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Abstract The nematode Caenorhabditis elegans has
been instrumental in the identification of evolutionarily
conserved mechanisms of aging. C. elegans also has re-
cently been found to have evolutionarily conserved extra-
cellular vesicle (EV) signaling pathways. We have been
developing tools that allow for the detailed study of EV
biology in C. elegans. Here we apply our recently pub-
lished method for high specificity purification of EVs from
C. elegans to carry out target-independent proteomic and
RNA analysis of nematode EVs. We identify diverse
coding and non-coding RNA and protein cargo types
commonly found in human EVs. The EV cargo spectrum
is distinct from whole worms, suggesting that protein and
RNA cargos are actively recruited to EVs. Gene ontology
analysis revealed C. elegans EVs are enriched for
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extracellular-associated and signaling proteins, and net-
work analysis indicates enrichment for metabolic, im-
mune, and basement membrane associated proteins. Tissue
enrichment and gene expression analysis suggests the
secreted EV proteins are likely to be derived from intestine,
muscle, and excretory tissue. An unbiased comparison of
the EV proteins with a large database of C. elegans
genome-wide microarray data showed significant overlap
with gene sets that are associated with aging and immunity.
Taken together our data suggest C. elegans could be a
promising in vivo model for studying the genetics and
physiology of EVs in a variety of contexts including aging,
metabolism, and immune response.

Keywords Aging - LC-MS-MS analysis - Small
RNAseq - Gene enrichment analysis - Metabolism -
Immune response - Basement membrane glycoproteins -
Membrane raft proteins

Introduction

The release of extracellular vesicles (EVs) into the external
environment appears to be a universal feature of all living
cells. In eukaryotes, this can occur directly from the plasma
membrane (microvesicles) or through the endosomal path-
way (exosomes) (Jeppesen et al. 2019; Kowal et al. 2016).
Common EV cargos include small non-coding RNAs and
proteins such as translation elongation factors, heat shock
proteins, metabolic enzymes, membrane raft proteins, and
miRNAs (Brown and London 2000; Kim et al. 2015;
Mathivanan et al. 2012).
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EV biology has gained significant attention in recent
years due to growing evidence that EVs play important
roles in, and may also serve as useful predictive bio-
markers for, many human diseases (Shah et al. 2018).
This is particularly true for age-related diseases, such as
cancers (Kinoshita et al. 2017; Xu et al. 2018), and
Alzheimer’s disease and related dementias (D'Anca
et al. 2019; DeLeo and Ikezu 2018; Li et al. 2019).
There is also growing evidence that EVs may be directly
involved in the biological aging process itself by medi-
ating inflammatory processes and other cell non-
autonomous signaling and thereby contributing to a
degradation in intercellular communication (Go et al.
2020; Robbins 2017; Takasugi 2018), one of the hall-
marks of aging (Lopez-Otin et al. 2013).

Recently, C. elegans has emerged as a potentially
useful genetic model for identifying EV signaling path-
ways in vivo (Wang and Barr 2018). For instance, a
flippase was shown to induce EV biogenesis in
C. elegans embryos, which led to its subsequent discov-
ery as a mechanism that influences EV release in human
cells (Naik et al. 2019; Wehman et al. 2011). Likewise,
EV-dependent Hedgehog signaling was first identified
in C. elegans and subsequently shown to also impact
development in zebrafish, mice, and humans (Liegeois
et al. 2006; Qi et al. 2017; Sigg et al. 2017; Simon et al.
2016). These studies demonstrate that C. elegans shares
key EV signaling mechanisms with humans. However,
outside of a small number of reports, the composition
and function of C. elegans EVs remain almost
completely uncharacterized.

Given the long track record of C. elegans as a pre-
mier model organism for the study of aging biology
(Kenyon 1996; Tissenbaum 2015; Yanos et al. 2012),
we believe that C. elegans could become a powerful
system to understand the role of EVs in longevity and
healthspan of animals. Toward this goal, we have de-
veloped a scalable method for purifying high-quality
secreted EVs from nematodes using filtration and size
exclusion chromatography (Russell et al. 2020a). This
procedure is considered the most effective means for
bulk EV isolation, providing more pure preparations
and less prone to artifacts than other commonly used
approaches like ultracentrifugation and PEG-assisted
precipitation (Lee et al. 2019). Here we provide the first
large-scale report of RNA and protein cargos contained
in young adult C. elegans EVs. We identify many
different RNA and protein cargo types also observed
in human EVs and show that these cargos are enriched
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for proteins involved in aging, metabolism, and
immunity.

Methods
Strains and EV preparation

For this study we utilized wild type (N2) C. elegans.
Worms were cultured and maintained using standard
methods (Brenner 1974). EVs were isolated from young
adult N2 animals using our recently developed method
for large-scale EV purification from C. elegans (Russell
et al. 2020b). Three independent biological replicates
were analyzed for RNA and protein composition. For
each replicate 500,000 worms were incubated at 20 °C
on high growth plates seeded with live NA22
Escherichia coli until they reached young adulthood.
Animals were then washed free of bacteria and incubat-
ed in 500 mL of sterile S basal media. The media was
placed in 2 L cross-bottom baffled flasks, rotated at
100 rpm in a 20 °C incubator. After 24 h the worms
were separated, and the conditioned media was concen-
trated 1000-fold over a 10-kDa filter. The concentrate
was then passed over a 10-mL Sepharose CL-2B col-
umn. The elution volume between 2 and 6 mL, which
contains the majority of the EVs (Russell et al. 2020a),
was then concentrated 10-fold over 10-kDa filters.
Nanoparticle tracking analysis, transmission electron
microscopy, and flow cytometry analysis demonstrated
that this protocol separates EVs from freely soluble
proteins and lipoprotein aggregates (Russell et al.
2020b). To prepare for LC-MS-MS the EV samples
were run into an SDS-PAGE gel, digested with trypsin,
and analyzed on a Velos Pro spectrometer.

Proteomics

Total protein in the EV samples was quantified by
QuBit analysis, and samples were normalized for pro-
tein concentration. These were then extracted in RIPA
buffer with vortexing for 30 min before adding NuPage
4X sample buffer and heating to 70 °C for 10 min.
Samples were then spun at 18 kG for 15 min to pellet
any precipitates. About 50 pg of protein was loaded
onto a large volume capacity SDS-PAGE gel and run
at 80 mV for 10 min and then 100 mV until the dye front
was ~ 1 cm below the start of the resolving gel. The gels
were then washed twice with 250 mL dH,O for 60 min
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to remove any detergent. The samples were then cut out
of the gel with a new razor blade and kept in a low-
protein binding Eppi-tube (ThermoFisher, San Jose, CA
USA, Cat no. 90410).

In-gel digestion

Gel bands were washed in 100 mM ammonium bicar-
bonate, reduced with DTT, and alkylated with IAA. Gel
bands were then shrunk with acetonitrile and speed-
vacuumed to dry the gel bands. The gel bands were then
digested with 1 pg of trypsin overnight at 37 °C with
shaking. The next day proteins were extracted from gel
bands with 60% acetonitrile, 0.1% trifluoroacetic acid,
and then reconstituted in 0.1% formic acid.

Liquid chromatography and mass spectrometry

Fused silica microcapillary columns of 75 pum inner
diameter (Polymicro Technologies, Phoenix, AZ) were
packed in-house by pressure loading 30 cm of Repro sil-
pur C18 material (Dr. Maisch, Gmbh, Germany). Kasil
(PQ Corporation, Malvern, PA) frit microcapillary col-
umn traps of 150 pwm inner diameter with a 2-mm Kasil
frit were packed with 4 cm of Repro sil-pur C18 mate-
rial. A retention time calibration mixture (Pierce, Rock-
ford, IL) was used to assess quality of the column before
and during analysis. Three of these quality control runs
are analyzed prior to any sample analysis, and then after
every six sample runs another quality control run is
analyzed. Samples were loaded onto the trap and col-
umn by the NanoACQUITY UPLC (Waters Corpora-
tion, Milford, MA) system. Buffer solutions used were
0.1% formic acid in water (Buffer A) and 0.1% formic
acid in acetonitrile (Buffer B). The 60-min gradient of
the quality control consisted of 30 min of 98% buffer A
and 2% buffer B, 5 min of 65% buffer A and 35% buffer
B, 6 min of 40% buffer A and 60% buffer B, 5 min of
95% buffer A and 5% buffer B, and 18 min of 98%
buffer A and 2% buffer B at a flow rate of 0.3 puL /min.
The 180-min gradient for the sample digest consisted of
130 min of 98% buffer A and 2% buffer B, 10 min of
60% buffer A and 40% buffer B, 1 min of 40% buffer A
and 60% buffer B, 6 min of 5% buffer A and 95% buffer
B, and 33 min of 98% buffer A and 2% buffer B at a
flow rate of 0.3 pL/min. Peptides are eluted from the
column and electrosprayed directly into a Velos Pro
mass spectrometer (ThermoFisher, San Jose, CA) with
the application of a distal 3-kV spray voltage. For the

quality control analysis, a full-scan mass spectrum
(400-1600 m/z) is measured followed by a 17 SRM
spectra all at 35% normalized collision energy and a
2 m/z isolation window. For the sample digests, a full-
scan mass spectrum (400-1600 m/z) followed by 17
data-dependent MS/MS spectra on the top 16 most
intense precursor ions at 35% normalized collision en-
ergy with a 2 m/z isolation window. Application of the
mass spectrometer and UPLC solvent gradients was
controlled by the ThermoFisher XCalibur data system.

Data analysis

The quality control data were analyzed using Skyline
(MacLean et al. 2010). The DDA MS/MS data were
searched using COMET with dynamic modification
searches of 15.994915 methionine and a static modification
of 57.021464 Cysteine against a FASTA database contain-
ing all the protein sequences from the WS250 freeze of
C. elegans from WormBase plus contaminant proteins
(Eng et al. 2013). Peptide spectrum match false discovery
rates were determined using Percolator (Kall et al. 2007) at
a threshold of 0.01, and peptides were assembled into
protein identifications using an in-house implementation
of IDPicker (Zhang et al. 2007). The results of these mass
spectrometry runs are available at chorusproject (https:/
chorusproject.org/anonymous/download/experiment/d4 1
¢70cbecfe42a0a00050488903a163).

The comparison of proteins between EV and whole
worm was conducted by filtering the 224 proteins identi-
fied in all replicates against a protein data set of young adult
whole worm lysate obtained from the same Velos Pro
spectrometer as the EV proteomics was conducted (data
in supplemental spreadsheet). The data set contained abun-
dance values for 118 of the 224 EV proteins. A scatterplot
of the EV and whole worm abundance values of these 118
proteins was generated and the linear trendline and R were
calculated. The EV and whole worm proteomic data and a
table of the analyzed proteins with their abundance values
are given in the supplemental spreadsheet.

To assess the ontology associations of EV pro-
tein cargos and characterize their protein interac-
tion network structure we used WormBase enrich-
ment analysis, STRING V11, and WormExp
WS235 (Angeles-Albores et al. 2016; Croft et al.
2011; Mi et al. 2013; Szklarczyk et al. 2019; Yang
et al. 2016). Human homologs of C. elegans pro-
teins were identified through WORMHOLE
(wormhole.jax.org) (Sutphin et al. 2016).
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RNA sequencing

To quantify EV-associated RNA samples were proc-
essed with total exosome protein and RNA isolation
kit (Invitrogen, Carlsbad CA, USA, Cat no. 4478545).
We then characterized the abundance and size of the
eluates on an Agilent 2200 TapeStation (Agilent, Santa
Clara CA, USA; Cat no. G2991AA) using high-
sensitivity screen tape (Agilent, Santa Clara USA Cat
no. 5067-5579) along with a small RNA calibration
ladder (Agilent, Santa Clara CA, USA; Cat no. 5067-
1550). The vesicle samples displayed substantial small
RNAs as well as 16 s and 28 s rRNA species at the
expected sizes. To determine what RNA species are
packaged into EVs we conducted RNAseq. We used a
Qiagen small RNA Sample Preparation kit to prepare a
cDNA library from our EV-associated RNA (Qiagen
Germantown MD, USA Cat no. 331502), while an
[lumina MiSeq v2 kit (300 cycles) was used to prepare
the sequencing library with 5’ adapter sequences (San
Diego USA; Cat no. MS-102-2002). The sample was
then submitted to single-end sequencing on an Illumina
MiSeq desktop sequencer.

Small RNAseq data analysis

Adapter trimming and sequence alignment were con-
ducted in the sRNAnalyzer (Wu et al. 2017), which
provides comprehensive small RNA profiling. The
adapter trimming resulted in RNA with a peak sequence
length of 19 nucleotides (nt) dropping off to zero reads
around 55 nt. For miRNA profiling, sequences were
mapped against miRBase version 21 (Kozomara and
Griffiths-Jones 2014; Zerbino et al. 2018). For other
RNA profiling, FASTA files for C. elegans tran-
scriptome and genome sequences were retrieved from
NCBI genome database (assembly WBcel235)
(Kozomara and Griffiths-Jones 2014; Zerbino et al.
2018). The FASTA files were transformed with
bowtie-index files. All the alignments to microRNAs,
RNAs, and DNAs were performed under 0 to 2 mis-
match allowance. About 8M reads were mapped to the
C. elegans genome. The complete list of RNA cargos is
given publicly available at Gene Expression Ominibus
(Accession ID: GSE146973). A spreadsheet with all
reads is provided in supplemental file.

To compare the abundances of miRNA between EV
and whole worms we chose three miRBase data sets
obtained on young adult worms that were not subjected
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to an experimental treatment (accession nos.
dER0000000402, ER0000000403, ER0000000408)
(Stoeckius et al. 2009). The miRNAs contained in these
three sets were then filtered those that were in all three
replicates and had a confidence checkmark. This list was
then filtered miRNAs that were present in the EVs
resulting in 87 miRNAs with EV and three replicates
of whole worm readings. The average reads/million was
calculated for the three whole worm readings. EV
miRNA abundances were expressed as reads per million
by multiplying the number of raw reads a factor of 1
million divided by the total no. (22,042) of miRNA
reads. A scatterplot of the EV and whole worm abun-
dances of these 87 miRNAs was then generated, and the
linear trendline and R” value were determined. A list of
the abundances used to do the calculation is in the
supplemental spreadsheet.

Results
Proteomic analysis of C. elegans EVs

We conducted proteomic analysis of triplicate biological
replicates for EVs purified from wild type young adult
C. elegans. Secreted EVs were purified from synchro-
nized cultures of ~ 500,000 worms at day 1 of adulthood
(Fig. la). Greater than 80% of the peptide spectra
corresponded to C. elegans proteins with the remainder
mapping to E. coli proteins, presumably from the resid-
ual food source (Fig. 1b). We ranked the identified
C. elegans proteins according to their average Normal-
ized Spectral Abundance Factor (NSAF) (Mcllwain
et al. 2012) and found that the 20 most abundant pro-
teins displayed relatively consistent abundance levels
across biological replicates (Fig. 1c). Each biological
replicate identified hundreds of EV protein cargos via
unique peptide hits (Supplemental File 1).

To assess the ontology associations of EV protein
cargos and characterize their protein interaction net-
work structure we used WormBase enrichment anal-
ysis, STRING V11, and WormExp WS235
(Angeles-Albores et al. 2016; Croft et al. 2011; Mi
et al. 2013; Szklarczyk et al. 2019; Yang et al.
2016). We limited our analyses to the set of 224
proteins (43%) that were identified in each of the
three biological replicates (Fig. 1d). The most
enriched ontology terms in WormBase and STRING
were “extracellular region” (FDR 2.23E-12) and
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“signal” (FDR 7.35E-51), respectively. Tissue en-
richment analysis showed that “intestine” (q-value
2.4E-14) and “muscular system” (q value 2.9E-8)
were the most associated tissues. The top ontology
associations are presented in Supplemental Table 1.
Protein interaction network analysis identified three
clusters consisting of metabolic, immune, and base-
ment membrane associated proteins (Fig. le).
Eighty-eight of these proteins are considered strong
orthologs because based on reciprocal best hits with
human genes using WORMHOLE (Sutphin et al.
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Fig. 1 Proteomic analysis of C. elegans EVs. a Caenorhabditis
elegans secrete EVs outside their bodies allowing for their isola-
tion without disrupting tissues. b Comparison of detected EV
peptides associated with C. elegans and E. coli. ¢ Absolute NSAF
scores of the 20 most-abundant proteins detected across all three
EV replicates. Error bars are standard error of the mean. d Venn
diagram of the intersection of proteins identified in biological
replicates. About 43% of protein hits were found in all biological
replicates (n = 3). e Protein interaction network of 224 C. elegans
EV proteins identified in every biological replicate. f Protein

2016). The sets of 224 EV proteins as well as the
88 with clear human orthologs consist mainly of
metabolic, immune response, and basement mem-
brane protein interaction networks (Fig. 1f;
Supplemental Table 2).

C. elegans EVs are enriched for typical human EV
cargos

To determine whether C. elegans EVs contain similar
cargos as human EVs, we compared our proteomic
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interaction network for the 44 EV proteins with clear human
homologs as determined by Ortholist 2. The 223 EV proteins that
were identified in all biological replicates were filtered for those
appearing in all of the six C. elegans orthology databases queried
by Ortholist 2. For both analyses the STRING association strin-
gency was set to 0.7 (Strong), and the thickness of the bar indicates
the strength of interaction. Unconnected proteins have been re-
moved. The colored circles correspond to metabolic (red), immune
(blue), and basement membrane-associated (green) proteins
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results with a list of the 100 most-frequently identified
human EV proteins in Exocarta.org (Mathivanan et al.
2012). A reciprocal BLAST best hit approach was
used to identify worm orthologs corresponding to
the 100 human EV proteins, which yielded 46 C.
elegans proteins. Although the reciprocal BLAST best
hit approach is a stringent means for determining
orthology, this approach can overlook protein families
with strongly conserved sequences, because none of
them emerge as the best single hit (e.g., actin). There-
fore, we conducted BLAST analysis on the 54 human
EV proteins and filtered for E-values smaller than E <
—30. The reciprocal BLAST best hits and £<—30
hits were combined into a final set in which 93
human EV proteins were associated with 70 C.
elegans proteins (Supplemental Table 3). These 70
C. elegans proteins were then queried against EV
proteins identified in any of the replicates and as well
as proteins identified all three replicates. This matched
9 proteins that were identified in every replicate (12
%) and 21 proteins identified in any replicate (42%).
In both cases, the overlap between known human EV
cargos and C. elegans EV cargos observed in this
study was significantly more than expected by chance
(p<1 E-9, Fisher’s exact tests) (Supplemental Fig. 1).

Sequence analysis of small RNAs in C. elegans EVs

While EVs from other species are known to contain
small RNA cargos it has not yet been determined wheth-
er C. elegans EVs contain similar RNA species. We
therefore conducted an RNA isolation protocol on puri-
fied C. elegans EVs and then analyzed the product by
TapeStation. We observed 16 s and 28 s IRNA peaks as
well as a broad peak below 30 bp (Fig. 2a). Given the
presence of abundant RNA in nematode EVs, we
proceeded to generate a cDNA library and conduct
single-end next-generation sequencing. This resulted in
~ 14 million total reads mapping to ~8.5 million
C. elegans and ~2.5 million E. coli sequences (Fig.
2b). The majority of the 8.5 million C. elegans trimmed
reads were < 35 bp (Fig. 2¢) with rRNA species com-
prising about two thirds of the reads (Fig. 2d). We
filtered our results to exclude rRNA and any sequences
with mismatches. The remaining 440,392 reads
corresponded to a wide variety of RNA types including
mRNA, miRNA, piRNA, snRNA, and snoRNA among
others (Fig. 2e).
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EV composition differs from whole animal composition

We next compared the composition of EV cargos to
global levels within the worm in order to gain insight
into whether cargos are actively selected or result from
passive uptake from the cellular milieu. To compare
protein abundance between EVs and whole worms, we
filtered the proteomic data from whole animals for the
224 EV proteins that were identified in every replicate
(Fig. 1d). Of these, 106 were not identified in whole
worm extract, indicating they are likely of low abun-
dance in whole worms. The remaining 118 proteins that
were identified in both EVs and whole worm extract
were compared for relative NSAF (Supplemental
Table 4A). On average, NSAF values were 27-fold
higher in EVs than in whole worms (Fig. 3a), and there
was no significant correlation between protein abun-
dance in EVs versus whole worms (Fig. 3b; ”=0.01).
Consistent with this analysis, EVs did not contain any of
the numerous ribosome-associated proteins that are
among the most-abundant proteins identified in whole
worms (Wang et al. 2015).

To evaluate relative abundance of specific miRNA
species in EV compared to whole animals, we compared
the EV miRNA levels to three miRNA data sets from
miRBase (Kozomara and Griffiths-Jones 2014) corre-
sponding to day one adult C. elegans (accession nos.
ER0000000402, ER0000000403, ER0000000408)
(Stoeckius et al. 2009). The whole worm miRNA data
sets were filtered for miRNAs that were in all replicates,
had high confidence reads, and were among the EV
miRNAs detected in our analysis. This resulted in 87
miRNAs that could be compared between EVs and
whole worms (Supplemental Table 4B). No significant
correlation was found between EV miRNA and whole
worm miRNA abundance (Fig. 3c; ”=0.01).

Discussion

To the best of our knowledge, this is the first large-scale
characterization of EV protein and RNA cargos in an
invertebrate model organism. The ability to obtain
C. elegans EVs of sufficient quality and quantity for
downstream-omic analyses will allow for detailed stud-
ies of EV biology in a variety of different genetic and
environmental contexts. We have been intentionally
conservative in this analysis by only considering the
RNA sequences with no mismatches and proteins that
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Fig. 2 RNAseq analysis of C. elegans EVs reveals different
classes of RNA: a Bioanalyzer reading of RNA extracted from
C. elegans EVs. The RFU profile is on the left, while the generated
agarose gel illustration is on the right. b Distribution of three major
categories of total non-redundant reads with up to 2 nucleotide

had unique peptide hits in every biological replicate
(n=3). Even this conservative approach yielded 224
proteins and greater than 2000 different non-coding
RNA transcripts including piRNA, miRNA, ncRNA
(non-coding RNA), snoRNA, and others (see Supple-
mental Data File 1).

Although additional studies will be needed to deter-
mine the physiological relevance of the EV cargos iden-
tified here, several categories of proteins appear to be
present in EVs that we speculate may be functionally
important. For example, the EV proteome contained an
abundance of enzymes involved in metabolic pathways
including gluconeogenesis, glycolysis, and amino-acid
metabolism. About half (108 of 224) of the C. elegans
EV proteins identified in every replicate were associated
with carbon metabolism. This is in line with prior re-
ports that metabolic proteins constitute ~15% of
Escherichia coli EV proteins and about half of Saccha-
romyces cerevisiae or human EV protein cargos (Lee
et al. 2007; Oliveira et al. 2010; Thompson et al. 2018).
C. elegans has been shown to secrete metabolites into
the external environment, referred to as the exo-
metabolome (Butler et al. 2010), and these exo-
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metabolites have been implicated in longevity determi-
nation (Mishur et al. 2016). Based on our data, it seems
plausible that a significant portion of the nematode exo-
metabolome is derived from EVs, suggesting one mech-
anism by which EVs could impact lifespan. In the
future, it will be of interest to compare the metabolites
in the EV and non-EV secretate fractions among wild-
type and long-lived mutants.

Another category that stood out from our analysis of
EV cargos is proteins involved in immunity. The top
Reactome and many top GO “Biological function” path-
ways were associated with immune response
(Supplemental Table 1C). Our analysis indicates that
C. elegans EVs are especially enriched for C-type lectin
protein cargos, a family of proteins known for recogniz-
ing diverse infectious ligands and thus contributing to an
antimicrobial immune response (Mallo et al. 2002). We
also found that EV proteins are enriched for genes that
change expression after exposure to pathogenic bacteria
(Supplemental Table 1K) (Sinha et al. 2012; Yang et al.
2015). These connections suggest that C. elegans, like
humans, may also enact innate immune responses
though EVs (Chen et al. 2019).

@ Springer



1140

GeroScience (2020) 42:1133-1145

a b c
00047 0.00257 S 300000~
sk ok N =
£
w | -
0.003+ o
3 2
= © 200000
T8 0.0015+ =
< £ <
) 0.002- S . 2
z o 15 - y=0.0184x+0.0004 g . y =-0.0923x + 13162
2 R?*=0.0116 g 100000 R2=0.0108
0.0014 s .. =
0.0005¢% e g
P o oo
i3, o o .t .. T
oo XY e 000 001 0.02 0.04 s g y ' y y
< & ) ' A I S
R\ & & &
& EV NSAF S & & &

Fig. 3 Comparison of relative levels of EV protein and RNA
cargos with reported levels in whole worm lysate. a Normalized
abundance spectrum (NSAF) values of 118 EV proteins compared
to NSAF values obtained from age-matched whole worm LC-MS-

Protein interaction analysis identified a small node of
four laminins (LAM-1 LAM-2 UNC-52, and EPI-1) and
two collagen alpha-1(IV) chain proteins (LET-2 and
EMB-9) that localize to the basement membrane (Fig.
1f). Five of these have reciprocal best hits with human
proteins as determined by WORMHOLE (Sutphin et al.
2016). Each of these proteins have also been identified in
human saliva and urinary EVs, as well as from various
types of cancer (Demory Beckler et al. 2013; Gonzales
et al. 2009; Gonzalez-Begne et al. 2009). Laminins are
known to drive human EV trafficking through interacting
with fibrous protein—polysaccharides like fibronectin and
functioning with the integrin signaling network (French
et al. 2017). These observations suggest that, as in other
animals (Antonyak et al. 2011; Desrochers et al. 2016;
Hoshino et al. 2015; Sabatier et al. 2002), extracellular
matrix—integrin interactions likely influence EV binding
and uptake by cells in C. elegans.

Our analysis revealed that membrane raft proteins are
enriched in C. elegans EVs. Membrane rafts form when
sphingolipids and cholesterol aggregate into discrete
punctate nanodomains within the lipid bilayer mem-
brane. In vertebrate EVs these nanodomains facilitate
colocalization of proteins that function together and are
critical for both EV biogenesis and for targeting recipi-
ent cells (Head et al. 2014). Twentyfive out of forty-
three previously identified nematode membrane raft
proteins (Rao et al. 2011) were identified in EVs
(Supplemental Table 5). The enrichment of membrane
raft proteins suggests that, like humans, C. elegans EVs
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EV miRNA reads / million

MS data set. b Scatterplot of the EV proteins identified in all three
replicates against their global levels in age-matched whole worms.
¢ Scatterplot comparing the EV (X-axis) vs whole worm (Y-axis)
miRNA expression levels

also contain these lipid nanodomains, and once again
points to substantial similarities in EV structure and
function between worms and people.

While not unexpected, the presence of abundant
RNA species in C. elegans EVs indicates that this major
EV signaling modality is likely conserved in C. elegans.
One of the advantages of RNAseq analysis is that dif-
ferent small RNA families can be studied simultaneous-
ly in a comprehensive manner. In addition to abundant
rRNA, mammalian EV cargos can include mRNAs,
ncRNAs including miRNAs, long non-coding RNA
(IncRNA), single-stranded DNA, double-stranded
DNA, mitochondrial DNA, and oncogene amplifica-
tions (i.e., c-myc) (Guescini et al. 2010; Janas et al.
2015; Thakur et al. 2014; Yanez-Mo et al. 2015). Our
RNAseq analysis yielded more than 440,000 no-
mismatch reads identifying other RNA species, includ-
ing ncRNA, mRNA, miRNA, piRNA, and snRNA
among others in roughly similar percentages of RNA
subtypes as previously reported from human EVs. Al-
most a third of the ncRNA reads were for three
uncharacterized species, M02F4.12, C44B7.15, and
B0244.13. snRNA followed by miRNA were the next
most-abundant families of RNA comprising 25% and ~
10% of the non-rRNA reads, respectively (Fig. 2d).
Small ncRNA and rRNA have been shown to also be
enriched in human exosomes (Elsemiiller et al. 2019).
The piRNAs identified were notable because of their
great variety, with more than 1200 different transcripts
from 6776 no-mismatch reads. In contrast, we only
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identified 139 miRNA species from 42,444 no-
mismatch miRNA reads. The miRNA reads mapped to
139 miRNA species all encoded from the plus strand.
The miRNA families most over-represented in EVs
were miR-51 and miR-58 (Supplemental Table 4B).
Studies have shown that the miR-5/ family functions
in developmental timing and tissue adhesion, suggesting
the possibility that EV transport of these miRNAs may
contribute to their cell non-autonomous functions
(Brenner et al. 2012; Shaw et al. 2010). The miR-58
family has been shown to interact with the TGF-beta
pathway and suggested to play housekeeping roles to
influence tissue-specific gene expression (de Lucas et al.
2015; Pagano et al. 2015). Intriguingly, one of the most
abundant miRNAs was /et-7, which has been recently
been identified in human cancer cells and breast milk
EVs (Ohshima et al. 2010; van Herwijnen et al. 2018).
Each of the human orthologs of the miRNAs contained
in C. elegans EVs (Supplemental Table 4B) have been
previously identified in EV's based on datasets uploaded
to microvesicles.org and EVmiRNA (Kalra et al. 2012;
Liu et al. 2019). Our EV RNA sequencing results also
contained over 5000 mRNA no mismatch hits. In gen-
eral, the most abundant mRNAs correspond to the most-
abundant proteins identified in C. elegans whole worm
lysate in the pax.db database (Wang et al. 2015), includ-
ing numerous ribosomal subunits as well as collagens,
histones, and actin/tubulin genes (Supplemental Data
File 1). Although little is known about ncRNA functions
this enrichment in EVs suggests they may play a role in
cell-to-cell signaling and comparison with previous hu-
man EV RNA datasets suggests that C. elegans is likely
to share many aspects of canonical RNA-mediated EV
signaling with humans (Kim et al. 2017).

To date, the only C. elegans ciliated neurons have
been shown to secrete EVs outside the body (Wang
et al. 2014), but our data suggests that multiple
other tissues also likely contribute to this EV subset.
The miRNA with the highest EV expression from our
dataset is mir-82 (90,651 reads/million), which is
known to be expressed specifically in the amphid neu-
rons, excretory gland cell, and a subset of neurons in the
tail, while a miR-81expression is neuron-specific (Isik
et al. 2010; Martinez et al. 2008). The protein with the
highest abundance score ASP-6 is localized to the ex-
tracellular pseudocoelomic space and intestine. Tissue
enrichment analysis of EV protein cargo identified the
intestine as the most represented tissue, followed by
muscle and pharynx (Supplemental Table 1A).

Together, this suggests that the intestine and excretory
duct are likely the major producers of secreted EVs,
although neurons, muscle, and other tissues contribute
as well.

One particularly intriguing feature of the proteomic
analysis is an association with genes regulated in the
context of aging. We used WormExp to determine the
correlation of the EV protein set with published genome-
wide gene expression data sets in C. elegans. Although
aging-related microarray experiments comprised just 4%
of the data sets (97 of 2297), four of the ten most-
correlated studies were age-related (Supplemental
Table 6). Two of these studies identified genes whose
mRNA levels decrease significantly with age
(Budovskaya et al. 2008; Pu et al. 2015), and two studies
identified genes that are downstream targets of transcrip-
tion factors that have been shown to influence aging in
C. elegans (Habacher et al. 2016; Mann et al. 2016;
Thyagarajan et al. 2010). The most abundant miRNA
cargos were also enriched for miRNA families that have
been shown to function in longevity pathways. For in-
stance, miR-58 has been shown to increase longevity in
daf-2 mutants through daf-16 (FOXO60)) signaling
(Zhang et al. 2018). Three members of the miR-58
miRNA family (miR-58, miR-80, miR-82) were all
among the top ten most-abundant miRNAs in EVs, and
miR-71, the fourth-most abundant EV miRNA, is known
to influence longevity in a cell non-autonomous manner
via the insulin/IGF pathway (Boulias and Horvitz 2012).

We envision at least two general ways that EVs could
be important for aging in C. elegans and other animals.
First, there is abundant evidence that many longevity
pathways act through cell non-autonomous signals to
regulate lifespan. In worms, for example, long-lived
mutants involved in mitochondrial function (Durieux
et al. 2011), insulin signaling (Apfeld and Kenyon
1998), mTOR signaling (Zhang et al. 2019), and hyp-
oxic signaling (Leiser et al. 2015) all involve signals
arising in neurons and mediating downstream molecular
changes in the intestine. EVs are a likely candidate for
transducing these signals. For instance, our studies
showed that miR-83 was enriched 30-fold in EVs com-
pared to whole worm lysate (Supplemental Table 4B)
and intestinal miR-83 was recently shown to control the
age-related decrease in macroautophagy in other tissues,
potentially through EV signaling (Zhou et al. 2019).
Second, EVs may serve as a mechanism for removing
toxic misfolded or aggregated proteins that accumulate
with age. Such a cellular self-defense mechanism would
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allow cells to reduce the intracellular proteotoxic burden
but could also inadvertently contribute to the spreading
of pathogenic proteinaceous species if taken up by other
cells. There is evidence that such EV-mediated spread-
ing may be important during Alzheimer’s disease (Pluta
et al. 2018; Sardar Sinha et al. 2018), and large EV
“exophers” are produced by aged nematodes
(Melentijevic et al. 2017). Exploring these and other
potential roles for C. elegans EVs may shed light on
fundamental mechanisms of aging in nematodes as well
as human age-related disorders.

The methods we have developed and implemented here
result in abundant, relatively pure EVs sufficient for
conducting multiple types of analyses. We note that in
order to separate the worms from bacterial contaminants,
the animals were incubated in buffer free of bacteria for
24 h prior to collection of EVs. We determined that greater
than 99% of the animals were healthy and active following
the incubation period, suggesting that little to no death
occurred and isolated EVs came from live animals. Indeed,
we have previously shown that complete removal of bac-
terial food during adulthood increases lifespan in
C. elegans and related species (Smith et al. 2008;
Sutphin and Kaeberlein 2008). However, we recognize
that the absence of food may also impact the composition
of the EVs and different cargo compositions are likely in
fully fed adult worms. Future efforts will be directed
toward purification of secreted EVs from fed C. elegans,
either through affinity-based approaches or utilizing axenic
media.

Conclusion

Human EV cargos are increasingly being investigated as
biomarkers of, and contributing factors for, health and
disease. Until now, however, the EV field has been
lacking a tractable invertebrate genetic model. In this
study, we performed the first large-scale identification
of EV proteins and RNA cargo from C. elegans. Our
experiments uncovered a diverse spectrum of small non-
coding RNAs and proteins, the composition of which
indicates significant evolutionary conservation with
humans. The genetic tractability of C. elegans, coupled
with the ability to isolate EVs for proteomic,
metabolomic, and RNAseq analysis, suggests that
C. elegans could be a useful model system for dissecting
genetic pathways and physiological processes that im-
pact EV signaling in vivo. In particular, the use of
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C. elegans to understand the role of EVs in aging and
age-related disease appears to be a fruitful line of
investigation.
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