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ABSTRACT

Extracellular vesicles (EVs) contain a wide range of RNA types with a reported prevalence of non-coding
RNA. To date a comprehensive characterization of the protein coding transcripts in EVs is still lacking. We
performed RNA-Sequencing (RNA-Seq) of 2 EV populations and identified a small fraction of transcripts
that were expressed at significantly different levels in large oncosomes and exosomes, suggesting they
may mediate specialized functions. However, these 2 EV populations exhibited a common mRNA
signature that, in comparison to their donor cells, was significantly enriched in mRNAs encoding E2F
transcriptional targets and histone proteins. These mRNAs are primarily expressed in the S-phase of the
cell cycle, suggesting that they may be packaged into EVs during S-phase. In silico analysis using
subcellular compartment transcriptome data from the ENCODE cell line compendium revealed that EV
mRNAs originate from a cytoplasmic RNA pool. The EV signature was independently identified in plasma
of patients with breast cancer by RNA-Seq. Furthermore, several transcripts differentially expressed in EVs
from patients versus controls mirrored differential expression between normal and breast cancer tissues.
Altogether, this largest high-throughput profiling of EV mRNA demonstrates that EVs carry tumor-specific
alterations and can be interrogated as a source of cancer-derived cargo.
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ntroduction 30-150 nm exosomes (Exo), as well as larger particles, fre-

Analysis of single mRNAs by PCR suggests that the presence of
quantifiable tumor RNA in plasma may allow the development
of non-invasive diagnostic and prognostic tools." Extracellular
RNA (exRNA) in body fluids is protected from RNases by RNA
binding proteins and extracellular vesicles (EVs).>™* EVs are
membrane-enclosed particles that are shed by all cell types in
unicellular and multicellular organisms during normal and
pathological states, including cancer.” EVs play an important
role in intercellular communication.®® Increasing in vitro and
in vivo evidence indicates that they act through specific mecha-
nisms involving the transfer of oncogenic molecules between
cell and tissue compartments, including at metastatic sites.”” Tt
is increasingly clear that cancer cells can shed heterogeneous
populations of EVs, which differ in size, molecular cargo, func-
tion, and likely in biogenesis.'>"" The term “EVs” includes

quently described as microvesicles or ectosomes (up to 1 um
diameter)."> A new category of atypically large EVs (1-10 um),
referred to as large oncosomes (LO), results from the shedding
of non-apoptotic membrane blebs produced by highly migra-
tory and metastatic “amoeboid” cancer cells.'">'* LO are associ-
ated with advanced prostate cancer in vivo and can also be
produced by cancer cells of different organ types in association
with invasive behavior and other aggressive characteristics.">'®
Recent studies suggest that diverse classes of EVs might contain
different RNA profiles, as demonstrated by electropherogram.'”

Molecules carried in EVs are functional and can poten-
tially be used as clinical biomarkers. EV RNA appears partic-
ularly promising with respect to the potential of developing
minimally invasive tests with high sensitivity and specificity.®
RNA types identified in EVs include miRNA (often reported
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as the most abundant RNA species in EVs), ribosomal RNA
(rRNA), transfer RNA (tRNA), long non-coding RNA
(IncRNA), piwi-interacting RNA (piRNA), small nuclear
RNA and small nucleolar RNA (snoRNA).'® messenger RNA
(mRNA) has also been identified in EVs from cancer cells as
a functional regulator of target cell behavior,”® and func-
tional transfer of RNA has been displayed in mice using a
Cre recombinase system for in vivo identification of tumor
cells that take up EVs.'*?°

Patterns of mRNA enrichment in EVs can vary significantly
across cell types and populations.® For example, mRNAs
involved in cell migration, angiogenesis, and cell proliferation
have been identified in glioblastoma cell-derived EVs, whereas
mouse mast cells (MC/9) contain mRNAs responsible for protein
synthesis, RNA post-transcriptional modification and cellular
development.>” Despite some evidence suggesting the possibility
of a common sequence in the 3-UTR of mRNAs enriched in
EVs,*' the exact mechanism for selective packaging of mRNA in
EVs remains unknown.’ Previous studies on comparative
miRNA profiling in EVs and donor cells suggest that miRNA
secretion is an active, ATP-dependent process, and that specific
types of miRNA are exported in EVs.*>** Conversely, data show-
ing that extracellular miRNA levels mirror their intracellular
abundances favor the hypothesis that miRNA export is a non-
selective process.® So far, RNA profiling in EVs has been com-
monly performed by qRT-PCR analysis of single RNAs, rather
than by large-scale profiling, an approach that relies on previ-
ously discovered RNAs.” RNA-Seq has only been employed in a
few studies to characterize EV RNA.'%?*2% However, because of
a reported predominance of short non-coding RNA in EVs,
these RNA-Seq studies have been conducted using small RNA
libraries that by design exclude long mRNA.

In the present study, we employed exome capture-based
RNA-Seq to profile the mRNA in 2 types of EVs, Exo and LO,
and to determine whether the observed differences between
EVs and originating glioblastoma cells might inform the deri-
vation of EVs from a particular subcellular compartment. We
examined differences in the mRNA splicing state, level of
enrichment of mRNAs encoding a signal peptide, and the con-
tent of short half-life mRNAs between the EVs and cells. We
extended the analysis to an ENCODE collection of whole-cell,
cytosolic, and nuclear mRNA fractions obtained from diverse
cancer cell lines in order to derive more general information on
the subcellular derivation of the mRNA exported in EVs.
Finally, we analyzed the whole transcriptome of EVs purified
from the plasma of 10 patients with breast cancer and 5 control
individuals to test the potential value of circulating EVs as car-
riers of tumor-derived RNA.

Results

RNA can be extracted from both large oncosomes and
exosomes

LO and Exo were isolated from the conditioned medium of
glioblastoma U87 cells by a differential centrifugation-based
protocol that can differentiate LO from Exo, as confirmed by
flotation in iodixanol.'' Western blotting with GAPDH and
HSPAS5, which are enriched in LO,"" CD81, which is typically

enriched in Exo,'"?” and the Golgi protein GM130, which is
typically excluded from EVs,*® confirmed the purity of our
preparations (Fig. 1A). Analysis of the RNA quality by electro-
pherogram demonstrated that 18S and 28S rRNA peaks and
longer RNA species (up to 4,000 bp) were well recognizable in
the LO preparations while undetectable in Exo (Fig. 1B,
Fig. S1). Along with this qualitative difference in RNA profiles,
RNA yields, normalized to the number of originating cells and
total protein amount, was also higher in LO (2.2-fold) than in
Exo (Fig. 1C).

Vesicular mRNA reflects the profile of the originating
tumor cells

In order to determine whether the mRNA content of the EVs
reflects the mRNA of the originating tumor cells, we isolated
and sequenced mRNA populations from U87 cells and from
derived LO and Exo. We obtained a minimum of 50 million
paired end reads over 2 million uniquely mapped reads in Exo,
and over 5 million uniquely mapped reads in LO (Supplemen-
tary Table S1). Applying stringent criteria on minimum tran-
script abundance (>5 FPKM), 6,543 transcripts were quantified
in LO and 6,487 transcripts in Exo. Despite the difference in
RNA yield and the relative lack of long fragments in Exo vs.
LO, we were still able to identify similar numbers of transcripts
in both EV fractions, and their abundance was highly corre-
lated (r = 0.94, p ~ 0, Pearson, Fig. 1D). Conversely, 4,583
genes exhibited more than 2-fold difference between donor cells
and LO or Exo (r = 0.74 for Exo, r = 0.73 for LO, Pearson,
Fig. 1E, F). This result suggests that the mRNA of the EVs
does not represent random shedding from the source cells, and
is in line with previous observations supporting active export of
miRNA in EVs.'"®**** For validation, we randomly selected 13
mRNAs that showed at least 2-fold change in LO vs cells and
measured their abundance using a high throughput, microflui-
dic system (Fluidigm). Directional trends for 7 (54%) of these
transcripts was confirmed (Fig. S2, Table S2).

Vesicular mRNA is derived from cytosolic mRNA

We hypothesized that the observed differences between EV and
whole-cell mRNA profiles are potentially due to the EVs being
derived from specific cellular or subcellular compartments. To
test this hypothesis, we queried the Cold Spring Harbor RNA-
Seq data set of the ENCODE project, including various cancer
cell lines and multiple subcellular compartments.”” We first
observed similar differences between the mRNA populations of
whole cell and cytosol (r = 0.79-0.91) (Fig. S3) to those
observed between the U87 EVs and cells (r = 0.73-0.74)
(Fig. 1E, F). Next, to assess the origin of EV mRNA from cyto-
solic vs. non-cytosolic cell compartments, we focused on the
unspliced mRNA, i.e. intronic sequence, that is known to be
comparatively less abundant in cytoplasm than in either whole-
cell or nuclear compartments.”” We characterized the presence
of unspliced mRNA in U87 cells and LO and compared our
RNA-Seq data to cancer cell line data from the ENCODE proj-
ect (Fig. 1G) that included cytosolic, whole-cell, and nuclear
mRNA fractions. We found that the LO fraction contains sig-
nificantly less unspliced mRNA (p ~ 0, Wilcoxon rank-sum)
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Figure 1. The mRNA profile of U87 EVs and cells are significantly different. mRNA was isolated from U87 exosomes (Exo), large oncosomes (LO), and U87 cells, and was
profiled by RNA-Seq. (A) The purity of LO and Exo fractions was confirmed via Western blotting for HSPA5, GAPDH, and CD81. (B) The electropherograms show the time
distribution and fluorescence intensity (FU) of total RNA in LO, Exo, and cells. (C) RNA yields from U87 LO were substantially higher than RNA yields from U87 Exo. (D) The
mRNA profiles of the Exo and LO EV fractions correlate very well (r = 0.94). (E-F) The mRNA profiles of both Exo and LO exhibited significant differences with the mRNA
profile of U87 donor cells (r = 0.74, and 0.73 respectively). (G) The mRNA in U87 LO is less unspliced (more spliced) than the mRNA in U87 cells. The fraction of unspliced
RNA-Seq reads was calculated for each gene in U87 LO and U87 cell data sets, in comparison with ENCODE RNA-Seq database on whole cell, cytosol, and nucleus from
various cancer cell lines. * - p < 0.001. (H) U87 LO and Exo fractions are enriched for short mRNA transcripts in comparison with U87 cells. The annotated transcript length
was found for mRNAs enriched or depleted in U87 EVs vs. cells, and in ENCODE cytosol vs. whole-cells.

than the originating U87 cells. U87 Exo were not included in
the analysis due to substantially fewer non-redundant reads in
the data set. A similar difference was seen within the ENCODE
cell lines, with the cytosolic fractions having significantly less
unspliced mRNA than the corresponding whole-cell fractions,

mRNA.

which in turn had less unspliced mRNA than the nuclear frac-
tions. The similar pattern seen when comparing splicing
between LO and whole-cell mRNA, and between cytosol and
whole-cell mRNA, is suggestive of a cytosolic origin for the EV
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To investigate this further, we then compared the annotated
transcript length of mRNAs enriched (>3-fold higher) or
depleted (>3-fold lower) in U87 EVs compared with whole
cells in our data set, and in the cytosol of ENCODE cell lines
compared with whole cells (Fig. 1H). This comparison showed
that transcripts enriched in either U87 EV fraction tend to be
significantly shorter than those enriched in the U87 cells (p ~ 0
for Exo, p ~ 0 for LO, Wilcoxon), with a similar result for the
cytosol of most ENCODE cell lines, further corroborating a
cytosolic origin of EVs. Lastly, as new mRNAs are not gener-
ated in the cytosol, but rather in the nucleus, it would be
expected that short half-life mRNAs, which are degraded faster,
would be depleted from the cytosol when compared with the
whole cell. Using annotated mRNA half-life data from a pub-
lished study,”® we compared fold changes in mRNA abundance
both between U87 EV sets and whole cells, and ENCODE data
from cytosol and whole cell, grouping fold-changes by long and
short mRNA half-life (Fig. S4). For both the Exo and LO data,
and the majority of ENCODE cell lines, shorter half-life
mRNAs showed lower fold-changes than long half-life mRNAs
(p = 8.2 for Exo, p = 2.7¢”” for LO, Wilcoxon), further
arguing for a cytosolic origin of the mRNA cargo in EVs.

Signal peptide bearing mRNAs are depleted from EVs

The mRNA population of the cytosol is not uniformly distrib-
uted, particularly with regard to mRNAs encoding a signal pep-
tide. Many eukaryotic genes encode an N-terminal signal
peptide that is recognized by the Signal Recognition Particle and
directs the mRNA to the rough endoplasmic reticulum (RER)
for translation.”® mRNAs encoding a signal peptide are more
likely to be associated with the RER than free in the cytosol.””
Based on this notion, if the RER were involved in the generation
of EVs it would be expected that mRNAs encoding a signal pep-
tide would be enriched in EVs compared with cells. Signal pepti-
des can be accurately predicted computationally via machine
learning using the SignalP utility.”> We therefore used SignalP to
assess all protein coding genes in the human genome for the
presence of a signal peptide; we then compared the abundance
of signal peptide encoding mRNAs between U87 EV's and cells,
and between ENCODE cytosol and whole-cell (Fig. 2A, Fig. S5).
Surprisingly, we found that EVs were strongly depleted for sig-
nal peptide-encoded mRNAs (p < 0.001, NES = —3.1, GSEA,
mean log, fold-change = —1.0.). The signal peptide depletion
was not observed when we compared cytosol and whole cells in
the ENCODE data set. The depletion of signal peptide-bearing
mRNAs from the EVs suggests that EV's are formed to the exclu-
sion of mRNAs co-translationally bound to the RER. Such a
depletion of signal peptide encoding mRNAs also argues
strongly for a cytosolic origin of the mRNA in the EVs, since sig-
nal peptide recognition is itself a cytosolic process.

U87 EVs are enriched in S-phase specific transcripts

We found that several important cell cycle regulators were
enriched in EVs, including E2F (~40-fold) and CDK2 (~7-
fold), suggesting a possible relationship between progression
through the GI1-S checkpoint and mRNA export (Supporting
Material File 1). New mRNA is unlikely to be generated in the

EVs; rather, the mRNA content of EVs likely reflects the mRNA
state of the cytosol at the time of EV biogenesis. Depletion or
enrichment of mRNA that is expressed during a specific phase
of the cell cycle permits inference of a phase-specific origin of
EV mRNA. Notably, CDK?2 is involved in the transition to the
S-phase of the cell cycle via phosphorylation of the Rb family
members™ and the concomitant release of E2F transcription fac-
tors.”> The E2F family of transcription factors is responsible for
both repressing and enhancing the cell cycle-specific expression
of many genes, with targets tending to have peak expression in
late G1 and S-phase.’®”” Indeed, the E2F1 gene itself is known
to peak during G1 and S-phases.’® Comparing EV and whole
cell profiles, we found that mRNAs of genes with E2F binding
motifs near or in their promoters™ are significantly enriched in
EVs (p < 0.001, NES = 2.5) (Fig. S6). This enrichment is not
seen when comparing cytosol and whole-cell RNA-Seq data in
ENCODE cell lines, indicating that it is not due to the cytosolic
origin of the EV. mRNA. CDC2/CDKI is a heavily E2F regulated
gene; release of the repressive of E2F4, a paralog of E2F1 with a
common DNA binding motif and highly overlapping target gene
set,” from the CDC2 promoter region precedes the transcrip-
tional activation of CDC2*'. In our RNA-Seq data, we found
that CDC2/CDK1 is increased >100-fold in EVs compare with
cells (Supporting Material File 1). To examine genome-wide the
differences in E2F family targets between U87 EVs and cells, we
defined a set of E2F regulated genes using ENCODE ChIP-seq
data** for the broadly expressed E2F4 protein.” Comparing the
abundance of mRNAs from this gene set between EVs and cells
we found that the EV sets are greatly enriched for these mRNAs,
(p < 0.001, NES = 3.6, mean log, fold-change = 1.1) (Fig. 2A,),
suggesting that most mRNAs are exported in EVs at a time in
the cell cycle when E2F4 targets are de-repressed, most likely in
the G1 or S-phases. Enrichment of this E2F4 regulated gene set
was not observed when comparing the cytosol to whole cell of
any of the ENCODE cell lines (Fig. S7). The expression of
canonical human histone genes is similarly regulated by the cell
cycle, being largely confined to the S-phase, followed by their
degradation in G2.** As with the E2F targets, we found that
these histone mRNAs are enriched in EVs (p < 0.001, NES =
3.37, mean log2 fold-change 2.5, Fig. 2A). The histone mRNAs
were also slightly enriched in the cytosol from several ENCODE
cell lines (NES = —1.2 - 2.9, Fig. S8). However, compared with
the EVs, the fold-change of histone mRNAs in the cytosolic data
sets was significantly lower (mean log2 fold change 0.4-1.53),
suggesting that the enrichment in EVs cannot be solely explained
by cytosolic localization of histone mRNAs. The enrichment of
histone mRNAs in the EVs, combined with the similar strong
enrichment of E2F targets, suggests that most of the mRNA is
exported to EVs during the S-phase of the cell cycle, when both
gene sets are highly expressed. Of course this result could also be
a mere reflection of an increased expression of these transcripts
in the S-phase. The implication of this result is that profiling EV
mRNA could capture a snapshot of cytosolic, S-phase mRNA.

Patterns seen in U87 RNA-Seq data are recapitulated in
expression microarrays

Using expression microarray data from previous studies that
have characterized the mRNA content of EVs and originating
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Figure 2. U87 EVs are derived from U87 cytosol and enriched for S-phase associated transcripts. (A) U87 EVs are depleted for mRNAs encoding a signal peptide, and
enriched for E2F4 targets and histone mRNAs. The only phase of the cell cycle in which both E2F targets and histone mRNAs are upregulated simultaneously is the
S-phase, which suggests that mRNA export in LO occurs in S-phase. The fold-changes of genes in the 3 gene sets were found between U87 EVs and cells. Density is dis-
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indicating that the cells are in the S-phase of the cell cycle when LO formation occurs. A representative confocal image is shown. Nuclei were stained with DAPI (blue).

Arrows indicate the LO.

cells,>*>*® we detected a robust depletion of signal peptide

encoding mRNAs from the EVs of 3 diverse cancer cell lines,
U87 (glioma, p < 0.001, NES = —2.7, mean fold-change =
—1.3), SW480 (colon cancer, p < 0.001, NES = —2.75, mean
log2 fold-change = —0.3), and MDA-MB-231 (breast cancer,
p < 0.001, NES = —2.6, mean log2 fold-change = —0.1)
(Fig. 2B), in good agreement with observations from our RNA-
Seq data. We additionally observed significant enrichment of
E2F4 targets in the EVs of all 3 data sets, U87 (p < 0.001, NES
= 1.48, mean log, fold-change = 0.2), SW480 (p < 0.001, NES
= 2.3, mean log, fold-change = 0.3) and MDA-MB-231
(p < 0.001, NES = 2, mean log, fold-change = 0.1), again in
strong agreement with our U87 RNA-Seq data. Histone genes

are not sufficiently spotted on these array platforms for similar
analysis. Such concordance across different cell types and
expression platforms makes it very unlikely that these patterns
are either spurious or are artifacts of library preparation, and
the presence of these patterns across diverse cell lines suggests
that they may be universal features of EV mRNA.

Increased LO formation in S-phase

The RNA-Seq and microarray data indicate enrichment for
cell cycle relevant mRNAs in EVs. To pursue this finding
further, we created stable cell lines expressing the CDK2-
responsive portion and nuclear export signal of the DNA
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helicase B (DHB) gene fused to YFP.*” The DHB protein is
localized in the nucleus during GO and Gl phases, but
translocates to the cytoplasm when phosphorylated by
CDK2 at the G1/S transition. YFP-tagging of the CDK2 tar-
geted region of the DHB protein can thus be used as a sen-
sor to track the sub-cellular localization of the protein and,
thus, the cell cycle phase of individual cells.” Using fluores-
cent microscopy, we found that LO formation was observed
predominantly in the S-phase of the cell cycle (Fig. 2C). A
similar result was also observed in breast cancer cells (data
not shown).

Analysis of biological pathways enriched in LO vs. Exo
lead:s to functionally relevant VEGFA

Even though the majority of the transcripts in LO and Exo were
present at similar levels in the 2 sets, 5.2% of transcripts were
present at greater than 2-fold difference between LO and Exo
(414 enriched and 118 depleted mRNAs in LO in vs. Exo)
(Fig. 3A). Even when we used the more stringent criteria of at
least 5 FPKM for mRNA detectability, 215 mRNAs were
enriched and 110 mRNAs were depleted in LO. Ten of 11
(>90%) of these mRNA, which were randomly selected among
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tistically significant enrichment is displayed (Bonferroni corrected; * for p < 0.05, ** for p < 0.001), and the numbers below the asterisks indicate the number of genes for
each GO term. FC = fold change; (F) VEGFR mRNA levels were measured by qRT-PCR in HUVEC cells at baseline or after treatment with LO at the indicated time points (* p

< 0.05).



mRNAs with at least 2-fold differential abundance in LO vs
Exo, were validated by a high throughput, microfluidic system
(Fig. S9). The correlation between RNA-Seq and the micro-
fluidic system data was high (r = 0.76) (Fig. 3B, Fig. S9,
Table S2). HSPAS5, which was previously identified as
enriched in LO vs Exo at the protein level by mass spectro-
metry,'" appeared among the mRNAs that were enriched in
LO vs Exo.

Gene ontology (GO) enrichment analysis using the Fun-
Rich*® tool was performed for all LO-enriched mRNAs. The
analysis demonstrated that LO contain high levels of mRNAs
that encode proteins localized in membrane structures
(Fig. 3C-E). More specifically, the proteins encoded by the
mRNAs enriched in LO belong to categories such as plasma
membrane (cellular component) and transporters or receptors
(molecular function and biological pathway). The biological
pathway that caught our attention was the 83 integrin cell sur-
face interactions group. Recent reports suggest that integrins
are enriched in Exo, that 3 integrin signaling is important in
promoting angiogenesis, and that specific integrins can direct
cancer metastasis to specific organs.*” This biological pathway
has also been reported to play a role in glioblastoma,™ and 6
out of 8 components of this pathway have been reported to be
significantly enriched in glioblastoma tissue in the Oncomine
database. VEGFA, which is a well-known and potent angiogen-
esis stimulator,”’ belongs to this group and has been shown to
be an important mediator of angiogenesis and tumor progres-
sion in several human tumor types. Whether this mRNA can
be transferred between cells via LO is unknown. Treatment of
endothelial cells with LO obtained from U87 cell media for
24 hours resulted in increased VEGFA expression. This was
not the case at 6 hour treatment, which is more suggestive of
transcriptional induction than RNA transfer (Fig. 3F).

Analysis of 15 plasma whole transcriptomes identifies a
global EV mRNA signature and breast cancer signal in
patients

Given that our observed signature of differentially abundant
mRNA sets between U87 EVs and cells (a depletion of signal
peptide encoding mRNAs, and an enrichment of histones and
E2F targets) was recapitulated in a range of heterologous cancer
cell lines, including breast cancer MDA-MB-231 cells, we used
RNA-Seq in an attempt to identify this signature in circulating
EVs from the plasma of patients with advanced breast cancer.
As a proof of principle, we isolated EVs from the plasma of
patients with stage III breast Invasive Lobular Carcinoma (ILC)
vs. healthy controls (Supplementary Table S3). On average, we
achieved 26.5 million raw reads (ranging from 5 to 62 million)
(Supplementary Table S4). Of these raw reads, 87-97% were
uniquely mapped to annotated transcriptional loci. In EV
mRNA preparations from patients with ILC, we observed a sig-
nificant enrichment of E2F4 target genes, and in 2 out of these
3 patients we found enrichment of histone mRNAs and a
strong depletion of signal peptide compare with healthy women
(Fig. 4A). We then performed RNA-Seq on plasma-derived
EVs from an additional group of patients with different histo-
types of Stage III breast cancer. 155 mRNAs were enriched and
61 were depleted in the EVs from patient plasma vs. healthy
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controls (Fig. 4B, and Supplementary Material 2). 145 of the
enriched mRNAs were identified in the TCGA database as
upregulated (based on z-score) or amplified in patients with
breast cancer at different frequency (from 1% to >10%).”>**
(Fig. 4B, Fig. S10). Additionally, we observed a significant
enrichment of GATAI target genes in plasma EVs from
patients compared with healthy women (data not shown).
High GATA1 mRNA levels have been identified in breast can-
cer tissue* Finally, CENPF was up ~5-fold in plasma EVs
from ILC patients vs. control women. Notably, a recent study
reported increased expression levels of CENPF in 16% of breast
cancer tissue samples from patients with ILC.>> Collectively,
these results suggest that an mRNA signature of the disease is
visible in the circulating EV mRNA of patients.

Discussion

This is the first study on global mRNA characterization of 2
types of EVs (LO and Exo) with in-depth comparison to the
donor cell using RNA-Seq. It is also the first attempt to use
expression data to determine what factors influence the abun-
dance of different mRNAs in the EVs. Finally, this is the first
whole transcriptome analysis of EVs circulating in the plasma
of patients with breast cancer. Our results demonstrate that
1) the transcripts exported in EVs are mostly of cytosolic ori-
gin, 2) the EV transcriptome is enriched in S-phase specific
transcripts and exhibits a distinct signature (high E2F targets
and histones, and low signal peptide) that discriminates them
from the donor cell, 3) LO and Exo exhibit an overall similar
mRNA cargo, however they show differences that might be
functionally relevant, and 4) the EV signature can be detected
in plasma of patients with breast cancer vs. controls, along with
transcripts that are upregulated in breast cancer tissues.

Our demonstration that most of the mRNAs exported in 2
different types of EVs derive from the cytosol, and that this
might occur during the S-phase of the cell cycle, is in agreement
with previous studies hypothesizing that EV shedding might be
cell cycle-dependent.*° The findings also highlight a common,
perhaps universal feature of EV mRNA biology. In fact an
mRNA pattern, similar to that we identified by RNA-Seq in
our EV preparations, was found in array data from published
studies on EV's across distinct systems, including breast cancer
models.>**"*” The appearance of this same pattern in plasma
of patients with breast cancer suggests that identification of this
EV signature in vivo might be indicative of increased EV shed-
ding in patients with cancer. This promising result could be fol-
lowed up by studies aimed to test whether a panel of known
E2F targets and histones, combined with signal peptide genes,
could be used to screen circulating EV's in patients with cancer.
The identification of breast cancer specific transcripts suggests
that analysis of EV RNA could result in potentially useful bio-
markers. If validated on larger cohorts, this result could help
ongoing efforts to improve the current tools for early diagnosis
of breast cancer using minimally invasive methods.

Our results also have important implications for future
attempts to study EV mRNA cargo. As we show here, the EV
content is likely derived from cytosol, rather than whole cells.
While EV mRNA has typically been compared with whole-cell
mRNA from the donor source,””*>*® our results suggest that
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Figure 4. Analysis of 15 plasma whole transcriptomes identifies a global EV mRNA signature and breast cancer signal in patients. (A) The EV signature (depletion of signal
peptide encoding mRNAs, enrichment of E2F4 targets and enrichment of histones) was recapitulated in vivo in EVs isolated from 2 out of 3 patients with invasive lobular
carcinoma (ILC) vs. control individuals. (B) The histogram on the left shows the number of transcripts that are enriched or depleted of at least 2-fold (Log 2) in EVs from
all breast cancer patients in comparison with controls. The pie chart shows the distribution of the mRNAs that we found upregulated in plasma EVs in TCGA breast cancer
tissues. The size of each slice is determined by the number of transcripts that are enriched in given fractions of patients. 15 mRNAs were altered in 0-1% of the cases, 19
in 2-3% of the cases, 53 in 4-5% of the cases, 46 in 6-9% of the cases, 22 in > 10% of the cases. (C) CENPF Log 2 expression (FPKM) in plasma EVs from patients (n =

15) vs. healthy controls (n = 5).

comparisons between EVs and cytosolic mRNA are more
appropriate to refine which mRNAs are enriched or excluded
from the EVs during their formation. Importantly, this is one
of the first studies of this kind, and the depth of the sequencing
in our samples, both in vitro and in the circulation, was very
high, allowing us to identify a larger number of genes than a
previous study, in which the abundance of ribosomal and/or
other RNA types precluded in-depth comparison of mRNAs
expression between the Exo and the source cells.”**

Recent studies have described surprising heterogeneity in
EV populations and have provided evidence that EVs originat-
ing from distinct intracellular origins (but from the same cell
donor) might contain diverse cargo and play specialized func-
tions.”” In line with this, our group has demonstrated that 25%
of the protein cargo of LO and Exo purified from the same cell
source is significantly different.'’ However, this study shows a
much more similar RNA profile among the 2 EV populations,
with only 5% of the transcripts present at a difference greater
than 2-fold in LO vs. Exo. In vivo, the EV signature was

identified by whole transcriptome analysis of a mixture of EVs
from patients. Whether one population of EVs contributes to
this signature more than another remains unresolved. Ulti-
mately, this study highlights the possibility that a combinatorial
analysis of different EV subsets might be a more relevant source
for liquid biopsy than either particle alone. Future studies to
clarify whether the tumor signal can be increased by improved
purification methods are warranted.

With respect to the differences between LO and Exo (5% of
the transcripts are at least 2-fold different between the sets), we
observed an interesting functional trend. Most of the tran-
scripts that were enriched in LO vs. Exo encode proteins
involved in important plasma membrane functions, and some
of them for proteins with key functional roles in tumor pro-
gression and previously considered Exo resident molecules
(e.g., VEGFA). An extracellular function for VEGFA, which is
enriched in glioblastoma-derived EVs and capable to induce
angiogenesis in recipient endothelial cells, has been previously
demonstrated.” Our demonstration that VEGFA mRNA levels



are increased in endothelial cells exposed to LO is interesting
and provocative. It might be in agreement with published
reports that suggest that EVs can transfer RNA to target
cells.>***> However, our observation that VEGFA mRNA lev-
els increase as a response to LO treatment for 24 hours, but not
for 6 hours, argues against RNA transfer in this case, and rather
suggests that LO might be inducing mRNA expression in target
cells. Additional studies using tagged constructs will be neces-
sary for a more definitive conclusion. Indeed, functionally rele-
vant is also the observed enrichment of HSPA5 mRNA in LO.
We had previously identified the protein as a potential LO
marker by mass spectrometry, and here we show that it is also
enriched at the mRNA level in a different type of cell line."!

In summary, this study represents the most extensive use of
NGS profiling of EV mRNA, including 2 distinct classes of
tumor-derived EVs. Our study has shown that EVs carry
tumor-specific alterations and can be interrogated as a source
of cancer-derived cargo. Because sample size and the number
of RNA sequencing reads directly influence the accuracy of
molecular subtyping, continuing improvements in technology
will allow the translation of these findings to the clinic. Our
methods did not distinguish between RNA present as full-
length transcripts vs. fragmented RNA. Hence, understanding
whether intact transcripts can be shed in EVs is also an impor-
tant question for exploration in future studies.

Materials and methods
Cell culture

U87 cells were cultured, as previously described,”* in MEM
medium supplemented with 10% fetal bovine serum 2 mmol/L
L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.
Unless otherwise specified, media and supplements were from
Invitrogen.

Purification of EVs

The cells were cultured in serum free media for 24 hours prior
to EV purification. EVs were then purified from conditioned
medium by differential centrifugation as previously
described.'"'*** Briefly, cells and debris were eliminated by
centrifugation at 2,800 g for 10 min. The supernatant was then
centrifuged using a Beckman SW28 rotor at 10,000 g for
30 min to precipitate large EVs. The remaining supernatant
was subjected to additional centrifugation at 100,000 g for
60 min for nano-sized EV isolation. Both the 10,000 g and
100,000 g pellets were collected in TRIzol reagent (Invitrogen)
for RNA isolation.

EV isolation from plasma

Plasma samples from breast cancer patients (n = 10) and
healthy donors (n = 5) were obtained through an Institutional
Review Board approved protocol at Cedars-Sinai Medical Cen-
ter in compliance with the Declaration of Helsinki. All subjects
provided written informed consent for blood to be used for
research purposes. EVs were isolated from 1 ml of plasma per
patient by differential centrifugation. The pellets containing
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large and small EVs were collected in TRIzol reagent (Invitro-
gen) and combined for RNA isolation.

RNA isolation and profiling

Total RNA was extracted from U87 cells and derived large
oncosome (LO) and nano-sized EV (Exo) fractions, as well as
from plasma EVs by ethanol precipitation. RNA was quantified
using NanoDrop2000 and the RNA yield was normalized over
the total protein amount (ng). The quality of RNA was assessed
by total RNA electropherogram profile, using an Agilent 2100
bioanalyzer (Total RNA Nano Series II).

Western blot

Protein lysates from U87 whole cells, LO and Exo were blotted
with: rabbit monoclonal HSPA5 (C50B12) (Cell Signaling),
GM130 (Cell Signaling), and mouse monoclonal CD81 (M38)
(Abcam), at 1:1000 dilution, and HRP conjugated GAPDH
(14C10) (Cell Signaling), at 1:2000 dilution.

Library preparation for Next-Generation Sequencing

Approximately 200 ng of total RNA from U87 cells, LO and
Exo, and 1 to 10 ng of total RNA from the circulating EV sam-
ples were used for the preparation of paired-end libraries.
These libraries were made using a pre-release version of the
IMumina RNA Access kit (http://www.illumina.com/products/
truseq-rna-access-kit.html). Briefly, this protocol uses random
priming to create 1°* and 2 strand cDNA from total RNA. No
poly-A selection or rRNA depletion is done prior to creation of
cDNA. The total cDNA libraries are then enriched for protein
coding regions of mRNA by hybridization and capture using a
set of probes designed against 21,415 human genes. Each
library was analyzed on one lane of an Illumina GAIIx instru-
ment. RNA-Seq reads were then aligned to the human genome.
See Supplementary Methods for detail of RNA-Seq mapping
and transcript quantification.

RNA-Seq validation by RT-qPCR

We used high-throughput on chip quantitative RT-PCR using a
48 x 48 dynamic array (Fluidigm Corporation).”® The assay
plate contained specific primers for AARS, KLF2, RINI,
ADRBK1, MMP14, RRM2, ASL, MTRNR2L2, SLC7AS5,
DAZAP1, MTRNR2L9, TK1, E2F1, P4HB, TMEM41B, HBA1,
PHF19, TPM1, HBA2, POMP, TSNARE1, HSPA5, PSAP and
ZNF789 (id: 5578_FDGP_15). Primer sequences and amplicon
length are shown in Supplementary Table S2. ¢cDNA was
obtained from 11 ng of input RNA from U87 cells, LO and Exo
using the Fluidigm Reverse Transcription Master Mix. Addi-
tional PCR experiments included quantitative detection of
VEGFA (5-CTTGCCTTGCTGCTCTACC-3' forward and 5'-
CACACAGGATGGCTTGAAG-3' reverse) in endothelial cells
exposed to U87-derived LO.

Computational analysis and statistics

Detailed description is reported as Supplementary Methods.


http://www.illumina.com/products/truseq-rna-access-kit.html
http://www.illumina.com/products/truseq-rna-access-kit.html
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Immunofiluorescent (IF) imaging

The lentiviral pCSII-EF-DHB-YFP vector was kindly provided by
Dr. Sabrina Spencer, University of Colorado. U87 cells stably
expressing DHB-YFP were made using lentiviral pCSII-EF-DHB-
YFP vector as previously described.”” Stained cells were fixed in 4%
paraformaldehyde (PFA), and coverslips were mounted in Vecta-
shield mounting medium containing DAPI (5,6’ -diamido-2-phe-
nylindole) (Vector Laboratories, Burlingame, CA). Images were
taken using Leica SP5-X confocal fluorescent microscopy.

Data Availability

These sequence data have been submitted to the GenBank data-
base under accession number SRP061372
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