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Chapter 1

Introduction

Extracellular vesicles (EVs) are membrane-derived vesicles released through a relatively
conserved mechanism from plants to animals (Raposo and Stoorvogel, 2013). Although there
has been a recent reemergence of interest in EVs, detection of small secreted vesicles was
shown as early as 1971 in algae, with the first demonstration of human cell-derived EVs in
1981(EBERHARD G. TRAMS, 1981) . Human cells have been shown to secrete a variety of
EVs and extracellular particles, including microvesicles, apoptotic bodies, exosomes, and
exomeres (review, (Colombo et al., 2014b)). Although these vesicles are, for the most part,
classified by their size, they can also be classified by their secretion pathway. Two of the most
well studied biogenesis pathways include direct blebbing from the plasma membrane (e.g.
microvesicles) (Muralidharan-Chari et al., 2009) or through the fusion of the late endosome
(multivesicular body) with the plasma membrane, releasing its luminal contents (e.g. exosomes)
(Rose M. Johnstone, 1987). Most common purification strategies are based on differential
ultracentrifugation to isolate specific sizes of vesicles which limits the ability to distinguish
between plasma membrane-derived or late endosome-derived vesicles. For this reason, the
preferred nomenclature is to refer to all extracellular vesicles as EVs. Although there are a
variety of vesicles, the majority of the focus within the field has been on small extracellular
vesicles (sEVs), ranging in size from 30-100nm in diameter, and microvesicles (MVs), ranging in
size from 100-1000nm in diameter (Muralidharan-Chari et al., 2009; Raposo et al., 1996). Over
the past few years, it has become apparent that EVs play a critical role in cell-to-cell
communication, with a heavy focus on how cargo selection is regulated and the mechanisms of

biogenesis.



EVs contain diverse RNAs, proteins, and lipids (Colombo et al., 2014b). Extracellular
RNA (exRNA) was first detected in 2007 from mouse mast cells which secrete functional
mRNAs that can be taken up by recipient cells (Valadi et al., 2007). Since that time, almost all
classes of RNA have been found to be secreted into the extracellular space, including mRNAs,
long non-coding (Inc)RNAs, microRNAs (mi)RNAs, and other small non-coding RNAs (Cha et
al., 2015a; Crescitelli et al., 2013; Dou et al., 2016; Hinger et al., 2018; Nolte-'t Hoen et al.,

2012; Valadi et al., 2007).

Proteomic studies of EVs collected from various models has yielded extensive data
(Demory Beckler et al., 2013; Kalra et al., 2012; Thery et al., 1999). EVs are reported to contain
a wide range of proteins including cytoskeletal, cytosolic, plasma membrane and vesicular
trafficking proteins. Many of these proteins have post-translational modifications that reflect their
localization, origin, and, potentially, their mechanism of secretion (Moreno-Gonzalo et al., 2014).
Interestingly, EVs have been shown to contain both cell receptors and receptor ligands,
suggesting a mechanism for receptor signaling during cell-cell communication (Demory Beckler
et al., 2013; Higginbotham et al., 2011; Singh and Coffey, 2014; Skog et al., 2008). This has
been shown to be particularly important in neuronal signaling (Sharma et al., 2019), immune

evasion (Schorey et al., 2015), and cancer progression in human cell models (Kalluri, 2016).

Cell-to-cell signaling via EVs has also been shown to play an important role in many
physiologically relevant models, including development, neuronal disease, immune function,
drug resistance, and cancer progression (review, (Colombo et al., 2014b)). Because of these
functional findings, there has been an increase in interest in EV biogenesis and associated
cargo. Current understanding of EV biogenesis is ongoing but thus far seems to be consistent

with context-, cell-, and disease-specific mechanisms. Here, | will focus on what is currently



known about EV biogenesis, EV content, and the functional capacity of EVs, particularly in

cancer cell models.

1.1 Extracellular vesicle biogenesis

The two most well characterized pathways for EV secretion include budding from the

plasma membrane and fusion of late endosomes with the plasma membrane (review, (Abels

and Breakefield, 2016)). These pathways lead to the production of what are classically referred

to as microvesicles (MVs) and exosomes, respectively. Although there is partial overlap in size,

cargo, and functional capacity, the mechanisms for biogenesis for these vesicles are distinct,

and will be described below. Additional vesicle classes and their associated biogenesis pathway

are described in Table 1.

Table 1. Known Extracellular Particle Classes

Name EV Class Biogenesis Size
Oncosome Large PM budding 1-10 um
Apoptotic body Large Apoptosis 1-5 um
Apoptotic vesicle Variable Apoptosis 100-1000 nm
Classical microvesicle Large PM budding 150-1000 nm
(AARDC1)-mediated microvesicle Small PM budding 40-100 nm
Classical exosome Small MVB 40-150 nm
Non-classical exosome Small MVB 40-150 nm
Exomere Nanoparticle | Unknown 35-50 nm
Non-vesicular aggregates Nanoparticle | Unknown N/A




1.1.1 Microvesicle biogenesis

MVs range from 100-1000nm in diameter and are secreted through the outward budding
and fission of the plasma membrane (Cocucci et al., 2009; Muralidharan-Chari et al., 2009).
These vesicles have also been termed ‘ectosomes’, or even ‘microparticles’ (Christoph Hess,
1999). It is important to note that there are cell-, disease-, and growth condition-specific
mechanisms for MV secretion, and that the size of plasma-membrane derived vesicles is quite
heterogeneous (Colombo et al., 2014b). Currently, there are two well-characterized
mechanisms for MV biogenesis. MVs, like many other structural changes induced at the
membrane, can be formed through the redistribution of phospholipids and the contraction of
cellular cytoskeletal proteins. The formation of asymmetrical micro-domains by
aminophospholipid translocases (i.e. flippases and floppases) and redistribution of
phosphatidylserine to the outer leaflet leads to budding of the plasma membrane (Bénédicte
Hugel, 2005; Edouard M. Bevers, 1999). Following the formation of these asymmetric lipid
domains, MV release is completed when actin-myosin interactions lead to the contraction of
cytoskeletal structures (McConnell et al., 2009; Muralidharan-Chari et al., 2009). In human
melanoma cells, MV release occurs upon activation of ADP-ribosylation factor 6 (ARFG6) leading
to the activation of phospholipase D (PLD) (Muralidharan-Chari et al., 2009). PLD activation
recruits extracellular signal-regulated kinase (ERK) to the plasma membrane, where it activates
myosin light change kinase (MLCK) leading to the release of MVs from the plasma membrane
(Muralidharan-Chari et al., 2009). In contrast, ARF1, and not ARF6, was found to be the driver
of MV secretion in a breast cancer cell model, supporting comments above about cell-specific
mechanisms for MV secretion (Schlienger et al., 2014). Why certain cells use one ARF isoform
over another to drive MV secretion is not understood. Further, whether or not this system of MV

biogenesis is used in other cancers remains to be determined. In fact, a recent study has shown

4



an ARF-independent mechanism for MV biogenesis where TSG101, an Endosomal sorting
complexes required for transport (ESCRT)-I subunit, is recruited to the plasma membrane via
association with the arrestin 1 domain-containing protein 1 (ARRDC1), promoting fission of the
plasma membrane (Nabhan et al., 2012). TSG101 has also been linked to exosome biogenesis,
suggesting overlapping pathways between MV and exosome secretion (Colombo et al., 2013).
Because current methods for vesicle isolation rely almost entirely on vesicle size, and because
recent work suggests a potential overlap in biogenesis mechanisms as well, understanding the

heterogeneity across all EVs is becoming more and more important.

1.1.2 Exosome biogenesis

Exosomes are a class of vesicles ranging from 40-100nm in diameter that are secreted
upon the fusion of multivesicular bodies (MVB) with the plasma membrane, releasing
intraluminal vesicles (Rose M. Johnstone, 1987). MVBs are formed through dynamic
membrane-bound vesicular trafficking as part of the endocytic pathway (Klumperman and
Raposo, 2014; Lippincott-Schwartz, 2009). Early endosomes are formed upon internalization of
plasma membrane via phagocytosis, pinocytosis, or clathrin-mediated endocytosis. At this point,
many extracellular ligands or cellular components are trafficked for recycling to the plasma
membrane, others are targeted for degradation, and another subgroup targeted for secretion via
exosomes. As early endosomes mature, they internalize intraluminal vesicles (ILVs), leading to
the formation of late endosomes and ultimately MVBs (Sotelo and Porter, 1959). The canonical
fate of MVBs was previously thought to be fusion with the lysosome, an acidic cellular

compartment containing hydrolases that ultimately degrade the material contained within the



MVB (Futter et al., 1996). However, certain MVB populations can, instead, fuse with the plasma

membrane, leading the release of exosomes (Jaiswal et al., 2002; Raposo et al., 1996).

Current evidence suggests that there are distinct populations of MVBs destined for
plasma membrane fusion. Polarized epithelial cells have been shown to contain morphologically
different MVBs at their apical and basolateral surfaces, and later work showed that vesicles
secreted from different sides of polarized epithelial cells are distinct in their cargo and function
(Tauro et al., 2013; van Niel et al., 2001). Hela cells have been shown to produce two different
MVB populations upon EGF stimulation: EGFR+ MVBs and Lactoferrin binding protein A
(LBPA)+ MVBs (White et al., 2006). These two populations are distinct from one another, but
both are enriched for CD63, a classical cargo marker of exosomes. Epstein-Barr virus
transformed cultured B cells release both cholesterol-negative and cholesterol-positive MVBs,
with the cholesterol positive MVBs more often targeted for the plasma membrane than to
lysosomes (Ikeda and Longnecker, 2007). Interestingly, exosomes have been suggested to be
enriched in cholesterol, strengthening the idea that there are in fact distinct MVB populations
(Pfrieger and Vitale, 2018). In addition to the examples describe here, there are other examples
of distinct MVB populations (Akers et al., 2013; Hessvik and Llorente, 2018), furthering the idea
that mammalian cells somehow target specific MVBs for exosome release rather than trafficking
to the lysosome. It is important to note, however, that many of the mechanisms determining the

fate of MVBs seem to be heavily tied to cell- or disease-specific models.

The primary pathway for ILV, and thus, exosome formation is through the inward
budding of the MVB membrane via ESCRT machinery (review, (Schmidt and Teis, 2012)). This
was first hypothesized when proteomic studies detected various ESCRT proteins in secreted

vesicles (Thery et al., 2001). The ESCRT-0 complex has been shown to regulate exosome



secretion in three cell model systems, ranging from neurons (Tamai et al., 2010) to tumor cells
(Hoshino et al., 2013). Tumor EVs have also been shown to contain ESCRT proteins, including
syntenin, ALIX, and syndecan (Baietti et al., 2012). Syntenin levels have been shown to
regulate EV secretion in similar models, dependent on ESCRT-II, ESCRT-IIl, and VPS4 (Baietti
et al., 2012). More recently, a large-scale RNA interference screen was carried out on ESCRT
proteins in Hela cells and identified proteins across all four ESCRT complexes that impact
exosome release, further confirming that the ESCRT machinery may be a major driver of ILV
and exosome biogenesis and secretion (Colombo et al., 2013). However, there are other
ESCRT-independent mechanisms that induce exosome secretion as well, and some
mammalian cell models have shown the ability to produce ILVs without the need for major
ESCRT components (Trajkovic et al., 2008). Many of these ESCRT-independent mechanisms
rely heavily on the localization and accumulation of specific lipids, like ceramide and
lysobisphosphatidic acid, at the surface of the MVB (Hirotami Matsuo, 2004). In fact, it may be
the conversions of lipids via neutral sphingomyelinase that promotes the invagination of the
MVB, and thus EV formation (Kosaka et al., 2010). Because of their large hydrophobic head
groups and small hydrophilic tail groups, these lipids promote inward budding and the formation
of ILVs (Trajkovic et al., 2008). Why certain cells use distinct mechanisms for ILV formation, and
whether or not ESCRT is truly an important player in exosome biogenesis, remain to be fully

determined.

How MVBs carry out fusion with the plasma membrane to facilitate exosome release is
arguably the least understood aspect of exosome biogenesis. The most well studied pathway
for membrane-membrane fusion is through the use of SNARE proteins (review, (Han et al.,
2017)). SNARE proteins facilitate the fusion of vesicles to membranes and organelles

throughout the endosomal and intracellular trafficking pathways. Originally, SNARE proteins
7



were divided into two separate classes: vesicle SNARES (v-SNARES), which associate with
trafficking vesicles, and target SNARES (t-SNARES), which associate with the target
membrane. Recent findings suggest that certain SNARE proteins can be associated with both
transport vesicles and target membranes, driving a need for reclassification (DIRK
FASSHAUER, 1998). A reclassification system takes into account the structure of the SNARE
proteins: R-SNAREs, which provide the arginine (R) residue to the SNARE complex, and Q-
SNAREs, which provide the glutamine (Q) residue (DIRK FASSHAUER, 1998). R-SNAREs
often function as v-SNAREs, and Q-SNAREs often function as t-SNARES (DIRK FASSHAUER,
1998). Currently, two R-SNARE proteins have been shown to regulate the secretion of
exosomes: vesicle-associated membrane protein 7 (VAMP7) and YKT6 (Fader et al., 2009;
Marc Ruiz-Martinez, 2016). Overexpression of the VAMP7 N-terminal domain, which is required
for association with its Q-SNARE protein, inhibited the secretion of exosomes (Fader et al.,
2009). Inhibition of the R-SNARE/Q-SNARE interaction in this model led to the enlargement and
mislocalization of MVBs, suggesting that VAMP7 is required for the fusion of MVBs to the
plasma membrane, and subsequently release of cargo (Fader et al., 2009). Reduction of YKT6
levels in both HEK293 and A549 human cells models reduced the levels of secreted TSG101, a
common marker of exosomes (Gross et al., 2012; Marc Ruiz-Martinez, 2016). It remains to be
determined with which Q-SNARE VAMP7 or YKT6 interacts. Two Q-SNARES, SYX-5in C.
elegans, and Syx1A in human cultured cells, have been shown to be required for EV release,
but their associated R-SNAREs are unknown (Hyenne et al., 2015; Koles et al., 2012). The
changes in EV secretion in these models were measured by secreted levels of TSG101, a
common marker for exosomes. However, it has been shown that TSG101 can also mark MVs

(Nabhan et al., 2012). More work needs to be done to determine whether SNARE proteins



regulate only a single subtype of EVs, multiple subtypes of EVs, or whether they only regulate

the loading of TSG101 into exosomes.

There is evidence that other proteins also influence the biogenesis of exosomes through
non-canonical mechanisms that are again cell- and disease state-dependent. Diacyl glycerol
kinase a has been shown to negatively regulate exosome secretion in T cells (Alonso et al.,
2011). Both V-ATPase and the Ras-related GTPase homolog (Ral-1) have been linked to
exosome biogenesis in C. elegans (Hyenne et al., 2015). Increasing the cellular levels of lipid
precursors in PC-3 cells also increased the secretion of EVs (Phuyal et al., 2015). These
examples illustrate the vast complexity of EV biogenesis, as varying pathways can have a
significant effect on EV secretion. Further, each example measured EV regulation via different
methods, compounding issues with whether or not these proteins regulate total EV secretion, a
subpopulation of EVs, or in fact, just the packaging of particular protein markers into EVs. This

issue is further illustrated by the role of Rab GTPase proteins, as discussed below.

1.1.3 Rab proteins in extracellular vesicle biogenesis

Rab proteins are small GTPases in the Ras protein superfamily that are highly
conserved regulators of intracellular vesicle transport ((de Renzis et al., 2002; Lamber et al.,
2019; Langemeyer and Barr, 2012; Langemeyer et al., 2014; Wu et al., 2011b; Yoshimura et al.,
2010; Zerial and McBride, 2001), Fig. 1). There are currently more than 50 known Rab proteins
in human cells, with functional roles in almost all aspects of protein trafficking. As with all G
proteins, Rab proteins have two conformational forms, a GDP-bound inactive state, and a GTP-
bound active state (Stenmark, 2009). GTP/GDP exchange factors (GEFs) catalyze the

activation of Rab proteins, incorporating GTP into the inactive Rab protein (Delprato et al.,

9



2004). Hydrolysis of bound GTP is enhanced by GTPase-activating proteins (GAPs), which
inactivate Rab proteins (Haas et al., 2007). In addition to canonical GTP- or GDP- bound states,
there may be non-canonical roles for some G proteins that are active even in the GDP bound
state (Nakayama, 2006). Rab proteins bind to proteins other than their associated GAPs and
GEFs, called Rab effector proteins. Rab effector proteins have been linked to various
intracellular trafficking functions, including cargo sorting, vesicular motility, and membrane-
membrane tethering (Christoforides et al., 1999; de Renzis et al., 2002; Pfeffer, 2017; Vitale et
al., 1998; Yoshimura et al., 2007) (Fig. 1). Because of their dominant role in intracellular

trafficking, it is not surprising that they play a significant role in EV secretion (Table 2).

The first finding that Rab proteins play an important role in EV release was determined
using human K562 leukemia cells (Ariel Savina, 2002). Expression of a dominant-negative form
of Rab11 decreased the secretion of EVs, as measured by the levels of transferrin receptor and
other EV protein makers (Tambini et al., 2010). Rab35 and Rab27 have also been shown to
play an important role in regulating the secretion of proteolipid protein+ EVs in an
oligodendrocyte cell line (Hsu et al., 2010). In contrast, no effect on EV secretion in Drosophila
cells was found for Rab35 (Beckett et al., 2013; Hsu et al., 2010). In a large-scale shRNA
screen of all Rab proteins in Hela cells, six Rab proteins were shown to have an impact on EV
secretion (Ostrowski et al., 2010). These include Rab2b, Rab5a, Rab9a, Rab27a, Rab27b, and
Rab35. Among these, Rab27a/b seems to be the most important for promoting EV release
(Ostrowski et al., 2010). In the same screen, Rab27a/b and Rab35 were shown to regulate the
docking of MVBs to the plasma membrane, suggesting that Rab proteins may function at
different steps throughout the EV biogenesis pathway (Ostrowski et al., 2010). Rab7, which was
thought not to be important in Hela cells, was later shown regulate secretion of ALIX+ and

syntenin+ EVs in an MCF7 tumor model (Baietti et al., 2012).
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Figure 1. Rab proteins in intracellular trafficking
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Figure 1. Roles of Rab proteins in intracellular vesicle trafficking. (A) Active GTP bound Rab proteins facilitate
the sorting of cargo in budding vesicles via associated sorting adaptor proteins (green). (B) Active (shown) and
inactive Rab proteins regulate the shuttling of vesicles between cellular compartments along cytoskeletal tracts
(black) through either association with motor protein adaptors (light blue), or through direct association with
motor proteins. (C) Rab proteins can also facilitate the tethering of vesicles to acceptor membranes through
the recruitment of tethering factors (pink) that interact with SNARE proteins, promoting the fusion of vesicles
with acceptor membranes. Following trafficking events, Rab proteins are inactivated to their GDP bound state
by GAPs (light orange), and shuttled back to their original donor membrane, where they are then activated by
GEFs (dark orange) to carry out further trafficking events. Red Rab represents activated Rab proteins, blue
Rab represents inactive Rab proteins. Adapted from Stenmark et al. 2009.
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Table 2. Rab proteins in EV Biogenesis

Name Cell Line Cellular Localization Citation
Rab2b HelLa Endoplasmic Reticulum, Golgi Network (Ostrowski et al., 2010)
Rab5a HelLa Plasma Membrane, Early Endosome (Ostrowski et al., 2010)
Rab9a HelLa Late Endosome, Golgi Network (Ostrowski et al., 2010)
Rab7 MLCJ:\leYC Early Endosome, Late Endosome, Lysosome (Baietti et al., 2012)
Rab11 K562 Golgi Network, recycling vesicles (Tambini et al., 2010)
Rab27a | Varying Secretory Granule, Early Endosome, Late Endosome (Ostrowski et al., 2010)
Rab27b :(LeJIK/aIéC Secretory Granule, Early Endosome, Late Endosome (Ostrowski et al., 2010)
Rab35 Oli-neu Recycling Endosome, Late Endosome (Hsu et al., 2010)

Tight Junctions, Early Endosome, Late Endosome,
Rab13 DKO-1 Plasma Membrane Chapter 3

A major limiting factor in the study of Rab-dependent EV secretion is the lack of global
regulation across different species and disease models, and the potential functional redundancy
among various Rab proteins. Many early discoveries made in regard to Rab proteins regulating
EV secretion used measurement of protein markers associated with EVs and not necessarily
vesicle counts. For example, Rab11 has been shown to regulate the secretion of EVs in human
K562 leukemia cells (Ariel Savina, 2002), Drosophila cells (Beckett et al., 2013), and human
retinal epithelial cells (Abrami et al., 2013), but contradicting data has shown that Rab11 does
not regulate EV secretion in Hela cells (Ostrowski et al., 2010) or human neurons (Walsh et al.,
2019). There are three potential explanations for these conflicting results. First, the authors of
each paper relied on the detection of specific EV markers to measure the varying levels of EV
secretion. Although it is accepted that certain proteins are used as effective EV markers, Rab
proteins may regulate the trafficking of the proteins themselves and may not play a role in the
biogenesis of the lipid vesicle. In fact, Rab11 has been shown to regulate the recycling of the

transferrin receptor to the plasma membrane (Takahashi et al., 2012), and misregulation of
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Rab11 could lead to its accumulation in an incorrect endosomal compartment, leading to its
degradation instead of its association with EVs. Second, different cell models may not enrich for
the same proteins in their EVs such that the use of specific markers may depend on the model
system in question. There are many examples of inconsistencies with known EV markers (Kalra
et al., 2012), suggesting that quantifying protein abundance is not an effective way to measure
EV secretion. Finally, and more broadly, Rab-dependent EV biogenesis may be heavily tied to
disease state, tissue, or the organismal model used to discover players in vesicle secretion
mechanisms. This is shown especially with the role of Rab27a, which has been linked to EV
secretion in various cancer models (Bobrie et al., 2012; Hoshino et al., 2013; Peinado et al.,
2012; Webber et al., 2015), but was not required in other cell-state and disease models (Abrami
et al., 2013; Koles et al., 2012). Other Rab proteins have also shown inconsistent association
with EV biogenesis when using distinct cell model systems (Jae et al., 2015; Worst et al., 2017).
Because of the highly variable regulation of EV secretion by Rab proteins, it has become more
important to understand and study novel Rab proteins in their associated models, as they may
also be found to play important roles in EV biogenesis. One Rab protein, Rab13, has been
shown to play important roles in cancer progression, but has yet to be linked to EV biogenesis,
making it an interesting candidate for study in the EV field, particularly in our colorectal cancer

(CRC) cell model (see Chapter 3).

1.1.3.1 Rab13 and its intracellular role
Rab13, like all small GTPases, functions in various trafficking pathways in many cell models
with significant links to cancer progression. Rab13 was originally discovered associated with

tight junctions in polarized epithelial cells and its proposed mechanism was to regulate the
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trafficking of molecules to the basal or apical cell surface, as well as to regulate the stability of
tight junctions (TJs) themselves (Yamamura et al., 2008). The association of Rab13 with the
plasma membrane has been shown to be regulated by retinal rod rhodopsin-sensitive cGMP
3',5'-cyclic phosphodiesterase subunit delta (PDEED), and that isoprenylation of Rab13 is
required for this interaction (Anne-Marie Marzesco, 1998). Once PDEG6D binds to Rab13, it
becomes dissociated from the plasma membrane (Marzesco et al., 2002). Further work has
shown that Rab13 is recruited to TJs from a cytoplasmic pool at an early stage of TJ assembly
(Marzesco et al., 2002), and that active Rab13 may delay the formation of mature TJs (Kohler et
al., 2004). This is important in cancer, as misregulation of TJ formation is linked to cancer
progression (Martin and Jiang, 2009). Interestingly, active Rab13 directly binds and negatively
regulates protein kinase A (PKA) (Kohler et al., 2004). Rab13-PKA signaling has been
suggested to regulate the docking of intracellular vesicles near cell-cell junctions, and PKA
activity has been shown to be required for membrane trafficking, suggesting a possible link to
the secretion of EVs (Van et al., 2004). Further studies have shown Rab13-dependent recycling
of occludin-1, ZO-1, Syx, and claudin-1 at TJs, confirming the importance of Rab13 in the
regulation of stable, functional cell-cell contact sites (Marzesco et al., 2002; Yamamura et al.,
2008). Both occludin-1 and claudin-1 have been detected in cancer EVs (Kalra et al., 2012),

furthering the link between Rab13 and EV biogenesis.

Rab13 interacts with specific GEFs, GAPs, and other effector proteins. Interactions
between Rab13 and molecules interacting with CasL-like 2 (MICAL-L2) regulates many of the
effects of Rab13 on cystoskeletal reorganization (Kanda et al., 2008). Interestingly, the
phenotypes observed when the Rab13/MICAL-L2 interaction is disrupted are similar to the
disruption of the Rab27/Munc13-4 interaction, which has been shown to play a role in the

regulation of EV secretion (Neeft M, 2005). Rab13 has also been shown to interact with two
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members of the DENND GEF family: DENND1c (Yoshimura et al., 2010) and DENND2B
(loannou et al., 2015), both of which have been shown to activate Rab13 at the plasma
membrane of epithelial cells. Once Rab13 is trafficked to the cell membrane, it is activated by
DENND2B (loannou et al., 2015). Upon activation, Rab13 stimulates MICAL-L2, leading to the
formation of membrane ruffles, while Rab13 itself promotes the fusion of its associated vesicles
with the plasma membrane, supplying new membrane or delivering cargo, such as integrins
(loannou et al., 2015). This is supported by finding that Rab13 is required for the recycling of -1
integrin in an epithelial cell model (Sahgal S, 2019). Taken together, the molecular mechanisms
of Rab13 are important for regulating cell membrane homeostasis, as well as promoting cell-cell
interactions and the secretion of cargo. Since these mechanisms have also been linked to EV

biogenesis, one would hypothesize an important role for Rab13 in vesicle secretion.

Figure 2. Rab13 expression linked to decreased survival probability
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Figure 2. Data collected by the Human Protein Atlas project shows a significant link
between high Rab13 expression levels (pink) and lower long-term survival probabilities

in patients with colorectal cancer. Patients with lower Rab13 expression are shown in
blue.
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Because of its important role in regulating epithelial cell-cell interactions, Rab13 has also
been proposed to play an important role in the development of various cancers (review
(McPherson, 2016)). Of particular interest to our laboratory, high Rab13 expression is inversely
linked to CRC patient prognosis (Fig. 2, Protein Atlas Data). Epidermal growth factor receptor
(EGFR) is a tyrosine kinase receptor that is well characterized for its involvement in the
development of cancers, particularly CRC. Overexpression of DENND2B, a Rab13 GEF,
increases downstream EGFR signaling, and promotes cell growth through cross activation of
the ERK signaling pathway (Majidi et al., 1998). A further link between Rab13 and EGFR
recycling is through MICAL-L1, a Rab13 effector protein that regulates the recycling of EGFR
(Abou-Zeid et al., 2011). Interestingly, MICAL-L1 is also an effector protein of Rab35,
suggesting potential overlap in Rab13/Rab35 functionality, particularly in regard to EV
biogenesis (Rahajeng et al., 2012). The Rab35/MICAL-L1 interaction is regulated by Arf6, a
known regulator of MV secretion, suggesting Rab13 and/or Rab35 may regulate PM-derived
EVs (Allaire et al., 2013; Muralidharan-Chari et al., 2009; Rahajeng et al., 2012).In addition to
Rab13’s role in regulating cell growth through EGFR, Rab13 and its associated effector proteins
have been shown to play significant roles in cell-cell adhesion (Yamamura et al., 2008), cell
migration and scattering (Kanda et al., 2008), as well as angiogenesis (Wu et al., 2011a). Taken
together, Rab13 plays an important role in cancer progression, and because of its potential role

in EV secretion, makes it an interesting candidate to study in a CRC cell model.

1.2 Extracellular vesicle cargo
EV cargo has continuously been shown to be cell-, disease-, biogenesis pathway-, and

growth condition-dependent. From large-scale screens, a large number of proteins and RNAs
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have been identified that are secreted into EVs (Kalra et al., 2012)). Despite context-specific
differences, there nevertheless appear to be distinct mechanisms for the sorting of specific

proteins and RNAs into EVs.

1.2.1 Extracellular RNA

Work in the exRNA field has shown the presence of almost every known coding and
non-coding RNA in the extracellular space, including messenger mRNAs (Valadi et al., 2007),
long non-coding RNAs (IncRNAs) (Hinger et al., 2018), tRNAs (Bellingham et al., 2012),
miRNAs (Cha et al., 2015a), small ncRNAs (e.g. snRNAs, snoRNAs, rRNAs) (Bellingham et al.,
2012; Freedman et al., 2016), yRNAs (Balkom et al., 2015), and circular RNAs (ciRNAs) (Dou et
al., 2016). For some of these RNAs, distinct functions have been demonstrated after transfer to
recipient cells, but a common mechanism governing selective RNA export has not been
determined and may also be context specific (Fabbri et al., 2012; Montecalvo et al., 2012; Skog
et al., 2008; Zomer et al., 2010). Interestingly, most RNAs found within EVs are less than 200
nucleotides in length, suggesting that there may be a size limitation to the secretion of RNAs
(Bellingham et al., 2012; Cha et al., 2015b; Hinger et al., 2018). An overview of all known

exRNA subtypes can be found in Table 3.

1.2.1.1 mRNAs

MRNAs are one of the least abundant populations of RNA in the extracellular space,
accounting for ~2% of the total amount of secreted RNA (Yuan et al., 2016). However, most of
these RNAs are fragments of mMRNA and not full length (Unpublished, Patton Laboratory). The

first reported detection of full length mRNA being present in EVs was in mouse mast cells, but
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follow up studies have not been able to detect full length mRNAs (Valadi et al., 2007). Two
groups reported the transfer of Cre mMRNAs via EV; however, their data cannot rule out the
possibility that Cre protein was transferred (Ridder et al., 2014; Zomer et al., 2015). Multiple
studies have reported mRNAs in EVs based on RNA-seq data, but in almost all of these cases,
it is not clear if full length mMRNAs are present. Detection of MRNAs in EVs has most commonly
been based on RNA-seq reads in various cancer cell models, including mutant EGFRVvIII reads
from glioblastoma patient serum (Skog et al., 2008). Because the maijority of these reports have
not demonstrated full length transfer, it remains unclear what role mRNA transfer plays in
exRNA communication. One possibility is that RNA fragments function in ways other than
translation into protein, including interaction of RNA fragments with Toll-like receptors on

endosomes (Fabbri et al., 2013; Fabbri et al., 2012; Sato et al., 2009).

1.2.1.2 IncRNAS

IncRNAs are RNAs larger than 200 nucleotides in length that lack open reading frames
(Rinn and Chang, 2012). IncRNAs are often 5’-capped, spliced, and polyadenylated, but this is
not required, as some INcRNAs have been reported that lack these modifications (Wilusz et al.,
2008; Zhang et al., 2014). Much of the human genome is transcribed into IncRNAs, but the
exact function of these transcripts remains to be determined. For the few that have been
characterized, they play various roles in the cell, including transcriptional regulation, epigenetic
changes, miRNA sequestering, and protein complex scaffolding (review, (Rinn and Chang,
2012)). The expression of various IncRNAs is frequently cell-type and disease-state specific
with some of the best examples showing roles in modulating oncogenic pathways in cancer

(Berrondo et al., 2016; Ellis et al., 2012; Emmrich et al., 2014).
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Table 3. RNA subtypes found in EVs

Name (abbreviation) Size Function(s) (reference)
range (nt)
microRNA 19-22 Inhibits protein translation and/or facilitates degradation of mMRNA (Eulalio,
) Tritschler, and Izaurralde 2009); activation of immune response (Fabbri et

(miRNA) al. 2012)

Small nucleolar RNA 60-300 Guides the methylation or pseudouridylation of rRNAs and other RNAs

(snoRNA) (Matera, Terns, and Terns 2007)

Small nuclear RNA ~150 Modulation of RNA polymerase Il activity; splicing (Matera, Terns, and

(snRNA) Terns 2007).

Piwi-interacting RNA 20-30 Chromatin modification and transposon silencing (lwasaki, Siomi, and

(piRNA) Siomi 2015)

yRNA fragment 27-33 Cell proliferation (C. P. Christov, Trivier, and Krude 2008); apoptosis
(Chakrabortty et al. 2015).

(YRF)

tRNA-derived fragment | 19-22 Translational repression, analogous to miRNAs (Haussecker et al. 2010;

(tRF) Y. S. Lee et al. 2009)

tRNA-derived half 30-40 Stress-induced translational repression (Yamasaki et al. 2009; P. lvanov
et al. 2011)

(tRH, tiRNA)

Vault RNA fragments ~23 Translational repression, analogous to miRNAs (Persson et al. 2009)

Long ncRNA >200 Chromatin remodeling (Meller, Joshi, and Deshpande 2015); translational
regulation; mRNA stability (reviewed in Fatica and Bozzoni 2014)

(IncRNA)

Circular RNA >80 nt miRNA sponges (Hansen et al. 2013); transcriptional regulation (Z. Li et
al. 2015)

(circRNA)
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IncRNAs have been shown to play a significant role in EV secretion or as cargo RNAs.
TUC339 is a IncRNA that is selectively exported in hepatocellular cancer cell (HCC) EVs, and
plays a significant role in reprogramming recipient cell behavior (Kogure et al., 2013). Three
different INcRNAs have been shown to play a role in drug resistance via secretion in EVs.
IncARSR was shown to promote sunitinib resistance in renal cell carcinoma with resistance
capable of being transferred to neighboring cells through the secretion of IncARSR in EVs (Qu
et al., 2016). LINC-ROR has been shown to promote chemoresistance in HCC cells (Takahashi
et al., 2014a). Treatment of HCC cells with various chemotherapy agents promotes the
secretion of LINC-ROR into EVs (Takahashi et al., 2014a). Another IncRNA expressed in
chemoresistant-HCC cells is VLDLR which is exported into EVs. These EVs have been shown
to promote resistance in recipient cells (Takahashi et al., 2014b). In a different model, glial cells
expressing high levels of the IncRNA POU3F3 were able to transfer this INcRNA via EVs to
neighboring human brain microvascular endothelial cells leading to increased cell proliferation,
migration, and angiogenesis in recipient cells (Hu et al., 2018). Two other IncRNAs, CCAT2 and
H19, have both been shown to promote angiogenesis in an EV-dependent mechanism (HAI-LI
LANG, 2017; Jia et al., 2016). Together, there is an increasing amount of data to suggest that
the transfer of INcRNAs through the extracellular space plays a significant role in the
progression of disease and drug resistance. In addition, IncRNAs have been shown to be
effective biomarkers in the detection of disease (Berrondo et al., 2016). A key remaining
question is whether or not these IncRNAs are functioning as full-length transcripts. The
previously described examples suggest the transfer of ncRNAs far exceeding the average size
found within EVs (~200 nucleotides). Further work is needed to show whether these INcRNAs
are functioning as full-length transcripts, or if they are capable of transferring drug resistance

through fragmented, or non-canonical mechanisms.
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1.2.1.3 miRNAS

miRNAs are one of the most well studied non-coding RNAs, both in the context of
cellular and extracellular functionality. miRNAs were initially discovered in C. elegans, and have
since been shown to play highly significant roles in gene regulation in most animal cells (Lee et
al., 1993). miRNAs are ~22 nucleotide small RNAs that bind target mMRNAs to repress
translation (review, (Bartel and Chen, 2004)). miRNAs are capable of targeting 30-60% of all
protein coding mRNAs (Bartel and Chen, 2004; Griffiths-Jones et al., 2006), and more than
24,000 miRNAs have been identified across vertebrate and invertebrate cell models (Griffiths-

Jones, 2004).

miRNA biogenesis occurs through two distinct processing events to yield mature ~22
nucleotide miRNAs. Following transcription, primary miRNAs (pri-miRNAs) are incorporated into
the microprocessor complex, a protein complex made up of the RNA-binding protein DiGeorge
Syndrome Critical Region 8 (DGCRS8) and the ribonuclease Il enzyme Drosha (Gregory et al.,
2004; Lee et al., 2003). Drosha cleaves the pri-miRNA at the base of a characteristic hairpin
structure (Lee et al., 2004). Following cleavage, the now precursor miRNA (pre-miRNA) is
exported out of the nucleus via the Exportin 5 nuclear membrane pore (Lund et al., 2004; Yi et
al., 2003). Upon shuttling to the cytoplasm, the pre-miRNA is processed by DICER which
cleaves the terminal loop producing a mature miRNA duplex (Bernstein, 2001; Ketting, 2001;
Pasquinelli et al., 2000). Interestingly, both strands of the miRNA duplex, including the 5’ (5p)
and 3’ (3p), can function in gene regulation, with the exact strand apparently driven, at least in
part, by 5’ end stability and RNA:RNA base pairing (Bernstein, 2001; Ketting, 2001; Pasquinelli
et al., 2000). After processing, mature miRNAs are loaded in an ATP-dependent manner into an

Argonaute protein (Hammond, 2000; Schwarz, 2003). While the majority of miRNAs follow a
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Dicer-dependent pathway, there are other non-canonical pathways that lead to the maturation of

miRNAs as well (review, (Ha and Kim, 2014)).

Following maturation and association with an Argonaut (AGO) protein, the miRNA-
induced silencing complex, or RISC, is formed (Gregory et al., 2005). AGO proteins function to
facilitate the formation of the RNA-RNA binding interaction, and can also function as a nuclease
under proper complementation (Liu et al., 2004). This complex, along with an AGO protein,
includes the GW182 family of proteins, which provide a scaffold for the recruitment of other
proteins required for the deadenylation and degradation of target mMRNAs (Ding and Han, 2007).
First, the poly(A)-deadenylase complexes, PAN2-PAN3 and CCR4-NOT, are recruited and
associate with RISC (Behm-Ansmant et al., 2006). These complexes are required for the
deadenylation of the poly(A) tail, which ultimately leads to the destabilization of the target mMRNA
(Djuranovic et al., 2012; Eulalio et al., 2008). After recruitment of the deadenylase complexes,
the decapping protein DCP2 and its associated proteins are recruited to the 5’ end of the target
mRNA (Behm-Ansmant et al., 2006; Rehwinkel et al., 2005). Following 5’ decapping, the target

mMRNA is degraded 5’-3’ via the exoribonuclease 1 (XRN1) (Orban and Izaurralde, 2005).

Because of their small size and their detection in almost every biological fluid (Creemers
et al., 2012; Heneghan et al., 2010; Huang et al., 2010; Matsumura et al., 2015), miRNAs have
been of great interest in the exRNA and EV field. miRNAs have been shown to be associated
with various extracellular complexes, including high density lipoproteins (HDL) (Vickers et al.,
2011), AGO-2 complexes (Arroyo et al., 2011), and EVs (Cha et al., 2015a; Valadi et al., 2007).
How miRNAs are loaded into EVs is still under debate. Inhibition of the ESCRT complex has
been shown to promote the association of RISC to the surface of the MVB, suggesting a

possible loading mechanism for miRNAs into exosomes (Gibbings et al., 2009). 3’-uridylated
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miRNAs have been shown to be selectively exported into EVs, suggesting a potential role for
non-template-directed nucleotide addition (Koppers-Lalic et al., 2014). However, only a small
percentage of total mMiRNAs secreted into EVs are modified in this manner, indicating other
potential targeting mechanisms. A role for sequence motif-dependent secretion of miRNAs has
also been suggested (Santangelo et al., 2016; Villarroya-Beltri et al., 2013a). T-lymphocyte cells
have been shown to selectively export miRNAs containing a GGAG sequence motif (Booth et
al., 2006). The authors hypothesize that hnRNPA2B1 binds GGAG sequences on these
miRNAs targeting them for secretion (Booth et al., 2006). However, the ability of hnRNPA2B1 to
target miRNAs for secretion is not universal and may be cell-type and disease-state specific
(Cha et al., 2015a). AGO phosphorylation has also been shown to regulate miRNA secretion
into EVs via a KRAS-dependent mechanism in CRC cells (McKenzie et al., 2016). Lipid-
dependent mechanisms for miRNA export have also been reported with inhibition of neutral
sphingomyelinase 2 (nSMase?2) inhibiting both EV biogenesis and miRNA secretion (Cha et al.,
2015a; Kosaka et al., 2010). Sphingosine-1-phosphate, a ceramide metabolite, has also been
shown to be an essential player in EV secretion, but it is not clear if this is miRNA-specific
(Kajimoto et al., 2013). Interestingly, inhibition of nSMase2 has also been shown to promote the
association of miRNAs with HDL (Vickers et al., 2011), suggesting the potential for

complementary roles between HDL- and EV-associated miRNAs.

Increasing evidence suggests that miRNAs play significant roles as extracellular RNA
(review, (Zhang et al., 2015)). EV-mediated transfer of miR-105 directly targets tight junction
formation in a breast cancer cell model, promoting metastasis (Zhou et al., 2014). Our
laboratory has shown that miR-100 is exported into EVs in a KRAS-mutant dependent
mechanism, and that miR-100 can function to repress translation in recipient cells (Cha et al.,

2015a). miR-21 has also been shown to be enriched in EVs from umbilical cord blood, and
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these EVs promote proliferation of fibroblasts, and promote wound healing in the developing
embryo (Fang et al., 2016). In an oral cancer cell model, miR-342 and miR-1246 have been

shown to promote metastasis through their transfer via EVs (Sakha et al., 2016).

Whether or not miRNAs function in recipient cells in a RISC-dependent manner is
controversial in the EV field (Chevillet et al., 2014). When studying the presence of miRNAs in
prostate cancer patient sera, Chevillet et al (2014) made the stricking observation that EV-
associated miRNAs make up less than ~2-5% of the total secreted RNA, and that when
calculated, EVs contain much less than 1 miRNA copy per vesicle, even when measuring some
of the most abundant miRNAs in the extracellular space (Chevillet et al., 2014). This suggests
that RISC-mediated gene silencing may not be physiologically plausible, opening the door to
possible non-canonical or non-EV-associated functions. A large scale screen of miRNAs
detected in patient sera showed that ~90% of detectable miRNAs were found outside of
vesicles, with only ~60% of miRNAs associated with EVs, suggesting that EV-associated
miRNAs may not be the predominant driver of miRNA-mediated functionality (Kroh et al., 2010).
Two major mechanisms that may explain the stoichiometric discrepancy between copy numbers
and function include the association of miRNAs with AGO-2 protein aggregates (Arroyo et al.,
2011), high density lipoprotein (HDL) particles (Vickers et al., 2011), and the activation of RNA-

sensing Toll-like receptors (Fabbri et al., 2012).

In healthy patient sera, ~90% of all miR-16 and miR-92a copies were shown to be
circulating, but not in vesicles, rather, associated with AGO-2 protein complexes, suggesting
that RISC-mediated gene silencing may be through the transfer of non-vesicular AGO-2 protein
aggregates (Arroyo et al., 2011). HDL is another potential player in the extracellular transfer of

miRNAs, and may explain the functional ability to regulate gene silencing by cell-cell
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communication due to their high abundance and association with miRNAs in patient serum
(Tabet et al., 2014; Vickers et al., 2011). miR-223 has been shown to associate with HDL in the
extracellular space (Tabet et al., 2014), and has further been shown to be functionally
transferred via HDL-dependent mechanisms(Tabet et al., 2014). Because miRNAs seem to
more heavily associate with non-vesicular proteins and aggregates, it may be that the RISC-
mediated gene silencing may occur, just not through vesicle mediated transfer. Instead, it may
be through the secretion of protein aggregates and HDL particles that function as carriers of

miRNAs through the extracellular space, and upon internalization, function in gene silencing.

Recently, a new non-canonical role for miRNAs in the extracellular space has been
proposed (Fabbri et al., 2013). miR-21 and miR-29a are secreted by tumor cells and can bind to
and activate RNA sensing Toll-like receptors (TLRs) in immune cells thereby triggering an
inflammatory response (Fabbri et al., 2012). EV associated miR-21 and miR-29a were shown to
be taken up into endosomal compartments of recipient cells, where they activated TLRS,
leading to downstream activation of NF-kB, secretion of pro-inflammatory and pro-metastatic
cytokines, and an increase in the metastatic potential of cancer cells (Fabbri et al., 2012). Large
scale receptor activation via EV-mediated miRNA transfer is enticing from a functional
standpoint, as it allows for robust changes in recipient cells by transfer of a small concentration

of miRNAs.

1.2.2 Extracellular proteins
Protein cargo within EVs consist of a common group of proteins enriched in EVs
regardless of cell type, as well as numerous proteins expressed in a cell- or disease-specific

manner (Jeppesen et al., 2019). Proteins from the endosome, plasma membrane, and cytosol

25



are most commonly enriched in EVs, while proteins from the nucleus, mitochondria, and
endoplasmic reticulum are less common (Thery, 2011). Comparison of protein cargo from MVs
and exosomes are often distinct, suggesting specific sorting mechanisms (Haraszti et al., 2016).
MV-associated proteins are more often subject to posttranslational modifications, like
glycosylation, compared to exosome enriched proteins (Williams et al., 2018). Consistent with
their biogenesis, exosomes contain proteins from the ESCRT machinery, including Alix,
TSG101, HSC70, and HSP90 (Colombo et al., 2013). Exosomes are also enriched in
tetraspanins, particularly CD63, CD81, and CD9 (Bobrie et al., 2012). Indeed, all of the proteins
mentioned above are now considered classical EV markers by the International Society for

Extracellular Vesicles (Thery et al., 2018).

The transfer of oncogenic material, particularly oncogenic proteins, has been of great
interest in the EV field. Previous work has shown the functional transfer of various oncogenes
via EV-mediated trafficking, including EGFRVIII in glioblastoma (Skog et al., 2008), H-ras and c-
myc in a transfected fibroblast model, and KRAS in a CRC cell model (Demory Beckler et al.,
2013). Many receptor ligands, especially those associated with EGFR, have been shown to be
enriched in EVs (Higginbotham et al., 2011), and can even impact recipient cells via EV-
mediated transfer (Higginbotham et al., 2011; Zhang et al., 2019). Transfer of oncogenic
proteins and receptor ligands could lead to changes in the tumor microenvironment and may
even promote changes in non-cancerous cells. Whether or not transfer of oncogenic proteins

can mediate long term effects on non-cancerous cells is unknown.

With the advancement and refinement in vesicle isolation techniques, the precise protein
composition of distinct EV subtypes needs to be carefully reconsidered. For example, earlier

work reported the presence of AGO proteins in EVs from mutant KRAS cells, but after more
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rigorous purification, Ago proteins were not found in all EVs (Jeppesen et al., 2019; McKenzie et
al., 2016). EVs have been reported to contain not only Ago proteins, but the entire machinery
for miRNA processing, although these findings have been highly contested in the field (Melo et
al., 2014). Other than Ago proteins, earlier work had suggested that DNA and histones are
incorporated within exosomes, but neither DNA nor histones were detected in high resolution
desnity gradient-purified EVs by Jeppesen et al. 2019 (Jeppesen et al., 2019). Instead, these
proteins were part of non-vesicular aggregates that co-purify with EVs unless density gradients
are utilized (Jeppesen et al., 2019). The use of immuno-affinity capture against vesicle markers
like CD63, CD81, and CD9 has also helped define the exact protein composition of EVs
(Jeppesen et al., 2019). As more refined approaches are adopted, the previous classification of

different subclasses of EVs will need to be reassessed.

1.3 Functional significance of extracellular vesicles

EVs play a novel role in cell-to-cell signaling through autocrine and paracrine
mechanisms, both locally, and far from the cell of origin. Cell-to-cell communication by EVs has
been demonstrated in various systems and diseases, including autoimmune disorders (Robbins
and Morelli, 2014), inflammation (Okoye et al., 2014), infection (Schorey et al., 2015), cancer
(Kalluri, 2016), neurological diseases including Alzheimer’s (Jiang et al., 2019), and even
through the human microbiome (Fritz et al., 2016). The mechanisms of EV-dependent, cell-to-
cell communication include receptor signaling (Skog et al., 2008), protein and RNA cargo
transfer (Cha et al., 2015a; Demory Beckler et al., 2013; Hinger et al., 2018), and immune

activation (Okoye et al., 2014).
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1.3.1 Functional significance in cancer

Although all cells secrete EVs, cancer cells secrete more EVs on average, with links to
many oncogenic mechanisms including tumor-microenvironment interactions (Hu et al., 2018),
angiogenesis (Huang and Feng, 2017), metastasis (Wortzel et al., 2019), proliferation (Demory
Beckler et al., 2013), invasiveness (Hoshino et al., 2013; Sakha et al., 2016), and therapeutic
resistance (Ciravolo et al., 2012; Hon et al., 2019; Qu et al., 2016; Takahashi et al., 2014b;

Zhang et al., 2017) (Fig. 3).

Tumor and cancer cell-derived EVs can mediate escape from immune surveillance
mechanisms (Clayton et al., 2007). EVs regulate T cells and induce apoptosis in T lymphocytes,
leading to suppressed immunity in cancer patients (Huber et al., 2005). EVs can also suppress
monocyte maturation (Valenti et al., 2006). PD-L1+ EVs have been shown to promote tumor-
specific immune suppression in the tumor microenvironment (Chen et al., 2018). Transfer of
miR-21-5p and miR-155-5p by tumor-associated macrophages promotes migration and invasion
in CRC (Lan et al., 2019). Together, EV release is an effective way for cancer cells to escape

host immune responses, promoting the growth and spread of cancer.

Cancer-derived EVs also play an important role in metastasis. EV-associated integrins
have been shown to regulate organ-specific metastasis at distant sites, in almost all organs,
including lung, liver, brain, and bone (Ono et al., 2014; Peinado et al., 2012). EV-associated
proteins, like fibronectin, promote cytoskeletal reorganization and increased cell adhesion and

motility in a CRC cell model (Abdouh et al., 2019).
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Figure 3. Functional Role of EVs in Cancer
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Figure 3. EVs have been shown to play significant roles in various cancer pathways, including (A) regulating the
tumor microenvironment, (B) promoting and facilitating the creation of pre-metastatic niches, and (C) tumor cell-
cell transfer of oncogenic material to promote growth and metastasis. Cancer EVs have also been shown to
impact neighboring cells, including immune cells, fibroblasts, endothelial cells, progenitor cells, and epithelial cells.
Adapted from Bebelman et al., 2018.
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EV-associated matrix metalloproteinase-9 (MMP9) was also shown to promote metastasis by
activating the TGF-B signaling cascade, leading to extracellular matrix (ECM) degradation
(Redzic et al., 2013). There are many ncRNAs that also promote metastasis through EV-
mediated transfer, many of which have been discussed previously. Other than IncRNAs, miR-
210, miR-200c, and miR-141 have all been shown to promote metastasis via EV transfer in
CRC cell models (Korpal et al., 2008). miR-34a-5p transfer via EVs from cancer-associated
fibroblasts (CAFs) promoted not only metastasis, but also proliferation and epithelial to
mesenchymal transition (EMT) in recipient oral squamous cell carcinoma cells (Li et al., 2018).
Although the idea that EVs can promote the formation of distant metastatic sites, or pre-
metastatic niches, is a highly cited example of a biological function in the EV field, the
experimental design and physiological relevance have been heavily criticized. During mouse
metastasis experiments, animals were injected with 5 to 15 pg of small EVs, which is
approximately 1.0x108to 1.0x10° vesicles per mouse with up to 21 days of constant daily EV
treatment (Costa-Silva et al., 2015; Hoshino et al., 2015; Plebanek et al., 2017). Collection of
this magnitude of EVs requires anywhere from 0.5x10’ to 5.0x10 cells (data from our
laboratory), a number vastly higher than would be found in an in vivo tumor model. Because of
this experimental discrepancy, it is not known whether these findings are truly biologically
relevant, but recent studies using tumor xenograft models suggest that tumor cells can induce
changes in distant tissues via transfer of EVs at a physiological level, suggesting that the

findings in previous publications may hold true in an in vivo tumor environment (Fu et al., 2018).

The ability of cells to grow independently of adhesion to the extracellular matrix (ECM) is
a key step in the transformation of cancer cells, and correlates strongly with tumorigenic
potential in tumor models (Guadamillas et al., 2011). The current standard for testing the

tumorigenicity of cancer cells in vitro is through the use of anchorage-independent growth
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assays, where cells are grown in three-dimensions lacking the necessary signals via integrins to
proliferate and grow (Guadamillas et al., 2011; Paolillo and Schinelli, 2017). Because EVs
contain a multitude of integrins and associated ECM proteins, one could postulate that EVs
drive tumorigenesis through induction of anchorage independent growth. EVs have been linked
to in vitro anchorage-independent growth in both a breast cancer model (Ochieng et al., 2009)
and in the transformation of fibroblasts (Rai et al., 2019), suggesting a strong role in modulating
the tumor microenvironment. Related to Chapter 3 below, CRC cell-derived EVs can promote
anchorage-independent growth, indicating a link between EVs and tumorigenesis in the CRC
model (Demory Beckler et al., 2013). More recently, B1-integrin+ EVs have been shown to
promote anchorage-independent growth in a pancreatic tumor model, further suggesting that
EVs can provide the required integrins and ECM proteins to support the growth of cells in

environments with misregulated ECM formation, like that of a tumor (DeRita et al., 2019).

Drug and chemotherapeutic resistance is a significant problem in many cancers, and
recent evidence suggests that EVs may mediate resistance via cell-to-cell communication (Fig.
4) (Kahlert and Kalluri, 2013). MCF-7 breast cancer cells develop resistance to docetaxel when
exposed to EVs from resistant MCF-7 cells (Lv et al., 2014). Also, breast cancer cells secrete
EGF2+ EVs that are able to sequester Trastuzumab and lower its overall effectiveness
(Ciravolo et al., 2012). The transfer of extracellular IncRNA ROR in a hepatocellular cancer cell
model led to increased chemoresistance through TGF- signaling activation, suggesting that
resistance can potentially be driven through extracellular RNA-mediated mechanisms
(Takahashi et al., 2014a). Cetuximab (CTX), a monoclonal antibody that targets the ectodomain

of the EGFR, is used to treat late stage metastatic CRC in patients without KRAS mutations.
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Figure 4. EVs as Potential Mediators of Cancer Therapeutic Resistance
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Figure 4. Tumor cells secrete EVs that can promote therapeutic resistance in recipient susceptible cells via
various mechanisms. (A) EVs may contain proteins, like receptors, that sequester therapeutic agents away from
susceptible cells, reducing drug efficacy, and promoting growth under treatment conditions. (B) The transfer of
oncogenic proteins via EVs can induce proliferation. (C) Non-coding RNAs can change transcriptional regulation in
recipient cells by inhibiting the efficiency of various therapeutic agents or promoting the activation of signaling
cascades not directly targeted by treatment.




Recent work in a CRC cell model suggests that EVs may mediate CTX resistance via the
PTEN/AKkt signaling cascade (Zhang et al., 2017). Further, the transfer of circRNAs has also
been shown to promote CTX resistance in CRC (Hon et al., 2019). Interestingly, the Coffey
laboratory has shown that CTX resistance can be induced via the overexpression of two
miRNAs, miR-100 and miR-125b, through targeting of negative regulators of Wnt signaling (Lu
et al., 2017). Preliminary findings have shown that these miRNAs are enriched in CRC cell-
derived EVs, suggesting that EV transfer of functional miRNAs may induce CTX resistance (see
Chapter 4). Because of the well-known link between the PTEN/Akt and Wnt signaling pathway
(Anderson and Wong, 2010), it may be that the EV-driven resistance found by Zhang et al.
(2017) is mediated by the functional transfer of miR-100 and miR-125b through the extracellular
space. In fact, extracellular miR-125b has already been shown to play an important role in

cancer progression (Vu et al., 2019).

1.4 Conclusions

The recent focus on EV research has shown that EV-mediated cell-to-cell communication plays
a key role in normal cells and tissues, as well as in a variety of diseases, especially cancer.
Understanding the biogenesis and mechanisms controlling cargo loading into EVs may help
identify future therapeutic targets for cancer, or may aid in the development of drugs that can
prevent or circumvent EV-mediated chemotherapeutic resistance. Although the biogenesis of
EVs seem to be regulated in cell-type and disease-state specific mechanisms, Rab proteins
have consistently been shown to be key players, not only in intracellular trafficking, but also in
controlling the secretion of EVs. Thus, it is important to investigate if other Rab proteins play a

role in EV secretion, and under what conditions. It will also be important to better understand the
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heterogeneity of secreted vesicles, and to what extent that heterogeneity affects biogenesis,
cargo loading, and function. Regulated loading of exRNAs may also drive EV-dependent cancer
progression. How cancer cells regulate the export of RNA is not well understood and how these
RNAs function in recipient cells remains to be determined. Understanding the molecular
mechanisms underlying how EVs participate in cell-to-cell communication is likely to increase

our understanding of both normal cell physiology and pathophysiology.
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2.1 Abstract

Although much is known about extracellular miRNA, the identity, regulation, and functional roles
of secreted coding and long noncoding RNAs (IncRNAs, >200nt) are largely unknown. We have
previously shown that mutant KRAS colorectal cancer (CRC) cells release EVs containing
distinct proteomes, miRNAs, and circular RNAs. Here, we comprehensively identify the broad
and diverse classes of CRC extracellular long RNAs secreted in EVs and demonstrate
differential export of specific RNAs. We show that distinct noncoding RNAs including antisense
transcripts and transcripts derived from pseudogenes are enriched in EVs compared to cellular

profiles. Among coding mRNAs, we detected strong enrichment of Rab13 in mutant KRAS EVs
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Chapter 2
and demonstrate functional delivery of Rab13 mRNA to recipient cells in Transwell culture
assays. To assay functional transfer of IncRNAs, we implemented a novel CRISPR/Cas9 based
RNA-tracking system to monitor delivery to recipient cells. We show that gRNAs containing
export signals from secreted RNAs, but not control gRNAs, are transferred from donor to
recipient cells. Our data support the existence of cellular mechanisms to selectively export

diverse classes of RNA.

2.2 Introduction

The majority of the human genome is transcribed into RNA but only ~2-3% encodes
protein (Hangauer et al., 2013). Only a small fraction of noncoding RNA transcripts have been
characterized, but they appear to play important regulatory roles in multiple biological contexts.
Recently, numerous studies have demonstrated the presence of distinct types of extracellular
RNA (exRNA) in diverse biological fluids, adding yet another surprise to the overall role of RNA
in gene expression (Colombo et al., 2014a; Tkach and Thery, 2016). Because extracellular
fluids display abundant ribonuclease activity, exRNA must be protected from degradation, either
in protein complexes (Arroyo et al., 2011; Turchinovich et al., 2011), lipid complexes (Tabet et
al., 2014; Vickers et al., 2011), or EVs (Ratajczak et al., 2006b; Skog et al., 2008; Valadi et al.,
2007). EVs refer to membrane limited nanovesicles including exosomes, microvesicles, and
other secreted vesicles (Raposo and Stoorvogel, 2013). Each class of vesicle is unique in its
origin and/or size, and thus differs in its composition of lipid, protein, RNA, and potential DNA

cargo (Colombo et al., 2014b; Mateescu et al., 2017).
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EVs are released by all cell types and can serve as vehicles for transport of protein and RNA
cargo between cells representing a novel mechanism for intercellular communication (Ratajczak
et al., 2006b; Skog et al., 2008; Valadi et al., 2007). Local and systemic cargo transfer via EVs
has been associated with tumor microenvironment interactions, aggressiveness and metastasis
(Becker et al., 2016; Kalluri, 2016; Shurtleff et al., 2016). This potentially allows secretion of
proteins and RNAs that could inhibit local growth and simultaneously “educate” distant tissues
for metastasis (Peinado et al., 2012). Circulating RNAs encased in vesicles or protein
complexes are often altered in cancer and bear tumor type-specific ‘signatures’, making them
attractive candidates as clinical biomarkers for disease diagnosis and prognosis (Quinn et al.,
2015).

Many exRNA studies have focused on miRNAs because they are well characterized,
small, relatively stable, and well annotated (Cha et al., 2015a; Mittelbrunn et al., 2011; Valadi et
al., 2007; Vickers et al., 2011). However, the diversity of exRNA is extensive and miRNAs are
not the most abundant class of RNA found in EVs (Fritz et al., 2016; Mateescu et al., 2017).
Analysis of cellular versus extracellular RNA has repeatedly demonstrated selective biogenesis,
export, and/or stability of specific RNAs (Cha et al., 2015a; Dou et al., 2016; Kosaka et al.,
2010; Santangelo et al., 2016; Skog et al., 2008; Squadrito et al., 2014; Valadi et al., 2007,
Villarroya-Beltri et al., 2013b; Wei et al., 2017). Elucidation of the mechanisms for selective
sorting of cargo into EVs is critical to understanding extracellular signaling by RNA.

In our ongoing efforts to understand the biological and pathological role of exRNAs
regulated by oncogenic signaling, we utilized three isogenic CRC cell lines that differ only in the
mutational status of the KRAS gene (Shirasawa et al., 1993). These lines are regularly checked

to confirm their original KRAS status and mutation, and are passaged a limited number of times
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to prevent further mutations from occurring. KRAS mutations occur in approximately 34-45% of
colon cancers (Wong and Cunningham, 2008). The parental DLD-1 cell line contains both wild-
type and G13D mutant KRAS alleles, while the isogenically-matched derivative cell lines
contain only one mutant KRAS allele (DKO-1) or one WT KRAS allele (DKs-8) (Shirasawa et
al., 1993). We previously showed that EVs from mutant KRAS CRC cells can be transferred to
wild type cells to induce cell growth, migration, and invasiveness (Demory Beckler et al., 2013;
Higginbotham et al., 2011). Additionally, we found that the miRNA profiles of EVs from all three
cell lines are distinct from the parental cells, segregate dependent on KRAS status, and that
specific miRNAs can be functionally transferred from mutant KRAS cells to wild type cells (Cha
et al., 2015a). We also found that specific intracellular oncogenic signaling events can regulate
trafficking of miRNAs through phosphorylation of Argonaute (AGO) proteins (McKenzie et al.,
2016). More recently, we identified a global downregulation of circular RNAs (circRNAs) in
mutant KRAS cells with an inverse upregulation in EVs (Dou et al., 2016). Here, we report
comprehensive analysis of EV long RNAs (>200nt) and show that, similar to miRNA export,
there is selective export of long RNAs to EVs. We also show that both mMRNAs and IncRNAs

can be functionally transferred between cells.

2.3 Results

2.3.1 Comparison of long RNAs in cells versus EVs

We previously isolated EVs through a series of differential ultracentrifugation steps and
showed that the vesicles were approximately 40-130 nm in diameter with the typical cup shaped
EM morphology and the expected pattern of protein markers consistent with endosome derived
exosomes (Demory Beckler et al., 2013; Higginbotham et al., 2011). Protein and RNA was
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isolated from these vesicles for proteomics, small RNA-seq, and circular RNA analysis (Cha et
al., 2015a; Demory Beckler et al., 2013; Dou et al., 2016). In all cases, we found that EVs
derived from mutant KRAS cell lines have distinct proteomes, miRNA profiles, and circular RNA
profiles, compared to their parental cellular patterns and compared to EVs from WT KRAS cells.
Here, we analyzed long RNA-seq (>200 nucleotides) libraries generated from the same vesicle
and RNA preparations to determine whether long RNAs are selectively sorted into EVs from
CRC cells. Long RNA-seq was performed on rRNA-depleted total cellular RNA and then the
cellular RNA profiles were compared to EV RNA profiles. Without rRNA depletion, the majority
of RNA-seq reads were derived from rRNA whereas depletion allowed more ready comparison
of other differentially enriched RNAs. Comparison of RNA-seq libraries with or without rRNA
depletion showed no significant effect on the detection of up-or down-regulated long RNA reads
(data not shown). In our previous papers, we referred to our vesicle preparations as exosomes
but we are aware that our preparations contain mixtures of lipoproteins and other protein
complexes. Moving forward, we will refer to these vesicles as EVs. Regardless of nomenclature,
all of our analyses are derived from the same preparations, allowing direct comparison to
previous proteomic, small RNA-seq, and circular RNA-seq data (Cha et al., 2015a; Demory
Beckler et al., 2013; Dou et al., 2016).

As a first analysis of the long RNA-seq data, we mapped reads to the human genome
against both annotated and unannotated regions, allowing a maximum of 2 total mismatches.
Alignment in this manner revealed that the mapping percentages were higher in the cellular
datasets compared to the EV data sets. For all cellular profiles, ~70% of paired reads mapped
to unique sequences in the human genome, while in EVs, the mapping percentages were much
lower (30-50%)(Fig. 5A). The decreased abundance of unique mappable reads in the EV

libraries was not due to amplification and sequencing of contaminating RNAs, but rather
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because multiple mismatches were more prevalent in EV RNA compared to parental cellular
RNA. One possible explanation for the increase in mismatched reads is the presence of
substantially more modified RNAs in EVs, which could alter base incorporation during library
construction (Unpublished, Patton Laboratory).

We next restricted read mapping to unambiguous annotated genomic regions and then
performed pairwise analyses between samples. In this case, the cell replicates showed high
correlation (r=0. 91-0.94), while the EV replicates showed more variation between triplicate
samples (r=0.76-0.95) (2.A.1). We did not observe as much variability when analyzing
extracellular small RNAs or for our proteomic analyses, but for unknown reasons, more
variability was observed for the long RNA libraries. The variability was not due to differential
quality of the input RNA and was not due to lower sequencing depth. Nevertheless, when we
compared the RNA profiles from EVs to their parental cells focusing only on annotated genes,
the analysis showed that specific RNAs are selectively exported into EVs, consistent with low
correlation between EVs and cells (DKO-1 r=0.68-0.72, DKs-8 r=0.68-0.78, DLD-1 r=0.66-0.73)
(2.A.1). In the cellular datasets, a majority of reads corresponded to unique annotated gene
regions (~60%) while a much smaller percentage of reads in the EV profiles mapped to unique
annotated genes (~5-15%) (Fig. 5B). The remaining unassigned reads in both the cellular and
EV datasets represent novel RNA species that map to unannotated loci. This is supported by
the difference in the percentage of unique mapped reads in both the cellular (~70%) and EV
samples (~30-50%) when mapping was not restricted to annotated gene regions (Fig. 5A).

Although the majority of annotated long RNA-seq reads mapped to known protein coding
sequences in both the cellular and EV datasets, we discovered differential enrichment of

specific RNAs between cells and EVs (Fig. 5C).
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Figure 5. Long RNA-seq Analysis of EV and Cellular RNA from CRC Cell Lines.
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Figure 5. RNA-seq libraries were prepared from transcripts greater than 200 nucleotides from isogenic CRC
cell lines and EVs that differ only in KRAS status. The parental DLD-1cells contain both wild type and mutated
KRAS (G13D) alleles, Dks-8 cells contain only a wild type KRAS allele, and DKO-1 cells contain only a
mutated KRAS allele. (A) Percentage of reads that map to repeat regions (white), unique regions (black), or
reads that contained >2 mismatches (grey) and could therefore not be uniquely mapped to the human
genome. Read mapping was to both annotated and unannotated regions of the human genome and the
results are plotted as a percentage of total reads per library (white text). (B-C) The unique mapped reads in A
were further broken down as percentages of reads that map to unique annotated reads expanded by RNA
subtype (B; color scheme at bottom) or plotted as a percentage of total reads (C). When mapping
percentages were calculated based on total reads, coding transcripts constitute the largest percent of reads in
both cellular and EV samples. (D) Unique annotated mapped reads expanded by RNA subtype (color key at
bottom) but plotted as percentage of RPKM. Normalizing by RPKM shows the relative composition of
noncodina RNAs in the RNA-sea data sets.
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In cells, a higher percentage of transcripts corresponded to protein coding genes and known
IncRNAs as compared to EVs. For EVs, we observed enrichment of transcripts derived from
pseudogenes and antisense RNAs, with pseudogene transcripts being almost undetectable in
cellular samples (<0.3%) (Fig. 5C). To better approximate the expression levels of RNAs as
opposed to individual read counts, RNAs were plotted by subtype normalized to RPKM. As
expected with such normalization, smaller RNAs became more prevalent in both the cellular and

extracellular samples, but the relative differential enrichment was unaffected (Fig. 5D).

Figure 6. KRAS Dependent Sorting of Long RNAs Into EVs.
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Figure 6. Long RNA-seq profiles were analyzed to identify differentially enriched transcripts in both cells and
EVs. (A) Principal Component Analysis comparing cellular (opaque) and EV (solid) RNA-seq data sets. The
long RNA composition in cells differed significantly from exosomes indicating that selective sorting
mechanisms control export to EVs. Compared to similar miRNA profiles that could readily identify KRAS
status. KRAS status could not be readily inferred when comparing long RNA-seq profiles. (B) Number of
unique long RNAs upregulated in EVs versus cells differing in KRAS status. (C) Number of unique long RNAs
upregulated in cells versus EVs differing in KRAS status.

2.3.2 Differential RNA export and KRAS status

To further analyze whether the overall long RNA profiles are distinct between cells and
EVs and between wild-type and mutant KRAS, we performed Principal Component Analysis
(PCA). PCA analysis revealed that the repertoire of long RNAs is clearly distinct when

comparing parental cellular RNA profiles and their secreted EV RNAs (Fig. 6A). Across the
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three cell lines, RNA expression patterns clustered together and were distinct from EVs,
indicating that KRAS-driven differential RNA expression is less pronounced when comparing
patterns across cells, as opposed to comparing patterns between EVs and their cognate cell
lines. However, if the cellular RNA expression patterns are compared alone, the profiles

segregate by KRAS status under a variety of culture conditions (2.A.2).

2.3.3 Differential enrichment of ncRNAs and mRNAs in EVs

Differential gene expression analyses were performed comparing cellular RNAs to their
cognate EVs, comparing cellular RNAs between the three cell lines differing in KRAS status
(mutant cell/WT cell), and comparing EV RNA profiles differing in KRAS status (mutant EV/WT
EV). The top differentially expressed RNAs in either wild type or mutant KRAS cells and
exosomes are shown in Table 4 (more extensive list in 2.A.3). When comparing EVs to their
parent cells, we found that DKO-1 mutant KRAS EVs were enriched for a dramatically different
population of RNAs compared to EVs from either WT (DKs-8) or heterozygote (DLD-1) KRAS
EVs (Fig. 6B). A similar trend was observed when comparing cellular RNA patterns in mutant
versus wild type or heterozygote cell lines (Fig. 6C). Thus, the diversity of RNAs targeted for
export is much greater in mutant KRAS cells, especially cells with a single mutant allele and no
wild type KRAS allele (DKO-1). It is important to note that the vast majority of long RNAs
upregulated in EVs are shared across all three isogenic lines (12,814 RNAs), suggesting export
mechanisms for these RNAs are largely KRAS-independent (Fig. 6B). This is in contrast to
what we observed in previous miRNA profiles where the majority of RNAs were upregulated in
DKO-1 EVs (Cha et al., 2015a). Proteomic profiles from DKO-1 and DLD-1 derived EVs were
more similar to each other when compared to Dks-8 derived EVs (Demory Beckler et al., 2013).

Gene ontology analysis of unique upregulated exRNAs was carried out to better
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understand the possible impact of EV RNA signaling (2.A.4). Interestingly, about 5,000 EV
RNAs could not be uniquely assigned to specific GO categories, indicating that a large
population of unannotated RNAs are specifically exported into EVs, and that their potential

function is yet to be understood.

2.3.4 mRNA export into EVs

We detected numerous reads derived from mRNAs that were enriched in EVs. Several
of these have known roles in oncogenesis including Rab13, NET1, and NEDD4 (loannou et al.,
2015). Some mRNAs had exosomal read distribution patterns consistent with intact, full-length
mRNA, meaning abundant reads mapping across all exons with nearly undetectable reads
across introns (2.A.5). For example, the data for Rab13 and BMI1 supported the presence of
mature, intact mMRNA due to the distribution and quantity of reads spanning the entire coding
sequence in both cellular and EV datasets. In contrast, EV reads from other mRNAs (e.g.
Rab3b) showed not only reads derived from exons, but also abundant reads across introns,
suggesting export of either unprocessed, unspliced mMRNA transcripts, or, more likely, RNA
fragments (2.A.5).

Because RNA-seq cannot distinguish between full-length or fragmented sequences, we
used RT-gPCR and RT-PCR to both validate the level of mMRNAs in EVs and also to test
whether full-length transcripts are present in EVs (2.A.6, 2.A.7). With the caveat that technical
difficulties might inhibit reverse transcription of long RNAs, we were not able to amplify most
MRNAs greater than 1kb suggesting that the majority of longer mRNAs are probably not present
as intact mRNAs in EVs, consistent with previous work (Wei et al., 2017). Interestingly, mRNAs
that displayed a mature, spliced read distribution pattern could not always be detected as full-
length RNA in EVs by RT-PCR. For example, we could not detect full length BMI1 transcripts by
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RT-PCR whereas we were able to detect full length Rab13 and p-actin mMRNAs (2.A.7).
Interestingly, Rab13 protein was upregulated >21-fold in DKO-1 EVs, whereas in DKs-8 EVs,
enrichment for Rab13 protein was <4-fold (Demory Beckler et al., 2013). This trend was also
observed for Rab13 mRNA, which is upregulated in EVs from all three cell lines, but most
upregulated in DKO-1 EVs (2.A.6). Actin levels were not enriched in any of the EV preparations

compared to cellular profiles.

2.3.5 IncRNA export into EVs

For differential EV enrichment of IncRNA, we found numerous IncRNAs enriched in EVs
compared to their matched cognate cells, including anti-sense RNAs, and transcripts derived
from pseudogenes. The majority of highly upregulated IncRNAs are either unannotated or
haven’t been previously studied, suggesting possible novel roles for these RNAs through their

export into EVs (Table 4, 2.A.3).

2.3.6 Extracellular transfer of mMRNA

We previously showed that miRNAs could be transferred extracellularly between donor
and recipient cells using Transwell assays (Cha et al., 2015a). As with miRNAs, transfer of long
coding and noncoding RNAs could serve as an important intercellular communication
mechanism, (Tkach and Thery, 2016). Rab13 is upregulated in mutant KRAS DKO-1 EVs
compared to both cellular profiles and EVs from wild type KRAS cells (2.A.6). Further, we
detected full length Rab13 mRNA within DKO-1 EVs (2.A.7). To test whether Rab713 mRNA
could undergo extracellular transfer from donor to recipient cells, we again utilized Transwell
assays. For these assays, DKO-1 (KRAS mutant) or DKs-8 (KRAS wildtype) donor cells were

separately transfected with a vector expressing an HA-tagged version of Rab13.
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Table 4. Top 10 Long RNAs Enriched in EVs and KRAS Mutant and WT Cells.

MUTANT KRAS WILDTYPE KRAS

Log(2) Log(2)
Gene name RNA Subtype Fold Gene name RNA Subtype Fold
Chanie Chanie
CTD-2328D6.1 lincRNA 11.43 CTD-2328D6.1 pseudogene 11.67
REXO1L1P Pseudogene 9.05 REXO1L1P REXO1 like 1, pseudogene 9.30
ERVH-1 endogenous retrovirus group H member 1 8.47 LINC01609 lincRNA 7.69
LINCO1609 lincRNA 8.21 ESRG embryonic stem cell related (non-protein coding) 7.15
ESRG embryenic stem cell related (non-protein coding) 7.98 LINC00504 lincRNA 7.08
LINC00504 Antisense RNA 7.34 AL590867 1 lincRNA 7.06
LINC02503 lincRNA 7.15 LINC02503 lincRNA 6.70
AC087473.1 lincRNA 7.07 LACTB2-AS1 LACTB2 antisense RNA 1 6.47
ALB71511.1 lincRNA 6.96 TPTEP1 TPTE pseudogene 1 6.28
UGDH-AS1 UGDH antisense RNA 1 6.14 AC126768.3 lincRNA 571
HHLA1 HERV-H LTR-associating 1 7.51 CYSLTR1 cysteinyl leukotriene receptor 1 7.05
CYSLTR1 cysteinyl leukotriene receptor 1 7.47 HHLA1 HERV-H LTR-associating 1 7.30
MAB21L3 mab-21 like 3 7.23 TTN titin 7.14
TMEM212 transmembrane protein 212 6.74 MAB21L3 mab-21 like 3 6.90
CFAP54 cilia and flagella associated protein 54 6.71 SPINKS serine peptidase inhibitor, Kazal type 9 6.82
ABCC9 ATP binding cassette subfamily C member 9 6.66 CFAPS4 cilia and flagella associated protein 54 6.32
TRIM22 tripartite motif containing 22 6.63 TRIM22 tripartite motif containing 22 6.27
C120rf50 chromosome 12 open reading frame 50 6.62 ABCCY ATP binding cassette subfamily C member 9 6.26
ADAMTSL3 ADAMTS like 3 6.58 KIAA1328 KIAA1328 5.75
RAB13 member RAS oncogene family 6.12 TBC1D8B TBC1 domain family member 8B 5.09
Log(2) Log(2)
Gene name RNA Subtype Fold Gene name RNA Subtype Fold
Chanie Change
AL356488.2 lincRNA -6.89 AL356488.2 lincRNA 6.77
SNORA46 small nucleolar RNA, H/ACA box 46 -6.50 SNORD3A small nucleolar RNA, C/D box 3A -8.26
RNU2-8P RNA, U2 small nuclear 63, pseudagene -6.39 SNORD15B small nucleolar RNA, C/D box 15B -5.91
SNORAS3 small nucleolar RNA, H/ACA box 53 -6.19 SNORD17 small nucleolar RNA, C/D box 17 -5.57
SNORD3A small nucleolar RNA, C/D box 3A -6.07 SNORA23 small nucleolar RNA, H/ACA box 23 -548
MIR3609 miRNA host RNA -6.02 SCARNA10 small Cajal body-specific RNA 10 -5.39
SNHG3 small nucleolar RNA host gene 3 -5.98 SNORA12 small nucleolar RNA, H/ACA box 12 -5.27
75K Miscellaneous RNA -5.76 SNORAT4A small nucleclar RNA, H/ACA box 74A -5.22
RNVU1-6 RNA, variant U1 small nuclear 6 -5.76 RNU2-63P RNA, U2 small nuclear 63, pseudogene -5.01
SNORD3B-2 small nucleolar RNA, C/D box 3B-2 -5.75 SNORD3B-2 small nucleclar RNA, C/D box 3B-2 -4,95
cooing
FNIP1 folliculin interacting protein 1 -6.00 SLC12A2 solute carrier family 12 member 2 -5.43
SUPT4H1 SPT4 homolog. DSIF elongation factor subunit -4.94 FOS Fos proto-oncogene, AP-1 transcription factor subu -4.84
CCNL2 cyclin L2 -4.78 SLC16A1 solute carrier family 16 member 1 -4.84
HEATR3 HEAT repeat containing 3 -4.66 ACSL1 acyl-CoA synthetase long chain family member 1 -4.56
ZBED5S zinc finger BED-type containing 5 -4.59 OAT ornithine aminotransferase -4.53
ACSLS acyl-CoA synthetase long chain family member 5 -4.54 HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase -4.52
TSN translin -4.49 SIK1 salt inducible kinase 1 -4.45
QAT ornithine aminotransferase -4.45 VMP1 vacuole membrane protein 1 -4.45
FBXW11 F-box and WD repeat domain containing 11 -4.31 TFRC transferrin receptor -4.35
APH1A aph-1 homolog A, gamma-secretase subunit -4.17 ABCB1 ATP binding cassette subfamily B member 1 -4.32
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Transfected cells were then trypsinized, washed extensively, and seeded as donor cells on top
of a 0.4pm polyester membrane in Transwell dishes (Fig. 7A). Recipient cells were separately
cultured underneath the membrane. Subsequently, the Transwell dishes were combined and
co-cultured for 48 hours, after which RNA and protein were isolated from the respective dishes.
By RT-PCR, we were able to detect an approximate 5-fold increase in full length Rab13-HA
mMRNA in recipient cells only when the donor cell carried a KRAS mutation (DKO-1) (Fig. 7B,
Fig. 2.A.7). In contrast, no detectable transfer of Rab13-HA mRNA was observed when we
flipped the experiment and used wild type KRAS DKs-8 cells as the donor cells (Fig. 7C). This
suggests that functional transfer of Rab13-HA mRNA is driven by a KRAS-dependent
mechanism. To eliminate the possibility of plasmid contamination or transfer, RT-PCR
experiments were carried out with or without DNase | treatment and with or without reverse
transcriptase in the RT reaction, all of which supported extracellular transfer of Rab13-HA
mMRNA. Rab13-HA protein was also detectable in recipient cells (2.A.7), but again, only when
DKO-1 cells served as the donor cells. In this case, the tagged protein could have been
transferred in EVs or Rab13-HA mRNA could have been transferred and subsequently

translated in the recipient cells.

2.3.7 Extracellular transfer of synthetic IncRNAs

The functional role of most IncRNA remains to be discovered, making the measurement of their
transfer by EVs less straightforward. To test for transfer of IncRNAs, we developed a modified
version of the CRISPR-Display system (Fig. 8A) (Shechner et al., 2015).This system was
designed to target INcRNAs to specific genomic loci via gRNAs with an accompanying
transcriptional read out. We adapted this technique to quantify analysis of RNA transfer. The
system uses a gRNA with an engineered loop that allows insertion of any RNA sequence of
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Figure 7. Extracellular Transfer of Rab13 mRNA.
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Figure 7. (A) Schematic of Rab13-HA transwell assay. (1) Donor cells were separately transfected with the
Rab13-HA plasmid. (2) Transfected donor cells were trypsinized and washed extensively before seeding into
Transwell dishes. Recipient cells were also cultured separately before trypsinizing, washing and seeding into
Transwell dishes. Donor cells were seeded on top of a 0.4um membrane and recipient cells are seeded below
the membrane. (3) After 24 hours to allow adherence, cells were washed with PBS, the media was changed,
and the Transwell dishes were combined and allowed to co-culture for 48 hours after which protein and RNA
collection was performed. (B-C) RT/PCR of Transwell cultures. RNA was collected under three distinct
conditions: (1) No transfection, (2) empty vector transfection, or (3) transfection of the Rab13-HA vector. PCR
was carried out on two cDNA populations in the presence (RT+) or absence of RT (RT-), as indicated.
RT/PCR was carried out on B-Actin, cellular Rab13 mRNA, GFP mRNA, or Rab13-HA mRNA. (B) RT-PCR of
Transwell assays with DKO-1 donor cells and DKs-8 recipient cells. (C) RT-PCR of Transwell assays with
DKs-8 donor cells and DKO-1 recipient cells.
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interest. The gRNA then targets a dead Cas9 (dCas9) protein fused to the transcriptional
activator VP64 to a specific DNA sequence, allowing activation of reporters encoding luciferase,
fluorescent proteins, and selectable markers (Shechner et al., 2015). To test for transfer of
gRNAs as a proxy for longer noncoding RNAs, we inserted candidate RNAs within the gRNA
and expressed unmodified and modified guide RNAs in donor cells in Transwell cultures.
Secretion of gRNAs from donor cells that traverse the Transwell membrane and are internalized
in recipient cells activate reporter expression in recipient cells. Transfer is quantified based on
secreted luciferase (gLuc) levels, production of unique fluorescent proteins, or the development
of antibiotic resistance.

We first verified the system by expressing all components in the same cells (i.e. no
extracellular transfer) and observed robust activation of luciferase with both unmodified gRNAs
or gRNAs containing an insertion of 1 or 3 copies of miR-100, which is 22 nucleotides in length
(Fig. 8B). We chose miR-100 due to previous experiments demonstrating that miR-100 is
trafficked into mutant KRAS EVs and is capable of functional extracellular transfer in a KRAS-
dependent manner (Cha et al., 2015a). We also tested gRNAs containing an insertion of the
700nt IncRNA CRNDE which was not significantly enriched in EVs (Ellis et al., 2012).
Expression of all components in the same cells showed that unmodified gRNAs and gRNAs
containing either 1 or 3 copies of miR-100 could properly target dCas9-VP64 to the reporter
promoter, resulting in ~50-60-fold increase in gLuc levels. By comparison, insertion of CRNDE
IncRNA inhibited gRNA function but still resulted in a ~15-fold increase in gLuc levels.

To test extracellular transfer of modified gRNAs, we used the Transwell system similar to
the Rab13-HA mRNA experiments and with the same controls (Fig. 8A). Donor cells were
separately transfected with the various gRNA constructs, while recipient cells were separately

transfected with the dCas9~VP64, GLuc, and CLuc reporter constructs.
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Figure 8. Functional Transfer of IncRNAs With CRISPR-Display.
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Figure 8. To detect transfer of IncRNAs, we adapted the CRISPR-Display system for use in Transwell
cultures. (A) Schematic of modified CRISPR-Display to quantify INcRNA transfer. Donor cells were separately
transfected with vectors expressing either wild type gRNAs or gRNAs containing an insertion of the indicated
noncoding RNA. Recipient cells were separately transfected with vectors expressing dCas9-VP-64
transcriptional activator, a reporter encoding a secreted form of gLuciferase, and a reporter expressing
cLuciferase for normalization. Following the same protocol as in Fig. 3, Transwell dishes were co-cultured for
48 hours and secreted luciferase levels were normalized and quantified. (B) Activation of luciferase in the
absence of extracellular gRNA delivery. Dks-8 or DKO-1 cells were transfected with all the CRISPR Display
plasmids shown at left. (C) Activation of luciferase after extracellular gRNA delivery. After 48 hours in
Transwell cultures, luciferase levels were normalized and quantified with donor cells expressing either
unmodified donor gRNAs (control) or gRNAs containing insertions of CRNDE, 1 copy of miR-100 or 3 copies
of miR-100 (* o < 0.05). Exoneriments were performed with either Dks-8 or DKO-1 donor cells.
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Transfected cells were extensively washed, and then plated in Transwell cultures for 48 hours.
Baseline activation of luciferase was measured in recipient cells (either DKO-1 or DKs-8) co-
cultured with donor cells (either DKO-1 or DKs-8) expressing unmodified gRNAs (gRNA-CTL).
Little to no luciferase activation was observed under these conditions, indicating no extracellular
transfer of unmodified gRNA (Fig. 8C). However, insertion of either 1 or 3 copies of miR-100
into the gRNA resulted in a statistically significant 2-fold increase in luciferase activity, but only
when the donor cells carried a mutant KRAS allele (DKO-1) (Fig. 8C). We did not observe
activation of luciferase when wild type KRAS donor cells (DKs-8) were used. Insertion of
CRNDE IncRNA did not lead to increased luciferase levels when extracellular transfer was
required, regardless of what cell type served as the donor cell. The fact that reporter activation
with miR-100 was only observed with mutant KRAS donor cells is consistent with previous data
(Cha et al., 2015a). Together, the data demonstrate that noncoding gRNAs can not only be
transferred between cells but, remarkably, be imported into the nuclei of recipient cells to
functionally activate transcription of reporters. They also demonstrate that miR-700 contains an
export signal(s) that can drive extracellular transfer.

Consistent with transfer via EVs, we were able to detect full length modified gRNAs in
the EV pellet (2.A.7). The decrease in GLuc activation between expression of all components in
the same cells versus after extracellular RNA transfer probably reflects the relative efficiency of
exRNA transfer, but could also be a dramatic underestimate due to variable transfection

efficiencies of the four different vectors in the two cell types.
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2.4 Discussion

2.4.1 Selective export and functional transfer of RNA

Our data support the hypothesis that long RNA export into EVs is a selective process
and that RNA expression profiles from EVs do not simply reflect cellular RNA abundance
(Kosaka et al., 2010; Santangelo et al., 2016; Skog et al., 2008; Squadrito et al., 2014; Valadi et
al., 2007). Since original studies suggesting horizontal transfer of mMRNAs and proteins
(Ratajczak et al., 2006a; Skog et al., 2008; Valadi et al., 2007), almost all known classes of RNA
have been detected in extracellular fluids (Fritz et al., 2016). However, definitive studies
demonstrating functional long coding and noncoding RNA transfer are limited (Ridder et al.,
2014; Skog et al., 2008). We show that long coding and noncoding RNAs can be transferred
between donor and recipient cells and that KRAS status plays a role in regulating this transfer.

From quantitative stoichiometric analysis of RNA levels in EVs (Chevillet et al., 2014;
Wei et al., 2017), it remains unclear what effect extracellular RNA signaling can have on
recipient cells. Our data support the idea that exRNA transfer is indeed possible, but dramatic
changes in gene expression in recipient cells would seem to require direct, continuous targeting
of EVs from donor to recipient cells. These effects will be different for long versus short range
EV transfer or for direct membrane-membrane transfer between cells, as in the immune
synapse (Ortega-Carrion and Vicente-Manzanares, 2016). The Transwell system mimics
systemic delivery but lacks the full range of possible recipient cells that would be present in vivo.
Using Transwell assays, we previously showed that we could achieve a 34% increase in miR-
100 after transfer from donor to recipient cells (Cha et al., 2015a). Given the half-life of most
mMiRNAs and their ability to repress multiple targets, such transfer could be biologically
significant. Here, we show that transcripts from pseudogenes are enriched in EVs which could
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not only alter gene expression patterns in donor cells, but also recipient cells. Pseudogene
transcripts have been shown capable of titrating miRNA levels due to binding sites in their
3'UTRs (Poliseno et al., 2010). The tumor suppressor gene PTEN and the oncogene KRAS
both have pseudogenes, PTENP1 and KRASP1, respectively (McGrath JP, 1983; Poliseno et
al., 2010). PTENP1 can regulate PTEN levels and exert a growth-suppressive role and down
regulation of PTEN expression is associated with focal copy number losses at the PTENP1
locus in sporadic colon cancer patient samples (Poliseno et al., 2010). A similar relationship was
observed between KRAS and its pseudogene KRASP1, where transcript levels are positively
correlated in different tumors suggesting a proto-oncogenic role for KRAS 1P (Poliseno et al.,
2010). Transcripts from both PTENP1 and KRASP1 were detected in KRAS mutant EVs, while
transcripts from PTENP1 were upregulated in EVs regardless of KRAS status. This suggests a
possible role in transcriptional regulation through cell-cell transfer of pseudogene derived
IncRNAs by extracellular delivery, potentially through modulation of miRNA activity.

For mRNA transfer, even relatively small increases in recipient cells could substantially
alter gene expression, dependent on the activity and half-life of a given mRNA/protein. Rab13 is
a member of the Rab family of GTPases that regulate vesicle trafficking and has been
implicated in controlling multiple proteins with roles in cancer (McPherson, 2016). Increased
Rab13 expression has been detected in radiotherapy resistant cells such that local transfer of
Rab13 mRNA in tumors could significantly alter the outcome of radiation treatment (Kim et al.,

2012). It will be interesting to identify what signals drive export of specific mMRNAs in EVs.

2.4.2 Size limitations on EV transfer
It remains unknown whether there is a strict RNA size limitation for inclusion into EVs.
From a variety of biofluids, it was reported that the majority of EV-associated RNAs fall within a
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size distribution of 25-700nt (Noerholm et al., 2012; Pegtel et al., 2010). When we compared
RNA profiles from EVs to cells, we found that the size distribution of annotated transcripts was
similar, suggesting that smaller RNAs are not preferentially exported into EVs. However,
identification of mapped reads within EV profiles does not guarantee that these RNAs are full
length. In fact, it appears by RT-PCR that intact longer RNAs are generally less than 1000nt
(data not shown)(Wei et al., 2017). In addition to size limitations, it is unknown whether secreted
long RNAs are characterized by a specific fragmentation or cleavage pattern. In certain
contexts, EV-associated mRNAs are enriched for 3'-UTR fragments (Batagov and Kurochkin,
2013; Wei et al., 2017). This may have important implications in regulating gene expression in
target cells since the 3’-UTRs of mRNAs are rich in regulatory sequences, similar to the effects
of pseudogene transcripts described above (McGrath JP, 1983; Poliseno et al., 2010). Although
the precise mechanisms for how 3’'UTRs are selected for secretion are unknown, one possibility
is that mMRNAs undergo post-transcriptional cleavage to produce 3'UTR fragments (Mercer et
al., 2010). Another possibility is that EV-associated mRNAs undergo degradation after secretion
via extracellular RNases and/or that RISC complexes (RNA Induced Silencing Complexes) are
exported into EVs and mRNAs are therefore subject to deadenylation and decay via RISC

components (McKenzie et al., 2016; Melo et al., 2014).

2.4.3 Mechanisms of RNA export

Previously, we showed KRAS-dependent selective export of miRNAs (Cha et al.,
2015a). For longer RNAs, Principal Component Analysis (PCA) allows segregation between EV
and cellular profiles, but KRAS-dependent sorting is not as obvious for EVs. When we restricted
PCA analysis to specific long RNA subtypes, the same trends were observed but we noticed
much greater variation between exosomal profiles. Together, the data seem to indicate that
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mechanisms regulating export of longer RNAs are distinct from those regulating export of
miRNAs. One possibility is that among the wide diversity of long RNAs being exported to EVs,
some are being secreted simply as part of normal cellular decay whereas others might be more
tightly regulated. Potentially, miRNAs are more tightly regulated as a subtype of RNA because
they are exported largely intact whereas the range of long RNAs may encompass both intact
and fragmented RNAs. This is consistent with the fact that miRNAs are more frequently being
examined as potential biomarkers in various extracellular fluids, but as sequencing of such
fluids continues, specific long RNAs might be identified that are subject to tightly regulated
export and therefore more likely to serve as useful biomarkers of disease (Freedman et al.,

2016; Matsumura et al., 2015; Quinn et al., 2015).

2.5 Methods

2.5.1 EV isolation

EVs were isolated from conditioned medium of DKO-1, Dks-8, and DLD-1 cells
(Higginbotham et al., 2011). Pooled media was centrifuged for 10 min at 300 x g and the
supernatant was filtered through a 0.22-um polyethersulfone filter (Nalgene, Rochester, NY).
The filtrate was concentrated ~300-fold with a 100,000 molecular-weight cutoff centrifugal
concentrator (Millipore) and then subjected to high-speed centrifugation at 150,000 x g for

2 hours. The resulting EV-enriched pellet was resuspended in PBS containing 25 mM HEPES
(pH 7.2) and washed by centrifuging at 150,000 x g for 3 hours. The wash steps were
repeated a minimum of 3 times. The resulting pellet was resuspended in PBS containing

25 mM HEPES (pH 7.2).



2.5.2 RNA purification

Total RNA from EVs and cells was isolated using TRIzol (Life Technologies). For EV
RNA isolation, TRIzol was incubated with 100 pul or less of concentrated EVs for an extended
15 min incubation prior to chloroform extraction. RNA pellets were resuspended in 60 pl of

RNase-free water and were then re-purified using the miRNeasy kit (QIAGEN).

2.5.3 mRNA library preparation and sequencing

Total RNA was extracted from EVs or cell lines using TRIzol followed by miRNeasy
Kit purification. Final elution was in 60 ul RNase free sterile distilled water. The concentration
and integrity of the extracted total RNA was estimated by Qubit® 2.0 Fluorometer (Invitrogen,
Carlsbad, California), and Agilent 2100 Bioanalyzer (Applied Biosystems, Carlsbad, CA),
respectively. RNA samples with a RIN value of at least 7.0 or higher were used for further
processing for cellular RNAs. Approximately 500 ng of total RNA were required for
proceeding to downstream RNA-seq applications. Ribo-zero Magnetic Gold rRNA removal
kits (Epicenter, Illumina Inc.) were used to remove ribosomal RNA from the total RNA. First
strand synthesis was performed using NEBNext RNA first strand synthesis module (New
England BioLabs Inc., Ipswich, MA, USA). Directional second strand synthesis was
performed using NEBNEXxt Ultra Directional second strand synthesis kit. Resulting cDNAs
were used for library preparation using NEBNext® DNA Library Prep Master Mix Set for
lllumina® with slight modifications. Briefly, end-repair was performed followed by poly-A
addition and custom adapter ligation. Post-ligated materials were individually barcoded with
unique in-house genomics service lab (GSL) primers. Library quality was assessed by Qubit
2.0 Fluorometer, and the library concentration was estimated by utilizing a DNA 1000 chip on
an Agilent 2100 Bioanalyzer. Accurate quantification for sequencing applications was
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determined using qPCR-based KAPA Biosystems Library Quantification kits (Kapa
Biosystems, Inc., Woburn, MA). Each library was diluted to a final concentration of 12.5 nM
and pooled equimolar prior to clustering. Paired-End (PE, 150bp) sequencing was performed
on all samples. Raw reads were de-multiplexed using a bcl2fastq conversion software v1.8.3

(lMumina, Inc.) with default settings.

2.5.4 Read mapping

Read sequencing quality checks were performed using FastQC (v0.11.2). Reads were
mapped to the human genome hg19 (UCSC) using tophat2 (v2.0.13) with gene annotation from
Gencode version 19. Htseq-count (version 0.6.1p1) was used for counting with the same
annotation as mapping. DESeq2 was used to perform differential analysis and PCA analysis.
The trimmed mean of M values (TMM) was used for normalization. The cutoffs for log2 fold
change (log2FC) and PDR were [log2FC| >= 1 and FDR <= 0.001. Functional enrichment

analysis was analyzed using WebGestalt (Wang et al., 2017).

2.5.5 Gene ontology

Reads were mapped as above with two differences: DESeq2 was used to detect
differential expression between exosomes and cells, and reads were aligned to the reference
genome hg19 using STAR, followed by analysis using WebGestalt (for more in-depth

methodology on GO, visit www.webgestalt.org,).

2.5.6 Data availability
Raw RNA-sequencing data for all cellular and EV replicates, including all FASTQ files,

are available at http://exrna-atlas.org/genboreeKB/projects/extracellular-rna-atlas-
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v2/exat/datasets#EXRJFRAN16VDqI8AN. RNA-sequencing quality control, total mapped read

counts, total fold enrichment data, and all data associated with the Gene Ontology analysis can

be found at https://data.mendeley.com/datasets/9pd453pm7k/draft?a=abd2b83b-da41-4db4-

9821-ec5994747355.

2.5.7 RT-PCR and RT-gPCR

Accuscript RT (Agilent Technologies) was used to convert and amplify long RNAs to
cDNAs with 500 ng of RNA used per RT reaction. Random hexamer RT primers were used to
amplify cDNA for RT-qPCR while oligo-dT primers were used for RT-PCR assays. 1uL cDNA
product was used to amplify full length RNAs using a 25uL Phusion DNA polymerase reactions.
Tagman RNA assays (Life Technologies) were performed as indicated. Briefly, 10 ng of total
RNA was used per individual RT reaction; 0.67 uL of the resultant cDNA was used in 10 pyL
gPCR reactions. 1 pL of the resultant cDNA was used in a 10 yL gPCR reaction. gRT-PCR
reactions were conducted in 384-well plates using the Biorad CFX384 Real-Time System. All
C(t) values were <40. Triplicate C(t) values were averaged and normalized against b-actin.
Fold-changes were calculated using the AAC(t) method, where A = C(t)rna — C(t)us snrRNAB-Actin,
and AAC(t) = AC(t)wmor— AC(t)control, and FC = 2722€H_ |n some cases, RT-PCR bands were
electrophoresed and band intensity measured using AlphaView.
Primers:
Rab13HA_F: 5-ATGGCCAAAGCCTACGAC
Rab13HA-R: 5-TCAAGCGTAATCTGGAACATC
ACTB_F: 5-ATGTTTGAGACCTTCAACACCC
ACTB_R: 5-TGTGCAATCAAAGTCCTCG

Rab13_ORF_F: 5-ATGGCCAAAGCCTACGACC

Rab13_ORF_R: 5-GCCCAGGGAGCACTTGTTG
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GFP_F: 5-ATGGAGAGCGACGAGAGC

GFP_R: 5-TTATTCTTCACCGGCATCTG

2.5.8 Plasmid construction

Human Rab13 cDNA was synthesized using Accuscript RT (Agilent Technologies).
Rab13HA cDNA was inserted into the CMVMIR plasmid using BamHI and EcoRV (New
England Biolabs). CRISPR-Display plasmids were a gracious gift from David Shechner of the
Rinn Laboratory at Harvard University. All plasmids were confirmed by sequencing (Genewiz,

South Plainfield, NJ, USA).

Primers:
Rab13HA_F: 5-ATACGGATCCATGCCAAAGCCTACGAC

Rab13HA_R: 5- ATACGCGGCCGCTCAAGCGTAATCTGGAACATC

2.5.9 Transfection

CRISPR-Display. Cells were plated in 12-well plates (Corning, 3513, Corning, NY, USA) at a
density of 1.25x10° cells/well and left overnight at 37°C to reach ~70% confluency. The
following day, cells were transfected with 250ng each (1ug total DNA) of the following
constructs: Gaussia Luciferase (GLuc), Cypridinia Luciferase (Cluc), dCas9-VP64, and empty
gRNA vector (sg-CTL), or gRNAs containing CRNDE (sg-CRNDE), one copy of miR-100 (sg-
miR-100-1), or three tandem copies of miR-100 (sg-miR-100-3). Transfection used
Lipofectamine 2000 reagent. Cells were incubated for 24-hours in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Sigma-Aldrich, D5546, pen/strep, and non-essential amino acids (NEAA) at

37°C. Afterwards, cells were washed thrice with PBS and incubated with serum-free DMEM for
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another 48 hours. Media was then collected for EV collection.

2.5.10 Protein collection and western blotting

Protein was collected concurrently with RNA through TRIzol extraction (Life Technologies).
Following isolation, protein was resuspended in 1x RIPA buffer with 1% SDS (Life
Technologies). Protein concentration was quantified by BCA assay (BIO-RAD). 10ug of total
protein was loaded onto a 12% MINI-PROTEAN TGX® 12 by 50uL well pre-casted gel (BIO-
RAD). Gels were transferred using the Trans-Blot® Turbo Transfer System (BIO-RAD).
Membranes were blocked in 5% milk in TBS-T for 1 hour at room temperature. Primary antibody
was incubated overnight in 5% milk in TBS-T at 4°C. Secondary antibodies were incubated in
5% milk in TBS-T for 1 hour at room temperature. Membranes were treated with SuperSignal™
West Femto Maximum Sensitivity Substrate for 60 seconds (Thermo Scientific). Blots were then

exposed to film and developed for ~1 second to ~1 minute depending on band intensity.

Antibodies:
Mouse anti-B-Actin Antibody: 1:1000 (Abcam, ab6276)
Mouse anti-HA Antibody: 1:1000 (Sigma-Aldrich, 12CA5)

Anti-mouse ECL Antibody: 1:5000 (GE Healthcare, NA931)

2.5.11 Transwell co-culture assays

CRISPR-Display. Recipient cells were plated in 12-well Transwell (Corning, 3450, Corning, NY,
USA) plates at a density of ~6 x 10* cells/well and cultured in DMEM supplemented with 10%
FBS for 24 hours until about 70% confluent. Cells were transfected with 125ng of each of the

following constructs: Gaussia Luciferase (GLuc), Cypridina Luc (CLuc), and dCas9 plasmids,
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complexed with 2uL of Lipofectamine 2000. Donor cells were plated in separate 12-well dishes
at ~2.25 x 10* cells/well. Cells were transfected with either no guide RNA (no sgRNA), an empty
gLuc guide RNA control plasmid (sg-CTL), or GLuc guide RNAs containing CRNDE (sg-
CRNDE), one copy of miR100 (sg-miR-100-1), or three tandem copies of miR-100 (miR-100-3)
sequences. 24-hours post transfection, cells were trypsinized, seeded into Transwell dishes,
and allowed to adhere for 24 hours. Cells were then washed three times with PBS, co-cultures
were initiated in FBS-free growth medium. Media from co-cultures was collected at 48 hours
post co-culture. Co-culture media was subject to gLuc and cLuc reporter assays (NEB, E3300,
E3309). Fold activation was calculated as follows: [(gLuc/cLuc) sgRNA] /[(gLuc/cLuc) no
sgRNA] by comparing glLuc activation normalized to cLuc expression between cells with

sgRNAs or without guide RNA (no sgRNA).

Rab13-HA. Donor cells were plated in 12-well dishes at ~1.0 x 10° cells/well and cultured in
DMEM supplemented with 10% FBS for 24 hours until about 70% confluent. Cells were then
transfected with either no vector, 500ng cmvMIR; empty construct, or 500ng cmvMIR; Rab13HA
construct complexed with ~2-5uL of Lipofectamine 2000. Donor cells were incubated with DNA
complexes for 24 hours. Recipient cells were plated in 12-well Transwell (Corning, 3450,
Corning, NY, USA) plates at a density of ~1.5x10° cells/well and cultured in DMEM
supplemented with 10% FBS. Transfected cells were washed and seeded into 12-well (114
mm?), 0.4um-pore polyester membrane Transwell filters. (Corning, 3450, Corning, NY, USA) 24-
hours post seeding, media from donor Transwells and recipient wells were replaced with FBS-
free growth medium, and co-cultured. Cellular RNA and protein was collected from both donor

and recipient cell, in pooled triplicates, and purified through previously described means.
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2.A Appendix

2.A.1 Pairwise replicate analysis.
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2.A.1. Pairwise analysis comparing triplicates of each cell and EV RNA-seq library (18 samples
in total). Spearman correlations are shown between the cell replicates (R=0.90-0.93), between
EVs and their cognate cells (R=0.67-0.73), and between EV replicates (R=0.82-.94).
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2.A.2 Effects of serum starvation and ionomycin treatment on cellular RNA profiles

) DKO1, No Serum
A DKO1, No Serum, lonomycin
@ DKO1, Serum
[ DLD1, No Serum
DLD1, No Serum, lonomycin
M DLD1, Serum
A DKs8, No Serum

DKs8, No Serum, lonomycin
A DKs8, Serum

»

20-

10-
B DKO-1 D DKO-1

179 3

PC2: 31% variance

DKs-8 DLD-1

E DKO-1

20 -10 0 10 20 30
PC1: 52% variance

DKs-8 DLD-1

2.A.2. (A) PC analysis of cellular RNA-seq comparing triplicates of cells grown with or without serum, or
treated with ionomycin which was used in earlier experiments to increase overall EV yield (Higginbotham et al.
2011). The color code for the different conditions is shown at the right, cell type is indicated by the indicated
shapes. (B-E) Uniqgue RNAs upregulated when (B) cells were grown in serum versus without, (C) when cells
were grown serum-free versus with serum, (D) when cells were treated with ionomycin versus no treatment,
and (E) when cells were untreated versus with ionomycin treatment.
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2.A.3 Table. Top 100 KRAS-independent upregulated EV RNAs

Cell Log(2) Fold
Gene Name Line Change padj
REXO1L1P DKs-8 9.30 4.25E-108
REXO1L1P DLD-1 9.14 0.00E+00
REXO1L1P DKO-1 9.05 1.40E-22
ERVH-1 DKO-1 8.47 9.60E-04
LINC01609 DLD-1 8.30 5.54E-50
LINC01609 DKO-1 8.21 7.47E-14
ESRG DKO-1 7.98 2.69E-22
CYSLTR1 DLD-1 7.73 2.01E-29
ESRG DLD-1 7.71 5.57E-139
LINC01609 DKs-8 7.69 0.00E+00
RP11-306013.1 DLD-1 7.65 4.51E-24
RP11-445016.3 DLD-1 7.64 1.48E-37
LINC00504 DLD-1 7.61 4.93E-39
TTN DLD-1 7.59 1.38E-124
RP11-306013.1 DKO-1 7.57 7.27E-23
HHLA1 DKO-1 7.51 9.23E-12
MAB21L3 DLD-1 7.49 2.58E-45
CYSLTR1 DKO-1 7.47 6.99E-20
LINC00504 DKO-1 7.34 1.69E-12
RP11-34D14.1 DLD-1 7.31 1.72E-51
HHLA1 DKs-8 7.30 1.17E-23
RP11-703G6.1 DKs-8 7.25 3.37E-54
MAB21L3 DKO-1 7.23 8.05E-11
Xxbac-BPG154L12.4 DLD-1 7.21 1.32E-14
HHLA1 DLD-1 7.20 2.75E-46
RP11-703G6.1 DKO-1 7.15 1.22E-10
ESRG DKs-8 7.15 6.38E-250
TTN DKs-8 7.14 0.00E+00
LINC00504 DKs-8 7.08 0.00E+00
RP11-34D14.1 DKO-1 7.07 1.83E-13
RP11-306013.1 DKs-8 7.06 1.54E-110
CYSLTR1 DKs-8 7.05 0.00E+00
LACTB2-AS1 DLD-1 7.04 3.37E-18
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Xxbac-BPG154L12.4 DKO-1 6.96 8.52E-13
MAB21L3 DKs-8 6.90 0.00E+00
CFAP54 DLD-1 6.88 5.92E-26
TMEM212 DLD-1 6.88 3.11E-44
C120rf50 DLD-1 6.87 6.22E-16
ADAMTSL3 DLD-1 6.86 1.11E-47
ABCC9 DLD-1 6.85 2.35E-18
TRIM22 DLD-1 6.83 7.48E-122
SPINK9 DKs-8 6.82 0.00E+00
TMEM212 DKO-1 6.74 3.03E-12
CFAP54 DKO-1 6.71 6.34E-16
RP11-703G6.1 DKs-8 6.70 0.00E+00
RP11-34D14.1 DKs-8 6.67 0.00E+00
ABCC9 DKO-1 6.66 1.64E-19
TRIM22 DKO-1 6.63 1.77E-11
C120rf50 DKO-1 6.62 3.67E-14
AC011747 DLD-1 6.59 4.32E-22
ADAMTSL3 DKO-1 6.58 1.18E-09
CTC-260E6.6 DLD-1 6.54 2.63E-45
FLJ22447 DLD-1 6.48 5.67E-22
LACTB2-AS1 DKs-8 6.47 1.37E-48
Xxbac-BPG154L12.4 DKs-8 6.44 2.25E-91
UGDH-AS1 DLD-1 6.36 3.43E-30
TMEM212 DKs-8 6.34 0.00E+00
KIAA1328 DLD-1 6.32 2.00E-55
CFAP54 DKs-8 6.32 3.39E-66
TPTEP1 DKs-8 6.28 1.47E-196
TRIM22 DKs-8 6.27 0.00E+00
ABCC9 DKs-8 6.26 5.42E-60
AC011747 DKs-8 6.22 2.09E-60
RP11-25902.3 DLD-1 6.17 2.74E-38
AC011747 DKO-1 6.16 1.30E-15
UGDH-AS1 DKO-1 6.14 2.69E-12
RAB13 DKO-1 6.12 4.81E-04
C120rf50 DKs-8 6.11 2.80E-25
ADAMTSL3 DKs-8 6.09 0.00E+00
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SHISA9 DLD-1 6.06 5.63E-06
RP11-25902.3 DKO-1 5.98 1.83E-11
FLJ22447 DKO-1 5.96 3.66E-20
KIAA1328 DKO-1 5.88 4.16E-06
CTC-260E6.6 DKO-1 5.87 1.87E-06
AC007743.1 DLD-1 5.85 1.65E-06
CTC-260E6.6 DKs-8 5.83 6.45E-229
UGHD-AS1 DKs-8 5.80 0.00E+00
KIAA1328 DKs-8 5.75 0.00E+00
SHISA9 DKO-1 5.74 1.21E-21
RP11-25902.3 DKs-8 5.71 1.16E-95
TBC1D8B DLD-1 5.70 7.04E-30
KCNJ15 DKO-1 5.70 2.00E-06
FLJ22447 DKs-8 5.65 1.12E-17
RABGAP1L-IT1 DLD-1 5.65 1.74E-04
RP11-54515.3 DLD-1 5.64 8.68E-17
TMEMA45A DLD-1 5.64 3.96E-06
KCNJ15 DLD-1 5.62 3.69E-20
FAM228B DLD-1 5.62 1.65E-28
KCNQ10T1 DLD-1 5.61 1.83E-35
AC092669.3 DLD-1 5.61 8.38E-23
SULT1B1 DLD-1 5.58 1.43E-05
CTC-340A15.2 DLD-1 5.47 7.33E-05
KCNQ10T1 DKO-1 5.44 1.08E-09
AC007743.1 DKO-1 5.43 5.91E-08
RABGAP1L-IT1 DKO-1 5.42 8.69E-07
MIPOLA1 DLD-1 5.42 2.32E-25
TBC1D8B DKO-1 5.41 1.34E-09
TMEMA45A DKO-1 5.39 9.52E-11
C4orf32 DLD-1 5.37 3.24E-05
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2.A.4 Gene ontology

A Up

Down

biological regulation

cell communication

cell proliferation

cellular component organization
developmental process

growth

localization

metabolic process

multicellular organismal process
multi-organism process
reproduction

response to stimulus
unclassified

Down

W cell projection
B chromosome
cytoskeleton

B cytosol

M endomembrane system

B endoplasmic reticulum

B endosome

M envelope

W external encapsulating structure
B extracellular matrix

W extracellular space

golgi apparatus

lipid particle
macromolecular complex
membrane
membrane-enclosed lumen
microbody

mitochondrion

nucleus

ribosome

B unclassified

M vacuole

W vesicle

Q

Down

M antioxidant activity
W carbohydrate binding
M chromatin binding
W electron carrier activity
W enzyme regulator activity
B hydrolase activity
M ion binding
M lipid binding
W molecular adaptor activity
W molecular transducer activity
W nucleic acid binding
nucleotide binding
W oxygen binding
protein binding
structural molecule acitivity
W transferase activity
translation regulator activity
M transporter activity
unclassified

2.A.4. Gene ontology of RNAs globally upregulated in EV samples compared to cellular samples grouped by
(A) Biological Processes, (B) Cellular Components, or (C) Molecular Function. GO categories are shown in pie
charts with groups upregulated in EVs labeled ‘Up’ and groups downregulated in EVs labeled ‘Down’.
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2.A.5 mRNA RNA-seq read profiles
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2.A.5. Reads were mapped across transcripts encoding Rab13, BMI1, and Rab3b. Genomic coordinates are at
the top with the intron and exon boundaries shown at the bottom of each set in blue. For each mRNA, the
read distribution is shown in grey with the RNA-seq pattern from EVs on top of the RNA-seq pattern from
cellular RNA. Only DKO-1 RNA-seq is shown. Numbers in brackets represent read count ranges (left). (A)
Read profile of Rab13 mRNA with reads mapping almost exclusively to exons suggesting the presence of full
length, spliced mRNA which was confirmed by RT-PCR. (B) Read profile of BMIT mRNA with reads mapping
almost exclusively to exons suggesting the presence of full length, spliced mMRNA. However, no full length
BMI1 mRNA could be detected in EVs, despite the read distribution pattern. (C) Read profile of Rab3b mRNA
in EVs with reads mapping across both exons and introns suggesting that either unspliced RNA was exported
to EVs or that fragmented RNA is present in the EV samples. The read distribution pattern from cellular RNA
is consistent with snliced mRNA_
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2.A.6 Validation of RNA-seq
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2.A.6. A subset of genes (as indicated) that were upregulated by RNA-seq were subjected to RT-gPCR to
validate the RNA-seq data. Validation was performed comparing (A) EV samples against cellular samples, (B)
cellular samples against cellular samples, and (C) EV samples against EV samples. Samples are color-coded,
where DKO-1 is black, DLD-1 is light gray, and DKs-8 is in dark gray. (* p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001).
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2.A.7 Extracellular transfer of Rab13 mRNA
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2.A.7. RNA-seq analysis showed upregulation of Rab713 mRNA in EVs. (A) Detection of full length Rab13
mRNA by RT-PCR of EV RNA using primers that span the entire coding region. Primers were also used that
span the coding region of 3-actin and BMI1. (B) Extracellular transfer of Rab713 mRNA was tested using
Transwell cultures. DKO-1 donor cells were transfected with HA-tagged Rab13 vector and cultured with Dks-8
recipient cells in Transwell cultures for 24 hours after which RT-PCR was performed on RNA from both cells.
Controls were no transfection of donor cells or transfection of donor cells with empty vector, described further
in Figure 3. (C) Quantification of band intensity from triplicate Transwell experiments. (WT) No transfection, (E)
Empty Vector Transfection, and (HA) Rab13HA Transfection. (D) RT-gPCR quantification of expression levels
of Rab13HA from triplicate Transwell experiments. (1) No transfection, (2) Empty Vector Transfection, and (3)
Rab13HA Transfection. (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). (E) Western blot detecting
transfer of Rab13-HA protein following co-culture of Rab13-HA expressing donor cells with untransfected
recipient cells. (WT) no transfection, (E) empty vector transfection, and (HA) Rab13-HA transfection. DKs-8 as
donor and DKO-1 as recipient (top) show no detectable levels of Rab13-HA in recipient cells co-cultured with
transfected donor cells. DKO-1 cells as donor cells and DKs-8 cells as recipient cells (bottom) show detectable
levels of Rab13-HA protein in recipient cells co-cultured with transfected donor cells. Rab13-HA size is
~28kDa. Actin size is ~42kDa.
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2.A.8 RT-PCR of gRNAs in DKO-1 EVs
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2.A.8. DKO-1 cells were either untransfected, transfected with vectors expressing unmodified gRNAs, or
transfected with vectors expressing gRNAs containing an insertion of 1 copy of miR-100. EVs were isolated
and RT-PCR was performed with primers detecting full length gRNA and showed that only gRNAs containing
miR-100 were detectable in exosomes.

72



Chapter 3

Rab13 regulates sEV secretion in mutant KRAS colorectal cancer cells

Scott A. Hinger’, Jessica J. Abner', Jeffrey L. Franklin?34, Dennis K. Jeppesen?,

Robert J. Coffey?*4, and James G. Patton'’

Departments of Biological Sciences', Cell and Developmental Biology?, Medicine?®, Vanderbilt
University Medical Center, Nashville, TN, 37235, Veterans Affairs Medical Center*, Nashville,

TN 37235, and Vanderbilt University, Nashville, TN 37235.

3.1 Abstract

Small extracellular vesicles (sEVs), 50-150nm in diameter, have been proposed to mediate cell-
to-cell communication with important implications in tumor microenvironment interactions, tumor
growth, and metastasis. We previously showed that mutant KRAS colorectal cancer (CRC) cells
release sEVs containing Rab13 protein and mRNA. Previous work had shown that disruption of
intracellular Rab13 trafficking inhibits epithelial cell proliferation and invasiveness. Here, we
show that Rab13 additionally regulates the secretion of sEVs corresponding to both traditional
exosomes and a novel subset of vesicles containing both 31-integrin and Rab13. We find that
exposure of recipient cells to sEVs from KRAS mutant donor cells increases proliferation and
tumorigenesis and that knockdown of Rab13 blocks these effects. Thus, Rab13 serves as both
a cargo protein and as a regulator of sEV secretion. Our data support a model whereby Rab13
can mediate its effects on cell proliferation and invasiveness via autocrine and paracrine

signaling.
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3.2 Introduction

Cell-to-cell signaling via EVs has been shown to play an important role in the
development and progression of various cancers, with significant effects on proliferation,
invasion and metastasis. Traditionally, EVs are classified both by size and biogenesis pathway
(Colombo et al., 2014b). Two major pathways have been described for EV release. In one, EVs
are secreted by direct budding from the plasma membrane, including larger microvesicles
(greater than 150nm) and a heterogeneous mixture of smaller vesicles (Booth et al., 2006;
Kowal et al., 2016). Smaller vesicles of endosomal origin (exosomes) are secreted when
multivesicular bodies fuse with the plasma membrane releasing their intraluminal contents.
Functionally, these different classes of vesicles utilize distinct mechanisms controlling cargo
content with cell- and disease-specific effects (Maas et al., 2016; Shifrin et al., 2013; Simons
and Raposo, 2009). However, it is now becoming clear that classifying vesicles into broad
classes based on size is too simplistic as it ignores differences in cargo content and biogenesis.
For these reasons, the preferred nomenclature is to refer to all secreted vesicles more broadly
as EVs (Thery, 2011) with differential centrifugation and density gradient centrifugation methods
used to distinguish between small (sEVs), large EVs, and non-vesicular (NV) content (Jeppesen
et al., 2019).

Previous work from our group using isogenic CRC cell lines has demonstrated that EV
cargo content is regulated in a KRAS dependent manner, including proteins, miRNAs, circular
RNAs, mRNAs, and long coding and non-coding RNAs (IncRNAs) (Cha et al., 2015a; Demory
Beckler et al., 2013; Dou et al., 2016; Hinger et al., 2018). We also showed that EVs can
mediate functional transfer of cargo from donor to recipient cells. However, the cellular
mechanisms by which specific proteins and RNAs are selected for secretion in EVs, as well as
the biogenesis of the EVs themselves, remains to be fully elucidated. We previously identified

an Argonaute 2 (AGO2)-dependent, KRAS-MEK signaling mechanism for miRNA secretion into
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EVs, but this mechanism is apparently miRNA-specific, and does not regulate global vesicle
secretion (McKenzie et al., 2016). More recent work using highly refined sEV purification
methods suggests that canonical exosomes (CD63+/CD81+/CD9+) from mutant KRAS cells
carry very few miRNAs with undetectable levels of Argonaute proteins (Jeppesen et al., 2019).
Thus, depending on the exact cell type and purification strategy, classical exosomes might
make up only a small percentage of the total sEVs secreted from cells.

Rab associated G proteins (Rabs) have been known for many years to play a role in
regulating endocytic trafficking in mammalian cells (Bhuin and Roy, 2014). Because some EVs
are secreted through similar endocytic pathways, we might expect that Rab proteins play a
regulatory role in EV secretion. Indeed, Rab27a/b and Rab35 play key roles in the regulation of
EV biogenesis (Hsu et al., 2010; Ostrowski et al., 2010). We previously identified another Rab
family member, Rab13, in EVs from mutant KRAS cells, but its role in EV secretion remains
unclear (Hinger et al., 2018). Cellular Rab13 has been shown to play a significant role in cancer
progression, invasiveness, and metastasis, partly related to the regulation of tight junctions and
adherens junction formation (loannou et al., 2015; Kanda et al., 2008; Kohler et al., 2004;
Sahgal S, 2019; Yamamura et al., 2008). Rab13 also regulates 1-integrin recycling in epithelial
cells and B1-integrin has been shown to be a marker for EVs in multiple systems (Peinado et al.,
2012; Sahgal S, 2019; Tauro et al., 2013). Further, B1-integrin+ sEVs promote anchorage-
independent growth in a pancreatic tumor model (DeRita et al., 2019; Schooley et al., 2012).
Here, we identify a novel and distinct subclass of 31-integrin+/Rab13+ EVs, and furthermore,
demonstrate that Rab13 regulates both the secretion of these new vesicles, as well as the

secretion of classical exosomes.
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Figure 9. Rab13 regulates EV secretion in a KRAS-dependent manner.
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Figure 9. (A) Rab13 knockdowns. Stable lines expressing one of two independent shRNAs targeting Rab13 were
created in wild type (DKs-8) and mutant (DKO-1) KRAS cells. Western blots were performed on cell lysates using
antibodies against Rab13 or GAPDH on the parent cell lines (No) or lines expressing an empty shRNA vector (E), a
scrambled shRNA vector (S), or sh#1 or sh#2 against Rab13. (B) Nanosight-tracking analysis (NTA) of sEVs isolated
from the cell lines outlined in A. (C) Proliferation assays. DKs-8 recipient cells were co cultured for 48 hours in the
presence of either no donor cells, DKO-1 cells expressing an empty shRNA vector (E), or DKO-1 cells stably
expressing sh#1. Recipient cells were then collected and total cells were counted and plotted relative to the number of
cells counted in the absence of any donor cells. (D) Luciferase reporter assays. DKs-8 recipient cells were transiently
transfected with a vector expressing luciferase fused to a control 3' UTR or a 3’'UTR containing three perfect binding
sites for miR-100. Recipient cells were then co-cultured for 48 hours with either no donor cells, DKO-1 cells
expressing an empty shRNA vector (E), or DKO-1 cells stably expressing sh#1. Cell lysates were prepared and
luciferase expression was measured with lower luciferase expression representing more transfer of miR-100. (E)
DKO-1 cells with or without Rab13 knockdown were grown in soft agar for 2 weeks in the presence or absence of
sEVs purified from DKO-1 cells. (F) Quantification of colony counts from three biological soft agar assay replicates
Significance was determined by one-way ANOVA. * = p < 0.05, ** = p < 0.01, **** = p < 0.0001. Data represent mean
+/- SE, n=3. ns=no significance.

3.3 Results

3.3.1 Rab13 regulates sEV secretion in a KRAS-dependent manner.

We previously showed that Rab13 mRNA and protein are enriched in sEVs from KRAS-
mutant CRC cells (Hinger et al., 2018). Given proposed functional roles for Rab13, we
hypothesized that Rab13 might regulate the secretion of sEVs. Independent stable KRAS-
mutant and KRAS-wildtype CRC cells were generated that express shRNAs against Rab13
MRNA leading to an 70-80% reduction in Rab13 between the two distinct shRNA lines (Fig.
9A). Conditioned media were collected from control and knockdown cells and crude sEVs
(P100; see Fig. 11A) were purified. Particle counts were analyzed by nanoparticle tracking
analysis (3.A.1) and quantified relative to input cell counts. We observed a dramatic decrease in
particle counts/cell when Rab13 was knocked down in two different mutant KRAS DKO-1 cell
lines, but not after knockdown in wild type KRAS DKs-8 cells (Fig. 9B). Despite the decrease in
sEVs, we did not observe any defects in cell proliferation (3.A.2), in contrast to previous work

using breast cancer epithelial cells (loannou et al., 2015).
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To test the functional significance of Rab13-dependent secretion of sEVs, we utilized
two distinct Transwell assays (3.A.3). We first tested whether parent DKO-1 cells, which
express normal levels of Rab13, would affect the proliferation of DKs-8 cells in a co-culture
environment. When plated on opposite sides of a Transwell membrane, the presence of DKO-1
cells in the donor compartment increased the proliferation of recipient DKs-8 cells, compared to
control conditions with no donor cells (Fig. 9C). However, Rab13 knockdown in the donor DKO-
1 cells abrogated the effect on proliferation in DKs-8 recipient cells following co-culture (Fig.
9C). This suggests that Rab13 regulates extracellular secretion in DKO-1 cells and that
decreased levels of Rab13 blocks proliferation inducing effects in recipient cells.

Previously, we showed that miR-100 can undergo functional transfer from donor mutant
KRAS cells to recipient wild type KRAS cells using luciferase reporter assays (Cha et al.,
2015b). When we tested whether Rab13 knockdown might alter miR-100 transfer, we again
found that decreased levels of Rab13 reduced extracellular transfer from DKO-1 donor to DKs-8

recipient cells resulting in increased luciferase reporter expression (Fig 9D).

3.3.2 Rab13 regulates anchorage-independent growth via sEVs

sEVs from mutant KRAS cells can promote proliferation and anchorage-independent
growth in wild type cells (Demory Beckler et al., 2013; Higginbotham et al., 2011). Thus, we
tested whether Rab13 knockdown in DKO-1 cells would alter colony formation in soft agar
assays. First, DKO-1 cells were incubated with DKO-1 sEVs prior to embedding in soft agar.
Exposure of DKO-1 cells to sEVs in this manner increased the total number of colonies in soft
agar, compared to untreated DKO-1 cells, consistent with previous results (Demory Beckler et
al., 2013) (Fig. 9E-F). We then tested the effects of Rab13 knockdown on colony growth in soft
agar. Loss of Rab13 slightly reduced the number of colonies in soft agar (Fig. 9F). However,

exposure of the knockdown lines to sEVs from normal DKO-1 cells restored the colony counts
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back to control DKO-1 levels (Fig. 9F). Besides growth in soft agar, we also found that sEVs
from DKO-1 cells caused an increase in tumor-like, migratory colonies when grown in type-1
collagen (3.A.4). Again, knockdown of Rab13 blocked this effect, whereas exposure to sEVs
from DKO-1 cells rescued migratory colony numbers (3.A.4). Taken together, these results
suggest that Rab13 regulates anchorage-independent and 3D growth through regulation of sEV

secretion, linking sEV biogenesis and tumorigenesis in CRC.

3.3.3 Rab13 regulates the secretion of sEV markers

To further investigate the role that Rab13 plays in vesicle secretion, sEVs were isolated
from control and knockdown cells (Fig. 10A). Consistent with the overall decrease in sEVs
observed after knockdown of Rab13, we observed reduced levels of the classical exosome
markers CD63, CD81, and TSG101 (Fig. 10B). Previous work has shown that f1-integrin can
be detected in EVs (Hurwitz and Meckes, 2019; Paolillo and Schinelli, 2017) and that Rab13
can regulate B1-integrin recycling in an epithelial cancer model (Sahgal S, 2019). Furthermore,
B1-integrin was detected in non-exosomal EVs (Jeppesen et al., 2019). Thus, we tested
whether knockdown of Rab13 would reduce secretion of B1-integrin. As shown in Fig. 10B,

knockdown of Rab13 reduced the levels of secreted B1-integrin (Fig. 10B).

3.3.4 Rab13 and B1-integrin co-localize at the plasma membrane

Integrins belong to a family of cell adhesion receptors consisting of heterodimers with o
and 3 transmembrane subunits that interact with the extracellular matrix. Integrins have been
implicated in cancer progression and metastasis (Anastasiadou and Slack, 2014; Hamidi and
Ivaska, 2018; Hoshino et al., 2015; Zhang and Grizzle, 2011). Tumor cells express distinct
subsets of integrins and it has been proposed that exosomal integrins can predict organ-specific

metastases (Hoshino et al., 2015; Wortzel et al., 2019). In most studies examining integrins as
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EV cargo, the distribution of integrins in EV subclasses, including classical exosomes, is
complex (Jeppesen et al., 2019), depending on the exact integrin cargo interrogated. Rab13 has
been implicated in B1-integrin trafficking to the cell surface (Sahgal S, 2019), but its role in EV
trafficking remains unknown. To gain insight into the mechanisms regulating secretion of Rab13
and B1-integrin, DKO-1 cells were fixed and stained for endosomal and plasma membrane
markers. Rab13 and B1-integrin were found to co-localize primarily at the plasma membrane in
DKO-1 cells with little to no co-localization with CD63, a marker of the MVB and of classical
exosomes (Fig. 10C). In contrast, Rab13 and (1-integrin were found to co-localize at the

plasma membrane with CD81, another classical exosome maker (Fig. 10C).

3.3.5 B1-integrin is enriched in EVs.

To identify which specific class of EVs contain 1-integrin, media was collected from
CRC cells and crude large EVs (P2), microvesicles (P10), and sEVs (P100) were purified from
KRAS mutant DKO-1 cells by differential centrifugation (Fig. 11A). Using this method, $1-
integrin and Rab13 were both detected in the P10 and P100 samples, which include
microvesicles and sEVs, respectively (Fig. 11B). This is distinct from CD63, which was detected

primarily in the P100 samples (Fig. 11B).
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Figure 10. Rab13 regulates and co-localizes with sEV markers.
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Figure 10. (A) Cell lysates prepared from DKO-1 cells expressing an empty shRNA vector (E), a scrambled shRNA
vector (S), or shRNAs targeting Rab13. Western blots were performed with antibodies against 1-integrin, CD63,
CD81, and TSG101. (B) Quantification of immunoblots (n=3) of SEV markers under Rab13 knockdown conditions. (C)
Immunolocalization of Rab13, sEV and plasma membrane (Plasma membrane Ca2+ ATPase, PMCA) markers in
DKO-1 cells. Cells were stained with DAPI (blue), Rab13 (magenta), or antibodies against 1-integrin, CD63, CD81,
or PMCA (green). Rab13 co-localized with the plasma membrane when contact was made between neighboring cells.
Significance was analyzed by one-way ANOVA. ** = p < 0.01, *** = p < 0.001. Data represent mean +/- SE, n=3.

To test whether enrichment of B1-integrin and Rab13 in the P100 fractions is vesicle
associated or not, we utilized ultracentrifugation followed by high resolution iodixanol density
gradients (Jeppesen et al., 2019). Using this method, Rab13 and B1-integrin were found to co-
sediment in fractions 1-3 which correspond to sEVs (Fig. 11C). Non-vesicular, protein
aggregates localize to the higher density fractions in these gradients (Jeppesen et al., 2019).
Rab13 and B1-integrin were more enriched in the lighter density fractions (fractions 1-3)
compared to fractions 4-6 which are enriched in the classical exosome marker CD63, and to the
NV fractions (9-12) which are enriched in histone H3, a extracellular marker for protein
aggregates. This suggests that Rab13 and 31-integrin are associated with vesicles that are
larger in size and/or more lipid rich, compared to classical exosomes. Transmission electron
microscopy (TEM) images on vesicles purified from either fractions 1-3 or 4-6 showed a clear
difference in vesicle size, indicating that this population of vesicles is unique from classical
exosomes (Fig. 11D-F). The iodixanol gradients show that sEVs enriched in 31-integrin are
more heterogeneous in size, as they were detected not only in the P10 pellet (microvesicles),
but also across a range of sV sizes and densities (Fig. 11B, 11C). These data suggest that
B1-integrin+ EVs are distinct from classical CD63+ exosomes and are both Rab13-associated

and Rab13-dependent for biogenesis.
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Figure 11. Identification of B1-integrin+, Rab13+ sEVs.
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Figure 11. (A) sEV purification protocol. Conditioned media were collected from DKO-1 cells and subjected to
differential centrifugation to pellet cells, large EVs, cell debris, and microvesicles, as indicated. Pre-cleared
conditioned media was then subjected to one of three different isolation techniques: overnight ultracentrifugation at
100,00xg (crude sEVs), high resolution iodixanol gradient purification, or direct immuno-affinity capture. (B) Fractions
described in A were subjected to western blot analysis using antibodies against the indicated proteins. LAMP-1 is a
marker of the lysosome. CD63, TSG101, and CD81 are classical markers of exosomes. (C) Immunoblots of sEVs
and non-vesicular (NV) fractions purified from DKO-1 cells following high resolution 12-36% iodixanol gradient
purification. (D) Transmission electron microscopy (TEM) of vesicles isolated by high resolution iodixanol gradients,
fractions 1-3. Scale bar=500nm. (E) Transmission electron microscopy (TEM) of vesicles isolated by high resolution
iodixanol gradient purification, fractions 4-6. Scale bar=500nm. (E’) Higher resolution TEM image from E. Scale
bar=100nm. (F) Vesicle sizes from the high resolution iodixanol gradients were determined and plotted. Black line
corresponds to fractions 4-6 and red line corresponds to fractions 1-3. The mean diameter of the vesicles in fractions
1-3 was significantly different (p-value = 2.4x107°) from the mean diameter in fractions 4-6 by Student’s t-test.

3.3.6 B1-integrin+ EVs are distinct from CD63+ exosomes

To further test if B1-integrin+ EVs are distinct from CD63+ classical exosomes, we used
direct immuno-affinity capture (DIC) to isolate distinct EVs enriched in both the P10 microvesicle
and P100 sEV samples (Jeppesen et al., 2019). P10 (Fig. 12A) or P100 (Fig. 12B) samples
were incubated with beads coated with antibodies against either 31-integrin or CD63. After
incubation, the beads were extensively washed, the bound material was released in lysis buffer,
and western blots were performed. When beads coupled to 31-integrin were incubated with P10
fractions, the bound material was enriched for both B1-integrin (as expected) and Rab13,
supporting the hypothesis that these proteins are in the same vesicle (Fig. 12A). Due to low
abundance of CD63 in the P10 microvesicle population, DIC against CD63 was unsuccessful.
Instead, DIC was carried out on P100 samples using beads coated with antibodies against
CD63+ (classical exosomes) or B1-integrin. With this method, no association was detected
between CD63 and B1-integrin (Fig. 12B). Analysis of the P100 fractions showed enrichment of
Rab13 in B1-integrin+ sEVs, further confirming the link between Rab13 and B1-integrin+ EVs

(Fig. 12B).
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Figure 12. B1-integrin+/Rab13+ EVs are distinct from CD63+ exosomes
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Figure 12. Direct immunoaffinity capture (DIC) was used to purify vesicles associated with either 31-integrin or CD63
(Jeppesen et al., 2019). (A) Vesicles from the P10 centrifugation step were immunoaffinity captured with antibodies
against B1-integrin and then western blots were performed on the captured material using antibodies against 31-
integrin, CD63 or Rab13. (B) Vesicles from the P100 centrifugation step were immunoaffinity captured with antibodies
against either CD63 or 31-integrin and then western blots were performed as in A. DIC shows a distinction between
B1-integrin+ sEVs and the CD63+ classical exosomes, with an enrichment of Rab13 in the B1-integrin+ sEVs.

Rab13 was also detected in fractions overlapping with CD63+ (classical exosomes),
which could explain why knockdown of Rab13 also reduced the secretion of classical exosome
markers (Fig. 10) although Rab13 might also affect biogenesis of EVs without itself being a
cargo protein. Together, the data support a novel population of f1-integrin+ EVs distinct from
classical exosomes that are enriched in both the P10 microvesicle population and the P100 sV
population. The data also demonstrate a link between Rab13 and B1-integrin+ EVs, supporting

a new population of EVs whose biogenesis is Rab13-dependent.
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3.4 Discussion

3.4.1 Rab13 regulates EV secretion in mutant KRAS cells.

In this study, we demonstrate that Rab13 can regulate the secretion of SEVs in a KRAS-
dependent mechanism. Previous work has shown that Rab27a/b and Rab35 regulate EV
secretion (Hsu et al., 2010; Ostrowski et al., 2010). Our work expands the number of Rab family
members that can regulate EV biogenesis and also uncovers a potential new mechanism of
secretion distinct from fusion of MVBs with the plasma membrane. Rab proteins as a family may
play a significant role in the secretion of multiple subclasses of EVs, with the caveat that the
specific role played by individual Rab proteins may be both cell-type and disease-state specific.

Rab13-dependent trafficking of f1-integrin has been shown in breast cancer epithelial
cells (Sahgal S, 2019) and B1-integrins have been identified in sEVs released from a number of
cells, notably breast and pancreatic cancer cells (Hoshino et al., 2015; Paolillo and Schinelli,
2017; Wortzel et al., 2019). We show that Rab13-dependent sEVs promote cell growth, miRNA
transfer, and anchorage-independent growth in a KRAS-dependent manner in CRC cells.
Decreased levels of Rab13 reduced secreted B1-integrin levels and inhibited cell growth,
miRNA transfer, and anchorage-independent growth. Previously, classical exosomes containing
B1-integrin were proposed to promote anchorage-independent growth in a pancreatic tumor
model (DeRita et al., 2019). By immunocapture, we observed few, if any, 1-integrin-containing
vesicles associated with the classical exosome marker CD63, suggesting that 31-integrin+,

Rab13-dependent sEVs might be responsible for promoting anchorage-independent growth.
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3.4.2 Heterogeneity in sEV populations.

There is growing evidence that there is significant EV heterogeneity, even among
traditional subclasses such as exosomes. Although exosomes have traditionally been described
as the primary form of sEVs, not all vesicles ~40-150nm are classical exosomes (Jeppesen et
al., 2019). Classifying EV populations by size is not sufficient to characterize or identify one
subclass over another. Full understanding of overall EV heterogeneity requires standardized
purification methods (Thery et al., 2018), as well as an appreciation that EV cargo can differ in a
cell-context manner. The recent use of high resolution density gradient fractionation methods
further demonstrates that the exact purification strategies adopted can also affect the presence
of protein and RNA cargo (Jeppesen et al., 2019). When we employed high resolution
gradients, we discovered that Rab13 is associated with B1-integrins in a population of sEVs that
are distinct from classical CD63+ exosomes. Furthermore, we found that Rab13 is required for
the efficient release of EVs in mutant KRAS cells but not in isogenic wild type KRAS cells. 1-
integrin+ EVs are found in both P100 sEV and P10 microvesicle fractions, unlike classical
CD63+ exosomes which are enriched in P100 sEV populations. This suggests that there may
be overlap between what are currently considered classical sEVs and classical microvesicles.
The cellular localization and size of B1-integrin+/Rab13+ sEVs suggest that these EVs are more
likely secreted from the plasma membrane than via fusion of MVBs with the plasma membrane.

The high-resolution density gradients that we utilized followed a different protocol from
Jeppesen et al. (2019) with differences in ultracentrifugation times and we did not subject
supernatants from conditioned media (see Fig. 4) to filtration through a 0.2 micron filter before
they were used as input for the density gradients. Had we followed the exact protocol described
by Jeppesen et al (2019) (Jeppesen et al., 2019), the larger B1-integrin+, Rab13+ vesicles

would not have been present in the gradients and therefore would not have been detected. This
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further emphasizes the point that the extent of vesicle heterogeneity is dependent on the choice

of purification protocol.

3.4.3 Rab13 localization and cell confluency

Our immunostaining data (Fig. 9) shows that Rab13 localizes to the plasma membrane
and co-localizes with 1-integrin in mutant KRAS cells. For those experiments, we performed
the localization experiments at the same culture times and conditions as when we isolated EVs.
However, in the course of those experiments, we noticed that when cells are plated at low
density, Rab13 localizes more broadly to the cytoplasm and then re-localizes to the plasma
membrane when cell-to-cell contact occurs. It is possible that the role that we observe for
Rab13 in regulating EV secretion, especially secretion of f1-integrin+, Rab13+ sEVs, is
dependent on culture density or confluency. Interestingly, we previously observed differences in
mMiRNA secretion between mutant (DKO-1) and wild type (Dks-8) KRAS cells (Cha et al., 2015a;
McKenzie et al., 2016). Even when cultured at low density, mutant KRAS cells tend to clump
together and make contact with one another, whereas individual wild-type KRAS cells spread
out and only come into contact as the confluency increases. The secretion of B1-integrin+,
Rab13+ vesicles (and possibly other EVs) might be confluency-dependent, which could also

account for differences in miRNA export.

3.4.4 EV heterogeneity and extracellular RNA

In the study of extracellular RNA, miRNAs have dominated, due to their small size and
the ability to demonstrate functional transfer of miRNA from donor to recipient cells (Aucher et
al., 2013; Cha et al., 2015b; Chen et al., 2012; Fabbri et al., 2012; Melo et al., 2014; Ono et al.,
2014; Zhang et al., 2015; Zomer et al., 2010). Previous work from our group has demonstrated

KRAS-dependent sorting of Argonaute 2 protein (AGO2) into exosomes, presumably with
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associated miRNAs (McKenzie et al., 2016). However, depending on the cell type and
purification protocol, CD63+ exosomes have been isolated that lack detectable levels of AGO2
proteins (Jeppesen et al., 2019; Temoche-Diaz et al., 2019). One possible explanation is cell-
type specific secretion of mMiRNAs associated with AGO2 from the plasma membrane like the
novel population of f1-integrin+/Rab13-dependent sEVs that we have identified here. Another
possibility is secretion of naked miRNAs in 31-integrin+, Rab13-dependent sEVs that activate
Toll-Like Receptor 8 within the endosomal system (Fabbri et al., 2013). Nonetheless, our results
expand what is known about EV heterogeneity and biogenesis, adding a new wrinkle that EV

cargo composition across different EV subclasses can depend on Rab13 and KRAS status.

3.5 Methods

3.5.1 Cell culture

DKO-1 and DKs-8 CRC cells are isogenic cell lines derived from the parental DLD-1 line
(Shirasawa et al., 1993). DLD-1 cells are heterozygous for KRAS, Dks-8 cells contain a single
wild type allele of KRAS, and DKO-1 cells contain a single mutant KRAS allele. Cells were
cultured in standard DMEM (Glibco) with 10% FBS, 1% non-essential amino acids, 1% L-
glutamine, and 1% penicillin/streptomycin (Glibco). Cells were grown at 37°C in 5% CO.. Cells

were passaged a maximum of 10 times before being discarded.

3.5.2 Isolation of EVs

EVs were isolated through three varying levels of purity. Cells were seeded into 3-20
T175 flasks (Corning) at a density of 6.5x10° (DKO-1) or 7.5x10° (DKs-8) cells per flask. Cells
were grown in the presence of serum to 80% confluency (~48 hours), washed three times with
1x Dulbecco’s PBS (DPBS; Gilbco), and then grown for 48 hours in serum free media. Cell-
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conditioned media (CM) was collected and subjected to differential centrifugation in three steps:
1000rpm for 10 minutes (room temperature), 2000xg for 25 minutes (4°C), and then 10,000xg
for 30 minutes (4°C). These steps produce cell pellets, cell debris and large EVs, and
microvesicles, respectively. P100 pellets (crude sEVs) were obtained by centrifuging CM that
had been subject to the three steps above for additional 17 hours at 100,000xg (4°C). Pellets
were suspended in 1xDPBS and washed by centrifugation at 100,000xg twice for 70 minutes
each time (4°C). Pellets were then resuspended in 20uL 1xPBS. For gradient preparations, CM
subject to the three steps above was concentrated using a 100K concentrator (MilliPore) down
to ~5mL. The concentrated media was then layered onto a 1mL 60% iodixanol cushions
(Optiprep), and centrifuged at 100,000xg for 17 hours (4°C). The bottom 3mL was collected and
then layered on top of an iodixanol discontinuous gradient consisting of 3 ml layers of 40%, 20%
(CM layer), 10%, and 5% iodixanol. After centrifugation at 100,000xg for 17 hours (4°C), 1mL
fractions (12) were collected (top to bottom). Each fraction was diluted in 12mL 1xDPBS and
then centrifuged at 100,000xg for 3 hours (4°C). Final pellets were resuspended in 10-30uL

1xPBS.

3.5.3 Nanoparticle tracking analysis (NTA)

Particle sizes and numbers were analyzed using the Zetaview® Nanoparticle Tracking
Video Microscope PMX-120 (Particle Matrix) and associated software. After optimization of the
software, settings were held constant across all four samples for each replicate. Typical

concentration of vesicles ranged from 108 to 10" particles/mL.

3.5.4 Direct immunoaffinity capture of seVs
DIC was carried out as previously published (Jeppesen et al., 2019). In short, antibodies

against either CD63+ (BD bioscience) or p1-integrin+ (BD bioscience) were bound to
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Dynabeads (Thermofisher) at 5ug of antibody per 1mg beads. Conjugated beads were then
washed, and incubated with DKO-1 pre-cleared conditioned media overnight, agitating at 4°C.
Following incubation, beads were washed three times in DIC wash buffer, then re-suspended in
1x RIPA buffer (ThermoFisher). Samples were then loaded onto PAGE gels (Biorad) for western
blot analyses.

DIC against the P10 pellet (microvesicles) was carried out in the same fashion but the

P10 pellet was resuspended in DIC wash buffer, and then incubated with conjugated beads.

3.5.5 Plasmid construction

Human Rab13 cDNA was synthesized using Accuscript RT (Agilent Technologies) from
RNA purified from DKO-1 CRC cells. Rab13HA cDNAs were inserted into the
pcDNA3.1+(Zeocin) plasmid using BamHI and Notl (New England Biolabs). shRNA plasmids
were a gift from the Vanderbilt shRNA Core (Vanderbilt University). Rab13 shRNA #1 targeted
the 3'UTR while shRNA #2 targeted the 3’ end of the Rab13 ORF. All plasmids were confirmed

by sequencing (Genewiz, South Plainfield, NJ, USA).

Primers
Rab13HA_F: 5-ATACGGATCCATGCCAAAGCCTACGAC

Rab13HA_R: 5’- ATACGCGGCCGCTCAAGCGTAATCTGGAACATC

3.5.6 Protein collection and western blotting

Protein concentrations were quantified by BCA assays (BIO-RAD). For western blots,
proteins were denatured in 1x RIPA buffer (Life Technologies). 2-5ug of total protein were
loaded onto pre-cast gels (10 or 12% MINI-PROTEAN TGX® 12 by 15 or 50uL well pre-casted

gel, respectively; BIO-RAD). Separated proteins were transferred to nitrocellulose using the
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Trans-Blot® Turbo Transfer System (BIO-RAD). Membranes were blocked in 5% milk in TBS-T
for 1 hour at room temperature. Primary antibodies were incubated overnight in 5% milk in TBS-
T at 4°C. Secondary antibodies were incubated in 5% milk in TBS-T for 1 hour at room
temperature. Blots were then washed in 1x TBS-T three times. For visualization, membranes
were treated with SuperSignal™ West Femto Maximum Sensitivity Substrate for 60 seconds
(Thermo Scientific). Blots were then exposed to film and developed for ~1 second to ~5 minutes

depending on band intensity.

3.5.7 Transfection of shRNA plasmids and Rab13HA expression plasmids

Plasmids were transfected using the Lipofectamine 2000 protocol (ThermoFisher). Cells were
seeded at 0.1x10° cells per well in 12 well dishes (Corning) and incubated for 24 hours at 37°C.
500-1000ng of DNA were incubated with 5uL Lipofectamine 2000 per well for 20 minutes at
room temperature, and then added to individual wells. Cells were then incubated at 37°C for 24
hours before antibiotic selection for 1-2 weeks. shRNA vectors were selected using 1ug/mL
Puromycin while Rab13HA expression vectors were selected using 50-100mg/mL Zeocin
(ThermoFisher). shRNA transfections were confirmed via GFP visualization and Rab13HA
expression was confirmed by western blot detection via an a-HA antibody. Rescue experiments
transfected Rab13HA cDNA into shRNA vector expressing cells followed by selection with both

Puromycin and Zeocin.

3.5.8 Three-dimensional culturing of DKO-1 cells in type-1 collagen

Cells were cultured in type-1 collagen as previously published (Li et al., 2014). In short,
500 DKO-1 cells were embedded in a 2.5mg/mL type-1 collagen solution with 1x DMEM and
10% FBS in a single wells (Advanced BioMatrix). Each well contained three separate 450pL

layers of collagen solution, with the cells embedded in the center layer. Each layer was solidified
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separately at 37°C for 20-40 minutes. The collagen layers were covered with 500uL DMEM
media. When supplementing DKO-1 sEVs, each well was given ~10ug of DKO-1 P100 sEVs
every 4 days when the media was changed. Colonies were allowed to develop for 3 weeks at
37°C, and then counted. A total of 9 different wells were counted per experiment and

experimental condition.

3.5.9 Transwell proliferation assays
Donor cells were seeded at a density of 0.05x10° cells per Transwell. Recipient cells were
seeded at a density of 0.1x10° cells per well. Donor and recipient cells were seeded separately,
washed three times in 1xDPBS, and then co-cultured in serum free medium. Following 48 hours
of co-culture at 37°C, recipient cells were collected and then counted using a BioRad cell
counter. Each experiment was carried out with three technical (individual wells) and three
biological (distinct Transwell plates) replicates.
3.5.10 Transwell luciferase reporter assays

Recipient cells were plated in 6-well plates at a density of ~2.5x10° cells and cultured in
DMEM supplemented with 10% bovine growth serum for 24 hours. Media were replaced and
cells were co-transfected (Promega, E2311, Madison, WI, USA) with 1.5 ug of Luc-reporter
plasmid and 1.5 pg B-gal plasmid DNA/well. Donor cells were plated on top of 0.4 um polyester
membrane Transwell filters (Corning, 3450, Corning, NY, USA) at ~2.5x10° cells/well for 24
hours. Media from donor Transwells and recipient 6-well plates were removed and replaced with
DMEM without FBS. Co-culture of donor and recipient cells was conducted for either 48 hours
before recipient cells were harvested. Lysates were prepared in 1X Reporter lysis buffer
(Promega, E2510) and luciferase assays were performed according to the manufacturers
protocol (Promega, E2510). B-gal expression was simultaneously determined from the lysates

(Promega). Differences in transfection efficiency were accounted for by normalizing Luc
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expression to B-Gal expression (Luc/B-Gal). All assays were performed on 3 biological

replicates, each with 3 technical replicates.

3.5.11 Proliferation assays

Cells were plated at 0.1x10° cells per well in 12 well dishes (Corning). Individual wells
were collected every 24 hours following adherence, and cell counts were calculated using the
BioRad Cell Counting System (BioRad). Each time point was collected three different times, and

the mean was plotted to calculate a relative exponential growth curve (Prism 9).

3.5.12 Soft agar assays

Soft Agar assays were carried out as described (Demory Beckler et al., 2013). In short,
1% Noble Agar (Sigma-Aldrich) was warmed and then mixed with 2xDMEM media and 500pL of
the mixture was plated in each well and allowed to solidify at room temperature. 500 cells (1500
cells per triplicate) were resuspended in 500uL standard DMEM media and incubated with or
without 10ug DKO-1 P100 sEVs for 2 hours at 37°C. Following incubation, cells were
centrifuged at 1000rpm for 5 minutes (room temperature), and resuspended in 1.5mL, 0.3%
Noble Agar, 1x DMEM solution followed by plating of 500uL of the solution on top of the
previous layer and allowed to solidify at room temperature until each layer solidified. 500uL of
fresh standard DMEM culture media was then added over the solidified cultures, supplemented
with or without 10ug of DKO-1 P100 sEVs. Cell media was then replaced every 4 days. Cultures
were incubated at 37 °C for 2 weeks to allow colony formation. Colonies were stained with
nitroblue tetrazolium chloride solution (Sigma) overnight at 37°C, and then counted the following
day.
3.5.13 Immunocytochemistry

DKO-1 cells were seeded at 1x10° cells per well in 12 well dishes (Corning) containing a
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single glass coverslip (Fisherbrand). Cells were given ~24 hours to adhere and grow at 37°C
after which cells were washed twice in 1xPBS and fixed in 4% paraformaldehyde for 20 minutes
at room temperature. Cells were permeabilized using 0.1% Triton X-100 for 15 minutes at room
temperature and then incubated with 5% BSA and 5% donkey serum for 1 hour at room
temperature. Incubation with primary antibodies in 10% donkey serum at 1:100 dilution was
overnight at 4°C. Cells were then washed three times in 1% donkey serum for 10 minutes at
room temperature, followed by incubation with secondary antibodies in 10% donkey serum at
1:100 dilution for 1 hour at room temperature in the dark. Cells were then washed with 1%
donkey serum in PBS three times for 10 minutes at room temperature before being mounted

(VectaShield), sealed, and imaged on a Zeiss Observer Z.1.

3.5.14 Transmission electron microscopy of EVs

TEM was carried out using a modified form of the protocol described previously
(Jeppesen et al., 2019). EVs were purified by the above outlined high resolution iodixanol
gradient and pooled into two populations: Fractions 1-3 and fractions 4-6. These two pools were
then absorbed onto carbon-coated formvar grids (Electron microscopy sciences) for 5 minutes
at room temperature by floating the grids on 5uL of the sample. After absorption of the vesicles,
the grids were quickly washed in ddH20, blotted, stained in 2% uranyl acetate for 30 seconds
then dried on filter paper. Transmission electron microscopy was performed on a Tecnai T12
using a AMT CCD camera. Negative staining was performed in part through the use of the
Vanderbilt Cell Imaging Shared Resource (supported by NIH grants CA68485, DK20593,

DK58404, DK59637 and EY08126).
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3.A Appendix

3.A.1 NTA analysis of sEVs collected from DKO-1 and DKs-8 cells under Rab13

knockdown conditions
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3.A.1. NTA analysis of sEVs collected from DKO-1 cells under Rab13 knockdown conditions.

(A) Representative plot of vesicle size analyzed by NTA analysis of DKO-1 cells expressing an empty,
scramble, sh#1, and sh#2 shRNA vectors. (B) Representative plot of vesicle size analyzed by NTA
analysis of DKs-8 cells expressing an empty, scramble, sh#1, and sh#2 shRNA vectors.
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3.A.2 Proliferation of cells under Rab13 knockdown conditions
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3.A.2. (A) DKO-1 and DKs-8 cells under Rab13 knockdown conditions were seeded in 12 well plates
and cultured for 120 hours. Cells were collected every 24 hours and counted. Data are from three
biological replicates. Student’s t-test found no significant difference between empty or shRNA-

transfected cells.

98



3.A.3 Transwell assay schematic
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(C) Proliferation (D) Luciferase Assay

3.A.3. (A) Transwell assays. Donor and recipient cells were seeded and grown separately for 24-48
hours before co-culture opposite a 0.4(/m polyester membrane.
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3.A.4 Rab13 regulates growth in type-1 collagen via sEV secretion

A B

sEV- sEV+

DKO-1 E

DKO-1 E

DKO-1 sh#1

O

ns
. ek ke !
wok

|

-
o

-
=

afe
B i

Relative Migratory Colony Count

0.5
myl
0.0 —
sEV- sEV+ sEV- sEV+

DKO-1 E DKO-1 sh#1

3.A.4. (A) Image of DKO-1 migratory colony morphology grown in type-1 collagen. (B) DKO-1 cells
under Rab13 knockdown conditions were embedded in type-1 collagen with or without exposure to
sEVs purified from DKO-1 cells. Migratory colonies were then counted under each condition. (C)
Quantitation of migratory colony counts under Rab13 knockdown conditions. Each data point
represents a technical replicate from one of three biological replicates. Statistics were analyzed by
one-wav ANOVA. ** = p < 0.01. *** = p < 0.0001. ns=no sianificance.
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Chapter 4

exRNA and cetuximab resistance

Scott A. Hinger', Ramona Graves-Deal®, Jeffrey L. Franklin?3#, Qin Zhang?, James N.

Higginbotham', Robert J. Coffey?**, and James G. Patton'’

Departments of Biological Sciences', Cell and Developmental Biology?, Medicine?, Vanderbilt
University Medical Center, Nashville, TN, 37235, Veterans Affairs Medical Center*, Nashville,

TN 37235, and Vanderbilt University, Nashville, TN 37235.

4.1 Abstract

Recently, Lu et al identified a novel non-mutational mechanism of cetuximab (CTX)
resistance in colorectal cancer (CRC). CTX is a monoclonal antibody (mAb) against the
Epidermal Growth Factor Receptor (EGFR) and the most common form of CTX resistance is
due to activating mutations in KRAS. To identify non-mutational mechanisms of anti-EGFR
resistance, single cells from human CRC cell line, HCA-7, were placed in type-1 collagen.
Colonies with a single layer of polarized cells with a central lumen were identified and
designated cystic colonies (CC). Individua colonies were manually isolated, passaged over 20
times on plastic and retained their cystic morphology when placed again in 3D type 1 collagen.
CC cells were markedly growth inhibited by addition of cetuximab in 3D but not 2D culture.
Prolonged low dose exposure of CC to CTX resulted in emergence of colonies resistant to
cetuximab, designated CC-CTX resistant (CC-CR). By RNA-seq analysis of CC and CC-CR

colonies isolated from 3D culture, MIR100HG was identified as the most highly expressed
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transcript in CC-CR and the two most highly expressed miRs were two miRs embedded in the
3d intron of MIR100HG, miR-100 and miR-125b. miR-100 and miR-125b cooperatively targeted
five WNT negative regulators, resulting in increased WNT signaling. Blockade of WNT signaling
and antagomirs to these miRNAs restored CTX sensitivity both in vitro and in vivo. In this
chapter, | describe our efforts to test whether CTX resistance could be spread via extracellular
vesicles (EVs) since we previously showed that miR-100 and miR-125b are enriched in small

(s)EVs from CRC cells and that miR-100 can be functionally transferred by CRC EVs.

4.2 Introduction

Cetuximab (CTX) is a monoclonal antibody (mAb) directed at the extracellular domain
EGFR. CTX is used as a treatment for wild-type KRAS metastatic CRC, and as a monotherapy,
increases the median survival from 4.6 months to 6.1 months in CRC patients . However,
resistance to CTX occurs in ~80% of all patients treated due to acquired mutations in KRAS,
NRAS, BRAF, and EGFR (Bertotti et al., 2015). Whether or not CTX resistance can be

developed through non-genetic mechanisms but the mechanisms remain to be elucidated.

Recently published work from the Coffey laboratory (Lu et al., 2017) identified a non-
genetic mechanism of CTX resistance in CRC. CTX susceptible cells (referred to as CC cells,
described here (Li et al., 2014)) that are wildtype for KRAS, BRAF, NRAS, and EGFR were
grown in three dimensional type-1 collagen and were exposed to low levels of CTX. Following
two weeks of CTX treatment in 3D, living CC cells were collected and expanded in 2D. These
cells were then embedded in new 3D matrix, and selected again with CTX. After multiple rounds
of three-dimensional selection (~4 months), a resistant line that was capable of growing in 3D in
the presence of CTX was identified, termed CC-CR (CC-CTX resistant). Whole exome

sequencing revealed no mutations in known genetic mechanisms underlying CTX resistance
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(Lu et al., 2017). RNA-sequencing analysis revealed that CC-CR cells have extremely elevated
levels of non-coding RNAs transcribed from the MIR100HG locus, including MIR100HG (the
spliced IncRNA), miR-100, and miR-125b. RT-qPCR data revealed a strong correlation between
CTX resistance and MIR100HG/miR-100/miR-125b levels across many CRC cell models,
suggesting these ncRNAs play a significant role in the development of CTX resistance. The
MIR100HG locus has also been linked to the progression of acute megakaryoblastic leukemia,

furthering the importance of this locus in cancer development (Emmrich et al., 2014).

After demonstrating that cellular levels of RNAs from the MIR100HG locus were
upregulated, Lu et al (2017) showed that the inhibition of miR-100 and miR-125b was sufficient
to restore CTX susceptibility in CC-CR cells both in 3D culture and in mouse tumor xenografts.
In contrast, over expression of miR-100 and miR-125b in CC cells promoted CTX resistance (Lu
et al., 2017). To understand how these miRNAs were promoting resistance in CC cells,
prediction algorithms were used to detect target mRNAs for these miRNAs resulting in the
identification of 3' UTR five different Wnt negative regulators: DKK1, DKK3, ZNRF3, RNF43,
and APC2 (Lu et al., 2017). Further analysis showed that CC-CR cells had significantly lower
mMRNA and protein levels for these Wnt negative regulators when compared to CC cells,
suggesting that CTX resistance may be developed through the increased activation of the Wnt
signaling cascade. In support of that model, co-treatment of CC-CR cells with both CTX and a
Whnt inhibitor significantly reduced tumor growth in a mouse xenograft model, confirming a novel
link between CTX resistance, EGFR, and Wnt signaling in CRC (Lu et al., 2017). Analysis of

human tumors supported this novel epigenetic mechanism of CTX resistance (Lu et al., 2017).

Previous work from our laboratory has shown an enrichment of miR-100 and miR-125b
in CRC EVs, raising the possibility that CTX resistance might also be mediated by functional

transfer of miRNAs between resistant and non-resistant tumor cells (Cha et al., 2015b). In
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support of this, recently published work has linked EVs to the development of CTX resistance in

various CRC models (Hon et al., 2019; Zhang et al., 2017).

Figure 13. miR-100 and miR-125b are enriched in CC-CR EVs
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Figure 13. RT-qgPCR against miR-100 and miR-125b from CC and CC-CR cell-derived EVs grown in 2D. (A)
RT-gPCR analysis comparing CC and CC-CR EVs to their matched cells. (B) RT-qPCR analysis comparing
CC-CR EVs to CC EVs. * = p-value < 0.05, ** = p-value < 0.01. Statistics (paired t-test) were against AACt
values and plotted as fold change.
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4.3 Results

4.3.1 miR-100 and miR-125b are highly expressed in EVs derived from CTX-resistant CRC
Cells

To determine if EVs can promote CTX resistance in the CC-CR/CC cell model, and if
this resistance is mediated by transfer of miR-100 and miR-125b sEVs were collected from both
CC and CC-CR cells. The levels of miR-100 and miR-125b were found to be significantly
elevated in CC-CR EVs compared to cells (Fig. 13A). Further, the levels of miR-100 and miR-
125b were significantly enriched in CC-CR EVs compared to CC EVs, mirroring their cellular

enrichments, and indicating that CC-CR selectively secrete miR-100 and miR-125b (Fig. 13B).

4.3.2 CC-CR EVs can promote CTX resistance in CC cells

CRC-derived EVs have been previously linked to the development of CTX resistance
(Hon et al., 2019). To test whether or not a similar transfer occurs in our system, CC cells were
grown with or without CC-CR EVs in 3D type-1 collagen in the presence of CTX. CC cells grown
with CC-CR EVs showed higher levels of colony formation in the presence of CTX compared to
CC cells grown without EVs, indicating that CC-CR EVs can promote CTX resistance via cell-

cell communication (Fig. 13).
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Figure 14. EVs from CC-CR cells confer CTX resistance to CC cells
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Figure 14. (A) CC or CC-CR cells were plated in type-1 collagen with CC or CC-CR EVs as indicated and then
treated with or without CTX (0.3 ug/ml). EVs and drugs were added every 3-5 days and colonies were counted
at day 14. Y axis indicates number of colonies counted per replicate.

4.4 Discussion

The data here suggest that CTX-resistant CRC cells are capable of transferring
resistance via EV transfer. Previously published work has shown EVs can mediate CTX
resistance in CRC, but the exact mechanism of resistance remains to be determined (Hon et al.,
2019; Zhang et al., 2017). One potential mechanism of resistance could be through transfer and
uptake of EV-associated miRNAs. Whether miR-100 and miR-125b are the key players in this
transfer phenotype remains to be determined, but previous work in Transwell cultures has
shown that miR-100 can be functionally transferred through the extracellular space (Cha et al.,
2015a). Interestingly, miR-125b was also enriched in CC EVs compared to cells, suggesting

there may be a CRC-driven mechanism for miR-125b secretion that may also promote CTX
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resistance. This finding is supported by the fact that miR-125b is enriched in EVs from a number
of CRC cell lines, along with miR-100, and could explain why CTX treatment is only effective in
a small percentage of CRC patients (4.A.1). This may also help to explain the mechanism by
which CC-CR cells developed resistance through a non-genetic mechanism, and may function
as a successful plasma-derived, non-invasive biomarker when determining if CRC patients are

good candidates for CTX treatment.

The data presented here was carried out using EVs isolated by differential
ultracentrifugation. It is now clear that such purification methods result in a heterogenous mix of
EVs. Thus, future work is needed to determine the exact mechanism of miRNA transfer,
whether via EVs or by transfer of non-vesicular components including Argonaute-containing
protein complexes (Arroyo et al., 2011), HDL particles (Vickers et al., 2011), or other
nanoparticles such as exomeres (Zhang et al., 2018; Zhang et al., 2019). Also, the EVs used
here were isolated from cells grown in 2D. Lu et al (2017) found that both CC and CC-CR cells
are resistant to CTX in 2D, suggesting that the mechanism of resistance is dependent on the
exact growth conditions, particularly the presence of type-1 collagen (Lu et al., 2017). Whether
or not EVs secreted from the cells varies depending on culture conditions remains unknown, but
will be important to shed light hon ow and why EVs function in different capacities under

differing conditions.

4.5 Methods

4.5.1 Cell culture
CC and CC-CR CRC cells are cell lines derived from the parental HCA-7 (Li et al.,

2014). HCA-7 cells are a human microsatellite-unstable CRC-derived cell line (Kirkland, 1985).
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Cells were cultured in standard DMEM (Glibco) with 10% FBS, 1% non-essential amino acids,
1% L-glutamine, and 1% penicillin/streptomycin (Glibco). Cells were grown at 37°C in 5% CO..

Cells were passaged a maximum of 10 times before being discarded.

4.5.2 EV isolation

Cells were seeded into 3-20 T175 flasks (Corning) at a density of 7.0x10° (CC or CC-CR) cells
per flask. Cells were grown in the presence of serum to 80% confluency (~48 hours), washed
three times with 1x Dulbecco’s PBS (DPBS; Gilbco), and then grown for 48 hours in serum-free
medium. Cell-conditioned medium (CM) was collected and subjected to differential
centrifugation in three steps: 1000rpm for 10 minutes (room temperature), 2000xg for 25
minutes (4°C), and then 10,000xg for 30 minutes (4°C). These steps produce cell pellets, cell
debris and large EVs, and microvesicles, respectively. CM was then filtered through a 0.2uM
filter (FisherScientific) to obtain pre-cleared CM. P100 pellets (crude sEVs) were obtained by
centrifuging pre-cleared CM for additional 17 hours at 100,000xg (4°C). Pellets were suspended
in 1xDPBS and washed by centrifugation at 100,000xg twice for 70 minutes each time (4°C).

Pellets were then resuspended in 20uL 1xPBS.

4.5.3 RT-gPCR

Tagman small RNA assays (Life Technologies) were performed for indicated miRNAs on
cellular and exosomal RNA samples. Briefly, 10 ng of total RNA was used per individual RT
reactions; 0.67 pl of the resultant cDNA was used in 10 pyl gPCR reactions. gPCR reactions
were conducted in 386-well plates on a Bio-Rad CFX96 instrument. All C(t) values were <40.

Triplicate C(t) values were averaged and normalized to U6 snRNA. Fold-changes were
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calculated using the AAC(t) method, FC = 2724€0_ Analysis was performed on three independent

cell and exosomal RNA samples.

4.5.1 Three-dimensional culturing of CC and CC-CR cells in type-1 collagen

Cells were cultured in type-1 collagen as previously published (Li et al., 2014). In
short, 2000 CC or CC-CR cells were embedded in a 2.5mg/mL type-1 collagen solution with 1x
DMEM and 10% FBS in a single wells (Advanced BioMatrix). Each well contained three
separate 450yl layers of collagen solution, with the cells embedded in the center layer. Each
layer was solidified separately at 37°C for 20-40 minutes. The collagen layers were covered with
500uL DMEM media. When supplementing sEVs, each well was given ~10ug of P100 sEVs
every 4 days when the media was changed, along with CTX at 0.3ug/mL. Colonies were

allowed to develop for 2 weeks at 37°C, and then counted.
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4.A Appendix

4.A.1 miR-125b and miR-100 levels in CRC cell-derived EVs
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4.A.1 RT-gPCR analysis of miR-125b (red, n=10) and miR-100 (blue, n=11) from various CRC cell models,
comparing EV levels to their matched cell level. Cell lines included: HCT-116, DKO-1, LOVO, HCT-15,
LS174T, HKE-3, DKs-8, HuTu-80, CC, CC-CR, and SC. miR-125b and miR-100 are enriched, on average,
across multiple CRC models. Fold change is calculated by taking 2(-ACtEV-ACtcel)
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Discussion

The findings in the previous chapters demonstrate various functions CRC cell-derived
EVs have in both the transfer of long RNAs, as well as their role in cancer development and
progression. Although few RNAs were detected at full length in EVs, our findings suggest that
small mRNAs and IncRNAs have the ability to be loaded as full-length transcripts into sEVs, and
that these transcripts can be transferred through the extracellular space between KRAS-mutant
and KRAS-wildtype CRC cells. Of the highly enriched mRNAs in KRAS-mutant EVs, Rab13
stood out, as its associated protein was also enriched in DKO-1 EVs (Demory Beckler et al.,
2013), and because previous studies have found it to play a significant role in tumorigenesis
and cancer progression (loannou et al., 2015). Thus, Rab13 is not only a cargo, both as mRNA
and protein, but is also a regulator of EV secretion in KRAS-mutant CRC cells. Through its
regulation of EV secretion, Rab13 knockdown inhibited the functional transfer of miRNAs, the
proliferative capacity of EVs, and EV-dependent anchorage-independent growth in 3D. Rab13 is
enriched in B1-integrin+ small EVs, which are distinct from classical CD63+ exosomes and that
finding, along with data from Jeppessen et al (2019), suggest a highly heterogeneous mixture of
small EVs are secreted from KRAS-mutant CRC cells. The detection of various subtypes of
small EVs is heavily tied to the isolation protocol to which the conditioned media is subjected

(Jeppesen et al., 2019).

My preliminary work suggests that small EVs from CRC cells can also promote
resistance to cetuximab, a therapeutic agent used in the treatment of CRC, through the delivery
of miR-100 and miR-125b. The enrichment of miR-100 and miR-125b in multiple CRC cell line-
derived EVs suggests a common mechanism for the transfer of resistance through
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theextracellular space, and may suggest, at least partially, why cetuximab has limited efficacy in

CRC patients (Misale et al., 2014).

Although the findings described here have helped drive the exRNA and EV field forward
in better understanding the molecular make-up and biogenesis pathways, there are still many
unanswered questions remaining. Below, | will describe potential discrepancies, current
limitations, and potential new directions involved in (1) the limitations of long RNAs in EVs, (2)
how the intracellular roles of Rab13 in cancer could be ascribed to regulation of EV biogenesis,
and finally, (3) how CC-CR EVs may drive CTX resistance via a miR-100/miR-125b-indpendent

mechanism.

5.1 Limitations of long RNAs in EVs

The first evidence that EVs contain functional mRNAs was reported in human mast cells,
where EV-associated RNA could be used to encode intact proteins in an in vitro translation
assay (Valadi et al., 2007). Unfortunately, the experimental design in that study, along with
many follow-up studies (Freedman et al., 2016; Ji et al., 2014; Kogure et al., 2013; Qu et al.,
2016; Wei et al., 2017; Yuan et al., 2016), failed to demonstrate that full-length mRNAs are
detectable in small EVs, and that these mRNAs can be transferred through the extracellular
space to function in recipient cells (Zomer et al., 2015). Our findings, for the first time, show that
mMRNAs can be transferred with an apparent size limitation of ~1kB (Hinger et al., 2018)
(Chapter 2). This raises an interesting question: is there a physical size limitation for long RNAs

in small EVs?

Advancements in cryogenic electron microscopy (cryo-EM) and associated
computational analyses of large single-stranded RNAs (ssRNAs) may aid in understanding the

potential size limitations for long RNAs in small EVs. Gopal et al (2012) analyzed viral ssRNAs
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ranging from 900-2700 nucleotides in length and found in solution, the average diameter of
these ssRNAs range from 50-75nm (Gopal et al., 2012). This suggests two important hurdles for
the loading and functional transfer of long RNAs. First, the average size of a typical full-length
mMRNA in mammals (~2,200 base pairs) would not be able to fit in vesicles under ~75nm in
diameter. This would prevent most full-length mRNAs from being loaded into the vast majority of
small EVs (50-100nm in diameter). Second, this suggests that sEVs would, at most, contain
only a single full-length mRNA. Quantiative analysis of miRNA content in small EVs suggested
two models for occurrence and quantity of miRNAs per sEV: low EV occupancy, low miRNA
concentration, or low EV occupancy, high miRNA concentration (Chevillet et al., 2014). The
analysis of ssRNA tertiary structure suggests that longer RNAs cannot follow high concentration
models predicted for extracellular miRNAs. Instead, long RNAs would have to be secreted in
low concentration models and in either high or low occupancy (Fig. 15). Both models suggest

the need for high levels of small EV transfer to induce a noticeable impact on recipient cells.

While the size estimates above were performed on ssRNA, it is known that many RNA
binding proteins (RBPs) are present in small EVs (Statello et al., 2018). RBPs may alter the
secondary and tertiary structure of their associated RNAs, although this mechanism is not well
understood. RNA-RBP interactions may potentially increase or decrease the volume of secreted
long RNAs and thereby regulate which RNAs are capable of being exported. Further work is
necessary to understand whether RBPs can regulate RNA tertiary structure, and whether or not

this plays a significant role in loading long RNAs into EVs.

If long RNAs are indeed secreted as full-length transcripts, the computational findings
above would suggest that larger EVs, like plasma membrane-derived vesicles (for example,
microvesicles), would be more capable of functional transfer. Another possibility is that full-

length mRNAs (or IncRNAs) are not associated with vesicles at all and are transferred as part of

113



Figure 15. Potential Stoichiometric Models for long RNAs in EVs
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Figure 15. (A) High occupancy, low long RNA concentration, where a single
long RNA is loaded into a single small EV, but the majority of secreted small
EVs contain a single copy. (B) Low occupancy, low long RNA concentration,
where a single long RNA is loaded into a single small EV, and only a small
minority of EVs get a single copy. (C) The use of larger vesicles could allow for
multiple copies of a single long RNA, increasing the efficiency of transfer.
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protein-RNA complexes. Another possibility is that full-length mRNAs (or IncRNAs) are not
associated with vesicles at all and are transferred as part of protein-RNA complexes. The
Transwell assays used here to assay functional transfer of Rab 13 mRNA cannot exclude the
transfer by larger EVs or protein aggregates. Further, the isolation techniques include vesicles
up to ~200nm in diameter and protein aggregates large enough to sediment at 100,000xg
(Hinger et al., 2018), (EM from Fig. 11). Experiments subjecting sEV samples to RNase may
help to better understand with which secreted particle(s) functional long RNAs are associated.
Interestingly, many of the long RNAs enriched in our EVs were also found to be enriched in
breast cancer cell protrusions, including Rab13 mRNA (Jakobsen et al., 2013). One possibility is
that CRC cells develop protrusions enriched in Rab13 mRNA and protein, and that rapid
blebbing or budding of the plasma membrane leads to the enrichment of these molecules in
secreted particles. In fact, the interaction between DENND2B and Rab13 has been linked to the
formation of cell protrusions in a breast cancer cell model (loannou et al., 2015). Taken
together, Rab13 may control PM-derived EVs secretions through its regulation of cell protrusion
formation and thus regulate its own mMRNA and protein secretion. Repeating the Boyden
chamber experiment carried out by Jakobsen et al (2013) with our KRAS-mutant CRC cells
(DKO-1) could aid in confirming if long RNA-containing EVs are secreted via membrane
protrusions (Jakobsen et al., 2013). Proteomic and RNA-seq analysis on DKO-1 protrusions,
followed by differential comparison against our current small EV RNA-seq and proteomic
libraries (Demory Beckler et al., 2013; Hinger et al., 2018), would allow determination of the
overlap of macromolecules enriched in the two populations compared to cellular levels. If
overlap is detected, it would suggest that cancer cells use cell membrane protrusions to

facilitate the secretion of RNA-laden vesicles into the extracellular space.

Even if the majority of detectable long RNAs in EVs are not full length, it remains

possible that fragmented RNAs function in unknown mechanisms via EV secretion. One
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possibility is that fragmented RNAs induce the innate immune system, leading to significant
downstream effects (van der Grein and Nolte-'t Hoen, 2014). This mechanism, which has been
shown to occur via EV-associated miRNA transfer, may explain how long RNAs induce large
scale changes in the tumor microenvironment, albeit through a non-canonical RNA mechanism
(Fabbri et al., 2012). Foreign RNA sensing Toll-Like receptors, specifically TLR3, TLR7, TLRS,
and TLR9, may detect fragmented exRNAs (Miyake et al., 2018). TLR3 and TLR9 have also
been shown to be expressed not only by immune cells, but also cancer cells, particularly CRC
cells, raising the possibility that TLR activation can play a role in both immune activation and
tumor microenvironment interactions (Sato et al., 2009). Cancer cell associated TLRs have
been shown to promote carcinogenesis through activating NF-kB and other anti-apoptotic
factors in CRC models (Schmausser et al., 2005). It will be interesting to determine whether
upregulation of various anti-apoptotic factors occurs in cells treated with DKO-1 EVs. This
would indicate TLR activation and provide a mechanistic explanation for the effects of exRNA in

the absence of full-length transfer.

5.2 Intracellular vs extracelluar roles of Rab13

Intracellular Rab13 has been implicated in cancer progression, metastasis, and
invasiveness (review, (McPherson, 2016)). | have shown that Rab13 is an important player in
EV biogenesis, and that Rab13-dependent EV secretion and Rab13 sEVs can mediate the
same phenotypes reported for intracellular Rab13 (Chapter 3). One of the primary functions of
Rab13 in epithelial cells is its regulation of tight junction (TJ) formation (Kohler et al., 2004;
Marzesco et al., 2002). Rab13 does this, in part, by trafficking vesicle-associated proteins to
TJs, and by regulating the trafficking of material between apical and basolateral surfaces

(Nokes et al., 2008). Interestingly, TJ disorganization is heavily tied to cancer tumorigenesis and
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metastasis (Martin and Jiang, 2009). In fact, over-active Rab13 has also been shown to inhibit
TJ integrity by negatively regulating PKA signaling (Kohler et al., 2004). Further, it has been
shown that cancer cells secrete higher levels of small EVs when compared to non-cancerous
cells (Szczepanski et al., 2011). Even in our model, DKO-1 cells secrete more EVs than their
matched KRAS-wildtype DKs-8 sister cells (Chapter 3). One possible explanation for this
difference could be through inhibition of TJ integrity, and therefore, the loss of epithelial cell
polarity. In fact, breast cancer cells have been shown to secrete distinct EVs at higher
concentrations when compared to polarized normal mammary epithelial cells (Chin et al., 2018).
Activation and overexpression of Rab13 promotes the misregulation of TJ formation, which
could then lead to increased secretion of small EVs (Fig. 16). This hypothesis is supported in
our model, as KRAS-mutant cells have both higher levels of cellular Rab13 and secrete more
EVs than their matched KRAS-wildtype cells, and could be further tested through the
overexpression of dominant-active Rab13 mutants in both DKO-1 and DKs-8 cells. These
findings could also help to explain why knockdown of Rab13 reduced anchorage-independent
growth, since overcoming cell-to-cell adhesion stability is a primary driver to escape anoikis and
promote tumorigenesis (Guadamillas et al., 2011). Restoration of anchorage-independent
growth by exposure of Rab13 knockdown cells to small EVs from Rab13-expressing cells
suggests that Rab13 functions via an EV-mediated mechanism (Chapter 3). Interestingly, DKO-
1 small EVs can promote anchorage-independent growth of DKs-8 cells, but the mechanism by
which this happens is not precisely known (Demory Beckler et al., 2013). My work offers the
possibility that transfer of Rab13-laden small EVs can promote growth via negatively regulating
the integrity of recipient cell TJs. Because of this possibility, it will be important to test the
functional differences between sEVs secreted from DKO-1 cells with or without Rab13
knockdown to distinguish if the derived phenotypes are driven by the transfer of Rab13 protein

or cargo regulated by Rab13-dependent EV biogenesis. It may be that Rab13 regulates the
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secretion of integrins, including B1-integrin, which have been linked to EV-mediated anchorage
independent growth (DeRita et al., 2019) and EV-mediated organ-specific metastasis (Hoshino
et al., 2015). A predicted outcome of the proposed model is that overexpression of Rab13 in

DKs-8 cells should promote anchorage-independent growth.

Figure 16. Potential functions of Rab13 in Epithelial Cancer Cell Progression
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(C) EV-mediated .
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Figure 16. Epithelial cell-derived cancer cells with high levels of Rab13 expression (left) negatively regulate tight
junction formation leading to increased secretion of small EVs with misregulated EV cargo when compared to
normal epithelial cells. These cancer cells can then promote transformation via the transfer of (A) Rab13 protein
(red circle) and mRNA (not pictured), leading to decreased integrity of recipient cell TJs and/or (B) Rab13-
dependent integrins, like B1-integrin, which have been linked to anchorage-independent growth. (C) Cancer cells
may also regulate cell migration via EV-mediated autocrine signaling, which may be driven, in part, by
overexpression or activation of Rab13.
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Further, it will be important to test whether Rab13 is regulating EV markers like 1-integrin
intracellularly, or if its role is strictly tied to secretion. Measuring PKA and VASP phosphorylation
in DKs-8 recipient cells would also provide insight into whether or not transfer of Rab13 by small
EVs is inhibiting TJ integrity, which has been described as an intracellular function of Rab13 in

MDCK cells (Kohler et al., 2004).

Rab13 has also been shown to be required for epithelial cell scattering and migration,
drivers of cancer cell invasion (Kanda et al., 2008). Primarily, Rab13 has been linked to the
trafficking of integrins to the leading edge of cells, promoting migration (loannou et al., 2015).
Interestingly, small EVs are secreted at the leading edge of cells to drive invasive behavior
(Hoshino et al., 2013). Rab13 could, then, promote cell migration through two mechanisms.
First, via the trafficking of integrins to the leading edge of cells (loannou et al., 2015). Second,
via the trafficking of endosomes to the plasma membrane, facilitating the secretion of small EVs
into the extracellular space, promoting cell migration by EV-mediated autocrine signaling
events. A simple way to test this hypothesis is to repeat similar chemotaxis and/or migration
assays carried out in a highly motile cancer cell model, as shown in Sung et al (2017) and
Hoshino et al (2013), respectively (Hoshino et al., 2013; Sung and Weaver, 2017). If Rab13 is
driving cell motility via EV secretion, knockdown of Rab13 should inhibit directional cell
movement in a cancer cell model, and the addition of small EVs should rescue the phenotype.
This has already been shown to be the case for Rab27a, a Rab protein that has been linked to
small EV secretion at the leading edge of migratory cells (Hoshino et al., 2013). If Rab13 were
to show a similar phenotype, it would suggest redundancy in regard to Rab proteins facilitating
the secretion of small EVs and further explain why knockdown of Rab proteins involved in EV
secretion seem to be heavily tied to cell- and disease-dependent mechanisms. The other
possibility is that Rab13 can successfully regulate multiple subtypes of EVs. To test between

these two hypotheses, epistasis experiments could be carried out to test the differences

119



between knockdown of Rab13 and other Rab proteins, like Rab27, which has been shown to

also regulate EV secretion in our DKO-1 cell model.

It has been suggested that Rab proteins may play redundant roles in EV secretion,
which would explain the cell- and disease-state specific roles Rab proteins have been shown to
play. Because of this possibility, it will be important to measure the functional differences
between the knockdown and expression of Rab13, Rab27, or Rab35 in DKO-1 or DKs-8 cells,
both by total EV quantification and the detection of specific EV subtype markers. These studies
could help to better understand the various mechanisms involved in the secretion of sEVs,
particularly in CRC cells. Another reason for Rab-dependent EV redundancy may be due to Rab
effector proteins or guanine exchange factors that have been shown to interact with multiple
Rab partners (Yoshimura et al., 2010). Because of this overlap, it will be important to determine
what proteins upstream or downstream of Rab13 also regulate EV secretion in CRC cells. An
interesting target to focus on could be the Rab13 effector protein MICAL-L2, which has been
previously linked to cancer progression (loannou et al., 2015; Kanda et al., 2008). MICAL-L2
may interact with other Rab proteins, like Rab27 or Rab35, at the plasma membrane, and may
be the primary facilitator of sEV secretion. The finding that Rab effector proteins drive EV
secretion, and not the Rab proteins themselves, would help to explain why Rab proteins have

inconsistent functional significance across various cell and tissue models.

5.3 Alternative mechanisms for EV-mediated CTX resistance in the CC/CC-CR model

Our preliminary findings suggest that cetuximab (CTX) resistant cells can promote
resistance via the transfer of miRNA-laden small EVs (Chapter 4). However, the data is not
conclusive, and further work is required to determine whether or not the transfer of miR-100 and

miR-125b, or sEVs in general, are capable of driving CTX resistance in recipient cells. When
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describing the original resistant line (CC-CR), Lu et al (2017) showed an enrichment of
phosphorylated EGFR, as well as a slight enrichment of overall EGFR (Lu et al., 2017). EGFR
has been shown to be present on small EVs, and has been detected in CRC cell-derived EVs
(Demory Beckler et al., 2013). Enrichment of EGFR on small EVs produced by CC-CR cells
could provide an additional explanation for the reduced efficacy of CTX on CC cells when
treated with CC-CR EVs. Previous groups have already shown that EVs have the potential to
sequester chemotherapeutics by expressing targeted receptors on the membrane surface
(Ciravolo et al., 2012). From a stoichiometric standpoint, increasing the total amount of EGFR in
the tumor microenvironment would reduce the functional capacity of CTX, allowing susceptible
cells, like CC cells, to continue to grow even under therapeutic treatment. Because of this, it will
be important to compare the relative levels of EGFR on CC and CC-CR cell derived EVs, as CC
EVs do not promote resistance to CTX. Therapeutic sequestering by EVs could help to explain
how CRC tumors develop resistance to CTX, and could help to explain why CTX has limited
efficacy in human patients. To better understand this possibility, it will be important to calculate
the effectiveness of circulating sEVs in sequestering CTX, and whether this mechanism can

impact the efficacy of CTX at therapeutic concentrations.

Lu et al (2007) found that resistance to CTX in CC-CR cells was through the activation of
Whnt signaling through miR-100 and miR-125b mediated negative regulation of Wnt cascade
negative regulators (Lu et al., 2017). EV-mediated paracrine activation of Wnt in CC cells could
also drive resistance to CTX. In fact CRC cell-derived EVs can activate Wnt signaling in a
paracrine manner, transferring functional Wnt3a and Wnt5b through the extracellular space
(Harada et al., 2017; Huang and Feng, 2017). Thus, it may be that CC-CR EVs induce CTX
resistance in CC cells through both the transfer of miR-100 and miR-125b, thereby
downregulating Wnt negative regulators, and by direct activation of Wnt signaling. Currently,

there is no evidence to suggest that CC-CR derived EVs can activate Wnt signaling. This could
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be tested by comparing levels of Wnt ligands associated with CC and CC-CR EVs, again,
because CC EVs are unable to induce resistance. Another method to test EV-mediated Wnt
activation is by measuring the total level and/or the nuclear enrichment of 3-catenin in the EV
treated CC cells, which could be measured by a TopFlash luciferase reporter assay. It may be
that CC-CR EVs mediate resistance through multiple mechanisms, including the two described
here, as well as through the transfer of miR-100 and miR-125b. Further work will be required to
fully understand the mechanism by which CC-CR cells can transfer CTX resistance through the

extracellular space.
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