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                                                              Abstract 

 

Eukaryotic cells release into the extracellular environment diverse types of membrane vesicles 

primarily of endosomal and plasma membrane origin called exosomes and microvesicles, 

respectively. Our lab has discovered a novel subset of EVs known as ARRDC1-Mediated 

Microvesicles (ARMMs) that have the ability to  deliver of a myriad of molecular cargos(Wang 

et al., 2018). The budding of ARMMs requires arrestin-domain containing protein 1 (ARRDC1), 

which is localized to the cytosolic side of the plasma membrane. Interestingly, similar to viruses 

such as HIV and Ebola, ARRDC1 also recruits the ESCRT I complex protein TSG101 to the cell 

surface via its proline rich tetrapeptide motif (PS/TAPP), to initiate and drive the budding of the 

vesicles(Nabhan et al., 2012). 

Although ARMMs show promise as a platform for the delivery of therapeutic molecules, the 

endogenous molecular composition and biodistribution of ARMMs remains mysterious. In this 

study, I identified conserved “ARMMs enriched” proteins utilizing high-throughput proteomic 

analysis. ARMMs possess a vast array of DNA/RNA components, lipids, sugars, metabolites, 

and glycoproteins that may illuminate potential biological/pathophysiological roles for ARMMs 

in vivo. 

In addition to this, we make progress in defining the in vivo biodistribution for ARMMs by 

leveraging the transparent nematode C. elegans. The worm is easily amendable to genetics, 

microscopy, and contains ARRDC1 homologs, in this study, we identify C. elegans ARRD-13, 
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as the functional equivalent of ARRDC1 in the worm. Similar to ARRDC1, ARRD-13 is 

expressed on the plasma membrane of mammalian cells and is also secreted into the extracellular 

mileu. Finally, our preliminary results also suggest that endogenous ARRD-13 localizes to 

macrophage like scavenger cells called “coelomocytes.” 

Taken together, our findings shed light on the biodistribution of ARMMS as well as potential 

biological roles for ARMMs. Furthermore, these results may also elucidate the utility of 

ARMMs as a biomarker for a myriad of pathophysiological states ranging from ER stress 

responses to cancer pathogenesis, providing a comprehensive foundation to characterizing the 

biological role for ARMMs in vivo.  
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1.1: EVs: what are they and what do they do? 

 

Extracellular vesicles (EV) are a heterogeneous population of lipid membrane encapsulated 

structures comprised mainly of exosomes, which originate from the endosomal sorting complex 

required for transport machinery (ESCRT) and microvesicles that bud exclusively from the 

plasma membrane(Figure 1), a process that is conserved from bacteria and plants to 

humans(Schorey et al., 2015). Although originally described to be the cells vehicle to dispose of 

cellular waste, they have been shown to be present in biological fluids and are involved in 

multiple physiological and pathological processes(Raposo & Stoorvogel, 2013). The primary 

research interest in the EV field is now focused on  their ability to mediate intercellular 

communication by carrying a myriad of proteins, lipids, and nucleic acids to distal cells(Schorey 

et al., 2015). In addition to this, EVs are being explored for their ability to induce signal 

transduction and regulate gene expression in neighboring cells(Théry et al., 2009).  The EV field 

is relatively new and there are many gaps in knowledge in basic mechanisms of EV 

biogenesis(Colombo et al., 2013). For example, the physiologic state of the cell dictates the EV 

size, method of biogenesis, and cargo(Hayashi et al., 2017).  Different cell types may also secrete 

distinct EV subtypes, thus, an emerging focus in the field is to develop more efficient and 

reliable modes of isolation and characterization of each of these EV subsets and their respective 

protein and lipid biomarkers(Théry et al., 2006). Proteins are found on both the cell surface and 

inside of EVs and are likely indicators of both biogenesis mechanisms and potential 

communicative, and recipient cell docking functions. Thus, decoding “the message” of 

intercellular trafficking EVs is multifaceted, and contextually complex. Advances in this area 
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will allow for research to begin on the trafficking and translocation of EVs in vivo, a significant 

gap in knowledge in the EV field.

Figure 1. EV biogenesis. Extracellular vesicles package a myriad of nucleic acids, proteins, lipids, 

and cell adhesion molecules. Microvesicles are heterogeneous membrane vesicles that originate via 

outward budding and plasma membrane fission. Exosomes are formed through the endosomal 

trafficking pathway. Membrane invagination forms early endosomes which mature into 

multivesicular bodies (MVBs), that are released by fusion with the plasma membrane as exosomes 

while other MVBs fuse with lysosomes. During apoptosis, cells can fragment into subcellular 

membrane-bound vesicles known as apoptotic bodies that are phagocytized by circulating 

macrophages 
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1.2: Characterization of EV subtypes 

The majority of EV studies are conducted in cell culture due to ease of obtaining purified EV 

samples from specific cell types as well as increased control over experimental 

conditions(Strotman & Linder, 2016). Further developing purification and identification methods 

are critical for elucidating their role in cell to cell communication in vivo.   

The term EV is a simplified general description of a heterogenous diverse set of secreted 

membrane encapsulated vesicles. The incredibly diverse nature of the EV milieu have made it a 

challenge to extensively characterize EV subpopulation(Raposo & Stoorvogel, 2013). Based on 

the current knowledge of their biogenesis, EVs can be broadly divided into two main categories: 

exosomes and microvesicles. The term exosome was initially used for vesicles of an unknown 

origin released from a variety of cultured cells and carrying 5ʹ­nucleotidase activity(Trams et al., 

1981). The term exosome was adopted to refer to membrane vesicles (30–100nm in diameter) 

released by reticulocytes during differentiation(Van Der Meel et al., 2014). In essence, exosomes 

are intraluminal vesicles (ILVs) formed by the inward budding of endosomal membrane during 

maturation of multivesicular endosomes (MVEs), which are intermediates within the endosomal 

system, and secreted upon fusion of MVEs with the cell(Skogberg et al., 2013).  Exosomes are 

reported to be secreted by B lymphocytes(Goffinet et al., 1981) and dendritic cells(Maeder et al., 

2014) with potential functions related to immune regulation and were considered for use as 

vehicles in antitumoural immune responses(Théry et al., 2009). Current studies have now 

demonstrated that many different cell types secrete exosomes and that they have a physiological 

role in normal, stress, and pathological states of the cell(Rajendran et al., 2014)  

Microvesicles range in size from 50nm to 1um in diameter but can be even larger (up to 10 μm) 

in the case of oncosomes(Beer & Wehman, 2017). They are generated by the outward budding 
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and fission of the plasma membrane and the subsequent release of vesicles into the extracellular 

space(Van Niel et al., 2018). 

 Microvesicles (MVs) bud exclusively from the plasma membrane in a manner similar to 

retroviruses(Wehman et al., 2011), formerly called ‘platelet dust’, MVs were first described as 

subcellular material originating from platelets in normal plasma and serum(Colombo et al., 

2013). Later, ectocytosis, a process allowing the release of plasma membrane vesicles, was 

described in stimulated neutrophils(Wehman et al., 2011). Recently, they have been to show to 

have a role in intercellular trafficking and communication in various cell types, including cancer 

cells(El Andaloussi et al., 2013), where they are generally called oncosomes.  

There is now evidence that the biogenesis of EVs and their lipid, protein, and nucleic acid cargos 

depend on the physiological state of each cell(Yoshida et al., 2019). The majority of the work in 

the EV field has focused on characterizing potential function of EVs instead of their origin, thus 

there is still a gap in knowledge linking the EV subtype to the phenotypic read out. Moreover, 

the diversity of isolated extracellular vesicle populations is further expanded by the inclusion of 

additional structures into the pool of extracellular vesicles, such as apoptotic bodies; 

migrasomes, which transport multivesicular cytoplasmic content during cell migration(van der 

Grein & Nolte-’t Hoen, 2014). 

Despite a different mode of biogenesis, exosomes and microvesicles display a similar 

appearance, overlapping size and often common composition that make it difficult to ascertain 

their origin once isolated from the extracellular medium or from biological fluids(Raposo & 

Stoorvogel, 2013). 
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EVs are primarily composed of proteins, lipids, and nucleic acids. However, due to different 

biogenesis mechanisms, the compositions of exosomes and microvesicles do vary slightly (Choi 

et al., 2015; Théry et al., 2006). Proteins that are associated with endocytic pathways can be 

usually found in EVs, such as flotillin and annexin(Distler et al., 2005). Sorting of cargo into 

exosomes involves specific proteins associated with the endosomal sorting complex required for 

transport (ESCRT), such as ALG-2-interacting protein X (ALIX)(Teis et al., 2009) and tumor 

susceptibility gene 101 protein (TSG101)(Colombo et al., 2013; Record et al., 2018). As a result, 

ALIX and TSG101 are commonly used as marker proteins for exosomes. In addition to this, 

common tetraspanins, such as CD9 and CD81, are commonly used as EVs markers with CD63 

which is mostly regarded as a marker of exosomes(Duijvesz et al., 2019; Van Niel et al., 2018).  

Tetraspanins are specialized membrane organizers that have four transmembrane domains, One 

of the most distinctive features of tetraspanins is their ability to interact with other proteins in the 

membrane using their extracellular, transmembrane and cytoplasmic domains(Abache et al., 

2007), allowing them to incorporate several proteins into clusters called tetraspanin- enriched 

microdomains (Charrin et al., 2014; Kummer et al., 2020; Levy & Shoham, 2005). 

Lipid components of EVs include phosphatidylcholine, phosphatidylserine, sphingomyelin, 

cholesterol, which can be found in the plasma membrane as well(Casares et al., 2019; Choi et al., 

2015). Lipid rafts, which are specialized membrane microdomains enriched in cholesterol and 

glycosphingolipid serve as organizing centers for the assembly of signaling molecules(van Meer, 

2011; Van Niel et al., 2018). As microvesicles are formed by budding from the plasma 

membrane, the lipid composition of microvesicles resembles that of plasma membrane of the 

cells more while exosomes are of higher levels in sphingomyelin, cholesterol, and 

phosphatidylserine (Contreras et al., 2010; Record et al., 2018; van Meer, 2011)  
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It is noteworthy that many nucleic acid species are highly enriched in EVs(Ferguson & Nguyen, 

2016). The lipid bilayer structure of EVs acts as a natural shelter against degrading nucleases in 

the extracellular environment and protects the nucleic acid cargo under adverse conditions such 

as long-term storage and multiple freeze-thaw cycles(Théry et al., 2006; Witwer et al., 2013). In 

the recent decade, reports have it that many mRNAs, microRNAs, and other non-coding RNAs 

are discovered in EVs(van der Grein & Nolte-’t Hoen, 2014). 

Extracellular vesicles (EVs) have also been associated with multiple immunomodulatory 

functions(Skogberg et al., 2013). MHC class I/II molecules have crucial roles in antigen 

presentation and in eliciting immune responses and are known to be incorporated into 

EVs(Colombo et al., 2013). MHC-I molecules function on all nucleated cells to bind and display 

protein-derived peptides to CD8 T cells. When cells are infected or transformed, a fraction of 

their MHC-I molecules will display foreign peptides, and recognition of such complexes by CD8 

CTLs via peptide-specific cognate TCRs results in selective killing of these infected or 

transformed cells(Abramson et al., 2010; Schorey et al., 2015).  EVs isolated from cultured 

immature mouse Dendritic Cells (DCs) could prime CD8 T cell responses, both in vitro and in 

vivo(Zhang et al., 2014). EVs isolated from activated human myeloid derived DCs could 

stimulate peripheral CD8 T cells in vitro, independently of target DCs, demonstrating an intrinsic 

stimulatory capacity of EVs (Li et al., 2013). Thus studies have shown that activated DCs 

endocytose antigen in peripheral tissues, cross-present antigens onto MHC-I molecules, and 

migrate to lymphoid tissues, where they release EVs carrying MHC complexes and 

costimulatory molecules to present antigens to immune cells(Lindenbergh & Stoorvogel, 2018). 

 Finally, EVs carry a myriad of proteins, nucleic acids, microRNAs, and lipids that communicate 

transferable molecular signatures of cells(Andreu & Yáñez-Mó, 2014), features making them 
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ideal biomarkers for various pathologies including metabolic, tumors, vascular and neurological 

diseases(Bandu et al., 2019). Interestingly, EVs containing aggregation-prone proteins involved 

in Parkinson's disease, Alzheimer's disease, and amyotrophic lateral sclerosis have all been found 

in the cerebral spinal fluid and blood of patients affected by these disorders(Chen et al., 2018). In 

addition to this, tumour-derived EVs have been demonstrated to carry disease-associated 

molecular cargo, and further, observed to modulate the behavior of recipient cells towards a pro-

oncogenic phenotype(Duijvesz et al., 2019; Mathivanan et al., 2010). The correlation between 

the tumour cell and tumour-EV proteome and transcriptome across multiple tumour contexts has 

highlighted the potential for tumour-EVs as candidate markers for disease diagnosis and 

monitoring. 

1.3: The discovery of ARRDC1 Mediated Microvesicles (ARMMs).. 

The discovery of ARRDC1 Mediated Microvesicles (ARMMs) was an unexpected result of a 

study investigating regulators of airway smooth muscle contraction in Asthmatic tissue. The 

original question was to identify genes and regulators that modulate the ubiquitination and  

downregulation of the beta 2 receptor in response to overstimulation by beta agonists, the 

therapeutic ligand that binds the receptor to induce smooth cell muscle relaxation for breathing in 

Asthmatics(Perry et al., 2014). Given the role of ESCRT-1 protein TSG101 in receptor 

ubiquitination and trafficking into multivesicular endosomes(Colombo et al., 2013), a  yeast two-

hybrid screen using the UEV domain of TSG101 as the bait identified the C-terminal fragments 

of ARRDC1. ARRDC1 interacts with TSG101 through a proline rich PS/TAP motif and recruits 

TSG101 to the cell surface, however, any mutation in this region ARRDC1 interaction with 

TSG101 is reduced and TSG101 no longer goes to the cell surface(Nabhan et al., 2012). TSG101 

translocation from endosomes to the plasma membrane by ARRDC1 recruitment is analogous to 
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TSG101 recruitment by HIV Gag protein during HIV budding(Shcherbatova et al., 2020). In 

addition to this, the C-terminal domain of ARRDC1 contains two highly conserved PPXY motifs 

that were previously implicated in ubiquitination and ESCRT-mediated, PPXY-dependent 

retroviral budding(Puca & Brou, 2014). Proteomic analysis identified the Nedd4 family E3 

ligase, WWP2, as an ARRDC1-interacting protein required for ARRDC1 ubiquitination and 

ARMMs budding(Kuo & Freed, 2012). Mutation of the PPXY motifs inhibits the ARRDC1–

WWP2 interaction, and the requirement for WWP2 in ARMMs budding is confirmed by 

showing that WWP2 depletion significantly reduces ARMMs release(Nabhan et al., 2012). Thus, 

these findings suggest a unique role for ARRDC1 PPXY interaction with WWP2 facilitating 

ARRDC1 ubiquitination and ARMMs release. Given the fact that ARRDC1 mimics Gag 

recruitment of TSG101 to the plasma membrane, which leads to viral budding, the authors 

hypothesized that ARRDC1 recruitment may also mimic Gag but instead of viral budding, lead 

to the budding of endogenously derived microvesicles that shed from the plasma membrane to 

form ARMMs. 

To test this hypothesis, EVs were isolated from cells that were transfected with constructs 

expressing HIV Gag-GFP and ARRDC1-GFP, western blot analysis revealed that  showed that 

Gag-GFP and ARRDC1-GFP proteins were robustly present in extracellular vesicles, but the 

control GFP protein was not in EVs(Nabhan et al., 2012). Proteomics results also revealed the 

presence of  ARRDC1 protein in microvesicles harvested from a variety of organs(Mathivanan et 

al., 2010), further confirming the notion of ARRDC1 being involved in microvesicle budding 

Endogenously produced ARRDC1 was shown to be consistently released into microvesicles and 

depletion of ARRDC1 by shRNA resulted in loss of ARRDC1 immunopositive signaling in 

EVS, indicating that ARRDC1 was present in EVs and not an artifact from FBS contamination. 
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These findings led to the discovery and identification of “ARRDC1-mediated microvesicles” 

(ARMMs) (Fig 2). 

1.4: ARMMs proof of concept- ARMMs mediate non-canonical NOTCH signaling 

Along with the majority of the EV field,  the physiological role of ARMMs still remains elusive, 

however, a clue to the physiological role of ARMMs can be linked to the origin of ARMMs at 

the plasma membrane, suggesting that ARMMs may be able carry plasma membrane proteins to 

adjacent cells. 

Notch is an evolutionary conserved (Puca et al., 2013) large transmembrane protein that 

normally communicate signals upon binding to transmembrane ligands expressed on adjacent  
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Figure 2 ARMMS budding. A. ARRDC1 recruits key ESCRT-1 complex protein, TSG101 to 

the plasma membrane to facilitate the shedding of ARMMs. In addition to this, VPS4 ATPase is 

required for the budding of ARMMs. HIV-1 GAG viral budding strongly resembles ARMMS 

budding, recruiting TSG101 via its PTAP motif B. ARMMs may contain a myriad of proteins, 

nucleic acids, and lipids, the molecular composition of ARMMs is under investigation. 
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cells(Puca & Brou, 2014). Canonical Notch signals are transduced by a process called regulated 

intramembrane proteolysis (Saravanamuthu et al., 2012) but upon ligand binding by cell 

adhesion to adjacent cells, a proteolytic cascade initiates releasing the intracellular portion of the 

receptor (ICN) from the membrane to mediate transcriptional activation of DNA complexes that 

modulate gene expression(Kopan & Ilagan, 2009). Notch signals influence a wide spectrum of 

cell fate decisions, both during development, and in the adult organism. Previous research on 

NOTCH receptors and their ligands, characterize their mode of signaling to rely on cell–cell 

contact(Lai, 2004). 

The authors show that endogenous the NOTCH receptor can be actively incorporated into 

ARMMs via ITCH E3 ligase interaction and initiate NOTCH dependent signaling into recipient 

cells(Fig 3), highlighting a novel mechanism of NOTCH signaling independent of cell to cell 

contact(Wang & Lu, 2017).  

 

Figure 3. ARMMS mediate non-canonical NOTCH dependent signaling in recipient cells.  ARRDC1, via 

its PPXY motifs are able to interact with the WW domain of the ITCH protein to uptake the NOTCH protein 

and induce expression of NOTCH specific genes in distal cells. 
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1.5: Therapeutic potential 

The ability to efficiently package and deliver therapeutic molecules to target cells and tissues in 

diseased individuals remains starkly elusive. Among the many exacerbations that occur with 

treatment, administered therapeutic cargos often suffer from poor permeability, high toxicity, and 

often evoke dangerous autoimmune responses(Zhang et al., 2014). Although a variety of delivery 

platforms have been explored, they all suffer from significant limitations. For example, 

liposomes, which are the most common and investigated nanocarriers for targeted drug delivery 

have been shown to routinely accumulate in organs like the liver, spleen, and kidney which lead 

to phagocytosis by resident macrophages(Allen & Cullis, 2013). Furthermore, liposomes have 

also been shown to be highly immunogenic and are a known target for opsonization and 

endosomal trapping(Sercombe et al., 2015). Micelles are smaller amphiphilic molecules that 

have shown promise, but have a limited capacity to carry larger bioactive cargos due to their 

smaller size. This significantly limits their ability to carry substantial chemotherapeutic agents to 

tumors1 and also risk premature release of the drug prior to reaching its intended target(Xiong et 

al., 2008). Viruses or “viral like particles” (VLPs) have also been explored as a vehicle for drug 

delivery given their remarkable propensity to efficiently enter into cells and deliver their contents 

intracellularly. However, viruses pose significant health and safety risks as they easily induce 

host immune responses(Zdanowicz & Chroboczek, 2016). Furthermore, the use of protein 

transduction and “exosomes”, which are extracellular vesicles (EVs) derived from mutlivesicular 

bodies (MVBs) within the cytoplasm have garnered interest , yet delivery of bioactive cargos via 

these two routes must first go through the endosomal sorting complex required for transport 
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(ESCRT) which results in endosomal trapping leading to lysosomal degradation(Samuelson et 

al., 2007) of the drug before it even reaches the target. Thus, current drug delivery mechanisms 

suffer from a plethora of significant disadvantages ranging from bioavailability to 

immunogenicity which can have severe health consequences. For this reason, it is imperative to 

develop novel technologies that are able to efficiently carry and delivery therapeutic peptides to 

target cells and tissues. 

Our lab has discovered a novel subset of EVs known as ARRDC1-Mediated Microvesicles 

(ARMMs) that show promise as being a superior vehicle for the delivery of therapeutic 

cargos(Wang et al., 2018). The budding of ARMMs requires arrestin-domain containing protein 

1 (ARRDC1), which is localized to the cytosolic side of the plasma membrane. Interestingly, 

similar to viruses such as HIV and Ebola, ARRDC1 also recruits the ESCRT I complex protein 

TSG101 to the cell surface via its proline rich tetrapeptide motif (PS/TAPP), to initiate and drive 

the budding of the vesicles(Nabhan et al., 2012). ARMMs possess three key features that make 

them ideal vehicles for delivering therapeutic moieties: First, ARRDC1 overexpression alone is 

sufficient to produce ARMMs, allowing for their controlled production. Second, ARMMs can 

efficiently deliver bioactive cargos to recipient cells. Third, the budding mechanism of ARMMs 

closely resembles the budding activity of many envelope viruses suggesting ARMMs may also 

enter cells via membrane fusion, evading the endocytic pathway. These findings combined with 

the relatively small size of ARMMS (~100nm), and their low immunogenicity (as they are 

endogenously produced) suggests the exciting possibility that ARMMs can be harnessed to 

efficiently deliver of therapeutic molecules. 
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1.6 Gap in Knowledge 

EV proteome analysis is part of the growing interest in characterizing EV subsets, origins, and 

functions, elucidating their diverse biological roles. Large-scale proteomics datasets and protein-

interaction networks have established significant relationships between EV proteins, which 

improves the understanding of vesicle biogenesis and their pathophysiological roles. 

My chapters will aim to lay the foundation on decoding the molecular mechanisms that are 

involved in ARMMs biogenesis as well as the diverse physiological and pathological functions 

of ARMMs. I will implore proteomic analysis to elucidate the endogenous protein composition 

of ARMMs, as the endogenous molecular composition of ARMMs still remains mysterious. 

Thus, my primary objective is to characterize the endogenous protein composition of ARMMs as 

this will illuminate potential mechanisms of their physiological function. I will elucidate the 

molecular composition of ARMMs using two independent cell lines, which allow for the 

identification of not only conserved molecular ARMMs enriched components but also the 

elucidation of potential biological/pathophysiological tropic roles for ARMMs. ARMMs possess 

a vast array of DNA/RNA components, lipids , sugars, metabolites, and glycoproteins that may 

potentially identify a role for ARMMs in gene regulation and protein transfer. Thus our findings 

will also shed light on the biodistribution of ARMMS as well as mechanisms of ARMMs 

trafficking and cellular entry via through membrane fusion, receptor mediated entry, or 

endocytosis. Furthermore, these results may also elucidate the utility of ARMMs as a biomarker 

for a m yriad of pathophysiological states ranging from ER stress responses to cancer 
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pathogenesis, providing a comprehensive foundation to characterizing the biological role for 

ARMMs in vivo.  
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yriad of pathophysiological states ranging from ER stress responses to cancer pathogenesis, 

providing a comprehensive foundation to characterizing the biological role for ARMMs in vivo.  
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Chapter 2:  Elucidating the endogenous molecular components of ARMMs 
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2.1 Abstract 

Extracellular vesicles (EVs) are a heterogeneous group of membrane encapsulated structures that 

are secreted by cells comprised of exosomes and microvesicles, which originate from the 

endosomal system or which are shed from the plasma membrane, respectively. EVs are now 

being investigated as unique facilitators of intercellular communication, allowing cells to 

exchange proteins, lipids and genetic material. ARRDC1 Mediated Microvesicles (ARMMs)  

bud exclusively from the plasma membrane and require ARRDC1 for their budding. Although 

ARMMs have been shown to package and deliver diverse bioactive cargos, the endogenous 

molecular composition of ARMMs still remains mysterious. Thus, our aim in this study is to use 

proteomic analysis to characterize the endogenous protein composition of ARMMs as this will 

illuminate potential mechanisms of their physiology. Taken together, we identify >40 ARMMs 

enriched proteins in both Human embryonic kidney 293T (HEK293T) and Michigan Cancer 

Foundation-7 (MCF-7) cells, shedding light on potential evolutionary conserved mechanisms of 

ARMMs trafficking.  

2.2 Introduction 

 Eukaryotic cells release into the extracellular environment diverse types of membrane vesicles 

of endosomal and plasma membrane origin called exosomes and microvesicles, respectively(Van 

Niel et al., 2018).  Exosomes are membrane vesicles with diameters of 40–100 nm that are  

intraluminal vesicles (ILVs) that form by the invagination of the endosomal membrane during 

the maturation of multivesicular endosomes (MVEs), which are intermediates within the 

endosomal system, and secreted upon fusion of MVEs with the cell surface(J. Li et al., 2013). 
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Microvesicles range in size from 50 nm to 1,000 nm in diameter but can be even larger (up to 10 

μm) in the case of oncosomes(van Dongen et al., 2016). They are generated by the outward 

budding and fission of the plasma membrane and the subsequent release of vesicles into the 

extracellular space(Basso & Bonetto, 2016; Taylor et al., 2020) 

Collectively these extracellular vesicles (EVs) (Figure1) represent an important mode of 

intercellular communication by serving as vehicles for transfer between cells of membrane and 

cytosolic proteins, lipids, and RNA(Budnik et al., 2016; Tricarico et al., 2017). 

 

 

 

 

 

 ARRDC1 Mediated Microvesicles (ARMMs) bud exclusively from the plasma membrane and 

require ARRDC1 for their budding. Interestingly, the budding mechanism of ARMMs closely 

resembles the budding activity of many envelope viruses(Kuo & Freed, 2012), suggesting 

ARMMs may also mimic viral cell entry via membrane fusion, evading the endocytic pathway 

(Figure 2).  

Although we have shown that ARMMs can deliver diverse molecular payloads(Wang et al., 

2018; Wang & Lu, 2017), the endogenous molecular composition of ARMMs still remains 

mysterious. Previous studies characterizing the proteomic composition of ARMMs have been 

conducted, but these results were done by ectopic ARRDC1 overexpression in cells, an unnatural  

Figure 1. Summary of primary EV features. EVs are a heterogenous population of membrane 

vesicles from diverse origins, ranging from 50-500nm (they can also be 1-10um), they have been 

characterized according to their origin, size, cargos, and morphology and can broadly be 

categorized as exosomes and microvesicles 
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Figure 2. ARMMS biogenesis. A. ARRDC1 recruits key ESCRT-1 complex protein, 

TSG101 to the plasma membrane to facilitate the shedding of ARMMs. In addition to 

this, VPS4 ATPase is required for the budding of ARMMs. HIV-1 GAG viral budding 

strongly resembles ARMMS budding, recruiting TSG101 via its PTAP motif B. 

ARMMs may contain a myriad of proteins, nucleic acids, and lipids, the molecular 

composition of ARMMs is under investigation. 
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potentially toxic state of the cell. In addition to this, ARMMs were only collected from 

HEK293T cells, thereby limiting the scope and application of ARMMs functionality to only one 

cell type. In this study, we combined our high-throughput mass spectrometry based proteomic 

analyses of extracellular vesicles and bioinformatic Gene ontology mining to reveal >300 

ARMMs enriched proteins in both HEK293T cells and Michigan Cancer Foundation-7 (MCF-7). 

In addition to this, our results reveal >40 common ARMMs enriched proteins in EVs isolated 

from both MCF-7 and HEK293T cells. Furthermore, we were able to identify ESCRT-1 

complex, RNA/DNA binding, and PM proteins that were enriched in ARMMs derived from both 

MCF-7 and HEK293T cells, suggesting a potential evolutionary conserved physiological role for 

ARMMs.    

2.3 Results 

 Identify endogenous HEK293T ARMMs enriched proteins  

Previous proteomic studies showed that ARMMs incorporate many PM receptors and signaling 

molecules, suggesting a role in signal transduction in recipient cells(Wang & Lu, 2017), 

however, these proteins were identified as a result of ARRDC1 overexpression, an unnatural and  

toxic state within the cell(Melentijevic et al., 2017). Thus, in order to shed light on the 

physiological utility and trafficking mechanisms of ARMMs it is imperative that we characterize 

endogenous ARMMs enriched proteins isolated from cells with basal level gene expression. 

In addition to HEK293T cell robustness and propensity for transfection(Thomas & Smart, 2005), 

HEK293T basal level ARRDC1 expression makes it an ideal cell line for the study of 

endogenous ARMMs enriched proteins. In order to identify proteins that were ARMMs enriched, 
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we took advantage of the gene editing platform CRISPR technology to create HEK293T 

ARRDC1 KO cells confirmed the ARRDC1 KO in two independent sgRNA cell lines at the 

protein level (figure 3A).  Subsequently, there was overall reduction in EV concentration in both 

sgRNA cell lines when compared to the scramble control (figure3B), validating previous data 

that showed that there is an overall reduction in EV concentration upon ARRDC1 KO. 

 

 

 

 

 

 

 

 

 

 

Next, we harvested pre-cleared conditioned media from HEK293T control and 

HEK293T/ARRDC1 KO cells. The conditioned media contains an abundance of heterogeneous 

EVs secreted from cells, therefore in order to purify ARMMs, we first pelleted EVs and layered 

A B 
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Fig 3. ARRDC1 KO confirmation HEK293T cells. A. Cell lysates and EVs harvested from 

HEK293Tcells (left to right: scramble, KO cell line 1, KO cell line 2. B. Vesicle 

concentration reduction in ARRDC1 KO cells compared to HEK293T. 
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them on a sucrose gradient, a type of density gradient that adds stringency by separating EV 

particles based on size and density(Witwer et al., 2013). A subsequent ultracentrifugation  

allowed purification of ARMMs from each cell line on the sucrose gradient (0.2M-2M) into 10 

fractions (figure 4A).  Consistent with previous findings, both ARRDC1and tetraspanin CD9, (a 

classical exosome marker, and similar in size to ARRDC1) immunosignal was detected in 

fractions 4,5, and 6 (Figure 4B)(Wang & Lu, 2017). The peak fractions containing ARMMs from 

HEK293T control cells and HEK293T/ARRDC1 KO cells were resolved on sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel (Figure 4C), cut into eight slices, 

and subjected to mass spectrometry (LC-MS/MS). 

 

 

 

 

 

 

 

 

 

 

FIG 4. Schematic procedure used to isolate and characterize endogenous ARMMs enriched protein 

components. EVs were harvested from A. Conditioned pre-cleared medium from control HEK293T and 

HEK293T/ARRDC1 KO cells and were centrifuged. Vesicles were first pelleted, resuspended, and then put onto a 

sucrose gradient for ultracentrifugation. Ten EV fractions were collected. B. Western blotting of fractionated 

samples. Fractions 3,4, and 5 from the sucrose gradient ultracentrifugation were spun down by 

ultracentrifugation. Pellets were then used for anti-ARRDC1 and anti-CD9 western blotting. C. SDS-PAGE of 

proteins from EVs. Vesicles were isolated from control HEK293T or HEK293T/ARRDC1 KO cells using the 

sucrose gradient method. ARMMs fractions were collected and resolved on SDS-PAGE and protein bands were 

visualized by Coomassie blue staining. Eight gel slices from control HEK293T and HEK293T/ARRDC1 KO cells 

were obtained and analyzed using LC-MS/MS mass-spectrometry. 
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We defined “ARMMs enriched” proteins as those proteins with >1.5-fold increase in spectral 

count in ARMMs overproduction cells compared to negative control GFP transfected cells. In 

the basal HEK293T gene expression proteomic analysis we defined ARMMs enriched proteins 

as those proteins with at least 2 peptides and a .5 ion abundance intensity ratio (KO/WT, i.e. 2-

fold reduction), we normalized these values against the total sum of ion counts per sample as this 

is an even more sensitive measure(Milac et al., 2012) to define “ARMMs enriched” proteins. 

Further analysis revealed that of the common ARMMs enriched proteins, ~35% were PM or 

ESCRT-1 complex proteins, supporting the biogenesis of ARMMS at the PM and ARRDC1 

interaction with ESCRT-1 proteins (figure 5). Interestingly, we also found that ~15% of the 

common proteins were exclusive to ARRDC1 as they were not expressed in EVs isolated from 

negative control GFP transfected HEK293T cells or HEK293T/ARRDC1 KO cells (figure 5). 

We identified >20 common ARMMS enriched proteins from ARMMs overproduction cells and 

HEK293T control cells with diverse biological functions in PM signaling, EV trafficking, and 

energy metabolism (table 1). 

 

 

 

 

 

 

 

ARMMs overproduction 

Control 

ARMMs enriched (>1.5 fold) proteins 
Four common ARMMs enriched 

membrane proteins 

Common 

protei

ns Three exclusive ARMMS specific proteins  Four common ARMMs enriched ESCRT-1 proteins 

Figure 5. Common ARMMs enriched proteins shared between ARMMs overproducing 

HEK293T cells and HEK293T control cells. ARMMs overproduction cells overexpress 

ARRDC1 as a result of plasmid transfection resulting in ≥ 2-fold increase in ARMMs production. 

Membrane, ESCRT-1 as well as ARMMs specific proteins are shared between both cell types 
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1  ACLY 
ATP citrate lyase is the primary enzyme responsible for the synthesis of cytosolic acetyl-CoA in many 
tissues 

2  ARF4 
Member of the human ARF gene family whose members are involved in vesicular trafficking and 
Phospholipase D 

3  ARRDC1 adapter recruiting ubiquitin-protein ligase to their specific substrates, ARMMs formation  
4  CCT2 Molecular chaperone that is a member of the chaperonin containing TCP1 complex (CCT) 
5  CD63 Transmembrane 4 superfamily, cell surface protein 
6  EFNB1 A type I membrane protein and a ligand of Eph-related receptor tyrosine kinases.  
7  ILK Protein with a kinase-like domain and four ankyrin-like repeats 
8  IMPDH2 Gene encodes the rate-limiting enzyme in the de novo guanine nucleotide biosynthesis. 
9  LSR Binds chylomicrons, LDL and VLDL in presence of free fatty acids 

10  NRP1 Contain a large N-terminal extracellular domain, made up of complement proteins 

11  PSMC3 26S proteasome is a multicatalytic proteinase complex with a highly ordered structure  
12  PTPRF Member of the protein tyrosine phosphatase (PTP) family.  
13  RAB10 RAB10 belongs to the RAS superfamily of small GTPases 
14  RPS14 Ribosomes, the organelles that catalyze protein synthesis 
15  RRAS2 Ras-like small GTPases. 
16  RSU1 Ras signal transduction pathway 
17  TCP1 Molecular chaperone that is a member of the chaperonin containing TCP1 complex (CCT) 
18  TSG101 Component of the ESCRT-I complex, a regulator of vesicular trafficking process. 
19  TTYH3 Member of the tweety family of proteins 
20  VPS28 ESCRT-I complex, which functions in the transport and sorting of proteins into subcellular vesicles 
21  VPS37B Component of the ESCRT-I complex, a regulator of vesicular trafficking process 
22  VPS37C Component of the ESCRT-I complex, a regulator of vesicular trafficking process 

Protein function 

  

List of 22 Common ARMMs enriched (>1.5 fold) proteins 

Gene symbol 

Table 1. List of shared “ARMMs enriched” proteins from HEK293T ARMMs overproduction 

cells and control HEK293T cells 



 

35 
 

 

 

 

In order to elucidate endogenous ARMMs protein composition and potential physiological roles 

for ARMMs enriched proteins, we conducted enrichgo analysis to elucidate the enriched terms 

that have a significant number of candidate proteins assigned to the term compared to the 

background. This means, the candidate list is enriched or over-represented by the proteins/genes 

in that term. We were able to generate GOterm plots that highlighted the genes that were 

associated with the most statistically significant GOterms, we conducted GOterm analysis on the 

top ARMMs enriched proteins(Supplemental figure 1), in total we identified >100 ARMMs 

enriched proteins derived from HEK293T control cells compared to ARRDC1 KO cells. We 

found that ARMMS are enriched with diverse small molecule binding proteins ranging from 

ATP metabolism binding proteins to nucleic acid binding proteins, the “enriched” (fold-change 

color) statistically significant proteins associated with the significant GOterms from the gene list 

(figure 6A). In addition to this, the GOterms associated with HEK293T ARMMs enriched 

proteins revealed the most significant genes associated with molecular functions involved in 

purine ribonucleotide binding and transcriptional regulation activity (figure 6B, figure 7). 

 Identify endogenous MCF-7 ARMMs enriched proteins  

ARMMs were only collected from HEK293T cells, thereby limiting the scope and application of 

ARMMs functionality to only one cell type, thus, we sought to understand if ARMMS were 

enriched in other cell types in order to illuminate key conserved properties of ARMMs 
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trafficking. We included ARMMS isolated from Michigan Cancer Foundation-7 (MCF-7) cells 

(Lee et al., 2015) in which ARRDC1 basal level gene expression is >50-fold higher in MCF-7  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. GOterm dot plot clustering of the top 100 HEK293T ARMMs enriched 

proteins. GOterm significant terms were able to cluster proteins according to their 

molecular function. 

 



 

37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

cells in comparison to HEK293T ARRDC1 expression (figure 8A, Human protein atlas) 

suggesting a possible trophic mechanism of ARRDC1 in MCF-7 cells. To validate that ARRDC1 

protein expression was higher in MCF-7 cells compared to HEK293T, we compared ARRDC1 

signal in both control HEK293T and MCF-7 whole cell lysates and EVs and observed an 

increase in ARRDC1 signal in MCF-7 cells (figure8B), confirming that ARRDC1 expression is 

higher in MCF-7 cells. 

Fig 7. GOterm dot plot clustering of the top 100 HEK293T ARMMs enriched 

proteins. GOterm significant terms were able to cluster proteins according to their 

association with the most significant molecular function terms, and fold change upon 

ARRDC1 KO. 
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In order to identify endogenous ARMMs enriched proteins in MCF-7 cells, we conducted 

CRISPR mediated KO of ARRDC1 (figure 9) and isolation of ARMMs from MCF-7 control 

cells and EVs from MCF-7/ARRDC1 KO cells for proteomic characterization according to 

previous methods (figure 10).  

The LC- MS/MS data revealed that >200 ARMMs enriched proteins (out of 530 total) were 

detected in EVs isolated from MCF-7 cells (figure 11A). We repeated the GOterm analysis in 

IB: TSG101 

IB: β-ACTIN 

IB: ARRDC1 

Cells 

-50 

IB:CD9 

EVs 

Fig 8. ARRDC1 expression >50-fold higher in MCF-7 cells compared to HEK293T cells. 

A. RNA-seq normalized expression (NX) data show that ARRDC1 is highly expressed in 

MCF-7 cells. B. Western blot confirmation that MCF-7 cells expressed higher levels of 

ARRDC1 in cells and EVs compared to HEK293T cells.  
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MCF-7 cell lines EVs and we were able to elucidate eight BP terms, ten CC terms, 8 MF terms 

(figure 11B). Consistent with ARMMs biogenesis at the plasma membrane and previous  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

Fig 9. ARRDC1 KO confirmation MCF-7 cells. A. Cell lysates and EVs 

harvested from MCF-7 cells (left to right: scramble, KO cell line 1, KO cell 

line 2. B. Vesicle concentration reduction in ARRDC1 KO cells compared to 

MCF-7. 

FIG 10. Schematic procedure used to isolate and characterize endogenous ARMMs enriched protein 

components. EVs were harvested from A. Conditioned pre-cleared medium from control MCF-7 and MCF-

7/ARRDC1 KO cells and were centrifuged. Vesicles were first pelleted, resuspended, and then put onto a sucrose 

gradient for ultracentrifugation. Ten EV fractions were collected. B. Western blotting of fractionated samples. 

Fractions 3,4, and 5 from the sucrose gradient ultracentrifugation were spun down by ultracentrifugation. Pellets 

were then used for anti-ARRDC1 and anti-CD9 western blotting. C. SDS-PAGE of proteins from EVs. Vesicles 

were isolated from control MCF-7 and MCF-7/ARRDC1 KO cells using the sucrose gradient method. ARMMs 

fractions were collected and resolved on SDS-PAGE and protein bands were visualized by Coomassie blue 

staining. Eight gel slices from control MCF-7 and MCF-7/ARRDC1 KO cells were obtained and analyzed using 

LC-MS/MS mass-spectrometry. 
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ARMMs enriched 

           212 
Total MCF-7 proteins 

                530 

A B 

Fig11.GOterm dot plot clustering of the top 100 MCF-7 ARMMs enriched proteins. A. 

ARMMS enriched proteins account for 40% of the total MCF-7 background proteins set.MCF-7 

ARMMs enriched proteins. B.GOterm significant terms were able to cluster proteins according to 

their Biological process, molecular function, and Cellular component C(next page). GOterm 

significant ARMMs enriched proteins were able to cluster according to their enriched biological 

process. 
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work demonstrating ARMMS interaction with ESCRT proteins all of the significant CC terms 

cluster with membrane components or ESCRT complex. In addition to this the top molecular 

functions GOterms contain proteins with transmembrane transport activity (figure 11), further 

solidifying the notion that the majority of ARMMs in vivo trafficking may involve substrate 
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binding and signal transductions as these events occur at the plasma membrane(E. C. Lai, 2004; 

Mackenzie et al., 2016).    

We were able to detect > 300 common proteins  in both MCF-7 and HEK293T cells(  

supplemental fig 2)  and from this list, we were able to identify >40 common ARMMs enriched 

proteins in both MCF-7 and HEK293T cells (figure 12). The intersecting ARMMs enriched 

proteins may illuminate key evolutionary aspects of ARMMs functionality in vivo. Utilizing high 

throughput statistically significant gene ontology analysis we are able to characterize the 

potential functionality of ARMMS enriched proteins. 

ARMMs enriched Endosomal Sorting Complex Required for Transport (ESCRT) proteins 

We hypothesized that our proteomic profiling of ARMMs enriched proteins should result in a 

reduction of TSG101 protein expression in ARRDC1 KO samples from both MCF-7 and 

HEK293T cells. Similar to HIV-Gag recruitment of  ESCRT-1 complex protein TSG101 to the 

PM to facilitate viral budding, ARRDC1 interacts with TSG101 via its proline rich PSAP motif 

to bring TSG101 to the cell surface for ARMMs budding(Nabhan et al., 2012). Our proteomics 

data revealed that the entire ESCRT-1 heterotetramer ( TSG101, VPS37B,VPS37C, 

MVB12A,VPS28) require ARRDC1 for basal level expression (Figure 13A), which is consistent 

with previous results that ARRDC1 is required for the budding of TSG101 into EVs. 

To further confirm this result, we reasoned that upon ARRDC1 KO, TSG101, a classical 

exosome marker, would no longer bud out into EVs given  its dependency upon ARRDC1 to be 

recruited to the cell surface for EV budding, we confirmed this result via western blot (Figure 

13B).  These data suggest a potential evolutionary conserved role for ARRDC1in facilitating the 
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budding of not only ARMMs, but potentially regulating components of classical exosome 

biogenesis.  
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Figure 12. Common ARMMs enriched proteins. Standardized heat map for >40 ARMMs enriched 

proteins were identified in both HEK293T and MCF-7 cell derived EVs. MCF-7 WT samples has the 

highest intensity of ARMMs enriched protein expression.  

    Common ARMMs enriched proteins in EVs isolated from both HEK293T and MCF-7 cells 
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ARMMS enriched RNA/DNA binding proteins 

Our proteomic analysis revealed nine RNA/DNA binding proteins that were highly enriched in 

ARMMs(figure 14), which may illuminate a role for ARMMs in modulating genetic and 

Fig 13. ESCRT-1 complex proteins are ARMMs enriched and TSG101 budding is 

ARRDC1 dependent. A. Heat map gene expression of ARMMs enriched ESCRT proteins. 

Deep red indicates ESCRT-1 proteins that are highly enriched in ARMMS. B. Whole cell 

lysates and EVs were isolated from scramble sgRNA (SCR), and two independent sgRNA 

ARRDC1 KO MCF-7 and ARRDC1 KO HEK293T cells. TSG101 does not bud out in 

ARRDC1 KO cells.  
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epigenetic changes in recipient cells. Specifically, DNA,RNA helicase 

proteins(DDX17,RUVBL1/2,DDX39A,) polyadenylation/splicing factors 

(NUDT21,PABPC1,SFPQ) are highly enriched in ARMMs. EVs have been shown to carry 

nucleic acids as well as other macromolecules(Kowal et al., 2016), thus ARMMs may also have 

roles in gene expression and signaling in neighboring cells.  

 

 

 

 

ARMMS enriched plasma membrane enriched proteins 

The PM is a dynamic cellular structure composed of lipids, phospholipids, carbohydrates, and 

proteins(Grecco et al., 2011) which not only serve as a barrier to the extracellular space but 

contain many signaling molecules and receptors that are fusogenic(Nakase & Futaki, 2015). 

Thus, the identification of ARMMS enriched PM proteins may illuminate aspects of their in vivo 

trafficking and mechanistic entry into recipient cells. Several highly conserved tetraspanin and 

integeral membrane proteins were identified in ARMMs as they are the most abundantly 

expressed. This further supports the notion that ARMMs indeed bud from the plasma membrane  

Fig 14. RNA/DNA binding ARMMs enriched proteins. Standardized heat map displaying diversity of 

ARMMs enriched nucleic acid binding proteins 

ARMMs enriched RNA/DNA binding associated proteins 
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Fig15. ARMMS enriched plasma membrane proteins. GOterm analyses revealed that 

the majority of ARMMS enriched proteins are plasma membrane associated. 

      Common ARMMS enriched membrane proteins 
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as the majority of their molecular components are localized to the membrane. Further 

investigation of these proteins will shed light on their fusogoneic properties, a current gap in 

knowledge in ARMMs physiology. 

Proteomic profiling revealed several PM proteins enriched in ARMMs, specifically tetraspanins 

CD63, TSPAN14, and Prostaglandin F2 Receptor Inhibitor (PTGFRN/CD9P1) were highly 

enriched in ARMMs.   

2.4 Discussion 

Fig16. ARMMS enriched plasma membrane proteins. GOterm analyses revealed 

that the majority of ARMMS enriched proteins are plasma membrane associated. 
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ARMMs are a novel subset of EVs that are capable of delivering a myriad of bioactive cargos to 

recipient cells(Wang et al., 2018). Although the utility of ARMMs as engineered vehicles for the 

transfer of biologically active molecules has been actively investigated, little is known about the 

endogenous molecular composition of ARMMs. In this study, we utilized high-throughput  

bioinformatic gene ontology enrichment analysis to characterize the proteome of EVs harvested 

from control and ARRDC1 KO MCF-7 and HEK293T cells to elucidate the endogenous protein 

composition of ARMMs. From a total of 528 MCF-7 proteins and 368 HEK293T proteins, 317 

unique proteins were identified in both MCF-7 and HEK293T EVs, we were able to identify >40 

common ARMMs enriched proteins in both MCF-7 and HEK293T cell derived EVs.  

Elucidating the endogenous molecular composition of ARMMS will illuminate key aspects of 

ARMMS trafficking in vivo, allowing us to begin characterizing a physiological role for 

ARMMS that may lead to defining its utility as therapeutic vehicle for potential vaccine and drug 

delivery. 

In order to further characterize the functional relevance of ARMMS enriched proteins, we also 

utilized q-value statistics which adjusts for the false discovery rate of proteins. q-value is a  

widely used statistical method for estimating false discovery rate (FDR), which is a conventional 

significance measure in the analysis of genome-wide expression data(Y. Lai, 2017).  

We were able to combine these statistical approaches with Gene ontology (GO) annotations to 

develop a comprehensive, computational model of the potential biological implications and 

molecular functions of ARMMS enriched proteins.The Gene Ontology (GO) describes our 

knowledge of the biological domain with respect to three aspects: Biological process (BP), 

Molecular function (MF), Cellular component(CC). 
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Top 100 MCF-7 Gene ontology (GO) terms 

Membrane proteins such as ITGB1/ITGA2/NCKAP1/MYO1B/TTYH3/NCAM2/GNAS have 

roles in signal transduction, TTHY3 functions as a member of this family function as chloride 

anion channels.  

The encoded protein functions as a calcium (2+)-activated large conductance chloride (-) 

channel(Patton et al., 2005). There are eight significant biological processes in the top 100 MCF-

7 proteins that cluster around symbiotic processes (F11R,ITGA2, SERINC5,CDH1, ITGB1), 

under this parent term there is also viral interactions that these proteins have a regulatory role in. 

In addition to this, there were host interacting proteins (CHMP3, NECTIN2,WWP2,SLC25A6) 

that were ARMMS enriched derived from MCF-7 cells. The most significant GOterm in EVs 

derived from MCF-7 cells was “Symbiotic processes”, interestingly EVs have shown to mediate  

host defenses and reduce transmission of HIV-1(Ñahui Palomino et al., 2019), interestingly 

F11R, a junctional adhesion molecule has role in host-viral interactions and the highest 

significance fold change int terms of its role in the viral host interactions(Babinska & Kornecki 

Ehrlich, n.d.). 
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Top 100 EVs from HEK293T 

The most significant genes associated with GOterms mined from EVs isolated from HEK293T 

cells, displayed ARMMs enriched proteins that have roles in binding a diversity of substrates. 

Interestingly, the molecular function GOterm is the only term that passed the q-value test and 

these terms implicated proteins that specialized in organic compound, small molecule, and 

nucleic acid binding. 

 

 

 

 

A 

Fig17. GOterm biological process clustering of the most significant MCF-7 

ARMMs enriched proteins. GOterm significant terms were able to cluster proteins 

according to their Biological process in node plot showing association by distance  
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CCT2 is a component of the chaperonin-containing T-complex (TRiC), a molecular chaperone 

complex that assists the folding of proteins upon ATP hydrolysis(Zhuravleva & Radford, 2014), 

furthermore these proteins also modulate Telomerase activity(Freund et al., 2014). Most of the 

proteins are involved in purine/ribonucleotide binding indicating a potential role for ARMMs in 

purine and ATP metabolism(Taylor et al., 2020).

The ARMMS enriched proteins unique to HEK293T cells possess a diversity of important 

transcriptional regulators. For example, Heterogeneous nuclear ribonucleoprotein K (HRNPK) is 

one of the major pre-mRNA-binding proteins that play an important role in p53/TP53 response 

Fig18. GOterm dot plot clustering of the top significant HEK293T ARMMs enriched 

proteins. GOterm significant terms were able to cluster proteins according to their 

molecular function, and fold change upon ARRDC1 KO. Proteins shown are specifically 

classified according to molecular 
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to DNA damage, acting at the level of both transcription activation and repression(He et al., 

2015). It has additional roles in mRNA splicing, via spliceosomes(Stains et al., 2005), positive 

regulation of receptor-mediated endocytosis and  signal transduction(H. Li & Liu, 2010). The 

myriad of substrate binding affinities in ARMMs enriched proteins derived from HEK293T cells 

suggests that ARMMs may be versatile gene regulators in vivo. 

Thus, the differences in cell specific ARMMs enriched proteins may reveal conserved trophic 

mechanisms of ARMMs bioactivity. For example, ARRDC1 expression is highest in MCF-7 

cells (Human protein Atlas), thus ARMMs may have a role in the genetic transfer of material in 

mammary gland tissue from parent to child. In HEK293T cells, ARMMs may function more as a 

gene regulator, ARMMs derived from these cells may be more efficient modulators of drug and 

host cell interaction as the proteins are have high affinity for small molecule binding. 

MCF-7 and HEK293T cells share >40 common ARMMs enriched proteins 

Although revealing trophic mechanisms of ARMMs functionality in vivo is very useful for 

therapeutic design and elucidating nuances of ARMMs physiological activity, identifying 

common ARMMs enriched proteins will allow for a clearer understanding of evolutionary 

conserved modes of ARMMs bioactivity. Characterizing conserved molecular components of 

ARMMs takes full advantage of the diversity of potential applications of ARMMs in terms of 

therapeutic delivery and molecular cargo composition. In our study, we identify >40 common 

ARMMs enriched proteins found in both HEK293T and MCF-7 cells that have a very diverse set 

of biological applications from ESCRT proteins, EV trafficking, nucleic acid binding, and 

plasma membrane enriched proteins. Since these are common ARMMs enriched proteins, we 

decided to maintain an unbiased approach and not include fold change information since EVs 

were harvested from both MCF-7 and HEK293T cells. 
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ARMMS enriched ESCRT proteins 

We revealed the entire ESCRT-1 complex (TSG101, VPS37B, VPS37C, MVB12A,VPS28) to 

be ARMMs enriched confirming the previous finding that ARRDC1 recruits TSG101 to the cell 

surface(Nabhan et al., 2012) and that additional components of the ESCRT-1 tetramer may be 

involved in ARMMS biogenesis. The parallels between budding events driven by ARRDC1 and 

retroviral Gag proteins are striking in several respects: PM location, requirement for ESCRT 

machinery and Vps4, and involvement of Nedd4 family ubiquitin ligases(Kuo & Freed, 2012). 

Supporting this idea is that ESCRT-1 proteins have been shown to have roles in virion assembly, 

Interestingly, GOterm analysis also revealed that ESCRT overlapped with several proteins that 

regulate RNA processing. 

 

 

 

 

 

 

 

 

 

 

Fig19. Cnet gene plot linking common ESCRT proteins. Gene linkage to ESCRT-1 

protein associated molecular functions 
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2.4: ARMMS enriched DNA/RNA binding proteins 

Furthermore, proteome profiling revealed many ARMMs enriched RNA/DNA binding proteins 

such as RUVBL1, RUVBL2, DDX39A, ribosomal protein RPS14 and proteins involved in 

purine metabolism such as Purine nucleoside phosphorylase (PNP) were also enriched in 

ARMMs. EVs have been shown to carry nucleic acids as well as other macromolecules(Kowal et 

al., 2016), thus ARMMs may also have roles in gene expression and signaling in neighboring 

cells.  

PABPC1 is usually diffused within the cytoplasm and concentrated at sites of high mRNA 

concentration such as stress granules, processing bodies, and locations of high translational 

activity. PABPC1 is also associated with nonsense-mediated mRNA decay (NMD). PABPC1 

binds to the poly(A) tail and interact with eIF4G, which stabilizes the circularization of mRNAs. 

This structure is required for the prevention of mRNA degradation via NMD(Su et al., 2020). 
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Many viruses shutoff host mRNA translational machinery by inhibiting cellular PABPC1 

activity using different mechanisms(Uren et al., 2015) 

ARMMs are enriched with proteins that bind and modulate the activity of nucleic acids. EVs 

have been proposed to functionally transfer specific sets of RNAs from parent cells to recipient 

cells under physiological and pathological conditions(van der Grein & Nolte-’t Hoen, 2014). 

RNA in exosomes is protected from RNAse degradation and is stable under various temperature 

and pH conditions (Mittelbrunn et al., 2011; Zhou et al., 2018). Interestingly, we have not found  

 

 

Fig 20. RNA/DNA cluster node functional plot showing relationship linkage of 

RNA/DNA binding proteins with significant terms GOterms 
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RNAs in ARMMs however, the abundance of RNA/DNA binding protein cargos may suggest a 

functional delivery of regulatory proteins to neighboring cells and modulating their genetic 

profile.. 

ARMMS enriched membrane proteins may reveal conserved aspects of recipient cell 

uptake and immune system modulating recognition 

The biogenesis of ARMMs has been extensively characterized, yet ARMMs trafficking and 

recipient cell uptake remains a mystery. Thus, given the anatomical and trafficking of EVs, 

identifying membrane components can illuminate key aspects of the physiological role of 

ARMMs as a vehicle for the transfer of molecular messages to neighboring cells and their 

fusogenic properties. 

The identification of ARMMS enriched PM proteins may illuminate aspects of their in vivo 

trafficking and mechanistic entry into recipient cells. Proteomic profiling revealed several PM 

proteins enriched in ARMMs. Many reports have identified interactions between tetraspanins 

and signaling molecules, finding unique downstream cellular consequences(Engelmann et al., 

2005). Thus, ARMMs may incorporate these evolutionarily conserved membrane receptor 

proteins to induce signaling in neighboring cells 

Although we have been able to elucidate components involved in ARMMs biogenesis, very little 

is known about the mechanisms of ARMMs entry into recipient cells. A logical step to answer 

this question is to test the fusogenic properties of ARMMs enriched membrane proteins to 

facilitate entry into recipient cells. Our protein list highlighted membrane proteins such as 

TSPAN 14 which regulates transmembrane metalloprotease ADAM10 trafficking(Kummer et 

al., 2020) and Lipolysis-stimulated lipoprotein receptor (LSR) which bind chylomicrons and 
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facilitates their cellular uptake(Kohno et al., 2019). Cell adhesion receptors such as Angiomotin 

were also enriched in ARMMs. Further investigation into the role of ARMMS enriched 

membrane receptors is necessary to characterize their biological role in ARMMS recipient cell 

entry. 

Finally, additional experimental approaches can be taken to further purify ARMMs enriched 

proteins in combination with proteomic studies. Co-Immunoprecipitation (Co-IP) studies can be 

combined with proteomic analysis to elucidate physiologically relevant ARRDC1 protein–

protein interactions. These protein complexes can then be analyzed to identify new binding 

partners, binding affinities, the kinetics of binding and the function of the protein complexes.  

Taken together, these results will illuminate essential properties of ARMMs trafficking in vivo, 

allowing for the further development of ARMMs into a therapeutic delivery vehicle for 

biological therapeutics. 

Fig 21. ARMMS enriched membrane associated proteins clustering. Showing relationship linkage 

of ARMMS enriched membrane proteins with significant GOterms 
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ARMMs are enriched in >40 predicted GOterm membrane proteins with diverse roles in 

signaling, substrate binding, cellular communication, and catalytic activity. Interestingly, 

ARMMS are enriched in several immune like receptor proteins that posse immunoglobulin- Like  

 

 

(IG) domains that specialize in immune cell antigen recognition and immune cellular response 

priming. Heat Shock Protein Family D (Hsp60) Member 1) (HSPD1) has an essential role in 

leuckocyte activation within the innate immune system as a molecular chaperone with mutations 

in this disease leading to severe autoimmune diseases such as leukodystrophy(Subra et al., 2010). 

The diversity of signaling molecules on the surface of ARMMs opens an active area of 

investigation of the role of EVs in immune cell modulation. 

 

Taken together, ARMMs posses a diverse set of signaling/ adhesion molecules that suggest the 

fusogenic and immune modulating capacity of ARMMs, this study is the first step in 

characterizing the full potential of ARMMs as a novel biological tool that can be harnessed for 

therapeutic application. Elucidating the endogenous membrane components of ARMMs 

illuminates important aspects of ARMMs trafficking in vivo 

2.5 Methods 

Cell culture. MCF-7 and HEK293T cells were obtained from the American Type Culture 

Collection (ATCC), maintained and cultured according to previously defined standards(Baust et 

al., 2017) cell lines were  supplemented with 10% fetal bovine serum (FBS) (Gibco) and 100 

μg/ml PenStrep (Gibco).. Cell cultures are routinely checked for mycoplasma contamination. In 
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experiments where ARMMs were to be collected, FBS was pre-cleared of EVs by 

ultracentrifugation (at 188,000×g for 4 h). 

ARMMs Isolation and Purification. Pre-cleared conditioned medium (EV free) was collected 

and pre-cleared of cellular debris by two consecutive centrifugations (2000×g for 10 min and 

10,000×g for 30 min). The medium was then passed through a 0.2- μm filter (Sarstedt) and 

subjected to ultracentrifugation using the SW41 Ti rotor in an OPTIMA XE-90 ultracentrifuge 

(Beckman) at 35K RPM for 90 min.  EVs were pelleted, kept on ice, and the supernatant was 

aspirated. Pellets were washed twice, re-suspended in phosphate-buffered saline (PBS) and re-

loaded onto a sucrose gradient of 10 different sucrose concentrations from top to bottom (0.2–2 

M) and centrifuged at 39K RPM for 18 h. After ultracentrifugation, fractions were then carefully 

collected at 1 ml each from the bottom of the tube by puncturing the bottom of each tube. All 

fractionated samples were diluted with PBS and subjected to centrifugation at 35K RPM for 90 

min to pellet the vesicles. 

Nanoparticle tracking analysis. EVs or ARMMs were analyzed and quantitated by the 

NanoSight LM10 instrument with the Nanoparticle Tracking Analysis (NTA) software 

(Malvern). Samples containing vesicles were diluted with PBS and recorded for 60 s with 5 

repeats. Videos were analyzed by the NTA software to obtain an average of the five repeats for 

each sample. 

Antibodies, Immunoblotting procedure. Cell lysates were harvested using cell scrapers with a 

low-density polyethylene blade and subsequently lysed in NP-40 lysis buffer (0.5% NP-40, 50 

mM Tris-HCl, and 150 mM NaCl) supplemented with a protease inhibitor mixture (Roche). 

Lysates or vesicles resuspended in lithium dodecyl sulfate sampling buffer (Novex) were 

resolved on a 4–12% NuPAGE gel (Novex) and transferred onto a PVDF membrane (Bio-Rad).  
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Blots were probed with primary antibodies inTris-buffered saline containing 0.1% Tween 20 and 

5% Nonfat milk, followed by HRP-conjugated anti-rabbit antibody (Cell Signaling, 7074S, at 

1:3000 dilution) or anti-mouse antibodies (Cell Signaling, 7076S, at 1:3000 dilution). Primary 

antibodies used include anti-ARRDC1 rabbit polyclonal antibody (in house,1:2000), mouse 

monoclonal CD9 antibody (Santa Cruz, catalogue #sc-13118, at 1:1000 dilution), ; anti-β-actin 

mouse (Santa Cruz catalogue #sc -47778, 1:5000),  anti-TSG101 mouse (Genetex # Cat No. 

GTX70255) 

Lentiviral plasmid transfer CRISPR knockout of ARRDC1.  

The lentiCRISPRv2 one vector system was used to KO ARRDC1 in both MCF-7 and HEK293T 

cells. This plasmid contains two expression cassettes, hSpCas9 and the chimeric guide RNA. The 

vector can be digested using BsmBI, and a pair of annealed oligos can be cloned into the single 

guide RNA scaffold. Two CRISPR constructs were designed to target exon 1 (guide sequence: 

GCACCGCTGCCGTTCCGAGG) and exon 6 (guide sequence: 

CGACGTACGGACCATTGCGG) of the human ARRDC1 gene. Lentiviral production and 

purification occurred as followed as : Transfer plasmid (250ng/ul)(Addgene) ,pCMV-VSVG 

(100ng/ul(Addgene)), psPAX2 (100ng/ul) (Addgene) , P3000 reagent(thermofisher),  

optiMEM(thermofisher). Transfection reagent Added into cells and removed after 6 hours, media 

was. After 60 hours, the media was harvested and centrifuged at 3,000rpm at 4oC for 10min to 

pellet cell debris. The supernatant was filtered through a 0.45um low protein binding then added 

to cells. Entire cell batches underwent puromycin selection and were stored in -80 freezer. 

 

Protein sequence analysis by LC-MS/MS.  
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LC-MS/MS and peptide analysis were done by the Taplin Biological Mass Spectrometry Facility 

at the Harvard Medical School. Briefly, SDS-PAGE gels were incubated and stained with 

Coomassie blue and  were cut into approximately 1 mm pieces, and digested with trypsin. 

Peptides were extracted and reconstituted in 5–10 µl of HPLC solvent A (2.5% acetonitrile, 0.1% 

formic acid). A nano-scale reverse-phase HPLC capillary column was created by packing 2.6 µm 

C18 spherical silica beads into a fused silica capillary (100 µm inner diameter × ~30 cm length). 

After equilibrating the column each sample was loaded via a Famos auto sampler (LC Packings, 

San Francisco, CA) onto the column. A gradient was formed and peptides were eluted with 

increasing concentrations of solvent B (97.5% acetonitrile, 0.1% formic acid). As peptides eluted 

they were subjected to electrospray ionization and then entered into an LTQ Orbitrap Velos Pro 

ion-trap mass spectrometer (Thermo Fisher Scientific). Fragment of peptides were generated by 

detection, isolation and produced tandem mass spectrum of specific fragment ions for each 

peptide. Peptide sequences (and hence protein identity) were determined by matching protein 

databases with the acquired fragmentation pattern by the software program, Sequest (Thermo 

Fisher Scientific). All databases include a reversed version of all the sequences and the data were 

filtered to between a 1 and 2% peptide false discovery rate. 

Statistical test 

In MCF7 and HEK293T cells, a t-test comparing the average concentration levels between wild 

type cells  and those with ARRDC1 knock out was performed. Among MCF7 cells of size 50-

100 nm, we conclude that the average vesicle concentration among ARRDC1 knock out cells is 

significantly lower than wild type cells at the 5% significance level (p < 0.001). 
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Gene ontology assays 

One of the most widely-used categorizations is the Gene Ontology consortium established by the 

Gene Ontology project. The Gene Ontology project is a collaborative effort to address the need 

for consistent descriptions of gene products across databases” 

[http://geneontology.org/docs/introduction-to-go-resource/]. The Gene Ontology Consortium 

(http://geneontology.org/docs/annotation-contributors/) maintains the GO terms, and these GO 

terms are incorporated into gene annotations in many of the popular repositories for animal, 

plant, and microbial genomes. 

Tools that investigate enrichment of biological functions or interactions often use the Gene 

Ontology (GO) categorizations, i.e. the GO terms to determine whether any have significantly 

modified representation in a given list of genes.  
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Chapter 3: ARMMs biogenesis regulated by CD9 binding partner, Prostaglandin F2 

receptor inhibitor (PTGFRN) 
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Abstract 

ARRDC1 mediated microvesicles (ARMMs) are a special subset of extracellular vesicles (EVs) 

that bud exclusively from the plasma membrane, however characterizing the molecular 

composition and physiological role of ARMMs still remains elusive. Our recent proteomic 

characterization of ARMMs isolated from both HEK293T and MCF-7 cells revealed >40  

common  “ARMMs enriched” proteins required for biological processes involved in endosomal 

sorting complexes required for transport (ESCRT), nucleic acid homeostasis, and membrane 

protein bioactivity. Interestingly, our proteomic analysis reveals that potential exosome marker 

and CD-9 binding partner, transmembrane protein Prostaglandin F2 receptor inhibitor 

(PTGFRN/CD9P-1), is highly enriched in ARMMs, suggesting that PTGFRN may be a novel 

ARMMs marker. In this study, we aim to characterize a role for PTGFRN in ARMMs 

functionality, our results suggest that PTGFRN budding is ARRDC1 dependent in MCF-7 cells 

and that PTGFRN may negatively regulate ARMMs budding, suggesting a cooperative feedback 



 

72 
 

mechanism. In conclusion, we propose a model that PTGFRN may regulate ARMMs biogenesis 

via downstream G-protein mediated intracellular calcium signaling influx. 

Introduction 

ARRDC1 Mediated Microvesicles (ARMMs) are a novel type of extracellular vesicle (EV) that 

mimic retroviral budding from the plasma membrane(Nabhan et al., 2012) (figure 1) and can 

efficiently package and deliver bioactive signaling  proteins, RNAs, and the CRISPR/Cas-9 

genome editing complex (Wang et al., 2018; Wang & Lu, 2017). Although, this suggests the 

exciting possibility that ARMMs may be a unique vehicle for therapeutic drug delivery, the 
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endogenous molecular composition of ARMMs still remains mysterious. Thus, identifying the 

endogenous protein composition of ARMMs may illuminate key properties of ARMMs  

 

 

  

Figure 1. ARMMS budding. A. ARRDC1 recruits key ESCRT-1 complex protein, TSG101 to the 

plasma membrane to facilitate the shedding of ARMMs. In addition to this, VPS4 ATPase is required for 

the budding of ARMMs. HIV-1 GAG viral budding strongly resembles ARMMS budding, recruiting 

TSG101 via its PTAP motif B. ARMMs may contain a myriad of proteins, nucleic acids, and lipids, the 

molecular composition of ARMMs is under investigation. 
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 trafficking in vivo. In a previous study, we conducted high- throughput proteomic and GOterm 

analysis on EVs isolated from Human embryonic kidney 293T (HEK293T) and Michigan Cancer 

Foundation-7 (MCF-7)  control and ARRDC1 KO cells and identified >40 common “ARMMs 

enriched” proteins with roles in a variety of biological processes, including proteins exclusively 

expressed in the plasma membrane involved in canonical signaling pathways. We identified CD-

9 binding partner and transmembrane protein Prostaglandin F2 receptor inhibitor 

(PTGFRN/CD9P-1), as a highly enriched protein in ARMMs derived from both HEK293T and 

MCF-7 cells.  

PTGFRN and ARMMs biogenesis 

Recently, we have identified the endogenous molecular components of ARMMs, an important 

step in characterizing their trafficking and functionality in vivo. Interestingly, our proteomics 

analysis revealed that PTGFRN is highly enriched in ARMMs, in fact, upon ARRDC1 KO 

PTGFRN is nearly ablated in vitro in both HEK293T and MCF-7 cells and ex vivo in bone 

marrow derived macrophages (BMDMs) isolated from mice.  

In this study, our aim was to characterize the functional relationship between PTGFRN and 

ARMMS biogenesis. Our preliminary results show that upon PTGFRN overexpression, EV 

concentration increases and ARRDC1 is not detected in EVs, suggesting that PTGFRN may 

have a regulatory role during ARMMS biogenesis. In addition to this, PTGFRN does not bud out 

in MCF-7 ARRDC1 KO cells, suggesting a potential trophic cooperative feedback loop 

mechanism of ARRDC1 regulation of PTGFRN bioactivity. These preliminary findings shed 

light on potentially novel aspects of ARMMS biogenesis and ARRDC1 regulation of EV 

budding, a significant step in characterizing ARMMs trafficking and functionality in vivo. 
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Results 

PTGFRN is enriched in ARMMs and requires ARRDC1 for budding  

In order to identify proteins that were ARMMs enriched, we conducted proteomic analysis on 

EVs harvested from both MCF-7/HEK293T control and ARRDC1 KO cell lines (Chapter 2).  

We defined ARMMs enriched proteins as those proteins with at least 2 peptides and a .5 ion 

abundance intensity ratio (KO/WT, i.e. ≥2-fold reduction), we normalized these values against 

the total sum of ion counts per sample as this is an even more sensitive measure(Milac et al., 

2012) to define “ARMMs enriched” proteins. ARRDC1 KO results in >60-fold reduction in 

PTGFRN protein in EVs, allowing us to define PTGRN as a protein highly enriched in ARMMs. 

Since PTGFRN is ARMMs enriched a next logical step was to determine if PTGFRN binding 

partners were also ARMMs enriched, indeed, in addition to PTGFRN being enriched in 

ARMMs, its binding partner and classical exosome marker CD9 are also ARMMs enriched in 

MCF-7 cells (figure 2). Furthermore, CD63, an additional PTGFRN/CD9 binding 

partner(Charrin et al., 2001) are also ARMMs enriched (Chapter 2), further validating our 

proteomics results with previously published literature. 

 

 

 

 

 

 

MCF-7 WT MCF-7 ARRDC1 KO 

Figure 2.  PTGFRN and its binding partner CD9 are “ARMMS enriched” 
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The next step in our investigation was to characterize the functional relationship between 

PTGFRN and ARMMs. First, we wanted to determine if PTGFRN is able to bud out into EVs. A 

challenge to answering this question was the unavailability of any commercial antibodies to 

detect endogenous PTGFRN expression, we circumvented this obstacle by created a c-terminal 

Flag-tagged PTGFRN construct for DNA transfection into both MCF-7 and HEK293T WT cells. 

PTGFRN over expression in MCF-7 WT cells resulted in robust PTGFRN expression in EVs 

(figure 3A) confirming that PTGFRN does not remain embedded in the plasma membrane, but 

that it buds out into EVs and may potentially have a role in ARMMs trafficking. 

Next, we wanted to understand if PTGFRN budding is ARRDC1 dependent. To accomplish this, 

we repeated transfections of PTGFRN in MCF-7 and HEK293T ARRDC1 KO cells and 

observed that PTGFRN still buds out into EVs in HEK293T ARRDC1 KO cellS, however, 

PTGFRN signal is completely undetected in EVs isolated from MCF-7 ARRDC1 KO cells 
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Fig 3. PTGFRN budding is ARRDC1 dependent in MCF-7 cells. A. MCF-7 WT cells were 

transfected with control PEF6 vector and Flag tagged PTGFRN. PTGFRN is expressed in 

whole cell lysates and buds out into EVs. B. PTGFRN does not bud out into EVs in ARRDC1 

KO cells 
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(figure 3B), further validating our proteomics data and supporting the notion that ARRDC1 may 

positively regulate PTGFRN budding. 

PTGFRN overexpression attenuates ARMMs budding in MCF-7 cells 

Since it was confirmed that PTGFRN budding is ARRDC1 dependent, we next investigated the 

role PTGRN may have in ARMMs biogenesis. We took advantage of the gene editing CRISPR 

technology platform to create PTGFRN KO cells, since there is no available commercial 

antibody to detect endogenous PTGFRN, we utilized the T7 endonuclease 1 (T7E1) mismatch 

detection assay to detect on-target CRISPR/Cas9 mutation inducing in the coding region of 

PTGFRN exon(Cho et al., 2013). Primers were designed to flank the targeting sgRNA coding 

exon region of PTGFRN from both MCF-7 scramble cell lysates and PTGFRN sgRNA 

transfected MCF-7 cells. T7E1will recognize and cleave CRISPR-Cas9 induced DNA base pair 

mismatches, these cleavage products were ran and visualized on an agarose gel, confirming 

PTGFRN sgRNA KO (figure 4A). We conducted western blot analysis on EVs isolated from 

scramble and PTGFRN KO cells and observed that ARMMs budding is unaffected by PTGFRN 

KO (figure 4B). However, ARRDC1 signal was not detected in EVs isolated from PTGFRN 

transfected MCF-7 WT cells, suggesting that PTGFRN overexpression negatively regulates 

ARMMs budding in MCF-7 cells (figure 5 )  
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Figure 4. PTGFRN KO does not affect ARMMs budding. A. Cleavage products of T7E1 treated scramble and 

PTGFRN KO cell lysates. B. Western blot analysis of EVs harvested from scramble and PTGFRN KO cells. 
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 In HEK293T cells, PTGFRN overexpression has no effect on ARMMs budding. 

Discussion 

Our high throughput proteomics results showed that CD9 binding partner, PTGFRN, is nearly 

ablated upon ARRDC1 KO, suggesting that PTGFRN may be a novel ARMMs marker. Thus our 

aim here was to follow up on our proteomic analysis and begin investigating the functional 

relationship between PTGFRN and ARMMs trafficking. Here we show preliminary results 

suggesting that PTGFRN budding is ARRDC1 dependent in MCF-7 cells and that PTGFRN 

overexpression attenuates ARMMs biogenesis. Interestingly, PTGFRN has been shown to 

mediate the effects of human perivascular stem cell derived EVs (PSC-EVs) in inducing  

mitogenic, pro-migratory, and pro-osteogenic effects on osteoprogenitor cells(Xu et al., 2019). 

The requirement for PTGFRN mediated recipient cell signaling may illuminate key properties of 
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Fig 5. PTGFRN overexpression inhibits ARMMs budding in MCF-7 WT cells. In MCF-7 WT cells, PTGFRN 

overexpression results in ARMMS budding inhibition. 
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ARMMs trafficking and illuminate mechanistic insights into how ARMMs enter into recipient 

cells as PTGFRN is highly enriched in ARMMs. 

PTGFRN is transmembrane molecule with glycosylated, extracellular immunoglobulin loops and 

a short, highly charged intracellular domain(David J. Orlicky et al., 1996; Stipp, Kolesnikova, et 

al., 2001). This type of structure is seen in many of the peptide hormone receptors and in cell 

adhesion molecules(Barclay, 2003).  

PTGFRN forms a strong complex with tetraspanin CD9(Sala-Valdés et al., 2006), an integral 

membrane protein characterized by the presence of four transmembrane domains(Chambrion & 

le Naour, 2010). CD9, the most studied tetraspanin(Kowal et al., 2016), is known to function in 

multiple cell events, including membrane fusion(André et al., 2007),  and seems to have a key 

role in metastasis(Guilmain et al., 2011).  

 

 

 

 

 

 

 

 

 Figure 6. The biosynthetic pathway of eicosanoid PGF2α 
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CD9 is also a well-established exosome marker(Andreu & Yáñez-Mó, 2014), and recently, its 

binding partner, PTGFRN has been shown to bud out into exosomes(Abache et al., 2007) 

PTGFRN inhibits the binding of the eicosanoid ligand PGF2α to its G- protein coupled F 

prostanoid receptor ( FP)(Zhang et al., 2010). 

PGF2α is synthesized by the enzymatic oxidation of arachidonic acid (figure 7), a 

polyunsaturated fatty acid present in the phospholipid membrane(Ricciotti et al., 2011). PGF2α, 

derived mainly from COX-1 in the female reproductive system, plays an important role in 

ovulation, luteolysis, contraction of uterine smooth muscle and initiation of parturition 

((Korbecki et al., 2014; Kuwano et al., 2004)). Recent studies have shown that PGF2α also plays 

a significant role in renal function(K. Lee et al., 2020), contraction of arteries(Ricciotti et al., 

2011), bronchial contraction, myocardial dysfunction, brain injury and pain(Jaén et al., 2018; 

Zhang et al., 2010).  

ARRDC1 Mediated Microvesicles (ARMMs) are a novel type of extracellular vesicle (EV) that 

mimic retroviral budding from the plasma membrane(Nabhan et al., 2012)  and can efficiently 

package and deliver bioactive signaling  proteins, RNAs, and the CRISPR/Cas-9 genome editing 

complex (Wang et al., 2018; Wang & Lu, 2017). Recently, we have identified the endogenous 

molecular components of ARMMs, an important step in characterizing their trafficking and 

functionality in vivo. Interestingly, our proteomic analysis reveals that potential exosome marker 

and CD-9 binding partner, transmembrane protein Prostaglandin F2 receptor inhibitor 

(PTGFRN/CD9P-1), is highly enriched in ARMMs, suggesting that PTGFRN may be a novel 

ARMMs marker. Our results suggest that PTGFRN budding is ARRDC1 dependent in MCF-7 

cells and that PTGFRN may negatively regulate ARMMs budding, suggesting a cooperative 
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feedback mechanism. In this chapter we will conjecture and discuss potential physiological roles 

for ARMMs. 

PTGFRN/CD9P-1 Fusogenic Properties may facilitate ARMMs recipient cell uptake. 

Although much is known about biogenesis of ARMMs, how ARMMs enter neighboring cells 

remains mysterious. Thus, the molecular structure and fusogenic properties PTGFRN/CD9P-1, 

combined with its probable localization on the surface of ARMMs show great promise as being 

key mechanistic facilitators of ARMMs entry into recipient cells. CD9 and CD81 are virtually 

identical(Charrin et al., 2014) and fusogenic, involved in spermatozoa and phagocyte 

fusion(Engelmann et al., 2005), furthermore, knockout of mouse CD9 caused reduced 

fertilization due to impaired sperm-egg fusion(Stipp, Orlicky, et al., 2001). CD9 also mediates 

lateral association of MHC class II molecules and facilitates the association of heterologous 

MHC II molecules on the dendritic cell surface(Chambrion & le Naour, 2010). One of the most 

prominent proteins within CD81 and CD9 complexes is PTGFRN/CD9P-1, a 133-kDa 

prostaglandin F2a receptor regulatory protein.  In contrast to other CD81- and CD9- associating 

proteins, PTGFRN associates at very high stoichiometry, with essentially 100% of cell-surface 

PTGFRN being CD81- and CD9-associated(Orlicky & Nordeen, 1996). 

PTGFRN is a single pass type I transmembrane glycoprotein that belongs to the EWI subfamily 

(Glu-Trp-Ile)-motif of the Immunoglobulin superfamily (IgSF)(Sala-Valdés et al., 2006). It 

contains a 26 AA short cytoplasmic tail 807-aa extracellular domain (ECD) with 6 Ig-like C2-

type domains, which are domains that are found primarily in the mammalian T-cell surface 

antigens CD2 (Cluster of Differentiation 2)(Yang et al., 2005), CD4 and CD80(Engelmann et al., 

2005), as well as in vascular (VCAM) and intercellular (ICAM) cell adhesion molecules(Smith 
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& Xue, 1997). The structure of PTGRN is seen in many of the peptide hormone receptors and in 

cell adhesion molecules. 

ARMMs IgSF mediated cellular recognition and uptake. The IgSF superfamily is composed of 

highly conserved surface antigen receptors, co-receptors of the immune system, cell adhesion 

molecules,  and molecules involved in antigen presentation to lymphocytes(Barclay, 2003). Most 

of the IgSF members play roles in the immune system.  

Previous work has demonstrated that PTGFRN is a core component of a novel Ig 

subfamily(Stipp, Kolesnikova, et al., 2001), forming a highly stoichiometric complex with 

IGSF3, and IGSF8 all of which are highly enriched in ARMMs. Each member of this unique Ig 

family contains a Glu-Trp-Ile (EWI) motif not seen in other Ig proteins, complexes with 

CD9(Stipp, Orlicky, et al., 2001), and strongly resembles  other subfamilies of Ig proteins that 

are fusogenic and specialize in cell adhesion (e. g. for I CAM-1 compared with ICAM-3, ICAM-

5, and ICAM-2). In addition to this, IgSF Ig domain glycosylation directly regulates the  

interaction, recognition, and function of receptor ligand interactions(O’connor, 2016; Williams et 

al., 2018), PTGFRN has at least 17 glycosylated isoforms of PTGFRN at cell surface(André et 

al., 2007), further adding complexity and variability into how it may interact with recipient cells.  

IgSF members mediate calcium-independent adhesion through their N-terminal Ig-like 

domains(Smith & Xue, 1997), which commonly bind other Ig-like domains of the same structure 

on an opposing cell surfaces (homophilic adhesion) but may also interact with integrins and 

carbohydrates (heterophilic adhesion)(Aubry et al., 2009). Interestingly, PTGFRN, T-cells, 

vascular (VCAM) and intercellular (ICAM) cell adhesion molecules share “C2-set domains”, 

which has amino acid homology to the V region loop of Igs(André et al., 2007). T cell marker, 

CD2, utilizes these C2 domains for adhesion with key antigens within the immune system such 
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as lymphocyte function-associated antigen-3 (LFA-3/CD58)(Abramson et al., 2010), and also 

serves as costimulatory on NK and T cells(Joyce et al., 2001). Strikingly, several evolutionary 

conserved immune cell adhesion molecules are enriched in ARMMs, thus the shared fusogenic 

molecular components between ARMMs and key immune cell adhesion receptors suggest a 

potential role for ARMMs in utilizing evolutionary conserved mechanisms for cell adhesion and 

signaling in neighboring cells. 

Taken together, ARMMs endogenously possess highly conserved Ig domains that specialize in 

cell fusion and signaling, PTGFRN/IGSF8 complex are likely to be key fusogens on the surface 

of ARMMs mediating their entry into cells and be an ARMMs marker (figure 7). CRISPR 

mediated KO of PTGFRN, IGSF8, IGFSF3 or triple KO of all 3 proteins in each cell type can be 

generated to test their ability to mediate ARMMs entry into recipient cells. A way to measure the 

effect of the receptor KO on ARMMs entry and transfer of bioactive molecules would be to take 

advantage of a well-established protocol by packaging p53 into ARMMs, incubating them with 

recipient cells, and measuring the upregulation of p53 transcriptional targets in recipient cells via 

quantitative real time PCR(Wang et al., 2018). I propose that ARMMS mediated upregulation of 

p53 targets will be downregulated significantly upon KO of PTGFRN, IGSF8, and IGSF3. An 

additional way to elucidate the role these surface receptors have in ARMMs entry would be to 

overexpress each protein in their WT background, I hypothesize that an upregulation of targets 

would occur, the opposite of KO phenotype. Finally, these same ARMMs enriched  receptor 

proteins can be overexpressed in the KO background to “rescue” the WT phenotype, further 

solidifying the notion that PTGFRN and its Ig receptor partners mediate ARMMs entry into 

recipient cells, a key gap in knowledge that will bring us closer to illuminating essential 

components of ARMMs trafficking and recipient cell uptake in vivo. 
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PTGFRN regulation of ARMMs biogenesis  

In this study, we show that PTGFRN overexpression results in loss of ARRDC1 signal in EVs 

and that that PTGFRN does not bud out of ARRDC1 KO MCF-7 cells. These data suggest that 

through an unknown mechanism, PTGFRN may regulate ARMMs budding and that ARRDC1 

regulates PTGFRN budding. These findings bring up two fundamental questions: How might 

PTGRN regulate ARMMs budding and how is ARRDC1 regulating PTGFRN budding? 

Prostaglandin induced Ca2+ influx of ARMMs budding. Although FP mediates many diverse 

physiological processes, it becomes refractory to PGF2α in certain physiological states(Orlicky 

& Nordeen, 1996). PTGFRN was shown to copurify with FP and is found to be expressed only 

in those tissues where a physiologic role for PGF2α has been described(Orlicky, 1996).  

We find that overexpression of PTGFRN in MCF-7 WT cells results in an increase in EV 

concentration and PTGFRN budding (Abache et al., 2007), however, ARMMs do not bud out, 

suggesting that PTGFRN may negatively regulate ARMMs budding. Overexpression of 

PTGFRN reduces the amount of prostaglandin binding by ~80%(D. J. Orlicky, 1996) by 

reducing FP (PGF2α receptor ),  thus a possible explanation for the depletion of ARMMS 

budding is that ARMMs may require Prostaglandin F2α for binding for  budding. 

Prostaglandin F2α (PGF2α ) are lipid hormone like messengers that are  present in almost all  

tissues(Kuwano et al., 2004) and is highly enriched in the female reproductive system(Zhang et 

al., 2010), its cellular and physiological effects are mediated by its G protein coupled receptor 

(GPCR)-the F prostanoid receptor (FP)(Ricciotti et al., 2011). PTGFRN copurifies with FP, and 

histologically coincides with FP and is only present where FP is present, interestingly, PTGFRN 
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inhibits the binding of prostaglandin F2-alpha to its specific FP receptor, by decreasing the 

receptor number rather than the affinity constant(Orlicky, 1996).  

PGF2α binding to the FP regulates Ca2+ levels within the cell(Mohan et al., 2012). PGF2α 

activation of FP initiates stimulation of the phospholipase C/IP3R signaling pathway(Roseblade 

et al., 2015), resulting in the release of Ca2+ stored in the ER and influx of intracellular 

Ca2+(Subra et al., 2010).  This subsequent increase in intracellular Ca2+ affects both plasma 

membrane and cytosolic machinery leading to microvesicle biogenesis(Taylor & Bebawy, 2019).  

At steady state, phospholipids present in the plasma membrane are asymmetrically distributed, 

yet this asymmetry is disrupted upon increased cytosolic Ca2+(Ogasawara et al., 2019). The 

plasma membrane is composed of a lipid bilayer in which phosphatidylserine is located in the 

inner leaflet of the resting cell(Daleke, 2003). The enzymes flippase, floppase, and scramblase 

control phospholipid asymmetry (van Meer, 2011). When the cell is activated, increased 

cytosolic calcium activates floppase (allowing lipid movement to the outer membrane) and 

scramblase (enabling bi-directional lipid movement), whereas flippase (allowing lipid movement 

to the inner membrane) is inactivated(Contreras et al., 2010), resulting in flopping of negatively 

charged phosphatidylserine to the outer leaflet of the phospholipid bilayer (van Meer, 2011). 

This Ca2+ dependent disruption of membrane asymmetry induces cytoskeletal disruption, 

allowing for membrane blebbing and subsequent cell vesiculation via proteolysis by Ca2+ 

activated calpains(Roseblade et al., 2015). Interestingly, it has been shown that MCF-7 cells 

maintain a higher basal intracellular calcium concentration than normal breast cancer cells, and 

µ-calpains requirement for Ca2+ is much closer to resting physiological conditions (A. V. Lee et 

al., 2015; Taylor et al., 2020), which could explain in part the higher propensity for MCF-7 cells 

to shed more microvesicles(Toghueo, 2020).  
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Thus, I hypothesize that overexpression of PTGFRN blocks PGF2α ligand binding to FP, 

significantly reducing cytosolic Ca2+ influx, which is required for ARMMs budding. This 

downregulation of Ca2+ signaling dampens E3 ubiquitin ligase activity which directly inhibits 

ubiquitination of ARRDC1, disrupting ARRDC1 recruitment of TSG101 and ARMMs 

biogenesis. 

ARRDC1 is a highly conserved adapter protein that facilitates ubiquitination of substrates(Kang 

et al., 2014; Lin et al., 2008) by interacting with Neural precursor cell expressed developmentally 

down-regulated protein 4 (NEDD4) E3 ligases(Shea et al., 2012). Of the 30 HECT type ligases 

known to date, nine (Nedd4-1, Nedd4-2, WWP1, WWP2, Smurf1, Smurf2, ITCH, NEDL1 and 

NEDL2) are classified as Nedd4-like E3 ligase family based on a shared domain structure 

comprised of an N terminal C2 domain, two to four tandem WW domains and a C-terminal 

catalytic HECT domain(An et al., 2014; Ingham et al., 2005). NEDD4 E3 ligases have also been 

shown to be involved in viral budding(Bieniasz, 2006; Freed, 2002). ARRDC1 specifically 

interacts with WWP2, via its conserved PPXY motif (Figure 1), this interaction combined with 

ARRDC1 ubiquitination has been shown to facilitate ARMMs budding(Nabhan et al., 2012). 

 

 

 

 

 

 
Figure 7. WWP2 molecular structure. Structure of Nedd4-like E3 ligase WWP2.  
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Precise control of E3 ligase activity is required to ensure that their functions are restricted until 

activated(An et al., 2014). This restriction is fundamental to prevent excessive ubiquitination of 

substrates or misdirected autoubiquitination that may cause E3 instability(Huang et al., 2019). 

Thus, it has been demonstrated that E3 ligases remain nuclear and are kept in a catalytically 

inactive state via precise intramolecular interactions(Wiesner et al., 2007). Studies have 

demonstrated that the WW domains of Nedd4-2  and of WWP2 facilitate the maintenance of  E3 

ligases in an auto-inhibitory close conformation(Fajner et al., 2017; Mackenzie et al., 2016). A 

recent crystal structure of WWP2 finally provided the key element for this autoinhibition in the 

linker between the WW2 and the WW3 domains, called 2,3-linker(An et al., 2014; Chen et al., 

2017). Ca2+ influx sensing by N-terminal C2 domains activates Nedd4 E3 ubiquitin ligase 

activity, releasing it from its auto-inhibitory state(Mukherjee et al., 2017).  Upon activation, E3 

ligases are translocated to the plasma membrane(Dohlman & Campbell, 2019), I propose that 

this translocation of WWP2 to the plasma membrane is mediated by ARRDC1. ARRDC1 

adapter recruitment activity is induced by sensing cellular activation by 1st messenger PGF2α 

binding to the FP, the increase in Ca2+ allow for WWP2 to transition into an active confirmation 

and be recruited to the plasma membrane. In addition to this, WWP2 binding to PPXY motifs of 

α arrestins also are required for activation of the E3 ligase(Mund & Pelham, 2018). 

Taken together, PTGFRN colocalizes with FP and inhibits the binding of PGF2α ligand binding 

to the FP(Orlicky, 1996), which results in downregulated Ca2+  leading to lower concentrations of 

cytosolic calcium. The finding that ARMMS do not bud out upon PTGFRN overexpression 

suggests that PGF2α may positively regulate ARMMS biogenesis.  I postulate that PGF2α induced 

Ca2+ signaling is required for WWP2 activity in ubiquitinating ARRDC1 to facilitate ARMMs 

budding.  This notion comes from a plethora of studies that demonstrate the requirement for 1st 
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messenger Ca2+ signaling in 1. Microvesicle budding(Taylor et al., 2020; Taylor & Bebawy, 

2019) 2. WWP2 autoinhibitory transition to catalytically active conformation(Mukherjee et al., 

2017) and 3. Arrestin adapter activation and recruitment of WWP2(Chen et al., 2017; Wiesner et 

al., 2007). It will be interesting to determine if PTGFRN overexpression also results in the 

disruption of ARRDC1 recruitment of TSG101 to the plasma membrane to facilitate ARMMs 

budding as a consequence of a dampened ARRDC1 activity due to attenuated signal sensing and 

lack of ubiquitination. 

To test this possibility, we are able to overexpress FP to create more PGF2α binding sites, 

concomitantly we will overexpress FP or PTGFRN in MCF-7 WT, MCF-7/ARRDC1 KO, and 

PTGFRN KO cells and supplement cells with [3H]PGF2 and conduct binding assays and isolate 

these same cells and determine upregulation of PGF2α downstream Ca2+ dependent targets via 

qPCR, which are mediated by GPCR activation. After confirming that PTGFRN inhibits binding 

and downstream signaling of PGF2α ,we can then measure what effect this has on ARMMS 

budding. In addition to this we can co-overexpress both PTGFRN and FP in MCF-7 WT, MCF-

7/ARRDC1 KO, and PTGFRN KO cells at the same levels and measure if there is competitive 

inhibition of PGF2α  by PTGFRN in the presence of equal concentrations of FP.  Furthermore, FP 

can be expressed at higher concentrations that PTGFRN to determine if ARMMs budding can be 

rescued. 

Potential results. I hypothesize that combining [3H]PGF2 supplementation and  increasing the 

receptor availability of FP in the MCF-7 WT background via FP overexpression will increase the 

budding of ARMMs comparable to cells that overexpress ARRDC1 and rescue ARMMs 

budding. FP activation activates the PLC pathway(K. Lee et al., 2020) which generates 

intracellular Ca2+   influx, thus, previous studies have shown that Ca2+  increases EV 
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production(Taylor et al., 2020).  A possible reason for this is because ARRDC1 as an α-arrestin 

adapter to GPCRs(Puca & Brou, 2014), may ubiquitinate increasing substrate availability of FP 

as a downstream effector of  PGF2α signaling, increasing cytosolic Ca2+  to produce more 

ARMMs. In addition to this, dosage curves can be created to determine if there is a dosage 

dependence effect of PGF2α on ARMMS budding.  

To determine whether ARRDC1 associates with FP in cells coimmunoprecipitation experiments 

can be conducted, HA/Flag tag ARRDC1 and empty vector (pcDNA3) can be transfected into 

MCF-7 WT cells followed by immunoprecipitation and immunoblotting to detect the presence of 

endogenous FP interactions with ARRDC1. I postulate that co expression of PTGFRN and FP in 

MCF-7 WT cells will rescue ARMMs budding and return cells to a WT state as PTGFRN 

induces ~80% inhibition of PGF2α binding, the expression of additional FP receptors will 

dramatically attenuate the negative regulatory effect of PTGFRN on ARMMs budding. 

Furthermore, cytological immunostaining can reveal mechanisms of PTGFRN regulation of 

ARMMS budding in MCF-7 WT cells. I propose fixing cells that have been transfected with 

PTGFRN and observing cellular localization of both ARRDC1 and TSG101 using confocal 

microscopy. Given that ARRDC1 recruits TSG101 to the cell surface to induce ARMMS 

budding(Nabhan et al., 2012), I hypothesize that ARRDC1 recruitment of TSG101 to the plasma 

membrane will be attenuated in PTGFRN transfected MCF-7 WT cells, a potential mechanism 

that may explain the inhibition of ARMMs budding phenotype. In addition to this, we can 

cytologically compare ARRDC1-TSG101 interaction in PTGFRN overexpressed cells vs  

PTGFRN KO cells to further investigate the role of prostaglandins and ARMMs biogenesis.  

Finally, CRISPR mediated KO of FP in MCF-7 cells would further elucidate the requirement for 

prostaglandin binding for ARMMs budding. Taken together, these results will suggest that 
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ARMMS budding depends on intracellular Ca2+ influx mediated by 1ST messenger PGF2α ligand 

binding at the cell surface (figure 3) and that overexpression of PTGFRN inhibits PGF2α  

mediated Ca2+ influx, resulting in HECT E3 ligase WWP2 remaining inactive and 

WWP2/TSG101 not being recruited to the plasma membrane (figure 4). 

How does ARRDC1 regulate PTGFRN budding? Previous studies have shown that FP does not 

bud out into EVs however, PTGFRN buds out into EVs (Subra et al., 2010) and is being studied 

as a novel exosome marker(Using & Proteins, 2019). In MCF-7 ARRDC1 KO cells, PTGFRN is 

expressed in cell lysates but does not bud out into EVs. In, addition to this, PTGFRN expression 

in EVs is nearly ablated upon ARRDC1 KO, suggesting ARRDC1 positive regulation of 

PTGFRN budding. Elucidating a mechanism of ARRDC1 regulation of PTGFRN budding may 

reveal previously unknown roles for ARRDC1 in EV regulation and PTGFRN as a novel 

ARMMs marker. I hypothesize that ARRDC1 regulates PTGFRN budding by ubiquitinating 

PTGFRN at the PM, inducing its internalization into endosomes where it is recycled and 

trafficks back to the PM for budding. Arrestins are professional signaling adapters that interact 

directly with ubiquitin ligases, thereby stimulating the ubiquitination of PM receptors(Lin et al., 

2008), specifically ARRDC1 via its PPXY motif interacts with Nedd4 family E3 ligase, WWP2, 

to interact with the UEV domain of TSG101(Nabhan et al., 2012) to facilitate ARMMs budding. 

A first step to confirming this hypothesis of ARRDC1 regulation would be to rescue PTGFRN 

budding by overexpressing ARRDC1 in the MCF-7 ARRDC1 KO background, this should 

rescue the PTGFRN budding phenotype as we observe in WT cells, suggesting that ARRDC1 

regulates the budding of PTGFRN. In addition to the highly conserved, UEV domain of TSG101  
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Figure 8. Model of ARMMS budding requiring PGF2α mediated intracellular Ca2+ influx.  A. 

Prior to cell activation E3 ligase WWP2 remains in the nucleus in an autoinhibitory inactive state, 

PGF2α binding to the GPCR FP activates the cell, initiating phospholipase C mediated IP3 trafficking 

to the ER initiating IP3R ligand binding. B. IP3 binding induces release of Ca2+ from the ER, Ca2+  

influx leads to activation of WWP2, initiating ARRDC1 recruitment of WWP2/TSG101 to plasma 

membrane, the increase in Ca2+  also leads to flippase, floppase, scramblase mediated disruption of 

membrane asymmetry, initiating membrane blebbing. C. Ca2+ dependent activation of a cysteine 

protease, calpain, results in the remodeling of cytoskeletal proteins adjacent to the membrane 

compromising membrane anchorage. TSG101 binds to the PSAP motif of ARRDC1 along with 

WWP2 PPXY binding resulting in ARRDC1 ubiquitination D. ESCRT proteins and ARMMs 

enriched ADP-ribosylation factor 6 (ARF6) mediates membrane scission of ARMMS into the 

extracellular milieu.  
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there have been >20 Ubiquitin binding domains identified(Dikic et al., 2009), thus a combination 

of in vitro and in silico approaches that characterize protein domain interactions can be explored 

to characterize the interaction between ARRDC1 and PTGFRN. In addition to this, we are able 

Figure 9.  Model of PTGFRN mediated downregulation of ARMMS biogenesis via 

attenuation of Ca2+ influx.  A. PTGFRN overexpression inhibits PGF2α ligand binding at the cell 

surface, disrupting G-protein mediated 2nd messenger IP3 trafficking to the ER. HECT E3 ligase, 

WWP2, remains inactive within the nucleus. B.  Ca2+ remains localized in the ER and does not raise 

cytoplasmic ER levels, WWP2 remains inactive within the nucleus, TSG101 remains cytosolic, and 

ARRDC1 adapter activity is disrupted. C. Proteolytic Ca2+ dependent enzyme Calpain, is inactive 

without intracellular Ca2+ influx, leading to alternative pathways of membrane blebbing. One 

potential pathway is activation of ATP receptor P2X7 by ATP ligand binding activating the P38 

cascade through src-kinase-mediated phosphorylation. In turn, P38 triggers A-SMase from the 

luminal lysosomal compartment to the plasma membrane outer leaflet where the enzyme alters 

membrane structure/fluidity leading to plasma membrane blebbing and shedding. D. TSG101 

remains cytosolic as ARMMs do not bud out into EVs. 
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take advantage of the biotin-avidin system for protein purification via biotinylation(De Boer et 

al., 2003) of PTGFRN and immunoprecipate both cells and EVs and stain for the presence of 

ARRDC1 and other ESCRT markers that may be involved in the trafficking of PTGFRN into 

exosomes. This strategic approach also hinges on previous work that demonstrated that PTGFRN 

along with its binding partners CD9/CD81 are internalized at the cell surface and directed toward 

exosomes, interestingly, PTGFRN was able to bud into EVs independent of both 

tetraspanins(Abache et al., 2007). Notably, this previous work combined with the finding that 

ARRDC1 also localizes to cytoplasmic vesicles(Shea et al., 2012), strongly suggests ARRDC1 

may not be limited to ARMMs biogenesis exclusively, but it may also be involved in the 

biogenesis of other types of extracellular vesicles. 

PTGFRN as a novel ARMMS marker. There is >60 fold reduction in PTGFRN expression upon 

ARRDC1 KO, we also observe the near ablation of PTGFRN also in EVs isolated from 

BMDMs, thus PTGFRN may be a novel conserved ARMMs marker. Given the lack of available 

endogenous antibodies to PTGFRN, another method of detection would be CRISPR mediated  

co- endogenous knockin of mCherry/GFP tag on PTGFRN and ARRDC1 and determine if we 

observe co localization of ARRDC1/PTGFRN on ARMMS. In addition to this, we can quantify 

the number of PTGFRN/ARRDC1 molecules per exosome using high throughput “No wash” 

immunoassays to accurately determine if PTGFRN is an ARMMs marker. A remaining enigma 

is that overexpression of PTGFRN actually results in ARMMs not being detected in EVs,  

suggesting a potential negative feedback loop mechanism of PTGFRN regulation of ARMMs 

production. ARMMs endogenously possess highly conserved Ig domains that specialize in cell 
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fusion and signaling, PTGFRN/IGSF8 complex are likely to be key fusogens on the surface of 

ARMMs mediating their entry into cells and be an ARMMs marker (Figure 5).  

 

 

 

 

CD63 IGSF8 

PTGFRN 

Figure 10. Fusogenic ARMMs enriched surface proteins. PTGFRN/IGSF8/(IGSF3 not shown) 

and CD63 are fusogenic proteins that are a part of the “tetraspanin web” and have been shown to 

have fusogenic properties. PTGFRN may serve as a novel ARMMs marker. 
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Methods 

Cell culture. MCF-7 and HEK293T cells were obtained from the American Type Culture 

Collection (ATCC), maintained and cultured according to previously defined standards(Baust et 

al., 2017) cell lines were  supplemented with 10% fetal bovine serum (FBS) (Gibco) and 100 

μg/ml PenStrep (Gibco).. Cell cultures are routinely checked for mycoplasma contamination. In 

experiments where ARMMs were to be collected, FBS was pre-cleared of EVs by 

ultracentrifugation (at 188,000×g for 4 h). 

ARMMs Isolation and Purification. Pre-cleared conditioned medium (EV free) was collected 

and pre-cleared of cellular debris by two consecutive centrifugations (2000×g for 10 min and 

10,000×g for 30 min). The medium was then passed through a 0.2- μm filter (Sarstedt) and 

subjected to ultracentrifugation using the SW41 Ti rotor in an OPTIMA XE-90 ultracentrifuge 

(Beckman) at 35K RPM for 90 min.  EVs were pelleted, kept on ice, and the supernatant was 

aspirated. Pellets were washed twice, re-suspended in phosphate-buffered saline (PBS) and re-

loaded onto a sucrose gradient of 10 different sucrose concentrations from top to bottom (0.2–2 

M) and centrifuged at 39K RPM for 18 h. After ultracentrifugation, fractions were then carefully 

collected at 1 ml each from the bottom of the tube by puncturing the bottom of each tube. All 

fractionated samples were diluted with PBS and subjected to centrifugation at 35K RPM for 90 

min to pellet the vesicles. 

Nanoparticle tracking analysis. EVs or ARMMs were analyzed and quantitated by the 

NanoSight LM10 instrument with the Nanoparticle Tracking Analysis (NTA) software 

(Malvern). Samples containing vesicles were diluted with PBS and recorded for 60 s with 5 

repeats. Videos were analyzed by the NTA software to obtain an average of the five repeats for 

each sample. 
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Antibodies, Immunoblotting procedure. Cell lysates were harvested using cell scrapers with a 

low-density polyethylene blade and subsequently lysed in NP-40 lysis buffer (0.5% NP-40, 50 

mM Tris-HCl, and 150 mM NaCl) supplemented with a protease inhibitor mixture (Roche). 

Lysates or vesicles resuspended in lithium dodecyl sulfate sampling buffer (Novex) were 

resolved on a 4–12% NuPAGE gel (Novex) and transferred onto a PVDF membrane (Bio-Rad).  

Blots were probed with primary antibodies inTris-buffered saline containing 0.1% Tween 20 and 

5% Nonfat milk, followed by HRP-conjugated anti-rabbit antibody (Cell Signaling, 7074S, at 

1:3000 dilution) or anti-mouse antibodies (Cell Signaling, 7076S, at 1:3000 dilution). Primary 

antibodies used include anti-ARRDC1 rabbit polyclonal antibody (in house,1:2000), mouse 

monoclonal CD9 antibody (Santa Cruz, catalogue #sc-13118, at 1:1000 dilution), ; anti-β-actin 

mouse (Santa Cruz catalogue #sc -47778, 1:5000),  anti-TSG101 mouse (Genetex # Cat No. 

GTX70255) 

Lentiviral plasmid transfer CRISPR knockout of ARRDC1.  

The lentiCRISPRv2 one vector system was used to KO ARRDC1 in both MCF-7 and HEK293T 

cells. This plasmid contains two expression cassettes, hSpCas9 and the chimeric guide RNA. The 

vector can be digested using BsmBI, and a pair of annealed oligos can be cloned into the single 

guide RNA scaffold. Two CRISPR constructs were designed to target exon 1 (guide sequence: 

GCACCGCTGCCGTTCCGAGG) and exon 6 (guide sequence: 

CGACGTACGGACCATTGCGG) of the human ARRDC1 gene. Lentiviral production and 

purification occurred as followed as : Transfer plasmid (250ng/ul)(Addgene) ,pCMV-VSVG 

(100ng/ul(Addgene)), psPAX2 (100ng/ul) (Addgene) , P3000 reagent(thermofisher),  

optiMEM(thermofisher). Transfection reagent Added into cells and removed after 6 hours, media 

was. After 60 hours, the media was harvested and centrifuged at 3,000rpm at 4oC for 10min to 
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pellet cell debris. The supernatant was filtered through a 0.45um low protein binding then added 

to cells. Entire cell batches underwent puromycin selection and were stored in -80 freezer. 

Statistical test 

In MCF7 and HEK293T cells, a t-test comparing the average concentration levels between wild 

type cells  and those with ARRDC1 knock out was performed. Among MCF7 cells of size 50-

100 nm, we conclude that the average vesicle concentration among ARRDC1 knock out cells is 

significantly lower than wild type cells at the 5% significance level (p < 0.001). 
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Chapter 4: C. elegans ARRD-13 as the functional equivalent of Human ARRDC1 
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 Abstract 

Once thought of as cellular debris, Extracellular Vesicles (EVs), which are encapsulated lipid 

membrane structures that shed from cells have now become an area of high research interest. 

They are present in biological fluids and are involved in multiple physiological and pathological 

processes. Extracellular vesicles are now considered as an additional mechanism for intercellular 

communication, allowing cells to exchange proteins, lipids and genetic material. We have 

discovered a novel type of EV, ARRDC1 Mediated Microvesicles (ARMMs) that show great 

promise for being a unique vehicle for the delivery of a myriad of bioactive molecules. Although 

the potential for ARMMs as a therapeutic platform are exciting, our results are greatly limited 

due to the majority of our studies being conducted in cell culture and therefore not able to see 

transfer between cell/tissue types in the context of the whole organism. Our aim in this current 

study is to make strides in defining a physiological role for ARMMs by elucidating ARMMs 

biodistribution and trafficking in the transparent nematode C. elegans. The worm is easily 

amendable to genetics, microscopy, and contains ARRDC1 homologs. Here we demonstrate that 

C. elegans’ ARRD-13 is the functional equivalent of ARRDC1, our preliminary results also 

suggest that ARRD-13 localizes to macrophage like scavenger cells called “coelomocytes.” 

 

 Introduction 

Extracellular vesicles (EV) are a heterogeneous population of lipid membrane encapsulated 

structures comprised mainly of exosomes, which originate from the endosomal sorting complex 

required for transport machinery (ESCRT) and microvesicles that bud exclusively from the 
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plasma membrane (Figure 1), a process that is conserved from bacteria and plants to 

humans(Schorey et al., 2015). Although originally described to be the cell’s vehicle to dispose of 

cellular waste, they have been shown to be present in biological fluids and are involved in 

multiple physiological and pathological processes(Raposo & Stoorvogel, 2013). The primary 

research interest in the EV field is now focused on  their ability to mediate intercellular 

communication by carrying a myriad of proteins, lipids, and nucleic acids to distal cells(Schorey 

et al., 2015). In addition to this, EVs are being explored for their ability to induce signal 

transduction and regulate gene expression in neighboring cells(Théry et al., 2009).  The EV field 

is relatively new and there are many gaps in knowledge in basic mechanisms of EV 

biogenesis(Colombo et al., 2013). For example, how the physiological state of the cell dictates 

the EV size, method of biogenesis, and cargo(Hayashi et al., 2017).  Different cell types may 

also secrete distinct EV subtypes, thus, an emerging focus in the field is to develop more 

efficient and reliable modes of isolation and characterization of each of these EV subsets and 

their respective protein and lipid biomarkers(Théry et al., 2006). Proteins are found on both the 

cell surface and inside of EVs and are likely indicators of both biogenesis mechanisms and 

potential communicative, and recipient cell docking functions. Thus, decoding “the message” of 

intercellular trafficking EVs is multifaceted, and contextually complex. Advances in this area 

will allow for research to begin on the trafficking and translocation of EVs in vivo, a significant 

gap in knowledge in the EV field.  
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Figure 1. EV biogenesis. Extracellular vesicles package a myriad of nucleic acids, proteins, 

lipids, and cell adhesion molecules. Microvesicles are heterogeneous membrane vesicles that 

originate via outward budding and plasma membrane fission. Exosomes are formed through the 

endosomal trafficking pathway. Membrane invagination forms early endosomes which mature 

into multivesicular bodies (MVBs), that are released by fusion with the plasma membrane as 

exosomes while other MVBs fuse with lysosomes. During apoptosis, cells can fragment into 

subcellular membrane-bound vesicles known as apoptotic bodies that are phagocytized by 

circulating macrophages 
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 The discovery of ARRDC1 Mediated Microvesicles (ARMMs).. 

The discovery of ARRDC1 Mediated Microvesicles (ARMMs) was an unexpected result of a 

study investigating regulators of airway smooth muscle contraction in Asthmatic tissue. The 

study was aimed to identify genes and regulators that modulate the ubiquitination and  

downregulation of the beta 2 receptor in response to overstimulation by beta agonists, the 

therapeutic ligand that binds the receptor to induce smooth cell muscle relaxation for breathing in 

Asthmatics(Perry et al., 2014). Given the role of ESCRT-1 protein TSG101 in receptor 

ubiquitination and trafficking into multivesicular endosomes(Colombo et al., 2013), a yeast two-

hybrid screen using the UEV domain of TSG101 as the bait identified the C-terminal fragments 

of ARRDC1. ARRDC1 interacts with TSG101 through a proline rich PS/TAP motif and recruits 

TSG101 to the cell surface, however, any mutation in this region ARRDC1 interaction with 

TSG101 is reduced and TSG101 no longer goes to the cell surface(Nabhan et al., 2012). TSG101 

translocation from endosomes to the plasma membrane by ARRDC1 recruitment is analogous to 

TSG101 recruitment by HIV Gag protein during HIV budding(Shcherbatova et al., 2020). In 

addition to this, the C-terminal domain of ARRDC1 contains two highly conserved PPXY motifs 

that were previously implicated in ubiquitination and ESCRT-mediated, PPXY-dependent 

retroviral budding(Puca & Brou, 2014). Proteomic analysis identified the Nedd4 family E3 

ligase, WWP2, as an ARRDC1-interacting protein required for ARRDC1 ubiquitination and 

ARMMs budding(Kuo & Freed, 2012). Mutation of the PPXY motifs inhibits the ARRDC1–

WWP2 interaction, and the requirement for WWP2 in ARMMs budding is confirmed by 

showing that WWP2 depletion significantly reduces ARMMs release(Nabhan et al., 2012). Thus, 

these findings suggest a unique role for ARRDC1 PPXY interaction with WWP2 facilitating 

ARRDC1 ubiquitination and ARMMs release. Given the fact that ARRDC1 mimics Gag 
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recruitment of TSG101 to the plasma membrane, which leads to viral budding, the authors 

hypothesized that ARRDC1 recruitment may also mimic Gag but instead of viral budding, lead 

to the budding of endogenously derived microvesicles that shed from the plasma membrane to 

form ARMMs. 

To test this hypothesis, EVs were isolated from cells that were transfected with constructs 

expressing HIV Gag-GFP and ARRDC1-GFP, western blot analysis revealed that  showed that 

Gag-GFP and ARRDC1-GFP proteins were robustly present in extracellular vesicles, but the 

control GFP protein was not in EVs(Nabhan et al., 2012). Proteomics results also revealed the 

presence of  ARRDC1 protein in microvesicles harvested from a variety of organs(Mathivanan et 

al., 2010), further confirming the notion of ARRDC1 being involved in microvesicle budding 

from multiple cell types. 

Endogenously produced ARRDC1 was shown to be consistently released into microvesicles and 

depletion of ARRDC1 by shRNA resulted in loss of ARRDC1 immunopositive signaling in 

EVS, indicating that ARRDC1 was present in EVs and not an artifact from FBS contamination. 

These findings led to the discovery and identification of “ARRDC1-mediated microvesicles” 

(ARMMs) (Fig 2). 

 ARMMs proof of concept- ARMMs mediate non-canonical NOTCH signaling 

The physiological role of ARMMs still remains elusive, however, a clue to the physiological role 

of ARMMs can be linked to the origin of ARMMs at the plasma membrane, suggesting that 

ARMMs may be able carry plasma membrane proteins to adjacent cells. 

Notch is an evolutionary conserved (Puca et al., 2013) large transmembrane protein that 

mediates cell-to-cell  signaling upon binding to transmembrane ligands expressed on adjacent  
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The authors show that endogenous the NOTCH receptor can be actively incorporated into 

ARMMs via ITCH E3 ligase interaction and initiate NOTCH dependent signaling into recipient  

A 

Figure 2 ARMMS budding. A. ARRDC1 recruits key ESCRT-1 complex protein, 

TSG101 to the plasma membrane to facilitate the shedding of ARMMs. In addition to this, 

VPS4 ATPase is required for the budding of ARMMs. HIV-1 GAG viral budding strongly 

resembles ARMMS budding, recruiting TSG101 via its PTAP motif B. ARMMs may 

contain a myriad of proteins, nucleic acids, and lipids, the molecular composition of 

ARMMs is under investigation. 

B 
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cells(Fig 3), ARRDC1, via its PPXY motifs are able to incorporate NOTCH into ARMMs and 

induce NOTCH specific gene expression in peripheral cells highlighting a novel mechanism of 

NOTCH signaling independent of cell to cell contact(Wang & Lu, 2017).  

Although we have shown that ARMMs are capable of delivering bioactive cargos, the majority 

of our studies have been done in cell culture, leaving the biodistribution of ARMMs, ARMMs 

trafficking, and the molecular payloads ARMMs can deliver a remaining mystery. Thus, 

investigating a role for ARMMs budding and trafficking in vivo is a critical next step in 

establishing its value as a potential platform for the delivery of biological therapeutics. 

Figure 3. ARMMS mediate non-canonical NOTCH dependent signaling in recipient 

cells. ARRDC1, via its PPXY motifs are able to interact with the WW domain of the ITCH 

protein to uptake the NOTCH protein and induce expression of NOTCH specific genes in 

distal cells. 
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A unique aspect of my approach to this question is the use of C. elegans to characterize ARMMs 

biodistribution and trafficking in vivo. C. elegans is a 1mm long non-parasitic soil nematode with 

either hermaphrodite or male sex, its genome is 40% homologous to humans.  Moreover, the 

worm is transparent, making imaging of cell lineages and protein trafficking easy to visualize 

even in live animals. Although simple in nature, the worm also possesses an epithelial system, 

musculature, excretory system, and a nervous system making the study of conserved biological 

processes in a physiological context very straight forward. Furthermore, the ease making 

transgenics and of CRISPR/Cas9 genome editing makes the worm easily amendable to genetic 

manipulation. Thus the transparency, combined with the genetic tractability of the worm makes 

it powerfully suited to study ARMMs translocation potential in vivo. 

In order to leverage C. elegans as a model organism to study ARMMs trafficking it is imperative 

that we first identify ARRDC1 homologues in the worm that functionally mimic ARRDC1. In 

this study, we demonstrate that C. elegans’ ARRD-13 is the functional equivalent of human 

ARRDC1. Our preliminary findings suggest that ARRD-13 may endogenously localize to C. 

elegans’ “coelomocytes”, macrophage like cells in the worm body. 

4.5 Results 

C. elegans ARRD proteins mimic human ARRDC1 plasma membrane expression in 

mammalian cells 

In order to determine if C. elegans ARRD proteins behave like ARRDC1 in mammalian cells, 

we chose to focus on 3 human homologs of ARRDC1 (ARRD-7, -13, and -18) because they 

contained the following elements required for the budding of hARRDC1: an arrestin domain at 

the N- terminus, two PPXY motifs (for interaction with WW domains), and a PSAP domain (4B 
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for TSG101 interaction and recruitment) (Figure 4). Since ARRDC1 localizes exclusively to the 

plasma membrane, I first wanted to determine if C. elegans ARRD proteins also localize to the 

plasma membrane mammalian cells. I engineered molecular constructs expressing C. elegans 

ARRD protein fusions to GFP and transfected these constructs into HeLa cells. Similar to human 

ARRDC1, ectopic expression of C. elegans ARRD proteins also localize to the plasma 

membrane with ARRD-13 having the most robust expression on the cell surface (Figure 5) 

 

 

 

 

 

 

 

 

     ARRDC1 Orthologues  A B 

Figure 4.  C. elegans’ homologues of human ARRDC1. A. C. elegans’ ARRD 7,13 and 18 contain the 

following elements that are required for the budding of human ARRDC1: N-arrestin domain, PSAP motif, 

PPXY motif. B. Conservation of PSAP motif C. Worm ARRD Protein predicted tissue expression (wormbase) 

ARRDC1-GFP ARRD-13GFP ARRD-7GFP ARRD-18GFP 

Figure 5. C. elegans’ ARRD proteins localize to the plasma membrane in human cells. HeLa cells were 

transfected with Pegfp- vectors that were ligated with human ARRDC1, C. elegans’ ARRD-13, C. elegans’ 

ARRD-18, C. elegans’ ARRD-7. We qualitatively measured the ratio of cytoplasmic: membrane expression 

of GFP 

 

 

Homo Sapiens                                LVV  PSAP  PQE PPEY    400 

C. elegans ARRD-13                      VVI   PSAP   PLS  PPAY   340 

C. elegans ARRD-7                        PTA  PSAP   PAS  PPSY   410 

C. elegans ARRD-18                      AVL  PSAP   PSY  PPAY   410 
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C. elegans ARRD-13 can induce ARMM-like budding in mammalian cells Since we 

observed that ARRD-13 strongly resembles ARRDC1 mammalian cell plasma membrane 

localization, we hypothesized that ARRD-13 overexpression would be sufficient to induce 

ARMM-like budding in HEK293T cells. To test this hypothesis, we transfected HEK293T cells 

with GFP constructs expressing C. elegans’ ARRD proteins ARRD-7, -13 and -18. In addition to 

ARRD-13 resembling ARRDC1 plasma membrane expression, we also observed that ARRD-13 

budding resembles ARRDC1budding into EVs (Figure 6). 

 

 

 

Figure 6. C. elegans’ ARRD proteins are secreted into EVs derived from mammalian cells. 

Worm ARRD-13 budding resembles human ARRDC1 budding in EVs. 
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Since PSAP motif recruitment of TSG101 is required for ARMMs budding in mammalian cells, 

we wanted to determine if a PSAP motif also mediates ARRD-13 budding. Identical to 

hARRDC1, PSAP motif deletion of worm ARRD-13 results in significantly reduced budding 

efficiency (Figure 7), suggesting that ARRD-13 is the functional equivalent of human ARRDC1. 

Given that worm ARRD-13 possesses the same critical elements required for human ARRDC1 

mediated EV budding in vitro, and its robust expression is comparable to human ARRDC1 in 

EVs, I hypothesize that C. elegans ARRD-13 is a strong candidate to be the functional 

equivalent to human ARRDC1 and starting point to investigating ARMMS biodistribution and 

trafficking within the context of a whole organism. 

 

 

 

 

Figure 7. C. elegans’ ARRD-13 PSAP motif deletion significantly reduces “budding” efficiency 

in HEK293T cells. Similar to human ARRDC1, PSAP motif deletion in worm ARRD-13 

significantly reduces budding efficiency 
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arrd-13 promoter sequences drive expression in neurons and in muscle cells 

The tissue specific expression pattern of ARRD proteins remains unknown, thus in order to 

define ARRD-13 trafficking in vivo, a critical step is to first define its spatial and temporal 

distribution. To this end, I made C. elegans expression plasmids designed to express tdTomato 

under control of the endogenous arrd-13 promoter (2.5KB upstream of the arrd-13 start ATG) 

and injected the arrd-13p::tdTomato expression plasmid into N2 (WT) C. elegans. Confocal 

imaging of arrd-13p::tdTomato transgenic animals at varied stages of development revealed 

tdTomato expression localized to muscle and neuronal cells (figure 8), confirming the predicted 

expression pattern of arrestin proteins in C.elegans (Sangsoon, et.al).  

EVs are constitutively released from neurons in both mammals (Rodal, et. al) and C. elegans 

(Wang,et.al). To interrogate ARMMs trafficking and biodistribution in C.elegans, we wanted to 

determine if ARRD-13 traffics out of the nervous system to distal tissues. We hypothesized that 

by co-expressing both GFP (to label neurons) and an ARRD-13::tdTomato fusion protein (to 

track localization of ARRD-13) specifically in the nervous system using a nervous system–

specific promoter, rab-3p, we would be able to track movement of ARRD-13 out of the nervous 

system to peripheral tissues. Translocation of the red fluorophore but not the green, would mark 

the distal sites to which ARRD-13 vesicles are trafficked. To answer this question I created 

transgenic worms that co-express rab3p::ARRD-13::tdTomato and rab-3p::GFP (Figure 9).  
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Figure 8. arrd-13 promoter is expressed in both amphid neurons and musculature in C. elegans. 

In panel (A) tdTomato expression under the endogenous arrd-13 promoter plasmid injection into 

C.elegans gonad to create arrd-13 expressing transgenic worms (B) Wild type (N2) worms Differential 

interference contrast (DIC) background. (C) Transgenic L4 worms expressing arrd-13 promoter:: 

tdTomato fusion in muscle and neurons. 
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We observed that ARRD-13 localizes in vesicle like structures that cluster on the amphid 

neuronal cell surface and along the dorsal nerve cord (Figure 9B) but did not observe any 

obvious ARMMs trafficking events to neighboring cells or tissues outside of the nervous system 

suggesting that possibility that ARMMs may traffic between neuronal cell subsets. To 

interrogate whether deletion the PSAP motif in ARRD-13 would affect ARMMs biodistribution 

and trafficking in the worm, I also created transgenic animals rab-3p::arrd-13[PSAP 

deletion]::tdTomato in which the PSAP domain in ARRD-13 has been deleted. Comparison of 

localization of ARRD-13::tdTomato and ARRD-13[PSAP deletion]::tdTomato in the nervous 

system did not reveal any differences between the PSAP mutant and WT. 

ARRD-13 may endogenously localize to macrophage like “Coelomocytes” 

Although microinjection of DNA constructs has proven to be a powerful tool that links genetic 

and molecular analysis to phenotypic analysis, injected exogenous DNA in C. elegans typically 

Figure 9. ARRD-13 is expressed in both neurons and muscle and localizes in vesicle like 

structures on neuronal cell surfaces. In panel (A) wild type (N2) worms Differential interference 

contrast (DIC) background. (B) transgenic worm expressing both ARRD-13 promoter-tdTomato 

fusion and Rab3-GFP fusion. ARRD-13 localizes in vesicle like structures on amphid neuronal cell 

surface (white arrowhead, and along the dorsal nerve 

cord. 
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forms large extra chromosomal arrays with numerous copies of the injected DNA resulting in 

overexpression of the gene. While this results in facile visualization of the tagged protein, some 

cells may not inherit the construct, creating mosaic worms with potentially different expression 

patterns, furthermore, overexpression could perturb the visualization of trafficking events. The 

issue of inheritance and mosaic worms can be directly addressed by endogenously tagging 

ARRD-13 via CRISPR-Cas9 genomic integration. 

The CRISPR-Cas9 system is a bacterial adaptive immune system that has been harnessed as a 

powerful genome editing tool and is well suited for use in C. elegans (Mello, et. al,2014). To 

knock-in an mCherry tag to endogenous ARRD-13, I followed the well-established CRISPR 

HDR editing protocol suited for C. elegans genomic integration (Paix, et. al, 2015). I synthesized 

a donor template containing mCherry sequences flanked by bases that are homologous to the C-

terminal end of ARRD-13 (Figure 10A), injected it into WT animals along with purified Cas9 

protein and a guide RNA to target it to the 3’ end of arrd-13.  This strategy allowed me to isolate 

a novel knock-in allele of arrd-13, arrd-13(wbm39). Imaging of arrd-13::mCherry revealed 

fluorescence precisely localized to macrophage like cells in C. elegans called “coelomocytes” 

(Figure 10B). The adult C. elegans hermaphrodite has six coelomocytes: large, ovoid, 

mesodermal cells situated as three pairs (right, left and dorsal) in the pseudocoelomic cavity 

adjacent to the somatic musculature (WormAtlas). Conserved amongst nematodes, coelomocytes 

have been shown to phagocytose invading organisms and because of their ability to continuously 

endocytose and accumulate a variety of macromolecules from the body cavity fluid, 

coelomocytes of C. elegans have been suggested to serve immune, scavenging and hepatic 

functions (Fares and Grant, 2002; Yanowitz and Fire, 2005). Although it is not yet clear whether 

ARRD-13 is expressed in, or trafficked to, coelomocytes, bioinformatic and gene expression 
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studies predict ARRD-13 expression to be localized to coelomocytes (Wormbase) giving us 

further confidence that the observed coelomocyte expression of ARRD-13-mCherry is the true 

endogenous expression pattern of ARRD-13. 

 

 

 

Discussion 

Although we have shown that ARMMs can efficiently deliver bioactive cargos, the majority of 

our studies have been done in cell culture, greatly limiting the physiological relevance of our 

findings. Therefore, the primary objective of our study was to define both the endogenous 

Figure 10. Endogenous C-terminal ARRD-13 mCherry tag appears to localize to Coelomocytes. (A) 

Schematic of CRISPR mediated ARRD-13 C-terminal mCherry tag. (B) ARRD-13 mCherry fusion 

localizes to coelomocytes in L4 /young adult worms. High resolution confocal Merged channel images 

(DIC background) and 630nm filter (black background).  
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biodistribution and trafficking mechanisms of ARMMs in vivo, bringing us closer to elucidating 

a physiological role for ARMMs. Here we generated a model to study ARMMs function in the 

context of a whole organism.   

C. elegans is an ideal model organism to study ARMMs biodistribution and trafficking in vivo. 

The worm is transparent, making imaging of cell lineages and protein trafficking easy to 

visualize. Although simple in nature, the worm also possesses an epithelial system, musculature, 

excretory system, and a nervous system making the study of conserved biological processes in a 

physiological context very straight forward. Furthermore, seamless application of CRISPR/Cas9 

genomic editing makes the worm easily amendable to genetic manipulation. C. elegans also 

possesses 3 homologs to human ARRDC1, Thus the transparency, combined with the genetic 

tractability of the worm makes it powerfully suited to study ARMMs translocation potential in 

vivo. 

Here we demonstrate that C. elegans’ ARRD-13 is the functional equivalent of ARRDC1. 

Similar to ARRDC1, ARRD-13 contains an N-arrestin domain, PSAP motif, and PPXY motif, 

and we show that it mimics ARRDC1 PM expression and requires a PSAP motif for budding. 

Furthermore, we show that upon overexpression by extrachromosomal arrays fluorescent tagged 

ARRD-13 constructs localize to C. elegans muscle and neurons and ectopic ARRD-13 

expression under a neuronal promoter results in its localization in vesicle like structures along 

the nerve cord of the worm. Finally, upon tagging the C- terminal of endogenous ARRD-13 by 

CRISPR, we observe that ARRD-13 strongly localizes to macrophage like coelomocytes. 

These preliminary results may shed light on potential aspects of ARMMs trafficking and raises 

some questions. First, is ARRD-13 endogenously expressed in coelomocytes or have they been 

trafficked there? arrd-13 expression under its endogenous promoter localized to muscle and 
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neurons, however I was not able to detect CRISPR knock-in of ARRD-13- mCherry signal in 

muscle or neurons. This may be due to expression levels being lower in these tissues or the rapid 

budding of ARMMs genomic knock in answer this question, we can introduce an ARRD-13 

PSAP mutation within the mCherry knock-in, if ARRD-13 signal is no longer detected in 

coelomocytes we can conjecture that ARMMS budding and trafficking was perturbed to 

coelomocytes. A second method would be to generate a single-copy ARRD-13 CRISPR 

neuronal knock-in using the single-copy knock-in loci for defined gene expression (SKI 

LODGE) system(Silva-garcia, 2019) allowing single copy, lower level tissue specific expression 

of ARRD-13 for easier visualization of ARRD-13 biodistribution and trafficking. An additional 

option is to use photoactivatable fluorescent protein (PAFP) Dendra2 to track ARRD-13 

movement. Dendra2 is a well characterized PAFP that comprises a single A224V substitution, 

which leads to more complete maturation (chromophore formation) and a brighter fluorescence 

both before and after photoswitching. Thus, Dendra2 ARRD-13-Dendra2 fusion can be photo-

activated (404nm) and converted to Red and its migration followed to distal cells. Finally an 

additional way to solidify endogenous ARRD-13 expression in coelomocytes is to tag ARRD-13 

with GFP or another fluorophore and observe if there is same expression pattern as the mCherry 

tag. 

An additional critical follow up experiment to elucidating a physiological role for ARMMs 

would be to create an ARRD-13 null C. elegans mutant. A straightforward way to accomplish 

this is to engineer an early stop codon or deletion within the arrd-13 gene by CRISPR.   Stress 

response experiments such  as starvation, hypoxia, irradiation, development, and additional stress 

tests can be conducted on C. elegans to elucidate the functional consequence of ARRD-13 KO. 
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Furthermore, we can create ARRD-13 PSAP deletion mutants to test the need for the PSAP motif 

in C.elegans ARMMs budding. 

In summary, defining these key components of ARMMs biodistribution and trafficking can lead 

to further studies, examining the therapeutic efficacy of ARMMs in vivo and also implicate 

various other physiological roles for ARMMs as a biomarker or mediator of immune signaling.  

Methods 

Worm strains and cell culture 

C. elegans strains were obtained from the Caenorhabditis Genetic Center, funded by the NIH 

Office of Research Infrastructure Programs (P40 OD010440): N2 Bristol wild type. Worms were 

routinely grown and maintained on standard nematode growth media (NGM) seeded with E. coli 

(OP50-1). E. coli bacteria were cultured overnight in LB at 37°C, after which 100 µl of liquid 

culture was seeded on plates to grow for 2 days at room temperature. HEK293T and HeLa cells 

were cultured according to previously established protocols. 

Expression plasmids and CRISPR crRNA constructs 

pIM78 [rab-3p_MCS_tdTOMATO_unc-54 3'UTR], ARRDC1-GFP, arrd-13 promoter sequence 

(wormbase) 

dpy-5 crRNA:   5' ccaggaatgccaggaccacg 

dpy-5 ssODN repair template: 

5’GATTTCCGTTGTTTCCTGGCTCTCCACGATCATCCTGGCATTCCTGGGCGTCCAGCG

ACT 

tracrRNA- Dharmacon #U‐002000‐05/20/50 

arrd-13 crRNA: TAATCCGACAGCGCCACCAC CGG + 

GUUUUAGAGCUAUGCUGUUUUG 

Repair template/homology arm 1 synthesis: TTGCCAGTTTATAATCCGACAGCGTCATCAT 

CGT AAG GTGAGCAAGGGCGAGGAGGTC 
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Repair template homology arm 2 synthesis: 

GGGCAGAGTCCGATGAAAATCCTTCATTCTTCGGA TTACTTGTACAGCTCGTCCATG 

ssODN repair template:   

GATTTCCGTTGTTTCCTGGCTCTCCACGATCATCCTGGCATTCCTGGGCGTCCAGCGA

CT 

N2 worm injections were carried out according to previously established protocols (Paix, et. al, 

2015) 

Imaging 

Worms were anaesthetized in 0.1 mg/ml tetramisole/M9 on an NGM plate without bacteria 

until no movement was detectable, aligned to groups accordingly and subsequently imaged 

on a Zeiss Discovery V8 microscope with Axiocam camera and Eclipse Ti-E Confocal 

Microscope 

Antibodies and western blotting 

 

Primary antibodies used in the study include rabbit polyclonal ARRDC1 antibody as described 

previously(Nabhan, et. al), mouse monoclonal CD9 antibody (Santa Cruz, catalogue #sc-13118, 

at 1:1000 dilution) and rabbit monoclonal GFP antibody (Cell Signaling, catalogue #2956S, at 

1:1000 dilution) 

ARMMs isolation 

Culture medium atop nascent or transfected cells was collected and pre-cleared of cellular debris 

by two consecutive centrifugations (2000×g 

for 10 min and 10,000×g for 30 min). The medium was then passed through a 0.2- 

μm filter (Sarstedt) and subjected to ultracentrifugation using the SW41 Ti rotor in 

a L8-M centrifuge (Beckman) at 180,000×g for 90 min. Pellets were washed twice, 
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re-suspended in phosphate-buffered saline (PBS) and re-loaded onto a sucrose 

gradient of 10 different sucrose concentrations from top to bottom (0.2–2 M) and 

centrifuged at 180,000×g for 18 h. Fractions were then carefully collected at 1 ml 

each from the bottom of the tube. All fractionated samples were diluted with PBS 

and subjected to centrifugation at 180,000×g for 90 min to pellet the vesicles. 
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Chapter 5: Conclusion and Perspectives 
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Abstract 

ARRDC1 Mediated Microvesicles (ARMMs) bud exclusively from the plasma membrane and 

require ARRDC1 for their budding. Although ARMMs have been shown to package and deliver 

diverse bioactive cargos, the endogenous molecular composition of ARMMs still remains 

mysterious. My studies elucidated the molecular composition of ARMMs which may shed light 

on potential physiological roles for ARMMs in vivo. Furthermore, we have identified C. elegans’ 

ARRD-13 as the functional equivalent of ARRDC1, and that endogenous ARRD-13 localizes to 

macrophage -like cells called “Coelomocytes.” In this chapter we describe differences between 

ARMMs and EV subsets, biogenesis of ARMMs, potential physiological roles for ARMMs in 

vivo and conjecture on potential therapeutic applications for ARMMs.  

ARMMs are distinct EVs but share some common markers with exosomes 

Extracellular vesicles (EVs) are a heterogeneous group of membrane encapsulated structures that 

are secreted by cells comprised of exosomes and microvesicles (MVs), which originate from the 

endosomal system and which are shed from the plasma membrane, respectively. EVs are now 

being investigated as unique facilitators of intercellular communication, allowing cells to 

exchange proteins, lipids and genetic material. 

ARRDC1 Mediated Microvesicles (ARMMs) are a novel type of extracellular vesicle (EV) that 

mimic retroviral budding from the plasma membrane(Nabhan et al., 2012)  and can efficiently 

package and deliver bioactive signaling  proteins, RNAs, and the CRISPR/Cas-9 genome editing 

complex (Wang et al., 2018; Wang & Lu, 2017). Recently, we have identified the endogenous 

molecular components of ARMMs, an important step in characterizing their trafficking and 

functionality in vivo. ARMMs possess a vast array of DNA/RNA components, lipids, sugars, 
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metabolites, endosomal sorting complex required for transport (ESCRT), plasma membrane and 

glycoproteins that may potentially identify a role for ARMMs in gene regulation and protein 

transfer. Thus, our findings will also shed light on the biodistribution of ARMMS as well as 

mechanisms of ARMMs trafficking and cellular entry via membrane fusion, receptor-mediated 

entry, or endocytosis.  

In addition to this, we utilized C. elegans to characterize ARMMs’ in vivo biodistribution and 

identified C. elegans’ ARRD-13 as the functional equivalent of ARRDC1. Similar to ARRDC1, 

ARRD-13 contains an N-arrestin domain, PSAP motif, and PPXY motif, and we show that 

ARRD-13 mimics ARRDC1 PM expression and requires a PSAP motif for budding. 

Furthermore, we show that upon overexpression by extrachromosomal arrays fluorescent tagged 

ARRD-13 constructs localize to C. elegans muscle and neurons and ectopic ARRD-13 

expression under a neuronal promoter results in its localization in vesicle like structures along 

the nerve cord of the worm. Finally, upon tagging the C- terminal of endogenous ARRD-13 by 

CRISPR, we observe that ARRD-13 predominantly localizes to macrophage-like coelomocytes. 

In order to speculate upon potential biological roles for ARMMs it is paramount that we first 

characterize how ARMMs are different than classical EV subtypes. The first major difference 

between ARMMs and EV subsets is their size. Traditionally, exosomes (<150 nm) are classified 

as small EVs (sEV), and classical microvesicles (MVs) are categorized as large EVs(lEVs) 

(~200–1,000nm)(Vader et al., 2016). In contrast, ARMMs (~80-100nm) are unique in that they 

are much smaller than classical MVs and are closer in size to exosomes and sEVs(Jeppesen et 

al., 2019). ARMMs can also be distinguished from extracellular debris within the 50-100nm 

range using scanning electron microscopy (SEM) by Anti-ARRDC1 and anti-CD63 immunogold 

labeling of collagen-embedded extracellular vesicle cryosections. In addition to this, cytological 
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visualization of ARMMs can be observed by confocal microscopy via costaining with lipophilic 

fluorescent dyes and ARRDC1-GFP. In addition to this, the proteins required for ARMMs 

biogenesis differ from classical microvesicle biogenesis in their requirement for TSG101 for 

budding. Although still incompletely understood, classical MV budding does not require 

TSG101 for budding but is tightly regulated by several small GTPases, including members of the 

ARF, RAB and Rho protein families(Tricarico et al., 2017). On the contrary, similar to HIV viral 

Gag budding and exosome biogenesis, ARMMs also require TSG101 for budding, interestingly, 

both ARRDC1 and TSG101 are enriched in sEV fractions but not lEVs(Jeppesen et al., 2019). 

Finally, proteomic analysis revealed that ARRDC1 is present in tetraspanin- enriched vesicles 

while Annexin A1, a membrane enriched protein and exosome constitute is absent, yet Annexin 

A1 is enriched in classical MV and is thought to be a classical exosome marker(Jeppesen et al., 

2019). Due to the often unclear composition of purified vesicle preparations, which are usually 

isolated based on size and density, the terms sEV and lEV have been proposed for studies that do 

not clearly define the biogenesis mode of the EVs in their preparations (Maas et al., 2017).  

A major challenge for the future and a current focus of the field is to both define and isolate 

distinct subpopulations according to either their biogenesis mechanism or their molecular 

content. Currently, ultracentrifugation induces aggregation of multiple EVs (Kowal et al., 2016) 

and could potentially induce changes in EV structure. Alternatively, some recent clinical studies 

have employed tangential-flow filtration (TFF) for EV isolation (Heath et al., 2018). In this 

technique, the conditioned cell culture supernatant is both concentrated and filtered at the same 

time using a peristaltic system with a high molecular weight cut off membrane filter (Busatto et 

al., 2018). More recently, size exclusion chromatography has gained a lot of attention in the EV 
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isolation field as an efficient single-step method for EV isolation from small quantities of 

biological fluids (Sidhom et al., 2020). 

Taken together, although ARMMs bud exclusively from the plasma membrane, they share 

biological signatures with sEVs and exosomes, further investigation into the functional relevance 

of these common biological properties will illuminate key aspects of ARMMs physiology. 

Regulation of ARMMs budding  

The requirement for TSG101 in both ARMMs and exosome biogenesis may shed light on 

potential mechanisms through which ARMMs budding is regulated . Our proteomics data 

revealed that the entire ESCRT-1 heterotetramer ( TSG101, VPS37B,VPS37C, 

MVB12A,VPS28) requires ARRDC1 for basal level expression, which is consistent with 

previous results that ARRDC1 is required for the budding of TSG101 into EVs. The parallels 

between budding events driven by ARRDC1 and retroviral Gag proteins are striking in several 

respects: PM location, requirement for ESCRT machinery and Vps4, and involvement of Nedd4 

family ubiquitin ligases(Kuo & Freed, 2012). Supporting this idea is that ESCRT-1 proteins have 

been shown to have roles in virion assembly, thus the regulation of ESCRT machinery by 

ARRDC1 and viral hijacking of ESCRT proteins may shed light on potential roles for ARMMs 

as biomarkers for specific viral infections. 

In addition to this, ARRDC1 KO results in ~50% reduction in sEV concentration, thus under 

basal conditions, ARMMs budding may be regulated by ARRDC1 quenching of downstream G-

protein-coupled receptor (GPCR) signaling regulating TSG101 recruitment to the plasma 

membrane. GPCRs are the largest family of signaling proteins and are targeted by about a third 

of clinically used drugs(Aubry et al., 2009), in addition to this GPCRs have been shown to 
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interact and regulate TSG101 activity(Giordano et al., 2011). The signaling of most GPCRs via 

G proteins is terminated by the phosphorylation of the active receptor by specific kinases (GPCR 

kinases, or GRKs) and subsequent quenching of GPCR signaling is mediated by binding of α-

arrestin protein ARRDC1(Gurevich & Gurevich, 2006). Thus, constitutive basal downregulation 

of GPCR signaling by ARRDC1 may regulate ARMMs budding by regulating downstream 

GPCR targeting of TSG101 in normal physiological states. 

An interesting area of investigation are the physiological conditions that may induce ARMMs 

budding. Under resting conditions, phospholipids are asymmetrically distributed in the plasma 

membrane of eukaryotic cells(Morel et al., 2011). MV budding occurs when the asymmetrical 

distribution of lipids between the inner and outer leaflets of a plasma membrane is lost. When 

cells undergo activation or apoptosis, phosphatidylserine externalization is one of the earliest 

observable indicators of the process and is therefore regarded as a marker of cell stress(Maas et 

al., 2017).  

Potential in vivo functions of ARMMs  

a. In macrophage biology 

ARRDC1 is expressed in murine brain, kidney, liver, lung and spleen suggesting that ARMMS 

may mediate a myriad of key physiological process in vivo. In addition to this, ARRDC1 KO in 

mice results in a concentration decrease in murine blood derived EVs in both LPS infected and 

uninfected mice (Lu lab unpublished data). We also show that fluorescent tagged ARRD-13 

constructs localize to C. elegans muscle and neurons and ectopic ARRD-13 expression under a 

neuronal promoter results in its localization in vesicle like structures along the nerve cord of the 

worm. Finally, upon tagging the C- terminal portion of endogenous ARRD-13 by CRISPR, we 
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observe that ARRD-13 strongly localizes to macrophage like coelomocytes. Taken together, 

these findings suggest that ARMMS may regulate a broad range of biological processes with a 

potential niche for mediating innate immune responses via macrophage activity. 

b.  In other inflammatory processes 

The link between coagulation and the innate immune system has been well characterized(Morel 

et al., 2011). ARRDC1 has been shown to be enriched in macrophages and C. elegans ARRD-13 

in macrophage-like coelomocytes, thus ARMMs may be released from circulating macrophages 

with functional roles in immunity as well as coagulation. It has also long been appreciated that 

inflammation is a result of the interactions between various cell types in the blood and it has 

since become clear that MVs are involved in this crosstalk(Kawli et al., 2010). Our proteomics 

data reveal that ARMMS are enriched in several immune like receptor proteins that posse 

immunoglobulin- Like (IG) domains that specialize in immune cell antigen recognition and 

immune cellular response priming. Heat Shock Protein Family D (Hsp60) Member 1) (HSPD1) 

has an essential role in leukocyte activation within the innate immune system as a molecular 

chaperone with mutations in this disease leading to severe autoimmune diseases such as 

leukodystrophy(Subra et al., 2010). The diversity of signaling molecules on the surface of 

ARMMs opens an active area of investigation of the role of EVs in immune cell modulation. 

Interestingly, ARRDC1 is also enriched in the kidney and spleen, two organs with well- defined 

immunoregulatory roles within blood circulation, thus ARMMs may exert both pro-

inflammatory and anti-inflammatory effects on their environment principally through the 

horizontal transfer of cytokines and chemokine receptors to recipient cells. 
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Taken together, ARMMs possess a diverse set of signaling/ adhesion molecules that suggest the 

fusogenic and immune modulating capacity of ARMMs, this study is the first step in 

characterizing the full potential of ARMMs as a novel biological tool that can be harnessed for 

therapeutic application. Elucidating the endogenous membrane components of ARMMs 

illuminates important aspects of ARMMs trafficking in vivo. 

c. In tumorigenesis 

Tumor cells of varied origins release significant numbers of MVs and the amount of shed 

vesicles has been documented to correlate with increased invasiveness and disease 

progression(Camussi et al., 2010). Growing evidence has highlighted the contribution of 

exosome-mediated signaling in all the aspects of breast cancer metastatic dissemination (Zhou et 

al., 2018). Several findings have shown that exosomes influence many aspects of the metastatic 

cascade by releasing their genetic and molecular cargos to recipient cells (Maas et al., 2017). 

ARRDC1 and TSG101 are highly expressed in sEV fractions from cancer cell lines, in addition 

to this, ARMMs budding is also increased mammary gland Michigan Cancer Foundation-7 

(MCF-7) cells. In breast cancer, MCF-7 cells are used ubiquitously in research for estrogen 

receptor (ER)-positive breast cancer cell experiments(Lee et al., 2015), interestingly, ARRDC1 

RNA expression is >50x higher in MCF-7 cells compared to HEK293T cells. A possible 

explanation that may explain the link between the mammary gland tumor microenvironment, 

increased ARRDC1 expression and augmentation of ARMMS budding is that ARMMs may 

induce cancer metastasis by transferring genetic and molecular signals to surrounding cells. 

Taken together, increased ARRDC1 expression in MCF-7 cells, ARMMs packaging of nucleic 

acid binding proteins, and upregulated ARMMs budding in MCF-7 cells suggests the possibility 
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that ARMMs may have a role in breast cancer pathophysiology and that ARMMs may be 

leveraged as a specific biomarker for tumor metastasis. 

ARMMs as a platform for therapeutic delivery 

ARMMs enrichment of ESCRT-1, RNA/DNA binding, and fusogenic plasma membrane 

proteins highlight the potential utility of ARMMs as a platform for therapeutic nucleic acid/small 

molecule delivery to diseased tissues. Enveloped viruses recruit ESCRT-1 machinery to facilitate 

virion assembly and budding(Colombo et al., 2013), suggesting a conserved mechanism to 

package and protect essential genetic materials, an essential element to efficient drug delivery. In 

addition to this, ARMMs enrichment of a myriad of nucleic acid binding and fusogenic proteins 

suggest ARMMs may be able to package a variety of therapeutic RNA/DNA molecules and 

efficiently deliver their contents into recipient cells via membrane fusion. Taken together, we 

have discovered that ARMMs possess a vast array of DNA/RNA components, lipids, sugars, 

metabolites, and glycoproteins that may potentially identify a role for ARMMs in gene 

regulation and therapeutic protein transfer. 

In addition to this, we demonstrate that C. elegans’ ARRD-13 is the functional equivalent of 

ARRDC1. Similar to ARRDC1, ARRD-13 contains an N-arrestin domain, PSAP motif, and 

PPXY motif, and we show that it mimics ARRDC1 PM expression and requires a PSAP motif 

for budding. The identification of functional ARRDC1 homologues highlight potentially 

conserved aspects of ARMMs trafficking that may be harnessed to package and delivery 

therapeutic macromolecules. 

Furthermore, we also shed light on the in vivo biodistribution of ARRD proteins by 

extrachromosomal array expression of fluorescent tagged ARRD-13 constructs that localize to C. 
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elegans’ muscle and neurons. Subsequently, we show that ectopic ARRD-13 expression under a 

neuronal promoter results in its localization in vesicle like structures along the nerve cord of the 

worm. Finally, upon tagging the C- terminal portion of endogenous ARRD-13 by CRISPR, we 

observe that ARRD-13 strongly localizes to macrophage like coelomocytes. C. elegans also is 

amendable to a variety of stress experiences ranging from hypoxia, starvation, and fertility where 

we can assess the requirement for ARMMs in a variety of physiological processes. Thus, we 

have now established a genetic model to interrogate ARMMs biogenesis, trafficking and 

physiology in C. elegans. 

Our work has laid the foundation to decoding the molecular mechanisms that are involved in 

ARMMs biogenesis as well as the diverse physiological and pathological functions of ARMMs, 

a current gap in knowledge. Taken together, our work not only advances our understanding of 

ARMMs, but also EV biology and the potential physiological roles of EVs and additional novel 

EV subsets. Furthermore, these results may also elucidate the utility of ARMMs as a biomarker 

for a myriad of pathophysiological states ranging from ER stress responses to cancer 

pathogenesis, providing a comprehensive foundation to characterizing the biological role for 

ARMMs in vivo. 
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