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SUMMARY

Dynamic profiling of changes in gene expression in response to stressors in spe-
cific microenvironments without requiring cellular destruction remains chal-
lenging. Current methodologies that seek to interrogate gene expression at a
molecular level require sampling of cellular transcriptome and therefore lysis of
the cell, preventing serial analysis of cellular transcriptome. To address this
area of unmet need, we have recently developed a technology allowing transcrip-
tomic analysis over time without cellular destruction. Our method, TRACE-seq
(TRanscriptomic Analysis Captured in Extracellular vesicles using sequencing), is
characterized by a cell-type specific transgene expression. It provides data on
the transcriptome inside extracellular vesicles that provides an accurate repre-
sentation of stress-responsive cellular transcriptomic changes. Thus, the tran-
scriptome of cells expressing TRACE can be followed over time without destroy-
ing the source cell, which is a powerful tool for many fields of fundamental and
translational biology research.

INTRODUCTION

For several decades, mRNA profiling by microarray and RNA sequencing (Hrdlickova et al., 2017; Ozsolak

and Milos, 2011) allowed investigators to push the frontiers of knowledge by providing a better under-

standing of the architectural complexity that underlies cellular heterogeneity. Despite the development

of many techniques with increasingly powerful resolution, a fundamental gap in methodology persists in

that the most current techniques are cell destructive (Saadatpour et al., 2015) and are therefore incompat-

ible with studies examining the dynamics of cellular change. Although in situ hybridization in live cells using

mRNA probes is feasible (Bao et al., 2009), it is technically challenging to use routinely, not amenable to

multiplexing, and cannot provide a longitudinal measure of the whole cell transcriptome.

Substantial effort has been made to profile subpopulations of cells by transcriptomic analysis (Monaco

et al., 2019; Corces et al., 2016), focusing on specific cell types (Heiman et al., 2014) or using single cell

sequencing methods (Tang et al, 2011; Sandberg, 2014; Saliba et al., 2014). Significant technological ad-

vancements have reduced experimental noise while obtaining representative results with low input starting

material (Grün and van Oudenaarden, 2015). Recently, development of alternative approaches for time-

resolved, longitudinal extraction and quantitative measurement of intracellular mRNA have been reported

(Cao et al., 2017), but are limited to in vitro studies and appear unsuitable for routine usage or for in vivo

studies. Exploiting the presence of mRNAs in extracellular vesicles (EVs), we aim to develop technology to

efficiently and uniformly load cellular mRNAs into EVs in vivo. The noninvasive transcriptome profiling that

such a method affords would enable serial, nondestructive, and noninterfering sampling of designated

cells simply by collection of physiological fluid.

Here we present a technique, TRACE-seq (TRanscriptomic Analysis Captured in Extracellular vesicles using

sequencing), that exploits the cell’s existing gene expressionmechanism to secrete mRNAs into EVs across

the entire spectrum of relative cellular abundance. TRACE-seq provides a representative sampling of the

cytosolic transcriptome allowing monitoring of live cells in physiological or pathological conditions by a

serial and nondestructive transcriptomic analysis.
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RESULTS

TRACE-seq, an mRNA translation methodology carried by extracellular vesicles

All known cell types secrete EVs and studies demonstrate the presence of RNAs in the cargo of EVs (O’Brien

et al., 2020). However, profiling RNA in extracellular vesicles does not always provide an accurate representation

of the original cell’s transcriptome. These RNAs consist of a large proportion of fragmented mRNA in addition

to multiple small RNA species (Valadi et al., 2007; van Balkom et al., 2015; Pérez-Boza et al., 2018; Wei et al.,

2017; Mateescu et al., 2017). This represents challenges in using EV RNA as an accurate proxy for interrogating

the cellular/cytosolic transcriptome. We sought to overcome this through the use of a cell-type specific trans-

gene expression which facilitates the packaging of cellular mRNA import into extracellular vesicles, especially

Large Extracellular Vesicles (L-EVs), which are used as carriers (Figure 1). A similar technology already exists

in a different context, in which researchers used engineered EVs as carriers for protein transportation (Yim

et al., 2016). Based on this technology, our methodology comprises two separate components:

First, we designed an mRNA ‘‘Catcher’’ which corresponds to a fusion protein composed of a C terminal

part of YTHDF1 protein and the fluorescent transmitter enhancer GFP. Recently reported, YTH protein

domain recognizes m6A, one of the most abundant internal modifications in eukaryotic mRNA (Wang

et al., 2014; Shi et al., 2017; Dominissini et al., 2012). Moreover, the isoform one of the YTH protein domain

enhances the translation efficiency and binds to the mRNA close to the nuclear membrane after transloca-

tion from the nucleus to the cytosol (Wang et al., 2015; Patil et al., 2018).

Second, we designed another fusion protein which consists of a GFP binding protein 1 (GBP1), with the

ability to bind to EGFP while enhancing its fluorescent signal (Tang et al., 2013; Kirchhofer et al., 2010)

and the CD9 protein known to be a canonical EV marker (Kowal et al., 2016). Thus, the mRNA ‘‘Catcher’’

EGFP-C-YTHDF1 can trap newly synthesized mRNAs, and then bind to the second fusion protein through

the EGFP/GBP1 affinity and transport the mRNA into extracellular vesicles facilitated by tetraspanin CD9

protein, as shown in Figure 1A. To validate part of the construct, we used an additional plasmid as a positive

control, mCherry-CD9 (expected to be detected on EVs), and monitored for membrane colocalization

signal from our TRACE construct eGFP-C-YTHDF1/GBP1-CD9: C1 (Green) and the positive control plasmid

(Red). As expected, we observed this colocalization signal on the cell membrane, as shown in Figure 1B.We

then purified L-EVs from the TRACE transfected cells and searched for GFP expressing EVs by High Dimen-

sional Flow Cytometry (also referred to as NanoFlowCyt (Morales-Kastresana et al., 2017)), Figure 1C. A sig-

nificant number of GFP EVs were detected for both cell groups transfected with the TRACE construct

(eGFP-C-YTHDF1/GBP1-CD9: C1) and the control construct (no mRNA catcher: eGFP/GBP1-CD9: GFP

control), both of which would be expected to target eGFP to the EVs.

Detection of mRNA inside extracellular vesicles and reverse transcription

A second validation consisted of analyzing the mRNA content of the TRACE transfected cell EVs. To do so,

we designed a protocol for a reproducible and robust EV-mRNA profiling (Figure S1), with the generation

of a mRNA library based on the SMART-seq2 (Switching Mechanism At 50 end of RNA Template

sequencing) technology (Picelli et al., 2013, 2014). We first evaluated different mRNA catchers (Figure S2).

We tested five potential mRNA-binding proteins fused with GFP: the 50 mRNA cap protein binder eIF4E,

the 60S ribosomal protein RPL10A (to mimic the ribosomal immunoprecipitation described in the TRAP-

Seqmethodology (Rodrigues et al., 2021)) and different isoforms of the YTHDF protein family; the YTHDF2,

the C-Term-YTHDF2 (correlated with the mRNA decay pathway) and the C-Term-YTHDF1 (role in mRNA

translation). The fused proteins trap mRNA at different binding sites (50 cap, 50-UTR,and-30 UTR) and are

precipitated with an anti-GFP antibody. As expected, the YTHDF group and particularly the C-Term-

YTHDF1 isoform presented the best mRNA binding capability (DCT around three for the five tested genes:

GAPDH, b-Actin, LDHA, SDHA, and RPL10A; hence, highest abundance in EVs relative to cellular expres-

sion). Based on these results, we subsequently prioritized two constructs for further development with the

following design: eGFP-C-YTHDF1/GBP1-CD9 (henceforth referred to as C1), eGFP-EIF4E-C-YTHDF1/

GBP1-CD9 (henceforth referred to as 4EC1), which corresponds to the addition of the cap protein EIF4E

to the C-term-YTHDF1 for a potential improvement of the mRNA binding and transportation (Figures S3

and S4). The third one, eGFP/GBP1-CD9 (GFP control) was used as a negative control by itself, but in com-

bination with the other two constructs, was important in trafficking the constructs to the membrane. It is

important to note that each group of proteins has a specific function (one targets the mRNA and the other

brings the complex to the cell membrane), and that each fusion protein is expressed under its own
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independent promoter. As expected, the presence of the GFP control construct allowed for localization of

the protein to the cell membrane (Figure S3).

We hypothesized that premature binding of the mRNA targeted fusion protein (the ‘catcher’) to the EV-tar-

geting fusion protein could direct these complexes into the EV secretion pathway before they could suffi-

ciently ‘capture’ the cellular mRNA. These ‘empty’ complexes could drastically reduce the activity of our

TRACE-seq system. The use of two separate promoters (one per fusion protein) would be expected to

A

B

C

Figure 1. Overview of the TRACE methodology

(A) Schematic of TRACEseq method. A plasmid corresponding to the two fusion proteins GBP1/CD9 and eGFP/RBP is

transfected or transduced to the cells. Both proteins were translated and play their role separately. The RBP ‘‘catches’’

m6A tagged mRNA and by the link of the eGFP/GBP1, brings it into the CD9 coated EVs for an extracellular export.

(B) Confocal image of the transfection of different HEK 293T populations with two constructs: eGFP-C-YTHDF1/GPB1-

CD9 (C1) and mCherry-CD9.

(C) NanoFlowCyt of the whole vesicle population secreted by different HEK 293T cells. Untransfected cells (None), cells

transfected with the negative control constructs eGFP/GBP1-CD-9 (GFP control), and cells with the TRACE construct

eGFP-C-YTHDF1/GPB1-CD9 (C1). For each sample, 5000K events were counted. For the GFP-expressing constructs,

there were 731K events (17.5%) that were counted as GFP positive in the GFP control, and 1433K (32%) events for the C1

construct
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reduce the potential issue of precocious capture of the eGFP-mRNA catcher by the GBP1-CD9. To confirm

this hypothesis, a one-promoter regulated construct: eGFP-C-YTHDF1-T2A-GBP1-CD9 (referred to as T2A)

was also cloned and compared with the two-promoter system.

For each of these three constructs and their controls (negative GFP control construct and regular HEK 293T

cells), RNA from �4 million transfected cells were analyzed by Bioanalyzer. Consistent with prior data that

show a predominance of small RNAs in EV cargo, all EV-RNA samples showed a predominant peak corre-

sponding to the vesicular small RNA signal (Figure S4). The T2A construct presented an additional peak at

the 28s rRNA region of unclear significance (Figure S5A). To determine if mRNA transcripts were also pre-

sent in the EVs (but not in sufficient quantity to be detected by the bioanalyzer), RNA was reverse tran-

scribed into cDNA and pre-amplified according to our protocol and analyzed on a High efficiency DNA

chip. In transient transfection experiments, although the cDNA signal from the T2A construct did not

show any peak corresponding to full lengthmRNA transcripts (Figure S5B), for the two constructs regulated

with distinct CMV promoters, a peak corresponding to full length mRNA was detected (average 1,200nt)

and was coincident with the signal from the corresponding cell lysate cDNA signal (Figure 2). These exper-

iments suggested that the generation of the mRNA transcripts for both fusion proteins from separate pro-

moters seems to be a critical step for their anticipated function.

As opposed to large EVs, it has been observed that the majority of the small EVs (S-EVs) contain frag-

mented RNA (Pérez-Boza et al., 2018; Batagov and Kurochkin, 2013; Wei et al., 2017). Moreover, the effect

of vesicle size on mRNA packaging efficiency demonstrates the better loading capability of L-EVs

compared to S-EVs (Wei et al., 2017). We did not focus on these vesicles at first, but for control purposes,

we also analyzed S-EVs RNA content. As anticipated, we were not able to generate full-length cDNAs from

RNAs isolated from these small EVs, as shown in Figure S6, suggesting that the mRNA brought into the

multivesicular bodies during small EVs biogenesis was previously cleaved (Miller and Reese, 2012). In

our subsequent experiments we decided to focus all of our design and methodology on large EVs (L-

EVs) rather than S-EVs. We repeated the same kind of experiment with a lower number of cells (1 million

transfected cells) and observed a similar cDNA signal as before for the two TRACE constructs with

Figure 2. TRACEseq bioanalyzer analysis from transient expression

Bioanalyzer tracings of cDNA generated from amplified and reverse transcribed RNA isolated from large EVs and their

corresponding cell lysates isolated from different transfected HEK 293T populations (triplicate of 4M cells per condition):

untransfected cells (None), negative control construct (GFP control), and the two types of TRACE constructs, namely

eGFP-C-YTHDF1/GPB1-CD9 (C1) and eGFP-EIF4E-C-YTHDF1/GPB1-CD9 (4EC1).
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proportionally lower amplitude (Figure S7). To confirm that the peak observed on the Bioanalyzer corre-

sponded to mRNAs, qRT-PCR analysis was performed on a small number of genes using one of the con-

structs (C1) and the two-negative controls (GFP control and untransfected cells). The expression of genes

in the cell lysate versus their large EVs is significantly more tightly correlated in the TRACE group (ddCT

close to 0), than in the two control groups (ddCT >3 or �3) (Figure S8).

To determine if packaging of mRNA into the large EVs would be more efficient and uniform in stably trans-

fected cell lines, we also generated doxycycline-inducible stable cell lines by lentiviral infection for the two

successful constructs (C1 and 4EC1) and the negative control construct (GFP control). L-EVs isolated from

the stable cell lines were analyzed and compared to the L-EVs from untransfected HEK293T (Figures 3 and

S9). From 10 million cells, a mRNA peak �1,300nt was detected in the RNA pico chip for both constructs

without detection of mRNA in our negative controls (Figure 3A). Interestingly, regarding the cDNA chip

signal, the 4EC1 construct L-EVs group was the only one producing robust and reproducible signals

with amplification of full-length cDNA (Figures 3B and S9).

To next determine if expression of these constructs affected cellular growth, we ran a viability assay and quan-

tified theGFP andGBP1 expression for each of the cell line populations. The presence ofGBP1-CD9 expression

directed localization of the expressed proteins to the cell membrane in these stable cell lines (Figure S10A);

A

B

Figure 3. TRACEseq bioanalyzer validation from stable cell line

(A) Bioanalyzer analysis of large EVs mRNA content extracted from stable cell lines generated with the construct eGFP-C-

YTHDF1/GPB1-CD9 (C1), eGFP-EIF4E-C-YTHDF1/GPB1-CD9 (4EC1) the negative control: GFP control, and the regular

HEK 293T cells.

(B) Bioanalyzer analysis of cDNA generated from large EVs and their corresponding cDNA generated from cell lysates of

the different stable cell lines (Same as above), triplicate of 10M cells per condition.
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however, prolonged expression of the 4EC1 construct (in the presence of doxycycline) induced a reduction of

cell growth (Figure S10B). This justifies the importance of having an inducible system, as also shown in Fig-

ure S10B; with no doxycycline induction, growth of the cell line was not affected. Moreover, because we

know that the constructs are expressed from two different promoters, the ratio between the two fusion proteins

may be 1:1. The 4EC1 group exhibited the closest GFP andGBP1 gene expression level by RT-qPCR, compared

to the C1 construct (Figure S10C). The ratio of the two parts of the technology is a critical parameter especially

for the protein targeting function and could explain theweaker and inconsistent activity of theC1 construct (Fig-

ure S9). Based on these data, we next focused our RNA profiling efforts on transiently transfected cells. For

robust proof of concept of the TRACE-seq methodology, we selected samples from the transient transfection

batch (Figure 2) for further RNA-seq analysis.

The transcriptome in TRACE-Seq L-EVs is representative of the cellular transcriptome

To further validate the technology, we sequenced the RNA samples from the cell lysates and their corre-

sponding L-EVs from the cells transiently transfected with the C1, 4E-C1, and the GFP control (Figure 2).

We focused on a selection of 3603 genes (counts-per-million (CPM) > 0.5 in at least two or more replicates).

As shown in the heatmap (Figure 4C), the mRNAs derived from the L-EVs were closer in expression level

with the cellular RNAs in the TRACE-seq C1 compared to the GFP control group. In the latter, the majority

of the 500 most variable genes are, in terms of level of expression, different compared to cell lysate. Across

all RNAs, the L-EVs C1 construct samples are more closely correlated with cellular lysates (Pearson corre-

lation = 0.7; Figure 4C) compared with the correlation between GFP L-EVs and the GFP cell lysate (Pearson

correlation = 0.45). Interestingly, DEseq2 analysis (3603 genes) showed that the expression of mRNAs

across the transcriptome demonstrate higher correlation for L-EVs C1 construct -C1 Cell lysates construct

(with a LogFC between the two groups close to 0 for a large majority of the transcripts, see violin plot in

Figure 4C) compared to the L-EVs GFP control-GFP Cell lysate control (which has LogFC values above

1/-1 for half of genes). Accordingly, there are also a far larger number of ‘differentially expressed or present’

transcripts between L-EVs and their corresponding cell lysates in the GFP control group than with the C1

construct (Figure 4D). In the GFP control 62% of genes were significantly differentially expressed in the EVs

than in their cell lysates (975 enriched and 595 depleted), compared to 47% of genes in the C1 construct

(241 enriched and 264 depleted). Overabundant cellular RNAs are more likely to be present in the control

EVs (fisher exact p value = 10�11) compared to their representation in the L-EVs corresponding to the C1

construct (fisher exact p value = 0.49). Together these data suggest that the TRACE-seq constructs lead

to a more diverse representation of the cellular transcriptome in L-EVs, with higher correlation of mRNA

abundance between the two compartments.

As our construct preferentially binds to m6A-modified RNAs, we sought to understand whether the corre-

lation between L-EVs and cell lysate would alter if we restricted analysis to m6A YTHDF1 IP isolated genes

(RNAs that are expected to bind to YTHDF1 and be targeted to the L-EVs). Our correlations were consistent

if we restricted our analysis to genes identified in the POSTAR database (CLIP-RNA-seq on RNAs isolated

by co-immuno-pulldown with C-YTHDF1 antibody on HeLa cells) (Hu et al., 2017; Zhu et al., 2019), with the

C1 construct showing better correlation than the control construct (Figures S11A, S11B, and S11D). These

results show that if we restrict our analysis set of the TRACE-Seq L-EV genes to an m6A YTHDF1 IP gene

population, the overall correlation for the TRACE-Seq L-EVs vs whole cell lysate remains consistent.

As noticed in Figure 4, it appears that the TRACE-seq technology transforms the mRNA L-EV cargo content by

binding to and importing full lengthmRNA. Figure S12 shows a clear difference in terms of read coverage across

the transcript length (Figure S12A), suggesting that the TRACE construct brings longer mRNA transcripts inside

L-EVs with a significant correlation noted between the L-EVs and the cell lysate construct RNAs for the C1

construct. The coverage distribution between the L-EVs and their own cell lysate (Figure S12A) is in closer prox-

imitywithC1Construct than theControl group for transcripts longer than1000nucleotides. This is clearly evident

in Figure S12B, which shows on a logarithmic scale, the ratio of mRNAs in cell lysates versus L-EVs (L-EVs/Cell

lysate). Notably, bothC1construct groups are close to 0,meaning that both L-EVs and cell lysate share amajority

of very correlated fragments with the same coverage. In contrast, the ratio of mRNA transcripts in L-EVs versus

cells for the control GFP constructs are much more dispersed on this logarithmic scale coverage, suggesting

worse correlation between cellular and L-EV transcripts in the control constructs.

Finally, to discriminate between the two constructs C1 and 4EC1, we also decided to sequence transiently

transfected samples of the TRACE 4EC1 construct despite the apparently lower signal on the bioanalyzer
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tracings (Figure 2). As shown in Figure 4E, the Pearson correlation coefficient L-EVs vs their corresponding

cell lysate is strongly positive: R = 0.85 and improved compared to the one found for the C1 construct, R =

0.7 (Figure 4B). The Venn diagram generated for the 4EC1 construct (comparison matrix L-EVs vs Cell

lysate), Figure 4F. shows a similar trend with 11,002 genes shared between L-EVs and their corresponding

cell lysate which presents a very high gene similarity of 76.6%. All these results pooled together tend to

qualify the construct 4EC1 as the optimal TRACEseq construct, although our data also suggested that

long-term expression of this construct in stably transfected cells may interfere with cell growth pathways.

To assess how our technology compared with other methods to assess nascent RNA transcripts in EVs,

we performed iTAG-RNAseq on cellular lysates and their corresponding EVs (Darr et al., 2020), In this meth-

odology, nascent RNAs are labeled with 5-Ethynyl Uridine (5-EU) during transcription and captured by

A

C

E

D

F

B

Figure 4. TRACE DEseq2 analysis from transient expression

DEseq2 analysis of RNAseq data from samples of TRACE eGFP-C-YTHDF1/GPB1-CD9 (C1) construct (duplicate L-EVs

and cellular RNAseq): GFP control (duplicate L-EV and cellular RNAseq), and eGFP-EIF4E-C-YTHDF1/GPB1-CD9 (4EC1)

construct (duplicate L-EVs and cellular RNAseq) from the transiently transfected cells. Pooled analysis is shown here, for

ungrouped results see Figure S11.

(A) Heatmap for the 500 most variable genes across all samples.

(B) Pearson correlation chart from the Limma-voom DEseq2 analysis between each group of samples. Correlations were

significant with p < 0.05 noted by asterisks.

(C) All DE genes from the Limma-voom DEseq2 analysis.

(D) Venn diagram from contrast matrix Large EVs-Cell lysates from genes used in Limma-voom DEseq2 (See also

Figure S11).

(E) Correlation plot of the Log10 normalized counts of the TRACE 4EC1 construct isolated from L-EVs vs their

corresponding Cell lysate

(F) Venn diagram from comparison matrix L-EVs vs Cell lysate for the DEseq 4EC1 construct (selected for genes whose

normalized reads are >50).
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CLICK-iT nascent RNA capture (in cells and EVs), The captured RNAs can be subjected to RNAseq,

providing a profile of newly transcribed (nascent) cellular and EV-RNAs (Figure S13). The iTag data batch

showed a modest trend of correlation between cellular and EV RNAs. Although 54.1% of the genes were

shared between EVs and cells (Figure S13B), we found a relatively modest degree of correlation R = 0.43

(Figure S13C) between cellular and EV-RNA transcripts. These results suggest that our TRACE-seq meth-

odology appears to have significant advantages in sampling cellular RNAs packaged to L-EVs.

Taken together, all these results suggest that TRACE-seq technology can be used to monitor the transcrip-

tome of live cells by sampling the L-EV contents. Our transient transfection data batch demonstrated a

higher correlation between the cellular and EV RNAs for the 4EC1 construct compared to the C1, although

long term stable expression of the 4EC1 construct appeared to affect cellular growth. Thus, we decided to

select the 4EC1 construct to further test howwell our technology can assay changes in the cellular transcrip-

tome in response to stress.

Assessment of transcriptomic changes using TRACE-seq in models of cellular stress

We next induced H2O2 and Hypoxic stress to our E4C1 HEK 293T transfected cell line (4EC1 construct) and

compared this to non-transfected HEK 293T for 24 h. In order to analyze the oxidative expression pathway,

we designed an RTqPCR analysis on genes known to be altered by oxidative stress (TNF-a, TAT, IL-6,

PEPCK, GCKR, and HFE). We also included mitochondrial oxidative associated genes (CYP1B1 and

CYTC) as the m6A modification in mitochondria is also associated with the YTH protein family member

(Koh et al., 2018). As presented in Figure 5, the eight oxidative associated genes tested in the L-EVs

from the E4C1 stable cell line are more correlated with their expression in the corresponding cell lysate

compared to the untransfected HEK cells in samples from both baseline and H2O2 treated cells (respec-

tively, 4EC1 Construct; H2O2 R:0.976, noH2O2 R: 0.95, and None; H2O2 R:0.90, noH2O2 R: 0.53). As shown

A

B

Figure 5. H2O2 stress pathway qPCR validation test

Correlation plot obtained from RT-qPCR results generated from L-EVs and Cell lysate mRNA isolated from control cells

(None), TRACE construct eGFP-EIFE4-C-YTHDF1/GPB1-CD9 (4EC1) stable cell line on eight genes corresponding to the

oxidative stress pathway.

(A) Batch of H2O2 stressed cells and Batch of unstressed cells correlation cell lysates vs L-EVs.

(B) Correlation plots for differentially expressed candidate genes induced by oxidative stress (compared to baseline) in

4EC1 transfected or control cells. Results obtained from triplicate cell populations, 15M cells per condition (See also

Figure S14)
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in Figures S14A–S14C, the normalized gene expression (treated or untreated cells) appears, as expected,

closer between L-EVs and cell lysate in the 4EC1 transfected cells than in untransfected cells. Finally, for

these selected transcripts, the change in cellular mRNA transcript abundance induced with oxidative stress

(compared to baseline) is well-correlated with their changes in the corresponding L-EVs for the 4EC1

construct (r = 0.91) with far less correlation noted in the control construct (r = 0.59) (Figure 5B).

Finally, to assess the entire transcriptome in stressed cells, we also analyzed 4EC1 construct in transfected

HEK293T cell lines subjected to hypoxia treatment., Isolated RNA from L-EVs and cell lysate were charac-

terized by RNAseq and analyzed it by DEseq (Figure 6). Across the entire transcriptome, the expression

level (as assessed by log normalized read counts) were highly correlated between cellular and EV-RNAs

both at baseline (Figure 6A, also shown in Figure 4) and with hypoxic stress (Figure 6B) (R = 0.8). This con-

firms the capability of the 4EC1 TRACE construct to follow the hypoxic stress activation. When looking spe-

cifically at differentially expressed genes, the correlation between transcripts that were altered with hypox-

ic stress (either upregulated or downregulated) was excellent (R = 82, Figure 6C. all DEseq upregulated or

downregulated genes). This correlation was even higher for the top 52 DEseq genes with a value of R = 0.92

(Figure 6D), suggesting that TRACE-seq may be used for nondestructive profiling of transcriptomic

changes during cellular stress, and could accurately identify the transcripts that were the most altered

with stress.
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Figure 6. Hypoxic stress TRACE-seq validation test.DEseq analysis generated from L-EVs, and cell lysate mRNA

isolated from eGFP-EIF4E-C-YTHDF1/GPB1-CD9 (4EC1) TRACE construct transfected cells with and without

hypoxic stress induction

(A) Correlation plot of the Log10 normalized counts of the TRACE 4EC1 construct isolated at the baseline from L-EVs vs

their corresponding Cell lysate.

(B) Correlation plot of the Log10 normalized counts of the TRACE 4EC1 construct isolated with hypoxic stress from L-EVs

vs their corresponding Cell lysate.

(C) Correlation plot Log2 Fold Change of the all DE genes under Hypoxic stress of the TRACE-seq isolated L-EVs vs their

corresponding Cell lysate.

(D) Correlation plot Log2 Fold Change of the top 52 DE genes under Hypoxic stress of the TRACE-seq isolated L-EVs vs

their corresponding Cell lysate, 15M cells per condition. Pearson correlations were obtained using the ‘cor’ function in R

package
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DISCUSSION

TRACE-seq enables monitoring cells in vitro by collecting media and analyzing the mRNA cargo of L-EVs

secreted by the cells. Ourmethodology brings a representative part of the cellular transcriptome into L-EVs

as a useful and cell-sparing method for a large range of analyses including monitoring drug effect, assess-

ing cellular maturation or differentiation, or analyzing cellular response to stress. Traditional transcriptome

analysis methodologies require cellular lysis with the exception of the NEX process (Cao et al., 2017) which

is designed exclusively for in vitro living cell monitoring (on cell culture plates) and not applicable in vivo.

Our study represents the first detailed analysis of a methodology that we developed, that when coupled

with appropriate delivery tools (such as viral gene delivery) is fully compatible with in vivo monitoring of

the cellular transcriptome.

We evaluated a number of strategies that target cellular mRNAs to the cellular EV secretome, and ulti-

mately settled on an isoform of the YTHDF1 proteins that bind to m6-mRNAs and modify their translation

dynamics, based on their ability to ‘trap’ nascent cellular mRNAs. Additionally, addition of the cap protein

EIF4E to the C-term-YTHDF1 allowed for further increase in the efficiency of mRNA binding. The second

component of our strategy was the use of the GBP1-CD9 fusion protein to bind to the GFP moiety of

the mRNA-trapping component to allow for transport to the EVs. Finally, we determined that transcription

of these two critical components of our 4EC1 from separate promoters markedly improved the efficiency of

mRNA capture and minimized transport of ‘empty’ constructs without mRNA capture to EVs. Our experi-

ments suggested that although both the C1 and the 4EC1 constructs allow for excellent correlation of

cellular and L-EV transcriptome, there are certain advantages to each. The C1 construct appears to have

slightly higher transient transfection efficiency; however, the 4EC1 construct has better efficiency in the sta-

bly transfected cell lines, although prolonged expression of this construct does lead to retardation of cell

growth. Interestingly, the 4EC1 construct allows for better efficiency of mRNA capture, likely because of an

idealized 1:1 ratio of the two constructs (GBP1-CD9 and 4EC1). For these reasons, we chose to focus on the

4EC1 construct for the cellular stress experiments.

Finally, we have focused on the L-EVs population rather than smaller vesicles, as our mRNA targeting/export

constructs allowed for the export of full-length mRNA content to this EV population compared to small EVs.

We did not explicitly study the mechanisms of targeting of ‘captured mRNAs’ into L-EVs, and whether biophys-

ical characteristics (such as volume of L-EVs) is correlated with the number/size of mRNAs; such an analysis

would be interesting in future studies. Our study also does not allow us to clearly confirm if small EVs transport

full-length mRNA or just fragments, but as already exposed in other studies, the YTHDF2 protein interacts with

the CCR4-Not1 complex (Du et al., 2016), which may be one explanation why our TRACE fusion proteins are not

able to pack full length RNA into CD9 bearing small EVs. When analyzed by RNAseq or RT-PCR of key cellular

transcripts, our construct showedhigh correlation of cellularmRNA transcripts in the L-EV compartment across a

range of mRNA abundance thereby allowing for an accurate representation of the cellular transcriptome.

Notably, TRACE-seq shows a better efficiency than the i-Tag system (Darr et al., 2020) and would be a simpler

and more effective methodology compared to the i-Tag system, which is quite cumbersome and requires

specialized transgenic mice for adoption to in vivo analysis.

Our methodology was designed to assess dynamic changes in the cellular transcriptome with stress. In this

study we were able to demonstrate that mRNA changes with oxidative stress or hypoxia within the cell were

accurately captured bymeasurement of these changes within L-EVs secreted from these cells. Although the

degree of correlation was high across the transcriptome (as shown in Figure 6), it was notably high when

comparison was further limited to those transcripts that were most changed with the stress signal (either

downregulated or upregulated). Together these data demonstrate that our methodology provides a sig-

nificant advance to the field and may be adaptable to in vivo systems in the future.

It is important to also point out that introduction of these constructs into cells may affect cellular biology.

Notably, long-term expression of our construct (using a lentiviral system) does affect cellular growth, a lim-

itation that could be overcome by using an inducible system. Secondly, our construct may alter the EV

biogenesis pathways given that we aim to alter expression of the tetraspanin CD9 (with our GBP/CD9

construct). Although we did not systematically assess this, the full C1 construct led to a larger number of

secreted EVs compared to the GBP1-CD9 construct. Although this may be potentially useful when assaying

EV content (by increasing the amount of input material), the implications for cellular homeostasis over

longer periods of times were not assessed.
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We expect TRACE-seq to have broad applicability and serve as a tool for the transcriptomic analysis field to

improve our understanding of gene expression and regulation in living cells or tissues. TRACE-seq analysis

could be applied to in vivo studies (e.g., for monitoring of transplanted organs transfected with the TRACE-

seq inducible constructs) through the analysis of EV-RNAs isolated from the circulation sorted by Nano-

FACS for GFP positivity (Morales-Kastresana et al., 2019). Finally, TRACE-seq technology offers the possi-

bility of sampling the transcriptome of targeted cells without any major source of disruption at different

time points providing a window to dynamic regulation of the transcriptome in response to stressors, and

these types of repeated measurements over time domain would be the subject of future studies.

Limitations of the study

TRACEseq allows an easy way of monitoring transcriptome of samples by extracting L-EVs from culture me-

dia. However, our method has not yet been adapted for or tested in an in vivo context. Further testing is

required to qualify our methodology in vivo and benefit from the maximum technical advantage offered

by TRACEseq. The delivery of the constructs to target tissues (e.g., by lentiviral or AAV-mediated viral

transfer) needs to be optimized. TRACEseq, as with any methodology to profile EV-RNAs, requires a suf-

ficient quantity of starting material to be effective and discriminant from the background. Finally, as noted

above, the presence of the fusion proteins in the cells for longer periods of time may alter cellular biology,

including EV biogenesis and would need to be assessed in more detail.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GFP antibody Abcam Cat# ab290; RRID: AB_183734

Bacterial and virus strains

DH5a ThermoFisher Cat# 18258012

pCW57.1 David Root unpublished Addgene

TRE-eGFP-C-YTHDF1/pCMV-GBP1-CD9 This paper N/A

TRE-eGFP-EIF4E-C-YTHDF1/pCMV-GBP1-

CD9

This paper addgene

TRE-eGFP/pCMV-GBP1-CD9 This paper N/A

psPAX2-D64V Didier trono unpublished Addgene

pMD2.G Didier trono unpublished Addgene

Critical commercial assays

Imprint� RNA immunoprecipitation kit Sigma-Aldrich Cat# RIP-12RNX

Nextera XT DNA kit Illumina Cat# FC-131-1096

High sensitivity DNA chip assays AgilentTechnologies Cat# 5067-4626

RNA 6000 Pico chip assays AgilentTechnologies Cat# 5067-1513

AmpureXP� beads Beckman Coulter Cat# A633880

Smarter� Stranded Total RNA-Seq Kit v2 Takara Bio Cat# 634413

Streptavidin-conjugated DynabeadsTM Thermo Fisher Cat# 65305

Click-iT� Nascent RNA Capture Kit Thermo Fisher Cat# C10365

Deposited data

RNA-seq C1 vs GFP control data batch

NCBI

Gene Expression Omnibus

This paper GSE162425

RNA-seq 4EC1 data batch NCBI Gene

Expression Omnibus

This paper GSE186954

POSTAR database Hu et al.,2017 http://postar.ncrnalab.org/

Experimental models: Cell lines

HEK 293T Cells ATCC Cat# CRL-3216

THP-1 ATCC Cat# TIB-202

Oligonucleotides

For primer used see Table S2 This paper N/A

For oligo for cloning see Table S1 This paper N/A

Recombinant DNA

pCAG-GBP1-10gly-Gal4DBD Tang et al. 2013 Addgene

pCMV-mCherry-CD9-10 Michael Davidson unpublished Addgene

pCMV-GBP1-CD9 This paper N/A

pGEx-4T-1-YTHDF1 Wang et al. 2014 Addgene

pT7-eGFP-HseIF4E Peter et al. 2015 Addgene

pCMV-eGFP-C-YTHDF1 This paper N/A

pCMV-eGFP-YTHDF1 This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information requests should be directed to the lead contact, Doctor Saumya Das (sdas@mgh.

harvard.edu).

Materials availability

Upon publication of the manuscript, the plasmids will be deposited and available from Addgene.

Data and code availability

d RNA-seq data have been deposited at NCBI Gene Expression Omnibus (GEO) and are publicly available

as of the date of publication. Accession numbers are listed in the key resources table (GSE162425 and

GSE186954).

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study used HEK 293T Cell line, Human Embryonic Kidney cells available from Cat# CRL-3216 ATCC,

Manassas, VA, USA. Cells were prepared and cultured as described byATCC in regular complete culturemedia:

Dulbeccco’s modified Eagle’s media (D-MEM; Gibco Gaithersnurg, MD, USA) supplemented with 10% fetal

bovine serum (FBS; Gibco) 1% penicillin/streptomycin (Gibco). Cells were cultured in a 10cm dish (Corning,

NY, USA) previously coatedwithMatrigel (Corning, NY, USA) diluted in F-12media (F-12NutrientMixture, Gibco

Gaithersnurg, MD, USA) and propagated at 37 �C in 5% CO2 as recommended by the manufacturer.

We also used THP-1 cells, human monocyte cells (ATCC, TIB-202) Cells are cultured in T75 flasks in 20 ml

complete cell culture medium: Dulbeccco’s modified Eagle’s media (D-MEM; Gibco Gaithersnurg, MD,

USA) supplemented with 10% fetal bovine serum (FBS; Gibco) 1% penicillin/streptomycin (Gibco). and

propagated at 37 �C in 5% CO2 as recommended by the manufacturer.

METHOD DETAILS

Cells

HEK 293T, Human Embryonic Kidney cells (CRL-3216, ATCC, Manassas, VA, USA), were prepared and

cultured as described by ATCC in regular complete culture media: Dulbeccco’s modified Eagle’s media

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pCMV-eGFP-RPL10A This paper N/A

pCMV-eGFP-C-YTHDF2 This paper N/A

pCMV-eGFP-YTHDF2 This paper N/A

pCMV-eGFP-C-YTHDF1/pCMV-GBP1-CD9 This paper N/A

pGBP1-CD9-T2A-GFP-C-YTHDF1 This paper N/A

pCMV-eGFP-EIF4E-C-YTHDF1/pCMV-

GBP1-CD9

This paper Addgene

pCMV-eGFP/pCMV-GBP1-CD9 This paper N/A

Software and algorithms

STAR Dobin et al., 2013 https://physiology.med.cornell.edu/faculty/skrabanek/lab/angsd/

lecture_notes/STARmanual.pdf

FeatureCounts Liao et al., 2019 https://rdrr.io/bioc/Rsubread/man/featureCounts.html

edgeR Robinson et al., 2010 https://bioconductor.org/packages/release/bioc/html/edgeR.html

Limma-voom Ritchie et al., 2015 https://ucdavis-bioinformatics-training.github.io/2018-June-RNA-

Seq-Workshop/thursday/DE.html

bedTools Patwardhan, Mayura et al.

unpublished

http://phanstiel-lab.med.unc.edu/bedtoolsr.html
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(D-MEM; Gibco Gaithersnurg, MD, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) 1% peni-

cillin/streptomycin (Gibco). Cells were cultured in a 10cm dish (Corning, NY, USA) previously coated with

Matrigel (Corning, NY, USA) diluted in F-12media (F-12 Nutrient Mixture, GibcoGaithersnurg, MD, USA) as

recommended by themanufacturer. During the vesicles collection, a specificmedia was used and we called

it Exo-media: Dulbeccco’s modified Eagle’s media (D-MEM; Gibco Gaithersnurg, MD, USA) supplemented

with 10% exosome depleted fetal bovine serum (Exosome-Depleted FBS; Gibco) and 1% penicillin/strep-

tomycin (Gibco). THP-1 cells, humanmonocyte cells (ATCC, TIB-202) Cells are cultured in T75 flasks in 20 ml

complete cell culture medium: Dulbeccco’s modified Eagle’s media (D-MEM; Gibco Gaithersnurg, MD,

USA) supplemented with 10% fetal bovine serum (FBS; Gibco) 1% penicillin/streptomycin (Gibco). and

propagated at 37 �C in 5% CO2 as recommended by the manufacturer.

Plasmids and cloning strategy

All PCR primers and oligo used for this work are listed in the Tables S1 and S2. The GBP1 fragment was PCR

amplified (a flexible linker GGGGGGGGGG on the C-terminal part of the sequence was added) from the

pCAG-GBP1-10gly-Gal4DBD plasmid which was a gift from Connie Cepko (Tang et al., 2013) (Addgene,

#49438). This fragment was cloned in the pCMV-mCherry-CD9-10 plasmid which was a gift from Michael

Davidson (Addgene, #55013) to generated, the pCMV-GBP1-CD9 plasmid. The C terminal part of the

YTHDF1 gene was amplified (a flexible linker SGGGGGGGGGG on the N-terminal part of the sequence

was added) from pGEx-4T-1-YTHDF1 which was a gift from Chuan He (Wang et al., 2014) (Addgene,

#70087) and cloned into the pT7-eGFP-HseIF4E gifted from Elisa Izaurralde (Peter et al., 2015) (Addgene,

#79437) and gave the pCMV-eGFP-C-YTHDF1. The two neo-generated plasmids were merged by cloning

the pCMV-EGFP-C-YTHDF1 fragment into the pCMV-GBP1-CD9 plasmid. The pCMV-EGFP-C-YTHDF1

fragment was purified using the two digestions site PciI and MluI, and brought into the pCMV-GBP1-

CD9 plasmid by digestion of PciI enzyme followed by blunting ends and cloning procedure for both frag-

ments. The final construct obtained was pCMV-eGFP-C-YTHDF1/pCMV-GBP1-CD9. A negative control

plasmid was generated by double digestion with XhoI and AclI endonucleases and blunt ligation of the

plasmid to remove the C-YTHDF1 sequence and obtain the following plasmid: pCMV-eGFP/pCMV-

GBP1-CD9.

Another plasmid was also created. First, the self-cleavable peptide T2A sequence was directly included in

the reverse primer for the PCR amplification of the C-term part of the CD9 sequence from the pCMV-GBP1-

CD9 with the flanking restriction enzyme sequences BbsI and EcoRI. This C-term CD9-T2A fragment was

cloned into the pCMV-GBP1-CD9 plasmid with the same couple of enzymes and had allowed to bring

back a full length CD9 sequence without stop codon. The next step was to digest the new plasmid with

the enzymes MefI and AfeI to isolate the GBP1-CD9-T2A fragment in order to clone it into the GFP-C-

YTHDF1 plasmid with the same couple of digestion enzymes. We generated the plasmid pGBP1-CD9-

T2A-GFP-C-YTHDF1. Secondly, we added the EIF4E fragment amplified by PCR from the original pT7-

eGFP-HseIF4E plasmid and cloned into the pCMV-eGFP-C-YTHDF1/pCMV-GBP1-CD9 with the digestion

enzymes BglII and XhoI to finally obtain the pCMV-eGFP-EIF4E-C-YTHDF1/pCMV-GBP1-CD9 plasmid.

For the lentivirus construct, plasmids and the two endonucleases AfeI andMluI were used to insert the frag-

ments eGFP-C-YTHDF1/pCMV-GBP1-CD9, eGFP-EIF4E-C-YTHDF1/pCMV-GBP1-CD9 and eGFP/pCMV-

GBP1-CD9 in the lentivirus backbone. The pCW57.1 plasmid (which was a gift from David Root, Addgene

plasmid # 41393) was opened with the two enzymes BmtI and AgeI and a small fragment (annealing of the

two complementary ssDNA Afe1/Mlu1 Fragments) was cloned inside with the same enzymes. The new

pCW57.1 plasmid containing Afe1 and Mlu1 was ready to receive each construct which were cloned with

these two endonucleases. We obtained at the end the inducible tet-on lentivirus plasmid: pCW57.1

TRE-eGFP-C-YTHDF1/pCMV-GBP1-CD9, pCW57.1 TRE-eGFP-EIF4E-C-YTHDF1/pCMV-GBP1-CD9 and

pCW57.1 TRE-eGFP/pCMV-GBP1-CD9 for the plasmid control. TRE promoter with tet operators were

also obtained from PCR to the pCW57.1 Afe1 Mlu1 plasmid. The generated TRE promoter fragment was

cloned in each plasmid construct with NsiI and SgrAI enzymes to remove pCMV promoter and get the

GBP1-CD9 fusion protein expression under control of the tet-on induction system. We finally obtained

the two following plasmids: pCW57.1 TRE-eGFP-C-YTHDF1/TRE-GBP1-CD9, pCW57.1 TRE-eGFP-EIF4E-

C-YTHDF1/TRE-GBP1-CD9 and pCW57.1 TRE-eGFP/TRE-GBP1-CD9 for the plasmid control.
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Transfection, transduction and virus production

We develop two ways of delivery which are related to the capability of in vitro /in vivo monitoring. We

directly transfected the pCMV-eGFP-C-YTHDF1/pCMV-GBP1-CD9 and pCMV-eGFP/pCMV-GBP1-CD9

plasmids to 1 or 4 million HEK 293T cells in a 10 cm dish with lipofectamine 3000 (Invitrogen, Carlsbad,

CA, USA) using the protocol recommended by the manufacturer. A negative control with regular

HEK293T (untransfected cells) was also included and treated as samples like the following. After 12 hours

of incubation at 37C, all the plates were washed two times with PBS (Gibco Gaithersnurg, MD, USA) and

10mL of fresh exo-media was added complemented with RNAse A (Qiagen, Hilden, Germany) at a final

concentration of 30mg/mL. Cells were left in the collection media for 24h at 37C for EVs production.

Regarding the lentivirus, three plasmids were transfected at the same time. First, one of the two constructs:

pCW57.1 TRE-eGFP-C-YTHDF1/TRE-GBP1-CD9, pCW57.1 TRE-eGFP-EIF4E-C-YTHDF1/TRE-GBP1-CD9

or the pCW57.1 TRE-eGFP/TRE-GBP1-CD9 for the plasmid control. One of these three plasmids (depend-

ing on conditions) was mixed with the psPAX2 (psPAX2 was a gift from Didier Trono (Addgene plasmid #

12260) and the pMD2.G plasmids (pMD2.G was a gift from Didier Trono Addgene plasmid # 12259). All

three were transfected in HEK293T in 10 cm dishes with lipofectamine 3000 with the protocol recommen-

ded by the manufacturer. Twelve hours after transfection, the media was replaced and collected at 36h and

52 hours after transfection. The collection media was spun at 1,000g for 5 min, the supernatant was filtered

with 0.8 mm filters (Millipore Co, Burlington, MA, USA) and let in incubation overnight with PEG-it virus pre-

cipitation solution (System Biosciences LLC, Palo Alto, CA, USA). After incubation, the lentivirus solution

was spun at 1,500g for 30 min and the virus pellet was resuspended in 1 ml PBS and stored at -80C in

100mL aliquots. A fraction of each lentivirus production was used for a functional virus titration on

HEK293T cells and gave us the MOI of 4.2.

Stable cell line

All HEK293T stable cell lines were obtained by infecting with the lentivirus generated from the two

following constructs pCW57.1 TRE-eGFP-C-YTHDF1/TRE-GBP1-CD9, pCW57.1 TRE-eGFP-EIF4E-C-

YTHDF1/TRE-GBP1-CD9 and pCW57.1 TRE-eGFP/TRE-GBP1-CD9 for the plasmid control. Ten thousand

cells where plated in 6 wells dish solution in regular complete media and incubated for 24h at 37C. After

incubation, in regards of the MOI of the virus, cell media was removed and replaced by 30mL of lentivirus

PBS solution from the -80C stock + 1.960ml of DMEM complete + 10 mg/mL polybrene infection reagent

(Sigma-Aldrich, Saint Louis, MO, USA) and incubated for 48h. After the infection time, the media was

switched to selection media (regular complete media + 2mg/ml Doxycycline (Fisher Scientific, Hampton,

NH, USA) with 2mg/ml puromycin (Fisher Scientific, Hampton, NH, USA)) and incubated for 2 weeks with

2 cell passages with Accutase (STEMCELL Technologies Inc, Vancouver, Canada), the selection media be-

ing refreshed every two days. At the last cell passage, the remaining green cells were counted and a sub-

cloning in a 96 well plate was performed in order to dilute the cells down to 1 per well in 100mL of the se-

lection media with puromycin 0.5 mg/ml. After the apparition of cell clusters, the best clone of each stable

cell line was selected regarding GFP membranous signal and passaged with Accutase in 6 well dishes with

regular complete culture media without doxycycline. At 70% confluency, each stable cell line is ready to use

for experiments and a fraction of them was stocked in liquid nitrogen according to our standard procedure

(complete media + 10% DMSO) (Sigma-Aldrich, Saint Louis, MO, USA). To reduce cell stress and protect

the membranous proteins (especially CD9), all passages were executed with Accutase.

Immunoprecipitation

We generated a batch of 5 plasmids for this experiment: pCMV-eGFP-C-YTHDF1, pCMV-eGFP-YTHDF1,

pT7-eGFP-HseIF4E and decided to generate a new plasmid with the C-YTHDF2 sequence directly ampli-

fied from the cDNA library of HEK 293T cells. This C-YTHDF2 sequence was cloned inside the pCMV-eGFP-

C-YTHDF1 and we removed the C-YTHDF1 sequence to finally get pCMV-eGFP-C-YTHDF2. In the same

manner, the RPL10A sequence was amplified from the cDNA library of HEK 293T cells and cloned it into

the pCMV-eGFP-C-YTHDF1 plasmid to remove the C-YTHDF1 fragment and obtain the pCMV-eGFP-

RPL10A plasmid. Each HEK 293T sample was transfected with one of these plasmids (Invitrogen, Carlsbad,

CA, USA) using the protocol recommended by the manufacturer and cultured in a 10cm dish (Corning, NY,

USA). After 48 hours of culture, the cells were harvested with a trypsin solution at 0.25% (Gibco, Trypsin

0.25%) for 1min at 37C and the reaction was stopped with regular complete media. Each cell population

(10 Million Cells) was spun down at 1500g for 5min at 4C, the residual media was removed, cells were

washed with PBS, spun down again and resuspended in 200 mL of PBS. The immunoprecipitation was
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realized with the Imprint� RNA immunoprecipitation kit (cat# RIP-12RNX, Sigma-Aldrich, Saint Louis, MO,

USA) using an anti-GFP antibody (Cat# ab290, Abcam, Cambridge, UK) with the protocol recommended by

the manufacturer. The mRNA isolated from each sample was analyzed by RT-PCR for the batch of 5 genes

of interest, trapped samples vs whole cell lysate.

EVs purification

L-EVs were directly purified from the supernatant of 1 or 4million transfected, 10million HEK 293T cells. For

the transfected cells, they were washed two times with PBS after a 12h incubation in the transfection media.

Exo-media was complemented with RNAse A at 30mg/mL and cells were incubated for 24h. For the lenti-

virus cell line, cells were previously treated with Doxycycline (Fisher Scientific, Hampton, NH, USA) at a final

concentration of 1mg/ml two times at 24 and 48h before the incubation in the exo-media. Next, cells were

washed two times with PBS and incubated in the exo-media complemented with RNAse A at 30mg/mL (to

degrade any RNAs not protected within EVs) and 2mg/ml Doxycycline was added and let incubated for 24h.

After incubation, the exo-media was collected, and multiple centrifugations were performed. First, a 300g

spin at 4C for 10 min to remove cells and big debris was performed. The supernatant was collected and

spun a second time at 1500g at 4C for 15 min to eliminate the large majority of the apoptotic bodies.

We also filtered all supernatants with 0.8mm filters (Millipore Co, Burlington, MA, USA) and made a final

spin at 16.500g, 4C for 30 min. After this spin, the remaining large EVs (L-EVs) pellet was carefully resus-

pended in PBS supplemented with vanadyl ribonucleoside complex (NEB, Ipswich, MA, USA) at a final con-

centration of 10mM to protect any mRNA released from clamped vesicles. To purify small EVs (S-EVs), a last

spin of the supernatant was performed at 100000g for 70 min at 4C and the S-EVs pellet was resuspended in

200 mL PBS supplemented with vanadyl ribonucleoside complex. EVs fraction (1/10) are also analyzed and

sorted based on their green signal by NanoFlowCyt: Beckman Coulter MoFlo AstriosEQ 4 laser system.

Cell purification

Each aliquot of EVs producer cells is isolated by a treatment of trypsin solution at 0.25% (Gibco, Trypsin

0.25%) for 1min at 37C and the reaction was stopped with regular complete media. A fraction of each

cell population (10000 Cells) was spun down at 1500g for 5min at 4C, the residual media was removed, cells

were wash with PBS, spin down again and resuspended in 200 mL PBS and ready for the next step of the

TRACE protocol.

RNA purification

Right after EVs and cells isolation, the RNA purification protocol was started. Each EV and cell solution was

treated with 700mL TRIzol LS Reagent (Fisher Scientific, Hampton, NH, USA), vortexed 5 sec and incubated

at 25C for 3 min. A pure solution of 140 mL of Chloroform (Fisher Scientific, Hampton, NH, USA) was added

and the tubes were vortexed for 15 sec and incubated at 25C for 5min. Right after the incubation, tubes

were spun down at 12,000g for 15 min at 4C. The upper phase of each tube was carefully collected and

mixed with 2 vol of 100% pure Ethanol solution (Fisher Scientific, Hampton, NH, USA). Each solution was

added to the RNA clean up Qiagen column (RNeasy MinElute Cleanup Kit Qiagen, Hilden, Germany)

and spun down at 8,000g for 30 sec. Only for the cell lysates, the column filters were treated with DNAse

1 solution from Qiagen as the protocol recommended by the manufacturer. Columns were then washed

two times with a 70% ethanol solution, a volume of 700mL and 500mL for the second one was used. Columns

were spun for the first wash at 8,000g for 30 sec and at 8,000g for 1min for the second one. The columns

were also dried at 8,000g for 1min and eluted with 10mL of RNAse free water (Qiagen, Hilden, Germany)

at 8,000g for 1min after a 1min incubation at room temperature. To attest the presence and quality of

the purified RNA, each sample was analyzed on a RNA 6000 Pico chip from Agilent technologies (Agilent

Technologies, Santa Clara, CA, USA, cat# 5067-1513) by loading 1mL of each EVs eluent and 1mL of a diluted

RNA from cell lysate (usually correspond to 5ng RNA for the lysate).

Reverse transcription and PCR preamplification

The reverse transcription protocol and PCR preamplification were performed according to the Smart-Seq 2

manuscript (Picelli et al., 2014) except for the TSO oligo which were designed and ordered through theQia-

gen custom LNA oligonucleotides tool (www.qiagen.com, Qiagen, Hilden, Germany). Volumes were

adapted as following: in 0.2mL PCR tube: 9mL form each solution and EVs RNA were mixed with 1mL of

10mM Vnd30T oligo and 1mL of dNTPs mix at 2mM each. 0.5mL of each cell lysate (which corresponds to

30ng) was mixed with 8.5mL RNAse free Water and with 1mL of 10mM Vnd30T oligo and 1mL of dNTPs
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mix at 2mM each. Samples were annealed in a thermocycler as recommended in the SMART-Seq2 protocol

and cDNA reaction mix was performed as the following:

The 9mL cDNA reaction mix was added to each sample to obtain a final reaction volume of 20mL. After mix-

ing the solution gently and spinning down at 700g for 10s at 25C, samples were incubated in the thermo-

cycler as recommended in the Smart-Seq2 protocol.

Right after the RT the PCR mix for the preamplification is prepare as the following:

The PCR run was performed as specified in the Smart-Seq2 protocol. Finally, each sample was cleaned up

using Zymo (Zymo research, Irvine, CA, USA) to cut of small fragments and keep up to 300nt. Each sample

was loaded in 40 mL of elution buffer. To attest the quality of all pre-amplified cDNA, all samples were

analyzed on High sensitivity DNA chip assays from Agilent technologies (Agilent Technologies, Santa

Clara, CA, USA, cat# 5067-4626) by loading 1mL of each EVs eluant and 1mL of a diluted cDNA from cell

lysate (usually correspond to 5ng DNA for the lysate) and an expected broad peak with an average size

of 600-2000 bp would be observed.

Tagmentation reaction and amplification of adapter-ligated fragments

These following steps were made as recommended in the Smart-Seq2 protocol (Picelli et al., 2014) and us-

ing the Illumina Nextera XT DNA kit (Illumina, FC-131-1096). As specified in the manufacturer protocol,

each sample is normalized on the same volume for all EVs fractions and for the cell lysate preparation,

each of them should never exceed 1 ng. 500pg were used, and the same amount of reagent from the Nex-

tera XT DNA sample preparation was used, as the following, in 0.2mL PCR tube:

Component Volume (mL) Final concentration

RNA reaction mix

SuperScript II (200 U mL�1)

11

1

–

100 U

RNAse Inhibitor (40 U mL�1) 0.5 10 U

SuperSript II Buffer (5X) 4 1X

DTT (100 mM) 1 5 mM

Betaine (5 M) 2 0.5 M

MgCl2 (1 M) 0.1 5 mM

TSO (100 mM) 0.2 1 mM

NRAse free water 0.2 –

Total volume 20 –

Component Volume (mL) Final concentration

First Strand reaction 20 –

KAPA HiFi HotStart ReadyMix (2X) 22.5 1X

IS PCR primers (10 mM) 0.45 0.1 mM

NRAse free water 2.05 –

Total volume 45 –

Component Volume (mL) Final concentration

Tagment DNA buffer 10 1X

Amplicon tagment mix 5 –

Amplified DNA sample Variable –

Nuclease free water Variable –

Total volume 20 –

ll
OPEN ACCESS

iScience 25, 103806, February 18, 2022 19

iScience
Article



Samples were incubated in the thermocycler as recommended by the manufacturer. The tagmentation re-

action was stopped by adding 5mL of Nextera NT Buffer and incubating for 5min at RT.

To all tagmented samples, the following PCR mix was added:

All samples were incubated in thermocycler and the PCR amplification steps program was performed as

recommended by the illumina Nextera� protocol. The amount of PCR cycles during this amplification de-

pends on the starting DNAmaterial originally used as recommended in the Smart-Seq2 protocol (Picelli et

al., 2014). As we used 500pg, 10 cycles were performed for this amplification. After this final amplification

step, each sample was cleaned up using AmpureXP� beads (Beckman Coulter Co. Brea, CA, USA, cat#

A633880).

Library QC and quantification

To attest the cDNA library quality, each sample was analyzed on High sensitivity DNA chip assay from Agi-

lent technologies, 1mL loaded (an expected broad peak with an average size of 300-800pb should be

observed) and quantified with the Qubit 2 Fluorometer (Invitrogen, Carlsbad, CA, USA).

Based on the relativemolarity of each library, each sample was properly diluted to get a final library solution

of 2nM each. At this step, all samples from the Nextera XT� kit were pooled together by following the

recommendation from the manufacturer. The pooled library was again checked by Qubit and adjusted if

necessary to keep the solution at 2nM.

Cell line in oxidative stress testing

GFP-EIF4E-C-YTHDF1/GBP1-CD9 cell line and regular HEK 293T cells were tested in H2O2 oxidative stress.

Plates of 150 mm were made (6 for the TRACE cell line and 6 for the regular HEK 293T cells). Cells were

cultured with regular media. When cells reached 15M per well, they were washed two times with PBS

and placed in Exo-media with RNAseA at 30mg/mL final concentration + 2mg/ml Doxycycline. Half of

each cell population (3 plates of GFP-EIF4E-C-YTHDF1/GBP1-CD9 cell line and 3 plates of None regular

cell) was treated with H2O2 peroxide (hydrogen peroxide solution 30% (v/v) from Sigma-Aldrich, Saint

Louis, MO, USA) at a final concentration of 50mM. After 24h of culture at 37C, 5% CO2, conditioned media

from each plate was collected and processed according to the EVs purification protocol previously

described and, in the meantime, each cell lysate was collected as previously described. For each sample,

RNA was extracted by phenol/chloroform extraction and RNA clean up Qiagen columns were used to

isolate RNA population from each sample. Directly after their isolation, the RNA was reverse transcripted

into cDNA and pre-amplified as previously described. The pre amplification step was different as a total

number of 25 cycles was performed this time. Samples were purified as usual with zymo kit and samples

were eluted into 40mL for qPCR analysis on a batch of 8 specific oxidative genes, 1mL of cDNA per reaction

and the 2X SYBRtm Green PCR Master mix (Applied Biosystemstm Foster City, CA, USA). The qPCR was run

in triplicate with 10mL per reaction on a QuantStudio 6 384-well formats (Applied Biosystemstm Foster City,

CA, USA).

Other GFP-EIF4E-C-YTHDF1/GBP1-CD9 HEK 293T cell line samples were placed with and without hypoxic

stress induction (dishes culture in incubator, gaz mixture 2%O2 for 24h) and used to generate a sequencing

library via the Smart-seq2 protocol and data were collected according to the previous protocol (see section

Primary data processing). Batch of row data were normalized as previously (see section Deferential expres-

sion) and a DEseq analysis was generated. This DEseq genes analysis was based on the log2FC (padj <0.05)

Component Volume (mL) Final concentration

Tagmented DNA Sample 25 –

Nextera PCR master mix 15 –

Index 1 primers (N7xx) 5 –

Index 2 primers (N5xx) 5 –

Total volume 50 –
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and the Top 52 DEseq gene selection were obtained based on the log2FC (padj <0.05 & FC in cells larger

than 1.5 and in EVs larger than 2).

The capture and sequencing of nascent RNAs in cells and EVs. Nascent RNAs in THP1 cells were labeled

with 5-ethynyluridine (EU) and captured using Click-iT�Nascent RNA Capture Kit (Thermo Fisher, C10365).

Briefly, 10 million THP1 cells were plated in 100 mm cell culture dish with R10 medium (RPMI1640 supple-

mented with 10% FBS and 0.05 mM 2-mercaptoethanol) containing 0.2mM EU. 24 hours later, THP1 cells

were washed twice with basal RPMI1640 medium and cultured in fresh EV-depleted R10 medium for

additional 24 hours. Then, 0.5 million cells were fixed with 4% PFA for EU incorporation validation using

Click-iT� RNA Alexa Fluor� 594 Imaging Kit (Thermo Fisher, C10330). Remaining cells and cell culture me-

dium were subjected to cellular and extracellular RNA isolation as previously described (1) . 4 mg cellular

and extracellular RNAs were used for Click-iT chemistry reaction to label the incorporated EU with Biotin

and cleaned up using Zymo RNA Clean&Concentrator-5 kit (Zymo, R1014). Next, 700 ng Biotinylated

cellular and extracellular RNAs were captured using Streptavidin-conjugated DynabeadsTM (Thermo Fisher

scientific 65305). The Dynabeads-captured RNAs were then extracted using TRIzol. The long RNA libraries

were prepared using Smarter� Stranded Total RNA-Seq Kit v2 - Pico Input (Takara Bio, 634413) and sub-

jected to Illumina NextSeq.

QUANTIFICATION AND STATISTICAL ANALYSIS

Primary data processing

Data were collected using 50 3 8 3 50 reads on a HiSeq 2500 (paired-end). Reads were aligned to hg19

using STAR (Dobin et al., 2013) and counting reads associated genes were detected with the

FeatureCounts module (Liao, Smyth and Shi, 2019).

We proceeded to a filtration to remove low expressed genes with the cpm function from the edgeR pack-

age (Robinson, McCarthy and Smyth, 2010). In this dataset, we retain genes if they were expressed at a

counts-per-million (CPM) > 0.5 in at least two or more counts.

Differential expression

A normalization was performed on the data set to eliminate composition biases between libraries using the

calcNormFactor function. Normalized data were tested for differential expression by using the limma-

voom package (Ritchie et al., 2015). Thus, data were voom transformed and differential expression test

was made using the lmFit function form the limma package (DESeq2). A differential expression test be-

tween TRACE-seq experiments and results from the POSTAR database (Hu et al., 2017; Zhu et al., 2019)

(corresponding to the methylated mRNA [m6A targeted] from YTHDF1 IP lysate from Hela cells) was

made through the same way of analysis as above.

RNA coverage analysis

Coverage is first computed using the bedTools package. Then a sliding-window approach is used to iden-

tify and quantify consistently covered regions of detected transcripts. Briefly, using a window of 50nt, we

require an average of at least 10 reads in order to class this window as ‘covered’. Then the fraction of

windows across each transcript that satisfy this detection criteria is reported as the fraction covered.

Differential expression for hypoxic stress test

Data were collected according to the previous protocol (see section Primary data processing). Batch of row

data were normalized as previously (see section Deferential expression) and a DEseq analysis was gener-

ated. This DEseq genes analysis was based on the log2FC (padj <0.05) and the Top 52 DEseq gene selec-

tion were obtained based on the log2FC (padj <0.05 & FC in cells larger than 1.5 and in EVs larger than 2).

All correlation analyses were done in R package (cor function) to generate Pearson correlations.
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