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Pluripotent stem cells reside transiently in the epiblast of blastocyst-stage 

embryos, until the proper time when they receive signals to differentiate into the germ 

layers that will give rise to the entire organism. However, the mechanisms that 

underlie the regulation of stem cell fate in the developing embryo, particularly how 

they maintain pluripotency, remain poorly understood. Here we show that embryonic 

stem cells (ESCs), the in vitro equivalents of stem cell populations within the epiblast, 

form and release extracellular vesicles (EVs), including microvesicles (MVs) and 

exosomes, to help maintain their stemness. Treating ESCs cultured under 

differentiation-inducing conditions with MVs and/or exosomes isolated from 

pluripotent ESCs blocked their differentiation and preserved stem cell characteristics 

including the ability to generate chimeric animals. Such effects were determined to be 

dependent on the extracellular matrix protein fibronectin associated with the vesicles, 

and its ability to bind to integrins and activate focal adhesion kinase (FAK) in 

recipient cells. These findings raise the exciting possibility that EVs might serve as a 

mechanism that helps stem cells within the blastocyst to maintain their pluripotent 

state. 

In addition to the roles that ESC-derived EVs potentially play in the 



 

 

 

physiological setting, we made interesting discoveries showing that they also can 

dramatically impact the behavior of differentiated cells by causing them to behave like 

stem cells, and even possibly induce pluripotency. The treatment of mouse embryonic 

fibroblasts (MEFs), a type of somatic cell, with MVs and exosomes produced by ESCs 

protected the cells from serum starvation-induced cell death and delayed senescence. 

Moreover, the EV-treated MEFs were also found to acquire the phenotypes of stem 

cells, such as the ability to form spheres, exhibit alkaline phosphatase activity, and 

express core stemness proteins Oct3/4 and Nanog. The EVs from ESCs strongly 

activated the cell survival and growth-promoting protein AKT in MEFs, and when 

EV-mediated AKT activation was inhibited, the MEFs no longer showed stem cell-

like characteristics. Collectively, these findings shed light on how a unique form of 

intercellular communication can have important consequences in early development, 

as well as can potentially be used for regenerative medicine applications.  
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CHAPTER 1 

INTRODUCTION1 

 

Extracellular vesicles (EVs) represent a rather unique and important 

mechanism of intercellular communication that involves the ability of virtually all 

cells to form and release multiple distinct classes of membrane-enclosed packages of 

information into the extracellular space.1–4 The EVs are able to dock and be taken up 

by recipient (i.e. target) cells, altering their behavior. These secreted vesicles were first 

discovered in the 1980s as a result of an effort aimed at understanding the process of 

cellular differentiation, and in particular, of reticulocyte maturation.5 Reticulocytes are 

immature red blood cells, and in the early stages of their development, they require a 

large amount of iron to synthesize hemoglobin.6 Therefore, the demand for the iron-

binding glycoprotein, transferrin, and its corresponding cell surface receptor (i.e. the 

transferrin receptor) at this stage is high. However, as the reticulocytes mature into red 

blood cells, their requirement for iron is dramatically reduced, and as a result, the 

expression of transferrin receptors is rapidly downregulated. While attempting to 

determine the mechanism by which transferrin receptor expression is regulated in 

maturing reticulocytes, it was shown that they accumulated in intracellular 

compartments and were highly enriched within multivesicular endosomes (MVEs),5 

which are distinct from the more conventional multivesicular bodies (MVBs) that 

contain lysosomal enzymes and are trafficked to lysosomes for degradation.7 In 

 
1 Select parts of this chapter were published in Stem Cells. (Hur, Y. H., Cerione, R. A. & Antonyak, M. 

A. Extracellular vesicles and their roles in stem cell biology. Stem Cells 38, 469–476 (2020).) 
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contrast, the MVEs containing transferrin receptors lacked lysosomal proteins, 

suggesting that they might not be similarly trafficked to lysosomes. Indeed, additional 

experiments performed showed that the MVEs enriched in transferrin receptors were 

trafficked to the cell surface. At this point, the MVEs fused with the plasma membrane 

and released their contents, which included 50-150 nm vesicles containing the 

transferrin receptors, into the extracellular space. These vesicles were referred to as 

exosomes, a term that is still commonly used today to describe one of the major 

classes of EVs. 

At first, EVs, including the exosomes released by the maturing reticulocytes, 

were considered nothing more than a mechanism used by cells to eliminate unwanted 

material, an idea that persisted until about a decade ago.8 However, more recent work 

on EVs has begun to shed some light on the fact that these vesicles are loaded with a 

variety of bioactive cargo, which can be transferred to neighboring cells. Even though 

the specific contents of EVs vary depending on their cell of origin, some of the general 

types of EV cargo include extracellular matrix proteins, cell surface receptors, 

cytosolic signaling proteins, growth factors, and transcription factors. Moreover, EVs 

have also been found to contain RNA transcripts, microRNAs (miRNAs), metabolites, 

and even fragments of genomic DNA.2,9–12 Cargo sorting into EVs is considered not to 

be random, but rather the result of a highly selective process.12,13 The inclusion of 

specific bioactive cargo in EVs allows them to play important roles in several different 

physiological and pathological processes, and for this reason, they are attracting a 

good deal of attention from basic and translational researchers, as well as from the 

pharmaceutical industry.2,4 
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EVs have been the most extensively studied in the context of cancer, where 

they have been proposed to help shape the tumor microenvironment, suppress the 

immune response, and enhance cancer cell growth, survival, invasion, and 

metastasis.14–19 Since cancer cell-derived EVs can be isolated from biofluid samples 

taken from patients, they are investigated for their potential as a good source of 

diagnostic information (Figure 1).20–22 However, recently, there have been growing 

suggestions that EVs also contribute to a wide range of physiological processes, 

including various aspects of early development and stem cell biology.2,4,11,23 

Moreover, EVs produced by stem cells have been discovered to be efficiently 

transferred to sick or damaged cells, where they promote cell survival and tissue 

regeneration. Thus, they are also being actively pursued for clinical applications, 

including being used as a therapeutic delivery system and for regenerative medicine 

(Figure 2).24–27 Because this unique form of intercellular communication has 

potentially far-reaching consequences in numerous biological and disease-state 

contexts, understanding how they are formed, loaded with specific cargo, dock onto 

and transfer their contents to recipient cells, and promote phenotypic changes, has 

become major areas of study. 

 

The formation and shedding of EVs 

Since the study of EVs is a young and rapidly evolving field, there are still 

many fundamental questions that remain to be answered regarding how to define the 

different classes of EVs. It is currently widely accepted that EVs can be divided into 

two broad classes, microvesicles (MVs) and exosomes, and these two classes of 
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Figure 1. The roles that cancer cell-derived EVs play in cancer biology. 

EVs have been the most extensively studied in the context of cancer, where they have 

been shown to help shape the tumor microenvironment, suppress the immune 

response, and enhance cancer cell growth, survival, invasion, and metastasis. Since 

cancer cell-derived EVs can be isolated from biofluids taken from patients (i.e. blood), 

their contents could provide valuable diagnostic information. 
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Figure 2. The roles and potential clinical applications of stem cell-derived EVs. 

There has been a growing appreciation that EVs can also mediate a wide range of 

physiological processes, including various aspects of early development and stem cell 

biology. Moreover, EVs produced by stem cells are being aggressively pursued for 

clinical applications, including their potential use as a therapeutic delivery system and 

for their regenerative capabilities. 
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vesicles differ in their size and the mechanisms underlying their biogenesis (Figure 

3).28,29 

 

1. MV biogenesis 

One of the major classes of EVs is most often referred to as MVs, but they are 

also sometimes called ectosomes, shedding vesicles, large EVs, and when generated 

by cancer cells, oncosomes. These vesicles generally range from 0.2 μm to 1.0 μm in 

diameter, but MVs as large as 10 μm have also been reported. MVs are generated as a 

result of the direct outward budding and fission of distinct regions along the plasma 

membrane.2,3,29 Specifically, these regions are enriched with cholesterol, 

sphingolipids, and certain proteins, and are referred to as lipid rafts. Consistent with 

this idea, the depletion of cholesterol from the plasma membrane has been shown to 

significantly reduce the numbers of MVs released by cells.30,31 Moreover, the lipids 

and proteins present in lipid rafts, including flotillin-2, can also be detected in the 

MVs shed by a variety of cell types, reinforcing the idea that lipid rafts are the sites 

along the surfaces of cells where MVs are formed and released.11,17,28 

Despite the importance of MVs in mediating diverse biological and 

pathological processes (described below), the mechanisms underlying their biogenesis 

remain unclear. However, a few recent studies have identified some important players 

involved in the formation and release of MVs, particularly by transformed or cancer 

cells. These include two small GTP-binding proteins that are known to regulate actin-

cytoskeletal dynamics, namely the ADP-ribosylation factor 6 (Arf6)32 and the Ras 

homolog gene family member A (RhoA).33 Arf6 localizes to some endosomal 
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Figure 3. The biogenesis of microvesicles and exosomes. 

Microvesicles (blue, top left) are generated by the direct outward budding and fission 

of the plasma membrane, while exosomes (red, bottom right) are produced as a result 

of the re-routing of multivesicular bodies (MVBs) within the endo-lysosomal pathway. 

Specifically, MVBs containing intraluminal vesicles (ILVs) are traditionally trafficked 

to lysosomes and degraded. However, some MVBs are instead re-routed to the cell 

surface, where they fuse with the plasma membrane and release the ILVs as exosomes 

into the extracellular space. 
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compartments, as well as the plasma membrane, and it has been reported to regulate 

intercellular vesicle trafficking and promote cell migration and invasion.34 In a study 

aimed at determining how Arf6 promotes the invasive activity of LOX human 

melanoma cells, it was discovered that it mediated these processes by activating 

proteins that promote the shedding of MVs. Specifically, Arf6 increased 

phospholipase D (PLD) activity, which in turn recruited extracellular signal-regulated 

kinase (ERK) to the plasma membrane, where it activated myosin light-chain kinase 

(MLCK). Activated MLCK then phosphorylated myosin light chain (MLC), which 

promoted the coordinated contraction of the actin cytoskeleton at sites along the 

plasma membrane where MVs were budding, resulting in their fission and release. 

Importantly, inhibiting the activities of different components of this pathway, i.e. ERK 

activation, was sufficient to prevent MVs from being released from the cells.32 

 Another important small GTPase involved in MV biogenesis is RhoA. Like 

Arf6, the Rho family of small GTPases, which includes RhoA, Cdc42, and Rac1, 

regulates actin cytoskeleton rearrangements.35 Importantly, dysregulation of members 

of the Rho family has also been suggested to promote several aggressive phenotypes 

in cancer cells, ranging from increasing cell growth to promoting metastasis. Increases 

in the level of RhoA activity in cells have been found to influence cell shape and 

attachment, processes which are critical for cell migration.35–37 Our laboratory 

discovered that RhoA was also important for regulating a specific aspect of MV 

formation, i.e. budding. We showed this by ectopically expressing an activated form 

of RhoA (RhoA-F30L) in HeLa cervical carcinoma cells, which caused a large 

increase in the number of MVs that could be detected along the surfaces of these cells 



 

12 

 

by immunofluorescence microscopy. We then went on to determine the mechanism by 

which RhoA mediated this effect, by showing that it depended on the ability of RhoA 

to activate one of its effectors, Rho-associated coiled-coil containing kinase (ROCK). 

The activation of ROCK then resulted in the sequential phosphorylation of Lim kinase 

(LIMK) and cofilin. When cofilin is phosphorylated on Serine 3, its actin severing 

activity is inhibited, causing the build-up of actin filaments that are needed for MV 

budding. Importantly, blocking ROCK activity using the inhibitor Y-27632, or 

knocking down RhoA and LIMK expression using siRNAs, was sufficient to block 

MV budding.33 

 While the studies described above were conducted using cancer cells, our 

laboratory has generated some interesting preliminary findings suggesting that non-

cancerous cell types might potentially use different mechanisms to generate and 

release MVs. This is largely based on unpublished work, where we discovered the 

production of MVs by embryonic stem cells (ESCs) could not be blocked by knocking 

down RhoA expression using siRNAs or inhibiting ROCK activity with Y-27632. 

Another interesting difference between the MVs generated by ESCs and cancer cells 

has to do with how their formation is regulated by filamentous (F)-actin. We had 

found early on that the MVs produced by the highly aggressive MBAMB231 breast 

cancer cell line, as well as the U87 glioma cell line, and the HeLa cervical carcinoma 

cell line all exhibited F-actin lining their surfaces, which could be visualized by 

performing fluorescent microscopy on these MVs after they were stained with 

Rhodamine-conjugated phalloidin.17,33 In contrast, when the same experiment was 

performed on the MVs isolated from fibroblasts or ESCs, they lacked detectable F-
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actin. Thus, it appears that at least some normal, non-cancerous cell types likely use 

different mechanisms to form and release MVs. What these mechanisms are is 

currently unknown, but it is an important question in the field. 

 

2. Exosome biogenesis 

The other major class of EVs is exosomes, also sometimes referred to as small 

EVs. These vesicles are typically between 50-150 nm in diameter and are derived 

from MVBs in the endo-lysosomal trafficking pathway.1,28,29 Traditionally, MVBs 

containing intraluminal vesicles (ILVs) are trafficked to lysosomes where their 

contents are degraded.7 However, through mechanisms that are still not entirely clear, 

some MVBs are instead re-routed to the cell surface. There, they fuse with the plasma 

membrane and their contents, which include ILVs, are released to the extracellular 

environment, at which point they are termed exosomes. Consistent with the idea that 

MVBs give rise to exosomes, interfering with the machinery that promotes MVB 

formation blocks exosome production. A good example of this is endosomal sorting 

complex required for transport (ESCRT), which was originally identified in yeast and 

shown to play a major role in sorting ubiquitinated proteins into ILVs.38 The ESCRT 

machinery first recognizes and sequesters ubiquitinated proteins in the endosomal 

membrane, and then it interacts with additional proteins, such as ALIX and syntenin, 

to promote the inward budding and fission of the endosomal membrane to form ILVs. 

Knocking-down, or ectopically expressing dominant-negative forms of many 

components of the ESCRT machinery has been suggested to reduce exosome 

formation.39,40 
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There are suggestions that MVB biogenesis can also occur via ESCRT-

independent mechanisms. This was demonstrated in a study where the major subunits 

of the ESCRT complex were deleted from Oli-neu mouse oligodendroglial cells, but 

some MVBs still formed. Although the molecular basis for this effect is not entirely 

clear, several studies have proposed that the production of ceramide may be involved. 

Specifically, the enzyme sphingomyelinase is expressed in the endosomal membrane, 

where it converts sphingomyelin to ceramide. The accumulation of ceramide in the 

endosomal membrane promotes its inward curvature and fission to generate ILVs. 

Treatment of cells with sphingomyelinase inhibitors, such as GW4869, spiroepoxide, 

or glutathione, has been shown to block MVB formation and exosome secretion in 

certain contexts.41,42 

 Whether MVBs are trafficked to lysosomes or are directed to the plasma 

membrane and released as exosomes, is regulated by members of the Rab family of 

small GTPases. Rab GTPases are best known for their roles in regulating various 

aspects of intracellular vesicle trafficking.43 Among many different members of this 

family, Rab27a and Rab27b have been discovered to be particularly important for the 

trafficking of MVBs to the cell surface and their subsequent docking to the plasma 

membrane. While depleting HeLa cells of either Rab27a or Rab27b led to a significant 

decrease in the number of exosomes released by the cells, silencing of each subtype 

caused distinct phenotypes. Specifically, depleting Rab27a in HeLa cells resulted in 

more and larger MVBs being detected in the cytosol by immunofluorescence. On the 

other hand, when the cells were depleted of Rab27b, MVBs accumulated in the 

perinuclear region, but their size did not change. However, when the exosomes were 
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normalized based on the amounts of exosomal proteins, the biochemical composition 

of these vesicles produced by Rab27a or Rab2b knock down cells was 

indistinguishable from the exosome cargo released by the control cells, suggesting that 

Rab proteins play roles in MVB trafficking, but they do not participate in cargo 

sorting.44 

 

The interaction of EVs with recipient cells 

 When MVs and exosomes are released by a cell (i.e. the donor cell) into the 

extracellular environment, they have the opportunity to engage and transfer their cargo 

to other cells (i.e. target or recipient cells). Although the EVs generated by any given 

cell type can be transferred to any other cell type, there have been some suggestions 

that EVs from different sources preferentially target specific cell types.45 This is 

thought to be mediated by membrane-associated proteins or adhesion molecules which 

are differentially expressed on the surfaces of EVs as well as their target cells, such as 

tetraspanins, extracellular matrix proteins, proteoglycans, and lectins.45–47 For 

instance, David Lyden’s group at Weill Cornell showed that the distinct subtypes of 

integrins expressed on the surfaces of cancer cell-derived EVs, particularly exosomes, 

promote their uptake by certain cell types. Notably, the study revealed that exosomes 

with integrins α6β4 and α6β1 on their surfaces mediate their transfer and uptake by 

lung-resident fibroblasts and epithelial cells, while exosomes expressing integrin αvβ5 

specifically bind to Kupffer cells.48 

 Once EVs dock onto the surfaces of target cells, their contents are eventually 

internalized. How this process occurs is one of the least understood aspects of EV 



 

16 

 

biology. However, a few different mechanisms have been proposed. While some of 

the commonly suggested routes of EV cargo uptake by cells include endocytosis, 

phagocytosis, micropinocytosis, and direct membrane fusion, most of the experimental 

evidence published to date indicates that they are internalized by endocytosis (Figure 

4).49 For example, imaging of cells that had been treated with EVs revealed that they 

contained several double-membrane structures, consistent with EV internalization by 

endocytosis. Moreover, the uptake of EVs, and their associated cargo by a variety of 

cell types, including macrophages, dendritic cells, microglia, and glioblastoma cells, 

has been shown to be blocked by treatment with inhibitors or inactivating antibodies 

that interfere with endocytosis, or by knocking down key proteins in the endocytic 

pathway.50–53 

Another plausible mechanism for the uptake of EV cargo by cells involves the 

direct fusion of EVs with plasma membranes. The fusion of EV membranes with cell 

surfaces was demonstrated when the EVs shed by certain cell types, such as melanoma 

cells and dendritic cells, were stained and visualized with fluorescent lipid membrane 

dyes. For example, when the exosomes isolated from metastatic melanoma cells 

labeled with a lipid fluorescent probe R18 were used to treat recipient cells, evidence 

of direct fusion events was detected, as read out by fluorescence spectroscopy and 

confocal microscopy. Under low pH conditions, which is a hallmark of tumor 

malignancy, exosomes showed a particularly high fusion efficiency with recipient 

cancer cells.54 Similarly, fluorescently labeled exosomes from bone marrow derived-

dendritic cells showed a time-dependent fluorescence increase in the plasma 

membranes of the unlabeled recipient dendritic cells upon the addition of the labeled 
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Figure 4. Mechanisms of EV uptake by recipient cells. 

MVs and exosomes are transferred to recipient (i.e. target) cells using a variety of 

mechanisms. (A) Most of the experimental evidence to date suggests that EVs are 

internalized by endocytosis. Once intact EVs are taken-up by cells via endocytosis, 

their cargo are released. (B) The contents of EVs can also be transferred to cells via 

the direct fusion of EVs with plasma membranes. (C) Proteins associated with the 

surfaces of EVs can bind the receptors expressed on cells and stimulate the activation 

of signaling pathways. In this case, the internalization of EVs is not necessary for 

them to influence the behavior of recipient cells. 
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 exosomes, indicating that the exosomes fused with the cells.55 

 Other studies have suggested that the internalization of EVs is not always 

necessary for them to mediate phenotypic changes. Rather, certain proteins that are 

associated with the surfaces of EVs have been reported to be sufficient to induce the 

activation of signaling proteins in recipient cells upon vesicle docking. For example, 

cancer cell-derived MVs have been found to contain a protein cross-linking enzyme, 

tissue transglutaminase (tTG), that is often overexpressed in highly malignant cancer 

cells. Our group showed that tTG bound and crosslinked the extracellular matrix 

protein, fibronectin, which was present along the surfaces of MVs derived from 

aggressive cancer cells. This covalently modified form of fibronectin was able to 

strongly activate α5β1 integrins in recipient fibroblasts and increase focal adhesion 

kinase (FAK) and AKT activation, resulting in enhanced cell growth and survival.17 

Similarly, the MVs shed by ESCs were shown to have fibronectin and another 

extracellular matrix protein, laminin, decorating their surfaces. When these MVs 

bound the surfaces of trophoblasts, a cell type important for promoting embryo 

implantation, they activated FAK and JNK, and promoted cell migration.11 

 

EVs in cancer biology 

1. EVs in cancer progression 

Interestingly, microscopic tumors are found quite often upon the autopsy of 

individuals who have died of unrelated causes. Such small tumors are referred to as 

occult cancer, as they exist without the host being aware. Occult tumors are primarily 

dormant, and their existence indicates that not all cells with mutations in cancer-
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causing genes go on to develop into malignant and lethal tumors. Rather, additional 

changes need to occur to the cancer cells as well as to their surrounding 

microenvironment, in order for dormant or benign cancer cells to acquire the ability to 

grow uncontrollably and become invasive and metastatic.56 This is because the normal 

tissue that surrounds neoplastic cells often suppresses malignant progression as long as 

the integrity of the tissue is maintained.57,58 However, the surrounding tissue can 

become reshaped by the developing tumor by recruiting new cell types and changing 

the composition of its matrix. This tumor-altered microenvironment, commonly 

referred to as the tumor microenvironment, can then send signals to the tumor that 

cause the cancer cells to proliferate aggressively. Moreover, altering the composition 

of the area around the tumor also often gives cancer cells an opportunity to escape 

their local environment, invade the surrounding normal tissue, and eventually enter the 

circulation, increasing the risk of metastatic spread. Thus, the tumor 

microenvironment plays an important role in cancer progression.56,59,60 

Several soluble factors secreted by cancer cells are known to help shape the 

tumor microenvironment. One well-known component of the tumor microenvironment 

which is affected by cancer cell-derived factors is cancer- or tumor-associated 

fibroblasts (CAFs or TAFs). CAFs are recruited to tumor sites and support 

tumorigenesis by remodeling the extracellular matrix and secreting soluble factors that 

stimulate angiogenesis and cancer cell proliferation.61 In the context of ductal breast 

carcinoma, communication between normal fibroblasts and cancer cells was 

discovered to cause the fibroblasts to acquire CAF phenotypes through Notch 

signaling.62 In a similar manner, co-culture of primary mouse skin fibroblasts with the 
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conditioned medium from PDSC5 mouse squamous cell carcinoma cells induced the 

characteristic proinflammatory CAF signature in the fibroblasts via the NF-kB 

signaling pathway.63 

However, it is now starting to be appreciated that EVs may be just as 

important as soluble growth factors and proinflammatory cytokines in altering the 

tumor microenvironment. As an example, our group previously found that the larger 

class of EVs that bud directly from the surfaces of cells, i.e. MVs, shed by 

MDAMD231 breast carcinoma cells and U87 glioma cells are capable of inducing 

transformed phenotypes in non-transformed fibroblasts, promoting their ability to 

grow under anchorage-independent conditions and enhancing cell survival. These 

effects were mediated by the large amounts of tTG and fibronectin that were 

associated with the MVs. Such findings were particularly important because they 

demonstrated for the first time that cancer cell-derived EVs can potentially impact 

cancer progression by altering the cellular composition of the tumor 

microenvironment.17 Similarly, prostate cancer cell-derived exosomes were shown to 

contain high levels of transforming growth factor-β (TGF-β), a growth factor which 

can influence the function of fibroblasts to shape the environment such that it is 

favorable for cancer progression. The treatment of fibroblasts with these exosomes 

caused the cells to differentiate into myofibroblasts, as read out by the increased 

expression of α-smooth muscle expression.64 In contrast to their physiological roles 

during normal wound healing, tumor-associated myofibroblasts have been suggested 

to promote tumor growth, vascularization, and metastatic spread.65–67 

Another well-studied role for EVs in cancer progression is their ability to 
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promote tumor angiogenesis. The cells of a tumor can typically grow unimpeded to a 

size of approximately 1-3 mm, at which point they require an additional source of 

nutrients and oxygen to sustain cell growth. To meet this demand, cancer cells respond 

to the stress of limiting amounts of oxygen and nutrients by secreting soluble factors, 

like vascular endothelial growth factor (VEGF), which recruits endothelial cells to the 

tumor. The VEGF-activated endothelial cells then proliferate, reorganize, and give rise 

to the formation of new blood vasculature, providing the cancer cells with the 

nutrients and oxygen that they need to sustain their growth.68,69 Interestingly, several 

studies have shown that EVs shed by cancer cells can contribute to this process as 

well. The MVs and/or exosomes generated and released by cancer cells from various 

types of tumors, including triple-negative breast cancer, glioblastoma, lung 

adenocarcinoma, prostate cancer, and multiple myeloma, were found to be transferred 

to endothelial cells and promote angiogenesis. The contents of the EVs that are critical 

for mediating this effect include VEGF and other angiogenesis-promoting growth 

factors, such as platelet-derived growth factor (PDGF) and basic fibroblast growth 

factor (bFGF), as well as miRNAs and RNA transcripts that activate endothelial 

cells.18,70–75 Our group discovered that VEGF90K, a 90 kDa form of VEGF that was 

generated by the crosslinking of VEGF165 monomers into an oligomer by tTG, was 

expressed on the surfaces of MVs derived from breast cancer cell lines. VEGF90K was 

tethered to the surface of these vesicles by the chaperone heat shock protein (Hsp90), 

and could be released from the MVs by treating them with the Hsp90 inhibitor 17-

AAG. The MV-associated VEGF90K potently activated the VEGF receptor in 

endothelial cells and stimulated the activation of signaling proteins that contribute to 
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tumor angiogenesis. Moreover, and in contrast to soluble VEGF, the VEGF associated 

with MVs was insensitive to the monoclonal VEGF antibody Bevacizumab. This 

suggests that the MVs present VEGF90K to endothelial cells in a unique way that is 

resistant to monoclonal antibody therapies, like Bevacizumab, which has largely failed 

in the clinics, while strongly activating endothelial cells to promote blood vessel 

formation.18 

Not only do cancer cells that make up a tumor use EVs to communicate with 

neighboring normal cells, but they also use EVs to communicate with other cancer 

cells. Tumors are made up of heterogeneous populations of cancer cells, including 

cancer stem cells (also referred to as tumor-initiating cells), malignant and aggressive 

cells, and less aggressive/lower grade cancer cells.76,77 However, all of these cancer 

cell types work together to drive tumor progression. One way that EVs contribute to 

this process is by the aggressive cells producing MVs that make less aggressive/lower 

grade cancer cells grow faster and survive better. Perhaps the best example of this 

came from a landmark study on brain cancer cells carried out in Dr. Janusz Rak’s 

laboratory. In this study, they showed that glioma cells released MVs that contained an 

oncogenic form of the epidermal growth factor receptor, referred to as EGFRvIII. 

MVs expressing EGFRvIII could be transferred to other glioma cells that lacked 

EGFRvIII expression, and caused them to exhibit enhanced transformed phenotypes, 

including increasing their ability to grow and form colonies when cultured under 

anchorage-independent conditions (i.e. soft agar growth).10 Similar results were 

reported in the context of highly aggressive colorectal cancer. Experiments conducted 

with DLD-1 colon cancer cells, which contain both wild-type and G13D mutant K-Ras 
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alleles, and their isogenically matched derivatives, DKO-1 cells (i.e. knockout for the 

normal allele) and DKs-8 cells (i.e. knockout for the mutant allele), showed that 

exosomes generated by the DKO-1 colon cancer cells contained diverse tumor-

promoting proteins, including mutant K-Ras, EGFR, SRC family kinases, and 

integrins. These same proteins were either not expressed in the DKs-8 cells or were 

detected at much lower levels. Importantly, when the exosomes produced by the 

DKO-1 colon cancer cells were isolated and used to treat the DKs-9 cells (i.e. the cells 

lacking K-Ras mutation), the exosomes enhanced their anchorage-independent growth 

in collagen matrix and soft agar.78 

 

2. The effects of EVs in cancer metastasis 

In addition to the roles played by EVs in reshaping the tumor 

microenvironment and promoting the growth and survival of cancer cells within the 

primary tumor, there is a growing appreciation that EVs can also play roles in 

promoting metastasis, by preparing secondary sites for the arrival of cancer cells, 

through a process referred to as pre-metastatic niche formation.79 The first step in this 

process involves EVs generated by cells in the primary tumor entering the circulation 

and traveling to distinct sites. They then exit the circulation and are transferred to 

recipient cell types that reside in these sites, causing phenotypic changes to occur that 

make the new location resemble the tumor microenvironment that surrounds the 

primary tumor.14,80 Interestingly, EVs from different tumor types primarily home to 

specific organs, causing organotrophic metastasis (i.e. organ-specific metastasis). The 

mechanisms underlying this process have yet to be fully elucidated, but distinct 
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integrin expression patterns on EVs are suggested to be involved. For example, 

proteomics performed on exosomes generated by mouse and human lung- and liver-

tropic tumor cells revealed that they expressed distinct types of integrins on their 

surfaces, which mediated the fusion of exosomes with specific target cells located at 

the predicted metastasis sites. In particular, exosomal integrins α6β4 and α6β1 were 

found to cause the fusion of exosomes with resident fibroblasts and epithelial cells 

located in the lung, and the exosomal expression of integrin αvβ5 promoted their 

binding to Kupffer cells, resulting in liver tropism.48 

Vascular disruption is one of the important steps that need to occur during the 

formation of the pre-metastatic niche. It causes blood vessels at distant sites to become 

leaky and allow circulating cancer cells to exit the bloodstream and settle in secondary 

sites.81 EVs produced by aggressive cancer cells have been shown to disrupt the 

organization of endothelial cells and promote vascular permeability (i.e. leakiness). 

Certain miRNAs that are contained in the EVs have been suggested to be important 

for mediating this effect. For example, the exosomes secreted by metastatic breast 

cancer cells were found to contain miR-105, which targets the tight junction protein 

ZO-1. The transfer of exosomes containing miR-105 to endothelial monolayers 

reduced ZO-1 expression and disrupted cell-to-cell contacts, enhancing vascular 

permeability.82 Another miRNA, miR-939, was also discovered to be highly expressed 

in triple-negative breast cancer cells and, correspondingly, in the exosomes derived 

from these cells. When endothelial cells were treated with the exosomes containing 

miR-939, it strongly downregulated the expression of the cell adhesion protein 

cadherin. This, in turn, weakened the adherens junction between endothelial cells and 
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increased blood vessel permeability.83 

Not only are the EVs shed by cancer cells involved in promoting metastatic 

spread, but multiple studies have also proposed that the vesicles generated by stromal 

cells can similarly contribute to this process. A good example of this was shown in a 

study where the exosomes derived from CAFs were transferred to breast cancer cells 

and enhanced their protrusion, migration, and invasion into the normal tissue that 

surrounds a tumor. The authors then went on to show that these effects were due to the 

ability of the EVs to activate the Wnt-planar cell polarity (PCP) signaling pathway in 

the cancer cells. Moreover, when these CAFs were injected together with breast 

cancer cells into immunocompromised mice, they significantly enhanced tumor 

metastasis via the same signaling pathway (i.e. PCP signaling), compared to when the 

breast cancer cells were injected alone.84 Yet another study showed that the EVs 

released by stromal cells were capable of mediating brain metastasis. The successful 

dissemination of tumor cells to the brain requires the downregulation of phosphatase 

and tensin homolog (PTEN), and astrocyte-derived exosomes were found to mediate 

the transfer of miR-19a, which targets PTEN, to metastatic breast cancer and 

melanoma cells. The delivery of miR-19a then epigenetically suppressed the 

expression of PTEN and potentiated cancer metastasis to the brain. Blocking the 

secretion of exosomes by astrocytes, or depleting the exosomes produced by 

astrocytes of miR-19a, rescued the PTEN loss and suppressed brain metastasis in 

vivo.85 

 

3. EVs and Immunosuppression 
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Immunosuppression is a critical aspect of cancer progression, and it involves 

the ability of the cells that make up a tumor to generate a local environment that lacks 

proper immune activity. One way that this is thought to happen is through the 

expression of the programmed death-ligand 1 (PD-L1) on the surfaces of cancer cells. 

When surveilling immune cells, particularly activated T cells, encounter cancer cells, 

the PD-L1 on the cancer cells binds to its corresponding receptor expressed on T cells, 

namely PD-1, and counteracts T cell-activating signals, allowing the tumor to evade 

immune recognition.86,87 Moreover, due to the persistent exposure to antigen-

expressing target cells in cancer, T cells become “exhausted”, a condition where the 

cells lose their effector function and become dysfunctional. Such T cell exhaustion is 

accompanied by a progressive increase of PD-1 expression along their surfaces, 

causing them to become even more susceptible to PD-L1-mediated suppression.88 

Interestingly, several recent studies have suggested that the EVs released by 

various cancer cell types carry PD-L1, which has attracted a good amount of attention 

from the cancer and immunology communities, with regards to how they might 

influence immune responses. For example, the exosomes isolated from metastatic 

melanoma cells were discovered to be associated with a high level of PD-L1. When 

these exosomes were added to cultures of CD8+ T cells, they bound to the activated 

CD8+ T cells expressing PD-1 and inhibited their proliferation, cytokine production, 

and cytotoxicity. Furthermore, upon the injection of PD-L1-expressing EVs into the 

circulation of mice, a significant decrease in the number of tumor-infiltrating CD8+ T 

cells was observed. This effect could be inhibited when the mice were also 

administered an anti-PD-L1 antibody, suggesting that the exosomal PD-L1 might 
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affect the immune response not only within the tumor microenvironment but also 

systemically.19 Additional studies have shown a similar immunosuppressive activity of 

EV-associated PD-L1 in other cancer types as well, including colorectal cancer89 and 

glioblastoma,90 implying that this could be a common mechanism by which cancer 

cells evade the immune system. 

 

4. EVs as a source of diagnostic information 

Due to the fact that cancer cell-derived EVs contain different cargo depending 

on the origin of the donor cell, the stage of disease progression, and the extent of the 

cancer cell’s resistance to therapies, EVs hold tremendous potential as diagnostic 

markers. Because EVs released by cancer cells are present in the circulation of 

patients, there have been numerous attempts to isolate them from a variety of biofluid 

samples, including blood, urine, and cerebrospinal fluid. The contents of these vesicles 

can then be analyzed for the expression of specific cancer-related markers. This form 

of liquid biopsy is less invasive compared to conventional tissue biopsies, and is also 

considered to overcome the complication of tumor heterogeneity, because the EVs 

will contain the full complement of markers, making them a more attractive diagnostic 

approach.80,91,92 

Indeed, some of these efforts have shown great promise as a tool to diagnose 

cancer. For example, the exosomes isolated from serum collected from pancreatic 

cancer patients showed high specificity and sensitivity as diagnostic markers, being 

able to distinguish healthy individuals from patients even before the tumor masses 

were detectable by magnetic resonance imaging. These exosomes were highly 
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enriched in the cell surface proteoglycan, glypican-1, and the levels of glypican-1-

positive exosomes detected in circulation correlated with tumor burden as well as 

patient prognosis.93 Similarly, in the context of breast cancer, increases in the levels of 

transient receptor potential channel (TRPC5) associated with exosomes isolated from 

the blood of cancer patients were found to strongly correlate with patient response to 

chemotherapy.94 

 

The roles of EVs produced by stem cells in development 

1. EVs and implantation 

The majority of the studies involving EVs to date have been focused on 

understanding their roles in promoting different aspects of cancer progression. 

However, it is becoming increasingly well-appreciated that most, if not all, types of 

cells are capable of producing EVs that can influence a variety of cellular processes. 

One such field where EVs are beginning to be recognized as an important form of 

intercellular communication is in stem cell biology and early development. 

Embryonic development is a tightly regulated process. Following the 

fertilization of an egg, the embryo begins to undergo a series of rapid cell divisions 

until it reaches the blastocyst stage. It is at this point that the embryo undergoes its 

first of many differentiation processes, forming two distinct cell types, trophoblasts 

and pluripotent cells (i.e. epiblasts). The trophoblasts are initially surrounding the 

epiblasts and protecting them as they travel down the fallopian tube to the uterus, but 

they are also responsible for the embryo being able to adhere and invade into the 

uterine wall of the mother, a process referred to as implantation. The “implanted” 
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trophoblasts then go on to form the fetal membrane of the placenta. The second cell 

type that makes up the blastocyst is epiblasts. These cells reside in a structure referred 

to as the inner cell mass and will go on to give rise to every tissue and organ in the 

organism. Any mistakes in the ability of trophoblasts and epiblasts to properly carry 

out their functions can have detrimental consequences on the pregnancy, such as the 

preimplantation death of the embryo or preeclampsia.95,96 

Considered the first major physical embryo-maternal interaction, successful 

implantation requires synchronized communication between an embryo that has 

developed to the blastocyst stage and a receptive uterus.97 Such coordination is 

thought to be regulated primarily by soluble factors secreted by maternal tissues. For 

example, TGF-β 1 secreted by the endometrium, a layer of epithelial cells that lines 

the uterus, was found to stimulate fibronectin production in trophoblasts and enhance 

their ability to adhere to the endometrium during implantation.98 The expression of the 

cytokine leukemia inhibitory factor (LIF) was discovered to be similarly increased in 

the mouse endometrial epithelium during early pregnancy, and the absence of 

sufficient amounts of LIF during this time significantly inhibited the rates of 

successful implantations.99,100 In addition to soluble factors mediating communication 

between the mother and embryo during implantation, the EVs produced by maternal 

organs have also been implicated in the regulation of this process. For example, it has 

been shown that endometrial epithelial cells treated with the hormones estrogen and 

progesterone begin to generate EVs. When these vesicles were isolated and then used 

to treat cultures of trophoblasts, the cell adhesion protein FAK became activated and 

the adhesive capacity of the trophoblasts was increased, suggesting that EVs generated 
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by maternal tissues may potentially contribute to the implantation.101,102 

Evidence from our laboratory suggests that EVs produced by embryonic 

tissues can influence the implantation process as well. Dr. Laura Desrochers, a former 

graduate student in our group, showed that ESCs, which are the in vitro equivalents of 

epiblasts, shed large quantities of MVs. These MVs, when isolated and added to 

trophoblasts, increased the activation of FAK and c-Jun N-terminal kinase (JNK) and 

enhanced their ability to migrate. The MV-mediated activation of these signaling 

proteins was shown to be mediated by two extracellular matrix proteins, laminin and 

fibronectin, that were found decorating the surfaces of the vesicles. The MV-

associated fibronectin and laminin activated integrins expressed by trophoblasts and 

resulted in signaling changes (i.e. increased JNK and FAK activity). Importantly, 

blocking the ability of the MVs to activate integrins using the RGD peptide and the 

YIGSR peptide was able to inhibit MV-mediated FAK and JNK activation and cell 

migration. These findings were then taken one step further by demonstrating that 

injecting MVs isolated from ESCs into blastocysts was sufficient to increase their 

rates of implantation.11 

 

2. EVs and embryonic development 

There have been a few suggestions in the literature that embryos can 

communicate with each other. For example, it has been reported that the viability and 

development of an embryo maintained in vitro are significantly enhanced when placed 

together with other embryos, as opposed to being cultured individually.103,104 Even 

though the factors secreted by the embryos that are responsible for mediating this 
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effect have not yet been identified, it is intriguing to consider that EVs may potentially 

be involved. One line of evidence supporting this idea came from a study aimed at 

developing approaches to promote the viability of cultured embryos, in order to 

increase the chances of having a successful pregnancy. Using bovine somatic cell 

nuclear transfer (SCNT) embryos as a model, it was found that culturing these 

embryos without replacing their culturing medium significantly improved their overall 

health, enhanced blastocyst formation, and increased the probability of having a 

successful pregnancy following embryo transfer, compared with embryos that had 

their medium replaced regularly. While investigating how these effects were mediated, 

the conditioned medium obtained from the SCNT embryos was shown to contain 

exosome-sized vesicles that expressed CD9, a classic exosome marker. Interestingly, 

when these vesicles were collected and added to embryos that were having their 

growth medium regularly replaced, a noticeable improvement in the health and 

development of the embryos was observed.105 

A role for embryo-derived EVs in promoting embryo viability and 

development was suggested in another study as well. In that study, the authors were 

trying to determine why culturing cloned embryos with parthenogenetic embryos (i.e. 

embryos from an unfertilized egg cell) promoted the development of the cloned 

embryos. They discovered that this effect was, at least in part, due to the EVs 

generated by the parthenogenetic embryos. In particular, the authors showed that the 

parthenogenetic embryos released CD9 positive particles into their medium, i.e. 

exosomes. What made these findings particularly interesting was the fact that the 

parthenogenetic embryo-derived EVs were shown to contain RNA transcripts that 
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encoded several different classical pluripotency genes, including Oct3/4, Sox2, Klf4, 

c-Myc, and Nanog. The transfer of these EVs to recipient embryos was accompanied 

by an increase in the mRNA levels of pluripotency genes, suggesting that EVs 

represented a mechanism of communication between embryos that could impact their 

viability and overall fitness.106 

 

The therapeutic potential of EVs generated by stem cells 

1. EVs in regenerative medicine 

In addition to the roles played by EVs in promoting different aspects of early 

development, the EVs generated by stem/progenitor cells are also being aggressively 

pursued for their potential use in therapeutic applications. The concept underlying 

regenerative medicine involves repairing or replacing damaged and diseased tissues, 

such that they regain as much of their original functions as possible. Mesenchymal 

stem cells (MSCs) are the most widely used cell type for cell transplantation-based 

treatments, because of their ability to differentiate into multiple lineages, as well as the 

ease in which they can be isolated from different tissue sources and propagated.107,108 

MSCs derived from bone marrow, adipose tissue, muscles, and ESCs are currently 

being used to treat various diseases and conditions, such as myocardial ischemia, 

stroke, and musculoskeletal disease, with the idea being that the transplantation of 

MSCs near the sites of damaged tissue results in their differentiation and 

reconstitution of the tissue, such that it regains functionality. For example, 

percutaneous injection of bone marrow-derived MSCs into the damaged myocardium 

in a pig model of myocardial ischemia reduced the extent of necrosis, promoted the 



 

34 

 

regeneration of contractile myocardium, and improved overall cardiac function.109 

However, despite the therapeutic benefits of engrafting MSCs near 

diseased/damaged tissues, the MSCs were rarely observed infiltrating the tissue, as 

would be expected if they promoted recovery by reconstituting the diseased/damaged 

tissues. Moreover, changes in the damaged site were often detected after only a few 

hours of MSC transplantation, which was not sufficient time for the MSCs to have 

undergone differentiation.110 These findings suggest that the MSCs were not directly 

responsible for their therapeutic benefits, but rather that these effects might be 

mediated by factors secreted by the stem cells. Consistent with this idea, several 

groups have shown that the treatment of damaged tissues with the conditioned 

medium collected from cultures of MSCs was sufficient to recapitulate the effects of 

transplanting the cells. With regard to acute myocardial infarction, Gnecchi et al. 

showed that culturing adult rat ventricular cardiomyocytes with the conditioned 

medium from rat bone marrow-derived MSCs, which were engineered to overexpress 

the growth and survival-promoting kinase AKT1, protected the cardiomyocytes from 

hypoxia-induced apoptosis. The same conditioned medium was also shown to limit 

infarct size and improve ventricular function in rat models of myocardial infarction to 

a similar extent as injecting MSCs.111,112 Similar benefits were achieved when using 

the conditioned medium from MSCs to treat other disease models, such as lung 

ischemia-reperfusion injury, inflammatory arthritis, and renal tubulointerstitial 

fibrosis.113–115 

Efforts were then undertaken to identify the components in the MSC-

conditioned medium that were responsible for mediating these effects. Using a porcine 
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model of ischemia and reperfusion injury, it was discovered that the cardioprotective 

effects of the medium were primarily mediated by a fraction that contained proteins 

and/or structures with a molecular weight of at least 1000 kDa, and were 50 nm or 

greater in diameter.116 Interestingly, both MVs and exosomes would be expected to be 

contained in this fraction. Indeed, a follow-up study that built upon these initial 

findings found that the >1000 kDa fraction of the conditioned medium contained 50 to 

100 nm sized particles that were positive for the exosome markers, CD9, CD81, and 

Alix.26 Likewise, the EVs generated by MSCs were also shown by different groups to 

recapitulate the therapeutic benefits of the conditioned medium using a variety of 

disease models, such as renal ischemia-reperfusion injury, stroke, and liver 

fibrosis.27,117,118 

Given these findings, efforts are now turning toward identifying the cargo 

associated with EVs that is responsible for their regenerative properties. miRNAs are 

becoming increasingly recognized as bio-active cargo likely to play an important role. 

In the context of a renal ischemia-reperfusion injury model, it was shown that EVs 

derived from MSCs mediated the transfer of miR-30 to renal tubular epithelial cells. 

The increase in the cellular level of miR-30 altered the expression of dynamin-related 

protein 1 (DRP1), a key regulator of mitochondrial fission, and inhibited the 

characteristic mitochondrial fragmentation and apoptosis associated with this type of 

injury.117 The transfer of miRNAs from EVs to recipient cells was also found to be 

important for helping alleviate the complications associated with certain types of liver 

disease. Specifically, a rodent model of CCl4-induced liver fibrosis has been 

developed and is characterized by the formation of large collagen deposits, which 
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leads to structural and functional disruption of the liver.119 However, when these 

animals were treated with EVs derived from MSCs, the extent of liver fibrosis was 

reduced. The underlying mechanism responsible for this effect was identified and 

involved the transfer of miR-122 from the EVs to the hepatic stellate cells in the liver. 

The presence of miR-122 in the cells inhibited the expression of genes that are known 

to promote collagen synthesis, such as insulin-like growth factor receptor 1 (IGFR1), 

cyclin G1, and prolyl-4-hydroxylase alpha 1. The corresponding reduction in collagen 

expression resulted in a loss in collagen deposits and helped preserve liver function.118 

 

2. EVs as a therapeutic delivery system 

 EVs are also being examined for their potential as therapeutic vehicles. The 

EVs generated by stem cells, particularly MSCs, have been isolated and loaded with a 

variety of therapeutic cargo including RNA transcripts, siRNAs, miRNAs, and drugs. 

Two of the more commonly used approaches to load cargo into isolated EVs include 

passive diffusion and electroporation. The EVs are then being administered to patients 

with various conditions. In this context, EVs have been shown to be taken up by 

diseased or damaged cells, resulting in the delivery of a high dose of the therapeutic 

cargo.119–121 

EVs offer several potential advantages as a therapy delivery system over the 

more conventional synthetic liposome-based approaches being developed. One such 

advantage is that EVs are more efficiently taken up by diseased cells, compared with 

synthetic liposomes. This is thought to be due to the surface composition of the EVs, 

which includes the presence of various adhesion proteins, such as tetraspanins, 
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integrins, and extracellular matrix proteins.11,122,123 These proteins are thought to help 

EVs accumulate in specific tissues, raising the possibility that they can be used for 

targeted therapy approaches. Indeed, efforts to modify the surface composition of EVs 

to target them to specific locations within the body are currently being undertaken.123 

Being derived from natural sources of the body, another advantage of using EVs to 

deliver specific cargo is reduced immunogenicity and toxicity.124 Moreover, EVs are 

able to cross biological barriers, such as the blood-brain barrier, and to have a longer 

half-life in the circulation by avoiding first-pass metabolism in the liver.125 

Recently, MSC-derived EVs have been indeed shown to efficiently deliver 

siRNAs for the treatment of an animal model of pancreatic cancer. Exosomes from 

MSCs were electroporated with siRNAs targeting the oncogenic K-Ras (G12D) 

mutants. The addition of the MSC-derived engineered exosomes to a human 

pancreatic cancer cell, Panc-1, induced apoptosis. Moreover, upon introducing these 

exosomes into a patient-derived xenograft model expressing oncogenic K-Ras (G12D), 

they increased the survival of the mice and reduced their metastatic burden.126 Based 

on these findings, clinical trials at MD Anderson are now underway as a treatment for 

pancreatic cancer. 

One of the limitations of using EVs as a therapy system is the inability to 

isolate large quantities of vesicles, which would be necessary to treat patients in a 

reproducible manner. However, MSCs have been shown to generate more EVs, 

compared with other cell types, making them an attractive source of vesicles for 

therapeutic applications.126 There has been a huge effort directed at developing new 

approaches to efficiently improve the yield of EVs on a large scale. This includes 
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changing the composition of the culturing medium or the culturing condition, such as 

using the Integra CELLine culture system. This system allows for a constant collection 

of EVs from the medium, while continuously replenishing nutrients to the cells.127 If 

the challenge of isolating large amounts of EVs is met through these approaches, it 

will accelerate the therapeutic applications of EVs as a drug delivery system. 

 

Stem cell EVs and pluripotency 

Another direction of EV research that has been gaining considerable 

momentum over the past several years is their potential use in cellular reprogramming. 

This idea is largely based on the findings that EVs derived from cancer cells often 

cause recipient cells to acquire several of the characteristics of transformed cells, 

including promoting their ability to survive and grow under anchorage-independent 

conditions.2 Thus, it was logical to consider that EVs isolated from stem/progenitor 

cells might cause recipient cells to maintain or acquire at least some of the 

characteristics of stem cells, possibly by mediating the transfer of factors that are 

involved in promoting pluripotency. 

The ability of EVs to mediate the transfer of stemness-promoting cargo to 

recipient cells was first demonstrated by Ratajczak et al. in 2006. In this study, the 

EVs produced by both mouse and human ESC lines were shown to contain pluripotent 

proteins and/or RNA transcripts that encoded pluripotent proteins, including Oct3/4, 

Wnt-3, Rex-1, Nanog, SCL, and GATA-2. The treatment of murine hematopoietic 

progenitor SKL cells with these EVs resulted in the activation of mitogen-activated 

protein kinase (MAPK) p42/44 and AKT protein kinases, and increased the expression 
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levels of Oct3/4. The EVs were also shown to enhance the survival and self-renewal 

capabilities of the SKL cells.128 

The idea that the EVs produced by stem cells can help confer stem cell 

phenotypes to recipient cells was further reinforced by a study showing that the EVs 

derived from ESCs contained the RNA transcripts encoding Oct3/4 and Sox2, as well 

as miRNAs of the 290 cluster which are known to regulate the cell cycle. When these 

vesicles were used to treat Müller cells, a type of retinal progenitor cells, their cargo 

was detected in the cells. Moreover, microarray analysis performed on the EV treated 

cells showed that the expression levels of genes and miRNAs involved in the 

maintenance of pluripotency and promotion of cell growth, such as Lin28 and LIF, 

were upregulated, while the expression of genes and miRNAs involved in promoting 

cellular differentiation and cell cycle arrest (i.e. GATA4 and miR-let-7 cluster) 

decreased.129 

 The findings from these studies suggest that the EVs produced by stem cells 

can impact a wide range of cellular processes, and can be used as a novel therapeutic 

approach. They also prompted me to come up with exciting questions regarding the 

physiological roles that ESC-derived EVs play in early development. Thus, I became 

interested in determining whether ESCs use EVs as a mechanism to regulate their cell 

fate. Epiblast cells, which are in vivo counterparts of ESCs, must remain in their 

pluripotent state within the inner cell mass of the embryo, until the proper time when 

they receive the signals to lose their pluripotency and undergo differentiation. If these 

stem cells differentiate too early, or perhaps too late, it can have detrimental effects on 

the developing embryo. Therefore, the maintenance of pluripotency needs to be tightly 
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regulated.130,131 In fact, I show in Chapter 2 of my thesis that the EVs generated by 

ESCs do indeed help maintain the pluripotency of recipient ESCs. Specifically, I 

discovered that treating ESCs that are being cultured under conditions that would 

typically cause them to differentiate with EVs isolated from pluripotent ESCs helped 

them maintain their stem cell-like characteristics, including their ability to form and be 

propagated as spheres, exhibit alkaline phosphatase activity, and express pluripotent 

markers. Moreover, when the ESCs grown under differentiation conditions were 

treated with EVs from pluripotent ESCs, injected into mouse blastocysts, and 

surgically transferred into pseudo-pregnant mice, the cells were still capable of 

incorporating into the inner cell mass and giving rise to a chimeric animal. 

 Given that I have found that the EVs generated by ESCs can help maintain 

stemness, I next wanted to determine whether they could also be used to reprogram 

differentiated cells into stem cells, a process referred to as induced pluripotency. The 

ability to convert a differentiated cell into a bona-fide stem cell was first achieved by 

Yamanaka and colleagues, when they introduced four pluripotency-related 

transcription factors, Oct3/4, Sox2, Klf4, and c-Myc, into fibroblasts by a viral 

infection. A very small percentage of the infected cells became reprogrammed to a 

pluripotent state, and in fact showed all of the genetic and epigenetic changes typically 

associated with stem cells, including increased expression of the pluripotent stem cell 

marker Oct3/4, and changes in the acetylation and methylation status of specific 

promoter regions. Importantly, these stem cells could be re-differentiated into various 

cell lineages, proving that this approach can be used to generate patient-specific cells 

with a low risk of generating an immune response.132 In Chapter 3 of this thesis, I have 
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generated some exciting findings suggesting that the EVs produced by ESCs do have 

the potential to reprogram differentiated cells (i.e. fibroblasts) into a more stem cell-

like state. Specifically, I show that treating primary mouse embryonic fibroblasts with 

ESC-derived EVs promotes their survival and delays senescence, which can increase 

their chance of undergoing successful cellular reprogramming. Moreover, the EV-

treated fibroblasts acquired several characteristics of stem cells, including the ability 

to form and be propagated as spheres, exhibit alkaline phosphatase activity, and 

express stem cell markers. Even though additional approaches, such as blastocyst 

injection or teratoma formation, would be necessary to demonstrate that the fibroblasts 

treated with ESC-derived EVs have indeed become bona-fide pluripotent stem cells, 

these findings clearly suggest that EVs generated by ESCs can strongly impact 

differentiated cells by causing them to acquire the characteristics of a stem cell, and 

possibly even induce pluripotency. 
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CHAPTER 2 

EMBRYONIC STEM CELL-DERIVED EXTRACELLULAR VESICLES 

MAINTAIN ESC STEMNESS BY ACTIVATING FAK2 

 

Summary 

It is critical that epiblast cells within blastocyst-stage embryos receive the necessary 

regulatory cues to remain pluripotent until the appropriate time when they are 

stimulated to undergo differentiation, ultimately to give rise to an entire organism. 

Here we show that exposure of embryonic stem cells (ESCs), which are the in vitro 

equivalents of epiblasts, to ESC-derived extracellular vesicles (EVs) helps to maintain 

their stem cell properties even under culture conditions that would otherwise induce 

differentiation. EV-treated ESCs continued to express stemness genes, preserving their 

pluripotency and ability to generate chimeric mice. These effects were triggered by 

fibronectin bound to the surfaces of EVs, enabling them to interact with ESC-

associated integrins and activate FAK more effectively than fibronectin alone. Overall, 

these findings highlight a potential regulatory mechanism whereby epiblast cells, via 

their shed EVs, create an environment within the blastocyst that prevents their 

premature differentiation and maintains their pluripotent state. 

 

Introduction 

ESCs are highly specialized pluripotent cells that either undergo self-renewal 

 
2 The findings shown in this chapter were published in Developmental Cell. (Hur, Y. H., Feng, S., 

Wilson, K. F., Cerione, R. A. & Antonyak, M. A. Embryonic stem cell-derived extracellular vesicles 

maintain ESC stemness by activating FAK. Dev. Cell 56, 277-291.e6 (2021).) 
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or differentiate into virtually any cell type.1 Although ESCs can be maintained in their 

pluripotent state using defined culture conditions, in the physiological setting, their 

pluripotent counterparts are only transiently present during a specific stage of early 

development.2,3 Specifically, these cells are contained within the epiblast layer of the 

inner cell mass (ICM) of blastocyst-stage embryos. The ICM also contains the 

primitive endoderm and is surrounded by a layer of trophoblasts referred to as the 

trophectoderm. At this stage of development, the cells that make up the epiblast are 

considered to be pluripotent due to the expression of several core stemness 

transcription factors, including Oct3/4 and Nanog.4,5 However, they rapidly lose their 

stem cell identity by down-regulating the expression of the core stemness proteins.6–8 

They then undergo epigenetic alterations that activate a distinct set of transcriptional 

machinery,9–11 which cause them to differentiate into the germline, as well as the three 

primary germ layers, namely ectoderm, mesoderm, and endoderm, that will eventually 

give rise to every tissue and organ within an organism.12 While it is well-established 

that cell fate decisions (i.e. determining whether to remain pluripotent or undergo 

differentiation) need to be tightly controlled for proper development,13 our 

understanding of the mechanisms responsible for mediating these cellular transitions is 

still lacking. This is especially true with regard to how the pluripotency of the cells 

that comprise the epiblast is maintained in the early embryo. 

EVs have emerged as an important form of intercellular communication and 

are attracting significant attention due to their roles in several different physiological 

and pathological processes. One of the major classes of EVs is exosomes, small 

intraluminal vesicles, ranging in size from 30 to 150 nm in diameter, that are formed 
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within multi-vesicular bodies (MVBs) and trafficked to the cell surface. MVBs fuse 

with the plasma membrane and release their contents, i.e. exosomes, into the 

extracellular space. The other major class of EVs is most often referred to as 

microvesicles (MVs), although they are sometimes described in the literature as 

shedding vesicles or large EVs. MVs range from 0.2-1.0 μm in diameter and are 

formed as a result of their outward budding and fission from the plasma 

membrane.14,15 

A variety of proteins, RNA transcripts, and micro-RNAs have been shown to 

be associated with MVs and exosomes. This cargo is often localized within the lumen 

of EVs, although in some cases, it is associated with the vesicle surface.16–19 

Importantly, MVs and exosomes can engage and transfer their cargo to other (i.e. 

recipient) cells, and in doing so, alter cellular behavior. The roles of EVs in cancer 

progression have been extensively studied, where they help shape the tumor 

microenvironment, promote immunosuppression, and enhance cancer cell growth, 

survival, invasion, and metastatic spread.20–24 However, EVs have in fact also been 

shown to impact a wide range of physiological processes. One interesting example is 

stem cell biology. We recently described how the larger-sized EVs (i.e. MVs) 

produced by pluripotent cells in the ICM can be transferred to the trophectoderm in 

blastocysts to promote implantation, an early step in pregnancy in which the 

developing embryo attaches and invades into the uterus.16 In the studies presented 

below, we now describe how EVs provide a mechanism for intercellular 

communication that enables ESCs to maintain their stem cell lineage. 
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Results 

ESCs generate and release large quantities of EVs 

An important question in developmental and stem cell biology concerns the 

underlying mechanism by which the pluripotency of the cells that comprise the 

epiblast is maintained. One intriguing idea is that EVs play an important role in this 

process by ensuring that these cells remain in a pluripotent state until the appropriate 

time when they undergo their specific cell fate transitions. To begin to test this idea, 

we established ESC cultures, which are considered to be the in vitro counterparts of 

epiblast cells,25 and examined their ability to generate the two classes of EVs. A feeder 

cell-independent mouse ESC line was maintained in medium supplemented with 

GSK3β and MEK1/2 inhibitors (2 inhibitors; 2i), together with leukemia inhibitory 

factor (LIF), referred to as 2i+LIF medium.26 Under these conditions, ESCs expressed 

their full complement of core stemness proteins, including Oct3/4, Nanog, Sox2, c-

Myc, and Klf4, as detected by Western blot analysis and immunofluorescence 

microscopy (Figure 1A and S1A). In contrast, differentiated mouse embryonic 

fibroblasts (MEFs) showed little or no detectable expression of these proteins, with the 

exception of Klf4; whereas, as expected, they expressed the fibroblast marker Thy1.27 

Karyotyping chromosome spreads of ESCs stained with DAPI confirmed that they 

contained the proper number of chromosomes, and there were no obvious 

chromosomal abnormalities (Figure S1B). 

Two different assays were performed for assessing ESC pluripotency, sphere 

formation28,29 and alkaline phosphatase (AP) activity.30–32 Figures 1B and S1C show 

that ESCs formed spheres under these defined culture conditions, which were 



 

58 

 

 

 

 

 

Figure 1. ESCs generate EVs. 

(A) ESCs and MEFs were immunoblotted for markers of pluripotency (i.e. Oct3/4, 

Nanog, Sox2, c-Myc, and Klf4), the fibroblast marker Thy1, and heat shock 

protein 90 (Hsp90) as the loading control.* 

(B) Sphere formation assays were performed on ESCs and MEFs. See 

corresponding images in Figure S1C.* 

(C) AP activity assays were performed on ESCs and MEFs. See corresponding 

images in Figure S1E.* 

(D) The number of MVs and exosomes released per ESC were determined using 

Nanoparticle Tracking Analysis (NTA).* 

(E) ESCs (whole cell lysate; WCL), MVs, and exosomes (Exo) were 

immunoblotted for the cytosolic protein FAK, the general EV marker Flotillin-

2, and the exosome-specific marker CD9.* 

(F) MVs and exosomes isolated from ESCs were further subjected to sucrose 

density gradient ultracentrifugation. ESCs (WCL) and the resulting fractions 

were immunoblotted for the same proteins described in (E). 

(G) MVs and exosomes from ESCs that had been labeled with the fluorescent 

membrane dye FM1-43FX were incubated with cultures of ESCs for 1 hour, at 

which point the cells were washed extensively, fixed, and stained with DAPI to 

label nuclei. Brightfield and fluorescent microscopy images of the assay are 

shown. Scale bar, 50 μm. 

*The data shown in (A-E) are presented as mean ± SD. All experiments were 

performed at least three independent times, and statistical significance was determined 

using Student’s t-tests; ****; p < 0.0001, ***; p < 0.001, **; p < 0.01, *; p < 0.05, and 

ns; not significant. See also Figure S1. 
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maintained for at least 5 additional passages (Figure S1D), and nearly all of the ESC 

spheroids were positive for AP activity (Figures 1C and S1E). As anticipated, MEFs 

failed to form spheres and lacked detectable AP activity (Figures 1B, 1C, S1C, and 

S1E). 

To determine the relative amounts of MVs and exosomes generated by ESCs, 

the conditioned medium was collected from multiple cultures containing equivalent 

numbers of ESCs and subjected to consecutive low-speed centrifugations (i.e. 1,000 x 

g, 5 minutes) to remove cells and large debris. The media were then analyzed by 

nanoparticle tracking analysis (NTA) to determine the size and number of EVs present 

in the samples. ESCs produced ~3.5-fold more exosomes (~50-150 nm in diameter) 

than MVs (200 nm and 450 nm in diameter) (Figure 1D). Negative stain electron 

microscopy images of these two sets of ESC-derived EVs are shown in Figure S1F. 

The two classes of EVs shed by ESCs were resolved through a series of steps 

that included low-speed centrifugation, filtration using a 0.22 µm filter, and 

ultracentrifugation (Figure S1G). The EV preparations, as well as the ESCs (whole 

cell lysates; WCL), were lysed and examined for EV markers by Western blot 

analysis. The general EV marker Flotillin-216,33 was present in both the MV and 

exosome preparations (see lanes labeled MVs and Exo), while the exosome-specific 

marker CD934,35 was detected only in the exosome fraction (Figure 1E). The cytosolic 

signaling protein FAK was not detected in either the MV or exosome preparations, 

confirming that they were devoid of cytosolic contaminants. The ESC-derived MVs 

and exosomes were further resolved by sucrose density gradient sedimentation. 

Twelve distinct fractions from each EV preparation were collected and pooled 
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together in groups of four, representing low-, intermediate-, and high-density 

fractions. MVs were enriched in the intermediate-density fractions, as detected using a 

Flotillin-2 antibody, whereas CD9-positive exosomes were predominantly present in 

the intermediate- and high-density fractions (Figure 1F), consistent with previous 

findings.18 

We then determined whether the EVs shed by ESCs were capable of binding to 

other ESCs. The conditioned medium collected from ESCs was incubated with the 

fluorescent membrane dye FM1-43FX, and then the EVs were isolated from the 

medium as described in Figure S1G. This approach labels the EVs and removes any 

soluble (unincorporated) dye. ESCs were treated with the isolated MVs and exosomes 

for 1 hour, at which point the cells were washed thoroughly to remove any free EVs, 

fixed, and visualized using brightfield and fluorescent microscopy. As shown in 

Figure 1G, the majority of ESCs treated with FM1-43FX-labeled MVs or exosomes 

exhibited fluorescence, indicating that the ESC-derived EVs associated with the ESCs.  

 

EVs from ESCs promote stem cell-related phenotypes 

The decision of whether the cells within the epiblast layer of blastocyst-stage 

embryos remain in their pluripotent state, or undergo the transition to a specific 

cellular lineage, is a highly regulated process.36 Therefore, we set out to determine 

whether the EVs shed by ESCs could potentially play an important role in this 

regulation. We first established culturing conditions that caused ESCs to lose their 

pluripotency and undergo differentiation. This was achieved by changing the medium 

used to maintain ESCs in their pluripotent state (i.e. the 2i+LIF medium), to a medium 
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that lacked GSK 3β and MEK1/2 inhibitors, as well as LIF (referred to as N2B27 

medium). When ESCs were cultured in this medium for 3 days, their growth rate was  

markedly slowed (Figure 2A), with ~70% of the ESCs undergoing cell death when 

grown in N2B27 medium for 5 days (Figure 2B). However, the remaining viable cells 

began to undergo differentiation. They attached to the plate as single cells, often 

exhibited protrusions (Figure S2A, arrows), and no longer expressed the pluripotent 

proteins Oct3/4 and Nanog (Figures 2C and S3, compare the top and middle panels). 

These cells also exhibited the epigenetic changes characteristic of cells undergoing 

differentiation,37,38 such as increases in the tri-methylation of lysine 27 in histone H3 

(H3K27me3)39,40 (Figure 2C). Moreover, they were incapable of forming spheroids 

and lacked AP activity (Figures 2D, 2E, S2B, and S2C). 

We next examined how ESC-derived MVs and exosomes affected ESCs that 

were being cultured under differentiation conditions. Whereas the growth of ESCs 

cultured in N2B27 medium had slowed considerably; when the cells were treated with 

equivalent numbers of MVs, exosomes, or a combination of both, their rate of growth 

increased nearly 2-fold, compared to untreated control cells (Figure 3A). The same 

treatments with EVs also inhibited cell death caused by culturing ESCs in N2B27 

medium for 5 days, reducing the amount of dying cells from ~70% to less than 30% 

(Figure 3B). 

ESCs grown in N2B27 medium for 5 days exhibited a markedly reduced 

expression of Oct3/4 and Nanog (Figure 3C, compare lanes 1 and 2), which was 

accompanied by an increase in the expression of the differentiation marker 

H3K27me3. However, when these cells were treated with MVs and/or exosomes 
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Figure 2. ESCs lose their stem cell phenotypes when cultured in N2B27 medium. 

(A) Cell growth assays were performed on ESCs maintained in 2i+LIF or N2B27 

medium.* 

(B) Cell death assays were gohperformed on ESCs maintained in 2i+LIF or N2B27 

medium.* 

(C) ESCs cultured in 2i+LIF or N2B27 medium were immunoblotted for Oct3/4, 

Nanog, the tri-methylation of lysine 27 in histone H3 (H3K27me3), and 

vinculin as the loading control.* 

(D) Sphere formation assays were performed on ESCs maintained in 2i+LIF or 

N2B27 medium. See corresponding images in Figure S2B.* 

(E) AP activity assays were performed on ESCs maintained in 2i+LIF or N2B27 

medium. See corresponding images in Figure S2C.* 

*The data shown in (A-E) are presented as mean ± SD. All experiments were 

performed at least three independent times, and statistical significance was determined 

using Student’s t-tests; ****; p < 0.0001, ***; p < 0.001, and **; p < 0.01. See also 

Figure S2. 
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Figure 3. EVs from ESCs promote stem cell-related phenotypes. 

(A) Cell growth assays were performed on ESCs cultured in N2B27 medium 

supplemented without (untreated) or with MVs and/or exosomes from ESCs.* 

(B) Cell death assays were performed on ESCs cultured in N2B27 medium 

supplemented without (untreated) or with MVs and/or exosomes from ESCs.* 

(C) ESCs cultured in 2i+LIF medium (lane 1), or N2B27 medium supplemented 

without (untreated) or with MVs and/or exosomes from ESCs (lanes 2-5), were 

immunoblotted for Oct3/4, Nanog, H3K27me3, and vinculin as the loading 

control.* 

(D) Images of sphere formation assays performed on ESCs cultured in N2B27 

medium supplemented without (untreated) or with MVs and/or exosomes from 

pluripotent ESCs. Scale bar, 100 μm. 

(E) Quantification of the assays shown in (D).* 

(F) Images of AP activity assays performed on ESCs cultured in N2B27 medium 

supplemented without (untreated) or with MVs and/or exosomes from ESCs. 

Cells positive for AP activity are red. Scale bar, 100 μm. 

(G) Brightfield and fluorescent microscopy images of blastocysts isolated from 

pregnant mice cultured in N2B27 medium supplemented without (untreated) or 

with MVs and exosomes from ESCs. The blastocysts were stained for Oct3/4 

and Nanog, and DAPI was used to label nuclei. Scale bar, 50 μm. 

(H) Quantification of Oct3/4 positive blastocysts for each condition shown in (G). 

This assay was performed three separate times, with a minimum of 13 

blastocysts being evaluated per condition in each assay, before the results were 

averaged and plotted.* 

*The data shown in (A-C), (E), and (H) are presented as mean ± SD. All experiments 

were performed at least three independent times, and statistical significance was 

determined using Student’s t-tests; ****; p < 0.0001, ***; p < 0.001, **; p < 0.01, and 

*; p < 0.05. See also Figure S3. 
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isolated from pluripotent ESCs, their ability to express the core stemness proteins 

Oct3/4 and Nanog was restored, while H3K27me3 expression was essentially 

eliminated (Figures 3C, compare lanes 2 to lanes 3-5, and S3). ESCs that were 

cultured under differentiation conditions and treated with either MVs or exosomes 

from pluripotent ESCs also retained their ability to form spheres and express AP 

activity (Figures 3D-3F). The combination of MVs and exosomes typically gave rise 

to an enhanced effect, generating larger and greater numbers of spheres, compared to 

when cells were treated with either MVs or exosomes alone (Figures 3D and 3E). 

Similar results were obtained when MVs and exosomes derived from ESCs 

were used in blastocyst outgrowth assays. Blastocyst-stage embryos were isolated 

from pregnant mice and cultured in a dish. Typically, within 4-5 days, the trophoblasts 

that surrounded the ICM attached to the dish and migrated (i.e. they exhibited 

outgrowth), while the cells that comprised the epiblast layer of the ICM lost their 

pluripotency and differentiated, as indicated by a reduction in the expression of the 

pluripotent markers Oct3/4 and Nanog (Figure 3G, top panel). However, when 

outgrowth assays were carried out on blastocysts treated with MVs and exosomes 

from ESCs, several of the cells in the epiblast continued to express these proteins 

(Figures 3G, bottom panel, and 3H). 

Importantly, we wanted to see if these observations could extend into in vivo 

models. Therefore, we next examined whether treating ESCs cultured under 

differentiation conditions with ESC-derived EVs retained their ability to generate a 

chimeric animal.41–43 ESCs grown in either 2i+LIF medium or N2B27 medium, 

supplemented without or with MVs and exosomes from pluripotent ESCs, were lysed 
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and analyzed by Western blot using a Nanog antibody. Consistent with previous 

findings,6,44 ESCs cultured in N2B27 medium for only 1-2 days started to undergo 

differentiation and began to lose the expression of pluripotent markers such as Nanog 

(Figure 4A, compare lanes 1 and 2). However, treatment of these cells with ESC-

derived EVs prevented this outcome (Figure 4A, compare lanes 2 and 3). The EV-

treated cells cultured in N2B27 medium were collected and injected into embryonic 

day 3.5 (E3.5) blastocysts. The blastocysts were then surgically placed into the uteri of 

surrogate mice (Figure 4B). The ability of ESCs to successfully incorporate into the 

embryos and give rise to a chimeric mouse was read-out by changes in the coat color 

of the offspring. Specifically, the incorporation of ESCs should result in pups that 

have white and black-colored coats, while a lack of ESC integration should yield pups 

with white coat color. EV-treated ESCs cultured in N2B27 medium were able to give 

rise to chimeric mice (Figure 4C) and exhibited an efficiency of integration, similar to 

that for cells maintained in 2i+LIF medium (Figure 4D). 

 

EVs promote stemness by increasing FAK activation in recipient cells 

We initially considered the possibility that ESC-derived EVs helped maintain a 

stem cell phenotype by mediating the transfer of core stemness proteins and/or their 

RNA transcripts to recipient cells, as has been previously suggested.17,45 Western blot 

analysis performed on the MV and exosome fractions collected from ESCs showed 

that they contained extremely low, and in most cases, undetectable levels of the core 

stemness proteins Oct3/4, Nanog, Sox2, Klf4, and c-Myc (Figure S4A). The amounts 

of RNA transcripts associated with the ESC-derived MVs were also very low (Figures 
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Figure 4. EVs from ESCs help maintain the ability of ESCs to incorporate into a 

developing embryo and generate a chimeric animal. 

(A) v6.5 mouse ESCs cultured in 2i+LIF medium, or N2B27 medium 

supplemented without (untreated) or with MVs and exosomes from ESCs for 

30 hours, were immunoblotted for Nanog and vinculin as the loading control.* 

(B) Diagram depicting the experiment used to show whether the ESCs treated with 

EVs were capable of generating chimeric mice. v6.5 mouse ESCs grown in 

2i+LIF medium, or N2B27 medium supplemented with MVs and exosomes 

from ESCs, were injected into embryonic day 3.5 (E3.5) blastocysts and 

surgically implanted into the uteri of surrogate mice. The ability of the cells to 

successfully incorporate into the embryos was evaluated by a change in coat 

color. 

(C) Image showing an example of a chimeric mouse (i.e. ESCs successfully 

integrated) and a mouse with a white coat (i.e. ESCs failed to integrate). 

(D) Table showing the number of embryos injected and transferred, the number of 

mice born, the number of chimeric mice born, and the integration rates of 

ESCs grown in 2i+LIF versus N2B27 medium supplemented with MVs and 

exosomes isolated from pluripotent ESCs. 

*The data shown in (A) is presented as mean ± SD. The experiment was performed at 

least three independent times, and statistical significance was determined using 

Student’s t-tests; ***; p < 0.001, and **; p < 0.01. 
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S4B and S4C). However, the exosomal fractions collected from ESCs contained a 

significant amount of RNA (Figure S4B). Reverse transcriptase (RT)-PCR performed 

on the exosomal RNA, using primer sets that amplify Oct3/4 and Nanog, showed that 

these transcripts were associated with the exosomes (Figure S4C). Likewise, the 

transcripts encoding several additional pluripotent proteins (i.e. Klf4, c-Myc, and 

Lin28) could be PCR-amplified from the same RNA sample, with the exception of 

Sox2 (Figure S4D, lane 2). Treating intact exosomes freshly isolated from ESCs with 

RNase A resulted in the complete degradation of the RNA transcripts encoding 

pluripotent proteins (Figure S4D, compare lanes 2 and 3), indicating that the 

transcripts are associated with the outer surfaces of the exosomes, consistent with what 

was reported for the association of RNA with exosomes shed by cancer cells.18 We 

then found that exosomes treated with RNase A were as efficient as untreated (control) 

exosomes at maintaining the expression of Oct3/4 and Nanog in ESCs cultured under 

differentiation conditions (Figure S4E). Therefore, neither the transfer of core 

stemness proteins, nor RNA transcripts encoding these proteins, can account for the 

ability of ESC-derived EVs to promote stem cell-like characteristics. 

We then examined whether EVs produced by pluripotent ESCs were able to 

activate signaling proteins in ESCs cultured in N2B27 medium, i.e. similar to EVs 

derived from aggressive cancer cells which stimulate signaling activities in recipient 

cells and give rise to marked phenotypic changes.20,33 We found that the most striking 

change occurred with focal adhesion kinase (FAK). Specifically, treatment of ESCs 

with combinations of ESC-derived MVs and exosomes for either 1 hour (Figure 5A, 

left panel), or as long as 5 days (Figure 5A, right panel), strongly activated FAK, as 
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Figure 5. EVs from ESCs help maintain stemness by activating FAK in recipient 

cells. 

(A) ESCs cultured in N2B27 medium supplemented without (untreated) or with 

MVs and/or exosomes from ESCs for 1 hour (left panel) and 5 days (right 

panel) were immunoblotted for phosphorylated FAK (p-FAK) and total FAK.* 

(B) ESCs cultured in 2i+LIF or N2B27 medium were immunoblotted for 

phosphorylated FAK (p-FAK) and vinculin.* 

(C) ESCs cultured in 2i+LIF medium supplemented without (untreated) or with 7.5 

μM FAK inhibitor III (FAKi) were immunoblotted for phosphorylated FAK (p-

FAK), Oct3/4, Nanog, and histone 3 as the loading control.* 

(D) Images of sphere formation assays performed on ESCs maintained in 2i+LIF 

medium supplemented without (untreated) or with 7.5 μM FAK inhibitor III 

(FAKi). Scale bar, 100 μm. 

(E) Quantification of the assays shown in (D).* 

(F) Quantification of sphere formation assays performed on ESCs cultured in 

N2B27 medium supplemented with MVs and/or exosomes produced by ESCs, 

and treated without (untreated, shaded bars) or with 7.5 μM FAK inhibitor III 

(FAKi, clear bars).* 

(G) Images of AP activity assays performed on ESCs cultured in N2B27 medium 

supplemented with MVs and/or exosomes from ESCs, and treated without 

(untreated) or with 7.5 μM FAK inhibitor III (FAKi). Scale bar, 100 μm. 

(H) ESCs cultured in N2B27 medium supplemented with MVs and/or exosomes 

from ESCs, and treated without (control) or with 7.5 μM FAK inhibitor III 

(FAKi), were immunoblotted for Nanog and vinculin as the loading control.* 

*The data shown in (A-C), (E-F), and (H) are presented as mean ± SD. All 

experiments were performed at least three independent times, and statistical 

significance was determined using Student’s t-tests; ***; p < 0.001, **; p < 0.01, *; p 

< 0.05, and ns; not significant. See also Figures S4-S6. 
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read-out by Western blot analysis using a phospho-FAK-specific antibody. Note that 

activated FAK was not delivered to ESCs via EVs, as they are devoid of this protein 

(Figure 1E, top panel). Interestingly, while FAK phosphorylation in ESCs cultured in 

2i+LIF medium was determined to be relatively high, it was markedly decreased when 

the cells were placed in N2B27 medium (Figure 5B), consistent with suggestions that 

FAK activation is important for maintaining pluripotency.46,47 Indeed, we found that 

treating ESCs cultured in 2i+LIF medium with the FAK inhibitor III (FAKi) (Figure 

5C, top panel) was sufficient to cause the cells to lose the expression of the pluripotent 

markers Oct3/4 and Nanog (Figure 5C, middle panels), and their ability to form 

spheres (Figures 5D and 5E). Similar results were obtained when a second FAK 

inhibitor, Y15 (also sometimes referred to as FAK inhibitor 14), was used (Figures 

S5A-S5C). 

To further examine the role of FAK in maintaining a stem cell phenotype, 

ESCs were placed in N2B27 differentiation medium containing various combinations 

of MVs and exosomes isolated from ESCs, and treated without or with one of the two 

FAK inhibitors, FAK inhibitor III (FAKi) or Y15. ESCs treated with EVs again 

retained their ability to form spheres (Figures 5F and S5D, shaded bars) and exhibit 

AP activity (Figures 5G, S5E, and S5F). However, under conditions where FAK 

activity was blocked using either of these inhibitors, the number of EV-treated ESCs 

which retained their sphere-forming ability (Figures 5F and S5D, clear bars) and AP 

activity (Figures 5G, S5E, and S5F) was significantly reduced. Moreover, the ability 

of EVs to enable ESCs cultured under differentiation-inducing conditions to maintain 

their stemness, as read-out by Nanog expression, was reduced when FAK activity was 
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inhibited (Figure 5H and S5G). We also determined that ectopically expressing an 

activated form of FAK, referred to as CD2-FAK,48,49 in ESCs grown in N2B27 

medium (Figure S6A) enabled the cells to maintain several of their stem cell 

phenotypes, including the expression of Oct3/4 and Nanog (Figure S6B), as well as 

their ability to form spheres (Figure S6C). 

 

Fibronectin associated with ESC-derived EVs is important for maintaining stemness 

We examined how ESC-derived EVs activate FAK and found that fibronectin 

was associated with both MVs and exosomes isolated from ESCs (Figure 6A, lanes 

labeled 2i+LIF). We also detected fibronectin in the sucrose gradient fractions that 

contained MVs and exosomes, i.e. in the intermediate-density fractions (Figure 6B). In 

contrast, the levels of fibronectin detected in the lysates of ESCs that had undergone 

differentiation, and correspondingly in their shed MVs and exosomes, were greatly 

reduced (Figure 6A, lanes labeled N2B27). When these vesicles were used to treat 

ESCs undergoing differentiation, they were unable to maintain Oct3/4 and Nanog 

expression, unlike EVs derived from pluripotent ESCs (Figure 6C, compare lanes 3 

and 4). These findings indicate that fibronectin plays a key role in the ability of ESC-

derived EVs to maintain stemness.  

ESCs cultured in N2B27 medium were then treated with different 

combinations of EVs, as well as with the RGD peptide, which acts as an antagonist 

and competes with fibronectin to engage and activate integrins expressed on the 

surfaces of recipient cells.50 Under conditions where the RGD peptide reduced the 

levels of activated FAK in cells treated with ESC-derived EVs (Figure 6D), the EVs 
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Figure 6. Fibronectin associated with EVs from ESCs is important for promoting 

stemness. 

(A) ESCs cultured in 2i+LIF or N2B27 medium, as well as the MVs and exosomes 

isolated from these cells, were immunoblotted for fibronectin, the cytosolic 

protein FAK, and the general EV marker Flotillin-2.* 

(B) MVs and exosome (Exo) preparations isolated from ESCs using the procedure 

described in Figure S1G were further resolved by sucrose density gradient 

ultracentrifugation. The intermediate density fraction collected from each 

preparation was lysed and immunoblotted for fibronectin and the general EV 

marker Flotillin-2.  

(C) ESCs maintained in N2B27 medium supplemented without (untreated) or with 

MVs and exosomes isolated from ESCs cultured in either 2i+LIF medium 

(2i+LIF MVs+Exo) or N2B27 medium (N2B27 MVs+Exo) were 

immunoblotted for Oct3/4, Nanog, H3K27me3, and vinculin as the loading 

control. ESCs grown in 2i+LIF medium were used as the positive control (first 

lane).  

(D) ESCs cultured in N2B27 medium supplemented with MVs and exosomes from 

pluripotent ESCs, and treated without (control) or with 25 μg/ml of the RGD 

peptide, were immunoblotted for phosphorylated FAK (p-FAK) and total 

FAK.*  

(E) ESCs cultured in N2B27 medium supplemented with MVs and/or exosomes 

from pluripotent ESCs, and treated without (control) or with 25 μg/ml of the 

RGD peptide, were immunoblotted for Oct3/4, Nanog, and vinculin as the 

loading control.* 

(F) The amount of MVs and exosomes from ESCs used to promote stemness, and 

increasing amounts of purified fibronectin, were immunoblotted for fibronectin. 

(G) ESCs cultured in N2B27 medium supplemented without (untreated) or with 

320 ng of purified fibronectin (FN) were immunoblotted for Oct3/4, Nanog, 

and vinculin as the loading control. ESCs grown in 2i+LIF medium were used 

as the positive control (first lane).* 

(H) Images of sphere formation assays performed on ESCs cultured in N2B27 

medium supplemented without (untreated) or with 320 ng of purified 

fibronectin (FN), or MVs and exosomes from pluripotent ESCs. Scale bar, 100 

μm. 
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(I) Quantification of the assays shown in (H).* 

(J) ESCs cultured in N2B27 medium supplemented without (untreated) or with 

vesicle-free medium (VFM), or MVs and exosomes from ESCs (MVs+Exo), 

were immunoblotted for Oct3/4, Nanog, and vinculin as the loading control. 

ESCs grown in 2i+LIF medium were used as the positive control (first lane).* 

*The data shown in (A), (C-E), (G), (I), and (J) are presented as mean ± SD. All 

experiments were performed at least three independent times, and statistical 

significance was determined using Student’s t-tests; ****; p < 0.0001, ***; p < 0.001, 

**; p < 0.01, *; p < 0.05, and ns; not significant. See also Figures S6 and S7. 
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were much less effective in maintaining the expression of Oct3/4 and Nanog (Figure 

6E). We then tested whether fibronectin alone (i.e. soluble fibronectin), or the 

conditioned medium collected from pluripotent stem cells depleted of MVs and 

exosomes (i.e. vesicle free medium; VFM), could recapitulate the effects of the EVs. 

The relative amount of fibronectin associated with ESC-derived MVs and exosomes 

used to promote stemness in our experiments was determined by subjecting the EVs, 

together with increasing amounts of purified fibronectin, to Western blot analysis. 

Figure 6F shows that between 160 and 320 ng of fibronectin was associated with the 

EV preparations. Thus, ESCs were placed in N2B27 medium containing 320 ng of 

purified fibronectin. This condition was unable to maintain the expression of Oct3/4 

and Nanog in ESCs (Figure 6G, compare lanes 1 and 3), nor promote sphere formation 

(Figures 6H and 6I). Similarly, treatment of ESCs undergoing differentiation with the 

VFM collected from pluripotent ESCs was markedly less effective in promoting the 

expression of pluripotency markers in recipient cells, compared to ESC-derived EVs 

(Figure 6J, compare lanes 3 and 4). However, when an ~15-fold excess (i.e. 5.0 μg) of 

purified fibronectin over what is typically associated with the EVs from pluripotent 

ESCs was used to treat ESCs placed in N2B27 medium, the levels of FAK activity, as 

well as Oct3/4 and Nanog expression, were increased compared to untreated cells 

(Figure S6D). These same cells also started to form spheres (Figure S6E), although 

even this relatively large amount of fibronectin was not nearly as effective as the EVs 

from pluripotent ESCs at mediating these effects. 

We then considered whether the fibronectin associated with the EVs from 

ESCs was important for their ability to dock onto recipient cells. We used the FM1-
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43FX fluorescent membrane dye to label the MVs and exosomes produced by 

pluripotent ESCs, and then added the vesicles to cultures of ESCs that had been 

treated without or with the RGD peptide. Consistent with our earlier findings, the cells 

treated with only the labeled MVs and exosomes exhibited fluorescence, indicating 

that the vesicles associated with the ESCs (Figure S7A). Treatment of the cells with 

the RGD peptide did not change this effect. The MVs and exosomes from ESCs that 

had undergone differentiation, such that they produced EVs that lacked fibronectin 

(see Figure 6A), were similarly labeled with FM1-43FX before being used to treat 

other ESCs. Again, the cells treated with either class of EVs isolated from the 

differentiated ESCs exhibited fluorescence (Figure S7B), thus indicating that 

fibronectin associated with EVs from pluripotent ESCs is not required for their ability 

to dock onto recipient cells. Rather, our collective findings suggest that fibronectin, 

specifically when associated with ESC-derived EVs, is capable of engaging integrins 

and stimulating the activation of FAK in ESCs, which then prevents premature 

differentiation and helps maintain a pluripotent state. 

 

Discussion 

Compared to the amount of available information regarding the culturing 

conditions required to maintain stem cells in an undifferentiated pluripotent 

state,1,26,32,36 much less is known about the mechanisms that maintain stemness in vivo. 

This is especially the case for the pluripotent cells that are only transiently present 

within the epiblast layer of the ICM in blastocysts (Figure 7). If these cells lose their 

pluripotency too early, or if their normal transition from a pluripotent to a 
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differentiated state is delayed, this can have catastrophic effects on embryonic 

development.13 In recent years, the roles that EVs play in several different disease 

states,20,51 as well as in a growing number of physiological processes,14,16 have become 

increasingly appreciated. We previously showed that ESCs generate MVs that 

promote the migration of trophoblasts, which has important consequences for a key 

step during early pregnancy, namely the implantation of the blastocyst into the uterine 

wall.16 There have also been suggestions that EVs produced by stem cells can be used 

for regenerative purposes by promoting the survival and recovery of diseased or 

damaged cells.52–54 

We now demonstrate that EVs shed by ESCs provide a mechanism for 

intercellular communication that has important consequences for the maintenance of 

ESC survival and stemness. We further show that these actions require fibronectin that 

is associated with the vesicles, thus enabling them to activate FAK in the ESCs that 

they engage. Previous studies have shown that fibronectin associates with both MVs 

and exosomes, and that it plays important roles in the ability of EVs to contribute to 

cancer progression, as well as in the developing embryo where its association with 

MVs helps to activate trophoblast migration and invasion into the uterine wall.16,18,20 

Moreover, there have been various reports that integrins and FAK are important for 

the ability of ESCs to remain viable and maintain their pluripotent state. However, 

there also have been contradictory reports, in some cases suggesting distinct outcomes 

for FAK activation on ESC viability and pluripotency.46,47,55 These discrepancies may 

be due in part to the origin of the ESCs (i.e. human versus mouse), their state of 

pluripotency, and the specific culturing conditions used.56–58 For example, there are 
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Figure 7. Diagram depicting how EVs are used by pluripotent cells to promote 

stemness. 

Left: In the blastocyst-stage embryo, the ICM consists of the epiblast and the primitive 

endoderm, and is surrounded by a layer of trophoblasts. The epiblast is where the 

pluripotent stem cells reside. Right: ESCs are considered to be the in vitro equivalents 

of epiblast cells, and they generate MVs and exosomes that have fibronectin 

associated with their surfaces. The transfer of ESC-derived EVs to other ESCs 

activates FAK and promotes pluripotency. 

 

 

 

 

 

 

 

 

 



 

83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

84 

 

several distinct states of pluripotency, including naïve and primed, that differ in their 

expression of specific genes, metabolic activity, and developmental potential.25,59,60 

ESCs in the naïve state most closely resemble the epiblast cells in pre-implantation 

blastocysts and have the potential to undergo the full range of cell fate transitions 

essential for organism development. In contrast, stem cells in the primed state 

represent epiblast cells in post-implantation embryos and have a more limited 

pluripotent capacity. Several of the findings demonstrating a role for FAK in the 

promotion of pluripotency involved studies using stem cells that were most likely 

either in the primed state, or represented a mixed population of pluripotent cells.46,47,55 

Here we show that EVs shed from mouse ESCs in a naïve state, upon engaging ESCs 

cultured under conditions that normally promote their differentiation, activate FAK 

and enable the cells to maintain their stem cell phenotypes; although at present, we 

cannot definitively determine whether those treated ESCs were also in a naïve or a 

primed state. 

The ability of ESC-derived EVs to maintain pluripotency is dependent upon 

fibronectin that is associated with the surfaces of these vesicles. The EV-associated 

fibronectin is more effective at stimulating FAK activity within ESCs, compared to 

when these cells are treated with fibronectin in the absence of vesicles. This is 

reminiscent of our earlier finding that MVs containing bound VEGF were much more 

effective at stimulating VEGF receptors on endothelial cells, compared to free 

VEGF.51 The ability of ESCs to generate and release large numbers of EVs, each of 

which has multiple associated fibronectin molecules, could provide a mechanism for 

multi-valent interactions between EV-associated fibronectin and integrins on the 
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surfaces of the targeted ESCs. This would be expected to significantly increase the 

potency of FAK activation and thereby provide a strong signaling cue for maintaining 

stem cell phenotypes, i.e. the ability to form spheres, exhibit enhanced AP activity, 

and express pluripotent markers. It is also possible that additional EV cargo works 

together with EV-associated fibronectin to help maintain stemness and the pluripotent 

state. Although we initially suspected that these effects might be mediated by the 

transfer of EV-associated RNA transcripts encoding several pluripotent transcription 

factors, we in fact detected very little RNA in MVs isolated from the ESCs. In the case 

of ESC-derived exosomes, the RNA transcripts encoding pluripotent factors 

associated with these EVs were degraded by treatment with RNase A, without any 

functional consequences.  

ESCs are being actively pursued for therapeutic applications, especially in the 

context of regenerative medicine. The idea is that these pluripotent cells will replace 

damaged and diseased tissues.12,61 To achieve such a goal, there has been a great deal 

of research effort aimed at understanding the regulatory cues that both enable ESCs to 

maintain their pluripotent state, and at the appropriate time, induce their differentiation 

to a specific cell lineage. Our findings now describe a mechanism for intercellular 

communication between pluripotent cells within the epiblast, that might shed new 

light on how this regulation is achieved. As depicted in Figure 7, the shedding of 

fibronectin-associated EVs could help to ensure that ESCs remain viable and maintain 

their pluripotent state until the proper time when they receive dominant signals from 

their surroundings to undergo differentiation and transition to specific cellular 

lineages. Interestingly, we have found that ESCs upon their differentiation also 
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produce large quantities of MVs and exosomes. Moreover, the EVs derived from these 

differentiated cells lack associated fibronectin. Therefore, an intriguing possibility 

which we plan to test in the future is that EVs derived from differentiated cells in the 

proximity of pluripotent cells serve as a signaling cue to drive their differentiation. 

These and other related studies should contribute to our broader understanding of how 

ESCs undergo cell fate transitions, as well as potentially highlight new strategies for 

enhancing the efficiency of stem cell therapy. 

 

Materials and Methods 

Cell lines 

E14tg2a.4 mouse embryonic stem cells (ESCs) were cultured on 0.1% gelatin-coated 

plates in a 1:1 mixture of DMEM/F12 and Neurobasal medium supplemented with N-

2 Supplement (100X, Thermo Fisher Scientific), B27 Supplement (50X, Thermo 

Fisher Scientific), 0.05% bovine serum albumin (BSA), 2 mM glutamine, 1 μM 

PD03259010, 3 μM CHIR99021, 1.5 x 10-4 M Monothioglycerol, and 1,000 units/ml 

leukemia inhibitory factor (LIF). This medium is referred to as 2i+LIF medium. v6.5 

mouse ESCs were cultured on 0.1% gelatin-coated plates containing mouse embryonic 

fibroblast (MEF) feeder cells, in 2i+LIF medium. MEFs were cultured on 0.1% 

gelatin-coated plates in DMEM medium supplemented with 10% fetal bovine serum. 

All cells were maintained at 37°C in a humidified atmosphere containing 5% CO2. 

 

ESC differentiation 

ESCs were plated at a density of 0.5 x 104 cells/cm2 on 0.1% gelatin-coated plates, and 
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cultured in a 1:1 mixture of DMEM/F12 and Neurobasal medium supplemented with 

N-2 Supplement, B27 Supplement, 7.5% BSA, 2 mM glutamine, and 1.5x10-4 M 

Monothioglycerol. This medium is referred to as N2B27 medium. The medium was 

replaced daily for up to 5 days. 

 

Inhibitor and purified fibronectin treatments 

Cells maintained under the indicated culturing conditions were treated with 7.5 μM 

FAK inhibitor III (FAKi), 2.5 μM Y15 (also referred to as FAK inhibitor 14), 25 

g/ml RGD peptide, and either 320 ng or 5.0 μg of purified fibronectin. An equivalent 

volume of vehicle control (i.e. DMSO for the FAK inhibitor III, and water for the 

RGD-peptide, Y15, and purified fibronectin) was added to the untreated control 

groups. 

 

Transfections 

ESCs were either mock transfected, or were transfected with a plasmid encoding an 

activated form of FAK, pLV-neo-CD2-FAK (Addgene, #37013; a gift from Dr. 

Robert Weinberg, Whitehead Institute, MIT), using Lipofectamine with PLUS 

Reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. 

 

EV and Vesicle Free Medium (VFM) collection 

The conditioned medium collected from two 150 mm plates of ESCs containing ~8.0 

x 107 cells, and cultured under the indicated conditions, was centrifuged twice at 1,000 

x g for 5 minutes to pellet cells and debris. The partially clarified medium was then 
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filtered using a 0.22 µm Steriflip filter unit (Millipore), and the filter was washed with 

10 ml of phosphate buffered saline (PBS). The EVs retained by the filter (i.e. those 

larger than 0.22 µm) were considered microvesicles (MVs), and were either 

resuspended in PBS for use primarily in biological assays, or lysed using lysis buffer 

(25 mM Tris, 100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM DTT, 1 mM 

NaVO4, 1 mM β-glycerol phosphate, 1 μg/ml aprotinin, and 1 μg/ml leupeptin). The 

filtrate was subjected to ultracentrifugation at 100,000 x g for 2.5 hours using a Type 

45 Ti rotor to pellet the EVs smaller than 0.22 µm (i.e. exosomes). The pelleted 

exosomes were either resuspended in PBS or lysed using lysis buffer. The resulting 

supernatant depleted of MVs and exosomes was concentrated using 100 kDa cut-off 

Centricon units (Amicon), and was considered the vesicle-free medium (VFM). 

 

Sucrose gradient 

Isolated MVs and exosomes resuspended in PBS as described above were moved to 

ultra-clear SW 41 tubes (Beckman Coulter), combined with 1.5 ml of a 2.5 M sucrose 

solution, and mixed gently by vortexing for 5 seconds. A linear sucrose gradient was 

assembled on top of the mixture by sequentially layering 700 μl of 15 fractions (i.e. 

sucrose molarity of each fraction: 2.0 M, 1.886 M, 1.771 M, 1.657 M, 1.543 M, 1.429 

M, 1.314 M, 1.200 M, 1.086 M, 0.971 M, 0.857 M, 0.743 M, 0.629 M, 0.514 M, 0.400 

M). The sucrose gradients were then subjected to ultracentrifugation at 192,000 x g for 

17 hours using an SW 41 Ti rotor. Twelve 1 ml gradient fractions were collected and 

pooled together in groups of four, representing low-, intermediate-, and high-density 

fractions. The pooled fractions were mixed with PBS, placed in ultra-clear SW 41 
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tubes, and ultracentrifuged using an SW 41 Ti rotor at 100,000 x g for 70 minutes. The 

resulting vesicle pellets were lysed with lysis buffer. 

 

Nanoparticle tracking analysis (NTA) 

The sizes and concentrations of EVs in a given sample were determined using a 

NanoSight NS300 (Malvern, Cornell NanoScale Science and Technology Facility) as 

described previously in Kreger et al., 2016. Briefly, the conditioned medium collected 

from cultures of ESCs was centrifuged twice at 1,000 x g for 5 minutes to pellet cells 

and debris. The partially clarified medium was then diluted in PBS and injected into 

the beam path to capture movies of EVs as points of diffracted light moving rapidly 

under Brownian motion. Five 45-second videos of each sample were taken and 

analyzed to determine the concentration and size of the individual EVs based on their 

movement, and then results were averaged together. 

 

Labeling EVs with FM1-43FX dye 

The conditioned medium collected from two 150 mm plates of pluripotent or 

differentiated ESCs containing ~8.0 x 107 cells was centrifuged twice at 1,000 x g for 

5 minutes to pellet cells and cell debris. FM1-43FX dye (Thermo Fisher Scientific) 

was then added to the partially clarified medium to a final concentration of 5 μg/ml for 

30 minutes. The MVs and exosomes were then isolated from the conditioned medium 

using the filtration and the ultracentrifugation approach described, which removes any 

soluble (i.e. unincorporated) dye. To show the transfer of EVs to recipient ESCs, MVs 

or exosomes labeled with FM1-43FX dye were added to ESCs. After a 1 hour 



 

90 

 

incubation, the cells were washed three times with PBS, stained with DAPI to label 

nuclei, and fixed with 4% formaldehyde in PBS for 10 minutes. The cells were then 

washed three times with PBS, mounted, and visualized using brightfield and 

fluorescent microscopy. All images were captured using IPLABS software and 

processed using ImageJ software. 

 

Negative stain electron microscopy 

10 μl of the conditioned medium collected from cultures of ESCs was pipetted onto a 

copper grid, incubated for 2 minutes, and the excess medium was removed by blotting 

with filter paper. 10 μl of 2% uranyl acetate was then applied to the grid twice for 30 

seconds, at which point blotting with filter paper was used to remove excess liquid. 

The grid was air-dried for 5 minutes and visualized by electron microscopy. 

 

Western blot/immunoblot analysis 

Protein concentrations of cell, MV, and exosome lysates were determined using the 

Bio-Rad protein assay (Bio-Rad). The lysates were normalized based on protein 

concentration, resolved by SDS-PAGE, and then transferred to PVDF membranes. 

The membranes were blocked with 10% BSA in 20 mM Tris, 135 mM NaCl, and 

0.02% Tween 20 (TBST) for 30 minutes, and then incubated with the indicated 

primary antibodies diluted in TBST overnight. After extensive washing with TBST, 

the membranes were incubated with HRP-conjugated secondary antibodies (Cell 

Signaling Technology) diluted in TBST for 1 hour, at which point the membranes 

were washed again with TBST, and exposed to ECL reagent. 
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Sphere formation assay 

ESCs were plated in 12 well plates at a density of 20,000 cells/well (i.e. 0.5 x 104/cm2 

density), and cultured in 2i+LIF, or N2B27, medium supplemented with various 

combinations of MVs, exosomes, FAK inhibitor III (FAKi), Y15, RGD peptide, 

vesicle free medium (VFM), and purified fibronectin (320 ng or 5.0 μg, as indicated). 

The medium was replaced daily for 3 days, at which point the cells were passaged, 

plated again in 6 well ultra-low attachment plates at a density of 20,000 cells/well, and 

maintained in 2i+LIF medium. MEFs were also plated in ultra-low attachment plates 

and cultured in the same condition. Two days later, the cells were visualized by 

brightfield microscopy, and the number of spheres formed was determined. In some 

cases, the ESCs grown under these conditions were passaged for additional five 

passages. 

 

Alkaline phosphatase (AP) activity assay 

Cells grown in suspension or attached to a plate were incubated with VECTOR Red 

Alkaline Phosphatase Substrate solution (Vector Laboratories) according to the 

manufacturer’s instructions. After washing the cells with wash buffer (150 mM Tris, 

pH 8.2, 0.1% Tween 20), the cells were mounted and visualized by brightfield 

microscopy. 

 

Cell growth assay 

ESCs were plated in 12 well plates at a density of 20,000 cells/well (i.e. 0.5 x 104/cm2 

density), and cultured in 2i+LIF, or N2B27, medium supplemented with PBS (as a 
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control) or an equivalent amount of MVs and/or exosomes isolated from pluripotent 

ESCs and resuspended in PBS. The medium was replaced daily for 3 days, at which 

point the cells in each well were counted. 

 

Cell death assay 

ESCs were plated in 12 well plates at a density of 20,000 cells/well (i.e. 0.5 x 104/cm2 

density), and cultured in 2i+LIF, or N2B27, medium supplemented with PBS (as a 

control) or an equivalent amount of MVs and/or exosomes isolated from pluripotent 

ESCs and resuspended in PBS. The medium was replaced daily for 3 days, at which 

point the cells were passaged and plated again in 12 well plates at a density of 20,000 

cells/well. Two days later, the cells were trypsinized, incubated with 0.4% Trypan 

Blue (Thermo Fisher Scientific), and visualized by brightfield microscopy. The 

percentage of non-viable cells to viable cells was determined for each condition 

assayed. 

 

Immunofluorescence microscopy 

Cells and blastocysts were plated on 0.1% gelatin-coated chamber slides (Thermo 

Fisher Scientific), treated as indicated, and then fixed with 3.7% formaldehyde diluted 

in PBS for 30 minutes. The slides were permeabilized with 0.1% Triton X-100 diluted 

in PBS, blocked with 10% BSA diluted in PBS, and incubated with an Oct3/4 

antibody (Santa Cruz Biotechnology) and a Nanog antibody (Abcam) diluted in 5% 

BSA in PBS at a 1:200 dilution, for 2 hours. The slides were washed with PBS, and 

then were incubated with an anti-mouse IgG-Alexa 488 conjugate antibody (Thermo 
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Fisher Scientific) and an anti-rabbit IgG-Alexa 548 conjugate antibody (Thermo 

Fisher Scientific) diluted in 5% BSA in PBS at a 1:400 dilution, for 1 hour. The slides 

were again washed with PBS and visualized by brightfield and fluorescent 

microscopy. All images were captured using IPLABS software (BD Biosciences) and 

processed using ImageJ software. 

 

Embryo collection and blastocyst outgrowth assays 

Female FVB/N mice, between 8 and 20 weeks of age (Jackson Laboratory), were 

super-ovulated by injecting pregnant mare’s serum gonadotropin (PMSG) and human 

chorionic gonadotropin (HCG). After mating, post-coital day 0.5 female mice were 

euthanized, and their uteri were removed. The uteri were flushed with M2 medium to 

remove embryos, which were then placed in 200 μl of KSOM medium covered by 

mineral oil for 4 days. The embryos that developed into blastocysts were isolated and 

placed in 8 well chamber slides (Thermo Fisher Scientific) coated with 0.1% gelatin, 

and cultured in N2B27 medium supplemented without or with EVs isolated from 

ESCs, for 5 days. The blastocysts that attached to the slide and spread were fixed, 

stained for Oct3/4 and Nanog, and visualized by brightfield and fluorescent 

microscopy. 

 

Signaling experiments in ESCs 

ESCs were placed in 12 well plates at a density of 20,000 cells/well, and cultured in 

N2B27 medium supplemented with PBS or an equivalent amount of MVs and/or 

exosomes isolated from pluripotent ESCs for different amounts of time, at which point 
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they were lysed using lysis buffer. The resulting lysates were subjected to immunoblot 

analysis. 

 

Karyotyping 

ESCs cultured in 2i+LIF medium were incubated with colcemid (0.1 μg/ml final 

concentration) for 2 hours at 37℃. The cells were trypsinized and pelleted by 

centrifugation at 300 x g for 5 minutes, and the supernatant was removed. 10 ml of 

37℃ 0.075 M KCl was added drop-by-drop with gentle agitation, followed by the 

addition of 10 ml of KCl, again with gentle agitation. After incubating the solution at 

37℃ for 25 minutes, 4-5 drops of fixative (a 3:1 mixture of methyl alcohol and glacial 

acetic acid) were added to the solution, and the cells were pelleted by centrifugation at 

300 x g for 5 minutes. The supernatant was removed, and 10 ml of fixative was added 

to the pelleted cells. After resuspending the cells using gentle agitation, the solution 

was centrifuged again at 300 x g for 5 minutes, and the cell pellet was resuspended 

with fixative, dropped on a slide glass, and visualized by fluorescence microscopy. All 

images were captured using IPLABS software and processed using ImageJ software. 

 

RNA isolation + RT-PCR 

Total RNA was isolated from ESCs and EV preparations using the Qiagen RNeasy 

Mini kit (Qiagen), and the mRNA transcripts were converted to cDNA using 

Superscript III Reverse Transcriptase (Invitrogen) and oligo dT20. The concentration 

of cDNA was measured using a NanoDrop Spectrophotometer (Thermo Fisher 

Scientific), and the cDNA samples were subjected to RT-PCR. 
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ESC microinjection into mouse blastocysts 

Female B6(Cg)-Tyrc-2J/J (B6-albino) mice, between 8 and 20 weeks of age (Jackson 

Laboratory), were super-ovulated by injecting pregnant mare’s serum gonadotropin 

(PMSG) and human chorionic gonadotropin (HCG). After mating, post-coital day 3.5 

female mice were euthanized, and their uteri were removed and flushed with M2 

medium to obtain blastocysts. At the same time, the v6.5 ESC line derived from 

C57BL/6 X 129/sv mice was plated in 60 mm dishes (without a fibroblast feeder 

layer) at a density of 1.47 x 106 cells/dish (i.e. 0.7 x 105/cm2 density), and cultured in 

2i+LIF medium, N2B27 medium, or N2B27 medium supplemented with MVs and 

exosomes from E14tg2a.4 ESCs. Thirty hours later, the cells were trypsinized, and 

then individual cells were injected into the collected blastocysts. The blastocysts were 

then surgically transferred into the uterine horns of pseudopregnant recipient females. 

Typically, 3 weeks later, pups were born and allowed to develop their coat. When the 

injected cells successfully integrated into the embryos, the resulting pups were 

chimeras, which had patches of coat color from both the host embryo (white) and the 

injected cells (black), while the pups derived from the blastocysts without ESC 

integration exhibited only white coat color. 

 

Quantification and Statistical Analysis 

Quantitative data are presented as means ± SD. All experiments were independently 

performed at least three times. Statistical analysis was performed in GraphPad PRISM 

7, and statistical significance of the experiments was determined using Student’s t-

tests; ****; p < 0.0001, ***; p < 0.001, **; p < 0.01, *; p < 0.05, and ns; 
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not significant.  
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Supplemental Information 

 

Supplemental Figure 1. Characterization of ESCs, Related to Figure 1. 

(A) Fluorescent microscopy images of ESCs and MEFs stained for Oct3/4 and 

Nanog. The cells were also stained with DAPI to label the nuclei. Scale bar, 20 

μm 

(B) Fluorescent microscopy image of an ESC chromosome spread stained with 

DAPI. Scale bar, 10 μm. 

(C) Images of sphere formation assays performed on ESCs and MEFs. Scale bar, 

100 μm. 

(D) Images of sphere formation assays performed on ESCs that had been passaged 

once (passage 1) or 5 times (passage 5). Scale bar, 100 μm. 

(E) Images of AP activity assays performed on ESCs and MEFs. Cells positive for 

AP activity are red. Scale bar, 100 μm. 

(F) Electron microscopy images of MVs and exosomes present in the conditioned 

medium collected from cultures of ESCs. Scale bar, 200 nm. 

(G) Approach used for isolating MVs and exosomes from conditioned medium. 

See Materials and Methods for details. 
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Supplemental Figure 2. ESCs lose their stem cell phenotypes when cultured in 

N2B27 medium, Related to Figure 2. 

(A) Images of ESCs maintained in 2i+LIF or N2B27 medium. Many of the cells 

cultured in N2B27 medium had protrusions, denoted with arrows. Scale bar, 

100 μm. 

(B) Images of sphere formation assays performed on ESCs cultured in 2i+LIF or 

N2B27 medium. Scale bar, 100 μm. 

(C) Images of AP activity assays performed on ESCs cultured in 2i+LIF or N2B27 

medium. Cells positive for AP activity are red. Scale bar, 100 μm. 
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Supplemental Figure 3. EVs from ESCs help maintain the expression of 

pluripotency markers, Related to Figure 3. 

Brightfield and fluorescent microscopy images of ESCs cultured in 2i+LIF medium, 

or N2B27 medium supplemented without (untreated) or with MVs and exosomes from 

pluripotent ESCs. The cells were stained for Oct3/4 and Nanog, and DAPI was used to 

label nuclei. Scale bar, 50 μm. 
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Supplemental Figure 4. The transfer of core stemness proteins, or the RNA 

transcripts encoding these proteins, is not responsible for the ability of ESC EVs 

to promote stemness, Related to Figure 5. 

(A) ESCs (whole cell lysate; WCL), MVs, and Exosomes (Exo) were 

immunoblotted for markers of pluripotency (i.e. Oct3/4, Nanog, Sox2, Klf4, 

and c-Myc), the cytosolic protein FAK, the general EV marker Hsp90, and the 

exosome-specific marker CD9.* 

(B) The amount of RNA detected in ESCs, and associated with the MVs and 

exosomes that these cells produce, was quantified using a NanoDrop 

Spectrophotometer. RNA isolation and quantification were performed three 

independent times, and the data are presented as mean ± SD. 

(C) Reverse transcriptase (RT)-PCR was performed on the RNA isolated from 

ESCs (whole cell lysate; WCL), and on the MVs and exosomes (Exo) these 

cells produce, using primer sets that specifically amplify Oct3/4, Nanog, 

GAPDH, and β-actin. 

(D) RT-PCR was performed on the RNA isolated from ESCs (whole cell lysate; 

WCL), intact exosomes (Exo), and exosomes incubated with RNase A 

(Exo+RNase), using primer sets that specifically amplify markers of 

pluripotency (i.e. Oct3/4, Nanog, Sox2, Klf4, c-Myc, and Lin28). 

(E) ESCs maintained in N2B27 medium supplemented without (untreated) or with 

intact exosomes isolated from ESCs (Exo), or with exosomes incubated with 

RNase A (Exo+RNase), were immunoblotted for Oct3/4 and Nanog. The blot 

was re-probed for vinculin as the loading control.* 

*The data shown in (A), (B), and (E) are presented as mean ± SD. All experiments 

were performed at least three independent times, and statistical significance was 

determined using Student’s t-tests; ****; p < 0.0001, ***; p < 0.001, **; p < 0.01, *; p 

< 0.05, and ns; not significant. 
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Supplemental Figure 5. EVs from ESCs help maintain the pluripotency of 

recipient stem cells by activating FAK, Related to Figure 5. 

(A) ESCs cultured in 2i+LIF medium supplemented without (untreated) or with 2.5 

μM Y15 were immunoblotted for Oct3/4, Nanog, and vinculin as the loading 

control.* 

(B) Images of sphere formation assays performed on ESCs maintained in 2i+LIF 

medium supplemented without (untreated) or with 2.5 μM Y15. Scale bar, 100 

μm. 

(C) Quantification of the assays shown in (B).* 

(D) Quantification of sphere formation assays performed on ESCs cultured in 

N2B27 medium supplemented with various combinations of MVs and 

exosomes produced by pluripotent ESCs, and treated without (untreated, 

shaded bars) or with 2.5 μM Y15 (clear bars).* 

(E) Images of AP activity assays performed on ESCs cultured in N2B27 medium 

supplemented with different combinations of MVs and exosomes from 

pluripotent ESCs, and treated without (untreated) or with 2.5 μM Y15. Scale 

bar, 100 μm. 

(F) Quantification of the assays shown in (E).* 

(G) ESCs cultured in N2B27 medium supplemented with various combinations of 

MVs and exosomes from ESCs, and treated without (control) or with 3.5 μM 

Y15, were immunoblotted for Nanog and vinculin as the loading control.* 

*The data shown in (A), (C), (D), (F), and (G) are presented as mean ± SD. All 

experiments were performed at least three independent times, and statistical 

significance was determined using Student’s t-tests; ****; p < 0.0001, ***; p < 0.001, 

**; p < 0.01, *; p < 0.05, and ns; not significant. 
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Supplemental Figure 6. The ectopic expression of an activated form of FAK in 

ESCs promotes their pluripotency, Related to Figures 5 and 6. 

(A) ESCs that had been either mock transfected (Mock), or transfected with pLV-

neo-CD2-FAK (CD2-FAK), were immunoblotted for FAK and vinculin as the 

loading control.* 

(B) The transfectants in (A) were cultured in 2i+LIF or N2B27 medium and then 

immunoblotted for Oct3/4, Nanog, and vinculin as the loading control.* 

(C) Sphere formation assays were performed on the transfectants in (A).* 

(D) ESCs cultured in N2B27 medium supplemented without or with 5.0 μg of 

purified fibronectin (FN) were immunoblotted for phosphorylated FAK (p-

FAK), Oct3/4, Nanog, and vinculin as the loading control.* 

(E) Sphere formation assays were performed on ESCs cultured in N2B27 medium 

supplemented without or with 5.0 μg of purified fibronectin (FN).* 

*The data shown in (A-E) are presented as mean ± SD. All experiments were 

performed at least three independent times, and statistical significance was determined 

using Student’s t-tests; ***; p < 0.001, **; p < 0.01, and *; p < 0.05. 
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Supplemental Figure 7. Fibronectin associated with the EVs from ESCs is not 

required for their ability to dock onto recipient cells, Related to Figure 6. 

(A) MVs and exosomes from pluripotent ESCs that had been labeled with the 

fluorescent membrane dye FM1-43FX were used to treat cultures of ESCs 

incubated without or with 25 μg/ml of the RGD peptide for 1 hour, at which 

point the cells were washed extensively, fixed, and stained with DAPI to label 

nuclei. Brightfield and fluorescent microscopy images of the assay are shown. 

Scale bar, 50 μm. 

(B) MVs and exosomes from ESCs that had been cultured in either 2i+LIF 

medium (2i+LIF MVs and 2i+LIF Exosomes) or N2B27 medium (N2B27 

MVs and N2B27 Exosomes) were labeled with FM1-43FX and then were used 

to treat ESCs. One hour later, the cells were washed extensively, fixed, and 

stained with DAPI to label nuclei. Brightfield and fluorescent microscopy 

images of the assay are shown. Scale bar, 50 μm. 
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CHAPTER 3 

EMBRYONIC STEM CELLS GENERATE EXTRACELLULAR VESICLES THAT 

CAN CONFER DIFFERENTIATED CELLS WITH STEMNESS PROPERTIES 

 

Summary 

Reprogramming somatic cells to become pluripotent stem cells, a process referred to 

as induced pluripotency, has important implications in regenerative medicine. 

However, the conventional approach used to induce pluripotency involves introducing 

multiple genes into cells using viral infection, with at least one of these genes being 

the Myc oncogene, thus raising concerns about whether induced pluripotent stem cells 

(iPSCs) can be safely used for therapeutic purposes. Here we suggest a potentially 

novel approach to derive iPSCs that overcomes these limitations using extracellular 

vesicles (EVs). Treatment of primary fibroblasts with EVs produced by embryonic 

stem cells (ESCs) protected them from serum starvation-induced apoptosis and 

delayed senescence. We then went on to show that treating fibroblasts with ESC-

derived EVs for extended lengths of time also caused the cells to acquire several stem 

cell-like characteristics, such as the ability to form spheres, exhibit alkaline 

phosphatase (AP) activity, and express pluripotent markers, including Oct3/4 and 

Nanog. To gain insights into how ESC-derived EVs mediated these effects, we found 

that they strongly stimulated the activation of the cell survival and growth protein 

AKT in fibroblasts. Adding the AKT inhibitor, MK-2206, to fibroblasts blocked the 

ability of the EVs to cause them to acquire stem cell properties. These findings raise 

the exciting possibility that ESCs produce EVs that can confer differentiated cells with
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 some stem cell phenotypes and are potentially capable of inducing pluripotency. 

 

Introduction 

 Due to the unique capabilities of embryonic stem cells (ESCs) to differentiate 

into all cell lineages (i.e. pluripotency) and proliferate without limitation (i.e. self-

renewal), they are being actively pursued for the clinical applications of regenerative 

medicine. However, since ESCs are derived from the pluripotent cell populations 

which are only present within blastocyst-stage embryos, there have been ethical 

arguments with regards to their derivation.1–3 

In 2006, in a landmark study by the Yamanaka group, an alternative approach 

to generating stem cells was reported. This laboratory showed that somatic cells could 

be reprogrammed into pluripotent stem cells (i.e. induced pluripotent stem cells; 

iPSCs), a process referred to as induced pluripotency, paving the way to supply an 

unlimited source of genetically identical cells that are capable of differentiating into 

virtually any cell type.4 This cellular reprogramming technology provided researchers 

with avenues to study disease models using patient-derived stem cells, which are 

especially helpful for the development of new drugs and individualized regenerative 

medicine treatment. The conventional approach used to induce pluripotency involves 

the viral introduction of four genes that encode transcription factors that are important 

for maintaining pluripotency, into differentiated cells. These genes typically include 

Oct3/4, Klf4, Sox2, and c-Myc, and are often referred to as the “Yamanaka factors”.4 

However, this seemingly ideal approach to deriving stem cells from differentiated cell 

types does have several limitations. For example, the iPSC derivation process is both 
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lengthy (requiring at least a month) and very inefficient (~ 0.01%). Moreover, the 

need to ectopically express c-Myc, a known oncogene, to induce pluripotency, as well 

as the use of retroviral or lentiviral vectors to deliver the genes into the cells, raises the 

potential risk of inducing oncogenic transformation during the reprogramming 

process.4–7 Because of these shortcomings regarding the use of Yamanaka factors to 

induce pluripotency, there are serious concerns about whether this approach can ever 

be safely used for therapeutic applications in the clinics. 

While there is a clear need to develop more efficient and safer approaches to 

induce pluripotency, here, we examined whether extracellular vesicles (EVs) could 

potentially be used for this purpose. In previous studies, the EVs isolated from ESCs, 

which have been used to treat progenitor cells, were shown to downregulate the 

expression of genes that induce differentiation and increase the expression levels of 

genes that promote stemness. For example, the transfer of ESC-derived microvesicles 

(MVs), a major class of EVs that are derived from the plasma membrane, to retinal 

progenitor Müller cells was found to upregulate the mRNA levels of the pluripotent 

markers Oct4 and Sox2 and downregulate the expression of miRNAs involved in 

cellular differentiation and cell cycle arrest.8 Another study showed that MVs isolated 

from ESCs could increase the expression of early pluripotent proteins, such as Oct4, 

Nanog, and Rex-1, in hematopoietic progenitor cells.9 In fact, the findings that we 

show in Chapter 2 also clearly demonstrate that EVs shed by ESCs can serve as a 

mechanism to help maintain the stemness of other ESCs when they are exposed to 

culturing conditions that promote spontaneous differentiation. Collectively, these 

findings strongly support the idea that EVs generated by ESCs are capable of 
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influencing the stemness of recipient cells, and led us to consider the intriguing 

possibility that they might potentially be able to reprogram differentiated cells to 

behave more like stem cells, and even induce pluripotency. Here we show that treating 

mouse embryonic fibroblasts (MEFs) with MVs and exosomes isolated from ESCs 

indeed causes the cells to acquire several of the characteristics of stem cells, 

suggesting that this form of intercellular communication can possibly be used as a 

novel approach to induce pluripotency. 

 

Results 

EVs from ESCs induce stem cell-like phenotypes in fibroblasts 

 Although a variety of methods to derive iPSCs from somatic cells have been 

proposed, the first and still most commonly used method was reported by Yamanaka 

in 2006.4 It involves the ectopic expression of four genes, including Oct3/4, Sox2, 

Klf4, and c-Myc, that are important for maintaining the stem cell-like properties of 

ESCs. However, this approach has a few limitations that necessitate the need to 

develop better approaches to induce pluripotency. Interestingly, we showed in Chapter 

2 that ESC-derived MVs and exosomes are capable of helping to maintain 

pluripotency, raising the exciting possibility that ESC EVs might also be able to 

convert somatic cells into stem cells. To test this idea, we first established pluripotent 

ESCs and primary mouse embryonic fibroblasts (MEFs), and characterized each cell 

type. The feeder cell-independent mouse ESC line E14tg2a.4, which was maintained 

in the medium supplemented with N-2, B27, the GSK3β and MEK1/2 inhibitors (2 

inhibitors; 2i) and leukemia inhibitory factors (LIF), referred to as 2i+LIF medium,10 
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exhibited the characteristic ESC colony morphology (Figure 1A, left panel) and 

expressed stemness proteins, including Oct3/4, Nanog, Klf4, and Sox2 (Figure 1B, 

lane 1).11–13 In contrast, these proteins were not detected in MEFs that had been 

isolated from embryonic day 13.5 (E13.5) mouse embryos, with the exception of Klf4 

(Figure 1B, lane 2). Instead, the MEFs expressed the fibroblast-specific marker 

Thy1.14 To further demonstrate the differences between ESCs and MEFs, assays that 

are used to assess stemness, including sphere formation and alkaline phosphatase (AP) 

activity assays, were performed on the cells.15–18 While ESCs formed and could be 

propagated as spheres that exhibited AP enzymatic activity, MEFs lacked both of 

these characteristics (Figures 1C-1F). 

 The EVs formed and shed by ESCs into their conditioned medium were then 

isolated by subjecting the medium to the EV isolation procedure outlined in Figure 

2A. The resulting MV and exosome (Exo) fractions isolated were analyzed by 

Western blot analysis. The common EV marker Flotillin-219,20 was detected in both 

classes of EVs, while the exosome-specific marker CD9,21,22 was only present in the 

exosome fraction (Figure 2B, middle and bottom panels). The blot was also probed for 

the cytosolic protein FAK, which was only detected in the whole cell lysates (WCLs), 

confirming that the MVs and exosomes lacked cellular contaminants (Figure 2B, top 

panel). 

 We then determined whether these vesicles could be transferred to MEFs. The 

MVs and exosomes isolated from ESCs were labeled with the fluorescence lipid 

membrane dye FM1-43FX and isolated as described in Figure 2A, in order to remove 

any unincorporated dye. Cultures of MEFs were then either untreated or incubated 
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Figure 1. The characterization of ESCs and MEFs. 

(A) Brightfield microscopy images of ESCs and MEFs maintained in their typical 

growth medium. Note that ESCs exhibit the characteristic colony morphology. 

(B) ESCs and MEFs were immunoblotted for core stemness proteins (i.e. Oct3/4, 

Nanog, Klf4, and Sox2), the fibroblast-specific marker Thy1, and heat shock 

protein (Hsp90) as the loading control. 

(C) Images of sphere formation assays performed on ESCs and MEFs. 

(D) Quantification of the assays shown in (C).* 

(E) Images of alkaline phosphatase (AP) activity assays performed on ESCs and 

MEFs. Cells positive for AP activity are red. 

(F) Quantification of the assays shown in (E).* 

*The data shown in (D) and (F) are presented as mean ± SD. All experiments were 

performed at least three independent times, and statistical significance was determined 

using Student’s t-tests; ****; p < 0.0001 and ***; p < 0.001. 
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Figure 2. ESCs generate EVs that can be transferred to MEFs. 

(A) Diagram showing the approach used for isolating MVs and exosomes from 

ESC-conditioned medium. 

(B) ESCs (whole cell lysate; WCL), as well as the MVs and exosomes (Exo) 

isolated from these cells, were immunoblotted for the cytosolic protein FAK, 

the common EV marker Flotillin-2, and the exosome-specific marker CD9. 

(C) MVs and exosomes shed by ESCs were labeled with the fluorescent membrane 

dye FM1-43FX and then were isolated to remove unincorporated dye. Cultures 

of MEFs were incubated without (untreated) or with the labeled vesicle 

preparations for 10 minutes, at which point the cells were washed, fixed, and 

visualized by fluorescence microscopy. Representative images are shown. 
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with the labeled MV or exosome preparations for 10 minutes, at which point the cells 

were washed thoroughly to remove unbound vesicles, fixed, and visualized by 

fluorescence microscopy. The top panel in Figure 2C shows that little fluorescence 

could be detected in the untreated MEFs. In contrast, the cells treated with the MVs or 

exosomes (middle and bottom panels) showed fluorescence. In many cases, the 

labeled vesicles appeared as puncta. 

 We next examined how the ESC-derived EVs could potentially influence the 

survival of MEFs. Nearly 60% of the MEFs that had been maintained under serum-

starved conditions for 48 hours died, as read out by nuclear condensation and blebbing 

(Figure 3A, untreated). However, treating the cells with either MVs or exosomes from 

ESCs reduced the amount of cell death to ~40% and ~15% respectively. Interestingly, 

treating MEFs with both MVs and exosomes did not reduce the amount of cell death 

further than what was observed with exosomes alone (Figure 3A). 

We also tested whether the EVs from ESCs would impact the replication-

induced senescence of MEFs caused by their serial passaging. Cellular senescence is a 

process in which cells no longer possess the ability to proliferate while remaining 

viable and metabolically active.23–25 Senescence-associated β-galactosidase assays 

were performed on the MEFs cultured without or with the EVs generated by ESCs 

after passaging the cells until the untreated control fibroblasts ceased proliferation. 

Figures 3B and 3C show that the percentage of control MEFs that had senesced and 

acquired β-galactosidase activity after 8 passages was approximately 60%. However, 

in the MEFs treated with MVs and exosomes, the percentage of β-galactosidase 

positive cells decreased nearly to 20%. Cellular reprogramming of somatic cells to a 
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Figure 3. MEFs treated with EVs from ESCs acquire stem cell-like 

characteristics. 

(A) Cell death assays were performed on MEFs maintained in either medium 

containing 2% fetal bovine serum (FBS; +serum) or serum-free medium 

supplemented without (untreated) or with MVs and/or exosomes from ESCs. 

(B) Senescence-associated β-galactosidase assays were performed on MEFs after 2 

passages, as well as the cells cultured without (untreated) or with MVs and 

exosomes from ESCs after 8 passages. Cells positive for β-galactosidase 

activity are blue. 

(C) Quantification of the assays shown in (B).* 

(D) Images of sphere formation assays performed on MEFs supplemented without 

(untreated) or with MVs and/or exosomes from ESCs. 

(E) Quantification of the assays shown in (D).* 

(F) Images of AP activity assays performed on MEFs supplemented without 

(untreated) or with MVs and/or exosomes from ESCs. Cells positive for AP 

activity are red. 

(G) Quantification of the assays shown in (F).* 

(H) ESCs, as well as MEFs treated without (untreated) or with MVs and exosomes 

from ESCs (MVs+Exo), were immunoblotted for the fibroblast-specific 

marker Thy1 and vinculin as the loading control. 

(I) MEFs treated without (untreated) or with MVs and exosomes from ESCs 

(MVs+Exo) were immunoblotted for the mouse stem cell marker SSEA-1 and 

FAK as the loading control. 

(J) MEFs treated without (untreated) or with MVs and/or exosomes from ESCs 

were immunoblotted for Oct3/4, Nanog, and vinculin as the loading control. 

*The data shown in (A), (C), (E), and (G) are presented as mean ± SD. All 

experiments were performed at least three independent times, and statistical 

significance was determined using Student’s t-tests; ****; p < 0.0001, ***; p < 0.001, 

**; p < 0.01, and *; p < 0.05. 
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pluripotent state is considered to be a stochastic process, and the chance of each cell to 

be reprogrammed shows a random probability distribution.26,27 Importantly, apoptosis 

and cellular senescence are generally believed to be two major barriers encountered 

during iPSC generation via the ectopic expression of Yamanaka factors, and limit the 

success of this approach.28,29 Therefore, if EVs derived from ESCs are capable of 

promoting survival and delaying senescence, it is feasible that they increase the 

likeliness to reprogram the MEFs into stem cells. 

We next asked if the MVs and exosomes produced by ESCs could also cause 

MEFs to acquire stem cell-like characteristics. Cultures of MEFs placed in 2i+LIF 

medium were treated with different combinations of MVs and exosomes isolated from 

ESCs and subjected to sphere formation assays. Figures 3D and 3E show that 

untreated fibroblasts grew primarily as single cells. In contrast, the MEFs treated with 

MVs or exosomes from ESCs for as little as 48 hours formed a considerable number 

of spheres. When both MVs and exosomes were added together to the fibroblasts, 

even more spheroids were observed, compared to when the cells were cultured with 

either of these vesicle types alone. We then went on to perform AP activity assays on 

the MEFs treated with EVs from ESCs. Consistent with our sphere formation assay 

findings, the MEFs cultured with MVs and/or exosomes for 4 days exhibited strong 

AP activity, while the untreated fibroblasts lacked detectable AP activity (Figures 3F 

and 3G). 

Next, we determined if the EVs generated by ESCs could cause MEFs to 

express pluripotent markers. MEFs cultured in the 2i+LIF medium and treated with 

EVs from ESCs for 4 days were lysed and analyzed by Western blot analysis. The 
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expression level of the fibroblast-specific marker Thy1 was found to be significantly 

downregulated (Figure 3H, lane 3). Interestingly, at the same time, the cells began to 

express stage-specific embryonic antigen-1 (SSEA-1), a marker of mouse stem cells 

(Figure 3I, lane 2).30,31 Western blot analysis performed on fibroblasts that had been 

treated with EVs for an extended length of time (3-4 weeks) showed that the 

fibroblasts began to express the core stemness proteins, Oct3/4 and Nanog (Figure 3J). 

It is particularly noteworthy that only the combination of MVs and exosomes was 

capable of upregulating the expression of these pluripotent factors, while the 

fibroblasts treated with only MVs or exosomes did not express them. Collectively, 

these findings suggest that ESCs generate EVs which can potentially induce 

pluripotency. 

 

EVs produced by ESCs stimulate AKT activation in fibroblasts 

 We set out to gain some insights into how the EVs produced by ESCs 

mediated these effects. We initially suspected that the transfer of core stemness 

proteins, or possibly the RNA transcripts encoding these proteins, could be involved. 

This was largely based on previous studies suggesting that the EVs isolated from 

ESCs contain Oct3/4 and Sox2.8,9 However, as described in Chapter 2, we found that 

MV and exosome preparations isolated from ESCs cultured in the 2i+LIF medium 

contained little, if any, core stemness proteins, as determined by Western blot (see 

Figure S3A in Chapter 2). Therefore, it seemed unlikely that the EV-mediated transfer 

of these pluripotent markers to recipient cells could explain their ability to promote 

stemness. 



 

132 

 

 Thus, we instead investigated whether the EVs shed by ESCs activated 

signaling proteins in MEFs that have been shown to be important for promoting 

pluripotency. This approach was similar to that used previously in our laboratory to 

show that EVs derived from various cell types, including ESCs and aggressive breast 

cancer cells, can activate signaling proteins in recipient cells.19,32,33 Serum-starved 

cultures of MEFs were treated without (Time = 0 minutes) or with MVs and/or 

exosomes produced by ESCs for increasing lengths of time up to 90 minutes, at which 

point the cells were lysed and subjected to Western blot analysis using antibodies that 

detect the activated (phosphorylated) forms of signaling proteins (Figure 4A). The 

levels of AKT phosphorylation were particularly noteworthy, which were increased by 

adding EVs to the fibroblasts for as little as 15 minutes. AKT phosphorylation was 

maximal at around 90 minutes of EV treatment. 

 Several studies have reported that AKT signaling plays an essential role in 

enhancing the efficiency of somatic reprogramming to a pluripotent state.34–36 Thus, 

we examined whether the EV-mediated AKT activation is important for the ability of 

ESC EVs to induce stem cell-like characteristics in MEFs. MEFs were cultured in the 

2i+LIF medium in the absence or presence of various combinations of MVs and 

exosomes that had been isolated from ESCs, as well as the AKT inhibitor MK-2206. 

As shown earlier (see Figures 3D-G), and again here, EV-treated MEFs were able to 

form spheres and exhibit AP activity (Figures 4B and 4C). However, under conditions 

where AKT activity was pharmacologically inhibited, dramatically fewer spheres 

formed (Figure 4B), and the number of AP positive cells was also decreased, with the 

exception of the cells cultured with MVs, whose AP activity was unaffected by the
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Figure 4. EVs generated by ESCs activate AKT in recipient fibroblasts. 

(A) Serum-starved cultures of MEFs were treated without (0 minutes) or with MVs 

and/or exosomes from ESCs for increasing lengths of time up to 90 minutes, at 

which point the cells were lysed and immunoblotted for phosphorylated AKT 

(p-AKT), phosphorylated FAK (p-FAK), and vinculin as the loading control. 

(B) Quantification of sphere formation assays performed on MEFs supplemented 

with various combinations of MVs and exosomes generated by ESCs, and 

treated without (control, shaded bars) or with an AKT inhibitor, MK-2206 

(clear bars).* 

(C) Quantification of AP activity assays performed on MEFs supplemented with 

various combinations of MVs and exosomes generated by ESCs, and treated 

without (control, shaded bars) or with an AKT inhibitor, MK-2206 (clear 

bars).* 

*The data shown in (B-C) are presented as mean ± SD. All experiments were 

performed at least three independent times, and statistical significance was determined 

using Student’s t-tests; ***; p < 0.001, **; p < 0.01, *; p < 0.05, and ns; not 

significant. 
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AKT inhibitor (Figure 4C). These results suggest that the ability of ESC EVs to cause 

stem cell phenotypes in MEFs is, at least partially, mediated by the activation of AKT. 

 

ESC-derived exosomes contain E-Ras 

 To investigate which of the ESC-derived EV cargo are responsible for 

activating AKT and promoting stem cell characteristics in MEFs, we first considered 

whether the fibronectin expressed on the surfaces of these EVs caused AKT 

activation. Fibronectin is the extracellular matrix protein that we showed in Chapter 2 

to be associated with the EVs shed by ESCs, which engages integrins and activates 

focal adhesion kinase (FAK) in recipient ESCs.33 Since FAK is upstream of AKT, it 

was logical to consider that the EVs may activate AKT using this signaling 

mechanism. However, treating MEFs with MVs and/or exosomes isolated from ESCs 

did not noticeably activate FAK (Figure 4A). Moreover, the addition of the RGD 

peptide, which acts as a partial agonist and competes with fibronectin to bind to 

integrins expressed on the MEFs treated with ESC EVs,37 failed to block sphere 

formation (Figure 5A). 

 Instead, we discovered that the exosomes, but not the MVs, generated by ESCs 

contained a significant amount of Ras (Figure 5B), the small GTPase that functions as 

a molecular switch and promotes numerous cellular processes.38 While the roles of the 

classical isoforms of the Ras GTPase (i.e. H-, K-, N-Ras) have been well-studied with 

regards to their roles in promoting malignant transformation,38–41 embryonic stem cell- 

expressed Ras (E-Ras), a constitutively active form of Ras, is less understood. E-Ras 

was shown to be specifically expressed in undifferentiated mouse ESCs.42 
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Figure 5. ESC-derived exosomes contain E-Ras. 

(A) Quantification of sphere formation assays performed on MEFs supplemented 

with MVs and exosomes from ESCs, and treated without (control) or with the 

fibronectin inhibitory peptide RGD (RGD).* 

(B) ESCs (whole cell lysate; WCL), MVs, and exosomes (Exo) were 

immunoblotted for the cytosolic protein FAK, the general EV marker Flotillin-

2, and Ras. 

*The data shown in (A) are presented as mean ± SD. All experiments were performed 

at least three independent times, and statistical significance was determined using 

Student’s t-tests; ****; p < 0.0001, *; p < 0.05, and ns; not significant. 
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Interestingly, there is a study suggesting that the inactivation of the forkhead 

transcription factor FoxO1 by E-Ras and its downstream PI3K/AKT pathway is 

necessary for somatic reprogramming.36 Therefore, it would be particularly interesting 

to determine whether E-Ras/AKT/FoxO1 signaling axis could mediate the effects of 

exosomes in causing stem cell-like phenotypes in MEFs. 

 

Discussion 

 Pluripotent stem cells have long been actively pursued for therapeutic purposes 

in regenerative medicine, with the idea of replacing diseased or damaged cells with 

new fully functional cells derived from stem cells.3,43–45 In particular, the discovery of 

induced pluripotency has ushered in a new era in regenerative medicine and provided 

an alternative approach to deriving ESCs that does not involve manipulating embryos 

as well as the potential risks of immune responses, by using patient-derived cells as a 

source of stem cells.4,46,47 While there is an enormous ongoing effort to overcome the 

still-existing hurdles for the usage of iPSCs in the clinics, such as the virus-mediated 

genetic manipulation and the introduction of the proto- oncogene c-Myc, we have 

generated some exciting findings suggesting that the EVs released by ESCs could 

possibly be used to dedifferentiate somatic cells. Specifically, we first discovered that 

treating MEFs with the MVs and/or exosomes isolated from ESCs suppressed 

apoptosis and cellular senescence, which are two major hurdles limiting the efficiency 

of somatic cell reprogramming. Furthermore, the extended treatment of fibroblasts 

with EVs shed by ESCs also caused them to exhibit stem cell-like characteristics, 

including the ability to form spheres, show AP activity, and express the stemness-



 

139 

 

related markers, Oct3/4 and Nanog. 

 In Chapter 2, we found that fibronectin associated with EVs from ESCs could 

help maintain the stemness of recipient stem cells by activating FAK. Therefore, we 

initially suspected that the effects of ESC-derived EVs on MEFs would use a similar 

mechanism. However, the addition of MVs and exosomes from ESCs to MEFs did not 

significantly activate FAK. Moreover, blocking the ability of fibronectin to engage 

integrins expressed by MEFs using the RGD peptide did not impact the sphere-

forming ability of MEFs treated with EVs. Instead, we discovered that treating MEFs 

with the EVs from ESCs for as little as 15 minutes, and up to 90 minutes, strongly 

promoted AKT activation, which has been previously shown to play essential roles in 

efficient somatic reprogramming. In addition, the ability of ESC-derived EVs to 

induce the sphere formation and AP activities in MEFs was also dependent on AKT 

activation. Since E-Ras, the upstream activator of AKT pathways in cellular 

reprogramming,36 was found to be associated with the exosomes isolated from ESCs, 

it would be interesting to further test whether the effects of the EVs, or at least 

exosomes, are mediated by E-Ras. This could be investigated using two different but 

complementary approaches. First, E-Ras could be knocked down in ESCs using 

siRNAs. This would deplete E-Ras from both the cells and the exosomes they 

produce. We could then test the ability of exosomes depleted of E-Ras to promote 

sphere formation in MEFs. A second possible approach would involve ectopically 

expressing E-Ras in MEFs to test whether its expression increases the percentage of 

cells that acquire stem cell-like behaviors (i.e. ability to form spheres and exhibit AP 

activity) after being treated with the EVs isolated from ESCs. However, even though 
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the activation of the AKT pathway has been shown to be required for somatic 

reprogramming, it has not been proven to be sufficient to induce pluripotency. 

Therefore, it would be important to determine whether the stimulation of signaling 

events is indeed the main mechanism underlying the effects of ESC EVs. 

 Another major question that needs to be investigated further is what other EV 

cargo, in addition to E-Ras, is important for mediating the effects of the EVs. This is 

particularly worthwhile to examine because, unlike the case for exosomes, the MVs 

isolated from ESCs did not contain Ras, but they could still confer the stem cell-like 

characteristics to MEFs, suggesting that there are other EV cargo that might be 

required for function. Among many possibilities, it would be interesting to test 

whether the ESC-derived EVs contain metabolic enzymes that might play roles, as 

there have been suggestions that changes in metabolism underly the process of 

deriving iPSCs. In fact, several previous studies have shown that EVs generated by 

various cancer cell types, including breast, colorectal, and prostate cancer cells, can 

mediate the metabolic reprogramming in surrounding stromal cells.48–51 For example, 

colorectal cancer cell-derived EVs have been found to upregulate the expression of the 

glucose transporter GLUT1 in normal fibroblasts, enhancing glucose uptake and 

promoting glycolysis, while causing the cells to obtain the phenotypes of cancer-

associated-fibroblasts.52 If the ESC EVs can similarly induce metabolic 

reprogramming in somatic cells, it might contribute to induce pluripotency. 

 While it seems obvious that ESC EVs have the potential to cause MEFs to 

behave more “stem cell-like”, it still remains to be determined whether the EVs 

released by ESCs can indeed cause fully differentiated cells to undergo cellular 
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reprogramming and become bona-fide pluripotent stem cells. If so, this approach 

would have several advantages over the conventional method for inducing 

pluripotency, including a decreased risk of chromosomal instability, since neither 

lentivirus nor retrovirus-mediated expression would be used. Therefore, the use of 

EVs to induce pluripotency raises new and exciting possibilities for regenerative 

medicine. 

 

Materials and Methods 

Cell Lines 

E14tg2a.4 mouse embryonic stem cells (ESCs) were plated on 0.1% gelatin-coated 

plates and cultured in a 1:1 mixture of DMEM/F12 and Neurobasal medium 

supplemented with N-2 Supplement (100X, Thermo Fisher Scientific), B27 

Supplement (50X, Thermo Fisher Scientific), 0.05% bovine serum albumin (BSA), 2 

mM glutamine, 1 μM PD03259010, 3 μM CHIR99021, 1.5 x 10-4 M 

Monothioglycerol, and 1,000 units/ml leukemia inhibitory factor (LIF). Primary 

mouse embryonic fibroblasts (MEFs) were isolated from embryonic day 13.5 (E13.5) 

mouse embryos, and cultured in DMEM medium supplemented with 10% fetal bovine 

serum (FBS). All cells were maintained at 37°C in a humidified atmosphere 

containing 5% CO2. 

 

Western blot/immunoblot analysis 

The protein concentrations of cell, MV, and exosome lysates were determined using 

the Bio-Rad protein assay (Bio-Rad). The lysates were normalized based on protein 
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concentration, resolved by SDS-PAGE, and then transferred to PVDF membranes. 

The membranes were blocked with 10% BSA in 20 mM Tris, 135 mM NaCl, and 

0.02% Tween 20 (TBST) for 30 minutes, and then incubated with the indicated 

primary antibodies diluted in TBST overnight. After extensive washing with TBST, 

the membranes were incubated with HRP-conjugated secondary antibodies (Cell 

Signaling Technology) diluted in TBST for 1 hour, at which point the membranes 

were washed again with TBST, and exposed to ECL reagent. 

 

Sphere formation assay 

MEFs were plated in 6 well ultra-low attachment plates at a density of 20,000 

cells/well, and maintained in 2i+LIF medium supplemented with various combinations 

of MVs, exosomes, MK-2206 (4 μM), and RGD peptide (25 μg/ml). Two days later, 

the cells were visualized by brightfield microscopy, and the number of spheres formed 

was determined. 

 

Alkaline phosphatase (AP) activity assay 

Cells grown in suspension or attached to a plate were incubated with VECTOR Red 

Alkaline Phosphatase Substrate solution (Vector Laboratories) according to the 

manufacturer’s instructions. After washing the cells with wash buffer (150 mM Tris, 

pH 8.2, 0.1% Tween 20), the cells were mounted and visualized by brightfield 

microscopy. AP positive cells are red. 
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EV collection 

The conditioned medium collected from two 150 mm plates of ESCs containing ~8.0 

x 107 cells, and cultured under the indicated conditions, was centrifuged twice at 1,000 

x g for 5 minutes to pellet cells and debris. The partially clarified medium was then 

filtered using a 0.22 µm Steriflip filter unit (Millipore), and the filter was washed with 

10 ml of phosphate buffered saline (PBS). The EVs retained by the filter (i.e. those 

larger than 0.22 µm) were considered microvesicles (MVs), and were either 

resuspended in PBS for use primarily in biological assays, or lysed using lysis buffer 

(25 mM Tris, 100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM DTT, 1 mM 

NaVO4, 1 mM β-glycerol phosphate, 1 μg/ml aprotinin, and 1 μg/ml leupeptin). The 

filtrate was subjected to ultracentrifugation at 100,000 x g for 4 hours using a Type 45 

Ti rotor to pellet the EVs smaller than 0.22 µm (i.e. exosomes). The pelleted exosomes 

were either resuspended in PBS or lysed using lysis buffer. 

 

Labeling EVs with FM1-43FX dye 

The conditioned medium collected from two 150 mm plates of pluripotent or 

differentiated ESCs containing ~8.0 x 107 cells was centrifuged twice at 1,000 x g for 

5 minutes to pellet cells and cell debris. FM1-43FX dye (Thermo Fisher Scientific) 

was then added to the partially clarified medium to a final concentration of 5 μg/ml for 

30 minutes. The MVs and exosomes were then isolated from the conditioned medium 

using the filtration and the ultracentrifugation approach described above, which 

removes any soluble (i.e. unincorporated) dye. To demonstrate the transfer of EVs to 

recipient cells, the MVs or exosomes labeled with FM1-43FX dye were added to 
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MEFs. After a 10-minute incubation, the cells were washed three times with PBS, 

stained with DAPI to label nuclei, and fixed with 4% formaldehyde in PBS for 10 

minutes. The cells were then washed three times with PBS, mounted, and visualized 

using brightfield and fluorescent microscopy. All images were captured using IPLABS 

software and processed using ImageJ software. 

 

Cell death assay 

MEFs were plated in each well of a 6 well plate and cultured in the medium 

containing 2% FBS or serum-free medium supplemented without or with MVs and/or 

exosomes isolated from ESCs resuspended in DMEM base medium. Two days later, 

the cells were trypsinized, incubated with 0.4% Trypan Blue (Thermo Fisher 

Scientific), and visualized by brightfield microscopy. The percentage of non-viable 

cells to total cells was determined for each condition assayed. 

 

Senescence-associated β-galactosidase assay 

MEFs were placed in 60 mm plates at a density of 70,000 cells/well and cultured 

without or with MVs and exosomes isolated from ESCs. When the plates reached 

~90% confluency, the MEFs were passaged and placed again in 60 mm plates at the 

same density (i.e. 70,000 cells/well) until the untreated control MEFs stop growing, at 

which point the cells were incubated using a Senescence detection kit (Abcam) 

according to the manufacturer’s instructions. The cells were then visualized by 

brightfield microscopy. Senescent cells that were positive for β-galactosidase activity 

turned blue. 



 

145 

 

Determining the expression levels of MEFs treated with ESC-derived EVs 

MEFs were plated in 6 well ultra-low attachment plates at a density of 20,000 

cells/well, and maintained in 2i+LIF medium supplemented with various combinations 

of MVs and/or exosomes isolated from ESCs. The cells were replenished with fresh 

medium and the vesicles every 4 days. After culturing the MEFs for an indicated 

amount of time, they were lysed using lysis buffer, and the resulting lysates were 

subjected to immunoblot analysis. 

 

Signaling experiments in MEFs 

MEFs were placed in 35 mm plates at a density of ~40,000 cells/well and cultured 

under serum-starved conditions for 16 hours. The cells were then treated with MVs 

and/or exosomes isolated from ESCs for different amounts of time, at which point 

they were lysed using lysis buffer. The resulting lysates were subjected to immunoblot 

analysis. 

 

Quantification and Statistical Analysis 

Quantitative data are presented as means ± SD. All experiments were independently 

performed at least three times. Statistical significance of the experiments was 

determined using Student’s t-tests; ****; p < 0.0001, ***; p < 0.001, **; p < 0.01, *; p 

< 0.05, and ns; not significant. Statistical analysis was performed in GraphPad PRISM 

7. 
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CHAPTER 4 

CONCLUSIONS 

 

 The field of extracellular vesicle (EV) biology is still young and actively 

growing. New discoveries involving EVs are being made weekly, and they sometimes 

significantly alter how we think about this unique form of cell-to-cell communication. 

For example, not that long ago, it was generally believed that only highly aggressive 

forms of cancer cells were capable of generating large amounts of EVs. Therefore, it is 

not surprising to find that a significant proportion of the EV studies to date have 

focused on various aspects of EV formation and function in the context of cancer 

biology.1–3 However, it is now appreciated that virtually all cells produce EVs to 

communicate with their surroundings, and that these vesicles not only play important 

roles in other disease states (i.e. neurodegenerative and cardiovascular diseases)4–9 but 

also in diverse physiological processes.10,11 For my thesis, I chose to investigate the 

function of EVs in stem cell biology. 

 In Chapter 2, we made the exciting discovery that embryonic stem cells (ESCs) 

generate two distinct classes of EVs, microvesicles (MVs) and exosomes, as a 

mechanism to help maintain stemness. Specifically, we showed that the addition of 

MVs and/or exosomes isolated from pluripotent ESCs to cultures of ESCs grown 

under conditions that promote their differentiation caused them to maintain their stem 

cell phenotypes, including the ability to form spheres, exhibit alkaline phosphatase 

(AP) activity, and express pluripotent markers. When these EV-treated cells were 

injected into the blastocyst-stage embryos, they could generate chimeric animals, 
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indicating that the cells were indeed still pluripotent. Among the bioactive cargo 

associated with EVs from pluripotent stem cells, we identified the extracellular matrix 

protein fibronectin as being important for mediating this effect. The fibronectin 

associated with the MVs and exosomes was capable of engaging integrins and 

stimulating focal adhesion kinase (FAK) activation in the recipient ESCs. The fate of 

epiblast cells, which are the in vivo counterparts of ESCs located within blastocyst-

stage embryos, has to be tightly regulated for successful embryo development.12–14 

Thus, taken in the context of our findings, it suggests that EVs produced by 

pluripotent stem cells potentially function as a mechanism that helps to ensure epiblast 

cells remain pluripotent until the proper time that they receive external signals to 

undergo differentiation. 

 Interestingly, during our study, we also found that differentiated cells are able 

to form and release both MVs and exosomes, but these vesicles lacked detectable 

levels of fibronectin, distinguishing them from the EVs generated by ESCs. While the 

signals that compete with the ESC-derived EVs to initiate the differentiation of stem 

cells in vivo are still unknown, the release of EVs lacking fibronectin by differentiated 

cells raises the possibility that they might fulfill such a purpose. Since we have 

observed that stem cells grown under differentiation-promoting conditions do not lose 

their stemness phenotypes at exactly the same time, it is plausible that those cells 

which differentiate first might produce EVs which can then serve as a cue to promote 

the differentiation of the surrounding pluripotent stem cells. It is also worth noting 

that, in developing mouse embryos, the stem cells that reside within the inner cell 

mass of the blastocyst-stage embryo are thought to transition into committed cell 
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lineages when implantation occurs, a developmental process where the embryo 

attaches and invades into the uterine wall.15,16 Since embryonic cells make contact 

with maternal tissues during implantation, it would be interesting to investigate 

whether the maternal uterine cells generate signals, and possibly EVs, that can be 

transferred to stem cells and drive their differentiation. 

 In Chapter 3, we then went on to extend our understanding of the ESC-derived 

EVs by examining whether their unique activities to promote stemness could be taken 

advantage of for regenerative medicine approaches. The findings from several studies 

have suggested that EVs have the capability to cause their recipient cells to behave 

like their cell of origin. For example, EVs derived from aggressive cancer cells were 

shown to cause normal fibroblasts to obtain characteristics of a transformed cell 

enhancing their survival, growth, and migration.17,18 These findings, combined with 

our discovery in Chapter 2 regarding the roles that ESC-derived EVs play in the 

maintenance of pluripotency, prompted us to ask whether these vesicles might also be 

able to cause somatic cells to reprogram their identity to a more stem cell-like state. In 

fact, previous work has shown that the EVs produced by ESCs can upregulate the 

expression levels of pluripotent-related genes when they are transferred to progenitor 

cells, such as hematopoietic and retinal progenitors, which are early descendants of 

stem cells.19,20 

Therefore, we set out to test how the behavior of mouse embryonic fibroblasts 

(MEFs), a type of somatic cell, was impacted by the MVs and exosomes isolated from 

pluripotent ESCs. MEFs treated with these EVs gained stem cell-like phenotypes, 

including the ability to form spheres, exhibit AP activity, and express stemness 
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markers, i.e. Oct3/4 and Nanog. The EVs generated by ESCs were also found to 

strongly stimulate the activation of AKT in MEFs, a protein kinase involved in cell 

proliferation and apoptosis, and suppressing AKT activation using the inhibitor MK-

2206 attenuated the effects of the EVs. Moreover, the exosomes isolated from ESCs 

were found to contain a substantial amount of Ras, which is an upstream activator of 

the AKT pathway necessary for somatic cell reprogramming,21 raising the possibility 

that the EV-stimulated AKT activation could be mediated by the transfer of Ras to the 

recipient cells.  

The question of whether EV-treated fibroblasts can be fully reprogrammed to a 

genuine pluripotent state and undergo induced pluripotency remains to be answered. 

One way to address this question is to inject the EV-treated MEFs into mouse 

blastocysts to see if they can successfully incorporate into the germline of mice, which 

is the benchmark for assessing pluripotency.22–25 An alternative approach for 

determining whether the EV-treated fibroblasts became bona-fide stem cells is 

performing teratoma formation assays, which are based on the ability of stem cells to 

differentiate into all three germ layers when injected into mice.26,27 For these 

experiments, the fibroblasts treated with EVs from ESCs would be subcutaneously 

injected into the flanks of immunocompromised mice, and the resulting tumor that 

forms will be analyzed for the presence of all three germ layers; endoderm, mesoderm, 

and ectoderm. Tumors composed of these three cell lineages would prove that the 

injected cells were indeed pluripotent. If this turns out to be the case, one can begin to 

imagine how EVs isolated from ESCs might be used as a novel approach to induce 

pluripotency and provide a new avenue for regenerative medicine approaches. 
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 During the study regarding the potential effects of ESC EVs in somatic cell 

reprogramming, we made an interesting observation that the vesicles not only cause 

the fibroblasts to behave more like a stem cell but also can delay senescence. Cellular 

senescence is defined as a state where a cell is no longer able to proliferate but 

remains viable. The accumulation of senescent cells is a hallmark of aging, and 

delaying or reversing this process could dramatically improve the health of an 

organism.28–30 In our experiments, untreated primary MEFs exhibited typical 

phenotypes of senescent cells after about 8 passages, such as enlarged cells with a 

flattened morphology and increased levels of senescence-associated β-galactosidase 

activity. In contrast, when the same MEFs were treated with MVs and exosomes 

isolated from ESCs, the number of senescent cells decreased significantly. There is 

still a good deal of work that needs to be done including determining how the EVs 

mediate these effects. However, these observations might be important for a better 

understanding of aging as well as potentially have clinical relevance. Applications 

involving mesenchymal stem cells (MSCs) could be one such example. MSCs are the 

most commonly used cell type in the regenerative medicine field, with the idea being 

to replace the damaged and diseased cells with stem cells, due to their ability to 

differentiate into various cell types as well as their accessibility.31–35 However, unlike 

ESCs, MSCs do not continue to proliferate indefinitely; in fact, after a limited number 

of replications, they become senescent and stop dividing. Considering that cellular 

senescence is one of the greatest obstacles of using MSCs for clinical purposes, the 

ability of ESC EVs to delay senescence can help expand the cells toward obtaining a 

sufficient number for cell-based therapy. 
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Concluding remarks and future direction 

 It seems clear that the roles EVs play in physiological contexts are just as 

significant as their roles in promoting pathological processes. In this dissertation, I 

have focused on understanding how EVs generated by ESCs can potentially serve as a 

mechanism of intercellular communication that can help maintain stemness. 

Moreover, I also discovered that EVs from ESCs can enable somatic cells to acquire 

several of the features of a stem cell, paving the way to a potential new approach to 

derive induced pluripotent stem cells. Collectively, these findings highlight the 

physiological functions of EVs produced by ESCs in early development, as well as 

their potential clinical applications in regenerative medicine. 

 There are still many questions left concerning EVs in stem cell biology. One 

important area of future study is to determine the mechanisms used by stem cells to 

form and release MVs and exosomes. Recently, it was shown by members of our 

laboratory that the NAD+‐dependent lysine deacetylase sirtuin 1 (Sirt1) is an important 

regulator of exosome biogenesis in breast cancer cells. In this study, the 

downregulation of Sirt1 expression in MDAMB231 breast cancer cells impaired 

lysosomal activity and resulted in more MVBs being directed to the plasma membrane 

and their contents being released into the extracellular environment (i.e. exosomes), as 

opposed to fusing with lysosomes with their cargo then being degraded.36 This 

discovery is noteworthy considering that Sirt1 is also involved in early development. 

For example, Sirt1-null mice have been reported to be associated with various 

developmental defects, including intrauterine growth retardation and neonatal 

lethality.37–39 In addition, the absence of Sirt1 also caused defects in the ability of 
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trophoblast stem cells to properly undergo differentiation, trapping them in a 

trophoblast progenitor-like state, with placental tissue derived from Sirt1‐null mice 

showing morphologic abnormalities.40 As these findings demonstrate the important 

roles of Sirt1 in early development, it is interesting to speculate that Sirt1 may 

influence the biogenesis of EVs in stem cells as well as cancer cells. 

Another important question is whether the different classes of EVs generated 

by stem cells (i.e. MVs versus exosomes) have distinct roles. In the context of EVs 

produced by cancer cells, several groups have found that MVs and exosomes are often 

enriched with specific cargo, suggesting that each class of EV may influence recipient 

cells in a distinctive manner.41 Interestingly, the studies described in Chapter 3 showed 

that Ras was associated only with the exosomes isolated from ESCs while ESC-

derived MVs lacked Ras, demonstrating a specificity in cargo loading in these two 

classes of EVs. How this specificity is attained is as-yet-unknown. Thus, answers to 

these questions will represent an important step toward the use of stem cell-derived 

EVs in a variety of future research and therapeutic applications. 
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