdIns5P, concomitant with a decrease in 

PtdIns(4,5)P2, suggesting that the primary lipid substrate of SopB is PtdIns(4,5)P2 on the PM 

(Hernandez et al. 2004, Mallo et al. 2008). Though the reason(s) that PtdIns(4,5)P2 is the 

primary target of SopB remains to be elucidated, one possibility is that it reduces the 

electrostatically unfavourable interaction between the PM and Rab5, thereby promoting Rab5 

recruitment. Indeed, Rab5 recruitment to the SCV has been shown to be critical for recruitment 

of the PI3 kinase Vps34, which is responsible for generating PtndIns3P on EEs, as well as on 

SCVs (Mallo et al. 2008). This enrichment of PtdIns3P is in turn essential for recruitment of host 

PtdIns3P effectors such as EEA1, Hrs, and PIKfyve, which together facilitate maturation of EEs 

and sorting towards either recycling endosomes or late endosomes. Dai et al. have also 

demonstrated that SopB-dependent PtdIns3P production is required for recruitment of VAMP8 
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to Salmonella-induced PM ruffles (Dai et al. 2007). VAMP8 is a v-SNARE important for 

homotypic fusion between EEs and LEs, and is important for Salmonella invasion. 

Maturation of the SCV into a more LE-like compartment involves acquisition of LE 

markers such as Rab7 and LAMP1, as well as acidification of the lumen (Knodler and Steele-

Mortimer 2003). This maturation is important for induction of expression of Salmonella 

pathogenicity island 2 (SPI2) genes, which are important for bacterial survival and replication, 

and is dependent on PtdIns3P conversion to PtdIns(3,5)P2 by PIKfyve  (Kerr et al. 2010). Kerr et 

al. have demonstrated that inhibition of PIKfyve kinase activity results in impaired S. enterica 

replication. Furthermore, when PIKfyve activity is inhibited, the SCV fails to colocalize with 

LAMP1, indicating that establishment of productive SCVs requires PtdIns(3,5)P2 generation 

(Kerr et al. 2010). 

It is unclear how S. enterica effectors prevent the fusion of SCV with endolysosomes, as 

would normally occur to endosomes in the degradative pathway. Work by Bakowski et al. has 

demonstrated that the reduction of surface charge on the SCV may play a role in inhibiting 

recruitment of effectors with polycationic motifs. They found that reduction of PtdIns(4,5)P2 on 

SCV, a negatively charged phospholipid, reduced the recruitment of Rab23 and Rab35, which 

are both known to facilitate fusion of LEs with LYs (Bakowski et al. 2010).  

Shigella 

Like S. enterica, Shigella, the cause of bacillary dysentery, is an intracellular bacterium 

that secretes effector proteins into the host cytosol via a T3SS. Similar to S. enterica, S. flexneri 

invasion into gastrointestinal epithelial cells requires massive but localized actin cytoskeleton 
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rearrangements in order to facilitate phagocytic uptake (Cossart 1997) into a bacteria-containing 

vacuole. However, unlike Salmonella, Shigella is able to rupture this vacuole to escape into the 

cytosol, where replication and eventually invasion into neighboring cells takes place (Ray et al. 

2009). Cell-to-cell spread of cytosolic bacteria also requires massive host membrane 

rearrangements, resulting in actin-induced protrusions into neighboring cells, and the generation 

of new bacteria-containing vacuoles in adjacent cells (Mellouk et al. 2014, Stevens et al. 2006). 

This dependence on significant but transient changes in host membrane dynamics 

suggests that modulation of host PIs is important for Shigella infection. Indeed, one T3SS 

effector secreted by Shigella early during infection is the phosphatidylinisotol-4-kinase IpgD, a 

SopB homologue capable of hydrolyzing PtdIns(4,5)P2 into PtdIns5P. One of the first pieces of 

evidence supporting the importance of IpgD for modulating membrane dynamics was the 

demonstration by Niebuhr et al. that IpgD expression alters cell morphology by uncoupling the 

PM from the actin cytoskeleton, resulting in membrane blebbing (Niebuhr et al. 2002). Using a 

fluorescent PtdIns5P probe, Pendaries et al. showed an accumulation of PtdIns5P at S. flexneri 

entry foci (Pendaries et al. 2006). This transient and localized increase in PtdIns5P appears to 

have several significant downstream signalling consequences. First, PtdIns5P production can 

activate a number of GTPases important for actin cytoskeleton rearrangement, including Cdc42 

and Rac1 (Niebuhr et al. 2002, Viaud et al. 2014b). Viaud et al. have shown that PtdIns5P can 

bind to and activate Tiam1, a Rac1 GEF which binds PtdIns5P through a C-terminal PH domain 

(Viaud et al. 2014b). 

Furthermore, IpgD and PtdIns5P induce activation of the PI3K/Akt pathway through 

phosphorylation of Akt. This appears to occur rapidly upon invasion, with colocalization of a 
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PtdIns5P probe and phosphorylated Akt on the PM apparent within 10 minutes of infection 

(Pendaries et al. 2006). Furthermore, this activation of Akt appears to require epidermal growth 

factor receptor (EGFR), as treatment with EGFR inhibitors or knockdown of EGFR expression 

reduces Akt activation upon infection (Ramel et al. 2011). The PI3K/Akt pathway and EGFR 

signalling are both involved in cell survival and proliferation, and indeed, infection by S. flexneri 

renders cells more resistant to inducers of apoptosis (Pendaries et al. 2006). Evidence suggests 

that PtdIns5P not only triggers activation of EGFR and the PI3K/Akt pathway, but prolongs 

EGFR signalling by impairing its degradation. Upon activation, EGFR is typically rapidly 

internalized and degraded in the lysosome. Upon IpgD expression and PtdIns5P production, 

however, activated EGFR and Akt is still detectable for as long as 24–48 hours post expression 

(Ramel et al. 2011). Further characterization of EGFR trafficking revealed accumulation in 

earlier endocytic compartments as opposed to late endosomes and lysosomes.  

Besides enhancing cell survival and proliferation (both favourable for bacterial survival 

and replication), PtdIns5P production has been shown to be involved in immune evasion through 

multiple mechanisms. These include inhibiting the release of extracellular “danger signals” such 

as extracellular ATP (Puhar et al. 2013) and inducing the degradation of cell surface receptors 

such as ICAM-1, which are involved in recruitment of immune cells (Boal et al. 2016). 

Interestingly, Boal et al. demonstrated that PtdIns5P production results in internalization of both 

EGFR and ICAM-1 in the same cell. However, while ICAM-1 is targeted to the lysosome for 

degradation, EGFR is sequestered in EEs and spared from this fate, suggesting that PtdIns5P has 

dual roles in modulating surface receptors, protecting some from degradation while shuttling 

others to the lysosome. How it is able to fine tune internalization and trafficking in a ligand-
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dependent manner still requires elucidation, although one possibility is that it does so through the 

differential recruitment of specific PtdIns5P effectors (Boal et al. 2015). 

Finally, PtdIns5, PtdIns3P and PI3-kinases have been shown to be involved in vacuole 

rupture of S. flexneri, which allows bacteria to access the cytosolic site of replication prior to 

invading neighboring cells. Specifically, PtdIns5P production by IpgD was shown to be required 

to recruit Rab11, a recycling endosome marker, to Shigella entry sites, which appears to be 

involved in vacuole rupture (Mellouk et al. 2014) through an unknown mechanism. 

Bacterial invasion of neighboring cells involves actin-based protrusions through the PM 

of both cells, leading to the formation of vacuoles in the neighboring cell. Formation of vacuoles 

requires the class II PI3-kinase PIK3C2A, which generates PtdIns3P. Vacuoles also display an 

accumulation of phospho-tyrosine residues. Both require a functional T3SS, suggesting that a 

yet-to-be identified secreted effector is responsible for activating PIK3C2A (Dragoi and Agaisse 

2015). 

Mycobacteria 

Mycobacterium is a genus of intracellular bacteria which includes Mycobacterium 

tuberculosis, the cause of tuberculosis in humans. Like Salmonella and Shigella, mycobacteria 

are able to establish a specialized endosomal niche within their target cells, alveolar 

macrophages. This mycobacterial phagosomal compartment (MPC) is defined by specialized 

characteristics, such as reduced acidification, and the absence of several LE/LY associated 

markers and enzymes including mannose-6-phosphate receptor (M6PR) and mature cathepsin D 

(Deretic and Fratti 1999). Interestingly, the MPC also lacks some classical EE-associated 
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markers, such as EEA1 (Fratti et al. 2001). Vergne et al. furthermore have shown that while 

MPCs containing dead mycobacteria harbour PtdIns3P, MPCs with live bacteria actively exclude 

this PI (Vergne et al. 2005). 

Since PtdIns3P is required for recruitment of effectors that promote maturation into late 

endosomes, by excluding this PI from bacteria-containing phagosomes, M. tuberculosis may be 

able to shield itself from progressing down the degradative endocytic pathway. Similar to SopB 

and IpgD in Salmonella and Shigella, M. tuberculosis encodes a lipid phosphatase, SapM, which 

hydrolyzes PtdIns3P to PtdIns (Puri et al. 2013, Saleh and Belisle 2000, Vergne et al. 2005). 

While the mechanism of action of this phosphatase still requires characterization, in vitro assays 

have demonstrated that it can block phagosome-lysosome fusion (Vergne et al. 2005). In 

addition to the 3-phosphatase activity of SapM, mycobacteria also express PI analogs, including 

lipid lipoarabinomannan (ManLAM) and its precursor phosphatidylinositol mannoside (PIM), 

which are able to intercalate into host endosomal membranes (Beatty et al. 2000). Studies by 

Fratti et al. have shown in vitro that phagosomes coated with ManLAM show less accumulation 

of the PtdIns3P effector EEA1 and its effector Syntaxin 6 (Fratti et al. 2001, 2003) compared to 

control phagosomes, while those coated with PIM showed no change in Syntaxin6 recruitment. 

Syntaxin 6 is particularly important for retrograde trafficking of proteins between the trans golgi 

network (TGN) and endosomes, including that of the late endosomal proteins M6PR, LAMP1 

and vacuolar H+-ATPases. Therefore, by interfering with recruitment of host effectors necessary 

for lysosomal biogenesis, mycobacterial ManLAM could facilitate the creation of a protective 

niche for replication. 

Legionella 
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The intracellular pathogen Legionella pneumophila, the causative agent of Legionnaire’s 

disease, also replicates in a specialized intracellular niche, the Legionella containing vacuole 

(LCV) within protozoans and human alveolar macrophages. The formation and maturation of the 

LCV is driven by a number of Legionella effectors secreted by the bacterial Icm/Dot type IV 

secretion system (T4SS). Live cell imaging of Legionella-infected amoeba has demonstrated that 

dynamic recruitment, enrichment, and elimination of host cell PIs on the LCV membrane are 

important for formation and maturation of this specialized compartment (Weber et al. 2014). 

Maturation of the LCV is characterized by a gradual enrichment in PtdIns4P concomitant with 

the shedding of PtdIns3P. The enrichment of PtdIns4P on the LCV is important for recruiting 

PtdIns4P-binding Legionella effectors, such as SidC and SidM. These play important roles in 

shaping the LCV, including recruitment of the ER and modulation of Rab GTP signalling 

(Steiner et al. 2017). It appears Legionella has also evolved effectors that modulate PtdIns3P 

levels on the LCV, as Toulabi et al. have also identified a Legionella 3-phosphatase, SidP, which 

is able to hydrolyze PtdIns3P and PtdIns(3,5)P2 (Toulabi et al. 2013). Though the role of SidP 

during Legionella infection is still under investigation, similar to M. tuberculosis, restricting 

PtdIns3P production may inhibit progression of the LCV to the host degradative pathway. 

Eukaryotic parasites 

Intracellular eukaryotic parasites rely on their own PI metabolism to regulate signalling 

and trafficking (McIntosh et al. 2007, Tawk et al. 2011, Vaid et al. 2010), as well as host cell PI 

metabolism to establish and maintain infection. Some parasite-derived PI-binding proteins have 

been identified, including Toxoplasma gondii TgPH1 (PtdIns(3,5)P2) (Daher et al. 2016) and 
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Phytophthora sojae Avr1b, Avh5 and Avh331 (PtdIns3P) (Lu et al. 2013); however, the roles of 

these proteins during infection remain largely unknown.  

Malaria parasites, protozoans belonging to the genus Plasmodium, go through several 

distinct life cycle stages in both their mosquito and vertebrate hosts. Upon inoculation by 

mosquito bite, parasites travel to the host liver and infect hepatocytes, where they replicate in a 

specialized parasitophorous vacuole (PV) into exo-eythrocytic forms (EEFs) that are capable of 

infecting erythrocytes (Mota et al. 2001). Thieleke-Matos et al. investigated interaction of the PV 

with the host cell endosomal PI system and found that parasite replication was dependent on 

PtdIns(3,5)P2 and its effector TRPML (Thieleke-Matos et al. 2014). Inhibition of either PIKfyve 

or TRPML pharmacologically or with genetic knock-down delayed parasite growth. The authors 

did not directly monitor PtdIns(3,5)P2 dynamics, but did find rapid accumulation and clearance 

of PtdIns3P on the PV at the onset of replication, suggesting it is rapidly converted to 

PtdIns(3,5)P2 by PIKfyve. 

Another intriguing way in which eukaryotic parasites can alter host cell PI dynamics is to 

produce exogenous PIs that are secreted into target cells. This is particularly important if 

endogenous levels of specific PIs are low in host cells. For instance, in plants, PtdIns3P 

expressed on the outer surface of the PM can be used by pathogen effectors, including virulence 

factors, with PtdIns3P-binding RXLR motifs to gain entry into the cell (Kale et al. 2010). 

PtdIns3P levels may be transiently increased by secretion of exogenous parasite-derived 

PtdIns3P. For example, Lu et al. have detected PtdIns3P in hyphae of the plant pathogen 

Phytophthora (Lu et al. 2013). Silencing parasite PI3K genes or pre-treating hyphae with the 

PI3K inhibitor LY294002 reduced virulence, and overexpression of PtdIns3P-binding proteins or 
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the plant homolog of PIKfyve in plant cells increased resistance to infection, presumably by 

reducing levels of PtdIns3P accessible to the parasite (Figure 1B). 

As the repertoire of identified bacterial and parasite effectors continues to grow, it is 

becoming clear that host PIs are an important target. However, few of these effectors have been 

characterized in detail, and much remains to be done to understand how they interact with 

cellular machinery. In particular, PtdIns5P, the last PI to be identified and previously thought to 

be exclusively nuclear in localization, has now been revealed to play an important role at the PM 

and in endosomes during bacterial infection, in at least two bacterial species. Whether other 

bacteria utilize or modify this lipid, and through which effectors, are important questions as we 

continue to identify and characterize bacterial effector proteins.  

Viruses 

Compared to bacteria and eukaryotic pathogens, where numerous pathogen-encoded PI-

modulating effectors have been characterized, viruses possess a limited coding capacity which 

restricts the number of viral effector proteins capable of directly modifying host processes. 

Nonetheless, multiple aspects of the viral life cycle, including entry, replication, and budding are 

intimately tied to host endosomal trafficking, suggesting a reliance on PI metabolism and 

signalling. The characterization of viral interaction with the host cell PI system is just beginning, 

and acquiring more tools to study PI dynamics in cells will better enable us to dissect the 

molecular mechanisms underlying these interactions. 

PI-binding viral proteins have been identified in select viruses, such as H7 in vaccinia 

virus (Kolli et al. 2015), the gag polyprotein in equine infectious anemia virus (EIAV) 
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(Fernandes et al. 2011), and the VP5 polyprotein in infectious bursal disease virus (IBDV) 

(Méndez et al. 2015), all of which have demonstrated PtdIns3P-binding capability in vitro. The 

roles these PI-binding viral proteins play during infection are still largely uncharacterized; 

however, initial studies indicate that EIAV gag may use binding to PtdIns3P to direct its 

trafficking through specific cellular compartments during viral morphogenesis (Fernandes et al. 

2011), and IBDV VP5 may be involved in facilitating cell-to-cell spread (Méndez et al. 2015). 

While evidence of viral proteins directly binding endosomal PIs remains limited, it is 

increasingly evident that viruses are able to alter host trafficking factors, including those that 

govern endosomal PI metabolism. This has been studied mainly in the field of viral entry, since 

many viruses rely on intracellular trafficking pathways for delivery of virions to appropriate 

intracellular compartments containing triggering factors for viral escape from endosomes. These 

factors, which include low pH, host proteases, and/or viral receptors, are found throughout the 

endosomal trafficking system, in EEs, MVBs and/or in LEs/LYs. Biogenesis, maturation, and 

fusion between these compartments is controlled in part by PtdIns3P, PtdIns(3,5)P2 and their 

various effectors. 

Viruses which enter cells in EE and MVBs rely primarily on PtdIns3P and its effectors. 

For example, vesicular stomatitis virus (VSV) has been shown to depend on the PtdIns3P 

effector Hrs, part of the ESCRT-0 complex that is involved in MVB formation. Furthermore, 

PtdIns3P is also involved in VSV nucleocapsid release, in part through is effector Sorting Nexin 

6 (Le Blanc et al. 2005). 

PtdIns3P production depends on PI3 kinases, of which there are three classes. The 

majority of endosomal PtdIns3P is synthesized by the class III PI3K Vps34, whose recruitment 



218 

 

to nascent endosomes is dependent on Rab5 (Gillooly et al. 2001). The role of PI3Ks in viral 

entry can be assessed by examining the effect of the PI3K inhibitors wortmannin and LY294002 

on infection. Unsurprisingly, inhibition of PI3Ks inhibits entry by a number of viruses, including 

Kaposi’s sarcoma-associated herpesvirus (KSHV) (Naranatt et al. 2003), human rhinovirus 

(Brabec et al. 2006), lassa fever virus and lymphocytic choriomeningitis virus (LCMV) (Pasqual 

et al. 2011), Ebola virus (Saeed et al. 2008), and African swine fever virus (Cuesta-Geijo et al. 

2012). What remains largely uncharacterized is whether these viruses can activate PI3Ks during 

entry, or if they are able to rely on basal PI3K activity. Naranatt et al. have shown that the KSHV 

glycoprotein can interact with cell surface integrin receptors, which can activate PI3Ks 

downstream (Naranatt et al. 2003). Upon entry, Ebola virus has also been shown to activate Akt, 

which is a downstream effector of class I PI3Ks (Saeed et al. 2008). 

Viruses which require deeper trafficking in the endocytic pathway to LEs and LYs also 

rely on PtdIns(3,5)P2, which is primarily localized on LE compartments and is produced solely 

by the lipid kinase PIKfyve (Shisheva 2008) in mammalian cells. PIKfyve is recruited to 

PtdIns3P-enriched membranes via a FYVE domain, thus allowing sequential conversion of 

PtdIns3P to PtdIns(3,5)P2 (Ikonomov et al. 2001). Inhibition of PIKfyve and PtdIns(3,5)P2 

production has been shown to inhibit entry by viruses which fuse in LE/LYs, such as vaccinia 

virus (Rizopoulos et al. 2015), African swine fever virus (Cuesta-Geijo et al. 2012) and 

filoviruses (Nelson et al. 2017, Qiu et al. 2018). Furthermore, work from our lab using 

fluorescent PI probes and live cell imaging has demonstrated that Ebola virus (EBOV) not only 

depends on PIKfyve activity for entry, but is able to upregulate PtdIns(3,5)P2 production on 

vesicular membranes during infection. How EBOV modulates PtdIns(3,5)P2 production is still 

unknown. However, since previous reports have indicated that EBOV can activate Akt upon 
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entry (Saeed et al. 2010), and that Akt is able to directly activate PIKfyve (Er et al. 2013), this 

raises the intriguing possibility that EBOV could exploit the PI3K/Akt pathway to activate 

PIKfyve and facilitate its trafficking (Figure 1C).  

In addition to viral entry, endosomal PIs also play a role in viral morphogenesis, budding, 

and immune evasion. For instance, PtdIns(3,5)P2 has been shown to be important for post-entry 

steps of the viral life cycle. Jefferies et al. demonstrated that inhibition of PIKfyve reduces 

retroviral budding (Jefferies et al. 2008), and Murray et al. have also demonstrated that siRNA-

mediated knockdown of PIKfyve impairs HIV replication (Murray et al. 2005).  

Finally, viruses may manipulate host PIs in order to evade recognition by the host 

immune system. Niazy et al. have shown that herpes simplex virus-1 (HSV-1), which is able to 

persist in host cells and establish a latent infection, evades the immune system in part by 

interfering with antigen presentation by the major histocompatibility complex (MHC) (Niazy et 

al. 2017). Expression of the HSV glycoprotein B (gB) causes formation of PtdIns3P+ vacuoles in 

host cells, which contain substantial amounts of the MHC molecules HLA-DR and HLA-DM 

colocalized with EEA1. This suggests that gB is able to interfere with antigen presentation by 

trapping MHC molecules in early endosomal compartments, potentially via increased PtdIns3P 

production on these compartments.  

We are just beginning to understand how viruses interact with the host cell PI system, and 

much work remains to be done to unravel the mechanisms through which viruses regulate host 

lipids to achieve infection. It is clear that endosomal PIs play an important role in many aspects 

of the viral life cycle; however, few viral proteins that directly bind PIs have been identified, and 

their roles are largely unknown. This raises the important question of how viruses modulate host 
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lipids, whether through direct binding; or, more likely, indirectly through the activation of 

signalling pathways with downstream effects on PI metabolism and activity. It also remains to be 

determined whether viruses that use similar entry/budding pathways share the same requirements 

for host PIs, and have evolved similar mechanisms to regulate these lipids. 

Conclusions and perspectives 

Through millions of years of coevolution, pathogens have evolved to not only to adapt to 

their hosts, but also to actively manipulate their hosts to adapt to them. Hijacking of the 

intricately regulated host endosomal trafficking system is another way that parasites, bacteria, 

and viruses shape their environments to establish specialized replicative niches, facilitate 

endosomal transport to target compartments, and evade detection by the immune system. 

Whether through secretion of PI-metabolizing enzymes, manipulation of host PI regulators, or 

direct secretion of exogenous PIs into host cells, intracellular pathogens are able to actively 

manipulate host lipid dynamics in order to ensure invasion and survival.  

The intimate dependence of pathogens upon host cell PIs for multiple aspects of infection 

reveals novel targets for antimicrobial therapeutics. These could involve targeting pathogen-

encoded proteins which modulate host PIs, or the host proteins themselves that pathogens rely 

on. The involvement of PIs in multiple aspects of infection, including initial invasion, 

establishment of replicative niches, as well as cell egress and cell-to-cell spread, indicate that 

targeting PIs may inhibit infection at multiple steps. Finally, evidence that many pathogens rely 

on the same endosomal lipids reveals common pathways and targets for antimicrobial 

development. 
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Despite their limited genome size and repertoire of effector proteins compared to their 

mammalian hosts, pathogens have been fine-tuned by evolution to precisely and effectively 

target and regulate the highly dynamic and complex host PI system. This raises the exciting 

possibility of using pathogens as tools to probe and dissect how PI dynamics are regulated. This 

includes using pathogen effectors as PI probes, uncovering new roles for previously poorly 

understood lipids like PtdIns5P, and identifying new signalling pathways, protein-protein 

interactions, and novel functions for known proteins.  

Understanding the complex interplay between pathogens and the host cell processes they 

manipulate will give us a clearer picture of the pathogen life cycle as well as the fundamental 

mechanisms governing host cell biology. 
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Figure 1. Manipulation of endosomal phosphoinositides by a bacterial, eukaryotic, and 

viral pathogen. (A) Salmonella enterica effector SopB is secreted into the host cell cytosol, 

where it dephosphorylates PtdIns(4,5)P2 to PtdIns5P on the plasma membrane and nascent 

Salmonella-containing vacuole (SCV). Reduction of PtdIns(4,5)P2 facilitates recruitment of 

Rab5 and Vps34. Generation of PtdIns3P on the SCV by Vps34 recruits PtdIns3P effectors 

VAMP8, EEA1, and PIKfyve, which facilitate SCV maturation and trafficking. PIKfyve 

generates PtdIns(3,5)P2 which is required for SCV maturation and bacterial replication. 

Reduction of PtdIns(4,5)P2 also inhibits recruitment of Rab23 and Rab34, which promote fusion 

with lysosomes, thus inhibiting bacterial degradation. (B) Phytophthora secretes extracellular 

PtdIns3P, facilitating uptake of parasite effectors with PtdIns3P binding domains through an 

unknown mechanism. (C) Ebola virus is internalized into host cells and trafficked through early 

endosomes to late endosomes/lysosomes, where its receptor, Niemann Pick-C1 (NPC1) is 

localized, a process which depends on the conversion of PtdIns3P to PtdIns(3,5)P2 by PIKfyve. 

Whether and how Ebola activates PIKfyve is unknown; however, it may do so by activating the 

PI3K/Akt pathway. EE = early endosome,  LE = late endosome, LY = lysosome. 
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Table 1. Endosomal PIs: Cellular localization, effector proteins, and tools for study. * For PtdIns3P 

effector proteins, only those mentioned in this review are listed. 

 

 

 

 

 

 

 

PI Localization Host effector 
proteins 

Inhibitors Probes Reference 

PtdIns3P Early endosomes, 
multivesicular 
bodies, 
autophagosomes 

EEA1, Hrs, 
PIKfyve, 
SXNs, 
VAMP8* 

Wortmannin 
LY294002 

2XFYVE (Dai et al., 2007; Gillooly et 
al., 2000; Lawe et al., 2000; 
Raiborg et al., 2001; Sbrissa 
et al., 2002; Stenmark et al., 
1996; Teasdale and Collins, 
2012) 

PtdIns(3,5)P2 Multivesicular 
bodies, late 
endosomes, 
lysosomes 

TRPML1, 
TPC1, TPC2 

YM201636 
Apilimod 

2XML1N (Cai et al., 2013; Dong et al., 
2010; Jefferies et al., 2008; 
Jha et al., 2014; Li et al., 
2013) 

PtdIns5P Nuclear 
membranes, 
plasma membrane, 
ER, golgi, 
autophagosomes, 
endosomes? 

ING2 YM201636 
(low 
concentration) 

PHD 
Finger 

(Gozani et al., 2003; Sbrissa 
et al., 2012; Shisheva, 2013) 
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Table 2. Role of endosomal and plasma membrane phosphoinositides for infection by pathogens. 

Pathogen PIs required Effector(s) Function(s) Reference 

Bacteria     

Salmonella enterica 
PtdIns(4,5)P2 
↓ 

SopB/SigD Biogenesis of Salmonella containing vacuole, bacterial survival 
Bakowski et al., 2010; Dai et al., 2007; Dukes et al., 2006; 
Hernandez et al., 2004; Kerr et al., 2010; Mallo et al., 2008; 
Méresse et al., 1999; Scott et al., 2002) 

Shigella flexneri 
PtdIns(4,5)P2 ↓ 
PtdIns5P↑ 

IpgD Host cell survival, bacterial engulfment, immune evasion, vacuole rupture 
(Boal et al., 2016; Dragoi and Agaisse, 2015; Mellouk et al., 
2014; Niebuhr et al., 2002; Pendaries et al., 2006; Puhar et 
al., 2013; Ramel et al., 2011; Viaud et al., 2014b) 

Legionella pneumophila PtdIns3P↓ 
PtdIns(3,5)P2↓ 
PtdIns4P↑ 

SidP 
 
SidC, SidM 

Bacterial survival? (Toulabi et al., 2013) 

Mycobacterium tuberculosis 
PtdIns3P↓ SapM, ManLAM,  Biogenesis of Mycobacterium phagosomal compartment, bacterial survival 

(Beatty et al., 2000; Fratti et al., 2001, 2003; Puri et al., 
2013; Saleh and Belisle, 2000; Vergne et al., 2005) 

Eukaryotic Parasites     
Plasmodium berghei PtdIns3P 

PtdIns(3,5)P2 
 Parasitophorous vacuole formation, parasite growth and survival (Thieleke-Matos et al., 2014) 

Phytophthora sojae 
PtdIns3P↑ 

Phytophthora PI3 
kinases 

Translocation of parasite effectors (Kale et al., 2010; Lu et al., 2013) 

Viruses     

Equine anemia infectious virus PtdIns3P Gag polyprotein Viral morphogenesis (Fernandes et al., 2011) 
Vaccinia virus PtdIns3P 

PtdIns(3,5)P2 
H7 Viral membrane morphogenesis, viral entry (Kolli et al., 2015; Rizopoulos et al., 2015) 

Infectious bursal disease virus PtdIns3P VP5 Cell-to-cell spread? (Méndez et al., 2015) 
Vesicular stomatitis virus PtdIns3P  Viral entry, nucleocapsid release (Le Blanc et al., 2005) 

Herpes simplex virus PtdIns3P Glycoprotein B Block MHC presentation (Niazy et al., 2017) 
Murine leukemia virus PtdIns(3,5)P2  Viral budding (Jefferies et al., 2008) 

Human immunodeficiency virus PtdIns3P  Viral replication (Murray et al., 2005) 
Ebola virus PtdIns3P 

PtdIns(3,5)P2↑ 
 Viral entry (Nelson et al., 2017; Qiu et al., 2017) 

African swine fever virus, PtdIns3P 
PtdIns(3,5)P2 

 Viral entry (Cuesta-Geijo et al., 2012) 

Kaposi’s sarcoma-associated 
herpesvirus, lymphocytic 

choriomeningitis virus, Lassa 
fever virus, human rhinovirus 

PtdIns3P  Viral entry? 
(Brabec et al., 2006; Naranatt et al., 2003; Pasqual et al., 
2011; Saeed et al., 2008) 
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